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Symbols, Abbreviations and Acronyms

ACRV
ACS
AFE
A&l

Al
ALARA
ALS
ALSPE
am

AR
ARGPER
ARS

art-g

asc

ASE

AU

BIT
BITE
BLAP
BFO
BMR

C

CAB
CAD/CAM
CAP

Cd
CELSS
CHC
CG

CL

c/o

Cof F
conj
COSPAR

Cco2
Cryo
C3

C&T

DDT&E
DE

deg
desc

Advanced crew recovery vehicle
Attitude control system

Aerobrake Flight Experiment
Anachment and integration
Aluminum

As low as reasonably achievable
Advanced Launch System
Anomalously large solar proton event
Atomic mass (unit)

Area ratio

Argument of perigee

Atmospheric revitalization system
Artificial gravity -

Ascent

Advanced space engine
Astonomical Unit (=149.6 million km)

Built-in test

Built-in test equipment

Boundary Layer Analysis Program
Blood-forming organs

Body mounted radiator

Degrees Celsius

- Cryogenic/aerobrake

Compter-aided design/computer-aided manufacturing
Cryogenic all-propulsive

Drag coefficient

Closed Environmental Life Support System

Crew health care

Center of gravity

Lift coefficient

Centimeter = 0.01 meter

Crew module

Center of mass

Check out

Cost of facilities

Conjunction

Committee on Space Research of the International Council of Scientific
Unions

Carbon dioxide

Cryogenic

Hyperbolic excess velocity squared (in km?/s2)
Communications and Telemetry

Cargo Transport Vehicle (operates in Earth orbit)

days

Design, development, testing, and evaluation
Dose equivalent

Degrees

Descent

D615-10026-3
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Data management system
Velocity change (AV)

Earth arrival

Earth arrival

Modulus of elasticity in compression
Earth crew capture vehicle

Element control work station
Environment control and life support system
Electric propulsion

European Space Agency

Engine start opportunity

External Tank

Earth-to-orbit

Extra-vehicular activity -

Circulation efficiency factor
Fire Detection and Differentiation
Life support weight factor
First element launch
Specific floor count factor ,
Specific floor arca factor
Aerobrake integration factor
lS\Ipeciﬁc: length factor
ormalized spatial unit count factor
Path options factor
Useful perimeter factor
Parts count factor
Proximity convenience factor
Plan aspect ratio factor
Section aspect ratio factor
Flight support equipment
Vault factor
Safe-haven split factor
Spatial unit number factor
Volume range factor B
Fiscal Year 1988 (=October 1, 1987 to September 30, 1988. Similarly for
other years)

Acceleration in Earth gravities (=acceleration/9.80665m/s2)
Gas core nuclear rocket

Galactic cosmic rays

Geosynchronous Earth Orbit

Gaseous nitrogen

Guidance, navigation, and control

Global Positioning System

Gray (S unit of absorbed radiation energy = 104 erg/gm)

Habitaton

High Density

Human Exploration Initiative (obsolete for SEI)
Heavy lift launch vehicle

Hours
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hyg w
HZE

ICRP

Levell
LiOH

LOR
LOX
LS

LTVCM

m
[MarsGram
[MARSIN
MASE
MAV

Hygeine water

High atomic number and energy particle
Hydrogen

Water

(

International Commission on Radiadon Protection
Initial mass in low Earth orbit

Inches

Inbound

Implementation Plan and Element Description
Independant research and development

Specific impulse (=thrust/mass flow rate)

In-situ resource utilization

Japan Experiment Module (of SSF)
Johnson Space Center

kib

Thousand electron volt

Kilograms

Kilopounds (thousands of pounds. Conversion to SI units=4448 N/klb)
Kilopound force

Kilometers

Kilometers

Kilometers per second

Kilometers per second

Kilopounds per square inch

I‘\
l‘\

W‘

Life cycle cost

Lift-to-drag ratio

Low density

Long duration mission

Low Earth orbit

Linear energy transfer

Lunar excursion vehicle

Lunar excursion vehicle crew module

Space Exploration Initiative project office, Johnson Space Center
Liquid hydrogen

Lithium hydroxide

Low Lunar orbit

Lunar Module

Lunar orbit rendezvous

Liquid oxygen

Lunar surface

Lunar transfer vehicle

Lunar transfer vehicle crew module

Lagrange point 2. A point behind the Moon as seen from the Earth which
has the same orbital period as the moon.

Meters

Western Union interplanetary telegram]

Martian pornography]

Mission analysis and systems engineering (same as Level I g.v.)

Mars ascent vehicle -

D615-10026-3



M/CpA
MCRV

MOI

Ballistic coefficient (mass / drag coefficient times area)
Modified crew recovery vehicle
Mass of electron

Maximum expected operating pressure
Million electron volt

Mars excursion vehicle

Muld-layer insulation

Millimeter (=0.001 meter)
Monomethylhydrazine

Manned Mars vehicle

Mars orbit capture

Mars orbit insertion

Module )

Materials and processes

Main propulsion system

Mixture ratio

Meters per second

Marshall Space Flight Center
Million pounds per square inch
Metric tons (thousands of kilograms)
Metric tons

Mean time between failures

Mars transfer vehicle

Megawatts electric

Cubic Meters

. Newton. Kilogram-meters per second squared

Not applicable

National Aeronautics and Space Administration
National Council on Radiation Protection
Nuclear-electric propulsion

Nuclear engine for rocket vehicle application
Nuclear thermal propulsion ( same as NTR)
Nuclear safe orbit

Nuclear thermal rocket

Nitrogen tetroxide

Orbital support equipment

Optimal Trajectories by Implicit Simulation program
Qutbound

Oxygen

Particle bed reactor
Chamber pressure
Polyether-ether ketone
Powered Earth gravity assist
Payload -

Personnel orbital transfer vehicle
Potable water

Power processing unit
Propellant

Pounds per square inch
Photovoltaic
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SEP

SiC
SMA
sol
SPE

SSF
SSME
STCAEM
Stg

surf

Sv

S1

S3

TBD
Tec
TCS

TEIS
t.f.
THC

TMIS
TPS
TT&C
W

UN-W/25Re
VAB

VCS
Vinf

Heat flux (Joules per square centimeter)
Radiation quality factor

Right ascension of ascending node

Reacton control system

Reynolds number

Radio frequency

Resupply mass in low Earth orbit

Return on investment

Revolutions per minute

Relative wind angie

Research and Development

Rendezvous and dock

South Atlantic Anomaly

Science Applications International Corporation

Space Exploration Initiative

Solar-electric propulsion

International system of units (metric system)

Silicon carbide

Semimajor axis

Solar day (24.6 hours for Mars)

Soalr proton events

Solid Rocket Booster

Space Station Freedom

Space Shuttle Main Engine

Space Transfer Concepts and Analysis for Exploration Missions
Stage

Surface

Sieviert (SI unit of dose equivalent = Gy x Q)

Distance along aerobrake surface forward of the stagnation point
Distance along acrobrake surface aft of the stagnation point
Distance along asrobrake surface starboard of the stagnation point

Metric tons (1000kg)

To be determined

Chamber temperature

Thermal control system
Trans-Earth injection
Trans-Earth injection stage
Tank weight factor

Temperature and humidity control
Trans-Mars injection
Trans-Mars injection stage
Thermal protection system
Tracking, telemetry, and control
Thrust to weight ratio

Uranium nitride - Tungsten/25% Rhenium reactor fuel
Vehicle Assembly Building

Vapor coolled shield
Velocity at infinity

D615-10026-3
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WBe2C/B4C  Tungsten beryllium cabide/Boron cabide composite

W/O
WP-01
w/sq cm

Z
zero g

Waste management system
Without
Work package 1 (of SSF)

Watts per square centimeter (should be Wcm-2)

Atomib number
An unaccelerated frame of reference, free-fall

[order: numbers followed by greek letters]

100K
Tn7
%

-Fe

_e
AV

S
HE

<100,000 particles per cubic meter larger than 0.5 micron in diameter
Where n=(0,2-6): Boeing Company jet transport model numbers
Kelvin (K) -

Positive charge equal to charge on electron

Charge on electron

Change in velocity

Standard deviation

Microgravity ( also called zero-gravity)
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EVOLUTION OF THE NUCLEAR ELECTRIC (NEP) VEHICLE

TECHNICAL ARCHITECTURE PRESUMED LEVEL I REQUIREMENTS -
During the course of the STCAEM study, and particularly during the 90 Day Study, many SEI
(then HEJ) ransportation requirements were generated by Office of Exploration Level II. These
are reported as appropriate and necessary in various sections of this report, as well as in the
STCAEM Implementation Plan & Element Description Document technical volumes. Here, space
only permits a summary discussion of the Levell requirements adopted by STCAEM as they
evolved during the course of the study. The concepts developed and analyzed ultimately were to
accommodate the in-space transportation functions required to support the buildup of a permanent
presence on the Moon and initial human exploration of Mars. Thus, our Level I requirement was
simply to deliver cargo reliably to the surfaces of the Moon and Mars, and to get
people to those places and back safely. Vehicles in support of missions to other
destinations are not part of SEI per se, and were not addressed by STCAEM. Planet surface
system characteristics and Earth-to-orbit (ETO) launch vehicle characteristics were adopted as
needed for manifesting purposes, largely intact from other sources. No design work was
performed for these two categories. In addition, the mission planning horizon was limited to the
year 2025, about 35 years from now.

The chief Level II requirement governing the dimensions of the vehicle concepts we
developed came to us during the 90 Day Swudy, and was a Crew size of 4 for Mars missions.
Subsequently, STCAEM performed a simple skill mix analysis or these long-duration missions.
Our result was that doubling up on critical skills (for redundancy), given reasonable expectations
of how many skills each crew member could become expert in, requires in fact a minimum of 6 -
7 crew members for Mars missions. For the sake of consistency, our vehicle concepts are
shown comparable to the 90 Day Study results, sized for four crew. Impacts accruing from
' larger crew sizes are discussed in Section x.3.

CONCEPT DEVELOPMENT METHODOLOGY - A vehicle concept emerges gradually -
through the iterative combination of requirements analysis, subsystems analysis, mass synthesis,
performance analysis and configuration design'. Because of the cascading, cause-and-effect nature
of specific technical decisions in this cyclic process, the ability for a particular concept to remain
fully parametric is incrementally lost, sacrificed for depth of detailing. The need to penetrate
deeply even at the conceptual stage is twofold: (1) to uncover subte integration interactions

D615-10026-3
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whose ramifications fundamentally revise the concept as they reflect back up the information
hierarchy; and (2) to enable the production of graphical images of the concepts capable of being
communicated widely but grounded firmly in engineering detail. If circumstances allow the
concept development process to engage many cycles of reflexive adjustment, from requirements all
the way down through subsystem detailing, the design oscillations subside eventually and the
product that emerges is a robust and defensible concept. Basic differences in problems posed and
solutions engineered lead concept developments in different directions. "Like" problems and
solutions gravitate together; their recombination and resolution results in distinct, identifiable
vehicle concepts which constitute vehicle archerypes. A concept is archetypal if it spawns concept
progeny whose ancestry is clear, and if-in so doing its salient features recognizably survive
subsequent refinement, development and scaling. The ultimate purpose of the STCAEM Concepts
and Evolution tasks was to generate, analyze, evaluate and describe such vehicle archetypes, and
the role they could play in human space exploration missions.

