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INTRODUCTION

This is the final report submitted to the Atomic Energy Commission by the

Studebaker-Packard Corporation in fulfillment of Contract AT(30-3)-21h.

DESIGN SPECIFICATIONS

Contract AT(30-3)-214 calls for the study of a gas cooled reactor having the
following design specifications and desired characteristics:
(a) TFet capability of 15,000 KW of electricity at standard generafing

conditions and 0.60, 0.80 load factors.

~(b) System will be operated in populated areas.

(e) Cost of SHM and source materials to be consistent with current classi-
fied pricing schedules.,

(d) Conduct preliminary parametric studles of the system to determine . the
optimum gas turbine power plant cyecle. |

(e) | Utilize a heterogeneous gas cooled reactor; ligquid metal coolants are
not acceptable.

(f‘). Conceive and uti}.ize the besf reactor ﬁhich"éould_be available in 3
years. _ '

(g) Economy of the system is important, therefore physical size of the

pla,nt is not governing.

- (h) Cyele efficiency of the system to be compatible with the most efficient

conventional pia.nt in this power range.

‘ (i) Core life to be consistent with optimized plant operating costs.

(3) ‘The plant must be capable of meeting its design output in an ambient
temperature range of -4O°F to £110°F.
(k) Radiation contamination to be considered under the condition of

negligible vertical dispersion associated with a temperature inversiom.




We understand that there is some interest, within the Atomic Energy
Conmission, in thg potentiélities for a muclear pover p]a.nt which is
independent of the regquirement of a large supply of cooling water.
We have chosen to include this requirement for independence from é.
supply of coolirg water as a lim:ltation on our design since, in our

opinion, this greatly increases the flexibility of use of such a power
plant. |



GERERAL |

The 1nvestiga£ion covered by this report confainé_t#o main parts. . An investi-
gation was made of the performance of a gas-cooled reactor, designed to
pro&ide a source of high tempefature heat to & stream of helium. This reactof,

in turn, is used as a source of heat for the air stream in a gas-turbine pover

" plant. The reactor design was predicated primarily on the requirement for

transferring a large amount of heat to the helium stream with a pressure drop
low enough that it will not represent a major:iossioprower in the power plantf
The mass of uranium required for criticality under various circumstancés has
been investigated by multigroup calculationé, both on desk célculators and
on an IBM-TO4 machine. The gas turbine power plant performahce was studied

based on a Studebaker-Packard-designed gas-tuibine power plant for the

- propulsion of destroyer-escort vessels. A small experimental program was

carried out to study some effects of helium on graphite and on structural

steels,
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CONCLUSIONS
This study ixas been based on the use of a nuclear reactor to supply heat

to an open-cycle gas turbine. The gas turbine, and its heat exchangers, .
uses conventional gas turbiné materials operating under conditions (turbine
inle_t tezﬁperature , 1400°F) which are presently attainable. The reactor,

by use of the inert gas heélium and the structural and moderating material,
graphite, is enabled to opeféte at temperatures above those attainable-
with most engineering materials (2420OF). This open-cycle nuclear, gas
turbine is able to operate with relatively good efficiency (maximm 30 per-
cent, minimum 28 percent) over the operating range from one-fourth to full
povwer, and requires no supp]& .of wa.ter‘ for cooling purposes. The reflector-
moderated reactor, can be made critical, in sizes of interest for the
nominal 60 megawatts heat output required for the opei'ation of the 15
megavatt shaft outpu£ | power plant, over a range of fuel enrichments above
10 percent using either graphite or beryllium as moderating material.

The use of graphite requires a higher mass of uranium-235, or a higher
én.richment s Or a larger reactor than beryllium, in order not to exceed a
reasonable concentration (assumed 25 percent, by volume) df,uranium carbide
in the uranium cai‘bide-graphite fuel mt;'ix. The reactor (shown in Figure
l), having the mininm size determined by heat transfer considerations,

can operate on 10 percent enriched fuel with beryllium moderator or wi‘f.h 20
percent enriched fuel with graphite moderator. An increase in the linear
dimensions of the graphite moderated reactor of 50 percent with the same

volume for fuel enables it to operate with 10 percent enriched fuel.




In order to achieve a higher tbermsl efficiency from the gas-turbine power

plant it is necessary to find means to operate with a higher temperature

at the inlet to the power turbine. This can be accomplished only with the
development of new or better struectursl msterials. These new or better

materials may be better oxidation resistant materials for use in the air

stream, such as are now being developed by gas turbine builders and

others. The new materials may also be non-oxidation resistant, so that a

. high temperatm"e' turbine msy be coperated directly in the inert reaetor

cooling stream (helium or ne@n), this turbine then discharging _its exhaust
heat into the intermediate heat exchanger for use in the air eycle. For
instance, turbines of graphite or alloys of molybdenum may be developed.
'.lfo achieve an overall thermal efficiency of 4O percent would probsbly re-
quire a turbine inlet temperature above 1920°F, with presently available
component éfficiencieso With the emphasis which has been placed on the
development of high efficisncy ges turbirne components by workers in the
field it does not seem likely that large Increases in therms]l efficiency

will be. likely to come from large imncreases in componemt effieiency.

The open-cycle, nuclesr-powered, gas turbine; power plant studied for this

application hag some unique advantages. |

1. It can operate without & supply of cooling water.

2. It uses conventionsl ga,s»wtﬂw:r’bine components wnder conventional operst-
ing conditioms to obtain a relstively good operating efficiency.

3. It uses & reactor besed on graphite as a structural material and

cooled with sn inert gas (heliwm).




RECOMMENDATIONS

On the basis of our studies we conclude that the open-cycle, nuclear-
powered,(gas-turbiney power plant considered here merits further study
as a potential competitor for use in smaller, stetionary, power plants,
particularly for regions in which there 13 a shortage of water fér
cooling purposes. We therefore recommend that a further analytical and
experimental program be carried out to investigate a detailed design of

such s power plant,

The experimental program should include particularly a study of the
problems of uranium carbide-graphite fuel elements and inert gas coolants,
as well &s structural materials for high temperature gas-turbine compon-
enis to operate in both oxidizing and non-oxidizing atmospheres. The
analytical program shonld be aimed at determining the effects of the
experimental progrsm on the design snd performance of the.reactof and power
plant. |

In view of the complexity of heat exchange equipment and the serioﬁs conse-~
quences of‘a failume in'this'e@uipment & series of tests on the fabricatioh
by welding and brazing énd‘on high temperature operation of heat transfer
‘units should be made. Designs which reduce thermal stresses on sudden

changes in operating conditions should be proved.

There ié considerable evidence that'reflector-moderafed reactors of the

type considered here can operate under reasonsble nuclear conditions. Still
tests of reactor eriticality should be run under both hot and cold con-
ditions, and these should be used to predict the transient response of the

reactor system,




Very flat neutron flux (power density) distribution curves ere found for-

reflector-moderated reactors in which all moderating mteria;l.s have been
removed from the feacetoi° core (see Table 2, Reactor 38). For tlﬁs reason,

as well as for mechanical reasons,.high temperature metallic fuel elements
for non-oxidizing atmosphere should be developed. In this respect columbium-

urenium seems to show particular promise.

A program of experimental work, and of the‘analy.tica,l work which supports

it, is shown below.




Experimental Program
Fuel Elements (uranium carbide-graphite)

Fabrication method for fuel elements
Structural properties of fuel elements

Radiation damage to fuel elements

Coolants (helium and neon)
Contaminant problems

Reprocessing problems

Reactor.
Fabrication problems

Criticality tests

Heat Exchanger

Fabrication problems .

Power Plant -
Tests of heat exchanger materials
' Tests of materials for gas turbines in oxidizing .atmosphefes
Tests of mterialé for gas turbines in non-oxidizing atmospheres

Development and test of turbinme for operation




Analytical Program

Nuclear Calculations

Criticality
' Conversion of fertile materials
Reactor control

Shielding
Safety

Heat Transfer Calculations

Reactor design

Intermediate heat exchanger design

Power Plant Studies

Materials Studies

Survey of avallable data on materials

Cost Analysis

First cost

Operating cost



DESIGN CORSIDERATIONS

This section gives‘ a general description of the gas cooled reactor a.nd
associated gas turbine system which we have investigated in connection

with the design spécifications for our contract outlined above.

The reactor system uhieh we have chosen to investigate consists of a
beryllium or graphite-moderated reactor, helium cooled, with cera.mic

fuel elements supplying thermal energy to an intermediate heat exchanger.

; The intermediate heat exchanger in turn scts as the source of heat for
three separate @.s @zrbine units operating in parallel. The reactor is

of the reflector-moderated. type described in Studebaker-Packard AReport

- NPD-1, "Reflector-Moderated Reactors for Power Purposes", dated March 21,
1956, The ceramic fuel elements are composed of a compacted and sinte:ed
mixture of uranium carbide and graphite arranged in the resctor in a
cylindrical annulus through which the coolant héliuim flows. At the maximum
power output from the power plant the helium coolant in the reactor is
minfained at a pressure of 20 atmospheres. Part power ¢onditions are
se;tisfied by lowering the pressure on the helium s&stem below 20 atmospheres.
Full power operation requires the simultaneous opera.t.ion of all thrée “sub-
multiple gas turbine povwer ugits. For successive levels of part power’
operations one or two of thé three submultiple gas turbine p.cwer units are
shut down enabling the remé.ining units to operate near their designed peak
performance. Part-load performance feq,uirements .can therefore be satisifed
efficiently by.an open thermodynamic cycle which is independent of a need
for cooling water. To render the efficiency of these open qycle gas

.‘ turbines acceptable and to decrease the required pressure ratio in the com-

pressors, corresponding to peak system efficiency, exhaust recovei'y regener-

ators are provided in the gas turbine cycle.
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Certain features of this nuclear power system are designed to accomplish
special purposes which seem to us desirable'as part of our overall objective.

Some description of some of these features follows.

Reflector-Moderated Reactor

The name reflector-moderated reactor is derivéd from the fact that neutrons
.are moderated in a region of the reactor which is physically separated from
the nuclear fuel bearing reactor core. This type of reactor represents a
departure from the‘usual practice of the design of thermal reactors in which
-the reactor core consists of both moderating material and nuclear fuel, |
‘either mixed or‘iﬁtersﬁersed. ‘It is aiso a departure from the praetige of
\the design of fast reactors in which moderatéd materials are excluded from
thg reactop. }This type .of feactof is designed to achieve certain advantages
both muclear and mechanical. Tt 1s possible with tpé reflector-moderated

design under some circumstances to achieve a'rélatively flat distribution

. of neuﬁrog flux ‘and, - therefore, reactor power using a uniform distribution

of nuclear fuel in the reactor core. This results in advantages in the

efficiency of burn-up of nuclear fuel and in the over-all thermodynamic

efficiency of the power plant since it is not so limited by the existence

of hot spots in the reactor core. A somewhat independent control of the

life cycle of the neutron is achieved in this design. It is possibie to

some extent to control the neutron energies at which such phenomena as

- fission and the conversion of fertile materials occur by changes in

feactor geometry. Some advantage in safety may result from a longer neutron
life cycle time with the reflector-moderator. Some mechénical advantages

are achieved since it is not necessary with the reflector-moderated reactor

n




to mix moderator material more or less uniformly with fuel in the reactor
core., The reactor core can hence be more concentrated giving the possi-

bility of better designs from the standpoint of heat transfer, corrosion,

mechanical design, and so forth. Some shielding advantage is achieved

due to this concentration of the reactor core. Graphite was chosen as
a moderator material for this reactor because of its nuclear and high
temperature mechanical properties. It has the unique property that its

short-time tensile strength at 4500°F is approximately double the short-

‘time tensile strength at room temperature. It has creep properties

similar to tﬁose of high.temperature gas turbine materials at the
témperatures at which these are used (1600°F). Its sfrength-weight

ratio at 3600°F is roughly the same as that for gas~turbiné materials ét
their operating temperatures. Graphite 1s used for crucibles for handling
many molten maferials at high temperatures. The strength of graphite, as
well as several other properties, apparently improves as its density is
inecreased. Graphite has three limiting properties which must be taken
into account in its use. It cannot be ﬁsed in an oxidizing atmosphere at
high temperatures, it is brittle at room temperature, and it is porous

at normal (1.5 to 1.7 gn per cmJ) densities.

