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FOREWORD

This study was spénsored by the Future Projects Office, Marshall
Space Flight Center, NASA; Huntsville, Alabama as a portion of its
large booster feasibility and system cost study program. It is an exten-
sion of Contract NAS8-2599 With Space Technology Laboratories, Inc.,
Aerojet-General Corpdration is the major subcontractor under this study

program.

Previous studies have indicated that application of sea borne
techniques to very large launch vehicles may offer a more effective
solution to the launch of very large unit payloads when compared to
other booster concepts. This study will describe a sea launch booster
system, definé a vehicle and its performance, and apply developed costing
techniques to show what economies may be expected when vehicle size is
increased rapidly, vehicle simplicity is emphasized, and vehicle recovery
and reuse is exploited. The use of the sea launch technique is primarily
to permit latitude in the choice of vehicle size, simplicity of design,

handling and launch, and simplicity in recovery techniques.
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I. INTRODUCTION

This volume discusses the vehicle system that has been defined
and analyzed as a result of the Sea.bragon study.
The technical approach was taken for several reasons:

1. The time available was limited -- four months for the
complete task.

2. Basic data defining the vehicle portion of the overall
system was needed early in the course of the study as
input to supplementary invesfigations in such phases
as manufacturing and operational support.

3. To analyze potentiél problems in depth, it was neces-

sary to establish a detailed preliminary vehicle design.
These factors pointed to the necessity for freezing basic design

parameters early in the study. The design décisions made at this point

were on the basis of previous studies, first level optimization studies,
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I, Introduction (cont.)

and to some extént on arbitrary engineering judgments. Using this
information, a preliminary expendable vehicle configuration (No. 132)
was developed by three weeks after tne start of the study.. This basic
design was refined aﬁd detailed in a later version (No.134) released
midway through the study. The final recoverable desién (No. 135), which
is discussed in the vehicle description section, was produced one month
before the completion of the study. All of these configurations are
basically similar; various supporting studies and analyses were on the
basis of the design available at the time the analysis had to be initi-
ated to meet study deadlines. Wherever possible, the analyses have been

modified to show how they relate to Configuration No. 135.

Because of the design approach followed, the degree of optimization
possible was obviously limited. Results of the design study and analyses

show that in some phases of the study, improvement in technical approach

is possible. Where these problems can be defined, the avenues to possible '

improvement are discussed.

Page 'I-2 (End I)
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II. VEHICLE DESCRIPTION

A. GENERAL FEATURES AND FUNCTION

The Sea Dragon is a very large sea-launched two stage liquid
propellant rocket vehicle that will be used to inject into earth orbit
large payloads. As presently designed, the vehicle has a gross liftoff
weight of 40 million 1b and is capable of propelling a payload of appréxi-
mately 1,100,000 1b to a circular orbit of 300 nm altitude. The payload
was assumed to be liquid hydrogen for this study, buf it could be other
material or equipment, or additional propulsion stages. A command module
of the Apollo type provides the guidance, control, and communication
functions; it will be capable of separation, re-entry and recovery as

well as abort functions.

The vehicle as shown in Figure II-A-1, II-A-2, and II-A-3 is
nominally 75 ft in diameter and 500 ft long. Tables II-A-1, II-A-2,
and II-A-3 list other principle characteristics of the vehicle. Detailed

propulsion system (stage) drawings are included in Parts 3A and B.

Page 1I1-1
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II, A, General Features and Function (cont.)

The major components of the vehicle, such as the first
stage, second étage, and payload will be separately towed by sea to the
assembly site where they will be assembled in the horizontal position
while floating in a quiet lagoon. Small components that might be better
transported by land or air will be installed and checked out at the
assembly site. Tﬁe vehicle will be capable of being serviced and operated -
in moderately heavy seas. To achieve proper flotation and stability
chaiacteristics during towing and while'in the vertical prélaunch atti-
tude, the vehicle will be equipped with a ballast unit. During the
launch sequence, the ballast unit iélxeleased and later taken in tow for

reuse. - Ve

The first stage of the vehicle is recoyerable and reuseable.
After staging, the re-entry flight is passively controlled by an inflated
drag device that limits its velocity at water impact so that the struc-
ture is not damaged and can be recovered and reused with minimal refur-
bishments. Figures II A-4 and II A-5 depict thg vehicle flight operations

functions.

Page II-2
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II, A, General Features and Function (cont.)

The main vehicle structure consists of pressure stabilized
tanks. This structure is pressurized at levels that prevent the develop-
ment of compressive instability during all modes of sea handlihg, pro-
pellant loading, erection, flight, and recovery. The proﬁellant tanks
are provided with lines for controlled pressure loading and venting in
both horizontal and vertical positions. Cryogenic tanks and lines are
insulated. One large regeneratively-cooled combustion chamber and con-
ventional De Laval nozzlé comprise the first-stage engine. It uses
RP-1 fuel pressurized by CH, from a separate tank. .The oxidizer is
liquid okygen pressurized by an autogenous system utilizing a heat
exchanger on the engine. The mixture ratio is controlled by the auto-
genous pressuriéihg gas flow. The first-stage engine thrust vector is
controlled by gimbaling the thrust chamber with actuatﬁrs using RP-1
fuel at tank pressure. Roll control is.provided-during both staées of
flight by four aﬁxiliary engines on the second stage. These engines
also providé pitch and yaw control for the second stage as well as

assisting in orbital injection.

Page II-3
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II, A, General Features and Function (cont.)

The main second-stage engine has a fixed alignment and uti-
lizes an expandable nozzle. Propellants are liquid oxygen and liquid
hydrogen. The oxygen is pressurized by its own vapor pressure plus
acceleration head. The hydrogen tank pressure is obtained by flow from
the engine heat exchangers. Thus, one of the main features of the
entire propulsion system is its simple pressurization system, which
avolids use of turbopumps. The expandable nozzle on the second stage
provides a method of conforming to a conventional configuration envelope
while still producing a large expansion ratio when opened (compared to

equivalent fixed nozzles).

An all-inertial guidance system 1is incorporated in the
vehicle's command module; it returns with the module for recovery.
Self-checking and sequencing functions are included in the guidance

system.

Page 1I-4
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II, Vehicle Description (cont.)
B. OPERATIONAL SEQUENCE

The operational sequence of the vehicle is considered to
start after the vehiéle has been aséembled, checked out, and is ready
for fueling. After propellant servicing, the vehicle is towed to the
launch site and erected. Operational readiness is verified and the
launch sequence is started. The main events in the launch sequence are

illustrated in Figure II-A-4 and the flight sequence in Figure II-A-5.

A list of the major vehicle operations is presentéd in
Table II-B-1l. More detailed plans and descriptions of the equipment
for the entire Sea Dragon operation are presented in the Operational
Plan section of this report. Detailed operational sequences or dis-
cussions of the operation of the major subsystems are included in

corresponding portions of this report.
The recovery of the Apollo-type command module will be

similar to that in current earth orbital programs and is also illus-

trated in Figure II-A-5.

Page II-5
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II, B, Operational Sequence (cont.)

The ballast unit will 5e recovefed by inflating flotation
bags on the unit after launch of the vehicle. Prior to launéh, the
unit will be attached to a buoy by means of a line, and an air hose to
thé flotation bag on the ballast unit is supported by the same line.
After launch, the air hose will be connected to a service vessel for
the ballast recovery operations. Retrieval of both the ballast and
the first stage, after return from flight, is discussed in the section

on the Operational Plan.
C. SYSTEM PERFORMANCE

As presently conceived, the recoverable version of Sea Dragon
will place into earth orbit a useful payload of 1,100,000 1b in addition
to the spent second stage. An orbital altitude of 30U nm with a maximum
" eccentricity of 0.005 and an inclination of 28° will be achieved by
launching along the Atlantic Missile Range from a launch point 40 mi.
-frmmCapeCénaveral. Orbit.injection will occur 22.4 min after launch

at a‘pbint 4,100 nm downrange.

Page II-6
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I1, C, System Performance (cont.)

After 81 sec of propulsion, the first-stage booster will
separate ai an altitude of 125, 000 ft and a velocity of 5,800 ft/sec,
having reached a peak acceleration of 4.2 g and after passing a peak
q of 1,600 1b/ft2 (Figure II-C-1). The first-stage booster will coast
to an altitude of 335,000 ft after staging. During this period, infla-
tion of the conical flare will be initiated. Approximately 200 sec
later, the flare will be fully inflated and atmospheric re-entry will
begin, decelerating the first stage at a maximum of 6.5 g to an impact
velocity of 300 ft/sec at a location 175 mi downrange of the launch
site. Water penetration of 75% of one body length occurs after impact
and causes loading in the tankage, which is adequately balanced by the
100 psi minimum interhal pressure. Because an inflatable flare and
special structural reinforcement is not needed for an expendable con-
figuration, a higher stége propellant mass fraction is achievable, and
additional payload can be delivered into orbit. The payload capability
of Sea Dragon with an expendable first stage will be 1,121,000 lb.or

an increase of 21,000 1lb for equivalent launch and orbit conditions.

Page 1I1-7
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II, C, System Performance (cont.)

The second-stage booster propels the vehicle with its main
engine for 260 sec, assisted by the low thrust auxiliary TVC engines,

- which continue burning to orbit injection 1,344 sec after launch.

The nominal performance characteristics of the system are
shoWn in Table II-A-1. The trajectory characteristics are shown in
Figure II-C-2. Also in Section V. are presented discusgions of the per-
formance Analyses that have been conducted to evaluate the vehicle
propulsion, loads, and dynamics in its main modes of operation. It is
shown therein that thé main propulsion system has been optimized for a
staging ratio of 1.92:1, a first-stage area ratio of 5.10:1 and a thrust-
to-weight ratio of 2:1. Limited analyses have shown that the under-
water launch causes a payload penalty of about 3% when compared to
sﬁrface launch; however, an optimum launch mode has not been determined.
The combined effects of sea state, wind and thrust perturbations have

been found to cause launch dispersion effects within the corrective

Page II-8
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II1, C, System Performance (cont.)

capability of the first-stage control system. Subsequent flight
maneuvers and wind influences, together with longitudinal acceleration,
give rise to a structural loading that exceeds those developed in the
most severe water environment prior to flight. Whereas the first-stage
control system capability is found to be adequate, the auxiliary engines
for the second stage, as presently sized, appear marginal. Improvement

to an adequate level of TVC capability represents no basic problem.

The nature of the assumed Sea Dragon mission is such as to
requife only normal performance of a present day inertial guidance
system. An error analysis has shown tnat.prelaunch accuracy require-
ments on alignment, position, and velocity are‘l/3 min of arc, .33 nm
and 3.16 knots respectively. Wtih presentvday systems, these can be
achieved easily except for the initial alignment accuracy even though
the vehicle is in constant motion. Thus it can be concluded‘that no
serious performance penalties need be paid to acquire the many advan-

tages of sea-launched and sea-recovered vehicles of Sea Dragon type.

Page II-9 (End II)
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TABLE 1I-~A-1

SUMMARY OF SEA DRAGON VEHICLE CHARACTERISTICS, CONFIGURATION NO. 135

Propulsion
Maln Stage Engines TVC
Item Stage I Stage II (4) Engines
Nominal Thrust - 1b ' 80)(106(S.L.) 14.12x 10° (vac.) 53,200 (ea.)
Operating Time - sec 81 260 1,340
Nominal Chamber Pressure - psia 300 75 75
Nozzle Area Ratio : 5.0 20 (exp.nozz.) 20
Oxidizer : LO, - LO, LO,
Weight Oxidizer - Full Tank (1b) 17,617,568 8,005,045 583,000
Fuel | RP-1 LH2 LH2
Weight Fuel - Full Tank (1b) 7,659,812 1,601,009 (& line) 116,000
(total)
Mixture Ratio - Oxidizer/Fuel 2.3 5 4.0
Stage Propellant Mass Fraction .888 .887 -—-

Table II-A-1
Page 1 of 3
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TABLE II-A-1 (cont.)

Vehicle Weight (1b)

Item Recoverable Expendable
Payload (nominal) 1,100,000%* 1,121,000
Stage I At Launch (full tanks). 28,217,195 27,961,397
Stage I Empty (dry) (2,939,715) (2,684,017)

Stage II At Launch (full tanks) 10,631,893 10,631,893
Stage II Empty (dry) (1,025,839) (1,025,839)
Nominal Total Take-off Weight 39,950,000 39,710,000

* This figure includes the beneficial effect of an eastward launch.
It includes allowance for a payload decrement of 3.16% for under-
water performance losses and 7.66% for a continuous burn vs. restart
trajectory (total penalty = 10.8%). It should be recognized that
the preliminary staging ratio selection of 1.92 results in a payload
7% lower than the optimum value of 1.4. Use of a more optimum stag-
ing ratio would result in a payload of approximately 1,170,000 1b
for the recoverable vehicle.

Table II-A-1
Page 2 of 3



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

TABLE II-A-1 (cont.)

Vehicle Performance

Stage I Stage II
Velocity Increment (ft/sec) 5,800 17,630%%
Maximum Acceleration (g) 4.21 5.2%%%
Altitude at Burnout (ft) 125,000 750,000 (150 nm)
Altitude at Injection (ft) 1,822,800 (299.8 nm)
*%  The performance given is for the recoverable vehicle. The data

for the expendable vehicle does not differ significantly.
*%¥%¥ At completion of the high thrust phase.

Table II-A-1
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TABLE II-A-2

STAGE I SEA DRAGON WEIGHT, CONFIGURATION NO. 135
Weight (1b) Totals (1b)
Propellants
LO, : 17,617,568
RP-1 7,659,812
25,277,380
_Tankage :
RP-1 tank 420,496
RP-1 slosh baffles 33,200
LO, tank (includes common blkhd) 948,678 (874,280)*
LO, slosh baffles 40,000
LO, tank insulation 18,000
Insulation, common bulkhead 9,479
Encapsulation skin 13,428
Insulation (methane RP-1) 1,760
Encapsulation skin 2,493
1,487,534
(1,413,136)
Skirts, Lines, and Structure
Forward skirt and separation equip 29,200 (15,000)
Aft tank support skirt ' 39,000
Structure between gimbal and injector 54,000
Oxidizer line from tank to injectox 59,000
Fuel line from tank to chamber 40,900
LO, fill and vent system 500
RP-1 fill and vent system 500
Oxidizer pressurization equip 3,160
' - 226,260
(212,060)
*¥ The figures in parenthesis refer to weight charges for an expendable

version of Configuration No. 135.

Table II-A-2
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TABLE II1-A-2 (cont.)

Weight (1lb) Totals (1b)

Engine System

Gimbal 122,600
- Actuators 44,000
Injector assy 88,500
Thrust chamber : 180,000
Ballast mounting structure 18,400
LO2 valve ' 23,400
RP-1 valve 25,600
Oxidizer pressurant o 236,000
Heat exchanger ' 8,200
Fuel pressurant ' 178,000
Fuel pressurization.equip 700
Fuel trapped in tubes - ' 100,000
‘ 1,025,400
Miscellaneous :
Recovery flare and equip 124,200 (0)
Insulation on LO, line 2,104
Insulation on pressurant line ' 840
Misc. weight (5% tankage) 73,477 200,621
Impact load structural strengthening not
required for expendable vehicle -- €43,000) (33,421F
TOTAL SYSTEM WEIGHT 28,217,195
(27,961,397)
Total Propellant Weight 25,277,380
Less Outage : 252,774
Plus TVC Burned in lst State 42,000
Total Usable Propellant 25,066,406
25,066,406
Stage Mass Fraction = = 0.888 (0.896)

28,217,195

*¥ The figures in parenthesis refer to weight charges for an expendable
version of Configuration No. 135.

Table II-A-2
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TABLE II-A-3

STAGE II SEA DRAGON WEIGHT, CONFIGURATION NO. 135

Weight (1b) Totals (1b)

Propellants
LO,
In tank 7,918,356
In line to chamber 86,689
8,005,045
LH2
In tank 1,601,009
1,601,009
TOTAL 9,606,054
Tankage : .
LO, tank 123,310
LH, tank (includes bulkhead) 318,396
Encapsulation skin 13,428
Insulation on bulkhead 9,479
464,613
Skirts, Lines, and Structure
Aft tank skirt 211,984
Skirt between Lo,-LH, tank 27,137
LO, line to chamber ' 4,700
LH, line to chamber ' 1,360
Vortex structure 2,700
LO, and LH2 fill and vent system 1,525
Fuel pressurizing equipment 1,820
251,226
Engine System
Injector assembly : 10,000
Thrust chamber : 51,400
Expandable nozzle 71,500
TVC system (structure, engine, mounts) 5,300
L02 valve 3,640
LHy valve , ) 4,480
Heat exchanger A : 13,400
TVC pressurization system 14,550
Oxidizer pressurization gases 52,000
Fuel pressurization gases 18,500
' 244,770

Table II-A-3
Page 1 of 2
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TABLE II-A-3 (cont.)

Weight (1b) Totals (ipl,

Miscellaneous
Fuel tank insulation 36,000
Oxidizer tank insulation . 6,000
Misc. weight (5% of tankage) 23,230
65,230.
TOTAL SYSTEM WEIGHT 10,631,893
Total propellant weight 9,606,054
Less outage (1% of total) 96,060
LessLH2 cooling requirements 40,560*
Less Stage I TVC weight 42,000
TOTAL USABLE PROPELLANTS 9,427,434
9,427,434
Mass Fraction = = 0.887
10,631,893

* Conservative allowance need not be allowed because O0f high specific
impulse of ejected coolant.

Table II-A-3
Page 2 of 2
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ITII. VEHICLE SUBSYSTEMS

A. STAGE I PROPULSION SYSTEM

1. Description - Configuration No.

II

135

Stage I utilizes a liquid bipropellant, pressure-fed

rocket propulsion system. The general arrangement of the stage is

shown in Figure III-A-1 (Stage I Dwg.). Basic Stage I characteristics

are given in the following table:

Stage Diameter

Stage Length

Stage Weight, Total

Usable Propellants

Propulsion System Mass Fraction
Propellants

Mixture Ratio

Thrust Chamber Type

Throat Diameter

rage III A-1

75 ft
262 ft
28 x 10° 1p

25 x 109 1b

0.892

LOZ/RP-I
2.3

DelLaval, Regeneratively
Cooled

41.6 ft
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III, A, Stage I Propulsion System (cont.)

Expansion Area Ratio 5

Sea Level Thrust, Nominal 80 x 106 1b
Chamber Pressure Nominal 300 psia

Thrust Vector Control Gimbal-roll control

by Stage II Aux Engines

Propellant Tank Ullage Pressures
Nominal

LO, 226 psia

RP-; : 425 psia

Propellants are fed from integral tankage by a com-
bination of ullage pressurization and aynamic heads. The tankage is
shaped conventionally with exception of the forward closure on the
forward LO» tank. This closuré is a 600 cone as is requiréd to enable
water entry and recovery of the stage. The forward closure for an ex-
pendable stage would utilize a 1.4 to 1 elliptical form. LO, is fed to
the thrust chamber through a multiple line that is routed outside of
the aft RP-1 tank. During expulsion of the LO,, the difference between
required injector inlet and dynamic heads is provided by ullége pres-
sure, which is developed By heating a portion of the LO» flow and
ducting it to the ullage space. This autogenous system is controlled
by throttling the flow from the high preésure, LOs injector inlet mani-
fold downstream of the main LO2 valve to the heat exchanger that is

located on the thrust chamber assembly.

rage II1II A-2
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III, A, Stage I Propulsion System (cont.)

The RP-1 fuel tank is located aft of and integral
with the LO, tank; an insulated bulkhead separates the tank compart-
ments. The RP-1 tank pressure is developed by methane, which is
stored in a separate tank at equilibrium with its vapor pressure at
500 psia. The vapor pressure is used as the driving force to inject
methane vapor into the bottom of the RP-1 tank where it is heated as
it bubbles through to the4ullage space. This secondary VaPak system
maintains RP-1 feed line inlet pressure at equilibrium with the methane
taﬁk pressure. Ullage pressuré is maintained at a level equal to the
difference between methane tank pressure and the dynamic head. No

regulating controls are therefore required.

Ignition is hypergolic. friethylaluminum (TEA) is
injected into a gaseous oxygen lead. The TEA is blown down, gas

pressurized.
Main propellant valves are poppet types that are

sealed in the closed position with a clamped diaphragm, which is

sheared by the poppet movement., Valve actuation forces are provided

rPage I1I1 A-3
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by the propellant feed line pressures controlled with mechanical

detents. The gimbal actuators are low pressure hydraulic cylinders

that use fuel at tank pressure as the energy source.

Propellant tanks are designed by the propellant feed

requirements. The aft skirt consists of stiffened skin and frames that

react with the gimbal actuator loads.

2. Propellants

a. Properties of the Propellants Selected

Propeliants used for the first-stage main

engine are LOX/RP-1 at a mixture ratio of 2.3:1. Considerations of

‘the characteristics of these propellants appear in the table below:

Advantages
1. Low cost (now $0.0185/1b)
2. Reasonable specific impulse

(Theoretical sea level Ig =
260 sec at AR = 5,0 and PC =
300 psia)

Page 111 A-4

Disadvantages

Cryogenic storage

Icing and thermal
gradients

Contamination-sen-
sitive
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ITII, A, Stage I Propulsion System (cont.)

3. High state of the art
4. Availability excellent 4, Nonhypergolic
5. High bulk density results in

attractive mass fraction and
favorable sea handling charac-
teristics

Large size and reusability of the stage place greater
importance on propellant costs. Current availability of the propellant
is also important if propellant plant construction is not to become the

pacint item,

Large size.diminishes boil-off and insulation penai—
ties associated with cryogenics. Water handling, on the‘other hand,
adds to the icing problems associated with LO, and LH». Althougﬁ the
propellant selection is not final for the conditions of tﬁis particular
study, the propellants offer the greatest potential for investigation
of recoverability. For a more optimistic recovery operation than as-
sumed here, propellant cost cén become the limiting item on overall
operating cost. The cost of storables per pound of payload is about

$§5. 1If one-hundred uses of each vehicle were possible, the propellant

Page III A-5
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III, A, Stage I Propulsion System (cont.)

cost would greatly exceed the hardware cost. Use of RP-1 and LO, also
permits full-scale first-stage engine feasibility firings without

commitment of large amounts of funds.

Theoretical and estimated actual performancg data is
shown in Figure III-A-2. The specific'impulse used for yehicle per-
formance calculations is 93% of theoretical. This is conservative
(by 1%) by comparison with current practiﬁe and is in keeping with
the general philosophy of the study. The acceptance of this conserva-
tive performance goal should result in reduced development progiam cost

and increased combustion stability potential.
a. Evaluation and Recommendations

The L02/LH2 combination is attractive because
of its high specific impulse (theoretical sea level Ig = 342 sec at
mixture ratio 5.0:1, P¢ ; 300 psia and area ratio = 5.0:1): Its low
density makes the vehicle buoyancy characteristics undesirable and

the tanks heavier. However, previous investigations have indicated

Page III A-6
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III, A, Stage I Propulsion System (cont.)

that use of an LO2/LH, first stage can result in attractive vehicle
geometries. These have not yet'been thoroughly explored for Sea

Dragon.
Both storable propellants such as N204/Aero—
zine-50 and the high energy cryogenics LO5/LHp seem worthy of further

analysis. i

3. Thrust Chamber Assembly

a. Chamber and Injector

(1) A single thrust chamber assembly is used
for the first stage. This assembly is of conventional DelLaval design,
regeneratively-cooled with RP-1. The assembly is gimbaled. The im-
portant design and performance parameters of the first-stage TCA is

given below.

rage 111 A-7
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III, A, Stage I Propulsion System (cont.)

DESIGN PERFORMANCE PARAMETERS

Design Sea Level Thrust (1b) 80 x 10°
Chamber Pressﬁre, Pc (psia) 300
Chamber Contraction Afea Ratio 1.8
Characteristic Length, L* (in.) 342
Converging Cone Half Angle (°) 30
Throat Diameter, D¢ (ft) 41.6
Expansion Area Ratio ' 5

Exit Angle of Exhaust Gas (°) 13
Propellants LOZ/RPél
Mixture Ratio 2.3

Theoretical Characteristic

Velocity, C* (ft/sec) 5885

C* Efficiency 0.96

Sea Level Thrust Coefficient,

Cp 1.38 (97% theoretical)
Vacuum Thrust Coefficient, Cpg 1.616 (97% theoretical)
Sea Level Isp (sec) ' 242

Vacuum Isp (sec) 283

TVC Gimbal Angle (©°) + 3

Page II1I A-8
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III, A, Stage I Propulsion System (cont.)
(2) Nozzle Type

At the outset of this study, four
different exhaust nozzle typés had been investigated. These studies did
not take into account all of the considerations associated with the sea

launch concept. TCA design types studied were:

Iype I: Conventional Delaval

Type II: Plug

Type III: Annular chamber and nozzle
Type IV: Expansion deflection.

Figure III-A-la illustrates these types. The conventional DelLaval
thrust chamber was selected for the vehicle so that the study could con-
centrate on the important features of ''sea'" and '"size,'" without becoming
excessively involved in other new or novel concepts. Notwithstanding
this cqnsideration, the DeLaval type has some outstanding advantages
that in part account for the fact that all important rocket engines in

use today are of this type. Included in these advantages are:

rPage III A-9
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ITII, A, Stage I Propulsion System (cont.)

(a) High state of art: As indicated
above. :

(b) Low heat flux: Less than plug or
expansion—defleétion types by factors of approximately 2:1.

(c) Excellent aerodynami; flow charac-
teristicé: The nozzle coefficient is high and very predictable from
theory and extensive test data.

(d) Structurally efficient: The chambei
is basically a pressure vessel designed with tension instead of crushing
allowables. Thrust takeout structure is also usually direct.

(e) Simple valving and manifolding:
Liquid propellant DeLaval thrust chambers usually utilize one fuel and
one oxidizer valvé.

(£f) Segment of chamber can be tested:
Aerojet-General ﬁas demonstrated, using the Titan LR87 first-stage
engine, that a wedge can be tested and accurate data obtained on heat

transfer and combustion efficiency.

rage III A-10
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III, A, Stage I Propulsion System (cont.)
(3) Number of Chambers

The thrust level required for injection of
a payload in excess of a million pounds into a 300-nm circular earth
orbif was found from computer trajectory studies, performed early in the
study, to be 80 x 109, This value represents a preliminary optimi-
zation and was frozen early to develob a vehicle design on which to
base the other facets of the study. One thrust chamber of this size
was chosen rather than a cluster of chambers. Considerations- leading
to this decision included reliability as indicated by the reduction of
numbers of components such as chambers, valves, manifolds, igniters,
gimbals, and gimbal actuators. It was believed that the structural
characteristics of the system would be simplified, and therefore im-
proved, especially for water handling and recovery conditions. A
characteristic of large liquid rocket vehicles is that the diameter of
the thrust chamber increases as the square root of the thrust while
the tank diameter tends to increase only as the cube root. Thus, as
size increases, even a single chamber exceeds the tank diametral

envelope. This has happened on the vehicle studied where the

Page III A-11
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I1I1I, A, Stage 1 Propulsion System (cont.)

chamber exit diameter is 94 ft compared to the 75-ft tank diameter. If
a cluster of chambers were used for this vehicle, their relatively in-
efficient packaging would result in excessive projections into the

free stream.

(4) Chamber Contour

The conical combustion chamber is conical
upstream of the throat with a cone half angle of 309, which is con-
ventional. This chamber, with.a reasonable injector-to-throat area
ratio,rresults in a chamber that is more than adequate on the basis
of residence time or characteristic length, in this case, 342 in.
(Titan I, burning LOX/RP-1 developing a thrust of 149,400 1b with
P. = 584, has an L* = 42 in.). The exact contour for the diverging

section of the nozzle is shown in Figure III-A-3,.

(5) Injector Type

The conical chambers are advantageous

in that the converging ramp tends to damp out some longitudinal

Page III A-12



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

III, Stage I Propulsion System (cont.)

combustion instabilities. Even more important is the injector pattern.
As a result of the large L* and long residence time, the first-stage
chamber will be able to use a stable-combustion injector such as the
showerhead. This injector is very stable in engines of the current size.
Its main disadvantage in short chambers is its medium rate of performance
compared to other types. This selected contraction area ratio and
resulting large chamber volume would provide good combustion efficiency
and allow flexibility in the exact injector pattern design with virtually
no performance loss. Showerhead injectors woulq allow the_combusfion

to be spread out over larger volumes and thus tend to produce a cémbustion
flow field that is less sensitive to disturbances or oscillations that

might ordinarily initiate instability. A further discussion of combustion

of Sea Dragon size chambers is given in Appendix II-2.
(6) Start Transient
Starting conditions resulting from large
line and manifold volumes downstream of the valves can cause hard starts

and initiate combustion instabilities. The Sea Dragon size and line

lengths could cause considerable timing difficulties if a conventional

. Page III A-13
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III, A, Stage I Propulsion System (cont.)

approach is used. To control the start timing, the fuel orifices will
be sealed with unidirectional bursf diaphragms. The RP-1 will be bled
into thevjacket up to the injector diaphragms. This arrangement allows
precise RP-1 injection timing, keeps out contaminants, such as oxygen,
and also provides coolant in the cooling jacket at all times. The
chamber pressure buildup assumed for performance and other analytical

purposes is given in Figure III-A-4.
(7) Engine Cooling

The cooling of the injector head and
chamber tube walls is accomplished by regenerative cooling with RP-1.
A heat transfer sﬁudy has been completed on the cooling requirements of
the first-stage engine in which it was found that the pressure drop
necessary to cool the engine is not excessive. The study indicated a
maximum heat flux of 4.72 Btu/inZsec, maximum wall temperature of
1271°F, bulk temperature increase of RP-1 of 443°F (Case 5, see
Appendix II-9), total pressure drop from tank to chamber of 170 psi,
tube pressure drop of 72.1 psi for Case 5, and a total coolant weight

trapped in the tubes of 107,000 1b.
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b. Flow Controls and Lines
(1) Path of the LO, Used in First-Stage Engine

The LO, feeds from the first-stage tankage
through a system of 10 tubes of 2.75-ft diameter. The tubes pierce
the LO, tank wall around the periphery of the 1.4 to 1 elliptical
common bulkhead. The common bulkhead is not ported. The LO2 flows
down through the small tubes and into a horizontal collector manifold
that lies in the plane of the gimbal axis. The LO, flows horizontally
180° around the engine before flowing into the injector. After the L62
turns and flows down, it passes through the main LO,; valve. The main
LOo valve is a poppet valve with a burst (shear) diaphragm for rapid
opening and prefire sealing purposes. Once the valve is opened, the
LOo, is fed to the injector head where it is distributed to the injector
orifices. The total propellant feed pressure is the sum of the ullage
gas pressure’in the LO, tank and an acceleration head. The gas pres-
sure is the result of autogenous preésurization. This is accomplished

by bleeding part of the LO, that normally goes to the injector and
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sending it to a heat exchanger that is mounted on the exterior of the
throat section of the engine. A more detailed discussion of this pres-
surization gas flow is given in the pressurization section of this

report.

(2) Path of the RP-1 Used in First-Stage
Engine

The RP-1 feeds from the tank énd is
collected in a manifold. The manifold runs down to the gimbal plane,
then runs horizontally 180° arouhd the head of the engine where it goes
through the main RP-1 valve and into the inlet manifold of the engine.
The main RP-1 valve also is a poppet valve that has a burst diaphragm
to start the propellant flow. The inlet manifold is tapered in cross
section around the periphery of the thrust chamber injector. The RP-1
comes into the manifold, then into every other coolant tube. For
details of the exact path of RP-1, see the injector schematic diagram,
Figure III-A-6. The RP-1 flow§ down the tubes where it goes into a

turning manifold and back up to the injector. This provides tow-pass
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regenerative cooling of the engine. It then enters the injector face

and is injected into the chamber.

Two special cases of the flow of RP-1
occur before ignition and before first-stage impact. When the vehicle
is in the loaded condition, the RP-1 can be bled into the coolant tubes
from an external source so that the engine start time is decreased and
some cooling is provided for the tubes during the ignition period
before steady operation. Before first-stage water impact recovery, the
RP-1 trapped in the engine coolant tubes must be drained to eliminate
excessive hydrostatic pressures caused by.the 20g of greater decele-
ration, which could produce pressures of 550 psi or greater. The tube
drainage is accomplished by a bypass line that allows the RP-1 to
drain into the heﬁispherical conéave injector head during the nose

down portion of the recovery trajectory.
c. Ignition

The first stage is ignited by introducing TEA

(triethylaluminum) into the chamber to react with the oxygen. The TEA
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is stored in a tank that is pressurized by a high pressure bottle.
The ignition sequence is as follows: (1) the main LO, valve is
opened; (2) a pressure sensor in the head of the injector senses the
pressure of the LO, and actuates the TEA pressurizing line valve
causing the TEA to be injécted into the combustion chamber of the
first-stage engine. The TEA is mixed with the LO2 at an overall
mixture ratio of 20:1. Local mixture ratios will be at or near
stoichiometric; and (3) the RP-1 valve is opened and main ignition

occurs. This ignition system was selected for the following reasons:

(1) TEA is hypergolic with LO,, thus com-

bustion is reliable and self contained.

(2) Ignition with small ignition delays occurs

over a wide range of mixture ratios.

(3) Readily available at low cost: the
details of the ignition sequence and further discussion of the ignition

system‘and ignition sequence are given in Appendix II1-7,
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d. Structural Loads and Design

The TCA is subjected to many types of loading
starting from towing to final reccvery. _The following discussion
applies to the rubber gimbal pad with éctuator as presented in the
vehicle drawings. During towing, the TCA is subject to bending momenté
(approximately 62 x 10® £t-1b) and body shear forces (approximately
0.10 x 10% 1b) as the result of hogging and sagging. These loads are
transmitted into the tank walls by use of the gimbal actuator, shear
in the rubber gimbal pad, and many largé structural members connecting
the ballast unit with the aft skirt of thé RP-1 tank. All of thé
bending loads and shear loads from the ballast are taken by the large
structural meﬁbers. During the erection process, large moments from
the ballast are transmitted into the RP-1 aft tank skirt since the
ballast is flooded to allow rotation of the vehicle to the vertical
position. These erection shears and moments from the ballast protect
almost no loading on the TCA because the structural members are de-
signed to react and compensate. for these loads. The underwater ignition

of the engine subjects the engine skirts to hydrostatic loads caused by
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separation of the flow because overexpansion increases the load. The
skirt loads are increased because of the hydrodynanic loads resulting
from the short underwater trajectory. The nozzle wall is provided with
extra structural memebers to accommodate these loads. This extra
structural material represents a weight penalty caused by underwater

launch.

During first-stage burning, the loads on the
TCA are: thrust loads that result from the pressure distribution in
the engine; aerodynamic loads on the skirt resulting from various
angles of attack; aﬂd gimbal actuator loads. The engine structural de-
sign enables accommodation of these loads with very little difficulty.
Wherever possible, pressure forces havé been reacted wifh pressure
forces and concentrated loads have been transmitted as pressure loads.
The various TCA loadings that are inherent to sea launch and recovery

techniques are given in the following:

(1) Shear and bending loads resulting from
hogging and sagging during towing operations before launch and after

recovery
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(2) ‘Shear and bending loads resulting from

erection during prelaunch operations

(3) Hydrostatic and hydrodynamic compressive

loads on the Delaval nozzle skirt caused by underwater trajectory

(4) Amplification of gimbal actuator loads

if thrust vectoring is required while the TCA is underwater

(5) Gimbal has to transmit tension loads from
the recovery drag flare to the tankage. This load represents approxi-

mately 23 x 109 1b

(69 The impact deceleration ''g loading"
(approximately 20g) requires that the coolant be bled from the cooling
tubes to prevent tube rupture, because hydrodynamic pressures of 550

psi or greater are produced.

(7) The gimbal region has to be designed to
transmit the impact loading of the TCA and the tankage during water
entry (approximately 20g gives loading of 16 x 10% 1b or 400 psi over

the area of the gimbal bearing).
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e. Evaluation and Recommendations

Load reaction and transmission associated with
sea launch and recovery is practical. The incremental weight of the
necessary structure is compatible with the Sea Dragon concept and does

not repregent a significant performance penalty.

Certain problems concerned with the first-

stage TCA need more investigation, as follows:
(1) Better definition of loading because of
underwater TCA vectoring requirements

(2) Engine start transients chamber pressure

buildup and emptying of water slug from the engine

(3) More effective method of ballast arrange-

ment regarding the TCA

rage I1II. A-22



Report No. LRP 297, Volume 11

AEROJET-GENERAL CORPORATION

ITII, A, Stage I Propulsion System (cont.)

(4) Optimization of first-stage engine cooling.
Several methods of heat protection are given in Figure III-A-6, such as
film cooling, ablative cooling, and alternate plumbing configurations

for regenerative cooling

(5) Better definition of recovery loading on

TCA from drag flare and impact loading on gimbal

4. Thrust Vector Control (TVC) -

a. Gimbal

A gimbal thrust chamber was selected for TVC
with a capability of + 3© gimbal angle deflection. The factors that
leéd to this selection are: potential reliability, relative simplicity,
and efficiency. The gimbal concept fits ihto a Sea Dragon deve}opment
program in that much component development and system functional testing

can be done without operation of the propulsion system.
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The first-stage TCA is gimbaled by mounting
the assembly on the spherical aft end of the methane tank, which is
part of the aft closure of the RP-1 tank. After considering more
conventional configurations, such as a spherical bearing, a slightly
less conventional design was chosen, which is a rubber pad bonded to
the tank and TCA and provides movement of the TCA by elastic shearing
of ~the rubber. The latex rubber is cured tolcontain a central core
of fluid that can take pressure, but does not offer the shear restraint
of the rubber itself. The pad edges are restrained with a fabric
materiai capable of allowing rubber shear deflections but not radial

expansion.
b. Actuators and Controls

The actuator used is a hydraulic actuator
using RP-1 as an actuator fluid. The rubber pad allows effiéient_con-
version of the thrust force into a pressure force distributed ovér the
face df_the pressufized spherical methane tank. The design of the

actuator system required an analysis of the chamber moment of inertia,
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shear of the rubber pad, movement of the flexible joints in the
propellant lines, external aerodynamic loads on skirt, lateral and
axial accelerations, and jet damping. An analysis of the torque

requirement of the actuation system is given below:

Maximum Torque (ft-1b)

1. Angular Acceleration Torque

8 = 3° € = 0.26%sec?, I (gimbal) =

3 x 102 1b £t 2 504,000
2. Gimbal Bearing Torque (latex

center) 50,000,000
3. Actuator and Flexible Lines

(estimate) _ 30,000
4, External Aerodynamic (approxi-

mately) for © = 3°© 12,000,000
5. Lateral Acceleration (0.1g) 140,000
6. Axial Acceleration (5g) 250,000
7. Jet Damping (approximately) 655,000

TOTAL (These may not be 63,079,000

acting simultaneously
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This total moment is supplied by a hydraulic
actuator having a moment arm of 32.5 ft and using RP-1 at 400 psi,
which is fed to a 6-ft diameter piston. The amount of RP-1 dumped
overboard based on an estimated duty cycle for the trajectory is
40,000 1b. The flow contro; to the actuator piston is achieved by a
two-way valve which has a feedback system allowing maximum RP-1 utili-
zation efficiency. The schematic showing the actuator and valve system

is given in Figure III-A-8.
c. Structural Loads and Design

The thrust load is reacted by the rubber gimbal
péd at 1,800 psi in compression and the drag load during recovery will
reach as high as 400 psi in tension. Both of these loadings are the
most extreme conditions that the gimbal pad will experience. The
actuator torque developed is 63 x 100 ft-lb; which gives an actuator
force of approximately 2 x 106 1b. This load is transmitted into the

TCA by shear on the periphery of the injector and into the RP-1 tank
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by the aft tapk closure skirt, which has additional structural members
at the actuator attachment point. During flight, when the first-stage
TCA is not gimbaled, there is symmetric aerodynamic loading on the
nozzle skirt because the exit diameter of the skirt is 94 ft as com--
pared to the vehicle diameter of 75 ft. The most severe aerodynamic
loading incurred in flight occurs when £he engine is gimbaled the full
3° at low altitude. The moment produced on the skirt is less than

12 x 109 ft-1b, which results in a tube stress at the throat of 6,600
psi. This is well below the yield strength of the tube metal.at the

elevated temperature.
d. Evaluation and Recommendations

The gimbal system studied can be developed;
however, several potentially serious problems have been revealed by
the study. The main problems are associated with sea handling loads
and thesé make a rigid chamber installation using secondary injection

or other alternative TVC system appear worthy of further study.
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From the table of torques, it is clear that the.
largest torque required is used to overcome the shear in the rubber.
This is one area that could be improved éonsiderably by selection of

a softer, low shear rubber.

