
It 

I 

l o  1 
I 
I 
I 

0 





' o m  
Central  F i l e s  Number 

60-10-63 

External Distr ibut ion Authorized 

Contract' No. W-7405-eng-26 

PRELIMINARY DESIGN OF A lO-Mw( t ) 
PEBBLE-BED REACTOR EXPERIMENT 

Staff  

Oak Ridge National Laboratory 

I OAK RIDGE NATIONAL LABORATORY 
O a k  Ridge, Tennessee ' 

operated by 
UNION CAREiIDE CORPORATION 

f o r  t he  
U.' S. ATOMIC ENERGY COMMISSION 



. 

. 
. 



iii 

coNTmg 

1 . 
2 . 
3 . 
4 . 

5 . 

6 . 
0 

L 

7 . 

s m y  .................................................... 
INTRODUCTION ................................................ 
SELEXTION OF REACTOR COX3 GEOMETRY .......................... 
SELECTION OF PLANT CONEIGURATION ............................ 
Plant Requirements .......................................... 

Horizontal Versus Ver t ica l  Posi t ion f o r  Core and 
Steam Generators ........................................ 

Prequre Vessel Envelope In tegr i ty  ....................... 
Access f o r  Operation. Inspection. and Maintenance ........ 
Construction Costs ........................................ 

Proposed Configurations ..................................... 
PROPOSED REACTOR ............................................ 
Graphite Structure  .......................................... 
Control Rods ............................................... 
Pressure Vessel and Support Structure  ....................... 
.Viewing Provisions .......................................... 
Pressure-Vessel Cooling and Thermal Insulat ion .............. 
Shield Plugs ................................................ 
Closure Flanges ............................................. 
PROPOSED PLANT .............................................. 
Design Data ................................................. 
S i t e  Selection .............................................. 
Plant Layou t  ................................................ 

Reactor Area ............................................. 
Turbine-Generator Bay .................................... 
Main Control Room ........................................ 
Administrative Wing and Service Bay ...................... 
Holding Pond f o r  Low-Activity-Level Waste ................ 

System Leaktightness Requirements ........................... 
Shielding ................................................... 
REACTOR PHYSICS ............................................. 
Core Dimensions and Fuel Loading ............................. 
Fast Flux Distr ibut ion ...................................... 

1.1 

201 
3.1 

4.1 
4.1 

4.2 
4.5 
4.6 

4.8 
4.8 
5.1 

5.1 
5.4 

5.4 

5.6 

5.6 

5.7 
5.7 
6.1 

6.1 
6.3 

6.5 

6.5 
&ll 

6.13 

6.14 

6.14 

6.15 

6.16 

7.1 

7.1 
7.3 



.... 
1Y . 

. 

Reactivity Effects  ......................................... 
Control Blades ............................................. 
Power and Flux Distributions ............................... 
Reflector Heat Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Gamma Heating i n  Pressure Vessel . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Neutron Lifetime ........................................... 

8 . FUEL ELEMENTS AND GRAPHITE COMPONENTS ....................... 
Fuel Elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sanderson &-For t e r  Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Property Evaluations and Effects  of I r r ad ia t ion  . . . . . . . . .  
Fission-Gas Retention . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Graphite Components ..........................'............... 
Pebble-BediContainer ................................... 
Reflector .............................................. 
Reflector Perimeter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Conclusions;: ................................................. 
9 . STRUCTURAL ANALYSIS OF GRAPHITE REFLECTOR .................. 

Stress  Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
In te rpre ta t ion  of t h e  Results ............................... 
Estimated Fr ic t ion  Forces and Sleeve Interferences 

f o r  Various Modes of Deformation and Fracture ............. 
10 . CORF: HEAT TRANSFER, PRESSW DROP, AND TEMPERATURE 

DISTRIBUTION .............................................. 
Nomenclature ............................................... 
Basic Relations ............................................ 
Typical Values ............................................. 
Simplified Approach t o  Invest igat ion of t he  Hot-Spot 
Problem .................................................... 

Relations Between Maximum Surface Temperature, Power 
Density, and Pumping Power Requirements ................... 

Cores with Constant Voidage ............................. 
11 . NUCLEAR CONTROL AND SAFETY SYSTEMS ......................... 

Safety System ............................................... 
Nuclear Control System ..................................... 
Further Analysis ............................................ 

7.4  

7.7 
7.9 

7.9 
7.11 
7.11 
8.1 
8.1 
8 .2  

8.4 

8.17 

8.33 

8.33 

8.35 

8.35 

8.35 

9 . 1  

9.1 

9.3 

9.10 

10.1 

10.1 
10.2 

10.3 

10.5 

10.11 

10.11 

11.1 

11.1 

11.5 

11.6 

L 

8 



0 

a 

12 . 

13 . 
14 . 

15 * 

16 . 

17 

18 . 

STEAM GENERATOR ............................................ 
General Considerations i n  the  Selection of a Heat- 
Removal System ............................................ 

Design Requirements ........................................ 
Steam Conditions and Steam Generator Type .................. 
Steam Generator Geometry ...........................*....... . 
Detail Design Considerations ............................... 
Leak Detection and Maintenance Pnocedures .................. 
costs  ...................................................... 
BLOWERS ................................................... *. 
FUEL-KANDLING SYSTEM ........................................ 
Design Precepts .............................Oa..*.*......* .. 
Fuel-Discharge System .... 
Fuel-Loading System ......................................-... 
SERVICING EQUIPMENT AND PROCEDURES ...................... . 

Design Precepts ............................................ 
. . . .  

Servicing Equipment ........................................ 
Servicing Operations ...............................'......* - 
Cost . Estimates ............................................- . 
HELIUM PURIFICATION SYSTEM ................................ - 
System Components ........................................... 

Fission-Product Delay Trap ................................ 
Chemical Pur i f ica t ion  Train ............................. 
Particle Filters ........................................ 

System Flowsheet ........................................... 
Operation and Maintenance .................................. 
DECONTAMINATION PROCEDURES AND FACILITIES 

Chemical Treatment ......................................... 
Decontamination Procedures ............................. ..* . 
Equipment Required ......................................... 
STEAM SYSTEM ............................................... 
Used Equipment Available .................................... 
Arrangements Considered .................................... 
Recommended System ......................................... 

... ....*.....e..- . 

12.1 

12.1 

12.2 

123 
125 
12.8 
120 12 

12.14 

121 
14.1 

141 

14;2 

1411 .. 

15.1 

15.2 

15.5 
15.6 

15.9 

1&1 

16.1 

16.1 

16;1 

11.2 

16.3 

16.7 
17.1 

17.1 

17-2 

17.4 

181 .. 
18.1 

18.1 
18.2 

J 



. . .  v i  

19 . HAZARDS ANALYSIS ............................................. 
Escape of Fission-Product Act ivi ty  from the  Fuel Element ..... 
Hazards Associated with Gas Leakage .......................... 
Hazard Associated with Rupture of Primary System ............. 
Radiation Levelr- with Shielding .............................. 
Radiation Level Without Shielding ............................ 
Natural-Circulation Cooling .................................. 
Heat Exchanger Tube Rupture .................................. 
Hazards Summary and Conclusion ............................... 

M a x i m u m  Credible Accident ................................. 
Normal Ac-Eivity Release ................................... 
Direct Radiation Dose Rates from Reactor Components ....... 
Other Conditions.. .......................................... 

20 . RESEARCH AND DEVELOPMENT ..................................... 
Fuel Element Development ...................................... 

Coated Pa r t i c l e  Evaluation ................................ 
Fuel Sphere Fabrication and Evaluation .................... 
Fuel Reprocessing ......................................... 

Development of Graphite Components ........................... 
Graphite Shrinkage Cracking .................................. 
Core Cooling Problems ........................................ 
Helium Containment and Fuel Handling ......................... 
Helium Pur i f ica t ion  ........................................... 
Maintenance Procedures ....................................... 
Summary of"Research' andl . ..Development Costs .................... 

21 . CONS~UCTION COSTS ........................................... 
Reactor Building ............................................. 
Reactor ....................................................... 
Possible Reductions i n  Construction Costs .................... 
F u e l - : P a b r i ~ ~ ~ i o n . ' . C o s ~ s  ';.a ..................................... 

BIBLIOGEUWU 

19.1 
19.1 

19.11 

19.14 
19.17 
19.19 

19.20 

19.23 
19.24 

19.24 

19.24 
19.26 
19.26 

20.1 

20.1 

20.2 
z,.. ... 

2 c . ;  

20.5 
20.5 
20.5 
20.6 

20.7 
20.8 
20.9 
21.1 

21.1 

21.5 

21.6 

21.9 

a 

4 C  
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1,. SUMMARY '. 

The.objectives of t h i s  study have been t o  examine the  problems of 

t he  pebble-bed reac tor  concept and t o  conceive a design of a f a c i l i t y  f o r  

invest igat ing the  f e a s i b i l i t y  of this type of reac tor .  

provide f o r  &equate' leakt ightness  of the  contaminated-gas system and 

The design must 
I 

adequate maintenance of contazpinated components, t he  most v i t a l  f ea s i -  

b i l i t y  questions of t he  concept. 

the  f a c i l i t y  should be as inexpensive as possible consis tent  w i t h  t he  

requirements t h a t  it should provide f o r  thorough t e s t i n g  of the f u e l  

elements, fuel-handling equipment, and cooling-gas cleanup equipment 

under conditions su i tab le  f o r  a prototype plant .  The f a c i l i t y  should 

fu r the r  provide f o r  inspection and maintenance operations, including 

core graphite replacement and decontamination of components, such as 

blowers, even a f t e r  subs tan t ia l  amounts of contamination kiad been 

d i s t r ibu ted  throughout t h e  system. 

and maintenance are considered essent ia l ,  since otherwise an unforeseen 

d i f f i c u l t y  might a r i s e  which could not even be diagnosed, l e t  alone 

repaired o r  corrected.  

A t  the  outse t  it w a s  es tabl ished tha t  

Means f o r  carrying out inspection 

Only seven weekswere avai lable  t o  examine the  problems, conceive 

a design, and prepare t h i s  report .  

not even be attempted, and it i s  d i f f i c u l t  t o  say with confidence t o  

w h a t  extent the  proposed design could be improved, whether space al loca-  

t i o n s  a re  adequate o r  overly generous, o r  what the cos ts  would be. Thus 

t h e  design must be considered as t en ta t ive  and l i k e l y  t o  be subject t o  

extensive revis ion.  

The solut ion of many problems could 

The proposed design i s  f o r  a reac tor  which could be operated at a 

It has a core diameter thermal power generation l e v e l  of up t o  10 Mw. 

of 18 in. ,  a core height of 8 f t ,  and a 3-f t - thick graphi te  r e f l e c t o r  

The core cons is t s  

of 1 1/2-in. -diam balls containing about the  same t o t a l  concentration 

of uranium plus  thorium as t h a t  required f o r  a fu l lTsca le  reactor,  but 

#surrounding the  core at  the  s ides  and at  the ends. 
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t he  proportion of uranium i s  higher t o  sus ta in  c r i t i c a l i t y  i n  the  smaller 

core.  Since the  graphi te  shrinkwe-cracking problem i s  severe i n  high- 

power-density cores, t h e  pressure vesse l  has been designed t o  allow re- 

placement of that  port ion of t he  graphi te  most subject t o  r ad ia t ion  damage. 

This graphi te  i s  i n  the form of concentric cy l ind r i ca l  sleeves 2 i n .  

th ick  which enclose the  core and cons t i t u t e  t h e  inner  6 i n .  of t he  re- 

f l e c t o r .  The gas system i s  designed t o  supply helium a t  a pressure of 

1000 p s i  w i t h  a core i n l e t  temperature of 550°F and a core o u t l e t  tempera- 

t u r e  of 1250°F. The gas system configuration w a s  chosen t o  assure removal 

of a f te rhea t  by thermal convection and t o  provide good cooling of t h e  

e n t i r e  pressure envelope so as t o  maintain i t s  temperature between 550 

and 650°F under a l l  conditions of operation. 

A steam generator designed t o  de l ive r  steam a t  1000°F and 1000 p s i  

i s  provided t o  remove heat .  Consideration w a s  given t o  t h e  a l t e rna t ives  

of employing the steam f o r  dr iv ing  a 3-Mw turbine generator o r  dumping 

the  heat t o  a water-cooled or  air-cooled condenser. It w a s  apparent 

e a r l y  i n  the  study 

j u s t i f i e d  economically. 

t h a t  t he  generation of e l e c t r i c i t y  could not be 

Full-pressure containment of the reac tor  gas i s  provided. I n  addi- 

t ion ,  gas-tight rooms surround a l l  flanged j o i n t s  i n  t h e  gas system t o  

minimize dispersal of a c t i v i t y  i n  the  event of a leak  and during servicing 

operations.  

The t e n t a t i v e  reac tor  s i te  chosen f o r  t h i s  study t o  f a c i l i t a t e  cost  

estimates i s  close t o  the  present Experimental Gas-Cooled Reactor (EGCR) 

a t  O a k  Ridge, Tennessee, so tha t  advantage can be taken of the  road and 

services  provided for the  EGCR. 

During t h e  course of t he  study it became apparent t h a t  a number of 

important research and development problems would have t o  be solved 

before a f i rm T i t l e  I design f o r  a pebble-bed reac tor  experiment could 

be prepared. 

t o  da te .  A considerable amount of research i s  s t i l l  required on fue l -  

ba l l  design and fabricat ion,  including (1) the  determination of t h e  

For example, no f u e l  element has been adequately demonstrated 

e 
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a 

magnitude and character of fission-product re lease r a t e s  at high burnups 

and at temperature at  l e a s t  500°F. higher than the  1500°F used f o r  the  

s ingle  f u e l  element tha t  has been extensively tes ted ,  ( 2 )  the  develop-.. 

ment and t e s t i n g  of other  f u e l  compositions, f o r  example, high-temperature 

pyrolyt ic  graphite-coated p a r t i c l e s  instead of the  A1203 o r  the  low- 

temperature pyrolyt ic  carbon-coated p a r t i c l e s  used t o  date, ( 3 )  t he  

evaluation of various means f o r  coating the  f u e l  elements t o  i n h i b i t  

oxidation, and ( 4 )  the  establishment of reasonable fue l -ba l l  i n t e g r i t y  

( res i s tance  t o  impact and abrasion) under the  conditions of temperature, 

gas flow, bal l  movement, and b a l l  handling t o  be expected i n  t h e  reactor .  

The nature and extent of fission-product deposit ion on the  pipe walls 
and equipment making up the  helium-circulation system must be determined, 

along with decontamination procedures f o r  removing the a c t i v i t y .  Greater 

knowledge i s  needed with respect t o  bal l  movement, gas flow d is t r ibu t ion ,  

and temperature d i s t r ibu t ion  i n  the  reac tor  core. Much work w i l l  be 

required t o  develop a fuel-handling system capable of r e l i a b l e  remote 

operation. I n  addition, a system of valves o r  locks i s  required which 

w i l l  a l l o w  f u e l  movement i n  and out of the  high-pressure reac tor  while 

maintaining extreme t igh tness  with respect t o  outleakage of ac t iv i ty .  

The system a lso  must be amenable t o  reasonable dismantling and decontami- 

nation procedures. 

w i l l  probably be between $5,000,000 and $8,000,000. 

reprocessing f a c i l i t y ,  i f  desired, would cost  between $1,000,000 and 

$3,000,000 addi t ional .  

The cos t  of a minimal research and development program 

Development of a f u e l  

It i s  d i f f i c u l t  t o  estimate the  construction cost  f o r  any reactor ,  

and i n  t h i s  instance t h e  uncer ta in t ies  a re  compounded by the absence 

of de ta i led  designs f o r  the  important items of equipment and by major 

uncer ta in t ies  associated with the  r e s u l t s  t o  be expected f romthe  research 

and development program. 

1 is t ing . the .major  cos t  items f o r  both the  EGCR and the  proposed Pebble- 

Bed Reactor Experiment (PBRE); assigning weight, volume, capacity, o r  area 

values t o  each component of the  two reactors ;  and scal ing the  PBRE cos ts  

from the EGCR costs.  With the  above qua l i f ica t ions ,  these preliminary 

estimates ind ica te  t ha t  t he  cost  of construction of the  proposed PBRE 
might be between $8,000,000 and $9,000,000. 

The reactor  construction cost  was estimated by 
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2, INTRODUCTION 

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

the pas t  four  years  wB&h indicate  that the  pebble-bed reac tor  concept 

may be an a t t r a c t i v e  way t o  obtaip low-cost power. 

t e s t s  of 1 1/2-in.-diam spher ica l  f u e l  elements i r r ad ia t ed  a t  tempera- 

t u res  from I300 t o  1500°F have-indicated that the  fission-product 

re lease  from the f u e l  Clements may be considerably lower than previously 

expected. 

of Sanderson & Porter ,s tudied the problems of a s m a l l  r eac tor  experi- 

m a t  which would permit the evalua,tion,of t h i s  concept. 

Recent in -p i le  

A t  the reqdest of the AEC, ORNL has, with the assis tance 

\. 

The design p r q s e d  i s  aimed-.& a system w h i d h  should'pemit-  

higher operating temperature and b e t t e r  conversion r a t i o  than,ins> I 8 '  

the EGCR a t  the cos t  of accepting a contaminated-cooling-gas system. 

It would d i f f e r  from the  Dragon and the HTGR in that it would o f f e r  a 

s implif ied fuel-handling system with a good p o t e n t i a l  f o r  on-stream 

loading, and i tawould  not  have a complex system f o r  a sp i r a t ion  of the 

fuel elements t o  reduce fission-product contamination of the cooling 

gas. 

the fuel-handling operation would be simplified, and moving par ts  would 

be eliminated from the core. The proposed operating temperature i s  

lower than that f o r  the  Turret  experiment, and the an t ic ipa ted  gas- 

contamination l e v e l  would be about that expected i n  the Dragon and 

HTGR reac tors  r a the r  than t h a t  expected f o r  the Turret experiment. 

The PBRE would d i f f e r  from the "u.rret reac tor  experiment i n  that 

The Sanderson & Por te r  work w a s  reviewed careful ly ,  w i t h  pa r t i cu la r  

a t t e n t i o n  t o  results of s tud ies  on b a l l  f ab r i ca t ion  and tes t ing ,  b a l l  

flow through core models, reac tor  designda, core configurations, core 

heat t r ans fe r  and gas pressure drop, and system configurations.  On 

the basis of t h i s  work and i n  consul ta t ion with Sanderson & Porter,  

the  reac tor  i n l e t  and o u t l e t  gas temperatures, power density, b a l l  

s ize ,  core geometry, gas system pressure l eve l ,  and gas system pres- 

sure  envelope operating temperature were es tab l i shed ,  

The extensive ORNL advanced design work on all-ceramic gasdcooled 

reac tors  w a s  reviewed in the l ight  of the Sanderson & Porter s tud ies .  
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It w a s  found tha t  estimates of the uranium and thorium concentrations 

i n  the core and the core pressure drop were consis tent  w i t h  those of 

Sanderson & Porter .  ORNL analyses indicated tha t  the hot-spot problem 

i s  l i k e l y  t o  be more serious than Sanderson & Porter had expected. The 

Sanderson & Porter s tud ies  had not proceeded t o  the point where they 

had included i n  t h e i r  designs allowances f o r  the problems imposed by 

graphite shrinkage-cracking, graphite oxidation (pa r t i cu la r ly  i n  the 

event of a rupture i n  the pressure envelope), fast-neutron damage t o  

the pressure vessel ,  thermal convection removal of a f te rhea t ,  accommo- 

dation of d i f f e r e n t i a l  thermal expansion without excessive stresses, 

vibrat ion exc i ta t ion  by the blower, leakt ightness  a t  flanged jo in t s  

and i n  valves, and access f o r  inspection and r epa i r  of contaminated 

equipment, a l l  of which have proved d i f f i c u l t  t o  cope w i t h  i n  ORNL 

advanced design s tudies .  

In designing a reactor  experiment it i s  important tha t  the power 

densi ty  be close t o  t h a t  of a typ ica l  fu l l - s ca l e  reac tor .  Sanderson & 

Porter have commonly used 25 w/cm3. Two studies  made a t  ORNL show the 

e f f e c t s  of power density on both c a p i t a l  charges and f u e l  cycle cos ts .  

Both of these s tudies  a re  i n  agreement with the Sanderson & Porter 

estimates i n  t h a t  a power density of 25 w/cm3 does inqeed give low 

power cos ts .  However, these s tudies  a l s o  show tha t  reducing the 

power density t o ,  say, 10 w/cm3 w i l l  cause r e l a t i v e l y  l i t t l e  increase 

i n  over -a l l  cos t s .  This comes about because, although the c a p i t a l  

cos ts  increase with reductions i n  power density,  the protactinium 

losses  decrease and the  conversion r a t i o  increases s u f f i c i e n t l y  t o  cut  

the f u e l  cycle costs  and thus p a r t i a l l y  compensate f o r  changes i n  cap i t a l  

costs  over than range from 10 t o  50 w/cm3. 

The experimental reactor  system w a s  designed so  that  i s  would 

eventually be capable of operating a t  about the Sanderson & Porter de- 

s ign power density, but it seems l i k e l y  tha t  f'urther s tud ies  w i l l  

indicate  t h a t  a t  l e a s t  the f i r s t  f e w  years of operation of the PBRE 

should be a t  much lower power dens i t ies .  
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After a ca re fu l  review of the avai lable  material ,  a s e t  of design 

precepts w a s  es tabl ished on September 13, 1960, and adopted a s  a bas i s  

f o r  evolving the design of a pebble-bed reac tor  experiment. These de- 

s ign  precepts a r e  out l ined i n  the following statements. 

1. The major object ives  of the 10-Mw PERE a re  t o  study the s t ruc-  

t u r a l  s t a b i l i t y  and fission-product re teneion cha rac t e r i s t i c s  of fueled- 

graphite spheres, deposit ion of fission-product a c t i v i t y  throughout the 

system, means of dealing with problems posed by this  a c t i v i t y  (e.g., gas 

leaks,  equipment decontamination f o r  maintenance, e t c .  ), and a fue l -  

handling system su i t ab le  f o r  t h i s  type of f u e l ,  

2. The des&gn should not be compromised by requirements f o r  t e s t s  

not  concerned with the pebble-bed concept. 

3, 
temperature, temperature d is t r ibu t ion ,  and s tack height should be the 

same as  f o r  a fu l l - sca l e  core,  

The s ize  of the f u e l  spheres, the power density, operating 

4- In  order t o  simplify the system and cu t  costs,  no thorium 

blanket w i l l  be employed i n  the small experimental reac tor .  

5 .  The fuel-handling system requirements w i l l  be studied and 

selected t o  provide f o r  one of the following: 

power, (b)  charging a t  zero power but f u l l  pressure and temperature, 

o r  (c )  charging a t  zero power, atmospheric pressure, and the tempera-. 

tures cha rac t e r i s t i c  of fUl-power operation. 

( a )  charging a t  f u l l  

6 ,  A f a s t  gas system pump-down (not more than 1 hr) is e s s e n t i a l  

t o  reduce the hazards i f  a small leak develop6 suddenly. 

7 .  The f u e l  element should be of a type shown by in-pile t e s t i q g  

t o  give a fission-product re lease  r a t e  of l e s s  than lom4 times t h e  rate 

of fission-product generation a t  f u l l  power. 

8 .  Provisions f o r  coping with the f i s s i o n  products released should 

include means f o r  haadling the isotopes cha rac t e r i s t i ca l ly  re leased from 

U02 and those t o  be expected from UC and UC2 fue l s .  

9 .  The gas system configuration should give sa t i s f ac to ry  removal 

of a f te rhea t  by thermal convection if pract icable .  



2.4 

10. The means of coping with d i f f e r e n t i a l  thermal expansion i n  the  

system configuration f o r  the  s m a l l  experimental reac tor  should be con- 

s i s t e n t  w i t h  means that would be su i t ab le  f o r  a f u l l - s c a l e  p l an t .  

11. 

12. Provisions should be made t o  permit decontaminating t h e  blowers 

The moving p a r t s  of the  blowers must be replaceable .  

and the  fuel-handling system before the  i n i t i a t i o n  of maintenance work. 

These should include means f o r  hydraulically i s o l a t i n g  the  component 

a f fec ted  t o  permit spraying or flooding it with a cleaning so lu t ion .  

13. Provisions f o r  maintenance of the  main hea t  exchanger need 

include only access t o  tube headers outs ide the  sh i e ld  t o  permit 

plugging of a leaky tube and an access opening i n  the pressure ves se l  

f o r  inspection w i t h  a periscope or TV camera and removal of samples. 

14. The fuel-handling system must be designed t o  permit cleaning 

out  a region of jammed balls.  

15. The graphi te  core sBructure should be accessible f o r  inspection 

and maintenance. If possible, p a r t s  i n  the  high fast-neutron f l u x  region 

should be replaceable, preferably through an access opening about 2 f t  

i n  diameter. 

16. The temperature of the  s t r u c t u r a l  envelope should not exceed 

650°F. 

17. Full pressure containment should be provided. 
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3. SELECTION OF REA(=TOR CORE GEOMETRY 

Two types of reac tor  core have been considered; (1) a short ,  squat, 

30-in.diam by 30-in.ehigh cylinder and (2)  a ta l l ,  th in ,  18-in.ldiam 

by 8-kt-high cyl inder .  'Both would require  a 3-ft-thick graphite r e f l ec to r  

t o  keep fast-neutron damage t o  the  reac tor  pressure vesse l  t o  an accept- 

able  leve l .  This r e f l e c t o r  would be s u f f i c i e n t l y  e f f ec t ive  so t h a t  t he  

differences i n  f u e l  concentration i n  the  two types of core would not be 

important, >except t h a t  control  rods operated i n  the  r e f l ec to r  j u s t  out- 

s ide the core would have a grea te r  r e a c t i v i t y  e f f e c t  f o r  the t a l 1 , t h i n  , 

core.  

The most important requirement of the  experimental core i s  that it 

give a power densi ty  and a temperature d i s t r ibu t ion  s imilar  t o  t h a t  of 

a fu l l - sca le  reac tor .  

t o  give as high 8' gas temperature as i s  compatible w i t h  SA-212, grade B, 
The gas i n l e t  temperature should be roughly 550°F 

pressure-vessel s t ee l ,  and the  reac tor  gas o u t l e t  temperature f o r  this 

type of reac tor  should be at  l e a s t  1250°F t o  give a s igni f icant  improve- 
ment over t h a t  obtainable with s ta inless-s teel-clad U02 f u e l  elements. 

The required gas temperature r i s e  could be obtained with a.nomint3.l 

200'F temperature difference between the  f u e l  and the  cooling gas i n  a 

long, t h i n  core, whereas a nominal temperature difference of about 

500°F between t h e  f u e l  element and the  gas would be required t o  achieve 

the  same temperature r i s e  w i t h  a short ,  squat core. 

within the  reac tor  core will be arranged randomly and w i l l  be r a the r  

loosely packed, but i n  some regions there  may be c l u s t e r s  of c lose ly  

packed balls. 

pack'ed a r rays  might be as much-as a f ac to r  of 10 grea te r  than f o r  the  

randomly packed regions, t he  l o c a l  mass flow r a t e s  through the  t i g h t l y  

packed c l u s t e r s  might be only one-third the  average value f o r  the  core. 

T h i s  could lead t o  l o c a l  temperature differences between the f u e l  

The fueled balls 

Since the  pressure-loss coef f ic ien t  f o r  the  c lose ly  

t 

element and t h e  gas t h a t  were subs tan t ia l ly  l a rge r  i n  the  wakes of the  

c lose ly  packed c l u s t e r s  than f o r  the  core a s  a whole. 

temperature i n  a c lose ly  packed c l u s t e r  might be, perhaps, 400°F above 

The maximum 
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t he  l o c a l  gas temperature fo r  t he  ;tall, t h i n  core and as much as 900°F 

above the l o c a l  gas temperature f @  the  short, squat core.  

re la ted  e f f e c t s  appear t o  give peak surface and in t e rna l  temperatures, 

respectively,  of 1800 and 2200°F f o r  t he  ta l l ,  t h i n  core as compared 

r' 
T h i s  and 

w i t h  corresponding values o f 2 6 0 0  and30014"F f o r  the  short, squat core. 

I n  view of t he  l ikelihood that the  graphi te  f u e l  spheres will be damaged 

by temperatures above 2200"F, it appears tha t  t he  short, squat core i s  

d e f i n i t e l y  l e s s  desirable than the  ta l l ,  t h i n  core and t h a t  t h e  l a t t e r  

w i l l  more nearly simulate the  temperature d i s t r ibu t ion  i n  a fu l l - sca le  

reactor  f o r  the  same power densi ty  and the  same i n l e t  and ou t l e t  gas 

temperatures. 

The dis tance which the  b a l l s  w i l l  drop during loading i n t o  the  

core, t he  s t a t i c  head on the  balls that tends t o  increase l o c a l  contact 

pressures and possibly leads t o  s inter ing,  and the  p o s s i b i l i t y  of 

ra tchet ing and consequent damage t o  the core s t ruc ture  a l l  seem t o  be 

d i r e c t l y  proportional t o  the  height of t he  core, and the  ta l l ,  t h i n  

core appears t o  simulate b e t t e r  t h e  conditions t o  be expected i n  a 

fu l l - sca l e  reactor .  

The problems'arising Prom graphite shrinkage under i r r a d i a t i o n  

and the  p o s s i b i l i t i e s  of cracking as a r e s u l t  ind ica te  t h a t  the graphi te  

should be employed i n  the  form of cy l ind r i ca l  sleeves having a thickness 

of not more than 2 i n .  Experience wi th  ceramic cyl inders  has indicated 

t h a t  t he  thickness-to-diameter r a t i o  should not be l e s s  than 0.1. Since 

the  thickness i s  fixed, the  ta l l ,  slender core gives a more favorable 

geometry from the standpoint of the graphi te  s t ruc tu ra l  design. Further, 

pressure vessel  considerations make  it reasonable t o  consider put t ing i n  

access tubes having diameters of up t o  24 i n .  and, possibly, as much as 

30 in . ,  but the  l a rge r  diameter access tubes pose rap id ly  increasing 

problems, pa r t i cu la r ly  i n  the  design of the closure f langes and provisions 

f o r  handling them remotely. 

graphite sleeves can readi ly  be removed and replaced i f  rad ia t ion  damage 

leads t o  shrinkage cracks. Further, i n  t h e  event t h a t  s in t e r ing  occurred 

t o  such a degree t h a t  t he  balls could not be readi ly  removed from the 

With t h e  smaller diameter cores, t h e  inner 
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core, it would be possible  t o  remove the  e n t i r e  inner  graphite sleeve 

and the  complete bed of b a l l s  with apal l ,  's,&adoT,.:core. 

r a t i o  of b a l l  diameter t o  core diameter would be only 12, and therefore  

the  b a l l  flow d i s t r ibu t ion  would be qui te  d i f f e r e n t  from t h a t  f o r  a 

fu l l - sca le  reac tor .  T h i s  would not be important i f  the  f u e l  were loaded 

and unloaded i n  batches, but it could lead t o  subs t an t i a l  differences i n  

the  degree of burnup from one bal l  t o  anoyher i n  t h e  smaller diameter 

cores i f  these could not be designed t o  match the  b a l l  flow d i s t r ibu t ion  

t o  the  reac tor  power d i s t r ibu t ion .  Another disadvantage of t h e  tal l ,  

slender core i s  t h a t  it would y i e ld  a much higher pressure drop and 
hence require a g rea t e r  v e r t i c a l  dis tance between the  core and the  steam 

generator t o  give adequate cooling flow by thermal convection t o  remove 

t h e  a f t e rhea t .  

i 

An important disadvantage of t he  ta l l ,  slender core i s  t h a t  t h e  

It i s  important t o  obtain a uniform gas temperature d i s t r ibu t ion  

across  the  o u t l e t  face of the  reac tor .  

d i s t r i b u t i o n  should be matched t o  the  power d i s t r ibu t ion .  

of t he  cha rac t e r i s t i c  curves f o r  both the  power d i s t r ibu t ion  and the  

flow d i s t r ibu t ion  t o  be expected ind ica tes  that b e t t e r  matching of the  

two can probably be obtained with the  tal l ,  slender core. 

s iderat ions,  which have been summarized i n  Table 3.1, l ed  t o  the  selec- 

t i o n  of the  18-in.-diam, 8-ft-tall core as the  bas i s  f o r  the  design 

study. 

T h i s  implies t h a t  t h e  gas flow 

Examination 

These con- 

Sanderson & P o r t e r  have considered both upflow and dovnflow cores.  
0 

The downflow cores have the  advantage that no s t ruc tu re  i s  required over 

the  top  of the  b a l l  bed t o  hold the  balls i n  place at  power dens i t i e s  

above about 15 w/cm3, where the  aerodynamic updraft  loads become la rge  

enough t o  Negin t o  f l o a t  the  bed of balls. 

damage t o  t h e  pressure vesse l  i s  t o  be avoided, some s o r t  of heavy 

graphite or  s t e e l  s t ruc ture  must be used over t he  top  of the  core, and 

t h e  access ib i l i t y  seems t o  be l i t t l e  affected i f  t h i s  thermal sh ie ld  i s  

a l so  made t o  serve t o  hold the  b a l l  bed i n  place.against  a strong 

v e r t i c a l  updraft  force.  

However, i f  fast-neutron 

It should be noted t h a t  experience with b a l l  

h 
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Table 3.1. Relative Advantages and Disadvantages of 30-in.-diam, 
30-in.-High and 18-in.?diam, 8-ft-High Cores 

Short, Squat Core Long, Thin Core 

Simulation of fu l l - s ca l e  reactor  Good Good 

Power densi ty  
Temperature d i s t r ibu t ion  
Hot spots 
B a l l  flow 
Ball-contact pressures 
B a l l  -drop d i  stance 

Good 
F a i r  
Poor 
F a i r  
F a i r  
,Fa i r  

Good 
Good 
Good 
Poor 
Good 
Good 

Accessibi l i ty  f o r  maintenance F a i r  . Good 

S u i t a b i l i t y  f o r  control  rods F a i r  Good 

beds indicates  t h a t  t he  bed w i l l  begin t o  f l o a t  at a pressure drop equal 

t o  about 87% of the  weight of the  bed, i n  t h i s  instance about 57 l b / f t 2  

pressure drop per foot  of height of t he  bed. This tendency of t he  

aerodynamic loads t o  f l o a t  t he  bed may prove advantageous i n  t h a t  it 

can be used t o  a g i t a t e  t he  bed s l i g h t l y  t o  break up inc ip ien t  s in te r ing .  

Since the  pressure drop t o  be expected at  25 kw/li ter i s  about double 

t h a t  required t o  f l o a t  t he  bed, it might be desirable  t o  i d l e  t h e  reac tor  

down t o  perhaps half  power once a day and thus allow t h e  bed t o  s e t t l e  

and s h i f t  a l i t t l e  t o  break up inc ip ien t  s in te r ing .  

Sanderson & Por te r  have found d a t a ' i n d i c a t i n g  t h a t  an upflow bed ' 

would be l i k e l y  t o  give t rouble  with ked "chugging" or l o c a l  bal l  

"spinning" or "dancing" even a t  pressure drops equal t o  double the  

weight of t he  bed. This comes about because the  flow r a t e  required t o  

f l o a t  a s ingle  b a l l  i s  about seven times $hat required t o  f l o a t  a 

randomly packed bed so tha t ,  while t he  bed as a whole might be l i f t e d  

against  t he  upper grate ,  some individual  b a l l s  o r  groups of b a l l s  might 

be free t o  f l u t t e r .  A solut ion t o  t h i s  problem m y  l i e  i n  the  shaping 

of t he  upper gra te .  

pyramid with, perhaps, a 60-deg included angle a t  the  t o p  where t h e  balls 

would be admitted and i f  t he  flow passages through the  g ra t e  permit t h e  

grea te r  pa r t  of t h e  gas flow t o  leave t h e  core near t he  base of t h i s  

If it i s  made conical o r  an i r r egu la r  hexagonal 

I. 

0 
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region, the  gas flow through the  balls near t he  apex w i l l  be l e s s  than 

t h a t  required t o  cause them t o  f l o a t .  That portion of t h e i r  weight not 

balanced by the  pressure drop would a c t  t o  tamp the  b a l l s  i n to  the  base 

of the  core where they could bridge t o  car ry  the  upflow gas load. 

s t a t i c  head of balls i n  the  supply tube would assist t h i s  tamping act ion.  

The effectiveness of t h i s  approach can be determined only by experiment. 

A 

A major problem i s  posed by the  core support s t ructure .  If the  
k 

s t ruc ture  i s  at  the  reac tor  i n l e t  temperatu_re, the  problems associated 

w i t h  d i f f e r e n t i a l  thermal expamion between the  graphite and the  s t e e l  

support s t ruc ture  will be minimized, and the  heavy gravi ty  loads will:,be 

car r ied  by s t ruc ture  operating at  a temperature such that i t s  s t rength 

i s  high. If the  downflow core were used, t he  core support s t ruc ture  

would have t o  be made of s t a in l e s s  s t e e l  or graphite, and serious 

d i f f e r e n t i a l  thermal expansion problems would r e s u l t .  

g rea t ly  complicate the  design and increase the  cost  r e l a t i v e  t o  that of 

an upflow core. 

temperature f o r  spec ia l  experiments o r  during accidental  t r ans i en t s  t o  

a lower value than would be permissible with-an upflow core. 

s 

These would 

It would a l s o  l i m i t  the  allowable reac tor  o u t l e t  gas 

The upflow core appears t o  be b e t t e r  from the  thermal-convection 

standpoint. 

Por te r  (see Fig. 4.10 of chap. 4, t h i s  r epor t )  can be made so t h a t  a f t e r -  

heat removal can be effected by thermal convection i n  the  event of l o s s  

of power t o  the  blowers, it cannot be bu i l t  so t h a t  t he  system could be 

s t a r t ed  cold simply by thermal convection and without blowers. 

p o s s i b i l i t y  might prove advantageous f o r  small reac tors  located i n  remote 

areas  where it would be d i f f i c u l t  t o  supply e l e c t r i c i t y  t o  the  blowers 

f o r  s tar tup.  

While a configuration such as t h a t  proposed by Sanderson & 

This 

The r e l a t i v e  advantages and disadvantages of updraft and downdraft 

cores have been summarized i n  Table 3.2. 

it appears t h a t  an updraft core i s  d e f i n i t e l y  preferable t o  the  down- 

d r a f t  type. The only disadvantage of t h e  updraf t  core is  tha t  it may 

give . trouble w i t h  b a l l  f l oa t ing  at  high power dens i t ies .  

I n  reviewing t h i s  information, 

This shortcoming 

does not appear t o  be as ser ious as  the  hot spot or maintenance problems 
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Table 3 . 2 .  Relative Advantages of Updraft and Downdraft Cores 

Downdraft Core Updraft Core 

Thermal convection 

Pressure drop 
I n  st  al lat  i on height 
Star tup 

F a i r  
F a i r  
Poor 

Good 
Good 
Good 

core iupport s t ruc ture  Poor Good 

B a l l  re ten t ion  a t  high power densi ty  Good F a i r  

B a l l  ag i t a t ion  t o  inh ib i t  s in te r ing  Poor Good 

of t he  s h o r t ,  squat core (see chaps. 5 and lo) ,c espec ia l ly  s ince cost  s tudies  

indicate  t h a t  there  i s  no great  incentive t o  go t o  power dens i t i e s  above t h a t  

at which b a l l  f loa t ing  may prove t o  be a problem. Further, t h e  most severe 

t es t  t o  date of a f u e l  b a l l  has been a t  a power densi ty  of about 25 w[cm3, or  

about t h a t  which would preva i l  i n  the  peak power density’zone of t he  proposed 

ta l l ,  t h i n  core i f  it were operated j u s t  below t h e  region i n  which ball f l o a t -  

ing might begin t o  be troublesome. 

Experimental data on the  e f f e c t s  of power densi ty  on t h e  fuels considered 

are not available,  “but thermal stress considerations indicate  t h a t  25 w/cm3 

i s  close t o  the  value f o r  inc ip ien t  cracking of both t h e  alumina-coated f u e l  

p a r t i c l e s  and the 1.5-in.-diam graphite ba l l s .  These problems should be 

given much fur ther  a t t en t ion  before a f i n a l  design is  chosen, but, f o r  t h e  

purposes of t h i s  study, an upflow core seems t o  be t h e  bes t  choice and should 

give t h e  least expensive and most f l ex ib l e  system. 
* 



4.  SELECTION OF PLANT CONFIGURATION 

If ceramic f u e l  elements without metal l ic  cladding a re  employed i n  

gas-cooled reactors,  an appreciable amount of fissionrproduct contamina- 

t i o n  w i l l  be d i s t r ibu ted  around the system, including the steam generator 

and blowers. 

but it will be necessary t o  provide a containment vesse l  around the  

e n t i r e  reactor .coolant  gas system. I n  order t o  minimize the s i ze  of the  

primary gas system which must be both shielded and enclosed i n  a contain- 

ment vessel ,  it seems desirable  t o  develop a plant  configuration t h a t  i s  

considerably more compact than t h a t  used f o r  Calder H a l l ,  which has 

served as the  model f o r  most gas-cooled reac tor  designs. A s e r i e s  of 

t y p i c a l  configurations of reactor,  steam generator, and,blower su i tab le  

f o r  a 300-Mw( e )  power plant  has therefore  been studied, ' and each has 

been evaluated from the  standpoint of the  many requirements which must 

be met. 

Not only w i l l  shielding of these components be required, 

Insofar  as possible, these configurations have been made d i r e c t l y  

comparable by using the  same design power output, t he  same gas condi- 

t ions,  and the  same steam conditions throughout. It appears t h a t  the  

r e s u l t s  of the study would not be changed i n  an important fashion by 

var ia t ions  i n  the  design power l e v e l  o r  t he  gas and steam conditions 

over the ranges of i n t e r e s t .  It w a s  taken as axiomatic t h a t  t he  m a x i m u m  

pressure vesse l  thickness tha t  could be used w a s  8 i n .  and t h a t  there  

w a s  a strong incentive t o  keep the  pressure vesse l  thickness t o . 4  i n .  

except i n  the  v i c i n i t y  of penetrations.  

Plant Requirements 

There a re  many requirements imposed on the  design of a given reac tor  

system, and, although some may take precedence over others, most must 

be s a t i s f i e d  reasonably well, and compromises must be made t o  keep the  

cos t s  from becoming excessive. Unfortunately, while c a p i t a l  cos t s  are 

d i f f i c u l t  t o  estimate, estimates of operating cos ts  a r e  even more 

. 
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d i f f i c u l t  t o  make; f o r  example, it i s  very d i f f i c u l t . t o  estimate the 

cost  of remote-handling operations simply from paper s tudies .  

1. 

2 .  

3 .  

4. 
5 .  

6 .  

7 .  

8. 
9 .  

10. 
11. 

12, 

13. 

14. 

15. 

16. 

17. 
18. 

The design of t he  PBRE must provide f o r :  

adequate support of t he  moderator w h i l e  allowing f o r  thermal expan- 
s ion and growth or shrinkage from i r r a d i a t i o n  and assuring i n t e g r i t y  
of t he  passages for t he  f u e l  elements and control  rods, 

flow s t a b i l i t y  on the water s ide of t he  steam generator, 

removal of a f te rhea t  by thermal convection, 

movement of t he  spherical  f u e l  elements i n  the  pebble bed, 

i n t e g r i t y  of t he  primary pressure envelope, 

accommodating d i f f e r e n t i a l  thermal expansion, 

accommodating seismic loads, 

maintaining the pressure envelope at  the  reac tor  i n l e t  temperature, 

leakt ightness  of a l l  flanged jo in t s  and maintenance of both flanged 
j o i n t s  and f l ex ib l e  elements, such as bellows i n  ducts, 

minimizing vibrat ion exc i ta t ion  by the  blowers, 

f u e l  handling, 

i n s t a l l a t ion ,  operation, and removal of cont ro l  rods and t h e i r  
dr ive mechanisms, 

access t o  the  blowers f o r  inspection, maintenance, and replacement, 

access t o  the headers of t he  steam generator f o r  inspection and 
plugging of leaking tubes, 

access t o  the  core fo r  inspection and maintenance, 

good access t o  major components f o r  i n s t a l l a t i o n  and maintenance 
by overhead crane, 

minimum s i ze  and complexity of shield,  

minimum s i ze  of containment vesse l .  

Horizontal Versus Ver t i ca l  Posi t ion f o r  Core and Steam Generators 

The requirements outlined above impose such a complex set of problems 

t h a t  it i s  bes t  t o  consider them one by one. Probably the  f i rs t  con- 

s iderat ion i n  the  design i s  t h a t  of the  support f o r  the graphi te  moderator 

and core s t ructure ,  which has a coef f ic ien t  of thermal expans.ion sub- 

s t a n t i a l l y  l e s s  than tha t  of s t e e l .  I n  order t o  make t h e  most of t he  
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reactor  output, the  temperature r i s e  i n  the  gas flowing through the  

various f u e l  passages should be the  same across the  e n t i r e  core., thus  

favoring a core i n  the  form of a cylinder with the  gas flow p a r a l l e l  

t o  t he  axis. 

moderator and at t h e  same time insure that the  passages f o r  both the  

f u e l  and the  cont ro l  rods w i l l  remain s t r a igh t  and of the proper cross  

section so t h a t  there  w i l l  be no interference withicoolant flow, control  

The design must be such as t o  support the  weight of the  

rod operation, o r  f u e l  charging or  discharging operations. Some notion 

of t he  problem i s  given by the  f a c t  t h a t  t he  d i f f e r e n t i a l  thermal ex- 

pansion between graphi te  and carbon s t e e l  at t h e  temperature range from 

room temperature t o  the  operating temperature w i l l  be about 1.0 in .  i n  

10 f t .  

cy l ind r i ca l  core i f  i t s  axis i s  horizontal .  It w a s  t h i s  consideration 

that l ed  t o  t h e  choice of a v e r t i c a l  core a x i s  i n  bo th , the  Calder H a l l  

r eac tor  and the  EGCR. 

w a s  considered (see Fig. 4.8 i n  l a t e r  sect ion of this chapter),  no 

su i tab le  s t ruc ture  f o r  supporting the  moderator i n  such a core appears 

t o  be available.  

T h i s  makes it very d i f f i c u l t  t o  provide good support f o r  a 

While a reac tor  core with horizontal  passages 

It i s  not su f f i c i en t  t h a t  the reac tor  core support i t s  own weight; 

it must withstand the  la rge  forces  associated with the  gas pressure 

drop across the  core as well  as the  horizontal  shaking forces  t h a t  might 

be imposed by an earthquake. 

gether have been proposed. These include circumferent ia l  hoops, such as 

those used i n  the  Calder H a l l  and l a t e r  B r i t i s h  reactors ;  tubular  springs 

that can be placed between the  pressure vesse l  and the  core, as proposed 

f o r  a Maritime gas-cooled reactor,' and a re  su i tab le  f o r  cores Kaving 

diameters up to  about 12 f t ;  graphite columns located by s t e e l  grids,  

as used i n  the  EGCR; and u t i l i z a t i o n  of the  pressure d i f f e r e n t i a l  across 

t h e  core t o  squeeze the  core together through the  use of seals between 

Several methods of holding the core to- 

' t h e  t i e r s  of blocks around the  outer  perimeter, as i n  the  Dragon reactor .  

'A. P.  Fraas, "Nuclear Gas Engine," ORNL CF-58-9-12, Nov. 28, 1958. 

n 
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I n  a l l  cases, the adverse e f f e c t s  of d i f f e r e n t i a l  thermal expansion and 

graphi te  shrinkage under i r r a d i a t i o n  make it progressively more d i f f i c u l t  

t o  obtain a sa t i s f ac to ry  moderator support s t ruc ture  as t h e  reac tor  core 

s i ze  i s  increased, even i n  a cy l ind r i ca l  core' with i t s  a x i s  v e r t i c a l .  

Much p rac t i ca l  experience i n  the  b o i l e r  f i e l d ,  as wel l  as ana ly t ica l  

work, ind ica tes  t h a t  t he  steam generator should be mounted so t h a t  t he  

water w i l l  move upward through the tubes.  The more near ly  v e r t i c a l  t he  

movement and the  g rea t e r  the  height of t he  tubes the  b e t t e r  w i l l  be the  

water flow s t a b i l i t y  and d i s t r ibu t ion  between p a r a l l e l  tubes.  Further, 

experience has shown tha t  horizontal  runs of tubes may give d i f f i c u l t y  

w i t h  corrosion i f  they tend t o  run p a r t l y  f u l l  of water. 

b o i l e r  experience s t rongly favors t a l l  v e r t i c a l  tubes i n  the  b o i l e r  

portion of t he  steam generator.  

Thus steam 

An important consideration i n  the  design of the  heat exchanger i s  

provision f o r  the  support of t he  heat exchanger tubes..,  I n  t h i s  respect i r  
v e r t i c a l  tubes have a marked advantage over horizontal- tubes i n  that  

r e l a t i v e l y  small forces  a r e  required because the  tubes a r e  s tab le  i f  

hung from t h e i r  upper ends i n  the  v e r t i c a l  condition. Further,  t he re  

i s  l i t t l e  tendency f o r  t he  tubes t o  warp between supports i f  they  a r e  

hung v e r t i c a l l y  so t h a t  t he  tube spacing can be maintained accurately 

w i t h  a minimum of s t ruc ture .  

The g rea t e r  t he  v e r t i c a l  dis tance between the  center  l i n e s  of the 

reac tor  and the  steam generator, the g rea t e r  the  dr iving force  f o r  

thermal convection. I n  most of the  configurations studied, t h i s  

difference i n  e levat ion must be about 50 f t  t o  insure a f t e rhea t  removal 

by thermal convection. 

Further, s tud ies  of b a l l  movement i n  beds of spheres have indicated 

t h a t  t he  reac tor  core axis should be v e r t i c a l  i f  t he  f u e l  charge i s  t o  

be changed i n  small increments r a t h e r  than i n  a s ingle  batch.  Thus it 
appears tha t  the  f i r s t  four  of t he  18 requirements l i s t e d  above are bes t  

met by making the reactor  core and steam generator axes v e r t i c a l ,  with 

t h e  steam generator w e l l  above the  reac tor .  

Y 
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' Pressure ,Vessel Envelope In t eg r i ty  

Requirements 5 through 10 are  concerned with the  i n t e g r i t y  of the  

pressure envelope. 

importance, pa r t i cu la r ly  f o r  contaminated systems i n  which the  gas may 

contain many thousands of cur ies  of a c t i v i t y .  

bo i l e r s  and other pressure vessels  used at elevated temperatures indi-  

ca tes  t ha t  the  envelope components should be cy l indr ica l  o r  spherical ,  

with as l i t t l e  var ia t ion  i n  section thickness and operating temperature 

I n  a gas-cooled reactor  t h i s  i s  of the  highest 

Experience with steam 

as possible.  

t h i s  study, it seems best  t o  maintain the e n t i r e  pressure envelope close 

t o  the  reactor  i n l e t  temperature both t o  minimize thermal s t resses  and 

t o  permit t he  use of a s ingle  alloy, SA-212, grade s t ee l ,  throughout 

t h e  system. 

of cracking at welds between d iss imi la r  materials.  The s i ze  and number 

of penetrations should be minimized, and bellows jo in t s  should be 

avoided i f  possible.  

For the  high reactor  ou t l e t  temperatures contemplated i n  

This w i l l  help keep cos ts  down and w i l l  avoid the danger 

The mounting must be su f f i c i en t ly  r i g i d  t o  withstand the  severe 

l a t e r a l  shaking forces  of an earthquake, and ye t  it must accommodate 

d i f f e r e n t i a l  thermal expansion between t h e  ves se l  and the  concrete 

support s t ruc ture .  The l a t t e r  requirement i s  commonly met e i the r  by 

mounting one point of the  s t ruc ture  r i g i d l y  and allowing two o r  more 

other  points i n  the same plane t o  f l o a t  on r o l l e r s ,  o r  by mounting major 

.components on support skirts i n  which the  temperature d i s t r ibu t ion  i s  

carefu l ly  control led.  I f  t he  l a t te r  approach i s  used, ducts between 

mqjor components must be made lhng and f l ex ib l e  o r  must be f i t t e d  w i t h  

f l ex ib l e  elements such as bellows. 

Experience w i t h  both the  Calder H a l l  r eac tors  and the Zenith 

c r i t i c a l  experiment has shown the  extreme d i f f i c u l t y  of get t ing a leak- 

t i g h t  system. O a k  Ridge experience indicates  tha t  t h i s  can be done 

bes t  i f  a l l  flanged jo in t s  a re  located i n  cool, well-shielded zones so 

t h a t  elastomers can be employed. ORNL t e s t s  have indicated t h a t  f o r  

diameters over 1 2  in . ,  Conoseal j o i n t s  probably do not have t h e  degree 
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of i n t e g r i t y  required. Seal-welded, brazed, o r  soldered j o i n t s  can be 

used i f  they a re  i n  zones where they can be inspected and checked f o r  

leakt ightness .  This requires  t h a t  t h e  rad ia t ion  dose l e v e l  be less 

than about 1 k/hr during a shutdown a f t e r  extended operation. 

even a s m a l l  leak would necess i ta te  shutdown of a plant  with a 

contaminated-gas system, there  should be a minimum number of flanged 

jo in ts ,  and the  design of these must be based on thoroughly proven 

types.  

