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1.1 

1. IPJTRODUCTION AND SUMMARY 

Sanderson & Porter have car r ied  out a s e r i e s  of s tudies  over the 

pas t  four years which indicate  t h a t  the pebble-bed reac tor  may be an 

a t t r a c t i v e  way t o  obtain low-cost power.'** 

Atomic Energy Commission, two design s tudies  have been car r ied  out on 

t h i s  concept a t  the Oak Ridge National Laboratory. 

a preliminary design of a l O - M w ( t )  reactor  experiment, the PBRE, w a s  

A t  the  request of the 

The f i r s t  of these, 

i n i t i a t e d  September 10, and a report  on the study w a s  issued November 1, 

1960. 

330-Mw(e) cen t r a l  s t a t ion ,  w a s  i n i t i a t e d  November 1, and i s  the subject  

of t h i s  repor t ,  

The second phase of the work, a conceptual design study of a 

. The over-al l  design precepts evolved i n  the course of the work on 

the PBRE appeared t o  be applicable and were followed i n  the development 

of the design f o r  the 330-Mw(e) p lan t .  In order t o  avoid duplication, 

there  i s  no r epe t i t i on  i n  t h i s  report  of applicable mater ia l  presented 

previously; references a re  made t o  per t inent  sect ions of the earlier 

r e p ~ r t . ~  

appl icat ion of the pebble-bed reac tor  t o  a la rge  cen t r a l  s t a t ion .  

Emphasis has been placed on the problems associated with the 

A parametric study w a s  car r ied  out t o  evaluate the charac te r i s t ics  

of both ax ia l -  and radial-flow pebble-bed reac tors .  The e f f ec t s  of 

various l imi ta t ions  associated with the f i e1  temperature, pressure- 

vesse l  fabr ica t ion  problems, the pumping power-to-heat removal r a t i o ,  

graphite shrinkage cracking, thermal s t r e s ses  i n  the f u e l  spheres, the 

core conversion r a t i o ,  the core length-to-diameter r a t i o ,  and f u e l  cycle 

cos ts  were given pa r t i cu la r  a t ten t ion .  On the  basis of t h i s  work the 

choice w a s  narrowed t o  three reactors., a 14-ft-diam radial-flow core, 

a 14-ft-diam downflow core, and a 20.5-f t -dim upflow core. The large 

core with axial upflow w a s  chosen because it gives a higher conversion 

r a t i o  within the core and hence subs tan t ia l ly  lower f u e l  cycle costs  and 

-lttDesign and Feas ib i l i t y  Study of a Pebble Bed Reactor-Steam Power 

*"Pebble Bed Reactor Program Progress Report, I '  MO-2373, June 1959. 

3"Preliminary Design of a lO-Mw( t )  Pebble-Bed Reactor Experiment, I '  

Plant," S&P 1963, May 1, 1958. 

ORNL CF-60-10-63, November 1, 1960. 
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b e t t e r  control  cha rac t e r i s t i c s .  It a l s o  gives a l e s s  expensive pressure 

vesse l  of a s i ze  and thickness within the demonstrated techniques of 

construction, whereas fabr ica t ion  of the pressure vessels  f o r  both the 

other cores would require  extension of known technology. Further, the 

cos t  of the pressure vessel  f o r  the la rge  core w a s  estimated t o  be 

about 60s of tye cos t  of the vesse l  required f o r  e i t h e r  of the other 

two reac tors .  The large-diameter core a l s o  has the advantage t h a t  

the graphite-shrinkage-cracking problem is  l e s s  severe by a f ac to r  

of 4 ,  and s t i l l  higher outputs from t h i s  type of reactor  seem t o  be 

obtainable.  

The plant  configuration i s  similar t o  t h a t  f o r  the PBRE and w a s  

chosen on the basis of the same design precepts .  The reac tor  auxi l ia ry  

f a c i l i t i e s  and equipment are generally similar, but the steam system 

i s  designed t o  generate power ra ther  than t o  provide a heat  dump. 

Another difference is the use of steam turbines  r a the r  than e l e c t r i c  

motors t o  dr ive the blowers. The containment vesse l  diameter w a s  

increased from 80 t o  122 f t  and i ts  height from 201 t o  221 f t .  

steam system w a s  modified t o  provide 1050°F steam a t  2400 p s i  a t  the 

turbine,  with reheat  t o  1000°F. 

f iciency is  40.5s. 

The 

The estimated over -a l l  thermal e f -  

Only seven weeks w a s  avai lable  t o  examine the problems, conceive 

a design, and prepare t h i s  report ,  as w a s  the case f o r  the preceding 

study of a l O - M w ( t )  pebble-bed reac tor  experiment, 

presented should be construed as no more than a conceptual design 

intended t o  i l l u s t r a t e  the problems involved i n  a large-scale  pebble- 

bed reac tor  p lan t  and t o  indicate  some of the more promising approaches 

t o  t h e i r  solut ion.  The study indicates  that the higher allowable f u e l  

element temperatures permissible with an all-graphite-uranium carbide 

reac tor  make possible a net  thermal e f f ic iency  of about 40$, which is  

much be t t e r  than the 32.8s estimated f o r  the GCR-2, and very much be t t e r  

than the e f f i c i enc ie s  cha rac t e r i s t i c  of pressurized-water reac tor  p lan ts .  

The higher allowable f u e l  temperature and thermal e f f ic iency  a l s o  lead 

t o  marked reductions i n  reactor ,  steam generator, shield,  and containment 

The reac tor  design 
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vesse l  s i z e  f o r  a given reactor  power, and hence t o  lower cap i t a l  

costs  - only $190/kw. 
t he  fue l  cycle costs,  which preliminary estimates indicate  are  l i k e l y  

t o  be from about 2.2 t o  5.5 mills/kwhr i n  a f i rs t  generation plant.  

The high thermal e f f ic iency  a l so  helps reduce 

It is by no means evident t h a t  t he  pebble-bed reactor  has a cost  

advantage over other  types of all-ceramic reactor.  

design compromises lead t o  lower power dens i t ies ,  lower conversion 

ra t ios ,  and higher pumping power requirements than f o r  cores employing 

prismatic elements made of t he  same materials. The higher costs  re- 
su l t i ng  from these fac tors  may more than o f f se t  whatever savings may 

be effected i n  the  fuel-handling system. A def in i t i ve  evaluation of 

these fac tors  w i l l  require  much f'urther work. 

The necessary 

The f e a s i b i l i t y  of a large-scale  pebble-bed reactor  plant hinges 

on t h e  same set of research and development problems as were outlined 

i n  the  PBRE report .  

fu l l - s ca l e  plants  include the  determination of t h e  following1 

1. fission-produot release rates as functions of fuel composition 

Items of pa r t i cu la r  importance t o  t h e  design of 

and fabr iaa t  ion, operating temperature, and burnup; 

2. fission-product deposit ion as a f'unction of surface material, 

temperature, and gas flow passage length-to-diameter r a t io ,  in- 

cluding any tendencies of surfaces t o  sa tura te ;  

3. effect iveness  of fission-product decontamination techniques f o r  

surfaces in '  blowers, f ie l -handl ing equipment, e tc .  ; 

4 .  design l imi ta t ions  imposed by stresses resu l t ing  from graphite 

shrifikage under i r r ad ia t ion  and t h e  extent t o  which shrinkage 

s t r e s ses  can be a l lev ia ted  by sli t t ing' ,  t aper  d r i l l i ng ,  e tc .  ; 

5 .  design l imi ta t ions  imposed by thermal s t r e s ses  i n  graphite;  and 

6. flow behavior of graphite b a l l  beds f o r  a core-to-ball  diameter 

r a t i o  of about 100, both with and without an annular outer layer  

of ba l l s  smaller -in diameter than those i n  t h e  main bed. 
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2. PARAMETRIC ANALYSIS FOR SELF,CTION OF 
CORE PROPORTIONS 

The relat ionships  between f ac to r s  such as b a l l  diameter, core 

dimensions, and gas-system pressure on the one hand, and the allowable 

pressure-vessel thickness, pressure drop across the core, and fue l -  

element temperature and thermal s t r e s s  on the other are so  complex 

t h a t  it i s  d i f f i c u l t  t o  choose core proportions f o r  a pebble-bed 

reac tor .  

choosing a gas-flow pat tern,  i . e . ,  a x i a l  upflow, axial downflow, or 
r a d i a l  outflow. A f a i r l y  comprehensive parametric survey of the 

e f f e c t s  of the pr inc ipa l  design parameters w a s  therefore  undertaken, 

and the r e su l t i ng  char t s  were employed i n  the se lec t ion  of a su i tab le  

core geometry. I n  order t o  give perspective t o  the r e s u l t s ,  the 

cha rac t e r i s t i c s  of a typ ica l  series of pebble-bed reac tors  are 

compared w i t h  those of a s e r i e s  of prismatic-fuel-element reac tors  

f o r  the same design conditions.  

The problem i s  fu r the r  complicated by the necessity f o r  

General D e  s ign Requirements 

Ref l ec to r  

There a re  ce r t a in  design requirements t h a t  must be met i r respect ive 

of the type of core flow chosen. 

protected against  excessive temperatures, excessive thermal s t r e s ses ,  

and fas t  neutrons. The latter requirement is  bes t  satisfied by 

employing a r e f l e c t o r  having a thickness equivalent t o  approximately 

3 f t  of graphite.  

kept t o  reasonable values by thermally i so l a t ing  the r e f l e c t o r  from 

the vesse l  with thermal insulat ion and providing f o r  gas cooling of 

the i n t e r i o r  surface of the vesse l .  It i s  a l s o  important t o  inh ib i t  

g m a - r a y  heating of the pressure vesse l  by absorbing the  low-energy 

neutron leakage from the r e f l e c t o r  i n  a layer  of material such as 

s teel  or  borated graphi te .  

The pressure vesse l  must be properly 

Vessel temperatures and thermal s t r e s ses  can be 

The l a t t e r  appears t o  be the more promising 
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f o r  t h i s  application. 

core and r e f l ec to r  should be similarly protected against  excessive 

temperature. 

is  shown schematically i n  Fig. 2.1. 

Structure  within the vesse l  f o r  support of the 

A t yp ica l  layout designed t o  s a t i s f y  these requirements 

Since i r r ad ia t ion  shrinkage cracking w i l l  probably l i m i t  the 

l i f e  of graphite components exposed t o  a high fast-neutron flux gradient, 

graphite so  exposed must be designed fo r  replacement. The machined 

graphite blocks surrounding the v e r t i c a l  sides of the core a re  therefore  

protected with a layer of unfueled graphite b a l l s  that are fed through 

the core i n  much the same w a y  as the f u e l .  They are smaller t h a n  the 

f u e l  b a l l s  t o  avoid excessive gas bypass flow through t h i s  region. 

The thickness of the layer  of unfueled graphite b a l l s  required t o  pro tec t  

the f ixed graphite is  about 1.0 f t .  

i n  other than batch operations, unf'ueled graphite b a l l s  should not be 

used t o  l i n e  the r e f l e c t o r  a t  the top and bottom of the reac tor .  Thus 

t h i s  graphite i s  designed t o  be replaceable with spec ia l  equipment 

through sui table ,access  tubes. 

through the vesse l  l i n e r  and over the hot-gas plenum f o r  anchorage t o  

the pressure vesse l ,  

exposed t o  an intense fast-neutron f l u x  and hence are likewise designed 

f o r  easy replacement, probably on a preventive-maintenance schedule. 

Cracking of the control  rod guide tubes could not be to le ra ted  because 

control  rod operation would be adversely affected.  

If the f u e l  charging is  carr ied out 

The supports f o r  the top r e f l ec to r  pass 

The guide tubes f o r  the control  rods a re  a l s o  

Core - 
Reactor core s i z e  and shape a re  influenced by reac tor  physics 

considerations i n  severa l  respects .  Probably the most important of 

these are the e f f e c t s  of core geometry on conversion r a t i o  and conse- 

quently on f u e l  cycle cos ts .  Typical values i l l u s t r a t i n g  these e f f e c t s  

are shown i n  Fig. 2.2, which presents data' f o r  a generalized series of 

'A. P. Fraas and M. N .  Ozisik, "Relative Capi ta l  Charges and Fuel 
Cycle Costs fo r  All-Ceramic Gas-Cooled Reactors," ORNL CF-60-7-41, 
Ju ly  20, 1960, p. 22. 
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graphite-uranium carbide cores surrounded by graphite-thorium carbide 

blankets.  I n  preparing Fig. 2.2 it w a s  assumed that the number of 

f i ss ionable  atoms i n  the f u e l  should not be allowed t o  drop t o  l e s s  

than 80% of the i n i t i a l  number of f i ss ionable  atoms i n  order t o  keep 

the  hot-spot problem within reasonable limits. 

that the f u e l  cycle cos ts  estimated i n  Fig.  2.2 were based on a 
s implif ied analysis ,  and thus there  a re  major uncer ta in t ies  i n  f u e l  

fabr ica t ion  and reprocessing cos ts .  

sidered as indicat ive ra ther  than absolute.  If the f u e l  fabr ica t ion  

cos ts  were $lOO/kg of f u e l  element instead of the $lO/kg assumed i n  

the calculat ions,  the f u e l  cos ts  would increase, together with the 

core diameter f o r  minimum f u e l  cos ts .  Figure 2.2 implies that, f o r  

the  0.39 void f r ac t ion  cha rac t e r i s t i c  of pebble-bed reactors ,  the 

core diameter should be a t  least 14 f t  t o  give reasonable f u e l  cycle 

cos ts .  

It should be emphasized 

These cos ts  should be con- 

The neutron leakage from a core var ies  with the length-to-diamete.r 

r a t i o  f o r  a constant power density.  For a bare reac tor  with a cy- 

l i n d r i c a l  core, the minimum neutron leakage loss  i s  obtained w i t h  a 

length-to-diameter r a t i o  of 0.92. 

r e f l ec t ed  reactor  would be somewhat lower. This is t o  be compared 

w i t h  a core length-to-diameter r a t i o  of 0.70 for the maximum core 

volume which can be in s t a l l ed  i n  a given-diameter, spherical ,  pressure 

vessel .  Thus f o r  both good neutron economy (and low f u e l  cycle cos t s )  

and minimum pressure vesse l  costs ,  the  core length-to-diameter r a t i o  

should be kept between 0.70 and 0.92 if  a spherical  pressure vesse l  i s  

t o  be employed and no other  considerations in t e r f e re .  

The corresponding value f o r  a 

A second important f ac to r  i n  the  choice of core geometry from the 

reac tor  physics standpoint is  the  power d i s t r ibu t ion  through the  core.  

If a well-proportioned design is  t o  be obtained so  that a l l  the f u e l  

is.employed t o  good advantage, the power d i s t r ibu t ion  should be w e l l  
matched t o  the cooling-gas flow d i s t r ibu t ion .  

t o  be no way of cont ro l l ing  the flow d i s t r ibu t ion  across  the face of 

a pebble-bed reactor ,  it i s  important t h a t  the power d i s t r ibu t ion  be 

as nearly uniform as possible .  

Since there  appears 

.C 

If a thorium blanket is  employed i n  an 
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axial-flow core, the power density near the core perimeter is so  low 

t h a t  a poor gas temperature d i s t r ibu t ion  a t  the  core o u t l e t  is un- 

avoidable. Thus it appears t o  be be t t e r  t o  employ a thick r e f l ec to r  

r a the r  than a thorium blanket. 

addi t ion t o  f l a t t en ing  the power d is t r ibu t ion ,  it increases the con- 

version r a t i o  i n  the core. Even though the ove ra l l  conversion r a t i o  

suffers somewhat, the  increased cos t  of f i s s ionable  mater ia l  is o f f s e t  

by reduced f u e l  fabr ica t ion  and reprocessing cos ts .  

This has the advantage that, i n  

Pressure Vessel 

P rac t i ca l  pressure vesse l  thicknesses impose l imi ta t ions  on the 

design of the reac tor .  

requirement f o r  a spherical  vessel  is  half  that f o r  a cy l indr ica l  

vesse l  of the same diameter. The s t r e s s  concentrations around pene- 

A t  a given pressure leve l ,  the  thickness 

t r a t ions  through the reac tor  vesse l  f o r  control  rods, ducts, or access 

openings make it necessary t o  increase the vesse l  thickness i n  the 

v i c i n i t y  of a penetration by approximately a f ac to r  of 3 ,  no matter 

how small the diameter of the hole. 

f o r  vesse l  sect ions more than 12  in .  th ick .  If the penetrations a re  

confined t o  hemispherical heads so that the thickened zones around 

penetrations w i l l  be limited t o  12 in . ,  8-in.-thick cy l indr ica l  

vessels  can be fabricated w i t h  nominal head thicknesses of 4 in .  

X-ray equipment su i tab le  f o r  inspections i n  the shop is ordinar i ly  

l imited i n  capacity t o  approximately 12-in.-thick sections,  while that 

su i tab le  f o r  f i e l d  appl icat ions is l imited t o  vesse l  thicknesses of 

4 i n .  

approximately 4 i n .  f o r  e i t h e r  shop or  f i e l d  fabr ica t ion  f o r  spherical  

vessels  and 8 in .  f o r  cy l ind r i ca l  vessels if  shop fabricated.  

Forging d i f f i c u l t i e s  are serious 

These considerations give nominal vesse l  thicknesses of up t o  

Shop fabricated vessels  up t o  14 f t  i n  diameter and 120 f t  long 

have been shipped by rail .  

have been shipped by water, a mode of t ransport  usual ly  p rac t i ca l  

f o r  large steam power plants ,  since the requirement f o r  large amounts 

of condenser cooling water usual ly  leads t o  p lan t  locat ions on navigable 

w a t e r  ways. 

S t i l l  l a rger  vessels  (up t o  400 000 l b )  

Erection problems a t  the construction s i t e  probably l i m i t  
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the s i z e  of shop-fabricated vessels  t o  

and erect ion cos ts  f o r  heavier vessels  ,( 

around 200 tons.  Transportation 

would be l i k e l y  t o  more than 

o f f s e t  the ex t r a  cos ts  of f i e l d  fabr ica t ion .  

The pressure-vessel diameter and thickness can be r e l a t ed  t o  the 

core diameter and the system pressure l e v e l ,  Layout s tud ies  have 

shown that a t  least 7 f t  m u s t  be added t o  the core diameter t o  obtain 

the inside diameter f o r  a cy l ind r i ca l  pressure vessel ,  whi le  about 

11.5 f t  must be added t o  the core diameter t o  obtain the inside 

diameter f o r  a spherical  vessel .  Actually, the  diameter of a 

spherical  pressure vessel  var ies  somewhat with a given core diameter 

depending on the core length-to-diameter r a t i o .  Using the above 

values and a gas pressure of e i t h e r  1000 p s i  or t h a t  given by an 

allowable s t r e s s  of 16 600 ps i ,  whichever w a s  the smaller, the vessel  

diameter, thickness, and gas system pressures f o r  both spherical  and 

cy l ind r i ca l  pressure vessels  were p lo t ted  as a fbnction of core 

diameter, as shown i n  Fig. 2 .3 .  A s  a matter of i n t e re s t ,  the  weights 

and estimated cos ts  of these pressure vessels  are a l s o  p lo t t ed  i n  

Fig.  2.3 based.on the length of the s t r a i g h t  cy l ind r i ca l  port ion of 

the vessel  being equal t o  the diameter. The estimated cos ts  do not 

include costs  f o r  penetrations,  i n t e r n a l  s t ruc ture ,  or  support s t ruc ture .  

Materials 

core o u t l e t  t o  

Fluid Flow and Heat Transfer Relations 

considerations l i m i t  the  mean gas temperature a t  the 

a value i n  the neighborhooa.of 1300"F, while good steam- 

cycle e f f ic iency  demands a core i n l e t  gas temperature of a t  least 500°F 

(see Sections 8 and 12 ) .  Previous s tud ies  of other types of gas-cooled 

reac tor2  showed t h a t  diversion of more than 8 or  lO$ of the generated 

power t o  gas c i rcu la t ion  was  uneconomical, and t h a t  there  w a s  of ten 

an incentive t o  make the diversion even less. For thermodynamic 

e f f i c i enc ie s  c lose t o  4O$, the r a t i o  of pumping power t o  t o t a l  heat 

generation (W/Q), therefore,  cannot exceed 0.03 t o  0.04, and, if  the 

2A. M. Perry, tlEconomic Effects  of Gas-Cooled Reactor Parameters," 
ORNL CF-59-12-40, December 9, 1959, 
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losses  i n  the ex terna l  system amount t o  one-half t h i s ,  the  pumping 

losses  i n  the core alone must not exceed 0.015 t o  0.02.  

Thermal Stresses  i n  f i e 1  Elements 

The experimental da ta  avai lable  on thermal, conductivity, modulus 

of e l a s t i c i t y ,  and s t r e s s  t o  rupture for i r r ad ia t ed  fueled graphite 

are meager. 

For the purposes of t h i s  section, Fig.  2.4 summarizes the estimated 

power density and fue l -ba l l  i n t e rna l  temperature drop as a function 

of b a l l  s i ze  f o r  a l imi t ing  thermal s t r e s s  of 2000 ps i ,  a thermal 

conductivity of 8 Btu/hr*f t2 ."F/f t ,  a modulus of e l a s t i c i t y  of 

1 .5  X lo6 ps i ,  a value fo r  Poisson's r a t i o  of 0.3, and a coef f ic ien t  

of thermal expansion of 3 x Dashed l i n e s  f o r  the 

l imi t ing  power density as defined by t h i s  thermal stress have been 

superimposed on the curves of Fig.  2 .5 .  

These problems are discussed i n  some d e t a i l  i n  Chapter 7. 

in . / in .  . O F .  

Axial Flow Cores 

The parametric s tudies  covered i n  t h i s  sect ion were based on the 

r e l a t ions  developed i n  the PBRE rep01- t .~  

p .  10.16 of t h a t  repor t  relate the power densi ty  and average film 

temperature drop t o  the system pressure, the f u e l  b a l l  diameter, the 

temperature r i s e  per un i t  of core length, and the r a t i o  of pumping 

power t o  heat removal. 

of var iables  of i n t e r e s t ,  and the char t  shown i n  Fig.  2.5 w a s  prepared 

t o  f a c i l i t a t e  ana lys i s .  Note t h a t  the temperature r ise per u n i t  of 

core length and the  power density define both the core length and the 

core diameter f o r  any desired reac tor  power output.  

i n  Fig.  2.5 can be used f o r  other  temperatures, void f rac t ions ,  or gases 

by multiplying by the appropriate f ac to r s  given i n  Fig. 2.6.  

Equations ( 2 3 )  and ( 2 4 )  on 

These equations w e r e  evaluated for the ranges 

The da ta  presented 

3"Preliminary Design of a l O - M w ( t )  Pebbleqed Reactor Experiment, 
ORNL CF-60-10-63, November 1, 1960, chap. 10. 
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Radial Outflow Cores 

The general  a n a l y t i c a l  equation r e l a t i n g  core power dens i ty  t o  

the  p r inc ipa l  var iab les  f o r  r a d i a l  outflow with a uniform void f r a c t i o n  

can be derived r ead i ly  from the  treatment fo r  the a x i a l  flow case.  

Following the  der iva t ions  of the PBRE repor t3  and using the same nomen- 

c l a tu re ,  the pressure drop equation i n  d i f f e r e n t i a l  form becomes 

where r defines  the  r a d i a l  p o s i t i o n ' i n  the  core .  The l o c a l  gas flow 

rate is  

where the  subscr ip t  zero r e f e r s  t o  the  core i n l e t  face .  

In tegra t ing  between ro and rl, the  core inner and outer  r a d i i ,  

gives 

The r a t i o  of pumping power t o  heat removal r e l a t i o n  i s  given by 

where W i s  the core pumping power and , \  is  the t o t a l  thermal output 

(see re f ,  3 ,  p.  10.12, Eq. 5 ) .  Subs t i t u t ing  Eq. ( 2 )  i n  Eq. ( 3 )  and 

solving f o r  Go gives 

E 1 . 7 3  

(1 - E ) o o 7 3 5  

DO" 7 3 5  1 5 4  p - O e  1 5 6  X G~ = (7.58 x i o 5 )  
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If n = rl/ro and p = PM/1544T a r e  subs t i tu ted  i n  Eq. ( 4 ) ,  

0.577 €1.73 
1,154 c 

Go = 160.(:] ~0.735 (F) P X 
0.735 p0.156 ( 1 - 4 .  

( 3 0 ' 5 7 7  (1 - n-o.73)-o.577 . , . ( 5 )  

Further, 

where L i s  the  core height, and 

= G A C 6 t  =.G  TIT LC 6 t  . % o o p  m 0. o P m 

If n = rll/ro i s  subs t i tu ted  i n  Eq. (6), 

By subs t i tu t ing  Eq. (5)  i n  Eq. ( 8 ) ,  

73 ~1.577 p~ 1.154 1.577 
Km = 320 0.'735 P 0.156 (F) D;'735 (:) 

(1 - € 1  P 

w 0,577 (1 - ,-O.73)-0.577 id n2 - 1 
( 9 )  

Applying Eqs.  ( 5 )  and (9)  t o  the . case  of an 850-Mw(t) reactor  

c i rcu la t ing  helium at 1000 ps i a  through a temperature r i s e  of 700°F and 

having a core inner rad-ius of 2 f t  gives 

-0 577 

(10) 0*577 Do.735 (l 1 (g) P no.  73 
Go = (2.37 X lo6) 
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Conversion t o  w a t t s  per cubic centimeter gives 

I1 -- I '  DO a 735 I 

The mass flow can then be expressed i n  terms of power densi ty  as 

Go = 112 (n2 - 1) K* , 

and, f o r  an 850-Mw(t) reactor ,  

4.25 x io3 
L =  

(n2 - 1) K* . 

Choice of Reactor Core 

Axial Flow Pat te rn  

I n  choosing a reac tor  core that would conform t o  the  design l i m i t a -  

t i o n s  out l ined above, t he  f i r s t  s t ep  w a s  t o  e s t ab l i sh  t h e  core diameter 

and length defined by pumping power l imi t a t ions .  For a given system 

pressure and gas temperature r i s e  through the  core, t h e  maximum core 

depth i n  the  d i r ec t ion  of flow was then determined f o r  a given power 

density,  f u e l  bal l  s ize ,  and r a t i o  of pumpi-ng power t o  heat removal. 

Once these conditions were established, the  core diameter depended only 

on the t o t a l  heat generation. 

The re la t ionship  between core height, diameter, and power densi ty  

i s  shown i n  Fig.  2.7 f o r  various values of t h e  r a t i o  df pumping power t o  

heat  removal f o r  a t o t a l  heat output of 850 Mw, a gas temperature r i s e  

of 700"F, a gas pressure of 1000 psia,  and a f u e l  b a l l  diameter of 1 .5  

i n .  

length-to-diameter r a t io s ,  pa r t i cu la r ly  a t  low values of t he  r a t i o  of 

pumping power t o  heat removal, and t h a t  these a r e  undesirable from the  

standpoint of neutron economy. 

I t , i s  evident t h a t  increasing power dens i t i e s  lead t o  low core 
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Increasing the  f u e l  b a l l  diameter decreases the  pumping power, or  

permits longer cores f o r  t he  same power dens i ty .  

to-diameter r a t i o  can be increased simply by increasing t h e  b a l l  diameter, 

as shown i n  Fig.  2.8, without adversely a f f ec t ing  the  pumping power. 

increase i n  power dens i ty  obtainable with la rge  f u e l  b a l l s  at  a given 

Thus the  core length- 

The 

pumping power-to-heat removal r a t i o  i s  l imited,  however, by the  allowable 

thermal s t r e s s  md i n t e rna l  temperature drop in  the balls.. 

