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Introduction
The Mars Exploration Initiative is an international partnership designed to send humans to Mars within the next 10 years.  The design for the Crew Exploration Vehicle (CEV) will provide for a crew of three, and the total budget is set at $40 billion.  The overall mission includes four primary subsystem designs: Mars launch and propulsion system, CEV structure and crew compartment integration, CEV electrical power system, and environmental control and life support systems.  The major objectives of the mission are to transfer a crew from Earth to Mars and return them safely, and also to return scientific samples from the Martian surface.  

The challenge was given to SSDD, Inc. to design an electrical power system to be used for the CEV.  Power production is a very important aspect of planning interplanetary missions.  The power system is especially important in a case such as this because human life must be supported in the harsh environments of space for a minimum of six months.  Crew safety holds the utmost priority—any equipment failure when sending humans into space cannot be tolerated.  When designing an electrical power production system, other aspects to be considered include the technological availability of the system and its applicability to the specific mission. 

SSDD, Inc. will identify electrical system candidates for power generation, power storage, and distribution and control to be used for the CEV.  Launch considerations and launch vehicle integration will be addressed. Thought will be given to the safety, reliability, affordability, and availability of each power system candidate.  Trade studies will be conducted to allow for analytical comparison of each of the possible solutions and justification of a final electrical power system design for the CEV.

Primary Power Source


For the primary power source a particle bed nuclear reactor was chosen.  There were many factors that went into this decision, all of which will be discussed in detail later.  The other candidates were a photovoltaic cell system, a solar dynamic system, and a radio-isotope system.  In order to determine which system was the most appropriate for the Mars mission, trade studies were done for each one.  A trade study is a technique that establishes an analytical system to compare and contrast the methods that are being considered.  All of the data gathered was compiled and a comparison showed the nuclear system to be the best choice.  The trade studies that were conducted are presented in the Appendix.

The weighted factors approach sets a numerical standard for the trade variables in question and judges each system by this standard, eventually assigning a set number value to each system.  This makes the final comparison quite simple.  This method is lucid and effective, which is why it was chosen for this trade study.  In this specific trade study, the weighted factors considered were the cost of the system, weight of the system, its radiation hardness, the stability and maneuverability, its shadowing sensitivity, the system reporting, and its technology availability. The initial data for the trade study can be found in Table 1 in the Appendix.  

Cost was a major factor because at 2.8 billion dollars the electrical system had the lowest amount of available funds of any of the major systems aboard the Crew Exploration Vehicle.  There were significant differences in the costs of the four systems studied so cost was given the highest weight factor.  The second major factor was mass.  In space travel weight means money, therefore, the lighter a system is the better it is.  Nevertheless, electrical power was allotted 15,000 kilograms.  This was more than enough for all the systems considered so the weighting factor was less for the mass. 
Table 2, which can be found in the Appendix, shows the other weighted factors used to conduct the trade study.  Note that system availability has a factor of one.  This is due mainly to the fact that there is a ten year window to develop the chosen system.  The factors dealing with stability and shadowing sensitivity were added because of the solar arrays that were analyzed.  These are the two major drawbacks to the solar array system.  However, without them in the trade study the results would have been skewed toward the solar array system.  Each of these factors was analyzed for each individual system, producing numbers that made selection uncomplicated.  Once the weight factors were determined, the systems had to be analyzed fully for proper evaluation.

Photovoltaic arrays are a combination of small solar cells all working in conjunction to produce electrical power by way of electron motion.  In order to produce any kind of substantial amount of power, a very large photovoltaic array is necessary.  Currently, on the International Space Station, photovoltaic arrays (covering approximately 7,000 square feet and weighing 17 tons) are the means for primary power generation.  On the ISS it is a reasonable way to produce power given the current configuration and purpose.  However, proximity to the sun plays a very large role in the amount of power produced, so to power a craft on its way to Mars would require immensely large arrays. The shadowing sensitivity of the arrays was particularly bad, as well.  It would prove very difficult to keep the arrays aligned with the sun during the entire voyage.  This turned out to be the major downfall of the photovoltaic power system, and it was the primary reason that the system was not chosen.