The total weight penalty of the gimbal system
is 84,000 ib, whiéh includes actuator weights and the RP-1 dumped.
| Thé s&stem_could be iﬁproved if the dumped RP-1 could be used effec-
tiQely for engine cooling or combustion. If the dump pressure of the
RP-1 is greater than the pressure in the injector head, the fluid could
be fed back into the injector and used for combustion. It could also
be fed into the throat region for cooling but would be too undependable
for design.cooling. The present design calls for dumping the RP-1

overboard during flight.

An alternative approach to the first stage
engine TVC is proposed in Appendix II-10. "An Alternate First-Stage
TVC System," where a secondary injection system is discussed and a

schematic is given showing part of the combustion gases being bled
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from the injector region and dumped back into the nozzle downstream of
the throat. The gases are bled out at an off-optimum mixture ratio so
that the combustion gases are relatively cool. The prime advantage of
this system is that the combustion chamber can be mounted rigidly to

the vehicle structure.

5. Tankage

a. General

Propellants for the Stage I Sea Dragon engine
are pressure fed from two main tanks. Accessory tankage is provided
_on the first stage for methane, which is used for the pressurization
of the RP-1 fuel tank and to pressurize the inflatable recovery flare.
The methane tank also provides gimbal bearing structure that reacts

against the thrust of the first-stage nozzle.

Vehicle tankage arrangement is shown in the
stage layout drawings (Figure III-A-1 and Figure ITII-B-1). A weight

breakdown is given in Table III-A-1.
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Table III-A-2 provides tankage parameters to
afford a general understanding of the structure. Tabulated are the
material thicknesses and weights for 2014-T6 aluminum alloy, an alloy
showing some promise for the application. This alloy was used for study
purposes. Material studies resulted in the final conclusion that a
more optiﬁistic selection would have been 18% maraging steel for all
- but the LH, tank where a titanium alloy would be applicable. (See
Appendix II;l "Tankage Materials' and the remarké at the end of this

section under Evaluation and Recommendations.)

Figure III-A-9 compares mass fraction with
tank material and indicates the relative structural performance of the

material selected for the Sea Dragon.

All tankage is designed on the properties of
the material at working temperature. All tanks are proof tested at a
pressure level calculated for the proof test temperature at yield in the
material. The proof test pressure is calculated from maximum expected
operating pressure at temperature, increased by a factor of 1.15. The

nominal ultimate design load factor is 1.28.
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All cryogenic tankage is insulated to control
boiloff and to prevent the general formation of ice. The insulation

material and analytical considerations are presented in Appendix II-4.

The main propellant tanks are cylindrical in
form at a diameter of 75 ft with end closures selected to best counter-
act the structural loading imposed.  All main tankage is integral; an

insulated bulkhead is common to the two main tanks of each stage.
b. Stage I Tankage

The first-stage tankage assembly consists of
a forward LO, tank, an aft RP-1 tank divided by a bulkhead, and a
CH4 tank located in the aft center of the RP-1 tank aft closure. The
first-stage tankage is completely enclosed in the second-stage ex-
pandable nozzle when the vehicle is assembled; the entire first stage
ié submerged when the vehicle is in the sea launch configuration.

Thrust reaction is through the RP-1 tank aft closure.
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(1) RP-1 Fuel Tank

RP-1 fuel tank is located at the aft end of
the first stage. This tank serves as the main load reacting element
of the gimbaled first-stage engine, loads input at the aft skirt, and

" body forces along its short cylindrical tank length.
(a) Forward Closure, RP-1 Tank

The forward closure is a 1.4:1
ellipse, which is insulated to control LOs boiloff and RP-1 ullage
pressurizing gas (CHg4) cooling. The four inches of insulation is
.encapsulated in the space between the membrane and a 1/8 in. thick
aluminum skin on the RP-1 side of the bulkhead. The bulkhead (RP-1

tank forward closure) is unported.
The bulkhead is designed to with-

stand an internal pressure of 162 psi. Relative tank pressures between

the 1O, and RP-1 are so controlled that crippling pressure loading on
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the bulkhead is not probable. With the exception of the insulation
and the encapsulating'shell, the bulkhead is an unreinforced membrane

of 1.58 in. uniform thickness.
(b) Cylindrical Section, RP-1 Tank

The length of the cylindrical
section of the RP-1 tank is 6 ft. This strﬁcture is unreinforced and
4.17 in. thick. The cylindrical section is ported for RP-1 vent and
fill lines and provides for attachmént of the aft cylindrical skirt and

the cylindrical section of the LO, tank.
(c) Aft Closure, RP-1 Tank

The RP-1 tank aft closure is a
90° cone. This closure shape is chosen as it best counteracts,
rigidly, the tank pressure with a concentrated load at tﬁe center.
The closure Supporfs the methane tank through which the engine loads

are input.
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The conical aft closure is rein-
forced at the intersection of the aft spheriéal element of the CHy tank
(gimbal base) as is required to distribute the concentrated load over
the area necessary to provide RP-1 tank pressure reaction of the thrust

(first-stage engine). The conical portion of the closure is uninsulated.

The closure is ported, for main
propellant feed, near the intersection between the closure and the
CH4 tank. The port is made of a number of small holes as is required

to minimize discontinuities in the structure,
(d) Antislosh Baffles

Antislosh baffles are mounted on
the cylindrical and conical portions of the RP-1 tank. The slosh
baffles are a highly discontinuous structure providing no hoop or
circular stability to thé tank., The baffles are designed to eliminate
sloshing and to counteract impact loads developed by relative fluid

motion,
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(2) Methane (CH,) Tank

The methane tank is an elongated
spherical structure. The forward and aft closures are hemispherical
with a conical connecting element; the forward closure is common to
the RP-1 tank, insulated, unported, and designed to withstand full

CHy4 tank pressure.

The conical connecting element provides
structural reinforcement for the RP-1 aft closure at the joint between
the two tanks, provides CHy tank press;re holding structure, and pro-
vides distribution of the gimbal loads to the RP-1 aft closure. The

conical element is ported for CHq fill and vent and CH, feed to the

RP-1 tank.

The CH4 tank aft closure is spherical,
insulated, and unported. This element serves as the base for a
bonded rubber gimbal bearing. The insulation is designed to keep the
rubber at proper working temperatures as well as minimizing the change

in condition of the CH4 charge.
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(3) LO, Tank
(a) Forward Closure, LO, Tank

The forward closure of the first-
stage LO» tank is a 60° included angle ccne. This shape haé been
determined to be best ab;e to counteract the water entry loads during
recovery of4the first stage. The cloéure is insulated internally with
a 1.25-in. insulation thickness and is ported for vent and fill line
access of all lines from all first-stage tankage to the stage umbili-
cal connection. The closure is designed by the water impact loading;
analysis indicates that by maintaining a high final LO, tank pressure
(130 psia minimum) a forward closure of 2.6-in. constant thickness is
required. An expendable vehicle would be able to utilize an ellipti-

cal forward tank closure with some weight saving.
(b) Cylindrical Section, LO2 Tank

The LOs cylindrical tank wall is

the primary body load reacting member and is continuous with the RP-1

Page III A-36



Report No. LRP 297, Volume II

AEROJUET-GENERAL CORPORATION

III, A, Stage I Propulsion System (cont.)

tank cylindrical section. The LOs cylindrical section is 2.26 in.
thick, has 1.25 in. of insulation, and is ported for fill and vent
line access and for main propellant feed. The main feed line ports
are multiple and of small size located just forward of the aft closure
(bulkhead). The porting is designed to minimize structural discon-

tinuity and optimize propellant feed from outage and swirl aspects.
The cylindrical portion of the LO3
tank provides structural support for and counteracts loads input from
antislosh baffle plates., The slosh baffle plates are highly discon-
tinuous structures, providing no hoop or circular stability to the
tankage.
c. Structural Loads

(1) Summary

'The sea handling concept is developed

from a consideration of the weight of structure required to distribute
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concentrated loads over large pressure holding vehicles. To reduce
the weight of the vehicle and its support equipment, hence its cost,
it has been practice to avoid the generation of concentrated loads by

reacting pressure with pressure.

The self-generated loads developed during
handling and operation are pressures, shears, and moments. It has been
found that these loads can be reacted by maintaining pressure in fhe
compartments of the vehicle that have pressure holding asia primary

function.
(2) Pressures

The structure must counteract externally
applied pressures resulting from the sea and atmospheric environment
and those that are self-generated and result from the pressure fed
propellant feed system. ' In the system that‘has been defined for the
study purpose, it has been found that internal pressure provides the

designing criterion and very little stiffening is necessary anywhere
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on the vehicle; it has been possible to counteract pressures with
pressure in most areas by use of unreinforced membrane structure. All

handling loading is reacted with pressure, as is all flight loading.

Stiffening is required in four locations:
The RP-1 tank aff closure is stiffened to react the thrust chamber loads;-
the LO2 forward closure is of a thickness greater than that required to
react the internal tank préssure as a reSulf of concentrated high pres-
sure forces that exist during water entry; the aft skirt on the Rf-l
tank is structure that distributes concentrated forces from the ballast

stabilizing struts; and the gimbal TCA (engine) actuators.
(3) Bending Moments

Body bending moments are reacted by the
cylindrical elements of the tankage structure. Pressure charges are
maintained in all.tanks so that no compressive or crippling forces
are present. During flight and during erection of the floating loaded
vehicle, large body bending moments, similar in magnitude, ére devel -

oped. These moments are counteracted by the tankage designed by pressures
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required by the propellant feed system. Table ITII-A-2 shows the pres-
sure level in tanks required to counteract maximum compressive loads

developed as a result of bending and other environments,

(4) Mechanical Loading
Concentrated or mechanical loads are
distributed to and counteracted by the cylindrical structure. This
approach enables development of rigid points for counteracting con-
centrated loads and reduces interactions between those hard points

and the flexible pressure holding structure.
(a) Ballast Support

All forces applied by the ballast
to the vehicle are delivered by struts attached to the ballast and to
the vehicle at the afi thrust chamber skirt. An axial force reacting
capability exists through an attachment between the ballast and the

aft end of the first-stage thrust chamber assembly. The structure
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staging joint provided at that location is for retention of the ballast
during powered operation of the first stage and provides for separation

of the ballast upon command.

(b) Force Reaction, Thrust Chamber
Assembly

A

The thrust of the first-stage
engine is counteracted by the gimbal bearing. This bearing can react
to both positive and negative thrusts of the same magnitude for
appropriate RP-1 tank pressures. The gimbal bearing reécts side and

torsional loads through shear in the flexible element.
(c) Force Reaction, Gimbal Actuator
The gimbal actuator reactions are
near the aft skirt extension of the RP-1 tank. Radial components of

the reactions are through the RP-1 tank conical aft closure, axial

reactions are directly distributed in shear to the aft strut.
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(d) Stage I Thrust Structure

The first-stage thrust is trans-
mitted structurally from_the TCA through the gimbal bearing and RP-1
tank aft closure to the cylindrical tank elements. The stage thrust
is delivered to the second stage by a cylindrical forward section
of a staging joint located on the inside contour of the éecond—stage

nozzle at the major body diameter.
(e) Atmospheric Entry

During atmospheric entry, a large
drag area will be provided by an inflatable flare, which is attached
to the first-stage TCA. All loads generated by the flare will be

counteracted by the TCA.
(f) Water Entry

With the exception of a small

forward portion of the 60° conical forward closure of the LOp tank,
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the first-stage water entry loads are counteracted by the retained
tank gas pressure. Concentrated loads resulting from the 22g deceler-
" ation develop on components such as the TCA and accessory lines and

valves, which must be counteracted as concentrated loads.
d. Evaluation and Recommendations

The tankage design described is believed to be
adequate for the study purposes and feasible in an environment of an
advancing state of the art. An evaluation of the design described is
presented below from the aspects of the alternates considered in the

development of the design.
(1) Tankage Geometry

Integral and separate tankage configu-
rations were studied preliminarily. An analysis was made comparing
the, weight of integral (common bulkhead) versus separate bulkheads
between propellant tanks, considering propellant feed lines, distribu-

tion manifolds, insulating requirements, and intertank structure. The
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results indicated a significant weight penalty for the separate tankage.
The weight penalty was approximately equal to the weight of one of the
closures on the separate tanks. Other factors, such as maintaining

fhe integrity of the insulation, leaks between tanks, vehicle rigidity,
manufacturing sequence, and costs have been evaluated only'qualitatively.
Consideration of these factors develops arguments for either approach.
As‘an'example, separate tankage that appears to afford simpler manu-
fécfuring and proof test procedures necessitates, in appliéation to

the vehicle, an additional compartment that would not normélly be pres-
surized. During sea handling operations this compartment must be
either (1) flooded to equalize pressure differences, (2) must be

sealed and the intertank structure made capable of taking significant
crushing pressure, or (3) must be pressurized to offset the high

crushing pressure level.

If the compartment is flooded, the
requirements on the amount of and integrity of the insulation are pro-
bably more severe than that for the integral tankage configuration.
This results from the fact that the flooded compartment will be quies-

-cent and regardless of the amount of insulation applied, the water will
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freeze in time. Buildup of ice in compartments is an obvious hazard.
Furthermore venting of the water from the flooded compartment during

the first portion of flight produces unusual structural requirements.

If the compartment is sealed, a
structuie required to counteract high crushing pressure loads developed

during sea handling modes becomes unreasonable from weight aspects.

If the compartment is pressurized,
the management of pressure in the compartmeﬁt becomes of extreme im-
portance to the success of the mission.‘ Loss of pressure in the com-
partment while submerged would result in structural failure; failure
to vent pressure in an intertank compartment could result in collap-
sing pressures on a closure of one of the propellant tanks, which

would produce structural failure.
The conclusions drawn at this time

are: (1) That separate tankage does not avoid the inadvertent oc-

currence of a collapsing pressure on a bulkhead and does not avoid or
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minimize the requirements for the integrity of a propellant tank in-
sulation, (2) the weighﬁ penalty for sepaiate tankage as compared to
integral tankage is approximately equal to the weight of one of the
tank bulkheads. For these reasons, the Sea Dragon design utilized in-

tegral tankage.

Single versus cluster tanks was
also considered. Reduced wall thicknesses, simplified pressure vessel
design, and the greater number of units produced tend to reduce de-
velopment time and fabrication cost and improve reliability and trans-
portability foi clustered tanks. Ihese factors are felt to be offset
by the very complex clustering structure and the probable vehicle
weight penalty as compared to single integral tanks. For these reasons,

the Sea Dragon vehicle design was based on the use of single tanks.

The locations selected for the
propellant constituents include consideration of vehicle performance
and tend to optimize propellant feed systems. .The forward location

of the LO, tankage provides the most forward vehicle center of gravity
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position. 1In addition, the long stand pipe length for the Lbz feed
line provides a large portion of the required LO2 injector inlet
pressure. This factor is important because the required final LO2
ullage pressure is low affording a significant pressurant gas weight
saving. Higher required ullage pressures for the aft located fuel
tankage does not compensate because the pressurant gases available for
fuel are less dense. The arrangement chosen provides maximum vehicle
stability resulting from the forward center of gravity location and

the inert weight advantage mentioned above.

The methane tank was located inte-
gral with the Stage I RP-1 tank because the higher working pressure
of that compartment would counteract the pressures generated in the
gimbal bearing. The low tempefature of the methane, -128°F, must be
isolated from the rubber bearing. Insulation provided for that pur-
pose is internal to the methane tank. The methane tank is designed to
withstand full tank -pressure at room temperature with no reinforcement

by RP-1 tank pressure.
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(3) Tankage Material

(a) Sea and size effects are strong
factors affecting selection of tank materials. Galvanic corrosion will
be an important consideration in operation of the system. The tank
size will advance the state of the art of flight tankage, especially
in'joining techniques. . For purposes of the study, a material was
chosen that has better known properties, is cheaper, and more avail-
able than other types that might be used. This was 2014-T6é aluminum.
Its use.resﬁlts in weight estimates that are conservative. However, a
difficulty arose in certain phases of the study as a result of the
specification of this material. This was concerned with the welding of

the resultant thick walls.

Appendix II-1, Tankage Materials,
summarizes some of the data accumulated in the study. The final re-
sult indicated that 18% maraging steel and some titanium alloys were

potentially more attractive than the aluminum. Sufficient unknown
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areas exist in the selection of large rocket tank materials to warrant
a considerable materials program especially directed towards such large

tankage.

6. Pressurization and Feed Systems

a. General Concepts and Advantages

The propellant feed systems for both stages of
the Sea Dragon will consist of pressure-fed systems rather than pump-

fed systems. Three separate concepts are being used in the proposed

pressure feed systems. These concepts include: (1) Autogenous pres-
surization, i.e., the utilization of a vaporized and superheater pro-
pellant for self-pressurization, (2) vapor pressurization, i.e., the

utilization of a liquid propellant's vapor pressure for self-pressuri-
zation, and (3) acceleration head effects that become as large as 270

psi because of the large heights of the propellant tanks.
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A 1list of the more pertinent advantages and
disadvantages of a pfessure-fed propulsion system for the Sea Dragon

first stage includes:

Advantages

(1) Simplicity

(2) Rugged tanks for sea handling and re-
covery.

(3) Because of size, the tanks must be

designed for moderately-high pressures even with turbopumps.

(4) Eliminates the high cost of pump de-

velopment, fabrication, and refurbishment.

Disadvantages

(1) Higher tank weights, thicker walls and

lower mass fractions.

(2) Tanks may be more expensive.

Page III A-50



Report No. LRP 297, Volume II .

AEROJET-GENERAL CORPORATION

IITI, A, Stage I Propulsion System (cont.)
b. Oxidizer System

Figure III-A-10 illustrates the Stage I pres-
surization system. The first-stageioxidizer tank uses an autogenous
pressurizatién system. A small amount of LOp is taken from the bottom
of the LO2 taﬁk, sent through a heat exchanger where it is vaporized
and superheated, and fed back to the top of the LO2 tank to supply the
necessary ullage pressure. The driving force for the pressurization
process is provided by the acceleration head in the LOs tank and pro-
pellant line. ' The acceleration head effects account for 161 psi at
first-stage ignition (2.0 g) and 117 psi at first-stage burnout (476 g).
The various ullage pressures in the LO, tank plus the acceleratién head

effects results in the required injector manifold pressures.

A summary of the design criteria for the first-

stage oxidizer pressurization system is listed as follows:
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Initial gaseous oxygen pressure 226 psi
Final gaseous oxygen pressure 130 psi
Final gaseous oxygen temperature O°F

Final gaseous oxygen pressurant weight 213,000 1b

The amount of gaseous oxygen that flows through the heat exchanger is

236,000 1b (Accounts for condensation).

c. Fuel System

Liquid methane is used as the pressurizing
fluid for the RP-1 tank. The liquid methane is stored at a temperature
of -128°F, with a corresponding vapor pressure of 500 psi. The liquid
methane is forced, because of its own'vappr pressure, into the RP-1
tank. The methane then vaporizes and superheats as it bubbles up
through the RP-1. This process provides - the ullage pressure. A
methand weight of 178,000 1b is required for a final ullage gas pres-
sure 6f 293 1bs/ih.2 (final gas temperature of OFF. The methane,

stored as a liquid, occupies a volume of 10,500 ft3. It is proposed
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that the methane be stored inside the first-stage gimbal ball, which can

use internal pressurization to react engine thrust loads.

A more detailed description of the first-stage

fuel pressurization system includes:

Pressurant

Storage Temperature
Storage Pressure

Density of liquid methane

Weight of methane required for
pressurization

Volume of methane
Initial methane vapor pressure
Final Methane vapor pressure

Initial ullage pressure in RP-1
tank

Final ullage'pressure in RP-1 tank
(first stage burnout)

Final ullage pressure in RP-1 tank
(After drag flare is pressurized)
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Final temperature of methane in

RP-1 tank O°F
Temperature drop in RP-1 caused :
by heating up the methane 15°F

d. Ullages B

Both first-stage propellant tanks have initial
ullages volume of three pgrcent. The gimbal ball that stores the
methane has zero ullage. 1Initial and final ullage pressures have been
previously discussed. Figure III-A-11 illustrates the profile of

pressure drops incurred during first-stage operation.
e. Ignition

A hypergolic type start using the reaction of
triethylaluminum ITEA) with LO> was selected. Appendix II-7, "Ignition,"

presents further details.
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f. Overall Operational Characteristics

Liquid oxygen flow is ducted from the bottom
of the LO, tank near the intersection of the common bulkﬁead’of the
cylindrical outer tank wall. The cylindrical wall is ported with a
number of small diameter holes (10 tubes of 2.75 ft dia) to which
lines are attached to pass the flow outside of the RP-1 tank. The
small lines are manifolded to a single line that is provided with
flexible joints enabling gimballing of the first-stage manifold. The
main LO2 propellant valve is mounted structurally on the forward side
of the first-stage injector. The main propellant valve in its shut-
off condition-ig hermetically-sealed by a diaphragm between the body of
the valve and its movable element. The valve in its shut off position
is retained mechanically. The mechanical retention can be released by
application of pressure or by an e#plosive device. Propellant flow is
initiated when the mechanical device is released that permits con-
trolled travel of the poppet to an intermediate position where it
engages another mechanical stop. The sealing diaphragm is desigﬁed to

fail in shear when the poppet moves and not because of the direct
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action of LO2 pressure. The valve is actuated by pressure in the pro-
pellant line. The main propellant valve is shut off by release of the
intermediate mechanical stop by mechanical or explosive device and
moves under control to engage a conical seat at the aft extent of
travel. The valve is moved to the shutoff position by the pressure
drop across the valve during propellant flow. The valve is retained
in the clo;ed position by a mechanical device whichtightens as the

acceleration increases. This device eliminates the possibility of

propellant flow or tank pressure loss during recovery.

When the main LO2 propellant valve is open,
a line is provided to a component which regulates liquid oxygen flow
to the heat exchanger located in the throat region of the first-stage
thrust chamber assembly. Thié controller responds to sensed pressures
at the RP-1 injector manifold. Hence, oxidizer flow is controlled»to

match the fuel flow and maintain a constant mixture ratio.

The RP-1 main propellant feed is ducted from

the bottom of the RP-1 tank at Station 425 through a number of small
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ports. Flow from the ports is manifolded to a main propellant feed
line that is provided with flexible joints to enable gimballing of the

first-stage thrust chamber assembly.

The characteristics of the fuel thrust chamber
valve are similar to the oxidizer valve and permit the valve to take
one of three positions. There is no necessity for a high pressure
actuation system in the valve, and therefore, a weight saving results.
The fuel Qalve is normally closed. An annular ring serves as a shear
diaphragm. This ring is attached between the valve pintle and the
valve housing, thus restricting any flow from entering the injector.
Upon receiving the proper signal, an explosive charge blows a pin
that causes the annular ring to shear and thus gradually opens the
propellant valve. A second pin is sheared at first-stage burnout.
This operation causes the valve.pintle to drop and seat against the
lower portion of the valve housing. The valve is completely closed in
this final position. A mechanical device will lock the valve in the

closed position to eliminate any leakage during the recovery process.
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g. Evaluation and Recommendations

One problem exists in the above described first-
stage pressurization systém. The problem concerns the maintenance of
sufficient ullage pressures during first-stage ignition. Preliminary
analysis’indicates a decay in LO2 ullage tank pressure from 266 psia to
21 psia in tén sec, assumihgafull propellant flow and no gaseous pres-
surization addition (refer to Figure IiI-A-lZ). léimilarlf, the RP-1
ullage tank pressure will decay from 425 psia to 45 psia in ten sec
assuming full propellant flow if the methane gas pressure does not
supplement the initial ullage pressure (refer to Figure III-A-13).
Naturally, the vehicle would never get out of the water if the tank
pressures were as low as the above analysis would seem to indicate.
Howevef, the analysis is somewhét misleading in that it assumes con-

tinuous full flow, a condition that cannot exist under reduced tank

pressures.

The immediate solution to the problem is to
be certain that both first-stage propellant tanks are given supplemen-

tary gas pressures as soon as possible once the expulsion of the
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propellants has been initiated. For this reason, it is recommended
that additional analysis be conducted. 1In the case of the fuel circuit,
the time required for ‘the methane to bubble up through the RP-1 tank
must be determined so that the valve that admits the flow from the
methane tank (gimbal ball) to the RP-1 tank is properly sequenced. 1In
the case of the oxidizer circuit, it ié suggested that the propellant
utilization valve illustrated in Figure III—A—lO-be located immediately
-upstream of the heat exchanger. Therefore, as soon as the valve is
opened, additioﬁal LO2 gas pressure becomes available to supplement

the initial ullage pressure. The pressure differential that pumps

the pressurization gases from the heat exchanger to the LOs tank is the
result of the difference of acceleration head of the liquid and gaseous

oxygen.
7. Aft Skirt
a. Description

The aft skirt on Stage I consists of a

cylindrical extension on the aft RP-1 tank. It extends from vehicle
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Station 414 to 436 and provides nesting support for the expandable
nozzle, which has its trailing edge at Station 421. The aft skirt is
designed to provide hard points or fittings for actuator and ballast

strut reactions.

The skirt structure is stiffened skin, O0.5-in.
‘ tqtal equivalent thickness, that attaches to a cylindrical extension
on the RP-1 tank. The skirt is stiffened at its trailing edge with

two deep frames designed to provide local circular stability. Gimbal
actuator and ballast struf reactions are input to these circular frames

through fittings.

b. Evaluation of Problems and Potential Improve-
ments

The aft skirt distributes concentrated loads
from the gimbal actuators and from the ballast struts to the tank
structure. The skirt provides a surface against which the expandable

nozzle is stowed. These structural functions could be provided by a
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truss-type structure for lower weight by additional design development.
Concentrated loads from tﬂe truss structure could be distributed in a
very short cylindrical structure at the aft end of the RP-1 tank. Ex-
pandable nozzle stowage could be provided at its trailing edge with a
ring channel section with its open end forward. Upon staging separation,
the convolutions of the trailing edge of the expandable nozzle are re-

leased by the relative motion of the stages.

Alternate thrust chambe£1design'types and -
approaches to thrust vector control applicable to the Sea Dragon would
not require an aft skirt extension. Where the thrust chamber is not
articulated (such as a rigid chamber using secondary injection), the
expansion section of the nozzle can be made to counteract ballast loads
that are input in a circularly continuous manner. The incremental
weight of the thrust chamber for this additional structural function
probably would be less than that for the séparate skirt extension. If
a plug nozzle were to be used, separate skirts would nét be required.

In this case, the ballast loads would be input to a truncated iséntropic

spike in a circularly continuous manner.
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The aft skirt structure shown on the Stage I
drawing is considered to be adequate to provide the structural functions
defined above. A detailed analysis has not been attempted. Applicable
thrust chamber design types of other designs could remove the require-

ment for a separate skirt.

8. - Fill, Vent, and Dump System

a. Description

The LO2 tank, the RP-1 tank, and the CHg tank
have filling, venting, and dumping capabilities. Each has one fill
line, one horizontal vent line, and one vertical vent line. These
lines are all routed from the second stage forward compartment to the
internal umbilical or disconnect assembly and to the respective tanks.
The Stage I and Stage II layout drawings illusfrate the location and
routing of all Stage I fill and vent lines. Additionally, Appendix
II-8 provides a flow schematic of the first-stage fill and vent system,

a functional description of all hardware used in filling a venting,
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minimum pressures required during filling operations, and the positions
that each component assumes during loading, towing erection, launch,
staging, recovery, and dumping.

b. Evaluation

The proposed vent system is flexible with many

redundarnit features. Additionally, all filling and venting is conducted

in a region that is accessible to the ground support equipment.

9. Internal Umbilical Provisions

a. General Configuration

The ipternal umbilical interface is located
in the center of the Stage I1I1 injector. Physically, it consists of
a 6 ft dia recessed hold into which. the male portion of the connector
(located on the Stage I nose cone) will slide and engage. Directly
behind this recess is a tunnel that provides routing of the instrumen-

tation and control lines from Stage I to the outer periphery of the
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Stage II injector from which the various lines are rerouted to the

vehicle GSE interfaces.
b. Hydraulic Disconnect Couplings

All the hydraulic couplings are identical in
basic -design and consist of two specially-designed check valves, back
to back, which are held open by a compression rod.that actuates the
valves through a linkage system and provides an open circuit on all

lines when Stage I and Stage II are coupled.

Upon separation, the compression rods auto-
matically are released allowing the check valves to resume a closed
position isolating all systems from external contaminants.

c. Electrical Disconnect Couplings

All control and instrumentation lines will be

connected by use of common-type bulkhead connectors and arranged by
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function into various banks. Separation is simplified by use of this

pin and socket combination.

d. Disconnects (number and relative sizes)
Hydraulic

Oxid. Fill Line - 1.35 ft dia
Oxid. Horiz. Vent - .828 ft
Oxid. Vert. Vent - . .828 ft
Fuel Fill Line - 1.10 ft dia
Fuel Horiz. Vent - .75 ft
Fuel Vert. Vent - .75 ft

CHg4 Fill Line - 1.00 ft dia
CH4 Horiz. Vent - .50 £t dia
CHy4 Vert. Vent ~ .50 £t dia
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Electrical

Pressure transducer, thermocouple, and sensor input, out-
put and test cables, micro-switch, potentiometer, input and output
cables. Electrical impulse for explosive bolts, valve control, and

actuator control.

10. Propulsion System Performance

a. Summary

The thermochemical properties of the LOX/RP-1
propellants for the first-stage vehicle were given in Figure III;A-2
where the Igp versus mixture ratio curve is found to be very flat at
the design mixture ratio. Because the engine is regeneratively-
cooled with the propellant, the heat loss in the combustion chamber
represents virtually no.net loss. For the first stage vehicle,
Figure III—A—14 gives a plot of chamber pressure versus specific im-
pulse at sea level for various mixture ratios showing the small per-

formance advantage when using chamber pressures much greater than 300.
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b. Evaluation and Recommendations

The conservative value of 93% of theoretical
specific impulse assumed should be readily achievaglg. It is expected
that the chamber can be cooled by convection techniques only and there-
fore no loss because of film cooling need be considered. The large
chamber volume will allow the reaction to attain a:high degiee of com-

pletion while using stable injector designs.

11. Propulsion System Weights, Stage I

a. Sunimary
The weights of the first-stage propulsion
system are given in a weight breakdown accompanying this section. The

results are given in Table III-A-3,

The weights of all components have been cal-

culated on the basis of the configurations defined. Component definition
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has been on the basis of estimates, where necessary, as is discussed

in other sections.
b. Evaluation and Recommendations

The total propulsion stage weight is felt to
be conservative in terms of stage performance. It appears that through
application of alternate component design concepts and materials
significant stage performance improvement could be achieved. Utili-
zation of higher strength structural materials for tankage and other
components will proviae an improvement in stage mass fraction. Applica-
tion of alternate thrust chamber design types may offer weight ad-

vantages.

The weight breakdown, Table III-A-3, indicates
a miscellaneous weight of 5% of the tankage weight. This allowance is
made for weld joint reinforcement. This allowance accounts for
thickening at the weld joints to allow for approximately 50% reduction

in the strength of the as-welded joint. The reinforcement will be
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applied to longitudinal welds. - The 5% will account for this reinforce-
ment in the thinner sheets; a separate allowance is made for the thicker
tankage elements. The RP-1 tank weight includes 70,000 1b for integral
stiffening of the conical aft closure to counteract the concentrated
loads input by the gimbal bearing. Weld joints thickening will form

the integral frame and stringer reinforcing element.

Bulkhead insulation weights are on the basis
of estimated thickness requirements of 4 in. Subsequent analysis has

shown this to be very conservative.

The weight savings achievable for an expandable

vehicle are shown in Table II-A-2.
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STAGE I »
: - ! —Mﬁﬂ
DESCRIPTION OF STATION : IGNITION BURNOUT

1. TOP OF LIQUID LEVEL - 10s TANK . 226 7 | 1307

2. BOTTOM OF LIQUID LEVEL - 10, TANK 336 130

3. - 10, PRESSURE AT INJECTOR 387 247

. CHAMEER PRESSURE 300 | 2.0g's | 207 I .6 g's

T, TOP OF LIQUID LEVEL - RP-1 TANK L35 < 290

6. DBOTTOM OF LIQULD LEVEL = RP-1 TARK L75 290
7. RP=-1 PRESSURE AT INJECTOR INCLUDES 392 250 ]

COOLANT JACKET IROP _

8. TOP OF LIQUID LEVEL - 10, TANK 30 2

9. BOTTOM OF LIQUID LEVEL « LOp TANK S3 25

10. PRESSURE UPSTREAM OF THROTTIE VALVE 107 305 T
13. 10, PRESSURE AT INJECTOR I00 F I.23g's | 100 F &.L g's
12. CHAMBER PRESSURE TS5 = 15

13. TOP OF LIQUID LEVEL - IH, TANK 100 _ 100

1, BOTTOM OF LIQUID LEVEL - 1H, TANK 104 04

15, Ly PRESSIRE AT INJECTOR _ 103 J 103

Profile of Pressure Drops

Figure III-A-11
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I1I, Vehicle Subsystem (cont.)

B. STAGE II PROPULSION SYSTEM

1. Summary

The Stage II vehicle utilizes a bi-propellant pressure-

fed rocket propulsion system. The general arrangement is shown in Figure

III-B-1. Basic Stage II characteristics are given in the following table:

Stage Diameter

Stage Length to Separation Joint
Stage Weight, Total

Usable Propellants

Propulsion System Mass Fraction
Propellants

Mixture Ratio

Thrust Chamber Type

Throat Diameter
Expansion Area Ratio

Thrust, Nominal

Page III B-1

75 ft

188 ft

10.6 x 10° 1b
9.5 x 10° 1b
0.8905
LOZ/LHZ
5

DelLaval, Fixed
Expandable Nozzle

31 ft
20

14 x 10° 1b
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III, B, Stage II Propulsion System (cont.)

Chamber Pressure, Nominal 75 psia
Thrust Vector Control 4 aux engines
Propellant Tank Pressures, Nominal

LO, 30 psia

LH2 100 psia

Propellants are pressure fed from intégral tankage.
Injector inlet pressﬁre is developed by a combination of ullage
pressuriéation and acceleration head. The forward LO2 tank is self-
pressurized and loaded at temperature equilibrium with vapor pressure
at 30 psia. The required injector inlet pressure of 100 psia results
from the additive acceleration head. The éft located LH2 tank is

separated from the LO2 tank by an insulted bulkhead. Pressurization

of the LH, tank is autogenous; liquid hydrogen is admitted to a heat

2

exchanger on the cooled section of the thrust chamber where it is
vaporized. Vapor is ducted to the propellant tank ullage through a

low pressure drop line.
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I1I, B, Stage II Propulsion System (cont.)

Auxiliary thrust vector control engines use propellant

from the main LH2 tank; LO, is provided from separate spherical tanks

2

that are pressurized from a regulated high pressure gas source.

Main stage and auxiliary engines are ignited by

injection of blowdown gas pressurized TEA.

The main propellant valves are poppet types that are
sealed in the closed position with clamped diaphragms. The valves are
actuated by propellant-fed line pressure controlled with mechanical

detents. The diaphragms are sheared by poppet motion.
Propellant tanks are designed by the propellant feed

requirements and are stabilized by pressure for all handling and flight

loads. Skirts are made of stiffened skin.

Page III B-3
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III, B, Stage II Propulsion System (cont.)

2. Propellants

a. Selection

A_comparison and evaluation of several propellant
combinations is given in Section III-A-2. A decision to use LOZ/RP-l in
‘the first sfage resulted. On a similar basis, LOé/LH2 was selecte@ as
the propellant combination for Stage II. Previous studies at Aerojet-
General on other sea-launched vehicles similar to Sea Dragon indicated
th;t high performance coupled with reasonablé cost and the ability to
operate at low qhamber pressures in upper-stage applications led to

selection of L02/LH2. The performance of this propellant combination is

given in Figures III-B-2, -3, -4, and -5.
b. Evaluation and Recommendations
Further optimization of propellant selection on

a cost effectiveness basis was not incorporated in this study but is

recommended for future effort.
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I1I, B, Stage II Propulsion System (cont.)

3. Thrust Chamber Assembly'

a. General

One rigidly mounted thrust chamber assembly is
used in the second-stage propulsion system. The configuration is
conventional (DeLaval nozzle, single combustion chamber, injector at
forward end of combustion chamber, and one fuel and one oxidizer valve).
The noézle subsystem incorporates an expandable nozzle. The nozzle
expansion section is a cooled, conventional rigid section with an
expansion area ratio slightly greater than 6.0:1. Downstream of this
point the nozzle is radiation-cooled, expandable, and is stowed in a

contracted position on the Stage I tanks until second-stage firing.

The following table gives the important engine
pParameters:

Design and Performance Parameters

6

Design thrust, vac 14.12 x 10° 1b

Chamber pressure, P 75 psia

C

Page III B-5
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111, B, Stage II Propulsion System (cont.)

Contraction area ratio = 1.8:1

Characteristic léngth, L* = 235 in.

Converging cone half angle = 30°

Throat diameter,‘Dt = 30.6 ft

Expansion area ratio = 20:1 (including expandable
nozzle)

Exit section ﬁalf angle = 20°

Propellants = L02/LH2

M%xture ratio = 5:1 .

Characteristic velocity,
C¥*¥, theor

7,640 ft/sec
C* efficiency = 0.97

Vacuum Thrust Coefficient, :
1.841 (theor.)

CF =
CF efficiency = 0.96
I,, vac (sec) = 440 (theor.)

