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ABSTRACT

Gateway
A Design for an Earth Orbiting Transportation Hub
Dedicated to Supporting the Lunar Base

University of Texas Mission Design (UTMD) has outlined the components that a space-
based transportation facility must include in order to support the first decade of Lunar base
buildup. After studying anticipated traffic flow to and from the hub, and taking into
account crew manhour considerations, propellant storage, orbital transfer vehicle
maintenance requirements, and orbital mechanics, UTMD arrived at a design for the
facility. The amount of activity directly related to supporting Lunar base traffic is too high
to allow the transportation hub to be part of the NASA Space Station. Instead, a separate
structure should be constructed and dedicated to handling all transportation-related duties.
UTMD found that the structure (named "Gateway") would need a permanent crew of four
to perform maintenance tasks on the orbital transfer and orbital maneuvering vehicles and to
transfer payload from launch vehicles to the orbital transfer vehicles. In addition, quarters
for four more persons should be allocated for temporary accommodation of Lunar base
crew passing through Gateway. Six orbit transfer vehicle(OTV) missions (2 vehicles per
mission) are expected each year during the first ten years of Lunar base operation. Enough
propellant must be kept on board to accommodate the OTV fuel requirements generated by
this mission scenario. UTMD specified the amount of fuel storage needed and the number
of remote manipulator arms to accommodate the refueling process and payload integration.
An orbital inclination of 28.5 degrees was selected to allow the Space Shuttle access from
Kennedy Space Center. The structure should be placed in a circular orbit between 240 and
260 nautical miles altitude. A Delta Truss structure was recommended as the framework
for the individual components, primarily because of its resistance to damage after heavy
docking activity and its ability to make orbital maneuvers such as a possible plane change
or altitude boost. UTMD was careful to recommend an expandable structure that can adapt
to meet the growing demands of the American space program as it moves toward the
twenty-first century.
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DEFINITION OF TERMS AND ACRONYMS

Term

Definition

ASE
CETF
DeltaV
ECLSS
ESA
EVA
fi/sec
FORTRAN
IVA
Gateway
GEO
H2

H20
HLLV
10C

J2

JSC

km
KSC
LBSS
LEO
LH2
11O

IM

LO2
LOX
LSPI
LSS
Lunar Base
MHS
MLI
MRMS
MRS
NASA
NASA Space Station
NM

o2
OoDT
ODP
oMV
orv
PMAD
PV
RMS
SD
UNIX
UTMD
VAX
VCS

-Acrospace Engineering

-Critical Evaluation Task Force
-Change in Velocity of a spacecraft
-Environmental Control/Life Support Systems
-European Space Agency

-Extra Vehicular Activity

-feet per second
-Scientific/Engineering Computer Language
-Intra Vehicular Activity

-Earth transportation node
-Geosynchronous Orbit

-Hydrogen Molecule

-Water

-Heavy Lift Launch Vehicle

-Initial Operation Configuration
-Orbital perturbation due to oblateness of Earth
-Johnson Space Center

-kilometers

-Kennedy Space Center

-Lunar Base Systems Study

-Low Earth Orbit

-Liquid Hydrogen

-Low Lunar Orbit

-Lunar Module

-Liquid Oxygen

-Lunar Oxygen

-Large Scale Projects Institute

-Large Space Structure

-Operational Facility on Lunar Surface
-Man-Hours

-Multilayer Insulation

-Mobile Remote Manipulator System
-Mobile Remote Servicer

-National Aeronautics and Space Administration
-Currently Planned Space Station
-Nautical Mile

-Oxygen Molecules

-Orbit Determination Team

-Orbit Determination Program

-Orbital Maneuvering Vehicle

-Orbital Transfer Vehicle

-Power Management and Distribution
-Photovoltaic

-Remote Manipulator System

-Solar Dynamic

-AT&T Bell Labs. Operating System
-University of Texas Mission Design
-High Speed Digital Computer
-Vapor-Cooled Shield



1.0 INTRODUCTION

The Advanced Programs Office at Johnson Space Center in Houston, Texas has decided to
begin the construction of a permanent Lunar Base around the year 2000. The facility will
require the transport of hundreds of metric tons of habitats, laboratory equipment, rover
vehicles, and many other components to the Lunar surface. Rather than launching all of
this mass directly from the Earth to the Moon using one vehicle, the payload will be
transferred from the booster vehicle to another while in Earth orbit. Several designs for
orbit transfer vehicles which can take the payload from Earth orbit to Lunar orbit have been
proposed. These orbital transfer vehicles will require a maintenance and refueling facility
in Earth orbit. University of Texas Mission Design (UTMD) studied the requirements of
such a facility to best serve the needs of the Lunar base, while allowing expandability to
accommodate future demands of interplanetary missions.

