Pioneer Astronautics
Proposal S2.01-9165
Flexible Flotation Cell (FFC)


Part 1:  Table of Contents
1Part 1:  Table of Contents


1Part 2:  Identification and Significance of the Innovation


2Background


3Cellular Wall Lysis


3Pretreatment:


4Osmotic Assault:


4Conventional Electrophoretic Assault:


5Pulse Attack:


6Electrical Conductivity


6Pulse Modulation and duty:


8Extraction:


8Advantages


8Conclusion


9Part 3:  Technical Objectives


9Part 4:  Work Plan


10Work Schedule


12Part 5:  Related R&D


12Part 6:  Key Personnel AND Bibliography of Directly Related Work


18Part 7:  Relationship with Phase II or Future R&D


18Part 8: Company information and Facilities


19Part 9:  Subcontracts and Consultants


19Part 10:  Potential Post Applications (Commercialization)


19Part 11:  Similar Proposals and Awards




Part 2:  Identification and Significance of the Innovation
The Electro-Phoretic-Osmotic Pulse (EPOP) Lyser is a novel concept to inexpensively lyse (cellular wall rupture) Algae cells.  The effects of standing waves in materials have long been known to add to the stresses that structures experience.  Most engineers have, at least once, viewed video tapes of bridges failing after reaching a resonance frequency caused by wind.  On a micro scale, ultrasonic waves have been used to rupture and cut biomaterials.  In additional to the damage that can be caused by sonic (compression) waves, it is well understood that the integrity of cell walls can be dramatically affected by pH, and ion/salt concentration.  By switching voltage that by itself is insufficient to cause significant cell rupture but switched at ultra high frequencies (100 KHz through 10 Megahertz) shall induce resonance within the cell walls that results in its rupture.  It is believed that through this method a minimum lysing energy may be realized.  In addition, the lysing of Algae cells while still in an aqueous suspension can dramatically decrease the energy required for oil extraction.  Pioneer Astronautics will demonstrate the feasibility of the EPOP Lyser and will conduct research to identify the frequency ranges required for the most energy efficient lysis to occur.  In addition, research will be conducted to determine the best osmotic conditions and pretreatment to ameliorate EPOP lysis.

Background

As the US supply of crude oil dwindles and concerns over the impact of CO2 on global warming rise, the demand for CO2 neutral alternative liquid fuels will increase.  Recently, Algae has taken the spotlight as a potential candidate to help address US oil demand.  There can be little doubt that algae cells are one of nature’s most efficient living oil production reactors on the planet today.  Under a somewhat stressed environment, algae require only water, sunlight, CO2 and a few salts to produce oil.  In most cases, the oil in algae is approximately 30% of the mass of the cells.  The remaining mass is largely, cellulose (biomass) and salts.  The biomass, while not generally useful for producing liquid fuels, have value as a carbon neutral solid fuel that may potentially be useful as a replacement for coal in electric power plants (although it does have a high ash content).  

There are two significant hurdles that must be overcome to achieve viable oil separation from algae: dewatering and lysing.  In a typical algae farming scenario, a concentration containing approximately 1% algae and 99% salt water exiting the final growth pond can be expected.  Even at this low algal concentration the mixture is homogenous.   Concentration to 6% algae solution, the mixture resembles a light paste despite containing nearly 94% water.  At 25% algae and 75% saltwater, the mixture appears as a heavy, nearly imperceptibly moist sludge.   In this state, the algae cells have the oil locked within vacuoles contained in the cells.  The exterior cell wall is tough and difficult to penetrate without extraordinary means.  
Numerous methods have been employed to lyse the cell walls.  Heat, mechanical milling, osmotic shock, supercritical fluid explosive decompression, electrophoresis and ultrasound are a few of the more common methods employed to affect cellular rupture in algae. 

Irrespective of the method selected, it must meet two criteria.   The method must be robust and able to function for many years in an industrial environment and the method must be cost effective given the tremendous quantities of water involved in the process.

Consider for instance the volume of algae slurry required to produce one gallon of algae oil.

Assumptions:

Concentration of algae exiting pond reactor: 1%


Concentration of oil in the algae cells: 30%


Algae oil is similar to canola oil in terms of energy content.

Total algae slurry to be processed = 1 Gallon of algae oil * (1 Gallon of algae cells / 0.3 gallons of algae oil) * (100 Gallons Algae Slurry / Gallon of algae cells) = 333 Gallons of algae slurry to be processed.
In order to produce 1 gallon of algae oil, approximately 333 gallons of algae slurry must be processed from the output of our algae pond.

Moreover, we must be energy conscious in our extraction.  According to the University of Kentucky Center for Applied Energy Research, the heating value of canola oil is approximately 25 Megajoules / Kg.  Canola oil has a density of approximately 0.9 grams / ml.
Since there are 3.79 liters per gallon, one gallon of canola oil has approximately 85 megajoules of combustion energy.

A calculation based on the heat capacity of water and the heat of vaporization of water shows that if the algae cells present in 333 gallons of algae slurry were dried by heating alone, 3.2 Gigajoules would be required.  This is approximately 37 times the combustion energy of the oil contained in the algae.  The use of heat to dry the algae present in the exit stream of the growth pond is clearly unacceptable.
It is possible to concentrate the algae in the slurry.  Commercially available equipment including centrifuges and belt dryers may be a low energy option.  Assuming the concentration of the algae slurry is taken from 1% to 10% can be accomplished for a small fraction of the energy in the algae oil, the amount of water that must now be processed is approximately 30 Gallons.  Despite the massive reduction in the volume of the water, the energy necessary to dry the algae so that mechanical methods may be applied is still prohibitive and nearly four times greater than the combustion energy present in the oil.
The most efficient separation process must, by necessity, be one that does not involve removal of water through by heating.  If the cell walls of the algae can by lysed, then the lighter oil contained in the vacuoles within the algae cells can conceivably be made to float above the water layer and a more convenient, low energy phase separation may be accomplished.
Cellular Wall Lysis
Pretreatment:
Ideally, the algae strain can be selected that has a high susceptibility to osmotic pressure and electrophoretic lysis.  There are however, other criteria that must be included in making an algae strain selection, these being:

