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Abstract
This team was formed to carry out research and development on a leaarth orbit

oxygen gatherer, consider outsourcing various components and to examine our own
team dynamics (from an MBTI perspective). The projecds technical emphasis

shifted to social research in response the comments of a NASA reviewer who
stressed the need for technically credible partners. Visibility and credibility were
sought by doing a Delphi studyBrief descriptions of Klinkmané& LOXLEO and

Demetriadesis PROFAC devices were the stimuli in this study.
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Introduction
Though the excitement of the space race is long behind us, and current NASA

crafts utilize technology over a decade old, the promise of space travel has not been lost
on the individual. The trend toward privatization of the space industry, evidenced by the
success of the X prize cgret i t i on and t B ecreBsom@ suosgincompany
producing space hardware, suggests now may be the time for the private sector to
reinvent space travel. Paul Klinkman, a WPI alumnus and prolific inventor, has devised a
craft can do just that: the low earth orbit gas harvester.
The objectiveofte | QP is to aid in the realizatio
investigating the experience of working on a research and development team. The team
acted as both technical critics and creative consultants for Mr. Klinkman throughout the
designs developnme process; which started with technical development, then transferred
to skeptical analysis, and finally settled on the hunt for credibility.
The hunt for credibility manifested in a Delp$tyle mailing and a number of
interviews, including an openommunication with Sterge Datniades, an aerospace
industry professional who invened t he Propul sive Fluid Accuml
The Propulsive Fluid Accumulator is an idea that shares much, conceptually, with the
device envisioned by Palillinkman. The discovery of Degtriades, in parallel with the
experience with Klinkman, provided an insight into the politics of revolution in science,
and howi t chamged (and remained the same) since the Cold War.
Working with Dr. John Wilkes allowed thieam to gain insight into the social
implications of a successful shift ihe space paradigm arid determine the attributes of

a successful R&D team based on MyBrgggs Type Indicators; and the social dynamics



of research as examined though R&D céaseliss. A deep understanding of the roles of
each personality type in a research andettgyment team provides the ability

synthesize an ideal research and development team.



The LOXLEO Oxygen Harvester

This projectrevolvesaround an invention by PhKlinkman, a WPl computer
science graduate. The device, which the tedfmially namedLOXLEO (for gathering
Liquid OXygen in Low Earth Orbit), was the focus of the teams R&D efforts and social
and political forecastingffort.

The LOXLEO device gathemxygenions, as well as ions of other speciesthe
uppemost region of theatmosphere. In its current daguration the device orbits the
Earth at an altitude of 350 kilometers. At that height orbital velocity is 7884 meters per
second. The orbital perd is a little over 90 minutes.

At the altitude of 350 kilometers the number density of particles is approximately
10 per cubic centimeters. Contrast that with the approximatéesehnumber density of
2.6x10° molecules per cubic centimeter. This gagsinst a common misconception that
space is entirely emptyn fact, there are vast resources to be tapped. Over a relatively
short period of time enough gas can be gatherespproximate sefevel density gas
which can beconveredto liquid oxygen.

While a final design for the gatherer psobably five years awag few basic
specificationshave been agreed upoNo componenton the spacecraft will extend
beyond the crossectional area of the inlet. This will ensure that file extent of the
drag face experienced by the spacecraft is due to the gas particles being gathered, thus
preventing any unnecessary drag.

The propulsion to overcome the drag experienced at that altitillgerobably not

draw on the gathered gas to serve as a reaction masKlikman wants the gathering



operation to be one hundred percent efficient. Thus an alternative form of propulsion is
needed.
Further criteria, as well as technical details are discussed in the Outsourcing

portion of the text.

Components of the Oxygen Harvester:

\ b

Figure 1- LOXLEO Components

This drawing is not to scale. The purpose of this drawing is only to give the reader an
idea of the main features of Paul Klinkmanos
of the gatlered gas. The backup plan would use no more than half of what is gathered.
1.) The dissipative inlet, referred to as the maw/scoop at the front of the gatherer
that collects the oxygen atoms. This part of the device spins causing mercuric

oxide that has builap on the walls to be forced outward.



2.) The cooker/heaters will be placed at the extremes of the maw to catch the
mercuric oxide and separate the mercury from the oxygen, which is then
pumped to the condenser.

3.) This variable pitch decreasing radius tube esatausing atoms that have
been forced to the base of the maw by the mercury spray to be pushed into the
condenser.

4.) The condenser to liquefy the oxygen.

5.) The electrodynamic tether provides the propulsion for the device by sweeping
t hrough Earfielhdés magnetic

6.) The radiators to remove heat from the process of liquefying oxygen.

7.) Large storage tanks to store the liquefied oxygen, which later can off loaded to
vehicles that need to be refueled.

8.) Solar panels will provide the power for the condenser, heatand,
electrodynamic tether.

9.) Mercury spray nozzles that will spray a constant flow of atomized mercury to

ensure that oxygen atoms that have entered the maw will not bounce back out.



A Historical Background

The work of the team, and inventor Paul Klinkma&ame to the attention of
Sterge Demetriades, whose PROFAC invention subsequently became a major part of the
projectdue to an AIAA presentation by Professor Wilkes and Mr. Paul Klinkrivan
De met r iexperiensedpsovided an ideal case study on therfatte of society and
technology. Demetriades invented his fluid accumulator in a much different time than
Paul Klinkman, and with a much different set of skills and credentials. Nonetheless, the
similarities between the struggles faced between KlinkmdrDemetriades are striking;
as both facethe towering wall of a paradigimased opinion that what they wanted to do
was impossibleor simply not worth the effortBoth stood by personal moral codes
despite the difficulties they created, and both obsergedussiders of the operation of
politics and institutions beyond their control, which were skepticgbothreatened By

their claims.

Sterge Demetriades
Sterge T. Demetriades was born and raised in Greece. He went to a small,

technical high school in Aens where he would later return, once at Northi@pecruit
new people into his field. He attended Bowdoin College where he received his BS in
Physics, Math and Chemistry then got his MS in Chemical Engineering from
Massachusetts Institute of Technologye finally ended up in the Jet Propulsion
Laboratory of Caltech as a graduate student. It was here he developed the concept of
PROFAC as part of his graduate work.

Back home there were disputes between the Turks and the Greeks over borders,

and this tesion resulted in a fellow student, a Turk, assaulting Sterge from behind,
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bl oodying hi s ear i n December 1956. The i
supervisors for the magnitude of the offense, but he persisted in insisting that the Dean

find out why he vas attackeé&ind whether he was safe from future attack. His
grandfather was killed by a Turk, his father by a Bulgarian, so to Sterge, Greek
OrthodoxIslamic tensions were to be taken seriously. By March the Dean had had

enough and told him to drop the nteator he would be expelled. Sterge eventually ended

up leaving Caltech due to this lack of acti@y. contrast thél'urk graduated and became

an academic at a school in California.

Leaving Caltech, Demetriades took his work on PROFAC to Northrop where he
continued to develop it, and rose in ranks to the head of Space Propulsion and Power
Laboratories. Once sufficiently advanced, he presented the concept to N,
assigned someone in Huntsville working with Werner Von Braun to review it. NASA
unexpectdly declinedto develop the technologypemetriade§idea wasprobably not
accepted because it wasnodt seen Taeachiegssent i al
the moon and getting back safely.

As an aside there is evidence that there is actually todiee story. The concept
was reviewed and dismissed by people in the space establishment. Demetriades claims
that Von Braun himself later apologized to him for that decision.

The concept of cost efficient space missions, especially paying extra to build a
space infrastructurava s n 6t a pdureg the Apalo Arogramasespace travel
was still relatively new. At this point in time, refueling and a low average expense per
trip were not priorities, simply leaimg to live and operate in space was) @p of this,

there was the next step in the space race between the United States and the Soviet Union,
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which was the race to the moon. No one cared how we got to the moon, as long as we got
there first. Setting up an infrastructure foexpensive and grilar space travel, such as
PROFAC would do, was not an R&D priority.

In addition to the cold war concerns, PROFAC used a nuclear reactor as a power
source. Shippingport, the world first commercial nuclear power plant, had gone critical
for the first timeonly three years earlier. The applicationrafclear power was still an
experimental and immature technologynder development by the US Navy
Technologists were more focused on the question of whether a nuclear rocket was
possible, than they were on hdiey could use one to power a chemical rocket. The
manner in which Demetriades intended to use it, which was in a ramjet configuration,
was quite unconventional thinking. The design was a hybrid odeauand chemical
power, and Ernst Stlihger, a keyally of Von Braun described this as having no real
economic advantage over the direct use of a nuclear drive in space. Demetriades does not
seem to have seen the Stuhlinger review until we recently brought it to his attention. He
commented that what was redid was as important as what was said. Stugridgd not
say would not work. Bmetriadesvent on to state that the application of a nuclear drive
outside of the lbsphere would be much safer mhidneideaof launching a nuclear rocket
from the groundHe even considered it safer thahe nuclear powed aircraftcarriers
floating in harbors around the worttlie to its much lower power levestill, doubtsand
debatesabout whether and how to use nuclear reactors in the space program further
reduced enthigsm for the immediate development of the congette 1960s

The end for the PROFAC device came quickly and decisively. Sterge,

disappointed with the response fraMM\SA, began publishing his work Britain. He
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alsobegan a series of presentations &SAforerunnerof the AIAA) on the PROFAC
device. As he had been working on this project while at Northrop, a company with
government funding, this searching for anot
U.S. intelligence agencies. At the time oé thresentations, USASSR Cold War was
underway and the race to the moon was the focus of the space race. During the Korean
War, a dispute between the Unites States and Britain ovexjhatation of advanced

Rolls Roycejet engines to the Russians cauieel US lose faith in the ability of its ally

of WWII to keep a military secret. To avoid another technological boost to the Soviet
Union, a Congressman threatened Demetriades with deportation if he did ngivsigp

public presentations abotite PROFACconcept. It was considered an especially serious
matterto do so incountries with left wing socialissympathizers in positions of power.
While the United States wasnot interested i
cold warriosd e f i n i t wahtthe Russi@ns developing it first. Therefore the reports
prepared at Northrop were classified by the US government, presumably at the request of
the Air Force and the four existing report$ about 1000 pages concerning féusix key
inventionswere stored away safely. He was then witheakear role at Northrop. Rather

than move on to a series of different projects at the company, Sterge left the aerospace
field looking for a place an immigrant could operate without securityicgstrs. Since

then he has been the founder, president and chief financial officer of three very profitable
small corporations, and made consat#e money on software innovations. He later got

into renewable energy sources to deal with the inevitableygmeisis, working heavily

with people interested in using seaweed as a source of biomass for alternative fuels after

the oil era ends.
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PROFAC
One of Sterge Demetriades first inventions (or really series of at least four

inventions) was a system he cdllehe Propulsive Fluid Accumulator system, or
PROFAC for short. A paper he published in 1959t i t | ed A A Novel Syst
FI i ght Usi ng a Pr op udesciibgsethissystem thr atnosphemmu | at or
harvesting in a partially developed state. FHRQ is an orbital device that remains at an
altitude of roughly 100km, gathers atmosphere, and stores oxygemed air. The idea
would be to have a device that would gather the fuel for rockets in the most convenient
place for them to refuel, therebywering launch weight and implicitly expenses. This
would act as a gas station for both nuclear spacecraft drives (where the air is used as a
propulsive fluid) and chemical (hydrogen) rockets (where the air is used as an oxidizer).
A moonbound vehiclethat s r efuel ed i n Earthoés orbit rec
mass required of one launched directly from the Earth to the moon. In this regard, not
only would the PROFAC concept drastically reduce launch costs beyond LEO especially
to GTO, but would alsamake Eartkito-Moon shuttling a affordable, and then justify a
lunar base and lunar development program.
There were three basic types of the PROFAC design. PRO&A@s a concept
for an aerospace plane that would use the fluid accumulator design toynpowor the
craft as it flew, but to also store gases for later missions to places where gas could not be
collected. The design of this aerospace plane involved considerable attention to wing
shape and structure that suggests it was a kind of shuttlethaftadvantage seemed to
be that it reached LEO with mission equipment, but little to no fuel and then refueled

itself and other spacecraft that would depart from the plane while low orbiting. It could
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then go to higher orbit and deploy the spacecraft #¢dan deep space missions. On its
way back it could carry out other LEO missions as well such as service space stations.

Clearly the needs of both chemical and nuclear drive were being kept in mind and
covered. What was not clear is whether the balandeedfconsumption vs. collection
rate in very LEO would work out. Stuhlinger first raised the economic issue, saying that
using a nuclear reactor to refuel chemical rockets seemed more complicated than just
using nuclear drive overall. Klinkman was moretlie point. He focused on the narrow
problem of statiorkeeping, as Demetriades wanted to operate in the densest part of the
upper atmosphere where substantial thrust would be needed to overegnamdiistay in
orbit. Furthernearly 80% of what was gattesl would be nitrogeih not oxygen. Would
enough oxidizer he gathered to come out ahead to fuel and serve the other needs of
chemical rockets? Only if one could stay aloft usingotmarily nitrogen, and keemost
of the oxygen. Thus, the nuclear reacdaperheating oxygen depleted air and ejecting it
T not burning chemical fueThe second device was known as PROF&Qvhich was an
orbital stationary structure, but of little interest to the topic at hand. PREGEFMAG@s the
design for the orbital refuelinglatform. All three of these devices had potential, but the
core concept was the truly revolutionary idea that could have changed the way the space
industry operates today.

The structure basically consists of two orbiting components, the Orbital Vehicle
and the Accumulator. The Orbital Vehicle, containing the actual PROFAC apparatus,
functions as a ramjet powered by nuclear or solar energy and provides the thrust required
to overcome itodos, and the Accumul ator 6s,

concentric or parallel to the Orbital Vehicle, gathers atmosphere and stores it as liquid in
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The structure basically consists of two orbiting components, the Orbital Vehicle
and the Accumulator. The Orbital Vehicle, containing the actual PROFAC apparatus,
functions as a ramjet powered by nuclear or solar energy and provides the thrust required
to overcome itos, and the Accumul ator ds, d
concentric or parallel to the Orbital Vehicle, gathers atmosphere and stores utichinliq
an attached tank, which can then be detached to coanélcé outbound space vehicle.
The Accumulator was also designed to be something of a space vehicle, able to travel
short distances and maneuver. The final piece of the PROFAC system isdberapa
itsel f, which | aunches from earth and refui
nuclear drive ships as the most ideal companions to the orbital components of PROFAC,
presumably taise nitrogen oavoid the need to separate out the oxygen.