1.1 Project Statement

The operation of the Lunar base will not be possible without a transportation node in Earth
orbit. A facility of this type should be tailored specifically to accommodate the needs of the
base in terms of fuel storage, vehicle maintenance equipment, vehicle hangars, payload
transfer equipment, and crew habitats. It should be designed to allow expandability as
traffic to and from the Moon increases, particularly if the production of Lunar liquid
oxygen becomes economical. The orbit of the transportation node should allow a large
number of departure opportunities to possible Lunar destinations and be within reach of the
launch vehicles, while not requiring excessive fuel to maintain altitude.

1.2 Problem Background

One of the primary goals of UTMD during the course of the research was to design the
transportation facility such that the American space program could benefit as much as
possible from the recommendation. This required UTMD to explore such options as
making the transportation facility a part of the NASA Space Station structure, or designing
the node to be a free-flyer in the proximity (less than 2 kilometers) of the Space Station, or
perhaps building a new structure that is dedicated to transportation duties. The latter option



offers the added advantage of freeing the Space Station from the frequent docking
disturbances that heavy traffic flow will introduce into the microgravity research
environment. UTMD has been careful in selecting the components for the transportation
facility so that the anticipated growth of the space program will be accommodated.

1.3 Major Assumptions

Before undertaking the task of determining the orbit and outlining the growth process of
Gateway, UTMD made several assumptions to ensure the feasibility of building Gateway.
The primary reason for making these assumptions was to exclude any dependence on
nonexistent technologies that may not exist before the beginning of the Lunar base. The
assumptions were made as follows:

The United States will build a Lunar Base. The Lunar Base will not differ
greatly from those proposed in 1987.

This study concentrated on the requirements that a Lunar Base will place on an Earth-
orbiting station. The information made available by NASA and Eagle Engineering of
Houston will serve as the driver for Lunar Base requirements. The design of Gateway is
tailored specifically to accommodate these demands; including crew quarters, OTV service
facilities, and propellant storage tanks.

Launch vehicle capabilities will not change dramatically before Gateway is
constructed. :

The calculations used to determine the orbit of Gateway relied heavily on specifications of
operational or near-operational launch vehicles. A dramatic improvement in launch vehicle
performance would almost certainly allow Gateway to be placed in a higher orbit than that
selected by UTMD.

Orbital Transfer Vehicles (OTV's) will be built. The OTV's will perform
close to the specifications available today. The maintenance requirements
for the OTV's will not differ greatly from the figures available today.

At the present time, no OTV has been tested in space. The Earth to Moon transportation
network being considered is dependent on some type of vehicle to transfer crew and cargo



between Gateway and a Lunar orbit. The OTV's that have been proposed are reusable and
require maintenance while in space.

The United States Space Station will be functioning before Gateway is
constructed.

This is primarily a political and monetary issue. If an American research facility is not yet
in orbit, it should be given priority over a dedicated transportation node such as Gateway.

1.4 Approach to the Problem

Because the Lunar base is likely to produce a high volume of traffic flow before the first
manned interplanetary missions are started, UTMD chose to use available Lunar base
buildup scenarios to generate the requirements that will be placed on the transportation hub.
The analysis of the Lunar base scenarios yielded the expected number of orbital transfer
vehicle (OTV) flights per year and the number of Heavy Lift Launch Vehicle (HLLV) and
Space Shuttle flights needed to support the base. The number of OTV flights was used to
determine the quantity of Orbital Maneuvering Vehicles (OMV's) needed on the
transportation node, along with the required amount of hangar space and propellant
storage. The total crew capacity and the permanent crew capacity were derived from this
data and a study of allowable work loads for astronauts. The number of HLLV and Space
Shuttle launches needed to construct the transportation hub was calculated considering
standard space structure components (radiation shielding, attitude control, power supply,
etc). Finally, such factors as Space Shuttle lift capabilities, atmospheric drag, and Earth
launch site were included in an orbit determination computer program. The goal of the
program was to select an orbit for the structure that maximized the departure opportunities
from the transportation node to several possible Lunar destinations, while placing the
structure in an orbit which did not require excessive reboosting. Gateway's orbit also had
to remain within the useful range of the selected launch vehicles. From these analyses,
UTMD selected both the structural requirements and possible orbit range for a
transportation facility.




1.5 Results

Because of the anticipated role of the transportation facility in making travel to the Moon
and outer planets feasible using current launch vehicle technology, the structure has been
named GATEWAY.

