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The book will acquaint the reader with the technical problems of
modern submarine building, and will shed some light on questions con~
cerned with the design of atomic-powered submarines, propulsion and
electronic equipment, systems and installations, weapons, and the equip-
ment provided for making submarines habitable. The book was written
from materials published in foreign technical and naval literature. -

\
J ‘

The book is intended for readers who are already familiar with naval
shipbuilding fundamentals, snd it can be used by engineering-technical
workers in the shipbuilding industry, as well as by students in higher in-
stitutions of learning and in technical schools. S '

The index begins at Page 282,
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Foreword

Foreipgn naval and technieal literature is devoting a great deal of
attention to problems of modern submarine building, and particularly to
problems of designing and building atomic-powered submarines. The wide~
spread introduction of ruclear missiles, of atomic propulsion, radio-
electronics and cybernetics, has sharply increased the combat capabilities
of the Navy and of its main striking force, the atomic ~powered submarine -
fleet, However, the reports which have been published on this question are
contradictory, uncoordinated, and often bear what is clearly the stamp of
publicity. VWorks generalizing the experience gained in atomic-powered sub-
marine building have not yet been published in the capitalist countries.

Our shipbuilding literature contains a great deal of material on
atomic-powered submarines of the capitalist states. Included are the pop~
ular scientific books by I. A. Bykhovskiy, Atomnyye Podvodnyye Lodki
[Atomic-Powered Submarines] (Sudpromgiz, 1957; 1963), and Atomnyye Suda
[Atomic-Powered Ships] (Sudpromgiz, 1961), as well as the survey-type art-
icles in the journsl Sudostroyeniye [Shipbuildingl. 1960 saw the publication .
of the book by V. N, Gerasimov and V. F. Droblenkov, Podvodnyye Lodki Imper-
ialisticheskikh Gosudarstv [Submarines of the Imperialist States] (Voyenizdat,

19607, a second edition of which was published in 1962, in which the authors
pointed out the status ap basic trends in development of the submarine

fleet. However, the natﬁxe and trend of the book did not permit the authors
to dwell in detail on.tethnical questions of modern submarine building, or -
to cover with sufficient completencss the design features of submarines fit—s -

ted with stomic-powered propulsion installtions.

The suthors of this book throw much more light on the technical problems
which arise in the design and construction of atomic-powered submarines. The
basis for the book is material published in generally available foreign pub-

1ications, mainly American, between 1954 and 1963. A list of the literature

used is included at the end of the book, and references to concrete -sources
of information are given in the form of footnotes. '

The authors have criticallylevaluated the foreign materials at their
disposal, they have compared the data published in various of . the sources,
or they have made check calculations using widely known formulas and math- .
ematical relationships (such as the formula for Admiralty coefficients, the
fpoiler" formula, the block coefficient, etc., for example).- -

' . i I : . ‘ .

The authors wish tolexpress their deep appreciation to V. N. Kvasnikov,
who reviewed the manuscript in its first draft and made a number of valuable’
comments. N. S. Grigor'yev, A. I. Vaks, E. B. Kodatskiy, E. Ye. Lysenkov,
and A. A. Tokmakov, read individual sections of the book and were a big help
to the authors. : C

The authors wish to express fheir’particular gratitude to the Central
Naval Library workers, whose day by day work simplified the authors' becom-
ing familiar with the foreign literature. -

The authors make no prétense of having fully exhausted the questions
presented, and will accept with thanks all critical comments by readers.

Forward replies %ﬁ Leningrad, D-65, Ul. Gogolya, 8, "Sudostfoyeniye" -
Publishing House. . - o : e
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- Chapter VIII

Atomic Propulsion Installations

The development of atollic power engineering. .

Despite the considerable improvement in diesel-electric installations

during World War II, and in the first postwar years, the principal drawback
submarines had, that of the need to come to the surface, or to periscope

deptﬁ to recharge storage batteries, was not done away with. The low weight
to size characteristics, as well as the comparatively low aggregate power of

diesels and main drive motors, limited the further increase in the designed

power for submarines. Internal combustion engines operating on a closed

cycle, and steamngasiturbine installations of great power, made it possible

to increase submergedJspeeds, but the range at full speed submerged remained

limited,

o f
Work on the buildirL of steam-gas turbine installations for submarines

had gone on in fascist Germany, and was continued in England Sweden, and
the United States in the postwar years. England built two experlmental sub—

marines of the §§Elorer—class, each of which was fitted with: two steamngas

turbines rated at 4,000- hp, running on highly enriched (80%) hydrogen peroxide.

Tests exposed the baeicidrawbacké of steam-gas turbine installations (high ex-
penditure rates and costs for the hydrogen peroxide, reduction in turbine power
with increased submersion depth, increase in danger of fire, and other problems)

limiting their use in submarines.

1. - Engineer, Vol. 203,'No. 5274, 1957.

Aﬁerican engineersitoo tested steam-gas turbine installations in SS346
but all work alonghthesé lines was stopped in 1950 as having no future pros-
.pects. | . ' | _
In December 19&5, the U. 8. Navy developed a program for the design and
g construction of an atomlc—pOWered submarlne fleet, General Electrlc and

;7 West1nghouse, the glant Amerlcan electrlcal machinebuilding firms, were brought

in to work on the atomlc propulsion 1nstallat10ns (AEU). Combustlon Englneer—

AEU was begun-in 1949, and was designated the S-1W {(the flrst letter desig-

nating the class of;shlp for which the 1nstellat10n was intended, the number

=235~

ing joined the other two later on. Construction of a land prototype of the -
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the model Sequence number, and the last letter the name of the manufacturer).

The 1nstallatlon was: de51gned asa two-loop system with a water-moderated,
water cooled reactor (a heterogeneous thermal neutron reactor with conventlon-
al chemically pure water under pressure as the moderator and ‘coolant). The
land prototype of the installation was built in 1953, and the first atomic-
powered submarine, Nautilus, fitted with a type S-2W instellation, was- com=-
missioned in 1955. This type of AEU is experimental, characterized by large
weight and considerable volume for the propulsion spaces. ' -

The United States was developing other types of reactors suitable- for
installation in Submafines at the same time that the water-moderated, water-e
cooled reactor was in development. Seawolf was the first to get the 5-2G, a
heterogeneous intermediaﬁe'neﬁtron'reactor using graphite as the moderator
and liquid (molten) sodium as the coolant. The steam superheating system
sprang a leak during sea trials of Seawolf, the result of the. corrosiveness
of sodium. Attempts to- fmx the leak were fruitless, and the superheater had
to be cut dut. ,Thls_reduced AEU power_zo%. The S5-2G was eubsequently re-
placed by the S-2W-A, the prototype of which was installed in Nautilus.

1. The steam superﬁeater in the land prototype of the AEU for Seawolf broke

down after 1667 hours of operation.

The initial sﬁggestion was to install fast neutron reactors. with a_hel-'

jum coolant in Skate-class submarines. The American specialists were of the.

_opihion that the use of gas turbine installations;in a closed cycle would re-
.sult in. a cqnsiderable‘reduction in the weight and size of the machinery for

" submarines. Howe#er the desire to commission all these ships as quickly as.

p0351b1e forced the Amerlcans to install water—moderated, water—cooled re-
actors in these submar1nes, for they had proven themselves in operat1on.

Further development of reactors with water under pressure led to.the:

building of the S5-5W (flg. 98}, and its modification, the B8-5W-2. 52 reactors'
for the S—SW, 1nclud1ng 41 for the S-5W-2, were built by 1 January 1962. The

mass construction of 1nsta11at10ns of this type can betxplalned by their sim-

plicity, the high degree of reliability, and the comparatively small weight

. ' S - 2 ., ey .
and size. General Electric, in addition to Westinghouse, concluded a con-

“tract with the U, S. Nevy'for deiivery of reactors for the S—5W'insta11ations.

2. Nucleonics, Vol. 19, No. 6, 1961.
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Figure 98. Arrangement of S-5W type propulsion installation

in the submarine's spaces. 1 - diesel-generator; 2 - auxiliary
equipment; 3 - reserve feedwater tank; .4 --main condenser;.

5 -~ auxiliary eqﬁipment; 6 - propulsion thrust bearing; 7 -
propulsion motor; 8 - engine room; 9 - main reduction gear;

10 - main tufbines; 11 - switchboards; 12 - main steam line;
13 - control panel” 1L - turbine generator sets (according to
other data, the terlne generator sets are located in the sub-

marine's engine room ‘and exhaust into the main condenser); 15-

auxiliary machlnery space; 16 - steam generator cutout valves.

The United States ?ontlnues work on improving propu151on installations .
u51ng water—moderated, water~cooled reactors. These latter are considered

as havxng the best prospects for improvement, at least for the next 5 to

10 years. A series of.Such installations with shaft horsepower ratings of

1500, 3000-4000, 6000-7000, 15000-17000, and 30000-40000, can be developed.
L
The American spec1allsts are of the opinion that combinations of AEU of

this series of ratlngs Tan prov1de for any requlrements advanced by atomic-~
powered submarine and surface naval shipbuilders. The upper 11m1t for a
single-shaft AEU 15,60000—70000 hp. ! Several such 1nstallat10ns can be

used if the need shpuld arigse to increase the power rating.

1. The Journal of Commerce and Shipping Telegraph, No. 41588, 1961.

In the other capitalist countries work in the field of shipboard nuclear
power engineering is still in the experimentation stage. _
Figure 99 shbwé the arrangement of equipment in the spaces for the land

prototype of the prépulsion installation for the British submarine Valiant,
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1.

2.
3.

4.
5e
6-‘.
Te

8.

10.
11,
12. .
13.

14,

15.

