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ABSTRACT

Critical

propriate for

U02-W cermets

lium. Rocket

sizes are determined for

nuclear rocket reactors.

a variety of fast assemblies ap-

These are based on cores of

or UC-metal carbide solid solutions reflected by beryl-

reactors weighing as little as 200 lb, are possible, and,

in larger sizes, either high power density or high exit

ture can be achieved. The fast spectrum allows the use

fractory materials (such as HfC) in bulk to obtain high

gas tempera-

of the most re-

performance.

Use of L?33 in place of I?35 can lead to substantial improvements in

reactor weight, specific power, and/or temperature capability at the

cost of the radiation associated with I?33. The core sizes are gen-

erally quite small, which is valuable where shielding may be s@zxifi-

car.rt.Nuclear aspects, including control, uranium investment, power

distribution, and reflector materials, are briefly discussed.
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Although the

of small reactors

INTRODUCTION

fact that fast spectra could led to the dwelo~ent

for nuclear rocket engines was observed as early as

1.949(~), no comprehensive and quantitative study of this possibQity

has appeared. In this paper we present some results of such a study,

augmenting by calctiation details the criticality aspects which were

reported in Ref. 2. Subsequent work

materials, application, etc.

The application of direct cycle

wilJ deal witi heat transfer,

nuclear heat exchangers to space

propulsion puts a premium on low reactor weight,

snd very high temperature (>1500°C) capability.

fast reactors can

est, particularly

10,000 to 100,000

meet these requirements over a

high power density,

We shall show that

wide range of inter-

for lightweight engines with thrusts of the order of

lb and for heavier engines with very high melting

fuel elements. In addition, fast reactors with smsXL dimensions would

require much less shielding where it is necessary.

criticality

Of the various problems associated with fast reactors for rocket

propulsion, the nuclear criticality results are the least questioned,

as there are considerable expetiental data snd theoretic&L techniques

in this

ties in

.

area. l?urthenmre,

criticslity surveys

effect on this type

Void space and fuel element

those features that cause major uncertain-

(heterogeneity, resonance effects) have a

of nxwtor (homogeneous and fully enriched).

thicknesses xlll be of the order of 0.1
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inches, which is one-twentieth of the neutzmn mean free path. Since

nuclear criticality results have been obtained with rather sophisticated

methods and are checked against experi.ment~ data Where possible> ~ey

should be useful as check points for other methods of calculation of

smsll fast systems, particularly tiose ~~ ~e~iz* reflec~rss

such as are considered for compact power sources. Note that whfie our

basic criticality results for fully reflected spheres are computed as

precisely as possible, the results for the zmcket reactors ~ be mm

appmxim&ely and conservatively computed * WOW for cont~l~ dep@ure

fmm the idealized geometry and compositi.on$ etc ●

Because of the effective homogeneity of the core, critical masses

WKLL be relatively independent of core details such as fuel element

thickness, and wiJl depend primarily upon tie composition and average

void fraction. Thus, results WU be presented as mmses vs total

cross-sectionsl flow area. The achievable power level is contingent

on core details, such as heat transfer area, fuel element thickness and

conductivityy, operating pressure, and at gas Mach n~er. For orien-

tation purposes, with the above items considered, w b 20N MW (or

MM, 000 lb thrust) per square foot of CXWSS-sectional flow area seems

feasible. This corresponds to an exit Mach number of 0.25 at an operating

pressure of 1000 psi and is based on a detailed heat transfer study which

willlbe reported when complete. Wkile this is very high power density

on an absolute basis (--30 kw/cc) tie relatively short lifetime require-

ments (minutes to hours) snow greater leeway in this direction ard

6



theoretical vslues of ,thisorder and higher have been reported (~).

Basis of Calculations

Most of the critic&Lity computations were made with a one-dimen-

sioned.S4 transport code (~) employing 20 to 40 space points and 13

energy gzxmps. Uranium and zirconium cxwss sections were transcribed

fxmm a Hansen-Roach 16 group (~) and rechecked against experimental as-

semblies. Various theonticsl and empirical correlations were used where

data were insufficient. “Cloudy crys~ baJL model” results (6) were

used to obtain high energy transport C?XXS sections and the statistical

model for inelastically scattered neutron distributions. (~) Where ap-

propriate (e.g., for U, W, Mo), resonance effects were accounted for by

using the work of G. Bell. (~) Energy-dependent cross sections were,

in general, weighted by appropriate flux spectra withti the gzwup energy

interval to obtain gzmup values. The 13 groqps covered energies from 10

Mev to thermal> and are listed in Table I along with the spectra and

fission rates for a typical fast reactor. By comparison with an Oy

sphere =flected with 2 in. of Be, we see that the propulsion reactbr

cores are truly fast, slthough coverage of the complete energy range is

necessary due to the thermslizing effect of the reflecter.

The miczxxcopic cross sections were checked against a wide variety

of critical assemblies (~) and replacement in fast spectra (10). The—

uranium CZXMSSsections gave k within 1$ for spheres of various enrich-

ments (also see Ref. ~ for more caparisons ). Some of the non-fissile

materiels (C, Be, W, Ni) were checked against experiments where Oy

7



spheres were reflected by several inches of the other ~terisl. These

gave k to within shout 2$ and in some cmes (e.g.,Be, Ni) tie h@

energy czxxsssections were altered to match the ecq?erimentsto within

1$ in k. After the czwss sections were developed they were compared

with unreflected, diluted uranium fast critical ~eriments conducted

by G. Jarvis at Los A1.ams. Based on prelimina~ results the material

cxwss sections which had been checked against reflected assenibles(W,C)

gave criticsL radii differing by an average of 1$ fmm emeriment,

whereas the relatively unchecked Ta cross sections gave critical radii

about 3% larger than experiment. A further check of the calculations

was made with an independent set of 18 grou@ CmSS sections, (Q) ~d

gave good agreement for the few cases examined.

