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Gaseous Fission Reactors for §
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Jet Propulsion Laboratory
Pasadena, Calif.

The gaseous fission reactor concept is examined as the prime energy source for direct heating of
the propellant in a high thrust rocket engine. The analysis reveals that. if regenerative cooling is
the only mechanism for removing the radiation heat deposited in the solid members of the reactor
and engine, the maximum attainable specific impulse is about three times that for the correspond-
ing all solid fuel reactor. In the high thrust application, i.e., booster stages, thermal radiation
from the fissioning gas is not a critical factor. Even with conservative estimates of gas emissivities,
the resulting engine performance is markedly superior to 6ther methods of propulsion. Typical
engine and vehicle characteristics are determined for a variety of missions ranging from 25,000 to

60,000. fps velocity increments.

THE PURPOSE of this paper is to examine the application
of the gaseous fission reactor concept to the propulsion of
around takeoff rocket vehicles. Therefore, attention is
focused on rocket engines capable of generating thrusts equal
at least to their own weight.

The analysis is carried out with the aid of an ideal reactor
model that incorporates a nuclear fuel-bearing region in the
core which is nontemperature-limited. As noted in Ref. 1, this
implies that, within a certain region of the core, the fuel-bear-
ing material is in gas phase; it becomes possible, therefore, to
let the temperature in this region exceed the allowable
limits of the surrounding solid structural members of the
engine. If this very hot, fissionable material is allowed to mix
intimately with a propellant gas, then it becomes possible to
heat the propellant to temperatures significantly greater than
the temperature limits of the material of the containing strue-
ture, and substantial gains in specific impulse ean be achieved.

[t is not within the scope of this study to explore the prob-
lems associated with the gas phase heating and separation of a
fissionable material and a propellant; these problems have
been examined elsewhere (see. for example, Ref. 2). In the
present work it is postulated that the desired effects can be
obtained, and attention is directed to the overall implications
of the gaseous reactor concept in terms of performance po-
tential and operational constraints. Thus, the resultsobtained
here are generally applicable to any gaseous reactor concept
based on the idea of direet heating of a gaseous propellant by
the slowing down of fission fragments. As already noted, such
systems require intimate mixing of the fuel and propellant.
These results do not apply directly, therefore, to such schemes
as the gaseous core reactor using magnetic containment (3)! or
the coaxial flow reactor (4), because, in these systems, the heat
transfer from the nuclear fuel to the propellant is achieved
principally by thermal radiation. Although some gross in-
terpretations for such systems are possible, a reformulation
of the problem would be required in order to obtain de-
tailed characteristies (5).

R. V. Mecuresuian, Member ARS, is Chief, Physical Sciences
Division.  Manuseript received Aug. 14, 1961, This article pre-
sents the results of one phase of research earried out at the Jet
Propulsion Laboratory under Contract NASw4, sponsored by
NASA.

! Numbers in parentheses indicate References at end of paper.
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When the gaseous reactor is used in the high thrust ap-
plication, it is not feasible to incorporate a radiator in the en-
gine complex. It has been shown that, although the inclusion
of a radiator increases markedly the specific impulse attain--
able, the penalty in engine thrust to weight ratio is excessive,
and the resulting system becomes incapable of ground
takeoff (1). Thus, the engines considered here consist simply
of reactor plus nozzle, and all cooling of the engine’s solid
components is achieved by a regenerative process with the aid
of the propellant itself. The analysis does incorporate, how-
ever, the effect on the overall power balance in the system
arising from the nuclear radiation produced by the fission
process and the thermal radiat on emitted by the very hot pro-
pellant gas in the cavities. Both phenomena produce a heat
load on the engine solids which must be absorbed by the
regenerative cooling action.

Engine Characteristics

Fig. 1 shows a schematic of the proposed eavity reactor con-
cept appropriate to the propulsion application. The nontem-
perature-limited fuel-bearing region, shown arbitrarily to
occupy a central location in the core, contains the high tem-
perature gas cavities that provide the propellant with the
final heat input which raises it to the chamber, i.c., pre-rocket
nozzle, temperature 7.. The temperature-limited region,
shown in an annular location, operates at temperature T, < T..

