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INTRODUCTION
T he launching  o f J a p a n ’s M u tsu  a n d  the recen t successful 

com m issioning an d  sea trials o f G erm an y ’s O lio  H ahn  once 
again  h igh ligh t the absence o f the U n ited  K ingdom  from  the 
field of nuclear m erchan t shipping.

O ver the past ten years, well public ized  sta tem ents have 
been offered w henever nuclear p ropu lsion  fo r B ritish m erchan t 
ships has been raised . “ N uclear p ropu lsion  will never be 
econom ic”— “look  a t  S a v a n n a h ! ” “N uclear p ropu lsion  is 
dangerous”— “ N uclear p ropu lsion  is ideal fo r high-pow ered 
vessels bu t we d o n ’t w an t to  have  the first o n e” .

In  ad d itio n  to this a  num ber o f serious an d  penetra ting  
investigations has been carried  o u t w ith the a id  of a w ide and  
au th o rita tiv e  cross section  o f  sh ipow ners, sh ipbuilders and  
o thers, w hich, to  da te , have  rep o rted  adversely  on  any  
im m ediate  B ritish involvem ent in  m erchan t ship app lica tion  
of nuclea r pow er.

I t  is generally  accep ted  th a t the U .K . should  n o t follow  
o ther coun tries in  building nuclear pow ered  m erchan t ships 
if such ships requ ire  to  be heavily  subsidized in both  their 
cap ita l an d  opera ting  costs.

T h e  M inistry  of T echno logy  has set u p  a  W orking P arty  
to  study  the p ro b ab le  costs an d  benefits to  be derived from  
developing a B ritish reae to r fo r ship p ropu lsion  an d  the 
results o f their study  a re  expected  in  the near fu tu re . O nly if 
there  is a  clear econom ic ad v an tag e  in  operating  nuclear ships, 
w ill a  m arine nuclear re ac to r building p rog ram m e be u n d er
taken, fo r th e  investm ent involved  w ould  no t be justified 
unless firm  prospects exist for a con tinu ing  and  expanding 
m arke t in  th e  sale o f such reacto rs.

N uclear pow er shou ld  give the advan tage  o f cheap  fuel 
fo r m arine  purposes; cheap  in  term s o f cost per effective 
ho rsepow er, cheap  in  term s o f saving in  overall w eight carried , 
a n d  cheap  in  term s o f freedom  fro m  restric tions on the 
itine ra ry  or delays arising  fro m  elim inating  the tim e and  
com plication  needed fo r tak ing  on  conven tional bunkers.

Such econom ic an d  technical advan tages can n o t begin to 
outw eigh the high cap ita l cost o f nuclear pow er unless large 
pow ers a re  requ ired , and , just as im p o rtan t, the type o f service 
in tended  fo r the ship also requ ires th a t the cap ita l invest
m en t in the ship as a m eans of tra n sp o rt w ill be exploited  
a t a  high ra te  o f u tiliza tion  w ith  the m in im um  tim e spen t tied 
up  in  po rt.

T h e  a u th o rs ’ studies, over a  long period  o f tim e, have 
tended  to  fo llow  the na tiona l tren d  in  yielding very  little 
except experience an d  confirm ation  o f  op in ions a lread y  held. 
W ith the ad v en t o f w ide scale con ta ineriza tion , the studies o f 
the app lica tion  of nuclear pow er w ere d irected  a t  the purpose- 
bu ilt con ta inersh ip  as these vessels do requ ire  large installed
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sh a ft ho rsepow er an d  m ust op e ra te  a t  h igh u tiliza tion  fac to rs.
fn  ad d ition  to  the tecnn .cai an d  com m ercia l la c to is  co n 

tro lling  th e  com petitive econom ics there  a re  som e im p o r
tan t questions w incu nave  oeen ra ised  concern ing  tue type 01 
o rgan iza tion  needed in  the U .K . Shipbuild ing  In d u stry  to 
ensure the fullest exp lo ita tion  o f B ritish m arine  nuclear ex
pertise.

in  fu rth e ran ce  o f this desirable ta rget, a  p roposa l has 
been m ade to  p rov ide  design a n d  p ro jec t leadersh ip  in  associa
tion  w ith o tner sh ipbuilders w ho m ay  be anx ious to  p a rtic i
pate  in  the p ro g ram m e of nuclear co n ta in er ship construction . 
I t is w orth  rem em bering  th a t if  nuclear pow ered  ships are  
built, they  will rep resen t a new  era  in B ritish M erch an t sh ip 
building a n d  will have to  m eet a ll their p erfo rm ance  
guaran tees first tim e w ithou t cost escalation  o r delays in 
delivery. I t  has never been suggested th a t B rita in  should  build 
a nuclear pow ered  ship just to  keep up w ith the Joneses. If , as 
a  resu lt o f  studies sim ilar to  those carried  o u t by the au tho rs, 
it becom es ev ident th a t an  econom ic nuclear pow ered  ship 
can  be built, then  B rita in  m ust choose the r igh t tim e to  begin 
p lann ing  the overall d e s ig n /d ev e lo p m en t/co n stru c tio n  p ro 
g ram m e, because even taking fu ll ad v an tag e  o f existing know 
ledge it will take live or six years to get tne ship to  sea and  
the w orld  is m oving fast.

p r e v i o u s  s t u d i e s

O ver the past decade the au th o rs ’ com pany  has co m 
p leted  several studies on  the ap p lica tion  o f nuclea r pow er to  
m erchan t ships, an d  briet sum m aries o f  these studies are  
given below .

In  1959 a th o rough  design study  w as m ade on  nuclear 
p ropelled  tankers, the conclusion being tha t, on  econom ic 
g rounds, no justification  could  be fo u n d  to  go ah ead  w ith  the 
pro jec t. I t  is in teresting  to no te  th a t in  the conclusions o f 
the rep o rt the follow ing sta tem en t w as m ad e : “ I t  is the 
cu rren t feeling, in shipping an d  sh ipbuild ing circles, th a t the 
largest single screw  tanker should  be one o f a b o u t 65 000 
dw t w ith m ach inery  developing a  pow er o f 20 000-22 000 
shp. T he conclusions o f  the study show  the op tim um  nuclear 
vessel to  be one o f the  sam e size as th a t fo r the largest 
conven tional single screw  vessel w ith  a pow er ro ugh ly  equal 
to  th a t no rm ally  specified. T hus, no  reason  can  be seen for 
specifying fo r the nuclear tanker a ship o f any  size o r pow er 
o ther th an  the accep ted  upper lim it fo r conven tional single 
screw  vessels.”

T en  years la ter, 200 000 dw t tankers a re  com m onplace; 
300 000 ton  vessels a re  in  service an d  it is u n d ers tood  th a t 
tenders have recen tly  been requested  fo r the  first 475 000 
dw t tanker. T here  is also a  study  g ro u p  u n d er the auspices o f 
the M in istry  o f  T echno logy  looking in to  th e  feasib ility  o f the 
500 000 to  1 000 000 ton  tanker. Such has been the g row th  of 
the oil tanker in  the past ten  years.

Mr. Kouse M r. W ilk in s o n
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In  1963 the au th o rs’ com pany  carried  o u t a study on  a 
nuclear pow ered  fa s t cargo liner on  th e  F a r  E ast rou te , in  
o rder th a t a com parison  of the econom ics o f the existing 
vessels a n d  th a t o f the p roposed  nuclear cargo vessel could  
be m ade. T he  follow ing year a p ilo t study w as m ade on  a 
nuclear pow ered  Q3. (Q3 being the code given to  the design 
o f the o rig inal ‘Q ueens’ rep lacem ent). T hese th ree studies 
prov ided  valuab le  d a ta , bu t show ed tha t, on  econom ic grounds, 
there  w as no justification  in  proceeding fu rth er w ith these 
designs.

U n til the adven t o f the con ta iner ship these types of 
vessel w ere the only  non-naval users o f re la tively  high ho rse
pow ers an d  w ith a  high u tiliza tion  tim e a t sea.

In  1967, the au th o rs ’ com pany  com pleted  its first study 
o f the app lica tion  of nuclear pow er to  con ta iner ships. T he 
re p o r t presen ted  th e  first stage results o f an  assessm ent o f the 
po ten tia l advantages o f  nuclear pow er w hen applied  to  
advanced  con ta iner ship designs sim ilar to  those being 
developed a t th a t tim e by a  num ber o f w orld  shipping in terests 
fo r high speed con ta iner services. T he  conclusions o f this 
rep o rt w ere based on a  belief th a t the tren d  tow ards ships o f 
h igher pow er an d  u tilization  w ould  show  an  increasing 
advan tage  to  nuclear p ropulsion  using the designs of reacto rs 
cu rren tly  being developed. A  subsequent study verified this 
belief.

C lose co llab o ra tio n  w as m ain ta ined  w ith the U .K . A tom ic 
E nergy A u th o rity  during this in itia l study w hich utilized the 
nuclear p ropu lsion  u n it on  w hich m uch research  an d  develop
m ent w ork  h ad  a lready  been done by the A u tho rity  as p art 
o f its sm all pow er reac to r program m e.

T he  sizes o f the reac to r chosen for the study w ere 113 
M W  (t) and  180 M W  (t) equivalent to 40 000 shp an d  60 000 
shp.

F o u r sizes o f ship w ere selected an d  an  econom ic study 
was m ade of the itineraries on the N o rth  A tlan tic , South  
A frican  an d  A ustra lian  ro u tes:

a) 3600 con ta iners a t 24 knots w ith 80 000 shp;
b) 2300 con ta iners a t  24 knots w ith  60 000 shp;
c) 1000 con ta iners a t 24 knots w ith 40 000 shp;
d) 1000 con ta iners a t  27-5 knots w ith 80 000 shp.
T h e  vessels chosen w ere criticized by several au thorities 

w ho could  n o t foresee th a t the shaft horsepow ers w ould  ever 
be as high as those proposed  in  the repo rt. In  1967 the 
h ighest pow er being installed  in a con ta iner ship w as 33 500 
shp an d  this w as then  though t to be the upper lim it fo r this 
type of vessel in the foreseeable fu tu re . R eference is m ade to 
this p red ic tion  la ter in  the paper.

T he  au th o rs ’ com pany  felt justified, how ever, in  develop
ing one of the above vessels fu rth er and , in 1968, a techno- 
econom ic study  w as m ade on  a  re frigera ted  con ta iner vessel 
(see Fig. 1) fo r the N ew  Z ea land  trade  rou te . T his vessel was 
the subject o f tw o papers*1, **. T he  resu lt o f this study  was 
m ost encourag ing  and  ind icated  th a t nuclear p ropelled  vessels 
could  show  an  econom ic advan tage  over conventional vessels 
operating  on certa in  routes.

A ssisted by the experience gained from  these earlier 
studies, an d  a t the suggestion o f a  British shipow ner, a 
fu r th e r extensive techno-econom ic study was m ade on tw o 
larger vessels:

a) 450 000 dw t tanker;
b) 1800 20 ft I.S.O . con ta iner ship.
T he  results o f this study have been pub lished .(a>

GROW TH OF TH E CONTAINER S H IP

A lthough  con ta iners had  been used  in  tran sp o rta tio n  fo r 
m any  years previously, the con ta iner concept as it is know n 
today  cam e from  A m erica, w here in 1956, the P an  A tlan tic  
S team ship  C o rp o ra tio n  carried  an experim ental cargo of con 
tainers on a  p la tfo rm  built o n to  an  unconverted  T1 tanker 
sailing betw een N ew  Y ork  an d  H ouston . T h e  con ta iners w ere 
loaded an d  off-loaded by a shore crane. T h is experim ent 
m arked  the b irth  o f to d ay ’s in term odal tran sp o rta tio n  system.
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F ig  2- -T rends in conta iner ship horsepow er, sh ips in 
service or on order

Fig. 2 show s the ra te  o f increase in shaft horsepow er, 
w hich reflects increase in  size, in  con ta iner ships; a  g radual 
rise u p  to  1965 an d  th en  rap id ly  to  30 000-35 000 shp from
1965 to  1968. T he  O C L  an d  A C T  vessels now  in service have 
sh a ft ho rsepow er a t  this level. A  full descrip tion  of the O CL 
vessels is given in  a prev ious p ap e r.(4)

In  1968 the O C L  an d  A C T  vessels w ere th o u g h t to  be the 
largest requ ired  in the foreseeable  fu tu re  and  in the sam e year 
the V ickers 40 000 shp nuclear study  w as criticized by som e 
shipow ners on  the g rounds o f its consideration  o f w hat was 
then  th o u g h t o f as an  excessively high installed  shaft h o rse
pow er.

E arly  in  1969, Sealand Service Inc . took the con ta iner 
ship opera to rs  by surprise  by announcing  their in ten tion  to 
build  a  fleet o f 30 k n o t con ta iner ships w ith  an  installed  pow er 
o f 120 000 shp i.e. tw ice th e  size o f the vessels a t sea today .

A fte r som e speculation  in  various circles w hether these 
ships w ould  be built, Sealand  confirm ed their in ten tion  by 
placing orders w ith C on tinen ta l yards fo r th e  vessels. T his 
m ove h ad  a  far reach ing  effect fo rcing  o ther opera to rs  to 
th ink  in  term s o f  ships o f this size in  o rder to  rem ain  com 
petitive.

T ab le  I show s som e o f the larger con ta iner vessels now  
on  o rder. T h ree  S candinavian  shipping com panies have 
fo rm ed  a consortium  know n as Scanservice. T h e ir fo u r vessels 
o rdered  in  A utum n  o f 1969, a re  o f particu la r in te rest as being 
the first large con ta iner ships to  be pow ered  by Diesel 
m achinery . E ach  o f  these fo u r vessels have  trip le  screws, the 
pow er o n  th e  shafts being divided in  the ra tio  o f 9 :1 2 :9  
prov id ing  a  flexible a rran g em en t fo r m ain tenance  purposes.

T hese  larger vessels set the trend  fo r the th ird  generation  
o f purpose-bu ilt con ta iner ships an d  also rep resen t the sizes 
o f vessels to  w hich the  app lica tion  o f  nuclear pow er is likely 
to  show  som e econom ic advan tage  over conventional form s 
in  the  fu tu re .

T a b l e  I — T y p e s  o f  c o n t a i n e r  v e s s e l s

Owner

No. No. 
of of 

ves- con- 
sels tainers

ISO
container

size

Service
speed
knots S.H .P. M achinery

Delivery
date

S eatrain 2 770* 40 ft 25 60 000
G as
T u rb in e 1970-71

O CL 4 1800 20 ft 26 80 000 T u rb in e 1971-72
H am b u rg  

A m erika 2 1800 20 ft 26 80 000 T u rb in e 1972
Ben L ine 2 1800 20 ft 26 80 000 T u rb in e 1972
Scan
service 4 1700 20 ft 26 72 000 Diesel 1972

S ealand 8 1082 35-40  ft 30 120 000 T urb ine 1972-73

2) the service speed w as to  be 27 knots;
3) pow er w as to  be lim ited  to  60 000 shp on  tw in 

screws.
A fte r applying the above lim its to  the vessel’s physical 

characteristics, it w as decided th a t su itab le  dim ensions fo r 
the nuclear ship w ould  be 850 f t  b .p . X  105 f t  X  30 ft 
m ou lded  d raugh t; a  d isp lacem ent o f 42 700 tons on a block 
coefficient o f 0-558. O n these d im ensions th e  cargo d ead 
w eight was lim ited to  20 400 tons w hich gave a  gross w eight 
per cen t o f 11 '23 tons.

T he  results gained fro m  the econom ic com parison  m ade 
betw een the conven tional a n d  nuclear pow ered  vessel fo r this 
p articu la r study, w ere fo u n d  to  be m ost encourag ing , and  
fu rth e r re in fo rced  the long-held  belief th a t the app lication  
o f nuclear pow er to  certa in  types o f  vessel over specific 
rou tes could  be econom ically  justified.

LATEST DESIG N
As a  resu lt o f  the increase in  the d em and  fo r large co n 

ta iner ships o f the size an d  pow er considered  su itab le  fo r 
the successful app lica tion  of nuclear pow er, i t  w as decided 
to  re-design the 1800 con ta iner X  27 k n o t co n ta in er ship. 
T he  relative study  has been pub lished ’3’. T h e  on ly  lim itation  
im posed on  the new  design w as the fixing o f the service 
speed to  27 kno ts and  the num ber o f con ta iners to  1800 20 ft
I.S .O . standard , each w ith  a  stow age ra te  o f  17 tons gross per 
con ta iner. T o  ca rry  the  to ta l cargo  deadw eight, it w as neces
sary  to  increase the d rau g h t to  37 ft an d  the beam  to  105'5 
ft, these being considered as the m ax im um  dim ensions w hich 
w ould  still allow  th e  vessels to  pass th ro u g h  th e  P anam a 
C anal during  all seasons, an d  u n d er a ll cond itions o f  loading. 
F u rth e rm o re , the itin e ra ry  w as ex tended  to  enab le  the 
vessels to  take  fu ll advan tage  o f o ther trad e  ro u tes  over 
w hich it is expected  there  w ill be sufficient g row th  in  dem and 
fo r con ta inersh ip  tonnage during  the  seventies to  w a rran t 
their inclusion there . T h e  m odified itin e ra ry  is th a t show n 
by the chain  do tted  line in  F ig . 3, w hich th e  au th o rs  call 
the G lobal C oncept. T he  po rts o f call en route  a re  S o u th am p 
ton, C ris tobal (fuel only), V ancouver, Y okoham a, Sydney, 
L as  Palm as (fuel), an d  back  to  S o u tham p ton . T h is  trad e  
ro u te  w ould  be com plem ented  by  a  sim ilar service in the 
opposite  d irection . A  second  itin e ra ry  w as also  considered  
as being feasible. T h is la tte r ro u te  w as used  as the basic 
itin era ry  fo r the econom ic com parisons w hich  a re  included  
la ter in  th is paper. T h e  m ain  difference betw een this ro u te  
and  the G lobal C oncep t rou te  is th a t, up o n  reach ing  Sydney 
the vessel re tu rn s  to  S o u th am p to n  by  w ay  o f the po rts  o f 
call on its ou tw ard  journey .

W ith  the foregoing  design restric tions in  m ind , an d  the 
selected itin era ry  to  w ork  fro m , a su itab le  set o f design 
particu la rs  fo r the nuclear vessel a re  as fo llow s:

L eng th , o .a . 
L eng th , b .p .
B eam , m ou lded  .. 
D ep th , m ou lded  .. 
D raugh t, m oulded 
D eadw eigh t 
D isp lacem ent 
Service speed 
S.H .P. (M C R ) 
B lock coefficient ..

8 9 5 0  ft 
850-0 ft 
105-5 ft 

80-0 ft 
37-0 ft

31 400 tons 
59 300 tons 

27 knots 
95 0 0 0 /140  re v /m in  

0-625

* Approximate figure

T h e  design o f  this vessel w as governed  by  certa in  p a ra 
m eters :

1) the vessel w as to  ca rry  1800 20 ft I.S .O . containers;

In  o rder to  be ab le  to  m ake m ean ingfu l econom ic co m 
p arison  betw een nuclear an d  conven tional vessels, a fleet o f  six 
nuclea r pow ered con ta iner ships w as assum ed to  be o p e ra t
ing on the specified itinerary , capab le  o f  tran sp o rtin g  a to ta l 
o f 4-9 m illion  tons o f con ta inerized  cargo  per year. F ro m  
th is in fo rm ation  a fleet o f conven tionally  pow ered  vessels 
w as designed having sufficient size, speed, and  being o f suffi
cien t num ber to  ensure th a t the fleet’s to ta l tra n sp o rt c a p a 
c ity  should  be equal to , o r  g rea te r th an  th a t o f  th e  nuclear 
a lte rnative .
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F i g . 3 — Trade route  fo r  w orld  service

T he chosen en-route  fuelling ports fo r the conventional 
vessels a re  C ristobal and  Y okoham a, w here the present p u b 
lished prices per ton  o f oil fuel a re  1 1 0 /-  and  1 1 6 /8d, giving 
an average price o f 1 1 3 /-  per ton  o f fuel used on the round  
trip  journey . T h is la tte r u n it fuel cost has been used in 
assessing the to ta l opera ting  cost o f the conventional vessel.

In an elfort to  keep the num ber o f conventional pow ered 
con ta iner ships to  a m inim um , and  thus the to tal fleet capital 
an d  operating  costs, it was decided to  m axim ize the size of 
the individual vessels subject to  the lim itations im posed on 
them  by tran sit th rough  the P anam a C anal. T herefo re , as 
the dim ensions o f  the nuclear vessel w ere a lready  a t the 
upper lim its fo r safe tran sit th rough  the canal, these w ere 
used as a starting  po in t in the design o f a 27 kno t conven
tional vessel.

T he  pre lim inary  w eight build-up fo r the conventional 
vessel show ed th a t, a lthough its lightship w eight was less than  
th a t de term ined  fo r the nuclear vessel, it w ould  be un ab le  to  
ca rry  the  sam e cargo deadw eight in  the 1800 containers, 
even though  the required  volum e fo r all these containers 
w ould obviously  be availab le  in the ship. T h is deficit is due 
to  the substan tia l a llocation  o f  deadw eight to  oil fuel c a r
ried o nboard . H ence, based on a gross con ta iner w eight o f 
17 tons the conventional vessel will only  be ab le  to  carry  
1575 con ta iners on  the selected itinerary .

T o  increase the d rau g h t o f the vessel thus giving the 
required  d isplacem ent w as no t though t to  be an acceptable 
solu tion  to  the deadw eight problem , as the stated  d raugh t 
w as a lready  a t the u pper lim it fo r safe transit th rough  the 
P anam a C anal. Also, an increase in block coefficient w ould 
have b rough t ab o u t an  increase in the to ta l pow er requ ire
m ents fo r the service speed o f  27 knots, w ith the results th a t 
both  the vessel’s cap ita l and  operating  costs have been in
creased.

T o  com ply  w ith the requ irem ents o f the fleet concept 
and  fulfil the tran sp o rta tio n  dem and, it w as found  necessary 
to have a conventional fleet o f  seven vessels w hen using the 
1575 con ta iner, 27 k n o t vessel having the sam e principal 
dim ensions and  d isplacem ent as the nuclear vessel.

In  the p resent study  no  a ttem p t has been m ade  to  o p ti
m ize the physical characteristics o f either the conventional o r 
the nuclea r vessels w ith respect to  their individual operating  
econom ics.