The STCAEM architecture analysis identified seven major classes of transportation
architecture for SEI lunar and Mars missions. Some are derived from different propulsion
technology candidates; some are derived from distinct mission philosophies independent of
propulsion method; most have many sub-optons. Vehicle archetypes are kcycd‘morc closely to
propulsion method than to mission mode, however, so we found that all seven SEI transportation
architectures can be accomplished by derivative combinations of just five archetypal Mars transfer
vehicle (MTV) concepts, two archetypal Mars excursion vehicle (MEV) concepts, and one
archetypal lunar transportation family (LTF) concept. The concept evolution of these archetypes is
outlined in the Major Trades IP&ED book.

DESIGN AND NECKDOWN CRITERIA - STCAEM concept development was punctuated
by four "neckdowns", which winnowed down the option candidates generated at each successive
level of detail throughout the study. The four neckdowns were intended to result in: (1) feasible
options, based on promising propulsion technologies capable of performing SEI-class missions;
(2) preferred options, representing the handful of candidates whose performance and

technological readiness were judged to warrant detailed study; (3) integrated concepts, vehicle

archetypes developed sufficiently to uncover their major integration concerns and architectural
context ; and (4) detailed concepts, based on the reconciled integration of traded subsystems.
The 90 Day Study occurred such that the first two neckdowns were effectively reversed;
cryogenically propelled, acrobraking technology was necessarily preferred at that tme, due to

D615-10026-3
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depth of understanding. However, STCAEM later rounded out the picture by completing all four
neckdown activities, in an ongoing manner throughout the study.

Studying the program architecture implications of various technology options for SEI

missions led to the conclusion that the most generally accessible discriminators, cost and risk, are
driven by more subde technical discriminators than, for instance, initial mass in low Earth orbit
(IMLEO). These can be grouped into three broad categories: feasibility, flexibility, and multi-use
design. As indicated above, feasibility was the first filter for all concepts considered by STCAEM.
Flexibility has three components: (1) robustness, which is the ability to perform nominally
despite variable or unanticipated conditians; (2) resiliency, which is the ability to recover from
accidental delays or mishaps; and (3) evolution, which is an adaptation over time to changing
requirements. Flexibility is thus a measure of a program’s technical strength and safety in the face
of variable extrinsic factors. Multi-use design has two components: (1) re-usability, which
means using the same hardware item more than once; and (2) commonality, which means using
the same hardware design in more than one setting. Multi-use design is thus a measure of a
program's cost-effectiveness and intrinsic longevity. These two key architecture drivers were
paramount in interpreting the results of STCAEM's technical trade studies, and figured
prominently in the development of element concepts.
MARS TRANSPORTATION - Four Mars transfer propulsion candidates survived all
STCAEM neckdowns: cryogenic chemical, nuclear thermal, nuclear electric, and solar electric.
Analysis of aerobraking resulted in two performance ranges of interest for Mars entry (hypersonic
L/D=0.5,and L/D = 1.0), as well as the use of high-energy acrobraking (HEAB) for capture at
Mars. Consequently, the five archetypal MTV concepts are based respectively on:
cryogenic/aerobraking (CAB), cryogenic all-propulsive (CAP), nuclear thermal rocket (NTR),
nuclear electric (NEP), and solar electric (SEP) propulsion technologies. The two archetypal MEV
concepts are based on the "low" and "high" L/D performance ranges analyzed.

NEP - Nuclear electric propulsion represents a power-rich STCAEM approach to extremely
efficient, low-thrust propulsion for long range missions. The NEP concept archetype we
developed specifically addresses several important system interactions:

D We started with power plant schematics and state-point characterizations from Rocketdyne.

To these we added mission performance requirements consistent with the rest of the STCAEM

D615-10026-3
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study, and developed a hardware concept that could be modeled, measured and specified in detail.
The result is the-first NEP concept to detail the power system plumbing, from reactor to radiator.

2) The high equipment density and challenging operating conditons of a dynamic power
conversion system introduces concerns about mission safety due to meteoroid impacts and
equipment reliability, respectively. Redundancy solutions to the critical power equipment failure
problem (analogous to redundant valving and manifolding for chemical propulsion systems)
introduce complex plumbing implications for NEP.

3) The most immediately recognizable feature of NEP cartoons in the exploration mission
literature is their large radiator area, typically shown simply as a conical device following the
contour of a protected zone behind a small radiation shadow shield. Engineering analysis to
develop a modular, buildable radiator subsystem integrated with the rest of the vehicle, and to
minimize shield mass, challenges this simplified picture.

4) The real possibility of an eventual requirement to provide essentially continuous artificial
gravity during thrusting portions of an electric propulsion mission leads directly to serious
configuration complications. In particular, precession of the angular momentum Vector, and
transfer of high electrical power levels across rotating joints pose challenging concept and
technology problems.

Early on we tried to develop a vehicle concept that could easily optimize for both
microgravity and artificial gravity mission profiles, that had the engines at the center of rotation,
thrusting normal to the vehicle's long axis. The geometry requirements proved incompatible, and
we subsequently allowed designs for the two types of missions to diverge. The microgravity
version became an axial vehicle, with engines at the stern, payload attached around the spine, and
power system at the bow. From the reactor's standpoint, the entire vehicle looks like a thin line;
this permits a small, carefully-shaped shadow shield to be used, which limits its mass. The
artificial gravity version was much more complex, consisting fundamentally of the addition of a

cross-axis outrigger amidships for the engines so they could be despun and located near the axis of

rotation. This configuration went through many stages during which detailed alternatives were
sequentially explored. It is reported on more fully later in this section, along with the other
artificial gravity concept development results.

D615-10026-3
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Our archetype features two redundant reactors, five identical power conversion systems (2
of which are spares), and large expanses of stiffened radiator planes, comprised of over five
thousand identical, finned, 30 m long, liquid-sodium heat pipes. The structural spine of the
vehicle is a lightweight truss, along which are arrayed all the armored fluid-carrying loops of the

~ power production and conversion system. The "front end” of the vehicle, containing reactors and

dynamic conversion machinery, was configured both to allow straight-line access for robotic
maintenance activity and also packagingin a 10 m launch shroud. Thus the power system itself
can be integrated on the ground, and requires liquid-metal-temperature joining at pipe interfaces to
the heat rejection system assembled on orbit. The integration of a large NEP vehicle represents an
unprecedented orbital operations challeng€, which makes the assembly of SSF look easy. The
NEP's superior mission performance comes at 2 high operations and infrastructure price.

ARTIFICIAL GRAVITY (NEP) - The need for artificial gravity on long-duration
interplanetary transfers has not been established. Neither has the lack of such a need, however, so
STCAEM was obligated to examine the penaltes incurred by requiring continuous artificial gravity
en route between Earth and Mars. Various approaches to rotating artificial gravity have been
proposed; STCAEM assessed all of them, and invented some new ones. The fundamental design
problems associated with artificial gravity derive from: (1) the need for a countermass for rotation;
and (2) the high mass cost of precessing the angular momentum vector of a system having large
rotational energy. Elegant solutions to both are elusive, and vary widely with propulsion option.
Secondary complications are communications and navigation pointing, flight structures sized to
hang heavy vehicles, and possibly material fatigue. The fundamental operations problems
associated with artificial gravity involve crew EVAs during rotation, robotic maintenance in the
vehicle's gravity field, crew physiological and psychological responses to a rotating environment,
performing minor course-correction propulsive maneuvers and testing the capability prior to
departure. Our work has verified that artificial gravity appears feasible for Mars-class missions,
for all propulsion options, at fairly modest mass penalties.

Vehicles based on electric propulsion pose the toughest integration challenge of all
for artificial gravity. Being low-thrust systems, they must burn for a substantial fraction of the
transfer time. One simple approach is to rotate the vehicle only during the mid-transfer coast -
period (1 - 2 months) and upon arrival at Mars (if a conjunction profile is used to allow long stay
times in Mars space). In case intermittent artificial gravity is an insufficient solution, however, it is
important to develop full-blown alternatives. STCAEM examined several configuration options.
Required thrust vector histories for low-thrust ransfers are not completely understood at this tme.

Another simple approach would be to keep the thrust vector attitude constant in space, avoiding a
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need for spin-vector precession. To first order, however, it appears that such repointing would be
required, and itis expensive propulsively. We examined using a "cross-product” electric engine
located on a long outrigger; even with generous configuration assumptons, the mass penalty is
about 10 % of IMLEO. If the spin vector is normal to the transfer plane, little repointing would
be required, and we selected this option for both NEP and SEP. We solved the problem of what to
~ use for countermass (particularly acute for the SEP) by baselining a new invention called the
"eccentric rotator”. With this approach, everything on the vehicle except the habitable and payload
systems is the countermass. This leads to the despun electric engines themselves tracing out small
circles rather than lying along the spin axis. However, their attitude (all that counts for low-thrust
propulsion) can remain constant, and the-CM excursion is typically small (of order a few meters
for NEP and a few tens of meters for SEP) so the gravity loads on the propulsion system are
small. The dynamics of such rotating vehicles are not yet fully studied. Mass penalties as well as
trip-time penalties appear small, of order 5 % of IMLEO for NEP including a spinup/spindown
propellant budget presuming efficient electric thrusting for that purpose. SEP suffers more
complications because its distributed structure is so fragile. Effects of the 4 rpm cyclic loading,
and the bending moment introduced into the fragile structure by the unbalanced rotor, remain
unstudied. Gravity loading of the main truss structure in the eccentric rotator configuration is as
high as 0.46 g, and preliminary estimates of the vehicle's structure mass were increased 20 %
over the microgravity version to accdmmodatc this (because the SEP structure amounts to only
14 % of the vehicle inerts, however, this results in an inerts increase of 2.6 %).
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Low-L/D Mars Excursion Vehicle (MEV) - The MEV archetype development began during, and
was resolved just following, the NASA 90 Day Study. It was originally conceived as a means of
delivering 25t of undefined payload to the surface of Mars. However, the specification of crew
cab provisions, the analysis of vehicle mass balance, and consequently the configuration design of
the vehicle all depend on specifics of the payload manifest. We assumeda 20t reference surface
module as an integral part of the MEV. This led to a "Mars campsite” design intended to support a
crew of four for 30- 60 d and became or standard lander design. Chief departures from the
lunar campsite mode of operation were:

1) The MEV arrives with the crew already onboard, and so is capable of a really self-
contained mission.

2) The MEYV also brings with it an ascent vehicle (MAV) with a separate propulsion system,
configured optimally for the ascent phase (or ascent after breakaway from the descent stage during
a descent abort). The crew cab for the MAV is the operations bridge for the MEV during all its
mission phases.

3) The MEV is configured for packaging within an L/D=0.5 aerobrake. For CAB
missions, this brake captures the as-yet unmanned MEV into Mars orbit autonomously, before
rendezvous with the MTV, and is used again for the descent. For CAP and other types of
missions with propulsive Mars orbit capture, this brake is used only for descent. In all design
cases, terminal descent engines are extended through ports in the windward surface of the brake at
low Mach number, and the brake is jettisoned subsequently, prior to touchdown.

