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FIG. 1 USS NAUTILUS (SSX-571) 

The  engineer ing  development  summa- 
rized in this paper  is the work  of scores of  
companies  and government  agencies and 
thousands of individuals, All of  the w o r k  
done has been under  the sponsorsh ip  of  the 
Atomic Energy Commiss ion  and the De- 
par tment  of the Navy. The  Submarine 
The rma l  Reactor  (STR) power  plant  which 
will power  the Nautilus is essentially a du- 
plicate of  a land prototype,  k n o w n  as Mark  
I, which has been in opera t ion  at the Na- 
t ional Reactor  Tes t ing  Station in Idaho  for 
over  a year. From the s tandpoint  of  the 
marine engineer,  the process of  nuclear 
fission offers a new source of heat. The  
submarine  thermal-reactor  p ropuls ion  
plant  consists of  a nuclear reactor  where  
the l ight isotope of uranium, U ~35, fissions as 
a result of  the absorp t ion  of thermal  or  
low-velocity neutrons into the nucleus. 
The  result ing heat is t ransferred f rom the 
reactor  into a steam genera tor  or  boiler  by 
ordinary water  (called pr imary  coolant)  
retained under  high pressure in order  to 
prevent  boiling. The  water  is circulated 
f rom the reactor  through the boi ler  in a 
closed loop  by canned motor- type pumps.  
The  boiler,  which is essentially a shell-and- 

tube-type heat exchanger,  contains ordi-  
nary boiler  feedwater on the shell side at a 
pressure much lower  than that of  the pri-  
mary coolant.  This  boi ler  feedwater  when  
heated by the pr imary  coolant  becomes 
steam which is used in a conventional  
marine  turbine-condensing propuls ion  sys- 
tem to provide  energy for  ship propuls ion  
and for other  purposes.  In  a development  
p r o g r a m  of  the magni tude of the submarine 
thermal-reactor  project ,  many dozens of  
items completely new in concept  and de- 
sign and many hundreds of  newly designed 
items are combined  to fo rm a final power  
plant. The  pr inciple  of  individually test- 
ing each i tem was fol lowed to the max imum 
extent possible  so that the final assembly 
represents  a test of  the complete  power  
plant rather  than the test of individual items. 
In  addition, where  secondary service sys- 
tems were involved the systems themselves 
were tested individually before inclusion in 
the final plant. Finally the entire nuclear 
power  plant was tested as a whole  at the 
Mark  I facility. This  test p r o g r a m  proved  
its wor th  in that the power  plant installed in 
the Nautilus will be similar to one which 
has had over a year 's  opera t ing experience.  
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FIG. 3 USS NAUTILUS (SSN-571) LAUNCHING 

FORI~WORD 

The authors wish tha t  it were possible to give 
individual credits, but  it is not possible to do so in 
a paper of this nature. They  are acting as spokes- 
men for a much larger group. The  engineering 
development presented in the following paper  is 
the work of scores of companies and government  
agencies, and thousands of individuals. All of 
the work done has been under the sponsorship of 
the United States Government  with the Atomic 
Energy Commission and the Depar tment  of the 
N a v y  supporting the work through a unique joint 
organizational arrangement  established to make 
maximum use of the facilities and abilities of both 
organizations. 

This paper  has been reviewed and cleared by  
the appropriate  authorities to insure tha t  no 
mat ters  of security interest are disclosed herein. 
Of necessity certain aspects have been handled in 
a general ra ther  than  a specific fashion and certain 
others have been omit ted altogether. 

Acknowledgment for use of photographs and 
diagrams is hereby made to the Atomic Energy 

Commission, Depar tment  of the Navy,  General 
Dynamics Corporation, and the Westinghouse 
Electric Corporation. 

HISTORICAL 

The historical interest of the U. S. N a v y  in nu- 
clear propulsion dates back to 1939 when, shortly 
after the discovery of fission, it was quickly appre- 
ciated tha t  this process offered a potential  method 
of propulsion for naval  vessels. First  because of 
the state of early research, and later because of the 
pressure of war work, little was done toward nu- 
clear propulsion until the end of World War  II .  
However, a report  of an advisory committee to the 
Manha t t an  District, known as the To lman  Com- 
mittee Report ,  made policy recommendations to 
the Manha t t an  District in 1944. This report  
recognized the urgency of providing power for the 
propulsion of naval vessels but  nothing significant 
was accomplished until 1946. 

In  the Spring of 1946, the Manha t t an  District 
initiated a project, known as the "Daniels Power 
Pile," which was aimed at  the development and 
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construction of a small experimental land nuclear 
power plant. The Bureau of Ships and the 
Westinghouse Electric Corporation were included 
among those industries and government  activities 
asked to send technical representatives to the 
Clinton Laboratories (now Oak Ridge National  
Laboratory)  at  Oak Ridge, Tenn., to work on this 
project. Throughout  the Fall of 1946 and most  
of 1947, the group thus assembled worked on the 
"Daniels Pile." In  September of 1947, a pre- 
liminary s tudy was completed. However,  the 
Atomic Energy Commission, which had taken 
over atomic-energy activities from the Man-  
hat tan  District on January  1, 1947, decided tha t  
further work on this type of reactor should be o 
halted pending an extensive survey of al ternate 
pile types. Shortly thereafter, acting on informal 
requests from the N a v y  representatives, a first 

z s tudy of the application of a high-pressure, water- 
cooled reactor for a submarine was undertaken by Z 

< the remaining personnel of the Daniels Pile Divi- 
~ sion at Oak Ridge. This work elaborated upon an 
< ~ idea first proposed by Dr. A. M. Weinberg of Oak 
m Ridge in April, 1946, for use of this type  of re- 

actor for power production. z~  
.2 ~ The Depar tment  of the N a v y  in December,  
O a a  = x 1947, formally stated the importance a t tached to 

>* the development of a nuclear-powered submarine, 
~ and requested tha t  action be initiated by  the 
F- ~5 Atomic Energy Commission for the early develop- 
Z T~ ment, design, and construction of a suitable re- 
~'~ actor for this purpose. On April 2, 1948, the 

Chief of the Bureau of Ships, Vice Admiral E. W. 
o Mills, USN, addressed the Undersea Warfare  Con- 
= ference in Washington and summarized the N a v y ' s  

efforts up to tha t  date to obtain action on the de- e 
co velopment  of the nuclear power plant for a sub- 
< marine. 
< This speech really marked the formal beginning 

of the Nautilus power plant. Shortly thereafter,  o 
the AEC established the Submarine Thermal  
Reactor  (STR) as a formal project. The Argonne ,3 

y~ National  Labora tory  of the Commission was as- 
signed the research and conceptual design aspects, 
making use of some of the former "Daniels Power 
Pile" group who were transferred from Oak Ridge. 
To the Westinghouse Electric Corporation the 
Atomic Energy Commission assigned the de- 
velopment,  engineering design, construction, and 
operation of the STR Mark  I prototype plant;  
and the design and construction of the subsequent 
shipboard plant, Mark  II .  Mark  I was to be land- 
based. Mark  I I  will power the USS Nautilus 
(see Figs. 1-8). Westinghouse's first contract  on 
this work with the Bureau of Ships was executed 
in June, 1948; and with the Atomic Energy Com- 
mission in December, 1948. 
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FIG. 5 CUTAXVAY SKETCH OF S T R  MK I TEST FACILITY AT NATIONAL REACTOR TEST STATION 

Active development work by  Westinghouse be- 
gan in early 1949, with the official establishment of 
the pressurized water  type of reactor as the one 
selected for this project. At  the same t ime West- 
inghouse purchased a former airport  site near 
Pit tsburgh, and tile Commission built the Bettis 
Labora tory  there. Construction of the Mark  I at 
the National  Reactor  Testing Station in Idaho 
began on almost the same day in August, 1950, 
tha t  Public Law 674 was signed by  the President 
of the United States. This law authorized the 
construction of the first nuclear-powered sub- 
marine later named USS Nautilus, SSN-571, to be 
powered by the Submarine Thermal  Reactor  
Mark  I I .  

Throughout  1951 and 1952, development,  de- 
sign, and construction of the Mark  I proceeded 

simultaneously with design of the Mark  I I .  At 
the same t ime it was necessary to build up a tech- 
nical program, to train engineers and scientists in 
the new skills and techniques involved, to estab- 
lish production facilities for new materials and 
new equipment,  to procure scarce materials 
during the height of the Korean War  build-up, 
and on several occasions to remove materials from 
strike-bound plants. The  technical problems tha t  
evolved, and the solutions, are outlined in later 
sections. 

On March 30, 1953, a t  11:17 pro, Mountain  
Standard Time, the Mark  I Reactor  was first made 
radioactively critical. On M a y  31, 1953, the 
Mark  I was first operated at  power. In June, 
1953, a sustained full-power run, simulating an 
At lant ic .  crossing submerged, was concluded 
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FIG. 0 OVERtIEAD VIEW OF STR I~'IK I 
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FIG. 7 VIEW OF STR MK I FROM TEST FLOOR SHOWING LOAD ABSORBER 

T A B L E  1 CHARACTERISTICS OF CERTAIN SUBMARINES 

D a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1874 
N a m e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  N a u t i l u s  

Length ,  ft  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  232 
Beam, ft  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  26 
Di sp lacemen t  (surface),  tons . . . . . . . . . . . . . . . . .  1417.6 
Disp lacement ,  tons  . . . . . . . . . . . . . . . . . . . . . . . . .  1507 
Hul l  cons t ruc t ion  . . . . . . . . . . . . . . . . . . . . . . . . . . .  double  hul l  
Hul l  th ickness ,  in . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 ~  
Propu ls ive  power  . . . . . . . . . . . . . . . . . . . . . . . . . . .  sodium " b u n s e n "  a p p a r a t u s  
Propel lers  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  s ingle (19 ft  diam) 
Propuls ion  p l a n t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  e lectr ic  
M a x i m u m  speed, kno t s  . . . . . . . . . . . . . . . . . . . . . .  43 
Cruis ing  range,  miles  . . . . . . . . . . . . . . . . . . . . . . .  43000 
Bui ld ing  y a r d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a deser t  i s land 

Cost  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  £147 ,500  
A r m a m e n t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ram 
Owner . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pr ince  D a k a r r  of Ind i a  
Cap t a in  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  C a p t a i n  Nemo 
Collapse depth ,  ft  . . . . . . . . . . . . . . . . . . . . . . . . . .  48000 

1954 
N a u t i l u s  

2500 ~ 

t h e r m a l  nuclear  reac tor  
twin  screw 
geared s t eam tu rb ine  
over  20 
thousands  
Elec t r ic  Boa t  Divis ion,  Gen- 

eral  D y n a m i c s  Corp. 
over  $40,000,000 
to rpedo  tubes  
U.S. G o v e r n m e n t  
Cmdr.  E. P. Wilkinson,  USN 

a Approximate tonnage: "Janes Fighting Ships," 1952-53 edition. 
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FIG. 8 SPRAY POND FOR S T R  M E  I CONDENSER WATER COOLING 

successfully. The keel of the Nautilus had been 
laid in Groton on June 14, 1952, and the fabrica- 
tion and installation of her power plant was pro- 
gressing in 1952 and 1953. When she was 
launched on January 21, 1954, most of the major 
components were already installed. Although 
the Mark I I  plant installed in the Nautilus is a 
nominal duplicate of the Mark I, many design 
changes have been incorporated. 

As a final item, Table 1, showing comparisons 
of the mythical characteristics of Jules Verne's 
hypothetical submarine Nautilus with those of the 
SSN-571, is of interest. 

PRINCIPLES OF NUCLEAR POWER 

From the standpoint of the marine engineer, 
the process of nuclear fission offers a new source of 
heat. In order to understand how this heat is 
generated and used in a nuclear power plant an un- 
derstanding of certain fundamentals of nuclear 
physics is required. There are numerous texts 
which contain detailed information on these fun- 
damental processes to which the reader is re- 
ferred for an exhaustive treatment. 