UTMD determined that a separate transportation facility from the NASA Space Station
should be constructed in order to support the Lunar base scenarios proposed in 1987. A
permanent crew of four vehicle and payload integration specialists will be needed onboard
Gateway. During the first ten years of Lunar base operation, approximately six OTV
missions (2 OTV's per mission) per year will be initiated between Gateway and the Moon.
Therefore, only two OTV's need to be housed and maintained at Gateway. In addition,
one OMYV will be needed for the proximity operations. UTMD elected to store enough
liquid rocket propellant onboard Gateway to refuel two OTV's at any time. UTMD found
that a Delta Truss will provide an excellent framework for the selected components. A total
of four Shuttle flights and one HLLYV flight will be needed to boost the structure into orbit
and assemble the components. As Lunar base or interplanetary mission traffic demands
increase, the Delta Truss can be expanded to accommodate more components than selected
in this study. An artist's conception of Gateway is shown on the inside cover page of this
report.

UTMD selected an orbit for Gateway based on approximately a 1995 technology baseline
for launch vehicle capabilities. The altitude of the orbit is limited to 270 nautical miles
because of the lifting capability of the Space Shuttle. The Delta Truss was used as a model
to find a minimum altitude for Gateway. A minimum altitude of 210 nautical miles was
selected. The inclination should be 28.5 degrees as long as Kennedy Space Center is the
only Space Shuttle launch facility. Explanations of the individual topics of analysis that
UTMD undertook are presented in the following sections of this report.



2.0 ORBIT DETERMINATION

UTMD was divided into two teams to approach the task of designing Gateway: an orbit
determination team and an operations team. The proposed orbit for Gateway was chosen
by the orbit determination team (ODT), although, initially, the desired characteristics for the
orbit were established jointly by both design teams. The ODT then recommended a range
of candidate orbits based on these assumptions and requirements.

Below is a description of the ODT goals, assumptions, considerations, and design tools.
Also discussed are the Earth-Moon system and the proposed transportation networking.
Orbit analysis having been completed, the conclusions and resulting orbit range choice will
be presented in Section 2.7.

2.1 Goals of Orbit Determination Team

The objective of the orbit determination team was to determine an orbit for Gateway which
satisfied the following criteria:

1) Accessibility to selected launch vehicles
2) Accessibility to Moon via Orbital Transfer Vehicles (OTV's)
3) Conservation of fuel for Earth-Moon transports

2.2 Major Orbital Assumptions

The following assumptions were made by the orbital design team in analyzing the orbit for
Gateway:

1) Only the following launch vehicles were considered in this study
- Space Shuttle
- Shuttle-derived vehicles
- Heavy Lift Launch Vehicles (HLLV)
- These vehicles and the basis on which they were chosen will be
discussed further in later sections.

2) To save fuel, acrobraking will be used by the OTV's upon return to Earth
in order to reach LEO rendezvous with Shuttle or HLLV.

3) The Moon port orbit will be equatorial and approximately circular,
otherwise the Lunar transfer will be directly to an equatorial Moon
surface base.



The following factors also have a significant limiting effect on the range of possible
Gateway orbits:

1) The inclination of the Moon varies between 18.19° to 28.35°.

2) The Shuttle can presently be launched only from Kennedy Space Center,
and is capable of only = 0.5° of plane change.

3) The Shuttle, Shuttle-derived vehicles, and HLLYV cannot place a large
payload beyond LEO.

2.3 Transportation Network

The driving theme behind Gateway is that of a transportation node to support the build up
of the Lunar base. Gateway would the hub of a transportation system utilizing two types
of vehicles: launch vehicles, designed mainly to bring a payload up through the atmosphere
and Orbital Transfer Vehicles (OTV's), constructed mainly for non-atmospheric travel
although some designs incorporate an aerobrake for a return trip to Earth. The concept
detailed below in Figure 2-1 is the current scenario for the transportation network.

LEO

Moo

3

Figure 2-1 Transportation Network

2.3.1 Launch Vehicles

All launch vehicles considered for use on Gateway were either currently operational or in a
stage of development that would allow for a 1995 launch date. Only vehicles being



developed in the United States were given consideration. Available information on a wide
range of launch vehicles was collected to form a data base of launch vehicles.

Launch Vehicle Data Base

Information from Large Scale Programs Institute (LSPI) along with other sources was
condensed into the Launch Vehicle Data Base shown in Appendix C. This was used in the
Gateway sizing process and in Gateway's orbit determination. Two launch vehicles were
chosen to support Gateway; the Space Shuttle and a Heavy Lift Launch Vehicle(HLLV).