Since the use of beryllium as a moderating material gives lower critical
mass its use also was investigated. Beryllium probably requires cooling

at temperatures above 1200CF.

12




Reactor Core

The'reactor coré is composed of fuel elements formed from compaéted and
sintered uraniwm cgrbide and graphite. These fuel elements are cooled by
helium at up tb 20 atmospheres pressure. This combination was chosen
because éf'the compatible nuclear and mechanical properties of the system.

Helium is an inert gas chemically and does not become radicactive umder

" neutron bombardment (except for a negligibly small fraction of helium-3).

Uranium carblide fuel elements, particplarly for relatively low concentrations
of U-235, should exhibit acceptable radiation dgmage properties. *"Uranium
carbide, UCy, 1s chosen as the nuclear fuel because it can be heated to
temperatures above 3600°F in contact with graphite and helium without
appreciable réaction, vaporization, or formation of gaseous products.

After removal from the reactor, it oxidizes easily in 2000°F air to give
uranium oxides, which dissolve readily in nitric acid to give uranyl nitrate
without evolving gases. The uranyl nitrate is a convenient material f;om

vhich to separate the fission products and to regenerate the carbide."

Fuel Element

The primary key problem, in our 6pinion, for any high temperature, high-
performance reactor for a stationary power plant is the design of a fuel
eiement which canibe manufactured and assembled into the reactor; vhich
can be removed in a radiocactive state from the reactor and reprocessed to
recover the useful résidue, and wvhich is compatible with the requireménts
for cooling and structural needs., A very strong determining factor in the
usefulness of the fuel element which satiéifes thegse requirements is its

*"Small Gas-Cycle Reactor Offers Economic Promise"”, by Farrington Daniels,
" Nucleonics, Vol. 1%, No. 3, March 1956, p 35.

13




r‘e‘llationship to the burn-up of fissionable material, in terms of operating

life, and the possibility of operation, with a low fuel enrichment , with

a significant conversion of the fertile diluent material to fissionable
material. The ofperating life of a given fuel element may well be set by

the percéntage burn-up of fissionablé matefia.l, pa.rticulaﬂ.y for reactors
having lowl eritica.l'ma.sses of fissionable material. The effect of burn-

up of fissionable material may be offset by conversion of fertile to fissile
~material, although radistion damage to the fuel element may then set a prior
limitation on the useful life of the fuel element. The fuel element vchosen
for this design, as has been stated, is a mixture of uranium carbide with
graphite. There are two ma,in methods of manufacture for these fuel

elements which seem to us worthy of consideration. The first of these in-
volves the impregnation of graphite with uranium oxide which is converted

by heating to uwranium carbide. This method has the inherent limitation

that it applies only to relatively small 4content of uranium. Since the
porosity of graphite is of the order. of 25% this sets an upper limit on the
amount of uranium carbide whiQh can be forced into ‘the porous graphite
structure. In actual practice this limit is greatly reduced by the impregna-
tion properties of uranium oxide in graphite which cause a gradient density
from the'surface invard and further reduced by the escape of gaseous products
(carbon dioxide and carbon menoxide) dm*ing the heating process. An upper
limit to the amount of wranium carbide included by this method, determined
somewhat by size of fuel element, may be of the order of 5 percent by volume.
This constitutes a serious limitation on the totsl amount of uranium, iﬁclud-
ing both fissionable and fertile material, which may be included in the
lattice and probably sets & lower limit on the fuel enrichment which can be

used.
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A second method for making uranium carbide-graphite fuel elements is to
cmpﬁct and graphitize a mixture of uranium carbide and carbon pcwders,

in which case the limits on included uranium carbidg are set by the
properties of the resultant material. AGraphite is considerably. superior
to uranium carbide in several of its known propertigs including primsrily
those which have to do with resistance to cracking under thermal gradients.
ItA is probable also that the resiétgnce to radiation damage may become
markedly less as the uranium content is increased ﬁast some certain

point. Exper:tment.s’are needed to determine the deterioration of certain ‘

of these material properties as the concentration of uranium carbide is

Increased. We have assumed s limit for the 'pm"pose of our studies of 25% .

by volume of included uranium carbide and have used this limit to
determine the fuel enrichment which would enable the reactor to achieve
eriticality.

Stalnless steel, sandwich-plate, fuel elements were also considered in

& preliminary way for this design. However, it is pro‘ba.bly not possible
to operate these fuel elements af surface temperatures over 1700°F at a:
maximm, Allowing appropriate temperature drops for a reasonable size of
reactor core and for reasonable sizes of intermediate heat exchanger gives
too low a turbine inlet temperature for the gas turbine power plant to _
achieve competitive performance. This problem would be somewhaet eased in
the case of the closed cycle gas turbine in which the same gas which cooled
the reactor was also the power medium for the gas turbine cycle. In this
case there would be only the one temperature drop required ffom the fuel

element surface temperature to the gas turbine inlet temperature because

15




of the absence of the inte‘rmediate heat exchanger. This, however, gets
ba.c_k to the closed éycle gas turbine which requires a large supply of
cooling water and hence was not considered further hf;-re. Stainless ,
steel, sandwich-plate, fuel elements suffer from tile inherenf limitation

that the fission product poisons cammot be removed.

Helium 'Coola.nt
Helium was chosen for the reactor coolant fo;r three primary reasoné. |
First, it is an inert gas chemically. Second, it does not Abecome radio-
active. Third, it is a good heat transfer medium relative to other
available gases, Since helium is chemically inert, a reactor such as

this, having ceramic fuel elemenfs s can be operated at very high tempera-
tures (probebly higher than 40OO®F). Since helium does not become radio-
active thg only contamination in the helium system would be due to the
lea.kb.ge of radloactive materials from the reactor into the helium stream.

. This ha.slboth good and bad features. If th(—; fuel elements are sufficlently
porous to allow leakage of volatile fission products into the helium stream

this can be used to rid the reactor of most of these fission products

which are bad neutron poisons, particularly xenon-135 and samarium-149.

There are, however, some problems associ..a;ted"with tﬁe use of helium. The
first is that helium is considered to be a difficﬁlt material to contain

in a system in which essentié.lly nb leakage is allowed. Special precautions
will be needed to prevent helium lea.kage; Also, since the circulating
helium will undoubtedly contain a certain amount of gaseous fission products
and possibly some fissionable materials , it will be necessary to reprocess

a small pefcentage of the helium continuwously to remove these materials.

16
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This problem would exist, however, with any other gas unless the fuel
element were sealed against leakage as they would be, for instance, with
stainless steel fuel elements. In this caée, however, the advantage of

continuous removal of neutron poisons is lost.

The prevention of an excessive build-up of poisons and radioactivify of

the helium stream regquires some type of filtration and processing system.

Various methods have been proposed, among which are cooling and filtration,

diffusion Cascadeé, storage for eventual décay_of short-lived products,
and absorption into fats. Among the above mentioned, cooling and filtra-
tion is possibly the most effecﬁive for a minimum amount of equipment.
CoolingAequipment for'partial condensation separation techniénes has been
develoﬁed. The circulation of large quantities of gas is not economical
and a low bleed-off rate would have to be used'to bg consistent with a

good over-all power plant efficiency.

Because of the high acoustic velocity in helium (roughly three times that
in air at the same temperature) the amount of work perlstage which can be
done by a heiium compressor limited to reasonable rotative speeds, as
dete:mdned by the properties of the structursl materials of the compressor,
is much lower than with air, The fan pressure drop for which this system
as dgaigned is, however, g0 low that this is not é’significant harmful
factor. Other inert gases, for instance neon, could be used and would
have an acoustic velocity in & better range. However, none of the otherA
inert gases have the advantage of helium df not becﬁming radioaetivé ﬁnder
neutron bombardment. Nitroggn-has thermodynamic properties very close to
those of air but it is not chemically inert and under neutron bombardment

forms redicactive carbon-14 which must be removed.

17




Conversion of Fertile Materials

Under present restrictions on shipping fiésionable materials to’foreign
countries it is desirable to meintain the en:}chment of uranium below 20
percent of contained uraniwm-235, so thatigﬁg;;eactor can be made available
for loéations away from the continental United States. For the maximm
utilization of this enriched reactor fuel, and for eased burn-up conditions
it is desirable to convert as much of the fertile uranium-238, contained
in the reactor fuel; as possible to fissionable plutonium-239 during the
operation of the reactor, and within the reactor core. To accomplish this
it is necessary to minimize the leakage of neutfons, which reqpireé con-
trolling the neutron énergies at which neutrons are absorbed in both °

fertile and fissionable materials.

. Reactor Safety and Contaimment

Reactors are susceptible to two main kinds of catastrophic accident. The
power in the reactor msy increase repidly beyond the capaeity of the cool-
ing system due to a change in the nuclear characteristics of the reactor.
The cooling system may breskdown so that the powerAnormally generated in
the reactor is not reﬁovea;_ In either case the temperature rises in the
reactor wntil the power.genefation‘is checked by a control instrument or
by & compensating change in the nuclear characteristics of the reactor
caused by the temperature rise. Various other accidents, which are not
catastrophic, may requ;re shutdown of the resctor, éuch as leakage of
radio;étive materials into the atmosphere or into unshielded parts of the
power system, gradusl loss of cooling capacity, mechanical bréakﬂowns,

etec.

18
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In a gas cooled reactdr, there are two main mechanisms which may limit

-

a sudden rise in temperaturé;ﬂ/g.nggative temperature coefficient, 1if
one exists, may be.due/;o a reversibie change in reactor geometry or
neutron cross sections with changing temperature. If this mechanism
does not succeed in shutting down the reactor its reactivity will
eventually be shut off by a breakdown of some part of the reactor

étructure°

The.temperatureAcoefficient in a3 reactor is formed from a detalled and
rather delicate balance among several compensating effects from expan-
sions of different parts of the reactor and changes in cross sections
with changes in temperature. These changes occur at different rates,
depending on how closely linked they are to the fission process.
Detailed calculations and experimental checks are needed for a reliable

evaluation of the temperature coefficient.,

The core of the resctor considered here is composed of uranium carbide

in a graphite matrix. At about h350°F uwranium carbide melts. Above '
about. 4500°F wranium carbide exists as a liquid in the graphite matrix
and can be expected to diffuse to the surface and probably leak into

the coolant stream, Uranium carbide volstilizes at about 7900°F.

