ATRCRAFT NUCIEAR PROPULSION

As you all know, there is a large scale national effort in progress in the
field of airecraft nuclear propulsion. We would like to discuss briefly some of the
advantages and disadvantages of nuclear flight and the NACA's contribution to the
national effort in this fielde

The goal of the aeronautical engineer has always been to fly farther, faster,
and higher., The exploding of the first atom bomb made his dreams seem possible,
He saw a few pounds of uranium release enough energy to fly his fuel hungry super-
sonic airplane around the world many times without refueling.

He soon realized, however, that there were some disadvantages to overcome be-
fore he could use this new energy source. The first slide shows the familiar fission
process, A neutron causes the uranium atom to fission producing two large fission
fragments, two to three neutrons, and alpha, beta, and gamma radiation. An appre-
ciable fraction of neutrons and gamma rays escape from the nuclear reactor. Heavy
shielding is required to protect the crew from these neutrons and gamma rays. The
burden of carrying this heavy shield is the first major disadvantage which must be
overcome in order to achieve nuclear flight,

The next slide shows a schematic diagram of a nuclear reactor and its shield,
The uranium is contained in the fuel elements shown here. Coolant enters the reactor
sre, is heated in passing over the fuel element, and emerges here.

The simplest nuclear engine is the direct air cycle turbojet which is shown on
the chart to the left. The air from the compressor is heated by the reactor, passes
through the turbine and out the exhaust nozzle, producing thrust. Actually several
turbojet engines would be powered by one reactor., The reactor replaces the combustion
chamber of the conventional engine. However, in the combustion chamber, the erergy
is produced directly in the air stream which is hotter than the walls of the com-
bustor. These walls can even be cooled if necessary. 1In the nuclear reactar the
energy is produced in the walls of the fuel element and these walls are hotter than
the air stream. Therefore, the difficulties of obtaining high turbine inlet temper-
atures are increased because the reactor walls have to operate at a higher tempera-
ture than the air stream. The problem of attaining hi gh gas temperatures in spite
of still higher reactor wall temperatures is the second major problem which must be
overcome in order to achieve nuclear flight,

To get a better feel for the two major problems of nuclear flight, shield
weight and temperature, let us examine the perfarmance of a large chemical airplane.
In the next slide, the weight distribution of a conventional airplane is plotted
as a function of flight speed. The total airplane weight is shown as the horizontal
line, Structure and payload take up 50 percent of the airplane weight . This leaves
50 percent of the weight for engine and fuel. The engine weight variation with
flight speed is shown by the widening yellow area. A reasonable design speed for
the airplane is shown by the vertical dotted line. The range of the airplane would
be about 3000 miles. '
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If we wished to replace the chemical engine in this airplane with a nuclear
engine, our engine weight would be increased by the weight of the reactor and shield.
If the reactor and shield weight were no more than the fuel weight, this would be
possihle siqce the weight of the nuclear fuel, uranium, is negligible. The nuciear
air ane could fly at the same speed as the chemical plane, but its rgnge uould be

d. However, if the weight of reactar and shield exceeded the wei.ght. of the
fuel, the nuclear plane would have to fly at a slower speed. If the reactar and
shield were too heavy, the plane would not fly at all.

, So far we have not talked about turbine inlet’ ’m':m[:>eJ:°atw:'eo If the pmblem of
high reactor wall temperatures limited the nuclear engine to turbine :Lnlet t.qnpera-
tures lower than that of the chemical engines, then more engines or larger engines
would be necessary, and there would be less weight. left over for the reactor and
shield. Here again are the two major probiems in achieving nuclear ﬂight. The
shiald weight must be kept lows the turbine inlet temperature must be kept high.

