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I 
SUMMARY 

This report presents a brief survey of the 
current status of technology on organic-cooled 
reactors. I t has been prepared by Atomics In­
ternational under an Atomic Energy Commis­
sion contract. Included within the main body 
of the report is a summary of the work per­
formed at Atomics International, a Division of 
North American Aviation, Inc., Brookhaven 
National Laboratory, Canadian General Elec­
tric Company, and Hanford Research Labora­
tories. Only the more important aspects of the 
technology are qualitatively reported but refer­
ences are included wliere applicable so that the 
reader may obtain more detailed information. 

At the request of the AEC, consideration has 
been given only to organic-cooled reactor plants 
in the 20- to 300-Mwe range applicable for cen­
tral station power. The cost estimates prepared 
were developed under ground rules supplied by 
the AEC. 

The report describes work completed and 
current work underway in the general research 
development program, the operational experi­
ence gained from the Organic Moderated Reac­
tor Experiment (OMRE), a description of sev­
eral typical organic-cooled reactor power plant 
designs, and a survey of the economics of sucli 
plants. 

The organic concept was conceived during 
the wartime Manhattan project. Due to the lack 
of an immediate need for power reactors and 
the general unavailability of enriched uranium, 
serious consideration was not given to the or­
ganic concept until approximately 1953. At this 
time preliminary information on the radiation 
stability of typical organic compounds was 

being obtained on Van de Graaff machines and 
electron accelerators. This work was followed 
shortly by irradiations in in-pile test loops and 
culminated in a decision to construct the 
OMRE in 1955. 

The Atomic Energy Commission has, since 
approximately 1953, continuously funded at a 
modest level an organic reactor development 
program. Due to tTie basic technical uncertain­
ties associated with the use of an organic as a 
reactor coolant, a very large fraction of the de­
velopment effort has been devoted to the de­
termination of coolant property and stability 
information. I t was not until the inauguration 
of the program for the City of Piqua, Ohio 
reactor that reasonably large-scale effort has 
been devoted to the development of system 
components and performance. 

A brief summary of the status of several of 
the more important aspects of organic reactor 
technology are given on the following pages, 
with more detail in the main body of the report. 

1. Physics 

The physics of organic moderated reactors is 
similar to that of water reactors since the prin­
ciple means of neutron energy degradation is by 
scattering collisions with hydrogen. Sufficient 
information is known from data on \vater criti­
cal experiments, the OMRE, on prototype 
water reactors, and from organic experimental 
work such that reliable extrapolation to large 
power reactors can be made. The physics of 
more sophisticated multiregion cores and cores 
in which power flattening techniques are used 
are not as advanced and require additional 
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physics work to confirm the designs. Further 
work is also required in determining core per­
formance as a function of fuel burnup. 

2. Fuel and Material Properties 

Initial work was directed toward the develop­
ment of a low alloy metal fuel which would ex­
hibit radiation stability at reasonable lifetimes. 
From these studies has evolved the U-3.5 wt. 
percent Mo plus 0.5 wt. percent Si, and U-3.5 
wt. percent Mo+0.1 and 0.5 wt. percent Al 
alloys. These alloys have been operated up to 
3,000 MWD/T without distortion and 10,000 
M D W / T is expected to be attainable. 

Recent work on organic reactor fuel elements 
has been devoted to an investigation of UO2 
clad with aluminum powder metalurgy (APM) 
materials. Tests to date indicate that these 
cladding materials exhibit significantly higher 
strength than aluminum alloys at elevated tem­
perature, exhibit satisfactory radiation sta­
bility, are compatible with UO2, do not suffer 
from porosity, can be fabricated into the de­
sired shapes, and can be joined satisfactorily 
utilizing welding techniques. As of this date, 
full-size prototype fuel elements of UO2 APM 
materials have not been fabricated nor has full-
scale in-pile testing been started. 

3. Heat Transfer and Fluid Flow 

Correlations of heat transfer data have been 
obtained from limited duration tests over the 
range of surface temperatures from 600° to 
900° F . These tests have indicated that under 
suitable conditions of forced convection heat 
transfer, the surface condition and tempera­
ture is stable. Limited tests on determining the 
burnout heat flux have been completed but 
much additional work remains. The deter­
mination of the true burnout heat flux is com­
plicated by the fact that the organic, under 
reactor operating conditions, is a completely 
miscible variable mixture of organic com­
pounds. 

Limited nucleate boiling data have been ob­
tained with one run of 1,500 hours which indi­

cates there is an initial decrease in heat trans­
fer coefficient but that after 900 to 1,000 hours, 
the coefficient stabilizes at a value approxi­
mately 10 to 12 percent below the initial value. 

Considerable further work in all phases of 
forced convection and boiling heat transfer, in­
cluding the accurate determination of burnout 
heat fluxes, must be completed prior to the op­
eration of large organic-cooled power reactors. 

4. Coolant Chemistry 

The AEC-sponsored programs to date have 
yielded considerable information on the physi­
cal properties of materials useful as coolants. 
To date the investigations have been limited 
primarily to the polyphenyls, benzene derivi-
tives. Information is available for both unir­
radiated and irradiated material. Operation of 
the OMRE has demonstrated the negligible ac­
tivation of the coolant under operating con­
ditions and the extremely small corrosion rates 
throughout the primary system. 

5. Safety 

Organic moderated reactors have large nega­
tive temperature coefficients, negative void co­
efficients, and negative power coefficients. 

The physical properties of a coolant are such 
that there is negligible corrosion of either re­
actor or fuel materials; there are no exothermic 
chemical reactions between the coolant, fuel, or 
water; there is low induced radioactivity; and 
the system operates at low pressures due to the 
low coolant vapor pressure. 

6. Component and Auxiliary Systems 

Many components utilized in the organic sys­
tem are of standard manufacture and have been 
utilized for several years in the petroleum in­
dustry. These items require no or very limited 
modification to be acceptable. Process system 
design results to date have been obtained pri­
marily in laboratory scale mockups. Quarter-
size mockups of the Piqua systems are now 
being completed for testing and evaluation. A 
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magnetic jack control rod has been developed 
and successfully tested. 

7. Fuel Handling 

Work on fuel handling systems applicable to 
large organic power plants have been limited to 
design studies and the development of the 
Piqua refueling system. The Piqua refueling 
system has been mocked up and tested success­
fully. Further work is indicated in this gen­
eral area prior to the operation of a large 
organic-cooled plant. 
Hi * N: N: N< 

The only operating organic-cooled reactor, 
the OMRE, was placed into operation in 1957 
and has been operated continually since except 
for a period of time to change to a second core 
loading. The operation of the reactor has 
demonstrated the organic radiation decomposi­
tion rates to be expected, the low induced ac­
tivity, the low corrosion rates," and the tech­
nical feasibility of designing and operating 
organic cooled reactor plants. In all respects 
the plant has behaved as anticipated without 
occurrence of any unforeseen problems. 

Design studies on organic-cooled reactors 
have been completed by Atomics International, 

Brookhaven, Hanford, and Canadian G.E. 
These studies encompass organic-cooled and 
-moderated reactors, graphite-moderated or­
ganic-cooled reactors, and heavy-water organic-
cooled reactors. Tlie design features of these 
plants are summarized in some detail in the 
main body of the report. I t is significant to 
note however, that the latest design study on 
organic moderated and cooled reactors, based 
on the use of aluminum powder metallurgy-clad 
UO2 fuel elements, having indicated signifi­
cantly lower power costs, of the order of 7 to 
7.5 mills/kwh for a 300-Mwe unit, than have 
generally been quoted previously. 

At present the only organic-cooled reactor 
under construction is the Piqua plant, a unit 
rated at 11.4 Mwe. This plant is scheduled to 
go into operation the latter part of 1961. The 
Piqua plant is conservatively designed to op­
erate under modest conditions. Steam is to be 
produced at 450 psia and 550° F . with a reactor 
coolant outlet temperature of 575° F . and a 
maximum fuel element surface temperature of 
750° F . The operation of the Piqua plant will 
supply invaluable information on process sys­
tem performance, plant control and stability 
characteristics, and further information on 
coolant and fuel element performance. 



II 
CONCEPT DESCRIPTION 

A. HISTORY 

The use of an organic fluid as moderator, 
coolant, or combination moderator-coolant in a 
reactor has received consideration since the 
period of the work on the wartime Manhattan 
Project. In December 1944, Fermi and Szilard 
filed one of the first basic patents in the nuclear 
field (1) which contained the following: 

" . . . Diphenyl can also be used as a modera­
tor and closely resembles light water giving a 
gain from 0.2 to 0.4 percent in k. With 
either, a slight enrichment of the uranium 
with one of the fissionable isotopes such as, 
for example U^̂ % U"^, 94^ '̂' will provide a k 
sufficiently greater than unity, to enable the 
construction of operating reactors. . . ." 
The organic reactor concept was not actively 

pursued for almost 10 years, presumably due to 
the fact that this type of reactor cannot op­
erate on natural uranium, and to the lack of 
knowledge concerning the degree of chemical 
instability of organic fluids in the combined 
thermal and radiation environment of a reactor 
core. 

Interest in organic fluids for use in reactors 
was revived when enriched uranium became 
more available in the early 1950's. Work com­
menced independently at several laboratories 
in the United States to determine the stability 
of organics under the influence of radiation and 
high temperature. Experiments were conducted 
using radiation from Co"", Van de Graaff gen­
erators, irradiated fuel elements and in-pile 
test facilities. Many different classes of organic 
materials were studied under temperature con-

4 

ditions ranging from room temperature to 
about 1,000° F . 

The first general conference in the field of 
organics as applied to nuclear reactors was 
held in August 1953, in Downey, Calif. I t 
was found that considerable qualitative agree­
ment existed concerning the relative stability 
of organic compounds. The aromatic materials 
were reported to have exhibited the greatest 
stability under irradiation. The 1953 meeting 
marked the transition from the general explora­
tory phase to a better organized and more sys­
tematic study of the aromatic hydrocarbons. 
Since that time most attention has been devoted 
to the polyphenyls for possible use in nuclear 
reactors. These polyphenyls include diphenyl 
and the terphenyl isomers, as well as commer­
cial mixtures of these compounds. 

During the period from 1955 to 1958, test 
loops circulating organic fluids have been op­
erated, both in-pile and out-of-pile. The most 
extensive in-pile loop experiments were per­
formed at the Materials Testing Reactor 
(MTR) at the National Reactor Testing Station 
in Idaho (2, 3). Additional in-pile work was 
done by Monsanto Chemical Company at 
Brookhaven (4) and by Hanford Research 
Laboratories at Hanford (5). The out-of-pile 
loop experiments have been primarily directed 
toward the measurement of heat transfer and 
hydrodynamic characteristics of organic cool­
ants. This work was done both at Atomics 
International (6) (forced conA'̂ ection studies) 
and Aerojet-General (1) (burnout studies). 

In addition, a large scale test of an organic 
fluid has been conducted in the OMRE. This 
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experience has proved the technical feasibility 
erated Reactor Experiment (OMRE). This 
of the use of an organic fluid as moderator, 
coolant, or both. Bulk temperatures in the 
range of 600° to 700° F . can be used with only 
negligible amounts of thermal decomposition 
of the organic. 

Phygical property changes resulting from 
radiation decomposition and the accompanying 
increase in the content of higher polymers have 
been measured, as well as the more important 
physical properties for the organic fluids of 
interest. Within the range studied, the de­
composition products have been completely 
soluble in the original material. The radiation 
decomposition rates have been determined to 
decrease as the equilibrium polymer content 
increases. Reactor designs using organic fluids 
have always been based on operation with an 
organic fluid containing some significant 
amount, approximately 30 percent, of this 
higher polymer in the circulating fluid. 

There has been no evidence of deposition on 
heat transfer surfaces which might result in de­
creased heat transfer rates where the surface 
temperature was maintained below about 850° 
F . and the fluid velocity exceeded a few feet 
per second. The heat transfer characteristics 
of the irradiated polyphenyls have been 
measured and determined to be predictable for 
long time operation within the range of re­
actor operating conditions of interest. 

The design and construction of the OMRE 
was undertaken beginning in mid-1955 because 
of the recognized need for the test of an or­
ganic fluid under actual reactor operating con­
ditions. The construction of the OMRE was 
completed 2 years later. The OMRE installa­
tion included no provisions for the generation 
of electrical power, and the heat produced is 
dissipated to the atmosphere in air-cooled ex­
changers. Maximum design power is 16 Mwt. 
Full-scale operation began in February 1958 
following the critical experiment and low-
power physics measurements, and by January 
1, 1959, the unit had logged over 22 million 
kwh operation. A number of experiments have 

been conducted in the OMRE, and operation 
has been almost continuous, except for a period 
of several months near the end of 1958, when a 

^ . . . 
new core was installed. Operation with this new 
core is presently underway at maximum design 
conditions. 

Considerable information from the OMRE 
operation has been obtained on the organic 
coolant stability and on the heat transfer con­
ditions in the core, as previously discussed. In 
addition, radiation levels around the plant have 
been determined to be extremely low, confirm­
ing the most optimistic predictions. Observa­
tions have also confirmed the fact that corrosion 
rates, even on the carbon steel used in the or­
ganic circulation system, are negligible. The 
electrical system for heating the piping and 
components containing organic was found 
simple and reliable in operation. Similarly, op­
eration of the single stage distillation system 
for purifying the organic and maintaining 
equilibrium coolant composition has proved to 
be straightforward. For experimental pur­
poses the polymer content in the organic was 
varied over a wide range, to as high as 40 per­
cent. No unexpected difficulties of a significant 
nature have been encountered during the opera­
tion of the OMRE. 

Construction of an Organic Moderated Re­
actor (OMR) for the City of Piqua, Ohio, is 
currently underway. The plant is to develop 
steam at 450 psia and 550° F., and at a flow 
equivalent to the generation of 11.4 net Mwe. 
A development program has been in progress 
for some time to develop certain information 
siJecifically needed for the Piqua OMR. This 
work has included investigations of the coolant 
material, fuels, core physics, heat transfer, and 
the design of certain components. Results of 
these investigations are referred to in subse­
quent sections of this report. 

In addition to the development work for the 
Piqua OMR, a separate program, referred to as 
the Advanced OMR Program, is being con­
ducted by Atomics International for the AEC. 
In general, the projects within this program are 
of a more basic or longer range nature, intended 



6 CIVILIAN POWER REACTOR PROGRAM 

to develop technology required for the OMR 
concept. The AEC has also sponsored a limited 
amount of research and development work on 
organic fluids at installations other than Atom­
ics International. The principal results of the 
Advanced OMR Program at Atomics Inter­
national and of the investigations carried out 
on organic fluids by other organizations are re­
ferred to in subsequent sections of the present 
report. 

In addition to the Piqua OMR program, a 
number of design studies, covering a range of 
plant sizes from 10 Mwe to 300 Mwe and ex­
tending into special applications such as ship 
propulsion and the utilization of alternate 
moderators, have been completed at Atomics 
International. The most recent of these, a joint 
effort of Atomics International and the Bechtel 
Corporation sponsored by the Atomic Energy 
Commission, resulted in the design of 75- and 
300-Mwe capacity organic-cooled reactor 
plants. This project has shown that organic-
moderated and -cooled reactor plants have ex­
cellent potential as large, baseload, central sta­
tion power plants. 

B. CONCEPT 

I. General Description 

All of the OMR systems considered to date 
fall into the general category of "thermal con­
verters." This is largely due to the fact that 
the parasitic absorption introduced by the use 
of hydrogen as a moderator causes a sufficient 
loss of neutrons to prevent either successful 
breeding or operation with natural uranium. 
Due to the presence of hydrogen in the core, 
the spectrum of the fission-causing neutrons lies 
primarily in the thermal region. 

The excellent neutron moderating properties 
of the hydrogen in hydrocarbon liquids make 
possible compact core designs. Additional sim­
plicity in core design is provided by utilizing 
the organic fluid both as the moderator and 
coolant. As a result of this simple and compact 
arrangement, costs for reactor structure and 

shielding in organic reactors can be maintained 
at a low level. Since the diffusion length in 
organic moderators is more than 1.5 times that 
in water, there is no mechanical limitation 
which prevents the utilization of optimum lat­
tice spacing to achieve good nuclear perform­
ance in organic reactor cores. In addition, core 
operating pressures need not be high to attain 
temperatures consistent with high thermody­
namic efficiency since liquid hydrocarbons have 
very low vapor pressures at elevated tempera­
tures. This fact removes any size limitation 
from the design of organic reactors. 

Use of the organic fluid permits a wide choice 
of nuclear fuels. Uranium can be used in the 
form of the metal or alloy, oxide, or carbide 
without introducing the potential hazards of 
exothermic chemical reactions. Corrosion rates 
on these materials are negligible. The use of 
high burnup ceramic fuels is particularly suit­
able to organic systems. 

For cladding, principal attention has been 
given to aluminum alloys and aluminum pow­
dered metal (APM). The greatest limitation 
in fuel element designs comes about as a result 
of the relatively poor heat transfer properties 
of the organic fluid. As mentioned previously, 
shapes integrally extruded with the aluminum 
cladding may be employed to alleviate this situ­
ation. Designs are being developed which use 
both nonboiling forced convection and sub-
cooled nucleate boiling conditions in the core. 

In all cases, heat from the reactor is carried 
by the organic fluid to heat exchangers where 
steam is produced and superheated. With this 
arrangement the steam is nonradioactive and 
can be produced at relatively high pressure and 
temperature conditions. The noncorrosive 
characteristics of the coolant permit the use of 
many conventional materials of construction. 
Piping and vessels are low-carbon steel joined 
by bolted flanges wherever convenient. Simi­
larly, there are few special requirements for 
components used in the organic circulation sys­
tem. This contributes to low maintenance costs 
as well as low initial capital investment. 
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The organic coolant does require that the 
plant design incorporate provision for degasifi-
cation, purification, makeup, and eventual dis­
posal of the used organics. The design and 
operation of the equipment required for these 
functions appears to be straightforward but 
admittedly adds complications. The terphenyl 
mixtures recommended as the virgin coolant are 
available in large quantities and are relatively 
inexpensive. As a result, the cost of this new 
makeup material in a practical power reactor 
is approximately 0.7 mills per kwhe, based on 
current prices. This contribution to power gen­
eration costs is expected to be reduced with 
future developments. 

In any design the organic circulation system 
must be shielded, but the maximum radioactiv­
ity levels in the operating coolant are relatively 
low. This is one of the advantages of an easily 
purified coolant composed of carbon and hydro­
gen. 

Like most organic materials, the polyphenyls 
are flammable, but because they have rather 
high spontaneous ignition temperatures (ap­
proximately 1,000° F . ) , they are not particu­
larly hard to handle. Flammable mixtures of 
polyphenyl cannot be obtained in air by vapor­
ization at normal ambient temperatures. There 
is insufficient vapor for ignition by a spark or 
flame at temperatures below 230° F . for 
diphenyl and 415° F . for terphenyl. Ordinary 
refinery practice and precautions are effective 
in preventing fires. Handling polyphenyls at 
normal ambient temperatures presents no 
health hazard since the atmospheric concentra­
tions existing at these conditions are extremely 
low. Nominal precautions are required at high 
temperatures. 

There is a basic limitation on the upper tem­
peratures at which present-day organic ma­
terials may be used. This limit is in the 900° 
to 1,000° F . range, where thermal decomposi­
tion becomes excessive even without nuclear 
radiation. I t appears that organic fluids will 
find their greatest use in nuclear reactors in the 
temperature range from 500° to 800° F. 