The grea te r  voidage at the  core wal ls  permits a considerable f r ac -  

t i o n  of the  gas flow t o  bypass the  fueled bed. 

occurs through the  high voidage regions around the  cont ro l  rod , tubes .  

If a layer  of small unfueled graphi te  b a l l s  i s  used t o  l i n e  t h e  r e f l ec to r ,  

the  in te r face  between thq fueled and unfueled layers  will be f r e e  of a 

Additional bypassing 

high voidage region and thus should i n  pa r t  o f f s e t  the  bypass flow 

through such a buffer  layer  provided b a l l  movement and d i s t r i b u t i o n  

can be s a t i s f a c t o r i l y  control led.  Preliminary estimates ind ica te  tha t  

a 1.0- f t - th ick  l aye r  of 1.25-En.-diam unfueled graphite b a l l s  around a 

20-ftrdiam bed of 2 .5- in .  fueled b a l l s  would permit approximately 14% 

of the  flow t o  bypass the core.  

t u r e  r i s e  through the  fueled region be increased t o  800°F, and t h i s  

value was used i n  most subsequent s tud ies .  While t h i s  increases  the  

This requires  t h a t  t he  mean gas tempera- 

f u e l  temperature, it reduces the pumping power requirements and eases 

the  f u e l  bed l e v i t a t i o n  problem f o r  upflow cores .  

The curves of F ig .  2 .2  ind ica te  tha t ,  from the  f u e l  cycle cos t  

standpoint, the  core diameter should be at  l e a s t  14 f t ,  while an 

examination of f l u i d  flow problems indica tes  t h a t  there  i s  an incentive 

t o  increase it t o  about 20 f t .  Figure 2.7 shows t h a t  these 14-f t -  and 

20dft-diam cores would have lengths  of about 12.6 and 10 f t ,  respectively,  

and would e n t a i l  r a t i o s  of pumping power t o  heat removal of about 0.02 

and 0.005, respect ively.  

of those t h a t  might be used, they were selected f o r  a more de t a i l ed  study 

of t h e i r  cha rac t e r i s t i c s .  

Since these two cores seemed t o  be representat ive 

The l&ft-diam core requires  a gas system pressure of 1000 p s i  i f  

the r a t i o  of pumping power t o  heat removal i s  not t o  exceed the  l i m i t  
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of 0.02 establ ished ea r ly  i n  the  study. Figure 2.3 ind ica tes  t h a t  t h i s  

requires  an 8-in.-thick, 21-ft-diam cy l ind r i ca l  pressure vesse l  - a s i z e  

c lose t o  the  upper l i m i t  of f e a s i b i l i t y ,  and well  beyond t h e  limits of 

ex i s t ing  experience. 

The pressure drop across the  14-ft-diam core i s  much g rea t e r  than 

t h a t  required t o  "float" the bed i f  an upflow core i s  used. 

i n  Chapter 3 of t he  PBRE repor t ,3  the  design of a reac tor  t o  operate 

under such conditions involves many uncer ta in t ies  which it would be 
des i rab le  t o  avoid. If a downflow core i s  employed, t he  very hot gas 

leaving the  core passes 'through the  core and r e f l e c t o r  support s t ruc ture .  

That s t ructure ,  therefore ,  must e i t h e r  be made of a ceramic mater ia l  o r  

A s  discussed 

be cooled r e l i a b l y  t o  a sa t i s f ac to ry  working temperature fo r ,  say, s t a in -  

l e s s  s t e e l .  This temperature i s  about 500°F below the  highest  l oca l  gas 

temperatures t o  be expected at the  core e x i t ,  and no good way t o  accomplish 

the  required cooling has been demonstrated, I f  t he  support s t ruc ture  i s  

constructed of massive graphi te  pieces, the misalignment and f a i l u r e  

problems associated with i r r a d i a t i o n  shrinkage and d i f f e r e n t i a l  thermal 

expansion a r e  formidable, and frequent replacement might be a necessi ty .  

While it has been suggested that graphi te  slabs might be la id  on a layer  

of loose or sintered graphite spheres, these would support t he  slabs 

a t  only two or th ree  points,  and the  slabs would tend t o  t e e t e r  un- 

predictably l i k e  f l a t  stones l a i d  on a bed of rounded boulders. Thus 

the  axial downflow concept would be selected only i f  a thorough exami- 

nation of other arrangements revealed tha t  downflow would give pronounced 

advantages i n  other  respects  and a thorough ana lys i s  showed tha t  the 

support s t ruc ture  proposed would be sa t i s f ac to ry .  

Cores about 20 f t  i n  diameter can be designed t o  have a pressure 

drop su f f i c i en t ly  low so t h a t  bed f l o t a t i o n  w i l l  not occur with an 

upflow core. 

a pressure drop per un i t  of length 8'7% of the  bed densi ty  and t h a t  it 

would be best  t o  design for a l imi t ing  core pressure drop per un i t  of 

length of not more than 80$ of t h e  bed d e n ~ i t y . ~  

It has been found t h a t  the  bed w i l l  begin t o  f l o a t  a t  

For graphi te  f u e l  

'"Progress Report, Pebble Bed Reactor Program, June 1, 1959 t o  
September 30, 1960, NYO-9071 
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elements the bed densi ty  i s  about 70 lb / f t3 ,  so, f o r  design purposes, 

t he  pressure gradient should be l imited t o  about 56 lb / f t3 .  

pressure gradient depends only on the  gas pressure, gas flow, and fuel-  

b a l l  diameter, the  l imi t ing  heat output per u n i t  of core i n l e t  face 

area can be expressed i n  terms of the  fue l -ba l l  diameter and the  system 

pressure f o r  a given gas temperature r i s e .  

prepared from Sanderson & Porter  data4 by adjust ing f o r  a gas tempera- 

t u r e  rise1 of 800°F (550 t o  1350°F) instead of 700°F. 

thermal output per u n i t  of core i n l e t  face area can be determined from 

Fig.  2.9 without s t a t i n g - t h e  core height, since t h a t  depends on the  

l i n e a r  gas temperature r i s e .  

Since the  

Figure 2.9 i s  such a p lo t  

Note tha t  t h e  

The lev i ta t ion- l imi ted  core diameter f o r  

a given t o t a l  thermal output can be e a s i l y  determined by using Fig.  2.9. 

I n  order t o  f a c i l i t a t e  such estimates, the  re la t ionship  between the  

fue l -ba l l  diameter, t he  levi ta t ion-l imited core diameter, and the  helium 

pressure i s  shown i n  Fig.  2.10 f o r  a thermal output of 800 Mw. 
given core diameter, t he  core length determines the  average power densi ty  

and the  core length-to-diameter r a t i o .  These r e l a t ions  are a l so  shown i n  

Fig.  2.10, together with a scale  f o r  t he  diameter of spherical  vesse ls  

based on maximum ins ide  diameter f o r  the  indicated pressure f o r  a &in.-  

t h i ck  shell. 

diameter because higher gas flows a re  requized t o  l e v i t a t e  beds of l a rge r  

b a l l s .  

the  f u e l  increase as the square of the ba l l  diameter (see Fig.  2 . 4 ) ,  so 

the  power densi ty  i s  l imited by one f a c t o r  or another t o  a r e l a t i v e l y  

low value i f  the  core i s  designed f o r  upflow without l ev i t a t ion .  

The above analysis  ind ica tes  that the  pr inc ipa l  l imi ta t ions  t o  be 

For a 

The average core power densi ty  increases  with fue l -ba l l  

However, the i n t e r n a l  temperature drop and the  thermal s t r e s s  i n  

considered i n  s e t t l i n g  on a spec i f ic  value f o r  t he  diameter of an upflow 

core a r e  those imposed by pressure vesse l  fabr ica t ion  considerations, 

f l o t a t i o n  of the  bed, and thermal s t r e s ses  i n  the  f u e l .  

developed above were applied t o  show the  e f f e c t s  of these parameters on 

a s ingle  char t .  For a given gas system pressure the  fuel-wall  diameter 

required t o  avoid f l o t a t i o n  was calculated as a function of core diameter 

The r e l a t ions  
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The curves were constructed f o r  a pressure drop equal 
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for an 800°F gas temperature rise to give the constant pressure lines 
of Fig. 2.11. 
pressure vessel for a core length-to-diameter ratio of 0.7 was then 

The maximum core diameter for a 4-in.-thick spherical 

‘determined for each of the above pressures, and the data were plotted 
as a dotted line on Fig. 2.11to indicate the region giving pressure 
vessels less than 4 in. thick. An additional dotted line showing the 
limiting fuel-ball diameter as a function of core diameter was then 
plotted assuming a peak-to-average power-density ratio of 2.0. The 
constant pressure curves in the region to the righ-k of bcth this curve 

and that for a 4-in.mthick pressure vessel have been drawn in solid 
form to indicate that this region is within the design limitations 
established above, while the portions of these curves to the left of 
the dotted lines were dashed to indicate that they fall in a region 
of questionable feasibility. 

After careful study of Fig. 2.11 and similar charts, a 20.7-ft- 
diam core 12.6 ft high with 2.5-in.-diam fuel spheres and a 700-psi 
helium system pressure was chosen as giving a well-proportioned axial 
upflow core. This core length-to-diameter ratio is somewhat less than 

that for which Fig. 2.11 was prepared, which has the effect of moving 
the design point to the right and well into the region for good bed 
stability. 

In reviewing these considerations and summarizing, it appears that 
a 20.7-ft-diam upflow core with 2.5-in.-diam balls is definitely prefera- 
ble to a 14-ft-diam downflow core. 
costs are lower; the pressure vessel size falls in the region of demon- 
strated feasibility; the formidable problems of supporting a downflow 
core are avoided; hazards problems are reduced by greatly improved 
thermal convection; and, since the pumping power is much lower, the 
blowers are smaller, simpler, and more easily maintained. 

The fuel cycle and pressure vessel 

Radial Flow Pattern 

The high ratio of pumping power to heat removal characteristic of 
a high-power-density axial flow core made it important to consider 
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other  configurations which would increase the  e f f ec t ive  flow passage 

area through the  high-power-density core. 

tandem, and folded flow configurations w a s  considered, but problems 

of matching the  flow d i s t r ibu t ion  t o  the  power d i s t r ibu t ion  m a d e  it 
necessary t o  r e j e c t  a l l  except t he  r a d i a l  flow core.  Inward r a d i a l  

flow appeared l e s s  favorable than outward r a d i a l  flow because a 

l a rge r  cen t r a l  hole was required f o r  t he  hot e x i t  gas than f o r  the  

cooler i n l e t  gas. Hence, a t t en t ion  was  d i rec ted  t o  the  outward radial 

A v a r i e t y  of radial, 

flow core.  The construction considered i s  shown i n  Fig.  2.12. Cooling 

gas en ters  the  core a x i a l l y  through a 4-ft-diam passage at  the  center  

of the  core. 

around the  perimeter of t h i s  i n l e t  passage. 

r a d i a l l y  outward through the  3/4-in. -wide gaps between these 5-in. - 
diam graphi te  tubes.  The pebble bed l i e s  i n  an ar-nulus between t h e  

conkrol rod tubes and a graphite g r id  at  the  outer  perimeter. 

hot gas leaves the  reac tor  through a x i a l  ducts  i n  the  outer  port ion 

of th i s  g r id .  This configuration not, oidy increases  the flow passage 

area f o r  t he  cooling gas, but it a l so  reduces the depth of t he  bed i n  

t h e  cooling-gas flow d i r ec t ion .  

Graphite tubes housing the  cont ro l  rods a r e  placed 

The cooling gas flows 

The 

One of the  important f a c t o r s  i n  the  design of such a core i s  the  

effect iveness  of t he  control  rods. A s  shorn- i n  Chapter 5, t he  con- 

f igura t ion  of Fig.  2.12 gives an adequately effectTve set of control  

rods f o r  fuel-bed-annulus thicknesses of up t o  about 4 f t .  

Using the  a n d y t i c a l  expressions f o r  t h e  pressure drop and heat 

t r a n s f e r  developed e a r l i e r  i n  t h i s  sect ion f o r  radial flow, a char t  

w a s  prepared t o  f a c i l i t a t e  t he  design study. 

Eqs. (ll), (12): and (13) a re  shown graphical ly  i n  Fig.  2 .13.for l .a  core 

i n t e r n a l  diameter of 4 f t  and core outs lde diameters of 8 ,  10, and 12 

f t .  

one f o r  a f u e l  element diameter of 1 .5  i n .  and one f o r  a diameter of 

0.75 i n .  Preliminary estimates made with the  use of Fig.  2.13 show 

tha t  the  core pressure drop with radial flow i s  reduced d ras t i ca l ly ,  

The r e l a t i o n s  defined by 

Two sca les  f o r  the  pumping power-to-heat removal r a t i o  a r e  shown, 
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so the  power densi ty  i s - n o t  l imited by the  economics of pumping. 

However, i f  the  diameter of the  core i s  no grea te r  than f o r  the  a x i a l  

flow reference case (a necessary condition f o r  inclusion i n  the same- 

diameter pressure vesse l ) ,  the  power densi ty  i n  the  bed i t s e l f  must be 

higher, o r  the  height of the  core must be g rea t e r  f o r  t he  same t o t a l  

heat generation because of the  cen t r a l  hole. Therefore, t he  r a d i a l  

flow concept favors a high power densi ty  and a smaller fue l -ba l l  s i ze  

than i s  des i rab le  f o r  t he  a x i a l  flow core.  The s i tua t ion  i s  i l l u s -  

t r a t e d  i n  Fig.  2.14, which gives the  mass flow r a t e  at the core i n l e t  

face, the  pressure drop through the  core, and the  r a t i o  of core pumping 

power t o  heat removal v s  the  core diameter f o r  th ree  power dens i t i e s  

f o r  cores with a cen t r a l  opening 4.0 f t  i n  diameter and an output of 

850 Mw of heat.  As i n  the  case of Fig.  2.7, t he  gas temperature r i s e  

was t m e n  as  700°F. The so l id  l i n e s  f o r  aP and W/Q r e f e r  t o  a b a l l  

diameter of 1 .5  in . ,  and the  dotted l i n e s  give the  corresponding values 

f o r  0.75-in. f u e l  b a l l s .  These curves indicate  t h a t  power dens i t i e s  

of more than 10 w/cm3 a r e  required t o  keep the  height t o  a reasonable 

value. 

The problem of gas bypassing through the  high voidage zones at  

the  core boundaries, discussed i n  connection with the  axial flow 

concept, i s  a l so  present with r a d i a l  flow. 

espec ia l ly  bad a t  t he  top  of the  reac tor  because the  b a l l s  would not 

tend t o  pack t i g h t l y  against  t he  top  r e f l ec to r .  

Here the  problem would be 

There are several  ser ious disadvantages inherent in t he  radial 

flow concept. 

as the  gas progresses through the  bed requires  a r a the r  s teep radial 

reduction i n  power densi ty  i f  excessive f u e l  temperatures a re  t o  be 

avoided a t  t he  core periphery. 

t i o n  shown i n  Fig.  2.15-was calculated f o r  annular cores of d i f f e ren t  

cen t r a l  hole diameters and thicknesses.  

densi ty  at  the  core periphery f o r  a l l  cases i s  as high as at the  inner 

edge. 

The reduction i n  mass flow per u n i t  of flow passage area 

For example, the r a d i a l  power d i s t r ibu -  

A s  can be seen, the  power 

The gas flow r a t e  per u n i t  area fa l ls  off with increasing radius, 
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so the  temperature differences between t h e  f u e l  surface and the  gas i n  

the  region of t he  core periphery might well  be several  times t h e  average 

difference.  

1800"F, f u e l  surface temperatures i n  excess of 2500°F a r e  t o  be expected. 

I n  other  words, a mismatch of gas flow and power densi ty  as severe a s  

would occur with the  power d i s t r i b u t i o n  shown i n  Fig.  2.15 could not 

be to l e ra t ed .  

With l o c a l  peak gas temperatures i n  the  range of 1500 t o  

The power dens i ty  at  the  perimeter can be reduced by using a 

thorium blanket i n  place of a th ick  r e f l e c t o r .  

shown i n  Fig.  2.16 w a s  calculated f o r  t he  same core s i zes  as used f o r  

Fig.  2.15, but t he  f i rs t  foot  of the  r e f l e c t o r  was loaded with 10% by 

weight of thorium oxide. 

dens i ty  at  the  core periphery i s  only 0.7 of the average, but  even i n  

t h i s  case the  tempkrature difference between the  gas and f u e l  surface 

a t  the  periphery w a s  estimated t o  be 1.5 times the  average. 

The power d i s t r i b u t i o n  

For the l a rges t  core (Dc = 14 f t ) ,  t he  power 

Conical 

ends can be used-on t h e  core t o  increase the  r a d i a l  gas ve loc i ty  near 

t h e  perimeter and thus re l ieve  these excessive f u e l  temperatures some- 

what. The effect iveness  of changing the core shape i n  t h i s  manner can 

be estimated only by extensive calculat ions,  but the  prospects do not 

appear t o  be good except f o r  a core haviEg a length-to-diameker r a t i o  

less  than unity, because making the ends conical  would have l i t t l e  

e f f ec t  on the  flow at  the  center  f o r  t he  longer cores. 

Another disadvantage of the  radial flow concept i s  inherent i n  

the  movement of both the  control  rods and t h e  f u e l  at  r i g h t  angles -Eo 

the  gas flow. Operation at  power with p a r t i a l  cont ro l  rod in se r t ion  

depresses the  power densi ty  a l l  across  the top  of the core, w i t h  the  

r e s u l t  t h a t  the  gas passing through the  upper region experiences a 

smaller temperature r i s e  than t h e  average f o r  t he  core.  

manner, cold gas w i l l  bypass through the  spent f u e l  near the bottom. 

Consequently, t h e  gas i n  the  c e n t r a l  region must reach subs tan t ia l ly  

higher temperatures i n  order t o  give the  desired mixed mean gas ou t l e t  

temperature, and excessive gas and f u e l  temperatures a re  l i k e l y  t o  

occur i n  the  cen t r a l  pa r t  of the  reac tor .  

I n  a s imi la r  

Thus it appears that  the 
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matching of the  gas flow t o  the power d i s t r ibu t ion  w i l l  be much l e s s  

favorable than f o r  axial flow cores.  

The graphite 'structure fo r  the r a d i a l  flow core i s  complicated 

by the necessity f o r  gas passages through the inner and outer c i r -  

cumferential boundaries. Probably the bes t  arrangement evolved is  
that shown i n  Fig.  2.12, which u t i l i z e s  the  control  rod guide tubes 

g6 a bar-grid a t  the core i n l e t  s w f a c e .  The neutron economy i s  not 

sens i t ive  t o  the mater ia l  of the outer gr id ,  s ince it i s  outside the 

thorium blanket,  In Fig.  2.12 the outer gr id  i s  shown as b u i l t  up 

of graphite t o  avoid the use of s t e e l  s t ruc ture  i n  the highest  gas- 

temperature zone, 

The high a x i a l  veloci ty  i n  the cen t r a l  hole of radtal flow cores 

may lead t o  poor flow d i s t r ibu t ion  and subs t an t i a l  core i n l e t  pressure 

losses ,  but time d id  not permit a ca re fu l  examination of these problems. 

An undesirable cha rac t e r i s t i c  of the radial flow core from the 

physics standpoint i s  t h a t  the la rge  void a t  the center leads t o  severe 

neutron leakage losses .  Preliminary estimates indicate  that the core 

conversion r a t i o  would be only about 0.40 f o r  a 14-ft-0.d.  core .  

corresponds roughly t o  the 9.7-ft-diam, 40$ void f r ac t ion  core shown 

i n  Fig. 2.2, which indicates  that the f u e l  cycle cos ts  would be so  
la rge  as t o  make the radial flow core qui te  una t t r ac t ive ,  

This 

In reviewing the above it appears t h a t  poorer neutron economy 

and higher f u e l  cycle costs  coupled with the more complex f l u i d  f l o w  
and construction problems and inherently poor matching of the  gas flow 

t o  the power d i s t r ibu t ion  make the  radial  flow core less a t t r a c t i v e  

than the large axial  flow core.  

Hot Spot Estimates 

The hot spot problem f o r  the  20.7-ft-diam, 800-Mw reference design 

reac tor  w a s  examined f o r  peak-to-average power densi ty  r a t i o s  of 1 . 5  

and 2.0 using the  method described i n  the PBRE study.3 

temperatures and temperature differences are shown i n  Table 2 . 1  and may . 
be compared d i r e c t l y  with the corresponding values f o r  the PBRE (Table 

10.1 of ref .  3 ) .  

The s ign i f i can t  



Table 2.1. Factors i n  a Simplified Hot Spot Temperature E s t i m a t e  

Core diameter = 20.7 f t  
Fuel b a l l  diameter = 2.5 in .  
Reactor power = 800 Mw 
Helium i n l e t  temperature = 550°F 
Helium o u t l e t  temperature = 1350°F 

Temperature (OF) Based on Temperature (OF) Based on 
Peak- to-Average Power Peak-to-Average Power 

Density of 2.0 i n  Density of 1.5 i n  
Hot Zone Hot Zone 

Average f i lm  temperature drop fo r  e n t i r e  126 126 
core 

Average fi lm temperature drop fo r  hot zone 250 190 

Film drop i n  wake of a closely packed 
c l u s t e r  i n  hot  zone 

Temperature drop within a n  average b a l l  
uniformly cooled (average power density 
assumed) 

densi ty  i n  hot zone . 
Same as above except f o r  peak power 

Average gas temperature i n  hot zone 

Peak gas temperature i n  hot c lus te r  

Hot-ball surface temperatwe 

Ho t-ball in t e rna l  temperature 

550 

235 

470 

1100 

1400 
1950 

2420 

415 

235 

350 

1100 

1400 
1815 

2165 

tu 

I; 
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The gas and ball-surface temperatures are essentially the same for 
the PBR and PBRE designs, but the internal ball temperatures differ 
markedly for the same power-density ratios. The average gas temperature 
in the hot zone is about 70°F higher for the large reactor because an 
outlet gas temperature of 1350°F was chosen rather than.1250°F, but 
the higher central ball temperatures result mainly from using a fuel 
thermal conductivity of 8 Btu/hr.ft2 - "F/ft instead of the value of 15 

Btu/hr-ft2."F/ft assumed in the PBRE study. 
after recent discussions with Dragon project personnel indicated that 
the conductivity of fueled graphite after severe irradiation may-be: 

only 7 or 8 Btu/hr.ft2. OF/ft. 

The lower value was chosen 

In Table 2.1 the estimated temperature drop within the fuel has 
not been adjusted upward for irregularities in heat transfer coef- 
ficient over the ball surface, as was done for the PBRE design, because 
a recent analysis has shown that the ball central temperature is not 
much affected by surface temperature irregularities (see Chapter 7). 

Credit was not taken in Table 2.1 for the temperature flattening 
resulting from gas radial mixing, but this will probably be small at 
the cen;ter of the core. 
radial mismatch of flow and power density. 

On the other hand, no allowance was made for 

Calculation of the actual peak-to-average power density ratio for 
this reactor requires a detailed iavestigation of the effect on the 
flux profile of partial control-rod insertion and of progressive fuel 
burnup toward the core bottom. These calculations could not be made 

for the present study, but it became apparent that the ratio would 
be between a value of 1 .5  for the most optimistic case (no control 
rod insertion and uniform fuel burnup) and the value of 2.0, whkch 
was calculated for the PBRE. 

carried out for both cases, as shown in Table 2.1, to show the ranges 

within which the various temperatures and temperature drops would lie. 

The hot-spot analysis was therefore 

The peak fuel temperature w i l l  not be less than about 2150 to 2200°F, 
and if it should actually turn out to be close to 2400°F, the use of 
alumina-coated U02 fuel particles in the graphite matrix is precluded 
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because of the react ion of alumina w i t h  graphite t o  form aluminum 

carbide.  

should withstand temperatures higher than 2500°F, and, if used, should 

re l ieve  the hot-spot problem. 

Uranium carbide pa r t i c l e s  pyro ly t ica l ly  coated with carbon 

Comparison of Design Problems of Spherical  and 
Prismatic Fuel Element Reactors 

The numerous complex r e l a t ions  set f o r t h  earlier i n  t h i s  section 

indicate  the m a n y  l imi ta t ions  imposed on the designer of a pebble-bed 

reactor .  It is  important t o  recognize t h a t  these r e s t r a i n t s  are more 

r e s t r i c t i v e  than is the case f o r  similar reac tors  employing tubular 

o r  prismatic f u e l  elements of the sane basic material. In such re -  

ac tors  the f u e l  elements might be i n  the form of rods, tubes, p la tes ,  

ax i a l ly  finned tubes, o r  the l i k e .  In any case, the designer has, 

the option of varying the e f fec t ive  flow passage diameter and the 

f u e l  element thickness independently so t h a t  the f u e l  element can be 

proportioned t o  give the desired heat  t ransfer  charac te r i s t ics  both 

in te rna l ly  and external ly .  Further, the tubular or prismatic f u e l  

elements give an aerodynamically cleaner configuration and hence much 

lower pumping power losses  f o r  a given core s i ze .  

a s e r i e s  of tubular f u e l  element cores w a s  compared with a similar 

s e r i e s  of pebble-bed reac tors  f o r  core diameters i n  the range from 10 
t o  35 f t .  Figure 2.17 shows the e f f ec t s  of core diameter on the r a t i o  

of pumping power t o  heat  removal, the f u e l  element thermal s t r e s s ,  and 

the f u e l  element i n t e rna l  temperature drop. 

length w a s  determined f i r s t  f o r  the pebble-bed reactor ,  and the tubular 

f u e l  element core w a s  made t o  have the same length.  Note the markedly 

lower pumping power, thermal stress, and in t e rna l  temperature f o r  the 

A s  an i l l u s t r a t i o n ,  

In each case $he reactor  

tubular f u e l  elements a t  any given core diameter. 

The prismatic or  tubular f u e l  element core has the advantage t h a t  

it permits reduciag the void f r ac t ion  t o  0.14 o r  0.25 t o  y ie ld  a n  

important improvement i n  the conversionrat3o and a reduc%ion. in , the 



2.37 

UNCLASSIFIED 
ORNL-LR-DWG 54379R 

I500 

1000 

2 ._ 800 
v) a - 600 
m 
m 
W 

400 

J a 
I n 
W 

200 

100 

c 

P 
a 
- 
0 n 
D 
W e 
3 
I- 

n 
W 

a 

a 
I5 
I- 

c - - 
I 
k 
W z 
W 
J 
W n 
8 

- - 
L - 
n 
W 
I- 
W 
5 
5 
a 
W n 
0 
V 

400 

300 
250 

200 

I50 

100 

50 . 

30 
25 
20 

15 

IO 

8 
50 

40 

30 
25 

20 

15 

10 

5 
 IO-^ 2 5 (0- 3 2 5 (0-2 2 5 

RATIO OF PUMPING POWER TO HEAT REMOVAL 
Io-’ 

Fig. 2.17. Comparison of Core Diameters, Thermal Stresses, Internal 
Temperature Drops, and Pumping Power Requirements for Spherical and Tubular 
Graphite-Uranium Carbide Fuel Elements Using the Void Fraction, Core Length, 
and Cooling-Gas Temperature Conditions Best Suited to an Axial Upflow Core. 