409 sec

I , actual

s
Pitch and yaw. thrusts
provided by 4 auxiliary
engines

0.435° equivalent main jet
deflection
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I1I, B, Stage II Propulsion System (cont.)
b.  Design Basis

A single thrust chamber was chosen because (1)
the second-stage‘feed system is pressure-fed for system simplicity, which
is expected to result in ease of development and flight reliability, (2)
to realize a high stage mass fraction, especially for the low bulk density
propellants, the system pressure levels must be kept low, and (3) to
realize a high specific impulse, an expansion area ratio of 20 or higher
is necessary. The scale effect (chamber aﬁd tank diameter vary as square
and cube root respectively) was already mentioned in the discussiqn of
the first-stage chamber. The net effect of the above factors is that a
conventional clustered arrangement of chambers cénnot be installed with-
in the envelope above the first stage. The expandable nozzle in combi-
nation with the single chamber provides the necessary expansion area
ratio without the drag and weight penalty of a.conventionally cooled

expansion section.

The single chémber is mounted rigidly to the
second-stage tankage and thrust chamber compartment skirt. The first-
stage tanks rest within the second-stage thrust chamber, thereby
minimizing interstage length.
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III, B; Stage II Propulsion System (cont.)
c. Chamber and Injector

The combustion chamber is of conventional design.
The 30° cone half angle and contraction area ratio of 1.8:1 allows more
than enough combustion chamber volume. The conical chamber tends to
inhibit longitudinal pressure fluctuations. The large chamber volume
provides efficient combustion and flexibility in injector design. A
possible injector configuration utilizes a shower head pattern which
‘produces a combustion flow field over a relatiQely large portion of the
chamber volume. Thus, the combustion reactions would not be as
concentrated as for other injector types, and large perturbations that
trigger combustion instability are less likely to occur. A discussion
of combustion stability is included in Appendix I1-2 for.a.Sea Dragon

engine.

Flow turning in the subsonic region upstream
of the throat is gradual; turning of a supersonic gas stream can be
made at a sharper angle. The chamber contour upstream of the throat is
O.SRt' (throat radius); the downstream radius of .curvature is 0.2R,.

The gases are expanded around this downstream throat radius until a
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I1I, B, Stage II Propulsion System (cont.)

half angle of 40° is reached at which point a contoured shape is attach:d.
The expansion section contour is tangent to a half angle of 20° at an

area ratio of 6.17:1. At this point the radiation cooled expandable

metal nozzle section is attached. A 20° half angle was selected for the
expandable nozzle. Appendix II-6 gives the results of the study performed

to choose this expansion angle.

The second-stage engine is cooled (nonregenera-
tively) with hydrogen. Results of a computer heat transfer analysis
indicate that hydrogen coolant flow rates of 260 1b/sec or 4% of the
total hydrogen flow can cool the chamber to the = 6.17 station. The
maximum flux is 1.91 Btu/in.zsec; maximum wall temperature is 1,510°F,
coolant bulk temperature increase is 1,520°F and total pressure drop is
.93 psi. No loss in enginé I5 need be considered because the coolant is
exhausted supersonically from the end of each tube with high Is because

of the low molecular weight of the gas. A more detailed discussion of

engine cooling is given in Appendix II-3.
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III, B, Stage II Propulsion System (cont.)

A large volume, circumferential, low pressure
drop heat exchanger is applied to the exterior of the hydrogen coolant
passages of the thrust chamber near the aft end of the rigid portion of
the nozzle. The heat exchanger provides structural reinforcement for
the thrust chamber and a heat source for pressurization of the second-
stage LH2 tank during second-stage operation. A heat transfer analysis
was made that proved the feasibility of the autogenous hydrogen
pressurization system. The results of this investigation_are given

in Appendix II-5.

The expandable nozzle is radiation cooled.
Basically, the nozzle section is a thin Wall, conical section in which
convolutions or corrugations are formed. The depth of corrugations
increases from the attachment point at Station 328 to the trailing edge,
Station 420. A large nozzle currently undergoing altitude firing tests
is shown in Figure III-B-10. The expandable element is nested on foam
material and retained by several external straps. These straps provide
mechanical retention of the expandable nozzle for prelaunch handling

and first-stage flight modes. During the staging sequence, the straps'
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IIT, B, Stage II Propulsion System (cont.)

counteract pressure forces from an expanding gas charge that expels the
expended first stage from the bieach formed by the expandable nozzle.

When adequate relative velocities of first and second stage have been
achieved, the straps are separafed by shaped explosive devices, and the
expandable nozzle is free to inflate at second-stage ignition. The straps
and nesting materials provide mechanical protection of the expandable
elemenf, which varies in metal thickness from approximately 0.2 in. at

its attachment point at Station 328 to approximately. 0.02 in. at its

trailing edge.

-d. Flow Control and Lines

(1) Flow of LO2
Once the second stage is clear of the first
stage, the main LO2 valve can be opened. This valve is a poppett valve
that has a shear diaphragm for a positive storage seal. An'LO2 flow
control throttle is installed downstream of the poppett valve. The

throttling feature allows slaving of the LO2 flow to the LH, flow to

maintain mixture ratio and propellant utilization control. One insulated
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III, B, Stage II Propulsion System (cont.)

L02 propellant line is installed on the outside of the fuel tank. The
LO2 valve is located close to the injector head to minimize shutdown
volume downstream of thevvaive. The pressure forcing the LO2 out of
the tank is the sum of the ullage gas pressure in the tank and the

acceleration head pressure of the LO The gas pressure in the tank ig

5"

the result of pressurizing the LO2 with its own vapor pressure.
(2) Flow of Ignition Fluid

A pressure transducer in the head of
the injector or timer senses the presence of the LO2 in the chamber and
initiates an injectién of hypergolic ignition fluid, triethylaluminum
(see Appendix II-7). The.TEA (triethylaluminum) is stored in a tank

and is pressure fed by N_ gas stored in a high pressure tank nearby.

2
The high pressure gas is simply allowed to blow down without use of a
pressure regulator. This mechanical simplification is possible since
the TEA can react with LO2 over a wide mixture ratio range with very

small ignition delays.
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(3) Main LH, Flow

After the L02/TEA sequence, the LH, valve

is opened. The flow leaves the LH, tank through a line running from the

2
tank to the plane of the injector. The flow goes through a valve that is
mounted in this line and then proceeds to the injector. The main LH2
valve is of the poppett type, having a shear diaphragm for sealing
purposes as does the LO2 Qalve. The LH, main feed line standpipe (in
the tank) allows a small amount of LH, to be trapped in the tank when
the.méin engine burns out. This propellant is used by the thrust |
vector control engines for orbital injection of the second stage and
payload. The LH2, after flowing through the valve, goes into a split
manifold where approximately 4% of the total hydrogen flow is used for
non-regenerative cooling of the engine. The engine walls are small
tubes having openings at the top. These holes are sized so that they
act as orifices and meter the flow into the cooling jacket. The main
. part of the hydrogen flow goes into the tapered manifold around the

top of the engine. The flow is fed into the injector head by radial

tubes that run from the manifold to the unbilical tunnel in the center
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of the injector. These radial tubes are tapered toward the center of the
injector. Every other tube is used for the LO2 and the remaining tubes
are used for LH,. A schematic diagram of the flow in the injector head

2

is given in Figure III-B-3.

The pressuré forcing the LH2 from the tank
is the sum of the ullage gas pressure and the acceleration head of the
fluid. The ullage pressure in the tank is the result of autogenous
_pressurization. Part of the flow that goes through the main'LH2 valve
goes into a line that carries it to the heat exchanger ‘located on the
diverging-section of the engine. The poppett valve stem actuates a
valve that opens this line at the time the main LH, Yalve is opened.
The flow entering this line goes to the heat exchanger on the diverging
part of the nozzle where the hydrogen is superheated. A line located
on the outside of the LH, tank carries this gas back to the forward
end of the LH2 tank. As long as the hydrogén.valve is open a
continuous flow of pressurization gas is available. This system is
stable. The ullage pressure in the tank will tend to match the

propellant feed line pressﬁre minus the pressure drop in the heat

exchanger and vapor feed lines.
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(4) Coolant H, Floﬁ

The expandable nozzle is radiation cooled
during flight. The chamber céolant hydrogen gas flows longitudinally
down the cooling tubes. At the point of attachment of the expandable
nozzle ( € = 6.17), the hydrogen gas is injected at supersonic velocity
into the hot-gas stream close to the wall.  The dumping of the relatively
cool hydrogen gas into the boundary layer at the point of attachment
will provide a small amount of thermal protection for the upstream

portion of the expandable nozzle.
e. Ignition

The ignition is accomplished using triethyl-

aluminum (TEA) that is hypergolic with LO The ignition systems are

5°

discussed in detail in Appendix II-7.
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f. Structural Loads

The second-stage thrust chamber assembly is
rigidly mounted to the vehiéle structure. . The injector is integral with
the LH, tank. fhe injector is a double wall semisandwich structure as
necessary tkoithstand tank pressuré. Radial ribs and stressed skin
construction will be used to infegrate the tank and injector walls.

The trailing edge of the cooled portion is rigidly supported by the
transition skirt that extends from the aft end of the pressurized tank
and that counteracts loads from the expandable section of the nozzle.
The heat exchanger located on the diverging section of the chamber gives
added hoop Stréngth'to the nozzle. This structure will counteract the
engine compartment pressure of 45 psia. Thié éompartment is pressurized
prior to ignition to counteract submersion loads and to provide staging
by expelling the burned-out Stage I booster from the second stage. A
design chamber pressure of 1.25 x 75 péia (nominél) was used to allow

for unpredictable. pressure surges. The materials used for the various

parts of the TCA are given in the following table:
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Component _ Material
Coolant tubes 347 stainless steel
Injector Aluminum alloy
Hoop tension shell and Steel

bands on chamber

Heat exchanger 347 stainless stell
Manifolds for Fuel | Aluminum alloy
and LO
2
Expandable metal nozzle 310 stainless steel

A complete weight breakdown for the second-
stage vehicle is given in '"Weights and Performance,'" Section III, B, 9.
The dry weight of the thrust chamber is 82,920 1b; the wet weight

increment is negligible. The expandable nozzle section weighs 71,500 1b.
g. Evaluation and Recommendations
The cooled elements of the Stage II thrust

chamber assembly are considered to be of conventional design, which in

application to Sea Dragon does not introduce problems because of large
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size. The chamber is conventionally shaped and advantages in combustion
efficiency and stability may result from scaling. When requirements for
contraction ratios (injector to throat area) and contractioﬁ angles are
met, the resultipg characteristic length is large. This factor is of
importance because stable injector patterns, which produce performance

loss in short chambers, can be used in Sea Dragon.

An interaction between the expandable nozzle
ahd flow from the auxiliafy thrust vector control engines ﬁay be
important. The interaction involves all propulsive operational modes.
This interactioh will require additional stcdy to define severity and
establish design requirements for affecfed components. The influence
of flow from the auxiliary eﬁgines on the expandable nozzle can be
modified by changing the mounting location or exhaust angle of the

auxiliary engines.
The effect of the sea on the second stage is

in water handling and erection loadings and the ability of the tanks

to sustain asymetric loading. Corrosion of the components is
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minimized by the sealed interstage compartment. Most of the exposed
surface of the second stage will be covered with sealed layers of

insulation for cryogenic storage.

4. Stage II Tankage

a. Summary

(1) Propellants for Stage II are pressure
fed from two main tanks; accessory tankage is provided in the engine
compartment at Station 295 for LO, that is expended in the auxiliary
thrust vector control engines. High pressure nitrogen tanks for the
pressurization of the acceséory LO, tanks is ﬁrovided in tﬁe Stage Ii
forward compartment at Station 180. A weight breakdown is givén:in
Table IiI-B-l. Tankage arrangement is shown op_the stage layout

drawing.
(2) As already discussed in Section III,A,S5,
Tankage, the material used in the study was 2014-T6 aluminum. All

weights and wall thicknesses given in the following text refer to
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this material.. This was considered a conservative approach for the
study objectives. Appendix II-1, Materials, presents data summaries
and recommendations where 18% maraging steel and titanium are recommended.

for the LO, and LH2 tanks, respectively.

2

(3) Tank insulation is briefly described in
"the following text. For more detailed discussion on its design,

installation, and characteristics, see Appendix II-4, Insulation.
b. Stage II Tankage

(1) LH2 Tank

(a) Forward Closure--LH Tank
2
The forward closure of the second-
stage hydrogen propellant tank is a 1.4 to 1 ellipse. It is insulated
with 4 in. of polyurethane encapsulated on the LH2 side of the bulkhead

between the 0.72 in. thick metal membrane and 1/8 in. thick skin.
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The bulkhead is reinforced to allow reaction of a crushing pressure
differential of 50 psi and is designed to withstand full LH2 tank

pressure. The bulkhead is ported for vent line access.

(b) Cylindrical Section--LH2 Tank

The cylindrical section is an
unreinforced membrane 0.72 in. thick; it is externally insulated with
3 in. of urethane and is ported for fill, vent, and pressurizing line

access.

(c) Aft Closure--LH, Tank
The aft closure is a 90° cone
having a curved cone—cyliﬁder transition section and is integral with
the second-stage thrust chamber assembly. The closure is insulated
with 3 in. of material and is 0.80 in. (nominal-metal thickness).
The aft LH2 tank clésure is ported for main propellant feed near the

joint between the closure and the second-stage thrust chamber assembly.

A structural joint is made at the intersection between the aft closure
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and cylindrical section .with the second-stage engine skirt. ‘This second-
stage aft skirt serves as the primary body, load carrying element
through the second-stage engine compartment. This skirt counteracts

the mounting loads of the spherical LO, tanks and second-stage auxiliary

2

engines.

(2) LO, Main Tank

(a) Forward Closure--LO2 Tank
The forward closure of the Lo, main
tank is a 1.4 ellipse. It is insulated with 1.5 in. of material on its
forward external surface, and it is an unreinforced membrane, 0.72 in.
thick. It is ported for fill and vent line access.

(b) Cylindrical Section--LOthank

The short cylindrical section is

an unreinforced membrane 0.72 in. thick; it uses 1.25 in. of insulation.
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(c) Aft Closure——LO2 Tank

The aft closure of the second-stage

LO, main tank is a hybrid-buikhead; a center portion is common to the
LH, tank and an outer portion is separate. A compartmgnt is formed
between the two main tanks, which remains above the Wéker when‘the
vehicle is in the launch position. The compartment is used for
umbilical access as well as for strgctural mounting of many components
that may require access for checkout or Servicing. For ex#mple, a gas
pressurizing source for the second-stage auxiliary engines is located

in this compartment.

The separated portion of the LO2

aft closure is designed to withstand full LO, tank pressure and is a

2

membrane 0.72 in. thick; insulation 1.25 in. thick is used. The

closure is ported for main propellant feed line access.

The closure was designed to

preclude generation of high pressures in the LO, tank resulting from

2
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hydrodynamic heads, generated during firing, that must be counteracted

by the LH tank closure as a crushing pressure and that are not useful
for propellant feed.

(d) Spherical L02'Tanks

The thrust vector control engines
burn LOZ/LH2 that is supplied from‘4sphericalLO2 tank. The 4
sphericalLO2 tanks have 1.5 in. of insulation and are mounted in the
second-stage engine compartment on a spherical ring. This ring is, in
turn, suspended by a tripod truss structure from the aft tank ékirt ribs
and the manifoid region. The Lo, tanks are pressurized with nitrogen
gas that is stored in high pressure nitrogenftanks between the LO2 and
LH, "tanks of the second stage. Data on the LOZ tanks and pressurization

system are as follows:

Thrust Vector Control--Oxygen Pressurization System

LO, Weight required for TVC operation: 583,000 1lb

LO, TVC storage tanks: 4 required, 16.0-ft dia each
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III, B, Stage II Propulsion System (cont.)

LO, Tankage weight (with supports and safety factor of 1.2):
8,000 1b (total of all 4 spheres made from aluminum alloy)

LO, Feed pressures: 100 psi

GN, Storage pressure: 3,000 psi

GN2 Weight: 3,280 1b (with supports and safety factor of 2.0)

GN, Storage temp: 60°F

storage bottle: 10.7 ft

Diameter of GN,,

c. Skirts and Transistion Sections

(1) Stage II Transition Structure (Aft Tank
Skirt) '

The Stage II transition section is the
primary body, load carrying element through the axial length occupies
by the fixed portion of the second-stage TCA. This cylindrical
structure is a skin of 0.375 in. thickness reinforced with hat
sections. Aluminum- is used except at the extreme aft end where steel
or titanium would be used because of the nozzle heating effects. The

total equivalent thickness of aluminum required is 0.75 in. The
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I1I, B, Stage II Propulsion System (cont.)

structure is ported for manned and line access from the stage umbilical

~connector to the forward second-stage inter-tank compartment.
(2) Forward Compartment Transition Structure

The Stage II forward compartment formed at
Station 180 between the separated portions of the LH, tank forward
.closure is similar in design to the Stage II engine skirt. The 0.19 in.
thick skin is stiffened with hat section stringers for a total equivalent
thickness of 0.38 in. The forward compartment skirt structure is ported

for line and man access.
(3) Forward Tank Skirt
A short skirt section is provided at the

forward end of the cylinder section of the LO2 tank. This will be

only large enough to allow attachment of the vehicle payload.
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III, B, Stage II Propulsion System. (cont.)
d. Stage II Structural toading

Pressure and body bending moments developed as
a result of handling and flight environmeﬁfs afe reacted by the
pressurized propellant tank structure as for the first stage. The
second-stage transition section and bulkhead sectioﬁ react flight
body axial and bending loads as an unpressurized stiffened shell.
During water handling operations, the compartments are pressurized to
-balance the external pressures encountered in the floating ér subme;ged

sea handling operation.

The mechanical or concentrated loads applied

to the second stage are the following:

The first-stage thrust is reacted by the
second stage at a structural (staging) separation joint located on
the 75 ft cyliﬁdrical diameter at the aft end of the.second-stage
transition sectioh at Station 328. The load path is along the
cylinder; second-stage thrust éhamber and expandable nozzle support

loads are added at the same point.
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The second-stage thrust chamber is supported by
the aft closure of the LH2 tank. Concentrated loads are not developed
as the thrust chamber is primarily pressure supported. The cooled
expansion portion of the nozzle (inside the 75 ft dia) and ekpandable
- section of the second-stage thrust chamber assemblf are supported at

attachments provided at the aft end of the second-stage structural

transition section.

Auxiliary engines (TVC) are mounted on the
second-stage transition section. All longitudinal components of
force reactions are distributed in the skin; all radial components

are taken by circular frames.

All structural load inputs to the payload
are through the forward cylindrical skin. The payload is assumed to
be designed to interface with a short cylindrical extension on the

forward end of the second-stage LO2 tank.
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e. Evaluation and Recommendations

A general evaluation and description of alternate
approaches applicable to Sea Dragon tankage is given in Section IT1I, A.
Items of specific applicability to Stage II are shown in the stage

layout drawing. Special loading effects are discussed as follows:
(1) Hydrodynamic Effects

The arrangement of Stage II tankage is
favorable from vehicle center of gravity and pressurant gas weight
aspects. The arrangement produces, in the light, pressure-stablized
- structure, some effects resulting from hydrodynamic loading that are
not well understood. As an example, for a one-gravity transverse
acceleration, the LO2 pressure on the cylindrical tank wall will be
37 psi higher than on the opposite side.- This pressure difference
distributed around the surfaces of the pressure vessel may produce a

general distortion of the structure. If the effect is dominant,

bulkhead or closure failure may result. The analytical prediction of
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III, B, Stage II Propulsion System (cont.)

this behavior is very complex and has not been attempted. Differential
pressure loading on the pressure stabilized tank structure results from
other environmental factors such as the variable depths of submergence

at vehicle erection.

During Stage II operation for a vehicle
acceleration»of 5g, the LO2 feed line pressure at the throttle valve is
3.5 times the required pressure. This results from the hydrodynémic
head in the long feed line and must be throttled to required levels

for injection.

Both hydrodynamic effecfs'could be
minimized by alteration of the tankage arrangemént. Preliminary
evaluation of a concentric tankage arrangement has been made, indicating
that for a céntral LO2 tank the eﬁclosing su;face area is the same as
the insulated common bulkhead. Differenti#l pressure resulting from
transverse accelerations would be reduced by a factor of 2.9; excess

feed line pressure would be reduced because the stand pipe height

decreases as a function of burn time. Final ullage pressures would
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be higher with resultant higher outage gas weights; the transverse
structural support of the central tank at its forward end would

probably cause an inert weight penalty as compared to the present design.
(2) Slosh Baffles
No slosh baffling is shown for the Stage II
tankage.' It is expected that during Stage II operation the external
purturbing influences will be small. Additional analysis will be

required to confirm this conclusion.

5. Pressurization and Feed Systems

a. General Concept
The general pressurization concepts used on

Stage I are also used on Stage IT. These concepts include autogenous

pressurization, vapor pressurization, and acceleration head effects.
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b. LO2 Tank Pressurization System
Pressurization of the Stage II LO2 tank is
accomplished by a combination of the acceleration head effect and the
oxygen vapor pressure (see Figure III-B-4). The liquid oxygen
is stored at a temperature of -283°F with a corresponding vapor

pressure of 30 psia. The final oxygen vapor pressure is 25 psia.

The total pressure felt at the throttle valve
varies from 107 psia at second-stage ignition (1.23g) to 305 psia at
second-stage burnout (6.4g). The pressures are throttled dowﬁ to the
desired 100 psia injector inlet pressure. The ullage pressure of the
gaseous oxygen at shutdown is 25 psi with a corresponding vapor density

of 0.44 lb/ft3. The residual gaseous pressurant weight is 52,000 1b.

Cc. LH2 Tank Pressurization System

The second-stage fuel tank is autogenously
pressurized in a manner similar to the first-stage oxidizer tank.

A complete flow schematic illustrating the second-stage pressurization
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system is included as Figure III-B-4. Liquid hydrogen is taken from
thé bottom of the tank, sent through a heat exchanger where it is
vaporized and superheated, and fed back to.the top of the LH2 tank to
supply its ullage pressure. The driving force needed for this'
pressurization proceés is provided by the acceleration head of the LH

2
An analysis of the system is included in Appendix II-5.

The gaseouslhydrogen pressure at shutdowﬁ is
considered to be 100 lb/in.2 at a temperatﬁre of 300°R. A very detailed
analysis would be requifed to obtain the exact pressure at the time of
shutdown. No serious difficulty is anticipated in regard to the final
tank pressure. The wéight of the pressu;izing.gas at Stage II burnout
is 18,500 1b. The heat exchanger consists of large diameter tubes
wrapped around the coolant tubes of the second-stage thrust chamber
assembly. The nearly constant ullage pressure ensures a constant
chamber pressure beqause the liquid acceleration head only contributes

a maximum of 4 psi to the total pressure available.

Page III B-33



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

II1, B, Stage II Propulsion System (cont.)

Design criteria for the second-stage fuel

system include:

Initial gaseous hydrogen tank pressﬁre 100 psi

Final gaseous hydfogen tank pressure 100 psi (approx)
Final gaseous hydrogen tank temperature -160°F

Weight of gaseous hydrogen flowing 22,200 1b

through the heat exchanger (accounts for condensation)

d. Ullage Pressure Characteristics

Initial tank ullages are 3% and zero for the
second-stage fuel and oxidizer tanks respectively. The tank volume,
and hence, the fotal tank weight of the second-stage oxidizer ta?k is
reduced because of the condition of zero ullage. An initial condition

of zero ullage in the LO, tank is possible because of the VaPak (vapor

pressurization) system.

No initial decay in LO2 ullage pressure is
expected during liqdid expulsion. As the liquid propellant is expelled,

flashing occurs, creating an equilibrium condition between the liquid
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and the gas. The gas then maintains the ullage pressure. Tests have

been conducted on the vapor pressurization concept using many laboratory
models with initial tank ullages varying from O to 30%. The tank pressure
. versus time curves are very similar in all cases thus establishing thg
fact that the initial pressure drop is independent of ullage. Figﬁre
ITI-A-11 illustrates the initial ullage conditions and the pressure

drop profile for the second stage at ignition and burnout for that stage.

e. Ignition

Ignition will be accomplished through use of
a triethyaluminum (TEA) reaction with L02. See Appendix II-7 for

further details.
f. Overall Operational Characteristics
Hydrogen propellant is ducted from short stand

pipes near the bottom of the hydrogen tank to the main propellant valve.

The stand pipes 1imit the thrust chamber propellant utilization to
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the liquid level adjacent to the stand pipes. Liquid below the stand

pipes permits continuous flow to the TVC engines.

With the main propellant valve in the open
position, flow is admitted to a line leading to the heat exchanger
located near the aft of the cooled portion of the second-stage thrust
‘chamber assembly. Heated hydrogen frdm the exchanger is ducted to
the ullage space by a large line that is‘routed external to the
second-stage tankage. The coolant tubes are orificed at the top so
that a small portion of the main hydrogen flow is admitted into the‘

tubes. The bulk hydrogen flow goes directly into the injector;

The second-stage fuel thrust chamber valve
is very similar to the first-stage thrust chamber valves that have
been previously discussed. This valve is also a three position valve
(normally closed, fully open, and closed). Two pins allow the valve
to attain positions two and three. The pintle is in the bottom of

the valve housing in position three.
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The second stage LO2 flow is ducted from the aft
end of the oxygen tank to the main propellant valve through a line
supported on the outside of the LH2 tank. The main propellant valve

is similaf to the other propellant valves except for the throttling
device that is located downstream of the main valve housing. The"
throttling device consists of a half hemisphere which is fully open
prior to second-stage ignititon. The half hemisphere gradually closes

during second-stage operation in order to maintain a constant oxidizer

injector manifold pressure compatible with LH2 injector inlet pressure.
g. Evaluations and Recommendations

Liquid hydrogen, necessary to feed the TVC
engines, is expelled from the fuel tank during first-stage operation.
A loss of ullage pressure will result from expansion of the ullage
gas or possibly from sloshing during Stage I burning since the Stage II
pPressurizing system is not operative at this time. Thérefore, some

method of maintaining or supplementing the ullage pressure is required.
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Several methods are available. One method would
be to allow the LH2 tank to decay in pressure. If bulk temperature of

the LH2 is controlled to -413°F at liftoff the pressure cannot be
dropped below 56 psia, its equilibrium vapor pressure. Therefore, the
LH2 flow rate at ignition will be less than full flow; however, it will

increase to full flow once the heat exchanger supplies the heated

hydrogen to increase the ullage pressure to 100 psia.

Helium could be used as the initial pressurization
fluid if condensafion of the gaseous hydrogen becomes a problem. There-
fore, a helium charge could be inserted info the tank prior to launch.

A floating barrier between the gaseous hydrogen and the liquid hydrogen

would minimize condensation.

Approximately one third of the total ullage
volume is enclosed in the LH2 heat exchanger and is not in contact with

the LH2 liquid surface. It is expected that this isolation will enable
adequate control of ullage pressure prior to Stage II main engine

operation. Additional study of this area is required to establish

system adequacy.
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6. Fill, Vent, and Dump System

a. Description

Both fuel and oxidizer systems contain a fill
line, a horizontal vent line, and a vertical vent line. Dumping is
achieved by feversing the flow in the fill line and in the vertical
vent line. All external fill and vent line connection points are
located around the periphery of the forward compartment of the second-
stage tankage, Station 180. The second-stage layout drawing illustrafes
the line routing of all fill and vent lines from the forward compartment
to various tanks. Appendix II-8 provides a more complete functional
description of the second-stage fill and vent system. Included in this

appendix is a flow schematic and the operational features of the system.
b. Evaluation

The components installed for management of

pressurized compartments are felt to afford adequate flexibility for
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operation of the Sea Dragon vehicle. 1In all functions it appears
possible to provide adequate functional checkout of components and

redundancy.

7. Auxiliary Thrust Chambers

a. Description

The TVC function for éhe second -stage vehicle
is accomplished by use of four aukiliary LOZ/LH2 engines iocated on the
exterior of the vehicle, Station 299. These four engines are_locéted
90 degrees gpart on the exterior of the vehicle and can be actuated to
rotate around an axis which is at 20° to a Station plane. The -
actuation stroke is 170 degrees. The propeliant feed for the TVC
engines is shown in schematic on Figure III-B-9-1;gimbal angle is half

of this angle. The design performance data is given below:

TVC Design Performance Parameters

Design Thrust: 212,800 1b, 4 engines at 53,200 1lb per engine

Thrust at Sea Level: 26,700 1b per engine
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Chamber Pressure: 75 psia
Contraction Area Ratio: 1.80
Characteristic Length: 37 in.
Converging Half Angle: 30°
Throat Diameter; 1.91 £t
‘Expansion Area Ratio: 20:1
Exit Angle of Exhaust Gas: 13°
Propellants: LOZ/LH2
Mix£ure Ratio: 4;1
Characteristic Velocity: 7,921 ft/sec (Theoretical)
C* Efficiency: 0.96
_ Thrust Coefficient (vac): 1.796
C¢ Efficiency: 0.97

I_ vacuum: 442 sec (Theoretical)

s
' Is vacuum: 411 sec (Actual)
I S.L.: 206 sec (Actual)
s

Page III B-41



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

IIT, B, Stage II Propulsion System (cont.)

The proposed auxiliary chambers can meet all

vehicle control force requirements except pitch and yaw of the first

stage. They provide:

(1)
(2)

Roll control for first stage

Propellant settlihg acceleration during
staging

Pitch, yaw, and roll for second stage

Pitch, yaw and roll coast period

Orbital injection of Stage II and spacecraft
Other Possibilities:

(a) Retrothrust

(b) Rendezvous manuevers

The chambers are of conventional De Laval design

either ablatively cooled or nonregeneratively cooled with hydrogen.

Ignition of the small engines occurs underwater at a depth of about

70 ft. The ignition sequence consists of the following: LO2 flow is

admitted to the chamber and the ignition fluid (TEA) is fed directly
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into the chamber a fraction of a second after the LO,, and combustion
is initiated. LH2 flow is admitted when chamber conditions are satis-

factory. A more detailed discussion of the ignition system is given in

Appendix II-7.

b. Actuation System, TVC Engines

Vectoring of the engines is accomplished by use
of electrical actuators. The actuators can rotate the engines to
various angles so that in combination the four engines provide pitch, yaw,

and roll control throughout the vehicle flight operations.
C. Evaluation and Recommendations

It appears that the errall vehicle simplicity
and reliability is enhanced by the auxiliary system because rigid
mounting of the Stage II main chamber is made possible. Propellant
used during first-stage burning penalizes se2cond-stage massAfraction.
Also, thé injection of the expended second stage into orbit requires
greater energy than for the cracecraft and payload alone. .These penalties
are relatively minor and are offset by the operational simplicity

obtainable.
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There are certain flow interaction problems wﬂich
arise when an external gas source is mounted on the exterior of the
vehicle. When the gas stream is directed away from the axis of the
vehicle, the skin heating due to hot-gas impingement is minimized, but
the axial thrust is decreased. One iﬁherent disadvantage of having the
TVC engines mounted on the exterior of the vehicle upstream of the
expandable nozzle is that the structure to support the engines and
the gas stream, di;ected into the external flow field, produces shocks
which alter the flow field around the expandable nozzle.  This has the
effect of causing the expandable nozzle to distort, depending on the
strength of the shock. These are possible problems which have not been
investigated. Future work on this vehicle should determine the
importance of these interactions. It may be possible to move the
engines forward on the vehicle and alleviate the situation. Heating
on the missile skin may be controlled by addition of a small patch of
ablative insulation. It is felt that additional analysis of these areas

is required to fully define the system.

Page III B-44



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

III, B, Stage II Propulsion System (cont.)

8. Performance of Second-Stage Propulsion System

a. Summary of Characteristics

The second-stage propulsion system consists of
the main engine and the 4 auxiliary thrust chambers. The design perform-
ance of these engines can be found in Sections I11, B, 3 and III, B, 7.

- Heat transfer studies of the second-stage engine indicate that the coolant
flow rate required to cool the engine (260 1b/sec of hydrogen) results

in conditions at the end of the tubes as follows: pressure of 20.78
psia, temperature of L092°F, and velocity of 1525 ft/sec. The conditions
in the main exhaust stream are as fgllowsx velocity of 11;773 ft/sec,
pressure of 2.01 ?sia, and temperatﬁre of 3,460°R. The conditions of

the coolant gas flow in the tubes is different in addition to a molecular
weight differeﬁce. If the tips of the tubes are pinched to fdrm a
converging diverging nozzle, then the expansion of the coolant gases

will produce a velocity of 11,663 ft/sec. It is conciuded that the
theoretical IS will not be penalized by non—regenerati?e cooling when

the coolant is dumped into the main gas stream. The resulting propulsion
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system mass fraction is 0.8905. The specific impuise of the main gas
stream is given in Figure III-B-9. The performance of the TVC engines
with altitude are given in Figure III-B-6, -7, and -8. The Is Qf the
TVC engines is virtually constant after fi.st-stage burnout. The I
and thrust are given as they vary With altitude for different mixture

ratios.

b. Evaluation and Recommendations

The performance assumed in the study is

conservative. ‘Another 1% in specific impulse might easily be claimed.

9. Weights, Stage II

a. Summary

The weights of Stage II are given in tabular

form in Table III-B-1.
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The weights of all components have been
calculated based on the configurations defined. Component definition
has been based on estimates, where necessary, as is discussed other

sections.

b. Evluation and Recommendations

The total stage weight is felt to be conservative
in terms of stage performance. Higher strength to density ratio materials
such as 18% maraging steel for the LO2 tank and titanium for LH2 tank will

improve mass fraction. Such a material combination would increase the

stage mass fraction to 0.90 from its present value of 0.89.

The common bulkheads and intertank structure
should be reviewed for possible weight saving. A substantial portion
of the Stage II weight exists in the transition skirt on the aft end
of the LH2 tank. It is possible that incorporation of pressurized
tanks in this area, serving the double purpoée of taking first-stage
thrust and storing propellant, woula save weight. The low density for
the LH, used for design should be reviewed operationally to determine

if a higher value could be used.
(End III, B)
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TABLE III-B-1

STAGE II PROPULSION SYSTEM WEIGHT BREAKDOWN

Components

Propellants

Oxidizer, LO,
Fuel, LH,

Thrust Chamber Assembly

Injector Assembly
(includes Ignition
system)

Chamber

Expandable Nozzle

Thrust Vector Control System
Tankage

LO2 Tank
Forward closure
Cylindrical Section
Aft Closure Spherical
Torus
Tank Insulation

LH2 Tank

Forward closure
Cylindrical Section
Aft Frustrum Closure
Aft Spherical Segment
Bulkhead Insulation
Encapsulation Skin
Vortex Structure
Tank Insulation

Weight (1b) Subtotal (1b) Subtotal (1lb)

8,005,045
1,601,009

9,606,054

10,000
51,400
71,500

132,900

5,300

77,471
8,875

36,964
6,000

129,310

77,471
181,323
49,497
10,105
9,479
13,428
2,700
36,000
380,003 )
509,313
Table III-B-1
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TABLE III-B-1 (cont.)

Components Weight (1b) Subtotal (lb) Subtotal (1lb)

Feed System

Oxidizer
LO, Valve 3,640
Line from Tank to Chamber 4,700
8,340
Fuel
LH, Valve 4,480
Line from Tank to Chamber 1,360
' 5,840 .
14,180
Pressurization System
Oxidizer Pressurant 52,000
Fuel
Pressurant 18,500
Heat Exchange 13,400
Pressurizing Equipment 1,820
33,720
Thrust Vector Control System
Bottle Weight (4 req'd) 8,340 .
N, Weight 2,000
N, Bottle Weight 3,300
Valves and Support Structure 910
14,550
100,270

Table III-B-1
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TABLE III-B-1 (cont.)

Components Weight (1b) Subtotal (1b)

Subtotal (1b)

Fill and Vent System

Miscellaneous
Aft Tank Skirt 211,984
Skirt Between LO, LHp Tanks 27,137
Misc. Weight (5% of Tankage) 23,230

TOTAL WEIGHT OF PROPULSION SYSTEM

Table III-B-1
Page 3 of 3
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262,351

10,631,893
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III, Vehicle Subsystem (cont.)
C. INTERSTAGE STRUCTURE ASSEMBLIES
1. Summary

The interstage structure assemblies of the vehicle
are the interconnecting structures that transmit the loads between the

major sectibns of the vehicle. These structures are:

a. The cylipdrical structure supporting the
command module and enclosing the service module

b. The conical structure at the forward end of the
payload that encloses the payload service module

C. The cylindrical structure between the payload
and second stage

d. The cylindrical structure between the first

and second stages

The latter structure, between the first and second
stages, incorporates provisions for the separation or staging operation

between the stages as shown in Figures III-C-1 and III-C-2. A more
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III, C, Interstage Structure Assemblies (cont.)

detailed presentation of the structural assembly and staging provisions
is given later in this section and is representative of the other

interstage structures and separation provisions.

Except in the case discussed above, the interstage
structures do not contain staging provisions because the entire
vehicle forward of the first stage remains connecfed through orbit
attainment. However, there are separation devices for the command module
.for abort and re-entry operations. All interstage structures will be
designed to provide access as required for assembly and maintenance
operations. When these structures are pressurized, and emergehcy
access is required, airlock provisions will be made for manned entry

and operations using a pressurized suit.

2. Interstage Assembly (Stage 1 to Stage 2)

a. Description and Operation

This assembly is shown in Figure III-C-1 and

its basic function is to connect the two stages and to provide for the
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III, C, Interstage Structure Assemblies (cont.)

staging function. It is pressurized up to 40 psi for structural
stability and to provide a positive separation force during staging.

A linear shaped charge assembly is located slightly aft of the second-
étage joinf to effect separation of the structure upon command.
Additional shaped charge assemblies will be used to jettison the
remaining étructure after cdmplete separation to leave a nose
coﬁfiéuration suited to recovery. The sequence of staging operations
is shown on Figure III-C-2 and these operations are described in more

detail later in this section.
b. Structural Configuration and Material

The main interstage structure will be made of
18% nickel, maraging steelt Longitudinal stiffeners are provided to
resist buckling in the unpressurized condjtion and to assist.in
maintaining structural stability under maximum loading conditions
when pressurized. This structure, although expendable, will be coated
to resist salt water corrosion. The expandable nozzle is attached to
the forward end of this structure that will continue to supporf the

nqzzle'after the staging operation and during the second-stage main
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III, C, Interstage Structure Assemblies (cont.)

engine firing. Therefore, this forward section will be subjected to
temperatures of l,OOOOF from the gas injected just upstream of the joint.
The use of aluminum was considered, but was dropped because of the

temperature environment.
c. Structural Load Path and Pressurization

The load path is directly along the cylindrical
structure between the first and second stages. . The flanges provide
full development of the compressive strength and nearly full development

of the tensile strength.