The Accumulator in this design is by far the most revolutionary and complex
component. At the altitude the Accumulator needs to orbit, around 20@m, there will
be a substantial amount of drag on the craft in the range of G/@3. Im order to
overcone this deceleration, a magnetogasdynamagsjet is used to propel the cratft.
This device uses the ionized gas molecules being forced into the inlet of the device as a
means of expulsion to provide momentum for
gaes enter the ramjet, are compressed and then propelled out the back by a strong
magnetic field. The gases that are not used for propulsion are fed into the PROFAC part
of the Accumulator. The collection of atmosphere is done by funneling the incoming
moleailes, with estimated temperatures around 11K0 through a series of heat
exchangers in which liquid helium will cool the gases directly liquad state at near 30

K. In order to remove all this heat, a significant radiation mechanism would need to be
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adjacent. The dimensions of this radiator would be a direct function of the altitude the

craft was flying at. A diagram of the PROFAC and MGD driver is shovwigare2®.

o P/
N o

PROFAC

Figure 2: PROFAC Cross-Section

There exist two main variants in Accumulator operation. As the atmosphere
intercepting the inlet of the craft is considered to be stopped with respect to the vehicle,
two different forms of operation can take place. Tingt is called uninterrupted flow,
where the atmosphere come into the device and is only slowed down before it is expelled
by the MGD driver. This method most likely would not be implemented in the orbital
PROFAC, but more likely in the PROFAR aerospae plane. The second method is
known as interrupted flow and this would by how the PROFAC device in question would
operate. As gases come into the inlet, they run straight into the PROFAC device and are
put into storage tanks. As the MGD driver needs dasijlli extract an amount from a

reservoir tank.

! This is Rocket Sciencenhttp://www.bisbos.com/rocketscience/spacecraft/profac/profaczhtml
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One of the biggest problems with the PROFAC design is its means of energy
production. A nuclear reactor is used to power the MGD driver as well as the
compressive components of PROFAC. Nuclear power istherneans of propelling a
craft that needs to be in the upper atmosphere as continuously, or at least as long as the
PROFAC apparatus would be. At the time there was not an active environmental
movement to raise objectignbut nuclear power plants werestfocus of demonstrations
by the 197006s and the Three Mile Island acc
United States, while Chernobyl in1987 created international resistance. A nuclear device
reaching supercritical mass on the ground is a rare paténtially catastrophic
environmental and safety hazatdowever,in the upper atmosphere the consequences
would be more like atmosphere bomb testing whichevasc ur r i ng i n t he 1950¢C
banned and thusearlyunthinkabletoday, but reasonable tite time Most alternatives to
this energy source are either too sHiwed or too weak to even consider, but one
involves increased complexity and cost, though it should weknetriades has followed
the interest in space based solar energy with intefé®ugh beaming down energy to
Earth from space is of questionable value, he considers the case for beaming it between
spacecraft fairly sound. Collecting solar energy in a higher orbit with little drag and
beaming it to a spacecraft operating at lottwade with considerable drag seems feasible,
but it is complicated compared to using a nuclear reactor and keeping it safe via
redundancy and the technology used to keep nuclear weapons safe enough to transport
around the world.

When comparing energy cemmption of the PROFAC device to others being

considered or already implemented, the potential for increase oflited payload is
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orders of magnitude in difference. A chemical rocket requires 16 grams of fuel to lift and

orbit one gram of payload, hle the theoretical opeanded reactor rocket (or nuclear

rocket) can lift 100 grams of payload per gram of nuclear fuel. The 16 to 100 grams
delivered is already an increase of 6.25 in lited mass per fuel mass, but with the
implementation of the PROFAG@evice, an increase of an additional ten times the value

could be put into orbit, assuming certain advances in conversion of thermal energy of the

engine todirectenergy of the exhaust is improved. This dramatic reduction in consumed

fuel makes the envilome nt al I mpact of PROFAC significar
conventional rockets. Due to this conservation of fuels, an order of magnitude cost
reduction per space mission would be possible. The implications were, and are,

revolutionary.

Our Interacti ons
In Sept 20, 2007, at a presentation at the AIAA meeting in Long Beach,

California, Professor Wilkkesepr esent ed with Paul KIl'i nkman fi(
Toward A Hunteri Gat her er Economy in Space. o0 It i n
Klinkman design.Klinkman mentioed PROFAC in his talk, as he had the PROFAC

name and a date from an internet source. During this presentation, a member of the
audience stood and remar ked that KI'i nkmanos
Demetriades PROFAC devicd hi s was Wil kesdé first exXxXposu
PROFAC, which hacc o me t o KI i nk ma n éeemea tb beecam tindustny i n wh
concept drawingvith no inventors name or published sourthae audience member left

before he could be asked for more dstaifter this presentation, word got back to

Sterge and he ended up contactirgfessolWilkes by phone. Sterge was surprised that

out of all his achievements over his life, someone was getting interested is his early flash
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in-the-pan concept of PROFAGHe understood that it was an independent development
by Klinkman that had led him to look for precedents, but still welcomed the rediscovery.

At this point we had only read a brief overview of the design and had an abstract
from a larger papeiHowever, itwas now clear that one could produce an addendum to
the prior Abreakthrougho Del phi panel study.
concept and now a source and abstract in the words of the original author was at hand. In
addition to having Klinkmarcommit to a brief description of his concept, it could be
coupled with one on Demetriadesd PROFAC and
assessment to see if one seemed more promising than another. How they both fared
relative to other controverditechnologies was also of interest.

It was a struggle to word the PROFAC description despite trying to quote
Demetriadesas much as possibl&terge was disappointed in our representation of the
device, stressing itoés fueling itself rather
in space. From where he stood we knew absolutely nothing about PROFAReand
wanted us to make a full stuay it. He assigned us the task of finding the best public
(but unpublished) document that described the design. Demetriades explained what he
legally could given that it was classified. This was an AIAA paper. We were struggling
to get the published woskandwere fortunate that a Harvard librarian decided to make a
icausfeion difng t hi s m@leopeeand, beyand the dalloob datgttituse A
toward our request. It was not in the Harvard collection but he found it elsewhere.

Sterge explained \Wat he thought was the reason that the device was not a priority
for the space programihat was clear was that during the Cold War era, the one thing

t he US government didnot want was t he Sovi
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potentially revolutionary ésign and develop it first Actually, Sterge was under the
impression that they already were aware of the possibility and had done some preliminary
researclon it. Suppressing PROFAC was not going to slow them down substartiiglly
it would end progressén the USA Once it was classified, he had hoped it would be
developed in secret and really just wanted to be sure he got credit in the open literature.
Actually, the idea was lost, never developed drappedout of sight.
Sterge considered the four AIAbWa per s h e basedson the fdun hagod
Northrop reportsthe best public treatment the idea would get. Only one was presented
before the material was classified, though he thought a second was ARSAIAA
archives as it was accepted for theegentations. Hence, he found us the reference and
number for that, sending us the abstract. So from where we #tdooked like Sterge
thought of us as inexperiencaddergraduateand most likely unqualified to work on his
creation He knewthatwe hii n 6t seen the entire document,
to write a paragraph length description, and found his articlet@adabstracts to be
sufficient for that purpose.
I n editing the PROFAC description, St er ¢
descripion of LOX-LEO. He decided to comment on that too. Demetriades was offended
by the apparently crude and incomplete natu
Kl'inkman was an outsider and didnodot wuse the
literature. Sterge was also critical of the practicality of the tether design and the high
altitude at which the LOX LEO device flies. Although he was somewhat apathetic
towards us over the phone, and at one point even mentioned the desire to be paid

consulting ate for all the time required to bring us up to speed. We thought that maybe a
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faceto-face meeting would bring about a more cooperative interaction. From this idea
grew an effort to somehow meet with Sterge Demetriades.
We first invited him to come to W to present on his PROFAC idea to an
aerospace audience, as professor Wikkesnisedthat many WPI students, staff and
alumni would be interested. The New England section of AIAA was interested in co
sponsorship but only if the WPI chapter of AIAA preed the idea to them. There was
no consensus in the chapter about whether to do this or invite a currently active NASA
administration. In the end they did neither. On top of this, Sterge was also reluctant to
travel. Next, we proposed going to Californtainterview Sterge, but the budget for the
trip was far more than WPI normally spksin support of data gathering. Finally we tried
to arrange a videoconference at Caltech, but even that somehow went awry when Caltech
was reluctant to help set up a videaterence for less than $1000 for their end alone.
Toward the end of the project we conducted a phone interview with Demetriades
to discuss some physics but al so whether or
PROFAC device since we sentoutourelp st udy descriptions. He
went on to teldl us more about the ghadvi ceds ¢
already used a PROFAC like concept. His tone this time was much more understanding
as he knew we were undergraduates anddcnot get all his classified papers and fast
track his interuptedresearch program. His main concern was the proper representation of
his idea. He felt its day would come and just wanted to receive credit for coming up with

it first.

Future with Sterge Demetriades
In the path of the LOX LEO/PROFAC (Paul Klinkman/Sterge Demetriades)

relationship, there lie several landmines. Sterge is an intimidating, brutally outspoken
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character, but has experience and contacts we need. He was a successful tecandlogist
succeededn this field after being trained in.itHis first success was in solving the
problems leading to the explosion of the TitarPaul, a definite introvert, has creativity
and purity of originality but no relevant credentials and is not cersitia commercially
successful inventor. Hence, Paul would stand a significantly better chance with the
support of a man like Sterge, but is ambivalent about a partnership with such a stronger
personality who is critical of the way he expresses his ideas autsider to the fielof
aerospaceHe also derives strength from a generation of aerospace dreamers who want to
see space travel actualized before their time is up. Both men want the respect of the other,
while at the same time they differ about fantentals of té strategy and technique and
tendt o di smantle the otherds ideas in arguing
want the limelight to themselves as each, did in fact, independently create this concept
and are going to have difficultyharing the limelight. Somehow this innovative refueling
project needs to get the ball rolling quickly as the next generation of spacecratft is being
designed now, as the present space fleet will be decommissioned inT2@l6oncept
needed to be proven 3012 to justifyrefueling capability in the new spacecratft to start
flying in 2015.
Klinkman vs. Demetriades

While these two men donotésspedafepmpdsel agr ee
design, they have similar concepts and are both marginals taetbspace industry
today Stergeleft academia due to ethnic conflict and chtse hard road to getting his
concept accepted by the industry gamble did not pay offiespite a promising staff at
Northrop He could continue working on the idea quietly, waait ten years till new

decisions were being made about staying on the moon. When he left Caltech without
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setting up another university laboratory and entered into industry, he put the likelihood of
the revolutionary desi gdthisbecauseofevpdhawasasai n | eo
person, a vulnerable immigrant who could not openly flaunt the government, not because
it was advantageous to him economically. Klinkman, a Quaker pacifist, is trying to
advance a field in which the military & majorfunder of R&D He refuses to cooperate
with the Air Force Wwhich was classified documents he could use) or use their resources
as a moral choice, and in doing so, endanger
Both these men, although from very different baokmds have made choices
reflect their values, rather than enhancing their odds of success. Maybe this means that in
order to get where you want to be, you have to make personal sacrifices like Von Braun
did building the V2 reaienkedotreadhdorthetmoa. ANaldz i 6 s t ¢
expression is Anice guys finish last, o it r
which is supportedy governmeninore for its military implications than its capacity to
advance the human race into space.
Inamanner out of both of these mends cont
plight. Both have related ideas that challenge the existing paradigm of what can be done
in space and how to operate there. In the early sixties, when Sterge was trying to get
PROFAC accepted, the prevailing concept was to build a big rocket with a lot of fuel and
get to the moon. Thiafrastructure one would build to suppamtiny trips to the Moon, or
even a potential shuttling system to space statiatier than a half dozemasfar from
any o ne @xepnlemréamers like Von Braernerwas trying to preserve what
was built in the in the |l ate 19606s and hac

infrastructure in 1968. Von Br aurmpshlttld egacy
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sufficient to build a space station. He fully expected a more elegant shuttle to follow and

then departure from the space station to the moon. However, this concept would be lost

when geopolitical concerns resulted in a space station in the Wooation and of the

wrong design to be a transshipment facility and staging. &é&arge, with a little

economical insight into the futuresaw the potential to design an affordable and

substantial means of reaching the Moon by collecting the bulk ofu#ian theupper

atmosphere. Von Bradngeople thought it could be done, but id t see the poil
NASA missedhe opening and the Air Force closde door.

Klinkman faces a different kind of paradigmducel blindnessHe is an outsider
looking in @ everyone in the aerospace industry and academia. As a computer science
major from the seventies, who is he to propose revolutionary space ideas? What these
people are missing is that Klinkman has the gift of a creative mind combined with an
unobscured @w of what aerospace could be. Without conventional wisdom and past
compromises to hold him back, he is able to give serious consideration to what is really
needed. An expert in the field of aerospace would have stopped him or Herself
considering thispossibility. Only the young and outsiders are likely to get plast
inherent problems. While some outlandish ideas may be futile, there is always a chance
that a good idea was lost or overlooked. Nowadays in science when a great discovery is
made it is gnerally not by several people in one field, but a conglomeration of people
from different fields. This is because peopléside dield are marginals who have never
explored the concepts of another and hence do not know what is considered impossible.
Hopefully the commoriruit of these two minds will not be wasted, and the rediscovery

of PROFAC will help LOXLEO get a fair hearing.
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The Struggle for Credibility

A Shift in Focus
Initially the IQP team members were going to be participant observers inBn R&

teamprocessThe plan was to study the effects of the cognitive styleof members on

the teamin terms of a grouglynamic. A previous IQRPeams uggest ed t hat KT i
ideas were feasibleverall, but more work was required in a few key areas ®d#sign

to work. As a functional R&D teanfpur of uswould assist Mr. Klinkman in furthering

the development of his ideas.

Not long into he project however, there was a shift in focus. The team received a letter

from a NASA reviewer in the STTR prograthat read:

This proposal is very intriguing and if the concept were successfully
developed the benefits to NASA would be tremendbissadvised that
the proposerseam with credible engineers and scientistsruly explore

the feasibility of their idea to gather oxygen in space.
TNASA Spokesperson

It seemed clear that the source of the resistance Klinkman was meeting in the Aerospace
community was his lack of credibilitgue to a lack of experience withet technology.

How could he hope to run a cutting edge research project or startup company that could
support NASA effectively As an industry outsider, a computer scientist, his ideas were
not going to betaken seriouslyven if correct The teams desigefforts ceased. Further
development of thdechnicaldesign seemed futile at this junctur&hat the project
needed was the endorsement of someone with some crediildycould critique the

device andhen progress could be made.
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The teams focus shiftdom design work tdinding out how controversial the idea was.
The next step would be tabtain credibilityif at least 25% of the panelists considered the
project feasiblelt was decided that a forecasting method known as a Delphi study would
be the met effective way of gathering feedback from the community. By asking experts
in the field for their rea@ns to the project the level of controversy could be estimated

and maybe somgeotential supporters would reveal themselves.

The Delphi Instrument
The forecastingtechniqueutilized for this project was a Delphi study. Similar

principleto a focus group, a panel of specialists is assembled in an atteagses®leas
and estimate levels o€onsensusbout what approaches are most promisi@elph
study, unlike other forecasting techniques, does not require that the respondents meet or
directly interact In fact this is to be avoided until their independent assessments are
recorded Instead, a central partguch as théQP team, is able to semtdscriptions and
key questions (as well as some relabadkground informatiom this case) to a selection
of individualsin an effort togauge their reactioras a distribution of experté Delphi
study has one distinct advantage over other forecast@tbauts considered, its inherent
lack of obligationon the parbf the panelists. A typical Delphi study consists of less than
5 pages of background information and questions that can quickly be answered; a total
time commitment of no more than an hotihe survey is conducted for the most part
through the mailso the panel can consist of experts from anywhere in the country. The
team felt that a much larger base for respondents would allow for the aid of more
gualified individuals and increase the chanoka response.