We will first discuss the problem of a‘htainixg the highest possihle turbine
inlet temperature. We have seen that in a nuclear reactor; heat is generated
direéctly within the material of the fuel elements, which are the ottest part of a
nuclear propulsion system. Our ﬁrsb te mper ature limitation is then due to the
materigl from which we fabricate our fuel elements. High temperature material
problems and their characteristics are discussed in greater detail at’ the Ma,t.erials
Reaearch Exhibit,

At any given state of materidls technology, asronautical engineers must accept
the tenperature limits of the materials available, and do the best they can with
them Our goal is to produce the highest pmssible turbine inlet tanperatqre with
the materials available. . ;

: Quite obviously, we will obtain the highest air temperature if the reactor is
so designed that every square inch of every reactor fuel element is operating at
the maximum allowable temperature. Reactors, unfortunstely, do mot naturally pro-
duce uniform fuel element temperatures, besause the power is not generated unifonnlyo
For instance; in a reactor with uniform wanium distribution, the radial and axial
power is generated in a peaked fashion as illustrated. The corresponding fuel
element temperature distribution shows that only a small poartion of the center is
operating at the limiting temperature. The average fuel element temperature might
be only two-thirds of the maximum fuel element temperature. This, of course, would
result in a low turbine inlet temperature even though the reactor is made of mate-
rials to withstand very high temperatures,

We have made a movie of a demonstration % illustrate one way of improving this
condition. Here we see an assembly of graphite blocks. A number of neutron sources
are arranged within the assembly to simulate the neutron flux that would exist in a
reactor with uniform uranium distribution. Neutron flux is closely related to power
density.
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One of the neutron sources is seen being inserted into the graphite assembly.
A neutron counter is located in the hole in the center. It will be moved through
the assembly and the variation of neutron flux will be shown on a strip cha.rt. As
we said before, the neutron flux is clogely related to power density. = '

We should expect a peaked curve as illustrated in the previous slide. The trace
is approaching the center where the maximum power production occurs. For this varia-
tien of power density, the average wall temperature might be only tm-thirds of the
maxlumm wall temperature as discugsed previously.

 Now, tha som'ces have been moved to simulate red:.stribution of uranium. We
will attempt to produce a flatter power distr:.bution by deing this. The oounter
again moved through the graphite assembly. We notice already that the trace is
approaehing the peak power sooner. The peak, in addition, has been broadened, so
that more of the fuel elements will be closer to the 1imit.ing temper at.ure. The
average fuel element temperature for this case would be increased to perha.ps 85 per-
cent of the maximum wall temperature. The turbine inlet temperature would be in-

ereased, which means that owr nuclear engine will have ‘much improved pa'fa'mance. ]

This demonstratien illustrates one method of increasing the turbine inlet
tempera:tnre for a given fuel element temperature. Other methods cmsist of varia-
tion in the coolant flows and coolant passages throughout the reactor to give more
uniform temperat.ure distrlbutlon in spite of ths nonuniform power distributim.

Now that we have considered the problemef attaining high temperature, we will
turn to the other problem - low shield might., ‘This problen will be discussed by
the next ‘gpegker.

We will use a simple demonstration to review sgme of the basic principles of
shielding and one of the well established techniques for reducing shield weig ht,
shield shaping. We have here a model of an airplane. This source of gamma - and
neutron radiation will represent our reactor, located in the fuselage. The crew
will be represented by radiation detection instruments located in the nose of tle
airplane. The neutron and gamma doses received by our imaginary crew will be in-
dicated on the dial gages. First let us place our reactor in the airplane with no
shield. We see that both gages go campletely off scaley, indicating a prohibitively
high dose to the crew,

Now we will place some lead shielding around cur reactor. You see the gamma
dose is greatly reduced, while the neutron dose is virtually unaffected. By addi-
tion of material containing lots of hydrogen around the reactor, we can also bring
our neutron dose under control. In this case we are using paraffin as our neutron
shield. When it is in place around the reactor, and the reactor is set into the
airplane, the neutron dose is greatly reduced. Greater thickness of lead and
paraffin would further reduce the dose.

So far we have seen that to stop gamma radiation we require a very dense mate-
rial such as lead. To stop neutrons we need samething with lots of hydrogen atoms
in it. We used paraffin, but other materials such as water or hydrocarbons would
also work,


http:react.or

Aircraft Nuclear Propulsion SN

Our shield so far is almost equally effective in all directions. Perhaps the
weight can be reduced by removing shield from behind the reactor; leaving only that
between the reactor and crew., We will do this. As you see;, both dose rates increase
even though we have retained full thickness of both shield materials between reactor
and crew., This is because radiation coming from the reactor can be reflected by
structural parts of the airplane, by air molecules, and by the ground. Part of this
reflected radiation gets back to the crew.