2.38 

f u e l  cycle cos ts .  The savings indicated by Fig. 2.2 a re  more than 

enough t o , j u s t i f y  the  c a p i t a l  charges f o r  a qui te  elaborate fuel-  

handling machine. 

An addi t ional  advantage offered by a prismatic o r  tubular  f u e l  

element core i s  t h a t  t he  flow d i s t r ibu t ion  across the  i n l e t  face can 

be varied by o r i f i c i n g  the  core i n l e t  o r  o u t l e t  o r  by varying the 

diameter of the  coolant flow passages through the  f u e l  elements. 

e i t h e r  case, b e t t e r  matching of the coolant flow t o  the  power-density 

d i s t r ibu t ion  can be obtained than would be possible i n  a pebble-bed 

core, so the peak f u e l  element surface temperature should be sub- 

s t a n t i a l l y  lower f o r  a given core o u t l e t  gas temperature. 

thorium blanket could be employed t o  reduce neutron leakage losses  

while s t i l l  maintaining a good match of power densi ty  and gas flow. 

If ,  as  seems l i k e l y  from the  l imited da ta  avai lable ,  t h e  inner 

I n  

Further, a 

layers  of the r e f l e c t o r  w i l l  have t o  be replaced from time t o  time 

because of graphi te  shrinkage cracking, a service machine w i l l  be 

required f o r  a pebble-bed reactor .  Preliminary s tudies  indicate  t h a t  

such a machine has much i n  common with a fuel-handling machine su i tab le  

f o r  prismatic o r  tubular  f u e l  elements: 
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3. REACTOR DESIGN 

The major fea tures  and pr inc ipa l  dimensions of the  reac tor  are,  

as establ ished i n  the  preceding chapter, a 20.5-ft-diam, 12.4-f t -  

high, upflow core, with a 3-f t - thick r e f l e c t o r  and a spherical  pres- 

sure vessel .  Many of the  more important d e t a i l s  a r e  shown i n  the  

layout of Fig.  3:1, and some of the  design problems a re  discussed 

i n  the  following paragraphs. 

The reac tor  i s  enclosed within a 32-ft-diam, &in.-thick,  pres- 

sure vessel  of type SA-212,  grade B, carbon s t e e l .  Two separate 

steam generators and two blowers a r e  provided a s  indicated.  The con- 

t r o l  rods a re  uniformly d i s t r ibu ted  through t h e  core and a r e  actuated 

by dr ive un i t s  at the  top .  

provided f o r  servicing and f u e l  removal. 

design w a s  evolved a r e  presented i n  the  report  on the  PBRE.l 

Seven la rge  access tubes at  the  base a re  

The precepts from which t h i s  

Graphite Structure  ' 

The graphite r e f l e c t o r  provided over the  top  and bottom of the  

core, as well  as around the  sides,  t o  protect  the  pressure vesse l  

f r o m  fast-neutron damage i s  3 f t  th ick .  The outer  2 i n .  of t h i s  

graphite i s  borated t o  i n h i b i t  gamma heating i n  the  pressure vesse l  

and ease t h e  shielding problem, p a r t i c u l a r l y . i n . t h e  v i c i n i t y  of ducts 

where thermal neutrons and gamma-ray streaming would present ser ious 

problems. 

A s  was the  case f o r  t he  PERE, graphite-shrinkage cracking con- 

s idera t ions  strongly:.influenced the  design of t he  reac tor .  A l - f t -  

th i ck  layer  of unfueled graphi te  b a l l s  i s  provided around the  outer  

perimeter of the  core t o  protect  t he  graphite blocks i n  t h a t  region 

s u f f i c i e n t l y  so t h a t  they will not require  replacement. A similar 

arrangement might be used f o r  the  top  and bottom r e f l e c t o r s  i f  the  

e n t i r e  core were loaded and discharged i n  a s ingle  batch.  Since one 

'"Preliminary, Design of a lO-Mw( t ) Pebble-Bed Reactor Experiment, " 
ORNL CF-60-10-36, November 1, 1960, chaps. 3 and 4. 
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of the objectives of the design i s  t o  permit re fue l ing  i n  s m a l l  incre- 

ments, this'arrangcment i s  not f eas ib l e .  Several  designs f o r  the 

graphite s t ruc ture  a t  the top and bottom of the core were considered. 

The most promising of these appeared t o  be one using closely packed 

cy l ind r i ca l  graphite rods with t h e i r  axes p a r a l l e l  t o  t h a t  of the  

core. The close-packed spacing provides a flow passage area f o r  gas 

t o  en ter  and leave the core t h a t  i s  equal t o  approximately 9% of the  

gross face a rea  of the core. By making use of r e l a t i v e l y  small- 

diameter rods, perhaps 2 in . ,  it appears t h a t  the  s t r e s ses  i n  the  

rods s e t  up by var ia t ions  i n  shrinkage from the t i p  t o  the  base can 

be kept su f f i c i en t ly  low so that the rods should have a l i f e  of a t  

least six years .  The shrinkage problem can be a l l ev ia t ed  by boring a 

tapered hole in to  the core face end of 'each rod. Further analysis  

w i l l  be required t o  determine the extent  t o  which t h i s  hole can be 

shaped t o  reduce the shrinkage s t r e s ses ,  but  it i s  possible t h a t  the  

s t r e s ses  can be kept t o  low values.  

The s t ruc ture  contemplated t o  support the  rods i n  the top and 

bottom re f l ec to r s  cons is t s  of s t e e l  g r ids  t o  which the graphite rods 

would be attached by threaded s tuds.  Figure 3.2 shows a sketch of 

the  proposed design. 

The rod  c lus t e r s  would be made i n  s i zes  and shapes such t h a t  

they could be removed through a 28-in.-diam servicing-access tube. 

The pa t t e rn  contemplated i s  shown i n  the sec t ion  a t  the lower r i g h t  

of Fig.  3.1. A rod c lus t e r  i n  the lower r e f l e c t o r  would be replaced 

by extending a r m s  r a d i a l l y  from the service ram i n to  the g r i d  a t  the 

base. The c lus t e r  would then be r a i sed  t o  l i f t  it from i t s  socket i n  

the reac tor  support grid,  moved r a d i a l l y  inward over the ram, and then 

withdrawn through the service. tube.  Somewhat similar operations would 

be car r ied  out f o r  removal of the  graphite i n  the top r e f l e c t o r .  In 

the  layout t h i s  graphite i s  shown suspended by hangers attached t o  

sockets suspended from the top of the pressure vesse l .  

envisioned would be e f fec ted  by in se r t ing  the rod c l u s t e r  i n to  posit ion,  

inser t ing  the hanger rod in to  i t s  socket a t  the top, and then ro t a t ing  

the hanger rod t o  lock it i n  place with a bayonet j o i n t .  

The attachment 
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Stee l  Sumor t  Structure  

L 

The reactor  assembly has been designed t o  be supported a t  three 

points,  one between the two steam generators and two under the blowers, 

a l l  three being i n  the same hbrizontal  plane. 

blowers w i l l  be on r o l l e r s  t o  provide for  thermal expansion without 

the use of bellows i n  the ducts.  The blowers are fairly w e l l  i so la ted  

The supports a t  the 

from the core by shielding.  The l ine-of-s ight  paths from the core 

in to  the blower c e l l  pass through the 3-f t - thick r e f l ec to r ,  a 1- in . -  

thick s k i r t ,  and the 4-in.-thick pressure vessel ,  and the rad ia t ion  

must penetrate the  2-in.-thick ducts twice, both times obliquely.  

Eight hours after shutdown, t h i s  gives a gamma dose from the core of 
roughly 50 m/hr a t  the blowers, which i s  an acceptable value. 

The reactor  core support g r i d  is  divided in to  seven segments, 

each of which i s  supported independently by one of the access tubes 

a t  the base of the reac tor .  The weight load introduced in to  the pres- 

sure vessel  i n  t h i s  fashion is less than 0.5% of the pressure load, 

so  the consequent bending s t r e s ses  i n  the  pressure vesse l  should not 

be ser ious.  If they should prove t o  be appreciable, they could be 

re l ieved  by modifying the pressure vesse l  shape so that it would be 

s l i g h t l y  e l l i p so ida l ,  rather than spherical .  The support gr id ,  access 

tubes, and pressure vessel  w i l l  a l l  be a t  the reactor  i n l e t  gas 

temperature. 

The s t e e l  s k i r t  around the outer perimeter of the  r e f l e c t o r  and 

the l i n e r  over the hot gas plenum a t  the top of the core are i so la ted  

from the hot region by a 2-in.-thick layer  of thermal insu la t ion  and 

are coaled e i the r  by gas re turning from the  steam generators t o  the 

blowers or by gas being discharged from the blowers in to  the core i n l e t  

plenum region. Similarly,  a l i n e r  i n  each of the steam generators 

i so l a t e s  the steam generator vessel  w a l l  from the hot  gas region, and 

cool gas from the core i n l e t  plenum c i r cu la t e s  v e r t i c a l l y  upward through 

the space between th i s  l i n e r  and the vessel .  The heat added t o  t h i s  

gas is  l e s s  than O,Ol$ of the t o t a l  power generated. 

temperature losses  through 4 i n .  of thermal insu la t ion  on the s h e l l  

In f a c t ,  the  
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ex te r io r  a re  roughly equal t o  the heat flowing through the 2 i n .  of 

thermal insulat ion t o  the steam generator vesse l  l i n e r ,  so the tempera- 

tu re  r i s e  i n  the cooling gas f o r  the pressure vesse l  w a l l  w i l l  be much 

less than 50°F. Forced c i rcu la t ion  of gas between the l i n e r  and the 

pressure vessel  is  believed essent ia l ,  however, t o  insure t h a t  the 

e n t i r e  pressure envelope w i l l  be held a t  a uniform temperature so 
that thermal s t r e s ses  i n  the pressure envelope w i l l  be negl igible .  

The gas i n  the core i n l e t  plenum i s  i so la ted  from the gas 

re turning from the steam generator by a diaphragm between the outer 

perimeter of the core support s t ruc ture  and the pressure vessel .  

Qi f fe ren t ia l  thermal e g a n s i o n  should not be a problem, but the 

diaphragm should be made su f f i c i en t ly  f l ex ib l e  t o  accommodate d is -  

t o r t i on  i n  the support s t ruc ture  under changes i n  the weight load 

from the core-empty t o  the core- fu l l  condition. 

The penetrations i n  the main pressure vesse l  f o r  the blower ducts 

pose a gas-flow problem because of the l imited space avai lable .  The 

gap between the rounded flow nozzle i n l e t  f o r  these penetrations and 

the vessel  l i n e r  w a s  made equal t o  one-quarter of the inside diameter 

of the nozzle, so the flow passage area a t  no point is  l e s s  than the 

a rea  of the hole i n  the pressure vesse l ,  The pressure loss  associated 

with t h i s  arrangement should not be more than one-half of a dynamic 

head, since the change i n  flow passage a rea  is not grea t  f o r  the kuct  

leading t o  the blower, For the  re turn  gas flow, the arrangement can 

be made t o  approximate a flat-plate diffuser.  

A6 i n  the PRRE desieq,’ meang wguld be provided fqr IIyQaMlically 

i so l a t ing  the blower6 from the reactor  t o  permit decontaminating them 

p r io r  t o  servicing. 

promising arrangement f o r  e f fec t ing  t h i s  hydraulic i so la t ion .  Several 

other ducting configurations were considered but were rejected because 

of fac tors  such as interference with access tubes a t  e i t h e r  the top o r  

the bottom of the r eac to r ,  

Inf la tab le  rubber bladders seem t o  be the most 
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Bal l  F l o w  

The large-diameter core poses ser ious design problems i n  making 
I 

provisions f o r  f u e l  handling. In order t o  obtain a reasonably uniform 

b a l l  flow d i s t r ibu t ion  across the  core, it seems t o  be necessary t o  

make use of a t  least s i x  ball i n l e t  and discharge posi t ions,  and a 

subs t an t i a l  slope toward one or another of these posi t ions must be 

provided over the  e n t i r e  top and bottom faces of the core.  

is  not done, there might be l o c a l  r e l a t i v e l y  "dead" zones where h e 1  

balls mights dwell f o r  excessive periods,  

f ac to r  led  t o  the use of control  rod tubes which do not extend t o  

the face of the bottom re f l ec to r ,  since otherwise the balls might 

lodge a t  the base of one of the tubes instead of flowing as desired. 

If t h i s  

Concern f o r  t h i s  l a t t e r  

Control Rods 

Twenty-two 8-in.-diam access tubes are provided a t  the top of the 

reac tor  f o r  control  rods.  

t h i ck ,  are inser ted in to  the core through these access tubes t o  provide 

passages i n  the pebble bed f o r  the cont ro l  rods.  The cont ro l  rods w i l l  

cons is t  of s t a i n l e s s  s tee l  tubes containing boron carbide and w i l l  be 

operated by c o n t r o l  rod drives similar t o  those planned for the EGCR. 

It is  expected tha t  these graphite tubes f o r  the cont ro l  rods w i l l  
require  replacement every f e w  years because of graphite shrinkage 

cracking. 

Graphite tubes, 6 in .  i n  diameter and 3/4 i n .  

Steam Generators 

The steam generators are placed close together t o  minimize bending 

moments i n  the pressure vessel  and possible buckling of the pressure 

vesse l  w a l l  under seismic loads.  A s ing le  steam generator would be 

preferable  from the support standpoint, but  two vessels  are used t o  
f a c i l i t a t e  ident i f ica t ion  of a steam leak,  Further,  two smaller 

vessels  may make it possible t o  fabr ica te  the steam generators i n  the 

shop and ship them as u n i t s  f o r  i n s t a l l a t i o n  a t  the s i te ,  s ince the 

weight of each should be less than 200 tons.  
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4. PLANT LAYOUT 

The design for a modern highatemperature steam power plant now 
under construction was adapted for use with the pebble-bed reactor in 
order to facilitate the design and to make comparisons with coal-fired 
plants as direct as possible. 
to accommodate the blower drive turbines, and the feedwater heating 
system was modified to give a feedvater inlet temperature well matched 
to the reactor cooling-gas temperatures. 

Modifications were made in the flow sheet 

For convenience, the Yellow Creek site used in the GCR-2 study' 
of 1958 was chosen for design purposes. At the site, loose soil (clay, 
sand, silt, and gravel) covers an irregular layer of weathered lime- 
stone up to 7 ft thick, which, in turn, covers a sound formation of 
thin-bedded, fissile, varicolored shale. This sound shale is found at 
an elevation of approximately 680 ft on the river side of the powerhouse 
and at an elevation of 710 ft on the west side of the service bay. 

The elevation of the river can be expected to fluctuate between a 
minimum level of 675 ft and a maximum probable flood (regulated) of 
718 ft. 
topography of the site is indicated by the contour lines on the general 
plan, Fig.  4.1. 

The normal fluctuation is much less than this. The general 

Representative river temperatures are: maximum, 84°F; minimum, 
41°F; and average, 62'F. The flow averages approximately 23 000 ft3/sec, 
and the minimum flow can be regulated, as required, from a dam that is 
situated one mile upstream. Prevailing winds are from the southwest, 
and representative ambient air temperatures are: maximum, 103°F; 

minimum, 10°F; average, 60°F. 

'"The OR?& Gas4ooled Reactor, I t  ORNL-2500, A p r i l  1, 1958. 
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4 .3  I.. 

The s i t e  i s  su f f i c i en t ly  remote from heavily populated areas  t o  be 

acceptable, and yet  it i s  well located at a cent ra l  point i n  the  TVA 

gr id ,  par t icu lar ly  with reference t o  Alcoa and O a k  Ridge. 
incorporated towns a r e  approximately 23 miles dis tant , , '  ma the , .Loa  centers  

a re  about 40 t o  60 miles from the  plant s i t e .  

The nearest  

Design Data - 

The p r in i c ipa l  performance and dimensional da t a  f o r  the  plant a r e  

presented below: 

Pdwer Generation 

Thermal output, Btu/hr 
Thermal output, Mw 
Gross e l e c t r i c a l  output, Mw 
Net e l e c t r i c a l  output, Mw 
Gross thermal eff ic iency,  % 
Net thermal eff ic iency,  

Fuel Elements 

Sphere diameter, i n .  
Maximum thermal s t r e s s  ( f o r  i dea l  r i g i d  

Sphere surface, f t 2 / f t 3  of f u e l  
Sphere surface, f t 2 / f t 3  of core (39% 

Number of spheres per f t 3  of core 
Average power densi ty  i n  fue l ,  w/cm3 
Average surface heat f lux,  Btu/hr . f t2  
Graphite thermal conductivity, B t  u/hr * f t * 
Maximum f u e l  surface temperature, OF 
Maximum f u e l  i n t e rna l  temperature, "F 
Fract ional  f ission-product re lease r a t e  (R/B) 

body), p s i  

voidage ) 

(OF/ft 

' Reactor 

Core 

Core diameter, f t  
Core height, f t  . 

Core i n l e t  face area, f t2  
Core average power density,  w/cm3 
Reflect o r  

2.73 x io9 
$00 
347 
330 
42,7 
40,6 

2 .5  
1300 

28.7 ' 
17.5  

129 
10.7 
35 800 
8 

2000 
2200 
'10"~ to 

Cylindric a1 , axi  a1 

20.7 
12 .4  
336 
6.6 
1 1/4 i n .  of graphite 

upf low 

b a l l s  plus fixed 
graphite 
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Total  r e f l ec to r  thickness, f t  
Core f u e l  feed posi t ions 

Reflector feed posi t ions 

Fuel removal .posit ions 

Diameter of core plus  re f lec tor ,  f t  
Core density, g/cm3 
Machined weight of f ixed graphite,  tons 
Weight of unfueled graphite balls, tons 
Weight of fueled graphi te  ba l l s ,  tons  

Pressure Vessel 

Shape 
Outside 'diameter, f t  
Inside diameter, f t  
Thickness, i n .  
Mat e r i  a1 

Working pressure, p s i a  
Design s t ress ,  p s i  
Maximum temperature, "F 
volume, f t 3  
Gross vesse l  weight, including .core supports, 

thermal bar r ie rs ,  nozzles, and insulat ion,  
l b  

Coolant System Character is t ic  s 

G a s  
Working pressure, p s i a  . 
Flow through core, lb/sec 
Flow t o  steam generators, lb/sec 
Reactor i n l e t  temperature, OF 
Reactor ou t l e t  temperature above core, "F 
Mixed mean gas temperature t o  steam generator, 

Number of i n l e t  pipes 
Number of ou t l e t  pipes 
Cool pipe inside diameter, f t  
Mean coolant ve loc i ty  i n  cool pipe, f t / s e c  
Diameter of por t s  t o  blower ducts, f t  
Mean coolant ve loc i ty  i n  ports ,  f t / s ec  
Diameter of hot gas port  t o  steam generator, 

Mean coolant ve loc i ty  i n  hot gas port ,  f t / s ec  
Total  volume occupied by coolant, f t 3  

"F 

f t  

3 .0  
One i n  center,  s i x  on 

7.3-ft-radius c i r c l e  
Twelve on 10.8-ft-radius 

c i r c l e  
S ix  on 7.3-ft-radius 
c i r c l e  

26.7 
1.0 
288 
27 
134 

Sphere 
32.1 
31.4 
4.0 
Type SA-212, grade B, 

700 
16 600 
600 
31 000 
-500 000 

carbon s t e e l  

Helium 
700 
763 
868* 
5 50 
1350 
12 50 

2 
2 
3.5 
194 
3.0 
255 

3.25 
337 
30 000 

*The bypass flow through t h e  unfueled b a l l  l ayer  l i n ing  the  r e f l ec to r  
i s  about 14% of the  flow through the  core. 
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Circui t  pressure drop, p s i  12.0 
Pressure drop through core only p s i  3.8  
Specif ic  heat of coolant, Btu/l' .OF 
System pressure lo s ses  i n  terms of r a t i o  of 

1.24 

pumping power t o  heat  removal 
Core 
Duct s 
Steam generator 

0.003 
0.003 
0.004 

Coolant Blowers 

Number 
T n e  

Blower dr ives  
Compression power, Bhp 
Adiabatic eff ic iency,  $ 
Turbine power, Bhp 

Steam Generator 

Type of generator 
Number of generat or s 
Shel l  height between heads, f t  
Shel l  height including heads, f t  
She l l  outs ide diameter, f t  
Shel l  thickness, i n .  
Gas i n l e t  ins ide  diameter, f t  
Steam pressure, p s i  
Steam pressure at  t h r o t t l e ,  p s i  

Total  0.010 

2 
Single - stage, 
cen t r i fuga l  

Steam turbines  
5400 
70 
7700 

Once -t hrough 
2 
60 
75 
8.5 
-2.25 
3 
2450 
2400 

Steam temperature a t  high-pressure stage, "F 1050 
Reheat temperature, OF 1000 

General Layout 

The general  layout of t he  plant  i s  shown i n  Figs.  4.2 and 4 . 3 .  The 

l a rges t  and most important element of t h e  system, t h e  reac tor  building, 

i s  located at t h e  center .  The other  f a c i l i t i e s  are located f o r  con- 

venience r e l a t i v e  t o  t h e  reac tor  and t o  each other .  

The turbine generator un i t  i s  located immediately adjacent t o  t h e  

reac tor  bui lding i n  order t o  minimize the  lengths  of steam piping re- 

quired, pa r t i cu la r ly  f o r  t h e  reheater .  The turbine building i s  located 

on the  r i v e r  s ide of t h e  plant  t o  give a good layout f o r  t he  condenser 
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cooling-water system. The feedwater pumps, feedwater heaters ,  and other  

components of t he  steam system a re  a l so  located i n  t h i s  bay. 

The control  room i s  located at t h e  north end of t h e  plant  adjacent 

t o  the  reac tor  containment s h e l l  and the  turbine generator 'bay. This 

arrangement provides a good view of t he  turbine generator bay, and mini- 

m i z e s  t he  length of instrumentation l i n e s  both t o  the  reac tor  and t o  the  

turbine generator.  

adjacent t o  t h e  cont ro l  room or on the f l o o r  above it. 

Offices and other  f a c i l i t i e s  f o r  personnel are located 

The machine shop i s  located at t h e  south end of t he  turbine bay. 

The la rge  equipment lock t o  t h e  reac tor  containment s h e l l  opens i n t o  a 

reac tor  service area adjacent t o  the  machine shop. The stack, with i t s  

f i l t e r s  and r e l a t ed  core equipment, i s  located t o  t h e  west of the  reac tor  

building. 

Reactor Building 

The reac tor  and i t s  associated equipment a re  enclosed i n  a pressure- 

t i g h t  containment s h e l l  122 f t  i n  diameter and 221 f t  high. A v e r t i c a l  

sect ion through t h i s  building i s  shown i n  Fig. 4.4,, and a s e t  of horizontal  

sect ions a r e  shown i n  Figs .  4.5 through 4.8 .  The layout general ly  follows 

t h a t  used f o r  t h e  PBRE, with t h e  lower port ion modified t o  reduce the  

height of t he  reac tor  building, as suggested i n  the  PBRE report .2  

the  PBRE, t o  f a c i l i t a t e  decontamination, metal-lined rooms enclose a l l  

flanged j o i n t s  f o r  t h e  contaminated-gas-system pressure envelope. These 

rooms a r e  the  blower rooms, t h e  service area below t h e  reactor ,  t he  hot- 

fuel-storage vaul t s ,  and t h e  control-rod dr ive  region on top  of t h e  reac tor .  

A s  i n  

Helium Storage 

The quant i ty  of contaminated helium f o r  which storage capacity must 

be provided i s  about 25 t i m e s  t h a t  f o r  t h e  €'BRE, so t r ans fe r  of t he  

major port ion of t h e  gas by simple blowdown t o  intermediate pressures 

would require  excessive storage volumes. Accordingly, t h e  t r ans fe r  

system u t i l i z e s  a p a i r  of booster compressors (one serving as a spare) 

t h a t  r a i s e  t h e  storage pressure t o  twice t h e  reac tor  res idua l  pressure 

*"Preliminary Design of a lO-Mw( t ) Pebble-Bed Reactor Experiment, ' I  

. ORNL CF-60-10-63, November 1, 1960, chap. 21. 
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a t  each stage.  I n  this way the  storage volume i s  reduced t o  about one- 

half  t h a t  otherwise required. The gas i s  stored at 11 d i f f e r e n t  

pressures from 1000 ps i a  down t o  31 psia ,  leaving a res idua l  reac tor  

pressure t h a t  i s  s l i g h t l y  above atmospheric. An addi t iona l  storage 

capacity of 7500 f t 3  i s  provided f o r  evacuation t o  well  below atmospheric 

pressure. With 500-hp pumps capable of handling 1000 ft3/min, t he  t o t a l  

t r ans fe r  time required t o  draw the  reac tor  system pressure down t o  about 

atmospheric pressure i s  about 1 hr, which i s  a reasonably short  time 

f o r  reducing the reac tor  pressure i n  the  event of a leak .  

The same t r ans fe r  pumps w i l l  be used t o  recharge t h e  reac tor  

system, but the time required w i l l  be a l i t t l e  longer.  The tanks re-  

quired f o r  the storage system, the  d i f f e ren t  pressure leve ls ,  and the 

approximate f loo r  a rea  assigned t o  the  storage system i n  the  containment 

s h e l l  a r e  shown i n  Table 4.1.  

Table 4.1. Helium Storage Requirements 

~~ ~ ~~~ 

Tank Diameter Number Floor Storage Storage 
and Length of Area Pressure Volume 

(ft 1 Tanks (ft2 ) ( P s i 4  (ft3 1 
2 X 40 

8 x 43 

8 x 43 

Total 

70 630 

12 1200 

4 400 

2200 
- 

1000 
700 
500 

3 50 
2 50 
175 
12 5 
87.5 
62.5 
43.8  
31.2 

-20 

2 500 
3 500 
2 500 

3 500 
2 500 
3 500 
2 500 
3 500 
2 500 
3 500 
2 500 

7 500 

40 000 
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Helium Circulat ion 

The flow passage areas  i n  the  system are designed t o  give adequate 

thermal-convection c i r cu la t ion  f o r  removing af te rhea t  i n  the  event of a 

forced outage of both blowers. 

generated i n  the  c lose ly  coupled reactor  and steam generator system, it 

i s  believed, however, t h a t  t he  steam-turbine dr ives  give the  blowers an 

exceptionally high degree of r e l i a b i l i t y .  

Since the  blowers are driven by steam 

Servicing Equipment 

The servicing a rea  beneath the  reac tor  i s  intended t o  serve f o r  

t h e  fuel-discharge equipment and maintenance operations inside the  

reac tor  pressure vessel ,  such as replacement of t he  moderator. 

of t he  seven 28-in.-i .d.  access tubes at the  bottom of the  reactor  can 

be served by e i ther  of t he  two r a m  assemblies mounted on ' a  tu rn tab le  

beneath the service a rea .  These rams a r e  similar t o  the r a m  described 

i n  the  PBRE repor t .3  Two rams a r e  provided i n  the  f u l l - s c a l e  plant  t o  

f a c i l i t a t e  major servicing operations i n  the  reac tor  and t o  provide an 

arrangement i n  which one r a m  can be used t o  ex t r i ca t e  t he  other  i f  it 
becomes jammed i n  the  reac tor  core.  

can be stored i n  the service area. The heads w i l l  include one f o r  

removing the  shield plug from i t s  access tube, spec ia l  t o o l s  for servicing 

the  f u e l  drain equipment, and special  heads f o r  removing the segments 

of the bottom and t o p  r e f l e c t o r .  

a rea  t o  maintain the  fuel-drainage equipment, assist i n  mounting special  

Any one 

A v a r i e t y  of heads f o r  the r a m  

Two Mobots4 w i l l  operate i n  the  service 

heads on the r a m s ,  move special  r a m  heads from storage t o  posi t ions over 

t he  rams, move casks i n t o  posi t ion i n  the  v i c i n i t y  of t he  rams, and 

similar operations.  The service-machine equipment would normally be 

operated remotely from the  main reactor  control  room. 