The power balance in the system is established on the basis
that the propellant is first heated from the storage condition
(say enthalpy per unit mass of propellant i, = 0) to the maxi-
mum solid temperature T, or corresponding enthalpy h.. by
first passing through the solid regions of the reactor which re-
quire cooling. The propellant is then introduced into the
gaseous region, i.e., cavities, where the enthalpy is inereased
to /i corresponding to the chamber or cavity temperature 7.
Clearly, the total fission power P produced in the reactor
must be carried off by the propellant us kinetic energy. 1f s is
the mass flow rate of propellant. then

P = mh, {1]

For reasons that will become apparent from the nuclear
analysis, it may not be desirable to contain all of the fission-
able material in gas phase, but rather to allow a certain frac-
tion to be carried in. sav, solid form. If f denotes the fraction
of the total fission power released in the solid fuel regions, then
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o Pk Fig. 1 -Vortex cavity reactor schematic

the fré.ction released in the cavities is (1 — f); however, the

total power deposited in the solid region P, must also include

the portion arising from the nuclear and thermal radiation
emitted by the gaseous fuel. This may be written

P,=fP+ {(1 = )P + Pn (2]

where { denotes the fraction of fission energy which appears
in the form of nuclear radiation (i.e., gamma rays, and also
partially from fast neutrons slowing down) that is attenuated
principally by the solid regions in the engine, and P, is the
thermal power radiated by the hot cavity gases to the solid
walls. If regenerative cooling by the propellant is the only
mechanism for removing the heat attenuated in the solid,
then

P, = mh, (3]

The quantity P, may be eliminated between Eqgs. 2 and 3, and
by also using Eq. 1, the enthalpy ratio is obtained

he Prg =

— = sl 4

i (# + P) [4]
where u is the fraction of the total fission power appearing
directly in the solid regions

w=f+{1 =0 (5]

The radiative power term may be written
Prg' - iﬂc4 g oged. T} e
mh, 8 (Ta‘ I) B mh, (6]

These relations imply that the gas mixture in the cavities is
transparent and emits radiation at its central temperature 7.,
as a gray body with emissivity e.. The choice of 4 transparent
gas for this analysis is somewhat arbitrary. There is reason
to expect that for some combinations of fuel and propellant
over certain temperature ranges, the mixture may very well
be opaque. This question about the detailed radiative
characteristics of the gas has been examined more carefully
elsewhere (6).  Analyses indicate that the choice between an
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opaque and transparent gas mixture for the high thrust gase-
ous reactor application is not eritical, and either one will give a
reasonable estimate of the thermal radiation heat load on the
solid; for simplicity, the transparent gas is selected here.

A further approximation is introduced in selecting a tem-
perature-enthalpy relation. Again, the simplest form is used,
namely, T./T, = h./h.. (A more realistic relation has been
shown (6) to be T./T., = (h./h,)?'3.) Use of this linear form
in Eqs. 6 and 4 yields

R (R0 S

where the familiar relation [; = \/‘Bh\-/g, the specific impulse
for a completely expanded de Laval nozzle start ng with stag-
nation enthalpy h;, has been used. The solutions for [ =
I./I, from Eq. 7 are shown in Fig. 2 as a function of the
thermal radiation parameter 3 for various values of the fission

SPECIFIC IMPULSE RATIO, 1 /1,

| -
t L 0 ot o

THERMAL AADIATION PARAMETER, 3 w wo,d, G m8,

Fig,

{38

Specific impuise ratio as function of thermal radiation
parameter
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fraction f. [t is seen that substantial gains in specific im-
pulse are achieved principally at the smaller values of 8, i.e.,
at low values of the emissivity of the propellant in the cavities,
and at the smaller values of the fission fraction, i.e., most of the
fission power must be released in the gas phase. The signifi-
cance of these results in terms of system performance po-
tential have been discussed in Ref. 1. The essential observa-
tion to be made here is that the specific impulse varies in-
versely as the nuclear radiation parameter {. The effect of
the fission fraction f and the thermal radiation parameter 3
is to increase the effective value of {, with the result that the
maximum attainable specific impulse is reduced. The most
important conclusion to be drawn is that there is, for a com-
pletely regeneratively cooled engine, a maximum specific
impulse ratio possible even in the reactor with a nontempera-