The study consisted difity -eight aerospace professors along with twebeative

scientistan NASA from citiesaround the countrwho were heading up a unit and could
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debate the ideaghey were mailed a packet containing the Delphi stuilly no prior
contact.A copy of the Delphi study can be found in the appendix of this repbs.

cover letter informed them that a group of students was conducting research on potential
scientific breakthroughs, and thesocial implications. They were structed to read a

brief description of six technologies that show potential for a breakthrough. Included was
a response form along with post marked envelopes to return the study to WPI. The
panelists were instructed to rate each item on three criterish. the significance on a 5

point scale from trivial to revolutionary. Next, Likelihood also on a 5 point scale from
impossible to expected. Finally, they were asked when they thought the technology might
be implemented.

The goalwastoassestbeedb i | ity in the community for
and determines if DemetriadesoO0s idea carriec
had in the communityaving published formally and firsThe first two technologies
included on the study were Demetad e s 6 s PROFAC and Kl i nkman
followed by three other technologies that previous IQP groups had completed Delphi
studieson. The team expected that the threehnologies previously studied would have
approximately the same positive feedback rate as before. Responses to these technologies
will allow the team to gauge the responsesfdr i n k ma n 6 scalibratertheaesuylts i . e .
with regards to the optimismf sespondentsAlso, directly comparing the responses to
PROFAC to those of LOX in LEO should shed some light on the credibility issue. An
added bonus to this Ostudy?6 thesvisitility aftthe i t i s f
idea, a precondition tocredibility. By getting the responses of experts, the team may be

able to locate a LOX in LEO enthusiast who would be willinght@ampion the idea and
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partner with Klinkman as the NASA reviewer propgsegdening the door ta $100,000
first stage STTRyrant.

The goal for the study was @anel of twenty respondents withome in five
positive response rate. This would suggest that there is at least enough interest in the
communityto consider it an area worthy of legitimate investigatifnile not everyoe
will support itenough to look into it personallyf just a few find it interesting enough to
bring up to discuss the implicationsith their colleagues, the idea will be back on the

table for the first time in 50 years.

Results
A scatter of responsdsegan to appean just a week after they went out. When

the study was closed, 4 weeks later, a total of 12 responses had been collected. Studies
conducted by other IQPdoing Delphi paneldypically had a sample size of at least
twenty, but several of tse were done in two waves of testing, so this could be
considered a successful first wave. Abg one meanst was successful: a positive
feedback rate of 25% was observed. Several interesting phenomenon were observed from
the responses.

First, as expectk the threecont rol & technologies recei
positive response rate they did in previous studies. The following table shows an

overview of the previous study compared to ours.

Average Likelihood Response (scaled from)0
Previous IQP 2008 Study

Single Stage to Orbi 3.4 3.33
Ram Accelerator 1.7 1.66
Space Elevator 1.4 1.58
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This suggests thgianel produced bthis study has a good distribution of responders.
The second observation was the stratification of the respoimsgally, the responses
were extremely polazed The first half of the responsesceivedwere either extremely
skeptical or very supportive of the ideas in the study. After that, weeks into the study,
middle of the road responses began to comdlameof the later six respondensgemed
strongly partisareither for or against the idea and andentally this was the group that
providedthe most useful feedback. This stratification can be observed in the following

chart.

Space
Profac Tether LEOLOX SSTO Ram Acc. Elevator
Respondet | |S|L |T S|L|T S|L|T S|L|T S|L|T S|L|T
1
2
3
4
5
6
7
8
9
10
11
12
Avg.
Likelihood

The six technologies were rated on three criteria: Significancej 8){(Likelihood, L (07 4);
Time Frame, T (0 Never, 1i by 2050, 2 by 2035, 3 by 2020)
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Finally, interpreting noswtesponse yielded another obssion; several of the
guestionnaires that were returned unanswered showed signs that they were read, and even
photocopied. Staples were removed, and the page corners had been folded. The later of
the two observations are tied together, and have a redsasgilanation: The people
who felt strongly either for or against the possibility of technological breakthroughs were
the first to respond, as it took far less time for them to form an opinion on the specific
technologies in this study. The responders wduk the time to consider the implications
and potential difficulties were the ones with the most helpful feedback, and this group
took an extra week to respond. The final group, theresponders thought the idea was
interesting enough to make copiest twere nofpreparecenough to put their professional
name behind the idea¥he NASA labs werethe mostlikely to returnthe instruments
unmarkedi though sometimes saying it was against policy or that the appropriate place
to send an idea with commerciabtential was another location. Clearly they had read
and pondered the proposal.

This suggests that if the team were to locate a credible soumktmtothe idea
under his name not only is there potential ffinancial backing by NASA should the
postion be like that of Koelle, who declared PROFAC possible but not worth it at the
time. Rofessionals and experts in the field may be more willing to see this invention as a
posghility and not science fiction if one of their own says there is no reasoortsider it
impossible
Future Credibility work

A great deabf progress was made duritilge span of this IQP in the hunt for
credibility, but it is just the beginning of the work that tbe done. To begin with, a

largerpanelwill need to beassembledo increase credibility of the results, a second wave;
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increasing visibility of the idea wilhe a side effect and mayay a large role in gaining
credibility. The team has a few suggestions to teams that continue this work. A second
wave of Delphi stud® should be sent out with one difference. One week after the
descriptions are mailedfollow-up calls should be made to every one of the
correspondents to encourage the wehddnonresponders to respond. Just showing that
this study is important enoughweaarrant a call should be enough for most. Additionally,
interviews should be conducteslith professors and experts in the Worcester area.
Personal interviews wil/ yield eveéeorhegreater
idea. Once approximatelyfty responses have been gatherg8, by main and 25
interviews,the more positive responders should be contacted again to see ifdhky w

be interested in becoming part of a consulting group to decide if a company can carry out
the project. In the end MrKlinkman wants to select a member of the aerospace
community to act as a technical overseer of the project to make the next proposal

fcredible. o
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The Role of Cognitive Styles in Group Dynamics
One of the major goals of this IQP was the determination of what razlé&D

teamsuccessful in innovatigrand what type of personnel and environment one should
assemble tancrease the odds sliccess. Case studiessaveral ofthe most significant
R&D teamsever to operate ithe Aerospace industry were studied recurring trends.
The tean® own experience was documented with respect to MBTI personalityrtiype
and analyzedh comparison to the literature and other student tearfind out if thereis

anidealR&D teammakeup to use as a model.

Characteristics of Successful R&D Teams
Research and Development is an important aspectnariy organizatios,

especially those operating in fieldaept by regulatechnological changeAn excellent
innovatonteam puts you at the forefront of your field, in a position to grow andowepr

faster than the competitiorin order to conceive the size and nature of tR&D

organizatomeeded to carry out Mr. K|l caselstotkes 6 s pr o
were examined: The China Lake Research [@m bser ved from Ron W
Sidewindey, Lockheedds Sk(uonbks eWovrekds fproonjSktokc h and
Workg, and NII8 8 , Sergei Kor ol ev 0 obsesvedafmom Jamesc e pow
Har f KORDLEV.)
China Lake

China Lake, the Navy research base responsible for developing the hestiair
missile ever created (the Sidewinder), was among the most efficient and finely tuned
R&D organizations ever to exist. Bill McLean, the director of the base, hgift for
problem solving and a wealth of technical e
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of energy and direction. o The facility, t he
(far from normal) R&D process, and his focus on producing a user fripnodiuct made
China Lake a remarkable R&D lab.

Bill McLean, the man behind the sidewinder, was described more than once by
his peers as a visionary. His technical brilliance and unique view of how a research and
development lab should be run gave China d.ak great advantage ovéypical
organizationsThe emphasis on experimentation was extraordirakcLean was often
criticized for his tendency to perform an experiment rather than a work out complicated
mathematic proof. But experiments were faster, aftén math was inconclusive.
Through his fnGadgeteeringo or perpetual pro
were able to keep the entire project in rapid progress. The strategy was to test an idea as
soon as it was developed. The experiments lastédgog enough to get the minimal
data required for the next step. The China Lake facility made this fast pace possible.
Everything was available to the engineers: they had trained technicians, an airfield just
outside their door, and planes and test pifads the fleet who wereery dedicated to
the project.

MclLeands model for an R&®avdramdA typicaf f er ed ¢
R&D strategy is to formulate design requirements and working conditions early then
carry out a vigorous prototyping and irefig phase which eventually leads to an end
product. The strategy implemented at China Lake was much more dynamic and focused
on input from the user. While the former strategy has little input from the end user,
McLeanos kept a ¢ o n snt teendnginabrigdasigoing; aoedptleen bet we

technicians builohg; and the test pilots firinthe missilesThis was an innovative way of
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defining a design requirement. At t he ti me
aspects of aito-air weapos taken for grante Missiles vere wildly expensive and

difficult to maintain; Rockets inaccurate but inexpensive. McLean desired the best of

both worlds- a self guided rocket, or a simple, inexpensive missile. McLean developed

design requirements to remedy known problémm the field. In doing so he created an

incredible, innovative product.

Skunk Works
The Skunk Works was formed in 1943 as a developmental branch of the

aerospace company Lockheed. Their task was to build America a jet fighter to contest the
Ger man ol ameew Under t he command of-80Cl| ar enc ¢
Shooting Star was developed and was the Air Forces main plane in the Korean War.
Lockheed then decided to continue funding the new group, and the Skunk Works went on
to become the most succagdsherospace research and development team ever.aBuilt
Skunk Workswerespy planes like the U2 and Blackbird, as well as revolutionary stealth
technology.

What made this R&D team sonovative andsuccessful when other companies
were not?Based onSkurk Works there seem to have been fawmain contributing
factors. The first and most important factor was the strong leadership of both Kelly
Johnson an@en Rich, his successor. Theere very different in theimannerisms and
need to be looked at indepemdly. Kelly was a master of all aspects of aerospace
engineering. He was involved in everyoneods
were doing something wrong. He was known for his short fuse and bad temper. His
character and technical genius made honedl, while his severe attitude toward people

made him feared\Nonetheless, it was an honor to be invited to his team.
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Ben Rich, on the other hand, was much more diplomatic than Kelly. As
Johnsonds first pi c k astrahg dn theo, a gredit esgneeic e s s o r
and a skillful team manager. Where he was better than Kelly was in his ability to deal
with problematic people and act more diplomaticalglly had to be in charge, take on
problems and be left alone. ThluentrastmadeRich amorelikable person, and he could
negotiate more beneficial situations with the Military. Johnson and Rich were two
different men with very different leadership techniques who both ran successful versions
of The Skunk Works.

Another factor that gave the SkuWorks the edge was their team selection
methods. There was no way to apply to the Skunk Works; you had to be invited there.
This meant that you had to be excellent in your field and fit some kind of ideal for what a
Skunk Works worker should be, as detered by Kelly or Rich, or both On top of these
criteria, if you did not work well within the Skunk Worlkdter a trial period/ou would
be returned to normal Lockheed productiithout a word. What this led to was
everyone on the team having a similandset, with loyalty to the project and teéamd
some elitism, as well)Being part of the Skunk Works meant you were on the cutting
edge, ina demanding job, and from thienfidenceonly the loyal remained. This loyalty
also came from the close quartevbere the engineers and workers lived. Everyone
worked elbow to elbow to two other people. Privacy was abolished and everyone
collaborated. This mentality extended farthigsin between inteengineer relations. The
construction shop for the planes was less than fifty feet from the office where everyone
worked. This meant interactisfbetween machinistand engineerwere on a personal

faceto-face level, with no bureaucracy oaper work getting in the way. There was a
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mutual respect between worker and engindéewas understood they were both masters
of their respective fields.

The final key to the success of the Skunk Works was the freelance nature of what
they could reseah and experiment with. There were no higher ups telling Kelly to how
to design his planes, everything was done based on lehdeemedppropriate. This
freedom extended an invitation to the individual worker to be creative and experiment.
The freedom t@o with a radical idea and take a risk leads to the creation of innovative

stealth technology and the Blackbirdhe fastest jet ever to fly

NIl -88
In October of 1957 the Space Age was fired into existence by one man: Sergei

Korolev, the head of sovietpace program. Despite the disadvantages that the soviet
program was facing A missing generation of engineers from the Stalin purges, a lack of
support and funding from the government, and a general infrastructure gap when
compared to the Americaris it was by all means a success. This success can be
attributed t o t hree t bndispgted leadeksbip, ahdethied s geni
atmosphere of the lab.

First is Korolevds engineering genius. £
childhood, he crafted his tielligence into aptitude at Kiev Polytechnic Institute and
Moscow N.E. Bauman Higher Technical School. During his schooling he independently
developed a number of gliders and studied aviation extensively. Kon@swan ideal
person to head the soviet spagrogram based on his technical excellence alone. The
benefit of having a multitalented geniga&ho can perform the technical tasks he is
demanding of othergunning your research team is obvidusnomentum never slows.

The development process continuesmove forward because apgrticularly difficult
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engineering problems encountered by any part of the organization are tackled both by the
engineers directly involved and their talented leader. Korolev was always willing to work
late and tenaciously solvide problem encountered. Success after suc@ssto the

soviet team.

Kor ol e v 0 scamhctbe evarloaked as it played a key role inthe o up 6 s
success. Korolev was a firm, fiery leader who would threaten to demote apedioée
every day.In the labs and shops this produces enough fear to keep the engineers and
technicians working at the best of their abilities; the respect and admiration Korolev
receives from them keeps the fear from being debilitating. This is worth reitefating
Korolev is repected enough so that his harsh demands for excellence are always met.
The effect is amplified because Korolev surrounded himself with the elitist of scientists
and engineers.

The atmosphere of t he Il ab i s the final
demanding. There are no clean rooms and white robes, often the engineers have to
improvise. Personnel sleep in barracks and rations are small and unappetizing. The
hardship leads to a strong work ethic aramnaraderiebetween everyong from the
machinists tahe engineers and up to Korolev. This opens up a freedom to communicate
between every member of every team, resulting in a tremendously productive
environment.

Immediately the similarities between the groups become obvious, making it
possible to determine what a successful research and development team requires. An
extremely intelligent leader produces great work himself and breeds greatness in his

personnel. Deanding leaders such as Kelly and Korolev inspire excellence with fear and
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loyalty, diplomats like Rich and McLean with admiration and cunning. Either style
results in a productive environment provided the leader has the technical skills required
to keep tle team moving forward. The team you assemble must be elite and motivated.
By ensuring every member is an expert, and breaking down the barriers between them,
you create arenvironment that gmotes communication, and thus promate®vation.

All three acountsreportthe open atmosphere of the labs and the respect every man had
for every other. Finall vy, ensure you projec
Johnson, Rich, and Korolev all gave their teams the ability to experiment and deviate
from the norms. This is crucial to all three te@nsuccesses and can be the difference
between an extraordinary team and an average one. No matter how elite the team and its
leader, without freedom it has no opportunity to pioneer revolutionary new technologies.
With the right combination of a genius leader, a proud team, and an open environment
every day becomes an attempt to realize the impossunhel every attempt brings you

closer to revolutionary success.

