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Results are presented of two-group criticality calculatiens made for
sodium-hydroxide-cooled, moderated, and reflected\reactors fo? varilous
concentrations and compositions of reactor fuel- eleﬂént stxﬁttural
materigl. These specific criticality results angapresentg& in & general-
ized manner to permit rapid evaluastion of the criticality requirements for
a wide range of other structural material compositiongagnd concentrations
which may be of interest from consliderations of corroZ&on, strength, and
heat-transfer-surface requlrements.

SUMMARY

Based on turbojet-englhe cycle operating conditions optimized for
minimum alrplane gross weight, the maximum reactor fuel-element and
coolant temperatures are related to the reactor heat release and alrplane
gross weilght for a range of the reactor heat-transfer variables for Fflight
gt altitudes of 30,000 and 50,000 feet and Mach numbers of 0.9 and 1.5.
For the calculations, airplane lift-drag raetic is assumed constant at 6.5
for supersonic and 18 for subsonic flight. The weight of shield plus
reactor plus payload plus suxiliaries (herein designated as Wg) is assumed
constant at two different values namely, 100,000 and 150,000 pounds; the
calculated results for 100,000 pounds are conslidered representative for the
divided-type shadow shield, the results for 150,000 pounds apply for the
unit bulk shield.

The results provide a baslg for compromise of the advantages of higher
cyele efficiencies (and hence lower airplane gross weights, reactor hest
releases, and engine air flows) attainasble at high reactor fuel-element
temperatures with the advantages of higher reactor-masterlal strength and
corrosion resistance attainable at low fuel-element temperatures.

For subsonic flight at altitudes of 30,000 and 50,000 feet and for
values of Wyg of 100,000 and 150,000 pounds, maximum reactor fuel-element
temperatutres of the order 11002 to 1200° F can be maintained with a reactor
core dlameter of 2 feet. The airplane gross weight and reactor hesat
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release are approximately 200,000 pounds and 70,000 kilowatts, respect-
ively, for Wg of 100,000 pounds and are proportionately increased to
approximately 300,000 pounds and 100,000 kilowatts, respectively, for Wy
of. 150,000 pounds. ’ :

Supersonic flight at a 30,000-foot altitude increases maximum )
reactor fuel-element temperatures to the 1200° to 1300° F range for approxi-
mately the same values of airplane gross weight as required for subsonilc
flight; reactor heat releases required, however, are about four times
greater than for subsonic flight.

Supersonic flight at 50,000 feet altitude requires maximum reactor
fuel-element temperatures to increase—to the 1300° to 1500° F range for
Wxg of 100,000 pounds, and to the 1400° to 1600° F range for Wg of
150,000 pounds for a reactor core diameter of-2 feet. For this flight
conditlon, reduction in maximum fuel-element temperature to the 1100° to
1200° F level for Wx of 100,000 pounds, and to the 1200° to 1300° F level
for W, of 150,000 pounds, can be achieved by an increase in reactor core
diameter to 2.5 feet. Ailrplane gross weight and reactor heat release are
then 300,000 pounds and 350,000 kilowatts, respectively, for Wg of
100,000 pounds and are proportionally larger for Wx of 150,000 pounds.

Enriched uranium investments for the hot unpoisoned reflected reactor,
containing sufficient high-nickel-alloy fuel elements to provide appropri-
ate heat-transfer surface for the aforementioned reactor and airplane
flight conditions, are of the order of 35 and 50 pounds for core diameters
of 2.0 and 2.5 feet, resepctively. As fuel-element structural material in
the reactor 1s reduced to.%ero concentration, the uranium investments
approach 15 and 20 pounds .or the 2.0~ and 2.5-foot core diameters,
respectively. The excess uranlum required to counteract burnup and the
polisoning effects of equilibrium xenon, ssmarium, and other fission
products resulting from reactor operation for 24 hours at 300,000 kilowatts
is estimated to be less than 10 pounds. At this poisoned condition, the
temperature coefficlent of reactivity for resctors with high-nilckel-allay
fuel elements was calculated to be negatlve and—of the order of -0.00006
per. °F.

INTRODUCTION

Reactors cooled and moderated by liquid hydroxides, with uranium
elther contailned in fixed structural elements or present in compound
form as & slurry in the hydroxide, have many attractive features to
warrant detalled investigation of their applicabllity to aircraft nuclear
propulsion. The high effectiveness of the hydroxides in slowing down
neutrone makes for relagtively small reactor sizes and hence small shield
welghts, which i1s particularly essential in airerafi application. The use
of hydroxides, in functioning as combined coolant-moderator, leads to less

2525 r



G2se

-

NACA RM E52T19 PR 3

complicated reactor core structures compared with the air-cooled or
liquid-metal-cooled reactors which require incorporation of a separate
moderator into the reactor. No pressurization 1s required to keep the
hydroxides in the liguid state at the operating temperatures requlred
for the aircraft application; in addition, the hydroxides maintaln
reasonably high densltles at these temperatures. These two cheracter-
istics represent important advantages over the use of water as a
coolant-moderator.

Important disadvantages in the use of the hydroxldes are associated
with: (a) their relatively low heat-transfer coefficients as compared
with the liquid metals; (b) their high melting points; (c) their suscept-
ibility to radlation decomposition; (d) their corrosive action on the
available materials having the high-temperature strength required in the

reactor and reactor coolant loop.

The inferior heat-transfer ability of the hydroxides compared with
the liquid metals 1s partly compensated by the greater reactor coolant-
flow area and fuel-element heat-transfer surface area attainable with the
hydroxides due to absence of a fixed moderator. Lower heat fluxes can
therefore be attained in the hydroxide reactors so that temperature
differentials between fuel element and coolant for the hydroxide case
can be made to approach that for the ligquid-metal-cooled reactor.

Because of the high melting points of the hydroxides, the procedure
Por filling and for draining the reactor coolant requires prior heating
of the reactor and loop, which introduces complications in starting up
and shutting down the nuclear power plant.

Whether radlation decomposition of the hydroxides at the operating
conditions is an important enough consideration to rule out the hydroxides
as possible reactor coolant-moderator remains unanswered at this time.
Experience with water at high temperatures and pressures, has indicated
that decomposition is much less severe than previously believed because
of the high rates of recombination. Because the same mechanisms for
recombination are operative for the hydroxides, thls faect is encoursging.

The major problem in the use of the hydroxides is the development of
materials possessing both high-temperature strength and corrosion resis-
tance to the hydroxides. TInasmuch as strength and corrosion-resistant
properties of materials become progressively poorer with increases in
temperature, it is advantageous to operate at the lowest fuel-element
temperatures consistent with the requirements of reasonable reactor total
heat releases and airplsne gross welghts.

It is the purpose of thils report to estgblish whether the hydroxide
reactor shows sufficient promise for aircraft application from the stand-
point of: (1) achieving small reactor sizes with reasonsble fissionsble
material investments; and (2) providing required reactor heat releases at
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required coolant temperatures without the necessity of excessive fuel-
element temperatures. The investigation was conducted. at the NACA Lewls
laboratory. : : :

Some evaluation work of the sodium hydroxide reactor for alrcraft-
propulsion hes been made in references 1 to 3. " Of the common hydroxides,
sodium hydroxide has been generally selected because of its relatively °
low melting point and its satisfactory neutron abscrption properties.

Reference 1 1s concerned wilth a low-powered stationary reactor
intended to serve as s step in the approach.to the high-power reactor.
In reference 2 a general design and performance study 1ls made of a
nuclear-powered subsonic airplane having s homogeneous sodium hydroxide
reactor (reactor in which the ursnium is assumed as being dissolved or
present as a slurry in the hydroxide). The study points up meny of the
practical problems involved in & hydroxide—reactor power-plant systenm.
In reference 3 a brief study is made-of a sodium hydroxide reactor with
fixed fuel elements. The results indicate that the sodium hydroxide
reactor with fixed fuel elements is sufficiently promising for subsonic
alrcraft propulsicn (Msch number, 0.8) to justify developmental work.

In the present report more extensive exploratory cslculations are
made of the criticality and heat-transfer characteristics of the sodium-
hydroxide-cooled and moderated reactor with flixed fuel elements. The
calculation results provide:

(a) A generalized chart permitting rapid engineering evaluation
of criticality requirements for reflected sodium hydrocxide reactors
incorporating structural materials of a wide range of compositiona and
concentrations.

(b) An evaluation of maximum resctor fuel-element temperstures, for
a range of reactor heat-transfer varlables, necessary to satisfy the power
requirements corresponding to both subsonic and supersonic gircraft
propulsion. N - L

(c) A basis for compromise of the advantages of higher turbojet
cycle .efficiencles resulting from operation at high fuel-element tempera-
tures with the advantages of higher structural-materisl strength and
corrosion resistance resulting from operation at low fuel-element
temperatures. - SR

(3) An indication of the temperature coefficients of reactivity and
excess uranium requirements corresponding to _equilibrium fission-product
poisoning for several reactor assemblles of interest.

2525
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SCOPE OF INVESTIGATION OF REACTIVITY VARTABIES

The reactor core 1s tsken as a right cirecular cylinder of length-
diameter reatio equal to unity. Fisslonable material is contained within
tubes or plates over which the sodium hydroxide NaOH flows to pick up the
fission heat genersted within the fisslionable material. The core is
reflected by routing of NaOH around the core prior to its passing through
the core, as schematlically indicated in figure 1. The composition of the
reactor core is primsrily NaOH with a relatively.small volume of structural
material containing fissionable materisl and possibly a diluent, or
carrier, for the fissionable material.

Criticality Calculations

Reactor size end uranium investment are dependent, to a large extent,
on the amount and composition of the structural msiterisl present in the
reactor core. At present, however, no structural materisl i1s known that
is satlsfactorily resistant to corrosion by NaOH at the temperatures
required for the aircraft application. Hence, no definite assignment of
atructural material eomposition can be made for a specific evaluation of
the NaOH-cooled and moderated reactor.

As indicated in the section under "Method of Generalization of
Criticaelity Results", reactor criticality requirements are influenced
by structural material content principally through two quantities: the
macroscopic thermal gbsorption cross section of the structure ZIF A,th
and the reactor volume fraction 'of structure fg. For convenience, the
macroscoplic cross section ESA +th 18 put on & unit reactor volume basis
and is hereafter referred to a% the thermal gbsorption parameter
£a2® A, the (Symbols are defined in appendix A.) The effect of variation
of fs on criticality is determined on the basis of theoretical consider-
ations., The effect of fszsA,th for a glven. fs mist be determined by
detailed criticality calculations made for several structural-meterial
compositions and concentratlons. By means of these parameters, criticality
results for specific structural material contents in the reactor can be
plotted in a generalized manner to be applicable for a wide variety of
other structural material compositions and concentrations.

The following specific reactor-core compositions were chosen for
the criticality calculations to provide the basic data required for mapping
the criticality characteristics of the family of NaOH-cooled and moderated
reactors over a sultably large range of values of the thermal sbsorption

parsmeter £ ZS) ip.
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Reactor| Composition by volume | fg TeZ®4,th

NaOHE | Ni Fe Na
I 0.82 | 0.08 - 0.10] 0.08 0.0151
II .82 - 0.08 .10 1 0.08 0.0074
II1 .80 - - 10| 0O 0
IV | 1.00} =-- - -- | o o

For these reactors, a wide ran%e of uranium U concentration,
corresponding to ratios of H to 35 atoms R from 50 to 500, were
investigated. The reactor fission spectrum ranged from thermal to inter-
mediate (fast-fission contributions from 10 to 50 percent of the total).
Varilous thicknesses of NaQH reflector Irom zero to effectively infinite
were investigated. Reflector effects were measured by the two-group
reflector savings, defined as the difference between the unreflected and
the reflected reactor-core radii.

In reactors I and II, structural materlsl content is taken as
8 percent by volume of Ni and Fe, respectively. Nuclear properties of
these metals bracket the properties of a lasrge number of high-tempersture
alloys and ceramics considered to be satisfactory, nuclearwise, for use
in alrcraft reactors. The 8-percent concentration of these metals is
sufficiently high to provide for a fuel-element deslign and auxililary
structure having adequate heat-transfer surface for a reactor of the
order of 300,000-kilowatt output. Metallic Na 1is included in the
reactor as representatlve, nuclearwise, of the fisslonable-materisl
dlluents or carriers that may be present within the fuel elements.
Reactor III represents the limiting case of zero structural material
content. Reactor IV provides a comparison of the effect of the Na
additive on reactor criticallty and represents the truly homogeneous
reactor type.

Two-group neutron diffusion theory was employed in the criticality
calculations. Sphericsl geometry was assumed in the reflected reactor
calculations and a transformation made to cylindrical geometry under the
assimption that the reflector savings remain the same. The derivation and
method of sclution of the two-group equations are briefly reviewed In
appendix B. The evaluation of the gross nuclear constants required in the

use of the two-group theory equatione is briefly described in the following

gection "Evaluation of Nuclear Constants" and is presented in detall in
appendlx C.