Since 

Much experience with ro t a t ing  machinery ind ica tes  t h a t  the blowers 

should be supported by heavy concrete s t ruc ture  as close t o  the  shaft 

bearings as possible.  Above about 100 hp t h e  sha f t s  should be horizontal  

t o  avoid d i f f i c u l t i e s  with "whi.rl." 

Access f o r  Operation, Inspection, and Maintenance 

Requirements 11 through 15 a r e  concerned with f ac to r s  t h a t  w i l l  

g r ea t ly  influence operating cos t s  and have long been considered as 

presenting such d i f f i c u l t i e s  t h a t  there  have been major doubts as t o  

t h e  f e a s i b i l i t y  of a reac tor  with a contaminated-gas system. 

The fuel-handling system must provide,for  adding and removing f u e l  

without permitt ing a serious amount of a c t i v i t y  t o  escape i n t o  t h e  fue l -  

handling a rea .  Pa r t i cu la t e  a c t i v i t y  i s  espec ia l ly  objectionable.  I n  

t h i s  connection, t h e  a c t i v i t y  l e v e l  i n  rooms frequented by personnel 

must be kept below Assuming a room volume of 1000 m3 and 

a fission-product concentration i n  the  gas system of 100 pc/cm3, this < 
implies tha t  less than 0.001 cm3 of gas may escape i n t o  a room containing 

personnel when a flange i s  broken. 

Control rods should operate v e r t i c a l l y  suspended on cables  from 

@ c / ~ r n ~ ~ .  

above o r  driven by b a l l  screws from below the  reac tor .  

t h e  shorter  t h e  dis tance between the  dr ive  u n i t s  and the  core t h e  be t t e r ,  

pa r t i cu la r ly  from t h e  standpoint of t he  damage tha t  might r e s u l t  from an 

accidental  rod drop. 

I n  e i t h e r  case, 

. 
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Access t o  the  blowers f o r  maintenance will be g rea t ly  f a c i l i t a t e d  

i f  they can be i so la ted  from both the  reactor  and t h e  steam generator 

by about 5 f t  and 3 f.t, respectively,  of concrete shielding. 

should permit l imited contact maintenance during a shutdown. 

t h e  tube headers f o r  t h e  steam generator should be shielded from the  

steam generator proper t o  p e i e t  d i r e z t  access for inspection and tube 

This 

Similarly, 

plugging. 
The information a-qailakle on t he  e f f e c t s  of i r r ad ia t ion  on graphite 

indicates  t h a t  it would be desira5le  t o  design the  reactor  core so t h a t  

t h e  moderator could be replaced i f  d i f f i c u l t i e s  should arise after a 

few years of reac tor  operation. This might be done i n  any one of 

several  ways. A removable pressure vesse l  head with a flanged j c i n t  

c 

c 

could be employed, o r  t h e  pressure vessel 'could be cut  with a torch and 

rewelded after i n s t a l l a t i o n  of a bew core. 

not seem p r0mis ing .h  view of t he  d i f f i cu lk i e s  associated with carrying 

The l a t t e r  approach does 

out the welding and inspection operations, since the  a c t i v i t y  l e v e l  i n  

and around the  pressure vesse l  would probably require  tha t  t h i s  work be 

car r ied  out by remote control .  

access tube, perhaps 2 f t  i n  diameter, extending through the  shield 

from the top  o r  t he  bottom or' the reactor .  I n  t h e  l a t t e r  case, a hole 

could be placed i n  the  center of the .core  support g r id  and covered w i t h  

a plug which coilld be held i n  place with a lhrge snap r ing .  

t h i s  plug, t he  moderator, o r  ah least a portion of it, could be allowed 

t o  tumble out i n t o  a cask, and the balance could be pushed out w i t h  

remote-handling equipment. Af'ter removal of" t he  old moderator blocks, 

that region of the  core could be washed down w i t h  an oxalic acid solu- 

t i o n  t o  decontaminate it insofar  as possible.  It could then be sprayed 

with-a t h i n  coating of lacc,uer t o  hold any remaining pa r t i cu la t e  matter 

i n  place on the surfaces and t o  minimize airborne contamination during 

the i n s t a l l a t i o n  of f r e sh  moderator blocks, 

A more promising approach would be an 

By removing 

Large assemblies of f r e sh  moderator blocks could be glued together 

with a cement such as a low-ash methylmethacryate t o  f a c i l i t a t e  t h e i r  

i n s t a l l a t ion .  After stacking these large sect ions i n  the  core, t he  

cement could be -removed by baking a t  low temperature. 
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Construction Costs 

Requirements 16 through 18 have been included because of t h e i r  

4 

pronounced e f f ec t s  on construction cos ts .  The best  system i s  l i k e l y  

t o  be t h a t  which bes t  meets these requirements while at  the  same time 

meeting the  other 15 requirements. 

Proposed Configurations 

The configurations considered i n  t h i s  study a r e  shown schematically 

i n  Figs .  4 .1 through 4.9. 
same scale,  with the  major components sized t o  give a reac tor  thermal 

power output of BOO Mw,. with a gross  e l e c t r i c a l  output of 300 Mw, f o r  

the  system. The gas temperature w a s  taken t o  be 550°F at  the  entrance 

t o  the core and 1250'F at  the  e x i t .  The steam leaving the  superheater 

w a s  taken as being at 2400 ps i a  and 1050"F, with reheat t o  1000°F and 

400 p s i .  I n  a l l  cases the gas w a s  taken as being helium, although the  

subs t i tu t ion  of C02 would have r e l a t i v e l y  l i t t l e  e f f e c t  on the  s i ze  of 

the  various components. 

been proportioned t o  s a t i s f y  the  fundamental requirements which a r e  

e i t h e r  inherent i n  the  appl icat ion o r  a r i s e  from considerations of 

problems of construction o r  operation. 

The various configurations a re  drawn t o  the  

I n  each case the  proposed configuration has 

Figure 4 . 1  shows t h e  Calder H a l l  configuration modified t o  provide 

shielding around the  heat exchangers and blowers. The reac tor  core 

s i ze  w a s  a l so  reduced i n  keeping w i t h  t he  1000-psi gas system pressure 

l e v e l  and the higher 'gas temperatures, and a x i a l  tubes have been 

employed i n  the  steam generator.  The system has two important weaknesses 

i n  t h a t  provision f o r  thermal expansion requi res  the  use of bellows 

jo in t s ,  and these must be located i n  regions where, i n  a contaminated-gas 

system, it would be extremely d i f f i c u l t  t o  replace them i n  t h e  event a 

defect  developed. Further, t he  system inherent ly  requires  hot gas ducts, 

thus reducing the i n t e g r i t y  of the  primary pressure envelope and l imi t ing  

the  peak reac tor  o u t l e t  temperature t o  about 1250°F f o r  a reasonable 

duct w a l l  thickness.  The system a l s o  su f fe r s  from a cos t  disadvantage 
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Fig. 4:4. The Dragon Layout. 
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Unclassified 
ORNL-LR-DWG 53057 
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Scale - 1/2 in .  = 10 ft 

Fig. 4.6. Modified Calder H a l l  Layout with Concentric Ducts and the  
Blowers Housed i n  the Steam Generator Pressure Vessels. 
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i n  tha t  t he  volume and complexity of t he  shielding would increase the  

shielding costs,  and the over-al l  configuration would require  a large 

containment vessel .  

The second configuration (Fig.  4 .2 )  considered w a s  that  proposed 

This makes use of a long concentric-duct loop by Sanderson & P o r t e r .  

extending 75 f t  below the  reac tor  vesse l  t o  accommodate thermal expansion 

i n  the  ducts.  While adequate f l e x i b i l i t y  cam be provided i n  t h e  pipes 

i n  this fashion, t he  la rge  bending moments i n  the  pipes give react ion 

loads at both the  steam generators and the  reac tor  (which a re  r i g i d l y  

attached t o  t h e  concrete) tha t  w i l l  lead t o  la rge  bending moments i n  

the  shel ls ,  and there  i s  some doubt as t o  whether these can be accommodated 

sa t i s f ac to r i ly .  The arrangement a l s o  has the disadvantage tha t  t he  flanged 

jo in t  f o r  the  attachment of the  blower will not have the degree of leak- 

t igh tness  desired, and, since the  blowers are not mounted at  an anchoring 

point, they may induce serious v ibra t ions  i n  t h e  s t ructure ,  pa r t i cu la r ly  

since v e r t i c a l  shaf t  motors have a bad tendency t o  w h i r l .  

f igura t ion  does not provide shielding t o  i s o l a t e  t h e  blowers from the  

steam generator, and hence w i l l  g r ea t ly  increase blower maintenance 

T h i s  con- 

problems. The long piping loop between the  steam generator,and reac tor  

will increase the  s i ze  of t h e  shield and containment vesse l  subs tan t ia l ly .  

A modification of the Sanderson &Porter layout of Fig. 4.2 i s  

shown i n  Fig.  4 . 3 .  This design avoids the  serious stress problem where 

the  ducts enter  the  pressure vessels  by mounting the  steam generators 

on r o l l e r s  so that  they can move r a d i a l l y  outward from the reac tor .  Un- 

fortunately,  t h i s  arrangement appears t o  be completely unsat isfactory i n  

i t s  a b i l i t y  t o  withstand the l a t e r a l  shaking forces  which might be induced 

i n  an earthquake. 

Figure 4.4 shows the  configuration employed f o r  t h e  B r i t i s h  Dragon 

reactor .  

mental reac tor  and i s  not considered by the  B r i t i s h  t o  be a model for a 

large-scale reactor .  

problems which would arise i f  such a layout were attempted. 

This configuration w a s  worked out primarily f o r  a s m a l l  experi- 

However, it has been included here t o  indicate  the  

I t s  pr inc ipa l  

.- 

a 
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fea ture  i s  that the  six blowers and steam generators a r e  mounted 

top  of concentric ducts which extend r a d i a l l y  outward and upward 

the pressure vesse l  of the  reac tor .  The bending moments i n  both 

ducts  and t h e  pressure vesse l  w a l l  associated-with the  weight of 

at th2 

from 

the  

the  

steam generator and blowers a re  re l ieved by supporting most of t h i s  

weight on constant-tension spring hangers. 

be c l e a r l y  unsuitable f o r  a fu l l - sca l e  plant .  

poor cha rac t e r i s t i c s  i n  the  event of an earthquake. 

both maintenmce and v ibra t ion  i s o l a t i o n  of the  blowers leave much t o  

be desired.  

Such an arrangement would 

It a l so  would have very 

Provisions f o r  

Figure 4.5 shows the  configuration developed f o r  the EEGR reac tor  

Thermal expansion of the concentric system of the  Peach Botton plant .  

ducts will induce la rge  react ion loads at  the  reac tor  and steam- 

generator pressure vessels .  

moments i n  the  ves se l  she l l s .  The blower mounting a t  the  top  of t h e  

steam generator may give v ibra t ion  d i f f i c u l t i e s ,  and the  blowers a r e  

not i so l a t ed  by shieldfng from the! a c t i v i t y  deposited i n  the  steam 

generator. 

heat i n  the  event of a power f a i l u r e .  

Figure 4 * 6  presents  a modified Calder Hal l  configuration which 

These will induce troublesome l o c a l  berlding 

Thermal convection w i l l  not be e f f ec t ive  i n  removing a f t e r -  

employs concentric ducts t o  provide good cooling of a l l  the  pressure 

envelope and thus avoid both hot ducts  and the  necessi ty  t o  weld ais- 
similar metals together  i n  la rge  heavy sections.  Unfortunately, it i s  

hard t o  see how a defect ive bellows j o i n t  could be replaced i n  the  

event of  a leak. 

blower i n  t h e  sense t h a t  there  should not be a v ibra t ion  pyoblem, but 

replacement of a blower would be d i f f i c u l t ,  since it would not be 

i so l a t ed  from the  steam generator by shielding. 

The c o n f i g c a t i o n  does provide good mounting f o r  the  

Figure 4.7 shows a fu r the r  modification of t h i s  basic  layout 

designed t o  provide a more favorable configuration f o r  blower maintenmce. 

Unfortunately, this gives more 'SeUows jo in ts ,  although it should be a 

somewhat b e t t e r  system from the  standpoint of v ibra t ion  i so l a t ion  of t he  

blower. 

i 
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Figure 4.8 shows a configuration evolved two years ago i n  an ORNL 

study of a small reac tor  core t h a t  w a s  designed f o r  a high-pressure gas 

system. Th i s  arrangement would present very serious problems i n  the 

support of the moderator and reac tor  core struc' ture and would make after- 

heat removal by thermal convection out of t h e  question. It would a l so  

present a serious problem i n  ge t t ing  adequate leakt ightness  of t h e  

flanged j o i n t s  f o r  the blower attachments, and it does not give good 

v ibra t ion  i so l a t ion  of t he  blower. 

leave something t o  be desired because t h e  flow cha rac t e r i s t i c s  of balls 

through a horizontal  cyklnder would not be i a t u r a l l y  favorable f o r  

loading i n  s m a l l  increments. The cont ro l  rods would have t o  operate 

horizontally,  a less sa t i s f ac to ry  arrangement than v e r t i c a l  operation. 

Similarly, maintenance of the  reac tor  core would be more d i f f i c u l t  with 

the  horizontal-core ax is .  The water flow i n  t h e  steam generator would 

be inherent ly  much less favorable than f o r  a v e r t i c a l  ax i s  system. The 

containment vesse l  would have t o  be r e l a t i v e l y  la rge  i n  diameter ra ther  

than r e l a t i v e l y  t a l l  and slender, and hence would be more expensive. 

Figure 4.9 shows a configuration developed about a year ago f o r  

The fuel-handling problem would 

a beryllium oxide all-ceramic reactor .  This  configuration w a s  evolved 

a f t e r  many layout studies,which were m a d e  i n  an e f f o r t  t o  s a t i s f y  as 

w e l l  as possible a l l  t h e  18 requirements being used as c r i t e r i a  i n  t h i s  

study. I t s  pr inc ipa l  disadvantage i s  the absence of d i r e c t  v e r t i c a l  

access t o  the  top of the reac tor  core.  

t r o l  rods be operated by b a l l  screws from below, as i n  the M a r i t i m e  gas- 

cooled reactor ,  or  that they be suspended on qui te  long cables from the 

t o p  of the steam generator. The absence of d i r e c t  v e r t i c a l  access t o  

the top  of t he  reac tor  core would a l s o  hake maintenance and inspection 

This will require tha t  t he  con- 

of t he  reac tor  core more d i f f i c u l t ,  since it would have t o  be car r ied  

out from beneath. I n  other  respects,  however, the  layout seems t o  be 

t h e  bes t  of a l l  t h e  configurations considered. It w i l l  y ie ld  a minimum 

s i ze  of containment vesse l  and a minimum shie ld  volume and complexity. 

The blowers are wel l  i so l a t ed  from the  r e s t  of t h e  s t ructure ,  both by 

shielding and from t h e  standpoint of v ibra t ion .  The pressure envelope 
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i s  inherent ly  simple i n  shape, so it should have high in t eg r i ty .  After- 

heat removal by thermal convection i s  the  most favorable of any of the  

systems considered. 

accommodated with a simple rugged system. 

and reactor  i n  a common pressure vesse l  eliminates one of the  steam- 

generator-vessel closure heads, thus e f fec t ing  an important saving i n  

cost .  

The d i f f e r e n t i a l  thermal expansion problem i s  

Enclosing t h e  steam generator 

The layouts considered i n  Figs. 4.1-4.9 were intended primarily 

f o r  fu l l - sca le  p lan ts .  

app l i cab i l i t y  to' a l O - M w ( t )  r eac tor  experiment, it appeared t h a t  most 

of the  designs were applicable and t h a t  the  r e l a t i v e  advantages and d i s -  

advantages of t he  nine configuratioqs considered would be almost t h e  

same. 

I n  re-examining these with a view toward t h e i r  

The p r inc ipa l  changes required f o r  t he  PBRE stem from the  g rea t ly  

reduced diameter of t h e  heat exchanger r e l a t i v e  t o  the reac tor  and the  

much smaller diameter of the  gas piying. The l a t t e r  suggested t h a t  t he  

Sanderson & P o r t e r  configuration of Fig. 4.3 could be modified t o  provide 

a f te rhea t  removal by thermal convection by using the  configurations of 

Figs.  4.10 and 4.11. I n  Fig.  4.10, concentric ducts  are  used as in t he  

Sanderson & P o r t e r  design, whereas, i n  Fig.  4.11, separate hot and cold 

ducts a re  used as i n  the  Calder-Hall  plant ,  

4.12, a modification of t h a t  of Fig.  4*9, w a s  a l so  considered i n  an 

e f fo r t  t o  provide d i r e c t  v e r t i c a l  access t o  the  center  of both the  top  

and the bottom of the  reactor .  

a l l  the advantages of the  configuration of Fig.  4.9, together with the  

improved access. T h i s  w a s  considered pa r t i cu la r ly  des i rab le  from the  

control-rod standpoint, since it showed promise of making possible t h e  

use of cont ro l  rod dr ives  e s s e n t i a l l y  s imi la r  t o  those of the  EGCR. 

The configuration of Fig.  

The l a t t e r  configuration seemed t o  possess 

- The control  rods themselves could be i n  the  form of segments of a 

cylinder having a diameter a l i t t l e  l e s s  than the  ins ide  diameter of 

the  large access tube at  the  top  of t he  reactor .  Most servicing opera- 

t i o n s  could be ca r r i ed  out through the  charge tube at  the  bottom of the  

reactor .  T h i s  could be enclosed.in a hydraul ical ly  t i g h t  s teel- l ined 

room which would lend i t s e l f  readi ly  t o  washdown and decontamination 
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Unclassified 
ORNL-LR-DWG 53061 

Scale - 1/2 in .  = 10 f t  

Fig. 4.10. Sanderson & P o r t e r  Layout Modified f o r  a LO M w ( t )  
Reactor Experiment. 
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Unclassified 
Om-LR-DWG 53062 

Scale - 1/2 in. = 10 ft 

Fig. 4.11. Calder Hall Layout Modified for a 10 Mw(t) Reactor 
Experiment. 
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Unclassified 
ORNL-LR-DWG 53063 

Scale - 1/2 i n .  = 10 f t  

Fig. 4.12. Unified Configuration with Steam Generator Offset  t o  
Improve Access t o  Top of Core f o r  a 10 M w ( t )  Reactor Experiment. 
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and could be hermetically sealed f romthe  r e s t  of t he  building t o  

prevent t h e  spread of pa r t i cu la t e  a c t i v i t y .  

The long; slender f l e x i b l e  pipes of configurations 4.10 and 4.11 
' require a very subs t an t i a l  amount of space and would impose ser ious 

bending moments i n  the  pressure vessels,  as mentioned above. While 

I 2 i n .  of thermal insu la t ion  could be provided inside the  hot duct, t h i s  

would serve t o  reduce t h e  duct w a l l  temperature only about 250"F, and 

therefore  a chrome-moly o r  s t a in l e s s  s t e e l  would be required. Further, 

s t rength considerations f o r  these ducts would impose serious l imi t a t ions  

on permissible reactor  gas ou t l e t  temperatures. 

important during a temperature t r ans i en t  of the  type t h a t  might occur 

following an accident o r  i n  the  event t h a t  a higher reactor  gas o u t l e t  

temperature might be desired f o r  some experimental t e s t i n g .  

T h i s  might be very 

. 
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5 .  PROPOSED REACTOR 

The design of the proposed pebble-bed reac tor  experiment i s  shown 

i n  Fig.  5.1, and the various regions and t h e i r  pa r t i cu la r  design prob- 

lems are  discussed below. 

ment program required t o  substant ia te  the design is:&ven i n , & a p k r . 2 0 .  

A br ie f  summary of the research and develop- 

Graphite S t r u c t k e  

The three pr inc ipa l  regions i n  the  graphite r e f l e c t o r  are indicated 

i n  sect ion B-B of Fig.  5.1. 

cen t r i c  sleeves, the inner three of which a re  removable as a unit through 

the lower access tube., The outer  of the four sleeves is too la rge  t o  

be removed through the access tube, and hence it is  s p l i t  ax i a l ly  in to  

four segments t o  f a c i l i t a t e  i n s t a l l a t i o n  and removal. The top end is 

held i n  place by a s t e e l  r e t a ine r  r i n g  while the bottom rests i n  a 

groove i n  the  core support p l a t e .  The intermediate graphite region 

consis ts  of wedge-shaped pieces 4 in .  high and approximately 26 in .  long. 

The outer region consis ts  of a 4-in.-thick layer  of borated graphite 

blocks. 

The cen t r a l  region cons is t s  of four  con- 

All the  r e f l e c t o r  graphite would be coated with s i l i c o n  carbide' t o  

inhibit oxidation. This should serve t o  reduce graphite weight losses  

during normal operation, as wel l  as t o  keep the oxidation rate low 

enough that i n  the event of a major system rupture t h e  graphite would 

not support combustion. 

The inner three graphite sleeves are laminated t o  increase re- 

s i s tance  t o  shrinkage cracking under i r r ad ia t ion .  The lower ends of 

these graphite s leeves are threaded in to  s tee l  sockets with i n t e r n a l  

threads i n  the s teel  t o  avoid cracking of the graphite because of d i f -  

f e r e n t i a l  thermal expansion during heating. This arangement w i l l  give 

a snug f i t  of the graphite i n  the s teel  socket during i n s t a l l a t i o n  and 

removal operations when the graphite and s tee l  w i l l  be a t  a r e l a t i v e l y  

low temperature. Looseness a t  operating temperature should not pose 

a problem, s ince there  w i l l  be no forces  tending t o  cause the graphite 
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t o  tu rn  r e l a t i v e  t o  the s t e e l  socket. The inner s t e e l  socket is f i t t e d  

with ex terna l  lugs so  t h a t  it can be bayoneted in to  the socket ,of  the 

intermediate graphite sleeve, and t h a t  i n  tu rn  has similar lugs t h a t  

can be bayoneted in to  the core support p l a t e .  

consis-ks of a, s t e e l  p l a t e  3' i p . ,  th ick  yelde.d, i n to  the  pressure vessel .  

The two h e r  graphite sleeves have a taper  of 1 in .  i n  t h e i r  length 

from top t o  bottom of the core, 'or 1 3/4-in. taper over t h e i r  e n t i r e  

length. 

core and should a i d  i n  separating adjacent sleeves when one i s  with- 

drawn for maintenance o r  replacement. 

The core support p l a t e  

This taper  insures freedom from bridging of the b a l l s  i n  the 

The gqaphite i s  separated from the 2-in.mthick s t e e l  thermal 

s h i e l d  by 2 i n .  of r e f l e c t i v e  insu la t ion ,  

graphite sleeves,  the graphite i n  the r e f l e c t o r  would be re ta ined  a t  

the top by a segmented g r i d  bolted t o  the thermal sh ie ld .  This gr id  

i s  intended t o  ho@ the graphite i n  place only i n  the event of some 

pecul iar  accident,  s ince the gas pressure drop across the r e f l e c t o r  

w i l l  occur la rge ly  across o r i f i c e s  i n  the bottom support p l a t e ,  

passages r i s i n g  v e r t i c a l l y  from these o r i f i c e s  w i l l  be s u f f i c i e n t l y  

la rge  s o  that the pressure drop through the graphite r e f l e c t o r  w i l l  be 

l e s s  than one-half that through the  core. 

i n s t a l l ed  i n  the support p l a t e  i n  much the same way a s  j e t s  i n  a carbu- 

r e to r ,  so the r e f l e c t o r  cool ingtgas  flow d i s t r ibu t ion  can be modified 

r ead i ly  if shakedown t e s t s  indicate  t h a t  t h i s  is  advisable.  

Except f o r  the two inner 

Cooling 

Orif ice  plugs would be 

The diametral  clearance between concentric sleeves w a s  chosen 

t en ta t ive ly  a s  1/8 in .  

vide more cooling gas flow a f t e r  a de ta i led  analysis  of the r e f l e c t o r  

cooling requirements is  made. Shrinkage under i r r a d i a t i o n  w i l l  be 

g rea t e s t  on the inner sleeves and hence w i l l  tend t o  cause the c lear -  

ances t o  increase w i t h  operating time. While the a x i a l  var ia t ion  i n  

f a s t  f l u x  w i l l  tend t o  give approximately 0.4 in .  greater  shrinkage a t  

the center than a t  the ends, t h i s  w i l l  not p re sen t . a  problem with the 

amounts of clearance and taper  t h a t  have been provided. 

T h i s  clearance may have t o  be increased t o  pro- 
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Control Rods 

The control  rods a r e  i n  the form of curved p l a t e s  of Inconel which 

s l i d e  i n  an  annulus between the intermediate and outer graphite sleeves 

of the r e f l e c t o r .  Ridges protrude r a d i a l l y  inward from the outer graph- 

i t e  cylinder t o  cont ro l  the thickness of the annulus i n  which the control  

rods, o r  blades, move. A s  discussed i n  Chapter 7, the blades a re  so 

e f f ec t ive  i n  poisoning the reac tor  t h a t  a blade thickness of only about 

0.062 i n .  w i l l  su f f i ce .  In order t o  improve the blade s t i f f n e s s  and 

a t  the same time provide plenty of gas flow cross-sect ional  a rea  in to  

the f i l t e r  a t  the top of the reactor ,  the blades w i l l  be of thick,  

perforated mater ia l  and w i l l  be surrounded by a tubular frame. 

honeycomb s t ruc ture  or three a l t e r n a t e  layers  of f l a t  and corrugated 

sheet w i l l  a l s o  be considered f o r  t h i s  appl ica t ion .  

A 

The cont ro l  rods operate through an annulus provided between the 

sh ie ld  plug and the top reac tor  access tube. A small pressure vesse l  

attached t o  the top flange of t h i s  access tube houses the control-rod 

dr ive assemblies. 

EGCR; indeed, it may be possible t o  use the same design. 

These rnay be u n i t s  s imi la r  t o  those planned f o r  %he 

Pressure Vessel and Support Structure  

The reac tor  pressure vesse l  i s  cy l ind r i ca l  w i t h  hemispherical heads 

and is made of SA-212, grade B carbon s t e e l .  

v e r t i c a l  access tube i n  the center  of each head of the vesse l .  The 

thermal insu la t ion  surrounding these tubes and the sh ie ld  plugs is  de- 

signed t o  provide a uniform temperature gradient  from the reac tor  gas 

i n l e t  a t  the pressure vesse l  t o  the flange a t  the  outer end of the tube, 

which w i l l  operate a t  room temperature. The steam generator is  at tache4 

t o  the s ide  of the pressure vesse l  i n  such a way that i t s  base also 

serves as a major mounting foot  f o r  the support of the reac tops team 

generator assembly. 

i n  shear t o  the conical  base of this  steam generator, from which it is  

transmitted i n  turn  t o  the mounting foo t  having i ts  load-bearing surface 

i n  the form of an element of a sphere. . P o r t s  i n  the reac tor  vesse l  w a l l  

provide f o r  gas flow between the reac tor  and the steam generator.  

There is a 28-in.-i.d. 

Much of the weight load of the reac tor  is transmitted 

. 
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The reactor ,  steam-generator, and blower assembly i s  supported on 

a three-point suspension so that the load d i s t r ibu t ion  is determinate. 

In addi t ion t o  the f ixed  mounting foo t  under the steam generator, an 

addi t iona l  mounting foo t  is located under each of the two blowers. 

Thus the ducts t o  the blowers a l s o  serve a s  elements of the reac tor  

vesse l  support s t ruc tu re ,  To increase t h e i r  s t i f fqes s ,  they a re  la rger  

i n  diameter than is e s s e n t i a l  from the standpoint of f l u i d  pressure 

drop consideratiom, and t h e i r  w a l l  thickness i s  double that required 

t o  withstand the i n t e r n a l  pressure. Actually, the s t r e s s e s  imposed by 

the-weight of the reac tor  assembly are much l e s s  thaz the  pressure 

s t r e s s e s ,  A v e r t i c a l  s p l i t t e r  web has been provided through the ducts 

a t  the blower t o  transmit the load i n  shear from the horizontal  t o  the 

diagonal duct and thus avoid inducing ser ious bending moments i n  the 

s h e l l  surrounding the blower. The blowers are mounted on r o l l e r s  t o  

provide f o r  d i f f e r e n t i a l  thermal expansion r e l a t i v e  t o  the concrete 

supporting s t ruc tu re ,  

s a r y  t o  prevent r e l a t i v e  movement of the blower, r o l l e r s ,  and base p l a t e  

under any l a t e r a l  shaking forces  l i k e l y  t o  be s e t  up by sinall amounts of 

blower ro tor  unbalance. 

The s t a t i c  weight loads a r e  far more than neces- 

The end plugs fo r  the inner r e f l e c t o r  graphite sleeve a re  made of 

s e t s  of concentric graphite sleeves 1 in .  th ick .  Gas flow passages 

through these s leeves a r e  provided by allowing l /8- ino r a d i a l  c lear-  

a c e s  between s leeves,  

s l i g h t l y  toward the center  t o  avoid possible  d i f f i c u l t y  with b a l l s  

catching i n  the circumferent ia l  gaps between concentric sleeves.  Two 

sets of sleeves a r e  provided i n  each o f . t h e s e  end plugs so that t h e i r  

cooling gas annul i  cao be staggered t o  i n h i b i t  fast-neutron streaming 

toward the ends of the pressure vessel .  Two p a r a l l e l  cy l ind r i ca l  cross 

bars, one above the other,  r e t a i n  each s e t  of concentric sleeves,  while 

a t h i r d  cross bar a t  r i g h t  angles t o  the other two keeps them centered 

r e l a t i v e  t o  each o ther ,  

laminated core-retaining sleeve. 

The upper ends of the lower sleeves axe stepped 

One end of each cross.. @car;.,&s. Ahaeaded i n t o .  t he  
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Viewing Provisions . 

Two 6-in.-diam access tubes a re  provided f o r  viewing the i n t e r i o r  

of the reac tor  during shutdown conditions.  

sh i e ld  horizontal ly  nearly i n  the plane of the mounting foo t  under the 

steam generator t o  minimize r e l a t i v e  movement between these tubes and 

the sh ie ld .  The viewing equipment cons is t s  of a TV camera kept wel l  

buried i n  the sh ie ld  so  t h a t  the rad ia t ion  dose t o  i t s  lense w i l l  be 

low. A mirror and a rc - l igh t  assembly extend i n t o  the space above or  

below the reactor  core where the assembly can be ro t a t ed  t o  inspect  

most of the i n t e r i o r  a t  e i t h e r  end of the  core.  

is under development f o r  the Dragon reac tor .  

These tubes penetrate  the 

A u n i t  of t h i s  type 

Pressure-Vessel Cooling and Thermal Insulat ion 

The unfavorable surface-to-volume r a t i o  i n  a small power reac tor  

makes pressure-vessel cooling somewhat more of a problem than  it would 

be i n  a fu l l - sca l e  p lan t .  About lO$ of the blower output bypasses the 

reac tor  core t o  cool the pressure vessel ,  thermal shield,  and the steam 

generator pressure vesse l .  

described i n  the sec t ion  on the steam generator . )  

from the steam generator t o  the blowers is  d i rec ted  around a hood which 

separates  it from the  hot gas coming out of the  top of the r eac to r  core.  

I n  t h i s  manner the e n t i r e  reac tor  pressure vesse l  is supplied w i t h  a 

forced flow of cooling gas a t  e s s e n t i a l l y  the reac tor  i n l e t  temperature, 

i . e . ,  550°F. The borated graphite i n  the outer  port ion of the r e f l e c t o r  

serves t o  keep the heat generation i n  the thermal sh ie ld  and pressure 

vesse l  f a i r l y  low so t h a t  these members w i l l  be a t  temperatures l e s s  

than 50°F above the cooling gas temperature i n  s p i t e  of the unusually 

high power densi ty  of the r eac to r .  Three inches of r e f l e c t i v e  insula- 

t i o n  on the inner surface of the hood over the top of the reac tor  w i l l  

serve t o  reduce heat losses  from the hot reac tor  o u t l e t  gas t o  the cool 

gas going t o  the blowers. 

appl icat ion i n  place of r e f l e c t i v e  insulat ion,  s ince it would give a 

(The cooling provisions f o r  the l a t t e r  a r e  

The cool gas re turning 

Zirconium oxide may be considered f o r  t h i s  
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subs t an t i a l ly  lower thermal conductivity. However, cos t  and outgassing 

prablem6.may be disadvantages.of zirconium oxide, 

The hot  duct leading out of the reac tor  is connected t o  the steam 

generator by a shor t  q u i l l  equipped wi th  s l i p  j o i n t s  a t  e i t h e r  end t o  

accommodate d i f f e r e n t i a l  thermal expansion, 

j o i n t s  is t o  be minimized w i t h  p i s ton  r ings  made of a mater ia l  chosen 

Gas leakage through these 

t o  avoid d i f f i c u l t y  w i t h  gal l ing,  chaffing, or se iz ing ,  

will be made of an 18-8 s t a i n l e s s  s t e e l  t o  provide good s t rength a t  

1500°F in  the event of a reac tor  temperatwe overshoot and t o  permit 

spec ia l  experiments a t  gas o u t l e t  temperatures i n  the 1250 t o  1500°F 

range. 

The hot ducts 

Shield Plugs 

Heavy sh ie ld  plugs a r e  i n s t a l l e d  i n  the access tubes a t  the upper 

These plugs not only provide shielding andlower ends of the reac tor .  

but also.  incorporate elements of the fuel-handling system. 

f i l t e r s  may a l s o  be i n s t a l l e d  on each of the plugs t o  minimize the 

d i spe r sa l  of p a r t i c u l a t e  a c t i v i t y  from the core. 

l a r l y  important a t  the reac tor  ou t l e t ,  where a f i l t e r  should be es- 

pec ia l ly  effect ive,  

Ceramic 

T h i s  w i l l  be par t icu-  

The upper sh ie ld  plug includes an outer annulus 

through which the cont ro l  rods operate,  

Closure Flanges 

The reac tor  i s  designed w i t h  a l l  the closure f langes i n  well-shielded 

cool zones so  that O-ring sea l s  can be employed, 

w i t h  two ,O-rings, and the space between the O-rings is  buffered w i t h  clean 

helium a t  a pressure a l i t t l e  above the reac tor  operating pressure. Each 

f lange is a l s o  f i t t e d  w i t h  a cy l ind r i ca l  surface t o  f a c i l i t a t e  attachment 

of an ax ia l ly  co l laps ib le  p l a s t i c  bag in to  which the sh ie ld  plug or other  

element can be drawn and the bag pinched off  t o  minimize the d i spe r sa l  

of pa r t i cu la t e  a c t i v i t y .  

Each f lange  is provided 

Pressure vesse l  fabr ica t ion  experience indicates  t h a t  the weight 

and cos t  of these f langes increase rapidly w i t h  t h e i r  diameter. The 
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access tubes were made 28 in, in diameter because this seemed to be close 
to the upper size limit for unit6 that could be handled fairly well with 

remote-handling equipment without a serious cost penalty. 
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6. PROPOSED'PLANT 

Design Data 

The reac tor  is designed t o  produce a gross thermal pawer output of 

Although addi t ion of a t u r b h e  generator p lan t  t o  produce a 10 Mw. 
gross e l e c t r i c a l  power of approximately 3 Mw was considered, the cos t  

of the addi t ion appeared prohibi t ive s ince the p lan t  is primarily a 

reac tor  experiment, The basic  design data of the p lan t  follow: 

Over-all power generation data  

Reactor thermal output , Btu/hr 

Reactor thermal output, Mw 

Gross e l e c t r i c a l  output, Mw 

Fuel element cha rac t e r i s t i c s  

Sphere outside diameter, i n ,  

Sphere thermal s t r e s s  ( fo r  i d e a l  r i g i d  body), p s i  

,Sphere surface, f t2/ft3 of f u e l  

Sphere surface, f t2/reactor  (39% voidage assumed) 

Sphere average surface temperature, OF 

Sphere maximum design surface temperature i n  hot  

Sphere maximum allowable i n t e r n a l  temperature 

Number of spheres per reac tor  (39% voidage 

Average power densi ty  i n  core , w/cm3 

Average surf ace heat f lux,  Btu/hr 6 f t2 

zone, OF 

(including hot spo t s ) ,  OF 

as sumed ) 

Reactor core material and dimensions 

Material  

Core height, f t  

Core diameter, f t  

Core face area, f t 2  

Height of core plus  r e f l ec to r ,  f t  

Diameter of core plus  r e f l ec to r ,  f t  

34.1 x 106 

10 

3 

1.5 

2500 

48 
418 

-1200 

2000 

2200 

8500 

25 

81 500 

Graphite 

8 -1 
1.5 
1.77 

14 
7*5' 
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Machined weight of graphite,  tons 

Core density, g/cm3 

Total  graphite volume, f t 3  

Number of f u e l  channels 

Number of f u e l  charge tubes 

Pressure vesse l  dimensions 

Shape 

Outside diameter, f t  

Material 

Vessel height, f t  

Thickness, i n .  

Working pressure, ps ig  

Design stress, p s i  

Maximum temperature, OF 

Volume, f t 3  

Gross vesse l  weight (including vesse l  and core 
supports, thermal barriers, nozzles, steam 
generator, and insu la t ion) ,  l b  

Coolant cha rac t e r i s t i c s  

G a s  . 
Working pressure, p s i a  

Total  flow (normal), lb/sec 

Reactor i n l e t  temperature, OF 

Reactor o u t l e t  temperature, OF 

Number of i n l e t  pipes 

Number of o u t l e t  pipes 

Inside diameter of pipe, f t  

Mean coolant ve loc i ty  i n  cool pipe, f t / s ec  

Mean coolant ve loc i ty  i n  hot pipe, f t / s ec  

Total  volume occupied by coolant, f t 3  

Circu i t  pressure drop, p s i  

Specif ic  heat capacity of coolant, Btu/lbnoF 

32 
1 

600 
1 

'1 

Cylinder 

9.25 
SA-212, grade 

25 
3.25 
1000 
15 000 

600 
1300 

-200 000 

B s t e e l  

H e l i u m  

1000 

12  .o 
550 

1250 
2 
1 

1 

20.7 
71 
950 

30 

1.24 

i 



Coolant blowers 

Ty-pe 
Number per reactor  

Adiabatic efficiency, % 
Compression power, Bhp 

Power, kw (at  90% motor eff ic iency and '70% 
adiabat ic  eff ic iency ) 

Blower drive motor power, Bhp 

Steam Generator 

Ty-pe of generator 

Number per reac tor  

Number of steam generator sect ions 

She l l  height between heads, f t  

Shel l  height including heads, f t  

Shel l  inside diameter, f t  

She l l  thickness, i n .  

Gas' i n l e t  inside diameter, f t  

S i t e  Selection 

Centrifugal 

2 

70 
12'7 
150 each 

182 each 

Natural :rec'irkulat ion 

1 

2 

83 

45 
2 

1 

0 .?5 

The s i te  chosen f o r  t h i s  PERE study i s  close t o  the EGCR t o  take 

advantage of common services,  such as transmission l ines ,  highway, 

san i ta ry  water, and the  poss ib i l i t y  of using some of the EGCR personnel 

f o r  occasional auxiliary help i n  handling unusual operations. 

the s i t e  has already been approved f o r  reac tors .  

Also, 

A t  the s i t e ,  a layer  of loose s o i l  (clay,  sand, s i l t ,  and gravel)  

covers an irregular layer  of weathered and deeply folded shale. 

shale is found a t  an elevat ion of approximately 850 f t  and is qui te  

close t o  the Clinch River. With the construction of the Melton H i l l  

Dam, the  e levat ion of the r i v e r  can be expected t o  f luc tua te  between 

a minimum of about '795 f t  t o  a maximum probable f lood of about 805 f t .  

The general topographyr O f  t he  s i t e -  is;  indl'cakd by Wle cont6ur l i n e s  

i n  Fig.  6.1. 

This 

. 

. 



6.4 

t ACCESS ROAD 

\ 

RIRKING r 
1965-SK-A-lll ' 

TRANSMISSION LiNES 

ELEV WATER TANK 

PUMP STATION 
\ 

i EGCR 

I 

SGUE 100 0 100 200 
FEET - 
Fig. 6.1. PBRE S i t e  Plan. 



6.5 

Plant Layout 

A plan view of t h e  plant  is  shown i n  Fig. 6.2. The reac tor  complex 

i s  located near t h e  r iver ,  and t h e  ground f l o o r  of t h e  building i s  located 

a t  an elevat ion of about 845 f t .  With t h e  exception of t h e  reac tor  area, 

which i s  enclosed i n  a containment she l l ,  t h e  e n t i r e  plant  i s  located on 

t h e  ground f l o o r  i n  various interconnected rooms forming an outlying build- 

ing adjacent t o  t h e  containment she l l .  Approximately 0.1 mile of access 

highway w i l l  be required t o  provide access t o  t h e  service bay loading dock 

and t h e  f u e l  storage area. 

Reactor Area 

The reac tor  area i s  enclosed i n  a hermetically sealed containment 

s h e l l  t h a t  i s  approximately 80 f t  i n  diameter and 200 f t  high. 

sect ion through t h e  containment vessel  and building i s  shown i n  Fig. 6.3. 

As shown i n  the  figure, t h e  bottom of the  containment s h e l l  i s  located 

104 f t  below ground, bringing t h e  reac tor  pressure vesse l  about 10 f t  below 

ground level .  The upper opening t o  t h e  reac tor  vessel  i s  located a t  ground 

level ,  and t h e  steam generator i s  mounted in t eg ra l ly  with the  reactor  vesse l  

A n  e levat ion 

and extends v e r t i c a l l y  upward about 60 f t .  Since it i s  possible f o r  t h e  

steam generator t o  accumulate a c t i v i t y  i n  t h e  course of t i m e ,  it i s  shielded 

on three  s ides  with concrete and on the  fourth s ide  with cas t  i ron  s labs  t o  

avoid interference 'with t h e  upper closure. This equipment and a l l  t h a t  i n  

t h e  f loo r s  below is  serviced from a bridge crane running on a c i r cu la r  t r ack  

i n  t h e  upper p a r t  of t h e  containment she l l .  The control  rod dr ives  at t h e  

top  of t h e  upper access tube t o  the  pressure vesse l  a r e  enclosed i n  a tank 

f i t t e d  with i t s  own ho i s t  f o r  removing and i n s t a l l i n g  equipment as a fu r the r  

precaution against  spreading contaminatTon. The ground f l o o r  plan (Fig. 6.2) 

indicates  t h e  re la t ionship  between t h e  major pa r t s  of t he  c i rcu la t ing  system 

and t h e  various services.  An equipment a i r  lock leading out of t h e  contain- 

ment s h e l l  i n t o  t h e  maintenance area i s  shown t o  t h e  south, and t o  t h e  east 

i s  a personnel a i r  lock f o r  access t o  and from t h e  rest of t h e  plant.  The 

helium c i r cu la t e s  i n  two p a r a l l e l  loops placed 120 deg apart  from t h e  heat 
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exchanger, and above each of t h e  blowers there  are removable f l o o r  panels 

f o r  maintenance purposes. A s m a l l  covered shaf t  i s  located between the  

blower panels t o  provide access f o r  r a i s i n g  spent fuel, su i tab ly  contained 

i n  shielded caskets, t o  t h e  ground f l o o r  f o r  t ranspor ta t ion  t o  reprocessing 

f ac ilit i e s  . 
The t h i r d  floor ( f i r s t  floor below ground) i s  shown i n  plan view i n  

Fig. 6.4. On t h e  east i s  the  service machine control  room, which ' is  

completely shielded from the  reac tor  and from other  pa r t s  of t h e  contain- 

ment area. I n  t h i s  room are located a l l  the  instruments and remote-control 

mechanisms, as w e l l  as viewing mechanisms, for t h e  t r a n s f e r  of spent f u e l  V 

..- 

from t h e  reac tor  t o  the  hot fuel storage room and for remote replacement 

of a control  rod and drive. Jus t  w e s t  of t h e  center  t h e  c i rcu la t ing  loops 

are shown, and, as may be seen i n  Fig. 6.2, t he  blowers are supported on 

r o l l e r s  on a mezzanine i n  t h e  helium cleanup room. 

room are located the  sh ie ld  cooling blowers and heat  exchangers , helium 

compressors, vacuum pumps, and t h e  chemical cleanup system f o r  a bypass 

stream of helium. The cleanup system includes coolers, heaters,  oxidizers, 

and molecular sieves. 

In  t h e  helium cleanup 

On t h e  second floor, shown i n  plan view i n  Fig. 6.5,  t h e  l a rge  room 

on t h e  east i s  t h e  hot c e l l  f o r  servicing equipment. In  t h i s  room, which 

is  connected with the  rooms above and below it through hatchways shielded 

by la rge  concrete blocks, are provisions f o r  t he  f i n a l  cleaning or s to r -  

age of equipment t h a t  has been decontaminated i n  the  room below and a l s o  

provision f o r  uncoupling t h e  f u e l  discharge equipment from t h e  lower end 

of t h e  reac tor  vessel  c losure i n  t h e  event t h a t  it i s  necessary t o  do 

maintenance on t h e  contaminated fbel-handling system. 

become contaminated a t  various times, i s  l i ned  with sheet s t e e l  which i s  

covered with a good grade of chemical-resistant paint.  On t h e  west s ide  i s  

t h e  contaminated fuel-handling equipment control  room which i s  l ikewise con- 

nected with the  rooms above and below it through hatchways containing appro- 

p r i a t e  shielding plugs. The plan view of t h i s  room shows the  four  tanks used 

f o r  t h e  storage of contaminated helium. 

500 psi ,  one f o r  100 psi ,  and one f o r  20 ps i .  The charcoal t r aps  of t he  

helium cleanup system a r e  a l so  located i n  t h i s  area. 

This room, which may 

Two of these vessels  are designed f o r  
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The basement f loor ,  shown i n  plan view i n  Fig. 6.6, contains the 

cleaning and decontaminating f l u i d  storage tanks. 

canyon, which runs across t h e  diameter of t h e  containment vessel  and 

d i r ec t ly  under t h e  reactor,  is  located a ram and dr ive assembly t h a t  i s  

capable of reaching up t o  remove t h e  sh i e ld  plug, elements of t h e  f'uel- 

handling mechanism, the  graphite sleeve assemblies surrounding t h e  core, 

or  other components. On t h e  w e s t  s i de  of t h e  f l o o r  is  shown a room f o r  

t h e  storage of containhated fuel as it comes out of t h e  fuel-unloading 

tube and i s  s tored  i n  appropriate baskets. 

cooled by thermal convection within t h e  room, water-c'ooled pipes w i l l  
be required on t h e  w a l l s .  

be loaded by remote means i n t o  shieldedicasks and withdrawn up t h e  

sha f t  t o  t h e  ground f loo r  f o r  transporkation 'elsewhere f o r  reprocessing. 

I n ~ t h e  service 

Since t h e  f'uel w i l l  be 

After appropriate cooling, t h e  f'uel w i l l  

The ven t i l a t ion  requirements f o r  t h e  rooms i n  t h e  reac tor  area are 

A l l  t h e  air within t h e  containment {shell  is  circu- given i n  Table 6.1. 

l a t e d  through f i l t e r s  t o  remove any par t i cu la t e  a c t i v i t y  t h a t  might 

accidental ly  escape i n t o  t h e  rooms, and pa r t  of t h i s  air  i s  discharged 

regular ly  through t h e  stack. 

Turbine-Generator Bay 

The AEC requested t h a t  t h i s  study include consideration of both a 

simple heat dump and a turbine-generator t o  convert a subs tan t ia l  pa r t  

of t h e  heatagenerated i n  t h e  reac tor  t o  e l e c t r i c a l  power. The cost  of 

t he  l a t te r  appears t o  be out of proportion t o  t h e  advantages obtained. 

Even .thou& a turbine generator of 3-Mw capacity can be obtained at no 

cost  from another AEC f a c i l i t y ,  t h e  cos t  of t h e  i n s t a l l a t i o n  f o r  del ivery 

of 60-cycle power t o  t h e  e l e c t r i c a l  g r id  i s  estimated t o  be about $400 000 

more than t h e  cost  of a heat  dump u t i l i z i n g  r i v e r  water. merefore ,  t he  

turbine room i s  shown only i n  out l ine  t o  indicate  t h e  approximate s i z e  

t h a t 3 t  would have t o  be i n  t h e  event t h a t  a decision were made t o  i n s t a l l  
--. 

. 



Fig. 6.6. Basement Floor Plan - Containment Vessel. 
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Table 6.1. Vent i la t ion Requirements of Rooms i n  Reactor Area , 

. 

i 

Floor Room Ventilation Requirements 

Ground Fuel-loading, control-rod, 
'and steam-generator main- 
tenance 

Third Service machine control  room 

Blower mezzanine and helium 
cleanup room 

Second Hot c e l l  f o r  service equip- 
ment 

control  room 
Contaminated fuel-handling 

Basement Hot cleaning and f l u i d  
storage room 

Service canyon 

Contaminated f u e l  storage 

H e l i u m  storage area 

Forced-air c i rcu la t ion  through 
f i l t e rs ,  p a r t i a l  exhaust t o  
stack v i a  t h i r d  f l o o r  

A i r  conditioning, separate 
exhaust t o  reactor  vessel. 
c e l l  

F i l t e r ed  a i r  , 
aqtor vessel  
t o  stack 

F i l t e r ed  a i r  , 

Fi l t e r ed  a i r  , 
ac tor  vesse l  

F i l t e r ed  a i r  , 
t o  s tack 

F i l t e r ed  a i r  , 
t o  stack 

F i l t e r ed  a i r  , 
Fi l t e r ed  a i r  , 

ac tor  vessel  

exhaust t o  re -  
c e l l  and thence 

separate exhaust 

exhaust t o  re& 
c e l l  

d i r ec t  exhaust 

d i r ec t  exhaust 

separate exhaust 

exhaust t o  re- 
c e l l  

I 

t h i s  f a c i l i t y .  It i s  proposed instead t h a t  the steam from the reactor  

steam generator be discharged through appropriate expansion valves and 

desuperheaters d i r e c t l y  t o  one or  m o r e  condensers without,attempting t o  

u t i l i z e  the hea t ,  

reactor  i n  the most expFditious manner f o r  determining i ts  cha rac t e r i s t i c  

behavior ra ther  than having t o  consider the coupling problems associated 

with integrat ion with a power gr id .  

In t h i s  way the operator w i l l  be f r e e  t o  rw- the 

Main Control Room 

The main cont ro l  room i s  the  monitoring and control  center f o r  the  

e n t i r e  plant .  

l e v e l  building j u s t  outside the containment shel l .  

ac to r  panel and bench boards, 

In Fig.  6.2 it i s  shown as the cen t r a l  room of the ground- 

It contains the r e -  

From t h i s  pos i t ion  the e n t i r e  reactor  
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system, except the f u e l  charging and discharging equipment, can be 

operated, It w i l l  be unnecessary f o r  personnel t o  be within the  con- 

tainment s h e l l  during the time t h a t  the reactor  is  a t  power, s ince it 
i s  proposed tha t  the charging and discharging of f u e l  be done when the 

reactor  i s  shut down and depressurized.unt i1  suf f ic ien t .exper ience  has 

been gained t o  undertake t h i s  operation with confidence, probably after 

considerable equipment development. 

Administrative Wing and Service Bay 

The administrative wing, consis t ing of various of f ices ,  a change 

house, s to re  rooms, and locker rooms, i s  sh0.m wrapped around the main 

control  room on three s ides .  On the four th  s ide of the main control  

room and a l so  adjacent t o  the containment s h e l l  i s  the dismantling room 

f o r  fuel-handling and servicing equipment. 

room which communicates with the equipment a i r  lock from the containment 

she l l .  

panels and f i l l e d  w i t h  water f o r  shielding so tha t  contaminated equip- 

ment other than f u e l  can be submerged safe ly  for temporary storage.  A 

loading dock is located a t  the end of the dismantling and access rooms 

f o r  the t ransportat ion of equipment and accessories,  as needed. There 

is  another loading dock of smaller s i ze  off  the corr idor  t o  the l e f t  

of the main control  room and adjacent t o  the containment shell f o r  the 

purpose of bringing i n  f r e sh  f u e l  f o r  placement i n  the fuel storage 

vaul t .  

appropriate f o r  work i n  contaminated areas  without having t o  go through 

the main control  room or the administrative area.  

Next t o  t h i s  room i s  the 

In the  access room i s  a disposal  p i t  covered by removable f loo r  

' 

A l l  these areas are accessible  t o  people dressed i n  c lothing 

Holding Pond for Low-Activity-Level Waste 

'The water i n  the disposal  p i t  and the used decontamination solut ions 

located or stored i n  tanks i n  the bottom of the containment s h e l l  can 

be discharged from time t o  time, if  the a c t i v i t y  is  low enough, t o  a 

holding pond located some distance from the reactor ,  p r io r  t o  slow drainage 

in to  the r i v e r .  

is  too high t o  permit discharge t o  the holding pond or r ive r ,  the l i qu id  

In the event tha t  the a c t i v i t y  from any of these sources 

. 



w i l l  be pumped in to  su i tab le  portable tanks and t ransferred t o  regular 

high-level waste storage elsewhere i n  the ORNL area.  