The main second-stage éngine and the space
enclosed in the interstége structure wiil be pressurized to approxi-
mately 10 psig at the conclusion of the vehicle assembly operation.
This pressure will stabilize the interstage structure and will prevent
water entry during the towing to the launch point. The pressure will
Be controllable and may be increased to as much as 40 psia prior to
launch. This pressure is held by seals at the joints and the flexible

seal and nozzle support at the aft end of the second-stage nozzle.
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d. Assembly

The main interstage structure is bolted to the
stub skirt at the forward end of the first stage. This structure will
be fabri;ated at the manufacturing plant and attached to the first
stage beforé it is towed.to the vehicle assembly site. The remainder
of the interstage assembly will be assembled at the assembly site when
the first and second stages are mated. The bolted joints provide
flexibility of operations and ease oflreplacement of this structure

after recovery of the first stage.-

The linear shaped'charge assemblies are
located within the structure and, therefore, will be installed before
mating of the stages. Safety will be provided by remotely-monitored
safe and arm mechanisms with positive mechanical shutters that are
reversible to arm or safe the ordnance item§ by remote control. The
linear shaped charge assemblies and safe and arm mechanisms are
enclosed in housings pressurized with dry nitrogen gas, and can with-

stand submersion during operations.
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I1I, C, Interstage Structure Assemblies (cont.)

The last stages of assembly will be the mating
of the first and second stages followed by the assembly of the expandable
nozzle and the segmented straps holding the expandable nozzle. These

steps are shown in detail in the Operational Plan Section.
e. Staging Sequence

The staging sequence between Stages I and II,
is started by command of the guidance system after the first-stage

engine has been shut down Figure III-C-2 illustrates the operation.

The first step is the cutting of the interstage
st?ucture circumferentially with the forward linear shaped charge
assembly. Because of the air pressure in the interstage structure,
separation forces exist between the stages that are immediately
released when the interstage structure is cut. Because the gas
pressure acts on the entire cross-sectional area of both stages there
are equal and Opposite forces of large magnitude developed that give

relative separation accelerations between the stages. A gas
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III, C, Interstage Stucture Assemblies (cont.)

obturating seal between'the interstage structure and the expandable
nozzle provides capability to the expandable nozzle to withstand this
preséure. Thirdly, after the first stage has moved aft relative to

the second stage about 5 - 10 ft,'thé segmented straps on the expandable
nozzle will be jettisoned by means of explosive bolts at each joint.
These bolts incorporate a piston and cylinder arrangement that provides
positive outward impulse to the segments so they will move away from

the nozzle. The nozzle is then frée to expand because of the remaining

gas pressure, and hard contract with the first stage is prevented.

After the first stage has moved aft, so there
is considerable space between stages, the'fourth operation is
accomplished, which is the jettisoning of the £emaining portion of
the interstage structure forward of the joint connecting it to the
first stége} This is accomblished by simu%ttaneously firing the aft
linear charge assembly and 16 longitudinal linear charge assemblies
so that the structure is cut into.16 pieces without damaging the
joint of the recoverable first stage. This operation removes the

greatest portion of the structure for improved aerodynamic stability
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IITI, C, Interstage Structure Assemblies (cont.)
and reduced water impact loading during the subsequent recovery phase.
The first-stage recovery system includes the sequencing and power

systems required for this and subsequent operations.

3. Other Interstage Assemblies

The other interstage assemblies are less complex
than the one described above. Their main function.is to provide

structural interconnections as described below.

The interstage structure that supports the command
module is cylindrical and reinforced to provide adequatevstrength as
well as sea handling. At the forward end of the interstage structure,
there is a separation device that is capable of separafing the command
module from the service module upon abort of the flight so the abort
propulsion system will carrry the command module away from the vehicle.
At the aft end of the intérstage structure, there is a similar separa-
tion device'that-operates to separate thelcommand modulevfor re-entry
under normal operating conditions. Simultaneously, the posigrade
rocket propulsion system will accelerate the command module away from
the vehicle.
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III, C, Interstage Structure Assemblies (cont.)

The second assembly is the interstage structure
between the payload and the command module. This is a continuation of
the forward conical section of the payload. Thus, the interstage
structure of the payload supports the command module and the interstage

and service module for the command module.

The interstage structure is between the payload
and the second stage and is a stiffened aluminum cylinder. This
section contains the battery power supply and othér.equipment for
the vehicle that requires service access. Thére will be access
manholes in this portion of the structure so that the servicing and
assembly can be accomplished. This interstage structure is bolted to

the payload and to the second stage.
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III, Vehicle Subsystem (cont.)
D. PAYLOAD
1. Summary

The basic payload is assumed to-be a tank dontaining
one million pounds of liquid hydrogen with a service module attéched to
provide those functions that must be performed by the payload after
orbit has_been achieved and the command module has separated to return
to earth. Because the second stage and command module ére attached to
this payload, the payload that is placed in circular orbit includes
the entire vehigle forward of the second stage as show in the Flight
Sequence illustration, Figure II-3.' Details of the vehicle are shown

in Figure II-1.
The payload could be varied for other missions to

provide additional propulsion stages or to provide variations in

configuration, density and function.
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I1I, D, Payload (cont.)

The éommand module is a manned Apollo spacecraft
that provides the basic guidance, control, and communications functions
during flight. The module will return to earth using its service module
to provide separation and recovery functions. An abort propulsion system
is also provided. If the only function of the command module‘is to
ensure attainment of orbit by the LH2 payload, a considerably smaller

and simpler module similar to Mercury or Gemini could be utilized.

The payload fuel tank will be constructed of aluminum.
Provisions are made forkfueling and venting in the same manner as the
liquid hydrogen tank in the second stage. The tank will be insulated
as necessary to limit heat transfer during transportation, flight, and

the orbital environmeht.

After orbit has been attgined and the command module
has separated and.returned to earth, the remaining payload will continue
to orbit until rendezvous with a spacecraft. The service module of the
payload will prbvide communications and attitude control functions to
assist in location, identification and docking. Fuel transfer fﬁnctions

will also be provided.
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III, D, Payload (cont.)
2. Tankage

The payload tankage for the liquid hydrogen will be
a welded aluminum structure with features similar to those of the second-
stage liquid hydrogen fuel tank. The tank‘is supported at both ends by
the réspective interstage structures. Provisions will be méde for
loading the payload in a horizontal position and for topping in both

a horizontal and vertical position.

The forward end of the payload will be conical to
provide efficient aerodynamic performance and strength for supporting
the command module at the forward end. The aft portion qf the pressure
vessel will be hemispherical in shape with a transition section at the

outer diameter between the spherical and conical sections.

This configuration has not been optimized for the

liquid hydrogen payload.
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III, D, Payload (cont.)

The insulation of the tank will be external and of the
same type provided for the second-stage liquid hydrogen tank. The exact
thickness used depends on the mission profile, time in orbit, and other

parameters not investigated in this study.

3. Service Module for Payload

The payload service module will ¢ontai$ those functions
essential to orbit, rendezvous, and fuel transfer of the payload. These
are:

a. Command receiving and transmission functiohs

for rendezvous

b. Radio transmission for location and identification
c. Telemetry system for payload
d. Attitude control system

e. Fuel transfer system
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I1II, D, Payload (cont.)

The attitude control system will be controlied by
command instructions from the vehicle that ié attempting to rendezvous
with the payload. It is considered feasible to use the ullage pressure
of hydrogen in the payload to orient the payload on command by the use
of payload attitude control rockets. The hydrogeﬁ will provide consider-
able specific impulse because of ité.low molecular weight, even though

it is quite cold.

The power supply for the payload service module will
be the main power supply for the vehicle. It is located between the
second stage and the payload, because the second stage will remain

with the payload in this version of the vehicle mission.
The design of the attitude control system and the

fuel transfer system for rendezvous operation involves equipment and

techniques that are considered beyond the scope of this study.
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I1I, D, Payload (cont.)

4. Command Module

The command module contains the main vehicle guidance
‘and control systems as well as the communciations system for communicating
with ground controllstations. The command module is located at the
fofwérd end of the vehicle and will be attached at the assembl? site
before towing to the,launching site. All checkout of the equipment

will be made prior to this towing operation.

For the purposes of the prgseht study, it was assumed
that the command module is a manﬁed module of the Apollo type. Depending
on further mission definition, a considerably simpler spacecraft such as
Mercury or Gemini may be adequate. All of the applicable equipment and
operational techniques for the Apollo program are assumed to be
developed and available, including the life support system, at the time
of the first flight. The manned concept—éoes not preclude the use of

an unmanned command module that would be physically interchangeable with

the manned module.
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III, D, Payload (cont.)

Primary equipment that will be in the command module

for vehicle operations will be as follows:
a. Main Vehicle Guidance and Control System

The main vehicle guidance and control system
including all computers, autopilots, sequencing equipment, and related
checkout equipment will be in the command module. This system will also
provide for the separation, propulsion, and control and guidance functions
necessary for recovery of the module. A further description of the main
vehicle guidance and control system is contained in another part of this

report.
b. Electrical Power Supply
The electrical powef supply for the’ command
module will be a battery pack that is activated after the vehicle has

been erected, or it will be the type of power supply available from

the Apollo program if applicable.
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III, D, Payload (cont.)

It will héve the capability for operating the
essential functions for the command module throughout thevflight and
recovery operatiéns. Additional power will be provided by the main
-vehicle electrical power suppl& system where command module weight can

be saved.
C. Communications Receivers and Transmitters

Provisions for two-way communications will be
made. The total extent of the communicationé will depend on,furthe¥
studies of the operational requirements for the mission and.will
include all aspects of voice, command functions, telemetry, and
tracking. Additional telemetry transmitters may be used in the.
vehicle outside of the command module to save weight and complexity

of this module.

d. Instrumentation and Observation Equipment

Instrumentation and observation equipment

will be provided in the module as required to provide maximum safety
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~III, D, Payload (cont.)

for the crew and monitoring for the entire operation so that information
can bé transmitted to the command ship or action taken aboard the command
module to correct performance or to abort the mission. Automatic
recording and-telemetry will be provided for all critical dafa as an

integral part of the checkout and operationAof the vehicle.
e. Abort System

For the manned command module, an abort system
will provide automatic abort with manual override under some situations
to provide as a whole maximum manned safety and maximum probability of

mission success.

Abort provisions will be made for the entire
vehicle at launch during an initiai period of a few seconds after the
start of the first-stage engines and before the flight is committed.
That is, if it is evident that the first-stage engine firing or other
critical operations are not satisfactory, it is possible to shut

down the engines and abort the mission without destroying the vehicle.
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III, D, Payload (cont.)

This is possible at this time because the vehicle will not be seriously

damaged by allowing it to settle back into the sea.

5. Service Module for Command Module

The service module for the command module_will be
essentially the same type that will be provided for fhe Apollo earth
orbit mission command module. The,pfopulsion systems for earth re-entry
are the major elements of this service module.. In addition, however,
therevwill be included any support equipment that will reduce the total

weight and complexity of the command module.

The service module will contain:

a. Posigrade rocket system for separation
b. Retrograde rocket system for de-orbit
c. Stage separation systems for abort and for

re-entry operations
d. Support equipment for the command and

service modules.
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III, Vehicle Subsystem (cont.)

E. CONTROL SYSTEM
1. Summary

In the present design, all of Sea Dragon attitude
control is achieved by jet forces; neither moveable.nor fixed fins
‘are employed. Qirectional control moments for the vehicle during
firsi-stage operation are developed by rotation of the entire first-
stage engine, which is gimbaled. Movement of the system is obtained
by means of piston-type actuators and an open-loop hydraulic system
fed by the main fuel tgnk at 400 psi. An estimated 40,000 1b of RP-1
- is dumped after use by the control system. Second-stage directional
control is accomplished by four auxiliary L02-hydrogen engines, each
pivoted and electrically actuated to provide a maximum side thrust
component of * 53,200 1b - or an equivalent deflection of the main
enginé thrust equal to 0.43 degrees. These éngines provide roll con-
trol th;oughout all stages of flight in addition to directional con-

trol after completion of first-stage operation.
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Analyses of the control system have consisted mainly
of evaluating performance capabilities of the preliminary design,
which was based on estimates, while also defining a more complete set
of requirements for the final design. 1In this process, consideration
was given to the effects of imperfections in the vehicle itself and of
perturbations caused by its environment and its program. Wind and sea
conditions, thrust and aerodynamic misalignments, maneuver programs,
vpropellanf gloshing, and. body bending, therefore,‘we;e analyzed.
Excepting the two latter effects, it was found that the original
estimated *3%rotation of the first-stage main engine provides more thanA
adequate control capability. Propellant sloshing and body bending
influence mainly the control loop stability, which was not completely
analyzed. Preliminary results indicated that sloshing will not be
particularly troublesome because the first body bending mode frequency
is at least three times the first slosh mode frequency. However, body
bending coupling possibilities will require careful selection of loop
gain, instrument location; and actuation system lag. For this evalua-
tion, a simplified autopilot design was selected on the basis of a

single-plane, rigid-body analysis of first-stage attitude control.
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III, E, Control System (cont.)

The secqnd-stage system requirement is determined
primarily by the effects of thrust misalignment, although staging,
propellant sloshing, wind and maneuver program conditions were also
examined. It was found that the combined effects of thrust misalign-
ment and w?nd require a directional trimming moment corresponding to
0.37° main thrust deflection. To obtain some performance margié above
the()utfjpresent design capability, the auxiliary engine size will be
increased; however, a more complete. analysis Pf the system requirements

will be made first. In particular, the effect and likelihood of con-.

‘trol system saturation because of propellant sloshing must be considered

when specifying the required performance margin. The auxiliary engines
provide the vehicle roll correction. In addition;”thef ﬁfovide orbital
injection without a restarf requirement, a retrothrust cabability if
second-stage recovery is cénsidered, and a capability that is difficult
to/achieve with the single first-stage gimbaled engine. For bbth

stages, alternate TVC concepts have been studied and will be\reviewed

in follow-on vehicle design phases.
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III, E, Control System (cont.)

2. TVC Réquirements

Of the many considerations that determine control
system requirements,.those that are discussed in this section pertain
.primarily to the thrust vector deflection characteristics. The most
impoftaﬁt cOnsidefations of. physical properties, such aé simplicity,
reliability, state of development, adaptability for packaging, and
suitabiiit? for use'in the water environment are discussed briefly.

A full description of the TVC system selected is given in Section III,A.

a. First Stage

At the outset of this study, it was estimated
that the first-stage TVC réquirement would be for 3o maximum deflection
of the main engine thrust. Subsequent analyses have shown that a
lesser requirement (closer to 1 1/20) probably will suffice; however,
many aspects of the control system analysis remain to be done. Some.

influences on the control loop stability have been analyzed, and are
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discussed later in this section; however, most of these results are
on the basis of uncoupled operation pf the system under quasi-steady-
state conditions. Discussion of first-stage control is confined to
directional control requirements; roll control is included as part of
the second-stage discussion becaﬁse it is effected by second-stage

engines.

The principal factors that determine the
directional TVC requirements for first—stage operation are' thrust .
misalignment, aerodynamic misalignment, launch transients (wind and
sea affects), pitch maneuver program, upper atmosphere wind and pro-

pellant sloshing. Their effects are discussed separately below:

Thrust misalignment - Although it is not

known with certainty what degree of mechanical alignment can be main-
tained in a structure of Sea Dragon dimensions, it is estimated that -
the equivalent of 1/4o thrust alignment accuracy can be achieved{ and
this value has been used in all analyses to date. 1In reality, thrust

misalignmemt is made up of many components such as flow misalignment
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of the mechanical assemblies, bias in the actuation system, and
lateral dispiacements of the combined center of gravity with respect
to the reference center line of the vehicle. Most of these components
vary with time as the propellant in the system is used and the struc-
tures are expoeed to changing loading and heating conditions. "Also,
these comﬁonents‘are randomly distributed and a statistical analysis
of their combined effect eventually is required to completely define
the cheracteristic. A;though the Sea Dragon scale difference is
recognized, experience with the largest rocket motors to date would
indicate that the value of 1/4o thrust misalignment is a reasonable

assumption.

Aerodynamic misalignment - An analysis has not

been made to determine the magnitude of aerodynamic misalignment;
however, because the vehicle is not equipped with predominant aero-
dynamic surfaces, such as wings or fins, it is believed that the over -
all aerodynamic misalignment effectiveness will be almost negligible.

To further assure that it is minimized, every effort is made in the
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vehicle configuration to retain features of symmetry. This is done not
only to minimize aerodynamic contributions to directional moments, but

also to avoid coupling with the roll characteristics.

Launch transierits - Associated with underwater

launch are certain unique requiremehts for control. These are derived
’from the fact that the vehicle is in motion prior to ignition and
f"flies!” through a high density medium wherein it can develop high g
effects at low velocity. The vehicle's emergence into surface winds
while its aft end is still immersed and somewhat constrained creates
another unusual effect. In addition, the water environment restricts
the control surface (nozzle) motions; however, as velocity is reached,
it also increases the gain of the system; that is, less deflection is

needed to achieve a given moment.

There are certain advantages in leaving the
first-stage control system "locked-out" until the vehicle has cleared
the water. These advantages relate primarily to ballast staging con-

siderations. Because the locked control case would result in the
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largest vehicle dispersion during launch, it was analyzed. The result

showed that vehicle motion characterized by 5.8O pitch and 1.7 degree/

sec pitch rate could be developed by the combined effects, considering

wind, sea condition, and thrusﬁ misalignment. This analysis, and

'others, are presented in Section V,B. Subsequently, it was determined
1

that the control system can overcome these effects by 1 50 deflection

for 5 sec.

Kick maneuver - The vehicle pitch maneuver

required to program into the gravity turn has been estimated to requife
thrust deflection of 0.75° for approximately 8 sec, which in turn
achieves a pitch rqtation of six to eight degrees, as discgssed in
Section III, F, 3. Further trajectory studies will determine a

definite command pitch rate program for trajectory optimization.

Wind - The influence of surface winds was
included in the analysis of launch transients as discussed previously.
Subsequently, in the atmospheric flight, wind effects continue through-
out most of the first-phase flight. A discussion of the wind-produced

angle of attack is given in Appendix VI-Q. A typical expected TVC
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deflection history because of wind conditions is included in this
appendix. The wind condition that exists at the time when the
vehicle reaches its peak value is of most interest. It was found
that the most severe requirement because of wind occurs 25 sec after
launch and leads to a TVC requirement<xfo.95°. This was on the basis

of conditions produced by zero drift.

For the Sea Dragon vehicle wind conditions may
not have to be treated as-having completely random direction; for a
particular launch location, such as Cape Canaveral,. prevailing winds
can be assumed to pertain since the launch direction is always the

same.

Sloshing - Propellant sloshing affects the
control system as more of a transient influehce than the factors cited
above; however, it is not expected to have a strong effect on the
required thrust vector deflection. In Section V,B,11, sloshing con-

siderations are further discussed.
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Conclusion - Although further work must be done

to fully define the combinations of effects on TVC requirements during
first stage, indications at present are that a ‘thrust vector.deflec-
tion of less than 3° will be sufficient. Because the present system
is designed to provide the 30 requirement, it is believed;to’be con-

servative in this regard.
b. Second Stage

Fbr auxiliary engines suitably pivoted are
used for deriving the control moments necessary for second-stage
steering. In addition, these auxiliary motors, operating in a mode of
differential deflection, provide the roll control capability of the
vehicle throu;hout thé first ;tage of flight. At the time of staging,
the éuxiliary motors are switched to a mode of operation in which they
can provide combined directional and roll control, which.continué;Zfo

the point where orbit injection is achieved for the entire upper-stage

sjstem. An evaluation of roll moment requirements has not been made;
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however, it is conservatively estimated that auxiliary engines suit-
ably sized for directional control of the second stage will have ample
capability for roll stabilization and maneuver of the entire vehicle

during its first stage of flight.

During second-stage operation, the principal
considerétions in deriving thfust vector control requirements are the
influences of the staging process, thrust misalignment, propellant
sloshing, and the pitch program requirement. Because the system is
designed for staging at low-q condition klOO psf maximum), the
aerodynamic effects wi}l be negligibly small. A staging altitude of
more than 125,000 ft also precludes the encounter of any seriogsiy

" high-q wind effects. If it is conservatively assumed, however, that
an angle of attack as highlas lO occurs because of any effects at the
time of staging, the corresponding éerodynamic moment will require a
thrust vector deflectiontxfO.IZO. (As in éubsequent discussion, the
quoted figures are equivalent deflections of the main engine thrust,

not deflection of auxiliary engine thrust.) As discussed previously,
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it is estimated that the Sea Dragon engines will be characterized by
a thrust misalignment of no more than %O. Using this value, the com-
bined aerodynamic and thrust misalignment effects call for a thrust
vector deflectibncxfo.37o. As in the first-stage case, the control
requirements uniquely associated with propellant sloshing in the
second—stége system have not been determined, but is is believed that
they will_be of a transient nature. The second-stage TVC auxiliary
engines as presently designed willp:dvide(h430 equivalent déflection
in theiplane of one pair ofvenginescn:O.éo in a plane half-way
between the pairs of engines, which is the combined plane. It is
evident from these considerations that additional capability must be
added to the second-stége TVC system because little margin exists
above presently knoWn demands. The most straightforward way of doing

this is to increase the size; however, this and other alternatives,

~such as Canard systems will be examined in the next study phase.
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3. Selection of TVC System Type

The selection of a gimbaled engine system for the
first-stage TVC was made primarily because of its simplicity and‘suc-
cessful use in other applications. Historically, its use imposes the
least propulsion penalty of all candidate systems. The concept is
well understood and thoroughly proven and may be regarded as being
within current state-of-the-art. For these reasons, its reliability
is considered to be excellent; however, it imposes problems in
actuation, flex line requirements, and in transmitting large loads
through a relatively restricted structure. The latter consideration
is particularly important in Sea Dragon as regafds the léad conditions
at water re-entry. Also, the use ofAthe gimbaled single engine

requires an auxiliary system to provide roll control capability.

Other systems under consideration are those involving
secondary injection, which is attractive from a structural standpoint,
but which has greater complexity and perhaps greater limitation for
underwater operations. By comparison to the gimbaled system, however,

its most attractive feature is in the simplicity of actuation requirements.
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,

Another applicable concept that has been given
limited study employs auxiliary engines. Aside from the additional
complexity of having four engines instead of one, the auxiliary engine
system has many of the attractive features of the simple gimbaled
engine. 1In gddition, and perhaps %he most outstanding attraction of
this conceét, is the fact that it can be developed and chécked'out

independently of the main engine.

For the second-stage TVC system, improved auxiliary
engines are being given atteﬁtion as previously indicated. This
initial selection was on the basis of consideration of the expandable
nozzle, which tends tq.preclude the use of secondary injection and

gimbaling.
In Section IITI,A, the physical and mechanical

characteristics of the TVC systems and alternates under consideration

are discussed in detail.
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4. Closed>Loop Autopilot Design

a. Rigid Body Dynamics

A simplified single-plane, rigid-body analysis
for the attitude control of the first stage is presented to determine-
the approximate values of position and rate attitude gains and the

autopilét bandpass.

The variables of interest are defined in

Figure III E-1.
Because the airframe center of pressure is

forward of the center of gravity, the most critical case for the

assumed model occurs for cases of near maximum dynamic pressure.
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Parameter values selected for this analysis

are listed below.

o~ 6
Cx = 0.075 T = 80 x 10 1b
Lp = 87 ft Lo = 140 ft
- 9 - 2
I = 7.6 x 10° slug A = 4421 ft
£t2
6 _ )
M = 28 x 10° 1b g = 2200 1lb/ft

A block diagram of the simplified autopilot
is shown in Figure III-E-2. A first estimate of the hydraulic
actuation system is approximated by a first-order lag with a time

constant (T ) of 0.2 sec.

The torques that act on the rigid body may be

derived from Figure III-E-1. Summing up torques

.e

I8 = TL - 57.3 CNCX A q Lp

or e

ucé - M
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Because Z’ measures only an arbitrary ref-
erence for stability analysis, we can make this reference the trimmed

condition of the vehicle or

7- o
so x= - 8
Therefore: s2g@ = MC6+ Hoe E
e._ M
6T (T L)

Using the control system shown in Figure III-E-2, the engine angle is

given by
K + K)YB& + (1 +TS = K
(K S . ) 8.
Written as matrix equation
5 -
S -ue( uc‘ e 0
K S + K 1 + { <5 - K
R o) Ts J pec
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The characteristic equation is

(S2 - He) (1 +TS) +  f (KRS + Kp) = 0

' 3 2 : =
or Ts + 087 4 (UKp ~UT ) S+ (UK, - He) =0
For stability

K
' o
R _ MU and Kp z H
T He , He
Where
57.3 C A L -2
= Na " P = 0.48 sec
X I :
T Lc _
= = 1.47 sec
lic I
Ho - o 326
U
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Because C » L, and L do not change very
Nex p c
much during boost,[lq,/li is clearly maximum when q is near its
c
maximum value. The maximum value of Lﬁx/]ic is the worst case for
stability purposes so the value used in this example is an upper bound.

To obtain at least a 6 db gain margin, let
K =2 WU /i .
p X Llc
for the maximum value of Lé(/Lic.

The open loop transfer function becomes

2 (1 + KRS/O.65)

GH

{1 - (5/0.69)2} (1 + s/5)

If KR = 1 the phase margin is more than adequate,
and the gain crossover freqﬁency is at 1.0 rad/sec. If a 6 gain margin
and adequate phase margin are maintained for the least stable flight
condition, a crossover frequency of at legst 1 rad/sec appears to be a

requirement.
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Only the case of rigid-body pitch control at
maximum dynamic pressure has been included in this discussion. This
analysis should be repeated for all flight conditions and.should also
be applied to pitch control of the second-stage vechicle and roll con-

trol of the system in all phases of flight.
b. " Propellant Sloshing Effects

‘No attempt is made here to present a detailed
stability analysis of the control system with the combined effects of
propellant sloshing and body bending. The stability of a vehicle such
as the Sea Dragon, which is controlled b§ an autopilot control systen,
is dependent on the interaction of the elastic fuselage, liquid pro-

pellant, and feedback control system.
The fundamental frequencies for the propellant:

slosh modes, as derived in Section V, B, 9, may be seen to be in the

same range of frequencies as the control frequency. However, this
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situation does not appear to cause instability when one considers the
approximate root locus of the control loop with undamped sloshing -
dipoles as shown in Figure III-E-3. This analysis assumes no inter-
action between body bending and slosh modes, which is reasonable for
a preliminary analysis because the body bending frequencies -are at
least three times the first sloshing mode frequency. The particular
case shown is for a rigid vehicle at t = 33 sec with the assumption
made that the second-stage tanks are so full that only the slqshing
of thehfirst-stage propellants need be considered. In conclusion,

it may be said that stability problems caused by sloshing during
first-stage firing do not appear troublesome; however, a more detailed

study of all flight conditions is necessary.

c. Body Bending
(1) The body mode frequencies are derived in
Section 1IV.
(2) For this example, the body mode fre-
quencies are approximately: first mode = 14 rad/sec, second mode =

24 rad/sec, third mode = 33 rad/sec.
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The above discussion assumed a rigid body.
However, missile flexibility induces adverse effects upon vehicle
loads; vehicle stability, and bending mode coupling through instruments
in the missile control system. Airloads are induced by local in-
creases in angle of attack caused by missile bending which in turn
results in additional deflection and loads. Because Sea Dragon is
. aerodynamically unstable, gusts will produce attitude perturbations
that amplify the aerodynamic 1oading. To minimize the loading, a
fast control system is needed. This impiies high loop gains that

almost assure a coupling problem with one or more elastic modes.

The presence of bending makés it impossible to
sense pure rigid body motion with the position and particularly the
rate gyros. The first mode is the most pronounced and is generally
compensated for by placing the rate gyro slightly aft of the antinode,
resulting in phase stabilization. Amplitude compensation may be
required for the higher'modes, since the instrument placement is fixed

by the first mode requirements.
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In any case, a detailed study is required of
the many structurél modes to ensure the stability of the control
loop. This must also include details of the hydraulic actuation
system since its characteristics at body mode frequenciés are very

important.

Detailed simulations are required to determine
the effect of nonlinearities, coupling between sloshing modes and

bending body modes, and many other complicating details.
d. Steering Loop Dynamics

Several factors effect the stability of the
steering loop and must be considered in the system design. The
inertial platform accelerometers respond to the missile pitching rate
if it is not located on the c.g. A location forward of the c.g. is
- preferable to an aft location but in any case its effect should be
considered. Sampling rates and quantitization errors also effect the
steering loop stability. The autopilot response and variations in its

response must be considered along with the above mentioned factors.
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Various sources of errors can be evaluated
within the context of the steering loop such as rate sensor null
errors, thrust misalignments, center of gravity notions, etc., that

can cause actual or effective attitude errors.

5. Measurement of Gimbal Angle

Several concept; have been considered to provide an
effective gimbal action for the first stage engine. Whatever con-
figuration is used it ié important that a direct accurate measure of
the engine orientation with respect to the missile be provided. 1If-
the actuator displacement were used as an indirect measure of the engine
orientation then the actuator linkage compliance would have a desta-
bilizing effect on the gimbal actuation servo. Furthermore, Steady

state errors could prohibit this approach.
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F. GUIDANCE SYSTEM
1. Summary
a. System Performance and General Characteristics

The fully inertial guidance system proposed
for the Sea Dragon launch and orbital injection vehicle has béen
specially adapted for vehicles launched at a sea site sufficiently
close to shore Loran installations. The system is characterized by:
(1) capability for full self—aligﬁmenf at sea, both in azimuth and
vertical directions, through gyrocompass and stable—vertibal search
modes, under the conditions of existing roll and pitch while afloat;
(2) necessity for a prelaunch insertion of initial position and veloc-
ify conditions obtained from shore installatipns, momitored continuously
and mechanized in the vehicle guidance systém; (3) a fully self-
contained inertial performance during the flight mode of the vehicle

from launce to injection into orbit.
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The analyzed accuracy of the guidance system
is expected to be such that the injection of the payload into a
nominal circular orbit of 300-nm altitude will be achieved with a
confidence of 98% that the following tolerances will not exceeded:
(a) Orbit altitude at inection: 300 ¥ 4.27 nm
(b) Eccentricity established orbit: 0.005 max
(c) Difference between altitude at apogee
.and perigee; that is maximﬁm change in altitude of injected satellite

for one full orbital circle is 37.5 nm

The injection into orbit will be accomplished
at a point about 4,100 nm downrange from the launch site, 22.4 min

after countdown O.

The error budget drawn up by the performance
analysis has assigned the following component and parameter tolerances,

-which are based on the foregoing injection requirements:
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Uncompensated gyro drift rate 0.0220/hr

Initial platform misalignment 1/3 min of arc

Accelerometer error = 10+ g

Initial position determined error = 2,000 ft =
0.33 nm

Initial velocity determination error = 3.16
knots

These values are within the state-of-the-art,
except for the initial alignment accuracy, in a self-aligning mode and
at sea. Consequently, this mode of operation will require a rather
heavy gyrocompass and stable-vertical erection system, more of a naval-

ordnance type than of an avionics type.

. Systems growth capability will include the
addition of fadio-commaﬂd guidance and possibly stellar monitoring as
a further improvement in.§§stem aécuracy and reliability and fof mission
growth. = Further, in the orbital méde, thé addition of a horizontal
scanner and other auxiliary equipment is anticipated as a necessity for

adequate attitude control.
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A significant factor influencing the studyvof
guidance concepts is that there may be a human crew aboard. Accord-
ingly, the system reliability must be man-rated, and provisions must
be made for the crew to become an important link in the orbital mode

of operation. -

"While an entirely automatic operation is
envisioned, the crew must be able to provide certain overrides, to
insert radioed guidance information and to take action in possible

mission abort situations.
b. Physical Charactéristics

The guidance system proposed for the Sea Dragon
consists of twb main assemblies, one congaining the miniaturized
guidance computer and_associated electronics, and the other, a rela-
tively heavy stable platform. This equipment will be located_in the

command modules of the vehicle.
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The computer, which uses transistor components
and solid wiring, weighs 100 1lb, occupies 1.0 ft3, and consumes 100
watts of electric power, and has a storage capacity of about 8,000
words. This may be compared to an existing prototype digital computer
using printed circuitry weighing 35 lb, occupying 0.3 ft3, and consuming
30.watts of electric power. The actual choice will be primarily
determined by reliability considerations. .The entire computer and
electronics package is thermal- and shock-insulated, and its estimated
physical characteristics are as folloﬁs: weight, 200 1b; and volume,
7 ft3. The estihated power requirements are: 300 watts at 26v,

400 cps. The design of the package will be such as to allow operation

in the space environment.

The accuracy requirements for self-alignment
of the stable platform call for gyros withAvery high angular momentum,
and therefore high moments of inertia. This requirement will lead to
a considerably increased size and weight of stable platform by com-

parison with existing units for avionics applications. Anticipated
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physical characteristics for a stable platform unit located within
the pressurized capsule are: weight, 400 1b, vqlume 6 ft3, and 1 kw
peak power demand. By comparison, a typical fully developed min-
iature platform for avionicé applications weight 33-3 1b, occupies

3
0.65 ft of space, and consumes 230 watts peak power.

In addition,;a certain allowance for radio
equipment and for a telesextant to be used by the astronauts may be
included. A horizon scanher, probably mounted on a secondary stable
platform slaved to the maétef unit, will be used in the orbital mode

to establish the local vertical.
c. Special Features
The rather special conditions existing at the

launch of the vehicle floating at sea in the vertical position impose

the requirements of an accurate self-alignment of the stable platform
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in the required azimuth and vertical directions. Such an alignment
cannot be performed in a conventional manner through an optical
alignment system based outside of the vehicle. Instead, the highly
accurate gyropendulum self-erecting system of the vehiclé stable
platform will operate during this mode as a self-contained north and
vertical seeking element. A simplified block diagram of the self-

alignment mode is shown in Figure III-F-1.

During the flight-navigation mode of the
inertial guidance system after launch, which i; diagrammed in
Figure III-F-2, the use of the all-inertial sysfem will obviate the
necessity for a network of ground stations along the ephemeris of the
inertial 4,100 nm downrange flight of the vehicle till its injection
into orbit. Moreover, the guidance system of the type proposed here
will provide complete freedom of selection of orbital planes of the
vehicle and of the injection trajectory; In fact, it is expected to be
sufficiently flexible to accommodate futﬁre_growth or expansion to the
required modes of operation, mission and maneuQerability requirements,
orbital navigatioﬁ with full attitude control, and finally a re—ent;y

with or without active participation of the crew.
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Tﬁe location of the guidance system, i.e., of
the stable platform, the associated electronics and digital computer
packages, the horizon scanner and radio transponders,.in'the command
module of the Sea Dragon vehicle will ensure a complete recoverability
of this expensi&e precision equipment, because the command module will

be designed with full capability for controlled re-entry.

An essential simplification of the overall
system is expected'to be acbieved through a judicious application of
the multifunction principle to various sytem elements, netwofks, sub-
systems, efc., so that they could be switched sequentially into different
modes of operation, as required. On fhe other hand, the demand for a
véry high level of reliability may, in general, require an emphasis on
overdesign in some areas as well as a planned redundancy of the most
critical subsystems and channels of operation. For'example, marked
simplification of the guidance and control equipment is achieved by

using the vehicle-borne equipment to perform in sequential modes of
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operation the various prelaunch checkout and alignment functions and
the airborne guidance. Test and checkout equipment is simplified by
using the airborne digital computer to check itself functionally and
to monitor the performance of the guidance system during all modes

of operation.

2. General Considerations of Guidance Problems
a. Introduction

By guidance is generaliy meant the totality of
operations required to: (1) locate the'position of a vehicle during
flight; (2) determine the magnitude and direction of its velocity;

(3) compute from this data, and from the known location of the desti-

nation, what corrective steering action, if any, is required.

The major phases into which these. operations
can be grouped are: (1) prelaunch mode including self-alignment; (2)

injection mode during which the principal rocket engines of the vehicle
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are in operation; (3) orbital mode,carried out by on-board propulsion
system; and (4) terminal phase consisting of re-entry and touchdown

of the command module.

Even though the Sea Dragon is an ascent vehicle,
the guidance system specifications must reflect requirements generated

for all these phases.

Devices able to generate guidance information
fall into two c;asses: those that make the measurements froﬁ witﬂin
the vehicle itself (self-contained guidance); and those that make the
measurements with the aid of guidance stations external to the vehicle.
As with navigation in the past, different methods are not competitive
but complementary. Classificatioﬁ by different guidance techniques

such as '"zero-draft" or adaptive guidance may also be used.
Special computer techniques are required for

‘coordinate conversion of the basic input information into coordinates

more useful for later computations, or into coordinates more appropriate
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for referencing missile steering commands. Computers are also re-
quired to compare the actual behavior with the standard program,
calculate the correct time for initiation of such actions as rocket
shutoff, calculate the direction and magnitude of command corrective
maneuvers, and perform stability and attitude control computation

for the autopilot. The computer aiso performs noise-reduction signal
shaping for continuous signals used withina closed-guidance loop.
Analog and digital computers have been used in the past. The heart
of the guidance scheme may be thought of as fhe set of highly
specialized equations of motions that must be resolved to fit the
_idiosyncrasies of the particular mission. The beam-riding and pro-
portipnal-navigation techniques developed for gfound to air guided.
missile applications and the rendezvous and orbital correction guidance
schemes may be cited as examples. For ballistic missile and ascent
vehicles, three schemes are generally recdgnized, viz: Q; A and
explicit,andbf these the explicit guidance scheme has been chosen

(Section III, F, '5).
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In general, much of the computation, being of
a nonlinear variety on noise contaminated signals, requires that very
careful consideration be given to the order of performing filtering
and computing. However, if small deviations of a vehicle from its
nominal kinematic conditions can be assumedéit is often possible to
avoid noisé—filteriﬁg‘problems by using only the first order on linear

teirms.

From a system cost effectiveness point of view,
a definite trend exists at present to use major guidance subsystems
for many prelaunch cheékout and control systems operations. In addition,
the choice of technique used to determine the initial kinematic con-
ditions of the launch vehicle éffects the requirements for the guidance

system of the vehicle, and vice-versa.
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b. Selection Criteria and Advantages of Inertial
Guidance

First it should be mentioned that a variety
of different guidance schemes such as radio-inertial, fully inertial,
and possible stellar-monitored inertial guidance systems have been
found conceptually feasible for application to the Sea Dragon. The
selection then proceeded on the basis of possible extensions needed
in proven techniques, and development of new components, particularly
in the event that required accuracies or speeds of response would
exceed present-day capability. In addition a rudimentary cost evalua-
tion study, especially taking into account ground-support equipment
and checkout needs for accommodating a variety of orbital missions,
served as one of the criteria for recommendation of a particular

injection guidance scheme for the Sea Dragon vehicle.
The missions for a large sea-launch orgital

space vehicle may require changes in flight profiles and trajectories"

as a function or launch time, particularly in the case of a rendezvous
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requirement. Correspondingly, flexibility in the mode of operation
and capability to execute a wide spectrum of flight programs is
desirable. Because of the large size and cost of the vehicle and its
probable application to manned missions, a high degree of reliability

is required in the guidance and control systems.

The. guidance and control system selected is a
fully inertial one with growth potential to include steiiar inertial
or radio command inertial capabilities. As in the Séturn vehicle, the
guidance system is_located in the péyload and will be available to the

command module after second-stage separation.