Table 34. Characteristics of atomic propulsion installations for submarines
and submarine cargo carriers for the capitalist states

Type Type Submarine; AEﬁ_Specific AEU space con-3 No. Thermal power,
AEU _ Weight, kg/hp  sumption, hp/m reactors megawatts _
S-2w Nautilus = 6L-66 9.8 - 10.9 1 60-70
S5-2W-A  Seawolf
$-26  Seawolf | - - 1 55-60"
Sw3W Skate | 60-82 6.0 - 8.5 1 30-45
S-tw  Halibut vl
S-46  Triton | - 9.6 - 10.8" 2 110-120%
S-2C Tullibee . - - N 11-12.
S-5W Skipjack - .* 52-58 10.0 - 11.2 1- 60-65
'~ George Wash- ‘
- ington :
. Dreadnought
England) -
S-5W-~2  Thresher _ f)52‘58 10.0 : N ¥ 70-75
Ethan Allen ' L
Lafayette }
o f . .
5-56G Jack L - - 1 -
- 20,000 dwt - 8.2 1 120
- tanker : ' o
- 40,000 dwt = - 9.6 o 780
tankKer b v ' L
630A . - . 4I-46' - 1 72
- - Lo, - : - 1 : 7494
- Valiant - [ - 1 -
(England) ' i |
- Ore carrier ' 82 - I 156':
Moby Dick '
. England) o ‘ | _
- 30,000 awt | 102 6.8 Y 180
tanker : - R ' ;
(Japan)

'y




TabLle 34. continued.
Coolant

N Troulat Fuel enriched Maximum parameters Type main engines :
o E; : ator with-U235, % for coolant no. shafts x power :
pump pressure temperature at shaft, hp :
kg/cm2 °C m :
l, water under press- ’ o ;
ure ' 20-40 140 260 geared turbine
3 - 2 x (6700-7500)
2. sodium Q0 . 5=-7 500 geared turbine
- i ' 2 x 7500
3. water under press- 20 140 246 geared turbine
ure - 2 x (3500 - 5000)
L, N _ ' - 165 280-290 geared turbine
_ 2 x (15000-17000) .
Se " - : - - turboelectric drive
. 1 x 3000
6. water under press-. 40 160 280 - geared turbine
ure ' 1 x (15000-17000)
7 ' '
7+ water under press- 4o ' - - geared turbine
.~ ure ‘ 1 x (17500-20000)
8. n . - - - direct acting turbine
' ' 1x -
9., water under pressure 4 175 200 - geared turbine
4 . -1 x 35000
10. water under pressure =~ & - 175 290 -geared turbine
16 S : L x 60000
11. air - 21.8 760 . steam turbime
—— . S | : ' " 30000
12, helium 9 75 700 gas turbine
1 x 32000 L
13. water under pressure. - ' 140 260 ' geared turbine ?
4 . o : : : 1x - i
(14, boiling water - L - = ' geared turbine - i, j
' 1 x 50000
15. water .under pressure 1.7 ‘ - - geared turbine

3 - : : : -2 x 22000
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- Table 34. Continued.

Type turbine Working medium storage battery, No. turbogenerator

No. turbines parameters no. elements sets x power, kw
pressure, temp, capacity, ampere '
kg/cm2 . °C hours

1. twin casing 18 220 126 L x 650

2 ' ' ' - :
2. " 40-42 410-420 126 4 x 650
3. - 15 - 126 2 x 8oo

) . -
4, -oon - - 126 : L x 1500

j 5500

5. turbogenerator - - - -

2 '
6. single casing 23 240 126 * 2 x 2000 **

2 112 2 x 1800

_ 6560 -
7. single casing _]Q - 126 2 x 2250: **
Tz | - Bx-
8. "o a - - - e
9. .. 30 - 126 | 2x -
10. twin casing _
T 30 . - " 6 x 2500
11- B - -.. 59;7 510 . - ] ) D=
12, - 7 700 - .
13. single casing - - 112 2x-
2 - I
14, twin casing e - - ' -
15. twin casing 25.5 250 - 3Ix -~

2

*The denominatorcontains the figurés for Dreadnought,

** The figure in the numerator refers to missile submarlnes, that in.the
denominator to torpedo submarines. :
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Table 3%4. Continued.

/
No. dipsel-generator
sets power, kw

No. converters
X power, kw

e,

Notes

10..

11.

12,

13.
14,

15.

2 x 300 3 x 150

3 x 150

1 x 500 2 x 300

2 x 300

1 x (400-500) 2 x 300

1 x 600 . 2x 300

1x - , : 2 x 300

2 x - . 2 X -

1 x 600 : _ ‘-

-2h1-

steam consumption 230 tons/hour.

Core. diameter 2.7 meters., Reactor
diameter 4.57 meters. Land proto-
type S-1W. Maximum fuel element
temperature 340°C,

Land prototype S-1G. Maximum fuel
elementtemperature 925+165°C.

S-3W and S-4W differ in design of
biclogical shielding.

Distilling plant produces 60 tons/
day. Land prototype S5-3G.

Reactor height 3.7 meters.

Land
prototype 5-1C. '

Reactor height 5.5 meters, diameterﬁ'“:“

2.45 meters, live steam consumption .
82 tons/hour.
duces 30 tons/day.

Distilling plant produces 38 tons/day

Reactor with natural cooclant cir-
culation.

" Space requirement in reactor com-

partment 32-33 hp/m3. Coolant cir-
culation rate 10 meters/second.

Condenser pressure 0.17 kg/cmz.

Initialiy developed as an aviation
installation. Tested in Idaho in . e
1956-1960. Power_can,b?&stepped up ty_ f
50,000 hp. 4 L
Core diameter 2.3 meters. Height

2.3 meters. Weight of charge 1.9"'
tons.

Distilling plant produces 50 tons/day:f'

Two reserve diesels which can be -
coupled to the shaft through a re-. . = .
duction gear in the geared turbine. & /.

Weight of charge 7.3 tons. Live

Distilling plant pro—-'ﬁH 




0.249 Table 34 lists the principal characteristics of existing and plaﬁned

AN propulsion installations for atomic-poweréd submarines and submarine cargo
: carriers in the United States and certain of the other'capitalist countries.
? 15 8 7 n
& ol wy 2 A = /, 2D . .
| | | 9
At "
]
815 N
i/
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Figure 99. Arrangement of equipment in the compartments fgr the
prototype of the propulsion installation for Valiant.-.l -.reactor;
2 - stop valve‘in first loop; 3 - tank for primary protection; -4‘~
heat exchanger; 5 - pressure compensator; 6 - first‘loop qifcu1§tor - j
- 1pump; 7 - feed water preheater; 8 - turbogenerator; 9;+_gpxili§ry
~condensate pﬁmp{ 10 - auxiliary condenser; 11 - auxiligry;gon@ensgr ‘ .
-eirculating line;’ 12 - main condenser circulating line; 13 - main .
 circu1ator pumpj. 14 - main condenser; 15 - sea water pqmp;'-iﬁ-—
= scruhber in the regeneration system; 17 -~ propulsionlthrﬁsthbegriqg;- T O
18 - propulsion motor; 19 - clutch; 20 - refrigeration machinery;
.21 - reduction gear; 22 .- main turbine; 23 - auxiliary contpol_?og%d{w
24 --dieselugenerétor;' 25 = main control board; . 26 - electrical |
~distribution B.b'ar-d; 27 - sight glass; 28 - emergehf:y cd.o_‘]..i’;ig.__hegt ®
exchanger; 29 - main steam line; 30 - steam generator; 31 -

electric drive for the reactor control and protection system (SUZ).

" Classifications and compositions of AEU. - | , ©

The foreign scientific and technical literature 1 has accepted the.
'foilowing classificéfions for shipboard AEU in‘accordance'with.their‘déaign. -

. characteristics and the nature of the thermal pattern.-

ST 1. - W. Crouch. Nuclear Shipboard Propulsion Installationé.-_Gp#afd@izﬁéf.‘_

1961. ,Translatedkfrom the English.

-~242-




According to type of atomic reactor: water-moderated, water-cooled;

boiling; 1liquid metal codled; gas cooled; organic liquid cooled.

According to thermal arrangements: single loop (in which the coolant

is at once the working:ﬁubétance for the heat engine, the steam or gas
turbine, as well as the ccolant); double loop; triple loop.

According to the type of working substance for the heat engine: steam

turbine; gas turbine; hydrojet.

According to the method used to transmit power to the shaft: turbo-
reduction gear; turbo-electric; direct acting turbine. .

According to number of shafts: single, twin, and multi-shaft install-

ations. An example of the multi-shaft installation is the AEU planned in
the United States for the 40,000 dwt submarine tanker.

The atomic propulsion installation has been divided into two basic
sections, the reactor section, and the mechanical section, regardless of
type. The reactor section 6btains thermal energy as a result of the react-
ion of fission of the gklear fuel and the tfansfer of the heat obtained to
the working substénce.;-This section usually contains the reactof, the steam
generators, or the gas heaters, the piping and the auxiliary maéhinefy and
installations. The;reactor can be a steam producer, or a gas peétér, depending
on the type of working substance used.

The mechanical section convérts thermal energy from thé working substance
into mechanical work for turnihg the propellers. This section includes the
turbines with theirVcondensers,xméghanisms, systems and installations, the
reduction gear or the electrical transmission system, the line shaftiﬁg, and
the propeller. The mechanical installation is called a steam- or gas-turbine
one, depending on the type of working substance used. ' '

The AEU aboardlShiﬁ also iqcludes the electrical equipment needed to
feed the auxiliary machinery, tﬁe_éontrol'instruments,'the electronig'de-‘
vices, lighting, etc. | ‘ ‘

Most American atomic-powered submarines have, as part of the AEU, standby
propulsion means so the submarine can maintain way in case of emergency, or
if the reactor, or fhe main machinery, is shut down.

Finally, one of the most important parts of any atomic inétallation is the .
shielding to Protgct the personnel against.injury, as well?as the instruments
and installations to prbtect the submarine against the radioactive radiation

which occurs when the nuclear reactor is running.
B
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Submarine propulsibn installations are designed for operation under

! : .
operating ¢onditions much more severe that those experienced in atomic
electric stations. In addition to maximum effectiveness, submarine install-

ations must have the endurance and the ability to function under the various

. operating regimes encountered by submarines, under normal, and battle, condit-

ions. The 5-5W for example, : will continue to function at a constant list of
159 trim up to 30°, a roll amplitude of 60° and a period 6f 8 geconds, and a
pitch with a period offrom & to 60 seconds. The increasing endurance of sub-
marines, and the sharp increase in operating range, have brought with them

the need to increase the reliability of the propulsion equipment. This is why
the strength of the main units in the installation has been increased, and why
the principles of redundancy and splitting the power of main and auxiliary

machinery are widely used.

1. Tidskrift i Sjovasegéegg X,1961.

. was made in England in 1953.

The requirements 1mposed on the maneuverability of submarlne maih prop-
ulsion installations are hlgh. The time required to start up the AEU from the
cold condition is 2 to 4 hours in modern submarines. It takes 1 5 hours to
start up the reactor "while the turbines and turbo~generators can be warmed
up in half an hour before the ship goes to sea. 2 A great deal of attentlon
is also being given to ‘such elements of installation maneuverablllty as
reactor shut-down cpollng time and change in turbine operatlng regimes, etc.
Contrdllable pitch propellers are suggested for use. on submarinés in order to

increase the maneuverability of turbine installations. An attempt to do so

2. Nucleonics, Vol. 19, No. 9, 1961.

Weight and size characteristics are very important for'submarine'AEU.
But American spe01allsts are of the opinion that weight and size must not be
reduced because the operational reliability of the equlpment 1n the propu151on
installation wlll-deterlorate.