39



The Effect of Personality Type
In addition to thecharacteristics described above, the team investigated the effects

of cognitive style (based on MBTI type indicators) on research and development in an
attempt to determine the ideal R&D personatifge makeup. A short history of the
MBTI test and interpetation of the results follows to provide the reader with the

necessary background for the discussion of our R&D team and experience.

The MBTI
The MyersBriggs Type Indicator (MBTI) isa psychological instrument used to

determinethe personality type adn individual, based on the cognitive psychology work
of Carl Young. It was developed by Katharine Cook Briggs and Isabel Briggs Myers. It
determines a cognitive typey locating a person on four dichotomous dimensions base
on answers to 100 items dealwgh personal preferences. The MBidsults ina score

for you in four areas: Direction of energy (extraversionnbroiversion);preferred means

of perception (Sensing or Intuition)preferredmode of Judgment (thinking oeéling);

and dominant emphasim lifestyle (judging or prceiving). The scores from each area
assign you a letter, resulting in a four letter representatigiowfcognitive type, and a

reliability estimate based on how consistent the pattern of responses was.

Direction of Energy
Direction of energy is represented &g E (Extraversion) or | [ntroversion. It

indicatesif you prefer tdbe energized by what is going mside your headin a world of
though and ideation (), or yowprefer to beenergized andtimulated bythe out&le
world of interactions with people and things (E). Extraverts share thoughts freely and

communicate well orally. They prefer to talk things ovedéepertheir understanding.
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Introverts, on the other hand, preferrédlect and therommunicate in a wtten
f or ma tlike tokslware their thoughts until their very well developed, and like working
alone or with a single partnerhey deepen their understanding by reflecting, rather than
acting and experimenting the real world, and work things olatgically in their heads

before they are ready to talk about it

Modeof Perception

Mode of perception is represented by an S (Sensing) or and N (INtuition). A
sensing persoprefers to deal with facts, the more concrete the beftery prefer to
work with specific, objective, tangible, arnidpossibleverifiable dataThey are most at
home dealing wit specificand pragmatialetails of a problenn the immediate future
rather than théong termimplications of different courses of action.

N-types, however, liketo start with contextgeneral theoriesand concepts, not
specific details. They trust thesee where things are headed aad change the future
with their creativity They are insightful in about upcoming trends, but often
underestimatehe practical concern andbstacles in the presentheyd o n 6t al ways
manage all the relevant details weilher. They read between the lines in terms of data
gathering and focus on the possibilitid$ey flourish in difficult situationsvherethey
can explore the arising problems and expand their conceptual knowledgebbfse

formulating a planN types arattractedo theoretical endeavors.

Meansof Judgment
A preferredform of judge is indicated by a T (Thinking) or F (Feeling). This
describes/our preference for making judgments. Thinking types prefer to make objective

decisions based on facts and trutiyical decision rulesThey make decisions with their
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head, not their heartsiry to be rational,and can miss the humatactor in decision
situatiors and stress the principle rather than the immediate consequence in the case at
hand Thinking types tend to battracted taechnical and scientififields; or anywhere
that the process or procedure for making a decision is logical and spediéc tladn
situationalyvariable and subjectively contingent

Feeling types are just the opposite, and seek harmathgr than justice (in the
abstract sense) and try to connect subjectively via empathy with those who will be
affected by the decision, ing to see things from their perspective. They insistioimg
what is best for all there concerned rather thaating everyone equallyThey get

personal andeek to please and appreciate everyoribeir decisions

DominantLifestyle

The final letter indicator deals with how ydiMe your outward life. It indicates
the level of structure and closure you like as opposexpém ended situations that call
for improvisationand adaptationTurbulenttask environments that evohand chang
appeal to the Perceptive. Clear expectations, productivity, and settled dectigbmre
not likely to be reviewed and unsettiappeal to the Judgers.

Judging types (J) like to make decisidiased on sufficient informatiocsind act
upon them. They ar goaloriented and likeclosure. The will commit to ordered
schedulesvith production oriented objectives

Perceiving types (P) like flexibility. They like to remain adaptable and like to
continue taking in new information throughout the problem sglvyimocess. They
sometimes do not distinguish bet weethe wor k ar

work is done.
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Select Personality Types
Your 4 letter absignationis greater than the sum of its parts, as more

characteristics can be determined blage the collection of the letters than thdividual
letters Of the 16possiblepersonality typesur team contained only three unique types:

INTJ, ENTP, and INTP.

INTJ
INTJ types are innovatorsintuition is thé dominant trait, and they are

introvertedso the intuition operates in the internal world of symbols and they deal with
the outside world as logical thinker$hey tend to be very independent, and when
inspired they develop their (or others) insights ifub ideas, concepts, and systems.
They prefer to work alone and free of interference, and their judgieigrencemakes
them value time to carefully consider problearsd courses of action before having to
act They tend to be neemotional in work envonments and like a restrained,
organized outward persona, despite, perhaps, being intuitive and spontaeeens

playful, with their inward thoughtto manipulating ideas

ENTP
ENTPOSs ar e e X twh@a aree alsb mtditiva as ithaikdemirsnaitr

They are often visionaries whose enthusiasm and impulsive energy comes from their

focus on whatcould be. They make good leaders as their energy supports and lifts the

t eam; and they help catalyze the idheation p
most work possible from a teaby making them believe something difficult is really

possible. They champion change and new id€asy tend to like fresh perspectives and

are able to break complex systems down into simpler models which are ableitte pro

apt explanationsThey solve problems by looking at the big pictluaistically, not by
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breaking down the problem and handlgach individual factoiés a separate issue to be

reassembled later

INTP
INTP types are inquisitive. Their natural state is reservedravatd-looking, and

they tend to focus their efforts into deep studies of whatever is at hand. They tend to be
more naiveabout practical realities affdiman aspects in situations than othenspnality
types. Someti mes this can | ead to team
opinion as validf it does not follow logic They enjoy exploring intellectual curiosities

while free of emotional and personal issues, and quickly grow wdamnembers who

take the work environment personally ot her t ypes ,areeasilgleudbyal | vy

t he loferRudt buttruthful appraisals

The LOXLEO R&D Environment

One of the chief objectives of this IQP was to examine ourselves as @auntticip
observers in an R&D organization, with particular attention paid tantieeactionsof
personality type. Just as a successful sports team is made of specific players in specific
positions which suit their aliies, a successful R&D team can be desibpo fit a task
environmentf one is conscious of personality typgeraction effectsOur personal case
study enabless to propose a structure and cognitive mixaordeal R&D teanto work
with Paul Klinkman(INTJ) in the future A chronological lo& at the R&D experience
also serves to demonstrate the volatigure of an aerospace startup and describe the

environment which future teams may be operating in.
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Beginning: Development Support
The currentteam was brought into the LOXLEO starttgpbuid on information

from the How High, How Fast (HHHRQP team Their projectimmediately preceded
ours andconcluded thathe idea was feasible and technically sound provided some
advances in a few key technolog@scurred The previous(HHHF) IQP team Bendan

Malloy (ISTJ), Thomas HuynliISTP), and Brian Kolk(ISTJ) put it as follows;

Based on the assumption that breakthroughs are going to be made in
electrodynamic tether and radiator technology, we believe that an
atmospheric gas harvester operatingliaw Earth Orbit is feasible. We
also believe that, after researching several initial and future markets, the

harvester will be economically viable andpable of generating a profit.

Our LOXLEO team, which was assembled of 3 INTPs and 1 ENTP, seemed a
reasonable group to furth@xploret he t echni cal details of Pal
| NTPs are someti mes rsef erarnedd EBENT PassoiifAhtee VT Isii
visionary; who generates ideas and promotes dynamic interplay in the team, supported by
three thinkers; who relish in solving problems and developing concepts, was expected to
be a highly successful R&D teaiifi we could agree oa specific plan could be selected
and executedP 6 s tend t o conceptual i zdin shaup |l ow a
procrastinate in the data gathering stabdéTP types tend tagravitate toward being
engineers and scientists, a MBTI study of the WPI class of 2004 showed nearly 15% of
students were INTP, thargest single groupf all the 16 MBTI types This is notable

since it is a rare type in the general population abedf’a3A similar MBTI distribution
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study by WPI student Gregory Doersch{eow in the Institutional Researchffize at
Clark University) showed that 43% of the WPI class of 2002 W&®- type.
It is important to note here that the previddldHF team starly contrastswith
our LOXLEO team, and that created difficulties in the early stages of the project. Paul
Klinkman had gotten used to working with students who wanted honset hard
deadlines andsuggest specific detailed taske the previous teanThis group was a
succes$ut actually this was due to the effects of Malloy, who was highly committed and
organized the effort, did the public speaking. The ISTP had work to do at the end on his
own, buthe two |1 STJ6s wor ked s ttheiardorelggalandn a s ch
closure oriented personality typethey wanted to be directed and led by Baul
effectively to work for him rather than think for him with a critical edgbkis approach
proved éss fuitful with our team, as oupersonality types are characterized by a
resistance to deadlinesd a desire to do our own independent thinkiddjustments
were required by the team to settle into a prodaectixorking cycle, as initially Paul
seemed to thh we d6d want to help out with whateve
week, like a patent application deadline. In our view we were not ready to document a
plan yet, as webdéd not come up with one or <co
The similarity of all the teammembers (who share the N, and P) is also worth
analyzing. It is expected that rather homogenous groups quickly develop an
understanding of one anothend communicate easily, things that aeneficial to the
work environment. This was true of the LOXOEgroup, who all viewed the problems
from the same perspective and attempted to solve them in very sivayjar However,

the introvertedpreferenceof both the majority of the group and our technical advisor,
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Paul Klinkman,initially made communicationfficult. | NTP&és ar e At hinkerso

i s t heir domi nant . Il NTJO6s ar e Ha wantedita i v e

exchange ideas ad solve problems together. We wanted to understand and test his logic.

That made him wonder if we were commadtand contributingeach individual made his
own intrarteamadjustmentset personal limitsand completed tasks that weret fully
commuricated to the rest of the group, much lessatiesors.

This made it hard for both the advisors and studentsidgej the amount of
progressmadeduring this early part of the projeathile we were assessidgleciding
whether we considered LOXLEO feasible and diegdow convincing Mr. Klinkman
was, as well as how strong his case was. While it was our understandingats the
objective of the project at this poiir. Klinkman wished us to work more in depth with
patent application duties. These specific tasks and deadlines were lost in the troubled
lines of communication which connected Mr. Klinkman and our group

Thisii r o u g hcunsulatadrirt tile realization that we had to readjust the group
roles and the methods of communication to better insure everyone was sedinggse
The value of this early period of the project is immense: it allowed us to stwvriids
how valuable open communication is in the R&D infrastructuaeconclusion which had
been previously drawfrom the studies of Skunk Works and China Lake, Wwhich we
nowtruly understood via our own experience.

The similarity of all technical nmabers also resulted ia tendency toward
groupthink where the mentalities ingrained in engine@ramely the paradigms that
govern propulsion, spaceflight, and thermodynamic operatitmsjed the creative

output required for such a forwathinking progct. The familiarity with traditional
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systems biased our thoughts on innovative ones. The solutomany of these road
blocks came from advisor John Wilkes, whose different personality éypeverted, led
him to talk about goals and organizati@mticulate explicitly when and why our goals
changed He broughtnew, unique ideas to the taldad we managed the flank maneuver
to a new plan, goal and division of labor fairly wélhis starkly demonstrated the value

of a variety of MBTI types.

The Teamas Skeptics
After acting as a purely developmental te#mat was relatively uncritical and
primarily supportive, the team switched to being friendly skeptics of the concept in order
to prepare it for conference and personal presentations. Simulating a negatively biased
technical audience was a surprising different i(det similar to the pndous (HHHF)
teamseffort to break the concept to see how robus).itTise LOXLEOteam had various
strengths and weaknessescriticsthat varied from the strerfug they had as a technical
t eam, but as a whole had a good dAcritical ed
The chief stregth the team had as skeptics was thdeiminant--T- trait. Recall
that thinkers are critical, tough, and logithbugh they appear intuitive to an outsider
Klinkman is the one who is really Intuitive, though he looks logical in presenting to the
outsidewould. He is actually more likely to invent to deal with a criticism of one of his
ideas than effectively criticize himselAs -T-- dominantintuitive auxiliary types the
team was both intellectual and imaginatven pl aying t heAsiN&vil 6s a
types, then, the team was very well suited to being skeptics of theSideathe majority

of scientists are alseNT- types,and so was the inventtine team was a fairly accurate
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representation of theognitive preference of theerospace industry sgtics.We just had
to act like we believed their paradigm

There were twaodifficulties that the teamhad as skeptics. First was, again,
articulating thedoubts andconcerns and ideathat were not presented convincingly
amongof a group made of introvetish o Afi x0 things in their mi
This was expressed previously but remained a common theme throughout the support and
skeptic periods of the project. The second problem experienced was the emotional
interaction between the team and thehtecal advisor. The advisor is an INTJ, and that
one letter difference (Judging, rather than Perceivimgant our dominant wasl-, but
Mr . K1 i n kina Mo Klinkmandooked logical to an outside, but inside he was
processing intuitively. We appe intuitive, but inside were governed by pure logic. It all
had to fit together to work for us; Mr. Klinkman could overlook details without getting
hung up but we could notThe P typedind that a bit of stress brings upon better and
quicker results. Pbke to move forward without a specific plan, while Js are very plan
and schedule orientetiVe had to propose a good reason to change a detail or plan, and
Mr. Klinkman had to agree on its importance, keeping in mind the fate of his STTR
proposal to NASA.

We discovered that Mr. Klinkman was not good at responding to criticism
immediately. Initial, oral reactions did not seem to us well formatted and logical. We
learned not to assume we had made a complaetefyent devicechanging critical
observation untihnearing from Mr. Klinkman a day to a week later. Often an email would
come immediately after Klinkman returned home (after about an hour in the car to

formulate his response thoughts in a way we would comfortably understand). Sometimes
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the response wouldome nearly a week later at our weekly meetings. These observations
or objections that would result in design changes took a long time to iron out in this
manner , and our difficulty wunderstanding Mr
technical detailsve had come to expect from more traditiof@mal sketchedn our
education, resulted in even more time delays. Ultimately the concerns and
misconceptions were clearegh or thedesign of thedevice was changed to solve them
andwe were able to move tbe next stage of the project.

I t 6s c | e adichotdnmy tould bningbouttPoubles in a team dynamics
situation. It did, initially, but fortunately the technical team acquired an interpreter of
sorts during the skeptic phase of the projectePdbore, who spent the first stage of the
project doing a parallel outsourcing project, joined the LOXLEO R&D team during the
skeptic phase. Moore is an INTJ, like our technical advisor KlinklRan.i or t o Moo r e
arrival the team was made of onlMTPs (Fossett, Karasic, and Lincokn INTP, and
Robertsan ENTP.) The benefit of an INTJ on the student side of the table cannot be
overstated. Moore took on an organizational role which helped bridge the gap between
the technical team and its advisor. The MBdam Building Guide by Sandra Krebs
Hirsh states that an I NTJ Acontributes to t|
a timely and syst actyavthatBetervt ahye. 0t eTahmoss iIsNTdx d i
further, he could naturally see things from Miinkman's perspective and explain why
he was disappointed or upset. Often, in fact, he could tell in advance what Mr.
Klinkman'sreaction would be.
Visibility

As described in the 6Cr editdaimnkhiftedfrobm sect i o

building thetechnical case to conductingsaarch for visibility andechnicallycredible
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partners. This shift not only benefitted the Lox in Leffort professionally androm

Kl i nk man 0 s copreercally,ebet alsampeovedthe team dynamicalso under
studyin this report. The change in objective put Dr. John Wilkes in charge of the team
more directly than before, changing the makeup of the main research body to three
INTPs, one INTJ, and two ENTPs, one in the leadership position. Shifting the leader
from an introvertjudger to an extngertperceiver was ideal when switching from a
technical to a social project. The project was initially working on raesghat esoteric
technical topic involving envisioning how systems that have never existed will function
in analien environment. This is the kind of taslere the INTP typexcels and the

INTJ leader an appropriate fitthey will prepare for closure in the ideation process as
soon as the major details are worked out, whereas the INTP would prefer to work out al
the details before switching into report mode.