Space Shuttle

The Space Shuttle is the only available launch vehicle with crew transportation capabilities.
Since the mission scenario requires accommodation of both crew in Gateway and crew
through Gateway, a vehicle with crew capability was mandatory. The Space Shuttle's lift
capabilities are shown in Figure 2-2.
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The primary launch vehicle to support Gateway will be the HLLV. Several HLLV's are in
development at this time with a payload capacity of approximately 100 metric tons to LEO.
Payload and crew support launches being considered by our sizing process in support of
Gateway consist of a combination of Shuttle flights and HLLYV flights.



2.3.2 Launch Sites

Geographic considerations are:
1) No launches which can endanger a populated area
2) Body of water required to ditch tanks or boosters.

Launch sites considered were Kennedy Space Center (KSC), Hawaii, and French Guiana
in South America. KSC is the only current launch site capable of launching the Space
Shuttle. Hawaii was considered because it is geographically the lowest point in the U.S. at
a latitude of approximately 20 ° North. Politicians and business people in Hawaii are
actively pursuing government approval to begin construction on a Hawaiian launch facility.
Since the plane of the Moon varies from a latitude of 18.5 ° to 28.5 ©, the maximum
required plane change from Hawaii is approximately 2°. French Guiana is currently a
launch site for the European Space Agency (ESA). French Guiana has very close to an
equatorial latitude and would involve no plane change for virtually any orbit.

2.3.3 Description of the Earth-Moon System

Strictly speaking, the Moon does not orbit the Earth; to be more precise, the Earth and
Moon revolve about their common center of mass approximately once every 27.3 days.
There is actually a maximum 7 hour variation due to solar perturbations. This center of
mass of the Earth-Moon system then revolves around the sun at the rate of one revolution
per year. Because the mass of the Earth is 81.3 times that of the Moon and the mean
distance between the two is 384,400 km, the center of mass of the system lies 4,671 km
from the center of the Earth.[25] Mean orbital elements for the Moon are as follows:

Parameter Value
Semi-major axis 384,400 km
Eccentricity 0.054900489
Inclination (to ecliptic) 5°8'

The argument of perigee changes in the direction of the Moon's orbital motion by 360° over
a time period of about 8.9 years. Since the period of the Moon with respect to the Earth is
the same as its period of rotation about its own axis, it maintains roughly the same
orientation with respect to the Earth at all times.



2.4 Other Considerations
2.4.1 Safety
There are several orbit considerations that are strictly a matter of safety.

These include orbital debris, the Van Allen radiation belts, and cosmic radiation and solar
flares. Orbital debris represents a significant safety concern for any type of permanent
space structure. The amount of debris has escalated at the rate of = 13%/yr since 1966.
Intercollisions among debris in orbit produce smaller debris capable of repeating this cycle.
The real danger lies in the fact that most of these collisions will be "high energy" impacts
[11]. The average impact velocity of 10 km/s ensures that almost all of the collisions will
exhibit hypervelocity impact characteristics. Both objects will be subjected to very high
instantaneous pressures with the strong shock waves causing melting and possible
vaporization in the region of the hole.

Another safety consideration is the high intensity radiation bands that encircle the Earth.
These two concentric belts are known as the inner Van Allen radiation belt and the outer
Van Allen radiation belt. The inner belt stretches from about 500 to 2,500 miles at a
latitude of +/- 20° with a maximum intensity occurring at about 1,800 miles. The outer belt
has a range of 8,000 to 20,000 miles for latitudes of +/- 50 ° and peaks at about 12,000
miles.

Cosmic radiation and solar flares also present a potential health hazard to the crew.
However, the chosen orbit range was just under the Van Allen Belts and, therefore, also
below the influence of severe radiation so no more research was done in this area..

2.4.2 Atmospheric Drag

Since the drag forces exerted on the vehicle by the atmosphere increase as the orbit altitude
decreases, and drag is inversely proportional to the mass of the vehicle,.the mass and
surface area of the structure were key factors in determining an altitude for Gateway. A 90
day reboost requirement established the lower bound on altitude, where 90 days is the
minimum time that Gateway must be able stay aloft without a reboost in the event of some

failure.




The assumption for a nuclear safe orbit was an orbit such that the structure would not
reenter for a period of 200 years, allowing time after a nuclear accident or meltdown to
somehow boost the defunct structure into a higher orbit.

2.5 Orbit Analysis

Two software packages were written to generate the data on which the final orbit
recommendations were based. On the VAX, a FORTRAN program was written to model
the delta V's required for each segment of the transportation network, while on the
Macintosh, a TK!Solver model was created to find departure windows from LEO to the
Moon.

