Overall well done.  Very few admin errors (3).  There were several technical issues: 1.  The failure to meet some requirements such as for redundancy and RCS usage.  2.  Work that is taken from other sources must be referenced.  
3.  I saw no propellant calculations for the Earth orbit to Mars orbit transit.
Final Grade:  84%
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Summary

This proposal will present an analysis of the possible systems to meet the preliminary concepts for a Mars Launch and Propulsion Systems as described in the Broad Agency Announcement from American Unnamed Bipartisan Intergovernmental Entity Research Office for Conceptual Systems (AUBIE ROCS) for a Crew Exploration Vehicle (CEV) to launch in the next 10 years and to carry a crew of three people from Earth to Mars orbit and return for under $40 billion.  The propulsion systems were first divided into three subgroups:  Launch from Earth to Low Earth Orbit (LEO), Propulsion from LEO to Mars, and the Reaction Control System (RCS).  
Trade studies were conducted to find the optimal systems to best meet the mission constraints.  The weighted factor method was utilized for the trade studies.  First, different candidate solutions for each of these three subgroups were selected.  Next, the different trade variables were looked at and compared based on their importance to the mission and mission constraints.   The optimal systems were chosen using this method.

The Delta IV was found to be the best way to launch the CEV from Earth to LEO.  23 launches will be used to carry the pieces of all of the systems to the International Space Station, where they can be assembled
.

The Particle Bed Reactor Nuclear Thermal Rocket was found to be the best propulsion system to transfer the CEV from LEO to Mars orbit.  The flight time will be 224 days and an artificial gravity system will be utilized in flight.

The Space Shuttle RCS derived system was found to be the most effective RCS for the CEV.  It was found to require the least amount of propellant of the candidates considered.  Also, use of the shuttle derived system will minimize development costs.
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Introduction

This proposal will present an analysis of the possible systems to meet the preliminary concepts for a Mars Launch and Propulsion Systems as described in the Broad Agency Announcement from AUBIE ROCS for a CEV to launch in the next 10 years and carry a crew of three people from Earth to Mars orbit and return for under $40 billion.  The particular constraints on the Propulsion Systems include:

The CEV propulsion system shall provide all necessary impulse for all orbit changes from LEO to Mars orbit.

The RCS shall provide attitude control for the transit to and from Mars, 650 days in Mars orbit and 30 days contingency
The CEV ISP shall be sufficient to allow transit to Mars in less than 120 days and return to Earth in less than 120 days unless an artificial gravity system is incorporated in the design.  In that case ISP shall be sufficient to allow transit time each way to be less than nine months.
10,000 kg is the maximum allowed mass (not including main propulsion propellant) and $9.2 billion is the maximum cost for all of the propulsion systems.

This proposal will present trade studies conducted and the final recommendations for all of the launch and propulsion systems as recommended by Space Invaders Inc. 

Part I: Technical Concepts, and Systems Considered
Propulsion systems from Earth to Earth orbit considered:

Michael Shea and Jeffrey Palileo

Seven different launch systems were considered for launch from the Earth’s surface.  They include the Ariane 5ES, Atlas V, Delta IV, H II-A, Soyuz, and Space Shuttle launch vehicles
.  Each one has certain features that could help or hinder the mission to Mars. The specifications for each launch vehicle are for a launch to the International Space Station Altitude.  The cost, readiness, and payload capabilities were compared for each launch vehicle. 

Table 1 – Launch Vehicle Specifications

	Rocket
	PL Mass (kg)
	Cost (M$)
	Cost ($/kg)
	TRL
	PL Diameter (mm)
	PL Length (mm)
	PL Cone L (mm)

	Ariane 5ES
	20000
	155
	7750
	9
	4570
	9822
	6030

	Atlas V
	17590
	150
	8527.572
	8
	4572
	7631
	5296

	Delta IV
	21892
	160
	7308.606
	9
	4572
	10988
	4292

	H II-A
	10240
	83
	8105.469
	9
	4600
	4460
	4664

	Proton
	21000
	112
	5333.333
	9
	3864
	6064
	3800

	Soyuz
	7400
	50
	6756.757
	9
	3800
	5070
	4448

	Shuttle
	18300
	750
	40983.61
	9
	4570
	18300
	0


Propulsion systems from Earth orbit to Mars orbit considered:

Six main types of propulsion systems were considered to use on the Crew Exploration Vehicle (CEV): solid rockets, liquid rockets, hybrid rockets, Nuclear Thermal Rockets (NTR), electrostatic thruster and plasma propulsion.
Solid rockets

Keri Bailey

A solid rocket motor is the rocket propulsion system more commonly used today as an orbital transfer vehicle and as boosters for space-launch vehicles. This system has its propellants mixed together and packed into a solid cylinder and then are ignited and burnt until all the propellant is used. It is designed as a simple motor with very few moving parts, which produces high levels of thrust by using a large nozzle to eject the large mass flows created through the system.  The solid rocket motor has a low specific impulse and is also very compact due to the density of solid propellants used by the system.  There are also some disadvantages that arise when the solid rocket motor design is being considered.  For instance, the motor can not be test-fired before it is used, and the thrust can not be changed in order to adapt to current conditions.
 