In switching to a project with many social interactions and open communication
with the outside worldwith deadlines and ledimes requiredjt was crucial that the
leader wasan E-T-, that is, someongkely to communicate with others amho could
lay out a plan that out INTiAsk mastecould implementlt helped thahe was an ENTP
visionary, a new product champion, who could seebt@eicture of vihere the project is
headed an#now how the Delphiprocess works and what thesultscould meanfor the
company and technology as well as answering the immediate quddgowas also
unique in his ability to see the large goal of visibility andddbility in the LOXLEO
startup, in the details of who isrepled in the study.

The member with the strongest INTP results was both exbyednd apt at

tallying and interpreting the gathered results. The student ENTPse@sat home
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following up the study with phone calls and emaitsmfortable representingelgroup to
strangergas isexpected based dms personality type The ideal team in this social
based situation may not be the same as the technical teantheofinst stages of the
project. Another extrovert (ideally an-E- type) would have helped get the follow up
done faster and more completelyt overall the team shifted into the new role without
too many troubles.

The key was to do the necessary staff work and get a final version of the
study into the mailby acexti n dat e, even i f 1t wasnob6t as |
would have liked (regarding his PROFAC section). With what we had and when we had
to act it was as polished as could be hoped for. This settling for good rather than stopping
due to the criticisnthat it was not perfect is again a result, in large part, of having the

task oriented extraverted leader of this stage of the process.

Ideal R&D Group s

A Small, Technical R&D Group
Analyzing the personal interaction of the team in its various situatiffosds

many insights into what makes a successful R&D team. Many MBTI combinations can
create abalanced and effectiveeam, especially if the members are aware of their
cognitive preferenceand their roles in the teaame taken on with this in mindBased on
the experiences of the team; focusing on the first hand experience of the personality types
encountered; the ideal research group for an technical stagomto be dominated in
numbers byNT- types, biased slightlyotvard introverts. There shld be both judging
and perceiving types, with a judging leader or manager

A 5-person team made in this manner would be led by an ENTJ and contain one
INTJ, one ENTP, and two INTPs.
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An ENTJ in a leadership position is a natural fit, and makes an edealtive
type for an organization. The basis for this conclusion is mainly deriveddhbserving
our leader, who was an ENTP. The exérted nature combined with intuition of
situations makes an energizing, excitidga championvho is able to commurate well
both in and outside the teaimsuring that the ENTP is a technical expert who is deadline
oriented is important, we learned from the various stages of our prbjecjudging trait
is suggested rather than perceiving to help balance the teaoresmtd a more dynamic
environment. Making the leader avoidsalienating the single other J member.

The INTJ is a crucial part of the team. INTJ types are organized and goal
oriented, which is necessary in the ambiguous days of an early startupldreft the
INTP types may try to tackle a large breadth of things without enough focus. The INTJ is
suggested to keep the team focused and productive. The similarity to the leader will
benefit this role, as that important line of communication will renogi@n. Again, this is
a role that the INTJ member took on in LOXLEO, and it benefited the team greatly.

The ENTP type is suggested to help facilitate the interactions between members,
andprovide a second body for exteated work during shifts in objectv The E-P trait
results in someone who is conceptually compatible with the INTPs, and also able to
communicate with the INTJ and ENTJ. The ENTP type was determined most important
because of the volatile natuof a forwarek hi nki ng st ar tneqessarig NTP 6 s
good at getting things done, but are able to navigate in the turbulence that characterizes
revolutionary startups.

Finally, the INTP pair form the scientific foundation of the team. Apt at dealing

with vexing technical problems and revoanary ideas, the INTP pair provides the
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everyday problem solving power to continuously advance the technoldg@matively,
replacing one INTP with an ENFP gives the team the advantage of a harmonizer.
This team would be a powerhouse of the researohd devel op ment proc
technical enough to tackle the difficult problems of an early startup (due to the abundance
of -NT- types), while at the same tmremaining robust (with 2 extrerts and 2 judging
types) and dynamiin the process of finishghtasks and pitching ideas to outsiders
Naturally, other combinations of types would work, but a grofipcompetent and
engaged people with the cognitive nligscribed above, both in terms of character (based
on the case studies) and MBTI (based on th@gi@antobserver studyjs quite likely to

be asmall butsolid, successful research and developroeitt

Notes on LOXLEO Groups
The issue that is not clear to us, having not witnessed the experience, is how

valuable it was to Paul to battle his wayaiagh his dealing, with dominated HHHF the
ISTJ team that preceded us. Is it better to bring on the skeptics who will not read between
the lines to push the inventor to clarify or give him people who can more easily
understand what he means as long as libgical? Which group would be more help in
building a case to persuade the industry of the value of LOXLEO? In dealing with
venture capitalists it would be wise to have an ESTJ, and dealing with venture capitalists
is something the LOXLEO organization ynaery well have to do soon if NASA funding
candét be found.

The idea of an ENTJ lab manager, serving an INTJ inventor, with an ISFJ on the

team and either two I NTP&ds or an | NTP and ai
Wilkes (the ENTP strategist) e mai ns i n the picture to balan
trying to micromanage Pods. The idea is to have an
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emphasis so that the case developed is logical. Sensing is required on the team to ensure
that enough empiricalna realworld data is incorporated into the case for LOXLEO.

There should be two sub teams of three people each one would attempt to uncover
more about PROFACOs devel opNaortropyearg ariotee st i ng
would try to build a more elegant LOX LEO design incorporating the tether for
propulsion.

The hydrogen issue will require a third team. This team will work out the
prototype concept for a gatherer that is larger (and more complicatepgrtatie at 800
1000km, where the hydrogen layer is formed in the atmosphere, or shift to designing a
nitrogen gatherer if hydrogen is not going to be achievable.

Nine to twelve people in three to four teams: LOXLEO made of INTJ, INTP, and
ENFP; PROFAC maal of ISTJ, ENFJ, and INTP; and the hydrogen group made of
ENTJ, INFP, and INTP; may provide the appropriate support nesebddn the Lox in

Leo story.

Next Steps in R&D
The LOX LEO team has speculatedbout whathe most effectiveext actionsfor

taking the LOXLEOcorporate initiative andrganization to the next step. The startup is
at a critical phase, where technical advancement of the concept must be completed before
a large amount of capital is available, but where technical advancement is prohibitively
expensive without utilizing preesting laboratories.

A closer relationship with the WPI aerospace department would benefit the
LOXLEO initiative greatly. By utilizing the WPI projedbased educatiosystem with
aerospace engineeringhysics, and chemical engineerisiyidentscompletetheir MQP

projects on several related problems and design questiddX] EO could make
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advances in the technologies required to provddasibility of theLOXLEO device to
NASA andthe aerospacendustry. Our team suggests LOXLE®©orp. provide $15,000
dollars to WPI to support 15 MQP teams whose combined goal is not to build the
satellite, but provide a technical preoffconcept. With this technicalemonstration
vouched forby faculty advisors of seniorst a reputable institutionthe LOXLEO
Corporaion will be in a positionto go toNASA or an aerospace company fadditional
financialsupportand organizational partnership.

A partnership between NASA, WPI, and LOXLEO manifested by atadsg,
academic basegksearch center would benefit allrpas. The Jet Propulsion Laboratory,
a partnership between a university (the California Institute of TechnologyNASHA
should be investigated as a modelis a NASA lab whichCaltechruns under NASA
contract.Locally, the joint WPI / Worcester Busisg Development Corporation venture
Gateway Par k is evi de mparteer witlh thewRblicosectomand | i n g n e
industry onsuch projectsThis experiencecan provide much information on the ideal
way to orchestrate the creation of a simigpacethemed centewith NASA that also
serves the aerospace industifhe vitalizing effect of the Gateway Park on the
surrounding area, as well as the recently vacated vocational school adjacent to it (which
provides the necessary floor spacetfor first, ircubatorstyle laboratory), makethis an
excellenttime to establish this envisioned research cemeddition, Gateway Park may
still contain available space for ndwotech startups.

A proposal (likely from a subsequent IQP team) is needed to getawWdPéither
NASA or the aerospace industry considering such a joint venture. Such a venture would

make WPI again a pioneer in space propulsion technology, reminiscent of the era of
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Robert GoddardAn IQP team could be investigating the details of creatuah a center

at the same timthe MQP teams referred to aboaeworking on the technical proaif-

concept This would expeditéhe growth processf the LOXLEO initiative whether it is

of ficially being taken #@Ain hotthatadNdSAblsy NASA

encouraging with some seed money.
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Outsourcing
At the beginning of this project in October of 2007, the goals of inventor, Paul

Klinkman, and project advisor, Professor John Wilkes, with respect to the outsourcing
effort were different from Wwat they eventually came to be. Originally my team set out to
gain a detailed understanding of the current stétée-art, identify which components
were appropriate to be outsourcéedusred 6whNec h
were to locate adpu at e t est facilities to experiment
innovations. Eventually we were to get an idea of what the outsourceable components,
including test facilities, would cost, and begin to generate the basis for a budget to go into
a proposato NASA.

Along the way there was a shuffling of team members in an attempt to improve
team dynamics and output by responding to individual differences in cognitive and
working styles.The original setup of the Outsourcing team was INTJ and INTP. The
INTJ was incorporated into the LOXLEO team and the INTP was sent elseWiene
were also separations and mergers of teaansl changes in leadership structure,
response to events and developments. Some new circumstances that developed around
midway througithe research and development effogtessitated the altering of the goals
of the project.

Background

Previous workon the concept of gathering liquid oxgg (LOX) in Low Earth
Orbit (LEO) was undertakefrom the skeptical standpoirithe prior IQP team had tried
to prove it would not workThe majority of experts surveyed had rejected the corafept
gathering in the upper atmospheayet of hand, yet some we intrigued by it. So the

previous IQP teanfIlSTJ, ISTJ, ISTP)set out to find just what madée concept of
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gatheringgasses from the upper atmospheret wort h anyoneds ti me.
find evidence, even just one fatal flaw, and prove that ¢biscept was not possible.

Short of that, could they prove that it was not profitable, that it offered no advantages and

was therefore not worth pursuing?

The previous team was ultimately unable to find any fatal flaw in the concept of
gathering LOX in LED. As a result the team members, the advisors, and Paul Klinkman,
became 6cautiously optimisticbé about the <co
conceptual prototype and pursued a patent. Professor Wilkes and Mr. Klinkman
presented this idea at t2®07 AIAA SPACE conference. They also began formulating
the agenda for the next generation of IQPs.

The Outsourcing Process

In their original plan | was a member of a two man team. Our original assignment
was to investigate manufacturing processes forexpaft components. Then identify
which systems could be constructe¢hmuse and which would have to be purchased. We
were to become familiar with the staiétheart of current spacecraft designs. In
particular, investigate several key components upoictwtihe gatherer would depend.

We were then to locate vendors who would be able to supply the needed components, and
who would be willing to work with Paul Klinkman to customize their designs when
necessary. It was during this process that our advisdaedléa assign my project partner

to a different team.

The investigation into spacecraft systems was mainly accomplished online. This
wasmy primary source of information becauBk. Klinkman and Ibelievedit to be the

most upto-date. | conducted web sehes for vendors, as well as looked for listings on
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industry websites and in industry publications sucA@®space Americahe journal of

t he Al AA. I was able to find sever al vendor :
needs. A bt of these poteial vendors isattached Another source of leads in the search

for suppliers came from the contacts Mr. Klinkman and Professor Wilkes made at the

2007 AIAA Space conference.

After familiarizing myself with spacecraft design | had a better picture of what
our needs were. The operations which would need to be accomplished by onboard
systems are, basic spacecraft systems operations; station keeping; control of the solar
cells; and communications with Earth based controllers. The mispecific operations
are as follows: capturing gas particles in the form of positive ions; neutralizing those
particles; storing particles; separation of oxygen from other species; liquefying of
oxygen; storing LOX; and transferring the LOX to another spacecratft.

The basic systas, such as power management; guidance, navigation, and control;
retror ockets for yaw control; gyr os-thespheed ;f 6and
and are adequate at the current stditthe-art. Several companies have been located who
can handlethose requirements. However, | found that four crucial components would
require capabilities not yet achieved at the current-stiatiee-art. These components are
the photovoltaic cells; the radiators; the electrodynamic tether; and the mechanism to
liquefy oxygen. This setback led to the realization that the original gdalatsourcing
major components, including the radiator, solar panels, and the tgdrerpremature.

It was known all along that the current capability of electrodynamic tethers was
not nearly sufficient for the demands of the gathdtewas iffy all along.The expected

service lifetime of a tether, currently projected to be two years, waéftmavhat the
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gatherer would require. The propulsion workload a tether could handleomdere near

what we needed. Paul KIl'inkmands proposed mo
service lifetime, but his gatherer would demand much higher propulsive force than

current tethers could provide. Without a significant breakthrough in tethendiegy,

the Klinkman Gatherer would need an alternative form of propulsion. A strong step
towards that breakt hrough, an idea of Paul
service lifetime of a tether has been explored. | established contact withoaragssf

Tethers Unlimited, an authority in the field, to discuss customization of their designs. |

was assured that they will absolutely work with their customers to design tethers to
whatever specificationsr@ required This was good news; the leaderthe field would

partner with Mr. Klinkman to extend the staibthe-art of tether technology. Meanwhile,

we started to scale back to what propul sion
minimum one needs to reduce the fuel requirements of ovargaimag to the point that

it is not using more than half of n erdcleet fuel product to stay in operation.

In theory, a tether that can provide thrust adequate to what our spacecraft will
require to remain in or bi adirecslimipng &ador. hhe e . l n t
tether is an indirect limiting factor because of its dependence on two other systems. First:
power generation. A substantial amount of electricity would be needed to power a tether
of the size we were looking into. Withoutfairly clear design for the spacecraft an
accurate estimate of required power was impossible. The very basic spacecraft concept
that we were basing our rough estimates on would require electrical power on the order
of one megawatt for the tether alone.tAé current technological level of photovoltaic

cells this would require many tons of power panels. Alternately, photovoltaic cells could
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be just one of several supplementary pogemeration systems. Due to constraints on

allowable powetgeneration systesnin low Earth orbit, our options are limited;

specifically a nuclear reactor esirrently not considered to ban option. Different ways

of maximizing the output of solar cells, such as constellation arrays of satellites
transmitting generated power viasér or microwave to the central spacecraft have been
discussed. These concepts would add significant amounts of controls requirements
complexity, and costThey also have the effect of pushing the gatherer further into the
dreaded real nonofd OEsvceireyn ctei nfei cwwei i ntroduce f 1
make the overall concept less elegant, | feel we lessen our credibility.

