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Phase 111 of Project Wish saw the evolution of the Emerald City (E-City) from a collection

of specialized independent analyses and ideas to a working structural design integrated with major

support systems and analyses. Emphasis was placed on comparing and contrasting the closed and
open cycle gas core nuclear rocket engines to further determine the optimum propulsive system for
the E-City. Power and thermal control requirements were then defined and the question of how to
meet these requirements was addressed. Software was developed to automate the mission/system/
configuration analysis so changes dictated by various subsystem constraints could be managed
efficiently and analyzed interactively. In addition, the liquid hydrogen propellant tank was
statically designed for minimum mass and shape optimization using a finite element modeling
package called SDRC I-DEAS while spoke and shaft cross-sectional areas were optimized on
ASTROS (Automated Structural Optimization System). A structural dynamic analysis also
conducted using ASTROS enabled a study of the displacements, accelerations, modes and
frequencies of the E-City. Finally, the attitude control system design began with an initial mass

moment of inertia analysis and was then designed and optimized using linear quadratic regulator

control theory.
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FOREWORD

The work presented in this report represents the third and last phase of a 3-year advanced
space design project for a “Permanently Manned Autonomous Space Oasis (PEMASO).” The
design has evolved over the three years 1989-1992. This year’s work was built upon the efforts of
the previous two years and addressed more rigorously the propulsion, thermal and power,
structural and attitude control system designs. Along with these subdisciplines, other
subdisciplines pertinent to the project such as communication systems, life support systems and
orbital mechanics were studied during Phase I (1989-90) and Phase II (1990-91). Specifically,
orbital mechanics has received extensive attention in Phase II. Phase III (1991-92) revisited the
subdisciplines which were decided to be thé major design drivers based on the previous years’
work and did not address other subdisciplines which in the final analysis would only be minor
players for a project of such scope. Indeed, as this report will indicate propulsion, thermal and
power, structural and attitude control are the disciplines that govern the enormous orders of
magnitude of the design variables consistent with the size of PEMASO. The overall design is far

less sensitive to variations in other subdisciplines not covered in Phase III.

Dr. Hayrani Oz, July 1992




TABLE OF CONTENTS

DESIGN TEAM

ABSTRACT

EMERALD CITY CONFIGURATION
ACKNOWLEDGEMENTS

FOREWORD

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

OSU ADVANCED SPACE DESIGN FLOWCHART

INTRODUCTION
1.0 INTRODUCTION
1.1 PROJECT BACKGROUND
1.2 OVERVIEW

PROPULSION SYSTEM

2.0 INTRODUCTION

2.1 THE SRGCNR AND NLB ENGINES
2.1.1 The Open-cycle (SRGCNR) Engine
2.1.2 The Closed-cycle (NLB) Engine
2.1.3 Evaluation of the NLB and Open-cycle Engines

2.2 ANALYSIS
2.2.1 Goals
2.2.2 Data
2.2.3 Method of Analysis

2.3 RESULTS AND CONCLUSIONS

MISSION, SYSTEM, AND CONFIGURATION ANALYSIS
3.0 INTRODUCTION
3.1 MISSION PROFILE
3.2 SYSTEM PARAMETERS
3.3 EMERALD CITY CONFIGURATION
3.4 TANK LOADS
3.5 NUMBER OF TANKS

STATIC AND DYNAMIC STRUCTURAL ANALYSIS
4.1 STATIC STRUCTURE
4.1.0 Introduction
4.1.1 Propellant Tanks
Initial Assumptions
2-D Modeling
3-D Modeling
3-D Modeling with Spar
Analysis of Spherical Tank
4.1.3 Torus
4.1.4 Cosmic Radiation Shield
4.1.5 Spokes
4.1.6 Shaft
4.1.7 Conclusions
Vi

Page

i
i
v
vi
ix
Xi
xii

UGN
B —

WWLLWWW NN NNNRR
= = 00 00 NWLWNN
[0% \V]

o N NIF I P

ARPARAALADAS
DD = == BN s

i
[N )
w




4.2 STRUCTURAL DYNAMICS
4.2.0 Introduction
4.2.1 Finite Element Model
4.2.2 Design Modeling
4.2.3 Structural Optimization
4.2.4 Structural Dynamic Analysis
4.2.5 Axial Dynamics
4.2.6 Conclusion

ATTITUDE CONTROL SYSTEM DESIGN

5.0 INTRODUCTION

5.1 MASS MOMENT OF INERTIA (MMI) ANALYSIS
1.1 Introduction
.2 MMI Background
3 Goals of MMI Analysis
4 MMI Procedure
5 MMI Analysis
6 Discussion of MMI Analysis
5.2 ATTITUDE CONTROL DESIGN

5.2.1 Analysis Background

5.2.2 State Feedback Control Design
5.2.3 Attitude Control Power Required
5.2.4
5.2.5
5.2

5.

5.1
5.1
5.1
5.1
5.1

.

Attitude Control Propellant Required
Determination of Torus Acceleration
6 Attitude Control Thruster Configuration
5.2.7 Attitude Control System Optimization Process
5.3 CONCLUSION

POWER AND THERMAL CONTROL SYSTEMS
6.0 INTRODUCTION
6.1 THE POWER SYSTEM
6.1.1 General Considerations
Phase I Preliminary Power System
The Fission Reaction
Power Budget
6.1.2 Phase III Power System
6.1.3 Phase III Ship Configuration and Operating Modes
6.2 THERMAL CONTROL SYSTEMS
6.2.1 Passive Thermal Control
Requirements and Guidelines
Insulation Materials
6.2.2 Active Thermal Control
6.2.3 Analysis
6.3 Conclusions and Future Work

FINAL CONFIGURATION OF THE EMERALD CITY

APPENDIX A
PROGRAM NLB.FOR
PROGRAM NLBDATA.FOR

APPENDIX B
E-CITY.FOR PROGRAM and DATA

Vil

- 4.26

4.26
4.28
4.28
4.30
4.31
4.32
4.36

Ui hh L i i b v in
O e SN A I S Y 6 Y S QU

N b BN el

Ik e 0 0 LN B LD N e

>> N 0000 RN alORROAn
= OB We O

w
—



- - ENGINES.FOR PROGRAM and DATA -
NUM.TANK PROGRAM and DATA
ROTPRESS.FOR PROGRAM and DATA
TANKPRESS.FOR PROGRAM and DATA
I-TANK.FOR and DATA

APPENDIX C
ASTROS BULK DATA CARDS USED
SAMPLE ASTROS INPUT FILE - OPTIMIZATION
SAMPLE ASTROS INPUT FILE - ANALYSIS

DERIVATION OF ao, ACCELERATION DUE TO THRUSTING

APPENDIX D
MASS MOMENTS OF INERTIA PROGRAM

APPENDIX E
ATTITUDE CONTROL SYSTEM DESIGN PROGRAMS
PROGRAM control.m '
PROGRAM accel2.m
PROGRAM cross.m