Liquid rockets

Keri Bailey

A liquid rocket propulsion system works by using its propellants and pumping them into the combustion chamber of a nozzle where burning occurs.  The thrust can then be stopped and started again by turning off/on the flow of propellants.  There are two main advantages to using the liquid rocket propulsion system.  They generate high specific impulse and they can precisely control impulse using throttling, pulse-mode operation, and multiple starts and stops.  There are many disadvantages to using this system as well.  The liquid propellant has a lower density than the solid rocket propellant therefore is not as compact, and there also are concerns about leakage and other safety hazards due to the toxicity of the propellant.

Hybrid rockets

Keri Bailey

A hybrid rocket propulsion system typically uses a solid fuel and a liquid oxidizer.  Because the fuel and oxidizer are of two different states they react differently with one another in the hybrid system.  This system burns a macroscopic diffusion flame which contains an oxidizer-to-fuel ratio that varies down the length of the fuel port.  There are many advantages to using the hybrid system.  The engine can be throttled easily by controlling the liquid flow rate, the system can be shutdown and then restarted, and there are few undesirable chemicals in the exhaust.  The disadvantages of using a hybrid rocket propulsion system are also important to consider.  Some of these disadvantages are a lower regression rate, a lower bulk density, a lower impulse efficiency, and an oxider-to-fuel ratio shift.

NERVA

Aleksandrs Kruza


The NERVA rocket was developed in the 1960’s originally for Ballistic Missile operations. The NERVA engine uses hexagonally shaped graphite rods with small pockets of Uranium-carbide fuel distributed throughout the fuel element. The Uranium-carbide serves as the heat source and carbon matrix is utilized as a moderator.  The reactor is controlled by Boron control Rods that rotate in or out from the reactor to meet desired power needs. Shielding is done by a combination of boron-carbide, aluminum, and titanium hydride. 
PBR
Aleksandrs Kruza
The PBR is similar to a NERVA engine but utilizes a higher fuel surface area to increase the propellant’s temperature. The PBR utilizes pellets 200-500 micrometers in diameter packed into a cylinder that is incased into a hexagonal Beryllium or lithium hydride moderator block. This design allows for the same power generation performance and trust as the NERVA but a much higher thrust to weight ratio approx 20:1.

CERMET
Aleksandrs Kruza

The CERMET reactor is designed to operate in the fast fissioning range (1MeV where the two other designs operate below the 1eV range) and does not need a moderator. The CERMET Reactor uses a different fuel Uranium dioxide, which has a much longer operation life time (approx 50 startups), embedded in a tungsten/rhenium matrix. However the large engine mass limits the thrust to weight ratio of 5.3:1.

Electrostatic (Ion) Thruster

Kevin Geohagan

One ion propulsion option would be to use an electrostatic ion- or hall effect thruster similar to those in use today on the European Space Agency’s SMART-1 probe and NASA’s Deep Space 1 probe, albeit much larger.  These thruster systems are currently relegated to smaller, unmanned missions because of their very low thrust levels (~ .01 N or .2 lbf).  This is generally due to the amount of power they consume, which is relatively high.  In order to use any form of electrostatic propulsion for this mission, these thruster systems would have to be scaled up dramatically.  This has most likely not been done as of yet because of the power constraint, but with a nuclear reactor as a power source this could most likely be done.  On its highest thrust level, a typical ion engine consumes roughly 2.5 kW of power.  Assuming that the nuclear reactor on board the spacecraft will be able to provide about 10 MW, one could expect thrust values of around 40 N (~ 800 lbf).  While this is still very low when compared to other systems, it provides very high Isp.


This option has a few major drawbacks, most of which stem from this relatively low thrust value.  Lower thrust means that the thruster would be in operation for a much longer time; the thruster would tie up the reactor for the majority of the trip, meaning an extra power system must be included.  Also, this low thrust affects the shape of the orbit; this makes it necessary to perform a spiral out transfer rather than a direct Hohmann transfer, which extends the mission time.  Another drawback is this system’s relatively low technology readiness level.  While these engines have flown before on a smaller scale, the fact remains that scaling the design up could have many unforeseen complications and may also suffer some loss in performance.  This system will require a great deal of development and testing, before it becomes flight worthy.