The necessary degree of accuracy during the
ascent flight and orbit injection can be achieved by this self-con-
tained system independent of ground station support. Continuous ratio-
inertial guidance, which can in general achieve a higher accuracy with
given equipment tolerances, is not required but does demand a large

‘number of ground tracking station if various launch directions are
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considered. Additionally, and especially in the case of 'a sea-launch
operation like the Sea Dragon, a sizeable poftion of the guidance
stations would have to be provided in the form of fracking and

guidance ships. These ships must be very accurately located on the
geographicai grid and with respect to velocity, of their tracking
measurements will be meaningless froﬁ the guidance standpoint. Never- -
theless, even in the case of all-inertial guidance, provisions in the
system can be made for discrete corrections in later guidance phases,
necessary to compensate for errors in the inertial sensors in the form
of RF commands through a guidance processor to the initial guidance
system. These commands can be based on radar, interferometer, and
radio-doppler systems as processed by a ground based computer. ,A1£er—
natively, star-track ﬁonitoring on the motion of the vehicle in inertial

space can be used.

3. Nominal Trajectory Concerning Guidance Requirements

The following table summarizes those characteristics

of the nominal trajectory that have a direct bearing on the performance
analysis of the guidance system. This study was based on preliminary

data but is essentially unchénged by ‘the new trajectory.
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Basic Parameters of Nominal Trajectory

Description of Parameter

Magni tude

Payload Weight

1,119,000 1b

Stage I 66.58 sec
= B '
S Stage II, 267 .47 sec
5o High Thrust
- & B
A A
g & Stage II, 1,010.04 sec
o Low Thrust
= . C
Total 1,344.09 sec = 22.4 min
o
Initial Kick Angle Used* 19.74 at V = 280 ft/sec
~ -
‘g = Velocity, V 23,434 ft/sec
Ei. | "
3 o Flight Path Angle 6.26 degrees
hat H.ﬁ‘g & (to Horizontal),
T L E ©
<IN :
S2& ¢ Altitude, h 150.0 nm
w Velocity, V 24,890 ft/sec
(O I = g o
79 3 Flight Path Angle o
2 He0 (to Horizontal)
R
"6 & Altitude, h 209.8 nm
X O =
- Central Range Angle, 69 degrees

Characteristic Velocity,
for Injection of Low-
Thrust Engines

2,556 ft/sec

* In subsequent studies the kick angle was reduced to approximately

7 degrees.

Page III F-16



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

III, F, Guidance System (cont.)

The vehicle is launched at sea in a vertical direc-
tion, and during the initial phase of the flight, a very coarse type‘
of guidance is in operation. The autopilot receives preprogramed
command singnals based on a predetermined time and attitude program.
Thus, during the vertical ascent of the vehicle, after clearing the
water, the vehicle is rotatedlabout its roll axis to ensure that the
pitch axis of the vehicle becomes perpendicular to the.plane pf the
trajectory. The maneuver is performed by means of four auxiliary
control rockets, while the attitude control in yaw and pitch is ;er—
formed by the main thrust vector control system of the‘first stage.
Even so, the coarse adjustment in roll is done by rotation in the
water, before launch. This is in contradistinction to the conditions

for a land launch, which by necessity, must/launch with a fixed roll

attitude with respect to the ground site installations.
After the performance of the rotational trimmaneuver,

and upon obtaining the "kick-over velocity" as determined by the

guidance system, a command signal is sent to the autopilot to initiate
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the pitch-over program, which is a series of commanded pitch rates
approximating the kick angle and subsequent gravity turn (near zero

angle of attack, autopilot stabilized flight).

The magnitude of the kick angle should be held to
about six or eight degrees for structural reasons. This means that
the initiation of the kick angle should be at.low velocities, allowing
less time for roll maneuvering. Subsequent trajectory analysis will
be performed using the more realistic profile, but it is not expected

to markedly change the vehicle performance.

Guidance system output is next used by the autopilot
at a certain instant during the operation of the second stage, typically
about 180 sec after launch, when guidance command signals based on

vehicle altitude samplings are sent (Section III, F, 5, C).
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4. Definition of System Design
a. Summary ofllnjectiqn Accuracy Requirements

Since the mission of the Sea Dragon has been
initially defined as that of injecting payload into an essentially
circular orbit at a given altitude, only the permissible errors in
orbital eccentricity have been investigated. Once the mission
spectrum has been completely specified, comparabie analyses for the
other parameters (inclination, position of the nodes and apsides,

epoch, and period) will be made.

Assuming that the eccentricity error at orbital
injection is caused by equal contributions from errors in injection
radius and horizontal velocity, it is shown in Appendix II-12 that

the permissible error in horizontal velocity at injection is:

R Le g
Avh = max ‘\/rs (Eq l)
4\/-10g (1-P) ©
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and the permissible error in position (radius, or altitude) at injection

is:
To? ®nax '
VASE 4 = ° (Eq 2)
o
2 /- log (1 -P)
where:
/A v = maximum permissible error in horizontal velocity
n at injection
Ar = maximum permissible error in position (altitude)
© at injection
R = radius of earth
9 = acceleration due to gravity at earth's surface
r, = nominal radius at injection

Aemax = maximum permissible error in orbit eccentricity

P = Probability of not exceeding the maximum
permissible error in eccentricity

On the basis of Equation 1 graphs of the
maximum permissible error in velocity at injection, Zth, versus pro-
bability of "successful' injection, P, are plotted in Figure III-F-3

for several different values of maximum error in eccentricity,
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Zkemax = 0.001, 0.005, 0.01, 0.025, representing the criteria of
"success." Similarly, from Equation 2 plots of maximum permissible
simultaneous errors in position (altitude) are given under the same

conditions of injection into a circular, 300 nm orbit (Figure III-F-4).

Somewhat arbitrarily assuming a permissible
variation in orbital altitude of 32 nm or Ae = 0.005 (Appendix II-12),
with a prob;bility of 99%, it can be seen directly from Figures III-F-3
and -4 that the maximum permissible injection errors are 15 ft/sec in

horizontal velocity and 26,000 ft = 4.27 nm in altitude.
b. Operational Airborne Equipment
A general block diagram of the inertial

guidance and control system is shown in Figure III-F-2. The main

physical units of the system are as follows:
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(1) Inertial Measurement Unit

A four—gimbal-gyro-stabilized platform
provides the necessary freedom of motion for any kind of flight
maneuvers and delivers three-axes attitude informaéion to the guidance
and control computer. Also, mounted on the platform are three pro-
perly aligned accelerometers. Provisions are also made for later

installation of a horizon scanner and possibly star scanners.
(2) Airborne Electronics

This block includes gimbal servo ampli-
fiers and signal-shaping networks, integrators, power supplies,
accelerometer electronics and gimbal-angle resolver signal conversion
electronics, with provision for inclusion of horizon and star scanner

electronics as a growth future.
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(3) Vehicle-Borne Digital

A high-speed, high-capacity generalized
digital computer needed for the wide range of guidance and control
operations in the pre-launch, ascent, as well aé orbital modes is
represented by this block. A tentétive selection of the computer
now in prototype development at Librascope, designated L-90, was made
on the basis of a preliminary needs and availability evaluation. The
only other computer whose announced specifications were compared
directly with the L-90 unit is the AC Spark Plug product using
Fairchild semiconductor microcircuits. In addition, specifications for
somewhat iess adyanced computers’by IBM and Texas Instruments were
avail%ble. This tentative selection was made on the basis of announced
memory capaéity, presumed expan§ion capabilities, word time, power con-
sumption, and component count. Naturally,‘ this tentative selection
will be carefully'feviewed and reconsidered in the follow-on phases of

the Sea Dragon design and program definition study.
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(4) Airborne Power Supply

In unmanned ballistic vehicles, on-
board requirements are largely related to the guidance and control
needs so that it is usual to provide a power supply as a component part of
the guidance and control system. However, in the case of'a manned
'veHicle, the presence of life support systems aboard will dictate an
‘additional large and still undefined electric power requirement.

Section F,6,a summarizes the guidance and control power requirements.
(5) Rate Gyro Assembly

This assembly consists of a package of
thfée low‘thréshéld, miniature, spring-constrained rate gyros in each
stage, which provide an anticipation signal for attitude stabilization.
The stable platform should not be used as the attitude control refer-
ence»for the first stage because flexure and bending of the missile
would produce erroneous pitch and yaw axis attitude indications at the

stabilized platform location.
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5. Inertial Guidance Performance Analysis

a. Discussion of Operation of Guidance System
(1) General Description of Guidance System

The fully inertial guidance system to be
used for injection of the Sea Dragon payload into a nominal 300-nm

circular orbit will consist of the following three major subsystems:

(a) The stable platform
(b) The stable-platform electronics

(c) The guidance-equations computer

The purpose of the stable plétform is to
establish within the vehicle an inertial rectangular reference system
properly aligned during the prelaunch period, and maintaining its
initial alignment during'the powered flight through the operation of

platform gyros and gimbal system properly fitted with servo-mechanisms.
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Briefly, the stable platform, which is the heart of an inertial
guidance system, will consist of a structural element gimbaled by
means of four gimbals to the frame df the vehicle. Four gimbals

(fhree basic plus one "redundant'") are necessary to avoid any possible
gimbal lock particularly during the orbital operations of the system
after the injection. Two two-degree-of-freedom or threé-single-degree-
'of—freedom, high-precision floating gyrbs will be mounfed on the plat-

form that constitutes the inner gimbal of the system.

The gyros will be capablé of being
torqued so that they could be erected through precession in the re-
quired direction in space. The platform Will be always slaved to the
gyros through high accuracy gimbal servos operating each gimbal through

properly resolved gyro pickoff signals.

In addition to the gyros, three precision
accelerometers are mounted on the stable platform so that each of the
accelerometers has its sensitive axis oriented precisely along the

corresponding axis of the platform.
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Additional electronic equipment and sub-

systems essential to the operation of the stable platform and the in-

ertial guidance system are:

(a)

(b)
(c)

(d)

Platform gimbal servo amplifiers

and shaping‘ﬁetworks

Integrators of acéelerometer outputs
Gravity terms computer which closes
the inertial guidance loop

Analog-to-digital converters.

These elements and subsystems are located outside the platform and form

- what might be called the stable-platform electronics system.

Further, the third major subsystem of the

inertial guidance is the guidance-equations computer. This computer

performs th2 coordinate transformation operation. The position and

velocity components (time functions) in the x-y-z inertial Cartesian

coordinate system, obtained from the inertial system, are translated

into polar coordinates so that these polar equations can be input to

the autopilot of the vehicle. The guidance-equations computer may be
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combined with the inertiél—guidange computer (platform electronics) in-

to one integral physical unit.

The general simplified block diagram of

the guidance and control system is shown in Figure III-F-2.

The overall operation of the gﬁidance
system of the Sea Dragon vehicle can be divided into three basic modes:

(a) the prelaunch mode

(b) the injection flight mode

(c) the orbital and re-entry mode
(2) Prelaunch Mode

During the prelaunch mode, while the wvehi-
cle is being towed, fueled, and erected at sea, the inertial guidance
system operates continuously in properly damped stable-vertical and
gyroéompass mode. The gyros of the stable platform are continuously

torqued by proper signals obtained from pendulous accelerometers and
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from the platform-erection computer so that the three platform axes are
to be aligned continuously with a high degree of accuracy with the di-
rections north, east, and vertical at any location of the vehicle. Thus,
a éelf-alignment of the stable platform is obtained and continuously

maintained during the entire prelaunch period.

~Another variant of the self-aligning,
prelaunch mode of the operation is the Alignment in which one horizontal
axis, x, of the platform forms a given angle € in azimuth (with respect
to north) such that this axis lies in the plane of the planned trajeétory.
The other horizontal axis, y, is perpendicular to x, and the third
platform axis, z, is vertical at the point of launch. This alignment
has the advantage of leading to a considerable simplification of the
coordinate transformation equations during the flight mode of operation

of the guidance system.
It must be remembered that the self-align-

ing mode of operation may become a relatively lengthy procedure requir-

ing several hours if sufficient accuracy is to be obtained. On the
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.other hand, the time of self-alignment can be appreciably reduced if,
before initiation of the self-aligning mode, a coarse alignment of the
platform through external means (such as magnetic compass, for example)

is performed.

During the prelaunch mode, the data per-
taining to initial conditions of position and velocity of the vehicle
at the instant preceding the actual launch must be introduced and mech-
anized in the inertial Quidance computer. This data must be obtgined
from outside the vehicle with the informatiop}on the direction of lauach
in azimuth and other pertinent data on the nominal injection trajectory
of the vehicle. It is envisioned that the initial conditions data for
the sea launch of the Sea Dragon will be continuously monitored from
Loran shore installations, so th#t the exact instantaneous location
of the‘launch site at sea, as well as the exact horizontal velocity
components at launch are measured, properly transformed, and introduced
into the vehicle guidance system. The horizontal vectors of the vehi-
'cle inertial velocity just before launch are primarily results of the

rotation of the earth, and in part caused by any drifting of the vehicle
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at sea currents. The water velocity in Gulf Stream may have a magnitude

of 2 to 4 knots depending upon the location.

The self-alignment mode of the vehicle
guidance system is illustrated in Figure III-F-1, which represents a

general block diagram of the prelaunch, self-alignment mode.
(3) Flight Navigation Mode

The flight-navigation mode of operation
of the guidance system is the actual active mode during which the in-
ertial guidance system generates continuous, instanfaneous data on the
position aﬁd velocity of the vehicle in inertiai space and computes
kinematic equations that are to be satisfied at injection, through the
operation of autopilot, TVC actuators, and the gradual response of the

vehicle in space of these control functions (Figure III-F-6).

The flight-navigation mode is automat-

ically initiated at the instant of vertical launch of the vehicle, and
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is characterized by free (nontorqued) operation of the previously align-
ed gyros. The stable platform is slaved to the gyros through its gimbal
servos and, therefore, maintains its inertial (nonrotating) orientation

in space with an accuracy nearly equal to that of the gyros themselves.

The three accélerometers'with their sensi-
tive axes oriented respectively along the X, ¥y, z axes of the platform
are sensing the total acceleration in each direction in space. These
accelerations, of course, contain gravity terms that must be subtracted
by me#ns of gravity computer operating in a closed-loop fashion on the
basis position data of the vehicle obtained froﬁ the guidance system.
Each accelerometer output is integrated once to obtain velocity,* and
the second time to obtain pogitioh. The data on position is used to
compute the correspondiné gravity term that is subtracted from the ac-
celerometer output (Figure III-F-5). A§ a result, continuous signals

representing x, y, 2, X, §, z are produced by the inertial guidance

* This first integration may be performed within the accelerometer.
Such an accelerometer is called integrating accelerometer or velocity
meter. :
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system, providing continuous data on the instantaneous position and

velocity of the vehicle.

These inertial position and velocity sig-
nals are fed into the guidance-equations computer that performs all the
required coordinate translations and generates basic guidance equations
as well as the input signals to the autopilot. Then, through the oper-
ation of the autopilot and the TVC system of tbe vehicle, the guidance
equations must be satisfied at the instant of injection of the vehicle

into orbit.

A guidance and control systeﬁ that oper-
ates in a general manner discussed here, so that it assures the satis-
faction of the guidance equations at the crucial injection (or cutoff)
point of the powered trajsctory, while permitting, in general, trajectory
deviations from the nominal pattern at the intermediate points, is
called an adaptive guidance and control system. The more rigid "zero-
drift" system cannot be regarded as superior in operation, while being

much more difficult to realize in practice.
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A more detailed discussion of the flight-
guidance problems, injection dispersion and guidance equations is given

in the subsequent sections.
(4) Orbital and Re-Entry Guidance

Although the present phase of the Sea
Dragon study is not concerned with detail investigation of the orﬁital
and re-entry guidance of the service and command module'of the vehicle,
it is necessary to mentioﬁ several significant points relating to the
required modifications of the system operation and to some auxiliary

equipment necessary for proper orbitél'navigation and ultimate re-entry.

Once the payload (with the service and
command module) is injected into the orbit{ the most significant pro-
blem is-to maintain the attitude of the ofbital vehicle with a suffir
cient degree of accuracy. As far as the command module is concerned,
a proper aftitude maintained during its orbital mode is necessary to

assure the required direction of retro-thrust for de-orbiting at the
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beginning of re-entry, and for other functions such as observation,
photography optical and infrared, communicafions, telemetering, etc.
It is apparent that the payload space station itself must be attitude
stabilizad for the purpose of any future rendezvous with‘it by other

orbital vehicles coming in for refueling, etc.

Nofmally, the attitude of an orbiting
vehicle will be maintained so that its yaw axis is always colinear
with the local vertical; its roll axis will always lie in the orbital

plane, and its pitch axis will be perpendicular to the plane of theorbit.

It must be.recognized-that an inertial
guidance system of either Schuler-tuned or fgii& inertial type cannot
be used succéssfully during the 6rbita1 mode, during which the outputs
of accelerometers will always be zero. Therefore, independent sensing

devices must be used in addition to the gyro-stabilized platform.

Specifically, an optical or infrared
horizon scanner must be used to establish the direction of local verti-

cal at each instant of time, whereas the stable platform will be
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slaved, through the appropriate torquing of its gyros, to the local
vertical realized by the horizon scanner. Further, the vehicle frame
will be slaved to the platform through pitch and roll attitude-control

jets.

While the horizon scanner énd the yaw
axes of both the plazform and the vehicle frame will.thus continously
track the local verticalz a.definite.angular velocity about the pitch
axis must exist. Under these conditions, if the roll axis is exactly
in the blane of the orbit, the average angular Qélocity of the vehicle
about the roll axis should be zero. If however, there is some angular
diéplacement of the roll axis of the vehicle about the yaw axis, a de-
finite mean Angular velocity in roll will be registered by a high-sensi-
tivity roll rate gyro properly mounted on the vehicle frame. The out-
put signal of this rate gyro will be fed into the yaw attitude control
channel which will operate the yaw-contr01 jets to return the roll axis

to the orbital plane of the vehicle.
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Further, radio command and communication
equipment will be used in the command module to maintain continuous
communications and possibly telemetering links with the ground stations
and to provide the capabiiity of initiating the de-orbiting opefation

for final re-entry by ground radio command.

If the orbiting module is to be provided
with any space maneuvering capability such as trimming and corrections
of the existing orbit, transferring fo different coplanar orbits, -or
changing the orbital-plane inclin#tion angle, additional guidance and

control and space propulsion equipment will be required.

b. Summary of Inertial Guidance Accuracy Require-

ments

It can be shown (Appendix II-12) that the
errors in position and velocity determination of the vehicle in the
x-direction (Figure III-F-6) are given by the following explicit func-

tions of time:
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Error in position:

g_ i
s A .
X ='%x; - x =+ — (Wt - sinwt) .-+ SR(1 - coswt) +
uy : . :
.+ fa : Aio
M = (1- cosdt) +Ax_ coswt + __ 2 sinJt (Eq 1)
w , ° W
Error in velocity:
.. . TN :
AX = X —x=+T (1 - coswt) + SWR sinwt +
+ éa L‘)t .
- — si + )si + +
@ Sindt + ax Wsinwt + Ax_~ coswt (Eq 2)
where
W =\ o5 '
R
t = time counted from the instant of launch
4yxy = initial error in position
L;ko = 1initial error in velocity
ai = actual reading of the x-accelerometer
(a general function of time)
X = kinematic acceleration in the x-direction
9¢ . . . .
— = gravity component in the x-direction
R
d = initial vertical misalignment of the

stable platform
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’

" acceleration due to gravity

Q
n

gyro drift rate

=
0

error of accelerometer

M
'Y
I

Using the results of the injection accura-
Cy requirements analysis, the position and velocity dispersion at in-

jection are:

: = AXnax )
g AX e = 8567 ft
" -2 log (1-P)
. QX
. = max = 4.94 ft/sec
-2 log (1-P)

Noticing that the ascent trajectory time is approximately one quarter
of the period of the guidance system, each contribution to position

error and velocity error at injection can be written as:

4283 ft

AN x
X

I
P

®

I

2.47 ft/sec

Page III F-39



Report No. LRP 297, Volume 1I

AEROJET-GENERAL CORPORATION

III, F, Guidance System (cont.)

Further, considering the expressions for individ-
ual contributions to error in Equations 1 and 2, the expressions for
maximum component tolerances and initial condition inaccuracies follow

immediately (Table 1 of Appendix II-12).

From the standpoint of positioh accuracy at in-

jection,
Y1 = 0.08 °/nr, gyro.drift rate
S = 0.64 minutes of arc, initial platform misalignment
éfa = 0.00019g, accelerometer error
z&&o = 5.3 ft/sec = 3.16 kndts, initial velocity error
Erom the standpoint of velocity acéuracy at
injection,

Y? = 0.022 °/hr, gyro drift rate

Jd = 0.33 minutes of arc, initial platform misalignment
E; =.0.0001g, accelerometer error
Lx, = 2000 ft = 0.33 nm, initial position error
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c. Guidance Equations

During the vertical and programed pitch-over
portion of the flighf, which-inéludes a predetermined roll maneuver to
define fhe pitch plane, only coarse guidance signals are sent %o the
autopilot, buf the complete kinematic guidance equations, developed in
Appendix II-12 are continuously generated as mentioned in Section III,
F,5,a,(3). After the initiation of the first stage, the actual vehicle
altitude will be periodically sampled (by means of Equation 16, Appendix
II1-12) and compared with the nominal altitude #t that instant, to geg—
erate the altitude'error which produces a signal to the éutopilot for
a change in pitch attitude. An additional criteria (Equation 23, Ap-
pendix II-12) will ensure that the flight path angle becomes small, a
degree or two. When the actual altitude of the vehicle approaches the
nominal altitude by several miles, the guidance will be switched to

the flight path angle mode, Equation 1.

xXx + (z+R)z=0
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While the guidance Equation 1 will be satisfied
and continuously maintained through the autopilot by means of the pitch
control system, a signal to cut off the auxiliary (vernier) engines wili
be given at the instant at which the injection velocity Equation 2 is

reached.

At injection of the vehicle into the nominal

orbit, then, kinematic conditions should ideally be:

. |
2 .2 ‘9
I ti i vV = + = S
nertial velocity, X 2 R'\/x — T2
: 2 .2
Altitude, h = h, = x + (z + R)” - R
and flight path angle = O
which will imply Equation 1.
6. Airborne Guidance Design-Considerations and Sub-

system Description

a. Evaluation of Physical Characteristics
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(1) Packaging and Location

A guidance compartment structure is needed
to contain the airborne equipment, providing mechanical sﬁpport and en-
vironmental conditioning. Provision for windows to provide the star
scanner a free line of sight to selected stars should be incorporated

for future growth in system capability.

In addition, special airborne test equip-
ment such as signal conditioners, necessary for the evaluation of the
guidance and control system during flight tests will be mountable on
the structure. It is anticipated that the flight tests with guidance
evaluation missiles, as well as sled tests, will be necessary to check
out the systém. This is particularly true in the case of the star-

tracking component.
The entire guidance package is insulated

with glass fiber and placed in a specially coated monocoque enclosure,

which will be designed to have the stiffness and damping coefficients
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to aid the serious vibration problems connected with missile guidance

computer design.

To provide cooling for the avionics equip-
ment, the sealed container is filled with helium. It also contains a

circulating fan and a liquid-type heat exchanger in its base.

The éxact location in the command and serv-
ice module is not critical, and in fact from the producibility point of
view may be in the shirt-sleeve environment or v;cuum'outer space portion,
depending on detailed capsule design and operational considerations not
yvet resolved. Placement of flight control system sensors is separately

discussed.

(2) Weights, Dimensions, and Power Requirements
4

The Litton L-90 digital computer weighs

3

35 1b, occupies about 0.3 ft~, and consumes 30 watts. The Litton L-

3009 platform weighs 33.5 1lb, occupies 0.65 ft3 and consumes 230 watts
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under high torque conditions. If an astro-inertial platform is not se-
lected, radio trim commands would probably be supplemented by telesex-
tant data in orbital and, especially, possible lunar modes. Possible
telesextant characteristics would be 20-1b weight, O.65-ft3 volume, and
20-watt power requirements. An astro-inertial platform may be expect-
ed to weigh about 55 1b, need 1.3 ft3 of space and 250 watts of.power.
The average power consumption, including associated ai:borne electronics,
1s estimated at 500 watts, wéight (including compartment) about 200 1b,
and compartment volume about 10 ft3, of which perhaps 3 £13 is actually
taken up by pertinent guidance equipment. Power is furnished at 26v,
400 cps + 1% rms.

However, the extreme accuracy requiréments
of alignment in the vertical mode when no radio or astro corrections
are made during ascent leads to a relatively heavy, naval type, gyro
compassing system. In this case, which is selected as the preferred
method to date, the guidance And control system will weigh an extra
200 to 300 1lb, with corresponding increase in space and power required.
It will be recalled.that an increase of this magnitude is not a signi-

ficant event in the Sea Dragon weight budget.
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b. Stable Platform

The unaided inertial guidance scheme selected
will require developmenf of a platform featuring high inertia gyros
delivering high angular momentum. Further advances in powdered metal-
lurgy, including magnetic high density materials of high tensile
strength, are expected to.aid this effort. If, however, the alternative
guidance treatment'invdlving stellar‘monitoring during the ascent phase
is used, platforms presently under development for avionics applications
would be suitable. 1In this mode of operations the'errors in align-
mant, which if uncompensated would be unacceptably large, are ob-
tained from the star "tracking fix and appropriate steering corrections

are generated in the guidance computer.

A number of miniature inertial platforms were
considered, and the Litton P-300G has been selected as typical and
capable of fulfilling Sea Dragon requiremeﬁts under these conditions.
Much of the discussion which follows, based on Air Force miniafure'

platforms, is applicable also to the heavier platform, but detailed
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design analysis affecting the large units will not be available for the
study. A detailed component description of the P-300G platform is

given in Appendix II-13.
(1) General Description

The inertial subsystem consists of an
inertial reference unit and an inertial reference electronics unit.

These are the major units of the subsystem.

A summary of P-300G subsystem physical
characteristics is presented in Table 1 of Appendix II-13. The environ-
mental capabilities of the subsystem are summarized in Table 2 of the

same appendix.
(2) Inertial Reference Unit

The inertial reference unit consists of
a stable element employing two floated, two-degree-of-freedom gas bear-

ing gyros and three floated, torque-balance accelerometers supported by
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a set of gimbals permifting vehicle angular freedom in azimuth, pitch,
and roll. The stable element can be maintained in a prescribed orien-
tation by torquing the gimbals with angular error signals derived from
the gyro pickoffs. A redundant inner roll gimbal is'provided to prevent
gimbal lock; this allows.the vehicle complete maneuverability without

_ affeCting thé stable element. A summary of P-300G characteristics is

found in Table 3 of Appendix II-13.
(a) Gyros

In a stabilized platform employing two-degree-
of-freedom gyros, the gyro instrument errors are the limiting factors
in stabilization accuracy (sinée there are no cross-coupling -errors
caused b& rotor precession). It is therefore of extfeme impor tance
that the design configuration be highly accurate; The development of

4
self-acting, gas-lubricated bearings makes it possible to improve the
performance of the préqision gyro by approximately ohe order of magni-

tude. Basically, the gas-lubricated bearing assembly consists of

simple sleeve bearings ‘and thrust pads similar to the cil-lubricated
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bearing used on large machinery. The difference between gas and oil-
lubricated bearings is that a gaseous lubricant requires a much smaller
clearance between the bearing surfaces. About one-twentieth the clear-

ance commonly used in oil-lubricated bearings is used in the gas bearing.
(b) Accelerometers

Typically, a miniature, single axis, torque
balance, pendulous accelerometer is used. The sensitive element is a
floated pendulum mounted on a pair of jewel-and-pivot bearings and equip-
ped with an electromagnetic pickoff and torquer. The sensitive axis of
the instrgpent is perpendicular‘tb both the pivot axis and to the line
Jjoining the center of mass and the center of buoyancy; hence, an ac-
celeration along the sensitive axis results in a torque acting upon
the floated pendulum, which tends to rotate the pendulum about the
pivot axis. This rétation, however, is immédiately sensed by the pick-
off that generates a signal to control the accelerometer torquer current
by means of an external amplifier so that the pickoff signal is contin-
uously maintained at null. As a result, the current through the torquer

coils becomes a precise measure of the applied acceleration. The high
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pickoff sensitivity and restoring amplifier gain keep the relative ro-
tation of the pendulum with respect to the case limited to a small
fraction of a milliradian even in the presence of maximum acceleration.
"As a result, the.directionai accuracy of the sensitive axis is main-
tained, and cross-coupling effects are negligible. A calibrated preci-
sion resistor, mounted exterhaliy to the instrument, converté the torquer
current to a voltage that is a precise measure of acceleration. This

voltage is applied to the input of the digital conversion circuit.
(c) Gimbal System

The gimbal system for the inertial reference
unit employs a fourQQimbal, three-axis configuration, including one
redundant gimbal to eliminate the possibility of gimbal lock during
. vehicle maneuvers. The azimuth, pitch, and outer roll gimbals have un-
limited freedom about their respective axes, but the inner roll gimbal
is limited to * 209 of freedom. The resultant system, when servo-

stabilized, allows unlimited maneuverability of the carrier vehicle.
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Typically, the signal generators and torquer motors are direct drive,
gearless units. This arrangement permits higher angular output accu-
r?cy within minimum size and without the need for special, low-backlash
gearing in the case of the signal generators. The torquer motors ap-
proach the high effiéiency of geared units by proper desigh and appli-

cation of the direct drive components.
(3) Electronics

The inertial data subsystem electronics
unit contains all the circuitry necessary for operation of the inertial
reference unit and for communication with a digital computer. The in-
ertial reference electronics unit contains the gimbal servo amplifiers,
accelerometer restoring amplifiers, redundant azimuth gyro a#is caging
amplifier, the various power supplies for the subsystem, platform tem-
perature control circuits, the digital converter, and various switching

functions.
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The digital converter contains the analog-
to-digital cqnversion circuits for converting accelerometer analog out-
puts to binary incremental velocity data for a digital computer, the
precision gyro pulse torquing circuits that are controlled by torquing
commands from’a digital computer, and the emergency pendulous leveling

circuits for the platform.
c. On-Board Digital Computer

- The predesign study described here is intended
to result in a computer that will have the capability to navigate and
guide the Sea Dragon vehicle from launch 'to landing completely auto-
matically (Figure III-F-7.) Also, in case of abort, it has the capa-
bility of guiding the vehicle to a safe landing at any of several pre-
selected sites. Other functions to be.performed by the computer are to
provide information for various ggidance displays, to make decisions
regarding fuel management or the need to abort, and to assist' in the

telemetry link. In addition, the crew must be able to manually insert

data and commands into the computer.
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The operation of the computer is generalized by
discussing the four operational phases: preflight, launch, orbital, and
re-entry. On'the basis of previous experience, the numbers of words of
computer memory required has been estimated at 8,000. This includes
4,500 for equations of motion and launch corrections, and 1,250 words
for re-entry subroutines (target selection; navigation computations to
determine h, v,.x,x’path angle, q; energy management; landing commands).
The memory capacity is conserved by the assumption that a judicious or-
ganization of instruction words has resulted in using two instructions

per word.

The initial phase of the computer opefatioq is
preflight and is combined with the launch phase since the computations
are the same. Such computations as gravity correctipns, position and
velocity are performed during these phases. This portion of the mission
requires a high solution rate for accurate determination of position
and velocity. The incremental portion of the computer is ideally suited

for this purpose.

At cutoff of the rocket booster, the computer
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automatically switches to the programs associated with orbital mode guid-

ance.

The computer selected for Sea Dragon is designed
around a delay line memory. In Appendix II-13 the computer requirements
are discussed and followed by a description of a compﬁter with a delay
line memory that will fulfill these requirements. The many advantages

of delay lines are discussed in detail.

Alternatively, for comparative purposes, a
computer design using a wired fixed program-core memory with a 512
word erasable core memory was considered. An advantage is that only

one core is needed for each instruction word.

7. Checkout and Ground Service Equipment (GSE) Summary

The GSE consists of operational and maintenance units.
The operational unit includes flight checkout equipment to prepare and

maintain the airborne equipment ready for launch and a guidance control
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panel required on the ship during the earth-fixed modes of system oper-
ation. While the in-flight guidance computer performs many system
checks, the ship-board equipment monitors the computer for malfunctions.

Maintenance ground equipment includes:

a. Handling equipment

b. Interface and isolation console
c. Component test equipment

d. Computer load-test console

Detailed déscriptions and methodology of the support
equipment required by the guidance (and other) systems is included in
the section on support operations of this voiume. In addition, the re-
sults of the preliminary study mode specifically for guidance system
ground support and checkout is presented as Appendix II-14. Section B
of this appendix, it should be noted, presents a method and justification
of finding the initial position data needed for orbital injection com-

putations.

The requisite telemetry and associated antenna systems

are discussed in Section III of Appendix II-14.
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8. Comment on Reliability and Redundancy

a. General Discussion

The development of the Sea Dragon design will be
based on the rgsults of a comprehensive reliability design analysis.
" The reliability design analysis.approach proposed for the Sea Dragon
program will be reflected primariiyiby analytical techniques that will
ensure that reliability becomes inherent in the design. Concurrent with
design efforts, analysis will be done. In logical sequence these steps
are: functional analysis, analysis of environments, malfunction mode
review, system analysis, alternative analysis, reliability prediction

and establishment, and allocation of system goals.
b. Electronics Reliabijlity Factors

The design analysis procedure selected for the
Sea Dragon guidance computer development will in general follow the
worst case analysis‘concept using the tolerance analysis briefly out-

lined in the following: (1) specify in complete detail and with
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tolerances all the basic functions that the circuit is required to per-
form; (2) determine all conditions (primarily tolerances, damaging
stresses, noise, and handling) that tend to prohibit the circuit from
performing each function as required; (3) prove that the circuit wiil
perform each function as required, even though all failure-cansing tend-
encies occur simultaneously at their maximum values (unless some are
mutually prohibitive; in this case each set of failure-causing tend-

encies is considered separately).

. It can be proved that the necessary and suffi-
cient condition for a component never to fail is that the tolerance

analysis criteria above be met, assuming zero intrinsic parts failure.

The engineer performing the analysis has the
responsibility for determining all the required functions of the com;
ponent (states, input-output, errors, tolerances, internal functions,
etc.) and all failure-causing tendencies. The effectiveness of'a

tolerance analysis is dependent on the accuracy, completeness, and
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reasonableness with which these items are specified. If the procedure
given>here is not completely adequate for all circuits, the analyzing
engineer should add a procedure that proves the tolerance analysis cri-

teria are met in full.

Maximum consideration will be giyen to the use
of semiconductor microcircuits for logic and gating functions. The
potentially high reliability of these devices made possible partly by
the decrease in the number of hand made connections among parts, and
partly because»of the inherent potential advantages of‘semiconduetor
technology make this approach highly desirable. In some documentéd
cases the parts count in guidance computer applications has been reduced
by as much as 80% through the use of semiconductor microcircuits. Thus,
reliability should be improved by the attempt to minimize the number

of components and by the introduction of microcircuits.

Prelaunch testing of guidance and flight con-
trol systems have generally required extensive ground-based equipment.
This equipment, usually digital in operation, also had an important

but brief role that ends when the missile is launched.
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Recent advances have designed the guidance com-
puter so it could serve a dual function. The computer‘can be used also
to test-the complete guidance system before launch. This technique,
which is used in the Sea Dragon design, enables the missiie computer to
be continuously exercised independently of the ground installation with

an obvious increase in reliability.
c. Inertial System Reliability Factors

Not too many years ago in guidance planning,
inertial guidance ran a poor third behind radio and radio inertial
systems as a system most likely to suéceed. Today, however, this. system
is the.most generally dccepted. The break-through of inertial guidance
was made possible primarily as a result of inertial component perform-

ance and reliability improvement.
d. Redundancy Concepts

Redundancy might be defined as the existence

of more than one means of accomplishing a given task, where all means
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must fail before there is»an overall failure of the task. .As applied
to reliability, redundancy concerns the practice of paralleling two or
- more elements, such as parts, circuits, components, modules, equipments,
or even complete systems, such thaf, ideally, they will independently
perform the same function. Failure of an¥ one or more of the elements
should neither cause failure of the desired function nor affect the
probability of successful operation of any of the rémaining paralleled
elements. It is obvious that the use of redundancy in design should
improve the probability of accomplishing a given task beyond that which
would be experienced with a single element, the failure of which would
cause an immediate loss of the desired function. However, the use of
redundancy does introduce certain practical problems, such as requireF
ments for additional weight, space, and power and the need for a deci-
sion making process as a means of assigning the failure to the appro-
priate redundant unit. This switching system must perform with an

overall improvement in system reliability.

Redundancy may be further classified as func-

tional and standby, which are defined as follows:
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(1) Functional redundancy exists when two or
more means are operating simultaneously to accomplish a task, and less
than the total number is capable of performing the function in the event

of failure of less than all of the primary and alternate means.

(2) Standby redundancy provides one or more
alternative means of accomplishing a task. The task is switched or
transferred into operation by a malfunction sensing device when the

primary means fail.
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G. RECOVERY SYSTEM

1. Summarz

A recovery system for the Sea Dragon Stage 1 vehicle
has been selected on the basis of operational simplicity and reli-
ability. In choosing the recovery method, advantage was taken of the
increased strength of the pressurized booster in overcoming adverse
. scale effects that tend to make very large vehicles less adaptable to
conventional recovery methods. Consideration of this size scale effect
showed that fof vehicles that are areodynamically decelergted to a
given landing velocity, that the ratio of required "drag diameterﬁ
(size of accessory drag device) to vehicle diameter increases as vehicle
size increases. Deceleration of the Sea Dragén vehicle to normal let-
down velocities of 20 to 25 ft/sec would require a drag device, for
example, a parachute 3,000 ft. in diameter. To overcome: this problem
use was made of the inherent structural strength of the Sea Dragon

(a result of using a pressure-fed propellant feed system).
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Since the booster tanks are in a pressurized
condition (with ullage pressurant) they can react landing loads most
efficiently in an axial direction. Therefore, final water impact of the
vehicle, regardless of the method used to reach terminal velocity, was
restricted to a.nose—down, vertical position. Since final deceleration
of the vehicle will be caused by water impact forces, analyses of the
hydrodynamic pressures and decelerations were carried out so that
limiting impact velocities could be established. Pressure distributions
over the conical nose of the vehicle were quantitatively predicted and
compared with experimental results (Appendix II-22). Deceleration-time
histories were developed. For an impact velocity of 600 ft/sec a
maximum deceleration of 90g is encountered, and for 300 ft/sec the maximum
. is 22g (see Figure III-G-1). Assuming a cone half-angle (,5 ) = 30°
analysis of the structural response'to impact loads at various veloci-
ties showed that for velocities less than 600 ft/sec no dynamic load
amplification will occur. Using these facts an allowable impact
velocity-tank pressure criterion was estéblished, relating wafer entry
.velocity to tank pressure available for axial load reaction, i.e. for

a LOX tank pressure of 400 psi an impact velocity of 600 ft/sec can be
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accepted. For 100 psi (which is the burnout pressure actually achieved
with Sea Dragon) the allowable impact velocity is slightly less than

300 ft/sec (Figure III-G-2).