Reactor installatidn.

" The principal element in the reactor installation is the nuclear reactor.

Reactors found in-U. S. Navy submarines in commission and bulldzng, as well as

. in similar British submar;nes, are heterogeneous types operatlng on thermal

neutrons, which use enriched uranium as their fuel and distillate from natural

~2hk -
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water with a high degree of purity as the moderator and coolant (these are
very often/called water-moderated water-cooled reactors in the scientific and
technicaltliterature).

The fuel elements (TVEL) in submarine reactors are metal slabs of a

uranium-zirconium alioy. 1 The TVEL is coated with an alloy, Zircoloy-2,

which, in addition to the zirconium, centains as much as 1.4% tin and 0.18%

‘other admixtures (chromium, nickel, iron, carbon), to prevent corrosion pro-

ducts from entering the coolant. The TVEL for the reactors:in_the 5-3G and
S-4G propulsion installations are made of thin sheets of metallic uranium
rolled into spiral tubes. Shaping the elements in this form increases the

surface for removing heat from the core, according to the American specialists.

1. The Journal of Commerce and Shipping Telegraph, No. 41843, 1662,
2. Hansa, Vol. 96, No. 8/9, 1959 '

Rod-type TVEL, whlch are metal cylinders containing pelléets of a ceramic
nuclear fuel (usually uo ), are env1saged for the submarine tankers in design.
These TVEL have a hlgh meltlng point and good resistance to corr081on. However,
the greater fragility of the ceramic fuel results in a con51derab1e reductlon
in the explosion resistance of the propulsion installation. This is why simi-
lar TVEL have not yet'been used in combatant types of submarines in the capital-
ist states. - ' |

Enriched nuclear fuel is used in order to obtain compact, but adequately
powerful, atomic reactors for submarines. The first core for the type s-aw' '
installation was made of uranium 18 to 20% enriched with U2, Enrichment was
later increased to 4O% and more. Enrichment in the $-1G and 5-2G types is 90%.
Slightly enriched (2-t0.5%) fuel is proposed for use in submarine tenker in-
stallations. The weight of the fuel carried by the submarine tanker can reach .
a figure of several tons (the weight of the fuel for the AEU carried by the '
Japanese submarlne tanker would be 7.3 tons, for example).

The uranium supply will make it possible for the submarine to cover great
distances without reeharglng the core. The cores in the S-5W are designed to
provide for steaming over 100,000 miles fully_submerged, equel to 3500 te '

4000 underway hours. The cores of the S-5W-2 provide for even greater range

{about 140,000 miles). The TVEL in these cores have elongated fuel sections.

At speeds 50 to 60% qf.full speed the range can be increased 2.5 to 3 fimes,

while underway time increases to 20,000 hours. Average fuel burn-up in the

'\'. ~245-




?.2531

reactor infthe S~5W 1:is 10,000 megawatis/day/ton.

1. NUCIe#nicsg Vol. 19, No. 9, 1961,

The cores of the 5-2W are made in a monobloc construction, a design

" which makes refuellng the reactor very much more difficult (the: flrst re-

fueling of Nautllus took several months)., The individual replacementhof,

fuel element clusters by removing the reactor cover became possible with

the S-3W, In the S-4G the fuel elements are consolidated in a cassette
which can be replaced without removing the cover, Special.openings;which_
are filled with removable plugs have been made for this purpose-in‘the.cof—-
er. According to press reports 2 this design reduces refueling- time to 3 to
4 weeks and provides for replacement of the core without the use of heavy-

1ift equipment.

2, Hansa, Vol. 96,'No.ﬁ8/9§ 1959.

A common de51gn feature of US and British submarine reactors is' the'

vert1ca1 positioning of the cores and the rod system for control and prots.

ection. The-reacton;houslngs are low-alloy carbon  steel and are 1nternally

clad with stainlesststeel (304 in-the United States). The equlpment and
piping in contact with_the first loop coolant-too is made of,sta;nless steel.
British specialists rejected internal cladding of the reactor-housing
in the:r AEU de51gn for Valiant, because of the highly compllcated procedure
involved in applying the coating. The reactor, and the flrst loop, are made
of low-alloy steel containing 1% Cr and 0.,5% Mb. Upon react1ng with water.
this steel forms a sturdy magnetite film on the surface. The corrosion rate.

is no more than 5 to 10 mg/dm2 per month, 3 according to test resultsa_

3.. Nuclear Engineer, Vol. 7, No. 72, 1962.

Reactor covers are secured to the housings with standard flanges and
securing bolts in a ‘manner 51m11ar to that used in the Vallant reactor de-
sign, for example (flg. 100). A double gasket made. of packlng mater1a1, or.
a torozdal pack1ng, inside whlch elevated pressure is malntalned by -a .spec~
ial system, is used w1th the cover. installation. A feature of the S-SW 1s'

the use of a spec1a1 connectlng ring rather than the flanged c0nnect10n for

cover and hous;ng.

4. Nucleonics, Vol. 17, No. 9, 1959.
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FigureIIOO;d The reactor for the atomic-powered
submarine Valiént. 1 - housingy 2 - thermal shield;
3 - core'en?élqpe; 4 - outlet connection; 5 -
toroidal sealj FG - rods in the reactor control and-
protection system (SUZ); 7 - clamping flange;

8 - outlet connection.
f .

The core casing is .a cylincer located inside the reactor housing and
Eontéihs the TVEL [fﬁel elements] and controls the movement of the control
rbds. The top and bottolh of the casing are closed in by base plates Whlch
51mul£aneously support tpe ca51n§ within the hou51ng.

The control and protection system (SUZ) is designed to automatically
regulate the power'prbduced by’thg reactor in accordance with the steam
consumption, as well as to shut the reactor down in case of-emergéncy.
The-SUZifods_(éontfoi, shim, and safety) are made of materials well able
to absorb neutrons, such as boron steel, cadmium; or hafnium (the latter
was used for the SUZ rods in Valiant). |

The SUZ control, rods have an electromechanlcal rack drive prov1d1ng for

their insertion 1nto,the core at comparatively low speeds. In case of .
s ]
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emergency tripping the rods are "killed" by a hydraulic,qor other fast-acting
drive, as a result of which the nuclear reaction can be aiscontinued instan-
taneouély./ Valiant also has a system for the forced addition of s&lt, a
neutron abéorber, to the first loop coolant in order to stop the reactor in

case the SUZ rods cannot be inserted in the core because of damage.

1. North East Coast Institute Transactions, V, 1962.

Fission products accumulate in the core during reactor operation. Cer-
tain of them, partiéglarly xenon-135, are more intensive captofs of the neutrons
than is the nuclear fuel and they act as harmful absorbers in thé-system; de-
stroying the neutron balance in the reactor. This phenomenon is called "pois-
oning" the reactor. Shim rods, which:move out of the coré as the fission pro«r

ducts accumulate, are installed in the reactor core in an effort to cope with

poisoning. A certain equilibrium concentration of poisons is established. in

the reactor with the passage of time. When the reactor is shut down the
neu¥ron flow dies out and the xenon accumulation increases considerably at
first. Poisoning 2 can make the next start of the reactor impossible for sev-

eral hours.

2. Since the increase in the xenon-135 concentration occurs as a result of the
decay of iodine-135, which begins to accumulate the instant the réacton‘stops,

this poisoning phenomenon is often called the "iodine pit."

" American spec1allsts are of the opinion that if submarlne reactors are
not to be poisoned by xenon, it is necessary to:
operate at power settings close to the maximum, since this will result
in but slight xenon accumulations during the transition processes- +
hold reactor power at a level within 1% of full for several days after
the ship has tied up, ‘since this will lend itself to xenon burn-up,
put an excessive amount of fuel in the reactor in order to more success—

fully overcome the consequences of poisoning.

3. W. Crouch. Nuciéar.Shipboard Propulsion Installations. - Gosatomizdat.

1961. Translated from the English.

The steam-generating installations in the AEU for modern submarines are
made on a double-loop arrangement. Each loop for the first loop coolant con-

sists of the steam generator, several circulator pumps, the piping, and. the
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fittings. The thermal diagram for the AEU in Valiant envisages an additional
loop for emergency reactor shut-down cooling.with natural circulation of the

coolant through the overboard cooler (fig. 101).

Figure 101. Schematic of the steam generating installation
in Valiant. 1 —_ﬁressure hully 2 -~ heat exchanger for emerg-
ency reactor shut-down cooling; 3 - pressurizer; _4_- fifst_
loop main circulator pumps; 5 - regenerative heat exchanger
in the system for ﬁurifying first loop water; 6 - cooler;

7 = jon-exchange filter; 8 - steam generator; 9 - reactorj .
10 - steam; 11~ feed water;. 12 - second ioqp of the first

locp.

300 |1 e
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“Figure 102. Cﬁrvegshowing the dependence of temperature of
beginning of water boiling, t, on pressure in the reactor

housing, P.
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A special preséuriiation system maintains high pressure in the loop,

retaining the liquid, aggregate, condition of the water (fig. 102). The

S
basic element in the'systém is the steam pressurizer shown in Figure'103.
p.256
~ Figure 103. Pressurizer.l-flexible connectien; 2 -.eiéctric*heater;
. 3 - water feed line to spray nozzle; 4 - connection for safety
valve; 5 - packing diaphragm; 6 - support ring; 7 - water spray
.nozzle; 8 ~ fitting for installation for level determiﬁation;
"9 - protective wgtér screeh;_ 10 - support baffle; 11 - terminal
block; 12 - fittings for connecting level indicator.
i
b2l >
g— _,"""'-h-_
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Figure 104, Thrée-pass diagram of flow of coolant in the

reactor housing.
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Increased pressure in the first loop increases the secondary steam para-
meters, and thus the installation efficiency. However, this adds weigﬁt to
the AEb and makes ensuring the air-tightness of the first loop more difficult.
The three-pass arqgngément for the flow of water (fig. 104} in the S-5W
installation is an innovation as compared with the old single-pass systems.
 The principal advantage of the new arrangement is that the amount of water
pumped through the core is reduced because of the improvement in the heat
transfer from the fuel to the coolant, bringing with it a_reduction in the
sizé of the circulator pumps needed. Foreign specialists feel that the complex-
. ity of the interior design of the reactor, as well as the increase in the ath
;‘ ivity of the water in the first loop resulting frem the water being in the core
éS? longer, are drawbacks of the three;pass arrangement. This latter circumstance
l requires more careful purification of the water to reﬁove corrosion products
: and radioactive materials, and this involves the installation of a special
g water treatment system into which 0.05 to 0.2% of the consumption of first
loop coolant is diverte&?