2. Alternate Moderators 

I t is possible to consider the use of modera­
tors other than an organic fluid when used in a 
reactor cooled by an organic. Such an ar­
rangement has the advantage of decreasing the 
amount of organic material in the core, and 
hence reducing the cost of new makeup ma­
terial. There is, of course, always the com­
pensating factor of the additional complica­
tion required in the reactor design. Reactors 
employing organic as moderator as well as cool­
ant are designated OMR's or OMCR's whereas 
OCR is a term applied to any reactor cooled 
with organic fluids. 

In a recent study on a large optimized or­
ganic-cooled reactor, this problem of alternate 
moderators was considered. The possible use 
of graphite, heavy water, light water, beryllium, 
beryllium oxide, and zirconium hydride as 
moderators was considered in addition to that 
of the organic fluid itself. I t was concluded 
that while the organic fluid offered the greatest 
potential, graphite as a moderator in an 
organic-cooled power reactor appeared superior 
to the remaining choices and capable of per­
formance approaching that of the use of the 
organic. These selection studies are discussed 
in Section III. 

A somewhat similar type of evaluation was 
conducted at the Brookhaven National Labora­
tory (8) investigating graphite and D2O in 
addition to organic fluids as possible modera­
tors in an organic-cooled power reactor. The 
conclusions were quite similar to those obtained 
during the study just described, although the 
BNL evaluation gave a slight first preference 
to the use of D2O moderator. 

Consideration has been given by the General 
Electric staff at Hanford (9) to the possibility 
of a large graphite moderated and organic 
cooled combination production and power re­
actor. These studies also show merit in the 
graphite-organic type of reactor. 

In a study for the AEC of a large D2O mod­
erated power reactor by Sargent and Lundy 
and Nuclear Development Associates (10), the 
possibility of alternate coolants was considered. 
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These coolants included heavy water, light 
water, gases, and organic fluids. The compara­
tive figures developed showed the D2O mod­
erated, organic-cooled system to be an inferior 
choice. Highest performance was estimated 
for a D2O moderated and cooled reactor in 
which tlie D2O coolant was permitted to boil. 
The different assumptions used in the course of 
this study make the results difficult to compare 
with others which have been obtained. The 
poor performance of the organic-cooled ar­
rangement appeared to be largely due to the 
choice of coolant operating temperatures in a 

much lower range than has normally been con­
sidered for organic-cooled reactors. 

Serious attention has been given to the D2O 
moderated, organic-cooled power reactor by the 
Canadian General Electric Company (11). 
Their design incorporates the use of high or­
ganic temperatures and is also based upon the 
use of natural uranium fuel. The performance 
claimed by the Canadian General Electric 
group for the D20-organic power reactor is 
very high but there are admittedly several un­
answered development problems peculiar to this 
proposed design. 



Ill 
WORK STATUS 

A. RESEARCH AND DEVELOPMENT PROGRAM 

1. Physics 

a. Work Completed 

The physics of organic-moderated reactors 
follows closely that of the water-moderated 
reactors. However, just as there is a decided 
distinction between nonboiling and boiling 
water reactors, so do the organic reactors differ 
from water reactors in the physics design. The 
hydrocarbons which have thus far been con­
sidered for organic Coolant-moderators (princi­
pally mixtures of isomers of the polyphenyls) 
have approximately the same density as water, 
yet because of their molecular structure they 
have approximately half the hydrogen density 
of w r (see figs. 1 and 2) . Carbon, on the 
other hand, replaces the oxygen on a nearly 
equal basis. The difference in hydrogen den­
sity results in both a greater slowing-down 
length and a greater thermal-diffusion length. 
These two quantities have a pronounced effect 
on core design, particularly with regard to 
neutron leakage in the case of the former, and 
the geometrical arrangement and dimension of 
heterogeneous lattices in the case of the latter. 
Generally speaking, the optimum nuclear de­
sign of lattices results in a greater volume frac­
tion of organic (5:1) than a comparable opti­
mum nuclear design of a water lattice (1:1). 
Optimum lattice spacing is easily obtainable in 
organic-cooled reactors. 

Much of the early work in the physics of 
organic-moderated reactors was necessarily di­
rected toward the determination of age, r, and 
diffusion length, TJ. In a preliminary design 

study of an organic-moderated reactor, Fricke 
(12) of Argonne National Laboratory utilized 
the Marshak method (13) to determine the 
Fermi age of diphenyl. This work with adapta­
tion to account for a mixture of diphenyl and 
stainless steel was used early in the analysis of 
the OMRE (14). Because of the small size of 
the OMRE and the obvious sensitivity of re­
activity (or core loading) to the value of age, 
Atomics International undertook in 1956 the 
experimental determination of both age in pure 
diphenyl and the age in diphenyl-steel mixtures 
(15) up to organic-to-metal volume ratios of 5 
to 1 (fig. 3). Conerty (16) of Knolls Atomic 
Power Laboratory compared calculated ages 
in diphenyl with those measured at Atomics 
International. The agreement with experi­
ment was similar to that of water age compari­
son, wherein the consistent P -1 calculation 
( T = 4 6 . 3 cm^) is markedly lower than experi­
ment ( T = 5 4 . 2 cm^), while the Selengut-Goert-
zel approximation gives fair agreement with 
experiment ( T = 5 2 . 2 cm^). In diphenyl at 600° 
F., T=92 cm^ (14). 

OMR flux distribution measurements have 
been made on two square lattices, one having 12 
aluminum-clad, slightly-enriched (1.875 per­
cent) uranium plates per 5i/4-inch square ele­
ment, the other having 10 such plates per ele­
ment, and both having a 6-inch element spac­
ing. Analysis of these measurements gives 
thermal utilization values of 0.832±0.004 and 
0.812±0.003, respectively. For comparison, a 
calculation based on two-group diffusion theory 
gives 0.8447 and 0.8227 for these values. 

9 
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FIGURE 1.—Hydrogen density of irradiated coolants. 

Critical mass estimates for the two lattices 
were made from inverse multiplication meas­
urements, giving a critical size of 14.7 elements 
for the 12-plate lattice and 11 elements for the 
10-plate lattice, corresponding to critical masses 
of 27.8 kg and 17.3 kg of U-235, respectively. 
Both of these values are lower limits. Theo­
retical calculations using two-group diffusion 
theory predict 12.85 elements and 12.82 ele­
ments, respectively. The critical mass of the 
12-plate element lattice is higher than the criti­
cal mass for the 10-plate element lattice, even 
though the thermal utilization values would 
indicate the reverse. This is because the reso­
nance escape probability is much lower for the 
12-plate element. The diffusion length of the 
moderator was measured to be 4.32±0.12 cm. 
Theoretical calculations using measured cross 
section data give 4.25 cm. These values and 
those of the preceding two paragraphs are for 
a temperature of 27° C. (~80° F . ) . The mod­

erator is a mixture of 68 percent terphenyl, 25 
percent diphenyl, and 7 percent other poly­
phenyls (17). 

The analysis of reactor power peaking has 
been based primarily on the results of machine 
calculations (IBM-709). A one-dimensional 
burnup code was used in conjunction with one-; 
and two-dimensional steady-state reactor codes. 
The composite results of these calculations is 
shown in figure 4. The total power peaking 
factor for an OCR core is given as a func­
tion of operating time. For the initial hot, 
clean core the peak-to-average power ratio is 
1.96. At the end of the first core life, this 
peaking factor has increased to 2.78. During 
the life of the subsequent core loadings, the 
total power peaking varies from 1.96 to 2.68. 

The OMRE utilizes an adaptation of an 
Army Package Power Reactor (APPR, now 
designated SM-1) fuel element, the essential 
difference in core design being an organic space 
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FIGURE 2.—Hydrogen density of irradiated Santowax R. 

between fuel elements in the OMRE, and prac­
tically no space between elements in the SM-1. 
Additional volume of organic is necessary be­
cause of the greater migration area of the or­
ganic system. During the early operation of the 
OMRE, certain experiments were performed 
which provide some correlation with analysis. 
The critical mass of the OMRE was 16.5 kg, 
the calculated critical mass being 26 percent too 
low (18). Since this was the first critical as­
sembly of an organic-moderated reactor, the 
lack of agreement was not unreasonable. Ad­
ditional measurements performed on the 
OMRE Mere directed toward a rather detailed 
determination of temperature and power co­
efficients, the measurement of void and mass co­
efficients of reactivity, and the measurement of 
intracell fluxes. While it may generally be 
said that the agreement between analysis and 
experiment was satisfactory with respect to the 

design of the OMRE (18), the need for addi­
tional measurements in organic-moderated as­
semblies was certainly obvious. 

Additional experimental work has taken two 
approaches. The measurement of bucklings 
and intracell fluxes in an exponential assembly 
provides much useful data for the comparison 
of analytical methods being utilized for the 
lattice analysis. On the other hand, a critical 
assembly provides data on temperature coeffi­
cients, control rod worths, critical masses and 
the like which provide even further comparison 
between experiment and theory. 

Because of the immediate availability of the 
thermal column on the water boiler neutron 
source reactor, the bulk of the lattice studies 
which have been conducted to date have been 
of the exponential type. Buckling measure­
ments have been made on both natural uranium 
assemblies and slightly enriched (0.912 a/o) 
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fuel (15). These measurements are shown in 
figure 5. Comparison of measured cell fluxes 
with fluxes calculated in the S* approximation 
to the transport equation is shown in figure 6. 
Later, measurements of intracell fluxes in a 
slightly enriched flat plate fuel assembly were 
made and compared with the S4 approximation. 
These results are shown in figure 7. 

While the agreement between theory and ex­
periment is seen to be rather satisfactory in 
these latter cases, they are simple geometries 
and the agreement does not ensure complete 
confidence in the analytical approaches pres­
ently being employed. 

Comparison of the theoretical calculation of 
the multiplication factor, kett, to the measured 
one at the OMRE is shown in figure 8. 

6. Work Underway 

With the completion of construction of the 
Organic-Moderated Reactor Critical Facility, 
the current experimental work is being directed 
toward the determination of critical masses, 
control rod worths, and temperature coefficients 
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of reactivity in flat-plate fuel assemblies. The 
initial critical loading of the OMR critical fa­
cility was 15 percent higher than predicted, and 
analysis of the assembly is continuing to ex­
plain the observed differences in mass. Since 
the methods in current use for the analysis of 
tlie Piqua OMR and other OMR designs being 
conducted are essentially similar to those em­
ployed in the analysis of the critical assembly, 
the present work is still directed toward a more 
accurate prediction of reactivity and critical 
mass. 

2. Fuel and Material Properties 

a. Work Completed 

(1) FUELS 

(a) Uranium Alloy Fuels 

A proposed fuel element for organic mod­
erated reactors consists of a finned, aluminum-
clad fuel plate contained in a square steel box. 
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Under OMR operating conditions, the maxi­
mum central temperature of the fuel will be 
about 850° F . Five uranium-molybdenum base 
alloys are being evaluated as potential fuels for 
these reactors. The nominal compositions are 
the binary U-3.5 wt percent Mo, U-3.5 wt 
percent Mo plus 0.1 and 0.5 wt percent Si, and 
U-3.5 wt percent Mo plus 0.1 and 0.5 wt per­
cent Al. These alloys were cast as plates 21/^ 
inches wide by 13 inches long of two thick­
nesses, 0.130 inch and 0.150 inch. Charges were 
melted in a MgZrO-washed graphite crucible 
and cast in a gang-type graphite mold, also 
coated with MgZrOz. Six to eight plates were 
cast simultaneously from a single heat. These 
plates are cast to design thickness tolerances of 
±0.003 inch for direct application in Al-clad 
extended-surface fuel plates without further 
sizing operations. 

Some mechanical properties have been de­
termined for these alloys in the as-cast, pre-

irradiated condition. The results of creep and 
tensile tests at 900° F . plus hardness tests at 
room temperature are summarized in Table 1. 
The two Al-bearing alloys exhibited the high­
est resistance to creep, both having secondary 
creep rates of less than 0.003 percent per hour 
at stresses up to 20,000 psi, and the 0.1 percent 
Al alloy had a creep rate of 0.006 percent 
per hour at a stress of 40,000 psi. U-3.5 wt 
percent Mo-0.5 Si, U-3.5 wt percent Mo-0.1 
wt percent Si, and the binary U-3.5 wt percent 
Mo followed in descending order. However, 
the creep resistance of all alloys exceeded that 
of unalloyed uranium by a factor of 5 or 
greater. 

In tensile properties at 900° F., the U-3.5 
wt percent Mo-0.1 wt percent Al alloy had the 
highest tensile strength, 110,000 psi, and yield 
strength, 80,600 psi (0.2 percent offset). How­
ever, all alloys exceeded the tensile and yield 
strength of unalloyed uranium (16,700 and 
11,900 psi respectively) by a factor of 4 or 
greater. Ductility was low for all alloys, vary­
ing from about 4 percent in 2-inches for U-3.5 
wt percent Mo to less than 0.2 percent for U-2.5 
wt percent Mo-0.5 wt percent Al. 

Thermal cycling tests were made for two tem­
perature ranges: (1) between room tempera­
ture and 1,300° C , which included the phase 
transformation from alpha to gamma, and (2) 
between room temperature and 900° or 1,000° 

EXPERIMENTALLY MEASURED'^ 

•THEORETICALLY CALCULATED" 

200 300 400 500 600 700 

BULK COOLANT T E M P E R A T U R E , ' F 

FIGURE 8.—Effect of temperature on reactivity of 
OMRE core. 
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TABLE 1 

S U M M A R Y OF M E C H A N I C A L P R O P E R T Y DATA FOR U-3.5 W/O Mo B I N A R Y 
AND T E R N A R Y ALLOYS 

U-3.5 Mo 
U-3.5 Mo—X Si 

0.5 0.1 

U-3.5 Mo—X Al 

0.5 O.I 

Unalloyed 
U 

Secondary creep rates, %/100 hr for stress 
given a t 900° F . : 

2,600 
5,000 
8,000 
10,000 
12,000 
15,000 psi 
20,000 psi 
30,000 psi 
40,000 psi 
50 000 psi 

psi_ 
psi_ 
psi_ 
ps i , 
psi_ 

0. 55 
0 .70 
1.35 
2.28 

0. 38 
0. 40 

0. 43 
0 .95 
1.81 

0 .46 
0 .75 
2. 1 

0 .34 
0 .22 
0.29 

0 .25 
0 .25 

0 .27 
0 .29 
0. 61 
2 .60 

t l . 9 
t3. 3 

Tensile properties at 900° F . : 
Ultimate strength, psi 
Yield strength, ps i . 
0 .2% offset psi 
0 . 1 % offset psi 
0.02% offset psi 
Elongation in 2 in., percent . 

87, 800 79, 500 71, 900 51, 900 110, 100 

56, 100 
45, 000 
29, 900 

3 

59, 800 
57, 700 
35, 800 

1.5 

55, 000 
42, 400 
23, 600 

0 .5 

(*) 
(*) 

45, 300 
0 .2 

80, 600 
64, 800 
42, 800 

1.4 

16, 700 

11, 900 
10, 500 
9,000 

14. 5 

As-cast hardness at room temperature _ 38 Re 42 R„ 45 R„ 45 R„ 43 R„ 90 R B 

•Not measurable because of low ductility. 
tReference BMI-1936 (Data for 600° C). 

F., which did not include any transformation 
but did more nearly simulate reactor conditions. 
U-3.5 wt percent Mo-0.5 wt percent Si ex­
hibited the greatest thermal stability in these 
tests while the U-3.5 wt percent Mo and U-3.5 
wt percent Mo-0.1 Al had the poorest stability 
of the alloys. No significant distortion or 
growth was observed for any of the alloys for 
the 900 to 1,000° F . test after 300 cycles, while 
reference specimens of unalloyed specimens 
were severely warped. In the more severe 
1,300° F . test, the reference specimens of U-2 
wt percent Zr—0.1 Al and unalloyed uranium 
were grossly distorted after 95 cycles along 
with significant change in dimensions, while 
no distortion occurred in Mo-bearing alloys and 
dimensional changes were less than 1 percent. 

Two of these alloys, U-3.5 wt percent Mo 
and U-3.5 wt percent Mo-0.6 Si, were selected 
as the fuels for two OMR-type fuel elements 
tested in OMRE. The stability of these alloys 
under irradiation was evaluated early in 1959. 
This experience relates to the cladding failure 
of an OMR-Piqua element in the OMRE under 
conditions where the cladding melted due to a 
blocking of one of the cooling chambers. The 
core material was exposed to organic coolant 
at a maximum fuel surface temperature of 750° 
F. No catastrophic damage to the fuel was 
noted on hot-cell examination (25). A third 
alloy, U-3.5 wt percent Mo-0.1 wt percent Al, 
has been selected for another OMR-type fuel 
element presently in the OMRE. Table I I I - 2 
summarizes the effects of irradiation on low 
alloy U fuels. 
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TABM: 2 

EFFECTS OF IRRADIATION ON BULK UO2 

(Zircaloy Clad) 

Specimen No. 

12H 
13H 
16H_ 
17H. 
1 4 H . 
15H_ 
18H_ 
19H 
82S 
83S-
84S. 
85S__ 

Heat flux 
Btu/hr-

sq. ft. X 
10- ' 

170 
300 
340 
250 
220 
370 
420 
300 
330 
540 
600 
300 

Burnup 
Mwd/ t 

1,800 
3,800 
4 ,200 
2,700 
4,400 

10, 900 

13, 500 
6,900 

14, 000 
22, 000 
25, 000 
12, 000 

Calculated 
central 

tempera­
ture (°F.) 

2 ,318 
3,992 
4 ,388 
3,330 
2,912 
4,802 
4,982 
3,992 
4,320 
4,982 
4,982 
3,992 

Tubing 
OD 

0.402 
0.401 
0.402 
p. 401 
0.402 
0.402 
0.400 
0.402 
0.414 
0.414 
0.414 
0.414 

Overall 
length 

5.240 
5.239 
5.238 
5.238 
5.249 
5.237 
5.240 
5.238 
5.205 
5.222 
5. 224 
5.206 

Dimensional 
changes 

Diam­
eter 

0 
0 
0 
0 
0 
0 
0 
0 
0 

-hO. 012 
-(-0.015 

0 

Length 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

UO2 center 

Not melted. 
Not melted. 
Not melted. 
Not melted. 
Not melted. 
Not melted. 
Not melted. 
Not melted. 
Not melted. 
0.200 hole. 
0.230 hole. 
Not melted. 

(h) Oxide Fuels 

The characteristics that make UO2 one of the 
most interesting fuel materials are by now well 
known, so the following enumeration of the 
most important ones should suffice: 

(1) High melting point (~5,000° F . ) . 
(2) Chemical stability with most reactor 

coolant, 
(3) Compatibility with a wide variety of 

cladding materials, and 
(4) An isotropic structure stable under ir­

radiation at temperatures up to the 
melting point. 

Unfortunately, UO2 is far from being an 
ideal fuel material and has some serious short­
comings, among them a rather low content of 
uranium per unit of volume, namely, only 51 
percent of uranium metal. This makes it neces­
sary to densify UO2 for fuel element use to at 
least 92 percent but preferably to over 95 per­
cent of its theoretical density. There are a 
number of methods of densifying uranium di­
oxide. Among them are hot pressing and warm 
pressing both of which, while offering certain 

advantages, are uneconomical. Other methods 
are swaging or cold pressing and sintering. 

Techniques for the fabrication of ceramic 
fuel elements by vibratory compaction and 
swaging of powders have been investigated. 
Vibratory packing studies, using a three-
particle size system, resulted in a maximum 
vibrated density of 9 gm/cc or 82.2 percent of 
the theoretical density by warm swaging at 
600° C. 

