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GAS-COOLED REACTORS IN THE USA:
A SURVEY AND RECOMMENDATION

by
R. H. Armstrong

I. Introduction

This survey was undertaken for two reasons. The first was to
provide an understanding of the status of gas-cooled reactors as used for
unclassified applications. The second was to determine phases of ad-
vanced research and development needed in the field and from these to
recommend a program for high-temperature, gas-cooled reactors. The
documents used in this survey were limited to those investigations per-
formed in the last five years.,

However, so much of the basic¢ data pertaining to gas-reactor de-
velopment originated with the Dasiels Pile Group at Oak Ridge National
Laboratory that reference is made to report MON-N-383.(93 Supporting
research for this project was carried on at Argonne National Laboratory,
Battelle Memorial Institute, Westinghouse Electric Company, Norton
Company, and others. This research has provided a basis for establish-
ing the practicability of the gas reactor concept. Those now engaged in gas
reactor development may be interested in reviewing this report.

Although this survey is on gas-cooled reactors in the USA, for
purposes of comparison the tabulation in Fig. 1A, Columns A and B, lists
the Calder Hall and Hinkley Point British reactors. In addition, to illus-
trate some advanced British concepts, Fig. 1C, Columns AN and AR, lists
the British steam-cooled pressure tube reactor and the "Dragon® project.

Since this is a historical survey. the majority of the subject matter
was obtained from the references. The observations and recommendations,
however, are the author's opinions.

II. Summary

A study of some 132 reports on gas-cooled reactors and related
subjects has been made. These, and an additional 37 reports of a classi-
fied nature, are listed in the bibliography. Fig. l lists the representative
group of reactor types under discussion. Some of the reports investigated
represent duplicate effort; therefore, the tabulation lists what the author
believes to be the most representative.



Among the reports investigated are several by General Electric
Cornpany,(64'66) General Atomics,(39‘47) and Oak Ridge National Labo-
ratory.(lll‘lzo) These reports are thorough and well done, and cover
the selection of gas coolants, gas cycles, and materials for use in a high-
temperature gas environment. For the most part, these reports describe
reactors for use up to a maximum gas outlet temperature of 1300°F. From
all the reports studied, a number of charts and tables have been duplicated
and are incorporated in Section VI; these are briefly described as follows:

Figures 1A, B, and C consists of three tables which list all avail-
able reactor information.

Figures 2A, B, and C are reactor flow diagrams of suggested
concepts.

Figure 3 shows a possible fuel arrangement at the core cross
section.

Figure 4 shows a typical fuel and moderator cell.
Figure 5 shows possible fuel types for the unit fuel cell.

Figure 6 tabulates the properties of materials for moderators
and reflectors.

Figure 7 - Table 1, outlines the compatibility of gases and bare
fuel materials at maximum surface temperatures. Table 2 outlines the
maximum interface temperatures of fuel elements and core-jacket com-
binations. Table 3 tabulates the allowable operating temperatures and
compatibility of gases and various metals. Table 4 lists the preferences
for gas coolants. Table 5 lists the cost and availability of gases. Table 6
shows in graphical form plant thermal efficiencies versus maximum cycle
temperature for three gases.

Figure 8 - Table 7 lists the thermal properties of three gases.
Table 8 shows in graph form a comparison of related pumping power ver-
sus reactor coolant inlet temperatures. Table 9 lists obtainable heat fluxes.

Figure 9 - Table 10 tabulates composition and physical properties
of some potential cladding materials. Table 11 lists the atomic and thermal
properties of some potential cladding materials. Table 12 lists fabrication
characteristics, availability, and costs of some potential cladding materials.

Figure 10 lists possible process applications of gases at high
temperature.

Figure 11 tabulates potential high-temperature materials (from
Metal Working Magazine).(168)



During the past five years, many studies have been made on

various types of gas-cooled reactor systems, which are divided into the

following catagories and which are tabulated in Fig. 1:

1.

Graphite Moderator and Reflector

a. Indirect closed cycle heterogeneous fuel

b. Direct closed cvcle heterogeneous fuel

c. Indirect open cycle heterogeneous fuel

d. Indirect closed cvcle  fuel in liquid metal
e. Indirect closed cycle fuel in moderator
f. Indirect closed cycle  particulate fuel

D,0 Moderator and Reflector

a. Indirect closed cycle -

pressure tube heterogeneous fuel

Zirconium Hydride Moderator and Reflector

a. Direct closed cvele heterogeneous fuel

H,O Moderator and Reflectfor

a. Direct closed cycle heterogeneous fuel

D,0 Moderator and H,O Reflector

a. Indirect closed cycle -

pressure tube heterogeneous fuel

H,O0 Moderator and BeO Reflector

a. Steam-cooled -

direct cycle heterogeneous fuel

BeO Moderator and Reflector

a. Direct closed cycle heterogeneous fuel

Columns

C,D,E,AV,
AM,AO

G,M,U,V,
AB,AC,AE,
AF,AG,AK.

O

AL

AD
L,P,AA

J,W,AH

S, T,AN

AP

F

The foregoing reactor types are tabulated in Figs 1A, B and C.

Three of these proposals are authorized for construction (see
Fig. 1): the Kaiser-AC experimental gas-cooled reactor for ORNL(Col-

umn D), the General

Atomics reactor for the Philadelphia Electric

Company (Column E), and the Aero-Jet General Reactor for the Army
(Column W).



Several others are in the authorized research and development
phase, such as the General Nuclear Engineering Company pressure tube
reactor (Column K), the Sanderson and Porter Company pebble bed reac-
tor (Column L), and the General Atomics Company marine direct-cycle
reactor (Column F).

The Kaiser-AC reactor(68) for ORNL is similar to the later
British reactors except for the use of enriched fuel, stainless steel clad-
ding, and helium gas as a coolant. This effects a net reduction in size.
The reactor is well designed and should operate satisfactorily.

The General Atomics helium-cooled reactor for Philadelphia
Electric Company(42> is very similar to the British Advanced Reactor
Concepts, except that the former employs an indirect steam cycle. The
fact that the No. 2 core employs UC and ThC canned in graphite tubes for
fuel is an interesting development, as is the design feature of a fission
product trapping system. The No. l core, however, uses stainless steel
cladding. Since the exit gas temperature is 1382°F, this reactor could
also be used in a direct closed cycle once helium turbines and compres-
sors in this range are developed.

The Aero-Jet General Reactor (GCRE-I)(75) for the Army is a
pressure tube design wherein the entire pressure tube assemblies, plenums,
and associated mechanisms are totally immersed in a tank of H,O. This is
a small, unique military reactor designed to use H,O, which is available in
most areas, for moderator and reflector, and N, as a coolant, so that con-
ventional air compressors and turbines may be used.

The General Nuclear Engineering Company D,O-moderated and
CO;-cooled pressure tube prototype reactor(150) is aimed at the ultimate
use of natural uranium as fuel,

The Sanderson and Porter Corporation pebble bed reactor(108,109)
using graphite balls containing fissile or fertile material for fuel offers a
flexible arrangement for the use of a combination of thorium and uranium.
This design has an excellent potential since the problem of loading and un-
loading fuel is simplified. The Brown-Boveri-Krupp Combine in Germany
are building a reactor similar to this, except that they are using a gas mix-
ture of about 25% helium and 75% neon.

The General Atomics Marine Gas-cooled Reactor(45) is the only
direct closed cycle concept being seriously considered. The successful
development of this reactor would be a major advancement in reactor
technology. The facts that gas outlet temperatures of 1300°F are con-
templated and that beryllium oxide is used as a moderator are significant.
Since the bulk gas is helium, one assumes that development work in heli-
um turbines and compressors is in progress.



In general, the majority of the gas reactor proposals made to date
are based on graphite as a moderator and reflector, and uranium dioxide
fuel in a stainless steel matrix clad with stainless steel. The favored gas
coolant is helium, followed by carbon dioxide and nitrogen. Few of the
proposals specify the use of beryllium or bervllium oxide.

Some promising research bas been done at Babcock and Wilcox(18)
on the gas suspension principle, i.e., graphite dust suspended in gas. A
marked increase in specific heat 1s claimed for this concept. The work
done on the dust fuel(2) and flowable solids(38) concept is interesting; how-
ever, much development work must be done before they can be employed in
a practical design.

In the high-temperature field, the Los Alamos Turret proposals(89’90)
are interesting studies, as is the NDA(103) high-temperature process reac-
tor. These concepts will require considerable research and development
in high-temperature materials. There is much interest in the steam-coolec
reactor concept by Babcock and Wiicox Compa,n,'y,(105> ORNL,(1 18) and
Vickers Nuclear Engineering Itd.t142) The attractiveness of this concept
is based on the possible utilization of current material and turbine technol-
ogy. At the present time, the Bureau of Mines, in. cooperation with the
AEC, is operating a facility using helium gas at 2200°F. This experiment,
if successful, will ultimately result in a process for the gasification of coal,
thus offering another use for a high-temperature gas reactor.

Sanderson and Porter, in¢. have in operation a facility at Fort
Belvoir, Virginia.for experirme=ntally testing high-temperature gas turbines.
This parallels the work being cone by Aero-Jet Generall75) on the nitrogen-
cooled reactor for the Army.

The American Society of Mecnanical Engineers(l52) has issued a
comprehbensive report on the progrese being made 1n gas-turbine technol-
ogy. The gas-turbine progress meeting proceedings of April 6, 1959, have
been issued by the Office of the Director of Defense Research and
Engineeri,ngg(léfs)

Some significant work by the ANL Metallurgy Division(10) on high-
temperature fuel materials indicates that high heat fluxes are possible for
long irradiation periods. Also. the Symposium on High Temperature Tech-
nology(lél) indicates that considerable progress is being made in this field.

A very interesting recent development, mentioned in the November,
1959, issue of The Forum Memo, is the use of fuel elements at Idaho by the
General Electric Company, made of one-eighth-inch diameter stainless steel
wire containing fully enriched urarium dioxide. A similar wire fuel concept
is the subject of report ANL-5590.(9)
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A Summary of Fuel Types for Gas-cooled Reactors

One type (ORNL-Allis Chalmers)(lll) uses rods of small diameter,
containing the fissile material in oxide form in a compatible matrix, which
is then enclosed in some type of metallic cladding. These unit parts are
then assembled into a subassembly and inserted into a moderator.

A second type (General Atomic's Philadelphia No. 2 core)(42‘) con-
tains the fissile material in either oxide or carbide form in a graphite
matrix which is then encased in a graphite can. Thus, each fuel element
is self-contained in its unit moderator.

A third type is the pebble-bed type (proposed by Sanderson and
Porter)(los’log) which contains the fissile material in a graphite ball.
These balls are then loaded in openings in the graphite moderator, much
in the manner that a stove is loaded with coal.

A fourth type is described as the flowable solids reactor (developed
by Fluor Corporation)(38) which employs crushed fused UQO, in the form of
a dry, granular, flowable powder, of about 200 microns (0.007874 in.),
which circulates in graphite-moderator channels. A similar type is the
dust-fueled type developed by Armour Research Foundation(2) wherein the

fissile material (fully enriched UC,) in the form of powder of about 10-micron

(0.0003987-in.) particle size is mixed with gas and circulates through a
graphite reflector.

A fifth type is some form of the Farrington Daniels concept,(l47)
l.e., a disposable, unclad graphite moderator containing coolant passages.
The graphite is impregnated with uranyl nitrate and heated electrically,
thus dispersing UO, throughout the graphite. The impregnated graphite is
then soaked in pitch and reheated.

A sixth type involves a tubular fuel tube (proposed by Martin Com-
pany)(94) in which the fissile material, in oxide form, is encased in the
tube wall. The unit tubes then are assembled into a unit subassembly for
insertion into a moderator. This type offers a large ratio of heat transfer
to volume,

A seventh type is the twisted ribbon concept of Du Pont,(34) in
which a natural uranium matrix clad with either zirconium or magnesium
is emplovyed.

An eighth type is one employing coaxial tubes with stainless steel
matrix and cladding for the Aero-Jet General(75) design.

A ninth type is a future concept proposed by General Nuclear Engi-
neering Corporation(150) for use in a pressure tube core using natural
uranium clad with finned beryllium tubing.
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A tenth type is a liquid fuel, i.e., uranium in bismuth, proposed by
Brookhaven National Laboratoryo(lzg)

I1I. Conclusions

A. General Discussion

When a direct-cycle power recovery system is used, there is
strong incentive to utilize gas termmperatures as high as possible. With the
stainless steel clad, UO, matrix fuel elements, 1600°F is the maximum
feasible cladding temperature. This temperature would permitabulk reac-
tor outlet temperature of 1400°F, although current gas turbine technology
limits the turbine inlet temperatures to 1300°F for continuous operation.
With the indirect power recovery cycle, there is little incentive to attain
coolant temperatures above 1200°F. This latter limit is based on the tem-
perature limits of large central station steam plants presently under
construction.

An examination of Table 1 indicates that beryllium, berylli-
um oxide, or other cermets have not been given much consideration as
either fuel cladding, as a moderator and as a reflector, other than the
brief report in Ref,(119) p. 6, and Ref.(159). Likewise, the majority of
reactors now being given serious consideration are designed to use con-
ventional turbo machinery which has an upper temperature limit of about
1250°F for turbine inlet temperatures for direct gas cycle systems and
about 1050°F for indirect steam cycle systems. Somec of the studies in
the high-temperature range specify graphitc as a moderater and as a fuel
cladding. The graphite is unclad for use with hzlium and clad for use with
carbon dioxide. The studies made in the high-tempcrature field, namely
the Turret experiments at Los Alamo,(89,90) the Nuclear Development
Associates proposals(102:103) and Oak Ridge National Laboratory re-
ports(113,114,119) are interesting and outline many of the problems
involved.

Conventional steam turbine practice limits the steam tempera-
ture to about 1050°F and 1450 psi for maximum efficiency. To achieve
these turbine temperatures out of the heat exchanger in an indirect cycle
gas reactor, an outlet gas temperature of about 1500°F is required.(114)

If turbo machinery were available to operate with 1500°F gas inlet tem-
peratures, then this gas temperature could be employed in a direct cycle
with definite improvement in efficiency, which would result in lower power
costs. To achieve this goal, a development program would be required
for turbines, compressors, seals, expansion joints, and bearings.

A phase of the high-temperature field with a definite potential
is that of process heat. In the Nuclear Development Associates Report,(103)
a table, repeated in Fig. 10, lists many potential uses for high-temperature
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process heat. The National Planning Association(162) has issued an excel-
lent report on nuclear process heat in industry. The Bureau of Mines(160)
at Morgantown, West Virginia, has a research and development program
for the gasification of coal using helium gas at temperatures above 2200°F.
This work is done as part of a cooperative agreement between the Bureau
and the AEC. The American Hydrotherm Corporation(log) also reports
the potential applications of nuclear energy for process and space heat in
the USA.

B. Status of Designs Now in Progress and Their Limitations

1. The Kaiser-Allis Chalmers experimental gas-cooled re-
actor for ORNL(68) is under construction. As stated before, this is a con-
servative design using a gas to water heat exchanger to produce 900°F steam.
The inclusion of several experimental test facilities is an excellent feature.
Since the gas coolant is helium, which is compatible with the graphite mod-
erator, the design reactor outlet gas temperature of 1050°F can be increased
with the advances in fuels technology. This reactor should provide a wealth
of operating data.