The MEV configuration was developed to permit later removal and relocation of the surface
habitat module, with the aid of surface construction equipment. A variant of the MEV, without
either surface module or MAV, was analyzed for delivery of heavy cargo on unmanned missions.
A quick assessment was made of the feasibility of re-using an MEV, presuming ir situ production
of oxygen and retention of the aerobrake untl touchdown. The outcome was positive, although: .
(1) additional brake hatches appeared necessary for landing gear deployment, crew egress, and
cargo offloading; and (2) a lightweight top-shroud appeared advisable due to aerodynamic drag on
ascent, and to permit the crew bridge to protrude beyond the presumed wake-protection limit for
direct surface viewing during terminal approach. Configuration options for a "split-stage” MEV,
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in which the same, or a portion of the same, propulsion system is used for ascent as for terminal
descent, were also investigated, and shown to be simple variations of the archetype.

Our baseline aerobrake assembly concept presumed robotic-mediated final assembly of pre-
finished, rigid acrobrake segments at Freedorn. Packaging such segments efficiently by nesting
them in an ETO launch shroud is made challenging because of: (1) the aerobrake's asymmetrical,
deep-bowl shape, in which the maximum depth of a typical "slice" is comparable to reasonable
shroud diameters; and (2) the aerobrake's lip, required for both aerodynamic performance and
structural stiffening around the free brake edge. Subsequent manifesting analysis, in which
segments were configured according t0 arrinitial rib-and-spar structure concept, indicated that two
ETO flights would be required to launch a single acrobrake in several pieces. Such extremely
volume-limited and volume-inefficient manifesting is an unacceptably poor use of the expensively
developed capability that a heavy-lift ETO system represents.

In response to this manifesting problem, STCAEM proposed the "integral launch" concept,
in which a fully assembled, integrated aerobrake is launched externally, mounted on the side of the
launch vehicle exactly analogous to current STS operations. The low-L/D brake is comparable t0
the STS orbiter in linear dimensions, and is light enough to launch two at once, with capacity to
spare for other, shrouded payload as well. Ascent performance of such a flight configuration
requires study; the critical question is whether ascent loads would size the aerobrake structure out
of the competitive mass range for the mission itself.

Our structural analysis indicates that since the deep bowl-shaped aerobrake loads like a
doubly-curved shell, it may be possible to construct an actual "aeroshell" without resorting to ribs
and spars or some other articulated skeletal structure system. The shell would be made of a
relatively thin honeycomb-type material system with integral TPS. However, lip buckling would
still require a stiff rim, probably facilitated by a closed-tube-section structure. Such a brake may be
lighter, and cerainly simpler, but the thickened rim would still cause packaging problems due to
nesting interference.

D615-10026-3
22

w”ﬂ!

«‘H

(



igh- 1 X ion Vehicl V) - The RMEYV archetype development
occurred in response to three drivers:

(1) Analysis so far indicates that L/D =0.5 is sufficient at Mars for controlling an aero-
vehicle at Mars. However, the existence of some mission design studies in the literature which
advocate L/D > 1.5 for Mars, combined with our preliminary understanding of controllability
under Mars conditions, make it important to know in detail how different the configuration
constraints imposed by higher L/D would be from those imposed by the lower L/D (which by
1989 had come to be regarded generally as appropriate).

2)  Asthe 90 Day Study stimulated thinking about what the purpose of SEI Mars surface
" missions should be, concern developed that global, or at least wide, access to the surface of Mars
was potentially important. High-thrust Mars transfer propulsion systems (chemical or NTR) tend
to be mass-constrained by arrival and departure vector geometry to certain parking orbit conditions.
Although there is no lack of interesting (scientifically important) landing sites accessible from the
periapsis of any orbit at Mars, the fact that performance-optimized parking orbits are unique for
each high-thrust opportunity causes a site-access problem if returning to the same surface site is
required (for base buildup). Thus for high-thrust transfer propulsion options particularly, an
ability to achieve cross-range on lander entry may be important. High L/D enables greater cross-
range capability.

3) Certain Mars lander issues not imposed as requirements during the 90 Day S tudy required
analysis and design validation. Developing a new MEV concept, substantally different from the
baseline MEV, allowed us to investigate those issues simultaneously and thoroughly. Specifically,
we addressed: (1) a deep aerobrake structure concept, of interest for maximum structural
efficiency and therefore reduced brake mass; (2) the ability to deliver large-envelope cargo
manifests, represented in our design by a long-duration surface habitat module sized for 10 crew;
and (3) re-usability of the MEV, based on in situ production of cryogenic propellant.

-

The vehicle shape represented by the RMEYV has applications for other interesting mission
modes, concepts for which have yet to be investigated in detail. Three examples are: (1) a smaller
RMEYV, sized commensurately with the MEV to be a modest cargo-delivery vehicle; (2) a direct-
landing MTV, whose return propellant would be manufactured in situ on Mars; and (3) re-usable
aerobraked "taxi" vehicles capable of performing the Earth-Mars cycler embark/debark functon.
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_ Nuclear Electric Propulsion (NEP) - Description

This system creates electrical power necessary for the propulsion system with a
nuclear reactor power system. Thrust is obtained as a resuit of charged particles accelerated
through an electric field. Argon propellant is first ionized in the thruster discharge
chamber. The propellant, which is in a plasma state, is contained within the discharge
chamber by a magnetic field. The propellant then "drifts” towards the accelerating grid
where the charged particles are repelled out at an extremely high velociry. The charged
particles must then be neutralized to prevent them from coming back to the spacecraft,
which would negate thrust. An issue confronting the propulsion system involves the
expected lifetime of the thrusters due to cathode and grid erosion. Expected thruster
lifetime is 10,000-20,000 hrs.

The reactor power system is composed of twin uranium fast reactors. The reactors
heat a working fluid which is used to drive trboalternators. The expansion of the working
fluid drives the alternators, producing electricity. The working fluid must then be cooled
for reuse through a radiator subsystem. The electrical power is then conditioned for
transmission and sent to the thruster system on the distribution bus. Expected power plant
lifetime is 10 years. Disposal locations of the spent reactors are yet To Be Determined

(TBD).

-

Mission analysis for various vehicles has revealed that high power levels (20-40
MWe) coupled with low vehicle specific mass (alpha = 4-7 kg/kW) offer fast trips and low
associated IMLEO (400-600 t) for most mission opportunites. As used in this section,
alpha is defined as the specific mass of the vehicle and has the units of kg/kW. Since a
vehicle’s alpha plays such an important role in its performance, technology areas associated
with this aspect of electric propulsion must be given serious attention early in the
development program.

Certain gravity assists offer significant benefits for electric propulsion, without
imposing launch window restrictions. The gravity assists that offer benefits are a Lunar
fly-by, Mars fly-by, and an Earth fly-by. During Earth escape, the vehicle swings by the
moon to gain a velocity boost on the order of 600-1000 m/s. During a Mars fly-by, the
vehicle approaches Mars with excess velocity, drops the MEV off, and continues in
heliocentric space in close proximity to Mars. When the vehicle decelerates enough to
capture at Mars, the vehicle enters a highly elliptic orbit to allow the MEV multiple attempts
to rendezvous with the transfer vehicle. The tume frame for vehicle deceleration and Mars
capture is calculated to be the same as the surface stay time. An Earth fly-by is similar to a
Mars fly-by in the sense that the vehicle starts the deceleration phase of the mission leg,
later than it normally would. As the transfer vehicle approaches the Earth with excess
velocity, the crew is dropped off and the vehicle continues in heliocentric space. When an
Earth fly-by is employed, the transfer vehicle cannot rendezvous back with the Earth fora
considerable length of time (~200 days). This length of time may be detrimental to thruster
lifetime. Therefore, the recommended gravity assists are Lunar and Mars fly-bys. These
fly-bys can offer trip time reductions on the order of 40 days total.

A major operational issue confronting the NEP is departure and refurbishment
orbits. Due to differential nodal regression, severe debris environments, and Van Allen
belt radiation, the NEP is forced to operate from LEO (400 km) or GEO (35,000 km) and
higher. A LEO operational node would offer the greatest advantages for the NEP, if
nuclear safety operational issues can be resolved. Preliminary analysis from Boich er al,
Texas A&M [ A Radiological Assessment of Nuclear Power and Propulsion Operations
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Near Space Station Freedom, NAS3 25808, March 1990], indicates that a multi-megawatt
vehicle can -operate safely in LEO. Electric propulsion, unlike ballistic trajectories, spirals
in and out of Earth Orbit in a circular path. This type of circular spiral eliminates the nsk of

accidental Earth ammosphere re-entry.
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Nuclear Electric Propulsion
Reference Vehicle Configuration

Introduction

The Nuclear Electric Propulsion (NEP) Mars transfer concept offers
advantages of a reusable, extremely high Specific Impulse (Isp = 10,000 sec)
system; a fully propulsive capture at Mars and Earth which avoids the need for
high energy aerobraking; great mission flexibility (relative insensitivity to mission
opportunity, capture orbit astrodynamics, or changes in payload mass); and low
resupply mass (the argon propellent amounts to roughly a third of total vehicle
mass). Disadvantages of the concept are its high technology development cost
with a complex, high-performance power system and large, liquid-metal radiator

system.

Nominal Mission Outline

+ The NEP vehicle is assembled and checked out in LEO

» TMI is a slow spiral out of Earth's gravity well

« Just prior to Earth escape, the crew transfers to the NEP via an LTV

« Thrust continues throughout the interplanetary transfer, first accelerating relative
to Earth and then decelerating relative to Mars, except for a 45 - 60 day no-
thrust period enroute.

o MTV flies by Mars with low relative encounter velocity

+ MEYV separates from MTV for aeroentry

« MEYV descends to surface, jettisoning aerobrake prior to landing

+ Surface operations ensue

« MTV continues decelerating into loosely captured, highly elliptical orbit

+ Ascent vehicle leaves descent stage and surface payload on surface

+ MAYV rendezvous occurs at MTV periapsis; berthing and crew transfer

+ MAY jettisoned in Mars orbit

+ Reversal of interplanetary acceleration / coast / deceleration sequence

+ Crew departs MTYV for direct entry at Earth

» MTV spirals back to LEO for refurbishment (optional loose capture at L2 is
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atp'activc, if refurbishment infrastructure is available and if resupply trips
from LEO use EP or beamed power propulsion for high efficiency)

Vehicle Systems

Primary vehicle systems are: power plant at the bow; radiators
amidships; main propulsion astern; vehicle bus; and crew systems near the

sterm.

Power plant - The power plant consists of reactors, shadow shields, boiler (heat
exchanger), electromagnetic pumps, and turbo-alternators. Two fast-spectrum
(UN-W/25Re) reactors are used for redundancy. The reactors are positioned in
line with the main vehicle axis to maximize mutual shielding of the rest of the
vehicle. A radiation shield (WBe2C/B4C composite) is required aft of the reactors
to protect the crew and sensitive electronic equipment from direct and scattered
neutron and gamma fluxes. The shield is shaped to produce a shadow-cone with
rectangular cross-section, tailored to the reactors' view of the rest of the vehicle.
Lithium is the primary coolant, pumped by redundant elcctromagnétic”phmps
through the boiler. The secondary, potassium loop, also pumped
electromagnetically, carries heat from the boiler to the turbo-alternator assembly.
There are 5 pairs of turbo-alternators (3 primary and 2 backup pairs), which
generate 40 MWe for propulsion. Each turbo-alternator pair counter-rotates to
cancel its gyroscopic acceleration. This machinery is configured to permit
straightforward robotc maintenance access when the reactors are not running, but
the entire turbo-machinery assembly can be launched as one unit in a 10m
launch shroud, already integrated with the pumps, boiler and dormant reactors.
The potassium runs through the condenser pipes which form the vehicle spine
along the length of the radiator system. Reduced-diameter, armored pipes return
the low-quality two phase (mostly liquid) potassium to the boiler to complete the

loop. .

