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FAST AND MODERATED LOW POWER, LIGHTWEIGHT
REACTORS FOR NUCLEAR ROCKET PROPULSION
by Frank E..Rom

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio

INTRODUCTION

The current U.S. program to develop & nuclear rocket engine is
centered around the application of nuclear rockets to large-scale manned
interplanetary missions. Conventional mission studies indicate that reac-
tor power levels of 10,000 megawatts and higher (500,000 1b thrust) are de-
sirable for this application (refs. 1 to 5). Inasmuch as the payload for
these missions is of the order of several hundred thousand pounds, minimiz-
ing the weight of the powerplant (as long as it is measured in tens of
thousands of pounds) is not as important in improving performance as is in-
creasing specific impulse. Consequently, there has been little emphasis
placed on the selection of reactors based on minimum weight. Certain ap-
plications of nuclear rockets, as discussed in references 6 to 9, would re-
quire the minimization of reactor weight. In particular, missions where
the payload weight is of the order of the powerplent weight, would show
major performance gains if lightweight reactors were available. Such mis-
sions are typical of unmanned high-energy (high-velocity increment) instru-
ment probes. In addition, if perigee propulsion (successive small bursts of
thrust near the perigee) is used at Earth departure in place of the conven-
tional technique of applying a continuous single high-thrust period, the
required power levels are reduced by an order of magnitude even for manned
missions (ref. 10).

The possibility of providing low-power lightweight reactors for nuclear-
rocket application is examined herein. The nuclear propulsion scheme con-
sidered is the direct heating system where hydrogen, the propellant, is
heated by passing it through a reactor core made of high-temperature mate-
rials. Figure 1 illustrates a typical nuclear rocket. Hydrogen is pumped
from the propellant storage tank and fed to the nuclear rocket engine. It is
used to cool the nozzle, reflector, pressure shell, or any other parts that
require cooling before it passes through the reactor core. The core is com-
posed of an array of fissionable fuel-bearing heat-transfer passages that
permit removal of the fission energy generated within the core materials.
Thrust is produced by expanding the heated hydrogen through a convergent-
divergent nozzle. A control system is provided to startup, operate, and
sinttdown the reactor..

It is the purpose of this lecture to describe the fundamental reactor
types, to present the properties of the high-temperature materials available
for nuclear-rocket-reactor application and to present various reactor con-




cepts that may have the potential for achieving the goal of low-power
lightweight nuclear-rocket powerplants.

REACTOR TYPES

Reactors are usually classified according to the energy range of the
neutron spectrum that produces fissions with the fuel. Reactors in which
the majority of the neutrons cause fissions while they are near their birth
energy are called fast reactors (fig. 2). If the neutrons are slowed down
by collisions with the materials of the reactor so that the majority of
neutrons are in thermal eguilibrium with the reactor materials before they
cause fissions then they are called thermal reactors. In between, there
are the epithermal and intermediate reactors where the neutroms cause fis-
sion while at erergies tetweern thermal and birth energy. The use of a
moderator material tc siuw neztroas to thermal energy results in the neu-
trons having greater protabvility for fission when they dc collide with
fissionable fuel nuclei because of the higher cross section at lower energies
(fig. 2). Less fuel atoms are therefore required in the thermal reactor
that will be shown to be important from the standpoint of less complicated
reactor-fuel-element-materials develcpment. Fast reactors require large
concentrations of fuel atoms for two reasons. First of ail, if an
abundance of other materials were present, an excessive number of thermaliz-
ing collisions would occur from neutron birth to fission capture thus
shifting the spectrum downward tending to make the reactor intermediate or
thermal. Secondly, since the procability cf fission absorption at high
energies is very much less than at thermal energies, more fuel is required
to maintain a sufficient aumber of fissions for criticality. As will te
discussed later, the large fuel conceatrations regquired constitutes an im-
portant problem of the fast reactor.

‘Reactors can alsc e cliassified accordizng *¢ the arrangement of the
materials contained within them (ref. 11). If all the materials are rel-
atively uniformiy dispersed throughcut the core the reactor is said to Te
homogeneocus. If significant portions of *he core materials are physically
separated from other portions the reactor is said to be heterogeneous.
I1lustrations of homogeneous and heterogeneous reactors are shown in fig-
ure 3. In the homogeneous fast reactor the fissicnable fuel, such as a
uranium compound, is dispersed in, dissclived in, or mixed with a suitable
refractory structural material, such as tungsten or zirconium carbide.

The heat that is generated by the fissioning fuel is transferred to the
refractory structural material by ccnduction since it is intimately mixed
with the fuel. The heat is removed from the fuel-refractory mixture by
hydrogen flowing through appropriate heat~transfer passages. In tThis il-
lustrative case, the heat-transfer surfaces are supplied by small circular
flow passages uniformly distributed across the face of the core. Inasmuch
as the fast reactor requires relatively large amounts of fissionable fuel
for criticality, it is necessary to maintain high concentrations of fuel
within the refractory materiai. Typically, ebout 50 percent of the core
material volume may be occupied by fuel atoms or molecuies. This may be
expected to lead to large adverse effects on the properties of the re-




fractory material that contains the fuel. The chief advantage of the
fast reactor is that it can be made small in size if the fuel concentra-
tion can be kept high,

The homogenecus thermal reactor is identical in arrangement of mate-
rials to a fast reactor except that the fuel bearing material is replaced
with material that is also a good moderator. In the case of the nuclear
rocket the moderating material must therefore be a refractory material since
the fission heat is generated within it. Since it must supply the heat-
transfer surfaces necessary to transfer the heat to hydrogen, the moderator
must also be resistant to hydrogen attack. If the core material is not re-
sistant to hydrogen, the exposed surfaces must be protected by a coating
of a material that is. The amount of fissionable material required for this
reactor is relatively low. The effect on the properties of the refractory
moderator should te relatively low.

In summary, to meke a good thermal homogeneous nuclear-rocket reactor
the moderator must (1) be a good refractory material, (2) be compatible
with a fuel material, and (3) be compatible with hydrogen propellant. The
chief disadvantage of the thermal homogeneous reactor is that the range of
materials that satisfy the preceding requirements is very limited.

The therma’l heterogeneous reactor separates the moderator from the
fuel-bearing material as shown in figure 3. This separation permits the
use of the best refractory materials for the high-temperature heat-
generating portions cof the reactor without regard to its moderating capa-
biiity. Inasmuch as the moderatcr need no longer operate at the fuel-
element temperature levels, it may be independently cooled and maintained
at any desired temperature level, limited only by the ability to remove the
moderator heat with available coolants. 1In the case of the nuclear rocket,
the incoming hydrogen represents a more than adequate heat sink at low
temperature leveis. Many moderators can, therefore, be considered. The
penalty for the privilege of being gble to use the best refractory mate-
rial together with having a chcice of moderators, is that a cooling system
is required for the moderator. In addition, insulation must be provided
betweesn the hot fuel-element zones and cool moderator zones. Inasmuch as
the reactcr is thermal, the fuel loadings tend to be low thus minimizing
fuel-materiai-development problems. The fuel-bearing refractory materials
must be low in neutron absorption cross section to take advantage of the
low fuel-loading requirement of this reactor type.

REFRACTCRY MATERIAIS

The primary purpose of the nuclear rocket is to heat hydrogen to as
high a temperature as possibtle to achieve the maximum specific impulse.
In the case of the solid-ccre or heat-transfer-type nuclear rocket that
is being considered in the present lecture, the fissionable material is
contained within solid materials. Refractory materials are, therefore, the
key to the achievement of the best nuclear rockets. More specifiecally,
the rroperties desired of the auclear-rocket reactor fuel-element material
are as follows:




(1) High operating temperatures (~5000° F)

(2) Compatibility with fissionable material it contains
(3) Compatibility with hydrogen up to about 5000° F

(4) Low evaporation rate for long life (~10 to 100 hr)

(5) Adequate tensile and creep strengths at all temperatures for long
life and reliability

(6) Good thermal stress and shock resistance for recyclability
(~100 cycles) and operation at high power density (high thermal
conductivity, low expansion coefficient, low elastic modulus,
high strength)

(7) Low neutron absorption cross section particularly for thermal
reactors

(8) Fsbricability

The following discussion progressively goes through the various prop-
erties of refractory materials that might be considered for fuel-bearing
materials in an attempt to indicate their potential.

Melting Points

The melting points of refractory materials (metals and ceramics) are
listed in table I to indicate the maximum temperature potential that is
available for fuel-bearing materials. Of the refractory metals tungsten
has the highest melting point of 6120° F (ref. 12) followed by rhenium at
5740° F (unpublished data from J. A. McGurty, General Electric Co.,
Cincinnati, Ohio), tantalum at 5430° F (ref. 12), osmium at 4890° F
(ref. 13), molybdenum at 4710° F (ref. 14) and nicbium at 4530° F (unpub-
lished data from J. A. McGurty). Inasmuch as tungsten 184 is an isotope
of tungsten, it has the same melting point as natural tungsten. The melt-
ing point of the alloys 0.74 W - 0.26 Re and 0.90 Ta - 0.10 W (ref. 15)
are shown in the table to indicate that it is possible to conbine refractory
elements with the hope of improving some desirable property at the expense
of another. For example, rhenium is added to tungsten to increase its
ductility at room temperature; a loss in melting point of 470° F results,
however. The reactor designer must use his judgement in determining
whether such trade-offs in properties are worthwhile.

The melting point of the nonmetallic refractories are shown in the
right hand column of table I. The data were obtained from reference 16.
Hafnium carbide (m.p., 7030° F) and tentelum carbide (m.p., 7020° F) have
the highest melting points of any known compounds. They are followed by
carbon, which sublimes at 6700° F. Niobium carbide (m.p., 6330° F) is one



of the four known materials that has a higher melting point than tungsten.
A11 the other ceramic materials listed have melting points lower than
tungsten.

From the melting-point data alone, it would appear that tungsten,
hafnium carbide, tantalum carbide, carbon (graphite), and nicbium carbide
have the greatest potential for achieving the highest nuclear rocket hydro-
gen temperature.

Nuclear Properties of Refractory Materials

Nuclear properties are of major concern to thermal reactors and only
of minor concern for fast reactors. In general, the thermal absorption
cross section for fuel-element materials for thermal reactors should be
less than 10 barns. If this value is exceeded the fuel-loading requirements
tend to approach those reguired for fast reactors. The thermal cross sec-
tion is irrelevant to the fast reactor. The resonance integral, however, is
of some concern inasmuch as the low-energy tail of a fast reactor neutron
spectrum frequently dips down into the resonance range, as in the case where
a moderating reflector is used with the fast reactor. An additional source
of low-energy neutrons may arise from inelastic coliisions of neutrons with
core materials.,

Some nuclear properties of refractory materials are listed in table II.
The data were cbtained from reference 17. The properties listed are the
thermal microscopic absorption cross section and infinitely dilute resonance
integral. For easy reference the material density and atomic density are
also shown. Carbon has the lowest cross section of all the materials con-
sidered. Tungsten, which has the highest meiting point of all metals, has
a thermal absorption cross section of 19.2 barns, which is rather high for
thermal reactors. It alsc has a relatively high resonance integral. The
mostv abundant isotope of tungsten, W184, has a low absorption cross sec-
tion {2 barms) and a low resonance integral (10 barns). The desirsbility
of enriching natural tungsten in the wiS4 isotope for thermal reactors is
apparent. Tantalum and rhenium have unacceptably high cross sections.
These elements have no isctopes with low cross sections and are therefore
poor candidates for thermal reactors. Of the carbides, NbC and ZrC would be
suitable for use in thermal reactors. HIC and TaC are satisfactory for fast
reactors only.

This table indicates that the materials with attractive melting points
only C, W184, Mo, ZrC, and NbC would be satisfactory for thermal reactors.
The remaining materials have relatively high neutron absorption cross sec-
ticns that make them applicable only for fast reactors. It should be em-
phasized that tungsten must be enriched in the W184 isotope to reduce the
thermal cross section to less than about 10 barns, which should be accept-
gble for a thermal system.




Vaporization Rate of Refractory Materials

It is important to consider the vaporization rate of the refractory
meterials, since 1t determines at a given temperature the lifetime of the
material to be used for fuel elements. Figure 4 shows the wvaporization
rates in vacuum of the most refractory materials knowa. The rate of
evaporation in the presence of a flowing hydrogen atmosphere may te less
than that which occurs in a vacuum. The actual rate under such conditicns
would depend on the hydrogen density, hydrcgen veloecity, and rate of dif-
fusion of the refractory materiai atoms or mclecules in hydrogen. As can
be seen from figure 4, tungsten has the lowest vaporization rate of any of
the materials known. Tke vaporization rate <f tungsten is almost an order
of magritude lower than any other refractory material. At a temperature
of apout 5000° F the vapsrabion rate of Huagsten is about 0.10 mil per
hour. In 10 hours, therefore, I mil of material would be evaporated; in
100 hours 10 mils would te evaprratel., It iz doutful whether vapcrization
rates greater than 0.0 mil per nour would be desirable for a nuclear-
rocket application. At this evaporaticn rate tantalum would have a maximum
operating temperature of about 470C° F. Tantalum carbide, niobium carbide,
hafnium carbide, and rhezium would have maximum operating temperatures of
about 4500° to 4600° F. There is a discreparcy in the data available for
hafnium carbide. The second set of data for hafrnium cartide shcwn to the
right would indicate an operating “emperatire of about 4300° F. Carieun,
molybdenum, and zirconium carpide would have operating temperatures con-
siderably less thar 4000° F for & vaporization rate of 0.10 mil per hour.
At 4000° F the vaporization rates for Mo, C, and Zry are about 0.5, 1.0,
and 5.C miis per hour, respectively. In urder to be used at or above
4000° F, these materials must be coated with a material that has a lower
evaporation rate. In order *“o achieve operating temperatures beyond
4000° F then, the onliy materia’s to comsider withcut coatings are tungsterz,
tantalum, rhenium, tantalim carcide, nicrium carcide, and hafrium carbide.
The alternative is to deszign a reactor that can tolerate large Zosses of
material, This, of course, would require fuel elements with rather thick
sections so thai the amount logs co2ld be tolerated. Whether such a scheme
can produce a frulitful reactor will depend greatly on the ingenuity of the
designer. The data for the vaporizaticn rates were oxtairned from the fol-
lowing references: Tal and Zri, reference 13; NoC, reference 18; W, refer-
ence 19; HFC, reference 2); Mc, unpurlished data from J. A. McGurty; C,
reference 21; Re, referexce 22, unputlished data frum J. E. Port, Chase
Brass & Copper Co., Cleveland, uUrlo, and unpuhiished data from J. A. MeGurty;
and Ta, reference 23 and unpublisked data from J. A. McGurty.