I t  has a lread y  been sta ted  in the paper th a t a figure of
4-9 m illion tons per annum  has been taken  as the to ta l annual 
tran sp o rt capacity  available to  the nuclear and  conventional

vessels. H ow ever, this figure is no t m ean t to  rep resen t w h a t 
is considered as the likely share  o f  the co n ta in er m arke t 
w hich nuclear pow er cou ld  com m and  in th e  fu tu re  on  th e  
stated  route, bu t is used m erely to  ac t as a  reasonab le  starting  
point from  w hich the au tho rs  have  m ad e  the ir econom ic 
com parison .

As a basis fo r illu stra ting  the p ro b ab le  com para tive  
econom ics, it has been assum ed th a t the first costs o f the 
nuclear and  conventional vessels a re  app ro x im ate ly  12 8 
m illion pounds and  9-8 m illion pounds. In  the bu ild -up  o f 
the nuclear vessel’s cap ital cost the reac to r p rice  assum ed is 
for the 15th off and  w ould, therefo re , be considerab ly  cheaper 
than  any  unsubsid ized  B ritish p ro to ty p e  reac to r bu ilt today . 
T herefo re , w ith these cap ita l costs the to ta l cost fo r the fleet 
o f six nuclear vessels w ould  be app ro x im ate ly  76 m illion 
pounds and  fo r a fleet o f  seven conventional vessels 65 m illion 
pounds.

TH E ECONOMIC ANALYSIS

T he profitability  criterion  used in th e  fo llow ing econom ic 
assessm ent is the requ ired  shadow  fre igh t ra te  per ton  o f 
cargo necessary to  give zero net p resen t va lue  CNPV) fo r a 
specified d iscount ra te  (R D ); w here zero  N P V  is co incident 
w ith the po in t w here the a fte r-tax  ra te  o f re tu rn  on the p ro 
posed investm ent is equal to th e  specified d iscount ra te .

F u rtherm ore , the shadow  fre igh t ra te  determ ined  as a 
result o f the analysis is no t the sum  th e  sh ipow ner w ould  
charge fo r shipping a particu la r am o u n t o f  goods over a 
fixed rou te , bu t m erely  represen ts th e  p a rt o f the actua l 
fre ight ra te  w hich is determ ined  by  th e  an n u a l opera ting  
profit on the investm ent and  the p a rt o f  th e  to ta l ship 
operating  costs w hich has been considered  in this analysis.

Basic assum ptions
In the  follow ing analysis, accoun t is taken  o f these basic 

assum ptions:
a) both  the nuclear and  conventional vessels operate  

fo r 350 days per year;
b) the nuelear an d  conventional vessels have the  sam e 

itinerary;
c) u tilization  o f  the availab le  cargo  deadw eight is 

know n and  is equal fo r both  alternatives. T h e  u tili
za tion  fac to r Ccargo deadw eight u sed /ca rg o  d ead 
w eight availab le) assum ed in  th e  analysis is taken  
as being equal to  unity;
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d) opera ting  costs per annum  fo r bo th  conventional 
a n d  nuclear vessels are  know n, and  in ou r analysis 
include the follow ing item s:

i) wages and  subsistences;
ii) hu ll and m ach inery  m a in tenance  and  repair;

iii) stores and  supplies;
iv) insurance;
v) overheads an d  m iscellaneous;

vi) p o rt expenses;
vii) canal dues;

viii) fuel cost;
ix) nuclear acc iden t indem nity ;
x) nuclear p o rt hand ling  charges;

Item s (ix) and  (x) app ly  on ly  to  nuclear vessels and  
the sum  included  fo r them  in this analysis is £30 000.

e) the build  tim e fo r bo th  alternatives is th e  sam e;
f) the conven tional vessels consum e oil fuel a t a ra te  

o f 420 tons per day  w ith  a n  associated  average cost 
o f 1 1 3 /-  per ton ;

g) reac to r co re  life is equal to  4 33 years per core:
h) opera ting  life tim e fo r b o th  alternatives is 21'65 

years (equals 5 co re  lives);
j) the fu ll pow er opera ting  days fo r the conventional 

an d  nuclear vessels a re  approx im ate ly  283-1 days 
an d  286-6 days; 

k) nuclear vessel has 34 crew , conven tional vessel 32.

G round  rules fo r  the analysis
T h e  d iscounted  cash flow m ethod  used  in the analysis

has been fo rm u la ted  to take accoun t o f the follow ing
facto rs:

1) equity  cap ita l ... 20 per cen t
2) d eb t capita l 80 per cent
3) deb t repaym en t

period 8 years
4) d e b t  in terested

ra te 6 per cent
5) investm ent g ran t 20 per cent
6) investm ent g ran t

lag in  pay m en t ... 1 year
7) co rp o ra tio n  tax

ra te 45 per cent
8) co rp o ra tio n  tax

lag in pay m en t ... l i  years
9) depreciation  tax

allow ance allow ed on  the cap ita l cost 
o f  the  vessel less the in 
vestm en t g ran t, and  is 
taken  in  fu ll 1 year a fte r 
th e  vessel enters service;

10) opera ting  life tim e 
taken  (21-65 years)

over w hich d iscounting  is

11) scrap  value  (zero)

T H E  ANALYSIS

T he econom ic analysis is based on  the d iscounted cash 
flow technique an d  it is an  extension o f  w ork  recen tly  
carried  o u t an d  p u b lish ed ;(5) it includes the add ition  o f ; 
the effects on  th e  fre igh t ra te  o f ob ta in ing  a  low  in te re s t 
governm en t loan . N o  acco u n t has been  taken  in  this analysis 
o f th e  effects on  the shadow  fre igh t ra te  o f  th e  build ing tim e 
and  the m ethods o f  cap ita l paym ents to  the shipyard .

F reight rate
T h e  requ ired  shadow  freigh t ra te  necessary  to  give ad e

qu a te  a f te r  tax  re tu rn  on cap ital a fte r  allow ing fo r the 
various an n u a l cash flows have been sum m arized  here  below .

R F R  =  (R equ ired  annual operating  profit +  A nnual 
opera ting  costs)/C argo  deadw eigh t X utilization  
fa c to r  X num ber o f ro u n d  tr ip s  per y ear X  
n u m b er o f cargo  carry ing  voyages per round  
tr ip . (1)

In  (1) the net annua l cash  flow fo r th e  level o f profit 
requ ired , represen ts A rajn given by G oss on page 350 of 
reference  (5). T h is  is derived, ignoring th e  scrap  value o f the 
vessel, as fo llow s:

N P V  =  P V  o f  tax  allow ance on deprecia tion  +  PV  
investm ent g ran t — cap ita l cost +  P V  o f loan 
repaym en t +  PV  o f net an n u a l cash flow. (The 
effect o f tax a tio n  is taken  w hen applicable) (2) 

R e-w riting  this equation  in algebraic  fo rm  we have :
N PV  =  C o (l - G N ) t  (1 +  R D) “  (lt +

+  C o .G n  (1 +  R D) “ ’i -  CO 

X .C o ( N - ( 1 + R d )-n  / 1 - ( 1 + R d )-n  r
+  I T  (N - [ R d  +  ™  (  R D L R ^ N  +  »

R l "1 N .R l \  I |

-r-d<i+ H +s^<1+Rd)'n)J! +a
x  [ , ( i + R dH ] [ h ™ . ]

E quating  (3) to  zero and  then  re-arrang ing  term s, we are 
ab le  to  find the m in im um  value o f A , ie A mln.

A min =  C o T  1 -  (l-G N )t(l +  R D)-Ct+I) +  G n  (1 +  R D)->j

-fe<'+H +N̂ ,,+R“,-N)]!]/
( [ , , , , + R d, , ] h ™ )

H aving  found  A mln fro m  (4) w e can  now  use th is value 
in  equation  (1) in o rder to  calcu late  th e  R equ ired  Shadow  
F re igh t R ate .

. A m)I, +  A nnual O pera ting  C osts
i.e. R r R  =  --------------------------------------------------

D w t X U f  X R T /Y r  X K
W here C o =  C ap ita l cost

G n =  Investm en t g ran t as a frac tion  o f the 
cap ita l cost

X  =  L oan  am o u n t as frac tio n  o f cap ita l cost 
N  =  L o an  rep ay m en t period  
R l =  L oan  in terest ra te  per annum  
R d =  D iscoun t ra te  
t =  T ax  ra te  (fraction)
1, =  L ag  in paym en t o f tax
1, =  L ag  in  paym en t o f  investm ent g ran t
n =  L ife  o f vessel
U f  =  U tilisa tion  fac to r 
R T / Y r =  N um ber o f ro u n d  tr ip s  per year 
A  =  N e t annua l cash flow 
D w t =  C argo  deadw eight 
K  =  N u m b er o f cargo  carry ing  voyages per 

ro u n d  tr ip
T h e  an n u a l opera ting  costs, excluding the cost o f fuel, 

fo r th e  nuclear and  conventional con ta iner ships, used by  the 
au tho rs  in their analysis, a re  0-547 m illion  pounds and  0-454 
m illion pounds respectively. T he  fuel costs used fo r both 
types of vessel a re  show n in F ig . 4 w here th e  effects o f  the 
d iscount ra te  on the cap ita l in tensity  o f nuclear fu e l cost can  
be seen.

F ig . 5 show s the resu lts o f  the econom ic com parisons 
ob ta ined  by using the analysis m ethod  given earlier. In  this 
figure the cross-over p o in t o f  the tw o u p p er lines illu stra te  
tha t, on ly  w hen d iscoun t ra tes in  excess o f  9 per cen t a re  
reached  does the conven tional vessel show  any  rea l advan tage  
over the nuclear a lte rnative . F u rth e rm o re , on  th e  assum ption  
th a t fu tu re  advances in  nuclea r fuel technology  a n d  fuel cell
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F ig . 4— E ffec ts o f  d iscount rates on annual fu e l cost and  
associated part o f  the shadow  fre igh t rate

price o f fue l oil. T o  clarify  the p rev ious rem arks an  exam ple 
is g iven : a conventional vessel— the au th o rs  have used the 
cap ital cost sta ted  earlier in the paper, then  from  Fig. 6 a t 
7 per cen t d iscount ra te  they  have  o b ta in ed  a  p a rt shadow  
F re ig h t R a te  (FR 1) o f app ro x im ate ly  £ 0 '7 6 /to n , determ ined 
by the requ ired  level o f opera ting  p rofit, an d  using the to ta l 
operating  cost, again  already  sta ted  in  th e  p ap er fro m  F ig . 7 
they have ob ta ined  the p a rt o f th e  S hadow  F re ig h t R a te  (FR 2) 
o f approx im ate ly  £1 -59 /ton  w hich is de te rm ined  by this cost. 
A dding these tw o p a r t F re ig h t R ates together (FR 1 +  F R 2) 
this results in  the Shadow  F re ig h t R a te  o f approx im ate ly

o f a 
reduction in 

fuel cost

2 3 0
7  8  9  10

Discount rate ,RD,per cent 
(N P V = 0 )

F ig . 5— Shadow  fre igh t rate com parison betw een conven tiona l 
and  nuclear pow ered  container ships

2 4 5

m anufac tu ring  techniques w ill bring  ab o u t a per cent 
reduc tion  in the existing nuclear fuel costs, then a  fu r th e r 
reduction  in  the Shadow  F re igh t R a te  of the nuclear vessel 
is possible.

T h e  effect o f  this reduction  on the ra te  is show n by the 
low er cha in  do tted  line in Fig. 5, w here the cross-over po in t 
a t w hich the conventional vessel begins to  show  som e ad v an 
tage over its nuclear a lte rnative  is a t ab o u t the 11 per cen t 
d iscoun t level, w hich w ould  be considered, fo r m ost shipping 
ventures, to  be an  ex trem ely  fa ir  re tu rn  on invested cap ita l. 
(T hese high ra tes o f  d iscount a t the cross-over points given 
in Fig. 5 a re  liable to  v a ry  depending on the various cost 
assum ptions m ade in  the econom ic analysis.)

I f  it should be considered th a t the cross-over points 
show n a re  som ew hat high, th e  facility  has been prov ided  in 
the p ap er w hereby  those w ho a re  in terested  in the app lica
tion  o f nuclear pow er to m erchan t shipping can  m ake their 
ow n assessm ents as to  the valid ity  o f the au th o rs’ statem ents.

T o  be ab le  to ca rry  o u t this assessm ent fo r differing 
cap ita l an d  opera ting  costs th an  those used in the present 
s tudy  th e  au tho rs  have supplied Figs. 6 and  7 w hich show  the 
effects o f those costs on the Shadow  F re igh t R a te  over a 
range o f  d iscount values. F u rth erm o re ,, F ig. 8 show s the 
effects on this ra te  due to  an  increase o r reduction  in  the

0-75 1-501-00 125
Total operating cost p e r annum, £ /]Q f'

F ig . 7— The p a rt o f  the shadow  fre ig h t rate a ffected  by  the  
to ta l operating  cost I a n n u m  fo r  bo th  conven tiona l and  nuclear

vessels

<  0-7

o o-6

0 4

0-7

£/10

TtO 11 
C apita l cost, Co

7 - 0
Q O 
$  
u? 

0-9 >

0-6

O S

F ig . 6— E ffect o f  capita l cost and  d iscount rate on required  
annual operating  profit and  shadow  fre ig h t ra te ( f , l )
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be carried  below  deck w ith the possibility  th a t the increased 
prem ium  w ould  no t apply . T h e  fac t th a t the hatch  covers 
are no longer load  bearing  un its  com pensates in  p a rt for 
the increase in steelw eight due to the trunk .

T he  basic design an d  construction  o f  the vessel, except 
in w ay o f the reac to r com partm en t, is in accordance w ith 
m odern  con ta iner ship p ractice , the  profile an d  ou tline section 
of the vessel a re  illu stra ted  in  F ig . 9.

Fig. 9 show s:
a) the tru n k  w hich ru n s the fu ll length  o f th e  cargo 

holds; this tru n k  houses the con ta iners no rm ally  
held on deck;

b) the  m ooring  deck a f t  w hich h as been sited on the 
m ain  deck;

c) the a rrangem en t o f con ta iner stow age can  be seen 
in ho ld  3 on the sectional profile, the u pper four 
con ta iners a re  supported  on  a  ra f t  from  the co n 
tainer guides. F o rw ard  of N o. 1 ho ld , there  is a 
sm all general cargo  hold; there  a re  no  cargo 
handling  cranes ap a rt from  tw o stores cranes ab a ft 
the superstructu re ;

d) fo rw ard  an d  a f t o f the con ta iner holds there are  
trim m ing tanks; heeling and  ballast tanks a re  fitted 
in the side double hull. Passive-type tank  stabilizers 
a re  fitted fo rw ard  an d  a f t o f ho ld  N o . 3. T hese 
extend across the  beam  o f the ship and  can  be used 
together o r singly depending on the loading o f the 
vessel.

A ccom m odation  is situated  tw o-th irds a ft, and , due to  
the high u tiliza tion  o f the vessel is fitted  o u t to  the highest 
standard . A sw im m ing pool is sited on the m ain  deck a ft.

Fig. 10 shows the body p lan and  endings, w hich have 
been designed w ith the co -opera tion  o f th e  V ickers E x p eri
m en t T an k  a t St. A lbans. T h e  salient fea tu res  o f the hull are 
the absence o f sheer fo rw ard , the p ro n o u n ced  flair and  
knuckle a t the fo rw a rd  end  and  a tran so m  stern  w hich h as 
been ad o p ted  to  p rov ide a  u sefu l m ooring  deck a f t  an d  to  
keep the overall length o f  the vessel to  a m in im um . A  single 
sem i-balanced ru d d e r h as been adop ted ; fro m  experience, 
th is in s ta lla tion  has been p roved  to  be the best fo r this type  
o f hull. A  transverse p ropulsion  u n it h as  been in co rp o ra ted  
a t the fo re  end  o f  the vessel to  aid  m an oeuv rab ility  in  co n 
fined w aterw ays.

Shaft horsepow er estim ates have been m ade fro m  d a ta  
availab le  w ith in  the V ickers Shipbuild ing  G ro u p . F ig . 1 i 
shows a curve o f service shaft horsepow er. T w o six b laded  
21-5 ft d iam eter propellers have been selected in view  o f th e  
high installed  shaft horsepow er.

T he  ship w ould  be built in acco rdance  w ith th e  h ighest

F ig . 9— N uclear pow ered  container ship 1800 20 fe e t  X  8 fe e t  X  8 f t  I.S .O . containers, 850 f t  l.b .p .
X  105'5 f t  beam  X  37 f t  draught

F ig . 8— C hange in shadow  fre igh t rate (f ,2) due to  a percen t
age increase or reduction  to  the annual fu e l cost

£2‘3 5 /to n , equ ivalen t to th a t given in Fig. 5 for the conven
tional vessel a t 7 per cent d iscount ra te .

I t has a lready  been sta ted  earlier in the paper that, 
should  an im provem ent o f 7 |  per cen t reduction  in nuclear 
fuel costs com e ab o u t then, there  w ould be an associated  re 
duction  in the Shadow  F re igh t R ate  fo r the nuclear vessel. 
T hen , from  Fig. 8 on a 7 per cen t d iscount ra te  a t this red u c
tion in fuel cost the ap p rox im ate  reduction  in the Shadow  
F reigh t R a te  can be read  off, w hich is ab o u t £0056  per ton 
o f cargo. T his should  correspond  w ith the Shadow  F re igh t 
R ate  difference betw een the full and  chain do tted  lines shown 
in Fig. 5 fo r the nuclear vessel.

TH E NUCLEAR CONTAINER S H IP
T he insurance com panies a re  becom ing increasingly  co n 

cerned  w ith th e  num ber o f claim s th a t they  have to  m eet due 
to  dam age to  deck containers, their con ten ts, and , no t in 
frequently , to  the com plete  loss o f the con ta iner, due to  the 
vu lnerab ility  o f  deck con tainers . A lthough  the num ber o f 
claim s on cargo dam age has fa llen , the sum s involved have 
risen sharp ly  w ith con ta ineriza tion , and  fo r this reason , the 
insurance com panies a re  giving consideration  to  a general 
rise in p rem ium s fo r all con ta inerized  cargoes.

An innovation  has been in troduced  in to  the au th o rs’ 
co m p an y ’s latest design w hereby  all the containers are 
stow ed under deck. W ith the proposed arrangem ent, the 
shipow ners cou ld  give a guaran tee  th a t all con ta iners w ould
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F ig . 10— N uclear pow ered  container ship body plan and endings, 850 f t  l.b.p., 105 f t  6 in beam  m id, 37 f t  draugh t m id  
too 000-i

|  9 0 0 0 0

I

5 80 000

1
o
t  7 0 0 0 0  
CO

60  0 0 0
24 25

Length b.p. 850 ft  0 in 
Beam m/d /0 5 ft  6in 
Draught m /d 37 f t  0 in 
Displacement 593 0 0  tons

2826  27  
Service speed, knots

F ig . 11— N uclear pow ered  container ship

requirem ents o f L loyds R egister, B ritish B oT , the 1960 In te r 
national C onvention  fo r Safety  o f L ife  a t Sea, and  the a p p ro 
pria te  C ana l and  P o rt A u th o rity  regu lations.

A p art from  the requirem ents specified in  L loyds P ro 
visional R ules fo r N uclear Ships, the nuclear vessel w ould  be 
of sim ilar construction  to a  conven tional vessel. I t  is neces
sary, how ever, to  p ro tec t the con ta inm en t com p artm en t over 
its length plus a  m arg inal length a t each  end.

C ollision barrier
T he collision barrier, w hich form s the con ta in m en t p ro 

tection, has been described in  earlier papers (I' 2' 3' *’ 5). F ig. 12 
shows the m ethod  o f p ro tec tion .

P LA N
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REACTOR CONTAINMENT AND SU PPO RT
T he co n ta in m en t struc tu re  is the vessel o r ship co m p art

m en t con ta in ing  the reac to r an d  p rim a ry  circuit, an d  it is 
necessary, in the pressurized w ater reac to r being considered 
in this study, to  use a separa te  p ressu re  vessel fo r this c o n 
ta inm en t structu re , due to  the ca lcu la ted  m axim um  accident 
p ressure being higher th an  could  be susta ined  by the bo u n d 
a ry  s tru c tu re  o f a  sh ip’s com partm en t, unless i t  w as co n 
structed  w ith  im practical scantlings.

In  their calculations fo r the acciden t pressure, the 
au thors assum e a sim ultaneous release o f the con ten ts o f the 
reacto r pressure vessel in to  the co n ta in m en t volum e, i.e. the 
p rim ary  circuit an d  som e o f its  secondary  circuit, together 
w ith any  consequential exo therm ic chem ical reac tion . A s an  
exam ple, the  con ta inm en t s truc tu re  o f the vessels described 
later in  this pap er are  to  be capab le  o f w ithstanding  a  p res
sure an d  re su ltan t tem p era tu re  in  th e  o rd e r o f 400 lb / in 2 a t 
450°F  (240°C) w ith o u t an y  fo rm  o f p ressure suppression.

A s a  fu r th e r req u irem en t the co n ta in m en t s truc tu re  m ust 
no t be subjected , as fa r  as possible, to  h u ll stresses, an d  it 
should  be su ppo rted  in  such a  w ay th a t severe local dam age 
m ay be sustained  by the sh ip ’s bo ttom , w ithou t p rejudicing 
the su p p o rt o f the reac to r an d  its re la tive  position  in  the 
ship.

T o  m eet these requ irem en ts it  is p roposed  to  suspend 
the co n ta in m en t vessel by m eans o f a  conica l skirt, as illus
tra ted  in Fig. 12. T h is p articu la r design o f con ta inm en t sup 
p o rt s truc tu re  has been subject to  a  p a ten t by the au th o rs ’ 
com pany .

T he reac to r w ill be suppo rted  w ith in  the con ta inm en t 
vessel by m eans o f  a  sim ilar su p p o rt system .