31bid., chap. 15. 

%bid., Fig.  15.1, chap. 15. 
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Viewing Provisions 

Television cameras attached t o  periscopes can be inser ted i n t o  the  

core through the  access tubes provided f o r  the control  rods, as well  as 

through those f o r  servicing. These should give an excel lent  means f o r  

viewing a major operation, such as replacement of t he  graphi te  r e f l e c t o r .  

,Most, i f  not a l l ,  maintenance on the  service-machine rams and dr ive  

assemblies can be car r ied  out i n  s i t u  using conventional contact-  

maintenance procedures. I n  order t o  f a c i l i t a t e  removal of a r a m  and 

dr ive assembly, a small canyon i s  provided i n  the  bottom of the  reactor  

building at  the  l e f t  of the  wel l  f o r  t he  service machine (see Fig.  4 . 4 ) .  
Removal of a ram-drive assembly would require  spec ia l  r igging operations, 

but clearances a re  adequate t o  permit removal through the  hatch i n  the  

c e i l i n g  over the  service a rea  t o  the  l e f t  of t he  reac tor .  

Decontamination 

Tanks f o r  s tor ing  contaminated f l u i d  used i n  equipment decontami- 

nation operations a r e  located i n  the  lower portion- of t h e  reac tor  

building, as shown i n  F ig .  4.7. I n  view of t he  la rge  s i zes  of the  heat 

exchanger, reactor,  and blowers, the  tank capacity w a s  based on the  

premise tha t  decontamination operations would be car r ied  out by spray 

r a the r  than by bath operations.  

types of decontaminating f l u i d  and wash water. The pumps f o r  handling 

the  decontaminating f l u i d  a re  located i n  the  room housing the  helium- 

pur i f ica t ion  equipment. 

Six tanks a re  provided t o  s to re  various 

Vent i la t ing System 

The i n t e r i o r  of the reac tor  building i s  t o  be maintained s l i g h t l y  

below atmospljeric pressure by means of a blower t h a t  exhausts through 

f i l t e r s  t o  the  stack. 

be sealed automatically i n  the  event of an accident.  

Both the  air i n l e t  and the  air discharge por t s  w i l l  

The shield i s  cooled by a rec i rcu la t ing-a i r  system, w i t h  f i l t e r s  

and a cooler.  The same blowers and f i l t e r s  w i l l  handle the  air from 
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the service area, the  blower vaul ts ,  and the enclosure around the  control- 

rod dr ives  so t h a t  leakage of contaminated gas w i l l  not r e s u l t  i n  d i spersa l  

of a c t i v i t y  around t h e  building. 

system through f i l t e r s  t o  the stack t o  hold t h e  system pressure a f e w  

inches of water below the  pressure i n  the  r e s t  of the  containment shel l .  

The blower dr ive  turbines  are included within the gas-tight en- 

closure surrounding t h e  blowers t o  avoid a seal on the  q u i l l  shaf t  between 

the  blower and t h e  dr ive  turbine.  

t h e  blower and turbine so t h a t  t he  rad ia t ion  dose l eve l  a t  the turbine 

w i l l  be below 6 m/hr at  a l l  times. 

A small blower w i l l  discharge from t h i s  

However, shielding i s  provided between 



5 .  REACTOR PHYSICS 

Three  basic core arrangements were considered i n  t h i s  study. 

few summary comments a re  made below concerning the f i r s t  two of these, 

and the r e s u l t s  of a somewhat more de ta i led  study of the t h i r d  a re  

A 

presented. 

The reactor  designed f o r  r a d i a l  gas flow i s  characterized by a 

large cen t r a l  channel f o r  the i n l e t  gas stream, surrounded by an 

annular core region. Radial power d is t r ibu t ions  i n  cores of various 

annular thicknesses a re  given i n  Chapter 2 f o r  the case i n  which the 

core i s  surrounded by a graphite r e f l e c t o r  (Fig.  2.15) and f o r  the 

case i n  which the core i s  surrounded by a thorium-graphite blanket 

(Fig. 2.16).  The reac tor  w i t h  the thorium-graphite blanket i s  

preferable t o  the one with a pure graphite r e f l e c t o r  because of the 

be t t e r  matching of power generation d i s t r ibu t ion  with gas ve loc i ty  

d is t r ibu t ion .  It would be desirable  t o  loca te  the control  devices 

f o r  t h i s  reactor  a t  the interface between the cen t r a l  gas passage and 

the core annulus. In t h i s  posi t ion the control  rods would not create  

hot spots by perturbing the gas flow pa t te rns  as they would if  located 

within the core. The r e s u l t s  of calculat ions which show the t o t a l  

amount of control  which might be obtained i n  t h i s  manner are presented 

i n  Fig.  5.1. The calculat ions were based on a complete annulus of 

B4C, and the f lux depression r e su l t i ng  from streaming down the cen t r a l  

gas passage was neglected. 

i s  t o  overestimate the avai lable  control .  The indicat ion from Fig.  5 . 1  

is  t h a t  a core no la rger  than 3 t o  5 f t  i n  annular thickness could be 

controlled without the complication of control  rods i n  the core i t s e l f .  

The e f f e c t  of each of these approximations 

In  comparison with the axial-flow reac tors ,  t o  be discussed 

below, the radial-flow reactor  suffers from the disadvantage of a con- 

s iderably lower core conversion r a t i o .  This cha rac t e r i s t i c  arises from 

a combination of the  streaming down the cen t r a l  gas passage, the greater  

outward radial leakage caused by the cen t r a l  gas passage, and the greater  

outward radial leakage caused by the presence of thorium i n  the r e f l ec to r  
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A s  a consequence, it is  found t h a t  the f i s s i o n  cross sect ion decreases 

more rapidly with burnup and that the a x i a l  power d i s t r ibu t ion  has a 

greater  peak-to-average r a t i o  f o r  a given terminal burnup t h a n  is  the 

case i n  the axial-flow reac to r s ,  I n  addition, the avai lable  r eac t iv i ty -  

l imited burnup w i l l  be reduced. The decrease' i n  conversion i n  the 

core i s  not a l l  l o s t  because some conversion occurs i n  the thorium of 

the blanket.  It appears l ike ly ,  however, that the addi t iona l  com- 

p l ex i ty  of design required t o  provide fo r  reprocessing a f e r t i l e  

blanket, together with the cos t  of the blanket reprocessing, would 

come close t o  o f f s e t t i n g  the value of the U233 recovered from the 

blanket. To the extent  that the smaller s i ze  of the f u e l  balls allows 

a higher peak power density i n  t h i s  core, some of the disadvantages 

of the power d is t r ibu t ions  mentioned above might be minimized. 

An approximate r a d i a l  power d i s t r ibu t ion  i s  given i n  Fig.  5.2 f o r  

a reactor  with a x i a l  downflow of the coolant gas, an average power 

densi ty  i n  the core of about 25 w/cm3, a core diameter of 13 f t ,  and 

a 2.75-ft-thick graphite r e f l e c t o r .  The e f f e c t s  of cont ro l  rods i n  

the core have been neglected. The power d i s t r ibu t ion  appears t o  match 

the gas flow d i s t r ibu t ion  reasonably w e l l ,  although it would be neces- 

sary t o  analyze more carefu l ly  the discontinuous nature of the  d e t a i l s  

of the power d i s t r ibu t ion  next t o  the core w a l l .  The core conversion 

r a t i o  i s  higher than w i t h  the radial flow core, s ince there  is no 

cen t r a l  gas passage and no thorium i n  the r e f l e c t o r .  However, the 

conversion r a t i o  i s  l e s s  than w i t h  the  la rger  core t o  be discussed 

below. 

The t h i r d  type of reactor ,  and the one studied i n  more detai l ,  

A core diameter of 20.7 f t  i s  has a x i a l  upflow of the  coolant gas. 

required t o  assure t h a t  the gas flow a t  the design pressure does not 

cause l ev i t a t ion  of the bed of f u e l  b a l l s .  A core height of.12.4 f t  

is  required t o  obtain a thermal output of 800 Mw a t  a n  average core 

power densi ty  of 6.6 w/cm3. 

An i n i t i a l  ~ a r b 0 n - t o - U ~ ~ ~  r a t i o  of 4000 w a s  chosen, corresponding 

t o  an i n i t i a l  spec i f i c  power of 1280 kw/kg. This value has not been 
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optimized, although it is believed that the optimum is not far from 

the value chosen. A complete analysis would have to balance such 
factors as uranium inventory cost, fuel fabrication cost, required 
override for peak xenon concentration, cost of recovering uranium 
from the spent fuel, and the effect of the moderator ratio on the 
effective cross sections which affect the conversion ratio. There 
are still considerable uncertainties regarding the unit costs for 

fuel fabrication and uranium recovery that reflect, in part, un- 
certainties in the processes to be used, and, in part, a lack of 
reliable cost data for large-scale processes involving contaminated 
systems. 
cost would lead to a somewhat ambiguous result. 

Criticality calculations were made (with a 27-group one-dimensional 

For this reason, a detailed analysis of the fuel cycle 

diffusion code) to determine the thorium concentration in the core. 
Doppler-broadened effective thorium resonance integrals were computed 
for this purpose from the resonance parameters. The calculations give 
an initial th~rium-to-u~~~ ratio of 18 .l. 

A neutron balance is given below for the hot, fresh core with 
equilibrium xenon and samarium poisoning, but no other fission 
products, and no buildup of heavy isotopes. 

Neutron Absorptions 
per Source Neutron 

Core 
Graphite 
u235 
m232 

Xe 
Sm 

Reflector graphite 

Es cape s 
Radial 
Axial 

Shim control rod 

0.0130 
0.5094 (7 = 1 . 9 6 )  
0.3845 
0 * 0212 
0.0067 
0.0148 

0.0138 
0.0212 
0.0154 

To tal 1.0000 
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It may be seen from these numbers that the  i n i t i a l  conversion 

r a t i o  is  0.75. Reactivity l i fe t ime ca lcu la t ions  have not been made 

f o r  the  system, 

f o r  burnup would be subjec t  t o  the  same uncer ta in t ies  of u n i t  cos ts  

It w a s  f e l t  that an ana lys i s  of the economic optimum 

t h a t  were mentioned i n  connection with the optimization of spec i f ic  

power. 

d e f i n i t i v e  i n  the absence of da t a  concerning the physical capab i l i t y  

of t he  f u e l  balls t o  withstand r ad ia t ion  damage, s ince the la t te r  

f a c t o r  may well  tu rn  out  t o  be the one which limits the  r e a c t i v i t y  

l i f e t ime .  However, a few qua l i t a t ive  observations may be made 

regarding l ifetime. The poisoning e f f e c t  of low-cross sec t ion  

f i s s i o n  products and the  loss i n  r e a c t i v i t y  from burnup of U 2 3 5  w i l l  

be o f f s e t  i n i t i a l l y  by the  higher f i s s i o n  c ross  sea t ion  and higher 

7 of the U233. 

In addi t ion,  a ca lcu la t ion  of an economic optimum i s  not 

- 
It is  t o  be expected t h a t  the high conversion r a t i o  

of the system w i l l  allow burnups of from 1.0 t o  2.0 f i s s i o n s  per 

i n i t i a l  f i s s ionable  atom before the r e a c t i v i t y  f i n a l l y  decreases t o  

an objectionable poin t .  

The moderator temperature coe f f i c i en t ,  r e s u l t i n g  almost e n t i r e l y  

from the change i n  the r a t i o s  of the  e f f ec t ive  cross  sect ions,  w a s  

computed by the  multigroup method f o r  the i n i t i a l  loading of U235. 
value of -2.4 X 10'5/0F was obtained. 

was obtained by comparing the e f f ec t ive  tkorium resonance in t eg ra l s  

obtained from the resonance parameters and taking i n t o  account the  

Doppler-broadened se l f - sh ie ld ing  a t  two d i f f e r e n t  temperatures. A 

value of -1.4 X lO+/"F w a s  obtained. 

t he  over -a l l  i n i t i a l  temperature coe f f i c i en t  i s  -3.8 X 

A 

The f u e l  temperature coe f f i c i en t  

Adding these two contr ibut ions,  

(Gk/k)/"F. 
Requirements f o r  r e a c t i v i t y  cont ro l  during operations w i l l  come 

from the temperature coef f ic ien t ,  the  fission-product accumulation, 

and the  fuel burnup. The poisoning from low-cross sec t ion  f i s s i o n  

products, heavy isotope buildup, and f u e l  depletion depend upon the 

f u e l  l i f e t ime  se lec ted ,  The other  requirements axe summarized below: 
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Moderator temperature coef f ic ien t  0.0238 
Fuel temperature coef f ic ien t  0.0179 
Equilibrium xenon 0.0315 
Equilibrium samarium 0.0106 

Total  0.0838 

The control  system consis ts  of 20 B4C poison rods, each 4 i n .  i n  

diameter. The rods t r a v e l  v e r t i c a l l y  through the length of the core.  

Two cen t r a l  rods a re  located 1 f t  from the center of the core, have 

a combined worth of 0,013 6k/k, and a re  t o  be used f o r  regulat ing 

and f o r  shim control  of f u e l  burnup. 

rods i s  placed 4 f t  from the center of the reac tor ,  and 10 rods a re  

7 f t  from the reactor  center .  These 18 rods have a combined worth 

of 0.098 6k/k, and would serve t o  overcome the temperature defect  and 

the equilibrium xenon poisoning and t o  provide a shutdown margin of 

sa fe ty  of 0.025 6k/k. 

5 - in . - i .d . ,  6.5-in.-0.d.  graphite s leeve.  When the core has reached 

a n  equilibrium f u e l  d i s t r ibu t ion ,  compensation f o r  f u e l  burnup would 

A c i r c l e  of 8 equally spaced 

Each of the control  rods t r ave l s  through a 

be by periodic p a r t i a l  re fue l ing  ( in se r t ion  of f r e sh  f u e l  b a l l s  a t  the 

top of the core and removal of spent f u e l  balls from the bottom), w i t h  

the two cent ra l  shim rods serving t o  provide cont ro l  between refuel ings.  

During i n i t i a l  operations, p r io r  t o  the establishment of a n  equilibrium 

f u e l  d i s t r ibu t ion ,  there w i l l  be somewhat la rger  changes i n  r eac t iv i ty  

r e su l t i ng  from the accumulation of samarium, other s tab le  f i s s i o n  

products, and heavy isotopes.  It i s  an t ic ipa ted  tha t  these would be 

compensated fo r  by appropriate periodic changes i n  the height of the 

f u e l  bed, combined if  necessary with the use of a burnable poison. 

The amount of r e a c t i v i t y  control  avai lable  by changing the bed height 

i s  given i n  Fig.  5.3. The use of a decreased bed height t o  control  

r e a c t i v i t y  i s  pa r t i cu la r ly  appropriate t o  the f i r s t  few months of 

operation, since it i s  l i k e l y  t h a t  the reactor  would operate for a 

period of time a t  reduced power leve ls  while the operating charac- 

t e r i s t i c s  of the system were being studied. The value of the r e a c t i v i t y  
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cont ro l  needed t o  balance the moderator temperature coef f ic ien t  

(0.0213) w a s  computed f o r  the i n i t i a l  conditions of pure U235 f u e l .  

A s  the U233 builds up, the moderator temperature coef f ic ien t  w i l l  

decrease because of the difference i n  energy dependence between the 

U235 and U233 cross sect ions.  A core i n  which the U235 had a l l  been 

replaced by U233 would have a k eff 
greater  than a t  operating temperature, 

No provision has been made i n  the cont ro l  system f o r  overriding 

a t  room temperature only 0.0039 

the peak xenon poisoning which w i l l  occur severa l  hours a f t e r  a 
shutdown. It was  assumed t h a t  scheduled shutdowns and shutdowns from 

equipment f a i l u r e  would normally be of such duration that the xenon 

concentration would f a l l  below i ts  equilibrium value before s t a r tup  

w a s  attempted and t h a t  the cont ro l  instrumentation could be made 

su f f i c i en t ly  r e l i a b l e  so  tha t  instrument shutdowns would be infrequent 

This l a t te r  assumption should be investigated i n  d e t a i l  i n  the f i n a l  

design of the reac tor ,  since some of the current ly  operating reac tors  

experience ra ther  frequent unscheduled shutdowns caused by instrument 

f a i l u r e s .  If it should be necessary t o  override the peak xenon 

poisoning, an addi t iona l  0.043 6k/k would have t o  be provided i n  the 

form of control  rods which would remain inser ted during normal opera- 

t i ons .  There would be a corresponding decrease of 0.056 i n  the  con- 

version r a t i o  and a probable decrease i n  the f u e l  l i f e t ime .  

In  order t o  pro tec t  the graphite moderator struc-ture a t  the s ide 

of the core fsom radia t ion  damage, a 12-in.-thick layer  of unfueled 

graphite b a l l s  i s  inser ted between the core and the "permanent" 

graphite s t ruc ture .  The unfueled graphite b a l l s  flow w i t h  the  f u e l  

b a l l s  and some are removed with each re fue l ing .  

flux i s  shown i n  F ig ,  5.4 as a funct ion of r a d i a l  posi t ion.  

of 7.4 reduction i n  the  fas t  f l u x  occurs across the 12  i n .  of un- 
fueled balls. 

The fast  neutron 

A f ac to r  

The heating r a t e s  i n  the inner portions of the r e f l e c t o r  are 

shown i n  Fig.  5.5.  The neutron heating w a s  computed from the fluxes 

of the one-dimensional multigroup ca lcu la t ion  and the sca t t e r ing  
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cross sections. 
tions from a six-group space-dependent source distribution. 

of discontinuity occur at the interface between the movable reflector 

The gamma heating was computed by summation of contribu- 

The points . .  

and the fixed reflector because of the higher density of the fixed 
reflector. 

A two-dimensional horizontal cross section of the power distribution 
in the core is given in Fig. 5.6. 
operating condition of complete insertion of the two central control 
rods and complete withdrawal of the remaining control rods. 
power distribution is normalized to an average value of 1.0. 

The plot is calculated for a normal 

The 

The mean generation time for prompt neutrons was computed by 
perturbation theory. 
by a one-dimensional four-group calculation. 
sec was found. 

The fluxes and adjoint fluxes were determined 

A value of 0.3 X lom3 
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6. FUEL ELEMENT FABRICATION 

The avai lable  experimental data  per ta ining t o  the a b i l i t y  of 

graphite-matrix f u e l  elements t o  withstand the mechanical, chemical, 

and nuclear e f f e c t s  imposed i n  reactors  of the pebble-bed type were 

presented and discussed i n  the PBRE report . '  The data indicated the 

need f o r  impervious coatings on the individual f u e l  pa r t i c l e s  t o  

provide the degree of f ission-product r e t en t ion  required. In 

addition, if  the hot f u e l  spheres would be exposed t o  air as the 

r e s u l t  of a rupture i n  the primary coolant system, oxidation- 

r e s i s t a n t  coatings on the spheres would be required t o  prevent sus- 

tained combustion. Sphere surface coatings a l s o  may be required t o  

prevent mass t ransfer  of carbon by impurit ies i n  the helium. Con- 

s idera t ion  of a l l  the operating requirements, therefore,  requires 

a f u e l  sphere consis t ing of coated f u e l  p a r t i c l e s  dispersed i n  a 

graphite matrix with an  oxidat ion-resis tant  sphere surface coating. 

The materials under consideration f o r  coating f u e l  pa r t i c l e s  a re  

A 1 2 0 3  and Be0 f o r  U02-Th02 pa r t i c l e s  and pyrolyt ic  carbon for UC2-ThC2 

p a r t i c l e s .  The oxide systems have the advantage t h a t  the UO2-ThO2 

mixtures are  l e s s  expensive and eas ie r  t o  handle than the UC2-ThC2 

pa r t i c l e s .  However, both A 1 2 0 3  and Be0 reac t  with graphite above 

approximately 2500°F, even i n  the absence of rad ia t ion .  If .irradia$ion 

lowers the threshold temperature for t h i s  react ion,  only m a r g i n a l  

protect ion would be affDrded by oxide coatings of the  PBR fuel elements. 

Since the react ion between the oxides and graphite proceeds rapidly 

a t  temperatures w e l l  below the normal appl icat ion temperature f o r  

Si-Sic (320&3300"F), t h i s  coating, which i s  the most promising s w -  

face coating for: graphite protect ion known a t  the present time, could 

not be used on spheres fueled with A120,- or BeO-coated p a r t i c l e s .  

The combination of pyrolytic-carbon-coated UC2-ThC2 pa r t i c l e s  and 

'"Preliminary Design of a lO-Mw( t )  Pebble-Bed Reactor Experiment, 
ORNL CF-60-10-63, November 1, 1960, chap. 8.  
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graphite would be i n  chemical equilibrium and, therefore,  not tempera- 

ture l imited by chemical react ions,  e i t h e r  during reac tor  operation or 

during sphere surface-coating operations. 

Based on the above considerations, the most promising PER f u e l  .. 
bal l  would contain pyrolytic-carbon-coated UC,-ThC, f u e l  p a r t i c l e s  and 

would be coated with Si-Sic.  Many problems must be solved, of course, 

before t h i s  concept can be proved t o  be f eas ib l e  f o r  reac tor  operation. 

One of the most serious problems i s  the complete lack of high- 

temperature, high-burnup, i r r ad ia t ion  tes t  da ta  on pyrolytic-carbon- 

coated f u e l  p a r t i c l e s .  D a t a  obtained by neutron ac t iva t ion  followed 

by pos t i r rad ia t ion  annealing indicate  excel lent  f iss ion-gas retent ion.  

The e f f e c t  of fission-fragment and fast-neutron damage on coating 

permeability could be very serious,  however, and must be evaluated i n  

high-temperature i r r ad ia t ion  t e s t s .  

1 

Mechanical and physical propert ies  must be determined as a function 

of temperature, fabr ica t ion  procedure, and i r r ad ia t ion .  Graphite oxida- 

t i o n  and carbon-mass-transfer must be thoroughly investigated,  the type 

and qua l i ty  of sphere coatings required must be determined, and in- 

spection methods f o r  qua l i ty  cont ro l  must be developed. 

Fabrication Costs 

The process f o r  fabr ica t ing  f u e l  spheres of the PER type may be 

(1) preparation of spheroidal f u e l  divided in to  four general areas: 

pa r t i c l e s ,  ( 2 )  coating the f i e 1  pa r t i c l e s ,  (3) blending the f i e 1  

p a r t i c l e s  with graphite and fabr ica t ing  spheres, and ( 4 )  surface 

coating the fueled spheres. 

been l imited t o  the processing of r e l a t i v e l y  s m a l l  batches. 

s iderable  extrapolat ion is  required, therefore ,  t o  pro jec t  the 

present experience t o  the fabr ica t ion  of the more than one-half 

mil l ion fueled spheres required f o r  the PBR. 

Experience i n  each of these areas  has 

Con- 

Estimates of the cos t  f o r  the preparation of large quant i t ies  of 

spheroidal pa r t i c l e s  range from $0.30/g t o  $l.OO/g. These f igures  
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a re  based on 100 kg of UC2 pa r t i c l e s  but should be reasonably va l id  f o r  

UC2-ThC2 mixtures. Thorium dicarbide i s  reported t o  be more react ive 

than UC2, however, and may require spec ia l  handling before coating. 

. ,  

The coating of UC2 pa r t i c l e s  i n  the s i z e  range 100 t o  200 p w a s  

These estimates are based on 30 estimated t o  cost  $0.24 t o  $0.30/g. 

t o  50 p of pyrolyt ic  carbon on 100 kg of the pa r t i c l e s .  Increasing 

the quantity from 100 kg t o  14 000 kg would probably lower the u n i t  

cost ,  but increasing the coating thickness t o  about 80 t o  100 p would 

o f f s e t  t h i s  decrease. 

gram l o t s  i s  approximately $1.3O/g. 

The present cos t  f o r  coating UC2 pa r t i c l e s  i n  

The graphite spheres are loaded with 0.50% U02 plus 9.61% ThOz, 
or  0.48$ UC2 plus 9.32% The2, by weight. 

including blending, molding, and baking, w a s  estimated t o  cost  $0.75 

t o  $1.50/sphere f o r  20 000 spheres, 1.5 in .  i n  diameter. Increasing 

the l o t  size t o  600 000 spheres would decrease the u n i t  cos t .  

decrease, however, m a y  be o f f se t  somewhat by the increased cost  of 

fabr ica t ing  the la rger  2.5-in.-diam spheres. 

Fuel sphere fabricat ion,  

This 

Costs f o r  coating 20 000 1,5-in.-diam spheres with Si-Sic were 

estimated t o  be $1 t o  $4/sphere.' Increasing the sphere diameter t o  

2 .5  in .  would not be expected t o  increase the u n i t  coating cost  

s ign i f icant ly  , I 

The estimated fabr ica t ion  costs  f o r  PBR f u e l  elements containing 

23.2 g of UC2-ThC2 per sphere may be summarized as follows: 

UC2+ThC2 spheroidal p a r t i c l e s  a t  $0.30-$1.00/g $ 6.96-$'23.20 
Coating pa r t i c l e s  a t  $0.24-$0.30/g 5.57- 6.96 
Fabricating fueled spheres 0.75- 1.50 
Coating spheres 1.00- 4.00 

l 'o ta l  $14.28-$35.66 

It may be seen t h a t  the  major proportion of the cos t  l ies  i n  the 

preparation and coating of the pa r t i c l e s .  For the most par t ,  the 
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development of spheroidal carbide p a r t i c l e s  i s  s t i l l  i n  the experi-  

mental stage; the present 'uncer ta in t ies  i n  the fabr ica t ion  processes 

are re f lec ted  i n  the wide var ia t ion  i n  the estimated cos t .  
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7. STRESS ANALYSIS OF FUEL ELENENTS 

S t r e s s  Analysis.of Uncoated Fueled Graphite 
Spheres With Uniform Heat Removal 

The temperature d i s t r ibu t ions  i n  the  f u e l  b a l l s  w i l l  induce com- 

pressive stresses i n  the  r a d i a l  d i r ec t ion  and t e n s i l e  stresses i n  t h e  

tangent ia l  d i rec t ions .  The maximum t e n s i l e  stresses w i l l  occur at the  

surfaces,  Since graphi te  i s  weak i n  tension, these a re  the  l imi t ing  

quant i t ies ,  and the  maximum allowable sphere diameter f o r  a given heat 

generation rate depends upon the  ult imate t e n s i l e  s t r e s s .  Although the  

thermal s t r a i n s  produce t e n s i l e  s t r e s ses  at t h e  surface of a sphere, 

t he  hydrostat ic  pressure loading provides a mitigating fac tor ,  since 

compressive stresses r e s u l t  from t h i s  source. 

A s  a f irst  approximation i n  t he  stress analysis ,  t he  spheres were 

assumed t o  be sol id ,  homogeneous bodies w i t h  uniform in t e rna l  heat 

generation and uniform surface cooling. The material w a s  assumed t o  

be an idea l ly  e l a s t i c ,  isotropic ,  fueled graphi te .  The temperature 

i s  thus a function only of the  radius,  r, and i s  given by 

where 

Ts = surface temperature, 

= power-generation rate, 

b = outside radius,  

k = thermal conductivity.  