2.5.1 Delta V Analysis

The program is designed to be interactive and has been written in UNIX environment. A
top-down look at the orbit analysis software is shown in Figure 2-3. Delta V's for each
segment of transportation system were calculated in their respective subroutines. The list
of inputs includes the following:

1) Altitude range and step size

2) Inclination of Gateway's orbit

3) Launch site

4) Operational date

5) CD, area, & mass of Gateway
6) Vehicle parameters

The operational date here is required to generate departure windows to the Moon from LEO
and is based upon an equatorial Lunar orbit or equatorial Lunar base.

Program outputs took the form of the following plots:
1) Delta V vs. Altitude

2) Launch Windows Per Year vs. Altitude
3) Delta V vs Mass of Fuel
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2.5.2 Launch Window Determination

One of the major considerations in the selection of a Gateway orbit was frequent access to
and from both the Earth and the Moon. Since Gateway was constrained by shuttle limits to
a Low Earth Orbit (LEO), access from the Earth should not pose a problem. At LEO,
Gateway will have a relatively high precession rate and should pass over head several times
a day. Therefore, the launch windows that needed to be studied in more detail were those
between the Gateway and the Moon. In order to do this, the Lunar destination was first
considered.

It was much too time consuming to examine launch windows between all possible Gateway
orbits and all possible lunar destinations, therefore, the cases investigated were limited to
Gateway inclinations of 18.15°, 23.5°, 28.5° at an altitude range of 100 km to 2000 km.
Five lunar destinations were chosen for study, four to a possible Moon Port and one to a
lunar equatorial orbit where a lunar hopper would rendezvous with the OTV from Gateway
and take the payload to an equatorial Lunar base[22]. In order to conduct the launch
window analysis, a mathematical model was developed using TK!Solver, a commercial
equation solving program that is available for both IBM and Macintosh personal
computers. The model used the J2 perturbations of the Earth to calculate the nodal
regression of Gateway and a triaxial model of the Moon to calculate the regression of the
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Moon Port orbit[8]. Also considered was the precession of the Earth-Moon line and, to
simplify the analysis, the orbits of Gateway and the Moon were assumed to be in the same
plane. A more accurate model using Solar perturbations and other gravitational effects of
both the Earth and Moon could be created involving considerably more work, but the final
results for launch windows per year would not change significantly.

The results from the lunar base studies showed that there will be approximately 6 to 9 OTV
flights per year through Gateway. This constraint virtually eliminated the possibility of
using a Moon Port unless the Gateway is in as low an orbit as possible. This constraint
can easily be met from any Gateway altitude to a lunar equatorial orbit however, UTMD
has decided to recommend that there be no Moon Port unless the Gateway orbit is in a LEO
instead of a near GEO location. OQur final analysis placed Gateway in LEO, so an
equatorial Moon Port will not introduce any significant departure window constraints.

2.6 Integration with Structures Team

The orbit determination team interfaced with the structures team at several points of the
orbit design phase. Initially, the structures and orbit determination teams combined to
determine preliminary orbit assumptions. After orbit analysis progressed sufficiently, ‘other
parameters such as as mass and area of the structure were required from the structures
team; then the final plots based on this data were produced.

2.7 Orbit Recommendation

The orbit determination team will propose an orbit for Gateway which (1) is accessible to
selected launch vehicles, (2) allows access to Moon via OTV, and (3) is fuel efficient for
Earth-Moon transfers.

2.7.1 Launch Windows to Moon

The results show that the existence of a Moon Port could significantly reduces the number
of available launch windows. An equatorial Moon base yields the highest number of
launch windows and a polar orbiting Moon Port the least. This can be seen in Figure 2-4
which is for a Gateway inclination of 28.5°. These results show that the existence of a
Moon Port definitely has a detrimental effect on launch windows. A Moon Port orbit
locked with respect to the Earth would be highly desirable as it would improve launch
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opportunities and allow for more flexibility in the selection of a lunar base site. On the
basis of departure opportunities, an equatorial lunar base would be the obvious choice.
However, mineral or other resources on the Moon may override the importance of
departure window opportunities and should also be considered in the selection of a lunar

base site.
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Figure 2-4 Results for Gateway at 28.5° inclination