Results of the criticality calculations are presented In the
following manner:

2525
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(1) For reactors I to IV, curves of the enriched uranium invest-
ment as g function of reactor core diameter are presented for various
reflector thicknesses.

(2) Reflector savings for these reactors are compared.

(3) Representative neutron flux and power generation distributions
for reactors I and III are presented.

(4) For the generalized family of NaOH reactofs, a chart of
uranium investment as a function of the thermal sbsorption parsmeter

fSZFAqth is presented for varilous reactor dlameters and values of fg.

Evaluation of Nuclear Constants

Validity of the two-group representation used here depends
entirely on the correctness of the nuclear constants used to represent,
in a bulk fashion, the varilous  competing nuclear processes occurring
within the two neutron-energy groups. In order to reduce the uncertalin-
ties 1nvolved in the evaluation of these bulk nuclear constants, the
procedure used is patterned, as closely as possible, after that success-
fully used in reference 4 toc predict the criticality of smell hydrogen-
modersted (water, in this case) thermal reactors. The procedure for
evaluating the constants, which is described in detail in appendix C,
is briefly outlined as follows:

A’TR,f’ zA,f’ zF,f’ Pthe - The' constants )\.T'R,f, E.A,f’ EF,f’ and
Pty &are obtalned by welghtlng local values accordling to the energy
distribution of neutron flux in an infinite medium of the same composition,
as indicated by age theory. The fission neutron-energy spectrum (taken
from reference 5) is included in determining the energy distribution.

I?f. - The solution of the transport equation for the setond moment

of the spatial distributiorn of neutrons slowing down from a point source
in gn infinite medium consisting of a mixture of hydrogen and heavy
elements, as derived in reference 6, is used to determine sz. From

the solution of reference 6, I?f is obtalned as a function of fission
energy and 1s then weighted over the fission neutron-energy spectrum.

The calculations are normalized (see appendix C) to the experimentally
determined value of IFf, for water at room témpersture, of 33 square
centimeters. The value of sz_thus obtalned assumes no neutron -
sbsorption during slowing down; for the reactors under consideration,
however, significant gbsorption occurs in the energy range from about
1000 ev to thermal. Inasmuch as the slowing-down process in this energy
range can be consldered continuous, age theory 1s approximately applicable
and hence is used to estimate the effect of absorption on slowing down in
this energy range. The difference in age with and without absorption in

-
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the energy range 1000 ev to thermal was calculated end found to be
negligible. On this basis and, in addition, becsaiise the bulk of the

I?f contribution is due to the slowing down in the energy range above
1000 ev, the effect of absorption on sz is tsken to be negligible for
the reactors under consideration. (The effectof absorption in the fast
group on critlicality is hence accounted for solely through 1ts effect on

Pth) -
Mg, tne - The method of reference 7 for estimating the effect of

2525

chemical binding on thermal neutron diffusion. in a hydrogenous medium
1s used to evalusate ATR,th' In this method the experimentally determined

variation of scattering cross section oy with neutron energy for hydrogen
(a8 measured for water, reference 8) 1s used to obtain Agy as a function

of neutron energy. The assumption involved here 1s that the chemical bond
of H in KaOH is the same as that in water. The vslue of ATR,th is

then obtalned by weighting AEB accordling to the flux of neutrons in a
Maxwellian distribution corresponding to the moderator temperature.

&, ths) LF,the - Locel values of I, and Zp are assumed to vary
with neutron energy according to 1/v in the vicinity of thermal energy;
zA,th and zF,th are then obtained by weighting &, and Iy, respect=

ively, according to the flux of neutrons in a Maxwellian distribution
corresponding to the moderator temperature.

The constants KXp, Kth, and I?th are then given by:

vig,r VIp, th A

2 ) 2 TR,th
Ke = T H K't = s L = —z—’—-
£ A, 0 PR EA,*l:h TR T Bk,

In the criticality calculatlons, the average temperature of the
NaOH moderator is taken equal to 1450° F (Eiy, = 0.092 ev). In all the
reactors, the constituents of the reactor core are assumed to be completely
intermixed so that the eriticality calculation results do_not include any
self-shielding effects arising from any heterogenelty of the resctor
composition. The fuel cross-section data were taken from measurements on
K~-25 end product consisting of 91.5 percent U255, 1.5 percent U234, and
7.0 percent U238 normalized per atom of U235, Densities of the materials
in the reactor (at 1450° P gverage temperature) are tabulasted in table I.

A summary of two-group constants for the specific reactors analyzed
1n the.present study is presented in table II.
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Calculations of Temperature Coefficlent of Reactivity
end Excess Uranium Requirement

In order to provide an indication of the statle stabllity
characteristics of NaOH-cooled and moderated reactors, two-group per-
turbation theory was used to caleculate the temperature coefficient of
reactivity for the following cases:

Reactor It R= 100 and 200, %y = 6 inches
Regetor ITI: R = 100 and 400, ty = 6 inches

First-order perturbation formulas, modified to include the effect
of fast fission, are presented in appendix D.

Calculations were made for the hot reactor with equilibrium Xel35
and 24-hour Smt4°® and other fission-product poison concentrations
corresponding to reactor operation at 300,000 kilowatts; these concen-
trations were determined on the Basis of information presented in refer-
ences 9 and 10, The polsons are assumed to be distributed uniformly.
over the reactor-core volume.

Contributions to the temperature coefficient of reactivity
included herein arise from: (1) The change in neutron energy range
constituting the fast group, (2) the change in density of NeOH (and
hence in atom density of Na, O, and H), and {3) the change in thermal
microscoplc cross-sections.

The linear variation of density of NaOH with tempersture was
taken from reference 11. With the exception of Xel35 anda Smlég,
ebsorption and fission microscopic cross-sections in the viecinity of
thermal energy are assumed to follow the 1/v law. The variation of
microscopic sbsorption cross-section of Xel35 with temperature, as
averaged over the Maxwellian distribution, is cobtained from reference 9.
The variation of microscopic thermal cross-section of sml4® with
temperature (which contribution to temperature coefficient of reactivity
is small relative to the Xel35S contribution) was estimated on the basis
of the data of reference 10.

Appendix D presente the perturbation formuls snd procedure for
obtaining the adjoint functions used in the formula; the perturbation
Tormuls presented is an extension of that derived in reference 12 fo
include the effects of fast fission. Appendix D also presents details
of the method of evaluation of the various weighting factors contributing
to the temperature coefficlent of reactivity.

In addition to determination of temperature coefficient of
reactlivity, two-group perturbation theory was used to estimate the
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excess fissionable materisl required to compensate for burn-up and
equilibrium fission-product polsoning for the same reactors. Although
the principal polsons are Xel35 and Sml49, a host of gther fission
fragment poisons appéar and are accounted for by the assumption thet for
every uranium atom fissioned, the equivalent of a single atom appears
bhaving e microscopic sbsorption cross sectlon of 100 barns at 0.025 ev.
The detalls of the method of calculation are ocutlined in sppendix D.

The results of the aforementioned calculations are presented in tabular
form.

Method of Generallzation of Criticality Results

For the range of NaOH reactor composltlons of interest for alrcraft,
the principal contribution to neutron slowing-down and diffusion processes
1s made by the NaOH, whereas the principal contribution to the absorption
process is made by the structural material and uranium. For engineering
evagluations, therefore, 1t may be assumed that the over-all scattering
and slowlng-down in the reactor coreé are relatively unaffected by
variation in concentratlon. and composition of structural wmaterial from
the values assumed for specific reactors I to IV.

Therefore, the only two Important effects on reactor criticalilty
requirements due to variation ln structursl material composition end
concentration in the reactor are: (a) the effect of neutron asbsorption
by the structural material, which is given by the thermsl absorption
parameter fgB, 4y for a 1/v absorber, and (b) the effect of dis-
placement of NeOH moderator by the structural material when volume con-
centrations fg differ from the values assumed for the specific
reactors. S T R S )

Variation in fg about a reference value can be treated as
equlvalent to the effect of vold space; a decresse in structurgl-material
volume from the reference value 1s equivalent to the removal of void
space by the same amount; an increasse in structural-materisl volume from
the reference value 1s equivslent to dlsplacement of moderator by the
same amount. The effect of vold space on reactor size and uranium lavest-
ment, that is, the effect of fg, is treated in appendix B.

As previously mentioned, the effect of fSI?A th is obtained from
specific criticality calculations in‘which fglB A,th 18 varied over the
range of lnterest. TFor a mixture of elements, the parameter fszBA,th

is given by:
5 - o - S
Ps2a,th = £5{cy Zp,1 + cp Ty p + -o0 + e dp ) (1)

where ¢ 18 the fraction by volutie of elements in structure.

2525
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In table III are listed representative alloying elements which may
be employed. These absorbers follow the 1/v law in the thermal region
with little probability of strongly sbsorptive, low-lying resonances
being present (see reference 13). Therefore the generalization may also be
used to evaluste criticality requirements for NaOH reactors contalining
materisls other than N1 and Fe and for a range of volume concentretbtion.

Although the generalization is not strictly rigorous in that it
neglects the small differences in neutron slowlng-down properties due
to other structural materials, it does account for the important first-
order effects provided:

(1) The neutron absorption cross section of the structural material
varles with neutron velocity according to l/v at least up to energies
of the order of 100 electron volts.

(2) The volume of structural material in the reactor 1s small
compared with the volume of moderstor.

SCOPE OF INVESTIGATION OF PERFORMANCE OF NUCLEAR-POWERED ATRCRAFT

The purpose of this performance study is to determine the alirplane
gross welght and reactor heat-release requirements as affected by the
maximum temperature of the reactor fuel elemenis for a range of reactor
and reactor heat~transfer variables for various airplasne flight conditions.

The turbojet cycle, lnvolving a tertiary system of two separate
closed liquid cilrcuits and an open alr cycle, is used in the study of the
performance of a nuclear-powered alrcraft utlilizing the NaOH reactor as
the heat source. A schematic disgram of thils cycle is shown in figure 2.
In the primsry liquid cilrcuit, NaOH is heated as it flows through the
reactor and then cooled as it flows through the primary heat exchanger
where it gives up its heat to a liquid metal flowing in the secondary
liquid ecircuit. In the secondary circuit, heat picked up by the liquid
metal is transferred to the alr in the secondary heat exchanger.

Alr enters the diffuser of the turbojet englne, is compressed by
a compressor, is heated in the secondasry heat exchanger, and is expanded
through a turbine which extracts sufficient energy from the high-pressure,
high-temperature air to run the compressor. Finally the air expands
through an exhaust nozzle into the atmosphere to provide the propulsive
Jet thrust.

The configuration of reactor fuel elements chosen for determi-
nation of heat-transfer characteristics of the NaOH reactor is shown
schematically in figure 1. This configuration was chosen for convenience
in the heat-transfer study intended to indicate what may be accomplished
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wlth respect to heat transfer in the NaOH reactor; no detailed study of
the structural, mechanlcal, or febrication problems assoclated with
various core deslgns was made in arriving at the configuration chosen.

As indicated in figure 1, the fuel elements are considered toe be
plates of sandwich-type construction arranged in & closely spaced parallel
arrgy within the reactor core. WNeOE flows in a single pass between the
plates from one face of the cylindrical core through to the opposite face.
(Choice of small-diameter tubes instead of plates would give spproximately
the same heat-transfer results.)

2525

Reactor Heat Transfer

In the-heat-transfer study, the maximum tempersture of the fuel-
element plates corresponding to any value of total reactor heat release
and reactor-exlt coolant temperature 1s related to the varlables: reactor
core dlameter Dc(note, Iy = Dc), fraction of core volume occupied by
fuel-element material £, fuel-element plate thickness tp, and coolant
veloclity V.

Two methods of reactor operation have been sssumed: (1) uniform
heat—generation over entire reactor-core volume, and (2) uniform fuel-
element wall temperature.

Basle relstions and procedure used in the heat-transfer study—
are cutlined as follows: :

(1) From geometrical considerations, the plate spacing sy, area
for coolant flow A, and heat-transfer surface area S are cbtained for
assigned reactor core size D,, percent of core volume occupled by fuel-
element material fg, and plate thickness tp.

(2) The heat-transfer coefficient h corresponding to a given
coolant velocity V 1s then obtained by use of the Nusselt relstion

0.8 0.4
2 De . 0.023 pwre) et
kT C m -

The physical properties for the NaOH coolant employed in the
present calculstlons are as follows:

where De = 2 sp.
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Density, p, 1b/cu £ o v v o v o 4 4 o o o o v 4« s 4 s e s . .« 98.0
Specific heat, cp, Btu/lb-OF c e e e e e e e e e e e e e s .. 0.483
Viscosity, p, Ib/hr-ft . . . s e o s s = e s e s s a s 2.5

Conductivity, k, Btu/(hr)(sq ft)(OF/ft) N O I <

Density data were teken from reference 11. Viscosity, specific heat, and
thermal conductivity of NaOH were obtained from data transmitted from

Battelle Memorial Institute.