Judging from published data, most submarines will not have deaerators in

| the first loop water treatment system. Instead, the water will be treated in
? demineralizers consisfing of several ion-exchange filters. The resins in the

ion-exchangers chemically purify the water, removing dissolved impurities and

corrosion products. The;radicactive particles which are not dissolved in the
water are caught by pbrous mechanical filters. Water circulation in the watler

? S treatment system comes about as a result of the difference in pressures be-

tween the first loop and this system, while the coolant parameters can be

reduced as the coolant passes through the series of coolers and throttle

, valves. )
? According to U.-S..ﬁavy Bureau of Ships.specifications,'the salinity of

the water in the first aﬁd second loops of shipboard atomic propulsion in-

stallations must not exceed 0.1 mg/llter, while the hydrogen index must be

w1th1n a range of pH = 6 to 8. Water salinity can increase to 2.3 mg/liter 1

at the inlet to the ion~exchange filters.

« 1. Navy Civil Engineer, Vol. 4, No. 1, 1963.

Submarine steém_generators are vertical heat exchangers with natural
water circulation.in;the second loop. The use of natural circulatipn.has in-
creased the1reliability of the equipment as compared with single-pass

i
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steam gener7tors, or generators with forced circulation of the secondary

coolant. Design-wise, the steam generators are in the form of two-pass
heat exchargers with tube sheets. The U-shaped tubes for the circulating

water in the first lobp are'rolled and welded to the sheets. The Steam

" 'generators in the S-2W installation are single-pass with sinusoidal bends

in the tubes to compensate for temperature expansion, Valiant's steam gen-
erators have double tube sheets, and the U-shaped tubes are welded on the
inner side. 1 A genefal view of this equipment, as well as a schematic

of how the tubes are welded, is contained in Figure 105.

1. The Journal of Commerce and Shipping Telegraph, No. 41843,.19621

' The steam coliectors and separators, which are single-stage (cyclone.
type in American submarines) or two-stage (the first stage cyclone, the
second of the herringbone type, in Valiant), are located in.theﬁuppef part
of the steam generators. The separators maintain the moisture, of the live,

saturated steam at no more than 0.25%. 2

2. Nucleonics, Vol.'i?; No. 9, 1959,

[ {0
G &Y
) 78

Figure 105. Valiant's steam generator and the schematic for welding the
tubes. a - steam generator: 1 - feed water inlet; 2 - live steam outlet;
3 - to safety valve; L4 - herringbone separator baffles; 5 - separating

baffles;6-cyclone separator; 7 - condensate collector; 8 - feed3collect6r;.

9 ~ outlet chamber; 10 - tube nest; 11 -~ port in steam generator housing;

12 ~ thermocouple; 13 - port teo water collector; 14 - primary coolant col-

lector; 15 - fittings for coolant inlet and outlet; 16 - steam genérator
housing; 17 - 7low rate measuring device; b - schematic for welding. the
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tubes and section of a welded head: 1 - preparing for welding; 2 -
completed weld; 3 - flexible drive from controller; 4 - electrode;
5 - inert gas feed; 6 - electric power supply; 7 - cooling water
supply; 8 - cooling water discharge.

Two or three main circulator pumps, and one standby, are installed for
each autonomous loop in the first loop. In the 5-5W installations the
standby pump can be cut in on either of the two coolant loops as needed.
AEU circulator pumps for submarines (fig. 106) have AC drive motors. A
distinguishing characteristic of the pumps is the airtight seal for the
rotor of the electric motor, thus precluding the possibility of water leak-
ing through the sheff gland.

In the first of the atomic-powered submarines the speed of the drive
motors was changed by_feducing the AC frequencyﬁfrom‘60 to 30 cycles {with
furbogenerators) or 17 cycles (with motor-generators). The electric motors
for the pumps in the S;5W installation have two windings. The winding for
high speed is connected to the turbogenerator busbars, while that for low

speed is connected to the busbars of the submarlne s reversible converters

'(see the section on ‘WElectrical Equlpment").

Auxiliary systems are used to cool individual units in the first loop
and the shield. In. one of these systems {internal) circulation is of dis- -
t111ate which gives up jts heat to the sea water in the coolers in the ex—
ternal cooling system. The arrangement of subsequent loops is designed to
prevent salting up_fhe_coolant in the first loop, or the carrying out qf
radioactivity. '

All radioactive equipment in the reactor installation is installed in
an uninhabited sectlon of the reactor room and encased in the shields pro-
vided. Also located here are the control and measuring dev1ces and the
remote controlled valves (hydraulic and electromagnetic) used to monitor and
control the installation. There are no more than 24 such'valves.ih Valiant's

installation.

Reactors other than water-moderated, water-cooled are used in submarines. -

Seawolf, for exampieg initially used an installation in which the reactor was

cooled by 1iquid‘sodium. The design work on this AEU assumed that the high

heat- transfer coeff1c1ent of the metal would make it possible to obtaln work—

ing steam with hlgher_parameters. In theory, the steam parameters can be
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Figure 106. Maln dirculator pump in the first loop in Valxant EEN
 pump impeller; 2 - heat shield; 3 - thrust bearlng,' 4 - stator -
‘winding; 5 - cQol;Fg water outlet; 6 -~ stator; 7 - rotor"s - statn
a cooling tubeé- 9 - ﬁater-protectivé envelope; . 10 - electrlc power

) 'supply; 11 - coollng water inlet; 12 - cooling pump; _ 3 - connectxon
- box; 14 - 17 - tor01da1 seal- 15 - water blowdown; 16-- supporting

bearings; 18 - thrust bearﬁngs.

-, raised to 46kg/cm and 455°C ‘while the pressure in the’ flrst loop is not in

excess of 5 to 7 kg/cm‘.- There are a number of practlcal dlfficultles in-

volved in the use of sodlum as a f1rst loop coolant The great chemlcal

activeness of the alkallimetals causes 1nten51ve corr051on, as Well as a

cons;derable temperature drop in the reactor (reachlng 250°C) whlch 1ncreases'

the stress 1n the mater1a1.
\

1. W. Crouch. Nuclear Shlpboard Propulsion Installatlons. .Gosa;omizdat;
1961. Translated from the English. '

. A two-loop design:was used in the S-2G installation, with}thefsteamv
generators having  double-walled tubes with a liquid metal ¢ibcuiating‘iﬁ&*'

side, and the second loop water circulating outside. The sPECe between the

b
T
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walls was filled with a potassium-sodium alloy which transferred the heat from

the primary coolant to the working substance. The steam superheaters for the
reactor installation were of similar design. Electromagnetic type pumps were
used as circulator pumps in the first loop. Their éapacity can be regulated

by changing the voltage.

Jic
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Figure.107. Schematic arfangement of an atomic-powered gas
turbine installatipn rated at 22,000 shaft hp. 1 - LP turbine;”
‘2 - HP turbine; - 3 - HP compressdr; 4 - LP compressor; 5 -
intermediate cooler; 6 ~ regenerator; 7 - coocler used prior to

cutting in main plant; 8 - reactor.

Boiling reactors are envisaged for the propulsion installations in the
British submarine cargé carrier design, and the Swedish submarine tanker de-
sign. Reactors such'as these con51derab1y simplify the AEU thermal system,
but the increased radloact1v1ty of the live steam makes it necessary to pro-
tect the ship's turblne 1nstallat10n, as well as the reactor. Moreover, . :
the reduction in the water density during the steam formatlon process re-
duces the water's effectiveness as a moderator, leading to increased Welght
and size of the atomic_reactor. -

Reactors with. an organic coolant-moderator {terphenyl, for example),
are very similar in their principal schematic to-water-moderated water-
cooled reactors, but the dimensions of their cores are smaller, and the

pfessure in the first loop is lower. Absence of fuel element corrosion, and

"the low level of actlvatlon of the coolant in the neutron flux, are the chlef
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advantages of these reactors. American specialists include the high cost

,r '}
of the-org?nic liquid, its decomposition, and polymerization during irrad-

iation an%

The gas-cooled reactor is one of the types with the greatest future

heating, among the disadvantages.

-pfOSpectS. According to foreign specialists atomic-powered gas turbine

installations using a single-loop arrangement (fig. 107) should be 20 to
25% lighter than AEU with water-moderated water-cooled types of reactors.
The gas parameters.(as high as 50 to 75 kg/cm2 and 700 to 800°C) provide
greater efficiency for the thermal cycle of the propuléion ingtallations.

It is possible that; after careful development, a single-loop AEU with high-

temperature reactors and gas turbines will be successfully used in submarine

shipbuilding.

Biological shielding.

Nuclear reactor operation results in intensive radioactive radiation,
and the greatest danger to submarine personnel, as well as:tq %he various
instruments and equipments; is neutron and gamma radiation. _The'basic_re-
quirements, effectiveness, lightness, compactness, must be taken into con-
sideration in the resolution of problems concerned with biolbgical shielding - .
for submarines. _ | . o '

Thé shielding forlland—based atomic installations and for cargo ships'
is usually quiie heavy.';The total weight of the shielding in Savannah, for
éxamﬁle, is in ekcess‘qf 2,100 tons, _ -

American designefs used tﬁe so-called "shaded" method of locating the
shielding in order to féduce the.weight of submarine installétibns. \The
protection for the rea@tor room is thus divided into complete and partial..
The complete shielding separates the reactor room from the living spééeé'and
the control stations in the submarine. The first of the'afomic-poﬁeréd :
submarines, which had living spaces forward and aft, had complete shielding
installed on both trénsverse bulkheads of the reactor room. The weight of
this shielding was 30 to 35% that df the entire propulsioﬁ inétallation.

In submarines of later build only the forward bulkhead of the reactor room.

.has a complete shield. .The.after bulkhead and the deck have a partial

shield bhecause persoﬁnel are only in compartments adjacent to the reactor
room for limited periods of time (up to 8 hours a day). The partial shield

is usually half the thiékness of the complete one.

1. B. Price et al. Protection Against Nuclear Irradiation. IL, 1959.‘ Trans-

‘lated from the “nglish.
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The sides of the reactor room are covered with a comparatively thin
layer ef shielding material, so it is possible to inspect the submarine’s
hull in drydock when the reactor is shut down. Moreover, it is specified
that the radiation penetrating beyond this layer when the propulsion install-
ation is in operation,and the radiation reflected from the sea water, will
not be dangerous for the inhabited spaces in the ship, and will not in the
slightest reveal the presence of the submarine.

In the Skate-class, with S-4W installations, the horizontal protective
deck in the reactor room has been replaced by a cylindrical passageway through
the space. However, aceording to reports contained in the'foreign press,
this type of shielding has not resulted in any reduction in the weight and

size characteristics of propulsion installations.