For each of the five cases that were examined, fhc inclination of Gateway had very little
effect. As can be'seen in Figure 2-5 the number of launch windows gained by lowering the
Gateway orbit from 28.5° to 18.15° was always less than 2. This was true for all of the
cases considered; the effects of Gateway altitude were more important. For each of the
five cases a Gateway at 2000 km would generally have 10 less launch windows per year
than a Gateway at 100 km altitude. The overall trend is as expected: a lower inclination and
a lower altitude for Gateway yield more frequent launch windows than higher inclinations
and altitudes.
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2.7.2 Delta V: Reboost

The orbital software designed to do the reboost segment of the Orbit Determination
Program calculated the delta V required to do a Hohmann transfer back to the original
altitude for a vector propagated to some final time. The propagation accounted for
atmospheric drag and J2 effects. For different altitudes propagated to the same final time,
the reboost curve delta V in Figure 2-6 fluctuated rather dramatically and seemed to
correspond to the periodic variations in semi-major axis due to the oblateness of the Earth.
Since these changes in semi-major axis are functions of orbital period, the final propagation
time was adjusted to the nearest multiple of the orbital period. Running this case produced
the smooth delta V' curve also found in Figure 2-6.
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When the vector was propagated for 90 days to satisfy the reboost constraint, as seen in
Figure 2-7, similar fluctuating trends became evident though, as expected, they were of a
much smaller magnitude than before.
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The different mass cases were also propagated for 3 months, as seen in Figure 2-8, with
the lighter mass deorbiting more quickly than the loaded structure. Since drag is inversely
proportional to mass, this was to be expected.
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Figure 2-10 shows the daily reboost delta V with the three different mass cases. These
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were also run for a final time adjusted to the nearest multiple of the orbital period.
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2.7.3 Delta V: Earth to Gateway

The following plot in Figure 2-11 is a very basic model of the Earth to Gateway delta V.
The algorithm only accounts for wearth , velocity lost due to potential energy gain, and the
velocity necessary to attain circular orbit. Even with these crude simplifications, the model
is within 10% of the real values.

3.50e+7 ;

3.45047 *

3

3.400+7 :

3.35647

3.300+7 -

L
L

3.250+7 1

Delta V from Earth to Gateway (ft/sec)

3.200+7 - y

150 200 300 350

250
Altitude (NM)
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2.7.4 Delta V: Gateway to Moon

The Gateway to Moon delta V was approximated using a modified patched conic [25]. The
Apollo 17 numbers were used to verify the accuracy of the model. Although the
downward tendencies of the delta V curve with increasing altitude are obvious, the
magnitude of the trend is too small to have a direct effect on an altitude range for Gateway.
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Figure 2-12 Gateway-Moon Delta V

2.7.5 Conclusions

After applying the orbital assumptions and other considerations listed in Sections 2.2, the
orbit determination team narrowed the orbit range of interest: the orbital parameter ranges
along with the corresponding justification are presented below in Table 1.
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Table 2-1 Orbital Range for Gateway
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3.0 GATEWAY SIZING PROCESS

The primary mission requirement of Gateway is to function as a transportation node in
Earth orbit. The objective of this section is to determine Gateway's structural
requirements. Both the Initial Operation Configuration (IOC) and subsequent yearly
development are to be delineated. Since Gateway's configuration depends heavily on
storage and manpower projections, defining a projected traffic model is the initial step in
defining the station's requirements.

3.1 Traffic Model

An accurate estimate of the vehicle activity needed to transfer crew and payload either to or
from the Lunar base is essential in the sizing process. Manpower and storage requirements
necessary to support this traffic will determine Gateway's configuration. Items of primary
concern include:

1. Number of flights per year for Launch Vehicles and Orbit Transfer Vehicles.

2. Payload mass and crew throughput per year from Earth surface to
destination orbit.

3. Amount of liquid propellant usage per year.

3.1.1 Missions Considered

The two sources of traffic that Gateway needs to accommodate are interplanetary missions
and Lunar Base build-up and support missions. However, it is assumed that during
Gateway's first ten years the Lunar Base missions will provide the heaviest traffic through
Gateway and that the interplanetary missions will have little impact on the traffic model.

3.1.2 Lunar Base Scenarios
Baseline Scenario

The Advanced Programs Office at Johnson Space Center (JSC) has been working on three
different Lunar Base scenarios: (1) emphasis on science, (2) emphasis on resources, and
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(3) emphasis on habitation. Currently, the only study available is the science study
released in December 1987. An important assumption that dictates the traffic model is that
the study assumes a continuous build-up of the Lunar Base from 1998 to 2020. Although
this baseline scenario has an emphasis on scientific activities, it also assumes that Liquid
Oxygen (LOX) production on the Lunar surface is feasible. Therefore, the study assumes
a heavy production of LOX after the first decade of base activities. This requires a large
amount of crew and payload support. However, if LOX production has been determined
unfeasible, the Lunar Base traffic and payload schedules are expected to level out.

