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DRAGON PROJECT REPORT NO. 135 - PART I 

REFERENCE DESIGB STUDY O F  A HIGH TEMPERATURE REACTOR SYSTEM 

INTRODUCTION 

The Dragon Pro jec t  has purchased a re ference  design s tudy of a high 
temperature g a s  cooled graphi te  moderated r e a c t o r ,  which was prepared by the  
United Kingdom Atomic Energy Authori ty  i n  t h e  course of t h e i r  own nark. 

SCOPE 

The r e fe rence  design study was based upon t h e  information on t h e  Dragon 
Reactor Ekperiment which w a s  a v a i l a b l e  up t o  January, 1962. 
r ep resen t s  t he  development of t h a t  design i n t o  a l a r g e  land-based power 
r e a c t o r ,  and thus  does not i n  any sense represent  a n  opt imisat ion of design 
f e a t u r e s  of high temperature r e a c t o r s ,  but  simply the  s c a l i n g  up of one 
p a r t i c u l a r  r e a c t o r  design concept. 

The design s tudy 

CONTENTS 

The documents which comprise the  design study, are being c i r c u l a t e d  as 
Dragon Pro jec t  Report No. 135. This  r epor t  is be ing  issued i n  t h r e e  p a r t s  
and the  l i s t  of conten ts  of each p a r t  is given below:- 

REPORT NO. 

135 - P a r t  I The C iv i l  H.T.R. Reference Design Study 

Var ia t ion  of Parameters f o r  a 1000 MW(H) 
High Temperature Reactor - P a r t  I 

Var ia t ion  of Parameters for a 1000 MTd(H) 
High Temperature Reactor - Par t  I1 

Assessment of Thermal Performance 
Parameters for a IO00 LW(H) H.T.R. 

S t r e s ses  i n  Graphite Fuel Boxes 

High Temperature Gas-Cooled Reactor 
Heat Exchanger Study 

I 
i 

135 - Par t  I1 

Calcula t ions  on Various Methods of 
( 

Control of an  E.T.R. t 

APPENDIX NO, 

Appendix 1 

2 II 

'I 3 

6 I t  

7 
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REPORT NO. 

The Physics  of t h e  H.T.9. Seference I 
APPENDIX NO. 

Appendix 8 

Ef fec t  of Uncer ta in ty  i n  Protact inium 233 
Cross-Section on Core Performance of 
1000 MW (H)  High Temperature Reaot o r  

(Fuel Costs f o r  Complete Core Replacement 
( and Continuous Charge-Discharge Fuel 
( Cycles of a High Temperature Reactor 

[The Approach t o  a n  Equilibrium Fuel 
Cycle and t h e  Fuel  Costs of a High 
Temperature Reactor wi th  and without 
Removal of F i s s i o n  Products Appendix 11 

( Prel iminary Assessment Appendix 12 

Appendix 9 I 
135 - P a r t  111 Appendix 10 

S p a t i a l  Burn-up i n  t h e  H.T.R. - a 

These documents were o r i g i n a l l y  prepared as UKAEA i n t e r n a l  r e p o r t s ,  and 
were not wr i t t en  f o r  wide d i s t r ibu t ion .  The W E A  agreed when the  Design 
Study was purchased t h a t  it could be d i s t r i b u t e d  t o  t h e  S igna to r i e s  bu t  wished 
t o  po in t  out t h a t  t he  o r i g i n a l  suppor t ing  papers were w r i t t e n  i n  t h e  form of 
memoranda r a t h e r  than of f i n i s h e d  r e p o r t s .  No at tempt  has been made t o  e d i t  
t h e s e  documents. 

7 SUMMARY 

The work r epor t ed  i n  D.P. Report 135 - P a r t s  1 ,  2 and 3, w a s  based on an 
e a r l y  design concept u s i n g  a ' f i s s i o n  product e m i t t i n g  fue l '  w i th  purged fuel 
elements and a n  e l a b o r a t e  f i s s i o n  product t r app ing  system. 
out  t h a t  if a ' f i s s i o n  product r e t a i n i n g  fuel' could be developed and t h e  
f i s s i o n  product t r a p p i n g  system s impl i f i ed ,  then  apprec iab le  economies would 
resul t .  The work reported here  the re fo re  does not a t tempt  t o  be a n  opt imiza t ion  
of t h e  mamy d e s j p  parameters and hence does not  e x p l o i t  t h e  f u l l  p o t e n t i a l i t y  
of t h e  high temperature  r e a c t o r  system. 

The r e p o r t  p o i n t s  

Despite t hese  l i m i t a t i o n s  most of t he  work r epor t ed  here  w i l l  be  of con- 
s i d e r a b l e  value i n  t h e  r e a c t o r  assessment s t u d i e s  t o  be done by t h e  P ro jec t  
e i t h e r  d - i r ec t ly  o r  under con t r ac t .  The aim of 1;bese s t u d i e s  is even tua l ly  
t o  optimize t h e  va r ious  d e s i q  parametem and- make a. d e t a i l e d  d.esign s tudy of 
t h e  system o r  systems l i l c ~ ! l y  t o  . lead i;n nn acononlic land. based h i @  temperature 
power react, or  . 

(ii) 



TFfE CIVIL H.T.R. 

REFERENCE DESIGN STUDY 

H.T.R. DESIGN OFFICE 

Edited by J. D. Thorn 
Reactor Design Branch, R i s l ey  

I n  a programme of work intended t o  e s t a b l i s h  t h e  f e a s i b i l i t y  and c o s t s  
of bu i ld ing  an H.T.R. power s t a t i o n ,  i nves t iga t ion  has  been made of a design 
based c l o s e l y  on 'Dragon'. 

The p r i n c i p l e  o b j e c t i v e s  i n  prepar ing  t h e  Reference Design were:- 

(a) t o  determine t h e  probable c o s t  of power generated i n  a large 
s t a t i o n  r e q u i r i n g  t h e  minimum development information beyond 
what w a s  expected t o  become a v a i l a b l e  from DBAGON, 

t o  examine t h e  problems involved i n  s c a l i n g  up t h i s  r e a c t o r  type, (b)  

and ( c )  t o  act as a basis aga ins t  which t h e  c o s t  and performance of 
o the r  H.T.R. des igns  could be judged. 

The p r i n c i p l e s  of design are i d e n t i c a l  wi th  those of Dragon although t h e  
embodiment of those  p r i n c i p l e s  has  n e c e s s a r i l y  d i f f e r e d  f o r  many items due t o  
t h e  larger s i z e  of t h e  p lan t .  

\ 

- 1  - 



This  r e p o r t  p re sen t s  t h e  r e s u l t s  of t h e  design work. The conc lus i tx s  are 
as follows:- 

The c a p i t a l  c o s t  t o  be expected f o r  a large power reactor based as c l o s e l y  
as poss ib l e  on t h e  Dragon design i s  not  s u f f i c i e n t l y  low f o r  t h e  system t o  
o f f e r  a great a t t r a c t i o n .  

Fur ther  s tudy  of safety requirements,  l ead ing  t o  a rev ised  containment 
design could lead t o  a saving of up t o  e6/m. 
are l i k e l y  t o  be largely app l i cab le  t o  any High Temperature Reactor u s ing  
carbon based f u e l  elements. 

The cons idera t ions  involved 

The f i s s i o n  product purge system, a s soc ia t ed  bu i ld ing  work and equipment 
i s  roughly assessed  kto c o s t  5YO/KW. 
f a c t o r y  f i s s i o n  product retaiinbng f u e l  is t he re fo re  of impor'tance. 

The p o s s i b i l i t y  of  &meloping  a satis- 

With a U/Th/U f u e l  cycle ,  'trhem w i l l  be an optimum power densi ty .  
the optimum value *depends on the balance of o o s t s  i n  a p a r t i c u l a r  concept, no 
j u s t i f i c a t i o n  is seen at present  $or s t r i v i n g  f o r  a design capable of power 
d e n s i t i e s  above 10 KW/litre; 
element be r e j e c t e d  on account of  l imi t ed  power dens i ty ,  a t  l e a s t  above say  
5 m/litre. 

Whilst 

nor  should a simple and cheap form of fuel 

I n  applying the  Dragon concept t o  a power reactor problems would arise 
which w i l l  no t  n e c e s s a r i l y  be solved by t h e  success fu l  development of Dragon, 
These inc lude  particularly - 

( i )  Assessment of  the leakage of steam and w a t e r  t o  be expected from 
steam genera tors ,  and of any s p e c i a l  s t e p s  necessary i n  consequenoe. 

(ii) Control elements and mechanisms s u i t a b l e  f o r  t h e  opera t ion  of 
c o n t r o l  members wi th in  t h e  core  proper. 

(iii) Design and manufacture of f u e l  elements, p a r t i c u l a r l y  t h e  g raph i t e  
components, s u i t a b l e  f o r  a core  of t h e  requi red  length.  

(iv) Active handl ing of large components. 

There i s  no reason t o  expect any o f  these  t o  prove insuperable  and some 
poss ib l e  s o l u t i o n s  have been incorporated i n  t h e  Reference Design, but 
development work would be required.  

- 2 -  
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SECTION 1: BASIS OF DESIGN 

. Terms o f  Reference 

@I. In  a programme of  work intended t o  e s t a b l i s h  t h e  f e a s i b i l i t y  and c o s t s  of 
bu i ld ing  an H.T.R. power s t a t i o n ,  i nves t iga t ion  has  been made o f  a design based 
c l o s e l y  on 'Dragon' . 
2. The p r i n c i p l e  ob jec t ives  i n  preparing t h e  Reference Design were:- 

(a)  t o  determine t h e  probable c o s t  of power generated i n  a l a r g e  
s t a t i o n  r e q u i r i n g  t h e  minimum development information beyond 
what w a s  expected t o  become a v a i l a b l e  from DRAGON, 

(b )  t o  examine t h e  problems involved i n  s c a l i n g  up t h i s  r e a c t o r  
type ¶ 

and ( c )  t o  act as a basis aga ins t  whioh t h e  coat  and performance of  
o ther  B.T.R. designs could be judged. 

3. The p r i n c i p l e s  of design are i d e n t i c a l  wi th  those of Dragon although t h e  
embodiment of  t h o s e  p r i n c i p l e s  has n e c e s s a r i l y  d i f f e r e d  for many items due t o  
t h e  larger s i z e  o f  t h e  plant .  

4. 
physics  and f u e l  c o s t s  i n  support o f ,  or c l o s e l y  assoc ia ted  with,  t h i s  design 
are repor ted  elsewhere [1-5]. 

This r e p o r t  p re sen t s  t he  r e s u l t s  of t he  design work. Studiea of t h e o r e t i o a l  

S ize  and S i t e  

5. 
decided t o  use t h e  same assumptions with regard t o  s ize  of  p l an t  and s i t i n g  as 
were made i n  some earlier work. As a r e s u l t  t h e  design has  been based on a 
r e a c t o r  of 
a l t e r n a t o r  a t  a s i t e  at Oldbury-on-Severn. 

In  order  t h a t  a cos t  comparison may be made with o ther  r eac to r s ,  i t  w a s  

1000 MW heat  output d r i v i n g  a s i n g l e  450 IklW cross compound turbo- 

Fuel Element 

6. 
elements a b u t t i n g  one aga ins t  another. 
vertical  rods  spaced la teral ly  t o  allow axial flow passages f o r  t he  helium 
coolant.  The rods  conta in  fuel  i n  t h e  form of Thorium and U r a n i u m  Carbides 
enclosed i n  c y l i n d r i c a l  g raph i t e  boxes which i n  t u r n  are housed i n  long 
g raph i t e  sleeves o f  hexagonal ou te r  prof i le .  
are made of  "impermeable" g raph i t e  t o  minimise t h e  leakage of f i s s i o n  products  
i n t o  t h e  coolant.  
female s p h e r i c a l  seat which makes a ' seal  w i t h  i ts  corresponding male sphe r i ca l  
apike unit. These u n i t s  are f ixed  t o  the-permanent basep la t e s  and are 
connected t o  a pipework system through which the purge gas is removed. 

Purge Systems 

7. 
order  t o  m e e p  f i s s i o n  products out of t h e  fuel as they  form, and l ead  them 

t o  t h e  c i r c u i t .  

AS on Dragon, t h e  r e a c t o r , c o r e  c o n s i s t s  of v e r t i c a l l y  disposed fue l  
Each fuel element is 8 cluster  of 

Both t h e  sleeves and t h e  boxes 

The weight of each fuel element is c a r r i e d  through a 

A small amount.of coolant  is induced t o  f l o w  through each fuel rod i n  

@away t o  a chemical separa t ion  p l a n t ,  t h e  p u r i f i e d  helium then being re turned  

- 7 -  



8. 
flows upwards between the sleeves and the boxes, enters the boxes at the to 
flows downwards between the boxes and the fuel, passes over the charcoal 
traps (which also form part of the bottom reflector) and finally emerges 
through the conical/spherical joints at the base of the cluster, into the 
permanent piping system which leads to the chemical plant. 

The purge flow enters the fuel sleeves at the bottom of the cluster, 

Pressure Circuit 

9. The coolant flow path is arranged to sweep the pressure containing parts 
of the circuit with gas at inlet temperature. Concentric inlet and outlet 
ducts between heat exchangers and pressure vessel are used and differential 
thermal movements are accommodated by providing axial flexibility in the 
internal ducts only. The differential pressure across the sections carrying 
hot gas is small, and a failure of this barrier leads only to internal 
b y-pas s ing 

10. The heat exchangers are at a high level compared with the pressure ves8el 
in order to provide as much natural thermal convection head as possible and 
thus the horizontal ducts connect the top of the pressure vessel with the 
bottom of the heat exchangers. 

11, The pressure vessel, ducts and heat exchangers are supported at the same 
horizontal level, allowing the vertical thermal expansions of these components 
to occur independently. The heat exchangers are hung from vertical tie bars 
allowing them to swing outwards to accept the horizontal thermal movements. 
The hot box occupies most of the top of the vessel because of the need to move 
long vertical fuel elements in a lateral direction inside it (see Section 9). 

Refuellinq 

12. Refuelling is carried out from above the core with the reactor shut down. 
The charge/discharge machine accepts the six clusters of fuel elements whioh 
are accessible from any one stand-pipe by means of a horizontal parallel 
motion transfer chute. The fuel is passed via a transfer faoility to a gas- 
cooled storage carousel where it decays before being transported in a flask 
away from the build'ing. A charge-chute machine, and a special purpose machine 
for handling broken fuel elements, television, and control equipment, are 
separate pieces of equipment. 

Control 

13. The control rods are of boron-carbide sheathed in graphite. The 
operating mechanisms are situated in the relatively cool region below the core, 
and actuate the control rods through push rods, t he  "out" position being above 
the core. The design provides for removal of control rods and mechanisms 
through the refuelling stand-pipes in the top of the reactor vessel. 

Safety and Containment 

14. The reactor is inherently safo as far as power excursions are-concerned 
because of its negative temperature coefficient which is maintained through 
all phases of operation, the large heat capacity of the core, and the fact 
that the whole of the core is made from high temperature materials. @ 

- a -  



15*  
and e s p e c i a l l y  t h a t  of t h e  purge chemical p l an t  and ( b )  t h e  chemical react ivi ty  
of t h e  co re  materials a t  opera t ing  temperatures.  

The two main hazards  are a s soc ia t ed  wi th  ( a )  the  a c t i v i t y  of t h e  c i r c u i t  

16. Both these  hazards are containment problems. The first is  concerned 
wi th  prevent ing  active materials escaping from t h e  r e a c t o r  bu i ld ing  and t h e  
second i s  concerned wi th  prevent ing a i r  o r  w a t e r  e n t e r i n g  t h e  primary c i r c u i t ,  

17. 
t i o n  designed t o  withstand an i n t e r n a l  pressure  of  10 p e i  and oonta in ing  
t h e  primary c i r c u i t ,  purge chemical p l an t  and r e f u e l l i n g  equipment. The outer 
containment i s  of concre te  cons t ruc t ion  and t h e  leakage of ac t iv i ty  from t h e  
system after a s e r i o u s  acc ident  can be f u r t h e r  l i m i t e d  by r e c i r c u l a t i n g  t h e  
con ten t s  of  t h i s  containment space through f i l t e r s  and a carbon bed. The 
concre te  w a l l s  of  t h e  bu i ld ing  also provide a b io log ica l  s h i e l d  f o r  the remain- 
der  of  t h e  s i te  aga ins t  f i s s i o n  products which may condense on t h e  i n s i d e  face 
of t h e  inne r  containment bui lding.  The annular  space between t h e  t w o  
containments is used for a u x i l i a r y  p l an t  rooms. 

18. 
s t e e l  i n n e r  containment i s  f i l l e d  wi th  n i t rogen  t o  prevent t h e  a i r /g raph i t e  
r e a c t i o n  and t h e  occurrence of  a water gas explosion should a breach of  t h e  
p re s su re  c i r c u i t  occur. During r e f u e l l i n g  per iods  the  n i t rogen  is rep laced  
with air, The v e n t i l a t i o n  system f o r  the inne r  containment coola  and 
recirculates  t h e  n i t rogen  dur ing  r e a c t o r  opera t ion  t o  maintain reasonable  
temperatures  i n  t h e  p l a n t  rooms and provides a n i t rogen  cool ing  c i r cu i t  f o r  
the main concre te  b i o l o g i c a l  sh ie ld .  During r e f u e l l i n g  per iods  the same system - 
coo l s  and recirculates a i r  i n s i d e  t h e  inne r  containment enabl ing  access t o  be 
made t o  t h e  r e f u e l l i n g  f l o o r  and equipment. 

~ r' 

Two containments are used, t h e  inne r  being of all-welded s tee l  construc- 

During t h e  pe r iods  when t h e  r e a c t o r  i s  pressur i sed  and the  core  hot  t h e  



SECTION 28 DESIGN CONDITIONS 

Se lec t ion  of Core Parameters 

19. 
parameters f o r  t h e  re ference  design applying l i m i t i n g  va lues  where these  were 
known. This  was not  intended t o  be an opt imisat ion but merely the  e s t ab l i sh -  

of t h e  r e fe rence  design would l i e .  This  work has  been repor ted  by Pexton and 
Staunton [ 6 ]  and i s  summarised below. 

I n  the  e a r l y  s t a g e s  o f  t h e  s tudy  it  was  decided t o  make a survey of thepossible  

ment o f  t h e  range of parameter va lues  wi th in  which a p rac t i cab le  s p e c i f i c a t i o n  J 

20. The design l i m i t a t i o n s  assumed were as fol lowst-  

(a) "he m a x i m u m  alluwable t e n s i l e  stress i n  t h e  graphi te  s l eeves  and 
boxes (without allowance f o r  ho t  channel f a c t o r s )  is 1500 psi 

Minimum s leeve  th ickness  0.22 i n  (b )  

(c) 

( d )  

( e )  

Minimum box th ickness  0.09 i n  

Minimum f u e l  rod p i t c h  2.2 i n  

The excess  of core  weight over upward gas f o r c e  must be great 
enough t o  prevent any danger of t h e  elements being l i f t e d  from 
t h e i r  s e a t  inge 

Nominal maximum f u e l  temperature 1 8OO0C 

M a x i m u m  surface temperature l 050°C 

Maximum bulk coolant  o u t l e t  temperature 75OoC. 