By replacing part of the shielding on the back of the reactor and thickening
the shield on the front, it is possible to bring the crew dese down to tolerance
with less weight than our original shield., We will, however, expose parts of the
airplane to higher radiation levels due to the thin shield behind the reactor.

Over-all shield weight can be further reduced by the concept of the divided
shield. This is illustrated in the next slide,

In this scheme a given thickness of shielding is removed from the reactar
shield; and the same thickness added around the crew compartment. This procedure
would not change the dose rate to the crew, A weight savings would result if the
crew compartment were smaller than the reactor shield assembly.

Shield division and shaping represent two methods for reducing shield weight
by altering the shield geometry. Further reductions might be expected by the use
of better shield materials. For instance, tungsten, which is denser than lead,
might be used to improve the gamma shielding. Hydrocarbons, which have a higher
ratio of hydrogen atoms per total weight than paraffin, could reduce the neutron
shielding. The gains are not spectacular however.

" Both shield tailoring and the divided shield concept, which we have used to
reduce the shield weight of our airplane, introduce problems due to the high levels
of radiation to which aircraft structure and equipment is exposed. Radiation, we
know, can cause changes in the properties of materials called radi ation damage. We
will use an alpha beam from the NACA cyclotron to demonstrate radiation damage. The
next slide is a photograph of the NACGA cyclotron. The beam of alpha particles
emerging from the machine travels down this tube, through a six foot thick concrete
wall, into the beam room. In the myvie sequenee you see a crystal of cesium iodide
inserted into the beam. This is the end of the beam tube you saw in the previous
slide. The crystal glows, indicating that its atoms, which are being bombarded by
alpha particles, are excitesd.

If the crystal is left in the beam for several minutes; permanent discoloration
will take place. The next slide shows the resuits of leaving a sodium chloride and
a potassium bromide erystal in the beam for several minutes. The middle crystal is
undamaged sodium chloride. Permanent coloration of these erystals is shown, in-
dicating a change in structure.

The mechanism of the discoloration process is the same as the process which
produces changes in the strength or ductility in structural materials,
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Another problem resulting from the interaction of radiation and materials is
that of activation. When neutrons collide with the atoms of shielding materials or
structural materials, reactions can take place which make these materials radio-
active. This, of course, complicates the shielding problem because additional
shielding thickness may be required to stop this secondary radiation. Also, activa-
tion of structural materials outside the shield makes maintenance and ground handling
of the airplane more difficult. These effects are especially annoying if the acti-
vated materials retain the radioactivity for long periods of time. That is, if they
have a long half-life. There is a continuing need for fundamental work to determine
the probability of reactions between radiation and materials, the type of secondary
radiation emitted, and the half-lives of the induced activities,

Activation is illustrated in the next movie. A piece of molybdenum is inserted
into the cyclotron beam operating at very low power and held there far a few seconds,
It is moved into a very sensitive counter which measures gamma activity. The oper-
ator is perfectly safe in handling this specimen because of the low activity induced
by the low beam power and short irradiation time. In this case, the strip chart
shows a fairly rapid decay of activity. We are studying these prob lems to determine
whether any given material will cause an activation problem if it is used in a nuclear
airplane. - |

This completes our discussion of the shielding problem. The next speaker will
discuss two topics: first, some of the nuclear engines other than the direect air
~'gycle turbojet, and second, the NACA's contribution to the national alrcrai‘t puclear
propulsion effort.