Sys t e m  Leakt ightnes s ..Requirements 

Since the helium c i rcu la t ion  system is designed t o  operate a t  pres- 

sures a s  high a s  1000 p s i  and i s  subject t o  contamination from f i s s i o n  

products, the leaktightness requirements of both the  c i rcu la t ion  system 

and the containment s h e l l  are of paramourrt importance. Since noticeable 

leakage from the high-pressure system simply cannot be tolerated,  it i s  

f e l t  t ha t  a l l  connections i n  the high-temperature region must be welded. 

Bellows connections a re  not r e l i a b l e  i f  used i n  the high-temperature 

-- I 

region and, where used, must be su i tab ly  backed up by pressure buffering. 

Where mechanical closures a re  required, it i s  believed t h a t  they must 

be placed i n  regions of low enough temperature t o  permit the use of 

elastomeric gaskets, since t h i s  type of s e a l  is  the only one known t o  

be both r e l i a b l e  and relat ively e a s i l y  made leakt ight .  

The sha f t  s ea l s  on the c i rcu la t ing  blowers are ,  of course, po- 

t e n t i a l l y  ser ious points  of leakage. Following, i n  general, the  prac- 

t i c e  f o r  the EGCR design, the proposed design c a l l s  for a sleeve-type 

s e a l  t ha t  i s  pressure buffered with o i l ,  

s e a l  must be provided with means t o  d r a w  off o i l  t h a t  leaks through 

and a l so  t o  draw off any helium leakage t h a t  may occur i n  the event of 

o i l  system pressure f a i l u r e  f o r  a su f f i c i en t  length of t i m e  t o  permit 

shut t ing  down the reactor  and depressurizing enough t o  br ing the leakage 

r a t e  t o  to le rab le  proportions., 

The atmospheric s ide of t h i s  

Since an absolutely leak t ight  system is  not a t ta inable ,  the prob- 

l e m  becomes one of how much leakage can be tolerated.  It i s  believed 

that f o r  a system of t h i s  s i ze  and operating conditions, a helium 

leakage rate not exceeding about O.l$ of the helium inventory i n  the 

system per day is  a t ta inable .  

helium per day. It i s  not probable t h a t  pa r t i cu la t e  f i s s i o n  products 

could escape a system of t h i s  leaktightness,  but f i s s i o n  gases would 

This corresponds t o  about 35 s t d  f t 3  of 
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be present t o  some extent .  

designed t o  sweep t h i s  a c t i v i t y  out  of the s h e l l  and up the stack, as 

The containment s h e l l  ven t i l a t ion  system is 

indicated i n  Table 6.1. 
The most l i k e l y  occasions f o r  fission-product escape in to  the  con- 

tainment s h e l l  are believed t o  be those when the  helium c i r cu la t ing  

system or  the reactor  must be opened. 'Barring a major breakdown, there 

are only three points  a t  which the system would be opened, and then only 

occasionally. These three points  a re  (1) the blowers, ( 2 )  the  upper 

closure containing the control  rods and fuel-feed mechanisms, and (3) 

the  lower closure containing the fuel-discharge mechanism. The upper 

closure f o r  the control-rod system has i t s  own containment enclosure 

within the containment she l l ,  the  blowers are located i n  separately 

shielded compartments, and, of course, the fuel-discharge system i s  i n  

i t s  own separately shielded room which can be washed down w i t h  decon- 

taminating solut ions.  The area is  flushed out  by remote control .  

Shielding 

Several basic precepts were followed i n  laying out  t he  shielding 

f o r  the reactor .  F i r s t ,  each component was  i so la ted  from the  o thers  

insofar  as possible t o  f a c i l i t a t e  maintenance. 

th i s  i so l a t ion  should be su f f i c i en t  so that, w i t h  no decontamination 

except of the  component i n  question, the -aose in'the'immediate v i c i n i t y  

of a component such as a blower. would not exceed Id0 mr/hr w i t h  the  fue l  

removed from the reac tor .  In each instance a t  least 3 f t  of space 

It w a s  assumed that 

was  provided between the permanent concrete shielding ahd the com- 

ponent i n  question t o  provide space f o r  personnel t o  work on the  

equipment. .. 
Where construction problems make close clearances between permanent 

shielding and the reac tor  pressure vesse l  or  other components d i f f i c u l t  

o r  out  of the question, removable block shielding w a s  provided. 

major areas i n  which t h i s  w a s  done include i so l a t ion  of the blowers 

from the blower dr ive motors, i so l a t ion  of the reac tor  from the heat  

exchanger by shielding a t  the base of the heat  exchanger vessel ,  i so l a t ion  

Four 

c 

. 
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of the steam generator from the ground f l o o r  of the containment vessel ,  

and enclosure of the co_olers for the  helium cleanup system, 

removable concrete block access hatches were provided over the blowers 

and blower drive motors,'.,the steam generator header drums, the service 

room, and the contaminated fuel-handling area.  Removable block shielding 

could a l so  be provided around the f u e l  discharge chute leading from the 

bottom access tube t o  the contaminated f u e l  storage room i f  t h i s  proved 

desirable.  

a thick annular layer  of shielding around the duct leading in to  the 

steam generator t o  minimize fast-neutron leakage from the reac tor .  

Such a shield annulus could a l s o  serve as thermal insulat ion i f  made 

of zirconium oxide. 

In addition, 

Analyses may indicate  t h a t  it w i l l  be necessary t o  include 

A l l  the components requir ing shielding are below ground l eve l .  

Further, most of the maintenance and servicing operations where shielding 

is  necessary (except control-rod removal) can be car r ied  out i n  areas 

below ground l eve l .  

designed t o  provide shadow shielding of the o f f i ce  area during such 

operations as removal and replacement of the cont ro l  rods. A rough 

estimate of control  rod ac t iva t ion  indicates  that a s ingle  rod w i l l  

involve about 1000 cur ies  of ac t iv i ty .  This would give a dose j u s t  

outside the reactor  containment vesse l  of about 2 r/hr i f  no shielding 

other than the containment vesse l  w a l l  i t s e l f  were provided. The 

shielding fo r  the heat  exchanger should cut  off the d i r e c t  beam dose 

so  tha t  scattered rad ia t ion  would probably give a dose of l e s s  than 

20 mr/hr  i n  the off ice  area if the rod were withdrawn in to  the open 

enclosure instead of i n to  a lead cof f in .  

The shielding column around the heat exchanger w a s  
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7. REACTOR PHYSICS 

Core Dimensions and Fuel Loading 

1 

t h e  fuel  balls consis t  of 90.0 w t  % graphite, 9.17 w t  % ThO2, and 0.83 

w t  $ U02. 

po-der is 3900 &/kg of uranium. 

core burnup ($  of t o t a l  atoms) i s  0.021. 

I n  t he  fu l l - s ca l e  power reactor  described by Sanderson & Porter,  

The average power densi ty  i s  23.7 w/cm3, and the  spec i f ic  

A core height of 8.1 f t  i s  used. The 

A 10-Mw reactor  experiment cannot, of course, have ' the same values 

f o r  a l l  these parameters as a 350-Mw power reactor.  In ,order  t o  provide 

t h e  most meaningful experiment, values were chosen s o  t h a t  t h e  experi- ., 

mental reac tor  would be.&he same as the  power reactor  i n  core height, 
' 

core power density, weight percentage of oxides i n  t h e  f u e l  ba l l s ,  and 

f r ac t ion  of t o t a l  &toms burned i n  t h e  fuel. By keeping the  power density 

and core height t he  same as i n  t h e  reference case, t h e  gas flow rate and 

temperature d i s t r ibu t ion  approximate those which w i l l  be found i n  a , fu l l -  

sca le  reactor.  By keeping the  power density t h e  same as i n  t h e  refeSence 

case, t h e  f u e l  b a l l s  a re  subjected- t o  t h e  same in t e rna l  temperature 

gradients and thermal s t resses .  The t o t a l  oxide content of the  f u e l  b a l l s  

i s  the  primary f a c t o r  i n  determining t h e i r  physical  properties,  and t h e  

f rac t iona l  burnup of t he  atoms i n  t h e  fuel b a l l s  determines the  rad ia t ion  

damage t o  the  balls and t h e  fission-product release.  

, 

The c r i t i c a l  concentrations of U235-Th mixtures are shown i n  Fig. 7 .1  

f o r  various core diameters and various values of the thorium-to-uranium 
Wrn ratio i n  the fuel . ,  The Coquta t iQns  were made wit4 a one-dimensiQna4 

diffusion-theory code employing 27 energy groups ( t h e  General Motors GNU 

code f o r  IEM-704). 

with a tomicdens i t i e s  reduced t o  correspond t o  a 39% void f rac t ion .  

3-f t - thick radial r e f l ec to r  of graphite w i t h  an average density of 1.49 

gm/crn3 was used, and'an ax ia l  buckling corresponding t o  a core 8.1 f t  

long w i t h  3 - f t - th ick  axial r e f l ec to r s  was assumed. 

The calculat ional  model assumed a homogeneous core 

A 

The uranium was assumed 

'Sanderson & Po'rter, "Pebble-Bed Reactor, 'I Part  2, System Analysis, 
Table 1.4-3, S & P 1963. 
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t o  be 939 U235 and 79 U238. Equilibrium quant i t ies  of xenon and samarium 

were used, together with f i s s i o n  products appropriate t.0 55 U235 burnup. ' 

From the  c r i t e r i a  s t a t ed  above (power density, core height, and 

weight percentage oxide) it may be seen t h a t  t he  point of par t icu lar  in-  

t e r e s t  i n  Fig. 7 . 1  is  tha t  f o r  a core having an 18-in. diameter and 10 

w t  $ oxide i n  t h e  fue l .  This point, corresponding t o  a fue l  element con- 

ta in ing  s l i g h t l y  less thorium than uranium, w a s  taken as t h e  design value 

f o r  t he  reactor  experiment. A summary of t he  charac te r i s t ics  of t h e  

reactor  is  given below: 

Core - 
Diameter, in.  18 
Height, f t  8.1 
Fuel element volume f r ac t ion  0.61 
Void volume f r ac t ion  0.39 
Fissionable material  inventory, kg 21 
Specif ic  power, kw/kg 476 

Weight f r ac t ion  
Graphite 

02 
02 

u235 
u238 

Tho2 

0.9000 
0.0513 
0.0036 
0.0451 

U235 burnup, 5 10 
Average f u e l  residence t i m e  i n  core, 

days 246 
Conversion r a t i o  0.084 

As  a consequence of t h e  low t o t a l  power output and small core diameter 

(compared w i t h  a 350-Mw e l e c t r i c a l  power p lan t ) ,  t he  reactor  experiment 

has a much higher r a t i o  of uranium t o  thorium, a much lower spec i f ic  

power, and a much lower conversion r a t io .  

Fast F l u  Distr ibut ion 

I n  determining t h e  graphite r e f l ec to r  thickness, neutron economy 

i s  not of primary importance, s ince a high conversion r a t i o  i s  not one 

of t h e  goais - of the  readtor experiment. The power d i s t r ibu t ion  could 

. 
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be improved ( f la t tened)  s l i g h t l y  by reducing the  thickness of t h e  re f lec tor .  

However, t h e  radiat ion damage t o  t h e  pressure vesse l  becomes excessive i f  

t he  fast f lux  incident upon the  vesse l  i s  allowed t o  exceed a value of 

approximately 2 X lo1* neutrons/cm2-sec above 0.1 MeV. 

t h e  inside surface of t h e  pressure vessel, '  as determined by the  thickness 

of graphite between t h e  pressure vessel  and t h e  core, i s  giVFn-in Fig. 7.2. 

In  each case at tenuat ion by a 1- in . - thick s t e e l  thermal sh ie ld  w a s  a l s o  

included. . The usef'ul l i f e  of t h e  pressure vesse l  i n  years of f u l l  power 

operation i s  a l so  p lo t ted  i n  Fig. 7.2. 

The fast f lux  a t  

The ac tua l  l i f e  of t h e  vessel  would 

, b e  somewhat longer, s ince t h e  reac tor  would not operate a t  full power a l l  

It was f e l t  t h a t  it would be unwise t o  design f o r  a t o t a l  l i f e  t h e  time. 

less than 20 years. Hence t h e  r e f l e c t o r  thickness was  f ixed a t  3 f t .  

The fast f lux  i n  the  inner portions of t h e  r e f l e c t o r  i s  a matter of 

concern with respect t o  d i f f e r e n t i a l  shrinkage of t h e  graphi te  r e f l ec to r  

pieces. The data i n  Fig. 7 .3  were used t o  determine the  r e f l e c t o r  thickness 

which could be used without cracking from the  stresses imposed by shrinkage. 

React ivi ty  Effects  

The t o t a l  burnup i n  a f u e l  b a l l  w i l l  be 0.10 fission&!initial f i s s ion -  

able  at:om. The corresponding decrease i n  f i s s i o n  cross sec t ion  is, 

= 0.10 (I,+ a) (1 - Rc) , c . .  

where t h e  capture-to-fission r a t i o  a i s  0.29 and t h e  conversion r a t i o  

R. Zs Ob08, Hence nC/C = 0.117. The multigroup calculat ions show t h a t  

(AT/C)/(Ak/k) = -10.0. 

I 

C 
The r e a c t i v i t y  change associated with a core 

which is batch loaded is  therefore  1.17%. 
prove advantageous t o  refuel only a small port ion of the  core at  one t i m e  

s o  t h a t  a pseudoequilibrium a x i a l  d i s t r ibu t ion  of burnup would be achieved 

after a period of time, and t h e  parer  d i s t r ibu t ion  would therefore  not vary 

with t i m e .  If the f i r s t  refuel ing were done a f t e r  the  fuel i n  the region 

of maximum power had reached a burnup of 55, t h e  m a x i m u m  r e a c t i v i t y  change 

In prac t ice  it would Frobably 

. 
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. 

due t o  burnup would be the  one which occurred during t h i s  period and would 

be somewhat l e s s  than 0.58%. 

The r eac t iv i ty  l o s s  due t o  equilibrium xenon poisoning at  f u l l  

power operation i s  2.71%. 

the  reactor  i s  shut down and then brought t o  power at the  t i m e  when 

the  xenon concentration has reached a maximum. Thus the  amount of re -  

a c t i v i t y  control  needed f o r  ''xenon override" i s  0.89%. The r e a c t i v i t y  

loss  as a r e s u l t  of equilibrium samarium poisoning i s  1.16%. 

This l o s s  can r i se  t o  a m a x i m u m  of 3.60% i f  

I n  considering the  e f f e c t s  of temperature on reac t iv i ty ,  it i s  

necessary t o  keep i n  mind that  neutron moderation occurs primarily i n  the  

r e f l ec to r  ra ther  than i n  the  core.  

90% of the  thermal neutrons absorbed i n  the  core a t t a i n  thermal energies 

i n  the  r e f l ec to r  and then migrate t o  the  core, whereas less than 10% 
a t t a i n  thermal energies while i n  t h e  core.  Hence it i s  t o  be expected 

t h a t  t h e  moderator temperature coef f ic ien t  w i l l  depend mainly on r e f l ec to r  

conditions.  

r eac t iv i ty .  I n  changing the  temperature of the e n t i r e  system from 68 t o  

900"F, the  decrease i n  core and r e f l e c t o r  densi ty  gives a r e a c t i v i t y  

l o s s  of 0.16$, the  change i n  e f f ec t ive  nuclear cross  sect ions gives a 

r e a c t i v i t y  gain of 0.06$, and the  Doppler broadening i n  t h e  thorium 

resonance in t eg ra l  gives a r e a c t i v i t y  l o s s  of 0.42%. The f i r s t  two 

of these e f f ec t s  are obtained d i r e c t l y  from the multigroup calculat ions,  

while the  Doppler broadening i s  computed from the  thorium resonance 

For example, one f inds  tha t  over 

There a re  three noticeable contributions of temperature t o  

parameters. The over-al l  temperature coef f ic ien t  from the  three  e f f ec t s  

together i s  

1 dk 
k dT - - = -0.4 x 1 0 + / " ~  . 

Since the  dominant contributor t o  t h e  negative temperature coef f ic ien t  

i s  the  thorium resonance in tegra l ,  it follows t h a t  t he  presence of thorium 
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. 

i n  the core i s  important i n  providing a stable reactor,  as well  as i n  pro- 

viding a fukE ba l l  of the desired physical propert ies .  
1 

Control Blades 

For mechanical reasons it i s  most appropriate t o  locate  the  cont ro l  

devices i n  the  r e f l ec to r  where t h e  f u e l  b a l l s  w i l l  not i n t e r f e re  with t h e i r  

operation. 

annuli, t he  cont ro l  devices can be located i n  a Mng between two graphite 

sleeves. Absorber blades which surround the  core i n  a nearly continuous 

r ing  were chosen i n  preference t o  rods i n  order t o  avoid undesirable "scal-  

loping" e f f e c t s  on the  circumferential  power d i s t r ibu t ion  when t h e  rods are 

p a r t i a l l y  inser ted.  The various items af fec t ing  reac t iv i ty ,  as discussed 

i n  t h e  previous section, are  indicated below,: 

With the  inner portion of t he  r e f l e c t o r  arranged i n  concentric 

&/k 
U r a n i u m  burnup 0.0058 
Equilibrium xenon 0.0271 
Xenon override 0.0089 
Samarium 0.0116 
Temperature defect  0.0052 

Total  0.0586 

Figure 7.4 presents the worth of control  blades of various thicknesses 

of type 316 s t a i n l e s s  steel  when located i n  a 27=in.-diam c i r c l e  concentric 

w i t h  t he  core. A strong r eac t iv i ty  e f f ec t  i s  noted w i t h  comparatively t h i n  

layers  of absorber because of t he  high importance of the r e f l e c t o r  region. 

A thickness equivalent t o  1/16 i n .  of s t a i n l e s s  steel  w a s  chosen, giving 

a t o t a l  r e a c t i v i t y  control  of 0.140 Ak/k from f u l l  inser t ion  t o  f u l l  w i t h -  

drawal of t he  blades. 

cont ro l  needed i n  changing from a cold, clean core t o  a hot core .with 

equilibrium burnup and m a x i m u m  xenon i s  0.0586 &/k. 

avai lable  f o r  shutdown margin. 

A s  may be seen from the  tabulat ion above, the  m a x i m u m  

Thus 0.0814 Ak/k i s  

The r e a c t i v i t y  control  of t h e  blades which were chosen i s  shown i n  

Fig. 7.5 as a function of t he  depth of i n se r t ion  i n t o  the core. The blades 
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are f i l l y  withdrawn (from t h e  upper re f lec tor ,  as well as from the  s ide  re- 

f l ec to r )  when t h e  reactor  i s  hot and contains the  equilibrium 7f'uel" burnup 

and t h e  maximum xenon poisoning. When t h e  xenon poisoning i s  reduced t o  

the  equilibrium value, t he  control blades are  inser ted 0.7 f t  i n t o  the  

core. 

burnup d i s t r ibu t ion  has been achieved. 

brium xenon the  control  blades are inser ted t o  a depth of 2.6 f t  (0.0263 

&/k), corresponding t o  i n i t i a l  power operation. 

blades a t  which t h e  reactor  f i rs t  a t t a i n s  c r i t i c a l i t y  (cold, clean core) i s  

inser t ion  t o  a depth of 4,,4 f t .  

This posi t ion i s  t h e  normal one during operation a f t e r  equilibrium 

For a hot, clean core with equ i l i -  

The posi t ion of t h e  control  

- .  
Power and Flux Distr ibut ions 

The power d i s t r ibu t ion  i n  the  operating reac tor  depends on t h e  posi t ion 

of t h e  control  blades. Two representat ive cases are given i n  Figs. 7.6 and 

7.7. 

completely withdrawn (approximately t h e  condition f o r  t h e  hot core with 

equilibrium burnup). The peak power aensiey i s  2.08 times the  average, while 

t h e  minimum i s  0.417 of t h e  average. Figxre 7.7 shows the  power d i s t r ibu t ion  

when t h e  control  blades are inser ted  2.7 f t  i n t o  t h e  core, corresponding 

approximately t o  the  hot core under i n i t i a l  operating conditions. The peak 

power density i s  ra i sed  t o  2.38 times the  average and occurs 1 f t  below t h e  

center  of t h e  core instead of at  t h e  center, as before. These power d i s t r i -  

butions w e r e  computed w i t h  t h e  two-dimensional four-group PDQ code. The 

normalization i s  t o  an average of 1.0 i n  the core. 

Figure 7.6 gives the-power d i s t r ibu t ion  when t h e  control  blades are 

Flux t raverses  i n  t h e  r a d i a l  d i rec t ion  a t  t h e  mid-plane are shown i n  

Fig. 7.8. The prominent peak of thermal f lux  i n  t h e  re f lec tor ,  cha rac t e r i s t i c  

of a reflector-moderated reactor  may be seen, as w e l l  as the  r e l a t i v e l y  high 

r a t i o  of epithermal t o  thermal f lux  i n  the  core, indicat ing an "under-moderated" 

reactor.  Only 56% of t h e  f i ss ions  occur a t  thermal energies. 

Reflector Heat Load 

The neutron heating i n  t h e  r e f l ec to r  was computed-from the  fast  fluxes 

and the  sca t te r ing  c ross , sec t ion ,  .The gamma heating was computed by summation 
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of the  contributions from the  source points i n  each of s i x  energy groups. 

The r e s u l t s  of t he  calculations are given in ,  Fig. 7.9. 

\ 

Gamma Heating i n  Pressure Vessel 

The gamma heating i n  t h e  pressure vessel  was assumed t o  be due primarily 

t o  t h e  capture gammas i n  the  steel  and thus proportional t o  thecthermal  flux 

i n  the  s t ee l .  A series of plane sources was computed, and the contribution 

from each t o  t h e  heating a t  the  inner surface of t he  pressure vessel  w a s  deter-  

mined. This 

heat  generation can be reduced substant ia l ly ,  i f  necessary, by impregnating 

t h e  outer portion of t h e  r e f l ec to r  with boron. 

The calculat ion gives 0.26 w/cm3 as the  peak heating density. 

Assuming a simple exponential 

a t tenuat ion of t he  thermal flux i n  the  boratedfgraphite,  it i s  found t h a t  1% 
by weight of boron i n  t h e  outer 2 in. of graphite gives a f a c t o r  of 7 reduction 

i n  t h e  pressure vessel  heating, while 2$ boron i n  the  outer 2 in. of graphi te  

gives a f ac to r  of 50 reduction. 

Neutron L i f e t i m e  

From the i f luxes  of t h e  multigroup calculations,  the  average prompt 

neutron lifetime is  determined t o  be 1.5 X 

t h e  l i fe t ime occms.- i n  the  re f lec tor .  

sec. Approximately 99% of 
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8. FUEL ELENENTS AND GRKPHITE COMPONENTS 

This chapter i$. devoted primarily t o  a review and evaluation of 

ex is t ing  .information on fueled-graphite elements of t he  type under con- 

s iderat ion f o r  use i n  the  PBRE. An evaluation i s  a l so  included of t he  

requirements and fabr ica t ion  l imi ta t ions  applicable t o  graphite com- 

ponents t o  be used i n  the bed container, the re f lec tor ,  and the  r e f l e c t m  

perimeter. 

Fuel Elements 

The proposed PBRE f u e l  Olement i s  a graphi te  sphere containing a 

fue l -par t ic le  dispersion of U02, UC2, o r  UC. The required f u e l  element 

cha rac t e r i s t i c s  and the  proposed operating conditions are summarized 

below: 

Configuration 

Sphere diameter, i n .  

Fuel loading 

Carbon densi ty  

Sphere operating temperatures, 0.F 

Sphere 

1 1/2 
Equivalent t o  0.164 g of 

uranium per cm3 of t o t a l  
f u e l  element volume 

1.70 g per cm3 of ne t  
graphite volume 

Average surface 1200 
M a x i m u m  surface 2000 
Maximum allowable in t e rna l  

2200 

8500 

25 

81 500 

( including hot spots ) 

Number of spheres per reactor  
(assuming 39$ void volume i n  core)  

Average power densi ty  i n  core, w/cm3 

Average surface heat flux, Btu/hr.ft2 

Maximum i r r ad ia t ion  exposure, kwhr/sphere 5500 I 

I n  service the  f u e l  spheres will be subjected t o  impact loads during 

the  charging and unloading operations, compressive loads primarily from 

d i f f e r e n t i a l  thermal expansion between the bal l  bed and i t s  container 
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w a l l ,  abrasive act ion from bal l  ag i t a t ion  during power cycling o r  bal l  

spinning under aerodynamic forces,  thermal s t r e s ses  a r i s ing  from tempera- 

t u r e  gradients within the  f u e l  sphere, oxidation by impur i t i e s , i n  the  

helium coolant, and rad ia t ion  damage from both neutron- and f i s s ion -  

fragment bombardment. Under these conditions, t he  f u e l  elements must 

maintain s t ruc tu ra l  in tegr i ty ,  must r e t a i n  a large proportion of t h e  

f i s s ion  products generated, and must not self-weld t o  adjacent spheres. 

The da ta  on the a b i l i t y  of t he  f i le led-grapqte  matrix t o  withstand 

t h e  mechanical and thermal s t r e s ses  ant ic ipated under operating condi- 

t i ons  are encouraging, although not extensive. Self-wzlding i s  a 

'problem only i n  t h e  case of Si-SIC coated spheres. 

of f u e l  sphere, self-welding should not occur a t  the  present ly  an t ic i -  

pbted m a x i m u m  surface temperature of 2000°F. However, addi t iona l  t e s t s  

w i l l  be required t o  define more c l ea r ly  the temperature, time, and con- 

t a c t  pressure conditions under which self-welding w i l l  occur. 

major uncertainty at present i s  fission-product re lease  from the spheres 

at high temperatures and high burnups. 

Even w i t h  t h i s  type 

The 

Sanderson & Por te r  Program 

Much of the  avai lable  information on the'lperformance of graphi te  

f u e l  elements under PBRE operating conditions w a s  developed by Sanderson & 

Porter  i n  connection w i t h  a design study of a 125-Mw(e) pebble-bed reac tor  

and steam power plant,  and a de ta i l ed  descr ipt ion of the Sanderson & 

Por te r  fuel-sphere t e s t i n g  program has been published.' 

The specimens a re  obtained from various companies and are evaluated 

at Ba t t e l l e  Memorial I n s t i t u t e .  At Bat te l le ,  the fuel-sphere specimens I 

are inspected v i sua l ly  f o r  f l a w s  and then weighed and measured dimension- 

a l l y .  The specimen densi ty  i s  calculated from these measurements. 

Representative samples of a given l o t  of spheres a re  examined metallo- 

graphical ly .  Next, addi t ional  samples are subjected t o  the  following 

tes ts  : 

'"Pebble Bed Reactor Program Progress Report f o r  Period June 1, 1958, 
t o  May 31, 1959," NYO-2373. 

. 



8.3 

1. Impact. A 1- lb  steel weight i s  dropped onto the  f u e l  sphere 

from increasing heights, and t h e  sphere i s  rotated between impacts t o  

s imulate  ant ic ipated service conditions. With coated specimens, a 

"hot o i l "  p e m e a t i l i t y  t e s t  "is used after each impact' -bo deterrtline 

whether f rac ture  has occurred. 

2.  Compression. The f u e l  sphere i s  loaded at  a rate of 200 lb/min 

Coated specimens a re  compression t e s t ed  i n  a Universal Testing Machine. 

under hot o i l .  

3. Abrasion. The t e s t  sphere and a number of dummy elements are 

tumbled together i n  an 8-in.-diamj 4 3/4-in.-high drum rotated a t  a 

speed of 52 rpm. 

appearance. 

4.  

Evaluation i s  based on weight change and v i sua l  

Self-Welding. A v e r t f c a l  row of specimens i s  subjected t o  an 

axial load ( typ ica l ly  50 l b )  f o r  100 hr while i n  a furnace capable of 

heating them t o  2500°F. Visual examination and "hot o i l "  t e s t i n g  a re  

used t o  determine self-welding tendencies of t h e  sphere. This t e s t  i s ,  

of course, applied only t o  coated spheres. 

5 .  "Hot O i l "  Permeability. Coated specimens .are immersed i n  

s i l icone o i l  at 4OOOF. Faul t s  i n  the  coatings a re  revealed by a stream 

of bubbles of adsorbed gases released from the substrate  graphite.  

6. Surface Contamination. .Uranium contamination i n  the  surface 

of f u e l  specimens i s  determined by counting the  gross alpha a c t i v i t y  

i n  a flow-type alpha proportional counter. 

Fuel elements t h a t  look promising a f t e r  undergoing these t e s t s  

a r e  evaluated under i r r ad ia t ion .  The t e s t i n g  program i s  designed t o  

y ie ld  data  on fission-product re tent ion and t h e  e f f e c t  of ilradia-' 

t i o n  on physical cha rac t e r i s t i c s  and mechanical propert ies  of the f u e l  

sphere. 

J 

The following types of i r r ad ia t ion  tes ts  are used: 

1. Neutron Activation. The f u e l  spheres a re  i r r ad ia t ed  at l o w  

temperatures t o  a low dose (up t o  5 X 1015 neutrons/cm2) i n  order t o  

generate a measurable amount of f i s s i o n  products. 

decay period, the  specimens are  heated i n  flowing helium t h a t  i s  

analyzed w i t h  an on-stream gamma-ray spectrometer. 

After a 3- t o  7-day 
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2. Furnace Capsule. The f u e l  sphere i s  i r r ad ia t ed  at  a low flux 

but at  high temperatures maintained by e l e c t r i c a l  heaters .  

Xe133, Xe135, 

sweep gas. 

t o  t he  r a t e  a t  which f i s s i o n  products a re  generated (R/B) i s  determined 

f o r  each isotope. 

The isotopes 

Krg8 ,  and K r 8 5  are measured i n  the  e x i t  helium 

The r a t i o  of t h e  r a t e  at which f i s s i o n  products are released 

3 .  Sweep Capsule. The f u e l  sphere i s  i r r ad ia t ed  at  a high flux 

at high temperatures maintained by nuclear heating alone. H e l i u m  gas 

i s  passed over t he  sphere durinig i r r ad ia t ion  and analyzed as i n  the  

furnace capsule t e s t s .  

t i o n  examinations. 

Radiation damage da ta  are obtained i n  post i r radia-  

4. S t a t i c  Capsule. The f u e l  sphere i s  i r r ad ia t ed  i n  a capsule 

under conditions which, except f o r  t h e  absence of gas flow, a re  similar 

t o  the  sweep capsule tests.  T h i s  t e s t  i s  designed pr imari ly  f o r  radia- 

t i o n  damage evaluation, although fission-product-release da t a  can a l so  

be obtained by co l lec t ing  the  gases from the  sealed container a t  t h e  end 

of t he  t e s t .  

The cha rac t e r i s t i c s  of t h e  various types of f u e l  elements procured 

f o r  evaluation a r e  summarized i n  Table 18.1 (refs. 14), and the types 

which were ul t imately evaluated under i r r a d i a t i o n  a re  l i s t e d  i n  Table 8.2. 

. Property Evaluations and Effec ts  of I r r ad ia t ion  

D a t a  on the e f f ec t s  of i r r a d i a t i o n  on dimensional d i s tor t ion ,  weight 

change, impact res is tance,  com$ressive strength,  and abrasion resis tance 

were obtained i n  capsule t e s t s  SP-1, SP-3, and SP-4 at Ba t t e l l e .  Addi- 

t i o n a l  information on dimensional change under i r r a d i a t i o n  w a s  obtained 

21'Fue1 Element Development Program f o r  t h e  Pebble Bed Reactor, Phase I 
Progress Report f o r  Period May 1, 1959, t o  October 31, 1959," NYO-2706. 

Quar te r ly  Progress Report f o r  Period November 1, 1959, t o  January 31, 
"Fuel Element Development Program f o r  t he  Pebble Bed Reactor, 

1959," S & P 1964-14. 

'"Current Fuel Element Developments and Their Ef fec ts  on t h e  Pebble 
Bed Reactor Program, May 10, 1960," S & P 1965-17. 



. * . . 

Table 8.1. Characterist ics of Fueled-Graphite Elements Studied i n  Sanderson & P o r t e r  Program 

c L 

Coating Fuel Matrix 

Shel l  Baking Element Manu- 
De  signa- 

t i o n  
Thick- 

Locat ion  h t e r i a l  ness fac turera  Loaded Final  P a r t i c l e  Reimpreg- Net Thick- Tempera- 
as  Form Size nated ness t u r e  

(g/cm3) ( i n . )  (OF) ( i n .  1 

FI-1 
FI-6 

FL-1 
FL-2 
FL-3 

Fx-1 
Fx-2 
Fx-3 

FA-1 
FA-2 
FA-5 
FA-6 
FA-7 
FA-8 
FA-9 
FA-10 
FA-11 
FA-14 
'FA-16 
FA-17 
FA-19 
FA-20 
FA-21 
FA-22 
FA-23 

SYl 
AMP 

AMP 
AMP 
EMI 

P l a s  
P l a s  
Ray 

NC 
EMI 
3 M  
3M 
Carbo 
Carbo 
NC. 
G U  
NC 
NC 
3M 
NC 
NC 
NC 
Ray 
NC/BMI 
3 M  

Graphite I n f i l t r a t e d  with Fuel 

UNH uo2 1 P  No 1.65 0 1470 
UNH uc2 1 F  Yes 1.85 0 3500 

Graphite Containing Lumps of Fuel 

uc 2 uc2 3/8 i n .  Yes 1.85 0.35 3500 , 

uc 2 uc2 3/8 i n .  Yes 1.85 0.35 3500 
uo2 uo2 67 CI No NRb 0.25 2000 

Unfueled Graphite 

Admixture of Fuel i n  Graphite 

100-150 p N o  1.62 0 
No 1.63 0 67 P 

100-200 p Yes 1.80 0.15 
100-200 p Yes 1.80 0.15 
100-200 p No 1.63 0 
100-200 p No 1.63 0 
100-150 p Yes 1.68 0 
350420 p Yes 1.80 0 
100-150 p Yes 1.68 0 
100-150 p No 1.62 0 
100-200 p Yes 1.75 0.060 
100-150 p No 1.62 0 
10&150 p No 1.65 0 
100-150 p No 1.65 0 
100-150 p N o  1 .65 0 
100-150 p N o  1 .57 0 
100-200 p NR m NR 

2560 
2000 
3600 
3600 
3600 
3600 
2560 
2000 
2560 
2560 
3600 
2560 
4800 
4800 
4800 
2350 
m 

Sphere ZrC 

Sphere ZrC 

0.001 

0.001 

Sphere TIC  0.010 
Sphere ZrC 0.010 
Sphere P y r o l i t i c  carbon 0.060 

Sphere Si-Sic 0.003 

Sphere Si-SIC 0.030 

Sphere Pyro l i t i c  carbon 0.005 

Sphere Si-SIC 0.003 
Sphere Pyro l i t i c  carbon 0.002 

Sphere P y r o l i t i c  carbon 0.002 
Sphere P y r o l i t i c  carbon 0.050 
P a r t i c l e  A1203 0.002 
Sphere Si-SIC 0.008 

~~ 

&AMP - American Metal Products Co. 
BMI - B a t t e l l e  Memorial I n s t i t u t e  
Carbo - The Carborundum Company Ray - Raytheon Mfg. Co. 
G U  - Great Lakes Carbon Corp. 
3M - Minnesota Mining and Manufacturing Company 

NC -Nat ional  Carbon Company 
Plas  - Plasmakote Company 

Syl - Sylvania-Corning Nuclear Company. 

9 i o t  reported.  



8.6 

Table 8.2. Summary of I r r ad ia t ion  Test Program of 
Sanderson & Por te r  on Fueled-Graphite Elements 

Test Capsule Type of Designations of Fuel 
No. I r r ad ia t ion  Test --Element Te 5 teda 

SP-1 

SP-2 

SP-3 

SPF-1 

SP-4 

SPF-2 

SPF-3 

SP-5 

SP-5 

S t a t i c  FA-1 (NC86) 
FA-1 (NC87) 
FL-3 (BMI-12) 
FL-3 (BMI-11) 
5. __ 
FT-1 (E16) 
FI-1 (E13) 

Sweep 

Sweep 

Furnace 

S t a t i c  

FA-1 (E81) 
FA-1 (E84) 
FI-1 (E5) 

FA-6 (18E) 
FA-6 ( 20E) 
FA-8 (E4) 
FA-8 (E5) 

FA- 20 ' ( 3 10) 

FI-1 (ElO) 

FA- 1 
FA- 8 
FI-1 
FA- 2 
FA-20 
FA-10 

Furnace FA-16 

Furnace b 

Sweep FA-22 (471) 
FA-23 (E8-7) 

S t a t i c  FA-20 (338) 
FA-20 ( 345) 

. FA-22 (470) 
FA-23 (E8-2) 

a 

bAdmixture type of fuel element containing AlzO3-coated 

For descr ip t ion  of fuel elements see Table 8.1. 

normal UO,. 
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i n  Ml'R t e s t s  conducted by O R N L ~ - ~  and by General Atomic' using cy l ind r i ca l  

p e l l e t s  of fueled graphite.  

i r r ad ia t ion  t e s t s  a r e  summarized i n  Tables 8.3, 8.4, and 8.5. 

The operating conditions u t i l i z e d  i n  these 

The f u e l  p e l l e t s  f o r  t he  ORNL-MTR-48-1 tes t  were fabricated by 

National Carbon Company by the  admixing of U02 spherical  shot and-a carbon- 

aceous mixture. 

which reached a temperature of approximately 5000°F. 

The U02 was converted t o  UC2 during the  baking operation, 

The General Atomic i r r ad ia t ion  t e s t  p e l l e t s  were 0.220.in.  i n  

diameter, 1/4 i n .  long, and contained approximately 24 vo l  

dispersed i n  graphite.  

s t e e l  const i tuted each i r r ad ia t ion  t e s t  specimen. 

UC or UC2 

Four p e l l e t s  contained i n  type 316 s t a in l e s s  

Dimensional and Weight Changes 

The dimensional and weight changes which occurred during the  BMI 
Sj?-1, SP-3, and SP-4 t e s t s  are l i s t e d  i n  Table 8.6.  The e f f ec t  of com- 

bined neutron and fission-fragment bombardment i s  shrinkage of t he  fueled 

graphite.  According t o  the  work of Nightingale e t  al . , '  at Hanford, 

shrinkage would be expected at the  i r r ad ia t ion  temperatures of these 

t e s t s  from fast-neutron e f f ec t s  alone. I n  the  impregnated specimens, 

addi t ional  shrinkage due t o  fission-fragement bombardment i s  believed 

t o  have caused the  l a rge r  dimensional changes. 

a l l  f i s s ion  fragments i n  the  graphite matrix of these specimens i s  

associated with t h e  small f u e l  pa r t i c l e  s i ze  (approximately 1 p) .  

w a s  no d i r e c t  cor re la t ion  between shrinkage and f u e l  pa r t i c l e  s i ze  i n  

the  range from 67 t o  400 p, however, according t o  the data obtained i n  

Attenuation of e s sen t i a l ly  

There 

t h e  SP-4 t e s t .  

5'iGCR Quar. Prog. Rep. Dec. 31, 1959," ORNL-2888, p. 107. 
6"GCR Quar. Prog. Rep. March 31, 1960," ORNL-2929, p.  155. 

7"GCR Quar. Prog. Rep. June 30, 1960, ' I  ORNL-2964, pp. 1 6 M .  

'D. E.  Johnson and J. M. Tobin, "The Dimensional S t a b i l i t y  on Irradia- 
t i o n  of Al2O3-UO2,  BeOTU02, Graphite-UC, and Graphite-UC2," ORNL Conference 
on Nuclear Reactor CheuJLstry, October 13, 1960. 

t o  Graphite I r r ad ia t ed  up t o  1000°C," A/Conf 
'R. E. Nightingale, J, M. Davidson, and W .  A. Snyder, "Damage Effec ts  

15/P/14, '1958. 

. 



Table 8.3. Operating Conditions for  BMI I r rad ia t ion  Tests of F'ueled-Graphite Specimens 
SP-1, SP-3, and SP-4a 

C Operating Temperatures 
~ 2 3 5  

Heat Generat ion Burnup Total  Exposure (OF) b 
Rate" (kw/sphere) (at. $1 ( kwhr/sphere) Specimen No. Capsule 

No. Specimen Specimen 
Surface Center 

SP-1 FA-1 (NC86) 
FA-1 ( N C 8 7 )  

FL-3 (BMI-12) 
FI-1 (E16) 
FI-1 (E13) 

SP-3 FA-6 (la) 
FA-6 ( 20E) 
FA-8 (a) 
FA-8 (E5) 

FL-3 (BMI-11) 

SP-4 FA-1 
FA- 8. 
FI-1 
FA- 2 
FA- 20 
FA- 10 

940 
980 
920 
800 
10 60 
1050. 
1000 
1000 
1200 
1200 
1290 
1410 
1400 

1250 
1300 

uio 

1224 
1288 
1204 

1332 
1317 
1300 
1300 
1600 
1600 
1620 
1770 
1760 
1770 
15 60 
1630 

-1070 . 

NRd 
NR 
NR 
NR 
NR 
NR 
1600 
1600 
1900 
1900 
1780e 
1830 
1850 
1910 
1770 
.1730 

1.71 
1.81 
1.65 
NR 
1.88 
1.85 
1.7 
1.7 
2.2 
2.2 
1.95 
2.24 
2.37 
2.27 
1.96 
1.75 

1.5 
1.6 
1.5 
NR 
1.9 
1.8 
NR 
NR 
NR 
NR 
6.7 
6.7 
6.7 
6.7 
6.7 
6.7 

f 

1150 
1225 
1120 
NR 
1330 
1225 
2400 
1950 
2400 
2600 . 