( f )  Peak f u e l  temperature 20OO0C 

(g) 

(h )  

21. The fol lowing parameters were f ixed  f o r  a l l  calculat ions:-  

Thermal Output 1000 Mw 

Radial r e f l e c t o r  3 f t  

Axial r e f l e c t o r  2 f t  
Radia l  c learance  r e f l e c t o r / v e s s e l  

Volume of core  occupied by c o n t r o l  rods  
Pressure  Vessel shape Cy l ind r i ca l  

5% of r e f l e c t o r  0.D. 

1/7 

Pressure  Vessel nominal stress 13,500 p s i  

Width of fuel  rod spacing r i b  Q ' i n  

Radial  gap sleeve/box 

Fuel p e l l e t  r a d i a l  th ickness  
'-1 . I 

0.005 i n  

0.26 i n  
c 

Graphite conduc t iv i ty  (I t o  ex t rus ion )  (0.05 - 2 x 10-5T) cal/cm . y c  OC 
(T < 1600 C) 

22. 
oores  which had voidage between 0.15 and 0.35 and average power d e n s i t y  UP 
t o  20 ICW/litre and t h e  e f f e c t s  of v a r i a t i o n  i n  these  q u a n t i t i e s  f o r  t h e  
systems s p e c i f i e d  i n  t h e  t a b l e  over leaf ,  are i l l u s t r a t e d  i n  Figs. 22 t o  3 1 .  

It w a s  f e l t  that t h e  range of irlterest would be covered by cons ider ing  

- 10 - 



TABLE 1 

Maximum 
Graphite 
Surface 

Temperature 
OC 

1000 
9 50 
io50 
1000 
1000 
1000 
1000 
1000 
1030 
io50 

Coolant 
Inlet 

Temperature 
OC 

3 50 
3 50 
3 50 
300 
3 50 
350 
350 
3 50 
350 
3 50 

Coolant 
Outiet 

remperature 
OC 

?ore 

3atio 
L/D 

- 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.6 
0.4 
0.4 
0.4 
7 

Pressure 
Form Vessel 
Factors Thickness 

I In 

l s  Fig. 36 
36 
36 

I1 36 
36 

I' 37 
36 

38 
30 

11 30 

4 
I 4 

4 
4 

4 

4 
I 4 

I 

l 4  

1 3  

~ I 4 
I 

Figure No. 
Giving 
Results 

22 
23 
24 
25 
26 
27 

29 
30 
31 

28 

23. The capital cost of a reactor system is expected to be reduced by an 
increase in mean power density, This provides an incentive to choose a 
reference design which has a power density close to the maximum attainable. 

24, An increase in core voidage at a given power density results in a decrease 
of core pressure drop at the expense of a larger number of elements within the 
core. The minimum voidage on the other hand is set by the chosen limits for 
graphite stresses and minimum graphite thicknesses and by the desire to avoid 
fuel levitation without resorting to latches. The best compromise may be 
estimated from this approach but can be determined precisely only by careful 
optimisation. 
ture limits chosen (Tsm 1000°C, T in -350°C, T out -750 C) the maximum power 
density is limited to about 12 KW/litre by considerations of sleeve thickness, 
pitch, and spine temperature. Variation of the assumed temperature conditions 
produced no marked improvement (see Figs. 23 to 31), 

Optimisation studies showed that (see Fig. 22) at the tempera- 

25. The above considerations result in a determination of power density but 
still leave the fissile/fertile ratio and the mutually dependent variables 
fissile rating and fissile/graphite ratio free to be selected on nuclear per- 
formance alone. These are discussed further in Section 14. 

26. 
design which gives a power density of 11 KW/litre with L/D ratio 0.6 and voidage 
of 0.24, Approximate values are also given of the modified temperatures and 
stresses when allowance has been made for the hot channel factors given in 
Ref . [61 b 

Section 3 gives the thermal performance parameters for the selected core 

27. The steam conditions to be used in the first instance were selected to 
be as advanced as, possible without incurring uncertainty in capital costs as a 
result of a novel design. 
conditions could then be investigated. 
adapted with single reheat to 1050°F at 575 psia. 

In later optimisations, the effects 8f other steam 
Thus 2300 psia and 1050 F were 

a 
- 11 - 



SECTION 3: U I N  PARmTERS 

CORE - 
Geometry 

Length o f  core  
Diameter o f  core  
Axial Ref lec tor  depth 
Radial  r e f l e c t o r  th ickness  
Uranium load 
Number o f  c l u s t e r s  
Number o f  f u e l  rods 
Number o f  rods per  c l u s t e r  
T o t a l  Voidage 

Performance 

Power Densi t7  
Total  Heat output 
Centre c l u s t e r  hea t  output 
T o t a l  Gas f l o w  
Mean f u e l  r a t i n g  
Xax. f u e l  r a t i n g  
Axial form f a c t o r  
Radial form f a c t o r  
Core i n l e t  gas temperature 
Bulk gas temperature a t  core o u t l e t  
Uaximum nominal fuel sur face  temperature 
M a x i m u m  nominal f u e l  cen t r e  temperature 
In  hand f o r  l o c a l  peaking 
Peak cen t r e  temperature 
Mean sur face  hea t  flux 
Max. Nom. heat  flux 
Max. 1 1  peak hea t  f lux 
Thorium: U-235 ra t io  
Graphite: U-235 ratio 
System Pressure 
Coolant temperature at cen t r e  channel o u t l e t  
Channel equiva len t  diameter 
Width o f  arms of  t r e f o i l  channe l .  
Tota l  wetted perimeter of core  c r o s s  sec t ion  
Mean Reyn.olds N ~ b e r  
Coolant v e l o c i t y  a t  channel ex i t  a t  75OoC 
PBach Number a t  ex i t  
F r i c t i o n  pressure  drop across  core  
F r i c t i o n  + . a c c e l e r a t i o n  pressure drop 
T o t a l  p ressure  drop 
Upward fo rce  a c t i n g  on core due t o  pressure  drop  
Weight of core  + . a x i a l  r e f l e c t o r s  

11.34 f t  

2 f t  
3 f t  
0.735 Tonnes 

18.7 ft 

420 
8400 

20 
245 

I i -34 m/litre 
1000 mv 

3.31 
1060 lb/sec 

1 .O PN/Kg U-235 
1.72 MW/ICg U-235 
1.235 
1839 

35O0C 
7500c 
91 50c 

1820 c 
22oOc 

2040Oc 
I 9 . 4 w a t  ts/cm2 
33 . 3 w a t t  s/cm2 
3 7 . 3 5 w a t t  s/cm 

8.2 

2 

2360 
3300 p s i g  
906 c 

0.505 i n  
0.304 i n  

4 5292 f t  
2.89 x 10 

275 ft/sec 

3.34 p s i  
4.4 psi 

71.32 Tomes 
152 Tonnea 

0446 
2.9 p s i  

J 
i 

t 
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Spiiie diame h e r  
Fuel ins ide  diameter 
Fuel outs ide diameter 
Box in s ide  diameter 
Box outs ide diameter 
Sleeve in s ide  diameter 

Vidth of  spacing r i b  
P i t ch  
P i t ch  length  of  box 
Lenyth o f  f u e l  per  box 
No. o f  boxes per  r o d  
No. o f  rods per  cliister 
Max. nominal stress i n  box 
Kax. nominal s t r e s s  i n  s leeve 

i Sleeve width ac ross  f l a t s  

.E323 i n  

.834 i n  
1.354 i n  
1.362 i n  
1.542 i n  
1.552 i n  

0.1 i n  
2.2 i n  

11.34 i n  
10.94 i n  
12 
20 

1200 P s i  

1.88 in 

1460 p s i  

Peak temperatures a t  pos i t ion  of  max. spine temperature (hot  channel) 

Coolant 
Surface o f  s leeve 
Ins ide  s leeve 
Surface of  box 
I n s i d e  box 
Outside f u e l  
Spine 

PRESSURE C I R C U I T  

Vessel 

Shape o f  b a r r e l  
Shape of  ends 
I n t e r n a l  diameter 
I n t e r n a l  he ight  (dome t o  dome) 
Max. p l a t e  th ickness  ( t o p  dome) 
Barre l  plate th ickness  
Nominal max. stress 
Design temperature 
Design pressure  
Working pressure  
Number of r e f u e l l i n g  s tandpipes  ( i n  top  

P i t ch  
Bore 
Number of con t ro l  s tandpipes  ( i n  bottom 

P i t ch  
Bore 

dome ) 

dome ) 

Ducts 

Outside diameter of outer duct 

Outside diameter o f  inner  duct 

- 
Thickness 

Thickness 

Cyl indr iaa l  
Hemispherioal 
26 f t  8 i n  
56 f t  2* i n  
M.S. 5 i n  or DUCOL W 30 5 i n  
“IS. 4* i n  o r  DUCOL W 30 3% i n  
M.S. 15700 o r  DUCOL W 30 20000 p s i  

3500c 363 p s i g  
330 

85 
25.4 i n  ( t r i a n g u l a r )  
15  i n  

85 
25.4 i n  ( t r i a n g u l a r )  
5 i n  

6 f t  4 i n  
1 inch 
4 f t  8 i n  
;y inch 1 
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He at Exchangers 

Internal. diameter 
Overall height 
Thickness 
Design Pressure 
De s i gn Temp era t iir e 
Plate Material 
Design Stress 

CONTROL 

Position of mechanisms 
Number of control rods 
Proportion of total fuel rod positions 
Control rod diameter 
Wall thickness 
Mat er i a1 
Cladding 

Characteristics 

Excess reactivity at start up 
Reactivity control by burnable poison 

" control rods 1) l t  

Shut down reactivity 
"Hot t o  Cold" requirement 
Reactivity held by rods with reactor hot 

POVJER PLANT 

Heat Exchangers 

R'eact or power 
Number of heat exchangers 
Reactor coolant outlet temperature 
Reactor coolant inlet temperature 
Coolant working pressure 
Total gas mass f l o w  

Gas temperature heat exchanger inlet 
Gas temperature heat exchanger outlet 
Total heat exchanger duty 

Feed water temperature 
Feed water pressure at economiser inlet 
Superheater outlet pressure 
Superheater outlet temperature 
Total steam flow 
Steam pressure at turbine stop valve 
Superheated steam temperature at TSV 

16 ft 10 in 
75 ft 10 in 

24  in 
380 psia 
370°C 
B.W.87 

19,040 Psi 

Below vessel 

1 in 15.2 
85 

5 in 
0.5 in 

Boron Carbide 
Craphi te 

1000 W(h) 

1 38i;F [750:C{ 
662 F 350 C 
345 psia 6 
3.82 x 10 lb/hr 

1020 Mw 

485OF 
2590 psia 
24200 psia 
1055 F 6 
23000 psia 
1050 F 

2.94 x 10 lb/hr 

. 
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Total reheater steam flow 
Steam pressure at H.P. turbine exhaust 
Steam temperature at H O P .  turbine exhaust 
Steam pressure at reheater inlet 

- Steam temperature at reheater inlet 
Steam pressure at reheater outlet 
Steam temperature at reheater outlet 
Steam pressure at turbine reheat steam valve 
Steam temperature at turbine reheat steam valve 
Gas side pressure drop 

2 

Turbine 

Arrangement of cylinders 
Length of last stage blades 
Overall length of turbine 

Feed heatin6 

Number of extraction points 

Feed Pumps 

Condensate extraction pumps 
Motor power (each) 

Booster feed pumps 
Motor power (each) 

Main feed pumps 
Motor power for electric pumps 

= Emergency feed pumps 
Pumping capacity (each) 
Shaft power (each) 

Pumping capacity (each) 
Motor power (each) 

Condenser circulating water flow 

Guaranteed feed pumps 

Alternator 

Power at alternator terminals 
Overall length af alternator 
Length of stator core 
Weight of stator core and winding 
Approximate weight of stator complete 

(each) 

Feed Water Make-up and Reserve 

Capacity of make-up purification plant 
Emergency reserve feed water tank capacity 

Power Plant Performance 

Steam cycle efficiency 
Power consumption of electrical auxiliaries 
Nett, electrical output of station 
O v e r a l l  efficiency of station 

2.58 x lo6 lb/hr 
6400 psia 
730 F 
625, psia 
728 F 
590, Psis 
1057 F 
575, Psi8 
1050 F 

3 Psi 

1 HP.lLP.2LP. 
36 in 
80 ft 

7 

4 x 2% eleotrio 

3 x 50$ eleotric 

1 steam turbine lo@ 

2 steam turbine 
6 x 105 lb/hr 

2 electrio 
3 x 104 lb/hr 

150 H.P. 

2000 H.P. 

7000 H e P o  

2600 ps i  

2600 psi 

1500 H.P. 

50 H.P. 
30000 gpm 

443 
40 ft 

160 tons 
200 tons 

19 ft 

4500 gal/hr 
65000 gal 

43. 1% 
28.8 W 
414 Mw 
41.3s 

- 15 - 



Auxiliary Power Supplies  
A Rating of unit auxiliary transformer 

Rating of s t a t i o n  service transformer 

Emergency Power Suppl ies  

Number of d i e s e l  generator sets 
M a x i m u m  oontinuous r a t i n g  (each) 
Number of motor generator s e t s  
Maximum continuous r a t i n g  (each) 
B a t  f ery 

50 MVA 
50 MVA 

3 
1000 Kw 

3 
1000 Kw 
700 KWh over 20 min 

cl 



SECTION 4: FUEL ELEMENT 

Form - 
28. 
Fuel bear ing  compacts i n  t h e  form of annular  c y l i n d e r s  are mounted on g raph i t e  
sp ines  about e leven inches long. Each assembly i s  housed i n  a thin-walled 

capable of s p i g o t t i n g  i n t o  one another  t o  form a long  composite u n i t  of 12 
boxes. The sp igo t t ed  j o i n t s  would be brazed toge the r  or cemented and baked, 
depending on which process  proves t o  be most successfu l  i n  t h e  work which is 
being done i n  support  of t h e  "DI-agon" f u e l  element. By t h i s  method a free 
passage f o r  purge gas f l o w  is provided f rom box t o  box but  not  through t h e  
j o i n t s  f r o m  t h e  in s ide  o f  t h e  box t o  t h e  outs ide.  

The form of t h e  f u e l  element i s  gene ra l ly  similar t o  t h e  "Dragon1' fue l .  . 

cy l inde r  known as a box made f rom impregnated graphi te .  The boxea are . 4 

29. Each assembly of boxes is  mounted i n t o  a long  s l eeve  o f  impregnated 
graphi te .  The bore o f  t h e  s leeve  is c i r c u l a r  and the  ou te r  p r o f i l e  i s  
g e n e r a l l y  hexagonal, but  wi th  a narrow axial  spacing r i b  a long t h e  c e n t r e  l i n e  
of each f l a t  face. These f u e l  rods  a r e  supported i n  a c l u s t e r  t o  form a f u e l  
element . 
30. Calcu la t ions  were done t o  determine dimensions f o r  t he  var ious  components 
of t h e  f u e l  rod which would r e s u l t  i n  t h e  bes t  compromise between:- 

( a )  Thermal s t r e s s  i n  box and s leeve.  

( b )  

( c )  

Spine temperature and s leeve  su r face  temperature.  

Mechanical s t r eng th  and ease of  manufacture. 

31. The r e s u l t i n g  cross s e c t i o n a l  dimensions were similar t o  those  used on - 
"Dragon" . 
32. The "Dragon" f u e l  elements c o n s i s t  of 7-rod c l u s t e r s .  Because t h e  
l eng th  of t h e  H.T.R. core  i s  15.3 f t  (compared wi th  8 f t  f o r  "Dragon"), 
i t  w a s  found necessary t o  increase  t h e  number of rods/elements t o  obta in  
adequate handl ing s t rength .  T h i s  arrangement also reduces the  of f -  
load r e f u e l l i n g  time. 

33. Because t h e  diameter of  t h e  H.T.R. core is s o  much l a r g e r  than 
"Dragon" (18.7 f t  compared with 3.5 f t ) ,  i t  is not  poss ib le  t o  provide 
s u f f i c i e n t  r e a c t i v i t y  c o n t r o l  by means o f  c o n t r o l  rods  opera t ing  i n  t h e  
r a d i a l  r e f l e c t o r s  only. Control r o d  p o s i t i o n s  wi th in  t h e  core must be 
provided. A c o n t r o l  rod and its s l eeve  takes up the  same space as 7 f u e l  
rods  and t h e  replacement of a complete l f ! . r o d  element by a c o n t r o l  rod w a s  
uneconomic i n  space. 
p o s i t i o n  and- t h e  remaining 1 2  c l u s t e r  pos i t i ons  are occupied. by f u e l  rods,  

A 7-rod c l u s t e r  space w a s  a l l o c a t e d  t o  each con t ro l  rod 

' t w o  rods being a t tached  t o .  each o f  t h e  s i x  surroundir? .g .c lusters .  

Each c l u s t e r  now occupies 21 .fixel rod p o s i t i o n s  (Fig.  1.3), and weighs 34. 
about 1,000 lb.  
means of  a grab was not considered acceptab le  because t h e  whole assembly 
would then  be i n  tension.  Although the re  is s u f f i c i e n t  a r e a  a v a i l a b l e  t o  
g ive  an acceptab le  mean t e n s i l e  stress, a s a t i s f a c t o r y  design would have t o  
ensure t h a t  (i) t h e  load is  equa l ly  shzrcd amongst t h e  f u e l  rods  and (ii) 
the  cemented o r  b r i zed  j o i n t s  a re  a n  s t r o n g  as thl; s l eeves  bo th  before  and 
a f te r  i r r a d i a t i o n .  Poss ib le  w e a k e n i n g ,  d . i s t o r t i o n  o r  da:na,ge t o  t h e  g raph i t e  

Handling of t h e  element a t  t h e  top  end dur ing  r e f u e l l i n g  by 
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as a r e s u l t  of handling and i r r a d i a t i o n  aggrkvate these  d i f f i c u l t i e s .  

35. Because of these  doubts i t  has been considered prudent t o  l i f t  each f u e l  
element by passing a grab through i t  f rom above t o  make engagement with a 
s t ee l  coupling a t  t h e  bottom. The cen t r e  f u e l  rod o f  each c l u s t e r  i s  thus  
omitted. The rod which takes i t s  placo may be o f  g raphi te  o r  could be used 
t o  conta in  burnable poison o r  i r r a d i a t i o n  samples o r  i f  axial temperature 
measurements were an e s s e n t i a l  requirement i t  may be poss ib le  t o  c a r r y  t h e  
necessary thermocouples i n  t h i s  rod, wi th  t r a i l i n g  l e a d s  t o  t h e  charge face. 
Its top  end c a r r i e s  a s t a i n l e s s  s t e e l  coupling i d e n t i c a l  wi th  t h a t  at t h e  
bottom of each f u e l  element c l u s t e r .  The same r e f u e l l i n g  machine grab can now 
be used t o  remove t h e  rod from t h e  f u e l  element and by passing down the  hole  
l e f t  by the  rod remove t h e  f u e l  element from t h e  cor0.  The cen t r e  rod would 
be of such a shape t h a t  t h e  c o r r e c t  coolant  f low is obtained f o r  t h e  surround- 
i n g  f u e l  rods.  