Various binders, lubricants and granulations 
suitable for automatic pressing of UO2 were in­
vestigated. 1 wt percent of polyvinyl-alcohol 
added dry, followed by granulation with ap­
proximately 10 wt percent water, drying at 80° 
C , passing through a 6-mesh screen, and coat­
ing with 1/4 •wt percent zinc stearate as a lubri­
cant was found to give a granulation with the 
best pressing properties. Pellets pressed of 
this granulation with 10 tsi had, after sintering 
at 1,700° C. in hydrogen, a density of 95 to 
96 percent of theoretical density. 

High bvirnup oxide fuels are suitable to the 
organic concept because cladding surface tem­
perature is the limiting parameter, not fuel 
temperature. 
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The effects of irradiation on bulk UO2 (Zir­

caloy clad) are listed in table I I I - 3 . 

(c) Uranium Carbide Fuels 

Uranium monocarbide shows great promise 
as a nuclear reactor fuel because of high ther­
mal conductivity, which approaches that of 

Fabrication techniques have been developed 
for consistently producing %-inch diameter by 
3-inch slugs of high purity 97 to 98 percent 
dense UC. This is done by an arc melting and 
casting process. Slugs up to %-inch diameter 
by 6 inches long have been produced, but not 
consistently to date. 

A preliminary survey of UC physical proper­
ties and irradiation characteristics was con­
ducted at Battelle Memorial Institute. A 5.0 
percent carbon UC sample was irradiated in 
the MTR to a burnup of approximately 6,000 
Mwd/T. At this burnup there was a 2 percent 
density change. Some thermal migration of 
carbon to the outside of the slug was noted but 
the center of the slug was still UC. Some crack­
ing of the slug occurred after encapsulation. I t 
has not been determined if this is the result of 
thermal cycling or irradiation. Apparently 
only the excess carbon migrated. Compatibil­
ity tests of UC with sodium, NaK, stainless 
steel, and grinding coolants showed no reaction. 
Thermal conductivity and electrical resistivity 

uranium metal, and good irradiation charac­
teristics. There is currently a good deal of 
interest in the utilization of UC as a reactor 
fuel. A substantial effort is presently under 
way to develop fabrication techniques and ob­
tain physical-property, compatibility, and ir­
radiation data. 

values have been obtained for 5.2 percent car­
bon sample. 

(2) CLADDING 

(a) Aluminum Powder Metallurgy {APM) 

The use of APM alloys in organic systems 
offers the potential of good high temperature 
strength along with low neutron absorption. 
Designs utilizing fuel elements clad with this 
material are capable of producing higher qual­
ity steam than plants using aluminum clad ele­
ments. In addition, the APM alloys are suit­
able cladding materials for ceramic fuels such 
as UO2 which offer the potential of high fuel 
burnup and lower fuel cycle costs (see table 
4). The APM alloys are also easily extruded 
in a variety of complex shapes. This is an 
important requirement for fuel cladding mate­
rials in organic-cooled systems since the low-
heat transfer coefficient of the coolant requires 
the use of extended surfaces. 

Aluminum powder metallurgy products are 
produced in this country by the Aluminum 

TAHLE 3 

EFFECTS OF IRRADIATION ON U-LOW ALLOY FUELS 

Specimen 
(NAA-) 

15-3-5 
15-3-1 
15-4-1 
15-4-5 
15-3-6 

Composition 
(wt—%) 

U—1.2 Mo___ 
U—1.2 Mo__ 
U—1.2 M o . _ -
U—1.2 Mo_ ._ 
U—2.0 Zr 

Measured central 
temperature (°F.) 

Range 

830-700 
1, 050-920 
1, 245-905 
1, 130-990 

665-560 

Average 

756 
972 

1,017 
1,052 

605 

Calculated surface 
temperature (°F.) 

Range 

655-555 
825-740 
980-715 
890-775 
525-445 

Average 

598 
763 
799 
827 
480 

Burnup 
total 
a/o* 

0.25 
0 .33 
0.22 
0.22 
0. 18 

Max. 
increase 
in diam­
eter (%) 

9 .9 
13 
7 .7 
9. 6 
4 . 0 

Increase 
in volume 

(%)t 

22 
31 

6. 9 
7 .3 
6 .5 

*Based on chemical analyses of some specimens and heat balance on all specimens. 
fBased on density measurements of central sections. 
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Company of America (Alcoa) and are desig­
nated as APM. The alloy M-257, containing 6 
to 8 percent AI2O3, is the only alloy pro­
duced commercially by Alcoa. Similar alloys 
are also manufactured in Europe by the Swnss 
firm, Aluminum-Industrie-Aktien Gesellschaft 
(AIAG) and are known as Sintered Aluminum 
Powder (SAP) products. AIAG's commercial 
alloys contain 10 to 13 percent AI2O3. The 
terms APM and SAP are used, as appropriate, 
to designate the source of the alloys. 

T A B L E 4 

P H Y S I C A L P R O P E R T I E S OF UO2 A N D SAP 

Property 

Melting point, °F 
Thermal conductivity 

(Btu/ft-hr-°F.) 
Density, gm/cm': 

Theoretical 
Actual 

Coefficient of thermal ex­
pansion, in./in.-°F. 

Specific heat, cal/gm-°C_ 
Tensile strength, psi 

Yield strength, psi_ 

UO2 

5,072 
1.47 (at 

1,200 °F.) 

10.96 
10.50 
5.55 X lC-« 

(32 to 
1,832 °F.) 

0.059 

SAP 

~ 1,200 
114 

2.76 
2.73 
(70 to 850° 

F.) 

~ 0 . 2 1 
11,500 (at 

850°F.) 
10,800 (at 

850°F.) 

Published data on elevated temperature prop­
erties of AMP and S A P alloys indicated that 
the usable service temperature of these alloys 
is some 300° F . higher than for the best con­
ventional wrought alloy, thus leading to the 
selection of M-257 as a possible cladding alloy 
for UO2 fuel rods in OMR reactors. The prin­
ciple fabrication effort has been aimed at the 
production of small diameter (0.300-inch I.D.), 
thin-wall (0.015-inch), tubing with external 
fins to promote heut transfer in organic media. 
To date, finned tubing from APM alloy M-257 
has been produced by two commercial fabrica­
tors of aluminum alloys, and a third vendor is 
currently engaged in a similar fabrication ef­
fort. One vendor produced lengths of smooth-
wall tubing 0.210-inch I.D. + 0.020-inch wall; 

and tubing with eight external fins. These 
were all produced by cold impact extrusion 
techniques. The second vendor has produced 
M-257 tubing, 0.300-inch I.D. X 0.020-inch wall 
with 16 external fins, by hot extrusion. While 
evaluation of the resultant tubes is incomplete 
the fabrication of APM alloys into intricate 
tubular configurations appears to be definitely 
feasible on a commercial basis. Tables 5 and 6 
compare properties of M-257 to various clad­
ding materials. 

Joining of APM alloys is not readily accom­
plished by conventional techniques. Any fu­
sion technique results in segregation of the 
oxide dispersion in the molten weld metal re­
sulting in porosity and low joint efficiency. 
However, in fuel rod development effort un­
alloyed aluminum end plugs have been satisfac­
torily joined to M-257 tubing. Burst tests at 
900° F . in which the 0.020-inch walled tubing 
ruptured before the end closure failed indicate 
that the strength of such weldments is greater 
than that of the tubing. Accordingly, end clo­
sures by the fusion welding of Al plugs in APM 
tubing appear to be a distinct possibility. 

End closures have also been made by flash 
welding of APM end plugs to APM tubing. 
Evaluations of these joints are in progress. 
Recent Alcoa data on flash welded bar speci­
mens indicate 96 percent joint efficiency at all 
temperatures up to 600° F . 

Hot pressing is being evaluated and good 
metallurgical bonds have been attained when 
an intermediate AlSi or Ni layer is employed 
to promote diffusion. Satisfactory adoption of 
this technique to the fuel tube end closure prob­
lem is yet to be developed. 

Ultrasonic welding is reported to offer good 
possibility for joining APM alloys, but much 
additional development is required before this 
technique can be seriously considered. 

At this writing, it seems that joining of APM 
alloys is definitely feasible; however, a con­
siderable effort is required to establish a prac­
tical, reliable end closure technique. 

The compatability of APM and SAP alloys 
with organic coolant at 750° F . has been 
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T A B L E 5 

T E N S I L E A N D Y I E L D S T R E N G T H S 
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Temperature 
(°F.) 

400 
600 
800 
1,000 

M-257 

Tensile 
(psi) 

(1,000 
hr) 

21, 000 
17, 000 
12, 000 
7,500 

Yield 
(psi) 

(1,000 
hr) 

18, 000 
15, 000 
11,000 
7,000 

l % F l o w 
(10,000 

hr) 

8,800 
5,400 

2024-T4 

Tensile 
(psi) 

(1,000 
hr) 

31, 000 
8,000 
1,700 

Yield 
(psi) 

(1,000 
hr) 

27, 000 
5,500 
1, 100 

l % F l o w 
(10,000 

hr) 

1,500 

2618-T61 

Tensile 
(psi) 

(1,000 
hr) 

34, 000 
9,000 
2,600 

Yield 
(psi) 

(1,000 
hr) 

31, 000 
6,000 
1,600 

1 % Flow 
(10,000 

hr) 

1,600 

T A B L E 6 

PHYSICAL P R O P E R T I E S OF VARIOUS M A T E R I A L S AT 800° F. 

APM type 
M-257 

2S alumi­
num 

2024-T4 
aluminum 

Mg SS type 
347 

Carbon 
steel 

Be Zr 

Tensile strength 
(psi). 

Yield strength 
(psi). 

Creep—(1 % in 
1,000 hr) psi. 

Corrosion resist­
ance to organic 
fluids. 

Absorption cross 
section (cm~' a t 
2,200 m/sec). 

Conductivity 
(Btu/hr-ft-°F.). 

Coefficient of 
Thermal expan­
sion (in./in.-°F.). 

Melting point 
(°F.). 

Special problems--
Cost ($/lb) 
Compatible with 

fuels. 

12 ,000---

11 ,000-- -

5,400 

Satisfac­
tory. 

0 . 0113 - - -

105 

13.6X 
10- ' 

~ 1 ,200- . 

Joining. . 
5 .00*- - . 
No reac­

tion 
with 
bulk 
UOj. 

800. 

600-

200-

1,700. 

1,100. 

Satisfac­
tory. 

0 .0115--

128. 

Satisfac­
tory. 

0 . 0 1 2 . . . 

Oxidizes.. 

75 ,000 . . . 

31 ,000 . . -

21 ,000 . . . 

Satisfac­
tory. 

0.229.--. 

11-

12.3X 
10- ' 

1,220--

14.4X 
io-« 

' 1,200-

10. I X 
10 - ' 

2 ,600 . . 

1.00 
Reaction 

with 
U O j a t 
~ 5 0 0 ° 
C. 

1.00 
Reaction 

with 
U O j a t 
~ 5 0 0 ° 
C. 

5.00-
Yes-. 

50,000-

22,750. 

19,000. 

Satisfac­
tory. 

0.22 

23.5. 

7.65X 
10- ' 

2,795.-. 

0.40-

Not 
tested. 

Hydrides. 

Toxic-
1 0 0 - - . 25 

•Production basis. 
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studied. The corrosion resistance of these alloys 
was found to be excellent, essentially the same 
as that of unalloyed aluminum. 

APM (M-257) tubes with 0.020-inch wall 
have been foimd helium leak-tight under vac­
uum at temperatures up to 1,000° F . and pres­
sure-tight for internal pressures of 15 psig at 
temperatures up to 900° F . 

(b) Stainless Steel 

Due to their stability and proven capability, 
the 300 series austenitic stainless steels are of 
greatest interest. As a group they possess 

ample strength to serve as a clad and a struc­
tural material. Typical properties for types 
304 and 347 stainless steel are shown in table 7. 

Out-of-pile and in-pile tests of these ma­
terials with organics have demonstrated their 
corrosion resistance. Specimens removed from 
the tests still had their original luster and had 
negligible weight gains. The austenic stainless 
steels are not known to have any chemical re­
action with UO2. With uranium metal, stain­
less steel forms a low melting eutectic at ap­
proximately 2,000° F. , but the cladding-fuel 
interface should not exceed 900° F . under con­
ditions in the OCR reactor. 

TABLE 7 

P R O P E R T I E S OF STAINLESS S T E E L 

Temperature (°F.) 

Room. 
1,000- - -

Type 304 

Yield (psi) 

30, 000 
18, 000 

Tensile (psi) 

80, 000 
55, 000 

1 % Flow 
(10,000 hr) 

17, 000 

Type 347 

Yield (psi) 

34, 000 
29, 000 

Tensile (psi) 

80, 000 
60, 000 

1% Flow 
(10,000 hr) 

19, 000 

Stainless steel can be fabricated in a variety 
of shapes and sizes by a wide range of tech­
niques. Tubes from %6 inch in diameter and 
up can be produced either by extrusion or weld­
ing. Wall thicknesses down to 4.5 mils have 
been successfully fabricated. Plate is available 
down to 1 mil in thickness. All conventional 
joining processes can be used, including fusion 
welding and brazing. The thermal conductiv­
ity of stainless steel is approximately 11 
Btu/hr-ft-° F . in the temperature range of in­
terest, considerable less than that of aluminum. 
The effect of such a low conductivity is to pre­
clude the use of extended surface fuel elements. 
By comparison, the thermal effectiveness of 
stainless steel and aluminum fins is respectively 
0.45 and 0.9 for a length/thickness ratio of 
2.5:1. 

The stainless steels in general possess a rela­
tively high cross section for neutron capture. 

the 2,200 m/sec macroscopic absorption cross 
section being 0.229 cm"-\ The cost of stainless 
steel is approximately $5 per pound in fabri­
cated shapes. 

(c) Zirconium 

Corrosion testing of zirconium metal in or­
ganics has shown that zirconium hydride is 
formed. With the formation of the hydride, 
the zirconium rapidly loses ductility and be­
comes brittle. For this reason zirconium, even 
though possessing other desirable properties, is 
not considered suitable for use in an organic 
cooled reactor. Zirconium alloys, e.g., Zircaloy 
2, etc., exhibit the same corrosion behavior as 
zirconium. 

(d) Mild or Low Alloy Steel 

Mild or low alloy steels used with organic 
coolants behave basically the same as the stain-
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less steels. They possess satisfactory corrosion-
resistance to organic coolants. There is no ap­
parent chemical instability between mild and 
low alloy steels with uranium fuel at the nor­
mal temperatures expected in a reactor. How­
ever, this compatability has not been fully in­
vestigated. The thermal conductivity of mild 
steel is about twice that of stainless steel, al­
lowing reasonably high thermal effectiveness 
of mild steel cladding with extended surfaces. 
The amount of iron employed in a core utiliz­
ing mild steel with extended surface would in­
troduce a considerable amount of parasitic ab­
sorption, resulting in higher initial fuel enrich­
ments and lower conversion ratios than would 

be obtained using materials with a lower ab­
sorption cross section. Also, the use of mild 
steel cladding would require special controlled 
environments during fuel handling to prevent 
corrosion. 

(e) Aluminum 

While the strength of aluminum is satis­
factory at room temperatures, at elevated tem­
peratures the allowable stress rates are exceed­
ingly low. Thus, aluminum metals as a group 
offer potential as a clad material only if the 
fuel alloy is structurally sound throughout its 
lifetime. Table I I I - 8 compares the strength 
properties of alloys 2S and 2024-T4 aluminum. 

TABLE 8 

STRENGTH PROPERTIES OF ALUMINUM ALLOYS 

Temperature (°F.) 

Room 
400 (1,000 hr) 
600 (1,000 hr) 

2S 

Yield (psi) 

5,000 
3,000 
1,500 

Tensile (psi) 

13, 000 
6,000 
2,500 

1% Flow 
(10,000 hr) 

300 

2024-T4 

Yield (psi) 

46, 000 
27, 000 
5,500 

Tensile (psi) 

68, 000 
31, 000 
8,000 

1% Flow 
(10,000 hr) 

1,500 

Because of the strength considerations, alu­
minum is not considered satisfactory as a clad­
ding material for a UO2 fuel element, but it is 
adequate as a cladding for stable uranium metal 
fuel at moderate burnups. The precipitation-
hardened aluminum alloys, while possessing 
higher strengths in the lower temperature 
ranges, anneal over a period of time at tempera­
tures above 500° to 600° F . with a continuing 
gradual decrease in all allowable stress levels. 
Type 2S aluminum has been tested both out-
of-pile and in-pile for corrosion resistance to 
the polyphenyl coolants, and in all cases negli­
gible weight gains were recorded. Subsequent 
examination of the test specimens indicated no 
localized attack or other adverse effects. 

When used as a cladding for uranium metal 
jfuel, aluminum is pressure bonded to an inter­

mediate layer of nickel which acts as a diffu­
sion barrier. When used as a cladding for 
UO2, aluminum tends to reduce UO2 at elevated 
temperatures, starting at approximately 900° 
F . When aluminum and UO2 are intimately 
mixed, as in some test reactor plate-type fuel 
elements, the aluminum tends to reduce the 
UO2 at temperatures around 840° to 930° F . 
The reaction rates between the two, when they 
are not intimately mixed, have not been defi­
nitely established but are known to be less. 

Aluminum is one of the most versatile metals 
with respect to availability and diversity of 
fabricated shapes. Joining can be accomplished 
by all conventional techniques, including weld­
ing and brazing. The cost of aluminum in fab­
ricated shapes is approximately $1 per pound. 
The 2,200 m/sec macroscopic cross section for 
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normal 2S aluminum is approximately 0.012 

cm. 
The use of aluminum cladding on the fuel 

elements in an organic reactor appears to be 
limited only by the low melting point, approxi­
mately 1,220° F., the lack of strength at ele­
vated temperatures, and its chemical behavior 
with UO2 at elevated temperatures. 

(3) FUEL ELEMENT HEAT TRANSFER STUDIES 

The two fuels most suitable for an organic 
moderated reactor at the present stage of tech­
nology are UO2 and uranium metal alloys. The 
UO2 is characterized by a high permissible cen­
ter temperature, approximately 4,000° F., and 
a vei-y low thermal conductivity, approximately 
1 Btu/hr-ft-° F . Uranium metal alloys are cen­
ter-temperature limited because of the beta 
phase transformation at approximately 1,200° 
F. , but have a relatively high thermal conduc­
tivity of 16 Btu/hr-ft-°F. Therefore, taking 
rods as a reference design because of their well-
developed technology, we may compute the 
maximum permissible power for both UO2 and 
uranium metal. These results are summarized 
in table 9. For completeness, results for UC 
rods are also included. Due to the limita­
tions on maximum surface heat fluxes, these 
maximum rod powers are unobtainable in prac­
tice unless an extended surface fuel element is 

utilized. The finning ratio, which is the ratio 
of the effective heat transfer surface* required 
(to be obtained by finning) to the area of a 
smooth tube of the diameter listed, for a maxi­
mum allowable heat flux of 155,000 Btu/hr-ft% 
is also given in table 9. (The heat flux of 
155,000 Btu/hr-ft^ was chosen to give a 2:1 
ratio of burnout heat flux to maximum heat 
flux.) From design considerations, the maxi­
mum value of the finning ratio is approxi­
mately 2.5; thus, the allowable power for a 
UO2 rod, a UC rod, or a uranium metal rod 
is approximately the same when the rod diam­
eter is about 0.35 inch or less. I t is therefore 
concluded that in an organic reactor, in which 
the heat transfer characteristics of the organic 
coolant restrict the power which may be re­
moved from the fuel element, that the use of 
uranium metal does not offer any significant 
thermal improvement over that of UO2. In­
deed, as the fuel element surface temperatures 
can be raised, the thermal performance of the 
UO2 would tend to surpass that of the metal. 
I t should also be noted that due to the differ­
ence in densities of the UO2 and uranium metal, 
the specific power of the UO2 fuel element will 
be about 1.7 times that of a uranium metal ele­
ment. The volumetric power of the two fuel 
elements will be approximately the same. 