Additional Properities of Refractcory Materials

Table ITI shows some additional properties of refractory materials that
are of importance for nuclear rackets. The takble Lists the thermal conduc-
tivity, linear expansion coefficient, moiuius of elasticity, ultimate ten-
sile strength, and thermal sitress parameter., The thermal stress parameter
is the product of the thermaX conductivity and ultimate tensile stress
divided by the product of the Linear expansioxn ccefficient and moduius of
elasticity. The data are for a temperabture of 5))0¢ F, unless otherwise



noted. The thermal stress parameter is of great significance in indicat-
ing the ability of the material to withstand the thermal stresses in-
volved with the high heat fluxes that occur in a nuclear-rocket reactor.
The ideal fuel-element material would have a high thermal conductivity, a
low linear thermal expansion coefficient, low modulus of elasticity, and
high strength. It would, therefore, have a high value for the thermal
stress parameter. The data for table III were obtained from the follow-
ing references: W, references 12, 15, and 24; Ta, reference 25; Mo,
reference 26; C, references 27 to 31; HfC and TaC, reference 32; NbC

and ZrC, references 13, 16, and 33 to 41.

The properties in table III are given at the highest temperature for
which data could be found. High-temperature property data is virtually
nonexistent and in several cases room-temperature values or estimates are
given. The data should not be accepted as the last word in properties.

The data shown are merely indicative to give a rough idea of the relative
merits of the various refractory materials shown. Tungsten has the highest
thermal conductivity of all the materials shown. Its value is about 3 to
3.5 times that for the carbides or graphite.

The linear expansion coefficient is very nearly the same for all the
materials considered, varying from about 3 to 5%x10~° inch per inch per Or.
The modulus of elasticity is shown to be quite high for the carbides, due
chiefly to the lower temperature at which the data were obtained. Tantalum
has the lowest value shown, being about ome-tenth that for tungsten.
Graphite has a value about one-fourth that of tungsten.

Depending on the rate of application of load, tungsten has an ultimate
tensile strength at 5000° F of 2000 to 7000 psi. The only other data at
5000° F is that for graphite. Graphite at 5000° F has a tensile strength
of about 1600 to 6000 psi depending on its grade and density. The highest
temperature for which strengths of the carbides have been measured is
4000° F. The tenmsile strength was assumed to be one-half of the measured
bend strength for these materials.

The corresponding values for thermal stress parameter indicate that
tungsten at 5000° F and tantalum at 4500° F have the greatest thermal
stress resistance of all the materials considered. Molybdenum and graphite
have a thermal stress parameter about one-half to one-sixth that of tung-
sten. The carbides show a thermal stress parameter of less than one-tenth
that of tungsten.

Melting Points of Refractory Uranium Compounds

The melting points of the refractory uranium compounds and uranium



metal are shown in table V. The data for the compounds were obtained
from reference 42 while the data for the metal was obtained from refer-
ence 43. The highest melting point shown is 5230° F for uranium nitride.
Unless the nitride has an overpressure of nitrcgen, it is unstable and de-~
composes into nitrogen gas and ursnium metal (ref. 44). Its use would,
therefore, be limited to situations where nitrogen overpressure could be
maintained. Uranium dioxide and uranium carbide are the commonly used
uranium compounds. Uranium dioxide has & melting point of 5075° F, while
the carbides of uranium have a melting point of 4350° F. Uranium boride
(m.p., 4625° F) would not be attractive especially for thermal reactors.
In addition, the lower uranium atom density of UB, makes it less attractive
particularly for fast reactors where high uranium loadings are reguired.
Uranium sulfide (m.p., 4465° F) although possessing a higher uranium atom
concentration than U0s has an appreciably lower melltiag point and would be
less attractive for this reason. The melting point of uranium metal is
shown for comparison purposes. Jranlum dioxide stands oxt as the most re-
fractory stable uranium compound.

Vaporization Rate of Tranium Compounds

The vaporization rate of the refractory uranium compounds in vacuum
is shown as a function of temperature in figure 5. The vapcrization-rate
data for UN were obtained from reference 45, for Uy from references 12,
46 and 47, for US from reference 48, and for UC from references 46, 47,
and 49. The vaporization rates of uranium nitride, uranium dioxide, and
uranium sulfide are alli about the same. Uranium carbide has the lowest
vaporization rate of all the uranium compounds shown. If the criterion
that was applied earlier for refractory materials is used, note that uranium
carbide would operate at a temperature of only about 4000° F without exceed-
ing the 1071 mil per hour vaporization rate. Uranium nitride, uranium
dioxide, and uranium sulfide must operate at a temperature of iess than
3200° F so as not to exceed this evaporation rate. It is clear that, in
order to achieve a temperature approaching 5000° F, the uranium compounds
cannot be used alone as fuel because of their high vaporization rates.
This indicates the necessity for complete containment of fissionable com-
pounds by refractory materiais for operaticn at high temperature to pre-
vent exposure at surfaces where the fissicnable compounds would evaporate.

Compatibility of Refractory Materials and Fuels

In order to provide a satisfachory fuel element the refractory mate-
rial that constitutes the matrix or container for fissionable material must
be compatible with the fissionabie material and hydrogen. Compatibiiity
means that no reactions take place during operation of the fuel eliemeat
that affects the properties of the fuel element significantly.

Data on the compatibility of refractory fuel-element materials with
uranium dioxide, uranium carbide, and hydrogen is shown ia tablg V. Tungs+
sten shows no reaction with U0, up to the melting point of Uz (ref. 50),



a reaction with UC at 4540° F (ref. 29), and no reaction with hydrogen.

A composite of tungsten and U0, should be of great interest for fuel ele-
ments because tungsten is the most refractory metal, UO, is the most re-
fractory stable uranium compound, and tungsten is inert to hydrogen.

No data were found for the compatibility of rhenium with UO,. It
forms a ternary phase at 3270° F after 24 hours (ref. 51). There is no
reaction with hydrogen at least to 4000° F (ref. 13).

Tantalum shows no reaction with UO2 (ref. 50). There is no reaction
with UC up to at least 3270° F (refs. 52 and 53). Tantalum shows
negligible reaction with hydrogen at 2370° F and higher (ref. 71); however,
it reacts with hydrogen at temperatures below 2000° F to form the hydride.
If tantalum is to be used for fuel-element material in a hydrogen-cooled
reactor, the reactor temperature must pass through the low-temperature
range quickly to avoid hydride formation.

Molybdenum does not react with U0, at least up to the melting point of ¢
molybdenum (ref. 50). Molybdenum reacts with UC at 1835° F (ref. 52).
There is no reaction with hydrogen up to the melting point of molybdenum
(ref. 12). Molybdenum-UO, composites would make a satisfactory basic
fuel-element material if operating temperatures are limited to less than
the melting point of molybdenum.

graphite is not compatible with U0z in that it forms UC at a tempera-
ture of 3500° F (ref. 50). Uranium carbide and graphite have a eutectic
temperature of 4260° F (ref. 53) and at 4350° F UC and UC, melt (ref. 42).
There is a strong reaction between hydrogen and graphite above 2800° F
(ref. 29). As discussed in reference 94, graphite-based fuel elements
must be protected from hydrogen reaction by a technique such as the use of
a coating that is compatible with hydrogen. The metallic carbides are ob-
vious candidates for such use. The development of techniques for coating
graphite with the carbides of zirconium, niobium, and tantalum was re-
ported in reference 55,

Hafnium carbide shows no reaction with UO, up to 5000° F (ref. 50),
forms a continuous solid solution with UC, and reacts with hydrogen above
4840° F (ref. 56). Although HfC is one of the highest melting refractory
materials it has a limited potential in its application as a fuel-element
material inasmuch as it reacts with hydrogen far below its melting point.
In addition, if it is used as a solid solution with uranium carbide, its
melting point would be depressed.

Tantalum carbide behaves in a manner similar to hafnium carbide. It
reacts with UO2 at 4900° P to form UC (ref. 50). It forms a solid solu-
tion with UC and reacts with hydrogen above 4630° F (ref. 56). NbC and
ZrC also react with UOp above 4000° F and 4500° F, respectively (ref. 50).
They form solid solutions with UC and reaet with hydrogen above 4680° F
and 4780° F, respectively (ref. 56). The limitations of these carbides
for fuel-element application are similar to those for hafnium carbide.
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Tungsten

It has been shown by the previous figures and tables that tungsten
appears to have very attractive properties especially with regard to
vaporization rate, compatibility with one of the most refractory fuel
compounds, uranium dioxide, and compatibility with hydrogen. Tungsten
has also been shown to have excellent resistance to thermal stress at
5000° F because of its relatively high thermal conductivity and strength.
Although tungsten can be used in its natural state for fast reactors it
must be enriched in the tungsten 184 isotope if it is to be used for
thermal reactors. On the basis of data such as this, tungsten may be ex-
pected to have the greatest potential for producing the highest specific
impulse obtainable by solid core nuclear rockets.

Tnasmuch as tungsten seems to have the greatest promise of all the
refractory materials considered for nuclear-rocket fuel elements, addi-
tional data are presented for tungsten. The data that follow and the data
that precede apply for tungsten without fissionable material additives such
as would be required for fuel elements. Very few data are availeble on the
effect of fuel additives. It would be anticipated, however, that most
properties would be adversely affected.

Strength properties. - In figure 6 the tensile strength of tungsten is
plotted as a function of temperature for both recrystallized and wrought
ﬂungsten /ref 15). At temperatures above 4000° F, the properties of
wrought and recrystallized tungsten are essentlally identical. Below this
temperature range recrystallized tungsten has somewhat lower tensile
strength than wrought tungsten. In general, at temperatures below 2000°
or 3000° F the tensile strength of tungsten is greater than 10,000 psi and
at room temperature the values exceed 100,000 psi. At 5000C F tungsten
has a tensile strength of at least 2000 psi.

Figure 7 shows the elongation of tungsten plotted as a function of
temperature, while figure 8 shows the reduction in area from reference 15.
These data show that tungsten exhibits ductile behavior over the entire
temperature range sbove about 400° to S500° F. At this temperature or be-
low, the tungsten exhibits a brittie behavior. Minimum elongations vary
from 5 to 10 percent for temperatures of 600° F to almost the melting
point. At 5000° F the elongation is approximately 10 percent, indicating
that the material is ductile at this temperature whether recrystallized
or wrought.

The yield strength of tungsten is shown in figure 9. As in the case
of the tensile strength, no difference in the properties of wrought or
recrystallized tungsten is indicated at temperatures above 4000° F. The
yield strength at 5000° F is, at least, 1000 psi. Stress-rupture data
for tungsten (ref. 15) is shown in figure 1C. At a %temperature of 5000° F,
the time to rupture for a stress of 1007 psi is about 30 hours. By
further extrapolation, the stress anticipated to produce rupture in 100
hours is about 800 psi. The creep stress of tungsten as a function of
linear creep rate for several temperatures is shown in figure 11. At a
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temperature of sbout S000° F the allowable creep stress is about 800 psi
for a linear creep rate of 10-% inch ver inch per minute. This creep rate
is consistent with producing an elongastion of about one-half percent in
10 hours. At 4000° F the allowsble creep stress is sbout 18667 psi for a
creep rate of 104 inch per inch per minute.

Tt should be noted that the properties of tungsten that have been
discussed do not include the properties of tungsten containing a fission-
able material additive. Much work needs to be done to determine the prop-
erties of fueled tungsten for a range of fuel loadings required for thermal
and fast reactors.

