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FOREWORD 

In April 1964, a small symposium was held at Los Alamos on the sub
ject of advanced nuclear propulsion, by which was meant those concepts be
yond the solid. core heat exchanger using nuclear energy to produce a high 
thrust propulsion system. The attendance was limited, but an attempt was 
made to have at least representatives of all groups active in the field. No 
formal papers were required and much of the time was spent in discussion, 
but it was felt that a record of the proceedings would be useful. Transcrip
tions were made from tape recordings through the courtesy of W. E. Mathe
son and D. E. Knapp of the Douglas Aircraft Company who also handled the 
work of obtaining edited copies from the authors. Editing was generally 
kept to a minimum, so these prpceedings retain the informal character of 
the meeting. Some of the material reported was work in progress and there
fore preliminary, and due caution should be exercised in using or quoting re
sults contained herein. We have tried to eliminate the repetition of material 
which has since been published, and in those cases usually have included 
only the abstract and a reference to the work. 

The bulk of the material presented was unclassified (as determined by 
the organizations making the presentation) and is included in :this volume. 
The classified material will be published separately in a suppl~ment to this 
volume. Together they make a reasonably complete but brief survey of the 
field a.s of AprU 1964. Althuugh the primary purpose of the meeting was a.n 
exchange of information among a few workers in the field it is hoped that 
the proceedings will be useful to others who were unable to attend. 
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INTRODUCTION 

Ralph s. Cooper 
Los Alamos· Scientific Laboratory 

Los Alamos, New Mexico 

The field of advanced nuclear propulsion is of special interest to the 
Laboratory, and several of us here· have been examining various aspects of 
it. Over the next three· days we are having a meeting of those people who 
are actively involved in research on this topic. This is the first· such 
gathering to· include all high thrust concepts ranging ·from fluidized particle 
beds to pulsed nuclear rockets~ . 

In our regular sessions we shall deal. only with the propulsion systems 
. . ·~ 

themselves rather than with the overall mission analyses. Most of the . 
specialists realize the value of a high thrust, high performance system~ but 
for our more general audience at this colloquium and as a keynote speaker 
we shall have a talk by Mr. Maxwell Hunter on the potential of these sys
tems for manned space transportation. 

· Mr. Hunter has a degree in Mathematics and Physics and an advanced 
degree in Aeronautical Engineering. He was involved in the design of air
craft and missiles for the Douglas Aircraft Company for many· years. This 
involved complicated, sophisticated systems such ·as the Nike missile which· 
was coupled to various upper stages and a complex electronic radar and 
control system. Furthermore he worked on the Thor rocket which has re
cently scored over twenty consecutive successful launches. 

The ·remarkable thing is that through all the hard engineering Max has 
done, he has maintained a very far-sighted and optimistic attitude toward 
propulsion. systems and their use. His ·views a;re always stimulating and 
provoking and are worth serious consideration. 
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SPACE TRANSPORTATION 

M. W. Hunter, II 
Flight Systems. J)ivision 

. Bellcom.111, Inc.· 
Washington, D. C. 

Well, that is an introduction that leaves me wondering where to go 
next. The business of having been the Chief Design Engineer at Douglas 
when the Thor was designed is a pretty good entree to practically .any place 
in the world these days. It hadn't .occurred to me that the only exception . 
was here. I prefer to create the illusion . of utter honesty at this point. 
I'm going to need it as I go. Honesty, therefore, compels me to bring the 
record of the Delta missile up-to-date. After 22 successes in a row, there 
have been two failures in a row. This apparently is ·not the year of the 
Delta. My friends at Douglas tell me that one· of thein may have been the 
fault of the payload, but you know the problem of trying to figure out after
wards who really did it. However, we can't be quite as bushy-tailed about 
the Delta this spring as we were up until January.· 

I think I should give you a little introduction as to where part of this 
briefing came from and particularly to explain the order I am going to use~ 
There was a panel discussion at the· American Nuclear Society in November. 
Some of you were there. · This panel consisted of an uiiusu3! collection of 
people, namely, stan mam.: Wernher v~n Bra1.m~ myself, aild Isaac Asimov •. 
A great deal of hilarity was generated about the questfon of who was the 
science fiction man on the panel~ Or, if you went down the list of names 
as I gave them, which was the way we were sitting at the table, which end 
was the rational one and which the science fi.ction, or were they the same? 

This did put me in the position of being arter von Braun and before 
Asimov, and it seemed right from the beginning that this was goihg to in
volve a problem in getting from the sublime to the ridiculous or vice versa. 
At any rate, I had to come up with something to bridge this gap with science 
fiction. I knew that von Braun would cover nqrmal, mundane nuclear rockets 
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without fail. So I gave a two-phase talk, one phase of which involved pri
marily gaseous fission engines, and the other involved a little bit of specu
lation on interstellar travel. Since we're going to be discussing gaseous 
fission and things like that for the next three days, I'm going to invert this 
order. I will talk about the interstellar situation first, and then we will 
simmer down to something nice and rational. We will be getting more 
rational as we go this time. With any luck, by the time we get to the end, 
I'll be rational enough for you to believe it. 

One must carefully understand the ground rules when speculating about 
interstellar travel. Compared to most discussions of vehicles, systems or 
capabilities, the ground rules are totally different. In the latter half of this 
talk, 1' m going to pay a great deal of attention to confining myself to such 
things as radiator temperatures which are reasonable, and various other 
practicalities. When one sits back and discusses interstellar travel, how
ever, one talks of not just now or the next century, but of cosmic time 
scales. Vast advances in technology throughout the centuries are assumed, 
and all engineering problems are assumed solvable. One worries only about 
violating physical fundamentals. The more intelligent people worry about 
whether we even know what fundamentals to violate, but that makes the story 
even more complicated. In general, one talks about grand things. Are there 
other civilizations out there? If there are, are the fundamental barriers 
due to Einstein's limitations on velocity of travel so great that no. civiliza
tion imaginable could ever hope to travel such distances? Should we listen, 
as the radio astronomers say, and ·hope to learn something from these super
civilizations? The discussion is always in the context of an overall deep 
philosophical sort of thing. That's the context of the first part of this talk. 
I will tell you when I shift gears and get rational. Unfortunately, you may 
have to be told this. 

We can delineate these two regions by means of Figure 1, which is a 
plot of specific impulse versus dilution ratio for perfect containment. Fission 
rockets are on the lower curve and fusion rockets on the higher. A perfect 
mass annihilation system is shown at the top. I've defined several regions 
on Figure 1. If we were to operate a rocket with nothing but nuclear fuel 
(very low dilution ratio), a very high specific impulse, over a million sec
onds, would result. The temperatures are just tremendous, however, and no 
one knows how. to begin to handle them. A lot of hydrogen, or some other 
propellant, can be put through the reactor to decrease the tempera:ture. The 
solid core region down at the bottom, which we' re all familiar with, is 
limited to a low value of specific impulse because of the temperature limita
tions on the solid-core materials. We can get higher performance by going 
to gaseous-core rockets or Orion which at least do not run headlong into the 
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materials temperature barrier. This higher region I have labeled the Solar 
System Transport Region, and is the region I'm going to cover in the second 
half of the talk. The top region, labeled Early Interstellar Travel, is the 
region of the first part of my talk. I'm going to cover only undiluted fusion 
rockets. I will not bother with mass annihilation rockets, although people 
who discuss interstellar travel are not at all adverse to describing rocket 
ships operating with 100 percent efficiency on the complete annihilation of 
matter. It' s bad enough to talk about undiluted fusion rockets, which I'm 
sure you'll recognize we do not know how to build. 

Under interstellar ground rules, some very interesting things materialize. 
I find that I disagree with a number of basic points which some people seem 
to think are great. Figure 2 contains most of my complaints all in one 
place. It shows a, curve of initial weight of rocket over final weight as a 
function of rocket maximum velocity divided by the velocity of light. This 
curve is for what I call a perfect fusion rocket. This means that not only 
is the fusion reaction running like mad with perfect efficiency while throw
ing only fusion fuel out the back, but in addition the rocket has a reasonable 
thrust/weight ratio like one or two. I haven't the remotest idea of how to 
build anything like that. still, at least it is something that I am using a 
fairly legitimate fusion reaction rather than talking matter annihilation. 

The weight variation of Figure 2 was calculated including relativistic 
effects. The interesting thing, as we all know, is due to a curve ball thrown 
by Einstein. . In the region of one-third the speed of light, the rocket initial 
weight is about 100 times the final weight. In actuality, we build probes to
day with weight ratios in the thousands, so that fusion rockets of up to 0.4 "' 
the speed of light are imaginable. From there on, however, they start get
ting very, very large. To get very close to the speed of light, the weight 
of the rocket becomes ridiculous. Now almost everyone who studies inter
stellar travel assumes that it does not make ·sense until 99 percent of the 
speed of light has been attained. You can guess the kind of rocket required 
at that speed. I didn't even bother to plot it, and I am almost fearless as 
far . as plotting rocket weights is concerned. 

I, myself, do not understand why people seem to have this compulsion 
to examine casually low velocity rockets, then immediately jump to 99 per
cent of the speed of light. As a so-called engineer, I've made many mis
takes in my life by taking only one point at each end of a curve and thinking 
I understood what went on in between. At one-third the speed of light, the 
travel duration in earth time is only three times that at the speed of light •. 
Of course, we might decide to approach the speed of light in order to reduce 
ship time by means of the time dilation effect. This relativistic time dila
tion is also shown on Figure 2. 
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Approaching the speed of light closely is the only way open to physi
cists for dilating time •. Presumably, there are no narrow-minded physicists 
here, however, and we all recognize that there are other disciplines in the 
world. One of them is biology. Although I am never quite sure of what is 
going on in the field of biology, some pretty weird things have been happen
ing in the last few years. I get the impression that we are getting closer 
and closer, by deep freeze and other techniques, to learning about hiberna
tion. Hibernation is biological time dilation. With biological time dilation, 
it is conceivable not only that one could come clear down to zero time, but 
also that this could be both for ship and for some earth time. If your wife 
loves you enough, she, too, can step into a deep freeze until you get back. 
This brings up a small question as to who has the key to the deep freeze. 
Regardless of such practical problems, the point is you can't dilate earth 
time by ship velocity, no matter how fast you drive the ship. 

The question of whether one is at all interested in ships which travel 
at one-third the speed of light, or feel that almost the speed of light is re
quired, therefore, has a great deal to do with a totally different discipline 
from physics. If the biologists do something about hibernation, they will 
exert a much greater leverage, both on earth and in the ability to build 
reasonable starships, than any possible attempt to drive ships out to the 
speed of light. So far as I am concerned, the people that make analyses 
with speeds only 1 percent lower than the speed of light, then conclude, 
"This· is preposterous; we could never go there," are really performing a. 
pretty naive systems analysis of interstellar travel. 

Even at only one-third the speed of light,· these are pretty cute ships. 
other than bombs, 11 m not sure that this Laboratory has done a vecy good 
job of controlling fusion reactions yet; and this rocket must be light weight, 
have perfect efficiency, and be safe. Furthermore, this ship, compared to 
one utilizing a gaseous fission engine, must control about three orders of 
magnitude higher thermal fluxes in order to keep from vaporizing. In addi
tion, there is another factor of about four orders of magnitude on total power 
generated to obtain these speeds. :Because the resulting shielding penalties 
are · pretty horrendous, the actual payload carried will be a small fraction of 
the final weight. 

Figure 3 is a plot of the initial power of a perfect rocket with final 
weight of 10,000 pounds as a.function of maximum design velocity. The 
right-hand scale gives the power which would have to be rejected by a radi
ator system, assuming 10 percent of the energy soaked into the structure. 

· Also shown is a typical number for a gaseous fission engine of about 2,500 
seconds specific impulse and one million pounds of thrust, the sort of engines 
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we'll talk about later. For a ship to generate 0.3 the velocity of light, it 
must improve three orders. of magnitude or so in its energy handling capa
bility for the same thrust level. If you did get these reactions running, if 
you could understand how to do this at a reasonable weight, we still have · 
three orders of magnitude of energy which somehow has to be taken in and 
out of the structure, or we're going to vaporize the ship right on the spot. 
So, even if you could turn around tomorrow and say, 11Here' s the engine," 
it's not clear at all that we could use it on these missions. 

On the other hand, this is only 3 orders of magnitude, not 30 orders 
of magnitude. In any given year, 3 orders of magnitude sounds pretty grim 
to us, but that kind of number has been lmown to be run over in develop
ment programs in a relatively few decades. Thex:e are ways in which it 
might be possible to cut this number down. Ten percent of ·energy soaked 
into the structure is typical of a. gaseou·s fission engine. An Orion system 
does not put as high a percentage of its energy into the structure. Any 
case where a fusion reaction would be different from a fission , reaction and 
put less energy into the structure lowers the number. When the reaction is 
not moderated, then we might have the reaction running in a relatively trans
parent engine shell, so that a lot of the energy would go straight through. 
If the opaqueness were only 1 percent, that would be an order of magnitude. 
l' m not saying that I know even remotely how to begin this. · I'm simply 
throwing out· some suggestions to indicate that from here to there just may 
not be centuries, it may be something like decades. Many people throw up 
their hands and say, "Forevermore, there will never be any interstellar 
travel. It dbesn't make any sense." They are saying that forevermore 
we're not going to improve our energy control by three orders of magnitude. 
I' m not sure that is a suitably cosmic viewpoint. 

I couldn't resist spotting the power of the sun on Figure 3. In the 
region beyond 96 percent of the velocity of light, the rocket is putting out 
more power than 'the whole sun. Once again, it's easy to decide that it's 
a pretty preposterous idea - and it is. ·Although, I don't lmow; I donrt .trust 
you people~ I think maybe a design that would do that might be appealing 
to some here. 

Now that we have settled the fact that we can have such ships, it 
seemed appropriate. to present a picture of the whole galaxy as seen by a 

I 

star ship designer. Figure 4 shows the number of stars in our galaxy versus 
the distance in light years away from the star we' re located near now. I 
would prefer not to put much of my reputation behind the accuracy of these 
curves. The top curve shows the total number of stars. Presumably, a 
good astrophysicist, at least for a while, would be interested in a close look 
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at most any of them. Furthermore, we have reason to suspect that F, G, 
and K type stars, considering their rates of rotation, have planetary sys
tems. ·They constitute about 5 percent of the stars. They are likely to be 
of more lasting interest than stars without planets. This was the 'basis for 
drawing the curve labeled planetary astrophysical interest. 

This still leaves the question of contact with an alien race. Since the 
radio-astronomers say we should do nothing but listen for the rest of our 
lives, the question of the probability of an alien transmission arises. It is, 
to say the least, a difficult estimate to make. We have a pretty good reason 
to believe that there are an awful lot of stellar systems with planets. We 
also have a lot of reason to believe, due to the researches on chemical 
evolution, that life would arise spontaneously on most of these. There still 
remains the question of the rise of intelligence and the rise of culture. 
Furthermore, if a culture reaches the point where it wants to communicate, 
how long will it have the urge? Our culture has not been communicating 
very long. Over any distance, it's only a ·few decades and in terms of 
written records, only a few millenia. It could be that after another 5,000 
years, the human race won't have a scientific culture. We may be living 
at the height of the scientific society. Maybe in another hundred years, it'll 
all be philosophical and no one will develop anything - a hundred years, that 
isl Perhaps our descendants will not care about communicating with anyone. 
Even today, there are a lot of people on this planet that I couldn't care less 
about communicating with. I might add that this is healthily returned with 
respect to me by a lot of people on the same planet. 

The bottom curve labeled social interest assumed that life would de
velop at each F, G, and K type star, that after 5 billion years it would pro
duce .a society, and that the average society would only be actively interested 
in communicating with other civilizations for about 50,000 years. The 5 bil
lion years is based on precisely one data· point; namely, the time required 
by our star to produce a society. I've often wondered what will happen if 
we get two· data points on that subject. The 50,000 years is based on even 
less data. If those assumptions are correct, however, the bottom curve re
sults. It is not surprising that there is a tendency for the radio-astronomers 
to say that we should never try to go to the stars. · The galaxy is a big 
place and there should be plenty of communicating societies, but the nearest 
one is a very long ways off. If only currently communicating ·societies in
terest us, perhaps all we should do is listen from here, and hope to learn 
something. 

I think the astronomers are missing a point, not even counting the fact 
that I don't think they know very much about rockets. There is another 
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class of stellar system which should interest us. This interest is created 
because a ship that goes there is, in a way, a time machine. We only pos
sess deliberate communication records of a society on this planet for .a few 
thousand years. We have looked hundreds of millions of years into the past, 
however, learning things of biological interest such as the patterns of the 
development of life. Therefore, if one goes to a place and explores, one 
can look both back and ahead in time as compared with the limited real 
time contact with any currently communicating society. I don't think any
one in this room has ever talked to a dinosaur, but we r ve learned quite a 
bit about the age of the dinosaurs over a hundred million years ago. You 
may not lmow whether to bring micro-biolbgists or archeologists, but you 
are able to look both back and forward in time. If you assume 500 million 
years as the time during which a planet has biological interest based on our 
own use of data from a comparable time on this planet, then the remaining 
curve on Figure 4 results. 

The probable time of data return from the stars is shown on Figure 5~ 

For travel, it was assumed that the ships :would travel at one-third the speed 
of light, then transmit data back at ·the speed of light after arrival. For 
communicating, the assumption was that a· signal was received from the most 
probable distance tomorrow which we immediately returned to this advanced 
civilization which then, in turn, sent it· back to earth. The travel curves 
show data return if you start sending ships tomorrow and the communication 
curve is the time for data return if you receive a signal tomorrow. 

The receipt of any signal tomorrow from an alien race would be ex
tremely stimulating, and it is obviously well worth listening. It would seem 
that if you stick only to listening, however, it would take 1,000 years for a 
reply if we heard tomorrow from the most probable distance. If one travels 
for purely stellar physics interests, one can get results much earlier. Even 
for planetary interests as well as stellar, the results are earlier·. In fact, 
within 100 years, information should have been picked up from 15 or so 
stars with planets, one or two of which should have data of biological inter
est. If one sticks to only listening, another 900 years must pass before 
anything happens. 

It is apparently fashionable today to say, "Only communicating is the 
thing to do. Travel is nonsense, and belongs back on the cereal boxes." 
But only the bottom curve of Figure 5 is available to the listeners and 
thinkers, while the other curves are available to the r goers and doers.' I 
wish to make a historical point which is true, regardless of what you may · 
think today in our current intellectual framework. All of the history of this 
race is squarely on the side of the 'goers and doers.' 
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Now, here is where the gear shift comes in. And if any one of you 
have, on the back of an envelope, designed a fusion rocket for that starship 
while I was talking, please keep quiet until I get through with the rest of 
this. We '11 discuss it afterward. 

Now, to regress to the region of solar system transportation. I'm 
going to confine my discussion almost completely to gaseous fission rockets. 
The reason is not that I have decided that they are the things to be used 
rather than Orion or electrical rockets. The reason is simply that I have 
done more thinking about them. I think that I can see how to combine gas
eous fission engines with advanced vehicles more efficiently than is possible 
with the other engine types. I believe that not enough thought has been given 
to the engine/vehicle interaction. There was a statement in the letter of 
invitation to this symposium to the effect that everybody knows what to do 
with 1800 seconds specific impulse. I happen to disagree. I don't think 
anybody knows what to do with 1800 seconds specific impulse, and I think 
we wouldn't know what to do with a good space engine if it walked up and 
bit us. I will try to prove those opinions as I go. I've used the 11we" ad
visedly because I don't think I know either. Rather than getting into a big 
mish-mash by attempting to cover al.1 various forms of propulsion, I will 
just stick with some mythical gaseous fission rockets. Presumably in the 
next 3 days we will discuss which engines you real.ly should do this with, if 
you should do it at al.l. 

Figure 6 .is a presentation of operating cost in dollars per pound of 
payload versus total velocity capability for single-stage vehicles with chemi
cal, nuclear solid-core, and two different kinds of gaseous fission rocket 
engines. These curves were calculated four years ago when I was at Douglas 
for a paper by myself, Bill Mathiesen and Bob Trapp that was given at the 
I. A. F. Congress in stockholm. We thought this was pretty interesting, but 
other than shocking an occasional person here and there, not very much has 
happened as a result. The thing that has been interesting to me is the fact 
that here was a clear indication that one could get out to extremely high 
velocities for a very low transportation cost. Velocities so high that you 
could open up the whole solar system for exploration with reasonable costs. 
Yet almost everyone believes it is extremely hard to do a little bit of space 
flight down in the low velocity region where we talk about just barely going 
to the moon. 

Figure 6 also is an interesting indication of the fact that you shouldn't 
drive a rocket faster than it wants to be driven. This is something that ap
parently a lot of people are forgetting. Theoretical.ly, a rocket can go up 
to any velocity,· not counting Einstein. But the way to make an inefficient 
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rocket go to very high velocity is to stage it, and stage it, and stage it. 
One carries fuel to carry the fuel to carry the fuel that's going to be used 
later. Once the weight starts to pyramid, it r s a logarithmic function and it 
just plain gets ridiculous in a hurry. So one has to be very careful about 
taking something like a solid-core nuclear rocket and deciding to perform 
missions at 200,000 fps. You can stack tip all that equipment if yqu want to 
do it, but it r s a horrendous thing. 

A question that has bothered me quite a bit is why more attention was 
not paid to these curves. Consequently, I'm going to break down some of 
the assumptions used in these curves, then build new curves back up with 
this year's assumptions. Perhaps I can make the story more believable. 

Now, there are two big ringers in the curves of Figure 6. One is the 
obvious one. At that stage of the game, nobody had the foggiest idea of how 
to build a gaseous fission engine at all, let alone one with 5,000 to 20,000 
seconds specific impulse. ·That, right off the bat, caused everybody to throw 
up their hands and forget it. The second ringer is that we used transport 
airplane operating cost assumptions. To put it mildly, we used recovery 
and reuse assumptions which were not the standard thing in rocket work. 
lim going to examine both of these assumptions in today' s light. 

Since so little was known of gaseous fission engines four years ago, 
the previous study assumed a thrust/weight ratio of 30 independent of spe
cific impulse. This was recognized to be a very sporty assumption since, 
even if the containment problem coUld be solved, the achievement of ·specific 
impulses beyond about 3,000 seconds requires the use of a radiator to reject 
excess heat which cannot be handled by the thermal. capacity of the propellant 
utilized. Although it was originally felt that such radiators would represent 
an intolerable decrease of thrust/weight ratio, it has since been pointed out 
that this is not true if high temperature radiators are used. Figure 7 shows 
a current estimate of the variation of the thrust/weight ratio with isp achiev
able for a gaseous nuclear rocket system with radiator using as a basis an 
assumed thrust/weight ratio of 20, at an iRp of 2,500 seconds. The values 
fall off substantially at high specific impulses compared to the assumptions 
of 4 years ago, but are still greater than one to beyond 10,000 seconds spe
cific impulse. 

It should be pointed out that the use of water, ammonia, methane, or 
other non-hydrogen working fluids should be ·seriously considered in gaseous 
fission engines from the start. Not only are better ship designs permissible 
due to smal.l tankage sizes and ease of propellant storability, but the use of 
a higher density propellant might well ease the fuel containment problem if 
a vortex system is used. If so, it could result in smaller, lighter engines. 
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It rri.ight also result .in earlier development programs if the ability to prove 
adequate containment occurred at an earlier time • 

. · An .interesting result in Figure 7 is that the value of thrust/weight 
ratio as the specific .impulse approaches 10,000 seconds is independent of 
propellant used. This is because the reduced propellant flow at such a high 
specific impulse results .in such small thermal capacity in the incoming fuel 
that" the engine must be almost completely cooled by the radiator' system. 
The propellant to fuel burned ratio required for a given specific impulse is 
independent of propellant used. Hence, the engine uses the same amount of 
energy to generate a given specific impulse, the same fraction of energy 
must be rejected by the radiator, and the radiator area is unaffected by the 
typ~. of propellant used. · 

It seems clear that an eng.ine design cooled by radiator alone should 
oo investigated. Such an engine might be easier to develop s.ince a major 
interaction between propell~t and cooling system would be severed.. Fur
thermore, such an engi~e could more easily use a variety of propellants. 
This could be very helpful in early. planetar~ ~xploring • 

. A limitation on specific impulse of 10,000 seconds ·has been shown 
tentatively .in Figure 7, assuming that the eng.ine would be of the type which 
transfers heat from the fission plasma to the propellant . by radiation~ This 
is due to an unfortunate tendency of the propellants examined to date. Al
though adequately opaque to absorb the radiant energy at medium-high tem
peratures, they apparently become transparent at very high temperatures. 
At the moment seeding the flow, which is very effective at low temper::~.tures, 
does not look promising at high temperatures. 

One other point of inte~est in connection with the thrust/weight ratios 
of gaseous fission engines is the power conversion weight thus achieved. 
Electrical propulsion enthusiasts feel extremely optimistic when power con
version weights of the order of 10 pounds pe~ kilowatt are mentioned. A 
gaseous fission engine of 2,500 seconds isp and T /W of 20 achieves about 
one-thousandth of a pound _per kilowatt. In other words,. gaseous fission en
gines are almost certain to be 10,000· times better than electrlca,l rockets in 
power conversion weights.· The fabulous effect of this number on spaceship 
design must be understood if anyone expects to make rational development 
decisions on future propulsion systems. 

. I can defend the 1963 curves of Figure 7 today. Not very well, but at 
least I can begin to defend them. Four years ago, the 1960 assumption was 
nothing that could be defended at all. However, I have always liked the cal
culations we made then. It influenced me in feeling strongly that, at least 
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theoretically, there was a great deal more which could be done with nuclear 
rockets than anyone realized, far more than just trivial improvements in our 
current systems. 

As part of the process of understanding spaceship operating costs, it 
is instructive to consider first only the fuel and propellant cost. This is 
true because this cost represents the minimum achievable. It is important 
to understand the mechanics of achieving a low fuel and propellant cost, 
particularly when truly reusable ships are used. In transport aircraft prac
tice, the amount of reuse is so high that initial airframe costs are only a 
small fraction of the operating cost, and fuel costs represent about one-half 
the total. Thus, we shall examine fuel costs for their basic limitations on 
performance, and then see how closely these limits can be approached with 
reusable ships. 

Fuel and propellant costs as a function of total velocity increment for 
chemical, solid core nuclear, and gaseous nuclear rockets are shown in 
Figure 8. Compared to the assumptions of Figure 6, the specific impulse 
of the high energy chemical has been increased to represent a modern, high
pressure system: the solid core nuclear has been decreased in view of cur
rent development difficulties: and a number of different propellants and de
grees of containment are shown for gaseous fission engines. All curves are 
for single-stage ships with structural assumptions more conservative than 
those of Figure 6 and each specifically sized· for the velocity shown • 

. It is evident that, on this basis alone, a gaseous fission engine without 
radiators and with separation ratio of 10 .. 3 is not significantly better than a 
solid core engine. Gaseous engines with better containm~nt would be much 
better. It is also evident that gaseous engines with space radiators, but 
with specific impulse limited to 10,000 seconds, can drive ships up to about 
one-half million feet per second and still maintain reasonable fuel cost. The 
attainment of a fuel separation ratio of 10-4 is almost as effective as per
fect fuel containment. 

The optimum fuel cost curves for gaseous fission engines with radi
ators were obtained by determining the optimum specific impulse for each 
velocity and separation ratio. This is necessary since too low a specific 
impulse will result in excessive propellant cost while too high a specific 
impulse will result in excessive fuel cost. The optimum specific imp~se 
is much higher than 10,000 seconds for all velocities beyond a few hl,Uldred 
thousand feet per second. Hence, these curves represent a future capability 
presently unattainable due to the propellant transparency problem at high 
temperatures previously mentioned. If it were not for this, gaseous fission 
ships could be driven to almost one million feet per second before fuel costs 
became a limitation. 
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. Under certain circumstances, a great deal can be learned about space
ship design without a detailed knowledge of the missions to be performed. 
In recent years, there has been a tendency to become so detail-mission
oriented that ship design is not even attempted until the exact mission is 
clearly understood. This may be a valid procedure when only one mission 
is in sight, although even then the inevitable lack of versatility usually 
leads to needless redesign much earlier than anticipated. In transport ai,r
plane design, the basic design procedure usually centers around the ~alcula
tion of airplane operating characteristics as a function of range. The maxi
mum range required comes from a knowledge of the total mission complex, 
but the airplane design is refined primarily· by using general curves as a 
function of range, rather than by a detailed series of specific mission anal
yses. 

When considering total solar system transportation as we are, it is. 
clear··that we face a variety of missions. It is also very unclear as to 
which of these will be paramount. One way of approaching the problem is 
to present the characteristics of the vehicle as a function of total velocity 
increment which the ship can achieve. This is exactly analogous to the use 
of range in aircraft design practice. In this way, an understanding of the 
ship's basic ability to deliver payload to a certain speed economically can 
be rather easily understood. The complex mission analyses, then, can be 
made to reflect the maximum design velocity increment required. 

This approach was actually used in the 1960 study, and Figure 6 rep
resents one of the results. Figure 6, however, contains assumptions as to 
degree of reuse achieved by the vehicle which, although consistent with 
transport aircraft practice, may not apply to space transportation. At least, 
if they do, their application must be better documented. 

The 1960 study assumed a large number of reuses per vehicle, some
what analogous to the· number of times a transport airplane is reused. A 
transport aircraft is actually utilized about 50 percent of the time, and av-

. erage flight durations are less than 4 hours. It is clear, therefore, that 
such vehicles are used over one thousand times per year. However, space 
travel durations are much longer, and it is obvious that the interaction be
tween travel duration and number of reuses must be considered. 

For the lunar mission, it is clear that large numbers of reuses are 
feasible. Typically, 100 flights per year (50· each way) can be envisioned 
on the basis of 2-day travel times, one day turn around time at each termi
nal, with Sundays and 2 weeks off for vacation. Over a 10-year ship life
time, 1,000 uses will be achieved. 
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One can get a feeling for the number of interplanetary uses by as
suming a certain ship total life. Typically, transport aircraft are designed 
for 40,000 hours. (4.6 years) total life. On the basis of slightly iess 'than 
50 percent utilization, such a vehicle would last for 10 years. They always 
last much longer, but the amortization time of the airframe is usually about 
40,000 hours, since new equipment always becomes available in even shorter 
time. 

Selecting a suitable lifetime for a spaceship presents a considerable 
technical dilemma. One viewpoint would simply take 10 years as above. 
An even shorter lifetime might technically be justified due to the severe 
aerodynamic environments associated with atmospheric entries, and the gen
erally unlmown operational environment of space. This type of assumption 
has become standard in this country recently. If you don't understand the 
problem, assume it's horrible. 

It may well be, however, that spaceships will last much longer than 
transport aircraft. The transport has its main propulsion system operating 
continually during flight, and is als9 continually facing the temperatures and 
gust loads within our atmosphere. The question is whether spaceship op
erating life should be determined by the total time of operation, or only by 
the times during which the main engines operate and/or it is within an at
mosphere. In other words, is a spaceship coasting between planets actually 
operating in the aircraft transport sense, or is it merely parked in space,. 
breathing quietly, waiting for its next mission. 

One can make an excellent ca~e for the latter point of view in terms 
of the general environment that the ship faces, either from space or its own 
propulsion systems, while coasting. The ship would have to be on inter
planetary runs for several centuries in order to build up 40,000 hours of 
engine and atmospheric operation. It is, however, bound to be replaced by 
better equipment within a few decades. As a base for calculations, this re
port .assumes 25 years ship useful lifetime. 

The variation of various weights as a function of velocity is· shown in 
Figure 9 for both specific impulse limited to 10,000 seconds and for the 
optimum specific impulse. These curves are for ships designed for 20 per
cent payload, then operated at lower velocities by off-loading propellant and 
at higher velocities by off-loading payload. Thus, these curves represent a 
penalty for using a single ship for multiple missions, just as in other forms 
of . transportation. 

By using. suitable planetary travel time data, which is not yet easy to 
come by, the weight data of Figure 9, the same fuel plus propellant cost 
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assumptions as in Figure 8, and assuming a vehicle cost of $100 per pound, 
the curves of Figure 10 were obtained. One hundred dollars per pound is 
the currently estimated cost of a supersonic transport. These curves show 
fuel cost plus amortized airframe cost as a function of design velocity in
crement for the missions selected. 

The lowest curves on Figure 10 are fuel cost only. Comparing them 
with the other curves show that for operations as far out as the planet 
Saturn, the structural costs are comparable to fuel costs. Further improve
ments in convenience of operation can be achieved with engines not limited 
to 10,000 seconds specific impulse. In that case, velocity increments beyond 
a half-million feet per second are economically reasonable. 

The average travel time between planets corresponding to the velocities 
of Figure 10 are shown in Figure 11. These two Figures taken together 
give a better feel for solar system transportation than Figure 6 alone. With 
specific impulse limited to 10,000 seconds, the solar system as far as 
Jupiter is available with travel times not exceeding 4 months. Inner solar 
system travel times need not exceed 2 months. The advantage of optimum 
specific impulse becomes more evidE(nt at Saturn and beyond. 

The curves of Figures 10 and 11 apply for a given ship design velocity 
only if the ship can be refueled at each terminal. If it must carry its own 
fuel for the return journey, then it must operate at half the total velocity 
shown. Except for Pluto, refueling bases at the major planets are much 
more needed than at the minor ones, as can be seen by Figure 10. Refuel
ing bases could be expected to be located on the surfaces of all the minor 
planets, although it may require some design effort in the case of Venus and 
Pluto. 

The major planets are a different situation. Their surfaces are ex
tremely forbidding as far as we know, to the extent that we are not even 
sure they have solid surfaces. It makes sense in that case to establish 
bases on one of the satellites of each of the four major planets. The curves 
are drawn with that assumption. If we do decide to penetrate to the surface 
of these planets, then the velocity requirements for doing this when operating 
from one of the satellites is a reasonable number. Thus, bases on the 
larger planets' satellites not only greatly facilitate the convenience of trans
portation, but also present a reasonable base for surface exploration, if re
quired. 

These particular curves are also calculated for the average flight times 
involved in year around operations between all planets. There are no launch 
window restrictions. If you're ever going to have a transportation system, 
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you're going to have to be able to go when you want to. You cannot spend 
most of the time waiting. A rough averaging process between the best and 
worst times of the year was used in. an attempt to make this ·a realistic 
transportation assumption. 

A few words about perspective on these curves are in order. There 
is nothing magic here except a ridiculous willingness to plot ·curves wherever 
the data is leading, rather than stopping somewhere. Both better and worse 
situations may well occur. Even the case of specific impulse limited to 
10,000 seconds requires gaseous fission engines with radiators, and most 
people today would rather agree to engines without radiators. In that case, 
the velocity increment achieved will be only about 25 percent of the curves 
shown. Furthermore, the economic penalty of, if necessary, ejecting a 
critical mass of fuel in the process of shutting down the engine has not been 
included. This will be on the order of ·$100,000 per shutdown. 

On the other hand, perfect containment might be achieved. We might 
design ships for each velocity increment, rather than use the single design 
assumed herEl. Furthermore, one can get a greater utilization of vehicles 
by the expedient of refueling the vehicles which go on deep space missions. 
This is preferable to multi-stage vehicles, since a fleet of ships used for 
refueling can also be used for other missions. No attempt will be made 
here to present detailed curves showing the effects of refueling. Cursory 
checks show that over 200,000 fps can be added for reasonable cost with 
only two refuelings. 

The greatest conservatism of all in· Figures 10 and 11 is, of course, 
in the magnitude of the ordinate scale. Costs beyond $12 per pound have 
not been plotted so that the entire set of curves is about 100 to 1,000 times 
lower than virtually all space cost analyses to date. This must be clearly 
remembered as we discuss the performance of these ships. 

I can't resist making one more solar system point here. So far, only 
travel between Earth and the other planets has been discussed. There is 
also the question of travel between planets other than Earth. The use of 
bases in other parts of the solar system to aid in the exploration of the 
even more remote portions should be considered. In fac~, such considera
ti~ns might well dictate the strategic location of bases. 

At first thought, it would seem to be a good idea, for instance, to use 
a base on one of the farther planets, say Saturn, to permit further explora
tion of the more remote planets like Pluto. Although this is an intriguing 
thought, such deep bases will have only limited utility. The reason is the 
extremely long synodic periods which exist among the outer planets since 
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they move so slowly around the Sun. In the worst case of all, the synodic 
period between Neptune and Pluto is slightly over 500 years. In addition to 
the long synodic period, the difference between travel at the optimum time 
of the year and the worst time of the year becomes more extreme the far~ 
ther the planet is located from the Sun. 

One way of illustrating this is shown in Figure 12, where the effects 
of basing on selected planets is shown for a constant ship velocity. It is 
true that a deep space base will be closer than Earth to the other deep 
space objects when in favorable position, but equally true. that it will be 
much farther. away during . the worst conditions. Surprisingly enough, the · 
base :wants to be reasonably close to the Sun, once again emphasizing that 
the Sun is the center of the solar system. Although Mercury might be the 
best planetary base of all, the Earth is still sufficiently close to the Sun 
that it represents a pretty good compromise. Thus, the major space logis
tic~ . support operations could, from a celestial mechanics viewpoint, be lo
cated ·efficiently on the Earth or its Moon. This is very convenient since 
the known industrial and research bases of the solar system also happen to 
be located in that vicinity. 

The slow movement of the outer planets leads to some interesting 
paradoxes. One would naturally assume that a base on Triton would be an 
excellent place from which to explore Pluto, since Neptune is at 30.09 A. u. 
from the Sun, while Pluto is 39.5 A. U. However, it turns out that Neptune 
at the moment is already leading Pluto around the Sun, and pulling away. In 
fact, in approximately 9 years, Neptune will be farther away from Pluto than 
Earth ever is. Furthermore, due to the long synodic period of Neptune and 
Pluto, that statement will be true for somewhat over the next 300 years. It 
would be nice to be sure that every other statement in this discussion will 
be true for that duration. · 

I threw that in as a bit of tidbit. I' m gradually working back down to 
our more normal systems, and there' s a point that I want to harp on fur
ther - that is, this whole question of structural reuse. As I indicated before, 
Figures 10 and 11 show costs that are less than $10 per pound throughout 
the entire solar system. Yet large and elaborate studies are made these 
days proving that it's going to take many hundred dollars per pound to go 
to the moon, no matter what we do with recovery, reuse, or anything else. 
It 1 s quite clear that either I'm insane, or a lot of other people are, or we 
have to have an explanation. It was easier to give an explanation than to 
prove everyone else ins~e. 

Figure 6 was drawn with what I like to refer to as •transportation" 
type assumptions for operating cost. Maintenance costs, for instance, were 
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taken :i:rom normal air transport practice. The vehicles were assumed to 
be as reusable as transport aircraft. This is not the fashion when calculat
ing rocket operating costs today. Almost all of our rocket builders, includ
ing myself, have been doing nothing but "ammunition" work for a large num
ber of years. It is axiomatic that, if you want to talk about recovery and 
reuse, you should not talk to an ammunition builder. 

To illustrate what can happen with different classes of maintenance 
and reuse assumption, I will shift gears drasticaily ·and discuss merely 
placing objects on Earth orbit with chemical propulsion. In Figure 13, I 
assumed, arbitrarily, about $300.00 per pound of payload as typical of cur
rent day orbital transportation systems with no reuse at all. It so happens, 
however, that if you consider the actual price of high energy fuel needed for 
orbital velocities with advanced .. rockets, it is only on the order of $1.00 per 
pound of payload. Figure 13 is· simply a plot of operating cost as a function 
of recovery reliability and refurbishment cost with these assumptions. 

It is quite fashionable, whenever over-all system analyses for recover
able space vehicles are performed,. to assume that recovery reliabilities will 
be around 75 percent. After all, that is the recovery experience to date. 
Also, refurbishment costs aro\md 25 percent. are quite likely to be used. 
The shaded region brackets these assumptions, and is typical of a good, 
solid, rational ammunition type analysis. It is evident that after spending 
that much money on refurbishment between flights with that low a recovery 
reliability, an improvement of at most two in over-all cost performance is 
the best to be expected. 

Also shown on Figure 13 is what had already been achieved many 
decades ago in air transportation. This is what happens when you think like 
a transportation man. The recovery reliability is so close to 1.00 that you 
can't possibly see it on this scale. The same is true of the maintenance 
cost, which is on the order of 0.04 percent. If anyone here thinks that a 
DC-8 is less complicated th~ a Thor, just take a good look at the inside 
workings of a DC-8 some day. Wonder, then, at the fact that a few people 
turn it around, give it some fuel, pat it on the head, and it takes off again. 
This is what we should be trying for in future spaceships. There is an im
provement of a factor of 100 over current operations to be made. I do not 
want you to get the impression that I am all for airplane designers. I think 
they, too, are irrational conservatives. But if useful design techniques have 
been developed, I think they should be used in space. 

As a matter of fact, you can get rougher with this. You can make a 
calculation on what would have happened in our air transport system last 
year if the philosophy of our ammunition people had been used in running it. 
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If you do that, you 1 d find that we would have killed 4 million people last 
year. You will also find that the attrition of equipment and refurbishment 
costs are so high that it would cost you $10,000 for a ticket to anywhere. 
The only way out of the ammunition dilemma, surprisingly enough, is the 
kind of advance propulsion we're planning to talk about the next few days. 
You have to get enough margin into the propulsion so that you can have 
extra weight available both for use and reuse. 

An interesting interaction exists between the containment capabilities 
of gaseous fission systems and the cost of boost to orbit. Attempts are 
frequently made to show that high fuel consumption gaseous fission systems 
(either Orion or co..:axial systems) would be acceptable after all, since the 
extra economic penalty which they incur compared to the cost of chemical 
boost to orbit is relatively small. This conclusion would obviously be 
strongly influenced by the wide sprea<.} of orbital costs mentioned. 