36. The top block of  t h e  f u e l  element i s  made of g raph i t e  and acts  as p a r t  of 
t h e  top  r e f l e c t o r .  The bottom block is made of s t e e l .  Both blocks give r a d i a l  
support  t o  t h e  f u e l  rods  and are pierced by axial coolant  passages. A system 
of  r a d i a l  passages i n  t h e  bottom block c o l l e c t s  t h e  separa te  f u e l  rod purge 
streams toge the r  i n  the  sp ike  (Fig. 13) .  

37. The s leeves  a r e  designed i n  two lengths  because o f  t h e  d i f f i c u l t y  of 
boring a b l ind  hole  14 f t  long by 1-54 i n  diameter while  maintaining FA 
tolerance o f  f .001 i n .  The c e n t r e  block o f  graphite,  (Fig. 13) ,  which is 
a l s o  requi red  t o  give r a d i a l  support  provides t h e  coupl ing means between the  
t w o  ha lves  of  t he  s l eeves  which a r e  brazed o r  cemented i n t o  it. If subsequent 
development shows t h a t  t he  s l eeves  may be manufactured i n  one length ,  t h e r e  
s t i l l  remains therrequirement f o r  r a d i a l  support .  The need t o  provide coolant  
passages l i m i t s  t he  space a v a i l a b l e  f o r  t h i s  component t o  such an ex ten t  t h a t  
manufacture i n  g raph i t e  would n o t  be prac t icable .  

38. 
i t  is convenient t o  consider  t h i s  l e v e l  as t h e  datum from which d i f f e r e n t i a l  
expansions and growths of s l eeves  occur. In  order  t o  accommodate these  move- 
ments, t h r e e  widely spaced f u e l  rods are a t tached  r i g i d l y  t o  the  top  and bottom 
blocks; t h e  remaining seventeen are a t tached  f l ex ib ly .  The f l e x i b l e  
connections at t h e  top  c o n s i s t  o f  g raph i t e  s p i g o t s  on t h e  s leeves  f i t t i n g  i n  
h o l e s  i n  t h e  top  block. These give r a d i a l  support  but  allow axial movement. 
The f l e x i b l e  connections a t  the bottom have t o  provide leak-t ight  passages 
f o r  t h e  gaseous f i s s i o n  products,  and f o r  t h i s  reason s t a i n l e s s  s t e e l  bellows 
are spec i f i ed .  

Because a l l  t h e  s l eeves  are r i g i d l y  held toge ther  at the  c e n t r e  block, 

Re-entrant Purge System 

39* 
gas e n t e r s  t h e  sleeve a t ' t h e  bottom, passes  upwards between t h e  s leeve  and t h e  
boxes, e n t e r s  t h e  top  box, passes  downwards between t h e  f u e l  and the  boxes and 
i s  f i n a l l y  taken o f f  through t h e  spike.  
main coolant  is from t h e  lower ac t iv i ty  i n l e t  purge stream only, consequently 
a much l o w e r  degree of main coolant  contamination i s  achieved us ing  g raph i t e  o f  
t h e  same permeabi l i ty .  

40. 
t h e  top  r e f l e c t o r  ( t h e  remainder i s  made up o f  t h e  f u e l  element top  blocks)  so 
t h a t  t h e  purge stream t u r n s  over t o  enter t h e  boxes j u s t  below the  top  

A re-entrant  purge gas system has been s p e c i f i e d  f o r  HTR i n  which 

Leakage through t h e  sleeve i n t o  t h e  

The top  18 i n  of each s leeve  i s  l e f t  s o l i d  t o  form t h e  m a i n  por t ion  o f  



r e f l e c t o r  l eve l .  It must pass  through t h e  bottom r e f l e c t o r ,  however, t o  reach  
t h e  spike.  The boxes a r e  the re fo re  continued through the  bottom r e f l e c t o r  and 
connect wi th  t h e  s t a i n l e s s  s t ee l  bellows. 
i n s e r t s  are rep laced  by charcoal ,  which i n  addi t ion  t o  a c t i n g  as a ref lector ,  
forms t h e  first item of t he  chemical p l an t  by t rapping  t h e  metal a$ halogen 
components i n  the  f i s s i o n  product stream. After pass ing  through these  
r e f l e c t o r  t r a p s  the  separa te  streams i n  a c l u s t e r  are co l l ec t ed  toge ther  i n  - 
t h e  bottom block and pass  through the  spike.  This t oo  i s  packed wi th  charcoax 
and, because o f  i t s  lower temperature, i nc reases  t h e  t rapping  e f f i c i e n c y  of 
t h e  arrangements s i g n i f i c a n t l y .  

Through t h e  bottom 2 f t  t h e  f u e l  

;1 

41 The presence o f  these  t r a p s  reduces considerably t h e  duty  requi red  of 
t he  main chemical p lan t .  Heat loads  and a c t i v i t y  l e v e l s  are reduced. In  t h e  
case of t he  HTR design,  t h e  sp ike  has  been made a p a r t  of t h e  f u e l  element 
i n s t ead  o f  being a p a r t  of t h e  v e s s e l  i n t e r n a l s  t o  a l l o w  t h e  charcoal  t r a p s  t o  
be renewed each time a f u e l  element i s  changed. Thus t h e i r  e f f i c i e n c y  is 
maintained, and t h e  t o t a l  q u a n t i t y  o f  f i s s i o n  products which has  t o  be s to red  
i n s i d e  t h e  containment over t he  l i fe t ime o f  t he  reactor i s  reduced. 

F i s s ion  Product Retent ion 

42. 
f i s s i o n  product r e t a ine r : -  

Three main f a c t o r s  determine the  e f f ec t iveness  o f  t he  f u e l  assembly as a 

(a )  The permeabi l i ty  of t he  g raph i t e  can and s leeve.  

( b )  The soundness of t he  cemented o r  brazed j o i n t s .  

( c )  The a b i l i t y  o f  t h e  b a l l  and cone j o i n t  a t  t h e  base of t h e  fuel 
element t o  maintain a sea l .  

. 
43. Taking these  i n  order:- 

(a )  The design and es t imate  have been based on "impermeable" cOmponents 
manufactured i n  a f i n e  grained graphi te  with mul t ip le  r e s i n  impregnation. 
This  i s  s i m i l a r  t o  t h e  "Dragon" material, although f u r f u r y l  a lcohol ,  t h e  
r e s in  used f o r  impregnating "Dragon" components i s  not  s u i t a b l e  f o r  t h e  boxes 
on HTR because of t h e i r  t h i c k  bases. These would almost c e r t a i n l y  cause 
s p a l l i n g  dur ing  normal vacuum impregnation. However, new r e s i n s  are already 
being used which are s u i t a b l e  f o r  t h i c k  specim n s  and which w i l l  make l i t t l e  
d i f f e r e n c e  t o  t h e  cost .  A permeabi l i ty  of 10-9 cm2/sec has  been t h e  design 
figure f o r  t h i s  type of  g raph i t e ,  a l though it is  poss ib l e  t h a t  g raph i t e  
produced by new processes  such as t h e  G.E.C. Ce l lu lose  Process o r  t h e  HXT 
process  might achieve a permeabi l i ty  of 10-10 cm2/sec by 1970. 

( b )  A development programme is at  present  proceeding i n  support of t h e  
"Dragon" f u e l  element aimed at producing a j o i n t i n g  method which w i l l  e x h i b i t  
adequate s t r e n g t h  at opera t ing  temperatures  and be as impermeable as t h e  
bulk graphi te .  
ing. 
t h e  r eac to r .  Fur ther  work is i n  progress  on molybdenum d i s i l i c i d e  as a 
braz ing  material and t h e  resu l t s  so far have shown considerable  promise. 

The f i r s t r e s u l t s  u s ing  a zirconium braze have been disappoint-  
. This  type of brake fails  under the temperature condi t ions  expected i n  

(c) The j o i n t  between t h e  f u e l  element and t h e  permanent purge l i n e s  i n  
t h e  pressure vessel i s  i n  t h e  form of a b a l l  and cone seat which has  an 



e f f e c t i v e  load of about 400 l b  t o  maintain i t .  The pressure  i n  t h e  purge 
system w i l l  be about 20 p s i  l e s s  than the  surrounding gas  pressure a t  
t h i s  po in t ,  s o  t h a t  a l eak ing  s e a t  w i l l  r e s u l t  i n  r e a c t o r  coolant  e n t e r i n g  
the  purge system here and by-passing the  f u e l  element. The normal purge 
f l o w  i s  a t  very  l o w  v e l o c i t y  and r e s t r i c t o r s  i n  t he  purge l i n e s  w i l l  prevent 
t h i s  occurrence from i n t e r f e r i n q  w i t h  t he  purqe flow through o ther  l i n e s  
(which a r e  connected i n  p a r a l l e l ) .  
f u e l  element which has  been by-passed may begin t o  discharge i ts  f i s s i o n  
products through t h e  g raph i t e  box and s leeve i n t o  the  main c o o l a n t .  They 
w i l l  be c a r r i e d  round t h e  c i r c u i t ,  even tua l ly  p l a t i n g  out on t he  cooler  
surfaces of the  hea t  exchanger, and elsewhere. 

Depending on t h e  s i z e  of t he  leak ,  t h e  

44. The e f f e c t  of one f u e l  e lemmt  beiiig by-passed is t o  increase  the  coolant  
a c t i v i t y  ve ry  considerably a id  i t  i s  thus  important t o  ei-sure t h a t  t h i s  method 
o f  jo i f i t ing  i s  s a t i s f a c t o r y .  

45. The cone f e a t u r e  has  been provided a t  t h e  bottom of  t h e  f u e l  ele-ne.it; and 
the  b a l l  on t h e  core basepla tes  t o  avoid the  p o s s i b i l i t y  of small p ieces  of  
d e b r i s  c o l l e c t i n g  i n  the  cone s e a t s .  The cone i s  thus  renewed with each 
r e f u e l l i n g ,  and provis ion would be made t o  re-grind any sphe r i ca l  h a l l  s e a t  
through t h e  r e f u e l l i n g  s tandpipes  i f  t h i s  became necessary.  

46. @ne f a c t o r  which r e q u i r e s  t o  be checked i s  t h e  e f f e c t  o f  thermal cyc l ing  
on t h i s  largo numSer o f  fuel elemeats which have no individual s i d e  r e s t r a i n t  
but which a r e  boiind toge the r  as an  assembly by r a d i a l  forces .  It is  n o t  
d i f f i c u l t  t o  ima.ci:ye Ym-t ii!2der such ccl:-.dit,io:?s s o m  o f  t h e  e l ex : : i - t s  may 
ratchc-t  thcnse lves  upwards o f f  t h e i r  seats by the  snall mount  required t o  
cause a leak. 

Fuel Cycle 

47. It had been proposed t?iat r e a c t o r  s?iut-down per iods  should occiir once 
every 1 2  t o  15 months. Plznned maintenance and r e f u e l l i n g  would occur dur ing  
these  per iods.  Fuel i r r a d i a t i o n  l i f e  vias oxpected t o  be about three t imes 
t h e  ope ra t iona l  per iod between two consecutive shut-downs and  s o  i t  was deoided 
t h a t  one-third of t he  core would be replaced each t i m e .  

48. 
d i s t r i b u t e d  throughout t h e  core.  
occur a f te r  932 days when k,ff has  decreased t o  u n i t y  but prel iminary work 
has  shown t h a t  t h e  system s e t t l e s  t o  a n  equi l ibr ium cycle  sooner with a 
s h o r t e r  first f u e l  cyc le  l i f e  s o  t h a t  t h e  first shut-down is proposed af ter  
600 days. Subsequent i r r a d i a t i o n  per iods  would end when keff has decreased 
t o  un i ty .  

49. During reprocessing,  the  f i s s i o n  prcducts  would bo removed, Pa would 
decay t o  U-233 t h e  thorium content  would be r e s t o r e d  t o  t h a t  o f  t h e 2 8 i g i n a l  
batch,  and the  ra t ing i n  €Y?//kgrn o f  f i s s i o n a b l e  i so tope  r e s to red  by adding 
93$ enriched uranium. 

50 It is convenient t o  imagine fou r  batches o f  f u e l  each equiva len t  t o  one 
t h i r d  of  t h e  core. A t  any time a f te r  the  first i r r a d i a t i o n  period t h r e e  
ba tches  would be i n  the  core  and one i n  t he  reprocesni:ig p lan t .  If t h e  
batches a r e  c a l l e d  A, B, C and D t h e  cyc le  may be depic ted  as shown overleaf:- 

The th reo  r e f u e l l i n g  hatches a r e  not grouped se9narately but  are evenly 
The .first shut-down period would n o r m a l l y  

@ 
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TABLE 2 - 
4 I r r a d i a t i o n  Period No. F eta- 

3''. 

1 2 3 6 

C 

D 

B 

A 

474 

11.8 

~~ 

In Core 
Fuel 

Batches 

I In Processing P l a n t  B C D A 

570 600 498 483 51 7 Irradiation P e r i o d  (Days) 

I n i t i a l  Reactivity 11.8 18.0 12.5 12.0 

- 21 - 



SECTION 5 : GRAPRITE 

Ref l ec to r s  

51. The axial r e f l e c t o r s  a r e  formed as pa r t  o f  the  f u e l  element assembly as 
descr ibed i n  Sect ion 4. The radial r e f l e c t o r  i s  a c y l i n d r i c a l  annulus of  
Reactor Grade A graphi te  ( see  Fi,?. 13).  The outermost 12" o f  t he  r a d i a l  
r e f l e c t o r  are i n  t h e  form o f  v e r t i c a l  columns of graphi te  which a r e  gene ra l ly  
square ins c ros s  sec t ion  but with s l i g h t l y  tapered s ide  f aces  enabl ing  them t o  
lock  toge ther  as a s o l i d  c i r c u l a r  arch. Res t r a in t  members similar t o  those 
used a t  Calder and A . G . 3 .  are l e t  i n t o  t h e  outer  face o f  t h i s  a r ch  and when 
they  a r e  subjected t o  c i rcumferent ia l  t igh ten ing  they apply r a d i a l  loads  t o  
support  i t .  The remaining pa r t  o f  t he  r e f l e c t o r  is  b u i l t  of hexagonal s ec t ion  
b r i c k s  each one o f  which, i n  a r ea ,  would enclose a hexagonal a r r a y  o f  19 f u e l  
rod pos i t ions .  The r e f l e c t o r  b r i cks  which abut t he  f u e l  elemer,ts have machined 
f e a t u r e s  along t h e i r  f aces  which reproduce the c o r r e c t  coolant passages 
adjacent  t o  the  f u e l .  It is  arranged t h a t  the inner  r e f l e c t o r  b r i cks  can i f  
necessary be replaced us ing  the  staiidard charge chute.  The remainder of t he  
hexagonal r e f l e c t o r  b r i cks  could be replaced by a more lengthy process 
involving the  use o f  s p e c i a l  equipment t o  give a longer  reach than 
afforded by the  charge chute.  The graphi te  forming the outer  a rch  opera tes  
wholly a t  gas i n l e t  temperature (350OC) and t h i s  i s  considered as permanent 
graphi te  un l ike ly  t o  need rep lac ing .  

52. A gap o f  4" exis t s  between the  outer  a rch  and the  hexagopal b r i ck  sec t ion  
o f  r e f l e c t o r .  I n l e t  gas passes down through t h i s  gap as w e l l  as through t h e  
gap between t h e  a rch  and the  vesse l  before r e t u r n i n g  up through the  f u e l  
elements. Axial graphi te  keys between adjacent  hexagonal b r i cks  prevent i n l e t  
gas l eak ing  i n t o  the  core while i t  passes down the  4" gap. Use i s  made o f  t h e  
d i f f e rence  i n  gas pressure which e x i s t s  between the  i n l e t  gas a t  the  top  of  
the  r e f l e c t o r  and t h e  o u t l e t  gas a t  the  top  o f  the  core  (about 4.6 p s i )  t o  
provide a uniform r a d i a l  r e s t r a i n i n g  l o a d  t o  the  core which would be 
au tomat ica l ly  re laxed  on shut-down when coolant  c i r c u l a t i o n  i s  reduced. 
However i t  w a s  considered unwise t o  r e l y  s o l e l y  on t h i s  method of  r e s t r a i n t  
f o r  accident  condi t ions.  If a major  breach o f  t h e  main c i r c u i t  occurred i t  
would be poss5.ble f o r  t he  i n l e t  gas pressure outs ide  the  core  t o  f a l l  
ab rup t ly  and a t  a greater r a t e  than the  f a l l  i n  gas  pressure i n s i d e  t h e  core. 
This could r e s u l t  i n  a transient reversal  of  the core r e s t r a i n i n g  load with  
a consequent r a d i a l  d i s rup t ion  o f  t h e  core.  The sepa ra t e ly  r e s t r a i n e d  arch 
provides support  f o r  the  core  under these condi t ions.  

D i m e  n si on a1 Change s 

53. It is est imated with present  i n f o r m a t i o n  t h a t  t he  effect  o f  shrinkage on 
t h e  r a d i a l  r e f l e c t o r  is small enough t o  present  PO poblems.  Should subsequent 
development work i nd ica t e  t h a t  t h i s  is not  s o ,  bowing problems could be 
a l l e v i a t e d  by use o f  s h o r t e r  br icks .  

54. Thermal expansion changes w i l l  a l s o  occur. Ver t i ca l  expans ims  are 
unimportant, but ho r i zon ta l  expamions have been designed f o r .  A t  t he  top  of 
t he  core the  f u e l  element tenpera ture  is much higher  than the outer  r e f l e c t o r  
temaerature.  This w i l l  r es i r l t  i :~  wide;iing o f  t he  gaps between the  outer  

axial keys w i l l  he designed t o  accommodate t h i s )  and a 
the  4" annular ga;? by about 0.4". 

hsxagonal b r i cks  ( the  
reduct ion i n  width o f  

55 .  A t  the  bottom of  
v i t h  t he  b a l l  j o i n t s ,  

t he  core the f u e l  elements being constrained t o  move 
cs.il.1 novo oil-twards a t  the exyansion r a t e  o f  t he  s t e e l  
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diagrid. The outer reflector will expand only at the rate of graphite. This 
will also result in a reduction in width of the annular gap by about 0.35 in. 