ture-limited fuel-bearing region. The limit occurs when 8 = f -~

= 0, and is simply Imx = {~'/% In terms of a reasonable

set of reactor parameters, for example, 7, = 700 sec (which

corresponds to a hydrogen propellant at T, = 2000°K), this
yields [. = 2210 sec,

Tke manner in which the total power produced in the reac-
tor is transferred to the propellant is a very sensitive function

of the thermal radiation parameter and the fission fraction. -

Fig. 3 shows the distribution between the regenerative cooling
process and the cavity region heating for some representative
cases. It is to be noted that the total power lost to the re-
generative process becomes significant for values of § > 10773,
The portion of the heat load in the solid due to thermal radia-
tion becomes significant, however, when 3 exceeds about
102 Fig. 4 shows a plot of the maximum value of the fission
fraction, as a function of the thermal radiation parameter, at
which the thermal radiation exceeds the nuclear. For a given

value of 3, values of f less than those indicated result in ther-

mal radiation heat loads greater than those of the nuclear, and

for values of f greater than indicated, less than those of the

nuclear.

The two parameters f and 8 determine not only the specific
impulse of the engine, but the thrust to weight ratio as well.
For the purpose of this analysis, this dependency is ade-
quately established by selecting a simplified model of the en-
gine which consists only of the reactor. [t is convenient to de-
fine the reactor weight W, in terms of 2 maximum permissible
power density p, in the solid regions of the reactor. Then, if
w, is the weight per unit volume of the solid, the reactor weight
is given by

W, = (8]

As previously argued (1), the choice of this parameter is in-
tended only to simplify the analysis and should not necessarily
be considered the best means of defining the reactor size.

Eq. 8 may be used to compute the engine thrust to weight
ratio. If F is the rocket engine thrust, then F = me., and it
follows from Eqs. 8 and 3 that

F
5 =18 9]

with # = 2p,/w,c, and ¢, = Lg, the exhaust velocity for a
rocket motor having stagnation enthalpy k,. It is to be noted
that 6 is simply the thrust to weight ratio for an all solid fuel
reactor with exhaust velocity ¢, Thus, as I exceeds unity
through the use of gas phase heating, 7//W, is improved over
thu_t possible in an all solid fuel reactor.

Given the power density p,, w,, and ¢, the total reactor
power and hence size are directly established, Consider first
the total power: it follows from Eq. 1 and the rclation for the
thrust /7~ that

E e
=

[10]

-«1
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The total power deposited in the solid P, is then casily shown

to be

i

FR [11]

From this result, the reactor volume V', is obtained directly.
If x is the void fraction occupied by the gaseous fuel contain-
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ing cavities in the reactor, then, using Eq. 10

e’ P
Vs : ” 12
y 2o,(1 — )  pl — 2l (12]

This yields, for the length [ of a eylindrical reactor with diame-
ter equal to length

¢ i :
s [T:i(ﬁ” 3]

It is seen that, given the various engine parameters, the ve-
hicle payload and mission requirements determine F, and
thence /.

Reactor Characteristics

Once the reactor size is determined from the total power, or
thrust, and engine parameters, calculating the nuclear charac-
teristics of the reactor is a straightforward task. Again, it is
appropriate to select an elementary model for this purpose to
simplify the analysis. On this basis, the Fermi age theory is
selected, with the expectation that it will give reasonable
estimates of the essential features, namely, the critical fuel
mass and average thermal neutron flux. The computation is
further simplified by assuming a homogeneous bare reactor;
a gross volume correction is applied to the various nuclear
parameters to account for the presence of the cavities.

If the product of the fast effect and the resonance escape
probability to thermal is taken as unity, then the usual
criticality relation may be written

nfs exp (—B%)
ki LS L | 14

1 + L*B? il
where f* is the thermal utilization. L the diffusion length, B the
buckling, and + the age to thermal. On the basis of the

model specified above, these are given by

> (7
f* i [15:].] :
l‘“iFJ + E;'..\H
; :
i 35 |15b]
3D te e B 00
where
SaP = SO[SH(1 — 1) + z]
s ot M T R Py D"v——&—
T (1 - r)= r r ( ) - =
.......................................... # [lii]
and
3 TP
SIF = ) [17a]
ALY
sF = T [17b]