Figure 14 shows typical interactions between containment of fuel and 
economics of boost to orbit. The point is obvious •. Chemical take-off is 
not too bad. If chemical ~oost to orbit is tolerated at all, however, it must 
be of the economical ''transportation" variety, or it will completely cripple 
the ability of gaseous fission engines to eX:plore economically the solar sys
tem. This to me is the real challenge of advanced propulsion. This . is 
also why I think there's a tremendous interaction between the engine and 
vehicle. It is not just a matter of sitting down with a specific impulse, 
and making one simple performance calculation. The big gain is made by 
the interaction of the engine and the development of transportation techniques. 

Figure 15 is a sketch of one result of using a gaseous fission engine 
to power a reusable spaceship. We all, by now, expect manned rockets to 
be hundreds of feet .long. If drawn to the scale of Figure 15, Saturn V 
would be two pages long. It would have a little bit of payload on the front. 
If, however, we were to combine the kind of nuclear rocket engine we would 
like to have (running on water or ammonia rather than hydrogen) with a re
usable structure for the entire ship, a possible result would be the ship 
shown. This is a typical case of about a million pounds gross weight with 
cargo weight on the order of 200,000 pounds. 

It turns out, not surprisingly, that for reasonable economy, large pay
load fractions, perhaps even more than 20 percent, are required. Note that 
20 percent cargo at a density of 10 pounds per cubic foot (standard trans
port airplane practice) when combined with the required propellant results 
in a rocket vehicle with 60 percent of its length devoted to cargo and crew. 
The engine and propellant take up only a small portion at the rear, just like 
"Buck Rogers" has said it should all along. 
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An interesting example of the change in design philosophy with such 
ships is in the matter of shielding. -Indications are that about 20,000 pounds 
of shielding weight would be required. This is a severe penalty for most 
rockets. Since cargo itself is effective shielding material, however, by the 
simple expedient of never flying this ship with less than 10 percent cargo 
aboard, properly packaged, the shielding penalty is reduced effectively to 
zero. 

If such a ship were used without radiators on the engine but with hydro
gen propellant, it would be able to generate about 80,000 feet per second. 
This is more than needed for a lunar round trip. We can hence examine the 
effect of this ship on a lunar run, performing like a normal transport air
plane. Logical assumptions, as previously discussed, would lead to 50 flights 
a year, and the ship can carry 100 tons per flight. By maneuvering a little 
bit with that number, I . concluded that one ship like this is equivalent to 
300 Saturn V launches per year. 

This is the kind of thing that we're driving at. Incidentally, in our 
scientific operations in the Aritarctic, we deliver to the Antarctic about 
50,000 tons a year. Ten such ships, shuttling back and forth to the moon, 
could mount the same magnitude of operation on the moon as we mount in 
Antarctica. This is, to say the least, an interesting capability. 

Some points should be made about the safety of gaseous fission space
ships. Contrary to most opinion, a gaseous fission rocket is probably a lot 
safer to use than a solid core rocket. Several reasons for this are listed 
on Figure 16. The fission products are always in vapor form, so there is 
never a fuel element burnup problem if emergency atmospheric entry is 
necessary. On return trips, one need never overfly a city with a fission 
product load, since the products can be ejected into· space and. the landing 
made aerodynamically. After landing, of course, the ship is radioactive 
only to the extent that any material has been locally activated. This will 
be very small with proper material selection and is certainly. far lower than 
when the fissi~n product load is a permanent feature of the structure. 
Hence, the servicing problem would be nowhere near as great as with the 
case of aircraft nuclear propulsion. 

Furthermore, in case of an accident, the fission product load is always 
small. A million pounds of thrust is, after all, only 1/2 kiloton of thrust, 
and the actual fission products created are comparable to those from kiloton, 
not megaton, bombs. As a matter of fact, some interesting calculations in
dicate that an accident as low as 5,000 feet in the air yields almost no ex
posure on the ground due to the effectiveness of atmospheric dispersal of the 
small fission product load on board. 
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In addition to the fact that the fission product load is small, one can 
do interesting things by recognizing the fact that the exhaust jet velocity is 
actually higher than solar system escape speed. If trajectories are properly 
programmed, once out of the Earth• s atmosphere, most of the fission prod
ucts ejected with the exhaust will be thrown completely out of the solar sys
tem. This is the one way of not contaminating space. Space, incidentally, 
is a doggone big place, and the contamination of small local radiation belts, 
atmospheres, or planets should not be confused with all of space. Even our 
Sun, which is continually making a real attempt at space contamination com
pared to any puny spaceship, has not succeeded to any great distance. 

Some of the characteristics which make a gaseous fission rocket dif
ferent from solid core propulsion systems also result in development dif
ferences. There is a tendency for many people to believe that gaseous fis
sion engines are a logical extension of Rover. At the risk of losing a num
ber of friends, I would like to point out that they probably are not a logical 
extension of Rover. For instance, the time between reactor tests should be 
greatly reduced for gaseous engines. One need not. fabricate fuel elements 
between tests, and does not have to live with fission products imbedded 
within the engine. The handling advantages in operation previously mentioned 
also eA"tend to the engine development process and the development program 
should be a lot easier to run than that of a solid core engine. Gaseous fis
sion engines may not be a logical extension of solid core engines at all. 

A good space engine can alsq have a profound effect on spaceship de
velopment cost. It is not just a question of a high degree of reuse, there 
is also the effect of making the ship abortable during any part of the flight. 

Transportation systems not only achieve very high reuse, they contain 
sufficient redundancy to permit flying with partial equipment failures, and 
also have the ability to abort successfully from any flight condition. It is 
this last capability which is very important to the development program of 
such ships. 

The savings in development cost of not losing ships continually is ob
vious, yet our ammunition thinkers are so used to the massive throwaway 
that they usually claim that recoverable equipment would be more expensive 
to develop since it is more complicated. This might be true of the recovery 
of marginal performing rockets, but would not be true of a properly designed 
reusable. spaceship which would not be marginal with a gaseous fission engine. 

It simply is not possible to overemphasize this difference in develop
ment philosophy. Commercial transports are extensively tested, and much 
of the equipment refined by flight tests. They become reliable pieces of 
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equipment for expenditures very small in space budget terms, because it is 
possible to test the equipment over and over for a reasonable expenditure. 
If a high performance propulsion system can permit us for the first time to 
pursue a space vehicle program with the very efficient development tech
niques of transport aircraft systems, we will be very remiss if too . blind to 
even consider these techniques. 

The use of a reusable and abortable ship from the start of the develop
ment program can well have a profound interaction on engine development . 
tests. This interaction will be enhanced greatly if the engine is a •'tractable" 
engine. A •'tractable" engine is one which has "benign failure modes.•! In 
other words, it does not explode catastrophically when it fails. There is an 
excellent chance . that gaseous fission engines will tend to go out rather than 
explode when trouble occurs. 

If the engine is tractable, and the ship abortable, then flight failures 
consist mostly of unscheduled landings. The ship is then capable of testing 
the main ·engine without the extreme sensitivity to component malfunction 
which exists in ammunition developme~t programs. This can be a very 
large leverage on total development costs. Clearly, there must be extensive 
ground testing of the engines. However, it may be much easier to arrange 
partial duration ground runs in enclosed areas than it is to arrange total 
duration ground runs. The total duration runs could then be performed in 
the ship. 

Many engine developments in the past have made extensive use of fly
ing test beds when ground facilities were not adequate. The technique should 
not be ignored if the flight vehicles are able to reintroduce it. This is one 
of the examples of development techniques available with transportation de
vices which are not within the realm of experience of ammunition developers. 

The final point I wish to make ·is, I'm against logical progress. 

A common mistake in development thinking seems to be a tendency to 
relate the basic performance achieved by a device with its development dif- · 
ficulty. It seems so logical to assume orderly progress in development 
programs. Actually, many major programs are not a result of orderly 
progress. One of the most recent interesting examples is the development 
of the ICBM. These ballistic missiles penetrate to their targets at a Mach· 
number of ·25. Orderly· progress would have dictated that we build first 
fleets of supersonic bombers, then fleets of hypersonic bombers. Only after 
that would we consider whether or not Mach number 25 penetrators were 
desirable. 

The fact is that Mach number 25 ballistic missiles are considerably 

46 



easier to build than hypersonic bombers (and evidently Mach number 3 
bombers). Their performance is attained in a different manner, with differ
ent engines (not breathing air) and iri a different flight region (out of the 
atm9sphere). They are not a Mach number 25 airplane. 

The gaseous fission spaceship ha.s many analogous elements. It is 
easy to achieve 500,000 fps out in space, as long as the engine is capable 
of it. A ship which never carries fission products aboard need never fight 
the safety problems of solid core nuclear rockets, or even the analogous 
problems of nuclear airplanes. An abortable transport rocket is a different 
development job than the building of larger ammunition. We must look at 
the gaseous fission ship .in terms of its difficulty of development, not in awe 
of its possible accomplishments. 
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The rotating fluidized bed reactor concept offers a major advantage in 
the large 2.mount of surface area presented for transfer of heat from the 
solid fuel to .the gas coolant. So the system design features the fuel in the 
form of a bed of solid particles held in suspension in the flowing gas cool
ant, and confined to the reactor core by virtue of centrifugal force. 

At the Brookhaven National Laboratory we have carried out exploratory 
studies on the over-all performance and mechanical aspects of rotating fluid
ized beds over the past 4 or 5 years. This year, however, we were able to 
set up a more formal program with direct support from the AEC. There 
have been considerable delays in getting equipment designed and built and 
full-time personnel assigned to the study. 

The first slide (Figure 1) shows a simple representation of a fluidized 
bed with the granular material uniformly dispersed under a 1-g field. One 
view shows the bed in the settled state; the other view shows the bed with 
fluid passing upward and expanding it to a greater height. Fluidized bed 
studies of the early days were carried out with liquid flow, so that you have 
uniform fluidization and a uniform dispersion of the material. Moreover, 
unless the liquid is in highly turbulent motion, the top of the bed will be flat 
and will remain essentially stationary so long as the velocity and the vis
cosity of the fluid remain the same. In the gas fluidized system, however, 
there is a definite tendency for bubbles to form and for a portion of the gas 
to pass through the bed in the form of bubbles. Whether the original bubbles 
pass all the way through the bed, or the bubbles .collapse and new ones form, 
is not too well lmown, but the latter is probably a safe assumption. The 
question that arises in nuclear reactor design· considerations, however, is 
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how much of the gas would pass through the bed not directly contacted with 
particles to maintain efficient heat transfer. To some extent heat would 
transfer in the form of radiation, but largely one would look to convective 
transfer. 

Figure 2 shows a diagram of a rotating fluidized bed with the particles 
held in place, against the inward flow-induced drag forces, by means of 
centrifugal force. Both the bed and the container are rotated; the gas enters 
through the tubular shaft, then flows inward through a porous wall which 
serves to support the hed. The annular bed is about 6 inches in diameter 
and 6 inches long. Initially, as against the wall in the lower zone of the 
container, with only moderate gas flow, the material becomes fluidized and 
redistributes itself more or less evenly over the length of the container in 
the pattern of a cylindrical annulus. One would be thinking ultimately, for 
a full-scale propulsion system reactor, of a length-to-diameter ratio of two 
or three. There is a problem, of course, that as the gas flows axially down 
the center zone toward the discharge opening, it has a tendency to carry 
along some of the particles; but with sufficient g forces on the system, that 
goes not seem to be a serious problem. 

Figure 3 is a photograph of a 6-inch unit with two views from above. 
View (a) shows the cylindrical bed in the settled state with the gas flow cut 
off. View (b) shows the bed in the fluidized state with the flow on. The 
diffu~e appearance along the inner zone is due to the formation of bubbles, 
presumably, and is quite different from the clear cut inner face in view (a). 
But, there is definitely a high degree of retention of particles; and we have 
seen no real evidence of escape of particles, which, in this case, were about 
12UJ.L in diameter. Questions have been raised as to how such a system 
would operate in an upside down position wherein the normal forces of grav
ity and the discharge flow of the gas would be in the same direction. So we 
mounted the 6-inch unit in an upside down position, using a rubber ~:;topper 

in the discharge opening to hold the bed material until we established rota
tion, and the material assumed its angle of repose at the wall. Then, with 
the stopper removed, material was fluidized with airflow, and it redistributed 
itself uniformly in the cylindrical pattern, as before. 

Figure 4 shows a unit of more advanced design with a bed diameter 
of 10 inches and length of 1 inch. Gas flow, again, is up through the center 
tubular shaft. The unit has been operated at 2,000 g' s, and we have ob
tained high-speed moving pictures of the bed. 

Figure 4A shows a line-drawing design of a new unit of about the same 
dimensions which is intended for operation up to 10,000 g' s. The flow and 
the pressures will be much higher than before and, for this reason, an 
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Figure 3. Photograph of Rotating Particle Bed (a) Unfluidized (b) Fluidized 
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Figure 4. Apparatus for Studying Rotating Fluidized Bed Fields up to 
10,000 g' s 
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intermediate support ring is shown midway along the l-inch length of the 
porous wall. We have not operated this unit with any bed material as yet 
and are now doing some reworldng of the inlet gas seals at the bottom. We 
haven't thought too much about how we would undertake to make measure
ments on the system beyond the point of obtaining over-all gas flows, pres
sures, and general performance values. Component parts and the assembled 
unit are shown; for maximum strength the bowl is machined from a single 
plate of aluminum. The unit is mounted in a room with sand bags placed 
along the walls for safety. Local experience, gained from mechanical failure 
of high-speed neutron choppers, is reflected in the design of the unit. 

Question: What are the dimensions, about a foot or so? 

Answer: The porous cylindrical wall is about 10 inches in diameter and 
1 inch long. Because of difficulties of carrying out quantitative measure
ments on the rotating beds, we may want to make some initial experiments 
with non-rotating or 1-g systems. This would apply especially with respect to 
the determination of coefficients of heat transfer between the particles and 
the gas. Since we are so highly concerned about heat transfer in the sys
tem and trying to foresee maximum value from it, I think that it ~ay be 
necessary to look first at the simpler systems, and possibly to use analogy 
to mass transfer relationships. · 

Finally, in Figure 5 we have soine of the beginning ideas, in a con
ceptual scheme, for a nuclear propulsion system with a one-million pound 
thrust and 20,000 "MW capacity. The bed would be about 3-1/2 fe.et in diam
eter and 7 feet long. With 100~--t fuel particles and a bed thickness of 
3 inches, we have something like 150 to 200 thousand square feet of surface 
area for heat transfer. About 2000 g' s would be required to sustain the 
bed with a hydrogen coolant flow of one thousand pounds per second (specific 
impulse 'of 1000 seconds). The velocity of the gas flowing through the bed 
would be on the order of 300 linear feet per second, and rotational speed 
would be 1500 rpm. So the mechanical requirements for strength and sup
port of the rotating unit do not seem to be prohibitive. 

Question: How much power is required to drive it? 

Answer: This we haven't figured out. It's substantial; - something like 
3 horsepower for the 10-inch unit described previously. However, it would 
certainly be small compared with the 20,000 megawatts produced by the re
actor. For the 1 million pound thrust system, the reactor would be thermal 
or slightly epithermal with an 18-inch thick beryllium metal reflector around 
the outside. This would be in the form of plates, and the entering gas would 
absorb the heat released in the reflector which would be something on the 
order of 2000 megawatts. 
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The question that immediately comes to mind is how. high a tempera
ture could one expect with such a reactor. For a specific impulse of 1000 
seconds with hydrogen, the temperatures would have to be in the neighbor_. 
hood of 5500°F. So the questions of thermal stability of the particles and 
temperature difference between particles and gas are paramount. Even 
without melting would the particles adhere or fuse together to any serious 
extent? 

At this point, I want to refer to the results of an experiment carried 
out at Los Alamos in 1963 as part of an investigation of rotating fluidized 
beds for nuclear propulsion reactors. That investigation, which began about 
the same time as the Brookhaven study, included a very important series of 
experiments on ZrC particles fluidized under 1-g fields at temperatures as 
high as 3000°C. It was found that the particles did not fuse at the high 
temperature when the bed was fluidized, but did fuse at the high tempera
tures when the bed was not fluidized. Now, with high gravity field systems 
and high gas velocities, the increased agitation among the particles should 
tend to further discourage fusing. 

With respect to heat transfer, we have had to make the unsupported 
assumptions that the coefficient might be as high as 1000, in English units. 
If the coefficients are not that high, we have to reduce the size of the fuel 
particles to increase specific surface, and to correspondingly increase the 
g' s on the system. 

Question: Have you been speaking in terms of rotated porous walls rather 
than rotating just the bed? 

Answer: Yes. We actually have been thinking both ways, but the tangential 
entry system does not seem to lend itself to uniform distribution of particles; 
whereas with the rotating porous-wall container, a particle bed of uniform 
thickness is readily formed. The tangential flow system might be much 
simpler from a mechanical standpoint, but behavior of the particles is much 
less predictable. 

Question: What performance are you talking about in this? I mean what 
specific impUlse would you achieve if this worked? 

Answer: Well, we would hope for a specific impulse of 1000 seconds, or 
even 900 seconds, but the temperature is going to have to be 4500°F or 
higher. 

Remark from Audience: I can't help interjecting that if you get, say a 
thousand seconds and if this particularly lends itself to the type of space 
transportation system into orbit that Max is talking about, it may just beat 
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everythlng else. It's good enough performance for getting into orbit, as a 
matter of principle, but by some margin. I suppose I'm caught right in the 
middle between - I' m probably more prone to. think in the conventional way 
of going up in stages from something that we.' re reasonably sure of, the 
other systems which. are far out in the operation sense, of course offer a· 
much better promise, but when one thinks of the practical problems. 

Question: This is sort of a high-speed ball-mill in a sense; how fast are 
you losing particles due to change in size? 

Answer: Not too· fast, well I have no answer for that, because I don't know, 
but I don't think it' s a serious problem. 

Question. (Von Chain): What te~perature would your rotating drum have? -Answer (Cooper): I've looked at this and it· depends very crucially on what 
the thermal conductivity of this dust bed is, but the hydrogen has such a 
heat capacity that using a number which was one or two hundred times that 
of ·copper for dust bed conductivity the inlets were very cold, and as a 
matter of fact, this is a change from the ordinary dust bed or fluidized bed 
work that the chemical engineers do, there the conductivity is so large com
pared to the flows that the dust bed is assumed to be at a uniform tempera
ture. Now with the sort of calculations I mentioned there is a tremendous 
temperature rise and depending upon the heat transfer it looks as if the du_st 
bed may be one or two hundred degrees away from the gas temperature. 
That means you would be in the regime where you have actually very cold 
inlets. What the actual conductivity of the bed is, is unknown. 

~~swer (J. Grey): Operating the bed at a somewhat uniform temperature 
instead of with a high temperature difference between the inlet and outlet is 
just hard to conceive.· The bed becomes less dense with depth with the high 
temperature ratio wheri you fluidize it. 

Question: You. mean sparse on the inside? 

Answer (J. Grey): Yes. There is an increase in the bed expansion capa
bility of the gas as it passes through; viscosity goes up, velocity goes up as 
the gas density goes down. The change in the effective drag force on indi
vidual particles is by a factor maybe of five as it reaches the inside of the 
bed, ·compared to its fluidizing capability as it enters. 

Answer (Cooper): Jerry, pardon me - I have looked at this also and one 
may reach the situation where the lower portion of the bed did not fluidize; 
and actually that would be very· good, because when its a fixed bed you get 
better heat transfer than a fluidized bed. This is because you get more gas 
bypassing in a gas fluidized system. 
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Question: The problem of abrasion and particle loss? 

Answer: I think that is not a serious problem- I can't back this statement 
with any numbers. For long-term operation, it could be a problem; but for 
high thrust propulsion, the system would not be operating too long. One in
dication that abrasion may not be a major problem is the absence of sinter
ing at high temperatures. This, in turn, may suggest reduced contact be
tween particles, and that the gas actually acts as a buffer. 

Question: What is the pressure drop through the bed? 

Answer: It is equal to the weight of the bed under the g system; so with 
a 2000 g system, you have several hundred psi pressure drop with a 3-inch
thick bed. 

Question: Assuming it's completely fluidized? 

Answer: Yes. 

Question: Is there any difference in the behavior on the high g bed com
pared to the (Romero) one g bed? 

Answer: I'm sure there is. I hope it's a better behavior; in fact, we are 
trying to see whether if one has high enough g' s on the system the tendency 
to bubble formation may be reduced - possibly may be eliminated. All the 
forces acting on the particles are increased, but the individual behavior of 
single particles and not of groups of particles may be more pronounced with 
the high g system. This is one thing we want to look into carefully. I think 
you could say that bed performance certainly is no worse at 2000 g' s, com
pared with 1 g, and I wouldn't assume it would be the same, so it's either 
going to be substantially worse or better. 

We have high speed moving pictures (Figures 6 and 7) of rotating 
fluidized beds, ami thP.Ae show up the bubble formation quite well. You can 
actually see individual particles dropping back from a surface eruption, or 
bubble burst. Individual particles swept into the region above the bed are 
not supported by sufficient drag forces which are down maybe by a factor of 
10 from the drag forces obtaining in the bed. 

Question: What are the particles here? 

Answer: These are glass beads, spherical particles, 120J.t in diameter. The 
pictures were taken at a rate of 8000 frames per second, and the length of 
time for a complete series is 1 second. We have observed partial fluidiza
tion of a bed by introducing an inner layer of glass spheres, darkened by 
gamma irradiation, and noting the back mixing of these spheres into the 
otherwise white bed. 
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Figure 6. Apparatu3 Used in Photographing P.otating Fluidized Beds: 1,000 - 2,00(1 g' s 



Figure 7. Sequential High-Speed Photographs of Rotating Fluidized Bed 
Showing Gas Bubble Formation 
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Question (Taylor): Did you have a figure in mind for the typical r atio of 
internal energy to kinetic energy of the gas a s it leaves the surface of the 
bed; in other words, is it the velocity it will have after it's gone clear 
through an outer nozzle, or is it essentially st agnant? 

Answer: I don't have such figures in mind but the velocity of the gas in 
the bed for a propulsion system might be 300 feet pe r second. 

Question (Von Ohain): In case the bubbles produce the heat or rather the 
particles produce the heat as they are so narrowly packed, isn't there the 
danger that you form streamers and the rest i s not sufficiently cooled and 
melt together, in other words that you get very nonuniform heat transfer in 
a system where the amount of particles in the mass per cubic centimeter 
is so large in comparison to the gas mass? 

Answer: That's a possibility. That' s one reason why the gas bubble for
mation is always of great concern. 

Question: There is a certain instability, you know the moment you cool this 
then, the temperature rises tremendously unt il certain things start to melt 
and 

Answer: Yes, very high heat rate production, but I think that intense agita
tion of the system may be of considerable importance here. The experience 
at Los Alamos with a 1-g system, which did not show fusing of the zirco
nium carbide bed at a temperature of 3000°C, offers a great deal of hope in 
this regard. I might say that the high temperat ure experiment was of major 
importance because it provided at least a partial answer to questions about 
fusing of particles at temperatures near the melting point of the material. 

Question (Barrett): What is the main thing that the experiment will tell you 
that you don't know now? 

Answer: What experiment? 

Question: Well, the experiment you're doing on fluidized bed. 

Answer: All we are doing now is observing the beds in high gravity fields 
to note their behavior, mainly with respect to gas bubble formation. But we 
plan to carry out quantitative measurements on fluid flow and heat r e moval 
properties of high gravity systems. 
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FLASH X-HAY ANALYSIS OF FLUIDIZED BEDS 

Jacob B. Romero 
The Boeing Company 
Seattle, Washington 

First of all, I would like to clear some common misconceptions re
garding fluidized beds and fluidized bed reactors, and also to define more 
clearly the fluidized process. I do not think there is much advantage to 
fluidized bed over graphite reactors for propulsion purposes, except per-
haps in the event that thermal stresses become very important in the graphite 
core. With fluidized beds, one might be able to eliminate these stresses and 
thus make designs possible. 

I have given talks before on this subject, and after finishing I am 
asked what a fluidized bed is; so it might be worthwhile here to define a 
fluidized bed before beginning. Actually, the fluidized process is very 
simple. Visualize for the moment a container filled with particles which 
rest on a porous support through which gas can be introduced. If gas is 
now forced through the particles, and the flowrate (say G in pounds per 
square foot per hour) versus pressure drop is measured, we will find that, 
up to a point, the pressure drop varies linearly with flowrate. This flow 
range is called the packed bed region; there is no particle movement. At a 
particular flowrate, the pressure drop suddenly becomes constant and very 
nearly equal to the weight of the bed per unit area. At this point, the par
ticles are suspended and the bed is fluidized. The flowrate at which this 
occurs is called the point of minimum or incipient fluidization usually re
ferred to as Gmf• Further increases in flowrate result in bubble formation 
which by-pass the bed in much the same way that a gas bubble by-passes a 
liquid. 

Another common misconception concerns the heat transfer between the 
particles and the gas in the bed. This is not necessarily lower in the 
fluidized bed than in the packed bed despite the bubble flow. This miscon
ception apparently has arisen from the fact that one thinks of bubbles as 
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by-passing the bed without contacting particles. But, in a fluidized bed, the 
gas circulates through these bubbles - a fact which has been shown through 
some excellent work in Great Britain.! The gas circulation, of course, re
sults in good contact between gas and particles. W. L. Barrett of our lab
oratory will show you results tomorrow on fluidized bed heat transfer ex
periments which yielded large values of heat transfer coefficients. 

The talk today considers flash x-ray experiments and analysis of 
fluidized beds. The main purpose of these experiments was to visualize the 
internal structure of fluidized beds. In this manner, we were able to learn 
more about density gradients and other properties within the bed. Do we 
have high density regions within which might affect heat transfer or reactor 
nucleonics, and what are the sizes and shapes of bubbles? These are some 
of the questions we were trying to answer. 

The apparatus used was a flash x-ray machine which may be familiar 
to some of you. It might be simply said that this machine is a high speed, 
x-ray unit, which produces a tremendous dose of radiation in a matter of 
tenths of microseconds. Thus, it essentially stops all motion and, for this 
reason, is used to analyze high speed phenomena such as bullets penetrating 
materials or explosions. So, it is easy to see that in a fluidized bed the 
x-ray unit stops all motion, and we are able to see conditions within the 
bed at any time. 

From these visualizations, we are able to obtain useful data on the bed 
densities, the shape and sizes of bubbles, and bubble formation. By firing 
two flash x-ray units in sequence, we can also measure the velocity of 
bubbles as they rise through the bed. Data of this nature serve as a test 
of the Two-Phase Theory of Fluidization first proposed in 1952.2 This theory 
states that all the excess flow, that is all the flow above minimum, should 
by-pass the bed as bubbles. Now, if this is the case, the dense phase part 
of the bed will maintain a constant density with flowrate. On the practical 
side, this is also of great importance to the nucleonics of these reactors. 
In addition, these data serve to support some of the newer theories on 
fluidized beds, in which the bed is assumed to be liquidlike. 

EXPERIMENTAL APPARATUS 

Slide 1 is a photograph of the apparatus used for fluidization showing 
the fluidizing column and flow meters. A 3-inch-square plexiglass column 

1. Wace, P. F., and s. J. Burnett, Trans. Inst. Chern. Engrs., ~' 168 (1961). 

2. Toomey, R. D., and H. F. Johnstone, Chern. Engr. Progr., _!§, 220 (1952). 
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contained the fluidized material. Details are shown in Slide 2. The material 
container, which was 20-1/4 inches high, was attached to a 6-3/8 inch calm
ing section filled with 5 mm glass beads. The fluidized material rested on 
a 300 mesh bronze screen distributor. Laboratory air was controlled by the 
pressure reducing valves and was metered through rotameters before enter
ing the columns. The 8 x 10 inch x-ray films used were placed inside a 
light intensifier cassette, which was mounted on the back of the column as 
shown. The x-ray beam fired into the column from the front perpendicular 
to the 1/16 inch column walls and parallel to the 3/8 inch walls. The 3/8 
inch walls served as a density reference while the thin 1/16 inch walls 
avoided excessive x-ray absorption. 

On the sides of the column were mounted calibration wedges constructed 
of 1/16 inch thick plexiglass walls. These wedges are right triangular 3 by 
4 by 5 inches and were filled with fluidizing material to a known density. 
With them, it was possible to read density as a function of film darkness 
and to compare it with the density within the bed, making it possible to map 
density throughout the bed. To read the darkness of the photographs, a 
special homemade densitometer was devised. It consisted of a photo pick-up 
cell, a light source, and a carriage for holding the film. The film was 
mounted in the carriage, which has provisions for lateral and longitudinal 
movements. The light source illuminated the film from below, and the 
transmission was picked up by the photocell, whose output operated the X 
axis of a Moseley autograph X-Y recorder. The carriage position operated 
the Y axis, and thus film darlmess. and position were recorded automatically. 
To determine bubble sizes, a procedure was developed using a ping pong bqll 
imbedded within the bed operated just below minimum fluidization. Photo
graphs of the ping pong ball were obtained and the densitometer output re
corded in the region of the ball. By theoretical arguments we were able to 
relate the known volume of the ping pong ball to any other volume as inte
grated from densitometer output curves. 

Properties of the fluidizing material are shown in Slide 3. All data 
were taken on a white silica sand which was approximately spherical. The 
particle size was mostly in the 150 - 200 Tyler mesh range; the true arith
metic average diameter was u.uu~~ mch. 

RESULTS AND DISCUSSION 

Slide 4 is a photographic sequence showing some of the more general 
characteristics observed in x-ray photographs of fluidized beds. This is a 
sequence for one particular bed operated at flowrates from 1.0 to 5.0 times 
minimum fluidization. Visual inspection of photographs of the nature show 
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the bed to consist of two distinct phases over most of its length as had pre
viously been postulated. One of the striking characteristics is, however, that 
near the bottom of the bed there is less definition between phases and no 
distinct bubbles are found. Apparently this region is quite turbulent, and the 
flow is influenced by particle concentration changes. Rowe3 has shown from 
drag considerations that the bed is very unstable to concentration changes, 
and a small change in particle concentration can cause large changes in flow 
or velocity. In this region, the flow may be adjusting to these changes and 
the flow alterations may result in bubble formation. 

Another characteristic that can be observed is the increase in bubble 
size with flow rate, a result which is qualitatively in agreement with the 
two-phase flow theory. Inspection of many photographs of bubbles also 
showed in many cases the convex or flat shaped bottom surface of bubbles, 
which is predictable from liquidlike theories proposed for fluidized beds. 
Notice also on the photograph at the left that even at minimum fluidization 
a few tiny bubbles, perhaps 1/8 to 1/4 inch in diameter, are apparent. 

Slide 5 shows some results of the density analysis. The chart on the 
right shows a typical densitometer output obtained for the calibrating wedge 
and the bed. The triangular wedge output is used as a reference to deter
mine the density of the bed at any point. The bed is scanned longitudinally 
every 1/4 inch by the densitometer in alternating directions. The baseline 
is offset a constant amount after each scan to prevent lines piling on one 
another. Notice the change in output intensity in the region of a bubble. 
Interpreted in actual density as given by the numbers superimposed on the 
photograph, you see that there is little variation of bed density in the dense 
phase. In the region of a bubble, however, there is considerable variation. 

By averaging the bed dense phase densities, obtained from many photo
graphs at a given flowrate, we obtain the plot shown in Slide 6. This slide 
shows the variation oi average dense phase bulk dens1ty w1th Uowrate. .For 
comparison purposes, the expected density variation when 10% and 100% of the 
excess gas passes through the dense phase is also shown. This calculation was 
based on the theory of Ergun and Orning, 4 assuming that the bed expands in 
accordance with the flow through the dense phase. It is seen from these data 
that our results indicate at least more than ~o·]{, ot the excess gas by-passes 
as bubbles even at the high ilowrate. Thus, the dense phase density is inde
pendent of fl.owrate even at a ilowrate five times minimum. This appears to 
constitute good evidence for the validity of the Two-Phase Flow Theory. 

3. Rowe, P. N., Trans. Inst. Chern. Engrs., :m, 175 (1961). 

4. Ergun, Sabri and A. A. Orning, Ind. Engr. Chern., g, 1179 (1949). 
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Slide 7 shows the densitometer output obtained by scanning horizontally 
every 1/8 inch through a ping pong ball. Notice the symmetry of the output 
corresponding to the spherical shape of the ball. Slide 8 shows a similar 
scan through an actual bubble, which is much more irregular. By integrat
ing over these outputs, we were able to compute average bubble sizes, some 
values which are tabulated in Slide 9 for the various flowrates studied. As 
the fl.owrate is increased, the bubble volume increases--in qualitative agree
ment with the Two-Phase Theory. Using this bubble volume and Two-Phase 
Flow Theory, we can calculate bubble frequencies which are also shown. 
The frequency also increases with flowrate, and is in the range of 100 - 300 
per second per square foot. 

In previous work, 5 we were able to correlate bubble sizes by plotting 
dimensionless diameter (diameter divided by height above support) versus 
fl.owrate. The results obtained in this work are plotted in Slide 10 in this 
fashion, and are some five orders of magnitude larger. This discrepancy 
is probably due to the difference in measurement technique used. The pre
vious data were obtained by probe methods and probably did not measure 
the maximum bubble size. A further complication may be the different bed 
supports used. This latter problem could adversely affect bubble sizes. 

The typical time sequence photographs used for measuring bubble ve
locity are shown in Slide 11. These photographs show a large bubble photo
graphed as it passed through two sections of the bed by two x-ray units 
fired 0.303 seconds apart. During this time, the bubble travelled 0.71 feet, 
and thus its velocity was 2.3 feet per second. The bottom photograph is of 
interest since there appears to be a combination of two bubbles in progress. 
The combination apparently succeeds, since the upper photograph shows only 
one bubble, and its volume is about equal to the combined volume of two 
bottom ones. 

From theoretical grounds, Davies and Taylor6 have determined the ex
pected velocity of bubbles in fluidized beds. This theory predicts that the 
bubble velocity, UB, should vary with sixth power of its volume, VB. Slide 
12 compares velocities measured in our experiments with this theory; the 
bubble velocity is plotted versus the sixth root of bubble volume. Our data, 
in general, follow the theoretical predictions quite closely plotting only 
slightly higher. To a good approximation, our data can be correlated by the 
equation UB = g112 VB 116• This might be compared to the relationship 

5. Romero, J. B., and L. N. Johanson, Chern. Engr. Sym. Ser. 58, 28 (1952). 

6. Davies, R. M., and Sir Geoffrey Taylor, Proc. Roy. Soc. (London), ~' 
375 (1950). 
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BUBBLE SIZES AND FREQUENCIES 

(TWO-PHASE FLOW) 
I Lmf AVERAGE BUBBLE BUBBLE FREQUENCY 

Gj Gmt (in. ) VOLUME {cu. in.) (no./ sec.- tt?) 
-.;j 
m 

1.5 3. 1 0.68 72 
1.5 5.9 0.50 97 
L5 10.8 0.51 97 
; 0 -· 3.1 2.3 85 
.-, 0 
) . 5.9 1.3 149 
... 0 
), 10.8 1.7 114 
5.0 3.1 1.3 300 
5. 0 5. 9 1.9 200 
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II BUBBLE VELOCITY !MEASUREMENT 
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suggested by Davies and Taylor, UB == 0.792 g112vBl/B (g is the gravita
tional constant). 

CONCLUSIONS 

The flash x-ray machine has been used to study the internal structure 
of fluidized beds and to make basic measurements on their properties. The 
most important results obtained indicate that the fluidized bed consists of 
distinct dilute and dense phases, with the latter maintaining constant prop
erties - particularly density. The flow through the dilute phase is in the 
form of gas bubbles, whose sizes and frequencies increase with flowrate and 
whose rise velocities follow closely the theory of Davies and Taylor.6 The 
constancy of dense phase bed density with flowrate provides good evidence 
on the validity of the Two-Phase Theory of Fluidization. Observations of 
bubble sizes, shapes, and velocities strongly suggest a liquidlike nature for 
the fluidized bed as has been suggested by some investigators. 

The flash x-ray unit has proven an invaluable tool for studying flow, 
and I believe that if we are seriously considering designing reactors of this 
type, much more work of this nature is necessary. I hope the results pre
sented here will be of value for reactor design and also chemical applications. 

Question: Were you able to distinguish individual particles in the x-ray 
photographs, or is the bed so thick that you just get the average density? 

Answer: No, we were not able to distinguish individual particles, so we 
read an average density. We could distinguish bubbles somewhere in the 
order of 1/8 inch diameter. 

Question: In the first photograph in Slide 4 when G is equal to Gmf, i.s 

there a difference in density in the bed? There seems to be a gradation. 

Answer: I'm sorry that some photographs appear lighter or seem to have 
a gradation, but in reproducing the slides they were doctored somewhat, and 
it is impossible to make comparisons just by looking at them. Actually, it 
is even somewhat impossible to compare the actual x-ray photographs just 
by sight alone since there are some differences between them due to several 
sources of error, such as variations in the voltage at which the machine 
fired. This is the reason that we calibrated each photograph individually. 
You will remember that we placed a wedge on the side of the column which 
was used for this purpose. In this manner, each photograph could be cali
brated to a known refe renee • 

. Remark from Audience: There is a point which some people may not have 
gotten; that is, the bubbles move much more slowly than the gas, so that 
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these are not slugs coming up, but these bubbles have a lot of flow through 
them. Much of the gas, even though it passes through the bubble, also 
passes through the dense phase, and this is the point many people may not 
have realized. 

Remark of Author: If all the gas passed through the dense phase, the bed 
would expand somewhat the same as that observed in liquid fluidization. 

Question: The thing you just mentioned raises a point that has always in
terested me. Years ago, I worked on the partial theory of flow of liquid 
fluidization, and when gas fluidization came along some years later, about 
1940 1 s, they adopted the same equations. Now, the equations I was involved 
with go into flow through a capillary in which there must be a purely uni
form suspension of particles, otherwise it was chaos. But the chemical 
engineers adopted these equations, and I fail to see why there is any re
semblance, one to the other, in the theoretical sense. Yet, those equations 
are all the same apparently,· so it seems to me the gas going through the 
dense phase is not changing as you force more gas through. Why does the 
expansion of the bed resemble the expansion of a liquid fluidized bed? 

Answer: The bed expansion in general does not resemble that of liquid 
fluidized systems. The curve I showed in Slide 6 in which all the gas 
passes through the dense phase was shown simply for comparison purposes
to compare the expansion we actually obtained to what would be expected if 
all the gas passed through the dense phase. There is some expansion in a 
gas fluidized bed, however; but this is mostly due to the volume of the 
bubbles which are present within the bed at any one time. As you force 
more gas through the bed, the size of these bubbles also mcreases and so 
does the expansion. 

Question: Do the newer theories on fluidization involve the assumption that 
the gas in the uuuble is rising at the bubble velocity? 

Answer: No, the bubble as an entity is risiJ:?-g at this velocity, but the gas 
in the bubble which may be circulating may have a different velocity. 

Question: Could. you define bypassing for me; specifically, what is it? 

Answer: Bypassing is the amount of gas that flows in the form of bubbles. 
Now it has nothing to do with the circulation through the bubble we talked 
about. Tt is simply the amount of gas flow we would observe, if we measured 
the flow of bubbles, without regards to circulation. 

Question: When you say 90% bypassing, does this mean that 90% of the gas 
flow appears in the form of bubbles? 
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Answer: This means that 90% of the flow above minimum fluidization ap
pears as bubbles. I am not considering the flow required to fluidize the 
material. 

Question: In a liquid fluidized system with solid particles, generally no 
bubbling occurs. As you increase the flow rate, you tend to spread the 
particles more and more so they become less dense. The point is that ap
parently in the gas fluidized bed this does not matter. The density of the 
fluidized particles stays the same. The extra fluid appears as bubbles. 
What you are saying is that for som«;l reason or other the dense phase is a 
very stable configuration, and it tends to keep constant properties? 

Answer: Yes, precisely. 

Question: What do you mean by bubble frequency? 

Answer: It's hard to define frequency~ because there are some bubble com
binations, but the frequency talked about here is that which you would observe 
if you counted the number of bubbles bursting at the top surface of the bed. 

Question: Were you able to follow a single bubble all the way through the 
bed? 

Answer: We were able to identify it at two places since we only had two 
x-ray units. In principle, we could follow it all the way through if you had 
10· or 12 x-ray units which you fired in sequence. 

Question: Do you think that the aspect ratio of the bed would influence the 
data that yo\1 obtainP.d? 

Answer: Yes, I believe it would, since we know definitely that we had wall 
effects in many cases, especially when the bubbles were large. Also, if we 
had very shallow beds, the influence of the distribution might predominate. 
As I showed before, near the distribution there are some anomalies. You 
could, for instance, have different heat transfer and flow characteristics. 

Question: In analy:d,ng the heat transfer data which you briefly mentioned, 
did you use a two-phase model ? • 

Answer: No, because we used a transient scheme which measured an over
all coefficient. In any case, whatever parameter we varied we measured a 

. coefficient which we could not distinguish from infinity. 

Question: If I interpret the bubble comments right, if you follow a bubble 
up through the bed, it is not always the same gas which is in the bubble? 

Answer: Yes. In other words, there is circulation taking place transferring 
gases from the dense phase through the bubble and out again. 
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FLUIDIZED BEDS 

· A •. C. Juveland, H. P. Deinken, and J. E. Dougherty 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

The early work at LASL on fluidi:z;ed beds was done by G. Grover, 
t 

E. Salmi,· and J. Todd, all of N-5. Many qualitative experiments were done 
at .room temperature, using stationary and also rotating systems. They also 
found the copper and chromium particles could be heated by induction to 
essentially the melting point before agglomeration of the particles took place. 