56. Dimensional changes in fuel element graphite become important if they 
occur as differential changes of length between rods within a particular fuel 
element. The method of flexible assembly of the rods into clusters as 
described in Section 4 ensures that this type of change in length cannot cause 
bowing of the assembly. 
length changes in the three solidly attached rods but sufficient clearance 
can be allowed between blocks at top and bottom to allow this to occur. 

The top and bottom blocks may tilt slightly due to 

Stored Enerm 

57. 
temperature (350'C) and present information shows that at this temperature 
the energy storage problem is small. 

During operation no graphite will experience less than inlet gas 

Graphite Costs 

58. The graphite components in the core are expensive because of their 
intricate shapes, thin sections and close tolerances and also because of the 
expensive manufacturing operations associated with the production of highly 
impermeable graphite. 

59. 
the following table:- 

The weights and estimated costs of the various graphites are shown in 

TABLE 3 

WEIGHT 
tonne 

Impermeable fuel element 
graphite (boxes and sleeves) 

Other fuel element graphite. 
(spines, top blocks, centre 
supports, etc). 

Control mechanism graphite 

Radial reflector graphite 

Total 2 82 

COST 
%/tonne 

8,800 

1,100 

1,000 

530 

COST 
%I 000 

660 

49 

12  

79 

800 

A 
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SECTION 6: REACTOR.VESSEL 

General Approach 
1 

60. Because the  core c o n s i s t s  e n t i r e l y  o f  t h e  f u e l  elements placed s i d e  by 
s i d e  i t  is  impossible t o  provide a separa te  standpipe i n  the  pressure vesse l  
f o r  each f u e l  element. The design is thus  l imi t ed  t o  a multi-channel 
h e f u e l l i n g  arrangement which r e q u i r e s  means f o r  l a t e r a l  displacement of  t h e  
f u e l  i n  t h e  space between t h e  t o p  r e f l e c t o r  and the  ves se l  dome. The he ight  
requi red  i n  t h i s  space f o r  handling is  t h a t  of t he  complete f u e l  s t r i n g e r  
which inc ludes  t h e  axial  r e f l e c t o r s .  As a r e s u l t  t he  shape requi red  t o  be 
enclosed by t h e  vessel is a cy l inder  i n  which the  length  i s  g r e a t e r  than t h e  
diameter (about 40 f t  long by 25 f t  diameter).  

0 

I n t e r n a l  Layout and Support 

61. 
t o  give (i) m a x i m u m  n a t u r a l  c i r c u l a t i o n  head, (ii) minimum neutron and gamma 
streaming through the  duct  passages. Because of t h e  r i g i d  outer  duct system 
t h e  v e s s e l  and hea t  exchangers are supported at the  plane o f  t h e  duct  cen t r e  
l i n e .  The v e s s e l  must t he re fo re  be supported from the  top  dome and it  w a s  
impract icable  t o  support  t h e  weight of t h e  d i a g r i d  and core  through t h e  v e r t i c a l  
w a l l s  of t h e  v e s s e l  because they  a r e  no longer  d i r e c t l y  i n  l i n e  wi th  t h e  po in t s  
of support  and severe bending s t r e s s e s  occurred. The complete vessel i s  sus- 
pended from e i g h t  hangers a t tached  t o  bracke ts  on t h e  ou te r  surface of t h e  top  
dome. I n t e r n a l  bracke ts  d i r e c t l y  below these  carry hangers which support  t h e  
i n t e r n a l s ,  t h u s  avoiding s t r e s s e s  i n  the  ves se l  due t o  support  of t he  i n t e r n a l s .  

The d u c t s  are a t tached  t o  t h e  top  dome r a t h e r  than t o  t h e  b a r r e l  s e c t i o n  

62, 
supported on l egs ,  t h e  fee t  o f  which r e s t  on a corbe l  formed i n  the  main 
b io log ica l  sh ie ld .  
t h a t  t h e  p r i n c i p a l  of co-planar support  is maintained. 

The v e s s e l  hangers are suspended from a massive r i n g  beam which i s  

The level of the corbe l  i n  r e l a t i o n  t o  t h e  duc t s  is such 

I n t e r n a l 9  

63. The suspended d i ag r id  c a r r i e s  21 six-inch t h i c k  mild s t e e l  basepla tes  
which are machined on t h e i r  upper su r face , and  have a coolant  channel bored 
through them at  t h e  pos i t i on  of each o f  t h e  420 f u e l  element c l u s t e r s .  
basepla te  is supported on ver t ical  jacking screws from the t o p  sur face  o f  the  
d i a g r i d  and can thus  be s e p a r a t e l y  l eve l l ed .  
provided a t  t h e  gaps between basep la t e s  t o  f a c i l i t a t e  accurate pos i t i on ing  
and t o  provide a means of locking the basepla te  assembly toge ther  i n  t h e  
ho r i zon ta l  plane. 

Each 

Horizontal  jacking screws are 

64. 
t h e  baseplates .  
three r a d i a l  arms, is f i t t e d  wi th  t h e  sphe r i ca l  seat which supports  t h e  f u e l  
element cluster. 
support  t o  the fie1 element so t h a t  a s i n g l e  c l u s t e r  is s t a b l e  on its own 
account without r e l y i n g  on the presence of ad jacent  clusters, 

65. 
product purge l i n e s  i n  4" N.B. a u s t e n i t i c  tubing, 
collected toge ther  beneath t h e  d i ag r id  and suspended from it, run i n  
ver t ical  banks t o  t he  outer edge of t h e  d i ag r id ,  and feed i n t o  a common 

A t  each coolant  channel a f u e l  element support  s t o o l  is sp igo t t ed  i n t o  
A t  t h e  lower end of t h e  s t o o l  a c e n t r a l  boss, c a r r i e d  on 

The upper end of t h e  s t o o l  e n c i r c l e s  and gives r a d i a l  

Attached t o  the  underside of t h e  sphe r i ca l  seats are the  f i s s i o n  
These 420 pipes  are 
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3 i n  bore r i n g  main. A s i n g l e  3 i n  bore l i n e  then passes  through the  
pressure  v e s s e l  w a l l  connecting t h e  purge system wi th  t h e  chemical p lan t .  
Because t h i s  pipeworlc system is  inacess ib l e  a f t e r  t h e  r e a c t o r  has  operated 
and because a bu r s t  pipe could prevent f u r t h e r  r e a c t o r  operat ion,  very  
s p e c i a l  p recaut ions  i n  manufacture and t e s+ ing  would be necessary. 

6 6 .  A r a i s e d  platform around t h e  edge of t he  d i a g r i d  carries t h e  graphi te  
blocks forming t h e  r a d i a l  r e f l e c t o r  and t h e  d i a g r i d  hangers pass  between the  
r e f l e c t o r  and t h e  ves se l .  

67. 
a t tached  t o  the  d i a g r i d  and hangs v e r t i c a l l y  from it .  Each guide tube 
connects with an extension t o  t he  appropr ia te  nozzle i n  the  bottom dome of 
t he  ves se l  by means of  a simple s leeved j o i n t  which s l i d e s  t o  allow d i f f e ren -  
t i a l  thermal expansion t o  occur. Continuous channel6 are thua formed whiob 
give l a t e r a l  support  t o  t h e  con t ro l  rods and t h e i r  a s soc ia t ed  push rods and by 
providing p o r t s  i n  t h e  guide tubes the  co r rec t  coolant  f l o w  along each c o n t r o l  
rod channel can be achieved. 

A t  each o f  t h e  85 con t ro l  rod pos i t i ons  a con t ro l  rod guide tube i s  

Material Se lec t ion  f o r  Vessel 

68. 
r a t h e r  than mild s t ee l  f o r  the vesse l .  
however, and because the p o s s i b i l i t y  of inspec t ion  is r e s t r i c t e d  i t  is necessary 
t h a t ,  before a ma te r i a l  can be used for a r e a c t o r  ves se l ,  extensive experience 
should have been gained wi th  i t s  use i n  o ther  less  c r i t i c a l  app l i ca t ions ,  and 
t h a t  ex tens ive  t e s t s  should have been performed on i t s  p rope r t i e s .  

There would appear t o  be a clear advantage i n  us ing  a low a l l o y  s t ee l  
Because o f  t he  high i n t e g r i t y  demanded, 

6 9 .  
Sizewell  power s t a t i o n  i n  3 i n  th ickness  t o  gain experience i n  t h e  hope t h a t  
r e a c t o r  v e s s e l s  could l a te r  be made o f  t h i s  mater ia l .  Low a l l o y  s t e e l s  o f  
t h i s  type are a l s o  being used ex tens ive ly  i n  o the r  pressure ves se l s ,  and 
b o i l e r  drums a r e  being made f rom these  s t e e l s  (u s ing  machine welding) i n  
th icknesses  exceeding 5 in .  

Ducol W30, a l o w  a l l o y  s t e e l ,  is  t o  be used i n  hea t  exchangers f o r  t h e  

70. It appears  then t h a t  adequate experience w i l l  have been gained with the  
use o f  Ducol W30 wi th in  t h e  next  e i g h t  years  t o  decide p o s i t i v e l y  on i s 
s u i t a b i l i t y .  

71. For t h i s  reason, two a l t m n a t i v e  v e s s e l s  are spec i f i ed  i n  t h i s  study: 
one i n  Ducol W30 and t h e  o the r  i n  mild s t e e l .  Each i s  designed for t h e  same 
working pressure  (330 p s i g )  and the maximum p l a t e  th ickness  used i n  each 
is 5 in .  This maximum th ickness  occurs i n  t h e  top  dome i n  each case. For 
t h e  mild s t e e l  case i t  is necessary f o r  t h e  r e f u e l l i n g  tube nozzles  t o  oon- 
t r i b u t e  t o  t h e  s t r e n g t h  o f  t he  top  dome and f o r  t h i s  reason t h i c k  n o z z l e s  and 
deep, f u l l  pene t ra t ion  welds a t  t h e  nozzles  a r e  used. 
allowable working stress f o r  Ducol W30 (20,000 p s i  as compared wi th  
15,700 p s i )  t he  ligament s t r eng th  of  a 5 i n  t h i c k  dome is s u f f i c i e n t  
without compensation s o  t h a t  t h i n  nozzles  can be used and much l i g h t e r  welds. 

Due t o  the  higher  

72. U n t i l  Ducol has been thoroughly proved i n  o ther  app l i ca t ions  i t  has been 
thought prudent t o  l i m i t  t he  ves se l  design t o  t he  condi t ions  quoted above. 
Should experience show, however, t h a t  f u l l  depth pene t ra t ion  welds around 
nozzles  i n  5 i n  Ducol are f e a s i b l e  and r e l i a b l e  then some compensation from 
t h i c k  nozzles  woiild be p o s s i b l e  mrl hityher working pressures  would be possible .  
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SECTION 7: 'HEAT EXCHANGERS AtQ STXAEII PLANT 

Heat Exchangers 

In t roduc t ion  

73. It w a s  decided t o  use fou r  hea t  exchangers on the  b a s i s  of s a f e t y ,  duct  
s i z e  and cos t .  
have prepared designs,  performance da ta ,  and c o s t s  e s t ima tes  under con t r ac t .  [71( 

A s p e c i f i c a t i o n  w a s  drawn up t o  which Babcock & Wilcox,Ltd. 

74. The choice o f  steam cond i t ions  is not  r e s t r i c t e d  by t h e  r e a c t o r  primary 
coolant  temperatures ,  and i t  w a s  t he re fo re  decided t o  s p e c i f y  the  most 
advanced steam cond i t ions  p r a c t i c a b l e  a t  the  present  t i m e .  S u p e r c r i t i c a l  
p ressure  w a s  r e j e c t e d  because of unknown c a p i t a l  c o s t  and the  u n c e r t a i n t y  about 
water  leakage from the  hea t  exchangers i n t o  the  primary coolant  c i r c u i t ,  and 
t h e  choice was made o f  t he  most advanced s u b c r i t i c a l  steam cond i t ions  a t  
present  being s p e c i f i e d  f o r  l a r g e  steam tu rb ine  p l a n t  i n  t h i s  country. These 
steam cond i t ions  would l ead  t o  a steam cycle  e f f i c i e n c y  some 3$) below t h a t  of 
a s u p e r c r i t i c a l  p ressure  cycle .  

Water Leakage 

75. It i s  known t h a t  small  amounts of mater l e a k  f rom the  water and steam 
s i d e  of t he  r e a c t o r  hea t  exchanger i n t o  t h e  primary coolant .  Because o f  t he  
high g r a p h i t e  temperature i n  t h i s  r e a c t o r  i t  is important t h a t  t h i s  leakage 
should be ve ry  small, s ince  most  o f  t he  water e n t e r i n g  the  primary coolant  
w i l l  r e a c t  with t h e  core  g raph i t e  r e s u l t i n g  i n  i t s  removal from t h e  core.  

76. 
of  t he  order o f  1 lb/day; 
l e a k  not  more than 5 lb/day. 
information on the  probable leakage r a t e .  The leakage s p e c i f i c a t i o n  on 
e x i s t i n g  hea t  exchangers is an  order higher  than the  above f i g u r e s  but l i t t l e  
d i f f i c u l t y  is encountered i n  achieving the  s p e c i f i c a t i o n  f i g u r e  and it  is 
be l ieved  t h a t  a c t u a l  leakage r a t e s  obtained a r e  of  t h e  o r d e r % r e q u i r e d  f o r  
t h i s  design. 

Calcu la t ions  ind ica t ed  t h a t  t he  m a x i m u m  t o l e r a b l e  leakage w a s  probably 
it  was s p e c i f i e d  t h a t  t he  hea t  exchangers should 

It has n o t  been poss ib l e  t o  ob ta in  dependable 

77. The Babcock and V i l c o x  design s tudy  threw no f u r t h e r  light on the 
problem, and it  is  c l e a r  t h a t  experiments w i l l  be requi red  t o  ob ta in  f u r t h e r  
information on t h i s  problem. 

' Beat Exchanger Arrangements 

78. 
i n t e r n a l l y  lagzed inne r  due.,+,, passiiig through an i so lz t i i ; :  valve i n  t h e  base 
o f  t h e  h e a t  exchanger s h e l l ,  and e n t e r i n g  the  tube bank a t  t h e  bottom end. 
The gas f l o w s  upwards through t h e  tube banks arid r e t u r n s  downward i n  an 
annular  space i n s i d e  the  s h e l l  around t h e  tube banks, pass ing  t o  the  
c i r c u l a t o r  i n  t he  base of t h e  exchanger, through a second i s o l a t i n g  va lve ,  
and s o  t o  t h e  r e a c t o r  through t h e  annulus between inner  and ou te r  ducts .  
shel l  of t h e  hea t ' exchanger  and t h e ' d u o t e  are t h u s  maintained at r e a c t o r  
In l e t  temperature by the gas flow over them. 

79. 
through the economizer, evaporator  and superhea ter  with no s e p a r a t i n g  drum. 
.A fo rced  u i rou la t ion  b o i l e r  design, with  drums and c i r c u l a t i n g  pumps for 

Coolant f l o w s  t o  t h e  hea t  exchangers from the  r e a c t o r  through the 

The 

The steam side use8 a "once-throughtf design - the water passing s t r a f g b t  A 
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t he  evaporator  s ec t ion  could be employed, t he  d i f f e r e c c e  i n  cost  being small .  

Q 80. I n  arra!iging t h e  tube baiiks i i l  Ihe s h e l l ,  upward f l o w  o f  the steam-water 
mixture in t he  evaporator  bank w a s  chosen t o  assist steam separa t ion ,  The 
arrangement o f  t h e  superheater  and r ehea te r  bar.lcs was considered i n  sDme 
d e t a i l ,  because o f  t h e  need €or  econornisinty i n  t he  use o f  high temperature 
mater ia l s .  

81. It w a s  found necessary t o  make p a r t  o f  the superheater ,  and probably 
a l l  the  r ehea te r  of  s t a i n l e s s  s t e e l  tubing. The lowest tube temperatures 
were obtained by arranging the s t a i n l e s s  s t e e l  tubed par t  o f  the  superheater  - t h e  secondary superhea ter  - with p a r a l l e l  f l o w  o f  steam and gas, and the  
remainder o f  the  banks w i t h  coimterflow. 

Construct ional  Details 

82. The tube banks i n  t h e  hea t  exchangers are a11 i n  cross flow arrangement. 
The economizer, evaporator  and yrirnary superheater  are of Bsbcook and Wiloox 
stud tube,  i n  carbon s tee l ;  t h e  secondary superheater  and r ehea te r  are of 
p l a i n  a u s t e n i t i c  s t a i n l e s s  s t e e l  tube. 

83. A l l  t h e  banks a r e  made up from mult i loop elements, joined t o  headere 
e x t e r n a l  t o  t h e  hea t  exchanger s h e l l .  Pene t ra t ions  through t h e  s h e l l  are by 
thermal s leeves ,  and the pene t r a t ions  through the  baffle surrounding t h e  tube 
banks, which must accommodate thermal expansion, are f i t t e d  w i t h  bellows. 

84. It is  considered t h a t  the  hea t  exchanger s h e l l s  would be e rec t ed  complete, 
and tubed i n  z i t u ,  Tho tubc c lemcnts  a r e  i n s e r t e d  from the  bottom of t h e  
s h e l l ,  throur$ t h e  c j r c u l a t o r  o i ~ r i i l ~ ; : ,  and the  banks are supported by hangere 
from t h e  t o p  of trbe u n i t .  

85. A ho t  gas by-pass valve i s  f i t t e d  t o  sssist. f n  c o i i t r o l l i n g  gas 
temperatures  a t  part  load. It is oxpectod t h a t  i t  would be f u l l y  c losed 
dur ing  normal fu l l - load  operat ion.  

Steam Cycle 

86. 
r egene ra t ive  feed  water heat ing.  
t h e  feed temperature are similar t o  +,hose i n  l a r g e  conventional power 
s t a t i o n s  i n  B r i t a i n .  

The steam cycle is  a conventional robsat cyc le  wi th  sever, stage 
The s t e m  temperatures and pressures ,  and 

Turbo-Alternator and Auxiliaries 

87. 
known t o  have been ordered i n  B r i t a i n ,  but  not larger than i s  at present  
considered p rac t i cab le .  It i s  similar i n  all r e s p e c t s  t o  o ther  machines 
ope ra t ing  with these steam condi t ions.  

The s i n g l e  turbo-a l te rna tor  i s  larger i n  s i z e  than any single machine 

88. The feed t r a i n  is conventional,  wi th  two s t age  feed  pumping, two low 
pressure  heaters, one deae ra t ing  hea te r ,  fou r  high pressure hea ters .  The 
boos ter  feed  pumps, which precede t h e  high pressure  feed hea te r s ,  are 
e lectr ical ly  dr iven;  t h e  main feed  pump, af ter  the high pressure  hea te r s ,  i s  
steam tu rb ine  dr iven ,  wi th  standby e l ec t r i c  pumps of I O @  capaci ty .  