Radiators - The radiator system consists of a primary assembly, an alternator
assembly and an auxiliary assembly. A typical assembly consists of several
hundred individual, identical, sodium-containing, carbon/carbon heat pipes, whose
gvaporator ends are bonded mechanically to the secondary-loop condenser pipe.
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Their radiator fins are oriented in the plane of the overall array, and are bonded
mcchamcally together for overall structural stiffness. The primary assembly cools
the secondary-loop potassium; the alternator assembly cools the dynamic power
conversion system (turbo-alternators); the auxiliary assembly provides cooling to
the electromagnetic pumps during normal operations, as well as to the reactors

during shutdown.

Propulsion - The propulsion system includes engine assembly, propellant storage
subsystem, and plumbing. The engine assembly has 40 individual ion thrusters
(including 10 spares) in a 5 x 8 rectangular array. Each thrusteris I m wide by
5 m _long; beam neutralizers are located between the thrusters. The argon
propellant is stored cryogenically in insulated, spherical tanks, mounted on the
forward side of the engine assembly via structural and fluid quick-disconnects.
Including tanks, the propellant storage system masses 185t (~ 35% overall
vehicle IMLEOQ). This low propellant mass is a strong resupply advantage.

Vehicle bus - Thrust loads are extremely low for the EP system. Probable
maximum loading is from impulses such as Attitude Control System (ACS)
firings, berthing operations, and construction and maintenance acdvity. The
primary vehicle structure is the armored, liquid-metal-carrying condenser pipes of
the conversion and radiator systems. Additional lightweight, out-of-plane
stiffening structure for the large, flat radiator panels is not shown. Astern of the
radiators, an SSF-type truss continues the vehicle spine. The crew systems are
attached to this, and the power feeds for the engines are deployed within it. Two
communications satellites are embedded in the truss near the crew systems, to be
deployed in Mars orbit for maintaining communication with Earth. Also mounted
to the truss and not shown are deployable solar arrays which provide habitat and
vehicle power when the nuclear power system is shut down (during LEO
operations and interplanetary coast).

Crew systems - The crew systems consist of a long-duration transit habitat and one
or more MEVs (the reference design shows one MEV). All habitable volumes are
contiguous throughout each mission. The crew systems are wrapped around and
hung on the vehicle bus, as far from the nuclear sources as practical without
propulsion interference. The separation shown reflects an initial radiation shadow
shield designed for crew system separation exceeding 100 m. Electric propulsion
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has the least sensitivity to increased payload mass, so an important option 1is
provision for multiple MEVs. A multiple docking adapter (not shown), would
allow several MEVs to be used without altering the vehicle configuration

(additional propellant tanks would be required).
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CAD drawing of the side view of the turbo-alternator area
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Reference Matrix to Alternative Architectures

In considering a complex task, it is useful to organize it into a heirarchy of levels. The
higher levels are more important or more encompassings, while the lower levels include
more detail or are more specific. Constraints (e.g., requirements and schedules) flow
down from the higher levels and solutions or implementations build up from the lower
levels. The first figure shows a heirarchy of six levels from national goals to performing
subsystems. The following section discusses the fourth level, exploration architectures, in
terms of the lower levels: element concepts and performing subsystems. Selection of
preferred architectures will require the Government (the National Space Council, the
President, and the Congress) to first define the top three levels.

Implementation Architectures

Seven architectures have been selected for examination: four different propulsion types
(Cryogenic/Aerobrake, NEP, SEP, and NTR); two variations of In-Situ Resource
Utlizaton (ISRU) for propellants with Cryogenic/Aerobrake propulsion (Lagrange point 2
refueling and Mars surface refueling); and a cycling spacecraft concept. Three basic levels
of program scope are identified: small, moderate, and ambitious.

Multiple options can be generated within the basic architectures, varying launch vehicle
capacity, orbital node type, and mission profile and propulsion type for the various Lunar
and Mars vehicles.

Aecrobraking is found to be applicable to all seven architectures, placing it as a ‘critical’
technology. Electric propulsion leads to the lowest reference vehicle mass, and also almost
" the lowest resupply mass. ISRU/Cryo leads to the lowest éstimated resupply mass since
most of the propellant is derived locally rather than coming from Earth.

Cost Models

Cost estimation is being performed using "parametric” methods. This technique uses a
parameter, usually weight, as an input to empirically derived equations that relate the
parameter to cost. It should be recognized that the source data for the cost models is past
program experience, while the hardware being estimated will be built one or two decades
from now. Therefore these cost estimates should be assumed to have a standard deviation
on the order of +-100%. Hardware at technology readiness level 5 may be assumed to
have a standard deviation in cost estimate of +-30%. No revenues from sale of products,
services, or rights (i.e. patent rights, data rights), or commercial investment, are assumed
in the cost estimates. These might appear in a scenario such as the Energy Enterprise.

Aa an example, the cost estimate for a NEP architecture shows an average annual funding
level of $8 billion per year after initial ramp-up.

The principal cost drivers identified include number of development projects, reuseability,
mass in Earth orbit, and mission/operational flexibility.

Analysis Methods

Individual trade studies are performed within each architecture to optimize it against
evaluation criteria. The principal evaluation criteria to date has been initial mass in low
Earth orbit, as a proxy for cost. The results of this optimizaton will then be compared to
each other in groups. The early Mars group will compare all-propulsive, aerobraking,

D615-10026-5 47
PREGEDING PAGE BLANX NOT FILMED



yue|q 3j3| Ljjeuopuajuy afed SIYL

48

D615-10026-5



direct avel, and nuclear thermal among themselves. The electric propulsion group will
compare SEP and NEP. The innovatve group will compare Lunar oxygen to cycler orbits.
These concepts may both be retained if it is advantageous to do so. Finally, the choice
between early Mars and Late/Evolving Mars will need to be made on the basis of cost, risk,
and performance, while combining the best features from each group.
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Requirements, Guidelines and Assumptions
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Reference and Alternate Missions

Note: Contains material formerly in Mission Analysis
PRECEDING PAGE BLANK NOT FILMED
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NEP Mission Analysis

Contained within this section are the following:
« An overview of how the NEP compares with other options
« Propulsion option comparison assumptions
« NEP mission profile
« Description of the trajectories
¢ Mars flyby description
« Optimum mission parameters for various NEP vehicles
+ NEP opposition class mission opportunities
« Final report on low thrust mission analysis (Byrd Tucker, SRS)

Our inital objective for NEP mission analysis was to determine an optimum power
level for the purpose of vehicle design. Arbitrarily assigned vehicle specific masses
(designated as alpha in units of kg/kW) were assigned to each power level. These alphas
were associated with a technology level above current capability, but within the range of
projected technology. Once the power levels and associated alphas were assigned, mission
analysis was performed by Byrd Tucker of SRS Technologies under subcontract. The
outcome of Tucker's analysis was that a power level of 40 MWe (alpha = 4 kg/kW) at
10,000 sec ISp would provide fast trip times without a heavy IMLEO penalty. From this

analysis, we chose a 40 MWe NEP vehicle as our reference. After several months of
vehicle design, it was determined that the alpha of our vehicle would be 5.4 kg/kW for a 40
MWe NEP. Boeing Seattle has peformed our current mission analysis that contains the
current vehicle alpha and gravity assists. The current mission analysis results are contained
within the "Propulsion Option Comparison for Opposition Missions" chart. Since vehicle
alphas play such an important role in vehicle performance, this technology area must be
given serious attention early in the development program.

Certain gravity assists offer significant benefits for electric propulsion, without
imposing launch window restrictions. The gravity assists that offer benefits are a Lunar
fly-by, Mars fly-by, and an Earth fly-by. During Earth escape, the vehicle swings by the
moon to gain a velocity boost on the order of 600-1000 m/s. During a Mars fly-by, the
vehicle approaches Mars with excess velocity, drops the MEV off, and continues in
heliocentric space in close proximity to Mars. When the vehicle decelerates enough to
capture at Mars, the vehicle enters a highly elliptic orbit to allow the MEV multiple attempts
to rendezvous with the transfer vehicle. The time frame for vehicle deceleration and Mars
capture is calculated to be the same as the surface stay time. An Earth fly-by is similar to a
Mars fly-by in the sense that the vehicle starts the deceleration phase of the mission leg,
later than it normally would. As the transfer vehicle approaches the Earth with excess
velocity, the crew is dropped off and the vehicle continues in heliocentric space. When an
Earth fly-by is employed, the transfer vehicle cannot rendezvous back with the Earth for a
considerable length of time (~200 days). This length of time may be detrimental to thruster
lifetime. Therefore, the recommended gravity assists are Lunar and Mars fly-bys. These
fly-bys can offer trip time reductions on the order of 40 days total.
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2-5354-WGV90-071
22 October, 1990

To: Brad Cothran M/S JX-23
c: John Hardtla M/S 82-26
Dana Andrews M/S 8K-02
Vince Weldon - M/S 8248

Subject: Conjunction-Class Missions to Mars Using Nuclear Electric Propulsion
Discussion: ’

Trade studies were performed for the proposed conjunction class manned Mars mission, in
which Mars residence times are on the order of several hundred days. Long stay times at Mars
allow the vehicle to travel on two relatively low energy legs, in contrast to the opposition class
missions which (generally) utilize one low energy leg and one high energy leg. As a result, inidal
masses in Earth orbit are significantly lower than in opposition class missions.

Trades were performed for optimum power levels, optimum specific impulse for a given
power level, and optimum launch and encounter dates for the 2016 opportunity. Using a baseline
case of 25 MW, Isp = 10,000 seconds, the total vehicle alpha (inert weight divided by power
delivered to thrusters) was varied to determine sensitivity of initial mass to the design alpha.
Trajectories were then generated for each of the opportunities between the years 2009 and 2026,
again using the 25 MW vehicle as a benchmark . For the best and worst of the opportunities (as
far as minimum weight and minimum time), the stay time was varied between four hundred and
six hundred days in order to determine an optimal (minimum required total deita V) Mars residence
ame.

Assumptons for the study were as follows:

» Variables included specific impulse, initial mass in orbit, power level, vehicle
specific mass (alpha) and launch date.

» Trip dme was defined as Earth escape to Mars and return to Earth. Mars residence
was not included.
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» The equation used to calculate thruster efficiency was:

n= BB
DDT ]2
Isp*go
where DDT=22.96 and BB=0.835, constants from CHEBYTOP.
* Outbound payload of 116 MT '
+ Inbound payload of 43 MT
» Tankage mass equal to 10% of propellant mass
« Earth spiral to escape delta V of 8000 meters/second
« High elliptical Earth capture orbit
» Mars capture orbit of 24.5 hour (one Martian day) period with perigee altitude of
360 km.
» Vehicle alpha was defined as the ratio of the total inert weight to the power
delivered to the thrusters.