The work done at W-3 can be divided into thJ;ee· parts: heat transfer, 
evaporation losses at high temperature, and mechanical properties •. The heat 
transfer measurements were made by a steady-state method. The particles 
were heated by induction, and they were fluidized by helium or argon. The 
particle temperatures were measured by an optical pyrometer, and the exit 
gas temperatures were measured by a high-speed thermocouple probe. From 
the measured gas flows, heat transfer coefficients could then be found as
suming that the particle temperature was essentially constant throughout the 
bed (verified by experiment) and gas was in piston-type flow. According to 
these assumptions, the gas temperature should rise exponentially from the 

I 

bed inlet to the exit, and should be constant across the bed at any given 
height. The heat transfer coefficients obtained in this manner were much 
less than one would expect from boundary layer theory. The reason for 
these low coefficients is that there are probably preferential flow paths 
around aggregates of particles. The g~s within the aggregates flows more 
slowly, and its temperature rises within .a small fraction of the bed depth 
to the particle temperature after which no more heat is transferred. The 
gas flowing around the aggregate sees a much larger average temp~rature 
driving force, but the surface which transfers the heat is much smaller. As 
the Reynolds number becomes smaller, the boundary layer also increases, 
and the aggregates become larger and more surface area is by-passed •. 
Finally the gas flows mainly in the regions of nonoverlap of the aggregates, 
and the flow can be described as channeling •. Indications are that if the beds 
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can be agitated in such a way as to break up aggregates, the amount of heat 
transferred can be increased.* However, indications are that no special ef
fort will be required, since even though the heat transfer coefficient is low, 
the total particle surface area is extremely large even in a shallow bed. 
The results of our measurements agree with other experimenters who used 
high-speed thermocouples to measure gas temperatures. 

The material losses were measured in a resistance heated high tem
perature furnace. The heating element, which also served as the fluidized 
bed container, consisted of a graphite tube with a centrally located perforated 
graphite disc. Both the tube and the disc were coated with NbC by CMB-3. 
Solid solutions of ZrC-UC were usually used for the particle material. 

The losses were definitely not seriously limited by diffusion of gaseous 
material in the boundary layer of gas around the particles. The large vari
ation of the losses with temperature precludes this possibility. In fact, cal
culations show that if the bed is thick enough or efficient enough to transfer 
heat well, the vapor pressure of the gaseous products at the. surface of the 
particles will be in equilibrium with their partial pressures in the bulk of 
the exit gas stream. 

The losses of Z r could be explained as being mainly due to the reaction 

2Z rC + H t ~ C H t + 2Z rt 
2 . 2 2 

when HD was the fluidizing gas or the reaction 

ZrC ~ 'Zrf + ct 

if He were the fluidizing gas. These reactions were assumed to have come 
to equilibrium at the bed exit, and the partial pressures of the reactants in 
the bulk of the gas stream could be calculated from the free energy change 
in these reactions. The losses cnlculated from this partial preRRill'P. :mrl thP 

fluidizing gas flow rate agreed well with the measured losses in the beds. 

The losses of uranium seemed to be controlled by diffusion in the par
ticles. The loss rate of uranium should be much larger than for zirconium 
on the basis of their vapor pressures. Hence the surface becomes depleted 
in ura'nium and tho loss is regulated partly by diffusion and partly by the 
rate which zirconium evaporates and exposes uranium at the surface. 

*Instabilities .such as bubbling and slugging are known to increase gas-:-solid 
contact in chemical reactors. 
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There were no indications of chemical reaction rate control in these 
experiments. If the loss rates were higher, this mechanism might become 
important. 

During these runs, some of the samples agglomerated. This occurred 
I 

at very near tho melting point of the particular solid solutions used. The 
highest temperature achieved without agglomeration was obtained using 
ZrCo.92 particles. These particles remained well fluidized for 10 minutes 
at 3050°C using Hz as the fluidizing gas. The temperature of 3050°C agrees 
well with the melting point of Zrc0•92• 

Both rotating, multi-gravity systems and normal gravity systems were 
used to study the mechanical properties of fluidized beds. In multi-gravity 
systems minimum fluidization flow .rates were measured at up to 150 g' s 
and Reynolds numbers of up to ,12,000. These data agree with extrapolations 
of the data of other experimenters. . The rotating systems tended to become 
more unstable as the number of g' s were. increased. Several varieties of 
normal gravity systems were tried in order to attempt to achieve a stable 
bed. It Was found that if directed inlets were used, the beds became more 
stable. The increased particle velocity in this case may have made the 
transit time of the particles across the bed depth small compared to the 
period of any instabilities, thus reducing their growth. 

other schemes of increasing the particle motion might be variation of 
the flow across the inlet, additional gas inlets within the bed itself, or vi;.. 
brating the bed. Unfortunately none of these schemes were exploited in the 
rotating system. 

The results of our work are described in more detail in the following 
reports: 

A. C. Juveland, H. P. Deinken, and J. E. Dougherty, LAMS-2994 (Aug. 
196:3), "Loss of Ztrcunlum and Urru1ium from Fluidized Beds of ZrC and 
UC-Z rC Particles at High Temperatures." 

A. C. Juveland, H. P. Deinken, and J. E. Dougherty, LA-3061 (Jan. 
1964), "Particle-to-Gas Heat Transfer in Fluidized Beds." 

H. P. Deinken, A. C. Juveland, and J. E. Dougherty, LAMS-3012 (Sept. 
1963), "Experimental Studies Relating to Rotating Fluidized Bed Reactors." 
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FLUIDIZED BEDS -r- - ) 

Ralph Cooper 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

I have examined a number of aspects of the fluidized bed concept, ap
plying the recent literature and doing some calculations on criticality, heat 
transfer, and fuel loss. Certain crucial areas are apparent, and particular 
data are necessary for a better evaluation. 

The fluidized bed should be able to give significantly higher specific 
impulse than solid core reactors. In moderate or large size reactors one 
can use a carbide fuel with a few percent of uranium in ZrC or NbC. The 
good heat transfer and small fuel size should allow close approach to the 
melting points, and hydrogen dissociation heat capacity should reduce the hot 
spot factors. This might give Isp 1 s of 1000 to 1100 seconds for the· above 
fuels and perhaps up to 1200 with HfC in a fast reactor. The unlmown area 
here is the metal carbide-uranium carbide melting points and vapor pressures. 
The metal carbides have melting point maxima at compositions of Mc0•9, 
which are several hundred degrees above the stoichiometric values. The 
maxima occur at 3400 to 3500°C for ZrCo.9 and NbCo.9· However at these 
compositions the carbon activity is probably low, and thus the uranium loss 
might be relatively high compared to the stoichiometric compositions. Very 
little data have been obtained on depression of the melting points by addition 
of UC (which itself melts at 2500°C}, but a linear mole fraction effect is a 
fair guess. Exit gas temperatures of 3000 to 3200°C might be possible. 

The vaporization loss is more difficult to estimate because the data 
are more sparse and the loss is sensitive to the pressure, composition, 
mechanism, and degree of equilibrium. Assuming the vacuum vaporization 
rate of UC diluted to a few percent leads to very small loss rates, but the 
experiments of Juveland ct al. 1 indicate much higher losses in flowing 

1. A. C. Juveland, H. P. Dcinkcn, and J. E. Dougherty, Loss of Zirconium 
and Uranium from Fluidized Beds of ZrC and UC-ZrC Particles at High 
Temperatures, LAMS-2994 (Aug. 1963). 
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hydrogen. Should the surfaces of the particles become depleted of uranium, 
then the uranium diffusion through the solid or the diluent metal carbide 
vaporization could become the loss limiting mechanism. 

The criticality of this type of reactor is fairly well understood. Criti
cal masses of UC-ZrC and UC-NbC fuels are quite low (10 - 30 kg) and 
low percentages of UC can be used in thermal spectra. The reactors are 
somewhat sensitive to poisoning effects of impurities and structure, and the 
critical mass of the NbC system rises rapidly as the spectrum becomes 
harder. The HfC system would have to be a fast reactor, with 20 to· 30% 
UC as a minimum. Separated ru180 behaves like Nb in an intermediate 
spectrum and· is much worse in a thermal spectrum. 

The radial power profiles are either flat or decreasing radially inward 
which is as desired for achieving high exit gas temperature. The axial pro
file is flat in small reactors, with thermal end peaks that can be removed 
by appropriately placed absorbers. In larger reactors some flux shaping 
might be desired. This might be accomplished by shaping the reflector. 

The greatest uncertainty lies in the ·area of the stability of the flow. 
Recent work by the British2 has shown that all fluidized beds are unstable 
in the sense ~hat fluctuations in the bed density will propagate upward with 
increasing amplitude. In deep beds, bubbles (particle-poor spaces) will be 
formed; but, generally, the rest of the bed will be maintained in a fluidized 
state. Thus even though the bed may be unstable. it can be possible to have 
adequate heat transfer throughout the bed to prevent local overheating and 
meltdown of the fuel. Large are·a shallow beds might possess other modes 
of instability, such as channeling, which could make the concept unfeasible; 
and it is necessary to examine the flow under appropriate conditions. 

Carbide particles have a density of the order of 10 gm/cm3, and mate
rial of this density would be carried out by relatively modest flow rates. It 
is necessary to increase the effective particle mass by centrifugation to 
reach high flow rates. The limit is not imposed by structural considerations 
as much as by the pressure drop through the bed. A bed of a few centi
meters thiclmess has a mass of -10 gm/cm2 which corresponds to 0.13 psi 
at normal gravity. At a rotation giving 1000 gm (about 1000 rpm for a 4-
foot-diameter cavity) the pressure drop is 130 psi, which is approaching the 
system pressure for typical reactor rockets. Furthermore the criterion for 

·instabilities to appear gets worse as the acceleration and pressure drop are 
increased. The heat transfer has not been measured under these conditions; 

2. R. Jackson, The Mechanics of Fluidized Beds, Trans. Inst. Chern. Engrs., 
41, 13 (1963) 
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but extrapolating from data at lower Reynold's numbers, and using results 
for fixed beds at high Reynold's numbers, indicates that the heat transfer 
will be quite adequate under normal flow conditions. Nonnuclear experiments 
could provide data in this regime, possibly by using the mass transfer-heat 
transfer analogy. Some experiments are needed with internal heating, since 
the gas in the rocket will increase in temperature, markedly changing its 
properties in passing through the bed. Normally fluidized beds have uniform 
particle temperatures throughout, but this may not be the case at very high 
flow rates. Also it appears that the state of fluidization will change through 
the bed, which is likely to be unfluidized at the inlet. 

We have ex3:mined two methods of startup which appear feasible, and 
once in operation the power and thrust should be variable over a factor of 
ten. If release of the fuel is permissible, it can be easily accomplished 
and would be of great operational value. It would eliminate aftercoolant re
quirements and would leave the vehicle with an only slightly radioactive 
engine, permitting rendezvous, _reuse, and perhaps even some engine repair. 
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THE LIQUID CORE NUCLEAR ROCKET 

W. Louis Barrett, Jr. 
The Boeing Company 
Seattle, Washington 

The work reported at the symposium was published in two papers1' 2 

which are abstracted here by R. Cooper 

ABSTRACT 

The liquid core nuclear rocket engine is examined with regard to the 
specific impulse available, heat transfer and fluid flow, containment and 
nucleonics. 

The Isp was found to be limited by vaporization of the high atomic 
weight fuel to values below 1500 seconds. For undiluted UC2 as fuel the 
maximum Isp is at 7000"R, at which point the fuel loss rate is quite large. 
It can be reduced a factor of 10 by going down to 6000"R. 

Under typical conditions the bubbles travel through the liquid at termi
nal velocity. The heat transfer coefficient necessary to reach approximate 
equilibrium between the gas and liquid has been computed and was found to 
be less than that observed in experimental studies. The liquid is contained 
in a rotating cylinder. At reasonable rotation rates the thrust is limited to 
relatively low values by the rate of bubble rise through the liquid. Typical 
engine thrust/weight ratios are in ·the range of 10-3 to lo-1 g. 

1. W. L. Barrett, Jr., "Specific Impulse of a Liquid-Core Nuclear Rocket," 
AIAA Journal, .h 2649 (1963). 

2. W. L. Barrett, Jr., "Liquid Core Nuclear Rocket," AIAA Paper 64-541, 
presented a~ Cleveland, May 1964. 
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INTRODUCTION 

THE LIQUID-CORE NUCLEAR ROCKET* 

Jerry Grey 
Princeton University 

Princeton, New Jersey 

The concept of a liquid-core nuclear rocket was first introduced by 
McCarthy1 in 1954. The basic idea of McCarthy's configuration was that of 
a single large hollow cylinder in which the molten fissionable material is 
contained by the centrifugal force resulting from rotation of the cylinder. 
This is the fundamental concept presented by Barrett2 in a previous paper 
in this volume, who brought out the fundamental limitations of the liquid-core 
concept when restricted to the McCarthy geometry. However, there are a 
number of improvements which can be made in the liquid-core rocket per
formance by consideration of these limitations and by analytical studies di
rected at their minimization or elimination. 

The fundamental limitation of the liquid-core nuclear rocket, as indi
cated by Barrett, is that the specific impulse is limited by vapor loss of the 
liquid fissionable material. Barrett stated that the limiting specific impulse 
was 1300 seconds, whereas our estimate is approximately 1550 seconds, the 
increase resulting from the dilution of the fissionable materinl by a l'elatively 
low-vapor-pressure moderator. Also;· the low thrust-to-weight ratio and the 
extremely high fissionable material investment indicated by Barrett can be 

*The initial presentation of this paper included a computationnl error which 
resulted in a maximum value for specific impulse of 1250 seconds. This 
error has been corrected in the present paper as published in this volume. 

1. McCarthy, J., "Nuclear Reactors for Rockets," Jet Propulsion 24, 1954, 
p. 36. 

2. Barrett, W. L., "Liquid-Core Nuclear Rocket," AIAA Paper No. 64-541, 
May 4-6, 1964 (also appearing in this volume). 

90 



.... , . ' 

improved considerably by introducing several major system configuration 
changes. 

The fundamental variation we have examined is that of utilizing a 
multiple arrangement of fuel elements, as shown in Figure 1, instead of the 
single large rotating element· suggested by McCarthy,1 Barrett,2 and others.3 

Although this concept of the multiple-element reactor was introduced some 
time ago, 3 an additional variation, discussed below, was not incorporated 
into Reference 3; and consequently although the performance indicated by 
Reference 3 was somewhat better than that of Barrett's, the fissionable 
material investment was still quite large, as was the overall dimension of 
the thrust chamber. This second major performance improvement was ob
tained by considering not only the use of a low-vapor pressure moderator 
mixed with the fuel (as indicated in Reference 3), but also the introduction 
of a low-temperature, highly efficient hydrogenous moderator in the cooler 
portions of the reactor. This final configuration change, together with the 
use of multiple elements, was effective in reducing the critical mass by 

. several ·orders of magnitude, reducing the dimensions of the system by al
most an order of magnitude, and increasing the thrust-weight-ratio by sev
eral orders of magnitude. Both of these system improvements will be dis
cussed in some detail in the present paper. 

DESCRIPTION OF .THE MULTI-ELEl\IIENT LIQUID-CORE NUCLEAR ROCKET 

The fundamental configuration of the multi-element reactor system is 
shown in Figure 1. The operation of each individual fuel element is exactly 
the ·same as that of the single large fuel element configuration; that is, the 
rotating element is surrounded by a. manifold into which the cold propellant 
is introduced. The propellant then flows radially inward through small holes 
in the outer portion of the rotating element. As the propellant flows inward, 
its temperature is increased by the absorption of nuclear fission energy from 
the fueled element until eventually the propellant is hot enough to exceed the 
melting point of the solid fuel element material. At this point a liquid in
terface is formed, and the propellant then continues to flow inward, but now 
in the form of bubbles flowing through a liquid-phase fissionable material. 
The latter is, of course, retained in the cylindrical configuration by the 
centrifugal force due to rotation of the element. When the hot propellant 
bubbles issue from the surface of the liquid, they then flow axially down the. 

3. Nelson, s. T ., & Grey, J ., "Conceptual Design Study of a Liquid-Core 
Nuclear Rocket," Princeton University, Aeronautical Engineering Report 
No. 665, September 1963. 
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Figure 1. The Multi-Element Liquid-Core Nuclear Rocket 



cavity in the center of the element until they reach the nozzle chamber, at 
which point they are collected in the nozzle plenum and exhausted in the 
usual way through a supersonic deLaval noz7.le. 

The familiar-looking design of Figure 1, which appears in concept to 
be quite similar to that of the conventional solid-core nuclear rocket, pro-· 
vides a number of fundamental improvements over the single large element 
discussed in previous work. First, the nucleonic efficiency of such a re
actor,. which approaches the ''homogeneous core," is far greater than that of 
the cavity-type reactor required for the single _rotating element design. Fur
thermore, the flow area, which in the case of the liquid core reactor is that" 
of the total inner surface of the rotating cylinders, is considerably increased 
over that of the single element system. 

Improvements resulting from the use of a moderator are also signifi
cant. First, by using a very low vapor pressure, high melting-point mod
erator as part of the fuel element in which melting takes place, we inhibit 
the. vapor loss of the fissionable fuel mixture. In one sample design, the 
high-temperature material selected was zirconium carbide, with uranium 
carbide or uranium dicarbide as the fuel. By using large dilution ratios 
(ZrC/UC), therefore, the low vapor pressure of zirconium carbide will re
duce the overall vapor loss from this system by approximately a factor of 
20, as compared to that of pure uranium carbide. Second, in order to ob
tain significant improvements in critical mass investment, a much mo.re ef
ficient low-temperature moderator .can be introduced into the interstitial 
spaces between the rotating fuel elements, since this region is completely 
in contact with the cold propellant at all times. In one typical design the 
material selected for this purpose was zirconium hydride. The resulting 
improvement in critical behavior, as will be indicated later, has produced 
a net reduction in critical mass by several orders of magnitude and almost 
an order of magnitude in reactor dimensions. The final result of both the 
utilization of the multi-element design and thermalization of the core permits 
the use of individual pressure shells on each fuel element, providing far 
higher pressure capability than the: single large-cylinder unmoderated reactor 
would be capable of. As a result the overall thrust-to-weight ratio, which, 
as will be shown _later, is specifically dependent on the chamber pressure, 
can be .extended to far higher values. Thus the performance prediction for 
the liquid-core reactor may be estimated, on the bases of analytical studies, 
as nearly double the performance of the solid-core reactor, by achieving the 
order of 1500 seconds specific impulse at a thrust-to-weight ratio for the 
engine which· will be at least of the order of unity. The liquid-core there
fore fits into ·the category of a major improvement on solid-core nuclear 
rocket performance rather than that of a competitor for the much higher 
specific impulse gaseous-core nuclear rocket systems. 
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A second major area of improvement offered by the multi-element 
configuration is that of engineering feasibility of the concept. First, the 
entire structure of the multi-element reactor is cool, since the outer por
tion of each fuel element cylinder is exposed to incoming cold propellant. 
Tjms the high-temperature region is limited to the central core of each 
element, which has essentially no structural requirement. Further, rotation 
of the small cylinders, necessary to retain the molten fuel mixture, is ob
tained quite simply by the use of individual turbines on each element or, if 
the radiation field permits, electric motors. Because of this low tempera
ture nature of the entire structure and relatively small size of the minimum 
system, and the high pressure attainable with the individually pressurized 
rotating elements, the engineering problems confronting the liquid-core re
actor appear to be no worse than those of the solid-core system, although 
.they are largely different in quality. Typical designs of the fuel elements 
are discussed in a later paper. 4 

RESULTS OF SYSTEM ANALYSIS 

A detailed discussion of a typical liquid-core nuclear rocket design, 
together with an outline of the analytical techniques used, is presented in 
Reference 4. For the purposes of the present brief paper only the results 
of the analysis· will be indicated. 

Figure 2 shows the critical mass of fissionable material (assumed in 
the present case to be uranium-235 in the carbide form) as a function of 
the reactor diameter. The two curves indicate (a) the case in which no 
zirconium hydride is used, and (b) the case in which zirconium hydride is 
used in the interstitial spaces between the fuel elements shown in Figure 1. 
This significant reduction in the critical mass represents one of the major 
improvements discussed previously. Note that the final values of critical 
mass are of the order of 4 or 5 kilograms, and occur at reactor diameters 
of the order of 3 feet. Thus, we are now discussing an engineering problem 
of at least reasonable magnitude rather than one which will require major 
"state-of-the-art" technological improvements. 

Figure 3 shows the results of specific impulse optimization studies. 
This figure plots the specific impulse as a function of the maximum core 
temperature, which, of course, would occur at the inner surface of the liquid 

4. Nelson, S. T., Grey, J., & Williams, P. M., "Conceptual Study of a 
Liquid-Core Nuclear Rocket," Accepted for publication in the Journal 
of Spacecraft and Rocket::;, 1965. 
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in each fuel element. There are several curves plotted for different pres
sures and for different dilution of uranium carbide by zirconium carbide in 
the hot portion of the reactor. Data for pure hydrogen are also shown, as 
obtained from ·the real-gas calculations of Reference 5. The peak value of 
specific? impulse obtainable appears to be between 1500 and 1550 seconds. 
The peak, of course, as was indicated by Barrett, 2 results from the in
creasing molecular weight of exhaust due to vapor loss of the fuel mixture, 
and therefore represents an essential limitation on the specific impulse ob
tainable. This behavior is strongly dependent on the material selected, as 
was shown by Barrett. 2 In the present case, the selection of zirconium 
carbide and uranium carbide wa~ based on a preliminary survey of the un
classified literature. It is, of course, conceivable that other combinations 
might be found which would provide lower overall vapor pressure and there
fore higher specific impulse. This general subject, which includes not only 
material selection but also detailed vapor-pressure studies of molten mate
rials of this type in various mixtures, represents a major area. for research 
in the future of the liquid-core nuclear rocket concept. 

The optimization curves of Figure 3 are shown in a slightly different 
form in Figure 4, which plots specific impulse as a function of pressure 
with temperature as a parameter. The significant feature of Figure 4 is 
that the optimum specific impulse remains relatively constant with increas
ing pressure. Thus, increases in thrust-to-weight ratio can be obtained 
simply by increasing the propellant· pressure in the fuel element, without 
sustaining a comparable loss in specific impulse. As pointed out earlier, 
the mechanical structure necessary to contain this pressure is not only at 
low temperature but is also relatively small in dimension (in the detailed 
design of Reference 4, typical fuel element diameters of the order of 5 inches 
were postulated). It is therefore not unlikely that pressures in range of 100 
to 1000 atmospheres can be considered for the liquiq-core nuclear rocket, 
providing an engine thrust-to-weight ratio ranging from approximately 1 to 10. 

It was shown in Reference 3 that heat transfer is not a fundamental 
limitation on the performance of the reactor; that is, by the use of a rather 
simple calculation for each individual fuel element, it was shown that the 
incoming cold propellant reaches thermal equilibrium with the molten portion 
of the liquid· fuel element by the time it has traversed one-quarter of the 
distance from the solid-liquid interface to the inner surface of the hot liquid. 
Thus, increases in flow rate achieved through possible increases in chamber 
pressure, as discussed earlier, should not introduce any heat transfer 

5. King, C. R., "Compilation of Thermodynamic Properties of Theoretical 
Rocket Performance of Gaseous Hydrogen," NASA TN D-275, April 1960. 
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limitation. The basic limitation on the liquid-core nuclear rocket remains 
the flow restriction· due to limited liquid surface area for the bubbles to 
flow through. The entire field of bubble flow and heat transfer under ac
celerations of the order of 1000 earth gravities represents a second major 
area for feasibility study, which is now undergoing experimental research 
at Princeton and which will be discussed briefly later in this paper. 

The other feasibility areas which wlll eventually require study are 
those of control, startup and shut-down, as well as time-dependent behavior 
resulting from the loss of fissionable material. Because of the small size 
and the relatively homogeneous nature of the core, however, it is not likely 
that any of the control problems should be any mor~ serious than those of 
conventional solid-core systems. The two major areas which may introduce 
difficulty ·are (a) hot spots in the liquid, because vapor loss is extremely 
sensitive to small changes in temperature, and (b) Bhut-down and restart of 
the reactor, that is, the freezing-in of liquid passages for the propellant 
such that on restart these liquid passages will provide adequate flow area 
for the cold incoming propellant gas. 

DISCUSSION OF EXPERIMENTAL PROGRAM 

Experimental work accomplished to date has been performed in a one
gravity environment in order to establish the experimental techniques which 
will be necessary for the projected high-gravity experiments. All of these 
studies at the present time are related to the fundamental problem of bubble 
flow and heat transfer in configurations resembling those of the liquid-core 
nuclear rocket fuel element. · 

The first consideration is the selection of a bubble flow regime opti
mum for liquid-core nuclear rocket requirements. Figure 5 shows vertical 
bubble velocity as a function of bubble dimension, which is equivalent to the 
bubble Reynolds number. This figure indicates the various regimes of . 
bubble flow. ·The lower regime corresponds to very small bubbles rising 
essentially as solid spheres in a liquid (stokes flow). This has been dealt 
with extensively in the previous literature, as have several extensions which 
include "deformable" bubbles, bubbles with interior gas circulation, and 
bubbles in which the exterior liquid interaction is affected by surface-active 
agents. The next range of bubble flows is that of the ellipsoidal bubbles, 
which are strongly deformed by the hydrodynamic forces resulting from their 
velocities in the liquid. Finally, as the bubble dimension increases, we 
reach a class of bubble flows Galled "spherical-caps," which are discussed 
in some detail in. Reference 3. 
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The experimental work to date has been in the unstable ellipsoidal 
bubble regime rather than with the spherical-caps, since the photographic 
technique was more suitable to this class of bubbles at the one-gravity level. 
At the higher gravities, however, it is planned to extend these studies through 
the round and ellipsoidal range into the spherical-cap regime. Experimental 
results of the one-gravity studies are illustrated in Figure 6, which shows 
rather good experimental correlation up to the point at which oscillating 
ellipsoidal bubbles were encountered. The broad scatter observed for el
lipsoidal bubbles in the unstable region was found to be due partly to con
tamination, which has been previously observed in the literature, and partly 
to the effect of a lateral as well as a vertical bubble velocity, as has been 
clearly defined for the first time in Reference 6. 

The technique utilized in obtaining experimental data on these bubble 
flows is that of a double-exposure photograph in two dimensions. That is, 
as the bubbles rise approximately vertically in the gravity field, two micro
second-duration photographs are made by a high-intensity spark source flash
ing twice, with known intervals between flashes. This is done simultaneously 
on two cameras mounted at right angles to each other. Thus, knowing the 
intervals between the flashes, the dimension between the two successive 
images of a bubble on each photograph can be translated directly into the 
velocity components in both the vertical and the horizontal planes, and the 
actual motion of the bubble resolved. Photographs of this type (typical of 
those shown in Figures 6 and 7) were extremely useful not only in deter
mining the velocities, but also the shapes, sizes, and various other effects 
in the bubbling flow. 

These lateral velocity and bubble shape effects are, of course, not 
particularly significant at one gravity, but when amplified by a factor of the 
order of 1000, as they would be in the ellipsoidal bubble regime at 1000 
gr::tvit.iP.R, or hy the square root of 1000, as theoretically indicated for the 
spherical-cap regime, any distortions or transverse velocity effects will be
come quite significant. An example of one effect is that of bubble oblateness, 
which is shown in Figure 8. The theory shows a sharp peak at the critical 
point, corresponding to the peak in the velocity curve of Figure 5. This ef
fect was clearly observed experimentally but not nearly as sharply as pre
dicted by the theory. 

Figure 9 shows the ratio of horizontal to vertical velocities in the 

6. Lieberherr, J. F., Williams, P. M., & Grey, J., "Bubble Motion studies 
for the Liquid-Core Nuclear Rocket," Princeton University Aeronautical 
Engineering Report No. 673, December 1963. 
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Figure 6. Large Oblate Bubbles, View A 



Figure 7. Large Oblate Bubbles, View B 
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unstable regime near the peak of the velocity curve of Figure 5, indicating 
the envelope of the ratio of the horizontal to the vertical velocities as a 
function of bubble radius. We find no horizontal velocities in the spherical 
regime, but as we progress into ellipsoidal bubbles, and extrapolating to the 
spherical-cap bubbles, both of which are of interest to the liquid-core sys
tem, we begin to observe horizontal components of the order of 50% of the 
vertical velocity. This will produce a tremendous change in effective heat 
transfer and flow characteristics at high gravities, and must, of course, be 
integrated into any analysis of the liquid-core nuclear rocket system. Ex
planations and detailed discussions of the implications of this lateral motion 
are included in Reference 6. 

The high-gravity experiments are to be conducted in the rotating ap
paratus shown schematically in Figure 10. A photograph of this apparatus, 
which was put into operation some time after the original presentation of 
this paper, is shown in Figure 11. This is a simulation of the liquid-core 
nuclear rocket in which a gas, introduced into the outer annulus around a 
rotating liquid bed, bubbles radially inward to an exhaust duct in the axis of 
the rotating element. Multiple-exposure photographs are taken by a camera 
rotating with the apparatus so as to view the bubble by a high-intensity 
spark backlight. The system has the capability of operating at up to 1500 
earth gravities at the liquid surface. 

The system discussed above is slated specifically for optical work; 
that ls, utilizing transparent liquids such as water, alcohol, and glycerol; 
and is therefore more of a research tool than a close simulation of a liquid
core fuel element. The series of experiments projected beyond the com
pletion of the transparent liquid studies will be done with low-melting-point 
liquid metals in onler to establish overall heat transfer behavior and certain 
problems related to droplet entrainment losses, startup and shut-down, and 
freezing-in of the propellant passages. 

CONCLUSIONS 

(1) The specific impulse of the liquid-core nuclear rocket is limited 
to the range 1500 to 1550 seconds, assuming that no new material technology 
will be discovered to extend this range. Its limitation is due principally to 
the vapor pressure of those fissionable materials and moderators which are 
available at the present time. 

(2) The engine thrust-to-weight ratio attainable with the multi-element 
liquid-core design illustrated in Figure 1 can be approximately unity for a 
fuel-element pressure of approximately 100 atmospheres. Extending the 
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tuel-element pressure to 1000 atmospheres provides improvement by a 
factor of nearly 10. 

(3) Heat transfer does not appear to be a limitation on the perfor
mance of the liquid-core nuclear rocket. Rather, the thrust is limited by 
the available flow area, and can be improved directly by either increasing 
the relative surface area of the fuel element or increasing the chamber 
pressure of the system. 

(4) The structural design and mechanical operation of the multi-element 
liquid-core reactor system is considerably simplified over configurations em
ploying a single large fuel element, in that the small size of the individual 
fuel elements, which can be individually pressurized, provides far greater 
capability for the high chamber pressures necessary to achieve high thrust
to-weight ratios. Furthermore, the entire structure of the reactor is at in
coming propellant temperatures, the only hot regions being restricted to the 
structurally unloaded material at the center of each of the fuel elements. 
Rotational speeds for these small elements required to achieve the gravity 
levels necessary for proper retention of the fissionable material will be of 
the order of several thousand rpm, and can be driven by either small hydro
gen turbines operated by incoming propellant or, should the radiation field 
prove nonprohibitive, by small individual electric motors. The power con
sumption of these drives is negligibly small. 

(5) The principal feasibility areas are those of bubble flow and heat 
transfer in liquid annuli at high gravities, a problem now under study at 
Princeton University from an experimental point of view, and determination 
of the vapor pressures and "metallurgy" of the various phase mixtures of 
refractory compounds suitable for reactor core materials. 

Question: What is the effect of the flow of propellant down the central core 
of each fuel element? Won't this propellant shear off some of the liquid 
from the internal surface of the element and carry it out the nozzle? 

Answer: The diameter of the central cavity of each fuel element is suffi
ciently large that the Mach number of the flow is extremely small, so that 
the resulting shear force on the liquid surface is several orders of magni
tude smaller than the centrifugal acceleration force tending to maintain it 
within the element. This has been discussed in detail in Reference 4. The 
actual flow limitation, in terms of the possibility for liquid entrainment, oc
curs at the surface of the liquid when the bubble breaks through. The sur
face shattering effect there might tend to carry off small droplets of the 
liquid which then may be swept out with the gas before they are returned 
by the centrifugal field to the liquid surface. This is one of the problems 
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which will be studied in the rotating bubble apparatus, both photographically 
and by quantitative measurements of the loss. 

Question: What is the loss involved in providing the hydrogen propellant 
with angular momentum within the fuel element? 

Answer: Much less than 1% of the overall power. This is discussed in 
Reference 4. 

Question: What about the effect of the axial forces on the liquid within the 
fuel elements? Won 1 t you obtain a pileup of material at the aft end of the 
reactor due to the fact that there is a longitudinal acceleration as well as 
a radial acceleration in each element? 

Answer: We have checked the effect of longitudinal acceleration, which is 
extremely small compared to the centrifugal acceleration field proposed. 
For a vehicle thrust-to-weight ratio of one gravity, which is perhaps as 
high as this system would ever provide, at a centrifugal field of approxi
mately 1000 gravities, the half-cone angle of the resulting surface will be 
only a degree or two. This has been calculated in Reference 4, and does 
not represent a significant problem. 

Question: How much flow area do you have in the system; is it comparable 
to that of conventional solid-core rocket? 

Answer: The total void fraction of all the central gas passages in the fuel 
elements is of the order of 35% of the overall reactor, and the void fraction 
of all the radial gas passages and the bubbles within the liquid is about 15%. 
Thus the total void fraction considered is in the neighborhood of fiO%. This 
was, incidentally, arbitrarily selected as a limiting value. It is conceivable 
that in subsequent designs void fractions may run considerably below this. 

Question: The point of maximum specific impulse which you indicated was 
goVf~rned by the molecular weight of the exhaust. What is the ratio of the 
propellant flow rate to the tolal flow rate? 

Answer: For the mission considered in Reference 4, which corresponded to 
a velocity increment of about 37,500 ft/second, the propellant mass flow rate 
was 6.5 lb/second and the uranium loss rate about 0.0012 lb/second. This 
corresponds to a separation ratio of over 5000, which is considerably higher 
than any of the gaseous-core-rocket goals. 
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EXPERIMENTAL WORK IN RELATION 
TO THE GLOW-PLUG CONCEPT 

J. W. McKee 
General Electric Company 
Santa Barbara, California 

A central problem in the application of gaseous fission reactors to space 
vehicle propulsion is to reduce the amount of fissionable material which 
leaves the system with the propellant. Several years ago at Douglas Aircraft 
Company, Max Hunter and the author (Reference 1) suggested that a possible 
approach to this problem is to partition the fissionable material from the 
propellant by a transparent wall which is regeneratively cooled. This is the 
basic idea of the glow-plug propulsion system shown in Figure 1. In this 
particular configuration an elongated toroid forms the fuel container. Regen
erative cooling of nozzle, reflector-moderator, and container is accomplished 
by propellant before it is seeded to increase opacity and heated by radiative 
transfer. 

Experimental and analytical work required to determine feasibility and 
expected levels of performance of this and similar concepts is in progress in 
several organizations. A small program within the General Electric Company 
to explore the concept has been divided into three basic parts: (1) simple 
experiments on measurements of transparency of container materials during 
irradiation, (2) experiments on the chemical compatibility of container mate
rials with potential fuels, and (3) planning of an experiment employing the 
TREAT reactor to obtain radiant emission from gaseous fissionable material. 

In conjunction with optical experiments in the GETR, a sample of high 
purity fused silica (Corning 7090) was simultaneously irradiated at 1014 n/cm2 
sec and measured for transparency using light from a Xenon flash lamp. 

1. McKee, J. W., 11The Glow-Plug Gas Core Reactor," presented at Sympo
sium on Gaseous Fission Reactors, April 26-27, 1962, California Institute 
of Technology, Pasadena, Calif. 
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The sample temperature was between 100 and 150°F. After 10 minutes the 
absorption was approximately 1% per em. 

Work is currently in progress at the Nuclear Material and Propulsion 
Operation at Evendale involving the chemical compatibility of container ma
terials with several potential fuel carriers. The objective is to gain infor
mation on the corrosion up to temperatures of 1500°C of these materials 
with the tetrabromides, tetraiodides and tetrachlorides of uranium and ura
nium hexafluoride and fluorine. Past experience (Reference 2) has shown 
that severe corrosion is minimized if a nonvolatile layer of material is 
formed at the interface. In the case of aluminum oxide the material formed 

·is aluminum fluoride which remains on the surface at temperatures of 1800°F 
for two days. 

In Figure 2 the third area of activity is shown. This is a planned ex
periment in which a transparent envelope containing a fissionable material is 
introduced into the TREAT reactor (Reference 3). The reactor can be pulsed 
to about 1016 n/cm2 sec (unperturbed) on a period of about 80 milliseconds. 
The transparent envelope is placed near the center of the core within another 
fail-safe container which has a geometry as shown in the figure. The optical 
path is arranged to allow radiant energy to leave the reactor, allowing a 
variety of measurements to be performed. Measurements of pressure, inner 
wall temperature (or heat flux), and electrical conductivity are also contem
plated. An objective in addition to data collection is the demonstration of 
the ability to produce under controlled conditions a radiant, fissioning gas. 
Figure 3 shows what may be expected in terms of temperature and pressure 
within the inner envelope. These estimates are based on an equilibrium be
tween energy derived from the fission process and energy radiated from the 
gas in an envelope consisting of a sphere of 10 em diameter. The tempera
ture is, therefore, the maximum equivalent blackbody temperature which oc
curs at the peak of the neutron flux during the reactor transient. Equivalent 
blackbody temperatures of 4000°K appear reasonable at pressures of approxi
mately 100 atmosphere if u235 is used as fuel. 

2, Hale, C. F., Barber, E. J ., Bernhardt, H. A., and Rapp, K. E., 11High 
Temperature Corrosion of Some Metals and Ceramics in Fluorinating 
Atmospheres," AEC Re:search and Development Heport K 1459. 

3. Freund, G. A., Iskenderian, H. P., and Okrent, D., "TREAT, A Pulsed 
Graphite-Moderated Reactor," Peaceful Uses of Atomic Energy, Vol. 10, 
United Nations, Geneva, 1958. 
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THE TRANSPARENT PARTITION GASEOUS CORE REACTOR CONCEPT --D. E. Knapp 
Douglas Missile & Space Systems Division 

Douglas Aircraft Company, Inc. 
Santa Monica, California 

Our initial approach to the transparent partition reactor concept l::; 
illustrated in Figure 1. Hydrogen from a propellant tank is heated in three 
steps: first as it flows through the cooling passage in the double walled 
tubes containing fuel, second as it cools the reflector moderator, and third 
absorbing thermal radiation as it passes outside the fueled transparent tubes. 
Between the second and third steps the propellant must, of course, be seeded 
to absorb thermal radiation. 

A typical configuration might consist of 3-inch-diameter tubes 12 inches 
on center. For a maximum chamber temperature corresponding to specific 
impulse of 1600 seconds, convective heating on the outer tube surface limits 
the flow vP.locity to 2-3 ft/sec. This is turn limits the engine thrust so that 
engin~ thrust to wei~ht ratios of about 0.1 are expected (Rdt::rencc 1). Sig
nificant improvements in engine thrust to weight ratios may be achievable by 
transpiration cooling of the outer tube surface. However, I don't believe re
finement of these estimates is as important at this time as the basic question 
of the ability of transparent mat~l'lals to function in the manner required by 
this concept. I want to spend the remainder of the time on this latter ques
tion. 

The properties of transparent materials which are important are their 
thermal conductivity, thermal stress characteristics, optical absorption, and 
chemical stability. The th~rmal conductivities of BeO, sapphire, and fused 
quartz are shown in Figure 2. Magnesium oxide is also of interest and has 
thermal conductivity comparable to that of Al20 3• Fused quartz is the most 

1. F. A. Ross, "Conceptual Design study of the Glow Plug Gaseous Core 
Reactor," Douglas Report SM-44042, November 196J. 
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interesting material· so far for this concept. Its thermal conductivity is 
relatively low at room temperature and rises at higher temperatures due to 
the contribution of radiative transfer in the solid. This problem is dealt 
with in detail by Lee and Kingery (Reference 2). 

' 
The thermal conductivity and thermal stress properties of candidate 

materials can be expressed by two figures of merit. The first is the· tem
perature difference at which the thermal stress is approximately equal to 
the rupture modulus. The second is a measure of the amount of energy that 
can be conducted out of the solid by this temperature difference. These 
quantities are tabulated below for the oxide· ceramics indicated along with a 
representative alkali halide CaF2• 

~T = R/aE K~T T = 10oooc 

BeO 49°C 2.8 cal/cm sec 

MgO 36 1.3 

Al203 103 2.5 

Si02 2730 1.9* 

CaF2 6.3 0.03 

*for ~T arbitrarily set at 200°C. 

It is clear that for quartz the ~T calculation from thermal stress limits is 
not meaningful because it exceeds the melting point of quartz. For this 
reason the quantity ~T is calculated for a ~T arbitrarily set at 200°C. 
BeO and Al20 3 are next in their capacity to remove energy by conduction. 
CaF2, which has favorable optical properties, has a very stringent thermal 
stress limit ann iR ruled out for that reason. 

From this brief summary of thermal and mechanical properties, I 
want to go on to the question of optical absorption and how it is modified by 
neutrons, gamma rays, and fission fragments. We obviously have a sub
stantial amount of data from the solid state physicists about this problem, 
but much of the data is not quantitatively applicable to the present concept. 
For this reason we embarked on a program of material irradiations and 
optical measurements. 

2. D. W. Lee and W. D. Kingery, "Radiation Energy Transfer and Thermal 
Conductivity of Ceramic Oxides,'' Jnl. of the Amer. Ceram. Soc, 43, 
594 (1960). 
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Optical measurements are made in a 40 em vacuum ultraviolet spec
trometer. A stabilized hydrogen discharge lamp with a lithium fluoride 
window was used for most of the measurements. Samples were held in the 
reflectometer shown in Figure 3. The rotating light pipe allows measure
ments of transmitted, reflected, and scattered light. The sample holder 
holds both a standard quartz sample and the sample to be tested. · All· meas
urements are then made relative to the standard sample. In this way any 
drift over a period greater than a few seconds is eliminated. Figure· 4 
illustrates the accuracy achieved to date in calibrating the quartz standard. 
It 1 s very easy to achieve accuracies of a percent or less in transmission. 
Comparable accuracies in reflection are niore difficult. 