The solar dynamic system is similar to the photovoltaic system in that it is powered primarily by the sun.  However, in the case of solar dynamic systems, the electrical power is not converted by way of electron motion but instead through thermal storage and conversion.  Since the system has yet to be tested in space, getting an accurate idea of its effectiveness and attributes as they would apply to the mission was troublesome.  One thing that was obvious, though, was that the weight of the system was going to be rather high and somewhat limiting.  Also, like the photovoltaic arrays, the solar dynamic system was heavily dependant on proximity to the sun as well as being very shadow sensitive.  Combined with the weight of the system, these ruled out the solar dynamic system as the optimal solution.

A radio-isotope thermoelectric generator (RTG) system was also analyzed.  RTGs use decaying radioactive plutonium as an electrical power source. The mass required to operate this system was considered to be too much for the limitations set for the project.  This however, was not the only reason for not using it.  The reactors would be small and therefore there would have to be several of them in use to produce the power needed.  This led to an overly inflated cost.  In fact, the reactors alone would exceed the proposed budget so it was eliminated. 

The nuclear reactor was chosen for several reasons.  First and foremost, it was the cheapest system per watt of electricity of all the systems studied.  That combined with its relatively low mass made it the best system by far given the restraints set forth in the broad agency announcement.  An added bonus of the nuclear reactor is that it can also be used as a propulsion source.  This cuts the weight of the vehicle across the board. 


Once it was determined that the nuclear reactor power system was the best possible option for the Mars mission, it was necessary to determine exactly how it would be used in the mission.  In order to accomplish this, it was required that much more research be done to account for every aspect of an electrical power system on a manned mission to Mars.


The purpose of nuclear power conversion is to convert heat into electricity.  In the case of a nuclear power system, the purpose is to draw the immense amount of thermal energy off of the reactor core and convert it as efficiently as possible into electrical energy.  Several methods have been developed over the years, and several more theorized, for nuclear power conversion.  The first three involve the use of a mechanical device to convert the heat from the reactor- first to mechanical energy and then into electrical energy.  In a Rankine cycle, a fluid coolant absorbs the thermal energy from a heat source and is vaporized in the process.  The vapor is then used to drive a mechanical turbine.  The Brayton cycle is a gas turbine where hot, high pressure gas picks up its energy from the heat source (usually through the combustion of fuel) and is drawn across a gas turbine to produce mechanical power.  The Stirling cycle is a new process in which a high pressure gaseous fluid powers a reciprocating piston engine, which in turn drives a generator.  The Stirling and Rankine cycles feature the highest efficiency.


The second group of power converters involves a more direct conversion of heat into electricity, without the use of a mechanical device.  Thermoelectric conversion is the direct conversion of thermal energy into electrical energy using the so-called Seebeck effect.  Seebeck noticed that a temperature differential between two dissimilar materials generates a voltage potential.  A thermionic converter can be thought of as an electron boiler, in which electrons are “boiled off” from a cathode emitter and on to an anode collector by heat transfer.  Both systems featured have a fairly low efficiency when compared to mechanical systems.  The final possibility is the highly theoretical magnetohydrodynamic converter, which involves the passage of a super hot ionized plasma or super hot liquid metal through a magnetic field.  The result is the generation of an electrical current at very high efficiencies, since there are no moving parts.  With all of these available, it was necessary to figure out exactly which one would be best suited for the task at hand, so a trade study was done.
The devices chosen for the spacecraft power system trade study were the Rankine, Brayton, and Stirling cycle generators, and the thermoelectric, thermionic, and magnetohydrodynamic direct converters.  The parameters deemed important were thermodynamic efficiency, technology readiness level (TRL), power density, adaptability for space application, and feasibility for use as a reactor cooling system.  The weighting factors can be found in Table 9 in the Appendix.  

Specific numbers for these systems were difficult to find and equate, so instead a more qualitative analysis was used.  Thermodynamic efficiency is the amount of electricity produced by the device compared to amount of thermal energy that goes into the device.  TRL is a measure of how soon the device would be available for use in a space application.  Power density is the relative amount of electricity produced by the device compared to its size and weight.  It was also important to rate how easily the system could be adapted for a spacecraft application, since most of these systems have only been developed for terrestrial power plants, and also how practically these systems could be used in a reactor cooling setup, since our power conversion system will be integrated into the reactor cooling system.  It was determined that power density, adaptability for space applications, and feasibility for reactor cooling were the most important parameters.  Since weight is a primary concern in the development of any spacecraft, the converter must produce an optimal amount of electricity for its weight and size.  The system must also be adaptable for use in spaceflight and feasible as a reactor cooling system.  Technology readiness level was not as important because of the development time allotted for the Crew Exploration Vehicle.  Efficiency was of some concern because it ties in some with power density.  The power converter must produce as much electricity as possible.  


