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Executive Summary

LEVITATE is a lunar exploration vehicle capable of providing intra-lunar transportation of two
astronauts to any scientifically interesting or resource-rich location by means of orbital and sub-orbital
transfers. It has the capability to sustain two astronauts for up to fourteen Earth days at the remote site.

LEVITATE is motivated by a dichotomy in the way our nation has previously planned to explore the
Moon, as presented in the Review of U.S. Human Spaceflight Plans Committee’s analyses of possible
lunar missions. LEVITATE enables global lunar access in addition to lunar base development.

Orbital calculations demonstrate that LEVITATE is capable of performing the required maneuvers with a
wet mass of approximately 25,000 kg and a dry mass of 5,000 kg. Liquid oxygen and liquid hydrogen
fuel tanks have been designed to supply the Pratt and Whitney Common Extensible Cryogenic Engine.
The fuel tanks are designed to avoid frequent maintenance and/or replacement of parts.

Aluminum Weldalite 049-T8 is the main structural material for all supportive members. Silicon-oil shock
absorbers dampen the vehicle response during landings.

Wire-locked stainless steel pinned connections with PTFE-lubricated bearings are simple to manufacture
or replace. 3M’s NEXTEL 601 fabric is secured over all moving joints with Military specification hook
and loop fasteners to shield dynamic components from lunar regolith.

The habitat is protected from micrometeorite damage by shielding derived from the ISS. Radiation
shielding is provided by externally mounted fuel tanks, various layers of aluminum structure, and borated
high density polyethylene. Astronauts egress/ingress through two suitport airlocks to minimize regolith
entrance to the habitat.

Life support routing components are primarily manufactured from stainless steel. Commercial-off-the-
shelf components are heavily used in the design of the life support systems for their flight heritage, ease
of integration, and reduced cost. Life support systems are designed to optimize regenerative cycles and to
reduce overall mass.

Projections indicate that the production of LEVITATE will cost approximately $3.1 billion. This cost
includes design, development, testing and evaluation. Each unit is predicted to cost approximately $280
million and the entire development will take nine years. This estimate excepts any cost savings across the
lunar architecture. LEVITATE’s current Technology Readiness Level is 4.

Technical drawings of LEVITATE’s major assemblies and their respective parts have been completed.
Major systems have been completely defined according to appropriate codes and industry standards and,
more importantly, feasibility of the concept has been proven.



Figure 1: The Lunar Exploration Vehicle for Intra-planetary Transport And Terrestrial Expansion,
LEVITATE.



Table of Contents

I 1011 oo [N {To] OSSPSR UR ORI 1
I R Y/ [ 11 LA o] o OO TSSOSO 1
O B Ty T | T w10 g 1 ST 1
IR T N W 10101 (o] 1< USSR 2

N I Y I AN I ] T o USSR 2
70 O = (0] o1 U] ] o] RSP SSS 2

211 Common Extensible Cryogenic Enging (CECE)........cccooeiiiiiiiiiienereeee s 2
212 Reaction Control System (RCS) TRIUSLEIS. ......ccoiviiiiiiiiierie s 3
2.1.3 PrOPEllant TANKS .......coveiiieee s 3

2 e T3 R 4 1 o OSSR 3
N O B |V T4 = ST TS 3
2.1.3.3  Thermal CONIOL......c..oiiiiiee sttt et sae st sreere e benneeneenee e 3
2.1.3.4  Propellant Management Device (PMD) ..o 4

2.2 R 0o (N TSRO PPO PR 4
221 =] T ST 5
2.2.2 LC1=T0] 101 YT PP T PSPPSR PRTPRTIN 5
2.2.3 FASTENING ..ttt 5
224 LANAING LOAAS ...ttt ettt ettt 5
2.25 Regolith CoONtaMINALION. .........cciiiiiiiiis s 6
2.2.6 BBANINGS ... ettt e et e et be e r e e te e e e nreere et e sbeete e tenaeenrenre e 6
2.2.7 Cargo IMOQUIES ...ttt st e e be et e s te e b e be s e e stesteebesre s 6

B T O TV Y (1 L ST P TRPR 6
2.3.1 SUILPOIt IMPIEMENTALION ......c.viiiciicicce ettt sre et e sbesre s 7
2.3.2 PPESSUIE WESSEL ...ttt sttt ettt enes 7
2.3.3 Meteoroid and Orbital Debris (M/OD) ProteCtion ...........ccccovveveieeieie i 8
2.3.4 LI 0T LSS 8
2.35 R =10 =LA o] o OSSPSR 8
2.4 LiTe SUPPOIT SYSTEIMS ......iii ittt sttt st sr et st e e be et e sbeere e besbe e e e sbaeneesrenrs 8
2.4.1 ATIFIOW ROULING ©..eec ettt et ae e be e e ens 9
2.4.2 MOUNEING/ROULING ...ttt st e s te e st e s te et e sbeene e besreebeste e e e sreares 9
2.4.3 AITFIOW INTE/CIFCUIRLION ... 9
2.4.4 Carbon Dioxide Removal System (CDRS) ......ccociiiiiieieceee et 10
245 Trace Contaminate Removal System (TCRS).......cccviviiiiiicice e 11
2.4.6 Nitrogen and Oxygen COontrol (NOC) .......coiiireieieiiisisesese e 11

K R 00 g o IS o] 1= 1] PSS 11
4. Systems fOr FUTUIE DEVEIOPIMENT. ..ottt 11
4.1 Technology Readiness LeVElS (TRLS) ...cuiviiiiiiiieieinesese e 12

5. Similarities in Possible Lunar ArChiteCUIE ..........ccoiiiiieieiicie e 12

6.  Other POENTIAI USES ....cvveieiieieiecie ettt sttt te st st s e be e e aeste e st e steeteebenreeneenne e 13

A 2 Tod 1115 T o OSSPSR 13

R T ENICES . .. ettt ettt ettt ettt e e e e e e e e eeeeeeeteee e ———teteeetaae———teteeetana——tteeeeetana——rtaaeaaaaaas 14



University of Wisconsin - Madison LEVITATE

1. Introduction

The Lunar Exploration Vehicle for Intra-planetary Transport And Terrestrial Expansion (LEVITATE) is a
crewed exploration vehicle that provides access to the entire lunar surface through suborbital and orbital
maneuvers. This vehicle supports a crew of two for up to fourteen days at any resource or science-rich
lunar location. LEVITATE also provides transportation between lunar bases and access to low lunar
orbit. LEVITATE is fully resuppliable with resources gathered on the Moon. The following report
provides a high-level systems overview of LEVITATE’s main components.

Based on the Solidworks model, the total vehicle mass is 24,871 kg. A brief overview of the mass by
system is shown in table 1 and further detail can be found in Appendix A.

Subsystem Approximate Mass (kg)
Structural Hardware 2741
Propulsion Hardware 1240

Fuel 20000

Life Support 270

Habitat 620
Total 24871

Table 1: Mass list of major subsystems of LEVITATE.

1.1 Motivation

LEVITATE is a solution to a lunar exploration dichotomy seen in the final report of the Review of U.S.
Human Spaceflight Plans Committee and previous lunar exploration architectures [1-6]. When humans
return to the Moon they will have a choice between exploring the entire lunar surface with independent,
Apollo-like missions or building an outpost and being restricted to walking and roving distances. The
first option is attractive because it allows exploration of the most scientifically-interesting locations on the
Moon but ‘throws away’ all landed mass at the end of the seven day mission [7-11]. An outpost-based
exploration architecture maximizes the future utility of all landed mass but ties all lunar exploration to a
single geographic region for a decade or more.

1.2 Design Rationale

LEVITATE enables both global lunar access and lunar base development. Designed to be resuppliable
with resources extracted from the lunar surface, mission frequency is limited only by the fuel production
rate. LEVITATE fills a previously unforeseen need for a multipurpose science and transportation vehicle.
Initial uses include global geology, targeted orbital observations, and sensor emplacement. In the longer
term, LEVITATE may be used for transportation between multiple lunar outposts and rendezvous in low
lunar orbit.

Though LEVITATE is a new concept in lunar exploration, it is based on: lunar lander, rover, and habitat
designs from the Apollo Program, 2000 Decadal Planning Team, 2004 Vision for Space Exploration,
2005 Exploration Systems Architecture Study, Constellation Program, Review of U.S. Human
Spaceflight Plans Committee, academic studies, and multiple field tests [1-7, 10, 12-25]. Previous studies
have considered ‘lunar flyers,” simple, generally terrain-following vehicles with the express purpose of
quickly transporting astronauts (commonly two) across the lunar surface, without appreciable cargo or
exploration equipment [26].

Nearly all envisioned lunar architectures have included a wheeled surface vehicle whose primary purpose
was astronaut transportation. LEVITATE will not replace the utility of manned rovers, as they will be
required for transportation around the lunar outpost, resource gathering, and science objectives near the
outpost but will greatly expand the range of scientific exploits.
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1.3 Assumptions

The development of LEVITATE required assumptions to be made about the future status of lunar
infrastructure development, In-Situ Resource Utilization (ISRU), Heavy Lift Vehicle (HLV)
development, and multiple communications satellites around the Moon. These assumptions are in
accordance with development of the Constellation Program and the ‘Moon First’ scenario from the final
report of the Review of U.S. Human Spaceflight Plans Committee [6].

The first assumption is the existence of a manned lunar base at the south pole of the Moon, likely in the
Aitken Basin. The lunar base will serve at least four astronauts who are engaged in, among other tasks,
fuel extraction from the lunar soil (hereafter regolith).

The second assumption is that the outpost is capable of harnessing resources available on the Moon to
resupply LEVITATE. Hydrogen, oxygen, and nitrogen need to be extracted from the regolith as they are
consumed during the fourteen day mission.

The third assumption is the existence of an HLV capable of transporting a fully assembled vehicle to
lunar orbit. Note that any significant lunar exploration architecture requires an Ares V-class vehicle.

The final assumption is that continuous communications are provided by lunar satellites. Without a
satellite network there would be no direct line-of-sight for communications with the side of the Moon not
facing Earth, effectively cutting off the astronauts from mission control.

2. LEVITATE Design

2.1 Propulsion

NASA technical reports from Apollo establish an optimal trajectory for LEVITATE’s orbit. Apollo’s
orbital altitude of 15.24 km is a compromise between safety and fuel efficiency. The compromise is that
it is more fuel efficient to orbit closer to the lunar surface but also more dangerous due to terrain
variations which can reach up to 6.1 km [27].

Launching LEVITATE along these orbital trajectories is an engine derived from the flight-proven RL-10,
with attitude control provided by reaction control assemblies.

2.1.1 Common Extensible Cryogenic Engine (CECE)

The engine chosen for LEVITATE is the Common Extensible Cryogenic Engine (CECE) manufactured
by Pratt and Whitney. The CECE was originally developed for the 2004 Vision for Space Exploration
Program, which was the basis for the Constellation program and the Altair lunar lander. The CECE is
based on the flight-proven RL-10 and has undergone significant testing in recent years to ensure the same
reliability and margin of safety as the RL-10, while adding the capacity to throttle.