1. Nucleonics, Vol, 17,.No. 9, 1959.

'Biﬂogieal shieiding can be divided into primary and seccn'flrefla'try,'2 in ac-
cordance with the location of the source of the radiation. The primary shield-
ing, which dlrectly surrounds the reactor core, must so weaken the flow of fast
neutrons that there w111 be no great activation of the ccolant in the second
.loop, and reduce to a minimum the gamma radiation whlch accompanles the capture -
‘of neutrons in the secondary shielding. Moreover, the primary shleldlng
should reduce the residual radiation to a safe level, thus making it possible‘
to enter the reactor room some time after the reactor has been shut down. |
According to information pdlished on the subJect the primary shleldlng for
submarine reactors is in the form of water tanks surroundlng the core. The
top and sides of the tank are clad with sheet lead. In Nautilus, for example,
the diameter of the tank.used for primary eﬁielding is 4.5 meters, While the

-core diameter is 2.7 meters.

2. T. Rockwell. "Sﬁecifications for Reactor Shielding,“ in the book "Shield-
ing for Transport Installations with Nuclear Engines," IL, 1961. Translated

from the Engllsh.

The secondary'shielding surrounding the activededuipmenf in the reactor |
1nsta11at10n reduces the flow of neutron and gamma radlatlon to safe levels
and prevents radloactlve contamlnatlon of the air in living and .working spaces,
The outfitting of reactor installations makes use of- the prlnc;ples_of self-

shielding; less active equipment covers the more active (the reactor, the
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ion-exchange filters) in the direction of the inhabited spaces.

1. B, Price et al. "Recommendations for computing the shielding for atomic

propulsion installations,'" in the book Shielding for Transport.Installations

[
With Nuclear Engines, Iﬁi 1661, Translated from theEnglish.

ny o mﬂ:r/-'ﬂ-%:iz/ VN R W A A T2
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Figure 108. Schemai}c diagram of a metalnhydrogen shleld (dlm«
ensions in mm). I L core; II - water; III - steel; IV < lead;

'V - first loop. equlpment.

Submarlne shleldlng mater1a1 is a composite, that is, 1t contalns '

_heavy and llght elementsr Metal-hydrogen shielding is usually used, since

it prov1des for least weight and volume per unit area. 2 A typlcal schem-
atic of a metal-hydrogen Shleld is shown in Figure 108. Steel and lead
are the components used to shleHd against gamma radlatlon. Lead plates,
manufactured by the Amerlcan flrm Federated Metals D1v1510n, are used in

Skate, Triton, Sklpgack and other of the atOMlCﬂpOWered submarlnes. This

flrm uses a special casting technlque which results in a hlgh quallty metal,
one free of bubbles and Poros1ty. Despite its great den51ty, ‘lead used in
the metal-hydrogen sh1eld 1n atomic-powered submarines prov1des for a. galn

in the battle agaznst welght of at least 20% as compared w1th :steel, |

2. B. Pnce, et al. . Metal-Hydrogen Shielding. Ibid.

The lead shleldlng is combined Wlth hydrogenous materlals An order to
weaken neutron radiation. Widely used in Shleldlng is water, as well.as
substances with hlgher hydrogen contents per unit volume,'such as: polyethylene
and polystyrene. D1ese1 fuel supplies are lncluded in the sh1e1d1ng aboard

Amer1can atomlc-powered submarines.
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Imperipl Chemical Industries (USA) has developed a new material, boro-
plast,- whigh effectively shields men and egquipment against neutron radiation
and reduceg the captured gamma-ray output, as compared with water or poly-

ethylene., 1 Boroplast is a pelyurethane plastic, to which polyethylene-or
-hylon granules containing up to 10% boron carbide have been added. It is
produced in sheets, 3 td 25 mm thick, and 915 mm wide. Almost 23 tons of

these sheets are used in each atomic-powered submarine.

1. Financial Times, 20/IV, 1961.

2 . s N s .
Boral, a metal and ceramic composition, made of finely dispersed part-
icles of boron distributed in aluminum, is used in submarine AEU shielding.
The weight relationship-is 1:1 for both metals. Boral is produced in 6 mm

thick sheets,

2. Kopal'man. Materials for Nuclear Reactors. Gosatomizdat, 1962. Trans-

lated from the English;

The British firm, Associated Lead Manufacturers, has proposed a combination

shielding material called densiten, which is a mechanical mixture of lead pow-
der and polyethylene. Six parts by weight of lead and one .part by weight of
polyethylene yields densiten with a density of 3.9 grams/cmz.. The material

is readily fashioned and secures well to metal surfaces.,

3. Financial Times, 13/VII, 1961.

Examples of thigkﬁesses of the basic materials for the shielding which
provide a ten-fold &tenuatim of radicactive radiation, afe listed iqLTable
35. Required in practise is an attenuation on the order of 108 to 1b9 for
neutron, as well as for gamma, radiation. The total thickness of the primary
and secondary shieldé can thus bé several meters (in Seawalf;:for example, the

shield is 2.4 meters thick). 4

L, Our Navy, No. 6, 1958.

" The calculations for the shielding of an AEU are extremely time-—cons_uming.5

What makes them particularly complicated is the possibility of radiation
"leakage" as a result of local heterogenéity in the mate#ial (the shield can
include hull structures, such as frames, bulkhead stringers, the beams in

tank frames, etc.). The radiation thermal, and chemical resistances of the
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ﬁaterials used must also be taken into consideration.

The shielding sometimes
includes a special layer of thermal insulation, or a cooling system for the

shield elements is envisaged.

5. The process involved in making the calculations for the shield is described

in the article by B. Price, et al, "Recommendations for Shielding Calculations,"

published in the book Shielding for Transport Installations With Nuclear Engines,
IL, 1961. Translated from the English. '

Table 35. Examples of thicknesses of materials for shielding providing
a ten-fold attenuation in radiation

Field of use for Material Density Tﬁickness, cm
material - _t/m3 _A ' B _ . C
Protection against | Polyethylene 0.9 . 964 2043
fast neutrons Water 1.0 96.4 22,8
Diesel fuel 0.8 122.0 . 22.8
Protection against - Steel _ 7.8 . 11.7 14,0% 9.1
gamma radiation Lead 11.3 5.1 20.3* 5.3
Combination pro- Concrete 2.3 L, 5 5.k
tection . Barium con- '
: crete : 3.5 23.9 - 19.1

A - Gamma radiation-from the core of an operating reactor (energy 7 mev); .
B - Fast neutrons; ' C - Gamma radiation from fission products (energy 2 mev).
* with the addition of a 1ayer of water, polyethylene, or fuel 30 to 45 cm
thick. -

Computers are widely used in scientific-research and design organizations

in the United States to make the calculations for submarine shielding.

—

Propulsion Plant

It is difficult to superheat steam in an AEU with watef;hoderated watere
cocled reactors because'of the relatively low temperature of_fhe primary
coolaqt, so the steam-turbine plants in submarines run on safuratgd steam
at 200 to 250°C and at pressures from 12 to 25 kg/cmz. An increase in steam
parameters is planned for the future, but the increase will be slight because
an increaée in the pressure of the live steam to more than 30.to 35 kg/cﬁz

1

will worsen the weight characteristics of installations of this type. =~ AEU

with liquid metal reactors have higher steam parameters. The steam~turbine

iR
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56 plant in Seawolf is supposed to use superheated steam at 410 to 4209 at a

' 2
pressure of more than 40 kg/cm .

1. Transactions SNAME, Vol. 65, 1957.

Figure 109. The main turbine in Dreadnought.

The main turbines for the first atomic-powered submarines had two
casings, consisting of an HP turbine and an LP turbine. The asterﬁ turbine
" was located in thé'LPlturbine casing. The low initial steam parameters made
it imperativé.to dry the steam as it expanded:in the turbine, so a steam
separatof was installed between the HP and LP turbines, and some of the main
turbine stages weré.fitted with moisture separators. -
Singie—casing_steam_turbines (fig. 109) are used in the new atomic-
powered .submarines. Every submariné has two turbines opetrating on a single
propeller shaft thrbugh a two-stage reduction gear in order tb increase plant
survivability, as well as in order to reduce the length of'thé éngine room.

‘ Submarine main condensers, since they are cooled by sea'water,_Can
withstand a'preSSufe correspohding to the designed diving depfh. They can
hold a vacuum equal to 100 to 130 mmrméfcury column at a sea water temperature
of 18°C. 2 Exhaust steam from the main turbines, and from the ships service:
generators, flows ihto'the main condensers in Nautilus. There are auxiliary
condensers as well, and these serve the turbo-generators for the reactor in-
stallation;--The standby condensers take the steam (byfpassing_tﬁé'turbihe)

in event of a reduction in power required for the geared turbine unit in the
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steam-turbine installation (fig. 110). In the submarines of later build'the

steam is dumped into the main condensers directly.

2. Tidskrift i Sjovasendet, X, 1961; Shipbuilder and Marine_Eogige:ﬁyjlde:.
. C . Tl
Vol. 68, No. 641, 1961.” | |

p.267

Figure 110. Schematlc diagram of the steam-turbine plant ‘in
Nautilus (starboard side). 1 - separator- 2 - condenser for
emer gency steam dumplng, 3 =~ auxiliary’ feed pump;. 4 - feed:
water preheater; 5 ~ overflow- 6 - water-level regulating
~tank; 7 = level regulator° 8 - main feed pump; 9 - turbo-
generator for ‘reactor room busbars; 10 - condensate pump;
11 - lube o0il cooler; 12 - air ejector; 13 - main air ejector;
14 - ship's service turbogenerator; 15 - main turbine; 16 -
main condenser; 17 - reduction gear; 18 - dlsengaging_clqtch; :
19 - electric drive motor; 20 - thrust bearing (sic); 21 -
propeller; 22 - to evaporator plant with a production rate of
.15 tons of dlstlllate per days; 23 - lube oil cooler for line .
shaftlng, 24 -‘fro evaporator plant; 25 - main condensate o
pump; ' 26 - main lube oil cooler; 27 - collection tank,wlgﬁ I~
reserve feedwater tank; 29 - dlstributor-feed,pump.j:;ﬂQMMM '

A serious drawback in submarlne condensers is the low res;stance to ’
‘corrosion possessed by their tube nests. Dual tube sheets were used in
the condensers 1n Vallant in order to overcome this drawback.

Most atomlc-powered submarines use a two-stage geared reductlon to

transmit power. from the main turbines to the propeller shaft._ Submarlne

: reductlon gears have qulte a high coefflclent of contact pressure on the.'
S . .; ; E:* | sl .