(3) For the case of constant rate of heat input along a flow
passage, the tempersture differential between the passage wall and coolent
is conetant along the flow passage (for constent h along passage)
Hence the heat balance may be expressed as:

H = hS (Tow,ex = Tc,ex) = pAVecy (Tc,ex - Tc,en) R
w,ex"Tc,av Te,exTe,av -
from which the ratios 2 T 2 and _’_T—’_— are readily

determined. The tempersture differences are expressed per kilowatt of
heat release in order to make the hedt-trgnsfer results general for any
value of reactor heat release.

(4) For the case of uniform wall temperature, the temperature
differential between the passage wall and coolant varies slong the flow
passage. The heat balance for this case 1ls written as:

(Te,ex-Te,en)
H = hS c,zx AL = pAVep (Tc,ex~Tc,en)
1 T W, ex'Tc, en
ogea
Tov,ex'Tc sex
0 - T =T
from which the rstilos ¥, exH €87 gna -c’—e}{ﬂ—(ﬁﬂ are determined.

(5) The temperature drop across the fuel-element plate is calcu-

-T
lated by use of the heat-conduction equation H/S = - kg :;j% P

assuming a1l the heat is generated at the center line of the plate cross
section. The following relation can then be obtained:

Tw,ex'Tc,av _ Tow,ex‘Tc,av + tp

H H 2k S .
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The thermal conductivity of the fuel plates used in caleculation of
temperature drop across the glates is teken as 28 Btu/(hr)(sq £t)(°F/ft)
the value for nickel at 1500% F. The thermal conductilvity foE cerbon,
stainless, and high-alloy steels is about 15 Btu/(hr)(sq £t)( F/ft).
(reference 15). Inasmuch as the temperature drop across the fuel plates,
for the conditlons consldered, 1ls generslly less than 10 percent of the
over-all drop to the average coolant temperature, variation in thermal
conductivity of the fuel-plate material hss not been considered.

2525

The results of the foregoing procedure are presented in the follow-

ing manner: . _ -

For g fixed reactor core size and percent of core volume occupled
T -T T -T
by fuel-element msgterial, _Eiﬁﬁﬁ_ﬁzﬂf and _Eifﬁﬁ_szﬂi are plotted
against V (range, 5 to 30 ft/sec) for various fuel plate thicknesses.

Reactor heat-transfer characteristics are presented for the case of
unilform heat generation for:

Reactor core djameter, ft. . . ¢ ¢« . 0 < v . ¢« « . 2.0, 2.5, 3.0
Fuel-element reactor volume fraction . . v . .7, o . . ¢ . 0.06, 0.12
Fuel-element plate thickness, in. . . . . . ¢« . . 0.012, 0.016, 0.020

Comparative heat-transfer characteristics are presented for the
case of uniform wall temperature for each of the reactors for a fuel-
element-plate thickness of 0.012 inch. :

Airplane and Turbojet Cycle

The performance study of the turbojet—cycle system in & nuclear-~
powered aircraft 1s based on the optimized engine performance results _.
of reference 14, whereln the turbojet cycle is optimized to give minimum
gross airplane weight Wg for fixed values of alrplane 1ift-drag ratio
L/D, structure-to-gross-weight ratio Wg/Wg, and weight of shield,
reactor, pay load and suxiliary equipment -~Wg. The optimlzed performance
is given by relations between the alr heat-exchanger effective wall
temperature Ty opp and values of the following variables: (a) engine
thrust per weight of engine plus alr heat exchanger Fp/Wp, (b) net-
thrust per pound of sir per second Fn/wa, and (c) heat addition per
pound gir Ah,. From these guantities, the airplane gross weight,
reactor heat release, and engine air flow are found from the following
relations for any value of alr heat-exchanger effective wall temperature:

Wy

& W

1 =]

1
" Wg ~ (Fu/¥ip)(L/D)
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Wg
W, =
&~ (L/D)(Fn/vg)

H=W&Ahx

Values of verisbles selected for the alrplane study are: Wg, 100,000
and 150,000 pounds; L/D = 6.5 (supersonic) or 18 (subsonic); and
Ws/Wg = 0.30.

The values of Wg selected are believed to be representative of
the divided snd unit-type shields contemplated for the nuclear airplane.
The values of I/D selected conform with existing practice for the sub-
sonic case and represent a reasongble value for the supersonic case.

The value of Ws/Wg used. coanforms with the findings of recent nuclear
airplane weight analyses.

Maeximum Fuel-Element Temperature Evaluation

In order to relate the airplane gross welght and reactor heat
release to the maximum temperature of the reactor fuel elements, it is
necessary to combine the engine performance and the heat-transfer studies.
The procedure used 1s outlined as follows:

(a) For assigned values of Wy, L/D, and Wg/W,, the method cut-
lined in the previous section is used to determine ﬁ g» Vg, and H for
a range of values of Tw,eff'

(b) On the basis of a preliminary primery heat-exchanger design
study, the average NaOH coolant temperature within the reactor is taken
as 100° F higher than Ty opf, that is, To ay - T, eff = 100° F. The
hegt-exchanger design study indicated that this temperature differential
can be easlly attained with reasonsbly small primery heat-exchanger size
for reactor heat releases required for supersonic flight conditions.

(e) For assigned values of reactor size, coolant velocity, fuel-
element material volume, and fuel-element thickness, the maximm fuel-
element temperature is computed by adding the following temperature
differences:

Tyryex = (Tw,ex - c av) + (Tc av ~ Tw,eff)

A schematic dlagrem of the heat-exchanger system and relative
temperature distribution is presented in figure 3. The temperature
difference Ty,ex - Tec,av 18 found from the heat-transfer parameter
Tw,exJIc,av

" — by multiplying by the value of' H determined in step (a).
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RESULTS AND DISCUSSION
Specific Reactor Calculations

Criticality calculation results for the core compositions
represented by reactors I to IV are presented in figure 4. In these
figures, uranium investment is plotted against cylinder core dlameter
for reflector thicknesses of~ 0, 3, 6, and 12 inches. (Cylinder length-
diameter rstio is taken equal to unity.) In the calculation of these
curves for each core composition and reflector thickness, a range of
* values of atom ratio R is taken and core diasmeter and resultant uvranivm
investment for criticality are determined. Lines of constant R are
glven on each figure. )

The curves for each reactor-core composition indicate a minimum
total uranium investment for each reflector thickness; minimum total
investment decreases and occurs at progressively smaller core dlameters
a8 reflector thilickness increases toeffectively infinite wvalues.

The exlstence of a reactor size for minimm total uranium investment
may be explained as follows: As uranium concentration (per unit volume)
is increased, the neutron-leakage toleraeble for criticallty 1s increased;
a decrease In core diameter resulis.

At the large core dismeters, the neutron lesksge is relatively
insensitive to diameter so that ir order to malntain criticelity, a
large percentage decrease in core dlameter occurs for a smsll percent-
age increase in uranium concentration; hence, the total uranium invest=
ment, which 1s proportlonal to the uranium investment and the cube of
the diameter, decreases., At the small core dismeters, the neutron leak-
age 1s extremely sensltive to dlameter and so the opposlte effects occur.
At pome intermediate value of core diameter, the decrease In diameter
exactly counteracts the lnecrease in uranium concentration with respect to
total uranium investment; this defines the core dlameter for minlmum
investment.

Minimum total uranlum investments and corresponding reactor-core
diameters for unreflected and reflected reactors are summarized from
figure 4 in the following table:

2525
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Reactor Composition by Minimm uranium | Reactor core diameter
volume investment - (£t)
(1b)
NaOH | Ni | Pe Na | Unre- 6-in. Unre- 6-in.
flected|reflector | flected | reflector
I 0.82 {0.08( -~ |0.10 93 32 2.7 1.7
II .82 -~ 10.0810.10 69 23 2.7 1.7
ITT .90 -- -- |0.10 43 13 2.7 1.5
Iv 1.00 - - - 38 11 2.5 1.5

Consideratlons of reactor heat transfer and high-altitude supersonic
£light power requirements, presented later, indicate that core diameters
of the order of 2.5 feet are required to avold unreasonsbly high fuel-
element temperatures. For a 2.5-foot core dlameter snd a 6-inch
reflector, figure 4 indicateg investments of 51, 36, and Z1 pounds for
reactors I, II, and IIT, respectively.

Reflector Savings

The variation of NaOH reflector savings (defined as the difference
between the unreflected and reflected reactor core radii) with reflector
thickness for reactors I to IV is presented in figure 5 for representative
values of atom ratic R. Reflector savings increase markedly for reflector
thicknesses up to 6 inches, but level off rapidly for larger thicknesses.
A line indicating reflector savings equal to reflector thickness is
included in figure 5. Reflector ssvings are about equal to reflector
thickness up to thicknesses of 3 inches, indlcating no net change in
reactor-core radius-plus-reflector thickness; for thicker reflectors,
reflector savings are smaller then reflector thickness so that the over-
all core-plus-reflector dimensions become larger. From considerations
both of over-all size (core plus reflector) and of reflector effective-
ness in reducing uranium investment, a reflector thickmness of about
6 inches appears to be a satisfactory compromise.

The different reactor core compositions considered herein exhibit
approximately the same reflector savings for any given value of reflector
thickness. The small effect of increased nonproductive absorber in the
core on the reflector savings may be noted in the slightly reduced
reflector savings attalned for reactors I and IT compared with reactors
IIT and IV. Varistion of R in the core also has little effect on the
megnitude of reflector savings.
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Although the magnitudes of the savings are about the same for
thermal reactors (low concentration of uranium) for which core dlameters
are large, and for intermediate reactors (high concentration of uranium)
for which core dlameters are relatively small, the savings are much
smaller percentages of the core radll for the thermal reactors because
the neutron leskage is smaller for thermsal reactors.

The curves of figure 4 for the 6-inch NaOH reflector thickness are
replotted in figure. 6 for convenience of comparison of reactors I to IV.
In every case, the reactor core diameters corresponding to minlmum Invest-
ment are less than 2 feet. The curves become steeper on both sides of
the minimum investment point as the nonproductive shsorption 1s progress-
ively increased from reactor III to II toI; this steepness is more pro-
nounced 1n the region of core silzes below that for minimum investments
Inasmuch as the uncertainties introduced by two-group theory become
smaller ag core size is increased (the value of R increased with the
result that fast-fission contribution was decreased), greater confidence
can be placed in the results for core sizes to the right of the minimum
Investment values. - - -

Criticallty Generalization

Chart construction. - On the basis of the conslderations presented

in the section entitled "Methods of Generalization of Criticality Resultsa",

the specific results for reactors I, II, and ITI are replotted to be
applicable, in engineering evaluetions, to @ wide varilety of structural-
material concentrations and composlitions, subject to the restrictions:
(a) that the material does not exhibit any large neutron cross-section
resonance near thermal energy (below about 100 ev}), and (b) that the
concentrations must be relatively small (say, less than 16 percent).

The generslization, results of which are plotted in filgure 7, is
accomplished as follows:

A plot (fig. 7(e)) is made of ursnium investment WU against the
thermal sbsorptlon parameter fssz th for various unreflected reactor

core diameters composed as follows:

Volume fraction of structure,. « « « ¢« ¢« ¢ ¢« ¢ ¢ ¢« ¢« ¢« ¢ v o o o ¢ . Tg
Volume fraction of NaOH plus Na, « « « « ¢ ¢« ¢ ¢ o0 o o « +» « « 1 - fg4
Ne/NaOH volume Yatiose « o « « o o o + o o o « o o o o o o o o« 0,122

The speclfic results for reactors I, II, and III are used in the
construction of this plot employlng a reference value of fg of 0.08.
For reactors I and II, the value of fg is 0.08 and so the results are
directly applicable; for reactor III, f5 is zero so that a void correction
to fg of 0.08 was nade by the method discussed in appendix 3B.

2525
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The unreflected core diimgters indicated on figure 7(a) are referred
to as the chart diameters 5252 De. The slant lines on the left of
this plot yleld the unreflected reactor total uranium investments W
for any assigned value of fg.

The insert plot (fig. 7(b)) indicates the reduction in core dia-
meter possible with various thicknesses of NaOH reflector. The
reduction in core diameter is equal to twice the reflector savings as
presented in figure 5; inasmuch as reflector savings are relatively
insensitive to core composition, average values were selected for

figure 7(b).