*An effectiveness of 0.95 for the extended surface was used 
in tlie above tabie. 

TABLE 9 

M A X I M U M P E R M I S S I B L E P O W E R 

U02 

Rod Diameter 
(in.) 

0. 2 
0. 3 
0. 4 
0. 5-
0 . 6 - - -
0. 7 

Heat Flux 
(Btu/hr-ft2) 

587, 000 
391, 000 
294, 000 
285, 000 
196, 000 
168, 000 

Finning 
Ratio 

4.00 
2.66 
2.00 
1.60 
1. 33 
1. 14 

Uranium Metal 

Heat Flux 
(Btu/hr-ft2) 

1, 300, 000 
877, 000 
622, 000 
530, 000 
442, 000 
378, 000 

Finning 
Ratio 

8 .83 
5.95 
4. 50 
3. 60 
3.00 
2 .57 

UC 

Heat Flux 
(Btu/hr-ft2) 

1, 250, 000 
1, 160, 000 
1, 085, 000 
1, 020, 000 

967, 000 
913, 000 

Finning 
Ratio 

8. 50 
7.88 
7.37 
6.93 
6.57 
6. 23 

i 
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^ ^ m i 

6. Work Underway 

(1) OXIDE FUELS 

Current research and development effort is 
involved with work in the following areas: 

(a) Incorporation of Burnable Poisons Into 
UO, 

In order to increase the burnup time of UO2, 
the following burnable poisons were incor­
porated in amounts of 2 to 5 at. percent into 
UO2: Gd, Sm, Er, Dy, and Eu. All these rare 
earth metals were incorporated in their oxide 
form. By careful blending a homogeneous 
mixture was achieved. Pellets made of this 
mixture were pressed and sintered under the 
same conditions as described for pure UO2. 
The percentage of theoretical density was in 
most cases the same as, and in some cases even 
slightly higher than for pure UO2 pellets. A 
uniform distribution of the rare earth oxide 
particles in the sintered pellets was established 
by metallographic investigation. This work is 
being continued using boron as poison. 

(b) Compatibility Tests 

Experiments are in progress to establish the 
compatibility of UO2 pure, and containing 
various burnable poisons with grade 1,100 Al 
and M-257 APM at 1,100° F . To date, no re­
action has been found in tests up to 14 days' 
duration. 

(2) URANIUM CARBIDE FUELS 

Techniques for fabricating UC slugs up to 
1 inch diam by 6 inches long are presently un­
der development. Facilities are being set up 
for pilot production of slugs by the arc melt­
ing and casting process. 

Additional irradiation testing is under w ây 
and scheduled. An MTK capsule presently be­
ing irradiated is scheduled for a burnup of 
18,000 Mwd/T. Three cluster type UC ele-

ents are scheduled for irradiation in the SRE 

to a burnup of 2,000 to 15,000 Mwd/T. MTR 
and ETR irradiation tests of 4,000 to 24,000 
Mwd/T burnups are also scheduled. 

Additional compatibility tests of UC with 
cladding materials are being prepared. Ther­
mal conductivity of large samples of uranium 
carbides over the range of 4.2 to 5.6 percent 
carbon are about to start. Additional physical 
properties will be investigated. 

Primary work (including the basic uranium 
metallurgy) is being done at Mallinkrodt 
Chemical and Davison Chemical Co. Fabrica­
tion of uranium fuels is being continued by 
BMI, Albany (Ore) Metals, Nuclear Metals, 
and Nuclear Material and Equipment Co. 

{3) ALUMINUM POWDER METALLURGY— 

CLADDING MATERIALS 

Fuel element development programs are now 
in progress with the objective of developing 
fabrication, assembly, and inspection proce­
dures for UO2 and uranium alloy fuel elements 
for OMR reactors. These programs include the 
manufacture and testing of fuels, cladding 
alloys, and prototype fuel elements capable of 
operating at higher temperatures and for higher 
burnups. The use of APM alloys for cladding 
has not been tested in any reactor. These pro­
grams will stress the evaluation of APM alloys 
for this purpose; however, an alternate effort 
will be made on Al-clad zirconium tubing for 
this application. 

Specific programs are under way to test the 
compatability of APM materials with UO2 at 
elevated temperatures. Work is continuing on 
the evaluation of fusion welding, pressure bond­
ing, ultra sonic welding and flash welding as a 
means of making end plug closures. The creep 
and rupture data reported in the literature for 
APM alloys is being checked by further labo­
ratory tests designed to measure elevated tem­
perature primary, secondary and tertiary creep 
strengths. Hot continuous extrusion work on 
shapes typical for fuel element use is continu­
ing. 
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3. Heat Transfer and Fluid Flow The physical properties of the coolant are taken 
at the bulk temperature. I t has been found 

a. Work Completed ii_ i i, iU v, i r 
that when the above expression is used tor or-

(1) FORCED CONVECTION STUDIES ««'"»« coolants containing high-boiling com­
pounds, it predicts a heat transfer coefficient 

Heat transfer coefficients have been measured that is lower than the measured coefficient, 
for various polyphenyls flowing turbulently in For example, the heat transfer coefficient calcu-
a heated tube (6). The polyphenyls were: (a) lated from this equation for Santowax R 
diphenyl; (b) Santowax R (commercial mix- with 30 percent high boilers is 32.5 percent 
ture of terphenyl isomers); and (c) Santowax lower than for Santowax R with no high boil-
OM (a 2 : 1 mixture of ortho- and meta-terphe- e^ '̂ ^^^^^^^ experimental data mdicate a 10 
nyls). The measurements were made m a stain- ^ 
less steel loop consisting of a centrifugal pump, /2) BURNOUT STUDIES 

strainer, turbine flowmeter, preheater, rotom-
eter, test heater section, cooler, surge tank, and Burnout heat fluxes have been measured for 
connecting piping and valves. The test heater various polyphenyls flowing turbulently in an 
section was a 0.375-inch O.D. by 0.016-inch annular channel (7, 21). The polyphenyls were 
wall type 304 stainless-steel tube having a (<») diphenyl, (6) a polyphenyl mixture (15% 
heated length of 241/3 inches. An unheated diphenyl, 58% ortho-terphenyl, 24% meta-
hydraulic entry length was provided upstream ^rphenyl, and 3 % para-terphenyl) (c) Santo-

J, ,, , ^ , .̂ rm , ,. 1 wax R, and (a) mono-isopropylbiphenyl. i he 
of the heated section. The heating was ob- , \ i ^ n 1 ̂  • j • 1 

, , . , . burnout heat fluxes were obtained in an elec-
tamed by passing an alternating current ^^j^^jj^ ^^^^^^^ ^^j^^j^ ^ j ^ ^^^^ (0.020-inch 
through the tube wall. ^^H) ^-^^^ ^^ unheated rod (0.188-inch diam-

The operating conditions were as follows: ^^^^^ j^g^j.^.^^ concentrically to form an annular 

Fluid temperatures 480 to 770° F. passage having an equivalent hydraulic diam-
Surfaee temperatures.. 565 to 875» F. ^^^^ ^f 0.272-inch. The electrical power input 
Fluid velocities 5 to 25 ft/sec. /1 s , ,1 . 1 • 1 i_ • 
Reynolds number 20,000 to 300,000. ^^""^ *« ^^^ ^^^^ ^ ^ ' increased by increments 
Heat flux Uniform. \miS[ the tube was damaged and/or the tube wall 

Heat fluxes 40,000 to 290,000 Btu/hr-ft*. temperatures rose rapidly to a high value (in-

Experimental heat transfer coefficients ob- dicating film boHing). The coolant was pumped 

tained at the above conditions ranged from 340 '^ ' '^^g^ ^^^ *«'* "^^^ '̂̂ ^ ^^ "^*"«^^" ^^^ P'"'^'" 
to 2,740 Btu/hr-ft^-° F . The data obtained in ^urization of a coolant tank connected to the 
this study were correlated by the relationship. upstream end of the test section. The coolant 

discharged from the test section into another 
hd /vdp^-^ /cu\''^ tank. The test section was vertical and the flow 
•^—0.015 ^ — y \^) was in the upward direction. 

The burnout heat flux for diphenyl was cor­
related by the following equation: 

c=specific heat of coolant, 

rf= tube diameter, / ^ \ =4.54 r,„b F"'"-!-116,000, Btu/hr-ft^ 
t= the rma l conductivity of the coolant, \^/bumout 
A=heat transfer coefficient, where 
«J= coolant velocity, rsub=subcooling, °F. 
M=viscosity of the coolant, and F = velocity, ft/sec. 
p= density of the coolant. iQ/^ )b„rnout = burnout heat flux, Btu/hr-ft^ 
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The operating conditions for diphenyl were 
as follows: 

System pressure 23 to 406 psia. 
Liquid bulk 

temperature 510° to 831° F. 
Liquid bulk velocity.. 0.47 to 17.3 ft/sec. 
Subcooling 0° to 328° F. 
Heat flux 74,000 to 890,000 Btu/hr-ft=. 

The burnout heat flux for Santowax R was 
correlated by the following equation: 

(^^ =552 Tsub F2«-f 152,000, Btu/lir-ft^ 
\ ./I/burnout 

The operating conditions for Santowax R 
were as follows: 

System pressure 91 to 109 psi. 
Liquid bulk 

temperature 595° to 771° F. 
Liquid bulk velocity 49 to 15.3 ft/sec. 
Subcooling 174° to 334° F. 
Heat flux 0.416X10' to 1.287X10" 

Btu/h^-ft^ 

A burnout heat flux correlation was also ob­
tained for the polyphenyl mixture (see fig. 9). 

(3) VARIATION IN HEAT TRANSFER COEFFICIENT 

The extent of the decrease in heat transfer 
coefficients with time has been investigated in 
loops containing Santowax R, Santowax OM, 
and irradiated OMRE coolant containing 30 
percent high boilers flowing turbulently in a 
heated tube (6, 22, 23). The method of inves­
tigation involved circulation of the coolant in 
the loop described in reference 1 over a period 
of time under fixed conditions of bulk tem­
perature, heat flux and velocity and to note 
the change in heat transfer coefficient as indi­
cated by the increase in wall temperature with 
time. 

No change in surface temperature was ob­
served with Santowax R in a 90-hour run un­
der the conditions of 15 ft/sec velocity, 978° 
F . surface temperature, and 758° F . bulk tem­
perature (6). 

No increase in surface temperature was ob­
served with Santowax OM for the following 
conditions (6). 

Duration of run Surface tern- Bulk temperature 
Qir) Velocity (ftlsec) perature (° F.) (° F.) 

48 
26 
50 
24.5 
39 

15 
10 
5.6 
10 
5.6 

976 
910 
905 
958 
959 

756 
753 
745 
747 
758 

From the above test conditions it has been 
calculated that the rate of decrease in measured 
heat transfer coefficient for the irradiated 
OIMRE coolant containing 30 percent high 
boilers would be as shown in Figure 10 (23). 
The rate of decrease in heat transfer coefficient 
becomes less with lower surface temperature 
and with increasing velocity. 

(4) NUCLEATE BOILING STUDIES 

Some nucleate boiling heat transfer data 
have been obtained as a byproduct of the in­
vestigations on burnout heat flux. Preliminary 
data from these studies indicate that the heat 
transfer coefficient reaches equilibrium at be­
tween 25 and 45 percent above that for forced 
convection. The organics being studied exhibit 
the same general boiling characteristics as 
other common fluids. 

6. Work Underway 

(1) FORCED CONVECTION STUDIES 

Measurements are being made of the local 
heat transfer coefficients in a Piqua-type ex­
tended surface channel. These data will per­
mit a more accurate determination of fin ef­
ficiencies. 

(2) BURNOUT STUDIES 

Burnout heat fluxes are being measured for 
Santowax R at velocities from 1 to 15 ft/sec, 
bulk temperatures from 500° to 700° F . and at 
pressures of 20, 150, and 300 psia (24). The 
test apparatus is similar to that described in 
reference 6. Burnout heat fluxes will be meas­
ured for both upward and downward flow. 

Measurements of burnout fluxes for pool 
boiling of benzene have been initiated. Meas­
urements of burnout heat fluxes for pool boil­
ing of other organic fluids are planned. These 
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FIGURE 9.—Critical heat flux. 

320 400 

measurements will be made at pressures up to 
the critical pressure. 

(3) VARIATION OF THE HEAT TRANSFER 

COEFFICIENT 

The rate of decrease in heat transfer coeffi­
cient observed with irradiated OMRE coolant 
having 30 percent boilers (with and without 
16 percent diphenyl) flowing turbulently in a 
heated tube with subcooled nucleate boiling are 
being investigated (25). The method of in­
vestigation is to circulate the coolant in the 
loop described in reference 6 over an extended 
period of time under fixed conditions of bulk 
temperature, heat flux, and velocity, and to note 
the increase in wall temperature with time. 

To date, five boiling runs have been made 
covering the following range of conditions: 

Surface temperature. 784° to 890° F. 
Bulk temperature 593° to 648° F. 
Heat flux 80,000 to 305,000 Btu/hr-ft». 
Velocity 5 to 10 ft/sec. 
Duration 154 to 500 hr. 

A sixth run which accumulated over 1,500 
hours operated at a maximum initial surface 
temperature of 840° F. , bulk temperature of 
640° F., a maximum heat flux of 185,000 Btu/ 
hr-ft% and a velocity of 5 ft/sec. The results 
from this run are shown in figure 11. I t is sig­
nificant to note that there is no decrease in the 
heat transfer coefficient after 1,100 hours. 
Forced convection heat transfer measurements 
immediately prior to and following some ol 



STATUS REPORT ON ORGANIC-COOLED POWER REACTORS 27 

the boiling runs indicate an increase in surf-ace 
temperature which is less than that indicated 
by the decrease observed during the boiling 

runs. 
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FIGURE 10.—Change in heat transfer coefficient with 
time for various surface temperatures. 

(4) NujDLEATE BOILING 

Some subcooled, nucleate boiling heat trans­
fer data are being obtained as a byproduct of 
the extended boiling runs described above. 

4 . Coolant Chemistry 

a. Work Completed 

(1) PHYSICAL PROPERTIES 

Methods and techniques have been developed 
for the evaluation of the physical properties 
of organic materials (26). Measurements of 
these properties for many organic coolants of 
interest as reactor materials have been made. 
The results of these measurements for Santo­
wax R have been compiled in tables 10 and 
11. Similar data have been measured for the 
coolant in the Organic Moderated Reactor 
Experiment (OMRE) and its component or­
ganics—diphenyl, orthoter phenyl, metater-
phenyl, and paraterphenyl (26, 27). Figure 
12 shows the variation in coolant density as 
the HBC increases. 

(2) RADIATION EFFECTS AND COOLANT 

DECOMPOSITION 

To determine the feasibility of organics as 
moderator and coolant in a reactor, it was nec-
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FiGUBB 11.—Rate of change in heat transfer coefficient as a function of operating time. 
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10 20 30 
HIGH BOILER RESIDUE, WEIGHT PER CENT 

FIGURE 12.—Density of irradiated coolants at 600° F. 

essary to evaluate the decomposition rate of 
these materials under intense radiation. In 
spite of the distinct advantages of low vapor 
pressure, low induced activity, and low corro­
sion with standard materials of construction, 
an excessive radiolytic decomposition rate 
would have rendered the use of organics un­
economical, due to coolant makeup costs. Since 
polyphenyls were known to be relatively stable 
to high temperature radiations, they have been 
investigated most extensively (28). 

Many radiation sources were used in the 
evaluation of the coolant decomposition rate 
(28). Initial measurements were conducted 
with Van de Graaff electrons. Later determi­
nations were made with in-pile test loops. More 
recent data were obtained from the operation 
of the OMRE. 

The results of these investigations are pre­
sented in figures 13 and 14. These tests indi­
cate that the coolant decomposition rate—and 
thus the coolant makeup cost—decreases with 
increasing high boiler (polymeric decomposi­
tion products) concentration. 

A search was also made for an organic in­
hibitor which could be added to polyphenyl 
coolants to reduce the radiation decomposition 
rate (29). To date, 56 additives have been 
evaluated on the basis of gas evolution and 
polymer formation. These additives, in 2 per­
cent concentration in OMRE coolant, received 
4X10" r at 750° F . in the MTR gamma facility. 
Nine of these, as reported in table 12, proved 
to be effective in reducing G (polymer) by 20 
percent or more. 
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TABLE 10 

S U M M A R Y OF T E M P E R A T U R E D E P E N D E N T P R O P E R T I E S OF SANTOWAX R 

29 

Property 

Density, liquid (gm/cm') 

Vapor density (grn/cm^) 

Hydrogen density (atoms/cm'X 10-«) 

Viscosity (centipoise) _ 

Enthalpy (base 300° F.), (Btu/lb) 

Specific heat (Btu/lb-° F.) 

Thermal conductivity (Btu/hr-ft-°F.) 

Latent heat of vaporization (Btu/lb) 

Vapor pressure (psia) 

Surface tension (dynes/cm) 

Tempera­
ture C F.) 

600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 
600 
700 
800 

High boiler residue content (wt. %) 

0 

0.874 
0. 827 
0.777 
0. 0013 
0. 0036 
0. 0088 
3.20 
3.03 
2.84 
0.32 
0 .23 
0. 18 

154 
207 
262 

0. 530 
0. 542 
0.655 
0. 0660 
0. 0645 
0. 0610 

124. 7 
120.4 
113.8 

4 .0 
12.7 
31 .8 
21. 1 
17.2 
13.4 

10 

0.884 
0. 839 
0.791 

3.22 
3.06 
2. 88 
0 .41 
0.29 
0 .22 

0. 522 
0. 533 
0.545 
0. 0660 
0. 0645 
0. 0610 

2 .3 
9. 2 

27 .5 

20 

0.896 
0.851 
0.804 

3 .25 
3.09 
2.92 
0 .53 
0 .38 
0 .28 

0.515 
0.524 
0.534 
0. 0660 
0. 0645 
0. 0610 

3. 3 
10. 9 
29 .7 

30 

0.907 
0.864 
0. 818 

3. 27 
3. 12 
2 .95 
0.70 
0. 49 
0. 37 

0. 507 
0 .515 
0.524 
0. 0660 
0. 0645 
0. 0610 

4. 5 
13.0 
32 .3 

100 

0.982 
0.952 
0.922 

3. 41 
3 .31 
3 .21 
7 .8 
4. 1 
2 .4 

A concurrent search was conducted for a 
commercially available material which could 
serve as an organic coolant-moderator at re­
duced overall replenishment costs. Two new 
coolant materials were evaluated on the basis 
of gas evolution and polymer formation and 
were found to be considerably inferior to 
OMRE coolant (29). One of these, 1,1 = 
ditolylethane, evolved 40 times as much gas 
as OMRE coolant and polymerized 4 times as 
rapidly. The other, a heat transfer fluid con­
sisting of glycerides of unsaturated fatty acids 

|in the C1C-C26 range, evolved too much gas to 

.J.S3H22 ( ) — 0 0 ;{ 

be measured and was almost completely coked. 
Another material, anthracene oil, was investi­
gated (30). I t was concluded that its disad­
vantages—higher decomposition rate, higher 
vapor pressure, lower flash and fire points, tox­
icity, and high sulfur content—outweighed its 
lower costs. 