· Length of growth cycle

· Oil content

· Resistance to contamination

· Light requirements

Should pulsed electrophoresis and osmotic pressure be insufficient to adequately affect complete lysis, targeted pretreatment may be necessary.  In considering a pretreatment, the neutralization of the agent selected for pretreatment must be considered since water recycle is an important consideration.  Such pretreatment can include:

· Algaecides, including Sodium Hypochlorite (bleach)
· Enzymes

· Bacterial cultures that specifically attack cell walls without attacking the oil
Osmotic Assault:

Algae have cell wall primarily composed of cellulose and glycoproteins.  The cell walls can be both rigid and tough.  Although it is possible to simply rupture the cells through electrophoresis only, it is advantageous to considering affecting the cell wall by inducing osmotic pressure.  Such changes can be accomplished through a pH change or a change in salinity.  Hypo or hyper osmotic pressures can be significant and if done prior or during electrophoresis could have a significant impact on the energy required for complete lysis.  A balance based on cost must be determined.
In the case of salt water algae, a simple reduction of salinity through the addition of fresh water could easily produce an osmotic pressure that puts a great deal of stress on the cell wall.  If successful, this method of osmotic assault is certainly preferable and has the following advantages:

· The exiting water stream is easily recyclable back into the pond requiring on a salinity adjustment

· Water treatment is minimized

· Since no agent is being added, costs are reduced to the cost of a water stream

Of primary consideration is the cost of the osmotic adjustment fluid added to the slurry.  Both the energy required to mix the algae slurry such that cells walls may experience osmotic stresses and the sheer quantity of electrolytes, acids or bases that may be added must be cost effective and any benefit obtained must be considered against costs (both capital and operational).  Osmotic pressure may simply be explained as a pressure gradient that takes place across a cell wall when the concentration of a particular molecule or ion is higher on one side of a wall or membrane than the other.  If migration of ions or molecules is possible through the wall, then the rate will be a greater rate in one direction over the other.  This difference in the migration of molecules across the cellular wall causes a pressure change to take place within the cell.  In the perfect scenario, the cell bursts due only to osmotic pressure alone and requires almost no addition of a agent to affect such a change in pressure.  In reality, the cost of this operation must be considered along with other means to affect the desired outcome.  Of particular interest, the addition of pure water, sodium hypochlorite (and other low cost algaecides), acids and bases shall be considered and evaluated for economy and efficacy.

Conventional Electrophoretic Assault:

The EPOP lyser can operate both as a conventional electrophoretic lyser as well as a pulse lyser.  In fact it can do this in cycles executed in rapid progression through simple programming of the function generator.  In non-oscillatory mode however, the EPOP lyser functions as a conventional electrophoretic lyser allowing for conventional electrophoretic lysis and study.  
Several pathways are likely involved during conventional electrophoresis.  There can be little doubt that at least one mechanism for cellular damage must include osmotic pressure caused by polarization of the cell walls or content.  This may cause rapid migration of ions or molecules through the cell wall causing them to rupture.  
Another mechanism may be the fact that the flow of current through water will inevitably cause hydrolysis (the breakdown of water into its elemental components hydrogen and oxygen).  During hydrolysis, it is possible that oxygen radicals may attack the cell walls.  It may be possible to measure the extent to which oxygen radicals are attacking cellular walls by measuring the ratio of hydrogen to oxygen that is released.  For example, if it is determined that the ratio of hydrogen to oxygen being generated during electrophoresis is 2:1, it can generally be assumed that oxygen attack does not play a major role in lysis.  If however a ratio of hydrogen to oxygen greater than 2:1 is observed, then it may be safe to assume that oxygen radical attack does in fact play a significant role in lysis and optimization of the free radical attack may well be worth pursuing.  A design that takes maximum advantage of this mechanism may be one that involves numerous plates from which electrolysis takes place maximizing surface area that algae are exposed to as demonstrated in figure 1 below:

[image: image1.png]e

e

e =500
k= tnd




Figure 1
Still another mechanism involved during electrophoresis may involve the consequential production of sodium hypochlorite or NaClO (Bleach).  Bleach is a known algaecide.  The release of an oxygen radical by a bleach molecule at the algae cell wall causes significant damage to the cell wall resulting in rupture or sufficient damage to render the cell inert.
Pulse Attack:

The final mechanism to be employed by the EPOP lyser cells involves repeated high frequency pulse sweeps at rates that should promote a standing wave assault on the cellular walls.  Sweep pulse rates to be tested will range from 100 Hz through 10,000,000 Hz.  The sweep through a frequency range is necessary since the wavelength of the wave is a function of the frequency and the speed of sound through the medium.  By conducting a sweep of a frequency range through the medium, cells of different sizes should experience a standing wave.  Although the pulses are electrical in nature, the effect induced has both an electrical and sonic mechanisms of attack.  The application of the electric field should promote ionic pulsing that in turn will induce a relative movement in a direction perpendicular.  As the field is reversed or terminated, the movement will be in the opposite direction.  If the wavelength of the movement matches the half of the diameter of the cell a standing wave phenomenon should result.   The figure below demonstrates a conceptual pfd of the process:
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Figure 2
Electrical Conductivity

Several factors must be considered when applying an electrical field across a saline fluid.  The following are of paramount importance:

· Electrical Conductivity

· Water Electrolyses  (2H2O -> 2H2 + O2)