Therefore, for assigned values of fg and D, of interest,
figure 7(a) enables determination of enriched uranium investments for
the unreflected reactors for any value of fszsA,th- Figure 7(b) permits
the evalustion of the reflected core dlameter for any value of reflector
thickness; the uranium investment for reflected reactors, which is pro-
portional to the cube of the core dismeter, may be calculated from the
uranium investment for the unreflected core.

Chart procedure. - The procedure for using the chart is given by
the following steps: '

1. A reflected NaQOH reactor wilth.actual structural material con-
centration £z and core dilemeter D,(t,.) i1is assigned.

2. Filgure 7(b) gives the reduction in reasctor diameter due to NaQH
reflectors of varlous thickness; the unreflected core dlameter of linterest
is then evaluated. ’

De = Do(typ) + ADL(ty)

-
%, The unreflected chart reactor diameter (l 8

5 9;) D, 1is calculated
by means of the actual value of fg and the unreflected core diameter of

interest Dg.

4. TFigure 7(a) ylelds a value of uranium investment WU  for the
unreflected reactor with the actual value of fg.

5. The uranium investment for the reflected reasctor of interest
is then computed.
' 3
Dc(tr)]

W(ty) = W [T

The use of the chart can best be illustrated by an example:
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Example. - It is desired to find the enriched uranium investment—
for a cylindrical reactor of-length-dlameter ratio of unity, moderated
by NaOH (with small percentage of Na additive) and reflected by a

6-1inch thickness of NaOH.

The reactor core is 2.5 feet—in diameter and

is to contain volume concentrations of Inconel of {a) 8 percent, and
(b) 12 percent. The thermal absorption paremeter fBZPA tn 18 evaluated
2

for each case in the following table by equation (1):

Element| Fraction |Fraction 2%, c 28 Case-a | Case b
by welght|b (from teble ITT Ath o ve e
y welghtiby volume|(from ta ) s€ A,th|fs&A,th
Ni 0.78 0.74 0.189 0.140 | 0.08x | 0.12x
0.159 | 0.159
Fe .08 .09 .093 .001
Cr .14 .17 .103 .018
Total | 1.00 1.00 | = —-m-- 0.159 | 0.0127 | 0.0191

The procedure for using the general criticality

results of figure 7

to evaluate the unreflected and reflected reactor core diameter and
uranium investments 1s indicated in the following teble:

3
1-f D (tr)
Case| fg |f5y,tn{De(ty)|ADc | De (‘TE)D" W (—%—— W ()
(£5) | (£E)|(£t) (£t) () “e (1b)
s |0.08| 0.0127 | 2.50 |0.76|3.26] 3.267"| 100 0.45 45
b | .12| .ox91 | 2.50 | .76|3.26{ 3.12 | 130] .45 59

The generalized results apply for reactors operating in the thermal
temperature range of.1400° to 1500° F; for lower temperatures, investments
are slightly lower than Iindicated by figure 7.

Typical Neutron Flux and Heat-Generation Distributions

Two-group neutron flux and heat-generastion distributions have been
determined for reactors I and IIT and are presented herein as representa-
tive of NaQOH-cooled and moderated reactors.
sented as a function of cylinder radius for an equivalent epherical
reactor as an indication of the distributions for the cylindrical

geometry.

The distributions are pre-

Neutron flux distributions. - The fast and thermal neutron flux

distributions are shown 1n figure 8 for the 6-inch reflector thickness

L5285
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and for a value of atom ratioc R of 100 (indicated in figure 4 to be
near the minimum investment point). For convenience, the flux values
shown correspond to reactor total power output of 300,000 kilowatts;
inasmuch as fluxes are directly proportional to power, they may be
adjusted for power outputs other thar 300,000 kilowatts. Flux levels
for the same total power output are higher for reactor III than for
reactor I principally because of the smaller core size possible with
reactor III.

Because of the smaller asbsorption in reactor III, thermal neutrons
resulting from slowing down in the reflector can penetrate’ farther into
the core of reactor III than reactor I. Hence, the effectiveness of the
reflector toward flattenlng the thermal flux in the core 1ls greater in
reactor ITT than I; for example, the ratio of minimum to maximum thermal
flux in the core is 0.65 and 0.43 for reactors ITI and I, respectlively.

The ratio of fast to thermal neutron flux is sbout 9 for reactor I
and about 7 for reactor ITI. These ratios will decrease as reactor size
and corresponding investment are increased and less dependence upon fast
fissions is required.

Heat-generation distributlons. - Radlal heat-generatlion distributions
are shown In figure 9 for various values of reflector thickness and for
the value of R equal to 100. Figure 9 is a plot of the ratio of local
specific heat release to average specific heat release agasinst reactor
core radius expressed as a fraction of total core radius.

The distributions demonstrate the degree to which reactors wilth
NaOH reflectors may be expected to approach uniform heat generatlon with
uniform distribution of uranium. The effect of reflector thickness
saturates rapldly with little change in distributlon above thicknesses
of 6 1nches.

Larger variations in local heat release with radius are to be
expected of reactors contalning appreciable concentrations of absorptlve
structure, inasmuch as these reactors depend in greater measure upon the
fast flux to provide fissions than reactors with l1lttle absorptive struc-
ture. In addition, as previously mentioned, neutrons which enter the
core after being slowed down In the reflector do not penetrate as far
into the core for reactor I as they do for reactor III, thus contributing
t0 further nonuniformity in the power-generation distribution.

These two polnts are illustrated in figure 10 in which the fracition
of total local fissions produced thermally 1s presented as a function of
core radius for reasctors I and ITII for various reflector thicknesses.

It may be seen that reactor I has gbout 6 percent fewer thermal fissions
than reactor III throughout the core. In addition, the high concentrstion
of thermsl fissions at the core-reflector interface falls off more rapidly
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for reactor I.than for reactor III. It is noted that these reactors can
be classified as intermediate reactors in that sbout 40 percent of totsel
fissions are produced in the fast neutron group.

The heat-generation distribution over the reactor core volume can
be varied by nonuniform distribution of fissionable material. Refer-
ence 16, which presents fissionable-materiel dlstributions corresponding
to uniform heat generation for a representative thermal reactor assembly
with varlous reflector thicknesses, indlcates that apprecilable improve-

ment in power~generation distribution can be achieved in a well reflected

reactor by redlstribution of. the flssionsble material with only a small
additional investment of fisslonable material (of the order of 10 to

15 percent for the assemblies of reference 16). Although the results of
reference 16 are for thermal reactors in which the fissionable wmaterial
was redistributed to give uniform heat generation, the same general
conclusions should epply for the 1ntermediate reactors presently under
consideration for which the fissionable material may be redistributed to
attaln uniform fuel-element tempersture throughout the reactor core
volume.

Static Stability Characteristics and Excess Uranium Requirements

The—temperature coefficlent of reactivity and excess uranium
requirements have been._computed for reactors I and III. Two representa-
tive examples of each reactor have been considered (an ilntermediate
reactor of small core size and a more thermal resctor of relatively large
core slze) in order to illustrate both the effect of structure and the
effect of neutron leskage on reactor stabllity. Reactors reflected with
a 6-inch thickness of NaQE have been considered for both cases.

The radial distribution of adjoint functions @ e and Ty

relative to the wvalue of q:*th at the reactor axis, for the smaller
hot, unpoisoned reactors I and III with an atom ratio R of 100, are
presented in figure 11. These adjolnt functions, computed in accordance
with the methods described in sdppendix D, are used in conjunction with
the actusl neutron flux distributions to provide welghting factors which
evaluate the relative importance of small local changes or perturbations
of the reactor constants at any reactor geometrical position.

For example, the effect on plle reactivity of a small change in
thermal absorption cross section. ZA th &t a particular position of .the
reactor_ core is proportional to the product of the thermsl flux and the
thermal sdjolnt function at that position. The over-all effect on
reactivity of small changes in ZA th over the entire reactor core 1s
evaluated by the integrated effect over the entire core volume as shown
in appendix D.

2535
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Temperature coefficient of reactivity. - Temperature coefficients
of reactivity have been computed for both poisoned and unpoisoned
reasctors operating at 1450° F and a power of 300,000 kilowatts. Excess
uranium requirements have been estimated for these reactors on the
assumption that the reactors were predominantly thermal. The poilsoned
condition considers the equilibrium xenon concentration and concentrations
of 24-hour accumulation of samarium and fission products for operation at
a constant power of 300,000 kilowatts; these concentrati®ns are listed on
the following table for the reactors counsidered:

Reactor H/U . | Core | Average e Ngg Nriss. prod.
atom ratio,|dia- | thermal |(atoms/cc (atoms{cc (atoms/cc
R meter flux core) core core)
(£t) Peh

I 100 2.26 | 4.77x1014]2.85%x1015]7.75%1015| 3.14x1018

I 200 5.34 .85 .11 .88 .23

I1T 100 o 11.52 [16.50 2.81 T7.73 10.0

ITT 400 3.10 9.70 .55 2.00 1.17

Reactors are reflected by 6-inch thickness of NaOH.

Individuael temperature coefficients of reactiviity associated with
changes wlth temperature of the two-group parameters for each of the
four regctors are listed in table IV. Derivatives of each parameter with
temperature were obtalned numerically from the calculated varistion of
the parameter with temperature and satisfactorily represent actual
derivatives for the temperature range from sbout 1200° to 1700° F.
Temperature coefficlients of reactivity dp/dT were computed by the
relations given in gppendix D.

In the cslculation of dp/dT for reactor III which does not contain
fuel-element structure and would therefore physically correspond to the
homogeneous reactor, 1t has been assumed that the uranium concentrations
remain fixed and that only the cross section varies with temperature;
results for reactors I and III given in the table are then directly
comparable. Of course, the reduction in urasnium concentration accompany-
ing the expansion of NaOH in a homogeneous reactor would produce a sub-
stantially more negative temperature coefficient of reactivity for

reactor III.

From teble IV it may be noted that the combined contribution to the
temperature coefficient of &y ,¢n (without poison), Kin, Zp,thy A, £
and Kg zA,f, that 1s, of the fission and absorption processes, is

relatively small. The effect of the poisons (given by difference in
contributions of zﬁ,th with and without poison) is slightly positive.

L



24 - L NACA RM E52I18

The combined contributions of Afqg,ths Ag,ps and Zg ¢, that is, of

the scattering and slowing-down processes, give a relatively large
negative temperature coefficient which is associsted mainly with the
decrease in density of moderator with increase 1n temperature. As.

a result of this large negatlive contribution, the over-all temperature
coefficients of the reactors consldered are negative. The magnitude of
the negative temperature coefficient increases as the size of the
reactor decreases. ]

Net values of the temperature coefficient of reactivity dp/&T
vary from sbout -0.00006 for the small-sized reactors to about -0.00002
for the large reactors. A temperature coefflcient of reactivity of
about -0.00006 per OF results in a change in reactivity of -0.6 percent
for a 100° F temperaturerise; this reactivity is of the same order of
megnitude as that assoclated with the delayed-fission neutrons and so
indicates the negative coefficient to be signifilicant from the point—of
view of steady-state reactor self-controlv

\

Excess uranlum requirements. - The .excess uranium requlrement
AWU  Tor the poisoned critical reactor over the investment required for
the unpoisoned critical reactor, WU 1s also listed in table IV. It may
be seen that the excess uranium requlrement necessary to maintain criti-
cality for these reactors after 24-hour operatlion at a power of 300,000
kilowatts Ilncreases as the size of the reactor producing this power
decreases. The excess uranium requirement appears to be less than
10 pounds for all the reactors herein considered.

2525

Reactor Heat-Transfer Characteristics

It 1s recalled that the reactor heat-transfer characteristics
presented are independent of any airplane considerations. The resulis
are presented per kilowatt of total reactor heat release and are
related to the airplane only when the power requirements for a particular
flight conditlon are established.

Figure 12 presents plots of the difference between maximum fuel-~
element temperature and average NaCH coolant temperature per kilowatt

of total reactor heat release, EELE%%EEiEZ, agalnst cooclant velocity.

Each plot 1s for s given core dlameter (2, 2.5, or 3 £t) and concen-
tration of structural material (6 or 12 percent by volume) for fuel-
element plate thicknesses of 0.012, 0.016, and 0.020 inch. Heat gener-
ation is assumed tc be uniform over the reactor core for the 0.016-

and 0.020-1inch plate thicknesses; for .the 0.01Z2-inch plate thilckneess,
both cases of uniform heat generation and of uniform fuel-element wall
temperature are presented. Also included in each plot 1s the difference
between the exit and average NaOH temperature. ‘The effects of pertinent
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variables on the difference between maximum fuel-element temperature
and exit coolant temperature are directly obtainable from figure 12.

The following tabulation of results, obtained from figure 12 for a
reactor with total heat release of 300,000 kilowatts, indicates the
effects on Ty,ex - Te,av ©Of representative values of the heat-transfer
variables.