No system received a max TRL rating or a max adaptability rating except direct thermoelectric conversion because it is the only system tested in space for this purpose.  RTGs have been used for the past thirty years in countless spacecraft applications.  The Rankine, Brayton, and Stirling cycle engines received high ratings for feasibility as a reactor cooling system because they have been used for decades for that exact purpose.  The thermionic and magnetohydrodynamic systems suffered from their highly theoretical nature, since they have yet to be proven in any practical application.  Given all of the parameters and factors, the Rankine cycle generator came out to be the clear winner in this trade study.  Once this was determined, it was necessary to formulate exactly how the system would be applied.

The primary power supply system for the Crew Exploration Vehicle will involve the conversion of massive amounts of thermal energy from a particle bed nuclear reactor, during non-propulsive periods in the flight, using a Rankine cycle generator as part of the reactor cooling system.  Pressurized liquid sodium coolant is circulated around and in between the particle beds to draw off the immense heat of fission.  At the forward end of the reactor the hot coolant will enter one of three Rankine Generator Units (RGUs, see Figure 1).  Each RGU would consist of a diffuser to expand (de-pressurize) the liquid sodium coolant as it comes into the RGU and flash the high pressure liquid into a high pressure vapor, a multi-stage axial flow microturbine to generate mechanical power from the coolant vapor, a high efficiency electrical generator to convert that mechanical power into electricity, a nozzle to re-pressurize the coolant as it comes out of the turbine, and a condenser that removes residual excess heat from the coolant through radiation to space and returns it to the reactor coolant loop in the form of a liquid.  Three RGUs are required for dual fault tolerance, so that each individual RGU can produce the required 30 kW of electrical power.  


Since no data currently exits on such a system, published data on a commercial Brayton cycle natural gas microturbine developed by Capstone Turbine Corporation was used as a comparison.  This data can be thought of as a worst case scenario for our unit, since a Rankine generator would be significantly more efficient than a Brayton generator, and the heat source is nuclear instead of natural gas.  In other words, this conversion system would be significantly smaller than the commercial turbine.  Capstone’s data shows that a 30 kW microturbine system would weigh approximately 478 kg, with a total of three units weighing only 1434 kg.  This maximum weight is less than one tenth of the allotted weight of 15000 kg.

Secondary Power System
Fuel cells were chosen as the secondary power source for the CEV.  A trade study was carried out in the exact same manner as the first.  The only difference between the two studies is that for the secondary power system a nuclear reactor was not considered due to its selection as the primary power source.  Instead, fuel cells were considered.  The same weighting factors were used for the second trade study for the same reasons.  In the end, the fuel cells won out mainly due to their low mass and cost.  The only other system that was close was the photovoltaic, but due to the reduced power production as the vehicle moves further away from the sun, it was decided that fuel cells would be more efficient.
A fuel cell is an electrochemical cell in which the energy of a reaction between a fuel, such as liquid hydrogen, and an oxidant, such as liquid oxygen, is converted directly and continuously into electrical energy.  The fuel cells to be used on the CEV are going to be closely modeled after the ones used on the Space Shuttle.  Fuel cells will be used throughout the mission at any point when the nuclear reactor is being used for propulsive purposes.  Using the reactor for power generation while under the loads of thrust generation is not possible because the reactor is only large enough to accommodate for one of these functions at a time.  