· Sourcing electrical current into a very low resistance medium

Electrophoreses involves the application of an electrical field across cell walls.  Practically speaking, the field in this case must be applied to the algae slurry by applying the field across two or more plates.  Ideally, all the energy applied can be directed only into the cells.  Unfortunately, some portion of the energy conducted into the brine mixture will electrolyze water and produce other side reactions.  Different algae strains can require dramatically different environments.  The salinity and ionic concentrations in the slurry will also differ considerably with varying algal strains.  As the salinity increases, so does the conductivity of the solution.  With increase conductivity, the current demand on the supply will increase.  The supply should be designed in such a manner that it can source current into a near dead short.
Pulse Modulation and duty:

Algae cells vary considerably in size.  As such, there is not expected to be a single frequency that can cause a standing wave oscillation in all the cells simultaneously.  Instead, a frequency sweep range will be utilized to affect the range of sizes in a sample according to the following relationship:

Velocity = Frequency * Wavelength

Where 

Velocity = the speed of sound in the slurry mixture (primarily water), 342 m/s


Wavelength = ½ - 4 x diameter of a cell (10-200 um due to cell size variation)
Therefore:


Frequency = 
342 / 200E-6   to 342 / 10E-6



200 KHz to 35MHz


Clearly, this is a substantial sweep frequency variation.  Such a sweep variation may be accomplished through the use of a VCO (Voltage Controlled Oscillator) or a programmable function generator.   In addition to the frequency sweep, the voltage to be pulsed across the media will be considerable (initially 300 Volts DC).  In order to accomplish this task, high speed MOSFETs (Metal Oxide Field Effect Transistor) will be utilized.  A range of options is available that are capable of switching high voltage and current in nanoseconds (1 nanosecond = 1 billionth of a second).  There may be some practical considerations that limit switching time to about 200 ns.  This would place an upper limit on the frequency at about 5 MHz using readily available parts.  Despite this, harmonics of the frequency, both higher and lower will exist in the media albeit at lower magnitudes that can still favorably affect algae lysis.
The power consumed in the process at a given moment is based on the relation:


P = V * I

The current flowing through the media is a function of the resistance of the media and also the voltage applied to the media:


I = V / R

It is important to note that the resistance of the media can vary during application of the pulse.  Ionic migration and molecular polarization will vary during application of the field and thus may affect the resistance during the pulse.  Since energy consumption is of primary importance here, a study of the power consumed will be conducted so that an accurate assessment of power requirements may be characterized.  In addition to a straight power relationship, the power consumed over time will also vary as a function of the duty cycle.  If during the cycle time, the pulse is only on 50% of the time, then the power consumed will be reduced accordingly.
The diagram described below represents a highly simplified circuit for accomplishing the desired task.  220 – 240 V AC is introduced into the circuit, at which point the AC waveform is rectified.  A large electrolytic capacitor appropriately sized to integrate the resulting voltage function is added to provide for a stable DC voltage and a high speed FET (Field Effect Transistor) is used to switch the circuit on and off as dictated by the function generator TTL output.
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Figure 3
Extraction:

Ideally, lysis will be evidenced by witnessing an oil phase appear in the solution.  It may however, be necessary to attempt a hexane liquid-liquid extraction followed by a low temperature vaporization of the hexane in order to demonstrate that indeed oil separation has occurred – should an oil phase not present itself despite lysis.  From the extracted oil and the known mass of algae, lysis efficiency can be calculated.  

Advantages
The future of algae as a viable energy resource will almost certainly depend on the feasibility of extracting its oil efficiently and at very low cost.  Unlike soybeans, whose oil is primarily between the cells and easily extracted by mechanical pressing, algae have their oil inside their cells.  Until a low cost means of extracting the oil is developed, this resource cannot be economically exploited.  The energy problems facing the world are only beginning.  If successful, the EPOP may provide the following advantages:

1. Affect lysing of algae cells without need for dewatering.

2. Affect the extraction of oil from lysed cells through a simple phase separation or by a hexane liquid-liquid wash.

3. Dramatically reduce the energy required for lysing as compared to system requiring dewatering techniques.
4. Provides a more efficient lysis compared to conventional electrophoretic 

Conclusion
The EPOP lyser offers numerous advantages over the state of the art with respect to the goal of lipid extraction from algae cells.  The EPOP lyser uses ionic, sonic, osmotic and chemical means working in symbiotically to affect the most efficient lysing possible.  The mechanisms used by the EPOP lyser have all been used separately to lyse algae.  When combined, these mechanisms are expected to work more efficiently and faster.  Should the EPOP lyser prove to be economically efficient for oil extraction from algae, this could mark a major step towards a more energy independent America.  For this reason, Pioneer Astronautics is proposing an SBIR Phase 1 program to demonstrate the feasibility of this exciting new technology.
Part 3:  Technical Objectives
The technical objectives of the phase 1 FFC program will be:
1. Obtain samples of potential algae strains.

2. Through conventional means (drying, ball milling, etc) extract oil and determine oil percentage of the slurry mass.
3. Build EPOP apparatus.

4. Develop a test matrix to identify effectiveness of the various techniques specified above 

5. Determine the most efficient procedure to complete algae lysis

6. Produce a cost analysis on a per gallon algae oil extraction basis.
Part 4:  Work Plan
Phase 1 shall be a 6-month effort. The work plan shall be as follows:
Task 1 (Month 1) Design EPOP, Order Components
Order sample quantities 1 liter each of potential algae slurry samples.  It is expected that obtaining the samples may take as long as four weeks.  During this time, other components and an initial design of the EPOP lyser will also be ordered.  An initial design of the EPOP lyser electronic subsystem will be completed.
Design an initial apparatus capable applying a voltage field to an algae test sample.  The apparatus should have provisions to allow for variable plate separation and also allow for the use of multiple plates.

