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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 cone heat exchanger using nuclear energy to produce a high

thrust propulsion t~ystem. 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 proceedings retain the informal character of

the meeting. Some of the material reported was work in progress and
therefore preliminary, and due caution should be exercised in using or quot-
ing results contained herein.

The bulk of tke material presented was unclassified (as determined by
the organizations making the presentation) and is included in the original
document. This supplement includes the classified material that could be
obtained. Togethe:r they make a reasonably complete but brief survey of the
field as of April 1964. Although
exchange of information among a

the proceedings will be useful to

the primary purpose of the meeting was an
few workers in the field, it is hoped that
others who were unable to attend.
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VORTEX-STABILIZED GASEOUS NUCLEAR ROCKET

George H. McLafferty and William M. Foley
United Aircraft Corporation Research Laboratories

Hartford, Connecticut

Work on a vortex-stabilized gaseous nuclear rocket was initiated in
1959 under company sponsorship. Certain phases of this work were sup-

ported by Edwards Air Force Base from 1961 through 1963, and continued
support of this project has come from the Space Nuclear Propulsion Office
since 1963. The Space Nuclear Propulsion Office has also supported the
work on the nuclear light bulb which I described yesterday.

our talk today will be divided into four parts. The first part will deal
with a description of the engine concept, and the second will cover a descrip-

tion of our work on radiant heat transfer. The third part will cover the

major phase of our work, which is the fluid mechanics aspects of vortex
flow, and which is the most crucial problem to be overcome in investigations
of a vortex-stabilized gaseous nuclear rocket. Bill Foley will give this third
part of our presentation, and Bruce Johnson is here to answer any questions
that stump both Bill and me. The fourth part of our presentation will be an
attempt to put all of the various technologies together to see what kind of a
rocket might be made, what kind of performance it might have, and what
conditions

PART I -

The

we have and have not simulated in our work.

DESCRIPTION OF ENGINE CONCEPT

principle of operation of a vortex-stabilized gaseous nuclear rocket
can be understood by referring to the first of today’s slides, which is UAC
Slide 1. The moderator walls form a vortex tube which is symmetrical about

the centerline. Hydrogen is injected tangentially near the outer periphery of
the tube and spirals radially inward and along the tube until it passes out
the annular exhaust shown on one end of the tube. This hydrogen is seeded
and heated by thermal radiation from gaseous nuclear fuel which is shown
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as an annulus near the centerline of the vortex tube. Our calculations indi-
cate that approximately 1% by weight of seeding material is required in the
hydrogen propellant in order to make the propellant sufficiently opaque that

the heat transferred to the wall becomes approximately 0.1% of the heat
radiated from the nuclear fuel annulus.

The rotational flow within the vortex tube in a full-scale engine will
create a centrifugal acceleration of approximately 30,000 g 1s. This centrif-
ugal acceleration influences three different regions of the vortex tulxx the
region near the outer wall, the region at the interface between the hydrogen

propellant and the nuclear fuel, and the nuclear fuel region itself. In the
outer region the centrifugal forces stratify the fluid according to its tem-
perature, causing the cold gases to stay near the wall and the hot gases to
stay near the inner edge of the propellant region. This tendency toward
stratification also l;ends to prevent turbulent mixing at the shear interface
between the fuel and propellant regions. According to theory, the tendency
to overcome unstable Helmholtz waves at this shear interface due to accel=
eration forces and density gradients is described by the Richardson number.
Our theoretical calculations indicate that we should expect laminar flow in
this shear region for some conditions as a result of the stabilizing influence
of centrifugal force.

In the fuel region , one might normally expect instabilitiess because the
density of the nuclear fuel is obviously greater than the density of the hy-
drogen propellant at the outside edge of the fuel-containment region. I don’ t
want to get into Bill Foley rs presentation too much, but the basic principle
is of considerable interest in the radiant heat transfer discussion. In our
tests, we cause the simulated nuclear fuel to rotate with less angular mo-
mentum than the simulated propellant by injecting the simulated nuclear fuel
into the fuel-containment region with little or no angular velocity. The ef -
fective density of the fluid is proportional to the product of mass density
and centrifugal acceleration. The simulated gaseous nuclear fuel ?feels !!
light because it has low centrifugal acceleration, while the light simulated
propellant “feels” heavy because of high tangential velocity and high centrif-
ugal acceleration. Bill Foley will show you movies of heavy gas suspended
in a vortex of light gas in Part III of this presentation.

A last point in the description of the engine concept is that vortex
flow naturally provides a secondary flow passing down the end walls of the
vortex tube. This flow will serve to protect the end walls from axial radi-
ant heat transfer in a full-scale engine. However, it may be necessary to
inject additional low-angular-momentum flow in a full-scale engine as shown
in UAC Slide 1 in order to provide added protection for the end walls.
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PART II - RADIANT HEAT TRANSFER

Our work on radiant heat transfer has included theoretical investiga-
tions of the opacity of gases at high temperatures, theoretical calculations
of temperature distributions in a gaseous nuclear rocket engine, and experi-
mental investigations to determine the opacity of particle seeds. The theo-
retical calculations of gas opacity have considered both the opacity of hy-
drogen and the opacity of nuclear fuel.

Calculation of hydrogen opacity first requires knowledge of hydrogen
composition, including the population in all excited states. From calculations

of composition we have determined the spectral opacity due to bound-bound
transitions, bound-free transitions, and free-free transitions. At low tem-
peratures, the main contributor to opacity over a wide part of the spectrum
is the wings of the hydrogen Lyman-alpha line. This result is due to the
high pressures of 500 to 1000 atm which we expect to exist within the en-
gine. The high density due to these high pressures spread the Lyman-alpha
line over a wide part of the spectrum.

In determining the opacity of gaseous nuclear fuel, we have set up a
model fuel atom in which we have assigned ionization potentials and energy
levels for excited states. We have calculated the composition of nuclear
fuel, including the fraction of the electrons in the different excited states.
We have determined the opacity due to bound-bound transitions between dif-
ferent excited states, bound-free transitions from each of these excited
states, and free-free transitions. One result of the calculations is that the
electron density is sufficiently high to spread out the wings of the lines re-
sulting from bound-bound transitions so that the opacity due to the lines is
effectively a continuum. We have used these results both in calculation of
spectral radiant heat transfer and of overall radiant heat transfer by tech-
niques which employ opacities averaged over the complete spectrum.

One result of the opacity calculations is that the opacity in the high-

temperature region near the center of the vortex tube is extremely high.
The average photon mean-free path in this region varies from approximately
10-3 cm to 1 cm.

The spectral opacity of hydrogen in the visible portion of the spectrum
is negligible at temperatures up to approximately 10,000 R. Therefore, we

need some kind of seeding material to make the hydrogen opaque so that it
will absorb energy and permit its temperature to be iricreased to a temper-
ature of approximately 10,000 R. Our calculations indicate that the most de-
sirable seed is composed of a large number of very small particles. These
particles must be made of materials which will not combine chemically with
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hydrogen, such as tungsten or tantalum. We will discuss measurements we
have made of the opacity of particles later in the talk.

Our calculations of temperature distribution in the engine have been
made on the basis of a heat balance at each position in the engine. The
need for such a heat balance was mentioned in a question raised concerning
a preceding paper. In the propellant region, we match the heat deposited
by thermal radiation to the heat carried away by convection. In the fuel
region, we match the heat carried away by radiation to the heat deposited
by the fissioning fuel. This heat deposited by the fissioning fuel is assumed
to be proportional to the local density of the fuel.

One result of our calculations is that very high temperatures are en-
countered near the centerline of the vortex tube due to the high opacity or
low photon mean-free-path in the high-temperature region. It is not a matter
of creating energy in the center and hoping that this energy will be absorbed
before it reaches the wall. Instead, each radial layer within the engine radi-
ates energy to the next layer which absorbs and reradiates the energy to a
succeeding layer. This continued absorption and reradiation occurs many
times before the energy which is created in the center is transmitted to the
propellant region.

The seeding of the hydrogen propellant near the wall does not appear
to be the major problem. Our work indicates that 1% by weight of particles
will provide an ejfective absorption coefficient of approximately one reciprocal
centimeter. In 10 cm, or approximately 2.5 in., the energy flux may be re-
duced by a factor of e10. Therefore, it takes very few centimeters of cold
seeded hydrogen to substantially reduce the heat transfer to the wall.

Question: what?s going down the middle ?

Answer: A certain amount of hydrogen will diffuse through the fuel region
and come out on the centerline of the vortex tube, although diffusive flow
tends to be quite small in an engine of this type. However, in vortex flow
there is a substantial amount of secondary flow running down the end walls
which has to be pulled out one or both ends of the vortex tube. Our fluid
mechanics tests show that the vortex flow in the fuel-containment region is
fairly insensitive to whether we take the end-wall boundary layer flow out
one or both end walls.

Question: There is a sort of fuelless region in the center?

Answer: There is a fueLless region in the center which you will see in the
movies which Bill, Foley will show you in a few minutes.

A typical calcLdated temperature distribution in a full-scale gaseous
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nuclear rocket engine is shown in UAC Slide 2. The curve shown on this

slide was calculated for a pressure of 1000 atm and a heat flux at the edge
of the fuel of one million BTU/sec-ft2, which is approximately 1000 MW/ft2.
The high temperature near the centerline, approximately 140,000 R, is re-
quired by the high opacity of the gases in the fuel-containment region and in
the inside edge of the propell~t region. The temperature gradient at one
point in the propellant region is on the order of a million deg/cm. The
reason for this high-temperature gradient is that the hydrogen gas in this
region is extremely opaque. The effective radiation thermal conductivity
from a Rosseland mean opacity analysis is approximately equal to the ordi-
nary thermal conductivity of copper or aluminum at room temperature, which,
with the high heat fluxes in the engine, is practically an insulating value of
thermal conductivity. The insulating effect of the low radiation thermal con-
ductivity is the factor which forces the temperature at the centerline to very
high values. Once the gases are very hot, they become less opaque for two
reasons: the density is decreased, and the spectral heat flux occurs at
higher photon energies where the spectral opacity is reduced. In addition,
there is the T3 effect on radiation thermal conductivity. Therefore, once
these high temperatures are encountered, the temperature gradients are
relatively small.

These high temperatures were very disconcerting when we first ob-
tained results from our temperature distribution calculations, and we checked
our calculation techniques very thoroughly. However, the reasoning in which
we considered medium-temperature hydrogen as an insulator finally convinced
us that such high temperatures were required in a gaseous nuclear rocket
engine of this type. For reference, the heat flux at the edge of the fuel
region in UAC Slide 2 corre spends to blackbody radiation at a temperature
of approximately 40,000 R or 22,000 K.