~262-




268

working surfaces of the teeth; for Submarine tankers 7 kg/c_m2 for the gear
wheel in the first, and 9'kg/<:m2 for the gear wheel in the second stage of
the reduction. Thesé coefficients are 14 to 19 and 12 to 14 kg/cmz, respect-
ively, for atomic-powered combatant types of submarines. t The increase in
the specific loads on the teeth came about as a result of the use of high-
hardness materials in manufacturing the gear wheels, as Well.as from an in-
crease in the accuracy and the cleanliness with which the teeth were finish-

ed, and from the corresponding corrections made to their profiles.

1. Transactions SNAME, Vol. 62, 195k.

Tullibee has eléctrical transmission of power to fhe shaft, instead of
a geared reduction. American specidists are of the opinion that this sort of
replacement should reduce propulsion plant noise, but the weight and size 6f
the plant will go up quite a bit.

As has already been noted, the United States is developing a direct-
drive steam turbine for the new atomic-powered submarines. The stator (this
designation can only be provisional in this particular case) and rotor in
this turbine rotate in different directions and transﬁit rbtation to coaxial

propellers., Tests of coaxial propellers were conducted on:Albacore in 1962-

1 1963.

The_auxiliaries for the steam-turbine plants in submarines have electric
drives. The use of_dﬁxiliary steam turbines running on live steam taken from
the main geared-turbine unit 'is proposed for driving the circulator and feed
punps in the American submarine tankers, '

Despite a number of design features, steam and feed water leaks from
the second loop in-Submarine AEUs are quite numerous. These leaks are takenl
as equal to 0.25% of-the_conéumpfiqn of live steam in the main steam line of
a p;opulsion plant l;when designing modern submersibles. Submérines have
distilling plants which can produce 30 to 60 tons of distillate a day for use
in replenishing feedlwater losses. Distillate salinity 2 is not in excess

of 1 to 2 mg/liter for sea water salinity of 32 to 35 mg/llter.

1. Transactlons SNAME Vol. 67, 1959,

2. Proceedings of American Power Conference, III, 1960.

All-equipment associated with the steam turbine plants in the Nautilus,

Seawolf,‘Skate,.and Halibut classes is located in Qne space. An,additibnal
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compartment for auxiliaries has beeh added between the reactor and- engine. . ..

rooms in ships of later build,

Submarines can use closed cycle gas turbines, as well as_steam—tﬁrbine
plants. Rolis—Royde, the British firm, is developing a marine atomic-powered
gas turbine plant with a shaft horsepower of 15,000. One design: feature has
the turbine, compressor, and heat exchanger in a Single casing, cylindrical
in form, and 2.5 meters in diameter. Access to the gas tufbine“installétion
{GTU) under shipboard conditions is precluded. The unit is designed for 1long,
casualty-free operatiqﬁ #ithout openingy and can be replaced with a new: one
at base in case of_néed. Compressors and turbines are positioned in the
casing with their shéfté symmetrical- (fig. 111), while the heat exchangers
ére arranged in twprfiers around thé compressors and turbineé, The use of

compressed air is probosed for the working medium in the GTU.

.._'-Jafia
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Figure 111. Grouping of the atomic-powered gas turbine install- -
ation rated at 15,000 hp by Rolls-Royce. 1 - intermediate cooler;
2 - reverse reduction gear; 3 - port regenerator; .4 - preheater;
5 - preliminary coolers; A - water; B - sodium to intermediate.
cooler; C - sodium from intermediate cooler; D - sodium friom.

' intermediate loop. : B

Standby propulsioh;

Electric propuléiqn is planned as the standby in atomic-powered submar-
ines in the United States and in England. Slow-speed electric drive motors,
direct current, are:édﬁnected to the line shaft for this purpose. Théy can

be supplied with power from the turbo~generators (through cqnverters), from
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diesel-generators, or from storage batteries. When the electric motor is

in use the main geared-turbine unit is disconnected from the line shaft by

a disengaging clutch which, in addition, copes with possible breaks in the

line shaft caused by thd shifts taking place in the shock-mounted geared-

turbine unit.

The foreign literature contains no information on the power ratings of
the propeller drive motors for atomic—poweréd submarines, but the installation
in the submarines of a single group 6f storage batteries and a diesel-gener- .
ator installation rated at from 400 to 600 kw provides the basis for assuming
that the electric motor rating is 300 to 500 hp at 220 to 250 volts. This

will provide for a speed of 5 or 6 knots. The diesel-generator installed in

Skipjack-class provides:a range of 2,000 miles,

The main suppliers of diesel-generators for the American fleet are
General Motors and Fairbanks Morse, 1 firms which have developed a series
of horizontal and vértiq}l submarine engines featuring small éize and low
specific weights (1.8 tq Seh kg/hp). Submarine diesel-generators have devices
permitting operation'atiperiscope depth. Back pressure at the exhaust can .

be 0.35 to 0.40 kg/cm>.

1. Curtiss—wright'ié sgpplying a type 12V-142, 900 hp, diesel for generétor?

drive aboard the Lafayette-class submarines.

Figure_llz; Standby electric motor for an atomic-powered
: ‘submarine o
Standby_propulsibﬂ, in the form of two submerged electric motors driving

three-bladed _propel,lgz'*s,2 were installed in George'WashithOn_in 1961, as a

result of the increased vulnerability of the propeller-rudder complex of single-

shaft submarines. The standby electric motors (fig. 112) are located in the
A . A
!
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external space (most prﬁbably in the vicinity of the auxiliary machinery

room) and can, in caze of need, be extended beyond the limits of the external
shell by special, extén@abie spars similar to the stocks of the rudder-~roll
dam?ers for surface shiﬁ%. The spars also provide for rotating_tﬁé e}eééric
motérs around the axis of the spar through 360°, Future plans caii for fitting
all U, S. Navy atomlc-pOWered submarines in commission and bu11d1ng with similar -

1nsta11at10ns.

. 2. Machine Design, Vol. 33, No. 17, 1961.

m Standby propuls1on of the future will have compact atomlc—powered

The design of the standby electric drive installations is similar to -
that of thé motors for the active rudders manufactured by Pleuger. (FRG).:
Characteristics of the submerged:electric motors for the active rudders

include:

Motor rating, hp/: o y 100 150 - 250: i
Dimension, mm 3 _
motor dlamrter . 470 470 650
motor: length . S 1170 -~ 1270 1420
lengthgbf'housing . 2090 2210 i2515 .
propeller diameter 700 - 8oo 950
RN . 950 950 | 720
" Motor efficiency, % . 86 87 87
Power factor L 0.83 0.85  0.83
Installation ﬁéight kgﬁi 850 1000  2000.
Propeller thrust, moore& kg 1500 2160 3400

Propeller pltch in the 150 hp installation is 490 mm, the blade area..
ratlo 0.58. Submerged e%ectr1c.motors for submarines have ;pg;eased.
resistance to explosions and the capacity to run at great depths. The.
United States, accordlng to press reports, 3 is producing submer51b1e, AC,

electric motors wh1ch w111 be able to run at pressures up to 1&0 kg/cma.

3. Marine Engineering/Log, Nq; 3, 1962.

propulslon 1nsta11at10ns. American specialists have proposed a pro;ect ) )
for a motor 51m11ar to the- above with a gas reactor with a thermal power
rating of 6 mw, The;d15t1ngu15h1ng character;stlc of the 1nsta11atlonhzs,
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is the small size of the reactor core (diameter 28 cm, length 25 cm}. "All

AEU equipment has been installed in a separate gondola. Shaft horsepower

is 1600 hp, specific weight 2 kg/hp.
O - : .

Electrical Equipment

Primary current aboard atomic-powered submarines in the U, S. Navy is
60 cycles AC. Volfage at the generator terminals is 450 volts. Once the
single engine (AEU) was built, the submarines began to use AC, which made
it possible to reduce the size and weight of the electrical equipment, and
to increase its reliability. |

Steam-turbine driven 3-phase synchronous generators are the sources
of AC in submarines. The rating of submarine generators can change from
650 to 2250 KW in‘ene.unit. Most submarines have horizontal, self-contained,
turbo-~generators. Generators in the atomic-powered missile submarines are

rated at 2250 KW at 360q}rpm and a power factor of 0.8. Thresher-class'has

vertical generators, so|a more rat10na1 arrangement of equipment in the AEU
compartments is p0551b1e.

A 220 volt DC:srstem is retained in the atomic—powered submarines to
supply the electric drires of installations requiring regulation over a wide
speed range, as well as by way of having a standby power source for electric

. iy ‘ . : P .
drive and providing electric power for AEU machinery for starting and cooling
. !

down the reactor. The DC sources are storage battery and a diesel-generator.

The battery in U, S. Navy atomic-~powered submarines consists of 126

cells. Cell dimensions were jSG}x 457 x 1170 mm, weight 450 kg, in the first
such submarines. The batteries are the acid-type, connected in series. Rated
voltage for a battery is, 250 volts. Voltage drops to 175 volts when discharge
isat a high current rate: The cépacity of the Type MAY-SIA storage Battery
installed in Triton % is 5,500 ampere-hours. The Bell Telephone‘Company, in
conJunctlon with the U. S. Navy! s Bureau of Ships, has developed a lead-
calcium battery for the new atom1c~powered submarlnes which does not llberate

harmful gases when used Capacity can go as high as 7, OOO ampere—hours.

Since storage batterles in atomic submarznes are comparatlvely seldom charged, :

American de51gners have done away with the coollng water system used in the

diesel- electrlc submarlnes. This s1mp11f1ed the de51gn of the batteries and

resulted in a considerable saving of funds for building the submar1nes.

1. Funi-no Kagaku, Vol. 14, No. 8, 1961.
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A battery of 112 cells has been installed in Dreadnought. The jars are

glaés_plastic instead of ebonite, The capacity of the Dreadnought's acid

batteries has been 1ncreased to 6,560 ampere-hours at the 5-hour discharge
rate (as opposed to 4 7‘0 ampere-hours for the d1ese1-electr1c sSubmarines

built in the postwar years). The new batteries can take up to 300 charge-

discharge cycles.

The use of silver-zinc cells can result in increasing'batteny capacity
while reducing their weight and size, according to foreign spec1allsts.
Batteries such as these have been installed in the American dlesel-electrlc

submarines Barracuda and Albacore. That in Albacore con51sts_of~440‘eells

with a total weight of 200 tons. Battery cyacity is 20,000 to¥25,000_ampere-
hours., The installation of silver-gzinc batteries is also planned for .the
deep submergence rgéearch submarine Aluminaut, which will éafry:77 cells,

the capacity of whighﬂwillgb@ 32,500 auup«s.-rc:.--hours.'2 The chief . drawback«of
silver-zinc cells is thE“high cost, approximately 10 times more: than - -that

3

of conventional lead stﬂrage batteries.