In  o ther designs. Savannah , O tto  H ahn  and  M utsu , the 
con ta inm en t is suppo rted  fro m  th e  doub le  b o tto m  w hich is 
specially re in fo rced  to  take  the load . T h ere  are  tw o d isad 
van tages in the doub le  b o tto m  m eans o f support, i.e., firstly, 
it is difficult to  iso late  the con ta inm en t su p p o rt fro m  the 
bending o f the hu ll unless som e fo rm  o f sliding su p p o rt is 
used and , secondly, it is necessary  to  m o u n t the con ta inm en t 
on a  bridge s tru c tu re  above the b o tto m  o f  th e  vessel to 
com ply  w ith L lo y d ’s R ules in  respect o f the vessel g rounding  
w ith the b o tto m  p la ting  being dam aged . T he  effect o f the 
local hull stiffening to take the ad d itiona l w eight gives rise 
to h igh  shear forces in  w ay  o f  th e  reac to r com partm en t. I f  
the ship is considered as a  beam , concen tra ted  loads a re  m ost 
econom ically  in troduced  in to  the s truc tu re  via transverse 
bu lkheads an d  are  tran sm itted  thence to the sides o f the ship 
as shear forces, this m ethod  has been ad o p ted  in  th e  p ro 
posed schem e. S u p p o rt by  m eans o f  th e  conical sk irt fro m  
the bu lkheads no t on ly  rem oves the points o f suppo rt o f  the 
con ta inm en t vessel fro m  th e  im m edia te  v icin ity  o f  regions 
liable to  g round ing  o r collision dam age, b u t also takes the 
load  p rim arily  by d irect o r m em b ran e  stresses resu lting  in  a 
stru c tu re  of m in im um  w eight o f a  given load .

T he  con ta inm en t leak  ra te  m ust be k ep t below  a m ax i
m um  allow able lim it determ ined  by th e  classification society. 
L loyds P rovisional R ules qu o te  a  ta rg e t figure o f 1 per cent 
in  24 hou rs  o f the free  vo lum e o f  gaseous con ten t in  the 
con ta inm en t vessel w ith  all m ach inery  installed .

NUCLEAR REACTOR AND PR O PU LSIO N  MACHINERY
N uclear reactors

T h ere  have been a num ber o f p roposals from  tim e to  
tim e for. nuclear reacto rs fo r ship p ropu lsion . T hese have 
varied  fo r exam ple fro m  the d irect app lica tion  o f the land- 
based n a tu ra l u ran iu m  gas-cooled  g raph ite -m odera ted  reac to r, 
as used fo r pow er genera tion , th rough  pressurized  w ater, 
boiling w ater, o rgan ic  and  heavy  w ater reacto rs (#' ’• *• *• 10>.

T h e  situa tion  w as sum m arized1” ’ in  1964 and , follow ing 
its conclusions, the U .K .A .E .A . has developed its p resen t p ro 
posals fo r the In teg ra l B urnab le  Poison P ressurized W ater 
R eac to r (B PW R ).

T h e  choice o f the P ressurized W ate r R eac to r is influ
enced by the m ass o f experience available; a ro u n d  70 per

cen t o f land  based reac to rs  a t  p resen t o p era tiona l a re  either 
the n a tu ra l u ran ium  gas-graphite  type o r light w ater-cooled  
a n d /o r  w ater m odera ted . T h e  first o f these is, how ever, too 
bulky fo r sh ipboard  use. T h e re  a re  tw o p rincipal sub-div i
sions o f the ligh t w ater system , i.e., boiling an d  pressurized 
w ater. P ressurized w ater reac to rs  a re  com parative ly  insensi
tive to  inertia  forces w hen com pared  w ith  the boiling w ater 
type, and  a re  inheren tly  stab le . T he ir reac tion  to tem pera tu re  
increase is such th a t the reac to r tends tow ards a sta te  o f 
n eu tro n  balance sim ilar to  the in itia l sta te . T h is ind ica ted  
p robab le  su itab ility  o f th e  pressurized  w ater reac to r is co r
ro b o ra ted  by its un iversal choice fo r use in naval vessels. 
A  recen t c o u n t(E) show ed 160 o f  these reac to rs  to  be in 
service, and  they  a re  used  in  all fo u r o f the nuclea r pow ered  
non -nava l vessels i.e., L en in , Savannah, O tto  H a h n  and  
M u tsu . T he  Pressurized  W ater R eac to r is com pact an d  has 
a high pow er density . I t  is responsive to  change in pow er 
an d  has a  com parative ly  sim ple m ateria ls  technology. T he 
cap ita l costs a re  rela tively  low a lthough  the ab so rp tio n  of 
neu trons by the hydrogen  in the w ater is high, an d  enriched 
fuel is th ere fo re  required .

T he  design o f in tegral PW R  th a t is p roposed  has been 
developed by the U .K .A .E .A . to  cover the pow er ran g e  up  
to  a h ea t o u tp u t o f ap p rox im ate ly  320 M W . T h e  in tegral 
a rrangem en t requires an  increase in the size o f p ressu re  vessel 
to  accom m odate  th e  ad d itio n a l equ ipm ent, bu t th e  e lim ina
tion  o f separa te  hea t exchangers and  p rim ary  c ircu it p ip e 
w ork, and  possibly also  th e  separa te  p ressurized vessel, i.e. 
the  O tto  H ahn  re a c to r(13), results in the fo llow ing ad v an 
tages :

a) chance o f  loss o f  p rim ary  co o lan t by  fa ilu re  o f  large 
bore  h igh  pressure p ipew ork  is e lim inated  as there  
is only  sm all bo re  pipew ork;

b) should  a leak  develop, there  is increased  tim e avail
ab le  to  tak e  corrective ac tion  befo re  the core  is 
uncovered  because th e  reac to r vessel con ta ins m ore 
coo lan t;

c) hea t rem oval by n a tu ra l c ircu la tion  is fac ilita ted  by 
m oun ting  th e  an n u la r boiler, o r hea t exchanger, 
higher th an  the core . N a tu ra l c ircu la tion  w ill be 
ad eq u a te  fo r the rem oval o f decay  heat;

d) in  the U .K .A .E .A . design the risk  o f fa ilu re  o f the 
reac to r p ressure vessel is reduced  since the p en e tra 
tions fo r steam , feed an d  o th er services a re  taken  
th rough  a co llar betw een th e  h ead  a n d  barre l flanges 
o f the pressure vessel, resu lting  in  sim pler design 
an d  fab rica tion ;

e) rad ia tio n  dam age to  the pressu re  vessel w alls w ill 
be less as, due to the larger size o f vessel, they  are  
fu r th e r from  the core;

f) th e  w hole p rim ary  c ircu it can  be fab rica ted , tested  
and  assem bled u nder clean w orkshop  conditions 
and , p rov ided  sufficient craneage is availab le , in 
stalled  as a  com plete  un it, requ iring  on ly  aux ilia ry  
connexions.

T h e re  are , how ever, som e disadvantages. S ince the 
U .K .A .E .A . design o f in teg ra l reac to r vessel lid carries the 
p rim ary  pum ps in ad d ition  to  the u sua l con tro l ro d  m echan 
isms, its design an d  fab rica tio n  is m ore  com plica ted  th an  fo r 
dispersed types. I t  is possible, how ever, to  m o u n t the pum ps 
on  the body  o f th e  reac to r vessel. T h e  larger size o f p ressure 
vessel resu lts in  heav ier fab rica tions fo r  a given pressure. 
F u rth e rm o re , space above th e  core inside the bo iler ring  is 
largely  w asted  and  the increased  heigh t o f  the vessel requires 
longer opera ting  shafts to  th e  co n tro l ro d s w ith possible 
v ib ra tion  prob lem s. T h ere  is m ore  sto red  energy to  be re 
m oved in the event o f loss o f coo lan t. T hese  d isadvantages 
tend to  lim it the u pper size o f  in teg ra l reac to rs  to  a therm al 
pow er of ab o u t 320 M W  w hen steel reac to r p ressu re  vessels 
a re  used.

U.K.A .E.A . BURNABLE POISON PR ESSU R IZE D  W ATER REACTOR
Figs 13 and  14 show  the reac to r p ressure vessel, co n 
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tain ing the p rim ary  circu it i.e., core, heat exchanger and  
pum ps. I t  is installed w ithin a  cylindrical con ta inm en t shell 
located  w ith in  the reac to r com partm en t. T he  reac to r vessel 
is supported  on a  sho rt sk irt w elded to the vessel barrel 
flange. Betw een the lid and  barre l flanges is a  co llar through 
w hich pass the steam  and  feed pipew ork and  o ther w ater and

The arrows denote the flow o f the p rim ary c ircu it within the reactor vessel

through heat ex-1) Control mechanisms
2) Primary pump
3) Pre-tensioning assemblies
4) Steam main
5) Core support structure
6) Tube plate
7) H eat exchanger collar

F ig . 13

8) Helical once 
changer

9) Support skirt
10) Feed water main
11) Reactor vessel
12) Thermal shields
13) Fuel assemblies
14) Core support grid

-T h e  m arine b.p.w .r.

ven t connexions. T he co n tro l m echanism s a re  connected  to 
the con tro l rods in  the reac to r core. L ong  bolts passing 
th rough  the flanges clam p the lid  to  the  barre l.

T he core consists o f a num ber o f hex ag o n al assem blies. 
E ach  o f these con tains the requ isite  n u m b er o f fuel pins and  
burnab le  poison pins. T he  pins com prise  sealed hollow  tubes 
of stainless steel o r z ircalloy  con ta in ing  the u ran iu m  oxide 
pellets (fuel) o r the bo ron  zircalloy  pellets (bu rnab le  poison). 
S urrounding  the core are  the therm al shields. T he annu lar 
once-through  hea t exchanger is located  ab o v e  the  core w ith 
the con tro l m echanism  extensions passing th ro u g h  its cen tre . 
T h e  hea t exchanger has tw elve groups o f  coils in paralle l, 
these a re  g rouped  to  fo rm  fou r separa te  boilers w hich can 
be independently  contro lled .

T he  m ain  reac to r param eters  a re  as fo llow s:
1) no rm al p rim ary  pressure 145 b (2100 lb / in ' abs)
2) p rim ary  design pressu re  173 b (2500 lb / in 2 abs)
3) secondary  steam  pressure 4 1 4  b (600 lb / in 2 abs)
4) superheat 50°C  (90°F)
5) feed w ater tem p era tu re  165°C (330°F)
H ea t generated  in the reac to r core  is tran sfe rred  to the 

boilers by m eans o f the p ressurized w ater c ircu la ted  by the 
p rim ary  pum ps. T he  d irection  o f  flow is show n by the arrow s. 
H o t w ater from  the core rises up  the cen tre  o f  the boiler 
and  is c ircu lated  dow nw ards over the boiler tubes; the cooled  
w ater then  re-en ters the core  a t the bo ttom , thus com pleting  
the p rim ary  circuit.

L a yo u t
Fig. 15 show s the in tegral reac to r an d  its auxiliaries 

situated  fo rw ard  o f the m achinery  spaces on  its ow n com 
p artm en t w hich extends from  the doub le  b o tto m  th rough  
the m ain  deck to  the deckhouse above. In  th e  to p  o f the 
deckhouse there  is an  access ha tch  used  during  re-fuelling  
and  during installa tion . A  cofferdam  isolates th e  reac to r 
com partm en t from  the fo rw ard  cargo  spaces. C ollision  b a r
riers a re  situa ted  betw een th e  reac to r com p artm en t a n d  the 
sh ip’s side. A ft o f the reac to r co m p artm en t is th e  engine 
room  con tain ing  the p ropu lsion  m ach inery  an d  the aux ilia ry  
m achinery  an d  services. T h e  con tro l ro o m  is located  above 
an d  a t the fo rw ard  end o f th e  m achinery  space.

Propulsion m achinery
T u rb in e  stop  valve steam  conditions are  4 0 4  b (585 

lb /in 2 abs) 299°C  (570°F). T he  m ain  m ach inery  consists o f 
tw o sets o f tw o cylinder cross-com pound steam  turbines. 
E ach  set drives a single fixed p itch  propeller via double 
helical, single tandem , double reduc tion , a rticu la ted  gearing. 
T he  steam  conditions are  low er th an  those in  cu rren t use on 
conventional ships; how ever, there  is am ple  recen t experience 
of tu rb ine design fo r these conditions a lready  in m arine and  
land based p lan t. L ow  stop  valve steam  tem pera tu re  has 
som e advan tage  in th a t it  enables w ork ing  to h igher stresses 
w hilst m ain tain ing  the usual safety  fac to rs. In  the L .P . 
cylinder, there is an  in tegral cen trifugal-type  w ater separa to r 
w hich m ain tains the steam  w etness a t a  to lerab le  level in  the 
later stages o f the L .P . tu rb ine . T he  steam  a t the exhaust end 
o f the tu rb ine  is, how ever, w etter than  in  cu rren t conven
tional p ractice. T he astern  tu rb ine  is a t the fo rw ard  end  of 
the L .P . tu rb ine . E ach  tu rb in e  cylinder drives a single 
p rim ary  p in ion  th rough  m em brane-type flexible couplings. 
Slung beneath  th e  L .P . tu rb in e  is th e  condenser w hich also 
accepts the discharge from  the tu rb o  a lte rn a to rs . Scoop c ircu 
lation  is em ployed and  w hen the speed of the vessel falls to 
a p redeterm ined  value, o r du ring  m anoeuvring , the auxiliary  
c ircu lating  pum p is au tom atica lly  started .

T he  proposed  ship hav ing  only  a single reac to r is re 
qu ired  to  c a rry  an  em ergency ‘get you  hom e’ propulsion  
system . T h e  possible a lternatives a re  an  aux ilia ry  oil-fired 
boiler o r D iesel-electrical drive. T he  la tte r is selected as it is 
m ore com pact an d  econom ic. T he  em ergency electric p ro 
pulsion m o to r drives th e  H .P . p in ion on th e  gearing.
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F eed system
T he once-th rough  boiler requ ires very  high p u rity  feed 

as there  a re  no steam  drum s and  blow  dow n is n o t possible. 
T he feed system  is th ere fo re  designed to  elim inate  im p u ri
ties as fa r as possible, the p rinc ipal unusua l fea tu re  being 
the in sta lla tion  o f a w ater trea tm en t p lan t in  the m ain  feed 
line.

Fig. 16 show s a  feed system  including a p lan t o f  the 
pow dered resin type. T h e  rep laceab le  candles o r cartridges a re  
designed to  last a  com plete  voyage; they  can be rep laced  d u r
ing cargo handling . T h e  w ater trea tm en t p lan t is situated  
im m ediately  befo re  the L .P . hea te r due to  tem p era tu re  lim ita 
tions although  recen t developm ents w ith the pow dered  resin 
type o f bed m ay  p erm it it to  be placed fu rth e r dow nstream  in 
regions o f higher tem pera tu re . D ra in s a re  a rran g ed  as fa r as 
possible, to  discharge in to  th e  feed system  u pstream  of the 
resin bed. A second, sm aller resin bed is situated  in the m ake
up  w ater line from  the evapora ting  an d  distilling p lan t. In  
o rder to  he lp  m ain ta in  the pu rity  o f the feed an d  also to 
p ro tect the pow dered resin bed from  chlorides, even a  sm all 
q u an tity  o f w hich could  sa tu ra te  th e  bed, doub le  tube  plate 
condensers a re  fitted.

Fig. 17 illu stra tes a second fea tu re  o f  th e  steam  and  
feed system s w hich is the com bined  s ta rt u p  c ircu it and  dum p 
facility.

REACTOR SERV ICES

T h e  reac to r aux ilia ry  system s a re  m ain ly  located  in  the 
reac to r co m p artm en t outside the con ta inm en t. T he  principal 
exception  to  th is is the p ressurizing system , w hich is located 
w ithin the con ta inm en t. T he  auxiliaries p rov ide essential su p 
p o rt to  the reac to r to  enable  it to func tion  re liab ly  and  
correctly . F ro m  the o p e ra to r’s po in t o f view  they  are  p ro b 
ab ly  o f g rea ter in terest than  the reac to r itself. T he  principal 
aux iliaries a re :

a) pressurizing system;
b) p rim ary  pressure relief circuit;
c) pu rifica tion  circuit;
d) ven tila tion  system;
e) shield w ater system;
f) aux ilia ry  cooling system;
g) em ergency decay hea t rem oval system;
h) reacto r services;
i) sam pling system;
j) active w aste system;
k) safety  in jection  system .
Fig . 18 show s a  sim plified b lock flow d iag ram  o f the

reac to r p lan t su p p o rt system s and  their in terconnexion .

I) Pressurizer
T h e  surge line o f the pressurizer is connected  to  the 
in le t o f the reac to r system  pum ps. T h e  sp ray  line runs 
fro m  near the co o lan t p um p  ou tle ts . E ffectively the 
system  is an  e lec trode boiler an d  has tw o principal 
fu n c tio n s :

i) to  m ain ta in  sufficient overpressure on  the p rim ary  
w ater to  p reven t bu lk  boiling in the  system ;

ii) to  ab so rb  p rim ary  system  volum e changes during 
pow er dem and  changes w ith o u t excessive v a ria 
tion  in the system  pressure o r exceeding the p lan t 
design pressure.

II) P rim ary pressure re lie f circuit
T w o sets o f pow er-opera ted  relief valves an d  coded 
safety  valves a re  p rov ided  on  the pressurizer to  p ro 
tec t against large pressure surges an d  fa ilu re  o f the 
pressurizer sp ray  system  to opera te . T h e  re lief valves 
o pera te  au tom atica lly  on  recep tion  o f a p ressure signal 
a n d  opera te  a t a  low er setting th an  th e  coded  valves. 
T he  relief valve thus reduces the opera ting  frequency
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F ig . 16— O nce through b.p.w .r. nuclear pow ered  container sh ip  secondary p lan t ”w arm  u p ” diagram

of the coded valves. In  o p era tion  it is m ost unlikely 
th a t either the relief valves o r the coded  valves are 
called upon  to  op e ra te  fo r overp ressu re  p ro tection . 
T he relief valves m ay  be ac tua ted  m anually  from  the 
con tro l sta tion . S team  and  w ater d ischarged  from  the 
pressurizer re lief an d  safety  valves pass to  the p res
sure re lief tank  w hich is located in the con ta inm en t 
struc tu re .

I l l )  Purification circuit
T he m ain  du ty  o f the purifica tion  system  is to  estab 
lish an d  m ain ta in  the w ater p u rity  in  the p rim ary  
c ircu it by the rem oval o f co rrosion  p roduc ts  an d  u n 
w anted  con tam inan ts , the ad d ition  o f co rrosion  in 
h ib ito rs, an d  the ad d itio n  o f hyd roxy l fo r p H  con tro l. 
T h e  system  also provides fo r th e  in itia l filling o f the 
reac to r p rim ary  c ircu it an d  fo r th e  co n tro l o f the

1 M ain feed valve
2 Pressure relief valve 

with reservoir
3 C ontrol valve (main

tains press, stm, genr, 
at 600 lb /in2a max.

4 Stop valve
5 M anoeuvring valve
6 Valve to m aintain flow 

in main steam at min. 
of 10 per cent

7 Level control valve
8 Pressure control valve 

135 lb /in2
9 Spray desuperheater 

valve
10 Level control valve
[ 1 Stop valve
12 Stop valve
3 Pressure reeulating 

valve (maintains down 
stream press, at 130 
lb /in2
Pressure regulating
va've
Pressure regulating 
valve
Air eiector stop valve 
S*on va’ve 
Stoo valve 
S»on va’ve 
Stoo va’ve 
Non-return valve

F ig . 17— T w in  screw  container vessel nuclear pow ered  steam  and  fe ed  flow  diagram  95 000 s.h.p.
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1) Sea/fresh water cooling module
2) Shield tank
3) Containment air cooler
4) Primary fluid circulating pumps
5) Pressuriser
6) Regenerative heat exchanger
7) Pressure relief tank

A u x ilia ry  cooling water

8) Vents and drains system
9) Purification water plant

10) Demineralized water plant
11) Demineralized water requirements
12) Ships fresh water supply
13) Primary water storage tanks
14) Liquid waste system

15) Gas waste system
16) Discharge to shore facilities
17) Other active waste sources
18) Vents and drain sources
19) Discharge to atmosphere
20) Coolant sample analysis
21) Coolant samples from other

F ig . 18— D iagram m atic arrangem ent o f  auxiliary circuits

w ater volum e in the circuit by add ition  or rejection  
o f w ater, the need fo r volum e changes being sensed 
by the pressurizer level contro ls. L eakages in the 
system  indicated  by a change o f pressurizer level are 
m ade up  by the purification system . Facilities are  p ro 
vided to  enable  decay hea t to  be rem oved by the 
system  bo th  on  cooling dow n o r during refuelling 
activities. T he  system  also provides a m eans of p res
sure and  leak testing o f the p rim ary  p lan t and  the 
checking o f safety  valves. In  norm al operation , p u ri
fication and  clean-up  o f  the p rim ary  circu it takes place 
by m eans o f feeding and  bleeding the w ater from  the 
reacto r vessel. T he  system  consists o f a high pressure 
section located  in the reacto r con ta inm en t and  a low 
pressure section located  in the reacto r com partm en t 
im m ediately  outside the con tainm ent.

IV ) V en tila tion  system
T he duties o f the system  a r e :

i) to cool the con ta inm en t air;
ii) to supply  filtered a ir a t a specified tem pera tu re  

to  the reac to r com partm en t and  ancillary  room s;
iii) to  purge the con ta inm ent volum e p rio r to and  

during personnel access fo r m aintenance, inspec
tion and  refuelling to  reduce gaseous activity;

iv) to bleed the con ta inm en t volum e, should there 
be a leak in the p rim ary  circuit, through a  c lean
up  p lan t to  rem ove all particu la te  activ ity  before 
passing to  the stack;

v) to  ensure th a t the activ ity  level in the stack d is
charge is w ithin the lim its p rescribed  fo r the 
ship 's env ironm ent.

V) Shield  w ater system
T he function  o f the system  is to m ain tain  the shield

tank  alw ays fu ll o f w ater by con tro lling  the level o f 
w ater in the head  tank. T he  size o f tank  requ ired  is 
determ ined by the shield w ater expansion  under norm al 
operating  conditions. T he  larger volum e variation  
w hich takes place due to heating  on the s ta rt up  o f the 
reacto r is ca te red  fo r by allow ing the excess to d rain  
to the reacto r com partm en t sum p th rough  an  overflow  
pipe. T he  volum e reduction  on  reac to r shu t dow n is 
supplem ented  by m ake-up  w ater on  receip t o f  a 
signal from  the level con tro ller. A level in d ic a to r / 
a larm  is fitted to give w arn ing  o f a low level in the head  
tank . C ooling o f the shield tank , to m ain ta in  the  w ater 
a t near am bien t conditions, is by a cooling  coil in the 
tank th rough  which circu lates w ater from  the auxiliaries 
cooling system.