6. Work Underway 

(1) PHYSICAL PROPERTIES 

At the present time, physical properties such 
as density, viscosity, melting point, specific 
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FiQUBE 14.—Decomposition rate of OMRE coolant. 
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TABLE 12 

ADDITIVES WHICH REDUCE RADIATION 
DECOMPOSITION RATE 

Additive 

1,1,4,4-Tetraphenyl butadiene 
1,6-Diphenyl hexatriene 
Tetraphenyl oyclopentadiene 
Phenanthrene 
Pyrene 
3,4-Benzpyrene 
Alpha truxene 
Triphenyl methane 
1,2,3,4,5,6,7,8-Octahydrophenan-

threne 

Reduction 
in G 

(polymer) 
(%) 

Reduction 
in G (gas) 

(%) 

30 
30 
35 
55 
15 
50 
10 
15 

10 

heat, and dissolved gas content are measured 
periodically during the operation of the 
OMKE to provide current information for 

daily operations. Experimental programs to 
evaluate the critical density and temperature, 
thermal conductivity, water solubility, and ex-
plosibility characteristics of organic coolant 
materials are currently in progress. In addi­
tion, a design study to develop a PVT appara­
tus for high temperature application has been 
initiated. 

(2) RADIATION EFFECTS AND COOLANT 
DECOMPOSITION 

A second high temperature screening test of 
additives and new coolants is being carried 
out. Thirty-nine new additive coolant samples 
are being tested and nine additives which re­
duced the rate of polymer formation in the 
first screen test are being retested. In addition, 
nine new coolant materials are being irradi­
ated. The effect of the presence of the high 
boiling compounds formed by the irradiation 
of terphenyl coolant on the decomposition rate 
of terphenyls is being investigated. The possi-
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bility of regenerating terphenyls from the high 
boiling compounds with hydrogen under re­
actor conditions is being investigated. 

In addition to this program, the OMRE is 
currently embarking on a long-time steady-
state run at a high boiler concentration of 30 
percent. This will establish the equilibrium 
conditions expected to prevail during constant 
operation of OMR power reactors. Steady 
state is expected to be achieved with respect to 
the detailed chemical composition of the high 
boiler fraction. 

(3) CHEMICAL PROPERTIES 

Work is underway to separate and identify 
the intermediate boilers, i.e., those compounds 
boiling between diphenyl and p-terphenyl; 
ozonization is being explored as a method for 
measuring olefin content of the coolant; the 
high boilers are being examined by mass spec­
trometry ; the high boilers are being separated 
and identified; hydrogen density, particulate, 
water and acid content, and chemical composi­
tion of important components of the coolant 
and molecular weight of coolant and H B are 
being followed during operation of the OMRE. 

5. Reactor Safety 

a. Philosophy 

Organic cooled reactors possess the follow­
ing characteristics which make them inherently 
safe plants: 

(1) Negligible corrosion by the coolant of 
reactor construction and fuel mate­
rials (<30 jtig/cm^-month in the 
OMRE as compared to 2,000 /xg/ 
cm^-month in pressurized water re­
actor systems) (31). 

(2) No chemical incompatibilities between 
the coolant and either water or fuel 
materials. 

(3) Low induced radioactivity of the cool­
ant (150 mr /h r at 10 Mwt in the 
OMRE as compared to I7r /hr at 10 
Mwt in the SM-1) (32). 

REACTOR PROGRAM 

(4) Low coolant vapor pressure (10 psia 
at 675° F.) (27) and hence, low 
operating pressure (150 psi in the 
OMRE) at temperatures in the 
range of interest for power reactors. 

There are, however, certain hazards associ­
ated with the use of an organic fluid as coolant 
for nuclear reactors and certain plant-accident 
or equipment-failure situations wherein haz­
ardous conditions may develop. 

These hazards may be divided into two broad 
groups: 

(1) Those arising from the presence of 
radioactivity or radioactive mate­
rials, such as direct radiation from 
the core or ingestion by humans of 
radioactive gases and vapors; and, 

(2) Those arising from nonradioactive 
causes such as fires, fumes from 
coolant leaks, or chemical toxicity 
of the coolant. 

Hazards in the first group are specific to 
reactor plant operation and those in the second 
group are typical of the chemical or petroleum 
industries. 

Hazards in an organic reactor may be 
further classified as: 

(1) Routine, i.e., coolant toxicity and 
fume hazards, or direct radiation 
from the core; and 

(2) Plant accident situations, i.e., fires, 
large leaks of coolant, loss of cool­
ant flow to the reactor core, or 
nuclear excursions in the reactor 
core. 

Basic protection against these hazards is pro­
vided by incorporation of safety and protec­
tive features into the plant design based on 
consideration and analysis of potential hazards 
and accident situations. Additional protection 
for plant operating personnel is provided by 
the plant shielding and by the control of access 
to radioactive areas in the plant. Additional 
protection for the public is provided by re­
stricting public access to the boundaries of the 
site, and by limiting the release of radioactive 
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a 
M 60 

TYPE Of FUEL MELTED (in oir) 
a ALUMINUM ALLOY (MTR) 
• STAINLESS STEEL-UOj (APPR) 

ZIRCONIUM ALLOY (STR) 

XENON - KRYPTON 
CESIUM 
IODINE 

1000 2 0 0 0 

FUEL MELTING TEMPERATURE C O 

FIGURE 15.—Correction of percentage release of fission 
products with fuel melting temperatures. 

materials from the plant site to levels below the 
tolerance established by law. 

b. Containment Philosophy 

The basic consideration in reactor contain­
ment philosophy is to prevent the dispersal of 
hazardous amounts of radioactive materials as 
a result of any credible circumstance. This re­
quires that the reactor plant design and its 
operating procedures give consideration to any 
and all conditions which might arise during 
normal or abnormal operation. In practice, ad­
herence to this philosophy has resulted in in­
cluding the following features which are typi­
cal of reactor plants: 

(1) Some exclusion area surrounding the 
reactor plant. 

(2) A stack used for discharge of gases 
released from the plant. 

(3) Provisions included in the plant for 
the concentration and packaging of 
nongaseous radioactive wastes for 
subsequent disposal. 

(4) Radiation shielding used around the 
reactor core and associated coolant 
system. 

(5) Necessary containment features for 
radioactivity, including, in particu­
lar, the fuel element cladding and 
the coolant piping system. 

In an OMR plant using a clad metallic fuel, 
it is possible to provide a design which will 
assure no fuel melting under any credible cir­
cumstance. In this instance, Adequate contain­
ment is provided by the fuel element cladding 
itself. The amount of radioactivity which can 
be present in the coolant cannot form an ex­
ternal hazard, even in the event of a primary 
system rupture. 

In OMR plant designs utilizing UO2 fuel, 
the situation is different in that the accepted 
fuel element failures can lead to a much larger 
quantity of radioactivity circulating in the 
organic coolant. Figure 15 shows a correlation 
of percentage release of fission products with 
fuel melting temperature for fuel samples taken 
from the MTR, SM-1 and Submarine Thermal 
Reactor (STR) (33). The SM-1 stainless-steel 
clad—UO2 elements released 52 percent of the 
Xe and Kr. Designs which permit operation 
with these higher coolant radioactivity levels 
have also been recommended to include a third 
containment barrier in the form of an external 
steel building shell. This shell would, of course, 
also serve to prevent the dispersal of radio­
activity directly from the core in the event 
that some credible circumstance could not only 
rupture the organic coolant system but also 
cause melting of the fuel. 

The inherent safety characteristics of the 
OMR system, in the form of negative tempera-
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ture coefficients (—5.0X10-" Ak/k-° F . at 600° 
F . in the OMRE) , lack of potential exothermic 
chemical reactions, and a relatively low vapor 
pressure coolant result in a safe reactor plant. 
Containment would normally be provided by 
the fuel element cladding and by the coolant 
piping system. Additional containment pro­
vided by a third barrier in the form of a steel 
building shell is to be recommended only for 
unusual circumstances, such as location in a 
highly populated area or as a result of particu­
lar design features which could make the re­
lease of hazardous amounts of radioactivity 
conceivable. Even for particular locations or 
designs where containment provision by an 
external sheU is recommended, an OMR plant 
only requires a shell capable of withstanding 
low internal pressures since no circumstances 
can result in the production of large amounts 
of gas within the reactor building. 

c. Work Completed 

(1) TOXICOLOGY OF POLYPHENYL COOLANTS 

The toxicology of diphenyl and Dowtherm 
A (a commercially available mixture of di­
phenyl and diphenyl oxide used as an indus­
trial heat transfer medium) has been exten­
sively studied by Government laboratories and 
by the Mine Safety Appliances Company (34). 
The pharmacological inertness of these mate­
rials, as well as the terphenyls and similar 
polyphenyl compounds, has been established by 
these studies. 

(2) FIRE AND EXPLOSION HAZARDS 

Fundamental properties on flammability, ex­
plosive concentrations, self-ignition, and flame 
and flash points for various polyphenyl coolant 
materials have been determined by the U. S. 
Bureau of Mines (34, 35). This work has dem­
onstrated that with proper precautions in 
design of organic reactor systems, fire and ex­
plosion hazai*ds can be reduced in severity to 
those encountered in routine operation of pe­
troleum refineries. 

(3) CHEMICAL REACTIONS OF COOLANT WITH 

REACTOR MATERIALS 

(a) Fuel-Cladding Reactions 

Experimental information on chemical reac­
tions between UOj fuel and aluminum indi­
cated formation of an intermetallic compound 
between aluminum and uranium when inti­
mately mixed in a dispension-type matrix, at 
temperatures above 900° F . Initial tests in 
which UO^ pellets were sealed in a APM-257 
tube and held at 900° F . for approximately 30 
days indicate no reaction. While further tests 
are under way, it is presently believed that no 
chemical instability exists. 

(b) Coolant-Cladding Reactions 

Corrosion tests of APM and aluminum mate­
rial in organic coolants at reactor operating 
conditions have indicated excellent corrosion 
resistance. Since the corrosion rate observed 
for aluminum cladding materials in organic 
coolants have been essentially negligible, the 
combination of APM cladding with coolant 
may be considered nonreactive. 

(c) Coolant-Fuel 

No problems of incompatibility between UO2 
fuel and organic coolant are known and none 
appear to exist. Corrosion tests of UO2 in 
Santowax R at 750° F . indicate no significant 
weight changes in the fuel. 

Although the work on chemical compatibil­
ity is not extensive, it serves to indicate the 
relative inertness of organic reactor material 
as compared to sodium—uranium or zirconium 
—uranium—water systems. 

(4) TRANSIENT ANALYSES OF REACTOR 

ACCIDENTS 

Each core design for an organic reactor pre­
pared at A l has included detailed analysis of 
temperature, pressure, and power, transient 
phenomena which could occur to the reactor 
either during routine operation or in the event 



STATUS REPORT ON ORGANIC-COOLED POWER REACTORS 35 

of a reactor accident. These analyses have 
guided the core and plant design by establish­
ing the requirements for the plant protective 
systems, and determining limitations on maxi­
mum temperatures, heat fluxes, power densities, 
and thermal shocks and other transient condi­
tions, on core and plant materials. 

This analytical work has included study of 
the transients in the reactor core resulting from 
the following accident situations: 

(a) Uncontrolled reactivity insertions, 
i.e., startup accidents, introduction 
of cold coolant into the core, con­
tinuous withdrawal of control rods. 

(6) Loss of coolant flow accidents. 
(c) Loss of pressure in the core and cool­

ant system. 
(d) Loss of electrical power in the reactor 

plant, with subsequent need for 
cooling of the core and removal of 
decay heat. 

In addition, accident situations involving 
the plant as a whole have been analysed as 
follows: 

(a) Effects of a large peak or spill of hot 
coolant caused by failure of a plant 
component or rupture of a coolant 
line. 

(b) Effects of failure of a tube in a steam 
generator and introduction of steam 
and water from the steam system 
into the organic coolant system. 

(c) Effects of a coolant fire. 
{d) Additional effects of these accidents 

caused by contamination of the cool­
ant with fission product activity. 

(5) OMRE FUEL ELEMENT FAILURE 

The OMRE is a full-scale reactor experiment 
designed to demonstrate the technical and eco­
nomic feasibility of an organic cooled and mod­
erated reactor for power plant application. 
The plant has been in operation since Septem­
ber 1957. To date, the OMRE has accumulated 
about 1,000-Mw days of operation at power 

with coolant temperatures ranging from 500° 
to 700° F. and at power levels up to 12 Mw. 
Specific OMRE experience of interest to safety 
and hazards aspects of organic reactor follows: 

(a) Radiation Levels During Plant Operation 

Since the coolant does not become activated 
during operation, the OMRE is designed es­
sentially as an unshielded plant. Except for 
protection against direct radiation from the 
core itself, no shielding is necessary for the 
plant process areas, and access to the plant 
equipment is possible during power operation. 
The radiation level in the region of the main 
coolant pumps during operation at 6-12 Mw 
is in the range of 50-150 mr/hr at a 1-foot dis­
tance from the 10-inch diameter main coolant 
piping. 

(b) Radioactivity in the Coolant 

Induced radioactivity in the coolant is due 
to activation of small quantities (about 5-10 
ppm) of impurities and corrosion products 
circulating with the coolant. The major iso­
topes contributing to this activity are Mn"', 
Mg'^ Na^*, and As" as coolant impurities and 
Mn"*, Co", Cr°\ and Fe" as corrosion products 
(36). The specific coolant activity during op­
eration is about 0.08 to 0.10 /ic/cc. Most of this 
activity is removed from the reactor by the 
purification system and is thereby concentrated 
in the high boiler compound. 

(c) Effects of Failure of Test Fuel Element 

In October 1958, a test fuel element, similar 
to the type proposed for the Piqua OMR, 
failed while operating in the OMRE. The ele­
ment consisted of flat plates of slightly en­
riched, metallic uranium—molybdenum-alloy 
fuel material, clad with 2S aluminum. The 
failure was caused by plugging of the inlet 
end of the element with particulate material 
circulating in the coolant. The resulting flow 
stoppage in the element caused partial melting 
of the fuel and release of approximately 200 



36 CIVILIAN POWER REACTOR PROGRAM 

curies to the coolant system. Radiation levels 
before and after this incident were as follows: 

Radiation 1 ft from 10-in. 
Time diameter piping, r/hr 

Prior to failure 0.04 
Instant of failure 10 
1 hour after failure 2.4 
1 day after failure 0.05 

Analysis of the coolant after the failure in­
dicated that only gaseous and the more volatile 
fission products such as Xe, I , Br, La, Te, Kr, 
and Ra were released. No metallic fission prod­
uct isotopes were found in the coolant. Subse­
quent operation of the reactor with the failed 
element still in place resulted in only further 
release of the same fission products. Cleanup 
of activity was accomplished by operation of 
the purification system. 

(6) FUEL ELEMENT MELTDOWN 

Data from reference 4 (see fig. I I I-15) indi­
cates that 52 percent of the volatile fission 
products will be released when an UO2 fuel 
element melts. Therefore, one melted 300-Mwe 
OCR pin (100 pins per fuel rod) with 52 per­
cent of the volatile fission products released, 
yields about 98.2 /xc/cc in the coolant. How­
ever, the probability of completely melting a 
pin in the OCR is remote. 

( 7 ) POSTIRRADIATION EXAMINATION OF 

ELEMENT O M R E - 3 

During the OMRE shutdown in June 1958, 
Element OMRE-3 was removed and sent to 
Battelle Memorial Institute for postirradiation 
examination and evaluation. The following is 
the evaluation taken verbatim from reference 
20, BMI-1319: 

"The results of the postirradiation exam­
ination of Element OMRE-3 are generally 
encouraging to the organic moderated re­
actor concept. The organic moderator ap­
parently did not produce any corrosion diffi­
culties. The lack of heavy deposits of or­
ganic residues or obstructions in the coolant 
channels of the fuel element indicates the 

suitability of the Santowax OM moderator-
coolant. As would be expected at the burnup 
and temperature experienced by this fuel 
element, the stainless steel—UO2 fuel matrix 
exhibited very little radiation damage. The 
element design is also apparently satisfac­
tory since major distortions or other defects 
were not found." 

d. Work Underway 

Current Research and Development effort in 
the area of hazards and reactor safety falls 
primarily into the following two categories: 

(1) OPERATION OF THE OMRE 

Operating data from the OMRE is evalu­
ated on a continuous basis in terms of reactor 
hazards and safety. This includes: 

{a) Determination of the degree of ac­
cessibility to various regions of the 
plant during operation at power 
and after shutdown. 

(J) Analysis of radioactivity of coolant, 
waste gases, solid waste materials, 
and study of problems of disposal 
of radioactive waste materials. 

(c) Determination of operating limita­
tions on the plant as designed, and 
evaluation of improvements in op­
erating procedures and plant de­
sign. 

(2) REACTOR PLANT CONTAINMENT STUDIES 

The problem of leak-tightness of various re­
actor containment materials is being studied to 
determine how much, and in what manner, the 
cost for reactor containment can be reduced 
through proper selection and use of contain­
ment materials. An answer is being sought on 
the degree of leak-tightness necessary for re­
actor plant containment structures, how 
various materials (i.e., wood, concrete, plaster, 
steel) may be employed to attain this, what 
portion of leaked radioactive material may be 
safely considered to remain within a contain-
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ment structure, and how a containment struc­
ture may be best designed to take full ad­
vantage of these features. Radiological impli­
cations of various leak rates are also under 
investigation in the study. 

6. Components and Auxiliary Systems 

a. Work Completed 

(1) CONTROL RODS AND DRIVES 

Two types of control safety rod drives have 
been developed for use in organic reactors. 
For the OMRE, a top-mounted rack-and-
pinion type is used, with the drive motors 
mounted externally and driving through shaft 
seals. The moving parts contained inside the 
reactor tank are located near its top, in a nitro­
gen gas-filled expansion volume. The entire 
drive assembly is maintained at approximately 
300° F . by means of a water-cooled heat ex­
changer, mounted between the tank lid and the 
drive housing. These rods have performed 
satisfactorily since early 1957. 

For the Piqua reactor, a chief requirement 
was that the rods and drives do not interfere 
with refueling operations. For this reason, a 
magnetic-jack-driven "unitized" rod was de­
veloped for installation inside the reactor ves­
sel. By restricting the diameter of the rod 
assembly to 6.25 inches, the fuel elements 
may be inserted or removed without removing 
the control rods. A prototype rod of this de­
sign has successfully undergone accelerated life 
tests, equivalent to several years of reactor op­
eration. 

For both of the rods described above, boron 
carbide is used as the neutron absorber. The 
B4C is used in tubes, designed to withstand 
pressures generated by the helium gas liberated 
in the n, a reactor in the boron. The tubes for 
the OMRE rods are li/4-inch diameter, i^-inch 
wall thickness. The Piqua elements, being 
larger in diameter, are composed of a number 
of smaller tubes (i/4-in. diam. %2-iii- wall), to 
minimize the metal required for pressure con-

^Mainment . 

Preliminary design work has started on con­
trol rods utilizing a cruciform poison section 
varying from 6 to 12, feet in length, the blades 
of which are 5?4-inch thick and measure from 
3.5 to 4.5 inches from root to tip. The blades 
may be composed of 0.200 inch of either boron 
steel or EujOa-steel matrix clad by 0.025-inch 
thick stainless steel. The poison concentra­
tion may be adjusted—depending upon the rod 
location. 

Cost optimization of control rods containing 
different poison materials, EU2O3, B^", SmaOs, 
Gd203, and DyaOs have indicated that even 
though the initial cost of EU2O3 rods is higher 
than that of the other poison materials, the in­
creased lifetime more than compensates on the 
basis of minimum annual cost. 

(2) DEGASIFICATION SYSTEMS 

Due to the sources of water vapor and the 
continuous production or radiolytic gases, the 
necessity of a degasification system was recog­
nized and work initiated in September 1957. 
A process was selected which depends upon 
the principle of a reduction in the solubility 
of these components with decreasing pressure. 
In order to examine the effect of the several 
parameters of the process upon the overall 
efficiency, a small scale loop was designed and 
constructed at Santa Susana. 