APPENDIX F
PROGRAM RADIATOR
PROGRAM HEAT.FOR

REFERENCES

viii

oo B2

B.15
B.17
B.20
B.22

0000
— N =

O
Y

[T {7t £
VB i



=
-1

Figure

oo\IO\U\:p-L)E\J;—\E\J;—AS 000 ~J OB W=

SN NANNE AR R RERARERARELERARRRERRARARARALLN NNNNNNNNN
N OOV A LN-O

o R VR TR S PR S O S SIS IR Y

~ LIST OF FIGURES

Nominal Orbit of the Emerald City ‘

Conceptual Sketch of the SRGCNR Engine

Thrust Chamber, and Basic Engine Configuration

Side View of Complete Reference Nuclear Light Bulb Engine
Engine Thrust vs. Radiating Temperature

Specific Impulse vs. Radiating Temperature

Hydrogen Propellant Flow Rate vs. Radiating Temperature
Thrust-to-Weight Ratio vs. Radiating Temperature

Hydrogen Flow Rate Curve Fit

Iy as a function of Chamber Pressure

“Two Curve Fit” Approximation for T/W Ratio

Mass Moments of Inertia vs. Aspect Ratio

Hydrodynamic Behavior

2-D Stress Contour, AR=6

2-D Stress Contour, AR=4

2-D Stress Contour, AR=2

2-D Stress Contour, AR=1

2-D Stress Contour, Spherical Wall Thickness Optimization
3-D Stress Contour, Thickness = 64

3-D Stress Contour, Thickness = 27.43

3-D Stress Contour, Thrusting and t = 27.43

Displacement of t = 27.43 Tank with Thrusting

3-D Stress Contour with Spar

Cross Section Stress Contour of Sphere; Initial Accel.; Node 1
Displacement ot Spherical Tank; Initial Accel.; Node 1
Spherical Cross Section Contour; Node 4 Support, Initial Accel.
Displacements of Spherical Tank; Node 4 Support, Initial Accel.
Cross Section Stress Contour; Node 4 Support; Burnout Accel.
Finite Element Model from PATRAN

Mode 16, Symmetric: Rigid Torus

Mode 17, Anti-Symmetric: Ruffle Torus

Mode 22, Anti-Symmetric: Shaft Axial

Elastic Displacement and Acceleration for Grid Point 25

Elastic Displacement and Acceleration for Grid Point 1

Elastic Displacement and Acceleration for Grid Point 7
Configuration #1 (cylindrical tank)

Configuration #2 (1 spherical tank)

Configuration #3 (2 spherical tanks)

Iy = Iy -vs- Pole Length

[, -vs- Pole Length
R1=1 -vs- Pole Length
R2 = Ixspn /Iy -vs- Pole Length

Power Spectrum - Prms vs. Number of Clusters
Open Loop Response due to an Initial Disturbance

zspn /x

iX

Page No.

PWRLPPLOO

AALAAARARRARAALLIN NNNNNNNNNS
[\J»—u—u—w—w—n—-x\ooo\]o\u\o\u: P bk ped e L0 N W0

OO WN NN

B
NN
LN =




Open Loop Response due to an Asteroid Impact -
Profile of z-acceleration

Profile of Magnitude of Acceleration

Control Settling Time vs. Control Weighting, wc
Control Propellant Mass vs. Control Weighting, wc
Maximum Control Thrust vs. Control Weighting, wc

Closed Loop Response of State Variables 6, and él
Closed Loop Response of State Variables 65 and é2
Open Loop Phase Plot of 61 vs. 65

Closed Loop Phase Plotof 8 vs. 65

Open Loop Phase Plot ofél vs. é2

Closed Loop Phase Plot ofél vs. éz

Rotating Particle Bed Reactor

Typical Fission Reaction

Power Network Diagram

Graph of Skin Temperature vs. Isun

Rotating Bubble Membrane Radiator Cutaway

5.20

5.21
5.21
5.22
5.22
5.23
5.24
5.24
5.25
5.25
5.26

5.26

6.3

o ov o
- O
(U, (V]



=
<
)

N =
N

[\)

COOUARARALLLLLNNN N
WP RFUNMREWNFRUBAWN S OBRAL T

LIST OF TABLES

Page No.

Envisioned Time Line for Project WISH
Summary of Design Variables for Saturn Envelope and Mars Missions
Comparison of Isp’ Thrust, and Engine Mass for the NLB

and SRGCNR Engines

Thrust, Engine Mass, and Thrust-to-Weight Ratio for the NLB
and SRGCNR Engines

Data for Seven NLB Engines

Comparison of NLB Engine Parameters at 10000 K
Comparison of NLB Engine Parameters at 20000 K

Input Variables for Program ECITY.FOR

Minimum Wall Thickness for Different Tank Geometries
Minimum Wall Thickness in a Rotating, Pressurized Tark e
Radial Acceleration for Different Tanks

Tank Mass and Area Comparison

Comparison of Tank Aspect Ratio to Maximum Principle Stress
Optimization Results of Bar Elements

Optimization Results of Masses

Non-Optimized Mode Data

Optimized Mode Data

Attitude Control System Design Results

Power Budget '

Insulation Properties

Active Thermal Control System Design Parameters

for Phase II Start-up Case

—
[0, 8

.p.\]o\anNH'—‘.\obo o))
L in

= L) LWL
NALANN-O

O QOUNBAARAALLLLLNNNND ©
no

—
w

xi




TIX

Propulsion

Power

Orbital
Mechanics

Static
Structure

FDL. WPAFB
ASTROS

OSU ADVANCED SPACE DESIGN

NASA
LEWIS IDEAS

MATLAB

Passive |:
Technical T}?esrsrlj:ael ;

Reports

Control

Graphics | - Mass

Moments
of Inertial

Graphics |

VAX
. System

Structural
Optimization

Structural
Dynamics

Attitude
Control

System Active
Parameters Thermal
Control




" CHAPTER 1
INTRODUCTION AND PROJECT BACKGROUND

1.0 INTRODUCTION

It’s the year 2050 and the world breathlessly awaits the unveiling of the Emerald City. The
culmination of years of painstaking design, analysis, testing, and construction are about to come to
an end. Once thought to be too conceptual in nature, the Emerald City now stands majestically
before all, keeping the United States of America the forerunner in space exploration‘ and
technology. The last frontier is about to be explored.

Martians and Lunarians are on stand-by as the Emerald City completes it’s final systems
check and prepares to leave it’s position at L-5. The innerplanetary satellite network broadcasts
this historic event live. “10 9 8 7 6 5 4 3 2 1..All systems are Go!...We have
successful main engine start...E-City 1 Mission to Saturn is off!”

In the year 1992, time was spent rehashing the blueprints, finetuning the details, and
checking the results, again and again. Accuracy was of utmost irﬁportance. Let us not tarry as we
look into the final design specs and tests that were presented by the final design team. Quick, the

Emerald City is about to be unveiled...