Thé basic recovery sequence consists of twe main opera-
tions: an atmospheric entry phase-and a terminal or impact phase. At
Stage I burnout the propellant valves in the booster are Closed and the
pressurant gases are trapped.in the tank (somewhat in excess of 100 psi
in the LO, tank and approximately 290 psi in the RP-1 tank). After
staging occurs the first.stage coasts upward along its ballistic tra-
jectory and then re-enters the atmosphere. During atmospheric flight
drag and stablization forces are produced'such that vertical impact at

the proper terminal velocity’is achieved.

Three different aerodynamic deceleration methods were
considered: parachutes, large first stageAnozzle skirt, and inflatable
aerodynamic decelerator. Parachutes were excluded because of potential
deployment and attachment problems. The large nozzle skirt concept,

which made use of a very large area ratio first-stage engine, had the
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higheét estimated reliability because of its passive operation as a
decelerator. However, because of relatively high drag losses during
ascent flight, possible nozzle vibrafion caused by the high degree of
over-expansion and separation at low altitude, and adverse reaction to
sea operation towing loads, this concept was discarded for the present

time.

The inflatable flare decelerator was selected for the
Sea Dragon because it provides a high degree of reliability, ease of
operation and minimizes the drag penalty during ascent. This device is
attached, in deflated package form, to the first-stage thrust chamber.
The device is in the form of a large conical flare 300 ft in diameter

with a flare half angle of 55° (Figure III-G-6).

The flare is made up of a large, 30-ft diameter torus
rigidized with sﬁaller inflatable tubes 10 ft in diameter and/covered
with a surface generating outer skin. The torus and supporting tubes are
constructed of rubberized nylon-dacron reinforced fabric and are pro-

tecfed from any thermal environment by the outer skin. The outer skin
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is an ablating rubberized asbestos fabric and is expendable (i.e., it is
replaced for each flight). The outer skin is kept in tension and reacts
the air loads (design aerodynamic external pressure was 5 psia) by the

reaction of the tubes on the torus structure.

The flare structure is inflated to a maximum of 30 psia
with:pressurant gas from the first-stage fuel tank (the pressurant gas is
CHg). Thus, the need for separate gas supply to inflate the flare is
eliminated. The volume of the torus and tubes is such that the fuel tank

still has sufficient pressure to react the impact loads.

Maximum temperature on the flare skin during re-entry
is approximately 1,000°F; however, the asbestos cloth with its ablative

covering can resist this temperature pulse without failure.

The flare device represents a weight penalty of 3.8%
of recovered weight. This weight increase corresponds to a payload
penalty of approximately 1.7% . Total payload penalty due to reéovery

is 2.5%.
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The following sections provide discussion of Sea Dragon

stage recovery in more detail.

2. Introduction

Since booster recovery and reuse can play an impor-
tant role in achieving the low payload delivery costs required for the
establishment of truly large scale space programs, emphasis has been
placed on developing a recovery concept for Sea Dragon that is simple
and reliable in operation and represents a low weight penalty for the

vehicle.

The size, weight, and, in part, the complexity of a
vehicle recovery system are functions of the allowable touchdown or
impact'velocity. Conventional boosters require very '"'soft'" landings
because of their basic structural design. The Sea Dragon, by virtue of
its pressurized tanks, has considerable'more structural strength than
other proposed vehicles. As a result, it can, in general, withstand

higher impact velocities and associated load environments. Thus, the
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complexity and weight of the Sea Dragon recovery system should be much

lower relative to other systems.

The ability of the Sea Dragon Structure to accept higher
impact velocities is a fortunate one since the scale effect for very
large boosters, in general, places much higher requirements on a given
redovefy system. This size-scale effect can be shown quite simply: for
recovery methods, which depend on aefodynamic deceleration to final
velocity, the ratio of accessory drag device diameter to the vehicle

diameter .can be expressed as follows:

_ //[ 8w ' Cav
2
V' Cda P Vi2 Dy Ca

UICJ
v

<

a

where © is the atmospheric density, Vi is the impact velocity, Cq is
the drag coefficient, W is the recoverable inert weight, and subscripts
a and v refer to the accessory device and the booster vehicle, respec—.
tively. For geometrically similar bodies with comparable structural

efficiencies, we can now write the same diameter ratio as:

— e

D -
a -
Dy '\/K1 Dy - Ky
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Thus, the drag diameter to body diameter ratio, for a fixed impact
velocity, goes up as vehicle size goes up. If the Sea Dragon used.
conventional low pressure tanks whose inherent lower structural strength
required an impact velocity of 20 to 30 ft/sec, the necessary diameter

(e.g., a parachute) of the mechanism would be approximately 3,200 feet.

Since the Sea Dragon operation is based on the sea
launch concept, final vehicle recovery and retrieval will take place at
sea. Thus, in general, final deceleration of the expended booster will
be caused by water impact forces. Becuase the Sea Dragon booster
vehicle will take advantage of its increased strength in accepting higher
impact velocities, it is important to kﬁow quantitatively, the water

impact pressures and decelerations.
An analysis of the water entry load environment and

vehicle structural response (assuming vertical nose first entry) was

conducted. The following sections show a summary of this analysis.
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3. Water Entry

a. Pressures and Deceleration During Water Entry

The pressure distribution over the conical nose
as a function of immersion depth is shown in Figﬁre ITI-G-3. This
particular graph was computed for an initial impgct velocity of 600 ft/sec
The graph may be used for any initial impact velocity merely by using
the nondimensional pressure P! = P where P is the

1 P wMo? .
actual static pressure, (KCw is the density of sea water and Mo is

the initial water entry velocity. As a result, it is seen that the
pressure can be scaled according to the square of ‘the initial impact

velocity ratio. Thus, the mgximum pressure for an initial velocity of
300 fps is approximately 650 psia, and occurs at the apex. Figure
IIT-G~4 shows, for the cone immersion portion of entry, the nondimen-
sional depth of penetration, velocity, and deceleration versus non-
dimensional_time. The immersion depth (I) shown in Figure III-G-3
‘can be correlated to the proper time of immersion (this is a critical

factor in determining the structural response of the cone to the
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pressure loads). Figure III-G-1 illustrates the deceleration-time
history, during flow establishment over the cone, for several initial
entry velocities. Figure III-G-5 shows the complete deceleration
history during the entire water entry phase, from initial penetration

‘to maximum penetration.
b.  Determination of Allowable Impact Velocities
(1) Propellant Tank Stresses

Using the deceleratidn—time data from
Figure III-G-1, a criteria fo; determining allowable impact velocity
was established: the structural response of the empty booster was
analyzed, and it was found that the first mode longitudinal natural
frequency was 30 cps and the first mode bending frequency was 13 cps.
Comparing these frequencies with the impact frequency of the water entry
loading (Figure III-G-5) we see that no dynamic load amplification is
probable for velocities less than 500 ft/sec (Section V,B,9 gives a

more detailed analyses of the dynamic response of the booster structure
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during water entry). Therefore, using a dynamic load amplification
factor of one, we can establish a general criterion relating impact
velocity with internal tank pressure required to react the associated
water entry loads. This criterion is based on the assumption that

the cylindrical tank wall cannot accept any compressive stresses. Thus,
we equate the compressive stresses, caused by the.maximum deceleration
inertia loads to the longitudinal tension stresses due to internal
pressure. Figure III-G-2 shows the reSuits of this calculation. Using
this graph we can select the proper impact velocity for the available
internal pressure. For the pressurization system used in this design,
the LO, tank pressure at burnout is approximately 100 psia. From
Figure III-G-2 it is seen that an impact velocity-of 300 ft/sec must

be obtained. Based on this velocity and the associated pressures and
acceleration, the remaining vehicle structure (nose cone and components)

were examined.
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(2) Conical Nose
(a) Stresses

Using Figure III-G-3 and reducing
the pressure for an impact velocity of 300 fps, the dynamic stresses in
the conical nose were analyzed. ‘Preliminary results show that the stress
levels iﬁ the tank wall during impact are below the yield value, except
in an area near the cone apex.* Stresses at this point may exceed the
failure point and a reinforced apex may be required. However, thé
extent of the area over which this condition exists is small (approx-

imately 10 feet) and the weight penalty is negligible.
(b) Stability

Experimental results from the

Aerojet-General water entry test facility show that material failure is

¥ It was also shown that membrane stresses, rather than
bending stresses, are predominant. I
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not the design criteria for nose cones such as used on Sea Dragbn but
rather that geémetric or buckling instability is the mode of failure
(as might be expected).. While complete mathematical analysis of the
buckling problem has not been completed, it has been shown by a simpli-
fied analysis that some stiffening will be requifed to stabilize the
cone under the transient pressure loading. However, the weight penalty
due to installing circumferential T-type stiffeners is small; 8% of
total cone shell weight and approximately 2.2% of‘the first-stage

inert weight. For stability purposes, it was found that approximately
ten stiffener rings were required. Spaced equally between a point
approximately 6% ft from the_apex and the cone base. The stffeners.
‘were of thickness t, equal to the shell skin thickness, and depth of

10 t and flange width of 5 t.
(<) Vehicle‘Cémponents
A major factor in the structural

integrity of vehicle subassemblies is the amplification of the input

acceleration pulse by vehicle resonances. For subassemblies whose
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mass is small .relative to the vehicle, the input is more easilyAdescribed
as an acceleration pulse at the base of their tie-down structure. This
acceleration is a function of the amplification in the longitudinal
mode and the location of the tie-down structure in the mode shape.
Components and subassemblies that are highly sensitive to these lo;ds
will be located as close to the nodal point of this mode as possible.
Preliminary study of the subassembly attachments under a 22g decelera-
tion pulse showed that stiffening and beefup structure would be
required, which would impose a weight pénalty‘of 2.0% of booster inert
weight. Consideration of the thrust chamber dynamic interaction with
thé gimbal joint and tankage indicated that structural stiffening of
the gimbal joint would be required. The weight penalty due tq the
required increased étructural strength is appro*imately 0.5% of booster

inért weight.

4. Selection of Aerodynamic Deceleration Device

After preliminary investigation, three basic recovery

systems were selected for study: inflatable aerodynamic decelerator;
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large nozzle flare; and:parachute. All of the systems studied, with

the exception of the large nozzle, were required to yield impact
velocities of 300 ft/sec, the allowable velocity based on available

tank pressure for structural sfability'(Figure III-G-2). 1In each case
the same basic recovery operation was followed: the first-stage

vehicle after burnout cdntinues along its béllistic trajectory, re-enters
the atmosphere and impacts on the ocean surface at terminal velocity.

The basic objective in selecting a particular recovery system is to
provide means for attaining the proper aerodynamic stabilization and
drag for the given impact conditioné. The aerodynamic decelerator was
chosen as the most promising system based on overall reliability, weight,
and performance. A brief discussion of each concept is presented be-

low.
a. Parachutes

For recovery of the Sea Dragon first stage
booster with a single parachute, a diameter of 270 feet would be réquired
to attain the required impact velocity. Preliminary estimates indi-

cate that a complete recovery system weight, including a 45 foot drogue
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parachute and tank reinforcement would be approximately 3.0% of the
total recovered weight. Supersonic deployment, at Mach number 1.8 to
2.0 of thé drogue chute was assumed. Use of several smaller chutes
was considered, but the total weight of a clustered system was approxi-
mately the same as a single chute system. It was also concluded that
the deployment reliability of a clustered system was lower than for a

single chute.

Even though the parachute system appeared very
favorable from a weighr standpoint, some important disadvantages were
found in the area of initial atmospheric entry and deployment: the
Sea Dragon booster, without accessory devices, has poor-aerodynamic
stability and at best is neutrally stable. Thus with a tumbling re-
entry, as must be the case becguse of staging tipoff torques, the
problem of parachute deployment is a serious one. The prediction of
tumbling rates during entry is very difficult. Whether or not stable
equilibrium at some angle of attack is reached before impact also
poses an involved analysis program. Thus, attitude and rate sensors

must be used in the booster so that parachute ejection and deploymenf
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can be sequenced properly. If low drag fin type stabilization devices
are used to provide sufficient stability for a stable flight path,

the rapid descent of the booster allows insufficient time for parachute
deployment, i.e., for a stabilized (with fin) descent, a Mach number

of 1.8 is reached 105 sec after initial entry. At 113 sec impact occurs.
Thus, there is a very short time interval in which parachute deploy-
ment, even at supersonic Mach numbers, ?an occur. Deployment at

higher speeds presents severe problems in pargchute stability and
deployment (NASA IN D752). Therefore, based on overall ease of‘opera-
tion and reliability, the parachute, for purposes of this effort, was

not considered further.
b. Large Nozzle Flare

In seeking a recovery system with the highest
reliability possible, a system with almost completé passive operation
was investigated. The configuration studied was the basic Sea Dragon
first-stage with a very large area ratio nozzle. The functioh.of the

large nozzle was to provide re-entry stabilization and drag forces that
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would give the proper velocity and attitude at impact. For this partic-
ular system, the exit diameter required for 300 ft/sec was impracti-
cally large from a structural and thrust coefficient standpoint so a
modification in pressurization system was assumed and a tank pressure
of 400 psi was assumed to be available. Thus, from Figure III-G-2

we see that a velocity of 600 ft/sec can be accepted. For this case,

a nozzle diameter of 175 ft is required (for a 20° half angle conical
nozzle). The payload penalty associated wi@h the additionalldrag
losses during ascent, increased nozzle weight, additional beefup of
components, Ig loss caused by ovér—gxpansion, and increased outage gas
weight was approximately 18%. It was decided, for this study, that

the payload penalty and the additional fabrication and other associated
problems over-shadowed the high recovery reliability available with
this system. However, a final selection of any recovery system will
rest upon the results of a detailed cost effectiveness study for each

recovery method.
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c. Inflatable Aerodynamic Decelerator

Based on (a) and (b) above, a recovery system
was designed which attempts to incorporate a high degree of reliability
with reasonable weights and deployment simplicity. As a res::it, an
inflatable aerodynamic decelérator was chosen to provide the necessarvy
drag and stability during atmospheric entry and still enable the Sga
Dragon to have a reasonably high performance capability. The detail
design of this device is .described in Appendix II-15, Basically, it
is an inflatable conical flare attached to the. thrust chamber of the
booster (see Figure III-G-6). The base diameter of the flare is 300 ft
and provides an impact velocity of 300 ft/sec. Tﬁe flare is made up
of a lafge, 30-ft diameter torus made rigid with smaller inflatable
tubes 10 ft in diameter and covered with a surface generating outer
skin. The torus and supporting tubes are constructed of rubberized
nylon-dacron reinforced fabric and are protected from any adverse
thermal environment_by the outer skin.l The outer skin is an ablating
rubberized asbestos fabric that is replaced for each flight. The
outer skin is kept in tension and reacts the air loads (design aero-
dynamic external pressure was 5 psia, by the reaction of the tubes on

the torus structure.
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The flare structure is inflated to a maximum
of 30 psia with pressurant gas from the first stage fuel tank (the
pressurant gas is CH4). Thus, the need for separate gas supply to
inflate the flare is eliminated. The volume of the torus and tubes
is such that the fuel tank stili has sufficient pressure to react the

impact loads.

This concept was chosen as the Sea Dragon
booster recovery system. It provides low terminal velocity and high
-aerodynamic stability yet presents no drag penalty during ascent. The
weight of the complete flare system constitutes approximately 3.8%
of the total recovered weight. The basic vehicle can withstand the
impacf loads without additional stiffening*, however, some stiffening
wiil be required in combonent attachments and gimbal joint which
-should be chargedlto the recovery system. This weight amounts to
approximately 2.5% of inert weight. Therefore, the percentage of total

recovery system weight to recovered weight is approximately 8.5%.

*¥ With the exception of the nose stiffeners which
constitute 2.2% of inert weight.
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This is a lower figure than those reportéd.for other types of recovery
systems (15% of inert weight and higher) and derives from the fact that
the requirement on impact velocity is drastically reduced here due to
the structural design of the Sea Dragon. Thus, this recovery system
will have an associated payload penalty (for a 300-min orbital mission)
of 2.5%. The advantage in using a vehicle whose strength allows higher
impact velocities is readily apparent. 1In addition, the use of a
pressure fed fuel system eliminates the need of carrying separate flare
inflation gas since, in the case of the Sea Dragon, the tank pressurant

gas required for thé propulsion pbase is available for flare inflation.
(1) Operational Sequence
(a) Flare Deployment
Upon attainment of first stage

burnout conditions (velocity 5,800 ft/sec, altitude 125,000 ft), the

staging sequence occurs and the expended booster coasts upward along
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its ballistic ‘trajectory. Immediately affer staging the forward
extended skirt is detached and the outer fabric cover which contains
the deflated flare structure is ejected.i When the dynamic pressure
has reached a value of 10 lb/ft2 (17 sec after staging) inflation of
the flare structure begins. Methane gas from the fuel tahk ié passed
through a pressure regulating valve and into the flare. The structure
is fully inflated, to a pressure of 1 psi, in approximately 100 sec.
At this time, the vehicle has reached its apogee (335,000 ft). Pres-
surization of the flare continues and at approximately 200 sec from
inflation initiation, the flare is pressurized to its design value of
20 psia. At this time, the altitude is 182,000 ft, the trajectory
flight path angle is 330 below the local horizontal, the velocity is

5,450 ft/sec and the dynamic pressure is 15 lb/ftz.
(b) Atmospheric Entry

Atmospheric entry of the Sea Dragon
booster stage "effectively'" occurs at an altitude of 200,000 ft. At

this point, the velocity.is 5,350 ft/sec and the flight path angle is
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30° below the local horizontal. Tumbling of the vehicle, due to

initial tipoff forces at staging will begin to affect the vehicle trajec-
tory at this point; however, because of the high aerodynamic stability
and damping of this configuration, the tumbling motion will subside
rapidly and the vehicle will attain a stable flight path at, or around
a zero angle of attack. As mentioned above, the flare structure is

not fully pressurized to its design pressure of 20 psia until the
vehicle reaches an altitﬁde of 182,000 ft. The flare, however, is

fully inflated at all times during entry and the internal pressure at

all times far exceeds the external flow field static pressures.

During the subsequent descen;.tra—
jectory, the following maximum conditions are experienced by the
vehicle. The maximum stagnation radiation equilibrium temperature
(on the 7-ft diameter blunt nose cap) is 1,3900F. Temperatures on the
flare structure, assuming no ablative materials, are not expected to
exceed 900°F. If an ablative outer skin is used, temperatures within
the flare on the torus and tubes will be in the order of 250°F maximum.
The maximum dynamié pressure is 300 psf and the maximum deceleration

is 6.59's.
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(c) Impact Conditions

An impact velocity of 300/sec and
a flight path angle of 89° from the horizontal (1° off vertical) are
the end conditions for the atmospheric trajectory described above.
Oscillatory motions of the booster are damped outg thus, for a still air
coﬁdition, the water entry angle of attack is zero prior to impacf.
The effect of surfaee winds in the splash area could conceivably give
rise to an angle of attack in the order of six degrees for a 30 ft/sec
surface wind, however, dug to the slow response of booster to such
drift effects, the angle of attack will never be greater than 3.0

degrees.

(d) Maximum Underwater Penetration

Since the effective density of the
empty booster is quite low, the penetration of the vehicle for an
initial velocity of 300 ft/sec will be relatively small, approximately

45% of total first stage length.
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density is defined here as total weight divided by the cube of the
tank radius times the density of water. Thus, the flare structure will

not be subjected to hydrodynamic loads.

The action of buoyant forces will
eject the vehicle upward after maximum penetration. The cone apex

will rise approximately 30% of one body length above the surface.

Reimpaction will occur at a
velocity of 35_ft/sec. Siructural loading due to reimpaction will be
very low. Angular rotation of the booster during this '"pop up" period»
will cause lateral as well as axial loading; ho@ever, the combined
effects are not expected to be nearly as sévere as those at first

impact.

5. Second-Stage Recovery

Recovery and reuse of the second stage vehicle has

been studied. The general method that was used to effect recovery of
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the first stage could be applied to upper stage recovery as well. In

this case, a conical nose would be incorporated in the second stage.

Since the second stage auxiliary engines provide
orbital injection thrust for the payload, the second stage will go
into orbit with the payload. During ascent into orbit and after the
second stage main engine has ceased firing, the expandable nozzle skirt
will be separated and ejected from the vehicle. After attaining
orbital condition, the payload and expended second stage will be
"separated. When the second stage has reached the proper position,
small retro rockets in the nose will be fired to eject the vehicle
out of orbit. A velocity impulsé of 480 ft/sec will be required to

give an initial re-entry angle of 2.0° from the local horizontal.

Aerodynamic stabilization and deceleration of the
vehicle will be attained with an inflatable flare identical to the
one used for first stage recovery. However, the size of the flare

will be smaller than the device used on the first stage since, even
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though the estimated aQailable tank pressure is lower, 50 psi, the
recovered weight is also lower, 1.2 x 10° 1b. with 50 psi tank
Pressure available for axial load reactions at impact a terminal velo-
city of 210 ft/sec can be allowed. The flare diameter required is

240 ft,

Aerodynamic heating for second stage recovery will
of course be more severe than for first stage. Use of material with
higher thermal resistance, such as Rene 41 mesh and ablative coatings,

will be necessary.
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H. SECONDARY SUBSYSTEMS
1. Summary

This section concerns power supplies and th: ordnance

systems because their functions extend throughout the vehicle.

Batteries have been tentatively selected for use as
the electrical power source for this vehicle; there is no need for a
central hydraulic or pneumatic power supply. The first-stage engine
gimbal actuator utilizes RP-1 fluid power and no separate hydraulic
supply is required. The use of hydrogen-oxygen fuel cells or other
electical power systems may be indicated after the total vehicle power
requirements are determined. No attempt was made to develop this data
for this study. The ordnance system will be integrated for optimum
safety, check-out, and reliability. Positive mechanical safe-arm

mechanisms will be provided for each ordnance item..
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It has been assumed that many of the minor subsystems
and some of the major ones will héve hardware and operational techniques
developed and available from current spacé programs by the time the Sea
Dragon program starts, and that these will be adapted for this program.
Therefore, some of the concepts portrayed in this section and through-
out the report will later bé influenced by future developments in the
‘'state of the art and will be improved accordingly. However, the
currently available techniques can be adapted to make adequate and

feasible subsystems without development of new techniques.

2, Power Supplies

The main power supplies for the vehicle during
flight will be located in the compartment between the forward end of
.the second sfage and the aft end of the payload. Power converters
will be used to convert the direct current battery power into alterna-
ting current as required for the various subsystems of the vehicle.
'Separate power supplies will be provided in the command module and
its service module for their operation after separation from the
vehiéles. Also a separate power supply will be provided on the first

stage for recovery operations.
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III, H, Secondary Subsystem (cont.)

During the towing of each individual stage, electrical
power will be supplied externally from the towing ship. After
assembly into the complete vehicle, power will continue to be supplied
from an external source until the service vessel leaves the erected

vehicle late in the countdown.

Before final prelaunch checkout, the vehicle power
supply batteries will be activated and the external power supply discon-
nected. fhis final checkout will be performed using vehicle flight
power; the external power for vehicle fuﬁctions‘will not be reconnécted

except during an extended delay in flight operations.

The first-stage power supply for recovery purposes
will be a battery pack that will be checked out prior to launch, but
wiil not be used until affer separation of the first stage. This power
supply will provide power for all functions of the onboard recovery

system.
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The main functions thgt wiil be controlled by the
sequencing equipment are jettison;ng of the forward interstage struc-
ture by means of explosive charges; ihflation of the. recovery flare
bag; telemetry throughout the recovery phase including impact; and
signalling of the location of the first stage after impact by active

location aids.

The onboard equipment for the first stage will be
rugged enough fo withstand the landing impact. The battery pack will
be made of dry cells potted in élastic; the sequencing equipment will
be especially designed for the purpose and will be shock mounted to

attenuate the shock,

All major external electrical wiring will be con-
tained in conduits that are pressurized with dry nitrogen gas, and a
replenishment system will maintain the pressure. The replenishment

rate will be monitored to assure there are no leaks in the system.
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?

3. Ordnance Systen

Several vehicle and propulsion systems functions that
will be accomplished by means of various types of ordnance items are:

a. Command module abort propulsion system

b. Posigrade and retrograde propulsion systems

in the service module for the command module.

c. Command module abort separation system

d. Command module re-entry separation system
e. Interstage (Stage I/II) separation system
f. Propulsion system valve operating devices
g. Ballast staging devices

h. 'First-stage recovery operation deQices

There will be an integrated ordnance system that
includes provisions for checkout of all items and for operations as

commanded by the guidance computer and sequencing equipment.
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Positivé mechanical safe and arm provisions will be
made for all ordnance items to prevent inadvertent firing. These
safe and arm mechanisms will be operated remotely By electrical signals
and will be monitored as to position. These mechanisms will be revers-

ible to provide for operational checkout and for safety after checkout.

The first-stage recovery operation devices will
éperate after separation from the vehicle, and therefore’Will operate
separately with its own sequencing system and power supply. However,
the checkout procedures and equipment will be integrated with thosé

of the vehicle.
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I. BALLAST UNIT
1. Summary

- The ballast unit consists of a»structural assembly
of six cylindrical tanks and support struts. The forward structural
element is an orifice that provides a control of'thrust chamber eﬁviron— '
ment for underwater'operation. The ballast}unit as attached to the
first-stage thrust chamber assembly and with struts to the aft skirt
provide aft-end flotation for sea handling of the vehiclé. The
ballast.tankage when filled with a heavy fluid (specific gravity =2)
provide balancing mas; that erects and stabilizes the vehicle in thé
vertical launch attitude. Provisions exist for staging the ballast

during the ignition sequence as shown in Figure II A-2.

2. Description and Function

The ballast unit as shown in the Stage I drawing
consists of a structure that interfaces with the aft end of Stage I

thrust chamber assembly at Station 536. A structural separation
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III, I, Ballast Unit (cont.)

point is provided. The forward support structure for the ballast
tanks includes reaction points for the struts. The ballast support
struts are four A-frame links that span from reaction poiﬁts on the
ballast structure to.fittings on the aft skirt of the vehicle at
Station 432. The function'of the ballast and strut assembly is illus-

trated in Figure II-A-2,
a. Forward Structure

The forward ring structure of the ballast
interfaces with the internal surfaces of the thrust chamber assembly
at Station 516 where it is séaled and aft to Station 536. The ring is
ported at its center at a diameter of approximately 46'ft., which
provides a port area rétip relative to the engine throat of 1.2. This
port will be sized to produce pressures in the skirt area of the
thrust chamber that ére higher than the ambient pressure. The ring is
ported at six places for duct access to each of six ballast tanks.

The ducts admit chamber gases to the ballast tank ullage during ballast
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fluid expulsion. The forward port on the ballast tanks (aft end of
the duct) will be sealed with a diaphragm that ruptures when éxposed
to pressures in excess of design values or when failure is initiated

by explosive means.
b. Ballast Tanks

Six ballast tanks are attached at their forward end
to the forward ring‘structure. The tanks are sized to contain a |
fluid.of specific gravity of 2 and produce, When fully loaded, an
underwater weight of 10 x 10% 1b. The 28 ft diameter cylindrical
.tanks are 24 ft long between tangents of the hemipherical end closuresf
The ballast tanks are designed to withstand an internal pressure of 150
psig and will be pressurized to avoid crushing pressure differentials.
The aft closure bn each ballast tank is ported and sealed with a dia-
phragm that will rupture when design pressufes are exceeded, or when
failure is initiated by explosive means. The aft port will be sized .
to control heavy fluid expulsion at rates desired for the underwater

trajectory. Each tank provides the mounting for structure that distri-

butes concentrated loads from the ballast support struts. Attachment
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fitting are provided for plumbing lines as required to fill and vent
the ballast tankage. Flotation devices will be installed that enable
returning the ballast unit to a buoyant condition following vehicle
launch. These devices caﬁ be flotation bags inflated with air from

ground equipment.
c. _Bailast Support Struts

The ballast support struts are A frames con-
structed of tubular elements interconnected by webs. The baée of aft
end of the A frames attach to pins on the ballast assembly; the for-
ward ends attach to fittings on the aft skirt of the vehicle. The
struts transmit all axial and.shear forces developed during all hand-
ling modes to the aft skirt. The A frames are prévided with hydro;
dynamic plates inclined to the 1ongitudinai axis of the vehicle, which
rotate the struts outboa;d during the underwater trajectory after
separation of the struts at-their forward end from the fittings on

the aft skirt of the vehicle.
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3. ,' Evaluation and Recommendations

The functions prdvided by the béllést unit are
necessary for the handling and launching of the Sea Dragoﬁ Configura-
tion 135. .Additiohal functions that are felt to be desirable if not
necessary, have ﬁot been attainable at this point in the design develop-
ment of Sea Dragon. Ballasting, in flotation and in weighing are
enabled by the unit; hard points for towing énd protection for $ccgs-
sory flotation devices are provided. It is estimated that 50% of the
aft skirt weight is necessary to provide the structural reactions for

the ballast unit., This-is equivalent to a payload penalty of %poo 1b.

Although the present design allows several seconds
between main engine ignition and commitment to flight, it would be
desirable to add a thrust spoiling capability. During the igﬁition
transient, it is considered desirable to maintain the vehicle in a
stable condition at zero velocity until engine performance quality is
-establighed. Thrust spoiling would enable shutdown with the vehicie

in a manageable condition if ignition transient criteria are not met.
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a. - Alternative Approaches

The design of the ballast unit is on the basis
of requirements derived from the vehicle design and its environment;
flexibility appears to exist only in its operational sequence. Alter-

nate ballast designs exist primarily for different vehicle designs.
b. = Struts and Strut Staging

The ballast unit design for Configurétion 135
includes struts thatsérvethe purpose of avoiding a weight penalty
on the vehicle for the structurg required. to react the gimbal loads
associated with handling. The.flight gimbal moments are estimated to
be 62 x 10® ft 1b. The gimbal'moments resulting from handling of the
vehicle with the ballast attached to the frailing edge of the thrust
chambér assembly only (no struts) will be 1000 x 10% ft. 1bs. This
momént would have to be reacted with the vehicle structure and actua-
tion components a£ a significant weight penalty. The requirement for

struts exists only where the thrust chamber is articulated. The
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current operational concept for the ballast staging is illustrated in
Figure II-2. The struts are retained in structural interface'with the
bballast and vehicle to the point in the ignition sequence where an
orderly shutdown could be accomplished. The attached struts prevent

structural damage to the chamber on such a shutdown.

-An alternate poséibility involves staging the
struts prior to the initiation of the first-stage main engine ignition
sequence. Staging of the struts early simplifies the underwater tra-
jectory, but affords limited potential for orderly shutdown after ths

main engine ignition sequence has started.
c. Ballast Design and Thrust Chamber Loads

The current ballast concept includes an
orifice plate located near thé trailing edgé of Stage I thrust chamber
assembly. The orifice plate will be designed to maintain positive
pressures in the thrust chamber during the underwater trajectory. The
ambient pressure at start is 135 psig and pressure control must be

maintained to the sea surface where the pressure is O psig. The thrust
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chamb;r skirt must be designed for the highest pressure differential,

or for 150 psig. The weight increment for the structure required is
_approximately 160,000 pounds which is equal to a 14;000 pound payload
penalty. While it is expected that an orifice plate could be deéigned
to control pressures in the Stage I thrust chamber auring its under-
water trajectory, the starting transients may introduce flow instability.
Alternate means for reacting the loads on the expansion section of the

thrust chamber have been considered.

Where the ballast is designed not to provide
control of the thrust chamber environment,,thé thrust chamber must be
able to withstand the loading imposed by the separated e#haust gas
flow. The estimated loads on the thrust chamber during start and for
the underwater trajectory consist of a crushing_pressure differential,
over a limited length of the chamber, of approximately 50 psi. This
crushing pressure level exists over short lengths of the thrust
chamber and moves ffom the throat region to the trailing edge as part
of the base pressure on the Vehicle. Flow separation resulting from

the high ambient presssure produces the negative pressﬁré. The weight
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of structure to react to these loads is estimated as 190,000 1lb. This

is equivalent to payload penaity of approximétely 23,000 1b.

Structural support for the gimbaléd DelLaval
thrust chamber can be proQided by a ballast elemeht that provide a duct
within the thrust chamber that exteﬁds from the trailing edge to the
throat. The duct is sized to avoid overexpansion of the engine
exhaust flow, and supports the thiust chamber skirt for external loads.

The plug is sealed #t its forward end. The plug type of ballast,
because it counteracts all loads-associated with the underwater tra-
Jjectory, provides the least incremental structural weight penalty.

The primar& disadvantége of the approach is that staging of the ballast
requirés a relative motion of the annular body (Plug ballast) of.
nearly 100 ft; the‘analyticai prediction of the dynamics of this

system is not too precise.

d. Ballast Considerations and Alterném:Thrust
Chamber Design Type ‘

Ballast requirements for thrust chamber design

types applicable to Sea Dragon were considered qualitatively. Of
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>
primary interest are the requirements for a single fixed DeLaval thrust
chamber, where thrust vector control is provided by secondary injection

and for a plug nozzle with a iruncated spike.

A fixed DeLaval chamber simplifies the ballast

design in fegards to the.support struts. Support struts are not
reduiréd to counteract handling loads developed by the ballast unit.
It is felt that the fixed nozzle can be reinforced, with a minor weight
increment, to counteract ballést loads; therxe are no actuator elements
in the ballast reactién structural path. Structural considerations in
regard to the expansion section are similar to that for the gimbal

engine.

The plug thrust chamber assembly with trun-
cated spike provides attractive features ﬁor design of the ballast
and enables a thrust spoiling capability. Because the plug engine will
compensate for the_back pressure, no modification of the exhaust flow
¢ structural support of cﬁamber surfaces is required. The ballast

unit can be interfaced structurally with the truncated spike on a face
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engagement. Ballast staging will not require a telescoping of parts
between the vehicle and the ballast. The ballast could provide a-
thrust spoiling function by redirecting flow outboard at the trailing

edge of the truncated spike.
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IV.  VEHICLE STRUCTURAL CHARACTERISTICS

Airframe stiffness and mode shapes of the vehicle were computed
for many different vehicle conditions, such as towing, fueling, launch,
flight, and impact. Results of the weight and stiffness distribution

calculations are given in‘Figures Iv-1 -2, and -3.

From these results,'mbdal analyses were made using a modified
Mylkéstad techniéue, mechanized for digital computation. The mode
shapes and frequencies fof two vehicle conditions were thus determined;
these are shown in Figures IV-4 and IV-5. Although used primarily for
launch and towing dynamics analyses, these modal data were also ;sed

in considering the aﬁtopilot-control-body loops and instrument loca-

tions.
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V. VEHICLE ANALYSIS

A. SYSTEM PERFORMANCE
1. Summary

The Sea Dragon recoverable vehicle configuration No.
135 has a capability to deliver l.lO‘million'lb of payload to a circulgr
earth orbit of 300 nm altitude when sea launched from Cape Canaveral in
an Eastward direction. A preliminary optimization study established
the following design parameters: first-stage nozzlg area ratio of
5.0:1; thrust to weight ratio oflfirst stage of 2.0:1; and staging ratio

(mass ratio second stage/mass ratio first stage) of 1.9:1.

To'accomplisﬁ sea launch, the first—stage.engine
operates under water for approximately 5 sec until total émergence of
the vehicle from the sea. During this period the vari#tions in thrust,
drag, buoyancy, and ballast weight can combine to produce an inflection
in the accelefation time history. The large ambient hydrostatic pres-

sure and its subsequent decline is accommodated by a self-compensating
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plug ballast unit. An analysis of these effects is presented in Section
V,A,3. When the vehicle has reached 100 ft/sec it undergoes a pitch-
déwn maneﬁver (kick) of approximately 7° rotation. Then it merges into
é gravity turn and continues to orbit. The first stage burns out at an
altitude of approximatel& 125,000 ft and a velocity of 5,800 ft/sec.
The‘first stage is iﬁmediately separatgd and the second staée ignited,
with minimqm coasting. At the end of the second stage burning, 260 éec
later, the altitude ié 150 nm and fhé_velocity 23,430 ft/sec. ‘The aux-
iliary engines continue burniﬁg for a total time of about 2?.4 min.
During this low thrusf period, the altitude increases to 300 nm and the

trajectory is shaped to reduce eccentricity. The entire trajectory is

illustrated in Figure II-3,

Many other‘trajectories were studied with variations
in propellant utilization rate, kick angl%, and payload. For comparison
some cases involving coast and restart were also examined. The best
of these indicates.that a payload gain (by restart) of 86,000 1lb is
possible; however, additional weight required to realize restart capa-
bility was not evaluated and would reduce the advantage. Section V,A,

3 and Appendix II-16 present these studies in detail.
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Analyses of staging dynamics show that the relative
lateral motion between the first and second stages is suf.iciently-small
to preclude damaging contact or -severe perturbations tc¢ the fliinbt ;:ath.
Although the stages are aerodynamically unstable at the time of staging,
the dynamic pressure and angle of attack are low enough to avoid appre-
ciablerrotation béing developed before the longitudinal separation has
proceeded past its critical point. This is made possible by the use
of pressure-driven separation which results in a total staging time of

3 sec.

The first stage unit recoverable and reusable. The
recovery operation starts after staging with the inflation of a dragh
device of flared shape that stabilizes the unit and reduces its veloc-

ity for sea impact.

A parametric study of re-entry and impact conditions
showed that an impact velocity of 300 ft/sec was required.by structural
considerations of the first-stage tankage at a terminal pressure of

100 psi. Analyses of various configurations for drag effectiveness
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showed that a conical flare of 300-ft dia was required to achieve the
impact velocity. An inflatable flare was chosen after a weight/payload
tradeoff study of this, parachutes, and fixed structures. These studies

are discussed in Section III, G.

2. Propulsion Parameter Optimization

A preliminary performance optimization was carried out
for the Sea Dragon launch vehiéle Configuration No. 132. These studies
were made more current as more precise performance data became available.
Three vehicle design parameters were studied: first-stage area ratio,
liftoff thrust to weigpt ratio, and staging ratio. Interactions between
the various parameters were neglected and the mass fractions Were as-
sumed constant for each stage (Figure V-A-1, -2, and -3). As a result
6f this study, the following values were selected: first-stage area
ratio: 5.0:1ythrust-to-weight ratio: 2.0:1, and staging ratio (mass ratio
second stage/haés ratio first stage): 1.92:1. The nominal payload ob-

"tainable with these vehic1e parameters and the Configuration No. 135
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.propellant mass fractions is 1.10 x 10% 1b (based on eastward luanch
from Cape Canaveral). The assumptions -and piocedures used to arrive at

these vehicle parameters are discussed in the following sections.

a. Introduction

The primary purpose of the Sea Dragon perform-
ance optimization analysis was to provide a set of reference parameters
for establishment of vehicle design and evaluation of the Sea Dragon

launch vehicle concept.

When attempting to design a vehicle system that
is optimum from an economic standpoint, it is obvious that tﬁe'perform—
ance parameters, such as the thrust-to-weight ratio, staging ratio, etc.
are materially affected by the economic constrain;s imposed. Thus, the
best performing system may or may not be the most economic on terms of

total program costs.

As a basis for vehicle design and economic study,
this section illustrates the results of a preliminary performance opti-

mization analysis.
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b. General Procedure and Assumptions

In proceeding with the optimization procedure,
the results of an earlier Aerojet-General study were utilized in selec-
ting the nominal operating first stage chamber pressure of 300 psi.