The general  equation f o r  the  tangent ia l  s t r e s s  is' ' 

'S. Timoshenko and J. N .  Goodier, "Theory of E la s t i c i ty , "  p. 418, 
McGraw-Hill, New York, Second Edition, 1951. 
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The maximum stress i s  found by subs t i tu t ing  Eq. (1) i n t o  Eq. ( 2 )  and 

in tegra t ing  from r = 0 t o  r = b.  Thus 

where 

a = thermal coef f ic ien t  of expansion, 

E = e l a s t i c  modulus, 

v = Poisson's r a t i o .  

The l imit ing power generation rate as a function of the  outside diameter, 

D, and t h e  u l t i 'mte  t e n s i l e  s t r e s s  i s  obtained from Eq. (3): 

A value of 8 Btu/hr.ft ."F f o r  t he  thermal conductivity appears t o  

be reasonable, 

exposure, temperature, and t h e  amount of graphi t iza t ion .  For t h i s  

reason, four d i f f e ren t  values of k w e r e  used i n  the  analysis .  

used f o r  the  constants i n  Eq. ( 4 )  a re  the  following: 

However, t h e  value v a r i e s  with f u e l  loading, fast-neutron 

The values 

(T = 1500, 2000, and 2500 p s i  u l t  
a = 3 x 10-6 in./.in:O~ 

E = 1 . 5  x lo6 p s i  

v = 0.3 

k = 4, 8, 12, and 15 Btu /hr . f t*"F  

The choice of these values w i l l  be discussed la ter .  The results of t he  

analysis  are given i n  Figs.  7 .1  and 7.2.  

r a t e  as a function of the  b a l l  diameter i s  shown i n  Fig.  7.1, with t h e  

values of thermal conductivity l i s t e d  above as parameters. The e f f ec t  

of ult imate t e n s i l e  s t r e s s  i s  indicated i n  Fig.  7.2. 

The allowable power generation 
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If c red i t  can be taken for t he  compensating e f f ec t  of external 

pressure on t h e  graphi te  ba l l s ,  Eq. ( 3 )  becomes 

a&Eb2 
- P  J 

- a - 
tmax 15(1 - v )  

where p i s  coolant pressure,  

from Eq. ( 4 ) ,  becomes . 

The allowable power generation ra te ,  

60(1 - V)k oult + p 
A o =  

aE D2 

For a system pressure of 700 psi ,  t he  e f f ec t  i s  t h e  same as taking 

(J = 2200 p s i  instead of 1500 psi ,  as i n  the  previous .equation. u l t  

Effect  of Thermal S t resses  Caused by a Nonuniform Heat Transfer 
Coefficient Over the  Surface of a Sphere with 

Uniform In te rna l  Heat Generation 

Since the  f u e l  spheres w i l l  be stacked i n  the  cavi ty  which forms 

the  f u e l  region of t he  reactor,  contact between adjacent elements and 

t h e  coolant flow d i s t r ibu t ion  w i l l  r e s u l t  i n  a nonuniform surface 

heat f l u x  for each sphere. This gives r i s e  t o  temperature d i s t r ibu t ions  

i n  the  spheres which a re  functions of the  three  space coordinates. The 

s t r e s s  analysis  of a so l id  sphere with t h i s  type of temperature d i s t r i -  

bution represents a complex thermoelastic problem. However, an approxi- 

mate value f o r  the maximum s t r e s s  i n  each sphere may be obtained by 

considering t h e  difference between the  mean temperature of a body and 

the  temperature at a point on the  surface.  Here it i s  assumed tha t  

the  maximum s t r e s s  i s  i n  the  tangent ia l  d i rec t ion  at t h e  surface.  

The tangent ia l  stress f o r  a temperature d i s t r ibu t ion  with r a d i a l  

dependence only i s  given by Eq. ( 2 ) .  Since the  mean temperature of 

t h a t  portion of a sphere within the  radius r i s  
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t he  tangent ia l  stress at any point becomes 

The maximum tangent ia l  s t r e s s  at  the  surface i s  

0, = 1 - v  kFlb - T ( b $  . 
b .  max 

Equation ( 7 )  may therefore  

magnitudes f o r  t he  case of 

(5 m 
max t 

be used t o  obtain approximate maximum s t r e s s  

nonuniform surface heat f l ux .  Thus 

The temperature d i s t r ibu t ion  i n  b a l l s  w i t h  a uniform i n t e r n a l  

heat generation r a t e  and a nonuniform f i l m  heat t r a n s f e r  coef f ic ien t  

over the  surface w a s  calculated f o r  several  cases  using the generalized 

heat conduction code f o r  t he  IBM-704 computer. * 
t i o n s  were made: 

The following assump- 

1. Each stacked fuel ,  bal l  i n  the  PBR has an average of seven 

contact points  w i t h  the  adjacent bal ls .  

2 .  The contact points  a r e  uniformly d i s t r ibu ted  over the  ba l l  

surface.  

3. The heat t r ans fe r  coef f ic ien t  i s  a minimum at  the  contact point 

and increases  with dis tance from t h i s  point .  

4.  The values f o r  the heat t r a n s f e r  coef f ic ien t  a r e  symmetrical with 

respect t o  the  contact point .  

'T. B. Fowler and E.  R .  Volk, "Generalized Heat Conduction Code 

3Unpublished Canadian research on heat t r a n s f e r  i n  packed bed of 

f o r  the  IBM-704 Computer," ORNL-2734 (Oct. 16, 1959). 

b a l l s .  
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If t h e  heat t r ans fe r  

t he  typ ica l  sect ion t o  be 

coef f ic ien ts  f o r  a l l  contact points  are equal, 

analyzed can be approximated by t h a t  portion 

of t he  sphere subtended by a 90-deg cone angle from the  b a l l  center, with 

the  ax i s  of t he  cone passing through the  contact point .  The condition 

of symmetry about t he  ax i s  reduces the  problem t o  a two-dimensional 

heat-conduction ana lys i s .of  a sector  of a c i r c l e  with a cent ra l  angle 

of 45 deg. 

a t  the  two boundaries formed by the  radii and ( 2 )  a var iab le  heat t r ans fe r  

coef f ic ien t  f o r  the  spherical  surface. The constants selected f o r  t he  

problem were: . 

The following boundary conditions apply: (1) no heat flow 

Thermal conductivity 10 Btu/hr . f t ."F 

Heat generation i n  the  b a l l  

B a l l  diameter 1 . 5  i n .  

50 kw/li ter 

The bulk gas temperature w a s  assumed t o  be constant over the  b a l l  surface 

and equal t o  zero, fo r  convenience i n  the  calculat ions.  

The temperature d i s t r ibu t ions  represented i n  Figs.  7.3a, b, and c 

a re  f o r  an average f i l m  heat t r a n s f e r  coef f ic ien t  of 610 Btu /hr - f t2  -OF. 
Figures 7.3a and b a re  f o r  r a t i o s  of the  average t o  the  minimum f i l m  

heat t r ans fe r  coef f ic ien t  of 2 and 3, respect ively.  

i n  r e f .  3 were used as a guide i n  select ing these r a t i o s .  Figure 7 . 3 ~  

represents the  temperature d i s t r ibu t ion  f o r  a uniform f i l m  heat t r ans fe r  

coeff ic ient  of 610 B tu /h r* f t2 - "F .  

above the  reference bulk coolant temperature. Figures 7,4a, b, and c 

represent t he  r e s u l t s  of similar calculat ions f o r  an average f i lm coeff i -  

c i en t  of 305 Btu /hr - f t2 ."F .  The mean temperature f o r  the  complete sphere 

i n  each case w a s  obtained by summing the  products of each local tempera-  

t u r e  and i t s  incremental volume and dividing by the sum of the incremental 

volumes. The mean temperature i s  given i n  each f igure .  

The da ta  presented 

The temperatures given are a l l  i n  OF 

The following material  propert ies  were assumed f o r  t he  graphite b a l l s :  

E = 1 . 5  x lo6 ps i  

v = 0 .3  

a = 3.0 X lok6 in./in:OF 
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Table 7 .1  gives the calculated s t r e s ses  f o r  each of the  s i x  cases 

corresponding t o  Figs.  7 .3  and 7.4 and the  percentage increases  i n  maxi- 

mum s t r e s s  over the  s t r e s ses  f 'dr-the case of a uniform heat t r ans fe r  

coef f ic ien t .  

Table 7.1. Comparison of Maximum Calculated Thermal 
Stresses ,  omax, i n  Balls With Uniform and 

Nonuniform Heat Transfer Coefficient 

Increase i n  Thermal S t r e s s  
Over That f o r  Uniform 

Film Coefficient 
c7 ( p s i )  max Case 

15.8 
21.6 

3a 1035 
3b 1090 
3c 895 

4a 1075 
4b 1120 
4c 880 

21.9 
27.0 

It may be concluded t h a t  vzlrying the f i lm  coef f ic ien t  over t he  b a l l  

surface while keeping i t s  average'value constant does not a l t e r  t he  b a l l  

center  temperature; only the  temperatures near t he  surface a r e  a f fec ted .  

The vximum surface temperature f o r  a var iab le  heat t r ans fe r  coef f ic ien t  

i s  from 20 t o  40% higher than f o r  a llnifdrm h e a t , t c m s f e r  coe f f i c i en t .  

It may a l s o  be concluded t h a t  t he  maximum thermal s t r e s s  i s  increased 

by 15 t o  30$ f o r  t he  assumed conditions.  

Propert ies  of Fueled Graphite 

The physical and mechanical propert ies  of graphi te  vary widely 

from one grade t o  mother .  

specimen and even within the same specimen. I n  addi t ion t o  these var ia -  

t i ons ,  most of t he  propert ies  a r e  dependent on such f a c t o r s  as tempera- 

tu re ,  t he  type of coke, the  type of binder, the  amount of graphi t izat ion,  

They a l so  vary widely from specimen t o  



7.11 

t h e  method of fabr icat ion,  and the  or ien ta t ion  of the  gra ins .  I n  

nuclear appl icat ions t h e  fast-neutron exposure, as w e l l  as the  irradia- 

t i o n  temperature, a f f e c t s  t he  propert ies .  When fueled graphi te  i s  con- 

sidered, the  e f f e c t s  of t he  f u e l  must be taken i n t o  account. Thus, it 

becomes extremely d i f f i c u l t  t o  obtain da t a  from the  l i t e r a t u r e  t h a t  are 
d i r e c t l y  applicable t o  a pa r t i cu la r  s i t ua t ion .  

The PBR f u e l  elements a r e  molded graphi te  spheres containing 

uranium and thorium. Because of t he  temperature l imi ta t ions  of surface 

coatings, the  f i n a l  baking temperatures of t he  spheres may be below the  

temperature range required f o r  complete graphi t iza t ion .  Thus, t he  

spheres may be only p a r t i a l l y  graphi t ized.  A l i t e r a t u r e  search reveals  

t h a t  t he  da ta  most appl icable  t o  the  PBR f u e l  elements a r e  the  r e s u l t s  

of research by the  Los Alamos Sc ien t i f i c  Laboratory,4i5 the  National 

Carbon Company,6D 7 t  t h e  Hanford Laboratories, and North American 

Aviation, Inc .lo 

and mechanical propert ies  i s  taken from these references.  

The following discussion of t he  applicable physical 

'P. Wagner e t  a l . ,  "Some Mechanical Propert ies  of Graphite i n  the  
Temperature Range 20 t o  3O0O0C," Second United Nations In te rna t iona l  
Conference on the  Peaceful Uses of Atomic Energy, 7, 379 (1958). 

Uranium-Loaded Graphites at Elevated Temperatures," Report No. 1537, 
Aerojet-General Corporation (Dec. 23, 1958).  

f o r  Special  Nuclear Applications," Second United Nations In te rna t iona l  
Conference on the  Peaceful Uses of Atomic Energy, 7, 389 (1958). 

f o r  Reactors," Proceedings of the  In te rna t iona l  Conference on the Peace- 
f u l  Uses of Atomic Energy, 8, 451 (1955). 

8"Summary Report - Phase 1, Graphite-Matrix Nuclear Fuel Elements, ' I  

Vol .  1, National Carbon Company (Dec. 27, 1959). 

'R. E. Nightingale e t  a l . ,  "Damage t o  Graphite I r r ad ia t ed  Up t o  
1000°C, I '  Second United Nations In t e rna t iona l  Conference on the' Peace- - '  

f u l  Uses of Atomic Energy, 7, 295 (1958). 

Thermal Conductivity of Uranium Impregnated Graphite at Elevated 
Temperatures, NAA-SR-836, North American Aviation, Inc .  (Aug.  15, 1954).  

'Leon Green e t  a l . ,  "Mechanical Property Measurements on Pure and 

6W. P .  Eatherly e t  a l . ,  "Physical Propert ies  of Graphite Materials 

7L. M .  Currie e t  a l . ,  "The Production and Propert ies  of Graphite 

"Richard E .  Durand e t  a l . ,  "Effect of Reactor I r r ad ia t ion  on the  
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The l i n e a r  coe f f i c i en t s  of thermal expansion, a, i n  t he  temperature 

range of i n t e r e s t  are reported i n  refs. 4 and 5 f o r  several  grades of 

uranium-impregnated molded graphi te  manufactured at  Los Alamos. 

U02 w a s  added t o  y i e ld  grades of f in i shed  material with t h e  uranium 

concentrations given i n  Table 7.2. The t e s t  specimens were machined 

with t h e i r  long axes p a r a l l e l  t o  the gra ins  (perpendicular t o  the molding- 

pressure vec tor ) ,  so the  values reported a re  f o r  a d i r ec t ion  p a r a l l e l  t o  

t he  gra ins .  Table 7.3, taken from da ta  given i n  ref.  5, gives  t h e  r e s u l t s  

of thermal expansion measurements on these specimens. 

Normal 

Table 7.2. Fuel Content of Graphite Used 
i n  Los Alamos Tes ts  

Volume Concentration 
of Uranium Specimen Fuel Content 

( w t  $) (g/cm3 1 Iden t i f i ca t ion  

CK 0 0 
LDH 6.7 0.125 
LDC 13.1 0.250 
LDP 39.0 . 0.350 

Table 7.3. ' Average Coeff ic ients  of Linear Thermal Expansion, 
a, for Pure and Uranium-Loaded Graphite Specimens 

Fuel Content Temperature Range a 
Specimen ( w t  k) (OF) ( i n . / i n .  .OF) 

CK 0 

LDH 6.7 

LDC 

LDP 

13 .1  

39.0 

68-1922 
2372-4352 

68-1922 
2 3 72-43 52 

6 8-1 92 2 
2 3 72-43 52 

68-1922 
2 3 72-43 52 

x 10-6 
1.32 
2.67 

1 .61  
2.70 

2.19 
2.22 

2.50 
2.31 
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The coeffic-znt of thermal expans-3n f o r  use i n  t h e  thermal s t r e s s  

ca lcu la t ions  of t he  PBR f u e l  elements would be between the  values given 

i n  Table 7.3 because t h e  temperature w i l l  be approximately 2000°F. It 
appears, however, t h a t  the  amount of graphi t iza t ion  w a s  higher f o r  t h e  

graphi te  specimens l i s t e d  than would be expected i n  the  fueled spheres 

f o r  t he  PBR. Since a decreases s l i g h t l y  with the  amount of graphi t iza-  

t ion ,  a value of 3 x lom6 in./in:"F was used i n  the  PBR stress calcula- 

t i ons .  

The most applicable thermal conductivity da t a  a r e  given i n  r e f s .  4, 
9, and 10. The values of thermal conductivity l i s t ed  i n  Table 7 .4  were 

taken from r e f .  4 and a r e  f o r  the unirradiated Los Alamos graphite 

specimens discussed above. The measurements were made i n  a d i rec t ion  

p a r a l l e l  t o  t he  gra ins .  

Table 7.4. .  Thermal Conductivity of Pure and 
Uranium-Loaded Unirradiated Graphite 

Specimens a t  2000°F 

Fuel Content Thermal Conductivity 
Fd ( B t  u/hr - f t . OF ) Specimen 

CK 0 14.5 

LDH 6.7 15.0 

LDC 13.1 13.8 
---_I ~- 

Reference 8 gives the  room-temperature thermal conductivity of 

unirradiated U02-graphite compacts and unirradiated ThO2-graphite com- 

pacts .  Since the  da t a  a r e  f o r  room temperature, they a re  not d i r e c t l y  

applicable t o  the  PBR f u e l  elements. 

t h a t  the  e f f ec t  on the  thermal conductivity of a given amount of Tho2 

i n  the  graphi te  i s  approximately the same as the  same amount of U 0 2 .  

The da ta  do indicate ,  however, 
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The thermal conductivity of graphi te  i s  reduced by fast-neutron 

exposures up t o  approximately 5000 Mwd/AT." 

saturat ion state i s  reached. 

on the  temperature a t  which the  graphi te  i s  i r rad ia ted .  

i n  r e f s .  9 and 10 t h a t  indicate  the amount of reduction i n  thermal con- 

duc t iv i ty  as a function of exposure and i r r ad ia t ion  temperature. The 

r a t i o  of thermal conductivity f o r  unirradiated unimpregnated graphite 

t o  the  thermal conductivity of i r r ad ia t ed  uranium-impregnated graphite 

i s  given i n  r e f .  10 as a function of exposure and i r r ad ia t ion  tempera- 

t u r e .  

and t h e  thermal conduct ivi t ies  were measured at  the  i r r ad ia t ion  tempera- 

t u re .  The data  ind ica te  tha t ,  when sa tura t ion  exposures are reached, 

t he  thermal conductivity i s  reduced by a f ac to r  of approximately 2 f o r  

t he  temperature range expected i n  t h e  PBR f u e l  b a l l s .  Table 7.5 gives 

t h e  f ac to r s  by which the  room-temperature thermal conduct ivi t ies  are 

reduced for  several  unfueled graphi te  specimens, as reported i n  r e f .  9 .  

Above t h i s  value a near- 

The amount of reduction i s  highly dependent 

Data are presented 

The uranium-impregnated graphite contained 0.018 g/cm3 of uranium, 

"One megawatt day per adjacent ton  i s  defined as t h e  amount of 
reac tor  radiat ion received by a sample i n  the  Hanford reac tors  during 
the  t i m e  required f o r  the  ton of uranium adjacent t o  the sample t o  
generate one megawatt-day of f i s s i o n  energy. 

Table 7.5. Reduction Factors f o r  t he  Room-Temperature 
Thermal Conductivity of Graphite I r rad ia ted  

.At  .Various Temperatures 

I .  

I r r ad ia t ion  Reduction Factor Reduction Factor 

(OF) 1000 Mwd/AT . 3000 Mwd/AT 
Grade Temperature f o r  Exposure of f o r  Exposure of 

CSF 86 31.7 41.3 

C SF 752 4.1 5.5 

CSF 932 3.2 4.0 

TSGBF 1382 2.0 



7.15 

Assuming t h a t  fueled graphi te  behaves 

and t h a t  the e f f ec t  of i r r ad ia t ion  on 

at high temperatures i s  approximately 

s imi la r ly  t o  unfueled graphite 

t h e  thermal conductivity measured 

the  same as the  e f f ec t  on thermal 

conductivity measured at  room temperature, t he  da t a  i n  Table 7.5 

substant ia te  t he  r e s u l t s  given i n  ref.  10 and again ind ica te  t h a t  t he  

thermal conductivity i n  the  PBR f u e l  elements w i l l  be decreased by a 

f ac to r  of not more than 2 during f u e l  element l i fe t ime.  

value of 15 Btu/hr . f t - 'F  from Table 7.4, t he  value after i r r ad ia t ion  

w i l l  be approximately 8 Btu/hr.ft ."F.  

because of incomplete graphi t izat ion.  

Based on the  

This value may be s l igh t ly  high 

The t e n s i l e  s t rengths  of the Los Alamos fueled and unfueled graphite 

specimens a re  given i n  r e f .  4, and the  applicable da t a  a re  summarized i n  

Table 7.6. The values are f o r  a d i rec t ion  p a r a l l e l  t o  the grains .  

though it i s  not apparent i n  Table 7.6, t he  da t a  presented i n  r e f .  4 

do not indicate  any obvious re la t ionship  between ult imate strength and 

uranium content up t o  0.35 g/cm3 of uranium. The s t rength of graphi te  

increases with i r rad ia t ion ,  and the  modulus of e l a s t i c i t y  increases i n  

approximately the same proportion. When e l a s t i c  thermal s t r e s s  calcula- 

t i o n s  a re  made and the  calculated s t r e s ses  a re  compared w i t h  the  s t r e s s  

required f o r  rupture, the r a t i o  i s  e s sen t i a l ly  independent of the 

accumulated dose. 

A similar s i tua t ion  e x i s t s  because of graphi t izat ion,  since both the  

Al- 

Hence, t he  ne t  e f f ec t  of i r r a d i a t i o n  may be neglected. 

Table 7 .6 .  U l t i m a t e  Tensile Strengths of Pure 
and Uranium-Loaded Graphites 

U l t i m a t e  Tensile Strength 
Fuel Content (Ps i  1 

A t  1832°F A t  Room 
Temperature 

( w t  99 Spec i men 

CK 

LDH 

LDC 

0 1500 

6.7 1500 

13.1 1700 

2100 

1800 
1800 

LDP 39.0 1500 1550 
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modulus of e l a s t i c i t y  and the s t rength decrease with the  amount of 

graphi t izat ion.  I n  accordance with these observations, t h e  ultimate 

t e n s i l e  s t rengths  and moduli of e l a s t i c i t y  f o r  the  unirradiated graphite 

specimens l i s t e d  were considered t o  be applicable.  

PBR f u e l  elements w a s  therefore  assumed t o  be within the  range of 1500 

t o  2580 p s i .  

The s t rength of t he  

The da ta  given i n  ref .  5 do not ind ica te  any obvious re la t ionship  

between the  modulus of e l a s t i c i t y  and t h e  uranium content i n  fueled 

graphi tes .  I n  t h i s  study a value of 1 .5  X lo6 p s i  w a s  used. 

Discussion of Results 

On the  basis of avai lable  physical  properties,  rupture-elongation 

data, and the  present knowledge concerning graphite behavior, it must 

be concluded t h a t  f a i l u r e  can occur as a r e s u l t  of la rge  steady-state 

thermal s t resses .  The probabi l i ty  of failure depends on the a b i l i t y  of 

t he  graphi te  t o  withstand deformation without rupture.  

Early attempts were made at Oak Ridge t o  cor re la te  calculated graphi te  

thermal s t r e s ses  w i t h  f r ac tu re  without success. l2 * l3 

using specimens made from K S  graphi te  and from graphitized and non- 

graphitized uranium impregnated graphi te  ( 5  w t  $ U). 
conditions t h a t  could 'be obtained with t h e  equipment used did not cause 

thermal rupture.  The m a x i m u m  temperature f o r  each specimen w a s  maintained 

at  2500°F. 

specimens, using room-temperature properties,  w a s  3090 p s i .  The maxi- 

mum calculated s t r e s ses  i n  the  uranium-impregnated samples t e s t ed  were 

2930 p s i  f o r  t he  graphitized specimens and 3420 p s i  f o r  t h e  nongraphitized 

specimens. 

The tes t s  were run 

The maximum stress 

The maximum calculated thermal s t r e s s  f o r  t h e  KS graphite 

1 2 A .  R .  Crocker, "Thermal S t ress  Tests of K S  Graphite," NEPA 1125- 

13A. R .  Crocker, "Thermal S t ress  Tests  on,. 5% Uranium Impregnated 

EXR-2 (Ju ly  19, 1949). 

Graphite," NEPA 1369-EXR-7 (September 1949). 
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These calculated s t r e s ses  are above t h e  room-temperature ult imate 

s t rengths  f o r  t he  materials tes ted .  However, these stresses were 

probably overestimated, since i so t ropic  behavior of the material w a s  

assumed and mater ia ls  propert ies  were chosen t h a t  r e s u l t  i n  high s t r e s s  

predict ions.  No conclusions can be drawn regarding the  thermal-rupture 

c r i te r ion ,  since the  ac tua l  s t r e s ses  were probably within the  range of 

the  ult imate s t r e s ses  reported. 

I n  es tabl ishing a thermal-rupture c r i t e r ion ,  it should be remembered 

tha t  a basic difference e x i s t s  between thermal and mechanical s t r e s ses .  

The s t r a i n  i s  the  control l ing f ac to r  i n  the  f i rs t  case, and the s t r e s ses  

a re  induced by the s t r a i n s  according t o  some s t ress -s t ra in  re la t ionship.  

I n  the  l a t t e r  case, t he  s t r e s ses  within the  body are those required t o  

maintain equilibrium between in t e rna l  forces  and applied loads. Thus, 

the  load i s  the  control l ing fac tor ,  and, f o r  a simple member, the  s t r e s s  

i s  obtained d i r e c t l y  from the  applied loads by the use of s t a t i c s .  

uniaxial  t e n s i l e  t e s t  provides one example. 

thermal rupture from uniaxial  t e n s i l e  da t a  thus depends upon the v a l i d i t y  

of the  assumed re la t ionship  between stress and s t r a i n .  

A 

An accurate predict ion of 

Graphite i s  an anisotropic material t h a t  exhib i t s  bot4 nonlinear 

e l a s t i c  and p l a s t i c  deformation before f rac ture .  Thus, i f  thermal 

s t r e s ses  a re  calculated using l inear ,  e l a s t i c  theory and t h e  modulus 

(or  moduli) of e l a s t i c i t y  at zero s t r a in ,  t h e  calculated values will be 

higher than the  ac tua l  s t resses .  Conversely, the  calculated s t r a i n s  

may not be conservatively calculated,  and caution must be used t o  insure 

that  t he  rupture s t r a i n s  are given proper recognition. 

The rupture curves f o r  Pl3R f u e l  balls were derived by ignoring 

i r r ad ia t ion  e f f e c t s  upon mechanical propert ies  and t h e  probabi l i ty  t ha t  

creep w i l l  occur. 

t he  s t r a i n  i s  the  control l ing f ac to r  i n  thermal s t r e s ses  and the  i n t e g r i t y  

of a body depends upon i t s  a b i l i t y  t o  absorb s t r a i n .  

material behavior due t o  i r r ad ia t ion  a l t e r  t he  s t r e s s - s t r a in  re la t ion-  

ships, but no increase i n  rupture s t r a i n  has been reported.  

This course w a s  taken because, as mentioned above, 

The changes i n  
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From t h e  da t a  present ly  avai lable ,  it i s  apparent t h a t  t he  un- 

ce r t a in ty  i n  the  thermal conductivity values equals o r  exceeds the  

uncertainty associated with t h e  ult imate t e n s i l e  s t rength values.  

f a c t  suggests t h a t  primary emphasis should be placed upon accurately 

determining t h i s  quantity as a function of i r r ad ia t ion  and the  other 

f ac to r s  which have s igni f icant  influence.  I n  addition, a t e s t  program 

should be i n i t i a t e d  t o  provide thermal-rupture da ta  which w i l l  form a 

bas i s  for making accurate theo re t i ca l  predict ions.  On t h e  ana ly t ica l  

side, mathematical models. should be developed for  accurately evaluating 

both e l a s t i c  and p l a s t i c  behavior of bodies made from anisotropic 

materials. 

This 
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8. STEAM GEXEBA!TORS 

The basic  design requirements f o r  a steam generator su i tab le  f o r  

operation with a gas-cooled pebble-bed reac tor  power plant  were outlined 

i n  the  PIBRE report‘ and a r e  summarized below: 

1. The steam generator u n i t  must be capable of producing high- 

temperature high-pressure steam. 