8?. 
and t h a t  no cool ing  towers are requi red ,  Sihcb t h e  desi@ of the  cool ing  
water arrangements i s  dependent on t h e  s i t e  chosen, no d e t a i l s  o the r  than 

63 
It has  "been assumed t h a t  adequate cool ing  water supp l i e s  are ava i l ab le ,  
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t h e  water q u a n t i t y  requi red ,  and t h e  approximate pump capac i ty  have been 
a lcu la ted .  An allowance has  been made i n  the  c o s t  estimates, which would 
over t he  c o s t  of  t h e  i n s t a l l a t i o n  on a t y p i c a l  s i te .  

90. The feed water and make-up water p l a n t s  are of t he  conventional ion  
exchange type,  but  are requi red  t o  maintain a s tandard of water p u r i t y  higher  
than i n  most conventional s t a t i o n s ,  because of t h e  once-through design of 
b o i l e r ,  which tends  t o  concentrate  impur i t ies  on t h e  tube w a l l s  rather than i n  
t h e  drums as does a c i r c u l a t i o n  type bo i l e r .  
ments were considered by Babcock and Wilcox as part  of t h e  hea t  exchanger 

The water p u r i f i c a t i o n  require-  

study. 

91. The two s p e c i a l  f e a t u r e s  of t he  steam plant ,  requi red  because of i ts 
app l i ca t ion  i n  a r e a c t o r  r a t h e r  than a conventional power s t a t i o n ,  are t h e  
guaranteed feed  water supply arrangements, and t h e  arrangements for d i s s i p a t i n g  
excess hea t  from the r eac to r .  These are dealt  wi th  below. 

Guaranteed Feed Water Supply 

92.  To remove shut-down hea t  from t h e  r eac to r ,  and cool  t h e  core  f a i r l y  
rap id ly .  1% of t h e  normal f u l l  load feed water flow is required.  This is 
provided by two steam dr iven  emergency feed pumps, designed t o  operate  over 
t h e  wide range of steam condi t ions  obta in ing  i n  t h e  period fol lowing r e a c t o r  
ShUt-dOm 

93. I n  add i t ion  t o  these  pumps, which r e q u i r e  steam from t h e  hea t  exchangers 
(steam being always a v a i l a b l e  while  any s u b s t a n t i a l  q u a n t i t y  of hea t  is being 
d i s s i p a t e d ) ,  t h e r e  are two e l e c t r i c a l l y  dr iven  pumps, of 50 horse  power each, 
wi th  guaranteed electrical  supply. 

Reactor Heat Diss ipa t ion  

94. 
mission system, or t h e  condenser cool ing  water suppl ies ,  t he  r e a c t o r  shut-down 
is d i s s i p a t e d  by blowing o f f  t h e  steam generated i n  t h e  hea t  exchangers t o  
atmosphere. 
t i m e s ,  is adequate t o  m e e t  t h i s  demand for 24 hours following shutdown.  After 
t h i s ,  t h e  make-up w a t e r  t reatment  p l an t  could be expeoted t o  cont inue supplying 
t h e  emall amount of feed  requi red  f o r  an i n d e f i n i t e  period. 

I n  t h e  event of failure of t h e  main turbo-al ternator ,  t h e  power t rans-  

A reserve supply of feed  water (65,000 ga l lons )  a v a i l a b l e  at  a l l  



SECTION 8s CIRCULATORS 

In tr oduc t ion 

95. 
supported off the heat exchanger pressure vessel. This allows a oompact and . 
oonvenient arrangement of ductwork, ensures that the circulators and motors 
are  not in an area of high neutron or gamma irradiation, and gives better 
access for maintenance during a reactor shut-down. The only other convenient ’ 
position for the circulators, on top of the heat exchangers, was rejected 
because it appeared to increase the size of the oontainment vessel neoessary, 
required the internal baffle in the heat exchangers surrounding the tube banlce 
to withstand external pressure and increased the likelihood of oil from the 
oirculator bearings accidentally entering the gas circuit. 

A circulator is mounted in the base of each heat exchanger, and 

Description of Machine 

96. 
9 lb/in’ which is within the capacity of a single stage centrifugal machine, 
but would require more than one axial stage. A oentrifugal oirculator was 
therefore chosen to minimise the degree of overhang, an overhung design being 
oonsidered desirable to keep the bearings outside the hot active oircuit. 

Th circulators are required to generate a pressure rise of approximately 

97. Several designs of centrifugal circulator were examined, the most 
efficient aerodynamically being one of slow speed and diameter too large to 
be accommodated. 

98. 
and could be driven directly by a 2 pole 50 cycle motor. 
backwardly curved to ensure stability with the other oirculatcre running in 
parallel . 

A 3000 rpm circulator was chosen because it was of oonvenient siae, 
The blades are 

99. 
rejected because the first critical speed of the rotor is likely to be lower 
than the fill load running speed. 
oontrol of f l o w ,  but this was considered inferior to a scheme using addustable 
inlet guide vanes. 
efficiency at low reactor power was not considered Important, 

A flow control scheme using variable speed drive was examined, but 

A gas bypass system would provide suffloient 

This has high efficiency at  full power and the lower 

100. The oirculator motor is completely enclosed in a casing containing 
coolant at full pressure, to avoid the need for a rotating shaft seal. 

101. A pony motor is fitted to the same shaft as the main motor and is 
capable of running the circulator at approximately 600 rpm. 
with 50 cycle alternating current from the guaranteed bus-bars. 

It ie supplied 

Special Features for Active Circuit 

102. It is expected that fission products from the primary oircuit might be ~ 

plated out on any cool parts of the circuit. It will not be possible to 
prevent activity of this sort on the impeller or other oirculator parts in the 
main gas stream but, to ease maintenance, speoial provisions are made to 
minimise the deposition of fission products in the motor casing. 

103. A shaft seal is fitted on the impeller side of the top shaft bearing, 
and this separates the motor casing from the main heat exahanger ehell. This 
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A. 

s e a l  is of t he  mechanical type,  i n  which the re  i s  a amall oont ro l led  gas 
leakage. The c e n t r e  of t he  s e a l  is fed w i t h ' c l e a n  helium r e t u r n i n g  t o  the  
c i r c u i t  from the  purge chemical p l a n t ,  p a r t  of t h i s  feed flowing t o  t h e  primary 
c i r c u i t  pas t  t he  s e a l  and p a r t  back i n  the  opposi te  d i r e c t i o n  t o  the  motor 
casing. The motor casing is connected t o  the  primary c i r c u i t  through a 
f i l t e r  which removes any o i l  which might be picked up i n  the  motor due t o  
de fec t ive  o i l  seals on t h e  bearings.  The motor cas ing  the re fo re  runs at a 
s l i g h t l y  h igher  pressure  than t h e  primary c i r c u i t ,  and so long as t h e  s h a f t  
seal is fed  wi th  helium, t h e r e  is no contamination of t he  motor with f i s s i o n  
products  from the  primary c i r c u i t .  

104. A s t a n d s t i l l  s e a l ,  no t  normally opera t ive ,  i s  f i t t e d  on t h e  s h a f t .  The 
motor can be lowered on t o  t h e  s e a l  before  removing t h e  motor cas ing  or motor 
s h a f t  

105. A t r o l l e y ,  running on t r a c k s  i n  t h e  f l o o r  under t h e  c i r c u l a t o r  motors, 
i s  provided f o r  handl ing t h e  c i r c u l a t o r s  and motors. The units a r e  l i f t e d  and 
lowered by jacks  a t t ached  t o  the  t r o l l e y .  

106. Removal o f  the c t r c u l a t o r  impel le r  and guide vanes assembly 5.8 more 
hazardous than removing the  motor, and r e q u i r e s  a gas t i g h t  f l a s k  t o  be 
a t tached  t o  the  motor f lange.  The impel ler ,  with t h e  seal assembly and guide 
vane assembly complete would be lowered i n t o  t h i s  ves se l .  
fittea in place of the seal assembly before removing the vessel oontaining the 
impel le r  . 

A blank would be 

n 
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SECTION 9 :  FUEL RANDLING AND STORAGE 

In t roduct ion  

iO7.  Fuel handl ing is arranged on t h e  b a s i s  o f  annual o f f  load r e f u e l l i n g .  
Up t o  one t h i r d  of  t h e  core  inventory (140 c l u s t e r s )  might be replaced at 
each r e f u e l l i n g ,  f o r  which t h e  r e a c t o r  w i l l  be held a$ an i n t e r n a l  pressure 
of 6 i n  w . g .  with a coolant  o u t l e t  temperature o f  200 C. 

Fuel Handling Sequence 

108. h e 1  c l u s t e r s  a r e  d e a l t  with i n  groups of s ix ,  each group being loaded 
from an ind iv idua l  standpipe.  

~ 

2 

109. New elements are loaded i n t o  a r e f u e l l i n g  machine v i a  a f u e l  i n t ake  lock  
loca ted  at charge f l o o r  level. The machine is t r a n s f e r r e d  t o  an opera t iona l  
skir t  loca t ed  over a standpipe,  and t h e  f u e l  loaded i n t o  t h e  core ,  r ep lac ing  
s i x  i r r a d i a t e d  c l u s t e r s  which are removed. A charge chute,  p rev ious ly  
pos i t ioned  i n  t h e  v e s s e l  by a chute machine, l o c a t e s  each c l u s t e r  i n  t u r n  
above t h e  r equ i r ed  pos i t ion .  

110. The irradiated f u e l  i s  t r ans fe r r ed  from the  charge machine t o  a t r a n s f e r  
machine, via a discharge sk i , r t  connecting t h e  machines. From t h e  t r a n s f e r  
machine t h e  elements are discharged through a lock  i n t o  a n i t rogen  cooled 
magazine, h o r i z o n t a l l y  mounted t o  faci l i ta te  passage of f u e l  through t h e  two 
containment barriers. After cooling, t h e  fuel  is discharged i n t o  c o f f i n s  f o r  
t r anspor t a t ion .  

111. Design Fea tures  o f  Handling Bquipment 

(a) Chute Machine 

I n  add i t ion  t o  l o c a t i n g  t h e  charge chute  i n  t h e  r e a c t o r ,  t h i s  
machine a l s o  handles  an assembly comprising t h e  s tandpipe plug, stand- 
pipe b io log ica l  s h i e l d  and con t ro l  rod guide tube. 

No cool ing c i r c u i t  or r e l i e f  va lves  are provided, t h e  machine 

Shie ld ing  is l i m i t e d  
b e i n g  des igned f o r  a pressure of 6 in w.g. at 200 C. Manually 
operated valve gear is provided a t  t h e  nose. 
t o  t h e  bottom 9 f t  of t h e  machine. 

( b )  Charge Chute 

The charge chute  is b a s i c a l l y  a guide tube extending from the 
The bottom 18 f t  of t h e  chute can be charge face t o  core' surface. 

moved r a d i a l l y  by p a r a l l e l  motion'and r o t a t e d  t o  l o c a t e  t h e  f u e l  
clusters above any of t h e  s ix  requi red  pos i t i ons ,  Drive f o r  the chute  
a c t u a t i o n  i s  through a manually operated gear box, i n  which t h e  charge 
chute  head i s  located.  

(c) Refuelli 'ng Machine ' 

This machine has  s h i e l a i n g  aga ins t  gamma r a d i a t i o n  only, g iv ing  
a t o t a l  weight of 200 tons.  Closed cycle cool ing of 130 KW capac i ty  
is i n s t a l l e d ,  r e j e c t i n g  hea t  t o  t h e  containment atmosphere. A d e l a y  
of 12 hours  is assumed before  r e f u e l l i n g  commences. No cool ing  i s  
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provided during t r a n s i t  from standpipe t o  discharge skirt, but  even if 
t h e  t r a n s i t  time w e r e  I hour, compared wi th  an estimated 5 minutes, 
t h e  mean fuel element sur face  temperature would be only 30OoC. 

Pos i t i ons  f o r  seven fuel c l u s t e r s  are provided, a l lowing withdrawal of 
one element i n t o  t h e  machine, thus  g iv ing  a space i n  t h e  core  f o r  
i n s e r t i o n  of t he  first element. Provis ion is a l s o  made f o r  seven dummy 
f u e l  rods  and a shor t  gamma plug. 

- 
The pneumatically operated f i e 1  element grab l i f t s  the f u e l  

element f r o m  the bottom end af ter  removal of the dummy rod ,  thus  
e l imina t ing  t e n s i l e  f o r c e s  i n  the  element dur ing  handling. 

S k i r t  and Gear Box 

An 18 inch th i ck  cast i ron  s k i r t  l o c a t e s  over a standpipe and 
conta ins  the  charge chute  gear box which is sea led  a t  one end t o  t h e  
s k i r t  and a t  t h e  o the r  t o  t h e  standpipe.  A rubber gasket  contained 
i n  t h e  top  of t h e  s k i r t  makes t h e  seal onto the  chute and r e f u e l l i n g  
machines r e spec t ive ly ,  when these are loca ted  on t h e  s k i r t ,  t h e  s e a l  
being maintained by t h e  dead weight of t he  machine. 

(e) Special Purpose Nachine 

A specfal purpose machine is provided f o r  handl ing broken f u e l  
elements, c o n t r o l  rods  and t e l e v i s i o n  equipment. It incorpora tes  a 

- c losed  c i r c u i t  cool ing  system of 20 KW capacity.  

( f )  Transfer  Machine 

This  machine is used f o r  t r a n s f e r r i n g  i r r a d i a t e d  elements from 
t h e  r e f u e l l i n g  machine t o  t h e  cool ing magazine. It is basically a 
b a r r e l ,  t runnion mounted on a t r o l l e y .  I r r a d i a t e d  elements are 
loaded from t h e  r e f u e l l i n g  machine i n t o  t h e  t r a n s f e r  machine, which 
r o t a t e s  from a ver t ical  t o  hori l ;ontal  pos i t i on  f o r  t r a n s f e r  of elements 
t o  t h e  cool ing magazine by means of a b u i l t  i n  r a m .  Su i tab le  s e a l i n g  
arrangements are made at  each stage. No cool ing is provided, fuel  
element thermal capac i ty  being s u f f i c i e n t  t o  prevent exoeseive 
temperature rise. 

(g) Cooling Magazine 
1 The cool ing magazine has  a capac i ty  of 1 13 times one core inventory 

i.e. 560 elements. It is mounted h o r i s o n t a l l y  on r o l l e r s ,  which 
t ranemit  t h e  load from two r i n g  beams, forming t h e  main s t r u c t u r e  o f  
t h e  magazine, t o  t h e  containment s t r u c t u r e o  

Nitrogen cool ing i s  provided, arrangements being made t o  prevent 
sho r t  c i r c u i t i n g  of t he  gas through unloaded f u e l  posi t ions.  
loading of t he  magazine f o r  t h e  case of a normal 1/3 core  discharge,  f u l l  
core  discharge,  and f u l l  discharge i n  addi t ion  t o  the  normal 1/3 
discharge is shown i n  Fig. 15. 
f o r  1/3 core  discharge is 1 m, and 2.1 MW f o r  a f u l l  core. 
is arranged as two u n i t s  each of 1 MW capaci ty .  
run i n  p a r a l l e l .  
be water flooded without a c r i t i c a l i t y  problem. 

Heat 

This shows t h a t  t h e  maximum hea t  load 
The oooling 

If t o t a l  coolant f a i l u r e  occurs the  magazine v a u l t  can 
In  emergency, both can 

n 

8 
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To maintain double oontainment an air  look is provided on t h e  
o u t l e t  s i d e  of t h e  oool ing magazine i n  which t h e  fuel is t r a n s f e r r e d  
i n t o  t r anspor t  c o f f i n s ,  by means of a ramming machine i n s t a l l e d  i n  t h e  
magasine 

Refbe l l ing  Times 

112. A breakdown of r e f u e l l i n g  times is summarised below:- 

Fuel element l oca t ion ,  grabbing and h o i s t i n g  195 minutes 
Purging 225 minutes 
Crane t r a v e l l i n g ,  grabbing and h o i s t i n g  132 minutes 
Standpipe opera t iona l  times (p lu  removal, 

90 minutes 

642 minutes 
- gear box and chute looa t ion  f 

10.7 hours 

113. This is t h e  time f o r  t h e  complete series of operat ions at one standpipe.  
Thus t h e  minimum poss ib le  time for r e f u e l l i n g  1/3 oore (28 standpipes)  i s  
1& days. If two s h i f t s  were allowed for r e f u e l l i n g  one standpipe t h e  time 
requi red  would be 18.7 days on th ree  s h i f t  working o r  28 days f o r  two s h i f t  
working. 

A 
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SECTION 10: CHEMICAL PLAF’1 _. 1. 

Purge P u r i f i c a t i o n  P lan t  

114. The purpose of t he  p l a n t  is t o  remove the  f i s s i o n  products  and t h e  chemioal 
impur i t i e s  from the  purge gas  stream. It has  been designed on the fol lowing 
assumptions. 

(a )  The r e f l e c t o r  and sp ike  traps remove a l l  the metals  and cause a 
5 days de l ay  of  iodine.  (This  de l ay  reduces the  halogen hea t  l oad  
on t h e  e x t e r n a l  p l an t  from I Mvll t o  80 KW, and e l imina te s  5.7 MW due 
t o  metals.)  

Water leakage from the  hea t  exchangers i n t o  t h e  c i r c u i t  w i l l  be 
l i m i t e d  t o  1 l b  per day. 

(b)  

115. Figure 20 shows the flow diagram f o r  theoplant .  The gases  leav ing  the  
r e a c t o r  (910 l b  per  hour)  a r e  cooled from 350 C t o  6OoC i n  a precooler  t o  
reduce t h e  hea t  load on the  de lay  beds. The precooler  is i n  the  form of  a 
p l a t e - f in  gas/gas hea t  exchanger i n  s t a i n l e s s  s t e e l  . 
116. The gas  then passes  t o  t he  charcoal  f i l l e d  tubes  of t h e  main de l ay  beds 
i n  which the  krypton and xenon i so topes  a r e  delayed f o r  15  and 200 hours 
r e spec t ive ly .  
and removing 38 KW from each bed. 
and twenty such de lay  beds a r e  connected i n  p a r a l l e l .  

These tubes  a r e  water cooled, cool ing  water  e n t e r i n g  a t  25OC 
The s h e l l  i s  11 f t  diameter by 20 f t  long 

117. On l eav ing  the  de l ay  beds the  purge stream is  heated i n  a r egene ra t ive  
helium/helium p l a t e  f i n  bea t  exchanger i n  s t a i n l e s s  s t e e l  and by an e l e c t r i c a l  
r e s i s t a n c e  h e a t e r  t o  450 C. 
copper oxide beds. 
gas a t  s t a r t  up when the  hea t  exchanger is not  opera t ive .  The hea t ing  elements - 
a r e  arranged i n  banks wi th  only a f r a c t i o n  of them i n  use during s teady  
ope ra t ing  cond i t ions  g iv ing  spare  capac i ty  t o  cover h e a t e r  f a i l u r e .  