Tungsten 184 production. - As discussed earlier, in order to use tung-
sten for a thermal reactor it must be enriched in the tungsten 184 isotope
because it has a relatively lcw thermal and resonance absorption cross sec-
tion. The total cross section of tungsten as a function of neutron energy
is shown in figure 12. It is readily observed that the isotopes 182,

183, and 186 have several high resonance peaks in the lower resonance
range indicating a high resorance abscorption integral. On the other hand,
tungsten has only a relatively small resonance at the higher end of the
neutron energy range. It is quite apparent that it is desirable to enrich
the tungsten in the 184 isotope. The Oek Ridge gasecus diffusion plant
has made a study indicating the feasibility of enriching the tungsten in
the 184 isotope (ref. 57). The conclusion reached was that it is feasible
to enrich tungsten in the 184 isctope in existing gaseous diffusion plant
equipment with essentially no modification. Quantities of the order of
8950 pounds per year could be produced in existing equipment at a cost of
about $1450 per pound. The tungsten 184 would be enriched to a value of
78.4 percent in this case. Estimates have also been made for the cost of
producing enriched tungsten in a new plant. Figure 13 indicates the re-
sults obtained in reference 57. The cost of the tungsten product in
dollars per pound is shown as a function of production reate in pounds per
year for two enrichments (93 and 65 percent wis4 }o For production rates
of 60,00C pounds per year the cost is about $160C per pound for 93-percent
enrichment and $1000 per pound for 65-percent enrichment. When the fis-
sionable material saving created by the use of tungsten 184 and the cost
of a mission are teken into account, the cost of the tungsten is quite
reasonablie.

Typical compositions of isotopically enriched tungsten are shown in
table VI. For reference purposes the composition of the natural tungsten
is also shown. Notice that the tungsten 184 isctope is the most sbundant
of the tungsten isotopes aithough the 182, 183, and 186 isotopes are also
quite abundant. In mixture 1 the tungsten 184 has been enriched to
57.9 percent with the corresponding values for tungsten 182, 183, and 186
as shown. The total thermal cross section has been reduced from 17.4
barns for natural tingsten to 7.2 barns for the enriched tungsten. The
dilute resonance integral has been reduced from 325 to 177 barns. Compo-
sition 2 has been enriched to 78.4 percent in tungsten 184. In this case
the thermal cross section has been reduced to 4.5 barns and the resonance
integral to 88 barns. Enriching to 93.0 percent reduces the thermsl cross
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section to 3.0 barns and reduces the resonance integral to 32 barns.

FUEL ELEMENT PROBLEMS

The preceding discussion has indicated the basic materials and their
properties that are available for producing fuel elements for high-
temperature high-power-density reactors. These data provide a basis for
the choice of a basic fuel-element material. The basic fuel-element mate-
rial is defined as a suitable conmbination of a refractory fuel material
and a refractory material to support and/or contain it. For example,
one concept of a basic fuel-element material discussed in reference 58
is "plates in which a high melting uranium compound (e.g., UOs) has been
dispersed in a matrix of a suitable high temperature material."

In order to bte of use in a reactor the basic material must be Tormed
or fabricated into a geometry that permiis fission heat removal by hydro-
gen. Heat-transfer surface and supporting structure to withstand aero-
dynamic loads, to maintain the fuel element geometry, and to withstand
loads imposed by high power density and pressure drop must be provided by
the fuel-element design.

The problems associated with basic fuel-element materials and fuel=-
element design for high-temperature high-power-density operation is dis-
cussed subsequently.

Basic Fuel-BElement Materials

The requirements for the basic fuel-element material for a nuclear
rocket are "that the uranium compound should not react with the matrix
material, that they should have adequate strength and resistance to
failure by repeated thermal cycling, that they should not be attacked or
eroded rapidly by the flowing hydrogen, that fission product damage be
minimized, and that they can be relisbly fabricated into required shapes"
(ref. 58). The statement that "the uranium compound should not react
with the matrix material" applies in particular with basic fuel-element
meterials that are composed of a dispersion of & refractory uranium com-
pound within a matrix of a refractory material., Dispersed fuel-type
fuel plates using refractory materials have been made. In general, such
plates are made by:powder metallurgy Figure 14 (ref. 58) shows the
specimen after three steps in the fabrication process. As-pressed, as-
sintered, and as-rolled photos are shown. The rolling step provides a
high density nonporous plate that is important in reducing the evapora-
tion of the fuel compound. Even with the high densities achieved in the
rolling process the loss of fuel is still quite rapid. Metal cladding of
these specimens greatly reduce the loss. Figure 15 (ref. 58) indicates
the gains obtained by the use of cladding. The specimens were about
1 inch by 1 inch by C.030 inch thick and were clad only on the flat sur-
faces leaving the edges unclad. Reference 58 points out that preliminary
studies are sufficiently encouraging to indicate that the refractory




metals are promising candidates for the matrix material for the fuel of
nuclear rockets. A great deal of research is required to determine all
the properties of these refractory dispersion-type fuel elements for the
range of fuel loadings required for thermal and fast reactors.

Another type of basic fuel material is the solid solution. This ap-
plies particularly to the solution of uranium carbide in the refractory
carbides such as HfC, TaC, NbC, and ZrC. Because of the low vaporization
rate of UC and the high melting point of the refractory carbide, solid-
solution-type fuel-element materials appear quite attractive. The chief
problems associated with them are the poorer mechanical and strength prop-
erties typical of ceramic materials and the reduction in melting point
caused ty the addition of UZ. The poorer mechanical properties were
pointed out in the discussion of tablie III. In particular, the thermal
stress resistance even at temperatures considerably lower than that de-
sired for operation of nuclear rockets was shown to be d@bout an order of
magnitude less than that for the refractory metals. The reduction of melt-
ing point by the addition of UC in solid sclution with zirconium carbide
typifies this particular problem. igure 16 gives the melting point for
the continuous series of solid solutions of UC-ZrC varying from pure ZrC
to pure UC. The addition of 10 percent cf UC reduces the melting point by
about 380° F; 20 percent addition by about 600° F. Concentrations of 10
or 20 percent UC would correspond to loadings typical of those for thermal
reactors. Fast reactors require loadings of the order of 50 percent. At
50 percent, the reduction in melting point is 1320° F. Data for the other
carbides, which have higher melting points, would be expected to show large
effects roughly in proportion to the difference in melting points of the
refractory carbide and uranium carbide. For hafnium carbide and tantalum
carbide the reduction in meiting point would be about 180C° F for a load-
ing of 50 volume percent.

A third type of basic fuel-element material is achieved by the use of
a refractory-material can containing a refractory fuel-compound. For
example, a tube of a refractory metal could be filled with U0z and sealed.
These tubes would then be assenbled in some arrangement to form proper
heat-transfer surfaces. The virtue of this scheme is its simplicity. One
difficulty is associated with the difference in expansion rates between the
U0z and the refractory tube, particulariy if the fuel becomes molten.
Another source of difficulty for high-power-density reactors is the steep
temperature gradients that will be found in the fuel. If the cans are too
large in diameter melting will occur. Recycling of such an element where
the fuel melts will certainly lead to difficulties due to the volume
changes occurring con freezing and melting.

Typical Fuel-Element Geometries

Several typical but ideal fuel element geometries are shown in fig-
ure 17. They have beer used or may be used in many reactors of all types
usirg both liquid and gaseocus coclants. The plate-type fuel element fabri-
cated from fuel-bearing material consists of a spaced stack between which
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coolant may flow to remove heat. Elements such as these are used in

many water-cooled reactors in the United States. The flal plates may be
formed into cylinders to obtain a concentric-ring-type geometry. Such
elements were used in the HTRE-1 reactor {ref. 59). Further discussion of
elements utilizing flat plates can be found in reference 60,. Other pos-
sibilities for typical fuel elements are the tube bundles where the basic
fuel-bearing material is formed into tubes of the proper hydraulic diam-
eter and spaced as desired so that the coolant may flow both inside and
outside the tube bundle. Many other geometries are possible (see refs. 60
and 61). The only limitation is the ability to fabricate them. For ex-
ample, one could consider a hexagonal honeycomb fab¥icated with fueled ma-
terial. Also shown is a hole matrix element design where the fuel material
is essentially a bilock of fueled material that has teern drilled for flow
passages. Sguare honeycomb is another type that would he similar to the
hexagonal honeycomb elsmexnt, but may be more suitable for different manu-
facturing techniques. The typical fuel-element geometries shown are merely
for the purpose of illustrating the dreams of the heat-transfer expert.

The problem of developing any of these elemernts is a difficult and tediocus
operation particuiarly when dealing with refractory materials that are
guite difficult to handle, espercially when they are fueled.

Design Considerations

The primary function of the fuel element in addition to locating the
fuel physically is to provide heat-transfer surfaces and fiow passages for
heating the reactor coolant. The flow area required to pass the hydrogen
propellant through a nucliear-rocket reactor core for a given power level
is determined by the pressure and velocity of the propellant. The power
removed from each unit cf flow area within the core is determined by the
flow rate per unit ares and temperature rise of the hydrogen. Figure 18
plots the reactor power per unit flow area {Mw/sq ft) as a function of re-
actor exit pressure in psi. These curves are shown for three different
values of reactor-exit dynamic head (pv2/2g)° Eigh dynamic head means high
flow rates, high pressure drops, and large aerodyunamic forces. High flow
rates are desirgble to minimize reactor size. The figure shows that if the
reactor operates with reactor exit pressure of 600 psi and with a dynamic
head of 20 psi approximately 120C megawatts of reactor power could be re-
moved for every square foob of flow ares available in the core. The dy-
namic head used in this curve is important in determining the effect of
serodynamic loads on the fuel elements. As was found in the case of the
HTRE-1 and HTRE-3 reactors ‘refs, 60 and 61), it was difficult to operate
fuel elements at high dynesmic heads (greater than 1C psi, for instance,)
particulerly those elements that were made from fiat or curved sheets
typified by the flat-plate and concentric-ring geometries indicated in fig-
ure 17, As the flow rate is increased over these elements a dynamic head
is reached where the element collapses. This is illustrated in figures 19
and 20. TFigure 19 shows a flow test of a HIRE-L element (ref. 61). The
four photographs indicate the condition of the element after testing at a
series of increasing dynamic heads. For the lowest dynamic head, which is
the case for picture on the left, there is no distortion. As the dynamic
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head is increased toward the right more and more distortion can be seen
which, of course, would lead to a fuel-element failure. Another illustra-
tion from the HIRE-l program is shown in figure 20, which shows the effect
of airflow on a curved plate element (ref. 61). Here hot air flowing from
right to left was passed through an array of curved plates simulating a
fuel element. The failure that occurred as the dynamic head was increased
beyond that which the fuel element could take is shown quite clearly.
Aerodynamic loads are, quite apparently, important considerations in fuel-
element design. The choice of dynamic head for a reactor design must
await extensive design and test work on a large variety of fuel-element
designs. A range of values is therefore shown.

In addition to aerodyrnamic loads, the fuel element is subjected to
thermal sitress due tc thermal cycling and to the high rates of internal
heat generation and heat transfer from the elements. High thermal stresses
can lead to distirtion of the elemernts with subseguent failure due to starv-
ing or excess flow of coolaat in some passages leading to excess tempera-
tures and possible meltdowns.

Pressure drop is of concern to the fuel element, since the pressure
drop exerts a load that must be transferred from the element to a structure
that holds the individual pieces of the element. Proper structural designs
must mirimize distortion and utilize a minimum amount of material. High
heat fluxes can also lead tc internal stresses that lead, in turn, to
cracking of the eiements thus aliowing the fissionabie material to escape,
since fissionable material has a relatively high vapor pressure compared
with most refractory materials. In addition to causing a loss of fuel,
cracking could cause complete destruction of the element.

Power generation in reactors is generally not uniform either in the
radial or the axial direction because of the falling off of the neutron
flux from the center to the edges of the reactor. This means that across
any particular element there will be a variation of power that will lead
to nonuniform temperature ir the element. It is desirable, of course, to
run the entire element at the maximum possible temperature to achieve the
greatest heat-transfer efficiency. This means that either the fuel con-
centration must be varied across the element or the hydraulic diameter of
the flow passages must be varied so as to lead to uniform temperatures by
taiioring of the flow distribution. Nonuniform flow distribution can also
occur in an undesirsble manner due to the variations in hydraulic diameter
caused bty aliowable tolerances in the fuel-element manufacture. Poor
tolerances will lead tc poor uniformity of hydrauiic diameter, which, in
turn, will cause nonuniform fiow distribution and unwanted hot spots.
Tolerances in the fuel element must be carefuily controlled in the manu-
facturing of the element to minimize this problem and produce the most ef-
ficient element.

Fuel-Element Evaiuation

After a satisfactory basic fuel-bearing material is fabricated, experi-
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mental testing will determine how good this composite material is. An
example of one such test is the determination cf the ability of the fuel
material to retain the fissionable material at high temperature in the
presence of hydrogean. The test specimen is subjected to high temperature
in a8 furnace and the rate of loss of UCs 1s measured as a function of
operating time and number of temperature cycles. In addition, in-pile
testing can determine the effect of radiation and fission product damage.
One such test is shown in figure 21. A uranium bearing specimen about 1
inch square is suspended in a capsule that is evacuated and placed in a
materials-testing reactor so that neutrons will cause fission within the
specimen. The capsule is evacuated and provided with irradiation shields
surrounding the specimen so that the specimen can operate at temperatures
desired for nuclear rockets, This is a relatively inexpensive and rapid
test and permits a rapid evaluation of *the variasbles that may be eacountered
in fabricating fuel materiais cof this Type.

As confidence is gaired in a particular material comiination or fabri-
cation techniques, fuel-element desigas can be fabricated. These designs
can be tested in an out-of-piile flow test facility tc determine their suit-
ability for withstanding the dynamic head loads that might be encountered
at the high hydrogen flow rates desired in a high-power-density nuclear
rocket. The flow test facillity would supply het hydrogen in sufficient
quantities to test experimental fuel-element designs at design flow rates
and temperature, simulating high-temperabure operation in the reactor.