The one-dimensional transport code was used for straightforward

calculations, such as variation of core co~sition, reflector thick-

ness end density, fission distribution, and reactivity worth of H2.

We ran a series of two-dimension&L Sk transport theory calculations (~)

to check a few of the nmre difficult points: the contxml worth of a

mvable inlet end reflector, the extra core length nquired in the

absence of an exit end reflector, and the conversion for spheres to

cylinders. In order to conserve coqputing machine time, the 13 group

cress sections were collapsed to four gnxzps based on the neutzmn spectra

obtained fmm the one-dimensional calctiations. Groqp collapsing was

done with the ZOT code (12) and was based on equstions by G. Be12. The—

four gmqp constants gave satisfactory results for the reactivity

8



(k = 1.006 in contrast to 1.000 for 13 groups) for the one-dimensionaJ-

case(Fig. la).

For Me first two dimensional calculation (Fig. lb) the core was

assumed to be a circular cylinder of the same radius as the sphericsl

core, and the core height was detemined by equating the bucld.ingsof

the cores assuming no reflector savings or extrapolation distance.

This is deliberately conservative (the reflector saving is * 12 cm for

tiis case) and results in an excess reactivity of 0.032, giving some

leeway for control, eli.minationof pmer peaking, uncertainty in cross

sections, etc. Burnup and fission product poisoning will be negligible

over the short life of these reactors. Fig. lC shows two-dimensional

check of the reflector savings for the exit reflector which was computed

to be 12 cm from spherical calculations. This is the geometry assumed

for the rocket reactors. One method of control is motion of the inlet

reflector away from the

quate reactivity change

core. The calcuhtion (Fig. ld) indicated ade-

(- #l/cm) for control purposes.

RESULTS

Uranium Dioxide-Tungsten

One of the most obvious classes of fast reactor types for use as

nuclear rocket engines is U02 dispersed in a refractory metal such as

Mo or W. A co~rison of their properties (Table II) shows that their

nuclear properties are somewhat similar, but that W is about twice as

dense and, most significantly,has a much higher melting point. The

larger W absorption, particularly in the resonance region, tends to

9



offset its larger scattering cross section. This leads to larger

critical radii for a fixed 0U2 concentration (14% larger core for

vol $ U02 and 30 VOl ~ refractory metal) and) because of its much

30

higher

density, to heavier reactors for the same U02 investment. Owing to

tungsten~s higher melting point, we wi~ emphasize the W systems.

Though results vary withU02 and metal concentration the reactivi-

ties of Mo andW are approximately zero in reactors of practical inter-

est (Be reflected, 10 to 30 vol $ U02 and 20 to 60~ refractory metal in

the core). Molybdenum has a positive worth; e.g. ina core with -1~$

Vol U02, doubling the Mo from 30~ to 60$ reduced the core radius 4.6$,

giving an 0.15$ decrease in radius per vol ~ increase of Mo in the core.

Tungsten has a much smaller worth, usually negative. The core radii

for three cases with 30 vol $U02 and 0, 30 and 50 vol $ W were 26.21,

26.08 and 26.30 cm,respectively, less than 1$ variation over the range.

Ina case with 15 vol ~U233 02 in the core} the radius increased 1.7%

in doubling theW content from 22.5% to 45%. W. ICLrk,who first sur-

veyed the UO -W system, reported (13) the core radius constant within2 —

2 or 3$ for fixed amo&t ofUOo in the core (15 to b vol ~) over a
c

range of W concentrations (about Z?q

core radius (R~) for a Be-reflected

volume fraction of UO in the core,
2

tion,

to 60 VOl~)o Thus the critical

sphere is a function only of the

whichwe shall call u. This rela-

R = f(u)

10
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together with an assumption of the volume fraction (1) of U02 in the

fuel (fuel loading) define the reactor critical weight and (with a

specification of the core L/D ratio) the cross-sectional flow area.

Although a variety of compositions and thickness were examined,

for this survey we fix the reflector to be 12’cm of Be at 75% of theo-

retical density (p = 1.38 gin/cc)to allow for cooknt flow channels.

This is a reasonable reflector for the cores of interest in terms of

reducing reactor weight and flattening the power distribution, but is

not optimized for any given reactor. These considerations are dis-

cussed later. The fuel mterials are assumed to be - %$ of their

theoretical densities, i.e., 10.4 g/cc for U02 and 18.4 g/cc for W.

In converting from spheres to idealized reactors (cylinders with one

end bare), we have made the conservative assumption of equal core

buckling (zero reflector savings) and replacement of one end reflector

by an equivalent amount of core. Examination of these results and the

two-dimensional calculations has led to a simple generalization that is

adequate for preliminary criticality estimates. This is that a right

circular cylinder of radius R and height 2R (L/D = 1), reflected on the

sides and one end, is neutronically equivalent to a fully reflected

sphere of equal radius. Defining the core void fraction V, we have

V=l-; (2)

Il.



and the core cross-sectional

‘f
=xR2(1 - ;)

flow area A= becomes
J.

(3)

The component masses are given

M(U02) =2tiR3up(U02)

M(W) = 2flR3u(1 - ~)
1

M(Be) =fit(5R2 + 4Rt

by

p(w)

+ t2)p(Be) (4C)

where t is the reflector thickness

Thus, the reactor mass is givenby

and p the assumed material densities.