The following tables 1, 2, 3 and 4 show the resulting trajectory masses, specific impulses and trip
durations for 600 day Mars residence missions, 2016 opportunity:

Inidal Mass in Low Specific Impulse Launch Date Trip Time
Earth Orbit (MT) (sec) (Julian Date-2440000) | (davs)
479 10000 17470 300
449 10000 17460 320
435 10000 17450 340
428 10000 17450 360
425 10000 17450 380
421 10000 17440 400

- Table 1 Trajectory Summaries for 40 MW NEP
Tnp times for the 40 MW NEP vehicle are potentally shorter than any of the lower power levels, ‘
although the penalty of increased inidal mass in low Earth orbit is substantdal. An Isp of 10,000
seconds was used, since a lower Isp further increased the inital mass.
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Initial Mass in Low Specific Impulse Launch Date Trip Time
Earth Orbit- (MT) (secognd,s__)r (Julian Date-2440000) (davs)
370 10000 17465 310
355 10000 17460 320
340 10000 17450 340
333 10000 17450 360
331 10000 17450 380
381 7500 17460 320
365 7500 17450 340
358 7500 17450 360
355 7500 17450 380
450 5000 17460 320
427 5000 17460 340
416 5000 17450 360
412 5000 17450 380

Table 2 Trajectory Summaries for 25 MW NEP

Trades of initial mass versus trip time for three different specific impulses (Isps) are shown in

Table 2. The increase in initial mass in orbit for Isps of 7500 and 5000 seconds negate the benefit
of the increased thrust that lower Isps provide. At a power level of 25 MW, a high Isp is stll the
most beneficial. Trip times are nearly as short as the 40 MV vehicle, but the initial mass is

reduced.
Inital Mass in Low Specific Impulse Launch Date Trip Time
Earth Orbit MT) (sec) (Julian Date-2440000) idays)
323 10000 17450 _330
314 10000 17450 340
308 10000 - 17450 350
306 10000 17450 360
305 * 10000 17450 380

Table 3 Trajectory Summaries for 20 MW NEP

At a trip tme of 330 days, the 20 MW vehicle is thrusting nearly continuously. As a result, trip

times much shorter than this cannot be achieved without lowering the Isp.

D615-10026-5



Inidal Mass in Low Specific Impulse Launch Date Trip Time
Earth Orbit(MT) (sec) (Julian Date-2440000) (davs)
_ 293 7500 17440 350
279 7500 17440 360
274 7500 17440 380
273 7500 17440 400
337 5000 17450 340
316 5000 17440 360
310 5000 17440 380
306 5000 17440 400

Table 4 Trajectory Summaries for 10 MW NEP

The lower power to weight ratio of the 10 MW vehicle necessitates a lower Isp for the required
thrust levels to escape Earth and travel to Mars.

Inital Mass in LEO (MT)

Figure 1 Initial Mass vs. Trip Time Trades, 600 day Mars Residerice
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Figure 1 displays the performance of each of the different power levels for a 600 day residence
time at Mars during the 2016 opportunity. A nominal power level of 25 MW was selected as a
good compromise berween moderate initial mass and short trip times. Factors that could affect this
choice are cost of delivering mass to orbit and human tolerance to extended time in space. Ifa
heavy-lift launch vehicle is capable of injecting 100 MT into low Earth orbit (LEO) per launch, a 10
MW vehicle would be more cost effective from the standpoint that only three launches would be
required. If three hundred fifty day trip times (two hundred days outbound) are tolerable, a lower
power vehicle may be a better choice. Likewise, if a short trip time is extremely important, a
higher power level may be used.

500 l
= ] —a— 25 MW Isp = 10000 sec
= -—-o— 25 MW Isp 7500 sec
L
= 400
— 4
8 \\

Q
-]
<
S 300 —=
—— 10 MW Isp = 7500 sec
— e 10 MW Isp = 5000 sec |
200 t t T
300 320 | 340 360 380 400 420

Trip Time (days)
Figure 2 Specific Impulse Trades, 10 and 25 MW, 600 day Mars Residence

Figure 2 shows that a higher specific impulse results in a lower inital mass, while trip times
remain compettve. However, there is a practical limit to the maximum Isp. Atlow power levels,
the vehicle is thrust-limited, i. e. it may not be able to produce the required delta V in a given
period of time to ever reach Mars. As a result, the duration of a leg must be increased in order to
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gain more total delta V, forcing a trajectory that is not as efficient as a shorter path. For the 10 MW

case, a lower specific impulse can result in a shorter trip time. e
Power Vehicle Alpha Inigal Mass in LEO Trip Time
(MW) ____ (kgkW) (MT) (days)
25 3.0 314 325
25 5.65 338 325
25 6.00 352 325
25 6.50 371 325
Table 5 Variation of Initial Mass with Alpha, 25 MW Vehicle
After the 25 MW vehicle was selected as a baseline, the vehicle alpha was varied to determine the
sensitivity to this figure. Table 5 sumarizes the results. Choosing an initial point in the "knee" of
the initial mass vs. time curve (Figure 1), the alpha was varied from the nominal 5.65 kg/kW. The
same 325 day trip time was possible in all cases, and initial mass in orbit did not vary drastically,
showing only a proportonal increase. '
Opportunity Launch Date Initial Mass in LEO Trip Time ~
2010 21 Aungust, 2009 406 420
2012 19 October, 2011 402 400
2014 14 January, 2014 392 . 340
2016 02 March, 2016 340 340
2018 26 May, 2018 338 325
2020 14 Julv, 2020 358 340
2022 08 August. 2022 373 385
2024 17 August, 2024 406 410
2026 21 September, 2026 401 420
Table 6 Trajectory Summaries for 25 MW NEP Vehicle, Various Opportunities
Using the same nominal vehicle and majectory, a rade was performed in which the year of
opportunity was varied through the endre Earth-Mars oppormniry cycle. Results are summarized
in Table 6. When arrival and departure from Mars occurs near the apoapsis of the Martdan orbit, %
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corresponding increase in necessary total delta V for the same trajectory geometry. As a result,
longer trip times and higher initial masses in LEO are required for some of the oppositions than

Mars is further away from and Earth and is traveling siower. Both of these factors require a
others.
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Launch Date Stay Time Initial Mass in LEO Trip Time
(days) MT) (days) ]

26 May, 2018 600 338 325

31 May, 2018 500 343 - 390

20 June, 2018 400 374 440
21 August, 2009 600 406 420
09 November, 2009 500 383 410
14 November, 2009 400 399 480

Table 7 Effect of Mars Stay Time on Initial Mass and Trip Time, 25 MW Vehicle

The effect of varying residence time at Mars upon the initial mass and trip time is shown for two
different opportunities in Table 7. For the efficient opportunides (2018, for example), a slighdy
longer stay time than 600 days might be beneficial. However, for the 2010 opportunity, a shorter
residence time (berween 400 and 600 days) will decrease the inidal mass and trip time due to
improved planetary geometry for the Earth to Mars and Mars to Earth transfers.

Conclusions:

For the more efficient opportunities (e. g. 2016, 2018), a 20 to 25 MW vehicle provides a good
compromise between low initial mass in Earth orbit and short travel times to and from Mars. For
the opportunities which require substantially more energy, a higher power vehicle may improve the
overall performance for the mission. If the reduction of initial mass in low Earth orbit is placed ata
premium, a lower power level may be more suitable.

Prepared by: Reviewed by:
) . ~ L2
Wl P Yo il e
William G. Vlases S. W. Paris
M/S 82-24 M/S 82-24
(206) 773-8424 (206) 773-7023
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To:

Subject:

Reference:

Discussion:

Brad Cothran

John Hardtla
Dana Andrews
Vince Weldon

2-5354-WGV90-074
25 October, 1990

M/S JX-23
M/S 82-26

M/S 8K-02
M/S 82-48

Nuclear Electric Propulsion Trades for 25 MW Vehicle at Higher Specific Mass

“Conjunction-Class Missions to Mars Using Nuclear Electric Propulsion”, 2-5354-

WGV90-071.

This memo is an addendum to the previous study (Reference) in which the effects of a broader
range of vehicle specific mass (ratio of initial mass to electric power delivered to thrusters, known
as alpha) on the trajectory is outlined. The data presented here will encompass the possible specific
mass of very advanced production methods through current state of the art.

Table 1 presents the important data:

Power Vehicle Alpha Inidal Mass in LEO Trip Time

(MW) (kg/kW) MT) (days)
25 ' 5.00* 314 325
25 5.65* 338 325
25 6.00* 352 325
25 6.50* 371 325
25 7.00 391 325
25 7.50 398 335
25 800 _ 398 370

* represents previous data (Reference)

Table 1 Variation of Initial Mass with Alpha, 25 MW Vehicle
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Figure 1 Initial Mass in Low Earth Orbit and Trip Time vs. Alpha
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requirements of all opportunities in the cycle. If a higher energy opportunity is chosen, the rate of

increase of initial mass and trip ime with increasing vehicle alpha will be much higher.

Note that the data in Figure 1 is for the 2018 opportunity, which has the lowest

Reviewed by:

Prepared by:
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S. W. Paris

William G. Vlases

M/S 82-24

M/S 82-24

(206) 773-7023

(206) 773-83424
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OPTIMUM LOW THRUST
ROUND TRIP EARTH-MARS MISSION
AND '
SYSTEM DESIGN PARAMETERS

December 27, 1989

William Byrd Tucker

SRS TECHNOLOGIES
990 Explorer Blvd.
Huntsville, Al 35806
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1.0 INTRODUCTION

The objective of this task is to determine optimum mission and system design
parameters for both Nuclear Electric Propulsion (NEP) and Solar Electric Propulsion
(SEP) systems performing round trip Earth-Mars missions in the 2011 to 2028 time
frame, subject to a variety of both equality and inequality constraints. The following
constraints are enforced throughout the entire study:

+ Payload at Mars arrival is 124,300 (kgs).

« Propellant reserves and tankage is 10% of the propellant loading.

. Mass dropped at Mars is 84000 (kgs), plus the propellant reserves and tankage
for the Earth-to-Mars leg of the mission (including the Earth escape and Mars capture
spirals).

o Payload at Earth return is 40300 (kgs).

« Stay time at Mars is 30 days. It is assumed that the crew will exit the low thrust
vehicle and descend to the Mars surface (using a high thrust system) in a relatively
short time . The crew will also ascend using a high thrust system, and will rendezvous
with the low thrust vehicle for the Mars-to-Earth rctum leg of the trip. However, the
low thrust descent and ascent spiral propellants are included as part of the low thrust
system being optimized. At Earth departure, it is also assumed that the crew will use a
high thrust system to rendezvous with the low thrust vehicle just before Earth escape.
At Earth return, the crew will leave the low thrust vehicle before spiralling down into
Earth orbit. Thus, the Earth escape and capture spiral propellants are charged to the
low thrust system mass, but the spiral times are not counted as part of the mission.

. Minimum acceptable distance of the spacecraft from the sun is 0.3 AU. on
ecither the outbound or inbound leg of the mission. This constraint never becomes a

factor in this study because the minimum distance on all missions examined is about 0.5

AU.

2.0 SIMULATION AND OPTIMIZATION PROCEDURES

A parameter optimization program, refgrred to as POP, is used to drive the
optimization process. POP is an acronym for "Parameter Optimization Program.” It can be
interfaced with any system model and, when the parameters are communicated properly between the
system model and POP, it will drive the simulation to find the set of parameter values that satsfies all
of the defined constraints and minimizes a cost functional. Both equality and inequality type
constraints are acceptable. System parameters may be designated as fixed (in which case POP
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ignores them in its optimization search) or variable (in which case POP allows them to vary in its
optimization search). The theoretical foundation for POP is given in Reference 1.