Graphite sublimes at about 6600°F. Above this temperature then the
grafhite structure breaks down very rapidly. Depending on the rate of
pover inprease, the nuclear charactgristics-of the reactor can be expected

tb deteriorate quite rapidly above say SOOOOF as the contents of the reactor

core are carried by the cooling stream into other parts of the helium




system. Unless the rate of power increase is so ‘h.igh that the preésure
of graphite vapor builds up explosively, it would be expected that the
radioactivity scattered from the reactor could be contalned wlf.hin the

helium system.

- An additional component might be added to the reactor core.(a fuse), so
désigned as to disintegrate shead of struectural damage to the core itself,

spreading a neutron poison through the core to shut down the reactor.

Controls ‘

‘There has not been time on this project for an adequate evaluation of the
particular design iaroblems .of a reactor control system for this reactor.
A schematic a.rre.ngangnt of the control system for the power ‘plant is

shown in 'Figure 20,

The reactor control cystem for e reflector-moderated reactor with a gas
coolant might be expected to be different from some other reactors

because of a change in the neutron lifetime, which depends primarily on

two effects. First, a large fraction of the fissions are caused by epithermal
neutrons. Second, as pointed out in Appendix I, the main Jifetiﬁe of

thermal neutrons in the reflector-moderated reactor is determined primarily
by the scg;ttering properties of the moderator, and therefore ‘may be quite
long. The first effect causes the newtron lifetime to be shorter, the

second larger, than for a homogehecus thermal reactor. ‘.L'ne longer the total

lifetime of neutrons, the easier is the control problem.

Our calculations of reactor criticality have, so far, been one-dimensionsal.
In order to measure the effectiveness of control rods it is necessary to

do two-dimensional ecaslculations.

20
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Detailed caléulations and tests are needed to determine the control

requirements of the reactor.

Intermediate Heat Exchanger

An intermediate heat exchanger in the nuclear gas turbine system serves
the purpose of isolating the reactor and its coolant mechanically from
the atmosphere. Direct air cooling of the reactor would create several
problems of which the.main onés are the generation of radiocactive a:gbn-'
41 in such large quantities that it could not be discharged to the
atmosphere, and the problems of'handling oxidafion in the reactor at high

temperatures.

The helium-air heat exchanger is of the shell and tube counterflow type.

A counterflow arrengment is ﬁsed due to a more'efficient heat exchange
than that ﬁossible in other flow arrangements. A one-pass unit rather
than-a baffled multipass cross-counterflow arrangement was chosen to
eliminate any large temperature variations along the tube and shell, and to
keep the pressure losses to a minimm. The shell and tube type, with the
helium flowing within the tubes, is desirable due to the high helium

pressures involved.

Gas Turbine Power Units

A simple open cycle gas turbine has inherently a rather‘poor thermal

efficiency at practical operating temperatures. A considerabie increase
in thermal efficienéy for the open cycle gas turbine can be achieved by
the addition of a properly designed regenerator which removés waste heat

from the exhaust system and, by means of a heat exchanger, adds it to the
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air stream betweeh the compressor and the primary heat exchanger. The

' incrgase in efficiency results in a decreased heat power output required
from the reactor for a given power output from the plant, which in turn

- results in a reduced heat transfer problem in the reactor. ILikewise the
burn-up of fuel in the reactor is decreased giving a longer operating

life for otherwise similar conditions.

The offodesign (part load) operation of the gas turbine results in poor
pérformance because of the need to operate thé cycle at reduced turbine
.temperatﬁres gnd under‘off-design operating conditions for the various
_componenté. There are two standard ways of handling this pfoblem. One .
is by the use of a closed cycle in which the output is varied by var&ing
the density of the gaseous power medium in the cycle; We chose not to
use this method because. of the requirement which it imposes for a large
supply of cooling water iﬁto vhich to dump waste heat from'the»cycle.

We have chosen instead to solve this probleﬁ of part load operation by
having a multiplicity (three) of parallel gas turbine power plants, any
number of which can be operated simultaneously to satisfy>given conditions
of loading. This enables the power plant operator to satisfy part load
0pérating conditions with differing mumbers of gas turbine units always

operating reasonably close to an optimum design condition.

Alternative Power Plants

An alternative power plant, actually an adapfation of the one considered
here, would allow a higher temperature of operation, and hence a higher

efficiency, if certsin comppnent developments can -be carried out. In this
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pover pla.ﬁt a high temperature turbine is placed directly in the inert-
gas, resctor-cooling, stream. This. .tur;bine is built from graphite

or 6ther high temperéture materisl, sﬁch as' a high strength alloy of
molybdémnn. The exhaust heat from this high temperature turbine is
used by the intermediate heat exchanger to heat air in the air-turbine
cycle. ‘he materials for such e high-temperature cycle are not now

available.

Thermodynamic Efficiency and High Tg,g_gei'ature

The thermsl efficiency of a' gas turbine péwer plant of a given type can

be improved either by raising the turbine iniet ‘I;empémture or 'by increas-
in‘g the efficiencies of the 'Wr ﬁla.nt components. With presently
available components and materials a regenerative, gas-turbine, power plant
such as that considered in this investigation ‘can apparently achieve an |
over-all thermal eff;.lc'iency‘ of about 30 percent updér standard-day conditions
of operation. Considering the large effort which has been expended on thé’
development of efficient gas-turbine components it does not seem reasonable
toAbase the hope for a large increase in over-sll thermal 'e'fﬁc:lency on the
hope for gfeatly 1mprcved components. An increase in thermal effieiency to

‘40 percent wili probably reguire & turbine inlet temperature of about l°F.

A higher tanpefature of operation can be ;chievgd by the development of
better structin**a} materials for turbines and heat eﬁccha.ngers , and by
improved cooiing‘methods for turbines. Methods of turbine blade cooling
are being investigated now by manufacturers_ of turbines and others. Oné 4
" of the more hopeful méthods seems to be the use of internal cooling of the

turbine bledes from the eva:.poratidn of water, the water being circulated by

23




natural convection in the centrifugsl field of the rotating turbine vheel.,
It is possible with this method to operate the turbine blades as much as

1000°F cooler than the gas stream in which they operate.

There are two apparent directions for increasing the effective operating
temperature in nuclear, gas-turbine, power plants. These are: (1) the
development of higher-temperature, oxidation-resistant, structural .materi-
als for operation of the turbine in the high-temperature air stream; and

(é) the development of high-temperature, non-oxidation-resistant, structural
materials for operation of the turbine in & closed-cycle, non-oxidizing, |
working medium. The first of these alternatives is already being performed
actively by groups interested in increasing the performance of present gas
turbines. The most promising avenue at present; being developed by a
metallurgical group at Massachusetts Imstitute of Technology under Nicholas
Gra.nt,‘ appears to be the use of small, isolated, non-soluble particles,
distributed through a metal matrix, to inhibit transcrystalline plastic
flow, For instance, such particles of aluminum oxide in a pure aluminum
matrix s o‘bta,ined by sintering and extrusion, give appreciable strength
properties at 900°F° Similarly there seems to be promise for the use of
stainless steels, with aluminum-oxide particles, up to 2300°F. The second
alternative, using an inert working medium, such as helium or neon, may
involve the development of a graphite turbine, or perhaps & molybdenum alloy
. using the strengthening due to insoluble hard particles in a fashion similar

to that mentioned above for aluminum and steinless steel.

For the purposes of the present study we have limited ourselves to the

properties of presently availsble msterials.
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DESCRIPTION OF CALCULATIONS

Reactor _

Criticality calculstions of a preliminary natures ;hZave been done for spheriecal
reactors on desk calculators wusing seven lethargy groups and about thirty-five
space points. Since these }calcula,tions are slow and tedious, as well as
being subject to an undue amount of human error;, a larger program of muiti-
group calculations was carried opt on subcontract basis for us by the
Research Division of the Curtiss-Wright Corporation using their multigroup
reactor code and the IBM-TO4 machine at the World Center Offices of the
Intefnational Business Machine Corporation in New York City. These calcula-~
tim used thirty lethargy groups and ninety space points. The results

shown in this report are those from the TEM-TOL calculations. The results

from the desk calculators were used only to orient the machine calculations.

The calculations cover two groups of reactors, one with graphite reflector-
moderators, the other with beryllium reflector-moderators, all reactors
having ursenium carbide-graphite fuel elements. FEach group of reactors wes

done for three degrees of enrichment; 10, 20, and 100 percent. In each

- group of reactors calculations were made for a standard reactor configuration

and for variations on this standard eonfiguration which were designed to
measure certain charscterigtics of gas-cooled resctors of the reflector-
moderated type. This standard reactor configurstion, a reflector-mederated ‘

reactor with & central island of moderator, is shown schematically in Figure

‘2 . In all,i48 reactors were calculated, each calculation being iterated until

the reactor wes approximately critieal.




' The over-all size of the standard reactor configuration was picked,
primarily on the basis of heat transfer, to give a sufficient cross
section for helium flow and sufficient heat transfer surface to remove ' ’

60 megawatts of heat with a 1000 HP circulating fan.

Power Plant

The ysfturbine power plant used for this study was scaled ds directly

as possible from a Pacllmi'd-desi'gned ﬁamine-propulsion power plant designated
as MOT-]10. This power plant has the same general qunt of high
thermodynamic ’efficiéncy over a wide range of performance as the statiohm

power plant which we have investigated.

. Heat Exchangers

The analyses used for heat exchangers were conventional,
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DESCRIPTION OF POWER PLANT AND COMPONENTS

Discussion of Power Plant

The main components of the nuclear, gas-turbine, power plant are shown in
Layout 1. A pz;oﬁle and an end view show relative spacing of the units.

In Layout 2 is shown a cross section of a regenerative gas turbine unit a.nd
in Layout 3 is shown a layout of the reactor heat exchanger unit. An a.rt-
1st's conception of the plant, La,yout L, supplements these 1ayouts. The

flow diagram for the power plant system is shown in Figure 8.

All the high pressure equipment s such as the reactor-heat exchanger » helium
stora.ge tanks and helium processing equipment are placed at the basement
level as a safety precaution. The reactor container is located to one

side of the first floor power plant equipment for accessi‘bility to the

reactor and to the control room.

_The power plant building, which is required for colder climates, is approxi-

mately 70 feet wide by 75 feet long by 30 feet high. The gas turbine
pover p‘lanf. with the generators, starting motors, and various accessories

takes up a floor space of about 2000 square feet on a flat deck.