(5a)Mr = M(U02) +M(W) +M(Be)

which specifically excludes pump, pressure shell, nozzle, piping and

valves, and ignores such items as structural supports in core and reflector,

and controls and instrumentation in and about the reactor. For our

assumptions

Mr =
(1 - 1)

65.3R3U+ u5.5u~ + 26(R2 + 9.6R + *.8) (5b)

12



with M in grams and R in centimeters.

The critical spherical core radii for U02-W reactors (for both

U235
and U233) are given in Fig. 2 as functions of theU02 volume frac-

tion, u. The calculations were performed with 1 = 0.5, but apply within

--3* over a range of values for 1 fromO.3 to 0.6. Using these results

for R(u) and the above assumptions, one can compute Mr andAf for vari-

ous fuel loadings. Results (Fig. 3) are given as Mr vs Af (in English

units), which can also be interpreted as Mr vs reactor power or engine

thrust (1 ft2 = 2000 Mw or 100,~ lb thrust). Masses are given for

fixed fuel loadings (1) and for fixed u (or fixed core radius). The

latter is strictly linear, which follows simply from our assumptions.

The former (fixed 1) are approximately linear, although somewhat for-

tuitously so due to the dependence of R upon u. One can expect linearity

for smll void fractions (Af<< YcR2). Since criticality studies for Be-

reflected graphite reactors (14) indicate weights of 4000 to 6000 lb in—

the range of O to 3 ft2 of flow area, we see that fuel loadings of 40

to ‘j@ are necessary for the U02-W reactors to surpass them on a power per

weight basis. Other factors, such as physical size and recycling

ability must also enter into comparison of the two systems.

‘DableIII presents details of UOm reactors with void fractions in
c

the range of 0.2 to 0.5. The enriched uranium requirement is

high, w to 1000 lbU02 (93~U235) being necessary. The use

place of W generally reduces reactor weights by a factor of 2

relatively

of Mo in

for the

same flow area at the cost of lower fuel element melting point.

13



Uranium Carbide-Metal Carbide Reactors

Uranium carbide-metal carbide reactors present a more canplex

picture for several reasons. First, UC forms solid solutions with many

metal carbides, generally with a continuous range of properties (e.g.,

melting point) dependent upon the metal carbide and the composition.

Thus, one must examine and select from a great many possible systems.

Second, the me-l carbide usually has a nonzero (positive or negative)

r~ctivity worth, which prevents the simplifying approximation for

critical core raddus mde for U02-W reactors and therefore requires a

greater number of criticality calculations. Finally, the mechanical

properties of the carbides are such that some unknown amount of metal-

lic support structure might

ties in the reactor mass.

Selected properties of

could conceive of a reactor

be required, which would

some carbides are listed

lead to uncertain-

in Table IV. One

core composed of unalloyed UC (which melts

at 24x°C). Although the gas temperature would be limited, useful ex-

haust velocities (~ 18,OOO ft/see) could be achieved with very smll

reactors (200 to 300 lb). The desire for higher performance leads to

consideration of solid solutions with the higher melting carbides. We

choose ZrC for our examples, as mny of its chemical and nuclear proper-

ties are known, and seem suitable for this application. Furthermore,

UC-ZrC solid solutions have been studied (15) and used in connection—

with the plasm thermocouple program at Los A1.amos,including in-pile

tests in the Omega West reactor. (16)—

14



From the UC-ZrC phase diagram (Fig. 4), we see that a continuous

series of solid solutions with varying melting points exists. We must

compromise between the desire for high melting point (low UC concentra-

tion) and low reactor weight (high UC concentration). Three composi-

tions will be exunined--100~UC, 50 vol ~ UC, and 30 vol *UC -- with

emphasis on the second value. The core radius vs vol ~ UC in the core

is shown in Fig. 5 for these three fuel compositions. Since the re-

activity worth of Mo and W is small in these cores also, we can ignore

the structure in estimating criticality and exchange structure for void

when necessary. Actually, most of the calcuhtions included 10~ by

volume of the core of Mo or W, which was assmed as a conservative

value for the structure. The value in practice will depend upon de-

tailed core design, but limiting conditions (no structure and 10$ W)

are examined for the x vol $ UC solid solution core. If we assume

zero

area

nate

reactivity worth, the effect of structure is to reduce the flow

and increase the core mass, leaving the core radius fixed.

R~ctor weights vs flow area are presented in Fig. 6 with an ordi-

scale different from that for the UO -W reactors, since the UC-ZrC
2

reactor weights are much smaller, generally by a factor of about 2 for

the same flow area. !I!hisshows the variation in r~ctor weight which

can occur for changes in the amount of structure required (curves b and

c) or changes in fuel composition (curves c and d). MX@ UC fueled

r~ctors (curve a) are very low in weight (200 to 600 lbs) but are

restricted to low flow areas for moderate void fractions (< 60~).

15



Quantities of interest

The X vol ~UC-n vol

uranium and weigh 600

for typical reactors are shown in Table V.

~ ZrC reactors require 200 to @(l lb enriched

to 2QO0

U02-W reactors (12 to 24 in.),

actors. Pure UC core reactors

and with total weights of less

lower melting point. To go in

lb. Their diameters are similar to the

which are half those of graphite re-

can be made with only 100 lb of U235

than 300 lb, again at the ~ense of

the direction of higher exit gas tem-

perature requires lower concentrations of UC in the solid solution,

higher melting diluents (HfC, TaC), and/or varying the UC concentra-

tion through the core. (The use of U233 in this

discussed later.) For example, raising the fuel

200°C by changing the composition from ~~ UC to

connection wild be

element melting point

30$UC inZrC adds

about @l lb for a uniformly loaded core with the same flow area.