It is well known that SIMPLEX only solves linear systems of equations; thus, an obvious
question is "How is SIMPLEX used to solve nonlinear problems?" The answer is that all the
required partiial derivatives are supplied to SIMPLEX as the coefficients in its system of linear
equations, and the search is constrained to a "linear neighborhood” of the current system states. In
this way, on any one call to SIMPLEX a linear system of equations is solved and the answers are
returned to POP, which then reevaluates all relevant relatdonships, with all their nonlinearites, and
sets up to take another step with SIMPLEX. This procedure of sequentially feeding SIMPLEX small
linear chunks of a large nonlinear problem ultimately results in a solution of the large nonlinear
problem. It is quite surprising how robust POP is in this role. Reference | exhibits some results for a
difficult and highy nonlinear problem, but over the years since POP was first developed, it has been
used to solve a host of difficult nonlinear problems.

QOne advantage of using POP over several other optimization techniques is the ease with
which the cost functional, the constraints (both equality and inequality types), and the parameters (0
be fixed or variable during the optimization can be changed. Any variable in the system model can be
used as a parameter by equivalencing it to a member of the parameter set. Any parameter in the set
can be fixed by simply setting an input flag properly for that parameter. The cost functional or
constraints can be changed by changing the proper equations in the constraint subroutine and
recompiling.

Performing system optimization is somewhat like walking through a mine field, "You never
know what might happen after the next step!” Optimization with POP is no different. The user must
be wary of several potential problem areas.

Estimating the partial derivatives js one potential problem area. The pardals are estimated

empirically, as indicated in the following equation:

(BC,- - S (py*9p)) - i (Pio)
;o 5p;

where Ci (as i = 1,..N) represent the cost functional and all the constraints, and pj (as j =
1,....M) represent all variable system parameters. The user must input values for 8pj , and the value
for each "8pj" must be chosen such that the resulting matrix of partial derivadves adequately
approximates the matrix of true but unknown partial derivatives. This is not a trivial exercise for
problems that you are not familiar with. POP allows you to set a DEBUG flag in the input so that

you can see the results of C; (pjo+9p;) and C; (pj) and interactively change the dp; to find values
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that result in credible approxlmauons for the partials. You should i input values for Op; such that the
differences-in the numerator in the equation  for the partials retains 4 or 5 significant digits. Failure to
do this properly can result in much wasted manhours and computer ume.

Determining a linear neighborhood of the current system states can also be difficult. POP
uses input variables called BFAC to control the search region for POP. BFAC is 4 multiple of Sp; |,
which defines the region within which POP is allowed to vary each Pj on one iteration. POP then
dynamically adjusts BFAC based upon the linearity of the cost functional during each search.When
the cost functional increases with respect to BFAC, POP reduces BFAC by ( 0.75*BFAC).

A maximum (BFMAX) value and a minimum (BFMIN) value are also input. These values
restrict the range of values within which BFAC can vary. BFMIN should be 1.0 if the op; values
have been chosen reasonably. BFMAX is not so easy to specify, and can have a great influence on
the optimization process. If BFMAX is too large it is possible for the process to bounce around from
one local "valley” to another, and perhaps never really converge. If BFMAX is 100 small the process
may move very slowly toward the minimum of a local valley, which may not be the best valley
anyway. POP has no facility for assuring that the local minimum it finds is the global minimum. The
user is responsible for analysing the results and the problem to decide whether the results are in fact
the desired optimum. -

Figure 1 shows a macroflow diagram of the POP optimization procedure. After
input and initialization, it calls the system simulation routine with "nominal” values
for all of the parameters to determine nominal system performance. It then varies
each "free" parameter by a prescribed "deita” amount and uses divided fifferences to
empirically estimate the partial derivative of each constraint (i.e. the cost functional,

all equality constraints, and all inequality constraints) with respect to ecach free

parameter.
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Figure 1. Macroflow Diagram of The Parameter Optimization Program
(POP)

The SYSTEM subroutine used in this study is structured using low thrust escape
and capture spiral subroutines based on the results of Reference 2. and low thrust
Earth-Mars and Mars-Earth trajectory subroutines based on the CHEBYTOP development
by The Boeing Company in the late 1960s and ecarly 1970s, as documented in Reference
3.

Figure 2 presents a macroflow diagram of the system subroutine used for this
study. Departure is always from a circular Earth orbit, and the spiral is simulated out to
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escape (CSI:-'. = 0). CHEBYTOP routines arc then called to simulate the trajectory to Mars

capture (C3M = 0). The arrival spiral subroutine simulates the trajectory from C3M = 0

to the specified circular Mars orbit. If the departure or arrival orbit is

__.LOW THRUST ROUND-TRIP

" EARTH-MARS MISSION SIMULATIONr

EARTH DEPARTURE SPIRAL

OUTBOUND CHEBYTOP

VTMODE: Variable Thrust Solution

CTMODE: Constant Thrust Solution
(assumes CT trajectory is not
greatly different from VT
trajectory)

| MARS CAPTURE SPIRAL I

Y

STAY PRESCRIBED TIME,
DROP MASS & TANKAGE

Y
[ MARS DEPARTURE SPIRAL |

INBOUND CHEBYTOP
VTMODE: Variable Thrust Solution
CTMODE: Constant Thrust Soiution

(assumes CT trajectory is not

greatly different from VT

trajectory)

EARTH CAPTURE SPIRAL _ |

Y

Figure 2. Macroflow of the Low Thrust
Mission Simulation

Round-Trip Earth-Mars
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elliptical, the spiral subroutine uses the semi-major axis as if it were the radius of a
circular orbit. This approximation is made because the spiral subroutines are
developed for departure from and arrival at circular orbits.

CHEBYTOP is used in this analysis primarily as a trajectory generator. [t
optimizes the thrust attitude angles and coast arcs when it generates a trajectory, but
nothing else. POP is used to optimize all of the other mission and system parameters. A
significant problem surfaced during this analysis as POP kept stressing the system to
minimize the cost functional. Since CHEBYTOP assumes that the VTMODE trajectory is
not greatly different from the CTMODE trajectory, and POP keeps pushing the system to
its limits, even for the VITMODE,-it gets to a point where the CTMODE approximation does
not converge, and in this analysis we are primarily interested in CTMODE pcrfori'nance
results. Thus, the question arose: "How can the optimization search volume be
constrained to a region such that the CTMODE always converges?" This was
accomplished by constraining both the outbound and inbound CTMODE payload mass
fractions to desired values.

To be more specific, suppose that POP is minimizing the total heliocentric travel
time, and a paricular iteration results in a CTMODE payload mass of 30,000 (kgs). Since
the desired payload value of 40,300 (kgs) is different from that achieved on that
iteration, the desired payload mass fraction is computed using the desired payload mass
with all the mission and trajectory data from the iteration. The difference in the
desired mass fraction and the mass fraction achieved on the iteration is entered as an
error in the constraint subroutine. This is done on both the outbound and inbound legs
of the mission. It is evident that the desired mass fraction value changes from one
iteration to the next because the mission and trajectory data change, but this "floating”
of the desired value has caused no discernable difficulty. This "floating end condition”
concept was used successfully on an Apollo lunar targetting problem (see Reference
4).

This scheme accomplished the desired results, i.e. it kept the iteration
constrained to a region in which the CTMODE was close enough to the VITMODE results to
converge. However, the user should be aware that this reduced the search volume 10
accomodate the CTMODE approximations, and it may be possible to achieve better results
with an unconstrained trajectory generator. It is not likely, however, that such
improvement would be sufficiently large to change the trends or trades resulting from

this analysis.
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3.0 EARTH-MARS ROUND TRIP MISSION PARAMETERS

The mission begins with the Earth departure spiral out from an Earmh orbit to
C3E = 0. The orbit is specified by input of its apogee and perigee radii, RAED and RPED.
As was mentioned earlier, the spiral algorithm assumes departure from circular orbit.
If apogee radius is different from perigee radius, the algorithm uses the semimajor
axis as the radius of the circular orbit. The spiral out time is ignored. but the
propellant required is included as a part of the low thrust system mass.

At escape (C3E = 0 ) CHEBYTOP computes the outbound leg of the heliocentric
portion of the flight. Beginning time of this outbound leg is called the "date of Earth
departure, DED,” and is an input. The “heliocentric travel time, HTT," is input and is the
sum of the outbound Earth-to-Mars trip time (from C3E = 0 to C3M = 0 ) and the ifibound
Mars-to-Earth trip time (from C3M = 0 to C3E = 0 ). Note that HTT does not include stay
time at Mars or any of the spiral times.

The “outbound trip time, TOUT," is also input, and the inbound trip time is
computed as TIN = HTT - TOUT. The Mars arrival date is DMA = DED + TOUT. The arrival
spiral is from C3M = 0 to a Mars orbit specified by its apoapsis and periapsis radii.
RAMA and RPMA. If they have different values the algorithm uses the semimajor axis.
Again, the spiral down time is ignored, but the spiral down propellant is considered
part of the outbound propcllant' requirement. At Mars, the input value for drop mass
(84,000 (kgs)] is dropped, along with the outbound tankage and reserves, which is 10%
of the sum of propellants used in the Earth escape spiral, the outbound heliocentric
leg, and the Mars capture spiral.

The Mars departure date is DMD = DMA + TSTAY, where TSTAY is input. The Mars
departure orbit is specified by input of RPMD and RAMD, periapsis and apoapsis radii of
the departure orbit. The Mars departure spiral is out to C3M = 0 and the propellant used

is a part of the inbound propellant for the system.
Earth arrival date is DEA = DMD + TIN. CHEBYTOP computes the inbound

heliocentric leg of the mission from C3M = 0 to C3E = 0 in time TIN. The Earth capture
spiral is from C3E = 0 down to an Earth orbit specified by imput of RPEA and RAEA. The
spiral down time is ignored, but the propellant used is included in the inbound

propellant requirements for the system.
Two versions of POP were used: one minimizes HTT: the other minimizes the

initial mass in Earth orbit, IMEO, with HTT fixed at a desired valuc. Mission parameters
that are available for POP to use in its optimization are:

« DED: Date of Earth departure
« TOUT: Heliocentric outbound travel time (from C3E = 0 to CiM =0)
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« HTT: Sum of outbound and inbound hcliocehtric travel time
» TSTAY: Stay time at Mars (from C3M= 0 at amrival to C3M = 0 at departure)

4.0 LOW THRUST SYSTEM PARAMETERS

The fundamental relationships for modelling the low thrust system are listed

below:

T
J= f a? dt , (trajectory optimization parameter)
[ ]

1 -1 . I i
my =g * b, (mass related to trajectory parameters)

mps = aP, , (power system mass; @ = specific mass; P, = initial power)
¢ = ge Ip , (exhaust velocity)
N =1 (Lsyp) , (Thruster efficiency)

0 = 23;: 2 , (initial acceleration)

mp = m, - me , (propellant mass)
m¢ = kmy, , (tankage & reserves)
Mp; =M, - (1+k)m, - My , (payload mass)

The system design parameters available to POP for use in its optimization are
listed below: '

e IMEO: Initial mass in Earth orbit

* HISP: Specific impulse of the low thrust system

* PO: Initial power of the low thrust system
Note that the "specific mass, ALPHAW or «," is an input but is never varied in the

optimization.