A sumary of power plant performance figures is shown in Table 4. The
over-all thermal efficiency for the power plant is in the vicinity of 30
percent. Figure 9 shows the' veriation in over-all efficiency with part
load conditions. As can be seen the variation over the operating range is
of the Qrder of one percent. Variations from standard-day conditions
(80°F) will change the over-all efficiency, this being higher for lower
temperatures (about 39 percent at -l&O°F).. Figure 10 shows power plant
efficiency a.nd Figure 11 sho#s pover output as Mctiom of compressor

pressure ratio and ambient temperature for the regenerated gas-turbine

power plant.
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Reactor

The reactor used as a heat source for the power plant is shown schematic-
ally in Figure 1. The schematic arrangement of the helium loop in which
the reactor is set’is shown in Figure 12. The fuel element on which the
resctor is based is shown in Figure 1l3. The reactor container is shown in
Figure 14 and the complete helium loop layout ié shown in Layout 3. The
reactor core is a cylindrical annulus which is split into truncated conical
sections for easier handling in installation and removal. The core is
surrounded, where poséible, by a layer of boron carbide, which acts as an

. absorber of thermal neutrons to limit activation of the reactor shell.

The reactor is“cooled by the flow of helium. At inlet to the reactor the
helium flow is separated into two paths. The major portion of the flow,
86#/sec., cools the core containing the heat generating fissionable
material and also cools the outside reflector-moderator material before
entering the hot side duct to the heat exchanger. The second path with a

flow of 5#/sec., cools the central moderator island.

The reactor is encased in a double walled, 10 foot diameter, spherical
shéll. The pressufe shell enclosing the reactor and passages to the heat
exchanger is 2 inches thick. A portion of the cooler helium stream is
directed on the insidé of the shell to maintain it af 5 temperature
lower than 1400°F. The thermal stress is minimized across the thickness
of the shell by insulating with 5 inches of diatomaceous earth. The
insulation performs a twofold function of minimizing the temperature -

“differential across the shell thicknmess and also limiting the heat losses.

The insulatioh around the reactor is also essential to provide a reasonable

P g gy
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concrete shielding temperature. There are essentially no longitudinal

thermal stfesses in the shell because it is free to move axially.

The outer container is a welded assembly of four pieces; & cap (4) which
permitc access for refueling, a top (2) and bottom (1) section and &
control rod enclosure section (3), These are shown in Figure 14 with

= ~ their respective weld lines.

The standard sﬁherical reactor used for purposes of the calculations of -
nuclear charactéristics is shown inl the sketch of Figure 2. This reflector-
moderated reactor is composed of a spherical, amnular, reactor core |
surrounded, inside and out, by reflector-moderator of either graphite or
beryllium. The reactor core has fuel elements composed of wranium carbide
in a graphite matrix, with void spaces for circulation of helimn‘coolanto
The nuclear characteristics reported covcr the standard reactor shown in

. Figure 2 and several veriations frcm the standard configuration.

}

Table 1 shows the nuclear cham,cteristics s 88 'é*ell as the over-all perform-
ance, of a grgphite ; reflector-moderated reactor, using 20 peﬁrcent enriched
uranium (20 percent U-235, 80 percent U-238) and cooled with helium. The
nuclear characteristics c,re based on the standard reactor configuration'
shown in Figure 2. The total mass of urapium (U-235 and U-238) fequired

to make this reé,ct@r eritical is 58 kg. With the limitation of 25 percent
by volume of uranium carbide contained in the graphite matrix this standard .
reactor configuration is capable of carrying 1860 kg cf uranium, The part
of the temperature coéfficient for this reastor js’h.;eh ie due to a change in

the base for thermel nsutrons is negative, aund iz about (a,t' this temperature)
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Ak/k = - 2,8 x 107 per °C

In this reactor 37 percent of the fisSions are caused by thermal neutrons,
63 percent by epithermal neutrons. The ratio of maximm to average p‘ovér
in the redctor core is about 1,22. The change in the mass of U-235 required

to cause a given change in multiplication factor is given by
AMM = 160 Ax/k

Figure 3 shows the neutron fluxes at several lethargies, and the thermal
flux, for the standard graphite reactor. Figure 4 shows the distribution
of power density in the reactor core of the same reactor and Figure 5
shows the distribution of neutrons causing fissions among the lethargy
groups as well as thermal fissions. Table 2 shows the dimensions and the
muclear characteristics of graphite, reflector-moderated reactors for
several variations in geometry. Table 3 shows essentially the same vari-

ations for beryllium moderated rea,etois.

.Figure 6 shows the flux dish:’ibution for a standard beryllium, reflector-
moderated rea,etor having 10 percent enriched uranium for fuel. Figure 7
shows the fission distribution for the same reactor. In this reactor about
47 percent of the fissions are caused by thermal neutrons. The ratio of
maximum to average power ;m the core is about 1.13. The part of the
temperature coefficient due to a change in the thermal base is positivé ,

at this temperature, and is given by

(o)

Ak/k 2 # 3.7 % 107 per %
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The change in the mass of U-235 required to cause a given change in malti- -

plication factor is given by
AM/M =326ak [k

The following nuclear effects of changes from the standard configuration of
Figure 1 are worth noting. An increase in the density of the graphite
moderator from 1.7 to 2.0 results in an incréase of about 0.0k 1n'multi-
plication f;ctoro Inereasing the graphite reflector thickness by a fgctor
of 1.5 increases the muitiplieation factor by abqut~0005. Increasing the
over-all size of the graphite-moderated reactor by a factor of 1.5 (keeping
dimensional similarity) with the séme amount of fuel increases the mnlti-.é“
plication factor by 0.07. Increasing the over-all size of the graphite-
moderated reactor by s factor of 1.5, with the same amount of fuel (and
thé‘same volume of fuel space as in the standard reactor distriduted sbout -
the same mean diameter) incresses the multiflication by about 0.12, Adding -
10 atomic parts per million of boron -10 to the graphite moderator resulted: -
in 8 decrease of about 0,02 in-multipli@ation.faptor. Removing the gfaphite
from-the fuel region (n§ moderator)flattens”Fhe power distribution curve

(meximm to aversge power ratio = 1.,19)

bl

Intermediste Heat Exchanger

The performance figures for the intermediate hest exchenger (helium to air)
are shownbin Table 5. %he heat exchsnger is & one-pess counterflow shell

and finned tube type.

The entire reasctor, heat exchanger, and helium fan are housed in a gas tight

caging. The helium passes through the center and‘around the regctor and




enters the ﬁeat exchanger tubes at 1'7100 F, “l'hese tubes are spaced in an
annulus around the center return duct. The cooled helium, 1240 F, leaving

the exchb.nger then -enters an eliptical plenum which houses the fan., In

this plenum the helium rotates and accelerates through 8 180° turn, through

the fan and back to the reactor core

Helium Fan

The fan used to eirculate the helium is & single-stage, axial-flow com-
pressor designed to provide a wéight flow of 91 1b, IZer sec. at a pre-ssure
ratio of 1.0065. The pressure losses in the helium system which must be
overcame by the fan are shown in Table 7. The performance characteristics
of the helium fan are shown in Teble 8. The fan is driven by a 4800 volt,
1000 HP, variable-speed induction motor, capable of a 50 percent reduction
in speed from 1ts maximm speed of 3,600 rpm. For shutdown cooling the fan
will be driven by & small variable speed motor, coupled directly on one
side to the fan shaft, and, on the other, by a clutch to the 1000 EP motor.
Pigure 15 shows the efficiency and pressure ratio of the fan as a function

.of weight flow of helium, for various fan speeds.

Helium Storage Tank

The power plant requires & maximum of 100 pounds of heli\n_h to deliver its
rated output. Storage drums are provided with an excess capacity of helium.
The helium is stored in tanks 3 feet in diameter and 8 feet high (at a
pressure of 1800 psi). These tanks are of welded ethtiqn with dished
heads. They are made of a low carbon steel with a wall thiclmess of about

13 inches. The storage tanks are indicated in Layout 1.
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The pressure required in the reactor-heat‘exchanger vessel is 6 atmospheres
at room temperatﬁre. This pressure- is simply obtéined by throttling from
the 1800 psi storage tanks. At 6 atmospheres the pressure vessel contains
the necessary 100 pounds of ﬁelium.- When the unit is brought,up to its

operating temperature the pressure will reach 20 atmospheres.

Gas-Turbine Unit

The gésuturbine power plant used for this study, and shown in Layout 2,
was scaled as directly as possible from a Packard-designed 10,000 HP
ﬁarineapTOPulsion pover plant designated atﬂMG’I'-lo° 'This power plant bas
the same general requirement of high thérmodynamic effiéiency over a wide
range of perfbrmance as is required for the stationary power plant for
this investigation, The helium fan and helium-air heat exchanger required

new designs. The,performance of the power plant is shown in Table k.

The power plant‘is composed of three independent units (compressor, turbine,
regenerator) operating in parallel. The compressor is an eight-stage,"
axial-flow machine based on an NACA transonic compressor. The turbine4con=
‘sists‘of two parts, one coupled to the compressor, the other to the extefnai
power plant load. The compressor turbine has two axial stages, the power

turbine three.

The gas-turbiné regenerator (recuperator), shown in Figure 16, is a plate
and fin heat exchanger baving a two-pﬁss cross-counterflow arrangement.
PErfbrmance characteristics of the recuperator are shown in T&ble 6. The
unit is made up of 28 separate core modules, 14 in each pass. The modules
are shown schematically in Figure 17. The plate and fin arrangement is shown
in Figufe 18. In the figures and tabies the nomenclature,air side and‘gag
side, refer }o the air from the compressor and the sir from the tﬁrbine, |
respectively. | |
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Startup and Shutdown Procedure

Special eqxﬁpnent and speciasl procedures are reguired to start and stop a
nuclear, gas-turbine, power plant. Because the 1,000 HP drive motor is
not capable of stable o;pera,tioh below one-half speed it is necessary to
provide a smaller motor on the same shaft to drive the fan at lower

speeds. Because it 1s not feasible to operate a complete gas-turbine wnit
for minor cooling purposes a separate cooling fan is needed for circulation
of air through the .intermediate heat exchanger. In addition, a sterting

motor is needed for each of the three parallel, gas-turbine wnits.

The starting pfocedure is probsbly sbout as follows. . The helium loop is
filled with the desired.' amount of helium, and purged of contaminants. With
the heliuwm fan turning sicvwly to circulate a small momt of helium, the
rea,cmtor is made critical and brought to approximately operating temperature.
During this time the cooling fan in the air stream also is operated to
prevent overheating of the intermediate heat exchanger. Next the starting
motor on one of the gas-turbine units is engagéd to bring it up to idle
speeé., the helium fan being kept under proper operating conditions in the
process. From this point one gas-turbine unit cen be brought to operating
speed and powe: s or additional units can be started. A control system is
needed which will prevent excessive'temperatures in the reactor and inter-
mediate heat exchangef , 88 well.l as control the speeds of the helium fan |

and gas turbine units.