Zirconium has very good neutronic properties, andUC composition can

be lowered to the point where the system is intermediate or thermal

(< @ Uc)e For very high exit gas temperatures, one might use TaC or

HfC (IwIP* 3800°C) with low concentrations of UC. Although Ta and Hf

are strong poisons in intermediate and thermal spectra, their use in

bulk is permissible in fast reactors even where the C/U ratio is * 5.

Eased on the best available cross-section data, Hf appears neutroni-

cal.lysuperior, as can be seen from !l%bleVI and Fig. 7, which give

critical radii for several such reactors. No metallic support struc-

ture has been included, since metal-carbide eutectics might form at

lower temperatures, defeating the goal of high exit gas temperature.

16



Thus, such reactors might have to use the carbides structura13.yas

well as for fuel elements. Hs.fniumcarbide has a negative coefficient

of reactivity that tends to limit loadings to a minimum of about 2%

OyC in the fuel if the reactor core is to be less than 3 f% in diameter.

Further dilution of the OyC leads to greater neutron leakage, a degraded

spectrum, and a greater capture in the Hf, which causes the critical

radius and reactor mass to increase very rapidly.

Uranium-233

me nuclear properties of U
233

are much superior to those of

oralloy (93% enriched U235) for fast spectra, as can be seen from com-

parison of their bare sphere critical masses of 16 and 52 kg, respec-

tively (~). One can take advantage of this

of different ways, e.g., reduce the minimum

of about 2, reduce the reactor weight for a

superiority in a number

reactor size by a factor

given flow area (power

level), increase the void space and therefore the flow area for a

fixed core size, alter the power distribution with fixed uranium load-

ings, or reduce the loadings while mdntaining the same core size and

void fraction. The last is prolxiblytie most pranising, particularly

with regard to achieving high gas temperatures (and consequently ob-

taining hydrogen dissociation). This nuclear superiority extends to

the intermediate spectra of

type described in reference

3000 lb with U233 .

sndl graphite reactors (C/U --150) of the

(~) which could be reduced to 2000 to

17



The mjor practical disadvantage of U
233

is radioactivityy, some

of which is intrinsic, but most of which is due to a contaminant

239 U233 ~ts CZISfo~owed by soft yts. A greater(U232). As does Pu ,

difficulty is due to

U232 impurity formed

series) is

the 2.6 Mev y-ray from the decay products of the

with the U233 . Briefly this decay chain (4n

~208
%

~208*
fas

and is the source

U232 a ~228 a .q@o > Bi212 a(34*)
70 p’ 1.9 y5?fast fast

The Pb208is formed only in its 2.6 Mev excited state

of the trouble. The 1.9 yr half-life of Th-228 controls the buildup

of activity for short times (< 4 years), which increases linearly from

zero activity just after separation of the U from the ‘I’h.(~) One

232
can try to minimize the U production or fabricate the reactor soon

after the metal separation. In either case, complications are in-

233
volved, and one would expect U to be used only after much experience

is gained withU
235 reactors. Much of the U

233 technology would fol-

low directly (fuel element

and physical similarities,

wxly non-nuclear research

A U233 fueled reactor

up, necessitating additional ground

tion, the fission product decay would probably dominate the activity,

239)
and reuse would not be further complicated. Uranium-233 (and Pu

have smaller delayed neutron fractions, which may make control more

fabrication, etc.) because of the chemical

and even

(thermal

would be

11238would be adequate for the

conductivity, melting points, etc.).

somewhat radioactive before start-

support effort; but after one opera-

18



difficult but not unfeasible, as demonstrated by the existing 1% fast

critical assemblies and reactors. Whereas Pu itself might also be con-

sidered as a fuel, in general, the physical properties (melting point,

vapor pressure, etc.) of its compounds are not as desirable for this

appli~tion.

2330 fraction isThe spherical core radius as a function ofU a

23502330 as U agiven in Fig. 2, curve b. Only ‘jOto 60~ as much U a

(93? enriched) is required for a fixed core radius; another way of

23302 in the fuelinterpreting this is that a 25 to 30~ loading ofU

2350is equivalent to a 50$ leading of U a. Alternatively, one could

keep the loading high and

to 3 for equal flow arw.,

‘Ihevalue of reducing the

to assess quantitatively,

all compositions, whereas

reduce the reactor weight by a factor of 2

as illustrated by the examples of ‘IhbleVII.

loading for U02-W fuel elements is difficult

since the metal retains its melting point for

the’maximum operating temperature would be

some unknown function of composition of the U02-W two-phase cermet.

On the other hand, the UC-MC solid solutions are single phase and have

definite relations between melting point and composition. Although

other factors may limit temperature (structural members, uranium loss

from the fuel, etc.), we shall assume the melting point as an index of

the achievable etit gas tempemture (which may be some fraction of the

melting point or some number of degrees below it). Then the perform-

ance is sixiplyrelated to the composition. A calculation has shown

that 22 VO1 ~ U233 c-78 VO1$ zrc fud iS neutronically equivalent to

19



an equal volume of ~ vol ~ OyC-’jOvol $ ZrC fuel in a 15 in. diameter

core. The former melts at * 3090°C, which is 315° higher than the

OyC-ZrC fuel, and in addition weighs only 81$ as much.

DISCUSSION

There are a number of topicsincluding control, uranium invest-

ment, power distribution, reflector materials, and shielding that are

associated with the nuclem aspects of these engines and warrant some

consideration here.