It is planned to have three fuel cells that use hydrogen and oxygen as the chemical reactants.  The reason for using three separate fuel cells is of course to give the secondary power system dual fault tolerance. This is necessary because the fuel cells will be providing all of the power during propulsion, so failure is not an option.  The storage tanks for these reactants are going to be located under the floor of the crew compartment.  The reactants will be sent from the tanks to the cells via insulated piping.  Once at the fuel cells the reactants will enter preheaters and then pass through a filtration system which removes any possible contaminants.  After the filters, the reactants will flow through a system of check valves which ensure that there is no reverse flow should a leak occur.  Next it will flow through a dual-gas regulator, where the O2 will be sent to the stack and consumed in the reaction.  The hydrogen, however, will enter a loop where it will be used to remove the water vapor formed by the reaction and replenish H2 lost during the reaction.  The accumulator will also interact with the oxygen flow at this point and adjust the coolant pressure as needed.  The water that is removed from the stack can then be cooled in a condenser.  This water then condenses into droplets before it is sent to the hydrogen pump/water separator.  The water can finally be sent from the separator to the ECLSS supply water tanks.  The hydrogen will then be exported from the pump through a specially designed water condensate trap which removes any remaining water before the hydrogen is sent back to the stack. 

  As long as these systems are running the crew has to be able to monitor their performance to be sure they are functioning properly.  The controls available to the crew will include switches to power up the electrical control unit, start and stop the electrical control unit, control the fuel cell reactant valves, control the heaters, and purge the system.  The crew will only need two displays to monitor the fuel cells: one to monitor its voltage output and one to monitor its current output.  In order to monitor the reactant supply, there will be two outputs on a separate panel for both the oxygen and the hydrogen along with reactant valve status and reactant flow status indicators.  It is also planned to have an autonomous monitoring system that can alert the crew if off-nominal conditions arise.  Like all other systems on the CEV, the fuel cell subsystem has several layers of redundancy in its components to ensure that one or two small failures will not endanger the mission by causing the system to fail entirely.
Distribution and Control

Power from the primary and secondary systems must be routed into coherent buses for power use.  The 36 kW created by the individual primary power system must travel the length of the craft, past the fuel, and up to the crew compartment.  Dual fault redundancy requires that there are three primary power systems and three secondary power supplies with three buses.  While this number of power creation devices would be excessive if used at full capacity, the size of each the power system is relatively small, so it does not present a problem.  The primary systems are turbines that will produce 120 VAC.  This high voltage alternating current was used because of the great distance the crew compartment is from the reactor, and therefore its power source.  High voltage AC minimizes the power lost in transmission along the 25m of the craft, effectively increasing the output of the power supply.

    The secondary power system runs at 28 VDC, which means that the rest of this craft must run at this type of current, as well.  The fuel cell secondary power system is located in the floor of the craft, along with the fuel.  There are three fuel cells for redundancy, and each individual fuel cell is connected to a different bus.  The fuel for the secondary power system is made up of five sets of both oxygen and hydrogen tanks.  These tanks must be modified to fit below the floor, but they can use the same distribution system as is used on the Space Shuttle.  These tanks should provide enough backup power for 12 days of continuous use.

    Distribution, control, and the power converters are located at the end of the crew compartment, close to the propellant tanks.  Converters from 120 VAC to 28 VDC will use diodes and transformers which have good conversion efficiency, and create little heat.  Distribution and control will be located at the same area as the converters to minimize weight from the electrical system.  Computers will control the power distribution across the three buses, allowing for instant control of power fluctuations.

    There are three buses for redundancy, and to make these even more reliable they are located in different places.  The three buses are located 120 deg apart from one another along the truss.  This maximizes the distance between the buses which allows for greater survivability.  With the computer control, the buses are interconnected at both ends of the truss.  This allows for maximum power output with minimal down time when either the primary power system or a bus must be switched.
Conclusion

The development of an electrical power system for a manned mission to Mars is a very exciting thing.  To be involved in such an epic undertaking is something to be incredibly proud of.  Because of the significance of a trek of this magnitude, the utmost care had to be taken in the selection of all aspects concerning the system.  This is why the discussed trade studies were done- to ensure that all options were fully explored and that the most fitting systems were chosen.  Not only will this voyage be a first for mankind, but it will also be a first for particle bed reactors in manned spaceflight.  This makes this mission all the more special for space exploration.  The successful integration of particle bed reactors into manned spaceflight is in and of itself a great feat, and one that should occur seamlessly.  There is endless potential for these reactors to improve upon space travel.  Not only do they provide an excellent alternative to standard propulsion techniques, but their ability to also be used for electrical systems- if fully exploited- could potentially eliminate many of the limitations set by current methods.  This manned mission to Mars is a groundbreaking venture.  It was an honor to play a part in it.
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Appendix