Plasma Propulsion

Kevin Geohagan
While little is really known beyond the theoretical realm in the area of plasma propulsion, it makes a very good case for use on a mission such as this.  The Variable Specific Impulse Magnetoplasma Rocket (VASIMR) engine, an idea proposed by former astronaut Franklin Chang-Diaz, is probably the most well-known plasma propulsion project currently in progress.  This engine is capable of variable thrust and specific impulse, as its name suggests, making it a very versatile propulsion system for a long mission requiring many maneuvers.  The problems with this option mostly have to do with the relatively low technology readiness level of the system.  There are a number of unresolved problems with the engine’s operation, including a serious issue with detachment of the propellant flow from the magnetic nozzle.  As there is no way to determine when these issues may be resolved, it would be risky to plan on using this propulsion system given the time constraint of a launch date within the next ten years.

Reaction Control Systems Considered:

A Reaction Control System (RCS) is used to provide forces for attitude control for the spacecraft.  Two main systems were considered for use on the Crew Exploration Vehicle (CEV):  jet thrusters and control moment gyroscopes (CMG).  

Jet Thrusters
Ben Burger and Kavanaugh Eldredge
Jet thrusters are used and have been proven in many existing human space applications.  The Apollo command module, service module, and lunar module and the Space Shuttle Orbiter use jet thrusters as their only reaction control system and the International Space Station uses jet thrusters as part of its reaction control system.  They work by creating a torque from expelling mass in opposite directions.  The jets in the above mentioned systems use monomethyl hydrazine for the fuel and nitrogen tetroxide for the oxidizer.  In the space shuttle orbiter and Apollo modules, helium is used to pressurize the fuel and oxidizer tanks.  In the ISS RCS, nitrogen is used.  

Cold Gas Thrusters
Ben Burger and Kavanaugh Eldredge
Cold gas thrusters are frequently used by satellites to perform orbital adjustments and corrections.  The thrusters operate by releasing pressurized gas through a nozzle.  Nitrogen gas is commonly used, as are argon, hydrogen, and helium.  One benefit of the cold gas thruster is the simplicity of the system, which basically consists of a pressurized tank, a pipe with a pressure regulator and release valve, and a nozzle.  The use of inert gasses also increases safety and decreases contaminants released in the proximity of the spacecraft.  Cold gas thrusters have not been used on a large vehicle.

Control Moment Gyroscopes
Ben Burger and Kavanaugh Eldredge
CMG’s are also used for attitude control of a spacecraft. Massive wheels are mounted in three orthogonal axes aboard the spacecraft. They provide a means to trade angular momentum back and forth between spacecraft and wheels. To rotate the vehicle in one direction, you spin up the proper wheel in the opposite direction. To rotate the vehicle back, you slow down the wheel. Excess momentum that builds up in the system due to external torques (saturation) must be occasionally removed from the system by applying torque (desaturation) to the spacecraft and allowing the wheels to acquire a desired speed under computer control.  Desaturation is usually accomplished through the use of jet thrusters.
Part II: Trade Studies and Results
Ben Burger and Jeffrey Palileo

Trade studies were performed to choose between the different systems considered for the mission.  The purpose of a trade study is to meet all requirements and constraints of a mission in an optimal manner while optimizing such parameters as safety and mission success while minimizing parameters such as cost and time.  One trade study was performed to choose the best system and method for launching the CEV from Earth to a LEO.  Another trade study was performed to choose the most appropriate general system to transport the CEV from LEO to Mars.  The final trade study was used to select the best type of propulsion system after finding the general system from the second trade study.  

The weighted factor method was used for all of these trade studies.  In this method, the problem is first defined and candidate solutions are identified.  Next, trade variables are identified and the values for the different variables are found for each of the proposed solutions.  A quantification scale is then used to normalize the parameters on a 1 to 10 or 1 to 5 scale.  After that, the parameters are weighted based on their importance and a final value for each candidate solution is calculated by multiplying the normalized values with the weighted values of the parameters.  
Trade Study for propulsion systems from Earth to LEO:

Michael Shea, Jeffrey Palileo and Kevin Geohagan
The methodology for choosing the best launching vehicle is very important in understanding why the final vehicle was chosen. The six different categories compared were payload mass, cost, TRL, payload diameter, payload length, and payload cone length. Each category was weighted to reflect importance. 


The cost was given a multiplication factor of 5, as it is considered extremely important. The payload diameter, length, and cone length all added up to a factor of 5 as well, since the volume of the payload is extremely important. The diameter and length were given a factor of 2 while the cone length was just given 1, since the diameter and length are the most important features of the overall payload volume.


The TRL was given a factor of 4. It is very important, because the launch systems need to be ready for usage. The payload mass was given a factor of 3; this is because the more mass a vehicle is capable of, the less launches that are required overall. This category is important, but not the most important. These values are all displayed in 

Table 2.