Control of fast reactors was a problem that inhibited their con-

sideration in the early period of nuclear development. Normal control

of fast reactors depends upon the delayed neutrons, as is the case

with thermal reactors, and thus the shorter prompt neutron lifetime

does not strongly affect the norml control problem. Should the re-

actor become prompt critical, the shorter lifetime, smiler temperature

coefficient, and smaller mass of nonfissile material to absorb the

energy release would make fast reactors more likely to melt or vaporize.

Nevertheless, fast critical assemblies (~) have been pulsed above

prompt critical without damge. The high reactivity worth of hydrogen

in fast cores necessitates care in preventing large amounts (such as

in slugs of liquid H2) from suddenly entering the core. This can be

all.etiatedby vaporizing the H2 in the reflector and/or keeping the

pressure above the critical value (188 psi) to avoid two-phase flow.

It might be possible to use the positive hydrogen reactivity as a con-

20



trol technique coupled directly to the power demand. Other techniques

that have been shown to be neutronically feasible in providing control

include movement of the inlet reflector, control drums in the side re-

flector, movement of fuel out of the core, and boron control rods in

the core.

Fast reactors chamcteristicdlly have high uranium investments

compared to therml assemblies of comparable size. However, for

power levels of the order of 1000 Mw, the requirements (200 to 500 lb

of highly enriched U235) are similar to those of graphite reactors

which are neutronicall.ylimited (small flow areas) and rather inter-

mediate In their energy spectra for this size. The fast reactor

fissile mass Increases with power level, whereas that for graphite

and other moderated systems decreases with size and power level.

Thus, for large, high power reactors, the-l systems my be more

economical, and due to the lower density of the moderator, can even

have lower reactor weights per unit power where heat transfer considera-

tions are limiting. For test purposes, one could mke very small,

lowpower UC reactors with X to 100 lb of enriched U235, but the

long term usefulness of such reactors is not clear.

Power distributions will.vary considerably with reactor and re-

flector sizes and compositions.

as flat as possible, and this is

ing reflectors (Be, C) lead to a

One desires to have the mdial power

typically so within: 10#Jo Thernaliz-

power spike at the core surface,

(Fig. 8, curve a), but this can be eliminated or reduced by putting
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some absorbing (or fissile) material in the reflector (curve b).

Generally the larger the core, the more it will apprcach a cosine-

shaped distribution. The axial distribution will be close to a cosine

for a 4 ft core, whereas it will be considerably truncated (as shown in

Fig. 9) for a small (19 in. long) core. Such a shape is generally de-

sirable, since it has high power density at the cold inlet and tails

off

can

where the gas is hot, although high power density at the cold end

lead to fuel stress and heat transfer problems.

On a weight basis, Be is the best reflector material. A direct

replacement of a 12 cm Be reflector would require over twice the

thickness of graphite. In a typical case, this could be reduced to

18 cm by incr~sing the core diameter 1~, which changes the weight,

power level, power distribution, etc. For these fast spectra, heavy

element reflectors are feasible, and Ni is almost as good as Be on a

volume basis. An equivalent (14 cm) Ni reflector would weigh about six

times as much as Be. If gamma shielding were a consideration, the Ni

reflector would act as a shield as well and, being closer to the core,

would be more efficient. Beryllium would be better for slowing neutrons,

and some composite might be optimum. Loading prt of the reflector with

fissile mterial would improve the core power distribution and supply a

portion of the temperature rise of the H2, which would improve control

and heat transfer at the core inlet.

The small physical size of the fast reactors leads to much smiler

shield weights than for less dense (e.g., graphite) reactors. Table
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VIII illustrates relative values for three types of reactors with two

types of shield. The shadow shield covers the inlet end of the reactor

and lies between it and the propellant tankage and payload. It gives

an attenuation of --5000 for 1 Mev gamma rays. The 5 in. circumferen-

tial shield gives an attenuation of x 70, and such a shield might be

required for rendezvous operations. Even with the reactor shut downy

the fission product decay gammas represent an appreciable source. We

do not imply that the specific shield weights given are either neces-

sary or sufficient; only the relative values are significant. However,

a 10 in. lead shadow shield has been estimated to be sufficient for a

biological shield under certain conditions, and a circumferential

shield with a factor of 70 attenuation would permit debarkation from

a nuclear vehicle a short time after landing.

A number

only the more

possibilities

of conclusions

important will

CONCLUSIONS

can be drawn from these cslculationsj and

be mentioned. First; fast reactors offer

both for lightweight nuclear rucket engines and for very

high temperature engines. Second, there is a wide variety of reactor

weights, sizes, and compositions from which to choose. Cermets of

fi350 -W require about 40 vol ~ loading to be superior to intermediate,
2

heavily loaded graphite reactors. Uranium carbide offers a spectrum of

possibilities ranging from very small, lightweight (*300 lb) pure UC

reactors with low exit gas temperature (< 2000°),throu@ mderate size
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and power UC-ZrC reactors,to heavier UC-HfC reactors of high (> 3000%)

texqperaturepotential. UraniuIn-233may be used to lower weights or in-

crease gas temperatures. The small physical size of fast reactors

(S- IIE3SS, high

iS required (SUCh

fissile mass with

moderated systems

density) is attractive where considerable shielding

as for manned orbital ferries). The increase in

size of fast reactors makes them less competitive witi

for very high puwer applications.
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TABLE I

NEUTRON ENERGY GROUPS AND SPECTRA

Upper

GrouP energy limit

1

2

3

4

5

6

7

8

9

10

n

12

13

10 Mev

307 Mev

1.3 Mev

o.~ Mev

0,183 Mev

24 kev

3 kev

0.45 kev

61 ev

8 ev

1 ev

O.1 ev

0.025 ev

50-50 vol $ UC-ZrC, Be-reflected reacto:

Core Reflector

spectrum spectrum Fissions/group

($) (%) ($)

3 ●3

15.3

28.1

26.2

19.2

5.8

1.5

0.4

0.08

0●10

0.025

0.005

0.006

1.7

8.2

16.6

17.3

16.6

12.7

8.9

6.1

4.0

2.7

1.8

1.2

2.2

2.2

10.5

17.9

18.2

20.0

12.0

6.4

4.5

2.6

1.2

105

100

1.8

Oy sphere

+2jn. Be

‘issions/gmuJ?