(The éctual'cﬁanber pressﬁre history is shown in Figure III-A-4, Section

111,

; A.) The 2.3:1 mixture ratio for first-stage propellants was se-

lected on thevbASis of.maximum_ideal exhaust velocity. Second-stage
mixture ratio was chosen on the basis of other vehiéle studies which
have indicated that a mixture ratio of 5:1 is near optimum when con-
sidering the specific imbulse and vehicle mass fraction trade-off.
These assumptions have not been verified for the vehicle size discussed
here. On the basis of these assumptions, three design variables were
selécted for optimization: .first—stage thrust-to-weight ratio, staging
‘ratio (mass ratio upper stage/mass ratio booster), and first stage

nozzle area ratio.
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c. =~ Computational Procedure

The boost trajectories considered were analyzed

on an IBM 7090 computer. A two-dimensional, nonrotating earth was as-
sumed, (the effect of an eastward launch from Cape Canaveral would be to
add approximately 18% to the payload delivered). The trajectory was a
typical idealized boost fliéht; vertical ascent until a velocity of 100
ft/sec was reached and then an instantaneous kick angle applied that,
with the subsequent gravity turn, gives the second-stage burnout con-
ditions required to establish a 300-nm circular orbit. Staging was in-
stantaneous and fhe second stage was permitted to coast to the proper
orbital altitude and angle after burnout. The circularization of fhe
orbit occurred at this point with the assumption made that the second
sfage had a restart capability to supply the small velocity increment
required to complete injection. The use of the auxiliary engines to
inject the vehicle into orbit does not change the optimum values of the

various parameters to any extent.
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Because this preliminary optimization was for -
the purpose of establishing a basic set of design parameters, any inter-
acfion between area ratio, staging ratio, and thrust-to-weight rétio was
ignored (i.e., each parameter was investigated independently of the other
three, using past experience as to the value of the fixed quantities in
each case). Also neglected is the variation in mass fraction with the
variogus parameters. The values 6f mass fraction used initially were
from the basic Sea Dragon design Configuration No. 132. First-stage
mass fraction was 0.89 and second stage 0.91. As more accurate design
‘information became available the optimizations were rerun when it ‘was
felt a significant change would occuf. The first-stage area ratio study
was not rerun because of the relative insensitivity of area ratio op-
timization to small chénges in mass fraction. The stagiﬁg'and thrust/
weight ratio studies were rerun with Coﬁfiguration No. 135 data, al-
though the information was not usea to change the design, so that the
degree of inefficiency could be determined.

Engine performance parameters C_ and C* were

F
modified with efficiency factors of 0.97 and 0.96 respectively. Theo-

retical vacuum thrust coefficients for the first and second stages
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were 1.67 and 1.84 respectively. (Correction for atmospheric back pres-

sure is performed at each altitude by the'computer.) The values of

theoretical C* for each stage are: first stage 5883 ft/sec and second

stage 7688 ft/sec.

In all computations, the vehicle drag
were calcuiated using the maximum cross sectional area of the
(i.e., the drag area calculated on the basis of tank diameter

exit diameter, whichever was the greatest). The variation in

forces’
vehicle
or nozzle

drag co-

efficient (based on tank diameter) with Mach number is shown in Figure

V-A-4.

A second stage thrust-to-weight ratio

was selected on the basis of earlier trajectory studies.

d. Results

of 1.25:1

Figure V-A-1 through V-A-3 illustrate the

results of this study. Figure V-A-1 shows the variation in payload
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weight with liftoff thrust/weight ratio. A thrust-to-weight ratio of
2.0:1 was chosen based on limiting water exit loads and burnout acceler-
ation loading of the interstage and tanks. The effect of selecting a
thrust-to-weight ratip of 2.0:1 rather than the optimum value reduces
the payload approximately>2,5%. Figure V-A-2 shows the variation in pay-
load weight'with staging.ratio (mass ratio second stage/mass ratio first

stage).

: An'optimum value of 1.4:1 is shown. During the
earlier bhases of this study an optimum‘staging ratio of 1.92:1 was
computed. Howeve?, thié value was based on a first-stage mass fraction
of 0.89 and a second—stage mass fraction of 0.91 (anfiguration No. 132).
When the final mass fraction of 0.888 and 0.887 were defined, the op-
timumbstaging ratio was redétermined, the results of which are shown in
Figure V-A-2. Since the staging ratio determines the amount of propel-
lant each stage shall carry it was not possible within the time avail-
able~to'redesign the -tanks for this new value. The effect of decreasing
the staging ratio is to add more propellant to the\first stage (since

the structural efficiency of second stage is now less); the amount of

Page V A-10



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATIGN

V, A, System Performance (cont.)

propellant increase in going from a staging ratio of 1.92:1 to 1.4:1 is
approximately 9.3%. The first-stage burnout velocity would inérease
~from 5,866 ft/sec to 7,310 ft/sec and the payload would increase by 7%.
The burnout dynamic pressure drops from 115 lb/ft2 to 80 lb/'ft2 however
the burnout acceleration increases from 4.02g to 5.0g. Thus, while a
decrease in staging ratio would give a higher payload the burnout struc-
tural loading would also increase. It was concluded therefore, for
purposes of this effort; that the value of 1.92:1 would be retained.

Later optimization work should include this effect.

Figure V-A-3 shows an optimum first-stage area
ratio of 5.5:1. A nominal ratio of 5.0:1 was selectéd. This particular

optimization was made using the early values of mass fraction. The

effect of lower mass fraction is negligible.

3. Trajectory Analyses

In following sections are presented brief discussions

of the studies made to date on the Sea Dragon trajectory. Each of the
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principle phases of the vehicles flight (i.e. launch, atmospheric flight,
staging, injection, re-entry, and impact) were examined. In some cases
preliminary opfimization of events or design features affecting the
phase was performed; in others, only a nominal definition of the‘phase
was completed. Particular attention was given to those phases that are
unique to the basic concept, namely, the underwéter launch and water im-
pact after re-entry. bFor the most pait, the trajectory analyses dis-
~cussed in sections immediaﬁely following, dealt with forces influencing
the longitudinal accele;ation of the vehicle primarily, rather than

with forces causing lateral dispersion. The latter are presented sepa-

rately in Section V.

a. Underwater Performance

The underwater performance can be divided into

two sections: engine operation and vehicle trajectory. These topics

will be discussed separately.
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(1) Engine Operation

The engine operation underwater is domi-

nated by the presence of the annular ring at the nozzle exit. The pur -
pose of this ring is to maintain a gas pressure in the nozzle skirt suffi-
cient to keep the nozzle from collapsing because of external hydrostatic

and hydrodynamic pressures.

The general operation of the nozzle-ring
combination can be described as follows. The gas passes through the
nozzle throat and enters the skirt under supersonic condition. Because
of the high back pressure in the skirt, the gas jet separates from the
nozzle wall with an accompanying oblique shock. The oblique shock turns
the flow towards the nozzle axis. This separated supersonic .jet then

exits fhrough the hole in the ring.

The nozzle-ring flow system is self-regu-
lating. Should the hole in the ring be too small to pass all the flow,
the pressure in the skirt area will rise. This will result in flow

separation occurring at a smaller area ratio, reducing the diameter of
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the separated jet. This self-adjusting process will continue until the
separated jet is small enough to pass through the ring. Obviously the

hole in the ring must be larger than the nozzle throat.

Similarly, if the separated jet is too
small to fill the hole, the skirt area will vent around the edges of the
jét, reducing the pressure in the skirt and causing the jet to separate
at a larger area ratio. The separafed jet will thus increase in diameter
until it fills the hole. This self-regulating feature of the system

may give rise to oscillatory flow.

The real difficulty in determining the
steady-state operation of this sytem is in predicting the point of
separation. The ordinary empirical separation correlations developed
for nozzle flow are not valid at the pressure and area ratios encountered.
The criteria used in this analysis is one heveloped by Magar (J. Aero
Sc.,‘February,>1956) fér turbulent boundéry layers. The pressure ratios
and Mach numbers to which Magar's criteria correlates data are consider-

ably lower than those covered by most other criteria. To cover very
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low values of Mach number Magar's criteria was combined with normal
shock theory, since the shock must approach a normal shock as the up-

stream Mach number approaches 1.0.

The basic method of calculation used for
this report is as follows. A gas pressure is assumed for the separated
fegion in the skirt and the point‘of separation is determined. With
the pressure ratio across the shock and the initial Mach number known
the downstream.conditions can be calculated using obiique shock"'theor‘y°
The flow downstream.of the shock is assumed to be axial, so that the
Jjet cross section at the exit is essentially the same as that at the
separation plane. No attempt was made to investigate the shock pattern
initiated by the separation shock, as most of it will oﬁcur outside thé

nozzle and will not affect the vehicle performance.

It is recognized that a much more rigor-

ous approach to the flow problem is possible, obtaining the complete
flow field with the method of characteristics. However, it is also

felt this would be rather futile as the uncertainties involved in the
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prediction of separation are much greater than those resulting from use

of the simpler theory to predict the remainder of the flow.

Variations in chamber pressure do not
change the flow pattern within the nozzle. Thus the chamber pressure
decay and recovery during the first 7 sec of flight do not affect the
performance of the nozzle and ring provided the pressure in the sepa-
rated region remains greatér than the ambient. Chamber pressure vari-

ations do affect the thrust.

Ejection of the water from the chamber at
ignition was not considered in this study. However, conservative calcu-
lations indicated that the LO,-TEA lead might reasonably be expected
to clear the chamber of water by ignition.

(2) Vehicle Trajectory

To determine the vehicle trajectory.under—

water all vertical forces acting on the vehicle must be known at all
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points in time. For convenience these forces will be classed as either

frictional; gravitational, thrust, hydrostatic, or hydrodynamic.

Frictional drag is the result of viscous
shearing forces acting on the vehicle skin;'_Frictional drag was neg-
lected for this vehicle as calculations performed on a similar vehicle
indicated this force was negligible in comparison with the other forces

involved.

Engine thrust was calculated by combining
the momentum flux with the net pressure area term of the exhaust jet.
.‘The properties of the exhaust jet were obtained by the methoéd given in

the preceding section.

The net hydrostatic force could be calcu-
lated by integrating the vertical components of the pressure times area
forces over the whole vehicle*. To do this rigorously would be extreme-
ly difficult if not impossible. These terms were instéad calculated by

representing the complex vehicle shape with a combination of conical

*With the exception of the exhaust jet and its projected area of the vehi-
cle nose. Those pressure times area terms were included in the engine
thrust. '
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sections and a cylinder. The mode which was chosen was also felt to be

a reasonably good model for the calculation of the dynamic loads.

The accuracy of the model was checked by
comparing the free floating model and ballast with the calculated water
line of the vehicle and ballast. This check indicated the model had

a buoyant force 7 x 106

i1b greater th&n the vehicle and ballast unit
‘weight. This disérepancy‘is.not an-error but actually represents the
Weight of the water trapped between the injector and the RP-1 tank. To
make the calculafions'accuraie while using this.model, thié.Water must

be included in the vehicle weight until this portion of the vehicle

clears the water.

The_bailast unit was not included direc-
tly in the calculation of hydrostatic forces. The net static effect
:

of the ballast was known as a function of time and this was - included

in the summation of hydrostatic forces.
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The gravitational force was taken as
simply the weight of the vehicle and trapped water. The weight of the
ballast unit was not inclﬁded as the net effect of its hydrostatic and‘
gravitational forces was considered in the summation of the hydrostatic

forces.

The hydrodynamic forces acting on the
thicle are extremely difficult to evaluate. With the aid of the model
‘and empirical drag coefficients drag forces were obtained for the portion
of the vehicle up to the nozzle exit. As the flow around the nozzle exit
is complicated by the presence of the ballast tanks and the gas jet, no
attempt was made to représent it with a model. Instead the drag was
calculated by applying a conservative drag coefficient to the nozzle

base area less the jet area.

The drag terms are not completely accu-
rate due to the acceleration of the system. This introduces corrections
to the drag terms which make them large;. However, the inclusion of
the trapped water in the vehicle inertial mass actually does correctly

compensate for the acceleration corrections in the drag terms.
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The inertial mass 'of the vehicle was ob-
tained by combining the total mass of the vehicle, the trapped water,
and the ballast unit. It was assumed that the ballast unit w#s drained
of 14 x lO6 1b inertial mass err a period of two seconds, and that the
trapped water was shed immediately as that portion of the vehicle clear-

ed the water.

The actual. calculations were performed
by taking finite increments of vehicle travel and assuming all forces
were constant over that increment. Fifteen increments were used to

obtain the results presented here.

(3) General Discussion

The underwater trajectory is given on

Figure V-A-5. These results are for the case in which the ballast
unit fluid is ejected over the first two seconds of firing. It was
also assumed that the chamber pressure dropped at a uniform rate from
285 to 225 psia over the first 3.5 sec of firing and that it rose at a

uniform rate to 294 psia over the next 3.5 sec.
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The rather unusual trajectory is the
result of several interacting effects. At ignition the engine thrust
coupled with iargé buoyant forces gives the vehiclé ; moderatély‘large
accelération. However, as the vehicle gains velocity and‘rises, the
dfag increases while both the bﬁoyant forces and éngine thrust decrease.
This causes the acceleration to drop'off and even briefly assume nega-
tive values. The decreasing engine thrust is the result of dropping
chamber pressure. The drop in chamber pressure referred to here is not
related to this phenomenon but rather to ullage gas pressuré decayg The
coupling effect of these.factors.will be studied in more detail in future
designs. The decay in ‘pressure can be accommodated by increased ullage

volume or redesign of the pressurization system.
Finally as the lower end of the vehicle
begins to clear the surface the vehicle sheds trapped water, drag de-

creases, thrust increases and the acceleration again becomes positive.

A plot of interest is that showing the

net static pressure on the skirt at two positions as functions of depth
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(Figure V-A-6). These curves represent the difference between the in-
ternal static pressure and external static pressure at a position near
the nozzle throat and near the exif. To obtain the net total pressure

a value equal to about 25 to 30% of the total external hydrodynamic pres-
sure should be subtracted from each curve at each Aepth. This ipdicates
that, except for a very short period at the nozzle exit, the nozzle is
not subjected to crushing loads.' Once the ballast-ring unit is stagéd
these plots are invalid, as dropping the ring completely changés the

pressure distribution within the nozzle.

No breakdown on drag forces or buoyancy
forces is given. Because this. particular .model was used there are
some net férce terms that are not easily separable into drag, buoyancy,
and other force components. This complication is primarily the result

6f the way in which the ballast unit and trapped water were handled.
)
b. Atmospheric Mode

The Sea Dragon vehicle is launched from a near

vertical floating position in the ocean. Preliminary analysis has
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shown that the vehicle requires a maximum of 8 sec to clear the ocean
surface and emerges with a minimum velocity of 60 ft/sec if tﬁe water
ballast is retained during the underwater portion of the trajectory.
These values were used to.determine the initial conditions of the atmos-
pheric porfion of the nominal ascent trajectory, and were based on an
underwater trajectq:y which retained the watér ballast. For this parti-
cular analysis it was assumed that no lateral. launch dispersion occurred
during the underwater phase of motion. A separate study of launch
dispersion was made. and is reported in Appendix II-21. 1In addition,
several other trajectories were computed as describedAin Appendix II-1l6,
~which also contains trajectory anal&sis details. The ascent trajectory
can be divided into two phases: (1) an initiél two-stage high-thrust
phase, and (2) a low-thrust phase du;ing which a small percentage of

the second stage propellant is burned to inject the vehicle into orbit.
The high thrust phase has a duration of 342 sec, while final injection

at low thrust requires 1,010 sec.

Table V-A-1 shows the data that was used

for this part of the study. Slightly better data in some instances

Page V A-23



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

V, A, System Performance (cont.)

becaﬁe available near the close of the sfudy but time did not permit a
new analysis.- A cursory examination of fhe changes, however, indicates
that they would have no profound effect on the comparative results dis-
cussed herein. The performance data was obtained fromtheoretibélshﬁtﬁg
equilibrium data by applying a nozzle efficiency of 96% and a combustion
efficiency of 94%, which are very conservative values. The weight data

. shown applies to the basic launch vehicle with no payload. The burn-
out weight of each stage iﬁcludeé a propellant outage of 1%. Using

the weight data of Table V-A-1, the calculated propellant fractions are

0.896 and 0.897 for Stages I and II, respectively.

The significant parameters for the con-
tinﬁous bﬁrn ascent trajectory are shown in Figures V-A-7 tﬁrough V-A-
12. Significant data is also shown in Table V-A-2, which includes a
comparative restart case. .Note that zero time ié defined as the time

when the vehicle has just cleared the ocean surface.

The first stage burns out at an altitude
of 107,800 ft (17.7 nm), a velocity of 5,603 ft/sec, and ¥ equal to

46.33°. Referiing to Figure V-A-8, the acceleration on the vehicle
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varies from 2.09g at launch to 6.06g at burnout. The first-stage tra-

Jjectory is quite flat, as evidenced by the large kick angle and rapid
increase in ¥ , and results in a peak dyhamic pressure of 1,930 lb/ftz.
At burnout, the dynamic pressure has dropped to 350 lb/ftz. However,
the trajecfory analysis was based upon a constant chamber pressure in
the first stage engine and a correspondingly short burning time (74 sec)
and low altitude. More recent design information shows that the cham-
ber pressure decays near burnout of the fiist stage, increasing burning
time by approximately 10 sec. The net result is to increase the first-
stage burnout altitude without appreciably changing the velocity. It

~ has been shown that the- increase in purnout altitude will decrease the

dynamic pressure at staging to approximately 100 lb/ftz, and the burn-

out accéle:ation to 4.2g.

Figures V-A-11 and V-A-12 show the trajectory
parameters during low thrust operation of Stage II. The thrust is as-
sumed constant at 200,000 1lb for the duration of 1,010.04 sec. The

altitude increases from 150.0 to 300.0 nm. The velocity decreases
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initially from 23,430 ft/sec (note that the velocity is incremented by
1,275 ft/sec to accoﬁnt for the rotating earth at this point) to 23,359
ft/sec at 490 sec, and then increases to 24,878 ft/sec at burnout. This
i's due to the very low thrust and tangential acceleration. Acceleration
on the vehicle due to thrust increases from 0.071lg or 2.28 ft/sec2 at
initiation of this low thrust phase to 0.087g or 2.8l ff/sec2 at burn-
out'. Gamma increases from 83.72° to 900, and thus the tangential de-
:celeratiop due to gravity starts at 3.23 ft/sec2 and decreases to zero
-at burnout. The net tangential acceleration thus va;ies from -0.95 to

.+2.81 ft/secz. The net velocity gain produced by the low thrust oper-

ation of Stage II is 1,448 ft/sec.

For the retained ballast case, the 300-nm

circular orbit payload is 1,112,000 1b. If the ballast fluid is ex-
pelled, the duration of the underwater portion of the trajectory is
reduced from 8 to 5.05 sec, the velocity af the vehicle as it clears
the ocean surface is increased from 60 to 84 ft/sec and the payload

increases to 1,173,000 1b.
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The exchange ratio in pounds of payload per sec
change in specific impulse in both stages is 17,000 1lb/sec. If a speci-
fic impulse of 92% of theoretical is attained, the Stage I specific im-

pulse increases approximately 7.5 sec, thereby increasing the payload by

129,000 1b.
c. Separation

Separation of the first and second stages is
éccomplished using the enérgy of a prepressurized interstage cavity.
When the staging sequence is initiated, expanéion of the gas charge in
the cavity results in a relative acceleration of the two.sections of
the vehicle. A separation velocity between the two stages is thus
developed, which is a function of the initial interstage pressure and
the length of travel during which air is effectively confined to the

interstage cavity. This length is referred to as the ejectionAstroke

length.
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In the analysis of staging dynamics, it was as-
sumed that there is no leakage of air fromvthe interstage during the
staging sequence until the ejection stroke length is exceeded. Although
there will undoubtedly be some leakage during this time, it should have
no significant effect on staging time as long as the leakage rate is
small. It was also assumed that the expansion of the air in the ihter;
stage is isentropic. External aerodynamic forces acting on the vehicle
other than drag'were neglected in computing the longitudinal motions
during étaging. The first-stage engine‘thrust is negligible when stag-
ing begins. Staginé is defined as being compieted when the fore end of
the first stage clears the end of the second-stage expandable nozzle;
‘however the first part of the motion is the most critical as regards

potential collision between stages.

The acceleration of the first stage of the
vehicle relative to the second was obtained by summing the forces act--
ing on each of the stages caused by pressure in the interstage and to
drag, and dividing by their masses. This acceleration was computed at
0.01 sec intervals, and integratedvnumeriéally to obtain separation

velocity and distance. Air in the interstage was assumed to expand .
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isentropically during this process. When the ejection stroke length is
exceeded, the pressure in the interstage drops to ambient, and only drag
forces are considered for the remainder of the procesé. The results of
these calculations are given in Figure V-A-13 which shows separation
times as a function of ejection stroke ;ength for initial interstage

pressures of 20, 30 and 40 psi.

The major problem expected in the staging process
is that of maintaining alignment of the two stages to pfeveﬁt interference
between the first stage and the expandable nozzle of the ;econd stage.

For a very conservative estimate of the interference potential during
staging, the pfessure distributiéns on the two stages were estimated
for a dynamic pressﬁre of 100 lb/'ft2 and an éngle of attack of 1°.

These pressuré distributions were infegrated over each of the stages to
obtain a 1lift force, and a moment tending to rotate the stage about its
center of gravity. These moments were used to obtain the angular ac-
celeration of each stage. The angular accelerations of each stage were-

integrated numerically to obtain angular displacements, which were used

Page V A-29



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

V, A, System Performance (cont.)

to obtain interferepce displacements between the expandable nozzle and
the first stage fore end. The results of this calculation for an initial
interstage pressure of 40 psi and an ejection stroke 1engfh of 10 feet
are shown in Figure V-A-14. It was assumed in the calculation that the
expandable nozzle_rema;né essentially unexpandéd, and thus contributes
notﬁing'to thé aerodynamid stability of the second stage. Since the ex-
pandébie nozzle wi;l be relegsed during the staging process (after the
ejection sfroke is COﬁpletéd).it wili_begin to expand under tﬁé influ-
.eﬁce of the air leaving the interstage cavity and the restraint of ex-
.ternal.flow. The time'rate of expansion has not been calculated; how-
ever, only a very smallAamount of expansion (1.5°) will accommodate the
full lateral excursion of the adjacent stage elements. During the first

20 ft of separation, less than 1 inch of relative lateral motion will

occur as indicated in the curvé of Figure V-A-14.

Considering that the foregoing analyses assumes
that Stage II is free to pitch during staging, the results are con-
servative. Since the Stage II TVC system will prevent this motion, the

potential interference will be substantially less than indicated in
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Figure V-A-14. With this change the analysis showed a 65% reduction in
the lateral motion. A further discussion of considerations pertaining

to these factors is given in Appendix II-17.

The conclusion to be drawn from the foregoing
discussion is that the relative lateral motion of the two stages is
sufficiently small to avoid damagiqg contact between them. Pressure
driven ejection will produce adequate separation velocity, essentially
compensating for the draplshiélding effect of the expandable nozzle on
the first stage. If.ultimately found necessary, the vehicle pitch
rate can be progfamed briefly to further accommodate separation require-

ments.
d. Stage I Re-Entry Phase
The re-entry trajectory of the Sea Dragon

first stage is described in detail in Section III, G. The important

re-entry parameters (with drag flare inflated) are:
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Apogee altitude 335,000 ft
Re-Entry Velocity 5350 ft/sec
(at 200,000 ft)

Re-Entry Angle 30°

(from local horizontal)
Maximum Re-entry Decéleratibn 7.1 g
Maximum Dynamic Pressure 300 lb/'ft2
Maximum Heat Flux = 3.5 Btu/ft? -sec

(stagnation heating blunt radius = 7 ft)
Re-entry parameters were calcﬁlated using‘a

two-dimensional IBM 7090 compufer program for a sphericalynbnrotating

earth model.

Dispersions of the vehicle from the point mass
trajectory because of aerodynamic oscillatory ‘motion is negligible.
The Sea Dragon first stage possesses a high degree of static and dynamic

stability due to the large inflatable flare structure.
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e. Stage I Impact

" Using the end conditions of the atmo#pheric
trajectory described-above, parameters were determined f;r fhe Sea Dragon
éxpended fifst'stage. An impact veldcity of 300.ft/sec (using.aslightly
conservative drag coefficient curve) was found. The point mass tra-
Jjectory flight path angle was 89° from the horizontal. .Vehigye angle'

of attack due to surface winds of 30 ft/sec was approximately 5.5°.

Page V A-33 (End V, A)



Report No. LRP 297, Volume I1

TABLE V-A-1

AERDJFLGENERAL CORPORATION

SEA DRAGON WEIGHT AND PERFORMANCE DATA

PERFORMANCE DATA

Stage I
Propellants LOz/RP-l
Vacuum Thrust (1b}) 94,450,000

Nozzle Exit Area (ftz) 6828

Vacuum Specific

Impulse (sec) 275.19
Flow Rate (1b/sec) 343,217
Burning Time (sec) 74.579

(atmospheric)

Cross-Sectional A
Area (ft2) 4418

WEIGHT DATA

Stage II at Burnout

Stage II Useful Propellant

Stage II at Liftoff

Stage I
Vehicle

Stage 1

at Burnout
at Stage I Burnout

Useful Propellant Wt. At Time
of Water Emergency

Table V+A-1
Page 1 of 2

Stage II
High Thrust Low Thrust
L02/LH2 LO,/LH,
14,600,000 200,000
15,644 -
404.80 382.00
36,067.2 523.560
282.133 1050
" (max-.) (approx)
4418 -

Without Payload (1b)

1,168,400

10,175,700

11,344,100

2,983,900

14,328,000

22,851,200
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WEIGHT DATA" Without Payload (1b)
Vehicle Gross Wt. at Start of Atmospheric

Trajectory. 37,179,200
Stage I Useful Propellant Wt. Consumed :

Before Water Emergence 2,745,700
Vehicle Gross Wt. at Ignition . 39,924,900

INITIAL CONDITIONS FOR ATMOSPHERIC TRAJECTORY

Velocity . 60 ft/sec

Time from Ignitioh 8 sec

Table V-A-1
Page 2 of 2
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COMPARISON OF CONTINUOUS BURN ASCENT
TRAJECTORY TO RESTART TRAJECTORY

Parameters Continuous
Burn
Payload (1b) 1,119,000
Stage I Duration (Above Water) (sec) 66.579
Stage II Duration (High Thrust) (sec) '267.471
Coast Time (sec) o
ngge II Duration (Low Thrust) (sec) 1,010.04
Stage II Restart Duration (High Thrust) |
(sec)
Total Time to Orbit (sec) , 1,344.090
Initial Kick Angle (degrees) 19.74
- Stage II Burnout Conditions
(Before coast or low thrust period)
Altitude (nm) 150.0
Gamma (degrees) | 83.74
Velocity (ft/sec) 23,434

Table V-A-2
Page 1 of 2

Restart
1,204,770
66.579
277.968
1,156.412

0o

4.169
1,505.128

20.75

130.7
86 .48

25,277
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Parameters
Continuous
Burn ' Restart
Vehicle Burnout Conditions
Altitude (nm) - | 299.8 209.8
Gamma (degrees) _ 90.00 90.00
Velocity (ft/sec) 24,890 24,889
Angular Displacement from Launch _
Vertical, Beta (degrees) 69.00 81.41
Restart or Low Thrust Parameters
APropulsive Velocity Increment (ft/sec)
Stage II Low Thrust 2,556 -
Restart at Apogee - 800
Decrease in Velocity Due to Gravity
(£ft/sec) .
Stage II Low Thrust : 1,100 -
Coast ' : | -~ | A 1,188
Net Velocity Gain (ft/sec) 1,456 -388

Table V-A-2
Page 2 of 2
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V, Vehicle Analysis (cont.)

B. VEHICLE LOADS AND DYNAMICS

1. Summarz
Ca. Introduction

A wide variety of problems associated with
static and dynamic loadé, thicle kinematics and dynamics, and the.Sea
Drégon_envi?onment'havefbeen investigated with differing degrees of com-
pleteness. The principal result of this work, however, has been the
identification and definition of problems in the are# of vehicle loads

and dynamics which will requifg-more atteéntion in the next design phase

of the program.

In many instanceg the findings of this prelimi-
nary work have indicated that phenomena associated with the Sea Dragon
concept (large size, water environment, etc.) do not give rise.to in-
surmountable engineering problems with respect to éresent technology
and conservative éstimates of future advances. For example,launéh

dispersion magnitudes and water re-entry loads can be readily handled.
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V, B, Vehicle Loads and Dynamics (cont.)

In other areas it has been recognized that the
problems are not yet fully defined or that methods of solution are not

readily available, e.g., the acoustic environment and resulting vehicle

response,

The more significant results of loads and dy-
namics studies conducted to date are summarized in the following para-

agraphs.
b. Sea and Wind Environments

Wave lengths, heights, and periods are given
as a function of sea state (wind velocity) in Section V,B,2,a. The
concept of ''sea spectra'" is introduced, and a source of sea spectrum

data is referenced.

The upper atmosphere wind environment used
in analytical and design studies presented in this report is taken from
NASA TN 1274. A maximum wind velocity of approximately 320 ft/sec at

42,000-ft altitude is thereby specified.
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V, B, Vehicle Loads and Dynamics (cont.)
c. Floating Loads

The most severe loading condition for the float-
ing vehicle is the éase, "full tanks, no ballast.” A bending moment of
385 X 106 ft-1b is calculated for the interstage aréa. This load is
‘substantially less severe than that experienced duiing erection and is

easily reacted by 30 psi tank pressure.

d. Towing Dynamics and Loads

Maximum bending moments of 230 x 106 and 390

X 106 ft-1lbs are calculated for the "sagéing" and ”ﬁogging" conditions
respectively. ("Hogging refers to the condition in which the vehicle
is supported near the center by an ocean swell, while ''sagging" de-
scribes the condition.in which each end of~the vehicle is supported by
" a wave crest). No dynamic amplification of these loads is anticipated
since the vehicle bending modes are much higher in frequency than are

14

the significant frequencies in the sea spectra.
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V, B, Vehicle Loads and Dynamics (cont.)

Difficulties in controlling the towed vehicle
with respect to yaw and roll in a cross-sea environment are discussed
briefly in Section V,B,4,b. A-substantial analytical and model testing

effort should be expended on this problem in future Sea Draéon studies.

The prbblem of dynamic interactions of the Sea.
Dragon vehicle, the towing cable, the towing vessel, and the sea envi-
ronment is reviewed in Section V,B,4,c. A simplified method of aﬁaiysis
is also presented. A great deal of anlysis and model testing-remeins

/
to be done in this area.

Propellant sloshing frequencies for the vehicle
in the towing atfitude are found to be in the range 0.208 to 0.722 cps
for the first threé modes (tanks 90% full). These sloshing frequencies
will couple with wave forces when sea state 5 conditions exist (see
Section V,B,2). The effects of this slosh coupling on the complete
tow1ng conflguratlon remains to be evaluated However, since the cfyo—
genlc tanks will be completely full (97% full for RP-1 tank) during |

most towing operatlons of the complete vehicle, no problem is antlclpated
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V, B, Vehicle Loads and Dynamics (cont.)
e. Vehicle Erection Loads

| The process of erecting the vehicle gives rise
‘to the largest bending moments experienced by the structure, primarily
because the Stage II LO, tank was placed for&ard to achieve better aero-
dyhamié CHafacteristics. A maximum bending moment of 1.0 x 109 ft-1b

is calculated for the case of a 5.0 x 10° 1b effective ballast weiéht.
An inte;nél‘gas pressure of approximaiely 30 psi in the first-stage

LOZ tank and second-stage LHé tank is required to react the erection

bending moment.

It appears that large propellant sloshing forces
will not occur during erection due to the fact that the tanks will be

nearly full.
f. Prefire Loads and Motions

Dynamic loads due to wave action calculated

for sea states up and including Sea State No. 7 are found to be relatively
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V, B, Vehicle Loads and Dynamics (cont.)

small. Heaving motion, however, becomes quite violent for sea states
above five due to strong coupling between sea spectra and the vehicle
heaving mode. There also appears to be possibility of encountering
pitch-heave instability for wind velocities above 30 knots (Sea State
No. 6). It appears that launching should be restricted to Sea State
No. 5 or less, for which a maximum pitch amplitude of O._l7o and maxi-
mum heave excursion of 3.0 ft are calculated. This area also requires
édditional study to determine if the same conditions exist for other
configurations and to investigate ameliorating devices such as thé use
of different baliast unit configurations to change the dynamic charac-
teristics of the vehicle. Forces due to wave induced vortex shedding
will not be a problem for the Sea Dragon vehicle. Atmospheric_vortei-'
shedding, however, may resultiin significant responses of the erected
vehicle due to coupling with the rigid body pitch ﬁode. A rough calcu-
lation indicates an angular excursion of 1.75° for a 25 ft/sec wind

velocity.

Propellant sloshing loads are not felt to be

of importance during the prefire stage due to fullness of the propel-
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V, B, Vehicle Loads and Dynamics (cont.)

lant tanks and frequency sepafatipn between. sloshing modes and other

forcing and natural frequencies of the environment and vehicle.
g. - Launching Dynamics

"Launch dispersion" (motions of the vehicle as
it leaves the water) are calculated for several disturbing forces. Wave
forces in Sea States No. 5 and 6 result in maximum angular deflec;ions
and rates of 4.55° and 2.4l°/sec respectivelyf A thrust misaiignment
éngle of 0.25° was found to give rise to maximum dispersions of 1».56b
displacement and i.70°/sec rate. A 33;knot wind gives rise to 5.77o
angular dispersion and 1,17°/sec angular rate dispersion. 'Combingd
effects are also evaluated. ,Maximum dispersion displacement and rate
for all cases considered were calculated to be 5.82° and 2.41°/sec
respectively. It appears that the control system can'easily handle
these dispersions if activated at the time the vehicle leaves the

water.
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V, B, Vehicle Loads and Dynamics (cont.)

The possibility of large loads being generated
by propellant sloshing response during launch seems remote, since only
the higher (fifth and sixth) sloshing modes will couple with the funda-

mental vehicle bending mode.

The maximum bending moment experienced during
the underwater phase of launch (control system inactive) is found to

be 201.5 x 10° ft-1b, which is less than the maximum erection load.
h. Flight Loads

The most significant flight load on the.Sea
Dragon vehicle occurs at maximum dynamic pressure conditions (g = 1866
1b/ft, qltitude = 34,600 ft). For this condition alwind-induced angle
‘of attack of 4o is found to give rise to a bending moment of 120 x

lO6 ft-1b in the interstage area.

First-stage tank pressures of 80 psi are re-

quired to react the 4.2g longitudinal acceleration whicn occurs at
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V, B, Vehicle Loads and Dynamics (cont.)

burnout. Although larger decelerations occur at re-entry, the resulting
axial loads are smaller than those encountered for the burnout condition

noted above.
i. Impact Dynamic Loads

Ihe response of the first-stage structure (iﬁ—
cluding the fundamental longitudinal vibration mode) to impact loads
is calculated in Section V,B,9. Impact veloqitieé of 300 ft/sec and
600 ft/séc ha ve been cbnsidefed. The relative;y long rise time of the
300 ft/sec impact force-results in very littlg dynamic amplification.
However, the rise time of the 600 ft/sec impact shock is sufficiently
short to cause 93% dynamic overshoot in the acceleration felt at the

nose,

Analysis of the effects of impact shock on the
nose cone, cylindrical tanks, and the nozzle involves considerations

of dynamic buckling. A large testing and analytical effort should be

directed toward this area in future Sea Dragon studies. Response of

specific subsystems to impact loads also remains to be investigated.
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V, B, Vehicle Loads and Dynamics (cont.)

Based on results of impact studies to date, it
appears that impact problems can be handled with presently available
téchnology. A balanced combination of nose cone geometry and impact
velocity (accomplished by use of an appropriate drag mechanism) will
result in a practical first stage structure. The problem of isolating

sensitive components is compatible with present packaging techniques.
J- Special Aeroelastic Effects
In Section V,B,10 the problems of flutter of
the first- and-second—stage nozzles and the possibility of encountering
oscillatory side loads during underwater operation are discussed.
k. Propellant Sloshing
.Propellant sloshing frequencies have been calcu-

lated for several flight conditions. Fundamental mode frequencies

ranging from 0.520 to 0.609 cps are noted.
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V, B, Vehicle Loads and Dynamics (cont.)

The primary importance of the excitation of
propellant sloshing modes is in connection with autopilot stability.
It is possible that sloshing motions will be reinforced by spurious
attitude error signals resulting from sloshing forces. This closed-
loop reinforcement is particularly acute on Sea Dragon, since the pro-

pellant sloshing frequencies are in the range of control frequencies.

It will probably be necessary to design damping
devices to preclude closed loop instability; the desigh process should

be guided by a complete analog simulation of the Autopilot.
1. Acoustics

A discussion of the Sea Dragon acoustic environment
and its effect on the vehicle is presented in Section V,B,12. The prin-
cipal sources of acoustic environment are found to be (1) generated by
the first-stage rocket engine (185 db); (2) caused by the aerodynamic

boundary layer (150 db); and (3) created by towing turbulence (155 db).
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V, B, Vehicle Loads and Dynamics (cont.)

The predominance of low frequencies in the rocket engine noise spectrum
will result in levels of roughly 150 db at distances of 10 to 15 mi
from the source for a duration of one minute. A more detailed summary

of acoustic environments is given in Table V-B-1.
Vibrational accelerations of 10 to 15g rms are anti-
cipated for the airframe vibration modes. High-damped materials may

have to be used to preclude intolerable panel responses.

2. Sea and Wind Environments

a. Sea and Surface Wind Environments
The following chart gives wind velocity, wave

height, wave period, and wave length as functions of sea state as listed

in Reference A.
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V, B, Vehicle Loads and Dynamics (cont.)

Sea State 1 2 3 4 5 6 7 8

Wind Velocity 4-7 7-12 12-16 16-20 20-24 24-32 32-47 47-66 .
(knots) :

Wave Height. 0-1 1-3 3-5 5-8 8-12 12-18 18-40 40-100
(ft) (2X amplitude)

Period (sec) 0-2 2-3.4 3.4-5 5-6.3 6.3-7 7-8.5 8.5-15 15>

Length (ft) 0-20 20-60 60-100 100- 250- 300- 400- . 900-=
- 250 300 400 900

This chart illustrates the limited value of
the term '"'sea state" in deScribing sea environment; since a particular
sea state will encompass a range of wind velocities, wave heights,
periods and, wave lengths. A more significant representation is one
‘utilizing "sea spectra" to describe the sea condition as a fandoﬁ>phe-
nomenon. Sea spectra corresponding to various sea states are given ip
Reference B. Further description of the concept of-sea spectra is con-

- tained in an appendix to this volume.

References

A. Carsola, A. J., "Sea State Versus Sea Spectrum", presented at SNAME

Meeting, La Jolla, Calif., 14 April 1962.
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V, B, Vehicle Loads and Dynamics (cont.)