2. The r e l i a b i l i t y  of the  steam generator i s  of paramount importance. 

3 .  It must be possible t o  block off  tubes from a point outside the  

sh ie ld  i n  the  event of tube leaks.  

4. The design should enhance removal of a f te rhea t  by na tura l  con- 

vection. 

5. The design should be such as t o  minimize plant  gas piping and 

shielding requirements. 

6. The u n i t  should be readi ly  fabr icable .  

The 330-Mw(e) reac tor  system incorporates two steam generators, 

each 8.5 f t  i n  outside s h e l l  diameter and approximately 70 f t  high. 

The u n i t s  a r e  located as  shown i n  Figs .  3.1 and 4.4. The use of two 

u n i t s  eases t h e  problems of leak detect ion and makes possible the 

i s o l a t i o n  of a un i t  i n  the  event of a tube f a i l u r e .  

A once-through steam generator was selected t o  minimize the number 

of tube penetrations through the  heat exchanger s h e l l .  

once-through design permits a higher feedwater temperature t o  the  steam 

generator than i s  possible with a rec i rcu la t ing  uni t ,  and t h i s ,  i n  turn,  

i s  re f lec ted  i n  a higher plant  thermal e f f ic iency .  A l imitat ion,  perhaps 

not generally recognized, on gas-cooled reac tor  power p lan ts  involves 

t h e  requirement f o r  reducing re turn  gas temperatures t o  values normally 

below the  optimum feedwater temperatures f o r  the most modern steam 

power p lan ts .  

steam generator i s  400°F, whereas a comparable conventional plant  opera- 

t i n g  at  similar conditions would employ addi t iona l  feedwater heaters  

I n  addition, a 

I n  the  present design the  feedwater temperature t o  the  

’“Preliminary Design of a lO-Mw(t )  Pebble-Bed Reactor  experiment,^" 
ORNL CF-60-10-63, November 1, 1960, chap. 1 2 .  
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and might operate with feedwater temperatures well  i n  excess of 500°F. 

This  l imi ta t ion  on maximum feedwater temperature, because of minimum 

gas temperature requirements, r e s u l t s  i n  a lower thermal eff ic iency.  

General Considerations f o r  Steam Generator Design 

The ex ter ior  s h e l l  geometry and t h e  s ize  of t h e  steam generator 

un i t  were s ign i f icant ly  influenced by basic boundary conditions of t h e  

reac tor  plant .  The conditions most c lose ly  affect ing t h e  steam 

generator design were (1) t h e  decision t o  employ an in t eg ra l  pressure 

envelope fo r  t h e  steam generator and t h e  reac tor  vessel ,  ( 2 )  t he  steam 

generator height required t o  achieve na tura l  convection f o r  decay-heat 

removal, ( 3 )  requirements f o r  access room and contro&+rod space on the  

top  of the  reactor  vessel ,  and ( 4 )  t h e  l imi ta t ion  on the  steam generator 

height imposed by the overhead crane, containment s h e l l  considerations, 

and s t ruc tu ra l  s t a b i l i t y  under Lateral  shaking forces .  

The design selected i s  shown schematically i n  Fig.  8.1. Gas from 

the reac tor  core i s  directed through an entrance nozzle t o  the  cen t r a l  

c i r cu la r  upflow pipe of t he  steam generator.  A t  approximately two- 

t h i r d s  of the  vesse l  height, t h e  gas passes through a t r a n s i t i o n  piece 

t o  a square section containing the  reheater  of t he  generator u n i t .  A t  

the  top of the  vessel ,  turning vanes reverse t h e  gas flow downward 

around the  outside of t h e  reheater  shroud and i n t o  t h e  main tube annulus. 

The gas i s  directed parallel t o  the superheater, boi ler ,  and economizer 

tubes and countercurrent t o  t h e  tube-side flow. Cool gas from the  core 

i n l e t  i s  directed up t h e  cooling annulus between the  she l l  and a layer  

of thermal insulat ion designed t o  maintain s h e l l  temperatures below 

600°F. The annulus gas discharges i n t o  the  main helium stream at'.the 

t o p  of t he  steam generator un i t .  

The decision t o  employ an upflow core and l i m i t  the  core pressure 

drop t o  prevent core l ev i t a t ion  reduced t h e  r a t i o  of core pressure drop 

t o  t o t a l  system drop. The maximum permissible system pressure drop w a s  

selected f o r  good removal of a f te rhea t  by thermal convection. The 
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reduction i n  pressure losses  i n  t h e  core permitted a more l i b e r a l  

pressure drop i n  the  steam generator while s t i l l k e e p i n g  the  over-all  

reactor  system pressure drop below the  l imi t ing  value for adequate 

thermal convection. The steam generator w a s  designed so t h a t  t he  gas 

pressure drop would not exceed 50s of the  t o t a l  system drop. 

Steam and Gas Conditions i n  t h e  Steam Generator 

Table 8 . 1  and Figs .  8 . 1  and 8 e 2  summarize the  pressures and tempera- 

t u r e s  of t he  f l u i d s  enter ing and leaving the  steam generator.  The re-  

quirement of t he  added heat from the  blowers necess i ta tes  a gas tempera- 

t u r e  of 535°F leaving the  steam generator t o  achieve a 550°F core i n l e t  

temperature. 

300 000 lb/hr of steam between the  superheat and reheat steam pressures.  

The discharge steam from the dr ive  turbine and the  high-pressure turbine 

generator discharge steam mix and re turn  t o  the  reheat sect ion of the 

steam generator. 

The two turbine dr ives  for the  blowers u t i l i z e  approximately 

Table 8.1. G a s  and Steam Conditions i n  Steam Generator 

Helium 

Flow per generator, lb/hr  
I n l e t  temperature, "F 
Outlet  temperature, "F 
Pressure drop, p s i  

Steam 

Flow per generator, lb/hr  
Feedwater i n l e t  temperature, "F 
Feedwater i n l e t  pressure, p s i a  
Superheated steam o u t l e t  temperature, .aF 
Superheated steam o u t l e t  pressure, p s i a  
Reheater i n l e t  temperature, "F 
Reheater o u t l e t  temperature, "F 
Reheater i n l e t  pressure, p s i a  
Reheater o u t l e t  pressure, p s i a  

.1.56 X lo6 
1250 
535 
9 

1.05 X lo6 
400 
2550 
1055 
2480 
623 
1005 
470 
460 
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Steam Generator Geometry 

The favorable heat  t r ans fe r  propert ies  of helium and the high mass 

ve loc i t i e s  permissible through the steam generator make extended surfaces 

of doubtf'ul value. An analysis  of the heat  exchanger performance under 

a number of design conditions indicated t h a t  a u n i t  u t i l i z i n g  bare tube 

surfaces could be designedjto meet the necessary performance require- 

ments. 

design. 

i n  Table 8.2. 

Accordingly, no extended surface tubing is  used i n  the proposed 

Specif ic  design parameters f o r  the steam generator are given 

Water en ters  the feedwater drum a t  400OF and passes i n t o  the  s h e l l  

through 1 3/4-in.-diam feeder l i n e s .  

6-in. spherical  headers serving 61 tubes 5/8 i n .  i n  diameter arranged i n  

a hexagonal tube bundle, as indicated i n  Fig.  8.3. 
mitted the  development of a su i tab le  layout,  and therefore  the tubes 

are v e r t i c a l  within the  heat exchanger. 

spherical  steam headers iden t i ca l  t o  the  lower feedwater headers. The 

superheated steam passes from the spher ica l  steam headers through col-  

l e c t o r  tubes t o  the  superheater drum. The proposed design u t i l i z e s  

approximately 7700 tubes 5/8 i n ,  i n  diameter. 

and shell-wall  penetrations a re  required a t  the entrance t o  the econo- 

mizer sec t ion  and a l i k e  number a t  the  superheater exi t .  Tubes near 

the inner and outer per ipheries  that cannot be accommodated i n  the  

hexagonal tube bundles are fed by spec ia l  headers. 

These feeder l i n e s  terminate i n  

Time has not per- 

They terminate a t  the  top i n  

Approximately 125 header 

Thermal expansion loops on the  feedwater l i n e  and superheater tubes 

are provided in the primary sec t ion  of the steam generator.  

bundles are hung from support cradles  on the expansion loops i n  the 

superheater sect ion.  The support cradles  are, i n  turn,  t i e d  t o  the 

vesse l  w a l l .  

pendently i n  a v e r t i c a l  d i rec t ion  and are permitted l imited r e l a t i v e  

The tube 

Thus the individual  tube bundles are free t o  move inde- 

la teral  motion before contacting adjacent bundle spacers.  The tube 

bundle spacers are t i e d  t o  apex points  of the  hexagonal bundle. 



Table 8.2. Design Data fo r  One Once-Through Steam Generator 

Economizer, Boiler, and 
Superheater Section 

~~ 

Reheater Section 

Flow scheme 
Tube outside diameter, i n .  

Tube inside diameter, in .  

Tube material 

Number of tubes 

Tube spacing and arrangement 

Upflow pipe diameter, f t  

Dimensions of tubed sections, f t  

Tube length, f t  

Straight height of each section, f t  

Estimated over-all shell  height, f t  

Gas mass velocity, lb / sec- f t2  

Shell-side area (total ,  61 000), f t 2  

Water-side mass velocity, lb/sec eft' 

Log mean temperature difference, "F 

Heat load ( to t a l  = 1.39 X lo9), Btu/hr 

Heat load as percentage of t o t a l  load, $ 

Gas-side heat transfer coefficient, Btu/hr.ft2 "F 

Tube-side heat transfer coefficient, Btu/hr.ft2. O F  

Heat f lux (outside area), Btu/hr-ft* 

Over-all heat transfer coefficient, Btu/hr.ft2 .OF 

Axial counterflow of gas outside tubes 
0.625 

0.400 
Carbon s t ee l  i n  economizer, low-alloy 
Cr-Mo s t ee l  i n  boiler,  high-alloy 
s ta in less  s t ee l  i n  superheater 

7700 

Equilateral pitch, 0.875 in .  on centers 

3.25 

3.25, i.d.; 7.58, o.d. 

45.5 
18.3, economizer; 8.6, boiler;  18.5, 

7+75 
22.8 

23 200, economizer; 10 900, boiler;  

43.4 

91.2, economizer; 132, boiler;  154.4, 

3.78 x lo8,  economizer; 3.76 X lo8,  

27.1, economizer; 27.0, boiler;  30.5, 

330 
708, economizer; 5000, boiler; 334, 

16 300, economizer; 34 500, boiler; 

179, economizer; 262, boiler;  118, 

superheater 

23 300, superheater 

superheater 

boiler;  4.25 x lo8, superheater 

superheater 

superheater 

18 200, superheater 

superheater 

Cross flow 

1.75 
1.62 

High a l loy  s ta in less  s t ee l  

200 

Transverse spacing, 2.5 in.;  
longitudinal spacing, 1.875 
in .  (staggered) 

5.25 square 

50 

9.7 

50.1 

3580 

98.7 

-365 

2.15 x lo8 

15.4 

652 

293 

60 000 

165 
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I n  order t o  avoid the  complication of an addi t ional  header system 

o r  an excessive number of s h e l l  penetrations, t he  reheater  section i s  

designed as a serpentine co i l ,  as shown i n  Fig. 8.3. The reheater 

section i s  housed i n  a 5.3-ft square shroud with the  serpentine tubes 

of t h e  reheater sect ion supported from the  hemispherical dome. Reheat 

steam from the  high-pressure turbine en ters  t he  reheat section through 

a bank of e ight  rows of tubes having 25 tubes per  row. 

w a l l  penetrations are required at each end of t h e  reheat section. G a s  

from t h e  upflow pipe passes through t h e  t r a n s i t i o n  piece t o  the  reheat  

section. 

local ized high-impingement gas ve loc i t i e s  and poor gas flow d i s t r ibu t ion  

across the  reheater  tubes.  

Thus 200 tube 

Guide vanes are required i n  t h e  t r a n s i t i o n  piece t o  prevent 

It i s  estimated t h a t  approximately 4 f t  of s h e l l  height w i l l  be 

required f o r  accommodating thermal expansion loops and i n t e r i o r  headers 

on each end of t h e  primary section. 

required for t he  upflow t r ans i t i on  piece. The over-all  steam generator 

s h e l l  height i s  estimated t o  be 70 t o  75 f t .  

. Some modifications i n  the  design may be required t o  achieve boi l ing 

s t a b i l i t y  i n  the steam generator, but time did not permit analysis  of 

Approximately 2 t o  3 f t  w i l l  be 

t h i s  aspect.  The use of v e r t i c a l  tubes i n  the  bo i l e r  region gives a 

d i s t i n c t  advantage from t h i s  standpoint. 

Leak Detection and Maintenance Procedures 

The use of two steam generators separately housed permits t he  

incorporation of moisture-detectors i n  the  e x i t  gas stream leaving each 

un i t .  Upon an indicat ion of a tube leak i n  a steam generator uni t ,  the  

reactor  would be shut down and the  water and steam l i n e s  t o  t h e  f a i l e d  

un i t  blocked o f f .  Repair would be accomplished by entering the header 

drum and plug welding the  feeder l i n e  t o  the  tube bundle containing the  

f a i l e d  tube. Thus r epa i r  of t h e  f a i l u r e  of a s ingle  heat exchanger 

tube would render inoperative 61 heat exchanger tubes or  0.39% of the  

t o t a l  reactor  steam generator capacity. 
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It i s  important i n  the  heat exchanger design t o  consider t he  e f f ec t  

of an inoperative tube bundle on over-al l  un i t  performance. 

of plugged-off tube bundles would normally r e s u l t  i n  a stream of un- 

cooled gas passing the  e n t i r e  length of the primary tube sec t ion .  

prevent channeling of th i s  nature, spacer b a f f l e s  a re  provided i n  each 

tube bundle, as  shown i n  Fig.  8 . 3 .  
adjacent tube bundles and a l l e v i a t e  t he  problem of hot channeling. 

The presence 

To 

These b a f f l e s  d ive r t  the  gas flow t o  

The pressure gradient between the  steam and helium system w i l l  

r e s u l t  i n  steam leakage from the  once-through b o i l e r  i n t o  the  gas system 

and gas leakage i n t o  the  reheater  under design conditions.  I n  the  event 

of a tube f a i lu re ,  t he  reac tor  would be shut down and the  steam and gas 

system pressures reduced i n  such a way as t o  maintain a small pressure 

difference between them. 

from entering the  steam system i n  order t o  avoid a need f o r  decontamina- 

t i o n .  

Contaminated helium could thus be prevented 



9 . 1  

9 BLOWERS AND DRIVES 

Two single-stage cent r i fuga l  blowers w i l l  be used t o  c i r cu la t e  

helium through the r eac to r .  The design operating conditions a re :  

Flow rate per blower 

Suction temperature 535°F 

434 lb/sec 
100 '750 cf'm 

Required head 6800 f t  
12.2 p s i  

Pumping power per blower 4000 kw 

These blowers, i n  cont ras t  t o  those required f o r  the PBRE,l a r e  

high-volume-flow low-head u n i t s  and w i l l  probably be of a mixed-flow 

design. A s  a compromise between spec i f ic  speed and s i ze  the following 

compressor design w a s  es tabl ished:  

Impeller outside diameter 48 i n .  
Rotative speed (maximum) 3000 rpm 
Specif ic  speed 1250 
Estimated ove r -a l l  e f f ic iecny  '708 

The compressors a l s o  serve as two of the three support points f o r  

the reactor  vesse l .  A design t o  accomplish t h i s  i s  shown i n  Fig.  9 .1 .  

U s e  is m a d e  of a v e r t i c a l  shear w e b  welded t o  the i n l e t  and o u t l e t  

pipes and a port ion of the compressor casing along the midplane of 

these components. This p l a t e  t r ans fe r s  the weight load t o  a r o l l e r  t o  

allow f o r  thermal expansion of the reac tor  vesse l  and ducts.  

compressor i s  driven by a splined q u i l l  sha f t  t o  provide f o r  the as- 

sociated movement of the compressor. 

The 

l"Preliminary Design of a lO-Mw( t )  Pebble-Bed Reactor Experiment, ' I  

ORNL CF-60-10-63, November 1, 1960, chap. 13. 
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Fig. 9.1. Schematic D i a g r a m  of Blower fo r  PBR. 
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Maintenance of the compressor would be accomplished by first 

removing the q u i l l  sha f t  between the compressor and the turbine dr ive.  

The flanged plug assembly containing the  shaf t ,  bearings, sea l ,  and 

impeller would then be removed and replaced. 

f lange seal would be s imilar  t o  those suggested f o r  the Pl3RE. 

The shaft s e a l  and 

Since the  blower power required w i l l  be about 7200 hp per blower 

and flow control  by blower-speed var ia t ion  i s  desirable ,  steam turbine 

dr ives  appeared t o  f i t  t h i s  appl icat ion.  Accordingly, a steam turbine 

dr ive together with a pony motor f o r  p lan t  shakedown t e s t s  have been 

s ized t o  drive the compressor. The turbine is  located behind concrete 

shielding,  as shown'in Fig.  4.6, and thus is  avai lable  f o r  d i r e c t  

maintenance. In  order t o  use standard mechanical-drive turbine com- 

ponents, i n l e t  steam a t  2400 ps ia  and 1050°F w i l l  be desuperheated 

t o  about 900°F with bo i l e r  feedwater a t  400°F. The turbine w i l l  

exhaust t o  the reheater  where the steam w i l l  be combined with the 

reheat  steam from the main turbine.  This system w a s  chosen t o  give 

a s m a l l  turbine and avoid addi t ional  penetrations through the con- 

tainment s h e l l .  

is  required, assuming a turbine eff ic iency of 70%. 

A steam flow r a t e  of about 165 000 lb/hr per turbine 

A s t a r tup  motor is  connected t o  the end of the dr ive turbine.  In 

order t o  provide a subs tan t ia l  gas flow rate f o r  shakedown tes t ing ,  

the motor was  designed t o  give a gas flow of 10% of the design value, 

which requires  a motor of approximately 50 hp f o r  each blower. 
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10. BALL-HCWDLING'SYSTEM 

The core layout of Fig.  3.1 represents  a f i r s t  attempt t o  indicate  

one approach t o  the design of a pebble-bed reac tor  f o r  a large power 

plant ,  with pa r t i cu la r  a t t en t ion  given t o  the graphite shrinkage crack- 

ing problem. 

brings t o  l i g h t  qu i te  a number of ball-handling problems t h a t  had not 

been an t ic ipa ted .  

an t ic ipa ted  fo r  t h i s  and r e l a t ed  designs a r e  discussed here. 

One of i ts  pr inc ipa l  vslues i s  that the r e su l t i ng  layout 

The present design and the development problems 

B a l l  Loading 

The fuel-loading arrangement shown i n  Fig.  3.1 cons is t s  of two 

s e t s  of b a l l  ducts leading t o  the top of the r e f l e c t o r  from the f loor  

above the reac tor .  

unfueled balls a r e  located on a c i r c l e  a t  the core perimeter. The 

2 1/2-in.-diam fueled b a l l s  a r e  added a t  seven locations;  one feeder ' 

is a t  the center of the core and s i x  a r e  spaced equally on a c i r c l e  

over the f u e l  bed. The individual  bal l - loading devices f o r  these 

19 posi t ions could be designed a s  suggested i n  the PBRE report . '  

Twelve equally spaced feeders  f o r  1 1/4-in.-diam 

It i s  not c l ea r  how the top of the core should be shaped t o  give 

both good f i l l i n g  and good flow d i s t r ibu t ion  f o r  both the fueled and 

unfueled balls. The problems introduced by the use of two ball  s i zes  

and regions appear t o  be much grea te r  than  w a s  an t ic ipa ted  when the 

layout of Fig.  3.1 w a s  i n i t i a t e d .  N o t  only does it appear t o  be d i f f i -  

c u l t  t o  maintain a uaiform thickness of the unfueled b a l l  layer ,  both 

circumferentially: and ax ia l ly ,  but there  may be d i f f i c u l t i e s  w i t h  the 

fueled b a l l s  mixing with unfueled r e f l e c t o r  b a l l s  and vice versa .  Both 

types of intermixing a re  t o  be avoided, s ince la rge  fueled b a l l s  i n  the 

r e f l e c t o r  region would not be s u f f i c i e n t l y  cooled, and small unfueled 