The Fission Process 

The process of nuclear fission occurs when the 
nucleus of certain atoms is broken into pieces 
through a rearrangement of the nuclear binding 
forces which hold them together. The fission 
process of most interest in connection with the 

Nautilus occurs when the light isotope of uranium, 
known as U 23a, fissions as a result of the absorp- 
tion of thermal or low-velocity neutrons into the 
nuclei. The resultant breaking apart of the U 235 
nucleus into major parts known as fission frag- 
ments results in these fragments which are the 
nuclei of two elements in the middle of the 
periodic table, moving apart with a very high 
velocity and hence possessing high kinetic energy. 
These fission fragments are stopped by surround- 
!ng materials (the rest of the original uranium, 
structural materials, etc.) and the kinetic energy is 
dissipated in the form of heat. Since the fission 
fragments are stopped and their kinetic energy 
released in the form of heat practically at the point 
of fission, the process of fission in effect produces 
heat directly. Also produced is radioactivity in 
the form of beta particles, gamma rays and neu- 
trons emitted at the time of fission. These pro- 
duce a significant fraction of the total heat 
generated. These radiation particles are emitted 
later during the process of radioactive decay of the 
fission fragments into more stable forms. Some 
of the heat is associated with this later release of 
radioactivity; and, .therefore even after a nuclear 
reactor is shut down, a small amount of after-heat 
continues to be released. 

The process of fission can be studied and under- 
stood only on a statistical basis since there are 
billions of billions of fissions taking place each 
second in a typical reactor. About thirty million 
million (3 ;< 1013) fissions are required to produce 
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the release of approximately 1 Btu of heat. The 
energy equivalent available from the process of 
fission is astounding. The  fissioning of 1 lb of 
U ~a6 produces the heat equivalent to tha t  from the 
combustion of about  2300 tons of coal or 300,000 
gal of oil. I t  should be noted, however, that  even 
this tremendous energy release is but  a small frac- 
tion of the total  energy equivalent of the whole 
mass involved. Only the difference in mass be- 
tween the original uranium mass and tha t  of the 
sum of all of the fission products appears  as energy. 

The average fission produces, among the radio- 
ac t iv i ty  released, 21/6 neutrons. The significance 
of this fact  is tha t  since it only requires one neu- 
tron to initiate the process of fission in a given nu- 
cleus, and since tha t  process itself produces more 
than one neutron, i t  is possible to arrange for a 
self-sustaining chain reaction to take place 
whereby a continuous evolution of heat  is ob- 
tained. I t  is, in fact, possible to maintain a 
self-sustaining chain reaction given a sufficient 
quant i ty  of the uranium-235 isotope. 

The production of a controlled self-sustaining 
chain reaction in uranium requires the at taining of 
a proper balance between the neutrons produced 
during the process of fission, the neutrons ab- 
sorbed in the uranium to produce this fission, and 
the neutrons otherwise lost by  escape from the 
zone of the chain reaction (the reactor core) and 
absorbed parasitically in other materials which 
form the structure. The  achievement of this 
very precise balance proves to be a difficult en- 
gineering job in practice, since in addition to the 
usual requirements of the choice of materials there 
is added the requirements for neutron economy in 
order tha t  there will be enough neutrons left over 
to make the process self-sustaining. 

There are m a n y  different methods by  which a 
nuclear reaction in a thermal  reactor such as will be 
used to power the Nautilus is achieved. In  such 
a reactor the principal neutron absorption which 
causes fission is produced by  what  is known as 
thermal  or slow neutrons; tha t  is, neutrons which 
have been greatly slowed down from the initial 
high velocity (or energy) at  which the process of 
fission originally emits them. This process of 
slowing down is achieved by  materials known as 
moderators.  In the Nautilus reactor the hydro- 
gen atoms in the ordinary water  which is in the 
reactor act  as the moderator.  This water  also 
serves as the "p r imary"  coolant which removes 
heat  from the place of generation in the uranium 
and conveys it out of the reactor core and over to a 
s team generator. Since the process of fission to all 
intents and purposes is independent of the tem- 
perature of the reactor, it is possible to achieve 
practically any  desired temperature  level in a 

nuclear reactor. The  problem, therefore, of 
reactor design is not one of generating the heat  so 
much as tha t  of removing it. 

One final i tem which must  be understood is the 
control of such a reactor. Basically, control is 
exercised by  adjusting the balance between 
neutrons produced and neutrons absorbed. This 
usually is done by  means of the insertion or with- 
drawal of control rods containing materials which 
absorb neutrons. I t  is for tunate  tha t  enough of 
the neutrons emitted as a result of the fission proc- 
ess are delayed by  radioactive decay processes 
(delayed neutrons). Thus  a control system 
which operates with t ime constants in the order 
of seconds is possible, ra ther  than one operating in 
microseconds which would be required if all of the 
neutrons were emitted during the process of 
fission itself (prompt  neutrons). 

Another unusual reactor problem arises be- 
cause of the existence of radioactive fission prod- 
ucts which are extremely strong absorbers of 
neutrons. One of these in particular,  xenon-135, 
produces an effect in reactors known as the xenon 
problem. This fission product  is one of a radio- 
active decay chain. I t s  mother  nucleus and 
daughter  nucleus are not strongly absorbing. In 
operation of a reactor a balance is achieved be- 
tween the production of this xenon poison through 
radioaetive decay from its mother  and the loss of 
the xenon poison both through radioactive decay 
and through the process of absorbing neutrons. 
When a reactor is shut down from high-power 
operation, however, the xenon poison continues to 
grow in the reactor;  bu t  its loss is great ly de- 
creased since none of it is now lost through neu- 
tron absorption. Therefore, once a reactor has 
been shut down from a high power level and ap- 
preciable quanti t ies of the xenon poison have 
formed it is necessary to remove other poisons 
from the reactor. Otherwise it  will not  be possi- 
ble to s tar t  up for a period of many  hours, or until 
the process of normal radioactive decay has 
caused most  of the xenon to disappear. 

The  process of fission and the theory of the 
chain reaction and its control have been discussed 
in a very e lementary fashion above. Most  of the 
problems of developing the Nautilus power plant  
were in the field of engineering, however. The 
basic processes discussed in the foregoing were 
known and understood during the days of the 
M a n h a t t a n  District. The  application to the 
actual engineering of a nuclear power plant  has 
proved to be a major  engineering problem. 

To  a first approximation,  the amount  of energy 
tha t  m a y  be released within a reactor, and hence 
the amount  of power tha t  m a y  be produced there- 
by, does not depend upon the size of the reactor 
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as determined by nuclear consideration. Any 
amount  of power, from a few watts up to hun- 
dreds of thousands of kilowatts of heat may be 
produced from any size reactor provided this en- 
ergy can be removed from it. In the smaller 
reactors, it is interesting to note that  the limita- 
tion on the power production is not a nuclear one, 
but  rather, one that  is dictated by the ability of 
the engineer to remove the desired amount  of 
heat from the small volume of the reactor required 
by the nuclear consideration. 

The application of the heat released in the reac- 
tor to the production of useful power, in general, is 
achieved through a conventional thermodynamic 
cycle. This does not, however, mean that  this 
part of the system is necessarily identical with a 
similar cycle used for conventional chemical 
fuels. Indeed, the reverse is almost always true 
because, when using conventional fuels, the en- 
gineer is given a temperature level of approxi- 
mately 3000 F in the combustion gases with which 
to start. By proper design the materials used to 
make the boiler tubes or gas-turbine blades can be 
considerably cooler than are the combustion 
gases. 

In a nuclear reactor almost the opposite is true. 
The materials in the core of the reactor proper 
must be the hottest in the entire system, and these 
are the very materials which have the most severe 
requirements already imposed on them as regards 
neutron absorption, radiation damage, strength, 

and corrosion. Furthermore, at  least in the case 
of the mobile power plants, where efficiency nor- 
mally means increased cruising range and de- 
creased fuel consumption, one of the really big 
incentives to go to a higher temperature, and 
therefore a more efficient power plant, is lacking. 
The weight of the nuclear fuel itself is an almost 
inconsequential part of the total weight of a nu- 
clear power plant. Thus improvements in effi- 
ciency do not mean that  the ship will have sig- 
nificantly increased cruising range as is true in the 
case of conventional fuels. These factors add up 
to the fact that  the "conventional" power-plant 
end of a nuclear power plant usually operates at 
the lowest possible temperature. 

The thermodynamic cycle chosen for the Sub- 
marine Thermal Reactor was in fact one that  per- 
mitted operation at just about the minimum tem- 
peratures which would allow the generation of use- 
ful power. The cycle selected for the Submarine 
Thermal Reactor uses ordinary water maintained 
under high pressure, so that  it does not boil, to 
transfer heat from the reactor into a steam genera- 
tor. This generator is basically a shell-and-tube- 
type feedwater heater. Ordinary boiler water at 
relatively low pressures on the other side of the 
tubes (from the primary coolant) boils and forms 
steam which is used to drive steam turbines for 
propulsive power and to generate electricity to 
meet the needs of auxiliary electrical requirements. 

Some of the problems which have been met can 
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be understood by  looking at  the general break- 
down of funds spent in nuclear engineering over a 
number of years and covering several projects in- 
cluding the STR. Roughly, 28.1 per cent has 
gone into mechanical engineering including heat 
transfer; 36.8 per cent has gone into metallurgy 
and metallurgical engineering work; 11.2 per cent 
has gone into theoretical and experimental phys- 
ics work; 11.3 per cent has gone into electric and 
electronic engineering development; 6.9 per cent 
has gone into chemistry and chemical engineering, 
and 5.7 per cent has gone into operational en- 
gineering and testing. The predominant effort is 
clearly in fields of specialization other than 
physics. 

S T R  P O W E R  P L A N T  

The  equipment to be mounted in the hull of a 
nuclear-powered submarine is so functionally in- 
terrelated tha t  it  mffst be considered as a single 
power plant. However, it requires hull space of 
such size tha t  it  was necessary to divide it  into 
two physically separated compartments to pro- 
vide adequate watert ight integrity in the event  of 
bat t le  damage to the submarine hull, Fig, 4. 

The reactor compartment  contains the nuclear 
reactor, all steam-generating equipment and the 
auxiliary systems. The engine room contains the 
propulsion equipment, an steam-driven items, as- 
sociated control panels and switchgear, as well as 
the main control point for the equipment in both 
compartments.  

The  primary coolant system, located in the 
reactor compartment,  consists of a reactor pres- 
sure vessel, which contains a nuclear reactor and 
coolant loop, Fig. 9. The water coolant, called 
primary water which is also the moderator, is 
circulated by  canned-motor type pumps through 
the reactor vessel to be heated, and then through 
the steam generators for transfer of heat to the 
water on the secondary side. The wet steam 
rises to the steam separator where the water is 
removed, providing dry  and saturated steam. 

The  coolant loop is provided with stop valves to 
permit isolation of parts for maintenance pur- 
poses. 

From the separator the steam is carried through 
pipes which penetrate the bulkhead and diverge 
in the engine room to supply steam to the main 
propulsion turbine and to the ship's service tur- 
bine-generator sets. Condensate is pumped back 
to the steam generators. 

General Plant Layout 

Reactor Compartment. The  reactor vessel is 
located vertically in the compartment.  In the 

Fio.  10 IX{AIN COOLANT PUMP IN TEST LOOP 

lower part  of the compartment  are the primary 
coolant pumps. Outboard of the pumps is the 
steam-generating equipment. In the upper par t  
of the compartment  above the steam-generating 
equipment, is the steam separator, from which 
emerge the main steam headers that  lead aft to 
the engine room. Aft of the main pumps is 
located the pressurizer unit. 