- 
This  temperature i s  requi red  f o r  r e a c t i o n  i n  the  

S u f f i c i e n t  r e s i s t a n c e  hea t ing  is  i n s t a l l e d  t o  hea t  t h e  

118. The carbon monoxide and hydrogen impur i t i e s  a r e  oxidised t o  carbon 
dioxide and water vapour i n  t h e  copper oxide beds, each of  which con ta ins  
about two tons  o f  copper oxide i n s i d e  a c y l i n d r i c a l  v e s s e l  3 f t  diameter by 
13  ft long. 
which is f i n a l l y  lagged with 4 i n  t h i c k  high grade asbes tos .  
u n i t s  are connected i n  s e r i e s .  

E l e c t r i c a l  t r a c e  hea t ing  elements a r e  wound around the  v e s s e l  
Four such 

119. The gas is then cooled i n  t he  seconiary  s ide  of  t he  regenera t ive  hea t  
exchanger descr ibed  above, l eav ing  at 50 C t o  pass  i n t o  the  molecular s i e v e  
beds. These remove t h e  carbon dioxide and water vapour formed i n  the  copper 
oxide beds. 
1000 lb of  Linde molecular s i eve  type 5A. 
embedded throughout t he  s i eve  mater ia l .  Two of these  u n i t s  a r e  provided and 
connected i n  p a r a l l e l .  
whi le  one is i n  use,  t he  C 0 2  and water vapour a r e  being dr iven  o f f  t he  o the r  
by means of t h e  b u i l t  i n  hea te r s .  These gaseous impur i t i e s  a r e  s t o r e d  
under p re s su re  i n  t h e  w a s t e  gas rece ive r s .  

120. The f i n a l  s e c t i o n  of the  p l a n t  scavenges the  last  t r a c e s  o f  C 0 2  and 
water  vapour and removes the  remaining xenon and krypton f i s s i o n  product 
gases at low temperature.  Two r egene ra t ive  hea t  exchangers i n  p a r a l l e l  are 
provided i n  which the  main gas stream is cooled from 50°C t o  -186OC by 

Each bed is  2 f t  3 i n  diameter by 10 f t  long conta in ing  
A 25 KW r e s i s t a n c e  h e a t e r  is 

They are operated a l t e r n a t e l y  f o r  7 day per iods  and 
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means o f  the  r e t u r n i n g  f l a w  of helium en te r ing  a t  -196OC. 
f i n  type exchangers i n  aluminium a l loy .  The two hea t  exchangers a r e  used 
a l t e r n a t e l y  and while  one i s  i n  use the  o ther  is allowed t o  warm up and 
vapor i se  t h e  small amounts o f  s o l i d  C 0 2  and ice which may have escaped 
through the  molecular s ieves .  

These a r e  p l a t e  

Q 
121. The gas stream then passes t o  l i q u i d  n i t rogen  cooled t r aps .  
i n  t h e  form of 50 tubes  2" N.B. x 10 f t  long, bent i n t o  the  shape of t 'hair  
pin" hea t  exchanger elements, mounted i n  a tube p l a t e  and enclosed i n  a s h e l l  
3 f t  6 i n  diameter by 6 f t  long. 
charcoal  and the  tube/shel l  i n t e r space  cooled with l i q u i d  ni t rogen.  The main 
gas stream passes  through t h e  charcoal  packed tubes,  where the  noble f i s s i o n  
product gases  a r e  adsorbed. Three t r a p s  aro provided connected i n  such a way 
t h a t  any two can be used i n  s e r i e s .  Each t r a p  runs  f o r  t h i r t y  days before  
being brought out of  c i r c u i t  and regenerated.  The xenon and krypton a r e  
drawn off during regenera t ion  and s to red  under pressure i n  t he  waste gas  
r ece ive r s .  

These are 

The tubes  a r e  packed with a c t i v a t e d  

122. The purge gas  c i r c u l a t o r s  then r e t u r n  the  p u r i f i e d  helium t o  the  r eac to r .  

123, The gas  l i n e  from the  r e a c t o r  t o  the  de lay  beds i s  i n  t he  form of two 
concent r ic  tubes.  
r e t u r n  gas from the  c i r c u l a t o r s  passes  i n  the  opposite d i r e c t i o n  along the  
annular  passage. There are t w o  r e a s o n s  f o r  t h i s  arrangement: f irs t ly , the  
purge stream is extremely aotive between the  ves se l  and the  de lay  beds 
before t h e  xenon and krypton have decayed, and by j a c k e t i n g  t h i s  s e c t i o n  of 
t h e  l i n e  with c lean  helium t h e  chances of leakage t o  atmosphere a r e  very much 
reduced. 
reaching  the  de lay  beds and also h e a t s  t he  r e t u r n  gas  before it e n t e r s  t he  
r e a c t o r ,  
along i t s  l eng th  t o  d e t e c t  l eaks  i n  the  i n t e r n a l  pipe. 

Purge gas  from the  r e a c t o r  passes  a long the  inner  tube and 

Secondly,the arrangement he lps  t o  cool t he  purge l i n e  before 

A sampling system draws o f f  gas from the  annular  passage a t  poin ta  

124. The chemical impuri ty  removal s ec t ion  o f  t h e  p l an t  has  been placed 
before  t h e  l i q u i d  n i t rogen  cooled t r a p s  i n  order  t h a t  these  t r a p s  s h a l l  be 
pro tec ted  from i n t e r f e r e n c e  by chemical impur i t i e s  which might i n h i b i t  t he  
adsorp t ion  of t he  noble gases. 
noble gases  before  the  chemical impuri ty  removal p l an t  so t h a t  t he  l a t t e r  
equipment, p a r t s  of which are r e g u l a r l y  regenerated,  would then be opera t ing  
on an e s s e n t i a l l y  i n a c t i v e  gas stream. 
information of t he  adsorpt ion of mixed gases on charcoal a t  low temperature 
it appears  at the  moment d e s i r a b l e  t o  place the chemical p lan t  up stream of  
t h e  noble gas t r aps .  

There a r e  s t rong  advantages i n  removing t h e  

However, without more d e t a i l e d  

Exhaust Chemical Plant  

125. Any gaseous e f f l u e n t  from t h e  r e a c t o r  bu i ld ing  can be d i r ec t ed  s t r a i g h t  
t o  the  s t a c k  or through the  exhaust chemical p l an t  t o  t h e  s t a c k  depending on 
its a c t i v i t y .  
t h e  con ten t s  of t he  inner  containment after an acc ident  involving a breach of 
t h e  main c i r c u i t ,  
been spec i f i ed .  The p l an t  is de8igned as two  i d e n t i c a l  u n i t s  connected i n  
p a r a l l e l  and each capable of processing 50,000 cfm. One u n i t  would be i n  
general  use dea l ing  with normal v e n t i l a t i o n  e f f l u e n t ,  small volume purging 
operat iona,  e to .  and the  second u n i t  would be brou8ht i n  as requi red  f o r  the 
acc ident  condi t ion.  

The heavies t  du ty  requi red  of t he  p l an t  would be i n  discharging 

Based on these  condi t ions  a throughput of 100,000 cfm has 

126. Each u n i t  oona ia t s  of two l i n e a  connected i n  p a r e l l e l .  Each l i n e  
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(for 25,000 cf’m) conta ins  a coarse and absolu te  f i l t e r ,  two carbon beds, 
a f u r t h e r  f i l t e r  and a fan. 

127. The carbon bed t a k e s  t h e  f o r m  o f  an annular array of  8-12 mersh S u t c l i f f e  
Speakman 208/C a c t i v a t e d  oarbon supported between two cy l inde r s  of perfora ted  
M.S. p l a t e  and enclosed i n  a vessel 4 f t  6 i n  diameter by 22 f t  long. 
gas flows r a d i a l l y  through t h e  thiukness  o f  t he  annulus from t h e  outs ide  t o  
t h e  ins ide .  J 

The 

128. The absolu te  f i l t e r s  w i l l  take out f i s a i o n  products which occur i n  
p a r t i c u l a t e  form. The carbon beds w i l l  take up t h e  iodine and any o the r  
vaporised f i s s i o n  products. The f i n a l  f i l t e r s  are intended t o  s t o p  any c a r r y  
over of oarbon p a r t i c l e s .  

129. If r equ i r ed  after an accident ,  one o f  these  p l a n t s  may be uaed t o  
r e c i r c u l a t e  the contents  of. t h e  outer  containment space t o  reduce the effects 
of leakage from t h i s  space. 

A 
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SECTION 11: CONTROL AND INSTRWNTATION 

Control Requirements 

130. The optimum thoriumruranium r a t i o  i s  shown i n  Section 3 t o  be 8.2. 
This  g ives  an i n i t i a l  r e a c t i v i t y  of 17.9.  
v a r i a t i o n  n e c e s s i t a t e s  a con t ro l  range of about 1 %, est imated hot-to-cold 
r e a c t i v i t y  change is i n  the  neighbourhood o f  6% and, allowing a 3% s a f e t y  
margin, t he  t o t a l  requirement would be 27$. 

The f u e l  cycle  r e a c t i v i t y  

131. Throughout t h e  reactor l i f e  the  moderator temperature c o e f f i c i e n t  over 
t h e  opera t ing  temperature range is  expected t o  l i e  between 0 and -2 x 10'5/°C. 
The f u e l  temperature c o e f f i c i e n t  i s  -2.2 x 10'5/0C i n i t i a l l y  and varies only 
s l i g h t l y  through r e a c t o r  l i f e .  

132. Figure 39 shows the  r e a c t i v i t y  held for var ious  numbers of con t ro l  rods  
o f  d i f f e r e n t  diameters.  Because of  t h e  f u e l  geometry, t he  present  core  
design provides  85 pos i t i ons  f o r  rods 4 inches diameter. The use of  a l l  85 
pos i t i ons  holds  31$ r e a c t i v i t y .  
convenient ly  be used t o  hold l$, l eav ing  only 17$ t o  be taken by a reduced 
number o f  con t ro l  rods.  

Al te rna t ive ly ,  burnable poison could 

Control Rods and i'dechanisms 

133. The design shows the  con t ro l  rod mechanisms i n  s tandpipes  a t  the  bottom 
of t he  pressure  vesse l .  
and mechaniasl connections are a t  the  temperature of t he  coolant i n l e t  and 
(ii) t h e  r e f u e l l i n g  opera t ions  a r e  not  complicated by having t o  disconnect 
remotely and remove con t ro l  rod mechanisms from the  r e f u e l l i n g  s tandpipes  a t  
t h e  top  of the  r e a c t o r  ves se l  before each r e fue l l i ng .  A t  t he  same time i t  w a s  
d e s i r a b l e  for the  rods t o  be above t h e  core i n  t h e  "out" pos i t ion  eo t h a t  
g r a v i t y  would be ava i l ab le  t o  operate the  rods when r ap id  shut  down w a s  
required.  No penal ty  has  t o  be paid i n  containment bui ld ing  he ight  which i s  
a l ready  con t ro l l ed  by o ther  fea tures .  

The reasons f o r  t h i s  choice were ( i )  the  mechanisms 

134. For these reasons the  present  design i s  proposed. The mechanism which 
is i n s t a l l e d  on bottom standpipes  imparts an axial  motion t o  a s t e e l  push rod 
i n s i d e  the standpipe. T h i s  carries t h e  control  rod c o n s i s t i n g  of  a boron 
carb ide  tube sheathed i n s i d e  and out wi th  graphi te  s l eeves  v i a  an intermediate  
push rod made of g raph i t e  t o  withstand t h e  high gas  o u t l e t  temperature at the 
top  of t h e  core. The i n s e r t i o n  o f  a moderator as t h e  con t ro l  rod is withdrawn 
inc reases  t h e  e f f i c i e n c y  of t he  con t ro l  rods. 

135. When a con t ro l  rod is i n  t h e  "out" pos i t i on  i t  is supported l a t e r a l l y  by 
a - c o n t r o l  rod guide tube. 
d i r e c t l y  beneath t h e  r e f u e l l i n g  s tandpipes  enabl ing t h e  guide tube t o  be 
suspended from t h e  s h i e l d  plug i n  t h e  standpipe.  
removes t h e  plug t h e  guide tube is removed wi th  it. 
and guide tube does not  increase  the he ight  of t h e  charge chute machine. 
second advantage r e s u l t i n g  from the  relative pos i t i ons  of con t ro l  rods  and 
s tandpipes  is t h e  a b i l i t y  t o  withdraw con t ro l  rods  and both push rods  up 
through t h e  r e f u e l l i n g  s tandpipes ,  no lateral  displacement being necessary. 
Withdrawal of these  components through the  con t ro l  rod s tandpipee a t  the 
bottom of  t he  r e a c t o r  ves se l  would have requi red  add i t iona l  height .  

The c o n t r o l  rod p o s i t i o n s  i n  the core occur 

When t h e  charge chute machine 
The handling of t h e  plug 

A 
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137. Three me+lhodu of operation f o r  the cont ro l  r o d  mechanisms have been 
consjdered: mechanical, pneumatic and e l e c t r i c a l .  No f ina l  d e t a i l e d  design 
is proposed i n  t h i s  r epor t  as i t  has  s o t  proved poss ib le  t o  v e r i f y  the 
preferred design phys ica l ly  i n  t he  tune ava i lab le .  This i s  o f  the fo rm of an 
e l e c t r i c a l  l i n e a r  "stepping" moto r  (see Fig. 1 6 )  with the  operat ing c o i l s  
ou ts ide  a thimble tube and the re fo re  access ib le  f o r  maintenance. 
moving p a r t s  i n s ide  the  c i r c u i t  a r e  the  con t ro l  rods a i d  assoc ia ted  push rods,  
t h e  lower s t e e l  push rod being made up of  a l t e r n a t e  s l a b s  o f  magnetic and non- 
magnetic mater ia l .  
c o i l s .  

The only 

The push rod is  l i f t e d  by sequent ia l  energ isa t ion  of the 
Removal of supply r e s u l t s  i n  the  rod f a l l i n g  i n t o  t he  core. 

138. A pneumatic or electro-mechanical system could be designed i n  t h e  space 
a v a i l a b l e  and the  choice of  system would have l i t t l e  e f f e c t  on t h e  ove ra l l  
c o s t  of t h e  p lan t .  

Secondary Shut Down Equipment 

139. No secondary shut  down equipment i s  proposed a t  the  moment. 
i t  were t o  be decided t h a t  such equipment i s  necessary i t  could be provided i n  
a form similar t o  t h a t  used on Calder and A.G.R. A supply of  boron containing 
shot  could be held a t  the  top o f  each con t ro l  rod guide tube and when required,  
poured through the con t ro l  rod i n t o  the  hollow graphi te  push rod. It would 
a l s o  be poss ib le  t o  provide f l e x i b l e  rods i n  a similar pos i t ion .  

However, if 

Faulty Fuel Element Detection 

140. If a f u e l  rod became damaged o r  a f u e l  element bottom s e a l  was leaking 
the  purge stream through t h a t  element would be p a r t i a l l y  o r  wholly by-passed. 
F iss ion  products would permeate a t  a g r e a t e r  r a t e  than usual  i n t o  the main 
coolant through the  unpurged s e c t i o n  of  f u e l  element. If t h e  leakage w a s  
very  small i t  might be poss ib le  t o  continue operat ing u n t i l  t he  next 
r e f u e l l i n g  per iod,  a check being kopt on the  ma in  c o o l a n t  a c t i v i t y .  If t h i s  
a c t i v i t y  rose  too  sharply,  however, i t  would be necessary t o  replace the  
offending element. 

141. I n  order  t o  determine which purge l i n e  i s  leaking  it  is the  in t en t ion  on 
"Dragon" t o  monitor t he  f l o w  rates i n  a l l  the  purge l i n e s .  A l eak  i n t o  the  
system w i l l  oause an increase  i n  f low.  The adoption o f  t h i s  system on the  
HTR Design would resu l t  i n  a much g r e a t e r  degree of complexity because 
of t h e  number o f  pipes  t o  be brought out through the  vessel .  On the  present  
design the purge flows a r e  co l l ec t ed  toge ther  i n s ide  t h e  ves se l  and emerge 
through the vesse l  w a l l  as a s i n g l e  3 inch bore pipe. If a l l  the  purge flows 
had t o  be monitored independently they would have t o  emerge through t h e  vessel 
as 42O separa te  pipes  i n  order t h a t  t h e  flow measuring devices  may be outs ide 
t h e  v3ssel. Otherwise the  flow measuring devices  would have t o  be i n  inaccess ib le  
pos i t i ons  i n s i d e  the  pressure ves se l  wi th  a t  l e a s t  420 (and perhaps 840) 
inst-;ument l i n e s  p i e rc ing  t h e  v e s s e l  w a l l ,  

142.'A f u r t h e r  disadvantage of t h i s  system of l e a k  de tec t ion  is  t h a t  i f  t h e  
8our:e of leakage is a cracked f u e l  rod, t he  f l o w  i n  t h e  purge l i n e  may not 
be s i g n i f i c a n t l y  a f f e c t e d  because of t h e  e f f e c t  of t he  purge f l o w s  from the  
othe-: 1 9  rods. 
t o  f :cm the  b a s i s  f o r  a system of sample l i n e s .  
tube as a rep resen ta t ive  sample of t h e  gas passing through the  s ix  f u e l  elements 
assc : ia ted  wi th  t h a t  p a r t i c u l a r  r e f u e l l i n g  group. The sample would be c a r r i e d  

It is therefore  proposed t o  use t h e  con t ro l  rod support  tubes 
Coolant would be drawn up a 
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up through the  b io log ica l  s h i e l d  plug i n  the  s tandpipe and emerge through a 
r a d i a l  passage i n  the  plug between two o i rcumferent ia l  s e a l s  (Bee Fig. 15). 
Permanent p ip ing  would oonneot t he  s tandpipes  at t h i s  l e v e l  with de t eo t ion  
equipment. The monitoring could operate  continuouelg and g ive  an ind ioa t ion  
of the  s e v e r i t y  of a f a u l t  and the  loca t ion  of t h e  group o f  s i x  elements 
oonta in ing  it. 
would be shut  down and depressur i sed  and the  charge chute inser ted .  
could c a r r y  a small bore a m p l e  l i n e  t o  d e t e c t  which of t h e  s i x  f u e l  elements 
is f a u l t y .  

If it were deoided t o  rep lace  the  damaged element, t he  r e a c t o r  
The ohute 

Temperature Measurement 

143. Because of t he  complexity of t h e  Fuel and high temperatures involved, no 
measurement of f u e l  erurface temperature has  been provided for. It may be 
poss ib le  t o  u t i l i s e  t he  dummy fuel rods with t r a i l i n g  l eads  t o  measure 
l o c a l  gas temperatures wi th in  the  core. Gas at i n l e t  temperature could be 
allowed t o  flow up through a c e n t r a l  ho le  t o  keep the  thermocouples cool.  