2. The Aero-Jet General Army Program(71) is under construc-
tion. The H;O-moderated design Phase 1, i.e., GCRE-1, is well along. This
reactor employs an interesting coaxial fuel design. This design is limited
only by the fuel cladding and by the ability of the gas circulating system to
remove the heat generated in the fuel. A parallel program at Fort Belvoir,
Virginia, by Sanderson and Porter, Inc.(106) is the closed-cycle gas turbine
test facility. The results of these tests will be of vital interest to anyone
engaged in the gas reactor program.

3. The General Atomics-Philadelphia Electric Company(42)
high-temperature gas-cooled, graphite-moderated reactor is under con-
struction. The operation of this reactor will be closely watched because
of the use of fuel dispersed in graphite and the use of fission product
trapping methods while the reactor is operating. The successful use of
uranium carbide and thorium carbide as fissile materials in a graphite
matrix will certainly be a matter of universal interest. This design has
the potential for a high burnup rate; the only limitations are those of the
steam system.

4. The design of the General Nuclear Engineering Company
pressure tube reactor(150) is under evaluation. The problem, as with all
pressure tube reactors, is the cost and integrity of the pressure tube
system.

5. The design of the Sanderson and Porter, Inc. pebble bed
reactor(108,109) is under evaluation. One problem is that of retaining fis-
sion products and another is the effect of long-time irradiation effects on
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the shape and mobility of the graphite ball-type fuel. The design is
certainly unusual and if the above problems can be resolved, this reactor
may be the answer to low cost nuclear power. The fuel costs appear to be
attractive.

6. The design of the General Atomics Marine Direct Cycle
Reactor(45) is also under evaluation. The problem, once a high-temperature
reactor fuel is developed, is to develop turbo machinery, compressors,
seals and associated equipment to operate in this high-temperature environ-
ment. The direct-cycle principle offers much in possible economics in
power costs and in reduction of plant size.

C. Status of Current Materials and Their Limitations

1. Moderators

The subject of moderator selection for a high-temperature
gas-cooled reactor is a very complex one and difficult to condense for a
summary report. However, some excellent reporting has been done by
General Atomics(39-47), by General Electric Company<64'66), and by Oak
Ridge National Laboratory(111-118) on this subject. The materials gener-
ally considered are graphite, zirconium hydride, water, and beryllium
oxide. At the present time, most active projects use graphite as a mod-
erator. Some studies have been made on the use of zirconium hydride,(41)
heavy water,(34,133,150) light water,(75,118,148) and beryllium oxide.(45,159

Each moderator selection is highly dependent on its com-
patibility with the coolant used. Hence, the combination of graphite and
helium is the one most in favor.

2. Fuels

Most of the reactor proposals specify UO, fuel clad with
stainless steel, which is at this time the most practical fuel concept. If
the problem of the escape of fission gases can be resolved as expected in
the General Atomics(42) No. 2 core, then the graphite-clad fuel can be used
to advantage. The new developments in ultrapure beryllium and niobium
metals offer promise that these may be used as potential cladding materials.
Most of the national laboratories are maintaining development programs of
varying magnitude on cermet fuel types. Any real advancement in high-
temperature technology will depend on the success of these programs.

3. Structural Materials

The combined operating conditions of high temperatures,
pressures and radiation fluxes impose serious limitations on structural
materials for reactor use, therefore a development program of consider-
able scope is required to create new materials to fill this need.
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4. Equipment

In an indirect-cycle reactor, i.e., transfer of heat from gas
to water for steam generation, the problem of high-temperature heat ex-
changers must be resolved. Possibly molybdenum, tantalum, or niobium
alloys may be useful. In a direct cycle, gas turbines and compressors
should be designed for the particular gas to be used in order to attain the
highest efficiency. Also, gas seals, bearings and expansion joints must
be developed for use in this rigorous environment.

D. Research and Development Programs Underway

One of the principal problems is that of compatibility of com-
binations of gases and materials at high temperatures; therefore, current
high-temperature gas-cooled reactor programs are backed up with con-
siderable research effort in this direction. The General Atomics Report(41)
and the General Electric Reports(64’65) deal very thoroughly with this
subject.

In connection with research on high-temperature materials,
much of this effort currently is directed to the missile program. Also,
much of the ANP metallurgical research at Battelle and elsewhere is
highly pertinent to any high-temperature reactor development.

In the equipment field, supporting research is in progress on
all elements entering a high-temperature gas reactor system. Also, re-
search in the airplane industry on turbo machinery(165> can be applied to
nuclear power systems.

IV. Recommendations

A. Reactor Design Recommendations

In view of the practically untouched potential in high-temperature
gas applications, a gas reactor program is proposed as follows.

A versatile prototype of a reactor system to be called the Gas
Reactor Complex, consisting of a reactor for high-temperature experimenta-
tion, employing removable moderator and reflector cells, and a series of
fuel components, a process heat experimental zone, and a zone for power
take off. Typical reactor systems are shown in Figs. 2A, 2B and 2C. A
typical reactor cross section is shown in Fig. 3 and suggested fuel types in
Fig. 4. No attempt has been made to calculate heat generation, criticality
and gas flow, other than to assume a heat flux of about 100,000 Btu/(hr)(ftz)
for comparison purposes. A suggested starting goal would be a gas outlet
temperature of 1800°F minimum, using aberyllium oxide moderator cell and
a UO;fuel rod clad withniobium, beryllium oxide, or aluminum oxide per Fig. 4.



The gas coolant would be carbon dioxide. An alternative beginning would
be to use a moderator cell of high-density graphite (density 1.9 gm/cm3)
and helium gas as a coolant.

Figures 2A, 2B, and 2C are circuit diagrams of three possible
reactor systems. The system in Fig. 2A is comprised of a reactor in
which the cool gas enters near the top, circulates downward through the
thermal shields, and then upward through the core. The proposed pressure
vessel material would be inconel "X" or some heat-resistant alloy. The
hot gas circulates through a gas-to-air heat exchanger, a blower, and back
to the reactor inlet side. The heated air from the heat exchanger passes
through two circuits, on to a process station where heat is rejected, and
to a second where the air enters an air turbine which is coupled to a gen-
erator. The air is then recirculated back to the heat exchanger. Thus
process heat may be obtained and power generated from the same coolant
line. In Fig. 2B, the system is the same for the primary gas system; how-
ever, the secondary system employs a steam generator to use conventional
steam turbo machinery. In Fig. 2C the cool gas enters at the top, circulates
down through the thermal shields, and then upward through the core. The
hot gas circulates through the process station, then on to a direct-cycle
turbine system, and back to the reactor. A variation of this concept would
be to omit the process station and only generate power.

Other combinations are possible; for example, it may be possi-
ble to use an open-cycle air turbine on the secondary side of the heat ex-
changer. Also, it may be possible to utilize the exit air from the process
zone to operate a reciprocating piston engine.(3o) Another arrangement
would be to discard the entire secondary system and use a heat sink in the
event the reactor is to be used for fuel experimentation only. An installa-
tion of this type would be extremely versatile and would permit a thorough
investigation of all phases of the high-temperature gas-cooled reactor con-
cept, including fuel, moderator, and reflector evaluation, a program of
process heat experimentation, and finally the testing at high temperatures
of advanced turbo machinery. All of this may be done in one installation.

One of the serious problems involved in the high-temperature
process system is the design of a high-temperature gas-to-air heat ex-
changer. The heat exchanger, in the author's opinion, is preferred over
circulating the reactor bulk gas through the process station and turbo
machinery. Use of the heat exchanger eliminates the problem of activa-
tion of the process and turbine stations. Since, at the present time, no
turbine machinery exists to operate at ultra high temperature, no great
penalty is paid by introducing a secondary circuit. Bearing in mind that
the 1800°F bulk gas outlet temperature is only a suggested beginning point,
increased temperatures are possible when advances are made in materials
technology.
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B. Materials
1. Moderators

As mentioned earlier, graphite is the favored moderator,
although beryllium oxide is now receiving considerable attention. A ma-
terial seldom discussed is high-density graphite. The density of conven-
tional reactor-grade graphite is about 1.70 gm/crn3, yet the Carbon
Companies have produced graphite with a density of 1.90 gm/cm3. Al-
though this material is relatively costly, due to lack of demand, its use
may effect a reduction in the reactor size. Strangely enough, there are no
data available on the nuclear properties of this material, and it is sug-
gested that these be investigated.,

2. Fuels

In the moderator cell mentioned previously, various fuel
concepts could be tested as follows:

Figure 5A - Niobium or beryllium-clad tubes similar to
the Martin Company's fuel concept. With some development work, tubular
shapes of aluminum oxide, beryllium oxide, or possibly of some carbide
could be used. The matrix would be enriched UO, or UC.

Figure 5B - A wire mesh element with an enriched UQ,
oxide core clad with stainless steel, niobium or beryllium.

Figure 5C - A plate element, clad with beryllium oxide or
aluminum oxide, with enriched UQO, or UC matrix.

Figure 5D - A flat plate made of graphite, oxide, or car-
bide containing fissile material. This placque contains coolant holes and
is stacked in a moderator cell.

Figure 5E - Some form of pebble bed similar to the Sand-
erson and Porter Concept(llo) using dense graphite or beryllium oxide
cladding and a UO, or UC matrix. The balls would be randomly packed in
an oxide can for easy removal.

Figure 5F - This is an unrestricted channel concept in that
a cermet moderator cell might be used to contain a fluidized bed or possi-

bly some homogeneous type of fuel.

3. Structural Materials

The need is for a well-organized program to determine
the long-term irradiation effects on known structural materials, particu-
larly the effect on creep and stress-rupture characteristics. From there-
sults obtained, perhaps some directionfor future experimentation canbe
resolved.



The ANL Metallurgy Division is now doing some develop-
ment work with cermets involving such materials as UC, PuC, Silica-Zr0O,,
Al;O3, and BeO. Likewise, some development work is being done on niobium,
vanadiam, and molybdenum metals and alloys, and on uranium and thorium
sulphides. All of these programs are aimed at high-temperature operations.

C. Gas Coolants

It must be emphasized that in cases where bare graphite is
used, it is necessary to use helium or nitrogen gas as a coolant, due to the
reaction between graphite and CQO, at elevated temperatures. The author
prefers the use of CO; over helium as a coolant because of the difficulties
of containing helium and the cost involved in the loss of this gas. Calder
Hall(5) reports considerable difficulty in containing CO, at 100 psi with a
consistent loss of about one-half ton per day. Helium gas has about one-
tenth the density of carbon dioxide at S.T.P., has about five times the
specific heat at S.T.P., and costs about five times more. Balancing these
factors, the author opines that the preferred coolant is carbon dioxide. If,
however, the problem of containment can be resolved, then the preferred
gas would be helium. The compatibility of carbon dioxide and helium with
various oxide fuel claddings should be explored.

A third coolant possibility is nitrogen. Battelle has evidence
that additives that prevent nitriding may be used. The current reactor for
the Army(75) should resolve many of the questions regarding the use of
nitrogen. The author, however, sees no outstanding long-term advantage
of the use of nitrogen. Its basic attractiveness is due to the fact that the
density, being practically the same as air, permits the efficient use of con-
ventional air compressors and air turbines. As a matter of general inter-
est, the author has again explored the possibilities of neon gas as a coolant,
primarily because of its proposed use in the Brown-Boveri Reactor Project
in Germany. Research is continuing at Linde Division of Union Carbide
Corporation(164) on the use of neon gas; however, the cost remains too pro-
hibitive for reactor use.

D. _C_}_qr}eral

The development work required may be divided into four basic
categories. The first is metallurgical, in that high-temperature fuel alloys
must be developed, moderator materials investigated, the compatibility of
fuel and moderator materials with various gases investigated, and, lastly,
a review of structural materials as regards to their high-temperature
physical properties.

The second category would be a program to investigate high-
temperature, high-velocity gas heat transfer.
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The third category would be the broad field of high-temperature
instrumentation.

The fourth category would be component testing, including tur-
bines, compressors, bearings, expansion joints, and seals. The work re-
quired in the third and fourth categories had best be developed by outside
firms who specialize in these items but tested in this reactor.

The proposed versatile prototype is intended to provide a uni-
versal high-temperature test facility not available in reactors now under
construction, i.e., above the 1800°F temperature range. The only similar
installation is the Los Alamos Turret Experiment(90 which uses a graphite
moderator.

In connection with some of the reports studied,the author be-
lieves that three concepts are exceptional in their potential: The Sanderson
and Porter pebble-bed reactor,(108,109) pecause of the simplicity of re-
fueling, the Babcock and Wilcox gas suspension concept,(167l7:18) because
of the greater heat capacity of the gas, and the General Atomic direct closed
cycle system,(39:40,41:45) because of the potential for high efficiency.

In closing, the author believes that a versatile high-temperature
gas reactor experimental facility as described can contribute greatly to the
ultimate goal of competitive power generation and to increase the potential
of reactors for process use.

V. Details of Survey

A. Gas Reactor Synopsis

A Brief Description of Representative Gas-cooled Reactor
Types

GCR2 (ORNL-2500)(111) . This is helium-cooled and graphite-
moderated, using 2% enriched UO, pellets, clad with stainless steel, as fuel.
The helium circulates through a heat exchanger where steam is generated,
similar to the British Calder Hall designs. The efficiency is 32.8%.

Kaiser-AC (IDO-24027)(68) - Preliminary designs used CO,
as a coolant. However, this was changed to helium in the final design.
This prototype reactor is helium-cooled, and graphite-moderated, using
2.2% enriched UQ, pellets, clad with stainless steel, as a fuel. The helium
circulates through a heat exchanger where steam is generated. The reac-
tor is rated at 84.3 Mwt, the average heat flux is 66,833 Btu/(hr)(ftz), the
exit gas temperature is 1050°F, and the pressure is 315 psia. This design
is similar to the British Calder Hall and ORNL designs. The efficiency
is 30.5%.
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Philadelphia Electric Gas-cooled Reactor (General Atomic
GA-593)(42)

Design No. 1, Metal-clad Core (30 Mwe) - This is helium-
cooled and graphite-moderated.using U%* and Th®* in carbide form in a
graphite matrix. The ratio of U%® to Th?* is 0.21253. The fuel cladding
is graphite plus a membrane of either stainless steel or niobium. This
is an indirect-cycle process, the helium passing through a heat exchanger
where steam is generated. The reactor is rated at 88.6 Mwt, the average
heat flux is 67330 Btu/(hr)(ft?‘), the exit gas temperature is 1015°F, and
the pressure is 294 psia. Efficiency is 32.2%.

Design No. 2, Graphite-clad Core (40Mwe) - This, also, is
helium-cooled and graphite-moderated, using U%% and Th?%* in carbide
form in a graphite matrix. The ratio of U%% to Th®* is 0.15966. The
cladding is graphite. This, also, is an indirect-cycle process, the helium
passing through a heat exchanger where steam is generated. The reactor
is rated at 115 Mwt, the average heat flux is 87441 Btu/(hr)(ftz), the exit
gas temperature is 1382°F, and the pressure is 294 psia. The efficiency
is 34.8%.

He Gas-cooled Maritime Reactor (General Atomics)<45) - This
is helium-cooled and beryllium oxide-moderated, using 20.0% enriched
UO, pellets, clad with stainless steel, as fuel. It is a direct closed-cycle
design. The reactor is rated at 53.3 Mwt. The average heat flux is
55340 Btu/(hr)(ftz), the exit gas temperature is 1300°F, and the pressure
is 760 psig. Net efficiency is 32.9%.