The performance of the CECE, as reported from the hot-fire testing, fulfills the requirements for
LEVITATE’s main propulsion. This engine provides 66.7 kN of thrust with a specific impulse of 445 sec
and a mass of 160 kg. The largest advantage of the CECE is the deep throttling range, starting at 9% of
the nominal vacuum thrust and extending to 102% [28]. Throttling is necessary for starting descent and
for maneuvering during landing. The throttling range of the CECE is sufficient to perform all of the
ascent and descent maneuvers discussed previously and seen in Appendix B. Ascent maneuvers require
102% of nominal thrust while descent maneuvers require 13.8%.
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2.1.2 Reaction Control System (RCS) Thrusters

Twelve reaction control thrusters control LEVITATE’s pitch, yaw and roll. Bipropellant liquid oxygen
(LOX) / liquid hydrogen (LH2) thrusters from Northrop Grumman produce 4.4 kN of thrust, each with a
specific impulse of 404 sec [29]. These thrusters are advantageous because they use the same fuel as the
CECE. The RCS provide enough thrust to land the vehicle in the case of catastrophic failure of the
CECE, providing an additional level of redundancy.

2.1.3 Propellant tanks

2.1.3.1 Sizing

Simulation of the maximum fuel expenditure, a pole-to-pole mission, shows that LEVITATE requires
20,000 kg of fuel. The CECE and RCS use a mixture ratio of 5.5:1, driving the fuel and oxidizer tank
sizes while providing room for possible boil-off or ullage. These calculations are shown in Appendix C.

2.1.3.2 Materials

The oxygen and hydrogen tanks experience significant loads and thermal gradients, requiring materials
with high strength to density ratios and largely temperature-invariant properties. The shells and inner
components of the liquid hydrogen tanks use Titanium 6AL-4V. Since titanium and liquid oxygen
spontaneously combust, Inconel 718 is used for the oxygen tanks. Tank shell thicknesses satisfy the
MIL-1522 requirement of a 1.5 factor of safety on the propellant tank walls to avoid buckling of the tank
under operational loads.

Galley MLI

Foam Layer

Wire Mesh

Drain Port PMD

Figure 2: Important components of the LH2 fuel tanks.

2.1.3.3 Thermal Control

Energy input from thermal and radiation sources must be limited to prevent excessive boil-off and
maintain cryogenic temperatures. The mission duration of 14 days negates the need for an active
cryocooler [30]. Instead, the LH2 tanks seen in figure 2 use a combination of BX-265 rigid polyurethane
foam and a multi-layer insulation (MLI) blanket made with alternating layers of double aluminized Mylar
(DAM), polyester Dacron netting, and bumper layers. The LOX tanks feature the same BX-265
insulation as the LH2 tanks, surmounted by a 0.75 mm thick Hexcel AS4C carbon fiber shell to retain the
foam.

Together these mitigate heat transfer between the tanks and external environment while offering a simple
and robust system that is not dependent on electronics or computer control. In the case that there is a
significant amount of ullage pressure from boil-off, a de-tanking port is at the top of each fuel tank. This
port has a cryogenic pressure sensor and solenoid valve that will only open if the tank pressure exceeds
operational levels, generally 100 psia.
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2.1.3.4 Propellant Management Device (PMD)

The LOX and LH2 tanks must ensure that there is propellant next to the fill/drain port at all times. Seen
in figure 2, vertical and elliptical galleys direct fuel towards the drain end of the tanks, using capillary
effects, where the propellant is captured in the wire screen for future use. Wire screen layers on the
bottom of the tanks are composed of 50 x 250 plain Dutch Weave wire mesh with a 60 um porosity,
which allows the fluid flow through and along the mesh [31, 32]. Unlike diaphragm and bladder systems
which must be replaced after as few as 10 uses, this system is robust enough to withstand years of use
with little to no maintenance [31, 33].

2.2 Structure

LEVITATE’s structure must perform in harsh conditions and conserve mass wherever possible. Careful
selection of materials, systems, geometries, and connecting methods ensures these requirements are met.
Compliance with standard AIAA-S-110 2005 ensures that all structural components have a factor of
safety no less than 1.4. Structural components under the largest stresses were evaluated with finite
element methods to determine the factor of safety. The members evaluated were those bearing engine
loads or subjected the weight of the fuel tanks. Stress calculations can be seen in Appendix D.

LH2 Holder

RCS Thruster /

{Jr CeCe Engine

/‘ Cargo Modules

Figure 3: Principle structural components of LEVITATE.
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2.2.1 Material

The vast majority of LEVITATE’s structural components are designed from aluminum alloy 2195 which
is more commonly known by its trade name, Weldalite. The T8 temper of this alloy boasts superior yield
strength (~85 ksi) and first mode fracture toughness (~35 ksi v/in), even at cryogenic temperatures [34].
Weldalite also offers a nearly 25% increase in yield strength and an approximately 3% decrease in mass
compared to typical high strength aluminum alloys. Additionally, Weldalite is easily forged, extruded,
and machined [35]. Supplier Alcan Rolled Products has confirmed via telephone that all required
Weldalite stock sizes and extrusion profiles are producible [36]. Weldalite is a proprietary product of
Lockheed Martin and can consequently be expensive. Despite Weldalite’s relative obscurity and
associated high costs, it was selected as the primary structural material for LEVITATE because of its
superior mechanical properties at cryogenic temperatures.

2.2.2 Geometry

LEVITATE’s structure is largely hexagonal, as seen in figure 3. The hexagonal structure provides room
for fuel tanks. This also allows three RCS assemblies to be placed evenly around the circumference for
attitude control. Finally, a three leg arrangement is inherently stable and requires less mass than many-
legged vehicles, such as Altair.

The design of LEVITATE also carefully considered the geometries of the structural members. Much of
the structure is made of I-beams or tubular beams. Tubular beams are utilized in compression whereas
standard Army-Navy I-beams are used when loading results principally in bending stresses. Structural
members were tested using analytical and finite element methods to determine optimum geometries, with
factor of safety per appropriate standards and with minimum mass. The results of these analyses can be
seen in Appendix D.

2.2.3 Fastening

Connections between the structural members are the most susceptible to failure. The legs of the landing
structure use pin joints which are retained in place with lockwire. Pins were selected for connections in
the legs because they are easy to manufacture, have well understood failure mechanisms, and are easy to
replace in harsh environments. The pins will be loaded entirely in shear, so that the lockwire will provide
a simple, effective way of securing the pins in joints. In connections that were not pinned, bolts and
locknuts were chosen as the fasteners. Welded joints were not used because they have poorly understood
failure modes and cannot be inspected or replaced easily, especially in a lunar environment.

2.2.4 Landing Loads

When landing on the lunar surface, damping mechanisms must absorb the impact to maintain structural
integrity. A shock absorber was specified to integrate with the leg assembly and provide sufficient
damping over a range of impact velocities. The shock absorber specified is similar to the R-Series
EFDYN 4 inch Bore Spring Return Model Custom Orifice Shock which has a weight equivalent range of
9-57.6 Kips (40-256 kN) giving LEVITATE a safe landing in the range of 0-10 ft/s (0-3.12 m/s). The
shock absorber has a 2 ft stroke, giving the undercarriage of the vehicle adequate spacing between the
surface at maximum displacement. The working fluid chosen for the shock absorber is silicone-oil, which
was used on the Apollo mission lunar rovers and was chosen for LEVITATE because it has been tested
and validated as a working fluid in a damper on the lunar surface [37].



University of Wisconsin - Madison LEVITATE

| NEXTEL Fabric Sleeve | Hook and Loop Fastener

Shock Absorber

Figure 4: Partial section view showing protective sleeve and underlying shock absorber.

2.2.5 Regolith Contamination

Moving joints of the leg structure are at risk of seizing up and becoming inoperable without protection
from regolith [38]. 3M NEXTEL 601 ballistic fabric was chosen to protect these joints based on its
similarity to the outer fabric used on current space suits and micrometeoroid shields [21]. This ballistic
fabric is lightweight and prevents the penetration of regolith particulates. Polyester Class 3 hook and loop
fasteners per Military specification A-A-55126A connect the covers to the structural members spanning
the joints.

2.2.6 Bearings

When LEVITATE lands, relative motion between structural members will occur. Sleeve bearings, press-
fit onto the pins, prevent galling of the aluminum surfaces. These tri-layer self-lubricating bearings can
operate from -330 °F to 530 °F, which is ideal for lunar conditions. The outermost bearing layer is a mild
carbon steel to provide structural rigidity, the mid-layer is sintered porous bronze for heat dissipation, and
the inner-most layer is polytetrafluoroethylene (PTFE), which minimizes friction [39].

2.2.7 Cargo Modules

The cargo modules will provide a location for lunar samples, extravehicular activity (EVA) equipment,
and scientific instruments to be stored while the vehicle is in transit. These modules are standard 1SS
Fastrack modules, allowing easy integration with current instruments [40]. They are ground accessible
for convenient access by the crew.

2.3 Crew Systems

Living in LEVITATE is no more detrimental to an astronaut’s health than living at the lunar base.
LEVITATE provides full protection from the lunar micrometeoroid environment, thermal and energetic
radiation, and extreme temperatures.

The habitat module is a hexagonal cylinder that provides 12.7 m® (450 ft°) of livable space, or
approximately double that which the Apollo Lunar Excursion Module offered. The habitat design is
driven by vehicle features and the underlying support structure. The airlock requires a planar face for all
locking operations and the choice of three landing legs determines the location of major structural
elements. Habitat loads must be transferred to these structural elements, creating a strong argument for
similarity between the chassis and habitat structures. These considerations led to the hexagonal structure
shown in figures 1 and 3.
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2.3.1 Suitport Implementation

Frequent vehicle egress/ingress can introduce significant quantities of lunar dust into the habitat, as was
seen in Apollo. To minimize this, the suitport airlock concept replaces the traditional, variable pressure
chamber with a specialized door mechanism and spacesuit interface. Derived from the literature, this
system forms an airtight seal between the spacesuit and habitat module through astronaut-operated clamp
mechanisms [17, 18, 21, 41-51]. This concept requires the habitat and spacesuit to operate at the same
pressure.

Figure 5: Left — the suitport provides an airtight path between the interiors of the vehicle and spacesuit.
Right — suitport on LEVITATE, showing external clamps.

The system presented in figure 5 consists of two independent airtight
seals between the spacesuit and the vehicle. The 1.6 mm thick PTFE
outer seal can withstand exposure to the lunar environment while the
inner 1 mm thick silicone seal needs only to operate in standard room
temperature. Compressing the outer seal is the bottom rail and five toggle
clamps, which each deliver a 24 kN clamp force. The interior seal is
compressed to 75% of its nominal thickness through three screw clamps.
An illustrative suitport docking operation is given in Appendix E.