Alternative Scenario

Because of the uncertainty regarding what Lunar Base scenario will be used, an alternative
study to the JSC scenario was also modelled. An alternative study would provide insight
in identifying those Gateway systems that may be affected by a different Lunar Base
scenario. This will also help identify those Gateway systems that will need to be more
flexible for Gateway expansion.

The alternative study used was the Lunar Base study by Eagle Engineering, Inc., also
released in December 1987. For each year the report determines the amount of Lunar crew
needed, the total payload weight to Low Lunar Orbit (LLO) and the number of manned and
unmanned missions. Its major emphasis is on science. The report also assumes that each
manned OTV mission will have a total of four Lunar crew members. The primary
difference between the Eagle scenario and the JSC scenario is that the Eagle scenario has a
initial build-up phase from 1998 to 2005 while the JSC scenario plans for a continuous
build-up from 1998 to 2020. Other differences are that the report assumes one basic type
of Lunar Module (LM), an expendable lander/ascent vehicle, for delivering cargo and crew
to the base during the entire six year build-up phase. After the sixth year, some reference is
made to using a reusable lander that is stationed at the Lunar Base. It uses the LOX
produced by a LOX plant if production proves to be feasible.

3.1.3 Method of Analysis

The tool used in determining the traffic model was the Lunar Base Model software
developed by the Large Scale Programs Institute (LSPI). The user of the software devises
a Lunar Base scenario and selects various technology options. The software then
determines the support infrastructure and required crew for Lunar Base operations. The
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user defines a transportation fleet. After several iterations between the user and the
software, a flight schedule, mass throughput schedule, and OTV/LM propellant usage
schedule is determined.

The model assumes that the launch vehicles will launch from Kennedy Space Center.
Propellant usage is based on the delta V's from the Apollo 17 mission. The model also
assumes that the base is permanently manned and that a reusable lander is housed at the
Lunar Base. It also assumes that each manned OTV mission will have a crew of four to six
Lunar crew members.

LSPI has already entered the JSC baseline scenario into the software model.and has
determined a representative traffic model. Figure 3-1 shows the amount of mass that needs
to be delivered to LLO and the propellant mass that needs to be delivered to Gateway.
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Figure 3-1 Mass Schedule for JSC Scenario

After the year 2010, the OTYV flight schedule, Figure 3-2, increases due to the increase in
the manpower requirement for the operation of the LOX production plant. If LOX
production is proven unfeasible, the OTV flight schedule can assume to maximize at
approximately six flights per year.
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Figure 3-2 OTYV Flight Schedule for JSC Scenario

Figure 3-3 shows that before 2011, the number of Shuttle flights and HLLV flights peak to
six flights and five flights per year, respectively. Again, the large increase in Launches
after 2010 is due to the support required for the Lunar LOX production plant.
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Figure 3-3 Launch Vehicle Flight Schedule for JSC Scenario

In order to mirror the Eagle report as closely as possible, some modifications to the LSPI
software were needed. In addition, a problem had occurred when selecting the appropriate
LM for the transportation fleet. The software only considers reusable LM's while the Eagle
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study, as mentioned before, uses an expendable lander/ascent LM. This difference slightly
changes the true traffic model for the Eagle study. Because the Eagle study assumes a
heavy initial base build-up from 1998 to 2005, as shown in Figure 3-4; the software model

determined a more demanding traffic model.
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Figure 3-4 Mass Schedule for Eagle Scenario

Figure 3-5 shows the number of OTV flights for each year. The number of OTV flights for

this scenario peaks at twelve by the year 2004.
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Figure 3-5 OTYV Flight Schedule for Eagle Scenario
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Figure 3-6 shows the launch vehicle flight schedule. The number of HLLYV flights peaks at
nine in the year 2000 while the number of Shuttle flights peaks at seven.
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Figure 3-6 Launch Vehicle Schedule for Eagle Scenario
Lunar Base Systems Study (LBSS)

Another study done by the Advanced Programs Office at JSC has recently been released in
March of 1988. The study was concerned with the timeframe from 2000 to 2005. The
OTYV flight schedule for this scenario, shown in Figure 3-7, shows that the maximum
number of OTV flights is six per year, the same as the JSC baseline scenario.
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3.1.4 Traffic Study Conclusions

Several results have been determined from this traffic study. First of all, the traffic model
is strongly dependent on the presence of a LOX production plant. In addition, the model is
also dependent on the type of Lunar Base build-up scenario that is used. A heavy, initial
build-up results in a more demanding schedule. However, the peak number of OTV flights
in the JSC baseline scenario are the same as the peak number of OTYV flights in the recently
released Lunar Base Systems Study. Based on these traffic studies, it has been determined
that Gateway should be able to accommodate a maximum of six OTV flights per year, it
should be capable of storing a maximum of 110 MT of cryogenic fuel, and it should be able
to accommodate four to six Lunar Base crew members at one time. In addition, Gateway

should expect a maximum of six Shuttle launches and five HLLV launches per year.