As an aside, the team frequently brainstormed on how best to reach goals from a
pragmatic standpoint. My opinion was thatvees are still in the stage of selling an idea
to the space community, which canlbss than hospitable ideasf r o m 6 ¢dour si der s
solutions had to be as elegant as possible. | felt any gross unnecessary complications in
the design could be detrimentad our chances of being taken seriously. The group
eventually came to a consensus that this was true, but we should nevertheless investigate
any and all options. Thus power generation constitutes another area where significant
progress essentially a bre#tirough in lightweight deployable space solar arrags,
needed.

The radiator problem was approached qualitatively as it would have been
impossible to make an accurate prediction of the amount of thermal energy the spacecraft
would need to radiate. The hegenerated by the electronic components would be no
more than that of a typical spacecraft and easily manageable with current technology.

Problems arise from the high amount of power demanded by the tether, and the fact that
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the particles being gatheredowld have temperatures in excess of 2500 Kelvin
(approximately 4000°F). This would accrue to a tremendous amount of thermal energy to
dissipate.

Lastly, and perhaps most prohibitive, cooling, compressing, and liquefying of a
gas in space has yet to be @oplished. Apparently this problem simply has not been
solved. This is an issue that needs to be resolved before the concept of gathering gas
particles in Low Earth Orbit can become a reality.

Other components, which were expected to be builiomse,turned out to be
impossible for the task of gas gathering due to physical reasons. For example the highly
corrosive nature of positive oxygen ions in the extreme upper atmosphere necessitated a
complete rethinking of the collector mechanism. The origida&iof using a molecular
turbopump was discarded due to the problem
results from the gas particles impacting puvape surfaces at orbital velocities.

The collector mechanism would essentially be a dissipative ifle¢. team
casually referred to the inlet as O0the maw. ¢
capture all the particles it encountered. The problems derived from the impact velocity of
the particles. The second generation concept of using a meaiddtusion pump was
abandoned with the realization thasing mercury in orbit is currently considered
unacceptablelue to the extreme toxicity of mercury to ecosyste@ikis an alternative
to mercury in a diffusion pump, which Mr. Klinkman is considgri The other likely
possibility for the inlet, one which has strong support from experts, is a cryopump.
Unfortunately a cryopump, likely cooled with liquid nitrogen has never been tested in

space.
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In the meantime interim patents, to protect Paul Kliakmé s i nt el | ect ual
were being pursued with the support of other team members. They were generating
Computer Aided Drafting (CAD) drawings, and filing paperwork to fill the requirements
for a patent application. It was soon apparent that patemespemature, and the patents
thus far pursued wetaetter than the first set, sought after the work of the prior team, but
still based on the mercury diffusion pump. Thus they are alreaalye obsolete and
overtakenby the continuing process of reconcegization The spacecratft, in its current
conceptionjs not yet viable. It was closer technically, but not acceptable yet as it needed
a nuclear reactor and mercury.

Outsourcing Summary

Outsourcing efforts would remain valualded should be continuedhe team
felt it was important to locate sources for critical components and, by process of
elimination, find what the limiting technologies would be. Another benefit of outsourcing
efforts would be the networking value. There was a second aspect to oup@liso;

Paul Klinkman is in a position where he could benefit greatly from partnering with
professionals from within the aerospace communitye difficult truth remains, as we
have el abor at e d lack of,credibilitywithihlthe madrospaae @Gasnmunity
proved to be a major stumbling block ftre effort, and we turned to promoting the
general concept rather than the particular process.

An allegory to this 1is Bessemer s inven
developed a tédmique as far as he could, and when he found himself unable to find the
final missing element in a process to make high quality, consistent steel, he went public

with his work. Within a short period of time a separate patent on an additive which
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solved thepuzzle was filed. In the end the Bessemer process was fully realized. The

LOXLEO story hopes to eventually have a similar story.

65



Social Implications
An integral aspect of the ideal Interactive Qualifying Project is to consider the social

impacts and é¢ical issues raised by the development of a new technology. Social
implications are often unclear while a technology is new, and the advocates are typically
biased in favor of the advantages. This is not surprising, as they are focused on the
problem theyare trying to solve rather than the unanticipated side effects that are likely
to emerge later. Therefore the task of assessing how society and this technology will
interact is rather difficult and a positive bias is likely to be evident in our intatetat
this early date. Still one can see if there is a strong case to be made on the benefits side
and note potential drawbacks and tradeoffs that come up.

The process for predicting whether a technology will have a positive, negative or,
on balanceno effect on society requires a broad understanding of the technological
context as well as knowledge of that techni
understanding of the range of potential impacts is impossible and it specific impact will
depend to some extent on application choices made later. If the actual impact is
unpredictable as no one can foresee the number of offshoots that will inevitably arise, one
can still often tell what direction this capability will tend to move the affestetiem
toward. Despite the difficulties, the process of trying to cautiously consider second and
third order effects and look for potential negatives is still worth doing.

One goal of an IQP is to address and try to draw conclusions about the
technologp soci ety interface based on oneds tech
analytical understanding of at least some social system. In our case the most important

social system is the economics of space, but political implications are also important in
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the cotext of a space race. In addition we were called upon to be reflective about the
small group dynamics that lead to success in R and D teams.

The social implications of success in developing the oxygen harvester in low Earth orbit
are surprisingly fareaching. The primary benefit that would accrue to the U.S. space
industry utilizing the oxygen harvester is that it would reduce costs associated with
operations in space and reduce the cost of lifting material beyond LEO to GTO and
especially to the Moon.

The current paradigm in the space industry requires fuel for missions to be carried
from the Earth at the site of the launch. The possibility of gathering propellant in LEO for
the purpose of refueling is not currently accepted in the space industhya Slevice can
be developed only if at least part of the community changes its views on this matter, or
the major come to view it as an open question worth investigation. If developed and
utilized such a capability would drastically change the economispaxfe. The current
generation of chemical rocket technology will become much more capable, SSTO (Single
Stage to Orbit) rockets become worth considering and until such time as nuclear drives,
solar sails and space elevators obsolete rocket technologgafdring orbit and traveling
around the solar system, there will be a new stanbinical balance that revolves around
the cost of filling fueling depots as much as launch costs to LEO.

The notion of creating orbiting propellant depots in space has lsarssed by
Jeff Foust, but the discussion almost invariably assumes that propellant will be lifted to
space. Foust, in Space Review (5/12) claims that the extra room made by not needing to
carry fuel to orbit fAwoul d chapraeb inlaijtofre se,f faercd

Anything you could get to LEO could go from there to almost anywhere in the inner solar

% Foust, Space Review (5/12)
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system after refueling. If refueling does not involve fuel lifted from orbit, doing that
becomes much more affordable.

Kl i nk man 6 ggatheren@ thes fueloirf space has the potential to be much
more efficient and cost effective than filling a depot from Earth. Therefore the benefits
associated with depots become much greater when they are combined with the capability
he wants to create.

Given refueling depots and off world sources of volatiles for fuel, many things
that were not expected to happen until new drives were created become possible with
current chemical rocket technology. However, this same removal of the technology
bottlereck will also reduce the incentive to devote resources to the creation of the next
generation of space drives. There will still be pressure to reduce the cost of reaching
LEO, but the ability to work around this problem will lessen the sense that laosth
are the only and most important question holding back space exploration and commerce.
Indeed, the incentive to develop mining colonies and bases off the Earth will be
increasingly strong to the extent that the cost of reaching LEO remains high and
unyielding.

In summation, the LOXLEO technology sidesteps the question that is the current
focus of the field and produces an economic incentive to produce in space and on planets
and moons with substantially less gravity than Earth. This is an intgresbment as it
makes the moon more valuable and its resources more important so long as lunar
production has a substantial economic advantage over Earth production to support
activities in near space. This advantage will probably end in the era ofptee S

Elevator, but during the rocket era it will be important, and this technology will tend to
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increase the level of activity during the rocket era and extend its length. This situation
creates a window of opportunity for off world entrepreneurial oppart, and an
economic rationale for building a colony on the Moon. The question is whether this
economic advantage is large enough to offset the cost of living and working there, as well
as developing a production infrastructure on the moon? That guéstbeyond the scope

of this inquiry.

Immediate Benefits to NASA
There are three major benefits that the gatherer concept offers NASA: cost

savings, increased available cargo space in spacecraft, and fuel for long missions without
large heavy fuel taks having to be lifted to LEO. Currently it seems that a two or three
stage rocket is required to carry one fuel tank to orbit that is substantially smaller than
either of the one ejected gettinge payload tank into space. Indeed, the payload is
typically 510% of the ELV rocket on the launch pad and the percentage vyield is
substantially smaller if the destination is GTO rather than LEO. Under these conditions
the cost reduction implications for NASA are tremendous if the tanks designed for future
spae craft can be made smaller, sent to orbit and filled or refilled there. Of course they
will have to be designed to be refueled.

As NASA takes on a new program to return to the moon and government funding
is reduced, any technology advances that redwosts for NASA would be of great
benefit in fulfilling its missions on the cheap. Michael Griffin, the Chief NASA
administrator, remarked in a review of the value of a fuel depot in LEO during an
American Institute of Aerospace and Astronautics address:

There are several ways in which the value of the extra capability might be
calculated, but at a conservatively low government price of $10,000/kg for
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payload in LEO, 250 metric tons of fuel for two [lunar] missions per year is
worth $2.5 Billonatgover nment r at es. € [Tl his is a
wi || only grow €& We may well witness a 21

The question is whether one can get that much fuel up there for less than that cost
and still profit?

One can question ¢hvalue of building space infrastructure if one has to carry fuel
from Earth, but with this technology one might be able to reap-85%b profit. How
much of the great fiscal savings should go back to NASA and how much should go a
refueling company to blai capacity and develop new sources of volatiles possibly on the
moon iitself? | f NASAOGs costs go down t he s
projects, strengthening the US space program, carrying out more complex missions, and
numerous other possiities. However, if NASA is to gain control of the profit margin, it
must earn that privilege by taking LOXLEO technology program in house for
development. If NASA is not willing or able to make this investment, the profit will go
elsewhere, presumably aerospace suppliers who will charge what the market will bear,
pricing it just under the cost of lifting LOX from Earth until competitors emerge and
drive down the price closer to actual production costs.

Letds assume for now inghand sethl AfSaAcerites f or we
dedicated to developing this capability (or assigns it to an existing center) and reaps the
savings. However, not being a business it does not expand capacity and sell the excess
fuel but limits productions to US government missiequirements. In effect it will

spend the savings on expanded capability, i.e. deliver more equipment to the Moon for

the same budgeted money. Klinkman estimates that by taking this course NASA could

3 AIAA address on November 15, 2005
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deliver two and half times as much mass to the Modbuild its base at the south pole of
the Moon between 2022030, and that is just one NASA mission.

Not only would the fuel costs be saved for NASA, but space on the craft would be
increased. Because the act of merely getting the spacecraft into thEheneoss so
expensive, payload capacity on each craft is maximized to reduce the number of
launches. The weight and space available from not needing to carry propellant for
maneuvers in space after reaching orbit will allow for a substantial amount af extr
equipment to be brought into space with each spacecraft launched. This means that more
satellites, International Space Station Equipment, and tools for lunar base construction
and later colonization will be delivered far faster (with fewer flights) thauald have
been possible without a refueling capability.

On the other hand, the overall level of activity in space would grow faster if
NASA paid higher prices and let the supplier company profit at its expense for a
decadé if the profit is poured backito expanded capacity. The price will come down
much more slowly but the supply will be much greater and NASA would benefit in the
longer run. One way to have its cake and eat it too might be for NASA to partner with a
company to develop the capabiliyjnd absorb the risk, in return for a fixed lower fuel
supply rate (and priority in times when supplies are low) but let the company have the
rights to the technology patent and allow the market determine the rates paid by others
active in space. Lettinis corporate partner profit so long as there is a steady increase of
capacity, might be a good compromise.

The ability to refuel with all of the propellant needed for missions leaving Earth

orbit will surely benefit NASA as longer and longer space miss@&re carried out. The
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trip to Mars takes 6 months. Then one is committed to a year on the ground. Martian

at mosphere is heavily CO2 and can be proces
mission concept proposes that an unmanned system be landed to phedu©X for the

return trip before the astronauts depart for Mars.

Returning to Earth will require a large amount of propellant. If a backup supply
gathered in LEO could be sent along as well, one has an interesting option. One could
avoid landing the irerplanetary space craft on Mars to refuel, and hence avoid having to
get it back up into space. If one can bring fuel gathered in space for the return trip then
the whole mission logic changes. If the spacecratft is left in space it is not necessary to
shuttle all of the equipment on the craft that is used explicitly for space related tasks to
the surface and back. Who needs a robotic arm that services satellites on the Martian
surface? The spacecraft could theoretically remain in space, and ground etwipuiel
go on a one way trip to Mars from orbit. Only people and life support would be lifted
back to the exosphere with their Martian samples in a craft specialized for surface to orbit
and vice versa shuttle transport only.

Even the shuttle would stay Martian orbit and not return to Earth. The multiple
benefits would change NASAO6s whole percept i
for space travel, and incidentally reduce the cost of a trip to the Moon or Mars. That
means that these voyagesdiscovery can happen sooner. If there are more options and

backups that probably means that safer mission strategies can be employed as well.

Extended SatelliteLifetime
A problem with the current method of using satellites is the lack of a proaess fo

proper disposal. In Artificial Space Debris, a book discussing the issues with human

created space debri s, it i's noted that n95 %
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as s pac &Thisimehns ithat.neéarly all satellites are just left intcafier their

useful service lifetime has run out. Typically the only problem is that they have run out of
propellant. Satellites that have spent all of their fuel can no longer maneuver or maintain
orbit, but are not removed from orbit; instead the aletlites are left in space as junk in
decaying orbits that could eventually collide with other valuable spacecraft. If the
satellite does not collide with any other spacecratft, the orbit will decay until the satellite
eventually reenters the atmospherbe Batellite can sometimes come crashing down to
Earth but will normally burn up in the atmosphere. Clive Hamilton the Australian
Institute Director commented in an Australian Associated Press news article discussing
the issue of space debris:

There are wer a million pieces of space junk orbiting the earth, and some of them

are going to come crashing to earth soon

alarm about it in space circles. They now have to put extra armor plating on

satellites and space statis and so on because of collisions with space junk.

As of today there are no good ways to deal with the trash in space. Space is only
becoming more cluttered, vastly increasing the chances of serious collisions with
valuable equipment.

In the United &tes, current policy (issued in 1988 by President Reagan) states

t hat nal l space sectors wi || seek t o

debriséconsistent with missi®on requiremen
The problem of space debris is decades old. The g@Xerer could help alleviate this
problem. The main goal should be to prevent this problem from getting worse first by

extending the design life of satellites, second by allowing them to be repaired, serviced

and retrieved, and third by attaching drivatsino space junk capable of boosting them

4 McKnight (p 23)
° AAP Newsfeed December 7, 2000
6 Orbital Debris: A Technical Assessment (p 188)
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into trajectories that will result in their hitting the sun or burning up in the atmosphere
over the ocean right away. One can also prevent the problem from happening with new
satellites designed to be refueledtlre first place. The Ecological Society of America
could develop new protocols for refueling satellites with the propellant collected by the
gatherer. Teaming with the ESA would help the organizations reach their objectives.