Task 2 (Month 2) Fabrication, Algae sample characterization  
Complete fabrication of electronic and mechanical apparatus of the EPOP lyser.  Evaluate algae and using conventional means (drying, milling, heat) determine the percentage of oil in each of the samples.  Make and record observation of algae cells before and after lysing.  If possible image the cells and identify various cell substructures.

Once sub structures have been identified, test the effect of various agents and attempt to characterize the effects of osmotic pressure on each sample.  Design a test matrix for identification of cell wall weaknesses to various agents.  Identify any potential sensitivities of each agent and add results to the test matrix.

Task 3 (Month 3) Electrophoretic Testing
Characterize the effect and efficiency of conventional electrophoresis vs. power.  For each pretreatment agent and/or osmotic solution repeat the experiment using pulse mode.  Perform a multi-regression analysis to identify trends. Study the impact of hydrolysis on algae and attempt to determine the extent to which oxygen radicals are attacking algae cell walls by measuring oxygen hydrogen ratio production.  Attempt to form a conclusion regarding this potential mechanism.
Task 4 (Month 4) Testing
Make necessary changes to the apparatus to improve efficiency and performance and continue experiments to identify potential energy savings.  Such improvements may include changing osmotic attack time, increasing conventional electrophoresis time, increasing or decreasing pulse attack time and duty.
Continue to refine test matrix performing addition regression analysis to target optimal lysing conditions.

Task 5 (Month 5) Testing
Make necessary changes to the apparatus to improve efficiency and performance and continue conducting experiments to identify potential energy savings.  Such improvements may include changing osmotic attack time, increasing conventional electrophoresis time, increasing or decreasing pulse attack time and duty.

Continue to refine the test matrix performing addition regression analysis to target optimal lysing conditions.

Task 6 (Month 6) Final Testing and Final Report 
Complete testing, complete cost analysis and best estimate for cost per gallon extracted model,  commercialization study.  Write final report for the DOE.
Work Schedule
The work schedule is given below.  Shown are planned Pioneer Astronautics labor hours for categories of Principle Investigator, Chief Scientist Research Scientists, and Design Engineers.
Table 1: Work Schedule
	Task
	Month
	PI*
	CS
	RS
	DE

	1: Design EPOP / Order Algae samples and Components
	1
	55
	25
	55
	51

	2: Initial Fabrication/Test
	2
	55
	25
	55
	55

	3: Electrophoretic Testing
	3
	55
	25
	55
	55

	4: Experimentation
	4
	55
	25
	55
	55

	5: Experimentation
	5
	55
	25
	55
	55

	6: Final Testing/Final Report
	6
	55
	25
	55
	55

	Total hours
	
	330
	150
	330
	326


* PI= Principal Investigator, CS= Chief Scientist, RS=Research Scientist, DE= Design Engineers
Part 5:  Related R&D 
The PI on this project, Sam Michael is not new to algae research.  Previously, Sam Michael developed a model for an industrial pilot plant utilizing, among other methods, supercritical CO2 extraction.  This work involved extensive research and mathematical and thermodynamic modeling.  Figure 4 depicts an image of a Supercritical CO2 model in HYSYS™.  
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Figure 4
The above work was a small subset of similar simulations used to complete a model primarily written in VB that dynamically calculated streams, energy requirements, performed a cost analysis and iterated through each of the various processes to produce a 50,000,000 gallon algae oil output.
Sam Michael also designed and implemented two power systems designed specifically to lyse algae.  The first system accomplished lysing by producing a 300V DC (10 Amp / 3,000 Watts) power supply.  Sam also designed a much higher power lysing system.  Although never tested, the system was capable of producing a 30,000 V pulse (1 microsecond) at 1,000 amps (30 Megawatt).
Part 6:  Key Personnel AND Bibliography of Directly Related Work
Sam Michael: (Principal Investigator) 
Sam Michael has an extensive background spanning numerous engineering disciplines.  He has BS degrees in Chemical Engineering and Computer Science (University of Colorado, Boulder).  Sam has worked for numerous companies in IT and industry including Reference Technologies (Lead Software Engineer and CD ROM development), Daniel Geophysical (Lead Software Engineer for GISCAD), US West (Network Specialist), Information Handling Services (Sr. Software Engineer), Metaltech Industries (Electrical Engineer / Software Engineer), and Id Communications (V.P. of Engineering / Controls Engineer).  Sam has more than 10 years of experience in advanced digital electronic design experience.  Sam also has extensive experience in RF circuit design, modulation techniques and momentum modeling of Microstrip antenna topology design.  Sam is fluent in numerous computer software languages that include all variants of c and c++, all variants of BASIC and VB, Python, Java, Lisp, Prolog, FORTRAN, Pascal and assembly languages including X86, 68K, ARM9.  Sam is also experienced in the design and implementation of FPGA and CPLD applications utilizing VHDL.  Sam has experience in chemical process control in PCB manufacturing and numerous control systems in PLL applications.  Sam has experience in heat pump and refrigeration system design and implementation.  Sam has extensive experience with vacuum vapor deposition on optics and other substrates.  Sam has designed and implemented several vacuum pumping stations utilizing diffusion pumps, cryogenic pumps and turbo-molecular pumps.  For the past five years, Sam has extended his skill set to include powertrain management control systems primarily for the purpose of improving power and efficiency of internal combustion engines for gasoline and alternative fuels.  Most recently this has involved advanced flame-front characterization through the use of real-time data acquisition of sparkplug ionization current measurements achieved through high voltage DC biasing of spark plugs during engine operation.  Real time hardware/digital processing of this data has yielded dramatic engine power and efficiency gains.  Sam became an employee of Pioneer Astronautics in February of 2009 and has been a design engineer working on several different projects involving process control, high vacuum applications, boiler design and a two-stage refrigeration design.  
As it relates to this project, Sam completed a full model of a 50,000,000 Algae oil processing plant in VB and did the complete design of two Electrophoretic Lysing systems.