These components outline the main areas in the 
reactor compartment.  The areas between them 
are filled with secondary equipment and related 
piping and cables, electrical and pneumatic con- 
trol panels, valves, motor-generator sets, and in- 
struments. 

Engine Room. The engine room is located ad- 
jacent to and aft  of the reactor compartment.  
This space is divided into upper and lower levels. 
Each level is provided with a walkway running 
fore and aft along the horizontal centerline. 
Components also have to be located on interme- 
diate levels because of their varying size. These 
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intermediate levels are accessible from either the 
lower or upper level. 

Primary Coolant System Components 
Reactor Vessel. The  reactor vessel houses the 

nuclear core. The  shell is fabricated from carbon 
steel. 

Thermal Insulation. The  thermal insulation in 
the reactor compar tment  is conventional in type. 

Steam Generators. The steam generator trans- 
fers the heat energy of the radioactive primary 
water to nonradioactive steam. In operation, 
the primary water enters the forward end of the 
steam generator, and passes through the tubes 
which are rolled and welded. As the secondaxy 
water flows across the bundle, boiling takes place. 

Water is fed into the bot tom of the shell side 
through a header beneath the generator shell. 
Feed lines branch from this header and distribute 
the water into the bot tom of the shell. 

Main Coolant Pumps. The  main coolant 
pump, as shown in Fig. 10 is of the centrifugal 
type driven by  a three-phase induction canned- 
motor type unit, absorbing full system pressure 
across the Inconel stator can. The  complete 
pump unit, as shown in Fig. 11 consists of anelec-  
trical stator assembly, canned-rotor assembly, 
pressure housing with integral cooler, bearings, 
pump impeller and lower bolting ring. The  drive 
unit is assembled into the volute tha t  forms par t  of 
the primary loop. 

Within the motor, cooled primary water is eir- 

culated by means of an auxiliary radial-vane 
impeller. From the impeller water flows down- 
ward through the "air-gap" to the lower radial 
and upper and lower thrust  bearings, and into the 
cooling tubes tha t  form part  of the heat exchanger. 
The  water is then brought to the top of the pump 
where it enters the motor frame and the auxiliary 
impeller suction. Some water from the auxiliary 
impeller is by-passed from this circuit to circulate 
water to the upper radial bearing. The  by-passed 
water flows through the bearing, then directly 
back to the auxiliary impeller suction. 

Motor  heat is dissipated to the primary water 
being recirculated within the pump. A close- 
fitting labyrinth-type seal on the shaft just below 
the thrust  bearing and a double Belleville spring 
arrangement prevent  the motor cooling water 
from circulating freely with the high-temperature 
primary coolant water. Heat  from the end turns 
is transferred by  conduction by mechanical means 
to the pressure shell. 

The  upper and lower journal bearings are made 
of graphitar, backed by  stainless-steel shells with 
spherical seats for self-alignment. These seats 
rest on cylindrical rings of Stellite. Shaft-journal 
surfaces are Malcomized stainless steel. 

The  upper thrust  bearing, a tapered-land type, 
is made of graphitar with runners of stainless 
steel. The  lower thrust  bearing is a fully equal- 
ized pivoted shoe-type bearing. 

The  conductor slots are kept  as narrow as pos- 
sible to reduce the stress in the can where it 
bridges the slots. Beyond the end of the stator 
punchings, support  is provided by the back-up 
cylinders to which the can ends are welded. 

Main Coolant Loop Piping and Valves. Hy- 
draulically operated stop valves, as shown in Fig. 
14, are provided for isolating the pr imary coolant 
system. The  primary coolant, which acts as the 
operating fluid, is directed into the valve cylinder 
by  suitable pilot valves. 

The  piping is designed to take up its own ex- 
pansion as well as tha t  of the components to 
which it  is connected. 

Shielding. Shielding the radioactive power 
plant components without  adding a prohibitive 
amount  of weight was one of the major arrange- 
ment  problems. As finally resolved, the shielding 
is such tha t  essential controls and equipment can 
be manned while the reactor is operating. 

Necessarily, piping and electric cables penetrate 
the shield. The  penetrations must  be watert ight 
and airtight to prevent  leak-through of radioactive 
airborne particles and they also must  be arranged 
to at tenuate properly any radiation leakage 
through them. 
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Primary Coolant Auxiliary Systems 

A considerable number of auxiliary service 
systems is required to insure proper operation of 
the primary coolant system. Pumps similar to 
but smaller than the main coolant pumps are 
used in these systems, Figs. 12 and 13. 

Charging System. The system must be filled 
with pure water initially, and addition of water 
must be possible at any time. There are numer- 
ous charging lines to the main loops so that a sec- 
tion that has been isolated for servicing can, by 
operating the isolating valves, be recharged with- 
out a shutdown or risk of sudden loss in pressure. 

Pressurizing System. The pressurizing system 
is designed to maintain a controlled pressure in 
the primary coolant system and its auxiliary sys- 
tems under all operating conditions; and also 
serves the function of providing surge capacity. 

Pressurizing is obtained by providing sufficient 
heat to build up a head of steam in a pressurizing 
tank. The pressurizing tank is connected to the 
primary coolant system, thereby transmitting the 
developed pressure to the system. 

Steam Plant 

The primary purpose of the steam plant is to 
convert the heat energy developed by the reactor 
into useful shaft horsepower for ship propulsion. 
In addition, the steam plant also supplies power to 
all auxiliaries for power-plant operation, and all 
electrical equipment and lighting systems, in- 
eluding sufficient power for charging the battery. 

The steam plant is patterned after a conven- 
tional shipboard installation in so far as the han- 
dling of the steam and condensate is concerned. 
The design is such that the steam system is sub- 
divided into identical port and starboard steam 
plants which can be operated simultaneously, 
either cross-connected or isolated from each other. 
Fig. 16 shows the arrangement for the starboard 
steam plant. 

The main engines are geared, marine-type steam 
turbines. There are auxiliary-power turbine gen- 
erators with auxiliaries such as condensers, air 
ejectors, condensate pumps, and lubricating-oil 
systems. 

The design of the condensers, the circulating- 
water piping, and pumps for all units became spe- 
cial problems. The circulating-water system of a 
conventional plant, land-based or shipboard, is de- 
signed for low ambient pressure. In the sub- 
marine, the .equipment in the circulating water 
system had to be designed for high pressure to 
contain the sea water for static conditions cor- 
responding to maximum submergence, in addition 
to providing the large heat-transfer surface and 
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FIG. 12 CUTAWAY VIEW OF HYDRAULIC 
COOLANT PUMP 

high flows necessary for disposing of the waste 
heat. 

Power from Turbine to Propeller 
To convert the shaft horsepower from the low- 

and high-pressure turbines into useful thrust, it 
passes through the reduction gears, the clutch, 
and finally through the propulsion-motor shaft. 
The power is then applied directly to the propeller. 

The propulsion-system clutch enables the pro- 
pulsion motor and propeller section to be disen- 
gaged from the turbine and main reduction-gear 
section. If a dutch were not used, the propulsion 
motor, when in operation, would have to overcome 
the inertia and friction losses of the turbine rotors 
and reduction gear in addition to overcoming the 
normal propeller load. The clutch also permits 
some angular and parallel misalignment of the 
drive shaft. I t  incorporates a thrust link which 
serves to locate the reduction gears axially and 
transmit any axial forces due to these gears to the 
main thrust bearing. 

Comrol System 
A schematic representation of the plant-control 

system is shown in Fig. 17. 
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Control panels are provided in the maneuvering 
room for control of operation of the plant. Com- 
plete instrumentat ion required for operating the 
power plant  is provided on the power panel. 
The power panel is to provide normal control of the 
power plant.  

The  propulsion panel has all of the controls 
necessary for operating the main shaft. These 
include the speed controls for the turbine and 
propulsion motor.  

Alaneuverability 
A submarine must  be maneuverable.  In terms 

of a nuclear-powered submarine, this means tha t  
the power plant  must  be capable of varying its 
ou tput  rapidly and to change quickly from quiet 
operating conditions to one of full power ahead. 
The  power plant  for the Nautilus is designed to 
function in several ways: normal  operation, i.e., 
propulsion by  the main geared turbines, with 
s team furnished by  the reactor system; or emer- 
gency operation with electric motor  drive by  use of 
power supplied by  a batteu¢ or a Diesel generator. 

Requirements for Application to a Submarine 
One of the basic design problems for submarine 

equipment  is compactness.  In  general, the space 
for equipment  is much less than tha t  which would 

be required for a commercial  design. For  ex- 
ample, heat-exchanger designs had to be chosen 
not  by  reason of being the op t imum from h e a t -  
transfer considerations but  for space reasons; 
certain design features were employed tha t  would 
not  be commercially feasible for use in a con- 
ventional s team plant. 

Equipment  weight is of pa ramount  importance 
since it cannot  exceed the amount  set by  the dis- 
placement  of the submarine. For  stabil i ty rea- 
sons the center of gravi ty  is required to be low in 
the hull. In  locating the heavier plant  compo- 
nents this factor had to be taken into consideration. 
Normally,  however, lead ballast is used to achieve 
the required center of gravi ty  location. A ballast 
est imate is made a t  the t ime the over-all weight 
est imate is prepared for the vessel. I f  the com- 
ponents weigh more than estimated, then ballast  
is removed from the ship to maintain buoyancy.  
In doing this, so much ballast m a y  be removed 
tha t  a center-of-gravity problem is created. Such 
a situation would require tha t  the ship size be in- 
creased to accommodate  the needed ballast and 
maintain stability. 

Accessibility 
Accessibility is a part icularly difficult problem 

to deal with in laying out the propulsion plant.  

Personnel Safety 
Although personnel safety is a factor  to consider 

in operating a s team power plant  within a sub- 
marine, of more urgent concern is positive protec- 
tion from nuclear radiation. 

The  shield reduces the radiation to a level such 
that ,  during a cruise lasting the life of the reactor,  
the average crew member  will receive less radia- 
tion than  he would during a lifetime from cosmic 
rays;  natural  radioactivity in the sea, air, drink- 
ing water, and ground; routine chest and dental 
X-rays;  television screens, and luminescent in- 
s t rument  dials. 

The  radiation-monitoring system for the sub- 
marine, which is to insure proper radiation levels 
for personnel protection, has air-particle detec- 
tors, gamma detectors, boiler-leak detectors, and a" 
discharge system-act ivi ty  indicator. The  air 
detectors sample the act ivi ty of the air in the 
shielded area and in adjacent compar tmen t s .  
G a m m a  detectors are installed in various sections 
of the ship. The  boiler-leak detectors warn of a 
ruptured boiler tube in the s team generator which 
would allow radioactive coolant to enter the un- 
shielded s team system. The  discharge system- 
act ivi ty indicators insure tha t  radioactive water  is 
not discharged a t  a dock or elsewhere where it 
would produce a hazard. 
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FIG. 14 PRIMARY COOLANT MAIN VALVE 

DESI G N  CONSIDERATIONS 

Plant Analysis 
In  order to s tar t  the S T R  project, it was 

necessary to make certain arbi t rary  assumptions 
and then see what  type  of power plant  would re- 
sult. The  U.S. N a v y  indicated the speed tha t  
they desired and the basic diameter of the sub- 
marine hull. With  this hull diameter, the approxi- 
mate  shaft  horsepower tha t  would be required 
was determined, and a s tudy was made as to the 
size of power plant  tha t  would be required to pro- 
duce tha t  horsepower. I t  also was determined 
tha t  it would be necessary to have two propellers, 
and preferably two complete sets of main pro- 
pulsion equipment.  

The  s tudy showed tha t  the space required for 
equipment  of this size and space necessary for 
proper buoyancy prohibited the possibility of us- 
ing a conventional hull diameter.  After a series 
of design studies, compatible parameters  were de- 
termined. The  project continued a t  the Argonne 
National  Laboratory.  Later,  a t  the Westing- 
house Atomic Power Division more accurate 
equipment  designs were obtained and it was neces- 
sary to increase the diameter of the hull to meet  
space, weight, and horsepower requirements. 