(£5) (ft}gec) Te | (32.)| ocration| M ory =
2.0 15 |o0.06|0.012{ uHG® 390
2.5| 15 .06/ .012| uUHG 210
3.0/ 15 .06/ .012| UHG 125
2.5 30 .06| .012| UHG 125
2.5| 15 .12| .o12| wume 80
2.5| 15 .06| .020| uHG 365
2.5/ 15 .08| .012| UwWT® 165

&Uniform heat generation
PUniform wall temperature

Alrplene and TurboJjet Cycle Characterlstilcs

Flight condltion requirements. - Figures 13 and 14 present plots
of reactor heat release H, and alrplane gross weight Wg (expressed
in ratio to shield, reactor, pay-load, and suxiliary weight WK) against
effective wall temperature of the air heat exchanger Ty epp for flight
at 30,000- and 50,000-foot altitudes at Mach numbers of 0.9 and 1.5.
The optimized turbojet cycle conditions determined in reference 14 for
each of these flight conditions were used in the construction of these
plots.

Figure 13 shows that the effect of flight speed on reactor heat
release is much greater than the effect of altitude, chiefly because of
the greatly reduced airplane lift-drag ratios (and hence increased power
requirements) encountered at supersonic speeds. For Tw eff 8about
1700° F, heat releases required for supersonic flight are of the order
of three times greater than for subsonlc flight; for Ty eper about 1100° F,
the heat-release requirements are of the order of five times greater. For
the range of values of Tw eff DPlotted in figure 13, heat releases for
subsonic flight are fairly insensitive to varlation in Ty, epp; for
supersonic flight, heat releases are quite sensltive to Ty epp, parti-
cularly in the range below 1200° F..
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Figure 14 shows that reduction of altitude from 50,000 feet to
30,000 feet for _the 1.5 Mach number significantly reduces gross weight .
requirements to the point .where the gross welghts are comparable with
subsonic vsalues.

Maximum reactor fuel-element temperature. - The reactor heat transfer
end the turbojet cycle characteristics have been combined to establish the
magnitude of maximuin reactor temperatures required for the four flight
conditions considered.

Maximum fuel-element temperatures are plotted in figures 15 and 16
against reactor heat releases required for the four flight conditions
considered, for reactor operation at uniform heat generation and uniform
wall temperature, and for the following condlitions:

Reactor core dlameter, Do, ft . . . . . P e s s e o s s « 2.0 8nd 2.5
Volume concentration of fuel-element material, fg . . . . 0.068 and 0.12
Fuel-element plate thickness, In. . . . . . « . « ¢« « « « + « . « 0.012
NaOH coolant velocity, ft/sec © o s % s s s s s e e 2 e 4 e s+ . &« 15

Figure 15 is for WK of 100,000 pounds; flgure 16 1s for Wg of-
150,000 pounds. Four separate plots are included in each figure, one for
each of the four flight conditions. S :

The NaOH coolasnt temperature leaving the reactor is Included in the
figures as an indication of the limit to which the waximum fuel-element
temperature may be reduced. It 1s recalled that an assumed temperature
difference of 100° F between the average NaOH temperature in the reactor
and the effective wall tewmperature in the air heat exchanger has been
incorporated ‘in the date of figures 15 and 16.

For a given reactor configuration and allowable maxlwum fuel-element
temperature, figures 15 and 16 provide a value of reactor heat release
required for any of the four flight conditions considered. Corresponding
values of greoss alrplane weight may be obtailned from figures 13 and 14
with Ty,erf &s the linking varisble.

Figures 15 and 18 indicate the following general results for the
two values of WK considered:

(2) At subsonic flight (Mach number 0.9), maximum fuel-element
temperature can be maintained at 1200° F and lower for reactor core
diameters of 2 feet and volume concentrgtions of fuel-element material
of 6 percent with reasonable values of reactor heat release and airplane
gross weight. At 1200° F, these values are tsbulated as follows:

2525
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Ny | Altituge B Wg
(1p) (£t) {lw) (1b)
100,000 | 50,000 | 68,000 | 198,000
100,000 | 30,000 | 59,000 | 160,000

150,000 | 50,000 106,000 | 305,000
150,000 30,000 90,000 | 242,000

Varlation in reactor core dismeter and volume concentration of fuel-
element material has relatively little effect on maximum fuel-element
temperature for a given reactor heat release. A maximum fuel-element
temperature of about 1100° F can be attained by an increase in reactor
core diameter to 2.5 feet or by an increase in volume of fuel-element
material to 12 percent wilth operation at the followlng conditions:

Wy | Altitude H Wg
(1p) (£t) (few) (1p)

100,000 | 50,000 72,000 | 205,000
100,000 | 30,000 61,000 | 163,000

150,000 | 50,000 |110,000 | 310,000
150,000 | 30,000 93,000 | 246,000

For the subsonic flight conditions 1t 1s noted- that the increase in
reactor hedt release and alrplane gross weight, resulting from a decrease
in maximum fuel-element temperature from 1200° to 1100° F, 1s small.
There appesrs to be a small advantage in reactor operation at uniform
element temperature over operation at uniform power generation.

(b) At supersonic flight (Mach number 1.5), maximum fuel-element
temperatures must be of the order of 1500° to 1700° F for a reactor core
diameter of 2 feet and volume concentration of fuel-element material of
6 percent. Increase in reactor core diameter to 2.5 feet and.volume of
fuel-element material to 12 percent lowers fuel-element temperature to
the 1200° to 1300C F level. TFor these conditions and a maximum fuel-
element temperature of 1200° F, the following tabulation is made:

Wx Altitude H Wg
(1) (£t) (k) | (1b)
100,000 | 50,000 | 340,000 | 295,000
100,000 | 30,000 | 260,000 [ 180,000

150,000 50,000 590,000 | 500,000
150,000 30,000 410,000 | 275,000
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Reference to figures 13 and 14 indicates that operation at the
lower values of alr heat-exchanger effectlive wall temperature seriously
penalizes the airplane gross welght and required heat release for the
supersonic 50,000-foot-altitude condition, but that flight at a Mech
number of 1.5 at an altitude of 30,000 feet requires a larger heat
release but a relatively smaller gross weight which is comparable with
subsonlc requlrements.

Summary of airplane conditions with low-temperature turbojet
cycle. ~ For convenlence in evaluation of the airplane engine and reactor
requirements for the four flight conditlons consldered, a summary is pre-
sented in table V of some representative resulis obtalned in the airplane
cycle performance, heat transfer, and reactor criticality study.

2525

The. turbojet operating conditions and airplane component weights
listed are based on englne operation at an air heat-exchanger effective
wall temperature of 1000° F at all flight conditions. A difference of
100° F between the average NaOH reactor coolant temperature and the air
heat-exchanger effective wall temperature is maintalned.

The actual total englne air flow to the turbojet engines at each
flight condition is listed; in addition, the total engine air flow
corrected to static sea-level conditions i1s included. (The corrected -
air flow is used to specify the air-handling capacity of a turbojet
engine.) From designs of existing engines, it appears that a corrected
air flow of ebout 300 pounds per second 1is cbtainable with a turbojet
engline gpproximately 4 feet in dlameter. The corrected total engline air
flow therefore serves &s a measure of the number of turbojet engines
required to wmaintein a given flight condition; these values are also
listed in table V.

Six and nine engines of the size specifled are required to maintain
flight at 30,000 feet altitude and Mach number 1.5 for respective values
of Wx of 100,000 and 150,000 pounds. This compares reasonably well with
the numbers of engines required for both subsonic conditions. Supersonic
flight at 50,000 feet altitude, however, requires on this basis 20 engines
for a Wg of 100,000 pounds, and 29 englines for a Wg of 150,000 pounds.
The large number of englnes required for this flight condition may Iimpalr
aerodynamic characteristlics and reduce obtainable lift-drag ratios below
the assumed value of 8.5.

For supersonilc flight at 50,000 feet altitude, the air heat-exchanger
effective wall temperature would have to be increased to about 1600° F,
in order to reduce the required air flows to values comparable with the
cother flight conditions.

Two reactor geometries of diameters 2.0 and 2.5 feet have been
selected for operatlon at each flight condition. Both configurations
provide for relatively low maximum fuel-element temperatures consistent
with the ettaimment of reasonable airplane gross weights and reactor
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heat releases. The uranium investments required for these reactors are
below 50 pounds. . T ’

SUMMARY OF RESULTS

The effects of reactor variables on criticality and maximum reactor
fuel-element temperatures for sodium-hydroxide-cooled, moderated, and
reflected reactors of length-diameter ratio 1 are presented for subsonic
and supersonic propulsion of nuclear-powered aircraft. The following
results, based on turbojet engine cycle operating conditions optimized to
give minimum airplane gross weight, were obtalned from the study for two
values of welght of shield plus reactor plus pgy-load plus auxiliaries

(designated as Wg) representative of the divided-type shadow shield and

the unit bulk shield, respectively:

1. PFlight at & Mach number of 0.9 at altitudes of 30,000 and
50,000 feet for values of Wg of 100,000 and 150,000 pounds may be
maintained with meximum reactor fuel-element temperatures of the order
of 1100° to 1200° F with a reactor core dlameter of 2 feet.

2. An sirplane gross weight of sbout 200,000 pounds and reactor
heat release of about 70,000 kilowatts are required for subsonlc £light
for Wg ‘of 100,000 pounds. Gross welght and reactor heat release are
proportionately increased for a value of Wg of 150,000 pounds.

3. Flight at a Mach number of 1.5 at an altitude of 30,000 feet
for both values of Wg may be malntasined with maximum reactor fuel-
element temperatures of the order of 1200° to 1300° F with a reactor
core diameter of 2 feet. At an altitude of 50,000 feet and a Mach
number of 1.5, similar maximum fuel-element temperatures way be maintained
with & reactor core diameter of 2.5 feet.

4. At 30,000 feet altitude, airplane gross weight for supersonic
flight is comparsble with gross weight regquirements for subsonic flight
(about 180,000 pounds for Wg of 100,000 pounds); reactor heat releases
required, however, are about four times greater than for the subsonic
case (270,000 kilowatts for Wk of 100,000 pounds). At 50,000 feet
altitude, airplane gross welghts and reactor heat releases required
for supersonic f£light are about 300,000 pounds and 350,000 kilowatts
respectively, for Wg of 100,000 pounds. Gross weight and heat release
are proportionately increased for Wg of 150,000 pounds.

5. Enriched uranlium investments for the hot unpoisoned reflected
reactor, containing sufficient high-nickel-alloy fuel elements to provide
appropriate heat-transfer surface for the aforementioned reactor and
girplane flight conditions, are of the order of 35 and 50 pounds for
core dlameters of 2.0 and 2.5 feet, respectively. As fuel-element
structural material in the reactor 1s reduced to zero concentration,
the uranium investments approach 15 and 20 pounds for the 2.0- and
2.5-foot core diameters, respectively. The excess uranium required to
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counteract burnup and the poisoning effects of equilibrium xenon,
samarium, and other fission products, resulting from reactor operation
for 24 hours at 300,000 killowatts, is estimated to be less than 10 pounds.
At this poisoned condltion, the temperature coefficient of reactivipy“for
reactors with high-nickel-alloy fuel elements was calculated to be
negative and of the order of -0.00006 per °F.

ILewis Flight Propulsion laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 28, 1952

2525
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APPENDIX A - SYMBOLS

A reactor coolant flow area

¢p - -coolant specific heat

D neutron diffusion length

De reactor core diameter

ADe reductlon 1n reactor diameter due to reflector

De equivalent diameter of coolant flow passage

E neutron energy

Fn alrplane net thrust

g volume fraction of structural and fuel-elemen% material in

reactor core
reactor heat release
reactor heat-transfer coefficient

neutron multiplication constant

K B PP H

]

thermal conductivity of fuel-element material

k coolant thermsl conductivity

Lo reactor core length

I?f mean squere slowing-down distance for fast neutrons
I?th mean square diffusion distance for thermal neuitrons
/D airplane 1lift-drag ratio

M(v) Maxwellian neutron density (per unit speed range)

N reactor atom density

Pth resonance escape probability

q neutron slowing-down density
R ratio of hydrogen to uranium 235
Rq reactor core radius

31
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reactor radius

reactor heat-transfer surface area
fuel-element plate spacing

temperature

average reactor coolant temperature

coolant ﬁemperature entering ;egqtor

coolant temperature leaving reactor

air heat-exchanger effective wa}l tgmperature
maximum fuel-element temperature

maximum fuel-element surface temperature
plate-type fuel-element sandwich thilckness
reactor reflector thickness
logarithmic neutron energy

coolant velocity . )

neutron velocity

alrplane gross weight

gshield, reactor, pay-load, and suxiliary equlipment welight

alirplane structural welght

enriched uranium investment

excess uranium requirement
turbojet-engine air flow
extrapolation distance

macroscopic transport mean free path

coolant wlscosity

2525
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neutrons produced per fisslon

average logarithmic energy loss per collision

coefficient of reactivity

absorption cross section

absorption cross section of structural material
fission cross section

scattering cross section

total cross section

scattering cross section

£

coolant density
g% temperature
Zp macroscopic
Z%),tn ~ macroscopic
Ip macroscopic
Zs macroscopic
ET macroscopic
gg microscopic
@ neutron flux
Pt adjoint function
Subscripts:
0 reactor core
1 reactor reflector
n moderator
th thermal neutron group
hig fast neutron group
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APPENDIX B - TWO-GROUP DIFFUSION THEORY

Two-group two-zone diffusion equations. - The neutrons are separated
into two groups: a fast group consisting of all neutrons from fission
energies to thermal energy, and a thermal group consisting of all slowed-
down neutrons in stetistical equllibrium with the temperature of thelr
surroundings.