Robert Zubrin: (Chief Scientist)  
Dr. Zubrin has a B.A. in Mathematics from the University of Rochester (1974), a M.S. in Nuclear Engineering (1984), a M.S. in Aeronautics and Astronautics (1986), and a Ph.D. in Nuclear Engineering (1992), all from the University of Washington.
Dr. Zubrin has over 200 technical and non-technical publications in various areas of astronautical, aerospace, and nuclear engineering.  He is the holder of two US Patent, and has another one pending. In 1995, he won the Outstanding Paper Award from the Symposium on Space Nuclear Power in Albuquerque, NM. Dr. Zubrin is also the author of the books, "The Case for Mars: How We shall Settle the Red Planet and Why We Must," published by Simon and Schuster in October 1996, “Entering Space: Creating a Spacefaring Civilization,” published by Tarcher Putnam in September 1999, “Mars on Earth,” published by Tarcher Penguin in October 2003, and “Energy Victory: Winning the War on Terror by Breaking Free of Oil,” published by Prometheus Books in November 2007.
From 1988 to January 1996, Dr. Zubrin was employed as a Senior Engineer at Lockheed-Martin (formerly Martin Marietta) Astronautics in Denver, working on the design of advanced space transportation and propulsion concepts.  He won two Inventors Awards from Martin Marietta for his design of a nuclear rocket engine that could use CO2 as propellant, allowing a vehicle so powered to have unlimited mobility on Mars (which has a CO2 atmosphere) and for his design of the "Mars Direct" mission architecture. "Mars Direct" was a radical redesign of the strategy for a manned Mars mission which utilizes chemical propellant produced on Mars for Earth return; a 1994 study done by Johnson Space Center  (reference: Humbolt Mandell, NASA JSC) showed that it reduced program costs by a factor of 8 compared to the more conventional approach embodied in NASA's 1989 "90 Day Report."  From 1993 to January 1996 Zubrin was the lead engineer on a NASA (first JSC, then JPL) funded project to demonstrate a working brassboard system that performs the required chemical synthesis needed to accomplish the Mars Direct plan, manufacturing cryogenic methane and oxygen out of a small supply of imported hydrogen combined with Mars atmospheric simulant gas contained in a vessel at Mars ambient pressures.  This program was entirely successful. In 1994, Zubrin was also the technical lead on a study done at Martin Marietta to design the "Black Colt," a horizontal takeoff/horizontal landing spaceplane employing RP/O2 propulsion with aerial transfer of liquid oxygen.  In 1991, Zubrin also teamed with Mike Jacox of the Idaho National Engineering Lab to produce the design for the SEHPTR reactor, the first thermionic heat-pipe reactor system with a capability for dual-mode direct thrust propulsion.  The attractiveness of this system caused the US Air Force to subsequently initiate its bimodal reactor development program at Phillips Laboratory.  In January 1996, Dr. Zubrin left Lockheed Martin to found Pioneer Astronautics, where he has led a number of R&D projects, including a NASA JSC sponsored Phase I and II SBIR which has successfully demonstrated the use of the reverse water gas shift reaction for Mars in-situ propellant production of water, oxygen, methane, methanol, and higher hydrocarbons, as required. 
During 1997 and 1998, Dr. Zubrin served as Chief Scientist in the development of the Pioneer Astronautics nitrous oxide based oxygen supply system which uses N2O dissociation to provide breathing gas for astronauts on EVA. Since 1999 he has served as the Principal Investigator on the highly successful NOBOSS Phase I and Phase II SBIR which has advanced this work much further. In 2002, 2003, 2004 he was Principal Investigator on Pioneer’s highly successful JSC SBIR and Lockheed Martin supported programs to develop nitrous oxide monopropellant rocket thrusters. In 2004, he was also Principal Investigator of the DARPA Sea Glider program, which demonstrated the use of a nitrous oxide dissociation reactor buoyancy engine to drive an underwater vehicle without the use of a propeller, and the USAF Nitrous Oxide Emergency Power Unit program, which demonstrated the use of an N2O dissociation reactor to generate gas to drive an F-16 Emergency Power Unit. In 2005, he served as Principal Investigator for on a highly successful Phase I project for NASA LaRC to build and demonstrate a working (flying!) “Gashopper” airplane which used the stored heat contained bed of hot material to heat CO2 gas to 700 C to produce rocket thrust. This system would enable small robotic vehicles to engage in repeated ~100 km flights on Mars. In 2006, he was principal investigator on two highly success SBIR Phase 1 rocket propulsion programs supported by NASA MSFC. One of these, the McLOX program demonstrated 25 lbf cryogenic engines using LOx as oxidizer and various combinations of CH4 and CO as fuel. Such demonstration is very important for Mars exploration because CH4 fuel produces on Mars may have substantial amount of CO mixed in. The other program was the nitrous paraffin hybrid (N2OP) rocket. Paraffin is attractive as a hybrid fuel because it has four times the regression rate as HTPB, and thus offers higher thrust. Unfortunately, warm paraffin can slump under acceleration, destroying system performance. In the N2OP program, a 15 g rotating centrifuge rocket-firing test stand was built and used to demonstrate that paraffin grains reinforces with carbon foam would not slump, even under 15 g accelerations. In 2007, he served as the Principal Investigator on Pioneer’s highly successful Stratospheric Deployment Parafoil program
Some Relevant Publications:
R. M. Zubrin, S. E. Lowther, G. Chew, and D. G. Pelaccio, “Development of a Low-Cost, Methanol-Fueled, Ejector Ramjet,” AIAA-98-3732, 34th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Cleveland, OH, July 13-15, 1997.
D. G. Pelaccio, G. Chew, S. E. Lowther, and R. M. Zubrin, “Low-Cost, Methanol-Fueled, Rocket Propulsion Technology,” AIAA-98-3209, 34th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Cleveland, OH, July 13-15, 1997.
R. Zubrin, and K. Caviezel, “Final Report for Nitrous Oxide Monopropellant Rocket (NOMR),” Contract NAS9-01159, presented to NASA JSC May 2, 2002.
R. Zubrin, M. Berggren, B. Birnbaum, K. Caviezel, B. Frankie, T. Muscatello, and G. Snyder, “Nitrous Oxide Based Oxygen Supply System,” Final Report on NASA contract NAS9-99144. Presented to NASA JSC May 31, 2002.
R. Zubrin, K. M. Caviezel, et al, “Nitrous Oxide Propulsion System,” Final report for NASA SBIR Phase 1 Contract NAS9-03027. Delivered to NASA JSC July 111,2003.
R. Zubrin, G. Snyder, K. M. Caviezel, and D. Strott, “LOX Olefin Rocket Propulsion for Deep Space.” Final Report to NASA MSFC on Contract NAS8-03031. Delivered to NASA MSFC July 14, 2003.