These would be iscthermsl tests in that there is no internal heat generation
within the fuel element and since the gas heats the element, the element
attains the temperature of the gas. The effect of aercdynamic loads on any
configuration can be studied in +this kind of test. Following an ocut-of-
pile test such as this, in-pile testing, where samples of fuel-element con-
Tigurations are exposed to neutrons in a test reactor and cooled by a gas
coolant, can be carried out. This type of test can be used to check the
operation of experimental fuel elemenits at the high dynamic heads while
operating at full temperature. A typical in-pile fiow test iocp is shown

in figure 22. The photograph shows a model of an in-pile test apparatus
designed for the NASA Plum Brock Reactor at Sandusky, Ohio. The fuel speci-
men is contained at the end cf the long snout that is inserted iato the
proximity of the test reachtor core. The *tank to which the snout is attached
contains the necessary heat-transfer and pumping equipmen® necessary to

cool the test specimen.

Other tests that can be performed oa fuel elements are mechanical tests
simuiating the loads that might te encountered in flight or during the
boost phase of the operation of a nuciear rocket, For exampie, the fuel
element might be subjected ©o extreme vitrations during tre boost. In
addition, large side loads may occur due Lo gimtaling cf the engine to
change the thrust vector,

Following preliminary testing of *his nature, reactor-core testing is
the next logical step. Such fests wculd be similar to the GCRE testiag
prior to the ML-1 develiopment and Kiwi testing prior tc the NERVA develop-
ment. Figure 23 illustrates a XKiwi tes®. % inmciudes an experimental
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nuclear-rocket reactor contained with a system that has a nozzle and as-
sociated pumping and control systems. The purpose of testing, of course,
is to find those difficulties that are not made apparent by testing indivi-
dual components of the reactor core. Very frequently, problems arise that
cannot be anticipated by design or by preliminary testing of the components
thus providing the main purpose of testing =-wholé resctor.

MODERATORS

The following properties are desirable for nuclear-rocket reactor-
moderating materials:

(1) Low molecular weight

(2) Low neutron &bsorption

(3) High moderating atom density

(4) High operating temperature

(5) Good thermal stress resistance

(6) Low overall density for light weight

The properties of the common moderating materials are shown in table VII.
The data for this table were obtained from references 12, 13, 16, 27, 28,
€l, and 62. They are listed in order of decreasing operating temperature.
Iithium hydride is listed as a moderating material with the assumption
that the lithium used is the isotope lithium 7 (Liﬁﬁﬁik&éh.congtitﬁtés
7.42 percent of natural 1ithium, has a prohibitively high thermal neutron
absorption cross section). The maximum operating temperatures indicated
are thought to be reasonable based on previous experience with these ma-
terials. In the case of the hydrides, decomposition or reduced ability to
retain hydrogen limits the operating temperature. For light and ‘heavy
water the maximum operating temperature is chosen to be about 50° F less
than the saturation temperature at 1500 psi, which is expected to be be-
yond the highest operating pressure desired for nuclear-rocket applica-
tions.

To minimize reactor size and hence weight, it is highly desirable to
select a moderator with the smallest age. With the exception of DO the
moderators are listed in order of decreasing age. It can be seen that the
moderators which contain hydrogen are the best from this point of view.
Graphite, of course, has the largest age because of its relatively high
atomic weight.

An sdditional desirable property for nuclear-rocket moderators is
that they have a low overall density, while possessing a high concentra-
tion of moderating atoms. Lithium hydride and water fulfill this dusl re-~
quirement. Zirconium hydride, although possessing a high hydrogen density
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has a high overall density, being about € times as heavy as elther water
or lithium hydride.

Another concern for moderators to be used for high-power-density re-
actors is that large amounts of energy due to gamma and neutron attenuation
is deposited within them. Removal of this heat sets up thermal stresses.

A measure of the ability of a material to withstand thermal stress is a
parameter that is proportional to the product of the strength of the mate-
rial and its thermal conductivity and inversely proportional to the pro-
duct of its elastic modulus and its expansion coefficient. This figure of
merit labeled thermal stress resistance is also shown in the table. Water,
being a liquid, does not have this problem and is so indicated by the sign
o for its thermal stress resistance. ILithium hydride has the poorest
thermal stress resistarce of all the materials considered. Graptite, with
the excepiion of the liguid moderators, is most resistant to thermali stress.

In sumary, if high-temperature operation is desired, and reactor size
is no obJjection, graphite is the best moderator for large high-power-
density reactors. If minimum size, mirimum weight, and high power density
are desired, water appears to be.the most attractive moderator. Inasmuch
as water must operate at a relatively low temperature, provisions must be
made for circulating and cooling the water., 1In the case of the nucliear
rocket, more than adegquate cooling capacity is available in the hydrogen
propellant before it passes through the high-temperature ccre. An addi-
tional concern for water or any other moderator that operates at a lower
temperature than the fuel elemerts is that insuiation must be provided
between them. As will be shown later, this prcblem although appearing dif-
ficult at first glance is really quite straightforward in its soiution.

FAST REACTURS

Fast reactors offer the potential of minimum size cores that would
tend to meke them lightweight and therefore be of direct interest to low-
power applications. Criticality studies have been made (ref. 63) of fast
reactors for application to nuclear rockets. This study provides the
bagis for a discussion on fast-reactor weight, size, fuel-loading require-
ments, and fuel investmert. Desiga problems of fast reactors, in general,
are discussed keeping in mind the implication of these problems for nuclear-
rocket fast-reactor cores.

It has been indicated that tungsten offers the greatest potential as
a fuel-element material for fast reactors. ‘The high potential operating
temperatures, low evaporation rate, superior ability to withstand thermal
stress, compatibility with JJz {(the most refractory statle uranium com-
pound) make tungsten the obvious choice for further evaluation. Accord-
ingly, the discussion of fast reactcrs will be centered around tungsten -
uranium-dioxide systems. The fuel material is considered to be a uniform
dispersion of uranium dioxide particles in a tungsten matrix.
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Criticality

Criticality studies include the determination of reactor weight,
size, fuel loadings, and fuel investments as determined by criticality re-
quirements.

Reactor weight. - The weight of fast tungsten UOp reactors as a func-
tion of void cross-sectional area, core void fraction, and volume frac-
tion of U0z in the fuel element composite is shown in figure 24. (The
ratio of UOp volume to the sum of U0y volume plus tungsten matrix volume
is herein referred to as volume fraction of UOp in the fuel element or as
fuel loading. Thus, a 4C-percent fuel loading implies that of the tung-
sten and UO2 in the core, 4C percent is UOs and 60 percent is tungsten.)

The void area is a measure of tne reactor power. For any given value of hydro-
gen flow per unit area, the reactcr power would vary directly with flow

area. In The case of the fast reactor, all void cross-sectional area was
assumed to be available for fiow. In other words, the void area is equal

to the flow area. A typical value of reactor power per unit flow area

might be 1000 megawatts per square foct (see fig. 18). This corresponds to
about 50,000 pounds of thrust per square foot of flow area. It will be con-
venient to recall these values to add significance to later curves plotted

as a function of flow or void area.

It is readily apparent that increasing the void area increases the re-
actor weight. For example, increasing the reactor void area from O to 2
square feet at a fuel loading of 50 percent increases the reactor core
weight from 1300 to 4200 pounds. Decreasing the fuel loading from 50 per-
cent increases the reactor weight at an increasing rate. For example, at
1 square foot of void area the reactor weight increases from 2800 to 4200
to 5500 pounds, while decreasing fuel loading from S0 to 40 to 35 percent,
respectively. The minimum reactor weight showa in this figure is &bout
1300 pounds and occurs at zero vold area with a fuel loading of 50 percent.
The importance of high fuel loading in minimizing fast reactor weight is
clearly indicated.

Reactor diasmeter. - The reactor diameters that correspond to the
weights given in figure 24 are shown in figure 25. The minimum reactor
core diameter shown is 1.3 feet. Including the beryllium side reflector
yields a reactcr overall diameter of 2.1 feet. The reactor core diameter is
not nearly so sensitive to fuel loading as reactor weight. A void area of
1 square foot decreasing the fuel loading from 50 to 35 percent increases
the core diameter from about 1.7 to 2.1 feet.

Fuel-plate thickress. - The corresponding fuel-plate thickness (as-
suming that all of the U0p and W is in the form of plates that are spaced
50 as to produce a flow passage length to diameter ratio of 300) is shown
in figure 26, as a function of void area and fuel loading. (A flow-
passage-length to hydraulic-diameter ratio of 300 is considered an adequate
minimum valiue to provide a reasonably low difference between the maximum
wall temperature and outlet gas temperature.’) The plate thickness is deter-
mined by setting the flow-passage length to diameter ratic. This is due to
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the fact that, for each fuel loading, there is only one void fraction for
each Tlovw area desired that makes the reactor critical. There is, there-
fore, only one reactor length for a given ratio of reactor length to diam-
eter ratio. Only one plate spacing will then satisfy the condition that
flow passage length to diameter ratio is,fixed. Since the void fraction is
fixed there is only one plate thickness for each plate spacing.

Reducing the flow area below 1 square foot causes the plate thickness
to increase repidly. For a fuel loading of 50 percent, the required plate
thickness is 0.050 inch at 1 square foot of flow area. Tor a flow area of
0.3 square foot the required plate thickness has increased to about 0.100
inch., Decreasing the fuel loading mekes this effect more pronounced. For
a fuel loading of 40 percent, for example, the required plate thickness for
a reactor with a flow area of 0.3 square foot is 0.200 inch.

The difficuity encountered with large piate thickness is thermal stress,
The thermal stress problem can be alleviated in the case of fast reactors
by increasing the flow passage length to hydraulic-diameter ratio. For
example, if the length to diameter ratio is doubled so that it is 600 in-
stead of 300, the plate thickness would be reduced by a factor of 2. The
plate thickness is inversely proporticnal to the flow passage length to
hydraulic-diameter ratio. It should be noted that changing the length to
hydraulic-diameter ratio does not in any way affect criticality. It
merely causes a rearrangement of the same core material,

Fuel investment. - Another consideration in evaluation of reactors is
the fuel investment. Figure 27 indicates the fuel investment as a function
of void area and fuel loading for <the tungsten UC2 fast reactor. As can be
seen from the figure, fuel investment for fast reactors tends to be large,
particularly for large void areas. For small reactors in low power range,
however, the fuel investmernts are not quite as severe. For example, for
the case of 50-volume-percernt fuel loading, fuel investments of gbout 500
pounds would yield a reactor with a void area of about 0.3 square foot,
whereas the fuel investment for a reactor with 3 square feet of void area
would be in the neighborhood of 1600 pounds for a SU-percent fuel loading.
Decreasing the fuel loading to 35 volume percent increases the fuel invest-
ment by sbout 30 percent. As in the case of the reactor diemeter the fuel
investment is not guite so sensitive to fuel loading as is the reactor
weight, because the fuel becomes & smalier fraction of the total reactor
weight.

Reactor Design Problems

Fast-reactor design problems for the fast tungsten UOz system can be
divided into fuel-element problems and core-design problems both of which
will be discussed in the following sections. A typical fast-reactor-core
design is discussed to iliustrate the features of a particular fast reactor.

Fuel element. - As was shown earlier the fuei-loading requirements for
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the fast-tungsten reactor tend to be large. The reactor weight is quite
sensitive to fuel loading and the highest possible fuel loadings are desir-
able. The higher loadings tend to produce materials problems because high
loadings imply large volume fractions of fissionable material within the
refractory materials of which the fuel elements are made. It may be nec-
essary to use 50 volume percent of the UCs within the fuel-element matrix.
In the case of the tungsten-U0z fast reactor, it could hardly be expected
that the properties of tungsten would not be affected by such large addi-
tions. The strength of the tungsten would be expected to be affected ad-
versely inasmuch as the properties of UC2 are much inferior to those for
tungsten. In reference 58 it is pointed out that there is difficulty in re-
taining UGGs within a refractory metal matrix at high operating temperatures.
1t would pe anticipated that the larger the volume fraction of UOp, the
worse the problem of retention of TlUp would te. Reference 58 points out
that it is necessary to clad the refractory metal TUd, matrix in order to
preveat the ioss of Uls. Inasmuch as the cladding would be pure refrac-
tory metal while the matrix is a mixture of UJz and refractory metal, dif-
ficulties might be anticipated due to the difference in properties of the
matrix and the cladding. In addition, the use of the cladding leaves less
refractory material avaiiable for the matrix inasmuch as the ratio of UCo
and refractory metal in the entire core is fixed at 50 percent. The volume
fraction cf UU2 in the matrix would be increased to a greater or lesser ex-
tent depending on the cladding thickness, thus aggravating the materials
problem. 1In addition to cladding, it may be necessary to use refractory-
metal support structures withi# the core. This also would reduce the
amount of refractcry matrix material availatle for the core of the fuel ele-
ment thus aggravating the problem even further.

The high power densitlies and the thick fuel plate required for fast re-
actors that will be used for nuclear rockets will lead to thermal stress
protlems particularly for small size minimum weight reactors. Thermal
stress could lead to fuel crackizng with subseguent high UCz loss rates and
thermal distortion of the fuel elements. Thermal distortion, in turm,
depending on the fuel-element design, could iead to nonuniform fiow pas-
sage hydraulic diameter. Nonur.ifcorm hydraulic diameter would produce non-
uniform flow distributions with consejguent hobspotting.