The temperature distribution can be understood by following a hydrogen
fluid element from the outer wall as it is heated by thermal radiation. The
hydrogen is injected through the outer wall at a temperature of 4000 to 5000
R after having been used to cool the moderator wall. ‘I’he temperature rises
abruptly to a value of approximately 9000 or 10,000 R as a result of absorp-
tion of thermal radiation due to the particles in the hydrogen. As the par-
ticles vaporize, the opacity drops and the rate of increase of hydrogen tem-
perature with distance decreases. The resulting plateau is similar to the
plateau which Al Kaszak showed you in a preceding paper. At a tempera-
ture slightly over 10,000 R, the hydrogen becomes very opaque, and the tem-
perature rises extremely rapidly to a value on the order of 60,000 to 80,000
R. One result of this rapid increase in temperature is that most of the heat

which passes across the edge of the fuel region is absorbed in causing the
large temperature rise in this region.

● ☛ 9** ● O* ● ● **

::lg:::
● e ● 90:: :

● * .*: ●:o ●0: ● 00

● ● ● 9● :: ● 0:
● 000, ●0:

●☛☛
●

●
●

9*

●⑤✚
● 9
.0
● m

● 0

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



9* ● 00 ● ● *
● am .O. ● 9°9 .

● 0 ● ** ● ** ● 00 ● 00 .*
W,ewa

● **9*9* ::
● **O ● 0● : ● ● 8

● ●:0 ● ●:0 :*. ● 9

Except near the end walls, we assume that the temperature distribu-

tion is independent of axial distance. Temperature is assumed to be inde-
pendent of axial dktance because the stratification due to flow rotation will
keep layers of the same temperature and the same density at the same
radius.

A temperature distribution of the type shown on this slide is calculated
by a complicated iterative procedure. In the first iteration, average gas
opacities are employed. A diffusion analysis is employed from the center-
line of the vortex tube to the radius at which the temperature is on the or-
der of 20,000 R. A transport analysis based on the use of average opacities
is used from this temperature to the wall of the vortex tube. We then in-
sert the first calculated temperature distribution in a machine computer
program which calculates the spectral heat flux at a number of different
wavelengths. Thifj main machine computer program uses the spectral opac-
ity of the gases which are present at each wavelength and at each tempera-
ture. It employs a spectral diffusion analysis if the gases are opaque, or” a
spectral transport analysis if the gases are relatively transparent. This
machine program then integrates the total heat flux at each station from the
calculated spectral heat flux. By comparing the total heat flux obtained by
integrating spectral heat flux and the total heat flux obtained from the anal-
ysis using average gas opacities, we calculate a quantity which we call a
radiation attenuation parameter which is related to the ratio of true total
heat flux to that calculated using average opacities. This radiation attenua-
tion parameter is then used to recalculate a temperature distribution using
modified average gas opacities. The temperature distribution shown in UAC
Slide 2 was the result of three successive iterations to determine tempera-
ture distribution.

The temperature distribution in UAC Slide 2 was calculated on the
basis of a radiant heat transfer of 106 BTU/sec-ft2 at the edge of the fuel
region, which represents approximately 24 x 106 BTU/see -ft of tube length.
The effect of heat transfer rate per foot of tube length on the temperatures
at the interface between the fuel and propellant regions and the centerline
temperatures are shown in UAC Slide 3. The values from the preceding
slide are indicated by the arrow on the abscissa of UAC Slide 3 and corre-
spond to an engine having a thrust-to-weight ratio of 20, a diameter of 10 ft,
and operating at a. pressure of 1000 atm. It can be seen from this figure
that a reduction in heat flux per unit tube length by one order of magnitude
causes a reduction in the temperatures in the engine by approximately
30,000 R. It can also be seen that the use of opacities associated with a
pressure of 500 atm also causes some reduction in engine temperature.
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Let us now consider the opacity of small particles. We express the
opacity of small particles in terms of square centimeters per gram. This

means that, if a gram of material having fairly large size particles were
sprinkled on white paper and a light beam aimed at the particles, the mea-
sured area of the particles f shadows in square centimeters would give us th.is

figure of square centimeters per gram. It is obvious that this figure of
merit should be as high as possible. The theoretical value of this param-
eter for graphite particles is approximately 70,000 cm2/g. The first tests
conducted at NASA Lewis with graphite particles suspended in water indicated

values of between 6000 and 12,000 cm2/g, or much less than that indicated
by theory. We also conducted tests which indicated low opacities relative
to theory. Both we and the personnel at NASA Lewis believe that the reason
for low measured opacities is particle agglomeration which causes some of
the small particles to hide behind neighboring particles and not provide the
theoretical contribution to opacity.

The object of our recent experimental program has been to cause de-
agglomeration of particles. To do this, we employ the duct arrangement
shown in the top of UAC Slide 4. We pass a particle-gas mixture through
a series of small holes having diameters of approximately 0.020 in. The
resulting particle-gas stream passes through a somewhat larger chamber in
which a light attenuation measurement is made. The opacity of the particles
is determined from the difference in light transmission with and without the
particle-gas stream passing through the light beam.

The extinction parameter of the particles is plotted as a function of
pressure upstream of the small nozzle in UAC Slide 4. An increase in
pressure causes an increase in velocity for pressures below the sonic pres-
sure ratio, and causes an increase in turbulence at all pressure levels.
Shown in this slide are data with nitrogen carrier gas and three different
nozzle lengths, and for a helium carrier with one nozzle length. It can be
seen that the opacity is increased either by an increase in nozzle length or
an increase in velocity as produced by the substitution of helium for nitrogen
as the carrier gas.

We plan to conduct additional tests at higlier pressures and with longer
nozzle lengths in an attempt to provide additional increases in particle opac -
ity. It is interesting to note that recent tests at the NASA Lewis Research
Center in which some aerodynamic shear was employed have resulted in
their obtaining extinction parameters pn the order of 22,000 cm2/g as com-
pared to between 6000 and

Question: Are you talking

12,000 cmz/g in their original tests.

about metallic particles or nonmetallic particles ?
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Answer: The particles employed in these tests were graphite because they
are easy to obtain. However, in a full-scale engine, graphite would react
with hydrogen. Therefore, in a full-scale engine we would have to employ
particles made of tungsten or some other high-temperature material.

Question: I had in mind that the opacity would depend on the electrical con-
ductivity of the particles. It makes a difference whether you use a metallic
or nonmetallic particle?

Answer: Yes. We are now in the process of calculating theoretical opac -
‘r a number of different particle materials using the Mie theory of
scattering. We also plan to conduct tests using different kinds of particles.
I believe Bob Ragsdale and Chester Lanzo from NASA Lewis have conducted
tests with tungsten particles which gave results which were not too much
different from the :results for graphite particles.

Question: How big is this small particle?

Answer: We hope to employ particles having radii on the order of 0.10
~ The nominal #ize of particles as purchased from a manufacturer
is on the order of 80 A. However, if these particles are observed in an
electron microscope, the particle agglomerates are often substantially greater
than a micron in diameter. We hope to reduce the average size of particle
agglomerates to approximately 0.10 micron.

Question: Don’ t they vaporize as soon as they get into the hot gas?

Answer: The particles will vaporize when they get to their boiling point
-s on the orcler of 8000 to 10,000 R. Below that temperature, the
particles will exist as a liquid, in which stage they should also provide sub-
stantial opacity.

Question: Is the molecular conduction of heat due to free electrons a sig-
nificant effect ?

Answer: No. A calculation indicated that molecular thermal conductivity was
several orders of magnitude less than radiation thermal conductivity.

Question: I don! t understand what you mean by a dashed line indicating
theory.

Answer: The dashed line in UAC Slide 4 indicates the results of c~lculations
made using the M& theory for particles having a diameter of 1000 A. The
experiments were made for a particle-gas stream which contained agglom-
erates of many different sizes.

Question: What about hydrogen pumping problems ?
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The turbopump is a major mechanical problem.

What pressure did you have ?

For 1000 atm pressure in the cavity, the pressure at the pump
exit is on the order of 1300 atm.

PART IU - FLUID MECHANICS

Our fluid mechanics work involves only low-temperature fluids and is
designed to demonstrate satisfactory heavy-gas containment at the density
ratios that would be present in a full-scale gaseous core nuclear rocket.
As an introduction, I want to present a short description of our test equip-
ment and our test techniques. After that I will discuss the flow patterns
which we observe in vortex chambers, before showing some iodine contain-
ment movies and telling you about the present test program which we have
underway. Some of the work that I will discuss, such as the description of
flow patterns, is going to be “old hat” to some of you since it is based on
results obtained a couple of years ago. However, because of the relatively
diverse backgrounds of this group, I thought that presentation of these other
results would pave the way for discussions of what we are doing in our
present test program.

The geometry of the vortex tubes which we use in the laboratory is
like the geometry of the vortex chambers for the rockets described by
George McLafferty. As shown in UAC Slide 5, two different configurations
are used; one we call the basic vortex tube and the other the axial-flow
vortex tube. In the basic configuration, a large mass flow is injected through
a single slot that extends the full length of the peripheral wall of the vortex
tube; most of this flow swirls around and is removed after one revolution
through a bypass screen. The remainder of the fluid spirals inward and is
removed through thru-flow ports located at the center of each end wall. We
use this arrangement because it allows independent adjustment of the tangen-
tial Reynolds number and the radial Reynolds number of the flow. When we
want to test something that more closely simulates the geometry of a full-
scale rocket, we go to the axial-flow configuration; the flow is injected in
the same way as for the basic configuration, but none of the flow is removed
through the bypass screen. Instead, all of the flow which would otherwise be
bypass flow is withdrawn axially through an annular exhaust port in one end
wall. Note that rl in UAC Slide 5 is the outer radius of the vortex tube.
This is the dimension which is used in the nondimensionalization of our test
data. The vortex tube length is six times this radius.
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The iodine injection duct, shown in UAC
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Slide 5, illustrates one loca-
tion which has been employed for iodine injection. With this configuration,
iodine is injected radially through a single duct in the peripheral wall and
falls radially inward and is trapped in an an.mdus near the center of the

vortex. We have also run tests in which iodine and other heavy gases have
been introduced in a number of other ways, such as through various stations
in the end walls and through a porous tube that runs the full length of the

vortex tube along the centerline.

Question: Is that slot extending over the full length of the vortex tube?

Answer: Yes, it runs the full length. It is a continuous, uninterrupted slot.
The same thing is true with the bypass screen. It is a screened area that
runs the full length of the tube and is used to remove flow after one revolu-
tion. This skims off the peripheral wall boundary layer.