b a l l s  i n  the f u e l  bed would obstruct  the coolant flow. 

~~~~~~ ~~ 

'"Preliminary Design of a lO-Mw( t )  Pebble-Bed Reactor Experiment," 
ORNL CF-60-10-63, November 1, 1960, chap. 14, esp.  Fig.  14.2.  
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Since balls cannot be used f o r  t he  inner layers  of the top and 

bottom r e f l e c t o r  regions i n  continuously fueled cores, these-.will  require  

replacement by some so r t  of servicing machine during extended shutdowns 

f o r  such operations.  

b e t t e r  t o  design f o r  replacement of the  inner layer  of the side r e f l e c t o r  

at  the  same time with the  same machine r a the r  than t o  attempt t o  l i n e  

the  r e f l e c t o r  with unfueled b a l l s .  

simplify the design of the  ball-handling system and would remove the  

basic  uncer ta in t ies  introduced by an uncontrolled in te r face  between two 

T h i s  being the  case, it appears t h a t  it would be 

Such a provision would grea t ly  

> a l l  regions. Several r e f l e c t o r  s t ruc tures  could be considered. A 

va r i a t ion  of t he  graphi te  rod c lus t e r  suggested i n  Fig.  3 .2  f o r  t he  top 

and bottom r e f l e c t o r s  might be employed, or a w a l l  of graphite blocks 

might be designed f o r  easy removal and replacement by a "brick-laying 

machine." 

before a core design i s  selected.  

These and other  concepts should be ca re fu l ly  considered 

Ba l l  Removal 

For a cy l ind r i ca l  core of r e l a t i v e l y  s m a l l  diameter, such a s  t h a t  

described by Sanderson & Porter ,  * preliminary experiments suggest t ha t ,  

by carefu l  experimentation and design, a favorable r a d i a l  d i s t r ibu t ion  of 

b a l l  flow r a t e  through the  core can be achieved w i t h  one cen t r a l  ball  

feed tube a t  t he  top  and one cen t r a l  d ra in  tube at  the bottom. For the  

much l a rge r  cores and much smaller core length-to-diameter r a t i o s  of 

i n t e r e s t  here, a s ingle  cen t r a l ly  located dra in  port  f o r  spent f u e l  

b a l l s  will probably: not be suf f ic ien t ,  and the  zoning of the  round core 

support g r id  t o  accommodate six b a l l  dra in  por t s  c rea tes  noncircular 

"funnel zones." 

extent or type of b a l l  flow control  which can be induced by contouring 

There a re  few experimental da t a  t o  demonstrate the  

these funnels i n  various ways, but it 

the  core should slope toward the e x i t  

*Sanderson & Porter ,  "Pebble-Bed 

does appear t h a t  t he  bottom of 

port  at an angle of at  l e a s t  

Reactor," S & P 1963. 
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15 deg r e l a t i v e  t o  the  horizontal .  

represents a major t es t  and development i t e m ,  even f o r  a core containing 

only uniformly s i z e d  fue l  ba l l s ,  and an indeterminately grea te r  e f f o r t  

fo r  a core with two b a l l  s i ze s  i n  separate  zones. 

A n  invest igat ion of t h i s  problem 

The general arrangement contemplated f o r  t h e  design of Fig. 3.1 

employs s i x  b a l l  d ra in  ducts similar t o  t h a t  shown f n  the  PBRE report. '  

By arranging the  dra in  ducts i n t o  two groups of t h ree  t o  route the  b a l l s  

outward t o  opposite sides of t h e  reac tor  vessel ,  as shown i n  Fig. 4.7, 

t he  cent ra l  area under the  reactor  i s  kept c l ea r  f o r  t h e  service machine, 

and access ib i l i t y  t o  each of t h e  s i x  drainage systems should be good. 

DeveloDment Problems 

The problems of b a l l  flow through the  core can be approached e f f ec t ive ly  

only by experimentation. The i n i t i a l  work should be directed a t  the  problems 

of .obtaining a favorable b a l l  flow d i s t r ibu t ion  across the  core with multiple 

feed and drain points. 

w i l l  introduce balls i n t o  the  core a t  a low ve loc i ty  t o  avoid t h e  s o r t  of 

The tests should include bal l - feeding devices t h a t  

damage encountered i n  t h e  Sanderson & Porter  tests car r ied  out at  Babcock R 

Wilcox. The e f f e c t s  of t he  core-ref lector  in te r face  geometry, including 

several  d i f f e ren t  angles of inc l ina t ion  away from the  feed points  a t  t he  

top  and toward the  drain points  at  t h e  bottom, should be investigated,  t o -  

gether w i t h  devices such as V-shaped val leys  rad ia t ing  from each drain point, 

as shown f o r  t he  bottom of t h e  core of Fig. 3.1. 

After t he  bas ic  work on single-region cores has been completed and a 

sa t i s f ac to ry  design developed, t he  s i t ua t ion  should be reviewed t o  determine 

whether it would be advisable t o  attempt t o  develop a two-region core with 

two b a l l  s izes .  If so, t he  f i rs t  s t ep  would be t o  determine the  extent t o  

which t h e  thickness of an outer  layer  of smaller diameter b a l l s  can be kept 

constant. The e f f e c t s  of t he  number and loca t ion  of feed points  and r e l a t i v e  

b a l l  flow through individual feed points  f o r  both unfueled and fueled b a l l s  

should be determined. I r r e g u l a r i t i e s  i n  the  thickness of the  unfucled region, 

both circumferen'kially and axial ly ,  would have t o  be checked by following 

3C. A. Leeman, "Pebble Bed Fr ic t ion  Factor and Thermal Expansion T e s t s , "  
B & W Research Report No. 4316, NYO-9069, Aug. 31, 1960, p. 15. 
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some pa r t i cu la r  loading and feeding procedure and then unloading the  bed 

from t h e  top  while taking p ic tures  as each successive layer  is removed. 

If t h e  r e s u l t s  a r e  t o  be s ign i f icant ,  t h e  sca l e  of t he  model should be a t  

least one-quarter t h a t  of a fu l l - sca l e  core, which would give 5/16-in.- 

diam b a l l s  i n  the  r e f l e c t o r  and 5/8-in.-diam b a l l s  i n  t h e  core. 

two or th ree  d i f f e ren t  geometries f o r  the  top  and bottom re f l ec to r  would 

probably have t o  be t e s t e d  t o  obtain a good idea of t he  f e a s i b i l i t y  of 

t h e  two-region bed concept, 

A t  least 

Some s o r t  of servicing machine would have t o  be developed f o r  maintain- 

ing the  fuel-handling system and replacing the  graphi te  i n  t h e  upper, lower, 

and (probably) side r e f l e c t o r  regions. Servicing equipment f o r  t h e  fue l -  

handling system w i l l  e n t a i l  the  use of moving pa r t s  i n  high-temperature 

zones subject t o  intense radiat ion,  Much experimental work must be car r ied  

out on bearings, gears, feed screws, and other  devices t o  es tab l i sh  a good 

basis f o r  the  design of such equipment. 

Developmental work w i l l  a l s o  be required f o r  components of t he  b a l l -  

handling systems. Devices such as valves f o r  ba l l  feed and drain l i nes ,  

b a l l  cutoff and counting mechanisms, and the  ball-withdrawal assemblies 

f o r  t h e  bottom of the  core w i l l  require  design, development, and tes t  work. 

These l a t t e r  assemblies, i n  par t icu lar ,  w i l l  require  spec ia l  a t t en t ion  be- 

cause t h e i r  locat ions a t  or near the  core boundary w i l l  subject them t o  

conditions which w i l l  make both materials se lec t ion  and design d i f f i c u l t .  

Since the  ball-removal assemblies would probably contain moving p a r t s  and 

would s tay  i n  place i n  the  core during operation, t h e  design problems w i l l  

be pa r t i cu la r ly  d i f f i c u l t  because of t he  rad ia t ion  f i e l d .  

In  comparing t h e  above problems w i t h  those of the  Dragon and t h e  HTGR 

t o  give perspective, it appears t h a t  many of t he  problems are  common t o  a l l -  

ceramic reactors  a n d z . t h a t  t he  pebble bed concept should make possible a 

s implif icat ion of both the  f u e l  handling machinery and the  f u e l  handling 

operat ions. 
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11, HELIUM PURIFICATION SYSTEM. 

The pur i f ica t ion  system for the  helium coolant includes provisions 

f o r  removing gaseous and pa r t i cu la t e  impurities, both radioact ive and 

nonradioactive. The process i s  e s sen t i a l ly  the same as t h a t  proposed 

i n  the PEBE report, '  i n  which a discussion of the chemistry involved 

is presented. 

A sidestream of helium is  withdrawn from the c i r cu la t ing  loop 

a t  the discharge of one of the helium compressors, and it re-enters  

the main stream a t  the compression suction; thus advantage i s  taken 

of the pressure rise through the  compressor t o  dr ive the gas through 

the cleanup system. The system has been s ized t o  remove impurit ies 

evolved from the graphite,  including hydrogenous gases, CO2, and CO, 

equivalent t o  an inleakage of 50 lblday, The normal steam inleakage 

by d i f fus ion  through the  steam generator is  estimated t o  be about 

3 lb/day, and the r a t e  of graphite outgassing after the f i r s t  month of 

operation is expected t o  y i e ld  gases equivalent t o  between 5 and 20 lb 
of water per day, depending on the temperature experience of the graph- 

i t e  during the f i rs t  month.2 The extra capacity is provided f o r  opera- 

t i o n a l  f l e x i b i l i t y  and as a cushion i n  an emergency. Although the 

economically optimum impurity l e v e l  is not known, the  system has been 

designed t o  hold the impurity concentration down t o  30 p p m  a t  the 

maximum inleakage r a t e  by e s sen t i a l ly  complete removal of ;impurities 

from a bypass stream having a flow rate equal t o  l$ of the flow r a t e  

of the main coolant system. 
\ 

A flow sheet of the proposed system i s  shown i n  Fig.  11.1. The 

temperature of the helium sidestream, which i s  withdrawn from the cold 

end of the c i r cu la t ing  system (550°F), must be ra i sed  t o  750°F before 

'"Preliminary Design of a l O - M w ( t )  Pebble-Bed Reactor Experiment, If 

2"Gas-Cooled Reactor Project  Quarterly Progress Report f o r  Period 

ORNL CF-60-10-63, November 1, 1960, .chap. .16, , 

Ending September 30, 1960," ORNL-3015, pp. 125-36. - 
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I 
FILTER ADSORBER 

TEN CHARCOAL 85OF - 
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ORNL-LR-DWG 54380 
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I 

Fig. 11.1. Helium Pur i f ica t ion  System. 



c a t a u t i c  oxidation of hydrocarbons, hydrogen, and carbon monoxide 

w i l l  occur. 

countercurrent hea t  exchanger heated by a small stream of rehea t  

steam, which then passes t o  the feedwater hea te rs .  

t y p i c a l  tube-and-shell heat exchanger with about 166 f t 2  of heat 

t r ans fe r  surface.  

The temperature is  r a i sed  by passing the gas through a 

The heater i s  a 

The heat  exchanger s h e l l  is about 9 f t  long and 

10 in .  i n  diameter. 

duplicate u n i t s  f o r  the  oxidizer ,  adsorber, and f i l t e r  are provided 

so t h a t  one unit i s  onstream a t  a l l  times, while the other  one i s  

being regenerated or replaced. The oxidizers cons i s t  of f ixed  beds 

of copper oxide p e l l e t s  (l/S i n .  i n  diameter and 1/8 i n .  long) ,  each 

containing 441 l b  of copper oxide. The copper oxide container i s  

about 12 i n .  i n  inside diameter and 48 i n .  long; it is  surrounded by 

a heating c o i l  and insu la t ion  that br ing  the  outs ide diameter t o  20 i n .  

Since the sidestream w i l l  be operated continuously, 

The temperature of the hot gas leaving the  oxidizer must be 

reduced from 750 t o  about 85°F before the gas -en te r s  the  adsorbers. 

This i s  accomplished with a regenerative hea t  exchanger so t h a t  about 

708 of the  heat  is  t ransfer red  t o  the  cold, clean gas that i s  t o  be 

returned t o  the main c i r c u l a t i n g  stream. The economizer i s  a she l l -  

and-tube heat  exchanger containing 292 tubes, 3/4  i n .  o.d., on a 1- 

i n .  square p i t ch .  

heat  t r a n s f e r  a r ea .  

i s  w a t e r  cooled t o  85°F i n  another shell-and-tube exchanger containing 

292 tubes, 3/4  i n .  o .d. ,  on a 1 - in .  square p i t ch .  Its length  is about 

17 f t ,  and it contains  892 f t 2  of hea t  t r a n s f e r  surface.  

It is about 15 f t  long and contains 786 f t 2  of 

After leaving the  economizer a t  285'F, the  gas 

The adsorbers are f ixed  beds of type-5A Linde molecular s ieves .  

Two un i t s ,  each containing 714 l b  of sieve material, are provided. 

The s ieve container i s  about 24 i n .  i n  inside diameter and 75 i n .  high. 

It i s  wrapped with heating c o i l s  and insu la t ion  f o r  regeneration, and 

the  r e s u l t i n g  outs ide diameter is  about 30 i n .  From the adsorbers the  

gas goes t o  the charcoal delay t rap ,  which cons i s t s  of 10 beds of 6- t o  

8-mesh charcoal i n  s e r i e s .  Each bed contains about 3200 l b  of charcoal 

and is about 24 i n .  i n  outs ide diameter and 35 f t  long. 
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Since the purpose of the charcoal delay trap is to reduce the 

gaseous radioactivity in the circulating helium, an estimate has been 
made of the total activity both with and without the delay trap in 

service in order to obtain the decontamination factor. The values on 
which the estimate is based are given in Table 11.1. 

Table 11.1. Estimated Loop Activity and Decontamination Factors for 
the Fission-Product Delay Trap 

Loop Activity Loop Activity 
Without wfth Decontamination 

Factor Isotope Half-Life pur if icat ion purif teat ion 
(curies ) (curies) 

10.3 y 
78 m 
2.77 h 
12 d 
2.3 d 
5.27 d 
9.13 h 
8.05 d 
2.4  h 
20.7 h 
6.68 h 

1.04 x io5 
2.48 x lo2 
1.6 x io3 
1.01 x io4 
1.92 x io3 
2.23 x 105 
6.97 x io3 
1.76 x 105 
1.12 x io5 
1.92 x 104 
4.56 x io3 

1.04 x 105 

7.44 x lo2  
1.71 x io4 

1.4 x io4 

1.33 X lo2 
8.3 x lo2 

1.6 X lo2 

6.8  x lo2 
3.2  X lo2 

3.12 X lo2 
2.24 X lo2 

~~ 

1 
1.86 
1.92 
13.5 
12 
13 
10.3 
556 
8 
61 
20.1 

Total activity 6.36 x io5 1.39 x io5 

From the charcoal trap the gas goes to either one of two filters 
f o r  the removal of particulate matter that may have been picked up in 
the trap. These filters consist of Fiberglas sheets enclosed in steel 
pressure containers (Flanders type 6C21-C), each about 30 in. in 
outside diameter and 12 in. in depth. 

After leaving the particulate filter at 85OF, the gas is heated 

regeneratively to 550°F by the hot gas from the oxidizers and returned 
to the suction side of one of the main blowers. 

An advantage of the proposed sidestream purification system is 

the simplicity of operation. Since there are no moving components, 

it is expected that the system will be essentially maintenance-free. 
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It w i l l  probably be necessary t o  regenerate the copper oxide beds and 

the molecular sieves a f t e r  each seven days of reac tor  operation. In 

order t o  do t h i s  the oxidizer should-be removed from service and 

regenerated with a i r  f o r  approximately 8 hr a t  operating temperature, 

whereas the adsorber can be regenerated by purging w i t h  dry air  a t  

atmospheric pressure and a temperature of 600°F f o r  approximately 8 
hr. The l i f e  of the delay t r a p  w i l l  depend on the poisoning e f f e c t  

of the iodine and some of the daughter products of the f i s s i o n  gases, 

f o r  which no experimental data  a re  avai lable  a t  the present  time. 

It i s  expected, however, t h a t  the l i f e  of the charcoal i n  the  delay 

t r a p  w i l l  exceed several  years.  

. .. 
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12.  STEAM AND EUCTRICAL PLANT 

A coal-f i red p l an t  designed f o r  completion of construction i n  

1964 w a s  chosen as a point of departure' i n  order t o  expedite the 

design study of the steam and e l e c t r i c a l  portions of the p lan t .  

Some modifications were required, including a reduction i n  the 

feedwater temperature, t o  give a well-proportioned steam generator 

with the 550°F reactor  he l ium' in le t  temperature used, and allowances 

were made f o r  the steam required f o r  the blower dr ive turbines .  

Turbine Plant 

A 230-Mw, tandem, compound-turbine-generator u n i t  f o r  indoor 

service was chosen for the  plant ,  p a r t l y  because of i t s  lower cos t  

and pa r t ly  because it gave a favorable layout f o r  the steam piping. 

The steam conditions are 2400 psig,  1050°F, with a s ingle  reheat t o  

1000°F. The turbine exhausts a t  1 .5  i n .  Hg absolute.  The generator 

i s  ra ted  a t  345 000 kva f o r  a 0.85 power f ac to r  and a shor t -c i rcu i t  

r a t i o  of 0.64 and is cooled with hydrogen a t  30 psig.  

complete, with accessories,  inc-luding a d i r e c t l y  connected exc i te r ,  

The un i t  i s  

a lube o i l  system, and a gland seal ing system. 

Electric-motor-pumps a re  employed i n  the feedwater system. A 

regenerative cycle i s  employed t o  heat the feedwater t o  400°F. 
Further heating would increase both the steam-generator cap i t a l  charges 

and the blower pumping-power requirements. This system includes s i x  

feedwater heaters,  with the deaerator preceding the highest pressure 

heater .  E lec t r ic  motors are used for the boiler-feed-pump drives .  

The exhaust steam from the blower dr ive turbines is  passed through 

the reheater and fed  t o  the intermediate turbine.  

A flow sheet for the  steam plan t  i s  presented i n  Fig.  1 2 . 1  t o  

It may be seen tha t  the show the pr inc ipa l  fea tures  of the p l an t .  

'Study of a Typical 306 Mw Net Coal-Fired Ins ta l la t ion ,  Contract 
AT(10-1)-1010 between the Division of Reactor Development, USAEC, and 
Ebasco Services Inc., Apri l  1959. 
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heat  balance gives an over-al l  thermal eff ic iency close t o  40%. No 

allowances were made f o r  heat losses  from the  steam generator, since 

these should be only  about 0.1%. 
The main condenser is a twin-shell, 150 000-ft2 u n i t  employing a 

two-pass, divided-water-box design. The condenser cooling-water system 

includes t r a sh  racks, t rave l ing  screens with wash equipment, and algae 

control  equipment, 

The accessory equipment includes i so la ted  phase-generation leads,  

exc i t e r  connections, transformer and cables, control  wiring, storage 

ba t t e r i e s  with a charger, an emergency generator s e t ,  and s ta t ion-  

grounding protect ion.  

Miscellaneous p lan t  equipment includes cranes, cleaning equipment, 

f i r e - f igh t ing  gear, a i r -gas-o i l  f a c i l i t i e s ,  o f f i ce  and laboratory 

services,  tools ,  and communication provisions.  

The outdoor switch yard includes an o i l  c i r c u i t  breaker, disconnect 

switches, and relaying devices. A s ingle  transmission-line takeoff i s  

provided. 

A cost  estimate f o r  the steam and e l e c t r i c a l  p lan t  i s  presented 

i n  Table 12.1.  A summary of these data is  presented i n  Table 12.2,  

which shows t h a t  t h i s  port ion of the  t o t a l  p lan t  i s ,  as expected, 

competitive with the best  coal-f i red plants  now under construetian.  
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Table 12.1. Estimated Costs f o r  Steam and E l e c t r i c a l  Plant 

Total Material  
Labor and Other 

Land 

S i t e  work 

Improvements 
Intake and discharge structures" 

Buildings 

Turbine 
Other buildings r e l a t ed  t o  
turbine plant  

Not estimated here 

Not e s t ima t e  d her e 
$100,000 $ 100,000 $ 200,000 

750,000 1,350,000 2,100,000 

50 , 000 150 , 000 200, 000 

To t a l  

Power generation 

Turbine generator 
Auxi lTar ies  for turbine 
Condenser with aux i l i a r i e s  
Circulating-water system 
Pedestal" 

$ 2,300,000 

500 , 000 11,350,000~ $11,850,000 
20 , 000 60 , OOOa 80,000 

1Ct0,OOO 1,260,000 1,400,000 
150, 000 350 , 000 500,000 
60,000 100, 000 160,000 

Total 

Feedwater and steam supply systems 

Equipment 
Piping 

$l3 , 990,000 

$ 1,750,000 
1,750,000 

To t a l  

Ac ce s s ory E lec t r i ca l  Equipment 

Panel .boards 
Controls 
Direct-current gear 
Connections and supports 
Diesel-generators 

. .  $ 3,500,000 I 

5,000 255,000 $ 260,000 

10, 000 26 , 000 36,000 
250 , 000 280 , 000 530? 000 

120 , 000 760 , 000 880, 000 

5 , 000 15 ; 000 20, 000 

Total $ 1,726,000' 

Typical 306-Mw net  coal  f i r e d  s t a t ion ,  EBASCO Contract AT(10-1)- a 

bEstimated on 7 f't3/kw.(Elec. World, Oct. 5, 1959) with $i/Cl? t o t a l  

1010. 

cos t  charge % 

C 
Westinghouse pr ice  l i s t  1252 (September 28, 1959)) plus 10%. 



Table 12 .1  (Continued) 

To t a l  Material 
Labor and Other 

Miscellaneous Plant Equipment 

Cranes $' 15,000 $ 125,000 $ 140,000 
Sta t ion  air 35 , 000 35 , 000 70 , 000 

F i r e  protection 5,000 10,000 15,000 
Other 30 , 000 150,000 180 , 000 

Communication 10 , 000 10 , 000 20, 000 

Total 

Transmission Plan t  

$ 425,000 

Transformers 25,000 750,000 $ 775,000 

Connections and supports 30 , 000 30 , 000 60 , 000 

Total  $ 1,035,000 

Controls 35 , 000 165 , 000 200,000 

Table 12.2. Summary of Investment Data for 330-Mw-Uet Steam 
and E l e c t r i c a l  Plant  

Capi ta l  Charges 
( $/kw ) 

Structure  and improvements ( tu rb ine  r o o m  only)  7 .7  

Land Not estimated 

Turbine generator 46.3 

Accessory e l e c t r i c a l  equipment 5.8 

Miscellaneous p l an t  equipment 
, 

Transmission p l an t  

Feedwater and steam system 

Total  f o r ,  steam and e l e c t r i c a l  p l an t  

1.4 
3.5 

11.7 

76 .k 
- 
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13. . HAZARDS ANALYSES 

' The hazards associated with operation of a reac tor  include both 

h z a r d s  t o  the public from the release of rad ioac t iv i ty  a rd  hazards t o  

p lan t  personnel during the course of operation. 

t o  the public, the two conditions of a c t i v i t y  release accompanying the 

maximum credible  accident and a c t i v i t y  release during normal operation 

LI a'ssessing the hazards 

must be considered. 

employees involves the dose l eve l s  t o  which personnel would be exposed 

i n  performing maictenance operations.  

A major questiofi r e l a t i n g  t o  the  safe ty-of  p lan t  

Maximum Czedible Accideat 

There has not been a su f f i c i en t ly  extensive hazards analysis  made 

of the PBR t o  e s t ab l i sh  the maximum credible  accident.  The f ac to r s  of 

importance can, however, be determined by considering the results of 

some s implif ied computations and making comparisons with the PBRE.l 

The maximum credible  accident f o r  the PEE33 w a s  postulated t o  be 

simultaneous rupture of the primary system and the steam system, 

succeeded by oxidation of a l l  the core ard pax-t of the r e f l e c t o r  by 

oxygen present i n  the  containmert vessel .  

a f t e r  a l l  s t e e l  and graphite had cane t o  temperature equilibrium with 

the gas, the temperature would be 70C"F a rd  the  pressure 20 psig.  

containment vesse l  appeared t o  be capable,of withstanding t h i s  pressure; 

heme no attempt w a s  made t o  j u s t i f y  an assimption of a l e s s e r  energy 

Computations indicated tha t  

The 

release.  

Oxidation of. the Pl3E core w a s  assumed t o  re lease  100% of the  noble 

gases, 50% of the other v o l a t i l e  cucl ides  (halogens a rd  a l k a l i  metals), 

and 5$ of the nonvolati le m c l i d e s  t o  the  conta iment  vessel .  

amount of f i s s i o n  products present w a s  taken as t h a t  associated with 

a loQg period of Gperation a t  10 M w ( t ) .  It w a s  fk r the r  assumed t h a t  

The 

l"Preliminary Design of a lO-Mw( t).  Pebble-Bed Reactor Experiment, ' I  

ORnrL, CF-60-10-63, .NovemSer 1, 1960, chap. 19. 
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f i s s i o n  products would leak from the  container i n  proportion t o  t h e i r  

concentration (without allowance f o r  deposi t ion)  and t h a t  a l l  leakage 

would be a t  ground l eve l .  Even w i t h  these conservative postulates ,  a . 

leakage r a t e  from the  container of 0.48 of i t s  volume per day would 

not r e s u l t  i n  a dose exceeding 25 rem i n  an 8-hr period 1000 f t  from 

the  reac tor .  

Making assumptions f o r  t he  PBR similar t o  those f o r  the  PBRE would 

lead t o  more extreme conditions, both with regard t o  pressure i n  the  

containment vesse l  and the  amount of a c t i v i t y  which escapes by leakage 

from t h e  vesse l .  If  a l l  the  s t e e l  ( including the  containment ves se l ) ,  

graphite,  water, and gases i n  t h e  PBR came t o  temperature equilibrium 

after rupture of t h e  primary system, the temperature would be about 

510°F and t h e  pressure about 20 psig.  Heat storage i n  the  shield con- 

c re t e  would lower the  temperature a f t e r  a su f f i c i en t  time, but it was 

not included because t h e  low thermal d i f f u s i v i t y  of heat i n  concrete 

makes the  heat storage r a t e  low. A s  shown i n  Table 13.1, react ion of 

a l l  f r e e  oxygen present with graphite would raise t h e  temperature t o  

690°F and the  pressure t o  27 psig.  

make the  pressure higher by increasing the  gas content of t h e  containment 

Rupture of one heat exchanger would 

Table 13.1. Effect  of Reactor Rupture on Conditions i n  

and Gas Come t o  Temperature Equilibrium 
Containment Vessel After A l l  S teel ,  Graphite, Water, 

Event Temperature Pres sure 
(OF) ( P S i d  

Rupture of primary system 510 20 

graphi te  690 27 

changer 470 30 

heat exchangers 400 16 

Rupture of primary system plus  oxidation of 

Rupture of primary system and one heat ex- 

Rupture of primary system with blowdown of both 
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vessel .  

condenser by blowdown would re l ieve  conditions, and continued operation 

of the  heat exchangers might help fur ther .  

Rejection of the  heat content of t he  heat exchangers t o  the  

The pressures given i n  Table 1 3 . 1  represent r a the r  high values for 
which t o  design a containment vesse l  of the s i z e  specif ied.  I f  more 

de ta i led  analyses confirm t h a t  such high pressures are credible,  pressure 

suppression schemes may have t o  be included i n  the  design t o  protect  t h e  

containment vessel .  

The fission-product a c t i v i t y  present i n  the  PBR would be about 80 

times t h a t  present i n  the  PBRE, but an assumption of oxidation of the 

core by oxygen from the  containment vesse l  would not r e s u l t  i n  80 times 

t h e  a c t i v i t y  re lease ,  

avai lable  t o  oxidize all the  PBRE fuel ,  a l l  t h e  air  i n  the  containment 

vessel  wokd oxidize l e s s  than 5% of the  PBR f u e l .  

Whereas there  would be more than enough oxygen 

Combustion of 5% 

of the  core would release f i s s i o n  products associated with 40 Mw of 

thermal power, i f  a c t i v i t y  i s  released only from t h a t  f u e l  which ac tua l ly  

burns ( the  energy from the  react ion i f  a l l  stored i n  graphi te  i n  the  

core and r e f l ec to r  would only raise the  graphi te  temperature about 600°F). 

Making the  same conservative assumptions as those used f o r  t h e  PBm, a 

leakage rate from the  containment vesse l  of O.l$/day would be permissible 

i f  the  f i s s i o n  products equivalent t o  40 M w ( t )  w e r e  evolved from the 

f u e l  . 
Much more than 5$of the  t o t a l  a c t i v i t y  might be evolved from the  

core i f  a la rge  f r ac t ion  of the f u e l  melted. 

core, however, i s  mae unlikely, both by provision f o r  emergency cooling 

and by the  low core power density.  

A meltdown of the PBRj 

Natural c i rcu la t ion  of helium w i l l  e a s i l y  remove fission-product 

decay heat f r o m t h e  core as long as t h e  coolant pressure remains near 

t he  design value. The reactor  i s  therefore  not l i k e l y  t o  be subjected 

t o  excessive temperatures when at  high pressures, even i f  both blowers 

cease t o  operate.  Natural c i rculat ion, .  however, w i l l  not remove the  

decay heat at  atmospheric pressure without the  occurrence of high gas 
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and high f u e l  temperatures. The s3,stem is,' therefore,  designed so that  

operation of one blower i s  suf f ic ien t  f o r  cooling the  core i n  the event 

of a loss of pressure i n  the  primary system. Overheating o f ' t h e  reactor  

i s  thus prevented, even at  atmospheric pressure, as long as the  heat can 

be rejected t o  a heat exchanger. 

Simultaneous l o s s  of power t o  both blowers i s  extremely unlikely.  

If the  steam supply t o  t h e  turbine dr ives  were interrupted, the  e l e c t r i -  

c a l l y  driven pony motors would supply su f f i c i en t  power t o  remove the  

fission-product decay energy. For operation of t he  pony motors, emer- 

gency power generated on the  s t a t ion  would be available,  as w e l l  as power 