For the fast group, terms representing leakage, absorption, slowing
out, and production of neutrons in the reactor core are gilven by

AR, 2,0
Leakage: - ——Z2° AP o

2525

Absorption: EA,f,O P .0

Slowing out: Es’f,o ¢f,0
Production: zF,f,O Wf’o + zF,th,O Dwth,o

For the thermal group, terms representing leakage, sbsorption, and
production of neutrons in the reactor core are given by

ATR,th,0
Leakage: - __’3_’_ A%h,o

Absorption: zA,th,O Pth,0
Production: g ¢ o Pr,0

For the reflector, terms representing lesksge, absorption, and
slowing out of the fast group are given by

AR, f,1
Teakage: -—%-L—Awf’l

Absorptlon: ZA¢f’]_¢f,l

Slowing out: zS,f,lq’f,l
Terms representing leaksge, gbsorption, and production of neutrons
for the thermal group of the reflector are glven by
ATR,th,1
Ieakage: - ———é—-—-‘-’— Aq’th,l

Absorption: ZA, th,1 @ th,1
Production: zs,f, 1®r,1

The macroscopic cross sections and mean free paths appearing in the
foregoing terms must be asppropriately averaged over the energy range
constituting the pertinent neutron group so that the various terms
represent the correct distribution of neutron processes occurring within
the reactor.
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For each group and reactor zone, expressions for the conservation
of neutrons may be written

AR, £,0
-—%5 290 * (Za,2,0 +Zg,2,0) 92,0 - Ip,r,0 VO o -
Ly,th,0YPth,0 = © (B1)
o
o A r
131 _ MTR,th,0
T A®Pgn,0 + Za,th,0 Ptn,0 - Z8,2,0 Pr,0 = O (B2)
Mg, e,1
- —52=A%p 1+ (Zy,p,1 +I5,£,1) Pp,1 =0 (B3)
MR, th,1
- 3 J
—5—=A0P¢n,1 + Z4,th,19th,1 " 5,7,1 92,1 = © (B4)

These equations may be rearranged as follows:

3@, e,0* Z5,¢,0) 3  2p,7,0Y

¢
£,0 h‘I’RfOEA,fO

AQr,0 - Zp,£,09P,0t

MR, £,0

3  ATR,th,0 ZF,th,0 5 ° o (58)
AR, th,0 MR,2,0 SA,th,0 Asth,0 ¥th,0
AR - E—SZA’th’o P + 25,250 MR,£,0 Pr,0=0 (B6)
th’o ,th,O th,o xIlR,f’o kTR,th,O 2
3(Zp,p,1 + Z3,7,1)
AQr,1 - ,h;:Rfl’ 2 9p,1=0 (B7)
2+
3 3L A
‘A, th,1 S, f,1 'm £
A @ - 250 7 2 f,1 @ =0 (BB)
th,1 ” Rppem, 1 tEoY Y Xmoz, 1 MR, em,1 TEoL

The mesn-square slorwing-down length LZ 0,1 and mean-square
thermal diffusion length IL%nh,0,1 are defined. as

Arr,£,0,1
3Q@a,r,0,1 *Z3g,7,0,1)

- ATR,th,0,1
I%tn,0,1 = 52——-——
A,th,0,1

2
L°r,0,1 =



36 L NACA RM E52I19

Inasmuch as the macroscoplic cross sections are the effective averages
over the pertinent energy group, the resonance escape probability wmay be
suitably approximated in terms of these effective values.

I5,£,0,1
&4,r,0,1 +2g,7,0,1/

Pth,0,1 =

It follows then that

el
o
Q
Mg, ?,0,1 (ZA,f,O,l + Es,,f,o,l) 2, o 1 = sz,0;1
325, £,0,1 2g,£,0,1 Y157 Pen,o,1
NI'R z + X Lz
,f,o,l A,f,o,l S,fLo,l Lz f’O’l
A, 50,1 24,7,0,1 £,0,1 ™ TI-ptn,o0,1)
L3V S A vl

The multiplication constants Kp and Kt representing,

respectively, the number of neutrons born per neutron absorbed 1in each
energy group are defined as

Ep, ¢ 0,
Kp = Za,t, o'
Zp th,0
Kip = gty
th = Zp th,0

With these definitions, the two-group equations may be rewrltten.
For the core,

1-Ee(lpen,o) | o MR, th,0 _ Kth

A - ) = 0 (B9)
q’f,O sz 5 £,0 7“TR,f,O Lz-th,o th,0
2
A
1 TR,f,0 Pth,0
AQ - — + 222 22 P o = O (B10)
th,0 thh,o ®th,0 A'TR,'th,O sz,o £,0

For the reflector C
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1
>
A P
1 TR,f,1 Pth,1
AQ - —_— + 22 =@ = 0 Bl2
th,1 P 1 th,1 Y K p T Z; 4 £,1 (B12)

Boundary condltlons and solutions. - The preceding simultaneous
linear differential equations are solved subject to the followlng
boundary conditions for the case of spherical geometry.

The contlinulty of neutron current at the core-reflector interface
requires that

\
_Mm,z0 ] L MR oo ]
3 ?£,0 R 5 51 r=Re
} (13)
TR, th,0 ] - . Mm,th,1
5 VothOleR, T T T 5 V¥th, 1 p

The continulty of neutron £lux at the interface also requires that

e -0
£,50 r=R. £,1 r=Rq

(B14)

Pem0| = Pen,1]
th,0 r=R, th,1 r=Ro

At the outer face of the reflector, the neutron fluxes must go to
zero at the extrapolated boundary; it is assumed that the extrapolation
distance is the same for both fast and thermal neutrons and small in
comparison with the reflector thickness so that

o
M £ l] r=Ro+ts, -

(B15)
= 0
2

The neubtron fluxes must be finlte everywhere in the reactor,
that is
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cPi’:.'all r< e«

. (B1s)
\Pth]all r< ®

The general solutions of the pairs of simultaneous equations (9) to
(12) are obtained by letting AP= a.ch where o2 is the same constant
for the fast and thermal fluxes in each zgne but differs for the core end
reflector zones; o? 1is deslgnated as aoz for the core and as alz for
the reflector. Introduction of Amo,l = ao,la?o,l in equations (9) to
(12) yields quadratic expressions for ap? and alz in terms of the core
and reflector compositions, respectively. The general sclution for the
fast or thermal flux in each zone is then & linear coublnation of the
general solutions of  AQ = a?¢ corresponding to the two roots of the
quadratic approprlate for each zone.

Application of the foregoing boundery condltlions to the general
solutions for the fast and thermal flux 1n each zone leads to four homo-
geneous linear equations involving four arbitrary constants and the
unknown critical radius of the reactor core and thlckness of the reflector.
The vanishing of the determinant of coefficients of these four equations
Por an assigned thickness of reflector is the condition for the evaluation
of the critical radius of the core.

With the critical dimensions of the reactor known, three of the
arbltrary constants are solved for in terms of the fourth. The flux
distributions in both the core and reflector are therefore determined
except for an arbltrary multiplicative constant. Detalled mechanlics of
the two-group method are presented in references 17 and 18.

The reflected reactor sizes calculated for spherical‘gecmetry are
translated to cyllindrical geometry in the following manner:

(a) For the unreflected reactor, the critical sizes are determined
by the relations

2
aoz = E—Tf;gsg for spherical geometry
Riat
2 ? 2.4052
%9 + z for cylindrical geometry

" (@g+25)2 (Ro+8)2

where the buckling constant aoz is a function only of the composition
of the unreflected reasctor and bence is independent of the geomeitry of
the systen. (Rc is here the cylinder radius, R', the sphere radius,
and & ‘the extrapolation distance at which the flux becomes zero.)
Hence, for the same reactor composition,

2525
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w2 _ _ =& 2.405%
(R'e+8)2  (Ho+28)2  (Ro+8)2

or, 1f the cylindrical reactor 1s of length-dismeter ratic equal %o
unity He = 2Rg,

Re + & = 0.9144 (R'+8)

For & << Rc, R'C

R
m F~ 0.9144

(p) For the reflected reactor, the assumption is made that the
reflector savings (difference in core radii for unreflected and reflected
reactors) is the same for both the spherical and cylindrical geometries.
Hence the reflector savings calculated for any given core and reflector
thickness for the spherical gecumetry can be directly applied to the
unreflected cylindrical critical dimensions to obtaln the reflected
cylindrical critical dimensions. .

Effect of voids on eriticality of bare reactor. - The introduction
of uniformly distributed vold space in a bare reactor reduces the densities
of all constituents in the reactor by the factor (l-fv) where fy 1s
here the fraction of wvoid volume. Hence, all macroscopic cross sections
are reduced by the factor (l-fv). The relation between aoz and the
reactor nuclear constants (see references 17 and 18) shows that aoz is
then reduced by the factor (1-fy) for the same relative core composition.
Hence, the critical dimensions of the bare reactor are increased by the

1
factor that is -
i I_Evs’
D [&ith voidJ 1

D [Fo void] = (TE)

For the same relative core composition, the uranium investment 1is
directly proportional to its reactor concentration and to the reactor

volume; that is,

I Erith void] DO [with void] 1

4 o (1-2y) s —
WY [no voidJ Do Ino void] ( 1'fv)2

Effect of voids on criticality of reflected reasctor. - The assumption
is made that the reflector savings are unaffected by introduction of small
amounts of void volume In the core of a reflected reactor.
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APPENDIX C - EVALUATION OF TWO-GROUP THEORY CONSTANTS

The constants required for solution of the two-group equations are
as follows: ’

I?f mean-square slowling-~down length
thh mean-square thermal diffusion length

ATR,f fast-transport mean free path

hTR,th thermal-transport mean free path

Pih resonance escape probability
Ke fast wultiplication constant-
Kin thermal multiplication constant

These constants are separately evaluated for each core and reflector
composition. Multiplication constants are, of course, zero for the
reflector. : '

The fast parameters were aversged over the energy spectrum of
neutrons born during fission. The thermal fission neutron spectrum
was taken from reference 5 and normalized to unity over an energy range
extending from 25,000 ev to 10 Mev.

Total cross sectlons for Na, O, H, Ni, and Fe as a function of
neutron energy were taken from reference 8. Rescnances for these nuclei
occur only at 3000 ev and above; for these energies the neutron scattering
width is very much larger than the neutron absorption width so that these
resonances have been taken as substantially scattering. The values used
for total cross section for H were those obtained from measurements in

Ho0.

Thermal absorption cross sectlons were taken from reference 13;
the pile oscillator values were used wherever avallable. The variation
oﬁ absorption cross section wlth neutron energy was assumed to follow the
1/v law. I ) ’ i

Fission, absorption, and scattering cross sectlons for K-25 end
product uranium mixture (91.5 gercent U235, 1.5 percent-U234, 7 percent
U238) normalized per atom of UZ35 were teken from references 20 and 21.
Metal densltles were taken from reference 22. A summary of crose sectlouns
and densities used in these calculations has been presented in table I.

2525
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Fast Parameters

Mean-square slowing-down length,_lﬁf. - As previously mentioned,

mean-square slowing-down lengths were calculated for hydrogenous mixtures
by the method of reference 6 in which a formula, equation (108), for

sz 1s derived taking into account the scattering but not the slowing-
down properties of elements other than hydrogen. This introduces small
error provided the macroscoplc scattering cross section of hydrogen is
greater than the macroscopic scattering cross section of the heavy
elements in the medium. A limiting form of the rigorous formula,
equation (A3) of reference 6, was used for the present calculations
since it provides resulis 1n good agreement with the more rigorous
equation (108) and involves considerably less computational labor.

The values of I?f for water of unit density, by equations (108)

and (A3) of reference 6 averaged over the fission spectrum, were calcu-
lated as 26.9 and 25.4 square centimeters, respective%g. These values
compare with the experimentally determined value of ¢ Tfor water of

33 square centimeters of reference 23. It is customary in reactor
eglculations to correct the calculated value of I?f to the experimental

value. This multiplicative correction for water from the I?f as calcu-
lated by equation (A3) of reference 6 is 53/25.4 = 1.30.