Since LEVITATE lacks a standard airlock interface, all crew
consumables and any interior systems must be transferred through the
suitport. Suitport cargo transfer modules interface in the same manner as

the spacesuits but instead transport cargo [52]. The suitport concept is \
still under research but it is a very promising way to minimize regolith
entrance, atmosphere loss (due to airlock cycling), and ingress/egress time

[21]. Figure 6: Suitport cargo

transfer module.

2.3.2 Pressure Vessel

The habitat walls are loaded by an internal atmospheric pressure of 14.7 psi and at all times have a factor
of safety against failure of 1.4, as required by AIAA S-100-2005. Finite element analyses showed that a
panel with a thickness of 2.8 mm and a maximum unsupported span of approximately 300 mm will not
yield throughout lunar vehicle operation. Supporting the roof panels is a multi-sectioned arrangement of
standard Army-Navy I-beams. The wall panels are supported by these same I-beams in the vertical
direction and Z-beams in the horizontal. Each beam is chosen to minimize bending during loading to
ensure consistent pressure vessel sealing throughout vehicle operation.

7
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The pressure vessel panels and beams are joined by aluminum rivets formed according to Military
specification 20470. The rivet pitch of twice the shaft diameter is expected to prevent leakage from the
habitat. Information on riveted space vehicle construction techniques could not be found, but these
techniques have been successfully used in the Gemini, Apollo, and Space Shuttle vehicles.

2.3.3 Meteoroid and Orbital Debris (M/OD) Protection

As the Earth-Moon system orbits the Sun, micrometeorites can impact the lunar surface at up to 70 km/s,
though the average impact velocity is approximately 17 km/s [53, 54]. Protecting against the full M/OD
spectrum requires massive shields that are impractical for most vehicles.

LEVITATE’s M/OD shielding is the same as the International Space Station shielding assemblies with
the exception of the outermost shielding layer [55, 56]. On LEVITATE, this layer consists of 6 mm
thick, 40 pores-per-inch aluminum 6101 foam with two sheets of 2.5 mm thick aluminum 6061 brazed to
the inner and outer surfaces. Initial tests show that the shield induces shocks in incoming debris, leads to
quicker particle breakup, eliminates directional dependence, and requires less mass than previous
shielding arrangements [56, 57].

2.3.4 Thermal

LEVITATE’s thermal shielding must mitigate the effect of external solar irradiance on the interior
temperature. This is accomplished through a fifteen layer insulation blanket, consisting of vapor-
deposited aluminum on both sides of polyimide film from Sheldahl, Inc. This film is embossed in a
regular pattern, negating the need for a separate spacing layer. A conservative estimate predicts a total
thermal energy transfer of £50 W, as detailed in Appendix F. This is well within the thermal management
capabilities of the life support system, which are discussed later.

2.3.5 Radiation
LEVITATE is designed so that time spent onboard imparts no greater risk to the astronauts than if they

were at the lunar base. As such, LEVITATE ensures a maximum crew exposure of 50 rem per year, as
defined in NASA STD-3005.

To shield against Solar Photon Events (SPEs), the habitat walls are lined with high density polyethylene
infused with elemental Boron (Borated HDPE), which is currently used in medical radiation shields [4,
18, 58]. The exact shielding requirements cannot be specified without a radiation transport analysis,
however their design is well understood and is able to provide sufficient shielding. The additional
shielding materials are bolted to the interior Z-beams. Like previous manned spacecraft, this shielding
arrangement does not provide protection against Galactic Cosmic Radiation [59].

2.4 Life Support Systems

The Environmental Control System (ECS) on LEVITATE has been designed to provide a livable
environment for two astronauts in a remote location of the lunar surface for up to fourteen Earth days.
Readily available, space rated components are heavily utilized in the ECS design. With prior use in space
applications or extensive testing histories, these commercial off the shelf components can allow for
substantial financial savings by minimizing design time and custom machining operations.

While operating, the life support systems will consume approximately 2080 W and have a total mass of
approximately 270 kg. Appendix G provides full design detail of the ECS, including: system flow
diagrams, required contaminate removal rates, required carbon dioxide removal rates, required liquid
oxygen and nitrogen stores, and estimated power consumption.
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2.4.1 Airflow Routing

To ensure no air leaks into or out of the system, all routing tubing and routing connections in the ECS
have been made with ultra high vacuum rated (1x107® torr) International Organization for Standardization
(1ISO) Kwik Flanges (KF) and Conflat (CF) type flanges from MDC-Vacuum. These fittings can seal
against the vacuum of space and can also provide a seal while the routing lines are pressurized. Both the
KF and CF type fittings can be seen in figure 7.

:
g a9

-~ 3
Figure 7: Conflat and Kwik type flange fittings.

2.4.2 Mounting/Routing

CF Flanges also provide a useful way to mount the components, as brackets can be mounted via the
circular bolt pattern found along the circumference of the CF flange. Many subsystems of the ECS were
mounted in this fashion using brackets formed from structural aluminum 7075-T6 alloy.

The design of LEVITATE’s ECS process lines draws heavily upon the use of corrosion resistant stainless
steel. While mass reductions may be possible in the future by implementing more aluminum style valves,
flanges and routing lines, as of now, the chemical response of the contaminated air cannot be
characterized well enough to allow process lines and major components to be made from aluminum.

2.4.3 Airflow Inlet/Circulation

Air is drawn into the ECS via three ducts in parallel which are routed from various areas of the cabin.
Each inlet duct contains a Swagelok particulate filter capable of removing 99.9999999% of all
particulates 0.003 um diameter or larger in the air, including any regolith which may happen to enter the
cabin environment [60]. Air is circulated through the ducts using a brushless DC motor blower from
AMETEK (model #150403E). This motor is quieter and requires less power and mass than traditional
centrifugal blowers while still providing adequate flow rate and pressure head throughout the system.
Similar blowers are used in the Trace Contaminate Removal System (TCRS) and Carbon Dioxide
Removal System (CDRS).

After air passes through the inlet filtration assembly, it flows into a major duct where it can be pulled into
the TCRS or the CDRS. Schematics of both the TCRS and CDRS can be found in Appendix G. Both of
these systems utilize absolute and differential pressure sensors to monitor pressure drops throughout their
respective systems. With these pressure sensors in place and the CF/KF type flanges used for quick
access, problems can be quickly identified, accessed, and resolved before cabin contaminate levels
become a problem.
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Thermocouple

Evacuation Lines

~ ".j’- Main Process Line

- 5 Airflow Inlet

¥ Piston Retaining Rings

Figure 8: Left - Zeolite bed mounted assembly. Right - Zeolite bed cross section.

2.4.4 Carbon Dioxide Removal System (CDRS)

The CDRS utilizes Zeolite 5A media to remove CO, from the process air. It achieves this by adsorbing
CO,in the pores of each Zeolite bead. The benefit to this media is that it has the ability to desorb and
release the carbon dioxide at elevated temperatures. LEVITATE takes advantage of this to create a fully
regenerative system. The CDRS uses three Zeolite 5A charcoal beds as shown in figure 8. Each charcoal
bed contains a large bolt heater, three thermocouples, and vacuum evacuation flanges for the desorbing
process.

The three beds cycle through three stages, with

various solenoid valves controlling the process

flow. During stage one, air from the cabin flows Perforated Disc
through the bed and the Zeolite adsorbs CO, from
the process lines. During stage two, the process
flow lines are closed and the Zeolite is heated with
the embedded bolt heater to strip it of the
previously adsorbed CO,. Finally, during stage
three, the vacuum valves are opened and the CO; is
released to the vacuum of space. This provides a
constantly regenerating system. Previous missions
have relied upon bulk quantities of non-regenerable
CO, adsorbing media [61]. The fully regenerative
system in LEVITATE reduces the required Zeolite
mass. The media is held in place by a piston
retaining ring with an o-ring face seal around the
inner diameter of the Zeolite bed along with a Figure 9: Piston Retaining Ring Assembly.
perforated disc and retention spring as shown in

figure 9.

O-Ring

Compression Spring
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2.4.5 Trace Contaminate Removal System (TCRS)

Airstream contaminants that arise from human metabolic processes and electronic off-gassing are
removed in the Trace Contaminate Removal System (TCRS). Another brushless DC motor blower from
AMETEK (model #150193) pulls air in from the process lines into the TCRS. LEVITATE then uses an
activated charcoal bed to remove high molecular weight compounds like dichloromethane and toluene, as
well as a High Temperature Catalytic Oxidizer (HTCO) to remove low molecular weight components like
methane and carbon monoxide. The activated charcoal bed contains two stages of media to remove the
volatile organic compounds (VOCs). The first stage is comprised of Purafil’s AM media and targets
ammonia. The second stage is comprised of Purafil’s SP Blend media and targets the remaining high
molecular weight components. The charcoal bed is made from stainless steel to prevent the phosphoric
acid infused media from eroding the media bed housing.

Immediately downstream of the charcoal bed, the airstream splits into two flows via a butterfly control
valve. To achieve proper flow rates in the HTCO, 20% of the airflow goes into the HTCO while the
remainder bypasses it. Again, stainless steel construction is used throughout, especially since high
temperature combustion reactions occur in the HTCO. Since carbonic acid results from these catalytic
oxidations, a lithium hydroxide media bed is placed downstream of the HTCO to neutralize the acidic
airstream.

2.4.6 Nitrogen and Oxygen Control (NOC)

Nitrogen and oxygen are used for the cabin internal volume control and human respiration. The nitrogen
and oxygen are both stored cryogenically inside of the cabin and released as needed. Liquid oxygen tanks
were chosen over traditional on-board oxygen generation methods because of the short mission duration.

3. Cost and Schedule

The NASA-Air Force COst Model (NAFCOM) creates design, development, testing, evaluation, and unit
production cost estimates based on previous NASA vehicles. As applied to LEVITAE, this tool provides
a preliminary, order-of-magnitude estimate for the costs traditionally encountered in the development and
production of vehicles and/or systems similar to those used on LEVITATE. LEVITATE-specific data is
used wherever possible and systems that are currently undefined are based on Shuttle, Apollo Lunar
Module, Apollo Command Service Module, and/or Gemini costs, depending on the specific system’s
similarity with prior systems. Also, the authors have no specific training in cost estimation, so one of the
first items of a continued study is a thorough cost estimate. That said, LEVITATE is estimated to require
$3.1 billion for design, development, testing, and evaluation while each unit will cost $280 million.

The design schedule presented in Appendix H is also derived from the NAFCOM cost estimate. Cost
efficient vehicle operations require significant ISRU-derived resupply capabilities. These have not been
demonstrated in any lunar context but must be proven before significant vehicle development begins.
Assuming significant development of ISRU capabilities at the outset of lunar exploration, LEVTIATE
design could begin within the first year of a return to the Moon. Based on this start date and the
NAFCOM estimate, vehicle delivery would occur nine years later. As with the cost analysis, the schedule
is not sensitive to the degree to which systems are shared with the rest of the lunar architecture, which
may significantly speed development and lower upfront costs.