V I) A uxilia ry  cooling system
T he du ty  o f the system  is to  rem ove hea t from  prim ary  
p lan t com ponents to m ain ta in  their specified w orking 
tem peratures. T he  p rim ary  circu lating  p um p  bearings 
a re  cooled  by rec ircu la ting  p rim ary  w ater from  the 
pum p th rough  an  ex ternal cooler fixed to the pum p 
body, the hea t being rejected to  the fresh w ater system . 
T he  pum p sta to r is also cooled by a  w ater jacket 
th rough  w hich circulates the fresh w ater cooling flow. 
T he  con ta inm en t air is cooled  by the rec ircu lation  o f 
the a ir th rough  coolers, the hea t being passed to  the 
fresh w ater system . T h e  p rim ary  w ater purifica tion  flow 
is cooled  to  the requ ired  ion-exchange w orking tem 
p era tu re  by m eans o f th e  fresh  w ater system, the coo l
ing being effected in the non-regenerative heat 
exchanger o f  the purification system .

V II) E m ergency decay heat rem ova l system
T he du ty  o f  the system  is to  rem ove hea t from  the
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re ac to r core in the event o f an  em ergency resulting 
from  loss of all electrical supplies. T w o com pletely 
independen t systems a re  located  on  p o rt and  sta rb o ard  
sides of the ship. T he system  relies on n a tu ra l c ircu 
la tion  both  in the loop  and  inside the reac to r p ressure 
vessel. T he loops are  connected  to  the feed inlet and 
steam  outlet headers o f a  section o f the boiler. W hen 
in use heat is tran sfe rred  from  the p rim ary  co o lan t to  
the w ater in the boiler w hich in  tu rn  tran sfe rs this 
hea t through an air coo ler to  a tm osphere .

V III) R eactor services
T his service supplies hydrogen , n itrogen and  com 
pressed air to  the reac to r p lan t as fo llo w s:

i) hydrogen  gas is added  to  the p rim ary  coo lan t via 
the surge tan k  in th e  purifica tion  system  to m a in 
ta in  an  excess o f hydrogen  in the p rim ary  coo lan t. 
T h is is necessary to  con tro l the level o f oxygen in 
the p rim ary  w ater, oxygen being form ed co n tin u 
ously by rad io ly tic  d issociation o f w ater in  the 
core;

ii) n itrogen  gas is needed fo r the gas blanketing  and  
purg ing  of tanks associated  w ith p rim ary  fluid. G as 
blanketing  is used in  the v apou r spaces o f tanks 
in o rder to  m inim ize corrosion;

iii) com pressed  air. T he  p lan t includes an a ir com 
pressor u n it p roducing  a supply  o f com pressed 
clean, dry  air. T he  supply is led from  the receiver 
to a num ber o f  d is tribu tion  m an ifo lds located near 
to  the system  valves being opera ted . T he  ven t side 
of each system  valve is open to con ta inm en t a tm o 
sphere.

IX ) Sam pling  system
T he sam pling system  provides fo r the w ithdraw al from  
inside the con ta inm en t o f sam ples from  the p rim ary  
circuit, the pressurizer v ap o u r space, the pressure relief 
tank  and  the shield tank . O utside the con tainm ent, 
sam ples can  be taken  o f  the p rim ary  w ater before and  
afte r the purifica tion  system  ion-exchange colum ns, 
an d  o f the m ake-up  w ater befo re it enters the purifi
ca tion  system  a t  the surge tank . O n the secondary  
system , sam pling o f the w ater before and  a fte r the 
dem ineralizers and  dow nstream  of the feed pum ps is 
provided. In  add ition  local sam ples a re  taken  a t rou tine 
in tervals from  various po in ts in  the p lan t outside the 
con ta inm en t. G as sam ples m ay be taken  and  analysed 
au tom atica lly  to check the level o f the hy d ro g en / 
oxygen an d  fission gas level in  various tanks. W ater 
from  pressure circuits can  be checked by in-line in s tru 
m en ta tion  and  re tu rn ed  to  the circuit. R ou tine  m anual 
analysis using sam ple bottles will perm it m ore detailed 
analysis o f the sam ples on  a shore facility . A n on-line 
au to -analyser will survey the secondary  w ater co n tin u 
ously and  give an a la rm  if the ch loride level becom es 
excessive due to  a condenser leak. T he sam pling station  
will consist o f a  sh ielded cubicle w ith a hood  and  an  
ex trac t duct connected  to  the gas w aste system.

X) A ctive  w aste system s
T h e  gas w aste system  provides fo r the collection o f 
w aste gases from  the reac to r p rim ary  and  aux iliary  
system  and , if  necessary, active gas from  the secondary  
system  air ejectors. T he  po ten tial sources o f active gas 
a re  gases released from  the p rim ary  w ater and , in  the 
event o f opera tion  w ith a leaking boiler tube, gas from  
the secondary  circuit. T he  gases can  be stored , if neces
sary, o r can  be d ischarged u nder su itable conditions 
th rough  the ven tila tion  system  filters. T he  liquid  w aste 
system  is a rranged  to collect all active or po ten tia lly  
active liquid  w aste from  the reac to r p rim ary  system , the 
reac to r auxiliaries, an d  the secondary  system . L iqu id  
w aste fro m  the p rim ary  system , the  aux ilia ry  system s 
hand ling  p rim ary  w ater and  reac to r com partm en t 
d ra inage  w ater is led to  th e  high activ ity  liquid w aste 
tanks. L ow  activ ity  w aste from  the secondary  drains,

the aux iliary  cooling system  d ra in , and  from  subsidiary 
system s and  facilities such as w ashroom s, etc, a re  
collected in a  separa te  tank . M on ito rs a re  p rovided 
to  determ ine the ac tiv ity  level o f the w astes.

X I) S a fe ty  injection system
T he system  is designed to  p reven t severe dam age to  the 
core  follow ing the un likely  event o f a  m ajo r frac tu re  
o f the p rim ary  c ircu it. R ela tive ly  sm all leaks w ithin 
the m axim um  capacity  o f the purifica tion  system 
pum ps and  norm al m ake-up  and  sto rage facilities will 
no t haza rd  the core; the purifica tion  system  will a u to 
m atically  m ain ta in  the p rim ary  circu it w ater-level in 
the pressurizer. In  the event o f the leakage from  the 
system  causing a  rap id  low ering o f p ressure and  level, 
the  reac to r is au tom atica lly  shu t dow n. T he  co n ta in 
m ent is also invoked by the closing o f all con ta inm en t 
isolating valves w ith the exception o f  the safety  in jec
tion  line. T he safety  in jection  system  is a rranged  fo r 
au tom atic  opera ting  on low pressure and  level in the 
p rim ary  circuit, and , in case o f  in s trum en ta tion  failu re , 
can be s ta rted  m anually . A t a p re  set p ressure and  level 
in the pressurizer, the standby  elec trically-driven feed 
pum p is sta rted  an d  w ater is in jected in to  the reac to r 
vessel from  the sto rage tanks. Should  the pressure or 
tem pera tu re  in the con ta inm en t reach  unaccep tab ly  
high levels, the spray  pum ps a re  au tom atica lly  started  
and these pum ps deliver w ater to  the con ta inm en t 
sprays to  condense the steam  and  cool the con tainm ent; 
the spray  facility  can also be s ta rted  m anually . Should 
the am o u n t o f sto red  w ater p rove inadequate , w ater 
can  be draw n  from  the sh ip’s ba llast tanks. W hen 
sufficient w ater has been in jected  in to  the con ta inm en t 
to  reduce the pressure and  tem pera tu re  to  acceptable 
levels, the core  can be cooled  by rec ircu la ting  the w ater 
in  the con ta inm en t th rough  the pum ps and  coolers of 
the auxiliaries cooling system . T h is facility  could 
p ro tec t the core indefinitely.

INSTRUM ENTATION

In strum en ts and  con tro ls are  p rov ided  fo r the safe and 
efficient opera ting  o f the reac to r an d  aux iliary  p lan t. C on tro l 
o f the p lan t will be accom plished p rim arily  fro m  a cen tra l 
con tro l room  but local m easurem ent an d  con tro l will also be 
used w here p racticab le , m ain ly  on  auxiliaries.

T he  basic requ irem en t is to  m onito r the s ta rt up  an d  shut 
dow n o f the reac to r p lan t and  its co rrec t w ork ing  a t all pow er 
levels. N eu tro n  flux level de tec tors w ith in  the p rim ary  shield 
w ater tan k  will m easure over source, in term ed ia te  an d  pow er 
ranges. T hey  a re  suppo rted  by m easurem en t o f  p rim ary  
coo lan t flow (in ferred  from  pum p speed and  cu rren t m easure
m ents), p ressure and  tem pera tu re . D etec to rs and  their respec
tive ins trum en ta tion  channels m easure p ressurizer w ater level, 
p ressure and  tem pera tu re . In  o rder to  con tro l the w hole p lan t 
as a un it these m easurem ents a re  in teg ra ted  w ith m easu re
m ents o f flow, tem pera tu re  an d  pressure o f the steam , and 
tem pera tu re  o f the feed w ater. B rought together w ith this 
in strum en ta tion  is the in strum enta tion  requ ired  to m on ito r 
tem pera tu res, pressures, levels and  the analysis o f all su p 
porting  p lan t and  auxiliaries as ap p rop ria te .

T he  in strum enta tion  is o f a stan d ard  m o d u la r design 
m aking rep lacem ent o f item s a  sim ple task. As fa r as possible 
transis to rized  equipm ent o f p roven  design and  m an u fac tu re  is 
used.

A da ta  logging system  will m o n ito r all tran sducer o u t
pu ts an d  com pare  selected m easurem ents w ith  pre-set a larm  
levels. R ou tine  p rin t ou ts will be availab le  regularly  from  
selected po in ts as decided by experience.

T he  p ro tec tion  system  consists o f a  ‘tw o o u t o f th ree ’ 
p ro tection  logic system . T he  th ree p ro tec tion  logic lines are  
m ade up  o f p rim ary  p lan t param eters  th a t w ould  lead  to  
dangerous p lan t states if  no t con tro lled  to  a  specific set po in t. 
T h e  C o n tro l R oom  layou t consists generally  o f desk space 
in tegral w ith vertical in strum en t panels. In s tru m en t panel and
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con tro l desk layout follow  a general pa tte rn  from  left to  right 
o f tu rb ine, steam  genera to r and  reactor instrum ents and  
con tro ls.

ELECTRICAL SYSTEM S
T he configuration  of the m ain  electrical supply and  d istri

b u tio n  system s will need to fulfil the requirem ents o f the 
various classification, p o rt and  safety  au thorities under whose 
ju risd ic tion  the ship m ay  com e. T he p rim ary  consideration  in  
a vessel o f the p roposed  type will be reac to r safety  and  the 
necessary in teg rity  o f the electrical supplies requ ired  to 
su p p o rt the reacto r under all conditions o f fau lt or failure.

E lectrical generation  is a t 3'8 kV , 3-phase, 60 H z, th rough  
a  com bination  of tu rb ine  and  Diesel generators, sized as 
fo llow s:

a) 2 tu rbo-genera to rs ra ted  a t 1875 kV A  a t 0'8 p f 
(1500 kW);

b) 4 D iesel-generators ra ted  a t 2185 kV A  a t 0 8  pf 
(1750 kW ).

T he m axim um  sea load  will be supplied by the tw o tu rb o 
genera to rs.

F o r m anoeuvring , the D iesel generators will support the 
tu rbo-genera to rs.

Sufficient D iesel genera to r capacity  is specified fo r the 
sh ip  to  be on em ergency propu lsion  and  a t the sam e tim e 
perfo rm  a h o t s ta rt-up  o f  the reacto r.

T h e  foregoing points, an d  the selection of electrical 
pow er fo r em ergency p ropulsion  have the effect o f requiring  
a  high installed  genera to r capacity  w ith a com paratively  low 
u tilization .

T he  m ain  d is tribu tion  vo ltage o f 3‘3 kV  is chosen because 
o f  the high prospective fau lt level from  the large installed 
genera to r capacity . L arge m otors (w here possible) are  supplied 
a t  3'3 kV directy  f r o m ,the m ain d istribution  system. O ther 
services are  supplied a t 440V from  d is tribu tion  centres 
equ ipped  w ith 3'3 kV /440V  transform ers; 440V distribu tion  
is supplied from  a system  of essential and  non-essential bus
bars. T his system  together w ith the em ergency generato r and  
b a tte ry  supported  supplies fo r the reac to r in strum enta tion  
en su re  a high system  integrity .

REACTOR START UP
Follow ing initial fuel loading or refuelling  operations, 

the reac to r p rim ary  system , support system s and, in  part, the 
secondary  system  are  filled w ith dem ineralized  w ater. T he 
p rim ary  system  is con tinuously  ven ted  and  opera ted  as a solid 
w ater system . By the com bined opera tion  of the purifica tion  
system  charge pum ps and  let-dow n valves the m ain  circuit 
p ressu re  is raised  to ab o u t 20 7 b (300 lb / in 2 abs). T he  reac to r 
p rim ary  pum ps a re  opera ted  in term itten tly  and  venting is 
ca rried  ou t continuously  ro u n d  the system until visual inspec
tion o f the ven t fluid shows th a t con tinuous p rim ary  pum p 
op era tion  can  be com m enced. Pow er is supplied from  the 
D iesel a lte rnato rs.

T he pum ps are  now  ru n  continuously  and  the pressurizer 
heate rs energized, heat-up  ra te  is lim ited fo r m echanical 
reasons to  ab o u t 10°C  (18°F) per hour. W ater is c irculated  
betw een the reacto r pressure vessel and the pressurizer th rough  
the surge an d  sp ray  lines. T he  p lan t continues to  operate  as a 
solid w ater system , expansion w ater being rem oved th rough  
the purifica tion  p lan t let-dow n valves to  the surge tank . A  
final physical venting  o f the system  is carried  ou t a t app rox i
m ately  90°C  (160°F) and  heat-up  is no t continued  beyond this 
tem pera tu re  if the oxygen level in  the p rim ary  w ater is greater 
than  01 ppm . W ith the pum ps stopped and  heaters off, system 
pressure is now  raised  by m eans o f  th e  purifica tion  p lan t 
m ake-up  pum ps (to leak test pressures a fte r refuelling  o r if 
a n y  strength  welds o r seal welds have been broken during 
m ain tenance).

T he  heaters are  re-energized and the pressurizer tem p era
tu re  raised  to  approx im ately  200°C  (400°F). A t this point 
w ater is b led from  the m ain  circu it via the p ressure reducing 
sta tion  to the surge tan k  an d  the p ressurizer p ressure falls to 
th a t co rresponding  to  sa tu ra tion  pressure. W ater flow to the

surge tank continues until the p ressurizer level is reduced to 
norm al operating  level form ing  the steam  bubble in the 
pressurizer.

D uring  subsequent heat-up  the o p e ra to r m aintains the 
pressurizer level and  pressurizer tem p era tu re  by m anual o p e ra 
tion . T he pressurizer pressure is kep t sufficiently high to p ro 
vide the p rim ary  pum ps w ith sufficient suction  head  and  p re 
vent boiling of the p rim ary  coo lan t. In  the early  stages o f 
system heat-up  the ra te  is read ily  ach ieved  by m eans o f the 
prim ary  pum ps and  pressurizer h ea te r op e ra tio n . E ventually  
it is im possible to m ain tain  a reasonab le  hea t-up  ra te  with 
the pum ps and  heaters and  beyond this po in t nuclear heat is 
em ployed.

T he p lan t is b rough t to  criticality  by m anual opera tio n  of 
the reaeto r con tro l system  and  the nuclear pow er level raised  
to a  few hundred  kilow atts. D uring  the rise in tem pera tu re  
the o pera to r m ain tains the requ ired  reac to r pow er level by 
w ithdraw al o f the con tro l rods.

As the p rim ary  pressure is increased the p ressure reaches 
the low pressure set points fo r the op e ra tio n  o f the safety  
in jection  system  an d  the reac to r scram , w hich a re  now- 
b rough t into the opera tional condition . W hen norm al 
pressurizer conditions are  achieved the  pressurizer h ea te r and  
spray system  are  sw itched to  au to m atic  con tro l an d  sim ilarly  
au tom atic  level con tro l is sw itched in once fu ll p rim ary  
tem pera tu re  has been reached.

T here  are a num ber of w ays o f starting  the secondary  
system, for a wet sta rt, for exam ple, the boiler tubes are  full 
o f feed w ater w hich rises in tem p era tu re  w ith th a t o f the 
p rim ary  circuit. W hen nuclear heating  com m ences the m otor- 
driven feed pum p and  d e-aera to r ex traction  pum p are  started . 
T he boiler pressure is raised to 4 1 4  b (600 lb /in = abs) and  
m ain tained  a t th a t level using a  sm all expansion tan k  to  take 
the overflow  as the tem pera tu re  rises. A sm all flow is allow ed 
to pass th rough  the boiler to  a flash cham ber w here steam  is 
p roduced  and  raised  to  a level o f ab o u t 9'3 b (135 Ib /in 2 abs). 
T he flash cham ber level con tro l discharges surplus w ater and  
steam  to the atm ospheric  d ra in  condenser and  thence back 
in to  the feed system.

As reacto r tem pera tu re  is increased the feed flow ra te  is 
slowly increased to m ain ta in  the tem p era tu re  o f the fluid 
leaving the boiler a t 200°C  (400°F) and  during  this period  
steam  from  the flash cham ber passes to  the H .P . hea te r and  
de-aerator. F lash cham ber steam  is then supplied to the m ain 
tu rb ine  glands, tu rbo -genera to r glands an d  a ir ejector, d raw 
ing vacuum  on the m ain  condenser. As fu rth e r steam  becom es 
available the m ain tu rb ine  tu rn ing  gear is engaged an d  w arm - 
ing-th rough  com m ences.

W hen the p rim ary  circuit is up  to  tem p era tu re  and  
pressure and  steam  a t opera tional conditions is ava ilab le  from  
the boiler, the m ain  steam  lines are  opened . T o  m ain tain  the 
steam  flow above the level o f boiler in stab ility  th e  balance 
o f flow no t requ ired  fo r w arm ing-th rough  etc is passed to  the 
atm ospheric condenser and back  to  the feed line.

T he  tu rbo  feed pum p is then  started , the tu rbo-genera to rs 
w arm ed th rough  and  pu t on the b o ard . C on tro l o f the reac to r 
is then sw itched to  au tom atic , a n d  varia tio n  in load  is m et 
thereafter by the reacto r in h e ren t characteristic .

W hen the steam  dem and  rises sufficiently, the flash tank 
and  bypass systems close au tom atica lly .

CONTROL
Inheren t in the reac to r design a re  a  negative fuel tem 

pera tu re  (D oppler) coefficient and  a negative m o d era to r tem 
pera tu re  coefficient. In  th e  steady  state, the ra te  o f heat 
rem oval from  the p rim ary  circu it is p redom inan tly  d e te r
m ined by the secondary  m ass flow. R egardless o f load, the 
tem pera tu res a t in le t and  ou tle t o f th e  boiler change little. In  
the event o f an  increase in load  the m o d era to r tem pera tu re ,
i.e. the p rim ary  circuit tem pera tu re , is in itially  reduced below 
norm al; this releases reactiv ity  w hich restores the m odera to r 
tem pera tu re  to its norm al w orking level a t the new load. 
A dditionally  the fuel itself has a  reactiv ity  effect. As pow er is
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increased, fuel tem pera tu re  increases, in tu rn  increasing the 
resonance  (D opp ler effect) ab so rp tio n  o f  neu trons in U-238 
w hich reduces reactivity .

C om bin ing  the fuel reac tiv ity  effect w ith  th a t o f the 
m o d e ra to r results in a fa ll o f average m o d era to r tem pera tu re  
o f 12°C  (22°F) as pow er is increased  fro m  zero  to  100 per 
cent. T h is  load  follow ing is entire ly  au tom atic . N o m ovem ent 
o f  the con tro l rods is requ ired  during  m anoeuvring  and  
indeed  no  o ther ope ra to r ac tion  is requ ired  o ther th an  to  vary  
the pow er dem and on the secondary  side.

540
0  2 0  4 0  60  8 0  100

Load, p e r cent

F ig . 19— V ariation o f  prim ary  circuit 
tem perature w ith  load

Fig. 19 show s a typical co o lan t tem p e ra tu re /p o w er level 
characteristic . T h is characteristic  is som ew hat idealized since 
the curve assum es a co n stan t m o d era to r tem pera tu re  coeffi
c ie n t/fu e l tem pera tu re  coefficient ra tio  th ro u g h o u t the tem 
p era tu re  range. T he  change in tem p era tu re  resu lts in  a  p rim ary  
w ater volum e insurge or a volum e ou tsu rge  fro m  the p ressu r
izer. T he  pressurizer opera tio n  is again  au to m atic  an d  requires 
no o p e ra to r action .

S teady  pow er opera tion  changes in  the average coo lan t 
tem p era tu re  tak e  p lace also  to com pensate  fo r varia tions in 
the fission p ro d u c t poison build-up an d  decay changes, and  
due to  b u rn  u p  o f  the fuel and  b u rnab le  po ison . T hese long 
term  v a ria tions in the co o lan t tem pera tu re  a re  com pensated  
fo r by con tro l rod  m ovem ents. T he  ro d  con tro ller will m ain 
ta in  a p rocessed signal from  the coo lan t tem pera tu res w ithin 
a narrow  band .

In the proposed  B PW R  the boiler steam  pressure will be 
kept constan t; as load  falls from  100 per cent to  zero the steam  
o u tle t tem pera tu re  rises fro m  the full load  tem p era tu re  of 
ap p rox im ate ly  302°C  (576°F) to  313°C  (594°F).

As a  fo rced  circu la tion  once-th rough  boiler is used, two 
co n tro l p rob lem s re su lt:

a) once-th rough  boilers are  inheren tly  unstable;
b) having no d rum  capacity , they  respond  to  changes in 

flow a n d  heating  cond itions very  rapidly .
In  dealing w ith the second p rob lem  i.e., as the reacto r 

has a  com parative ly  large th erm al inertia , the boiler con tro l 
system  m ust be very  closely in teg ra ted  w ith the reac to r contro l 
system . A bsence o f  a  reserve of feed in  th e  boiler, no rm ally  
provided  by the drum s m eans th a t o u tp u t varia tions require 
im m ediate  in p u t action .