The experimental program was divided into 
two areas and work in each proceeded simul­
taneously. In order to investigate the removal 
of water vapor from organics, it was antici­
pated that some means of water analysis would 
be required. Accordingly a review of existing 
methods and equipment showed that our re­
quirements were too severe, hence modifica­
tions or new methods would be necessary. 
After thoroughly discussing our requirements 
with several instrument manufactures it was 
decided upon an instrument measuring the 
dielectric constant of the organic. The neces­
sary work to revise the equipment to accom­
modate the temperatures and water range was 
initiated. This equipment with necessary ad­
ditions to compensate for the change in dielec-



38 CIVILIAN POWER 

trie constant with temperature was completed 
and delivered to us for evaluation. 

The second area of this program consisted 
of examining the removal of the radiolytically 
produced gases (simulated by nitrogen) from 
isopropyl diphenyl and Santowax R. The 
parameters investigated included the system 
vacuum, the feed rate to the degasification 
system, the temperature of the feed, and the 
degree of atomization in the vacuum vessel. 
This information was summarized in an in­
ternal report (37). 

Using the information obtained from the 
small-scale degasifier loop, a quarter-scale pro­
totype of the Piqua degasification system was 
designed and is currently being constructed at 
Santa Susana. 

(3) INORGANIC IMPURITIES REMOVAL 

Operation of the OMRE has shown the im­
portance of keeping the coolant in an OMR 
free of particulates and impurities. Buildup 
of solid impurities can result in restriction of 
flow through fuel plate coolant channels. Ac­
tivation of impurities in the coolant can seri­
ously limit access to process areas, increase 
shielding requirements, and complicate dis­
posal of high boilers. 

As a result of problems at the OMRE, work 
under the OMRE Purification Project has been 
expanded to include investigations of coolant 
impurities problems. Work to date has in­
cluded laboratory filtration and absorption ex­
periments. An experimental loop has been 
designed for testing of various removal devices 
including filters, absorbers, separators, and 
centrifuges. This loop is to be constructed and 
operated during fiscal year 1960 under the Ad­
vanced OMR Development Program. 

An outline summary of work to date follows: 
(a) First 6 months of OMRE operation 

showed a coolant activity of 80 
mr/hr at 10 Mw at the surface of 
the 10-inch main coolant line. 

(J) Melting of a fuel element at the 
OMRE introduced a large amount 
of contaminants into the system. 

REACTOR PROGRAM 

(c) Early efforts to determine source and 
cause of S'", p" , and Mn" were 
never completely resolved; however, 
it appears that much of the diffi­
culty was due to uncleaned tanks 
and dregs from drums in which the 
feed material was delivered. 

(d) A program was initiated in mid-
March 1959 to develop methods of 
removing inorganic impurities from 
OMR systems. 

(e) It has been established that much of 
the impurity content is fine particu­
lates collected on the micron size 
filters. 

(/) Adsorption methods have been tested 
but as yet have produced inconclu­
sive results. 

The project could lead to a significant re­
duction in the activity of the reactor coolant. 

(4) COOLANT PURIFICATION 

Research* and development work began on 
the purification of irradiated OMR coolants as 
part of the OMRE design and development 
work in the latter part of 1955. Sample batch 
distillations of irradiated polyphenyl materials 
from the first in-pile loop (NAA-18) were 
conducted in the laboratory. 

A single plate batch still was designed and 
constructed at the OMRE to provide for puri 
fication of OMRE coolant during reactor op­
eration. Field operation and laboratory sup­
port on the OMRE Purification Project pro­
vided useful information concerning operating 
temperatures and pressures, decontamination 
factors, and manpower required to operate the 
still. 

At the beginning of fiscal year 1958 (July 
1957), a new research and development project 
for development of a purification system for 
the Piqua Reactor was initiated. It was ap­
parent from OMRE experience that an auto­
matic purification process system would be the 
most efficient and economical means of purify­
ing OMR coolants used in power reactors. 
Various means of purification were studied aa| 
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well as thermodynamic properties and physical 
properties in order to design an automatic 
process system for the Piqua Reactor. A com­
bined flashing chamber and packed stripping 
column was designed. A full-scale prototype 
was constructed to evaluate optimum operating 
parameters and still performance. 

A third project called OMRE Purification 
Modification was begun in December 1958 to 
cover the design of a new automatic purifica­
tion processing system for the OMRE. This 
project utilized design information already 
available under the two previously mentioned 
projects. The design of the new system has 
been completed, and procurement of equipment 
begun. 

To date the Piqua OMR Purification Pro­
gram has resulted in extensive measurements 
of physical properties such as latent heat of 
vaporization and vapor-liquid equilibria, and 
the design and construction of a prototype 
purification system to treat 1,000 Ib/hr. 

The results of the OMRE Purification Pro­
gram indicate that reduction of coolant activa­
tion by removal of particular isotopes is pos­
sible. Decontamination factors of about 100 
for Mn", Mn"*, and P " have been achieved by 
batch distillation. No reduction in S'" con­
tamination was possible. The operation of the 
OMRE still has also indicated that pyrolysis 
of high boilers (HB) becomes excessive at 
temperatures in excess of 800° F. Operation 
of stills containing high concentrations of HB 
should be limited to 700° to 750° F. 

(5) WASTE GAS TREATMENT 

The work objective to date has been to de­
velop a processing system to prevent at­
mospheric contamination from organic vapors 
or from radioactivity present in waste gases 
produced during all phases of OMR operation. 
Principal sources of waste gases are decomposi­
tion gases from the degasification and purifica­
tion systems and combustion gases from the 

^k-esidue burning system. 

All work has been done under the Piqua 
Waste Gas Treatment Project, started in early 
1957. Work completed to date includes: 

(a) Waste gases from the OMRE were 
analyzed during the period March-
November, 1968 for composition, 
generation rate and gross radioac­
tivity, 

(i) The composition of OMRE purifica­
tion system off-gases was deter­
mined. 

(c) Scrubbing and cold trapping of or­
ganic vapors have been investi­
gated. Scrubbing of organic vapors 
from gas streams results in 90 to 
95 percent particulate removal as 
expected from equipment of this 
type. The controlling factor is the 
temperature reduction of the gas 
that can be obtained by scrubbing 
system. The lowering of tempera­
ture results in condensation of the 
organic with subsequent knock­
down of the particles. Cold traps 
have high initial efficiency, but if 
the heat transfer surface becomes 
coated with organic material the 
efficiency decreases rapidly. Cold 
traps also create dusts that will be 
carried through the trap unless 
efficient screens are present. The 
screen then tends to plug and in­
crease the pressure drop. 

(d) Removal of organic material from 
water has been studied. Screens 
and filters become high maintenance 
items, due to the plastic nature of 
the organic materials causing rapid 
increase in pressure drop. Settling 
is feasible if time is available be­
cause the specific gravity of the or­
ganic material is about 1.05 to 1.1. 
Tests indicate that 0.05 percent 
Santowax R will settle completely 
in 1% to 2 hours when dispersed in 
water by a scrubbing system. Batch 
and continuous type centrifuges 
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have been used successfully to re­
move the organic material. 

(e) Scrubbing of residue burner combus­
tion gases has been investigated. 
Scrubbing will remove 82 percent 
of the particulates on a weight basis 
and 92 percent on an activity basis. 
Scrubber efficiency on gaseous activ­
ity varied from 0 to 90 percent 
which is not at all significant for 
removal of S'^Oa. Measurements 
show that 87 percent of the activity 
was gaseous (S^^Oa). Scrubbing 
with wetting agents and alkaline 
solutions were not successful for 
removing SO2 

(/) Extraction of radioactivity into water 
and removal by ion-exchange has 
been studied. OMRE coolant and 
HBC was used in an attempt to ex­
tract activity in water. Unless a 
substantial amount of low boilers 
are present (1 percent or more) the 
activity cannot be extracted into the 
water. The activity was easily re­
moved using Amberlite IRA--400 
and IR-120 ion exchange resins. 

(g) An experiment was conducted to eval­
uate the performance of absolute 
(CWS) filters and coarse prefilters 
in removal of coolant vapors. Or­
ganic vapors have been found to 
create a layer of solid material on 
prefilters with a large increase in 
pressure drop. The amount of or­
ganic materials that is carried 
through the prefilter is not sufficient 
to clog the absolute filter, but pre­
filters should be monitored for pres­
sure drop. Most organic material 
through the prefilter is gaseous. 

(h) The adsorption of diphenyl on acti­
vated carbon has been experiment­
ally determined. Activated carbon 
was found to be an efficient adsorb­
ent for removal of diphenyl vapor 
both with and without water vapor 

present. Cyclic tests have shown 
that the concentration of diphenyl 
can be reduced to below 0.9 mg/m ' 
by activated carbon at 200° F . and 
0 psi. 

(6) WASTE DISPOSAL 

The objective of this program has been to 
develop a processing system which will pro­
vide for disposal of the high boiler (HB) re­
moved from the OMR coolant by the purifica­
tion system. 

Work under the Piqua Residue Handling 
Project has been confined almost entirely to 
disposal by means of burning. A water leach­
ing test was conducted to obtain some indica­
tion of the feasibility of disposal of H B by 
uncontained burial in terrestrial pits. Leach­
ing for 335 hours in a Soxhlet extractor 
showed no activity above background in the 
leach water. This would indicate that dis­
posal of H B by burial is feasible. 

(7) CONVENTIONAL EQUIPMENT 

Equipment used in the organic reactors is 
standard and similar to that used in the pe­
troleum industry. No research and develop­
ment work has been started on pumps, valves, 
and piping. 

b. Work Underway 

(1) COMPONENTS AND AUXILIARY SYSTEMS 

(a) Control Rods and Drives 

The first Piqua prototype unitized control-
safety rod has been removed from the furnace 
after 6 months of accelerated life testing. This 
rod was originally designed for operation 
"dry" (gas-filled), and was modified for oper­
ation "wet", (organic-filled). A second proto­
type, designed for wet operation, has been as­
sembled and has started life tests in the furnace. 

(b) Degasification Systems 

Work underway at the present time is cen­
tered in two areas: (a) the development of a n ^ ^ 
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instrument to measure continuously the con­
centration of water in organic coolants, and 
(b) the construction of a quarter-scale proto­
type of the degasification system for OMR 
Piqua. 

The operation of the water analysis instru­
ment is based on the change of dielectric con­
stant of organic coolant with change in water 
content. The main problem in the develop­
ment of this instrument is in the compensation 
for changes of organic temperature which also 
varies the dielectric constant of the mixture. 
An attempt is being made to calibrate the in­
strument by sending samples to an outside 
laboratory for analysis. The temperature 
compensator associated with the equipment 
now operates properly over a range of only 
40° F . ; steps are being taken to increase this 
range to 200° F . 

Construction of the prototype equipment is 
nearly complete with equipment checkout to 
begin within the month. The objective of the 
operation of this equipment will be to obtain 
operating information for the Piqua reactor 
and to study the parameters of the degasifica­
tion process on the Santowax R—water solu­
bility problem. 

(2) COOLANT PURIFICATION, IMPURITIES R E ­

MOVAL, COOLANT PURIFICATION, WASTE GAS 

TREATMENT, AND WASTE DISPOSAL 

Current work in all of these areas is con­
fined to the construction and operation of the 
Piqua plant prototype systems. 

7. Fuel Handling 

a. Work Completed 

Fuel handling is done differently for tank-
type, pile-type, and vertical-pressure-tube re­
actors. With tank-type reactors, the fuel re­
loading method may be either of the cask or 
wet type. The cask type requires a large re­
fueling cask (approximately 50 tons by 35 feet 
high) with complete remote control and in-

^wlexing . 

A typical example of the cask-type system 
is the one developed for the Piqua OMR as 
shown in figure 16. 

A wet-type system developed for large OCR 
reactors is shown in figures 17 and 18. The 
element is in coolant at all times. The fuel 
element is raised until the lower end is free 
from interference with any core intervals and 
the upper end is covered by a minimum of 
12 feet of organic. I t is then placed on a tilt-
table support guide. The support pivots about 
its lower end, until the whole assembly is in 
line with the fuel element transfer tube. 

Proper sequencing of valves allows the fuel 
element to be inserted into the transfer tube, 
which is filled with organic. A solvent dis­
places the organic and cleans the fuel element. 
After the cleaning cycle is over, water dis­
places the solvent, and the fuel element is trans­
ferred to a rack in the water storage pool. 
Only one element can be transferred at a time. 
The tube transfer system can be modified to 
use a fuel element storage turret. This turret 
accommodates several elements before the 
solvent and water wash cycles are required. 

6. Work Underway 

The fuel handling procedure proposed for 
the OCR design is being reviewed in an at­
tempt to simplify the procedure, improve the 
feasibility, simplify the design, and reduce the 
operating time and costs. A manipulator-type 
hoist replaces the above-core fuel handling ma­
chine and serves to lift an element from its in-
core position and lower it into a combination 
pivot and wash chamber in the sub-pile room. 
The reactor top shield and core tank head re­
main in place; the fuel element remains verti­
cal, and is constantly "locked" to the manipu­
lator grapple throughout its downward de­
scent. An above-pool traveling bridge is 
equipped with a downward-extended guide 
boom and a tape-suspended grapple by which 
the elements are lifted from the pivot-wash 
chamber into the pool for storage. Slightly 
inclined withdrawal of elements for this opera­
tion permits positive control and a simplified 
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FIGURE 17.—Fuel handling system. 

procedure for storing. It is believed that the 
advantages derived from the new fuel han­

dling system warrant development of this fuel 
handling modification. 

B. EXPERIMENTAL REACTORS (OMRE) 

1. Purpose 

The reasons for the interest in the concept 
of an organic moderated and cooled power re­
actor and the advantages of this concept have 
already been described. All out-of-pile and in-
pile capsule and loop tests had shown that the 
stability of some types of organic compounds 
is great enough to make their use not only tech­
nically attractive, but also economically attrac­

tive in nuclear power reactors. A full-scale re­
actor experiment was essential to establish the 
feasibility of the concept. This reactor experi­
ment is the OMRE. It is not a prototype of 
a nuclear powerplant, but rather a full-scale 
irradiation facility designed to study the be­
havior of the most promising organic com­
pounds under conditions similar to those en­
countered in power reactor applications. 
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FiQURE 18.—Fuel handling machine. 

It is the purpose of the OMRE to provide a 
conclusive test to demonstrate: 

a. The technical feasibility of the concept of 
an organic moderated and cooled power reac­
tor. The OMRE will show whether or not it 
is technically possible to operate this type of 
reactor continuously and reliably under steady-
state conditions without encountering unac­
ceptable problems associated with the decom­
position of the moderator coolant and possible 
deposition of high boiler material on the heat 

^transfer surfaces in the system. 

b. The economic feasibility of this concept. 
It is not sufficient to show that an organic 
moderated and cooled reactor can be operated 
successfully from a technical point of view. It 
is essential to know the hydrocarbon decompo­
sition rates to be encountered in actual opera­
tion of such a power reactor, and the conse­
quent coolant makeup rate requirements. The 
OMRE will provide this information, and thus 
permit an accurate estimate of the effect of the 
makeup cost of the hydrocarbon upon the cost 
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of electrical power derived from this type of The initial reactor design effort was started 
reactor. in July 1955. Construction was started in June 

c. The possible advantages of the concept 1956 and was completed in May 1957. The 
over other reactor types. In addition to show- OMRE went critical in September 1957 and 
ing that the coolant makeup costs are reason- was followed by a few months of low power 
able, other factors which would affect the eco- test and physics measurements. Full power 
nomics of the system can be investigated. operation began in February 1958 and by Jan-
These would be: (1) low operating pressures, uary 1959, the reactor had logged over 22 mil-
(2) low corrosion rates with standard mate- lion kw of operation, 
rials of construction, (3) low coolant activity, 
(4) simplicity of the overall system, (5) high 3. Description 
degree of safety, and (6) the use of standard „, Reactor 
oil refinery equipment in the system. The 
OMRE can provide preliminary answers to Figure 19 shows a schematic flow diagram 
some of these questions. «* the OMRE. The reactor core is located 

To provide this information, the OMRE was near the bottom of the reactor vessel and 
designed to meet the following criteria: shielded by a 14-foot pool of hydrocarbon. A 

nitrogen blanket provides an inert atmosphere 
Maximum fuel element surface tem- i ,, , i . . „„^ . 

perature 800° F. above the pool and maintains a 200-psig pres-
Buik coolant temperature 500° to 700° F. sure on the system, corresponding to a satura-
Maxlmum coolant velocity through tion temperature of 920° F . for the OMRE 

core 15 ft/sec. coolant. A continuous purge of nitrogen over 
The limitation on the maximum temperature the surface of the coolant prevents a buildup 

at the surface of the fuel elements was set at of hydrogen and light hydrocarbon gases 
the time the OMRE was designed by the fact formed in the decomposition of the coolant 
that even in the absence of radiation damage, under irradiation and sweeps these gases to 
pyrolytic cracking of hydrocarbons may be- the exhaust stack. An expansion tank is pro-
come excessive above 800° F . A temperature vided to take care of the large change in vol-
of 500° F . is considered to be the lowest tem- ume of the hydrocarbon during temperature 
perature of interest for power reactor applica- transients (34 percent between 200° and 700° 
tions, and the 700° F . upper limit on the bulk F.) 
temperature is essential to allow a significant The cooling system circulates 9,200 gpm of 
temperature driving force for heat transfer coolant from the reactor to an airblast heat 
from the fuel elements to the coolant. The ve- exchanger where the heat generated in the core 
locity of 15 ft/sec was determined by practical is rejected to the atmosphere. An airblast heat 
reasons to limit the amount of erosion in the exchanger is used as a heat sink in this experi-
piping system and keep the total flow rate of ment rather than a steam generator because it 
hydrocarbon in the OMRE within reasonable simplifies control of temperatures over the wide 
limits (9,200 gpm). range of experimental operating conditions. 

Circulation is accomplished by means of two 
rono ogy 4,600-gpm centrifugal hot-oil pumps operating 

The OMRE was authorized in 1955 to deter- in parallel. The mechanical seals on these 
mine the economic and technical feasibility of pumps are cooled by recirculation of a small 
the organic reactor concept. The reactor was stream of cooled hydrocarbon from the dis-
designed, constructed, and placed into opera- charge side of the pumps; a small leakage of 
tion by Atomics International at the National coolant is considered permissible and is col-
Reactor Testing Station, Idaho. lected in drums for disposal. An auxil iary 
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FIGURE 19.—Schematic flow diagram. 

coolant system rated at 100 kw is provided to 
remove afterglow heat from the reactor during 
shutdown when the main coolant loop is inop­
erative. A spray cooler is used as the heat sink 
for this loop. 

The bypass heater loop provides continuous 
information on the change in heat-transfer 
properties of the hydrocarbon during reactor 
operation. The test section of this loop con­
sists of an electric heater plus temperature and 
flow instrumentation to allow determination of 
heat-transfer coefficients as a function of irra­
diation time of the coolant in the reactor, and 
to provide a convenient record of the effect of 
damage upon the heat-transfer behavior of the 
coolant outside of the reactor. A small self-
cleaning filter is also provided for continuous 
l^emoval of particulate matter from the coolant. 

5.'i5.'!22 O ~ 6 0 4 

With the exception of the reactor vessel, 
which is made of mild alloy steel (^2% molyb­
denum—1% chromium), and of the fuel ele­
ments, which are made of UO2 in a matrix of 
stainless steel clad with stainless steel, the whole 
system is made of carbon steel. All components 
are provided with preheating equipment to 
bring the temperature of the system above the 
melting point of the coolant, and to maintain 
the coolant in a liquid state during extended 
shutdowns. Induction heating is used on the 
vessels and piping, the pumps are traced with 
heating cable, the airblast heat exchanger is pro­
vided with an oil furnace. 