4. Systems for Future Development

Significant design of major systems has proven initial vehicle feasibility, however, additional work
remains on the guidance, navigation, and control (GNC), communications, power, fuel distribution, and
vehicle interior subsystems.
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The GNC is a subsystem whose selection depends on the lunar architecture. GNC provides autonomous
control, serving a dual role - to land initially when LEVITATE arrives at the Moon and as an autopilot for
emergency crew return.

LEVITATE’s communications architecture must provide multiply redundant communications with
mission management on Earth and enable cis-lunar communication. Beyond allowing continuously-
available communications, the architecture must support high data rate transmissions for video downlink
and enable astronauts to share finds mid-EVA with Earth managers and scientists to guide the remainder
of the mission.

The power supply and distribution system has not been specified. This power architecture will be similar
to that of the Space Shuttle, but instead consisting of only one 12 kW oxygen-hydrogen fuel cell to the
Shuttle’s three.

The fuel routing system needs to be developed with multiple layers of redundancy to tolerate failure of
the main lines. Fuel routing technology exists, as do methods for making RCS and main engine lines
redundant, but these must be integrated once the design of LEVITATE is finalized.

Fuel distribution must be at least doubly redundant, but has not been specified in this initial design.
Similarly, the fuel resupply system cannot be designed until the fuel distribution is complete and ISRU
fuel processing has been demonstrated.

The vehicle interior requires additional development. Currently, the interior surfaces are lined with
HDPE but no crew accommodations were included in the vehicle design. The vehicle needs sleeping
arrangements, secure seating during orbital maneuvers, crew hygiene equipment, and food preparation
and storage.

4.1 Technology Readiness Levels (TRLs)

LEVITATE’s TRL of 4 is determined by the lowest TRL of any subsystem. Subsystem TRLs were
evaluated based on literature and prior art and are given in table 2. TRL’s for specific subsystems can be
found in Appendix I.

Subsystem TRL

Propulsion 3]
Structure ]
Habitat 4

Life Support ]
Table 2: Major subsystem TRLs.

5. Similarities in Possible Lunar Architecture

Having considered LEVITATE in the context of previous lunar architectures, several similarities with
other elements are apparent. LEVIATE’s core functionality is similar to that of proposed lunar landers, in
particular the Constellation Program’s Altair. As envisioned, LEVITATE and Altair share the same
CECE engine and will likely have similar propulsion components and GNC systems. A lunar outpost will
require a number of equipment launches which will each have a lunar lander. Commonality between
LEVITATE and these landers may provide a source of replacement parts. Alternatively, and with
suitable foresight, the lunar lander and LEVITATE may share a propulsion module with only the cargo or
habitat changing between missions.
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6. Other Potential Uses

While LEVITATE’s main purpose is to explore the lunar surface in fourteen day sorties, there is potential
for other mission types. Unlike the Altair lunar lander, LEVITATE has the advantage of being a single
stage, refuelable, multi-use vehicle. As the lunar infrastructure grows, LEVITATE may potentially be
used for transportation between multiple lunar bases, as a cargo module to transport cargo from low lunar
orbit (LLO) to the lunar surface, or as an orbiting lunar outpost without any changes to its design.
Additionally, if LEVITATE were redesigned with multiple fuel stores or stages, it could be used as a
vehicle to transport astronauts from the lunar surface to low Earth orbit (LEO) or from LEO to the surface
of the Moon. The versatility of this vehicle is a valuable asset and will enable both these and unforeseen
uses, especially as the human lunar presence increases.

7. Conclusion

The most significant challenge that LEVITATE faces is the current lack of a commitment to lunar
exploration. This is represented most notably in the proposed FY2011 budget proposal which has called
for the cancellation of the Constellation Program and diversion from lunar exploration, an underlying
assumption of this design.

Nonetheless, LEVITATE is a versatile vehicle for the construction of lunar bases, in-situ lunar science,
and transportation of supplies and astronauts between the surface and LLO. The ability to access any
location on the lunar surface will increase the type and quantity of lunar science possible. While some
systems have yet to be fully specified, the major systems have been completely defined according to
appropriate codes and industry standards and, more importantly, feasibility of the concept has been
proven.
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Appendix A - Mass Tally

Subsystem Component Mass (kg)
Leg Assemblies 1875
Top Deck 290
Engine Box 76
Structure - 2741
RCS Assemblies 230
Tank Caps 210
Misc Fasteners 60
Propulsion CECE Engine 150
1240
Hardware Fuel Tanks 1090
LOX 16923
Fuel 20000
LH2 3077
Life Support | Life Support System 270 270
Wall Panels 236
. Roof Panels 130
Habitat - 620
Suitports 234
MLl 20
Total 24871
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Appendix B - Orbital Maneuvers
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Appendix C - Tank Design

Overall NEEDED Fuel Volume
V2 = 486039 [m® LH2Volume
Ve = 15.4981 [m® LOXVolume

Top LH2 Tanks
hmze = 3 [m] TankHeight

amr = 0.4554 [m] TankEllipse SemiMajor Axis
b S rankEllipse Semi Minor A
h2t = T an ipse Semi Minor Axis
2
2
Vet = 4 % amx - D amn’ - Cmax Volume of Top Tanks

3
Npat = Cmt + 2 - Dy + 2 - tinzuatenz Cylinder height
Bottom LH2 Tanks

hwee = 4 [m] TankHeight
v -V
Vize = % Tank Ellipse Semi Major Axis
bras = —I=- TankEllipse Semi Minor Axi
b2 = T‘ ank Ellipse Semi Minor Axis
2
2
ez = T a':" ", . apa? - cpm  Volume of Top Tanks
hpze = Ch2o *+ 2 © Dmzs + 2 - linsuationm2  Cylinder height

Bottom LOX Tanks
hex = 4 [m] TankHeight

djox
Dix = W Tank Ellipse Semi Major Axis

Viox . - '
Vigx = 6 Tank Ellipse Semi Minor Axis

4 - % - 3 2. Diox 2
Viex = 3* + % - Ay - Cpx Volume of Top Tanks
Nx = Cix *+ 2 - Diox + 2 - lmkmﬂ»m Cylinder height

Thickness of MLI and foam insulation layers
tinsulatonnz = 0.07112 [m]

tinsuiatoniox = 0.02616 [m]

Design Factors

K = 07875 Design Parameter

kKap = 1414 Ellipse Design Parameter

LEVITATE



University of Wisconsin - Madison

Eges = 4.59 Design Multiplier

p = 344738 [pa] Operating Pressure

SWin2

SWiox

Etaniom = 1.103x10""  [pa] Elastic Modulus for titanium 6al-dv

Einconet = 2.1581x10"" [pa] Elastic Modulus for inconel 718

Top LH2 Tank Thickness
K - = 3
bopat = —————P2 gnuckle Thickness
SWn2
_ P bmx <
term2t = D Swag Crown Thickness
tem2t = 0.0005 [m]
Bottom LH2 Tank Thickness
L =
bomay = ————1D nuckle Thickness
SWin2

P - bm ?
toemap = 2 SwWes Crown Thickness

tem2e = 0.0005 [m]
Bottom LOX Tank Thickness
K - - a
tkioe = 2P Fex huckie Thickness
SWiox
P - Dix

t CTEEEE——————— .
or.lox 2 - SWix Crown Thickness

tewox = 0.0003 [m]

Tank Outside Radius Measurement

Mm2top = am2t + tem2t + tinsulationm2
fm2botom = 3m2p *+ tem2s + tinsutationm2
Mox = diox * tejox * tinsulation ox

Tank Material Density

Prtanium = 442878 [kg/m?)

Pinconel = 8179.83 [kg/m?

6.386x 10° [pa] Maximum stress for Ih2 using mil-1522

1.11971x10° [pa] Maximum stress for lox using mil-1522

LEVITATE



University of Wisconsin - Madison

Metal Shell Mass

Wear = [_

ka,b

z-E
Wix = [_°"
Kab
Insulation thickness components

tioam = 0.0254 [m]
taam = 04572 [m]

tegory = 0.000762 [m)

Critical Axdal Stress

16 13
s [9. ('«_w) - ('«_M) ] —
Apn Ca2t

3cm=[9~(

o = [ [l

tow2s |
3m»

+ 016 - [

te iox
Ciav

Unit Settings: [kJ)/[K)/[Pa)/[kg)/[degrees]

8p2p = 0.8481 [m)
bpa = 0.322 [m)

Clox * 3.283 [m)

hnzp = 4 [m)
Kap=1.414 [dim)
h2bottorn * 0.9197 [m)
Scpa = 1.859E+07 [pa)
teehzp * 0.0001619 [m)
tepeny = 0.000762 [m)
Yfoam = 0.0254 [m]

t 2= 0.0001936 [m)
Vi *1.722 [m3)
Wi = 1497 (kq)

ap = 0.4554 [m)
Dy * 0.3322 [m)

Egdes = 459 [dim)

hex =3 [m]
p=344738 [pa)
"h210p* 0.527 [m)
Scyx= 1.521E+07 [pa)
teon2r = 0.00008692 [m)
te 2 = 0.0005 [m)
tnsudationh2® 0.07112 [m)
Y o2 = 0.0001139 [m)
Viox * 2583 [m?)

Wiew = 1759 [kq)

S

l. 13
+ 0.16 - (&) ] € sraniorn
Ce2e

Bjox = 0.4697 [m)

Ch2b * 2658 [m]
Einconst® 2.158E+11 [pa)
b = 4 [m]

Pinconel = 8180 [ka/m?)
e = 0.4962 [m)

Sw = 6.386E+08 [pa)]
e 0.00005113 [m)
tenx= 0.0005 [m)
Ynsudatonox ® 0.02616 [m)
vi2 = 486 [m?)

Vi * 155 [m3)

LEVITATE

ann’ - tomat * Putanom ’2'((3m’tc.m)2-anaz)'cna'om].s
'3m2'lo.ma'0w **'((3m*lo.m)2-3m2)~cm‘ow]'6

‘%az'to.m'om ’“'((3Im:’lo.bx)z‘ahxz)'cbx'oi\oond]‘e

by = 0.5997 [m]

Cha = 2214 [m]
Eparaum = 1.103E+11 [pa)
K= 0.7875 [dim]
Pranum® 4423 [kg/m?)
Scpzp = 7.009E+06 [pa)
Swiax = 1.120E+09 [pa)
tdam = 0.4572 [m)

tejox = 0.0003 [m)

t n2o = 0.0003605 [m]
Vihzb = 7.814 [m?)
Whap = 2857 [kg]
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Appendix D - Stress Calculations

Optimal Tube Sizing

[

% Code to determine proper inner and outer radii of structural tubing,
minimizing mass producible on request but omitted for brevity.

wan Mises Stress per Unit Mass

0.1

0.0a

0.05

o.o7

0.06

co 005

0.04

003

0.0z

0.m

1l
1] oo1 002 003 004 005 006 007 003 009 01

f

Red is the region where the tubing has a factor of safety greater than 1.4

Shock Absorber Weight Equivalent

o)

% Code to determine weight equivalent range of shock absorber producible on
request but omitted for brevity.