C onven tional w ater level ind ica to rs can n o t be fitted; high 
levels o f w ater in the  bo iler therefo re , w ill be ind ica ted  by 
a fa ll in ou tle t tem p era tu re  fro m  the no rm al superheated  
value  tow ards th a t o f w ater a t sa tu ra tion  tem pera tu re . T he 
o u tle t p ressure will be con tro lled  d irectly  by the feed reg u 
la to r.

T he  in heren t in stab ility  o f the once-th rough  boiler leads 
to  special s ta rt u p  techniques. T h e  instab ility  arises from  the 
change in flow characteristics a t the onset o f boiling. F o r a 
given hea t inpu t, if th e  m ass flow is p rogressively  reduced  the 
stage w ill be reached  in the ind iv idual tubes w hen boiling can 
com m ence. T h e  changes in  specific volum e, resu lting  from  
the onset o f boiling , lead  to  a reg ion  o f negative slope in  the 
pressure d ro p /m a ss  flow characteristics o f  the boiler in this

reg ion . T h u s in  any  p rac tica l boiler in  w hich there are several 
flow paths in para lle l betw een com m on headers, unstab le  flow 
cond itions betw een p ara lle l pa th s is possible. In  p rac tice  the 
instab ility  can be con tro lled  by adding  sufficient positive 
resistance to  the tube  to  sw am p the effect o f the negative 
resistance resulting  fro m  the change o f  sta te . T h is is done 
by add ing  a th ro ttling  nozzle a t the in le t to  each o f the tubes 
in  the fo rm  of a sho rt piece o f re la tively  sm all bore piping up  
to  18 in. in  length. F u rth e rm o re , th e  bo iler will no t be opera ted  
in the unstab le  reg ion . S hould  pow er dem ands be low, i.e. in 
h a rb o u r, if necessary the boiler load  will be m ain tained  by 
m eans o f the steam  dum p system .

--------M ass flow
F ig . 20— Possible flow  cond itions in a tube w ith  

unstab le  d istribu tion

Fig. 20 shows g raph ica lly  the in s tab ility .(14) If  the pressure 
d rop  across the tubes is rep resen ted  by P, m ore  th a n  one flow 
is possible. T h e  flow correspond ing  to  P, is o ften  so sm all th a t 
the w orking m edium  in the tube no t only  evapora tes entirely , 
bu t is also m ore or less superheated . A t p o in t Ps there  is 
generally  little o r no steam  fo rm ation . Both P, an d  P3 re p re 
sent steady  states. T he  flow correspond ing  to  P2 is, how ever, 
unstab le  an d  the least d is tu rbance  from  outside will push it 
to  points P i o r Ps.

A n alternative  system  o f reac to r co n tro l th a t cou ld  be 
used is an  abso rber fo llow ing co n tro l system  know n as “T a v ” . 
T his is one in  w hich the average m o d era to r tem p era tu re  is 
no t perm itted  to  v a ry  over th e  ran g e  experienced  w ith  in 
h eren t load  follow ing an d  is kep t a t  a  co n stan t tem pera tu re . 
O pera tional transien t varia tions in  the p rim ary  w ater tem 
p era tu re  a re  reduced  by  the use o f  solid abso rbers, i.e. con 
tro l rods. C hanges in the load  dem and  a re  reflected to  the 
core by the p rim ary  w ater as in the  case o f in heren t con tro l 
bu t, follow ing the s ta rt o f the transien t, ab so rbers  a re  used 
to reduce the p rim ary  tem p era tu re  swings. R eactiv ity  changes 
caused by changes in  fuel tem p era tu re  a re  com pensated  by 
the con tro l rods, opera ting  from  “T a v ” e rro r signal e ither 
by m anual o r au to  co n tro l, an d  the average p rim ary  tem 
p e ra tu re  is re tu rn ed  to  th e  con tro lled  value. T h e  degree to  
w hich the con tro l system  can sm ooth  ou t tran sien t varia tions 
has im plications on  the p ressurizer size requ irem en ts, o p e ra t
ing pressure an d  the secondary  pressure varia tions.

In  o rder to  be ab le  to  m ain ta in  pow er a n d  xenon  over
ride over the life o f the core a large am o u n t o f excess re 
activ ity  m ust be p resen t in itia lly . T h e  longer the  life o f the 
core an d  the closer one w ishes to  ap p ro ach  the m axim um  
theoretically  possible bu rn -u p  the g rea ter this excess m ust 
be and  the grea ter is the p rob lem  o f con tro lling  it. T his 
excess reactiv ity  m ust be then  released  over th e  life o f  the 
core to  com pensate  as nearly  as possible exactly  fo r bu rn-up . 
T h e  proposed  reac to r uses bu rnab le  poison to  con tro l the 
ra te  o f release o f reac tiv ity  fro m  the core. A  b u rnab le  
poison is an  abso rber o f neu trons w hich is progressively 
destroyed by irrad ia tio n  during  the opera tion  o f  the reac to r.
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T he excess reactiv ity  can, how ever, be taken  up in a  num ber 
o f o ther w ays:

a) under m odera tion  by altering  the p ropo rtions of 
heavy  w ater and  light w ater as in  spectral shift 
contro l;

b) soluble poisons;
c) con tro l rods and  sim ilar rem ovable absorbers.
B urnable poison is the only one w hich can be m ade a

fixed part o f the core structu re , it can in  fac t be com bined 
w ith the fuel, w hich is o f considerable advan tage  in the 
m arine reac to r in th a t the abso rber canno t e ither by accident 
o r design, becom e separate  from  the core it is contro lling . 
Ideally, a bu rnab le  poison w ould be designed to com pensate 
exactly  fo r the excess availab le  reactiv ity  and  to  m aintain  
the core m ultip lication  fac to r (k ,„ )  a t un ity  a t all stages o f 
bu rn-up  ap a rt from  a m argin  left fo r xenon override fo llow 
ing load reduction  or shut-dow n. In practice the burnable  
poison will no t fit so exactly  and  thus a m ism atch will 
occur betw een the ideal and  the actual k e,,.

Lifetime MWD/TeU

F i g . 21— R eactiv ity-life tim e characteristic 
fo r  a p .w .r. core

Fig. 21 show s the change of reactiv ity  over the lifetim e 
o f the reac to r w ith and  w ithou t the use o f correctly  shielded 
bu rnab le  poison.

NUCLEAR SAFETY
N o hum an  endeavour is entirely  free from  risk and  the 

shipow ner is well aw are  th a t the m ost com m on causes for 
ships being lost a re  strandings, fires, collisions, foundering 
and  w eather d am agel'5). C om pared  w ith these n a tu ra l hazards 
o f the sea, it is re latively  s tra igh tfo rw ard  to deal w ith the 
technical and  p red ictab le  safety  problem s associated with 
nuclear reacto rs. T he  safety  prob lem  peculiar to  a nuclear 
reac to r is the rad ia tion  produced  by the fission process.

W hen an  a tom  of u ran ium  is split, new a tom s are  form ed 
and  rad ia tio n  given ou t. T he new  atom s, o r fission p roducts 
fo rm ed m ay be isotopes o f any  o f  ab o u t 38 elem ents, some 
of w hich m ay be radioactive. I t  is generally  agreed th a t the 
isotopes o f iodine, an d  particu la rly  1-131, carry  a greater 
th rea t to  health  than  any o f the o ther fission p roducts tha t 
m ight be released in a reac to r accident. T he reason fo r 1-131 
being o f particu la r concern  is th a t it is vo latile  and  if p resent 
in the atm osphere  is easily taken in to  the body th rough  the 
resp ira to ry  system  and can  give a dose o f rad ia tion  w hich is 
g reatest to  the thy ro id  g land.

T o  p u t the haza rd  o f  rad ia tio n  in to  perspective, it is 
im portan t to  rem em ber th a t a  reac to r canno t give rise to an 
a tom  bom b type explosion and  th a t m an has alw ays been 
subjected to  rad ia tion  from  n a tu ra l sources. F o r exam ple, a 
person living near sea level m ay  receive a to ta l body dose 
o f ab o u t 100 m illirad  per year and  som eone living in  a 
place like D enver, w hich is a  m ile above sea level, m ay 
receive tw ice th a t dose. A lso in parts  o f Ind ia  the dose level 
m ay  be 40 tim es the sea level dose and  in parts  o f M exico 
it m ay  be 100 tim es the sea level dose.

A dvice on the pro tec tion  requ ired  against h a rm  from  
rad ia tio n  is given in the recom m endations o f the In te rn a 

tional C om m ission on R adio log ical P ro tec tion , an  o rgan iza
tion w hich has been function ing  since 1928 and  w as co n 
cerned w ith p ro tec tion  against X -rays and  rad ium . T h e  C om 
mission kep t its recom m endations under review  so th a t they 
now  cover all the  rad ia tion  p ro tec tion  advice, in term s o f 
a llow able exposure, th a t have to be associa ted  w ith a  nuclear 
reactor.

T here  are tw o parts to the nuclear safe ty  argum ent con
cerned w ith a nuclear ship; the first is the p ro tec tion  of the 
crew  an d  the second is the p ro tec tion  o f the population  at 
large while the ship is in p o rt o r sailing n ear cen tres o f p o p u 
lation . Shielding a ro u n d  the core a tten u a tes  to  a safe level 
any  rad ia tion  generated  w ithin the co re . T h ere fo re , during 
norm al operation  there is no h aza rd  to  the crew  and  so 
obviously  there is no haza rd  to  any  p o p u la tion  th a t m ay  be 
near the ship. Also facilities a re  p rov ided  on  the ship fo r the 
safe storage o f any  active gaseous, liquid  o r solid wastes 
generated  during the opera tion  o f the reac to r so there  is no 
question  th a t the discharge o f such m ateria ls  cou ld  cause a 
haza rd  to  the public.

T he  second p a rt o f the nuclear safety  a rgum en t is co n 
cerned w ith the p robab ility  o f som e fa ilu re  o f  p a r t o f the 
reacto r causing fission products to  be released. T he  approach  
to this p rob lem  has been to recognise th a t there  is a  p ro b 
ability  o f a  w hole spectrum  o f failu res associated  w ith a 
reacto r, as w ith any o ther engineering construction , and  to 
design the reacto r in such a w ay  th a t the p robab ility  o f a 
release is acceptably  low w hether the ship is a t  sea or in 
harb o u r. If  the balance betw een hea t p ro d u c tio n  an d  heat 
rem oval is d istu rbed  in a seriously adverse m anner, such 
as could  happen  if the p rim ary  co o lan t w ere lost, th e  fuel 
could  overheat and fission p roducts m ight then  be released. 
Before fission products can  escape from  the ship they  have 
to pass th rough  several barriers , each o f w hich reduces the 
qu an tity  th a t w ill escape. T he  barriers th rough  w hich the 
fission p roducts w ould have to  pass a fte r they escaped from  
the fuel pellet— and n o t all fission p roduc ts  w ill escape from  
the fuel pellet— are the fuel cladding, the p rim ary  coo lan t, the 
reacto r p ressure vessel, the reac to r co n ta in m en t and  the r e 
ac to r com partm en t. W ith the quality  o f design an d  co n stru c 
tion  th a t will be associated  w ith each o f these barriers , it is 
envisaged th a t a nuclear pow ered  ship of the type described 
will be able to satisfy na tiona l and  in te rn a tio n a l legislation 
th a t will be in force to  deal w ith nuclear pow ered shipping.

M ajo r w orld  p o rt au tho rities a re  no t likely to  raise 
objections to  a nuclear pow ered ship using their po rts  if 
na tional and  in te rn a tio n a l legislation requ irem en ts have been 
satisfied. T w o years ago w hen the question  o f nuclear ships 
was raised a t  the p resen tation  o f a  p a p e r1'6’ on p o rt planning, 
the H ead  o f R esearch and  P lanning o f the P o rt o f L ondon  
A uthority  answ ered th a t given ad eq u a te  safe ty  fro m  the 
rad ia tion  hazard , such ships w ould  present no special p ro b 
lems to  p o rt au thorities unless the pow er/w e ig h t ra tio s they 
m ade possible rad ica lly  a ltered  the d im ensional re la tionsh ip  
o f ship fo rm . T he question  o f public safety  w as largely  a 
m atte r fo r governm ent. D oubtless it w ould  be covered by 
national and  in ternational rules.

C learly  the hazard  re la ted  to  a nuclear reac to r is less 
than  th a t associated w ith m an y  o f  the p rob lem  cargoes ports 
handle  as p a r t o f their no rm al rou tine.

SECONDARY CIRCUIT ACTIVITY
In teg ra l reac to rs  w hich have the heat exchanger (once- 

th rough  boiler) located  in the region o f the core neu tron  flux, 
produce steam  con tain ing  ac tivated  nuclides arising from  
activated  co rrosion  p roducts an d  activated  secondary  coo lan t, 
p rincipally  the iso tope N —16.

Because o f the high p u rity  o f  the secondary  coolant, 
alm ost all o f the rad ioac tiv ity  in the coo lan t is, how ever, due 
to  short-lived  oxygen decay.

T he  secondary  c ircu it activ ity  has, how ever, been re 
duced to  neglible p rop o rtio n s by raising  the boiler relative 
to  the core and  by prov id ing  ad d itiona l shielding w ith in  the
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reac to r p ressure vessel betw een the  core and  the boiler. T he 
design aim  is to  produce a u n it w hich requires no special 
p recau tions against rad ia tion  in  e ither the opera tion  o f the 
ship o r du ring  cargo handling.

DECAY HEAT REMOVAL AND EMERGENCY COOLING
In  the  contex t o f a  nuclear m erch an t ship the disposal 

of the h ea t generated  in the core  follow ing shut dow n can 
present special p roblem s. T he  decay h ea t generation  falls 
exponentially , the to ta l heat a t any  p articu la r tim e depending 
on the opera tional h is to ry  o f the reac to r in the period  since 
the previous shut dow n.

In  no rm al circum stances the decay hea t w ill first be re 
m oved by the secondary  c ircu it bypass and  dum p system  
w ith the D iesel a lte rn a to rs  supplying essential and  aux iliary  
loads. D uring  this period  w ith  the bypass open the electrical 
feed p um p  th ro ttle  m ay  be ad justed  m anually  o r au to m atic 
ally  to m ain ta in  the p rim ary  w ater tem pera tu re  in  the range 
o f no rm al o pera tion . C on tinued  o p era tion  in  this condition  
reduces the secondary  flow to  in te rm itten t opera tion , and  
p rim ary  c ircu la tion  is reduced  to  one pum p. A fte r ab o u t a 
day in  this cond ition  the decay heat has fallen  sufficiently to  
enable its final rem oval via the purifica tion  system.

In  the unlikely  event o f com plete loss o f e lectrical su p 
plies th e  decay hea t follow ing shu t dow n will be rem oved  by 
n a tu ra l c ircu lation  to  tw o or m ore air coolers situated  on 
the u pper deck. T hese a ir coolers a re  connected  across the 
m ain boiler. In  the event o f the system  having  to  be used, 
valves opera te  to  fo rm  a  closed loop betw een the reac to r 
and  the coolers. D ecay  hea t fro m  the reac to r core is tra n s
ferred  by n a tu ra l c ircu la tion  w ith in  th e  reac to r p ressure vessel 
to the reac to r boiler. A  second n a tu ra l c ircu la tion  circuit 
transfers the decay hea t to  the coolers on  the u pper deck.

T his system  is designed to  ensure th a t the decay heat 
will be rem oved  even w ith the ship stranded  and  heeled and  
it does no t rely  on  the supply  o f cooling  sea w ater o r em er
gency electrical supplies.

CONCLUSIONS
T he studies carried  o u t by the au th o rs  have covered 

m any m ethods o f ob ta in ing  econom ic appraisals o f nuclear 
pow er, and  the au th o rs  have com e to the firm  conclusion th a t 
the only  realistic  app ro ach  in  com paring  nuclear an d  co n 
ven tional vessels is to  ad o p t a fleet concept; fu rth e rm o re  this 
is the only  realistic  w ay in  w hich the nuclear ship can  be 
show n to be fu lly  com petitive, as the in teg ra tion  o f  a 
nuclear ship into a conven tional fleet does no t allow  the 
nuclear ship to  reach  its fu ll econom ic po ten tia l.

I t is clear fro m  the results given in this paper, th a t p ro 
vided the ac tu a l cost figures fo r reac to rs  and  fo r nuclear 
fuel a re  even tually  established to  be w ith in  certa in  favourab le  
ranges o f possible values, then  nuclear pow er is m ore th an  
com petitive in the type o f  ship described, w hen opera ting  on 
the given itinerary .

A t th is po in t in  tim e, u n ce rta in ty  as to  the values o f cost 
fo r the nuclear aspects is inev itab le  fo r, un til a  fu ll design 
p rogram m e fo r these item s has been carried  out, a  large 
degree of varia tio n  can no t be ru led  ou t. I t  is no t fo r the 
shipbuilders to  say w hether the results given from  their ca l

cu la tion  will eventually  be p roved  to be achievable, bearing 
in m ind this uncerta in ty .

T he  im portance  of the possible benefits to  the shipping 
w orld  o f  nuclear pow er being ad o p ted  on a w ide scale w ould  
ap p ea r to justify  con tinu ing  investm ent in  research  on a 
na tional basis in  o rder to ensure th a t co rrec t decisions are  
taken  and  the cu rren t uncerta in ties reduced  to  reasonab le  
accu ra te  p robabilities.
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Appendix

I t  is a lm ost a  year since this paper was w ritten , and  
a  num ber o f im p o rtan t changes have taken place which 
affect the com para tive  econom ics betw een conven tional and  
nuclea r pow ered  ships. T he m ost strik ing exam ple o f these 
changes is th e  substan tia l increase in the price o f fuel oil 
during the last few  m onths.

T h is is illu stra ted  by Fig. 22 w hich shows the varia tion  
in  U n ited  K ingdom  fuel oil prices from  1951 to  1970. O ne 
po in t o f in terest is th a t the peaks in the curve tend to  occur 
a t tim es w hen m ajo r m ilitary  conflicts w ere tak ing  place.

D uring  th e  la test o f these conflicts the trans-A rab ian  p ipe
line was d isrup ted . T his and  the  reduction  in  oil supplies from  
L ibya, increased freigh t ra tes by the C ape rou te , and  in 
creased dem and  by pow er stations have all helped to 
bring  ab o u t a shortage o f fuel oil resulting  in  the increased  
bunker fuel oil prices.

T here  is likely to  be little  reduction  in  prices in the near 
fu tu re . D em and  fo r w orld  tonnage is likely to  con tinue its 
present steady  grow th, w ith  land  based pow er consum ption 
rising annually . W ith  the general trend  in  th e  pow er supply 
industry  to  convert to  either nuclear o r oil fired p lan t the 
p resent s itua tion  can  only  w orsen.

C onsidering the effect fuel oil prices w ould  have on the 
conventional con ta iner ship illu stra ted  in the tex t: increas
ing th e  p rice from  113s per ton  to  175s w ould raise the 
an n u a l fuel cost o f the vessel by ab o u t £0'36 m .

A n o ther change is the  increase in cap ital cost o f bo th  
nuclear an d  conven tional vessels plus a  m arg inal increase 
in th e  p rice o f nuclear fuel.

As all these fac to rs a re  im p o rtan t in  th e  assessm ent o f 
com para tive  ship econom ics, a  re-appra isa l o f the econom ic 
case either fo r o r against th e  nuclear ship follow s. F o r  this 
pu rpose  no  change w as m ade  to  the basic design or annual 
tran sp o rt capacity  o f e ither vessel.

Increases w ere m ade  in  the  cap ita l cost estim ates fo r

F ig . 22— B unker fu e l oil prices at U K .  ports— yearly average 
contract prices 1951— A u g . 1970
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10 15 2 0  25
Discount ra te , R0 , p e r  cent

F ig . 23— Shadow  fre igh t rate com parison o f conven tional 
and nuclear pow ered  container ships
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Percentage change in basic fuel p rice o f 175s

F ig , 24— R elationsh ip  betw een price o f  bunker  ‘c ’ fu e l oil 
and the d iscount rate R„ at which conventional vessel becom es  

as profitable as nuclear vessel

F ig . 25— E ffec t on shadow  freigh t rate o f  a change in basic 
capital, operating or fu e l costs o f  conven tiona l vessel

bo th  nuclea r and  conven tional vessels. T h e  figure 113s 
ton  fo r fuel oil w as ra ised  to  175s per ton . F inally , the price 
o f nuclear fuel w as increased by just u nder 5 per cent to 
cover n o rm al inflation  and  price rises in  general.

T he  resu lts using these p rice increases are  p lo tted  on 
F ig . 23, w hich updates F ig . 5 in th e  text. T his shows how  
increase in  shadow  freigh t ra tes (caused by increased capital
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Basis fue lp rice  
(p e r annum) pet

~ £0-6267m 
~£0-6459m  
~£0-6664m  
- £0-6868m 

Basis operating cost (/ess fuel) =  £0-5467m
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F ig . 26— E ffec t on shadow  fre igh t rate o f  a change in basic 
capital, fu e l or operating cost o f  nuclear vessel

costs), together w ith a fu r th e r separa tion  o f the lines due to 
th e  high d ifferential increase betw een conven tional and  
nuclear fuel prices. T he  effects o f these tw o fac to rs can  also 
be seen on  Fig. 24 w hich illustrates the th reefo ld  increase 
over the crossover d iscount ra te  o f  nuclear and  conventional 
vessel econom ic superio rity  show n on Fig. 5 o f the text. 
Fig. 24 also show s th e  effect w hich changing fuel oil prices 
have on the crossover d iscount ra te . F ro m  this the d iscount 
ra te  a t w hich the conven tional vessel w ould  show  a  better 
investm ent re tu rn  th an  the nuclear vessel now  stands a t just 
below  26 per cen t fo r the ship w ith  a  15th off nuclear 
reac to r and  ju s t above 19 per cent, a  reasonab le  price, fo r one 
w ith a  2nd  off nuclear reacto r.

F ig . 27— D istribu tion  o f  container ships over a range o f  
horsepow ers in service and  on order prior to  A u g . 1079

Figs 25 and  26 ind ica te  cap ita l an d  opera ting  cost 
figures used in  this re  appra isa l and  th e  effects on the  shadow  
freigh t rates.

T h ere  a re  now  ab o u t 39 con ta iner ships w ith in  the 
horsepow er ran g e  over w hich nuclear pow er is likely to  
becom e com petitive (Fig. 27). T h e  n u m b er o f large capacity  
con ta iner ships is a lm ost certa in  to  increase, thus giving a 
po ten tia l m a rk e t fo r nuclear p ropulsion . T h e  G overnm en t are  
still considering  th e  M inistry  o f T echno logy  rep o rt w hich 
suggested th a t th e  nuclear ship pro jec t w ou ld  n o t be 
econom ically  justifiable a t presen t. T h e  G o v ern m en t how ever 
m ay  have to  consider the findings o f the study  g ro u p ’s re p o r t 
in light o f rising fuel oil prices.