Table 2 - Weighting Factors for Earth Launch Trade Study
	Weighting Factors
	Rationale

	Payload Mass
	3
	More Payload means less launches

	Cost
	5
	Cost is extremely important

	TRL
	4
	The rockets need to be ready

	PL Diameter
	2
	Restricts how wide any one piece can be

	PL Length
	2
	Restricts how long any one piece can be

	PL Cone Length
	1
	Small part of overall volume      


The quantifying factors are shown in Table 3:

Table 3 - Quantifying factors for Earth Launch Trade Study
	Qualifications
	
	
	
	
	
	
	
	
	

	Normalized Values
	10
	9
	8
	7
	6
	5
	4
	3
	2
	1

	Payload (kg)
	>21K
	19-21K
	17-19K
	15-17K
	13-15K
	11-15K
	9-11K
	7-9K
	5-7K
	<5K

	Cost ($/kg)
	<5K
	5-7K
	7-9K
	9-11K
	11-13K
	13-15K
	15-17K
	17-19K
	19-21K
	>21K

	TRL
	9
	8
	7
	6
	5
	4
	3
	2
	1
	1

	PL Di. (mm)
	>5000
	4800-5000
	4600-4800
	4400-4600
	4200-4400
	4000-4200
	3800-4000
	3600-3800
	3400-3600
	<3200

	PL Length (mm)
	>18K
	16-18K
	14-16K
	12-14K
	10-12K
	8-10K
	6-8K
	4-6K
	2-4K
	<2K

	PL Cone

Length(mm)
	>6000
	5500-6000
	5000-5500
	4500-5000
	4000-4500
	3500-4000
	3000-3500
	2500-3000
	2000-2500
	<1500


The following are the findings of the trade study:

Table 4 - Results of Earth Launch Trade Study
	
	Ariane 5ES
	
	
	Atlas V
	
	Delta IV
	
	
	Proton
	
	

	
	Wt Fact.
	Norm
	Total
	Wt Fact.
	Norm
	Total
	Wt Fact.
	Norm
	Total
	Wt Fact.
	Norm
	Total

	Payload
	3
	9
	27
	3
	8
	24
	3
	10
	30
	3
	9
	27

	Cost
	5
	8
	40
	5
	8
	40
	5
	8
	40
	5
	9
	45

	TRL
	4
	10
	40
	4
	9
	36
	4
	10
	40
	4
	10
	40

	PL Di.
	2
	7
	14
	2
	7
	14
	2
	7
	14
	2
	4
	8

	PL L
	2
	3
	6
	2
	3
	6
	2
	6
	12
	2
	4
	8

	PL L. Cone
	1
	10
	10
	1
	8
	8
	1
	6
	6
	1
	6
	6

	 Total
	
	
	137
	
	
	128
	
	
	142
	
	
	134


	
	Soyuz
	
	
	Space Shuttle
	
	H-IIA
	
	

	
	Wt Fact.
	Norm
	Total
	Wt Fact.
	Norm
	Total
	Wt Fact.
	Norm
	Total

	Payload
	3
	3
	9
	3
	8
	24
	3
	4
	12

	Cost
	5
	9
	45
	5
	1
	5
	5
	8
	40

	TRL
	4
	10
	40
	4
	10
	40
	4
	10
	40

	PL Diameter
	2
	3
	6
	2
	7
	14
	2
	7
	14

	PL L
	2
	3
	6
	2
	10
	20
	2
	3
	6

	PL Cone
	1
	6
	6
	1
	0
	0
	1
	7
	7

	Total
	
	
	112
	
	
	103
	
	
	119



These results show that for the defined parameters, the Delta IV launch vehicle is best suited for the Mars mission.  It has the best combination of mass capability, volume, and price of any of the options.  However, in certain cases other launching systems may be used.  For example, if the length of a payload exceeds the length allowable on the Delta IV, then the Shuttle must be used.  Also, if there is very little payload left over after the rest of the payloads have been launched, then it would be better to use a Soyuz, since it would be much cheaper than a Delta IV.
Trade Study for propulsion systems from LEO to Mars:

Ben Burger, Aleksandrs Kruza, Kavanaugh Eldredge and

 Keri Bailey

First, six main propulsion systems were identified as possible candidates to transport the CEV from LEO to Mars.  Next, the different trade variables of the candidates were selected.  The candidates, trade variables and their value for these variables can be seen in Table 5.

