Below are the notes used to compare the amount of water needed to make propellant  to propel a rocket ship to orbit the moon Callisto (or Europa) of Jupiter. 

This calculation was done nearly 3 years after the Principal Investigator left the INEEL.  Calculations are subject to review by peers.  And, the author has learned to be even more conservative in his calculations.
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A. Zuppero
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Two methods are compared:

1. The NASA and U.S. Dept. of Energy at Los Alamos favored method,

      which uses liquid hydrogen (LH2) for propellant in a high performance nuclear rocket.

2. The U.S. Dept. of Energy at Idaho National Engineering and Environmental Laboratory (INEEL) method,

      which uses liquid water (H2O) for propellant in a high performance nuclear heated steam rocket.

Problem:

How much water resource is needed for propulsion  to send  just the rocket ship to the destination:

trip to Europa (Callisto)

The entire problem can be defined by the minimum delta-V the rockets must develop to get to their destinations.

Callisto: about 6445 m/s

periodic comet: about 6500 m/s

Mars: about 3550 m/s

---

Callisto:  6445 m/s

engineering assumptions:

· Ship at destination has mass 10,000 tons

· LH: tank weights 1% of propellant LH2 for a tank holding 10,000 tons of LH2, 

· nuclear rocket Isp is 850 seconds Isp, chosen to be this low for reliabitly (some claim 900 seconds)

· H2O tank: 0.1% tank factor,

· nuclear heated steam rocket Isp 198 seconds, chosen because the required materials were demonstrated.

· Mission starts at Earth-Moon highly elliptic earth orbit (HEEO) of about 1 month period, with 1.3 earth radii perigee and a 120 earth radii apogee (twice moon distance).  

· You buy 350,000 tons of ice from the moon guys.

· You had launched 590 tons of nuclear reactor engines, either NASA or INEEL type.

· You launched about 301 tons of poly-benzoxazole bladder tanks to hold ice slush.

· You attached all this to your 10,000 ton ice ship.

rocket equation results, from excell spreadsheet

	Callisto Steam Rocket
	Callisto LH2 Rocket
	
	

	198
	850
	sec
	Isp  specific impulse

	0.001
	0.01
	kg / kg
	tank mass per propellant mass

	6600
	6600
	
	desired delta-v

	output
	output
	
	

	1940.4
	8330
	m/s
	specific velocity

	30.004895
	2.2085075
	kg/kg
	initial / final mass

	0.9666721
	0.5472055
	kg / kg
	fuel mass per initial mass

	0.0323612
	0.4473224
	kg / kg
	payload mass per initial mass

	0.0009667
	0.0054721
	kg / kg
	tank mass per initial mass

	29.871309
	1.223291
	kg / kg
	fuel mass per payload mass


salient results:

29.87 water / payload ... steam rocket takes 29.87 tons of water per ton of payload

1.22 LH2 / payload ... LH2 rocket only takes 1.22 tons per ton

tank mass calculations

tank: .001 water

tank:  .01  LH2

LH2 tank weighs  10 x more than water tank but it needs 1.22 / 29.87 less tanks,

which results in the liquid hydrogen tank being 0.41 times less than the mass of the water tank.

for 1.0 water tank, 0.41 LH2 tank does the same thing.

you don't get there any faster.

The LH2 mission uses 9 times as much water as LH2, because for every 18 grams of water, 2 are hydrogen.

The water required for the LH2 rocket is therefore 9 times the LH2 mass, or 9 x 1.22.

LH2 needs 10.98 tons of water per ton ship delivered.

H2O needs 29.87 tons per ton.

So far, LH2 is still winning by a factor of 2.

--

Where does the LH2 come from?

NASA says "from the water, stupid."  That is, NASA would use electricity to split water into LH2 and Oxygen.  Then it would use more electricity to compress and cool the gasses, making Liquid Oxygen (LOX) and Liquid Hydrogen (LH2).

Question: How much hardware mass does it take in space to make a unit of LH2 or LOX?

Answer: See http://www.neofuel.com/moonicerocket

... If we use the optimistic value, we obtain a specific production capacity for cryofuel at the lunar surface of about 39 tons per year per ton of system infrastructure. Table 1 shows the cryofuel option delivers 1 ton of payload for each 2.45 tons of cryofuel. This gives a NET specific production of about 16 tons per year per ton of infrastructure. 

... The Baseline NSR system could deliver about 14,400 tons per year for a system mass of about 6 tons (2 for the rocket and 4 for infrastructure). The specific production is then about 2400 tons per year per ton of infrastructure 
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Analysis based on 1997 Paper for Joint Propulsion Conference

To make the LH2 in space from the water ice would take about 39 times as much mass as the water used.

Therefore, to make the LH2 for the Callisto trip would take 39 times 10.98 tons per ton delivered, or 428 tons of hardware per ton of space ship delivered.

To make the H2O for the Callisto trip would take about 1 ton of architecture per about 2400 tons tons water.

Therefore, the 29.98 tons / 2400 tons means about 0.012 tons hardware per ton space ship delivered. 

At this point, 

H2O takes 29.98 tons of ice and 0.012 tons of hardware.

LH2 takes 10.98 tons of ice and 428 tons of hardware.