1. Machine Design, Vola 35, No. 9, 1963.

2. Ordnance, No. 24§;'1961.

3. Our Navy, Vol. 55, No. 2, 1960.

Comparative chafactgristiqs of acid and silver-zinc storage:batteries

include: 4 R \ _
. | - d Battery -
- ' Acid Silver-ziné
Voltage, volts . 1.5 - 2.1 1.0 - 1.8
Specific energy:’ . -
' kw/hour/ton - 33 - 44 .70 -~ 130"
kw]hour/h3. ' ! 90 - 120 - 200 - 270 |

4, D931gn News, Vol. 17, No. 23, 1962- ‘Naval Engineers Jbufnél,'Vol; 74, No.

D1ese1 generator 1nsta11at10ns are used in all Amerlcan atom1c—powered
submarlnes, in all probablllty. In1t1a11y there was a reductlon in the
power ratlngs of thelr dlesel-generators from 600 kw for Naut11us to 500 kw
for Skate~c1ass, and to 400 kw for Trlton—class Sklggack~c1ass, and George

Washlngton—class, but later on the ratings of the diesel- generators were
{

-268-




increased to 600 kv in Lafayette-class,

Converters, rated at 150 to 300 kw, are used to convert AC into DC
(for charging storage batteries from the turbo-generators, for example),
or from DC into AC (tb‘gun machinery in the reactor cooling system off the
batteries). The converters consist of DC motors and synchronous generators.
The generators can also be run as synchronous motors. When this is the
case the motors become'generators and supply power to the DC busbars.

Atomic- powered submarines also have high (400 cycles, 120 volts) and
low (15 cycles, 450 volts) frequency nets in addition to their AC and DC
nets, as well as a low—voltage DC (28 volts) net. These nets supply the
radio, radar,'sonaf;"and other electronic eguipment on boérd, as well as
the circuletor pumpe:in;the first loop of the AEU at.low speeds {current
at a frequency of 15 cycles). High-frequency AC is obtained from 3-phase
converters (motor-generators) rated at 25 kva in torpedo submarines, and

40 kva in the missile sq‘marlnes. Skipjack and George Washington classes

have three such unlts 1Jstalled. The requirements imposed on the electric .
‘power systems in mlss11e submarines have been stiffened; voltage and
fregquency fluctuatlons may not exceed 0.5% of rated values.

;j274 - Noiseless semlcqnductor instruments are used to rect1fy and convert
electrical current in the systems aboard atomic-powered submarines. A
compact silicon rectlfler, rated at 48 kw (64 volts, 750 amps) is used
in the‘oxygen generator, for example. A similar rectifier supplles the
independent excitation windingsifcr the turbo—generators.:aSemiconductor

instruments ratedtat 60 kw (75 kya) which convert DC from the battery to
AC at 400 cycles and 355 volts, are developed for Thresher and Lafayette

classes. Voltage and frequency osclllatlons must not exceed 1%.
Atomic-powered submﬁrlnes have a great many consumers of electrlc
power. The maJor consumers 1nc1ude the machinery in the propulslon 1nsta11-

ation, its systems,end-dev1ces (150 kw and more), the lube oil pumps

(30 kw), and others}j_In Skate and Thresher classes the sonar requires 14.8

and 54.2 kv, respect1ve1y, the radar 1. 76 and 3. 8 kw, commun1cat1ons equlp-

ment 5.9 and 19 3 kw, computers 2 3 and 5 85 kw, nav1gat10n gear andg control

equipment 1. 1& and- 2 85 kw. Equlpment used for 11v1ng purpOSes in atomic~
, powared submarlnes draws 30 kw for galley equlpment, 10 kw for the electrlc

heaters in the air ‘heaters, 10 kw for the laundry driers, etc.
~— 1. Here, and henceforth “the required electric power for one machine will
~ be 1nd1cated. . . .
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- divided into two groups, according to importance.

. with thicker filaments which have .greater mechanical strength

;partment.

. submarlnes in addltlon to the main dlstrlbutxon SW1tchboard

Some idea of the extent to which atomic-powered submarines are saturated
with electrical equlpment can be obtalned from the follow1ng f1gures.

has almost 73 km of electrlc cables,

Nautilus
Seawolf has 63 electric motors rated at
better than 1 hp, and fleir weight is 12.2 tons. Relatively low motor welghts'
are achieved by the use of organo-silicone insulation (the same motors u51ng
conventlonal 1nsu1at1on would weigh almost 17 tons).

even more powerful electr1ca1 equlpment. George washlngton—class has in ex—‘

cess of 130 km of electrlc cabling, and 118 electric motors. ‘-

- All consumers of electric power in atomic-powered submarines can be
One group is automatically
disconnected in event of emergency shut-down of the reactor, 'whlle the other
(vitally important consumers, such as the electrlc motors runnlng pumps in
the reactor shut-down cool1ng system, the hydraullc systems, and the llke)
continue to functlon, us;ng power from storage batteries, or from the d1esel~
generator 1nsta11atlon.l'

The lighting systeq 1n atomlc~powered submarines is fed from 3-phase,

450/120 volt transformers. The 120 volts is used for 1ncandescent lamps
Thls voltage
is less dangerous to personnel aboard ship in event of damage to the electrlcal

network, Submar1nes use 1ncandescent and fluoreszscent lamps rated at 20 watts

‘for general lighting, and 8 watts for local llght1ng of desks bunks, etc.'lw

"'The lighting cirecuits in each compartment are fed from two feeders, each 1n--

dependent of the other.
‘Automatic breakers, types AbB (large, a1r) " AQB (small alr), and ALB

{low voltage), are 1nsta11ed in order to protect the elements in “the’ elec-"'

‘trlcal network agalnst oyerloads and short-c;rcults.

The electrlcal poWer systems in atomlc-pOWered submarlnes are controlled

|

from a main d1str1but10n sw1tchboard located in the AEU control stat1on com-
De51gn-w1se, the swltchboard is made in the form of two vertlcal ‘
rack-type cabinets, each 600 x 500 x 1900 mm._ The frames of the racks ‘are
made of aluminum alloys. Group dlstrlbutlon panels are 1nsta11ed 1n the.:ﬂl

The dlstrzbutlon
panel for the electrlc motors for the c1rcu1ator pumps 1n the flrst loop are

located in the upper part of the reactor room, for example.

measure 360 x 530 X 1960 mm.

-The panels
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Figure 113. Principal schematic diagrams of generation and

<y~

feeding of current in Nautilus (a) and Skate (b). 1 - turbo-
generator; 2. .- die.sel-generator; 3 -~ storage battery, 4
rerersible convertér; 5 - DC electr1c motor starter; 6 -

~AC busbar for sqnsumers in group designated as of first im-

.pqrtance; 7 - same, for sécondary importance group;::8 -
.DC.busbar; 9:-;AC'from shore power; 10 - DC from shore power;
11 - circuit breaker; 12-~'battery breaker; 13 - from busbar
for primary consuters in reactor room; 14 - first loop circu--
lator pump’ electrlc motors- 15 - busbar for circulatbr pump
electric motors- 16 - busbar for secondary conSumers; 17 -
busbar for prlmary consumers in reactor room; 18 - same;
englns room; 19 - ?lectrlc propulslon bushar. r

‘ ' !

. The prlnc1p1e schemgtlc diagram of generation and feedlng of current
aboard Nautilus and §Egig-class is shown in Figure 113. Nautilus has spec-
1a1 turbo-~ generators for supplying the electric motors for. the circulator
pumps in the first 1oop of the AEU. The turbewgenerators in §5itgrclass-
are not distinguished as to purpose. Nor are there any spec;al busbars
for the engine and reactor rooms in these submarlnes. All of which serves '?{.;f
to reduce con51derable the weight of “the electrlcal equipment. Similar
electrical systems are used in most American atomlc—powered submarlnes.

1
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American designers are of the opinion® that by increasing the AC.

! .
frequency they will be able to reduce the weight and size of the electrical
equipment And increaseﬂits~reliability. Under particular consideration is

shifting lighting to 400 c¢ycle AC. The possibilities of widespread use. of

" semiconductor instruments for the production and conversion of electrical

energy are under study;‘ Moreover, the problem of using light, synthetic.

materials to manufacture insulation and fittings for submarine electrical

_equipment is being solved.

Research Work.

In addition to the scientific-research and exper1menta1-des1gn work
in the field of further improvements: in existing -types of AEU " the capltal-
ist countries, prlmarlly the United States, are engaged in seeking.new ways
in which to convert atomicror chemical energy contained in "fuelﬁ?intwﬁ-'
mechan1ca1 energy for submarine propu151on. o

One of the most 1mportant tasks is cons1dered to be the creatlon of
a small-size AEU, suitable for 1nsta11at10n in small dlsplacement submarlnes.
The development of an’ englne such as thls is part of the SNAP program in the
United States. Amerlcan specialists are suggesting that test stand trials of

an AEU known as SNAP—4 will begin in 1965. This 1nsta11at10n 1s designed-

for cosmic ships, for self-contained hydroacoustlc buoys to be set out in the

"ocean, and, probably, for ASW submarines. The electric power from the SNAP-4

1nsta11at10n will be 1 OOO kw, and the specific weight of the shlpboard ver-
sion of the AEU w111 be 18 kg/hp. The installation will 1nclude a. b0111ng

reactor and a turbo- generator. The whole installation should fit 1n1a space.

4.9 to 5.0 meters 1ong, and about 2.2 meters in dlameter. It is: assumed that

the specific welght of the 'SNAP installation will be reduced to: from 3 to 7
kg/hp in the future. . '
‘The U. S, Navy is considering a proposal made by General Atomics, which

expressed its readiuess to begin development of an atomic engine for ékbathy-

" scaphe. The firm's'specialists are of the opinion that the:electrical power

developed by an installation such as this would be between 25 and /50 kw,- and-
that its dimensions would be such that it could be installed in bathyscaphes,
or in midget submarlnes.

Electrlc drive motors obtalnlng their energy sources from fuel elements,
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thermionic converters, or thermoelectric generators.

The use of thermionic converters in propulsion installations for-eub—
marinee would make it possible to do away with such huge units as the tur-
bines, turbo—generatorfﬁ condensers, etc., as well as to increase the in-
stallation's operational reliability, the result of the elimination of mov-
ing parts. Thermionic converters will make it possible tc build practically
noiseless machinery (given the condition that removal of heat in the reactor
will be the result of natural circnlation of the coolant}. Becauee it is
most important to qhtein high power per unit volume and weight of install-
ation in submarine shipbuilding, thermionic converters are e.desirable ap-
plicatlon, even though their efficiency 1s low {14 to 15%)}. A thermoelectric
generator, remote from the reactor, or a steam turbo-generator, can be combin-
ed with thermionic elements in order to 1ncrease reactor‘effeetiveness. And
use of the former will still.retain the noisdess machinery feature, while use

of the latter will pro#ide for greater propulsion installation efficiency.

f}

1. Nuclear Sc;ence andinngineering, Vol. 10, No. 2, 1961.

As distinguished from thermionic converters, thermoelectric generatore
are proposed for use primarily as power sources for auxiliary machinery, com-
bining them with atomic-powered steam turbine and gas turbine 1nsta11at10ns.