Our tests fall into two categories. One category is the type of test
where we are simply trying to learn what flow pattern one obtains in vorte’x
tubes like these if fluid is injected and removed in the described manner.
Now, as you might suspect, this will not necessarily produce the character-
istics that are desired insofar as heavy-gas containment is concerned. Con-
sequently, we have also conducted tests which fall into a second category
where we attempt to modify the vortex so that it has the desired character-
istics. This is accomplished by a variety of techniques, such as varying the
effective skin friction of the end walls and introducing secondary jets through
the end walls. Many of our tests have been run using water as the working
fluid because the time scale in which the various phenomena occur is much
longer with water than it is with gases. Also, flow visualization is much
simpler with water than with a gas. Of course, when it comes to contain-
ment, we have to work with gases.

As those of you who have worked with rotating flows know, any probe
which is introduced into the flow produces a disturbance which creates a
convective cell. Therefore, except in the end-wall boundary layers, we have
not used the usual probe techniques that are common in hydrodynamics. In-
stead, we have hacl to resort to the use of neutrally buoyant particles and
dye as tracer materials. UAC Slide 6 is a photograph of some of these
neutrally buoyant particles in rotating flow. They are illuminated with a
chopped light beam. so that they appear as a series of dashes on a time ex-
posure. 13y counting the number of dashes and measuring the radius of the

particle orbit, the circumferential velocity can be determined. From the
pitch of the helices and the circumferential velocity, the axial velocity can
also be determined.. We have used this technique to map the flow fields

within vortex tubes for quite a number of flow conditions. Of course, many

I
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of the particle traces cannot be used for evaluating the local velocity since
they noticeably change radius during one revolution. We use only particles
which move in a constant-radius orbit.

Dye trace techniques, which are illustrated in UAC Slide 7, have also
been very helpful in determining the flow field characteristics. This is a
photograph of dye which has been injected into the basic vortex tube through
both end walls. The dye near the right end wall was introduced considerably
before the dye near the left end wall. As you can see, the dye is distributed
in sort of funnel-shape patterns. Note that the boundaries of the dye front
near the right end wall and the small front near the center of the vortex
tube are very well defined and are laminar in appearance. The dye near the
left end wall, which has been introduced much more recently, is at a larger
radius and is in the process of moving radially inward to take on a pattern
like the right pattern. The left pattern is much more diffuse because it is
near the outer radius of the vortex tube where the turbulence level is high.
We would envision containing the heavy nuclear fuel (in a full-scale rocket)
in the central region of the vortex where the well defined, laminar dye pat-
terns form. Similar results to those obtained with dye in a water vortex
have also been obtained by introducing smoke into air vortexes. Also, on a
few occasions, we have even gone so far as to introduce helium-filled soap
bubbles into an air vortex to obtain results similar to those shown for plastic
particles in a water vortex. This is a very cumbersome technique, however,
and has not been used to any extent.

The data from the particle- and dye-trace techniques can be used to
map the flow field, as shown in UAC Slide 8. The lines in this slide are
not actually streamlines; they are the cross sections of stream sheets.
However, for convenience I will refer to them as streamlines. If a sub-
stantial fraction of the injected flow is removed through the ports at the
center of each end wall (i.e., as thru-flow) a streamline pattern like that
shown in the upper sketch is obtained. Note that although the thru-flow is
ejected along the entire length of the vortex tube, a major portion of it runs
over to the end walls, enters the end-wall boundary layers, and is carried
radially inward along the end wall and out through the thru-flow ports in the
end walls. Only the flow introduced at the very center of the vortex tube
actually passes all the way to the center through the main vortex flow. This
characteristic of most of the flow entering the end-wall boundary layers is
typical of vortex tubes over a wide range of operating conditions. U the cir-
cumferential velocity at the outer radius of the vortex is held constant and

the thru-flow is reduced to a small value, a streamline pattern like that
shown in the lower portion of UAC Slide 8 is obtained. In this case, all of
the radial flow will enter the end-wall boundary layer at some point. Near
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the center of the vortex tube some of the flow leaves the boundary layers
and flows radially outward setting up the convective cell.

Question: You have high ratios of tangential to radial Reynolds numbers?

Answer: Yes, the tangential Reynolds number is about 1000 times the radial
Reynolds number, based on the velocities at the periphery of the vortex tube,
for the lower sketch in UAC Slide 8. The local radial Reynolds number in
the central region of the vortex goes to zero at one radius and then becomes
negative within part of the vortex.

The reason :Eor the convective cell is very simple. The flow that is
adjacent to the end walls is slowed down by the end-wall shear. The flow
in the central region of the vortex has a substantial radial pressure gradient
which balances the centrifugal force acting on the fluid elements. Since the
boundary layer is thin, the same radial pressure gradient exists there as in
the central vortex; and the slow moving boundary layer flow is accelerated,
radially inward. Once all of the radial flow has entered the end-wall bound-
ary layer at some radius, shear also becomes very important in the central
vortex. As a result, the radial pressure gradient changes so that at an inner

radius there is no longer sufficient pressure gradient to continue accelerating
the boundary layer flow. Boundary layer outflow then occurs, and a convec -
tive cell is established. The next two slides help to illustrate this process
in greater detail.

UAC Slide 9 illustrates typical boundary layer profiles obtained by pitot
probe techniques. On the left is a sketch of the circumferential component
of velocity plotted against distance from the end wall, and on the right is a
graph of the radial velocity plotted against distance from the end wall. The
circumferential velocity has a boundary layer profile very much like that
which is obtained for a flat plate. However, the distribution of the radial
component of velocity is quite different. Near the wall the velocity rapidly
increases from zero to a very high velocity. At greater distances from the

wall, it slowly decreases to the free-stream radial velocity at the outer edge
of the boundary layer, which is usually very small. Note in particular that
the maximum radial velocity is of the order of the tangential velocity, which
explains why so much mass flow is carried inward through the end-wall
boundary layers.

If one calculates what the boundary layer, or secondary, mass flow
distribution will be for a low radial Reynolds number, you obtain a result
like that in the upper curve shown in UAC Slide 10. The mass flow in-
creases with decreasing radius until a maximum is reached and then de-
creases again near the center of the vortex tube. One of the big surprises
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to us when we
kept indicating
layer than the

calculated the mass flow distribution was that our calculations
that for some cases there was more flow in the boundary
total flow injected at the periphery of the vortex tube. This

did not seem plausible until we constructed streamline patterns like that
shown in the lower half of UAC Slide 10. Then the reason for the large
mass flow at intermediate radii became obvious. A cell forms which con-

tains a substantial amount of trapped fluid that continuously recirculates.
Recirculation cells of this type occur in vortex chambers for a wide range
of operating conditions. These recirculation cells are undesirable since they
convect fluid axially from the central region of the vortex tube to the bound-

ary layers. If an attempt is made to contain a heavy gas within the cell,
sufficient mixing occurs in the end-wall boundary layers to lose a substantial
amount of the heavy gas. Consecpently, we would like to eliminate or at
least control the axial convection so that it does not cause a high fuel-flow
rate. As a resnlt, we have devoted considerable effort to the control of end-
wall boundary layers in an effort to achieve more desirable vortex flow pat-
terns.

The upper sketch in UAC Slide 11 illustrates one such desirable flow
pattern. First, since an end-wall boundary layer always forms, most of the
radial flow would be allowed to enter the end-wall boundary layer at a large
radius. The problem is then to keep this flow in the boundary layers so that
a convective cell does not form. Jf one adds sufficient friction in the proper
distribution to the end wall, this result can be achieved. Then, only the flow
injected near the axial midpoint of the tube would flow through the fuel-
containment region and at a very slow inward velocity. The axial velocities
in the fuel containment region would be zero. In fact, it may even be de-
sirable to reverse the direction of flow in the central region of the vortex
by putting the fuel in along the centerline and letting it move radially out-
ward. I would like to return and discuss the lower sketch in UAC Slide 11
later.

We have devoted a considerable amount of effort, both theoretical snd
experimental, to the control of end-wall boundary layers. In the tests that
we ran initially, we introduced the additional skin-friction by installing pro-
truding rods on the end wall. More recently, we have used distributed suc-
tion on the end walls. Neither of these techniques are proposed as suitable
means for controlling the end-wall boundary layers in a full-scale rocket.
Because of the problem of cooling the end walls on a rocket, injection bound-
ary layer control will be required. However, the distributed friction and
suction techniques are simpler to employ. Since we wanted only to demon-
strate that the desired flow characteristics can be achieved, the simplest
control techniques have been employed.
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UAC Slide 12 is a photograph of a dye pattern in the basic vortex tube
with distributed-friction flow control. Just seconds before the photograph
was taken, dye pulses were injected from both end walls. They are visible
as diffuse dye clouds near both end walls. UAC Slide 13 is a photograph of
the vortex tube neaxly an hour later. Clear water has been injected contin-
uously at the outer periphery during the entire period and withdrawn from

the ports in either end wall. No more dye has been added. The dye has
very slowly been diffused or convected toward the center of the vortex tube
so that the entire central region now contains some of the dye. This central
region of the tube obviously has at most a very slow convective veloci~ or

this dye would not have been trapped there for an hour in such a large an-
nular region. Actually, we have waited for an afternoon and still had a large
cylindrical dye region within the vortex tube at the usual operating condition
of a tangential Reynolds number of 70,000. It is particularly interesting to
note that even near the end walls the dye has not been convected from the
vortex.

Question: This is all the same density, is it not?

Answer: Yes, this is a constant-density flow. The water vortex tests are
only to determine streamline patterns and to determine what can be done to
alter the se patterns.

May I return again to UAC Slide 11. The lower sketch illustrates a
typical streamline pattern in the axial-flow vortex tube determined by particle-
trace techniques. Most of the injected flow is removed through the annular
exhaust port in the right end wall, and only a small amount is withdrawn
through the ports at the center of each end wall. The flow introduced near
the left end wall runs into the left end-wall boundary layer. However, over
most of the length of the vortex tube, the flow turns toward the right end
wall and is carried. out through the annular exhaust port. A small amount
of flow at the right end wall enters the end-wall boundary layer just inside
the radius of the exhaust port and then comes back out of the boundary layer
and forms a counterflow region. Some of this counterflow actually travels
the length of the vortex tube and enters the end-wall boundary layer on the
left end wall. Just as in the basic vortex tube, the flow pattern in the cen-
tral region of this vortex tube is quite complicated, but it is important to
note in particular that the region of high-axial-velocity flow toward the axial-
flow end wall is confined to the outer portion of the vortex tube. The cen-
tral region of the vortex again contains low axial velocities, although they
are somewhat higher than in the basic vortex tube at equal tangential and
radial Reynolds numbers.