Inasmuch as no experimental date are available for NaOH, the
correction factor to the calculated value of I?f for NeOH was determined

by ascertaining the mixture of H20. and Naz0 correspondlng to NaOH.
It was found that & mixture by volume of 40 percent Hs0 of specific
gravity 1.00 and 60 percent NasO0 of specific gravity 2.27 corresponded
to NaOH of specific gravity 1.77. Assuming the correction factor to be
proportional to the percentege of H20 in the mixture, a correction
factor of 1.12 was established to apply to all values of sz as
computed from equation (A3) of reference 6. These values of 12¢ were
rther corrected to the operating temperature of 1lnterest by assuming
L°¢ +to be inversely proportional to the sguare of the density of NaOH.

Macroscoplc cross sections. - The remaining fast parameters were
calculated from the energy distribution of neutron flux, given by age
theory for an infinite medium of the same composition, as the welghting

factors on the energy-dependent cross sections (see references 18 and 24).
For exemple, the effective fast macroscopic absorptlion cross section

ZA,f is given by
fo £, (w) ®(w) au
5 Uth

A,f =
} ¢ (u) au
Ugh

(c1)
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where the flux @'(u) 1s obtained as

@ (u) = g—zﬁ(—‘(‘l’l—) | (c2)

and where gq(u) is the age-theory neutron slowing-down density through
any energy interval in an infinite medium.

Similarly, the effective fast macroscopic fisslon cross section &
¢ @and transport mean free path ATR ¢ may be evaluated as &
b4 >
0
Z'p(u) @'(u) an
Uth
Zp,r = ~75 (c3)
@' (u) du
Yth _
¢}
1 ?
A ' (0) @7 (u) Qu
Uth
Mg, = o (c4)
@' (u) au
Yh

The fast multiplicatlion constant 1s therefore given by
Kp = vip £/Zp £-

The resonance escape probability p¢y, 1s the value of ¢ at
thermal energy Ugh, inasmuch as a fission spectrum normelized to unity

has been employed.

The integrals required are evalusted numerically over the entire
fast energy region and in suitably small energy intervals.

Thermal Parameters

Macroscoplc cross sections. - The thermel parsmeters of both core
and reflector involve macroscoplc cross sections which must be suitably
averaged over the Maxwelllan distribution of -neutrons 1n the thermsl
region to represent thelr effectlve values. For example, in order that
the term ZA th®Ptn represent the true rate of neutron absorptions

occurring per unit volume of reactor, SA th must be some effective
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average value if @ 1is given as the thermal flux of neutrons corres-
ponding to the most probable speed of the Maxwellian distribution
corresponding to energy Eip-.

The effective value of zA,th averaged over the Maxwelllan distri-
bution of neutron flux vM(v) Is given by

A
21y vM(v) av
Jo
Zp,th = —= (cs)
wW(v) av
JO

For absorption cross sectlions which follow the 1/v law, as is
usually the case for thermal neutrons, the value of zA,th evaluated
from equation (C5) turns out to be exactly the local value of Z'p

corresponding to the average speed of the Maxwellisn distribution of

neutron density M(v). Ipasmuch as the average speed is 2 = 1.128

: 19
times greater than the most probeble speed, the effective value of
zA,th is 0.886 tilmes the value at the most probsble energy to which
it 1s customery to refer messured cross sections. (The plle oscillator
values of thermal-sbsorptlon cross .section used herein have all been
referred to the accepted value for gold at the most probable neutron
thermal energy).

The same results apply to the macroscopic flssion cross section of
uranium zF,th which very closely follows a 1/v varliatlion for the
thermal region.

Similar consideratlons are made in obtaining an effective value
of thermal-transport mean free path AIB,th' The effective value of

is given b
AR, th g Y .

NTR w(v) av
Jo
AR, th = e

Jo

where KTR' is the local value for neutrons of a particular velocity.

(ce)

vM(v) av
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For any particuler neutron veloeity, Z'jy and N'rpgp are evaluated
as the sum of the products of the reactor atom density of each constituent
and the pertinent cross section:

T
Za=Nyop1+Npopp+ .. .+, SA,n (c7)
1

Effect of chemical binding. - The effect of chemical binding of
the hydrogen in the molecule for both water and NaOH alters the angular
distributlon of neutrons scattered by hydrogen.. Since this effect -
occurs almost exclusively in the thermal region and varies rapidly with
neutron energy, the average value of the cosine of the scattering angle

cos 8 as a functlon of local neutron energy must be known.

In the absence of these specific data, Radkowsky in reference 7 has
made use of the "Born approximation" (reference 25) in evaluating an
effective value of. A, the atomic mass of the scattering atom, for use
in the formula for <cos O = Z/SA applicable for i1sotropic elastlic
scattering in the center of mass system. The "Born approximation
indicates the scattering cross section to be proportional te the square
of the reduced mass of the neutron and scatterlng atom. For neutrons of
energies well sbove the region of chemical binding, the hydrogen atom
is effectively free and presents a mass of unity and og of 20 barns.
Hence, the following proportionality may be formed from which an
effective value of A 18 determined:

A \2
g’ A1

20~ "1/a (cs)

where 0q' 1is the local value of hydrogen scattering cross section
cbserved in measurements on water.

_____ By means of equations (C6), (C8), (C9), and the formula
cos 0 = Z/SA, Radkowsky has checked the experimental vealues of-thermal
diffusion length for water for a range of temperature. Effective values

of ATR th for the hydroxide reactors hereln considered have been
numericélly evaluated by the same procedure.

The remaining thermsl parameters are evaluated as follows:

The thermal multiplication constant Kiy 1s given by

2525
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2, th
Zp,th

Kgp =0

The mean-square thermal diffusion length is given by

2. o 1 MR, th
8= 5 Thtn

45
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APPENDIX D - TEMPERATURE COEFFICIENT OF REACTIVITY AND EXCESS
URANIUM REQUIREMENTS

The derivation of the first-order perturbation formula presented in
appendix I of reference 12 for the two-group two-zZone problem has been
modified to include the fast fission effect. This modification involves
no changes in the derivation procedure of reference 12 and, for this
reason, the details of the modified derivatlion are omitted herein.

The perturbation formuls gives the effect of small changes lu the

nuclear properties of any portlon of the reactor volume on the reactivity

of the entire reactor. The perturbation formula 1is herein applied to the
problems ofdetermining reactor tempersture coefficient of reactivity and
excess uranium requirement to overcome burnup and fission-product
polsoning.

Perturbation formula. - The two-group neutron diffusion equations
for the reactore core are

DeAPr - (Bp,p +Zg,p) P + Kth 2 th Pen + Kp Zy p Pp = 0 (D1)

DidPsn - ZA,th Pth + ¥g,p Pp = O (D2)

where the subscript 0, used to indicate resctor core, has been dropped
in this section.

In matrix form, these eguatlons are represented by BP = O, where
the matrix operator H is defined &as

Depd - &4 tn Zg,r

H =
Kih 24, th DeA - (p,r + Zg,r) + Ke 2p,r

and ¢ 1s the column metrix
?th
Pr

The operstor . HE defined herein includes the fast fission term
Ke ZAdf which was taken as zero in reference 12.

2525
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The adjoint matrix H*, obtained by reflection of ell elements of
H sabout its principal disgonal, is given by

Dgnd - 24, th Kin 23, ¢h
7 =
Zs,f

J

DeA - (B, p + Zg,p) + Ke Iy

The adjoint matrix equation defining the adjoint functions is then
B¢t = 0 and the adjoint equations are given by

—ST.s2

DfAcFl-f = (zA,f + zs,f) ¢+f + Kf EA,f <p+f + Es’f (P+th = 0 (D3)
D‘thA¢+th - zA,th ¢+‘bh + Kiep BA,th ¢+f = 0 (D‘l)

The addition of the term Kg EA ¢ in the second-row second-column
element of the operator matrices H and H¥* introduces no change in the
detalled derivation of the perturbation formula given in appendix I of
reference 12. Hence, only the final formulas are presented herein.

The perturbation formuls, written in terms of the neutron fluxes
®th and @ and their adjoint functions @%yy and @, is:

B2 %} Pth
(Q’+th ‘P+f) anr
resctor 5. B3| |Pe
P = volume (DS)
(Kgn Za,thPth @7 p + Kp 2y ¢ Pp 9T p)ar
core
where
B = 8 | Dgnht -2y, th]
o = 5 [Z5,]
) Be = B :Kth EA,th]
) 8q = & EDfA - (Bp,r + Zg,2) + Kr zA,f]

Y-
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If the indicated matrix operations are performed and P expressed
in terms of the various contributlions to the reactivity due to the
individual changes in the pertinent nuclear constants, the followlng
resulte are obtained:

P = P(Dgy) + P(Dg) + P(Zy 5) + P(Zg,¢) + P(Zp,¢n) + P(vZp o) + P(vZp,¢p)

(p6)
where
- | V9sn * V@en 8(Dyp)at
P(Dyp) = 22 - (D7)
fw’} "V@e 5(Dp)aT
p(D) = ToX - (p8)
) f P+e 9, B(Zy,£)at
vol
D(Zy,p) = > (pg)
f( Cﬁ"th@’f '.¢+f¢f)_5(zs,f)d1’
vo1
P(Zg,p) = = T (D10)
P(Za, tn) = 5 - (D11)
f¢+f Pgn S(VIF,4n)aT
P(sz,th) = vol - (DlZ)
fcp+f 9p By )aT
P(UZF,f) = vol ¥ (Dls)

2525
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+
Y= WZp th Pen Fr + VIp pPp® o)At
core

Adjoint equations. - For use in the perturbation formuls, the
adjoint functions @7y and ¢+th must be known as a function of
position (radius r, in this case).

Equations (3) and (4) are the core adjoint equations.
- + +
Dr,00%¢,0 - @a,r,0 + Zg,7,0) ¥ £,0 + Ke Za,2,0 ¥'2,0 + Zg,2,0 PHen,0 = O
(p3)

+ + +
Dth,0AF th,0 - Za,th,0? th,0 * Ktn £4,tn,0 ¢ £,0 = © (D4)

The reflector adjoint equations, obtained in the same manner as
for the core, are

+ + +
Dz, 1497¢,1 - (zA,f,l + zS,f,l) Peat zs,f.',l P tn,1=0 (D14)

+ +
Dgh, 189 th,1 - &,th ¥ th,1 = © (D15)

In the derivation of the perturbation formula, the same boundary
conditions are spplied to the ad)oint functions as are applied to the
fluxes, namely:

+ + )
9P £,0=9 £,1

+ +
? th,0 =9 th,1

$at core-reflector
De,v¥te,0 = Df,jJ$+f,l interface

+ =+
Dih, V9 th,0 = Dth, V9P th,1

¢+f,l = ¢+th,l = 0 at reflector outer surface
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+ +
¢ f] a1l v ¥ th]a.ll r

The solution of the adjoint equations subject to the foregolng
boundary conditions is identical, in procedure, to the soclution of the
neutron flux equations subject to the same boundary conditions.

Temperature coefficient of reactivity. - The procedure used for
determining the differential changes in the pertinent nuclear parameters
with temperature, required for use in the perturbation formla, 1s pre-
sented herein.

2525

For the fast parameters, two principal effects of change 1n temper-~
ature are accounted for:

Effect A - accounts for change in neutron energy range constltuting
the fast group. : : :

Effect B - accounts for change in density and hence in density of
nuclel of NaOH in reactor core only linasmuch as uranium and structural
material remain fixed 1ln the resactor.

The relations for the fast parameters are

A%y p  4Zy,p dugn

aT duty, ar (Dlﬁ)
&y, p dZp g dugn (D17)

aT - duth daT

a a
g ¢ g, e Qg Mg p 2B (p18)
daT duth aT ’* ppdT

dZy p dey

’ S ———
== z'.s,f i (D19)

In relations (D16) to (D18), the respective values of d/duy, are

obtalned from equations (Cl), (C3), and (C4); the subscript m refers
to the moderator.

Effect B is neglected in equations (D16) and (D17) because the

fast absorption by NaOH is small. Effect.A 1s negligible in cowmparison
to effect B 1n the neutron slowing-down process and hence is neglected
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in equation (D19). Effect B is included in equations (D18) and (D19)
in & manner lmplylng that the diffusion and slowing-down processes are
due primerily to the NaOH.

For the thermal parameters, two principal effects of change in
temperature are accounted for:

Effect B - same as for fast parameters.

Effect C - accounts for change 1n microscopic cross sections with
change in thdrmal temperature.

