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I am going to discuss a number of disposal options for space nuclear reactors and the

associated risks, mostly in the long term, based on probabilities of Earth reentry.

The results are based on a five year study that was conducted between 1978 and 1983 on

the space disposal of high level nuclear waste. It was a study actually begun at Lewis

Research Center and later transferred to Marshall. The study provided assessment of

disposal options, stability of disposal or storage orbits, and assessment of the long term

risks of that bad stuff coming back to Earth.

Just recently, we completed an application study of nuclear thermal rockers to the lunar

outpost scenario. I suppose most of the mission results that you have heard about have

to do with Mars, but we have looked at it in terms of the moon and have examined, as

part of that overall study, the case of the disposal options. Therefore, I will try to

configure the presentations so that it will treat both the moon and Mars because many of

the options are quite similar as I will show you.

Just to put it in perspective, for the lunar NTR study we looked at various combinations

of NTR (see Figure 1) starting with one burn, that is just using it for the translunar

injection (TLI) and then doing everything else chemical and aero. We end with a

complete four burn, where the nuclear thermal rocket was the only propulsion system

starting from LEO and going back into LEO.

The disposal options you have available that might work best depend very much on how

the nuclear reactor is going to be used in the mission scenario. If it were only going to

be used for TLI in this case, or transMars injection (TMI), then you would have a

different kind of a disposal option, probably, than if it were going to be used and brought

all the way back to Earth orbit, perhaps reused for several missions, but eventually

disposed of in some way.

So what we mean by a spent reactor then is a device that has been operated and is

radiologically active at end of life (see Figure 2). Normally the end of life would occur

after normal operations and the number of reuses that it has been designed for. But, of

course, end of life could also occur from a disabling accident, in which case a disposal

option may be required too.

Then the question is what to do with that spent reactor to eliminate or minimize the

subsequent hazard of the radioactive material coming back to Earth: being released in

the biosphere.
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I have listed some ten factors of consideration. If there is a need for disposal at the end-

of-life, it's a fairly complex problem and needs to be considered in terms of trades (see

Figure 2)

Let's look at some of the disposal options (see Figure 3 and 4).

They start with some moderate altitude Earth orbits that would be stable for some

period of time, to a high earth orbit, which I called super GEO, somewhat above normal

operations in GEO. If it were used for a lunar mission it could be a lunar surface

delivery, including impact, which is probably not desirable, or an actual soft landing and

storage on the moon.

The libration points of the Earth-moon and Earth-sun system are a possibility for

disposal. If you are going to Mars you could leave it in Mars orbit. There are also

libration points in the Mars system. Or we could put it into an Earth ellilitical orbit,

which does have a long-term risk of reentry, which I will describe. You could put it into

a solar orbit that is stable for very long periods of time, which could apply either to the

moon or Mars missions. Or, you could send it out of the solar system altogether, but the

Delta V to escape the solar system is so high it would have a serious impact on mission

performance.

To give a flavor of the kind of work that was done for the lunar application, we

examined all of the cases shown in Figure 3 an 4. We looked at the situation of a

disposal from a particular orbit state to another orbit state. We then calculated the

disposal Delta V that would be required at the end-of-life. We found it varies quite a

bit.

The lowest Delta V disposal was lunar gravity assist as applied to the NTR 1-burn case.

You could deflect the trajectory to the trailing edge of the moon, take a lunar swing by

and inject into a heliocentric orbit. A possible disposal solution for the NTR 4-burn case

is a 1000 km circular orbit about Earth for a Delta V cost of about 300 meters per

second.

The highlighted disposal options are the ones we actually examined in detail. We made

comparisons against the nominal mission performance, and tried to determine what the

disposal actually cost in terms of mass penalty.

In the case of the full NTR burn for lunar applications we examined two options. One

was to put it into a heliocentric Earth-crossing orbit after coming back to LEO at end-of-

life, or raise that orbit to a thousand kilometer altitude Earth orbit.

Now I am going to talk about reentry risk (see Figure 5). For example, a propulsion

system failure might occur during injection prior to actually escaping the Earth. If we

start in an orbit that has a high eccentricity with crossing of the lunar orbit distance, then
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you would have a mean reentry lifetime of 200 to 700 years. Lunar collision would occur

with a much smaller lifetime, on the order of 50 years.

A VOICE: Are you talking about reentry into earth or an encounter with the moon?

MR. FRIEDLANDER: This combines both types of events. In other words, this was

not a disposal orbit but an orbit that resulted from some kind of a failure that had a

perigee close to Earth and crossed the lunar orbit. Subsequently, this "stay body" would

either reenter Earth's atmosphere, collide with the Moon, or be ejected from the Earth-

Moon system.

Now, what I want to talk about are some disposal options, including the stable solar

orbit, the heliocentric planet-crossing orbit, and then the moderate-altitude Earth orbit.

Figure 6 is a plot of heliocentric planetary distances. It shows the maximtim and

minimum extent of Earth, Mars and Venus. It turns out there are two stable zones not

too far from Earth. One of them is between Earth and Mars, 1.17 to 1.19 AU circular

orbit. The other is between Earth and Venus. If you can get it into that circular orbit it's

going to stay there for a very long period of time - at least a million years.