Subsequent· measurements are then characterized by the accuracy of 
the standard sample calibration. In evaluating the transparent partition con
cept we have found that about 3% absorption of thermal radiation to the wall 
is tolerable. Thus attainment of meaningful positive data (with respect to 
the concept) requires accuracy of 1% or better. 

Typkal transmission measurements for the materials that we 1 ve been 
concerned with are shown in Figure 5. On this basis quartz seems to be 
superior. Magnesium oxide is not particularly interesting while sapphire 
may be somewhat better. In addition to these materials which formed the 
basis for irradiation testing, we were able to obtain a very small single 
crystal specimen of beryllium oxide. The sample shows a cutoff somewhat 

0 

below 2000 A (Figure 6). If in the future anyone were to make tubes of 
beryllium oxide, this would turn out to be interesting. The indication of 
about 80% transmission relative to the quartz standard is very likely due to 
instrumental errors resulting from the small sample size or due to scatter
ing from imperfections in the single crystal. 

One of the next features of interest is the effect of temperature on the 
transmission of these materials. For a good dielectric material a physical 
argument suggests that both the ultraviolet and infrared absorption processes 
are broadened in such a way as to reduce the 'Yidth of the transmission 
window. Infrared measurements by Lee and Kingery of sapphire (Figure 7) 
behave in just the way I think they should, namely, there is effectively no 
difference in the transmission except near the infrared cut off. The shift in 
the ultraviolet is expected to be even smaller so that this should not be a 
problem. The same data for quartz (Figure 8) is somewhat puzzling and 
less optimistic. We suspect that the shift in transmission far from the in
frared cut off may be due to a structural transition or some other unexplained 
phenomena which does not represent an intrinsic property of quartz. We 
have not· really designed our apparatus to make measurements on samples 
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• at high temperature, but we have made some measurements between 4000 A 
0 . . 

and 6000 A.-· To an accuracy within 0.5% we can observe no change in the 
transmission of fused quartz· between room temperature and 500°C. Thus we 
do not see the effect observed by l£e ·and Kingery in the infrared being 
propagated into this region of the spectrum. Perhaps George McLafferty 
will. have some comment on this subject in a few minutes. · 

The first material irradiations which we made in this study were car
ried out at the GETR. ·under conditions summarized below: 

Capsule 

1 

2 

3 

4 

5 

6 

Position • 

Shuttle 

Shuttle 

Shuttle 

Pool 

Pool 

Pool 

Flux Integrated Flux 

2.3 X 1013 9.7 X 1016 

2.3 X 1013 9.7 X 1017 

2.3 X 1013 9.6 X 1018 

6.9 X 1012 1.6 X 1019 

3.0 X 1013 7.0 X 1019 

1.5 X 1013 3.6 X 1019 

The attempt here was to cover a range of flux levels and integrated fluxes 
to establish boundaries on the radiation damage problem. Upon visual in
spection the quartz samples remained transparent while the magnesium oxide 
turned deep· blue and the sapphire pale yellow after irradiation. Transmission 
measurements for quartz are shown in Figure 9. There are three elements 
of interest here. First the absorption builds up with dose showing some 
spectral structure near the ultraviolet cut off but saturating near nvt = 1018• 
Second no effect of dose rate iS detectable. Third, the region between 4000 

0 . 
and 6000 A shows a gradual rise in transmission loss with increasing neutron 
exposure. This latter transmission loss is very rapidl:y annealed out and 
may be due to an as yet unidentified scattering process. Annealing studies 

0 

of the most persistent ultraviolet a,bsorption center at 1650 A are shown in 
Figure 10. The indicated transmission in excess of 100% is due to absorp
tion in the quartz· standard sample which can be reduced by annealing at 
elevated temperature. An important feature to keep in mind in this data is 
that at 500°C this particular absorption process is not significantly annealed 
even after extended periods of time. 

Following these initial screening measurements we felt it important to 
irradiate materials at elevated temperature in order to establish whether or 
not the damage and annealing processes could be uncoupled for separate 
study. The answer turns out to be no. We arrived at this conclusion after 
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an irradiation made in the capsule shown in Figure 11. It is essentially a 
Thermos bottle configuration with a vacuum. jacket and low conductance sup
ports at each end. The sample holder consists of an invar sleeve surround
ing a graphite cylinder in which the r.amples are imbedded with tightly packed 
copper foil. This insures an isothermal zone for the center region of the 
capsule. This region is heated by neutron and gamma ray fluxes and cooled 
by radiation. As a result the temperature is only slightly sensitive to re
actor power level. The design temperature was confirmed at carefully sealed 
Tempilaq indicators. 

Transmission results for quartz irra:diated at 500°C in this capsule are 
shown in Figure 12. Also shown on the same figure are transmission meas
urements for samples irradiated at low temperature and later annealed for 
the indicated time and temperature combinations. We can see that there is 
a distinct difference between low temperature irradiation with subsequent an
nealing and samples irradiated at elevated temperature. Furthermore, we 
found that when we began to anneal samples irradiated at elevated tempera
tures, the previously tenacious absorption band at 1650 A almost completely 
disappeared as did the induced absorption at higher wave lengths. Apparently 
the residual absorption after irradiation at elevated temperature is much 
more susceptible to annealing than absorption due to low temperature irradi
ation. 

A possible explanation of this phenomenon consists of two parts. First 
the elevated temperature capsule was held in the reactor during the reactor 
shutdown operation. During this sequence the neutron flux stopped abruptly 
while the gamma ray flux fell slowly over an extended time period. Thus 
we postulated that the residual absorption may have been due to gamma ir
radiation during reactor shutdown. To test this hypothesis quartz samples 
were irradiated at the Co60 facility at the UCLA Medical Center. The simi
larity of absorption spectra for gamma irradiation, low level neutron irradi
ation at low temperature, and high level neutron irradiation at elevated tem
perature is shown in Figure 13. In addition the gamma ray induced absorp
tion showed the same rapid annealing characteristics found for the elevated 
temperature neutron irradiated samples. The inference is that if we were 
to repeat this experiment by cutting off both the gamma and the neutron 
source at the same time, we would find an absorption spectrum which would 
be rather close to the unirradiated samples. This effect Was not observed 
for sapphire or magnesium oxide. 

The second part of an e.xi>lanation of this behavior in quartz must treat 
the question of why neutrons are so much less effective in inducing absorp
tion. We don 1 t know the answer to this question. However, the measurements 
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of Weissmann (References 3 and 4) during the past year provide an interest
ing clue as to how this might occur. For a long time people have lmown, 
or thought they knew, that if crystalline quartz were irradiated at sufficiently 
high dose, the crystalline structure would be completely destroyed. In some 
very careful measurements Weissmann has shown that there is a microcrystal
line structure remaining in what would have otherwise been characterized as 
fused ·quartz. Apparently the ,same group has also demonstrated the converse 
situation, that is formation of very small scale structured regions in_ neutron 
irradiated fused quartz. I suggest that an understanding of the effect of 
temperature on this latter process may provide an explanation for our ob
servation of low or readily annealed absorption due to neutron irradiation at 
500°C. Further measurements confirming our initial observations and ex
tending them to lower temperatures during irradiation would certainly be of 
value. 

The next element of concern about radiation damage is that of damage 
due to fission fragments. The gross heating effect is manageable under 
selected design conditions, but optical or mechanical changes in transparent 
materials subject to fission fragment bombardment may be significant. We 
have done no experimental work on this question to date, but we can get a 
fairly interesting idea of what should be done from the work of Elleman, 
Price, and Sunderman (Reference 5) who were concerned about properties of 
ceramic oxides for fuel coating. They have measured expansion coefficients 
per fission atom at an exposure level of 1014 fission fragments/cm2• Typical 
expansion coefficients and tensile stress resulting from 1014 fission fragments/cm2 

from their work are illustrated below: 

Tensile stress 

MgO 1.2 ± 1.2 X lo-21 cm3/atom 1.9 x 104 psi 

Si02 3.3 ± 1.1 x 10-21 1.3 X 103 

BeO 3.9 ± 0.3 X 1o-21 5.9 X 103 

A1203 4.6 ± 1.7 x 1o-21 9.6 X 103 

3. S. Weissmann and K. Nakajima, Jnl. Appl. Phys. ~' 611 (1963). 

4. S. Weissmann and K. Nakajima, Jnl. Appl. Phys. ~' 3152 (1963). 

5. T. S. Elleman, R. B. Price, and D. N. Sunderman, "Fission-Fragment
Induced stresses in Ceramic Materials," Battelle Memorial Institute 
Report BMI-1635, June 1963. 
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Now, the experiments were carried· out at very low levels of fission 
fragment expos11re with an indicated nonlinear behavior in the expansion· co
efficient, i.e., a five fold increase in exposure produced only a two fold. in
crease in expansion. Based on our experience with the. optical measurements 
we would expect these results to be substantially changed for fission plate 
experiments carried out at high temperature. An indication of the appropriate 
temperature range for such experiments is provided by the strain annealing 
measurements by Elleman, Price, and Sunderman shown in Figure 14. 

I would like to conclude with a summary of the experiments which pro
vide critical data on radiation c!-amage for the transparent partition concept 
and with some comment on the future of the concept. The desirable experi
ments fall into two categories. The first consists of neutron and gamma ir
radiation of quartz samples to an integrated fast flux of 2 x 1018 with prompt 
irradiation cutoff over a temperature range between 200 and 500°C. These 
measurements will confirm the interpretation of the data we have presented 
and will establish the temperature below which radiation .induced absorption 
becomes serious. The second consists of fission foil experiments over an 
exposure range of 1014 to 1016 fission fragments/cm2 and a temperature range 

·of 600 to .l000°C. These results will indicate the extent of op~ical and phys- · 
ical property degradation produced to be expected from fission fragment ex
posure. 

As we presently visualize the concept, it has the following nominal 
characteristics: 

Specific Impulse 

Engine thrust to weight ratio at 
a thrust level of 50,000 lb 

Fuel Loss 

1600 seconds 

0.1 

nil 

The work accomplished to date indicates that radiation damage to 
quartz is- not the limiting factor for the concept. Aside from very formidable 
mechanical design problems, the major performance limit seems to be the 
low engine thrust to weight ratio resulting from convective heating on the 
outer tube surface. This limit may yield tp a more sophisticated approach 
such as film or transpiration cool~ If this problem can be satisfactorily 
overcome, the prospect of negligible fuel loss· would make the transparent 
partition concept extremely attractive. 
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WORK ON ~(2,!;EAR 
1
LIG.!!!.JlULB_ · 

AT UAC RESEARCH LABORATORIES 

George H. McLafferty 
United Aircraft Corporation Research Laboratories 

Hartford, Connecticut 

We at the United Aircraft Corporation Research Laboratories have been 
working on gaseous nuclear rockets for approximately five years. Most of 
this work has been devoted to a concept which we call a vortex-stabilized 
gaseous nuclear rocket and which we will describe in detail tomorrow. The 
d~scussions will cover radiant heat transfer, fluid mechanics, and a number 
of other subjects. A fairly small percentage of our work has been devoted 

. to a concept that we call a nuclear light .bulb and that Douglas and G. E. call 
a glow-plug. We applied the name of nuclear light bulb when we started 
work on this concept about four years ago. The ·results which we will de
scribe today were obtained under contract with the Space Nuclear Propulsion 
Office. 

The particular form of the concept that we have been investigating is 
illustrated in UAC Slide 1. The configuration is symmetrical about the cen
ter line. Gaseous nuclear fuel at a high temperature radiates thermal energy 
to seeded hydrogen passing axially along a passage on the outer side of the 
transparent wall. The transparent wall is composed of a double layer of 
transparent material with a coolant, possibly helium, passing between the 
two layers and with helium injected inside . the wall to keep the gaseous nu
clear fuel away from the wall. We decided that a helium film was needed 
for three reasons. First, a reason mentioned in a preceding discussion, 
that any gaseous nuclear fuel near the wall would be so opaque that it would 
be very difficult to pass radiant energy through it. Second, ·and more im-

. portant, the fission fragments from fissions occurring near the wall would 
have an adverse effect on the wall transparency ·because of the resulting 
damage to the wall material (which possibly can be annealed out) and because 
of the resulting coating on the surface (which cannot be annealed out). On 
this basis, we decided that we would have to employ a film thiclmess on the 
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order of one fission fragment ·range in depth to keep the fission fragments 
from hitting the wall. Third, a film coolant would avoid the corrosion of 
the transparent wall by the gaseous fissionable fuel. We will talk about the 
fluid mechanics of the flow· within the transparent wall and the problem of 
seeding the hydrogen to make it opaque in tomorrow• s sessions. 

The main problem in a nuclear light bulb which is different from other 
gaseous nuclear rocket concepts is the problem of aimealing the radiation
induced· coloration in the transparent wall material. We've gone through the 
same literature as Douglas, and have also concluded that the most promising 
wall material to work with, of those which transmit over a wide. range of 
wavelengths,· is undoubtedly fused silica. Therefore, our initial investigations 
have been concerned with this material. However, we have set ourselves a 
somewhat higher goal than other investigators as regards minimization of 
light absorbed. We think that the absorption of light energy in a transparent 
wall might be on the order of a quarter to a half percent of the energy radi
ated through the wall. Because of this, we have spent a lot of effort trying 
to get detailed measurements of the amount of absorption of light energy in 
several commercial samples of. fused silica. We've done this with two 
spectrophotometers. The first of these is a standard Cary model 14 which 

• we have used only at room temperature, and the ·second is a spectrophotom-
. eter WhiCh We I Ve assembled USing COmpany fundS and Which permits US to 

tl 

:tnake measurements from about 1500 A out to approximately 6 microns at 
sample temperatures up to 1000 to 1200°C. 

Typical data from one of these spectrophotometers is shown in UAC 
Slide 2, where we have plotted optical density as a function of wavelength 
for one sample of Amersil Suprasil taken over a period of three days. ·The 
height of the vertical lines represents the scatter of the individual data 
points. You can see that the scatter of data obtained from our instrument 
is quite low, which .allows us to obtain an extremely good measure of just 
how much light is actually absorbe_d in the transparent wall. If we had an · 
average absorption coefficient of 0.01 cm-1 and an effective wall thickness 
of 0.1 inch (0.25 em)., approximately 0.25 percent of the light that• s passing 
through the wall would be absorbed. 

Both instruments that we use give good repeatability of data, although 
we had our doubts several months ago because of occasional erratic results. 
Some of these erratic results are shown on UAC Slide 3. Here we have 
data from five different samples from the same batch of Amersil SUprasil. 
There is obviously considerable difference from sample to sample. Some of 
this is due to strain in the material; we can sometimes anneal out quite a 
bit of the strain simply by heating the material before we run any tests on it. 
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Sometimes polishing the samples will change their absorption coefficients. 
We ran similar repeatability tests using five samples of Corning 7940. 
These results were more repeatable, but still scattered much more than was 
desirable. The most repeatable samples we have tested were obtained from 
Thermal American. 

On UAC Slide 4 we show results from tests of an unirradiated Infrasil 
sample in three different parts of the wavelength spectrum. An increase in 
sample temperature creates absorption in the cutoff regions of both the ultra
violet and the infrared. There appears to be an upward shift in the visible 
of less than 0.01 cm-1 in absorption coefficient, which represents a change 
of about a q~arter of a percent in the light absorbed in a transparent wall 
having an effective thickness of 0.1 inch. We have some new data which we 
didn't have a chance to get in slide form which shows less effect of tem
perature on the absorption in the visible region than the data in UAC Slide 4. 
It can be seen from UAC Slide 4 that the sample is quite transparent from 
approximately 0.3 to 2 microns, which is the region where we have a large 
fraction of the energy radiated from the fuel in a nuclear light bulb. 

UAC Slide 5 shows data similar to Dave Knapp's data on annealing of 
radiation-induced coloration in transparent materials. We again have plotted 
optical density as a function of wavelength in microns. After irradiation and 
annealing only at room temperature, we measured values of absorption co
efficient of approximately 0.9 cm-1 in the .visible. If you look at a sample, 
it will look colored and opaque. We also annealed the sample at 500°C and 
925°C~ and after each anneal brought the sample back down to room temper
ature and measured its opaoity. Aft~r annealing at 925°C, the absorption 
coefficient for wavelengths from 0.3 up to over 2 microns is less than 
0.01 cm-1, which means that for a 0.10-inch-thick wall, the absorption of 
light is on the order of a quarter of a percent. We think that this data is 
much more accurate than other available data of this type. Besides the 
data that Douglas Aircraft has obtained, there has been a lot of this type of 
data obtained at Brookhaven, Oak Ridge, and in England which shows the 
same general effect. If a sample is annealed at high temperature, and 
brought back to room temperature, the induced coloration will be annealed 
out. 

We knew when we built the high-temperature spectrophotometer that, 
on the basis of available data, the samples should be transparent after being 
annealed, but did not know that the post-annealing absorption was going to be 
as. low as we have measured. However, the primary reason we built this 
spectrophotometer was to obtain data on the rate of annealing of radiation
induced coloration. In the wall of the nuclear light bulb, there is a continual 
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process of creating color centers and a continual process of annealing these 
centers. The rate of creation of color centers can be calculated from the 
data on total coloration fairly accurately. We plan to use two different 
techniques for determination of annealing rate. The first technique involves 
step changes in temperature as a function of time. The second technique 
involves a ramp change in temperature as a function of time. We will then 
fit the absorption coefficient decay curves with a series of exponentials 
which will tell us the activation energies associated with the annealing pro
cess. Techniques of this kind have been used for obtaining activation energy 
in other solid materials. Once we have determined activation energies, we 
can use the activation energy spectrum to calculate the equilibrium amount 
of absorption that will exist in the wall of a nuclear-light-bulb gaseous nu
clear rocket engine. We believe that the use of one of these techniques is 
much more desirable than trying to measure light absorption in a reactor at 
the present time. Reactor measurements would be extremely expensive, 
particularly if high accuracies were desirable. We have found in our three 
years of experience with this one spectrophotometer that it is extremely dif
ficult to obtain accurate measur~ments of light absorption in transparent 
materials. 

Question (Holl): For much of your application, don't you have at least one 
percent of blackbody energy beyond the ultraviolet cutoff? If this is true, 
what is the point of one-quarter of one percent accuracy in the visible range? 

Answer: The answer to this question depends on the radiating temperature 
of the nuclear fuel. If this temperature is equal to the sun's surface tem
perature of approximately lO,OOO"R, less than one-tenth of one percent of the 
blackbody energy is at wavelengths shorter than 0.2 microns. A number of 
materials have ultraviolet cutoffs well below this wavelength. For higher 
fuel radiating temperatures, the fraction of energy which would be encountered 
at wavelengths ncar the ultraviolet cutoff increases. In such an instance, it 
may be possible to reduce the radiant energy approaching the wall at low 
wavelengths by seeding the helium coolant region shown in UAC Slide 1. Such 
a seed would act in a manner similar to air in a spectrophotometer which 
absorbs ultraviolet radiation and prevents measurement of light transmission 
in this region. 

Question (Taylor): Isn't even a small amount of absorption of radiation go
ing to cause ablation in the transparent wall ? 

Answer: Any deposition of heat in the wall from any source will eventually 
cause the wall to ablate or melt if the wall were not continually cooled. The 
wall must reach a steady-state temperature in which the heat deposition from 
various sources is equal to the heat removal by the coolant passing through 
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the double transparent wall of the nuclear light bulb. We have analyzed the 
various causes of heating of the transparent wall. Some of these causes of 
heating can be influenced by the design of the nuclear light bulb. For in
stance, fission fragment impingement can be eliminated by the use of a film 
coolant between the gaseous nuclear fuel and the transparent wall. Conduc
tion and convection of heat to the wall also can be substantially reduced by 
the use of a film coolant. However, certain causes of wall heating can be 
influenced to little or no extent. For instance, we can do nothing about neu
tron and gamma heating of the wall. We may or may not be able to do any
thing about wall heating due to absorption of thermal radiation at certain 
wavelengths. We have analyzed the various sources of wall heating and have 
also analyzed the problem of conducting the heat through the wall to a trans
parent coolant fluid. Dave Knapp in a preceding slide showed values of 
thermal conductivity of various transparent wall materials. Using such values 
of thermal conductivity, we have calculated the temperature differences across 
the transparent wall and the allowable wall thicknesses which will permit ,us 
to remove the heat deposited in the wall from various phenomena on a con
tinuing basis. 

Question (Taylor): So you 1 re saying that you never actually raised the tem
perature of the quart.z beyond the melting point? 

Answer: Correct. We control the temperature of the quartz within a speci
fied range. The transparent wall must be hot enough so that the radiation
induced coloration will be continuously annealed out. However, it must be 
cool enough so that the transparent wall will not absorb because of opacity 
induced by its own temperature. In addition, it must be cool enough so that 
it retains structural strength. These factors determine the permissible range 
of steady-state operating temperatures for the transparent wall. 

Comment (Roll): Our results indicate that several percent of the heat can be 
removed by conduction through the transparent wall. It does not particularly 
have to be· at the 0.1 percent level. 

Comment (Taylor): Let me rephrase what I am worried about. If you sub
ject a piece of transparent material to the light coming from an argon flash, 
which is at an effective blackbody temperature something like 20,000 or·. 
30,000"K, you observe that a large part of the energy goes into ablating away 
this transparent material. 

Answer: The distribution of energy for a blackbody radiating temperature of 
20,000 to 30,000"K (36,000 to G4,0000U) would undoubtedly contain a large 
fraction of energy beyond the cutoff of transparent materials. However, we 
are talking of lower temperatures where the fraction of the energy in the 
hard ultraviolet is much less than for temperatures of 20,000 to 30,000"K. 
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Question: Is there any problem of getting the thermal radiation out of the 
nuclear fuel region? 

Answer: We do not have a complete solution of the radiation transport 
problem in the nuclear light bulb. However, we will talk about solutions of 
the radiant heat transfer problem in a different kind of gaseous nuclear 
rocket in tomorrow's classified session. 

Comment (Cooper): I..£t me make several additional comments about this 
syste~. 11 m almost willing to concede that you can remove a few percent 
of the energy through the transparent wall, but this may be a crucial prob
lem. There are a number of other problems that bother me and I think 
bother a number of other people who, we 1ll say, are more engineering-minded 
or material-minded. There is a nuclear criticality consideration which is 
going to force you to a pressure of hundreds of atmospheres, particularly 
where you have a single cavity. 

Answer: The pressure would be approximately the same on both sides of 
the wall. 

Comment (Cooper): Yes, but you have to control the pressure difference 
between the inside and outside to something like two atmospheres. I think 
that this is a very difficult problem. 

Answer: That 1 s a mechanical problem. 

OK, that' s all, i~ that 1 s all that 1 s holding us down, we can fly one next 
year. 

Question: Would .you say that the crucial question is in the material? 

Answer: Yes 

Question: What temperature are you talking about getting as a maximum. 
hydrogen temperature? 

Answer: This depends on how low an absorption we can get in the trans
parent wall. The lower the absorption in the transparent wall, the higher 
the permissible temperature of the nuclear fuel and the higher the tempera
ture of the hydrogen propellant. 
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A TRANSPffiATION-COOLED NOZZLE AS APPLIED TO A 
GAS CORE NUCLEAR-PROPULSION SYSTEM 

Elliot ·L. Kramer, Research Engineer 
Sig Gronich, Deputy Manager · 

Presented at Los Alamos Symposium by Dr. D. E. Knapp 
Douglas· Aircraft Company, Inc. 

Santa Monica, California 

Published as AIAA Paper No. 64-544, Presented at Cleveland, Ohio, May 1964 

ABSTRACT 

The use of mass injection through a porous wall as a cooling technique 
for axisymmetric nozzles is investigated. The effect of homogeneous mass 
injection on the heat transfer in a turbulent, compressible boundary layer is 
analyze'd using an integral momentum approach. Approximate formulations · 
of the gaseous thermal radiative and recombination energy contributions are 
included in the analysis. Coolant requirements are determined for a conical 
nozzle associated with a million pound thrust gas core system operating at 
a 300 atmosphere chamber pressure. Hydrogen is assumed to be used for 
the propellant and coo~ant. Chamber temperatures range from 7500° to 
20,ooooa, and wall temperatures range from 2000 to 30oooa. The degrada
tion of specific impulse, which is a result of expelling the coolant at a lower 
total temperature than that in the chamber, is found to be as ·high as. 7% at. 
2o,ooooa for a wall temperature of 30oooa. 
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INTRODUCTION 

HIGH-TEMPERATURE GAS INTERACTIONS 

Jerry Grey 
Princeton University 

Princeton, New Jersey 

All concepts in the field of gaseous-core nuclear rockets deal with 
high:...temperature gas interactions in one form or another. Experimental and 
theoretical studies of the interaction between dense, partly ionized gases has 
been under way at Princeton since 1957, in the areas of high-temperature 
gas mixing in the both laminar and turbulent modes, heat transfer, transport 
properties, radiation, and the general problem of experimental techniques in 
this regime. The rarige. of parameters· has extended to temperatures of 
about 26,000°F at preE!sures up to one atmosphere using argon, helium, and 
nitrogen as test gases •. Although the general problem is of direct relevance 
to all gaseous-core rockets, the particular experimental device used on these 
studies has special significance in the coaxial geometry of the gaseous-core 
system discussed in Reference 1. 

~ The principal contribution of the research tasks to be discussed in this 
paper has been in the field of high-precision experimental measurements 

\ under previously unmeasurable conditions. These measurements are designed 
to provide much-needed evaluation of the volumes of theoretical work now 
available in this operating. regime, which has heretofore had no experimental 
substantiation. Many of the results of this program have been discussed in 
previous publications, and the purpose of the present paper is to summarize 
briefly the problems, methods, and results. Specific references cited in 
each area may be consulted for more detailed information. 

I 

,( 
\J 

1. Weinstein, H., and Ragsdale, R. G., 11A Coaxial Flow Reactor--A Gaseous _ 
Nuclear-Rocket Concept," ARS Paper No. 1518-60, December 5-8, 1960. 
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DESCRIPTION OF FACILITIES 

The high-temperature gases required for these studies were produced 
by an 80-h.'W DC arcjet torch manufactured by Thermal Dynamics, Inc. This 
device is used to generate a high-temperature jet of argon gas in either the 
laminar or turbulent mode at very low subsonic speeds (Mach number <0.1, 
or velocities of the order of 300 to 1000 ft/sec). Surrounding the hot argon 
core is an annular passage through which a cool gas may be injected co
axial.ly with the argon jet, as shown in the configuration diagram of Figure 1. 
This annular flow may consist of either helium or nitrogen, and in the past 
only very low velocities (up to the order of 50 ft/sec) have been used. How
ever, forthcoming tests in which ·coaxial gas velocities· of the same order as 
those of the hot central core are being considered. 

The entire flow field exhausts into a test chamber equipped ·with trans
parent windows for viewing and photography, and then into a 1000-gallon 
pressure tank which can either be evacuated to a pressure of approximately 
1 inch Hg absolute or filled with any desired gas environment. · · 

The · arcjet was powered by a 150 KV A marine diesel generator operat
ing four Westinghouse RA-2, BOO-ampere selenium rectifiers. Water delivered 
by a Pesco gear pump at a pressure of 300 psi was used to cool the torch 
and leads. The system was fully instrumented to provide net coolant power 
as well as instantaneous current and voltage readings. 

Special-purpose instrumentation used with this device consisted of an 
optical system operating on the schlieren principle, using a high-power spark 
flash source capable of overcoming the luminosity of the arcjet "flame," a 
water-cooled calorimetric sampling probe having its own pressurized cooling 
system and two-dir.nensional drive, and a water-cooled total radiation probe 
collimated: to provide local measurements at any point within or external to 
the plasma region. Both the calorimetric probe and radiation probe are 
capable of steady-state operation in the arc-heated gas, as will be discussed 
in further detail below. 

Utilizing this equipment it was possible to obtain and. Sl,lrvey lanl.inar 
flows of argon at peak temperatures of approximately 25,000°F. and 1 atmos
phere, corresponding to about 20% ionization, at velocities up to 500 ft/sec 
with a jet diameter of approximately 1 centimeter. ·Turbulent jets of ap
proximately 2 centimeters in diameter at approximately the same conditions 
were also obtained. 

Although argon, helium, and nitrogen are not the gases intended for use 
with most gaseous-core nuclear rocket concepts, they nevertheless provided 
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Figure 1. Diagram of Overall Mechanical System 



the simplest possible theoretical description of the flows under consideration 
with regard to transport properties, excited states, ionization, etc., and 
therefore were best suited to the evaluation of theoretical descriptions of 
the interactions considered. 

CALORIMETRIC SAMPLING PROBE 

The fundamental item of instrumentation most essential to the study of 
the pressure and temperature regimes of interest is the multi-purpose 
probe2, 3 shown in Figure 2. This is a water-cooled probe, having an over
all outer diameter as small as 1/16 inch, which is used to measure the en
thalpy, velocity, and chemical composition of the gases inside the arcjet ex
haust. Enthalpy is measured by a simple calorimetric principle: the probe 
is water-cooled, with high-pressure coolant entering the outer jacket of the 
probe shown in Figure 2, proceeding down :to the probe tip, around a baffle, 
and returning through the irmer jacket. The central tube is open to the hot 
gas flow. Thermocouples are provided at the water inlet and outlet as 
shown in the figure. The central tube may be opened or shut by a valve 
located downstre.am, thereby permitting a gas sample either to flow through 
the probe (drawn through by a vacuum pump) or to be stagnated within the 
probe. In order to measure the. enthalpy, the valve is first closed and meas
urements of water flow rate and water temperature rise are made with the 
probe inserted into the hot gas stream. The valve is then opened, permitting 
the gas sample to flow through the probe; and the same measurements are 
repeated, together with the enthalpy of the cooled gas sample as it leaves 
the probe (using the thermocouple shown in Figure 2) and the flow rate of 
the gas sample. The difference between the energy extracted from the probe 
between the 1tflow" and ''no-flow" cases (referring to the flow of the gas 
sample) then provides a measurement of the energy extracted from the gas 
sample. itself. This technique of using a tare measurement thus eliminates 
errors due to both the external cooling requirements and radiation. The 
only requirement is that the flow configuration at the tip of the probe not be 
significantly different for the 1tflow 11 and "no-flow" cases, a condition which 
has been verified adequately by a number of experiments.4. The impact 

2. Grey, J ., Jacobs, P. F., & Sherman, M. P., "Calorimetric Probe for the 
Measurement of Extremely High Temperatures, 11 Rev. Sci. Instr. ~' 
July 1962, pp. 738-741. 

3. Grey, J ., ''Sensitivity Analysis for the Calorimetric Probe, 11 Rev. Sci. 
Instr. 34, August 1963, pp. 857-859. 

4. Grey, ·J ., 'Thermodynamic Methods of High Temperature Measurement," 
to be published in ISA Transactions, January-February 1965. 
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pressure of the gas at the probe tip may be measured during the ''no-flow"· 
point: and when the gas sample is extracted during the 1tfl.ow" point, its 
composition :may be measqred by a suitable device. A typical instrumenta
tion system .fo.r use with this probe is shown in Figure 3, and a photograph 
of the probe facing a 3/4-inch-diameter arcjet nozzle is shown in Figure 4. 
other configurations, including up to 90° bends in the probe itself, are shown 
in Figure 5. 

Calibrations of this probe are performed by energy balance methods 
across an operating arcjet; that is, the net power of the gas issuing from 
the arcjet nozzle was compared with the result of integrating a 15-point 
radial survey acro.ss the exit plane of the arcjet nozzle using the probe. 
Results are shown in Figure 6, indicating a 3% standard deviation for the 
1/8-inch probe with an average error of about 0.5%. Details of this work 
are reported in Reference 2. 

Application of this probe to a typical turbulent arcjet mixing case is 
shown in Figure 7, in which each curve represents a radial profile of en
thalpy (converted to temperature by the assumption of equilibrium flow). 
Each curve on Figure 7 represents one radial survey, the various curves 
being made at different axial positions. Note that the gradients of Figure 7 
are on the order of 50,000°F per inch, indicating the excellent resolution 
possible even with the· comparatively large 1/8-inch probe. Another example 
of the resolution capability· of this probe is shown in Figure 8, which ill us- , 
trates the mixing boundaries between a hot turbulent argon core with a cool 
coaxial turbulent heli1,1m flow. Note the clear definition of the different 
boundaries, corresponding to concentration, momentum, and energy. The 
data of Figure 8 were obtained from a series uf radial surveys of the type 
indicated in Figure 7. The solid lines on .Figure 8 ·represent the results of 
a simple integral analysis based on the experimental nozzle exit-plane pro- . 
files and propagated downstream by conventional analytical techniques. De
tails of this turbulent study, carried out over the range 12,000 to 26,000°F, 
are discussed in References 5 and 6. 

The 1/16-inch probe shown in Figure 5 has been used to conduct simi.;. 
lar studies in a !-centimeter-diameter laminar arcjet with approximately the 
same type of behavior as indicated in the turbulent studies of References 5 

5. Grey, J ., and Jacobs, P. F., "Turbulent Mixing in a Partially Ionized 
Gas," Princeton University Aeronautical Engineering Report No. 625, 
September 1962. 

6. Grey, J ., and Jacobs, P. F., "Experiments on Turbulent Mixing in a 
Partly-Ionized Gas," AIAA Journal_; March 1964, pp. 433-438. 
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Figure 4. Calorimetric Probe Installation 
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Figure 5. Be:1t Configurations of Tare-Measurement Calorimetric Probe 
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and 6. The theoretical development of laminar flow, of course, is more 
readily obtainable than for turbulent flow; and reasonably good correlation 
with theory was obtained, based on transport property calculations in the 
extremely high-density gases under consideration here. The method of cal
culating transport properties of !-atmosphere mixtures of cool helium and 
partly ionized argon· are described in detail in Reference 7, and results of 
the first set of laminar mixing studies are reported in Reference 8. A 
marked improvement has been recently ·obtained in the quality of laminar 
data by utilizing a more modern arcjet generator incorporating much more 
accurate control of both electrode relative positions and location of the anode 
contact point. These studies, which show far better consistency than those 
discussed in Reference 8, are presented in detail in Reference 9. 

TOTAL RADIATION MEASUREMENTS 

One of the major problems encountered in the study of extremely high
temperature gases, as indicated by a number of the papers in the present 
volume, is that of radiation. Even with the argon gas used in the Princeton 
facility, which is far simpler than the uranium or other fissionable gases 
required for the various gaseous core concepts, the problem is extremely 
complicated from an analytical point of view. In fact, calculations of radiated 
energy from gases in this temperature and pressure range have often differed 
by more than an order of magnitude. It was of some interest in tlie Prince
ton program, therefore, to determine the amount of energy radiated from the 
arcjet in order to more accurately define its effect on the detailed laminar 
and turbulent mixing processes; and, consequently, both theoretical and ex
perimental studies were conducted to determine the absolute magnitude of 
this radiated energy. 

Considering first the possible energy exchange process that can occur 
-in a cooling argon plasma, we have, as illustrated by Figure 9, a number of 

7. Sherman, M. P., and Grey, J.,: "Calculation of Transport Properties of 
Mixtures of Helium and Partly-Ionized Argon," Princeton University 
Aeronautical Engineering Report No. 673, December 1963. 

8. Sherman, M. P., and Grey, J., "Interactions Between a Partly-Ionized 
Laminar Subsonic Jet and a Cool Stagnant Gas," Princeton University 
Aeronautical Engineering Report No. 707, November 1964. 

9. Grey, J ., Williams, P. M., and Fradldn, D. B., "Mixing and Heat Trans
fer of an Argon Arcjet with a Coaxial Flow of Cold Helium," Princeton 
University Aeronautical Engineering Report No. 710, November 1964. 
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different mechanisms. It is clear from this figure, which is self-explanatory, 
that even in a comparatively simple gas such as argon the radiation problem 
is not at all simple in terms of the energy transport mechanisms. Utilizing 
the most up-to-date information on cross sections for the various recombi
nation and energy decay processes, it was found that the uncertainty in cal
culating the total energy radiated from argon is perhaps a factor of three. 
It might be expected that in much more complicated gases composed of fis
sionable materials and their compounds, this uncertainty ·could be consider-
ably larger. · 

Theoretical calculations of the radiated energy from the .particular 
case of the argon arcjet used in the Princeton facility are discussed in 
Reference 10. These calculations were checked by a series of experimental 
measurements ·made with a simple water-cooled radiation probe (Figure 10) 
capable of insertion directly into the hot arcjet region. This probe consists 
of a water-cooled tube with a co11.imating orifice located just inside its open 
end and a radiation measurement device (in our case, a commerical vacuum 
thermopile) at the other end, to measure the magnitude of the radiated en
ergy incident upon its face. 

Since we are concerned with processes radiating strongly in the ultra
violet (e.g., high-energy free-bound transitions), it was necessary to use a 
fluid ·within the collimating tube, as well as a cover plate for the thermopile, 
which would not absorb in the ultraviolet range. A helium bleed was there
fore introduced into the collimator, since helium has extremely low absorp
tion in the ultraviolet, and a lithium fluoride sealing window was used in the 
thermopile. With this configuration, a transmissivity of the probe device was 
achieved which extended down to approximately 1100 angstroms, thereby in
cluding much of the dominant regime of free-bound transitions. 

water-cooling of the probe provided the capability for insertion directly 
into the arcjet, thereby permitting determination of the optical thickness of 
the gas being observed. Note that with the collimating tube, the thermopile 
"sees" only a thin pencil of space directly facing the end of the collimator, 
and therefore can be used quite well for localized measurements of radiation. 

Figure 11 shows the various types of radiation surveys made in the 
arcjet environment. The first series of surveys, in which the collimating 
tube was mounted at right angles to the "flame" and. was traversed in the 
axial direction, provided an axial survey of the radiation being emitted 

10. Grey, J ., Sherman, M. P., and Jacobs, P. F.,· "Measurements of Arcjet 
Radiation with a Cooled Collimated Probe," IEEE Trans. on Nuclear 
Sci., Vol. NS-11, January 1964, pp. 176-186. 

163 



LITHIUM FLUORIDE WINDOW 

COLLI MATING ORIFICES 

WATER IN 

WATER OUT 

Figure 10. Diagram of Radiation P.robe 

+· -

HELIUM INLET 

VACUUM RADIATION 
THERMOPILE BODY 

INSULATOR 



® 

PROBE AND 
THERMOPILE · 

+ 

x=L 
I 

LUMINOUS 

I. 

X..._----+--

r• 

0 

r• 

a= 0.3750
11 

r• =CONSTANT 
x =VARIABLE 
PERPENDICULAR TO 
FLAME AXIS 

r• = VARIABLE 
x =CONSTANT 
PERPENDICULAR TO 
FLAME AXIS 

I 
r• = 0 
x =VARIABLE 
PARALLEL TO 
FLAME AXIS 

·PROBE MOVES AS 
DOUBLE ARROWS 

Figure 11. Probe Orientations and Traverse Modes 

165. 



transversely from the flame as a function of distance from the arcjet nozzle. 
The second series of tests was made with the probe in the same position 
relative to the flame, but traversing radially so as to pass through the flame. 
This series permitted direct determination of the 'optical thickness, since 
with the probe inserted all the way through the flame there will be no radia
tion; and as it is retracted radially, there will be observed an increasing 
level of radiation depending directly on the optical 'thickness of the path be
ing viewed. . Finally, in order to get some idea of the radiation Jntensity 
issuing from the. interior of the arcjet itself, ·a series of measurements was 
made with the radiation probe facing directly upstream, traversing also in 
the axial direction· so as to record the int~nsity of radiation from the interior 
of the nozzle at vari<?us . axial positions. This radiation consisted primarily 
of the energy issuing from the hot cathode face and arc column region lo
cated inside in the arcjet nozzle, less any absorption in the gas jet itself. 
Detailed results of these studies are reported in Reference 10, but it is of 
interest to observe the experimental results of these surveys, shown here in 
Figures 12, 13, and 14. Figure 12 indicates the axial decay of radiation in 
the arcjet, and shows that at a temperature of approximately 7000°K, the 
radiated energy has dropped to essentially zero. Figure 13 indicates a para
bolic distribution of radiated .energy, correspond~ exactly that which would 
be expected from the previously measured· temperature distribution if the 
gas were completely transparent. FigU.re 14 shows that the intensity of radi
ation issuing .·from the almost blackbody neighborhood of the ·nozzle interior 
is far more intense than that issuing from the jet itself, and again shows 
that the jet is essentially transparent. 

Integrating the total energy issuing from the arcjet, a~ discussed in de
tail in Reference 10, it turns out that at a temperature of approximately 
24,000~ (12,6000J<), the total amount o! radiated energy is only of the order 
of 12% of the net arcjet power. This radiation, however, was found1° to in
crease as approximately the seventh power of the temperature, and therefore 
at only slightly higher temperatures radiation can becom.e dominant. These 
conclusions were ·subsequently verified quite closely by other investigators.11 

Further experiments· comparing the radiation inte·nsity of .a much hotter 
laminar core, as compared to the relatively cool turbulent flame measured as 
described above, will be conducted next year. 

11. Tankin, R. S., and Berry, J. M., "Experimental Investigation of Radia
tion from an Argon Plasma," Phys. of Fluids .L October 1964, pp. 1620-
1624. 
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DUCTED MIXING OF A PARTLY IONIZED GAS 
WITH A COOL COAXIAL FLOW 

A series of measurements was made to determine the mixing charac
teristics between an initially laminar core flow of hot argon at temperatures 
ranging up to 25,000°F with a cool coaxial turbulent flow of helium issuing 
from an annular nozzle surrounding the arcjet nozzle. This configuration 
represents a rather idealized version of one gase~us-core nuclear rocket 
scheme. The matter of greatest interest concerned the effect of coaxia;t gas 
velocity upon the transition from laminar to turbulent flow of the core jet. 
This characteristic was determined by both visual and detailed survey tech
niques. 