For all nuclei within the reactor excepting Xe135, the microscopic
absorption cross section o, is assumed to follow the l/v law in the

vicinity of thermsl energy. Hence, for these nuclel ox 1s inversely
proportional to AVT so that

d9a,th _ _ ar

g A,th 27

For Xel55, a quantity aX® which is a function of temperature 1s
defined as
do‘ AXe

aT

Gxeﬂ

The relations for the thermal parameters are

A\, th deg 4%pg , th

ar == ‘\T.R,th,m PmldT - h’ZER,th “m,tth {D2n)
dZa tn e 1 Xe JXe
—&— = Za,th,m AT * T th (zm PN (p21)
d(Ken 3, 4n) 1
, -— —
= = Kin Za,th ZT) (D22)

The foregoing changes in nuclear parameters are assumed to be
homogeneously dlistributed over the entire reactor core. No changes
in the reflector parameters are taken as contrlbuting to change in
reactivity. .
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Estimate of excess uranium requirements. - Use of the perturbation
formula to calculate the additional uranium required to counteract the
effects of flssion-product poisoning and uranium burnup is described
herein. The principal poisons are Xel35 and 5mi49; a host of other
filssion~fragment poilsons appear and are accounted for by the assumption
that for every uranium atom fissioned the equivalent of a single poison
atom appears with a microscopic absorption cross section UPA th equal
to 100 barnms. ’

2525

The excess uranium requirement is glven by the relatlon stating
that the reactivity decrease due to accumulation of fission«product poison
and due to fuel burnup must equal the reactivity lncrease brought sbout by
addition of extra fuel.

The assumptions used in the calculstion of these reactivity changes
are a8 follows:

(1) Introduction of the fission poisons affects only EA,th-

(2) Only the uranium thermal sbsorption and production parameters
are affected by subtractlion or introduction of urenium into the reactor
core. This assumption implies that the reactor is principally thermal.

(3) The fiseion poisons and added uranium are assumed to be distri-
buted uniformly over the volume of the reactor core.

let:
SNU number of uranium atoms per cubilc centimeter of reactor core
burned up during the required reactor operatlon.
NU uranium concentration required for the hbﬁ'unﬁbisoﬁéd reactor
(Investment corresponding to this concentration is given by
the criticality calculations.)
B fractlonal increase in uranium concentration, over that calculated

for the hot unpoisoconed reactor, to counteract reactivity effects
assoclated with fission product poisoning and fuel burnup.

The welghting factors in the expression for the change in
resctivity P, are eveluated as follows:

(&) To calculate the reactivity decrease due to poison, PEa tn)
(equation (D11)) is evaluated by taking ’

X m y5m
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(b) To calculate the reactivity decrease due to fuel burnup,
P(Z4,th) (equation (D11)) is evaluated by taking

8(Zp, tn) = - (swV) 0“UA,th
and Pvip,th (equation (D12)) is evaluated by taking

5(vIp,tn) = - v(8KNY) UUF,th

(c) To calculate the reactivity increase due to the addition of
uranium in excess of that required for eriticality of the hot unpolsoned
reactor, P(Z A,th) (equation {D11)) is evaluated by taking

8(Zs,tn) = BN’ oUy tn

and P@WZp,tn) (equation (D12)) is evaluated by teking

SG’EF,th) = PRNU CIUF,'l:h
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TABLE I - NUCLEAR PROPERTIES OF REACTOR MATERTALS

‘C@Q@E;F'
Material Core Reflector
Densgity Nuclei Density Ruclel
(em/ce) per cc (em/ce) per cc
NaOH 1.57 |0.0236 X1024| 1.58 |0.0238 X 1024
Na .74 .0194 OURDREN, O
Ki 8.90 0813 [V [P -
Fe 7.85 0847 PSPPI, S —
U 18.7 0473 cnes |accaae
Atom {Thermsl neutron cross sections®
(barns)
Absorption |Scattering | Fission
Oy g op
Na 0.24 3.0 ——
0 .0005 3.9 _——
H .17 reference 7| —a-
Ni 2.34 17.3 ——
Fe 1.24 10.9 ——
U 299 12.0 250

SThermal energy Egn = 0.092 ev cor-

responding to an average temperature
of 1450° F.

g2S2
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TABLE II - TWO~-GROUP THEORY REACTOR CONSTANTS

(2) Core.
o 2 2
Reactor|R = ;ﬁ‘ATR,f,O MR, tn,0|E72,0{L tr,0] ¥ | Ktn |Ptn,0
(cm) (cm) (exf)| (em?)
I 50 | 3.580 | 1.624 [102.0| 4.s28]1.581!1.717| 0.516
100 | 3.589 [ 1.630 |102.0| 7.365(1.285(|1.456| .685
200 | 3.594 | 1.634& |102.0]11.%312|1.078)1.115 .788
B 50 | 3.858 | 1.784 |105.6| 5.066{1.658|1.830| 0.533
150 | 3.884 | 1.795 |105.6|12.204|1.334|1.461] .776
300 | 3.895 | 1.798 |105.6|18.769)1.104{1.121] .854
71T | 100 | 4.087 | 1.902 |104.9] 9.854|1.665(1.832]0.729
400 | 4.123 | 1.910 |104.9|28.765(1.283|1.332] .902
v 50 | 3.766 | 1.723 | 89.2] 4.299|1.750|1.961] 0.549
500 | 3.839 | 1.740 | 89.2]|27.611{1.213{1.247] .917
(b) Reflector.
AR A L2 Lz P
,2,14A R, th,1|L 2,1 {T th,1| Pen,1
(cm) (cm) |(cm?) | (cm?®)
3.820 | 1.727 |86.4 | 67.2 |0.970
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TABLE IIT - NUCLEAR PROPERTIES OF FUEL-ELEMERT ALLOYING MATERIALS

Rlement{Density| MNuclel |Thermel neutron|Thermal macroscopic| Effective®
(gm/ee) per cc cross sectlons cross sections thermal
(68° F) N (0.025 ev) % = No macroscoplc
(barns) (0.025 ev) cross sections
(0.092 ev)
(ca-d) "
(em™)
g d z X z =
A 3 A 8 A‘bh 84n
14 8.9 10.0813x10%4| 4.5 | 17 0.41 | 1.6 0.189 | 1.6
Fe 7.85 LOB47 2.4 | 11 .20 .93 .093 .93
4.5 0566 5.8 6 .33 .54 152 34
) 5.96 0705 4.7 7 33 A .153 .49
Cr 6.92 .0801 2.8 4 .22 « 32 103 .32
Cb 8.4 0545 l.1 7 06 .38 .028 .38
Mo 10.2 0640 2.4 7 .15 45 071 A5
Co 8.7 0880 36 5 3.20 A4 1.48 44
W 19.3 0632 18 S 1.14 .32 526 32

BAversged over Maxwellian distribution of neutron flux.

8252 .
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TARLE IV - RXCESS URARIUM REQUIREMENTS AND TEMPERATURE COEFFICIERT OF REACTIVITY FOR RaOH-COOLED AND

TS

MODERATED REACTORS. OPERATING POWER, 300,000 KILOWATTS; OFERATING TIME 24 HOURS

6TISSH WY VIVH

Resctor T. Core compositliont NaOH, 0.82; Reactor TII. Core cosposition: Na(H, 0.90;
Ni, 0.08; Ba, 0.10. Na, 0.10.
R = 100 i R = 200 R = 100 R = 400
D, = 2,26 £t D = 5.5 £t D, = 1.52 £t D, = 3.10 ft
tr-S:l.n. tl.-Bin. tr-=61n. tr-sin.
W o= 45 1b WU = 260 Ip W = 14 1b W31
AV = 17.6 1 AV s25Mm &Y = 4.5 1p a' =311
d(Paran dp d{Paras d(Param) dp A(Param)
_fm'”J[ e o® || % 2 |4 %
%Avm,th +0.05242 | -0.06620 J +0.05147 |-0.05115 +0.04259 | 40.05187 | +0.03239 | -0.04107
s th -.0,244 | +.051848 || -.00041 [ +.0x1968 «0,213 | +.05U474 | -.05769 | +.0527%7
»
Xin ZA,th «.0,304 | =.041638 || -.04152 | -.041867 -.0,325 | «.051340f ~.05850 | ~.0x2461
%;\,m . +.05208 | -.0,228 || +.05209 | -.0,205 +.05214 | -.00176 | +.05241 | -.0,207
|
:A f "006790 +.0‘5&) -.06505 +-°‘$7 —.05101 +-°‘265 -.05257 “"-0‘1“
s
Eg,z -.05190 | ~.0,572 -.05191 | -.0,126 -0529) | -.0.340 -05211 | -.0,273
Ksz’f N --05]15 --0‘58 -.0654:9 "004&8 ~.05m5 "-0‘526 -|°Bm -00‘191
Net % -.04575 -.0,242 L -.04629 -.0,348
a,tn { ~04225 | +.051691 [ ~.0,134 | +.041890 -0,104 | +. -.05728 | +.052591
without
iwon
kt 'E J -.04751 -.0‘3410 n.O‘m ‘00‘50"

6S



TABLE V - SUNMARY (F REFRESENTATIVE KOCLEAR-PCWERED-AIRFLANE DATA FOR VARIOUS FLIGET CONDITTIONS

Flight cooditions
Altitode £t 50,000 30,000 50,000
Mach nusber 0.9 1

9

0.9 S
Lift-drag ratio 18.0 18,0 .3

50,000
1.5
8.5

TarboJet operating conditions
Al heat-exchenger wall temperature, % 1000 1000 1000
Optimum turbine-inlet temperature, °F az0 860 200
Optimom comgrreasor pressure ratlo 5.2 A 2.4

2.2

Cotponent walghts
Reactor, shield, payload, suxlisries, lbo 100,000 150,000 100,000 150,000 150
Engines mnd ait heat exchangers, 1b 40,000 60,000 12 15,000 110,000 165
AMrplane structore, 1b 80,000 $0,000 48,000 000 9G,000 155
Mrplane gross weight, 1b 200,000 300,000 | 160,000 | 240,000 500,000 450

Total engine eir flow, lb/sec 480 735 400 800 2500

785

3

100,000

Total enging sir flow corrected to static
sca-level conditioms, 1lb/sec 2570 3560
Number englues of 300 1b/sec corrected
air flow ] 12

~

Agps
g888

100,000

-

55,000
183,000
1720

-

Beactor conditiongd

Heat releasge, Iow

Fuel slement sandwich thiclmess, in.

Ea0H coolent veloclty, Pt/sec

Beactor length and diemeter, ft

Fucl-clement volume fraction

Bquivelent diameter of flow paessge, In.
Fuel-elsment maximum temperature, °F

Na(H temperature into reactor, 9F

Na0H tewperatiurs ount of reactor, °F

Uranimm investment imconel fuel elewenta), 1b
Uranim investment {atainless steel elements), 1b

106,000  |60,000  |80,000
0.002 0.012
15

o3
w8

-]
wn
=]
b=

8

2.5] 2.0 2.
0.12 | 0.06]/0.12
0.181 0.38]0.18
1155 | 1180|1150
106511085
1115

44

55

.
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Figure 1. - Schematic fdlagram of Ka0H-cooled, moderated, and reflected reactor and typical
heat-transfer configureation.
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Shield
‘ NaOH reflector

NaCH pump
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Figure 2. - Schematic diagram of nuclear-powered turbojet engine.
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Figure 4. - Enriched uranium investment for NaOH-coqled, moderated, and reflected reactors. Length-
dismeter ratic of cylindrical core, 1.0; average moderator temperature, 1450° F.
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Pigure 4. - Continued. Enriched uranium investment for NaOH-cooled, moderated, and reflected
reacgors. Length-diameter ratio of cylindricel core, 1.03 average moderator temperature,
1450° F. T '
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Enriched uranium investment, WU, 1b
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Flgure 4. - Concluded. Enriched ursnium investment for NaQH-ccoled, moderated, and reflec-
ted reactorg. Length-diameter ratio of cylindricel core, 1.0; average moderator temper-
ature, 1450° F.
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(a) @Generalized criticality results for unreflected NzOH moderated reactors.
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Reutron flux for 300,000 kw, neutrone/cmz-sec
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Figure 18, - Concluded,
in optimum turbojet aypla.

Reactor total heat releass, H, kw
(e) Altituds, 50,000 faetj Mach mumbar, 1.6; airplane lift-drag

ratlo, 6.5.

() Altitude, 30,000 feet; Mash mumber, 1.5;
airplana lift-drag ratio, 6.5.

Maximum fuel-slement tamperature a3 a funotion of required reactor heat releases for NaOH-coolsd reactors
Shield, veastor, pey-load, and auxiliary equipmsnt welght Wy, 160,000 pounds; ratio of struestural

to gross weight w,/ug, 0.30; coolant weloclty, 15 feet per sacond; fuel-slemant sandwich thickneas, 0.012 inch; length-diameter
ratio of cylindrieal core, 1.0.
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