UAC Slide 14 is a photograph taken of the axial-flow vortex tube
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immediately after dye has been introduced through the peripheral wall at the
axial midplane. The annular exhaust port is on the right. Most of the dye
is very rapidly convected to the right end wall by the flow that leaves the
tube through the annular exhaust port. A minute later, as shown in UAC

Slide 15, much of the dye that was in the region of high axial velocity has
been carried out of the vortex tube. However, a well-defined inner dye an-

nulus can be observed which is moving from right to left. This inner dye
cell is formed by the counterflow that I mentioned previously. Note that the
leading and inner edges of the dye cloud are well defined and have the lami-
nar appearances of the dye patterns that were observed in the basic vortex
tube. The outer edge of the dye cloud near the axial midplane is diffuse in

appearance, and many small filaments can be observed. These filsments re-
sult from the radial movement of some of the counterflow into the turbulent
outer region of flow moving toward the axial-flow end wall. We have not as
yet attempted to control the end-wall boundary layers in the axial-flow vor-
tex tube. It is expected that in the near future an attempt will be made to
control the boundary layer flow in this tube and thus reduce the velocities in
the counterflow region.

This concludes my brief review of typical results we have observed in

water vortex flows. Now I would like to go on and describe some of the gas
vortex tests. In these tests, iodine and mixtures of iodine and freon are in-
troduced into the vortex flow to determine how much heavy gas can be con-
tained within a light-gas vortex.

The next slide, UAC Slide 16, is an end view of an air vortex into
which iodine has been injected. A well-defined iodine annulus can be ob-
served near the center of the picture; and outside of this annulus, the pe-
ripheral wall of the vortex tube can be seen. The iodine which is contained
within the vortex has been injected through a single injection duct located in
the periphery of the vortex tube. The annular iodine distribution is typical
of the patterns usually observed, and the density is often quite uniform over
the full length of the vortex. The annulus results from iodine becoming
trapped in one of the recirculation cells which were observed in the water
vortex tests. Since the velocities are very low within the cell, the iodine
remains for a considerable period of time.

Now I would like to show a movie which shows more clearly the typical

behavior of a light-gas vortex when a heavy gas is injected into it. These
photographs show how an annular distribution of heavy gas occurs once the
heavy-gas injection has commenced and how the heavy gas is visible for
nearly a minute once the injection has ceased. Injection of the heavy gas
with either too little or too much radial momentum results in excessive loss
rates.
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In our gas-vortex test results,

It is the number of pounds of heavy
the steady-state feed rate in pounds

a heavy-gas time
gas stored within

per second which

constant is defined.
the vortex, divided by
was used to achieve

this heavy-gas storage within the vortex. Thus, the time constant is a mea-
sure of the frequent y with which the stored heavy gas is replaced by the in-
jected flow. With our iodine-helium tests, the time constant is on the order
of 1/2 to 1-1/2 see, and with an air vortex it is on the order of 4 to 12 sec.
These facts are illustrated in UAC Slide 17. (The row labeled ‘tdye, H20t?
should be neglected for the present.) E one calculates either the time con-
stant for the iodine if it is convected or if it is diffused radially out of the
vortex, you find that both are proportional to the density of the fluid in the
vortex, p1; the square of the radius of the vortex tube, rl; and the reciprocal
of the viscosity. This fortunate result is true only because the viscosity and
diffusivity difEer only by a constant. For iodine-helium tests, the value of
this grouping of terms --shown in column 3 of UAC Slide 17--tends to be on
the order of 60; it is on the order of 500 for the air-iodine tests. If the .
time constant is really proportional to plr~/p, then the ratio of the measured
time constants to the value of this parameter should yield the same nondi-
mensional time constant, T, regardless of the gases employed. The data
shown in the fourth colum’n indicate that indeed both helium and air tests lead
to the same nondimensional time constants even though the dimensional times
differ by almost an order of magnitude. The visually observed residence
time of dye in the water vortex tube is of the order of 1000 to 4000 sec or
longer. This is illustrated in the third row of data presented in UAC Slide
17. The value of the plr~/p parameter for water is 16,000--30 to 300 times
the value for air arid helium. When the dye residence times are nondimen-
sionalized by dividing by plr~/p, the resulting nondimensional time constants
are three to ten times longer than those for the gas vortex tests. As illus-
trated during the movie, the observed iodine residence times are three or
more times longer than the measured time constants. Thus, the values of
the nondimensional time constants for water, air, and helium are comparable.
This, we feel, lends some credence to the use of the plr~/p parameter to

nondimensionalize the time constant data.

The next slide, UAC Slide 18, shows a typical plot of iodine weight flow
against time in an air vortex. The weight flow rates are determined by pass-
ing light beams through the ducts which carry flow from the vortex tube and
measuring the light absorption which occurs due to the presence of the iodine
in the gas streams. In taking such data, we first set up the vortex flow with-
out iodine injection. Then the iodine is turned on at the time marked zero.
One has to be careful because the very fact that there is injection of iodine
changes the characteristics of the vortex. Consequently, injection is continued
until the outflow of iodine from the vortex is equal to the inflow and the
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amount of gas being lost through the bypass and the thru-flow ports is con-
stant in time. The injection is then turned off, as noted on the slide. We
do not care what transient flow condition the vortex goes through after the
iodine injection is turned off since the data obtained after shut-off are used
only to determine the gross amount of stored iodine within the vortex. The

total amount of stored iodine is determined by integration from the weight
flow-time trace after iodine shut-off. The time constant is then evaluated
by dividing the amount of iodine stored within the vortex by the feed rate
required to store that much iodine within the flow. UAC Slide 19 contains
some typical nondimensional time constants obtained in this manner for an
air vortex.

This slide contains time constant data obtained for a wide range of test
conditions in the basic vortex tube. The density ratio, which is plotted on
the horizontal scale, is the average density of the iodine within the entire
annular region of the vortex in which we observe the iodine to be contained
divided by the density of the light gas just outside this annular region. For
tests with an air vortex, plain end walls, and iodine or a mixture of iodine
and freon as the heavy gas, the dimensionless time constants were on the
order 0.02 to 0.03 at the density ratios we were able to achieve (i.e., less
than one). It should be pointed out that in tests with iodine and freon, the
iodine was used only as a tracer to permit detection of the heavy gas by
optical techniques. Because of the short residence time of this gas mixture

and the small pressure gradient within the vortex, the iodine and freon were
assumed not to separate. Roth gases were included in evaluating the density
ratios. When the light gas was changed from air to helium, the time con-
stant decreased. However, we did not run many tests with helium and plain
end walls because at that time we were concerned more with controlling the
flow by use of the distributed friction technique, which has already been dis-
cussed. This technique appeared to offer a great deal of promise for im-
proving the density ratio. As may be seen from UAC Slide 19, it was pos-
sible to increase the density ratio by use of the distributed-friction end walls

to about two and a half in a helium vortex without any decrease in the time
constants from those values achieved with air.

Question: Could you reiterate what that density ratio is--because it is im-
portant that they understand it?

Answer: Yes, the heavy-gas density, ~F6, is the average density of the heavy

gas within the entire annular region in which the heavy gas is observed. We
divide the total mass of heavy gas stored within the vortex tube by the vol-
ume of the observed annular region to get this average density. The average
heavy-gas density is then divided by the density of the light gas, ~6, which
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was injected into the vortex tube to obtain the density ratio plotted in UAC
Slide 19. The peak density ratio at some radius is probably much greater
than the value of the average density ratio

Question: What is the density ratio of the
a large amount?

Answer: If you are asking for the density
this ratio would be about 63.5.

for each of these cases.

iodine to helium? Is that really

ratio of pure iodine to pure helium

UAC Slide 20 illustrates the effect of a superimposed outer region of
high-velocity axial flow on the time constant. All of the data have been ob-
tained in an air vortex. In this slide, the velocity, Vz, is the average axial
velocity of the flow in the annular exhaust slot; and V@ is the tangential ve-
locity at a radius equal to eight-tenths of the vortex tube radius. The data
for Vz/V@ = O were actually obtained in the basic vortex tube and are shown
for comparison. When flow is withdrawn through the annular exhaust slot
there is a decrease in the time constant by about a factor of two. However,
it should be noted that a considerable amount of time has been devoted to
obtaining large time constants in the basic vortex tube while very little time
has been devoted to optimizing the test conditions in the axial-flow vortex

tube. For example, we have done nothing to control the end-wall boundary
layers in axial-flow vortex tubes. It is important to notice that data have
been obtained at Wo tangential Reynolds numbers, 40,000 and 70,000. Within
the scatter of the data there is no difference in time constant for these two
Reynolds numbers. However, a vortex-stabilized gaseous core nuclear rocket

may require tangential Reynolds numbers up to a million. It remains to be
seen what happens when we operate at these high Reynolds numbers.

An axial-flow Reynolds number, Re z, which is related to the tangential
Reynolds number, will be used subsequently. It is the tangential Reynolds
number, Ret, multiplied by Vz/V@ (i.e., Rez = Ret x Vz/V~ ).

This summarizes the main results that I want to present today. No
high-temperature vortex test data have been presented. Such data have been
omitted for two reasons. First, the tests that we have run with a super-
imposed radial temperature gradient did not give us the temperature distri-
bution that we desired. Second, temperatures that we have been able to
achieve are too low to establish the conditions in which radiation is the
dominant mode for heat transfer. As George McLafferty has pointed out,

the predominant heat transfer mechanism in a full-scale nuclear rocket is
radiation, and some of the stability problems which we would like to study
cannot be adequately investigated without simulation of the radiant heat trans -
fer. We feel that the radial temperature gradient will have an important in-
fluence on the fluid dynamics of a full-scale rocket, but this means very,
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very high temperatures if we wish to investigate such effects. As yet we

have not seen fit to complicate our problem to this degree when there are
so many other questions which require answers.

Before turning the meeting back to George McLafferty, I would like to
summarize briefly our present test program. Both water and gas vortex
tests are being continued. The tangential Reynolds numbers will be increased
to more than 250,000 during some tests. Also, the Vz/V@ ratio will be in-
creased to a value near one for some tests. Tests using suction boundary

layer control on the end walls of the basic vortex tube have been in progress
for some time, and in the near future we intend to apply suction to the end
walls of the axial-flow vortex tube. That summarizes our present test pro-
gram. Are there any questions regarding the fluid mechanics ?

Question: Doesnt t Langmuir show that heavier material has to go to the
center of the vortex?