($)

5.4

23.0

27.6

18.8

11.g

5.0

2.4

1.9

1.0

0.7

0.7

0.5

1.0
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TABLE II

PROPERTIES OF MOLYBDENUM AND TUNGSTEN

Mop.
‘theor

N atr (1 Mev) am (1 Mev) aa

Element
(Oc)

g/cc
~024

atoms/cc (barns) (barns) (barns)

MO 2620 10.2 0.0640 4.2 1.1 0.02

w 3370 19●3 0.0632 5.2 2.0 0.05
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TABLEIv

METAL CARBIDE PROPERTIES

Mop. ‘theor

Compound
(Oc)

g/cc

Uc

Zrc

Nbc

TaC

HfC

Wc

MoC

B4C

2@0

3500

3500

3800

3800

2777

2570

13.5

6.9

7.8

14.5

12.7

15.7

8.48

2.54
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TABLE VI

CRITICAL RADII OF Be-REFLECTED UC-HfC ASSEMBLIES

Vol $ in core Loading# $ Void Core rad. (in.)

15% W, 35% HfC 0.3 50 3395

15$ o~~ 35$ TaC 0.3 50 66

15* OyC, 6c$ HfC 0.2 25 42

10$ OyC, 4@ HfC 0.2 50 59

%ol~OyC in fuel
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—

Reactor

200 Mw Uc

1000 MwUC-ZrC

1000 Mw Graphite

RELATIVE

Diameter

(in.)

TABLE VIII

SHIELDING REQKREMENTS

core Reflector (Be)

10 18

18 26

36 48

Wt

(lb)

Engine

500

~ooo

5500

Lead ahid.d.s

10 in. shadow 5 in. Ci?.’OmO

1200 2,700

2600 5,200

9000 16,000
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b
1’

c

I

I

I

d
I

Be I
I

9cm ~

Be

1

CORE I !
I

I
I

I
4 8

I

Be

FIG. 1. The geometry used for seversl one-and two-dimensimsl criticality
calculations. The core consists of 20 vol ~ UC, 20 vol.~ ZrC, 10’#Mo,
50$ void. The reflector is full.density Be, 9 cm tiick..,

a)

b)

c)

d)

One-dimensional (spherical) case● - C-&puted with 13 groqp cross
sections (k = 1.000) and with a collapsed set of 4 groups which
gave good agreement (k = 1.006), and was used for two-dim?nsicmil
catrputations.
Two-dimensional (finite circular cylinder) case, completely re-
flected, k = 1.038.
Similar to b) with exit reflector replaced by I-2cm of core,
k= 1.033.
Similar to c) with inlet reflector moved 9 cm from core for
control purposes. Ak = 0.062 = 1.0 #/cm.
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40 “ I I

30 —

20 —

10 —

r
()~
0.0 0, I 002 0,3

u (VOL. FRACTION U02 IN CORE)

4

FIG. 2.
of full.

a)

b)

Critical radii of UO.-W cores reflected by 12 cm of Be at 75%
density.

c

OyO fuel (93* enriched L?35), 50 vol ~ W in fuel.

&3s o fuel (5ovol ~ W in fuel element.

?
Other calculations

indica e thesradii to be relatively insensitive to the amount
of W in the core.
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2

Io,ooc

8,00C

6,00C

4,00C

2,00C

—

0

FIG. 3.

I I I I I I I I I I I I I

1
~ 500/0 VOID IN CORE

I I I I I I I I I I I I I
) I 2

FLOW AREA (ft2)

Mass vs. cross sectional fluw area in core for UO -W reactors.
1 (fuel loading) = veil.~UO in fueltu=vol*UO into &. Heat

transfer and fluid flow ana?yses indicated UP to 2800 ~ (100,000 lb
thrust) per 1 ftz of flow a&a appear feasible.
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3

3

2

2

2

I

I

I I I I I I I I I I I I I

8

4

[

J

I I I I I I I I I I I I I
3 20 30 40 50 60 70 80

VOLUME ~0 UC IN CORE (U)

FIG. 5. Critical radii of UC-ZrC cores reflected witi 12 cm of 75*
dense Be.

a) Fuel consists of 10@ UC.
b) 50vol *UC - 5ovciL *zrc fuel.
c) 30 Vol ~ Uc - 70 Vol * Zrc. “Max” indicates the point where

core void is reduced to zero.
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FIG.