After shutdown of the reactor a significant amount of power is generated
by gamma and bets radistion. After the reactor has been in operation for

@ year or so at full power, about six percent of full power is generated
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immediately after shutdown deecreasing to sabout one-~half ef one percent at‘
the end of & day. This produc;cion of power after shutdown requiresg that
the reactor core be providéd with cooling to prevent o{rerheating. This
cooling can be provided in the present helium circuit by running the
helium fan a.nd the air cooling fan at low speeds. The rate of cooling is
controlled by the amount of helim end sir eirculsted which are funetions

of the demsity of the helium and the speeds of the helium and air fa.nslo

If the reactor core is to be removed it is necessary that the level of
power generation be low enough at the time of removal to allow time for

removal without an excessive temperature rise. Figure 19 shows the rise

. in temperature in a fuel element; originally at 400°F and cooled only by

radiation, as a function of time after q:ooling stops for different times after
reactor shutdown. Since grsphite oxidizes rapidly above 660°F the fuel
element éannot' be allowed to exceed tﬁis temperature., At the end of one weék,
Figure 19 indicates that about 2% hours wmx.].d be available for removal of

the core to some external,_ eooled, storage vnit,

A schematic arrangement of a control system for the power plant is shown in

Figure 20,

35



Fuel Burnup ‘

The reactor fér this power plant , operating at 60 megawatts of heat dut-

put, consumes about 22 kg pér year of fissionable materisl. If 10 -
pércent bum.\m of ﬁésionable_ nxé,terial is allowable it is thén necessary
to have 220 kg of fissionsble material in the new reactor to provide for
continuous opergtion of the reactor for one year gt full power, assuming -
g uniform rate of burnup of fuel throughout the :;aactor core. In general,
the power rate of burnup is not wniform (see Figure 4) and the lifetime
of the core is primarily determined by the maximm power density.
Removing the modeéator from the core region greatly reduces the maximm

average power density (Table 2, Reactor 38).
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Estimate of Costs

The cost estimate for the gas cooled reactor power plant is shown in Table
9. It is broken down into prototype, engineering and design, and testing
and develoﬁment césts. The source of the cost data is as follows. In
evaluating the prototype costs, full advantage was taken of all existing
data for fhe MGT-iO,.and where it was pbssible this data was extrapolated
to approximate the costs of the gas turbines and their associated equip-
ment. The cost of the generators and some of the miscellaneous equipment
is based on quotations from vendors as are the costs of the reactor-heat
exchanger céntainer and components. The reactér fuel cost is based on an
extr;poiated unclassified cost figure for U-235 and U-238. The outlay for
the structure housing the power plant is based on an approximate dollars
per square foot figure. Miscellaneous components and equipment were baséd
on an estimated dollars per pound basis. The engineering design and tést-
ingAand development costs were estimated from the MGT-10 program where
possible. Other numbers were eétimatéd on a man-hour basis with current

Studebaker-Packard cost information.

The total cosf for the first power plant, including development, is esti-
mated at $11,710,000, or $781 per KW. The engineering design and testing
and development costs would not,appear in the cost of a second unit. Also,
the speqial equipment necessary for building the first unit would be avail-
able for succeeding ones. Utilizing the 83% rule, which is customary in
the airframe industry to relate unit cost to guantity produced, the cost

of a second unit would be substantially under $5,000,000, or under $325

per KW.




EXPERIMENTAL RESULTS

The experimentsl work carried out under this contract was done at the Santa
Barbara faeility of Aerophysics Development Corporation; a subsidiary of

Studebaker-Packard Corporation.,

Preliminary Effort
The experimehtal work described herein was of & preliminary nature, the

intent being to point the way for further exploratory effort. Consequently,
the experimental program was subject to s limitation of budget, in time and
-money, which precluded an intensely quantitative attack. This limitation
also required certain compromises 1n.ordef to utilize materials and equip-

ment that were most readily available,

Scope
Two items were investigated that are considered basic in the proposed power-

plant design:
l. The rate of diffusion of heliwm through stainless steel at
high temperature. |
2. The rate §f'efosion of graphite at high temperature by a high

velocity heliwm stream.

Helium Diffusion

Details of the procedure and equipment used in the helium diffusion tesfs

are discussed in Appendix 2, Briefly, the diffusionvtestsAwere éarried out
" as follows. One-hslf inch 0.D. thin wall tubes of types 30k and 37 stain-
less were pinched off and welded at fodm temperature anﬁ pressure, (thereby

containing air at one atmosphere pressure, absolute, at the start of the
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tests). Surrounding the one-half inch 0.D. tube was another stainless
'steel tube spun down and welded to the ome-half inch O.D. tube, thus
forming an annular helium manifold. Two such test assemblies of each
material were prepared - one for diffusion testing at room temperature )
the other at high temperature. Lengths of tubing used and .plla.cement

of welds was such that all welds would be outside the heated zone in the

high temperature tests.

Initial operation of the high tem_peratuﬁe tests was attempted at 1800°F
and 10 atmospheres helium pressure. However, the outer tube soon failed,
80 t0 be on the safe side, the temperature was redumced to. 1200°F and
helium pressure to 5 atmoépheres, gauge. Whilé both the temperature and
pressure are below that of the des_:l.gﬂ condition for fullllqad oﬁéra.tion
of the power plant, a comparison of 1200°F versus room tempera.'qure was
believed to be 8 good compromise ‘in view of the materials available and
the short time remaining. Also, 1200°F is in the critical range for inter
gramlar cafbide. precipitation, vwhereas 1800°F is some 200°F above the
precipitation range. "Ihe results described in Appendix 2 indicate that
the diffusion rate of helium through stainless steels will not be signi-

ficant.

Graphite Erosion

Details of the procedure and equipment used in the graphite erosion tests

are discussed in Appendix 2. Briefly, these tests were carried out as
follows. Samples of HPC-7, HP3IM, and HIM graphite, furnished by Great ,'
Lakes Csrbon Company, were subjected to the impaci of a high velocity
helimm stream for & matter of several honrs.; Tests were conducted at room
 temperature and at & graphite temperature of approximately 2500°F, (heliwm

total temperature about TO0°F in these hot tests).
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To conservé helivm, a small noizle was used (#58 drill), in both the room
~ temperature tests and the hot tests. This nozzle was mounted with its
axis normal to the graphite sample, and the nozzle exit plane was approoei-
mately O.1 inch from the @a_,phite csurface, Greater than critical pressure
was maintained st all times 5o that the impact veloeity was MACH 1 or

grester (due to free-jet expansion).

The results of the erosion tests were:

1. In the room tempersture tests, no observable erosion after in

excess of eight hours of testing.

2. 1In the high temperature tests, no observable erosion after some

five hours of testing.

It is believed that these tests were quite severe and that it 1s, therefore,

logical to conclude that erosion of the graphite in the design reactor will

not offer a problem, unless due to secondary effects such as rad,ia,tion demage

‘or thermal cyecling.
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TABLE 1

GAS COOLED REACTOR

STANDARD GRAPHITE MODERATED REACTOR

Operating Conditions

Héat Power Output

Average Pﬁﬁer Density in Core

Specific Power

Helium Flow (Hot Stream)

Heliuﬁ Flow (Cooling Stream)

Average Helium Inlet Temperature

Average Helium Outlet Temperature

Helium Outlet Temperature (Hot Stream)
Helium Outlet Temperature (Cooling Stream)
Maximum Temperature in Reactor Core
Helium Pressure‘in Reactor (Maximum Power)

Helium Pressure Drop in Reactor

Dimensions

Island Moderator (Graphite)

Reflector Moderator (Graphite)

Fueled Core (Uranium Carbide, Graphite)
Pressure Vessel (Inconel)

Cooling Passages in Core'_

Free Flow Ratio in Core

41

60,000 kw

L6 watts/cm3

32 kw/Kg of U-235

86 1b/sec.
5 1b/sec.

1240 F

1740 F

1760 F
1370 F
2420 F
20 atmos.
0.k04%

40 ineh 0.D.

60 inch I.D.; 100 inch 0.D,

40 inch I.D.; 60 inch 0.D.
10 feet diameter

1260, one inch dia. holes
spaced 1,39 inch on a
triangular grid.
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TABLE 1 (CONTINUED)

Materials

Graphite in Island - ' , 2058 1lbs.
Graphite in Reflector : L 25,216 lbs.
Graphite in Core - | 2570 1lbs.
Uranium Carbide in Core | 141.7 1bs.
Uranium-235 in Reactor ’ 25.7 lbs.
Uranium-238 in Reactor 102.8 1bs.
Fuel Enriclnne'ﬁt S | 20 percent

- Consumption of U-235 : 62.8 gm/day
Conversion Ratio (to PU-239) | 0.0645
Operating Time for 15 Percent Burnup ’ 28 days
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TABLE 2

NUCLEAR CHARACTERISTICS OF REACTOR VARIATIONS

Moderator - Graphite (Average Density 1.7 gm/cm3)

Non-Critical Reactors

MULTIFLICATION
RADIVUS (INCHES) Mass FACTOR (k) MASS
REACTOR TO GUTSIDE OF % PUEL |U-235 FOR MASS M U-235
NUMBER COMMENTS ISLAND FUEL MODERATOR| ENRICH. | M (kg)| @ THERMAL TEMP.
T) 23425F | T522723P
1 Standard Graphite 20 30 50 100 126.7 | 1.3353 1.3523 9.142
2 Reactor 20 253.5 | 1.1136 1.12k5 11.682
3 10 507.1 | 0.97062 |0.97765 ||558.69
i No Central 0 . 26.6 50 100 164.3 | 1.3414 [1.3523 €.843
5 Islend - Same 20 328.6 | 1.0736 1.0807 91.240
6 Fuel Volume 10 |659.3 | 1.0009 |1.0050 |{633.50
[]
7 Reflector 1.5 x 20 30 60 100 128.3 | 1.4237 1.4418 7.212
8 Larger 20 256.55( 1.1857 | 1.1975 8.758
9 10 513.1 | 1.0228 1.0305 443,03
10 All Dimensions 30 44,8 74.8 100 126: 1.4864 1.5124 10.212
1n 1.5 x Larger 20 251.9 |"1.284s 1.3011 10.212
112 . 10 486.8 | 1.0287 1.G390 L13.59
13 Boron Cerbide 20 30 50 100 [126.8 |1.3296 |[1.3464 || 10.158
14 Absorber in Center 20 253.5 | 1.1089 1.1196 11.682
15 2.22" 0.D. 10 507.1 | 0.96670 |0.97358 }|558.69
16 Thermal Temperatures 20 30 50 100 126.8 | 1.3476 1.3432 9.650
17 = 1672 P 20 253.5 | 1.1201 1.1167 10.666
18 Tos 1283 P 10 |507.1 {0.9739%% |0.97164 ({558.69 -
19 1.5 x larger With 35 4o 75 100 141.6 | 1.4751 1.4985 10.805
20 ‘| Bame Fuel Volume 20 283.2 | 1.2945 1.3105 10.350
21 . 10 566.5 |1.1061 1.1169.
22 High Density Graphite 20 36 50 20 253.5 [1.1719 |1.1837 7.619
23 in Reflector-Moderator 100 126.8 | 1.4147 1.4328 6.095
24 L= 20 n/cm3 10 [507.1 {1.0041 [1.0117 ||4B2.49
38 Fuel Region Has No 20 30. 50 20 '253. 1.0573 1.0531 203.6& :
Moderator _ :
48 Boron Impurity Added 20 30 50 100 [126.7 {1.3012 [1.308 . || 12.219
to Grapliite 10 PPM
L9 Central Island 0 30 50 100 90, 1.k012 1.1185 5.7
Removed .