Answer: This can happen, but it is not generally true. If the heavy-gas
distribution is determined by convection, then it is possible for the secondary

flow to convect the heavy gas to the center. If the flow of the heavy gas is
determined by diffusion, then the heavy gases tend to move radially outward.
In a two-dimensional, pure vortex--where the velocity varies as I/r--it turns
out that no heavy gas can be contained because the flow is unstable.

Question: Would you obtain longer residence times of the heavy gas if it
had a lighter molecular weight?

Answer: Not necessarily. For most operating conditions the heavy-gas loss
rate is determined by convection, not diffusion. Consequently, the loss rate

may be independent of the density of the heavy gas.

Question: What would happen if you put a light molecular weight gas into
the center of your vortex? Would it reside there longer than a heavy mo-
lecular weight gas? What is your prediction?

Answer: The central region of the vortex tends to have very high convection
velocities which feed the thru-flow ports. The molecular weight of the gases
in this region probably would have very little influence on their residence
times.

Question: Do you have any experiments in which you inject air through the
longitudinal slot at the periphery and inject helium at the center?

Answer: No, we do not have tests of this type.

Questiow You haven! t tied down the degree of turbulence which you have in
your experiment. It is hard to tell from the pictures whether it is laminar
or turbulent.
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Answer: We have no direct measurements, but we have tried to infer from

the dye diffusion photographs what the turbulence level is. If you calculate
from the rate of spreading of dye filaments what the viscosity is, it turns out
that, for some cases, the eddy viscosity is of the order of 1% of the laminar
viscosity. These low values occur for a very weak vortex. The turbulence
level varies with the vortex strength and is much higher for a strong vortex.

Question: In a sense, can you say that Taylor instability is negligible in
your system ?

Answer: No, Taylor instabilities are what make the outside of the vortex
very turbulent, but Taylor stability is what makes the inside very laminar.
This is because the velocity distribution in the boundary layer adjacent to
the peripheral wall is very unstable, whereas the velocity distribution in the
central region of the vortex is stabilizing.

*
uestion: When the time constant is defined on the basis of the parameter

does this assume a constant Reynolds number?

Answer: Yes, the results should be compared at equal tangential and radial
Reynolds numbers.

Question: Yes, but you are interested in going to higher Reynolds numbers
so the time constant should change.

Answer: We can! t infer anything about the dependence of time constant on
Reynolds number from the p ~r~/p parameter. However, the tangential Rey-
nolds numbers have been varied from 40,000 to 70,000 without any observed
change in the time constant.

Question: What r2 correlation do you have for your time constant data?

Answer: We have essentially no correlation for air tests. However, for
dye residence tests we have compared the results from a 4-in. vortex tube
and a 10-in. -diameter vortex tube with good correlation.

Question: Is it true that when you inject dye at the center your time con-
~much shorter?

Answer: Not necessarily. It depends on both the flow condition and the
method of injection. For instance, in some tests with the suction end walls,
flow was injected a.t the centerline of the vortex through a porous tube, and
this has led to some of the best time constant data obtained to date.

Question: You did have a movie with central injection, d.idn1t you?

Answer: No, in this case the flow was injected through a single duct at the
axial mid-plane of the vortex, not at the rotational centerline. The resulting
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time constants with this injection configuration were very sensitive to the
momentum of the injected flow. If the flow was injected with too little mo-
mentum, it was immediately swept out through the bypass. H it was injected
with too much momentum, it penetrated through the central cell region and
into the very center of the vortex where the high convective velocities swept
it out of the vortex tube very rapidly. A similar thing happens when one in-
jects through the end walls. With too little momentum the flow is immedi-
ately swept into the end-wall boundary layer and out. With too much mo-
mentum it creates excessive turbulence and is lost. Considerable optimiza-
tion is required in finding a suitable injection configuration and condition.
We have been able to inject at several points and get similar time-constant
results after going through a rather time-consuming optimization process.

PART IV - ENGINE PERFORMANCE

We have now discussed the radiant heat transfer and fluid mechanics
phenomena which influence the performance of a vortex-stabilized gaseous
nuclear rocket engine. In the following discussion we will attempt to inte-
grate the results of these studies to determine the characteristics of a full-
scale engine and to determine what quantities we have and have not simu-
lated in our tests. It will be assumed in most of the discussions that the
following are desirable performance goals for a gaseous nuclear rocket en-
gine: a specific impulse of 2500 see, an engine thrust-to-weight ratio of 20,
and a ratio of propellant flow to fuel flow of 1000. We will now discuss the
characteristic which we must simulate in order to provide this performance.

We show in UAC Slide 21 a typical gaseous nuclear rocket engine con-
figuration. The length of the engine cavity is approximately 10 ft, and the
diameter of the engine cavity is approximately 7.5 ft. The nominal external
diameter of the engine is 10 ft, although we now believe that the external
diameter should be somewhat larger than this value to permit use of a mod-
erator having layers of different moderator materials. The assumed pressure
within the engine is 1000 atm.

The weight of the engine configuration shown in UAC Slide 21 would be
approximately 170,000 lb. For our assumed thrust-to-weight ratio of 20, the
resulting thrust, F, would be 3.4 x 106 lb. If our assumed spectfic impulse
of 2500 sec is divided into this thrust, the resultant required hydrogen flow,
WH, is 1350 lb/see.

The total amount of power required to raise 1350 lb/see of hydrogen
to a temperature where it will produce a specific impulse of 2500 sec is
approximately 285,000 MW. Approximately 90% of this energy is deposited
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in the fuel region by fission fragments and is radiated out by thermal radia-
tion to the propellant. The other 10% of the energy created is deposited in
the walls by neutrons and gamma rays. The heat deposition rate per unit
volume in the moderator-reflector near the inside surface of the cavity is
much greater than that near the outer portion of the moderator.

Question: What basis “did you have for selecting thrust-to-weight ratio ?

Answer: Our economic studies indicate that such a thrust-to-weight ratio
would be very acceptable. We could also probably accept ten-to-one thrust-
to-weight ratio or even five-to-one thrust-to-weight ratio, but there would be
some loss in the economics of space flight due to such reduced thrust-to-
weight ratios.

We have conducted analyses to determine any limitations on engine per-
formance resulting from the necessity of removing the heat deposited within
the moderator wall. These calculations indicate that the coolant passages
should have diameters on the order of 0.020 in. and that their volume should
be on the order of 5 to 10% of the moderator volume. The resulting pressure
drop in the moderator is on the order of 10 atm, which seems reasonable.

Our present calculations indicate that the most desirable fuel for use
in an engine of this type is plutonium. Our calculations also indicate that
the critical mass within this cavity should be approximately 7.5 kg or ap-
proximately 16.5 lb. We believe that the fuel region is a larger fraction of
the cavity region than is assumed in studies at NASA Lewis. Therefore,
there is less fuel compression effect on criticality than in some of the re-
sults of the NASA Lewis studies.

If the critical mass of 16.5 lb is distributed uniformly throughout the
cavity, the resulting average fuel density, ~Fl, is 0.035 lb/ft3, which is about
half of the density of the air in this room. We have assumed in our calcu-
lations that the radius of the fuel-containment region is three-quarters of the
tube radius, or the volume of the fuel-containment region is approximately
56% of the inside volume of the vortex tube. Therefore, the density based
011 his fuel volume, FF6, is 0.062 lb/ft3.

As I mentioned before, our goal for fuel containment is to have a fuel
flow equal to or less than O.1’% of the hydrogen flow. Max Hunter would like
this figure to be 0.01%, but let’s be conservative for now and aim at a ratio
of hydrogen flow to fuel flow of 1000. For this ratio, the fuel flow would be
O,1% of the hydrogen flow of 1350 lb/see, or 1.35 lb/see. The corresponding
fuel time constant, which is the number of pounds stored divided by the fuel
flow rate, is 12 sec, which is almost identical to the time constant that was
in the movie which Bill Foley showed you a few minutes ago. Therefore,
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we would have to supply fuel at a rate which would replace the critical mass
roughly every 12 sec. This would appear to be acceptable on the basis of
our economic studies. It is not as good as Max Hunter’s Wxansporiationtt
figures, but it is a long way from his %mmunition!t figures.

Although most people consider that hydrogen is the only possible pro-

pellant for gaseous nuclear rockets, we are going to consider a number of
different possible propellants in the following discussion. We will also as-
sume that any of these propellants can be used to provide a specific impulse
of 2500 sec. Let Is omit for now the discussion of just how this would be
obtained and concentrate our attention on other characteristics of the engine.

Consider the density ratio requirements of a gaseous nuclear rocket
engine, that is, the ratio of the average fuel density for criticality to the
density of the propellant at the outside edge of the fuel-containment region.
Such density ratios are shown in UAC Slide 22. Shown on this figure are
values of the density of various propellants at a pressure of 1000 atm and
a temperature of approximately 100,000 R, which is the temperature expected
to exist at the outside edge of the fuel-containment region according to our
studies. If the average fuel density of 0.062 lb/ft3 is divided by the hydrogen
density at Station 6, 0.0065 lb/ft3, the resulting required density ratio is 9.5.
Theoretically, we should be able to raise this density ratio considerably

. higher than 9.5 if we can avoid instabilities in the flow, However, the maxi-
mum value we have obtained in our model tests is 2.2. Therefore, the den-
sity ratio required for an engine with hydrogen propellant is greater than we
have now simulated.

The density ratios required for water and ammonia rockets are approxi-
mately equal to those which we have measured in model tests, and we have
almost simulated the density ratio required for a rocket with methane pro-
pellant.

Question: Will you repeat again what that density ratio is.

Answer: The numerator in the density ratio is the average density of nu-
clear fuel required in a volume of 56% of the cavity volume in order to
make the engine critical. The denominator in this density ratio is the den-
sity of the propellant at the temperatures existing at the outside edge of the
fuel-containment region. As we mentioned before, we rotate the heavy gas
slowly so that it feels light, and the light gas rapidly so that it feels heavy.

Question: How do you control the rate of rotation?

Answer: We inject the light gas at high tangential velocity and the heavy
gas at low tangential velocity.
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Question:

Answer:

What keeps the angular momentum of the fuel at a low value?

Since the flow is quite laminar, it takes quite a bit of time for the
heavy gas injected at low angular momentum to speed up from the shear of
the high-angular-momentum light gas. Therefore, the average angular mo -
mentum of the fuel stays low during its dwell time within the vortex.

Question: Wouldn’ t the density ratio be dependent on the molecular weight
ratio to a certain extent?

Answer: Yes, but we do not have answers on that question yet.

Question: What happens if the critical mass is doubled?

Answer: The required density ratio is doubled.