Table 5 - Specification Table for Propulsion System Candidates
	Parameter
	ION
	Nuclear Thermal
	Liquid Chemical
	Solid Chemical
	Hybrid Chemical
	Plasma

	Thrust/Weight
	0.001
	20
	28
	21
	2.25
	0.0001

	ISP (s)
	5000
	971
	400
	280
	330
	1500

	TRL
	6
	6
	9
	9
	8
	2

	Mass Ratio
	0.84
	0.41
	0.11
	0.05
	0.07
	0.8

	Flight Time
	very long
	shorter
	shorter
	shorter
	shorter
	very long

	Safety
	very safe
	reasonably safe
	reasonably safe
	reasonably safe
	reasonably safe
	very safe



Once this step was completed, the parameters were then normalized on a 1 to 5 scale with 5 being the optimal choice.  Table 6 shows the normalization of the parameters.  

Table 6 - Quantification Scale

	Normalized Parameter
	1
	2
	3
	4
	5

	Thrust/Weight
	< 1
	1 - 10
	10 - 20
	20 - 30
	> 30

	ISP (s)
	0 - 600
	600 - 1200
	1200 - 1800
	1800 - 2400
	> 2400

	TRL
	0 - 2
	2 - 4
	4 - 6
	6 - 8
	8 - 9

	Mass Ratio
	0 - .2
	.2 - .4
	.4 - .6
	.6 - .85
	>.85

	Flight Time
	very long
	 
	 
	 
	shorter

	Safety
	deadly
	unsafe
	somewhat safe
	reasonably safe
	very safe



The variables are given a weighted value based on their importance to the mission.  Table 7 shows the values for each parameter.

Table 7 - Weighting Scale

	Parameter
	Weight factor
	Rational

	Thrust/Weight
	7
	very important:  how cost effective the engine is

	ISP
	6
	important: how fuel efficient the engine is

	TRL
	4
	not as important :  does impact development cost 

	Mass Ratio
	7
	very important:  mass constraints  

	Flight Time
	8
	very important:  time constraints

	Safety
	5
	important:  human safety is a top priority



The flight time was given the highest weight factor due to the main constraints of the mission (six or nine months depending on whether or not an artificial gravity system is used).  A shorter flight time allows for less mass (supplies, food, water, etc.) and less physical/mental stress on the crew.  Mass ratio and thrust/weight are the next highest weighted because of the allowed mass and cost restrictions defined by AUBIE ROCS.  ISP is important because the specific impulse is a measure of how efficient the engine is.  Safety of the crew is critical for mission success.  TRL is not as important as the others because there is a ten year limit which provides time for some further development.  


Table 8 presents the trade study for the general propulsion system that should be used to transport the CEV from LEO to Mars.

Table 8 - Trade Study for Propulsion System Candidates

	 
	Ion
	Nuclear Thermal
	Liquid Chemical
	Solid Chemical

	 
	Wt factor
	Norm Value
	Total
	Norm Value
	Total
	Norm Value
	Total
	Norm Value
	Total

	Thrust/Weight
	7
	1
	7
	4
	28
	4
	28
	4
	28

	ISP
	6
	5
	30
	2
	12
	1
	6
	1
	6

	TRL
	4
	3
	12
	4
	16
	5
	20
	5
	20

	Mass Ratio
	7
	4
	28
	3
	21
	1
	7
	1
	7

	Flight Time
	8
	1
	8
	5
	40
	5
	40
	5
	40

	Safety
	5
	5
	25
	4
	20
	4
	20
	4
	20

	Total
	110
	 
	137
	 
	121
	 
	121


	 
	 
	Hybrid Chemical
	 
	Plasma
	 

	 
	Wt factor
	Norm Value
	Total
	Norm Value
	Total

	Thrust/Weight
	7
	2
	14
	1
	7

	ISP
	6
	1
	6
	3
	18

	TRL
	4
	5
	20
	2
	8

	Mass Ratio
	7
	1
	7
	4
	28

	Flight Time
	8
	5
	40
	1
	8

	Safety
	5
	4
	20
	5
	25

	Total
	 
	 
	107
	 
	94



The trade study clearly shows that a NTR is the optimal choice for a propulsion system from LEO to Mars. 


Trade Study for Optimum NTR system from LEO to Mars:
Ben Burger and Jeffrey Palileo
Another trade study was conducted to select the best NTR between three candidates:  NERVA, PBR and CERMET.  Table 9 shows the parameters used for the trade study.

Table 9 - Specification Table for NTR Candidates
	Parameter
	NERVA
	PBR
	CERMET

	Power (MV)
	1570
	1945
	2000

	ISP (s)
	825
	971
	930

	Engine Mass (kg)
	10138
	1705
	9091

	Thrust/Weight
	3.4
	20
	5



As in the previous trade study, the parameters were normalized on a 1 to 5 scale.

Table 10 - Quantification Scale for NTR
	Normalized Value
	1
	2
	3
	4
	5

	Power (MV)
	<1250
	1250-1500
	1500-1750
	1750-2000
	>2000

	ISP (s)
	<600
	600-700
	700-800
	800-900
	>900

	Engine Mass (kg)
	>9000
	7000-9000
	5000-7000
	3000-5000
	<3000

	Thrust/Weight
	<5
	5-10
	10-15
	15-20
	>20



Again, the variables are given a weighted value based on their importance to the mission.  Table 11 shows the weighted values for each of these parameters.