3000
I I I I I I

d

2000 —

1000 —

EI 200/0 VOID
0 500/0 VOID

00
I I I I I I I 1

i 2

FLOW AREA ft2

6. Mass vs. cross secticmal flow a~a in core for carbide reactors
reflected by 12 cm of 75% dense Be.

a) 10@ UC fuel leads to very small reactors.
b) Fuel.cauposed of 50$ UC - 5@ Zfl, no structure in core.
c) The effeet qpon b) of adding 1~ by volume of the core of

W structure. The flow area is reduced and the core mass
increased.

d) A mom dilute fuel, 30$ UC - ?@ ZrC, 1~ W StrUCtU.I’ei.tl-
cluded.
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FIG. 70 Critic&l
of 75$ dense Be.
fuel.

core radii of various carbide cores zx%lected by 12
Curves lsbeled by vol ~ of nonfissil.e XWStal carbide

cm
in
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2,0

1,8

1,6

I04

I .2

I ,0

0,8

0,6

0,4

002

0,0 I I I I I I J-
4 8 12 16 20 24

R (cm)

FIG. 8. Radial power distribution for typical fast reactors-

8

a) Be reflector, no poison.
b) Be reflector with BIO.
c) Ni ~flector.
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AXIAL DISTANCE FROM INLET (cm)

FIG. 9. his3 puwer distribution for 19 in. long reactor, reflected

o

at

inlet-end.
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Appendix A

DETAIIS OF CAICULATIONAL TECHNIQUES AND RESULTS

1. CROSS SECTION

The set used for most of the calcila,tionswas a 13 group set of

SNG transport cross sections originated by C. B. Mills. This was in-

tended to be a subset of a “universal” 25 group set, but when the Mills

set was combined with that of G. Hansen (16 groups), an 18 group set

with some new group energy limits resulted. Since the author had been

checking critical assemblies for 2 years with the 13 group set and had

developed cross sections for several elements not included in the

others, he continued with the 13 group spacing, and occasionally tran-

scribed cross sections from the HansenWild_s 18 group set. In psxticu-

lar the l?35 set was so transcribed, rechecked on fast critical assem-

blies, and used in all calculations reported here. A description of

the cross sections follows, including complete IBM listings. ‘l%bleA1

lists some checks against Oy spheres reflected by materials of interest.

Subsequent to the work described here, a number of e~erimental

critical assemblies consisting of mixtures of Oy and metal plates were

stocked by G. Jarvis of N-2. Calculational checks with the 13 group

cross sections generally showed good agreement (~ 2% error in radius)

with two exceptions, Ni and Ta. The Ni cross sections gave too low a

critical mass, owing primarily to lack of inclusion of a recently ob-

served n-p r~ction at high energies. The Ta cross sections gave too
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high a critical mass, which resulted entirely from a conservative

choice of the high energy absorption cross section. Weighting the BN_L

energy-dependentcross sections by the typical fast reactor spectrum

(instead of choosing the maxhnumua in each energy group as was done

for T% Cl) eliminated the discrepancy between experiment and calcula-

tion.

2. REACTOR

Tables

CALCULATIONS

A2 to A9 contain details of many criticality calculations

of Be-reflected fast cores. They were compiled over a period of two

years, using several coding versions of spherical S4 transport theory

and the 13 group cross sections previously discussed. Most calcub-

tions used two regions (core and reflector) with

points in each, but for examination of the power

face, additional regions or varied point spacing

10 equally spaced

spike at the core sur-

were used. The re-

sults are tabulated separately on the basis of the core composition.

Each r~ctor is described by some main features such as materials,

(material percentages indicate vol ~ in core), loading (vol ~ of fis-

sionable compound in the fuel),

composition is given exactly as

24
the density in atoms/cc x 10 .

and void percentage.” Next the core

used in the calculation, where N is

This is followed by the core radius

Rc(cm) as found by the calculation and by reflector

radius Rref(cm) reflector. Since the earlier codes

variation of the core radius with a fixed reflector

density N and

did not allow for

thickness, and

since several reflector densities were used, we also include the re-
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flector thickness

density. We also

other cases where

in 1024 atoms/cm2,

list at the bottom

one or two changes

the product of thickness and atomic

of the tables calculations for

have been made, giting the base

calculation, the change, and the resulting new core and reflector radii

(Rc and Rref).
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Al Cl

B5

Be C3

HRIEF DESCRIPTION OF 13 GROUP CROSS SECTIONS

Aluminum - derived from BNL, unchecked.

Natural Eoron - unchecked (note error in group h).

Beryllium - based on BNL 325 and C. B. Mills data for low

and medium energies. High energy tmnsport and n - 2n

235
adjusted to check with 2“ and 4“ Be reflected U spheri-

c-cl

cal assemblies.

Carbon - based on BNL 325 with

energy transport to check with

spherical assemblies.

slight changes in high

grap~te reflected
235

Cd Cl Cadmium-from BNL 325, unchecked, for use in dilute con-

centrations.

Fe C3 Iron - transcribed from Hansen’s 16 group set and checked

235 sphere.against an iron-reflectedU

Gd Gadolinium - for control rods only - groups 1-4 have zero

cross section.

H4M Hydrogen - from C. B. Mills 13 group set.

H(G+l) Hydrogen - basically from the above set, with some cross

section moved from a to u such that x > 0 for
g +g+l gg a.

H20 and CH2. keff for this set is usually 1$ lower than

for H4M in wel~moderated systems (H/U >100).

Hf Cl Hafnium - BNL 325 &ta plus cloudy crystal balJ.model and

Topsy replacement data at high energies. Inelastically

scattered neutron distribution by the statistical model.
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Mo C4

Ni C3

Ni C4

ox

Pu

Ta c1

Ta C2

U233 Cl

U235 Cl

u238 c1

28 C2

WC2

Zr C3

Molybdenum - same basis as Hf plus G. Bell’s resonance ab-

sorption and scattering for homogenmus dilute concentra-

tion.

Nickel - from BNL 325 and Topsy replacement data keff =

0.993 for 4“ Ni reflected U235 sphere.

Ni C3 plus high energy n - p reaction.

oxygen - BNL 325, no clear check.

Plutonium - from Hansen’s 16 group set. No independent

check.

Tantalum - same basis as Hf, but conservative values used

for high energy absorption.

Tantalum - Ta Cl with high energy absorption weighted by

fast reactor spectrum.