5.0 NUCLEAR_ELECTRIC PROPULSION (NEP) RESULTS

Design parameters for the NEP system are its (1) inmitial power, Po, (2) specific
mass, a, and (3) specific impuise, Isp. In some of the following NEP results Isp is
optimized, but specific mass and Po are held constant.

Thruster efficiency, n, was specified as a tabulated function of Isp. Thus, when
Isp is optimized it is neccessary that the n(Isp) be represented functionally so that the
partial derivative can be evaluated. The tabulated data was fit with the following fourth
order polynomial for that purpose:

n = -0.082668 + 2.6251c-4*Isp - 3.087c-8*Isp**2 + 1.8047¢-12*Isp**3

-4.3169¢-17*Isp**4
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The tabulated n(Isp) data only extends to an Isp value of about 12500 (sec). Thus. any
time the NEP Isp value is optimized, it is constrained such that its value is less than or

equal to 12500 (sec).
All these NEP results assume Earth departure and return at a "nuclear safe orbit”

of radius 7070 (km), i.e. about 700 (km) altitude; Mars arrival and departure is at a
circular orbit of radius 23000 (km).

5.1 NEP SYSTEM DESIGN PARAMETRICS FOR THE 2016 OPPOSITION
This _section presents parametric data for the 3/2016 _ launch
opportunity for various NEP system design options. Detailed optimization results for

this section are presented in the following tables:
For the Po/a_ = 120/3 System

10

HTT *302.042 325 400 500 600
DED 17470.46 17470.80 17459.48 17428.49 17404.25
TOUT - 126.834 129.300 155.195 202.428 245.647
IMEO 997.689 _865.390 737.102 676.761 652.971
HISP 10000 10000 10000 10000 10000
ETA A .83 .83 .83 .83 .83
For the Po/a = 80/4 System
HTT *342.049 400 500 600
DED 17462.80 17459741  17427.82 17403.00
TOUT 142.822 156.637 205.568 249.653
IMEO 854.930 694.094 627.534 602.483
HISP 10000 10000 10000 10000
_ETA .83 .83 .83 .83
For the Po/a = 40/4 System
HTT|  *359.262 400 500 600 700
DED 17458.42 17458.07 17437.6 17401.00 17365.96
TOUT 156.242 161.844 203.7 256.093 302.327
IMEO 548.281 4473 885 396.197 379.753 375.463
HISP 10000 10000 10000 10000 10000
ETA .83 .83 .83 .83 .83
For the Po/a = 24/6 Svsiem
HTT *435.564 __ 500 600 700
DED 17456.85 17440.79 17401.42 17354.13
TOUT 189.924 203.105 261.178 321.480
IMEO 448.792 384.341 363.858 358.385
HISP 10000 10000 10000 10000
ETA| .83 .83 .83 .83
D615-10026-5



For the Po/a = 10/12 Svystem
HTT *610.319 650 700 800
DED 17431.76 17404.75 17390.34 17346.97
TOUT 270.478 272.068 297.456 349.266
IMEO 377.595 345.701 342.290 342.310
HISP 10000 10000 10000 10000
ETA .83 .83 .83 .83

The first value

in each table (with

the asterisk,

is

*)

the minimum HTT value

" achievable with that NEP system design and launch opportunity. The other HTT values

are fixed and the IMEO values are the minima for those HTT values.

Figure 3 shows the minimum IMEO required for various NEP design options to
perform missions of various durations (various HTT values). Keep in mind that all these
NEP designs are assumed to have Isp = 10000 (sec) with an efficiency of about 0.83.
The minimum value of HTT shown in Figure 3 is the minimum HTT value achievable
with that NEP design, characterized by its Po, Isp, and ALPHA. Suppose that a mission of
HTT = 302 days is required. Figure 3 shows that the only one of these NEP designs that
has that capability is the Po = 120 witha =3 . It is also evident from the figure that
the NEP system having the lowest Po value will perform any HTT mission with the
minimum IMEO, if it can aéhicve the dcéircd HTT value. For example, if an HTT of 600
days is required, it is cheaper in terms of IMEO to perform the mission with the (24.6)
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Figure 3. Initial Mass Required in Earth Orbit for Various Missions and
Nep System Designs
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system than with any other system examined. Thai mission can't be done with the
(10,12) system: the figure shows that the minimum HTT achievable with the (10.12)

system is about 610 days.
Figures 4 and 5 arc companions of Figure 3, showing the optimum Date of Earth

Departure (DED), and duration of the outbound leg of the mission (TOUT), for the same

set of mission and NEP system design options.

7 ]
e 120,L) (Po,SpMuo})
g : = \

o
24/6)
17450-4-8“,4 H ( 3
(40,4) ] . 4
F 72
17400 9
. I~

N T~

17350

17300
300 400 500 600 700 800

Total Hellocentric Travel Time (days)

Earth Departure Date (JD-2440000)

4. Date of Earth Departure for Various Mission and NEP System

Figure
Design Options
_ 400
[
o
]
o2
E (Po,SpMpss)
= 300 = (10,12)
©
>
8
[™
- + (24}6)
© 200
- (40,4) S
S
(8@
k-]
&
-
2 100+ : !
g 300 400 . 500 800 700 800

Total Hellocentric Travel Time (days)

Figure 5. Duration of the Earth-to-Mars Leg of Various Missions Using
Various NEP System Design Options
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Figures 4 and 5 show that the HTT value primarily controls the value of DED and
TOUT, with the (Po, a) combination of the NEP system having a second order effect.

5.2 OPTIMUM PARAMETERS FOR A (40,4) NEP SYSTEM OVER AN
EARTH-MARS SYNODICAL CYCLE -
This section of NEP results shows the capability of the (40.4) NEP system

desien to perform various HTT duration missions at every opposition opportunity
17 _vears). Another difference

throuchout an entire Earth-Mars synodical cycle (about
in this section is that here POP is required to optimize the Isp value instead of using a
fixed input value. A detailed tabulation of the optimization results is presented in. the

following tables, one for each opportunity in the cycle.

For the 12/2011 Opportunity

HTT 393.284 415 450

DED 15911.07 15909.21 15917.80

TOUT 177.700 186.952 191.998

IMEO 608.13 487.949 424.472

HISP 9239.51 11845.98 12500.0

Po/a 40/4 40/4 40/4
For the 1/2014 Opportunity

HTT 377.693 400 450

DED 16677.06 16682.42 16662.38

TOUT 172.036 178.599 195.820

IMEO 576.664 473.663 408.957

HISP 9087.88 11755.01 11704.17

Po/a 40/4 40/4 40/4
For the 3/2016 Opportunity

HTT 351.920 375 450 500 600
DED 17461.44 17463.78 17445.94 17442.81 17436.37
TOUT 150.521 159.026 192.566 _209.839 262.106
IMEO 576.191 479,979 389.350 373.980 365.636
HISP 8712.68 11562.10 12485.21 12500.0 12337.92
Po/a 40/4 40/4 40/4 40/4 40/4
For the 5/2018 Opportunity
HTT 337.232 360 450 500 600
DED 18256.64 18256.78 18244 .99 18232.53 18219.99
TOUT 132.650 139.945 168.746 183.692 234.245
IMEO 596.977 488.938 383.935 371.391 361.997
HISP 8161.83 10814.83 12481.89 12438.91 12500.0
Po/a 40/4 40/4 v 40/4 40/4 40/4
D615-10026-5
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For the 7/2020 Opportunity
HTT 379.002 400 450
DED 19054.95 19061.12 19057.82
TOUT 145.916 152.106 174.737
IMEO 542.929 467.359 405.551
HISP 9992.22 12456.85 12500.0
Po/a 40/4 40/4 40/4
For the 9/2022 Opportunity
HTT 394.025 415 450
DED 19839.79 19837.23 19845.02
~__TOUT 162.840 170.467 180.965
IMEO 641.691 3505.436 430.601
HISP 8519.58 11167.38 12500.0
Po/a 40/4 40/4 40/4
For the 10/2024 Opportunity
HTT 4109901 430 450
DED 20608.18 20608.66 20603.76
TOUT 179.339 187.531 200.715
IMEO 568.192 480.936 440.611
HISP 10082.04 12424.57 12493.19
Po/a 40/4 40/4 40/4
For the 12/2026 Opportunity — . ..-:=ss e oaan
HTT 397.610 415 450
DED 21376.39 21374.78 21376.02
TOUT 178.784 188.840 206.339
IMEO 615.834 511.763 432.825
HISP 9045.30 11097.85 - 12452.05
Po/a 40/4 40/4 40/4

This database of optimum NEP parameters for an entire Earth-Mars synodical
period can be used to genmerate a multitude of interesting plots. The following plot is
just one example of the kind of plots that might be of interest. It is clear from the plot
that optimum specific impulse values do not form a consistent pattern with minimum
achievable HTT. There is most likely a dependence on Earth-Mars distance that is not

shown in the plot. (Earth-Mars distance is not included in the database).
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5.3 CONTINGENCY OPTIONS FOR A NEP REACTOR FAILURE AT MARS

The Boeing Company raised the question: "How can a mission be planned
so that the mission can still be accomplished if ome of the reactors goes out at Mars
(assuming a dual reactor NEP system)?”

The first option considered was the possibility of carrying enough extra
propellant to allow the returm leg to be 7complétcd with only half of the outbound
power, Po. The second option considered was to change the stay time at Mars 't:;om 30
days to a different value that would allow the return leg to be completed with the
nominal propeilant loading. It was somewhat surprising that both options handle the
problem with minor changes from the nominal. The following table lists the
propellant required and the masses to be dropped for the various trajectory segments.

Using IMEO to handle the problem requires that an extra 1777.8 (kgs) of
propellant be carried out to Mars. If the reactor does not fail, then the extra propellam
would be offloaded and the nominal return trajectory would be flown. If one of the
ractors does fail at Mars, then the extra propellant would be utilized as shown in
Column 3 of the table to successfully execute the return trajectory.

Using stay time at Mars, TSTAY, to handle the problem results in the values
shown in Column 4 of the table. All of the propellant loadings are at their nominal
values. but the stay time is reduced to 28.852 days (instead of 30 ) which

D615-10026-5
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distributes the propellant usage as shown in Column 4. Differences between the 1wo

contingency plans and the nominal are shown in Columns 5 and 6.