The symbol Z,F$ denotes the actual macroscopic absorption
cross section of the fuel in the solid region and =, that in
the eavity region; ( )y refers to the pure moderator material,
and the remaining symbols have the usual definitions given in
reactor theory (7). With these relations, the critieal Eq. 14
may be solved for the macroscopie absorption cross section of
the fuel in the cavity regions

:a”-‘(.')
Spy = <o [Se(l = 1) + 1]
= '2;1 — r)* 4 By (s
{L = aiinexp [—Bryil — o7 — 1 18]
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The function Sgap(l) is shown in Fig. 5 for Pu*® fuel and BeO
moderator at several values of the void fraction. The singu-
larities correspond to the minimum reactor size at which a
BeO moderator can support a self-sustaining chain reaction.
The minimum size reactors are given by

1 [T,v('ﬂ'z + 41’-"12)]”2

I —x in 7

zm]n = “91
The symbol », denotes the first zero of the zeroth-order Bessel
function. The horizontal asymptotes correspond to infinite
multiplying media and yield the minimum fuel concentrations

' 1—1z
SP.\:(“’) e [20]
7 —1
The result (Eq. 18) may also be used to compute the fuel con-
centration Ngg in the solid region of the reactor; thus, with
Nre denoting the fuel concentration in the cavity region

S "
Nrs =~ Nsc (21]
SF

The average fuel concentration N for the whole reactor is
given by .

Np = Nre !-x +{l =) S-F] (22]
- ge

The total eritical fuel mass M p is obtained from the above
results. This quantity may be written

M) = ié‘" |_.r + (1 — ) %1 Nee(D VL) (23]

where A is the molecular weight of the fuel material and
@ Avogadro’s number. In the event that the same nuclear
fuel is used in both the solid and gas phase, s = 1,and Eq. 23
reduces to

ApZB0V (DS ru(D)
R, 'FO

Me(l) = (24]

This result is plotted in Fig. 6. The minimum critical mass
and corresponding reactor diameters are shown in Fig. 7 as a
function of the void fraction. It is seen that, for reasonable
void fractions (0.3 < z < 0.6), the total fuel investment
ranges from 2 to 6 kg, with reactor diameters of from 200 to
300 em. The corresponding reactor weights vary from about
20,000 to 100,000 Ib. With so large an investment in reactor
weight, it is to be expected that these systems will be most
suitable for missions involving the acceleration of very large
payloads through rather large velocity increments.

The average thermal neutron flux in the reactor is deter-
mined from the total power output. If ¢ is the energy release
per fission reaction, then

P = ¢V, Z,00¢,[a(l — z) + z] [25]

where the fuel distribution parameter « is defined

" S0, - B E, 1 + a. o
Y= Srog, T PP\ /\1 + a (261
The symbol «; denotes the ratio of the radiative capture to
lission cross section of the fuel in region 7; ¢ is the average
thermal flux in the solid region of the reactor, and ¢. that in
the eavity region. The parameter « is related to the fission
fraction f through the equation

a(l — x)

Tall —z) +
If the average power density P/17, is eliminated with the aid
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of Eq. 12, then ¢. may be obtained from Eq. 25; thus

g = 2ell = D)1 + adl*

2.0 [a(l — z) + z]

(28]

Yehicle Performance

Some indication of the performance capabilities of rocket
vehicles propelled by fission reactors using gas phase heating
may be obtained from simple burnout-velocity caleulations
based on a drag-free vertical trajectory. In the case of a single-
stage vehicle, the burnout velocity is given by the well-known

relation
V=—I}n(l—m')—rwv (29]

IV‘) ayp Wu

where W, is the propellant weight, W, the initial gross weight,
iy the initial acceleration in units of the gravitational con-
stant, and ¥ the ratio of the velocity increment, acquired
during acceleration, to the quantity ¢,. The specification of
the mission is complete upon the selection of the payload
weight 1V, to be delivered. TFor the present systems this is
related to the gross weight by