6700f 
6700 
6700 
6700 
6700 
6700 

~~~ ~ 

a 

bFor descr ipt ion of fue l  elements see Table 8.1. 
See refs. 1, 2, 3, and 4. 

C Heat generation r a t e  was calculated from measured graphite block temperature, pool water 
temperature, and ef fec t ive  thermal-resistance propert ies  of t he  capsule. Specimen temperatures 
were then calculated; using 20 Btu/in. * f t -  OF ..( f o r  . thermal conductivity. 

%ot reported. 
e 

f 
Temperature measured by thermocouple inser ted i n t o  f u e l  spheres. 

Average f o r  six specimens i n  capsule. 

b i ,.,"i--. 
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Table 8.4. Test Parameters for ORNL-M'IB-48-1 Fueled-Graphite 
Element Irradiat iona 

T e s t  Parameters Forward P e l l e t  Rear P e l l e t  
No. 85 No. 91  

P e l l e t  cha rac t e r i s t i c s  
Diameter, ' in.  ,. 

Length, in.  
Volume, cm3 
Total  weight, g 
Weight of UC2, g 
U235 content (93.12% enrichment), w t  % 
~ 2 3 5  concentration, g/cm3 
~ 2 3 5  concentration, atoms/cm3 

T e s t  duration (MTR at  40 Mw), h r  

Operating temperatures 
Graphite capsule w a l l  less coolant 
water temperature ( 110" F) , F 

Design value 
Average operat ing value 

Interface between graphi te  can and f i e 1  

Central pe l l e t ,  estimated, OF 

Design value 
Average operating value 

Fiss ion power density, w/cm3 
Dekign value 
Average operating value 

Percent 

pe l l e t ,  estimated, OF 

Thermal .neutron flux, neutrons/cm2*sec 

U235 atoms fissioned, atoms/cm3 

Burnup of fueled graphite matrix, Mwd/MT 

Burnup of U235, Mwd/MT 

0.9969 
1.4687 
18.766 
35.4107 
10.52 
8.89 
0.1677 

1446 

42.9 x 1019 

1392 
1450 

17 80 
3500 

4.6 x 1013 
4.8 x 1013 

270 
282 

5.24 x 1019 
12.2 .. 

8970 

101 000 

0.9965 
1.4682 
18.764 
37.8407 
19.33' 
16.33 
0.3295 
84.3 x 1019 
1446 

1467 
1240 

15 20 
3000 

2.6 x 1013 
2.2 x 1013 

300 
254 

4.72 x 1019 
5.6 ' 

7560 

46 300 

a See refs. 5 and 6 .  



Table 8 .5 .  Data on General Atomic (MGCR) Fueled-Graphite I r r ad ia t ion  Tests" 

Diametral 
Dimensional 

E st imt ed 
Fue 1 Cladding Surface Heat FissionaGas Burnup 

(g of U235) Temperature (Btu/hr . f t2)  ($ of Kr") U234'atoms) 
Material Loading Surface Flux Release of Spec imen 

No.  

( O F )  

5 uc2 -c 1.46 1520 204 000 
9 uc -c 1.44 1560 198 000 0.37, 0.41 1.56 -1.5 

8 uc -c 1.44 1430 156 000 1.23 -1.5 
4 uc *"C 1.46 12 70 132 000 0.30, 0.12' 1.01 -1. 

a 

bNo change i n  the microstructure was observed for  either type of f u e l  as a r e s u l t  of irradia- 

See ref .  8. 

t i o n .  

C b  The 0.12 value i s  considered questionable; t he  0.30 value i s  considered r e l i ab le .  

I 

a3 
P 
0 

i , 



. 
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Table 8.6.  Dimensional and Weight Changes i n  I r r ad ia t ed  Fueled- 
Graphite Spheres Tested in BMI Capsules SP-1, SP-3, and SP-4 

Dimensional Change 
(%) 

Weight 
Specimen T n e  Change 

(%) X Y Z b 
No .a 

CaDsule SP-1 

FI-1 (E13) 
FI-1 (E16) 
FA-1 (NC86) 
FA-1 (NC87) 
FL-3 (BMI-11) 
FL-3 (BMI-12) 

FA-6 (18E) 

FA-6 (20E) 

.-FA-8 (E4) 

FA-8 (E5) 

FI -1 
FA-2 
FA-1 
FA-10 
FA-8 

FA-20 

Impregnated -4.48 -0.86 -0.83 -1.10 
Impregnated -2.88 -0.91 -1.08 -0.82 
Admixture 4 . 0 3  ~ 0 . 0 7  -0.24 -0.28 
Admixture -0.08 -0.29 -0.23 20.21 
Lumped f u e l  -4.25 -0.33 -0.26 -0.27 
Lumped f u e l  -0.71 -0.11 -0.28 -0.16 

Capsule SP-3 

Admixture, Si-Sic -0.1 I 

Admixture, Si-Sic 0.0 
coating 

coating 

coating 

coating 

C Admixture, Sic -0.3 

C Admixture, Sic -0.1 

-0.3 

.-o.o 

4 . 0 1  

4 . 0 8  

Capsule SP-4 

d Polar Equi tor ia l  

Impregnated -0.40 -0.76 -0.67 
Admixture -0.55 -0.03 -0.08 
Admixture * -0.11 -0.47 -0.52 
Admixture -0.06 -0.69 -0.81 
Admixture, Sic 4 . 1 4  -0.16 4 . 6 5  

Admixture, py ro l i t i c  4.19 -0.93 -0.17 
coating 

carbon coating 

%or descr ipt ion of f u e l  element see Table 8.1. 
b 

x, y , ' and  z a re  three  mutually perpendicular diameters. 

Weight measured a f t e r  hot-oi l  immersion tes t .  

Equi tor ia l  - perpendicular t o  polar d i rec t ion .  

C 

dpolar  . -  p a r a l l e l  t o  cy l indr ica l  i r r ad ia t ion .  capsule ax i s ,  
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Examination of t h e  ORNL-MTR-48-1 t e s t  capsule revealed no apparent 

change i n  the  two graphite cans which contained the  graphite-UC2 f u e l  

p e l l e t s .  

t o  within 0.1%. 

been inspected t o  date.  

l i t t l e  change i n  appearance w a s  noted. 

of t he  p e l l e t  nearest  t he  reactor  core decreased 2.4% while t h e  diameter 

of t he  other  end decreased 5.1%. 

The dimensions of t h e  cans agreed with pre i r rad ia t ion  values 

Only t h e  r e a r  graphite-UC2 f u e l  pe l l e t ,  No. 91, has 

It w a s  removed i n t a c t  from the  can and very 

The average diameter of t he  end 

The length of t he  p e l l e t  increased 

3.5%. 
The micrometer measurements were reported t o  be d i f f i c u l t  t o  make 

because t h e  surfaces of t he  f u e l  p e l l e t s  were f r i a b l e .  

could have resu l ted  from react ion of t he  UC2 with moisture i n  t h e  hot- 

c e l l  atmosphere. 

This d i f f i c u l t y  

A s  indicated i n  Table 8.5, t h e  General Atomic graphite-UC and 

graphite-UC2 p e l l e t s  decreased 1 . 5  and 1% i n  diameter, respectively,  

during i r r ad ia t ion .  One of the  i r r ad ia t ed  graphite-UC p e l l e t s  w a s  

annealed at 2500°F f o r  4 h r  i n  flowing helium (15 f t3 /h r ) ,  and it 

d is in tegra ted  t o  a "crusty lump of crumbs." 

t h a t  accidental  oxidation could have caused t h i s  behavior. 

However, it w a s  believed 
8 

It may be seen i n  Table 8.6 tha t ,  i n  almost every case, the  fueled 

graphi te  l o s t  weight during i r r ad ia t ion  and tha t ,  i n  capsule SP-1, th ree  

of t he  specimens suffered very la rge  weight losses .  The mechanism of 

weight l o s s  has not yet  been determined but should be investigated,  

because the  l o s t  material may be a po ten t i a l  coolant contaminant. 

. 

ImDact ProDerties 

The r e s u l t s  of impact tes ts  on i r r ad ia t ed  and cont ro l  specimens 

are presented i n  Table 8.7. 
t h e  impact t e s t s  were performed by dropping a steel  weight onto t h e  

specimen from increasing heights.  It i s  ant ic ipated t h a t  t h e  spheres 

will be subjected t o  impact energies resu l t ing  from a 20-ft free fa l l ,  

o r  approximately 2.3 f t - l b  during the  loading operation. Although too 

With t h e  one exception noted i n  t h e  table ,  
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Table 8.7. Results of Impact Tests on Control and I r rad ia ted  Fueled- 
Graphite Specimens from BMI Capsules SP-1, SP-3, and SP-4 

Impact Energy a t  Failure ( f t - l b )  

Pre i r r a d i a t  ion Pos t i r rad ia t ion  

a .  
SpecimenJb.. Type 

Camule No. SP-1 

FI-1 Impregnated 13.5 10.4 
. 11.5 

12.5 

FA-1 Admixture 

FL-3 Lumped fue l  

7.3 
11.5 
11.5 

3.1 
2.1 

Capsule No. SP-3 
b FA-6 Admixture, Si-Sic 1. 33b 

coat ing 1.25 
3.00 
1.9 

b FA-8 Admixture, S ic  0.5 
coat ing 0.42 

1.0 
0.6 
0.5 

Capsule No. SP-4 

FA-1 Admixture >11.6 

FA-2 Admixture 7.5 

FI-1 Impre gnat ed 12: 5 

FA-10 Admixture 10.4 

8.35 

<1.04 

<o. lC 

0.75 

9.4 

3.0 

.>11.6 

>11.6 

a 

bImpact made on one locat ion on sphere. 

For 'descr ipt ion of f u e l  elements see Table 8.1. 

C Fractured i n  1-ft free fa l l .  

i 
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f e w  t e s t s  have been performed t o  provide a sound s t a t i s t i c a l  basis f o r  

evaluation, t h e  impact res is tance of t he  uncoated fueled-graphite spheres 

appears t o  be qui te  adequate t o  meet the  operating requirements. The 

surface-coated spheres, on the  other  hand, show poor impact res is tance.  

The graphite matrix of FA-6 specimens i n  the  SP-3 capsule w a s  believed 

t o  have contained cracks p r i o r  t o  the  i r r a d i a t i o n  t e s t . 2  

da ta  

t h a t  

Compressive Strength 

Based on calculat ions of t h e  d i f f e r e n t i a l  thermal expansion between 

the  b a l l  bed and i t s  container w a l l ,  it w a s  established t h a t  the  spheres 

should be able  t o  withstand compressive loads as high as 500 l b  without 

f ractur ing.  

the  specimens fueled by the  l'lump". . tekhiqug,  wlii-ch developed crabks  

during i r rad ia t ion ,  t he  graphite spheres possess adequate compressive 

s t rength and t h a t  i r r ad ia t ion  apparently enhances t h i s  s t rength.  More 

The da ta  presented i n  Table 8.8 ind ica te  t h a t  except f o r  

a r e  required t o  confirm t h i s  conclusion, howeSer . 

Abrasion Resistance 

The r e s u l t s  of abrasion t e s t s ,  presented i n  Table 8.9, ind ica te  

i r r ad ia t ion  tends t o  harden t h e  f u e l  spheres. The i r r ad ia t ed  

spheres e i t h e r  ac tua l ly  gained weight by picking up carbon from t h e  

dummy elements o r  showed a much smaller weight loss  than the  unirradiated 

specimens. 

However, t he  f u e l  temperature during exposure w a s  considerably lower 

than design (i. e . ,  a maximum of 1580'F) wd .the- burnup 'did not  exceed 

1.8$. 

No spa l l ing  or  f lak ing  of t he  graphi te  surface occurred.' 

Self  -Welding 

Self-welding t e s t s  a r e  reported fo r  th ree  p a i r s  of Si-Sic coated 

f u e l  spheres..2 

a tendency t o  self-weld i n  100 hr .  

t h e  "hot o i l "  permeability technique and showed no leaks.  

A t  2000°F, ne i ther  type FA-6 nor FA-8 spheres showed 

The contact areas  were t e s t e d  by 



Specimen 
No." 

I I 8 

Table 8.8. Results of Compression Tests  on Control and I r r ad ia t ed  Fueled- 
Graphite Spheres from BMI Capsules SP-1 and SP-3 

Pre i r rad ia t ion  Test Po st  irradiat ion Test 

Load ( l b )  s (Ib/ in .  ) Load (lb) S ( lb / in .  ) b 
~~ 

Capsule No. SP-1 

FI-1 Impregnated 2555 24 900 2672 39 100 

FA-1 Admixture 2410 55 900 3712 65 800 
2865 56 400 

FL-3 Lumped f u e l  1060' 
2 78 

43 500 258d 8 300 
40 500 

CaDsule No. SP-3 

FA- 8 Admixture, Sic coating 530 me 1697 146 000 
83 7 m 

%or descr ipt ion of fue l  elements see Table 8.1. 

bS.-stands f o r  slope of the  s t r a igh t  portion of t he  load-deflection curve. 

C After sharp jump i n  def lec t ion  curve at a 1060-lb load, t h e  specimen w a s  unloaded and then 
r e t e s t ed .  Fa i lure  occurred a t  708 lb during the  second t e s t .  

dOuter s h e l l  cracked during i r rad ia t ion .  

e Data not reported. 



Table 8.9. Results of Abrasion Tests on Control and I r rad ia ted  meled-Graphite 
Spheres from BMI Capsule SP-1 

Weight Change (g)  

b 
C 

Type Pre i r r a d i a t  ion a Specimen No. 
Pos t i r rad ia t ion  

Maximum Average Minimum 

FI-1 
E13 
E16 

Impregnated 4 .0352 4 .0156 4 . 0 0 0 8  
4-0.0025 
4 . 0 0 0 8  

FA-1 Admixture 4 .0281  -0.0088 4 . 0 0 0 3  
NC86 4-0. 0026 
NC 87 4-0.0024 

Lumped fuel -0.3081 -0.0928 4 . 0 0 3 5  
4 . 0 1 8 5  

FL -3 
BMI-11 

%or descr ipt ion of f u e l  elements see Table 8.1. 
bTumbled 2 h r  i n  a drum w i t h  dummy elements. 

%&led 10 min i n  a d r u m  with dummy elements. ... 

b 
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- A t  2500°F, i n  a t e s t  terminated a f t e r  66 hr because of thermocouple 

failure; two type FA-6 f u e l  spheres stuck t o  each other and t o  the  

graphite supports holding them i n  t h e  t e s t  furnace.3 

self-welding of coated spheres may not be a problem at the  temperatures 

and gas-purity l eve l s  under consideration fo r  t h e  PBRE, but confirmation 

of t h i s  by means of a thorough and r e a l i s t i c  t e s t i n g  program i s  mandatory. 

It appears that  

Fission-Gas Retention 

One of t he  main advantages of the  pebble-bed reactor  concept over 

t he  fixed-fuel-element designs of t he  General Atomic HTGR and the  OEEC 

Dragon i s  the  r e l a t i v e  ease with which f resh  f u e l  can be added and spent 

f u e l  discharged. 

preclusion of a purge-gas system as a means f o r  handling f i s s i o n  products 

emitted f r o m t h e  fue l .  The f u e l  spheres must therefore  r e t a i n  a large 

proportion o f  the  generated f i s s i o n  products i n  order t o  maintain the  

coolant contamination at  l eve l s  which w i l l  permit maintenance of com- 

ponents, such as blowers, at a resonable cos t .  

The sdst  of t h i s  fuel-handling f l e x i b i l i t y  i s  the  

Uncoated Spheres 

Both neutron-activation and sweep-capsule t e s t s  have demonstrated 

that fission-gas re lease  from--uncoated spheres containing uncoated f u e l  

pa r t i c l e s  would be much too large f o r  pebble-bed reactor  appl icat ion.  

The  results of neutron-activation experiments are summarized i n  Table 8.10 

I n  sweep capsule SP-2, the  release of f i s s i o n  gases from uncoated 

spheres w a s  determined while the specimens were being i r rad ia ted .  This  

type of t e s t  permits t he  measurement of t he  r a t i o  of re lease r a t e  t d  - 

' equilibrium production r a t e .  The operating conditions f o r  capsule SP-2 

a re  presented i n  Table 8.11 and the  fission-gas release f ac to r s  a re  

given i n  Table 8.12. 
impregnated specimens was too high t o  be handled i n  the  avai lable  equip- 

ment. 

The a c t i v i t y  i n  the  helium flowing over the 
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Table 8.10. Release of Xe133 from Fueled-Graphite Specimens 
Containing Uncoated Fuel Par t ic les"  

Specimen 
No. b' 

Test Test  xe13 
Temperature Time Released 

(OF) (min 1 (F2 

?.IO 0.4  
20 0.9 
20 0.6  

FA-1 (278)  

FA-1 (282)  

Admixture, 
1OC-150 p U02 

1000 
1500 
1900 

Admixture , 
100-150 p U02 

1000 
1500 
1500 
1500 

20 0.1 
60 0.6 
60 0.7 
90 0.7 

FA-1 (283)  800 
1100 
1100 
1500 

30 0 . 4  
40 0.1 
25 0.3 
55 0.9 

Admixture , 
100-150 p U02 

15 0.1 
40 0.2 

FA-14 ( 373 ) 

FI -1 

Admixture , 
100-150 p.UO2 

800 
1500 

240 8 .3  
240 3 .1  
240 3.0 

Impregnated with -1 p 
U02 p a r t i c l e s  

1000 
12 50 
1500 

Admixture, 
100-200 p UC, i n  shell 

10 0.87 
10 0.08 

FA- 5 

FA-7 

1000 
1500 

1000 
1500 

20 0.07 
20 0.3 

Admixture , 
low200 p uc;! 

a 

%or descr ip t ion  of f u e l  elements see Table 8.1 .  

See r e f s .  1 and 2 .  
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Table 8.11. Summary of Capsule SP-2 
Operating Conditions" 

Surface TemperatureC ( O F )  

TYTe 
Specimen 

 NO.^ Cycle 1 Cycle 2 Cycle 3 

FA-1 (E81) Admixture 

FA-1 (E84) Admixture 

FI-1 (E5) Impregnated 

FI-1 (E10) Impregnated 

1050 

1040 

1120 

1140 

1200 

1190 

1220 

1230 

1380 

1360 

1410 

1420 

3, 

a 

%or descr ipt ion of f u e l  elements see Table 8.1. 
See ref.  1. 

C Specimen power: cycle 1, 0.45 kw; cycle 2, 0 . 5  kw; cycle 
0 .6  kw. 

Table 8.12. Fission-Gas-Release Factors 
f o r  Specimens  FA-^" i n  

Sweep Capsule SI?-2 

Release Factor, R/B G a s  Sample 
 NO.^ Kr85m xkl35 

2 .5  x 10-4 
. .  

lC 1 . 4  x 10-4 

2 5.18 x 6.3 x 

3 6.36 X 1.68 X 
~ 

%ncoated, admixtures. 

b A l l  samples takeni:during f i rs t  cycle. 
, c  -Sampling apparatus leaked. 
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Data obtained recent ly  at ORNL indicate  t h a t  even highly impermeable 

graphite (admittance constant = 1.5  x 
fission-gas b a r r i e r  for a pebble-bed f u e l  element under high-temperature 

i r r ad ia t ion .  I n  the  ORNL-MTR-48-2 experiment, a UC2-graphite p e l l e t  

sealed i n  a graphite can of t he  above qua l i ty  w a s  i r r ad ia t ed  i n  the  MTR 

at a graphite w a l l  temperature of approximately 1500°F. 

over t he  graphite can and monitored f o r  gaseous f i s s i o n  products. 

release fac tor ,  R/B, f o r  Xe133 increased from 1 . 9  x l o F 4  t e n  days after 

s t a r tup  t o  approximately 0.20 after two months of operation (3.8 X lo" 
atoms of U235 f iss ioned per cm3). 

Xe135 at  t h i s  time were 2.5 x 7 x and 3.9 X respectively." 

cm2/sec) may not be an e f fec t ive  

Helium w a s  passed 

The 

. 
The R/B r a t i o s  f o r  Kr85m, Kr88, and 

The capsule i s  s t i l l  operating, however, and t h e  cause of t h e  increase 

i n  re lease  r a t e  i s  not yet known. 

SDkeres with Surface Coatinns 

The most promising sphere coatings have been shown by "hot o i l "  

permeability and neutron-activation tes ts  t o  be Si-Sic and pyro ly t ica l ly  

deposited carbon. 

t o  i r r ad ia t ion  t e s t s  i n  furnace capsules, s t a t i c  capsules, and sweep 

capsules. 

Specimens coated with these mater ia ls  were subjected 

Spheres Coated w i t h  Pyro ly t ica l ly  Deposited Carbon. ' The FA-20 

specimens (see Table 8.1) consis t  of a graphite-UC2 matrix coated with 

2 t o  5 mils of pyro ly t ica l ly  deposited carbon. 

U02, graphi te  f lour ,  and coal- tar  p i t ch  binder w a s  baked at  4800°F t o  

graphi t ize  the  matrix and convert t he  U02 t o  UC2.  

deposited at  3100"F, and the  coated sphere w a s  then rebaked at  4800°F. 

These spheres had t h e  highest impact strength, 3.6 f t - lb ,  among the  

coated specimens, and a l l  6 specimens t e s t ed  passed the  "hot o i l "  perme- 

The molded admixture of 

The coating w a s  

a b i l i t y  t es t .  

spheres. 

Two i r r ad ia t ion  tes ts  have been completed on FA-20 type 

"Personal communication from C .  W .) Cunningham, ORNL. 

h 
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The r e s u l t s  of t h e  fmnace capsule SPF-l test a r e  presented i n  

Table 8.13. I n  pos t i r rad ia t ion  examination, p i t t i n g  of the  coating, 

which has been a t t r i bu ted  t o  impurit ies i n  the  helium, was observed.ll 

The release f ac to r s  observed i n  t h i s  t e s t ,  may therefore  be higher than 

t h i s  type of coating i s  capable of achieving. 

test ,  no detectable  re lease  was obtained i n  70 min a t  1700°F o r  100 min 

a t  2200°F from a pyrolytic-carbon-coated sphere. 

at a temperature 200°F higher than t h a t  on the  FA-20 specimen of SPF-1, 

however., 

I n  a neutron-activation 

This coating was applied 

Table 8.13. Summary of SPF-1 Release Rate Dataaon Pyrolyt ic-  
Carbon-Coated Specimen FA-20 (310) 

Specimen Release Factor, R/B 
Temperature 

( O F )  Kr85m KP87 K r 8 8  ~ e 1 ~ ~  xe13 

150 3.8 x 10-4 1 . 6  x b 4 .6  x 1.5  x 
1000 4.3 x 2.3 x 3.8 x 5.7 x 3.9  x 
1500 1 .6  X 1.3 X 1 .6  X 4.1 X lom2 9.0 X low3 . 

1900 2.6 x 1.07 x 1 0 y 2  2.4 x 6.7  x 1 .9  x 

a 

bNo detectable  re lease .  

See r e f .  3, p.  15. 

A second FA-20 t y p e  specimen w a s  i r r ad ia t ed  i n  s t a t i c  capsule SP-4, 

the i r r a d i a t i o n  conditions f o r  which a re  l i s t e d  i n  Table 8 . 3 .  Post- 

i r r a d i a t i o n  examination revealed f i v e  c lose ly  spaced, pa ra l l e l ,  g rea t  - 
c i r c l e  cracks tha t  leaked profusely i n  the "hot oil" t e s t .  

t i o n a l  FA-20 specimens a re  included i n  a s t a t i c  atmosphere compartment 

of the  SP-5 capsule, which i s  s t i l l  i n  t e s t .  

Two addi- 

l'personal communication from G. Raines, B a t t e l l e  Memorial I n s t i t u t e .  

. 
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Spheres w i t h  Si-Sic Coatings Applied Direc t ly  t o  Fueled Matrix.2 

The FA-8 specimens (see Table 8.1) were fabr ica ted  by admixing UC2,  

isotropic-grade graphi te  (Speer 901S), and resin-type binder.  The 

spheres were molded at  1000 p s i  and baked at  3600°F. The 0.03-in. 

coating of S ic  containing excess s i l i c o n  w a s  applied d i r e c t l y  t o  t h e  

fueled-graphite matrix. Coatings applied I n  t h i s  way a r e  subject  t o  

uranium contamination by the  react ion of s i l i con  w i t h  UC2 during t h e  

coating operation. I n  pre i r rad ia t ion  t e s t s ,  specimen,s showed an average 

surface contamination of 0.3 wt $ of the  t o t a l  -uranium i n  t h e  sphere. 

The impact s t rengths  of t he  FA-8 specimens were a l s o  low, below 1 ft- lb ,  

and only 7 of 17 specimens t e s t e d  passed the "hot o i l "  t e s t .  
- 

Two FA-8 specimens were t e s t ed  i n  one compartment of capsule SP-3 

under the  conditions l i s t e d  i n  Table 8.3. After two days of operation 

at surface temperatures of 1300 t o  1500°F, it w a s  found tha t  the  a c t i v i t y  

i n  the gas l i n e s  w a s  too  high t o  permit sampling. The i r r a d i a t i o n  w a s  

continued t o  the burnup given i n  Table 8.3, w i t h  t he  gas  l i n e s  sealed.  

I n  t h e  pos t i r rad ia t ion  examination, the  two FA-8 spheres appeared t o  be 

i n  good condition. 

i n  hot s i l i cone  o i l  f o r  17 min, and the other  emitted only a s ingle  

stream of bubbles after 52 sec of immersion i n  hot o i l .  The high- 

a c t i v i t y  l e v e l s  which prevented sampling during i r r a d i a t i o n  are believed 

One specimen exhibited no leakage during immersion 

' t o  have resu l ted  from uranium contamination i n  the  coating .surface.  No 
uranium contamination measurement w a s  made p r i o r  t o  t h e  i r r a d i a t i o n  t e s t ,  

but later measurement of other  samples from the  same l o t  showed excessive 

contamination, as discussed above. 

An FA-8 specimen, i r r ad ia t ed  i n  s t a t i c  capsule S P - 4  ( see  Table 8.3),  

had a 0.2-in. crack i n  i t s  coating a f t e r  i r r ad ia t ion .  

immersion t e s t  indicated a major leak. 

vealed no apparent change i n  the  microstructure of t he  coating. 

The "hot o i l "  

Metallographic examination re- 

Coating of Si-Sic Applied t o  Unfueled Graphite Shel l  on Sphere. I n  

the FA-6, FA-16, and FA-23 specimens, t h e  fueled matrix and the Si-Sic 

coating were separated by a she l l  of unfueled graphi te .  The graphi te  
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matrix w a s  made by mixing UOz, Graphite Speciaxties Grade W f i l l e r ,  and 

p i t c h  binder, molding i s o s t a t i c a l l y  at 5000 ps i ,  and reimpregnating 

several  times. 

3600°F converted t h e  U02 t o  UC, according t o  x-ray analysis .  

The f i n a l  graphite dens i ty  was 1.80 g/cm3. Baking at 

The FA-6 specimens were fabricated w i t h  a 0.15-in.-thick unfueled 

s h e l l  and coated with 0.003-in.-thick Si-Sic. 

nated by 3.24 w t  $ iron, and 5.57 g of f u e l  p a r t i c l e s  w a s  added t o  ge t  

t he  5.19 g of U02 desired.  Metallography showed small cracks i n  the  

fueled-graphite matrix. 

The U02 used was contami- 

The FA-16 specimens were made w i t h  improved techniques t o  avoid the  

f l a w s  shown i n  the  FA-6 matrix. The unfueled s h e l l  was decreased t o  

0.060 i n . ,  but t h e  Si-Sic coating was the  same as on the  FA-6 specimens. 

No cracks were found by metallographic examination. 

w a s  increased t o  0.008 i n .  i n  t he  FA-23 specimens, which were the  l a t e s t  

t e s t e d  i n  t h i s  s e r i e s .  

The Si-SIC coating 

The use of t he  unfueled graphi te  s h e l l  made possible uranium con- 

tamination l eve l s  of t h e  order of 0.001 w t  $, or  l e s s ,  of t he  t o t a l  

contained uranium. The impact res i s tance  of these specimens was  a l so  

low, however, and only 11 of 23 FA-6 specimens passed the  "hot o i l "  

t es t .  

The FA-6 type specimens were i r r ad ia t ed  i n  sweep capsule SP-3 and s t a t i c  

capsule SP-4,  the  FA-16 specimens i n  furnace capsule SPF-3, and t h e  FA-23 

specimens i n  sweep and s t a t i c  compartments i n  capsule SP-5. 
The helium flowing through the  compartment containing the  FA-6 

.specimen i n  capsule SP-3 (see Table 8.3) w a s  f i rs t  saapled a f t e r  two 

days of operation at surface temperatures of 1300 t o  1500°F. 

th ree  addi t ional  days of operation a t  the same temperature and power 

level ,  an attempt w a s  made t o  obtain a second sample. It w a s  found, how- 

ever, tha t  t h e  a c t i v i t y  i n  the  gas l i n e s  w a s  too  high t o  be handled i n  

After 
0 

t h e  avai lable  equipment. The reactor  power l e v e l  w a s  then reduced t o  

100 kw t o  reduce the  a c t i v i t y  l e v e l  so that  the  sample could be taken. 

The fission-gas-release data from the two samples a re  given i n  Table 8.14. 



Table 8.14. Fission-Gas-Release Data f o r  Si-Sic Coated 
Specimen FA-6 I r r ad ia t ed  i n  Capsule SP-3 

Sample 1 Sample 2 

May 8 May 18 Date sample w a s  taken 
Reactor power 2 Mw 100 kw 

Specimen temperature 1300°F 170°F 
Fission-gas-release factor ,  R/B 

a 

Specimen power 2 kw 100 wb 

K r 8  5m 2 x 10-7 8 x 
xe13 3 x 10'8 3 x 10-6 

a 

bActivity w a s  too high f o r  sample 2 t o  be taken a t  f u l l  

Star tup date w a s  May 6.  

power. 

I r r ad ia t ion  w a s  continued u n t i l  a t o t a l  of 61 days at f u l l  reactor  

power ( 2  Mw) w a s  accumulated. During t h i s  time, t he  gas l i n e s  were 

modified t o  provide double containment so t h a t  high a c t i v i t y  l eve l s  i n  

t h e  gas could be handled safely.  A leak developed, however, and prevented 

fu r the r  sampling. 

I n  pos t i r rad ia t ion  examination, numerous cr3cks were observed i n  

the  coatings of t he  specimens. However, t h e  coating i t s e l f  and the  

graphite-coating in te r face  d id  not appear t o  have been affected.  No 

separation of the unfueled s h e l l  from the fueled matrix w a s  observed. 

An FA-16 specimen w a s  i r r ad ia t ed  i n  furnace capsule SPF-2 with the  

resul-ts shown i n  Table 8.15. The re lease  f ac to r s  were extremely low and 

did not appear t o  be a function of temperature i n  t h e  range from 1500 t o  

1900°F under the  low-flux conditions prevai l ing i n  t h i s  t e s t .  

Specimen FA-23 (E8-7) i s  being irradiated i n  capsule SP-5. The 

fission-gas-release rate data  for t h i s  specimen are  presented i n  Table 8.16. 

Very low release r a t e s  were observed during the  f i rs t  two reac tor  cycles 

with sphere surface and center  temperatures of 1300 and 1500°F, respectively,  

and a f i s s i o n  heat-generation r a t e  of 1 .6  kw. 

cycle, an increase of approximately lo5 i n  R/B occurred. 

w a s  undoubtedly the  cause of t he  la rge  increase i n  R/B. 

During s t a r tup  of t h e  t h i r d  

Coating f a i l u r e  

However, the  

- . .  
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Table 8.15. Summary of SPF-2 Release Rate Data on Si-Sic Coated Specimen FA-16& 

~~ 

Sample I r rad ia t ion  Flux Release Factor, R/B 
Collection Temperature (neutrons 
Date (1960) (OF) sec-') xe133 ~ ~ 1 3 5  &85m Kr87 Kr88 

b 2-1Ob 
2-1% 
2-1% 
2-Ub 
2-17 
2-19 
2-22 
2-26 
2-20 
3-2 
3-3 

' 4-14 
3-15 

200 
1000 
1000 
1000 
1000 
1500 
1500 
1500 
1500 
1900 
1900 
1900 
1900 

1.7 x l o l o  
1.7 x l o lo  
3 x 1011 
3 x 1011 
3 x 1011 
3 x 1012 
3 x 10l2 
3 x 10l2 
3 x lox2 
3 x 10l2 
3 x 10l2 
3 x 1oI2 
3 x lo1* 

6.1 x 10-6  6.1 x 10-7 5.1 x 10-7 a . 3  x 10-7 3 x iom7 
2.8 x J O - ~  2.0 x 10'~ 8.1 x ~ 1 . 3  x 2.7 x 
2.1 x 1.6 x 3.1 x 10-7 a . 3  x 1.7 x 
1.7 x 10-6  1.1 x 10-7  3.1 x 10-7 <1.,3 x 1.7 x 
2.6 x 3.8 x 6.7 x <1.3 x 1.5 x 
4.5 x 4.2 x 10-7  4 .1  x 10-7 a . 3  x 1 . 2  x 
8.2 x 2.0 X Z L O - ~  7.0 x 10-7 <1.3 x 3.0 x Ul 

4.3 x 10-6  2.5 x 10-7 4.7 x 10-7 a . 3  x 1.0 x 

m 
w 

~~ 

a C. R. Tipton, Jr. and R. W. Dayton, "Progress Relating t o  Civ i l ian  Applications During 
March, 1960, I' BMI-1430. 

b V e r y  low releases  prevented species ident i f ica t ion ;  therefore,  no R/B values were reported. 



Table 8.16. Summary of Fission-Gas-Release Data f o r  SP-5 Capsule 
Test of Si-Sic Coated Specimen FA-23" 

Sample Release Factor, R/B 
Collect  ion 
Date (1960) K r 8 5 m  K r 8  K r 8 8  xel3 ~ e 1 3 5  

4/27b N i l C  N i l  N i  1 N i l  N i l  

4/22 N i l  N i l  N i l  N i l  N i l  

4/ 26 - 2 7 2.6 x N i l  1 . 5  x 10-9 5.7 x 10'~ 1 . 5  x 
514 d d d 7.9 x d 

5/4 6.6.X 2.0 X 1 . 7  X 3.0 X 1.1 X loW4 

.5/4 3.8 x 1.2  x 6.6 x 6.3 x 9.3 x 
5/19 3.8 x 10-4 1.3 x 10-4 2.0 x 10-4 5.2 x 10-4 1.0 x 

a : . C .  R .  Tipton, Jr. and R .  W.  Dayton, "Progress Relating t o  Civ i l ian  

bStartup date w a s  April 6, 1960. 

dThese species decayed out during long cooling period. 

Applications During May 1960, 'I BMI-1442. 

C Below sens i t i v i ty  of fission-gas analysis .  

f a i l u r e  i n  t h i s  case may have been of t h e  pinhole type, s ince the  release 

r a t e  was-not so grea t  as would be expected from a crack, and the rate did 

not increase further during t h e  two weeks of operation after the  i n i t i a l  

increase.  The specimen has continued t o  be i r r ad ia t ed  as a s t a t i c  specimen 

t o  an estimated burnup of 5 .3  a t .  $ of the uranium (as of October 3, 1960). 

Another gas sampling i s  planned but has not yet  been accomplished." 

Shortly a f t e r  t h e  FA-23 (E8-7) coating f a i l u r e  occurred, t h e  helium 

sweep gas w a s  passed f o r  2 hr  through a "daughter t rap" f o r  detect ion of 

t he  isotopes Sr8', Bel4', Ce141, and C S ' ~ ~ .  

information on the  re lease  from t h e  sphere of t h e i r  precursors, 3.2-min 

Kr8', 16-sec Xe140, 1.7-sec Xe141, and 3.9-min Xe137. 

da t a  a re  summarized i n  Table 8.17. 

These four  species give 

The "daughter t rap" 

Comparison of t he  da ta  of Tables 8.16 and 8.17 shows tha t  the R/B 

values determined i n  the  "daughter t rap" f o r  t h e  3.2-min Kr8'  and 
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Table 8.17. Summary of,Daughter Trap Results f o r  SP-5 Capsule T e s t  of Si-Sic Coated 
Specimen FA-23( E8-7) a 

. .  Radioactivity (pc ) Precursor 

R/B R Bd Radioactivity Trap 
In  Species i n  Specimen 

Specimen ( atoms/sec) (atoms/sec) 
Species Trapb Total '  

(PC) 

sr8' 17.5 50.0 14 X,106  Kr89 65 x l o 6  1.7 x 109 2.4 x 7.2 x 10-4 

B a l 4  7.5 8.2 57 x 10" xe14' . 54 x 106 6.7 x 107 2.0 x 1o12 3.4 x 

ce141 0.070 0.16 29 x l o 6  xe141 19 x lo6  3.2 x l o 6  7.0 x 10l1 4.6 x 

CSl37 0.045 0.15 0.12 X l o 6  Xe137 87 x l o 6  1.3 x 109 3.2 x io12 4 x 10-4 
a 

bAmount col lected i n  t r a p  during 2-hi- period. e 

C. R. Tipton, Jr. and R. W. Dayton, ''Progress Relating t o  Civi l ian Applications During 
Ju ly  1960, '' BMI-1455. 

C Amount i n  t r a p  corrected f o r  precursor delay p r io r  t o  t r a p  and precursor breakthrough. 

?Equilibrium product ion r a t e  i n  sphere. 
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3.9-min Xe137 are  s imilar  t o  the  R/B values previously determined f o r  

t h e  longer l ived  isotopes Kr85m, Kr87 ,  K r 8 8 ,  Xe133, and Xe135. 

other hand, the R/B values f o r  the  16-sec X e l A 0  and 1.7-sec XelA1 are  

On the 

lower and decrease i n  the  order of decreasing h a l f - l i f e .  It w a s  e s t i -  

mated from these data t h a t  hold-up time i n  the  graphi te  sphere i s  not 

more than a few minutes. 

Si-Sic Coated Graphite Cans Containing Oxide Fuel P e l l e t s .  Two 

t e s t s  of Si-Sic coated graphite cans containing oxide f u e l  p e l l e t s  have 

been run i n  the  B-9 f a c i l i t y  i n  the  O a k  Ridge Research Reactor at 
0RNL.l2'l3 

U02 p e l l e t s  which were fabricated at ORNL. 

i n  t he  graphite can by the  Minnesota Mining and Manufacturing Company, 

who a l so  applied the  Si-Sic coatings. The pre i r rad ia t ion  t e s t  of coating 

i n t e g r i t y  consisted of heating f o r  400 h r  at  1800°F i n  

apparently f a i l e d  during the  f i rs t  s tar tup,  since high a c t i v i t y  l eve l s  

were detected immediately i n  the  nitrogen flowing over the  capsule. 

a c t i v i t y  increased gradually during the  UO-hr duration of t h e  t e s t  which 

w a s  operated at 1500°F. The tes t  w a s  terminated when t h e  increase i n  

a c t i v i t y  became rapid.  Pos t i r rad ia t ion  examination has not been com- 

pleted, but t he  f a i l u r e  has been a t t r i bu ted  t o  d i f f e r e n t i a l  expansion 

of the  UO:!-ThO;! p e l l e t  and t h e  graphite can. 

between the  p e l l e t  and the  can. 

The f irst  t e s t  capsule contained two 95.5 wt $ Th024.5  w t  $ 
The p e l l e t s  were encapsulated 

air .  The specimen 

The 

No clearance w a s  provided 

I n  order t o  prevent recurrence of t h i s  type of f a i l u r e  i n  t h e  

second t e s t ,  8-mils diametral clearance w a s  provided between t h e  p e l l e t  

and t h e  can. T h i s  t es t  specimen operated s a t i s f a c t o r i l y  f o r  more than 

720 h r  at  1800°F and withstood 15  thermal cycles caused by f luc tua t ions  

i n  the  reactor  operating conditions. A high a c t i v i t y  l e v e l  w a s  present 

on the  gas l i n e s  from the  previous t e s t ,  but  t h i s  l eve l  did not increase 

during t h e  second t e s t .  However, ;hen the  t e s t  capsule w a s  re inser ted  

12"GCR Quar. Prog. Rep. Dee. 31, 1959;'ORNL-2888, pp. 125-7. 

13"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2967, pp. 166-7: 
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i n  t he  reactor  a f t e r  it had been removed following the  720 hr of operation, 

a coating or can f a i l u r e  must have occurred because the  a c t i v i t y  increased 

soon a f t e r  t he  operating temperature had been reached. 

Since pos t i r rad ia t ion  examination has not been performed on e i t h e r  

of these specimens, t h e  exact cause of f a i l u r e  i n  each case i s  not yet  

known. However, the f i r s t  specimen probably f a i l e d  because of thermal 

expansion of t he  f u e l  pe l l e t ,  and the  second f a i l u r e  could have been caused 

by a racheting e f f ec t  as a r e s u l t  of fragmentation of t h e  f u e l  p e l l e t .  

Spheres With Coated Pa r t i c l e s  

Surface coatings of the  Si-SIC type have exhibited excellent f i s s ion -  

gas re tent ion propert ies  i n i t i a l l y ,  but coated graphite components have 

not given r e l i a b l y  sa t i s f ac to ry  service under long term, high-flux, high- 

temperature i r r ad ia t ion .  I n  most cases, f a i l u r e  cannot be a t t r i bu ted  t o  

the coating i t s e l f ,  and it i s  possible t h a t  continued development and 

t e s t i n g  can r e s u l t  i n  more r e l i ab ly  coated components. Nevertheless, 

the serious consequences of a s ingle  failure mi l i t a t e  against  t he  use of 

sphere surface coatings as the sole  fission-product diffusion ba r r i e r .  

Because of the  Forous nature of graphite, almost a l l  t h e  f i s s i o n  gases 

would escape through a surface crack. 

The coating of individual f u e l  pa r t i c l e s  with an impervious material  

as a means f o r  re ta in ing  f i s s i o n  gases i n  the  f u e l  elements o f f e r s  many 

advantages. 

f u e l  pa r t i c l e s ;  consequently, occasional f a i l u r e  of individual coatings 

should not be serious.  Even i f  many of the  coatings developed cracks, 

A 1-1/2-in. f u e l  sphere may contain several  hundred thousand 

the  majority of the  r eco i l s  might s t i l l  be retained i n  the sound portion 

of t he  coating, and a substant ia l  reduction i n  both the fission-gas 

release and t h e  i r r ad ia t ion  damage t o  the  graphi te  matrix would be rea l ized .  

I n  addition, pyrolytic-carbon coatings on UC2 p a r t i c l e s  would ease the  

handling .problem by protecting t h e  pa r t i c l e s  from atmospheric a t tack  

during fabr ica t ion .  

Metall ic coatings were t r i e d  but found t o  be unsuitable because of 

t he  carburization problem. Sintered A l z O 3  coatings could not be applied 
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with t h e  required degree of control  of thickness, density, and cont inui ty .  

I n  January 1960, Ba t t e l l e  found t h a t  uniform, high-density A1203 coatings 

could be vapor deposited on U02 p a r t i c l e s  by hydrolysis of A l C l 3  i n  a 

f lu id ized  bed of t he  f u e l  pa r t i c l e s .  Encouraging r e s u l t s  i n  neutron- 

ac t iva t ion  t e s t s  led t o  the coating of f u l l y  enriched U02 p a r t i c l e s  f o r  

more rigorous radiat ion t e s t s .  

The A1203 coating w a s  applied t o  t h e  enriched, high-fired U02 shot 

i n  f i v e  successive operations a t  a f lu id ized  bed temperature of 1000°C. 

Photomicrographs showing the  microstructures of t yp ica l  coated p a r t i c l e s  

from t h i s  batch a re  shown i n  Fig.  8.1. The apparently low-density layer  

. 

resu l ted  from a s l i g h t  var ia t ion  i n  coating conditions during one of the  

ea r ly  cycles.  

Fuel spheres incorporating these coated p a r t i c l e s  were fabricated 

by the  National Carbon Company. On April 6, 1960, i r r ad ia t ion  of one 

of these spheres, FA-22 (471),  w a s  s t a r t ed  i n  sweep capsule No. 5 .  

on R/B values measured i n  t h i s  t es t  a r e  p lo t ted  i n  Fig.  8.2. 

Data 

The gradual increase i n  R/B with time indica tes  t h a t  t he  coatings 

a re  leaking, but t he  mechanism of coating failure i s  not yet  known. 

The behavior shown could r e s u l t  e i t h e r  from occasional f a i l u r e  of an 

individual  coating or from a gradual de te r iora t ion  of the  A1203 s t ructure ,  

which could be caused by radiation-accelerated react ion w i t h  t h e  graphi te  

or by fission-fragment damage. Berman, Bleiberg, and Yeniscairch14 found 

gross swelling and destruct ion of t h e  c r y s t a l  s t ruc ture  of A1203 when 

A1203-21 w t  $ U02 p l a t e l e t s  were i r r ad ia t ed  t o  burnups of 0.9 t o  

10.8 X lo2' fissions/cm3 at  approximately 550°F. 

a t t r i bu ted  t o  an anisotropic e f f ec t  of fission-fragment bombardment on 

t h e  c r y s t a l  s t ructure ,  which was thereby d i s to r t ed  and rendered unstable. 

However, Johnson and Tobin15 i r r ad ia t ed  AlzO3-20 vol  $ U02 and Be0-20 

vol  $ U02 at  1300 t o  1500°F t o  burnups of 0.45 X lo2' f i s s i o n s  per  cm3 

This behavior w a s  

1 4 R .  M. Berman, M. L .  Bleiberg, and W .  Yeniscairch, "Fission Frag- 
ment Damage t o  Crystal  Structures," J. Nuclear Materials 2 (2 ) ,  129-40 
(1960). 

t i o n  of Al2O3-UO2, BeO-U02, Graphite-UC, and Graphite-UC2," ORNL Conference 
on Nuclear Reactor Chemistry, Oct. 13, 1960. 

15D.  A. Johnson and J. M. Tobin, "The Dimensional S t a b i l i t y  on Irradia- 



8.31 



8.32 

UNCLASSI FlED 
ORN L - LR- LWG 531 80 

A ~e~~~ 
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Fig. 8.2. Release Factors Versus Time and Burnup f o r  Specimen FA- 
22 I r rad ia ted  in Sweep Capsule SP-5. Specimen fueled with A1203-coated 
uo* . 



of p e l l e t  (o r  2.25 X lo2' f i s s i o n s  per cm3 of UO,) and found that  the  

p e l l e t s  maintained excellent dimensional and s t ruc tu ra l  s t a b i l i t y .  

Furnace capsule SPF-3 was used i n  a study of t he  e f fec t  of tempera- 

t u r e  on R/B values fo r  AlzO3-coated U02 par t i c l e s  dispersed i n  a graphite 

matrix. 

Since these da ta  were obtained, the  temperature has been increased t o  

1900'F and a s l i g h t  tendency toward higher re lease r a t e s  has been 

observed. l6 

The data  from t h i s  experiment are summarized i n  Table 8.18. 

- 
Graphite Components 

1 

I Pebble-Bed Container 

The pebble-bed container i s  t o  be a cy l indr ica l  graphite assembly 

18 i n .  i n  ins ide  diameter,26 i n .  i n  outside diameter, and 14 f t  long. 

The assembly w i l l  be made up of concentric graphite cylinders, w i t h  w a l l  

thicknesses of 1 t o  2 i n .  

The fabr ica t ion  of graphite cylinders of these dimensions has not 

been attempted previously, but it does not appear t o  be an impossible 

task. 

be i n  the  machining operation. A t  the  present time, graphite shapes of 

th i s  type can be machined i n  lengths up t o  8 f t  t o  a wall-thickness 

The main d i f f i c u l t y  i n  fabr ica t ing  a shape of t h i s  length would 

tolerance of k0.01 t o  0.015 in .  

Coating the  cyl inders  with an o'xidation-resistant material, such 

as Sic o r  Si-Sic, would require a very large scaleup of ex is t ing  processes. 

The present coating capabi l i ty  r e s t r i c t s  t he  s i ze  t o  less than 6 i n .  i n  

diameter and 10 f t  i n  length. 

I f  t he  coating must be completely protective,  special  grades of 

These grades have not been produced i n  large graphite must be used. 

cylinders.  

diameter and about 10 f t  i n  length.  

The l a rges t  cylinder produced t o  date  i s  roughly 5 i n .  i n  

The production of a 20-in.-diam 

cylinder su i tab le  fo r , coa t ing  

16Per sonal communication 

would require a 

from G.  Raines',,: 

considerable development 

BatteLle Memorial &iisLi&ute: . 



Table 8.18. Summary of SPF-3 Fission-Gas Data f o r  Sphere Containing 
Al203-Coated UO;! Part ic les"  

Release Factor, R/B Collec- 
t i o n  
Date 

Flux Tempera- 
ture 

xe13 f i 8 5 m  Kr87 K r 8 *  (neutrons/cm2 sec) Xe133 
(OF) 

' (1960) 

3/ 17 1000 1.8 x 10l2 1 .2  x 1.7 x 10-7 5.6 x 10-7 4.2 x 2.6 x 10-7 

3/18 1500 1.8 X 10l2 5.8 x 1.7  x loe6 2.0 x lom6 1.0 x 3.2 x 

a C . R .  Tipton, Jr. and R .  W .  Dayton, "Progress Relating t o  Civ i l ian  Applications During 
March 1960, I '  BMI-1430. 
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e f f o r t  by the  graphi te  manufacturers but a t  present does not seem t o  be 

out of t h e  question. 

Ref l ec to r  

The reac tor  core i s  surrounded by a 26-in.-thick graphi te  r e f l e c t o r  

comprised of a s tack of graphi te  wedges approximately 4 i n .  X 4 i n .  on 

one end, 12 i n .  X 4 i n .  on the  outer  end, and 26 i n .  long. There i s  no 

foreseeable d i f f i c u l t y  i n  the  fabr ica t ion  of graphi te  shapes of t h i s  

type.  

Coating these wedges w i t h  an oxidation-resistant mater ia l  would 
& 

require  a scaleup of t he  ex is t ing  coating processes. However, t h i s  

scaleup i s  not as la rge  as t h a t  discussed f o r  t he  pebble-bed container .  

The grades of graphi te  necessary f o r  complete protect ion a re ' ava i l ab le  

i n  t h i s  s i ze .  

The graphi te  industry i s  present ly  able  t o  produce boron-loaded 

graphite materials i n  reasonable s izes .  

graphite i s  most e a s i l y  control led when the  piece i s  not heated t o  

graphi t izat ion temperatures. However, it i s  reasonable t o  expect t h a t  

the  boron content could be control led t o  +1/2$ even i n  graphitized 

mater ia l .  . 

The amount of boron i n  the  

Conclusions 

The following conclusions a re  drawn from t h i s  discussion: 

1. Based on the la rge  amount of data tha t  has been obtained 

primarily i n  the development program being car r ied  out by Sanderson & 

Por te r  and B a t t e l l e  Memorial I n s t i t u t e ,  it i s  c l eas  tha t  i f  ceramic f u e l  

elements are t o  be used i n  the  PBRE, coated f u e l  p a r t i c l e s  dispersed i n  

graphi te  w i l l  be required.  

2.  Fission-gas-release da t a  f o r  A12O3-UO2 p a r t i c l e s  i n  graphi te  

ind ica te  t h a t  an improvement i n  performance w i l l  be required.  

. 



3 .  Data on the  a b i l i t y  of t he  fueled-graphite matrix t o  withstand 

t h e  ant ic ipated mechanical and thermal s t r e s ses  a re  encouraging, although 

not extensive. 

4.  The merit of using sphere-surface coatings i n  addi t ion t o  coated 

p a r t i c l e s  should.be evaluated. Coatings of Si-Sic appear t o  be far more 

a t t r a c t i v e  than pyrolytically-deposited carbon coatings f o r  protect ion 

against  both fission-gas release and oxidation. 

however, concerning the f a i l u r e s  of Si-Sic coatings i n  i r r ad ia t ion  t e s t s .  

Other possible l imi t ing  f ac to r s  i n  t h i s  concept a re  the  p o s s i b i l i t y  of 

C la r i f i ca t ion  i s  required, 

" self-welding at  maximum f u e l  element surface temperatures and t h e  

possible l o s s  of protect ion a$ a r e s u l t  of cracks developed upon f r e e  

f a l l  of grea te r  than approximately 10 f t .  

5 .  Fabrication of t h e  la rge  graphi te  components f o r  t h e  bed con- 

ta iner ,  the re f lec tor ,  and the r e f l ec to r  perimeter appears t o  be technical ly  

feasible ,  although a large scaleup of ex is t ing  fabr ica t ion  techniques by 

the  industry would be required. The production of an Si-Sic coated 

pebble-bed container would involve a ps r t i cu la r ly  large scaleup of ex is t ing  

fabr ica t ion  and coating techniques, but an accomplishment of t h i s  magnitude 

does not appear t o  be out of the  question. 

... 

. 
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9. STRUCTURAL ANALYSIS OF GRAPHITE REFLECTOR 

S t ress  Analysis 

The graphite r e f l e c t o r  i s  14 f t  high, 90 in .  i n  outside diameter, 

and 18 i n .  i n  inside diameter. Because of the s teep  gradient i n  the 

fast-neutron f l u x  i n  the inner portion of the r e f l ec to r ,  it has been 

proposed that the inner 6-in.  thickness of the r e f l ec to r  be made as a 

composite s t ruc ture  of concentric sleeves.  Further, the f i r s t  4- in .  

thickness of the  r e f l e c t o r  may be supported i n  a manner t h a t  w i l l  permit 

the removal of the composite sleeve cylinders making up t h i s  port ion 

of the r e f l e c t o r .  

The f&st-neutron exposure d i s t r ibu t ion  i n  the r e f l ec to r  f o r  one 

year of f u l l  power operation i s  shown i n  F ig ,  9.1. The exposure i s  ex- 

pressed i n  megawatt days per adjacent tonne of f u e l  i n  the  Hanford re- 

ac tors  (Mwd/AT), since shrinkage data a re  ord inar i ly  given i n  terms of 

t h i s  un i t .  The d i s t r ibu t ion  shown represents t h a t  a t  the mid-plane of 

the reactor .  In the s t r e s s  analysis  of the r e f l ec to r ,  only the concentric- 

sleeve region was examined. 

t o  predict  the ax ia l ,  circumferential ,  and r a d i a l  stress d is t r ibu t ions  

An anisotropic e l a s t i c  analysis  w a s  used 

i n  each sleeve f o r  three combinations of thicknesses. Each sleeve was 

treated as  a thick-walled member with free ends. The differences i n  

mechanical propert ies  and shrinkage r a t e s  perpendicular and p a r a l l e l  t o  

the extrusion ax i s  w e r e  taken in to  consideration. Since the longi tudinal  

ax i s  w i l l  coincide with the d i rec t ion  of extrusion, the propert ies  are 

the  same i n  the r a d i a l  and tangent ia l  direct ions.  

The mean temperature of the r e f l ec to r  a t  the mid-plane of the re -  

ac tor  w a s  assumed t o  be 1000°F. Based on t h i s  temperature, the shrinkage 

r a t e s  f o r  the needle-coke AGOT graphite were taken as -3.4 X low7 

(in./in.)/(Mwd/AT) and -1.4 x 

perpendicular direct ions,  respectively. '  

~?&+f' :' ' 
(in./in.)/(Mwd/AT) i n  the a x i a l  and 

The modulus of e l a s t i c i t y  was  

'Private communication from D. R.  deHalas, Hanford, October 30, 1959, 
t o  W .  F. Banks, Allis-Chalmers Manufacturing Company. 
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taken as 1.53 x lo6 p s i  i n  the a x i a l  d i rec t ion  and 1.13 X lo6 p s i  i n  

the perpendicular d i rec t ion .  

The f i r s t  combination examined was  three concentric sleeves, each 

having a thickness of 2.0 in .  

presented i n  Fig. 9.2, where the axial ,  r ad ia l ,  and tangent ia l  stresses, 

The r e s u l t s  of the  calculat ions a re  

designated as cr , a re  p lo t ted  f o r  each sleeve as a function 

of radius from the core center l ine.  The s t r e s ses  shown represent those 

occurring after one year of f u l l  power operation of the reactor .  

and CT 
z r9 e' 

It 
may be seen t h a t  i n  each case the maximum stress is cr and t h a t  the 

maximum value occurs a t  the inner surface of the  sleeve. Figure 9.3 

represents the s t r e s s  d i s t r ibu t ions  f o r  the case where the f i r s t  2-in.- 

thick sleeve is  replaced by two 1-in.-thick s leeves,  The outer two 

sleeves are the same as i n  Fig. 9.2. It may be seen t h a t  by dividing 

Z 

the  f i rs t  2-i'n.-thick sleeve in to  two smaller sleeves, the maximum stress 
is  appreciably reduced. The t h i r d  combination examined represents the 

case of three sleeves proportioned i n  such a manner t ha t  the maximum 

s t r e s ses  i n  a l l  three sleeves are equal. In t h i s  case the thicknesses 

a re  1, 1 3/4, and 3 1/4 in . ,  respectively,  and Fig. 9.4 shows the stress 

d is t r ibu t ions  i n  the three sleeves after one year of f u l l  power operation. 

In t e rme ta t ion  of the Results 

On the basis of avai lable  shrinkage and rupture-elongation data and 

the present knowledge concerning graphite behavior, it mugt be concluded 

t h a t  s t r a ins  induced by fast-neutron i r r ad ia t ion  w i l l  cause f a i l u r e  i n  

some exposure in te rva l .  T h i s  i n t e rva l  depends on the a b i l i t y  of the 

graphite t o  withstand deformation without rupture.  

of failure from th i s  cause have not been documented, although some 

evidence does e x i s t  i n  graphite-moderated reac tors  now i n  operation. 

However, i n  a Russian a r t i c l e 2  that discusses the disassembly of a 

Specif ic  examples 

*B. B. Brohovich e t  a l . ,  "Disassembly of an Experimental Uranium- 
Graphite Isotope Reactor After Four Yearsi .of Operation, " Second United 
Nations Internat ional  Conference on the Peaceful Uses of Atomic Energy 
7, 241 (11958). 

. 
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uranium-graphite reac tor  a f t e r  four  years of operation, the condition 

of the graphite l a t t i c e  is  discussed. The l a t t i c e  was constructed i n  

the form of  rectangular br icks .  The author states t h a t  "the in te rna l  

s t r e s ses  associated with the uneven changes i n  brick dimensions caused 

the d i s to r t ion  of the bricks and even, i n  some cases, the appearance of 

longitudinal cracks. The cracks were formed i n  those br icks  which were 

i n  the zone of maximum swelling" ( the  cooler regions of the r eac to r ) .  

The r e s u l t s  from various mechanical propert ies  tests may be used 

t o  predict  the exposure times a t  which cracking w i l l  occur. 

an accurate predictior, i s  not possible because the s t rength properties 

vary widely from specimen t o  specimen and even within the same specimen. 

The most applicable avai lable  data  are the r e s u l t s  of the  b r i t t l e - r i n g  

tests performed a t  ORNL on specimens taken from EGCR f u e l  element s leevese3  

The sleeves were manufactured from Texas-coke graphite instead of needle- 

coke graphite.  

and Texas-coke d a p h i t e  are approximately equal. Rings were cut  from 

several  sample sleeves w i t h  defect  areas  on the inner surfaces.  Some 

r ings had no defects;  i n  others,  a r t i f i c i a l  defects  were produced. The 

specimens were loaded t o  rupture by diametrically apposed compressive 

forces  which gave r ise t o  t e n s i l e  s t r e s ses  on the  inner surface d i r ec t ly  

under the points  of load appl icat ion.  These tests allowed the determination 

However, 

However, the s t rength propert ies  of needle-coke graphite 

of the t ens i l e  s t rength of the graphite i n  the defect  zone. The rupture 

values obtained represent the s t rength i n  the d i rec t ion  perpendicular 

t o  the extrusion axis. A t o t a l  of 31 tes ts  w a s  reported,  For these 31 

tests the lowest, average, and highest calculated rupture s t r e s ses  were 

14.80, 1880, and 2780 p s i ,  respect ively.  

The r e s u l t s  of un iax ia l  t e n s i l e  tests on needle-type AGOT graphite 

a t  ORNL4 a re  given i n  Table 9.1. Minimum, average, and maximum values 

of rupture s t rength  and f rac ture  s t r a i n  i n  the d i rec t ions  p a r a l l e l  and 

perpendicular t o  the extrusion ax i s  are presented. Since the maximum 

31nternal memorandum from F. L. Carlsen, Jr., ORNL. 

""GCR Quar. Frog. Rep. June 30, 1960," ORNL-2964, p.  99. 

Data t o  be 
published i n  "GCR Quar. Frog. Rep. Sept e 30, 1960," ORNL-3015 ( i n  p re s s ) .  
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Table 9.1. Uniaxial Tensile Data f o r  Needle-Type 
AGOT Graphite 

Rupture S t r e s s  Fracture S t r a in  
( P s i )  ($1 

Axial direct ion 

Minimum 
Aver age 
Maximum 

Perpendicular d i rec t ion  

Minimum 
Average 
MaXimUm 

2270 
2310 
2360 .. 

1650 
1790 
1890 

0.163 
0.188 
0.205 

0.299 
0.351 
0.406 

s t r e s s  i n  each cylinder is  an a x i a l  s t r e s s ,  only the s t rength propert ies  

i n  the a x i a l  d i rec t ion  a re  of i n t e r e s t  i n  predict ing f a i l u r e  t i m e s .  This 

is  because the maximum pr inc ipa l  stress es tab l i shes  the rupture c r i t e r ion .  

In  order t o  convert the r e s u l t s  of the b r i t t l e - r i n g  t e s t s  f o r  appl icat ion 

t o  s t r e s ses  i n  the a x i a l  direct ion,  the r e s u l t s  were mult ipl ied by the 

r a t i o  of the average rupture stress i n  the a x i a l  d i rec t ion  t o  the average 

rupture stress i n  the perpendicular d i rec t ion  as obtained from Table 9.1. 

Thus, the  minimum, average, an@maximum rupture stresses i n  the axial 

d i rec t ion  a re  1870, 2380, and 3520 ps i ,  respect ively.  

The rupture s t r e s ses  obtained from the b r i t t l e - r i n g  t e s t s  as con- 

verted t o  stresses i n  the a x i a l  d i rec t ion  are d i r e c t l y  comparable w i t h  

. the  calculated stress values, and thus allowances are made f o r  defects  

i n  the material. 

tests are not d i r e c t l y  comparable w i t h  the calculated s t r e s ses  because 

the calculated s t r e s ses  were determined on the bas i s  t h a t  the material 

follows a l i nea r  e l a s t i c  l a w .  Actually, the s t r e s s - s t r a i n  curves fo r  
graphite exhib i t  some nonl inear i ty  even a t  low s t r e s ses .  Comparative 

stresses may be obtained by multiplying the f r ac tu re  s t r a i n s  by the  

modulus of e l a s t i c i t y  corresponding t o  the slope of the  s t r e s s - s t r a i n  

curve a t  zero s t r e s s ,  since t h i s  value w a s  used when the stresses i n  

the cy l indr ica l  model were calculated.  The above procedure gives minimum, 

The rupture stress values obtained from the t e n s i l e  
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average, and maximum stress values of 2490, 2880, and 3140 p s i , , r e -  

spectively.  

r i n g  tests.  

These values f a l l  within the range given by the b r i t t l e -  

Table 9 .2  gives the  predicted time t o  cracking f o r  each of the 

sleeves represented i n  Figs.  9.2, 9.3, and 9.4 based on the minimum and 

maximu rupture s t r e s ses  from the b r i t t l e - r i n g  t e s t s  and the minimum 

andmaximum values of s t r e s s  obtained from the a x i a l  f rac ture  s t r a ins .  

The r e s u l t s  are given i n  three groups corresponding t o  the  thickness 

combinations examined. The first number i n  each sleeve designation 

represents  the pos i t ion  of the sleeve with respect  t o  the core 

center l ine,  The second number represents the thickness of the sleeve. 

The values given i n  Table 9..2 should be taken as representing ranges 

of times a t  which cracking would be expected t o  occur. 

. The combination of two 1.0-in.-thick and two 2.0-in.-thick 

sleeves appears t o  be the most desirable .  If the inner two sleeves 

are supported on a common base and the t h i r d  is  supported sepa- 

rately on a second base, the first two sleeves can be removed together, 

Table 9.2. Predicted Time t o  Cracking f o r  Various 
Sleeve Thicknesses 

Sleeve Predicted Time t o  Cracking (weeks) . 

- Thickness Based on Based on Based on Based on 
Minimum Maximum Minimum Maximum 

B r i t t l e  - B r i t t  l e  - Fracture Fracture 

Pos i t  ion ( i n . )  

* Ring Strength Ring Strength S t r a in  S t r a in  

1 
2 
3 

1 
2 
3 
4 
1 
2 
3 

2 
2 
2 

1 
1 
2 
2 

.1 

3 1/4 
1 3/4 

24 
57 
91  

44 
71 
57 
91  

44 
44 
46 

46 
108 
172 

84 . 
133 
108 
172 

84 . 
84 
86 

32 
.76 
122 

60 ’ 

94 
76 

122 

60 
59 
61 

40 
96 

154 

75 
118 
96 

154 

75 
74 
77 
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while the t h i r d  can be removed e i t h e r  w i t h  the  first two o r  separately.  

The four th  sleeve cannot be removed as a s ingle  u n i t .  

The l i fe t imes  of the graphite sleeves may be increased by reducing 

the  f l u x  gradient or  by any of several  other devices, e .g . ,  applying an 

a x i a l  compressive force t o  counteract the large t e n s i l e  stresses. The 

la t te r  appers t o  o f f e r  an a t t r a c t i v e  solut ion.  Since the compressive 

s t rength of graphite is  three o r  four times the t e n s i l e  s t rength,  large 

a x i a l  compression forces  may be applied without exceeding acceptable 

l i m i t s  f o r  the compressive stresses. If forces  were applied t o  the . 
ends of a cylinder so that  when the maximum tangent ia l  stress became 

1500 p s i  the maximum a x i a l  stress would a l s o  be 1500 ps i ,  the  l i f e  

of the cylinder could be increased by a f ac to r  of 1.94. 

the forces  necessary f o r  the  proposed sleeve combination a re  21 000 l b  

A s  an example, 

f o r  the inner sleeve, 23 000 l b  f o r  the second sleeve, 53 000 lb f o r  

the t h i r d  sleeve, and 62 000 l b  f o r  the four th  sleeve. 

Estimated Fr ic t ion  Forces and Sleeve Interferences 
f o r  Various Modes of Deformation and Fracture 

In order t o  gain a knowledge of. the  d i f f i c u l t y  which might be en- 

countered i n  removing a sleeve from the r e f l ec to r ,  the f r i c t i o n a l  force 

between the outer 2-in.-thick sleeve and the assembly of inner sleeves 

w a s  calculated f o r  various diametral  interferences.  It w a s  assumed 

t h a t  the outer sleeve deforms t o  an e l l i p t i c a l  shape so that interference 

occurs a t  diametrically opposite points .  

f r i c t i o n  f o r  graphite on graphite a t  room temperature w a s  taken as 0.34.5 

Since the f r i c t i o n  coef f ic ien t  is  highly dependent on surface conditioning, 

the f r i c t i o n  coef f ic ien t  might be considerably higher than t h i s  value.  

A p l o t  of the  f r i c t i o n  force per inch of cylinder length versus diametral 

interference i s  presented i n  Fig.  9.5. 

. 

The coef f ic ien t  of s t a t i c  

' 

5P. Wagner e t  a l . ,  "Some Mechanical Propert ies  of Graphite i n  the 
Temperature Range 20 t o  3000"C," Second United Nations In te rna t iona l  
Conference on the Peaceful Uses of Atomic Energy 7, 379 (1958). 
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If a complete circumferential  break should occur, the ends of the 

cylinder a t  the break w i l l  tend t o  c u r l  r a d i a l l y  inward because of the ' 

a x i a l  s t r e s s  d i s t r ibu t ion  across the thickness. ,For the proposed sleeve 

combination, the amount of radial def lect ion t h a t  w i l l  occur because 

of t h i s  cur l ing  has been calculated f o r  the two 2-in. sleeves.  For the 

inner 2-in. sleeve, the r a d i a l  def lect ion a t  the break w i l l  be 0.0074 

in. /yr of exposure. 

exposure time and is independent of when the break occurs. For the 

outer 2-in. cylinder,  the def lect ion w i l l  be 0.0054 in. /yr of exposure. 

From the above values it may be seen that  a s m a l l  i n i t i a l  clearance 

between the outer 2- in .  cylinder and the middle 2-in.  cylinder and 

between the middle 2-in.  cylinder and the 1- in .  cylinders w i l l  el iminate 

any problem produced by cur l ing  of the ends of a broken cylinder.  

The amount of def lect ion depends only on the t o t a l  
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10. CORE HEAT TRANSFER, PRESSURE DROP, AND 
TEMPERATURF: DISTRIBUTION 

Fluid flow and heat transfer relations are among the most important 
considerations.in the design of a pebble-bed reactor. This chapter 

presents the basic relations employed in the analyses, a simplified 
approach to the hot spot problem, and the results of ,a parametric survey 
of the effects of the principal factors on the peak temperature to be 

expected in a pebble-bed reactor core. 

Nomenclature 

The symbols used in this analysis are defined below: 

A =  
a =  

C =  

c =  
P 
D =  

f =  
S 

- 
Fst - 

Fat. = 

G =  

g =  
h =  
k =  
K =  
K* = 

K* = 
- 

L ,= 

M =  
P =  

m =  

core face area, ft2, 

area of a circular ring, ft2, 
a constant, 
specific heat, Btu/lb-OF, 

diameter of sphere, ft, 

friction factor, dimensionless, 
hot-spot factor for gas temperature rise due to radial variation 
of voidage in the core, dimensionless, 
hot-spot factor for film temperature drop due to radial variations 
in the core voidage, dimensionless, 

mass flow rate of gas per unit core face area, lb/ft2, 
acceleration due to gravity, ft/hr2, 
heat transfer coefficient, Btu/hr*ft2. OF, 
thermal conductivity, Btu/hr-'F- (ft2/ft), 
power density, Btu/hr . ft3, 
power den si ty , kw/ lit er, 
average core power density, kw/liter, 

core length, ft, 

molecular weight of gas, 

pressure, lb/ft2 absolute, 

pressure drop, lb/ft2 absolute, 

. 
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Pr  = Prandtl  number, 

Q = heat generation r a t e  per uni t  core face area, Btu/hr . f t2 ,  

= a x i a l  peak-to-average core power densi ty  r a t io ,  

= radial peak-to-average core power densi ty  r a t io ,  
’ax 