[image: image3.jpg]Design Parameter Photovoltaic  Solar Dynamic Reactor Radio-isotog
Power range (kW) 0.1-300 10-300 100-10,000 0.1-10
Specific power (W/kg) 25-250 9-15 2-40 5-20
Specific cost ($/W) 700-2500 1000-2000 400-700 16,000- 200,0
Radiation hardness low-medium high very high very high
Stability and low medium high high
maneuverability

Low-orbit drag high high medium low
Storage batteries integral thermal none none
Shadowing sensitivity high high none none
Obstruction of view high high medium low
Safety reporting minimal minimal high medium
System availability 6-12 months ~ not commercial  not commercial custom
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	Weight Factor
	x
	Normalized Value
	Total

	Weight
	2
	x
	10
	20

	Cost
	4
	x
	6
	24

	Radiation Hardness
	1
	x
	4
	4

	Stability and Maneuverability
	2
	x
	4
	8

	Shadowing Sensitivity
	2
	x
	3
	6

	Safety Reporting
	1
	x
	9
	9

	System Availability
	1
	x
	7
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	Grand Total
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	Weight Factor
	x
	Normalized Value
	    Total

	Weight
	2
	x
	1
	2

	Cost
	4
	x
	6
	24

	Radiation Hardness
	1
	x
	3
	3

	Stability and Maneuverability
	2
	x
	6
	12

	Shadowing Sensitivity
	2
	x
	3
	6
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	1
	x
	9
	9
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	x
	4
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	Weight Factor
	x
	Normalized Value
	Total

	Weight
	2
	x
	5
	10

	Cost
	4
	x
	9
	36

	Radiation Hardness
	1
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	2
	2

	Stability and Maneuverability
	2
	x
	8
	16

	Shadowing Sensitivity
	2
	x
	10
	20
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	1
	x
	3
	3
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	1
	x
	4
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	16

	Shadowing Sensitivity
	2
	x
	10
	20

	Safety Reporting
	1
	x
	5
	5

	System Availability
	1
	x
	1
	1
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	50
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	Weight Factor
	x
	Normalized Value
	Total

	Weight
	2
	x
	10
	20

	Cost
	4
	x
	9
	36

	Radiation Hardness
	1
	x
	4
	4

	Stability and Maneuverability
	2
	x
	4
	8

	Shadowing Sensitivity
	2
	x
	3
	6

	Safety Reporting
	1
	x
	9
	9

	System Availability
	1
	x
	7
	7

	
	
	 
	 
	 

	
	
	
	Grand Total
	90

	Solar Dynamic
	 
	 
	 
	 

	 
	Weight Factor
	x
	Normalized Value
	    Total

	Weight
	2
	x
	4
	8

	Cost
	4
	x
	9
	36

	Radiation Hardness
	1
	x
	3
	3

	Stability and Maneuverability
	2
	x
	6
	12

	Shadowing Sensitivity
	2
	x
	3
	6

	Safety Reporting
	1
	x
	9
	9

	System Availability
	1
	x
	4
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	Grand Total
	78

	Fuel Cell
	 
	 
	 
	 

	 
	Weight Factor
	x
	Normalized Value
	Total

	Weight
	2
	x
	5
	10

	Cost
	4
	x
	10
	40

	Radiation Hardness
	1
	x
	9
	9

	Stability and Maneuverability
	2
	x
	8
	16

	Shadowing Sensitivity
	2
	x
	10
	20

	Safety Reporting
	1
	x
	10
	10

	System Availability
	1
	x
	10
	10

	
	
	 
	 
	 

	
	
	
	Grand Total
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	Weight Factor
	x
	Normalized Value
	Total

	Weight
	2
	x
	4
	8

	Cost
	4
	x
	1
	4

	Radiation Hardness
	1
	x
	2
	2

	Stability and Maneuverability
	2
	x
	8
	16

	Shadowing Sensitivity
	2
	x
	10
	20

	Safety Reporting
	1
	x
	5
	5

	System Availability
	1
	x
	1
	1

	
	
	 
	 
	 

	
	