MULTIPLICATICN
FACTOR k¢,

(k = 1.0 ¥'5%)

FOR MASS

@ ! .
T, =3425F T,22723F
0.9598 | 0.9910
0.9857 | 1.0148
0.9821 | 0.9889
0.9314 | 0.9607
1.0ko4 | 1.0519
0.9919 | 0.9962
0.9926 | 1.02k0
1.0190 | 1.0489
1.011k | 1.0196
0.9536 | 0.9842
0.9341 | 0.9635
1.0390 | 1.0500
0.9820 |1.0129 .
0.9786 | 1.0073
0.9787 }0.9853
1.0316 |1.0465
1.0168 |1.0297
0.9852 | 0.9830
l.001 |1.0299
0.9644 |0.9916
0.971k |1.0018
0.9276 |0.9590
1.0004 |1.0081
1.0455 |1.041k
0.9763 |1.0007
0.9647 |0.9991

POWER RATIO FISSION
IN CORE CON- | RATIO
MAX. POWER | VERSION| 1-238
RATIO =235
1.19%0 - -
1.2176 0.0645 |0.001L -
3.2484 0.9133 |0.1525
1.0955 - -
2.1946 0.2997 [0.0135
3.259% 0.7800 [0.3320
1.1404 - -
1.1518 0.0547 {0.0010
2.7093 0.8383 {0.1123
1.1684 - -
1.1697 0.0339 {0.0048
2.6011 0.7937 0.0128A
1.1960 - -
1.2109 0.2753 {0.0177
3.1827 0.9398 |0.1507
1.2251 ' - -
1.2394 0.0599 {0.0014
3.4905 0.9517 [0.1508
1.0599 - -
1.059 0.0393 |0.0007
1.1828 0.04989 |0.0009
1.1672 - -
3.2594 1.0154 [o0.1200
1.1877 0.3085 l0.03428
1.2142 - -
1.3369 - -
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TABLE 3

NUCLEAR CHARACTERISTICS OF REACTOR VARIATIONS

. Non-Critical Reactors
Moderator - Beryllium (Average Demsity 1.6 gm/em3)

[]
MULTIPLICATION
MULTIPLICATION : FACTRR ks POWER RATIO FISSION
RADIUS (INCHES) MASS FACTOR (k) MASS (k = 1.0 ¥'5%) IN CORE CON- RATIO

REACTCR TO OUTSIDE OF % FUEL | U-235 FOR MASS M U-235 FOR MASS MAX. YERSION | U-238
. NUMBER COMMENTS ISLAND FUEL MODERATOR| ENRICH. | M (kg) @ THFRMAL, TEMP. Msg, (kg) @ THERMAL . AVG. POWER RATIO 235

T)31672F| T,1283K T, 51672F h2=1283r
26 Standard Beryl- .20 30 50 100 75 1.4869 1.4748 5.09% | 0.9915 1.0073 1.1294 - -
27 lium Reactor 20 125 1.2904 1.2800 6.262 | 1.0369 1.0492 1.1436 0.0834 - [0.00075
28 10 229 1.0725 1.06k4k 5.142 | 0.9462 0.9610 1.1330 0.0879 |0.00262
29 No Central o] 26.6 50 100 74.5 1.4532 1.4443 3.802 | 0.9871 1.0029 1.1017 - -
30 Island - Same 20 123.5 1.1918 1.1841 4,562 | 1.0138 1.0265 1.1389 0.0540 | 0.00079
31 Fuel Volume 10 228 0.97689 | 0.97083
32 Reflector 20 30 60 100 Th.2 1.5120 1.4g7h 4,555 | 0.9832 0.9971 1.1149 - -
33 1.5 x Larger 20 123.5 1.3120 1.2995 4.555 | 0.962h 0.9761 1.1160 0.0383 [ 0.00059
34 10 228 1.0895 1.0798 5.567 | 1.00C9 1.011k 1.1283 0.0778 |0.00157
35 ALl Dimensions 30 44.8 75 100 250 1.5787 1.5643 8.510 - 0.9783 - - -
36 1.5 x Larger 20 516 1.3118 1.3002 11,063 | 1.0426 1.0538 1.1k62 0.0381 |0.00039
37 10 765 1.0639 1.0551 G.021 | 0.9%45 0.9582 1.1341 0.0822 | 0.00099
39 Boron Carbide 20 30 50 1100 4.8 1.4841 1.h722 5.091 | 0.9861 1.00k0 1.1274 - -
Lo Absorver In 20 125 1.2880 1.2777 5.091 | 0.9659 0.9815 1.1287 0.0403 | 0.00065
h1 Center 2.22" 0.D. 10 }.229 1.0705 1.0625 c.142 | 0.9%29 0.9963 1.1309 0.0905 | 0.00150

. :

k2 Thermal Temperatures 20 30 50 100 75 1.5073 | 1.4871 £.600 | 1.0372 1.0256 1.1278 - -
k3 Ty » 2140 F 20 125 1.3082 1.2905 £.09L | 0.9802 0.9693 1.1242  [*0.04O3 | 0.00066
Il - Ty = 1672 F 10 229 1.0867 1.0726 7.637 | 1.0713 1.0575 1.1513 0.1057 | 0.00202
ks 1.5 x larger 35 Lo 15 100 8h.5 1.4857 1.k682 8.531 | 0.9619 0.9725 1.0475 - -
L6 With Same Fuel 20 41 1.3661 1.3493 9.953 | 0.9983 1.0065 1.0525 0.0379 | 0.00176
L7 Volume 10 59 1.1733 1.1592 9.669 | 0.9629 0.971k 1.0525 0.0849 | 0.00152




Performance Dats

Power - Generated Output (kw)

Over-all Thermal Efficiency

Air Flow - lb./sec.

Inlet Duct Total Pressure Recovery

Compreésor to Turbine Total Pressure Recovery

TABIE b

POWER PLANT PERFORMANCE

Turbine Discharge Total Pressure Recovery

Compressor Pressure Ratilo

Compressor Efficiency

Gas Generator Turbine Efficiency

Power Turbine Efficiency

Recuperator Effectiveness

Station

Ambient

Compressor Inlet
Compressor Outlet |

Regenerative Inlet
Regenerative Outlet

Heat Exchanger Inlet
Heat Exchanger Outlet
Gas Turbine Inlet
Gas Turbine Outlet
Power Turbine Inlet
Power Turbine Outlet
Recuperator Inlet
Recuperator Outlet

Exhaust Exit

45

(One Unit) (Three Units)
5,T19 17,158
30% 30%
104 312
98.1% 98.1%
9k.3% ok.3%
96% 96k
545, 5.45
86% 86%
87 . 87%
8TP 87%
T2% 2%

‘ Pzzoszz:e met:g;rat#e
1.0 80
0.981 8o
535 465
5.29 L65
5.15 Thh
5.4 Thhy
5.06 1L00
5.05 _ 1koo
1.96 1053
1.95 1053
1.04 852
1.021 V 852
1,004 573
1.0 573



TABLE 5

INTERMEDIATE HEAT EXCHANGER

Type - One-pass counterflow, shell and tube type unit with longitudinal

finned tubes.
Material Inconel
Effectiveness 68.7 percent

Air Flow Rate
Helium Flow Ratg
Air Inlet Temperature
Helium Inlet Temperature
Air Outlet Temperature
Helium Outlet Temperature
Air Inlet Pressure
Helium Inlet Pressure.
Alr Outlet Pressure
' Helium Outlet Pressure
Nuﬁber'of Tubes
length of Finned Tube. Section -
Outside‘Diameter
Inside Diameter
Tube Wall Thickness
Number of Fins Per Tube
Fin Thickness and Height
Tube Arrangement
Tube Spacing
Shell Diemeter
Heat Transfer Area
Air Side
Helium Side
Free Flow Aréa

Air Side
Helium Side

46

312 1b./sec.
91 1b./sec.
7h&°F

17k0OF
1400°F
1240°F

5.13 atm

20 atm

5.05 atm
19.98 atm
4260

120 1inches
1.050 inches
0.824 inches"
0.113 iﬁches
12

.060 inches x .25 inches
Triangular
1.70 1ﬁches
120 ihches

26,600 £t.2
9,200 ft.2

21.80 £t.2
15.75 £t.2




Type
Material

. Effectiveness

Number of Cores

Fumber of Cores Per Pass

Weight Per Core

Fin Spﬁcing, Alr Side

~Fin Spacing, Gas Side

Plate Spacing, Air Side

Plate Spacing, Gas Side

Flow Length, Air Side

flow Length; Gas Side

Flow Length Per Core, Gas Side
No-Flow Width o
No-Flow Width Per Core

Rumber qf Rows Per Core, Air Side
ﬁumber of Rows Per Core, Gas Side

Heat Transfer Area Per Core, Ailr

Heat Transfer Aree Per Core, Gas

Free Flow Area Per Core, Air Side

Free Flow Area Per Core, Gas Side

Fin Thickness

Plate Thickness

TABIE 6

RECUPERATOR

TWo-bass cross-counterflow, plate and fin heat exchanger

AISI 316-L Stainless Steel
T2 percent
28
L
855 1bs.
8 per inch
8 per inch
0.5 inch
0.5 inch
96 inches
62 inches
30 inches
144 inches
8.5 inches
8
9

1505 f£t.2

Side
2
Side 1505 ft.

0.728 ft.2

2.600 f£t.2
0.010 inches

0.015. inches
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HELIUM LOOP PRESSURE LOSSES

Helium Flow - ' ~ 9l#/sec.

Hot Side | 1740 F

Cold Side 1240 F

Pressure | "~ 20 atmos. ' -

™

1 - 4* Reactor Loss - Split into two streams: _ -

Cooling Stream Hot Stream

5#/sec. 86#/sec.

1 Inlet Loss 0.001 0.001

1-2 Core and End Piece 0.265 '0.289

2 Outlet ' 0.135 0.034

) 2 -3 Turning Negligible ~  0.075.