’rad 
Re = Reynolds number, 

S = heat t r ans fe r  a rea  per u n i t  core volume, f t 2 / f t 3 ,  

T = temperature, O R ,  

t = temperature, OF 
= i n l e t  temperature, OF, 

ti 
6 t  = gas temperature r i s e  i n  core, OF, 

6 t  = average gas temperature r i s e  i n  core, OF, 

A t  = f i l m  temperature drop from the  surface of sphere t o  the  gas i n  

E = average f i lm temperature drop f o r  t h e  core, OF, 

- 

the  hot region, OF, 

W = pumping power per un i t  core face area, Btu/hr.ft2,  

E = void fract ion,  
+(E) = ~ 1 * 7 3 / ( 1  - ~ ) 0 * 7 3 5 ,  

$ (T)  = a function representing (p/p)O*577 as a function of temperature, 

p = viscosi ty ,  l b / f t * h r ,  

p = density,  l b / f t3 .  

Subscripts 

e = equivalent ( e  .g . ,  i f  t he  var iab le  voidage of t he  core were replaced 

i = portion of core subtended by the  c i r c u l a r  r ing i, 

m = maximum. 

by an equivalent uniform voidage ) , 

Basic Relations 

A carefu l  review of t he  l i t e r a t u r e  indicated t h a t  the empirical  

re la t ions  employed by Sanderson I% Porter  f o r  t he  pressure drop, heat 

t r ans fe r  coeff ic ient ,  and b a l l  i n t e r n a l  temperature d i f f e r e n t i a l  describe 

the  s i t ua t ion  as w e l l  as any information avai lable .  These r e l a t ions  

a re  as follows: 
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1. Bed pressure drop 

G2 L 
7 AP = 2f -- 

Pg Ds 

where 

(1 - €)1*27 
€3 

f = 7.5 ~ ~ - 0  .e 2 7 
. .  

2. 'Heat transfer coefficient 

3. Heat transfer area per unit core volume 

S =  6 ( 1 - E )  

D$ 

4.  Average film temperature drop 

K 
Sh . 

- 
At = - 

5. Ball internal temperature drop 

D2 . 
S Ats = - 

(1 - E )  24k 

Typical Values 

In applying the foregoing relations to the PBRE for the design 

conditions chosen, the core pressure drop, the average film temperature 

drop from the spheres to the cooling gas, and the average ball internal 

temperature difference can be evaluated. 
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The properties of helium at 1000 psia and a 900°F mean temperature 
are 

p = 0.0955 lb/ft-hr, 
C = 1.241 Btu/lb*'F, 
P 

J?r = 0.7265 (dimensionless), 

The mass flow rate i8,thus 

core power 
G =  - 

10 X lo3 X 3413 [z X (1.5)g 1.241 x 700 
- 

core area X C X 6t 
P 

= 2.22 X lo4 lb/ft2.hr . 

The Reynolds number is 

GsDs (2.22 X l o 4 )  X 0.125 
Re=-= = 2.9 x 104 . 

P 0.0955 

Using a core void fraction of 0.4, the friction factor becomes 

(0.6)" 27 

(0.4)3 
f = 7.5 (2.9 x 104)-0'27 = 3.83 .. 

The core pressure drop is 

(2.22 x 104)2 8 
AP = 2 x 3.83 

0.274 L32.2 X (3600)2] 0.125 

= 2115 psia = 14.7 psig . 
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The average heat t r ans fe r  coef f ic ien t  i s  

0.5 (O.6)Oe3 (2 .22 X lo4) 1.241 

(0.7265)0'"6 (2.91 X 104)0"3 
h =  = 675 Btu)h r* f t2*oF  . 

The surface area per cubic foot  of bed i s  

S =  0.125 O S 6 ' =  28.8 f , t2/ft3 . 

The power densi ty  i s  

= 25 w/cm3 . 

The average f i l m  temperature drop i s  

- 
K 24.1 x lo5 = 1240F - a t = - =  
Sh 28.8 X 675 

The average temperature drop from the  center  t o  the  surface of a 

b a l l  having a thermal conductivity of 15 Btu/hr. f t 2  OF/ft i s  

(24 .1  x 105-)(0.125)2 
- - = 170°F . nts - 24 (1 - E )  k - 24 X 0.6 X 15  

The f i rs t  s tep  i n  studying t h e  hot-spot problem was a carefu l  

review of some recent Canadian work (see Bibliography) on the l o c a l  heat 

t r ans fe r  coef f ic ien t  over t he  surface of a sphere i n  a closely packed 

' bed. 1n.connection with t h i s  work, a number of t es t s  were made i n  which 

8 
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b a l l s  were dumped at random i n t o  containers.  These t e s t s  showed that,  

under some conditions, c lus t e r s  of c lose ly  packed spheres appeared i n  

randomly packed beds. The pressure drop tes t  da t a  shown i n  Fig.  10.1 

ind ica te  t h a t  t h e  pressure drop through such closely packed regions 

would be much higher than the  average value for randomly packed beds. 

Much of t he  flow w i l l  tend t o  bypass such c lose ly  packed c lus t e r s ,  so 

t h e  flow r a t e  i n  the  closely packed regions w i l l  be only about 35% of 

t he  average f o r  t h e  bed as a whole. 

a r e  l i k e l y  t o  be associated with the  ho t t e s t  regions i n  a pebble-bed 

reactor ,  a t ten t ion  w a s  direcked so le ly  t o  beds of c losely packed spheres 

i n  the  C-ian experiments. The experimental r e s u l t s  disclosed t h a t  

the  loca l  heat t r ans fe r  coef f ic ien t  i n  the  v i c i n i t y  of points  of con- 

t a c t  between b a l l s  and i n  th'e stagnation. region 1 

surface of t he  ba l l  w a s  only about one-half t h e  average heat t r ans fe r  

coef f ic ien t .  

Since such c lose ly  packed c lus t e r s  

, 

I n  examining the  pa r t i cu la r  case at  hand, t he  wr i t e r s  concluded 

tha t  l o c a l  var ia t ions  i n  heat t r ans fe r  coef f ic ien t  over the surface of 

a b a l l  would r e s u l t  i n  some increase i n  l o c a l  surface temperatures, 

but t h a t  thermal conduction within the  b a l l  would l a rge ly  a l l e v i a t e  

these hot regions; therefore  the  pr inc ipa l  e f f e c t  would be an increase 

i n  the  i n t e r n a l  temperature difference within the  ball .  A rough es t i -  

mate of t h i s  increase indicated t h a t  it would be about 25% of t h e  

in t e rna l  temperature difference f o r  a bal l  having a uniform heat f l u x  

over i t s  outer  surface.  

The next s tep  i n  the analysis  of the hot-spot problem w a s  t o  

estimate the average gas and ba l l  surface temperatures as a function 

of axial posit ion,  with allowances f o r  t h e  a x i a l  power d i s t r ibu t ion .  

The resu l t ing  temperature d i s t r ibu t ion  curves are shown i n  Fig.  10.2.  

Experience w i t h  o ther  types of gas-cooled reac tor  has shown tha t  t h e  

most severe hot spots ord inar i ly  occur approximately '70% of the  distance 

through the  core where the  gas temperature has r i s en  most of the way 

and yet the  power dens i t i e s  are near ly  as high as a t  the center  of the 
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core. T h i s  region.has been referred t o  as the hot zone i n  the  subsequent 

discussion. 

The combined e f f e c t s  of both a x i a l  and radial var ia t ions  i n  power 

densi ty  w i l l  give l o c a l  regions i n  the  hot zone i n  which the power 

density w i l l  be about double the  average f o r  the  core. 

the average f i l m  drop f o r  the core w a s  estimated above t o  be 124"F, t he  

f i l m  drop i n  the  hot zone will be about 250°F f o r  random packing. If a 

c lose ly  packed c l u s t e r  t h a t  i s  several  b a l l  diameters across develops 

i n  t h i s  zone, the gas ve loc i ty  within the c lose ly  packed c lus t e r  w i l l  be 

about the  same as i n  the  randomly packed surrounding bed, and hence the  

l o c a l  heat t r ans fe r  coef f ic ien t  w i l l  d i f f e r  l i t t l e  fromrthe average 

value, even though t h e  gas flow r a t e  per un i t  of bed cross-sectional 

area i s  reduced by a f ac to r  of 3 .  However, the  reduced l o c a l  gas flow 

r a t e  i n  t he  wake  of t h e  c lus t e r  w i l l  reduce the  heat t r ans fe r  coef f i -  

c i en t  i n  that  region by a f ac to r  of about 2.2, and th i s  w i l l  give l o c a l  

values f o r  t he  f i lm  drop of approximately 550°F. Further, the  tempera- 

Thus, although 

ture r i s e  per  un i t  of core length i n  the  c lose ly  packed c lus t e r  w i l l  be 

t r i p l e  tha t  of the surrounding bed. 

, T h e  same so r t  of reasoning can be applied t o  the  ball  i n t e r n a l  

temperature drop. 

multiplied by a f ac to r  of 1.25 t o  allow f o r  the . increase  resu l t ing  from 

The average value- f o r  t he  core of 170°F should be 

var ia t ions  i n  l o c a l  heat t r ans fe r  coef f ic ien ts  over t he  surface of the  

sphere. T h i s ,  coupled w i t h  a l o c a l  power densi ty  twice the average, 

gives a temperature drop of roughly 420°F within a b a l l  i n  the hot zone. 

The gas temperature r i s e  through the reac tor  w i l l  not be the same 

i n  all annular regions because of var ia t ions  i n  both the  radial power 

d i s t r ibu t ion  and t h e  radial gas flow d is t r ibu t ion .  While a grea t  e f f o r t  

may be made t o  match the radial gas flow d i s t r ibu t ion  t o  the radial 

power d is t r ibu t ion ,  t h i s  matching w i l l  not be perfect,  and, even w i t h  

t h e  benef i t s  provided by radial mixing between adjacent annuli, it seems 

l i k e l y  t h a t  t he  gas temperature d i s t r ibu t ion  i n  a radial d i rec t ion  i n  

the  hot zone w i l l  lead t o  gas temperatures i n  some annuli.perhaps 200°F 

above the  average. This, coupled with t h e  extra gas temperature r i s e  

7' 
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c 

i n  a hot c lus te r ,  i s  l i k e l y  t o  give a l o c a l  gas temperature i n  t h e  wake 

of a closely packed c lus t e r  i n  t h e  hot zone of about 135OoF, as compared 

with the  average gas temperature i n  the  hot zone of 1050°F. These rough 

estimates have been summarized i n  Table 10.1, where the  cumulative 

e f f ec t s  give a hot b a l l  surface temperature of 1850°F and a hot b a l l  

i n t e rna l  temperature of 2270°F. 

Table 10.1. Factors i n  a Simplified Hot-Spot Temperature Estimate 

Temperature Estimate ( O F ) .  

Hot-Spot Factor For l$-in.-diam by For 30-in.-diam by 
8-ft -High 30-in.-High 

Core Core 

Average f i l m  temperature d r i p  

Average f i l m  temperature drop 

Film drop i n  the wake of 

f o r  e n t i r e  core 

f o r  hot zone 

c lose ly  packed c l u s t e r  i n  the  
hot zone 

average ball  uniformly cooled 
and operating at  t h e  average 
core power densi ty  

f o r  i r r e g u l a r i t i e s  i n  heat ' 

t r ans fe r  coef f ic ien t  over 
the  surface of t he  sphere 

power densi ty  i n  hot zone 

zone 

c l u s t e r  

' 

Temperature drop within an 

Same as above but with allowances 

Same as above but f o r  t he  peak 

Average gas temperature i n  hot 

Peak gas temperature i n  hot 

Hot b a l l  surface temperature 

Hot ba l l  i n t e rna l  temperature 

124 

250 

550 

. .  

170 

' 210 

420 

10 50 

1300 

1850 

2270 

2 70 

540 

1200 

170 

210 

420 

10 50 

1400 

2600 

3020 



10.11 
\ 

Relations Between Maximum Surface Temperature, Power 
Density, &d Pumping Power Requirements 

Cores w i t h  Constant Voidage 
I 

Studies have shorn t h a t  it i s  especial ly  useful  i n  a parametric 

survey of reac tor  f u e l  element heat t r ans fe r  performance t o  r e l a t e  the  

maximum b a l l  surface temperature t o  the  core power densi ty  and the  

pumping power-to-heat removal r a t i o .  The general  analykical equation 

A s  a point of i n t e re s t ,  a similar s e t  of estimates w a s  prepared 

f o r  a 30-in.-diam, 30-in.-high reac tor  core. These estimates have a l so  

been included i n  Table 10.1. The hot ba l l  surface temperature f o r  t h i s  

core might be as much as 2600°F, while t h e  hot b a l l  i n t e rna l  tempera- 

t u r e  might reach 3000°F. 

core was chosen f o r  t he  proposed design. 

It w a s  f o r  t h i s  reason t h a t  t he  tal l ,  slender 

The estima-bes d Taple .10..1 are  a b i t  Shocking . toq lone whose *fi.xst 

estimate of t h e  hot t e s t  surface temperature would be the  gas tempera- 

t u r e  a t  t he  core ou t l e t  plus the  average f i l m  temperature drop, i . e . ,  

1250 + 124 = 1374OF. The values a re  not surprising, however, i f  one 

reviews the  s t ruggles  t o  f l a t t e n  the  core power densi ty  and match the 

coolant flow d i s t r ibu t ion  t o  t h e  power densi ty  i n  such reac tors  as those 

at  Calder H a l l ,  t he  EGCR, and various air-cooled reac tors  b u i l t  f o r  

mi l i t a ry  appl icat ions.  It i s  qui te  possible t h a t  a more favorable 

power d i s t r ibu t ion  can be obtained than t h a t  assumed i n  the  preparation 

of Table 10.1. 

moves from one layer  of balls t o  the next, and t h i s  will reduce the gas 

\ 
A great  deal  of transverse mixing may occur as the gas 

. temperature i n  the hot zone. This e f f ec t  w i l l  be pa r t i cu la r ly  benef ic ia l  

i n  a ta l l ,  t h i n  core where the  core length will be 64 bal l  diameters, 

w h i l e  the core radius  w i l l  be only s i x  b a l l  diameters, giving a mixing 

length-to-diameter r a t i o  of about 10, The corresponding r a t i o  f o r  t he  

short, squat core would be only 2; hence, i n  th i s  core, transverse 

mixing would be only 20$ as ef fec t ive  i n  a l l ev ia t ing  a "hot stream" 

e f fec t  as i n  the  t a l l ,  t h i n  core. 
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r e l a t ing  the  core power densi ty  fo r  a gas-cooled pebble-bed reactor  t o  

the  pr incipal  var iables  can be derived readi ly  if a uniform voidage 

throughout t he  core i s  assumed. 

a reactor  i n  the region where the radial power densi ty  i s  maximum. 

t h i s  core element has a cross-sectional area of 1.0 f t 2 ,  t h e  heat 

t r ans fe r  and pumping power r e l a t ions  fo r  t h i s  volume a re  

F i r s t ,  consider an a x i a l  element of 

If 

Qm = G C 6tm , 
S P  

and 

Assuming t h a t  the  gas pressure drop is the same everywhere across the  

core, 

@P G s  w = - .  
778 p 

( 3 )  

The core power densi ty  for t he  core volume considered can be defined 

as follows: 

Qm K = -  
L m ( 4 )  

From Eqs. 

1 A P  - -  - -  W 
778 pC Atm * 

Qm P 

The r e l a t i o n s  used earlier i n  t h i s  sect ion may be res ta ted  as , fo l lows:  



10.13 

G i  L 
3 AF = 2f -- 

PQ Ds 

(1 - 4 1 . 2 7  

€ 3  

~ ~ - 0  i 2 7 f = 7.5  9 

> 
GSDS R e  = - 

P 

6 ( 1 - c )  s .= 
DS 

:.bs. 

(7) 

Subst i tut ing Eqs .  ( 8 )  and (9 )  i n to  ( 7 ) ,  

Subst i tut ing ,Eq.  (11) in to  ( 5 ) ,  

From Eqs. (1) and ( A ) ,  

Eliminating Gs between Eqs.  (12)  and (13), 
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L e t  

P M  
T 1544 * 

p = - -  

c 

Subst i tut ing Eq. (15) in to  (14), 

Equation (16) includes a l l  of t h e  pr inc ipa l  reac tor  parameters, except 

for t he  f i l m  temperature drop, Atm. An ana ly t ica l  equation r e l a t ing  

the  f i l m  temperature drop t o  the  other  parameters can be obtained i n  

t h e  following manner. 

From Eqs. (1) and ( 2 ) :  

m At 
G C 6tm = hSL - '  . 

S P  Y ' ax 

Subst i tut ing Eqs. ( 6 ) ,  ( 9 ) ,  and (10) i n t o  (17), 

(1 - ,)Oo3 G C Pr-0066 [G;s)-o - a '1 
S P  S P  

or 

. 

n 
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Solving Eq. (12)  for G:’ 3, 

* 

0 346~0.173iO e 22 
P ‘ S  
,046 

P 
X 

Subst i tut ing Eq. (15) i n t o  (19), 

p ~ \ O e 3 4 6  ~0.173 0 1.73 

(F/ P0.046 P D S (:) . ( 2 0 )  

Eliminating G between Eqs. (18) and (20) and solving for A t  
S my 

EO 52 0.173 c 0  a 1 7 3 ~ ~ 0  66 

A t m  = 1.60 ya, D1s52 k) x 
(1 - €)le52 PO o 346 

Equations (16) and (21)  give the  core power densi ty  and the  f i l m  

temperature drop f o r  the core radius  at which the  power densi ty  i s  a 

maximum. 

follows : 

The average values f o r  t he  e n t i r e  core can be defined as 
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Qrn/Yr& 9 

6t =- Gtm/yrad , 
nt=ntnJyrad . 

Subst i tut ing (22) i n t o  Eqs. (16) and (21), it can be seen t h a t  t h e  term 

cancels out, and 'rad 

and 

- 1,577 !w. 00577 (F) ($1 
\ 

EO. 52 ~ 0 '  1 7 3 ~ ~ 0 . 6 6  
P 

,,,O 346 
E = 1.60 yax 

(1 - 4 1 - 5 2  

. 
For Eqs. (23)  and (24), it i s  probably bes t  t o  evaluate the  gas 

propert ies  at the  mean temperature of t h e  gas i n  the  core.  The tempera- 

t u r e  T, however, entered the  equation because the  gas densi ty  appears i n  

Eqs. (3) and ( 7 )  f o r  t h e  pumping power and the  pressure drop, respectively.  

It should be pointed out t h a t  as the  gas i n  the  core i s  heated, it expands 

and contr ibutes  t o  the  pumping process. 

portion of t he  pumping accomplished by expansion of the gas during the  

heating process, where the  temperature en ters  t he  equation v i a  t h e  gas 

densi ty  i n  the  expression for:, .the.,pymp: :woTk., . . 2 ~ ~ ~ . s , h O ~ ~ ~ ~ . . b e ~ ~ ~ ~ ~ a ~ u ~ ~ ~ d ' . a t  the  

I n  order t o  allow f o r  t h a t  
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gas i n l e t  temperature, while, where i t  enters  v i a  the  gas densi ty  i n  

the  expression f o r  the  pressure drop, t he  mean temperature of the  gas 

i n  the core should be used. 

I n  applying these r e l a t ions  t o  the  helium-cooled pebble-bed reactor  

experiment, t he  propert ies  of helium i n  the  temperature range of i n t e r e s t  

can be taken as follows: 

p = 0.00145 To*'58 , 
C _= 1.24  , 

P 
Pr  = 0.727 - 

The dimensions of t he  reac tor  a r e  

L = 8 f t  , 
Ds = 0.125 f t  (1.5 i n . )  , 
E = 0.39 . 

Subst i tut ing these values i n  Eqs.  (23) and ( 2 4 ) )  and i n  order t o  

simplify the  r e su l t s ,  evaluating T at the  ar i thmetic  mean temperature 

of gas i n  the  core, gives 

E 1  577 
- 0'577 ~ 1 . 1 5 4  

460 + ti + - 2 

K = 8.46 (:) 
and 

w DO 346 10 e 173 
= 0.103 7al 

I Y l  

+ 2-1 

These equations a re  extremely useful, since and can eas i ly  be 

calculated f o r  any given values of W f i ,  P, and 6t. 
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The range of i n t e r e s t  f o r  these parameters i s  usual ly  r a the r  

l imited.  Previous s tudies  of gas-cooled reac tors  have shown t h a t  

pumping cos ts  w i l l  be excessive i f  W/Q, the  pumping power-to-heat re -  

moval r a t io ,  i s  grea te r  than 1 o r  2$, while c a p i t a l  cos ts  begin t o  r i s e  

sharply i f  W/Q i s  l e s s  than 0.5%. 
t i o n  and cost  problems l i m i t  t h e  maximum gas system pressure t o  about 

1000 psi ,  while c a p i t a l  charges f o r  t h e  reactor  core begin t o  r i s e  

s teeply as t h e  system pressure i s  dropped below about 300 ps ia .  

cos t  and strength of a l loy  s t e e l s  l i m i t  t he  maximum gas temperature 

of r e a l  i n t e r e s t  t o  1200 t o  1500°F, while p lan t  thermal e f f ic iency  

considerations make it desirable  t o  keep the  gas temperature leaving 

the  steam generator above 500°F. 

Similarly, pressure vesse l  fabr ica-  

The 

The equations derived above were applied t o  inves t iga te  t h e  

e f f e c t s  of the  pr inc ipa l  design parameters on t h e  b a l l  surface tempera- 

t u re  i n  the  hot zone of a la rge  reactor  core having a b a l l  diameter of 

1 . 5  in . ,  a uniform voidage of 0.39, a core length of 8 f t ,  a core i n l e t  

gas temperature of 550"F, a helium system pressure of 1000 ps i ,  and a 

power densi ty  i n  the  hot zone equal t o  twice the  average power densi ty  

f o r  t h e  core as a whole. Allowances were m a d e  f o r  the  e f f e c t s  of a low 

heat t r ans fe r  coef f ic ien t  i n  t h e  wakes of c lose ly  packed c l u s t e r s .  The 

r e s u l t s  have been p lo t ted  i n  Fig.  10.3 t o  show tha t  increasing t h e  

power densi ty  gives a rapid increase i n  bal l  surface temperature i f  the 

pumping power-to-heat removal r a t i o  i s  held constant. bu? increases 

r e l a t i v e l y  slowly i f  t h e  pumping power-to-heat removal r a t i o  i s  increased 

and the  reactor  gas ou t l e t  temperature i s  held constant.  

The same basic ana ly t ica l  technique w a s  applied t o  estimate the 

temperature d i s t r ibu t ion  t o  be expected i n  t h e  PBRE core using t h e  power 

densi ty  d i s t r ibu t ion  presented i n  Fig.  7.6. The core was divided in to  

both annuli  and v e r t i c a l  layers .  Allowances were made f o r  t he  e f f ec t s  

of t he  higher void f r ac t ion  near t h e  w a l l s  on the  gas flow d i s t r ibu t ion .  

The f irst  estimate w a s  made f o r  no- rad ia l  axi l lg .  t o ' r e lheke  the  e f f ec t s  

of poor matching between the flow d i s t r ibu t ion  and t h e  power d is t r ibu t ion ,  

c 
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and both the  gas and b a l l  surface temperature d i s t r ibu t ion  throughout 

+he core were calculated.  It was found t h a t  t h e  maximum values f o r  

both t h e  gas and the  b a l l  surface temperature were obtained at t h e  core 

o u t l e t .  The so l id  curves of Fig.  10.4 present these values.  The assumed 

void d i s t r ibu t ion  i s  a l so  shown. 

The temperature d i f f e r e n t i a l  between adjacent annuli  near the  core 

perimeter seemed t o  be excessive. 

radial mixing i n  t h e  spaces between layers  of b a l l s  indicated t h a t  i n  

an 18-in.-diam, 8-ft-high core radial mixing would remove roughly 75% 

of the  difference between the  mean and the  loca l  gas temperature given 

by t h i s  f irst  approximation. 

p lo t ted  t o  show the  r a d i a l  gas temperature d i s t r ibu t ion  assuming t h i s  

degree of mixing. 

a l l e v i a t e  hot channel e f f ec t s  w i l l  require carefu l  study. It w i l l  

probably be necessary t o  devise and conduct special  experiments t o  

c l a r i f y  t h i s  v i t a l  question. 

Rough estimates of t h e  e f f e c t s  of 

The dot ted curve of Fig.  10.4 w a s  then 

The extent t o  which radial mixing can be expected t o  

The hot-spot temperature t o  be expected i n  the  wake of a c lose ly  

packed c l u s t e r  near t he  ou t l e t  of t h e  PBRE core w a s  estimated from the  

radial gas temperature d is t r ibu t ion ,  w i t h  the  allowances f o r  radial 

mixing given i n  Fig.  10.4. The average f i l m  temperature drop f o r  each 

radial posi t ion w a s  multiplied by a f ac to r  of 2 and added t o  t he  l o c a l  

gas temperature t o  give the  envelope f o r  the h o t ; b a l l  surface tempera- 

t u r e  presented i n  Fig.  10.5. It should be emphasized t h a t  t h i s  curve 

does - not represent t he  b a l l  surface temperature d i s t r ibu t ion  at  the  

core ou t l e t ,  but, ra ther ,  it indica tes  the  surface temperature tha t  

might preva i l  at any given radial posi t ion at the  core ou t l e t  i f  a 

c lose ly  packed c l u s t e r  l a y  j u s t  below the  posi t ion i n  question. 

estimate includes t h e  e f f e c t s  of an extra 50°F gas temperature r i s e  

through such a c l u s t e r .  

The 

The b a l l  center temperatures implied by t h e  above b a l l  surface 

temperatures and t h e  l o c a l  power dens i t i e s  have a l so  been estimated and 

p lo t ted  i n  Figs.  10.4 and 10.5. The i n t e r n a l  temperature drop within 

c 

c 



. 
10.21 

2200 

2000 

- 
1800 

1600 

1400 

Il. 0 - 1200 
W 
0: 
3 
l- 

(L 

.z 
W 
I-’ 

a 

1000 

800 

600 

4 00 

2 00 

0 

UNCL ASS1 F I E  D 
ORNL-LR-DWG 53!50 

i 
0 1 2 3 4 5 6‘ 7 8 9 

DISTANCE FROM CORE C E N T E R  (in.) 

90 

70 

- 
d 

50 
D 
0 > 

30 

10 

Fig. 10.4. Gas, Ball Surface, and Ball Center Temperatures at the 
Outlet of Core Assuming No Radial Mlxing and No Hot Spots. 

’. 



10.22 

VOIDAGE DISTRIBUTION 
I 

2000 

i 800 

I600 

1400 

1200 - 
W 
(L 

4000 
(L 
W s- 
W 
I- 

800 

6 00 

400 

200 

0 

I I 

UNCL ASS1 FI E D  
ORNL-LA-OWG 53151 

0 1 2 3 4 5 6 7 8 9 
DISTANCE FROM CORE CENTER (in.) 

90 

70 

e 
50 % 

0 
0 > 

a 
- 

30 

10 

Fig. 10.5. Estimated Maximum Gas, B a l l ,  Surface, and B a l l  Center 
Temperatures for  Hot Spots i n  t h e  Wakes of Closely Packed Clusters Assuming 
Strong Radial Mixing. 

, 



10.23 

t h e  b a l l s  w a s  multiplied by 1.25 t o  allow f o r  t he  e f f e c t s  of i r r egu la r i -  

t i e s  i n  the  heat t r ans fe r  coef f ic ien t  over the  surface of individual 

spheres. 

I n  reviewing the  above, it appears t h a t  the  18-in. -dLam, ,8-f,tLhj&$ 
core selected f o r  t he  PBRE i s  a good choice from the  hot-spot- standpoint. 

The radial gas flow d i s t r ibu t ion  i s  w e l l  matched t o  t h e  r a d i a l  power 

d i s t r ibu t ion  i n  tha t  t h e  high power densi ty  region near t he  periphery 

i s  somewhat overcooled, thus keeping t h e  f i l m  drop from being high. 

t h e  same t i m e ,  the la rge  length-to-diameter r a t i o  promises t o  make r a d i a l  

mixing e f f ec t ive  i n  f l a t t en ing  what would otherwise be a poor radial 

gas temperature d i s t r ibu t ion .  On the  whole, while the  above estimates 

are rough approximations at  best ,  they ind ica te  t h a t  t he  proposed PBRE 
core should be l e s s  subject t o  d i f f i c u l t i e s  w i t h  hot spots than a f u l l -  

scale  reactor  where radial mixing could not be near ly  so  e f fec t ive  i n  

f l a t t en ing  the r a d i a l  gas temperature d i s t r ibu t ion .  

A t  
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11.1 

11. NUCLEAR CONTROL AND SAFETY SYSTEMS 

Safety System 

'J' 

. 

The problem of safe operation of the reactor may be approached by 
first examining what may be considered safe and what unsafe. 

reactors in general it is usually unsafe to operate the reactor with 
some part of the lattice at too high a temperature, and it is also 

For power 

sometimes unsafe to operate in a transient which causes the rate of 
increase of some temperatures to be excessively large. The temperature 

and rate of change of temperature in question are usually those of one 
or more fuel elements. 
elements in that either the power density in the element is too high 

or the rate of cooling too low. 
namely a high temperature or a high positive rate of change of tempera- 

ture, thus may be considered as the information which actuates the 
safety sys tem . 

Such elements may be considered as perverse 

Either of two pieces of information, 

Unfortunately, there is no way to measure directly either of these 
variables in order to actuate the safety system. In lieu of what may 
be called primary sensory information, "symptomatic" information can 
be derived as follows: 
rate, a rise in coolant outlet temperature indicates or is a "symptom" 
of a rise in the temperatures of the reactor components that are being 
cooled. 
used to,trip the safety system. 

component temperatures comes about because of an unbalance between the 
nuclear power produced and the power carried off by the coolant. 
condition of balance or unbalance between these two quantities is 
determined by the relation: 

(1) With'the coolant flowing at some constant 

Accordingly, a high coolant outlet temperature, To, can be 

(2) A high rate of change of reactor 
- 

A 

f(t) = p - aW(To - Ti) , (1) 
. .  

where p is the nuclear power, which can be measured by means of a cali- 

brated ion chamber, W is the mass coolant flow, and T. and T are reactor 
1 0 
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coolant i n l e t  and o u t l e t  temperatures, respect ively.  The constant a 

r e l a t e s  the u n i t s  of p and W(To - T . )  and contains the  heat  capacity 

of the  coolant. 

i s  r i s i n g .  

1 
For f ( t )  > 0 the temperature of the r eac to r  elements 

Information f o r  the terms of Eq. (1) i s  delayed by the time 
and Ti, i n p r z c t i c e ,  a r e  displaced constants  of the sensors, and both T 

timewise from t h e i r  a c t u a l  values by a t ranspor t  l a g  because T 

measured before the  coolant en te r s  t he  reac tor  and T i s  measured after 

the coolant has l e f t  the r eac to r .  

0 
i s  

i 

0 

The nature of t h i s  symptomatic information suggests immediately 

f o r  a fas t  that  one cannot expect s a t i s f a c t o r y  sa fe ty  ac t ion  from T 

nuclear excursion or  a sudden loss  of coolant flow. This  is  indeed 

t rue ,  and, accordingly, s a fe ty  ac t ion  i s  i n i t i a t e d  by a high value of 

T only f o r  s i t u a t i o n s  brought about by a slow dr i f t  upward i n  the system 

temperature. 

needed f o r  the slow dr i f t  t o  high temperatures. 

0 

0 
The o u t l e t  temperature, To, gives a l l  the  sa fe ty  ac t ion  

In  order t o  take care  of s i t u a t i o n s  involving fast  t r ans i en t s ,  

such as nuclear excursions o r  loss  of c o o l a n t , f a s t e r  response times i n  the  

sensors a r e  needed, and, s ince the device which provides s a f e t y  information 

f o r  the t r ans i en t s  i s  not needed f o r  the  slow dr-ift s i tuat ionj .Fq,h.(LJ can be 

modified by the  addi t ion  of a term as follows: 

where g ( t )  i s  defined by the equation: 

where h is  the  rec iproca l  of a time constant, which is  l a rge r  than the 

time constant of any of the  sensors  f o r  information i n  Eq. (1). 

function F ( t )  has the  property that it vanishes i n  steady states. In  

some respects  it is  similar t o  the der iva t ive  of f ( t )  i n  Eq. (1). It 

is  indeed a high-frequency band pass f o r  the  information contained i n  

f ( t )  . 

The 

, A t  ' For a single-ended pos i t i ve  s t e p  A i n  f ( t ) ,  F ( t )  = Ae . 
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The function F ( t )  can be generated from information provided by 

sensors i n  the form shown as f ( t )  by use of three t r ans i s to r i zed  

operational amplif iers  of the type used i n  analog computers. There i s  

no new ar t  involved, except insofar  as these combinations of well-known 

devices cons t i t u t e  new a r t .  

There i s  some maximum value of F ( t ) ,  as can be determined by ana lys i s  

(using analog computing devices) ,  t h a t  i s  safe, A l l  values higher than 

. \ '  

t h i s  maximum are unsafe and accordingly w i l l  t r i p  the safe ty  system. 

and the  other by The two t r i p  l eve l s ,  namely one provided by T 
0 

F ( t ) ,  are a l l  the nuclear s a fe ty  ac tua tors  the  reac tor  needs i n  the  

range of operation where sensible  heating of the f u e l  elements occurs. 

Further, s a fe ty  t r i p  information i s  needed f o r  the low l e v e l  o r  s t a r tup  

regime, and t h i s  w i l l  be explained la ter .  

w i l l  be "armed" a t  a l l  times, even though they do not provide sa fe ty  a t  

low leve ls ,  s ince they cannot i n t e r f e r e  w i t h  the  operation a t  low l e v e l  

.nor do they, by de f in i t i on ,  i n t e r f e re  with safe operation a t  any l eve l .  

The two t r i p  l eve l s  described 

A defense of the  sa fe ty  t r i p  F ( t )  proposed here i s  i n  order .  Defense 

of F ( t )  comes about by f i r s t  es tab l i sh ing  j u s t i f i c a t i o n  of f ( t )  as the 

source of sa fe ty  information, The heat t r ans fe r  system here i s  a l i n e a r  

system and can be described by a s e t  of f i r s t - o r d e r  d i f f e r e n t i a l  equations 

w i t h  constant coef f ic ien ts .  Accordingly the  system's response t o  a s t ep  

i n  p o r  a s t ep  of opposite s ign i n  W w i l l  be cha rac t e r i s t i c  of the r e -  

sponse of a l i n e a r  system. If the s t e p  is  large,  the r a t e  of change of 

a temperature i n  the system can a l s o  be la rge ,  and it has been assumed 

t h a t  it is unsafe t o  have too la rge  a r a t e  of change i n  tempkrature. 

While it i s  not possible  t o  have a s t e p  i n  any of the var iables  of f ( t ) ,  

it i s  e n t i r e l y  c red ib le  t ha t  fast  changes can occur i n  p, W, and perhaps 

Ti 
when a rupture i n  the  system mixes cold coolant w i t h  hot coolant a t  the 

reac tor  o u t l e t .  There i s  no way t o  avoid using the  expression defining 

the heat  balance t o  provide information f o r  s a fe ty  t r i p s  i n  t rans ien ts ,  

s ince there  i s  no t r ans i en t  if f ( t )  = 0, and there  i s  always a t r ans i en t  

when f ( t )  # 0. 

t inuously adjust the  l e v e l s  :far-erBllthese variables t o  s u i t  the operating 

. In  some reac tors  a fas t  change can occur i n  To, as, f o r  example, 

One could t r i p  on p, on W, on T o r  on T.  and con- 
0' 1 

- 
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range of the reac tor .  

sa fe ty  system, but it i s  using it the hard way. 

This i s  l i t t l e  more than using f ( t )  t o  t r i p  the 

The j u s t i f i c a t i o n  of the use of F ( t )  t o  t r i p  i n  unsafe t rans ien ts  

instead of f ( t )  i s  the following: 

W, To, and T .  could e a s i l y  make f ( t )  # 0 f o r  the steady s t a t e .  

d r i f t  would give a spurious t r i p ,  or,  what i s  worse, i f  the  d r i f t  were 

away from the t r i p  leve l ,  f a i l  t o  give sa fe ty  when needed. If f ( t )  i s  

t o  be used, continuous steady-state ca l ibra t ion  or  r e se t t i ng  would be 

required t o  avoid these two conditions.  

s t a t e s  regardless of the slow d r i f t  of the sensors, then the two 

s i tua t ions  described above cannot come about when the t r i p  is  actuated 

by a high value of F ( t )  . 

D r i f t  i n  the  sensors measuring p, 

Suf f ic ien t  
1 

Since F ( t )  = 0 f o r  a l l  steady 

The t rans is tor ized  computer amplif iers  a r e  extremely r e l i a b l e  and 

add l . i t t l e  t o  the u n r e l i a b i l i t y  of F ( t )  as compared t o  f ( t ) .  

proposed t o  use three such elements i n  the safe ty  system, independent 

of each other,  t o  take advantage of the benef i t s  of coincidence and 

redundancy i n  providing safe ty .  

It i s  

In the s t a r tup  range, i . e . ,  i n  bringing the  reac tor  up from source 

l e v e l  t o  approximately 10% of design point  or  t o  1 M w ,  i n  t h i s  instance,  

addi t ional  sa fe ty  information i s  needed f o r  several  reasons. A t  power 

l eve l s  below those where sensible heating of the f u e l  occurs, the rods 

may be withdrawn i n  such a way t h a t  the reac tor  power might change 

w i t h  a very short  period without causing any damage. Once the f u e l  

temperature starts r i s ing ,  because of the Doppler temperature coef f ic ien t  

of r eac t iv i ty ,  the excess r e a c t i v i t y  begins t o  decrease u n t i l  the  reactor  

i s  driven subc r i t i ca l  again. A damped osc i l l a to ry  condition p e r s i s t s  

f o r  some time after rod withdrawal is  stopped. The power can reach a 

r e l a t i v e l y  high peak, a t  which t i m e  the  r a t e  of change of f u e l  tempera- 

t u re  is  a maximum, This value can very wel l  exceed the maximum per- 

missible r a t e  of change of the f u e l  temperature. 

It i s  advisable t o  br ing the reactor  up t o  a l e v e l  of 1 Mw with 

a flux t r i p  set a t  1.5 Mw t o  prevent t h i s  r e l a t i v e l y  high power overshoot, 

with the attendant high r a t e  of increase i n  f u e l  temperature. The power 
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can be leveled off  a t  1 Mw before operation a t  higher powers is  undertaken. 

In bringing the reac tor  up t o  1 Mw, rod motion can be stopped or the  rods 

can be reversed on period information. Such use of period information 

does not involve the sa fe ty  system but i s  only a means of cont ro l  and 

operation which prevents actuation of t he  sa fe ty  system so le ly  because 

of clumsy operation. 

Nuclear Control System 

Since the  reac tor  i s  t o  be operated over most of i t s  range w i t h  

var iab le  coolant flpw and power w i t h  the  flow matched t o  the  power, 

two cont ro l  systems w i l l  be supplied, one t o  con t ro l  the  coolant flow 

and one t o  con t ro l  the power. 

The closed loop flow con t ro l l e r  operates w i t h  an e r r o r  s igna l  c f ,  

given by the expression: 

- - To - T 0 'S .P .  
5; 

i s  the  o u t l e t  temperature s e t  
0 s i p .  where T 
.1 

> ( 4 )  

poin t  which can be varied 

manually by the operator .  

con t ro l l e r  or f o r  cf > 

increased. Here E i s  the'dead band f o r  the on-off con t ro l l e r .  T h i s  

con t ro l l e r  can be shown t o  be s t ab le  by analog ana lys i s  w i t h  no more 

For cf > 0 i n  the case of a proportional 

f o r  an on-off con t ro l l e r ,  the  flow is  LI 
1 

damping than tha t  given by the  der iva t ive  dc /d t .  f 
The power con t ro l l e r  operates w i t h  an e r r o r  s igna l  E 

P 

E = m F ( t )  + n(x - x ) , P s .p .  

w h e r e . F ( t ) ' i s  defined i n  Eq. (2), x represents e i t h e r  p o r  

upon whether one wishes t o  operate the  r eac to r  a t  constant 

of the  form 

Ti, depending 

power and 

, - j  

match the  load t o  it or operate the p l an t  i n  such a way t h a t  the reac tor  

power follows the  load, x i s  the manually controlled set point  f o r  s . p .  
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p or T as the case may be, and m and n are opt'irnization.constants fo r  

s t ab i l i z ing  the cont ro l le r  and making sure the deviation i n  x about x 
i s  acceptable. For E > 0 when a proportional cont ro l le r  i s  used, or 

f o r  cP > I f 1  when an on-off cont ro l le r  is  used, the  rods are inser ted.  

Here € 2  is the dead band. The cont ro l le r  can be shown t o  be s t ab le  f o r  

the e r ro r  s igna l  (5)  i n  e i t h e r  the case where x = p or where x = T . 

i' 

s .p .  

P E 

i 
If three p a r a l l e l  servos are used ac t ing  on the same rod or rods, 

then the output of each channel operates two switches i n  a switching 

matrix t o  w i t h d r a w  rods and two d i f f e ren t  switches i n  a d i f f e ren t  

switching matrix t o  i n s e r t  rods.  This requires  use-of the  on-off type 

of cont ro l le r .  The switching matrix provides coincidence and redundancy 

such that  rod act ion occurs only when two channels agree that such 

act ion is required.  

The quantity F ( t )  i n  the e r r o r  s igna l  E 

of the safe ty  system only if  three completely independently derived 

values of F ( t )  a re  used i n  a "two-out-of-three'' sa fe ty  system that  i s  

log ica l ly  sound i n  design and i s  used along w i t h  the  three p a r a l l e l  

close'd loop cont ro l le rs .  

can be . the  same as tha t  
P 

Further Analysis 

Maximum rod speeds can be determined by means of the s t a r t u p  accident 

analysis  f o r  a 1-Mw reac tor .  Analog computer analyses of the cont ro l le rs  

and safe ty  system information given here have been made f o r  the EGCR, 

which is  dynamically similar t o  the PBRE. These analyses support the 

v a l i d i t y  of the conclusions r e l a t ed  t o  such i t e m s  and given i n  t h i s  

report  . 
Failures  i n  other pa r t s  of the p lan t  w i l l  probably require  t ha t  the 

reactor  be shut down. If so, information describing the failures could 

i n i t i a t e  sa fe ty  ac t ion .  

Reliable means should be provided f o r  removal of a f t e rhea t  on 

loss  of coolant.  It i s  preferable t h a t  the mechanism f o r  removing 

a f t e rhea t  be operable a t  a l l  times ra ther  than avai lable  only on a 

standby bas i s .  

. 

. 

0 
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12.1 

12.  STEAM GENERATOR 

1 

General Considerations i n  the Select ion 
of a Heat-Removal System 

The se lec t ion  of a heat-removal system capable of d i ss ipa t ing  up 

t o  10 Mw of heat from a high-pressure high-temperature helium-cooled 

reac tor  depends on the object ives  of the reac tor  experiment. 

from considerations of power generation it w a s  thought prudent t o  

avoid the se l ec t ion  of a heat-removal system fo r  the PBRE t h a t  would 

involve design problems not shared by a fu l l - sca l e  pebble-bed-reactor 

p l an t .  

cooling was examined only b r i e f l y .  

Aside 

Thus the use of f l u i d s  other  t h a n  water f o r  primary-system 

One concept of reasonable s implici ty  and requir ing no cooling 

water would employ d i r e c t  cooling of the helium gas by ambient a i r .  

The a i r  could be drawn i n t o  the containment s h e l l  through f i l t e r s ,  pass 

over a helium-to-air heat exchanger, and be discharged up the  s tack .  

Because of the d i r e c t  access of contaminated helium t o  ambient air  and 

the consequences i n  the event of a heat exchanger leak, multiple valves 

would be required on both the i n l e t -  and e x i t - a i r  ducts.  

would have t o  be s u f f i c i e n t l y  rapid so tha t  i n  the event of a gross heat 

exchanger rupture the a c t i v i t y  re leased t o  the s'tack would be within 

permissible limits. 

magnitude of the  permissible a c t i v i t y  re lease  t o  the atmosphere. Valves 

located i n  the stack could c lose ly  control  the  release r a t e .  The volume 

i n  the a i r  system would be s ized t o  prevent pressure buildup even i n  the 

event of a gross heat exchanger f a i l u r e .  

Valve operation 

Valve requirements would be determined by the 

Aside from the hazards problems associated w i t h  t he  above system, 

t h e  design of a gas-to-gas heat exchanger presents  no t r i v i a l  problem. 

The u n i t  would be required t o  operate a t  a high pressure d i f f e r e n t i a l ,  

and the design would have t o  provide f o r  access f o r  repa i r  of heat 

exchanger leaks.  

heat  exchanger does not appear t o  be sa t i s f ac to ry .  

r e l a t i v e l y  poor heat- t ransfer  cha rac t e r i s t i c s  of low-pressure air  and 

the large thermal gradients  complicate the hea t  exchanger design. 

Thus the 'u se  of a conventional "sandwich'' type of gas 

In addition, the 
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Some of the objections t o  a d i r e c t  air-cooled heat-removal system 

could be overcome through the use of a secondary pressurized-gas cooling 

system. T h i s  scheme would a l so  require  a heat exchanger which permitted 

detect ion and r epa i r  of leaks.  

require  addi t ional  blowers, expensive contaYner piping, and s igni f icant  

space i n  the containment s h e l l .  

A second pressurized-gas system would 

The use of water f o r  cooling the primary gas permits a more compact 

heat exchanger than does the gas-to-gas system. 

ground of technology i n  the design of pressurized gas-to-water heat  

exchangers f o r  nuclear power plants ,  and a water-steam system would 

duplicate,  a t  l e a s t  i n  pa r t ,  some of the problems which a re  l i k e l y  t o  

occur i n  the design, maintenance, and operation of a large pebble-bed- 

reactor  p lan t .  Information on problems such as the detect ion of steam 

leaks in to  the helium system, the r epa i r  of tube leaks i n  the  con- 

taminated steam generator, and the  t rans ien t  response of the system t o  

operating perturbations are a l l  important t o  the  success of the large-  

sca le  reac tor  p lan t .  

and steam system stemmed from the advantages of w a t e r  as a coolant and 

the  b e t t e r  simulation t h a t  it would give of the  large-scale p lan t .  

There is  a good back- 

Thus, the  decision t o  employ a steam generator 

The decision on whether t o  u t i l i z e  generated steam for generation 

of e l e c t r i c a l  power is  discussed i n  Chapter 18 of t h i s  repor t .  

De s i gn Requirements 

The design of a steam generator f o r  a system operating w i t h  a 

contaminated-gas coolant must s a t i s f y  a number of prime requirements: 

1. The steam generator u n i t  must be capable of producing high- 

temperature, high-pressure steam. 

2 .  

3.  

4 .  
5 .  

convection. 

6. 

Re l i ab i l i t y  of the  steam generator i s  of paramount importance. 

The un i t  must be repairable  i n  the event of tube leaks.  

The steam generator should be replaceable.  

The u n i t  design should enhance removal of afterheat by na tura l  

The design should be such as t o  minimize p lan t  gas piping and 

shielding requirements. 

7 .  The design should be readi ly  fabr icable .  
h 
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. The decision t o  employ an i n t e g r a l  pressure envelope (see chap. 4 )  
incorporating the heat  exchanger vesse l  on top of the pressure vesse l  

helped s a t i s f y  requirements 5 and 6 but imposed r a the r  s t r i c t  boundary 

conditions within which t o  achieve a design sa t i s fy ing  a l l  the other 

requirements. 

The necessity f o r  access a t  the top of the reac tor  pressure vesse l  

coupled w i t h  the problems associated w i t h  support of the exchanger from 

the pressure vesse l  produces a s t rong incentive t o  minimize the heat 

exchanger vesse l  diameter. In addition, the d e s i r a b i l i t y  of achieving 

a f t e rhea t  removal by na tu ra l  convection, the considerations of l a t e r a l  

shaking forces  w i t h  respect  t o  the u n i t  height, and the l imi ta t ions  

imposed by manufacturing capab i l i t i e s  and maintenance requirements 

combine t o  determine acceptable design lengths f o r  the steam generator. 

A layout of the heat  exchanger and the pressure vesse l  indicated 

that a heat exchanger diameter of approximately 2 f t  would allow ade- 

quate access space a t  the top of the reac tor  vesse l  f o r  control  rods, 

f u e l  loading, and reac tor  access. Accordingly, 2 f t  w a s  selected 

t en ta t ive ly  a s  the inside diameter f o r  the heat exchanger she l l .  

Steam Conditions and Steam Generator Type 

The fu l l - sca l e  pebble-bed reac tor  should be capable of producing 

high-temperature high-pressure steam, and a demonstration of t h i s  a b i l i t y  

i n  the t e s t  reac tor  is  a worthwhile objective if  the incremental cos t  

i s  not la rge .  

undoubtedly exceed gas pressures,  and tube leaks from the heat exchanger 

w i l l  occur a s  steam leaking in to  the gas system. Fortunately, t h i s  is  

much the preferred condition from the hazards standpoint.  Further, it 
is  desired t o  obtain'information on the de tec t ion  of such leaks and the 

e f f e c t s  of such leaks on the graphite i n  the core and r e f l e c t o r .  Since 

rough estimates indicated that there  would not be a major cost  incentive 

t o  reduce the steam pressure below 1000 ps i ,  only operating steam pres- 

sures above t h a t  of the gas were considered. 

In the fu l l - s ca l e  reac tor  plant ,  steam pressures w i l l  
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The requirement f o r  producing high-temperature steam i s  not so 

c l ea r .  In  the f i n a l  analysis  the steam temperature and pressure f o r  

the large reactor  p lan t  w i l l  be determined by a cos t  optimization 

procedure which balances p lan t  cos ts  against  p lan t  performance. Operating 

steam temperatures, however, w i l l  c e r t a in ly  be i n  the range of 1000 t o  

1100°F. The duplication of t h i s  temperature range i n  the t e s t  reactor  

w i l l  bring out problems i n  the steam generator design associated with 

the thermal expansion of the u n i t  which w i l l  be applicable t o  the 

la rge  u n i t .  In  addition, f ission-product deposit ion i s  known t o  be 

temperature and mater ia l  sens i t ive ,  and thus the d i s t r ibu t ion  of 

deposit ion within the steam generator w i l l  a l so  be p a r t i a l l y  simulated. 

Information r e l a t ed  t o  u n i t  r e l i a b i l i t y  w i l l  a l s o  be more s ign i f i can t  

if the u n i t  is  operated a t  high temperatures and pressure.  

system cha rac t e r i s t i c s  such as the thermal capacity of the steam 

generator and 'the speed of response of steam temperature and pressure 

t o  load changes w i l l  be functions of the steam conditions selected.  

A s  discussed later i n  t h i s  section, the addi t iona l  cos t  of designing 

the steam generator t o  operate a t  high steam temperatures is  not grea t  

and thus seems t o  be w e l l  j u s t i f i e d  by the above considerations.  There- 

fo re  a steam pressure of 1000 ps ia  and a steam temperature of 1000°F 

were selected f o r  the t es t  reac tor .  

Further, 

Two basic types of steam generator were examined f o r  t h i s  applica- 

t ion :  (1) a once-through u n i t  i n  which the t o t a l  feedwater flow t o  the 

economizer sect ion would en ter  a s e t  of tubes from which it would leave 

as superheated steam, and ( 2 )  a na tura l  r ec i r cu la t ion  bo i l e r  employing 

an intermediate steam drum between the bo i l e r  and the superheater sect ion.  

A na tura l  rec i rcu la t ion  bo i l e r  w a s  se lected for t h i s  appl icat ion over 

the once-through design pr inc ipa l ly  because of the increased l a t i t u d e  

the na tura l  c i rcu la t ion  u n i t  permits i n  se lec t ing  flow r a t e s  on the 

steam s ide  t o  give good flow s t a b i l i t y  i n  the  economizer and bo i l e r  

region, both a t  design and off-design conditions.  The r ec i r cu la t ion  

bo i l e r  suffers from the requirement of an addi t iona l  intermediate steam 

drum, w i t h  addi t iona l  tube penetrations of the she l l ,  but it gives be t t e r  
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design control  over the steam generator height and a somewhat s implif ied 

gas flow path through the heat exchanger u n i t .  

Steam Generator Geometry 

A p i c t o r i a l  concept of a natural-recirculat ion steam generator i s  

presented i n  Fig. 12.1.  

a cen t r a l  6-in. s t a i n l e s s  s teel  pipe t o  the top of the  steam generator 

u n i t .  Guide vanes a t  the top of the generator u n i t  then d i r e c t  the gas 

flow down across the tube matrix surrounding the upflow pipe. 

passes across the superheater, bo i le r ,  and economizer sections t o  the 

top of the pressure vesse l  leading t o  the compressor sect ion.  

cooling the steam-generator vesse l  i s  directed up the cooling annulus 

and joins  the main gas stream a t  the top of the heat exchanger vessel .  

Between the vessel-cooling annulus and the  tube-matrix sect ion is  a 

b a r r i e r  of r e f l e c t i v e  insulat ion.  The design allows the  vessel  w a l l  

temperature t o  increase from about 600°F a t  the bottom t o  approximately 

650°F a t  the top. 

Hot gas from the reactor  core is  directed up 

The gas 

Gas f o r  

The use of high-pressure helium permits high mass ve loc i t ies  and 

strongly a f f e c t s  the se lec t ion  of tube surface geometry. A t  high gas 

ve loc i t ies  the helium heat t r ans fe r  coef f ic ien ts  are su f f i c i en t ly  high 

and f i n  e f f i c i enc ie s  a re  su f f i c i en t ly  low t h a t  there  i s  l i t t l e  incentive 

f o r  using extended surfaces.  An addi t iona l  consideration is  that  the 

heat  exchanger height w a s  i n  p a r t  determined by a desire t o  achieve 

na tura l  convection on shutdown and thus there i s  l i t t l e  advantage t o  

reducing the steam generator height t o  l e s s  than t h a t  required for t h i s  

purpose. For these reasons bare tubing was.used i n  a l l  sect ions of the 

heat exchanger. 

design was car r ied  out, but rough estimates indicate  t h a t  bare tubes 

give the l e a s t  expensive u n i t .  

No de ta i led  cos t  comparison w i t h  an extended surface 

The small heat  exchanger diameter and the height considerations 

discussed above l ed  t o  the  select ioq of an a x i a l  counterflow design f o r  

the  tube matrix, giving the arrangement shown i n  Fig. 12.2,  The tubes 
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Fig. 12.2. Schematic Diagram of Steam Generator. . 
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are arranged on an equ i l a t e ra l  p i t ch  i n  the annulus between the upflow 

stack and the r e f l ec t ive  thermal barrier, A number of tube diameters 

and tube-spacing arrangements were examined, and data f o r  an arrange- 

ment capable of s a t i s fy ing  the heat t ransfer ,  w a t e r  flow s t a b i l i t y ,  

and gas pressure drop requirements are given i n  Table 12.1. Figure 12.3 

presents the steam generator gas flow rate and gas temperatures, to -  

gether w i t h  the steam flow rate (neglecting blowdown) and steam system 

temperatures and pressures.  

The acceptable gas pressure drop through the heat  exchanger would 

normally be determined by balancing the pumping power cos t  against  the  

steam generator c a p i t a l  charges. In  the present case the a b i l i t y  t o  

remove heat by na tura l  convection offered an incentive t o  reduce the 

t o t a l  system pressure drop, and the maximum allowable gas pressure drop 

through the steam generator w a s  estimated t o  be approximately 30s of 

the estimated t o t a l  system drop. The gas pressure drop f o r  the proposed 

u n i t  i s  3 ps i ,  which i s  comfortably below the maximum allowable f o r  good 

thermal convection. 

Although calculat ions based on area considerations indicate  that 

approximately 195 tubes can s a t i s f a c t o r i l y  be accommodated w i t h  the  2 - f t  

she l l ,  a de ta i led  layout may require  an adjustment of a f e w  inches i n  

the s h e l l  diameter. 

The requirement of steam generator r e p a i r a b i l i t y  can be s a t i s f i e d  

most expeditiously by plug-welding of leaking tubes.  

necess i ta tes  t ha t  individual tubes o r  bundles of tubes terminate i n  

a header which i s  accessible  f o r  determination of the leaking tube and 

plug welding of the tube entrance. 

drums have been f i t t e d  with flanged openings and have been placed out- 

s ide the primary steam generator shielding but within shielded cubicles, 

as p a r t i a l l y  shown i n  Fig. 21.1 of Chapter 21. 

of Figs .  6 .3  and 6.4, chap. 6, were prepared f o r  a preliminary design 

f o r  a once-through u n i t  with a d i f f e ren t  header drum arrangement. ) 

T h i s  procedure 

To accomplish t h i s ,  a l l  header 

(Note that  the  layouts 

Detail Design Considerations 

Two pr inc ipa l  problems which must be considered i n  the steam 

generator design a r e  provisions f o r  thermal expansion and methods of 

c 
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' Table 12.1. Steam Generator Design Data 

Economizer Boiler Superheater .To t a l  

Flow scheme Axial counterflow gas outside tubes 

Tube outside diameter, 1.0 ' 1.0 1.0 
in .  

Tulje inside diameter, 

Number. of tubes 

Tube arrangement and 

She l l  s ide area, f t 2  

St ra ight  height of 

i n .  

spacing 

section, f t  

0.875 0.875 0.875 

195 

Equi la te ra l  spacing on 1.375-in. 

335 841 483 1660' 

6.5 16.5 9.5 

centers  ' 

Over - a l l  estimated 
e.xc hanger height , f t 

G a s  mass veloci ty ,  
l b / f t2  isec 

Gas pressure drop, 
p s i  

Gas pressure (design),  
p s i a  

Gas flow, lb/hr 

Water i n l e t  tempera- 500 
tu re ,  O F  

45 

9.44 

Steam e x i t  tempera- 

Net steam flow, lb/hr 

Steam e x i t  pressure,  

tu re ,  O F  

ps ia 

1000 

3 

1000 

39 000 

33 500 

1000 

Log mean temperature 46.6 183.7 356.8 

Heat load, Btu/hr 1.84 X lo6 21.77 X lo6 10.49 X lo6 34.1 X lo6 

Percentage of t o t a l  5.4 63.8 30.8 

d i f f e r e n t i a l ,  O F  

heat  load 

Gas-side heat trand- , 
f e r  coef f ic ien t ,  
Btu/hr *f t2 O F  

150 
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Table 12 .1  (Continued ) 

Economizer Boiler Superheater Total  

. 

Tube-side heat t rans-  700 ,5000 160 
fer  coef f ic ien t ,  (assumed) (average) 
Btu/hr f t F 

(outside area) 

fer coeff ic ierh,  

Heat f lux,  Btu/hr-f t2  5500 25 900 2 1  700 

Over-all heat tl;ans- 118 141 71 

Btu/hr*f t2  *OF 

tube support. 

as shown i n  Fig. 12.1, t o  accommodate d i f f e r e n t i a l  thermal expansion 

between the tubes and the pressure s h e l l .  Suf f ic ien t  provision f o r  ex- 

pansion a t  tube bends must be made t o  permit l a rge r  r e l a t i v e  tube move- 

ments when a tube has been plugged off and consequently is  a t  a tempera- 

ture wel l  above the temperature of adjacent tubes.  It i s  estimated t h a t  

approximately 2.5 f t  of s h e l l  height w i l l  be required f o r  tube bending 

and expansion a t  the end of each section. 

of the  steam generator u n i t  is estimated a t  approximately 45 f t  above 

the welded j o i n t  a t  the top of the t r ans i t i on  piece extending downward 

t o  the reac tor  pressure vessel .  

from the top dome, and a sleeve with a s l i p  f i t  can be used a t  the  lower 

end t o  permit thermal expansion of t h i s  pipe. 

be supported from the top end of the  heat  exchanger vessel ,  and the 

boiler-economizer sect ion can be supported from an intermediate perforated 

p l a t e  o r  g r id  welded t o  the exchanger s h e l l  between the boi le r  and suner- 
heater sect ions.  

The present concept envisions expansion loops on the tubes, 

Thus, the over -a l l  height 

The cen t r a l  upflow pipe can be hung 

Superheater tubes w i l l  

Tube spacers must be designed so that gas flow w i l l  be d i rec ted  

through the tube bundle i n  such a manner as t o  promoke a small degree 

of gas s w i r l  and prevent channeling and temperature s t r a t i f i c a t i o n  i n  

the gas flow. 

plugged tubes. 

insulat ion ba f f l e  must be f lu t ed  t o  avoid excessive gas bypass. 

This w i l l  be pa r t i cu la r ly  important i f  there  are any 

The perimeter of the upflow pipe and the r e f l e c t i v e  
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One important addi t iona l  design requirement f o r  the steam generator 

e n t a i l s  the removal of a f t e rhea t  from the reac tor  core during reac tor  

shutdown. In the event of a heat exchanger tube leak t o  the gas system, 

it is desirable  t o  valve off the water supply t o  the steam generator t o  

prevent excessive steam leakage t o  the primary system. To permit t h i s  

procedure w i t h  the present design, the heat exchanger w i l l  be divided 

in to  two independent sect ions.  Two s e t s  of feed rums, steam drums, 

and superheater drums w i l l  be employed. 

w i l l  be arranged within the heat exchanger t o  insure adequate cooling 

of the  gas on shutdown if one heat  exchanger is  inoperative.  

The tubes from each sect ion 

Leak Detection and Maintenance Procedures 

A non-tr ivial  problem associated with the above arrangement is  the 

determination of which heat  exchanger sect ion is  leaking. If the  sect ions 

are homogeneously arranged within the shell, determination of the  leaking 

system presents real  d i f f i c u l t y .  A possible so lu t ion  would be t o  introduce 

i n  one steam system spec ia l  t r ace r  elements having a cha rac t e r i s t i c  ac- 

t i v i t y  not duplicated or  masked by the  a c t i v i t y  expected t o  be present 

i n  the gas coolant. Another p o s s i b i l i t y  would involve a degree of 

heterogeneity i n  the arrangement of the  sect ions within the  s h e l l  t o  

permit the detect ion of leaks and t o  permit i den t i f i ca t ion  of the  leaking 

sect ion.  This arrangement must avoid nonuniform cooling i n  the event one 

sec t ion  i s  shut down, perhaps by providing periodic mixing points  fo r  

overcoming nonuniform shutdown cooling. 

S t i l l  another possible solut ion t o  the leak iden t i f i ca t ion  problem 

would u t i l i z e  a small (perhaps 5$ capaci ty)  auxi l ia ry  cooling u n i t  

capable of handling shutdown requirements and thus affording protect ion 

i n  the event of a main heat  exchanger leak. 

would be located within the heat exchanger vesse l  and would permit safe 

shutdown i n  the event of a steam leak i n  the  main u n i t .  

Such an auxi l ia ry  u n i t  

A s  previously discussed, tube leaks would.be repaired by plug 

welding the end of the leaking tube. Since the  header drums a re  i so la ted  
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from the steam generator by shielding, detect ion and repa i r  can be 

car r ied  out  d i r e c t l y  i n  the fashion proposed f o r  the GCR-2 reactor. '  

The need for replacement of a steam generator m i g h t  possibly arise. / 

Although it i s  ant ic ipated that  such an occurrence is  very unlikely,  

provisions have been made t o  handle t h i s  requirement, since the a l te rna-  

t i v e  might be the complete shutdown of the  reac tor  experiment. 

. 

I n  order t o  replace the steam generator it w i l l  f i rst  be necessary 

t o  decontaminate it. Two methods for ' car ry ing  out  the decontamination 

procedure are apparent. If a su i tab le  l i qu id  seal can be accomplished 

between the  heat  exchanger and the reactor  t o  permit l i qu id  f i l l i n g  of 

both the tube matrix and the upflow pipe, decontamination can be car r ied  

out  as discussed i n  Chapter 17. 
would be provided i n  the heat exchanger. A monitored sampling l i n e  

F i l l  nozzles and l i qu id  drain l i n e s  

would be u t i l i z e d  t o  determine the a c t i v i t y  l e v e l  i n  the e f f luent .  One 

method of providing the  required l i qu id  s e a l  would u t i l i z e  in f l a t ab le  

bladders i w e r t e d  through the top of the reactor  pressure vessel  i n to  

the pipes or areas t o  be sealed.  The bladders would be inf la ted  after 

-- 

posit ioning. If t h i s  scheme i s  chosen, it should be checked out before 

t h e  reactor  i s  s t a r t e d  up. If it does not work, the  steam generator 