B. Observing and Forecasting Ocean Waves, USN Hydrographic Office Publi-

cation No. 603.
b. Upper Atmosphere Wind Environment

The upper atmosphere wind profile used to com-
pute the Sea Dragon Aerodynamic loading was taken from NASA TN D-1274.
Figure 6 in thié réfefence; foi a“99%ip;obability‘of-oécurrence, was
used, i.e., the mAximum wind velbéity, apbroximately 320 ft/sec, occurs
at an altitude of 42,000 ft. (As shown in the section describing aero-
dynamic loads, V,B,8, the maximum dynamic pressure during Sea Dragon

ascent occurs at 34,600 ft.)

3. Floating Loads

The static bending moments due to buoyant and weight
distribution loading for various horizontal floating (in still sea) con-
ditions have been derived. The following cases were considered: tanks

empty, no ballast; tanks empty, ballast attached; tanks full, no ballasf;
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V, B, Vehicle Loads and Dynamics (cont.)

tanks full, ballast attached; and fuel tanks full, LO2 tanks empty,
ballast attached. The only ordinary floating condition that has bend-
ing moments gfeafer than the aerodynamic moment is the case of full tank-:
no ballast attached. In this condition the maximum bending moment oc-
curred in the interstage area (Figure V-B-1) and was approximately 385

x 10% ft-1b. Since this moment is much less than that incurred during
eréction, the 30 psi tank pressure required for structural integrity
during erection is more than sufficient for safg operation of the vehi-

cle under the floating condition described above.

4. Towing Dynamics and Loads

a. Hogging and Sagging Loads

The terms 'hogging'" and ''sagging' pertain to
static conditions during which the vehicle is supported near the center
by an ocean wave (hogging) or supported at each end by two crests (sag

ging).
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V, B, Vehicle Loads and Dynamics (cont.)

Static internal shear ‘and bending moments along

the length of the vehicle were determined in the following manner:

The vehicle was supported horizontally on a
trochoidal wave with a length to height ratio equal to L/20 where L =
.length of the vehicle. The pressure load, as distributed in the hogging
and sagging conditions, is reacted by the weight distribution, and the
resultant shear and bending moment distributions are derived. The tro-
choidal wave profiles were determined-through the use of Bonjean curves.
The shear and bending moment distributions were then found by an iter-

ative technique.

Shear and bending moment curves are presented
in Figures V-B,2,3,4,5. Maximum shear and bending moments are tabulated

below:

Shear Bending Moment

(1b) (ft-1b)
Hogging 8,000,000 390,000,000
Sagging 5,100,000 230,000,000
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V, B, Vehicle Loads and Dynamics (cont.)

The maximum internal bending moment from the hogging conditions appears
to be approximately twice as large as the maximum moment due to sagging.
The slight irregularity of the curve .shapes are due to the irregularities
in load distribution. No dynamic amplification of the internal shear

and moments is indicated'since the exciting fiequencies of the wave spec-
tra'are’sufficiently lower than the nature (free-free beam) frequencies.
(Thé first free-free bending mode freqﬁency of the towing configuration
is 1.35 cpé. Wave périodsvgiving'rise to significant hogging and sag-
ging loads will be‘greater than five seconds; thus the exciting fre-

quencies will be below 0.2 cps.)
b. Cross Sea Effects
The Sea Dragon vehicle, being cylindrical in
shape, will have tendencies to spin about its longitudinal axis in a

cross-sea environment. The sponsons on Stage II will prevent any vehi-

cle roll.
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V, B, Vehicle Loads and Dynamics (cont.)

Another complication is that the vessel will be
driven to a steady yaw angle; it is also possibie that yaw oscillation
may result froﬁ the cross-sea forces, causing the towed vessel to swing
from one side of the towing course to the other, imparting surging loads

to the towing lines.
c. Towing Cable Dynamics

The dynamic interactions betwéen the elastic
towing cable, ﬁhe Sea Dragon vehicle, the towing ship, and the seg envi-
‘ronment may be one of the more important considerations in the evalu-
ation of system tbwing dynamics. The primary considerafion here is one
of excitation of the mass-spring-mass system by '2ng ocean swells re-

sulting in a whip-cracking motion between the vehicle and towing vessel.

The solution to the towing dynamics problem
should combine analysis with model testing. Parametric variations in
towline elasticity and length, towing configurations, damping devices,

etc., may then be carried out to arrive at a satisfactory towing scheme.
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V, B, Vehicle Loads and Dynamics (cont.)

Studies of this nature are common in marine practice; it should only be

necessary to apply known techniques of analysis to the Sea Dragon case.

An example of the type of analytical work in-
volved in the towing dynamics problem is presented in an appendix to
this volume. The dynamic model is shown, and wave forcing functions

are formulated.
d. Propellant Sioshing During Towing
(1) Introduction

The unéteady nature of the towing force
and the wave-induced pitching motion of the Sea Dragon vehicle during
the towing operation will cause fluid oscillations within the propel-
lant tanks if the tanks are not completely full. If the sea is not
calm, the suddenly applied force due to whip-lash of the towing cable

will excite the fundamental longitudinal sloshing mode. The resulting
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motion of the fluid will be sustained due to the periodic nature of the
forcing function, and if the excitation frequency is nearly equal to

slosh natural frequencies, substantial sloshing forces may result.
(2) Solution for Longitudinal Sloshing

By use of Reference A, which gives the
sloshing frequency relationships for the longitudinal modes of liquid
oscillation in horizontal circular cylindrical tanks, the first three

modes for the four tanks may be determined.
The following natural frequencies of the

contained fluids are evaluated for a fluid height to tank diameter

ratio of 0.9, which corresponds to a nearly full condition.
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Propellant Sloshing Modes During Towing
Operation for h/d = 0.9

(cps) J(cp8) (cps)
First Stage LO2 Tank 0.261 0.416 - 0.577
First Stage RP-1 Tank 0.346 0.551 0.684
Second Stage LO, Tahk. 0.365 0.581 0.722
Seépnd Stage LH, Taﬁk 0.208 0.332 0.412

(3) Discussion of Results

The fundamental longitudinal modes of
fluid oscillation for the propellants in the nearly full condition may
be seen to be in the frequency range of 0.2 to 0.4 cps. This corres-
ponds to an éxpected pitching'fréquency of the vehicle from 0.1 cps to
0.3 cps during Sea State No; 5. Therefore, it is expected that a re-

sonant condition will exist during towing for certain sea conditions.

If the longitudinal propellant slosh
modes are excited by the pitching motion of the vehicle, the fluid wave

height within the tank will be restricted by the curved upper surface
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of the cylindrical tanks. Because of the restricted fluid motion near
the free surface, the slosh mass ratio (equivalent sprung mass to fotal
propellant masé) is small, thus resulting in reduced pscillatory'pres—
sures on the tank walls. -vathe pexturbation pressures result in tqo
high a stress level within the tank walls, additional slosh suppression

devices would be used, such as annular baffles or floating '"cans."

5. Vehicle Erection Loads

a. Static Loads

The bending moments encountered during

erection of the fully loaded Sea Dragon_have been calculated. Erection
is effected by filling of thé ballast tanks after arrival at the launch
'site. Figures V-B-6 and V-B-8 show the weight and buoyant force distri-
bution on the vehicle for two ballast flooding condition; 2.5 x 10% 1b

6

effective ballast and 5 x 10 1b effective ballast. Figures V-B-7 and

V-B-9 illustrate the bending moment distribution for the two respective
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6

cases. The case of 5.0 x 10" 1b effective ballast represents the maxi-

mum moment during erection, 1 x 109 ft-1b. Further flooding of the
ballast causes the moment to decrease due to the rapidly increasing

angle with the horizontal. The moment of 1 x 109 ft-1b is the maximum

bending moment experienced by the vehicle during all loading conditions.

The internal gas pressure in the first

stage LO_, tank and second stage LH2 tank required to resist this moment

2

is approximately 30 psi.
b. Dynamic Loads due to Propellant Sloshing

The possibility of large sloshing forces aris-
ing during the erectibn operation is slight. If the tanks are com-
pletely full, the sloshing frequency is infinite and there will be no
sloshing forces transmitted to the structure; Probably there will be
a smail ullage resulting in a ﬁigh slosh natural frequence which will

not be excited by the quasistatic erection operation.

Reference A: NASA TN D252, "Investigation of the Natural Frequehcies of
Fluid in Spherical and Cylindrical Tanks.'" McCarty and
Stephens. _ _ '
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6. . Prefire Loads and Motions

The purpose of this section is to determine the wind
and wave induced motions of the erected vehicle, to evaluate the effects
of vortex shedding (wind and ocean waves), and to discuss the effects of

propellant sloshing forces in the prefire condition.
a. Wind and Wave Induced Motion

The object of this portion of the study was tb
determine tpe maximum amplitudes of position, velocity and acceleration
for two prihciéal degrees of freedom, némely, pitch and heave. Two
basic cénditions were considered for various éea states. The first of
these is the nominal prelaunch which Was assumed to occur at less than
sea state 5 (wind velocity 20 knots). The main consideration in this
case was the effect of the motions on launching. The second case con-
sidered was the standing condition which could occur where the sea
would rise unexpectedly and if would be hecessary to have the vehicle

ride out the storm. In this case the main consideration was the effect
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on the structure from dynamic loads. These studies were conducted to
sea state 8 (wind velocity 50 knots). The method and results are dis-

cussed in the following paragraphs.

To.maintain a condition of pitching equilibrium,
the éxte;ndl forces of wind and sea acting about the center of rotation
of 'the vehicle are balanced by an equal restoring buoyant force acting
‘about the center of rotation so that a summation of moments abéut that
point is equal to zero. .The'dynamic forces are ?alanced by the response
of the thicle, as discussed in the example shown in an appendix and

Section V,B,6,a, (3) of this volume.
(1) Wind Force

The force exerted on the vehicle due to

wind is expressed as

2
= 1
Fuing = 29V SCq
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where § = air density, V = wind velocity,S = exposed frontal area, and
Cd is the coefficient of drag. The wind force is constant for a parti-

cular wind velocity.

. (2)° Moment due to the Wind Force
The wind force produces a moment about
the vehicle center of mass which reacts:the buoyant restoring moment.

The steady-state pitch angle(ql’ is simply

qz = Mwind

W x CB

where W = vehicle weight, CB = metacentric height.
(3) Sea Motion
The motion of the sea is applied to the

vehicle surface below the water line as a force per unit length which

decreases exponentially with‘depth. The moment from the water force
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acting about the center of rotation may be determined by integrating the
unit force along the submerged length (L) of the vehicle as follows:

aM = (y - y) dF

L
- 2 =2my
N1=j; (y - v) (SCq SQ'V e ) dy
: L . -
Therefore M = KJ[ &2my (y - y) dy
o
where K=s $,cyV?

y = depth
m =2 777/\

/3 vehicle diameter
' A= wave length

The '"'static'" pitch angle from water forces is

/ M
(b = water
W x CB

(b/ is then divided by the wave amplitude and the quotient is squared.
The squared term is then multiplied i)y the dynamic response factor,

and the square root taken to obtain the root mean square of the dyna-
mic pitch angle ( (D/ dynamic). The total pitch angle experienced by

7 /
the vehicle from wind and water loads is (I,.".: + ’1: dyn.
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The dynamic response factor referred to
above is obtained by the spectral density method explained in Reference

A and B and illustrated in an appendix to this volume..

Heave amplitudes are obtained directly by

the spectral density method except with a damping coefficient of 0.04.

(4) Dynamib Loads

The dynamic loads experienced in the pré-
fire condition for sea sfafes-6 and 7 are shown in Figures V-B-10, -11,
-12,-13,-14 and -15. These loads are very small and will be easily re-

acted by internal pressure.
(5) Vehicle Motion

Vehicle motions as a function of wind ve-
locity are presented in Figures V-B-16 and -17. A plot of sea state
versus wind velocity is presented as Figure V-B-18 for correlation of

vehicle motions as a function of sea state.
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It appears that the Sea Dragon vehicle
could be launched in conditions corresponding to Sea State No. 5 or less.

The maximum pitching and heaving amplitudes for Sea State No. 5 are =

Displacement Rate Acceleration
Pitching 0.17° 0.00034 deg/sec 0.000058 deg/sec2
'Heaving 3.0 ft 0.51 ft/sec 0.09 ft/sec?

'For environments more severe than Sea
State No. 5, large reéponses in heave are anticipated because of exci-
tation of the natural heaving mode of the vehicle by these sea spectra.

- For a 30 knot wind condition, the following responses are calculated:

Displacement Rate- Acceleration
Pitching 0.33° 0.056 deg/sec 0.0096 deg/sec?
Heaving 18.0 ft 3.1 ft/sec 0.52 ft/sec?

Beyond the 30 knot condition, coupling
of pitch and heave is expected to present a significant problem for the

present configuration. A wind velocity of approximately 30 knot would
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imply 40-ft lieave amplitude, which corresponds to neutral stability in
pitch. Further analytical and model study is required to determine the
implications qf coupling and to find the best solution to the problem.
The possibility of damping devices incorporated into the ballast unit or

changes in the configuration should be evaluated.

References
A. Carsola, A. J., "Sea State Versus Sea Spectrum", presented at SNAME
Meeting, La Jolla, Calif., 14 April 1962.

B. Observing and Forecasting Ocean Waves, USN Hydrographic Office Publi-

cation No. 603.
b. * Prefire Vortex Shedding
(1) Atmospheric Vortex Shedding

The phenomenon of vortex shedding in the
wake of a body is a familiar one to missile designers. Many instances
of forced excitation of elastic structures can be found in engineering

literature.
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The problem of vortex induced forces on
the Sea Dragon vehicle prior to launch can be broken into two categorieé‘
the excitation of the elastic body modes and excitation of the rigid
pitching mode. It should be pointed out that structural response to
forces produced by vortex"shedding is not truly an aeroelastic phenome-
non because the airloads are very nearly independent of the unsteady

motion.

The vortex shedding mechanism is strongly
a function of Reynolds Number (RN). In the region of low RN, vortices
are produced in a regular discrefe manner. As RN is increased, the
resulting turbulence causes the process to becéme more random in nature
(See References A and B). Reference B is concerned with this problem

in the "supercritical' range of RN (RN = 500,000).

Reynolds numbers experienced by Sea Dragon,
when expressed as a function of velocity, can be written
R.N. =p—;’f1— 478,000 V

where L = air density = .00238 1b sec2/ft4
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.373 x 107%1b sec/ft?

%

d

air viscosity

body diameter 75.0 £t

Assuming, for example, a velocity of 50 ft/sec gives RN = 23,§00,000,

which is in thé supercritical region. In Reference B, it is shown that
most of the'energy in the_wake is concentrated inlthe region of nondi-
mensional frequency, S = = 0.1, where T = vortex period.

- 750

‘ Thus T = S

4o 2

Assuming that appreciable forces can be experienced only for velocities
above 10 ft/sec, the range of significant periods up to a velocity of

50 ft/sec is then 15 < T =75 seconds.

The periods of body bending oscillations
are much smaller than those noted above. The natural pitching period,
however, is around 30 sec, and rigid body pitching will thus be excited

by vortex shedding.
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To obtain an order-of-magnitude estimate
of pitching response, the torque is written
: 2.1 N 2
= = 1 . =
T=EL = 30V schl = 1070V

lift coefficient = 0.3 (See Reference B)

(@]
]

exposed area = 15,000 ft2

2
]

=

moment arm = 200 ft
For' T = 30 (pitching resonance) U= 25 ft/sec, T = 670,000 ft lbs.
Assuming a pitch inertia of.lOlo slug ft2 and a gain of 20 at resonance,

the angular response is

T2

(2772

Omax =K

=.0306 rad. = 1.75 degrees

Hl'ﬂ

On the basis of this crude analysis, it
is concluded that the pitching response caused by vortex shedding could

be a significant factor in launching dynamics.

References

Reference A: Roshko, A, "On the Development of Turbulent Wakes from
Vortex Shedding', NASA TN 2913, March 1953,

Reference B: Fung, Y. C., "Fluctuating Lift and Drag Acting on a Cylin-

der in a Flow at Supercritical Reynolds Numbers', Presented
at IAS 28th annual meeting, New York, N.Y., January 1960.
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(2) Vortex Shedding Causedhby Wave Action

In this section, the possibility of vortex
shedding on the erected vehicle caused by wave action is investigated.
It is known that failures of cylindrical columns have occurred because

of vortex shedding.

The authors of Reference A discuss the
problem of wave-created vortices. They conclude that vortex shedding
is possible only if the following condition is satisfied:

T
U max -
—_—— =25 = TC . (l)
r

Unax = maximum particle velocity
TC = characteristic period
T = wave period
r = radius of cylinder

The maximum velocity in deep water can be written:
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where L = wave length, H = wave height (See Appendix II-21). An ap-
proximate relationship between wave length and period is given in Refer-
ence B as

L = 3.412 (L in feet, T in seconds) (3)

Combining expressions (1), (2), and (3)

yields:
HAN/—9 Z 25 4
T ﬁ\z X 3.4 ‘ )
Using = 37.5 ft and g = 32.2 ft/sec2, one finds H = 241 ft for vortex

shedding to take place. This is highly unlikely, and it is concluded
that the Sea Dragon vehicle will not experience difficulty due to wave

vortex shedding.

References .

Reference A: Nolan, W.C. and Honsinger, V. C., "Wave-Induced Vibration
of Offshore structures', paper. presented to the Society
of Naval Architects and Marine Engineers Gulf Section,

14 September, 1962. ‘

Reference B: Observing and Forecasting Ocean Waves, USN Hydrographic
Office Publication No. 603.
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c. Propellant Sloshing During Prefire

It is not expected that propellapt sloshing.
will be a problem when the Sea Dragon vehicle islin the prelaunch condi-
tion. Thebvibration excitation is predominantlyvlow frequency per-
turbations. caused by wave action and the vehicle buoyant "heaving" méde;
- The frequency of the buoyant mode is approximately 0.06 cps, which is>
well below the lowest sloshing frequency of 0.520 cps for the prelaunch
.condition (assuming 5% ullage). Even if the sloshing modes are excited
because of some transient disturbance, the sloshing mass (Equivalent
sprung mass) is small for the nearly full condition. This is true be-
cause fluid motion is limited at the free surface because of the re-

stricted boundary at the top of each tank.

7. Launch Condition

This section is concerned with dynamic loads experi-

enced by the vehicle during launching caused by wave action,AWind,vand
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propellant sloshing. A second major concern in "launch dispersion"
(motions of the vehicle at the time it leaves the water) caused by the
wind and sea environment, thrust misalignment, and initial motions or

displacements.
a. Launch Dispersion

The motions of the Sea Dragon vehicle at the
time that the nozzle exit clears the water surface ("launch dispersions')
must be determined to evaluate their effect on thrust vector control re-

quirements and on the atmospheric trajectory.

The equations of motion ASed to determine launch
dispersion are derivéd in Apéendix I1-21. Four degrees of freedom are
allowed the vehicle: t}., vertical translation: Xf,.horizontal trans-
lation: 61, pitch angle: and § , the generalized coordinate of the

first bending mode.
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Several sources of dispersion are investigated.
The effects of impinging waves corresponding to environments encountered
in Sea States 5 and 6 are determined; rather severe sea conditions are
assumed to find a ''worst'" case. Wind and thrust misalignment dispersions

are also evaluated.

The values of physical constants used in this

‘study are listed below: Refer to Appendix II-21 for definition of the

symbols:
R = 234 £t ¢ = 1.0
L= 61 £t Lo = 234 £4
L= 502 £t tg = 3.0 sec
&~ 119 ft Mg = .624 x 10° slugs
= 37.5 ft “m = 1.240 x 10° slugs
A= 1000 £t §, = 0.550 x 10% st
= 49.0 x 10> slugs T = 1.178 x 10%° siug £12

’k'B= 7.85 x 10° 1b/ft
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dered:
Sea State 5
L =61.4 £t
- Sea State 6
L= 107.5 ft

L= 1275 ft

(1)

Dispersion Caused by Sea State

The following sea conditions are consi-

H =5.0 ft
H =9.15 ft
H = 9.15 ft

The displacements and rates in X, 9 , and E are tabulated below for

each of these cases at the time the nozzle

X (ft)
X (ft/sec)
0 (deg)

@ (deg/sec)

£ (£1)

g(ft/sec)

-17.99

-15.41

-.036

.151
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exit clears the water.

9.15 ft H =
107.5 ft A=

H
L
-25.25
-14.16

4.55
2.22

-.2004

.5601

9.15 £t
1275 £t

-10.92

-12.26

2.178

2.15

-.0411

-.169
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(2) Dispersion Caused by Thrust Misalignment

A maximum angle of thrust misalignment of

o . . s . . . . .
0.25" is assumed. This condition gives rise to the following dispersion

values:

X -5.81 ft 6= 1.56°

X = -8.48 ft/sec 9 = 1.70°%/sec

-0.0178 £t

-0.1009 ft/sec

Uy, Uy
: it

(3) Dispersion Caused by Initial Conditions

- The dispersion caused by initial pitching
and heaving motion of the vehicle and caused by the sea state are found
to.be very small. The pitching frequency is so low that resonance is
not encountered for the relatively high exciting frequenéies associgted_
with the sea conditions under consideration. Thus the pitching re-
sponse is negligible. Heaving resonances can be excited in Sea Stage

No. 6. Results were obtained for the initial conditionsﬁjr(O) = -16.0
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ft and’%&O) = -6:21 ft/sec. Resulting dispersions were found to be very

small.

The effect of wind is also contained in
this section. A wind velocity of 33 knots giQes rise to an initial
leaning angle of 1.30°. Resulting dispersions are:

X = -8l.48 ft O=s5.766°

X= -21.30 ft/sec 6= 1.17%sec

-0.1348 £t

vy, Urry.
]

-0.811 ft/sec
(4) Combined Effects, Launch Dynamics
The combined effects of sea condition,

wind, and thrust misalignment on launch dispersion are listed below.

Thrust misalignment ofv0.25o and wind velocity of 33 knots are used.

Sea State No. 5, H = 5.0 ft, L = 6li4 ft
= -81.04 ft B=5.58°
= -20.68 ft/sec 6= 1.00%sec
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§= -0.1207 ft

-0988 ft/sec

Ury.
il

Sea State No. 6, H = 9.15 ft, L = 107.5 ft
X = -80.52 ft g=5.66°
X= -20.41 ft/sec f=1.02°/sec

-0.1238 ft

Uy
il

-1.023 ft/sec

vy
]

Sea State No. 6, H = 9.15 ft, L = 1,275 ft
X= -81.57 ft 6= 5.82°
X= -21.41 ft/sec 9= 1.23%/sec
£=-0.1313 £t
I3 |
§ = -~1.221 ft/sec

Note that in some cases the combined effects of thrust misalignment,

etc, are more severe than are the individual contributions.
b. Propellant Sloshing During Launch

At the instant of engine firing there is.a
suddenly applied pitching moment caused by an initial.thrust misalign-

ment. The transient nature of the moment will excite the fundamental
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and many of the higher antisymmetric sloshing modes in all propellant
tanks. However, because of the nearly full condition, the sloshing

mass (equivalent sprung mass) is small and its effect on the vehicle
will be slight. As the vehicle breaks the water at approximately t =

5 sec, the predominate excitation is caused by:a structural'bending ﬁodé
at about 2 cps, which tendg to excite the fiftﬁ and sixth sloshing modes
in all tanks. Since the sloshing mass, and thus the sloshing forée, is
very small for modes higher than the third, theie seems to be no seri-
ous structural or dynamic stability problems during tﬁe launching mode

of operation.

The propellant acoustic modes (standing wave
effect) may be excited by resonant burning during launch and should be
investigated in some detail. The fundamental acoustic frequency for a

propellant tank with large ullage at top is given by the formula,

f = a
&  7n

where a is the velocity of sound for the propellant and h is the height
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of the propellant. Rough calculations show that the acoustic frequency
is in the fange of from 10 to 20 cps for the Sea Dragon vehicle. Further

work should be done to investigate the effect of the compressibility of

the propellant upon the longitudinal mode of the vehicle. The possibili-

ty of these pressure fluctuations coupling with the thrust oscillations

of the engine should also be determined.
c. Launch Dynamic Loads

The bending moments induced in the Sea Dragon
vehicle during launch are calculated in this section. These results

are a by-prOduét of the launch dispersion study of Section V, B, 7, a.

The first body bending mode is included in the
launch dynamics equations. The model analysis indicates that the maxi-
mum bending momeﬁt due to body bending occurs at Station 294. The maxi-
mum bending moment per unit deflection in 6 is found fo be

M = 9.702 x 108 ft-1b/st

4t
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The stress at Station 294 is thus

4T =M L = 741 x 103 psi/ft
dg dg, I

where 4 is the vehicle radius and IA is the area moment of inertia at

‘Station 294 (steel is assumed as a structural material).

The maxiﬁum-yalue of £ encountered in the launch
dispersion studies was 5 = 0.2,076 ft. For this condition |
M =2.015 x 10% £t 1b
0= 15,380 psi
This moment will be easily reacted by internal pressure; it is thus

concluded that dynamic loads at launch will not design the structure.

8. . Flight Loads

With the wind profile data from Section V, B, 2, b
and the basic Sea Dragon ascent trajectory the aerodynamic loads were

computed. For the maximum dynamic pressure conditions, an angle of
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attack of 4° was calculated. With the calculated center of pressure
location at 126 ft from the nose a thrust-vector gimbal angle of 16

was found to bé required to balance the overturning moment.v Figure
V-B-19 shows the resultant body bending moment for this condition. The

6 ft-1b occurs at the interstage area.

maximum moment of 120 x 10
The remaining-major loads in flight are axial loads
encountered during first-stage burnout (4.2g). This condition, insofar
as the propellant tanks are conéerned, presents the maximum loading con-
dition, Ihe axial load on the first stage tanks is in the orderiof 3
times the equivalent axial load during erection. The internal tank

pressure required to resist this burnout load is approximately 80 psi.

9. Impact Dynamic Loads

The dynamic response of the first stage structure to

impact loads at re-entry is calculated in this section.
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a. Impact Loads, Normal Entry

The dynamic response of the first-stage of the
vehicle at water entry is evaluated in this section. A rather compleis

analysis of the dynamic system is included in Appendix II-22.

The compliance of the gimbal ball has been cou-
pﬁted to determine its influence on system response at impact. The
stiffness of the ball in compression was found to be 68.4 x 108 1b/ft
while the stiffness in tension was found to be 30.7 x 108 l1b/ft. The
resonant frequency of a mass-spring-mass system comprised of the gimbal
ball, motor, and tank (using the tension Spring)fis roughly 62.7_cps.'
This frequency is high in comparison with the lohgitudinal mode frequency
of the vehicle (33.1 cps). It is therefore concluded that the gimbal

spring does not play an important role in the dynamic response.
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The response of the first longitudinal mode of

the first-stage structure is expressed by

ot g

my

5 = generalized coordinate, longitudinal mode.
m, = generalized mass, longitudinal mode.

w, = natural frequency, longitudinal mode.

Fy impact force.

¢IJ = modal displacement at the nose cone.
The force induced in the structure at:any point n by elastic deformation
is '
= EA (T )5__Jé (n )

d
F(m an

o
]

Young's Modulus
A = cross~sectional area
99 = modal slope atT?
d7|

The acceleration response (rigid body and elastic) is simply

a(m) =5<'f¢tn)é
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where¢(n)is the normalized modeshape. Since the modeshape is normalized

to unity at the nose, the acceleration at that point is 6:.

The force-time histories of 300 ft/sec and 600
ft/sec impact velocitiesAare given in Figure V-B-éo. These curves are
based on results of water impact tests; The rise time for the 600 ft/
sec impact velocity is approximately 0.050 sec; the natural period 6f
the longitudinal mode is 0.030 sec. Appreciable dynamic respdnse can
occur only if the rise time of FN is approximatgly one fourth of the
natural ﬁeriod of the longitudinal modé. Some dynamic response is
thus anticipated for tﬁe 600 ft/sec impact velocity. The rise time for
the 300 ft/sec impact force is rouéhly 0.120 sec; thus, large dynamic

amplification is not expected.

The response of the longitudinal mode to the
)
600 ft/sec impact force is shown in Figure V-B-21. The rigid body and
total accelerations are also given. Note that the dynamic overshoot

causes a maximum acceleration at the nose of the vehicle, which is

93% larger than the rigid body value.
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These results are based on a half-cone angle of

el

8]
30 and total vehicle mass of 0.9662 x lO4 slugs.

Compressive forces induced at the nose-to-cylin-
der attachment point and at the gimbal causea by rigid body decele-
ration and due to elastic deformation are showﬁ in Figure V;B-22. Per-
cent increases in maximum dynamic load due to the response of the longi-
tudinal mode are:

at nose-to-cylinder intersection, \F = 70%

at gimbal, AF = 57%

Again it is pointed out that the amplification
{
of loads caused by 300 ft/sec impact will:be very small due to the

much longer rise time.

10. Special Aeroelastic Effects

Included in this section are discussions of special

aeroelastic problems pertaining to Sea Dragon operation. The problem

~ Page V B-50



Report No. LRP 297, Volume II

AEROJET-GENERAL CORPORATION

V, B, Vehicle Loads and Dynamics (cont.)

of flutter of the nozzle structures is dealt with in some detail. A
discussion of the possibility of generating oscillatory side loads on

the first-stage nozzle during the underwater trajectory is also included.
a. Nozzle Flutter

A qualitative study of the flutter possibilities
of the large first-stage DelLaval nozgle has been carried to mathematical
formulation of some parts of the p:oblem. Flutter of such structures
in smaller sizes has been observed during operation wifh overexpanded

flow conditions.

Of particular interest are the nozzle bell modes
and the several phases of flight conditions which may excite them. How-
ever, other modes such as those in bending, pitching and longitudinal-"
motion require.similar attention. The problem is further complicated
by the thermal effects which may substantially alter the elastic proper-
ties and stress levels during the flight phase. None of these possibi-

lities have been examined to a point where conclusions can be reached.
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b. Oscillatory Side Loads

The critical regime for nozzle flow separation
occurs during the underwater portion of the engine operation. While
under water the nozzle experiences'bgck pressures substantially above
those found during ordinary engine operation, so that a nozzle designed
for above water operation will undoubtedly experience flow separation

while operating underwater.

One of the criteria used in predicting flow
separation is the ratio of chamber pressure (P_.) to ambient pressure

(P This ratio varies from about 2 at ignition (300 feet below the

a)-
Water surface) to a value of 20 at the water surface. Available data

indicate that for P_./P,> 10 the separation phenomena is reasonably

predictable and also reasonably stable and symmetrical.

Small oscillations in the separation point
may couple with some part of the structure to produce a resonating
condition. However, as the vehicle is ascénding, the point of separa-

tion will be continually moving towards the nozzle exit, so that in all
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. likelihood the nozzle will only pass through a point of resonance rather
than continually operate at such a point. There is a possibility that,
because of the low natural .irequéncies fo;nd in a vehicle of Sea Dragon
size, a transient resonant condition such as the one just described may

almost be passed by unnoticed.

The region of operation with Pc/Pa<:10 may be
somewhat serious. During this time the vehicle will not be moving as
rapidly as at the time when P./P, =10, so the period of time in which

coupling might occur is greater.

Tests on small nozzles at P_/P, <10 have in-

- dicated that with these pressure ratios the separation phenomena may

be both unstable and unsymmetrical. In addition, separation deep with-
in a nozzle (as may be expected with Pc/?a:< 10) has been found to be
erratic, primarily because of the ejector action of the gas jet in pro-
ducing rapid pressure fluctuations in fhe sepgrated region of the

nozzle.
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There may be some Question as to the strict
applicability of the above results to Sea Dragon. Separation in nozzles
is primarily produced by boundary layer interactions, so that the condi-
tion of the boundary layer has a pronounced influence on the character
of the separation phenomena. A gas stream with a fully developed tur-
bulenf boundary layer does not separate as easily and separates more

"stably than one with a laminary or transition boundary layer.

Because of the small size of the test nozzles,
some of the instability of separation may have been associated with the
boundary layer condition and was not necessarily a result of the low
value of PC/Pa. There is no doubt that Séa Dragon will have a fully
~ developed turbulent boundary layer at the point of separation and thus

will tend to separate more stably.
A solution to the problems associated with the

unsymmetfical loads resulting from flow separation is complex. Flow

separation itself can be prevented by placing a plug in the nozzle to
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prevent over-expansion. Nonsymmetrical separation can be prevented by
use of a separation inducing ring. If the final design allqws free
nozzle flow and separation, an attempt must be made to define the char-
acteristic frequencies of the oscillating side loads and the nozzle
designed such that nozzle bell mode or bending mode resonances do not

fall at these frequencies.

11. Propellant Sloshing

a. Analysis of Slosh Natural Frequencies

A preliminary analysis has beenAperformed to
determine the first three antisymmetric modes for the natural sloshing
frequencies of the propellant tanks in both stages of the Sea Dragon
vehicle. This analysisiis bfiefly explained in Appendix II-23. The
results are presented in Figures V-5-23, 24, 25 and 26 as plots of
the dimensiopless frequency,.JdIﬁZh;, versus the fullness ratio, h/ro.

Therefore, the sloshing natural frequencies for the first three modes
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may be found if the depth of fluid and the acceleration of the vehicle

is known at any instant in time.

For example, during the first instant of firing,
assuming a 5% ullage in all propellant tanks and an accelleration of 2
g the natural frequencies may be determined. Using figures V-B-23, 24,

25 and 26, a simple calculation shows the natural frequencies to be:

Slosh Natural Frequencies at.t = .1 sec
£ (cps)  §,(cps) 5 (cps)
First-Stage LO, Tank 0.631 1.07 1.27
First-Stage RP-1 Tank 0.520 1.07 1.67
Second Stage LO, Tank 0.520 1.07 1.67
Second Stage LH2 Tank 0.520 1.01 1.27

At t-33 sec, the acceleration is 2.75 g and
the fullness ratio is approximately 0.55 for the first-stage oxidizer

‘tank, 0.50 for the first-stage fuel tank, 0.64 for the second-stage
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oxidizer tank, and 2.4 for the second-stage fuel tank.*

Slosh Natural Frequencies at t = 33 sec

ﬂ (cps) S {cps) Qa( cps)
First-Stage LO, Tank 0.278 0.566 0.703
First-Stage RP-1 Tank O.266 0.533 0.706
- Second-Stage LO, Tank .0.609 .1.25 ‘ 1.95
Second-Stage LH, Tank 0.609 1.18 1.49
b. .General Discussion of‘Propellant Sloshing

The sfébility of a missile that is controlled
by an éutopilot control system depends.on many parameters; such as
bending frequency, natural slosh.frequency, ratio of propellant mass
to total vehicle mass, control frequency, tontrol system damping and

gain, and the types and location of the vehicle attitude sensors.

*Note that because of disimilar tank shapes, the numerical value of
the fullness ratio is not an indication of fluid utilization. 1In
Appendix II-23 this seeming anomaly is clarified..
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The interaction of the elastic missile fuselage, feedback control system,
and liquid propellant may load.to an unstable mode of operation for
any rocket vehicle with a liquid propellant under certain dynamic con-

ditions.

To minimize the effects of the propellant oscil-
l;tions, several methods may be employed. The proposed method is the
introduction of annular baffles, rigidly attached to the tank walls, to
disturb the flow near the free surface and create enoughlturbulence to
provide damping. Another slosh suppression device consists of covering
the surface of the liquid with floating cans to inhibit the free sur-
face oscillations.. A very effegtive method to prevent the coupling
of the sloshing natural frequencies and control frequency is to divide
the propellant tank into several longitudinal subtanks by means of a
system of bulkheads. The_compartmentéd tank then consists of several
slender tanks, thus increasing the natural slosh frequencies. Besides
increasing the natural frequenciés, this method effectively reduces
the sloshing mass (the equivélent sprung mass), thereby reducing the

propellant sloshing forces acting on .the system during resonance.
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If annular ring baffles are used, as the present
design indicates, the optimum configuration»and location should be de-
termined. The damping due to a ring baffle has been shown analytically
(Reference ‘A), and experimentelly (Reference B) to decrease withvthe
depth of the baffle below the surface. The baffle location necessary
for substantial damping is limited to a narrow range below the surface
so that the optimum spacing of the baffles is dependent on the critical
‘depths of tbe liquid; i;e., the depth of fluid resulting in a resonant
frequency or a condition demanding an increase in damping.

Reference A: "Ring Damping of Free Surface Oscillations in a Circular

Tank'", Miles, Journal of Applied Mechanics, Vol.25, No. 2,

Reference B: "Experimental Investigation of the Damping of Liquid
Oscillations in Cylindrical Tanks with Various Baffles'",
Silveira, NASA TN-D-715.
12. - Acoustics

a. Introduction

The first-stage engine will produce the most
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severe acoustic environment that is experienced by the Sea Dragon vehi-
cle and the ground support equipment. Noise'generated during the tow-
ing operation and aerodynamic turbulence during the atmospheric mode of
flight will contribute to this environment. The high intensity noise
that is produced by the first-stage engine subjects the surface of the
vehicle to sound pressure levels in fhe order of 180 db (re: .0002
dynes/cmz) during the initial few secondé of engine firing. 'Aerqdynamic'
tﬁrbulence and towing noise to levels of 150 db will constitute the
longest duration excitation of the vehicle structure. Apﬁendix II—24
reports an investigation of each of the acoustic noise sources with re-
spect to the excitatioﬁ qf various modes of structural vibration. The
appendix'deécribes the method of ndise generation and magnitude of the
éound.pressure levels, and indicates the relétive response of the

structure.
b. Acoustic Environment

The primary sources of acoustic environment

are the first-stage rocket engine during boost phase, the noise of
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turbulence during vehicle towing, and aerodynamic pressure fluctuations
during flight at high dynamic pressures. The relative magnitude, fre-
quency, duration, and characteristics of the noise caused by the various
sources are presented in Table V-B-1. The near field sound level that
is experienced by the expéndable Séa Dragon, dﬁring the effective life
of the yehiclé, is illustrated by Figure V-B-27, which shows the pre-
dicted bvérall sound levels at a forwaré vehicle position versus timé.
Figure V-B-28 plots the contours of.tﬁe near field sound pressufes;dur-
ing launch and illustrates the interaction of the high velocity jet
stream éﬁd_the qﬁiesceht fluid medium. The hoise levels caused by the
rocket engine will be reduced as the vehicle gains velocity so thaé
the sound pressures are méximum‘during the first few seconds of fifing.
In particular, the levels created at launch and those experienced by
Jthe vehicle at high subsonic'speeds wiil be in the order of 175 db to
185 db. The far field noise will be propagated over large distances

‘ )
as the result of the predominance of the low frequencies in the rocket
noise; causing sound levels of 140 to 160 db to be received 10-15 mi

from launch position for a duration of about one min.
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" C. Structural Response

Noise produced during launch will excite the
Sea Dragon air frame vibration modes, generating vibrational acéelér—
ations to 10 to 15g rms. Towing noise and aerodynamic turbulence will
generate a lower level excitation for‘a 1ongef duration. If correlation
of the turbulence exists between the excitation and structural re-
sponse, the vibration ampiitudes could'be amplified extensively. The
use of.highly damped materials is thﬁs recommended fo reduce the possi-

bility of the fatigue caused by highly amplified flexural vibrations.
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