744. The con t ro l  rod guide tubes are u t i l i s e d  t o  c a r r y  thermocouples t o  
measure the  temperature of t h e  o u t l e t  gas  a t  the  top  o f  the  core. These 
thermocouples may be renewed any time a guide tube is removed f o r  r e f u e l l i n g .  
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SECTION 12 : COBTAIWElNT 

Phi losophg 
A 

145. As on Dragon two containment s h e l l s  are provided, The inner  s tee l  s h e l l  
is c y l i n d r i c a l  w i th  to rosphe r i ca l  ends 127 f e e t  i n  diameter by 194 feet  
o v e r a l l  he ight  manufactured i n  I &  inch th i ck  mild s tee l  p l a t e .  
a h e l l  i s  r e in fo rced  concrete  487 f e e t  diameter by 160 feet  he ight  above ground 
level and 24 inches th ick .  

146. I n  t h e  event  of  an acc ident  involving a breach of t h e  main c i r c u i t ,  t h e  
gaseous emissions would be contained wi th in  t h e  inner  s h e l l .  The volume 
i n s i d e  t h e  ou te r  Containment provides a holdup f o r  gaseous f i s s i o n  products  
which may leak from t h e  inner  containment. A f i g u r e  o f  O e l $  per  day has  
been assumed f o r  t h i s  leakage and i n  t h i s  case t h e  de l ay  afforded by t h e  
double Containment reduces the iodine oscape t o  a sa fe  f igu re .  Strontium, 
which is t h e  o the r  dangerous isotope under these  condi t ions ,  is not  
s i g n i f i c a n t l y  affected by the  delay and provis ion i s  made f o r  t he  conten ts  of  
t h e  ou te r  containment t o  be cont inuously r e c i r c u l a t e d  through the  exhaust 
chemical p l an t  a t  100,000 cfrn. 

The ou te r  

147. The concrete  w a l l s  of the outer  containment a l s o  serve t o  s h i e l d  
personnel ou ts ide  the  p l a n t  from f i s s i o n  products which may have condensed on 
t h e  s t e e l  w a l l s  o f  t h e  inner  s h e l l  a f t e r  a c i r c u i t  breach. 

Nitrogen Atmosphere 

148. If a i r  o r  water were allowed t o  en te r  t h e  c i r c u i t  af ter  an acc ident ,  
ex tens ive  chemical r e a c t i o n s  wi th  t h e  core  material would r e s u l t  releasing 
large amounts of  h e a t ,  and g iv ing  the  p o s s i b i l i t y  of  explosive mixtures of 
carbon monoxide o r  hydrogen. For t h i s  reason t h e  whole o f  t he  inner  contain- 
ment will be f i l l e d  with n i t rogen  dur ing  r e a c t o r  operat ion but purged and 
r e f i l l e d  wi th  a i r  dur ing  r e f u e l l i n g  periods.  Access t o  t he  inner  containment 
would normally be poss ib l e  only dur ing  r e f u e l l i n g .  An extensive ducted 
v e n t i l a t i o n  system is provided which c o l l e c t s  t h e  a i r  o r  n i t rogen  f r o m  a l l  
p a r t s  o f  t h e  inne r  containment, cools  i t ,  and recirculates it  a t  a ra te  of  
144,000 cfm. 
bo i l ed  o f f  i n  the chemical p l an t  n i t rogen  cooled t r a p s )  is bled i n t o  t h e  
system and the same amount discharged up the stack. 
a c t i v i t y  level  down i n s i d e  t h e  s h e l l .  
air  i s  s imilar ly  introduced i n t o  the c i r c u i t .  

149. A similar but  e n t i r e l y  sepa ra t e  v e n t i l a t i o n  system serves t h e  ou te r  
containment. 
i n t o  t h e  ou te r  containment, 

During operat ion 200 cfm of  c lean  n i t rogen  (which has  

T h i s  serves t o  keep the 
During r e f u e l l i n g  per iods condi t ioned 

This i s  always air  f i l l e d  and access a t  all times is  possible 

Design of Inner  Containment S h e l l  

150. The s teel  s h e l l  has been designed t o  withstand an ex te rna l  pressure  of 
0.3 psi which is considered t o  be t h e  m a x i m u m  du ty  requi red  of t he  s h e l l .  

151. The i n t e r n a l  tes t  pressure  i s  14 p s i  which i s  adequate f o r  t h e  
pressure  condi t ions  caused by t h e  escape of t h e  primary c i r o u i t  and t h e  
con ten t s  of one hea t  exchanger. 
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SECTIOM 13: SAFETY 

Reactor Accident Conditions 

152. 'phe safety of the H.T.R. reference 
headings (i) Accidents at normal operating pressure (345 psia) and 

design is discussed under two Q 
11) Primary circuit depresaurisation to containment equilibrium pressure 
30 psia). 

(i) Accidents at Normal Pressure 

( a )  Failure of Forced Circulation 
Natural convection cooling would-limit the coolant 
temperature to a maximum of 1140"Coand the maximum fuel 
temperature would be less than 100 C higher. Hence, apart 
from slight increase in release of fission products from the 
fuel, no damage to the reactor core or components would 
result. Operation of one main circulator at full power or 
three circulators at 20$ power each by use of their pony 
motors would prevent coolant and fuel temperatures rising 
above normal except for a very short transient pesiod in 
which the temperature rise would be less than 100 C. 

Rapid control of superheat and reheat steam temperatures 
would prevent excessive rise in heat exchanger tubing tem- 
perature following complete failure of forced circulation. 
Increase in tubing temperature t o  1000°C would not produce 
failure but increased steam leakage might result. 

(b) Reactivity Excursion 
The control rods are calculated to control 31$ reactivity 
which would be sufficierit to control safely the cold clean 
core without use of burnable p o i s o n s ,  as proposed. The 
reactor is intrinsically stable due to the negative fuel and 
moderator coefficients of reactivity, which would be 
maintained throughout the proposed fuel life. Calculations 
have shown that for a 2$ accidental addition of reactivity 
at 0.05% per second, either at full power or at start-up, 
which is a very pessimistic assumption, the aoolant tempera- 
ture would not 'exceed 95OoC providing full forced convection 
cooling was available. Hence the control and shutdown 
systems, as proposed, would keep all feasible reactivity 
excursions within safe limits. 
fission products from the fuel would occur but would not 
constitute a hazard condition. 

Slight increase in release of 

(c) Failure of Heat Exchanger Tubinq 
This accident would produce the worst overpressure oondition 
in the primary circuit, and the relief valve and dump tank 
system has been. designed to prevent the circuit pressure 
rising above the design pressure during this condition. Core 
damage could occur due to thermal shock and chemical 
interaction between the water/steam mixture and the hot oore, 
and the main circulators must be capable of handling a steam/ 
helium mixture to ensure the quick reduction of core 
temperature below the minimum value for the ateam/graphite 
reaction so limiting core damage. The magnitude of fission 
product release from the fuel would depend on the degree of 
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core  damage. A d i s t r i c t  hazard would no t  occur because 
of t h e  containment of any f i s s i o n  products  r e l e a s e d  wi th in  
the  primary c i r c u i t  and dump tanks.  Any leakage from 
t h i s  c i r c u i t  would be adequately c o n t r o l l e d  by the  contain- 
ment system. 

(ii) Depressur i sa t ion  

F a i l u r e  of t h e  primary c i r c u i t  r e s u l t i n g  i n  dep res su r i sa t ion  would 
produce excess  temperature cond i t ions  i n  t h e  r e a c t o r ,  t h e  severi ty  
of which would depend on t h e  degree o f  forced convection cool ing  
available. Calcu la t ions ,  assuming c o o l i n g  by pure helium, a t  
15  p s i a  have shown t h a t  the coolan t  temperature a t  o u t l e t  from 
t h e  core  would be as follows:- 

3 c i r cu la to r  pony motors opera t ing  
2 
1 motor 

1 1 6 O o C  

2000 c 
I t  11 I 1  11 1290:C 
I t  I 1  

Natural convection 2 0 0 0 ~ ~  i n  100 minutes 
cont inuing  t o  r i s e  u n t i l  
l i m i t e d  by r a d i a n t  hea t  
l o s s  and convection a t  very 
high  temperatures.  

Thus wi th  n a t u r a l  convection cool ing,  core  melt ing would occur wi th  
pure helium coolant  but ,  w i t h  a dep res su r i sa t ion  ra te  fas t  enough t o  
cause f a i l u r e  o f  t h e  fo rced  c i r c u l a t i o n  equipment, t h e  breach would 
be s o  large t h a t  t he  vessel  would conta in  a mixture of n i t rogen  
(from t h e  containment) and helium wi th in  15  minutes. 
vec t ion  coo l ing  by pure n i t rogen  at 15 p s i a  would l i m i t  t h e  
coolan t  temperature a t  core  o u t l e t  t o  1 8 4 O O C .  
n i t rogen  2C$ helium a t  the  containment equi l ibr ium pressure  (30 p s i a )  
would l i m i t  t h e  maximum temperature of t h e  coolan t  t o  below 
1840'C due t o  t h e  h igher  coolan t  d e n s i t y  (p re s su re  e f f e c t )  and 
improved h e a t  t r a n s f e r  p r o p e r t i e s  o f  t he  mixture (due t o  t h e  pressure  
of helium). 

Natura l  con- 

A mixture of  8O$ 

The magnitude o f  t h e  hazard condi t ion  a s soc ia t ed  wi th  d e p r e s s u r i s a -  
t i o n  w i l l  depend on t h e  q u a n t i t y  of f i s s i o n  products  r e l eased  from 
t h e  system, i .e.  on t h e  dsgreo  of cool ing  available fo l lowing  
depres su r i sa t ion .  
Eive a h igh  p r o b a b i l i t y  t h a t  some forced  cool ing  ( e i t h e r  main motor 
o r  pony motor d r i v e )  would be a v a i l a b l e  a f t e r  dep res su r i sa t ion  but  
t h e  des ign  of t h e  containment system has been based on a core  melt- 
down, i .e .  release o f  all f i s s i o n  products  from t h e  core. 
f i s s i o n  products  contained i n  t h e  file1 purge chemical would no t  be 
r e l e a s e d  provid ing  s u f f i c i e n t  water coo l ing  i s  always ava i l ab le .  
Al%erna t ive  independeat coolin,? aystems would be provided wi th  
f a c i l i t y  f o r  opera t ion  from a poin t  remote from t h e  r eac to r .  

The contasnment system, descr ibed i n  Sec t ion  1 2  of t h i s  r e F o r t ,  w i l l  
l i m i t  release o f  a l l  a c t i v i $ y  t o  below t h e  permit ted leve ls  
providing a combined plate-out aid d.econtamination f a c t o r  o f  100,000 
is provided i i 7  the  i!!ner contai:imont and p r ina ry  c i r c u i t .  If  a p la te -  
out  f ac to r  o f  ?$ is  assiirncd f o r  s o l i d  i so topes  which are not  v o l a t i l e  

The forced  c i r c u l a t i o n  system i s  designed t o  

The 
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at low temperatures (below 20OoC) t h i s  would r equ i r e  a chemical clean- 
up p l an t  wi th  an u l t ima te  decontamination f a c t o r  of  10,000. 
a r e c i r c u l a t i o n  flow of 100,000 cfm through a clean-up p lan t ,  
wi th  D.F. of 100 from t h e  inner  containment and leakage rates of 
0.1% and 1% per  day from t h e  inner  and ou te r  containments 
r e spec t ive ly ,  ca lou la t ions  h w e  shown t h a t  release o f  a l l  i so topes  
would be kept  below the  m a x i m u m  permissible  levels. 

With 

The de lay  provided by t h e  double containment is  s u f f i c i e n t  t o  
reduce the  release of sho r t  l e v e l  i so topes  (e .g .  1-131) t o  low 
l e v e l s  compared with the  long l i ved  Sr-90. Hence, f o r  t h i s  system 
Sr-90 would be t h e  c r i t i c a l  isotope.  A ca lcu la t ed  t o t a l  release of  
11.6 c u r i e s  would occur f o r  t he  period of one gear during which 
the  release rate  is above the  m a x i m u m  permissible continuous l e v e l .  
The permit ted emergency r e l e a s e  would be 8 c u r i e s  a t  ground level 
and t h e  in t eg ra t ed  permitted continuous release, 9 curies, f o r  t h e  
s i t e  spec i f ied .  Hence the  containment system, as spec i f i ed ,  would 
appear t o  be q u i t e  adequate e s p e c i a l l y  i n  the  l i g h t  o f  t h e  
pes s imis t i c  assumptions used i n  t he  ca l cu la t ions .  

The ni t rogen atmosphere i n  the  i n n e r  oontainment would e l imina te  
any r i s k  o f  a water gas explosion fol lowing a combined f a i l u r e  of 
t h e  steam c i r c u i t  and depressur i sa t ion .  The r e a c t o r  sh i e ld ing  
(minimum th ickness  2 '  6") would act as an  e f f e c t i v e  b l a s t  s h i e l d  
f o r  t h e  inner  containment ves se l  dur ing  depressur i sa t ion .  The 
s h i e l d i n g  p o v i d e d  by the  outer  containment (2' 6" concre te )  would 
reduce d i r e c t  r a d i a t i o n  l e v e l s  ou ts ide  t h e  Containment t o  w e l l  
below t h e  spec i f i ed  sa fe  l eve l s .  

Reactor normal Coi id i t ions  

153. The v e n t i l a t i o n  p l an t  i n  the  inner  containment has  been designed t o  keep 
concent ra t ions  of a l l  i so topes  (1-1 31 being the  c r i t i c a l  i so tope )  t o  below 
brea th ing  to le rance  dur ing  normal operation. Radiation and contamination 
levels i n  t h e  inne r  containment due t o  leakage of f i s s i o n  products,  would be 
kept  t o  l o w  l e v e l s  allowing personnel access a t  a l l  times, self-air being 
requi red  dur ing  operat ion a t  power. Any of the acc iden t s  at  pressure, inc luding  
a d i s rup t ion  o f  t h e  f u e l  purge systems, e.g. by an "unseated" fuel element 
c l u s t e r ,  would lead  t o  increase  i n  f i s s i o n  product concent ra t ions  In the 
inner  containment and thus  would n e c e s s i t a t e  con t ro l  of access. 
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SECTION 14: CCIST AIJALYSIS 

154. A f u l l y  d e t a i l e d  e s t ima te  hae been prepared and is eummarised below. 

\ 

TABLE 4 

HTR 
Item 

Containment 

Reactor Bui lding and C i v i l  Work 

Pressure  Vessel 

I n t e r n a l s  
Graphite (Side r e f l e c t o r )  and core r e s t r a i n t  

C i r c u l a t o r s  

Gas Ducts and va lves  

Heat Exchangers 
R e  f ue 1 1 i n g  equipment 

Fuel element equipment 

Control rods  and mechanisms 

Instrumentat ion 

Faul ty  f u e l  de t ec t ion  

E l e c t r i c a l  

Exhaust chemical p l a n t  

Purge chemical p l an t  
Ven t i l a t ion  

Reactor Crane 

Turbo-Alternators and auxiliaries 

Turbine H a l l  

River Works 
Unspecified items 
Dwnp t anks  

Beat s i n k s  and s a f e t y  va lves  

Consul tan ts  and Serv ices  

Design and Engineering Contingencies 

Tender P r i ce  

957 
2,500 

496 
183 

150 
800 

1-76 

3 000 

3 50 

150 
880 
coo 
100 

2,300 

126 

2,305 
300 

80 

5,080 

1,100 

1,400 

1,350 
307 
112 

25,702 

q r n /  

2,31 

6.05 

1.2 

44 
36 

1.94 
43 

7.25 

85 
36 

2.13 

2.18 

24 

7.09 
31 

5.59 . 73 
.A9 

12,30 

2.66 

3.38 
3.27 

7 4  
27 

62.08 

13.5 - 
75.58 
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155. The "Containment" item covers  t h e  inner  steel  containment ves se l  only. 
The r e l a t i v e l y  high cos t  of t h e  complete  containment system is  reflected i n  t h e  

. "Reactor Building and Civi l  Work." Economic development of t h i s  type of r e a c t o r  
- would demand a t t e n t i o n  t o  t h i s  item and t h e  aesoc ia ted  s a f e t y  aspec ts .  If a 

s i n g l e  unpressurised 'tconfinement" bu i ld ing  of minimum dimensions could be shown 
t o  be acceptable ,  sav ings  of up t o  a6/m could r e s u l t .  

156. A f u r t h e r  major i t e m  which mili tates aga ins t  t h e  r e a l i s a t i o n  o f  a low 
c a p i t a l  c o s t ,  is t h e  purge system. The s a t i s f a c t o r y  development of  f i s s i o n  
product r e t a i n i n g  fuel, and the consequent e l imina t ion  of t h e  purge system 
could l ead  t o  savings roughly assessed  a t  Q=?O/Kw. 
a p a r t  from t h e  c o s t  of t h e  purge p l an t  btself ,  t h e  cos t s  of building,  sh i e ld ing  
and containment necessary t o  accommodate t h e  p l an t ,  a s soc ia t ed  instrumentat ion 
and e lectr ical  p l a n t ,  and o the r  items such as pipework i n s i d e  t h e  reaotor .  The 
design of t h e  f u e l  element would be f r e e d  from an important r e s t r i c t i o n  and t h i s  
might l ead  t o  savings i n  t h e  f u e l  handl ing equipment as w e l l  as i n  fuel  cos ts .  

This f i g u r e  would include, 

A 
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SECTION 15: PRELININARY APPRECIATION OF CONSTRUCTION PROGRANME 

157. This  design s tudy  cons iders  only the  cons t ruc t ion  a s p e c t s  of t h e  
programme. (Fig. 40). 

158. The programme as se t  out is based on t h e  fol lowing assumptions:- 

t h a t  the Bio logica l  Shield (i.e. a l l  concrete  work wi th in  t h e  
s t ee l  containment) can be completed, a p a r t  from pos i t i on ing  
t h e  precast u n i t s  which seal  the  s h i e l d i n g ,  before  the  p a r t s  of 
t h e  Pressure Vessel, Heat Exchangers and Dump Tanks are lowered 
i n t o  pos i t i on ;  

t h & t  t h e  Pressure Vessel, Heat Exchangers and Dump Tanks w i l l  be 
pre fab r i ca t ed  on s i t e  i n t o  s e c t i o n s  which can be lowered i n t o  
pos i t i on  by the  use of  a Goliath type crane; 

t h a t  t h e  Heat Exchangers and Dump Tanks w i l l  be prefabr ica ted  on 
s i t e  i n t o  complete s h e l l s  and then  stress re l i eved  and t e s t e d  
p r i o r  t o  being l i f t e d  i n t o  pos i t ion ;  

t h a t  t h e  Pressure Vessel w i l l  be pneumatically t e s t ed ;  

(a) 

( b )  

( 0 )  

(a) 

( e )  t h a t  i t  w i l l  not be necessary t o  pressure t e s t  the  s tee l  containment 
p r i o r  t o  cons t ruc t ing  the  concrete  outer  containment, t h a t  is, t h a t  
i t  w i l l  be poss ib le  t o  cons t ruc t  these t w o  i tems simultaneously and 
t e s t  t h e  welds i n  the  s t e e l  Containment by the  use o f  vacuum boxes; 

t h a t  t h e  Reactor i n t e r n a l s  w i l l  be r e l a t i v e l y  simple so reducing 
both t h e  time needed f o r  t h e i r  i n s t a l l a t i o n  and t h a t  necessary f o r  
t h e  f a b r i c a t i o n  o f  t h e  top  dome of t he  Pressure Vessel. 
number o f  charge and discharge channels is reduced.) 