In addition to these scurces cof difficulty, the loads imposed by
flight is of considerable impcrtance. The reactor must be boosted by con-
ventional chemical rockets in which case large vibration and acceleration
loads will be imposed by the bouster. In addition to the vibration and
large accelerations, there will be side forces experienced by the core due
to the attitude control movements of the booster rocket.

The fuel element must be capablie of restarting, particularly, as
pointed out earlier, for the development phase of the nuclear-rocket de-
velopment program. In order to assure no difficulty in restarting the ma-
terial should not exceed elastic iimits during temperature cycling so that
distortion due to cooling and reheating does not occur. The development of
satisfactory fuel elements for the fast tungsten-UC2 system will require a
great deal of laboratory experiments, fueled-materials research, and ex-
tensive evaluation testing uasder simulated operating conditions.
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Core design. - The reactor core is an assembly of a sufficient num-
ber of fuel elements to provide nuclear criticality conditions. The core
must support the elements so that they withstand all the loads placed on
them such as those due to pressure drop and flight loads. The core must
also accommodate large changes in dimension due to thermal expansions .

It is particularly interesting to note the thermal expansion problem. A
tungsten fuel element 2 feet long will expand about 0.25 inch as it is
heated to a temperature of 5000° F. Likewise a tungsten reactor core 2
feet in diameter will expand on the order of 0.25 inch in diameter as it
is brought up to temperature. It is not possible to construct a mono-
lithic core because the differential thermal expansions that take place
due to the nonisothermal condition of the core during normal operation
startup, and shutdown would cause thermal stresses to be setup beyond the
capability of the materials to dbsorb them. The core is therefore divided
into smaller pieces that are commonly called fuel elements. The ccre sup-
port structure is defined as the structure that is necessary tc tie the
individual elements together and support the loads that are encountered by
the elements and the support structure itself. It must provide room for
and control of thermal expansion of the elements.

One technique for core support is to use a cooled front-end support.
Incoming hydrogen would be used to cool this structure. The fuel ele-
ments are fastened to this cold end support plate. Inasmuch as this struc-
ture, which would space the fuel elements, runs cold, clearance must be
provided for each element to allow it to expand. If clearance is provided
without restraint the elements will bow if there is a temperature gradient
across them. The bowing of a bundle of fuel elements and the interactions
that may result therefrom can lead to coupling with the reactivity cf the
core. As discussed in references 64 and 65 this particular problem must
be carefully worked out for each fast-reactor design or serious trouble
may result., Careful design and testing will be required to eliminate or
control this difficulty. Fast-reactor control, while trickier than that
for a thermal reactor, has been solved in several fast-reactor designs.
One technique of control is to provide a rotating drum system in the re-
flector region of the reactor. Reflector drums can be rotated so as to
move neutron sbsorbers closer or farther away from the core thus changing
the neutron current going back into the core from the reflector. Another
type of control scheme that can be used is to move a portion of the re-
flector to affect a change in the neutron leakage with reflector position.

One particular probiem of a fast reactor that is reflected with a
moderating material, such as beryliium, is a large thermal power spike at
the core reflector interface. This is pointed out in reference 63 and is
illustrated in figure 28, which was obtained from this reference. Radial
power distributions of a fast reactor that is reflected with beryllium is
shown. The vertical line to the right of the curve indicates the core
reflector interface. The solid line indicates the power distribution that
is obtained with a plain reflector. It will be noted that a large thermal
power spike exists at the interface leading to power densities about twice
that for the average. One way to eliminate this spike is to use a thermal
neutron absorber at the core reflector interface. The power distribation




- 23

that resulits in this case is shown by the dashed line. Another solution
is to use a nickel reflector to keep the spectrum of the reflected neu-
trons at a sufficiently high level so they are not immediately absorbed

at the core interface. This leads to a power distribution as shown by the
dashed curve. The use of either of these two techniques to minimize this
core spike results in reduced effectiveness of the use of the reflector
rotating-drum-type control system., This difficulty will have to be taken
into account in the design of a fast reactor that uses a reflector control
system.

An Aerojet-General Nucleonies fast-core design is shown in figure 29
to illustrate a tgpical fast-core design. This core was designed to heat a
gas to about 1500 F, The fuel elements in the core are composed of
hastellsy btubes filled with a fissionsble compound and arranged so that the
gas flows paraliel to and in tetween the tubes. For a nuclear-rocket ap-
plication these tubes could te made cof tungsten or other refractory mate-
rial in place of the hastelloy. OUme difficulty with this design is that the
use of tuves or pins, as they are sometimes called, leads to large tempera-
ture differences from the centeriine to the surface of the fuel pins, parti-
cularly if higk power dernsities are desired and the pins are relatively
large in diameter. If temperatures are limited at the centerline for some
reason, the surface temperatures would be operatiang at a much lower tempera-
ture <Than the capability of the materials would allow at high power den-
sities. For high power densities, relatively fine pins would have to be
used in place of the heavy pins that are shown here. In this particular de-
sign, support of the fuel elements is provided at bocth the hot and cold
ends of the core. In the case of a tungsten-reactor hot end support may
pose a much more difficult probliem.

Other Fast Reactors

The use of uraanium carbide soiid solution as a fueli-eiement material
leads to reactor weighis that are lighter than that for tungsten-UO, re-
actors. The chief reason for the reduced weight is the much lower density
of the carbides when compared with tungsten. Reference 63 gives data for
zirconium-carbide - uranium-carpide fast reactors. Figure 30 taken from
this reference shows the reactor weight as a function of reactor flow area
for zirconium-carbide reactors compared with a tungsten-Ulp fast reactor,
The tungsten-UOs fast reactor shown is for fuel loading of 50 volume per-
cent. The two curves shown for the zirconium carbide reactors contain fuel
that consists of 30-72 and 5C-50 mixtures of UC-Zrl. It can be seen that an
appreciable weight saving can result from the use of zirconium carbide,
particularly for the low reactor flow areas. Fcr example, for zero flow
area the reactor weight could be reduced to about one-half that of the W-UO;
reactor. Although a large weight saving could be obtained with zirconium-
carbide reactors, problems already pcinted out tend to make the reactor
less attractive. For example, from the point of view of evaporatioz rate,
zirconium carbide could nut te cperated at temperatures much sbove
3500° F without excessive loss of material. In addition, the capacity
for resisting thermal stress is very much lower than for tungsten. An-
other difficulity of the carbide reactor was discussed earlier in fig-
ure 16. The melting point of the UC-ZrC solid solution reduces the
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melting point to about 5000° F compared with the melting point of 6300° F
for pure zirconium carbide. The tendency therefore, is, to try to use
lower percentages of UC in ZrC so that the melting point is not as greatly
effected. This, of course, then reduces the weight advantage of the
zirconium-carbide reactor.

Hafnium or tantalum carbide could be used in place of the zirconium
carbide to minimize both problems that have been pointed out. For ex-
ample, the vaporization problems would be greatly reduced when compared
with zirconium hydride. The melting point problem of UC-TaC or UC-HfC
would be sbout 400° F higher for a 50-50 mixture, since the melting point
of tantalum and hafnium carbide is much higher than that for zirconium
carbide. The advantage of lower weight would be eliminated because of the
much higher densities of the hafnium carbide and tantalum carbide. In
addition, thermal stress-wise, neither hafnium carbide nor tantalum
carbide would be expected to offer much of an improvement over zirconium
carbide when compared to the relatively large thermal stress resistance of
tungsten.

It has been proposed in reference 66 that a two-zone reactor with a
fast central core and a thermal outer core be considered for nuclear-
rocket propulsion. The fast central core, supplied by neutrons from the
surrounding thermal core, would permit the use of much lower concentra-
tions of fissionable material within the refractory material. This would
tend to permit the use of higher meliting point materials than tungsten
within the inner zone without regard to its thermal cross section. Such a
system would have the potential for attaining a reactor that would have a
higher specific impulse than that for tungsten. As pointed out earlier,
however, the higher rate of evaporation rates of the carbides compared to
tungsten would probably limit the operating temperature of the carbide
to values lower than that of tuagsten. So that even a two-zone reactor
where low concentrations of fissionable material cculd be used in conjuc-
tion with uranium carbide may not lead to a reactcr that would have a
higher performance than tungsten.

It is possible to contemplate a fast reactor that would use a molten
fuel, such asa core composed of tungsten tubes or cans filled with moiten
UO2. This would eliminate the prcblem of destroying the properties of
tungsten by large additions of UGz to the matrix material. 1In its place
there would be problems of the expansion of the liquid UG2 in passing
from the solid to the liquid phase during cycling.

In summary, criticality studies show that W-UCy fast reactors can be
made lightweight for lower power levels; however, they require large fuel
loading that introduces a material provlem. Carbides do nct look favor-
able for fast reactors compared with tungsten because of their relatively
poor properties. The high vaporization rates and low melting point when
combined with uranium carbide meke the development of fuel elements with
superior performance to tungsten not likely.
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THERMATL: REACTORS

As pointed out previously, thermal reactors are of interest for
nuclear-rocket application because they would permit the use of lower
fuel concentrations within the fuel elements thus reducing materials prob-
lems that might be anticipated. The use of thermal reactors, of course,
entails the complication of using a moderator in conjunction with the re-
actor that must be cooled by a separate system if good moderating mate-
rials are to be used. Homogeneous and heterogeneous types of reactors are
discussed and the advantages and disadvantages of each type pointed out.
In the case of the heterogeneous type, various concepts using different
moderating materials are compared on the basis of weight, fuel investment
and reactor diameter.

Homcgeneous Reactors

Homogeneous reactors are those in which the fuel is dispersed uni-
formly throughout the moderating material in the core. As pointed out
earlier, this means that the moderator must operate at a high temperature
and be a good moderatcr at the same time. The only two candidates for
this application are graphite and beryllium oxide. Graphite, of the two,
is a poor moderator and leads to relatively large sized reactors. In
addition, graphite is attacked by hydrogen and must be coated with suit-
sble material to prevent distruction of the core at high temperature.
Graphite reactors would be suitable for relatively large powerplants where
gsize is not important. Berylliium oxide, however, operates at temperature
levels perhaps a thousand degrees less than graphite but would lead to
Zower weight reactors because of its better mocderating characteristics.
Inasmuch as specific impulse or high hydrogen temperature is more impor-
tant then reactor weight, graphite wculd be the best choice of the two
materials for a homogeneous reacior.

Inasmuch as there is nc homogeneous reactor that can be expected to
te small in size and at the same time operate at a high temperature, homo-
geneous reactors will not be considered further in this lecture.

Heterogeneous Reactors

Heterogeneous reactors are characterized by the separation of the
fuel elements and the moderasting meterial. There are two kinds of mod-
erating material.that might be used in a heterogeneous reactor, a solid
moderator or a 1iquid moderator. These mcderators are illustrated in

table VII. The fuel meterial that will be considered for the heterogenegus-~

type reactors, in general, will be the W-UCz material. The W-UOp mixture
seems to have the greatest potential of all the possible refractory mate-
rial, fueled material combinations.

Solid-moderator tungsten-fueled reattors. - In geneital, the solid-
moderator tungsten-fueled reactor uses moderating materials that operate
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at lower temperatures than the fuel material, which means that the mod-
erator material must be cooled independently from the fuel-element mate-
rial. There are two ways in which the moderator may be cooled: one way
is by flowing hydrogen through the moderator parallel with the flow
through the fuel elements and the other is by flowing the hydrogen
through the moderator in series with the fuel elements. That is, the
hydrogen would first flow through the moderator and then through the fuel
element thus meking a two-pass system. There is more than an adequate
amount of cooling capacity available in the hydrogen propellant before it
passes into the core for moderator cooling. Because nuclear-rocket cores
are high-power-density cores, there will be large amounts of gamma and
neutron heating occurring within the mecderator. Even though there is more
than adequate cooling capacity available to cool the moderator, the high
power-generation rates within the moderator would lead to large tempera-
ture gradients within the moderator. This, in turn, leads to large ther-
mal stresses unless the moderator material is troken up into relatively
fine pieces. Providing a mechanical design that permits cooling of the
moderator, in addition to providing support for all the individual pieces
in the moderator and allowing for the large thermal expansion that will
take place as the moderator increases in temperature to its operating tem-
perature greatly complicates the design of the core. In addition, cooling
passages effectively act as voids to the core thus reducing the average
density of moderating material in the core.

Of the solid moderators listed in the previous discussion, lithium
hydride was the lightest. It was indicated, however, that lithium hydride
probably had the lowest thermal-stress resistance of all the solid modera-
tors. Lithium hydride would therefore be the least attractive for high-
power-density reactors. 1In order to use it for high-power-density nuclear-
rocket reactors it would have to be broken up into very fine pieces so as
not to cause the material to erack due to thermal stress. Zirconium
hydride has the advantage of producing a small sized reactor, but because
of the high density of the zirconium hydride it would lead to reactors
that would have considerabiy higher weight than lithium hydride. Beryl-
lium oxide has the advantage of being the moderator with the highest
operating temperature. This would tend to minimize the insulation prob-
lem that would exist between the high-temperature fuel elements in the
moderating region. Beryllium metali is another possibility for the mod-
erating material. It would have a higher thermsl stress resistance than
lithium hydride, but the moderating characteristics would not be as good.