The effect of engine diameter and pressure level on the required fuel
density ratio is shown in UAC Slide 23. It can be seen that an increase in
diameter from 10 to 15 ft will result in a reduction in the required density
ratio by a factor of approximately ixvo.

Let us now look at time constant requirements. As noted in UAC
Slide 21, a time constant of 12 sec would provide a ratio of propellant flow
to fuel flow of 1000:1 for the engine shown on that slide. To find the non-
dimensional time constant, we divide the actual time constant by the param-
eter pr~/p, which has the units of seconds. The resulting required dimen-
sionless time constants are shown on UAC Slide 24 and vary from 0.056 for
hydrogen propellant to 0.010 for water propellant. As noted in Bill Foley’s
presentation, the time constant measured in the model tests varied from
0.005 to 0.030. Thus, the dimensionless time constants measured in our
tests are sufficient to provide a ratio of propellant flow to fuel flow of ap-
proximately 1000:1 in rockets with water, ammonia, or methane propellant.
However, the highest time constants measured in the tests are only half of
those required for a hydrogen rocket having a nominal engine diameter of
10 ft.

The effect of nominal engine diameter on the dimensionless time con-
stant required to obtain a ratio of propellant flow to fuel flow of 1000:1 is
shown in UAC Slide 25. It can be seen that an increase in size results in
a considerable decrease in the required dimensionless time constants.

The effect of engine diameter on the axial-flow Reynolds numbers in a
vortex tube is shown in UAC Slide 26. This axial-flow Reynolds number is
defined as the product of the density of the light gas at the edge of the fuel-
containment region, the average axial velocity in the propellant region, the
ratios of the vortex tube, and the reciprocal of the viscosity of the light gas

31

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



at the edge of the propellant region. It can be seen from this slide that a
nominal engine diameter of 10 ft is associated with an axial-flow Reynolds
number of approximately 105 for hydrogen propellant, and approximately
4 x 105 for water propellant. These Reynolds numbers are considerably
higher than the axial-flow Reynolds numbers of approximately 15,000 which
we have employed in our model tests. So, as Bill Foley said, one of our
primary objects is to obtain the test data at higher Reynolds numbers. Such
tests will probably require considerable work on vortex flow control methods
in order to maintain the same time constants and density ratios at high
Reynolds numbers that we have measured at low Reynolds numbers.

Let us now discuss the possible values of specific impulse which can
be obtained by the use of different propellants. Up to now we have assumed
that 2500 sec is obtainable with any of the propellants listed in our tible.
This assumption requires some discussion. In UAC Slide 27 we have re-
peated much of the engine outline which was given in UAC Slide 21. Let us
fix the maximum propellant injection temperature at 5300 R, which fixes the
propellant injection enthalpy at the values shown in the second column of
UAC Slide 27. Since approximately 10% of the energy release is deposited
in the wall and 90% is deposited within the cavity, the exit enthalpy is ap-
proximately ten times the enthalpy of the propellant injected into the vortex
tube. The specific impulse shown in the last column in UAC Slide 27 was
obtained from the exit enthalpy using an ideal nozzle coefficient of O.8. The
resulting values of specific impulse vary from 2500 sec for hydrogen to
1200 sec for water.

The specific impulse of 1200 sec shown for a water rocket is only
marginally better than that obtainable from a solid-core nuclear rocket. The
question now to be answered is how to raise the specific impulse. One
method of raising the specific impulse was mentioned in Max Hunter?s talk
of yesterday in which space radiators are employed to reject part or all of
the energy deposited in the wall. In UAC Slide 28, we show the effect of the
addition of a space radiator to the specific impulse and thrust-to-weight
characteristics of a gaseous nuclear rocket engine. The thrust-to-weight is
computed on the basis of the sum of the weight of the engine and radiator.
It was assumed in constructing this figure that all engines produce the same
total power, so that the thrust-to-weight ratio of the water propellant engine
is slightly more than twice as great as the thrust-to-weight ratio of the hy-
drogen propellant engine. If we had an infinite radiator temperature, we! d
have the result indicated by the dotted line on UAC Slide 28. Curves are
also shown for assumed radiator temperatures of 2000, 4000, and 6000 R
with an assumed radiator specified weight of 1 lb/ft2.
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The requirement for the use of space radiators is normally considered
as one of the reasons why low thrust-to-weight ratios are obtained from
electrical propulsion engines. However, several points should be made in

this regard. First, the energy which must be removed from the space radi-
ator in an electrical propulsion engine is approximately ten times the energy
in the exhaust beam. However, in a gaseous nuclear rocket engine, the en-
ergy is approximately one-tenth of the energy in the exhaust flow. Therefore,

the amount of ener=g which must be rejected in a gaseous nuclear rocket
engine for the same engine thrust and specific impulse is approximately 1%
of that for an electrical propulsion engine.

The second point to be considered is that electrical propulsion engines
must operate for periods of years, while a gaseous nuclear rocket engine on
a round-trip to the moon would operate for a period on the order of 20 min.
Therefore, higher radiator temperatures could be tolerated because of the
shorter required operating time for gaseous nuclear rockets.

The third ancl last point to be made in comparing space radiators for
gaseous nuclear rocket engines and electrical propulsion engines is that the

maximum permissible temperature in a space radiator for an electrical pro-
pulsion engine must be less than the minimum temperature in the thermo-
dynamic cycle employed to create the electric power. Such a limitation is
not present for gaseous nuclear rockets. We can increase the temperature
of the space radiator employed with a gaseous nuclear rocket engine as long
as it can be tolerated by the materials.

Question: But this is something like 30,000 MW ?

Answer: Yes. However, this would provide a method of developing a gas-
eous nuclear rocket engine using water as the propellant and then later on
increasing the specific impulse of the engine by employing space radiators.

A second method of improving the specific impulse of a gaseous nuclear

rocket engine developed using water as a propellant is illustrated on UAC
Slide 29. Let us first examine the characteristics of an engine using en-
tirely hydrogen as a propellant. The axial flow injected into the cavity is
1.0 lb/see according to the example in UAC Slide 29. We saw in a preced-
ing discussion that the resulting temperature of the flow injected into the
cavity was extremely high. This flow injected into the cavity does not have
enough heat capacity in getting to a cavity injection temperature of 5300 R
to absorb all of the energy deposited in the moderator. A total of 5.0 lb/see
must be employed to remove the energy deposited in the moderator. The re -
fore, 4.0 lb/see of the total flow must be injected downstream of the vortex
tube as axial flow.
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The flow rates required for a water rocket for the same power level
shown in UAC Slide 29 are 4.3 lb/see of axial flow within the cavity and
17.2 lb/see of bypass flow for a total of 21.5 lb/see of water flow. The
reason for employing water in the cavity was to decrease the required den-
sity ratio and increase the fuel time constant. There is no reason to em-
ploy water as a moderator coolant other than to minimize the storage prob-
lem. Therefore, let us employ 4.3 lb/see of water in the cavity and an ad-
ditional 4.0 lb/see of hydrogen as bypass flow to aid in cooling the moder-
ator. The resultant total flow of 8.3 lb/see would be brought to an average
enthalpy of 120,000 3tu/lb and a resulting specific impulse of 2000 sec.
Therefore, an engine developed using water as a propellant with a specific
impulse of 1200 sec can be used to obtain 2000 sec by changing the moder-
ator cooling fluid without the use of a space radiator. Similar improvements
could be obtained in rockets which were developed using methane as a pro-
pellant.

In summarizing this portion of the discussion, we appear to have simu-
lated the density ratios and time constants in our present tests which are
required to obtain satisfactory performance from a water rocket. However,
we do not have the correct simulation of Reynolds numbers.

A question was asked in a preceding discussion on methods of testing
gaseous nuclear rocket engines. Pratt & Whitney Dependable Engines have
been made dependable by an exhaustive test program to uncover difficulties.
To get similar reliability from a gaseous nuclear rocket engine, we would
have to test the engine without contaminating the atmosphere. One method
of accomplishing this is illustrated in UAC Slide 30. A reference propellant
flow of 1 lb/see is employed in the discussion of UAC Slide 30. For this
reference flow, approximately 2000 lb/see of water coolant fluid would be
re’qnired to reduce the temperature of the mixture to 170 F. The resulting
exit flow would be 32 ft3 of liquid water and 230 ft3 of gaseous hydrogen.
One method of avoiding the requirement of a large container for this hydro-
gen flow would be to inject 8 lb/see of o~gen (a stoichiometric mixture with
the hydrogen) and an additional 500 lb/see of cooling water to provide the
configuration shown in the second row of UAC Slide 30. For this configura-

tion, 40 ft3/sec of water would be generated for each pound per second of
hydrogen propellant. Calculations indicate that all of the fission products
would be soluble in the coolant water flow. The possibility of atmospheric
contamination by evaporation of this water and the fission products could be
minimized by covering the lower pond with a plastic film or by enclosing
the lower pond.

Following a test, a pump would be used to raise the water from the

I
34

APPROVED FOR PUBLIC RELEASE

APPROVED FOR PUBLIC RELEASE



lower downstream pond to the upper upstream pond. This water would be
pumped through a separator to recover unburned plutonium and fission prod-
ucts . Therefore, the upper pond would be relatively free of contamination.

In summary, it is obvious that we are very enthusiastic about the pos-
sible performance gains that could be obtained from gaseous nuclear rockets.
However, we are not yet in a position to recommend a development program.
We do believe that the theoretical and experimental results which we have
obtained are sufficiently encouraging to recommend that gaseous nuclear
rocket research programs be pursued more vigorously. Hopefully, such a

vigorous program conducted over a period of several years would lead to the
possibility of recommending a true development program. However, I repeat
that we do not yet recommend a development program. That concludes our
presentation. Are there any questions ?

Question: What is the basis for the 10’3 separation ratio?

Answer: Ralph Cooper specifically omitted discussions of economics in this
symposium. About all we can say is that it is a desirable economic goal.

Question:

Answer:

numbers.

Question:

Answer:

What makes you think you can get a separation ratio of 10-3?

Extrapolation of our containment measurements to higher Reynolds

Your tests were conducted without radiant heat transfer ?

Yes, but :radiant heat transfer should give us a radial temperature
gradient which should be stabilizing. That is, the difference in density of
the hot fluid in the center relative to the cold fluid in the outside should help
suppress turbulence.

Question: Do you have any verification of the R2 dependence of this dimen-
~time constant?

Answer: We have conducted tests in water vortex tubes having diameters of
both 4 and 10 in. The time constant in the smaller tube was on the order of
10 rein, while in the larger tube it was on the order of 1 hr. This ratio of
time constant is approximately equal to the ratio of the square of the tube
radii. In addition, there is theoretical justification for believing that the
time constant should vary as the square of the tube radius.