We =

2.8876e+004

Engine Box Critical Buckling

o)

% Code to determine critical buckling force in engine box producible on
request but omitted for brevity.

F =

1.2581e+011
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Optimal Leg Offset

! Leg Offset

The legs were subjected 1/3 weight of LEVITATE to determine optimal leg
offset distance under static load.

% Data from ANSTS plotted in MATLAB

«1f landing point offset vs stress
65 T T T T T T T T T

compressive stress
B tensile stress
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Finite Element Analyses
FOS
100.00
9206
G412

7618

l 6824
£0.30

52 36

= 44 42

36.45

. 2554
. 2060

PART NO. 12001 LOAD=28000N | ™

472

FOS

won Mises (Mim*2)
146335725.0
1343244160
122113104.0

- 1093013000

. 976904550
§2479176.0
T3267864.0
610565520
455452440

. 366338320

244226220
122113110

oo

PART NO. 12001 LOAD =28,000 N vicuctrengtn ss20000000

This beam supports the LH2 tanks over a span, the load is Earth launch.
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l 371

L 7556

L BT

5927
5112
. 4297

. 3483
. 2663

. 1853

PART NO. 13017 LOAD = 14,000 N Iff

won Mises (Mim”2)]

309213504.0
I 2834457260
. 257677200

. 239MON2E0

. 2081423520

. 180374560.0
154606765 .0
128838976.0

L 1030711920

PART NO. 13017 LOAD = 14,000 N I ;S?UE?SZU_U

—# Yield strength: 692000000.0

This beam supports additional fuel tanks on the bottom structure, the load is Earth launch.
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PART NO. 14000

LEVITATE

Fos

100.00

9208

8418
. TR2T
. 6836
. 6045

| 5o
L 4463
. 372
. 2881
. 2080

l 1299

508

LOAD = 67,000 N

won Mizes (Nm*2)

man

PART NO. 14000

1363301440

124969664 .0

113609184.0

1022457040

ansss224.0

795277440

BEET264.0

SEBOETS4.0

45446304.0

340838240

227233440

113648650

43850

LOAD =67,000 N

This is the engine box under the full thrust of the CECE engine.
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FOS
100.00
9183
8366
L 75.48
L 6731
59.14

5097

. 4279
. 3482
. 26845

. 1828

I 1010
1.93

PART NO. 23100 LOAD =4450 N

von Mises (N/m*2)

2434045640
I 2277075520
. 207010256.0

- 1863129440

. 165615648.0
. 1449183360
1242210400
103523728.0
. 5828264240
. 621281240
41431816.0

20734512.0

372084

PART NO. 23100 LOAD = 4450 N

This is the RCS housing box under the fuel thrust of the RCS engine.
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PART NO. 61202

PART NO. 61202

won Mises (him™2)

LOAD=9333 N

LOAD=9333 N I

168269456.0

172580336.0

. 156891 216.0

- 1412020060

- 1255129760

. 1098235560

L 941347280

. 784458080

| B2756492.0

. 4TOB7368.0

372500

15689128.0

7T

— Yield strength: 206807000.0

100.00

91.73

83.46

. 7820

. B6.93

| 5366

L 5038

L4213

. 3386

. 2558

. )

a0s

a7a

LEVITATE

This bolt is in shear underneath the heaviest full tank on Earth launch. The bolt yielded so the
number of bolts supporting the fuel tank was increased by a factor of two, satisfying factor of

safety requirements.
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Appendix E - Crew Systems

Suitport Operation

Frequent vehicle egress/ingress can introduce significant
guantities of lunar dust into the habitat, as was seen in Apollo.
To minimize this, the suitport airlock concept replaces the
traditional, variable pressure chamber with a specialized door
mechanism and spacesuit interface. Derived from the literature,
this system forms an airtight seal between the spacesuit and
habitat module through astronaut-operated clamp
mechanisms[1-14]. This concept requires the habitat and
spacesuit to operate at the same pressure.

As shown in figure CS2, the system consists of a number of

clamps and a new spacesuit. To enter the vehicle, the Figure CS1: Conceptual
spacesuited astronaut first inspects the seals and ensures that representation of the suitport,
the exterior clamps operate. Next, they remove as much regolith courtesy Ford et al. [6]
from the spacesuit as possible to minimize suit wear, potentially

with the device described by [15]. Having prepared suit and airlock for docking, figure CS3 left,
and facing away from the habitat, the astronaut seats the bottom edge of the spacesuit in the
lower rail. The astronaut pushes rearward to mate the suit with the 1.6 mm thick
polytetrafluoroethylene (PTFE) seal. Actuating first the lower clamps and ending with the
overhead clamp, the astronaut secures the spacesuit to the habitat pressure vessel. The final
configuration is shown in figure CS3 right. The outer clamps are similar to Carr-Lane 600HVTC
heavy duty toggle clamps and each is capable of supplying 24 kN clamping force to the PTFE
seal.

Figure CEZ: Left — suitport exterior showing (a) exterior cIampé and (b) interior clamps. Center —
interior view showing the interior pressure door (c) and regolith shield (d). Right — habitat
interior showing closed suitport. Interior pressure panel (c) clamped in place by rotating screw
clamps (b).
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Figure CS3: Top left — Clamps open, astronaut on approach. Top right — spacesuit secured to
pressure vessel.

With the spacesuit secured to the pressure vessel, the astronaut performs a leak check
between the interior pressure and the exterior pressure seals. Having verified the outer seal,
the astronaut releases the interior pressure clamps and opens the rear of the spacesuit into the
habitat. During this process, a lightweight cover attaches onto the back panel of the spacesuit
forming a large debris seal around the Portable Life Support System (PLSS) to prevent
significant amounts of regolith from entering the cabin atmosphere while the interior pressure
door and spacesuit door are open.
If spacesuit recharging requires connections to the interior of the spacesuit, the safest time to
resupply the suit is immediately after entrance to the habitat. Once this is complete the
astronaut will close the spacesuit and interior pressure doors and reengage the interior
pressure door clamps. These rotating clamps have an inclined surface which contacts a ball
bearing mounted to the interior pressure door. As the clamp rotates the inclined surfaces
compresses the 1 mm silicone gasket.

18
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Habitat Pressure Vessel

Finite element analysis in ANSYS 12.0 guided wall panel sizing and the placement of reinforcing
members. Computational limits prevented analysis of the complete pressure vessel, so critical
elements of the habitat structure were tested instead. Figure CS4 shows a typical analysis set,
letting the support beam geometry and panel thickness vary.

CANSYS

Noncommercial use only Noncommercial use only

1.8057e8

1.361488

8.0381e7 917057
447107 1y 4.72757 Min

y..
ANSYS ANS)'S

Noncommercial use only Noncommercial use only

25119e7
1.1402e8 1.3342e7
5.8222e7 Min L 1.5642e6 Mi

Lo B
0.200 (m) X‘J) 0.300 (m)
L SS—

—
0.100 0.150

Figure CS4: Testing panel configurations in Ansys 12. Top — successful geometries. Lower left —
geometry fails 1.4 factor of safety at panel center. These motivated the choice for a 300 mm
maximum unsupported span and a 2.8 mm thick panel. Lower right — center panel of roof in
the same analysis.

LEVITATE will experience maximum Earth and lunar operation accelerations of 39.24 m/s” (4g)
and 9.8 m/s?, respectively, which the habitat must also endure [16]. During Earth launch both
the relative atmospheric pressure and habitat atmosphere pressure will be 14.7 psi, requiring
the habitat to withstand only the 39.24 m/s? acceleration. The roof will experience the greatest
stresses during these launches, leading to factors of safety of 57,600 and 204 for the Earth and
lunar launches, respectively. These are obviously quite large and more than sufficient to avert
failure during Earth and lunar launches.
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Appendix F - Thermal

MLI sizing was determined by consideration of radiative heat transfer through the
micrometeoroid protection, fifteen layer double-aluminized mylar MLI blankets, and habitat
pressure vessel. The heat transfer range accounts for whether the vehicle is in complete Sun or
darkness.

Interior temperature = 22.2222 C

Exterior temperature = 116.5 or -203.5C

Solar irradiance = 1413 or 1321 W/m2 at 1 AU

Heat transfer per unit area = -1.4425 or 1.3088 W/m?2
Total heat transfer area = 41.8766 m”2

Heat transfer = -60.4077 or 54.8077 W

Total habitat panel mass = 1887.0287 kg
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Appendix G - Life Support systems
Full ECS Flow Diagram
Full ECS Schematic
Condensate Line “Clean” Air CO2 Exhaust 3
1 y
sl kel Temperature and Carbon Dioxide
and Condensate e
Processing Humidity Control Removal System
(WWCP) (THC) (CDRS)
Yy ¥
N2 /02
02 Control N2
(NOC) Trace Contaminate
Removal System
; (TCRS)
Fresh Water R
Cabin / Crew 4
Waste Water / Urine “Dirty" Air
Solid Waste
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Trace Contaminate
Removal System
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TC — Thermocouple
dP — Differential Pressure Sensor
P - Absolute Pressure Sensor

g
m 70
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TCRS Spacecraft Maximum Allowable Concentrations (SMAC)
Equipment Me;z)l::hc Total 30-Day
Compound Rate (mg/man- (mg/day) SMAC SMAC PPM
(mg/kg-day) day) (mg/mA3)
Ethanol 7.85E-03 4 47.3 2000 1062
methanol 1.27E-03 1.5 9.4 90 70
2-propanol 3.99E-03 0 20.0 150 60
n-butanol 4.71E-03 1.33 26.2 80 Varies
toluene 1.98E-03 0 9.9 60 16
xylene 3.67E-03 0 18.4 217 50
chlorobenzene 1.54E-03 0 7.7 0.326 0.1
dichloromethane 2.15E-03 0 10.8 24 7
trifluoroethane 1.89E-02 0 94.5 20 4
tricholorofluoromethane 1.41E-03 0 7.1 790 140
methane 6.39E-04 160 323.2 3800 5300
acetone 3.62E-03 0.2 18.5 52 22
2-butanone
(Methyl Ethyl Keytone) 6.01E-03 0 30.1 30 10
4-methyl-2-pentanone 1.41E-03 0 7.1 143 35
cyclohexanone 6.62E-04 0 3.3 4.89 25 (TLV)
carbon monoxide 2.03E-03 23 56.2 11 10
ammonia 8.46E-05 321 642.4 7 10
Carbon Dioxide 0.00E+00 1000000 2000000 12600 7000
TLV = Threshold Limit
Based on two persons and 5000kg of equipment off gassing Value
TCRS Activated Charcoal Media Quantities
Est. With Media . Media .
. Yearly Factor Capacity Requn.'ed Bulk Rc?qulred
Media | Removes of Media . Media Volume
Load (kg vOC / Density
(kg) Safety, kg media) Mass (kg) (kg/m"3)) (m~3)
1.5 (kg)
Puracarb
AM Ammonia | 0.23448 | 0.35173 0.058 6.064 720 0.0084
Purafil
SP Blend VOCs 0.10971 | 0.16456 0.1 1.646 640 0.0026
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TCRS Residence Times in Activated Charcoal