The visual experiments were run in a rectangular duct, to facilitate 
schlieren photographs, which provided an indication of the effects of both 
different gases and the relative flow velocities on the location of the transi
tion region. Typical photographs of this type are shown in Figures 15 and 
16, in which the peak exit plane velocity of the central arcjet core was of 
the order of 500 ft/sec (Mach number less than 0.05) and the· coaxial jet 
velocity (nitrogen) was of the order of only a few feet per second. Figure 15 
shows typical laminar and turbulent jets, and Figure 16 consists of a series 
of photographs show:illg the transition to turbulence, which occurred in this 
case about 12 inches from the exit of the !-centimeter-diameter argon nozzle. 
Figure 17 summarizes the results of the visual surveys, plotting the Reynolds 
number of the coaxial gas as a function of the location of the. transition 
region, that is, the length of the laminar jet from the nozzle exit to the on
set of turbulence. This was uuue for two duot cross RP.r.tions, one round 
and one rectapgular, and it W2;S, found that the transition behavior was ap
proximately the same for both ducts. Figure 17 also includes the results 
for a free jet, i.e., a jet of argon issuing into a coaxiai helium flow of low 
velocity, but not surrounded by a duct. The important conclusion illustrated 
by Figure 17 is the extremely low coaxial gas ReYl:lolds number required to 

' ' t 

produce the ·.transition. It is believed that this early transition and very 
rapid decay of the central core ·jet results ~principally· from the turbUlence 
level of the coaxial flow, which could not be controlled on these experiments, 
rather than from the shear• between the. coaxial and central core flows. This 
conclusion is based on the fact that increasing the coaxial velocity even in 
the extremely low velocity range of 0.2 to 3 ft/sec (performed in a later 
series of experiments as described in detail in Reference 9) reduced rather 
than increased the distance to transition. This would indicate that since the 
shear between the two flows decreases as the velocities reach equality, the 
turbulence level of the coaxial jet, which increases as its velocity increases, 
must have dominated the mixing process. 
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Figure 16. Schlieren Photographs of Free Laminar Argon Arcjet in Nitro
gen at 1 Atmosphere (3/8 11 Diameter Nozzle) 
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Comprehensive probe surveys of the duct miXIng process, described in 
detail in Reference 9, support the above conclusion based on the visual studies. 
These detailed surveys also indicated9 that the decay of a hot high-molecular
weight gas jet surrounded by a low-molecular-weight cool coaxial gas flow 
was due principally to inflow of the cool gas rather than an outflow of the 
hot gas, regardless of the turbulence level. This behavior is quite favorable 
to the coaxial gaseous-core rocket concept;1 and should it prove to prevail 
under conditions of much higher coaxial gas velocities than were available 
on this study, it could be of considerable significance to the coaxial reactor 
program. This report discusses not only the results of the visual studies 
shown in Figure 17, but also the results of the detailed calorimetric probe 
surveys made within the duct (shown in Figure 18), which, allowing far more 
detail and far more precise measurements than the visual results of Figure 
17, nevertheless indicated qualitatively the same behavior. 

CONCLUSIONS 

The purpose of this paper was to illustrate that there are experimental 
techniques available for studies of extremely high-temperature systems in
val ving the extremely high heat transfer rates and other environmental prob
lems normally encountered in gaseous-core reactor concepts. It has been 
demonstrated that it is possible to make quite precise detailed measurements 
which provide good correlation with theoretical analyses in this regime, and 
can be of considerable significance in the evaluation and development of 
gaseous-~nrA nuclear rocket concepts. 

Question: What is the relative velocity of the two jets in your mixing study? 

Answer: The ratio of velocity in these studies was very high: of the order 
of 25 or 50 to one, with the core velocity being the highest. As indicated 
above, as the external or coaxial flow velocity was increased, transition oc
curred more rapidly; and therefore, in order to observe any transition be
havior as a function of the Reynolds number, it would be necessary to go to 
extremely low coaxial velocities. This phenomenon is now being subjected 
to detailed study under a NASA SNPO contract with regard to the effect of 
the scale of coaxial gas turbulence on the mixing process for systems in 
which the coaxial gas velocity is much higher than that of the core gas. 

Question: Do you have any swirl at the jet exit? 

Answer: We can operate either with or without swirl. Even under conditions 
in which a 6° swirl is used at the inlet to the arcjet nozzle, the swirl com
ponent at the exit plane is well below 1/2°. Most of the studies reported 
here were made with zero initial swirl, and therefore zero swirl at the exit. 
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Figure 18. View of Calorinetric Duct Used for Detailed Coaxial-Flow Mi.xing and Heat· Transfer 
Measurements 



Question: What influence does this work have on the coaxial gaseous core 
reactor concept? 

Answer: The pertinent results appear to be (a) it is extremely difficult to 
maintain a laminar core flow with any degree of turbulence in the outer flow 
and (b) for the low coaxial-to-core-gas velocities of these experiments, core 
jet decay results from influx of the coaxial gas rather than efflux of the core 
gas, a characteristic quite favorable to the coaxial gaseous-core concept. 
Should this behavior (which appears to be only weakly dependent on scale of 
turbulence or turbulence level) also occur at high coaxial-to-core-gas ve
locities, it would be of great significance to the future of the coaxial reac
tor. The latter case is now under investigation. 

Question: What would you consider to be the influence of the density ratio 
betwAAn the outer and the inner stream? For example, when the tempera
tures are equal, and suppose the outer stream had a very low molecular 
weight while the central jet had a very high molecular weight, wouldn't the 
mixing phenomena be quite strongly influenced? 

Answer: The mixing boundaries of Figure 8 indicate a strong degree of 
curvature. For gases with equal molecular weight, that is, gases in which 
the density gradient for the mixing region is not important, these boundaries 
have been shown to be conical.l 2 The strong curvature shown in Figure 8 
results principally from the density gradient of the low-molecular-weight 
helium flowing into the high-molecular-weight argon. 

12. For stall, W ., and Shapiro, A. H., "Momentum and Mass Transfer in 
Coaxial Gas Jets," J. App . Mech. 10, 1960, p. 339. 
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COAXIAL FLOW GASEOUS NUCLEAR REACTOR CONCEPT 

Frank E. Rom 
NASA-Lewis Research Center 

Cleveland, Ohio 

In addition to research being carried out in general support of gaseous 
reactors, Lewis is attempting to determine the feasibility of a particular 
class of gaseous nuclear reactors - the coaxial flow type. In this concept, 
as shown in Figure 1, separate coaxial streams of uranium (or plutonium) 
and hydrogen are introduced into a reflector moderated cavity. The hydro
gen flows coaxially and concentric with the uranium core. The uranium 
flows at a lower velocity than the hydrogen to maintain an acceptable ratio 
of uranium-to-hydrogen mass flow ratio. The resulting mixture of hydrogen 
and uranium is exhausted through a nozzle to produce thrust. An acceptable 
value of the uranium-to-hydrogen mass flow ratio is about 1:35 which re
sults from dividing the cost of hydrogen in orbit (approximately $200/lb) by 
the cost of uranium (approximately $7000/lb). This assumes that we are 
willing to allow the cost of fuel to equal the cost of hydrogen. The hydrogen 
is heated by thermal radiation from the fissioning central zone of uranium. 
The hydrogen contains seeding material which renders it opaque to thermal 
radiation from the core. 

In this concept the most important factor to determine is the number 
of uranium atoms that are in the core at any given time, considering the 
fact that mixing occurs between the coaxially flowing streams. Our hydro
dynamic analyses are aimed at predicting the concentration profiles that exist 
both in the axial and radial direction following injection of the uranium and 
hydrogen. In other words, we attempt to determine what nature will give us 
in such a situation. We are talking in general about turbulent systems with 
lots of mixing and consequently relatively small zones of undisturbed uranium. 

The gas core program at Lewis is divided into three fundamental areas 
which are: 
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1. Hydrodynamics 

2. Heat transfer 

3. Nucleonics 

The first area, hydrodynamics, has as its goal the determination of experi
mentally verified analyses which determine the amount of uranium which· is 
within the reactor cavity at any given time as a function of flow rates, ve
locity ratios, and diameter ratios of coaxially flowing systems. The heat 
transfer area is concerned with the determination of the temperatures that 
exist throughout both zones of the coaxial system as a function of relative 
flow rates, reactor power, amount of seeding, velocity ratios, etc. The 
third area, nucleonics, is of extreme importance inasmuch as the amount of 
uranium required for criticality directly determines operating pressure levels. 
In gas cores the operating pressures tend to be high; therefore, anything 
which can be done to reduce critical mass is of major interest. 

In all three areas the emphasis has been the establishment of experi
mentally verified analytical solutions so that analytical extrapolation to real 
systems can be made with confidence. Not much time has .been devoted to 
systems analysis or engine design studies. Only a limited amount of such 
studies has been or will be undertaken until a firm foundation on which to 
base them has been established. 

Bob Ragsdale will discuss the Lewis hydrodynamic and experimental 
heat transfer programs. In addition, he will briefly mention some of our 
work in. the nucle.onics area. Al Kascak Win talk in detail on our latest 
radiation heat transfer analysis which represents we feel significant progress 
in this field and should therefore be of general interest. 
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<;lQAXIAL F!:::_9J'! RES~~~ STUDIES 

I:tobert G. Ragsdale 
NASA-Lewis Research Center 

Cleveland, Ohio 

Figure 1 shows the topics to be discussed in this paper; fluid mechanics, 
heat transfer, and nucleonics. Under iluid mechanics,· we will discuss the 
analysis, which is of a coaxial flow system, and is therefore not general, 
but directly related to our concept. Under heat transfer, I will descri~ the 
experimental program; it is primarily aimed at radiation heat transfer to .a 
transparent gas made opaque by the addition of small solid particles. The 
heat transfer analysis will be discussed in the following paper. Briefly,. the 
analysis is of. radiation heat transfer with tempe;rature and region depenqent 
opacities. Nucleonics will be discussed to a lesser extent than the first two. 
items. There. will be no discussion. of analysis since little has been done 
beyond that which has already been published on s·ome calculations m:ade with 
one and two d.imensi.ona.l diffusion codes. After discussing the status ·of the 
various res~ar.ch studies, we will indicate the ldnd of performance. that can. 
be predicted by applying the present knowledge in these three areas to a 
coaxial flow gaseous reactor system. 

FLUID MECHANICS 

Figure 2 illustrates the fluid mechanics problem that was outlined in 
the preceding introduction; the flow pattern involves the injection of a low
velocity gaseous fissioning fuel into a surrounding, high-velocity propellant, 
hydrogen. The problem h~re is one of coaxial mixing, or more basically, 
one of free-turbulence between two coaxial jets of dissimilar fluids. As was 
suggested in the introduction, what we want is poor mixing; more exactly, 
what we want is no mixing. If the fuel were to proceed through the reactor 
at its initial low velocity, surrounded but unaffected by the high velocity 
hydrogen, this would automatically provide any desired residence time ratio
which is what is desir~d in any gas-core system. Of course that does not 
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occur in the real. casea there is momentum and mass transfer between the 
two streams so that the inner one is ~ accelerated. The analytical prob
lem is to predict the rate at which it is accelerated and the rate at which 
it diffuses into the outer stream; it is a combined momentum and mass 
transfer problem. 

The model that was analyzed is as shown in Figure 2. The analysis 
beglns, ·at time zero at the injection point; the solution of the momentum and 
diffusion equations from this point downstream has been formulated as a 
computer program which gives, as a function of initial conditions, radial 
concentration and velocity profiles at various distances downstream from the 
injection point. The basic equations are for laminar flow; thus they contain 
binary and molecular diffusion coefficients for mass transfer and viscosities· 
for the momentum transfer. In the usual manner, we apply these equations 
to a turbulent flow situation by saying that basic processes are the same, 
and it is sufficient to simply add on a contribution of turbulence. Thus in 
the analysis, where we have a viscosity term, we add to it a turbulent vis
cosity; similarly, to the binary diffusion coefficient we add an eddy diffusivity, 
and then use the program to describe the turbulent coaxial mixing process. 
This procedure introduces one more unlmown into the program; the ratio of 
turbulent to laminar viscosity. This is not easily obtained and is what 
necessitates an experimental study of turbulent coaxial mixing. By making 
measurements and comparing the analysis to the experiment, one can in
ductively obtain an empirical relation which expresses the turbulence level 
in a real system. 

Figure 3 shows a flow model that has been analytically studied, and 
which will be experimentally investigated in the near future. It is the flow 
pattern which would most likely be utilized in a coaxial flow reactor, since 
it tends to minimize mixing. This is the flow problem with a buffer layer 
Which was mentioned in the introduction. The goal here .is to reduce the 
turbulent mixing by introducing a buffer region of intermediate-velocity hydro-. 
gen between the slow moving fuel and the fast moving hydrogen. This effec-: 
tively forms a momentum buffer between the inner and outer streams. Al
though this does in fact tend to improve the situation, there is a limit to the 
usefulness of a buffer region. This limit is incurred as follo~s. The aver
age hydrogen velocity must remain constant for a fixed channel dimension 
and a fixed. thrust; a decrease in buffer-hydrogen velocity must be accom
panied by an increase in outer-hydrogen velocity in order to maintain a con
stant propellant flow rate. Thus at the inner boundary the turbulence is re
duced, but at the outer boundary a new source of turbulence is created; the 
ultimate balance of ~s situation is that there is an optimum combination of 
buffer layer thickness and velocity. 
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The fluid mechanics experiment was conducted on a basic coaxial flow 
system with no buffer region present. Air and bromine were used as a low 
molecular weight gas and a high molecular weight gas, respectively; mixing 
rates were experimentally determined. 

Figure 4 is a photograph of the experimental setup; the flow is from 
top to bottom in a 5 inch by 5 inch lucite channel. Bromine is injected at 
a relatively low velocity through a center monel tube that is a half inch in 
diameter. Flowing around it, also from top to bottom, is a higher velocity 
air stream. Experimental dimensions and flow rates were selected to cover 
a range of from laminar to turbulent Reynolds numbers. Experimental data 
was obtained for velocity ratios of outer-to-inner stream from about one up 
to 49 to one. Measurements were made of the average concentration of this 
bromine stream at different positions downstream from the injection point. 
Because the outer stream is going faster than the inner one, the bromine is 
accelerated and diluted; the net result is that the bromine concentration de
creases with distance downstream from the injection point. The concentra
tion measurements were obtained by measuring the attenuation of light beams 
that were passed through the bromine stream. 

Figure 5 illustrates the variation of bromine concentration with axial 
position. Theoretical curves for laminar and turbulent flow are also shown. 
The curve for turbulent flow was obtained by selecting a ratio of turbulent
to-laminar viscosity ratio that gave the best fit to the data. For this par
ticular run the value of E+ was 30. The fact that the general shape of the 
curve conforms to that of the data indicates that the basic mixing process is 
properly described by the equations, since varying E+ only affects the level 
of the curve. This same procedure was used to obtain values of E+ for a 
range of Reynolds numbers and velocity ratios. 

Figure 6 shows the final correlation of the E + values thus obtained. 
The turbulence factor, E +, was found to be a function of the initial bromine 
Reynolds number and the initial air-to-bromine velocity ratio. This infor
mation is then applied to a gaseous reactor situation as follows. The tur
bulence factor, E+, is obtained from the corr~lation equation for the fuel 
Reynolds number and the initial hydrogen-to-fuel velocity ratio selected. 
This turbulence factor, the velocity ratio, and estimated hydrogen and fuel 
properties are used as input to the fluid mechanics program, which then 
computes the concentration and velocity profiles throughout the reactor. 

One limitation of the coa."tial mixing study is that only radial average 
concentrations were measured. In addition to these average values, it would 
be desirable to measure the actual radial profiles. This is the next step of 
the experimental program. As illustrated schematically in Figure 6, radial 
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concentration profiles will be measured by traversing a light beam across 
the bromine stream at various axial positions. This experimental setup will 
be similar to the first one, except that the bromine stream will be of greater 
diameter and the light beam will be smaller. With this more detailed infor
mation, it should be possible to treat the spatial dependence of E+ in a more 
sophisticated fashion than was done in the first experiment. After this study, 
experimental measurements will be made for a buffer flow pattern. Again, 
bromine will be used as the inner fluid and air in the buffer and outer regions. 

This concludes the discussion of coaxial flow fluid mechanics studies 
being conducted in-house at the Lewis Research Center. Some additional 
fluid mechanics studies are being supported at the Catholic University under 
Dr. C. C. Chang, at the illinois Institute of Technology under Dr. H. Wein
stein, and at Princeton University under Dr. J. Grey. 

HEAT TRANSFER 

The experimental heat transfer work is primarily concerned with radi
ation to a transparent ga~ that contains small solid particles. One setup in
volves radiation from an electric arc· to air that contains sub-micron carbon 
particles. The other study is of heat transfer from an electrically heated 
tungsten tube to helium seeded with sub-micron tungsten particles. Both of 
these experiments are illustrated schematically in Figure 7. 

The arc facility employs an electric arc maintained by vortex-type flow 
of nitrog~n gas within the inner tube of an annular glass heat exchanger. For 
typical conditions, 700 kilowatts from the power supply delivers 170 kilowatts 
to the nitrogen plasma. From 10 to 20 percent of this power is released as 
radiant energy; thus, typically, about 27 kilowatts of thermal energy is radi
ated from the inner glass tubo. 

The tungsten tube test will be conducted using an electrically heated
tungsten tube. A transparent gas, helium, will flow through the tube. The 
tube dimensions and helium flow rates will be selected to give a low thermal 
efficiency for forced convection heating. Thus the addition of tungsten par
ticles to render the gas opaque should cause a significant increase in heat 
transfer. The maximum tube wall temperature of 5900~ is large enough to 
afford a sig;nificant amount of radiant energy. For the conditions of this test, 
we expect an outlet helium temperature of about 1500~ with no particle ad
dition. The addition of tungsten particles to the helium stream should result 
in an outlet temperature of approximately 20oooa. Though these numbers are 
estimates, they indicate that the increase in heat transfer due to particle 
seeding should be quite measurable. 
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The glass heat exchanger test section of the arc facility is shown in 
Figure 8. The arc is contained in a 54-millimeter (0. D.) quartz tube hav
ing a wall thickness of 4 millimeters. Tube lengths of 18 and 28 inches 
were used. The arc is maintained between fixed-upstream and movable
downstream water-cooled copper electrodes. The arc is stabilized by 
metered nitrogen gas that is introduced through a vortex generator at the 
fixed-electrode end. The nitrogen exhausts into an insulated collector where 
it is mixed with ambient air. The grounded downstream electrode is mounted 
on a movable carriage. The arc is initiated by a pneumatic electric servo
system that drives the downstream electrode into the quartz tube until con
tact is made with the fixed electrode. Then the movable electrode is with
drawn to a position 2 inches beyond the end of the quartz tube. The entire 
starting sequence is accomplished in about 10 seconds. 

The variable-frequency alternating-current power supply available pro
vided continuous variation of voltage from a minimum of 540 up to 6480 volts 
with an associated frequency of 1 cycle per second for each 54 volts. A 
maximum power of 7 megawatts was available at the limiting current of 
1125 amperes. A bank of water-cooled stainless-steel tubing was used as a 
1.6-ohm pure resistance in series with the arc to provide electrically stable 
operation. 

Seeded air is introduced into the annulus of the heat exchanger through 
an entrance nozzle attached to the front of the vortex generator. The air 
flow is metered with a rotameter before the carbon particles are added to 
it. The mixture passes through the heat exchanger and is then exhausted to 
a vacuum system. The pressure in the heat exchanger was maintained at 
1 atmosphere. 

Figure 9 shows a typical set of data; these are time dependent meas
urements of temperatures. The arc is initiated at time zero, and the un
secdcd air temperature in the annulus comes up to a steady state value of 
about fi40°F. After steady state is achieved in about 2 rninutes, carbon par
ticles are added to the air stream. When the seed material is added, the 
air absorbs radiant energy causing the outlet temperature to increase to 
740°F. When the seed injector is turned off, the air outlet temperature re
turns to its previous value of 540°F. 

The intensity of the arc radiation was measured with a thermopile de
tector located external to the heat exchanger; this is also shown in Figure 9. 
The ratio of the arc intensity readings obtained with and without seeding of 
the air stream is a measure of the attenuating ability of carbon particles. 
Thus i.n addition to heat transfer data, the arc tests afford some information 
on the extinction coefficient of carbon. 
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The variation of the extinction cross section per particle E /N of carbon 
particles with particle size is shown in Figure 10. Theoretical values taken 
from Barre' and Stull and Plass are shown, as well as the geometric cross 
section. The data of this report are less than theoretical values but are 
considerably higher than the measurements of carbon particles dispersed in 
water. 

The fact that the present data are higher than previous measurements 
and closer to theoretical estimates is attributed to better particle separation. 
It is felt that the extinction cross section data indicate that the particle in
jection system reduces particle agglomeration. Obviously, there are many 
factors involved in data such as these, but the conclusion seems justified. 
Further studies of particle size distribution, wavelength, and temperature 
effects are necessary to disclose whether complete particle separation exists. 

The two primary conclusions of the arc tests are as follows: 

1. A quartz-tube-contained electric arc is a useful research device 
for radiation heat transfer studies. A radiation flux of 305 watts per square 
inch was obtained at the surface of a 54-millimeter-diameter tube; this is 
the radiant flux that would be emitted by a 3050<>n blackbody surface. 

2. The addition of a small weight fraction of solid particles to a 
flowing transparent gas can significantly increase the total heat transfer in 
a system wh.ere both forced convection and radiation heat sources are present. 
For example, a 65-percent increase in heat transfer was obtained by adding 
less than 3 weight percent of carbon particles to an air stream flowing par
allel to a quartz tube contqining Hn electrio nrc. 

Figure 11 illustrates two additional heat transfer experiments which 
are in preparation. The first of these is intended to provide measurement 
of the opacity of particle-hydrogen mixtures. This experiment is shown 
schematically in the upper portion of Figure 11. A hydrogen plasma will be 
produced by a modified plasma torch designed to achieve hydr~gen tempera
tures in the range of 20,000°R. Seed materials such as carbon particles will 
be added to the hydrogen. A xenon arc lamp will be used as a light source, 
and a spectrophotometer will be used to measure the attenuation of a beam 
as it passes through the seeded plasma. Spectral opacities will be measured 
over a wavelength range from 0.16 to 3.5 microns. 

It is anticipated that this experiment will provide opacity measurements 
from room temperature up to a temperature above the sublimation or boiling 
point of the seed material. It is not likely, however, that this initial experi
ment will provide conditions such that the hydrogen itself contributes to the 
absorption process. To study hydrogen absorption, it will be necessary to: 
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(1) extend the wavelength range of the instrumentation down to 800 angstroms 
or up to 10 microns, (2) extend the hydrogen temperature up to about 
26,000"R, or (3) extend the hydrogen pressure up to about 20 atmospheres. 
Such an experiment would be quite difficult, however, and would therefore 
be preceded by a comparison with other experimental approaches. 

The lower portion of Figure 11 illustrates an experiment on the spec
tral transmissivity of transparent material~? at elevated temperatures. Meas
urements will be made for wavelengths from 0.16 to 3.5 microns and sample 
temperatures up to 1200°C. Materials such as quartz, fused silica, and sap
phire will be investigated. 

A heat transfer study is being funded at Georgia Institute of Technology 
under the direction of Dr. C. Orr. This work is an analytical and experi
mental study of heat transfer to clouds of small particles. 

NUCLEONICS 

A neutron diffusion experiment on a cavity reactor geometry that is 
underway at Lewis Research Center is shown in Figure 12. The apparat~s 
consists of two concentric aluminum drums. A plutonium-beryllium neutron 
source moves .along the central axis of the inner cylin~er to simulate a line 
source. Flux distributions measured by foil activation will be compared with 
various analytical formulations. Geometry and moderator material effects 
will be studied. Sirnilar work on a water;...reflected spherical cavity is being 
supported at Case Institute of Technology under Professor F. Miraldi. 

COAXIAL FLOW ENGINE PERFORMANCE 

Some exploratory' calculations of the performance characteristics of a 
coaxial flow nuclear engine have been made by utilizing the current informa
tion on turbulent mixing, radiation heat transfer, and reactor criticality. In 
order to make the calculation, a number of engine parameters were assigned 
constant values. A reactor cavity diameter of 10 feet and a specific impulse 
of 1500 seconds were chosen. The total moderator thickness was taken to 
be 3 feet; it is composed of a thin (4 to 8 centimeters) liner of D20, a BeO 
region, and an outer n2o region. The enUre reactor is enclosed by a pres
sure shell. Plutonium is the nuclear fuel used. A schematic view of the 
engine is shown in Figure 13. 

For a selected thrust level of one million pounds (694 lb/sec hydrogen 
flow), consideration of turbulent mixing, heat transfer, and reactor criticality 
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yields the following quantities. The fuel injection diameter is 3 feet, and 
the initial velocity is 0.8 ft/sec. The buffer region hydrogen is injected at 
a velocity of 17 ft/sec, and is 1.5 foot thick. The initial velocity of the 
outer hydrogen is 40 ft/sec. The reactor cavity is 7.5 feet in length. The 
average fuel temperature is 40,000'R, the reactor pressure is 586 atmos
pheres, and the fuel is 79% singly ionized. The hydrogen-to-fuel flow rate 
ratio for· this case is 41. The moderator weight is 169,000 lb., and the 
pressure shell weight is 152,000 lb. This gives an engine thrust-to-weight 
ratio of 3.2. 

As the fuel flows through the reactor it is accelerated by the faster 
moving hydrogen. The fuel is injected at :a velocity of 0.8 ft/sec; at the 
reactor exit, it is moving at an average velocity of 5.6 ft/ sec. The fuel 
residence time is 2.6 seconds, as compared to 0.23 seconds for the hydro
gen. Initial and final velocity distributions for this case are shown in Fig
ure 14. 

The reactor pressure required for criticality can be reduced by in
creasing the fuel tlow rate. Conversely, a higher ratio of hydrogen-to-fuel 
flow ratio can be obtained by operating at a higher reactor pressure. This 
ability to decrease the fuel loss at the expense of pressure is adversely 
affected by thrust level. These engine characteristics are shown in Figure 
15. The three-way trade-off between fuel·loss, reactor pressure, and engine 
thrust is further affected by many other factors not considered as variables 
here. The general trend indicated in Figure 15 is probably valid, however; 
an increase in engine thrust requires an increase in either reactor pressure 
or fuel loss, but this penalty diminishes rapidly at higher thrust levels. 

Although the performance calculation involves many assumptions, and 
the engine shown is not an "optimum" one, it is consisten~ with current in
formation. Further, such a calculation serves to illustrate some interesting 
characteristics of a gaseous fueled nuclear engine operating at a 1500 second 
specific impulse: 

1. Reactor moderator, reflector, and structural materials are unfueled 
and can be operated at a relatively modest temperature of 3200'R. 

2. Hydrogen enters the reactor cavity at 3000'R and is exhausted at 
an average temperature of about 8700'R. 

a. Reactor criticality can be maintained by a pressure of 500 to 800 
atmospheres. 

4. The fuel loss rate can be maintained sufficiently low that: (1) the 
cost incurred will be less than that of the hydrogen propellant for a given 
mission, and (2) there is no appreciable degradation of specific impulse. 

200 



VELOCITY DISTRIBUTION 
lsp= 1500 SEC 

40 

e AXIAL 
VELOCITY 20 
FT/SEC 

F = 106 LB 

,..-FINAL .... 

0 
REACTOR CAVITY RADIUS, FT 

Figure 14 

5 



EFFECT OF THRUST LEVEL ON FUEL LOSS RATE 

H2 TO 

lsp= 1500 SEC 

100 

PU MASS · .. 
FLOW 50 

RATIO 

., 

CAVITY OIA~ = 10 FT . · · ·. LENGTH = 7.5 FT 

REACTOR 
PRESSURE 

ATMOSPHERE 

400 

~--~----=20=0~------~-

0 ·· · .5 ,. I .. 
THRUST, MILLIONS OF LB 
. , Figure 15 . 

1.5 



. '"' 

5. Engine thrust-to-weight ratios greater than one are possible, and 
no severe penalty results from increasing the thrust level. Figure 16 sum
marizes the probable range of pertinent engine parameters. 

Although the work on gaseous-fueled nuclear rocket engines to date 
can be interpreted as encouraging, it has served to define additional problems 
as well as solve preliminary ones. Some important problem areas that will 
require future attention are listed in Figure 17. With the possible· exception 
of items 2 and s, .these problems are· of a· general nature and can be usefully 
studied independent of .a specific concept. 

Question: Why do youuse ·.plutonium, with its contamination problem? 

Answer: It requires a lower critical mass. 

Question: By how much? 

Answer: It depends on the particular case, but maybe by a factor of two to 
four. 

Question: Is that because of the low energy resonance peak? . ,. 

Answer: Yes. Of course, that also offers a potential disadvantage, since 
there is a resonance peak in the absorption cross section as well as the 
fission. So, for some cases, the advantage of plutonium may be lost because 
of self-shielding. 

Question: Are you doing any. ~riticality correlations? 

Answer: We have made some two dimensional diffusion calculations com
paring plutonium a.pd uranium. These were reported in NASA TN D-1575. 
These calculations showed that if the plutonium fuel was compressed to too 
small of a radius inside the cavity, the critical mass increased rapidly. 

Question: Of course, then the reactor is beooming fast. 
. . 

Answer: Well, that is the direction of the trend, but the reactor is still 95 
to 99 percent thermal at the point: where the critical mass begins to increase. 

Question: What is a t~ical critical mass of plutonium? 

AnswP.r: Twenty kilograms, although I'm not sure just how typical it is. 
This might be reduced to 10 kilograms if it were possible to selel:L the most 
favorable combination of factors. This is one area that needs additional 
work; this is extremely important, since criticality is the reason that these 
reactors are so large~ 

Question: Has anyone considered reactor kinetics? For example, what 
happens if the plutonium is displaced a little? Is that a stable situation? 
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Answer: Very little has been done as yet on this subject. It is a difficult 
problem because it involves the interaction of heat transfer, nucleonics, and 
fluid mechanics. 

Question: What is the residence time of fission products? 

Answer: Again, there is no "typical" answer, but it could be on the order 
of 2 seconds. 

Question: How is the reactor controlled then, if all of the delayed neutrons 
are removed? 

Answer: This is another problem area that will require study. Even if 
some of the delayed neutrons are lost, control- may not be a serious problem 
because neutron lifetimes are considerably longer in cavity reactors than in 
a more conventional geometry. . · · 

Question: . In your experimental flow studies; you have not simulated the 
presence of an end wall deflecting the flow radially inward toward a nozzle. 
Are you concerned about this? 

Answer: · This too is a subject for future investigation. To date, this effect 
is not included in either the experiment or the analysis• The analysis is 
written~ for a flow -field that is infinite in both the radial and downstream 
directions; there ·are no boundary or end effects. The coaxial turbulent mix
ing analysis is quite complicated when treated as an initial value problem; 
as a boundary value problem it is even more difficult. 

Question: Have you considered the effects of simultaneous heat generation 
in the plutonium and radiative heating of the hydrogen on the hydrodynamic 
mixing? ' 

Answer: No. At least we . have not investigated this effect yet. We do have 
a version of the flow analysis which contains arbitrarily distributed heat 
sources. As an approach to this problem, we will be able to assign heat 
source distributions which yield temperature profiles that are the same as 
those obtained from the radiation heat transfer analysis. Similarly, the heat 
transfer code can handle arbitrary velocity prq~iles, which can be adjusted 
to agree with those from the flow code. This is an empirical procedure, 
but the problem is a difficult one. 

Question: What is the reactor chamber pressure? 

Answer: This depends on so many unknowns and arbitrary trade-offs that 
there is no one answer, bu~ 500 atmospheres is a reasonable guess. It will 
be as low as is possible without exceeding some limiting quantity such as 
fuel loss rate. It should fall within the 300 to 800 atmosphere range. 
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.Question: Do you think that the mlXlng between the plutonium and hydrogen 
is sensitive to the initial conditions of the two streams? 

Answer: Yes, because the turbulence level is, and that is governing factor 
in the mixing process. 

Question: Are the mixing calculations based on the assumption of ideal in
jection of plutonium and hydrogen? 

Answer: No. The coaxial mixing calculations are made for turbulent flow, 
not laminar. The turbulence level is computed from a correlation based on 
turbulent mbdng data •. It includes effects of fluid properties, initial stream 
Reynolds numbe1·s, and the initial velocities of both streams. For reactor 
conditions, the turbulent transport properties are 3000 times as large as the 
laminar values. Laminar flow calculations would give reactor pressures 
about 5 to 10 times lower than what. we get for turbulent mixing. 
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COAXIAL FLOW RADIATION HEAT TRANSFER ANALYSIS----
,..-.·~ L ~~~~-"'....-= -~~--.,·;_-""~~'-"_" ______ _ 

Albert F. Kascak. 
NASA-Lewis Resea,rch Center 

Cleveland, Ohio 

Most ·gaseous core rockets use the same mechanism to transfer heat· 
to the propellant. "In .. the reactor energy is released in the core (due to 
nuclear reaction). The core temperature increases until it is high enqugh 
to radiate the heat to the propellant. 

Since most gaseous core reactors have cylindrical geometry, the prob
lem was formulated, and a computing program written to solve a radiating 
and convecting gas in a cylindrical geometry. The analysis was written to 
include both radial and axial flow. The present discussion is limited to axial 
flow problems only. 

The specific rocket concept being examined is the coaxial flow system. 
The first slide shows a simplified diagram of this model. The flow enters 
the reactor from the left and exits to the :right. (ThP. arrow~ are in the 
wrong direction at the exit.) The central cylinder represents the gaseous 
nuclear core and the outer annulus represents the propellant region. 

Besides the highly idealized physical model, there are certain assump-
tions made in the formulation of the problem. These are: 

1. Velocity profiles are known functions of position._ 

2. Viscous and conduction effects are neglected. 

3. Inlet and side wall temperatures are known. 

4. Walls are black and follow the cosine law. 

5. The gas is gray but optically temperature dependent. 

6. The exit wall is at the local gas temperature. . 

The first three as~mmptions are common and, therefore, no comment 
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will be made on them. The fourth assumption was made because better 
lmowledge was not available and was justified because back radiation from 
the wall was relatively small. 

The fifth assumption is tantamount to using a frequency averaged ab
sorption coefficient, but yet temperature dependent. The proper averaging 
technique is perhaps debatable; but the difference between Rosseland and 
Planck mean is not too great for the propellant. 

The sixth assumption was made for two reasons. (1) The back radia
tion from the nozzle region was not lmown and the exact exit details were 
not of interest at the present time. (2) This specific choice was made to 
eliminate large amounts of heat transfer across the exit wall. 

Assumptions 1 and 2 leave only the energy equation to be solved. The 
second slide shows this nonlinear integral-differential equation. The first 
term is the convective term. The second is the internal heat generation 
term; it is a lmown function of position. The third term is the radiation 
being emitted. The fourth term is the radiation being absorbed from the 
surrounding gas and walls. The unknowns in the equation are the tempera
ture distribution and any property which. d~pends on the temperature. This 
includes the absorpti.on coefficient. 

The basic method of solution was to assume a temperature distribution, 
then evaluate the radiation integrals as a function of position, and then to 
solve the resultant nonlinear differential equation for a new temperature 
distribution. The process was repeated until the temperature distribution 
did not change by some specified amount. 

The second slide also shows the general technique for evaluating the 
radiation integrals. The field point lies on a typical representative plane. 
The integrals are first evaluated in the radial direction and terminated at 
the wall or when the contribution to the total radiation becomes negligible. 
This allows us to calculate the optical distance between the field and source 
point and its· contribution almost at the same time. The surface term is 
then just added to the total. 

The angular integration was weighted in specific directions. The 
weighting function was chosen so that direction with high heat flux could be 
sampled with smaller increments. In this case the core direction was 
weighted the heaviest. 

Question: How many angular groups are you using? 

Answer: · About every five degrees. This is all right if the gas if not too 
clear. 
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The field points were chosen so that a two dimensional interpolator 
could be used to find intermediate values. Since the amount of radiation 
coming into a point is a space integral, it would be a smooth function of 
position. The smoother the function the easier it is to interpolate. 

The physical dimensions of the reactor under study are: a length of 
7.5 feet, a cavity diameter of 10 feet, and a fuel-core. diameter of 3 feet. 
Physically the reactor is more iike a pancake than a tube.· Therefore, end 
effects can be expected to .be large. 

The physical parameters of the core are: an absorption coeffident of 
100 ft-1, a specific heat of 0.06 Btu/lb, a :mass flow rate of 2.83 lb/sec/ft2, 

and an internal heat generation rate of· 498~000 Btu/sec/ft3• In the propellant 
region the absorption coefficient is 2 ft-1, the specific heat i.s 6 Btu/lb, the 
mass flow rate is 9.72 lb/sec/ft2, and there is no internal heat generation. 

The third slide shows some typical radial temperature profiles. Near 
the entrance, the core temperature is much higher than the propellant tem
perature. This results in a large gradient between the two regions. Further 
into the reactor the propellant temperature near the core builds up like a 
boundary layer. This continues until the propellant near the core is in 
thermal equilibrium with the core. The boundary region then begins to 
thicken. This boundary region then ceases to be a heat sink and becomes 
a transmitter of energy. 

Question:. Do you allow your absorption coefficient to be a function of tem
perature? 

Answer: Yes. in one of the later slides. 

Question: Do you all.ow your power profiles to vary axially? 

Answer: in the general' program the internal heat is a function of both . 
radial and axial positions; but for the present example it is assumed con
stant in the axial direction. 

The fourth slide shows some typical axial temperature profiles. The 
temperature of the fuel increases very fast upon entering the reactor. In 
this region; convection is the primary mode of heat transfer. The rest of 
the way down the reactor, the temperature of the core is relatively constant. 
In this region radiation is of prime importance. The propellant has the 
same type of temperature profile, except that it lags that of the fuel. 

The fifth slide shows the effect of varying the fuel absorption coeffi
cient. As the absorption coefficient increases, the exit temperature of the 
core decreases. For a transport type of process this is true. An absorption 
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coefficient of 2 ft-1 or maybe even 10 ft-1 might be considered a transport 
type process, out 100 ft-1 is not. One reason for this is the increase in 
end losses as the absorption coefficient of the core increases. 

Question: What is the density in the core? 

Answer: It was not used anywhere in the calculation, so it was not calcu
lated for this analysis. 

Question: The absorption coefficient of the fuel seems low. 

Answer: An analytical estimate of the fuel absorption coefficient was not 
used in this calculation. Arbitrary values·, higher than the absorption, co
efficient of the propellant, were chosen. The primary purpose of the study 
was to look at the propellant, not the core. 

Question: Why is not there a sharp temperature drop at the edge of the fuel 
considering the very short radiation path length in the core? 

Answer: At the inlet there is a large gradient at the core-propellant inter
face; but axial convection eventually reduces this gradient. 

Question: Is most of the energy transferred by radiation? 

Answer: Yes, most of the energy in the core is radiated to the propellant, 
and then convected away. 

Question: At a radius ratio of point three what is the radiant heat flux as 
compared to the blackbody radiant flux? 

Answer: The program does not use this ratio, and it was never calculated. 

Question: Where is the heat flux less than blackbody heat flux? 

Answer: What do you mean by blackbody heat flux? 

Question: Well if I took the heat flux passing a radius ratio of point three, 
radially outward (Btu per second per square foot), and then calculate black
body··heat flux at that position (which is aT4), and compare the two. 

Answer: The program did not calculate these quantities, so I don't have 
that comparison here. 

Question: What is the mechanism of getting energy out of the center of the 
fuel? How does the energy in the center of the core get out so well? It 
seems that the center of the core ought to be much hotter than the edge. 
It is just like the sun, much hotter at the center than at the edge. The sun 
is opaque to its own radiation. 

Answer: The absorption coefficient of the fuel was assumed to be 100 ft-1• 
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The fuel temperatures shown are consistent with this value. Higher opacities 
would give high fuel centerline temperatures. The main purpose of this study 
was to look at propellant region temperatures. 

Question: What is the energy creation rate at the edge of the core as com
pared to that of the center of the core? 

Answer: The energy profile was flat across the core. 

Question: The exit plane has the same temperature profile as the gas. Can 
this exit temperature distribution radiate as though a spatial source was 
there? 

·Answer: . Yes. At the exit, energy is transported into the reactor in cer
tain regions and transported out in others. 

Question: Isn't the profile in the propellant going to be greatly affected by 
both the detail of the fuel temperature profile and the frequency effects? 

Answer: Since convection in the core is small, most of the heat must leave 
by radiation. The amount of radiation leaving the core must be almost con
stant, and equal to the total internal heat. Therefore the amount of radiation 
coming from the fuel should be relatively constant, and the temperature pro
files of the propellant should be almost independent of the core temperature 
profiles. Wavelength dependence of opacity has not yet been included· in this 
anatysis, so no conclusion can be drawn as to its relative importance. 

The sixth slide shows a temperature dependent absorption coefficient. 
m the fuel the absorption coefficient is constant at 100 ft-1• In the pro
pellant the absorption coefficient is 2 ft-1 for temperatures less than 7200~. 
This region represents the seeded gas. At 72000Jt the seed vaporizes; for 
temperatures between 72000Jt and lO.OOOOJt the absorption coefficient is 
0.02 ft-1. This region represents a window. For temperatures greater than 
lO,OOOOJt the absorption coefficient is 2 ft-1• This absorption coefficient ap
proximates the real absorption coefficient of the propellant. 

The· seventh s~ide shows radial temperature distributions at th~ exit 
.with and without the window. The· general effect of the window is to flatten 
the propellant temperature distribution; that is, the gas heats up, becomes 
transparent, and transmits energy through itself. 