3.2 OTYV Fleet

Obtaining transfer vehicle requirements was complicated by the fact that no operational
transfer vehicle exists. The missions to be supported by the transfer vehicle fleet include
trips transporting crew and cargo to and from the Moons surface and to the Earths surface.
A wide variety of transfer vehicles have been proposed to accomplish these missions.
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Information on several different types of transfer vehicles was compiled into a data base
from which a transfer vehicle fleet could be selected depending on the OTV mission
scenario chosen to deliver the mass to and from Gateway.

3.2.1 OTV Data Base

Gathering of available information provided the transfer vehicle capabilities shown in
Appendix D. Capabilities were defined for both manned and unmanned transfer vehicles.
Also listed are single and multistage reusable vehicles, and one-way slow transfer vehicles.

Two Staged OTV

The two staged OTV, both manned and unmanned versions, were chosen as Gateways
transfer vehicle fleet. A two staged OTYV is simply two single stage OTV's stacked together
with a payload package (either manned or unmanned) attached to one end. The vehicle
stack is launched clamped together. Once the first stage completes its section of the
journey, it disengages from the stack and enters a return trajectory to Gateway. The second
stage then engages and continues to complete the mission and return to Gateway with
payload from the Moon. For each OTV mission, two OTV turnarounds must be
completed, one for each stage. Figure 3-8 shows a possible configuration for the two
staged OTV with payload. This diagram pictures each stage, complete with aerobrake
shield, liquid hydrogen and liquid oxygen tanks, and payload.
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Figure 3-8 General Dynamics Two Stage OTV Configuration [17]
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Orbit Maneuvering Vehicle

Gateway will also be equipped with one OMV to perform all vehicle operations (except for
shuttle docking) in the vicinity of Gateway. The OMV will utilize cold gas propellent
considered safe for proximity operations. Its functions will include receiving incoming
payloads and OTV's for taxi into Gateway, docking and maneuvering spacecraft on
Gateway, and delivering outbound spacecraft and cargo safely away from Gateway before
LH2/L.O2 engine ignition. The OMYV will have a range of approximately two miles.

3.2.2 OTV Requirements

Since Gateway will be the hub of a space based transportation network, requirements for
transfer vehicles included not only payload capabilities and fuel usage, but also the
maintenance, servicing, and resupply requirements listed in Appendix D.

Maintenance Facilities

It is assumed that all OTV maintenance will occur inside hanger facilities that are
approximately twice the overall vehicle volume. Itis also assumed that OTV storage space
outside the hanger facilities can be utilized when maintenance is not occurring. Crew and
maintenance equipment protection during maintenance procedures provides the primary
motivation for this restriction. Gateway will be equipped with teleoperation capabilities. A
combination of teleoperation and EVA will be used to perform maintenance tasks. OTV's
will be docked on a rotating servicing fixture in the hangar facility. Two RMS arms will
accompany each servicing fixture. Servicing tasks performed using teleoperation will
involve one or two member IVA crews while three person crews consisting of one IVA and
two EVA members will accomplish EVA tasks.

Turnaround Time

OTV turnaround time involves estimating in space maintenance time requirements for each
transfer vehicle. This includes routine checks of all systems and on board equipment,
repair of any damage that may have occurred, replacement of defective or worn out items,
and refueling. A General Dynamics study on OTV turnaround operations provided a list of
every turnaround task for a space based OTV and an estimate of the manhours to complete
each task. With a combination of teleoperation and EVA to perform maintenance tasks, a
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routine OTV turnaround can be accomplished in 58 IVA manhours and 5 EVA manhours
[32].

3.3 Storage of Propellant

Stationing LH2/LO2 fueled transfer vehicles on Gateway creates the requirement for fuel
storage capabilities in support of these vehicles. Since LH2 is stored at 4K and LO?2 is
stored at 20K, cryogenic storage facilities in space have been the objeci of much research.
Explosion of cryogenic storage facilities is not a concern, as LH2 and LO2 only become
dangerous when mixed; an event that can only occur during a possible accident