In a development project of this type, one of the 
most  impor tant  facts for consideration was the 
general status of the knowledge that  existed, par- 

\ ...A 

FIG. 15 CUTA**VAY OF VALVE SHOWING WEAR PROBLEMS 

ticularly with respect to whether it was sufficient 
to give reasonable assurance tha t  a successful 
nuclear power plant could be produced. This con- 
sideration led to the choice of a water-cooled and 
moderated,  highly enriched, heterogeneous, ther- 
mal reactor. As in all naval  vessels, i t  was neces- 
sary to have the plant  as small in size, light in 
weight, and simple as possible, commensurate  
with reliability, safety, and accessibility. 
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To capitalize to the greatest  extent possible on 
the use of nuclear power in the propulsion plant, it 
was necessary to design the reactor plant  to have 
long life, and the longest possible periods between 
refuelings. 

Having selected the basic reactor type, as indi- 
cated in the foregoing it was then necessary to 
determine the over-all plant  design parameters.  A 
var ie ty  of s team cycles, including various thrott le  
pressures, back pressures etc., were considered, 
and the most  suitable one - - f rom a weight and 
space v iewpoin t - -was  selected tha t  was compati-  
ble with the temperatures  available from the pri- 
mary  plant. The  reactor heat  load was deter- 
mined, and the pr imary-sys tem water  tempera-  
ture, pressure, and flow, and the max imum fuel- 
element surface tempera ture  were selected in 
conjunction with the study. 

The maximum fuel-element surface tempera ture  
tha t  could be used was limited by  several factors. 
The  temperature  had to be below the boiling 
point of water  for the system operating pressure. 
The temperature  also had to be sufficiently low 
to guarantee a satisfactory lifetime for the fuel 
elements from a corrosion viewpoint. Obviously, 
it was desirable to have this metal  surface tem- 
perature as high as possible in order to get the 
maximum thermal  efficiency in the over-all plant. 
Even though the variation in metal  tempera ture  
due to power transients and the possible varia- 
tion in the system pressure were not  accurately 
known, the metal  surface tempera ture  was limited 
by the known data on corrosion resistance of the 
zirconium sheath for the fuel elements. 

In determining the average coolant tempera-  
ture, it is necessary to strike a proper balance of 
weight, space, and cost of the pr imary  coolant- 

system components.  For a particular s team gen- 
erator and core design, increasing the average 
coolant temperature  requires a larger and heavier 
core and reactor vessel. Increasing the average 
coolant temperature  reduces the size, weight, and 
cost of the boiler. 

High flows permit  cores which are less complex. 
Low flow rates permit  smaller pipes and valves. 
In any  event, there is a practical upper limit of 
about  40 fps for coolant flow anywhere in the sys- 
tem. 

Core ~lfechanical and Thermal Design 

General Design Considerations. For the neces- 
sary heat-transfer surface to be obtained in a nu- 
clear core, the highly enriched uranium fuel must  
be alloyed with other elements or combined with 
other materials. The  core fuel element not only 
must  have satisfactory nuclear properties but  also 
must  be sat isfactory from a radiation damage and 
corrosion viewpoint. I t  is also desirable to have 
fuel elements tha t  can be fabricated as cheaply as 
possible. The  clad material  on the fuel elements 
must  not only prevent  fission products from con- 
taminat ing the pr imary coolant but  also must  it- 
self be corrosion resistant so tha t  radioactive cor- 
rosion products do not enter the pr imary coolant 
in any appreciable amounts.  

The  fuel element must  be capable of withstand- 
ing the effect of the neutron flux throughout  the 
life of the reactor without causing structural  
damage, distortion, or damage to the heat-trans. ~ r 
properties of the materials. 

The  materials used in the core must  have a low 
absorption cross section for neutrons in order not 
to increase the amount  of fissionable material  
required. 
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FIG. 18 ZIRCONIUM CRYSTAL BAR PRODUCTION PLANT AT BETTIS SITE 

Having determined the fuel-element material, 
it is still possible to design the core with an almost 
infinite variety of shapes and configurations. 
The fuel-element geometry must be satisfactory 
from a nuclear viewpoint as well as from the 
standpoints of heat  transfer reliability, fabrica- 
bility, and cost. There must  be no excessively 
hot  spot in the core occasioned by nonuniform 
distribution of fuel or coolant which would cause 
corrosion damage or excessive thermal stress. 

Assembly must  be accomplished in such a way 
tha t  failure to pass inspection at  any stage of 
manufacture requires the minimum loss due to 
scrapping.df material. The entire assembly, of 
course, must be capable of withstanding high im- 
pact shock. 

Core Materials Problems. I t  should not  be 
construed from the foregoing discussion that  the 
core mechanical and heat-transfer designers had 
complete freedom in the selection of materials 
from among a group of materials whose eharae- 

teristics were well known, or even that  the special 
configurations and designs which they might de- 
sire could actually be manufactured.  The zir- 
conium and zirconium-uranium alloys tha t  were 
used for fuel elements were largely unknown from 
a metallurgical viewpoint, and intense research 
and development were required before the final 
design was determined. I t  soon became apparent 
tha t  existing sources of supply of pure zirconium 
would not  be sufficient for our needs. To cope 
with this situation, a zirconium production facility 
(Fig. 18) was constructed at  the Bettis Plant and 
in a very few months was producing large quanti- 
ties of pure crystal bar  zirconium (see Fig. 19). 

Fabricating methods and quality control of 
core manufacture entailed an extraordinarily 
large amount  of development work. 

Fuel-element samples were made and tested in 
existing reactors to verify tha t  the fuel elements 
would be satisfactory from eorrosion-.and radia- 
tion-damage viewpoints. 
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Core Physics Considerations 

Criticality. I t  is necessary to have  the proper 
amount  of fissionable material  in such a distri- 
bution tha t  the reactor  can be made critical. 
There  also mus t  be sufficient react ivi ty  for proper 
control not  only a t  the s tar t  bu t  throughout  the 
useful life of the reactor.  I t  mus t  be possible to 
s tar t  up when fission-product t ransient  poisons are 
present in the reactor.  These problems can be 
solved largely by  theoretical calculations. How- 
ever, during the early phases of the project  it was 
not possible to calculate accurately the nuclear 
design since the necessary theory and design con- 
stants  were not  sufficiently well known to obtain 
adequate  answers b y  calculations. For  this 
reason, and to verify the calculations, a series of 
criticality experiments was performed a t  the 
Argonne National  Labora to ry  to determine 
whether the reactor design would be sat isfactory 
from a criticality standpoint .  A series of critical 
experiments was required to determine wherein the 
theoretical approximations were in error and to 
permit  corrections to be made so tha t  other prop- 
erties of the reactor could be predicted. The  
final critical experiment consisted of an exact nu- 
clear mock-up of the reactor  and all of its control. 
These experiments also were used to determine the 
neutron-flux distributions for various control-rod 
positions. 

In a sense these critical experiments serve as the 
proving grounds for reactor  designs. 

Shutdown. In  addition to having sufficient 
fissionable material  in the reactor to guarantee its 
being able to be critical a t  all times, i t  is necessary 
tha t  there be sufficient control means available to 
shut the reactor down, even in the most  reactive 
and least reactive conditions. The  difference 
between the react ivi ty  in the most  reactive and 
least reactive conditions is occasioned by  changes 
in temperature,  presence of equilibrium and tran-  
sient fission products, and burn-up of fissionable 
materials as power is produced. 

Control also mus t  be available to decrease the 
react ivi ty  rapidly enough to prevent  dangerous 
power overshoots elf coted by  possible accidental 
causes. 

Heat- t ransfer  considerations as well as space 
considerations made it  desirable to introduce the 
min imum acceptable amount  of control. This 
required extensive calculations and experiments to 
determine the amount  tha t  would be suitable un- 
der all conditions. The  control rods were made 
of the little known metal,  hafnium. Manufacture  
of these rods required extensive development  into 
the metal lurgy of this new metal.  One of the 
problems tha t  has to be considered with respect to 

FIG. 19 ZIRCONIUM CRYSTAL BARS 

control rods is their nuclear depletion. Control 
rods perform their function by  having an unusually 
high absorption cross section for neutrons. This  
very  fact, however, causes the a toms of the control 
rod material  to change gradually to isotopes of 
higher order. This  means t ha t  the absorption 
cross section correspondingly changes, usually 
decreasing with the absorption of each neutron. 
The life characteristics of the rods, therefore, mus t  
be calculated carefully to ascertain tha t  they  will 
be adequate  throughout  the life of the reactor.  

Flux Distribution. The  heat  production in a 
reactor  is proportional to the product  of the neu- 
tron flux and the absorption cross section of the 
fuel material .  Where the fuel material  is uni- 
formly distributed, heat  produced a t  any  point is, 
therefore, proportional  to the neutron flux a t  tha t  
point. The  neutron flux has the same distribution 
for the same control-rod positions regardless of 
power level. The  neutron flux is, however, a 
function of control-rod position, inasmuch as the 
control rods cause local depressions in the flux when 
they are in the reactor.  The  power produced by  
the reactor is proportional to the volume integral 
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of the flux. For a given power level, the location of 
the thermal hot spots is a function of the gross peak 
flux due to power level and local perturbations 
which might cause thermal peaks. Hot  spots can 
cause increased local corrosion, unduly high thermal 
stress due to the magnitude and gradient of the 
temperature, or burn-out of the fuel element be- 
cause of inability to carry away the heat under the 
boiling condition. 

Proper design of the reactor can do a lot to de- 
crease the ratio of peak-to-average neutron flux, 
and thus decrease the peak-to-average tempera- 
ture. This can be accomplished by proper loca- 
tion and size of control rods, by orificing the cool- 
ant flow, and by varying the distribution of the 
uranium fuel. I t  must be noted, however, tha t  
variable loading and orificing are both largely 
dependent upon having a fixed flux pattern as it is 
a very difficult problem to determine the required 
orificing or loading pattern if the flux distribution 
is changed due to changing positions of the control 
rods. 

Radiation Damage. The various materials which 
are used in nuclear reactors are subjected to 
various degrees of damage from the radiations to 
which they are subjected--just  as human beings 
might be. The subject of radiation damage of 
solids and fluids is another one of those halfway 
fields lying among physicists, metallurgists, me- 
chanical engineers, and chemists. The surface of 
these problems and their interrelationship with 
each other has only been scratched. 

Radiation damage is proportional to the time 
integral of the flux and is also a function of the 
type of material and temperature at which it 
operates. To determine its effects, therefore, re- 
quires extensive tests for long periods of time and 
under conditions simulating actual reactor operat- 
ing conditions. 

Radiation and Heat oJ Structures. The nuclear 
core is a source of intense radiation of gamma rays 
and neutrons as well as alpha and beta particles. 
The absorption of this radiation creates heat, 
which is a function of the type and amount of 
radiation. Because of the amount of absorbed 
radiation in the material which supports the nu- 
clear core, great care must be taken to have suffi- 
cient coolant flow pass all surface areas. 

Instrumentation. The power level is a function 
of the total number of fissions taking place per unit 
time within the core. The neutron flux is, there- 
fore, proportional to the power. However, the 
proportionality constant varies depending upon 
the peak-to-average ratio of flux. I t  is also a func- 
tion of the attenuation of the flux from the core to 
the instrument which measures it. This is de- 
termined initially by calculation, and it is then 

verified and calibrated by actual operation of the 
power plant. The variation in flux at the instru- 
ment from start-up to full power presents a verv 
considerable instrumentation problem. 