could be provided w i t h  spray nozzles a t  the top of the vessel  and a t  

intermediate points  above the bo i l e r  economizer section. 

running down the outside tube surfaces could be directed t o  a dra in  qump 

located a t  the base of the heat  exchanger-pressure vesse l  t r ans i t i on  

piece.  Temperature requirements f o r  decontamination could be m e t  by 

providing heat  from'the steam system through use of a small auxi l ia ry  

heater located i n  the steam l i n e  leading t o  the generator u n i t .  The 

process of decontaminating the steam generator components would require  

extensive e f f o r t ,  but the required frequency and the a l t e rna t ive  t o  t h i s  

process make the  e f f o r t  a t t r ac t ive .  

Decontaminant 

'Oak Ridge National Laboratory, "The ORNL Gas-Cooled Reactor, I t  Par t  
3, ORNL-2500. 
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cos ts  

The cos t  of the steam generator described above i s  estimated t o  

be $100 000 f o r  a u n i t  employing s i x  header drums. 

l e n t  t o  $100 per kw of capacity, which i s  comparable t o  the $83/kw cost  

of the EGCR steam generators.  

the superheater tubing and superheater drums. Therefore, if  the super- 

heater sect ion could be replaced with equivalent a rea  i n  the bo i l e r  

sect ion (thus producing saturated steam only) and if the a rea  require-  

ments were adjusted f o r  differences i n  heat  t r ans fe r  coef f ic ien ts  and 

l o g  mean temperature difference,  it appears that: a ne t  saving of $ 30 000 

t o  $35 000 might accrue from elimination of the superheater sect ion from 

the present design. This reduction may be more apparent than r e a l ,  how- 

This cos t  i s  equiva- 

O f  t h i s ,  about $40 000 i s  associated w i t h  

ever, since temperature differences a t  the top of the  bo i l e r  inherent 

, 

i n  such a design could give ser ious trouble by dr iving t h i s  region in to  

the fi lm-boiling region and thus severely thre,atening the  r e l i a b i l i t y  

of the u n i t .  
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13. BLOWXRS 

The coolant flow f o r  the  PBRE i s  t o  be supplied fromtwo inde- 

pendently driven single-stage cent r i fuga l  blowers. I n  addition t o  

meeting the  operating conditions summarized below, the  blower housings 

a re  t o  provide two of t he  three  support points  f o r  t he  reactor  pressure 

vessel:  

Flow r a t e  per blower 

Maximum 
Minimum 

6 lb/sec (975 cfm) 
1 1 / 2  lb/sec 

Design pressure 1000 ps i a  

Suction temperature .550"F 

Head required 30 psi ,  11. 700 f t  

Compre s s i  on rat i o  1.03 

A fu r the r  requirement i s  t h a t  t he  va r i a t ion  i n  flow rate should be 

obtained by varying the  speed of ro ta t ion  of t he  blower. 

has the advantage of simplifying the process system i n  tha t  valves and/or 

bypass l i n e s  are not required. It a lso  has t h e  advantage over an adjust-  

able diffuser-vane compressor i n  t h a t  leakage points  i n  the  casing are 

eliminated and maintenance requirements should be reduced. These require- 

ments imply a blower of r e l a t i v e l y  low flow r a t e  and high discharge head 

and can only be met i n  a single-stage machine by going t o  high ro t a t ive  

speeds. 

T h i s  method 

The impeller design required f o r  these operating conditions will , 

probably be of t h e  following dimensions: 

Impeller outside diameter 16 in .  

Impeller ou t l e t  width 1/4 i n .  

Specif ic  speed at 14 400 rpm 400 

Estimated impeller eff ic iency 85% 

The over-al l  e f f ic iency  of t he  blower i s  expected t o  approach 70$, 

probably about 67$, and thus w i l l  require about a 200-hp blower dr ive.  
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I n  order t o  achieve the  operating speed of 14 400 rpm and s t i l l  

vary the  flow r a t e  over a range of a t  least a f ac to r  of 4 by changing 

the rpm (down t o  3600), the  dr ive  system should be similar t o  one of 

the  following two types: 

1. a 3600-rpm motor fed  from a conventional 60-cycle source dr iving 
through an adjustable  f l u i d  clutch and gear speed increaser  of 
4-to-1 ra t io ,  

a two-pole a-c motor driven from a variable-frequency source, such 
as an M-G set .  w i t h  its motor coupled t o  the  generator through a 
f l u i d  clutch.  

2. 

A m a x i m u m  generated frequency of 240 cycles/sec would be required.  

It i s  expected t h a t  system 1 would be less expensive but would 

require much more maintenance than system 2, and t h i s  ex t r a  maintenance 

would be required i n  an a rea  where the  rad ia t ion  dose l e v e l  would be 

high. 

but f o r  purposes of t h i s  report  system 2 w a s  chosen. 

Further s tudies  should be m a d e  before a f i n a l  decis ion i s  reached, 

The primary problem foreseen with t h i s  design i s  t h e  achievement of 

a long-life,  low-leakage shaft sea l  f o r  t h e  1000-psi system pressure, 

w i t h  a shaft speed of over 14 000 rpm. It i s  believed that  a modifica- 

t i o n  of the type of seal being developed f o r  t he  EGCR w i t h  o i l  lubr ica t ion  

instead of water would be sat isfactory,  although some development e f f o r t  

would be required. To minimize contamination of t he  sea l  o i l ,  clean 

helium from the  bypass cleanup system should be returned t o  the  main 
gas stream through an annulus at the  o i l  s e a l  on the  blower shaft. A 

labyrinth seal should be provided between t h i s  annulus and t h e  impeller 

t o  minimize back d i f fus ion  along the shaft from the contaminated main 

stream. 

The impeller, shaft ,  bearing, and s e a l  assembly would be mounted 

i n  a flanged plug t o  f a c i l i t a t e  removal and replacement of the  moving 

pa r t s .  

heat dam so t h a t  the  o i l  flowing through t h e  seal and bearings would 

keep the  outer  end of the  assembly.coo1. 

As  i n  the ART f u e l  pumps, the assembly would incorporate a 

An O-ring s e a l  would be 

provided i n  the  mounting flange f o r  t h i s  assembly. 
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14* FUEL-HANDLING SYSTEM 

The s implici ty  of t he  f ie l -handl ing system has ,een one of t h e  most 

widely claimed and generally accepted advantages of t h e  pebble-bed reactor  

concept. This being the  case, t he  f i rs t  s t ep  taken toward developing a 

mechanical arrangement f o r  t he  fuel-handling system w a s  t o  study and evaluate 

t h e  ex is t ing  concepts and the  design information which demonstrate and give 

substance t o  t h i s  advantage. Sanderson & Porter  have s t a t ed  t h a t  t h e  scope 

of t h e i r  pebble-bed work t o  date has excluded design or development e f f o r t  

on t h e  mechanical components of t he  f'uel-handling system, such as valves, 

b a l l  flow cutoff,  b a l l  counting, and other  devices. Thus it i s  important 

t o  recognize t h a t  t h i s  advantage of fuel-handling s implici ty  i s  founded 

wholly upon the  general  t r u t h  t h a t  beds of uniformly s ized spheres w i l l  flow 

under ce r t a in  conditions and, as a consequence of t h i s  flow, w i l l  or should 

be t ransferab le  t o  and from a reac tor  without t h e  use of a mechanism de- 

s igned, to  en ter  t he  core, seek a spec i f ic  location, and remove or i n s t a l l  

each individual "fuel assembly." From t h e  f'uel-handling point of view, it 

can only be concluded a t  t h i s  date t h a t  t h i s  advantage i s  real, and on t h e  

bas i s  of t h i s  conclusion the  design e f f o r t  has been directed toward i t s  

development. It must be recognized a t  t h i s  point t h a t  implici t  in t h e  con- 

clusion t h a t  the  f u e l  handling advantage i s  r e a l  i s  the  assumption t h a t  f u e l  

spheres w i l l  be developed t h a t  w i l l  remain in t ac t ,  w i l l  maintain adequate 

strength, .  and w i l l  resist fusing in to  multiple-ball  c lusters .  

Design Precepts 

One of t h e  f i r s t  decisions t o  be made i n  designing the  refuel ing 

system f o r  a gas-cooled power reactor  i s  whether t o  design f o r  refuel ing 

..' a t  power, during a shutdown a t  f u l l  operating pressure and temperature, 

or with the  reac tor  Shut down and depressurized but a t  elevated tempera- 

ture.  This decision involves considerations such as t h e  frequency and 

duration of t he  re fue l ing  operations. Since it would be advantageous 

t o  avoid depressurizing t h e  system or even reducing t h e  power unless 

. 
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these moves make an important difference i n  t h e  costs  o r  hazards associated 

w i t h  t he  fuel-hahdling operat.ions, a t t en t ion  w a s  di rected primarily at a 

system f o r  refuel ing a t  power. 

a re  

1. 

2. 

3 .  

4.  

Four fundamental design precepts were adopted a t  t he  outset .  These 

as follows : 

t o  m a k e  t he  most of t he  p o s s i b i l i t i e s  of a pebble-bed reactor,  t he  
f u e l  flow should be downward through the  core, 

while dumping b a l l s  i n to  or  out of t h e  core i n  batches might be ad- 
vantageous, f o r  good control  of t he  reac tor  each b a l l  admitted t o  or  
removed from the  core should be counted, 

t h e  'system design should have t h e  grea tes t  possible r e l i a b i l i t y ,  

the  system must be maintainable, and a t  l e a s t  two d i f f e ren t  means must 
be avai lable  t o  cope w i t h '  jammed fuel b a l l s  anywhere i n  the  system. 

Sanderson & Porter  have developed some design precepts i n  the  course 

of t h e i r  invest igat ions of t he  general  cha rac t e r i s t i c s  of b a l l  flow from a 

reservoir  i n to  and through a dra in  tube, means f o r  s t a r t i n g  and stopping 

such flow, and the  r e l a t i v e  a x i a l  ve loc i t i e s  of balls through'cyl indrical  

cores as a function of t he  r a d i a l  posit ion.  The f i rs t  of these precepts 

i s  t h a t  uniformly s ized spheres flowing from a large-diameter reservoir  i n t o  

an e s sen t i a l ly  vertical,. .round, dra in  duct w i l l  occasionally bridge and cease 

t o  flow i f  the diameter of t h e  dra in  duct i s  less than f i v e  b a l l  diameters. 

I n  ac tua l  pract ice ,  t h e  drain-duct diameter should be made s l i g h t l y  l a rge r  

than exact ly  f ive  b a l l  diameters. B a l l s  flowing "single f i l e "  through a 

round duct w i l l  flow without jamming or locking f o r  duct diameters up t o  1 .7  

b a l l  diameters but may j a m  i n  ducts between 1.7 and 5 b a l l  diameters. .F ina l ly ,  

there  i s  no known way t o  converge from a f i v e  b a l l  diameter duct t o  "single 

f i l e "  flow of bal ls  without bridging and jamming of b a l l  flow unless a 

mechanical ag i t a t ing  device i s  used. 

F 

* 

Fuel-Discharge Svstem 

The Sanderson & Porter work on arrangements f o r  s t a r t i n g  and stopping 

b a l l  flow has been concerned primarily with t h e  bal l - removalport  at t h e  

e x i t  from t h e  reactor  core. 

valve w a s  a bulk unloader. The valve consisted of a re f rac tory  tube driven 

on i t s  v e r t i c a l  axis by a rack and pinion. In  the  upper pos i t ion  the  tube 

was above the  bottom grate,  and f u e l  elements were prevented from enter ing 

by a graphite o r  re f rac tory  conoid head over t he  unloading tube. 

The f i rs t  design conceit f o r  t he  unloading 

Apertures 
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around the bottom of t h i s  hood allowed fuel  elements t o  r i s e  t o  j u s t  below 

the  l e v e l  of the unloading valve i n  i t s  top  posit ion.  

valve was lowered, f u e l  elements ro l l ed  over i t s  upper r i m  and dropped 

through t h e  valve in to  a holdup vesse l  o r  discharge l i ne .  

As t he  unloading 

A model of t h i s  valve has been b u i l t  and operated and the  design 

The valve operates under pressure, pr inciples  have been demonstrated. 

s ince it i s  contained within the  reactor  vessel .  A da i ly  charge of fue l  

elements can be held up by discharge in to  a holdup vessel  and/or holding 

them i n  the  unloading valve. The valve was designed f o r  bulk unloading, 

but s ing le - f i l e  flow through a tube leading t o  a reprocessing or  storage 

c e l l  may be possible. It' i s  of simple design, but there  i s  a s l id ing  par t  

i n  t he  core. It can handle sound and broken elements and elements of 

mixed s izes .  

The second design concept of an udoading  valve w a s  a s t a r . p l a t e  

feeder a t  t h e  bottom of a tubular .extension of t h e  core. It w a s  designed 

t o  get  moving pa r t s  out of t h e  core and t o  de l iver  t h e  elements one a t  a 
t i m e ;  i .e . ,  i n  s ing le  f i le ,  t o  a tube leading t o  a reprocessing room. 

valve is a simple, s ingle-plate  star feeder incorporating a shutoff p l a t e  

above the  star wheel, making it possible, i n  a fu l l - sca l e  device, t o  shut 

off the flow of b a l l s  from t h e  bed and remove t h e  valve f o r  replacement. 

This 

A model of t h i s  valve has been b u i l t  and operated at  Sanderson & Porter. 

It has the  following charac te r i s t ics  : (1) The valve operates under pres- 

sure, since it is self-contained within t h e  reactor  system and is pressure- 

balanced. 

tube leading from t h e  core t o  the  valve, t h e  valve being external  t o  the  

reactor.  (3) Flow from the  valve is i n  s ing le  f i l e .  ( 4 )  The valve is  of 

r e l a t i v e l y  simple mechanical design.' There are no moving par t s  i n  t he  core 

and it can be removed from the  reactor.  ( 5 )  A s  presently designed, it w i l l  

(2 )  A da i ly  charge of fuel elements'can be held up i n  the  discharge 

5 

handle a s ingle-s ize  sound ba l l .  

The f e a s i b i l i t y  of a t h i r d  type of valve i s  being investigated t o  over- 

come t h e  deficiency of t he  star unloader with respect t o  i t s  i n a b i l i t y  t o  

handle broken and/or mixed-size f u e l  elements. This i s  a vibratory feeder, 

s i m i l a r  t o  a Syntron Ver t ica l  Vibratory Par t s  Feeder, which can be arranged 

as shown i n  Fig. 14.1. 
springs placed a t  an angle w i t h  respect t o  the  v e r t i c a l  axis. 

The feeder consis ts  of .a-bowl supported-bLheavy 

An external  
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force i s  impressed on the bowl by a rod driven through a diaphragm by means 

of an e l e c t r i c a l  magnet external  t o  the pressure vessel, which causes the  

bowl t o  o s c i l l a t e  a f e w  thousandths of an inch. The supporting springs are 
d is tor ted  by t h i s  action, Being set at  an angle, as described, they resist 

the  act ion and, on re turn  t o  t h e i r  o r ig ina l  posit ion,  c rea te  ro t a t ing  move- 

ment of the  bowl. This movement causes b a l l s  i n  t h e  bowl to-move s p i r a l l y  

outward and be discharged at  a su i tab le  spot on the  bowl r i m .  The r a t e  of 

feed can be adjusted by varying the  voltage t o  the  driver.  B a l l s  are fed 

in to  the  bowl d i r e c t l y  from the  core through a cent ra l ly  located-dis’kharge 

tube which terminates about one and one ha l f  b a l l  diameters above the  bowl. 

A .comerical  5-in. -bowl pa r t s  feeder (Syntron Model EB-00) has been pur- 

chased and used successfully at  Sanderson & Porter  w i t h  a flow model- handling 

3/16-in. 

mine t h e  

diameter 

ments t o  

operates 

bal ls .  
most f eas ib l e  design f o r  t h i s  application. 

equal t o  15 b a l l  diameters is  desired. 

date, t h e  system has t h e  following charac te r i s t ics  : 

under pressure, s ince it is self-containedhwiEhin the  system and i s  

Alternate bowls are being designed and constructed t o  deter-  

A bowl having an inside 

Based on s tudies  and experi- 

(1) The valve 

pressure-balanced. (2) Flow from t h e  valve is i n  s ing le  f i l e -  There a re  

no moving pa r t s  i n  t he  core and the=ctuating mechanism i s  external  t o  t he  

reactor,  (3) The valve w i l l  handle sound, broken, o r  mixed f i e 1  elements s o  

long as they w i l l  pass under t h e  feedpipe above the  bowl. 

The design study shown i n  Fig. 14.1 uses a bottom drive t o  avoid problems 

associated with thermal expansion of the  reac tor  pressure vessel, wh2ch would 

cause misalignment problems w i t h  a horizontal  drive.  The bowl, support springs, 

and dr ive rod are sealed within t h e  reactor  gas system. The dr ive rod, which 

can be any reasonable length, is  enclosed i n  a tube, t h e  lower end of which is 

f i t t e d  w i t h  a s t a in l e s s  steel, nonmagnetic cap surrounding a sof t - i ron plunger 

centered by a graphite bushing. Heat loss through the  tube would be - su f f i c i en t  

t o  reduce t h e  temperature a t  t h e  driving end t o  ambient. 

i s  completely external  t o  the  reactor  and can be made replaceable. 

The-magnetic dr iver  

The most serious disadvantages of these arrangements a re  t h e  la rge  in- 

ventory of spent fuel held up i n  t h e  drain duct, t h e  problems of cooling and 

shielding t h i s  column of fuel ,  t h e  indeterminate number of b a l l s  i n  t h e  t ray,  

t h e  ra ther  large-volume enclosures required (which would be a t  full system 

pressure), and t h e  la rge  amount of shielding required f o r  the  la rge  bal l  hold- 

up i n  the ducts and t rays .  



Whatever the  pa r t i cu la r  operational requirements of t he  system may 

be, r e l i a b i l i t y  and maintainabi l i ty  a re  the  s ine qua non of nuclear fue l -  

handling systems. I n  order t o  evaluate these  cha rac t e r i s t i c s  f o r  a 

typ ica l  system and t o  e s t ab l i sh  space requirements i n  the  f a c i l i t y  f o r  

maintenance operations, a new fuel-handling system has been conceived 

which shows promise of offer ing advantages over t h e  Sanderson & P o r t e r  

systems, while f i t t i n g  within the  space envelope that  t h e  l a t t e r  would 

require .  This f u e l  handling system i s  shown i n  Fig.  14.2 and i s  described 

below. While it i s  a concept ra ther  than a de ta i led  design, it does 

represent the end product of a se lec t ive  process which, f o r  t he  specif ic  

design and operational objectives established, places maximum emphasis 

on both r e l i a b i l i t y  and maintainabi l i ty .  Kdditional design objectives 

included elimination of the  hood over the  fue l - ex i t  port ,  minimization 

of the inventory of f u e l  b a l l s  re ta ined i n  the fuel-removal duct, 

provision f o r  one-at-a-time ba l l  en t ry  t o  the  removal duct, mild agi ta-  

t i o n  of t he  f u e l  bed i n  the  v i c i n i t y  of the  e x i t  port  during f u e l  removal, 

s implici ty  of mechanical design, provision f o r  use of a ball-flow-channel 

c lear ing  r a m  or  auger, and provision f o r  removal of the  e n t i r e  f u e l  

withdrawal mechanism and reactor  f u e l  charge i n  the  event of unforeseen 

d i f f i c u l t i e s .  

A s  mentioned above, every ball-removal system proposed t o  da te  

appears t o  require some mechanical motion a t  t h e  point of bal l  e x i t  

from the system. The arrangement developed i n  t h i s  study and presented 

i n  Fig.  14.2 provides f o r  a round b a l l  d ra in  duct from the  bottom center 

of t he  core s t ruc ture .  T h i s  duct has a diameter s l i g h t l y  grea te r  than 

f i v e  ball  diameters and i s  f i t t e d  w i t h  a round, graphite,  fuel-removal 

plug equal i n  height t o  the  bottom core support and r e f l e c t o r  s t ruc ture .  

The top  end of t h i s  fuel-removal plug i s  t o  be truncated at  an angle 

which can only be determined experimentally but which may be visual ized 

as roughly 65 deg from the  ax i s  of t h e  plug. When properly positioned 

i n  the duct, the  lowest point on the  incl ined top  surface of t h e  fue l -  

removal plug i s  t o  be at the  same elevat ion as the  adjacent in te rsec t ion  

r 
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of the  duct and core support s t ruc tu re .  The highest  point,  d iametr ical ly  

opposite, w i l l  extend possibly 3 i n .  o r  more above the  in t e r sec t ion  of 

t he  duct and core support s t ruc tu re .  J u s t  below this highest  point  

and i n  the cy l ind r i ca l  w a l l  of t h e  fuel-removal plug i s  a hole s ized 

and located t o  permit en t ry  of f u e l  b a l l s  i n t o  the  plug from the  core.  

Removal of f u e l  i s  accomplished by r e t r ac t ion  of a b a l l  cutoff  ga te  j u s t  

ins ide  the  b a l l  port  and by ro t a t ion  of the  fuel-removal plug. 

enter ing the  plug will be ducted down t h e  center  of t h e  v e r t i c a l  dr ive 

shaf t  which supports and dr ives  the  fuel-removal plug. 

t he  b a l l  cutoff  ga te  i s  questionable. 

one o r  two balls w i l l  be discharged from t h e  reac tor  after plug ro t a t ion  

i s  stopped. However, it i s  shown t o  emphasize t h e  need f o r  accurate, 

pos i t ive  control  of f u e l  movement i n t o  and out of t h e  reac tor .  

B a l l s  

The need f o r  

It i s  unl ikely t h a t  more than 

This concept obviates both the  hood and t h e  inventory of b a l l s  

outs ide the  core proper, provides f o r  "s ingle  f i l e "  flow of b a l l s  

through t h e  e x i t  duct, provides moderate ag i t a t ion  of t he  f u e l  b a l l  

bed adjacent t o  the  e x i t  port  during f u e l  removal, and requi res  what 

appear t o  be only simple mechanical motions. These are a l l  considered 

both real and important advantages of t he  proposed concept, but the  

claim of mechanical s implici ty  must be qua l i f ied .  The slow ro ta t ion  

of the fuel-removal plug and the .up-and-down motion of the ba l l  cutoff  

gate are indeed simple basic  motions, but  it must be expected t h a t  the  

design of t h e  ac tua l  mechanisms w i l l  become somewhat more complex than 

i s  implied by these descr ip t ive  pwases .  

d r ive  f o r  these  mechanisms i s  required.  Provisions f o r  use of a ball- 

flow-channel c lear ing  r a m  o r  auger and emergency removal of t h e  fue l -  

withdrawal system and t h e  reac tor  f u e l  charge are described as service- 

machine functions.  

Some elaborat ion upon the  

The dr ive  mechanism f o r  t h e  fuel-removal system i s  located outside 

t h e  b io logica l  sh ie ld  where it would be accessible  f o r  maintenance. The 

drive-system components may be i n s t a l l e d  outs ide the  pressure envelope 

t o  afford d i r e c t  access, o r  they may be t o t a l l y  enclosed within t h e  

pressure envelope, possibly by incorporation i n  the  sh ie ld  plug. The 

c 



.- 

.;. 

l a t t e r  arrangement i s  more desirable  f o r  t h i s  application, because it 

requires  no sealed rotating-shaft  penetrations of t h e  pressurized system. 

Helium leakage must be regarded as one of t he  major problems i n  the  

design of t h i s  plant ;  pressures and temperatures are high, and t h e  helium 

i s  contaminated. The proposed arrangement places motors, gears, bearings, 

switches, and other components i n  the  high-pressure helium system. The 

major portion of these components can be p a r t i a l l y  i so la ted  from the  

spent-fuel cooling-gas stream by sea l s  between the  dr ive housing and 

the  spent-fuel shaft. T h i s  i so l a t ion  w i l l  permit operation of the dr ive 

motors and most of t he ,o the r  dr ive  components a t  temperatures below the  

gas i n l e t  temperature t o  the  reactor .  

of gears and bearings and e l e c t r i c a l  breakdown i n  ionized helium. 

gears  and bearings w i l l  be required t o  operate e i ther  unlubricated or 

The major problems are lubr ica t ion  

Some 

with dry-film lubricat ion.  The horizontal  d r ive  shafts which car ry  the 

bevel gear and eccentr ic  cam follower f o r  operation of t h e  fuel-removal 

plug and b a l l  cutoff gate, respectively,  must be re t rac tab le  t o  permit 

removal of t he  fuel-removal plug. 

The f u e l  balls removed from the core are guided through the  hollow 

fuel-removal-plug dr ive  shaft and dropped on a spring-mounted v ibra tor -  

driven graphite anvil ,  from which they en ter  an incl ined tube which 

guides them past  a ball-counting and ball-flow cutoff device i n t o  a 

length of incl ined tube i so la ted  by two valves. 

balls i s  admitted in to  the chamber between the  two valves, w i t h  only 

t h e  upper valve open. 

i s  opened t o  de l iver  t he  b a l l s  i n t o  a v e r t i c a l  storage tube i n  a re -  

volving multi-chambered holding and cooling magazine. Each v e r t i c a l  

magazine tube i s  sized t o  accommodate t h e  number of f u e l  balls which 

can be t ransfer red  i n  one operation through the  valved gas lock. The 

lower valve i n  t h e  gas lock i s  the  extreme l i m i t  of the high-pressure 

helium system. 

be designed f o r  water jacket cooling of each storage tube, enclosed 

cooling with air  recirculated over t he  stored balls, or both. 

Acont ro l led  number of 

The upper valve i s  closed, and the  lower valve 

The magazine i s  t o  be at atmospheric pressure and could 

a 
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The valves i n  the  system must afford a ful l - f low cross sect ion t o  

pass f u e l  ba l l s ,  and e i t h e r  gate or b a l l  valves may be considered. The 

valve problems a r i s ing  from graphite dust  and chips may be expected t o  

be severe, and-a  valve development program w i l l  be required. Maximum 

use .must be made of double valving and bl ind cover flanges with clean 

helium buffer  gas between double gaskets t o  avoid leakage of contaminated 

gas, and a continuous helium-recovery system w i l l  be required t o  maintain 

leakoff volumes at  control led pressures. Fully enclosed valve actuators 

supplied with high-pressure helium as B buffer  gas should be used t o  

avoid leakage of contaminated gas around valve stems. 

B a l l s '  s tored i n  t h e  magazine may be removed by successive ro ta t ions  

of t he  individual storage tubes over t he  e x i t  port  and release of t h e  

la tches  t o  de l iver  t he  f u e l  b a l l s  t o  an enclosed mechanical inspection 

stage where they may be remotely viewed and delivered in to  shipping 

casks. The spent f u e l  i n  t r a n s i t  through t h e  removal system w i l l  require 

cooling. 

coolant envelope, and cooling with rec i rcu la ted  a i r  and by other means 

Helium cooling must be used f o r  t he  f u e l  within the  main reactor  

such as water-jacketed magazine tubes may be used. Details of t h e  coolant 

piping have not been developed, but a system of helium pipes, valves, and '' 

possibly f i l t e rs  and pumps w i l l  be required. 

The arrangement at  t h e  bottom of t h e  reac tor  provides a s ingle  

nozzle penetration of t he  reac tor  pressure-vessel head. For normal plant  

operation t h e  fuel-removal equipment is attached t o  t h e  lower end of the  

28-in.-diam nozzle where it emerges from t h e ' r e a c t o r  shield.  

fuel-removal equipment i s  designed f o r  remote operation. The shielding 

The proposed 

afforded by the  reactor  shield,  t h e  sh i e ld  plug i n  t h e  nozzle passage, 

and t h a t  around t h e  fuel-removal equipment should permit personnel 

access t o  the  fuel-removal.chamber d i r e c t l y  below the  reac tor  when no 

f u e l  b a l l s  are i n  t h e  discharge l i ne .  This requires  t h a t  t h e  shielding 

around t h a t  pa r t  of t he  fuel-removal equipment d i r ec t ly  under the  reactor  

pressure vessel  nozzle be removable t o  t h e  extent  necessary t o  permit 

removal of t h i s  port ion of t h e  equipment. This operation would be required 

t 
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only when t h e  reac tor  is  shut down and depressurized. 

f o r  two operations, i n  addi t ion t o  normal fuel removal, t h a t  can be car- 

r ied  out without removing the  fuel-removal equipment from the  nozzle: 

(1) introduction of a r a m  o r  auger t o  c l ea r  t h e  fuel-removal tube and (2)  
replacement of t h e  fuel-removal plug. 

be car r ied  out with t h e  reactor  shut down and depressurized and would be 

car r ied  out only i n  t h e  event of serious trouble.  

removal plug dr ive sha f t ' r equ i r e s  t h a t  it pa r t  i n to  an upper and lower 

section, t h e  lower sec t ion  t o  be removed and s tored  f i rs t  and then t h e  

upper section. This would be followed by t h e  fuel charge if %hat were 

s t i l l  in  the  reactor.  The fuel-removal plug would be loweredun t i l  it 
admitted fuel i n t o  t h e  inclined fuel-removal system., I$&&ht qrove 

desirable e i t h e r  t o  provide a device f o r  breaking up b a l l  aggregates t o  

insure removal or t o  replace t h e  small-diameter incl ined ball-removal 

tube w i t h  a l a rge r  duct f o r  t h i s  operation. The de ta i led  design of these 

devices must be undertaken before such a system can be evaluated. 

The design provides 

These two operations would only 

The length of t he  fue l -  , 

T 

It i s  evident t h a t  both t h e  mechanisms and the  rooms within whieh 

To t h i s  they a re  operated must be designed t o  permit decontamination. 

end, t h e  spent-fuel-handling rooms are t o  be l i ned  w i t h  mild-stee3 sheet 

painted w i t h  a chemically r e s i s t a n t  paint. Floor drains, equipment con- 

nections, solut ion and drain tanks, pipes, valves, pumps, and other 

appurtenances f o r  decontamination w i l l  be required. 

Fuel-Loading System 

The fuel-loading system for a pebble-bed reactor  might be -a  simple 

feed hopper connected t o  the  reactor  core by a valved b a l l  duct. 

loading operation were t o  be car r ied  out a t  power, control  considerations 

indicate  t h a t  the  core should be kept f u l l  at  a l l  t i m e s .  If a spent b a l l  

i s  removed from t h e  bottom, it should be replaced by a f resh  ball at-  t h e  

I f - the  

' top.  One way t o  assure t h i s  i s  t o  employ a b a l l  feed device capable of 

pushing f resh  fuel b a l l s  i n t o  t h e  core. 

at f u l l  power with an upward coolant flow through the reactor  su f f i c i en t  

This would a l so  permit refuel ing 



t o  r a i s e  the  f u e l  bed f i rmly against  t he  t o p  g r i d  s t ruc ture .  One possi-  . 

b i l i t y  i s  the  screw feed device shown i n  F ig .  5 .1 .  Another arrangement 

suggested i s  based upon gravi ty  de l ivery  of b a l l s  t o  a fuel-loading 

plug located a t  the  t o p  of t he  core.  

aligned w i t h  a plunger which would be ac t iva ted  t o  dr ive  the b a l l  down 

i n t o  the  core .  E i ther  t h i s  device or t he  screw feeder would be designed 

t o  "stall" when the  core became f u l l  t o  prevent admission of addi t iona l  

b a l l s .  The s t a l l i n g  ac t ion  would )provide a means of determining when 

the  core i s  f u l l .  

Within t h i s  plug, a bal l  could be 

The e f f e c t s  of a forced-feed device on ball  "ratcheting" 
and the  resu l t ing  s t r e s ses  i n  the  graphi te  sleeve containing the  b a l l  ,- 

bed can be determined only from experiments. 

The problems of del iver ing new f u e l  balls i n t o  the  feed system from 

a magazine include those of valving, shielding, helium leakage, and space 

a l loca t ion .  A t  t h e  feeding device j u s t  above the  core, there  appear t o  

be addi t ional  problems. Some means should be provided t o  ind ica te  that  

each b a l l  introduced i n t o  the  feed system ac tua l ly  en ters  t he  core.  I f  

b a l l s  a r e  introduced one at a time, t he  force feeder t r a v e l  or actuat ing 

torque might provide t h i s  information. T h i s  method, while it might 

provide the  required operating information, requires  one operation of 

t he  gas-lock valves f o r  each b a l l  fed.  The arrangement could be improved 

by providing a magazine loaded w i t h  new f u e l  balls from which individual  

balls could be released t o  the force feeder .  Introduction of the  loaded 

magazine i n t o  t h e  reac tor  pressure system would obviate the  requirement 

f o r  operation of the  gas-lock system f o r  each f u e l  b a l l  admitted and yet  

would permtt recovery of a l l  new f u e l  balls i n  t h e  magazine not delivered 

t o  the  core.  

The arrangements required at t h e  t o p  of t he  reac tor  f o r  a ball-feed 

mechanism operated by a ro ta ry  shaf t  include a s ingle  c e n t r a l  point of 

b a l l  en t ry  without spec ia l  provisions f o r  equal ba l l  d i s t r i b u t i o n  t o  a l l  

quadrants. The fuel.-feed system would f i t  within a cy l ind r i ca l  envelope 

concentric with the  reactor  core and extending upward from t h e  t o p  of 

the core through the  upper plenum, the  sh ie ld  plug, and t h e  t o p  nozzle 
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closure t o  a magazine and dr ive system at  the  top. A space al locat ion 

problem involving the  control-rod and fuel-feed systems will require  

carefu l  attentJon. 

.r 
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15. S E R V I C I N G  EQUIPMENT AND PROCEDURES 

The advantages of all-ceramic gas-cooled reac tors  have been recog- 

nized from the time of the  Manhattan pro jec t .  

t h i s  type of system has always been that pa r t i cu la t e  a c t i v i t y  i n  the 

form of f i n e  dust would present d i f f i c u l t  maintenance problems. 

one of the best  measures of the effect iveness  of a reactor  t e s t  f a c i l i t y  

i s  the r a t i o  of operating time t o  down time f o r  inspection, maintena,nce, 

or system modification, great  care w a s  taken i n  the design of the PERE 

f a c i l i t y  t o  provide adequate space and equipment t o  carry out these 
operations expeditiously.  Although the fue l -ba l l  development program 

is being directed toward a high degree of fission-fragment re ten t ion  

and may produce f u e l  w i t h  very low fission-product eseape r a t e s ,  it 
w a s  though bes t  t o  design fo r  a much more serious contamination leve l .  

This approach seemed pa r t i cu la r ly  i n  order s ince it may prove necessary 

A major objection t o  

Since 

1 

I t o  cope with some unforeseen accident which could contaminate the system 

t o  a very much higher l e v e l  than would ord inar i ly  prevai l .  

The amount of pa r t i cu la t e  a c t i v i t y  t o  be expected i n  an all-ceramic 

gas-cooled reac tor  presents one of the grea tes t  uncertaint ies  i n  the 

design. 

bypassed through a cleanup system, which should remove most of the  re- 

ac t ive  vo la t i l e s  and par t icu la te  matter and much of the r a re  gas'from 

the  bypass stream. 

of the reactor ,  which should take out pa r t i cu la t e  matter down t o  0.3 p, 

should keep the l e v e l  of par t icu la te  a c t i v i t y  throughout the system t o  

as low a value as it i s  pract icable  t o  obtain w i t h  any given f u e l  ele- 

ment design. 

a c t i v i t y  i n  the main gas system w i l l  tend t o  adhere t o  the walls o r  t o  
what extent  it may be present i n  the form of a f i n e  dust  t ha t  would 

co l l ec t  i n  crevices and would become airborne upon withdrawal of such 

items as a sh ie ld  plug. 

In  the system proposed, 1% of the main system gas flow w i l l  be 

T h i s ,  coupled w i t h  the ful l - f low f i l t e r  a t  the top 

It i s  d i f f i c u l t  t o  pred ic t  t o  w h a t  extent  the remaining 

While experience w i t h  the  aqueous homogeneous. 

reac tor  indicates  that the a c t i v i t y  i s  firmly plated out on the w a l l s  

i n  that system, and while the amount of a c t i v i t y  t o  be expected i n  the 

PBRE is  down by orders of magnitude from that i n  an aqueous homogeneous 
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reac tor ,  it i s  i n k h e  nature of the gas-cooled ceramic-fuel system t h a t  

much of the a c t i v i t y  may tend t o  condense out  i n  the form of f locculant  

snowflake-like dust  p a r t i c l e s  i n  the submicron s i z e  range. . 

Design Precepts 

On the basis  of the considerations out l ined above, a number of de- 

s ign precepts were adopted as a guide i n  the preparation of the pre- 

liminary design of the core servicing equipment and space requirements. 

While some of these may seem a rb i t r a ry ,  they indicate  the bases on 

which the f a c i l i t y  design w a s  developed: 

1. A l l  core servicing operations,  exclusive of normal f u e l  trans- 

f e r ,  w i l l  be car r ied  out with the reactor  shut down and depressurized. 

2 .  Access t o  the r eac to r , co re  w i l l  be provided through v e r t i c a l  

nozzles concentric with the core i n  boLh the  top and bottom heads of 

the reactor  vessel .  These nozzles w i l l  be s ized t o  accommodate the 

graphite core l i n i n g  s leeves.  

3. The basic service machine functions w i l l  be removal and 

replacement of the f u e l  dra in  system and core components. 

functions exclude normal f u e l  t r ans fe r  operations.  ) 

(These 

4 .  A l l  mechanisms, piping, and other  equipment exposed t o  par- 

t i c u l a t e  a c t i v i t y  o r  other  sources of contamination w i l l  be arranged 

t o  confine t h i s  a c t i v i t y  within the smallest  reasonable perimeter and 

t o  permit i t s  removal by decontamination processes.  A s  a fu r the r  

precaution, the main servicing and f u e l  storage rooms w i l l  be s t e e l  

l i ned  and painted with a chemically r e s i s t a n t  pa in t  t o  permit de- 

contamination i n  the event of an a c t i v i t y  re lease  from fuel-handling 

or servicing equipment. 

5 .  The design of the servicing equipment w i l l ,  t o  the f u l l e s t  

extent  possible,  provide f o r  removal of core components i n t o  metal con- 

t a ine r s  which can be f u l l y  enclosed and sealed and w i l l  minimize operations 

I" 

which permit d i r e c t  communication between in t e rna l  reac tor  system sur- 

faces  and the atmosphere unless the region has been hydraul ical ly  i so la ted  

i 
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and decontaminated. 

bags o r  boots i s  intended when an operat ional  s t ep  requires  breaking 

F u l l  use of purging and enclosure w i t h  p l a s t i c  

a connection p r i o r  t o  making up the j o i n t  t o  a t r ans fe r  container.  

6. Free personnel access t o  the fuel-removal and core-servicing 

area w i l l  be provided except during operation of the service machine 

t o  remove badly contaminated components 

f o r  emergency en t ry  i n t o  t h i s  area,  with temporary shielding, during 

such operations. The service machine is t o  be capable of remote 

operation, and the option of shielding the containment sleeves t o  

permit personnel en t ry  when they contain an i r r ad ia t ed  core component 

may be exercised. 

The 'design should provide 

7 .  The bulk of the servicing operations w i l l  be car r ied  out frm 

the bottom of the reac tor  where the lower access tube opens in to  the 

m a i n  servicing area, which w i l l  %e designed so that it can be used as 

a hot c e l l .  

8.  Servicing operations i n  the reac tor  w i l l  be confined insofar 

as possible t o  inspection or t o  inser t ion  or removal of subassemblies 

which can be i n s t a l l e d  and locked i n  place by a simple operation, such 

as inse r t ing  and twisting, as i n  the case of r i f l e  bo l t s ,  gun brqeches:, 

or  baymet j o i n t s ,  (This requires  that the design of both the core 

and the servicing equipment proceed concurrently w i t h  much feedback 

from one t o  the other . )  

9 .  Operations within the reac tor  w i l l  be designed t o  c rea te  a 

minimum of dust ,  i e e o ,  there w i l l  be no sawing, ba t te r ing ,  or crushing 

if such can be avoided. 

10. A ram w i l l  be provided beneath the lower access tube t o  

f a c i l i t a t e  inser t ion  or  removal of the shield plug, the graphite sleeves,  

or  other  i t e m s ,  including elements of the f ie l -discharge system. 

11. A mobile remote-handling machine, such a s  a Mobot (Fig. 15.1) 

should be provided i n  the main service area so that the  room can be 

used as  a hot c e l l .  
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PHOTO 51927 

I' Mark I 

Fig. 15.1. Mobile Remote-Handling Machine - MOBcrP Mark I. (Photograph reproduced from 
sales brochure of Hughes Aircraft Company. 
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Servicing Equipment 

Careful s tud ies  of problems of reac tor  servicing i n  connection 

with both the EGCR and advanced gas-cooled reactors ,  pa r t i cu la r ly  the 

Be0 reactor  described i n  ORNL-2767 (ref.  1)) have shown t h a t  the major 

servicing operations a re  best car r ied  out with a v e r t i c a l  ram driven 

by r o l l e r  chains car r ied  on sprockets. Such a ram can be b u i l t  w i t h  

two independent s e t s  of chains supporting it, and these can be designed 

t o  operate a t  a small f r ac t ion  of t h e i r  capacity so  t h a t  a high degree 

of re l iab i l i ty  can be assured. 

Because of the sh ie ld  thickness and the clearances required during 

construction, both around and within the reactor ,  it is  d i f f i c u l t  t o  

reduce the distance between the sh ie ld  face and the reac tor  r e f l ec to r  

face t o  l e s s  than about 14 f t .  

expansion between the reactor  vessel  and the concrete makes the precise  

loca t ion  of heavy equipment outside the sh ie ld  r e l a t i v e  t o  components 

A t  the same time, d i f f e r e n t i a l  thermal 

within the reactor  somewhat uncertain.  The d i f f i c u l t y  is  compounded 

by def lect ions if  a bending moment is  imposed on the  arm or  ram used 

t o  enter  the reac tor .  

by the use of d i r e c t  v e r t i c a l  access tubes. It should be noted that an 

a r m  or ram gives the operator pos i t ive  control  of the posit ioning of h i s  

grapple or other device, so that, while it is more complex, it i$much 

more ve r sa t i l e  than a u n i t  suspended from a cable.  

Such a bending moment can be'minimized or avoided 

Remote-handling equipment is  required i n  the main service a rea  so 

that it can be used as a hot c e l l .  This equipment should be mobile, 

and should be suitable f o r  moving the carr iages  required f o r  casks, 

spec ia l  servicing heads f o r  the ram, e tc .  Several  such devices are 

avai lable .  One of them, the Mobot, is  a remote-handling machine mounted 

on a l i f t - t r u c k  chassis (Fig. 15.1). The basic piece of equipment makes 

use of two arm-and-hand manipulators mounted on shoulders which can be 

ra i sed  and lowered on the  l i f t  truck. Also provided are two TV cameras 

'"GCR Quar. Prog. Rep. June 30, 1959," ORNL-2767, p. 6 .  , 

a- 



which can be turned i n  almost any d i rec t ion  independently of each other .  

The Mobot i s  coupled by a long t r i a x i a l  cable t o  a reel, probably mounted 

well  above the f l o o r .  The t r i a x i a l  cable serves both t o  provide power 

through transformers and r e c t i f i e r s  and t o  transmit information from the 

instruments and the TV cameras. The operator would be a t  a control  panel 

supplied w i t h  two TV screens and the necessary controls  and instrumentation 

f o r  moving the Mobot about and carrying out  manipulations. 

Special  long-handled too ls  and other equipment would be required 

f o r  servicing the blowers, the control  rods and dr ives ,  and other i t e m s .  

This equipment would include a remotely operable ho i s t  i n  the la rge  tank 

mounted over the reac tor  around the, control-rod dr ives .  A Mobot could 

be moved from the hot c e l l  t o  t h i s  enclosure t o  provide for remote 

handling of equipment when needed. 

Servicing Operat ions 

While f i r m  designs w i l l  require  much study t o  develop, some idea 

of the equipment requirements is  given by reviewing some typ ica l  servicing 

operations.  The basic arrangement of the service machine area has been 

presented i n  Figs.  6.3, 6.5, and 14.2. The fuel-removal equipment is 

shown ins t a l l ed  a t  the bottom of the reactor  vesse l  nozzle i n  the main 

service room w i t h  the top of the service machine i n  the floor of t h i s  

room. Two s izes  of containment sleeves are dot ted i n  place i n  Fig.  

14.2: a large-diameter sleeve between the service machine floor nozzle 

and the bottom of the reactor  nozzle and a small sleeve between the 

service-machine f loo r  nozzle and the bottom of the valve a t  the base 

of the fuel-removal column. The f l o o r  nozzle can be r i g i d l y  attached 

t o  the f loo r  s t ruc ture  and i s  shown with a bellows seal a t  floor l e v e l  

t o  indicate leak t ight  cont inui ty  with the s t e e l  l i n ing  of the room. 
The service machine is located below the f l o o r  i n  a v e r t i c a l  tank. 

This tank would not be designed for system pressure and would only be 

required t o  contain. helium and/or air  a t  pressures below 15 ps ig  and 

a t  temperatures below" 150°F. The basic mechanism within the service 

machine i s  a ram capable of e levat ion through a sleeve i n t o  the reactor  

core. 

-4 
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. 

The small-diameter containment sleeve has been shown t o  suggest 

one method f o r  introducing a f u e l  dra in  tube c lear ing  ram or auger and 

f o r  lowering the fuel-removal plug t o  w i t h d r a w  the reac tor  f u e l  charge 

i n  the event of an emergency such as f u e l  balls s in t e r ing  in to  c lus t e r s .  

Such an operation might be car r ied  out with a fuel-drain-tube clear ing 

ram mounted within the service machine. The valve a t  the bottom of the 

fuel-removal column would permit attachment and use of t h i s  t o o l  follow- 

ing reactor  shutdown and depressurization. A n  a l t e rna te  design based 

upon a f l ex ib l e  or a r t i cu la t ed  ram should be studied. 

could be mounted within a separate vesse l  i n  the fuel-storage room 

ra the r  than i n  the service machine. This would have the advantages of 

simplifying the service machine design and catching any f u e l  pa r t i c l e s  

removed during the clear ing operation i n  a smaller and more readi ly  

decontaminated container.  

erable .  If, as i n  Fig.  6.3, the service machine is track-mounted t o  

permit movement t o  a posi t ion under the  ce i l i ng  hatches f o r  servicing 

by the high-bay crane, the drain-tube clear ing ram might be mounted 

beside the service machine i n  a separate vessel .  

Such a device 

S t i l l  other arrangements may be found pref- 

The withdrawal of the fuel-removal plug t o  clean out  fragments 

from the graphite sleeves or fused-fuel-ball c lu s t e r s  would require 

that the service machine ram be ra i sed  through a containment sleeve and 

through the valve a t  the base of the fuel-removal column t o  engage the 

combined bayonet lock and thrust-bearing assembly immediately above 

the f l a r ed  b a l l  e x i t  po r t  a t  the bottom of the dra in  tube. 

t r ac t ing  the two dr ive shafts in to  the fuel-removal plug drive housing, 

the fuel-removal plug could be lowered t o  bring the top surface of the 

plug opposite the entrance t o  the inclined fuel-removal tube. A device 

f o r  breaking up b a l l  c lus t e r s  or graphite fragments could be introduced 

t o  replace the spring-mounted anvi l ,  and the design could permit a t tach-  

ment of a larger-diameter inclined fuel-removal tube which would bypass 

the magazine and inspection table and del iver  f u e l  d i r e c t l y  in to  a cask. 

The great length of the fuel-removal plug assembly might require  t h a t  

it be lowered i n  sect ions ra ther  than a l l  i n  one operation, a s  described 

After r e -  
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above. 

represent one of the more d i f f i c u l t  design problems. 

T h i s  provision requires  development of design de ta i l  and would 

The functions of the service machine would include removal of the 

reactor-nozzle sh ie ld  plug, the bottom core-support g r id  s t ruc ture ,  and 

the graphite core-lining sleeves.  For each of these operations the 

reactor  system would have t o  be shut down and depressurized and the 

fuel-removal column withdrawn. The f i r s t  s teps  f o r  these operations 

would be removal of f u e l  from the reac tor  and w i t h d r a w a l  of the fue l -  

removal plug as described above. Following t h i s ,  the fuel-removal 

column, consisting of the fuel-removal-plug dr ive assembly, the housing 

f o r  the graphite anvi l ,  the valve, and a sect ion of incl ined spent-fuel 

duct, would be removed. Since no valve closure has been shown a t  the 

lower end of the reac tor  nozzle, t h i s  operation would require  the use 

of p l a s t i c  boots t o  contain pa r t i cu la t e  a c t i v i t y  while coupling the 

large-diameter containment sleeve. No  valve w a s  shown because of the 

large s i ze  of t h i s  opening and i ts  exposure t o  f u l l  reac tor  system 

pressure.  

In removing the sh ie ld  plug, a p l a s t i c  bag would be telescoped 

i n  accordion s t y l e  and positioned over the  access flange where it would 

be secured by hoops which would clamp it t b  cy l ind r i ca l  surfaces  pro- 

vided f o r  the purpose. The shield-plug-removal head would be posit ioned 

over the ram. The ram would be engaged t o  the head and secured with a 

simple locking device which could be operated by the Mobot, and the ram 

and shield-plug-removal head would be r a i sed  and engaged w i t h  the a t tach-  

ing device provided a t  the  sh ie ld  plug. The sh ie ld  plug would be broken 

f r ee  w i t h  an impact-wrench device incorporated i n  the shield-plug-removal 

head, ro ta ted  with the ram t o  disengage it from the breechdlock type of 

. j o i n t  provided i n  the access tube, and lowered t o  the shield-plug- 

removal head carriage,  which would rest on the  f loo r .  

p l a s t i c  bag would be pinched off above the sh ie ld  plug and sealed with 

a hot ironing device manipulated by the Mobot. 

then be cut,  probably i n  the sea l ing  operation, along the sealed seam. 

The sh ie ld  plug would then be moved t o  a convenient spot i n  the hot 

The extended 

The p l a s t i c  bag would 

-.. 

t 
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c e l l  and another service head mounted on the ram f o r  the next operation. 

The Mobot would be used as a locomotive t o  d r a w  the carr iage carrying 

the shield plug and shield-plug-removal head. 

Cost Estimates 

Rough estimates of the cos t  of the various items of equipment fo r  

the servicing procedures outlined above are as follows: 

.' . 

Service machine $250 000 

Mob0 t '80 000 

S tee l  w a l l  l i n ing  (10 000 f t 2 )  30 000 

Remotely operable ho i s t  50 000 
Long-handled too ls  and spec ia l  
devices 50 000 

Lead casks and storage containers 
f o r  contaminated material 100 000 

Decontaminating equipment 

To t a l  

20 000 

$580 000 

The cost  of the servicing equipment appears t o  be reasonable when 

compared w i t h  the cos t  of the service machine equipment f o r  the EGCR, 

which was designed f o r  operation a t  high power. 

A review of the p lan t  layouts presented i n  Chapter 6 indicates  

that an appreciable p a r t  of the cos t  of the f a c i l i t y  should be charged 

t o  the service machine. The greater part of t h i s  stems from the pro- 

vis ions made f o r  the ram beneath the  lower reactor  access tube. A 

chain-driven ram of the s o r t  described w i l l  require  about 40 f t  of 

v e r t i c a l  height below the hot -ce l l  f l oo r .  

Chapter 6, t h i s  ram is mounted on a carriage which would t raverse  a 

canyon below the hot c e l l .  

removal of the ram and i ts  dr ive mechanism f o r  servicing,  

estimates indicate  that  the  extension of the containment s h e l l  and 

concrete foundation t o  the ex t ra  depth required f o r  t h i s  ram w i l l  add 

In the layouts presented i n  

This arrangement w a s  chosen t o  f a c i l i t a t e  

Preliminary 



15.10 

around $300 000 t o  the cos t  of the f a c i l i t y ,  a large pr ice  t o  pay f o r  
easy maintenance of the ram and dr ive assembly. 

the servicing functions indicates  that the  ram would be extremely 

valuable and would probably j u s t i f y  t h i s  $300 000 added cos t  f o r  the 

' f a c i l i t y .  However, the r e l i a b i l i t y  of the ram drive mechanism seems 

A carefu l  review of 

su f f i c i en t ly  high t h a t  a less generous a l loca t ion  of space f o r  servicing 

it should be acceptable. An obvious a l t e rna t ive  i s  t o  loca te  the  ram 

and i t s  drive mechanism i n  a w e l l  perhaps 1 2  f t  i n  in t e rna l  diameter, 

s ince it appears t h a t  the  e n t i r e  assembly could be kept within a diameter 

of 4 f t .  

su f f i c i en t ly  decontaminated so t h a t  d i r e c t  personnel access would be 

acceptable. 

r igging operations i n  the unl ikely event t h a t  the servicing could not 

be car r ied  out i n  s i t u .  To f a c i l i t a t e  t h i s  operation, the 12-ft-diam 

w e l l  could terminate a t  the bottom of the containment vesse l  as shown 

i n  Fig. 21.1.  Above t h i s  l e v e l  a canyon perhaps 30 f t  long by 15 f t  

wide could be provided t o  extend out i n to  the hot c e l l .  Floor slabs 

and s t e e l  sheets over t h i s  canyon would have to .be  removed if  the  

ram and dr ive assembly were t o  be removed f o r  servicing. 

seems l i k e l y  t h a t  a l l  the servicing operations could be car r ied  out  i n  

s i t u  during the l i f e  of the f a c i l i t y ,  since the  number of hours of ' 

operation required of the ram drive assembly would be relatively s m a l l  

i n  the l i f e  of the p lan t .  

This would require t h a t  the ram and surrounding room be 

The mechanism could then be removed by conventional 

However, it 

The most important shortcoming of t h i s  approach i s  that  it would 

require good decontamination of the hot c e l l  before servicing work could 

be car r ied  out on the ram dr ive assembly. This contingency seems t o  be 

a s m a l l  and qui te  reasonable pr ice  t o  pay f o r  a marked reduction i n  the 

cos t  of the  f a c i l i t y .  

Another approach tha t  deserves invest igat ion i s  t o  shorten the 

length of the ram and drive assembly by using a telescoping b a l l  jack 

screw, In a plant  appl icat ion requir ing ram ent ry  in to  the : reac tor  

system a t  power, t h i s  type of mechanism would become complex because 

a l l  the grappling, locking, and other motions required a t  the ram head 

8 

h 
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would be transmitted up the telescoping ram sect ions from drive motors 

down i n  or near the service machine. The core servicing functions of 

t h i s  service machine and ram would be car r ied  out  w i t h  the reactor  shut 

down and depressurized, which might permit i n s t a l l a t i o n  of pneumatic 

or e l e c t r i c  actuators  near the  ram head and hence reduce the complexity 

of the telescoping ram s t ruc ture .  
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16. HELIUM PURIFICATION SYSTEM 

I- 

s-. , 

The pur i f ica t ion  system f o r  the helium coolant includes provisions 

f o r  removing gaseous and par t icu la te  impurities, both radioat ive and 

nonradioactive. A sidestream of helium i s  withdrawn from the c i rcu la t ing  

loop a t  the discharge of one of the helium compressors, and it re-enters  

the main stream a t  the  compressor suction, thus taking advantage of the 

pressure r i s e  through the compressor t o  drive the gas through the cleanup 

system. 

s iz ing  the cleanup system, it w a s  assumed tha t  the surface available f o r  

graphite oxidation by impurities i n  the helium w a s  e s sen t i a l ly  t h a t  of 

The sidestream flow i s  about l$ of the main coolant flow. In 

the core w a l l  and t h a t  the t o t a l  amount of graphite which could be allowed 

t o  burn up i n  a two-year period of 300 operating days per year w a s  I$ 
of the t o t a l  amount, exclusive of the f u e l  spheres. This i s  equivalent 

t o  about 700 l b  of carbon. The maximum allowable inleakage of water 

from the main coolant heat exchanger w a s  assumed t o  be 0 .1  lb/day. 

pur i f ica t ion  system consis ts  of a fission-product delay t rap ,  a chemical 

pur i f ica t ion  t r a i n ,  and pa r t i c l e  f i l t e r s .  

The 

System Components 

Fission-Product Delay Trap 

The fission-product delay t r a p  consis ts  of charcoal which e i the r  

removes or simply delays the iodine, xenon, and krypton. The iodine i s  

e s sen t i a l ly  i r revers ib ly  removed by the charcoal,' and krypton and xenon 

w i l l  be delayed as they pass through the t r a p  a s  a r e s u l t  of dynamic 

adsorption of the gases by the charcoal.2 

Chemical Pur i f ica t ion  T r a i n  

The nonradioactive gaseous Contaminants of i n t e r e s t  a re  carbon 

monoxide, hydrogen, hydrocarbons, carbon dioxide, and t races  of water. 

. 'R, E ,  Adams and I;. E .  Browning, Jr . , "Removal of Radioiodine from 
A i r  Streams by Activated Charcoal," ORNL-2872 (1960). 

21?. E .  Brd*miX, R .  E .  Adams, and R .  D .  Ackley, "Removal of Fiss ion 
Product Gases from Reactor OPf-Gas Streams by Adsorption," ORNL CF-59-6-47 
(1959),  
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A l l  oxidizable gases are converted t o  carbon dioxide and water, and.then 

the carbon dioxide and water are removed by sorption processes. C,opper 
oxide i s  used a s  the oxidizing agent, since e a r l y  experimpntal work 

indicated t h a t  it precludes the poss ib i l i t y  of ge t t ing  oyygen con- 

tamination in to  the pur i f ied  gas.3 

Pa r t i c l e  F i l t e r s  

Par t icu la te  matter i s  removed from the coolant stream by high- 

temperature f i l t e rs  i n  the main coolant stream and by a low-temperature 

f i l t e r  i n  the pur i f ica t ion  sidestream. The f i l t e r  i n  the pur i f ica t ion  

system i s  downstream from a l l  other components t o  pro tec t  the main 

stream coolant from so l ids  generated by a t t r i t i o n  i n  the  pur i f ica t ion  

process. 

Although there  are no experimental data  d i r e c t l y  applicable t o  the 

PBRE operating conditions, the maximum carbon dioxide contamination 

l e v e l  i n  the coolant can be estimated on a very conservative basis by 

assuming that a l l  moisture and carbon monoxide r eac t s  with the graphite 

t o  form carbon dioxide. It is  known that  carbon dioxide w i l l  r e a c t  

with graphite t o  form carbon monoxide, and if t h i s  reac t ion  is  revers ib le  

a t  the lower temperatures encountered a t  the cool end of the heat  ex- 

changer, there  w i l l  be a cycl ic  mass transport  of carbon from the  graph- 

i t e  t o  the r e l a t i v e l y  cool pa r t s  of the system which w i l l  continue 

s t ead i ly  during reactor  operation. The rate a t  which t h i s  chemical 

a t tack  on the graphite w i l l  occur i s  not w e l l  kqown, but it is  believed 

t h a t  mass t ransport  through the porous so l ids  a t  an intermediate tempera- 

t u re  and mass t ransport  of the reac t ing  gas and carbon dioxide across 

the r e l a t ive ly  stagnant gas f i lm  between so l id  surfaces and the main 

gas stream are probably the control l ing mechanisms. Assuming t h a t  the 

control  of the carbon-carbon dioxide reac t ion  i s  by mass t r ans fe r  of 

the carbon dioxide through the gas fi lm, it is  possible t o  calculate  

the  equilibrium concentration of carbon dioxide which corresponds t o  

the graphite loss rate of 700 l b  i n  two operating years.  T h i s  

3C. D.  Scott ,  "Oxidation of Hydrogen and Carbon Monoxide i n  H e l i u m  
I. by Use of CuO. Preliminary Results,  I' ORNL CF-60-7-26 (1960). 

i- 
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concentration comes out  t o  be about 20 ppm by volume, assuming t h a t  the 

carbon dioxide concentration leaving the pu r i f i ca t ion  t r a i n  i s  s e t  a t  

30% of the t o t a l  sidestream flow. The remaining 70% of the flow w i l l  

go d i r e c t l y  t o  the  fission-product delay t rap ,  thus allowing separate  

and independent use of e i t h e r  or both pu r i f i ca t ion  sect-ions .4 -8  

System Flowsheet 

A flowsheet of the  proposed system is  shown i n  Fig.  16.1.  The 

helium sidestream is s p l i t ,  and the grea te r  p a r t  of the flow goes t o  

a gas cooler, where the temperature i s  reduced t o  about 85°F before 

admission t o  the charcoal fission-product delay t r a p .  The gas cooler 

cons is t s  of a double-pipe heat exchanger with a water-cooled 

longi tudina l ly  finned inner tube (1.5 in .  i . d . ,  24-20 BWG, 0.5-in. f i n s )  

ins ide  of a 3-in.-IPS pipe. 