Table 11 - Weighting Scale for NTR
	 
	Multiplication Factor
	Rational

	Power (MV)
	3
	somewhat important

	ISP (s)
	5
	fairly important: how fuel efficient the engine is

	Engine Mass (kg)
	6
	important: weight restrictions

	Thrust/Weight
	7
	very important: maximizes thrust & minimizes weight



Thrust/weight is given the highest weighted factor because thrust must be maximized and weight minimized.  Engine mass is very important due to the restrictions defined by AUBIE ROCS for the propulsion system mass.  ISP is fairly important because it is a measure of how efficient the engine is.  Power is not as important as the others because all three NTRs produce about the same amount of power.


Table 12 presents the trade study for the NTR system that should be used to transport the CEV from LEO to Mars.
Table 12 - Trade Study for NTR Candidates

	 
	 
	NERVA
	 
	PBR
	 
	CERMET
	 

	 
	Weight Factor
	Norm Value
	Total
	Norm Value
	Total
	Norm Value 
	Total

	Power
	3
	3
	9
	4
	12
	4
	12

	ISP
	5
	4
	20
	5
	25
	5
	25

	Engine Mass 
	6
	1
	6
	5
	30
	1
	6

	Thrust/Weight
	7
	1
	7
	4
	28
	2
	14

	Total
	 
	 
	42
	 
	95
	 
	57



The trade study clearly shows that a PBR is the optimal choice for a NTR propulsion system from LEO to Mars.

Part III Technical Solution

Technical Solution for Earth Launch propulsion system:
Michael Shea and Jeffrey Palileo

The Delta IV will be the main mode of transportation for the Earth Launch phase of the mission to Mars.  All launches will transport the payloads to the International Space Station, where they can be assembled.  The list of launches and what each launch will carry is shown in Table 13.  The restrictions for each launch included the dimensions of the objects being launched and the mass of the payloads.  The Space Shuttle is used for the first launch, since the habitat is too long for a Delta IV to launch.  However, all of the subsequent launches will be performed by the Delta IV launch vehicle.  There are a total of 23 launches.

Table 13 - Launching Sequence

	Launch Number
	Vehicle
	Payload

	1
	Space Shuttle
	habitat, tools, test Equip.,spare parts, operational supplies, bed area, exercise equipment, medical suite and consumables

	2
	Delta IV
	truss (piece 1), vacuum, cleaning wipes, trash compactor, trash bags

	3
	Delta IV
	truss (piece 2), clothing, washing machine, dryer, toilet, waste management, hygiene

	4
	Delta IV
	main fuel tank (part 1), filled with 18,000 kg of fuel

	5
	Delta IV
	main fuel tank (part 2),  filled with 18,000 kg of fuel

	6
	Delta IV
	3 add-on fuel tanks, filled with 16,500 kg of fuel

	7
	Delta IV
	3 add-on fuel tanks, filled with 16,500 kg of fuel

	8
	Delta IV
	3 add-on fuel tanks, filled with 16,500 kg of fuel

	9
	Delta IV
	3 add-on fuel tanks, filled with 16,500 kg of fuel

	10
	Delta IV
	3 add-on fuel tanks, filled with 16,500 kg of fuel

	11
	Delta IV
	1 add-on fuel tank, filled with 14,000 kg of fuel

	12
	Delta IV
	20,700 kg of fuel

	13
	Delta IV
	20,700 kg of fuel

	14
	Delta IV
	20,700 kg of fuel

	15
	Delta IV
	20,700 kg of fuel

	16
	Delta IV
	20,700 kg of fuel

	17
	Delta IV
	20,700 kg of fuel

	18
	Delta IV
	20,700 kg of fuel

	19
	Delta IV
	20,700 kg of fuel

	20
	Delta IV
	20,700 kg of fuel

	21
	Delta IV
	20,718.76 kg of fuel

	22
	Delta IV
	Nuclear Reactor, Main Nozzle, 3 turbines for Primary Power, clothing, air systems

	23
	Delta IV
	fuel cells, fuel cell tanks, RCS units, food systems, plants, stored water, water recovery system


Technical Solution for Earth orbit to Mars orbit propulsion system:
Ben Burger and Aleksandrs Kruza