Figure 20 presents a perspective view of 
the overall arrangement of the OMRE fa­
cility at the National Reactor Testing Station 
in Idaho. The reactor vessel is shown in the 
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FIGURE 20.—Perspective vieir of OMRE facility. 

foreground, the airblast heat exchanger to the reactor vessel. Figures 22 and 23 jiresent the 
right and the operations building in the back- gore layout and the equipment layout. The 
ground. major design and performance parameters for 

Figure 21 presents a cut-away view of the various coolant conditions are given below. 

O M R E DKSIGN P A R A M E T E R S 
Fuel enrichment—90% 
Core size—34-inch diameter by .36 inches long 
Reactor pressure—200 psia 
Coolant—Santowax-OM 
Moderator—Santowax-OM 

Bulk inlet temperature, °F 
Peak/average flux ratio 

High boiler compound, %_ 

Thermal power rating, kw 
Power density, kwt/ft 
Central fuel temperature ,°F 
Core inventory, k to U-235 
AT, °F across core 
Viscostity ratio, M/MO 
Avg specific power, kw/kg 
Max specific power, kw/kg 
Avg thermal neutron flux in fuel, n/cm^/sec-
Max thermal neutron flux in fuel, n/cmVsec-
Avg heat flux, Btu/hr/ft^ 
Max heat flux, Btu/hr/ft^ 

500 
3. 

0 

14, 800 
695 
750 

25. 5 
25 

1.00 
580 

1, 830 
2 . 0 X 1 0 " 
6.5X10>3 

74, 000 
230, 000 

16 

35 

10, 900 
512 
750 

25.5 
18 

2. 43 
430 

1,360 
1.5X1013 
4.8X1013 

55, 000 
174, 000 

7 
2. 

0 

6,200 
291 
800 

25 .5 
10 

1.00 
240 
670 

9.5X1012 
2.7X101' 

31, 000 
87, 000 

00 
80 

35 

4,800 
225 
800 

25. 5 
8 

2. 20 
190 
530 

7.4X 1012 
2 . 1 X 1 0 " ^ 

24, O O ^ B 
68, 0 0 ^ ^ 
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FIGURE 21.—OMRE reactor vessel. 

b. Process System 

The purification system removes a small 
batch of damaged hydrocarbon from the main 
coolant stream every day, purifies it, returns 
the purified material with additional fresh 
make-up to the reactor system, and rejects to 
waste storage the high boilers resulting from 
radiation damage. Purification is accomplished 
by means of low pressure distillation (20 mm 
H g ) . A batch system is used because it allows 
the flexibility required by the large number of 
unknowns involved in such an experimental 
system. I t is evident that a continuous system 
would be used in a full-scale power plant. 

4. Operating Experience 

a. Operating Record 

(1) Low-PowER PHYSICS TESTS 

A detailed description of the critical experi­
ment, loading of excess reactivity, and other 

low-power physics tests have been presented 
previously, and is not included here. 

(2) POWER OPERATION 

Sustained power operation began on Febru­
ary 1, 1958. Between this date and September 
15,1958, 765 MWD of power operation was ac­
cumulated during a series of tests to determine 
the radiolytic and thermal decomposition rates 
and the heat transfer properties of the coolant-
moderator under a variety of operating condi­
tions. During this period, tests were conducted 
at high boiler (HB) concentrations of approx­
imately 12, 30, and 40 percent, and a bulk cool­
ant temperatures of 600° F . (316° C.) and 
700° F . (371° C ) . The fuel-plate surface hot-
spot temperature was maintained at 750° F . 
(399° C.) during the majority of this period. 
Decontamination of the coolant and new build­
up of decomposition product concentration to 
30 percent were continued from September 15 
through November 24, 1958. The accumulated 
reactor power increased to 950 MWD during 
this period. The reactor was then shut down 
for complete cleanup and removal of inorganic 
particulate matter which had accumulated in 
the system, as well as installation of the second 
core loading. Figure 24 summarizes the operat­
ing history of the OMRE through January 
1959. 

The upper graph represents the concentra­
tion of the high boiling compounds in the cool­
ant during various operating periods. The 
middle graph gives the integrated reactor 
power. The lower graph illustrates the oper­
ating power level, the maximum fuel element 
surface temperature, and the bulk coolant tem­
perature during various operating periods. 

The first test was a shakedown of the whole 
OMRE system at a moderate power level and 
moderately high temperature. The purifica­
tion system was operated to maintain the high 
boiler concentration at 12 percent. This test 
showed that a few minor modifications were 
required in the purification and off-gas systems. 
A short shutdown period was taken to add two 

535322 O—60-
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FIGURE 22.—OMRE core layout. 

cold traps ahead of the vacuum pump. A 
larger vacuum pump was also installed. 

The second test was done to check out the 
behavior of the system at a higher temperature 
[700° F . (371° C.) bulk coolant temperature]. 
No difficulty was encountered. Again the high 
boiler was held at 12 percent by periodic puri­
fication. 

After the preliminary tests were completed, 
the reactor was operated at conditions similar 
to those which will be employed in initial oper­
ation of full-scale power plants. This opera­
tion consists of two tests, both at a bulk coolant 
temperature of 600° F . (316° C ) . The first 
test, whose basic purpose was to determine the 
thermal stability of the coolant, was conducted 

at the minimum power level adequate to main­
tain the required bulk coolant temperature. 
This test showed that pyrolytic damage was 
insignificant at 600° F . (316° C ) . The second 
test was performed with the fuel-plate surface 
hot-spot temperature at 750° F . (399° C.). The 
resultant power level was 6.0 Mw at full cool­
ant flow. The main objective of this test was 
to determine the radiolytic damage rate at a 
high boiler concentration of 12 percent. 

Purification was then stopped and the high 
boiler concentration was allowed to build up 
from 12 to 30 percent. The bulk coolant tem­
perature was held at 600° F . (316° C.) and the 
maximum fuel-plate surface temperature wasi 
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held at 750° F . (399° C ) . The average power 
level during this run was 6.0 Mw. 

With all reactor conditions the same as dur­
ing the high boiler run, the purification system 
was started and the high boiler content main­
tained at 30 percent for a sustaiiiwl period. 
This test was to determine the rudioJ>tic dam­
age rate at the higher high boiler cons_eiiti;ition. 

The purification system was again stopped 
and the high boiler concentration was allowed 
to build up to 41 percent. As the high boiler 
content increased, it was necessary to decrease 
the reactor power level to 5.3 Mw to maintain 
the maximum fuel-plate temperature at 750° F . 
(399° C.) with the bulk coolant temperature 
at 600° F . (316° C ) . The decrease in power 
level was necessitated by a decrease in the cool­
ant heat transfer coefficient. 

When 41 percent high boiler concentration 
was reached, the purification system was put 
into operation to maintain this concentration 
for a duration run. As before, the coolant tem­
perature was held at 600° F . (316° C.) and the 
fuel-plate surface temperature at 750° F . (399° 
C ) , providing reactor power level of 5.3 Mw. 

After a shutdown for fuel handling opera­
tions, the radiation levels at the coolant piping 
showed a marked increase. I t was determined 
that Mn^" was the source of this radioactivity. 
Since it was known that Mn and essentially all 
coolant impurities remained with the high 
boilers in the purification waste, the system 
was cleaned by extensive purification. With 
the reactor at a low power level (0.7 Mw) to 
provide heat for flashing in the purification 
still, the high boiler content was reduced from 
41 to 8 percent. At comparative reactor power 
levels, the coolant piping radiation levels were 
reduced by a factor of 2.5 during these opera­
tions. 

Previous operating experience indicated that 
a primary area of operating interest was at a 
coolant high boiler concentration of 30 percent. 
Therefore, in October a high boiler buildup 
run from 8 to 30 percent was initiated. To 
provide information at different thermal oper-

kating conditions, the bulk coolant temperature 

was maintained at 500° F . (260° C.) with the 
fuel-plate hot-spot temperature at 750° F . 
(399° C ) . These conditions provided a re­
actor power level of 8.6 Mw throughout the 
run. 

After the high boiler content had reached 
24 percent in late October, the run was inter­
rupted when fission products were released into 
the coolant from one of the experimental fuel 
elements which had been installed in June for 
testing purposes. The two experimental ele­
ments were then removed and the operations 
were continued until late November when a 30 
percent high boiler content was reached. At 
this time operations were discontinued for sys­
tem cleanup and installation of the second core 
loading. At the time of the shutdown in No­
vember, the reactor had accumulated 950 Mwd 
of operation. 

b. Results 

(1) COOLANT DECOMPOSITION RATES 

The OMRE hydrocarbon decomposition rates 
as a function of the high boiler concentration 
are shown in figure 13 and are compared 
with the rates measured in in-pile loop experi­
ments at the Materials Testing Reactor. De­
composition rates are expressed as weight of 
high boiling compounds formed per Mwh of 
energy absorbed in the coolant (by direct inter­
action of neutrons and gamma photons with 
the molecules of the hydrocarbon), and as 
molecules of high boiling compounds formed 
per 100 ev of energy absorbed (G-polymer is 
based on an average high boiler molecular 
weight of 460). The data, as plotted, are 
based on analytical calculations which indicate 
that 7.8 percent of the OMRE energy is ab­
sorbed in the moderator-coolant. As can be 
seen, the damage rates experienced at the 
OMRE agree well with those measured in the 
preliminary in-pile loop studies. 

(2) CooLAXT ACTIVATION 

As anticipated, the radiation levels at the 
coolant piping are due in major part to the 
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inorganic impurities present in the virgin cool­
ant or removed from the walls of the vessels 
and piping. The most important radioisotope 
impurities which have been observed are Mn°^, 
Fe'* ,̂ P^ ,̂ and S^ .̂ These impurities result in 
low radiation levels at the surfaces of the re­
actor coolant piping and in the work area 
around the process equipment. Figure 25 shows 
the normal radiation level in the OMRE area 
during 10 Mw operation of the reactor. 

(3) COOLANT PROPERTIES 

Changes in the physical and chemical prop­
erties of samples of reactor coolant during the 
operation of the OMRE have been determined 
on a routine basis. The initial results of this 
work have been previously described. 

(4) HEAT TRANSFER 

Throughout this period of OMRE operation, 
the heat transfer coefficient of the irradiated 
OMRE coolant has been measured in an elec­
trically heated bypass coolant loop. This loop 
contained a section of tubing with instruments 
to measure temperature and flow. Figure 
26 presents the experimental results with the 
heat transfer coefficient plotted as a function 
of high boiler content in the coolant. All data 
points on this figure have been normalized to 
a fluid velocity of 14.6 fps (4.4 m/sec) at a 
temperature of 600° F . (316° C ) . This curve 
clearly illustrates the slow and gradual de­
crease in heat transfer coefficient as the high 
boiler content increases to 40 percent. This de­
crease appears to be even smaller than would 
have been expected from the measured changes 
in the viscosity of the coolant. I t is to be noted 
that the points shown on figure 26 repre­
sent data obtained both during buildup and 
during lowering of the concentration of de­
composition products in the coolant. The loss 
in heat transfer properties of the coolant ap­
pears to be perfectly reversible, thus confirm­
ing the absence of significant deposits on the 
heat transfer surface. 

Heat transfer measurements in the core of 
the reactor did not permit as detailed an eval­
uation as in the bypass heater. The data ob­
tained, however, indicate that the heat transfer 
rate at the surface of the fuel elements ap­
proximated the changes observed on the bypass 
heater. I t is therefore clear that the observed 
decrease in the core was smaller than would 
have been expected from changes in the vis­
cosity of the coolant and that no appreciable 
insulation of the fuel element surfaces had 
taken place as a result of deposits of decom­
position products on these surfaces. Actual 
measurements on the fuel plates of an element 
examined in a hot cell after 544 Mwd of re­
actor operation showed that the thickness of 
the film left on the surface of these plates 
ranged between only 0.12 and 0.38 mil (0.0032 
to 0.0097 mm). 

(5) EXPERIMENTAL FUEL ELEMENTS 

As part of a program to develop fuel ele­
ments suitable for organic power reactors, two 
developmental fuel elements were irradiated 
in the OMRE. These fuel elements had the 
same external dimensions as OMRE fuel ele­
ments and replaced two of them in the core 
lattice. The fuel material was comprised of 
plates of uranium-molybdenum alloy, clad 
with finned aluminum. 

Each element was instrumented with ther­
mocouples to measure the cladding tempera­
ture and the coolant stream temperature. An 
indication of the coolant flow was obtained 
with a hot-wire anemometer installed in the 
lower end-plug of each element. 

Following failure of one of these develop­
mental elements, both were removed from the 
reactor and examined in a hot cell. I t was ob­
served that mostly inorganic particulate ma­
terials from the organic coolant had plugged 
the entrance of the coolant channels. Although 
the organic coolant originally loaded into the 
OMRE had been distilled to remove particu­
late matter, later coolant additions were made 
without prior distillation. Furthermore, the 
mechanical operation of a filter unit installed 
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in the coolant system was unsatisfactory, so the 
unit was removed. To prevent the recurrence 
of a clogged element, the following precau­
tions have been taken: 

(a) New filters of an improved design 
have been installed. 

(i) All coolant additions will be made 
through the purification system to 
assure removal of any particulate 
impurities. 

Due to the reduced coolant flow through the 
plugged coolant channels in the developmental 
fuel element, the temperature of some of the 
fuel plates increased enough to cause the alum­
inum cladding and some of the uranium fuel 
to melt, thus releasing some of the fuel into 
the coolant stream. During examination of 
the element it was also observed that, with the 
exception of the plates which melted due to 
the restricted coolant flow, the other fuel plates 
showed negligible dimensional change from ra­
diation damage. The highest burnup estimated 
for these plates was 3,000 Mwd/T. 

A description of this release of fission prod­
ucts follows. 

(6) FISSION PRODUCT RELEASE 

During a period of steady operation on Oc­
tober 23, 1958, a very sudden increase took 
place in the radiation levels throughout the 
OMRE system. Fission products were identi­
fied in the coolant. They were completely con­
tained in the system and there was no release 
to the atmosphere. I t was later estimated that 
approximately 1,000 curies of fission product 
activity had been introduced into the coolant 
and gas blanket. 

All of the fission products detected in both 
coolant and blanket gas samples immediately 
after the release were volatile or had volatile 
precursors. The iodine isotopes, although vola­
tile, became chemically bonded and remained 
with the coolant. Since xenon was the only 
isotope detected in the blanket gas, it was 
vented to the atmosphere at a controlled rate 
under safe meteorological conditions. Within 

a few days the only fission products present in 
the coolant in any significant quantity were 
ji3i^ Ba"», and La^^. The radiation levels 
from these fission products were sufficiently 
low to allow resumption of normal reactor and 
maintenance operation a few days later. 

(7) COMPONENT PERFORMANCE 

The overall component performance record 
for the OMEE has been excellent. As has been 
stated previously, the OMRE uses many com­
ponents that are standard in the oil refinery 
industry, e.g., pumps and valves. 

Pipes and vessels have presented no prob­
lems. Some difficulty was experienced at the 
first in getting perfectly leak-tight joints at 
pipe flanges. This problem was solved by 
using soft iron gaskets at the flanges in place 
of the spiral asbestos-metal gaskets originally 
specified. Standard steel valves have worked 
well in all cases. Valves that have had some 
stem leakage have been repacked with standard 
asbestos packing which works satisfactorily. 
On the larger valves some stem leakage has 
been tolerated because the leakage can be 
caught in open buckets. In all cases the leak­
age has been very small. 

The main loop and auxiliary pumps, which 
are commercial hot-oil pumps, have given ex­
cellent service. Some difficulty has been ex­
perienced in getting perfectly leak-tight me­
chanical seals, but again, small amounts of 
leakage can be tolerated. One mechanical seal 
ran for over a year with less than 10 pounds of 
leakage. 

A self-cleaning disc-type filter that was in­
stalled in the bypass loop proved unsuitable 
for the purpose. The discs would bind when 
the temperature reached 400° F. , thus stopping 
the self-cleaning action. This filter has been 
replaced by two sintered stainless-steel filters 
which were installed in the auxiliary loop. 

c. Novel Features of OMRE Operation 

The operation of the OMRE is unique in 
many respects. With good quality control of 
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the virgin coolant makeup, few impurities are 
added to the coolant system. To date, there 
has been no indication of significant corrosion 
to the piping and equipment, and the radiation 
levels encountered about the coolant system are 
quite low so that contact maintenance of all 
equipment, except the reactor core, could be 
performed at all times during full power 
reactor operation. 

Since the coolant has a relatively low vapor 
pressure, coolant leaks at valve packings, 
flanges, and pump seals have presented no 
problem. The leakage is usually trapped in 
buckets or similar containers and recovered. 
For piping connections, bolted flanges used in 
conjunction with soft iron gaskets have proved 
to be leakproof when properly installed. 

Since all of the plant components are con­
structed of standard, conventional materials 
of construction, reactors of this type can be 
built at a moderate cost and readily maintained 
by workers with normal abilities and with con­
ventional working tools. The entire system, 
with the exception of the fuel elements, is 
made of mild steel and is of relatively light­
weight material (the piping is Schedule 40), 
allowing maintenance work to be accomplished 
quickly and easily. 

As was previously mentioned, the decompo­
sition product compounds are easily removed 
from the coolant by a single-plate, low-pressure 
flash distillation. Most of the coolant impuri­
ties remain with the still bottoms which are re­
moved from the still into conventional st«el oil 
drums at 500° F . (260° C.) and atmospheric 
pressure. Some radioactivity is, of course, en­
countered in this operation, since the distilla­
tion waste has been the only outlet for coolant 
impurities. Burning studies of the high boil­
ing compounds are now underway. 

d. Conclusion 

To date, the results obtained from the op­
eration of the OMRE have conclusively dem­
onstrated the feasibility of an organic mod­
erated and cooled power reactor. The low de­
composition rates of the coolant and the ab-
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sence of deposited decomposition products on 
the heat transfer and other system surfaces 
have assured the practicality of the concept. 
The operation has provided the operating ex­
perience necessary to verify the predicted novel 
construction and operating features: low op­
erating pressure, reactor stability and safety, 
use of standard, lightweight materials of con­
struction, low induced activity in the modera­
tor-coolant, and ease and simplicity of opera­
tion and maintenance. Operation of the 
OMRE will continue to provide necessary ad­
ditional information for the design require­
ments of full-scale Organic Reactors. 

5. Developmental Organic Reactor (DOR) 

, The Developmental Organic Reactor (DOR) 
has been proposed as the next logical step in 
the orderly development of the organic con­
cept. The DOR would supplement the OMRE 
and provide information in certain areas that 
the OMRE is unable to supply because of its 
limited flexibility. The OMRE was built as a 
low cost experiment designed to study the be­
havior of the most promising organic coolants 
under conditions similar to those encountered 
in power reactor operations. As such, it is not 
easily adaptable to the insertion of coolant test 
loops, or full-size test elements into the reactor 
core. 

The DOR, as now conceived, is a 20 Mwt 
organic moderated and cooled experimental re­
actor. I t consists of a reactor vessel, heat 
transfer system, and coolant processing system. 
The core consists of plate-type fully enriched 
fuel elements with provisions for test thimbles 
in the high flux region between the elements. 
The heat generated in the core is removed by a 
circulating polyphenyl which is pumped 
through steam generators. The steam pro­
duced is condensed in an air-cooled condenser, 
returning as feedwater to the generator. 