(f) 

(The 

159. Should i t  be found necessary t o  t e s t  hydrau l i ca l ly  t h e  Pressure Vessel 
then a f u r t h e r  month would be added t o  t h e  programme and should i t  be found 
necessary t o  pressure  tes t  t h e  s tee l  Containment p r i o r  t o  cons t ruc t ing  t h e  
ooncrete  containment then a f u r t h e r  seven months would be added t o  t h e  
programme . 
160. The programme as set out is  based on the fol lowing cons t ruc t ion  sequencer- 

(i) Foundations, 

(ii) 

(iii) 

(iv) 

Bottom bowl of s tee l  containment. 

Bio logica l  Shie ld  ( a l l  concrete  work)  . 
Sides  of s t ee l  containment up t o  second f l o o r  level. 

(v)  Outer ooncrete  containment bu i ld ing  up t o  second f l o o r  level. 

- Note: Items (iii), ( iv )  and (v) could proceed simultaneously but 
with  a time-lag between each item so t h a t  i n  effect  each would 
proceed a stage ahead o f  t h e  other.  
a p a r t  from t h e  precas t  removable s e c t i o n s  c l o s i n g  t h e  oontainment 
of t h e  Pressure Vessel, Heat Exchangers and Dump Tanks. 

- 
Item (iii) would be aompleted 
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(vi) Pressure Veasel. 

(vii) Heat Exchangers. 

(viii) Dump Tanka. 

- mote: Items (vi), (vii) and (viii) would proceed simultaneouely. 

Complete items (iv) and (v). 

Pressure Veasel internals, mechanical and eleotrical installations 
and ancillary plant. 

(ix) 

(x) 

Note: It would be possible to make a start on some of the 
mechanical and electrical installations prior to the completion 
of Item (ix). 

- 

161. The programme does not show the turbo-alternators and other ancillary 
plant, as, undoubtedly, the erection of the necessary builaings and the 
installation of the plant can be easi ly  phased within the period required for 
the construction of the Reactor. 
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SECTIOlV 16: PARAMETRIC SURVEYS 

162. Studies have been made of the effects on cost per u.s.o., of variation 
of 8 number of the design parameters on each side of the reference point, 
This survey has been oonducted by analysing the cost of the individual items 
given in the preceding section as functions of the variables on which they 
depend. For example the pressure vessel cost of f679,000, which a l s o  
includes the oost of such internal items as the diagrid and hot gas manifold, 
is broken down as 

2 

* 

Dv (2Lc + Dv) (71.9t + 5.53t ) + 856 W C 

Where Dv is vessel dim. (ft), Lc is core length (ft), t is vessel 
thickness (in), and Wc is core weight (t n n e s ) .  

term the cost of internals and supports. 
are given in the Table below. 

The t term takes account of 
the volume of metal in the vessel, the t 8 term the welding cost, and the Wc 

The ground rules ueed in costing 

The prices given in the Table are tentative estimates compiled for the 
specific purpose of this study and should not he taken out of context. The 
price for U-235, for example postulates a possible fall from the current 
level but this is purely an assumption. 

TABLE 5 

Costing Ground Rules 

Interest rate 
Load factor 
Reactor life 

Initial costs: , 2 3 5 4  
232-Th 
Graphite. 

Fabrication 

Reprocessing 

Credit: 2354, 2334 
232-Th 

Fuel Cycle 

5.5% 
0.75 

4,387 &z 
15 @e 

5.8 6=/kg 

20 years 

55 .C/kg of heavy atom 

‘56 C/kg of heavy atom 

4,387 &3 

75 E/& 
3 batch with U recycle 

. I  
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163. Variations have been made i n  t he  eleven parameters as l i s t e d  i n  the  
t a b l e  below without any marked improvement i n  c o s t s  boivig obtained. The 
importance o f  t he  puinpiiig power component i n  t h e  c a p i t a l  cos t  figure is shown 
by t h e  reduct ions  obtained wi th  higher  voidage arid lower L/D r a t i o ;  but  
these  reduct ions ,  which are t h e  l a r z e s t  obtained, are not  s u f f i c i e n t  t o  
i n d i c a t e  t h a t  s u b s t a n t i a l  reduct ions  i n  cos t  could be achieved by f u r t h e r  

. i nves t iga t ion  i n  these  d i r e c t i o n s .  

TABLE 6 

The Effect o f  Var ia t ion  of Parameters about Beference Design 

Capi ta l  cos t  Fuel cost Graphite 

units i n  b racke t s )  graphi te  $d/uso) (d/uso) (d/uso> 

Unit cost Altered  parameter and new 
value (etandard c a m  and excludin core no g raph i t e  c o s t  

(d/-d 

Standard case I 
Power Density 14.34 .285 .113 0026 4P2 
(1 1.34 lcM/Iitre) 8.34 .288 .110 0 021 .4a6 

2004 .205 ,110 e 023 .4aa 
ranium r a t i o  3065 .2a5 .115 ,030 498 

Core L/D r a t i o  
(0.606) 

Radial  Re f l ec to r  
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164. Perhaps t h e  most au rp r i s ing  r e s u l t  is t h e  small e f f e c t  of power dene i ty  
cn c a p i t a l  cos t .  The v m i a t i o n s  shown i n  power d e n s i t y  axe brought about by 
change i n  r a t i n g .  
U-235. 
i nc reases  t h e  f u e l  cost .  Increased subdivis ion of t h e  f u e l  a l s o  inc reases  
f a b r i c a t i o n  and component cos ts .  The expected saving i n  c a p i t a l  c o s t s  does 
not  m a t e r i a l i s e  because t h e  increased pumping requi red  j u s t  compensates f o r  
t he  decrease i n  vessel and c i v i l  cos t s .  

The r a t i n g  at t h e  14.34 KW/litre power d e n s i t y  is 1.26 W / k g  
A t  , t h i s  l e v e l  t h e  bu i ld  up of protact inium shor tens  t h e  f u e l  l i f e  and 

165. An i n v e s t i g a t i o n  i n t o  t h e  pressure  vessel c o s t s  i n  going from 11.34 t o  
14.34 kW/litre shows a reduct ion  i n  weight of 10.5% and a reduct ion i n  v e s s e l  
c o s t  of  13% (which makes t h e  c o r r e c t  allowance f o r  welding and lower core 
weight). When expressed as a percentage of t h e  t o t a l  c a p i t a l  cos t ,  t h e  13% 
is reduced t o  Oe3$. A similar reduct ion i s  obtained from t h e  change i n  t h e  
c i v i l  c o s t s  where t h e  change i n  v e s s e l  s i z e  does not  give a p ropor t iona te ly  
l a r g e  change i n  bui ld ing  s i z e  because of t he  e f f e c t  of t h e  o ther  p l an t  which 
i s  housed wi th in  the  bui ld ing  and which i s  not  reduced with t h e  change t o  a 
h igher  power dens i ty .  The change i n  ne t  e l e c t r i c a l  output due t o  t h e  higher  
pumping power requirement is about O.5$ and t h i s  taken with an increase  i n  
blower c o s t s  of about 0.3$ n u l l i f i e s  t he  cos t  reduct ions  due t o  ves se l ,  c i v i l  
work, r e f l e c t o r ,  e t c .  

166. The v a r i a t i o n  i n  carbon/uranium r a t i o  shown i n  t h e  t a b l e  involves  a l s o  
a change i n  r a t i n g  because t h e  power d e n s i t y  w a s  taken t o  be constant .  This  
t reatment  has  the  meri t  t h a t  c a p i t a l  c o s t s  a r e  unaffected and i n t e r p r e t a t i o n  
of t h e  r e s u l t s  is t h e r e f o r e  s impl i f ied .  A t  t h e  higher  moderator r a t i o ,  t h e  
f u e l  l i f e  is shortened due t o  the  higher  r a t i n g  and a d d i t i o n a l  g raph i t e  i s  
required.  These e f f e c t s  lead  t o  increased f u e l  cos ts .  A t  t h e  lower 
moderator r a t i o ,  t h e  decrease i n  f u e l  cos t  due t o  lower r a t i n g  is j u s t  o f f s e t  
by t h e  e f f e c t  on the  i n i t i a l  r e a c t i v i t y .  With a f u r t h e r  decrease i n  moderator 
r a t i o ,  t h e  l a t t e r  e f f e c t  would predominate and t h e  f u e l  cos t  would increase.  = 

167. Comparison of two cases  with about t h e  same r a t i n g  (i .e.  t h e  14.34 kW/litre 
and the  3065 C/U cases )  shows a s l i g h t l y  higher  f u e l  coat  for t he  more h igh ly  
moderated r eac to r .  The reason f o r  t h i s  is t h a t ,  due t o  the  s o f t e r  neutron 
spectrum, the  conversion f a c t o r  i s  reduced wi th  a consequent higher  f u e l  make- 
up cost. 

168. The v a r i a t i o n  of thorium/uranium’ratio shows a f a i r l y  sharp optimum 
about t h e  va lue  chosen f o r  t he  re ference  design. 
i n i t i a l  r e a c t i v i t y  and conversion f ac to r .  

Again the  balance i s  between 

169. The conclusion drawn from t h i s  survey is  t h a t  no large reduct ions  i n  
c o s t  axe l i k e l y  t o  be achieved by change from t h e  condi t ions  chosen for  t h e  
r e fe rence  design. 
occurs  at about 9.5 kW/litre and t h a t  a 2% v a r i a t i o n  about t h i s  po in t  
produces very l i t t l e  change i n  cos t s .  

It is of p a r t i c u l a r  i n t e r e s t  t h a t  a power dene i ty  optimum 
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SECTION 17: DISCUSSIOR 

Power Density Limitations 

170. The maximum power density achievable with this system ie limited 
primarily by thermal stresses in the graphite fuel sleeves, in conjunction 
with a minimum thickness of these sleeves required for robustness in 
manufacture and handling. This statement is made on theounderstanding that 
a nominal maximum fuel centre temperature of around 1850 C is acoeptable. 
Greater subdivision of the Fuel permits a higher power density within given 
limits of sleeve stress and centre temperature, but levitation of the core 
then becomes a problem, 

63 

171. The design put forward makes the best compromise on the basis of the 
assumed graphite properties. Economic optimisation shows however that the 
power density required is below that considered feasible (not more than 
10 KW/litre, compared with about 15 KW/litre) and the degree-of fuel eub- 
division found necessary is then determined by thermal stresses alone. 

172. Not enough is lcnown about the behaviour of graphite under temperature 
gradients, particularly with irradiation, for the problem to be treated in an 
absolute sense. The data adopted for this design, taken together, are 
believed to be fairly optimistic. The effect of assuming an improvement of 
66$ (e.g. increasing permissible stress from 1530 psi to 2 00 psi) is 
to reduce unit costs by O.ld/u.s,o. The number of (larger 5 fuel elements 
required is reduced in similar ratio to the stress increase, and the saving 
comes from lower manufagturing costs. 
ture will rise 250-300 C, unless the improvement has arisen from better 
conductivity. 

Fuel Boxes 

At the same time, the centre tempera- 

173. It was not feud possible t o  utilise a sealed fuel box d.ue to the 
pressure stresses which arise during depressurisation of the reactor unless 
this is carried out slowly. Considering possible variations of graphite 
permeability, free internal volume, permissible depressurisation rate, and 
fuel box end designs, led to the conclusion that the feasible fission product 
delay i n  the  f r e e  spaces of the  box would be o n l y  an hour or  so. Since  there 
is a diffusion delay within the,fuel body itself, this extra delay is not of 
sufficient importance to warrant the .tight specification, and risk of failure 
for the boxes. 

174. It was therefore preferred to leave the boxes open ended, and arrange 
the purge flow to make two passes, outside and inside the box. 
the primary circuit activity-due-to back diffusion of volatile8 out of the 
fuel sleexes,.to a very marked extent., Even if it is assumed that this 
activity remains gas borne,-and is -therefore eventually collected in the 
traps, the circuit activitywith a single-pass purge is estimated to be of 
the order of 20 kilocuries, and the two-pass system reduces this to under 
1 ourie. 

Chemical Plant I , , 

This reduces 

175. There is considerable uncertainty in selecting; a suitable purge flow 
rate, and as mentioned above, the very existence of a scavenge mechanism for 
some of the long-life metal fission products is itself an assumption. The 
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only approach to this problem available for the design study, was to adopt a 
flaw within the range likely to be realistically demonstrated in Dragon. It 
was considered reasonable to reduce the flow per KW by a factor of about 3.5 
which results in a similar flow per element as in Dragon, the elements being 
1.75 times as long and operating at twice the power per unit length. 
flow were halved, a saving in the cost of the delay beds of about &I/KW 
would result, but some extra cost would be involved in the plant for the 

- removal of chemical impurities probably by making this a separate circuit. 

Q 
If this 

176. The heat loads on the chemical plant due to fission products have been 
assessed at near the lowest figure which will be possible for design purposes 
since of the total of 750 KW, 670 KW arise from noble gases whose diffusion 
rates from "normal" fuels are fairly well known. This results from the use 
of internal traps in the fuel elements, for metals and halogens, and the 
assumption that sufficient temperature control can be achieved to give high 
decontamination efficiencies (10% on metals and 9& on halogen activity). 

I 

Act ive Randl inf;l; 

177. It is doubtful whether all released fission products can be scavenged by 
the purge system so that they enter the primary circuit only by means of 
gaseous back-diffusion through the fuel sleeve. 
arise with some of the long-lived metals, Thus, even with the two-pass purge 
system ,deposition of activity in say, the cooler parts of the oircuit could 
cause a serious handling problem during maintenance operations. 
solutions to several aspects can be visualised, e.g. circulators (flask), and 
heat exchangers (in -situ chemical decontamination), but lacking quantitative 
data on the activity to be expected some uncertainty must remain. The lay-out 
and general concept of the present Reference Design is based on the assumption 
that activity of the order of 10 Ke is distributed over the cooler parts of 
the circuit. 

Other mechanisms certainly 

Likely 

- 

Retentive and Fully Releasing Fuels 

178. The most direct method of reducing the cost of fission product trapping 
plant is to use retentive fuel. Encouraging results have been reported with 
various types including those based on the pyrolytic carbon coating of carbide 
fuel particles. 
retention of volatiles, but there is similar uncertainty about the behaviour 
of metals in purged systems. With the purge eliminated, the fuel element 
design would be freed from a fundamental limitation and quite a different 
arrangement of core could result. 

The retention of mobile metals is less developed than the 

179. An argument against retentive fuels is that reactivity poisons are 
retained in the reactor core. The purged fuel as at present conceived, does 
obtain some advantage from the release of Xe for example, but the gain is a 
small fraction of the maximum possible which might save .03d/u.s.o, 'Po 
achieve this maximum, however, high diffusion rates are required f o r  volatilee, 
and metals such as strontium and caesium must also be extracted. Since the 
fuel atoms themselves cannot be allowed to become mobile to any significant 

of longer term, than that of retentive fuels. 

= 

~ extent, it is considered that this development ie much more uncertain, and 

Optimisation 

180, The conclusion that the optimum power density is below 10 KW/litre, 
and that the unit cost is only .OO!jd/u.s,o. higher at about 7 KW/litre could 
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be valid for systems other than this Reference Design. 
variations in cost assumptions has been examined and the optimum power 
density is not markedly altered. 
and gives a minimum fuel cost as 51.3 KW/litre. 
is to raise the optimum, but only a small amount. 

The effect of 

The trend of fuel costs is overriding 
The effect of capital cost 

181. The eituation would be quite different with a different fuel cycle, o r  
in say a transportable reactor where the balarioe of ooats could be markedly 
changed. It is evident, however, that for large power atatione operating on 
the Th/U-233 cycle, with graphite moderated homogeneous cores, there ie no 
great incentive to strive f o r  high power densities, and that reduotions in 
unit cost depend more on simplification of the fuel element leading to a 
reduction in fabrication and component cost, and to developments leading to 
capital cost savings by the elimination or simplification of plant. 
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SECTIOI'? 18: GENERAL COETCLUSIONS 

182. The c a p i t a l  cos t  t o  be expected f o r  a large power r e a c t o r  based as 
c l o s e l y  as poss ib l e  on t h e  Dragon design is not  s u f f i c i e n t l y  l a w  f o r  t h e  
system t o  o f f e r  a great a t t r a c t i o n .  

183. Fur ther  s tudy  of' safety requirements,  l ead ing  t o  a r ev i sed  containment 
design could l ead  t o  a saving of up t o  &6/KW. 
are l i k e l y  t o  be l a r g e l y  appl icable  t o  any High Temperature Reactor us ing  
oarbon based f u e l  elements. 

The cons idera t ions  involved 

184. The f i s s i o n  product purge eystem, a s soc ia t ed  bu i ld ing  work and equipment 
is roughly assessed  t o  c o s t  .%YO/KW. 
f a c t o r y  f i s s i o n  product r e t a i n i n g  fuel is the re fo re  of  importance. 

185. With a U/Th/U f u e l  cycle, t h e r e  m i l l  be an optimum power denai ty .  
t h e  optimum value  depends on t h e  balance of c o s t s  i n  a p a r t i c u l a r  concept, 
no j u s t i f i c a t i o n  is seen a t  present  f o r  s t r i v i n g  f o r  a design capable of 
power d e n s i t i e s  above 10 KW/litre; 
f u e l  element be r e j e c t e d  on account of  l imited power dens i ty ,  a t  l eas t  above 
say  5 gW/litre. 

The p o s s i b i l i t y  of developing a satis- 

Whilst  

nor should a simple and cheap form of 

186. I n  applying t h e  Dragon concept t o  a power r e a c t o r  problems would arise 
which w i l l  not  n e c e s s a r i l y  be solved by t h e  successfu l  development of  Dragon. 
These inc lude  p a r t i c u l a r l y ,  

(a) Assessment o f  t he  leakage o f  steam and water t o  be expected f rom 
steam genera tors ,  and of any special  s t e p s  necessary i n  consequence. 

Control elements and mechanisms s u i t a b l e  f o r  t h e  opera t ion  of 
c o n t r o l  rnembers wi th in  t h e  core  proper. 

( b )  

( c )  Design and manufacture of f u e l  elements, p a r t i c u l a r l y  t h e  g raph i t e  
components, s u i t a b l e  f o r  a core of t h e  requi red  length.  

( d )  Active handl ing o f  large components. 

187. There is no reason t o  expect any of  these  t o  prove insuperable  and Borne 
pose ib l e  s o l u t i o n s  have been incorporated i n  the  Reference Design, but  
development work would be required.  
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