R. Zubrin, G. Snyder, J. Kilgore, T. Muscatello, H. Rose, M. Berggren, K. M. Caviezel, and D. Strott, “Nitrous Oxide Emergency Power Unit,” final Report on USAF Phase 1 Purchase order Number F04611-03-M-3113. Delivered to the USAF April 30, 2004.
R. Zubrin, M. Berggren, D. Strott, G. Snyder, and J Kilgore,  “Pioneer Sea Glider,” Final Report on DARPA SBIR Phase I Contract DAAH01-03-C-R254. Delivered to DARPA May 23, 2004
R. Zubrin, G. Snyder, D. Harber, K. Johnson, J. Kilgore, and N. Jameson, “Mars Gashopper Airplane,” Final Report on Contract NNL05AB04, Delivered to NASA LaRC, July 25, 2005.
Robert Zubrin, Dan Harber, James Kilgore, and Curt Boyll, Mars McLOx Rocket Propulsion System, Final Report on NASA Contract NNM06AA62C. Delivered to NASA MSFC July 24, 2006
Robert Zubrin, Gary Snyder, Curt Boyll, “Nitrous Paraffin Hybrid,” Final Report on NASA Contract NNM06AA59C. submitted to NASA MSFC  July 24, 2006
Mark H. Berggren (Research Scientist)
Mr. Berggren has a B.S., Metallurgical Engineering (1976) from South Dakota School of Mines and Technology. He has 30 years of experience in research, pilot-scale demonstration, and commercial operations involving gas, liquid, and solid-phase reactions. Various projects have involved systems for delivering vapor or liquid-phase ammonia, carbon dioxide, hydrogen sulfide, nitrous oxide, sulfur dioxide, and many other gases. He has considerable experience in the areas of gas cleanup, resource utilization, mineral and metal separations and refining, and recycling. He has led project teams on commercial and government-sponsored programs involving topics such as high-temperature sorption of reducing sulfur gases on metal oxides, physical and chemical upgrading of hydrocarbon fuels, and metals recovery from a large variety of feeds, byproducts, and wastes. 
Mr. Berggren worked at Amax Research and Development, Inc. (1976 – 1993) where he conducted R&D and pilot-scale process demonstrations involving dehydration, heat-transfer, minerals separation, metals extraction and refining, and oxide reduction. Prior to joining Pioneer Astronautics he worked at Hazen Research, Inc. (1994 – 2000), where he conducted laboratory and pilot-scale programs that included a wide variety of environmental, mineral, metals, energy, and biotechnology topics. He served as project manager on private-client studies that involved advancing laboratory concepts to pilot and commercial stages or trouble-shooting existing commercial operations using laboratory and pilot scale experiments to develop process improvements.
As co-inventor, Mr. Berggren holds six patents. Mr. Berggren served as lead engineer on the JSC Phase II NOBOSS project to develop a system, which uses a thermal catalytic process for decomposition of nitrous oxide into breathing air. The concept was successfully demonstrated through the design, fabrication, and operation of a prototype backpack using a NOBOSS reactor. The backpack was delivered to JSC at the conclusion of the project. 
He served as lead engineer on Pioneer’s Lift Gas Cracker SBIR Phase I and II programs conducted for Goddard Space Flight Center (NASA Contract NAS503042 and NNG04CA07C). During Phase I, a portable methanol reformer system with integrated combustor and heat exchangers was designed, built, and demonstrated during the successful inflation and launch of scientific research balloons to altitudes of over 100,000 feet. During Phase II, an autothermal methanol reforming system was built and flown to about 70,000 feet, where it was remotely started to demonstrate inflation of a secondary lift balloon. 
He was Principal Investigator on a JSC program titled “Mars Aqueous Processing System” (NASA SBIR Contract NNJ04JC22C). During this program he led research to selectively extract and recover Mars and lunar soil constituents as useful compounds. Work under this program continued under Phase II, resulting in completion of system designs, material balances, and energy balances. In addition, example high-grade metallic iron, aluminum oxide, magnesium oxide, calcium oxide products were prepared from lunar and Mars simulants. He is also PI on a NASA Phase II SBIR program entitled “Carbon Monoxide Silicate Reduction System” (NASA SBIR Contract NNJ05JB90C), which involves high-temperature carbothermal reduction for high yield of oxygen from lunar or Mars soils. Mr. Berggren recently served as PI on a NASA JSC SBIR Phase I program titled “Lunar Materials Handling System” (NASA SBIR Contract NNJ06JD81C). During this program, a system to feed lunar soil simulant into an ISRU process vessel, seal the process unit, conduct hydrogen reduction for oxygen recovery, and remove simulant residue was designed and demonstrated in Pioneer’s one cubic meter vacuum chamber. The largely automated, remotely operated system successfully performed the intended tasks. Unique seal protection systems and seal cleaning methods were developed during the project, which is continuing under Phase II.
Dr. Stacy Carrera (Research Scientist)  Dr. Carrera has a B. S. in Chemical Engineering with an emphasis in microelectronics and environmental design from the University of Texas in Austin (1997), and a Ph. D. in Materials Science and Engineering specializing in thin film modeling and processing from the Colorado School of Mines (2005) in Golden, CO. Her Ph. D. dissertation was entitled “Role of Finite Element Modeling and Closed Field Unbalanced Magnetron Sputtering on Producing an Optimized Coating System for Die Casting,” and was funded by the Department of Energy (DOE) in conjunction with the North American Die Casting Association (including die producers, die casters, and automotive representatives). Dr. Carrera joined Pioneer Astronautics in January 2005 while in the finishing stages of completing her thesis and began working full time on the Phase 1 project entitled “Carbon Monoxide Silicate Reduction System”, which is aimed at removing oxygen from lunar and Martian solar for use as a breathing aid as well as propellant.  Also, the work focuses on recovering metals from lunar and Mars soil such as silicon for use as potential sources of materials for building or energy; one example being solar cells. She continues with the setup, operation, and evaluation of individual operations testing and integrated testing of the Phase 2 COSRS process unit. Prior to attending graduate school, Dr. Carrera worked for Motorola Semiconductor (1997-2001). Dr. Carrera was placed in the Engineering Rotation Program for her first year at Motorola, an elite program designed to allow exploration of all aspects of the company through four three-month rotations, which included Device Engineering, Process Engineering, Technical Marketing, and Failure Analysis. At the end of the program Dr. Carrera chose to remain in the Failure Analysis Laboratory in the automotive division, performing destructive analysis on various microcontrollers and microprocessors to determine the cause of failure.