_ War ¥

i"":» B
§ . T LR S

Ty

™
pi 0l

where s is the ratio of the propellant tank weight to the weight

17




of the propellant. Thus the vehicles considered here consist
simply of payload, propellant plus tanks, and reactor (ac-
counted for by the last term in the above expression).
Calculations based on these relations have been carried out
for a variety of missions, beginning with an Earth-satellite
launch, V = 1.14, and extending to ¥V = 2.5. Generalized
results for the payload fraction as a function of the thermal
radiation parameter for various values of the fission fraction
are given in Fig. 8. These results are based on the following
values of the parametersinvolved: { = 0.1,s = 0.05,a, = 1.3,
and @ = 20. The value for # corresponds to a reactor with an
average density w, = 3 gm/ecm?, ¢, = 22,400 fps, and a
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power density ps = 2 kw/cm?, a fairly representative set
for present day power reactor technology. These curves,
along with the analytical results for P, [, and the information
in Fig. 5, should be helpful in estimating the vehicle and engine
characteristics, given the dimensionless velocity increment V
and the payload to be delivered. As may be noted from Fig. 8,
the most effective use of the system in a single-stage configura-
tion is in the Earth-satellite and escape missions. Higher per-
formance missions such as V' = 2 and 2.5, although possible
with not insignificant payload fractions, result in increasingly
larger total launch weights. For these applications, the
single-stage system is not the most attractive, and, as with
chemical engines, substantial gains in payload fraction may
be achieved by introducing additional powered stages, nuclear
or otherwise. It is interesting to note, however, that for the
satellite mission in particular the payload represents some
20 to 40%, of the launch weight when the gas phase heating
provides 609, or more of the total energy transferred to the
propellant. These systems appear especially well suited as
Earth to satellite orbit freight vehicles. The single stage,
possibly coupled with a recoverable engine, would very likely
yield an economical and efficient technique for placing large
payloads, such as low acceleration spacecraft, into orbit in
preparation for interplanetary missions.

Specific systems computations carried out for the Earth-
satellite mission indicate the magnitude of the principal ve-
hicle and engine characteristics to be expected for such ap-
plications. Fig. 9 shows the vehicle gross weight at-launch,
the reactor weight, power, and diameter, and the specific im-
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The general dependence of the neutron flux and the fuel con-
centration Ny on the fuel distribution parameter is evident
from Egs. 18 and 28. The influence on N p¢ may be seen by
rewriting Eq. 18 in the form

Z.M8py

7.7 (Sp(l = 2) + 2]
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Now Sr is proportional to a, therefore at large a, N pe varies
at least as rapidly as 1/a. Actually the decrease in fuel con-
centration is more rapid because, as « increases, so does the
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reactor size (see Fig. 9), which causes some reduction in Spy
(see Fig. 5). The influence of « on the flux is best revealed by
the expression

g pl = 2)(1 + a.) J I*[Se(l — 2) + 2]
e €2, 1Sewfa(l —2) + zlf
At the large values of «, the quantity in the braces behaves
essentially as /*/Sry. The most sensitive dependency of ¢,,
however, is on Sy, since 1,2 — ,? at large «. Thus ¢.~
1/Spa, which still has a rather strong dependency on the reac-
tor size (and therefore &) for z = 0.5 in the range 200 </ <
500 em (see Fig. 5); however, at very large «, Spy ap-
proaches an asymptote and so does ¢..

Fig. 11 shows the average fuel concentration N and the
critical mass M 7 as a function of . The asymptotic behavior
of Np at the higher values of « again simply reflects the fact
that at the corresponding values of the reactor diameter the
fuel concentration function Sey is rapidly approaching its
limit Sry(=). The interesting behavior of the critical mass
curve is explained by the fact that, for the case z = 0.5, the
reactor sizes for the -satellite mission fall in the immediate
vicinity of the minimum in the fuel mass curve (see Fig. 6);
thus the total fuel inventory is a relatively insensitive fune-
tion of the fuel distribution parameter.

The influence of the void fraction z on the system charac-
teristies is also of considerable practical importance. Fig. 12
again gives the vehicle and engine characteristics for the
satellite mission for the case 8 = 1072, but with variable z.
The greatest sensitivity to z is seen to occur in the interval
0.2 <a <10. Outside this interval z appears to have rather
limited influence. Consider first the influence of = for a < 1.
The essential effect is revealed from the influence of z and «
on u (see Eq.5). Whene <1, p=a(l —2)(1 = O)/z+ {;
thus to zeroth order u = { and f = 0.1. All systems, regard-
less of the void fraction, therefore approach the all gas phase
configuration, which yields for the specific impulse ratio {—1/2,
and the resulting system characteristics are essentially the
same. At the other extreme « > 1, p and f approach unity,
and the system characteristics are again independent of .
The only exception is the reactor size. For the large values of
a, the specific impulse ratio approaches unity, and it may be
seen from Eq. 13 that the reactor diameter varies essentially
as (1 — z)~Y3. Thus, as the void fraction increases, it is to be
expected that the reactor size will also increase; this trend is
seen in [Mig. 12.