Foreign specialists are of the opinion that the use of the heat wh1ch,_1n

\ ‘ S
modern installations, is carried by the sea water through the air-conditioning

system, will considerahly increqse installation efficiency‘withdut causing any
deterioration in weight and size characteristics for the installation. The B
U. S. Navy is planning the deve]opment of a thermoelectric generator with an

efficiency of about 4. 5% in the near future.

Fuel cells are electrochemlcal current generators which convert the
chemical energy of a fue directly into electrical energy. The fuel used
in the cells can be hydrogen, lithium, sodium, and various of the hydro-
carbons, such as methane, propane, ethyl and methyl alcohol, Oxygen,
chlor1ne, or compounds of these elements, are most often used as the ox-
1d1zer. Fuel cells‘are‘div1ded into Qxygenmhydrogen, oxygen-sodium,
chlorine-sodium, ete;, depending on the type of fuel and oxidizer used.

The electrochemical "combustion" of the fuel takes place in a cell -

in the unit, which 1s filled with an electrolyte (fig. 114). The anodic

process is one in which the molecules of fuel (p051t1ve 1ons) make a trans-

ition in the electrolyte, giving up the corresponding number of electrons.
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e B facmlop KOH  CHamad

Figure 114, Schemat1c of an oxygen-hydrogen fuel cell
A - Anode; B - KOH solutlon, C - Cathode.

The molecules of the oxidizer acquire these electrons at the - cathode, and
they too flow through the electrolyte, but in the form of negative dions. .
Thus,  an ordered wmqvement of'electrons takes place in the external.c1r-

cuit, while the poeitive and negative ions, combining in the electrolyte,

- form reaction products. Water is the reaction product'inmtheiaﬁjgen-'

hydrogen fuel cell, The electrodes are given a porous structure in order

to 1ncrease the react1on rate, and, as a result, current strength.

The most valuable property of fuel cells is high efficiency, which can

.theoretlcally reach 90% Table 36 lists the calculated energy magnJdees.
“resulting from the "combustlon“ of 1 ton of reactlng substances ?Tuel and

_oxidizer) in fuel cells of various types.

1. RCA-Review, Vol. 22, No. 2, 1961.

- Fuel cells, in addltlon to high efficiency, have the follow1ng advan;
tages" they. radlate llttle noise in operatlon- they are explosxon-proof*
they are highly re11ab1e, 51mp1e to- operate, ‘and economical; -they have ‘a
comparatively low spec1f1c weight, and are small in size. et

These advantages have attracted the attention of fore1gn. malnly

" American, naval spec1allsts to fuel cells, There are a number of f1rms in

the United States working on creating fuel cells for industry’ fUnlqn;Care
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Table 36. Theoretlcal energy productivity for low-temperature

fuel cells
' | L . Breprita, BuieaA-

Oxpean- BIancl npu

Tonanso | g Xnnuueckas peakiis npougcca | «cropauus» 1 m

‘ . Ten : . pearnpyIoUIuy

A B c D pemects, xam -«
. ) .. , -1 - .
Hy Oy .« Ha+ 3 0, - H,0 3640
CH, X CHy + 20; — CO;, + 2H,0 2680

CiHs Os | CoHy 50, - 3CO - 4H:0 2820 .

CoHzz | . 0p  [CooHu 15 C, ~ 10C0, + 11H,0 2840
Na 9, mHﬁp+%%¢mmH " 2090
CH,OH 0, . |CHOH = 1%-02 - 'CO, = 2H,0 2420

A - fuel; B - oxidizer; C - chemical reaction of the process;
D - energy produced by the fcombustion" of 1 ton of react1ng -
" substances, kw/hour :

bide, Standard 011 Lockheed, and others). General Electric is develcping

a propulsion 1nsta11at1on with oxygen-hydrogen fuel cells for an ASW sub-
marine,_the_deelgn for which is being handled by the Electric Boat Division's
Design Office. 1 Maxlmum power for the installation will be 600 kws volume
" almost 600 m3. The fuel elements will take up 270 m3 of this volume in the
compartment tthe weight of a battery is 150 tons) It is suggested that

these magnitudes w1ll be reduced to 230 m3 and 115 tons, respectlveli, in the

future. The oxygen and hydrogen carried will enable the propu181on plant to
operate for 360 hours at reduced power {200 kw) and for an additional 10 hours
at maximum power. The volume of the space needed to carry the fuel and oxi-

3

dizer is 160 m™ .

1. Transactions SNAME, Vol. 69, 1961l.

Another American flrm, M. B. Kellog Company, has concluded a contract _ i
- with the Bureau’ of Shlps for the development of oxygen-sod1um fuel cells for a ﬁ
shlpboard propu151on installation. When the work is completed the company w111:1:
have an experlmental 1nsta11at1on rated at almost 100 hp. It is assumed 2'that

the 5pec1f1c weight of this 1nsta11at10n, ‘with fuel and oxldlzer supply, will
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Flgure 115. GenerTI arrangement of propulsion 1nstallat10n

spaces in a submarine with fuel cells, 1 = 11qu1d 02 tank'

2 - liquid-H, tank; 3 - substitution tank; &4 - fuel cellsj

'5 - 35 kw converter; 6 - main drive motor; 7 - 20 kw con-: .

verter; 8 - fuei tank; 9 - main ballast tank; 10 - rescue.
- hatch; 11 -raiffcoﬁditioﬁiﬁg instellation; 12 - passageway.

i
1

be no greater than 0.9 to 1.4 ké/kw/hour.

.2, Machine Design, No. 6, 1961.

The U. S. Navy plann1ng for the near future 1nc1udes the constructlon
of several small Submarlnes fltted with propulsion 1nsta11at10n5'w1th fuel
cells. Vice Admlral Hayyard Deputy Chief of Naval Operatlons, has sald
that the fuel cells for the first of these submarines will use oxygen and

methyl alcohol, but that thelr eff1c1ency will not be. in. excess of 50%.-

Submarines with fuel cells Wlll be less noisy that atomxc-poweredzOnes,‘,

they will be about 1/3d the 51ze of standard atomlc-powered submar1nes,

and will cost 30 to 50% of that for the latter. It is. assumed these new:

- submarines w111 not completely replace those with nuclear propuls;on in-

stallatlons, and that they w111 be used for ant1submar1ne defense.

3. Product Engineerﬁng, Vol. 32, No. 17, 1961,
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The future use of water jet engines, which will provide the submarines

with high speeds ( up to 100 knots and more), is suggested. Work along these
lines is already in ﬁrogreqs. Boeing Aircraft, an American firm, announced
the development of an atomic-powered jet engine for‘submarinéé. According

to Boeing the pr1nc1p1e of operation of this engine is similar to that of

the air-breathing turbOJet engine, but the jet will be steam and water.1

1. Financial Times, 10 March 1960.

“Aerojet," another American firm, is developing a typé EX-8 ramjet eng-
ine for atomic-powéred.submarines. The main drawback. of all wateﬁ Jjet ehg—
ines is the extremelf low efficiency (from a fraction of a percent to a few
percent). The efficiency can be improved in the future to a figure of 20 to 30%
by u51ng special mlxers which will prov1de for the agltatlon of the prlmary
jet by the secondary flow it causes, '

United States sclentlflc-research organlzatlons are studylng the possibil-
ities of using the electromagnetlc prlnc1ple for submar1ne propulslon. 2 Cne
of the de51gns proposed by Amerlcan scientists is a double—hulled submarine,
along the entire length of whlch runs a fore-and-aft channel of annular cross
section, open at both ends. The walls of the channel will carry ‘AC solen01ds,
so that a "traveling" magnetic field will be created from bow to stern. This -
field will résult in the appearance in the sea water of an electrical field
and of électricai eddyléurrents, the interaction of which with the magnetic
fleld will result 1n the development of a force which will coincide in dir-
ection with the movement of the magnetic field. This force will set up con-
tinuous displacement:of the water in the channel, creating a jet stream, and .
providing for submarine movement. -

According to. the Amerlcan scientists, it should be understood that there' -
is little liklihood of using electromagnetic force for submarlne propu131on,
Without dwelling on fﬁe design complexities of a project such as this, it is
enough to say that it would require hagnetic induction in the water of 6,000
gauss 1n order to move a submarine almost 200 meters long at 10 knots. There
is no question of the fact that induction of this scope is much too hlgh for
the volumes of the propulsion 1nota11at10ns Whlch have been con51dered. More-*
over, the magnetic field developed will be a strong 1nd1cat10n of the submar-
ines whereabouts, and will brlng to naught all the efforts made to increase

the secrecy of the whereabouts of submarines.
5.  Journal of Ship Research, Vol. 5, No., 4, 1062.
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- AEEendix
The 1nternat1ona1 system of unlts,

There Q&e a great many organi

1 January 1963.
ties connec
standard { GOST) permlts the use of non-system units
iod. The relatlonshlp between units in the 81 system, &

system, which will berencountered in the text are listed

Unit in the

zational and technical difficul-

ted with the changeover to the new system of units.
during the transition per-

ST, was introduced in the USSR on

‘The.state

and those outside the

helow.

Magnitude _ Abbreviation Non-system units of
SI system for unit measurement
Speed _ meter/second ~ ‘m/sec 1 knot = 0.515 m/sec
Angular velocity radiaﬁ/Second rad/sec 1 revolutlon/second =
: : . _ 2n rad/sec
Force Newtoﬁ’ N 1 kg =9.81 N
. Pressure (mechan- New Fn/sguare - N/m2 . 1kg/cm? = 98.1 - 103
jcal stress) : eter PR : 2
_ 888 _ r _ | N/m
! o1 kg/m® = 9.81 N/m2
1 atmosphere'= 1.013 -
. . 105 N/ﬁ
Work, energy,: _ Jjoule j 1 kg/m = 9 813
S -
am_oun.‘l.‘. 0?__heat | A\\ 1 calor:.e ? l* 187 i
s 1 large calorie =
‘ 4186.8 j
Power watt | w 1 bp = 735.6 w (sic)
) s _ ikg/m/sec = 9.81 w
ﬁagnetic induction ‘tesla B t1 © 1 gauss = 107" t1
’ 3 . ’ .
.
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