Discussion
M r . B. H ild r e w ,  M .S c ., M em ber of C ouncil, I.M ar.E ., 

said th a t his first criticism  w as th a t th e  paper covered too 
m uch g round . M oreover it analyzed  m ateria l w hich was 
availab le  eight years ago. T h e  BPW R had  changed very 
little since it w as proposed , a lthough , if  he  rem em bered  
co rrectly , it was devoid o f con tro l rods, bu t did have shut 
dow n rods. C ou ld  the au th o rs  say w hich a reas had  been 
redesigned?

M r. H ildrew  w ent on to  say th a t in  th e  la te  50’s and  
early  60’s, it w as recognized th a t th e  reac to r fa r th es t from  
reality  alw ays looked the safest and  m ost a ttrac tive , an d  it 
was a t  th a t tim e h oped  th a t new  designs w ould  be fo r th 
com ing. H ow ever, because th e  G overnm en t rem oved  any  
incen tive fo r new  nuclear pow er designs, none h ad  been 
developed. I f  the G overnm en t h ad  encouraged  som e degree 
o f research  and  developm ent, the presen t paper w ould  no t 
have given the im pression o f picking u p  th e  chips w here they  
fell seven years ago.

T he speaker reg re tted  th a t he h ad  no t done the sum s 
proposed in  th e  first p a r t o f the paper, and  was n o t th ere 
fore  in  a  position  to  challenge their g raph ica l p resen ta tion  
an d  econom ic conclusions. But in  the penu ltim ate  and  final 
parag raphs, he had  no ted  th a t con tinu ing  research  w as co n 
sidered desirable , though  it  was no t indicated  w hat form  this 
should take.

H e  agreed  th a t w ith the g rea te r dem and  fo r in sta lled  
pow er, the p roposed  econom ic feasib ility  o f  a  nuclear p ro 
pelled vessel w as com ing  closer to  a  reality— if it h ad  n o t 
a lready  done so. H ow ever, the cap ita l cost could  w ell be 
rising faster th an  th a t o f a  m ore  o rth o d o x  conven tiona l 
m arine  boiler. I f  the difference in  cap ita l cost betw een the 
nuclear reac to r an d  a  conven tional boiler w as equated  to  th e  
difference in  fuel cost o f oil a n d  u ran iu m  over the w ork ing  
life o f  the ship, this p rov ided  a  sim ple cru d e  ca lcu la tion  w hich 
he him self ou tlined  to  the  In s titu te  in  1962*. I t  w as still 
applicab le  today . I f  detailed  analysis w as requ ired , o th e r 
fac to rs m ight also have to  be considered, n o t least the p o s
sible costs incu rred  in  b reak-up  of th e  vessel a t th e  end  o f  
its w ork ing  life. T h e  cap ita l d ifferential betw een six nuclear- 
pow ered  and  seven conventional ships still seem s to  be a b o u t 
£1'5 m , an d  this rep resen ted  a difference in  cap ita l costs 
betw een th e  tw o m ach inery  insta lla tions. I t  w as too  h igh  an d  
m ust be a t  least halved . T h is  should  lead  to  an  assessm ent 
o f w hat w ould  be the  cheapest cap ita l cost fo r the m ost 
prim itive nuclear installa tion .

T h e  tab le  “C ap ita l C ost B reakdow n” rep resen ted  w h a t 
w as the ap p rox im ate  cap ita l cost b reakdow n o f a n uc lea r

* “Problems of Merchant Ship Nuclear Propulsion” . Institute o f 
Marine Engineers Transactions, Vol. 74 Page 501.
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C apital C ost Breakdown

1. C on ta inm en t 12 per cent
2. R eac to r vessel and  p rim ary  circuit 25 per cent
3. H ea t exchangers, pum ps, etc. 10 per cent
4. P rim ary  and  secondary  shield 10 per cent
5. C ore  s truc tu re  and  contro l 10 per cent
6 . In s tru m en ta tio n  10 per cent
7. D efuelling  an d  refuelling  10 per cent
8 . C ollision p ro tec tion  3 per cent
9. O ther aux iliary  p lan t and  facilities 10 per cent

installa tion . I t was doub tfu l if any  progress could  be m ade 
tow ards an  econom ic nuclear ship until som e o f these item s 
were elim inated  or simplified, o r labou r costs reduced . T hus 
the suggested con ta inm en t design in the paper, w hich was 
technically  a m ost a ttrac tive  one, p roviding the  reac to r sup 
p o rt s truc tu re  w as adequately  designed in  re la tion  to  the 
conical con ta inm en t support, could perhaps be m ore eco
nom ically  achieved by incorpora ting  a pressure suppression 
system  and  contain ing  w ithin the hull structure .

W ith regard  to  the BPW R and  the au th o rs’ m ention 
o f the possibility  o f elim inating  a separa te  p ressurization  
vessel if it is only  referred  to  as a  possibility, then it canno t 
be elim inated .

In  the last tw o years, the gas tu rb ine had  again  com e to 
the fore , and  serious a tten tion  should be given to the direct 
cycle gas cooled  nuclear system . Such a p roposa l elim inated 
heat exchangers, as well as one of the m ajor criticism s of 
m ain  propu lsion  gas tu rb ines— the requ irem ent fo r high 
quality  fossil fuel. T he  technology fo r gas-cooled systems 
w as w ell developed both  industria lly  and  in the U .K .A .E .A . 
Such a developm ent w ould  enab le  a num ber o f item s show n 
in the table  to be reduced. H ow ever, safety requ irem ents 
w ere param oun t, and w ould need carefu l re-assessm ent. Som e 
£1000 m  will be spen t on  C oncorde, and  ap a rt from  keeping 
a  sm all num ber o f people em ployed in a period  o f  full em 
p loym ent, the exercise will have been o f doub tfu l value. H ow  
m uch  better if a  co u n try  dependent on sea trade  fo r its 
existence had  devoted , say, £10  m  to nuclear propulsion  
seven years ago. H ow  m uch better to  invest now  a sim ilar 
sum  in the p roposal outlined  above, linking the m arine 
developm ent o f tw o concepts a lready  in service on land. A 
successful developm ent in e ither o r both areas w ould be of 
inestim able value to  U .K . trade.

T h is p ap er w as o f value in th a t it show ed how  little we, as 
a coun try , h ad  m oved in this field during the last seven years. 
I t  also reflected how  m uch shipping had  changed in  the 
sam e period, p articu la rly  in the in terlinked  areas o f size, 
speed an d  pow er. A ny econom ic analysis m ust be linked to 
potential engineering developm ents, and  M r. H ildrew  sus
pected th a t the econom ists a t the M inistry  o f T echnology  
m ight lack  this essential engineering com petence, how ever 
m uch they m ight be o therw ise persuaded.

T he  au tho rs should have looked m ore critically  at the 
nuclear reac to r p roposed , and  the alternatives availab le . T he 
cost w as still well in excess o f the conven tional p lan t, and 
un til som e rad ica l changes in design were m ade, this w ould  
lim it the progress w hich was possible. I f  nuclear propulsion  
was to be a  technological asset to  this coun try  it was essen
tial th a t the G overnm en t p rovided the financial support fo r 
the developm ent o f a  better concept than  the p reseni BPW  ; 
I t  m ight also be o f value if  som e professional m arine engi
neers w ere d irectly  associated  w ith fu tu re  developm ents.

In  the section on reacto r start-up , reference w as m ade to 
the raising  of p ressure a fte r leak-test p ressure on refuelling. 
W hat w as the leak-test pressure fo r this design?

M r. H ild rew  concluded by saying th a t he w as ra th e r 
interested  in  M r. R o u se’s final com m ents, a rgu ing  from  h is
to rica l experience. H e  th o u g h t th a t this w as a dangerous 
th ing  to do w ith a  new concept. If  we w ere going in to  high

pow ers, we had  to have single re ac to r ships w ith get-you- 
hom e capabilities, just as we h ad  conven tional ships w ith 
single highpow er boilers and  get-you-hom e facilities.

M r. H . B oos asked, in re la tion  to  the au th o rs’ claim  
th a t in the past ten years a num ber o f studies had  been 
carried  ou t w ith the a id  o f a w ide and  au th o rita tiv e  cross- 
section of shipow ners, how  wide this cross-section  was. H e 
asked this because, a fte r  follow ing technical an d  econom ic 
studies over a num ber o f years, he ag reed  com pletely  w ith 
the au tho rs  th a t these studies h ad  only  confirm ed the opinion 
he already  held— nam ely, th a t there w as a  definite case fo r 
nuclear propulsion  applied  to m erchan t ships. N evertheless so 
far, the shipow ners did no t seem to believe this.

T he  situation  was re fe rred  to  by M r. H ild rew , an d  during  
the last ten years studies a t various levels o f  technical sophisti
cation  had  been m ade together w ith econom ic assessm ents, 
relating  to trends in  shipping o f five o r six years ago w hich 
had  now becom e a reality . Y et the on ly  nuclear ships th a t 
had  been built w ere either m ilitary  o r research  vessels, 
financed by public funds, w ithou t d irec t pa rtic ip a tio n  by sh ip
ow ners. T here fo re  M r. Boos did no t believe th a t this k ind of 
study  w ould get us m uch fu rther, though  he app rec ia ted  the 
w ork p u t in by the au thors.

H e then w ent on to  ask if the au th o rs  cou ld  p ro d u ce  
shipow ners’ evidence to  suppo rt their a rgum en t to  the effect 
th a t the to ta l annua l tran sp o rt capacity  ava ilab le  w as 4 '9  m  
tons a year? H e was no t in a position  to  evalua te  this, nor 
w ere technical in stitu tions and  o rganizations; bu t the sh ip 
ow ner was.

C ould  we really  rely  on  the vessel being availab le  fo r 
350 days a year th ro u g h o u t its lifetim e? T his w as a  basic 
p o in t in the econom ic analysis. W as a  cargo deadw eight u se d / 
cargo deadw eight availab le  ra tio  equal to  u n ity  a reasonab le  
assum ption? H e  was n o t con trad ic ting  the assum ption , bu t 
felt th a t as technicians, engineers w ere n o t ab le  to  evaluate  
these assum ptions— yet every th ing  stood o r fell w ith  these 
points. T he au thors h in ted  a t the necessity fo r a  fu ll design 
program m e in  their conclusions and  w ro te : “I t  is no t fo r 
the shipbuilders to  say w hether the resu lts given from  their 
calcu lation  will eventually  be proved  to  be achievable, b e a r
ing in  m ind this unce rta in ty .” H ow , then , he  said, could  
we arrive a t  a  situa tion  w here this kind o f ca lcu la tion  was 
m ade from  the sh ipow ner’s p o in t o f  view an d  no t th a t o f the 
backroom  boys?

Finally , M r. Boos believed th a t technical studies and  
econom ic assessm ents fo r nuclear ship app lications should  
no t be restric ted  to a na tional basis and  thus to  w hat one 
individual co u n try  could  afford, bu t a long the lines o f  c o n 
ven tional con ta iner tran sp o rt w hich was show ing a tendency 
tow ards the fo rm ation  of in te rna tiona l consortia .

D r . O. O. E jiy e re  said th a t the heat exchangers o r steam  
generators in  a  nuclear ship p ropu lsion  reac to r w ere insuffi
ciently  shielded and  allow ed con tam ina tion  by partic les 
in teracting  w ith the com ponents. H ea t exchanger co n tam in a 
tion  partia lly  affected the com ponents, causing  rad io-activ ity . 
T he bom bardm en t of the heat exchanger com ponents by high 
energy particles m ingled w ith the superheated  co o lan t flow 
on the com ponents, caused defo rm ations in the m etallurgical, 
struc tu ra l and  m echanical p roperties o f  the heat exchanger 
m ateria ls and  the reacto r pressure vessel itself.

M ulti-partic le  in teractions w ith the PW R  vessel and 
the com ponents o f the hea t exchanger p roduced  partic le  
m ultip lication . T h is was very possible in m ulti-neu tron  in te r
actions w hich w ould result in the m ultip lication  of neutrons 
in groups.

T he  neu tron  or gam m a rad ia tio n  in terac tion  w ith the 
nucleus m ight affect the exchange force, non-exchange force, 
and  m ultip lication  productions. T he  in terac tions caused 
deu teron  p roduc tion  in  the nuclei o f the a tom s of the steam  
and  secondary  coo lan t w ater. T h ere  w ere probabilities th a t 
the particles em itted  by the PW R no t only in teracted  with
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the  nuclei o f  the steam  and  secondary  coo lan t to  fo rm  rad io 
active deu terium  steam  and  secondary  deu terium  coolan t, bu t 
also escaped w ith the steam  and  coo lan t on non-exchange 
force in terac tions. Particles capab le  o f escaping th rough  the 
hea t exchangers, a ir coo lan t ducts, etc., w ere particles with 
h igh energy, m ostly  fast neu trons, gam m a rays, etc. T his 
m ostly  occurred  w hen partic les in te rac ted  w ith  th e  steam  
produced , w hich was condensed to  fo rm  w ater con tain ing  
deu terium  com pound. D r. E jiyere w ou ld  be in terested  to 
know  how  engineers an d  physicists could  con ta in  hea t ex
changers or steam  genera to rs w ith in  the secondary  pressure 
vessel, w ithout neu trons, gam m a rays, etc.— partic les— in ter
acting w ith the steam  an d  secondary  coo lan ts w hich caused 
the fo rm ation  of heavy  w ater?

Secondly, how  w as the steam  genera to r freed from  
neu tron  bom bardm en t?

M r. T . D e ig h to n , a lthough  an  engineer, confined his 
rem arks to  the au th o rs ’ cost analysis. T h is section he said 
con ta ined  a num ber o f im posing equations bu t it  w as no t 
possible to  check any  of the cost curves by these equations 
because im p o rtan t item s o f in p u t da ta  w ere n o t given.

T he  difference betw een £12'8 m  an d  £9-8 m  quo ted , w hen 
allow ance w as m ade fo r the increased cost o f sa tu ra ted  tu r
bines— notionaliy  £0-2 m  and  allow ing fo r the cost o f a  boiler 
in  the conven tional p lan t a t say  £ 0 4  m  gave ab o u t £3-2 m 
for the cost o f nuclear p lan t itself.

T h is appeared  to be reasonable  fo r the cost o f a  series 
nuclear p lan t exclusive of the  core, bu t in o rder to be able 
to  pu t one of these p lan ts in to  a ship you h ad  to  spend a 
lot o f m oney  on research  an d  developm ent, even fo r som e
thing o f this n a tu re , w hich w as, to  a ce rta in  ex ten t, a lready  
developed. I t  could no t sim ply be pu t in to  a ship in its 
present fo rm . W as this research  and  developm ent cost to  be 
spread across the to ta l o f  six or seven ships, o r w ould som e 
kindly governm en t con tribu te  the m oney and  w rite off the 
am o u n t?  I t m ight be som e £ 6-£8  m.

Secondly, the first p lan t o f a  series w ould  cost qu ite  a 
lot o f ex tra  m oney over the no tional £3-2 m  fo r certa in  item s 
such as special tools, draw ings, electrical in s trum en ta tion  re 
liability, and  proving the fab rica tiona l feasib ility  o f the ra ther 
peculiarly  shaped  pressure vessels. A  cost o f som ething o f 
the o rder o f £0'8 m  should  be allow ed fo r this.

Also no m ention was m ade o f how  the cost o f refuelling 
at say, som ew here betw een £0-3-£0-4 m was allow ed for. 
Every  tim e the p lan t was refuelled , you had to  spend a lot 
o f m oney to  m ake it safe, open it up. de-fuel it, pu t in the 
new  core and  seal it  up  again. A  no tional figure fo r the cost 
of this m ight be ab o u t £0-3-£0-4 m . H ad  this been included? 
H e  co u ld n ’t, he said, see it  in  th e  paper.

M r. D eigh ton ’s th ird  p o in t concerned  the cost o f  a 
technical back-up  o rgan iza tion . W hen  you  h ad  a nuclear 
propelled  ship a t  sea, you  h ad  to  have an o rgan iza tion  to  
m o n ito r and  assess the p e rfo rm ance  and  safety  of the p lant 
and  to  give in fo rm atio n  and  instructions to  the opera to rs. 
Such an  organ isa tion  could  be qu ite  expensive— som ething in  
th e  region o f £50-£100 m ight be ap p ro p ria te  here. H ow  w ere 
all these costs included, to m ake up the cost assessm ent?

Also, how  did the au th o rs  cost the co re  itself?  H e  saw 
no m ention  of a  detailed cost b reakdow n. I t  w ould  be in te r
esting to  know  how  m uch h ad  been tak en  fo r th e  cost of 
fissile m ateria l an d  also the cost o f  fab rica ting  the core.

F inally , in  connexion  w ith the co llar betw een the flanges 
o f the reacto r p ressure vessel, M r. D eigh ton  said th a t when 
you h ad  p rim ary  fluid on one side o f the collar an d  feed 
inlets and  steam  penetra tions a lternative ly  a rranged  a round  
the circum ference, tem p era tu re  transien ts w ere possible, lead 
ing to  very aw kw ard  therm al fa tigue  stress conditions which 
w ould seem highly undesirab le  fo r this type of p lant. It w ould 
be in teresting  to  know  w hether this aspect had  been exam ined 
and  w ith w hat conclusion.

M r . P. W e is s , said th a t he w ould like to m ake som e

com m ents and  ask for clarification on som e points related  
to  the safety  aspects o f the ship.

A ccom m odation  w as situa ted  tw o-th irds a ft an d  this lay 
o u t resu lted  obviously  fro m  the necessity to  accom m odate  a 
su itable collision p ro tec tion  struc tu re , since the shape of the 
a f t p a rt o f the ship did n o t p rov ide  a sufficient beam  to m eet 
the w idely accepted  ru le  o f  B /5  fo r the side w idth o f the 
barrie r. W as there, in the a u th o rs ’ opin ion, a  significant 
econom ical p ena lty  incu rred  in the hand ling  o f con tainers 
by dividing the sto rage space in to  tw o separate  parts?  Or 
w as there  an  incentive to  devise som e a rrangem en t allow ing 
the shifting  of the accom m odation  to the a ft, fo r exam ple 
by installing  the con ta inm en t vessel a t an  u p p er level in the 
ship in  o rder to  find a sufficient w id th  ab reas t the reac to r 
com partm en t?

I t w as said th a t the con ta inm en t vessel leak  ra te  had  to 
be kep t below  a m axim um  allow ab le  lim it determ ined  by the 
classification society. T h is w as a som ew hat sw eeping sta te 
m ent. In  M r. W eiss’ opinion, it w as clear tha t, if a n  agreed 
value was useful fo r the design an d  app ra isa l o f the effective
ness o f th e  safety  provisions to lim it the consequences o f a  
po ten tia l m ajo r accident, there  w as by no m eans a definite 
upper lim it w hich could  n o t be trespassed. In  fac t the co n 
ta inm ent vessel leak ra te  was on ly  one fac to r am ong a g rea t 
num ber o f o thers which had  to be inco rpo ra ted  in the safety  
analysis to assess the behaviour o f the ship under assum ed 
accident conditions and  to evaluate  the p robab le  consequences 
to the environm ent.

T here  was no m ention o f the m ateria l to be used fo r the 
m ain heat exchanger coils. T his w as a ra th er im p o rtan t choice 
and had to take in to  accoun t the m ore or less stringen t 
requirem ents for the chloride co n ten t o f secondary  w ater, 
w hich cou ld  be very  low if an austen itic  stainless steel was 
chosen and  m ight p rove difficult to achieve during  opera tion . 
W hat was the opinion of the au tho rs  on th a t po in t?

T he purification system  prov ided  a m eans fo r the check
ing o f safety  valves. It w as well know n th a t the leaktightness 
o f safety  valves, a fte r checking in s itu , w as no t alw ays co m 
patib le w ith the allow able leak ra te  o f the p rim ary  c ircu it o f 
a nuclear plant. W as there  any special a rrangem en t designed 
to  cope w ith such leaky valves o r to  avoid  this d raw back?

Som e m ore  details on  the c lean-up  p lan t in sta lled  dow n
stream  of the ven tila tion  system  w ould  be apprec ia ted , since 
the efficiency and  reliability  o f the filtering equ ipm ent played 
a  m ajo r ro le in the safe ty  assessm ent o f  the nuclear in s ta lla 
tion. M ore particu larly , it w ould be in teresting  to  know  the 
degree o f redundancy  in troduced  in the system , th e  type of 
filters used and  the provisions foreseen to  check the filter 
efficiency during service of the ship.

T he em ergency decay hea t rem oval system  relied on 
n a tu ra l c ircu la tion  bo th  in the loop  an d  inside the reac to r 
pressure vessel. In  th a t w ay, the system  w as com pletely  inde
penden t o f an y  electrical supply  an d  this w as a com m endable  
design basis. H ow ever, in  dealing w ith em ergencies on  a ship, 
very  large values o f list w ere no t to  be dism issed an d  could, 
above a certa in  angle, negate the operab ility  o f the system . 
W as there any  list lim it and  w hich one?

T he  possible opera tio n  o f the p lan t w ith a leaking boiler 
tube seem ed to  be con ta ined  in the descrip tion  of the active 
w aste system s. I t  appeared  tha t, in this case, it w ould  be 
m ore convenient to  shu t dow n the group  o f coils affected 
by the leak an d  to  run  the p lan t w ith  the rem ain ing  three 
groups. W as there  any  definite p rocedu re  foreseen?

C oncerning the low activ ity  liquid  w aste, there  w as no 
m ention o f a possible release to  the sea. W as there a basic 
design philosophy  to  store any  w aste generated  by the 
nuclear p lan t on b oard  w hatever its activ ity  level? If  this 
was the case, it should  be recalled  that, according to  the 
availab le  operating  experience, even as scan t as it w as, in 
practice this goal was ra th e r difficult to achieve.