Cherie Wilson (Research Scientist)
Cherie Wilson has a B.S. in Microbiology and Chemistry from the University of Arizona (1978), and 52 graduate level credits toward a Ph.D. in Environmental Science from the University of Arizona, and a Post-baccalaureate Teaching Certification in Science.  Her research career includes 5 years of experience as a Research Project Leader and over 10 years of research experience in chemistry, nanomaterials and catalysis, industrial research, and mineral processing and extraction.  Ms. Wilson joined Pioneer Astronautics in April, 2006, and has performed research in support of 3 NASA SBIR grants including the Mars Aqueous Processing System, Lunar Materials Handling System, and the Advanced Mars Gashopper Engine.   She currently works on the NASA JSC Phase 2 Lunar Materials Handling System (LMHS) Phase 2 program.
Nicholas F. Jameson (Design Engineer)
Nicholas Jameson has a B.S. in Physical Science and Biological Science from Colorado State University. He has been working at Pioneer Astronautics since May of 2005. In his time working at Pioneer, he has worked on the DARPA Phase II SBIR Sea Glider and the NASA Phase I Mars Gashopper Airplane. In 2007, Mr. Jameson served as the lead engineer on the Phase I Stratospheric Deployment Parafoil project. In the Sea Glider program, he has worked to perfect the design of a nitrous oxide dissociation reactor that can be used to produce gaseous nitrogen and oxygen very quickly from liquid nitrous oxide. He is in the process of integrating this system into a buoyancy propulsion system for a sea glider vessel. The design has involved iterations of design, fabrication, and testing to establish the best reactor configuration and heat transfer methods for repeated, short-cycle operation of the engine. On the Gashopper Airplane, he worked on system design and construction. He has extensive experience with parachute design and packing and has been an FAA licensed Senior Parachute Rigger since 2000.  
Heather Rose (Design Engineer)
Heather Rose graduated from the University of Denver in June 2004 with a BA in Physics and a minor in Astrophysics.  She joined Pioneer Astronautics in September of 2003 working mainly on the Phase II METAMARS project, in which Pioneer demonstrated that methane produced on Mars could be transformed with complete selectivity into benzene. Using the Mars in-situ process experience from the Phase II METAMARS project in mid February 2004, she began work on Phase I Mars Aqueous Processing  System (MAPS), acting as the lead experimentalist for that program. in the course of this work, she demonstrated a system that could, in spectral fashion, selectively precipitate various metal oxides from lunar or Martian soil. Ms. Rose has been an avid amateur Astronomer for about fourteen years, having been in the Astronomical Society of Southeast Texas (a division of the American Astronomical Society, AAS) for ten years, and has won several national awards from the AAS for her achievements and educational outreach in Astronomy.
James Siebarth  (Design Engineer) Mr. Siebarth graduated from Colorado Technical College with a BS in Engineering Technology.  Most recently he was involved in the development of innovative proprietary iron based precipitated catalysts for the synthesis of fuels and chemical via the Fischer-Troup synthesis reaction. In his more than 25 years of engineering experience, Mr. Siebarth has designed and fabricated many reactor systems and one of a kind research tools to support the alternative energy market place.
James Kilgore (Design Engineer)
James Kilgore is the lead machinist at Pioneer Astronautics. He has an Associates Degree in Machine Shop (1984) from Mississippi Delta Junior College in Moorhead, MS. and over 18 years of experience in advanced fabrication skills. That includes machining of precision parts, progressive tool & die / mold work, heat treating of a variety tool steels, Mig / Tig / Stick welding, research & development of complex components, and basic electrical knowledge. Mr. Kilgore joined The Pioneer Astronautics Team in January 2003 and has become the fabrication lead for all of the projects at Pioneer. In addition to his machinist duties, James provides assistance for the design and assembly of test equipment, support for prototype testing, and provides project photo documentation. James has participated on the NASA Lift Gas Cracker Phase I and II SBIR programs, NASA LOX Olefin Phase 1 SBIR, NASA Nitrous Oxide Propulsion System Phase I and II SBIR, Methane to Aromatics on Mars (METAMARS) Phase II project, and the MAPS Phase I project.
Part 7:  Relationship with Phase II or Future R&D
The relationship between Phases I, II and III of the proposed project is direct. The results in Phase I will directly answer the feasibility of supporting ultra-thin optics utilizing this method.  In Phase II, these results will be built on allow the manufacture and testing of ultra thin mirrors with dimensions up to 20 cm.  In phase 3, the FFC technology will be commercialized to produce new and more powerful instruments for NASA, the military, and ground based astronomers.   
Part 8: Company information and Facilities
Pioneer Astronautics (formerly Pioneer Invention) was formed in January 1996, for the purpose of exploring new technologies that have the potential to advance the nation's space program.  Prior to founding Pioneer Astronautics, its owner and President, Dr. Robert Zubrin, had 7 years experience working as a Senior, then Staff Engineer at Lockheed Martin Astronautics, one of the world's leading producers of launch vehicles and spacecraft.  At Lockheed Martin, Dr. Zubrin had extensive experience in conducting both analytical and experimental studies of novel types of spacecraft and propulsion systems.  Since founding Pioneer Astronautics, he has led a string of highly successful R&D efforts.