Figs. 13 and 14 reveal the influence of the void fraction on
the nuclear characteristics. The greatest sensitivity is seen
to occur at the smaller values of «. The most important of
these is the effect on the average fuel concentration N r and the
critical mass. According to Fig. 12, the reactor diameter is
not very sensitive to the void fraction, especially for small
values of «. Thus, if the dependency of  on z is ignored and
some value in the range 200 to 300 cm is selected (see Fig. 12),
it is immediately apparent from the results shown in Figs, 5
and 6 and Eqs. 18 and 24 that both V¢ and ) s increase with
increasing void fraction. This behavior is evident in Fig. 14.

The final observation to be made is that the interval
0.2 < a < 10 will most likely be the range of greatest prac-
tical interest for the high thrust syvstems. [n the event
that the average thermal fluxes ¢, and . are nearly equal
in the two [uel-bearing regions of the reactor, then 0.1 <
(Nre/Nrs) < 5; thus the concentrations to be maintained
in gas phase vary from values comparable to that in the solid
down to several per cent of the solid values. This behavior
may be seen directly from the fuel concentration curves N e
and Veyin Fig. 10. Now, it may be entirely possible by care-
ful nuelear design to provide some flux memg in the cavity
regions of the reactor. Ratios of ¢, &, = 5 appear rcasonable
and values as large as 10 are not out of question. For the
latter sitnation, 0.01 < (NVee/Nes) < 0.5: thusit can be seen
that, by using flux-peaking techniques, substantial amounts of
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gas phase fission heating can be achieved, with gas phase fuel
concentrations from !/» to /1o of that carried in the solid
regions. Finally, it is of interest to mention the total in-
ventory of fissionable material in the gas phase. Fig. 15
shows the fraction of the critical mass in the gas phase as a
function of « for the two values of the flux ratio mentioned
above. Clearly, without flux peaking (¢./6, = 1), sig-
nificant increases in specific impulse (I > 1.5) can only be
achieved by carrying a large fraction of the fuel in gas phase
(>60%). With flux peaking, comparable gains in perform-
ance can be achieved. with as little as 139 of the fuel in gas
phase. :

Conclusions

The results of this study reveal several interesting charac-
teristies of gaseous propulsion reactors for high thrust appli-
cation. First, for values of the thermal radiation parameter g
from 1073 to 10, these systems yield specific impulse ratios
of from 1.3 to 2.0. It is believed that this range of values for
{3 is fairly realistic; thus, it is seen that the incorporation of
gaseous fission heating can result in substantial gains in
specific impulse over that possible with an all solid fuel pro-
pulsion reactor. ~

The second observation to be made is that the satellite-
freighter application offers rather large payload fractions in
single-stage vehicles. For the above-mentioned range of g,
this is 0.1 to 0.3. N D '

The third observation is that these vehicles, and therefore
payloads, must be necessarily quite large (in the order of

© 500,000 lb), since the reactor dead weights fall in the range

of 10,000 to 100,000 Ib.

Finally, it should be pointed out that in order to achieve
the specific-impulse ratios noted, the fuel concentration and
the fraction of the critical mass in the gas phase must be
rather large, if the flux ratio ¢./¢, = 1. For these situations
the gas phase fuel concentrations fall in the range of 10% to 10"
nuclei/em?, and the fraction of the critical mass in the range
0.1 to 0.9. By the introduction of a flux-peaking ratio of,
say, ¢/, = 10, these values are reduced to 10 to 10
nuclei/em? and 0.02 to 0.5. The importance of the fuel con-
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Fig. 15 Fraction of critical mass in gas phase

centration to the question of nuclear fuel economy and gas
phase containment is-well known (1). It is probable that the
difficulty of achieving efficient fuel containment will dictate
rather low values of Nee. Thus the incorporation of flux-
peaking techniques may be essential to a feasibility demon-
stration
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