LEVITATE

Activated Charcoal Bed Cross Section Sizing and Residence time (5.0 CFM Flow Rate)

Bed Cross Required Required Air Residence .
. . . Volume of . . Residence
Media Radius Section Media Length | Velocity Time Time (s)
N . .
(ft) (fth2) (ftn3) (ft) (ft/min) (min)
Puracarb
AM 0.250 0.196 0.297 1.513 25.47 0.06 3.56
Purafil SP 0.250 0.196 0.091 0.462 25.47 0.02 1.09
TCRS HTCO Schematic and Typical Reaction
Recuperative Heat
Exchanger
Heaters _
Airflow In
A
<AA
; . Airflow QOut
sLinalm

Catalyst// @J D Tempersture Semecrs
Catalytic Ordizer Assembly

CH; + 20, = CO; + 2H,0 + 891 KJ/mol
(Methane Combustion)
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Carbon Dioxide Removal System (CDRS) Flow Diagram, Airflow Path A

University of Wisconsin - Madison
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Carbon Dioxide Removal System (CDRS) Flow Diagram, Airflow Path B
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CDRS Desiccant and Zeolite Bed Cycles

Desiccant and Zeolite 5A Bed Cycles. Each Stage Represents One Hour.

Assembly Stagel | Stage2 | Stage3 | Stage4 | Stage5 | Stage6 Key

Desiccant Bed #1 Drying Incoming Air

Wetting Outgoing Air

Desiccant Bed #2

Removing CO2

Zeolite 5A Bed #1

Zeolite 5A Bed #2

Zeolite 5A Bed #3 Evacuating CO2 (Vacuum)

Temperature and Humidity Control (THC) Flow Diagram

Temperature and Humidity TolFrom Coolant Lines
Control (THC) Passive HM
> Slurper Dy 2l
Air from Cabin V
1
Electrical Feedback Line [ . | Relative Humidity and
G_’ > T ”| Temperature Sensor | D
5 .OMa'"
b Ventilation Line
Three-Way Control Valve g
Centrifugal Blower HEPA Filter x4
> f\* Slurper
TolFrom Coolant Lines
: g
E
Condensate/Water
Separator
 —
To Wastewater
Treatment
Nitrogen and Oxygen Control (NOC) Cabin Partial Pressures
. L. Total -
Reqm_red Partial Initial . Metabolic Gaseous Total Total Liquid Liquid
Partial Atmospheric . R mass . Volume
Component Pressure . Regeneration Volume Required . Density .
Pressures . Requirements . . Required Required
o (psia) Required (L) Required (mol) (kg/L)
(%) (L) ) (kg) (L)
Oxygen
(02) 0.203 3.0 11165 16380 27545 1229.7 39.4 1141 34.5
Nitrogen
. 11. 1 1 1927.
(N2) 0.785 5 43175 0 43175 927.5 54.0 0.807 66.9
Gaseous Liquid
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Wastewater and Condensate Processing (WWCP) Flow Diagram

|

Wastewater

Power

Waste Water and

Condensate Processing

(WWCP)

Purge Gasses (Clean

Wastewater Tank

Humid Air / Water)
»| Multi-Channel
Purge Pump
Distillation
Assembly
ﬁ % Clean Water
v
Multi-Channel
Liquid Pump

Separator
(Separates gas
from clean water)

Clean Water — To Water Stores

Wastewater

Recycle Filter

Tank Assembly

Dirty Water — To be scrubbed
and re-processed

Purge Gases — To THC
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Carbon Dioxide Removal Assembly (CDRA)

LEVITATE

3xxxx - Life Support Power Requirements

1SON

- Mad

ISconsin

ty of W

Iversli

Estimates

Un

(1) - Estimates based on NASA Documentation, JL Perry et al

Supply Operational | Stand-by Total Op Total SB
Component Manufacturer Amount
Voltage Power (W) | Power (W) Power (W) | Power (W)
3-Way Solenoid Valve - T3317BN4UNDONKHI0AC2 Parker Hannifin 24V DC 2 0 8 16 0
Blower - 150193 AMETEK 24V DC 150 150 1 150 150
2-Way Solencid Valve -7121KBN25VOONCC111P3 Parker Hannifin | 120V AC 60Hz 3.3 0 9 29.7 0
Differential Pressure Transmitter - PX291-0100W D1 OMEGA 24V DC 0.24 0.24 7 1.68 1.68
Bolt Heater Tempco 120V AC B0Hz 53.3 0 3 159.9 0
Data Acqu n System - OME-DAQ-GE OMEGA 12v DC 10 10 1 10 10
3] Thermocouple Probe - KMTXL-125-5-08 OMEGA - 0 0 9 0 0
.W. Pressure Transducer - PX302 - 0304V OMEGA 12V DC 0.25 0.25 1 0.25 0.25
HEEEER: m Totals (Estimates) 367.53 161.93
% Trace Contaminate Removal System (TCRS)
W Component Manufacturer Supply Operational | Stand-by Amount Total Op Total SB
g Voltage Power (W) | Power (W) Power (W) | Power (W)
WM 2l2lnl gl Pressure Transducer - PX302 - 0304V OMEGA 12V DC 0.25 0.25 1 0.25 0.25
.m Blower - 150193 AMETEK 24y DC 110 110 1 110 110
m. Differential Pressure Transmitter - PX291-010W0DI OMEGA 24V DC 0.24 0.24 4 0.96 0.96
Thermocouple Probe - KMTKL-125-G-08 COMEGA - 0 0 13 0 0
IPANE g 2 DAQ - DMB-DAQ-56 . OMEGA 12v DC 10 10 1 10 10
M. m m z M W W High Temperature Catalytic Oxidizer ™' e 120V AC (7] 300 23.2 1 300 23.2
Flowmeter - MFAS427ST-AIR OMEGA 12v DC 9.6 9.6 1 9.6 9.6
Butterfly Control Valve - 2538-20-40-1 MEKS 12V DC 30 0 1 30 0
Totals (Estimates) 460.81 154.01
Temperature and Humidity Control (THC)
Supply Operational | Stand-by Total Op Total 5B
Component Manufacturer Amount
Voltage Power (W) | Power (W) Power (W) | Power (W)
Blower - 150403E AMETEK 24y DC 450 450 1 450 450
RHT&P Sensor - HXPE6 OMEGA 24y DC 1.2 1.2 1 1.2 1.2
Butterfly Control Valve - 253B-20-40-1 MES 12v DC 30 0 2 60 0
Condensate Water Seperator Assembly (Cwsa) !t 7 i 40 0 1 40 0
Total 551.2 451.2
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Appendix H -Cost and Schedule

LEVITATE design, development, testing, evaluation, production cost estimates were produced
by the NASA-Air Force COst Model, 2007 version.

Elements
Stage

S5TQ
Subsystems
SSTO System
Integration

Fee

Program
Support
Contingency

Vehicle Level
Integration

LEVITATE

Type Cost Yearl Year2 Year3 Year4d Year5 Yearf Year7 Year8 Year9
DDT&E 3,011.90 326.3 958 724.8 459.3 279.7 158.7 728 29.3 3.2
FU 284.8 1 6.6 17.8 469 73.8 665 335 242 145
DDT&E 1,880.00 268.2 759.6 488.5 234.8 96.3 311 1.5 0 0
FU 208.5 0.9 5.4 14 338 644 551 209 5.9 2.2
DDT&E 9614 39.6 144.2 195.2 198.6 167.5 1185 672 27.6 3
FU 76.3 0.1 1.2 3.8 7.1 9.5 114 126 183 123
DDTE 0 0 0 0 0 0 0 ] 0
FU 0 1] 1] 0 0 1] 1] 0 0 0
DODTE 0 ] ] 0 0 ] ] 0 0 0
FU 0 0 0 0 0 0 0 0 ] 0
DODTE 0 ] ] 0 0 ] ] 0 0 0
FU 0 ] ] 0 0 ] ] 0 0 0
DDTE 170.5 185 54.2 41 26 15.8 9 41 1.7 0.2
FU ] ] 0 0 ] ] 0 0 0
costs in 5 millions
Costs per year, in $ millions.

Elements DDT&E Flight Unit ProducTotal

Stage 2,919.50 256.9 256.9 3,176.50

SSTO Subsystems 1,849.50 190.4 130.4 2,039.90

S5TO System Integration 904.7 66.5 66.5 971.3

Fee 0 0 0 0

Program Support 0 0 0 ]

Contingency 0 0 0 1]

Vehicle Level Integration 165.3 o 0 165.3

Costs by development stage, in S millions.
DDT&E: Flight Unit: Production: Total:

Labor Hours (millions) 14.9
Engineering 11.3
Manufacturing 2.8
Other 0.8

Total Dollars 2,754.20
Labor 632.1
Engineering 498.6
Manufacturing 100.3
Other 33.2
Material 164.9
Subcontracts 751.1
Overhead 833.3
Other Direct Charges 102.4
GEA 250.4

FBS Factor 1

14 1.4 16.3
0.4 0.4 11.7
0.9 0.3 3.7
0.1 0.1 0.9
256.9 256.9 3,011.10
534 534 685
18 18 516.6
32.5 32.5 132.8
2.8 2.8 36
26.3 26.3 191.2
70.1 70.1 821.2
72.1 72.1 923.3
11.7 11.7 114.1
234 23.4 273.7
1 1

Functional breakout of costs by major elements and development stage, in millions of man-
hours and $ millions.
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Appendix I - Technology Readiness Levels (TRLs)

LEVITATE

Structural Components

Component Part No Previously Flown?| TRL
Shock Absorber 11101 N 6
Aluminum 2195 - Weldalite N/A Y 9
ISS FASTRACK Cargo Modules 11200 Y 9
Bolted Connections 6XXXX Y 9
Pinned Connections 11055, 11056 Y 7
Lockwire 11053 Y 9
NEXTEL Sleeve Coverings 11400, 11500 N 8

Propulsion Components

Component Part No Previously Flown?| TRL
Common Extensible Cryogenic Engine 14009 N 7
Northrop Grumman Bipropellant Thrusters 23101 N 8
Fuel Tanks 22100, 22200, 22300 N 7
Surface Tension Galley N/A N 7
Tank Foam Insulation 22139, 22239, 22339 Y 9
MLI Blanket Insulation 22141, 22142, 22143 N 7
Tank Electronics (InterTechnology and Magnatrol) 22131, 22133 Y 9

Environmental Control System (ECS)