[ The] ESA6s current policy is fAnéto reduc

production of space debris and promote exchange of information and cooperation

with other splace operatorséo
The cost of putting a satellite in orbit being so high, and thel feemore satellite
communications to support interconnectedness that has become essential in modern
society is evident. Hence, a cheaper Agr e
dealing with satellites is needed. If a satellite was not designeceto r e f uel ed a new
ono pr aptwilded eaeded to rboost them and move them around. Hydrogen
that was lofted to orbit or mined from the lunar regolith could be combined with the
oxygen gathered by the proposed LOXLEO system to make fueloXygen gatherer
provides most of the gas needed to refuel the clip on units that will be retrofitted to old
satellites which would extend satellite lifetimes, reduce space debris, and save money for
the organizations paying companies to put their saeliit space.

Recycling spent satellites is not the only benefit to the environment. The fuel
required to |lift satellites to orbit is extr
atmosphere. This pollution per launch cannot be changed uh&essass being lofted is
reduced. However, the number of launches necessary to carry out the program can be

reduced. The real gain is that new satellites will not need to be put in orbit to replace a

7
Orbital Debris: A Technical Assessment (p 188)
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satellite that is out of fuel. It would simply be refuklith space based supplies. New
satellites will be utilized for different tasks. Are there fewer launches? Probahly not
especially as the cost of space operations would be coming idiwnmuch more will

be accomplished with the same number of launchidse yield and benefit side of the

cost/benefit equation would be increased.

Commercialization of Space
Congress is urging NASA to encourage the creation of privately owned

companies to take part in space commerce by contracting with them for services. Unlike
in the past when the notion of traveling to space meant droves of government funded
engineers workig on enormous and expensive projects, privately owned companies have
taken interest in space exploration and especially tourism.

The X Prize Foundation is an organization that supports the process of innovation
in the private sector. Competitions arechéat require innovative new ideas to compete,
such as: The Google Lunar X PRIZE, which is a $30 million competition for the first
privately funded team to send a robot to the moon, travel 500 meters and transmit video,
images and data back to the Eachother competition is the Northrop Grumman Lunar
Lander Challenge which is a twevel, two million dollar competition requiring a vehicle
to simulate trips betweentieo on 6s s ur f a c®Conpetidonsisucmasthese r b i t .
are causing a new spacesbed sector of the economy to develop. Clearly the
commercializing of space is soon to come. The ability to refuel in space will further aid

the commercialization of the space economy by reducing the expense of space travel.

8 http://space.xprize.org/
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The most notable developmenttive new space based sector of the economy that
will benefit from the orbiting oxygen gatherer and its associated infrastructure is the
emerging space tourism industry. The notion of an entire economy emerging from a
currently nonexistent area may seemtdatic, but John Spencer, a well known space
architect would disagree. In Space Tourism: Do You Want To Go? Spencer comments:

There was once no cruise line industry, no airline industry, no movie
industry, no computer industry. In 1950, there was no camuation
satellite industry. In 1980, there was no commercial Internet industry.
Now they are all multibilliordollar industries’

There is no reason this could not be the case for the space tourism industry.

One aspect of the space tourism industry hlkeady begun and is rapidly
developing; this is the area of quick flights into space. A few companies are pursuing the
goal of bringing passengers briefly into space. A company known as Virgin Galactic is at
the forefront:

Virgin Galactic, part of busiresman Sir Richard Branson's Virgin Grouwyll fly

its passengers on sudybital flights aboard its SpaceShipTwo, built by Burt

Rutan's Scaled Composites. The first 100
$200, 00 fareé

A very lucrative market for spa tourism is clear from the fact that Virgin Galactic

technology is still being developed, but passengers have already paid ovainsved

million dollars. There passengers will experience a mere 4 to 5 minutes of microgravity,

but it will be the trip da lifetime. If their spacecraft could be refueled, the length of time

a tourist would have in space would dramatically increase as sub orbit tour hops could

9
Spencer (p 158)
10 July9, 2007 Space Daily, Distributed by United Press International
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become orbital. The oxygen gatherer will allow for an infrastructure ofdfuelt at i ons 6 i 1
space,which companies like Virgin Galactic would utilize to extend their space flight
ti mes, t hereby enhancing the space touristao
that by 2010 orbital yachting will become a realttyf this is to happen the network o
6gas stationsb6é set up by the gatherer woul d
massively accelerate its development.
The journey to space will likely not be the ultimate goal of space tourism. Plans
for hotels in space have already startiddtels in space will be a large market for the
oxygen gatherer as they will need a substantial amount of oxygen and water, yet cannot
go anywhere to get it. They will need to be serviced by spacecraft that have been refilled
at a fuel depot. The freightrider will probably not be much like the spacecrafts designed
to carry passengers quickly and safely. Companies such as Virgin Galactic could provide
transport to spadaotels like:
"Galactic Suite", the first hotel planned in space, expects to open $imdss in
2012 and would allow guests to travel around the world in 80 minutes. [T]he
space hotel will be the most expensive in the galaxy, costing $4 million for a
threeday stay"?
Oxygen will be needed to create a breathable atmosphere in the hetell as produce
propellant to burn to keep the hotel in orbit and it will also be turned into water for plants,
people and radiation shielding. It is to be expected that the hotels will ship equipment
from Earth to reprocess CO2 to make a breathablesatineve, but they will still need to

make up gas losses into space. The oxygen gatherer could, at a minimum, save a

1 Spencer (p 51)
2 August 13,2007 ChinaDaily.com.cn
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substantial amount of money for the hotels, but may actually be necessary to make the
business concept work at all.

A growing a thrivingtourist industry will need to bring down costs to expand the
pool of potential tourists. First one wants those few who can afford $4 million each but
then one wants to serve a family of 4 in one cabin for the same price. A truly mass
market will requirefares of about $100,000 each. However, returning to the question of
reprocessing CO2, one might want to avoid doing that if there is an alternative source of
oxygen in space. Carbon dioxide is very valuable in space, as plants need it. Hence, a
lucrative business picking up CO2 for agriculture units on the Moon and trading for
oxygen pulled from the lunar regolith will probably develop one day.

In the meantime, the oxygen will have to be gathered in LEO and used to produce
water.

H20 and CO2 will go togricultural units associated with the hotels or their support sites
on the moon to support plant life. But, initially, the plants in the hotels are more likely to
be decorative or biosphere balancing bacteria than a major source of food. It seems likely
that the Earth and the moon will compete to be the support base for the orbiting hotels.
Luna will increasingly have the advantage ultimately taking over agricultural production
of the bulk staples (corn, rice, potatoes) too expensive to lift from EBgtth will retain

the edge on high value luxury items like beef and tree grown fruit.

Implications Summary
The scope of NASA projects, satellite technology and the space tourism industry

would undergo significant developments as a result ofstieceskil development of an

orbiting oxygen gatheretf NASA develops it, the agency wousdve billions of dollars,
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which can be used to fund new projedtst does not it will pay suppliers to increase its
mass delivery capability who will end up slowly bringing down the cost of space activity
as soon as there is competition (based on price) among Sewellites will become
refuelable, and henaeusableso fewer more durable spacecraft will be built. They are a
primary meansof transferring informatiomow, and will become more cost effective
The space tourism industry wilenefit greatlyfrom cheapebpperatingcosts as a result of
a local source ocbx ygen i n space. | mpl ement ation of
infrastructure will revolutionize how society views and utilizes space. No longer will
spaceactivity be planned and experienced byly a handful of elite pilots and scientists,
but spae will become acessibleto the super rich at first, and then the public via a lottery
system. At the point when a ticket is about $100,000.00 something like a mass market
will emerge and there will be important economics of scale

The reduction inthe cost ofaccess space could create a multinational unified
space community. Currently the International Space Station has only very few nations
participating in its development and use.
richest nations can afford send astronauts, but due to the relativity low costs to get to
spacethe averagenation will be able send astronaut and scientistsspace. The
International Space Station would truly become international with scientists from all over
the world workng together to advanésmowledge and develagchnology.

With many nations being able to cheaply access spégeasommercial carriers
issues of ownership will likely take place. Disputes over who awnining writes orthe
moon will require new laws anregulations for dealing with space exploratiamnd

development This topic has been fully examined in a parallel Interactive Qualifying
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Project titled AWho Owns the MUWamtethatoperty
many of our cost estimates assuthe need for an infrastructure to support regular trips
to the Moon. There will be at least 20 from 262130, 2 per year, just to build, man and
operate the proposed lunar base at the South Pole of the Moon.

A previous | QP tiAtimodphelaeyestwirngteheby
Scimone, and Verbeke summarizes the benefits for the moon base:

Assuming that harvesting the atmosphere could be a successful venture

and substantially decrease the cost of bringing oxygen and carbon dioxide

to orbit, this wold have a great impact on both the space program and

the world. The most direct implications would be decreasing the cost of

life support and agriculture for both the space station and the moon base.

This would also allow for increased personnel to b&aned in space

and for a more comfortable environment, as agriculture, similar to what is

on Earth, and greater living space, will be possible. Visionary institutions

such as NIAC (NASA Institute for Advanced Concepts) would gain

credibility as well agunding for further research into advanced concepts.
A full analysis of the benefits of a moon L
At mosphere. o

This project examined many of the likely implications that would evolve from the
Ohuwmtaeaher er 6my pafltiecrecPawl KIl'inkmands invent.
the implications of the oxygen gatherer cannot be foreseen, but the clear benefits of the
gatherer will change the fundamental manner in which space is perceived andAtised

this point the case ifavor seems so overwhelming that it is hard to see the downside of

13 Miller, Joseph and David Coit. WPI IQP
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removing the bottleneck to space which has constrained the space program thus far.
However, we are not unaware of the challenge of managing a massive flow of traffic to
and from LEO. It wi require a massive regulatory and monitoring system much like
what not exists to make air travel safe and predictable, scheduled and channeled. Further,
there will probably be more robotic spacecratft than there are aircraft, and in LEO there
may have tde manual override controls so that a human on the ground can take over.
However, the aircraft industry has had to manage these challenges in the region reaching
up to the stratosphere in the 100 years since the Wright Brothers first flew and will be up
to the challenge of bringing order and control to the Near Earth Space Region in the next

100 years.
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Project Future
Project Future

Developing a spacecraft ismajor challengehat we knew wouldspan a much
longer amount of time than a thresrm IQP.This effort could easily last a decades
such, conclusion of our portion of the effort must ensure a smooth turnover to the next
team who will be picking up where we are leaving off. Having read this report the next
team will know exactly what we have acaplishedin terms of technology, organization,
visibility, and credibility;and hence where we are leaving the overall Klinkman project.
Our job was really to explore and try to describe the nature of the task at hand. Some
resolution was gained during the course aofr IQP about what still need® be
accomplished before Mr. KWeicertkimyahavé a clegrera | s c a
idea of what is at stake and think that the
that Mr. Klinkman is on the right track, and suggests that there is more than one way to
reach their common goalhrough close examination of the technical requirements of the
spacecrafandan informal consultation with numerous experts in the fieldyweese able
to better define what developmental stage the gas gatherer was in.

NASA is expected to have a finalized plan for their return to the moon within
aboutseven years from now. Paul Klinkman is taking that to be an effective deadline.
NASA currentlydoes not include the capability of refueling in LEO in their plans for
returning to the moon; Mr. Klinkman wants to change this. He wants his concept to be
tested and proven in time for NASA to take notice and incorporate it into their Mans.
Klinkmanis not alone. Others, such as Dallas Bienhoff at Boeing, with his designs for in

orbit fuel depots, are suggesting novel technologies and techniques to aide this latest goal

of space exploration.
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A loose end in this effort is reestablishing contact wile former member of the
National Institute for Advanced Concepts (NIA@ho had participated in the previous

| QP t eamds . WAQ wab iecentht defdnged and no longer exists, but the
former members can still make valuable contributions.

The DefenseAdvanced Research Projects Agency (DARPAlIdobe a very
useful group teestablish contact witt5t er ge Demetri adesd | ater
classified by the United States Government, mainly to silence Mr. Demetriades. The next
IQP team will decide wtiaer or not that information will be necessary. Should they
choose to seek declassification of the documents, DARPA may be their befuréaip.
December of 20Q7when our team was going &stablish contact with DARPA, the
decision was made by Mr. Klimkan not to. For the time being he would prefer to not
involve the militaryin the developmental stage of his spacegradiwever, DARPA
should be at least remembered as a poteimtigd in making this classified information
available,should Mr. Klinkman bange his mind. Should the next team choose to pursue
this, therecommendegoint of contact is Lieutenant Colonel Fred Kennedy (USAF). His

telephone number and email address are (8I&%372 andred.kennedy@airpa.mil

Col Kennedyis associated with a group that has experimented wittorbih fuel
transfers Clearly the Air Force wants the ability to refuel their costly satellites, and is
willing to make multiple launches from Earth every year to dolsfmrmaion on this

experimentan be found dtttp://www.darpa.mil/orbitalexpress/

As a side note, Mr. Klinkman does not want to involve the military in the
developmental stage of the spacecraft, but he isagainst the refueling of military

satellites and anticipates the military to be a major customer.
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The extent to which Professor Wilkes and Mr. Klinkman would like to keep
Sterge Demetriades informed of and involved in prognessa largeliscus®on the tam
held This is further elaborated on in the section of this report about Mr. Demetriades.
Briefly, he is an asset in that he has a lot of contacts still active in the aerospace
community, and can show us faster channels of making contact with those. jretipd
interest of maintaining a good working relationship between the current WPI IQP team
and that gentleman it would be prudent to choose a liaison and introduce Mr.
Demetriades to that individual.

If the next team needs to search for alternativecasuof funding, or vendors, or
potential consultants, the proceedings from the upcoming SPACE 2008 conference will
be useful. There will be lists of names and organizations which could help with group
efforts.

An aspect of Mr . K| ihedk foed cepos, usedi ta keepn 1 s
refueling operations to the customer separate from the gatherer. A Boeirgemnan
Dallas Bienhoff, hased a team thaalready designed sizeable fuel depoBoeing has
taken the position that they will not further develop ttepot until they are guaranteed
that it will be bought by NASA, or another space agehNASA has taken the position of
saying, essentially, 6you build it, weol!/l
it, but the 20 flights per year to fithe depot just once. Still, Boeing persists that an
economic case is there, even at that price.