Besides Dr. Zubrin, Pioneer Astronautics has eight other full-time employees, some of whom are listed in the key personnel portion of this proposal.  Pioneer's current organizational structure allows for streamlined decision making, as no intervening layers of middle management are present to impede or interfere with any communication within the company.  
Pioneer Astronautics’ office and laboratory is located at 11111 W. 8th Avenue, Unit A, Lakewood, CO  80215.  The office contains approximately 2000 square feet of floor space and is equipped with 14 networked high-speed Pentium based personal computer systems that have high data rate internet access.  Software for the computers includes Microsoft Fortran, word processing, graphical, and CAD programs, and launch simulation, rocket specific impulse calculation, engine system analysis, chemistry, chemical engineering, balloon simulation and computational fluid dynamics codes.  Technical information resources are available nearby in the extensive library systems of the University of Colorado, the Colorado School of Mines, the Jefferson County library system and the City of Denver, as well as the extensive technical libraries of the Pioneer Astronautics office and those of its personnel.
The laboratory contains approximately 2500 square feet of space, and is equipped with a state-of-the-art LabVIEW based data acquisition system.  The Pioneer Astronautics laboratory has fully instrumented capabilities to perform high-pressure tank tests and numerous chemistry experiments, small rocket engine tests, as well as support development of complex chemical process systems.  The laboratory area also has an on-site machine shop, including a mill, lathe, band saw, and drill press,  as well as welding capabilities to support manufacturing of test article/facility equipment. It also is equipped with a 1000-liter vacuum chamber, and a gas chromatograph for use in chemical analysis.  In the parking lot outside the lab, Pioneer has built a rocket engine test cell lined with reinforced concrete highway barriers, which is instrumented with remote video, data acquisition, and control systems. 
In the past ten years, Pioneer Astronautics has performed over 500 rocket engine tests on numerous rocket engine designs, with an accumulated steady-state test firing time of over 7,000 seconds.  Additionally, we have also built miniaturized electronic systems, vacuum systems, chemical processing systems and catalysts for other experimental development programs. We have also conducted successful flight programs, including demonstration of autonomous inflation of Mars balloons at altitudes as high as 119,000 ft (where Earth’s atmosphere is even thinner than that of Mars), and autonomous inflations and self-rigidization of ultraviolet-cured booms at 109,000 ft.
Part 9:  Subcontracts and Consultants
There are no subcontracts or outside consultants planned for Phase I.
Part 10:  Potential Post Applications (Commercialization)
NASA applications of the FFC include manufacture of instruments for next generation space astronomy missions including orbital surveys done in the visible, infrared, UV, and X ray spectrums. The FFC could be especially valuable for supporting lunar based telescopes as its ability to counter thermal variations is outstanding. FFCs could also enable planetary probes with unprecedented look-down reconnaissance capabilities. It may be noted that for all space applications, the ability of the FFC to be remotely controlled to correct for aberrations offers unique advantages comparable to the current ability of NASA ground controllers to correct aberrant software by uplinking corrected programs. The FFC offers further advantages for space based astronomy, by reducing mirror mass, and thereby making the launch of larger and more powerful instruments possible. In addition, by providing fluid support for mirrors, the FFC can minimize the risk to optics posed by the high vibration launch environment. For all these reasons, FFC may become the technology of choice for numerous NASA missions requiring optical instruments.
The FFC also offers numerous advantages for non-NASA users of optics, including the Department of Defense, whose reconnaissance satellites would have their greatly capabilities and robustness enhanced. Beyond that, the FFC promises to be a great boon to the entire astronomical community enabling a great improvement and reduction in cost and weight of ground-based instruments. The FFC support cell represents a novel method for mirror support that addresses most of the shortcomings of nearly all flotation cells.  The FFC would be an inexpensive technology and would be a novel solution to expensive and heavy glass mirrors in most reflecting telescopes made today.  The ability of the FFC to adjust its mirror on demand could make possible greatly improved implementation of adaptive optics that can correct for atmospheric effects, and maximize the performance of the entire optical train.  By reducing costs and radically improving ground based telescope performance, the FFC holds the potential to open a new era of astronomical exploration worldwide.
Part 11:  Similar Proposals and Awards
No currently active similar proposals to this one are active or are intended to be made to any other Federal government solicitations by Pioneer Astronautics, nor have we received or do we expect to receive any award for essentially equivalent work.  
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