Over-All Reactor-Plant Considerations 

Shielding. One problem that  permeates the en- 
tire field of nuclear engineering is that  of shielding. 
In the case of mobile plants, shielding is a partic- 
ularly difficult problem. For stationary power 
plants where size and weight are not particularly 
important, one finds ordinary materials such as 
concrete, iron, and water being used for shield- 
ing--economic considerations usually determining 
the materials. In mobile reactors, for both ship 
and aircraft application one finds the principal 
emphasis being placed on weight and space so that  
more unusual materials are being investigated. 
Some of the materials which have the best shield- 
ing properties do not have good structural prop- 
erties so the technique of their possible utiliza- 
tion in reactor-shielding structures is a matter  of 
concern to the nuclear engineer. 

In addition to this, it is necessary that  the 
shield be so arranged as to permit the maximum 
accessibility to the equipment for maintenance 
purposes. 

In the design of the shield, it is first necessary to 
know the attenuation characteristics of the various 
materials and combinations of materials that  will 
be used. After this information is known, the 
problem is still a difficult one, because the radia- 
tion does not emanate from a single point source or 
from even a simple distributed source such as the 
core itself. Rather, the radiation emanates from 
the core and from the radioactive corrosion prod- 
ucts that  are in the coolant, as well as from the 
radioactive oxygen in the coolant. In addition, 
these corrosion products over a period of time 
distribute themselves throughout the reactor 
system, concentrating in certain places such as 
crevices. There is the additional complicating 
factor which is the self-shielding of the pipes, the 
core itself, the coolant, and the other pieces of 
equipment, such as valves and pumps. In addi- 
tion, the radiation that  can be allowed to emanate 
from the shielded areas depends upon the access 
required by the crew. All of these considerations 
were taken into consideration in the design and a 
theoretical solution was obtained. This was 
checked very roughly by tests made at Oak Ridge 
National Laboratory. Final confirmation of the 
shield design could not be obtained until the STR 
Mark I reactor was actually operated at power at 
the test site in Idaho. 

Another feature of nuclear power plants as- 
sociated with shielding is the high degree of leak- 
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tightness required of the coolant systems which 
must  contain radioactive coolant. A degree of 
leak-tightness and reliability tha t  is unusual in 
the case of large systems by  ordinary engineering 
standards is required. In the case of most  of the 
reactor coolants used, the leakage of a very few 
cubic centimeters will release enough radioactivi ty 
to the surroundings to make the area uninhabitable. 
An ordinary s team power plant  is subject to copi- 
ous leakage when compared with this standard. 
Valve packing glands pump-shaf t  seals, pipe 
flanges, and turbine-shaft  seals, usually all leak to 
the extent tha t  it is necessary to add many  gallons 
of makeup water  per day  to the boiler. The  heat 
exchangers, piping, reactor vessel, and other pri- 
mary  coolant-system components,  which make up 
this necessarily impervious envelope to contain 
the coolant, generally may  be of a heavy  rugged 
structure wherein good engineering practices will 
insure great integrity. However,  it is necessary 
to t ransmit  through this envelope certain motions, 
pressures, or considerable amounts  of energy; and 
the points at  which these pass through the envelope 
consti tute points of weakness. A great  amount  
of effort is being applied to achieving the necessary 
soundness and reliability a t  these points. 

Another problem associated with radioact ivi ty  
and shielding is tha t  of maintenance. In the 
development of shipboard nuclear power plants, 
there are some extremely difficult problems in in- 
suring tha t  one can do something about  all par ts  
of the system in case it becomes necessary. Some- 
times this involves various ingenious mechanical 
devices to perform remote operations. I t  always 
necessitates plans for repair as par t  of designing 
due to the fact  that ,  once any  par t  is radioactive, 
it is difficult to take it back to the machine shop for 
alterations. This requires a much  greater  than 
normal a t tent ion to details of design and instal- 
lation. 

General 3laterials Problems. A great  m a n y  
new and unusual materials  are employed in the 
design of nuclear reactors. The  need for their use 
comes from the requirement tha t  structural  ma-  
terials, heat- transfer  fluids, shielding materials,  
and nuclear fuel and moderat ing materials  mus t  
have certain nuclear properties in addition to the 
chemical and physical properties which normal ly  
are required. There  are numerous materials  that ,  
in the past, have been rare and little known from 
the s tandpoint  of engineering properties which are 
now being used in varying degrees. 

Water  normally is considered a ra ther  non- 
corrosive agent. However,  at  high temperatures,  
part icularly when only min imum amounts  of cor- 
rosion can be tolerated, this is far from true. One 

of the most  difficult problems has been the develop- 
ment  of suitable materials  and materials  combina- 
tions for all of the applications involved. 

The  basic requirement is for a material  tha t  will 
s imply withstand the corrosive effect of the pri- 
mary  coolant water  for long periods of t ime and 
tha t  has sufficient s trength for the application and 
can be welded. 

For  application to components  such as mech- 
anisms, valves, and pumps, it is necessary to 
have materials  tha t  will withstand the corrosive 
effects of the high- temperature  water  and also 
have good wear characteristics when in rubbing 
contact  with other pieces of metal  without  any 
lubrication other than the high-temperature  water  
itself. Inasmuch as most  of the materials  tha t  
had the best  corrosion-resisting properties had 
inherently poor wear-resistant properties and vice 
versa, a thorough investigation program was re- 
quired in order to determine the combination of 
metals tha t  presented the best compromise for the 
various applications. I t  was first necessary to 
make a large number  of tests for short  periods by  
means of simple shapes and later to make actual 
full-size components  and test  them under actual 
service wearing conditions in the high-tempera-  
ture water. 

In some applications it was necessary to have a 
material  which was compatible  with either salt 
water  or the high- temperature  and high-purity 
p r imary  coolant water. Stainless steel, having 
very poor corrosion-resistant properties in salt 
water, was not suitable. Other materials  were 
determined to have suitable corrosion-resisting 
properties for applications involving both pr imary 
coolant water, part icularly a t  the lower tempera-  
tures, and sea water.  This  added the difficult 
problem of making either a transition weld or a 
mechanical transition between the stainless steel 
and the other materials.  

In  addition to the applications mentioned, it 
was necessary to select materials  suitable for such 
uses as springs. Springs mus t  be made of a ma-  
terial tha t  will wi thstand the corrosion of the 
coolant, will withstand whatever  radiation is in- 
volved a t  the point of application, and will not  
lose temper  due to prolonged exposure to the high- 
tempera ture  water.  Springs when under stress 
also are subject to stress corrosion. 

Another  little known problem faced was tha t  of 
contact  corrosion. Contact  corrosion is the term 
used to describe the tendency of two metals, when 
in contact  or near  contact,  to form a corrosion 
film between them when they are together for 
long periods of time. The  resultant  corrosion 
film, in effect, causes a welding of the two pieces, 
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so tha t  motion cannot be accomplished when it is 
later required. 

Water Technology. As mentioned, under "Gen- 
eral Materials Problems,"  the corrosion of ma- 
terials was a major  problem. The problem was not 
so much sufficient corrosion to cause structural  
failure of the material,  bu t  ra ther  tha t  corrosion 
products would get into the pr imary  coolant 
water, pass through the reactor core, and become 
radioactive. The radioactive material  in the 
water  then flows out of the reactor core and 
through the remainder of the system. This  radio- 
active material,  being distr ibuted throughout  the 
pr imary  coolant system and its auxiliary systems 
would increase the shielding problem. I t  has a 
tendency to deposit out on the walls of the pipe or 
the other pieces of equipment,  thus making main- 
tenance much more difficult. There is also the 
possibility tha t  the corrosion products  m a y  be- 
come deposited on the heat- transfer  surfaces of 
the core itself and thus reduce its heat- t ransfer  
efficiency, causing higher fuel-element tempera-  
tures and increased possibility of corrosion. A 
similar problem exists with respect to the s team 
generator. 

Very strict standards of water  puri ty  have been 
established for the pr imary  coolant water.  Suit- 
able analytical techniques have been set up to mon- 
itor the amount  of impurities present in the water  
a t  all times. The sampling system provided per- 
mits samples to be obtained from any par t  of the 
plant.  Sufficient chemical analytical appara tus  
is provided on the submarine to make the neces- 
sary tests. 

INSTALLATION, OPERATION, AND MAINTENANCE 

In a development program of the magni tude of 
the submarine thermal-reactor  program, m a n y  
dozens of items completely new in concept and 
design and many  hundreds of newly designed items 
are combined to form a final power plant.  The 
principle of individual tests for each i tem was 
followed to the maximum extent possible so tha t  
the final assembly represents a test  of the complete 
power plant  ra ther  than the test  of individual items. 
In addition, where secondary service systems were 
involved, the systems themselves were tested indi- 
vidually before inclusion in the final plant.  Fi- 
nally, the entire nuclear power plant  was tested a t  
the Mark  I facility as a whole. This  extensive 
test  program has proved its worth in tha t  the 
power plant  as finally installed in the Nautilus 
will be a plant  similar to one which has had over a 
year ' s  operating experience. 

As an example of the type  of individual testing 
tha t  was done, Fig. 10 shows one of the main cool- 
ant  pumps in a testing loop. Thousands of hours 

of operating experience were obtained on a num- 
ber of different pumps before the Mark  I prototype 
pumps were installed, and more before the Mark  
I I  pumps were put  into the Nautilus. The final 
pumps had numerous design changes incorporated 
in them calculated to improve the reliability and 
efficiency of their operation. In all, four pump 
test loops similar to the one shown in Fig. 10 were 
operated to obtain adequate testing time. The 
result has been tha t  the pr imary coolant pumps, 
one of the most difficult development problems, 
have not posed any  serious problems during the 
operation of the Mark  I. 

I t  is interesting to note tha t  extensive testing of 
components prior to their installation in the com- 
pleted plant was not followed in the ease of all 
s team-plant  equipment,  since it was assumed tha t  
the design changes from conventional shipboard 
equipment  to the submarine equipment  would not 
pose serious problems. As an example, the main 
turbine and reduction-gear assembly received 
only the usual factory tests, and certain unex- 
pected difficulties with relatively conventional 
equipment  items caused loss in operating t ime and 
posed maintenance problems. In retrospect, a 
more thorough testing of these items would have 
accelerated the testing program in Idaho, and in 
the long run would have more than saved the costs 
of the tests themselves. 

One of the most  complete system tests erected 
at  the Bettis Plant  is a full-scale duplicate of the 
pr imary coolant system without, of course, the 
surrounding radiation shielding, since it is not 
intended tha t  this unit  will ever be operated radio- 
actively. The purpose of this test  is to permit  
flow and water- t reatment  problems to be studied 
in much greater detail than is possible in the 
shielded and highly radioactive Mark  I prototype 
plant itself. I t  has permit ted a s tudy of certain 
very difficult water - t rea tment  problems, with 
resulting simplifications, in a fashion which would 
not have been possible in the Mark  I. The  con- 
cept of extensive testing of individual parts, then 
of the parts  combined into individual systems, 
and then of the entire propulsion system combined 
as a whole prior to installation in an actual ship, is 
quite new to the shipbuilding and marine indus- 
tries, though extensively followed in other indus- 
tries. 

In addition to the research and development 
problems faced in a plant  which is the first of its 
kind, it was necessary to train plant operators. 
Although the S T R  plant  has been designed, from 
the beginning to be operated by  normal submarine 
engineering personnel, it was felt tha t  a thorough 
course of training should be given to the operating 
personnel, both  officers and enlisted, in order tha t  
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TABLE 2 TIME TABLE OF SUBMARINE THERMAL- 
REACTOR PROJECT 

l Formal  project established 
a t  Argonne National  
Labora tory  . . . . . . . . . . . .  April, 1948 

2 Original Navy-West ing-  
house contract  . . . . . . . . .  June, 1948 

3 Original AEC-Westing- 
house contract  . . . . . . . . .  December,  1948 

4 Occupancy of new facilities 
a t  Bettis Site . . . . . . . . . .  March, 1950 

5 Commencement  of Mark  I 
construction National  
Reactor  Testing Station, 
Idaho . . . . . . . . . . . . . . . .  August, 1950 

6 Award of Nautilus con- 
st.ruction contract  to 
Electric Boat  Division, 
General Dynamics  Cor- 
poration . . . . . . . . . . . . . .  August, 1951 

7 Keel plate laying of Nauti- 
lus (SSN-571) . . . . . . . .  June, 1952 

8 First radioactive critical 
operation of Mark  I . . .  March, 195:3 

9 Launching of Nautilus 
(SSN-571) . . . . . . . . . . . .  January,  1954 

10 Commissioning of Nautilus 
(SSN-571 ) . . . . . . . . . . . .  September,  1954 

these personnel should have a full understanding 
of a completely new type of plant. In the event 
that  this type of power plant  is more widely ap- 
plied, these personnel will be capable of assuming 
greater final responsibilities because of their more 
thorough training. 