3-1 Outer Shell 0,002 |  0.002

4 Outlet Turn 0.001 0.003

b -5 Diffusion 0.024 0.024

TOTAL 0.428 0.428

5 -6 Heat Exchanger ’ 0.100

6 -7 Rotation and Acceleration | 0.063

8-9 Diffusion from Fan 0,02k
9 - 10 Return Duct : 0.015 R
10 -1  Diffusion to Reactor 0.021 -
1-10-1TOTAL AP -  0.651
Tk ~ | ]

7T-8 Pressure Rise Across Fan __41;?__ % ' 0.651

¥ Refer to Figure 3 for identification of points.
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TABIE 8

HELTUM STAGE BLADE DESIGN DATA

SOLIDITY

DESIGN

RADIUS NUMEER BLATE | THICKNESS ANGIE

RATIO OF BLADES CHORD CHAMEER 4 CHORD SETTING
ROTOR 1.000 29 2.92 .75 .65 .06 51.48
876 856 .T90 .08 46 .45
.T52 998 975 .10 40.08
STATOR . 1.000 3% 3.33 1,000 " 1.25 .10 9.39
: 0876 1. l’-I-O B 10325 «10 10072
0752 lfo 392 .10 12 om

1.3%0




0s

Reactor & Heat Exchanger
(includes all helium
circuit camponents)

Gas Purbine Power Unit
" ‘(Includes all ducting, -
recuperator, and controls)

Generators & Miscellaneous
Equipment

~ Power Plant Building

Reactor Fuel Cost
(approximated)

TOTAL

COST DATA
" ENGTNEERING  TESTING & TOTAL coST
PROTOTYPE & DESIGN DEVELOPMENT COST $/kw
2,485,000 1,500,000 3,380,000 7,365,000 491
1,200,000 750,000» - 900,000 2,850,000 190
515,000 - | - 515,000 3.3
180,000 - | .- 180,000 12
800,000 - - 800,000 - 53.3.
5,180,000 2,250,000 4,280,000 11,710,000 780..6




DA

16
e —— 935
S

80"

"~ "FIGURE |

. REFLECTOR MODERATED REACTCR




REFLECTOR MODERATOR

e 40" DlA.__;..;_

fe————— 60" DIA. ————e=t

— _ 100" DIA, - o

" FIGURE 2

STANDARD ~ SPHERICAL REACTOR

52



€g

U
b3
2
'}
o
z
o
x
-
=
w
4
-
4
=
a
w
X
=

4007

300+

200

100

NEUTRONS
CM2 -SEC-LETHARGY

NEUTRON FLUX~

20+

le———— FUEL REGION ————= NOTE:
' 20% INRICHED FUEL
REACFOR NO.2 Ro= 50"
NEUTRON ENERGY
15 1.000 X 107 ELECTRON VOLTS
/_ 3.679 X 10° . .
Vs 1.353 X 10% . .
THERMAL FLUX /_ 0.498 X 10* . .
// 0.183 X 10¢ . .
10 ) )
=
ey AN
e "\g . +  (THERMAL FLUX)
5_=—.——- —
—_ ]
._/’Llf —
[s) ) T T T T N T T
10 20 30 40 50 . 69 70 80 80

RADIUS INCRIMENT (A R=1.41CM)
FIGURE 3

NEUTRON FLUX DISTRIBUTION
IN STANDARD GRAPHITE REACTOR



POWER DENSITY

POWER RATIO

AVERAGE POWER DENSITY

2.3

2.0

1.0

.o'.
L.

NOTE : 20% ENRICHED FUEL
REACTOR NO,2 Re=80"

L_
-
I 1 1. | [ | ] _LA
36 38 40 42 44 46 48 80 82 84
RADIUS INCREMENTS (AR!I.4I) '
FlGURE 4
POWER DISTRIBUTION IN REACTOR C
FOR STANDARD GRAPHITE REACTOR

ORE




AVERAGE FISSON DENSITY

0.200

0.150 |

0.100 -

1

0.050

NOTE: ’
20% ENRICHED FUEL

REACTOR NO.2 Ro=50"
MULTIPLICATION . FACTOR= [.1136

THERMAL
37.40%

N

o

AN

NN

N

2 a4

) 6

8 10
LETHARGY U

FIGURE 3

NN

FISSION DISTRIBUTION IN LETHARGY
'FOR STANDARD GRAPHITE REAGCTOR

55

20



9§

: - NEUTRON
THERMAL NEUTRON FLUX CHE—SEC

200+

C-LETHARGY

NEUTRONS

CMZ -

NEUTRON FLUX-

NOTE:
10% ENRICHED FUEL

REACTOR NO. 28 Ro=50"

THERMAL FLUX

[ S FUEL REGION

(X

NEUTRON ENERGY

1.000
3679
1.353
0.498
0.183
454.00
3372
10.16
1.375
0.6176
0.2775
0.1860
0.1247

SRR

X 107
X 100
X 108
X 108
X 108

ELECTRON VOLTS

« (THERMAL FLUX)}

40 50
RADIUS INCRIMENT { A R=141CM)
FIGURE 6

NEUTRON FLUX DISTRIBUTION IN STANDARD BERYLLIUM REACTOR

90



AVERAGE FISSION DENSITY

0.200

0.150

0.100

0.050

NOTE:
10% ENRICHED FUEL
REACTOR NO.28 Re= 50
MULTIPLICATION FACTOR* | 0725

THERMAL ‘ % 2
46.50% /

N

7

N

N

N

N

NANZANY o N SN . 7 \,'1',‘ 3 l.
ZNENG //4///// AN ZZZ NN '\{ ERGINE
2 4 6 12 6 18
LETHARGY U
FIGURE 7

FISSION DISTRIBUTION IN LETHARGY

FOR STANDARD BERYLLIUM REAGTOR

57

20



v

GENERATOR &
G6EAR BOX

REACTOR -

HELIUM- AIR HEAT EXCHANGER

] -
\ 7‘.’",'""""

N

HELIUM FAN
{ 8 moToR

FIGURE 8

CONTROL PUMP

HELIUM STORAGE|

FLOW DIAGRAM. OF POWER SYSTEM

y ‘

A___:::] [EEEEEEhAfoa

COMPRESSOR

T




6S

- Y%

" THERMAL EFFICIENCY~

38T - NOTE : STANDARD DAY OPERATION
AMBIENT TEMP.= 80°F
TURBINE . INLET TEMP.= [400°F
30+ 305 | —r
!
|
a ! : ,
l | . | '
L g
! ! -
i (@]
| «d
25 T d
(@] - w
R -le
[, 2]
1 ) 1 1 { |
0 5000 10000 15000. 20000 28000
: HORSEPOWER -
FIGURE 9

PART— LOAD PERFORMANCE OF
NUCLEAR POWER PLANT



THERMAL EFFICIENCY - °/

NOTE: ‘
a0 TURBINE INLET TEMPERATURE (860R

" _.— 40° AMBIENT TEMPERATURE

S

35

30 -

25 -

| | I L |

-

2 3 . &4 & 6 7

COMPRESSION PRESSURE RATIO

FIGURE |0

GAS TURBINE REGENERATIVE GYCLE EFFICIENGY

60



o

HORSEPOWER - SECONDS PER LB. OF AIR

40°F AMBIENT TEMPERATUR'

100
90 NOTE: TURBINE INLET TEMPERATURE
1400'F
80}
\QO.F
70~
11O°F
60
80}-
40}
-SOF
L 1 1 | i

N

3 4 ‘ R 6 7
COMPRESSION PRESSURE RATIO

FIGURE I \
GAS TURBINE REGENERATIVE CYCLE POWER OUTPUT

61



29

FIGURE 12 .
SCHEMATIC OF HELIUM LOOP




20 ELEMENTS

63 HOLES | IN. OIAMETER
SPACED 1.39 IN. APART PLUS
| BLIND HOLE FOR PASSAGE

IN ASSEMBLED ALIGNMENT IN EAGH ELEMENT

CYLINDER

FIGURE 13 |
REACTOR FUEL ELEMENT

63



9

WELD LINES -

B Lt 300,

< LA R R aE i k4 4

REACTOR

FIGURE 14

CONTAINER




S9

ADIABATIC EFFICIENCY

PRESSURE RATIO

90
.89
88
.87
86
85

1.006

.00S

1.004

1.003

1Lo02¢

1.001

1.000O

100%
90%
40% 80%
l - v = OO0 'oo
DESIGN %//e %
POINT
___—90%

- —80%

— —60%

—"~40%
| ! i | i 1 | | { 1 l. }
0 | 2 3 4 5 6 7 8 9 10 T
WEIGHT FLOW = W/—-e/
S
FIGURE 15

HELIUM COMPRESSOR PERFORMANGE



GAS OUTLET DUCT

I 1-BELLOWS

1

99

AIR INLET DUCT

AIR OUTLET DUCT

‘vLsAs INLET DUCT

FIGURE 16
GAS TURBINE RECUPERATOR UNIT



‘GAS SICE FINS

FLAT TUBE ENVELOPE

END PLATE

SUPPORT AND GUIDE RAIL

4 ]
NI 1] TP
! . /
T LTI 1D
) : _/
1L 1D
1 /T,
. ]
dri
L
i
A

67

AIR SIDE FINS

17

FIGURE

RECUPERATOR CORE MODULE ASSEMBLY



FIGURE 18
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APPENDIX 1

Iifetime of Thermal Neutrons

In a homogeneous thermsl reactor the neutron lifetime iz determined pri-

marily by neutron capture properites of the reactor materials and is given

by the ratio
AT, = = 1 _
ath 'th . , - (1)
where z is macroscopic capture cross-section for thermal neutrons and

ath
Vih 18 the velocity of & neutron in thermal equilibriwm with its surround-

ings. In a reflector-moderated resctor the lifetime of thermal neutroﬁs

is determined primarily by the time they spend in the reflector-moderator
befo:e entering the fuel region, in which they are quickly absorbed beca_.usé
of the high local dgnsity of fuel, It is the purpose of this Appeﬁdix tbw -
estimate the mean lifetime of thermsl neutrons.in the reflector-moderated
reactor and to compare this with the mean lifetime for the homogeneous

‘reactor from Equation (1).

The general egquation for the slowing down of neutrons, in the steady state, is
, s A
v-ov¥-2zZ €= 20 Zs0) - S(u) £
4 du S (2)
where D Iifs the diffusion coefficient, Za, is the mmcroscopic a,bsorption
coefficient, g is the logarithmic decrement for the moderating material,
> g is the macroscopic sccatfering cross section, u is the neutron lethargy,
S(u) is the lethargy spectrum of fission neutrons, f is the source strength

of neutrons from figeion, and { is the neutron flux. For the thermal
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region the slowing down term becomes indeterminate since both ‘? and du

become zero. We can then ﬁrite

s (¢ Zg QZ) s 5 2 Pin ‘ ' /
th Co (3) :
where
oNgp = 24

() -
is the number of thermal collisions° Consider a region of reflector-
moderator in which the coefficients are constant, and in vhich there are
negligible sbsorptions and sources in the region, the absorptions occurring

in reactor fuel outeide the reflector-moderator. Then Equation (2) vecomes

o2 - Zstnh 2Pt .
Vv Cf;h D N
’ th th (5)

The time between successive thermal collisions is

1
Yth &t th (6)

The time intervel for ath thermal collisions ig then

dg = A
T | | (7) )
Equation (5) becomes, with D, = 1 -
th
3 2z, ‘ . N
Tt th

V2‘€ = 3%2.m ICm } |
th Veh ¢ (8)
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For a slab geometry, by separating variables

2
= Tr : v, t
Yen % sin ( Lx) e T__th

2
3Z, 4 &

vhere the geometry is as shown below

»

n

(9)

Leakage from the surface, at x = 0, is given by

2
- TT " Vgp t

Dy, %o _1%:, e

5
3 Z L
s th (10)
The mean leakage time for all neutrons is
- - .
) | 77 / - T _tm
; ar s Y o T 0t 35 12 O
- 2 55 .
| \772 i}
/& - Y
by, % % o Tz = at
- ' " s th (11)
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Performing the integrations

2
AT, = S Zswm L

2 . .
7 Ven } (12)

‘Since it has been specified that all the neutrons lesking from the reflector-

moderator are immedistely absorbed (by fuel), Eqﬁation (12) represents the

*

mean l:j.fetime of thermsl neutrons in the reflector«-modera,ted reactor to

the extent that Equation (9) is a good representa;tion of the neutron distri- -
bution in the mod.erafon This must be checked empirically for reactors
mder'consid.eratiéno From Equations (1) and (12) the ratio of the mean |

.1lifetime of thermal neutrohs in the reflector-moderated reactor to that in

the homogeneous resctor is given by |

ATy | 3 g Fga 1 :

4Ty , 77 2 S (13)

Relatively long lifetimes of thermal neutrons. in the reflector-moderated:

reactor hence result from a high value of the scattering cross-section ' J

(Zs th)s @ high critical mass (Za and a relatively wide distribution

of thermal neutrons in the reflector moderator (L2) R
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APPENDIX 2.