1.1 PROJECT BACKGROUND

Project WISH, a three year advanced design project at the Ohio State University, began as
a possible follow-up to the current Space Exploration Initiative (SEI) program set forth by
President Bush and NASA. The design entails a Permanently Manned Autonomoué Space Oasis
(PEMASO), designated the Emerald City (E-City), with a mission to support colonization and
exploration efforts throughout the solar system. Home to 1000 colonists, the E-City must have the
capability to re-station itself almost anywhere in the solar system within a transit time of three to
five years. Envisioned to become operational in the year 2050 (see Table 1.1), PEMASO must be
self-sufficient, requiring no additional resources from Earth. At a nominal orbit of 4 AU’s (see
Figure 1.1), the E-City will be in an ideal location to mine the asteroids for natural resources as
well as to obtain hydrogen from Jupiter’s atmosphere.
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~ "Phases I! and 112 of Project Wish established the ground work for Phase IIl and were

conducted during the 1989-1990 and 1990-1991 academic years. Phase I encompassed a general
level study of the major systems required for the E-City while Phase II completed a more in-depth
study into the disciplines of orbital mechanics, propulsion, attitude control, and human factors.
Guidelines were also established for the design of the ship and were used to carry out two

particular missions of interest: a Saturn Envelope mission and an Earth-to-Mars mission (see Table

1.2).

1.2 OVERVIEW
Phase III of Project Wish saw the evolution of the E-City from a collection of specialized

independent analyses and ideas to a working structural design integrated with major support
systems and analyses. Optimization and system integration were key in establishing the final
design parameters. Detailed analyses and studies were conducted in propulsion and power,
mission/system/configuration design, static and dynamic structures, and attitude control.

Due to the hazardous plume radiation problem and high mass penalty associated with the
open- cycle Space Radiating Gas Core Nuclear Rocket Engine (SRGCNR) studied in Phase II of
Project WISH, this year’s analysis of the propulsion system focused on the closed-cycle Gas Core
Nuclear Light Bulb Engine (NLB). Emphasis was placed on Comparing and contrasting the NLB
with the SRGCNR to further determine the optimum propulsive system for the E-City. Power and
thermal control requirements were then defined and the question of how to meet these requirements
was addressed. Software was developed to automate the mission/system/configuration design so
changes dictated by various subsystem constraints could be managed efficiently and designed
interactively. This analysis also studied the hydrodynamic efféct of tank rotation and the possibility
of a dual-spin station as well as the mass and volume penalties/advantages associated with using

additional tanks. In addition, the liquid hydrogen propellant tank was statically designed for

minimum mass and shape optimization using SDRC I-DEAS3 while spoke and shaft cross

sectional areas were optimized on ASTROS*. A structural dynamic analysis also conducted using

ASTROS enabled a study of the natural vibration of the crew quarters and its effect on the

1.2




entire ship design to be completed. Finally, the attitude stability and control system began with an

initial mass moment of inertia analysis (MMI) and was then designed using optimal control theory
via PRO-MATLAB®. The goal was to control the gyroscopic wobble of the station following a

disturbance in a manner that would be acceptable to the crew. This included defining and
optimizing attitude control parameters such as the propellant mass and control power requirements,
number of thrusters, number of thruster clusters, and state and control weighting parameters.

As the configuration and system analyses were optimized, each individual analysis was
updated to remain consistent with the latest results and findings. The following chapters represent
the specifications and design requirements of the E-City as designated by the final Phase III design

team.
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Table 1.1: Envisioned Time Line for Project WISH

s S

1890

1991

1998

1398

2000

2005

2010

2015
2020

2023

2028

2030

President Bush announces Mars Initiative to reach
the Red Planet in 30 years.

NASA presents a program to send sensing probes
throughout the solar system. Projects include the

return to the inner solar system, exploration of
the asteroid belt, and further missions to the

outer planets.
Space Station Freedom becomes operational.

Heavy Lift Launch Vehicle makes its maiden
flight.

Construction begins on a near-geosynchronous
Earth orbit space station.

U.S. returns to the moon.

Construction begins on the Moon Base.
Maiden flight of National &erospace Plane.

Moon Base becomes fully operational.

First manned mission to Mars.

First living modules constructed on Mars.
Construction begins on Reusable Interplanetary
Ships (R.I.S.) for carrying personnel and cargo.
Mars Base becomes fully operational.

R.I.S.’s becomes operational.

Implementation of Project WISH.

Unmanned probe sent to Alpha Centari.

The Emerald City becomes operational.
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Table 1.2: Summar); of Design Variables for Saturn Envelope and Mars Missions

l

Saturn Mission

Earth to Mars

Sagple 1000 500
AV....; (km/s) 50 12.5
AV, (km/s) - 5.1
AV, (&km/s) - 7.5
T:; (Newtons) 4.4 x 10° 4.4 x 10’
.. (secands) | 5000 5000
S.. ..., (days) 20 11.53
z.., (days) | - 5
t.., (days) - §.53
Jumber of engines 172 33
M., (kg) 1.5 x 10 1 x 10}
... (k) 1.111 z. 10! 7.746 z 10°
. (kg) 4.4376 z L0/ 8.514 z 10°
u (kg) 3.457 x Lo 2.165 x Lo*
o, (kg) 2.658 z 10! 2.947 z 1ot
m, (kg) 4.15 x 10 1.295 z 1o
m / om 0.083 0.167
m / om. 0.639 0.228
V., (m)) "3.742 x 10 4.151 x 10°
T.ai. (@) 100 sQ
B, (m) 1200 528
A (m) 1270 569
R (m) 700 700
T.i. (m) 37 . 26
I. (kg m’) 5.6144 x 10t 3.8061 z lo'!
I, I, (kg mh) 9.9568 x lo'! 2.1731 = ot
c (I./ I.) 0.5563876 1.75154
max/min g-levels 0.8/0.72 0.8/0.74
o (spin rats, rom) 0.99 0.99

1.6




CHAPTER2

PROPULSION

2.0 INTRODUCTION

The propulsion system is perhaps the most challenging of all the design aspects of Project

WISH. As discussed in the Phase 112 report, delta-V’s ranging from 50 to 100 km/sec is a

mission requirement. Achieving such high delta-V’s is no easy task, and throughout the three year

period of Project WISH, feasibility studies of several conceptual propulsion systems have been
performed. The Phase il design team had analyzed chemical, nuclear, and anti-matter rocket

engine characteristics before recommending anti-matter as the most probable system. The Phase II
design team, reconsidering that the anti-matter engine was too conceptual in nature for the time
frame of Project WISH, proposed to use a gas-core nuclear rocket engine. Known specifically as
the the space radiated gas-core nuclear rocket (SRGCNR), or open-cycle engine, the Phase 11 team
had hoped that the high specific impulse it generated and projected technological feasibility of this
engine would prove satisfactory to the needs of E-City. However, due to hazardous radiation
- emitted from the exhaust plume and high mass penalty associated with these engines, it was
decided to reconsider once more the system used for main propulsion.

The SRGCNR engine, referred to earlier as the open-cycle engine, was not the only
propulsion system studied by the Phase 1I design team. Another system, known as the closed-
cycle nuclear rocket engine, was also studied by the Phase II team. For reasons that will be
explained in more detail later in the chapter, the closed-cycle engine, also known as the nuclear
light bulb (NLB) engine, showed desirable characteristics, but was not considered an acceptable
propulsion system for Project WISH in Phase II.

This year, the NLB was considered again, and a more detailed feasibility study of the
engine was performed. Using the previous Project WISH reports and information provided by the
NASA Lewis Research Center, it was possible to obtain results for the NLB similar to that of the
Phase II analysis for the open-cycle engine. By direct comparison, the NLB engine proved to be a
more desirable system than the open-cycle engine.
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“Itis the purpose of this chapter to give a brief comparison of the two engines, which will
lead to the feasibility analysis of the NLB engine. From the results, it will be shown that the NLB
engine satisfies the conditions of projected available technology and performance requirements for

E-City.