r i s e  from 75 t o  150°F. The t o t a l  length of t he  heat  exchanger i s  60 f t .  

The s i z e  of the delay t r a p  w a s  a r b i t r a r i l y  chosen t o  provide an average 

The temperature of the water i s  assumed t o  

r e t en t ion  time of 30 min f o r  krypton and 6 hr f o r  xenon and t o  remove 

99.9% of the  iodine.  

packed with 405 l b  of charcoal (packing density 31.2 l b / f t 3 )  s a t i s f i e s  

the design spec i f ica t ions  f o r  operation a t  100 p s i .  

temperature i s  about 85"F, and the  pressure drop i s  estimated t o  be 3 

A t r a p  consisting of 65 f t  of 6-in.-diam pipe 

The operating 

. p s i .  The estimated e f fec t iveness  of the  t r a p  i n  reducing the amount 

of the  various gaseous isotopes i n  themain gas:system is indicated i n  

Table 16.1. 

4 J .  E .  A n t i l l  and K .  A .  Peakall, "Coolant Pu r i ty  i n  the HTGCR," 
AERE-R-3070 (1959).  

5D. D .  Eley, P. W .  Selwood, and P. B. Weisz (eds . ) ,  "Advances i n  
Catalysis and Related Subjects," Vol. X I ,  p .  133-221, Academic Press, 
New York (1959 ) . 

2, p. 1 9 3 9  (1955). 

Prog., Vol. 50, No. 9, p .  46&6 (1954). 

f i c a t i o n  System f o r  the  Proposed Pebble-Bed Reactor Experiment," ORNL 
CF-'60-10-31 ( t o  be i ssued) .  

6D. A .  Plautz and H. F.  Johnstone, A.1.Ch.E. Journal, Vol. 1, No. 

7C. N. Sca t t e r f i e ld ,  H.  Resnick, and R .  L. Wentworth, Chem. Eng. 

8B. C .  .Finney,. J .  C .  Suddath, and C .  D .  Scot t ,  "The Helium Puri-  
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Table 16.1. Estimated Decontamination Factors f o r  the Fission- 
Product Delay Trap 

Loop Act ivi ty  Loop Act ivi ty  
Without With Decontamination 

-if ica t ion  Pur i f ica t ion  Factor Isotope H a l f - L i f e  

(cur ies  ) (cur ies  ) 

10.3 yr 
78 m 
2.77 hr  
12 d 
2.3 d 
5.27 d 
9.13 hr 
8.05 d 
2.4 hr 
20.7 hr 
6.68 hr 

1.3 x io3  
3.1 
20 
126 
24 

87.2 
2.79 x io3 
2.2 x io3  
1.4 x i o3  
2.4 X lo2 
57 

1.3 x io3 
1.66 
10 -4 
9.3 
2 
214 
8.5 
4 
175 
3.9 
2.8 

1 
1.86 
1.92 
13.5 
12 
13 
10.3 
5.56 X lo2 
8 
61 
20.1 

Total a c t i v i t y  ' _, 8247 1767 

After leaving the delay t rap ,  the  gas stream recombines with the 

stream from the chemical pur i f ica t ion  system and passes through a low- 

temperature f i l t e r  f o r  the removal of pa r t i cu la t e  mater ia l  before 

returning t o  the main system. 

f i l t e r s  i s  recommended f o r  high eff ic iency.  Pleated f i l t e r s  that are 

A flow ve loc i ty  of 6 fpm.through absolute 

8 i n .  i n  diameter and 4 i n .  deep would be su f f i c i en t .  

The f r ac t ion  of the sidestream t h a t  i s  t o  be chemically pur i f ied  

i s  f i rs t  ra i sed  t o  752°F i n  a gas heater consis t ing of an 8-in.-diam 

c o i l  of 1 1/2-in.-i.d. tubing heated by an e l e c t r i c a l  furnace of about 

7.5-kw capacity,  

18 turns  of the co i l ,  which would r e s u l t  i n  about 24 i n .  of c o i l  length.  

The over -a l l  dimensions of the un i t ,  including the e l e c t r i c a l  furnace, 

a r e  about 2 f t  0.d. by 2 f t  long. 

The t o t a l  heating surface necessary is 10.4 f t 2 ,  or 

The gas leaving the heater passes through the oxidizer containing 

p e l l e t s  of copper oxide. 

continuous service without regeneration. 

copper oxide content w i l l  be u t i l i zed ,  the amount of copper oxide 

The oxidizer i s  designed f o r  seven days of 

Assuming that 50% of the 
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required i s  22 l b .  A t  a spec i f ic  gravi ty  of 1.7 f o r  the copper oxide 

p e l l e t ,  the fixed bed of copper oxide is  about 0.2 f t 3  i n  volume. 

can be contained i n  a 6- in . - i .d .  vessel  12 i n .  long. 

free space t o  the . top  and bottom would make the vessel  16 in .  long. 

Since the vessel  must be maintained a t  752'F, addi t iona l  e l e c t r i c a l  

heating of about 5 kw i s  required w i t h  2 i n .  of insulat ion.  

This 

Adding 2 in .  of 

From the oxidizer the hot gas i s  cooled t o  85°F by passage through 

a double-pipe heat exchanger consis t ing of a 3/4-in. -IPS water-cooled 

inner tube w i t h  eighteen 0.024-in.-thick by 0.5-in. a x i a l  f i n s  inside 

of a 2' 1/2-in.-IFS pipe. 

42 f t .  

The t o t a l  length of the heat exchanger is 

The cooled gas then passes d i r e c t l y  in to  a molecular-sieve absorber, 

which i s  a l s o  designed f o r  seven days of continuous operation. The 

c 

dynamic loading of the molecular s ieve should not exceed one-half of 

the equilibrium loading. #lo (Loading is defined as pounqs of water 

o r  carbon dioxide absorbed per 100 l b  of the molecular s ieve . )  

equilibrium loading on a type 5a molecular s ieve f o r  water a t  less 

than 0.5 ppm i s  approximately 10 l b  per 100 l b  of sieve,  and the 

equilibrium loading f o r  carbon dioxide a t  5 ppm i s  2.7 l b  per 100 l b  

of s ieve .g  On t h i s  basis, the  absorber w i l l  need 20 l b  of molecular 

s ieve f o r  each pound of water and 74 l b  of s ieve f o r  each pound of 

carbon dioxide absorbed. Thus a t o t a l  of 310 l b  of type 5a molecular 

s ieve i s  needed. 

f o r  the f ixed bed. 

t o  raise the bed temperature up t o  600°F for regeneration (approximately 

7.5 kx) ,  and 2 in .  of insulat ion would be required on the  outs ide.  

The 

A vesse l  1 1/2 f t  i .d .  and 5 f t  long would be su i tab le  

Suff ic ien t  e l e c t r i c a l  heating must a l s o  be supplied 

From the absorber the pur i f ied  gas jo ins  the stream from the delay 

t r a p  and goes d i r e c t l y  t o  the p a r t i c l e  f i l t e r .  The effect iveness  of 

'Linde Company, Bul le t in  F-1026, "Dry Gas? ' Use Linde Molecular 
Sieves . 'I 
Adsorption, Water Data Sheets" (1957). 

"Linde Company, Bul le t in  Form 9690-C, "Molecular Sieves f o r  Select ive 
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the chemical pu r i f i ca t ion  system i s  monitored by means of a gas absorption 

chromatograph connected j u s t  downstream of the absorber. 

h e r a t i o n  and Maintenance 

An advantage of the proposed sidestream pur i f i ca t ion  system is  

the s implici ty  of operation. Since there  are no moving components, 

it is expected tha t  the system w i l l  be e s s e n t i a l l y  maintenance-free. 

However, it would probably be necessary t o  regenerate the copper oxide 

oxidizer and molecular s ieve a f t e r  each seven days of reactor  operation. 

In order t o  accomplish t h i s ,  the oxidizer i s  removed from service and 

regenerated with a i r  f o r  approximately 8 hr a t  operating temperature, 

and the absorber i s  regenerated by purging w i t h  dry a i r  a t  atmospheric 

pressure and 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 s o l i d  daugQter 

products of the f i s s i o n  gases, f o r  which no experimental data a r e  

avai lable  a t  the present  time. However, it is  estimated tha t  the l i f e  

of the charcoal i n  the delay t r a p  w i l l  exceed two years .  
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17. DECONTAMINATION PROCEDURES AND FACILITIES 

The feasibility of maintaining an all-ceramic gas-cooled reactor 

plant depends in large measure on the effectiveness with which equipment 

can be decontaminated in situ before beginning maintenance operations. 

The procedures described here arethose-recommende'd by'€he'ORNL personnel 
who have developed procedures for decontaminating equipment used in the 
homogeneous reactor system. These procedures have been applied to a 

piece removed from an in-pile loop used for testing a gas-cooled ceramic 
fuel element and have been found to be effective. It is believed that 

the process recommended would virtually eliminate the problems associated 
with particulate activity and would drastically reduce dose levels around 

equipment, such as the blowers, so that, even after severe contamination 

of the equipment, contact rather than semiremote or remote maintenance 
procedures could be employed. A major objective of the pebble-bed reactor 
experiment would be to investigate the effectiveness of these decontami- 
nation procedures. 

Chemical Treatment 

The fission products contaminating metal surfaces exposed to the 

circulating helium in the PBRE will include volatile elements such as 
iodine, tellurium, cesium, cerium, and cuthenium, with minor amounts 
of less volatile elements such as barium, strontium, zirconium, and 
niobium, together with their daughters. There will also be daughters 
of the rare gases krypton and xenon. 
fuel element is used, the rare-earth fission products must be expected 

in significant quantities. Graphite dust, finely divided enough to be 
tightly adher&@& .trb-.met&l.surfaces, w i l l  probably be present and will 

be hadly contaminated. 

spheres, but the particle size should be large enough for easy removal 

by hot detergent solution. If the fuel comprises alumina-coated U02 

If a uraniurq carbide-graphite 

There may 'be some dusting of the fuel micro- 
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par t ic les ,  any unclad U02 powder will be dissolved by oxalate-peroxide, 

h d  deposition of the l i be ra t ed  f i s s i o n  products from such material 

should be negl igible .  

The oxalate-peroxide reagent tha t  has been found t o  be t h e  most 

e f fec t ive  of those t e s t ed  f o r  t he  noncorrosive decontamination of s ta in-  

less or pla in  carbon s t e e l  cons is t s  of an aqueous solution of 4% sodium 

oxalate with 3% hydrogen peroxide and 0.7% oxal ic  acid at  a pH of 5 . 0 .  

The pH tends t o  r i s e  with t i m e ,  however, and, within an hour or l e s s  a t  

9 5 ° C  i n  a steel vessel, rapid decomposition of t h e  peroxide may r e su l t ,  

with evolution of oxygen. 

every half hour and adjusted t o  4.5 t o  5.0 by the  addi t ion of oxalic 

acid.  I n  the  laboratory the solut ion has been s tab le  f o r  over 2 h r  at  

9 5 ° C  without pH adjustment, but it w i l l  probably be less stable i n  con- 

t a c t  w i t h  miscellaneous dusts  i n  large-scale  plant  equipment. 

t i o n  i s  s tab le  a t  room temperature f o r  several  days. 

at a pH of 5 and a temperature of 9 5 ° C  w a s  0.0025 mil/hr, at  a pH of 4 
it w a s  0.005 mil/hr, and a t  a pH of 3 it w a s  0.01 mil /hr .  Decontamination 

i s  improved with a lower pH at  t h e  expense of s l i g h t l y  increased corrosion 

on mild s t e e l .  

4 .5 .  

rap id ly  dissolves  mild s t e e l  but i s  e s sen t i a l ly  noncorrosive t o  type 347 

s t a in l e s s  s t e e l  (approximately 0.001 m i l / h r )  . Oxalate-peroxide mixtures 

between pH zero  and 5 a re  superior decontaminating agents and excel lent  

solvents f o r  U02. 

The pH must therefore  be monitored at l e a s t  

The solu- 

Mild steel corrosion 

The maximum s t a b i l i t y  of t he  solut ion i s  a t  a pH of about 

A t  9 5 ° C  a mixture of oxal ic  acid and H202 at  a pH of zero or less 

An a lka l ine  permanganate reagent consis t ing of an aqueous solution 

of 2% KMnO4 w i t h  2% NaOH has been found t o  be e f fec t ive  i n  removing 

some f i s s i o n  products, such as ruthentum and cerium, when s igni f icant  

amounts of these materials have remained after scrubbing surfaces with 

oxalic acid.  

Decontamination Procedures 

2- 

The' procedures outlined i n  this sect ion a r e  

for t he  decontamination i n  s i t u  of components of 

t en ta t ive ly  recommended 

the  pebble-bed reactor .  



17.3 

These procedures have been laboratory tested on type 347 stainless steel 

and on carbon steel. No large-scale tests have been made., The recom- 

mended steps are the following: 
The component should be prepared for treatment by isolating it 1. 

hydraulically from the rest of the system. 

decontamination, remote probes for a scintillation gamma-ray spectrometer 

should be placed at various locations on the equipment to be decontami- 

nated. A gross gamma-ray monitor should be installed on the solution 
drain line. 

2. 

To follow the progress of 

Decontamination may be accomplished by either the liquid-fill 

method or by the liquid-spray method, depending on the equipment size. 
In both methods the liquid or spray must contact all contaminated surfaces, 
and complete drainage must be possible. . 

steam sparging with the liquid-fill method and by using a steam jet to 

aspirate the decontaminating solutions with the spray method. 

Heating may be accomplished by 

3 .  The component should first be sprayed or filled with a solu- 
tion of hot nonfoaming detergent to remove water-soluble contamination 

and wash away graphite dust. 
activity should be monitored if the spray method is used, and spraying 

should be discontinued when the activity drops to about 10% of its peak 
value. In the fill method, the temperature should be maintained at 95 
to 100°C for 20 min and then the solution should be drained. 

The rise and fall of the waste-line gamma 

4 .  If the decontamination is adequate, the apparatus should be 
rinsed with water. If not, decontamination should proceed with step 5. 

5. The equipment should be sprayed or filled with oxalate-peroxide 
solution at a pH of 4 . 5  to 5 .0  at 95 to 1OO"C, with the contact time 
adjusted as for the detergent solution. 

6. If decontamination is adequate, the component should be rinsed 
with water. If not, the oxalate treatment of step 5 should be repeated. 

7. If further decontamination is required, the solutions used 

will depend on'the remaining fission products as indicated by a gamma 

scan with the spectrometer. 

and Fe5', in the structure of the metal cannot be reduced. 

Neutron activation peaks, such as from Co60 

Ruthenium 

f 
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and cerium may be decontaminated fu r the r  by a lka l ine  permanganate treat- 

ment at 95 t o  100°C f o r  20 min, followed by a water rinse,  and an 

oxalate-peroxide treatment.  

ind ica te  res idual  dust  containing i r r ad ia t ed  f u e l  e i t h e r  i n  inaccessible 

places o r  t i g h t l y  adhering t o  metal surfaces and insoluble i n  non- 

corrosive reagents because of the coating. 

The decontamination cycle should be concluded w i t h  water r ins ing  

A broad spectrum of f i s s i o n  products might 

8 .  

u n t i l  samples from the dra in  l i n e  a re  f r e e  of chemical res idues.  The 

equipment should then be dr ied t o  prevent rus t ing .  

Decontamination by th i s  procedure should reduce t h e  amount of 

a c t i v i t y  by a f ac to r  of 50 t o  10 000, depending on the  i n i t i a l  a c t i v i t y  

l e v e l  and on the  effect iveness  with which a l l  t h e  contaminated surfaces 

a re  contacted by t h e  cleaning solut ions.  

Equipment Required 

Maintenance work will be g rea t ly  simplified i f  t he  component t o  

be decontaminated can be i so la ted  hydraul ical ly  from the  rest of t h e  

system. 

and since any valves t h a t  could be obtained would probably not be 

hydraul ical ly  leak t ight ,  the most promising method f o r  i s o l a t i n g  a 

component appears t o  be in se r t ion  i n t o  t h e  duct t o  be blocked of a 

rubber bladder similar t o  that of a basketball. The bladder can then 

be in f l a t ed  t o  s e a l  off  the duct.  

duct w a l l  through which such a bladder can be inser ted .  A 3/4-  or  

1- in .  tube leading t o  a pressure gage might serve t h i s  purpose, i n  

which case, l i t t l e  addi t ional  complication of t h e  system would be re- 

quired f o r  i n se r t ion  of the  bladder-type "valve. " 

Since valves i n  the  hot ducts  are t o  be avoided i f  possible,  

An aperature can be provided i n  the  

The principal> items which must be provided i n  t h e  i n s t a l l a t i o n  t o  

permit decontamination will be t h e  contaminated f l u i d  storage tanks, 

t h e  plumbing system t o  provide drainage of f l u i d  t o  these tanks, and 

r e l a t ed  pumps and valves. 
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18. STEAM SYSTEM 

u' 

It w a s  requested t h a t  t h i s  study include consideration of both a 

simple heat dump cooled by e i t h e r  a i r  o r  r i v e r  water and the  use of a 

3-Mw(e) turbine-generator u n i t  t h a t  could be made avai lable  from the  

ORGDP steam power plant .  A t o t a l  of t e n  d i f f e ren t  var ia t ions on these 

basic suggested arrangements have been considered, and the  r e s u l t s  are 

summarized i n  t h i s  section. 

A var ie ty  of heat t r ans fe r  and system control  considerations in-  

dicated t h a t  it would be desirable  t o  make use of ra ther  high-pressure 

high-temperature steam conditions. Because of t h i s  and because there  

seemed t o  be an incentive t o  demonstrate t he  f e a s i b i l i t y  of producing 

high-temperature high-pressure steam with the pebble-bed reactor,  t he  

steam generator design work w a s  di rected i n i t i a l l y  at producing 1450- 

p s i  1000°F steam with the  feedwater a t  400°F. In  an e f f o r t  t o  reduce 

costs,  t h e  pressure was reduced t o  1000 p s i  and t h e  feedwater tempera- 

t u r e  t o  250°F. The background on t h e  choice of steam conditions is  

presented i n  the  sect ion on t h e  steam generator. 

Used EauiDment Available 

Several 3000-Mw( e) turbine-generator u n i t s  designed t o  produce 

120-cycle a-c current are avai lable  i n  t h e  ORGDP steam power plant .  

These un i t s  are i n  sound mechanical condition, but t h e i r  performance 

has probably deter iorated somewhat because of wear i n  t h e  16 years 

since they were:'.installed. The arrangements considered f o r  the  use 

of t h i s  equipment are described i n  t h e  following section. 

Arrangements Considered 

Several d i f f e ren t  ways of using one of these turbine-generator 

u n i t s  were considered. F i r s t ,  one of t he  u n i t s  could be in s t a l l ed  as 

it i s  t o  produce 120-cycle current,  and an e lec t r ica l - res i s tance  g r id  

could be used t o  convert t he  energy in to  heat and dump it t o  cooling 

air. Second, one of t h e  generators could be rewound t o  give 60-cycle 

Y 
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current,  and the power could be delivered t o  t h e  gr id .  

ment, similar t o  the  f i rs t ,  would employ a cooling tower ra ther  than r i v e r  

water t o  cool the  condenser so t h a t  t h e  turbine-generator un i t  could be 

bypassed i n  the  event of operating d i f f i c u l t i e s  and t h e  reac tor  could 

operate independently of t he  turbine.  

th i rd ,  t he  generator would be rewound t o  give 60-cycle power s o  t h a t  t h e  

un i t  could be coupled t o  the  grid.  

were a l s o  similar t o  t h e  th i rd ,  except t h a t  an air-cooled condenser would 

be used i n  place of a cooling tower. 

generator un i t  would be eliminated, and a condenser from one of t he  ORGDP 

A t h i r d  arrange- 

In  a fourth system, s i m i l a r  t o  t h e  

The f i f t h  and s ix th  systems considered 

In  a seventh system, the  turbine-  

u n i t s  would be used t o  d iss ipa te  heat t o  cooling water pumped up from the  

' r iver .  The eighth system considered w a s  similar t o  the  seventh, except 

t h a t  a cooling tower would be employed i n  place of r i v e r  water. 

system would make use of a new heat  exchanger t o  serve as the  condenser 

and would eliminate t h e  feedwater heater.  

t o  the  ninth,except t h a t  a cooling tower w o u l d  be used i n  place of r i v e r  

water. 

of a used condenser from the  ORGDP plant.  

systems, including material and t h e  labor  f o r  t h e i r  i n s t a l l a t ion ,  a r e  sum- 

marized i n  Table 18.1. The d e t a i l s  f o r  t he  cos t  estimates f o r  items 2 and 

9 of t h i s  table are presented i n  Tables 18.2 and 18.3 t o  ind ica te  the  major 

cost  items f o r  these two typ ica l  systems. 

( 2  and 9) are presented i n  Figs. 18.1 and 18.2. 

The ninth 

The ten th  system would be similar 

The ninth and ten th  u n i t s  would include a new heat exchanger i n  place 

The estimated costs  f o r  these t e n  

Flow sheets f o r  these  systems 

.. . 
Recommended System 

The l e a s t  expensive and simplest system 

t h a t  shown i n  Fig. 18.2. It has t h e  fu r the r  

of t h e  eight  considered i s  

advantage t h a t  it would re- 

quire  the  least a t t en t ion  and the  smallest crew f o r  normal operation and 

maintenance. 

i 

The space requirements f o r  this.,system would be e s sen t i a l ly  those 

shown i n  the  basement f loo r  plan of Fig. 18.3, except t h a t  t h e  feedwater 
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heaters and the  lube o i l  cooler could be eliminated. This layout a l s o  

provides services for t he  building, including the  standby diesel-generator 

set, a bo i l e r  for building heating, and a i r  compressors, i n  a floon: space 

approximately 4 4  by 66 f t .  

.... 

. 

i 



Table 18.1. Costs of the Steam Systems Considered for the  PBRE 

- ~~ 

1. 3000-kw turbine-generator uni t ,  river-water cooling, 120-cycle generator $620 000 

2. 3000-kw turbine-generator uni t ,  river-water cooling, 60-cycle generator* 770 000 

3. 3000-kw turbine-generator uni t ,  cooling tower, 120-cycle generator 639 000 

4. 3000-kw turbine-generator un i t ,  cooling tower, 60-cycle generator 789 000 

5. 3000-kw turbine-generator uni t ,  air-cooled condenser, 120-cycle generator 645 000 

6. 3000-kw turbine-generator uni t ,  air-cooled condenser, 60-cycle generator 795 000 

7. Dump condenser ( from ORGDP plant) ,  river-water cooling 

8. Dump condenser (from ORGDP), cooling tower 

418 000 

437 000 

9. New heat exchanger, no return feedwater heating, river-water cooling 393 000 

10. New heat exchanger, no return feedwater heating, cooling tower 414 000 

*A new 60-cycle generator would cost $230 000; a l t e r a t ions  t o  convert 120-cycle t o  
60-cycle would cost  $150 000. 

.d t' 
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Table 18.2. Cost E s t i m a t e  f o r  a 3000-kw Turbine-Generator Unit with 
t h e  Generator Altered t o  Give 60-Cycle Current 

and with River-Water Cooling 

Labor Material Total  

De superheaters 

By-pass control  

Turbine generator 

Turbine generator conversion t o  
60 - cycle 

Condenser 

Pressure reducing s t a t i o n  

Hotwell (condensate) pumps ( t r ans fe r  

A i r  e jec tor  

Deaerat or  

Boiler feed pumps 

Piping 

Foundation ( turb ine  generator and 

Building and services  (including 

Circulating water pumps 

Pump house (most favorable l o c a t  ion) 

Demineralized water plant  

Condensate tank 

Demineralized water tank 

Desuperheater pumps 

Instrumentation and controls 

Gland seal tank 

Switchgear and wiring 

E lec t r i ca l  g r id  ( res i s tance  load) 

condenser) 

crane) 

Total  

$ 3 000 
5 000 
30 000 

2 000 
1 000 
1 000 

3 000 

2 000 

10 000 

5 000 

50 000 
2 000 

3 000 

1 000 

' 1 000 
1 000 

2 000 
20 000 
1 000 

20 000 
5 000 

$169 000 

$ 15 000 $ 18 000 
15 000 

Transfer 

15 000 

Transfer 

5 000 

4 000 
Transfer 

5 000 

36 000 

20 000 

10 000 

100 000 
8 000 
7' 000 
5 000 
2 000 
2 000 

12 000 

80 000 

1 000 

100 000 
20 000 

$601 000 

20 000 
15 000 

15 000 

7' 000 
5 000 
1 000 
15 000 

38 000 
30 000 

15 000 

150 000 
10 000 

10 000 

6 000 

3 000 

3 000 

14 000 
loo moo 

2 000 

:I20 000 

25 000 
$7'70 000 
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Table 18.3. Cost Estimate for a System Employing a New Heat Exchanger 
with No Return Feedwater Heating and River-Water Cooling 

Labor Material Total  

Desuperheaters $ 3.-000- $ 15 000 $ 18 000 

Deaerat or 3 000 5 000 15’ 000 

Boiler feed pumps , :,2 000 36 000 38 000 

Piping 8 000 15 000 23 000 

Building and services (including crane) 25 000 50 000 75 000 

Circulating water pumps 

Pump house (most favorable location) 

Demineralized water plant  

Condensate tank 

Demineralized w a t e r  tank 

Desuperheater pumps 

Instrumentation and controls 

Switchgear and wiring 

Heat exchanger 

Total  

2 000 

3 000 

1 000 

1 000 

1 000 

2 000 

15 000 

10 000 

10 000 

$ 86 000 

8 000 

7 000 

5 000 

2 000 

2 000 

12 -000 

60 000 

50 000 

40 000 

$307 000 

10 000 

10 000 

6 000 

3 000 

3 000 

14 000 

75 000 

60 000 

50 000 

$393 000 

.. 
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Fig. 18.2. Flowsheet f o r  a Heat Dump System Employing a Heat Ex- 
changer Cooled by River Water and N o  Feedwater Heater. 
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c 



c 

*. 19.1 

19. HAZARDS ANALYSIS 

Escape of Fission-Product Activity from the  Fuel Element 

L 

- --. 

The hazards associated with t h e  operation of t he  PBRE w i l l ,  t o  a 

large degree, be dependent on the  amount of a c t i v i t y  c i rcu la t ing  or  

deposited i n  the  coolant system. Based on presently avai lable  informa- 

t ion,  it appears t h a t  f i s s i o n  products escaping from the  f u e l  a re  l i k e l y  

t o  be the dominant a c t i v i t y  source i n  the  coolant.  

As  discussed i n  Chapter 8, l i t t l e  i s  known about t he  a b i l i t y  of 

graphite f u e l  elements t o  r e t a i n  f i s s ion  products under power reactor  

conditions. Although fission-product re lease r a t e s  from both alumina- 

coated U02 par t i c l e s  and pyrolyt ic  graphite-coated UC2 pa r t i c l e s  have 

been found t o  be low i n  experiments involving l i t t l e  f u e l  burnup, t he  

only experience with coated p a r t i c l e s  at high burnup i s  tha t  obtained 

from t h e  i r r ad ia t ion  t e s t  of an alumina-coated-particle element now i n  

progress i n  the  BMI reactor .  

For the  estimation of fission-product escape ra tes ,  it would be 

conservative t o  assume uncoated U02 par t ic les ,  but t o  do so means 

ignoring the  recent experience with coated pa r t i c l e s .  

b e t t e r  method, t he  most recent da ta  from BMI have been applied i n  t h i s  

study t o  estimate the  escape of a l l  f i s s i o n  products of i n t e r e s t  from 

alumina-coated U02 par t i c l e s  dispersed i n  graphite.  The procedure 

followed w a s  f i rs t  t o  extrapolate the  data f o r  Kr87 and Kr88 i n  Fig.  8.2 

t o  a burnup of 4.8%. The logarithms of t he  f r a c t i o n a l  escape values f o r  

Xe133, Kr85m, Xe135, Kr88, and Kr87 at  4.8% burnup were then plot ted 

versus the  logarithms of the  decay constants, as shown i n  Fig.  19.1. 

W i t h  the  exception of the  Kr85m value, which fa l ls  appreciably above 

the-curve, t he  escape f rac t ion  shows a d i s t i n c t  correlat ion with t h e  

decay constant.  

mechanism of escape f o r  a l l  the  f i s s ion  products considered were the 

same, since the  amount of time avai lable  f o r  escape before decay t o  

another species i s  a function of t h e  decay constant. Continuing t h i s  

For lack of a 

A re la t ionship  of t h i s  type would be expected i f  t he  

c 
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argument, however, it would a l so  be expected tha t  the  amount of time 

avai lable  f o r  escape of a nuclide would include t h e  times avai lable  t o  

a l l  mobile members which precede it i n  i t s  decay chain. 

i n  the  chains i n  which iodine precedes xenon, t he  amount of xenon which 

appears external  t o  the  f u e l  i s  affected by both the  iodine and xenon 

ha l f - l ives .  

For example, 

Based on experience with U02 at  Westinghouse and at Chalk River,' 

only the  noble gases, the halides,  and t h e  alkali metals would be 

expected t o  escape i n  appreciable quant i t ies  by d i f fus ion  from U02 at  

the temperature l eve l s  i n  the PEE. 

however, and about 576 of the  f i s s i o n  products will r e c o i l  out of a 

spherical  p a r t i c l e  having a diameter of 150 p. 

r e c o i l  from the  U02 would be brought t o  r e s t  i n  t he  alumina coating. 

the alumina enclosing t h e  fission.fragment were in t ac t ,  escape of t he  

f i s s i o n  product would be thought t o  be by so l id-s ta te  d i f fus ion .  

of the  f i s s i o n  products which r e c o i l  i n to  the  alumina may come t o  r e s t ,  

however, at  locat ions t h a t  permit ready escape from t h e  so l id .  Regard- 

l e s s  of t he  mechanism by which the  f i s s i o n  products escape i n t o  the  gas 

phase, they must migrate t o  the  surface of the  graphi te  sphere by gas- 

phase diffusion before entering the  coolant stream. Further, i n  order 

t o  escape i n t o  the  gas phase, t he  f i s s i o n  product must be v o l a t i l e  a t  

t h e  conditions i n  the f u e l .  

All nuclides can escape by recoi l ,  

The fragments which 

If 

Some 

The f i s s i o n  products which evidence ind ica tes  have some mobili ty 

i n  UO2, i . e . ,  xenon, krypton, iodine, barium, cesium, and rubidium, 

a re  a l so  those which are v o l a t i l e  at t he  temperatures of i n t e r e s t .  For 

t h i s  reason the  f r a c t i o n  of escape from the f u e l  w a s  assumed t o  be 

governed by the  average time a f i s s i o n  product and i t s  precursors a re  i n  

one of the s i x  mobile forms. I n  addition, t e l lu r ium w a s  added as one of .the 

v o l a t i l e  species because it has been found t o  escape from U02; it w a s  

detected i n  the  "daughter t rap"  run of the  BMI experiment. 

'W. B.  Co t t r e l l ,  H. N .  Culver, J. L. Scott ,  and M. M. Yarosh, 
"Fissio&Product Release from UO2, I t  ORNL-2935, September 13, 1960. 
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The e f fec t ive  h a l f - l i f e  of two or more nuclides i n  ser ies ,  from 

the  time of b i r th  as the  f i rs t  member of t he  s e r i e s  t o  the time the  last 

member decays, can be shown t o  be the  sum of the  ha l f - l ives  of the  - 

individual  members. Thus i n  p lo t t i ng  t h e  re lease  r a t e  da t a  one might 

l og ica l ly  use as t h e  abscissa  the  e f f ec t ive  decay constant which governs 

the  escape of t he  nuclide, where 'eff, 

a 

0.693 

This  w a s  done f o r  t he  BMI data .  A s  may- be seen by t h e  da t a  of Fig.  19.1 

based on the e f fec t ive  h a l f - l i f e  f o r  escape, only the  X values f o r  Xe133 

and Xe135 were appreciably changed. 

For t h i s  study the curve i n  Fig.  19.1 w a s  employed t o  estimate t h e  

escape r a t e s  of a l l  f i s s i o n  products of i n t e r e s t .  

used f o r  estimating t h e  escape of a pa r t i cu la r  nuclide w a s  t h a t  obtained 

using Eq. (1) and the  ha l f - l ives  of the  mobile nuclides i n  the  chain. 

The decay constant 

The procedure used f o r  estimating fission-product re lease  rates i s  

subject t o  c r i t i c i sm both as being too pessimistic and too  opt imist ic .  

It may be pessimistic i n  t h a t  t h e  behavior of t h e  first f u e l  element of 

t h i s  form ever t e s t ed  a t  high burnup i s  being used t o  represent the  

behavior of t he  f u e l  which w i l l  be developed after a t  l e a s t  two more 

years of intensive e f f o r t .  The f u e l  p a r t i c l e s  used i n  the SI?-5 capsule 

are from one of the f i rs t  batches of that type t o  be prepared. 

improvement i n  performance after fu r the r  work seems l ike ly .  

On t h e  other hand, the r e s u l t s  of a t e s t  i n  which the  f u e l  tempera- 

t u r e  probably did not exceed 1600°F a r e  being used t o  estimate escape 

rates from a core i n  which some of t he  f u e l  may be above 2000°F. 

so l id-s ta te  diffusion i s  controll ing,  the escape r a t e  goes up rapidly 

with temperature. The , ra te  at which t h e  noble gases d i f fuse  from U02 

might be expected t o  increase about 9-fold between 1500 and 1800°F and 

16-fold between 1500 and 2000°F. I n  contrast ,  l i t t l e  temperature 

dependence would be expected i f  t h e  cont ro l l ing  s tep  were gas-phase 

d i f fus ion  of pa r t i c l e s  which had escaped from the  so l id  by r e c o i l .  

An 

Where 
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Unfortunately, t he  mechanism by which f i s s i o n  products a re  escaping the  

SP-5 capsule i s  not known, and there  a re  no s igni f icant  data on the  

e f fec t  of temperature on the  escape r a t e .  

The r e s u l t s  of a study by C o t t r e l l  e t  al .  a re  of i n t e r e s t  with 

regard t o  the  mechanism of fission-product escape i n  another fue l .  The 

behavior of f i s s i o n  products i n  a reac tor  (HGCR) fueled with an admixture 

of uncoated 200-p-diam U02 pa r t i c l e s  i n  graphite w a s  analyzed i n  d e t a i l .  

Fission products were considered t o  escape from U02 30th by d i f fus ion  

and by r eco i l .  

t o  enter  t he  graphi te  grains  from which they escaped by diffusion.  

Strontium, barium, tellurium, and yttrium, i n  addition t o  the noble 

gases, halides,  and a l k a l i  metals, were considered t o  d i f fuse  from 

graphite.  

Those which recoi led from t h e  U02 were presumed, however, 

For t h e  conditions assumed (with 33% of the  f u e l  above 1600'F 

and 12% above 1800°F), the  HGCR estimates show t h a t  only i n  the  case of 

26.6-y Cs137 w a s  there  more escape from the  U02 by diffusion than by 

r eco i l .  This ind ica tes  t ha t ,  i n  the  PBRE, diffusion i s  not l i k e l y  t o  

be as important as r e c o i l  i n  determining the  escape r a t e  from U02. 

Whether diffusion of t he  recoiled f i s s i o n  fragments from alumina i s  t h e  

control l ing s tep  cannot be s ta ted  at  present.  

I n  the  HGCR study, about 11% of the  Cs137 was estimated t o  escape 

from the f u e l .  

Ygo,  which w a s  5% (because of allowance f o r  t h e  mobility of 28-y SrgO 

i n  graphi te ) .  

f rac t ion  w a s  not permitted t o  exceed t h e  r e c o i l  f rac t ion  of about 576, 
since coated pa r t i c l e s  would be expected t o  give b e t t e r  fission-product 

re ten t ion  than bare pa r t i c l e s .  

The only other escape f rac t ion  exceeding 176 w a s  t h a t  of 

I n  carrying out computations f o r  t he  PBRE, the  escape 

I n  t h i s  study, only those nuclides which might be important with 

respect t o  rad ia t ion  or inhalat ion were included. Generally the  nuclides 

considered were the  hard gamma producers t h a t  are v o l a t i l e  o r  have a 

v o l a t i l e  precursor and t h a t  have chain yields  exceeding 0.1%. 
halides having y ie lds  above 0.1% were included because of t h e  grea te r  

A l l  t he  

2W. B. Co t t r e l l ,  e t  a l . ,  "The HGCR-I, A Design Study of a Nuclear 
Power S ta t ion  Employing a High-Temperature Gas-Cooled Reactor with 
Graphite402 Fuel Elements, I t  ,ORNL-2653, July 14, 1959. 



19.6 P 

hazard associated with t h e i r  escape. 

l i s t ed  i n  the  f i rs t  column of Table 19.1, and t h e i r  ha l f - l ives  are 

l i s t ed  i n  the  second column. I n  t h e  t h i r d  column a re  the  a c t i v i t i e s  

which would exist i n  the  reactor  a f t e r  f i v e  years of steady operation 

at 10 Mw i f  no f i s s i o n  products were removed. 

represent the  equilibrium concentrations f o r  most of t h e  nuclides.  

Column 4 gives the  e f fec t ive  decay constants f o r  escape from the fuel ,  

as obtained from Eq. (1). 

obtained from Fig. 19 .1  i n  the  manner discussed e a r l i e r .  

the  a c t i v i t y  which would ex i s t  i n  the reactor  external  t o  t h e  f u e l  i f  

there  were no pur i f ica t ion  o r  escape of f i s s i o n  products; t h e  values i n  

column 6 a re  products of those i n  columns 3 and 5 .  

The nuclides considered a re  

The values i n  t h i s  t ab le  

I n  column 5 are the  f r ac t iona l  escape values 

Colurnn 6 gives 

I 

Column 7 presents the  decontamination f ac to r s  obtained assuming the  

pur i f ica t ion  system described i n  Chapter 16 with a 1% bypass flow. The 

pur i f ica t ion  fac tors  f o r  the alkali metals and those nuclides which a re  

products of alkali metals were obtained by assuming t h a t  cesium and 

rubidium would remain gaseous i n  t h e  coolant primary system and would 

be fkact ional ly  removed by complete trapping i n  the  pur i f ica t ion  side 

stream. The te l lur ium a c t i v i t y  w a s  estimated i n  the  same way, but t h e  

a c t i v i t i e s  of the te l lur ium daughters were computed on t h e  assumption ' 

t h a t  a l l  the te l lur ium remained i n  the  primary system. These assumptions 

a r e  conservative w i t h  respect t o  normal leakage from t h e  primary system. 

The sa tura t ion  vapor pressure of cesium at the lowest operating tempera- 

ture i n  the  primary system (-500°F) i s  so high that more than a year of 

reactor  operation (at  full power) i s  required t o  reach the point of 

condensation from the  helium. Thus, i f  there  should be no mechanism 

other  than condensation f o r  i t s  deposit ion i n  the  primary system, cesium 

would pass in to  the  pur i f ica t ion  system and be completely removed a t  the  

l o w  temperatures encountered there .  The l ikel ihood t h a t  some cesium w i l l  

be adsorbed on the loop surfaces, however, requires  t h a t  cesium, as w e l l  

as tellurium, be assumed t o  remain i n  the  primary system when estimating 

shielding requirements . 



Table 19.1. Estimated Fission-Product Escape Rates From Fuel and Resulting Act ivi ty  Levels i n  Primary System 

1 2 3 4 5 6 7 8 9 10 

Loop Activity Activity Fract ional  With Purifi- Fract ional  Loop Act ivi ty  
Activity Total Effective Escape Release Without Purif  i ca t ion  With 

(curies)  BMI Data (curies)  (cur ies)  HGCR Basis Basis (cur ies)  
In Reactor (sec-i) Based on Pur i f ica t ion  Factor Pur i f ica t ion .  cation, HGCR 

2.4 h 

30 m 
114 m 
4.36 h 

10.6 y 

78 m 
2.77 h 

4.5 x 1010 y 

17.8 m 
15.4 m 

28 Y 
64.5 h 

9.7 h 

51 m 
58 d 

3.6 h 

10 h 
16.5 m 
65 d 

35 d 

8.05 d 
2.4 h 

20.8 h 

52.5 m 

6.68 h 

1.72 x 107 

86 s 
12 d 

4.0 x 104 8.02 x 

9.2 x 104 3.85 x 
4.0 x 104 4.45 x 

1.3 x 105 4.41 x 

8.9 x 103 2.14 x 
2.4 x 105 1.48 x 
3.2 x 105 6.95 x 

2.6 x 10-5 3.54 x 1 0 - l ~  
3.2 x 105 6.95 x 
4.1 x 105 6.2 x 

5.2 x 104 3.6 x 

5.2 x 105 8.25 x 
2.0 x 105 

5.2 X lo4 3.6 X 

8.25 x io+ 
5.0 X 10’ 8.25 X 

4.8 x lo5 8.35 X 

5.7 x lo5 (0.347) 
5.7 x 105 (0.495) 
1.1 x 104 (31) 

2.5 x 105 

3.9 x 105 2.24 x 
5.7 x 105 9.25 x 

6.7 x 105 1.19 x 
5.2 x 105 2.89 x 

2.7 x 105 8.06 x 

7.0 X lo4 (31) 

9.96 x 10-~ 

1.8 X lom2 1.28 X 

2.5 x l o 3  6.68 x 

2.8 x 
3.5 x 10-6 

6.0 x 
6.1 x 10-5 

1.3 x 10-5 

3.4 x 

3.4 x 
1.9 x 10-6 
1.9 x 10-7 
1.9 x 

5.0 x lo-’ 

5.0 x 

1.3 X 

1.3 X 

1.3 X 

6.4 x lo-‘ 

<io-9 

2.7 x 10-3 

4.3 x 10-4 

1.7 x 10-~ 
1.1 x 10-4 

8.6 x 

5.0 x 10-1 

6.7 x 
5.0 x lo-‘ 

1.1 6 
0.32 2 
2.4 1.9 
8.0 2.0 
450 1 
3.1 1.9 
11 1.9 

11 1.6 
0.77 1.5 

9.8 x 10-3 1 

9.8 x 1 
0.67 1 
0. n 1 
0.66 1 

3.1 X 1 

1 
<io-5 

<io-4 

2200 5 60 
1000 8 
240 61 

11 2.8 
57 20 
8.9 x 10-3 
1.8 x lo-’ 
130 13 

0.2 
0.2 
1.3 
4.0 
450 
1.7 
5.7 

7 
0.5 

0.7 
0.3 
0.7 

4.0 
130 
3.9 

3.9 
2.8 

9.3 

7.25 x 10-4 

1.8 x 

2.5 x 

3.0 x 

9.0 x 10-4 

5.6 x 
4.1 x 

3.5 x 
5.2 x 
2.3 x 
4.0 x 10-~ 
2.0 x 10-4 
1.0 x 10-5 

1.0 x 
5.1 x 10-3 

6.0 x 10-4 

1.8 x 

3.0 x 

9.0 x 10-4 

33 

230 
420 . 

610 

250 

2900 
2100 
700 
2600 
1100 
230 
110 

2.3 
29 
17 

7.2 
23 



Table 19.1 (continued) 

1 2 3 4 5 6 6 8 9 10 

Total Fractional Loop Activity Loop Activity Fractional Loop Activity 
Activity E~~~~~~~ . Release Without Purif i c a t  ion With With Pur i f i -  

cation, HGCR Based on Purif icat ion Factor Purif icat ion Nuclide H a l f -  Life  Reactor 
I , (cur ies)  (curies) HGCR Basis B a s i s  (cur ies)  (curies) A (sec-l)  mI Data 

Xe133m 2.3 d 1.4 x 104 2.5 x 10-6 2.6 x 10-3 37 1 2  3.0 

Xe133 5.27 d 5.6 X lo5 1.33 X loe6 5.8 X lo-' 3200 13  250 

Xe135m 15.6 m 1.6 x lo5 2.8 x 1.5 x 0.24 1.6 0.1 1.5 x 10-3 150 

Xe135 9.13 h 5.4 x 105 1.2 x 10-5 3.3 x 10-4 180 10 18 4.1 x 220 

xe137 3.9 m 5.2 x lo5 2.70 x lom3 2.8 x 0.14 1 0.1 

Xel" 17 m 4.8 X lo5  6.79 X 1.7 X 0.820 1.6 0.5 
~ e l 3 ~  

~ e l 4 O  

cs135 

cs137 
Ba137m 

cs138 

cs139 

CS140 

Ba14' 

~ a 1 4 0  

cs142 

Ba14' 

~ a 1 4 ~  

B a l  

Te133m 

Te133 

Te134 

Te135 
Te1 27m 

Te127 
~ ~ 1 2 9 1 1 1  

41 s 4.1 X lo5 
1 6  s 3.2 X lo5 
3.0 x l o6  y 0.63 

26.6 y 6.8 X l o 4  
2.6 m 6.2 X lo4 
32 m 5.1 X lo5 
9.5 m 5.2 x io5 

66 s 5.3 x 105 

12.8 d 5.3 x 105 

40.2 h 5.3 x 105 

85 m 5.2 X 10' 

l m  3.0 x lo5 
6 m  3.0 x lo5 
74 m 3.0 x lo5 
63 m 4.0 x lo5  
2 m  5.3 x 105 
4 4 m  5.9 x io5 
2 m  3.7 x 105 
90 d 4.9 x 103 
9.3 h 2.2 x 104 

33 d 3.0 x 104 

1.6 X lo-' 2.8 X lo-' 
4.3 x 10-2 8.0 x 10-9 
7.3 X 5.0 X lo-' 
8.27 x 10-l' 5.0 x 
8.27 x 5.0 x 
2.36 X 6.7 X 

1.62 x 10-3 5.4 x 10-7 
1.62 x 5.4 x 10-7 

1.22 x 10-2 3.9 x 10-8 
1.22 x 10-2 3.9 x 10-8 
1.22 x 10-2 3.9 x 10-8 

1.62 X 2.7 X lo-' 
1.62 X 2.7 X 

1.62 x 2.7 x 
1.83 x 10-4 9.1 x 10-6 

5.78 x 1.0 x 10-7 

2.63 x 10-4 5.7 x 
5.78 x 10-3 1.0 x 10-7 

8.82 x 5.0 x 
2.07 x 1.6 x 

2.43 X 5.0 X 

1 .2  x 10-2 
2.6 X 10-3 

3.1 X lo-' 
3400 

3100 

3.4 

0.28 

0.28 

2.1 x 10-2 
2.1 x.10-2 

2.1 x 10-2 
8.1 x 10-3 

8.1 x 10-3 
8.1 x 

3.7 

3.4 

250 

3.6 

1500 

4.9 x 105 
4.9 x 105 
2 .1  

1 .3  

1 

3.4 

2.6 . 

4800 

21 

1700 

1.1 x 10-1 

1 .6  1.8 x 10-3 
0.2 

0.3 1.0 x 

4.0 x 10-3 

4.0 x 10-3 

1.8 x 
1.1 

1.3 

0.2 

0.9 

440 

5 20 

2100 

2100 

530 

-l F 
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Table 19.1 (continued) 

1 2 3 4 5 6 7 8 9 10 

Fract ional  Loop Act ivi ty  Loop Act ivi ty  Fractional Loop Activity 
With Purifi- Release Without Pur i f ica t ion  With 

Based on Pur i f ica t ion  Factor F'urification RGCR Basis cation, HGCR 
(curies)  BMI Data (cur ies )  (cur ies)  Basis (cur ies )  

Release, 
Total Effective 

Nuclide Half-Life Activity Escape, In Reactor A (sec-l) 

T e l Z 9  72  m 9.0 x 104 1.60 x 10-4 1.1 x 10-5 1.0 3.5 0.3 

Te13'm 30 h 3.9 x 104 6.42 x 10-5 3.7 x 10-5 1.4 . 63 

Te'" 24.8 m 2.5 X IO5 4.66 X 2.8 X 0.7 1.9 0.4 

Te13* 77 h 3.9 X lo5 2.50 X 2.6 X 1000 160 6.2 
cl 
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The nuclides other than the  noble gases, halides,  and a l k a l i  metals 

were assumed t o  be unaffected by processing, as indicated by values of 

uni ty  i n  column 7. 
occur with processing of the  coolant at the  r a t e  assumed. 

given i n  column 8 f o r  only those nuclides whose a c t i v i t y  w a s  high enough 

t o  be s ign i f icant .  

Column 8 gives the  primary loop a c t i v i t y  which would 

Values a re  

It i s  o f - i n t e r e s t  t o  obtain re lease  rates using a d i f f e ren t  set of 

assumptions t o  see how the  a c t i v i t y  l eve l s  compare w i t h  those obtained 

above. 

puted by C o t t r e l l  e t  a1.2 f o r  uncoated U02 p a r t i c l e s  i n  the HGCR and 

applying them t o  the  conditions of the PBRE. The values f o r  HGCR were 

used d i r e c t l y  without attempting adjustment f o r  t he  difference i n  

temperature d i s t r ibu t ions  i n  the  two systems, since an estimate of the 

f r ac t ions  of the f u e l  volume within various temperature ranges f o r  the  

PBRE gave values f a i r l y  similar t o  those used f o r  HGCR. Column 9 of 

Table 19.1 shows the  f r ac t iona l  re lease  estimated f o r  the HGCR f o r  the  

nuclides l i s t e d .  

i n  the PBRE w i t h  t he  re lease  rates shown i n  column 9. 

Th i s  has been done by taking the  f r ac t iona l  re lease  values com- 

Column 10 gives the  a c t i v i t y  which would be present 

The loop a c t i v i t y  estimated f o r  the uncoated p a r t i c l e s  i s  much 

grea te r  f o r  many of t h e  nuclides than t h e  a c t i v i t i e s  obtained f o r  

coated pa r t i c l e s  by using the  BMI data .  This i s  pa r t i cu la r ly  t r u e  f o r  

t he  nuclides of barium, y t t r i u m ,  and strontium, which were themselves 

considered t o  be mobile ( i n  graphite and i n  the  gas phase) i n  t h e  HGCR 
studies,  but were considered t o  be mobile only through t h e i r  v o l a t i l e  

precursors i n  using the  BMI data. There i s  considerable uncertainty as 

t o  the manner i n  which these mater ia ls  would ac tua l ly  behave at t h e  

PBRE temperatures. 

of other  da ta  t o  extrapolate high-temperature r e s u l t s  down t o  the 

temperature range of i n t e r e s t .  Large amounts of nonvolati le materials 

deposited i n  the  primary loop would be pa r t i cu la r ly  troublesome w i t h  

regard t o  mhi.ntenance i f  lodged i n  or near troublesome equipment, but 

they probably would not be important with regard t o  t h e  a c t i v i t y  escape 

The authors of t h e  HGCR report  were required by lack 
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which accompanies helium leakage under normal conditions.  A s  w i t h  

tellurium, the  longer l ived  species would be removed by processing 

i f  they remained suspended i n  the  main gas stream, and, i f  not, they 

would not escape from the  gas system at  low helium leakage r a t e s .  

Hazards Associated with Gas Leakage 

I n  assessing the  hazards associated w i t h  t he  a c t i v i t y  present i n  

the  reactor  coolant, two conditions have beenyexamined: (1) the  a c t i v i t y  

re lease which accompanies normal leakage of helium from the  primary 

system, and ( 2 )  t h e  a c t i v i t y  released i n  the  event of a rupture of t h e  

primary system. The escape rate of a c t i v i t y  f r o m t h e  reactor  has been 

computed assuming a helium leakage r a t e  from the  reactor  of 0.1% of the  

primary system helium inventory per day, and the  r e s u l t s  a re  tabulated 

i n  Table 19.2 f o r  the  s igni f icant  nuclides.  The a c t i v i t y  w a s  assumed 

t o  escape i n  proportion t o  the  amount estimated t o  be present a f t e r  

allowances for pur i f ica t ion ,  as l i s t e d  i n  column 8 of Table 19.1. 

Included i n  Table 19.2 a r e  the  a c t i v i t i e s  of A+1 and H3. 
a c t i v i t y  i s  produced i n  the  shield cooling a i r  by neutron capture i n  

A'', and the  generation r a t e  w a s  estimated t o  be one-fourth of &e 400 

curies/day computed for the  EGCR a t  84 M w ( t ) . 3  

N16 and 29-s 01' were neglected because of t h e i r  short  half- l ives .  

tritium a c t i v i t y  l e v e l  w a s  based on an estimate by Sanderson & Porter' 

for a la rger  reac tor  and w a s  reduced from t h e i r  computed value i n  

proportion t o  the  power l eve l .  

The 

The a c t i v i t i e s  of 7.3-s 
The 

I n  order t o  keep the  a c t i v i t y  which escapes under normal conditions 

from contaminating the  atmosphere i n  the  containment vessel ,  the  sh ie ld  

cooling a i r  and the  air  introduced i n t o  the  vesse l  for other purposes 

would be withdrawn i n  t h e  v i c i n i t y  of t h e  reactor  and discharged from 

there  up t h e  stack. Thus the  a i r  movement within t h e  containment vesse l  

should always be thward the  reactor .  The a i r  flow r a t e  through the  c,on- 

tainment vesse l  was assumed t o  be at a rate su f f i c i en t  t o  replace the 

3"Experimental Gas-Cooled Reactor Preliminary Hazards Summary Report, " 

'Progress Report, Pebble Bed Reactor Program, 

ORO-196 (supplement ), May 1959. 

NYO-2373. 
.- 

c 



Table 19.2.  Activity Levels Resulting from H e l i u m  Leakage Under Normal Operating Conditions" 

1 2 3 4 5 6 7 8 

b 
Concentration at Maximm Ground 

Fraction of Non- 
occupational MPC 

Concentration 

Act ivi ty  Escape Act ivi ty  
Fraction Of Maximum Ground Rate from Concentrat ion Occupational Occupational 
MPC a t  Stack 

Entrance (vc/m3) 
Nuclide H a l f  -Lif e Reactor with a t  Stack MPC 

O.l$/day Leakage Entrance hc/m3) 
(curies/day) (vc/m3) 

10.6 y 

8.05 d 

2.4 h 

20.8 h 

6.68 h 

90 d 

33 d 

77 h 

12.3 y 
1.83 h 

1.3 

4.0 x 

3.9 x 10-3 
2.8 x 
5.1 x 10-5 

6.3 x 

0.17 

8.8 x 

0.73 

50 

2.4 

7.5 x 10-3 

7.3 x 10-3 
5.3 x 10-3 
9.6 x 10-5 
1.7 x 10-3 

1.2 x 10-2 

0.33 

1.4 

94 

3.0 0.8 6.4 x 
3.0 X 2.5 2.0 x 10-6 
0.08 4.1 8.6 x 
0.01 0.7 1.9 X 

0.04 0.1 1.4 x 
0.05 2.0 x 10-3 2.5 x 
0.01 0.17 4.3 x 

5.0 0.3 3.6 x 
0.4 240 2.5 x 10-2 

0.04 0.3 3.1 X 

2.0 x 
7.0 x I 

1.1 x 10-2 

2.0 x 
3.0 x 10-4 

4.3 x 
8.0 x 10-4 

7.0 x 10-4 

5.0 X 

0.62 

P 

P 
1u 

? 

~~ ~ 

a 

b l ~ g  of  occupational MPC. 
Assumes removal of c i rcu la t ing  ac t iv i ty ,  including cesium and tellurium, by coolant pur i f ica t ion .  

I 
* i I , 

1 
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.. 
c 

c 
5 

air i n  the  vesse l  once per hour. The a c t i v i t y  at 

with t h i s  flow r a t e  i s  given i n  column 4 of Table 

t h e  stack entrance 

19.2. 

To provide a frame of reference f o r  judging the importance of the  

a c t i v i t y  shown, column 5 of Table 19.2 gives the  MPC (maximum permissible 

concentration) of the  nuclides l i s t e d  under occupational exposure condi- 

t i ons .5  Column 6 gives the  f r ac t ion  of MPC which would ex i s t  at the  c , 

entrance t o  the  stack. The values i n  columns 4 and 6 represent t he  , , '. 

equilibrium concentrations which would e x i s t  i n  t h e  containment vesse l  

i f  t he  a i r  i n  the  vessel  were completely mixed before discharge. The 

l eve l  of airborne a c t i v i t y  outside the  shield,  however, should ac tua l ly  

be very much l e s s  than t h a t  based on complete mixing, since air movement 

would be toward the reactor  vessel .  On the  other hand, the f i ss ion-  

product escape r a t e  could be considerably higher than t h a t  shown i n  

Table 19.2 i f  the  f u e l  retained f i s s i o n  products less w e l l  than assumed, 

or i f  the leak r a t e  from the  primary system were, say, l$/day ra ther  

than 0.1%. However, t h e  air flow pat tern designed t o  keep f i s s i o n  

products from c i rcu la t ing  outside the  shield would s t i l l  be e f f ec t ive  

i n  l imit ing a c t i v i t y  l eve l s  i n  the  containment vesse l .  The p o s s i b i l i t y  

of an abnormal re lease  of ac t iv i ty ,  of course, i s  another matter which 

a f f ec t s  t he  adv i sab i l i t y  of designing f o r  personnel t o  be i n  the  con- 

tainment vessel  when the  reactor  i s  at power or at  f u l l  pressure. 

To estimate the  maximum ground concentration which would e x i s t  

under normal conditions, the  d i lu t ion  computed f o r  EGCR under a condi- 

t i o n  of a strong inversion was assumed. 

i n  the  preliminary hazards report ,3  w a s  based on a stack height of 200 f t  

above ground l eve l  and a wind ve loc i ty  of 4 .9  f t / s ec .  The maximum ground 

concentration w a s  estimated t o  occur at a dis tance downwind of 7900 f t .  

For t h i s  condition t h e  a c t i v i t y  i s  computed by the  following equation: 

The EGCR analysis,  as described 

Q 

'"Maximum Permissible Bo'dy Burden and Maximum Permissible 'Concen- 
t r a t i o n s  of Radionuclides i n  Air and i n  Water f o r  Occupational Exposures," 
U .  S. Dept. of Commerce, NBS Handbook 69, June 5, 1959. 
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where Xmax i s  the  a c t i v i t y  concentration i n  pc/m3 and Q i s  t h e  a c t i v i t y  

re lease  r a t e  i n  pc/sec. 

w a s  again t h a t  given i n  column 3 i n  Table 19.'2. 

I n  t h i s  computation, t he  a c t i v i t y  escape r a t e  

No c red i t  w a s  taken 

f o r  removal of a c t i v i t y  from air enter ing the  stack by f i l t r a t i o n  or 
iodine absorption. Column 7 i s  the  maximum ground concentration under 

normal conditions of a c t i v i t y  escape as computed using Eq. (:2). 

gives the m a x i m u m  ground concentration as a f r ac t ion  of nonoccupational 

MPC (10% of the  value given i n  column '5). 

Column 8 

A s  shown by Table 19.2, the  estimated a c t i v i t y  re lease  under normal 

conditions would not exceed t h e  MPC f o r  any of the  nuclides considered. 

Further, a fac tor  of 100 increase i n  e i t h e r  t he  escape r a t e  from t h e  f u e l  

o r  t he  leakage r a t e  from t h e  reactor,  or  a combination of these, would 

s t i l l  not br ing the  estimated maximum ground concentration above t h e  

permissible l eve l  f o r  any nuclide except 1132,. Since the f r ac t iona l  

re lease used fo r  1132 was 0.37$, it i s  very unl ikely that the  ac tua l  

escape rate from t h e  f u e l  would be over t en  t i m e s  t h a t  assumed. 

t he  estimated maximum ground conbentration above the  Mpc would require  

t ha t  a tenfold increase i n  the escape f r ac t ion  be coupled w i t h  a tenfold 

increase i n  leakage r a t e  from the  reactor.. Even i f  t he  escape r a t e s  

from the  reactor  were much higher than assumed, s tack f i l t e r s  could be 

provided t o  reduce the  release r a t e s  t o  to le rab le  l eve l s .  

To br ing 

Hazard Associated w i t h  Rup5,ure of Primary System 

The second condition considered i n  assessing hazards i s  tha t  

associated with a rupture of the primary system. 

however unlikely, could lead t o  combustion of the graphi te  f u e l  b a l l s  

by t h e  oxygen present i n  the  containment vesse l .  The surface tempera- 

t u r e  of much of t he  f u e l  i s  high enough f o r  rapid combustion, t h e  

surface-to-volume r a t i o  i s  high, and most of t h e  fission-product heat 

would be released i n  t h e  fue l .  These conditions a re  a l l  more severe than 

those which ex i s t  i n  a graphite-moderated reactor,  such as t h e  EGCR, i n  

which the  f u e l  i s  separated from the moderator.. Whether t h e  f u e l  would 

Such an accident, 
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be exposed t o  suf f ic ien t  oxygen t o  produce rapid combustion before it 

could be cooled below t h e  ign i t ion  point i s  a question requiring extensive 

analysis  . 
It may well  be tha t ,  as discussed i n  Chapter 8, the  graphite spheres 

w i l l  have t o  be coated t o  prevent t h e i r  oxidation by t h e  s m a l l  amount of 

C02 which contaminates the  helium under normal conditions. 

moment there  appears t o  be no technique f o r  applying nonpermeable s i l i con-  

carbide coatings at temperatures acceptable f o r  alumina-coated p a r t i c l e s  

dispersed i n  graphite.  However, appl icat ion of low-permeability coatings 

t h a t  would g rea t ly  reduce oxidation r a t e s  may be possible.  

having t h i s  property would permit t he  bed t o  be cooled without extensive 

oxidation, even i n  t h e  presence of air .  

A t  the  

A coating 

Another approach i s  t o  exclude the  poss ib i l i t y  of oxygen ge t t ing  

t o  the  core i n  t h e  event of a rupture by providing an i n e r t  atmosphere, 

such as nitrogen, i n  the  containment vesse l .  Although it may not be 

reasonable t o  have t h e  e n t i r e  vesse l  f i l l e d  with nitrogen, having an 

iner t -gas- f i l l ed  inner container surrounding the  contaminated pa r t s  of 

t h e  reactor  might be feas ib le .  This container could be f i t t e d  with 

. 
?. 

L 

I .  " 

pressure-relief devices t o  permit rapid equalization between it and the  

r e s t  of t he  vesse l  so t h a t  it would not have t o  withstand a pressure 

difference.  I t s  leakt ightness  would only have t o  be such as t o  keep 

t h e  oxygen content of t he  gas blanket f a i r l y  low. Even i n  the  event 

t he  inner container were penetrated by a missile,  t he  oxygen concentra- 

t i o n  i n  t he  blanket gas would be low f o r  a time, and t h e  concentration 

i n  the  core would be s t i l l  lower (pa r t i cu la r ly  i f  t he  reactor  rupture 

were a single-ended f a i l u r e ) .  

If the  poss ib i l i t y  of combustion of t he  f u e l  cannot otherwise be 

excluded, it may be possible t o  provide f o r  quenching a f i r e  or  pre- 

venting one by in j ec t ion  of steam o r  water or an oxidation-inhibit ing 

chemical, such as chlorine.  

The consequences of extensive combustion of graphite may be severe 

The containment vesse l  has an a i r  content t h a t  i s  suf f ic ien t  t o  oxidize 

5100 l b  of graphite t o  CO2.  If a rupture of t h e  reac tor  and t he  heat 
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exchanger were followed by complete react ion of the  oxygen w i t h  graphite,  

t he  f i n a l  pressure i n  the system would be about 20 psig and t h e  tempera- 

t u re  about 700°F. I n  performing t h i s  computation, a l l  the graphi te  and 

s t e e l  i n  t h e  system (including t h e  containment ves se l )  were considered 

t o  come t o  temperature equilibrium w i t h  t he  gas, but no allowance w a s  

made f o r  heat storage i n  the  concrete shield. If a l l  or par t  of the 

880 l b  of f u e l  were consumed, there  would obviously be a subs tan t ia l  re -  

lease of a c t i v i t y  t o  t h e  containment vessel .  The leakt ightness  require- 

ment imposed on the  containment vesse l  by the  p o s s i b i l i t y  of a large 

a c t i v i t y  re lease is discussed later.  

A rupture of t he  reactor  without oxidation of the  graphi te  would 

not r e s u l t  i n  a s ign i f icant  pressure increase i n  the  containment vessel .  

Escape of t h e  helium at 1000 psig and an average temperature of 900°F 
would increase the containment vesse l  pressure only 1.0 p s i  and r a i s e  

the  gas temperature 17°F (assuming no heat t r ans fe r  from the gas t o  the  

s t ruc tu re ) .  

only an addi t ional  0.3 p s i  and the  temperature only 5°F. 

conditions following rupture of both steam and helium systems (without 

heat l o s s )  would be a pressure of 1.3 psig and a temperature r i s e  of 

22°F above the i n i t i a l  temperature. 

Rupture of t he  steam system would increase the  pressure 

Hence, the  

I n  t h e  event of a rupture, even i f  both blowers continue t o  func- 

t ion ,  t he  heat removal capabi l i ty  of the  system w i l l  be g rea t ly  reduced 

because of t h e  reduced densi ty  of the  coolant.  An analysis  of t h i s  

condition would depend on knowledge of the  blower charac te r i s t ics ,  but 

t h e  c i rcu la t ion  r a t e  of e i t h e r  air or helium a t  atmospheric pressure 

w i l l  probably be suf f ic ien t  t o  prevent excessive temperatures i n  the  

core. If both blowers fail ,  however, na tura l  thermal-convection cooling 

w i l l  not be suf f ic ien t  at  a system pressure near atmospheric t o  prevent 

t he  f u e l  temperature from increasing. 

high enough f o r  a rapid react ion of t h e  alumina and graphite (approximately 

3000°F), a s igni f icant  fission-product re lease  would occur, and, i f  t h e  

melting point of U02 were reached, t he  re lease  would be even grea te r .  

Should the  temperature become 

-P 
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The maximum credib le  accident would be a rupture of the  reac tor  

which would lead t o  melting o r  oxidation of t h e  fue l .  If oxidation 

of the  graphi te  cannot be excluded as a poss ib i l i t y ,  the  containment 

vesse l  w i l l  have t o  be capable of withstanding t h e  maximum temperature 

and pressure t h a t  are credible .  Design of a vesse l  which w i l l  r e t a i n  

i t s  i n t e g r i t y  at 20 psig and 700"F, the  values estimated f o r  react ion 

of a l l  oxygen present t o  produce C02, ;Is not unreasonable. 

An estimate w a s  made of the leakt ightness  requirement imposed on 

the  containment vesse l  by the  p o s s i b i l i t y  of U 0 2  meltdown or  oxidation. 

Leakage from the  container at ground l e v e l  w a s  assded ,  and the  l imi t ing  

emergency dose at the  perkmeter of a 1000-ft-radius exclusion area w a s  

taken as 25 rem i n  an 8-hr period. 

by assuming tha t  100s of the  noble gases would be released from the  

f u e l  along w i t h  50$ of t h e  other  v o l a t i l e  nuclides (halogeps and a lka l i  

metals) and 5% of t h e  nonvolati le nuclides.  

by adjustment of values i n  the  EGCR preliminary hazards report  t o  t he  

conditions assumed f o r  the  PBRE. The r e s u l t s  indicated a permissible 

leakage r a t e  of 0.4$/day of t he  gas i n  the  containment vessel .  The 

permissible leakage w a s  computed t o  be l imi ted  by the in t e rna l  dose 

rate from radioact ive iodine.  

The a c t i v i t y  re lease w a s  obtained 

Dose rates were estimated 

Radiation Levels w i t h  Shielding'  

The presence of fission-product a c t i v i t y  i n  the  helium coolant and 

the p o s s i b i l i t y  of a c t i v i t y  deposit ing on surfaces which a re  outside 

the core requires  heavy shielding around a l l  pipes 'and components which 

contain contaminated gas.  Estimates of dose l e v e l s  which would e x i s t  

at the ex terna l  surface of a 3-f t - thick concrete sh ie ld  were made t o  

determine whether t h e  shielding specif ied f o r  t he  reactor  components 

i s  adequate. 

The r e s u l t s  $or t he  nuclides of importance with regard t o  gama  

rad ia t ion  a r e  summarized i n  Table 19.3. Column 3 gives the  t o t a l  gama 

7- 



Table 19.3.  Hard-Gamma Radiation Dose Rates Near Reactor System 
With and Without Shielding 