CO; Gas-cocled Maritime Reactor (General Atomic
GA-57O)(39’40’41T— This is CO,-cooled and graphite-moderated, using
27.1% enriched UQO, pellets, clad with stainless steel, as fuel. It is a direct
closed-cycle design. The reactor is rated at 45.9 Mwt. The average heat
flux is 56200 Btu/(hr)(ftz), the exit gas temperature is 1300°F, and the pres-
sure is 851 psig. Net efficiency is 32.5%.

CO, Gas-cooled ZrH,-Moderated Maritime Reactor (General
Atomics GA-570)(59,40,41) - This is CO,-cooled and ZrH,-moderated,
using 5.75% enriched UQ, pellets, clad with stainless steel, as fuel. It is
a direct closed-cycle design. The reactor is rated at 45.0 Mwt. The aver-
age heat flux is 106700 Btu/(hr)(ftz), the exit gas temperature is 1300°F,

and the pressure is 1765 psig. Net efficiency is 31.4%.




In addition to the four preceding designs, General Atomic also
presents in GA-570 a preliminary evaluation of the following concepts:

1. Heavy water-moderated, CO;-cooled reactor

2. Heterogeneous BeO-moderated, CO,;-cooled reactor

3. Homogeneous graphite-moderated, helium-cooled reactor
4. Homogeneous BeO-moderated, helium-cooled reactor

5. Heterogeneous graphite-moderated, helium-cooled,

indirect steam cycle reactor.

Florida Gas-cooled Pressure Tube Reactor (GNEC)(15O) - This
is a CO;,-cooled, D,O-moderated pressure tube reactor, using 1.84% en-
riched UQ,, clad with stainless steel, as fuel. The carbon dioxide circulates
through the pressure tubes and into a heat exchanger where steam is gen-
erated. The reactor is rated at 173 Mwt. The average heat flux is
95300 Btu/(hr)(ftz), exit gas temperature is 1050°F and pressure is about
500 psig. Efficiency is about 30.6%.

Pebble-bed Reactor (Sanderson and Porter Company, Alco
Products - NY0-2373, NY0-8753){108,109) _ This is helium-cooled and
graphite-moderated, using 14 -in.-diameter graphite balls impregnated
with fissile material as fuel. The core is made of graphite, thorium oxide,
and uranium oxide in the atom ratio of 3745-11-1; the blanket is made of
graphite and thorium oxide in the atom ratio of 22-1. The reactor is de-
signed for the thorium U??? cycle, but, also, may be used as a U%¥thorium
breeder and as a U®*® plutonium converter. The helium gas is circulated
through the core and blanket to a heat exchanger where steam is generated.
The reactor is rated at 337 Mwt. The gas outlet temperature is 1250°F
and the pressure is 965 psia. The efficiency is 37%.

15-Mw Gas-cooled Closed Cycle Reactor (Ford Instrument
Company FICO-101){33) - This is nitrogen-cooled and graphite-moderated,
using 10% enriched UO, formed into hexagonal shapes which include cooling
passages. These passages and the exterior are clad with stainless steel.
It is a direct closed-cycle design. The reactor is rated at 44 Mwt. The
gas outlet temperature is 1300°F and the pressure is 765 psia. The effi-
ciency is 34%.

Turret Experiment (Los Alamos-Sandia LA-Z3O3)(90) - This
is helium-cooled, and graphite-moderated, using graphite fuel tubes im-
pregnated with fully enriched U%%, Since this is a high-temperature ex-
periment, no power is generated. The reactor is rated at 3 Mwt, the exit
gas temperature is 2400°F, and the pressure is 500 psi.

In addition to the foregoing proposal, Los Alamos in report
1LA-2198,(89) also proposes a high-temperature-gas, closed-cycle reactor.
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The reactor is conceptual and uses N, as a coolant. The cycle is a closed
direct one with exit gas from the reactor at 1300°F and 520 psia. The fuel
is unclad graphite tubes impregnated with fully enriched uranium. The ef-
ficiency is 30.3%.

Gas-cooled, Natural Uranium, D,0O-moderated Power Reactor
(ORSORT, CF-56-8-207)(24) " This is a study report only. The reactor is
helium cooled, D,0 moderated, and graphite reflected, using natural ura-
nium fuel clad with zirconium. The exit gas is circulated to a heat ex-
changer where steam is generated. The exit gas temperature is 1000°F
and the pressure is 464 psia. The efficiency is 21.4%.

Flowable Solids Reactor (Fluor Corporation FLR-1)(38) - This
is a preliminary evaluation study of a flowable solids reactor in which the
reactor fuel, presumably crushzd fused UQO,, is in the form of a dry, gran-
ular flowable powder with a particle diameter of about 200 microns, i.e.,
0.007874 in. This material flows by gravity down through vertical fuel

channels spaced in a graphite moderator. At the bottom of the channel, an
orifice restricts the flow rate of the fuel and maintains a constant fuel
density in the core. A helium atmosphere of 14.7 psia is maintained in the
system. The fuel, heated to about 2000°F, cascades over steam generator
tubes. The steam probably would be radioactive. The reactor is rated at
320 Mwt with a fuel enrichment of 0.98%. The efficiency is 31%.

Armour Dust-fueled Reactor (Armour Research Foundation,
AECU-3909)(2) - This is a reactor using UC, powder of about 10-micron
(0.003987-in.) particle size. The UC, is fully enriched and suspended in He.
The combined fuel and coolant circulate through a heat exchanger where

steam is generated. The reactor outlet temperature is 2500°F; the heat
power rating is 500 Mwt. No efficiencies are given.

Babcock & Wilcox Gas Suspension Experiment (BAW—1159)(18) -
This experiment increases the heat capacity of gas by suspending fine

graphite particles in the gas coolant. The experiment was done with He
and N, gas.

He-cooled, D,0O-moderated Pressure Tube Reactor (Du Pont,
DP—3O7)(34) - This is one of a series of three evaluation studies of gas-
cooled, D;O-moderated reactors using natural uranium fuel in the form of
zirconium-clad twisted ribbons. The helium circulates through a heat ex-
changer where steam is generated. The reactor is rated at 313 Mwt, the
average heat flux is 63846 Btu/(hr)(ftz), the exit gas temperature is 1052°F,
and the pressure is 400 psig. Efficiency is 32%.
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N,-cooled, D,O-moderated Pressure Tube Reactor (Du Pont,
DP—3O7§(34) - This reactor is nitrogen cooled and heavy water moderated,
using natural uranium fuel in the form of magnesium-clad twisted ribbons.
The nitrogen circulates through a heat exchanger where steam is generated.
The reactor is rated at 377.4 Mwt, the average heat flux is 77940 Btu/(hr)(ftz)
the exit gas temperature is 714.2°F, and the pressure is 400 psig. Effi-
ciency is 26.5%.

CO;-cooled, D,O-moderated Pressure Tube Reactor (Du Pont,
DP-307)(34)"" This reactor is carbon dioxide cooled and heavy water mod-
erated, using natural uranium fuel in the form of magnesium clad twisted
ribbons. The carbon dioxide gas circulates through a heat exchanger where
steam is generated. The reactor is rated at 356 Mwt. The average heat
flux is 61200 Btu/(hr)(ftz), the exit gas temperature is 689°F, and the pres-
sure is 600 psig. Efficiency is 22.75%.

Nuclear Gas Engine (ORNL CF-58—9—12)(30) - This is a reac-
tor system using a reciprocating engine to create power. The working fluid
is nitrogen and the moderator is graphite. The fuel is slightly enriched UQ,,
clad with stainless steel. The heated gas is expanded in a clyinder to move
a piston. The efficiency is 30%.

Army Gas-cooled Reactor Program (Aero-Jet General
IDO—28507)(75) - There are four programs in force. The first phase
called GCRE-1 is a small heterogeneous, HyO-moderated, Ny-cooled,
direct-cycle reactor using stainless steel-clad coaxial fuel tubes. The
second program is called GCRE-2, and is a homogeneous, graphite-
moderated reactor. The third phase is called ML-1 (Mobile Low Power)
reactor. The fourth phase is called the Gas Turbine Test Facility.

In addition to the foregoing, Sanderson and Porter, Inc.
(NP-6487)(106) are running an N, closed-cycle gas turbine test facility
for the Army at Ft. Belvoir.

Gas-cooled Reactor Power Plant (Walter Kidde Nuclear Lab-
oratories, WKNL-46)(139) - This is a military plant combining electrical
power generation and heat generation. It is a closed-cycle, helium-cooled,
graphite-moderated reactor. The thermal output is 1112 kwt. The elec-
trical output is 100 kw and the usable heat output is 400 kw. The reactor
exit gas temperature is 1150°F and the pressure is 164 psig.

Closed-cycle Gas Turbine Power Plant (American Turbine
Company, ATC 54-12)(15) - This is a direct closed-cycle reactor proposal.

The report does not cover the reactor, only the power-generating phase.
The coolant is helium. The reactor exit temperature is 1400°F at 985 psia.
The efficiency is 40%.
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Helium-cooled, Direct Closed-cycle Reactor (ANL, TID-2508,
Vol. 1A)(13O) - This is a closed, direct-cycle, helium-cooled, graphite-
moderated reactor. The helium gas exits from the reactor at 1400°F and
997 psig, and expands directly into a turbine. The fuel is stainless steel-
clad thorium enriched with U%33, the reactor is rated at 189 Mwt, and the
efficiency is 32.5%. This reactor is designed to function with a power gen-
eration scheme similar to the above American Turbine Company system.

Gas-cooled Graphite UO, Power Reactor (F. Danielﬂ(l‘”) -
This is a proposal to impregnate unclad graphite with UO; and to circulate
helium gas in a closed circuit into a gas-to-air heat exchanger. The heated

air is circulated in a closed cycle to a turbine. Not much data is given
in the memorandum.

Gas-cooled Marine Reactor (General Motor Company
TID—5510)(131> - This is a direct closed-cycle, helium-cooled, graphite-
moderated reactor. The reactor exit gas teniperatureis 1300°F and the pres-
sureis 1000 psig. The reactor is rated at 55 Mwt at an efficiency of 29.8%.

Marine Gas-cooled Reactor (American Standard, ASAE—SS)(14) -
This is a marine helium-cooled reactor using a direct closed cycle. Part

of the exit gas is passed through a steam generator for the auxiliary load.
The reactor is graphite moderated and reflected, and uses 4.0% enriched
UQ; clad in stainless steel for fuel elements, which are in the form of
concentric rings. The reactor is rated at 53 Mwt and the SHP efficiency
is 28.3%. When the auxiliary and hotel loads are included, the efficiency
is much higher.

A Study of a Gas-cooled Reactor; Closed-cycle Gas Turbine
Power Plant for Large Central Station Use (Proposal to AEC dated Aug-
ust 27, 1957, by Jackson & Moreland, Inc)(l‘ls) - This is a CO,-cooled,
H,O-moderated and reflected reactor, using slightly enriched UO, clad
with stainless steel as fuel, with aluminum pressure tubes. The hot exit
gas is circulated directly to the turbine. The reactor exit gas temperature
is 1400°F, and the pressure is 1080 psi. The reactor is rated at 1000 Mwt
and the net efficiency is 30%.

Experimental Reactor for High Operating Temperatures (Nu-
clear Development Company NDA 64-101)(103) - This is an unusual design
in that it is a two-zone reactor, called HOTR, for process heat. Helium
is used as a coolant in the hot inner zone. Some form of ceramic fuel ele-
ments encased in impervious graphite is used in this region. Fuel is to
be in the form of rods, tubes or spheres. The moderator is graphite. The
exit gas temperature is 2500°F. The outer zone uses H,O coolant and
MTR type fuel elements.
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Brookhaven National Laboratory, (TID-2506)(129) - This is a
liquid metal fueled (uranium in bismuth), helium-cooled, graphite-moderated,

direct cycle power reactor. The core contains horizontal and vertical pas-
sages for the coolant and the liquid fuel. The gas outlet temperature is
1400°F at 1000 psig. The reactor is rated at 148 Mwt and the efficiency

is 40.4%.

Hanford Atomic Products, Operation, (General Electric Com-
pany, HW—54727)(64) - This is a direct-cycle, helium-cooled, graphite-

moderated reactor, using slightly enriched UQ, fuel clad with stainless
steel. The gas outlet temperature is 1300°F and the reactor is rated at
1000 Mwt.

A Steam-cooled, Heavy Water Reactor (Vickers Nuclear Engi-
neering Y113)(142) - This is a steam-cooled, D,O-moderated, H,O-reflected,

indirect cycle reactor using a pressure tube type of construction. The fuel
is slightly enriched UQ,, clad in stainless steel. The reactor is rated at
150 Mwt, and the efficiencyv is not stated.

The HGCR-1 Reactor (Oak Ridge National Laboratory,
ORNL—2653)(114) - This is a hot gas-cooled reactor and no fuel cladding

is used. It is a helium-cooled, graphite-moderated, indirect cycle design,
using slightly enriched UQ, in a graphite matrix as fuel. The reactor is
rated at 3095 Mwt and 300 psig. The efficiency is 36.5%.

A Preliminary Study of a Direct-cycle Steam-cooled Reactor
for Merchant Ship Propulsion (ORNL-2759)(118) - This is a direct-cycle,

steam-cooled reactor with H,0O moderator and a beryllium oxide (canned
in aluminum) reflector. The steam circulates directly to the turbines.
The reactor is rated at 73 Mwt. The average heat flux is 158000 Btu/(hr)
(ft?). The exit steam temperature is 860°F and the pressure is 860 psig.
The net efficiency including auxiliary load is 21%.

"Dragon" project (NP-9161)(153) - This is a cooperative
European experiment designed to investigate the problems involved in the
operation of a high temperature gas cooled reactor. The reactor is
graphite moderated and helium cooled. The fuel is contained in a sheath
of graphite with a matrix of graphite, uranium and thorium. Fission
gases are bled out of the fuel rod during operation. The reactor is rated
at 20 Mwt, the average heat flux is 76093 Btu/(hr)(ftz), the exit gas tem-
perature is 1382°F and the pressure is 294 psig. No electric power is
produced.
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B. Remarks from References

HW—54727(64> Add., Section VII, Page 1 - The perfect gas laws
can be used to calculate cycle efficiencies when helium is the coolant; for
other gases, the use of a Mollier diagram is mandatory.

As would be expected, the cycle thermal efficiency is raised
by (1) increasing the cycle maximum temperature; (2) decreasing the cycle
minimum temperature; (3) increasing the generator effectiveness; and
(4) decreasing the system pressure losses.

In most cases, the reactor AT can be increased through wide
limits with negligible effects on thermal efficiency. This increase in reac-
tor AT reduces the required mass flow per kw electric, but increases the
cycle pressure ratio.

Based on minimum cost per kw electrical, a plant utilizing
carbon dioxide is the best, next would be the use of helium and nitrogen.

Helium, although requiring larger volume flows, requires the
smallest flow area because it has a high sonic velocity. Also the piping
pressure losses for helium will be lower than for other gases, even when
helium is run through smaller ducts.

For the reactor and power plant designs considered by G.E.,
the cycle efficiency is reduced as specific power and reactor power are
increased. However, the point of maximum cycle efficiency does not
necessarily give the design for the lowest power (mills/kw).

HW—54727(64) Add., Section V, Page 7 - Carbon dioxide reacts
with graphite at temperatures of about 600°C (1112°F). Therefore, the use
of carbon dioxide in conjunction with graphite is limited to maximum graph-
ite temperatures of 1112°F. Hydrogen is highly inflammable. Carbon

dioxide carburizes ferrous materials at high temperatures. Nitrogen also
reacts with ferrous metals at high temperatures, has a low specific heat,
and, when irradiated, forms the long-lived isotope cl4. Argon has a low
specific heat, and also forms the radioactive isotope A*. Neon is prohib-
itively expensive, although the cost might be justified for military use.