Liguid-moderator tungsten-fueled reactors. - Crdinary water and heavy
water are two liquid moderators that are shuwa on the table of moderating
materials (table VII). It would appear that crdinary water would offer a
much smeller core than the heavy water because of the superior slowing
down characteristic of the hydroger in the water (see ref. 11). Although
only water was shown as a hydrogenous liquid moderator, other liquid
orgenics could be used. It is anticipated that organic liguids could be
found that would be expected to produce reactors equivalent in size and
weight to water reactors. In the case of organic moderators, however, one
would be concerned about the potential of radiation damage affecting their
properties,
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The use of the liquid moderator eliminates the thermal stress prob-
lem. The gamma and neutron heating that is generated within the liquid
moderator can be removed by transporting the moderator material out of the
core and passing it through a heat exchanger, which is cooled by the in-
coming hydrogen. The heat-generation rate in the water will then only be
limited by the rate at which water cooiant can bte flowed through the core
without causing boiling. It is anticipated that the limiting power
density of the cores using liquid moderators would be determined by fuel
element considerations, and not be limited by the cooling of the moderator.
Another advantage of 1liquid moderation is that cooling of liquid moderators
or providing clearances for thermal expansion does not introduce voids into
the moderator region as in the case of the sciid materials.

The liguid moderator has The additional advantage that liquid would be
in contact with ail the structursai componer®ts of the ccre, thus maintaining
the struchure at an essentially uniform temperature. Conventional mate-
rials such as aluminum, zirconium, or stainiess steel can be used for the
core construction. Overall ccre-expansion probiems are thus eliminated.
The only thermal expansion protliems existing in the core are isclated
within individual fuel elements. The overall core will thus be dimension-
ally quite stahle compared to the fast or homogeneous reactors where the
entire core must expand or provide room for expansion of the materials.

Other fuel materials. ~ AlShough tungsten - uranium-dioxide has been
considered as the fuel-elemen®t material for thermal reactors, it is pos-
sible to use other fuel materials. Any of the refractory materials that
have a sufficientiy low thermal cross section can be considered. For ex-
ample, molybdenum~-UJ0s coiid be used although its temperature capatility
wou.d be iimited when compared with tuagsten. Molybdenum is an interest-
ing material to consider inasmich as it could be used in place of tungsten
in the early stages of a nuclear-rocket-powerpian® development program.

As the Tungsten-Ulz develcpment program orogrebseb, the tungsten-UCp ele-
ments would replace molybdenum-UQ2 elements without greatly affecting the
core desigar. It would aliso be feasible to use materials such as nichrome-
UC2 that was used in the HIRE-: and HIRE=3 reactors for the Aircraft
Wuclear Propulsion program. The use of nichrome cr molybdenum in a
evelopmeat program wocid alieviate the early need for tungsten enriched
in the tungsten 184 isotope. In addition, whiie the tungsten isoctope was
being separated, development work ccuid be contimuing on the reactor with
substitute fuel eiements. Other low-cross-section materials such as
zirconium carbide, niobium carbtide, or graphite cu1ld also be used for the
fuel elemenmts. As puinted out previcusly, cartides have the disadvantage
that the intrcduction of uwranium carbide reduces the melting temperature.
Ia a thermal reactor however, as ccu'rasted with a fast reactor, the
amouns of uranium carbide additisa would be relatively small, therefore,
having a liesser effect cn the meliing temperature. Pherefore, if carbide
is ©o be used for fuel elements one wouid expect a higher temperature po-
tertial for thermal reactors than for fast reactors. If graphite with a
dispersion of a suitable fuel compound is used, the graphite would have to
be coated with a low-cross-section protective material to prevent attack

bty hydrogeri.




28

The point to be made is that the heterogeneous reactor offers the pos-
sibility of using a wide variety of fuel-element designs and materials,
Within the same core it may be feasible to carry out a major portion of the
nuclear-rocket-engine development program utilizing fuel elements made of
nichrome, molybdenum, carbide or graphite, while the tungsten-U02 fuel ele-
ment was being developed concurrently. In other words, powerplant develop-
ment work could be carried out with relatively inexpensive, reliable, or
proven fuel-element designs, while more advanced fuel elements are being
worked on in the laboratory. Because of the ability to change fuel-element
materials and configurations, this type of reactor has the capability of
being continually up-rated as better and new fuel elements are developed
and become available.

Comparison of Heterogeneous Thermal Reactors

A study has been made comparing the weight, fuel investment, and size
of a range of thermal heterogeneous reactors using BeO, Be, lithium hydride
and water as the moderating material (r%EM:67). All the reactors con-
sidered used tungsten enriched in the W~ isotope as the fuel-element
material.

An important parameter in this study is the weight of tungsten required
per unit flow area of the reactor. Figure 31 shows the weight of tungsten
per unit flow area as a function of fuel-plate thickness, for various fuel
loadings (ratio of volume UOs to volume UO2 plus tungsten). The solid
curves are for a passage-length to hydraulic-diameter ratio (1/d) of 300;
the dashed curves correspond to an Z/d ratio of 600. For a fuel plate
thickness of 0.0l inch and fuel loading of 10 percent, the weight of
tungsten per unit flow area is about 800 pounds per square foot. As the
fuel-plate thickness increases, the weight of tungsten per unit flow area
increases in proportion. The weight of tungsten per unit flow area is also
proportional to the 1/d. If an 1/d of 600 rather than 300 is required
twice as much tungsten per unit flow area would be necessary. For any de-
sired fuel-plate thickness and desired fuel loading, the weight of tung-
sten per unit flow area can be determined from this curve. The value of
weight of tungsten per unit flow area of 1200 pounds per square foot will
be assumed for the following analyses unless otherwise noted. Inasmuch as
insulation and core structural materials, such as aluminum, effectively
introduce more void into the core than is required for flow, it will be
assumed that the flow area should be increased by 50 percent to take this
fact into account. The assumed weight of tungsten per unit void area for
this analysis, unless otherwise noted, will therefore be 800 pounds per
square foot.

Reactor weight., - Figure 32 shows the reactor weight as a function of
void area for BeO, Be, LiH, and HpO moderated reactors. The fuel elements
in these reactors are assumed to be tungsten-UOp cermets containing 30
volume percent UO2. The Wl84 enrichment is assumed to be 100 percent and
tungsten per unit void area is 800 pounds per square foot. The criti-
cality calculations of heterogeneous reactor size and weight carried out
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in reference 67 were made with the assumption that the materials of the
core are uniformly distributed. The effect of introducing heterogeneity
in the calculations would be expected to reduce the weight and size parti-
cularly for large size reactors (perhaps those with 1 sq ft of void ares
or greater).. Heberogeneity would reduce the number of neutrons absorbed
in the tungsten resonances. In the case of smaller size reactors, where
larger ratios of moderator to tungsten ratios are encountered to achieve
criticaiity, the effective thickness of water between cells may exceed
that required for maximum reactivity (ref. 68). This would lead to exces-
sive parametric absorption of neutrons by the hydrogen atoms and would
iead to higher reactor weights than those calculated by homogeneous techni-
ques. As would be anticipated, because of its high demsity and relatively
poor moderating ability, the £el reactcr comes out tc be the heaviest of
all the reactors coasidered. The beryl_ium reactor is next and is followed
by the .ithium-hydride reacior. The water reactcr is identical in weight
4o the _ithium-hydride reactor as indicated by the two circlied points on
the iithium-hydride curve. For a vcid area of 1 square foot, the water-
moderated or llithium-hydride-moderated reactor weighs a iittle over

1000 pounds. The corresponding weigh®t for the Be reactor is about 2500
pounds and fcr the BeU reactor it is abcout 4500 pounds. Iithium-hydride-
and water-moderated reactors skcow up cleariy as the lightest weight of
the moderasted reactors. It should be noted that in piace of water an
organic material with coumparatie hydr.gen concentration or density could
be substituted, and wouid yield about the same weight.

Fuel investmegt. - Figure 33 shows the corresponding fuel investment
fer each of these reactors. The fuel investment is plotted as a function
of void area and is shown t> be a singie iine. The fuel investments for
all these reactors are identical tecause of the assumption of 800 pounds
per sjuare foot of tungsten for each sf the cores and the fact that each
contain a fixed percentage of "O¢. Therefore, for each fiow area there is
only one fuel investment regardiess of the moderator used. (The difference
in weight shown in fig. 32 between them is due strictliy to the difference
in weights of moderators required to meke a given array of tungsten fuel
elements critical.)

Reactor diameter., ~ The diameter thalt correspords to each of these re-
actors is shown in figure 34 as a function of void area. 3Because of the
supericr moderating characteristics of lithium hydride and water the re-
actor diameter is shcwn to be the least for the hydrogen-bearing materials.
For a vold area of 1 sguare foct, for examp.e, the reactor diameter is
avout 1.3 feet for the hydrogencis reactors compared to about 3.1 feet
for the Be or Bel reactors.

Summary. - It is apparent from these reactor calcuiations that the
hydrogenous moderating materia’s are superior from the point of view of
minimizing reactor weight and size. Iithium hydride is a poor choice for
a moderating material because ¢f its poor mechanical properties, as pointed
out previcusly. TFurther studies of heterogenecus water moderated reactors
will therefore be confined to the use of water as the moderator.
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TUNGSTEN THERMAL REACTORS

The comparison of the various types of moderators for use in ther-
mal heterogeneous reactors has indicated that water as a moderator elimi-
nates thermal stress problems and produces the lightest weight reactor of
all the moderators considered. The following discussion will be limited
to water-moderated tungsten reactors. The discussion will include the ef-
fect of various concentrations of W%ﬁéﬂ‘ the effect of fuel loading, and
some core desigh problems that arise from the use of water as the mod-
erator.

Effect ofle§4 Concentrations

In the comparison of heterogeneous thermal reactors with various mod-
erators that was discussed in a previous section, the enrichment of Wi
was assumed to be 100 percent. Figure 35, taken from reference 67, indi-
cates the effect on reactor weight of reducing the wib4 enrichment. The
reactor weight is plotted as a function of void area. The weight of
tungsten per unit void area is 800 pounds per square foot. The UOs load-
ing of the fuel elements is assumed to be 15 percent in this case. TFor a
void area of 1 square foot the reactor weight increases from 100 to 1300
to 1500 pounds when the tungsten 184 enrichment is reduced from 100 to 78
to 58 percent, respectively. It can be seen that the wib4 enrichment
can be quite a bit less than 100 percent and still produce a lightweight
reactor. The corresponding fuel investment as a function of void area
is shgﬁgain figure 36. There is no effect of varying concentrations of
the W™ shown because o¥rthe assumption of a.definite value ofrtungsten
per unit flow area and a fixed fuel loadiag. Figure 37 indicates the cor=-
responding effect on core d%?meter as Wi enrichment is decreased. Re-
ducing the enrichment of W’-l 4 from 100 to 78 percent increases the core
diameter from about 2.1 to 2.4 feet at a void area of 1 square foot. A
further reduction in W84 concentration to 58 percent increases the core
diameter to 2.8 feet., For the remainder of the discussion of tungsten -
water-moderated reactors the W-8% enrichment will be assumed to be 78
percent. As pointed out in reference 57 this is a concentration that is
readily obtainable from the gaseous diffusion plant at Osak Ridge.

Effect of Fuel Concentration

As pointed out earlier, it is highly desirable to minimize the amount
of fuel within the tungsten matrix of a fuel element to minimize the ef-
fect of these additions on the properties of tungsten. The less impu-.
rities in the tumgsten, the morerclosely will the properties of the fuel
element approach thoge of tungsten. An investigation of the effect of
the fuel loading on criticality was conducted in reference 67. The re-
sults are shown in the following figures. Figure 38 shows the reactor
weight as a function of void area for fuel loedings varying from 10 to 30
percent by volume. The tungsten 184 enrichment in this case is 78 percent
and the tungsten per unit veid area is 800 pounds per square foot. It is
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interesting to note that there is very little effect of fuel loading on
reactor weight with the eXuep*lun of the case for a fuel loading of 10

volume percent. Below l— square feet ¢f void area the reactor weight in-

creases very rapidly for the loading of 10 percent. For higher wvalues of
void area the effect of fuel locading for the range shown (10 to 30 per-
cent) seems to be small. The slight trend that does exist with the fuel
loading indicates that 20 volume percent appears to yield minimm reactor
weight. Considering the fact that lower fuel loadings are desirsble from
a materials point of view and the interest in. this lecture for small re-
actors, a fuel loading of 15 volume percent will be used for further anal-
ysis of the tungsten - waiter-moderated reactor. The corresponding effect
of fuel loading on fuel investment is shown in figure 39. The iower fuel
Zoadings Zead to smaller fuel investmerts because the fuel investment is
direcsly prouportional to the fuel lcadirg due to the assumption of a fixed
value of tungsten per unit vold area. Figure 42 shows the effect of fuel
Zoading on reactor diamefer, Again very iittle effect is noted. A fuel
lcading of 30 volume percent shows the lowest reactor diameter while 10
percent shows the highest diameter. However, the range of diameters be-
tween 10 and 30 vclume percent cf fuel is qulte small,

Core Design Prctiems

Because the moderator is separated from the fuel regions and the mod-
erator operates at a much lcwer temperature then the fuel, insulation is
required between the two regions. This insulation can be provided bty al-
lowing a stagnant gap of kydrogen to exist between the water and the fuel
element (ref. il). It car. readily be showan that a hydrogen gap of about
1/8 irch will reduce the heat 1uad from the fuel element to the water mod-
erator tu quite a tit less thar. i perceri of the reactor power generation.
Even Though hydrcgen is a gcod conductor and a large gquantity of heat is
conducted across the gap, the percentage cf the total generated power that
is conducted and radiated across this gar is small tecause cf the very high
pewer density of cores reguired for nuclear rockets. The insulation prob-
lem thus reduces tc one of maintaining a stagnani layer of hydrogen of at
least 1/8 inch between the fuel element and the aluminum core vessel. Be-
cause of side loads *hat may be encountered during flight maneuvers, the
elements must be suppcried aiong their length tc prevent them from contact-
ing the cold aluminum tutes. Any support structure introduced between the
elements and the aluminum tuces introduces the possitility for comduction
heat leaks from the fuel elemert to the water-ccoied tubes. Ingenuity is
required to provide designs that provide suppcrt and at the same time
maintain the stagnant iayer of hydrogen for insuiation.