M r. W eiss w ent on to say th a t the p a rt o f the paper 
devoted to the nuclear safety  o f the ship deserved some 
m ore im p o rtan t rem arks.
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In  the first p a rag raph , it seem ed th a t a definite b o rd e r
line w as set u p  betw een n a tu ra l hazard s o f  the sea and  the 
pecu liar safe ty  p rob lem s stem m ing from  the rad ioactive 
m ateria ls p roduced  during the fission process. O bviously this 
was an oversim plification since the nuclear p lan t w ould  be 
unavo idab ly  involved in a lm ost every m ishap  o f  the ship. T he 
h igh safe ty  level w hich w as sought fo r in active m ateria l 
re ten tion , im plied  the tho rough  analysis o f the sh ip’s be
hav iour, even in ex trem e cases such as collision or fo u n d er
ing, to  assess the effectiveness o f special structures o r a rran g e 
m ents specifically designed to  p ro tec t the reacto r p lan t and  
to  avoid  any  uncon tro lled  release o f activity . I t  w as p ro b 
ab ly  in  th a t field th a t the greatest uncertain ties still existed.

Iod ine  iso topes w ere certa in ly  o f special concern  in  safety  
analyses; how ever, it should be kept in  m ind th a t the filtering 
equipm ent o f the ven tila tion  system  w as designed to  rem ove 
a  g rea t am o u n t o f the iodine and  iodine com pounds leaking 
from  the con ta inm en t vessel and  th a t o ther active products 
w hich w ere n o t read ily  re ta ined  by the filters w ould  becom e 
m ore  significant. T h is w ould particu la rly  be th e  case fo r noble 
gases.

In  the first p a rt o f the safety  argum ent, it w as sta ted  tha t 
any  active w aste w as safely sto red  on  board  ship. As already 
no ted  for liquid  w aste, this philosophy  w ould prove unprac- 
ticable and  it was p robab le  th a t som e discharge o f  liquid 
a n d  gases w ould  have  to  be perfo rm ed  during  opera tion  of 
the ship because there w ould  be either som e m inor leakage 
in  p rim ary  circuit, o r purg ing  o f the con ta inm en t vessel 
a tm osphere  fo r m ain tenance  purposes. T herefo re  i t  w ould 
appear w ise to  design the sto rage facilities fo r such releases, 
i.e. to  p rovide the equ ipm ent requ ired  to  con tro l the to ta l 
an d  specific activ ity  o f th e  discharges.

In  the second p a rt o f the safety  argum ent, the p robab ility  
o f  a w hole spectrum  o f failu res and  o f  a release w as m en
tioned. Som e m ore details w ould be apprecia ted  on th a t 
topic. W ere the au tho rs  read y  to  use, in  the m arine field, the 
app roach  to safety  appra isa l developed in the U .K ., w hich 
w as based on an  objective safety  ra ting  covering the w hole 
range of conceivable accidents, the corresponding  risks being 
judged by reference  to  an  abso lu te  risk  crite ria?  T h is  w ould  
be a very  prom ising m ethod  based on  sound theoretical 
grounds w hich could no t be said o f the so-called m axim um  
credible accident ap p roach  cu rren tly  used  in the safe ty  evalu 
a tio n  o f w ater cooled  reactors.

U nfo rtuna te ly , M r. W eiss concluded, the im plem en ta
tion  o f the “p robabilistic  m e th o d ” w as still im peded by the 
scarcity  o f  reliab le  statistical da ta  an d  also by  the lack  of 
a  w idely accepted  risk  crite ria . T h e  views o f the au tho rs  on 
this po in t w ould  be w elcom ed.

M r. A. H. Syed, B.Sc., M .I.M ar.E ., said the au thors had 
endeavoured  to  show  th a t as a fleet concept nuclear 
p ropulsion  w as very com petitive, the cost o f the reac to r 
being taken  as th a t o f the 15th off, n o t the p ro to type . 
T h is w ould  no t appear to be realistic a t the presen t time, 
since there  w as no t even a p ro to type  a t sea. I t  w ould be 
in teresting  to know  the am oun t o f research  and  developm ent 
w ork  to  be done before th is could  begin, and  to  know  w ho 
w ould  fo o t the bill. A lso, w hat w as the difference betw een 
the first an d  the fifteenth  reac to r, as regards the econom ic 
appra isa l?

A no ther fac to r, o f g rea t in terest to  the shipow ners, was 
th e  building tim e fo r the nuclear ship. Som e ind ication  of 
this w ould  be appreciated .

T he  paper presents a com parison  o f the lightship weight, 
b u t no  figures a re  given. Som e idea o f the breakdow n o f the 
w eights o f m ach inery  and  hull, fo r the tw o types o f ship, 
w ould  be o f in terest.

M r. Syed w en t on to  say th a t personnel w ere requ ired  
to be o f high calibre, specially tra ined  in the nuclear p lan t 
and  in p ro tec tion  m ethods. In  add ition , a large p ro p o rtio n  
also needed conven tional certificates o f com petency. T he 
services o f a  qualified  health  physicist w ou ld  be necessary,

a t least in  the in itia l stages. A ll these w ou ld  add  to  the 
expense, and  he  w ondered  if  this h ad  been taken  in to  account.

W hat speed w ould  the get-you-hom e system  fo r this type 
o f ship prov ide?  N o  doub t it w ou ld  be  p ru d en t to  keep 
personal surveillance, so as to gain  w atchkeeping  experience, 
bu t looking ahead  an  unm anned  engine ro o m  w as desirable 
fo r fu tu re  generations of ships. W h a t m a jo r obstacles, if any, 
did the au tho rs  foresee in  designing th e  p la n t fo r unm anned  
opera tion  an d  w hat advantages w ould  be gained?

T he new  generation  o f  conven tional gas tu rb ine  m ain  
p ropulsion  m achinery  w as now  show ing g rea t p o ten tia l and  
was gaining in popu larity , pa rticu la rly  fo r con ta inersh ip  
app lica tion . B earing this in  m ind  and  also th e  recen t advances 
m ade in the field o f high tem pera tu re  helium  coo led  reactors, 
a  d irect cycle nuclear gas tu rb in e  offered a  very  com pact 
in tegrated  design, w ith  such advan tages as com plete  e lim ina
tion  o f the secondary  cycle an d  sim plicity  as com pared  w ith 
the boiling w ater type reacto r concept) an d  as such appeared  
to be an a ttrac tive  p roposition  fo r m erch an t ship ap p lica
tion. I t w ould appear highly  desirable th a t research  and  
developm ent efforts should  be d irected  tow ards evolving 
this type of m achinery  if nuclear ships w ere to be com petitive 
w ith conventionally  pow ered  ships.

M r . R . V. T u r n e r  said th a t because the need to  enlist 
the support o f shipow ners had  been m entioned , he though t 
it was im p o rtan t to  po in t ou t th a t beh ind  th e  w ork  sum 
m arised in this paper, there w as an earlie r study  on  the 
optim ization  o f con ta iner ships, carried  ou t by his com pany  
in 1965.

T o  avoid  m issing the co rrect level o f op tim ization  it  w as 
considered necessary to  go u p  an  o rder o f m agn itude  from  
the designs then cu rren t both in con ta iner num bers and  in 
shaft horsepow er. T hus a  ship wa« envisaged w ith 10 000 
ISO 20 ft containers, and  w ith 300 000 shp (equivalen t to 35 
knots service speed). T h 's  w as the end spo t th a t w as though t 
ap p ro p ria te  in 1965. As a resu lt o f this, it w as concluded  th a t 
the cu rren t ships on o rder w ere grossly undersized , and  th a t 
costs per con ta iner tr ip  cou ld  be very  substan tia lly  reduced , 
by  a  substan tia l increase in  size— to say a ship carry ing  2000 
containers in th e  speed range 25-30 knots, w ith a shp o f 
60 000. T his conclusion w as really  to  the effect th a t the then 
cu rren t generation  of ships w ould be rap id ly  ou t-m oded  by 
larger and  faster un its, and  the significance o f nuclear pow er 
in regard  to  this w as recognized. T herefo re , despite critical 
com m ents by various people, including shipow ners, the policy 
o f pu tting  g rea t em phasis on nuclear pow er w as continued.

T he  results a t  the present day, if  seen in conjunction  
w ith the fac t th a t this type o f ship w as being built in increas
ing num bers, show  th a t one had  to be very  cau tious abou t 
taking advice w hich could  be based on a  lim ited  assessm ent 
o f fu tu re  trends an d  w hich did no t include adequate  know 
ledge o f the  econom ic forces a t w ork  th ro u g h o u t the w orld .

P r o f e s s o r  G . N . W a l to n  said th a t a lthough  the 
question  o f fire risk w as m en tioned  in th e  text, no d is
cussion w as given to  the relative fire risk o f  conventional ships 
as com pared  w ith th a t o f the nuclear pow ered ship. In a ship 
using conventional pow er the fuel w as essentially  inflam m able. 
H e had  no statistics on  the incidence o f  engine room  fires 
and  boiler room  explosions in  conventional ships b u t it was 
possible th a t they  w ere n o t a negligible consideration  in the 
estim ation  o f insu rance  prem ium s. D uring  opera tions the 
com ponents o f the fu rnace  should  be above the ignition tem 
pera tu re  o f m an y  m ateria ls  and  cargoes. T h e re  w as also the 
possibility  o f the escape, o r blow  back  o f oil v ap o u r an d  the 
explosion risk associated  w ith it.

In nuclear pow ered ships there w as no com parab le  fire 
risk. T he fuel w as n o t by n a tu re  inflam m able. A lthough 
u ran ium  m etal had  its fire risk, the m etal w ould no t be used, 
and  u ran ium  oxide w as nearly  fully oxidized and  had no fire 
risk. S im ilarly  the o ther com ponents o f  a  reac to r such as the 
w ater coo lan t, the steel and  o ther m etals h ad  no fire risk.
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W ith z ircon ium  there was som e danger o f a m etal-w ater 
reac tion  b u t the risk of this w as exceedingly rem ote . In  the 
op e ra tin g  system  no exposed p a r t  o f  the reac to r o r fuel 
o p e ra ted  above ab o u t 300°C  w hich w as well below  the 
ign ition  tem p era tu re  o f m ost m ateria ls . T h e  fuel associated  
w ith aux ilia ry  pow er could  also  be e lim inated  in  the long 
term . T h e  fission p roducts in  reac to r fue l certa in ly  rep re 
sen ted  a  serious haza rd  bu t i t  w as considered  this w as no t 
o f  a  destructive and  vio len t n a tu re  com parab le  to  th a t o f 
fires. A lthough  insurance prem ium s an d  costs on nuclear ships 
w ere likely to be initially  high because o f their un fam iliarity , 
and  the lack o f statistics, in  the long ru n  it w as possible th a t 
the insurance on  nuclear ships w ould  be considerab ly  low er 
than  th a t on conventionally  pow ered vessels.

T he sam e considerations app lied  to  the fire risk  in shore- 
based refuelling  installa tions. I t  w as possible th a t a  fleet o f 
nuclear p ropelled  m erch an t ships w hich w ould  have  a  low 
fire risk, an d  w hich cou ld  go anyw here in  the w orld  in d e
penden tly  o f  sho re  based  fuelling supplies, w ould  be an  im 
p o rta n t n a tio n a l asset.

M r . N . Ba t t l e  said th a t he  had , over a num ber o f years, 
seen the p roposed  reac to r design an d  he w ondered  if  the 
BPW R w as now  as well developed as the au tho rs suggested 
F o r instance, in  the case o f the once-th rough  steam  generator; 
had  any testing been done on this type o f un it?  H ad  the self- 
pressurizing concept been developed, and  if so, w h a t experi
ence had  been gained o f  the pum ping  o f near sa tu ra ted

w ater?  A lso, he suggested th a t neu tro n  detec tors w ould  no t 
be effective in  the shield tank , w here there  w as a large am o u n t 
o f w ater an d  steel betw een them  an d  the reac to r core.

H a d  the cooling sp ray  system s been tested? O ne could 
install them  but co u ld n ’t tesi them  a t com m issioning, and 
they  m ight n o t w ork  in  the w ay  in tended , since w hen there  
w as a  reac to r accident, there  w as likely to  be a com plete loss 
o f electrical supplies.

It seem ed th a t som e up d a tin g  o f the reac to r design w as 
needed. I t  h ad  been a ro u n d  in  the  fo rm  show n fo r qu ite  a 
long tim e.

M ention  w as m ade  o f  the advan tage  o f  th e  high coo lan t 
inven to ry  fro m  the leak  p o in t o f  view , bu t w ould  n o t a  low 
one be better in th e  event o f a  con ta in m en t acciden t?  A lso, 
w hat ab o u t fission p roduc ts  w hich could  be released in to  the 
con ta inm en t?  W as th ere  any  shielding p ro tec tion  fo r the 
crew , in  the event o f such an  accident?

M r. D . F . S t r e e to n ,  A .M .l.M ar.E .„  said th a t escalation  
in th e  fuel oil costs was m en tioned  in the appendix  and  th a t 
m uch  o f  the cost in fo rm atio n  used  h a d  been availab le  fo r a 
year. W h a t w ere th e  g ro u n d  ru les used  fo r the nuclear fuel 
costs? A b o u t a  year ago, u ran ium  (U aO s) prices w ere ab o u t 
$ 8 /lb , b u t they  w ere a t p resen t dow n to  betw een $ 6-8 and  
$7 '5 , w hich seem s to  suggest th a t if this study  w as based  on 
presen t-day  conditions, the case fo r nuclear p ropu lsion , in 
term s o f operating  costs w ould  be enhanced .

Correspondence
M r. D . F . S t r e e to n ,  A .M .I.M ar.E ., am plified his r e 

m arks in a w ritten  co n tribu tion . T h ere  was, he w rote, an 
o ld  saying th a t “any th ing  can  be p roven  on  p a p e r”, and  
this app lied  b o th  in  th e  positive an d  negative sense. L ike  in 
an y  econom ic analysis the paper was based on  p a rticu la r 
‘g round  ru le s’ w hich could  o r cou ld  n o t be ap p rop ria te . 
H ow ever, even allow ing fo r optim ism  in giving values to  
‘g round  ru le ’ param eters  it w as ap p a ren t th a t econom ic 
nuclear propulsion  was becom ing m ore  feasible. C onfidence 
in this assertion  w as being show n by the G erm ans, Ita lians 
an d  Japanese w ho h ad  judged  th a t there  w as going to  be a 
fu tu re  in nuclear m erch an t ships. In  this co un try  w e h ad  the 
“econom ic bu g ” and  we seem ed to  fo rget th a t the first 
nuclear pow er sta tions w ere no t econom ic, bu t in m ost 
coun tries they  now  w ere. T h e  reason  fo r this w as th a t it 
was only  th e  p rac tica l experience gained  in  build ing u n 
econom ic p lan ts  w hich led to  econom ic solutions. Previously  
a sudden brainw ave o ften  b ro u g h t ab o u t econom ic b reak 
th roughs, b u t in  the field o f energy conversion, these days are  
over. M odern  technology  w as such th a t it  w as on ly  by  sys
tem atica lly  pursu ing  defined objectives, backed by  prac tica l 
experience, th a t a  new  concep t cou ld  becom e econom ically  
v iable. T h e  rea l question  th a t h ad  to be asked  in this 
co u n try  w as could  there  be a fu tu re  fo r nuclear m erchan t 
ships? I f  the answ er was yes, th an  serious w ork  h ad  to 
com m ence unless, o f course, we w ere p repared  to  leave the 
m arke t open to  the G erm ans, Japanese, Ita lians, etc.

D u e  to  th e  costs involved th e  m ain  responsibility  fo r 
in itia ting  a p ro jec t h a d  to  lie w ith  the G overnm en t. H o w 
ever, th e  shipow ners an d  shipbuilders had  to be th e  ones to 
show  the necessary strateg ical fo resigh t. W hen one heard  o f 
the progressive attitudes being show n in the countries o f ou r 
m ain  com petito rs, it w as very  sad  to  see so relatively  few 
people a ttend ing  this In s titu te  m eeting. F o r  this reason  he 
said he  w ould  like to  cong ra tu la te  the au tho rs  n o t only  on 
providing an  in teresting  paper, b u t fo r try ing to keep alive 
in terest in th is co un try  in nuclear p ropu lsion  w hich m any 
responsible persons believed had  a g reat fu tu re . N othing 
lasted  fo r ever and  a lthough  m any ha ted  to  th ink  it, the  oil- 
fired boiler an d  the D iesel engine w ould  prove no exception.

In  this regard  M r. S tree ton  concluded  by quo ting  from  
M r. G eorge Sulzer’s address to  the In s titu te  a t the annua l 
d inner last M arch . M r. Sulzer said :

“N uclear pow er I believe, is no t an im m ediate com oetito r 
fo r the m erchan t navy o f  the nex t decade, bu t in  view o f 
the g row ing accelera tion  in  technolog ical developm ents it 
w ould  be dangerous to  re ly  on  any  so-called expert fo recast 
in this respect.”

M r . K o s tr z e w a  in a w ritten  co n tribu tion , m ade  the 
follow ing po in ts:

1) A  full p ressure con ta inm en t w as described in  the 
text. I t  is assum ed th a t the d iam eter w ill be 10-11 m 
and  the w all-thickness 60-70  m m . F o r such wall- 
thickness it w as necessary  to  stress annea l the w eld 
ing seam s.
a) D id  the au th o rs  consider site -fab rica tion  o f the 

con ta inm en t?
b) D id  they  have  u nder con tro l site -fab rica tion  

techniques w ith in  acceptab le  cost ranges?
c) W ould  it no t be cheaper to  p rov ide a pressure- 

suppression-system , w hich m ight be p a rt o f the 
hu^l construction  instead  o f a full pressure 
con ta inm ent?

2) a) W hy did th e  au th o rs  n o t p rov ide  an  au to-
pressurization  o f  the re ac to r till now ?

b) I t  w as m entioned , th a t there  w as a  possibility  
to  change to au to -p ressu riza tion  la te r on . H ow  
w ould  the construction  be in this case?

c) W here w ere the pum ps located  then?
3) T he  p rim ary  c ircu lating  pum ps (obviously  o f the 

canned  m oto r p um p  type) w ere show n in an  oblique 
position to the axis o f  the p ressure vessel.
a) H ad  pum ps, positioned  in such a m anner, 

a lready  been tested?
4) T h e  con tro l rods w ere driven  electrically .

a) H ow  w ould  pow er transm ission  feed  the in 
te rna l parts?

b) D id  the au th o rs  test a  ro d  drive u n it under 
ship conditions?
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5) O bviously a core was provided, th a t rem ained  in  
the reac to r during the w hole lifetim e w ithout 
shuffling.
a) W h a t w ere the specific fuel costs ob ta ined  w ith 

this core?
b) W hy did they no t p rovide a shuffle core as 

w as usual in land-based reacto rs in o rder to 
reduce fuel cycle costs?

6) T he fuel elem ents w ould  be fab rica ted  from  Z irca- 
loy or stainless steel. C erta in ly  Z irca loy  w ould  be 
chosen according to  the better neu tron  econom y.
a) W ould  the lattices also be m ade from  Zircaloy.
b) D id  the au tho rs  p refer a w elding o r a  soldering 

m ethod  fo r the fixing of lattices?
c) D id  they  carry  ou t corrosion-tests?

7) W ere long tim e burn -up  tests w ith bu rnab le  poisons 
carried  ou t?

8) In the case o f in tegrated  reactors the  neutron  flux 
densities w ere relatively  low accord ing  to the great 
w ater spaces betw een core an d  pressure vessel. W hy 
did they prov ide  therm al shields fo r the design?

9) T he pressure vessel w as supported  by a cylindrical 
hoop w hich w as w elded to  th e  pressure vessel. D id 
this design allow  for the stresses resulting from  radial 
therm al expansions being kept under con tro l?
a) D id  this design allow  for the stresses resulting 

from  rad ial therm al expansions being kept under 
con tro l?

10) All p ipe connexions o f the pressure vessel pene
tra ted  a  ring betw een th e  flanges, w here only the 
space betw een the screw bolts was available. T h e re 
fore , the  ad junction  o f the steam  generato r had  to 
be divided in to  several sm all pipes.
a) W o u ld n ’t this unnecessarily  increase the break- 

dow n-danger?
b) D id  each pipe have an  ind iv idual shut-off valve?
c) W as there a chance tha t safeguards au thorities 

w ould accept this high figure of penetrations?
d) H ow  did they shield the penetrations?

11) a) H ow  did they hand le  refuelling procedures? W as
a land-based  service-station needed?

b) W as it necessary to  rem ove the contro l rod  
drives individually?

c) W hich w ere the achievab le  refueling times (in
cluding shut-dow n and  re s ta rt o f the reacto r)?

12) a) H ow  did they perfo rm  periodic u ltrasonic tests 
o f the pressure vessel?

b) D id the au thors consider, a t least periodically , 
testing all w elding seam s?

c) W ere all welding seam s ach ievable  by u ltrasonic 
test equipm ent?

M r . V. D . Y. C o c h ra n e  said th a t som e years ago nuclear 
p ropulsion  w as being considered  as a v iab le  p roposition  if it 
tended tow ards parity  w ith conven tional m eans in  term s o f 
costs; later this stan d ard  was ra ised  to  pa rity  itself and  now 
a t the present tim e nuclear vessels seem  to  have to  show a 
definite econom ic advantage.

But even though it w ould  seem th a t the latest condition  
could be m et, B ritain was ill-p repared  to tak e  advan tage  o f it.

T o  those people w ho shrugged off the efforts m ade  in 
this coun try  to  p repare  fo r the nuclear p ropelled  m erchan t 
ship, he poin ted  to  the success o f the Jap an ese  shipbuild ing 
industry  w hich over a  decade ago had  th e  foresigh t to  p repare 
fo r the building of large oil tankers, an d  w ere now  preparing  
fo r the age o f  the nuclear p ropelled  large con tainersh ip .

H e congra tu la ted  the au th o rs  on their struggle to  p resent 
a case, m ostly  in  econom ic term s, to  ju stify  a nuclear building 
program m e. T o  people w ho questioned the basic reac to r type 
presented, on the g rounds th a t it had  rem ained  v irtua lly  u n 
changed over a period o f years he w ould  rem ind them  th a t 
m any years ago pistons w ere connecetd  to  a c ran k sh a ft to  
propel a m oto r car, an d  it appeared  th a t this p rac tice  w ould  
continue. I t w as w rong to reject a p roposal sim ply because it 
basically rem ained unchanged.