HW-54727(64) Add., Section V. Page 3 - With graphite moder -
ators and considering all factors, helium is the preferred coolant, although

it requires higher volume rates, a greater number of stages on the com-
pressor and turbine equipment, and is more difficult to contain. Yet, next
to carbon dioxide it will give the highest plant efficiency, lower pumping
power losses, and will require the smallest reactor rating for a given plant
output. The second choice would be between carbon dioxide and nitrogen.
Thermodynamically, carbon dioxide is preferred over nitrogen and will
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require a smaller turbine and reactor thermal rating. However, because
the temperature limitation of carbon dioxide with graphite is about 1200°F,
nitrogen would be the second choice. However, its use may require spe-
cial treatment of piping materials because of the nitriding effect. (Author's
note: The foregoing conclusions are valid only with a graphite moderator.
If, for example, Be, BeO, or ZrH, were used as a moderator, probably
carbon dioxide would be the preferred selection, considering, of course,
the temperature limitations.)

HW-54727(64) Add., Section V, Page 8 - Presently available
fuel elements, UO, with stainless steel cladding, limit maximum cycle
temperatures to 1200-1300°F. If ceramic fuel elements are developed,
the maximum cycle temperature could be increased to 1800°F or higher.

HW—54727(64) Add., Section VII, Page 5 - Present maximum
cycle gas temperatures are limited by the allowable inlet temperatures of
the turbine. For the present, with standard materials, this limit is 1300°F.

This also represents a temperature limit imposed by existing fuel elements.

HW-54727(64) Add., Section II, Page 1 - Massive uranium is
not acceptable as core material because of distortion that occurs with long
exposures.

Helium or one of the other inert gases most desirable for un-
clad fuel.

Only limitation as to chemical activity in using unclad fuel is
reaction of carbon dioxide with UQ, at 932°F.

Limited data available indicate use of UC limited to below
2012°F because of reaction with nitrogen.

Limited data indicate that UC is stable at high temperatures.

Stainless steel, graphite, and zirconium seem to be the best
cladding materials.

HW-54727(64) (Rev. Page 5) - Net power costs for operation
with helium coolant are consistently and significantly lower (approximately
1-3mills kwh) than for corresponding cases with nitrogen. This is caused
by the increased reactor pressure drop due to the higher density of nitrogen.

The optimum goal exposure for the reference fuel used in the
study appears to be approximately midway between 5000 and 10000 de/T
for a 6-inch lattice, whereas the optimum exposure for the 8-inch lattice
would be closer to 10000 de/’I‘. The data presently available for pile
physics calculations at the higher exposures are less reliable than those
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for 5000—de/T exposure. Since the calculated difference in net power
cost resulting from extending exposures from 5000to 10000 de/T, even
in the maximum case, amounts to less than0.5 mill/kwh, it seems more
reasonable to accept an upper limit of 5000 de/T for any reference
fuel design, with the goal of extending exposures when more exact data
become available.

The indirect-cycle cases, especially at higher power levels,
are extremely sensitive tc reactor AT, whereas the direct-cycle cases
are relatively unaffected by nominal differences in AT, particularly at
the lower specific tube powers.

Enrichment requirements for the lowest net power cost did
not exceed 1.6% for the direct cycle and 1.3% for the indirect cycle. For
the recommended direct cycle case of 1000 Mwt and 5000 de/T burnup,
enrichment should not exceed 1.25%.

Net fuel costs optimized fuel loadings in the range of 70 to
80:1 for the graphite to uranium ratio (atom to atom) at 5000 de/T.

Within the range of coolant temperatures studied, i.e., 1000°F
to 1400°F, the use of pressure-containing process tubes rather than the
enclosing pressure vessel concept is not feasible due to the excessive fuel
enrichments required to compensate for stainless steel process tubes. At
lower coolant temperatures, the use of process tubes may prove feasible,
but was not considered in detail.

HW-54727(64) Rev., Page 29 - Croloy 15-15N is recommended
for cladding because of excellent high-temperature characteristics.

HW-54727(64) Rev., Page 36 - Helium, nitrogen, carbon mon-
oxide, carbon dioxide, and argon were considered as potential coolants in
the 1000°F-1400°F reactor bulk outlet range. The compatibility of the
chemical and nuclear properties of the gases with cycle equipment fuel
element limits, thermodynamic and heat transfer properties, equipment
size, cost and expected design problems,was considered and compared for
these gases. Briefly summarized, it was found that, for a graphite-
moderated reactor, helium is the best coolant. Carbon dioxide will yield
the highest plant efficiencies and require the lowest turbine and reactor
rating for a given plant electrical capacity, but is not compatible with the
open graphite fuel channel in the range of moderator temperatures
considered.

IGT-R-20(88) (Calder Hall Reactors) - Carbon dioxide becomes
radioactive during operation mainly because of A*!, formed by the irradia-
tion of argon in the residual traces of air, and N*® produced by the neutron
reaction in carbon dioxide. The dose rate at the surface of the unshielded
heat exchangers is about 9 mr/hr, which is tolerable, and no shielding is
required for maintenance work.
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GA-87(39) Part 2 - Reports on development work on the fabri-
cation of zirconium hydride.

UN Paper P/1077(57) - Suggests use of BeO, ZrC, SiC, and
BeC as moderators. Also indicates need of cladding oxide fuels because

of corrosion.

UN Paper P/312(53) - Paragraph 11 states that in the Calder
Hall Reactor the leakage of one-half ton/day of carbon dioxide (correspond-
ing to a hole 0.030 in. in diameter in a surface of 250,000 ft?) was originally
two tons/day, but was reduced by using vacuum industry techniques.

IDO-28538(84) Page 21 (Aero-Jet) - Considers using a mixture
of graphite and BeC as a moderator, and also suggests that the use of
zirconium-hydride in place of beryllium as a reflector does not change
effectiveness very much.

NYO-8753(110) pp. 3-5 - The Minnesota Mining and Manufac-
turing Company is developing a coating for graphite which will give an im-
pervious skin. This coating is known as 3M Ceramic "S" and has protected
graphite against oxidation in air for 200 hours at 1400°C (2552°F).

Power Reactor Technology, June 1959, Page 62 - Battelle states
that nitrogen can be used if nitriding preventatives are added.

UN Paper P/1157(60) _ The French, in the G2 and G3 reactors,
prefer the magnesium-zirconium alloy (0.6% Zr). Extrusions were made
at 350°C (662°F) at a rate of four to six meters/minute. Also suggests
1.0% to 1.5% Mo as a magnesium alloying agent, and also beryllium.

ORNL-2767(119) Page 6 - Two new advanced reactor concepts
are proposed. The first consists of a small diameter GCR-2 (Philadelphia
Electric) type of core and a steam generator heat transfer matrix incor-
porated into a single pressure vessel. The second design consists of a
small BeO-moderated core cooled with carbon dioxide at 1000 psi. Both
of these designs indicate an excellent potential which should be resolved by
continued development work.

Atomic Energy Applications with Reference to Underdeveloped
Countries, Page 13 - States that full utilization of nuclear process heat is
attained only when bulk exit temperatures are in the neighborhood of 2500°F.
The most advanced work in this field is done by the AEC with the coopera-
tion of the Bureau of Mines.(160) This agency is interested in the use of
reactor heat to gasify coal.

GA-593(42) Page 1-3 - Why gas cooling? The aim is to achieve
really economical nuclear power production by combining the high tempera-
ture potentialities of gas cooling with the high power density of pressurized




water systems and to minimize the cost and difficulty of fuel reprocessing
by a high degree of fuel utilization per charge. Among the types of reac-
tors showing promise for this purpose, is one employing gas cooling of
fuel elements which contain a solid homogeneous mixture of graphite mod-
erator, a small proportion of U*?, and a relatively large amount of Th%*?
in the form of carbides.

The problem of applying gas cooling to reactors which use en-
riched uranium as a fuel is different from applying it to a natural uranium-
fueled reactor. Essentially, the difficulty of using natural uranium in
reactors is that without enrichment, fuel elements having a low surface to
volume ratio, i.e., round rods, and pitched in a relatively widely spaced
lattice, must be used to achieve sufficient reactivity in reasonable core
sizes. As a consequence, the amount of fuel surface area that can be ac-
commodated in a given core volume is greatly restricted,and extended
surfaces (fins) must be used on the fuel element to obtain anything like
acceptable heat transfer. As a result, a large quantity of neutron-absorbing
material must be introduced into the core. If working temperatures are
low enough to permit the use of aluminum or magnesium fins, very accept-
able performance can be obtained, but only at the expense of having a very
bulky plant. Economical use of such reactors is thus restricted to high-
load factor operation, and then only under favorable financial arrangements.
Furthermore, because there are no high-temperature canning materials
which offer anything like the combination of good conductivity, cheapness,
and the low absorption of aluminum or magnesium, the operation of this
type of reactor at high temperature is distinctly limited. It appears, then,
that finning can be used effectively only in low-power density systems
operating at modest temperatures. However, with the use of enriched fuel,
the situation is different and core constructions involving more widely
dispersed fuel are permissible.

in terms of power density, a representative gas-cooled core,
five feet in diameter and five feet high (2780 liters), would be expected to
have a power density of about 32 kw/liter as compared with ranges of
30-40 kw/liter for pressurized water reactors.

29



30

w b

10.

11.

12.

13.

14.

15,

16.

17.

18.

C. Bibliography

A. S. Thompson, Gas-cooled Reactor Study, AECU-3559 (Ju1y31, 1956).

D. Krucoff, The Armour Dust-fueled Reactor (ADFR), AECU-3909 (1958).

W. Farmer et al., Prescoping Optimization for Selection of Enriched
Uranium Gas-cooled Power Reactor Design, AECU-3993 (Feb. 14, 1958).

P. Fortescue, Thermodynamic Aspects of Coolant Choice for Gas-
cooled Reactors, AERE-R/R-2153 (Jan. 10, 1957).

L. R. Shepherd and G. E. Locket, The High-temperature Gas-cooled
(HTGC) Reactor, AERE-R/R-2559(2) (June 11, 1958).

J. D. Lawson, The Economics of Thermonuclear Reactors,
AERE-BP/M-173 (Feb. 7, 1955; Declassified Nov. 30, 1959).

W. Spillmann and B. Speckert, Closed-cycle Aircraft Propulsion
Systems, AFOSR-58-31, 32, 33 (July 21, 1957).

F. Daniels, An Impregnated Graphite, Nitrogen-cooled Reactor and
Gas Turbine Using Materials and Equipment Available Now, ANL-4448
(Apr., 1950).

J. F. Matousek, Cross-Rod Matrices: Flow Friction Behavior and
Recommended Thermal Design Data, ANL-5590 (Apr., 1957).

L. A. Neimark and J. H. Kittel, Irradiation Behavior of ThO, - UO, Fuels,
ANL-FGF-163, Nuclear Metallurgy, Vol. VI, p. 83-85 (1959).

A. Amorosi and W. P. Bigler, Nuclear Reactor Design. Part I - Heat
Transfer Considerations in Reactor Design. Lectures and Notes,
ANL-WPR-45.

J. R. Terral, APEX-333, (Aug. 15, 1955).
T. Szekely, APEX-410 (Feb., 1957).

D. L. Conklin, Economics of Nuclear and Conventional Merchant Ships,
ASAE-S-5 (June 30, 1958).

American Turbine Corp., New York, Design Study - 60 Mw Closed-
cycle Gas Turbine Nuclear Power Plant, ATC-54-12 (Dec., 1954).

Babcock & Wilcox Co., A Description of the Gas-suspension Coolant,
BAW-38.

Babcock & Wilcox Co., Development Program for Gas-suspension
Reactor Coolants, BAW-67.

Babcock & Wilcox Co., Gas-suspension Coolant Project, BAW-1159
(Aug. 15, 1959).




19.

20.

21.

22.
23.

24.

25,

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

31

Battelle Memorial Institute, High Power Density, Gas~cooled Reactor
Core Configuration, BMI-T-27.

R. D. Dayton and C. R. Tipton, BMI-1081 (Apr. 2, 1956).

D. L. Keller, Survey and Selection of Materials for Programmatic
Evaluation for a Gas-cooled Reactor Experiment, BMI-1133
(Sept. 20, 1956: Declassified with deletions Dec. 4, 1959).

J. G. Gallagher, CF-55-9-61 (Sept., 1955).

J. R. Johnson et al., High Temperature Ceramic Power Reactors Using
SiC - Si Fuel Element, CF-56-1-30 (Jan. 10, 1956; Declassified with

deletions Jan. 24, 1957).

R. C. Dahlberg et al., Gas~-cooled, Natural Uranium, D,0O Moderated
Power Reactor; Reactor Design and Feasibility Problem, CF-56-8-207
(Augf., 1956; Declassified with deletions Feb. 8, 1957).

H. C. McCurdy, CF-57-1-102 (Jan. 22, 1957).
A. Schock et al., Gas-cooled Pebble Bed Reactor for a Large Central

Station, CF-57-8-12 (Aug., 1957).

G. Samuels, Comparison of Gases for Use as the Coolant in a Gas-
cooled Reactor, CF-58-4-108 (Apr. 28, 1958).

L. G. Epel and W. T. Furgeson, Temperature Structure in Gas-cooled
Reactor Fuel Elements and Coolant Channel, CF-58-5-97 (May 27, 1958).

Oak Ridge National Laboratory, Review of S & P 1963, the Pebble Bed
Reactor, CF-58-7-65 (July 17, 1958).

A. P. Fraas, Nuclear Gas Engine, CF-58-9-12 (Sept. 25, 1958).

J. L. Wantland and G. J. Kidd, A Method for Determining the Optimum
Dimensional Parameters of a Scalloped Channel so as to Minimize

Fuel, CF-59-6-8 (June 12, 1959).

Du Pont de Nemours (E.I.) & Co., Power Reactor Studies Quarterly
Progress Report for May, June, and July, 1957, DP-245 (Sept., 1957).

L. Isakoff, Power Reactor Studies, DP-265 (Feb., 1958).

R. C. Holmes et al., A Preliminary Evaluation of Gas Cooling of Power
Reactors Moderated by Heavy Water, DP-307 (Aug., 1958).

Ford Instrument Co., 15 Mw Gas-cooled Closed-cycle Reactor Power
System Study, FICO-101, Vols. 1 and 2 (Apr. 1, 1957).

Nordberg Manufacturing Co., Marine Propulsion Plant 20,000 S.H.P.
Closed-cycle Gas Turbine Operating with a Nuclear Heat Source,
FICO-102, Vol. III (Feb. 15, 1957).

Ford Instrument Co., 20,000 S.H.P. Nuclear Tanker, FICO-103, Vol. IV
(June 10, 1957).




32

38.

39.

40.

41.

42.

43,

44,

45.

46,

47.

48,

49.

50.

51.

52.

R. C. Oliver et al., ’System Evaluation of the Flowable Solids Reactor.
Phase I Summary Report - Fuel Study, FLR-1 (Jan. 28, 1958).

W. 1. Thompson et al., Gas-cooled Reactor for Ship Propulsion;
Feasibility Report, GA-87 (Pt. I and II) (Apr. 8, 1957).

W. I. Thompson, Supplementary Studies on Gas-cooled Reactor for
Marine Propulsion, GA-179 (Pt. I) (Aug. 14, 1957).

General Atomic Division, Conn., Evaluation of Coolants and Moderators
for the Maritime Gas-cooled Reactor, GA-570 (Dec. 10, 1958).