“n the case of the water-moderated reactor, the moderator is cooled
by circulating it from the core through a heat exchanger that is cooled by
the cold inecoming hydroger.. Heat exchangers must be designed ard de-
veloped that cool water with hydrcgen fiowing at temperatures very much
belcw the freezing point cf water, without freezing the water. In addi-
tion, a water pump and a turbine drive is required to circulate the
water through the ccre and the heat exchanger.
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Reactor control can be accomplished by any number of techniques
that have been used or proposed in tne past for thermal reactors. The
conventional control-rod system could be used where control-rod poisons
are inserted into the core regions. Poison-gas or poison-solution sys-
tems could also be used. A reflector rotating-drum control system may be
feasible for small reactors with side reflectors.

Schematic Core Layouts

There have been two liquid-moderated gas-core reactors designed, de=-
veloped, and tested in the United States. The first of these is the
HTRE-1 reactor schematically shown in figure 41. The reactor is composed
of an aluminum tank of water and aluminum tubes that pass from the top
tube sheet to the bottom tube sheet. Water surrounds these tubes and
fills the aluminum can. The fuel elements are contained within the tubes
of this collandria-type structure. Shown here are concentric-ring-type
elements made of nichrome-UOg dispersions. The elements are approxi-
mately 3 inches in diameter and about 2 inches long and are composed of
concentric rings of nichrome-UO; dispersed. A number of these suf-
ficient to make up a full length element are arranged one on top of the
other in tandem fashion and held together by a support system that holds
all the stages together to meke one full-length fuel-element assembly.

In this case air was used to cool the reactor. Air passes through tne
nichrome elements where it is heated to its final operating temperature
before being discharged at the reactor exit. 1In this case, a beryllium
reflector was used around the core to flatten the radial power distribu-
tion. A large nunber of control rods were used throughout the core to
more or less uniformly depress the reactor flux without affecting the
radial power distribution. The reactor was run successfully for several
hundred hours during which time considerable data were cbtained. Refer-
ences 59 and 69 give detailed accounts of the design problems of this
core as well as some of the operating experience,

If the nichrome elements are replaced with molybdenum or tungsten en-
riched with tungsten 184 this core could be used for nuclear rockets.
Provision must be made, however, to circulate the water moderator through
a hydrogen heat exchanger in place of the stationary asir-cooled heat ex-~
changer that was used in the HTRE-1 core.

The AGN ML-1 reactor core is shown in figure 42. This then is a top
view of the core and shows the arrangement of the fuel tubes. 1In this par-
ticular reactor, the spacing of the fuel tubes is varied regularly so as to
produce a flat power distribution. The reactor is moderated by water. You
will notice that the outer tubes have a greater water space between them
than the inner tubes to assist in flattening the radial power distribution.
In this case the fuel elements were a cluster of pin-type elements that
are essentlally tubes of Hastelloy filled with fissionable material., This
reactor was designed to heat nitrogen for a Brayton cycle system that
operates a small generator to produce a few hundred kilowatts of power.

The reactor has been successfully operated at its full design power.
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The HTRE-1 and Mi~-i reactors are exampies of gas-cocled reactors
that use water as a moderator that have been built, developed, and
opersted at temperatures of about 150C° F., The water-moderated nuclear
rocket must operate at temperatures of sbout 400C° to 5000° F. A sche-
matic iliustration of a tungsten - water-moderated reactor is shown in
figure 43 tc show the essential features of such a reactor. The core
consists of an aluminum tank of water with aluminum tubes passing from
the top to the bottom header sheets. The space between the tubes and in-
side the aluminum shell is filled with the water moderator. Fuel elements
are contained within the aluminum tubes. The water moderator is circu-
lated by means of a pump through a hydrogen to water heat exchanger.
Hydrogen coming from the stocrage tank is pumped through the nozzle for
cooling purposes. It then fiows thrcugh the heat exchanger to remove the
heat generated in the water mecderator. The hydrosgen then passes through
the reactor fue. elements where it is heated tc its final temperature and
ejected through the nozzie *t. produce thrust,

The fuel elements are corntaiged within the aluminum tubes. A sche-
matic cross section through an aiumioum tube is shown in figure 43. The
aluminum tube is indicated with the water immediately adjacent to 1it.

The fuel element is shcown schematically as a series of plates that are
fastened to a tungsten tube tThat runs the fuil length of the reactor. Be-
tween the tungsten ard aluminum tutes 1s shown a molybdenum radiation
shield to minimize heat transfer by radiation. Stagnant hydrogen is main-
tained in the gaps or both sides of the molycdenum. This stagnant hydro-
gen insulation layer is approximately ljls to 1/8 inch thick,

Soljid-moderated gas-coovled reactors have been designed and, in some
cases, constructed and operated. Figure 44 shows an artist's version of
a design by AGY. In this design the fueil is mixed with the BeO moderator
and coatained within tubes ¢f faste.loy that are supported at both the
hot and c¢old ends of the reacsior core. The reachor was designed to heat
inert gases to temperatures approaching 1500° F. This reactor could
actually be considered as a humogeneuus thermal reactor in that the fuel
and moderator are uniformiy mixed. A reflector rctating-drum control
system is used as the method fur reguiating this reactor. Because of
the relatively large tubes that contain the fissicaing material, this
reactor is suitable for relatively lcw:power densities only. The large
tubes would iead to large temperature differences between the centerline
and the surface of the tubes for the high power densities required for
nuciear-rocket apriization. For the nuclear rocket or any other high-
power-density appiication, the tupes would have to be much smalier in diam-
eter.

The HTRE-3 is an exampie of a gas=-cooled sciid-moderated reactor that
has been designed, tuilt, and tested. This reactor is similar to the
HTRE-1 except that the water is replaced with sclid zirconium hydride.
Figure 45 shows a crcss section of a typical czeil within the core (ref. 61).
A 4-inch-diameter fuel elemen: is shown in the center surrounded by several
triangular shaped pieces of zirconium hydride moderatcr. Insulstion is
provided by the gap that exisis between the tube and the moderator itself

Toagy i
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and also by the hole in the center of the zirconium hydride. Because of
the relatively thick sections of moderator, this design would not be ap-
plicable to the high power density required for nuclear-rocket applica-
tion. A much finer dispersion of coclant passages would be required to
reduce the effective thickness of the moderator to prevent excessive
thermal stress and over temperatures. Figure 46 shows a photograph of a
HTRE-3 solid-hydride-moderator section {ref. 6l). A number of these must
be stacked end on end to complete the full reactor length. TFigure 47
shows a gas core homogeneous hydride reactor designed by AGN. The fuel
and moderator in this case are mixed together and formed into hexagonal
blocks that nest together as shown. The coolant gas is heated by flowing
through a multiplicity of flow passages within each element. This re-
actor would, of course, be suitable only for low-temperature operation
because of the limitation of the hydride. For higher temperature opera-
tion, the moderator must be graphite or beryllium oxide.

NGCLEAR ROCKET POWERPLANT PERFORMANCE

Up to this point, only the reactor itself has been considered in
meking performance estimates. The nuclear rocket is a complete system
for producing high-velocity hydrogen. As such, a huclear-rocket power-
plant includes components such as a pressure chanber, a nozzle, a turbo-
pump, and a control system. In the case of the water-moderated nuclear
rocket, a water to hydrogen heat exchanger and a water pump are also re-
quired. '

Specific Impulse

The specific impulse of hydrogen is shown in figure 48 as a function
of reactor pressure and reactor exit temperature. Equilibrium expansion
was assumed with the nozzle expansion ratio of 5C. A nozzle velocity
coefficient of 0.96 was assumed. The importance of high temperature can
readily be seen from this curve. The specific impulse at a temperature
of 1500° F is about 500 seconds, whereas for 450C° F it is in excess of
900 seconds. Reducing the reactor-exit pressure increases the amount of
dissociation in the nozzle and thereby increases the specific impulse.

At 4500° F, for example, the specific impulse can be increased from 900
to about 1100 seconds by reducing the operating pressure from 100 to 1
psi. Of course, in reducing the pressure this much, the weight of the
powerplant must be taken intc account. Roughly speaking, a reactor with
& pressure l/lOOO the pressure of ancther would weigh perhaps a thousand
times as much. There is an optimum reactor-exit pressure that properly
trades off reactor weight for specific impulse for any given mission.

Powerplant Components

In addition to & nuclear reactor, the nuclear-rocket powerplant is
composed of pressure chamber, nozzle, turbopump system, control system,
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and in the case of the water-mcderated reactor, a heat exchanger and a
water pump system, Figures 49 to 53 give some estimate of the component
weights that were presented in reference 70. Figure 49 gives the pres-
sure chamber weight as a function of the reactor diameter. Figure 50
gives the weight of the divergent porticn of the nozzie as a function of
reactor fiow rate and reactor-exit pressure. The weight of the nozzle
convergent section is shcown in figure 51 as a function of reactor diameter
for a range of reactor flow rates and pressures. The weight of the turbo-
pump as a function of reactor flow rate and pressure is shown in figure 52
for a range of reactor-exit pressures. The weight that is assumed for the
control system is shown in figure 53. Figure 54 shows the assumed weight
of the heat exchanger weight and water pump as a function of reactor flow.
Inasmuch as the lecture is concerned chiefly with reactors, no further
discussion will be given on the weights of these components except to
refer t> reference 7u for further irfcrmation.

Pcwerplant Weights

Powerplant weight estimates can be made bty using the foregoing as-
sumptions with regard to the compenent weights of the components and add-
ing them to the weighbs of the nuclear reactor cores presented earlier.,
The weight of the fast-reactor powerpiant is then givern in figure 55. The
.powerplant weight is plctied as a fuuction of reactor power in megawatts
for a range of reactor-exit dynamic pressures in pounds per square inch.
The reactor power was determined with the aid of figure 18. The reactor-
exit pressure is assumed tc be 600 pouads per square inch in this case.
The fuel Zoading was assumed 52 te 5C volume percent. It should be noted
that iz the case of Tthe fast reacior the ratic of the void to fiow area
ratio> was assumed to te L. zowerpliant weights shown range from about
2005 pounds as a reactor power of avoit 200 megawaths to 6005 or TOOD
pouwnds at 3000 megawatis. Tte reachor-exit dynam! = pressure is shown
parametricaliy tc indicate the importance of this parameter. The actual
vaive of this parameter o Te us=2d can cn.y te determined by experimen-
tally verifying reachor fueli-element designs under simulated flow condi-
tions., It is obvicusiy of impcrtance to achlieve as high a dynamiz pisure
as pessibla.

Figure 56 shiows the weight of walter-miderated-tungsten - U0z power-
plant. The reactor-exit pressure is alsc 80. pounds per square inch in
this case. The fuel lcading is 15 volume percest., The void to flow
area ratio is assumed 5 be 1.5 and “he tungster per unit vold area is
asstmed to he 800 pounds per sguare foot.,  The powerplant is plotted as
a function of the reactcr power ia megawatts for various reactor dy-
namic pressures. The powerplant weights are seen to range from about
1007 pounds at 20C megawatts to 6,00 or 7000 pounds at 3000 megawatis.
The reactor weights are essentially comparatie tc those of the fast re-
actor at power levels of 30U0T megawatis; the water-moderated reactor is
shown. to be somewhat lighter than the fast reactor at the lower power
levels,
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SUMMARY

Fast-reactor and thermal-heterogeneous-reactor concepts exist that
can be smell and which offer the potential of high specific impulse, It
appears feasible to conceive of nuclear-rocket powerplants that weigh as
little as 2000 pounds or less for power levels of a few hundred megawatts.
In the case of the fast reactor, the chief problem is the high fuel-
loading requirement of the fuel elements that may lead to difficult mate-
eral development problems. The fast reactor has the advantage, however,
of being simpler in concept because the water-moderator reactor requires
an additional cooling system to cool the moderating water. The water-
moderated - tungsten reactor has the advantage of requiring relatively
low fuel loadings within the fuel elements. This will ease the develop-
ment of the materials problems associated with this reactor. However,
the water-moderated reactor, in order to use tungsten, must use tungsten
enriched with the tungsten 184 isotope, which requires the additional
complication of separating the isotopes. Although the water-moderated
reactor requires a heat exchanger and a water pump system for cooling the
moderator, it has the advantage that water cooling of the entire core
structure afforded by this concept eliminates many of the difficult prob-
lems of the homogeneous type core where expansion problems are difficult
to handle. The use of metal in both reactors would be anticipated to
give a major advantage over ceramic cr graphite-type reactors in that the
fuel material should be fully recyclable. Because tungsten has the low-
est evaporation rate of any known material and does not react with hydro-
gen, the longest operating life may be anticipated for tungsten reactors.
The recyclability and longer operating life anticipated for tungsten re=-
actors should meke possible a simpler, faster, and less costly development
program since many more tests could be accomplished with each reactor core.
In particular, the water-moderated core offers the advantage of permit-
ting the development of the entire reactor powerplant in steps; that is,
the water-cooled core structure and components outside the fuel elements
could be developed to a high degree of perfection with the use of nichrome
or molybdenum fuel elements. Concurrently, development of tungsten or
other advanced fuel-element designs could prcceed, which could be used to
replace the temporary or early fuel-element designs.