The big question in this regard is whether. the propellant will become 
· totally transparent and the energy in the core will be deposited on the wall; 

or will the propellant bridge the gap and still shield the wall. The eighth 
figure answers this question. It shows constant temperature lines on a rep
resentative plane. Tlle lO,OOOOJt line starts in the propellant nearest the fuel 
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before the 7200'1l line reaches the wall. This indicates that the wall can 
be shielded at all times from the hot core. 

Question: With the window what is the amount of radiated flux at the wall 
as compared to the amount at the core ? 

Answer: The amount of heat that reaches the wall is about 2 percent of 
the total heat generated. 

Question: To save running time, why don 1 t you let the radiation come from 
·a shell at the edge of the core? 

Answer: Since the core diameter ·is about one-third the diameter of the re
actor, the time· saved is about one-third the total running time. The prob
lem is actually two dimensional in the sense that convection is also present. 
This would result in a temperature distribution in the shell which is a func
tion of the propellant temperature distribution. 

This summarizes the present work on radiation heat transfer~ Future· 
work will be to investigate some characteristics of g:;~.s-core radiation··~heat 

transfer such as the seed-hydrogen opacity window, and temperature depend
ent opacities. The present analysis can also be used to explore the useful
ness of radial.ly dependent seeding and seeded transpiration cooling of the 
cylindrical wall. 
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GAS. CORE.REAC;r,PR~ 
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Henry J. Stumpf 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

The two major problems confronting the gaseous vortex scheme are 
containment of the fuel and heat deposition in the tube walls. 

An experimental program oriented toward a better understanding of the 
fluid dynamics of vortex flows has been underway for several years at the 
Jet Propulsion Laboratory. The effort at present consists of a gas separa
tion device which simulates a single vortex tube and a flow visualization 
device. 

A detailed discussion of this program and the problems presently 
plagueing us will be given by Paul Massier. I should just like to make a 
few brief comments about the two problem areas as they affect the system. 

FUEL CONTAINMENT 

. T9 obtain some quantitative feeling for the containment problem it is 
necessary to define several parameters •. It is convenient to speak in terms 
of a contail).ment factor lji, which is defined as the ratio of the average den
sity of fuel to propellant in the reactor cavities divided by the ratio of the 
average densities in the rocket exhaust. The quantity lji gives a direct 
measure of the excellence of the fuel-containment mechanism; the larger 
this factor, the more effective the containment mechanism. If PFC and Ppc 
denote, respectively, the average densities of nuclear fuel and propellant in 
the cavities, and PFRC and pPRC those in the rocket chamber (and exhaust), 
then 

(1) 
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It is implied in this formulation that the fuel-propellant mixture leaving the 
reactor cavities passes into a rocket motor chamber and thence out the ex
haust nozzle. Thus whatever fuel leaves the cavities is lost to the system. 

Another quantity of interest is the average concentration ratio of nu
clear material to propellant in the rocket exhaust nyp: 

<NFRC> 

nFP = <NPRC> 
'" (2) 

where <NPRC> is the concentration of the propellant and <NFRc> the 
concentration of the fuel in the rocket chamber. 

On the basis of performance alone we can compute a maximum allow
able value for nfp• This constraint arises because of the great disparity in 
molecular weight of nuclear fuels and efficient propellants. For plutonium 
and hydrogen this ratio· (Ay/Ap) is about 120 to 1 so that the addition of 
one part of plutonium to 120 parts of hydrogen would double the effective 
molecular weight ·of the exhaust and reduce the specific impulse by about 
25-30%. To prevent the specific impulse from being seriously degraded it 
is necessary to have the fuel rropellant ratio in the exhaust small. Hence 
nfp(Ay/ Ap) « 1 or nfp :s 10- • But this is no constraint at all since it 
results in a fuel loss "'12% of the propellant expelled - a very large amount 
indeed. 

To find the relation between containment factor and fuel expended we 
write 

(3) 

and since 

(4) 

we must compute w~x/Wp. where WFx is the total weight of nuclear fuel 
expended per propulsion period and Wp is the total weight of propellant dis
charged ·during this same period. We will use the criterion of relative cost 
of the vehicle; i.e., what fraction of the total vehicle cost will we be willing 
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to allow for fuel loss. ·If we set the fuel cost equal to the rest of the ve
hicle cost minus payload then 

. (5) 

where Pi is the cost per pound of component i, A. is the propellant-to-vehicle 
gross weight ratio, ae is the rocket engine thrust-to"':'weight ratio, a is the 
vehicle acceleration at the start of the propulsion period, and S is the tank
to-propellant weight ratio; the subscript T denotes tank and N reactor. . In 
the examples which follow, the following values .are used: pF/Pp = 40,000, 
pN/Pp .= 800, pT/Pp = 400, pF = 10,000 dollars/lb and S = 0.05. 

In. order to indicate some typical values of containment factor and of 
the corresponding fuel lost per propulsion period two examples will be con
sidered. The. first is that of a single stage booster to place a 100,0_00 lb 
satellite in Earth orbit, and the second is a low-thrust interplanetary vehicle 
to transfer a 400,000 lb payload from Earth orbit to a circular orbit about 
Mars. We_ will use f, the fraction of the .total power produced in the solid 
region of the- reactor, as the independent variable and TI PL' the paylo~d ratio, 
as a figure of merit for the vehicle. The objective is to decrease f. to zero 
in order to obtain the highest specific impulse· ratio possible but this re
quires large concentrations of fuel in the gas phase and therefore large _con
tainment factors. Thus the efficiency of the containment process dictat~s the 
maximum value of f, hence vehicle performance. 

Consider first the satellite mission. In Figure 1 it is seen that as 
f - 0, containment becomes more severe due to higher fuel concentrations 
in the gas phase and smaller mass or cost of the :vehicle. In this example 
l/1 varies from unity for f "' 1 to over a thousand for systems with consider
able gas phase heating. Regardless of the value of <Npc) l/1 must be at 
least 10 to give a 10% increase over Rover performance. Even then 1000 kg 
of fuel is lost per propulsion period. Experimental results to date have 
yie~ded values of l/1 "' 1.1. 

The low thrust application of gaseous core reactors appears to be most 
promising for missions to the near planets. Again f is taken as the inde
pendent variable but now the specific impulse can be optimized for each f 
value because of the addition of the radiator. Figure 2 shows the results 
for the low thrust mission. Again fuel loss increases as l/1 decreases.· At 
the_ low valu~ of (Npc), l/1 = 2.6 x 1022; and the. fuel loss in a sirigle ·pro-· 
pulsion period is 6000 kg. To reduce this by an order of magnitude the 

224 



/ 
/ 

./ 
/ 

\ v 
\ / 
\ ./ 

v TOTAL FUEL LOST, WF ex ·10
1 
(kg) 

v 
/ \ (Npc) '~' ·lo-22 (nuclei/cm 3 ) 

10 ['\ 
'\ 

'\. 
\. 

_'\ 
\ 

1\ 
\ 

. --r---r------- \ 
SPECIFIC-IMPULSE RATIO,?------~ 

\ 
\ 

- \ 
\ 

t- EXAMPLE FROM REF 6: \ 
_ wP, = 10o,ooo lb \ 

x=0.5 0=1.3 9=20 ~=I0- 3 \ -FUEL COSl = 1/2 VEHiCLE COST. 
\ 

-· 

0.2 0.4 0.6 0.8 1.0 

SOLiO~FISSION FRACTION, f 

Figure 1. Fuel-Containment Requirements for Single-Stage Satellite Booster 
(V = 1.14) 

225 



~ I 

10 

~ OPTIMUM SPI;:CIFIC-IMPULSE HATIO, 1* 

·~ 

' ---" -t...... 
'\. ............... 

\. ............... 
~ 

" ~ 

"' " 
"" ~ 

~ \ 
' ' ··--

.'-.. 

" "\. 
" '\ 

(Npc)'I!·I0- 22 (nuclei/cm3) 
'-......) 

0.2 0.4 0.6 0.8 1.0 

SOLID- FISSION FRACTION, f 

Figure 2. Fuel-Containment R~quirements for Equivalent Mars Orbiter 
(V = 2) 

226 

1.2 



containment factor must be increased by a factor of 20. Even this, how
ever, results in a cost of some 12 million dollars per flight for fuel alone. 

Some general observations can be made from this analysis. 

1. The primary constraint in determining containment requirements 
is the total fuel loss allowed in one propulsion period. 

2. In high thrust applications the gain over conventional nuclear sys
tems is significant when 1/J > 50. 

3. For low thrust systems 1/J "' 50 is required to compete with nuclear 
electric. For 1/J < 50 specific impulse is still high so if fuel loss 
is acceptable the system may still be attractive for lower energy 
missions. 

HEAT DEPOSITION IN THE SOLID REGIONS 

Since the energy deposition rate in the solid members of a gaseous 
reactor has a direct bearing on the ultimate performance ,potential of these 
systems, I should like to examine this problem more closely. The physical 
processes which contribute are: 

1. Direct nuclear radiation in the form of gamma rays and neutrons 
which originate in the gaseous region and are absorbed in the 
solid region, 

2. fission fragments born in the gaseous region which reach the tube 
will with some residual kinetic energy, and 

3. radiation from the hot gases in the vortex tubes which is absorbed 
in the solid regions. 

ThR cHrect nuclear losses are insensitive to tube radius and propellant 
temperature and pressure and may be assumed to be some constant fraction 
of the total power generated in the vortex tubes (i.e., 7 .5%). 

A crude estimate of the fission-fragment heat load can be obtained by 
considering a very simplified model of the vortex tube. The simplifying as
sumptions. are: 

1. Each fission results in the production of one heavy and one light 
fission fragment which are released isotropically. 

2. The properties of the gaseous mixture in the vortex tube are taken 
to be those of hydrogen, and app.ropriate average values are used to 
correct the ranges of the light and q.eavy fission fragments from the 
values at standard conditions. 
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3. The power density in the vortex tube is constant, the energy loss 
of the fission fragments is a known function of the path length, and 
the length of the tube is large compared to the fission fragment 
ranges. 

The results of this simple analysis show that for tube diameters of 
the order of the fission-fragment range a relatively large portion ·of the 
fission-fragment energy can be deposited in the tube wall. It is obvious that 
infinitely large tubes would be required to reduce this energy loss to a 
negligible portion of the total power generated in the vortex tube, but for 
tube diameters larger than 20 em at an e~aust pressure of 100 atm and 
larger than 8 em at 300 atm this heat load can be reduced to a few percent 
of the total power. Of course this model gives very conservative results. 
A more realistic calculation taking into account the peaked distribution of the 
fission fragments would yield lower limits on the tube diameters. 

The thermal radiation from the gas mixture in the cavities presents a 
very difficult problem. Without detailed knowledge of the composition, tem
perature, distribution, and densities of the gas mixture, it is, of course, im
possible to determine precisely the thermal radiation flux at the solid bound
aries. The problem is further complicated by the fact that the presence of 
fissionable species, such as uranium and plutonium halides, even at small 
concentrations will most likely affect the radiative characteristics of the 
mixture. 

Another complication even less well understood at this time is the role 
of the various metastable species produced in the mixture by the slowing 
down of the tlSSlon tragments. lt is expected that these too will intluence 
the radiative transfer phenomena. The futility of attempting a detailed treat
ment of the problem in the absence of experimental facts about the nuclear 
fuel carrier, the separation process, and fission-fragment physics is there
fore apparent. 

In spite of these difficulties it is possible to extract some additional 
information about the thermal radiation heat load by attempting to bracket 
the actual physical situation with two limiting cases. At one e:>..i:reme the 
gas mixture in the cavity is considered to be entirely opaque, and at the 
other, essentially transparent. In the first case both the gas and the solid 
boundaries are assumed to radiate as blackbodies, the effective radiating 
temperature of the gas being some intermediate value between the wall tem
perature and the central or maximum temperature of the gas in the cavity. 
In the transparent case, the gas mixture is taken to have a very low emis
sivity, zero opacity, and to radiate at its maximum temperature. 
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When the gas is opaque, the shape of its outer boundary does -not enter 
into the analyses and the system can be represented by a pair of infinite, 
flat ·surfaces. One surface is the gas, which is taken in general as a gray 
body with emissivity Ec and radiating temperature T g' and the other is ~he 
solid boundary with emissivity Es and temperature T 8• 

When the gas is transparent the actual geometry of the cavity wall 
must be considered. To obtain the net radiation passing from gas to wall, 
the difference between the total radiation incident upon the ~all and that in
cident upon the gas is required. This approach, however, would onl:y be 
valid if the emissivity of the gas were independent of temperature. To go 
one step further we can consider the temperature dependence of the emis
sivity and compute the thermal radiation heat load using a highly simplified 
model of the physical processes involved. · ·' · 

We will make the following simplifying assumptions: 

1. The gas in the vortex tube is hydrogen, 

2. The emissivity of hydrogen_ as a function of temperature is given 
by 

= 7,30 X 10-2 
-3 

e~l.l7X10 T 

. -3 
2.18X10 T e . -8 

E = 7,98 X 10 n 

where the data given in Figure 18 of Reference 1 h~ve been ap
proximated by the above expressions. 

3. The radiation per unit volume from the gas is 

. 4k(T) e (T) = 4k(T) aT 
4 

g 

where T is the gas temperawre, u is the Stefan-Boltzmann constant, 
eg(T) is the emissive power of the gas, and k(T) is the absorption ° 

coefficient. · 

4. The tube wall acts like a blackbody. 

1. Olfe, D., Equilibrium .Emissivity Calculations For a Hydrogen Plasma at 
Temperatures Up To 10,000°K, Technical Report 33, California In~titute 
of Technology, May 1960. 
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5. The tube is long, and end-effects are negligible. 

6. The temperature distribution of the gas is 

where T s is· the tube wall temperature, Rv is the tube radius, 
r2 = T c/T S' and T c is the gas temperature at the center of the 
tube (R = 0). 

7. The radiation flux in any given direction is attenuated according 
to a simple exponential law· 

q(r) ~ q(O) expr lr k(r')dr'] 
--r(r) 

= q(O) e 

where q(O) is the thermal radiative flux at r = 0, q(r) is the 
thermal radiative flux at r, and T(r) is the optical thickness. 

The results of this analysis are shown in Figure 3. It can be seen 
that the heat flux increases with radius. and exhaust temperature Tc• For. a 
fixed value of r2 (or equivalently T c> the rate of increase decreases . as the 
radius increases since we approach the case of an infinite body of gas radi
ating to a flat plate. For a fixed tube radius the heat flux increases rapidly 
for core temperatures much greater than 7500°K because the gas in the vor
tex tube is then radiating as a blackbody at a temperature substantially above 
that of the wall. 

Having made a crude estimate of the various heat losses from the vor
tex tube a power balance can l.Je 1nade to determine the fraction of the total 
power that is utilized in heating the propellant and the required power den
sity in the gaseous region· of the reactor. It will be as::;urned that a particu
iar central or exhaust temperature is to be maintained in the vortex tube. 
These results are shown in Figures 4, 5, and 6. At I = 1.43 and Rv > 5 em 
about 90% of power goes to heating the propellant. The increase with Rv is 
due to decreasing fission fragment losses. 

At I = 1.94 the fraction of power used to heat the propellant first in
creases to about 86r~~ and then decreases. The fission fragment losses de
crease rapidly at first but then fail to compensate for rapidly rising thermal 
radiation losses. 
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At I = 2.45 the propellant absorbs less than two-thirds the total 
power even at small Rv and rapidly decreases to less than 10% for the 
larger radii. This is again due to reason given above plus the fact that for 
Tc » 7500°K we have essentially blackbody radiation at a temperature » Ts• 

Figure 7 shows the required power density and fuel particle density 
and flux in the cavities. It can be seen that for power densities in excess 
of 1 KW /cm3, N ,., 1018 part/cm3 and cf.> ,., 10l6 neutrons/cm2 - sec. 

CONCLUSIONS 

As a candidate to propel future generation rockets the gaseous-fuel re
a,ctor may outperform solid fuel propulsion reactors by· a factor of. two. A 
number of very formidable problems must be solved, however, be~ore this 
goal can be attained. The potential certainly seems to warrant extensive 
study of these problems. A major shortcoming at the moment is the lack 
of experimental data on the fluid dynamics and radiative properties of the 
complex gaseous mixtures that will occur in the vortex tube. 

These systems hold promise for high performance for missions to 
nearby planets although their performance cannot equal that of the nuclear 
electric system for missions to the far planets •. 
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SEPARATION MEASUREMENT-S IN 
!NARY SPECIES GASEOUS VORTEX FLOWS~ AND 

FLOW VISUALIZATION STUDIES IN A WATER VORTEX 

INTRODUCTION 

T. J. Pivirotto and E. J. Roschke 

Presented by Paul F. Massier 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

A gaseous-core nuclear reactor propulsion concept will be reviewed 
briefly, and some of the major fluid dynamics problems associated with this 
concept will be discussed. Following this, some results of the experimental 
binary separation and flow visualization studies that have been performed at 
the Jet Propulsion Laboratory will be presented. Analytical studies of vari
ous types have also been made. So far, in our fluid dynamics experiments 
we have made use of fluids at essentially room temperature. No tests have 
been conducted on flows in which there were reactions or heat transfer. 

VORTEX GASEOUS CORE CONCEPT 

Figure No. 1 is a drawing that demonstrates the vortex concept. A 
binary mixture of gases which have significantly different molecular weights 
is introduced tangentially into a cylindrical container at its periphery. Both 
fluids spiral inward; however, the fluid of greater molecular weight forms 
into a rotating annular cloud as a result of the forces introduced by the ro
tation. Ideally this cloud would be retained within the container, and the 
light fluid would diffuse radially inward through the cloud and be discharged 
through an orifice in the end wall as shown. Once the cloud of heavy fluid 
has been formed, injection could be limited primarily to the light gas. In a 
propulsion device the gas of high molecular weight would be the nuclear fuel 
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Figure 1. Fluid Dynamics Study of Binary Vortex Flows 



and the gas of low molecular weight the propellant. Energy would be trans
ferred from the fissioning gas to the propellant primarily by collisions dur
ing the diffusion process and also by thermal radiation. A rocket engine 
would presumably consist of numerous vortex cells like this, each one dis
charging into a chamber from which the propellant would be ejected through 
a nozzle. to produce thrust. 

It is appar~nt that this concept could be used as a propulsion device 
only (1) if ·a rotating heavy gas cloud of sufficient density can be sustained 
at the desired radii without· a significant loss of fuel through the exit orifice 
and (2) if a· sufficient fraction of the injected light gas will diffuse through 
the heavy gas· so that an adequate amount of energy transfer can occur by 
direct particle interactions. These requirements are fluid dynamic in nature; 
consequently, most of our small effort has been oriented toward the study of 
the tluid dynamic behavior of vortexes. 

OBSERVED DETRIMENTAL FLUID DYNAMIC BEHAVIOR 

From the standpoint. of the diffusion concept, certain detrimental flow 
effects have been observed.· One of these which has been found to occur in 
a confined vortex driven exclusively by peripheral tangential injection is that 
a large fraction of the injected fluid flows axially toward the end walls. It 
then flows radially inward through the end-wall poundary layers and axially 
through a cylindrical region, along. the centerline, and is discharged through 
the exit orifice. Associated with these flows recirculating radial and axial 
flows have also been found. The injected fluid is drawn toward the end walls 
because of viscous shear at the vortex tube end walls. This shear causes 
the fluid to slow down, forming end-wall boundary layers; and this flow, 
which has lower tangential velocity, then does not have sufficient tangential 
momentum to support the radial pressure gradient impressed on the boundary 
layers by the body of the vortex. Consequently, these boundary layers offer 
the path of least resistance to a large portion of the injected fluid. Movies 
of dye injected into a water vortex which show some of the secondary flows 
that can occur in a vortex will be shown at the end of the presentation. 

SEPARATION MEASUREMENTS IN BINARY GASEOUS VORTEXES 

In gaseous vortex flows of the type that have been described, Illeasure= 
ments of both the radial and. axial distributions of the 'ratio of heavy-to-light 
gas mass densities have been made for injected mixtures of freon-13 and 
hydrogen as well as mixtures of argon and hydrogen. Freon-13 has a 
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molecular weight of 104.5. These measurements were made by sampling 
the flow with a small probe that extended diametrically across the tube and 
then analyzing the sample with a thermal conductivity cell. The flow through 
the vortex tube was always steady; i.e., the flow rate of the mixture enteririg 
was always equal to the flow rate of the mixture discharging through the exit 
orifice. Therefore, the local concentration, as a function of time under con
ditions for which only hydrogen was injected after a heavy gas cloud was 
established, has not been determined. To perform a transient experiment 
of this type one must shut off the flow of heavy gas after steady-state con
ditions are established and then use a me·asuring technique which has a 
faster response than the present sampling method, e.g. infrared absorption. 
Presently the development of such a method is being considered. 

Figure No. 2 shows a cross section of the vortex tube in which the 
steady-state concentration measurements were made. The gas mixture was 
injected approximately tangentially through 804 jets 0.007 in. in diameter 
distributed as shown. Six axial rows of jets arc spaced equally around the 
circ~:r:nference. The internal diameter of the tube is 4.5 in., and the length 
is approximately 24 in. Various exit orifice configurations have been tested, 
but for the tests reported here the one shown on this figure was used. The 
sampling probe, which is ·moveable in the radial direction, has an external 
diameter of 0.010 in., an internal diameter of 0.005 in., and a sampling ori
fice of 0.005 in. diameter. End wall pressure distributions were obtained 
with a moveable wall pressure tap which has a diameter of 0.010 in. 

Figure No. 3 shows radial distributions of heavy gas enrichment at 
five different axial positiOfis. The ratio Z /D indicates these positions in 
terms of tube diameters from the closed end wall. The ordinate is the con;.. 
centration ratio of heavy to light gas compared to the concentration ratio 
that. existed in the manifold from which the fluid was injected. The abscissa 
is the local radius normalized to the radius of the tube. Notice that ·~ear 
the closed end wall there is little change in concentration ratio with radius. 
This implies that (1) either the radial pressure gradients are not high enough 
to produce much separation at that axial location or (2) that the strong sec
ondary flows that exist at the end walls are affecting the density ratio cli.stri
bution. No significant diffusion can occur in the secondary flow along the end 
walls because of their high radial velocities. Therefore, this secondary tlow 
will transport fluid from the vortex periphery, where the concentration ratio 
is very nearly equal to the manifold value, directly into the vortex core, a 
region in which maxi mum enrichment was found tb occur at the opposite end. 
This results in a flattened radial profile near the closed end wall. 

For this set of results notice that the concentration ratio in the mani
fold was different for the distribution measured near the closed end wall, 
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than at other axial locations. It has been found that in a plane midway be.:. 
tween the two end walls the manifold concentration ratio had little effect on 
the normalized distributions measured at that location, and here it is as
sumed 'that it does not have much of an effect ncar the end wall containing 
the exit orifice. Each one of these curves represents· an individual test after 
which operation of the unit was terminated so that the axial position of the 
probe could be changed. 

At other axial positions notice that the peak enrichment gradually in
creases from the closed end-wall value toward the end wall that contained 
the exit orifice. This trend may result to a large extent from the influence 
of the fluid that flows radially inward through the boundary layer adjacent to 
the closed end wall. As this fluid, in which the concentration of heavy to 
light gas is probably about the same as that of the injected fluid, approaches 
the center of the container, it must turn and flow axially toward the exit 
orifice. As this boundary layer fluid flows axially within the container, the 
raulal pressure gradient, which results from the fluid's angular momentum, 
causes the heavy species to diffuse radially outward. This separation con
tinues as the boundary layer fluid moves progressively down the tube. 
Hence, if this is a correct description of the flow process, the greatest en
richment would be found near the exit end wall. There are other factors 
that also have an influence on the concentration. distributions, and in an ac
curate description of the flow in the body of the vortex, the fluid that flows 
through the boundary layer on the end wall containing the exit orifice must 
also be accounted for. The discussion given here is limited to what is 
presently considered to be a possible primary influence.· The maximum en
richment of the heavy gas that wns measu:r.ed was 53% above the manifold 
value. This occurred approximately 0.76 in. from the end wall that contained 
the exit orifice. The radial location of the peak enrichment did not change 
much with axial location and was located inside the exit orifice radius. 

Inside o£ the radius of maximum density ratio the density ratio de
creases very rapidly with decreasing radius. In some cases a minimum is 
attained before the curves rise again. This large change in density ratio 
occurs in a region in which the Mach number changes rapidly with radius. 
The Mach number attains a maximum value approximately where the density 
ratio is a minimum. It is at this approximate radius that the radial pres
sure gradient is also a maximum, and hence it is at this location that the 
highest diffusion velocities occur forcing the heavier gas particles to larger . 
radii just as the measurements indicate. The magnitudes of the Mach null).
ber and the radial pressure gradient reduce below the peak values at smaller 
radii; consequently, not as much separation can occur at.these smaller radii, 
and as is shown the concentration ratio again increases as the radius ap
proaches zero. 
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Figure No. 4 shows the radial distributions of tangential Mach number 
and static pressure for a comparable test in which the probe was located 
near the closed end wall. The Mach number and pressure distributions 
were found, by measurement, to be very nearly independent of probe axial 
position. The Mach number was computed from the end wall static pressure 
measurements; hence, for this calculation it was assumed that the axial and 
radial velocities were zero. Also this test was made with pure hydrogen 
since the small amount of heavy gas that is introduced for separation studies 
does not influence the pressure distribution at the end wall. The locations 
of the maximum density ratios as shown on the previous slide are also 
shown here. 

These tests have demonstrated that separation does occur in a vortex 
of this type. Of major importance, however, to the propulsion concept are 
the actual particle concentrations computed from the measurements by as
suming an isothermal process and shown in Figure No. 5. Notice that the 
maximum concentration of the heavy species occurs at the periphery which 
in a propulsion device would be particularly undesirable because of the con
sequent high heat transfer rate to the vortex tube cylindrical wall. As was 
mentioned before, all of these tests were performed under conditions for 
which a steady mixture of heavy and light gas was being injected continually; 
and therefore, one would expect the concentration ratio at the periphery to 
be approximately the same as the concentration ratio in the manifold. 

INFLUENCE OF PROBES 

Since all of the concentration measurements have been mad~ by sampling 
quantities of gas through a probe that was located within the vortex flow field, 
comments on the influence of probes on the flow field are in order. Meas-· 
urements of end-wall pressure distributions in gaseous vortexes have been 
made under conditions for which probes of various diameters have been in
serted diametrically through the vortex at the mid-axial position. Fig·urc 
No. 6 shows the influence of probe diameter on the static pressure drop be
tween vortex tube periphery and centerline. The trend shown was found to ·1x, 
about the same with the probe located at other axial positions. The ordinate 
is the difference in pressure between the cylindrical wall value and the value 
at the centerline divided by this difference for conditions under which there 
was no probe in the volj:ex. The abscissa is the probe diameter divided by 
the vortex tube diameter. The probe diameters investigated varied from 
0.003 to 0.042 in. The location of a 0.010 in. diameter probe which was 
used for sampling in a similar vortex tube is indicated. These tests were 
performed for a given exit orifice which has a radius ratio, rE/rw' of 0.083. 
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Notice that the data lie approximately on one line for the pressure range 
covered. This reduction in pressure difference probably results in a de
crease in the maximum pressure gradient, and hence, also in the maximum 
Mach number which would result in a reduction of enrichment. These detri
mental effects are reduced somewhat for larger exit orifices and larger 
mass ·flow rates but nevertheless are still present. 

WATER VORTEX MOTION PICTURES 

Perhaps of greater significance is the influence of the probe on the 
entire flow field of the vortex, and some of these effects can be seen in a 
movie that shows dye patterns in a water vortex. These movies are shown 
at the same frame speed at which they were taken. The general conclusions 
deduced from the dye patterns in water vortexes are that axial flows occur 
and that concentric annuli are sometimes formed in which axial velocities 
occur in opposite directions. Furthermore, the simultaneous introduction of 
probes across the diameter at different axial locations produces cells be
tween probes with noticeable differences in flow patterns from those observed 
when there are no probes in the flow fields. Visually, dye does not appear 
to flow axially from one cell to. another through the wake introduced by the 
presence of a probe; however,. there must be flow across the shear layers 
to maintain continuity. This flow occurs in a region near the vortex axis. 
Eventually the dye does disappear. It is evident from these visualization 
studies that probes can have a significant influence on the flow pattern which 
in turn can influence the concentration distribution in a binary vortex. · The 
extent to which this occurs has not yet been established. 

ADDITIONAL REMARKS 

In addition to optical absorption measurement~, we wish to inject fluid 
at the end walls in order to accelerate the boundary layers and thereby at
tempt to prevent a considerable amount of the injected gas from flowing 
through the end wall boundary layers. 

The experimental results that have been presented as well as additional 
work has been published in Volume IV of several JPL Space Programs Sum
maries listed as references. 
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NOMENCLATURE. 

d Probe diameter 

D Vortex container diameter 

L Length of vortex container 

Mt Tangential Mach Number 

m Mass flow rate 

n Particle density 

p static pressure 

r Radius 

Re Radial Reynolds Number 
r 

T Temperature 

Z Axial distance from closed end wall 

p Mass density 

Subscripts 

c 

d 

E 

H 

L 

man. 

t 

w 

Condition at container centerline 

Probe diameter 

Conditions at exit orifice 

High molecular weight gas 

Low molecular weight gas 

Manifold condition 

stagnation condition (except Mt) 

Condition at inner wall of cylindrical container 
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VORTICES AND VORTEX MATRICES 

Martin L. Rosenzweig 
and 

steve Lewellen 
Aerospace Corporation 
Los Angeles, California 

Well, we 1 ve all seen in the last few days how important vortex flow 
configurations are to any of the schemes that have been presented, and of 
course we've been in the vortex business for about five years now. We 
began by looking at the same types of problems that people at JPL. have in 
terms of the diffusion concept-that is, utilizing pressure diffusion to sepa
rate heavy and light gas in vortex flow. We have a relatively small effort, 
and have concentrated o~ the fluid dynamics of vortex. flows. Most of our 
work is with a single fluid. We have. not studied separation at all but .have 
really tried to get an understanding of why jet-driven vortices, or those 
generated in rotating containers, do what they do, with the idea of getting 
to the point where some day we can perhaps sit down with paper and pencil 
and de~ign a vortex tube which will do what we predict apriori. 

It seems like a very far-sighted view at the present time but we 111 
see how far along we've come in this respect. A lot of our work is simi
lar in some nature to the -work that was reported by JPL and also by Bill 
Foley. That is, w~ 1ve made flow visualization studies; we have also varied 
quite a few things geometrically; and we have undertaken end-wall blowing, 
as Paul mentioned they were going to do at JPL. We .are also working on . 
a device which you have heard about no doubt- a matrix device, which many 
people have laughed at. I have myself at times. 

I'm going to briefly describe our program, and then I will make a few 
comments as to how we presently feel with regard to an engine which might 
work on the hasis of fission fragment energy absorbtion rather than radiation 
and thereby, perhaps, alleviate some of the problems associated with the 
very high temperatures and high pressures that we are·· forced to in a 
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radiation system. I'm going to try, if I can, to dissociate in your minds 
the probfems of pressure diffusion and those of fission fragment heating. 
We'll get into that in more detail after our discussion. 

First l' m going to introduce Steve Lewellen who is going to tell you a 
little bit about our theoretical work concerning the end-wall boundary layer 
growth in these vortex tubes and the interaction with the primary· vortex 
flow, in an attempt to give you'. a little better theoretical feel for why we 
have these very unusual flow situations that we have seen in the past few 
days. When he 1 s finished, I'll come back and very briefly go through our 
experimental program including the flow visualization experiment, some com
ments on the turbulence experiment that we have been involved with in the 
last few years and, finally, some comments about our matrix. I also have 
a short movie which will demonstrate some of the things that we've done in 
the lab. steve: 

Most of our theoretical work has been aimed at trying to solve the 
Navier Stokes equations for a flow model of a vortex in a container. This 
rather basic flow model is applicable for several of the different concepts 
described in the preceding presentations. · 

Figure 1 gives the fundamental equations in the form we have used as 
a starting point. We have been willing to make several simplifying assump
tions to make the analysis tractable. One of our principal assumptions is 
the assumption of laminar flow, although at points in our work we have in
cluded the effect of turbulence in a semi-empirical fashion. Also, we have 
assumed the flow to be incompressible in most of our, work. 

One important point tu be obtained from these equations is the fact that 
flow in strong vortices always tries to be uniform in the axial direction; that 
is, the flow tends to be two dimensional. The tangential velocity v is only a 
function of radius. The reason for this is that in any system in which the 
tangential velocity, that is the rotation, i.s much larger than the mass flow 
through it, the radial pressure gradient must be m.uch larger than the (l.Xi.al 
pressure gradient. From the radial momentum equation you can see that the 
radial pressure gradient is determined by the centrifugal force term v2 /r, 
while from the axial momentum equation the axial pressure gradient is de
pendent upon the radial velocity u and the axial velocity w. So necessarily, 
the radial pressure gradient will be· much larger than any axial gradient. 
But then, since the pressure gradient depends upon v, v must also be inde- . 
pendent of z; that is, it must be almost a function of r only. This is a point 
that all of our experiments demonstrate quite clearly. Regardless of the 
shape of the container the flow turns out to be essentially independent of z 
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over the main flow region. This cannot usually hold throughout the flow. 
Whenever any boundary conditions occur in the real flow to destroy the two 
dimensionality of the flow, shear zones are formed in the flow where the 
radial velocity u and/ or the axial velocity w become of the same order as v. 

In Figure 2, I have indicated the simple two-dimensional solution that 
can be obtained· from the equations for the main part of the flow (Reference 
1), outside of any shear zone '(i..e. outside of any end-wall boundary layers, 
etc.). This is valid whenever Q//r 0 r 0 « 1, where QLis the flow through 
the device, and r is the circulation 21rvr. This type of parameter is quite 
common to meteorologists who have dealt :with rotating systems for some 
time. They call it a Ross by number. In this limit, the solution for the 
velocities is quite simple. The axial velocity is given as a linear extrapo
lation between two boundary values. The radial velocity and the tangential 
velocity are. given by simple quadratures and are both functions of radius 
only. 

The end-wall boundary layer, which is necessitated by the fact that the 
tangential velocity must go to zero on the end wall, has been studied quite a 
bit by several people, e.g., at UAC, JPL,. and our place. We have obtained 
exact similarity solutions for certain particular cases (Reference 2), and we 
have obtained approxlmate integral solutions for more practical cases (Ref
erences 3, 4, and 5). Some of these results are given in Figure 3. This is 
an approximate solution for the volume flow Qb.l. in the end-wall boundary 
layer. I have written it in a form which is· valid for both laminar and tur
bulent flow. In this formula, the boundary layer begins to grow at some 
outer radius r = 1 with the flow in the boundary layer directed toward 

1. Lewellen, W. S., "A Solution for Three-dimensional Vortex ·FJ.ows with 
Strong Circulation", Journal of Fluid Mechanics, Vol. 14, Part 3, No
vember 1962. 

2. King, W. S. and W. S. Lewellen "Boundary Layer Similarity Solutions for 
Rotating Flows with and without Magnetic Interaction", 1963. The Physics 
of Fluids, Vol. 7, October 1964. 

3. King, W. S., "Momentum-Integral Solutions for the Laminar Boundary 
Layer on a Finite Disk in a Rotating Flow", American Society of Me
chanical Engineers Paper No. 64-FE-14, June 1964. 

4. Rott, N., "Turbulent Boundary Layer Development on the End Walls of a 
Vortex Chamber", Aerospace Technical Report ATN-62(9202)-1, July 1962. 

5. Rott, N. and W. S. Lewellen, "Boundary Layers in Rotating Flows", 
Aerospace Technical Report ATN-64(9227)-6, 4 September 1964. 
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decreasing r. (Note that r and r have been made dimensionless by dividing 
by r 1 and 27TI'l r 1, respectively.) From this formula, we can see how the 
boundary-layer mass flow will initially increase regardless of what the out
side distribution is; and then at a smaller radius, where the circulation has 
been sufficiently decreased, the mass flow in the boundary layer will be 

. ejected out of the boundary layer. This will give rise to the secondary flows 
which we have seen in the experiments. We can see from the value of the 
constants just what the mass flow in the boundary layer is dependent upon; 
that is, it is proportional to the square root of the kinematic viscosity v 
times the circulation in the laminar case and proportional to the fifth root 
of ,. times the four fifths root of the circulation in the turbulent case. Of 
course, this sort of analysis assumes that the tangential velocity outside the 
boundary. layer is a given quantity; but in a true case, there will usually be 
an interaction between the boundary layer and the outside flow. If the mass 
flow is being detoured through the boundary layer, then this must affect. the 
mass flow in the outer flow, i.e., the mass flow driving the outer flow. The 
mass flow in the outer flow is reduced which causes the circu;tation to fall 
off, and in turn causes the boundary layer mass flow to decrease and bring 
the flow back out of the boundary layer. 

We have at hand all of the necessary tools to consider the interaction 
between the primary flow and the boundary layer. We have the simple two
dimensional solution for the flow outside of the shear zones (Figure 2) and 
also we have a solution for the flow in the boundary layer (Figure 3). All 
we have to do is place the two together to get the solution of the interaction 
problem. Figure 4 shows the geomE~try which we used in doing this inter
action problem (Reference 6). We assume that the flow is divided up into 
three zones. The first zone (I) is the main body of the flow which is, as 
previously ~oted, two dimensional. The second zone (II) is the end-wall 
boundary layer where the axial shear is high and the equation determining 
the end-wall boundary layer· flow is valid. In the third zone (ill), what 
happens depends very strongly upon conditions in the exhaust system. For 
simplicity we have considered the flow out the exhaust to be uniformly dis
tributed. 

There is one more point to be brought in here in setting up the inter
action problem. In line with this statement that the flow tries to be two
dimensional, outside of any shear zqne, it is to be expected that any little 
disturbance occurring at one place in the flow will propagate across the flow. 

6. Rosenzweig, M. L., W. s. Lewellen and D. H. Ross, "Confined Vortex 
Flows with Boundary-Layer Interaction", Aerospace Technical Report 
ATN-64(9227)-2, 20 February 1964. 
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That is, a local disturbance on the boundary layer, because of the two
dimensionality of the flow, propagates in the z direction across the flow. 
We have included an extra factor in the analysis to determine the effect of 
the boundary at the edge of the exhaust. This local disturbance forces some 
fraction (t;) of the flow out of the boundary layer and back into the main flow. 
In the experimental work to be presented by Marty this will be demonstrated 
quite clearly. 

Figure 5 gives some results of our interaction studies. The principal 
parameters in the study are of course the radial Reynolds number Rer which 
is dependent upon mass flow (Rer = Q/27rv), and the interaction parameter A 
which determines the effect of the end-wall boundary layer on the total flow. 
We see appearing in this interaction parameter the ratio of circulation to 
mass flow which is. the reciprocal of the Ross by number. The particular 
form of the interaction parameter given in Figure 5 is based upon a turbu
lent boundary layer. The results shown are for two different values of zeta, 
zero and one, because there is an uncertainty as to exactly what it should be. 
The true value of zeta must lie somewhere between zero and one, so this 
brackets its effect. 

This particular figure shows results of an interaction parameter of 
A = 1. Both the circulation distribution r and the dimensionless mass flow 
f are plotted as function of the radius. The circulation at the relatively 
modest Re;Ynolds number of -10 is still fairly uniform outside the radius of 
the exhaust. We have to go to low. Reynolds number (such as -3) before the 
performance in circulation falls off. The mass flow in the boundary layer, 
of course, is greater in cases in which the circulation remains almost con
stant; and since the mass flow running through the device is that which is 
left after a fraction has been detoured through the boundary layer, the case 
of Rer = -10 represents flow with the larger flow in the boundary layer. 

Figure 6 gives the result for a slightly higher A = 2. 7. In the case of · 
Reynolds number of -50 the circulation remains fairly constant outside the 
radius of the exhaust. Yet, at r/r0 ~ 0.5, all the mass flow has gone to the 
boundary layer, since the mass flow on the outside has gone to zero. In 
fact, for zeta equal to one, i.e., when the flow in the boundary layer is forced 
to come back out at the edge of the exhaust, there is actually a recirculation. 
In this region, the flow outside the boundary is outward; the flow in the 
boundary layer is greater than the total. 

At r/r0 "" 0.4, the oase for Rer = -50 shows a region of zero radial 
flow. This corresponds to regions where experimentally one can get dye to 
stay for indefinite periods of time since there is no through flow to carry 
it out. 

259 



1.0 

0.8 
0 

t-. 
........... 
t-. 

t-.:) 0.6 
0') .... 
0 0 

'+-

0.4 
(A=~ -(R-~-~;-1 ,-5 (r~:~) 
-- c =0 
-· -- C =I 

0.2 A=l 
re /r0 = 1/6 

0~--~--~----~--~--~----~--~--~----~--~ 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

r /r0 

Figure 5 



0.:8 

~ 

' ~ 
0.4·. 

~ 

0 

t..:> -0) .... 

0 

I 
I 
I -o~s . 
I 

0.2 . 0.4 

Figure 6 

A = 2.7 
re /r0 = 1/6 

0.6 0.8. 1.0 



Question (McLaffe::r1ly)>:: How ]on.g. would that dye stay there if it weren't 
turbulent?· 

Answer;· 01!' c:<l>l.ii!FSe, t.urfmille'nt diffusion will affect the decay rate of the dye 
cells. All we' are' s:ayfng here is that this is the way in which this zone is 
created. That is, such a zone can occur when all the flow has been bypassed 
through the boundary layer, and this is the order of parameters for which 
this will occur. This can o-c:c1.il!:u. whether there is turbulence in the system 
or not. One can actually get j:ust' as good a circulation profile in the tur
bulent case as in a laminar case by juggling the mass flow. Marty will say 
more on turbulence when he describes our turbulence experiment. 