At the close of our IQP we were tolthat a man named Kenneth Cox, of the
Aerospace Technology Working Group (ATWG), has taken an interest in the Klinkman

gatheer concept Cox worked at NASA during the Apollo erBasically the ATWG is a
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group of scientists and engineers, originallitiamed by NASA, who investigate new
ideasthey think would open up access to spaCapturing the attention of just such a
groupwas essentially théeachgoab of the Delphi studyhat we conductedBased on
our work Mr. Cox has approved the idea of distributing our description PROFAC and
LOXLEO to the thirty to fifty people expected to attend the first day of the conference,
andasking them to fill out the Delphi instrument overnight.
If they do so, and data is collected on a few basic variables such as their age, highest
degree and field of expertise, it will be possible to sort the responses and identify our
0Oexpert panel 6 out Ilosfexpected that MroCowill carrespanda r t 1 c i p e
with Mr. Klinkman, Professor Wilkes, or both in the near future regarding the amount of
invol vement they are willing to have in deve

If this goes as planned it is possible that a full panel a&X@®rtsor even a panel
of 25 ATWG experts and 12 other current NASA and University experts can be
assembled and compared on this concept. That would go far toward achieving the goal of
making sure key influential people had heard of the idea and had a referenceulb. con
This is visibility, the first step toward credibility. We wanted Mr. Klinkman to have a
body of data before he decided whether and how to approach the Aerospace, Physics, and
Chemical Engineering departments at W®llook for people to help assesgtlatest
version of the refueling concept.
Conclusion

Mr . KIl'inkmanés current conception of the

current statef-the-art of the enabling technologies. This is a situation where the ultimate
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goal is currently an impo#sde reality, so the team must do everything it can do and then
reevaluate the situation.

The hope of this IQP team with respect to the Delphi study was to expose Mr.
Kl'inkmands idea to a | arge audience of e xpe
aeropace community feels the technology is worth pursuing. As expected those who
responded positively were in the minority, but we received more positive responses than
we had hoped. The results of the Delphi study are encouraging.

The previous team concludedat the concept of gathering gasses in orbit was
sound. Our team determined what the concept needs from aerospace technology to be
feasible, and roughly where Mr. Klinkmanods c
devised a way to market the concepti or der t o generate Obuzzd
community, which resulted in Kenneth Cox reaching out to us with the potentially huge
opportunity represented by the ATWG.

The next team will hopefully not encounter the setbacks and direzhmmges
this team endured. Due to the lotgrm nature of developing a new concept for a
spacecraft, each successive IQP team does all they can to advance the effort and conclude
by facilitating as smooth a turnover to the next team as possible. Ultimately Mr.

K1 i n k wisdon Wilkbe realized.
Addendum

A presentation was made by Professor Wilkes and Paul Klinkman to the
Advanced Technologies Working Group and the International Space Development
Conference. A handout given to the audience and the PowerPoint slideslaed in

the appendix.
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Appendices
Appendix A: Delphi Study

Dear Panelist,

Below is a list of possible breakthroughs. Under each breakthrough there is a category for

you to gauge each breakthroughoés significanc
occur, the likelihood that such a breakthrough would occur, and the time frame that

would occur in. Beneath each breakthrough there is also room for some brief comments,

should you wish to elaborate on your opinion. Once you complete this questionnaire,

please return only the two questionnaire pages to it to:

Space Technology & Technology Institute
Division 46, Interactive Project Program
c/o John Wilkes

Dept. of Social Science & Policy Studies
WPI

100 Institute Road

Worcester, MA 01609

If you would prefer to complete the questionnaire electronically email
DelphiStudy2008 @wpi.edio request the document in electronic format.

A.) PROFAGC A 1959 paper by Sterge T. Demetriades outlines a syfstespaceflight
not fully reported in the only paper to which we have access. At the heart of it is the
Propulsive Fluid Accumulator (PROFAC). PROFAC is an orbital device that remains at
an altitude of roughly 100km, gathers atmosphere, and stores eaggehed air. This
creates a refueling station for both nuclear spacecraft drives (where the air is used as a
propulsive fluid) and chemical (hydrogen) rockets (where the air is used as an oxidizer).
Amoonbound vehicle whi c h regquresroaghlySolottite fueln ear t h
mass required for one launched directly from the earth to the moon.

The two orbiting components of PROFAC are the Orbital Vehicle and the
Accumulator. The Orbital Vehicle functions as a ramjet powered by nuclear or solar
energy and provides the thrust required to o
The Accumulator, which is located concentric or parallel to the Orbital Vehicle, gathers
atmosphere and stores it as liquid in an attached tank, which can then beddetache
connect with the outbound space vehicle. The final piece of the PROFAC system is the
spacecraft itself, which launches from earth and refuels at orbiDMrme t r 1959 e s 6 s
paper proposes nuclear drive ships as the most ideal companions to e orbit
components of PROFAC.

B.) Space TethersSpace tethers connect two main bodies with a long conducting wire.

The arrangement, once brought to orbital velocity, is deployed into-preekélled
equilibrium. Tethers operate in two different designs. flilsé design is called
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momenturrexchange, which operates using the principle of differential gravitational
pull, coupled with their difference in centrifugal force (a product of their different angular
velocities) produces a stable vertical orientatidmeTs e t et her s ar e known ¢
longest tether proposal we have seen of this type described as a capability within the state
of the art and ready for deployment was ESADO
was not a success, due to an eledtac@maly which released the brake after 3.4 km
were successfully deployed.
The second tether application works using the magnetic field of the earth. A
current is induced in a conducting tether via magnetic flux as the tether moves

perpendicular througpar t hés magnetic field. Alternativ
current through the tether, which would propel it via electrodynamic force from the
earthdéds magnetic field. This is still wvery e

electrodynamic tetherdm the ISS that can produce .23N is noted in the literature.
Electrodynamic tethers along these lines are also expected to be able to propel orbiting,
~100 kg satellites to higher orbits. Development in this field would result in propulsion
systemsfot ar ge stations in earthdés orbit which w
stationo | ifetimes.
The following LOX in LEO system proposal incorporates an electrodynamic
tether in its design. The largest model calls for one over 50 km long that car déliv
Newtons of force to overcome drag. If skepticism about that feature is the only
problematic element in the proposed system please comment on the availability of a
tether with that capability in thnhogt item. C
tether claims made in the next item.

C.) Gathering LOX in LE®One of the chief expenses in the current system of space
launch, and one of its foremost limitations, is the large amount of fuel expended carrying
liquid oxygen to orbital altitudes. wentor Paul Klinkman has proposed a method to

reduce the amount of fuel required to launch by collecting oxygen from the atmosphere in
low earth orbit (LEO) at an altitude of 350 km. He thus creates a supply of liquid oxygen
(LOX) and of other gases fopacecratft to refuel without the expenditure of lifting it

from earth to LEO.

Mr . Kl'inkmanés design uses a maw and mol e
predominantly (90%) oxygen layer of the thermosphere at 350km in altitude. The system
is constantlyin orbit passing through thigery high vacuuntayer of the thermosphere,
near the orbit of the International Space Station. Collection of incoming oxygen is aided
by sweeping through the near vacuum at orbital velocity and is performed via a mercury
vapordiffusion pump that is mounted to the front of the craft, utilizing a mercury curtain
to capture the high speed molecules. The mercury molecules condense on the sides of a
rotating conical surface, where they will be forced by the pseudogravity of roiattio
collection tubes. The most elegant and efficient version of the spacecratft is propelled
using a single massive electignamic tether over 50 km long, though other solutions are
possible, as noted in the prior item. It should also be possibleuoedlde required thrust
of any tether by deploying two or more of them.

LOX in LEO System DetailsThere is a considerable gap between a proven electro
dynamic tether that can produce about a quarter Newton of force, and the largest
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proposed spacecrdftat will require at least 76 Newtons of force to overcome drag. A
jump to robust multstrand tethers is not inconceivable. Tethers Unlimited Inc. (TUI),

the main company active in this field, is moving toward multi strand tethers to make them
robust enagh for a design life of ten years. Though Mr. Klinkman claims that tether
propulsion is not an absolute necessity for his system, he is drawn to the elegance of the
approach. The possibility of utilizing multiple smaller gatherers, each with a single
tether, is also being investigated.

On other challenging fronts, more than one way of radiating heat from the craft
and storing and transferring the collected gases is still under consideration, but Mr.
Klinkman claims that at most only modest incrementétiesions beyond the state of the
art are required in these areas. Only the tether area would call for something like a
supporting breakthrough.

One proposed system avoids having spacecraft rendezvous with the gatherer by
offloading the tankstoanarbt i ng fuel depot. Dall as Bienho
such a depot to NASA two years ago. Mr . Bi e
launches per year to fill the depot, thus enabling it to support 2 lunar delivery missions
per year while the moadase is being built, 2022030. They estimated that being able
to refuel in LEO would increase the annual tonnage that could be delivered to the moon
by those two missions by 250%. The Klinkman team may ld@iedepot connected to
the gatherer, sauinone rendezvous step.

Mr. Klinkman claims that the LOX in LEO approach that he advocates could re
supply the LOX portion of the fuel requirement at a fuel depot for a decade using a single
orbiter with a 20 meter diameter maw. The spacecraft wouleighthtime except
when the maw is closed during solar flares. The idea of taking the 5% nitrogen which
would be taken in at that altitude and forming nitrogen tetroxide (N204) or nitrous oxide
(NO2 is a possible monopropellant according to Peter ScauBrown University), is
under discussion.

Two annual launches delivering hydrogen to the depot would still be required, if
one was to avoid cutting into the Boeing delivered payload estimates. This is probably a
temporary impediment. Mr. Klinkman nsiders a parallel LEO hydrogen gathering
system operating at 8aD00 KM in altitude to be a possibility, though the Van Allen
belts are a complicating factor at that altitude.

D.) Reusable Single Stage to Orbit (SSTO)he use of a SSTO as a laun@hicle has

been abandoned by NASA since 2001 when tf88Xproject was put on the back burner.
However, since such a launch vehicle is still capable of reaching Low Earth Orbit (LEO),
the only major problem is its fuel capacity. If the vehicle was rgdesdi so that it could

be refueled in orbit, then fuel capacity would not be an issue when traveling beyond
LEO. The rocket would launch as it has in the past, from a tower on Earth, and once it
reaches LEO it would rendezvous with fuel canisters or @liefustation in orbit. These
canisters could be launched into LEO by the Ram Accelerator described in the next item
in this section. Due to the extremdagces in the Ram Accelerator launch, transport of
materials and supplies is the only viable usthisf launch system. People and fragile
cargo would go up in the SSTO vehicle. The two in tandem would create a capability
worthy of being called a breakthrough.
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E.) Ram Acceleratair The ram accelerator concept was developed by Abraham

Hertzbergat the University of Washington in Seattle. It works as a stationaryjeam

engine by accelerating a launch vehicle inside of a steel pipe. The pipe would be built

into the side of a mountain, measure about 750 feet long, and be filled with a yet

unknown corbustible mixture of gasses. When the gas is ignited, it projects the launch
vehicle upward at about 30,000 GO6s. The | au
slender to prevent drag in the atmosphere, and have a sharp point at the top to prevent the
force of the launch from igniting the gases above the launch vehicle in the pipe. To
prevent friction against the pipe, the launch vehicle is slightly smaller in diameter then

the pipe, and uses the gas in the tube as a cushion. The extf@mmesgmake thistyle

of launch impossible for humans, but could be used to transport various types of cargo
and especially fuel to LEO.

F.) Nanotube Polymer Space Elevatdihe space elevator is a 60,000 mile, thices-

wide ribbon anchored on one end to a platfomEarth and to a counter weight in space

on the other. First an initial spacecraft will have to be launched with the ribbon into geo
synchronous orbit. Once in orbit, the ribbon will uncoil as the spacecraft moves higher to

keep the center of massatth same poi nt . When the ribbon r
the craft will unroll the last 10,000 miles of ribbon, moving up to itsg@whronous
station. Once constructed, 13 tons of <cargo

vehicle that movethe cargo would use a couple of tdilke treads that tightly squeeze

the ribbon. It will take about a week for cargo to reachggwhronous orbit at 22,300

miles up. The ribbon will be constructed out of carbon nanotubes (explained below),
which arelighter and seven time stronger than steel. Currently the longest nanotube ever
made is just a few feet long. However, if a nanofpblymer breakthrough occurs, it

will be possible to build the 60,000 mile ribbon.
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Questionnaire Rating SectidérPage 1

| Please enter your namj

The rating scales are as follows:

Significance: Likelihood: Time Period:

17 Trivial 17 Impossible 17 Early (2020)

21 Marginal 271 Improbable 21 Middle (20262035)
37 Small 371 Unlikely 31 Late(20352050)
47 Moderate 47 Likely 47 Never

57 Major 571 Probable

61 Revolutionary 61 Expected

PROFAC

Significance: | Likelihood: | Time Period:
Comments:
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Questionnaire Rating SectidérPage 2

Space Tethers

Significance: | Likelihood: | Time Period:
Comments:

Gathering LOX in LEO

Significance: | Likelihood: | Time Period:
Comments:

Reusable Single Stage to Orbit (SSTO)

Significance: | Likelihood: | Time Period:
Comments:

Ram Accelerator

Significance: | Likelihood: | Time Period:
Comments:
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Appendix B: Outsourcing Vendors

General Spacecraft Systems and Components
Space Systems/Loral

3825 Fabian Way

Palo Alto, California 94303

(650) 8524000

(800) 3326490

http://www.ssloral.com

From the website:

AA subsidiary of Loral Space and Communicat.
satellites, subsystems, and payloads; provides orbital testing; procures insurance and

launch services; and manages mission opemafimm Mission Control Center in Palo

Alto. o

SpaceDev

13855 Stowe Dr

Poway, CA 92064

(858) 3752000

(877) 3751004
http://www.spacedev.com

Specializing in deployable structures, electromechanical systems, hyhpidsioo,
small satellite design, integrated Oplug and

Orbital Sciences Corporation
21839 Atlantic Boulevard
Dulles, VA 20166

(703) 4065000
http://www.orbital.com

Specializing in engineering and tastrvices, launch systems, radiators and thermal
control, fabrication and testing of satellites.

Orbital Sciences employs over 3300 people, around 1600 engineers and scientists.
Surrey Satellite Technologies Limited

Tycho House

Surrey Space Centre

20 Stefmenson Road

Surrey Research Park

Guildford, GU2 7YE

United Kingdom

44 (0) 1483 803803

http://www.sstl.co.uk
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Mission Statement:

AiTo be the recognised world | eader in providing
Leading the small satellite market across the full spectrum of missions in Earth orbit and beyond.
Tailoring price, performance, schedule and risk to meet each customer's requirements.

Stimulating and exploiting research into advanced small satellitersysFostering a culture of

teamspirit, innovation and excellence. Generating consistent and robust financial success for
sharehol ders. o

Surrey offers consulting services which could benefit future work. They also do business in
spaceready photovoltaipanels.

Tethers
Tethers Unlimited, Incorporated

11711 North Creek Parkway South, Suitd LB
Bothell, WA 980118804

(425) 4860100

http://www.tethers.com

ATUlI devel ops advanced diefcfhincoullotg icehsa Itloe nsgoel sv ei nt hse

Specializing in propellantless propulsion, satellite cluster formations, radiation remediation. This
vendor may also be useful for general satellite subsystems as well.
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Appendix C: Holy Cross Power PointPresentation

Gathering

The Struggle for Credibility

Thonmes Foberts, Geofirey Karasic, Peter Moore, Lucas Lincoln, and Ry an Fossett

Presentation Outline

Hindrances and Solutions: Technological Primer

Social Study Opportunity
— Paradigm Busting
Conclusions and Project Future
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Liquid OXygen

spacecraft in orbit

Low Earth Orbit
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