T here  were fou r po in ts on  w hich he asked the au tho rs  
to  com m ent:

a) there w as no m ention  o f  a  p ro to type  reac to r o r ship, 
and  he w ould there fo re  question  the s ta tem en t o f 
the reacto r price based on the 15th off;

b) a crew  o f  34 w as m en tioned  as com pared  to  a  crew  
o f 32, w hen we read  o f  the com plem ents in  o ther 
(adm ittedly  proto types) nuclear p ropelled  ships;

c) w hat w ould be th e  results in th e  therm al pa ttern  if 
one boiler un it w as shu t dow n, o r a pum p stopped in 
th e  p rim ary  circuit;

d) could the au tho rs  ind icate  the hydrogen  consum p
tion  in the core?

Authors’ Reply
M essrs. G au n t, R ouse and W ilkinson said th a t the results 

presented  in  their paper and  appendix  w ere a sum m ary  of 
recent w ork carried  ou t as a p rivate  ven tu re  by the  au th o rs’ 
com pany, m aking use o f access agreem ents w ith the 
U .K .A .E .A . T h e  paper took  the w ork only as fa r  as it was 
possible fo r them  as sh ipbuilders to  take it. F ro m  the c o n 
clusion reached, they felt th a t now  was the tim e fo r a fu rther 
study  w hich should  inco rpo ra te  th e  shipow ning view point, 
especially opera tional, and  th e  views of p o rt authorities, 
unions and  all o ther bodies w ho w ould be affected.

M ost o f the co n tribu to rs  to  the paper seem ed to  be 
som ew hat p re-occupied  w ith the various details o f the reactor, 
its m ateria ls o f construction  and  the rad ia tio n  it em itted. 
A lthough  the au tho rs agreed th a t these w ere indeed im portan t 
factors, they tried  to  ind icate  th a t no m a tte r how  sophisticated  
the m achinery  or technology, it w as o f little value if the 
au thors w ere not able to  show  th a t the proposed developm ent 
was econom ically  sound and  m ore  profitable  than  an  existing 
alternative. T he  fa ilu re  to  do this was the reason w hy nuclear 
pow er was not adop ted  at the tim e o f the P adm ore  R eport 
bu t due to  the changing m arine  environm ent, nuclear pow er 
could  now  be show n to be a good econom ic proposition

under particu lar circum stances. T he  au tho rs  argued  they  were 
by no m eans alone in this belief. A m ong in te rna tiona l sh ip 
building circles, the G erm ans and  the Japanese  had  both  
recently  p roposed  th a t they should  join together to undertake 
the developm ent o f a nuclear pow ered  con ta iner ship, the end 
result o f w hich w ould be a fleet o f such vessels.

Since shipping today  w as an  in te rna tiona lly  com petitive 
business, and  one on w hich B ritain  relied heavily to 
suppo rt its balance of paym ents, the dangers o f leaving h e r
self open  to  in te rna tiona l com petition  and  allow ing h e r rivals 
to p roduce  econom ically  com petitive nuclear pow ered ships 
had  to be appreciated . Such ships w ould take th ree to five 
years to build, during which tim e a m arg inally  profitable 
U .K . shipping industry  could well becom e unprofitable.

T here  w as still too  m uch  em phasis placed on the first 
cost o f nuclear pow ered vessels as a basis fo r com parison 
with conventionally  pow ered vessels; and no t enough on w hat 
should  be m ore  im p o rtan t— th a t o f w hole-life costing and 
ultim ately  the profitability  o f each type o f propulsion system / 
vessel com bination .

T his conservatism  o f U .K . shipow ners regarding the 
price level o f vessels was un d ers tan d ab le  in the past when
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they did no t have access to large cap ita l sums to invest in the 
new  tonnage . T oday , there w ere the large consortia  to  m ake 
large financial resources available.

T o m o rro w , it could well be th a t the conso rtia  w ould need 
the n uc lea r ship to rem ain  viable in th e  face of com petition  
and  increasing operating  costs.

T he  au tho rs  w ent on to  say th a t the BPW R system  had  
n o t yet been built. M ost o f th e  calcu lations and  design w ere 
an  ex trapo la tion  from  existing d a ta  and  som e developm ent 
w ork  in parallel w ith the construction  o f the first reac to r 
w ould need to  be done to  confirm  the validity  o f the ex tra 
polation. T he au thors had  from  the ou tse t how ever treated  
the reacto r like any o ther piece o f bough t o u t equipm ent.

In his interesting con tribu tion , M r. H ildrew  suggested 
tha t the sam e reac to r h ad  been selected as was p roposed  eight 
years ago. T here  was som e doub ts in the au th o rs’ m inds th a t 
the BPW R did date  from  1962. I t m ay  be th a t it was being 
confused w ith V ulcain o r the abandoned  IBR. T he design of 
the BPW R had  been w orked up  to  the sta te  o f firm proposals 
backed by the expertise o f the U .K .A .E .A . lt  took account 
o f existing p ractical experience and  w as a  design th a t could 
be built today . S upporting  data  had  been used from  o ther 
pressurized w ater reacto rs and  it w as no t w ithou t interest 
th a t all in tegral pressurized w ater reacto rs had  evolved in the 
sam e direction  and  looked very m uch alike. I t  w as the 
au th o rs’ op in ion  th a t the pressurized w ater reac to r w ould  be 
with us as the p referred  system fo r a num ber o f years yet. 
M r. H ild rew ’s suggestion of the d irect cycle gas tu rb ine 
nuclear system  w as theoretically  very attrac tive . It w as still, 
how ever, a  long w ay off and  could  no t fo rm  the basis o f a 
present day  nuclear pow ered ship system .

T he calcu lations and econom ic analysis carried  ou t by 
the au tho rs w ere found  necessary, and  the sim ple approach  
suggested by M r. H ildrew  could  give a m ost m isleading result. 
It had  to  assum e th a t sum s o f m oney arising at different tim es 
w ere equally  im portan t, and  none of the strategic advantages 
o f nuclear pow er could  be taken  into account.

R eferring  to  M r. H ildrew 's specific technical queries, 
M essrs. G au n t, R ouse and  W ilkinson said th a t the leak test 
pressure a fte r refuelling  a n d /o r  m ain tenance  w ould be as 
agreed betw een the o p e ra to r and the classification society. 
T he elim ination  o f a separa te  pressurizer vessel by an in ternal 
pressurizer using self p ressurization  could  no longer be re 
garded  as a possibility w hen practical experience had d em o n 
stra ted  the effect on the self pressure con tro l system o f a 
large reacto r o f the forces to  w hich ships w ere subject. 
T o  date , the self pressurizing system  had only been proven on 
a com paratively  sm all reac to r, and  ex trapo la tion  to the sizes 
proposed in the paper w ould  be ou t o f con tex t w ith the 
au th o rs’ in tention  to propose a system  w hich could be safely 
built now. T he  au tho rs  had  no t th ere fo re  linked ou t econom ic 
analysis to  po ten tia l engineering developm ents, except fo r the 
p roduction  learning curve on the  reac to r pricing. T he oil 
prices used, bo re  no re la tionsh ip  to  coal prices as their 
im aginary  ow ner w as buying the oil a t as near the source of 
supply  as possible, and  certa in ly  no t in the U .K . w here oil 
w as taxed  to  p ro tect the price o f coal. T he  nuclear fuel prices 
w ere, like th e  oil prices, based on q u o ta tions received fo r the 
supply of fuel to  the requ ired  specification.

In rep ly  to  M r. Boos, th e  au tho rs  could  no t, fo r co m 
m ercial reasons, divulge the nam es o f ow ners w ith w hom  they 
had  had  con tac t, save to  say th a t they  all had  a genuine 
in terest in  the possible use o f nuclear pow er. I t had  neverthe
less been difficult to  ca rry  ou t the econom ic study in the 
absence o f d irect ow ner partic ipa tion  w hich w as no t yet 
availab le . T hey  adm itted  th a t m any  o f the assum ptions w ere, 
they hoped , intelligent guesses, and  they w ould  w elcom e any 
com m ent from  people ac tua lly  involved in th e  day to  day 
runn ing  o f a ship.

D r. E jiyere  w as w orried  ab o u t rad ia tio n  dam age. T he 
design and  shielding o f the reac to r w ere such th a t no p re 
cau tions need  be taken  fo r rad ia tio n  during th e  n o rm al 
opera tion  o f the  vessel. A ll liqu id  and  gaseous wastes could 
be collected and d ischarged to  shore storage facilities. It was

not necessary to  rem ove the steam  genera to r entirely  from  
the active zone of the core, as d istance and  shielding reduced 
the effect o f rad ia tio n  on the secondary  system  to  a very sm all 
am oun t. T he  only carry -over in to  th e  secondary  circu it o f any 
consequence w as the short-lived  iso to tpe  N ‘", fo rm ed  by the 
in teraction  of 0 "  w ith a fa s t neu tron . A lthough the gam m as 
p roduced  as a  result o f the decay of N “ w ere extrem ely  hard , 
N ’“ h ad  a half-life  o f only  7'16 seconds. T hus, this activity 
c reated  no opera tiona l problem s.

In reply  to  various con tribu to rs , the au tho rs  said th a t no 
accoun t had  been taken  in their econom ic analysis o f the 
cost o f the initial research  and  developm ent. I f  it w as requ ired  
to  w rite off in itial research  and  developm ent over a num ber 
o f units, the equivalen t ad justm ent could  be m ade  to  the 
econom ic input d a ta  in th e  equations.

In  the appendix  to  the pap er th e  costs o f the second off 
reac to r had  been com pared  w ith the costs o f the 15th. T he 
second off reac to r h ad  been priced clear o f the initial research  
and  developm ent bu t included a p ro p o rtio n  o f th e  costs of 
jigs and  too ls and  p ro duc tion  draw ings, and  it w as also a t the 
com m encem ent o f the learning curve.

In the calculations, a  no tional figure o f £65 000 h ad  been 
allow ed as the to ta l cost o f th e  refuelling . E q u ip m en t w rite 
off w as over a large num ber o f opera tions on a  num ber of 
reacto rs and the au tho rs considered  th a t the figure suggested 
by M r. D eighton  was too  high, unless it w as based on a 
single reacto r in a single ship.

In  reply  to  M r. D eigh ton ’s last po in t, an extensive study 
had  been carried  ou t by an  in te rna tiona l bo iler m an u fac tu re r 
w hich confirm ed the feasib ility  o f the design.

T h e  princip le o f th e  co llar had  been tho rough ly  tested 
ou t on B R 3 /V u lca in .

In reply to  M r. W eiss’ suggested lifting o f th e  reac to r, 
the au tho rs said th a t in their design studies o f nuclear pow ered 
con ta iner ships and  tankers they had  looked in to  the effects 
o f siting the reac to r in o th er conven tional bo iler positions. 
In  the con ta iner ship design they tried  siting the reacto r 
im m ediately  fo rw ard  of the m achinery  in  the “a ll-a f t” 
position, bu t th is had  been unaccep tab le  due to  th e  severe 
trim  o f the vessel by the stern . W hen siting the reac to r in the 
conventional boiler position  fo r th is type  of vessel, the 
stability  o f the nuclear vessel w as insufficient unless a c o n 
siderable am oun t o f perm anen t ballast was carried  in the 
doub le  bo ttom . T o  place th e  reac to r above the m ain 
m ach inery  requ ired  extensive shielding beneath  th e  reacto r, 
qu ite  ap a rt from  any s truc tu ra l difficulty in supporting  such 
a large w eight a  considerab le  height above the keel. T his 
bo ttom  shielding w as no t necessary w ith th e  reac to r in the 
2 /3  a ft position sited on the doub le  bo ttom , as the sea w ater 
then  acted  as adequate  shielding. If  divers had  to  go dow n to 
inspect the bo ttom  of the vessel, the doub le  b o ttom  could  be 
flooded and  w ith the reac to r in th e  2 /3  a f t position  the saving 
on  shielding and  steel stru c tu re  could  be given over to  the 
carriage of ex tra  cargo deadw eight.

T he  safety  argum ent and  a design and  bu ilt acceptable 
to  a  classification society had  to  be dealt w ith as a w hole 
befo re  agreem ent w as reached  on the separa te  p arts . O ne of 
these separa te  parts  w as the con ta inm en t leak ra te . T he 
au thors p roposed  to  use th e  m ethods o f safety  analysis being 
developed by the U .K .A .E .A ., i.e. the  criterion  o f accident 
p robab ility  ra th e r th an  th e  m axim um  cred ib le  accident 
ap p roach  cu rren tly  in use. T he hea t exchanger coils w ere o f 
Inconel. Safety  valves w ould  be dup licated  in o rder th a t a 
leaky valve cou ld  be isolated un til th e  oppo rtu n ity  w as avail
able to deal w ith it. T he  clean-up  p lan t installed dow nstream  
o f the ven tila tion  system  consisted o f tw o banks o f filters 
each con tain ing  the follow ing com ponen ts:

1) a  w ater ex tractor;
2) a  filter u n it consisting of a spark  arresto r, coarse 

filter, fine filter and  an abso lu te  filter;
3) a carbon  bed filter;
4) a  filter u n it consisting o f a  coarse  filter, fine filter and  

an abso lu te  filter.
T he  filter units and the ca rb o n  bed filter w ere fitted  w ith
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differential p ressure ins trum en ta tion  to  give w arning th a t filter 
renew al w as required .

T h e  decay heat rem oval system  w as duplicated , having 
one 100 per cent leg on each side o f th e  ship. H ea t rem oval 
w ould  be th rough  th a t side w hich happened  to  be higher 
w hen the ship w as listed and  theoretical studies show ed th a t 
a list o f m o re  th an  35° w ould  no t affect the opera tion  of the 
system . T he  heat exchanger w as divided in to  28 para lle l paths; 
each p a th  consisted o f 38 coils in  paralle l connected  to tw o 
tube  p lates, resulting  in  a to ta l o f 1064 separate  coils. If a 
leak w as detec ted  by a rise o f secondary  circu it radio-activ ity , 
th a t boiler un it com prising  a  q u a rte r p art o f the heat ex
changer cou ld  be closed off and the load  reduced accordingly. 
T he  leaking tube  could  be identified and  plugged using re la 
tively sim ple procedures. R egard ing  the question  of safety, a 
com prehensive analysis w ould  be bu ilt up  from  a study 
o f every system , to  give an overall understand ing  of the re 
liability  and  how  it satisfied classification requirem ents.

In reply to  M r. Syed, the au tho rs said th a t they had 
assum ed, fo r a  ship using p roduction  reactors, equal built 
tim es for nuclear and  conventional systems. T his could be a 
little  optim istic  bu t, in their view, w as close enough to a 
co rrec t assessm ent no t to  affect the end result.

C rew  costs in itially  h ad  been assum ed higher on the 
nuclear ship because o f the tw o ex tra  crew , bu t w ith equal 
crew s th e  sam e cost differential had  been m ain ta ined . T he 
‘get you hom e’ system  has been designed to  m ain ta in  a sh ip’s 
speed o f no t less th an  six knots.

T he au tho rs appreciated  M r. T u rn e r’s com m ents reg a rd 
ing w ork w hich w as carried  o u t by V ickers L td . in 1965 and 
they m ade this an oppo rtun ity  to  thank  V ickers L td . for letting 
them  use this d a ta  in the p repara tion  o f their paper.

M r. B attle  asked abou t the developm ent state o f the 
B PW R . As fa r as possible the design had  been based on the 
present sta te  o f the  a rt in o rder th a t existing experience could 
be utilized to  th e  m axim um . T here  had  no t been, how ever, 
any ac tua l testing o f th e  com ponen t m entioned . A m ple D iesel 
genera to r and  battery  capacity  w as installed to  ensure co n 
tinu ity  o f supplies in th e  event o f an  accident. T he only  d is
advan tage  of high p rim ary  coo lan t inven tory  w as a high 
con ta inm en t pressure in th e  unlikely event o f an accident 
dam aging the reac to r pressure vessel. T his was, how ever, a 
design and  fab rica tion  problem  w hich was p referab le  to  the 
difficulties th a t w ould  result from  having a low  prim ary  
coo lan t inventory , and  then insufficient w ater o r tim e in w hich 
to  take  corrective action . T he  con ta inm en t w as shielded 
a lthough  this w as no t show n on the draw ings.

T he  au tho rs agreed w ith P rofessor W alto n ’s enlightened 
view on fire risk.

In  reply  to  M r. S treeton . the au thors said th a t the reactor 
core  was costed  as ano ther bought ou t item . T his w as quo ted  
to  them  by the fuel suppliers as a  cap ita l sum  and buy  back 
value. These sum s arose a t different tim es and appropria te  
account was taken  o f this in the calculations. T he au thors 
did no t involve them selves w ith the cost o f ore, enrichm ent 
and  fab rica tion , any m ore  th an  an  ow ner o f a conventional 
ship, buying oil, w ould  w orry  ab o u t detailed refinery costing.

T aking  M r. K ostrzew a’s questions in the o rder he asked 
them , the au tho rs said th e  wall thickness of the con ta inm ent 
vessel w as such th a t the  vessel w ould  require  stress relief, 
w hich w ould  be fab rica ted  as p art o f the sh ipbu ilder’s supply 
w ith the hull, using established techniques. A  pressure su p 
pression system  w ould possibly be cheaper bu t, even then, the 
accident pressures w hich could  be reached  w ere g rea ter than  
the p resen t prov isional rules regulating  th e  p ressure to  w hich 
a  hull cou ld  be subject. T h ere  w ere also difficulties in the 
design o f a hull s tru c tu re  to  resist p ressure and  have an 
acceptab le  leak  rate; the am oun t o f re in fo rcem en t requ ired  
could  result in  a g rea ter w eight o f m ateria l being required  
th an  fo r the con ta inm en t p roposed , even though  the accident 
p ressure w as m uch low er. U sing the hull s truc tu re  also 
m arked ly  affected safety  analysis as there  w as one less barrie r 
betw een the core an d  th e  env ironm ent, and  th e  con ta inm ent 
b o undary  w as extended  tow ards possible collision areas.

F u rth e rm o re , it was aw kw ard  to  prov ide  a p ressure suppres
sion system  w ithou t also using a self pressurizing reacto r 
system  w hich h ad  been com m ented  up o n  earlier.

On a self pressurizing system  th e  pum ps had  to  be 
located  in such a  position  th a t there  w as ad eq u a te  net positive 
suction head  over them  a t all tim es. T h u s they  could  no t be 
on the reac to r p ressure vessel lid as in th e  B PW R  proposed.

T he pum ps used w ere o f a design a lready  in use in p res
surized w ater reactors; they w ould  o pera te  in the oblique 
positions show n.

A m ple experience o f co n tro l ro d  drive behaviour was 
availab le  from  the m arine  reac to rs  a lready  at sea. A ll elec
trical supplies and  m echanism s w ere above the  reac to r vessel 
to p  dom e. Specific nuclear fuel costs a t various d iscount ra tes 
could  be derived from  Fig. 27 o f the A ppendix; shuffling was 
n o t p roposed  fo r the m arine  app lica tion , as th e  econom ic gain 
w ould  no t outw eigh the delay  caused  by  tak ing  the ship ou t 
o f service betw een refits.

F uel lattices o r grids w ere o f Inconel and  w elding w ould 
be used. S im iliar fuel had  a lready  been tested .

T he  m ethod  o f con ta inm en t suppo rt p erm itted  rad ial 
expansion w ith very little  restra in ing  force and  w as superior 
to  o ther fo rm s of support in its response to  therm al m ove
m ents.

T he  use o f a  large num ber o f sm all pipes on the boiler 
ring  resu lted  in easier con tro l o f fab rica tio n  and  m inim ized 
the am oun t o f com pensation  fo r penetra tions. D am age w ould 
result in the loss o f secondary  fluid only. I t  w as possible to  
p lace a  valve in each pipe; how ever, each o f th e  fo u r separa te  
boilers had  been designed only to  be shu t off individually. 
P enetra tion  shielding was no t a  particu la r p roblem  ow ing to  
the distance of the  penetra tions from  the active core and  the 
am oun t o f shielding betw een them  and  the core.

A land  based service sta tion  w as p roposed  fo r refuelling: 
this w ould  take  an estim ated  22 to  25 days and  could  be 
carried  ou t concurren tly  w ith o th er refitting and  overhaul 
w ork . T he con tro l rods w ere disconnected  from  the drives 
and  rem ained in the fuel elem ents during fuel discharge; the 
drives could, therefore , be a ttended  to  as convenient.

D etailed  inspection of the pressure vessel cou ld  be 
a rranged  during refuelling.

T he au tho rs w ere pleased to n o te  th a t M r. C o ch ran ’s 
views w ere m uch  in accordance  w ith the ir ow n. T hey  had  
com m ented  earlier on the reac to r pricing and  m ain ta ined  
th a t there was no reason  w hy the nuclear ship crew  should  
eventually  exceed the conventional ship crew . I f  a boiler was 
shu t dow n the therm al p a tte rn  w ould  be una lte red , as each 
set o f boiler tubes extended  to  all a reas o f the to ta l hea t 
exchanger. If  a  pum p stopped , the therm al p a tte rn  w as 
sim ilarly unaffected, as the pum ps discharged  in to  a p lenum  
above the boiler coils. H ydrogen  consum ption  in the core w as 
v irtua lly  nil once equilibrium  cond itions had  been established.

T he au th o rs’ final com m ent w as addressed  to  M r. 
S treeton w ith w hose opinions the au tho rs generally  agreed.

M any years ago, B ritain  had  th rived  because of her 
w illingness to  go ou t and  seek new  horizons. T hen she had 
com m anded  the  largest m erchan t and  w arsh ip  fleets in  the 
w orld  and  prospered  as a result. T oday , w e in the U n ited  
K ingdom  seem ed to  be qu ite  w illing to  allow  o u r one tim e 
g reat m erchan t fleet to  slip fu r th e r into re lative obscurity; 
to  accept, year by year, an  increasing volum e and  value o f 
ou r im port and  expo rt trad e  to  be ca rried  in foreign vessels 
and  an increasing num ber o f o u r m erch an t vessels to  be bu ilt 
in foreign shipyards; and  to  rely to  an even g reater ex ten t 
on the technologies of o ther industrial nations.

F inally , during the various p resen tations of this paper 
th e  au tho rs did no t fail to  notice th e  re luctance  o f the m em 
bers o f the U n ited  K ingdom  shipping fra te rn ity  to  express 
their opinions in re la tion  to  nuclear pow ered  m erch an t ships, 
w hilst on the o ther h an d  th e  Japanese  and  G erm an  ow ners 
h ad  show n a considerab le  interest.

T he reason  fo r this silence w as perhaps th a t they  w ere all 
considering th a t it w ould  be cheaper in the long run  to  buy 
these vessels ab road ; the question  w as— cheaper fo r w hom ?
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