2.1 THE OPEN-CYCLE AND NUCLEAR LIGHT BULB ENGINES
2.1.1 The Open-Cycle (SRGCNR) Engine
6

Figure 2.1 shows the conceptual sketch of the open-cycle engine®. It consists of a

pressure shell, a moderator, a nozzle, a turbopump, and an external radiator. The open-cycle
engine operates by transmitting thermal radiation, which is generated by fissioning uranium, to
hydrogen propellant, which is then expelled out the nozzle at extremely high speeds. The
advantages to this type of system are the high values of specific impulse that can be obtained. For
the conceptual engine shown in Figure 2.1, the values of specific impulse can range from 2000 to

8000 seconds.

Figure 2.1: Conceptual Sketch of the SRGCNR Engine.
2.2




However, the SRGCNR Hhas iwo detrimental effects, both 6f Which are related. Because the
gaseous uraﬁium core is in contact with the hydrogen propellant, there is a loss of uranium out of
“the cavity through the nozzle. The Phase II design team had estimated that approximately 2 metric
tons of uranium will be lost per engine per day of powered flight time. The second drawback is
that the exhaust plume from this type of engine contains large amounts of radiation which results in

excessive shielding required to protect the crew on board E-City.

2.1.2 The Closed-Cycle (NL.B) Engine
The principle of operation of the NLB is similar to that of the SRGCNR engine, except that

the gaseous uranium is enclosed in some type of internally cooled, transparent structure. In this

way, the propellant does not come into contact with the uranium core. Shown in Figure 2.2,

(o) OVERALL COMFIGURATION

HADIRATGR FLOW JIVIOZR

SECTION A=a

YARIASLE
AREA NOZZILES

LoveR Eno 8eQ MCDERATOR
_J MODERATOR
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(b) CONFIGURATION OF UNIT CAYITY SECTION 8.8

$LE0 L0 .
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Figure 2.2: Thrust Chamber, and Basic Engine Configuration for NLB.
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~the gaseous uranium is sutrounded by neon or some other noble gas spinning in a vortex, which ™
provides for temperature attenuation and prevents the uranium from coming into contact with the
transparent structure. The thermal radiation generated by the fissioning uranium is transmitted
through the transparent structure to a seeded hydrogen propellant. The seeding is made of
microparticles of tungsten to help absorb the radiative energy to ensure that it is transferred to the

propellant and not the outer walls. As in the case of the open-cycle engine, this propellant is also
expelled out of the nozzle at very high speeds7.
Figure 2.2 is a representative skeich of one chamber making up the NLB engine. The

complete engine, shown in Figure 2.3,

ENGINE POWER - 4400 MW
OPERATING PRESSURE - 300 ATM

PRESSURE VESSELS

TRANSPARENT STRUCTURE
TuRBOPUMP

FUEL AND HEON SEPARATOR /

Hy—Ne HEATY
EXCHANGER

My -M,
HEAT
EXCHANGERS

IHJECTION DUCT

FUEL EXNAUST DUCT

PROPELLANT REGION
FUEL REGION

PO TOTAL LENGTH - 8.9 M - —-l

T

Figure 2.3: Side View of Complete Reference Nuclear Light Bulb Engine.

consists of seven of these chambers. The multiple transparent structures result in a higher overall
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surface area of transmitted radiation, which leads to a higher energy transmission to the propellant.

This, in turn, leads to a higher thrust output of the engine compared to an engine of the same size
using the same volume of gaseous uranium and employing only one large chamber.

The turbopumps, moderator, and heat exchangers are used to keep the engine from
overheating. They form a series of closed-cycle loops that recirculate neon, uranium, and
hydrogen within the engine. It is through these cycles, and the moderator surrounding the
chambers, that the need for an external radiator is eliminated.

There are many advantages to this engine. First, there is no loss of uranium. Second,
because the core does not come into contact with the propellant, the exhaust plume does not contain

harmful radiation, and so there is no need for external shielding. Because of the closed-cycle
control systems, the engine is throttleableS. This feature is very useful during startup and

shutdown of the main engines (which will be discussed in detail in Chapter 6), and ‘in application
to attitude and control of E-City. The thrust level for the NLB is significantly higher than the open-
cycle engine. However, the specific impulse of a given NLB engine is usually half that of an

open-cycle engine of comparable size.

2.1.3 Evaluation of the NLB and Open-Cycle Engines

In order to justify the study of the NLB Engine, it is important to understand the governing
parameters that led the Phase II team to choose the open-cycle engine over the NLB. Table 2.1 is a
comparison of thrust, engine weight, and specific impulse values between three open-cycle and
three NLB engines. This table comes directly from the Phase II report, and represents the existing
data last year's design team used for their analysis. From the values, it can be seen that the open-
cycle has almost twice the specific impulse of the NLB, while the NLB is capable of producing a
thrust level that is approximately an order of magnitude greater than the open-cycle engine. In
terms of mass, the NLB is characteristically heavier than the SRGCNR, on account of the
turbopumps, moderator, and heat exchangers.

From the theoretical investigation given in detail within the Phase II report, two very
important equations arose from the analysis. The equation for the propellant mass ratio (eq. 2.1),
and the expression for the number of engines needed for a given mission (eq. 2.2) show that for a
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given velocity requirement; the specific- impulseis "a- major-governing factor ‘in"optimizing the ™~~~ —-
propellant mass ratio and number of engines for the E-City. In both cases, the higher the specific
impulse, the lower the propellant mass ratio and number of engines required for a given mission.
It can also be seen that an increase in thrust will not reduce the propellant mass ratio, and so it
would seem that the thrust of the engine is not as important as the specific impulse. For these
reasons, the Phase II team concluded that the engine capable of producing the highest specific
impulse was the only suitable propulsion system for the ship. And so, the open-cycle engine was

determined as satisfying the design specifications for the E-City.

Table 2.1: Comparison of Lip> Thrust, and Engine Mass for the NLB and SRGCNR Engines.

Engine Type Isp (seconds) Thrust (Newtons) Engine Mass (kg)
SRGCNR 2400 22,240 36,280
SRGCNR 5500 177,900 101,440
SRGCNR 6000 444,750 213,350
NLB 1780 133,370 14,050
NLB 2355 1,334,200 . 34,475
NLB ' 2635 4,002,800 385,500
AV )
s S R @.1)
mO
AV
7 - Pay I, 9 (e =8 _ 1) 22
E L tpr
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- -—-"Utilizing this open=cycle engine; the Phase Il team caiculated  that approximately 172 =~ =~ -

SRGCNR engines would be needed for a mission to Saturn! An Earth-to-Mars mission would
require at least 33 engines. This resulted in a tremendous total engine mass, along with the extra
mass required for radiation shielding and extra uranium to account for the loss from each engine
during burn time. Still, because of its very high specific impulse, the disadvantages of the
SRGCNR engine were temporarily overlooked. It was hoped by the Phase II team that they could
be remedied at some later time.