The DOR will provide a facility where 
various engineering aspects of organic coolant 
technology can be explored and full-size fuel 
elements can be tested for extended periods 
under temperature, flow, pressure, and irradia­
tion conditions to be encountered in power re-

V 
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actors. I t will also be a source of information 
on corrosion, equipment life, heat transfer, and 
other engineering requirements. Certain in­
strumentation and control problems associated 
with a steam-generator system may also be 
studied in this plant. , 

(Since this report was written, the Commis­
sion has initiated work on a 20 to 40 Mwt Ex­
perimental Organic Cooled Reactor (EOCR) , 
to be constructed at the National Reactor Test­
ing Station, Idaho. In some respects the 
EOCR is similar to the DOR described herein.) 

DESIGN STUDIES 

I . Summary 

Design studies of intermediate and large 
organic-cooled - power plants have been con­
ducted since approximately 1956. Because 
there are no overriding safety or other con­
siderations which dictate the choice of a par­
ticular fuel in an organic-cooled system, the 
ultimate selection can be based strictly on eco­
nomic performance. The earlier design con­
templated the use of low alloy metallic uranium 
fuel. The earlier research and development 
program therefore emphasized metallic fuels 
and a design of a finned aluminum-clad ura­
nium metal fuel element evolved. Later de­
sign studies have considered the use of UO2 
as a basic fuel material. Since the thermal and 
environmental condition in an organic-cooled 
reactor core are markedly different from those 
existing in water reactors, the utilization of 
"conventional" Zircaloy and stainless-steel 
cladding materials is not feasible. Present de­
velopment work with UO2 fuels is based on 
APM as cladding. 

The majority of design studies conducted to 
date have investigated organic cooled and mod­
erated systems. However, other systems cooled 
with organics and moderated with heavy water 
and graphite have been considered by Hanford, 
Canadian G.E., and NDA. 

Organic moderated and cooled reactors 
fueled with metal are characterized by sev­
eral common design features. Included among 
these is the use of relatively few control rods 
since large reactivity changes with burnup do 
not occur. Cask-type refueling systems have 
been utilized since the low core specific power 
md large heat capacity of the metallic uranium 

permits transfer of spent elements in air with­
out supplementary cooling. Lower tempera­
ture conditions exist within the core due to the 
use of aluminum cladding materials. The ex­
ternal systems design and plant hazards analy­
sis have been based on low activity levels in the 
coolant resulting in less shielding and in modi­
fied containment criteria. 

Later design organic-moderated cooled re­
actors utilizing UO2 fuel differ from the metal­
lic fuel units primarily in the core configura­
tion. A large number of cruciform-type con­
trol rods, utilizing poison material of high 
epithermal worth, are required to compensate 
for changes in reactivity due to burnup. The 
cask-type refueling systems have been super­
ceded by wet systems in which the transfer of 
spent fuel is handled at all times within a fluid 
cooling media. Increased temperature con­
ditions within the core are permissible due to 
the higher strength of the A P M cladding. The 
design of the reactor external auxiliary systems 
is based on the supposition that some fission 
products will continually circulate in the cool­
ant (see figs. 25 and 26). 

The current status of technology is such that 
the metallic fuel reactors can be constructed 
today with a concurrent research and develop­
ment program. The fuel elements required for 
the oxide fuel design still require further re­
search and development effort prior to the 
initiation of plant construction. 

2. Metal Fueled OMR's 

Design studies on metal fueled OMR's en­
compass the range from 10 to 150 Mwe. All 
of these plants utilize a metal fuel of either 
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uranium 3.5 wt percent Mo-0.5 wt percent Si 
or U-10 wt percent Mo in the shape of-flat 
plates or circular segments similar to the Piqua 
development. 2S aluminum cladding has been 
utilized on all designs. Surface temperatures 
have been limited in each case to 750° F. , partly 
because this represents a conservative tempera­
ture to minimize changes in the heat transfer 

characteristics with time and partly due to a 
limitation imposed by the aluminum. Identi­
cal process systems, including those for degasi­
fication and pressurization, coolant purifica­
tion, waste gas handling, organic residue dis­
posal, and other plant auxiliary systems. Table 
13 summarizes the performance characteristics 
of several of these designs. 

TABLE 13 

METALLIC FUELS 

Net electrical power ra t ing 
The rma l power ra t ing 
The rma l efficiency 
V u m b e r of loops 
Moderator 

Coolant 

Coolant pressure 
Coolant flow . 
Coolant core velocity 
Coolant core Inlet tempera­

ture 
Coolant core outlet temper­

ature 
Coolant core average AT 
Cladding material 
Cladding thickness 
Cladding m a x i m u m siirface 

tempera ture 
Fuel material 
Fue l shape 

Fuel diameter 

Fuel height 
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Fuel ini t ial enr ichment 
Fuel depleted enr ichment 
Fuel max imum center tem­

perature 
Core height 
Core diameter—equlv 
Average heat flux 
M a x i m u m heat flux 
Peak to average power rat io 
A \ erage power densi ty 
Specific power 
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F9 
F « . 
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% 
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op 

°F 
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"F 
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% 
% 
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FIGURE 26.—Experimental heat transfer coefficient of irradiated OMRE coolant. 

In the following section a more detailed 
description is given for a typical 20-Mwe re­
actor plant (see figs. 27 through 29). 

a. 20,000 Kilowatt OMR (38) 

The nuclear power plant described in this 
document utilizes an organic moderated and 
cooled reactor (OMR) as the primary heat 
source to develop 20,000 net electrical kilowatts 
of power. 

Simple in concept and straightforward in 
design, the OMR uses a high-boiling symmetric 
hydrocarbon oil as both the moderator and 
coolant. Operating at low pressure, the re­
actor provides heat for generating the super­
heated steam used to drive the turbine genera­
tors. 

The low-pressure coolant, operating at tem­
peratures below its atmospheric pressure boil­
ing point, does not enter into hazardous chemi­
cal reactions with any of the materials in the 
fuel elements or reactor core. A negative 
temperature coefficient of reactivity ensures 
stability during load variations, while the low-
level coolant radioactivity permits personnel 
access for inspection and maintenance of the 
heat transfer and process systems during op­
eration. 

The low coolant radioactivity, in addition 
to protecting operating personnel, simplifies 
maintenance and minimizes the required shield­
ing. There is no corrosion in the reactor or 
heat transfer system, since the coolant is com­
patible with the steel of the systems com­
ponents and with the fuel element cladding 
and does not react with either water or the fuel. 

b. Summary of Plant Characteristics 

The plant can utilize a site with an exclu­
sion radius of about 1000 ft. The reactor-
steam system and the turbine-generator are 
housed in two separate buildings of conven­
tional construction. As stated previously, no 
pressure-type secondary containment vessel is 
required for the reactor building; however, 
controlled air circulation is provided for this 
structure. 

The reactor has a rating of 73 Mwt and, in 
conjunction with steam generating equipment, 
produces 272,000 Ib/hr of steam for use in the 
turbine generator. Approximately 20 Mwe net 
is generated from the steam produced when 
the reactor plant is operating at full power. 
The reactor uses fuel elements of slightly en-
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FIGURE 27.—Reactor plan cross section (20,000-kw OMR). 

riched uranium and is cooled and moderated 
by an organic hydrocarbon liquid. The cool­
ant used is a commercially available mixture 
of polyphenyls. 

The coolant is circulated through two heat 
transfer loops from the reactor core to steam 
generators where superheated steam is pro­
duced. The full-power flow rate of coolant in 

the plant is 6.75X10" Ib/hr. The coolant leaves 
the core at 625° F. and leaves the steam genera­
tors to return to the core at 552° F. Super­
heated steam is produced by the plant at a 
constant pressure for all load conditions. It 
is supplied to the steam header at 815 psia and 
580° F. Plant design characteristics are listed 
in table 14. 
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FIGURE 28.—Reactor elevation cross section {^0,000-kw oMR). 
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TABLE 14 

O X I D E F U E L S 

61 

Net electrical power ra t ing 

Thermal power ra t ing 
Thermal efficiency 
N u m b e r of l o o p s . . . 
Moderator 
Coolant . . . 
Coolant pressure 
Coolant flow 
Coolant core velocity 
Coolant core mlet t e m p 
Coolant core out le t t e m p 
Coolant core average AT 
Cladding material 
Cladding thickness . . 
C laddmg max surface t e m p 
Fuel material 
Fuel shape . . . 
Fue l d iameter . . . 
Fue l height 
Fue l Inventory 
Fuel Initial enr ichment 
Fue l depleted enr ichment . 
Fue l max center t e m p 
Core h e i g h t . . 
Core diameter equivalent 
Average heat flux . 
M a x i m u m heat flux 

Peak-to-average power ratio 

Average power densi ty 
Specific power . . 
Init ial conver'^ion ratio 
Hot channel factors 

FAt 
Fe 
¥<!> . . 

Control rods 

U n i t s 

Mwe 

M w t . 

% .... 

psia 
Ib /hr . . 
ft/sec. . . 
° F . . 
" F . . . 
o p 

in 
o p 

in . . . 
M T U . 

% 
% 
° F 
ft 
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Btu/f t ' -hr 
Btu/ft^-hr 

kwt/f t ' . 
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0 33 
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50 
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4 35 
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2 1 
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96,300 
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3 37 final 
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20,000 . . . 
0 69 
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156 
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57 

G O C R 
(Repor t 
B C P l - 1 
Vol 111) 

284 7 

937 3 
318 

Graphi te 
Santowax R 
165 , 
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A P M - f i n n e d . 

850 . 
UO2 

030 . 
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1 8 
49 9 
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3 52 
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480 
32 
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43 
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0 030 
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U O j 
Cone tubes 
2 35 
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32 1 
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15 5 

450,000 
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14,900 

Major systems in the reactor plant, in addi­
tion to the heat transfer loops, include the de­
gasification and pressurizing system, the cool­
ant purification system, the pressure-relief sys­
tem, and the decay heat removal system. Other 
systems are provided for preheating, venting 
and draining, coolant storage and make-up 
waste disposal, and other auxiliary services. 

The reactor plant components and piping are 
constructed primarily of ordinary carbon steel. 
Most of the plant is located below ground level 

I to reduce the shielding requirements. Com­

plete fuel-handling facilities are included for 
removing and replacing individual fuel ele­
ments in the reactor, and for storing spent and 
fresh fuel elements in the plant. 

The plant control system automatically con­
trols the plant when the load is between 10 
and 110 percent of full load. Manual opera­
tion is provided for control at all loads. In 
addition, a plant protective system provides 
for rapid detection of abnormal operating con­
ditions and automatically takes corrective ac­
tion as needed. 
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3. Oxide Fueled OMR's 

a. Range of Design Studies 

Under a Commission contract, Atomics Inter­
national, in cooperation with the Bechtel Cor­
poration, recently completed an extensive de­
sign study of organic cooled reactor plants. 
These studies were concentrated on oxide-
fueled, APM-clad, organic-moderated reactor 
plants in the intermediate (75 Mwe) and large 
(300 Mwe) size range. Keactor cores for both 
sizes were designed for operation under condi­
tions of forced convection heat transfer and 
nucleate boiling in the core. 

In addition to these design studies an oxide-
fueled, organic-moderated reactor plant for 
use as a propulsion plant for a T-7 tanker, 
a large graphite-moderated organic cooled 
plant (285 Mwe) were designed at Atomics In­
ternational and a DaO-moderated, organic-
cooled plant was designed by Canadian General 
Electric Co. The major reactor parameters 
for all of these plants are summarized in table 
15. 

b. Summary of 300 Mwe Organic Cooled Reactor 
Design 

The organic moderated and cooled reactor 
has a design capability of 934 Mw of heat and 
is cooled by Santowax R having a bulk tem­
perature of 675° F. at the reactor outlet. The 
design load coolant flow is 50,500,000 Ib/hr with 
a temperature at the reactor inlet of 550° F. 
(table 16, fig. 30 through 34). 

T A B L E 16 

P E R F O R M A N C E C H A R A C T E R I S T I C S 

P O W E R P L A N T CHARACTERISTICS: 

Power Output: 

Net, electrical 20,000 kwe. 
Gross, electrical 22,000 kwe. 
Gross, thermal 73,000 kwt. 
Thermal efficiency 27.4%. 

Steam Conditions: 

Steam pressure a t turbine 800 psia. 
thrott le . 

T A B L E 15—Continued 

P O W E R P L A N T CHARACTERISTICS— 

Continued 
Steam Conditions—Continued 

Steam temperature 580° F. 
Steam rate 272,000 Ib/hr. 
Feedwater temperature a t full 375° F . 

load. 
Reactor Cooling: 

Coolant Santowax-R. 
Coolant operating pressure 135 psia. 
Coolant inlet temperature 552° F . 
Coolant outlet temperature 625° F . 
Number of pr imary loops 2. 

Reactor Characteristics: 
U2" loading 200 kg. 
U235 enrichment 1-7%. 
Number of fuel elements 97. 

H E A T T R A N S F E R CHARACTERISTICS: 

Coolant Santowax-R. 
Number of loops 2. 
Total flow rate 14,700 gpm (6.75 

X1C« Ib/hr). 
Total flow rate 14,700 gpm 

(6.75 X10« 
Ib/hr). 

Reactor inlet temperature 552° F . 
Reactor outlet temperature 625° F . 
Average coolant temperature 73° F. 

rise in core (full power). 
Coolant system design pressure- 300 psig. 
Nominal operating pressure (in- 135 psia. 

let t o core tank . 
Coolant velocity through fuel 15.3 ft/sec. 

element (maximum). 
Average heat flux in the core 32,400 Btu/hr-

W. 
Maximum heat flux in the core_ 212,000 Btu/hr-

ft'. 
Pressure drop through core 49 psia. 
Hea t transfer coefficient 1,298 Btu/hr-ft"-

°F. 
Main coolant pump capacity 7,350 gpm 

(one in each loop). (each). 
Pressurizing pump flow ra te 200 gpm. 

(normal). 
Purification flow rate (maxi- 360 Ib/hr. 

mum) . 
Coolant makeup rate (full 83 Ib/hr. 

power). 
Charging pumps capacity (2 )_ . . 20 gpm (total). 
Volume of coolant in the system_ 17,000 gal 

(total). 
Volume of coolant in each main 3,600 gal. 

coolant loop. 
Power density 400 kwt/ft ' . 
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TABLE 15—Continued 

HEAT TRANSFER CHARACTERIS­
TICS—Continued 

Specific power 6,200 kwt/MTU. 
Peak to average power ratio 6.55. 

Steam Generators: 
Coolant flow to each steam gen- 3.37 X10' Ib/hr. 

erator. 
Coolant temperature entering 625° F. 

superheater. 
Coolant temperature drop in 5° F. 

superheater. 
Coolant temperature entering 620° F. 

boiler. 
Coolant temperature drop in 68° F. 

boiler. 
Coolant temperature leaving 552° F. 

boiler. 
Feedwater temperature enter- 375° F. 

ing boiler. 
Steam pressure at superheater 800 psig. 

outlet. 
Pressure drop through super- 20 psi. 

heater. 
Steam temperature leaving sup- 580° F. 

erheater. 

TABLE 15—Continued 

HEAT TBANBPEH CHARACTERIS­
TICS—Continued 

Steam Gerierators—Continued 
Steam flow leaving each gen- 136,000 Ib/hr. 

erator. 
Heat duty for the boiler, each 11.5 X lO* Btu/hr. 

unit. 
Heat duty for the superheater, 7.57 X 10« Btu/hr. 

each unit. 
FUEL ELEMENT CHARACTERISTICS: 

Type. ^ Concentric 
tubes. 

Number 97. 
Tubes per element 2. 
Cladding material and thick- 0.035 in. finned 

ness. aluminum. 
Element outside diameter 5.25 in. 
Element inside diameter 3.10 in. 
Thickness of fuel tube 0.208 in. 
Fuel can material and thick- 0.030-in. stain-

ness. less steel. 
Fuel alloy 3.5 wt % Mo-U 

alloy -1-0.5 wt 
%Si . 

Fuel inventory 11.8 MTU. 
Active length of fuel element 78 in. 
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FIGURE 42.—Design and construction schedule {Piqua OMR). 

T A B L E 15—Continued 

F U E L E L E M E N T C H A R A C T E R I S T I C S — 

Continued 
Total length of fuel element 104 in. 
Temperature coefficient of re- — 5.7X 10"V° F. 

activity (total at 550° F.) . 
Excess reactivity (total, hot 7.0 %. 

clean). 

T A B L E 16 

T U R B I N E P L A N T S U M M A R Y DATA (300-Mwe 
OMCR) 

Nameplate rating (Mwe) a t 3}^ in. Hg abs. ex­
haust pressure 300 

Ciross electrical power (Mwe) a t 1.5 in. Hg. abs. 
exhauht pressure 314 

Net electrical power (Mwe) a t 1.5 in. Hg abs. 
exhaust pressure, . , 301 

Gross cycle heat rate (Btu/kwh) a t 1.5 in. Hg 
abs. exhaust pressure . _ _ 10,146 

T A B L E 16—Continued 

T U R B I N E P L A N T S U M M A R Y D A T A (300-Mwe 
O M CR)—Cont inued 

T U R B I N E - G E N E H A T O R : 

Type Tandem-compound double-fiow 
exhaust, 1,800 rpm. 

Nameplate ra t ing . 300 Mw a t 3.5 in. Hg abs. and 
3 % makeup. 

Guaranteed 3.36X 10 ' Ib/hr . 
throt t le flow. 

Thrott le steam 600 psig, 650 F T T . 
conditions. 

Number of feed- 5. 
water extrac­
tion points. 

Final feedwater 394.4. 
temperature. 

Condenser Single pass, two water box, 1.5 
in. Hg abs. a t 57° F. inlet 
water and 203,000 gpm flow. 

Generator 384,000 kva, 0.85 pf, 13,800 kv. 
Hj cooled a t 45 psig. 

Exciter Motor driven 1,800 rpm, 1,800 
kw, 375 V. 
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TABLE 16—Continued 

TURBINE PLANT SUMMARY DATA (300-Mwe 
OMCR)—Continued 

REACTOR, STEAM PLANT—SUMMARY DATA: 

Type Organic moderated and cooled. 
Full load rating. _ 934 Mwt. 
Coolant Santowax R—30% high boiler. 
Coolant temp 550° F. inlet, 675° F. outlet. 
Coolant flow 60.5X 10« Ib/hr. 
Number of pri- 3. 

mary loops. 
Fuel 0.30 in. diam. X 0.60 in. UOj 

pellets in APM-clad extend­
ed surface rods. 

Number of fuel 310. 
elements. 

Control rods 57 cruciform—EujOs and B'" 
clad in stainless steel. 

Initial enrichment, 2.1 %. 
Initial reactivity. _ 15.2%. 
Conversion ratio.. 0.69. 
Burnup, average.. 15,000 Mwdt/metric ton. 
Core size (active). 10.33 ft diam. X 12 ft high. 
Peak average 2.55. 

power ratio, 
initial. 

TABLE 16—Continued 

TURBINE PLANT SUMMARY DATA (300-Mwe 
OMCR)—Continued 

REACTOR, STEAM PLANT—SUMMARY DATA—Con. 
Peak average 3.77. 

power ratio, 
final. 

Specific power, 20 kw/kg. 
average. 

Maximum UO2 4,000° F. 
temperature. 

Maximum clad 850° F. 
surface temper­
ature. 

Maximum heat 93,300 Btu/hr-ft*. 
flux, initial. 

Maximum heat 133,000 Btu/hr-ft^. 
flux, final. 

Steam generators U-tube heat exchangers, 
and super­
heaters. 

Rating (Ib/hr) 3,365,000 (delivered at 600 
psig, 650° F. at the turbine 
throttle). 

Core inventory 46,500 kg U. 
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