A NTR is the optimal choice of propulsion system to launch the CEV from LEO to Mars and meet all of the mission constraints.  Even though the ion engines and plasma engines have a very high ISP, they both have incredibly low thrust which requires a spiral out transfer instead of a direct Hohmann transfer.  The spiral out transfer greatly increases the flight time from using a direct Hohmann transfer.  Using the ion and plasma engines would put the flight time at well over 9 months (one of the mission constraints).  Using an NTR puts the flight time from LEO to Mars at 224 days
.  Even though this does not meet the six month requirement, a form of artificial gravity will be employed so the time constraint is lengthened to nine months.  Also, the TRL for Plasma engine is extremely low and would most likely require a larger budget than $9.2 billion to develop and have it flight ready in the next ten years.  Liquid and solid chemical rockets have been flight demonstrated throughout the past decades, but they are not the best choice to use as a propulsion system to use for this mission and still meet all of the mission requirements.  The liquid and solid chemical rockets have just as high or higher thrust/weight ratios as the NTR, but have much lower ISP and require a much greater mass than the NTR.  

A PBR is the best choice of NTR to use as the main propulsion system to transport the CEV from LEO to Mars.  A diagram of a PBR can be seen in Figure 1.  
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Figure 1 – Particle Bed Reactor
The PBR is over 80% lighter in mass than the NERVA and CERMET.  Using the NERVA or CERMET would put the mass of the main propulsion engine at over 10,000 kg, higher than the mass constraint for the entire propulsion system.  This is the main difference that separates the PBR from the other two and makes it the best choice for a propulsion system for this mission with the given constraints.  Table 14 shows some of the specifications for the particular PBR that will transport the CEV from LEO to Mars in an optimal manner while meeting the mission requirements given by AUBIE ROCS.  


Table 14 – PBR Specifications
	m dot of propellant (kg/s)
	35.05927

	height of core (m)
	0.9

	radius of core (m)
	0.3

	volume of core (m^3)
	0.254469

	area of throat (m)
	0.03104

	Mach number at exit
	5.14927

	area exit (m^2)
	8.524285

	diameter of exit (m)
	3.294459


Technical Solution for RCS

Kavanaugh Eldredge

The Reaction Control System for the CEV must perform two functions:  first, the RCS is responsible for accelerating the CEV to create artificial gravity; second, the RCS must perform translational and rotational corrections and minor orbital maneuvers.
  In selecting an RCS system for the CEV, the decision was made to remove control moment gyros from the list of possible systems, mostly due to the inability of CMGs to satisfy the artificial gravity requirement.  The problems experienced with the CMGs on the ISS further reinforced this decision.  Also, since a thruster-based system would be required to desaturate the CMGs, it seemed logical to omit the CMGs and implement thrusters as the single RCS system.  Three thruster types were then chosen as possible candidates for the CEV RCS: cold gas thrusters, an ISS Service Module thruster-derived system, and a Space Shuttle RCS-derived system.  These systems were compared by their effectiveness in satisfying the first requirement of accelerating the CEV to create artificial gravity.


To begin this study, the following estimated flight plan was set: after the Trans-Mars Injection burn and any trajectory corrections, two RCS units perpendicular to the CEV direction of travel will fire to create a moment couple and spin the CEV, accelerating until an artificial gravity equivalent to gravity on the surface of Mars (3.71 m/s2) has been created.  Close to Mars arrival, two additional RCS units opposite the original two will fire to stop the spinning, and the main engine will then fire to slow the CEV for Mars orbital insertion.  The same procedure will be followed for the return flight.  To estimate the propellant required, a post-TMI-burn CEV mass was calculated to be 214012 kg, and the CEV moment of inertia was calculated using this mass and a simplified CEV modeled as a cylinder.  It was also estimated that the location of each RCS unit would be 10.2 m from the center of the 33 m long vehicle.  In reality, non-equivalent moment arms can be compensated for by adjusting the thrust and thereby assuring pure rotation.  Using the sum of the moments, circular motion equations, and the above-listed parameters, a function was created varying the force of one of the two thrusters inversely as Δt, or firing time.  With the given mass flow rate, the total propellant mass required could then be found.  First, three candidate gasses for the cold gas system were compared based on total mass and volume required (Table 15).  The mass flow, characteristic velocity (c*), gamma
 and R values were provided in Tables 3.1 and 3.5 of Space Propulsion Analysis and Design.  Delta t is the firing time required to accelerate the CEV to simulate Mars gravity.