This year, deciding to avoid the plume radiation problem altogether, and noting very high
thrust values of NLB engines despite lower values of specific impulse, the NLB was studied
further. It was thought that the high thrust-to-weight ratios for these engines could more than
offset the effect of its lower specific impulse in comparison to the SRGCNR engines.

The thrust-to-weight ratio is a measure of how much more mass, along with its own, that a
propulsive device can accelérate to a particular velocity. A higher thrust-to-weight ratio means that
for a given payload, the fewer the number of engines that are needed to accelerate that mass to a
certain velocity. Directly related to this ratio is the thrust. Upon closer inspection of equation 2.2,
for a given payload mass, change in velocity, and specific impulse, the number of engines
decreases as the thrust is increased. Although the propellant mass ratio is not affected by the
thrust, a decrease in the number of engines means a decrease in the total mass of the ship, m,,.
Because the propellant mass ratio stays the same, this means that the overall mass of required
propellant will decrease as well. Table 2.2 lists the thrust, engine mass, and thrust-to-weight ratios
for the open-cycle and closed-cycle engines presented in Table 2.1. The thrust, and thrust-to-
weight ratios of the nuclear light bulb engines are higher than those of the SRGCNR engines.
Looking again to equation 2.2, it can be qualitatively seen that an increase in the thrust by a factor
of ten reduces the required number of engines by the same amount. Because the specific impulse
for an NLB engine is almost half that of an SRGCNR, this helps to reduce the number of engines,

although it is not easily seen by inspection.

2.7



Table 2.2: Thrust, Engine Mass, and Thrust-to-Weight Ratio for the NLB and SRGCNR Engines.

Engine Type Thrust (Newtons) Engine Mass (kg) T/W Ratio
SRGCNR 22,240 36,280 .06
SRGCNR 177,900 101,440 .18
SRGCNR 444,750 213,350 21
NLB 133,370 14,050 97
NLB 1,334,200 34,475 3.95
NLB , 4,002,800 - 385,500 1.06

From the qualitative analysis, and from the desire to eliminate the radiative exhaust plume,
it did indeed seem that further study of the nuclear light bulb engine was warranted. From a
quantitative analysis, using the values listed in Table 2.1, the reduction in the number of engines

was dramatic, and the impact of this on other mission design parameters are listed in Chapter 3.

2.2 ANALYSIS

2.2.1 Goals
As stated earlier, it was the goal of this year's team to use the existing material on the NLB,

such as NASA reports, text, and the previous two Project WISH reports to gain more knowledge
on how the nuclear light bulb operated, and what it would take to generate the same type of results
that the Phase II team did for the open-cycle engine. It was hoped that a FORTRAN program

could be written that would yield accurate values for NLB propulsion characteristics within the
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thrust ranges needed for E<Cily. In this way, a direct comparison between the two systems would"

determine which one was most etffective in satisfying the design requirements of Project WISH.

2.2.2 Data
The information obtained that proved to be the most vital for the analysis was the data
provided by Dr. Stan Borowski of the NASA-Lewis Research Center. This information included

performance parameters of seven different NLB engines provided by the research done by Thomas
Latham of the United Technologies Research Center10,  Shown in Table 2.3, important

parameters such as thrust, specific impulse, radiative temperature, engine mass, thrust-to-weight

ratio, and propellant flow for each engine are given.

Table 2.3: Data for Seven NLB Engines.

NLB Performance Characteristics *
Reactor Radiating Specific Chamber ~ Hydrogen Thrust Thrust-to-
Power Temperature [mpulse Pressure Flow Weight Ratio
(MWth) (Kelvin) (Seconds) (Atm.) (kgfsec) (kN)

730 5000 1120 310 9.0 98 038
2500 7000 1570 430 16.0 245 0.85
4500 8333 1870 500 22.5 472 13

10,000 10,000 2150 630 7 372 784 23
22,000 12,000 2500 790 59.8 1470 4.0
51,000 15,000 2700 1000 119.0 3136 6.0
160,000 20,000 3100 1300 309.5 9408 6.9

* Provided by T. Latham, c¢/o Dr. S. Borowski, NASA Lewis Research Center
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Engine Thrust vs. Uranium Temperature
for the Nuclear Light Bulb Engine.

Source: T. Latham, UTRC, c¢/o S. Borowski, NASA, LeRC
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Hydrogen Flow (kg/sec)

Thrust/Welght

.. Figures 2.4 through 2.7 are some of the graphical representations of the data supplied by

Hydrogen Propellant Flow Rate vs. Uranium Temperature
for the Nuclear Light Bulb Engine.

Source: T. Latham, UTRC, c/o S.Borowski, NASA, LeRC
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Figure 2.6: Hydrogen Propellant Flow Rate vs. Radiating Temperature.

Thrust-to-Weight Ratio vs. Uranium Temperature
for the Nuclear Light Bulb Engine.
Source: T. Latham, UTRC, c¢/o S.Borowski, NASA, LeRC
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Figure 2.7: Thrust-to-Weight Ratio vs. Radiating Temperature.

Dr. Borowski. Respectively, they are the graphs of engine thrust, specific impulse, hydrogen
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propellant flow rate, and thrist-to-weight ratio versus the uranium radiative temperature forthe
nuclear light bulb engines. In general, most of the engine parameters follow the same parabolic
pattern as shown in the graphs of engine thrust and propellant flow rate as functions of the
radiating temperature of the uranium core. However, the specific impulse and the thrust-to-weight
ratio are not increasing parabolic functions of the temperature, due to thermodynamic processes

occurring within the engine, and the need for an external radiator for NLB engines generating Isp’s
greater than 2100 secs10. Therefore, the Isp and thrust-to-weight ratio will eventually "level off"

to some finite value as radiating temperature is increased.

2.2.3 Method of Analysis

For the purposes of Project WISH, it was desired to find nuclear light bulb characteristics
for a number of engines, not necessarily the seven engines given from the available data. In this
way, accurate projections could be made for the required technology for the NLB engines.

In terms of the type of analysis perfo'rrned, there were many ways to analyze the
performance characteristics of the NLB. Some methods would include a highly rigorous analysis
involving the fluid mechanic and thermodynamic processes within the engine, others would use
derived formulas given in a technical report. Concerning the rigorous analysis, it was felt that this
method would be most like "re-inventing the wheel". The results of the analysis would be limited
by the simplifying assumptions needed to obtain numerical results. It was determined that this typé
of analysis, although it would be more thorough, would take too much time and effort, especially
since it was known that most of the information needed was already available in technical reports.
In terms of using derived formulas, although many technical reports existed on the NLB engine,
there were very few formulas that were usable. This is in confrast to the Phase II team, who based
their analysis on previously derived formulas.

It was assumed that the existing data points were generated by continuous functions.
Keeping in mind the thermodynamic processes that can cause discontinuities, it seemed feasible
that finding a given engine characteristic as a function of radiating temperature would yield accurate
values for the temperature ranges in between the existing data points. In other words, ény given
engine parameter could be found implicitly for a given value of radiating temperature.
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To generate these functions, a graphics software package for the Macintosh, called
CricketGraph, was used. By curve fitting the data, CricketGraph generated the desired functions
for all the parameters given in the existing data. Because a parabolic pattern was easiest to obtain
an accurate curve fit, all the engine parameters were made a function of the radiating temperature of
the uranium. The only exception to this case was finding a function curve for the specific impulse.
The most accurate curve fit approximation for this parameter was by making the specific impulse a

function of chamber pressure.