#33 - frOIU Hansenfs 16 group set.

U235 - from Hansen’s 16 group set, plus G. Bell’s dilute

homogeneous resonance cross sections. keff = 0.9994 for

U235 bare sphere.

U238
from Hansents 16 group set plus G. Bell’s Mlute

homogeneous resonance cross sections. kefl = 1.002 for

2“ U238 reflected 238.
sphere.

U238 - with smaller high energy absorption to agree with

low enrichment fast spectrum experiments.

Tungsten - same basis as Mo C4.

Zirconium - from Hansen’s 16 group set.
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TABLEA5

U235C.ZI.CREAc!l!ORs

Description

Vol $, core

Uc -40

Zrc -40

Mo o

Void 20

Case No. 253

Core

N(235) .0129

N(238) .0009

N(C) .0276

N(Zr) .0138

N(Mo)

R~) cm 12.84

Reflector

N[Be) .123

, cm 21.4

NtR%4 atom/cm2 1.05

- 27

-53
0

20

254

.0088

.0006

.0282

.0188

15.97

●123

23.$5

.*

20

20

10

50

256

.00588

.0004

.0139

.0076

.0064

22.92

.12

32.08

1.10

15

25

10

50

257

.00441

.0003

.0142

.00952

.0064

26.9

.12

35.9

1.08

30

30

10

30

258

.00883

.0006

.0208

.0114

.0064

17.0

.12

25.5

1.018

259 Similar to 257. Withoutreflector.Rcore = 43.05

257aSimilarto 257. 10$ W in place of 1O$MO, Rcore = 27.89,

Rref = 37.19.

257bSimilarto 257. 5% W in pbce of 10~ Mo, Rcore = 27.61,

R
ref = 36.81

253aSimilarto 253. (UC)l(ZrC)l,60$ void,Rcore = 18.66,Rref = 31.1

254aSimilarto 254. (UC)l(ZrC)2,60~ void,Rc = 23.47, Rref= 35.2

256a Similar to 256. 10~ W in place of Mo, ARcore = +0.43 cm,

Rc = 23.35, Rref = 32.69

256b New Mo(C4) and Zr(C2) U’S. Rc = 22.73, Rref = 31.82
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TABLEA6

U235C-METAL CARBIDE REAC!!X)RS

Description

Vol $, core

Uc

Metal Carbide

w

Void

Case No.

Core

N(235)

N(238)

c

Zr

Hf

Ta

w

Mo

Rc, cm

Reflector

N(Be)

NtR% :Om/Cm2

15

35 HfC

o

50

321

.00443

.0003

.01823

.0135

42.48

.og2

54.48

1.104

10

40 HfC

o

50

322

.00295

.0002

.0186

.01545

76.6

.og2

88.6

1.104

#400

401

402

403

404

405

406

407

408

15

35 TaC

o

50

325

.00443

.0003

.02003

.0153

71.6

.og2

83.6

1.104

20

20 ZrC

10

50

400

.00588

.0004

.0139

.0076

.00625

24.27

.1

36.27

1.20

15

60

0

25

42o

.00443

.0003

.0279

.0232

53

.0427
65

1.11

as k .99913,401-405changedelementdensitiesin innereff =
22.7 cm of core.

AN(235)= + .001,k = 1.0567,Ak = 0.707 (kg mole)-l = 0.003/kg-1.

AN(c) =.+ .005,k = 1.0083,&k = 0.0226 “ “ “ = o.oo19/kg-?
-1AN(Zr) = + .005, k = 1.0179, Ak = 0.0462 “ “ “ = 0.00051/kg .

AN(w) = + .005, k = .99319,Ak =-o.0148 “ “ “ =-o.000076/kg-L.

= + .001, k = 1.0082, & = 0.112 “ “ “ = o.056/kg-1.

10#JMo (N = .0004) replacing W, Rc = 20.47, Rref = 34.47.

Similar to 400. Ref. of Graphite at N= 9067} tref = 34.6 cm.

Similar to 400. Ref. of Ni at N . ●073, tref = 14.02.
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TABLEA7

U23302-WREACTORS

Description

Vol $, core

U02

w

Void

CaseNo.

Core
U233

o

w

Rc’ cm
Reflector

N(Be)

,Cm

NtR;;;4atom/cm2

20

-30

-50

314

.00488

.00976

.01$30

21.39

.og2

33.05

1.08

32

-48

* 20

315

.00782

.0156

.0303

14.82

.og2

25.30

0.962

15

40

35

413

.00338

.00676

.0271

28.89

.og27

40.89

1●JJ.

10

30

60

414

.00225

.00450

.0181

41.47

,0927

53.47

1.11

422 Similarto 413,half as muchW, N = .0136,Rcore = 28.4o,

Rref = 40.40

413a Similarto 413, half as much O, N = .00338,Rcore= 29017,

Rref = 41.17

414aSimilarto 413,half as much O, N = .00225,Rcore = 41.98

Rref = 53.98

21.7

42

36.3

419

.00488

.00976

.0281

21.02

.0927

33●O2

1.11
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Description

Vol $, core

Pu 02

w

Void

Case No.

Core

PI-l

o

w

Rc’ cm

Reflector

N(Be)

R cm
ref)

Nt 1024 atom/cm2

TABLEA9

PU-02-WREACTORS

16

30

54

316

.004

.008

.019

‘4.8

.Og’

38.3

1.’4

10

30

60

317

.00’4

.0048

.019

39.6

.092

53.2

1.25

7

28

65

3~8

.0017

.0034

.018

55.8

.Og’

69.3

1.’4

317a No reflector,Rcore= 55.1cm.
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