H2O wins by 428 to 0.012 for hardware,

This means H2O wins by a factor of about 35,600.

The water ice was free. It didin't matter whether we needed 29.98 tons of ice or 10.98 tons of ice, because getting the ice was like getting ice from an iceberg. 

One might reply to NASA and Los Alamos, "It was the mass of hardware, stupid."

Further, once we are at Callisto, we are stuck there if we took LH2 nuclear rockets. The LH2 rocket is useless if we have no LH2, and we have no LH2 at all. We need hardware to convert water into LH2.

But if we used steam rockets, we could land on Callisto, melt ice for water and use water in our fuel tanks.

We could fuel up anywhere we found ice, which is on nearly every moon of the solar system.

Result based on Joint Propulsion Conference:

· Water wins by  428 to 0.012 tons of hardware.

· LH2 takes about 1/3 the water compared to a steam rocket, but 39 times the hardware.

· Steam rockets take 0.012 hardware at the destination.

· LH2 rockets take 428.

· This means H2O wins by a factor of about 35,600.

Conservative Analysis

The AIAA paper at the Jont Propulsion Conference estimated 6 tons of hardware to delver 14,400 tons to lunar escape in a two-way water-truck architecture.   A more realistic hardware estimate would be 120 tons, that is, the mass of a Shuttle.  One would probably need humans.  

This would reduce the water production by 6 / 120, or about a factor of 20.

Further, the ice moons of Jupiter typically take more water as propellant for the water truck. A conservative estimate has been calculated to be under a factor of 2.

This means that instead of 0.012 tons of hardware per tons delivered, it is a factor of 20 for people and factor of 2 for moon gravities, or 40 x 0.012, or 0.48 tons per ton delivered.

This means that:

· Water wins by  428 to 0.48 tons of hardware.

· LH2 takes about 1/3 the water compared to a steam rocket, but 39 times the hardware.

· Steam rockets take 0.48 hardware at the destination.

· LH2 rockets take 428.

H2O wins by 428 to 0.48 for hardware,

This means H2O wins by a factor of about 890.

Conclusions

Result based on Conservative Analysis:

· Water wins by  428 to 0.48 tons of hardware.

· LH2 takes about 1/3 the water compared to a steam rocket, but 39 times the hardware.

· Steam rockets take 0.48 hardware at the destination.

· LH2 rockets take 428.

· This means H2O wins by a factor of about 890

Problem for Students and NASA antagonists:

What does the same analysis yield for a trip to Mars?

Hint: A round trip to Mars and back can take less than 2000 m/s total mission delta-V. This would be for a high elliptic orbit around earth to high elliptic orbit around Mars. The same trip with a descent to a Low Mars Orbit would add about 3000 m/s. The total Mars round trip would be about 5000 meters per second mission delta-V. This is a reduced mission delta-V compared to the Callisto trip. There is no water at Mars, so this trip can not refuel when the ship gets there. 

The reference mission to Callisto was 6500 m/s. Therefore, since the LH2 advantage is exponential with mission delta-V, reducing the delta-V may reduce the LH2 advantage by some factor related to exponentials. 

What does the same analyisis yield for a trip to a periodic comet?

Hint: About 10% of the periodic comets can be accessed for about 6500 m/s.

And, the comets all have water ice, although it is believed to be mixed with dirt and hydrocarbons.

---------------------------------------

Appendix

Callisto trip analysis

You start at 120 earth radii, past the moon, 

 drop toward earth, just skimming outside and away from the orbits where satellites and debris are dangerous, which is about 1.3 earth radii from earth center.

 Thrust for 1 hour at about 0.1 G.  This is the reason for the 590 tons of nuclear reactor rocket engines.  If we use fewer engines, the acceleration is slower, and the mission delta V to achieve the required orbital transfer rises almost to unacceptable values. 

The required 3557 m/s is achieved with this acceleration

---

Arriving at Jupiter, we all go hide in the radiation shield part of the ship, and do a measly 312 m/s delta V. This puts us into a 1.1 x 1000 High Elliptic Jupiter Orbit.  The transfer orbit has period 5.59 years, so the one-way trip takes about half that time, or abourt 3 years.

	reference  Earth to Jupiter
	 
	

	1
	 
	Perihelion

	5.3
	 
	Aphelion

	29790
	 
	CircularVelocity

	optional input
	 
	

	1000
	 
	Vinfinity

	
	
	

	output
	
	

	8851.4274
	 
	UpDeltaV

	-5649.1137
	 
	DownDeltaV

	3.15
	 
	SemiMajorAxis

	5.5906954
	 
	PeriodWRTVcir

	3499.861106
	 
	WarpDeltaV

	0.285725624
	 
	Warp Gain


---

After about  5 months (0.43 years) you get to the top of the elliptic orbit around Jupiter.

When you get there, you do a thrust of about 239 m/s. This changes your periapsis from near Jupiter to near Callisto. 
---

About 5 months later you arrive at Callisto.

You thrust with 1622 m/s to capture into the 1 x 30 Callisto orbit, and a

715 m/s thrust to drop to Low callisto orbit.

This doesn't take too long. like a day or so.

---

This whole thing took you about: 3.7 years to do.