Examples of the third order polynomial curve fit approximations are shown in Figures 2.8
through 2.10. The hydrogen flow rate is a representative sample of the majority of engine
parameter functions. Figure 2.9 shows the specific impulse as a function of chamber pressure,
and Figure 2.10 displays the "two curve fit” of the thrust-to-weight ratio. The R*2 parameter is a
measure of the accuracy of the curve fit to the existing data points. R"2 = 1.000 represents the

highest degree of accuracy.

Hydrogen Flow Rate (Kg/s) vs. UT
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Figure 2.8: Hydrogen Flow Rate Curve Fit.
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Isp vs. Chamber Pressure

y = - 71247 + 7.5043x - 5.68148-3x"2 + 1.66526-6x*3 R"2 = 0.999
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Figure 2.9: Isp as a Function of Chamber Pressure.
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Figure 2.10: “Two-Curve Fit” Approximation for T/ W Ratio.

The functions generated from CricketGraph were then used in FORTRAN programs

expressly written for the purposes of Project WISH.  The purpose of the program

NLBDATA.FOR
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was to calculate engine parami€téts for the uranium radiating temperature range of 5,000 to 20,000
Kelvin in increments of 500 K. Another program, NLB.FOR, generated nuclear light bulb engine
characteristics for an engine possessing a thrust level specified by the user. The output for these
programs are shown in Figures 2.11 and 2.12. The actual programs can be found in Appendix A

at the end of this report.

Table 2.4: Comparison of NLB Engine Parameters at 10,000 K.

Engine Parameter NASA NLBDATA % Deviation
Thrust (KN) 784 771 1.66
Isp (Seconds) 2150 2177 1.26
Mass (kg) 34,747 34,448 .86
Hydrogen Flow (kg/s) 372 36.11 2.93
T/W Ratio 23 2.28 87
Reactor Power (MWth) 10,000 10,050 5
Specific Power (kW/kg) . 287.79 291.75 ' 1.38
Chamber Pressure (atm) 630 630.3 .05
Exit Temperature (K) 8,000 7,973 34
Exit Velocity (m/s) 21,091.5 21,356.4 1.26

Table 2.5: Comparison of NLB Engine Parameters at 20,000 K.

Engine Parameter NASA NLBDATA % Deviation
Thrust (KN) 9,408 9,402 064
Isp (Seconds) 3,100 3,095 .16
Mass (kg) 138,988 138,887 07
Hydrogen Flow (kg/s) 309.5 309.4 032
T/W Ratio 69 69 0.0
Reactor Power (MWth) 160,000 159,903 .06
Specific Power (kW/kg) 1,151 1,151 013
Chamber Pressure (atm) 1,300 1,299 077
Exit Temperature (K) 16,000 16,002 .012
Exit Velocity (m/s) 30,411 30,362 A2
2.15




2.3 RESULTS AND CONCLUSIONS -

In order to check the accuracy of NLBDATA.FOR results, the generated engine parameters
were checked with existing data from NASA for the radiating temperatures of 10,000 and 20,000
K. The percent deviations between the known and computer generated values were found. This
gave an idea as to the accuracy of engine parameter values that the program was generating in
between the known points. The results are listed in Tables 2.4 and 2.5 for the temperatures of
10,000 and 20,000 K, respectively. It can be seen that the average percent deviation at the value of
10,000 K is 1.11%, and the average error is 0.06% for 20,000 K.

The source of the deviation stems mainly from the approximation scheme used by
CricketGraph. For normal applications, the number of significant figures for the coefficients of the
polynomial functions are sufficient. However, because of the large values associated with this
analysis, more significant figures for the coefficients were needed.

As mentioned previously, there were other types of analysis that would have yielded results
through considerable thermodynamic and fluid mechanics analysis. However, our approach
proved to yield accurate values, and it did so within an acceptable time frame.

As expected, the NLB engine far exceeded the open-cycle engine in terms of performance
requirements and projected available technology for E-City. Use of the NLB means that the
radiation problem is eliminated. The fact that the number of engines required for a given mission is
almost ten times less than an open-cycle system points to a further reduction in total engine mass.
Based on the results of the analysis, the NLB engine is the recommended propulsive system for E-

City.




CHAPTER 3

MISSION, SYSTEM., AND CONFIGURATION DESIGN

3.0 INTRODUCTION

The final design Phase of the E-City was divided into four concurrent tasks: Propulsion
system design consisted of a re-evaluation of the NLB engine to eliminate the plume radiation
problem associated with the SGRCNR resulting in the selection of the closed-cycle NLB engine as
discussed in Chapter 2. Mission profile, Configuration, and System Parameters were to be
automated to facilitate the determination of optimum parameters in conjunction with the other three

tasks. Static and Dynamic Structural Design was performed using the evolving design parameters
and optimized for minimum mass using Automated Structural Optimization System (ASTROS)4,
provided by the Air Force Wright Aeronautical Laboratory, and Structural Dynamics Research

Corporation’s I-DEAS3 finite element software (Chapter 4). Design of the Automatic Control

System was performed using PRO-MATLAB? software to find the optimum control law and

thruster configuration to minimize control power requirements as well as propellant consumption

and thrust levels required (Chapter 5).

3.1 MISSION PROFILE

The Saturn envelope mission profile addressed in the Phase II report 2 was chosen as the

baseline because it has the most demanding performance requirements of all the feasible missions.
It requires a delta-V of 50 km/sec for transfer from the nominal orbit of 4 AU. See Figure 1.1.
The primary objective of the structural design was to minimize the dry mass while fulfilling
essential performance parameters. The driving factor determining the overall mass is the amount of
propellant required for the mission. Equation 3.1 shows the relation between the dry mass and the
propellant mass.
Mp = Mry [exp(__AV )-1] (3.1)
Isp g
The value of mp /mdry was 4.19 using a delta-V of 50,000 m/s and an Isp of 3095 sec, which
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dramatically shows the impact of adding mass.

3.2 SYSTEM PARAMETERS

The computation of system parameters (masses, dimensions, forces, etc.) was automated
so that the effect of changes in the configuration could be analyzed interactively. The 30 design
variables used are those that affect the dry mass of the E-City. The program ECITY.FOR is

included in Appendix B, and the input variables are listed in Table 3.1.

Table 3.1: Input Variables for Program ECITY.FOR

Mission P Desien Variabl S | Varighl

Population Volume per Person Material Density
AV Mass per Person Torus
Artificial Gravity Tanks
Atmospheric Pressure - Spokes
Mass per Engine Shaft
Specific Impulse Shield Shell
Thrust Duration Working Stress
Number of Tanks Torus
Propellant Pressure Tanks
LH, Density -Spokes
Subsystem Masses Shaft
Power Generation Shield Shell
Payload

Communications
Heat Exchanger
Control Thruster
# of Thrusters
Control LH,

Control L02

3.3 E-CITY CONFIGURATION
The configuration of the E-City is the result of integrating the requirements dictated by a
low mass, structurally sound design, good controllability, and minimum stress on the inhabitants.