General Atomic Div., Conn., High Temperature Gas-cooled Graphite
Moderated Power Reactor, GA-593 (Nov., 1958).

General Atomic Div., Conn., Large Scale High Temperature Gas-
cooled Reactors, GA-598 (Nov. 17, 1958).

J. C. Bokros, Graphite - Metal Compatibility at High Temperatures,
GA-572 (June, 1959).

General Atomic Div., General Dynamics Corp., Maritime Gas-cooled
Reactor Program Quarterly Progress Report, GA-1030 (Mar. 31, 1959).

M. T. Simnad and W. P. Wallace, Material and Fuel Element Develop-
ment for the MGCR and HTGR Helium-cooled Reactors, GA-1265

(Feb. 25, 1960).

General Atomic Div., General Dynamics Corp., Background Information
for Selection of Beryllia as Moderator for the Maritime Gas-cooled
Reactor, GA-1280 (Apr. 1, 1960).

Westinghouse Electric Corp., Design Report, Maritime Gas-cooled
Reactor Project, GTM-55.

P. W. Mummery, Graphite Moderated Thermal Reactor Calculations
for the Calder Hall Reactors, P/15, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic
Energy, United Nations (1958) Vol. 12, p. 612.

T. J. O'Neill, The Derivation of Reactor Heat Transfer Transient
Equations for Gas-cooled Graphite Moderated Thermal Reactors,
P/21, Proceedings of the Second United Nations International Confer -
ence on the Peaceful Uses of Atomic Energy, United Nations (1958)
Vol. 11, p. 268.

D. F. Hughes, A Correlation of Heat Transfer for Finned Fuel Elements
for Carbon Dioxide Reactors, P/38, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic Energy,
United Nations (1958) Vol. 7, p. 717.

H. L. Ritz, The Polyzonal Spiral Fuel Element (F,S), P/48, Proceedings
of the Second United Nations International Conference on the Peaceful
Uses of Atomic Energy, United Nations (1958) Vol. 7, p. 725.




53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

33

R. V. Moore et al., Advances in the Design of Gas-cooled, Graphite-
moderated Power Reactors (F,S), P/312, Proceedings of the Second

United Nations International Conference on the Peaceful Uses of Atomic
Energy, United Nations (1958) Vol. 9, p. 104.

L. R. Shepherd et al., The Possibilities of Achieving High Temperature
in a Gas-cooled Reactor (F,S), P/314, Proceedings of the Second United
Nations Conference on the Peaceful Uses of Atomic Energy, United
Nations (1958) Vol. 9, p. 289.

R. A. Charpie, Design Study for a Graphite-moderated Gas-cooled
Reactor Using Partially Enriched Uranium (F,S), P/450, Proceedings
of the Second United Nations Conference on the Peaceful Uses of Atomic
Energy, United Nations (1958) Vol. 9, p. 119.

R. Schulten, A 15 Mw High-temperature Pebble Bed Reactor, P/]054,
Proceedings of the Second United Nations International Conference on
the Peaceful Uses of Atomic Energy, United Nations (1958) Vol. 9, p.306.

S. J. Yosim, Some Corrosion Considerations of High-temperature Gas-
cooled Reactors, P/1077, Proceedings of the Second United Nations
International Conference on the Peaceful Uses of Atomic Energy, United
Netions (1958) Vol. 7, p. 468.

M. Pascal et al., General Characteristics and Original Aspects of
Reactors G2 and G3 (F,S), P/1133, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic
Energy, United Nations (1958) Vol. 8, p. 329.

France Atome, Description of Reactors G2 and G3 (F), P/ll34, Pro-
ceedings of the Second United Nations International Conference on the
Peaceful Uses of Atomic Energy, United Nations (1958) Vol. 8, p. 334.

J. A. Stohr et al., The Fuel Elements in Pressurized-gas Reactors (F,S),
P/1157, Proceedings of the Second United Nations International Confer-
ence on the Peaceful Uses of Atomic Energy, United Nations (1958)

Vol. 6, p. 324.

K. J. Wootton and W. E. Dennis, The Development of the Hunterston
Fuel Element, P/1523, Proceedings of the Second United Nations Inter-
national Conference on the Peaceful Uses of Atomic Energy, United
Nations (1958) Vol. 6, p. 362.

P. I. Khristenko et al., Rod Fuel Element for a Gas-cooled Heavy-

water Power Reactor (F,R,S), P/2053, Proceedings of the Second United
Nations International Conference on the Peaceful Uses of Atomic Energy,
United Nations (1958) Vol. 6, p. 370.

A. Sevcik, Engineering and Economic Aspects of the Construction of an
Atomic Power Station in Czechoslovakia (F,S), P/2092, Proceedings of

the Second United Nations International Conference on the Peaceful Uses
of Atomic Energy, United Nations (1958) Vol. 8, p. 322.



34

64 .

65.

66.

67.

68.

69.

70.

71.
72.
73.
4.
75.

76.
7.
78.
79.
80.
81.

82.

General Electric Co., Hanford Atomic Products Operation, A Parametric

Study of the Gas-cooled Reactor Concept, HW-54727 (Rev. Mar. 1, 1958).

R. C. Walker et al., A Reoptimization of Several Process Parameters
for the Gas-cooled Reactor Concept, HW-56009 (June 30, 1958).

H. W. Heacock and R. E. Nightingale, Gas-cooled Power Reactor Coolant
Choice, HW-56362 (Rev. June 12, 1958).

H. J. Kaiser Co. and ACT Industries, Inc., Comparison of Optimum
Natural Uranium Nuclear Power Plant and Optimum Enriched Uranium
Nuclear Power Plant, IDO-24026 (Aug., 1958).

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Preliminary Design, 30,000 kw Prototype Partially Enriched Uranium
Nuclear Power Plant, IDO-24027 and App. (Mar., 1959).

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Site Feasibility, Oak Ridge, Tennessee, 30,000 kw Prototype Partially
Enriched Uranium Nuclear Power Plant, IDO-24028 (Mar., 1959).

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Site Feasibility, Savannah River Project, Aiken, South Carolina,
30,000 kw Prototype Partially Enriched Uranium Nuclear Power

Plant, IDO-24029 (Mar., 1959).

Aerojet General Corp., IDO-28502 (Sept. 23, 1957).

Aerojet General Corp., IDO-28053 (Dec. 19, 1957).

Aerojet - General Nucleonics Corp., IDO-28504 (Jan. 7, 1958).

Aerojet

General Nucleonics Corp., IDO-28505, (Feb. 26, 1958).

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems
Program - GCRE-I Hazard Summary Report, IDO-28506 (Dec., 1958).

Aerojet - General Nucleonics, IDO-28507 (Oct. 31, 1958).
Aerojet - General Corp., IDO-28508 (Mar., 1957).
Aerojet - General Corp., IDO-28509 (Mar., 1957).
Aerojet - General Corp., IDO-28510 (Mar., 1957).
Aerojet - General Nucleonics, IDO-28512 (Nov. 24, 1958).

Aerojet - General Nucleonics, IDO-28515 (Jan. 7, 1958), IDO-28516
(Jan. 15, 1958), IDO-28517 (Feb. 18, 1958), IDO-28518 (Jan. 8, 1958).
IDO-28519 (May 26, 1958), IDO-28520 (Feb. 28, 1958), IDO-28521
(Mar. 26, 1958).

A. V. Lisin et al., Army Gas-cooled Reactor Systems Program. Heat

Transfer in an Annulus with Asymmetric Heating, IDO-28534 (Feb, 28,1959).




83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.
95.
96.

97.

98.

99.

100.
101.

35

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems Pro-

gram. Preliminary Hazards Summary Report for the ML-1 Nuclear
Power Plant, IDO-28537 (Apr. 22, 1959).

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems
Program, IDO-28538 (Mar., 1959).

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems
Program, IDO-28540 (Apr., 1959).

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems
Program. Semiannual Progress Report for Jan. 1 - June 30, 1959,
IDO-28542 (July 31, 1959).

Aerojet - General Nucleonics, Army Gas-cooled Reactor Systems
Program. Semiannual Progress Report for July 1 through Dec. 31,1959,
IDO-28549 (Feb. 15, 1960).

T. N. Marsham, The Commissioning and Operational Experience of
the Calder Hall Reactors, IGT-R-20 (Oct., 1957).

R. P. Hammond et al., Turret: A High-temperature Gas Cycle
Reactor Proposal, LA-2198 (Jan. 23, 1958).

R. P. Hammond and J. P. Cody, A Preliminary Study of the Turret

Experiment - an Operating Test of Unclad Fuel at High Temperature,
LA-2303 (Mar., 1959).

C. C. Silverstein, The Applicability of Liquid Fluidized Beds to
Nuclear Reactor Design, MND-RP-1256-1 (Dec., 1956).

A. Amorosi, Heat Transfer in Gas-cooled Piles, MonN-299 (Jan.11,1956).

C. R. McCullough, Summary Report on Design and Development of
High Temperature Gas-cooled Power Pile, MonN-383 (Sept. 15, 1947).

Martin Company, Tubular Fuel Elements, MDN-481.

S. Seigel, NAA-SR-MEMO-27 (Feb. 2, 1951).

W. F. Bankset al., An Evaluation of the Calder Hall Type of Nuclear
Power Plant, NAA-SR-1833 (Jan. 18, 1957).

W. F. Banks, A Further Evaluation of the Calder Hall Type of Nuclear
Power Plant, NAA-SR-1955 (June 28, 1957).

A. E. Miller, Some Physical Properties of High Density Graphites,
NAA-SR-2293 (May 15, 1958).

Diamond Alkali Co. et al., Feasibility Report on a Fluidized Solids
Reactor System, NEA-5401 (Jan., 1954).

Wright Aeronautical Corp., NEPA-1563 (Aug. 31, 1950).

Nuclear Development Corp., NDA-11 (Pts. I and II) (Aug. 31,1955 and
Sept. 19, 1955).



36

102.
103.

104.
105.

106.

107.

108.

109.

116.

117.

119.

Nuclear Development Corp., NDA-43, (Sept. 25, 1957).

L. Davidson, Design of an Experimental Reactor for High Operating
Temperatures, NDA-64-101 (Sept. 28, 1956).

K. Kniel and A. Stathoplos, NDA-2027-85 (Mar. 26, 1957).

East Central Nuclear Group and Babcock & Wilcox Co., Steam-cooled
Reactor Feasibility Study Steam Water Reactor (S,WR), NDA-2562-1,
(Vols. I and II) (Aug. 15, 1958).

Sanderson & Porter, N.Y., Design Report - Closed-cycle Gas
Turbine Test Facility, NP-6487 (Feb., 1957).

W. Winkler, Closed-cycle Gas Turbine Power Plant, NP-6652
(Nov. 25, 1957).

P. L. Geiringer and M. J. Goodfriend, Potential Applications of
Nuclear Energy for Process and Space Heat in the United States,

NYO-2332 (Oct., 1958).

Sanderson & Porter, N.Y., Pebble Bed Reactor Program. Progress
Report for June 1, 1958 - May 31, 1959, NYO-2373.

Sanderson & Porter and Alco Products, Inc., Design and Feasibility
Study of a Pebble Bed Reactor Steam Power Plant, NYO-8753, (Vol.I)

(May 1, 1958).

Oak Ridge National Laboratory, The ORNL Gas-cooled Reactor,
ORNL-2500 (Pts. 1-4) (Apr. 1, 1958).

Oak Ridge National Laboratory, The ORNL Gas-cooled Reactor.
Materials and Hazards, ORNL-2505 (Rev. May 22, 1958).

Oak Ridge National Laboratory, The ORNL Gas-cooled Reactor
Advanced Concepts, ORNL-2510 (Oct. 2, 1958).

W. B. Cottrell, The HGCR-1, A Design Study of a Nuclear Power
Station Employing a High-temperature Gas-cooled Reactor with
Graphite - UO, Fuel Elements, ORNL-2653 (July 28, 1959).

A. M. Perry, A Study of Graphite-moderated Th-U??? Breeder

Systems, ORNL-2666 (Feb. 2, 1960).

Oak Ridge National Laboratory, Gas-cooled Reactor Coolant Choice,
ORNL-2667.

Oak Ridge National Laboratory, Gas-cooled Reactor Coolant Choice,
ORNL-2699 (June 15, 1959).

H. L. Falkenberry, A Preliminary Study of a Direct-cycle Steam-
cooled Reactor for Merchant Ship Propulsion, ORNL-2759 (Sept. 23, 1959).

Oak Ridge National Laboratory, Gas-cooled Reactor Project. Semi-
annual Progress Report for Period Ending June 30, 1959, ORNL-2767

(Aug. 21, 1959).



120.

121.

122.

123.

124.
125.
126.
127,
128.

129.

130.

131.
132.

133,

134.

135.

136.

137.

138.

37

Oak Ridge National Laboratory, Gas-cooled Reactor Project. Quarterly
Progress Report for Period Ending Sept. 30, 1959, ORNL-2835.
(Dec. 2, 1959).

H. J. Kaiser Co. and Allis-Chalmers Manufacturing Co., Experimental

Gas-cooled Reactor; Preliminary Hazards Summary Report,
ORO-196 and Suppl. (May, 1959).

E. A. Sheehan and A. O. White, Submarine Advanced Reactor Gas
Turbine Cycle Study, R53GL186 (Sept. 29, 1953).

W. H. Richardson and F. Strachwitz, Gas-cooled Reactors:
Bibliography, SCR-86 (Sept., 1959).

W. Robba et al., SO-6000.

Raytheon Manufacturing Co., SO-6001.
Raytheon Manufacturing Co., SO-6002.
Raytheon Manufacturing Co., SO-6003 Addm.

E. Ehrlich and E. A. Luebke, TID-2021, Vol. 2, No. 1, pp. 45-58
(Feb., 1956).

H. L. Falkenberry et al., A Gas-cooled Liquid-metal Reactor,
TID-2506, pp. 125-41 (1955).

R. H. Armstrong, A Design Study of Two Helium-cooled Reactors,
TID-2508, pp. 445-61 (Dec., 1955).

General Motors Corp., Vol. I-1I, TID-5510.

D. L. Conklin, Economics of Nuclear and Conventional Merchant
Ships, TID-7563, pp. 33-43 (Aug. 21, 1958).

Oak Ridge National Laboratory, Information Meeting of Gas-cooled
Power Reactors, TID-7564 (Oct. 21-22, 1958).

A. C. Johnson, Report of Visit to United Kingdom November 11-15,
1957, WASH-778.

J. J. Benza et al., Evaluation of Designs and Materials for High-speed
High-temperature Shafi Seals for Turbojet Engine Applications,
WADC-TR-56-267 (Pt. II) (Dec. 31, 1958).

R. M. Paine et al., An Investigation of Intermetallic Compounds for
Very High Temperature Applications, WADC-TR-59-29 (Pts. I and I1)
(Feb., 1959).

A. P. Coldren et al., Studies of Heat-resistant Alloys,
WADC-TR-59-606 (Sept. 24, 1959).

J. L. Engelke et al., Synthesis of New High-temperature Materials,
WADC-TR-59-654 (Dec., 1959).




38

139.

140.
141.

142.

143.

144.

145.

146.

147,

148.

149.

150.

151.

152.

J. H. Frankfort, A Conceptual Study of a 100 kw Gas-cooled Reactor
Power Plant for a Remote Location, WKNL-46 (May 7, 1957).

J. J. Barker, WKNL-85 (Feb. 15, 1957).

General Electric Co., Closed-cycle Gas Turbine Power Plant,
XDC-57-926.