Question: What is the pressure shell made of?

Answer: We are not sure. The weight estimates which we have employed
assumed steel with a strength of 200,000 psi. This assumed stress limit is

considerably lower tlian the stresses envisioned from chemical rocket engine
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cases. The weight would probably come down further by the use of filament-
wound construction.

Question: What is the relative heat deposition rate at the inside edge of the
moderator in the pressure shell?

Answer: The heat deposition rate at the inside edge of the moderator is on
the order of 105 Btu/sec-ft3. The heat deposition rate in the pressure shell
would be two or more orders of magnitude less than this figure.

Question: Is the 10 atm pressure drop for moderator cooling flow an upper
~

Answer: No, this pressure drop varies very rapidly with void volume frac -
tion and the diameter of the coolant passage ducts.

Question: How valid are your scaling parameters ?

Answer: We have no reason to doubt these scaling parameters now and hope
to verify them at different Reynolds numbers in the future. It is undoubtedly
cheaper to verify these parameters to the best of our ability with cold flow
before going to an actual rocket engine. However, eventually full-scale tests
would be required if the assumption is made that everything continues to show
promise in this concept.

Question: llo you have any hopes of simulating the temperature characteristics
you have to have in order to get the thermal radiation?

Answer: The power required is extremely high. We hope to get verification
of some of the radiant heat transfer work by shock tube tests.

Question: The flow rate of hydrogen that you mentioned in your last slide
was approximately O.1% of the flow in a full-scale engine. Can this be

scaled?

Answer: Yes, the numbers shown on UAC Slide 30 were for a reference
propellant flow of 1 lb/see. All flow quantities shown in this slide should be
multiplied by the actual propellant flow. For instance, a flow of 1000 lb/see
of propellant for a period of 1 min would result in a total water usage of
1.2 x 108 lb of water. This would fill a pond 50 ft deep having an area of
1 acre. A preliminary estimate of the cost of such ponds and the required
separator and pump facilities indicates a cost on the order of several million
dollars, exclusive of the test stand itself.

Question: Are you saying that you think you could test a full-scale engine
‘und ?

Answer: Yes, the required size of the @nd depends on the size of the en-

gine and the length of the tests.
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Question: What about delay neutrons ?

Answer: If the fuel stayed in for 12 see, the source of delay neutrons would
also stay in for 12 sec. Therefore, you would retain some of the controlla-
bility of the engine which comes from the delay neutrons.

Question: What about startup ?

Answer: Our preliminary studies have indicated that a chemically powered
‘might be employed to start the hydrogen pumps. Once the flow is
established, uranium -hexafluoride might be put in the cavity to make it c riti -
cal. As soon as power was being generated, the energy deposited in the wall
could be used in the regular turbopump cycle. Once the temperature of the
gases in the cavity exceeded a certain amount, further fuel feed might be ac -
complished by injecting solid pellets of plutonium.

Question: Aren’ t these pellets accelerated and thrown out of the vortex as
fast as they are injected?

Answer: It only requires on the order of 0.001 sec for the pellets to evap-
orate once the y get into the high-temperature region.

Comment: We’ re thinking of hollow spheres for this reason.

Question: What is the relative fuel temperature for a hydrogen rocket and
a water rocket?

Answer: Because dissociated water is two-thirds hydrogen, we have assumed
that the opacities of water are equal to those of hydrogen, and that the re-
sulting temperature distributions for water and hydrogen rockets are identical.

Question: Isn’ t the propellant temperature using water higher than the pro-
pellant temperature using hydrogen ?

Answer: Yes, but the temperature of the propellant in the cavity tends to
be much higher than the temperature corresponding to a hydrogen specific
impulse of 2500 sec. The hydrogen at the temperatures in the propellant
region has an enthalpy which corresponds to a specific impulse on the order
of 6000 sec. This same temperature corresponds to a specific impulse of
2500 to 3000 sec with water.

Question: Is that the average temperature of the propellant in the chamber?

Answer: Yes.

Question: What about dissociation of water and hydrogen?

Answer: We have included this effect. For instance, water at high temper-
atures consists of hydrogen atoms, hydrogen ions, singly-ionized oxygen
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Wire’

atoms, doubly-ionized o~gen atoms, triply-iotized oxygen atoms, and electrons.

Question: I don?t understand why the specific impulse isnl t 6000 sec for
hydrogen.

Answer: Since 10% of the energy is deposited in the wall, we either have
to use a large amount of additional hydrogen coolant to remove this energy,
or we have to employ a space radiator. The specific impulse with a space
radiator using hydrogen propellant could be on the order of 6000 sec. How-
ever, the specific impulse for an engine not employing a space radiator
would be limited to something like 2500 sec with hydrogen propellant.

Question: What about nozzle recombination ?

Answer: Our assumed nozzle efficiency of 80% is designed to take into ac -
count any inefficiencies due to delays in nozzle recombination. However, it
does not look like nozzle recombination should be a problem.
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LARGE THROUGH-FLOW RATE
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SMALL THROUGH–FLOW RATE
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SMALL THROUGH-FLOW RATE

WITH END-WALL SUCTION
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SMALL THROUGH–FLOW RATE
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HELIOS

Theodore F. Stubbs
Lawrence Radiation Laboratory

Liverrnore, California

As was mentioned, the HELIOS concept is by no means new. k its
simplest form HIELIOS is a large cavity, or pressure vessel, filled with high-
temperature and pressure gas. This gas is obtained by introducing it cold
to the chamber and then adding a large amount of energy. A plug in the
throat of a nozzle attached to the vessel is removed and the gas flows out
the nozzle, producing thrust.

What we feel is reasonable to include on the rocket for which HELIOS
is the engine is shown in Figure 1, which may or may not bear any relation
to reality. Forward of the engine is shown a warehouse for the energy
sources. Next are propellant tanks, biological compartments, re-entry ve-
hicles, mission vehicles, and what-not. Since most of the thrust is produced
by the nozzle, this has to be a fairly substantial structure. Shown in Fig-
ure 1 are superstructures surrounding the nozzle which would be dead, wasted
weight to be carried along.

Figure 2 is a rather exotic device by which we bring this dead weight
back to life. We use the nozzle itself as part of the structure. The bio-
logical compartments, mission vehicles, and propellant storage tanks are
carried on the eclge of the nozzle. The skirt on the end of the nozzle was
placed there by the artist to serve as a warehouse for the nuclear devices.
The nozzle expansion ratios we talk of are on the order of 100 in area.

Jn all of the schemes that have been discussed so far in the meeting,
there are two questions that must be answered. First, is it possible to build
the machine, and the second, is it worth building? I believe that we can
categorically state that it is possible to build this engine given enough mass.
Naturally, our primary concern is seeing just how light we can build the en-
gine--and still make it work.
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As was mentioned, the idea has
The reasons for this were two-fold.

been discarded several times previously.
First, until recently, reliable steels had

yield strengths below 100,000 psi, and second, nuclear device technology dic-
tated that reproducible yields were in excess of 20 tons of H.E. equivalent
energy, and that in order to make efficient use of the nuclear fuel the yields
had to be in the kiloton range.

How these two figures tend to fix the weight of the pressure vessel is
explained as follows. H we assume that the nuclear energy is transformed

into the internal energy of a perfect, y-law gas contained within an elastic,
thin-shelled, spherical container, then it is quite simple to show that the
total weight of the pressure vessel is a linear function only of the specific
internal energy of the gas. A few years ago it was estimated that the con-
stant of proportionality between shell weight and nuclear yield was 100 tons
of pressure shell per ton of yield. This, coupled with a minimum of 20 tons
of yield, indicated excessive engine weights. Recent advances in materials
technology have led us to believe that a value of 20 tons/ton is realizable.
This will be discussed in a bit more detail later. Additionally it is felt that

~~ it is not unreasonable to consider nuclear yields down to around 2 tons of
H.E. equivalent.

Soon after the energy of the nuclear device is released the vessel will
be subjected to nuclear radiation, recurrent shock waves, high pressures,
thermal radiation, and energy transfer by conduction and convection from
high temperature gas. In order to arrive at quantitative estimates of the in-
ternal environment of the shell, we ran a series of problems on one of the
existing digital computer codes at LRL. The code used was designed for the
weapons program, and the equations-of-state are known to be incorrect in our
region of interest, although not grossly so. The greatest inaccuracy is in
the computation of radiation transport. However, we expect that the results
are not grossly in disagreement with nature.

Figure 3 shows the computed pressure on the inside of the vessel wall
as a function of time. The first spike is the initial shock wave that hits the
wall and reflects back inwards to the center of the cavity and reverberates
repeatedly between the wall and the center. There may well be structural
problems created by the shock waves traveling through the material of the
pressure vessel. We are just beginning an experimental program to deter-
mine the internal behavior of metals under repeated, low-intensity shocks.
Figure 4 indicates the response of the shell to this so~ of a pressure
history. The wave labeled ?’bll represents response of the shell to a step in
pressure to the final steady-state pressure. The curve labeled ‘fatl is the
response of the shell to the same pressure step with a short, square-wave
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pulse near time t = O. We have shown that the pressure profile of the pre-
vious slide yields about this same response with minor corrections for the
later reverberations.

We expect the pressure in the vessel to start dropping noticeably in a
few milliseconds. From Figure 3 we see that the gas is not too far from
hydrodynamic equilibrium at times of this order. This exhaust-time scale
is varied by the area of the exhaust port. At present the nozzle throat is
fixed such that about 90% of the gas will be exhausted in around a tenth of
a second. From Figure 4 we see that there is an overshoot of the wall dis-
placement from what would be expected from a step in. the pressure. It is
something like two and a half times the mean pressure expansion. The
weight/yield constant of 20 tons/ton quoted earlier comes from increasing
the weight of the pressure shell by a factor of four over that which would
just contain the steady-state pressure without yielding. This slide indicates
that we only need a factor of 2.5; however, this would leave no safety mar-
gin. The factor of four is used throughout all of our performance and mis-
sion analyses.

Perhaps our most serious and least understood problem is the energy
transfer from the gas to the vessel. Very crude calculations indicate that
there will be something like 100 cal/cm2 deposited on the inside of the wall
of the pressure vessel. About 10% of this comes from the initial fire ball,
and will be deposited within the first milliseconds. We need very much to
have a physical understanding of the processes that go on here. We are
working on this from a purely theoretical standpoint at the moment. The
high-energy deposition rate from the fireball may necessitate the use of
some kind of ablative coating on the inside of the wall.