The inhabited and rotating torus section was found to be the most efficient geometry for the living

space. It’s dimensions were determined by human factors considerations studied in Phase 12,

Chapter 4.
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By using the closed-cycle nuclear engine (NLB), the radiation shield surrounding the torus-
was minimized to that which was required to protect the inhabitants from cosmic and solar
radiation. It consists of 14 meters of liquid hydrogen contained in a separated pressure vessel,
with a vacuum between it and the inhabited torus for enhanced thermal insulation.

It has been assumed by the previous design teams on Project WISH that the propellant
would occupy a roughly cylindrical space whose long axis is aligned with the spin axis. The
question of whether the propellant tanks should spin or not has not been addressed up to this point.
It was understood that for this analysis, the results could be scaled to fit larger or smaller tanks
without going through the whole optimization process; just analyze the stress concentrations and
verify the scale factors.

The geometry and location for the tank has a great impact on the long term attitude stability
and control of the E-City as it is a major contributor to mass moments of inertia (See Chapter 5).
The mass moment of inertia was plotted against the aspect ratio (AR) of the enclosed LH,, where
AR is the ratio of height to diameter. It was assumed that the thin wall of the tank did not make a

significant contribution in comparison to the other components.
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Figure 3.1: Mass Moments of Inertia vs. Aspect Ratio
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" From Figure 3.1, AR=6 was chosen as the initial stafting point because a small move in - -
either direction would provide a significant change in the mass moment of inertia. It was decided
to perform the analysis on one large tank because it is the simplest configuration and the results
could easily be scaled for smaller tanks. The initial configuration of the tank was chosen to be

cylindrical with spherical end caps. A review of the literature showed that spherical end caps

 would allow a minimum thickness design of the end caps. The stress in a sphere is given by eq.

3.2 while eq. 3.3a and 3.3b are the stresses for a cylinder.

O = pr/2t (3.2)
O = pr/2t (Longitudinal) (3.3a)
O =prft (Circumferential or Hoop) (3.3b)

The program NUMTANK.FOR (Appendix B) shows that for a given volume the spherical

tank surface area is lower than that of the cylindrical tank.

3.4 LOADS ON THE TANK

‘The three loads on the tank are internal pressuré, external thrust, and rotation (initially).
Internal pressure is required to keep the hydrogen in the liquid state. The working pressure was
set at 0.2 atmospheres (atm.), which corresponds to the vapor pressure of liquid hydrogen (LH»)
at 16 Kelvin (-433 degrees F). Using a lower pressure allows the tank wall to be thinner for the

same working stress. An aluminum alloy (12% silicon, 0.5% magnesium) was chosen by
previous design teams for it’s strength properties from NASA SP-41311, 1t has a yield stress of

248 MPa and a working stress of 165 MPa using a safety factor of 1.5. Thrusting imparts an

acceleration to the fluid in the tank which will cause a hydrostatic pressure gradient, just as if it -
were in a gravitational field. A longitudinal acceleration of 0.012 m/s® was found using Newton’s

second law with a dry mass of 11.18 billion kg and a thrust of 136 million Newtons. The pressure
gradient can be determined for any height of propellant using the program TANKPRESS.FOR
(Appendix B). For cylindrical tanks with spherical ends, assuming the end cap has the same
thickness as the cylinder, the pressure due to thrusting will cause a stress concentration at the
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junction of ‘the end caps and cylinder, where the pressure is 21691 Pa. Table 3.2 shows the

expected cylindrical wall thickness based on a working stress of 165 MPa and a pressure of 21705

Pa, using eq. 3.3b.

Table 3.2: Minimum Wall Thickness for Different Tank Geometries

AR Radius Wall Thickness
(m) (m)

6 156.7 .0206

5 167.2 .0220

4 181.2 .0238

3 201.4 .0265

2 235.6 .0310

The maximum pressure due to thrusting was verified to occur when the tank was full. As the

propellant was used and the acceleration increased, the pressure at the bottom of the tank decreased

for all tank sizes.

It was determined that the propellant tank(s) should not rotate in order to reduce tank mass
and reduce the hydrodynamic complexity. A rotating tank would cause the propellant to exert a
pressure on the sides of the tank due to “centrifugal force”. The pfogram ROTPRESS.FOR
(Appendix B) was developed to analyze the side wall pressures due to tank rotation. The worst
case condition was evaluated where the tank was completely full (no gas space). Table 3.3 shows
the minimum necessary wall thickness for the case where the hydrostatic forces are added to the

|
|
-
0.2 atm. pressure required to keep the hydrogen liquid. Note that the stresses due to the tank wall
body forces are ignored in this analysis.

Table 3.3: Minimum Wall Thickness in a Rotating, Pressurized Tank

AR Radius . Wall Thickness
(m) (m)

6 156.7 .0296

5 167.2 .0330

4 181.2 .0378

3 201.4 .0457

2 235.6 .0617




A decrease in wall thickness of between 30% for the long tank-and 99% for the short tank is™

possible by eliminating the tank rotation, see Table 3.2.

The hydrodynamic effect of tank rotation is a potentially more serious problem, and is
caused by a radial acceleration (caused by rotation) that is up to 100 times greater than the
longitudinal acceleration (from thrust). At some point the tank will effectively “run out of gas”
because the propellant is forced away from the main feed orifice (drain) and against the wall, see

Figure 3.2. Table 3.4 lists the radial acceleration at the tank wall. Recall that the longitudinal

acceleration is .012 m/sz.

SN

\_/ N
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T Thrusting T Centritugal * Combined
012 m/s"2 1 RPM '

Figure 3.2: Hydrodynamic behavior.

Table 3.4: Radial Acceleration for Different Tanks

AR Radius Radial Acceleration
(m) (m/s2)
6 156.7 1.72
5 167.2 1.83
4 181.2 1.99
3 201.4 2.21
2 235.6 2.58
1 319.8 3.51
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If there is no thrusting, the propellant will pile up along the walls with a tube of gas running down -

the centerline, and none of the LH» will reach the drain, even with full tanks.

Adding pressurized bladders to force the liquid into position is a possibility, but it could
force the internal pressure to higher levels than desired, and gas will build up under the bladders
unless some clever mechanism is devised. Another possibility is to design non-symmetrical tanks,

but the whole purpose of using symmetrical tanks was to reduce the mass.

3.5 NUMBER OF TANKS

The number of tanks used in the final design will not depend on the total tank mass. The
program NUMTANK.FOR (Appendix B) was used to compare the total mass and total surface
area for various aspect ratios and number of tanks, and shows that the total mass goes down as the
number of tanks is increased. On the other hand, the total surface area goes up, as is seen in Table
3.5. This comparison also conclusively showed that a sphere was the most optimum shape for the

tank configuration regardless of the number of tanks used.