NOMINAL | REACTOR | REACTOR | DIFF. FOR | DIFF. FOR

VALUES | OUT/IMEO | QUT/TSTA| IMEO TSTAY
INITIAL MASS IN | 479898.5| 481676.3| 479898.5 1777.8 0
EARTH_ORBIT
EARTH ESCAPE 28027.669| 28134.028| 28027.669 106.359 0
SPIRAL_PROP 7
OUTBOUND HELIO | 65545.948| 66349.384| 65545.948|  803.436 0
PROPELLANT 1
MARS CAPTURE 3245.529| 3253.583| 3245.529 8.054 0
SPIRAL_PROP_ |
MASS DROPPED 84000 84000 84000 0 0
AT MARS |
TOTAL OUTBOUND | 96819.146| 97736.995| 96819.146|  917.849 0
PROPELLANT
OUTBOUND TANKS | 9681.9146| 9773.6995| 9681.9146|  91.7849 0
AND RESERVES
MARS ESCAPE 2351.625| 2535.767| 2528.435 184.142 176.81
SPIRAL_PROP
INBOUND HELIO 65981.5| 66236.571| 65550.059|  255.071| -431.441
PROPELLANT
EARTH CAPTURE | 12664.554| 12923.688| 12919.243]  259.134| 254.689
| SPIRAL_PROP ‘
TOTAL INBOUND | 80997.679| 81696.026| 80987.737|  698.347 0.058
PROPELLANT ‘
INBOUND TANKS | 8099.7679| 8169.6026| 8099.7737|  69.8347 0.0058
AND RESERVES
PAYLOAD AT 40299.992| 40298.977| 40298.929|  -0.0156| -0.0638
EARTH_RETURN

6.0 SOLAR ELECTRIC PROPULSION (SEP) RESULTS

The solar electric propulsion (SEP) system in this analysis differs from the NEP
system only in the n(Isp) function, and in the power profile as a function of distance
from the sun (power is constant for the NEP system). Both of these are specified for the
SEP system by the following equations:

n(Isp) = 80.193*Isp**2/(96.04*Isp**2 + 5.067¢8)

P/Po = ( 1.763 - 0.8865/R + 0.0592/R**2 )/[ R**2 ( 1 - 0.1171 R + 0.0528 R**2 )]
ALPHA, or ‘a , i.e. specific mass, is assumed to be 10 (kg/kwe) for all these SEP

results.

For SEP missions Earth departure and return is assumed to be at a

geosynchronous orbit of radius 42241(km); Mars arrival and departure is at a circular

orbit radius of 23000 (km).
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6.1 OPTIMUM SEP SYSTEMS FOR 2016 OPPORTUNITY MISSIONS

This. section presents optimum SEP system designs for performing various HTT
duration missions at the 2016 launch opportunity. Specific mass is always fixed at
10 (kgs/kwe) for these SEP systems. Detailed optimization results are presented in the

following tables (the value with the asterisk, * , is the minimum achievable HTT with

that SEP design):
For the Po/a = 10/10 SEP System
HTT *549.011 600 650 700
DED 17429.39 17426.76 17410.93 17391.33
TOUT 237.493 249.244 272.514 300.179
IMEO 489.382 334.204 352.331 335.492
HISP 4569.95 5521.95 _5023.71 5527.80
Po 10000 10000 10000 10000
For ¢ = 10, With Optimum Po_and Isp SEP System
HTT 520 549 570 600 650
DED 17442.44 17434.35 17430.22 17425.44 17410.72
TOUT 214.211 _232.164 240.661 255.401 280.790
IMEO 578.197 492.843 _372.044 319.656 297.859
HISP 5597.12 4191.12 5931.11 6328.13 4883.08
Po 18212.79 9919.88 9611.80 7644.50 4424.60
Figures 6 throught 10 are for these SEP systems performing missions for the
2016 launch opportunity. Figure 6 shows the minimum IMEO required for the SEP
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Figure 6. Minimum Initial Mass in Earth Orbit for SEP System to Perform
Various HTT Missions With Optimum Po and Isp
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system to fly various HTT duration missions, with both the initial power level, Po, and

Isp values. optimized.
Figures 7 and 8 are companion charts that show optimum Po and Isp values

associated with the HTT missions shown in Figure 6.
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Figure 7. Optimum Initial Power Values for Missions Having Various
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Figure 8 exhibits an optimum Isp value for HTT = 549 days that appears to be
inconsistent with all of the other values. This problem has not been analysed further
to determine what causes the inconsistency.

Similarly, Figures 9 and 10 are companion charts that show optimum Earth
departure date (DED) and optimum outbound heliocentric trip time (TOUT) for the same

missions shown in Figures 6, 7, and 8.
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Figure 9. Optimum Earth Departure Dates for Missions Having Various
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6.2 LOW EARTH ORBIT (LEQ) TO GEQOCENTRIC FEARTH ORBIT (GEO) TRANSFERS

The Boeing Company suggested the possibility of making the LEO to GEO transfer
with a disposable solar array. This would allow the array to be discarded at GEO due 10
expected damage caused by passage through the Van Allen radiation belt. Boeing
estimated the mass of the disposable array to be about 28000 (kgs).

Relationships deveioped in Reference 5 are used to (1) estimate the mass
required in LEO to transfer a -specified mass to GEO, and (2) the time required to
accomplish that transfer. Thus, the IMEO requirements presented carlier in this
survey for the SEP system to perform various missions of HTT duration would become
the specified mass to be transferred to GEO. The computational procedure for this LEO to

GEO transfer estimation is as follows:

myw = P, & (power plant mass)

Myid = Mgeo - My (payload mass for the transfer)
mg; = 28000(kgs) (structural mass for the ...)
m¢ = Mpjg +My; (final mass for the ...)
R=2=

¥

=—R_-0¢ i
T=T+R ™ T (gmo of prgpcllant mass to mass in LEO)

AV =V, - V., (wansfer velocity required)
V.= A¥ (characteristic velocity)
Mieo = ——*_ (mass required in LEO)
G-
- Via
2000 (86400)

T (time required ..days)

The following tables list detailed results of a parametric survey showing the
mass required in LEO to transfer desired quantities of mass to~GEO. and the time (in

days) required to accomplish that transfer, using various power levels.

D615-10026-5
20



Mass Required in LEO to Transfer Desired Mass_(mgo) to GEO
__;ngolszO‘ 300 350 375 400 425 450 500 550
288.37 1338.31 [388.27 |413.251438.24 [463.23 |488.21 |538.19 | 588.18
299.55 | 349.30 | 399.12 | 424.04 [ 448.98 {473.921498.87 | 548.79 | 598.72
311.631361.02 1410.59 |435.411460.26 |485.131510.01 |559.81 1609.64
324.721373.551422.73 |447.41 1472.12 1496.87 1521.65 |571.28 1620.97
338.971386.99 1435.62 |460.08 [484.61 [509.20}533.84 | 583.23 1632.73
354.511401.43 [449.32 ]1473.501497.78 |522.16|546.61 |595.69 | 644.95
371.56 [416.99 1463.91 {487.71|511.69 |535.791560.01 {608.70 | 657.65
390.321433.81 1479.48 502.811526.39 | 550.16 { 574.08 | 622.29 | 670.85
411.091452.03 /496.13 [518.88 [541.96 [565.311588.88 1636.49 | 684.60
0 434.18 1471.86 1513.97 536.00 558.49 {581.331604.45 1651.36 1698.92

s
o
~

1N 00 |\ I jin e e fro

Davs Required to Transfer Desired Mass (mgo) to GEO

Po/mgo{ 250 300 350 375 400 425 450 500 550

1 946.78 1 1318.0[1750.4 {1989.6 {2244.1 12514.012799.1|3415.3 {4092.8
2 236.701329.49 437.6_1 497.41 [561.03 | 628.491699.77 [853.82 11023.2
3 105.20 | 146.44 {194.49 1221.07 [249.35 {279.331311.011379.48 1454.75
4 5§9.17 182.37 1109.401124.351140.26 {157.12]174.941213.461255.80
5 37.87 152.72 [70.02 {79.59 [89.77 |100.561111.961136.61 [163.71
6 26.30 |36.61 |48.62 [55.27 162.34 169.83 |77.75 194.87 1113.69
7 19.32 12690 [35.72 [40.61 145.80 |51.31 [57.12 [69.70 [83.53
8 14.79 [20.59 {27.35 |31.09 |35.06 [39.28 ]43.74 |53.36 |63.95
9 11.69 16.27 (21.61 |24.56 127.71 |31.04 }34.56 }42.16 150.53
10 9.47 13.18 17.50 [19.90 [22.44 }25.14 127.99 34.15 140.93

Figures 11 and 12 show plots of the parametric survey tabulated above.

Figure 11 shows the mass required to transfer various desired mass values from
a  geocentric circular orbit of radius 6770(km) to a geosynchronous orbit of radius
42241(km), using various power levels, and Figure 12 shows the time required 10

accomplish the same transfers.
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Figure 11. Orbit Transfer Mass Requirements for SEP System Using a
Disposable Solar Array
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Figure 12. Orbit Transfer Time Requirements for SEP System Using a
Disposable Solar Array
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Figu'rcs 11 and 12 provide the user with a means of trading the (ime required to
transfer various mass values from LEO to GEO" with the initial mass required in LEO to
accomplish the transfer, using various SEP power levels. Recference 5 assumes 2
constant accelecration in deriving the estimating ralationships.

As a specific example, assume that a total manned trip of 600 days is desired. This
implies HTT = 570 days ( HTT = 600 - TSTAY). Figure 6 shows that the minimum IMEO
required at GEO is about 375(mt), Figure 7 shows the optimum I[sp value is about 5925
(sec), and Figure 8 shows the optimum Po value is about 9.6(MW). Now, the LEO to GEO
transfer is not required to use the same Po value as the interplanetary phase. Thus, we
can still trade Po values to get required IMLEO and time to make the transfer. Su'pposc
that it is desired that the IMLEQO be no more than about 450 (mt). Figure 11 shows that a
Po value of about 4(MW) requires about 450(mt) in LEO to transfer 375(mt) to GEO, and
Figure 12 shows that it takes about 125(days) to make the transfer.
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Performance Parametrics

Note: Contains material formerly in Mission Analysis
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Nuclear Electric Propulsion (NEP) - System Requirements

During the course of the Space Transfer Concepts and Analysis for Exploration Missions
contract (STCAEM), Boeing's Advanced Civil Space Systems group (ACSS) has
conducted regular review meetings in order to define and derive requirements, conditions
and assumptions for systems currently being developed. ‘

As system definition and development progresses, technical experts provide documentation
and rationale for requirements that have been derived. Thus, real-time "information
capture” prevents requirements and their associated rationale from being lost or forgotten.
For example, a vehicle configurator may see the need for providing 2 minimum passage
dimension for vehicle egress or ingress. This requirement would then be captured at an
early development stage and would provide a history for the decision. This seemingly
simple requirement may have large impacts on the design down the road and its traceability

is important.

Derived requirements and rationale are later transfered to the Madison Research
Corporation (MRC) where they are then entered into the system data base which has been
developed for ACSS using ACIUS's 4th Dimension® software. The data base allows for
easy access and traceability of requirements.

The charts that are contained within this document represent two collated copies of principal
requirements and assumptions for February 2, and May 30, 1990. The systems defined
include: (1) the Mars Transfer Vehicle (MTV), (2) Mars Excursion Vehicle (MEV), (3)
Trans-Mars Injection Stage (TMIS), and the Earth Crew Capture Vehicle (ECCV). Each

“system is then broken down into subsystem headings of: (1) design integration, (2)

guidance, navigation and control (GN&C), (3) electrical power, (4) man systems, (5)
structure and mechanisms, (6) propulsion, (7) ECLSS, (8) and command and data
handling (C&DH). The initials of each of the technical experts responsible for developing
the supporting rationale for each of the requirements is indicated parenthetically next to each

entry.

Although the majority of the derived requirements listed are directly applicable to all
vehicles such as those powered by Nuclear Electric Propulsion (NEP), Nuclear Thermal
Rockets (NTR), Solar Electric Propulsion (SEP) and reference Cryo, there are some that
are not. Those requirements that are only directly applicable to a specific vehicle type are
indicated within the entry. The italicized entries indicate a modification to an original
requirement prior to the second revision of May 30, 1990. .

Definition and re-examination of derived requirements will continue through the current
contract.
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