This then shows the way in which the dye cells remain intact. They 
can occur at any position of zero radial and axial velocity; the position de
pends on the different values of these parameters-you can shift the position 
of zero radial flow to· almost any position. 

In Figure 7 as a summary figure of merit, the circulation at the ex
haust radius divided by that at the outside is plotted as a function of A and 
of Reynolds number. I should add here that, of course, all of this is a func
tion of radius ratio, the ratio .of the exhaust radius re to the radius r 0 at 
which the flow enters.. All of the results given here have been for a radius 
ratio of 1/6 • 

. In Figure 7 you see that rather large values of A are required before 
there's any appreciable fall off in the circulation ratio r elr 0 for rather 
modest values of Reynolds number. Even at. Reynolds numbers of -10, 
whether you 1 re talking about zeta equal to zero or zeta equal to one, there 
is ::;till a pretty good vortex at A = 1. As George just pointed out,. we are 
usually doing the experiments at laminar Reynolds number of around 100, 
and sometimes over a thousand or so. You can see that for practical pur
poses such flows. are quite close to the limiting curve of Rer - 00 • In this 
limit the full analysis can be simplified substantially. The circulation re
mains constant up to A1 s of somewhere between one and two depending upon 
the parameter zeta. The rate at which the circulation decreases for large 
A in this limit is quite interesting. It occurs that at a. certain radius de
pending upon A all of the· flow has been detoured to the boundary layer. 
Then at smaller values of the radius the circulation falls off at just the rate 
which will be required for all of the flow to stay in the boundary layer. 
This flow pattern is shown in Figure. 8 for a large A. This is the flow 
pattern in the limit of large radial Reynolds number. 

Figure 8 also gives the pattern of flow that occurs in a solid-body 
rotating system with a small flow through it. In the preceding presentations 
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there have been several concepts of dust bed or liquid core systems which 
depend upon a rotating container. The same sort of flow pattern as given 
in Figure 8 occurs in the rotating container if the mass flow going through 
it is small. The requirement for this type flow pattern is that the Rossby 
number be less than· the reciprocal of the ·square root of the tangential 
Reynolds number (Reference 7). 

In conclusion, the vortex can provide three mechanisms which may be 
useful in a gas core reactor. One, it can stabilize the flow and permit high 
radial gradients to occur in the flow. Second, it sets up strong secondary 
flows which may create zones of stagnant fluid. And third, the vortex pro
vides a pressure diffusion phenomena which, as discussed by the JPL repre
sentatives, can set up a favorable concentration distribution. We feel that by 
better. understanding these problems, that we can actually make all of these 
things w,ork for us. In our present theoretical studies we are trying to com
bine the flow picture described here with diffusion for the case of two species 
flow in order to see what conditions will give the most favorable concentra
tion distributions. 

-

Marty will now describe our experimental studies. 

(Most of the material covered in this talk is included in References 6, 
8, 9, and 10.) 

First I'm going to show you some of the slides of the flow-visualization · 
experiment, which was. performed in a single vortex tube. We 1 re ·going to 
see what the influences are of various perturbations in the end-wall geometry. 
As you have seen, by varying the parameter .A in the interaction theory, one 
should be able to change the type of secondary flow distribution to the point 

7. Lewellen, W. S., "Linearized Vortex Flows", Aerospace Technical Re
port ATN-64(9227)-4, 24 April 1964. 

8. . Rosenzweig, M. L., D. H. Ross and W. S. Lewellen, 110n Secondary 
Flows in Jet-Driven Vortex Tubes", J. Aerospace Sci., Vol. 29, No. 9, 
Sept. 1962. 

9. Ross, David H., 11An Experimental study of Secondary Flow in Jet-
. Driven Vortex Chambers'', Aerospace Technical Report ATN-64(9227)-1,. 

27 January 1964. 

10. Ross, David H., An Experiment Investigation of Turbulent Shear in Jet
Driven Vortex Chambers", Aerospace Technical Report ATN-64(9227)-5, 
September 1964. 
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where, b_y ra1smg A high enough, you should be able to achieve the stationary 
cylinders which we 1 ve seen in other people 1 s slides. 

Now, actually, I'll just sum up very briefly what we found with geo
metrical perturbations. We found that the basic flow pattern, which you'll 
see on the first couple of slides in a moment, is very· difficult to perturb, 
even with very radical changes in the end walls. There were, however, two 
changes that did make a differgnce. One was a very highly curved end wall, 
in which the end wall was faired into the exit hole in a continuous curve. 
With this type of arrangement, you increase the flow in the end-wall boundary 
layer, because for a given projected area normal to the axis, you have a 
much higher total shear area to suck mass flow into the boundary layer. 
We found, in this case, with two curved end walls, that we raised A suffi
ciently so that we produced a stable cylinder. When this occurs, all of the 
through-flow goes into the boundary layers and comes out again near the 
axis to produce the recirculating counter-flows that we 1 ve seen in other 
people's work. Even in this case, where apparently there's a very favor
able gradient for the flow to get out of the exit hole, we see that there are 
recirculations occurring outside the radius of the exit hole. 

The second change in the end wall tliat produced a large effect is re
lated to what steve was talking about before. That is, that any perturbation 
in the end-wall geometry which is of the order of magnitude of the boundary 
layer thickness will produce mass ejection from the boundary layer which 
will then propagate clear across the device. We actually tried an end wall 
with a circular step at about mid-radius. Even though the step is stepped 
downward with respect to the direction of the flow, we did get mass ejection, 
and you will see this on the slide. 

We have also done the end-wall blowing case with tangential slot in
jection and have verified indeed that by supplying the momentum defect in 
the boundary layer with the end-wall blowing, one can reduce the secondary 
flow, and by blowing hard enough, you can actually cancel it entirely or re
verse it and make the secondary flow go toward the outside. This is the 
same type of device that Dr. von Ohain was talking about yesterday. I have 
motion pictures of the end-wall blowing case. I don't have them documented 
on a slide. Let• s go through the first few slides and I'll show you the ap
paratus that we 1 re talking about. 

Most of you have probably seen· this--it is simply a single vortex tube 
(Figure 9). We use water with different types of dye. In some slides you'll 
see ink, and in some slides you'll see fluorescein dye with ultraviolet illu
mination. In some cases, we have a fine probe which is used to inject dye 
at various places; and in most of the cases which you see here, there is no 
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probe, but rather dye is injected through one or both end walls. Ordinarily 
we take the flow out at one end wall, but we also have the capability to take 
flow out both ends. This is just a plenum chamber between two plexiglass 
cylinders. Let's see the next slide, please (Figure 10). This is a typical 
result with planar end walls, no geometrical perturbations, or blowing. 
Here's the probe in this case, and flow is coming in through these. little 
tangential jets. The exit hole is on the bottom. We have a core· of flow 
that originates from the bottom boundary layer and proceeds upward. The 
ejection occurs just outside the radius of the exit hole. The radius at which 
this ejection takes place appears to scale with the exit hole radius which 
leads us to believe that it' s probably due to a combination of both drop-off 
of circulation in the main flow and perturbation produced by the sharp-edged 
orifice. We see the flow coming out of the boundary layer proceeding all 
the way across the tube. Next slide, please (Figure 11). This is an asym
metric situation. We have an exit hole on the bottom, and we have a boundary 
layer, of course, on the top. These tubes don't want to be symmetrical at 
all, as you probably know. Here we have the probe near the upper end wall. 
Some dye comes down a central core and goes right out the hole. There's 
a clear region immediately surrounding that, which is fed from the bottom 
boundary layer, which we saw in the previous slide. We see dye also propa
gating down from the top boundary layer in an annulus around this inner core 
region which appears light. 

Next slide, please (Figure 12). This is a fluorescein dye picture, and 
this is the stepped end wall that I just drew to my right. Here we have an 
end wall which has a step down. This is the radius of the step. We see 
with dye injected through the end wall that there is mass ejention for this 
case at the radius of the step. We can also verify, although I don't btllieve 
I have a slide to show here, that if you inject dye inside the radius of the 
step you can observe ejection outside the radius of the exit hole as we did 
in the preceding slide. So here is a case in which you can artificially 
trigger the zeta parameter and force some mass out of the boundary layer. 
How much or how little, we are not in a position to say at the present time. 

Next slide, please (Figure 13). This is a dye picture which shows the 
same configuration as before, but with dye injection from both end walls. 
Both end walls are stepped in this case, and you can see some of the struc
ture that exists inside the radius of the step. Actually, this is about as 
symmetrical a situation as we've ever been able to produce in this particular 
geometry, but even then, it's not entirely symmetrical. 

Next slide, please (Figure 14). This shows the device with the highly 
curved end walls. You can just barely see some of the curvature through 
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the distortion of the plexi-glass end plates. In this case the dye is being 
injected by a probe located at the periphery midway between the end walls. 
This photograph was taken during the dye injection, and you see that the dye 
proceeds almost immediately to the cylinder shown here. The radius of the 
exit hole is very small in comparison to the dye-cylinder radius. This is 
very analogous to the photographs that we saw this morning on the iodine 
containment. Actually, this stable dye cylinder remains, as previously men
tioned, for a very long period of time under maximum flow conditions. The 
next slide was taken about 10 or 15 minutes later and it's still there (Fig
ure 15). The through-flow is going directly to the end walls and then travel
ling up and down in the interior region and finally leaving through the exhaust 
holes. 

Now as I mentioned before, I have the result of the blowing on the 
movie, but I'd rather save that for l::tst, after I've finiohcd the other· pari 
of my pr•e::;entatlon. 

Now I'd like to talk very briefly about a turbulence experiment that 
we have been working on for the last few years. It 1 s a device which enables 
us to measure the radial distribution of tangential shear stress in a vortex 
tube geometry. If you want to make some extrapolations it is possible to 
consider the ratio of measured shear to laminar shear stress to be the ratio 
of turbulent eddy viscosity to laminar viscosity, although I wish to emphasize 
it's not necessary to make such an assumption in order to interpret the data 
from our experiment. Our experiment determines the actual tangential shear. 
The next slide (Figure 16) shows an artist's conception of the apparatus. 
The device is actually somewhat different than as shown here. It doesn't 
have rounded corners, and thP. l::~t.Bst configuration that we have run has the 
porous tube, through which the flow must leave, suspended from the bottom, 
outside the vortex chamber.. Then, the interior of the device is similar to 
everyone else's vortex tube. 

I'll just give you the principlA of the experiment, and 11ot go Llu·uugh 
it in detail. What we do is as follows. We lmow the angular momentum 
that we put in, and we measure the angul::~ r momentum that the fluid has a::> 
it leaves the system, by measuring the torque on the porous tube. We can 
calculate the shear losses on the Ann walls theoretically, or we cru1 mea~ure 
them by means of another devir.A attached to the porous tube. By making an 
angular momentum balance at any radial station-using a cylindrical control 
surface- one can then deduce how much shear must have been transferred 
back to the side walls in order to have equilibrium. By varying the radial 
position of the (hypothetical) control surface, we can calculate what the dis
tribution of shear has to be without assuming it is laminar or turbulent. 
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Then, of course, we can always calculate what the laminar .shear would be 
because it's simply u[(dv/dr) - (v/r)]. We know what the tangential velocity 
distribution is by our pressure measurements. We can then compare the 
measured shear with the calculated laminar shear based on the measured . . 
pressure distribution. This procedure ·is completely independent of our in-
teraction theory that Steve Lewellen has described. We can compare the 
results of the two methods, and we'll show some of the results on our next 
slide (Figure 17). 

Now you probably all remember John Keyes' work at Oak Ridge. We 
have plotted on this slide a ratio of actual radial Reynolds number based on 
the measured mass flow, divided by an effective radial Reynolds ·number, 
based on the interaction theory. The latter is the Reynolds number which 
is necessary to cause agreement between the theoretical and the measured 
velocity distribution, say at the edge of the exhaust hole.· Keyes' curve 
looked like this. It caused great dismay to a lot of people, and many people 
said that they didn't believe it, His data were reduced on the basis of the 
two-dimensional analysis. There was no consideration given to three-dimen
sional flows which occur ~s a result of the boundary layers. As we've seen, 
most of that flow that gets diverted into the boundary layer gets out of the 
boundary layer again before it leaves the system and, as a matter of fact, 
on the average, only a fraction of its angular momentum is lost in the bound
ary layer. Consequently, it is still possible to support a fairly strong veloc
ity distribution. It turns out that if you make the full. three-dimensional cal-. 
culation on the basis of our interaCtfon theory and some other experiments 
that we've made, you get the points shown on the slide. There are two 
points at each tangential Reynolds number. One corresponds to· a value of 
zeta of one and the other to zeta of zero. As you can see in most of the 
cases, it doesn't make a great deal of difference whether zeta is zero or 
one. This is primarily because we use the value of gamma at the edge of 
the exit hole as the criteria from which to calculate Re~; and gamma, as 
we've seen, is not very sensitive to the value of zeta. It's very hard to 
calculate, in this way, what the actual value of zeta is. If we had a meas
urement of the mass flow in the boundary laye::, we could make a much 
better estimate of the value of zeta, because this quantity is much more 
sensitive to zeta than gamma is. 

Well,. the important thing here is that these are the results from our 
interaction theory for the various experimental apparatuses that we have in 
our laboratory, using very low and intermediate Reynolds numbers. These 
very low Reynolds number points were obtained using helium. The straight 
line is, of course, an extrapolation of Keyes' curve •. We find that the data 
rounds off something like this, These points, with the solid dots in the 
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center, are the independent corroborations from our turbulence experiment, 
which do not depend upon our interaction theory at all. We've also plotted 
some other people's points here. Kendan at JPL has measured some tur
bulence levels with a hot-wire anemometer in a vortex tube, and these points 
are included in this chart as well. Three of Keyes' actual data points are 
also shown. The interesting thing is that the . new points are calculated with 
full three-dimensional effects included, and we still see very high ratios of 
the Reynolds numbers. Whether or not you can ever get much lower than 
this in a jet-driven vortex tube is a moot point. The only time we 1 ve ever 
gotten measurements that are considerably below these lines was in the 
matrix geometry, where we did reach, in this region, something like an 
order of magnitude below what this curve shows. 

But, I'm not presenting this to be unduly pessimistic. I think that, as 
other people 1 s work has shown, for example the measurements of Pivirotto 
at JPL, and the work at UAC, that if the flow is turbulent, and I believe it 
is-1 ~on 1 t believe that the turbulence is isotropic or homogeneous in any· 
sense-it' s definitely oriented in the axial direction, because, again, there' s 
no resistance to axial motion in these devices, ·but a very strong resistance 
to radial motion. I think this is what enables us to see these very steep 
gradients that people have shown in the slides before. 

Question (Bill Foley, UAC): One of the characteristics of your slide is~ I 
think, it looks like the turbulence level stays constant out to a Reynolds 
number approaching 5 x 105 then· all of a sudden it curves up. It remains 
horizontal over one and a half orders of magnitude in tangential Reynolds 
number. This is where we have made most of our measurements concern
ing the turbulence level, so there may not be an inconsistency between our 
data and yours. 

Answer: No, l don't think there is any inconsistency,. but I ·would like to 
insert a word of caution here; and that is as you extrapolate up in Reynolds 
number, if this trend is indeed a fact; then you can anticipate rum1iug into 
s9me additional difficulties. Whether it will mean anything with regard to 
the pressure or concentration diffusion or in excessive loss is another point, 
because I really don't know how this result is translated in terms of diffu
sion phenomena. Somehow or other, this experiment tells us that this much 
shear must be transmitted back to the side walls. How it is done, with 
fluctuations· o'riented in what direction, I'm in no position to say. I can only 
present the results of our work. The important thing is that these results 
were obt.ained for a very wide variety of the parameter A, so that we were 
not in just one regime where the end-wall effect is not important. By the · 
way, that 1 s the reason Keyes 1 curve isn 1 t so bad. If you evaluate his value 
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of A you find that it was of the order of 1, and in that regime the effect of 
the end""wall boundary layer on the gamma distribution is not that strong. 
His results are a little bit high compared to the full three-dimensional case, 
but they're not that far off.· 

This is the point in my discussion where I will ask you to abide with 
what Dr. Cooper said in his letter and open your minds to some speculation 
on my part as to what all th~:;; might mean in terms of propulsion systems. 
Actually, we have· given very little consideration to actual propulsion con
cepts in our work. Because we have such a small manpower effort, we felt 
we should concentrate on those areas where we felt most competent. But, 
as you are aware, we have been experimenting with a device called the ma
trix, which was originally conceived in order to get around some of the dif
ficulties associated with the single vortex tube and diffusion concept, specifi
cally, the fact that the mass flow per unit length of vortex is limited by the 
diffusion phenomena. I think this is what has frightened most people away 
from this idea; that is, if you relied only on pressure diffusion to separate 
a heavy and light species, you might have to limit yourself in mass flow 
per unit length of vortex. The matrix was an idea to get around that, that 
is, to provide many linear feet of vortices through which you could have 
diffusion. I think it's clear at the present time from the results that we've 
just seen from JPL, and from other people's results, that the simple ele
mentary scheme, as proposed by Kerrebrock and Meghreblian in 1957, is not 
going to be able to do the job by itself. You just have too many spurious 
effects which you have to pay some attention to. Now, how can you possibly 
get around it? We have seen various ways of influencing secondary flows, 
influencing them so as to make these flows do what we want them to do. 
Let's see what might be possible, on the basis of the idea of fission-fragment 
heating, that is, still relying on molecular collisions to heat the gas rather 
than radiation. It's true that in any system that requires pressure diffusion 
as the primary separation mechanism, you are going to be limited to a mass 
flow restriction per unit length of vortex; Now, the molecular interaction 
heating does require a more intimate contact of propellant and fuel. But, 
let's look again at the matrix device and see if we can conceive of a useful 
system. For those of you who don't know what a matrix is, I think I have · 
a picture on the next slide of an experimental device that we've run in t.hP 
laboratory (Figure 18). This is a 25-cell vortex matrix. ThP. irlea is that 
you attempt to minimize, to the best of your ability, the wall area per vortex 
by generating a large number of vortices in a single container. This is a 
working drawing of an actual device that we've built in our lab. If you in
ject fluid tangentially through little tubes that are placed at the corners of 
the adjacent vortices, it•.s possible to generate very strong vortices, very 
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stable vortices, and as many as you like. There's no limitation. This one 
generates 25. We have verified that in this device; the turbulence levels in 
the center cell are lower than those in a comparable single vortex tube built 
to the same geometry. 

Question (Hatch): What were the measured turbulence levels in the matrix? 

Answer: Well, as I indicated, they were ·about an order of magnitude below 
the general values that I showed on the last slide, and this was the only 
geometry that we can say that about. 

In each of these individual vortex cells, you have exactly the same 
kind of secondary flow pattern as we have seen in the single vortex. Indeed, 
you have the same problems of secondary flow, but what isn't clear neces
sarily, is what is the degree of communication from one cell to the next? 
Actually, what we've verified is that the interior cells require a much lower 
mass flow t.o generate the same strength vortex as the side or corner cells. 
In fact, the way these things communicate is that the mass flow distributes 
itself such that the pressures at the boundaries of each cell are equal. So 
there is a possibility of communication. That means that the mass flow has 
to distribute itself so that in the corner cells and the side cells you have to 
have higher mass flow to overcome the larger dissipation, than you do in the 
interior cells, where the only viscous loss is as the result of the small tubes. 
Since the adjacent vortices roll on one another, there is no shear at these 
boundaries. 

Originally, as I indicated, the matrix was devised for the purpose of 
generating a large number of vortices because that's what it appeared was 
needed for a pressure diffusion device. But there are other things that one 
might do with it. For instance, suppose one was to close off the exhaust in 
one of these vortices, and just let the fluid in it roll like a solid body being 
driven by its neighbors. You would essentially, then, create a region of 
relatively high pressure, locally, in the device. The tangential velocities in 
the closed cell would be on the average less than in the adjoining cells, and 
it might be possible, perhaps, to contain or confine a particular fluid in 
there, if the secondary flows were self-contained. This is an idea we've 
been playing with lately. We've been examining what the interaction of one 
cell is with the next, and seeing how much mixing there is. If you could 
have a number of cells closed off, and if you could produce a closed sec
ondary flow pattern, you could, conceivably, place a heavy species in the 
closed cells and transfer energy into adjoining cells (if the pressure of the 
system were suitable) by fission fragment absorption. You'll notice that a 
lot of the objections to direct fission heating that Henry stumpf brought up, 
that is, with regard to energy deposition in the structure, are eliminated in 
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this device. The characteristic dimension for fission fragment energy ab
sorption in the solids is no longer the diameter of one cell, but rather the 
diameter of the overall device, which can be many times the diameter ef 
one cell. · So the possibility exists of using secondary flows to create closed 
streamlines and ·still utilize pressure diffusion in the sense that the pressure 
diffusion will always tend to make the heavy species move to the regions· of 
higher pressure, which. are the closed regions. It is conceivable that one 
might have alternating rows, or every third or fourth cell, full of fissionable 
gas, still have molecUlar collision heating, and avoid the mass flow limita
tions inherent in the diffusion process because there 1 s no reason why the 
mass flow through the other cells Ct;?uld not be considerably higher than the 
diffusion-limited value. Actua.J.ly, . in the experiments we 1 ve run, which are 
shown at the end of the movie that we will see in a moment, we have al
lowed a very small amount of mass flow to go through the center cell in a 
9-cell matri"X geometry. This is being operated with water using dye (flu
orescein dye, again); and we have found in that particular device (which was 
actually the earliest matrix device we ever built), that we have quite a bit 
of wall area .in having only 9 cells. There's quite a bit of viscous drag, 
so in this system we were forced to have some flow through the center cell 
in order to generate vortices of sufficient strength to produce the secondary 
flow .pattern that' we want. It may be that this is a favorable situation, or 
it may be that in an actual design, you could eliminate 'the secondary flow 
altogeth~r. · · 

Now, I want to describe very briefly what you're going to see on the 
movie. The movie is in three parts. The first part involves the end-wall 
blowing. The film shows the effects of tangential injection in the end walls 
with increasing fraction of mass injected through the end wall as a function 
of time. You will see the secondary flows gradually disappear and finally 
reverse in direction. The second part of the movie is concerned with the 
highly-curved end .walls, and shows the formation of the stationary cylinder 
that we saw on the slide earlier. :The third part of the movie is concerned 
with the matrix experiment and ••• well, I'll narrate it as we go along. 

Narration of movie followed. 

I would like to conclude with the statement that we feel there may still 
be quite a few experiments that are worth doing regarding vortex flow fields 
and, obviously, it is going to be importan~ with regard to many concepts. I. 
wouldi}' t want to close my line on anY particular concept on the basis of the 
information that is available to us at the present· time. Thank you. 

Question (Colgate): What would you guess is the ratio of the viscous friction 
of the vortices in the vortex matrix to that in an ordinary vortex tube? 

283 . 



Answer: That, of course, will be a function of how many cells you would 
have in a given device. Since the viscous dissipation is proportional to the 
wall area, you would expect it to be reduced in the ratio of wall area per 
vortex. In a single vortex the wall area per unit length of vortex is just 
the circumference of the tubes. In a matrix device, if you go to an infinite 
number of cells, essentially the wall area per vortex is reduced to the cir
cumference of one of the small injection tubes, so that is, in essence, the 
type of advantage you can possibly hope to achieve. This can be on the 
order of 100 perhaps. The injection tubes are cooled by the flow coming 
through them. 