Vickers Nuclear Engineering et al., Feasibility Study of a Steam-
cooled, Heavy Water Reactor, Y-113.

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Reactors:
55 kw Prototype, Natural Uranium Power Plant, 58-1-RE.

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Feasibility Study - Optimum Natural Uranium Power Plant, 58-2-RE.

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Feasibility Study, 44,000 kw Partially Enriched Uranium Nuclear

Power Plant, 58-3-RE.

H. J. Kaiser Co. and ACF Industries, Inc., Gas-cooled Power Reactor
Feasibility Study, Partially Enriched Nuclear Power Plant,58-4-RE.

F. Daniels, A Gas-cooled Graphite - UO, Power Reactor, preprint
(Mar., 1955).

Jackson, Moreland Co., A Study of a Gas-cooled Reactor; Closed-
cycle Gas Turbine Power Plant for Large Central Station Use.

Proposal to AEC (Aug. 27, 1957).

Pickard, Warren, Lowe Assoc., Status of Gas-cooled Reactor
Programs, Private Report.

J. R. Dietrich and W. H. Zinn, "Solid Fuel Reactors," pp. 475-629,
Gas-cooled Reactors, Addison-Wesley Publishing Company, Inc.

Joint Committee on Atomic Energy, Technical Aspects of the Report
on the Gas-cooled, Graphite-moderated Reactor.

American Society of Mechanical Engineers, Gas Turbine Progress Re-
port, 1958, R. T. Sawyer, 1958 Gas Turbine Progress Report Introduc-
tion, Paper No. 58-A-46A; A. W. Herbenar and G. R. Heckman,
Materials, Paper No. 58-A-46B; J. B. Esgar, Turbine Cooling, Paper
No. 58-A-46C; A. D. Foster, Fuels, Paper No. 58-A-46D;

P. F. Martinuzzi, Cycle Components, Paper No. 58-A-46E; A. L. London,

Compound Piston and Turbine Engines, Paper No. 58-A-46F;

O. E. Lancaster, Aviation, Paper No. 58-A-46G; O. E. Lancaster,
Rocket Turbines, Paper No. 58-A-46H; J. W. Sawyer and

H. M. Simpson, Marine, Paper No. 58-A-46K; B.G. A. Skrotzki,
Industrial and Central Stations, Paper No. 58-A-46L; R. P. Godwin

and E. S. Dennison, Nuclear, Paper No. 58-A-46M.



153.

154.

155.

156.
157.
158.
159.
160.
161.
162,

163,
164,

165.

166.

167,

168.
169.

39

Organization for European Economic Co. Operation, Dragon - High-
temperature Gas-cooled Reactor (July, 1960).

Report by Aerojet - General Nucleonics and North American
Aviation.

Report by Atomic International Div., North American Aviation, Inc.
and Marquardt.

Report by Martin Company.
Report by Los Alamos Scientific Laboratory.
Nucleonics, Gas Cycle Reactors for Power, Vol. 14, No. 3 (Mar., 1956).

American Machine & Foundry, Beryllium Oxide Gas-cooled Reactor.

Bureau of Mines, Progress Reports on Helium Study.

Stanford Research Institute, High Temperature Technology.

National Planning Association, Report of Nuclear Process Heat in
Industry.

Martin Company, Martin Fluidized Bed Gas-cooled Reactor.

Union Carbide Corp., Linde Co., A. Helium Group Gases, B. Rare
Gases, C. Thermodynamic Properties of Neon. E. F. Yendall.

Gas Turbine Progress Meeting, Office of Fuels, Materials, and
Ordinance and Office of the Director of Defense Research and Engi-
neering (April 6-7, 1959).

L. M. K. Boelter, Heat Transfer in a Turbulent Liquid or Gas Stream,
NACA-TM-1068 (Oct., 1944).

C. F. Hansen, Approximations for the Thermodynamic and Transport
Properties of High-temperature Air, NASA-TR-R-50 (1959).

Metal Working Magazine (October 15, 1959).

F. Daniels, A Gas-cooled Graphite Oxide Power Reactor with Closed-
cycle Gas Turbine.




40



VI.

Tables and Sketches

41



N | d 0 N W ] A r H 9 4 3 a 2 8 v eh
L L
OTdI0ITI- MI7S . . . . . . -
o 911503 Iwilidvs £e 6oL 0s-ez2 00"s88 ooraz s9vse “aree EEA R
HM0/STTIA .
> 1S02 szOu LINN 656°02 €69 8051t 08 9°£¢ 9£°0t <Mn “" M.M_ P%NPI 6e
[ ML) £628 887 9258 6248 £9 & "M
= ¥3K0d ONIdHAd * o -_H3IMOd ONIJHNd | B8
‘8 dimmﬁ uwhuwu £01182° 1 |4, 01X2°2 01 €71 £101%52° 1 g 01%L°2 1011 g 018472 g1otxs ::wmﬁ mm«mqu Le
SHINOW -~ gO3d . . . . . SHLINOW - @0i¥3d
o fo gy Pl o b R e e ey v B
VI " ] - . c I hBL*Lh : N -
gg Ju00 | "D 18 swoL d oorn on 294 | 25Leh Dh 208 swor 887 | Pezn on 5°801] “Cespn on %6 | geon oy seont [E2,0 9% 151 | ¥ anxer] 40 on oot A e ons 3! o m“mw ge
° ‘s’ T 75§18 TEe Y =113 e .

REl TV = OIS =3 s e R B HL R 7 P R B ok |V T I R
EEl  "HO3IW T0MLNOD |  aatsiy tow yove S5 | wove Shalidd 211300¥N 2113V S113 kN onrl-ahoa Bl [ond' " IVaMAL y S0ln | "HOIW TOMLNOD | EE
~IVW —SU0d T T3ais w o X1v1¥39N0 SZ sINAVH lsN1 Hldvd 3uvd]  -§°s g3lydos J3vd [SSNIHLdv3 3avd| “5°5 NID#OME | av10°s°5-04d ¥3MS *ss Nodos *1¥H [<}]
€ 034" ON 10MLNGD WM | wrvaeaoun 6 z 2 " 521 o s 9 8 19 w1 | -03x ON~1041N0D | €

Y = = z - -108- TZ0% VS = N vid
! 73SS3A wm:mw,wwmm 133ls 13318 13N00N) aan 13318 MRS H e R BRI 13318 ML RetHHE = 13148 13318 93993A mx:wmw“u 1€
XTSI v A T g g g g z 1 b el =
08 L__.mw«w«uﬂ._.mmmwwwbw ..mu.u.m._mw._. 0°51%,2%0°6 x,5°6x80 E( x.nméarﬂ xuoh £e82°) it ~.~.nm."m N AH 52 EX3Y3Hd8 of | Lu€ x 3u3nas 62 0Lx.Tx18 mmmMmﬁ.mmﬁm.mmﬂm e
82 .,_.<mwﬂ ww«nwnm “XYH 0021 “XVN 0081 00sz 005 *XYN 0081 “XYN 0051 “X¥N 005 “X¥N 003 004z oog | 2021 oz8 wogs |30 M_uww wm«mmnm 82
g2l VISd - _INigan 4l 005 0SHi 0031 L2 056 (R 00 | VISd _ INIAUNI
do 7 01 WY3lL 98 0s8 0001 5001 008 056 7-5%9 085 3o 0L Wv3lS |82
JE: WO Tdudl 221 000¢ o0zhz 0052¢] 002 sy 0001 oo 002z < 080 4o  “dR3L
HOLVHIQON XV ' %ol o % | woLvy3QW ‘XVA | 42
gg] 593 - ALTI0TIX ol 2 051 5711 it ot 1£1 Sdd - ALID073A
NiW/el3 LIRE] 8 / uxmo =
" : . OIx82L ;
gg .E.\mm._- SSYW Q01X8Z5 " ¢ g01X2°6 gorxLit g0 1%9E" 1 g01Xh996°59]  gOIXHBES" 19 Q01%2L1° 1L yorroee S g0Ix6"h SO1XLz 8| _01%256°602 Q01%0°91Z | o0 XhZZ-4ZH zbnnmmm_ - mm<n S2
we| 9° 55384 1ITIND 00N [ "JRIL 133 WL 005 525 00T 00% TEOIT W 758 09¢L 144 L3744 T O JUASSU d.
JoTdMIl™ sY? 02501 0002 vy 00hZ 00€ 1 00z 0so1 ooet 00€1 Dog1 008 2884 0301 0001 s W3i-131100 Svo | 2
gzl D J9N53I9d 4. e 2 EVSRE[F) TEY L TEIS (74 1787 956 [TYA 1] 008 982 581 ‘5 JYNSSIYL Jo
WWIL - 131Nl SYD 0-L8h 0oL oz 0094 09, 005 009 86L 008 148 299 01§ 0sh azg *gW3L- 13 INI S¥o | E2
% y3ishvul laon oesze 0ze1 zhey 029t 09y 0822 L9z¢ 06hh soeh oS04 99201 xuwm.nwzm Mwwu 22
IR AL 9189 000851 00001 1 00£56 000001 002901 00298, orsss 10z scs99) 20095 10500 m»m-\_._uz b\.qwm 12
02| _ >._._mzmmpmmnwu £+051 851 2081 9-88h 089 £8) 908 ses ) 192 e Lie 0s 0z TS t._mzmm_.mmnqﬂ.vw 02
61 >dd1lT = uﬂwnmw 29685 0z W) 6642 9284 61892 99 £zhy 6ne9 89 08hE| s206¢ ocL00% 18€8€1 useam | 26311 = mz—u__uww 8i
T — 658 g1 g -
gif ¢4 w:_.u.m_ww 280z 6805 5298 &1 L0 1438 Se11 iy oo €0z €0z o24 0o%| 05141 oot oseay| ¢ 14 uzmnmw 81
i RN :._.w.uww we-el oz o't ge-e oh "8 t 0u'h 00°h &®y ey ) 81 oz sz 1z La - :»wuww L
o] 13- mwhmwmmm e 5 x -0 )0cd-8 [a09rsx-a-1 horl £'s 6 o1 ce- o0 59 9 s " ot o* 8 = zu._.uu“mm 91
Y] 3718 .o_o.u.rw&uwz EMCL[ ive ILTRGVED) 19107 *17.010° FLILE T2 ~a'0 geg’ | V06X 0 1, B[ 1.82 X1.0Z0°| 1 G- ZEx1.020° QIUNI3 § «66X 3718
ON1QQY 1D ]80S 3dAL Koaan 010x°0°0 uL52° vi0 WS°l X 00 W0L57  x°0v0 40827  x°4v0 .092 x ‘g0 .0S2° x *@eg.5t°0l  x *qe0 ,082°]  x°g'0 008" 4,220 X a%0 4089 oNigqv1d | 8!
RT m.u_n__mmxu 7 noN INON InoN 575 918 INON s°s “s°s 9IE 575 9IE 5°s 9IE s's e[ aLmaves *§ S H0E *$°5 h0§ o S&M_u 614 YOMOVH wunmmxu Rl
el b ._.zmmﬂu..__.wuw - nod_ 0°52 0°0t LM 00" 9| §L°9 1" 002 091 t 44 00°Z-€8°1 IVERLYN TYURLYN bl wzuzmﬂ_.w“w 4]
] RETIY] LTI 2490 v Zon ._““.eﬂ:.:«uu Toa| aaivo W, %n| 3aTROIRY %on] 30%6 % on u._:w_w_»“ﬁ T o0 2on wim 0 i q 1304 |2t
H WL gV T
T 401231434 o% L1 Havee ILiHdvED IL(Hdv¥n 3L1HdvHD ﬁ:::o_ o% o I (e o 28 IL1Hdven L1NdvED 3LIKgvED 3LUHavee 3LtHavee ¥01931434 | 1t
4 4 Wl LA
ol ¥OLYY3Q0N % ILiNdvHD ILINdVHD 311 Hdv¥0 311 Hdves w:_:si o% o ou IR e o 39 ILTHdYED u:_z:a_ LINdv¥D 3L1Hav¥0 ILIKdYYD yoLvy3aon | o1
8 1NVI000 oN .fmcz._.m:mu oy LY 2y oL Zgof L% L t0 o ol o) o0 209 25 INV100) } 6
s 07001 Z'68 Il = 5 ] © LR, Bh1 T 3 13 TR 17 0% 1) RN
& et 43K0d ociE 0-0z¢ 09 ¢ ) 88 621 5 0°5h g5t 553 s11 £ ooz 086 81 IMN Y3Mod |8
FREYG) ToTNI T53u1ant ] Wis Ivan swsa_ FRELIITT FRELIITT JEERT 53814 33410 FEETIT] FEETI T Toa1aN| To3uTaN| FEETLT TouTaNT 394 12
€ To-20 B
9 [31V0 NOTITTAN0D |y, 1a0ui$hon i | o1 10mu1sW03 o] moruone Lswga a8 | wo1Lona1sued ol wotLonazsudd o A T ave *t =281 w1 omuLswod o e-osel 961 131va NO1137dM0D |9
G SnLvLS WNLg3IM00|  1¥NL4IIND WNLi30M0D “NI13Ud WNLIIIND YNL420H0D ¥NL430M02 WNL43IN0D WNLiIN0D W0L4ION0D WOL43N0d | QazioHiny 3z 180KLAY WALa3IM0 | Ko1Loneisuod NI Lvd3do SNLYIS | §
R 0| ol e R Il B T i e e ) B v T ) O ] 3504Hnd [
; - : ~ST RVITIRE - TR prerTen
: TOISI0| ] R | | TN L o8] AN el G| S| | R| aam] o oem o[ EoEE| Vel waeisi [
2| Y3GNNN 1¥043Y |, Zotan | o 1| esSEmav |, OS2 WY fg o 01 0014 1G04 GLEZOANIEC) WOSLGLY,, osw] , oSvep |, 0w o mmmm mm 2y IV, Nowa)| |, I ¥3IBWAN L¥O43Y |2
J0.L0VIH INYId (3801 3NSSIUd z z z z AN *ON 3¥09) RLE R E]
i INYN gNL 33NSSIYd ¥301Jv3y ¥0LOV3Y | ¥IM0Od NYILS 3dA10108d 0°H 0) H°4Z *00 02 O 031000 SY9 Y0.12V3y YOLIVY3IY 3INO {¥OLIY3N 3INO IRVYN |
431009 $41708 YOLIV3Y | LNIWIN3IAXI INAD ¥010Y3Y 431009 INILIAYN INILIYN E N2 ] INELI¥YM | "0) O1Y1D3T73| (37000 SYD T-¥400 1NI0d TIVH
¥9 OH LNO4dNQ 378YNOT4 437009 SY® 13330l 035079 { @34 319934 | SV VQl¥01d 037002 SV | 431000 SYP 31002 SYO[ 437000 SYS | VIHAI3AY1IHd [IVLNINI ¥3IdX3 AFDINIH ¥301¥9

V1IVAd JOLDVHY dFTOOD-SVD

'l 'OI4

(4



FIG. 1b

GAS-COOLED REACTOR DATA
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HIGH PRESSURE LOW PRESSURE
TURBINE TURBINE
( REGENERATOR GENERATOR
GENERATOR CONDEWSER
Low
) RESSURE COOLING WATER
\ TURBINE STEAM FEEOWATER
PRECOOLER DRUM Ling
B
Wian OILER
PRESSURE
COMPRESSOR Pume
WEAT
HEAT
EXCHANGER PROCESS ¥ian EXCHANGER PROCESS
STATION PRESSURE STATI 0N
TURBINE INTERCOOLER
By Low
PASS PRESSURE
VALVE  -OCK FOR COMPRESSOR Lok FoR
INSERT I ON INSERTI 0N