The previous speakers have discussed various aspects of the problems’ facing
nuclear propulsion. They have considered only the s:.mplest nuclear engine ;, the
direct air cycle turbojet. Other nuclear propulsmn schemes are feasible. For ex-
ample, the closed cycle turbojet shown on this chart atte:npbs to reduce reactar size,
and hence shield weight, by using a better heat transfer medimm to remove reactor
heat, The heat is transferred to the air of a turbojet cycle by means of a heat
exchanger. Two types of coolants of interest are liquid metals and hi gh pressure
inert gases. Because of the corrosiveness of 1i quid metals; this system is limited
to lower temperatures than the direct air system, which tends to offset the ad-
vantage of reduced shield weight. The use of inert gas permits high temperature
operation without corrosion. However, we now have an added weight problem because
of high pressure piping and heat exchangers.

The systems Just described represent methods for wsing nuclear energy in turbo-
Jet engines. Other air breathing engines, such as the turbine-propeller engine or
the ramjet, could be used. It is also possible to use nuclear energy for a rocket .
The next slide shows a nuclear rocket. A gaseous propellant is heated in a nuclear
reactor and ejected through a nozzle. The propellant is stored in liquid form in a
propellant tank and pumped through the reactor. Up to this point we had been con-
sidering manned aircraft. For missile applications, the shielding problem is less
restrictive but it is still present in that many of the missile components must be
nrotected from radiation damage,
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We have seen some of the problems which make the realization of nuclear flight
very difficult. The two major problems common to all nuclear systems are the ‘attain-
ment of high temperature and low shield weight,

There are several approaches which research can take to increase our under-
standing of the problems and to provide information for the solution of these prob-
lems. Materials Research will strive for higher temperature materials

Heat transfer and fluid flow research will enable us to operate closer to the
limiting temperatures and make more effective use of the meterials available., Heat
transfer research is currently being done with high temperature naterials such as
Mo, W, Rh, and C. It is necessary to determine how the mdlations emerging from
partially shielded reactors are scattered and c:a.ptur'ed(9 in order to refine the prin-
ciples discussed in the previous shielding demonstration. To supply mndament.al
information on these radiation effects on materials, the NACA has just put into
operation the 60-inch cyclotron you saw earlier,

To illustrate the information required from reactor research, let us suppose
we had a promising new fuel element that we wished to test. That is, we would like
to expose this new fuel element to the combined effects of actual internal heat
generation and temperature distribution, radiation damage, and coolant flow. We
¢ould build a full size reactor out of the new fuel elements, but this would be
hazardous and costly. Another approach is to place the new fuel element into an

nvironment similar te that which would exist in a full size reactar made up of the
uew fuel elements. To provide this enviromment a reliable research reactor with
test holes for placing the fuel element is required. Several such reactors exist
or are in construction. : '

To augment and expand our research efforts, Congress has appropnated funds for
the NACA to build such a research reactor near Sandusky, Ohio. The next slide shows
a cross section through the main reactor building., The water cooled reactor indi-
cated by the red area is located in a pressurized tank about 9 feet in diameter.,

The tank is located in the center of a water pool 70 feet in diameter. A contain-
ment tank 100 feet in diameter completely encloses the pool and reactor tank. The
next slide shows a horizontal cross section through the reactor. The reactor is
indicated by the rectangular area in the center. It provides neutron and gamma in-
tensities around it, comparable to that found in airecraft reactors. Experimental
fuel elements with their own cooling systems are inserted into the lrizontal through
holes. They can be ccoled with air, inert gases, liquid metal, or whatever is de-
siredo

The thermal colum to the right slows down neubrons leaving the reactor by means
of the graphite located here. The slow or thermal neutrons travel down the hole to
a plate which contains wranium=235. The thermal neutrons produce fissions and so
fission neutrons and gammas are produced at a point which is convenient for full
scale aircraft shield tests. Aircraft type shields cam be placed around this source
plate and the attenuating characteristics detemmineds
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The beam holes to the left supply high intensity neutron beams for fundament al
nuclear physics investigatians. Many other holes are available for irradiating
materials to study their characteristics in the presence of high intensity gamma
and neutron fields. This reactor will be ready for operation sometime in 1959.

This ends our discussion of the aircraft nuclear propulsion except for one
importent observation. Whether one is an optimist or a pessimist about nuclear
flight, the ultimate potential is sufficiently great that unrelenting efforts must
be made to attain it.
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