Specially selected officer and enlisted personnel 
qualified in submarine operation were ordered to 
Pit tsburgh and subsequently to the Mark  I at  the 
National  Reactor  Testing Station. The  first in- 
crement arrived in Pi t tsburgh in 1951. Their  
training ranged in scope from basic nuclear phys- 
ics to the welding of stainless steel in which all of 
them were required to pass a regular welder's 
qualification test. These operating personnel 
were encouraged to part icipate in the detailed 
design, and to recommend changes which were 
reviewed by  a formal board together with other 
recommended changes and modifications. A 
number  of the improvements  in the Nautilus 
plant thus resulted from the recommendations of 
the engineering personnel of the ship herself. 

Table  2 shows a t ime table of the construction 
of the laboratory a t  the Bettis Plant  in which re- 
search and development  work was performed; 
and of the Mark  I prototype plant in Idaho;  and 

of the Nautilus herself. I t  can readily be seen 
that  a great many  design and construction prob- 
lems had to be faced almost simultaneously. 

TEST PROGRAM 

The s tar t -up of new reactors almost always 
seems to occur in the middle of the night. What-  
ever the reason, the STR Mark I first achieved 
criticality at  just before midnight,  Mountain  
Standard Time, March 30, 1953. By tha t  t ime 
the plant work was essentially complete and most  
of the plant itself had been tested. The  next two 
months were devoted to completions of the sealing 
of the pr imary  coolant system and to all final pres- 
sure testing and system thermal  insulation. The  
first useful power was generated M a y  31, 1953. 

Beginning in the evening of June 25, 1953, the 
Mark  I was brought  to full power for a sustained 
run needed to obtain information on nuclear 
physics and reliability of the nuclear plan t. I t  was 
planned to run for 24 hr. At the scheduled end of 
the test, the Mark  I was performing so well tha t  it 
was decided to simulate a run across the Atlantic. 
For the next several days the Mark  I "submar ine"  
proceeded at  top speed. I t  was never necessary 
to shut down the reactor or even to "surface." 
Only three times during the entire "crossing" did 
the Mark  I slow down. Once it was thrott led 
back to two-thirds power for 7 minutes and twice to 
half-power for a total  of less than 1 ~  hr. In each 
case the necessary adjustments  were made to per- 
mit  continued operation. 

The plant has operated at various powers with 
relative ease, demonstrat ing the known conserva- 
tism of design of the reactor and pr imary coolant 
system. No deliberate a t t empt  has yet  been 
made to operate the plant above its rated power 
since a large and extensive testing program is being 
run to obtain detailed design information on all 
par ts  of the plant  to permit  the bet ter  design of 
future power plants of this general type. 

Actually the test  schedule is as much dictated 
by  the ability to evaluate and absorb information 
obtained from the plant  as it is by  any other 
factor. As an indication of the type of tests 
which are being run, extensive measurements have 
been made of the effectiveness of the radiation 
shielding in an effort to determine information 
which will permit  a closer and more precise de- 
sign of future shields. Elaborate  measurements  
have been made  for the react ivi ty of the reactor 
itself under various conditions of pressure and 
temperature.  The  ability of the reactor to oper- 
ate under conditions of extreme and rapid load 
variat ion on the propeller have been evaluated 
thoroughly. Various water-puri ty  and treat- 
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ment  problems both in the pr imary  coolant sys- 
tem and in the boiler system have been studied. 
The ability to perform both routine and major  
maintenance has been evaluated both deliber- 
ately through the performance of scheduled repair 
items and of necessity through the replacement of 
various defective components. 

As might  be expected in a new plant as complex 
as the STR Mark  I a number  of "bugs"  and main- 
tenance problems have been posed. Many  sim- 
plifications have been achieved in the 5'lark I I  

plant. A great  many  more simplifications are 
known to be possible but  t ime and the basic de- 
sign do not permit  the incorporation of all in the 
Nautilus though they can and will be incorporated 
in future plants of this type. I t  is regretted that  
security limitations preclude a detailed s ta tement  
of the changes which are believed to be possible in 
future reactors of this type. Suffice it to say that  
a great many  lessons have been learned from Mark  
I and it is expected tha t  many  more will be learned 
from the ,¥autilus herself. 

Appendix 

ABRIDGED GLOSSARY OF TERMS 

A "Proposed American S tandard"  of terms used 
in Nuclear Science and Technology is contained 
in the nine volumes published by  The American 
Society of Mechanical Engineers and compiled 
by the National  Research Council Commit tee  on 
Nuclear Glossary. Quoted below are certain of 
the most  used terms which may  be unfamiliar to 
the members  of The Society of Naval  Architects 
and l~1arine Engineers. 

Control. The purposeful variat ion of the reac- 
t ivi ty  of a reactor. Absorber control is obtained 
by  variat ion of the amount  of neutron absorbers 
within the reactor. Configuration control is ob- 
tained by  changing the geometry of the reactor. 

Control Rod. A rod capable of motion relative 
to the reactor, composed of a material  such tha t  
its motion changes the reactivity.  

Core. In a nuclear reactor, the region contain- 
ing the fissionable material.  

Critical. Capable of sustaining (at a constant  
level) a chain reaction. P rompt  critical is capable 
of sustaining a chain reaction without  the aid of 
delayed neutrons. 

Critical Experiment. The assembling of a nu- 
clear reactor for the purpose of studying the be- 
havior of neutrons within it. Such quantities as 
critical mass, tempera ture  coefficient of react ivi ty 
and control-rod effectiveness are often measured. 

Cross Section. For a given event, the probabil- 
i ty  per unit  flux and per unit  time, tha t  the event  
occur. The cross section per a tom of medium 
has the dimensions of an area, whereas the cross 
section per unit volume of medium is a reciprocal 
length. 

Enriched Uranium. Uranium in which the 
abundance of the U235 isotope is increased above 
normal. 

Flux. The sum of the speeds of all of the par- 

titles in a unit volume. The product  of the den- 
sity of particles with their mean speeds. Part ial  
fluxes may  be defined for particles characterized 
by such parameters  as speed and direction. 

Fission. The division of a heavy nucleus into 
two approximate ly  equal parts.  For the heaviest  
nuclei the reaction is highly exothermic, the release 
of energy being about  170 Mev  per fission. A 
well-known example is the fission of the compound 
nucleus formed when U235 captures a slow neu- 
tron. Other examples are the fissions U233 and 
Pu239 by the capture of slow neutrons. The 
approximate  equali ty of the fission fragments  dis- 
tinguishes fission from such processes as spalla- 
tion, in which relatively small f ragments  are 
ejected, leaving only one large residual nucleus. 

Gamma Ray. A quan tum of electromagnetic 
radiation emit ted by a nucleus. G a m m a  rays 
have energies usually between 10 kev and 10 
Mev, with correspondingly short  wave lengths 
and high frequencies. They  are often associated 
with alpha and beta  radioactivity.  

Isotope. One of several nuclides having the 
~ame number  of protons in their nuclei, and hence 
belonging to the same element, but  differing in 
the number  of neutrons and therefore in mass 
number.  

Neutron. A neutral  e lementary particle of 
mass number  1. I t  is believed to be a consti tuent 
particle of all nuclei of mass number  greater than 
1. I t  is unstable with respect to beta-decay, 
with a half-life of about  12 rain. I t  produces no 
detectable pr imary  ionization in its passage 
through mat ter ,  but  interacts with mat te r  pre- 
dominant ly  by  collisions and, to a lesser extent, 
magnetically. 

Neutron Flux. For neutrons of a given energy, 
the product  of neutron density with speed. 

Poison. Any nonfissionable element in a reac- 
tor with appreciable absorption cross section. 
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O~ficial U. S. Navy Photos 

FIG. 20 VIEWS OF THI~ U S S  NAUTILUS ON HER SEA TRIALS 

Sometimes applied only to unwanted elements. 
Reactivity. A measure of the departure of a 

reactor from critical, such tha t  positive values of 
react ivi ty correspond to reactors above critical 
and negative values to reactors below critical. 

Often represented by  (a) the multiplication con- 
s tant  minus 1, (b) a quant i ty  proportional  to the 
inverse asymptot ic  period; sometimes used inter- 
changeably with the te rm "multiplication con- 
s tant ."  
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Discussion 

~[R. D. D. STROHMEIER, Member: This is a good 
presentation of the many  baffling problems con- 
fronting the designer of the first nuclear-powered 
ship and outlines the plan of a t tack  in overcoming 
them. Undoubtedly  the nuclear problems re- 
lating to the safety of the personnel and the prac- 
t icability of a reactor as a power-producing mecha- 
nism are of pa ramount  importance in the de- 
sign but  some of the purely mechanical obstacles 
to be overcome are staggering. The requirements 
for tightness against leakage of the pr imary  
coolant system to prevent  contaminat ion of the 
operating space by radioactive mater ial  far ex- 
ceeds anything tha t  we have had to face in marine 
engineering heretofore. Furthermore,  the whole 
power plant  depends for its successful operation 
on remote control and automat ic  devices tha t  are 
completely inaccessible while developing power 
due to the presence of harmful  radiation and are 
not entirely free from such difficulties even when 
laid up in port, 

Superimposed on these nuclear problems are the 
difficulties of installing a s team power plant  in the 
completely enclosed machinery space of a sub- 
marine. All salt-water cooling systems including 
the main condenser must  be capable of with- 
standing the pressures due to the great depths  of 
submersion of the modern submarine. Even the 
varying "a tmospher ic"  pressure within a sub- 
marine presents new design problems for some of 
the equipment  such as air ejectors. 

The development  of nuclear propulsion for 
ships may  well be the most  revolut ionary de- 
velopment  in marine engineering since the 
introduction of the s team turbine near the be- 
ginning of the century. There is a close parallel 
between these two developments in tha t  each of 
them made possible a radically new type of ship 
tha t  could not possibly have been built  using the 
older techniques. 

In the early 1900's the size and speed of trans- 
atlantic passenger vessels had reached a limit 
imposed by  the size of the s team reciprocating 
engines tha t  could be built and operated success- 
fully. The first turbine-driven vessel, the little 
Turbinia built by  Parsons to prove the practi- 
cability of the s team turbine for marine propulsion, 
was followed in quick succession by  a series of 
larger ships culminating in the ~lfauritania, 
which was the first of the modern t ransat lant ic  
liners and retained her speed laurels through most  
of her long life. No such ship could have been 
built before the introduction of the s team turbine. 

In a somewhat  analogous way nuclear power has 

made possible the true submarine, tha t  is, a 
vessel capable of operating submerged continu- 
ously for extended periods without breaking the 
surface. Such a ship is an ut ter  impossibility 
with any  of the conventional types of power plants 
such as Diesel or steam, tha t  require air for com- 
bustion. Nuclear power will undoubtedly have a 
powerful influence on surface vessels also, owing 
to its abili ty to s tay a t  sea indefinitely without 
refueling. This ability would be of particular 
value to naval  vessels. 