	
	Grand Total
	56


	Conversion Method
	Thermodynamic Efficiency
	TRL
	Power Density
	Adaptability
	Feasibility for Cooling

	Rankine Cycle
	High
	8
	Medium
	Promising
	Excellent

	Brayton Cycle
	Medium
	8
	Medium
	Promising
	Excellent

	Stirling Cycle
	High
	7
	Medium
	Questionable
	Excellent

	Thermoelectric
	Low
	9
	Low
	Definitely
	Poor

	Thermionic
	Low
	5
	High
	Questionable
	Questionable

	Magnetohydrodyamic
	Extremely High
	1
	Very High
	Promising
	Questionable
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	Feasibility for Cooling

	10
	Very High
	9
	Very High
	Definitely
	Excellent

	9
	
	8
	
	
	

	8
	High
	7
	High
	Promising
	Good

	7
	
	6
	
	
	

	6
	Medium 
	5
	Medium
	Questionable
	Fair

	5
	
	4
	
	
	

	4
	Low
	3
	Low
	Very Questionable
	Questionable

	3
	
	2
	
	
	

	2
	Very Low
	1
	Very Low
	Not Realistic
	Poor

	1
	
	1
	
	
	


	Parameter
	Factor 
	Rationale

	Thermodynamic Efficiency
	2
	Don't want to waste heat

	TRL
	1
	Time is not a major concern

	Power Density
	3
	Weight is a major concern

	Adaptability
	3
	System must be usable in space

	Feasibility for Cooling
	3
	Want to use as a part of cooling system



	 
	Parameter
	Thermodynamic Efficiency
	TRL
	Power Density
	Adaptibility
	Feasibility for Cooling
	Total

	Norm
	Rankine Cycle
	8
	9
	6
	8
	10
	 

	Weight
	
	16
	9
	18
	24
	30
	97

	Norm
	Brayton Cycle
	6
	9
	6
	8
	10
	 

	Weight
	
	12
	9
	18
	24
	30
	93

	Norm
	Stirling Cycle
	8
	8
	6
	6
	10
	 

	Weight
	
	16
	8
	18
	18
	30
	90

	Norm
	Thermoelectric
	4
	10
	4
	10
	2
	 

	Weight
	
	8
	10
	12
	30
	6
	66

	Norm
	Thermionic
	4
	6
	4
	6
	4
	 

	Weight
	
	8
	6
	12
	18
	12
	56

	Norm 
	Magnetohydrodynamic
	10
	2
	10
	8
	4
	 

	Weight
	
	20
	2
	30
	24
	12
	88
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 �
Multiplication Factor�
Rationale�
�
Mass�
2�
we want the mass to be low�
�
Cost�
4�
need to keep the cost in the budget�
�
Radiation Hardness�
1�
less radiation is better for humans and spacecraft�
�
Stability and Maneuverability�
2�
we want it to be reliable and maneuverable �
�
Shadowing Sensitivity�
2�
will the blockage of sunlight affect the performance�
�
Safety Reporting�
1�
how much does the system need monitoring�
�
System Availability�
1�
how soon it system available�
�






Table 2: Weighting Factors for Primary and Secondary Power Trade Studies





Table 3: Primary Power Normalized Values





Table 4: Primary Power Trade Study





Table 5: Secondary Power Normalized Values





Table 6: Secondary Power Trade Study





Table 7: Data for Nuclear Power System





Table 8: Nuclear Power System Normalized Values





Table 9: Weighting Factors for Nuclear Power System





Table 10: Nuclear Power Converter Trade Study





Figure 1: Rankine Generator Unit Flow Chart





Figure 2: CEV Power System Flow Chart





Table 1: Initial Data for Trade Study





�








�Your report is not in the format which was specified – if it were for a real contract, it would probably have been rejected.


�You did not discuss your methodology for the trades – also a requirement for the proposal.


�You failed to provide for or discuss redundancy for the primary power system.  It was required.  The secondary system does not apply since it only can operate for 12 days.


�This was a nice, logical progression  of information on the type power, conversion and how you applied it.


�I don’t see any mass included for pipes, heat exchangers, working fluid, electronics, etc – that will affect your total mass.


�If this detailed description came from some source, you must cite the reference. 


�You need to have consistent formats for all trade studies within the document
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