OF WORK BY OF WORK

PASS

VALYVE

REACTOR REACTOR
FIG. 2A FIG. 28
REACTOR FLOW SHEET WITH GAS TO HEAT EXCHANGER, WITH REACTOR FLOW SHEET WITH GAS TO AIR HEAT EXCHANGER, WiTH
PROCESS STATION AND CLOSED DIRECT CYCLE AIR TURBINE. PROCESS STATION, AND AIR TO WATER BOILER AND
STEAM TURBINE CYCLE.
REGENERATOR
GENERATOR
Low
TURBINE
PRECOOLER
\

HIGH
PRESSURE
COMPRESSOR

PROCESS
STATION

16H

PRESSURE
TURBINE
LOCK FOR INTERCOOLER
INSERTION Low
OF WORK PRESSURE
REACTOR
FIG. 2¢C

REACTOR FLOW SHEET WITH GAS TO PROCESS STATION
AND ONTO CLOSED DIRECT CYCLE GAS TURBINE.
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N 0000000,
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PRESSURE /
VESSEL - S -
INCOMEL ™" FUEL & /l
HIGH GENSITY GRAPHITE, MODERATOR TYPICAL FUEL TUBES .375 0.D.
Bel OR ZIrH REFLECTOR CELLS - SEE ASSUMED CORE ®x .020"W. Nb CLAD OR .375" 0.D.
FIG. 4 LENGTH 42* x .062"W. Bel, Al,Oy OR SiZrD,

CLAD - U0, OR UC MEAT UNIT HEAT
TRANSFER AREA = 16.84 ft2=24=
FIG. 3 W04 16 F£2x105 Btufhr-f42 =

B
A TYPICAL REACTOR CROSS SECTION FIG. 4 404, 16x105 Btu/hr OR 11.84 Wit.
SHOWING POSSIBLE FUEL ARRANGEMENT A TYPICAL FUEL & MODERATOR CELL
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TABLE 1| (FROM HW 54727-11-3)
GAS COOLANT & BARE FUEL ELEMENT COMPATABILITY
MAX. SURFACE TEMP, °F

GAS v v vo, ue uN
__METAL ALLOY
COZ 778 958
I2 868 ? 2038 1318
He LIMITED BY MELTIRG TEMPERATURE OF CORE MATERIALS
TABLE 2 (FROM HW 64727 II-4)
FUEL ELEMENT & CORE JACKET COMBINATIONS
MAX. ALLOWABLE INTERFACE TEMPERATURES WITH NO DIFFUSION BARRIERS - °F
CORE MAX. CORE s i
o Ko Al Be Mg Zr s Ti Fe ¢ Mo Nb
u
METAL M 418 liss 1138 1138 1318 958 1138 2038 1138 1138
u - -
ALLOY. 2038 2038
U02 3658 958 958 868 1138 1768 1318 1768 3658 _ -
Le 3658 1138 1318 1228 1818 1318 1318 958 3658 - -
un 3658 1138 1318 1228 1318 i318 i318 958 3658 - -
TABLE 3 (FROM HW 54727 TI-4)
GAS COOLANT & FUEL ELEMENT JACKET COMPATABIL}TY
ALLOWABLE OPERATING TEMPERATURES - °F
CROSS SECTION AL Be Mg Ir ss Ti Fe ¢ Mo Nb
(20z .003 §138 958 868 1318 1768 - 958 958 - -
II2 1.9 1138 958 778 1318 1318 778 868 5458 - 598
He -007 1138 - 958 1318 1768 - 958 5458 4558 3658
CROSS SECTION .28 .01 . 063 .18 3.0 6.0 2.5 . 0032 2.5 1.0
TABLE 4 (FROM HW 54727 V-5)
ORDER OF PREFERANCE FOR GAS COOLANTS
CHEMICAL | NUCLEAR DECONTAM- CYCLE WORK  |PUMPING LOSS C€OST & | EQUIP'T, DESIGK & OP-]
propeRTIEs [properTies |*ST/YATION | Vimion  [erricieney | S PATE | RATIO  wEAT TRANSFER AvAILIBILITY size  |\PSORFTION [ERATIONAL
H co. H H co. H co. co. €0, N co, co,
¢5, Ho? " ¢, He? i w2 He? 0’ co,? Ho sz
", Ny - L ", ¢, Yo "y te Ke N, e
TABLE 5 (FROM HW 54727 Vi-13)
COST & AVAILABILITY OF GASES (STD.TEMP. & PRESSURE)
* ' * * 0BTAINED BY
GAS He A Ne €0, Hy Ny ERACTIONAL
cosT DISTILLATION
$/648 0.015 0.07% 42.50 0.003 0.100 0.08 OF AIR
AVALLABILITY | u.8.4 0.98 Y/0 0.0018 ¥/0 WORLD WORLD 78.06 ¥/0
QOF AR OF AIR WIDE ¥IDE OF AIR
TABLE 6 (FROM HW 54727 VIT)
PLANT THERMAL EFFICIENCIES VS MAX. CYCLE TEMP. (BASED ON EQUAL REACTOR OUTPUTS)
%0 17 € m=.1 REACTOR COND1TIONS
11 | He np = .08 POWER LEVEL 500 MW
REACTOR AT 5000F
PLANT 128 SPECIFIC TUBE POWER 25 KW/ft
THERMAL H "2 MpF.ls LATTICE 8
EFF % 35 H um np = AP/P MAX,
‘:ﬂ'ﬁ' RATIO OF POWER PLANT INVESTMENT
-11H He = 1.00
30 Tt N, =1.00
1200 1300 1400 2 =
- TEMP =°F €0,= 1.08
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FIG. 8
TABLE 7 (FROM ORNL 2500
PART 2 - P. 6.3
PROPERTIES OF GASES SUITABLE
FOR_REACTOR COOL (NG
GAS He N, | co,
MOLECULAR WEIGHT 4 28 4y
THERMAL CONDUCTIVITY -
Btufhr-ft2 °F/ft
700°F 0.135 {0.028 (0.028
1330°F 0.172 {0.037 10.042
VISCOSITY CENTIPOISES
700°F 0.033 [0.031 0.028
1330°F 0.044 |0.0u1 0.0W
SPECIFIC HEAT - Btu/1b/°F
700°F 1.24 {0.253 [0.028
1330°F 1.24% 10.279 [0.041
DENSITY AT S.T.P. 1b/ft3 | 0.0104/0.0727 j0.114
VOLUMETRIC SPECIFIC HEAT
AT S.T.P.-Btu/ft3°F 0.0129({0.0180 [0.0238
RELATIVE HEAT TRANSFER
COEFFICIENT COMPARED TO
He FOR SAME GAS 1.00 {0.73 [0.79
TEMPERATURE AND SAME
POWER OUTPUT.
RELATIVE PUMPING POWER
COMPARED TO HELIUM FOR
SAME GAS TEMPERATURE & | 1.00 |2.20 [0.88
SAME POWER OUTPUT
RELATIVE PUMPING POWER
COMPARED TO He 1.00 14.00 1.8
COST OF GAS PER 1000
ft3 AT S.T.P. 22.7 10.0 5.0
RELATIVE TOTAL
ACTIVITY 18.5  |9294.0 {1.0
RELATIVE GAMMA 4.56 x
ACTIVITY 0 |jp-2 [I-0

RELATIVE PUMPING POWER

PART 2 - P. 6.2

TABLE 8 (FROM ORNL 2500

RELATIVE COOLING PUMPING POWER

AS_A FUNCTION OF INLET TEMPERATURE
T

80 ]N jHe
2
/ /
70 / +
/1] ¢co
/ / 1/ :
60 y 4
/ ///
50 v ,
/
4 4 ‘)
4o Z
/ ,;///
/ /
30 4
/‘/
20 il
g
4
10 o
0
40O 450 500 550 600 650 700

COOLANT TEMPERATURE AT REACTOR INLET °F

TABLE 9

(FROM CORNL 2510-P.I4.5)

HEAT FLUX OBTAINABLE WITH
He OR CO, (AT 400°F)*

PRESSURE | ¢
PSIA + MAX. (Btu/hr-ft2)
300 100,000 - 200,000
600 175,000 - 350,000
900 250,000 - 500,000
1200 300,000 - 600,000
1500 375,000 - 750,000
* FLUXES WITH H, WOULD BE ROUGHLY

TWICE THOSE GIVER, WITH N, OR
AIR APPROX. 1/2.



FIG. 9

TABLE {0 (FROM GAS93-P.109)
COMPOSITION & PHYSICAL PROPERTIES OF SOME POTENTIAL CLADDING MATERIALS

TYPICAL ULTIMATE TENSILE |y o ceven | o onaarion | MODULUS OF
STRENGTH ELASTICITY
MATERI AL COMPOSITION | DENSITY
o7, %) TEMP. os1 | TE¥P ps |TEMP. [ TEWP. PSI
: (°F) (°F) (°F) (°F) 106
AUSTERITIC Fo BAL,; Cr.19.0; 70 91000 70 39500 70 45-65 70 28.0
$.3. TYPE Ri. 10.0; Mn.2.0; 7.9 1300 40000 1300 24000 [1300 51 1300 20.7
347 Nb. 0.75. 1500 23000 1500 19500 1500 78 1500 19.4
FERRITIC Fe BAL.: Cr.17.0: 70 74000 70 39500 70 20-35 70 29.0
§.S. TYPE Mn, 1.0. 7.8 1300 14000 1300 8000 |1300 o
430 1500 6500 1500 83
INCONEL "X" Wi, 73.0; Cr. 150 70 164000 70 92000 70 24 70 31.0
Kb.0.6; Ti,2.3; 8.3 1200 122000 1200 82000 |1200 9 1200 25.5
AL.0.9; Fe. 6.5 1400 82000 Noo 65000 1500 22 1500 23.1
Mo-0.5 TI Mo, BAL., Ti,0.8% 80 132100 80 99100 80 31 70 ug.0
ALLoY 10.2 1200 100500 1200 84000 |1200 i7 1400 40.0
1600 88300 800 76500
Ir, ARC Ir, 99+ 75 52000 70 13.8
MELTED 6.5 900 12000 600 10.5
Zr.-55n Ir., BAL: Sn.5 75 78000 75 71000 75 9.0
ALLOY 6.5 900 43000 900 28000
L1 Nb, 9g+ 70 35200 70 21000 70 29(4 9} 70 15.1
8.66 1000 28800 1000 9400 |1000 24 {24.8)
Kb-Zr ALLOY Nb, BAL. Zr, 1.0 70 37600 70 21400 70 18,2
8.6
Mb,10Ti, oMo [Nb BAL., No. 10.0, 75 ' 00000 75 92000 75 22.0 75 6.5
ALLOY Ti, 10.0. 8.08 1180 70500 1150 §2000 |1150 lg.0 { 1200 16.5
1500 63000 1500 49000 1500 5.0 { 1500 16.0

TABLE 11 (FROM GA593 P.110)
ATOMIC & THERMAL PROPERTIES OF SOME POTENTIAL CLADDING MATERIALS

THERMAL | ueLTiNG THERHAL COEFFICIENT OF SPECIFIC HEAT
MATERIAL | NEUTRON | poiur CONDUCTHVITY THERMAL_EXPANSION
CROSS SECT- (°F} TEWP. °F BTU/hr-ft2 | TEMP. °F in./in, PFI TEMP. °F {BTU/1b-°F
10N (em-1) -°Flft x 108

5.5, TYPE 7 | 0.2607 2575 200 9.2 32-212 9.3 32-212 0.2
1000 12,5 32-1200 10.6

$.3. TYPE w30 0.2279 2718 68-212 13.3 §8-212 5.8 32-212 0.1
930 i5.0 68-1830 7.1

INCONEL *X*  0.3609 2550~ lio 7.1 200 7.7 77-212 0.1}

2600 1498 134 100-1500 9.0

Mo-0.5 Ti 68 8.2 68-212 3.05 0.06 ARC

ALLOY 0.160 4730 1100 63.6 68-1100 3.23 75 CAST Mo

Zr. ARC 60 i2.2 75 5.8 70 0.069

MELTED 0.008 575 0.7 1110-1290 4.9 1340 0.086

Zr - 8N 60 5.6

ALLOY 0.010 3350 575 6.6 70-660 3.6

Nb 0.060 4380 32-212 3 0-1800 3.8 0.065
1100 37

Nb-1.0 Zr 0.060

ALLoY

Ab-10-T11 0-No - .

oy 2.0 Mioo 2200 sl 0-1800 v 70-2000 0.074

TABLE 12 (FROM GA583 P.tI1)
FABRICATION CHARACTERISTICS,AVAILABILITY & COST OF SOME POTENTIAL CLADDING MATERIALS

COMP. COST §.5.

MATER| AL FORMABILITY MACHINABILITY; WELDABILITY BRAZABILITY | AYAILABILITY | 430y = 1.0
S, S, TYPE 7 600D FAIR 00D 8000 6000 1.5
8. S. TYPE 430 GooD 600D FAIR 000 600D 0.9
TNCOREL "X* FAIR TO Q00D | POOR TO FA{IR 9000 FAIR FAIR 2.5
Mo AND ITS POOR (MUST BE POOR POOR {PROTECTIVE DIFFICULT FAIR 1ot
ALLOYS FORMED HOT) ATNOS.REQ. )
Ir ¢ Ir.5n 600D POOR TO 600D FAIR DIFFICULT LINITED 50
ALLOYS
Nb & ITS 600D 600D FAIR TO DIFFICULT] LIMITED 100
ALLOYS




w

12,
13,
14.
15.
16.
17.
18.
19.
20.

S O 0 N O U

FIGURE 10

EXAMPLES OF HIGH TEMPERATURE PROCESSES
(From NDA-64-101, Page 72)(103)

Sintering or casting of metals (tungsten 5800°F, silicon 2600°F)
Cottrell Process for nitrogen fixation (3700°F - 4000°F)

Manufacture of carborundum, calcium carbides, graphite,etc.
(3600°F - 4000°F)

Manufacture of fused silicon, fused quartz, etc. (3100°F - 3300°F)
Manufacture of ceramics and refractory brick (3000°F) |
Manufacture of ferroalloys, alloy steels, etc. (3000°F)

Glass manufacture (2600°F)

Incineration for waste disposal (up to 2600°F)

Cement manufacture (2500°F)

Gasification of coal (2500°F)

Wulff process for acetylene (1800°F - 2900°F)

By-product coke oven operation (1800°F - 2200°F)

Copper smelting in reverberatory furnace (2100°F)

Ore roasting, e.g. Spodumene decrepitation (2000°F)

Lime burning (below 2000°F)

Cracking of hydrocarbons (1800°F)

Reforming of natural gas (1500°F)

Retorting of oil shale (1350°F)

Cracking of ammonia (1200°F)

Production of HCN from methane and ammonia (?)

The above processes are discussed in detail in the NDA report in
Chapter 4, Page 70.