Table 15 - Propellant mass and volume required for candidate gasses

	 
	 
	 
	 
	Force per 
	 
	 
	Propellant mass 

	Gas
	ΔM (kg/s)
	c* (m/s)
	gamma
	thruster (N)
	Δt (s)
	Δt (h)
	per thruster (kg)

	Argon
	0.0715
	343.64
	1.67
	39.880
	14148.1
	3.93
	1012.013

	N2
	0.0508
	434.44
	1.4
	39.997
	14106.7
	3.92
	716.902

	H2
	0.0137
	1617.46
	1.41
	39.862
	14154.8
	3.93
	193.779


	Gas
	Ptank (atm)
	Ptank (Pa)
	R (kJ/kg*K)
	T (K)
	V (m^3)

	Argon
	40
	4052000
	0.208
	298.15
	15.489

	N2
	40
	4052000
	0.296
	298.15
	15.614

	H2
	40
	4052000
	4.127
	298.15
	58.844



Based on these findings, nitrogen was selected as the best choice due to its low required volume and acceptable mass total.  Next, firing times and single-thruster mass totals were calculated for the three candidate systems, and round-trip propellant mass requirements were calculated based on two thrusters per firing and two firings to start and two to stop the spinning (Table 16).  The mass reduction due to the Mars orbital insertion burn was accounted for on the return trip, and propellant masses for ISS and RCS systems include both fuel and oxidizer quantities. 

Table 16 - Total propellant consumed per candidate thruster system

	Cold Gas Thrusters, Nitrogen
	 
	 
	 
	 
	 

	To Mars
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (h)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	39.997
	0.051
	14106.684
	3.919
	716.902
	1433.803
	1433.803
	2867.607

	Earth Return
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (h)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	39.997
	0.051
	13303.384
	3.695
	676.078
	1352.156
	1352.156
	2704.312

	 
	
	
	
	Total propellant mass of N2 (kg)
	5571.919

	ISS Service Module Thruster Derivative
	 
	 
	 
	 
	 

	To Mars
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (min)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	130.34
	0.55
	4328.924
	72.149
	2380.908
	4761.817
	4761.817
	9523.634

	Earth Return
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (min)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	130.34
	0.55
	4082.415
	68.040
	2245.328
	4490.657
	4490.657
	8981.313

	 
	
	
	Total propellant mass for ISS derivative (kg)
	18504.947

	Shuttle Reaction Control System Derivative
	 
	 
	 
	 

	To Mars
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (min)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	3870
	3.397
	145.796
	2.430
	495.222
	495.222
	495.222
	990.443

	Earth Return
	
	
	
	
	
	
	 

	Force per 
	 
	 
	 
	Propellant mass 
	Mass to
	Mass to
	Total propellant 

	thruster (N)
	ΔM (kg/s)
	Δt (s)
	Δt (min)
	per thruster (kg)
	start (kg)
	stop (kg)
	consumption (kg)

	3870
	3.397
	137.494
	2.292
	467.021
	467.021
	467.021
	934.043

	 
	 
	 
	Total propellant mass for RCS derivative (kg)
	1924.486



According to these findings, a system similar to the Space Shuttle RCS would require the least amount of propellant for the mission.  Also, since the 146-second burn time falls within the 150-second limit of the RCS, a derivative system could likely be fielded with minimal modifications.  In addition, the maximum contingency burn time for the Space Shuttle’s forward RCS is 300 seconds, so an equivalent system would have enough fuel to fire on both the Mars transfer and Earth return trips, with a small amount remaining for correction burns.  For these reasons, the proposed RCS design will include four units, each equivalent to one Shuttle forward RCS unit including one fuel tank, one oxidizer tank, two helium pressurization tanks, and all necessary pipes and valves.  Monomethyl hydrazine will be used as the fuel and nitrogen tetroxide will be used as the oxidizer.  A proposed mass budget is shown in Table 17:

Table 17 - Mass budget for RCS-derivative system

	Shuttle RCS Derivative
	 
	 

	Ox tank (kg)
	Fuel tank (kg)
	He tank (kg)
	 

	31.9
	31.9
	10.9
	 

	 
	
	
	 

	Ox and Fuel diameter=
	1m
	 

	He diameter=
	.5m
	 

	 
	
	
	 

	1 Ox + 1 Fuel + 2 He=
	85.6
	kg

	Pipes, valves, structure=
	100
	kg

	x number of units
	4
	 

	 
	
	742.4
	kg

	fuel+structure per unit=
	1237.62171
	kg

	total for vehicle=
	4950.48685

	kg


The incorporation of a Shuttle-derived system will lower development costs, especially if modifications are kept to a minimum.  As with the Shuttle RCS, redundancy will be supplied by additional pipes, valves, and nozzles.
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�Nice introduction to the summary


�What about the Shuttle – it is needed for the crew compartment


�What about Proton? – it is in your table below.


�Where do you get the information? – Reference data


�Another major issue is how to move the propellants – pumps, pressurization, etc


�How does it provide thrust?A  discussion of the propellant is needed here.





�Reference?


�Where does this come from?  Show work or reference.


�What about the propellant required?  


�What about the redundancy requirement?


�What about the requirement to maintain attitude in Mars orbit for 650 days?


�Not defined here or in list


�What about the accuracy requirements and the redundancy?





�No need for this accuracy
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