The breakdown of the cost of developing a nu- 
clear power plant  is very i l luminating and shows 
how this job differs from other new power-plant  
developments with which we are familiar. The 
most  striking i tem is the 37 per cent devoted to 
metallurgical development.  This heavy expendi- 
ture, no doubt, largely results from the necessity 
of determining the properties of a new engineering 
material,  zirconium, designing methods for pro- 
ducing it in relatively large quanties, and setting 
up a plant  to manufacture  and fabricate it. No 
doubt  determination of the properties of other 
more commonly used materials  under the abnor- 
mal conditions existing in a reactor also contribute 
to the metallurgical cost. 

I t  is apparen t  from this paper  tha t  the ship 
itself was designed around the power plant,  the 
size being determined by the weight of the power 
plant  and by the space required to house it. In 
this respect the problem is much like a modern 
destroyer which also is designed around the power 
plant.  Fur ther  developments in reactors and in 
the s team plant  driven thereby will probably 
relieve this pressure somewhat  and permit  
smaller submarines which are of course desirable 
from the tactical point of view. 

The authors are to be complimented on the 
presentation of a most  t imely and interesting 
paper. 

CAPT. CORNELIUS S. SEABRING, USN, Member: 
This very excellent paper  highlights the fact tha t  a 
power plant  involving a high-pressure, high-tem- 
perature,  water-cooled reactor and the associated 
s team plant  adapted  for submarine application 
has introduced many  new problems and new tech- 
nical areas. I t  is fur ther  evident tha t  many  of the 
problems have not yet  been fully explored. The 
writer would like to divide the problems of build- 
ing a nuclear-powered submarine into two cate- 
gories: Those which concern only the vendors of 
components  including the reactor itself, and those 
which affect the building yard ' s  activities. This 
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lat ter  group is the group most  vi tal  to shipbuild- 
ing activities. 

The impact  of nuclear power work on a ship- 
yard is most  clearly apparen t  on the water  front,  
since new techniques must  be developed. The 
extensive use of heavy-walled stainless-steel sec- 
tions requires trade excellence in stainless-steel 
welding not  usually found in a shipyard. The 
application of lead and other shielding materials,  
the leak-testing of a plant  under  rigorous leakage 
standards,  the need for decontaminat ion of com- 
ponents, are all new problems for any  yard  a t  the 
first undertaking.  Materials  control, quali ty 
control of workmanship,  and cleanliness must  be 
enforced to new standards.  Dock trials require a 
co-ordinated yard force thoroughly indoctrinated 
in the functioning of this new plant  and each of its 
components .  

Design mus t  acquire competence in a new type  
of plant  to permit  issuance of correct instructions 
and,  subsequently,  to give advice to the water  
front.  Manda to ry  requirements are a back- 
ground of knowledge of nuclear power, detailed 
working information on the design of equipment  
not  normally encountered in a shipyard, and an 
operat ing knowledge of a new type  of plant  
adequate  for formulation of test  requirements  and 
an analysis of test  results. Tes t  memoranda  
must  cover the engineering requirements thor- 
oughly, but  a t  the same t ime avoid impractical  
test  procedures and requirements usually as- 
sociated with laboratory  work. A shift in the 
balance of technical areas may  result because of 
the probable emphasis  on electrical, sys tem con- 
trol, and metallurgical problems and of new 
accessibility considerations. Piping design, in- 
corporating isolation features, and control of 
piping material  itself, introduce fur ther  complica- 
tions. 

Ease of installation and maintenance,  accessi- 
bility, and simplicity of operations must  be 
considered along with other developments,  since 
all shipyards may  have to adap t  themselves to 
nuclear power in the event  of a national emer- 
gency when they may  be called upon to produce 
and keep in operation m a n y  nuclear-powered 
vessels. Vendors must  be in a position to repro- 
duce in quant i ty  a given design to meet  the same 
national emergency. 

Now tha t  a successful submarine propulsion 
plant  with considerable built-in margin has been 
completed, the future offers a very fertile field for 
simplification in all aspects of design with a view 
toward large reductions in size, weight, cost and 
complexity of later designs to make more feasible 
production and operation in numbers.  Mili tary 
performance will also probably  be improved. 

The  over-all breakdown of funds on this project  
indicates tha t  88.7 per cent of the money was 
spent  in basic engineering fields other than physics. 
I t  becomes self-evident tha t  we must  train a really 
broad base of metallurgists,  mechanical,  electrical, 
electronic, and chemical engineers, as well as 
physicists. The  field of nuclear engineering does 
not seem to be so esoteric as to require a prior 
Ph.D. in physics; ra ther  it should mean tha t  all 
competent  and alert  engineers have impor tan t  
contributions to make,  part icularly in reducing 
costs, increasing reliability, simplifying operation, 
and even in increasing efficiency. Such advance- 
ments  will undoubtedly find other applications 
throughout  the engineering profession. In  par- 
ticular, naval  engineers can look forward to a 
chance to reduce the size and weight of the ma- 
chinery. A nuclear power program requires the 
institution and maintenance of an adequate  
training program for each of the affected groups 
within a shipyard. 

A broad base training program for both officers 
and enlisted personnel, with varying degrees of 
specialization, is now under consideration by the 
Navy.  

We all recall the t ime not too m a n y  years ago 
when a foreign name was almost  a requirement  
for membership  in the Diesel engineers'  fraternity.  
Likewise, for m a n y  years electronics experts were 
regarded as members  of a special clique. Both 
of those phases have today been welded into the 
broad general engineering field. For  more rapid 
progress in nuclear-power development  and appli- 
cation, it is imperat ive tha t  any aura  of mys te ry  
now surrounding tha t  phase of engineering be 
dispelled forthwith,  compatible with security 
requirements.  

A point  is made in the paper  tha t  there are really 
no large incentives, as far as cruising range and 
fuel consumption are concerned, for going to 
higher temperatures  and, therefore, higher effi- 
ciency plants. I t  is clear why weight of fuel does 
not present a very large incentive for accepting the 
problems introduced by  higher temperature .  
However,  weight and space are very vital  con- 
siderations on naval  vessels. For a given reactor  
plant,  higher tempera tures  and pressures in the 
s team plant  mean increased shaft  horsepower 
per pound of weight. Thus,  the advantage  of 
higher tempera tures  and pressures seems obvious, 
part icularly for surface ships. The  refueling 
operation for this type  of plant,  however, infre~ 
quently it m a y  take place, is a somewhat  more 
costly and t ime-consuming operation than re- 
fueling a conventional submarine. All other 
things being equal, the higher the efficiency, the 
longer the plant  will be able to run on a given 
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load of fuel. This would tend to increase the 
economy of operation, as well as the mil i tary 
effectiveness of such a plant. 

The initial specifications for the Nautilus 
were for twin screws. I believe nuclear-powered 
submarines can be more nearly adapted  to the 
streamlined hull form developed for the Albacore, 
recently completed at  Por tsmouth Naval  Ship- 
yard  and now undergoing trials. Although 
Albacore Model Basin da ta  were taken into con- 
sideration in the design of the Nautilus hull, a 
closer approach to the low submerged resistance 
realized from the Albacore's shape and single- 
screw propulsion would give a nuclear submarine 
considerably increased submerged performance.  
We would have then taken another  page out of 
Jules Verne's book, but  unlike Jules Verne's 
Nautilus, we don ' t  think we'd need a 19-ft 
propeller to do it effectively! 

.~IR. NI. L. IRELAND, JR., ~Iember: The Society 
is for tunate  tha t  the authors of this paper  were 
able to convey so much general information about  
the propulsion plant  of the Nautilus. Guiding 
principles and basic theoretical considerations 
have been thoroughly covered and clearly s ta ted 
by  the authors. 

The glossary in the Appendix should be helpful 
to those readers who are unfamiliar with the terms 
necessarily used in the paper.  However  the writer 
supposes there will be many  for whom this paper  
represents the first occasion for serious reading 
in the technical aspects of nuclear energy. 
Supplemental  reading of a s tandard introductory 
work is suggested where necessary as an aid to a 
bet ter  understanding of the thoughtful  s ta tements  
contained in this paper.  

Perhaps the most  intriguing reactor-plant  de- 
sign problem within the scope of ordinary me- 
chanical engineering technology is tha t  of opti- 
m u m  utilization of the available tempera ture  
difference between the max imum fuel element 
surface temperature ,  and the sa tura ted  s team 
temperature .  The  following diagram and state-  
ments  merely illustrate the nature  of the problem 
and it is hoped tha t  the authors will be able to 
elaborate on this subject when they prepare their 
closure. 

Characteristics and trends resulting f rom the 
heat- t ransfer  design studies il lustrated in Fig. 20 
are briefly summarized as follows: 

Study No. 1 
(a) All 2x arbitrari ly equal as a s tar t ing point. 
(b) Nfean tempera ture  difference for reactor  

equals mean tempera ture  difference for 
boiler. 

i~g=Maximum Fuel Plo÷e Surfoce "Tern I 

- - - t c  

2 3 4 
Design Si'ud~ es 

)erafure 
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. . . .  i 
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Ar = Min;murn Temperature Difference in Reac÷or 
~w =Wofer TernperoJfure Rise 
~b = Min;mum Ternperofure Difference in Boiler 

® t  h =CoolanJf Tempera÷ure Leovin 9 Reoc÷or and 
Enferin 9 Boiler 

Ai: c = Coolanf Tempera+ure Leaving Boiler ~nd 
En÷erincj Reactor 

[] i: s = So~uraJfion Ternpero~ure of S÷eam 

FIG. 21 TYPICAL REACTOR-BOILER HEAT-TRANSFER 
DESIGN EVALUATION 

(c) If  over-all heat- t ransfer  coefficients are 
equal, reactor  surface equals boiler surface. 

S tudy  No. 2 
(a) 2x,, = 2Xb but  zl~. reduced by  increased 

coolant flow. 
(b) Same as (b) in Study No. 1, 
(c) Same as (c) in S tudy  No. 1. 
(d) Both reactor and boiler surface less than 

in Study No. 1. 
S tudy No. 3 

(a) ~ ,  same as in Study No. 1, 2xr increased, 
2x~ decreased. 

(b) Reactor  surface less than in Study No. 1, 
boiler surface increased over Study No. 1 ; 
combined total  surface same as Study No. 
1. 

S tudy  No. 4 
(a) Steam tempera ture  and pressure reduced; 

all ,~ equal as in Study No. 1. 
(b) Both reactor and boiler surface and coolant 

flow rate  are less than in Study No. 1 if 
percentage increase in each ~ is more than  
the percentage increase in heat  load. 

The foregoing notes are merely to indicate 
general lines of approach to an op t imum relation- 
ship. Obviously there are many  other factors 
such as core-flux variations, effect of different 
boiler-feed temperatures ,  effect of using different 
limiting coolant velocities, geometrical and prac- 
tical l imitations on heat- t ransfer  surface ar- 
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rangements,  effect of coolant pumping power on 
heat  load, etc. 

To  be realistic each separate  s tudy of this type 
must  be carried through core physics and heat-  
t ransfer  problems and culminate in an est imate of 
relative space and weight including shielding and 
also s team-plant  characteristics. I t  is hoped 
tha t  this s ta tement  will convey some idea of the 
complexity of over-all design problems in the 
application of nuclear power. 

CAPT. J. M. FARRIN, USN, Member: The 
authors have outlined some of the many  new 
engineering problems, which have been presented 
to the ship designer, by  the application of nuclear 
power to ship propulsion. For  these plants,  we 
have to depar t  f rom our previous criteria for the 
selection of naval  s team propulsion cycles based on 
the minimum weight of machinery plus fuel for a 
specified cruising radius. In its place, we must  
use, as a new yardst ick,  the minimum weight and 
space for the machinery plant  for a given power- 
plant  capacity.  