FIG. |1

A_umoz_ METALWORKING Z>Q>N_va
(OCT. 15,1959)

TABLE A REFRACTORY METALS TABLE C SOME* SUPER ALLOYS AND ULTRA-STRENGTH STEEL
ELASTIC ULYIMATE TENSILE and 0.2% OFFSET YIELD STRENGTHS, 107 i STRESS.TO-RUPTURE ELONGATION, ULTIMATE TENSILE and 0.2% STRESS-TO-RUPTURE | ELONG.,
MODULUS T Tower fire in 100 b, 10° pai Fin g WORKING FABRICATION o - 10% pai ing* FABRICATION PROPERTIES
METAL MELTING | OENSITY | = (100), “oper o " ° TEST SPECIMEN TEMPERATURES Crpntley APPLICATIONS AVAILABLE FORMS ALLOY OFFSET YIELD STRENGTHS, 107 pai 100-H:. 107 psi % in
POINT, F /ey in. 10%si 70 F 500 F 1000 F 1500 F 2000 F 9500 F 1500 F 2000 F 0F 1000 F . ; . ¢ el 30 lioco
800 F| 1000 F | 1500
TUNGSTEN 6152 0.70 51 250-100 200-64 170-49 120-39 75-34 50-32 nd-35 nd-22 nd-0 nd-59 Wiought mat'l; ronges = Form as high above 750 F | Machine with carbide, 25-30 | Rocket nozzles; radiation shielding; | Powder, wire, ship, rod, bar. 70F 1500 F| 800 F 11000 F | 1400 F 1700
es-worked and annealed as possible; shress relieve slpm; preferably hot (1000 ﬂm x-ray largets; heati oloments; RENE 41 (Ni- 185 | .. . 174 140 54 . . 33 18 17 Machine filly hard, tvng. carbide
ad17 ad-15 ad-13 . cond’m. 2000 F;  recrystollizes | Rnish grind; extremaly iy | counterweighty; rapid oxidation bote) | 0.062° 30-50 sfom. abt 17167 cut, light
2300-2800 F. highly ‘work hardenable. above 1100 F. Sheet, 5. T. w48 | .. o[ 136 |1 | so fweds; ‘,.ﬂ.wi arc-weld; forge
RHENIUM 5756 0.76 67 285-165 255-143 169-110 140-94 101-84 80-50 nd-28 nd-12 210 1-11 0.050° siip; ranges=as- | Work atrmtemp only; an- | Roll, swoge and draw cold; | Heavy-duty contacts; !&r temp | Powder, rod, wire and ship, ““% ﬂﬂ. Aged cbove g
worked (0% red'n) and | neal 3100 F, recrystal- |  work s rapidly; 10.20% | themocouples; Mo and W alloys, | Chase’ Brass’ and Copper oaly
I .. - . . annealed cond'ns. lizes about 2600 F. max red’n between annech. rapid oxidation above 1100 F. supplier of wrought forms. M-252 (NI 15| .. .. 144 115 50 .. . 7 25 N 7_>nnr_=. partially or hully gﬁ&.
. T. speads, stead:! ot ot
TANTALUM 5495 0.60 27 11551 114.56 99-50 6123 29.14 .. nd-12 nd-5 19-40 10-25 T/16 bar; ranges=as. | Work of m temp only; <s~ sot ond ductile, fends to | Capacitors; comosion-rsistont . pro- | Powder plus all mill forms, sheet wwmw F, w-h o8| .. .. 94 87 53 v, Tomp, inet g oxweld in
worked (87% rad'n) and | shress reliave 1650 F; ra- | gall; when mochined, use HSS, | cess squipment, getering. (10 36%. 1400 F annealed cond'n.
110-33 106-22 90-20 50-11 . annecled cond'ns. <ryst. about 2100 F. doo.uo_ﬁ &u:: -!mwﬁ.:n. weld, -
arc weld in pure helium.
B - .
. . as 58 N . 3 10 14 Machi th HSS or corbides, 1
MOLYEDENUM 4152 0.7 s 11067 | 9250 | so4z | se.3s 3533 |17 (mervst) | 40418 1441 1537 12.45 Fom _unalloyed Mo | Highly abrasive; mochine with | Electon tubes, fumace elements; | Sheat (1o 367), foil, wire, rod, g et | ° wo | 3 60 Fom, €ot 3/39.3(" e 0.015°
0.020° - 0.100” sheet | carbides ar 95-200 .ﬁ..: rigid | tocket nozzles; future turbine buck- | ~bar. <5 m T. 2150 F 200 | .. . 193 | 105 | so feed; inert-gos arc-weld of res.
96.55 79-37 69-26 42.93 2119 10 at £00-1000 F, Thalloys | mach nec, sasily brazal ots and other agt parts and high- 1 Aged 1400 F weld.,
400 deg bighe s | ren wld o inetgos e :.q_.m famp S materal sar To oxide 3 ool
relisve low recryst. in com X X al . tastrophic al .. .. e v 58 [ ] L] 5t 3
Mo-0.5% i 4130 01 4 199 110 105 88 55 | 26(ecryst) | 8545 3891 6 7 Sheot; sirento-rupture da- | temp which varivs with | atmos; olloys are stifer. | 1100 F unless coated. a INCONEL TIC | 138 e | 130} %0 ina alley
105 o5 o o - 4 1o for sh and t of working, impuri- Same os unalloyed matl. VM, VC, AC so8 | .. B 103 | 105 | es
n olc; max  recryst
n.__%:ﬂ a3 HAYNES 3t 928 | .. .. 92 | 0 | .. . 9 3 4 Costing alloy.
;) A i
Mo-TiZy, 2760 F. S se | m3| . | ||
Mo-0.5Ti-0.082¢ 4725 0.37 47 123-79 . . 98-55 75-37 48-19 110-58 52-30 £7-40 24-53 Not yeot commerelal. ike "
-1570 (C 38| .. . 927 100 35 S . 36 15 14 Machine (ike Rene 41; more easily
100-55 .. . nd-28 . . s, S %S formed than _mickel-base alloys
- Sheet, 5. T, 77 .. . 74 | 68 | o8 work hardens moe tawly; arc- and
COLUMBIUM 4380 0.31 16 61-33 5728 4130 2113 &5 .. 20 5 29-60 1730 Rod; ranges= as-worked | Work ot rm temp only; | Unalloyed columbium is fabri- | Reoctor fuel rod cladding for ua- | Sheet, strip, rod, bar. 2100'F, Aged resistance weld swell,
ond annealed cond'm. | unalloyed mar| recry. | cated and welded like tanta- | alloyed metal; alloys being devel- 1650F
5123 | Stnd 38-nd 17-nd . salies above 1400'F, | lum alloy, cra iflr, bu some | oped ot hightren, bightamsw, Machion 1 s
tungsten ailoy above <an be wo ot im temp. ah applications in . X - o 3 64 .. . 99 4 19 ine like austenitic in hord
Co-15W-5Mo-1Zs 4500 0.34 o5 125 110 95 o o5 . . 35 20 18 Syosed bur(GE' F48), | 3500F. " Svcroral oty and skins jn air: | Not yet commercial. Al ™ 12 "o cond'n, can be coldJormed ond
(o) or-worked; (upture pro- craft and missiles; unalloyed mefal Aged 1395 F ol .. | e | sa | drawn annealed; weld by uswal pro-
85 ki 70 60 44 pertier on annealed bor). sarts_to oxidize B!mﬂv\ above cesses in 5. T. cond'n; cracking moy
800 F; alloys have better strength beproblen in farge sectiom; anneal
€b-33Ta-0.07 Zr 4550 0.38 . 80 . o . 45 . .. 17 wuk_u_wm 16 m.‘o._lem”“-n.O_ _on?. an- and oxidation resistance, but still | Sheet (to 36"), strip, bor, rad. 1600-1800 F; age 1300-1400 F,
as-rol neal only. requite protective coatlings.
i 40 - UNIMACH 1 943 | 233 | @15 | 180 | .. B ws| 95 | .. 8 | 17 Machinble and formable aneealed,
; ] 0.075  Sheet ait hordening to 305,000 pei; weld
Cb-10Mo-10Ti 4100 0.29 17 100 78 70 64 35 1% . 9 22 19 Extrvded-bar data only Shes! {to &7), bat; semi-commer- * Tempered 207 | 194 | 180 145 . . by iner-gas arc; anneal 1500 F,
02 o7 s © » {DuPont glloy). <ial status. & 1075 F femper $00-1000 F.
b1 UNIMACH 2 755 | 235 | 215 181 .. . 150 70 . s 10 Work like Unimach 1, somewhat
8 0.075” Sheet, highet rcomdemp. sirength, len
(33 Tempered 25 { 195 179 145 .. .. ductile than Unimach 1, aic harden-
TABLE B LIGHT and REACTOR STRUCTURAL METALS r 1015 F ing fo 317,000 psi.
Q0 <.mﬁmhvwm— 1000 269 | 232 | 219 180 . . 205 80 . 10 " ;nnr.o.!nmun Mﬂ—ﬂi‘n_nno.&uo.ﬁh can w
ELASTIC ULTIMATE TENSILE and 0.8% AVAILABLE 2 060 . om o den-
wemne | oensry | MEBULs OFFSET YIELD STRENGTHS, 10-psi ELONG., %in2" TEST SPECIMEN WORKING EMPERATURES FABRICATION PROPERTIES APPLICATIONS FORMS % 1050 ¥ 251195 | 187 | 140 | - : (ofter 100 s ot veme) AT R
. { temper 950-1200 F.
METAL POINT, F Ib/cu in. 10 pai T0F 600 F 1000 F 1200 F 70F 600 F
ZIRCALOY-2 3395 0.94 14 95-65 nd-32 2.95 | nd40 | 0.035" srip; ranges=astolled(35% | Hot roll 1450-1650 F ond anneal 1550 F in air (anneal | Tends to gall; machine with corbide, heavy cut.a t 150-200 sfom; deill and | Reactor fuel rod clodding ond siruc- | Strip, shest, plate, oﬁqmnw.%&. 250 930 | 195 | 185 ) . - Moy o 10| ot and .ﬁhj:;uhormﬂm Jo&......
(es1) red) ond onvecled; st . | ciw. ot i voc 1400 ) drow obors 650 . grind :.ﬁ_wx_ﬁ o weld e weld (21 i inwr amos; bata in | furl par, comwn, chom."procon | ol nling, "wire, 200 %0 | oo | 15| w60 |10 | | L. ©.100" shost) T el wind soond s
ren; gl in fransve: vac; con l, rotect react I -1 . . -
9038 | nd20 .. . han longit. directions, " From contam. by cladding, T e P o gre T ek et cominramarinmon, | 2 1o - pered 200 F F0/00 s fempusing range 600
TTANIUM 074 016 16 97 a % o5 ) Al data avg. for sheet mat'l In an- | Form at 400-600 F to relieve spring-back, or cold form | Tends to gall and weld, machine of low speeds (20-75 sfom) high feed | Cooler parts of fet engl h ip, plate, ¢ . I L] s Readily mochined and formed i
necied condin only. wih intermedite stress reliet o $06-1000 . Toter, continuovs <01 and ample coolont; lends 1o ining bk in ol B A A sl At s g o tobing a e 150 | w40 |z 91 bl amneciad cond'n.; low work havden:
84 2] 17 . readily weided, requires inert atmos 1o prevent embrittlement; not ha operating of 350 F, conosion re- ire. 1995 F 127 | 116 [ 101 78 . . ing; waldable by ail processes; air
enable by heat traaiments. Watant process equipment. 5 herdening, 'shas lave _;& ¥,
1450 F,
Ti-5AL2.55n . ots . 135 % 78 3 15 18 | All dota avg, for sheet mat'l in an- | Form at 5001000 F; deep draw 10001400 F; strems | Machine as above; more dif. to fam because of higher ys.; good weld- | Compressor outer and inteemediate | Sheot, sirip, plate, g TiogaSoo p 10 v el temeer
(All-Alpha Alloy) nealed cond'n only. veliove 900-1200 F, anneal 1350-1500 F. ability. ‘coses, operating 10 650 F, usableat | bar ' billet, tubing ¢
123 7 8 o5 X highe: temp than unalloyed Ti. and wire. 3 ™ (700 10 |79 | Mae led: heat 100 deg
A R U B ine_annealed;
T;-2Cr-gFe-2Mo .. 017 . 190138 | 14095 | 58.38 . 1220 | 1821 Shea! mat'l; ronges =oged and on- | Easier foming 400-600 F; shess relieve 1050-1300 F; | Machine as above; beia %...%l improves formability, welds strong, bt | Vorious structuml and skin com- | Sheet, srip, bar, bil- K uw-wss& %05 | 210 | 220 ‘above hot Forming temes uswal for
{Alpha-Beta Allay) nealed cond’ns. age 900-1 F. bittle; generclly not welded. ponents in aircroft. Ist, tubing, 600 F 240 | 200 | 175 .. steel, weldable A{ all_ methods,
180-128 120-70 52-37 anneal 1275; temper 500-600 F,
it hardening 16 300,000 esi.
TL13V-11G3A1 . 017 14 195440 | 160015 | 145100 | .. ©18 | 10.94 | Sheat mat', onger =aged and an- | Many operations o 1. s bending; varous heotnear | Ve ducile eaer frmingthn st T allos can b cod baadad ax: | Solid propallant cosings, sucturl | Shost, some. i, S rerdemhe® s
(All-Beta Alloy) 125135 | 135108 | 19003 nealed cond'ns. ments above 700 F give desired physicais. cellent weldability, esp. by TG process; machine like other Tt alioys. | ~air-frame pans, skins (B-70, F-108) | foil, bav and billet, < Parial Intims Otber alloys for Trese apeTications includer
= (1) Nickel-base supacalloys: Udimet 500, Udimat 700, (3} lron-bose superalloys: M-308, Discaloy, Unitemp NOTE: Shangtht cbove are typical for heat tragtments noted.
BERYLLIUM 2345 0.07 4“4 80 58 33 12 25 Sheet mat'); hot- ond croserolled, | Fom at B50-1400 F, depending on shape and thicknets; | Machines like cart lron; use carbldes, 150-250 sfpm, feeds 1o 0.015 ipr; | Fuel-rod cladding and neutron re- | Pressed block, rod, in.mo_es Inconel 700, incoloy 901, GMR 235, 212, W-545, N-155. Treaiments can be tailored to give desired strength and
o - v anneoled. dress telieve in sme range; recryst. tomp. 1400 F. il Toming and bending. foie by trazing and soldering; welds rather | flector; 9yio pars; future aircralt and subing, fol, sheel M numo‘.xﬂu_orw.zv :o._m_wu %, Niee! () 5% chomium tool sty Pelomas M, Fotomac A, hovdnem for apecific sorvice conditiom, Rowm Tamp.
. rifle; s foxic” see AEC health standardy minile structors mat'l;hect-sink es. | powder. u..mﬁ_ Unmioms 50,7 | monic 0. Rehactaloy 26, ) Liwcallay vira-stanoth seeis ALY nus.nu&.aos elostic modulin for most supsralioyr ond sesls is
e . -t - (2) Cobalt-base superalloys: X-40, 5-816, 11650, Haynes Hy-Tof, UHS-260, USS Strux, HS 220, HS 260, Ti: 30-35 million psi, and density about 0.3 Ib/cu h,
o e o o T e e i, e, Koot et v P oot arm ooty ‘o Vouee”varoes Oy S2%, » d=vo date 5, Haynes 21, Mokimet, L-605. cent, Super Triceof, 5317,







LEGAL NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the Commission, nor any
person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or implied,
with respect to the accuracy, completeness, or wusefulness
of the information contained in this report, or that the use
of any information, apparatus, method, or process disclosed
in this report may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee
of such contractor, to the extent that such employee or contractor
of the Commission, or employee of such contractor prepares, dis-
seminates, or provides access to, any information pursuant to his
employment or contract with the Commission, or his employment with
such contractor.

Price $1.25 . Available from the O0ffice of Technical Services,
Department of Commerce, Washington 25, D.C.
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