Component Part No Previously Flown?| TRL
CDRA Desiccant Beds 31003 N 7
CDRA Heat Exchanger 31200 N 8
Blowers 31403, 36321 N 7
CDRA Zeolite Media Beds 31698 N 7
TCRS Activated Charcoal Media Bed 32199 N 8
TCRS Bypass Assembly 32299 N 6
TCRS High Temperature Catalytic Oxidizer 32303 Y 9
TCRS Lithium Hydroxide Media Bed 32401 N 8
Subsystem Fittings (MDC-Vacuum) 360xx Y 9
Particulate Mitigation Filter (Swagelok) 36215 N 6
Compression Fittings (Swagelok) 362xx Y 9
Electronics - TC, dP/Absolute Pres Sensors - (OMEGA) 364xx N 8
Solenoid Valves (Parker-Hannifin) 364xx Y 9

Habitat

Component Part No Previously Flown?| TRL
Suitport 513xx N 4
Habitat Pressure Vessel 523xx, 512xx N 6
Multi-Layer Insulation (MLI) 5160x, 5165x Y 5
Micrometeoriod and Orbital Debris Protection (M/0OD) 15xxx N 6
Radiation Protection N/A N 5
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Appendix ] - Product Design Specifications (PDS)

Specification Element

The performance demanded or likely to be
demanded should be fully defined; how fast,
how slow, how often — continuously or
discontinuously, loadings likely (maximum and
average) — electrical, hydraulic or pneumatic,
tolerance of speed, rate of working, Duty Cycle,
etc. Remember that the more complex the
product, the more likelihood there is of
ambiguities and conflict between the
performance figures specified — for example,
the specification of an electrical cable to carry
20 kVA to an underwater vehicle when the sum
of the vehicle power requirements amounted to
50 kVA?

Is the performance demanded attainable in an economic manner? A
common failing in specifying performance is to ask for the ultimate,
rather than that which is obtainable. Research evidence shows that
successful design teams pay great attention to establishing objectives
that can be attained.

It is extremely easy to tighten up a performance specification to such an
extent that if one designed to meet that performance, the customer
would not be willing or able to afford it, even if the company could
possibly afford to make it in the first place. Sales departments and
clients never cease to be amazed that the product emerging from their
specification costs so much. It takes little effort or thought to specify +
zero as a tolerance for any parameter, which in reality means infinite
cost.

While the practice of over-specifying (belt and suspenders) sometimes
occurs in mass production industries, it is more likely to occur with
specialist equipment, particularly in the large, one-of field where the
client does not really know the adequate level of performance needed
to suit his requirements. Beware therefore of ‘over-specification’ of
performance, and also remember that performance is but one
component of the PDS.

It is not uncommon, say, with hydraulic pumps, for manufacturers to
specify performance parameters that are not attainable coincidentally,
but independently with reductions in the other parameters — for
example, pressure and flow for variable delivery pumps. In other words,
maxima do not always occur together.

Performance
Long Range Travel:

Max: Half circumference per jump
(5,640km)

Min: 50 km
Duration: 8 Hour Min, 336 Hours Max
Turn around time: 12 Hours
Payload: >226 kg + 2 equipped astronauts
Landing Accuracy: 5.0 meters in any
direction
Landing Area: 10° from horizontal
Ground height Variation: 0.5m

All aspects of the product’s likely environment should be considered and
investigated:

Temperature range

pressure range (altitude)

humidity

shock loading (gravity forces)

dirty or dusty — how dirty? — how clean?

Corrosion from fluids — type of fluid or chemical

noise levels

insects

vibration

training and background of those who will use and maintain the
equipment e— likely degree of abuse?

Any unforeseen hazards to customer, user or the environment —for

External Environment

Temperature Range: 70 - 390K

Pressure Range: 0O atmto 1 atm
Humidity: 0 —-100% RH

Gravity: 0.1645g

Regolith: 20 micron diameter particulates
Radiation: 1364.5-1367.5 (W/m*"2)
dependent of solar cycle
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example, inclusion of CFCs?

All manufactured items experience a number of these environmental
changes in any or all of the areas before being called on to function for
the user. These may occur at the following stages:

During manufacture — exposure to cutting fluids, solvents, fluxes (flow
soldering), acids (plating and cleaning), etc.

During storage — in the plant.

During assembly — assembly forces, contamination from sweating
hands?

During packaging.

During transportation.

During storage — at a wholesaler’s warehouse.

During display.

During use.

These environmental subsets must be considered at the outset,
otherwise the essential performance required during usage may never
be achieved, or at best may be somewhat less than the user
expectation.

Hazards: Potential meteorite strikes of
Density: 0.5 g/cc
Speed: 11.1-72.2 km/sec

Internal Environment

Meeting Vol | Sec 5 of MSIS chart 5.8.3.1-
1

Should service life be short or long and against which criteria should this
be applied? Against which part of the PDS is (or should) the product life
be assessed? One year on full performance, 24 hours a day, seven days
a week, or what? Consider the Duty Cycle.

Life in Service (performance)
5 Earth Years

Is regular maintenance available or desirable? Will designing for
maintenance-free operation prejudice the design to such an extent that
the product will become too expensive to buy in the first place? Does
the company, or indeed the market into which the product will
ultimately go, have a definitive maintenance policy? Is the market used
to maintaining equipment once it is purchased? The following points are
relevant:

*Specify ease of access to the parts that are likely to require
maintenance. It is no good calling for regular maintenance if it takes 10
days to reach the part.

¢ What is the maintenance and spares philosophy of the company and
market?

e What is the likely need and desirability of special tools for
maintenance?

Maintenance
Every Trip: Basic diagnostics — automated
systems

Every 5 Trips: Visual inspection of all
major structural components and
subsystems.

Every 20 Trips: Ultrasonic structural
testing. Major subsystem disassembly
and inspection inside of the lunar base.

Target production costs should be established from the outset and
checked against existing or like products. Invariably, all target costs are
on the low side, and in many cases they are unattainable within the
constraints of the PDS.

Care should be taken at this stage to ascertain whether the target cost is
compatible with competitors’ products and, most importantly, with the
manufacturing facility available to make the product. Cost patterns
should be established and studied in detail before setting the target
cost.

If a life cycle cost model is the norm in the company or market area into
which you are entering, then this should be properly analyzed, with
particular reference to maintenance trade-off and down time.

Make sure you specify retail price, production cost, or something else as
you consider this item. There are large differences dollar differences in
these numbers

Target Product Cost

A thorough analysis of competition must be carried out, including a
comprehensive literature search, patent search and product literature
search relating not only to the proposed product area, but also to
analogous product areas.

The nature and extent of existing and likely competition is probably the
most important aspect of a PDS, at least from a comparative viewpoint.
If, for example, the evolving specification shows serious mismatches or
deficiencies when compared with what already exists, then the reasons
for such departures must be fully understood. Therefore, it is essential
that a proper analysis be carried out (perhaps a parametric analysis).
Typical magnitudes of such searches are:

Useful papers: 300—600

Relevant patents: 10-100

Competition
LER
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Competing products: 2—80

Useful parametric graphs: 5—30 (from a selection of perhaps 100).

In order to stay in business, more and more companies are carrying out
these sort of searches very thoroughly indeed, and are looking for
world-class parameters.

It is necessary to determine how the product is to be delivered:

By land, sea or air — home or overseas; what type and size of truck,
pallet container (look to ISO standards) or type of aircraft used for the
type of product under consideration. It is not unknown for equipment
not to be able to pass through cargo hatches of aircraft or ships, or to be
expensive in terms of shipping volume. This can affect the subassembly
breakdown of the product.

A product may be competitive here, but by the time it is shipped
overseas it may have become too expensive. For example, a pump
designed for land irrigation and sold mainly overseas became non-
competitive because it was made portable (a good idea) by putting it on
a trolley. The consequent doubling of shipping volume rendered it non-
competitive even though the increase in basic prime cost of the pump
itself was very small.

Lifting capability, provision of lifting points.

Shipping

Mass and overall size must fit within
specifications of next generation HLV
(potentially Ares V)

Depending on the type of product being designed, some form of
packaging may be necessary for transport, storage, etc. The cost of
packing will add to the product cost and volume. Should the packaging
protect against the environmental effects of shipping such as salt water,
corrosion, shock-loading, etc?

Packaging

Mass and overall size must fit within
specifications of next generation HLV
(potentially Ares V)

Likely numbers to be produced by run and by year over the product life
will affect all aspects of a product’s design. A one-off may require very
little tooling, although there are exceptions, such as the Channel Tunnel.
Moderate numbers may require cheap temporary tooling, while large
numbers may require permanent, expensive tooling. Further,
purchasing quantities, purchasing discounts and inventory costs for raw
materials and finished goods have a considerable effect on the
supportive investment required.

Quantity
1

Are we designing to fill an existing plant or is the plant and machinery
involved a constraint to our design? What are the plans for new plant
and machinery? It is no good designing for a one-plant set-up to find a
new one in existence by the time the production phase arrives.

Make or buy policy: is the product constrained to techniques with which
the company is familiar?

Is our proposed flexible manufacturing system the ultimate in
inflexibility? More and more companies are resorting to subcontract
manufacture which will make them less capital intensive and reduce
their fixed costs. It also allows them the ultimate in flexibility in terms of
manufacturing processes and technologies.

Manufacturing Facility
Multiple commercial and government
design firms

Are there any restrictions on the size of the product? Size constraints
should be specified initially. So many designs ‘grow’ like Topsy, with the
result that the equipment will not fit into the space provided, and even
though it may do so ultimately, access for maintenance could be
difficult. Does the product size and shape make it difficult to handle?

Size
8.77m x9.31m

What is the desirable weight? (Remember that, for a given technology,
weight is frequently related to cost.) Allied to size, weight is important
when it comes to handling the product on the shop floor during
manufacture, in transit, during installation or in the user situation with
the customer. Should the design be modular to assist in the size/weight
area? Should lifting points be provided

Weight
<71100 kg

The appearance of a product is a difficult thing to specify and therefore,
in many instances, it is left to the designer: the complaints come
afterwards. Color, shape, form and texture of finish should always be
considered from the outset. Advice and opinion should always be
sought either from within the company or without. Sales, marketing,
production and others will always criticize a design once it exists.
Therefore, efforts should be made to obtain these opinions before the
design commences, and certainly as it progresses. Every person is a

Aesthetics, Appearance and Finish
No requirements
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design critic, accomplished or otherwise. So often the final appearance
of a product ‘just happens’ and then strenuous efforts are made to
make it look better, which usually prejudices the design in all aspects.

The choice of materials for a particular product design is invariably left
to the design team. Usually, this is not a bad thing. However, if special
materials are necessary, they should be specified, preferably by quoting
the appropriate standard. The converse is also true. If it is known that
certain materials, such as lead-based paint for consumer products, must
not be used, they should not be specified. Aluminum or its alloys on
exposed surfaces for underground coal-mining equipment is forbidden
in the UK but not in the USA. For material selection assistance, see ASM
Vol 20, pg 288 & vicinity.