Remark (Foley): There are a couple of comments, Marty, that are pertinent. 
We have been, of course, concerned with the uniformity of v, the circumfer
ential velocity, in the axial direction. Of course, we 1 ve assumed the same 
thing in our theoretical work, and we 1 ve looked to see if we could find any
thing experimentally with our· particle traces of any axial velocity gradient; 
and within the scatter of our data, we certainly cannot see it. Bruce is 
smiling because he says there is a fair amount of scatter in the data; but 
even in the axial flow case where there is a rather substantial amount of 
flow going axially, we do not see a circulation gradient with z position, which 
is, I think, kind of interesting. We have also solved the three-dimensional 
flow problem for compressibility now, which is somewhat interesting in that 
if you go supersonic in the flow, the basic streamline patterns don't change 
from those that Steve has been showing here. They're very, very similar 
even though you go supersonic in the flow. 

~~~~.~.~ We've made estimates of that, too, by considering the isothermal 
vortex case, which is, for this type of flow about the worst possible type of 
situation, that is where compressibility will have the largest influence on the 
velocity distribution. For Mach numbers of the order of a quarter on the 
outside, which is characteristic of the type of thing that we've been dealing 
with, the corrections were only a few percent, is that right Steve? 

Steve: Yes, we found a 5% correction, and it was going supersonic inside 
the flow. 

Remark (Foley): Here 1 s another thing. We got some heat transfer results 
across the end-wall flow, under such circumstances that we weren't so sure 
we believed from our integral analysis. Olof Anderson has been doing the 
work, and he thinks he can solve the boundary layer point by point, and ac
tually calculate the profiles. This should be interesting, and we'll look at 
heat transfer in some detail to see what the temperature distributions in the 
end wall are. This may give a lot of input to the theory of the Ranque-Hilsch 
tube. It may change some of the thoughts on what goes on there. 
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We've tried a similar thing with this curved end wall that you show, 
and of course, you still get cells. I .think Bruce Johnson, over there, who 
has made some calculations on how much skin friction it takes to hold that 
flow on the end wall boundary layer, will have some input ~cause you really 
have to add some additional friction on the end wall. to prevent. out flow. 

Remark (Bruce Johnson): It's on the order of about a thousand times as 
much as the naturally occurring skin friction coefficient at the inside radius. 
We tried putting probes in, and the probe stuff is pretty crude, but it works. 

Remark (Foley): We just can't get enough. additional surface by curving the 
end wall. 

Answer (Rosenzweig): Well, of course, it depends on what regime you're in. 

Remark (Bruce Johnson): That's true. 
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I hope this discussion of MHD energy conversion will not seem out of 
place in a meeting on advanced reactor concepts. The· fact is that to be 
useful in space, the MHD generator needs high temperatures of the sort 
that can only be produced by advanced types of reactors. I hope that today 
I can make the case, or. at least establish a reasonable possibility, that to 
be useful in space the advanced reactor concepts in turn need the MHD 
generator. 

Although I think many of -you know how an MHD generator works, let 
me review the basic principles briefly. Figure 1 illustrates the principle 
and compares it to that of a turbine generator. The basic principles are 
the same in the two cases. These are that expansion of a gas produces 
motion of a conductor and the motion of a conductor through a magnetic field 
generates an electromotive force. fu the case of the MHD generator. the 
gas is itself an electrical conductor and is moved through the magnetic field. 
Observe that the MHD generator performs the function of both a turbine and 
a conventional generator. The function that it performs best is that of the 
turbine. In fact, it is really more useful to think of it as a high tempera
ture turbine rather than as an electrical generator. In practice, an MHD 
generator would resemble a rocket nozzle with a field coil wrapped around 
it. It would have no hot, highly stressed, moving parts; no close tolerances; 
and the only solid parts, namely the walls, are readily accessible for. ex
ternal cooling, as are the walls of a conventional rocket. As a result, it 
can handle temperatures and pressures like a rocket nozzle and can stand 
erosive and corrosive atmospheres which would completely destroy any other 
type of energy conversion device in a very short time. Also as we will see 
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later, it can produce very large amounts of power per unit volume and per 
unit weight. 

The primary limitation on how and where one uses an MHD generator 
is a low temperature limit. This is because at the present time the only 
way that we are sure is practical for rendering a gas conducting is intro
ducing into it a few tenths of a percent of an alkali metal seed material and 
then heating it. Results obtained in combustion products, but typical for all 
gases, are shown on Figure 2. The points are experimental; the solid line 
is theoretical. Observe that the conductivity is a very steep function of 
temperature. In practice we find that below about 20000J<, the exact value 
depending upon just what gas is used, the conductivity becomes too low to 
be useful. Observe that a few hundred degrees change in temperature can 
bring about ~ order of magnitude change in conductivity. This in turn can 
bring about order of magnitude improvement in the performance of an MHD 
converter. 

This illustrates why you should not be misled by statements in the 
literature (or photogr~phs of our devices) into assuming that l\llliD generators 
are intrinsically very large and heavy. In our struggle to fit MHD gener
ators into existing technology, we do indeed make them as large and as 
heavy as the traffic will bear. But the technology which you people are 
discussing here can move us a very long way up this exponential curve. 
For example at just about 40000J< in hydrogen an MHD generator containing 
one cubic meter of volume could generate as much electric power as the 
sum total of all of the power plants in this country, i.e., about 200,000 mega
watts. 

Now given a turbine which has no temperature or power limit and can 
handle any atmosphere, .the next question is, how exactly can it be usefully 
employed in· space? The answer (as is usual for questions of this nature) 
is that there are a virtual infinity of possibilities. The real problem of 
course is trying to decide which, if any, of these possibilities arc really 
worth pursuing. I obviously should not take the time here to discuss them 
all. So I will discuss rather briefly a few schemes which, I hope, illustrate 
the range of possibilities. 

In devising these propulsion schemes, one of the ground rules has been 
that it should not be necessary to retain fuel within the reactor. Desirable 
perhaps, but NOT necessary. Figure :J illustrates· a system in which it is 
obviously not necessary. What we have here is essentially a conventional 
closed thermodynamic power cycle which is using the propellant as its heat 
sink. In effect what happens is that heat is transferred between the reactor 
and the propellant by means of solid surfaces up to the maximum temperature 
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that solids can be used, and above that it is transferred by means of the 
MHD generator and the accelerator. That is, energy is transferred by con
vection and conduction up to perhaps 2000°K; and above that, energy and also 
momentum is transferred electrically. Compare this with concepts such as 
the glow plug and the coaxial jet in which radiation is used to transfer en
ergy at temperatures above the solids limit. In this respect, I think the 
MHD scheme has two things to its advantage. First of all, without trying 
very hard one can make the energy delivered at the electrode wall of an 
MHO generator at a· given temperature be orders of magnitude greater than 
the energy per unit area delivered by even blackbody radiation. The second 
advantage of the MI-lD scheme is that wall materials and structures which 
are transparent to DC electric power arc a great deal easier to find than 
materials which are transparent to optical electromagnetic frequencies. 

Figure 4 is a simplification of the scheme shown in Figure 3. Here 
the same gas is used as working fluid in the reactor and MHD generator 
and as the p~opellant. As a result, the compressor and the heat exchanger 
are eliminated. Here we depend upon the fact that at a generator exit tem
perature of 2000 to 2500~ practically all of the fuel will be condensed and 
can be recovered by a gas-liquid separation technique without cooling the 
gas any further. 

Figure 5 illustrates the point that use of an MHO converter can do 
more than simply provide a way around the fuel containment problem. Shown 
here is the open cycle propulsion scheme illustrated in Figure 4, except that 
the power output of the generator is not put back into the propellant but 
rather used in an external air accelerating device. Obviously this is not a 
propulsion system for deep space. What we have here is the nuclear MHO 
analog of a turbo-rocket. The propulsive efficiency of such an arrangement 
is much higher than that of a rocket alone, assuming you are in the appro
priate range of flight velocity through the atmosphere. In the case of a 
nuclear JYIHD turbo-rocket this appropriate velocity range could be from zero 
right up to the satellite velocity. Moreover, an electric ram jet might turn 
out to be a much easier device to :get good performance out of than a com
parable chemically fueled ram jet when operating in the hypersonic velocity 
range. There are a number of reasons for this, but what they all boil down 
to is just that electricity is a more highly organized or available form of 
energy than is· chemical energy. 

Figure 6 shows the kind of specific impuJ se one might expect to get 
from the type of propulsion systems shown in Figures 4 and 5. This is 
shown as a function of the pressure ratio across the generator and the top 
temperature produced by the reactor. ttUnaugmented rocket" corresponds to 
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the system shown on Figure 4. The "augmented rocket" corresponds to the 
system shown on Figure 5. For the latter, the specific impulse shown is 
a weighted average over the flight velocity from zero up to the satellite 
velocity, and a range of values is shown corresponding to a range of as
sumptions about the efficiency of the electric air accelerator, or electric 
ram jet. 1la = 11t corresponds to an accelerator efficiency equal to the 
thermal efficiency of a rocket nozzle, that is about 70%; then 1la = 0.5 11t; 
corresponds to an efficiency of about 35%. The closed cycle shown in Fig-:
ure 3 may also be operated either as a pure rocket or as an air augmented 
rocket, and the performance that would result is shown in Figure 7. The 
closed cycle would be a good deal heavier than the open one. However, I 
believe that in sizes corresponding to a thrust level of 100 tons and up, 
both systems could be made to have a thrust to weight ratio substantially in 
excess of one. 

In order to get a specific impulse greater than 2000 to 3000 seconds 
in space it is necessary to consider a system which uses a radiator. This 
is true whether one is considering a nuclear-MHD scheme or a nuclear re
actor working alone. As is well known, a key, if not the key, to making a 
system of this type with a reasonable thrust to weight ratio is attaining a 
high heat rejection temperature. In addition, gains of up to a factor of five 
can be made simply by making the cycle more efficient. Presently c'onceived 
space electric power supplies have a temperature limit set by their reactor 
and conversion device. By using a gas core reactor and an lVUID generator 
there would no longer be a limit on top cycle temperature. Then the com
pressor and the radiator temperature could rise accordingly to what is now 
the top cycle temperature. Eventually it should be possible to also make an 
lVUID compressor, and then only the radiator would be a solids limited de
vice. However, even with "solids limited compressors" we can do orders 
of magnitudes better than presently conceived electric power systems as is 
shown on Figure 8. Here power ver u11it radiator area iR displayed vs top 
cycle temperature for a variety of radiator and generator temperatures. It 
shows that we ought to be able to do at least a hundred times better than 
SNAP 8 in terms of power per unit radiator area. Assuming that the weight 
of all cycle components scales by the same factor, and there is reasonable 
grounds for supposing that it might, the result would be a propulsion system 
for· interplanetary flight whlch would be very hard to heat. 

Now except for paper' work, the amount of actual work that we at Avco 
have done on any of these propulsion schemes is exactly zero. However, 
we do have a very vigorous program going to develop these generators for 
commercial use. The funding level of this program is comparable to, and 
in fact possibly somewhat in excess of, the total amount being spent on gas 
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core reactors. Although the work is directed primarily toward chemically 
fueled power plants, it is developing the art of MHD energy conversion as 
a whole and a large amount of this work is applicable to nuclear space ap
plications. Hence I would like to have Tom Brogan, who runs this program, 
tell you something about its present status. 

MHD GENERATOR DEVELOPlVIENT - STATE OF THE ART 
,. 

Except for some ·early speculation, the real development of the MHD 
generator began about in 1958. Since then there have been quite a few pro
gram~ going on in our Laboratory to take: care of the various objectives of 
MHD development. In the first place there is a program sponsored by the 
Avco coi-poration and a group of 11 electric utility companies headed by the 
American Electric Power Service Corporation to evaluate the MHD generator 
for commercial.purposes. Here ·its ability to handle high temperatures and 
high temperature working fluids can lead to thermodynamic cycles of high 
efficiency. Secondly there are the programs sponsored by ARPA to develop 
the combustion MHD generator for delivering high power for relatively short 
periods of tinie. Also there are other Air Force applications which I will 
talk about. 

Since the MHD generator- is an expansion engine just like a turbine, 
we woUld like to be able to predict and calculate the performance of the 
lVlliD generator much as we do in the case of a conventional turbine. In 
order to investigate this, some years ago we built the Mark n lVlliD gener
ator, which is shown in Figurs 9. Tho MilD cha~.mtll 11::1 in the foreground. 
It has an active length of 5 feet and an average cross section of about three
tenths of a square foot. . This cross section is required in order that the 
lVlliD effects shall be dominant over the effects of wall friction and heat 
transfer. The channel is pushed into the gap in the magnet in the back
ground. This magnet is driven by a battery bank and provides a field of 
33,000. gauss. A combustion chamber bolted on to the flange in the fore
ground provides seeded .combustion gases which drive the MHD generator. 
The combustion heat .source is very convenient, of course, in that the com
bustion chamber wall can be at ·a temperature much lower than that of the 
working fluid. At the· inlet of the channel a nozzle expands the gas to super
sonic speed. Mass flows up to about 4 kilograms per second can be handled. 

We have conducted a long series of experiments with the Mark n gen
erator, and a kind of synopsis of the work is shown in Figure 10, which 
plots the total power output as a function of the total current for various 
mass flows at constant magnetic field strength. We have plotted both 
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Figure 9. Mark II 1.5 Megawatt E};:pe:rfuental MII.!J Pc•we:r Generator 
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observed points and calculated values determined from a detailed theoretical 
analysis. It can be seen that we are capable of calculating the flows in de
tail and accurately. I might add that over the range covered by these 
curves, the flow changes from subsonic to supersonic, and in general goes 
through a wide variety of different regimes. The important point is that the 
performance is predictable. You will note that powers as high as 1.5 mega
watts have been developed in this device. Presently, experiments regarding 
a Hall generator arc being carried out with the Mark II. The experiment 
was designed specifically to evaluate the iluid mechanics of the lVIHD gener
ator; so we are not interested in duration or in making net power, but rather 
in studying the details of the gas-field interaction. The Mark II is designed 
for short duration operation, since the fluid mechanics comes to equilibrium 
very quickly. We have, however, put a good deal of effort into the develop
ment of long duration MHD generator components on a smaller flow scale 
than is the case with the Mark II. 

A water cooled insulating wall for an lVIHD channel developed at Avco 
is shown in Figure 11. It is composed of isolated metallic elements sepa
rated by thin sections of refractory material which stays cool because it is 
thin. Coolant fluid is circulated through these pegs. These and similar 
walls have been run for hundreds of hours in the products of combustion 
gases of commercial fuel at 3000°K and with their ash, seed, and sulphur. 
This and similar work has established the fact that lVIHD channels will be 
operable for long periods of time under the conditions required for the lVIHD 
generator. 

One of the reasons the MHD generator has to be big in order to work 
is that if the magnet is made of room temperature material the generator 
must supply a good deal of power for its own magnet. This means that the 
channel cross section must be bigger than a certain minimum in order to 
Rupply the power. We have a contract with ARPA in which we have built 
and are testing a self-excited MHD geuerator for milit::~ry applications. This 
generator is a prototype of a class of device to supply a large burst of 
power for relatively short periods of time. The picture of the apparatus is 
shown in Figure 12. This is a so-called Mark V generator. The combustion 
chamber on the left can burn up to 130 pounds per second of rocket propellant 
and seed. The copper magnet is of air core design and is inside the steel 
structure. It is driven by approximately one-half the output of the lVIHD 
generator. 

A schematic of the Mark V generator system is shown in Figure 13. 
Most of the equipment here is what might be contained in a rocket engine 
test stand. A battery ls used to pre-excite the MHD generator magnet after 
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Figure 12. Mk V Self-Excited Rocket Driven l.VIHD Generator 
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which the generator itself is fired and the generator and battery bank work 
in parallel on the magnet. When the battery current drops to zero the bat
teries are disconnected and the generator continues alone and sell-excited. 
Additional power is delivered to the loads. The performance in a typical 
run is shown in Figure 14, where we have plotted the current and voltage 
across the magnet as a function of time, along with the m drop in the mag
net. The batteries provide an initial current of about 4000 amperes to the 
magnet. After about 7 seconds, the burner is fired. Generator and battery 
continue to power the magnet until niter about 12 seconds, when the batteries 
are disconnected. The magnet current continues to climb, and the excess of 
magnet voltage above the m drop supplies the excitation power, i.e., L di/dt. 
Although we ~re experiencing the usual bugs expected in a development of 
this kind, the generator gross output has reached 11.2 megawatts apd is ex
pected to go to 35 megawatts eventually. 

The Arnold Engineering Development Center of the U. S. Air Force 
has engaged us to provide them with a device to accelerate air to a very 
high velocity for a wind tunnel. This device is shown in Figure 15. It is 
an lWID motor-generator, in which the power output of a 20-megawatt lWID 
generator is put into an MHD accelerator. The accelerator takes air from 
a conventional arc heater (which is limited in effective reservoir pressure 
and enthalpy) and accelerates that air ~o much higher conditions of effective 
reservoir pressure enthalpy and velocity. This device, scheduled to be op
erational in June 1965, is the prototype of a 300-megawatt version proposed· 
by the Air Force. This device is an example of the type of energy transfer 
process which might be used in some of the propulsion devices described by 
Dr. Rosa. It uses lWID to exchange momentum and energy between two gas 
streams under conditions which cannot possibly be handled by any other 
means. The lWID motor-generator which we are building will increase the 
effective reservoir pressure from 5 atmospheres to 660 atmospheres_ and 
triple the gas enthalpy. 

Recently we have been carrying out some work in connection with our 
commercial· program which may have some importance in the context of the 
subject of this meeting. In the commercial power plant we must add seed 
to the gas and for economic reasons we must recover a large fraction of it 
and .recirculate it. The way this is accomplished is shown in Figure 16, 
which is a schematic diagram of a seed recovery test apparatus we have 
been operating at our Laboratory. Fuel and oxidizer are burned in the 
combustion chamber along with seed, simulated coal ash, and sulphur as 
appropriate to a common coal. Leaving the combustion chamber the gas 
passes through a water-cooled tailpipe which simulates both the temperature 
drop and transit time of an lWID generator. In the combustion chamber all 
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of the seed and most of the coal ash has been vaporized. The ash, however, 
condenses during the transit through the MHD generator; but because of higher 
volatility the seed remains in the vapor form. Upon leaving the generator, 
the gases are cycloned and the condensed ash is separated from them. This 
leaves the flue gas entering the coolers highly enriched in seed, which is 
then picked up in the precipitators at the end and recirculated. The work 
with this equipment has demonstrated very effective and efficient seed re
covery. The vaporization of the coal ash in the combustion chamber and 
condensation during the transit time through the generator and subsequent 
separation by a cyclone is rather similar to the process which would be 
encountered in the propulsion systems discussed by Dr. Rosa. It is very 
encouraging that with this crude apparatus it is possible to get the ash con
tent, that is the content of the low volatile oxides, down to approximately 
2 x 10-4 parts by weight. . 

Now I would like to turn the discussion back to Dr. Rosa for summary. 
Thank you. 

CONCLUSION 

Now that Tom Brogan has shown you something of our present. work, 
I would like to make one or two further comments arid then summarize. 

First of all I imagine that in the figures that were. shown you observed 
the very massive field coils in our present devices. I would like to assure 
this a.udi.ence again that this is not an inevitable feature. First, the devices 
you have seen were designed for combustion procluct gases which produce a 
rather well defined temperature and hence conductivity. Now as we saw 
earlier, conductivity is an exponential function of temperature, and the size 
of the generator is pret:ty much proportional to the gas conductivity. Secondly, 
very large reductions in the size and weight of the magnet can be made by 
cryogenic cooling, and most of these propulsion systems would have an 
abundance of hydrogen available for this purpose. Figure 17 illustrates 
these points. On it coil mass is plotted as a function of the size of the 
generator. in terms of gross megawatts of output. The top curve is for a 
combustion fired generator in which the coil dissipates 30% of the gross 
power or 6% if the coil is liquid oxygen cooled. The Mark V generator 
which Tom· Brogan discussed falls slightly below this curve because its dis
sipation is closer to being 50%. You observe that it is a break-even gen
erator. If it had been made much smaller, all of the copper in the world 
would not have made it self-excite. The lower curve shows what would 
happen if the gas conductivity and velocity is increased as it would be in a 
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nuclear system at 2500°C using hydrogen as the working gas. Here the dis
sipation is 10% at room temperature, or 1% if the coil is cooled enough to 
produce a factor of 10 increase in conductivity. This could easily be ac
complished using liquid hydrogen. In fact, much greater gains should be 
possible. Observe here that as long as the power level is greater than 
10 megawatts the. coil will weigh on the order of 1 ton. At power levels 
on the order of 1000 megawatts and up, this corresponds to an extremely 

. small weight per kilowatt of energy handled. 

· In summary then, there is no reason why an MHD generator cannot be 
made light enough. for the kind of high thrust propulsion systems which we 
have been discussing here. 

Figure 18 attempts to summarize the kind of systems that we think 
we can build using an MHD generator and a:dvanced reactors on a map of 
specific impulse vs engine thrust to weight. The curve labeled "gas core 
propellant cooled" corresponds to systems as illustrated in Figures 3 and 4. 
The curve labeled "air breathers" corresponds to a system such as that 
shown on Figure 5, but includes also schemes using a closed as well as an 
open cycle. The vertical lines labeled "radiators" correspond to systems 
such as were discussed in connection with Figure 8. This figure gives the 
impression that for boosting off the. surface of the earth, or any other body, 

·air (or "atmosphere") breathers are hard to beat, and· that for interplanetary 
flight into space, radiating systems are hard to beat' if you can get up to 
power to weight ratios equal to, or exceeding 1 kilowatt per kilogram. How
ever, the main point that I want to make with this curve is just, that by 
combining an MHD generator with advanced high temperature reactors, we 
can make propUlsion systems whose performance is comparable to what you 
can hope to get in any other way. In particular they are comparable to, or 
perhaps better than, what you coUld hope to get with a gas core ·reactor 
alone •••• and you do not have to solve the fuel containment problem in 
order to get itl 
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VORTEX GAS ACCELERATOR 

Stirling A. Colgate 
University of California 
Livermore, California 

Published in AIAA Journal, b 2138 (1964) 

ABSTRACT. 

The exhaust velocity of a propellant gas from an isothermal cavity 
can be . significantly ·increased by a factor of approximately 1. 7 above that 
corresponding to the usual isentropic expansion by utilizing multiple reheat 
by blackbody radiation from the walls during expansion. In order to reduce 
the necessary volume and the frictional .drag with the walls· during this re
heat and expansion process, the gas is wrapped up in a rotatiorial flow pat
tern in which angular momentum per unit mass is constant along all stream
lines·. As a co:nsequence, the expansion in the .nozzle corresponds to the 
conversion of rotational to linear momentum, rather than the usual thermal· 
to liQear. In order to absorb the radiant energy from the walls, the gas 
must have a sufficient optical opacity (achieved by a small contaminant addi
tion to hydrogfln) such that the gas in the cavity is a,pproximately one radia
tion mean free path thick. 
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FUEL CONTAINMENT IN THE GASEOUS-CORE NUCLEAR ROCKET BY 
MHD-DRIVEN VORTICES 

Jacob B. Romero. 
The Boeing Company · 
Seattle, Washington 

Published in AIAA Journal,~ 1092 (1964) 

ABSTRACT 

A gaseous fission propulsion engine is cons_idered in which. an electro
magnetic vortex is employed for fuel retention. The pertinent continu_ity, 
momentum, energy, diffusion, and electromagnetic equatio:n.s are deriv~d for· 
steady-state, laminar, two-dimensional flow and are solved for several cases. 

·Economical fu~l retention is considered from the point of view of ~ocket 
performance and design. Two basic design concepts are considered: a 
single critical chamber and multiple vortex tubes. Engtne thrust-to-weight. 
ratios range from ten-thousandths for the sing~e vortex ,jesigns · to tenths for 
the multiple vortex designs. Bypass flow. systems are sugges,ted as .~ means 
of obtaining. perfor~ance improvement. 
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CRITICALITY OF GAS CORE REACTORS 

R. J. Roll 
Douglas Aircraft Company 
Santa Monica, California 

I will describe some of the nuclear calculations performed at Douglas. 
We feel that nuclear analysis is important for these systems for several 
reasons. First, there will be a large number of combinations of the mate
rials, dimensions, configurations, and temperatures that can be eliminated 
on the basis of criticality within a reasonable pressure. This should help 
in limiting the number of cases considered for containment. Secondly,· a 
knowledge of the required constituents and conditions is important in de
fining meaningful experiments. For instance, containment experiments with 
heavy-to-light gas density ratios of about two were described in another 
paper. In the design, the ratio is nine for a hydrogen core. If this· critical 
mass were to increase by an order of magnitude, this ratio would be 90. 
These considerations must motivate the range of conditions studied. We 
have tried to generalize the nuclear analysis to make it applicable to any 
gas core concept. Specifically, it will apply to the particulat concept shown 
in Figure 1, which is typical of a number of vortex devices. It· has a· cen
tral fuel cell containing uranium with an annular hydrogen propellant zone 
surrounding it and contained within the moderato·r-reflector. At one end of 
this device is a nozzle. The physical phenomena occurring here are that 
neutrons produced in the fuel cell. will have to be moderated in the reflector 
and returned to the core to produce fission. Competition for neutrons will 
be between three basic processes-core absorption, reflector absorption, and 
leakage. This competition for neutrons should be kept in mind as we ex
amine the different materials and configurations. 

Our first effort was devoted toward establishing calculational methods. 
Initially, the only method that can be used with confidence is multidimen
sional, transport theory calculations. Everything that I will describe today 
has at least been verified by one- or two-dimensional transport calculations. 
However, we found a large number of systems for which diffusion theory· is 
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adequate. A typical case is shown in Figure 2 having spherical geometry 
with a cavity radius of 80 em, a fuel radius of one-half of the cavity radius, 
and a graphite reflector thickness of 100 em. It is interesting that the 
factors involving reactivity of the system are nearly the same for the dif
fusion and Sa calculations. The absorptions in the reflector are proportional 
to the integral of the neutron flux which is very nearly the same with the 
two methods. Core absorptions, proportional to the integral of the flux in 
the core, are virtually the same. The leakage is indistinguishable between 
the two calculational methods. This yields a reactivity comparison, in this 
case, of 0.0005 difference between the reactivity eigenvalue of the diffusion 
and Sa approximations. This is with a multigroup treatment-this particular 
case used 14 groups. Most of the calculations were done with multienergy 
groups. The results will be quite comparable if one used a few group treat
ment with flux averaging over the fast neutron spectrum-especially spatial . 
dependent flux averaging in the moderator reflector region. We find it more 
efficient, especially in one-dimensional calculations, to do the averaging with
in every calculation itself, by using multigroup calculations, rather than per
forming separate spectrum and averaging calculations. However, if one were 
to do a large number of design calculations for systems that did not vary 
greatly in the effect on the fast neutron spectrum, one could very reasonably 
employ something like four-group calculations.· 

These methods were used to survey fuel materials, reflector materials, 
core dimensions, and reflector thicknesses. Figure 3 shows the critical 
mass in ldlograms of U-235 versus core size for graphite and ·beryllium 
oxide reflectors with variable reflector thicknesses. A reflector temperature 
of 28000J<: was used. 

Beryllium did not have sufficient nuclear advantage to offset its lower 
temperature limit. Hydrogenous materials have excessive ~bsorption. D20 
was not considered because the systems are very sensitiVe to any extraneous 
absorber, and substantial containment would be required to separate it from 
the core. We did some calculations on the effect of a thermal absorber at 
the moderator cavity interface and: near the cavity in the reflector, and it 
was very deleterious. In the graphite system, the minimum critical ma_ss 
occurs for cavity dimension of about 80-cm radius. For beryllium oxide, 
this optimum occurs at a much lower value, about 40-cm radius. Beryllium 
oxirlP. also gives lower critical mass for nearly infinite reflector~. This is 
due to the fact that it is a superior moderator which slows down the neu
trons closer to the core so they have more chance to cause fission rather 
than to leak out of the system. The graphite and beryllium oxide comparison 
is also characterized by beryllium oxide having greater reflector absorption, 
while graphite, even with large reflectors, has most loss through leakage. 
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Of course, with a core 71 of a little over two, about one-half of the neutrons 
will have to be absorbed in the core and the other half will be divided be
tween reflector absorption and leakage. Figure 4 shows the effects of tem
perature and fuel species combined. This is for the case at the optimum 
core radius with a 100-cm graphite reflector. So these are minimum criti
cal masses for that particular system as a function of temperature and fuel. 
Of course, Pu-2J9 and U-233 are superior fuels to U-235. As the tempera
ture increases, Pu-239 approaches the critical mass of U-233. However, 
the two other fuels have a different basis for their superior characteristics 
compared with U-235. Even though the ratio of fission to absorption in 
Pu-239 is inferior to u-235, its cross sections are just so much greater 
that for a fairly lightly fueled system, such as this, it has a much lower 
critical mass. The macroscopic cross section of the core is larger for 
Pu-239 than for U-235. This should be kept in mind when considering 
characteristics which will make the fuel more concentrated. The increase 
in the plutonium concentration wii1 be greater than in U-235 because pluto
nium will become 11black11-the fuel will become self-shielded much more 
rapidly. Plutonium is not available in quantity as pure Pu-239. Material 
produced in a power reactor with an irradiation of 0.5 x 1021 thermal nvt 
was evaluated. This fuel contained about 8% Pu-240. This modest amount 
of Pu-240 caused the critical mass of plutonium to exceed that of U-235. 
We feel that U-233 is the best fuel. Its superiority is due to its better 
multiplying properties rather than extremely large thermal cross sections. 
As the fuel zone becomes black, U-233 will be the most reactive fuel. Con
figur~tions can be made critical with U-233 which could not be with U-235 
or Pu-239. However, due to cost and availability, we will use U-235 for the 
rest of the results. We can keep in mind that U-233 has probably a factor 
of two lower critical mass. For economic considerations, at least for the 
foreseeable future, U-233 will be more than a factor of two more expensive 
than U-235. 

We will now show a two-dimensional analysis of a device which might 
be used in space propulsion. Selecting dimensions near the optimum, the 
transformation from a spherical to a cylindrical geometry, with a length to 
diameter ratio of unity, can be made by keeping the fuel density constant. 
Thus, a cylinder with radius equal to that of a sphere will have an increase 
of critical mass of about 50% corresponding to the increase in volume. This 
is only true for a near-optimum system, on the basis of minimum critical 
mass. We will then determine the effect of some of the necessary geometric 
characteristics of a propulsion device on this system. 

Figure 5 shows the critical mass as a function of the ratio of fuel 
radius to the cavity radius with variable graphite reflector thickness. Again 
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spherical geometry and optimum cavity dimensions are used. It can be seen 
that for a nearly infinite reflector, the curve is first flat and then increases 
for smaller fuel dimensions. For thinner reflectors the curve starts in
creasing much sooner. What occurs with reduced fuel radius is that some 
of the neutrons that left th!3 reflector entering the cavity missed the fuel 
and passed into the reflector on the other side, giving them a chance to be 
absorbed or to leak out of the system. Of course, a thin reflector increases 
the chance of leakage. Now consider the characteristics of an infinite re
flector. The location of the knee of the curve will be determined by the ab
sorption in the reflector. Thus, there are two characteristics seen in the 
curves. One, the effect of leakage is shown by the parameter, reflector 
thickness. The other one, the effect of reflector absorption, is shown by 
the knee on the curve for the effectively infinite reflector. Figure 6 shows 
the effect of geometry on the same factor for spherical, infinite cylindrical, 
and finite cylindrical geometry with cavity L/D of unity. For the finite cyl
inder the fuel extends the entire length of the cavity. The curves show the 
ratios of the critical mass to the critical mass for the fully fueled cavity. 
The dependence on geometry is quite striking. In this case, the sphere is 
similar to Figure 5, except that the reflector is composed of an outer region 
of 70 em of BeO with 15 em of graphite immediately surrounding the core. 
For this reflector, which is also effectively infinite, the knee occurs at a 
slightly larger fuel radius than for graphite due to the fact that the beryllium 
oxide has somewhat more absorption. The effect of reducing the density of 
the reflector is shown in Figure 7. The model is a right circular cylinder, 
fully fueled. The normalized critical mass is plotted as a function of the 
void fraction in the reflector. For orientation, at about 25% void fraction, 
there is a 50% increase in critical mass. 

Figure 8 shows the effect of a nozzle hole as the increase in critical 
mass as. the ratio of exhaust nozzle diameter to cavity diameter is increased. 
For interesting systems this ratio is 0,15 and higher. This gives an in
crease in critical mass in excess of 50%. 

Figure 9 shows the composite of all these effects. The fuel radius is 
reduced by a factor of two, there is a 10% void fraction in the reflector, 
and a nozzle hole which corresponds to the throat of a nozzle with one mil-

. lion pounds thrust. These represent minimum effects on the critical mass. 
Certainly, it would not be possible for the propellant to traverse the entire 
reflector iu an area no larger than the throat of the nozzle. We have se
lected temperatures of 3000°K in graphite and 2000°K in BeO. This gives an 
estimated neutron temperature in the core of about 2800~. We applied this 
throughout the entire reactor. This case has a critical mass of 58 Kg of 
U-235. The basic model as a ful~y fueled, finite cylinder at temperature 
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had a critical mass of about 20 Kg of U-235 •. If we applied the multiplica
tive superposition of the factors shown in normalized fashion, 37 Kg of U-235 
would have been the prediction. Of course this difference is due to the fact 
that as more fuel is added, self-shielding is increased, and the reactivity 
worth of fuel decreases very rapidly. This mode does not in:clude provi
sions for any additional absorber. Any absorber i.n the reflector. near the 
core would cause a further increase in critical mass. Are there any ques
tions here? 

Question: Have you any estimate of how -much increase there would be for 
more absorber? 

Answer: For this particular case, a product of thermal absorption cross 
section times thiclmess of 0.025 yields an increase in critical mass of a 
factor of five. Now, this is very nonlinear, as I indicated. Smaller amounts 
of absorber would have proportionately less effect. 

Question: Is this thermal absorption? 

Answer: This is purely thermal absorption. Most of the leakage in these 
systems occurs at thermal energy. 

Question: What happens if you go up to a temperature of 100,000° for your 
fuel? 

Answer: A 100,000° fuel temperature would not reflect very greatly in the 
neutron temperature. The neutron temperature will be dominated by the re
flector temperature. We did look at the Doppler effect for elevated core 
temperatures for the reaction ot neutrons With uranium, and we found that 
this was a very minor effect. 

We tried to establish the critical mass in order to know how much 
fuel was in the system. This yields the potential fuel loss for a given fuel 
loss time constant. Another factor will be the operation time needed in 
order to accomplish a given mission. If we are losing a core loading in 
12 sec, for instance, and we can operate at a very high power level so that 
we can accomplish the mission in a few hundred seconds, it is much less 
serious than if a longer operation time was required. So in an attempt to 
define reasonable operating times in order to establish a criterion for an 
interesting hydrodynamic separation efficiency, we have looked at the limita
tion imposed by reflector heating. This was the basis in our nuclear analy
sis of selecting a reflector which had graphite as the inner liner and beryl
lium oxide outside of it. This is because the heating rate in the reflector 
will be almost proportional to the density of the reflector material. 

Figure 10 shows the heating rate in the reflector as a function of 
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distance into the reflector for different core diameters. This is done to see 
how the heating rate in the reflector affects the system as a function of size. 
This is presupposing at the moment that reflector heating will be the quantity 
limiting the maximum power of the device. The same analysis was also 
performed for the beryllium oxide reflector. Considering the heating due to 
neutrons and gammas and neglecting contributions due to thermal. radiation, 
conduction, or convection and applying a reasonable capability for cooling the 
reflector allows us to determine the maximum reactor power as a function 
of core size. We also will evaluate the composite reflector, having a 15-cm 
liner of graphite within 70 em of beryllia. The reflector heating problem 
for that system will be taken to be the same as for graphite reflectors be
cause in 15 em, heating has generally dropped off by about a factor of three 
which makes the heat removal problem in beryllia about comparable to that 
in the graphite liner. 

Figure 11 shows this reactor power as a function of core size. The 
basis for reflector cooling capability was a preliminary design which was 
able to remove 2.2 KW /cm3; this maximum heating rate at the core reflector 
interface resulted from heat loads of 25 to 30 KW /cm2 on the reflector sur
face. Since this is very close to the Phoebus design, it was selected as a 
reference. So the rest of the result will be normalized to 2.2 KW /cm3• The· 
maximum reactor power can be changed in proportion to the reflector cooling 
capability for other values. Selecting one value of specific impulse, here 
2000 sec, and using the reactor power just found, Figure 12 shows the maxi
mum thrust as a function of the core diameter. These devices run from 
something under a half million pounds to something around two million pounds 
thrust over the range of core diameters evaluated (80-320 em). In order to 
establish the operation time required to accomplish a mission, it is necessary 
to calculate the propellant weight required to accomplish a given impulsive 
velocity mission. 

Figure 13 shows the engine weights for a large number of systems that 
carry the reflector thickness as a parameter. This engine weight is only 
the weight of the moderator-reflector plus the weight of the pressure shell. 
Over most of the range, however, the pressure shell is not a large fraction. 

Figure 14 shows the thrust-to-engine weight for these systems as a 
function of core diameter. For the beryllium oxide-graphite composite, the 
range is from one to four. 

Figure 15 shows the propellant weight required for an impulsive velocity 
of 90,000 ft/sec with a specific impulse of 2000 sec. A modest payload was 
added to the engine weight corresponding to a particular core size. The pay
load used was 84,000 lb. This was held constant. These systems will all 
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be evaluated for this one payload. Applying the earlier calculations of the 
reactor power, the enthalpy required to achieve 2000 sec, and the amount of 
propellant required to accomplish the mission, we now can define the opera
tion time of the system. Figure 16 shows this result for an impulsive ve
locity mission of 90,000 ft/sec. We can then combine this with the fuel 
content, determined from the nuclear analysis, to define the efficiency needed 
from the separation scheme to make it interesting. Operation times of at 
least 2000 sec are required to accomplish this mission with large systems. 

Figure 17 shows the thrust-to-takeoff weight with these restrictions. 
For the graphite-beryllium oxide composite, it is around 0.5 to 0.6. For 
none of the systems is it as large as unity. Since this is done parametrically, 
the fact that it comes out less than unity should not have any particular sig
nificance. Only modest improvements in reflector cooling would be required 
to have a thrust to gross weight ratio exceeding unity. 

Figure 18 shows the critical mass for these two-dimensional systems. 
The nozzle diameter was adjusted for each case to the size of the throat of 
the nozzle which would yield the thrust shown in Figure ·12. The critical 
masses are then combined with the operating time to show what the fuel re
tention time has to be for an arbitrary fuel loss criterion, say 10-4 of the · 
propellant flow. This is shown in Figure 19. Of course, this is an arbitrary 
criterion. For a different criterion, one can just ratio from these results. 
The graphite-beryllium oxide composite appears to be a favorable system 
with respect to fuel loss. This fuel retention time· shown is really the re
ciprocal of the fuel loss time constant i.e., the time it takes to lose one 
critical fuel loading. This is asymptotic to about 2000 sec for this partic
ular criterion. I think it is interesting to see that it is really flattening out 
for large systems. We did not carry this any further because we thought 
that the system weight was becoming excessive. But, it is apparent that no 
significant further improvement can be expected as the core size is increased. 
Figure 19 showed the fuel retention time required for a criterion based upon 
the fraction of fuel-to-propellant in the exhaust. It is more interesting to 
look at an absolute amount of fuel as a criterion. Again, for normalization 
purposes, 100 Kg is used as the amount of fuel loss. Figure 20 shows the 
required fuel retention time to lose only 100 Kg. This moves the optimum 
back toward the smaller size system. While; when the criterion was based 
on the fraction of fuel in the exhaust, performance improved, although with 
diminishing returns, as the system became larger. The reason for this is 
that for a given mission, more hydrogen was expended for the larger sys
tem. We expect that the optimum, as shown in Figure 20, which approxi
mates the minimum critical mass case, will be more favorable than any 
other criterion. Figure 21 shows the fuel loss, in hundreds of kilograms, 
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and fuel cost, in millions of dollars, as a function of the fuel retention 
time. For fuel retention time~ around 10 sec, this becomes rather large
$200,000,000 for the fuel alone to accomplish this mission. As stated pre
viously, we think that U-235 is sufficient to evaluate the economics of this 
system. 
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MEASUREMENTS WITH URANIUM-GRAPHITE FUEL RODS 

A series of measurements are currently being carried out on the D20-
reflected cavity reactor mockup. These measurements are of interest to 
groups working on gaseous core propulsion reactor concepts, and were in
itiated at the request of the NASA Lewis Propulsion Laboratory and others. 
The measurements underway and planned include the following: 

1. Fuel Distribution Studies. Measure the effect of decreasing the fuel 
region diameter within a fixed diameter cavity on critical mass and flux 
distribution. 

2. 3trudu.Lal MatedaJ.:::;. Stutly the effect of cavity-moderator interface 
structural materials on critical mass and flux distribution. 

3. Nozzle Mockups. Insert voids in the 'end D20 reflector tank to moch."Up 
rocket nozzles and measure effect on criticality and flux distribution. 

4. Reflector Heating. Study the effect on critical mass and thermal flux 
distribution when the D20 is heated. 

5. Composite Reflector. 
posite reflector is used. 
considered. 

Study the effect on critical mass when a com
Beryllium and graphite cavity liners are being 

6. Plutonium vs uranium as fuel. 

Figure 1 shows the essential geometry and dimensions of the D20-
reflected cavity reactor mockup. Figure 2 shows the fuel element support 
fixture resting on the lower D20 reflector plug tank. 

Critical mass determinations have been made for four different fuel 
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Figure 1. Basic Cavity Assembly Schematic 
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Figure 2. Fuel Element Support Fixture Resting on Reflector Plug Tank 
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distributions. Figures 3, 4, 5, and 6 indicate the fuel distribution for each 
of these cases. Table I summarizes the results obtained in these measure
ments. Most significant is the rapid rise in the critical mass with decreas
ing fuel zone radius. Measurements to determine the fuel penalty for the 
aluminum in the fuel support fixture and cavity-reflector interface walls are 
underway but incomplete. The results of these determinations will reduce 
the critical masses shown in Table I. Flux survey measurements are now 
ready to proceed using autoradiography of irradiated thin uranium foil strips. 
The D20 heating equipment, needed for the temperature coefficient measure
ment, is ready for installation. 

NOZZLE EXPERIMENT 

An experiment was carried out to evaluate the effect of introducing a 
nozzle in one end of the cavity reactor. For this purpose, several empty 
cylindrical tanks (ranging in diameter from 4 to 10 inches) were placed in 
the lower end reflector, and the critical mass for each configuration deter
mined. 

Figure 7 shows the fuel penalty determined as a function of orifice 
diameter. 

The fuel was in the form of 3-mil. uranium foil lining the surface of 
the cavity. 

D20 HEATING EXPERIMENT 

An experiment has been carried out to determine the reactivity change 
as a function of the reflector D20 temperature. For this purpose, a heat
exchanger loop was installed in the storage tank for the annular -reflectur· 
n2o. A 600,000 BTU gas fired heater was connected to the heat exchanger, 
permitting an approximate 5°C per hour temperature rise in the D20. Al
though there was no attempt to heat the fixed reflector in the end plug tanks, 
the n2o in the upper tank did increase somewhat in temperature due to the 
·proximity of the hot annular reflector. 

The D20 in the storage tank was heated to about 61 oc, the maximum 
temperature obtained; pumped into the. annular reflector tank; and the de
layed critical condition determined. The D20 was returned to the storage 

. tank and cooled to 44°C by running cold wate'r through the heat· exchanger. 
At this temperature, the delayed critical position of the control rod was 
again established. This measureme.nt was repeated for two·· successively 
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Fuel element 
distributiona 

No. 1 
Cylindrical shell 
(see fig. 3) 

No. 2 
Uniform distribution 
(see fig. 4) 

No. 3 
Half density loading 
in central region 
(see fig. 5) 

No •. 4 
Maximum density 
loading in central 
region 
(see fig. 6) 

'Fuel zone, 
radius in inctes 

19 11 

12.5 11 

11.6" 

Table I 

Critical conditions ·(for control rod withdrawn) 

Number of 
fuel elements 

92.0 

95.8 

186.9 

283.3 

Critical mass 
kg ub 

8.3 

8.6 

16.7 

25.5 

kg graphite 

35.3 

36.7 

71.6 

108.6 

aUranium loaded graphite rods, length 39", containing an average of 89.9 grams of 93% u235 and 
383.3 grams C •. 

b 
Uncorrected for aluminum in cavity liner walls and fuel support fixture. 



Figure 3. Fuel Element Distribution for Experimental Fuel Loading No. 1, 
Approximating Cylindrical Shell Loading of 90 Fuel Elements. 
Cavity Radius = 20", Fuel Zone Radius = "'19 11, Fuel Element 
Length = 39 ", Cavity I..£ngth = 40 "• 
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Figure 4. Fuel Element Distribution for Experimental Fuel Loading No. 2, 
Approximately Uniform Loading of 103 Elements. Fuel Zone 
Radius = 19 "· 
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Figure 5. Fuel Element Distribution for Experimental Fuel Loading No. 3, 
Half Density Loading in Central Zone. Fuel Zone Radius = ""'12.5". 
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0 

Figure 6. Fuel Element Distribution for Experimental Fuel Loading No. 4, 
Maximum Density Loading in Central Zone. Fuel Zone Radius = 
"'11.6 11

• 
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Figure 7. Fuel Configuration - Cavity Lined with 3-mil Uranium Foil, En
riched to 93.1% U-235. Critical Mass = 5.886 Kg U-235. 



lower temperatures of the D20. Figure 8 illustrates the geometry of the 
D20 reflector tanks, gives cavity fuel loading and temperatures of the D20 
in the reflector tanks for the several criticality determinations, and presents 
a curve showing the reactivity penalty in grams of u235 vs temperature rise 
in degrees centigrade of the D20 in the annular reflector tank. 

CRITICAL MASSES OF VARIOUS FUEL ZONES 

A series of critical mass determinations as a function of fuel zone , 
radius have been made with the n2o reflected cavity reactor mockup. Ura
nium loaded graphite elements were distributed within four different radii, 
both uniformly and as cylindrical shells. 

I 

. The fuel loading patterns are shown in Figure 9. Figure 10 .gives a 
summary of the critical mass values as a function of fuel zone radius for 
the two types of stackings studied. The critical mass rises rapidly as radii 
are decreased below about two thirds of the cavity radius. "\. 

An· experiment was performed to determine the fuel penalty resulting 
from shifting the fuel zone off axis. stacking type (4-b) having a radius of 
about 12 inches was used. Measurements were made with the fuel zone 
shifted out to tl).e position shown in Figure 9, where the fuel became tangent 
to the cylindrical cavity wall. Figure 11 gives the critical mass as· a ·fUfic
tion of fuel zone displacement. 

· Flu..'~: mapping for ocvcrul of the stacking.s has L~en ea:.rrl~u uut, uslng 
the autoradiographic technique. Typical results are given in Fi.gures 12, 1..3, 
and 14. 

-.· ... 
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EXPERIMENT NUMBER' ____ _:.1_.:2_.:..3_4.!,_ 
LOWER PLUG TANK D2 0 TEMP. °C. 20 20 20 20 
UPPER PLUG TANK D2 0 TEMP. OC. 18 18 43 27 
ANNULAR REFLECTOR TANK D20 TEMP. °C. 18 29 

UPPER PLUG 
TANK 

300 

T 
ANNULAR 
TANK 

2011 8011 

l 200 

LOWER PLUG 
TANK 

REACTOR FUEL 

u 100 
~ 

102 FUEL ELEMENTS 
UNIFORMLY DISTRIBUTED 
THROUGHOUT CAVITY 
VOLUME. 

L&J 
0:::: 

CONTAINED 9.169 KG. OF 
APPROX. 93% U235 

OR 8.53 KG u235 

o~----~~------~------~------~------~---J 
10 20 30 40 50 60 
020 TEMPERATURE IN ANNULAR REFLECTOR TANK (°C) 

Figure 8. Cavity Reactor D20 Reflector Heating Experiment 
. . 
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CRITICAUTY 
t:;:.,.. .=-= 

C. B. Mills 
Los Alamos Scientific ·Laboratory 

L()S Alamos, New Mexico 

The essential elements of reactor neutron transport methods and their 
use can be most clearly understood by a simple illustration, rather than by 
a discussion of a highly developed system. In 1950 we had the problem of 
computing the '.'nuclear" characteristics of a BeO aircraft reactor fueled by 
fused fluorides m tubes. The transport equations were, as always, as exact 
as one wanted; but the constants of the equations, the neutron cross sections, 
were very poorly known. In fact, a calculation of a simple Be critical ex
periment gave kef£ ~ 0.90. Rather than adjusting the constants of the "four 
factor formula" to give "useful" results for the similar BeO reactor proto
type experiment, we tried to develop energy dependent cross sections for Be 
artd u235 that could, in principle, generalize the transport equations. This 
involved exploration of the (n, 2n), (n, a), and (n, n 1 ) cross se.ctions that would 
be consistent with both the neutron age experiment for Be, which required 
some assurnptions for u(E, e)~ and the critical reactor calculation. In addi
tion, the possibility of errors in· the u235 cross sections and other elements· 
of the computing system, now a multigroup code, was investigated by study
ing a second reactor experiment,. this time constructed of graphite. The 
cross-.section problem with graphite was much simpler than that wit!: Be, as 
is the problem with oxygen. As a result of these studies, it was possible 
to evolve reasonably accurate Be, C, 0, and u235 cross sections as functions 
of energy. This in turn served to generalize in a limite:d sense the trans
port equations, by that. time in the. numerical diffusion approximation. The 
largest implication of the situation at that point was· that "exact" transport 
equation, cp (r, E), completed by reasonably exact cross sections, could then 
be used to compute the reactor physics of an arbitrarily specified reactor 
assembly with errors of the order of 1%. The "exact" equations provided 
the extension to arbitrary geometries, with the restriction that the cross
section constants for the· thermal region had still not been studied, so that 
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complete generality in flux spectrum variation could not be included with 
confidence. It is the matter of "confidence" that makes a calculation appli
cable in design studies, and this has always followed the path from experi
mental verification and close theory to experimental collaboration and back. 

Returning to the aircraft problem, it was clear to the design engineer . 
(A. P. Fraas) that since reactor power, weight, and shielding were directly 
connected, the use of a moderator for both low critical mass and shielding 
would result in a significant improvement. The "generalized" computing 
system, with some thermalization assumptions, showed that this should be 
possible by simply surrounding the fuel with a reasonably thick moderator
reflector. Experiments verified the computed results, so the first of the 
cavity reactor concepts was born. 

As a by-product of the reactor studies discussed above and of the use 
of computing methods to uncover new possi~ilities in the reactor design, the 
value of detailed studies of theoretical methods in reactor evaluation was 
shown to be real. As one result, it was made possible in the following 
yea,rs to integrate a wide variety o~ reactor experiments and detailed ex
perimental neutron cross-section studies into a ~imple, fast, and flexible 
numerical computing system. This system is currently of significant. help 
in. the study of reactor performance and in particular in the extrapolation of 
experimental assemblies to high-power reactors. 

NEUTRONICS. OF THE GASEOUS REACTOR 

The use of a heat absorbing gas, seeded hydrogen for one, to contain 
very hot gaseous fissionable material removes one basic limit to the attain
able temperatures that might be reached with fission energy as the driving 
heat l=!Onrce. This limit, due to the stress yielding point of solid materials, 
is presently a basic obstacle to the use of nuclear fission energy for the 
source of very high gas temper;:tture. Accordingly a gaseous container backed 
by solid materials, behind the large temperature difference that can. occur ~n 
radiation absorbing gases, is conceptually interesting. The area of study 
shifts from an approach to maximum attainable temperature in solids (that 
retaip. the fuel very well) to geometries that minimize critical reactor fuel 
concentration. This is because the fuel loss rate for gaseous systems can 
be large and is at least proportional to the fuel concentrations. Once the 
criticality problem is in hand, the problem area shifts to that of fissionable 
fuel conservation. 

Iri this note the effects of simple and complex geometries on critic~ 
concentration are computed for the most f:Unniar fuel u235 , with the reservation 
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that u233 and ~239 will have somewhat lower values qf concentration. The 
effects of different geometries on criticality are then pointed out for the 
conceptually simplest situation, that of a single large rocket power plant. 
The same problem areas will be found in the use of nuclear power for gen
eration of very high gas temperature ,for laboratory use, with the exception 
that the heat dump problem is smaller. This same gadget can be developed 
as a sman system with low critical mass and volume of hydrogen propellant 
simply by shifting t<? smaller radii on the figures. Since criticality is closely 
connected with rocket regction design, some space will be spent on design 
ideas. 

Criticality 

Criticality is connected with geometry and with moderating and struc
tural materials. Minima in critical mass are reached with small cavity fuel 
critical concentrations. This is illustrated by Figures ·1 and 2 for the two 
types of systems. Figure 1 shows the effect of u235 critical concentration 
of (filled) gaseous spherical cavity radius reflected by Be, C, or D20. The 
same· variables are shown (dotted line) for a homogeneous sphere of u235 and 
Be. Figure 2 shows the critical concentration of u235 in homogeneous spheres 
of moderator Be, C, or D20. Both systems have critical concentrations of 
u235 near 1018 atoms per cc for large (300 em) radii. 

Neither the gaseous cavity nor the homogeneous reactors described in 
Figures 1 and 2 approach the "gaseous reactor" condition, since this is de
fined as a gas contained by a gas. Figure 3 shows the first truly gaseous 
reactor, if an annulus of hydrogen can be visualized between the "cold" wall 
(located ·by the intercept of dotted and solid lines) and the restricted u235 

gas radius located by any point on the solid line. The hydrogen. (Or any 
other heat absorbing gas) is the container. An or.der of niagnitude increase 
in u235 concentration is req~ired for criticality with; perhaps, 10% of the 
area filled with the fuel and 90% by the "container" gas (presumably hydro
gen for a rocket). 

The development of a gaseous reactor from a homogeneous geometry 
(Figure 2) is indicated to be easily feasible using the results of Figure -:1. 
This shows the radius of a fi~sionablc gas in a cylindrical. cell to not affect 
criticality in first order above area ratios of fuel to cavity of about 1/100. 
By way of a heterogeneous cylindrical geometry shown in Figure 5 (equiva
lent to a homogeneous geometry according to Figure 4) we reach a. "gaseous 
reactor" shown in Figure 6. A geometry such a~ thi.s was reduced to a 
section shown in Figure 6b from homogeneous reactor dimensions~ A two
dimensional ca;J.culation must agree with the critical u235 concentration 
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.. obtained by an area ratio factor on fuel concentration from the simple sys
tem. This reduction is illustrated below under the design section. A sum
mary of the criticality situation at this point in the discussion is shown in 
Figure 7. The simple cavity and homogeneous reactors are shown by solid 
and dotted lines, respectively. A multiple cavity described as a simple 
homogeneous reactor can suffe~ from radial streaming effects so two 6-
cavity "homogeneous" critical points are shown for 40-cm-radius cylindrical 
cavities ·in a 160-cm-radius cylinder (DB2 axial = to-4). The simple annular 
geometry obtained from Figure 6 by using an island (Be) and a reflector 
(Be) as inner and outer bounds of a "gaseous reactor'' is shown by circles 
(critical mass by dots) as an intermediate position. Critical mass (per 
100 em length) in each of the six cavities is shown by the diamond. Clearly 
there is little cost associated with internal details; in fact the cost of re
moving moderator is small, for a thick reflector. 

Summary remarks, as a review of the situation of neutronic design of 
gaseous reactors, ~an .be made. The resUlts above of a quantitative if not 
specific nature show that a gaseous reactor can be designed with either the 
simple or multiple cavity geometry. The selection of the better type cannot 
be made solely on neutronic arguments, since . both have roughly the same 
critical mass and size. The physical properties of the gaseous reactor con
nected with radiation transfer, flow stability and gas mixing, and fuel con
servation techniques are also fundamental; and a few qualitative arguments 
will be indicated below. 

Heat Balance 

The total heat QT generated by the fissionable fuel is deposited in 
large part in the fuel from which it is radiated to the surrounding gas. 
Two to 5% l~ deposited in the moderator and structure by neutrons (slowing 
down) and gammas (n, y, and decay product reactions). A larger energy 
sink· is that due to fuel conservation. The heat of condensation of uraniwn 
is h = 110 k cal/mol = 4. 75 eV /atom. If all of the fuel were to be sepa
rated by condensation the thermal heat sink (Q = NkT) required would' in 

addition be Q(U) !:>! ~~~ QT (where N is the number of atoms) if fuel and 

hydrogen were heated to approximately the same temperature. Q(U) is small 
only for a small fuel area fraction in the gas flow, if all the fuel N(U) is 
cooled and condensed for retention. Since there is a relatively small amount 
of heat available for cooling in a simple hydrogen exhaust cycle - the heaf 
absorbed while heating hydrogen by a solid heat exchanger to its maximum 
temperature, say 2300°K - only about 10% of the total heat absorbed before 
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exhaust is available for auxiliary cooling. In other words, the heat made 
sink available by initial heating of the "containing" gas, hydrogen, is not 
large enough, roughly by the amount required to condense the fuel from gas 
to liquid in its own loop. This adds about 4 eV per fuel atom to the energy 
(kT C>! 2 eV) of the fully heated gas. 

The. flexibility of gaseous reactor design parameters at this point per
mits moving out of th~ heat balance dilemma in three ways. First, areas 
and temperatures can be moved by significant amounts toward a more favor
able de-sign. The insensitivity of the multiple cavity concept to geometry 
:Permits these changes with small effect, and we move in that direction. 
Second, recognition that molecular evaporation requires less heat significantly 
reduces this problem if UF6 (h C>! 7 ld.local/mol or 0.3 eV /molecule), for 
example, can be used; also H20 rather than H2 adds 10 kilocal/mole of heat 
sink. Third, the coolant gas heated to perhaps 0.2 eV can then be (waste
fully) ejected in part. 

Gas Density 

The lower limit to gas density in a gaseous reactor is set by the 
criticality requirement •. This is connected strongly to geometry and tern- . 
perature if the (room temperature) reflectors used for the evaluatiOJ:lS above 
are to be strongly heated. The gas density to be used can be set approxi-· 
mately by noticing that a factor of. 100 in temperature (to 2 eV) causes a 
factor of 100 in pressure (to perhaps 100 atmospheres) for constant atomic 
density. This value for hydrogen (5.4 x 1019) is shown on Figure 7 for r~f
erence. It is clear from Figure 8, showing critical fuel atomic density vs 
bare reactor weight, that little i.s gained in going below 2 x 1018 atoms/cc 
(U235) for the homogeneous reactor condition. This is seen more clearly by 
noting that the near-asymptotic (from Figure 4) · rea.ctor to fuel· area ratio of 
35 gives an atomic density ratio N(U)/N(H) = 1. In particular, this ratio is 
unity for a 11-cm-radius fuel cylinder· iri a 40-cm-radius H filled cavity 
(this is the gaseous reactor shown in Figure 6) as an assembly of six in a 
160-cm-radius Be moderator geometry. 

We 
at 

This point, and a perturbation to 14.7 em, is shown in Figure 7. 
note that an area factor of 35 raises the critical concentration of fuel 
160 em reactor radius from 1.5 x io18 to 50 x 1018 per cc (that of H2 at 
STP) for relatively small axial neutron escape (length C>! 300 em) • 
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Geometry 

Holes in the moderator-reflector are costly in terms of keff• Experi
mental variation in hole diameter in a 50-em-thick 0 20 reflector is shown 
in Figure 9. A computed point is shown for ·40-cm diameter. The exhaust 
port end of a cavity reactor should have a large 6k associated with it, also, 
although the magnitude would be reduced by the natural displacement of the 
neutron flux profile toward the colder, inlet end. No evaluation has been · 
made as yet of fast neutron vs thermal neutron streaming effects. 

Summary 

The general characteristics of gaseous reactors include simplicity and 
sensitivity to any neutron sink, whether by structural material absorption or 
streaming through holes. The one-cavity reactor will tolerate relatively 
small fuel radii. Low fuel atomic densities are consistent with large re
actor sizes, with both types having roughly the same values of fuel concen
tration near 300-cm radius. Neither type is clearly better with regard to 
reactor neutronics. 
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