To give you an example of what happens to that orbit, Figure 7 is a time history over a

million years of an orbit which was initially at 0.86 AU circular, between Earth and

Venus. It doesn't stay circular at all because of the mutual perturbation of the planets

and Earth. You can see the Venus aphelion and the Earth perihelion changing quite a
bit with time.

But, though it doesn't stay circular, the disposal orbit is stable to at least a million years

and probably much longer. That is to say, it does not become a planet-crossing orbit.

In fact, this was the nominal disposal destination selected for space nuclear waste after

consideration of all the possibilities.

Now let's look at a situation of an Earth-crossing orbit where the orbit starts out initially

with a perihelion of .85 AU and a aphelion at 1, so it left Earth on the way toward a

stable circular orbit. But let's suppose that the circularization burn at .85 failed and we

are left in an Earth-crossing orbit.

Figure 8 shows the results of the Monte Carlo statistical analysis. Initially the orbit only

crosses the Earth orbit, but because of the gravitational effects over the long term, it

actually begins to cross all the planets out to Jupiter and could be eliminated by collision

in various ways or by solar system ejection caused by Jupiter gravity perturbations.

In 54 percent of the cases it will eventually come back to Earth reentry. However, the

mean time for that to occur is 26 million years, which is a rather long time. There is
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also a substantial probability of Venus collision, and once the object begins to cross

Jupiter, at least ten percent of the time it will be ejected from the solar system

altogether.

But the dominant event is an Earth collision and what is shown here is probability as a
function of time for the various collision events.

So, for example, even though the mean lifetime greater than over 20 million years, at

one million years the probability of Earth collision is 17 percent.

Figure 9 shows those results along with the sensitivity to orbit perihelion distance and

inclination. For each of these cases the mean time to reentry is quite long, but there is a

finite and not insignificant probability of Earth reentry occurring over shorter time

periods.

A VOICE: Right now we are looking at an Earth reentry time of a "nuclear safe orbit"

of 300 years. You are several orders of magnitude beyond that even in your worst case.

MR. FRIEDLANDER: That's quite true. This would be a very favorable result unless

some particular design and analysis of the fission products showed that you really needed

to provide nuclear safety for many, many thousands of years.

A VOICE: That's going to be a function of the safety groups to determine what is the

minimum time we can have for reentry of any nuclear system in Earth orbit.

What I am trying to show is that, in the long term, we are talking about probabilities

which might be quite acceptable. In fact, from my point of view, an Earth-crossing orbit

is a fairly acceptable disposal place.

MR. FRIEDLANDER: You can get about a three and a half fold reduction in collision

if you went ten degrees out of the elliptic plane. However, it's very costly to get ten

degrees out of the elliptic plane.

If you are talking about disposal, you really want to put is someplace and be dor/e with

it. You don't want to be monitoring it for thousands of years.

A VOICE: I might want to reuse the materials.

MR. FRIEDLANDER: You might. In fact that was one of the considerations when it

came to looking at space disposal of high level nuclear waste. Some people said they

might want to use it in ten thousand years, so some people wanted to put it into Earth

orbit. But that high level waste is bad stuff compared to a reactor.

Let's talk about the disposal in a moderate altitude Earth orbit. Consider a lunar or
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Mars application that has been used for four burns and comes back to LEO. At that

point, the easiest thing to do is add a very small Delta V is raise it up in altitude. Figure

10 shows the orbit lifetime against atmospheric drag and reentry.

If you place it at a thousand kilometers this would give you a lifetime against Earth

reentry of 24 hundred years.

So if the safety time requirements are on the order of a few thousand years, you could

put it into a moderate altitude circular orbit about Earth.

Figure 11 shows results from a recent paper by Chobotov and Wolfe in the Journal of

Astronomical Sciences, January- March of this year. It's probably the latest update of a

summary of the meteoroid and debris flux impact per year per square meter as a

function of particle diameter.

This is the natural or man-made environment that an object put into a moderate altitude

disposal orbit would face.

If you have a collision with a meteorite it's at about 20 kilometers per second impact

speed. A collision with space debris tends to be around ten kilometer per second impact

speed.

Even though the debris flux is low, it's getting worse and worse, and some people talk

about trying to sweep some of that debris out. But, there is debris out there which could

certainly do damage.

In future work, I would think that we might want to do a preliminary trade study of the

disposal options for Mars applications to get a handle on what the impact on the

nominal mission performance would be.

There are also short-time reentry risks. These would come about as a result of failure or

accident environments. In this case, quantitative information about risk could not come

out of the long-term statistical analysis that I have described. A different type of analysis

would have to be performed. "

Both short-term and long-term risks were examined in the previous studies of space

disposal of nuclear waste. We looked at the reentry probability and the radioactive

element inventory as a function of time. This was quite important for nuclear waste. I

am not sure how important it is for the reactor operation but it is something that might

need to be done. Eventually one would want to do an overall risk benefit assessment of

disposal options.
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NTR CONCEPT OPTIONS
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NTR DISPOSAL OPTIONS

DISPOSAL FROM
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Figure 3

NTR DISPOSAL OPTIONS
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