Experimental Program

The experimental work on the erosion of graphite by helium and the diffusion
of helium through stainless steel at h:_lgh temperatures was carried out by

the Aerophysics Develo;mexrt Corporation at Santa Monica, California. The

o,

report in 1ts entirety was reproduced as received. Details of procedure

- - and equipment as well as results are presented here.
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TO: Bill Parrish DATE: 31 July 1956
FROM: Structures Test
SUBJECT: Final Report, Studebaker-Packard Contract

AT(303)-214
Inter-Co. Work Order No., 1

PURPOSE OF TEST:

Experimental investigations to determine the.feasi-
bility of proposed design schemes for gas cooled reactors,
In particular,

1) The rate of diffusion of helium through stain-
less steel at high temperature,

2) The rate of erosion of graphite at high tempera-
ture by a high velocity helium stream.

1) DIFFUSION TEST

PROCEDURE ¢

The design of the identical hot and cold diffusion
test samples was determined by furnace dimensions and the
availability of steel tubing. The number of welds on the
samples was kept at a minimum, and the welds of the hot samples
were all located outside the furnace, Figures 1 and 2 show the
1/2" diameter test tube which was located inside a 1 1/2" dia-
meter tube. A helium atmosphere was established between these
two tubes, the pressure of 80 psi being supplied by a connection
to a helium bottle. The hot samples were, furthermore, placed
inside a LECO 2600 furnace which maintained a temperature of
1200°F by means of a controller connected to a thermocouple in-
side the furnace, Figure 3. To detect any leaks, the samples
~were built the following way:

A) The two end platés were welded to.the'1/2" diameter
tube. Any weld burn-through was detected by visual
inspection.,

B) The ends of the test tube were pinched off and welded,

The tube was heated in the center with ends submerged
in water to check for leaks of test tube.
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C) The outside,b-1/12" diameter, tube was slid over
the small tube and welded to the end plates.

D) The helium Subply lead was welded to the outside

tube,

All the welding was done in an argon atmosphere.

The sample tubes were of welded and redrawn construc-

Type
Type

A total of four test samples
terial, were assembled,

304 Stainless Steel,
347 . Stainless Steel

tion, and were of the following materials:

035" Wall
.020™ Wall

a cold and a hot one of each ma-

In addltion to these four test speci-

mens, a fifth small tube was closed and sealed the same way
and at the same time to determine the standard content of he-
lium in the atmosphere at the beginning of the test.

The amount of hellum in the test tubes after the dif-
fusion test was determined by mass- spectrography at the Consoli-
dated Englneerlng Corporation, Pasadena,.

RESULTS ¢
[TEST TUBE WALL |MANIFOLD]| FURNACE | t d *
in |PRESSURE| TEMP. TIME HELIUM GONTENT
, psig OF DAYS Vol Pts, In Million
(0) 347 0 | ,020 - - - 0
(1) 304 C | ,035 80 80° 20 9
(2) 304 H | ,035 80 1200° - 20 15
(3). 347 ¢ | 020 80 - 80° 20 12
(1) 347 H | .020 | &0 1200° | 20 23

* Analysis by Consolidated Engineering Corporation, Pasadena.
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ANALYSIS: , ‘ 1
]

_

5= T 7. 31.5 - 9. 5 in?
(%) 33.5 = 6.60 in°

Exposed surface:
Volume of Tube? Ve T

Instead of calculating an actual diffusion constant
a simpler value f « FLOW RATE OF HELIUM per in< exposed sur-
face per day will be used.

The volume of helium\which diffused though the walls

of our test tube (at room temperature, atmospheric pressure) is
Vxdo = 6.60xdo
£ = Vxdo = 6.60 do = 6.66 x 10° % do  in3 helium
Sx ¢t L9.5 20 in® day

These values reduced to a wal] thlckness .020" are
listed as f.

*Helium at room temp., atmospheric pressﬁre

TEST TUBE . WALL f(§n3 helium*
in day_in< f
(1) 304C .035 60 x 1077 105 x 1077
(2)  304H .035 100 x 107 175 x 107
(3)  347C .020 | 80.x 1077 80 x 1077
(L)  3L7H .020 154 x 107 154 x 1077

In both cold and hot test Type 347 Stainiess Steel
has a lower flow rate than Type 304.
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It is proposed to take photomicrographs of sections
through the cold and hot tubes to determine any changes in
grain structure. : :

- 2) EROSION TEST

PROCEDURE ¢

In these testshelium was blasted at graphite at high
velocity in order to find any erosive action helium might have.
This was done at room temperature and at a high temperature -
close to what is found in reactor operations.

All the graphite used in this test was supplied by
Great Lakes Carbon Company.

_ The type of samples used for cold and hot tests is
shown in Figures 4, 5, and 8.

Micrographs were taken before and after the test.
Figure 12 to Figure 19. »

TYPE OF TEST HPC-7 HP3LM | HLM
COLD 1 Sample 1 Sample | 1 Sample
HOT 1 Sample None 1 Sample
PROPERTIES |
OF MATERIAL
'Apparent Density
.&/cc 1.81 1,70 1.90
. Electr.~Resistivity '
~ Ohm/in : .00032 . +00034 .00026
COLD_TEST

The polished .8ide of small graphite cubes was set

- 1/10" away from a welding tip whose orifice had been reduced to
.042™ diameter by silver brazing and drilling with a No. 58 drill.
This tip was connected to a helium bottle, the flow being regu-
lated by a pressure reducer and a flow meter. The graphite was
placed in a small plexiglass box for protection. This box was
adeguately vented to prevent build-up of back pressure. Figures,
L, 6, and 7. _ ,
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HOT TEST

_ The current of a L,00O Amp DC-Welder was used for the
resistance heating of the graphite pieces up to the desired’

temperature.

For this purpose the center section of the test-

piece was reduced to a small cross-sectional area (1/4 x 1/4-in)
to obtain the proper electric resistance,

was supported at both ends.

the graphite provided a connection to the welder leads., A
calibrated Chromel-Alumel Thermocouple inserted into the graphite -

close to the blast point and connected to a Millivoltmeter was

The test piece itself -
was placed in a box made up of stainless steel and asbestos and
Two copper end pieces screwed into

used for adjusting the welder current and consequently maintaining
a constant temperature.

. The helium was controlled by a pressure reducer and.a
flow meter and the helium bottles were connected to allow con-

tinuous operations. Before ‘blasting at the graphite through a

(Figures 9, 10, 11)

0042" diameter stainless steel nozzle, the helium passed a heat-
ing coil inside a furnace where. it was heated up to about 700°F,
Special precaution had been taken to provide an oxygen free
atmosphere inside the blast box. ,
by building the box as tight as possible and using the helium

itself for automatic sealing,

This was successfully achieved

The starting sequence was:

* = Pressure set at regulator

wleat,

** « Flow rate measured at Flowmeter
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l. Turn on helium
2., Start furnace
3. Start welder
Shut down was done in the opposite way.
RESULTS ¢
COLD TESTS
The results can be summarized in the following way: :
SAMPLE TIME p1¥*. VOTI, UME * REMARKS -
Hrs./min. | psig | ft’/hour i
HPC-~7 8/10 50 100 No erosion Fig. 13
HP3LM 8/10 1,0 100 No erosion Fig, 16
HLM 11/10 LO 100 .No erosion Fig.

18




HOT TESTS

3

SAMPLE | TIME | py VOLUME * TEMP. [WELDER CURRENT/ REMARKS
_Hours| psig| ft3/Hour OF Amp
HPC-7- 1 |40 100 60° - | No erosion
. ‘ o Fig. 14
L L0 L5 2500 280
[ HLM 1 L0 100 60° - No erosion
L L0 L5 2500° - 280
ANALYSIS

‘ In order to establish at least sonic flow at the
nozzle. the flow meter was opened completely in both cold and hot
tests, Furthermore, the pressure was increased above the critical
pressure, i.e., above the point where a further increase in pres-
sure does increase the flow rate.

The critical pressure was 30 psia, whereas, the pres-
sure was actually set at 40 psige The acoustlc veloc1ty of
helium at 510°R is 2700 ft/sec.

Flow of helium was measured by a flow meter., This
measurement and the known flow area of the nozzle were used to
confirm the acoustic velocity at the nozzle exit. The relatlon-2
shig between velocity and flow volume for helium and the 0.0L2 in
orifice is

U (speed ft/sec) = 29 x volume (ftB/hf)
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On the cold samples we had
e 283l r

21 0‘0‘ »ﬁl /sco

or, within the accuracy of our calculations, the speed

Volume

U ' =

/7‘;39/ /M&/

Fred Heller

of sound,
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Figure 1 Diffusion Tube
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Figure 2 Helium Diffusion Test
Top: Test Tube
Bottom: Test Tube Installed In Outer Tube
With Helium Supply Tube
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Figure 3 Hot Diffusion Samples Installed In LECO

Left:

2600 Furnace.

Controller Ccnnected To Thermocouple
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Figure 4 Cold Blast Box
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Figure 5 Graphite Erosion Samples
Top: Hot Sample
Bottom: Cold Sample




Figure 6 Setup Of Cold Erosion Test
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Figure 7 Closeup Of Cold Blast Boxes With Samples
Installed
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Figure 8 Hot Blast Box




Figure 9 Hot Graphite Erosion Sample Installed Ir
Blast Box, With Thermocouple And Millivcltmeter




Figure 10 Ho- Blast Box With Welder Leads And He_ium
Nozzls
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Figure 11 Furnace Used For Heating Of Helium In Hot
Erosion Test
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Figure 12 HPC-7: POLISHED SURFACE BEFORE TESTS
51044E
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Figure 13 HPC-T:

COLD EROSION SAMPLE AFTER TEST
5O
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Figure 14 HPC-T:

HOT EROSION SAMPIE AFTER TEST
501
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Figure 15 HP31IM:

POLISHED SURFACE BEFORE TEST
50:1
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Figure 16 HP3LM:

COLD EROSION SAMPLE AFTER
50:1:
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POLISHED SURFACE BEFORE TESTS

Figure 17 HIM

5Ok

103



Figure 18 HIM:

COLD EROSION SAMPLE AFTER TEST
50:1
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Figure 19 HILM:

HOT EROSION SAMPLE AFTER TEST
50s1
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