The  authors point  out  tha t  the nuclear fuel 
is an inconsequential pa r t  of the total  weight of 
the nuclear plant.  Thermodynamic-cycle  effi- 
ciency, therefore, does not bulk a', large in the ship 
designer's mind as it does for the conventional 
plant.  The paper  points out thai: the cycle chosen 
was one tha t  permit ted operation a t  close to the 
minimum temperatures  which would allow the 
generation of useful power. Certainly,  there is no 
quarrel with the pressure and tempera ture  con- 
ditions which were chosen for the operation of this 
first nuclear reactor.  However,  we cannot  afford 
to be too complacent  about  the s team conditions 
for nuclear plants.  

The amount  of working fluid circulated, for a 
given power output ,  is a direct function of the 
plant ' s  thermodynamic  efficiency. The  sizes and 
weight of piping, components  and equipment,  
with the possible exception of the reactor,  are 
dependent  on the amount  of working fluid handled 
and hence on the efficiency of the plant.  Some 
of these components,  for example the boilers, 
are under the shield, so tha t  increases in size are 
reflected in increased shielding weight. The  
larger pipe diameters also complicate the cubic 
problem, because of the space required for ex- 
pansion loops. And, of course, nowhere is weight 
and space balance so impor tan t  as it is in the sub- 
marine.  

These, then, are factors which are pressing for 
higher pressures and temperatures ,  as reactor  
teehnology develops to permit  them. In  nuclear 
plants, as in all other phases of ship design, we are 
faced with the inevitable compromise and we 

mus t  weigh the conflicting demands of the re- 
actor and the s team end of the plant,  in order to 
achieve the most  favorable over-all balance. 

The  authors are to be congratulated on this 
excellent and interesting paper  describing the 
first nuclear-powered submarine.  

MR. ROGER WILLIAMS, JR., Associate -~[ember: 
A paper  which describes the first marine nuclear 
propulsion plant  is bound to be of t remendous 
interest to us all, for it is indeed, a milestone in the 
history of engineering progress. Because of the 
fact  tha t  much information on this new and vital  
subject is classified for national security, the 
authors have been handicapped in their  a t t empt  
to describe the power plant  of the Nautilus with 
concise engineering da ta  which are so much a par t  
of an engineer 's vocabulary.  I t  is hard for us to 
make comparisons with other submarines,  or with 
other marine power plants  except in a general 
way. Our curiosity is teased just  a little when 
we look at  the comparison between the two 
"Naut i l i , "  each an amazing undersea boat  in its 
way, only to find the real vessel is behind a screen 
of secrecy. 

The selection of a water-cooled and moderated,  
highly enriched uranium, heterogeneous thermal  
reactor  was a good one. Since, of course, the 
major i ty  of design problems are resolved by  means 
of the best compromise, the selection of this type 
of reactor  could only have been made after  ex- 
haustive research into all the factors which were 
involved. Total  H P  and speed having been 
specified, it seems to the writer tha t  safety and 
simplicity would be the next considerations, and 
that ,  of course, almost  no expense would be 
spared to insure tha t  they were a t ta ined to the 
max imum degree possible. The  reasons why 
other types of coolants were not  selected would 
appear  very logical. Mercury,  al though we are 
fairly familiar with its properties in heat- t ransfer  
applications, is not a very good coolant with its 
thermal  cross section of 380barns. I tcould  only be 
used in fast  type reactors, and then with a serious 
waste of neutrons in an enriched thermal  reactor.  
Sodium whose advantages  in the case of this first 
nuclear power plant  seem to be outweighed by  its 
disadvantages,  has been selected for the coolant 
in the newer marine reactor. 

This element, which some of us can remember  
seeing put  up a spectacular fuss in a glass of water  
in the chemistry laboratory,  has one of the best- 
conductivi ty ratings and a high boiling point, 
affording us the advantage  of a low-power coolant- 
pumping system. I t s  disadvantages,  however, 
are tha t  it requires excessive shielding and main- 
tenance. I t  also exhibits a neutron reaction, 
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where the isotope Na24 which is produced, has a 
long half-life of about  14.9 hr of radioactivity.  

Possibly in later developments  or in future nu- 
clear power units we may  see the use of breeder- 
type reactors producing new fissionable material  
f rom nonfissionable elements, which they do 
by  burning up other fissionable elements. The  
use of thorium whose neutron absorption pro- 
duces U233 might be practical. However,  until 
extensive development  work is done, and pilot 
plants  have been operated successfully the selec- 
tion of certain other types of reactors cannot  be 
made without  complicating the plant  and in- 
creasing its size. Thus,  for example, the helium- 
graphite converter  is too bulky, while the pres- 
surized heavy water-natural  uranium type does 
not  give us high enough thermal  efficiency. 

In our present  shipbuilding test  setups and re- 
quirements  there is a tendency to slight the com- 
monplace material  or piece of equipment.  There 
is always the probabil i ty  tha t  in the course of ship 
construction part icularly duplicate ships, shop 
tests and ship tests are cut down with the result 
tha t  something is tested inadequately.  Pre- 
l iminary tests, and careful cheeks of specified 
material  installed are vital steps in the completion 
of successful sea trials. Even with all possible 
precautions, failures will sometimes occur of ma- 
terial or equipment  which has passed these pre- 
l iminary tests. I t  is, therefore, very encouraging 
to learn of the test  program which has been used 
on the Nautilus. By careful rehearsal of every 
step taken in each operation the personnel can 
utilize the safety devices to greatest  effective- 
ness, both  in tests and in subsequent  operation. 

The great  apparent  advantages  of the Nautilus 
power plant  are: 

1 The  relatively small amounts  of fuel ex- 
pended and reaction products  per unit  of heat  
energy developed, allowing the ship a great  cruis- 
ing radius. 

2 The lack of dependence on a source of oxy- 
gen, or other oxidizing agent - -which  eliminates 
the necessity of a submarine surfacing a t  night to 
recharge batteries,  no longer safe now with modern 
radar.  

3 The potential ly large power per unit  weight. 
Let  us hope tha t  her performance will justify 

the fai th of her enterprising designers and builders. 
The  authors are to be congratulated on an 

exeellentpresentation of a most interest ingsubjeet .  

REAR ADMIRAL F. R. FURTH, USN, Special 
Member: The authors are to be commended for 
their comprehensive and painstaking t rea tment  
of this complex subject. The completeness and 
clarity of their paper  is especially noteworthy in 

view of security restrictions. The ul t imate re- 
wards from the development  of nuclear power 
have captured the imagination of the layman in 
the past  few years. Books and articles writ ten 
for public consumption convey the impression 
tha t  widespread application of nuclear power is 
" just-around-the-corner ."  I t  is therefore re- 
freshing to note tha t  the authors have shown ad- 
mirable restraint  in their presentation of one of the 
most  impor tan t  technical developments of the 
20th Century.  

For decades the operational capabilities of 
naval  vessels have been limited by  logistic 
fuel-supply support .  The USS Nautilus is a 
historic ship because it is the first heat-powered 
vessel tha t  is independent of fuel depots and 
tankers. The fact  tha t  Nautilus is also a sub- 
marine gives it added historical importance as the 
first t ruly "submersible vessel," free from de- 
pendence on oxygen of the air for combustion. 
In this regard the authors have understated or 
failed to emphasize the great trail-blazing role 
which Nautilus is assuming in marine engineering. 

They  have done an excellent job of documenting 
the differences between the STR and conven- 
tional heat-power installations. To  solve the 
many  technical problems of the STR required a 
complete reorientation of our heat-engineering 
concepts. No longer is continued improvement  
in efficiency the goal of cycle design. Although 
the designer of nuclear power plants  is freed from 
the never-ending quest for greater  efficiency, 
he inherits a host of new chemical, physical, and 
nuclear problems requiring more dependence on 
basic science and less on empiricism. Although 
efficiency is no longer paramount ,  design consider- 
ations such as lower specific weight and freedom 
from corrosion and radiation effects are of great  
importance.  These and many  other technical 
problems are creating needs for basic research in 
special control techniques, heat  transfer,  metal-  
lurgy and the chemical thermodynamics  of various 
fluids as possible replacements  for water  in the 
pr imary  and secondary power loops. 

I t  is part icularly wor thy of note tha t  over .qS 
per cent of research and development  funds for 
the S T R  have been expended in advancing tech- 
nical "know-how" in the conventional engineering 
fields such as mechanics, electricity, electronics, 
chemistry,  and metal lurgy.  In fact, from the 
s tandpoint  of additional knowledge required, 
the major  future emphasis  will be needed on heat-  
transfer studies, since the controlling parameters  
are in this area of science. 

Nautilus will be a valuable research tool to assist 
in verifying new theory, testing unique control 
methods and substant ia t ing design parameters .  
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COMMANDER L. H. RODDIS, JR., USN, AND 
2~IR. J. W. SIMPSON: The authors appreciate 
the active discussion evoked by  this paper  and 
wish to thank  Rear  Admiral Furth,  Captain  
Farrin, Mr. Strohmeier, Captain  Seabring, and 
Mr. Ireland for their comments.  Both Mr. 
Strohmeier and Captain  Seabring comment  upon 
the breakdown of funds spent  in the various en- 
gineering fields of reactor development.  I t  also 
may  be of interest tha t  the technical man- 
power distribution of a typical  reactor laboratory 
shows tha t  32.4 per cent of the technical personnel 
are mechanical engineers (including heat- transfer  
and thermodynamics) ,  18.4 per cent are metal- 
lurgists and metallurgical engineers, 17.,~ per cent 
physicists, 1,3.5 per cent electrical and electronic 
engineers, 12.1 per cent chemists and chemical 
engineers, and 5.7 per cent other specialties such 
as mathematicians,  statisticians, marine engineers, 
technical writers, meteorologists, and others. 
I t  should be noted tha t  neither the manpower  
breakdown nor the fund breakdown in the paper  
applies specifically to the S T R  project but  are 
representative of the general field of reactor 
development.  

Both Captain  Farrin and Mr. Strohmeier point 
out the weight and space incentive to go to higher 
temperature,  and higher efficiency plants. An 
extension of Nir. I re land 's  remarks  can be made 
to cover the op t imum utilization of the available 
temperature  difference between the maximum 
fuel-element tempera ture  and the tempera ture  of 
the cooling water. This is a very interesting and 
very complex problem. From a weight, space, 
and reliability s tandpoint  the higher tempera ture  
and higher efficiency plant  will usually mean a 
heavier, larger and less reliable reactor plant  in 

order to obtain the lighter and smaller s team 
plant. The paper  did not mean to imply tha t  
efficiency was not considered, but  ra ther  tha t  a 
greatly different balance was required to achieve 
the minimum over-all size and weight plant of 
greatest  reliability than is the usual case with con- 
ventional fuels. 

Mr. Strohmeier 's  comments  s tate  that  the size of 
the ship was determined by  the weight of the 
power plant. In this connection it should be ap- 
preciated tha t  the weight of the power plant  was 
in turn determined by the selected horsepower re- 
quired to obtain the desired performance so tha t  it 
is not quite fair to say tha t  the ship itself was de- 
signed around the power plant  any  more than is 
the case for conventional submarines. This 
"chicken and egg" problem is really no different 
for a nuclear power plant than for any other one. 

The authors will not comment  on Captain Sea- 
bring's point regarding single-screw propulsion, 
since that  is beyond the province of the original 
paper. We would like to concur with his em- 
phasis on the future being a fertile field for sim- 
plification. As indicated in the paper  this is rec- 
ognized by the designers and progress already has 
been made even in the Mark  I I  plant  relative to 
the Mark  I. 

PRESIDENT BLEWETT: Thank  you, Comman-  
der Roddis and Mr. Simpson, for giving the So- 
ciety this very interesting and worthwhile paper. 
I believe it is the first paper  on nuclear power 
ever presented before this Society. I t  will prob- 
ably be followed by  m a n y  others. I t  is a new 
development  in the marine engineering field, and 
may  well change our whole concept of ship propul- 
sion in the next few years. 