Table 3.5: Tank Mass and Area Comparison

AR Hz mass Tanks Mass Area Thickness
(Mke) (Mkg) (km?) (m)
1 9725.1 1 68.2 1285 .0202
1 9725.1 5 67.6 2197 0117
1 9725.1 10 67.5 2768 .0092
2 9725.1 1 82.5 1395 .0298
2 9725.1 5 81.6 2385 0172
2 9725.1 10 81.3 3006 .0136
4 9725.1 1 89.4 1649 .0234
4 9725.1 5 87.6 2820 .0134
4 9725.1 10 87.1 3554 .0106

The heat transfer into the tank will increase with surface area, no matter how good the
insulation is, and increasing the number of tanks will increase the LHyp boil-off rate, as discussed
in Chapter 6. From a structural and heat transfer point of view, one large tank is the optimal
configuration. One tank exposes the lowest surface area and would require the minimum mass in
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coatings for heat transfer and-coverings for meteoroid protection. The primary disadvantage-of one — -

tank is the potential loss of the entire propellant load due to tank failure, whether caused by
collision or random failure. Redundancy was the primary consideration in dividing the propellant

. load into two tanks.

3.6 SHAFT

The shafts connecting the torus hub to the two propellant tanks were made as short as
practical to reduce the amount of material required and reduce the applied bending moments due to
control inputs. The shaft radius was influenced primarily by the requirements of transmitting axial
(longitudinal) loads to its associated tank at points where the tank structure could take the stress
without an increase in the thickness of the tank. The minimum radius of the shaft was shown to be

100 meters by the analysis of the tank wall stresses in Chapter 4.

3.7 CONCILUSIONS

The configuration of the E-City was driven by the need to minimize the overall mass. A
reduction in the mass of the propellant tanks was realized by using a spherical configuration. Dual
tanks were used to provide minimum redundancy and to prevent the total loss of propellant should
one tank fail. Control of the center of gravity is an added possibility with dual tanks. Mass
associated with piping and wiring was assumed to be minimized by locating associated subsystems
close together, such as the bubble radiator, engines and power systems. The torus and cosmic
radiation shield were fixed by human factors, primarily the desire to have Earth standard
gravitational acceleration, Earth normal atmospheric pressure, a biosphere environment, and
protection from cosmic and solar radiation to a 5 rad per year level. The tanks were de-spun to
eliminate the hydrodynamic effects associated with spinning propellant. The final dimensions of

the propellant tanks, spokes, and shafts were dependent on the static and dynamic structural loads.
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CHAPTER4 . T
STRUCTURAL DESIGN

4.1 STATIC STRUCTURE
4.1.0 Introduction

The static structural analysis played a pivotal role in the design of the E-City. It was used
as the initial basis for the determination of cross sectional areas and other dimensions, which were
then analyzed as a whole for the dynamic behavior of the entire vehicle. Those areas that needed
further modifications to meet structural dynamic criteria were then treated and allowances made for
the required modifications. The majority of the static structural analysis was included in the
parameters program ECITY.FOR since the overall mass was related to the component dimensions
and their densities. The reader will note that some of the analyses use different values for variables
such as accelerations, masses, and forces. This was the result of using the most current values
from analyses as they were completed. If the analysis in question requires the most current data to

be valid, it was reaccomplished. In most cases, this was not the case.

4.1.1 Propellant Tanks .
The analysis of the WISH hydrogen propellant tank is outlined in the following sections. It

was the intent of this design effort to optimize the tank configuration so that the total mass was
minimized. Since the tank is the single largest component of the E-City, mass minimization was
essential to gain the highest performance possible. Pressure vessel theory is fine for determining
the overall stress characteristics of the propellant tank but is inadequate for pinpointing stress

concentrations due to the combined loads of thrusting, rotation, and pressure.

Initial Assumptions

As mentioned previously, the working pressure was set at 0.2 atm., which corresponds to
the vapor pressure of LHy at 16 Kelvin. Using a lower pressure allowed the tank wall to be
thinner for the same working stress. Recall also that the aluminum alloy (12% silicon, 0.5%
magnesium) has a yield stress of 248 MPa and a working stress of 165 MPa using a safety factor
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The models were created on I-DEAS3 utilizing the symmetry of the tank to reduce the size

- of the model and the number of elements in the finite element model. This method of modeling had
two benefits: the first was to reduce the computing time necessary to solve the finite element mesh,
the second was to reduce the amount of memory required to execute the mesh solver. The number
of elements allowable in the finite element mesh was restricted by the limited amount of memory
available in the I-DEAS computer accounts.

Initially the tank structure was optimized, maintaining a constant volume, using only the
pressure forces in an attempt to obtain a uniform stress pattern. Considering the magnitude of the
thrusting forces, it was felt that the best approach to obtain the optimum configuration would be to
initially design only for the pressure forces and then once this was completed, the thrusting force
effects would be analyzed. Another advantage to this approach is that the I-DEAS results could be
compared and verified with thin pressure vessel theory.

Once the structural configuration was finalized, optimization of the wall thickness was then
performed to achieve a maximum principle stress equal to the working stress of the aluminum.
Analyzing the effect of the thrusting forces and their affect on the design of the tank concluded the

stress analysis.

2-D Modeling

Modeling in 2-D was begun after many attempts at modeling the tank in 3-D failed because
of coincident nodes in the finite element mesh along the axis of revolution. It was felt that due to
the symmetry of the tank about the longitudinal axis, the finite element model could be reduced to a
lengthwise cross section of the tank and cut again in half down the centerline.

Stress analyses were performed on several models covering various height to diameter
aspect ratios (ARs) in order to achieve the optimum structural tank shape. The initial model
consisted of a cylindrical tank with hemispherical end caps with an AR of 6, corresponding to a

height of 1845 m. and radius of 154 m.
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-~ — -The initial wall thickness was determined-using:~ -~ -~ = oo o o

o=pr/t

A thickness of 0.1 m, for the AR=6 tank, was calculated to give the optimum stress level of 165
MPa. This thickness was calculated using a conservative initial estimate of the required internal
pressure of 1 atm., which as previously mentioned was later finalized at 0.2 atm.

Modeling the entire propellant tank on I-DEAS as stated proved to be impractical. The
proportions of the height and thickness dimensions (a ratio of over 18000 with the AR=6 tank)
resulted in a model that resembled a line on the screen. The stress distribution across the tank wall
could not visibly be seen. To overcome this problem, the wall thickness and the loads Were
multiplied by a common scaling factor. This did not affect our results since the stress in a pressure
vessel is a function of p / t. Therefore, the stress results are comparable to the values that would
occur in a tank constructed using the actual dimensions. The scaling factor was chosen such that
the thickness would be large enough in relation to the height to give a good visual representation of
the stress patterns across the wall. »

Since the main axis of the tank was aligned with the y-axis, restraints were placed on the
top and bottom edges along the centerline in the x and z-directions and in all rotations. In applying
these restraints it was assumed that an actual tank would expand uniformly. Internal pressure
forces were applied to each model using the edge pressure option on I-DEAS. The magnitude of
the internal pressure was dependent on the aspect ratio and equal to the minimum pressure of 0.2
atm. multiplied by the appropriate scaling factor.

As shown in Figure 4.1, the maximum principle stress for the AR of 6 case is 5690 MPa,
obviously this is above the working stress of aluminum. With this configuration, stresses are
concentrated on the insides of the end caps and at the outside midsection of the cylindrical portion.
A constant cross sectional area was maintained as the ARs decreased to ensure the same amo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>