At any rate, we believe that there will be between 3 and 4% of the

total nuclear energy, of the total energy released, deposited in the metal
itself. Perhaps hslf a percent of this will be in the form of dynamic ring-
ing of the vessel.

This 3 to 4% of the energy that gets into the wall will account for
something like a 15 to 20“K rise in the temperature of the wall per pulse.
Sooner or later, it will be necessary to remove the heat from the wall as
demonstrated in Figure 5. Here is plotted the effective strength as a func -
tion of temperature and pressure. The q is that tlsafetyt’ factor four; omega
is the tons/ton of yield which, it will be remembered, was claimed to be
completely constant, dependent only on the energy contained within the pres -
sure vessel. This is true only for a perfect y-law gas which hydrogen is
not, at temperatures in the dissociation region. The formula for omega in-
cludes a factor which is the ratio of the PV energy of the gas to its internal
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energy. The fact that this ratio is a complicated function of both P and E
generates the three different curves shown. From Figure 5 we see that the
weight of the pressure shell needed to contain this energy is fairly flat as a
function of temperature up to around 700”K, then it starts rising rapidly. In
order to keep the weight to a minimum, we must keep the temperature as
low as possible. Since energy cannot be radiated to space from a body at
700”K rapidly enough to be commensurate with the pulse rates we contem-
plate, it seems that the only reasonable place to deposit this energy is in
the propellant itself. Even there, energy may not be removed from the wall
unless there is a temperature difference maintained between the propellant
and the wall. It will take several pulses to get up to a reasonable tempera-
ture difference, and we feel that we can maintain this difference by propel-
lant flowing through the pressure shell wall. Naturally, if we were to eWel
the gas faster, we wouldn~ t have as much of a heating problem; but this
would say that there would be more peak thrust from the engine which would
demand that the nozzle and shock absorbers be increased in strength and
weight. There would thus appear to be some optimum peak thrust dictated
by the cooling requirements of the pressure shell and the mass requirements
of the nozzle.

As the gas expands out the pressure vessel, it follows the curve given
in Figure 6, if an infinite nozzle, complete recombination, and 100% is en-
tropic efficiency are assumed. We have performed some hand calculations
to determine the effect of a fixed expansion ratio nozzle. We found that this
actually tends to sharpen up the shoulder of the curve. Naturally, it drops
the whole Isp curve; but the Isp does hold up flatter a little longer before it
starts dropping off. We must also include the effects of recombination and
the effects of a fixed amount of contaminant from the energy source, perhaps
70 lb, in the propellant. This also has to be included in the hydrodynamic
c~culations. We must know what effect the contaminants have on the re-

combination rate. We suspect that it will increase the rate by catalysis.
This is something that we have not done much work on and will have to look
into.

The basic question in our minds is the value of building the engine--
as it seems possible to do so. The answer to this entails a certain amount
of mission analysis. Very preliminary, but indicative results are given in
Figure’ 7. It has been stated that mission analyses are to be avoided for
this conference; however, we feel that they are necessary for an understand-
ing of the problems of HELIOS.

We have assumed for this a payload of 50 tons. The equilibrium tem-
perature of the gas would be 6000“K and the pressure 100 atmospheres.

L“ .
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We have assumed a rather optimistic Martian mission AV of 60,000 feet/see
for our analysis.

Included in the analysis are analytic, dissociating-gas, thermodynamic
properties for hydrogen, the rocket equation, material properties of steel for
the pressure shell, and fairly optimistic estimates of tankage and nozzle
weight. The thin-shell approximation was used to obtain the vessel radius
and mass. Exclusive of specific impulse, the quantities obtained from this
analysis are, in part, listed in Figure 7. It turns out that there are three
independent variables which must be specified to completely determine a
given system; and these we chose to be temperature, pressure, and specific
impulse. One might wonder how specific impulse could be an independent
variable here. This obtains because we fix the amount of energy-source
debris we have in the propellant at 70 lb. The rest of the gas is hydrogen.
The debris is treated as a perfect, y = 5/3 gas of molecular weight 12.
Figure 7 is a typical psge of computer output and shows, for example, that
if we want 1800 sec specific impulse from the given conditions, the mass ‘
fraction of hydrogen would then have to be 96%. Now with 70 lb of debris,

the mass of gas in the cavity is quite large. The vessel radius would be
something like 30 ft and the yield around 40 tons, which means that the pres-
sure vessel would have to be quite heavy. The number of pulses for this
particular case is around 2000. This is a fairly low number, because of the
high specific impulse and the large amount of propellant exhausted per pulse.
The total mass of the rocket is quite large because of the large engine weight.

Now at the other extreme in 18P we see that we need only a small yield
and a low weight percentage of hydrogen in the bottle. However, the low
mass expelled per puke and low 18P demands many such pukes for a given
mission AV. In this case a large total rocket mass is produced from the
rocket equation with low Isp rather than a high engine weight, as in the high

Isp case. As shown, between these extremes there is a minimum in total

weight.

We have devised a figure-of-merit for a given set of parameters which
we guardedly call the mission cost. It is expected that the amount of fission-
able fuel is around 1 kg per pulse. We take $50,000 to be the cost per
pulse. NASA indicates that $200 per pound is not an unreasonable freight
charge to place the total mass in orbit. Our figure-of -merit is the sum of
these two. We find that the minimum in mission cost occurs not too far
from the minimum in total mass. Thus, for these particular parameters the
least expensive mission would start with around 700 tons in orbit, have av-

erage Isp a bit above 1500 sec , and use between 4000 and 5000 pulses.

Question: And the Isp is at equilibrium?
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Answer: It is the equilibrium value multiplied by some number less than
one to account for the effects of a finite nozzle, finite recombination, and
pulsing. We have used O.8 for the results given in Figure 7.

Answer (Cooper): The point is that if the energy of the bomb were added
to pure hydrogen, the temperature would be over 10,000”K. However, the
energy is divided between the hydrogen and the bomb material which has a
molecular weight of 10 or 12. This extra material thus lowers the temper-
ature and raises the average molecular weight resulting in a lower equilib-
rium specific impulse

One good feature of this machine is that it can be tested underground.
In this connection one can conceive of many good physics experiments that
can be carried out with a pressure vessel which could contain a nuclear shot.

Question: What is the time between shots?

Answer: There is no a priori fixed time between pulses. This depends up-
on the cooling rate of the vessel and the complexity of introducing the next
device. We want to make the pulse rate as fast as possible. Typically, in
the absence of shock absorbers, the acceleration is about a 2 g pulse lasting
for a tenth of a second. Now, if you wait 10 sec between pulses the average
thrust is then 0.02 g. We would like as high an average thrust as possible.

Question: Would you assume that your charges would need no shielding for

radiation ?

Answer: That?s right. We have so far.

Question: Do you think this is realistic?

Answer: Perhaps not.

Question: You mentioned 1 kg of nuclear fuel. Is that a critical mass in
this case ?

/

nswer: Well, it depends upon how you build these devices. I can! t go into
that deeply, but I think 1 kg is about as low as you? re going to go.

!~~s. : I think that the point is, that it!s kilogramish and that it!s
A factor of two one way or the other is reasonable if

the fuel is plutonium and somewhat larger, naturally, if you use uranium as
the fuel.

Question: Does some of the propellant go through the wall? You can see

that the dynamics of the shell would be chsnged when you have some flow of
the coolant through the wall.

. .4iitinm
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Answer: We have not yet considered the dynamic response of any structure
other than a thin spherical shell. We would like, if possible, to spray the
inside or have flow holes in the pressure vessel, which is going to increase
the weight. Practically any modification of this sort is going to increase
the weight of the pressure vessel. We should also be worried about the
thermal stresses on the inside wall. This is something that we have not
looked at closely and may well be one of the more serious problems.

Question: What do you think will be the total mission cost?

Answer: The last slide will give that to us.

Answer (Cooper): These are based on something like 50 tons round trip
through 60,000 ft/see, and the cost generally turns out to be divided about
equally between the fuel and the weight that you have to put into orbit and
the minimum cost is about the minimum weight. So, it rs about $148,000,0c)0
to put the thing into orbit, and it ~s something like a $140 to $200 million
for the charges.

The total cost is thus around $500 million.

Question: How much hydrogen do you use per pulse?

Answer: Each case is different. Shown in this slide is the percent of hy-
drogen necessary to produce a given Isp. As you will remember, we fix the
weight of non-hydrogen additive at 70 lb. From this you can easily get the
total mass of gas expelled per pulse. The numbers presented here are
merely indicative of our general analysis.

Question: what?s the average thrust to weight ratio for the engine alone?

Answer (Cooper): Well, he really answered the question before. It depends
on the rate at which you fire; and in particular, it doesn! t matter. I think
they want to fire at such a rate that they have better than 0.1 g, on the av-
erage. We made some computations on ground take off, and then it appeared
to be quite a problem. It was necessary to fire one per second or faster.

Answer: Well, if you wanted to take off, there are two problems. The first
is a political one, and the second is how fast the engine can be pulsed.

Question: Was the mass number for the pressure shell based on the prop-
erties of maraging steel?

Answer: That’s right. It~s just about the best we can do. We don! t know
if the yield strength we assumed is an over or under estimate. We are just
getting into the experimental study of the problem.
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Answer (Cooper): Right. Oh, incidentally, let me

unclassified report that Bob FOX1 did on this, in I
has almost all of this material.

mention that there’s an
guess about 1957, which

1. R. H. Fox, HA Study of the Nuclear Gaseous Reactor Rocket,!!
UCRL-4996, Oct. 31, 1957 (Uncl.)
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General Atomic

San Diego, California

A copy of this presentation is not available as the edited transcript was

not returned by the author. Referenced below, however, are two unclassified
publications issued subsequent to the meeting; they give the fullest available
presentations of subject matter on this topic except for classified nuclear ex-
plosive device design and effects information. They are:

1. Nance, J. C., ?!Nuclear Pulse Propulsion, 1! IEEE Transactions o~
Nuclear Science, Vol. NS-12, No. 1, February 1965, pp. 177-182
(report of llth Nuclear Science Symposium, October 28-30, 1964,
Philadelphia, Pa., sponsored by the IEEE Group of Nuclear Science,
the Atomic Energy Commission, and the Air Force Office of Scien-
tific Research); also identified as GA-5572, 5 October 1964.

2. Shipps, Paul R., !lManned Planetary Exploration Capability Using
Nuclear Pulse Propulsion, !! Proceedings of the Second Space Con-
gress: New Dimensions in Space Technology, pp. 363-385 (April
5-7, 1965, Cocoa Beach, Fla., sponsored by the Canaveral Council
of Technical Societies); also identified as GA-6224, 19 March 1965.
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