from the  d is t r ibu t ion  system t o  which the  plant  would be connected. 

s t a t ion  generating 300 Mw of e l e c t r i c i t y  i s  l i k e l y  t o  be connected t o  

other  systems by several  independent l ines ,  and e l e c t r i c i t y  from any one 

could be used t o  dr ive the  helium blowers. 

A 

If both blowers f a i l e d  (which may rrot be c red ib le )  after a rupture 

of t he  primary system, the  core temperature would r i s e  u n t i l  the  heat 

loss  became equal t o  the  fission-product energy release r a t e .  Heat would 

be t ransfer red  by rad ia t ion  and na tura l  convection from the  outer surface 

of the  reactor  vessel  and by natural  convection inside the  reactor .  

de ta i led  analysis  would be required t o  determine whether melting of t he  

f u e l  would occur i f  no other  method of cooling could be supplied. 

any circumstances, however, the  large heat capacity of the core w i l l  pre- 

vent t h e  temperature from r i s i n g  very rapidly.  Allowing f o r  heat storage 

i n  the  core and r e f l e c t o r  graphite, the  fission-product energy would raise 

the  core temperature less than 30OoF/hr during the  f i rs t  hour a f t e r  shut- 

down and more slowly a f t e r  t h a t .  Hence, t i m e  would be avai lable  f o r  taking 

emergency act ion i n  the event cooling of the  core were completely in t e r -  

rupt  ed . 

A 

Under 

A preliminary examination thus indicates  t h a t  melting of the  core 

w i l l  be extremely unlikely.  I f ,  however, a de ta i led  analysis  showed 

melting t o  be credible,  means could be provided f o r  reducing the  hazard 

from the  large amount of a c t i v i t y  which might be evolved. L i h t i n g  the  

leakage r a t e  from the  containment vesse l  t o  a very low value i s  obviously 
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desirable ,  but there  i s  a p rac t i ca l  l i m i t  t o  what can be achieved. 

Making provision f o r  escaping a c t i v i t y  t o  be conducted t o  a high eleva- 

t i o n  before entering the  atmosphere would help. 

outside of the containment vessel  i s  one possible way of doing t h i s .  

The ,dose beyond the  plant  boundary during an inversion would be reduced 

perhaps tenfold i f  t he  release were at  an elevation of 75 f t  ra ther  

than at  ground l eve l .  

A t h i n  sleeve around t h e  

The concentration of gaseous and suspended a c t i v i t y  i n  the contain- 

ment vesse l  would be reduced by the  f i l t e r s  i n  t h e  rec i rcu la t ing  building 

ven t i l a t ing  system. 

a c t i v i t y  escape immediately following an accident, it could considerably 

reduce the  t o t a l  re lease during, say, t he  8 hr  afterward, pa r t i cu la r ly  

i f  adsorbers were added. 

While t h i s  might have l i t t l e  e f f ec t  on the  r a t e  of 

Act ivi ty  Release t o  the  Surroundings 
Under Normal Conditions 

During normal operation of t he  PBR, air i s  drawn i n t o  the  contain- 

ment vesse l  for  ven t i l a t ion .  A i r  passing through t h e  sh ie ld  becomes 

s l i g h t l y  radioactive from the  production of 7 . 4 s  N16, 29s 01’, and 

1.8h A41.  

helium leakage from t h e  reactor  gas-cooling system. Contamination of 

the  reactor  building by these a c t i v i t i e s  i s  avoided by maintaining the 

pressure of the  air within the  shield ven t i l a t ing  and cooling system 

below t h a t  i n  t h e  rest  of the containment vesse l .  The movement of a i r  

toward and in to  the  shield prevents t he  escape of a c t i v i t y  i n t o  the  

areas t o  which personnel normally have access. 

I n  addition, it picks up any gaseous a c t i v i t y  accompanying 

The vent i la t ing  a i r  exhausted from the  building i s  passed through 

a f i l t e r  and adsorber t o  minimize the  amount of a c t i v i t y  released and 

i s  then discharged from a high stack t o  insure d i lu t ion  of any a c t i v i t y  

discharged before it returns  t o  ground l eve l .  Iodine adsorbers appear 

t o  be qui te  e f f ec t ive  i n  reducing the  re lease  of t h i s  pa r t i cu la r ly  

noxious ac t iv i ty ,  and f i l t e r s  a re  more than 99% ef fec t ive  i n  removing 

pa r t i cu la t e  matter. 
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An indicat ion of t he  normal a c t i v i t y  re lease  from t h e  PBR can be 

obtained by using the  r e s u l t s  of analyses performed f o r  t h e  PBRE and 

f o r  t he  EGCRa2 '  

Activation of Shield Cooling A i r  

For the  84-Mw(t)  E C R ,  it w a s  estimated t h a t  400 curies/day of A41 

would be generated i n  the sh ie ld  .cooling air. 

01' would be produced, but, i n  any case, these  a c t i v i t i e s  would decay 

t o  ins igni f icant  l eve l s  before reaching the  ground. 

r a t e  f o r  the PBR has not been computed, but it would be expected t o  be 

of the same magnitude as t h a t  i n  the  EGCR. The PBR has a th icker  

r e f l e c t o r  and pressure vesse l  than the  EGCR, which w i l l  reduce the  

neutron leakage, but t h i s  w i l l  probably be o f f s e t  by the  l a rge r  volume 

of a i r  around the  reac tor .  

A41 from a 200-ft s tack w i t h  t he  meteorological parameters cha rac t e r i s t i c  

of t he  EGCR site, t he  maximum ground concentration during a la rge  in-  

Lesser amounts of N16 and 

The A41 generation 

Assuming a discharge of 400 curies/day of 

version would be about f i v e  times the  maximum permissible concentration 

(MPC) f o r  other  than operating personnel. 

would be excessive i f  sustained f o r  a long period, it ac tua l ly  represents  

a condition t h a t  would ex i s t  only per iodica l ly  at  any pa r t i cu la r  locat ion.  

While t h i s  concentration 

The calculated re lease  would be reduced t o  to l e rab le  l eve l s  i f  allowances 

were made f o r  wind v a r i a b i l i t y .  No d e f i n i t e  conclusion i s  possible i n  

the absence of a spec i f ic  analysis,  but, from the  preceding discussion, 

it appears t h a t  t he  argon a c t i v i t y  must be considered ea r ly  i n  the  

design of a reac tor .  

designing the  shield so as t o  r e s t r i c t  t h e  volume of a i r  between it and 

the  pressure vessel .  This problem is,  however, i n  no way unique t o  

pebble-bed systems, s ince it could ex i s t  i n  connection w i t h  any large 

power reac tor .  

The A41 generation rate could be reduced by 

* "Experimental Gas-Cooled Reactor Preliminary Hazards Sumary 
Report, I' ORO-196 ( supplement ), May 1959. 
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Activity Escape from Reactor 

I n  the  hazards study' fo r  the  l O - M w ( t )  PBRE, an estimate w a s  made 

t h a t  under normal conditions there  would be about 900 cur ies  of gaseous 

fission-product a c t i v i t y  c i rcu la t ing  i n  the  helium system. 

w a s  assumed t o  leak from the reactor  with the  helium coolant at  a r a t e  

of O.l$/day. Maximum ground concentrations were computed f o r  t h e  more 

important nuclides, assuming release from a 200-ft stack with t h e  

meteorological conditions that preva i l  at the  EGCR s i t e .  

f o r  pur i f ica t ion  of t h e  stack gas, the  l a rges t  f r ac t ion  of the non- 

occupational MPC for  an inversion condition w a s  represented by 1.1% f o r  

1132. Assuming t h a t  iodine i s  removed by an adsorber i n  the  stack, no 

nuclides were computed t o  a t t a i n  a ground concentration exceeding 0.2% 

of the nonoccupational MPC. 

This a c t i v i t y  

Without allowance 

An assumption t h a t  t he  normal a c t i v i t y  release from t h e  800-Mw(t) 

PBR would run 80 times that  of t h e  l O - M w ( t )  PBRJ3 would s t i l l  not lead 

t o  an excessive computed a c t i v i t y  l e v e l  for t h e  meteorological condi- 

t i o n s  used. Achievement of f u e l  having b e t t e r  fission-product re tent ion 

than that  assumed fo r  the PEBE o r  a reduction of the  helium leakage rate 

t o  below O.l#day would reduce the  maximum ground concentration t o  w e l l  

below permissible l eve l s .  

Dose a t  Helium Blowers 

The radiat ion dose l eve l  at  t h e  surface of an unshielded helium 

blower i s  the  major f ac to r  i n  determining whether d i r e c t  maintenance of 

the  blowers i s  feas ib le .  

and 1132 w i l l  be the  major a c t i v i t y  sources affect ing maintenance i f  

t h e i r  cesium and te l lur ium precursors are deposited i n  the  primary 

systems more rapidly than they are removed i n  t h e  side-stream processing 

system. 

of a helium blower has been obtained f o r  t he  PBR by assuming tha t  cesium 

and tellurium are deposited uniformly on a l l  metal surfaces i n  the  

Calculations f o r  t he  PBRE indicated t h a t  Ba137m 

An estimate of the Ba137m and 1132 dose rates at the  surface 

primary system. The values i n  Table 13.2 were based on the  f r ac t iona l  
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Table 13.2.  Estimated Dose at  Blower Surface Based on 
Fract ional  Release Values from PBRE Study 

Fract ional  Act ivi ty  i n  Dose at  Blower 
Nuclide Release Blower Surf ace 

(PBRE Basis) ( cu r i e s )  ( r /hr  1 

2.4h :i132 
2.6m Ba13m 

0.0026 280 

0.050 580 

98 

67 

release values f o r  Te132 and Cs137 from the  PBRE study and the assump- 

t i o n  of a uniform volumetric radiat ion source 7 f t  i n  diameter surrounded 

by 1 1/2 in .  of steel. 

The dose r a t e s  indicated by Table 13.2 a re  obviously too high f o r  

d i r ec t  maintenance, and they would not decrease s ign i f icant ly  i n  a 

reasonable time period because of t he  long h a l f - l i f e  of 2 6 . 6 ~  Cs137. 

The f r ac t iona l  release values used f o r  th.e PBRE study were, however, 

based on present experience w i t h  alumina-coated UO;? par t i c l e s .  Fuel 

having be t t e r  fission-product re tent ion propert ies  w i l l  probably be 

avai lable  by the time a PBR i s  ready f o r  operation. 

therefore  presented i n  Table 13.3 t h a t  were obtained by a r b i t r a r i l y  

assuming the  more favorable fission-product escape r a t e s  shown. 

moderate success i n  decontamination of the  blowers, the a c t i v i t i e s  

given i n  Table 13.3 would be reduced t o  to le rab le  l eve l s  f o r  d i r ec t  

maintenance. 

gas system, but, ra ther ,  occurred p re fe ren t i a l ly  on the  f i r s t  cold 

Dose values a re  

With 

If the  fission-product deposition were not uniform i n  the  

surface tha t  t he  gas contacted, there  might be a f ac to r  of 10 difference 

i n  deposition r a t e  between the  steam generator and the  blower. 

coupled w i t h  a decontamination f ac to r  of 100 would permit l imited con- 

t a c t  maintenance of t h e  blowers, even with the  dose l eve l s  indicated by 

Table 1 3 . 2  f o r  t he  f u e l  current ly  being t e s t ed .  

This 

The uncertaint ies  i n  these values should be emphasized. Because 

of t he  lack of applicable data,  both the  f r ac t iona l  re lease of f i s s i o n  

products from the  f u e l  and the  d i s t r ibu t ion  of f i s s i o n  products i n  
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Table 13.5. Estimated Dose at Blower Surface Assuming 
Improved Fission-Product Retention i n  Fuel 

Activity .-in Dose at  Blower Fract ional  
Release Blower Surface 

( cur i  e s ) ( r /hr  ) 
Nuclide 

2.4h 10-5 1.1 0.38 

2.6m Ba137m 10-4 1 . 2  0.14 

the  primary system were based on a r b i t r a r y  assumptions. 

range of these values i s  large enough t o  introduce an e r ro r  of several  

orders of magnitude i n  the  dose rate. 

The possible 

The a c t i v i t y  i n  the  blower would 

be less than quoted i f  cesium and tellurium were removed by a side- 

stream processing system a t  a rate competitive with deposit ion i n  the  

primary system or  i f  they deposited in  the  heat exchanger o r  elsewhere 

before reaching the  blower. However, the  dose might be higher i f  t he  

low temperatures and high turbulence i n  the  blower housing led  t o  

grea te r  deposit ion than assumed. 

by including other nuclides than the  two considered, pa r t i cu la r ly  i f  

nonvolati le elements were separated from the gas by cent r i fuga l  forces  

i n  the  blower. 

The dose r a t e s  would a l so  be increased 

Conclusions 

The hazards analysis  of t h e  PBR has not been su f f i c i en t ly  de ta i led  

t o  es tab l i sh  the  maximum credible  accident,  A preliminary examination 

suggests, however, t ha t  a meltdown of the  core would not be found t o  

be credible .  Combustion of t he  core following rupture of t h e  primary 

system i s  probably preventable by coating the  f u e l  spheres, but, even 

i f  it i s  not, t he  oxygen content of t he  containment vesse l  i s  suf f ic ien t  

t o  burn only 5% of t h e  fue l .  The f i s s i o n  products evolved by combustion 

would thus be only those assuciated w i t h  40 Mw of thermal power. 
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Estimates of t he  pressure which could e x i s t  following a primary 

system rupture y ie ld  values which may be excessive f o r  t h e  containment 

vessel .  

means f o r  suppressing the pressure will be required. 

If de ta i led  analyses confirm t h a t  high pressures are credible,  

If the  a b i l i t y  of the f u e l  t o  r e t a i n  f i s s i o n  products i s  at l e a s t  

an order of magnitude b e t t e r  than the  values used f o r  t he  PBRF,, t he  

normal a c t i v i t y  leakage from the  reactor  will not be a t  a r a t e  which i s  

excessive f o r  discharge from the  s tack,  However, care  may have t o  be 

taken i n  designing the  reactor  shield t o  l i m i t  t h e  r a t e  of 1.8h A41 

generation i n  the  shield cooling air .  
An estimate of t h e  unshielded radiat ion dose leve ls  at  the  blowers 

w a s  made by assuming t h a t  te l lur ium and cesium deposit  uniformly on a l l  

surfaces i n  t h e  primary system. The values obtained using the f i ss ion-  

product re tent ion propert ies  estimated f o r  the  Pl3RE f u e l  a r e  too high 

f o r  d i r ec t  maintenance, even a f t e r  reasonable decontamination. The 

blowers may be approached f o r  d i r e c t  maintenance a f t e r  decontamination, 

however, i f  improved f u e l  leads t o  fission-product escape f rac t ions  i n  

the  range below lo'". 
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14. CONSTRUCTION COSTS 

While reasonably good cost  estimates can be made f o r  t he  con- 

vent ional  portion of the  steam plant,  t he  design i s  not su f f i c i en t ly  

de t a i l ed  f o r  a good cost  estimate of the  reac tor  port ion cf the  

p lan t .  

mate construction cos t s  f o r  the  reac tor  appeared t o  be t o  use the  

EGCR cos t s  as a poirrt of departure.  

quan t i t i e s  of materials required f o r  the  design outlined, and the  

cos t s  were extrapolated from the  EGCR cos t s  by considering the  cos t s  

t o  be proportional t o  the  quan t i t i e s  of mater ia ls  f o r  t he  b r o  @ants.  

This approach seems reasonable, since the  s i z e  of t he  reac tor  building 

Is  ilot much g rea t e r  than tha t  required f o r  t he  EGCE, and t h e  service 

area, control  room, and r e l a t ed  f a c i l i t i e s  a r e  comyarable. Probably 

less  uncertainty l i e s  i n  the  cost  of t he  f a z i l i t i e s  of tke s i ze  

proposed than- i n  the  adequacy of t he  proposed f a c i l i t i e s .  It may be 

that subs tan t ia l ly  more building space wi l l  be Reeded o r  t h a t  a con- 

s lderable  amount of equipment not included may he requix?d.  

a r e  a l s o  maim uncer ta in t ies  i^.1 the  cos t  of the fu.el-hm-dling and 

servicing equipment, since no designs a re  avai lable  t o  serve as a 

b a s i s  f o r  cos t  estimation. ' 

A s  was t h e  case with the  PBRE design, the bes t  way t o  e s t i -  

Estimates were nade of the  

There 

The cost, estimates a r e  summarized i n  Tables 14.1 aci 14..2. I n  

reviewing the  da t a  of Tables 14-1 and 14.2, a nmber of poisits are 

evid-eat. About two-thirds of the  basic  cos t s  a r e  either f o r  con- 

vent ional  plant  o r  for items such as the  containment she l l ,  f o r  which 

f i r m  cost-estimating da ta  a re  ava i lab le .  The to'' charges in-gosed on 

these items may be excessive. 

construction costs,  t h e  uncer ta in t ies  arj-se from the  lack of de t a i l ed  

designs.  

reac tor  pressu-re vessel ,  the  fuel-handling equiptent, t he  servicing 

machine and the  spec ia l  t oo l s  required f o r  it, and -the steam generator 

a r e  a l l  unconventional and w i l l  require much de ta i l ed  desiga work 

before f i rm cost  estimates can be made. Sane ind ica t ion  of t he  f i n e  

O f  t he  remaining one-third of t he  

Items such as the  closures  for t he  access tu;2es i n  the  



Table 14.1. Summary of Cost D a t a  and Estimates f o r  the  EGCR, PBRE, and PBR 

cos t  
Code Description 

~ ~~ ~ 

M;cR PDRE PBR 

Quantity cos t  Quantity cos t  Quantity cos t  

21.210 
21.211 
21.212 

21.213 
21.214 
22.220 
22.221 
22.222 
22.224 
22.225 

Access road and water main 
General yard improvements 
Reactor service building 

Turbine building 
C ont ro  1 building 

Guard, stack, chlorine, e t c  . , buildings 
River pumping s ta t ion 
Reactor building 
Experimental c e l l s  
Reactor equipment 
Heat t ransfer  system 
Fuel handling and storage 
Radioactive waste treatment 
Instrumentation and controls 

0.876 mile 

512 000 f t 3  
17 500 f t 2  
665 000 f t3  
358 000 f t3  
25 200 f t '  
800 f t 2  
30 000 gpm 

7000 f t 2  

120 000 f t '  

22.226.7 Steam system 
23 Turbine generator uni t  25 Mw 
24 Accessory e l e c t r i c a l  equipment 
25 Miscellaneous power plant equipment 

Transmission plant 
Miscellaneous 

Total  d i r e c t  cos ts  
Ind i rec t  c o s t s  (general and administrative, a t  12% 

Total  d i r e c t  and indirect  costs  
Engineering, design, and inspection (at 15$)a'b 
Total  d i r e c t  + indirect  + engineering 
Contingency ( a t  IO$ of d i rec t  + indirect  + 

Total  

of d i r e c t ) &  

engineering)a 

$ 180,000 0.1 mile 
660,000 40 000 ft' 
432,000 250 000 f t3  

611,000 90 000 f t 3  
373,000 150 000 f t 3  

300,000 
527,000 5000 gpm 

3,902,000 
930,000 

3,527,000 
2,249,000 
2,358,000 

1,812,000 
93,000 

$ 45,000 0.89 mile 
160,000 120 000 ft' 
250,000 476 000 f t 3  

90,000 1 350 000 
150,000 247 000 f t 3  

95,000 
100,000 

777,000 

100,000 

1,960,000 

624,000 
600,000 

800,000 

$ 183,'OOO 
660,000 
476,000 

1,350,000 
247,000 

300,000 
700,000 

4,002,000 

4,978,000 
6,976,000 
2,200,000 K 

Iu 400; 000 
1,500.000 

533;OOO 200; 000 3; 500; 000 
1,267,000 330 Mw 13,490,000 
1,235,000 310,000 1,726,000 

128,000 60,000 425,000 
198,000 30,000 1,035,000 
146,000 70,000 150,000 

$21,461,000 $6,421,000 $44,298,000 

$ $  
1 078 000 

$8,269,ooo 

5 315 760 

a Charges assigned are  based on those used i n  the USAM: "Civil ian Power Reactor Program, Par t  3, Status  Report on Gas-Cooled 
Reactors, " 1959. 

bActual indirect ,  engineering, design, inspection, and contingency f igures  are  not yet  available f o r  the  EGCR. 



Table 14.2. Approximate Quan t i ty  and Cost Est imates  f o r  t h e  Reactor Bui lding 
and Reactor f o r  t h e  M;cR, t h e  m, and t h e  PBR 

M;CR m PBR 
Descript ion c o s t  

Code c o s t  Quan t i ty  Quan t i ty  c o s t  Quan t i ty  c o s t  

21.213.1 
. .3 

.4 

.6 
21.213 

22.220.1 
.2 
.4  
.6 

22.221.11 
.12 
.31  
.32 
.4. 
.5 
.6 

22.221 

Excavation and gunni t ing 
Concrete 
Containment shell and r e l a t e d  items 
Building se rv ices  and miscellaneous 
T o t a l  r e a c t o r  bu i ld ing  

Reactor  v e s s e l  and i n t e r n a l s  
Cont ro l  rods and d r ives  
Cooling f a c i l i t i e s  
Graphi te  
Miscellaneous 

T o t a l  

Main blowers and d r i v e s  
Main coolan t  piping and valves  
Steam genera tors  
A t t  emper at o r s  
Coolant charging and discharging 
Coolant p u r i f i c a t i o n  equipment 
B u r s t  slug de tec t ion  system 
Miscellaneous 
T o t a l  hea t  t r a n s f e r  system 

53 250 yd3 
23 200 yd3 
2 600 000 l b  

700 000 l b  
21 

313 000 lb 

6200 hp 

88.1 Mw 

244 000 f t 3  

$ 120,000 
1,565 , 000 
1 , 761 , 000 

456 000 

$1 , 600 , 000 

$3,902,000 

480 , 000 
400 , 000 
887,000 

&%$E 
$ 465,000 

237,000 
700,000 
132 , 000 
184 , 000 
193 , 000 
162,000 

26 000 yd3 
12 500 yd3 
1 300 000 l b  

150 000 l b  
6 

64 000 l b  

500 hp 
3500 lb 
10 Mw 

20 000 f t 3  

$ 50,000 
800 , 000 
880 , 000 

$ 320,000 
137,000 
40 , 000 

200 , 000 

$ 200,000 

100 , 000 

200 , 000 

80 000 

3 , 500 

50 , 000 

100 000 yd3 $ 226,000 
19 500 yd3 1,310,000 
2 965 000 l b  2,010,000 

456 000 
$ip$Tim 

750 000 l b  $1,720,000 
458 , 000 

1 , 000 , 000 
410 000 l b  1,160,000 

640 000 
$zp$m 
$1 , 206 , 000 

80 000 lb 194,000 
3 , 801 , 000 800 Mw 
100 , 000 
475 , 000 
500 , 000 

700 000 -- 
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s t ruc tu re  i s  given by Table 14.3, which shows a breakdown f o r  cos t  

code item 22.222, f u e l  handling, storage,  and reac tor  servicing 

equipment. 

appra isa l  of t he  operations required, which seem t o  be subs t an t i a l ly  

simpler than t h e  corresponding operations f o r  t h e  EGCR. 

The cos t s  given are simply rough est imates  based on an 

'Table 14.3. Fuel Handling and Servicing 

Service machines, bas ic  s t ruc tu re  
Service machine servicing tools ,  e t c .  
Fuel feed a t  19 points  
Fuel withdrawal a t  6 points  
Mobot 
S tee l  w a l l  l i n i n g  
Remot e ho i s t  
Special too ls ,  t e l ev i s ion  equipment, e tc .  
Casks 
Decontamination 

' Tota l  

$ 800,000 
500,000 
190,000 
180,000 
80,000 
40,000 
60,000 
150,000 
150,000 

50,000 

$2,200,000 

The fuel-cycle  cos ts  f o r  t h e  PBR have been estimated f o r  a f irst  

loading of U235 and thorium. The i n i t i a l  conversion r a t i o  has been 

calculated t o  be 0.75, but it is  expected t o  r i s e ,  eventually, . to  

some value g rea t e r  than 0.8 as the  proportion of U233 i n  t he  core 

increases. A complete ca lcu la t ion  of fuel-cycle cos ts  would take i n t o  

account t h e  change i n  r e a c t i v i t y  l i fe t ime,  and the  change i n  value of 

t h e  U235 as it is recycled. 

be made within the  t i m e  l i m i t  imposed on t h i s  study, t h e  value of U235 

burned w a s  considered t o  be constant at t h e  p r i ce  f o r  f r e sh  fue l ,  and 

t h e  conversion r a t i o  w a s  assumed t o  be constant a t  0 .8  t o  permit a 

preliminary estimate of t h e  f u e l  cycle costs .  

Since a complete ca lcu la t ion  could not 

The f u e l  cycle cos t  has been broken down i n t o  the  following f i v e  

items : (1) net  U235 burned, (2 )  fuel-handling cos ts  a t  t h e  power 

s t a t ion ,  (3) f u e l  f ab r i ca t ion  costs ,  (4) reprocessing, conversion, and 

shipping costs ,  and (5) i n t e r e s t  charges on t h e  average t o t a l  U235 

inventory . 
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1. Net U235bBurned, The pr ice  of U235 has been taken as $17.10/g, 

with 1 .3  g equivalent t o  Mw-day of thermal energy. The net  uranium 

consumption i s  considered as the power equivalent of f i s s ionable  

material times one minus the conversion r a t i o ,  and the cos t  i s  

U burned 1 
(1 - C R )  

k w h r ( t )  e f f ic iency  
Cost = (17,lO X l o 3 )  

1 (1 - 0.8)  - 
I 0.406 

1.3 
= 17 100 looo 24 

= 0.457 mill/kwhr. 

2 .  Fuel-Handling Costs a t  Power S ta t ion .  The cost  of the 

f a c i l i t y  f o r  handling and packaging spent f u e l  f o r  shipment has been 

estimated t o  be approximately $2,000,000 f o r  a 500-Mw(e) p lan t  and 

t o  be proportional t o  the square root  of the power.' The labor costs  

were estimated t o  be about $20,00O/year and t o  vary with power i n  the 

same way. 

p lan t  f ac to r  of 0.80 (7000 hr/year), the  cos ts  a re  

The charge r a t e  w a s  taken as l4$/year. For an assumed 

(capi ta l iza t ion ,  m i l l s )  (charge rate) 

(power, kw ) (hr/year ) 
Capital charges = 

0.812 (2 X lo6) 0.14 

(3.3 X l o 5 )  7000 
- - = 0.098 m i l l / k w h r  

0.812 (20,000 X lo3)  . 
Labor cost  - - . = 0.007 m i l l / k w h r  

(3.3 X l o 5 )  7000 

Therefore, approximate t o t a l  handling cos ts  = 0.11 mill/kwhr . 

'A: P. Fraas and M .  N .  Ozisik, Relative Capi ta l  Charges and Fuel 
Cycle Costs for All-Ceramic Gas-Cooled Reactors, ORNL CF-60-7-41, 
Ju ly  20, 1960. 
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3. Fabrication Costs.  The power cos t  assignable t o  f u e l  fabr ica-  

t i o n  w a s  calculated from the estimates presented i n  Chapter 6 .  The 

residence time f o r  the f u e l  i n  the core depends, from a nuclear 

standpoint, on the number of f i s s ions  per i n i t i a l  f i s s ionable  atom 

( f i fa )  obtained. 

580 days, and it is  twice t h i s  f o r  a f i f a  of 2 .  

f i f a  w i l l  exceed 1, and a representat ive residence time of 700 days 

w a s  assumed. 

If f i f a  i s  as low as 1, the residence t i m e  is 

It i s  believed t h a t  

The core f u e l  weight i s  134 tons, or 122 metric tons,  containing 

0.44 w t  $ U235 and 8.45 w t  % thorium. 

of uranium and 10 300 kg of thorium. 

of heavy metal, the  core contains 5.16 X lo5 b a l l s .  

processing r a t e ,  therefore ,  i s  737 balls/day f o r  a residence time of 

700 days. For the minimum and maximum fabr ica t ion  cos t  estimates of 

$14.28 and $35.66 per b a l l ,  the power cos t  tu rns  out t o  be 1 .33  and 

4.52 m i l l s / k w h r  , respect ively . 

The core thus contains 537 kg 

Since each b a l l  contains 2 1  g 

The f u e l  r e -  

4 .  Fuel Reprocessing, Conversion, and Shipping. On the assumption 

t h a t  the contained thorium i s  t o  be discarded, t he ' cha rac t e r i s t i c  Thorex 

processing p lan t2  capacity was assumed t o  be 600 kg/day of heavy metal, 

as the n i t r a t e ,  based on c r i t i c a l i t y  l imi t a t ions .  

batch s i ze  i s  obtained when the sum of the reprocessing cos t  and the 

i n t e r e s t  charges during the period of accumulation, per kilogram of 

metal, i s  a minimum, 

l a t e d  every 77.6 days, and the u n i t  reprocessing cos t  (exclusive of 

i n t e r e s t )  i s  $55/kg. To t h i s  must be added the cos t  of converting the 

f u e l  t o  heavy-metal n i t r a t e s ,  reconversion t o  the oxide, and shipping. 

There has been very l i t t l e  experience i n  converting graphi t ic  fue l s ,  

but a conversion cos t  of perhaps 20% of the Thorex reprocessing cos t  

does not seem unreasonable provided disposal  of the graphite and removal 

of the protect ive p a r t i c l e  coatings does not tu rn  out t o  be unusually 

The most economical 

This occurs f o r  a batch s ize  of 1200 kg, accumu- 

WASH- 743. 
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d i f f i c u l t .  On t h i s  bas i s  the reprocessing cos t  i s  $66/kg of metal, o r  

$1020/day of full-power operation, o r  a power cos t  of 0.129 mill/kwhr. 

5 .  In t e re s t  on Fuel. A 4$ i n t e r e s t  charge on the value of t h e  

average t o t a l  uranium inventory w a s  assumed. 

The t o t a l  average inventory includes the uranium i n  the core, 

30$ f r e sh  f u e l  i n  storage a t  the plant ,  90 days' accumulation cooling 

off a t  all times before shipment, 30 days' accumulation i n  shipment 

a t  a l l  times, and half  of 77.6 days' batch accumulation. Therefore, 

) 90 + 38.8 + 30 
700 Average inventory = 537 kg of U (1 .3 + 

= 537 ( 1 . 5 3 )  = 820 kg of U 

(17.1 X lo6) 0.04 

( 3 . 3  X l o 5 )  7000 
In t e re s t  on f u e l  = 820 = 0,0232 mill/kwhr 

The above costs  are summarized i n  Table 1 4 . 4 ;  

Table 14.4.  Summary of Fuel Cycle 
cos t s  

cos t  
( m i  11 s /kwhr ) 

Fuel burned 0.46 

Fuel handling 0.11 

Fuel fabr ica t ion  1 . 3 3 4 - 5 2  

Reprocessing 0.13 

In t e re s t  on f u e l  0.23 

Total 2.26-5.45 

In the event t h a t  the thorium is recovered, ra ther  than discarded, 

the f u e l  cycle cos ts  w i l l  be increased by about 0.06 mill/kwhr, exc.lusive 
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of the value of the thorium. The grea tes t  contribution t o  the f u e l  

cycle cost  is, obviously, the estimated cos t  of fabr icat ion,  and the 

spread between minimum and maximum i s  a n  indicat ion of the great  

uncertainty of the estimate.  

it i s  unlikely that the pr ice  would be much below the maximum, but 

purchase a f e w  years from now f o r  a "first  generation" power s t a t ion  

should be a t  a pr ice  approaching the m i n i m u m  value,. provided vigoruus 

development i s  car r ied  out  i n  the  meantime. Second generation re- 

ac tors  might w e l l  have f u e l  fabr ica t ion  cos ts  below the minimum 

shown . 

If the f i e 1  had t o  be purchased today, 
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