In conclusion then, it is possible to conceive of nuclear-rockets con-
cepts that are lightweight and that are suitable for low-power applica-
tions. From a study of the basic properties of the refractory materials
such as melting point, vaporization rate, thermal stress resistance, and
strength, it is quite clear that tungsten offers the greatest potential
for both fast snd thermal reactors.
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TABLE I. - MELTING POINTS OF REFRACTORY MATERTALS

Metal Melting Ceramic Melting
point, point,
Op Ok Ofp | %
W (nat.) 6120 | 3660 HfC 7030 | 4163
wis4 6120 | 3660 TaC 7020 | 4160
Re 5740 | 3450 o 86700 | 3983
0.74W-0.26Re | 5650 | 3400 NbC | 6330 | 3770
0.90Ta-0.10W | 5495 | 3315 BEN | 5990 | 3590
Ta 5430 | 3280 ThO, | 5970 | 3573
Os 4890 ' 2980 TiC 5880 | 3520
Mo 4710 | 2880 HfB, ! 5880 | 3520
Nb 4530 | 2770 ZrC i 5750 | 3450
TeB, | 5610 | 3375
TaN ! 5590 | 3360
ZrB, © 5500 | 3315
BN | #5430 | 3280
NbB,, . 5430 | 3280
ZrN 5400 | 3260
TiN = 5310 | 3210
! WB . 5180 | 3140
§§ Ve | 5130 | 3110

a3ublimes.



TABLE II. - NUCLEAR PROPERTIES OF REFRACTORY MATERIALS
Material |Material Molecule Thermal Infinitely
density, or atom microscopic dilute
g/cc density absorption | resonance
cross section, | integral,
barns barns
c 1.67 | 0.0837x10%4 0.003 0
ZrC 6.8 .0397 .18 3
WbC 7.75 .0445 1.1 14
wis4 19.3 .0632 2.0 10
Mo 10.2 .0640 2.5 20
w83 19.3 .0632 11.0 414
W(nat. ) 19.3 .0632 19.2 354
w82 19.3 .0632 20 584
Ta 16.6 .0553 21.3 590
TaC 14.3 .0446 21.3 590
wi86 19.3 .0632 35.0 481
Re 20.53 .0664 84.0 620
HfC 12.6 .0398 105.0 2800
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TABLE IV, - MELTING POINTS OF

REFRACTORY" URANIUM COMPOUNDS

Uranium Melting point
compound
Op °x
UN 85230 3160
U0o 5075 3080
UB, 4625 2830
Us 4465 2740
UCs 4350 | 2670
uc 4350 2670
U 2070 | 1405

8Unstable without N, over-
pressure.

TABLE V. - COMPATIBILITY OF REFRACTORY MATERIALS

WITH URANTUM COMPOUNDS AND HYDROGEN

Refractory Compatibility with -
material Uranium compound Hydrogen
U0o uc
W No reaction at Reaction at 4540° F No reaction
least to U0, (2780° K)
melting point
Re - Reaction after 24 hr |No reaction at 4000° F
at 3270° F (2073° K) (2480° K)
Ta | No reaction at No reaction up to Reacts below 2000° F
least to U0, 3270° F (2073° K) (1367° K). No re-
melting point action at 4000~ F
(2480° K)
Mo No reaction up to |Reaction at 1835° F No reaction up to
melting point (1273° K) melting point
c Forms UC at Eutectic temperature Strong reaction above
3500° F is 4260° F (2623° X) 2800° F (1812° K)
(2200° K)
HfC No reaction at Forms solid solution Reacts above 4840° F
5000° F (2930° X)
(3035° K)
TaC Forms UC at 4900° F Reacts above 4630° F
(2980° K) (2830° K)
NbC Some reaction No reaction at 4680° F
: (2855° K)
ZrC Forms UC at 4500° F Reacts above 4780° F

(2760° K)

(2910° K)




TABIE VI. - COMPOSITIONS OF ISOTOPICALLY ENRICHED TUNGSTEN
Isotope Cross section, Composition, volume percent
barns
W(natural) 1 2 3
w180 60 0.14 | —e-e- S (.
Wiz 20 26. 46 13.9| 3.4 | 0.05
wis3 11 14. 40 27.6 |17.1 | 5.3
wid4 2 30. 60 57.9 | 78.4 [93.0
wlse 35 28. 40 .61 1.1 | 1.6
Thermal (0.025 ev) cross 17.4 7.2 { 4.5 | 3.0
section, barns
Dilute resonance inte- 325 177 lss |32
gral, barns r
TABLE VII. - MODERATOR PROFPERTTES
Material | Estimated Atom density, |Age of thermal |Density,|Thermal stress
maximum atoms/cm3 neutron from g/cmd parameter,
operating fission source, Btu/(sec)(ft)
temperature, cm
Graphite ~5000 0.0810x1024 350 1.62 |~2.3 (4350° F)
Beryllium | =~3500 .0670x1024 110 2.80 |0.05 to 0.20
oxide (2000° F)
Beryllium | =1500 .1236x1024 - 98 1.85 =.95 (1100° F)
Zirconium | =~1500 .041 (nH)x1024 31 5.92  i~.47 (1000° F)
hydride :
Lithium ~1000 .059 (NH)x1024 20 .78 No data
hydride
D,0 ~550 .0662 (W)x10%4 120 1.10 o
Hy0 ~550 .0670 (WH)x1024 27 ''1.00 .
! A e et riom e}
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Fission cross section, barns
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Figure 1, - Solid-core heat-transfer-type nuclear rocket.
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Figure 2. - Fission cross section for uZs,
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Figure 4. - Vaporization rates of refractory materials,
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Figure 5. - Vaporization rate of uranium compounds.

Temperature, °F
L 1 | | 1 L |

500 1000 1500 2000 2500 3000 3500
Temperature, %K

(a) Full temperature range.

Figure 6, - Tensile strength of tungsten,
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(b) High temperature range.
Figure 6. - Concluded. Tensile strength of tungsten.
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Figure 7. - Elongation of tungsten.
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Melting point, °F
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Clad

Time
Figure 15, - U0, loss from fuel plates,

CS-19457

Melting point, °K

g

2700
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Figure 16, - Melting point of UC-ZrC solutions,




Flat plate

Hole matrix Hexagonal honeycomb Square honeycomb
Figure 17. - Schematic fuel element designs.
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Figure 18, - Flow area requirements for nuclear rockets,
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Figure 21. - Capsule test.

L C5-25487

Figure 22, - In-pile flow test.
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Reactor weight, 1b

Figure 23, - Kiwi on test stand.

—
~
wl

Void area, s ft

Figure 24, - W-UO, fast reactor weight, Side

reflector and front-end refiector 12 centimeters

thick with 25-percent voids for cooling,
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Volume ratio
UOZ/(UO2 +W)

| | |
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Void area, sq ft

Figure 25, - W-UO, fast-reactor core

diameter, Side reflector and front-
end reflector 12 centimeters thick
with 25-percent voids for cooling,

Volume ratio
UOzl(UO2 +W)

.30

08—
04—
.50
| | |
0 1 2 3

Void area, sq ft

Figure 26, - W-UO, fast-reactor fuel-

plate thickness, Passage-length to
hydraulic-diameter ratio, 300; side
reflector and front-end reflector

12 centimeters thick with 25-percent
voids for cooling.
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Relative power density

2.0,

16

Volume ratio,
U0,i(U0, +W)
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2
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= 800
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| | J
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Figure 27, - W-U02 fast-reactor fue!
investment, Side reflector and
front-end reflector 12 centimeters
thick with 25-percent voids for
cooling.

——— Be reflector
----- Be reflector with poison
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Radius, ft
Figure 28, - Fast-reactor radial power density.
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Weight of tungsten per unit flow area, ib/sq ft

Reactor weight, Ib

5x10°

W-U0, (50 percent fuel loading)

0.30UC -0.70 ZrC

0.50 UC - 0.50 ZrC

| | 1 | |
0 1 2 3
Reactor flow area, sq ft

Figure 30, - Comparison of UC-ZrC and W-UO, fast reactors.
Fraction of tungsten in carbide core volumes, 0.10.
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tg hydraulir:- Volume ratio,
diameter ratio UOHHUO, + W)
ud
—— 600
.10 .20
P —— 3w s PN |

0 .01 .02 .03 .04 .05
Fuel-plate thickness, in.

Figure 31 - Fuel-plate thickness for moderated W-UO, reactors.
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Figure 32, - Moderated W-UOZ reactor
weight. Volume ratio, U050, + W),

0.30 wisd enrichment, 100 percent;
tungsten per unit void area, 800 ib/sq ft.
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Figure 33. - Moderated W-UO, reactor

fuel investment. Volumf atio,
UOZI(UOZ +W), 0.30; W rlch-

ment, 100 percent; tungsten per unit
void area, 800 ib/sq ft.
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Figure 34. - W-UO, moderated reactor
diameter. Volume ratio, UOZI(UOZ +W),
184 .
0.30; W™ enrichment, 100 percent
tungsten per unit void area, 800 Ib/sq ft.
w184 enrichment,
percent
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Figure 35, - Effect of w18 enrichment on weight of Hy0-W-UO, reactor,
Volume ratio, UOZ(W + U02), 0.15; tungsten per unit void area,
800 1b/sq ft,



Fuel investment, 1b

Core diameter, ft

w184 enrich ment,
percent,
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Figure 36. - Effect of w184 enrichment on fuel investment of H,0-W-U0,
Volume ratio, UOZ(W + UOZ), 0.15; tungsten per unit void area,

800 Ib/sq ft.
w8 enrich ment,
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— 58
sl —_—_— 78
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Figure 37, - Effect of W18 enrichment on diameter of HgO-W-UO, reactor,

Volume ratio, UOZ(W + UOZ), 0.15; tungsten per unit void area,
800 Ib/sq ft.
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Fuel investment, Ib

Reactor welght, Ib

Volume ratio,
UB,/UO, + W)

0.30
————— .20
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5x103 —— .10

Void area, sq ft
Figure 38, - Effect of U0, loading on weight of
HoO-W-UO, reactor, W1# enrichment,

78 percent; tungsten per unit void area,
800 Ibisq ft,

Volume ratio,

sl UO,/UO + W

—  w®
-——— >
—— 15

Figure 39, - Effect of UO, loading on fuel invest-
ment of H,0-W-UO, reactor. W18 enrichment,

78 percent; tungsten per unit void area,
800 IbVsq ft,



Volume ratio,
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Figure 40, - Effect of UO loading on diameter of
Ho0-W -U0y reactor, W18 enrichment, 78 per-
cent; tungsten per unit void area, 800 Iblsq ft.
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Figure 41, - HTRE-1 core.




s

—i
1

p]

[op}

e

<o
1

mod

@
-

ated reactor core,

Hydrogen

l ~Aluminum

Aliifiiteh
U 1

T

TISNITL

P a—

13222111 ot

-
O
=
=
@
£~
W
'
w
&
=5
©
3
£,
&
a
1
o

wing of tungsten - water-moderated reactor concept.




4393
P!}

Figure 45. - HTRE-3 solid-moderated reactor core. All dimensions
in inches.
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Figure 46. - Section of HTRE-3 solid hydride moderator.
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Figure 48, - Specific impulse of hydrogen. Equilibrium expansion;
nozzle expansion ratio, 50,
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Figure 49, - Pressure chamber weight.




E-2695-1

Welght of nozzle divergent-section, 1b

Weight of nozzle convergent section, Ib
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Figure 50, - Nozzle divergent-section weight,
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Figure 51, - Nozzle convergent section weight.
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Figure 52, - Turbopump weight.
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Figure 53. - Control system weight,
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Figure 54, - Heat exchanger and water pump weight.
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Figure 55, - Fast-reactor powerplant weight. Reactor-exit pressure,
600 Ib/sq in.; volume ratis, UOZI(UOZ +W), 0.50 void- to flow-
area ratio, 1.0,
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Figure 56, - Hy0-W-U0, reactor powerplant weight, Reactor-exit pressure,
600 Ib/sq in.; volume ratio, UO,/{0y +W), 0,15 void- to flow-area
ratio, 1.5 tungsten per unit void area, 800 1b/sq ft.
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Figure 8. - Reduction in area of tungsten.
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{a) Full temperature range.
Figure 9. - Yield strength of tungsten,
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(b} High temperature range.
Figure 9. - Concluded. Yield strength of tungsten.
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Figure 10. - Stress-rupture properties of tungsten.
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Figure 11. - Creep strength of tungsten.
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Figure 12. - Tungsten total cross section.
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Figure 13. - Cost of isotopically enriched tungsten.
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Figure 14. - Fueled refractory metal plate,