Materials
Materials must withstand external lunar
environment.

Some indication of the life of a product as a marketable entity should be
sought. Is it likely to remain in production for two years or 20 years? The
answer is crucial as it can affect the design approach and interacts with
the market and competition, tooling policy, manufacturing facility and
the like. Product life spans are reducing rapidly for example. Consider
printers and calculators.

Product life Span
Possible use for 50 years

The product must designed to current US, international, and perhaps
other standards. If so, then these should be specified and copies
obtained. Cross-correlation of such standards should be carried out
prior to commencement of the design. It is difficult, costly, time
consuming, and inefficient to attempt retrospective matching of
finalized designs to such standards. Also, bear in mind that while
standards are extremely useful and essential, they generally represent
an industry or technology consensus at a point in time. They must not
be allowed to freeze innovation However, reasons for not following
particular standards must be carefully evaluated and documented for
the inevitable day of the product liability law suit. Further, some
standards are mandated by Law—EPA, OSHA, state and local building
codes, etc. These MUST be followed in the design.

Standards and Specifications
ISO

NAS

NASA (MSIS etc)

AlAA

SAE

ASME

All products have, to some degree, a person—machine interface,
certainly during manufacture, and if not directly during usage, again at
the time when maintenance is required. It is therefore necessary to
elucidate the likely nature of the interaction of the product with
humans. What height, reach, forces and operating torque are
acceptable to the user. Postures and lighting should be considered; the
devices must be a delight to use—potential users must be consulted

Ergonomics/Human Factors
Fully operable by one astronaut
Automatic return button

It is essential to obtain first-hand information on customer likes, dislikes,
preferences and prejudices. Eyeball-to-eyeball discussion, question and
answer, and examination of competitors’ trends and specifications are
all useful inputs to the specification.

To a great extent, such input will depend on whether there are product
line precedents already on the market or whether it is a product
breaking new ground. Customer input is, nevertheless, essential to
success. The degree of difficulty with which this input is obtained varies
enormously from the large one-of turnkey type of project where the
designer will interface directly with the customer, to the mass-produced
product where s/he will not.

Customer
NASA

The laying down of levels of quality and reliability necessary to ensure
product success and acceptability in a particular market is a cause for
increasing concern. They are the most difficult aspects to quantify in
absolute terms, although statistical data from company product
precedents are helpful here. In electronics, mean time before failure
(MTBF) and mean time to repair (MTTR) are familiar expressions,
although it must be remembered that by comparison with mechanical,
hydraulic, pneumatic and even electrical components, electronic
components experience a relatively controlled, sheltered life. Nonethe-
less, some quantitative expression must be made in respect of quality
and reliability at the specification stage.

A company must ensure adequate feedback of any failure analysis to the
design team and the safety team.

Quality and Reliability

Mean time for basic repairs: 24 man-
hours

Mean time to replace subsystems / parts:
Dependent on launch schedule. Approx 6
months (Augustine)
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A factor often overlooked in specifications is that of ‘shelf life’ (applied
to units) or storage on site (as applied to a complete plant). With
respect to units, shelf life must be specified at the outset and the means
to combat decay considered, otherwise rusty gearboxes, hardened
rubber components, seized bearings, defective linings, corrosion and
general decay will occur.

The designers of a complex plant should also be aware of these
problems, since equipment designed on the assumption of immediate
installation and commissioning may lie around on site for months on
end without adequate protection and storage.

Shelf Life (Storage)

Earth storage, pre-launch: <10 years in
controlled conditions (STP)

Lunar storage: <1 year

In-house process specifications, as opposed to manufacturing
techniques, are vitally important. If special processes are to be used
during manufacture, they should be defined — for example, plating
specifications wiring specifications. Alternatively, the relevant standards
—US, international, foreign, in-house, etc. — should be called upon.

Processes
To be specified during design
Highly specified processes anticipated

What is the time-scale for the project as a whole, in parts or phases? Is
there a need to fit in with the time-scales of others concerned with the
project? Lead times allowed for design activity are frequently
inadequate, but they determine the time-scale for the whole project up
to manufacture and product launch. Design time must be adequate to
ensure that the product is designed effectively and efficiently — in other
words, professionally. Lack of adequate time spent at the beginning of a
design project will be made up for later and to other people’s time-
scales due to defective products, market mismatches, overwhelming
competition and the like. There is no alternative to adequate design
time. Use Microsoft Project to monitor your own design progress.

Time-scales

Design time: 1 semester

Construction and testing time: 6 years
Deployment time: 1 month

Most products require some form of testing after manufacture, either in
the factory, on site or both. Products for the consumer or engineering
markets usually require a factory test to verify the quality of the product
and its compliance with the PDS. Curiously, this usually relates to the
performance aspects which, although essential, represent a narrow
view of the whole question of product evolution.

Do we sample test one in ten, one in a hundred, or what? Do we need a
new test facility? How can we be sure that the product is designed to
have rapid engagement with and detachment from the test rig? Data
collection and product history are needed to answer these questions.
An initial test specification should be written at this stage. It is too late
after the design has been completed! Process plants and projects of this
nature usually have acceptance and witness tests, in addition to factory
tests. As with all testing, these require careful planning and execution,
not only to ensure compliance with the PDS, but also to limit the cost.
Do not forget to include testing relating to product safety and the
potential of product liability legislation.

Testing
System tests:
Rockets
Life support
Landing gear
Vibration
Operability
Power systems
Before lunar flight will test every system
(twice)

The safety aspects of the proposed design and its place in the market
must be considered. Indeed, there is a substantial body of law and
standards covering this aspect of design. Companies pay large sums on
a daily basis because they failed to adequately consider this element of
design. First, one must identify each and every hazard. Then, one must
in decreasing order of desirability:

Design out the hazard

Guard the Hazard

Warn of the Hazard

Labeling should give adequate warning. Likely degree of abuse, whether
obvious or not, should also be considered; also likely misrepresentation
of function of equipment. Definitive operating and maintenance
instructions must be prepared.

Safety

Redundancy: 3x redundant for critical life
systems

Factor of Safety for structural
components: 1.5

Landing Abort Capabilities: Yes

First Contact:

Feedback from the market place should be considered. It is poor design
to incorporate certain firm’s engines in equipment for some Middle East
countries, as they will not accept them. The first rough terrain telescopic
handler was designed to utilize a range of Ford engines. At that point in
time, and for the foreseeable future, Ford products were unacceptable
in the Middle East. Therefore, the design was changed to accommodate

Market Constraints
Preference for Commercial Off-The-Shelf
& Flight-qualified parts/systems
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Perkins engines, as well as Ford engines. Knowledge of local conditions,
particularly overseas, combined with a full knowledge of the market
must be incorporated in the PDS at the beginning of the project and as
the design evolves. Otherwise, if during the course of the project the
market disappears, the whole activity may have proved to be a waste of
time.

The likely effect of the product on the political and social structure of
the market or country for which it is to be designed and manufactured
should be considered. Typical factors include the effect of consumer
movements, the stability of the market, and the avoidance of product
features that can create social unrest and upset.

Political and social implications
Substantial: inspire youth, beat
China/India/Russia/lapan/Brazil/Malaysia/
EU

Many products must interface with other products or be assembled into
larger products (or buildings). Installation therefore must be considered
in the PDS. This will include fixing holes and lugs, access, the volume
available for the product, system compatibility, power compatibility and
the like.

Installation
Should integrate with larger lunar
architecture

Product documentation is always important in terms of instructions to
the user, the maintainer or others. Even with consumer products, it is an
important and vital task that must not be shirked (see ‘Safety’ and
‘Legal’. With large turnkey projects, the associated documentation can
become a substantial part of the overall design task, say for a power
station.

In the light of previous comments re legal requirements, it is imperative
that full documentation is prepared for all projects — this should be
done formally, not informally. It is not unusual to refer to detailed
documentation many years after a product is in service.

Documentation
Significant, should be readable on-site

Disposal has been included as a primary element as the effects of
products and product design impinge more and more on our
environment. With many products, it is not possible to ‘forget’ about
the item after ownership has passed to the customer. If the product
contains hazardous or toxic parts, or indeed parts worth reclaiming,
these should be considered at the PDS stage. Should we, for instance,
design for disassembly? This is becoming an increasing problem with
many products, and is not necessarily confined to time-expired nuclear
reactors, chemical process plants and the like.

Non-biodegradable plastic packaging and items made from plastic
present a problem of increasing magnitude — in fact the whole problem
of waste disposal and recycling looms large indeed.

While the preceding points discussed represent the primary elements or
‘triggers’, thus enabling the preparation of a PDS, never forget that a
specification will be, and should be, subject to amendment and
alteration with the passage of time, it is evolutionary. When a design has
been completed, the evolved specification may be suitably embellished
with detail. AlImost by definition, it provides the basic material for
handbooks, sales and technical literature. The PDS becomes the
specification of the product itself, rather than the specification for its
design. Therefore, it provides the basis for the user or producer to make
his decisions in a comprehensive manner. There are no alternatives to a
meticulous and thorough approach o PDS preparation in a competitive
world. It is perhaps worthwhile reiterating that the PDS is defined as
that which sets. out in detail the requirements to be met to achieve a
successful product or process. When the product has been designed, it
is itself specified by the drawings, documentation, etc., which go to
describe the product in great depth. This is known as the specification of
the product — the product specification. Try to avoid the use of loose
semantics where the one may be confused with the other. There is a
great deal of evidence to the effect that a poor PDS is a very common
cause of unsuccessful designs.

Disposal
Historical Monument
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Appendix K - Quality Function Deployment (QFD)

@ Strong Positive
O Positive

X Negative

R Strongly Negative

Improvement Direction (| 1 | 1 1 1 1 1 1 1
Design > g
Requirements & 3l <| § .E‘
(HOWs) . 2l 2| = 5
- -y £l 2| | §| 2
Q S & L = 3| £| &
= 8 5| E g g & ® &
Customer Z 2 g| 2 el =| 31 3
: » o £ o = o k3] 5]
Requirements S| 3 3| g g 2 5| 3| ¥ B| @
(1] 3 ‘% =
El 2| 2| ol »| o]l 2| & & 3] 5
Duration 2 3 9 1 7 7 1 - Weak
Range 41 91911 3 9 - Strong
Safety 9 7 9 9 9
Turn Around Time 1 1 7 1
Capital Cost 2 9 3 5 7 3 3
Maintenance Cost 3 5 7 9 7 9
Payload 319 9 5 5
Sustainable 5 5 9 9 7
Landing Accuracy 3 5 5 1
Operability 7 5 5
Lifetime 5 7 1 3 7
Communications 5 7 9 9 7
HOW Importance 87 97- 140[ 155| 81| 96
Rank 8 6] 10 3 2 9 7
Difficulty (1=Easy 5=Hard) 5 3 2 1 1 1 4 2 4 4
Customer Satisfaction Targets Quantified in PDS
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