~~~ 

1 2 3 4 5 6 

Total  Gamma Dose Rate at Shield Unshielded Surface Unshielded Dose 

Pur i f ica t ion  Operat ion" After Shutdown" 
Energy Per Surface with No Dose Rate During Rate 24 hr  

Nuclide Half-Life Disintegration 

(MeV 1 ( m / h r )  b / h r  1 . ( m / h r )  

30 m 

78 m 
2.77. h : 

17.8 m 

8.05 d 

2.4 h *  
20.8 h:. 

6.68 h. 

2.6 m 

85 m 

40.2 h .  

9.13 h:. 

32 m 

2.21 

1.07 

1.65 

0.955 

0.080 

2.01 

0.555 

1.92 

0.661 

0.272 

2.10 

0.024 

2.14 

1.1 x 
1 . 5  x 

6.2 x 
5.5 x 10-6 

1 . 5  x 10'" 
7.2  x 

1 . 7  X lo-* 

0.85 

8.3 x 

5.3 x 10'6 
3.9 x 10'8 
2.1  x 

4.0  x 

17 

66 ' 

790 

300 

15 

1 .6  x lo4 
100 
2 50 

9.4 x lo4 
8 

10 
21 

2 

14 

. 1 .3  x . 1 0 ~  
55 

20 

9.4 x io4 

1 

a 

pur i f i ca t ion .  
Assumes removal of c i rcu la t ing  ac t iv i ty ,  except 'for te l lur ium and cesium, by coolant 

P 
u3 
P 
03 
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energy accompanying decay of t he  nuclides. 

represent the  dose rate at t h e  surface of the  3-f t - thick shield from 

radiat ion or iginat ing i n  a 1.-ft-diam pipe. The a c t i v i t y  i n  the  pipe 

w a s  estimated by assuming t h a t  a l l  t he  a c t i v i t y  i n  t he  primary system 

would be d is t r ibu ted  uniformly throughout i t s  volume. This assumption 

i s  obviously not va l id  with regard t o  nonvolati le nuclides which deposit 

p referen t ia l ly  a t  points  throughout t he  system. No fur ther  treatment 

w a s  made of t h e  barium and lanthanum a c t i v i t i e s  f o r  t he  shielded 

system, since, even w i t h  a thousandfold increase, they would s t i l l  not 

represent important sources. 

contributing 50 times as much t o  t h e  dose r a t e  as K r 8 8 ,  the  next l a rges t  

source. 

t o  make the  dose r a t e  exceed 100 mr/hr, and wel l  over a thousandfold 

increase would be required f o r  any other nuclide. 

i n  113* ackivi ty  does not seem reasonable, since the  f r ac t iona l  re lease  

used t o  compute the a c t i v i t y  l e v e l  i s  already 0.37$, although t h e  

surface adsorption of iodine throughout t he  system would increase t h e  

The values i n  Colwnn 4 

The 1132 ms tue yajor  radiat ion source, 

Over a hundredfold increase i n  1132 a c t i v i t y  would be required 

A hundredfold increase 

doses from iodine over the amounts shown here.  However, iodine i s  

believed t o  remain vo la t i l e ,  and furthermore the 1'32 a c t i v i t y  would 

be l e s s  than tha t  computed i f  i t s  77-h Te132 precursor were removed by 

processing. With processing of the coolant, t he  dose r a t e  from 

would be reduced t o  0.11 mr/hr ( s t i l l  assuming tha t  te l lur ium i s  not 

affected by processing), and t h e  dose r a t e  from K r 8 8  would be reduced 

t o  0.01. 

Radiation Level Without Shielding 

An indicat ion of the  radiat ion l e v e l  which would ex i s t  near com- 

ponents of t he  primary system without shielding w a s  obtained because 

of i t s  e f f ec t  on the  poss ib i l i t y  of d i r e c t  maintenance. 

dose rate a t  the  surface of a bare 1-ft-diam pipe containing a c t i v i t y  

i n  proportion t o  i t s  f r ac t ion  of the  t o t a l  volume w a s  estimated. The 

dose r a t e s  a re  given i n  column 5 of Table 19.3 for t he  a c t i v i t y  l eve l s  

The hard.-gamma 
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which would ex i s t  with coolant pur i f ica t ion  but with the  assumption t h a t  

only te l lur ium and cesium deposit  i n  t h e  primary system. The conditions 

which would ex i s t  at f u l l  power and 24 h r  after shutdown a re  shown i n  

column 6. 

from 113* and Ba137m. 

reduced i f  the  tellurium and cesium parents of iodine and barium were 

removed from the  system by coolant pur i f ica t ion .  The source would be 

in tens i f ied ,  however, i f  iodine were adsorbed on the  system surfaces o r  

i f  preferen t ia l  adsorption of cesium at some point i n  t h e  system resul ted 

i n  a concentration of t h e  Ba137m. 

determined by that  of i t s  26.6-y Cs137 precursor, does not decay rapidly 

enough f o r  the  computed a c t i v i t y  l e v e l  t o  decrease appreciably with 

time . 

The unshielded dose rate i s  qui te  high because of t h e  radiat ion 

These a c t i v i t y  sources would be considerably 

Ba137m, whose e f fec t ive  h a l f - l i f e  i s  

The unshielded rad ia t ion  l eve l s  given i n  Table 19.3, i f  encountered 

i n  practice,  are  su f f i c i en t ly  high t o  discourage d i r e c t  maintenance of 

components i n  the primary system. There i s  a poss ib i l i ty ,  however, tha t  

te l lur ium and cesium remain i n  the vapor phase long enough t o  be affected 

by processing. Alternatively, t h e i r  p re fe ren t i a l  deposit ion i n  t h e  heat 

exchanger might leave t h e  dose l e v e l  i n  other components appreciably lower 

than indicated by Table 19.3. Successful removal of the  important radia- 

t i o n  sources by decontamination would, of course, a l so  completely a l ter  

the  s i t ua t ion  with regard t o  d i r e c t  maintenance. 

The dose r a t e s  l i s t e d  i n  Table 19.3 are only those from hard-gamma- 

emitting nuclides. Without shielding, the  gamma rays less energetic 

than those considered here could be an important rad ia t ion  source. T h i s  

has not been examined i n  d e t a i l ,  but, i n  general, t he  nuclides emitting 

weak gamma rays ( l e s s  than 0.4 MeV) decay more rapidly than those 

emitt ing hard gamma rays.  I n  addition, r e l a t i v e l y  l i g h t  portable shielding 

would be ef fec t ive  i n  reducing the  dose l e v e l  from weak gama  sources. 

N a t u r a l - C  i r c u l a t  i on Cooling 

..+ 

The PBRE has been designed with the in ten t ion  t h a t  na tura l  c i rcula-  

t i o n  of helium w i l l  be adequate f o r  cooling t h e  core i n  t h e  event both 

F 
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blowers cease t o  operate. 

helium pressure remained near i t s  design value. 

c i rcu la t ion  would not be adequate f o r  cooling at atmospheric pressure.  

This capabi l i ty  would ex i s t  only i f  the  

Thermally induced 

The height required t o  remove various f r ac t ions  of the  design 

power has been estimated f o r  specified helium e x i t  temperatures. I n  

a l l  cases the  gas w a s  assumed t o  re turn t o  the  core at 550'F. 

pressure drop through the  core w a s  obtained using Eq. (7 )  of Chapter 10. 

Th i s  r e l a t ion  i s  s t i l l  applicable a t  the  flow rates associated w i t h  

na tura l  .c i rculat ion.  The flow resis tance external  t o  the  core was 

based on a design t h a t  under normal conditions would cause a pressure 

drop of 3 .5  ps i .  

the  heat exchanger a t  low c i rcu la t ion  r a t e s .  

The 

Allowance w a s  m a d e  f o r  t he  change t o  laminar flow i n  

The r e s u l t s  of t he  natural-circulat ion calculat ions are  presented 

i n  Fig.  19.2. The decrease i n  fission-product energy release r a t e  w i t h  

time i s  a l so  shown. 

height t o  be used i n  computing the  buoyancy dr iving force w i t h  the  

dens i t ies  taken as those a t  the  core and heat exchanger ex i t s ;  it i s  

approximately the  v e r t i c a l  dis tance from the center of t he  core t o  the 

center of t he  heat exchanger. 

The "ef fec t ive  height'' of t he  ordinate i s  t h a t  

Assuming that  the  control  rods are inser ted soon a f t e r  l o s s  of 

power t o  t h e  blowers, blower coast-down could provide ade.quate flow f o r  

t h e  f irst  2, 1/2 min. 

would stop botB.blowe'rs; iny accident of a type which would stop a 

blower from coasting i s  unlikely t o  a f f ec t  both simultaneously.) 

2 1/2 min, natural  c i rcu la t ion  must remove about 3% of the  power at  which 

the reactor  has been operating. The e x i t  gas could leave the core a t  

about 1500°F without damaging t h e  piping or t h e  heat exchanger. 

shown i n  Fig.  19.2, an e f fec t ive  height of about 26 f t  would be required 

t o  remove 3$ of f u l l  power with a core e x i t  temperature of 1500°F and w i t h  

t h e  system at  900 ps ia .  

(Presumably l o s s  of power i s  the  only event which 

After 

A s  

The height required f o r  a given power removal capabi l i ty  and a given 

e x i t  gas temperature i s  inversely proportional t o  the  square of the 
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absolute pressure.  Thus, i f  t he  pressure were only 450 psia,  the  required 

height would be fDur times as great  as t h a t  required at  900 ps ia .  

Heat Exchanger Tube RuDture 

The reactor  secondary system would be operated t o  maintain the 

pressure of steam i n  the  heat exchanger grea te r  than the  pressure of 

helium i n  the  core.  Hence a heat exchanger tube rupture would r e s u l t  i n  

t he  leakage of steam in to  the  primary system. The operations performed 

following detect ion of moisture i n  the  helium a re  discussed inchapten '  1 2 .  

Two consequences of a tube rupture have been considered b r i e f ly :  

(1) the  addition of r e a c t i v i t y  which would r e s u l t  from moisture enter ing 

the core, and ( 2 )  t he  react ion of steam with graphite i n  the  core.  The 

r eac t iv i ty  addition w a s  computed by assuming tha t  a l l  the  void volume of 

t h e  core contained steam at a pressure corresponding t o  saturat ion at  550°F 

(37.6 g per l i t e r  of vo id) .  This i s  

subs tan t ia l ly  smaller than the  r e a c t i v i t y  which can be controlled by the  

poison rods, since the  cold, clean shutdown margin i s  6$Ak/k. 

A value of 2.6% &/k w a s  obtained. 

The surface temperature of t he  f u e l  i n  the  P h E  core will be high 

enough f o r  a react ion t o  occur between steam and any uncoated graphi te .  

This reaction i s  endothermic, w i t h  an energy adsorption of 32 400 kal/g.mole. 

Hence the react ion w i l l  cool t he  graphite and, i f  suf f ic ien t  water i s  

available,  w i l l  eventually reduce i t s  temperature t o  below tha t  a t  

which the  reaction r a t e  i s  s ign i f icant  (above 1000°F). 

Neglecting fission-product decay heat, about 6% of the graphite, 

which i s  i n i t i a l l y  at  1800"F, would be gas i f ied  i n  reducing the tempera- 

t u r e  t o  1000°F. 

10 min, about 10% of the  graphite would reac t .  If t h e  bed were being 

cooled by convection, as well  as by the  reaction, l e s s  graphite would 

be oxidized than i s  indicated by the  above numbers. 

Allowing f o r  t he  fission-product heat generated i n  

The hydrogen and carbon monoxide products of the  carbon-water react ion 

No oxygen would be avai lable  t o  produce an explosive a re  both combustible. 

mixture, however, unless there  w a s  a subsequent rupture of the  primary 

system. 

d 
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Hazards Summary and Conclusions 

The amounts of fission-product a c t i v i t y  released from the  PBRE 
under normal conditions and following t h e  maximum credible  accident 

have been estimated. 

highest g r o q d  concentration of a c t i v i t y  normally released from the 

stack w i l l  not exceed the  m a x i m u m  permissible concentration. 

From the  r e s u l t s  one may conclude tha t  t h e  

, 
Further, 

i f  the reactor  system i s  housed i n  a conventional containment vessel, 

t he  exposure t o  t h e  public from t h e  m a x i m u m  credible  accident w i l l  be 

well below the  acceptable l i m i t  of 25 r e m .  I n  contrast  t o  these con- 

clusions regarding hazards t o  t h e  public, the  dose r a t e  t o  be expected 

f o r  personnel performing maintenance operations on the reactor  can be 

stated w i t h  l i t t l e  cer ta in ty .  

conditions a re  summarized below. 

The r e s u l t s  obtained f o r  these and other 

Maximum Credible Accident 

The containment vesse l  design c r i t e r i o n  for t he  PBRE i s  predicated 

upon a rupture of t h e  primary coolant system which r e s u l t s  i n  oxidation 

o r  melting of the f u e l  mater ia l .  If allowance i s  made for reac t ion  of 

a l l  the oxygen within the  container w i t h  graphite,  the design tempera- 

. t u r e  and pressure are 20 psig and 700°F, respect ively.  Melting o r  
oxidation of t h e  f u e l  w a s  assumed t o  release 100% of the noble gases, 

50% of the  v o l a t i l e  products (notably iodine) ,  and 5$ of the  nonvolati le 

products t o  the  containment vessel .  With leakage of 0.4$/day of the  

container volume at ground leve l ,  t he  r e su l t i ng  exposure 1000 f t  down- 

wind f o r  an inversion condition would not exceed 25 rem i n  an 8-hr 

period. 

Normal Activity Release 

About 900 cur ies  of fission-product a c t i v i t y  was estimated t o  

c i r cu la t e  i n  the  primary system at  equilibrium conditions w i t h  chemical 

processing of the coolant. 

t o t a l  were used i n  evaluating the a c t i v i t y  leakage from t h e  reac tor  

The indiiiidual a c t i v i t i e s  comprising t h i s  
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and i t s  disposal  from the  containment vesse l .  

of the  helium i n  the  primary system w a s  used i n  estimating f i s s ion -  

product escape from t h e  reac tor .  

A leakage rate of O.l$/day 

The re lease  r a t e s  of f i s s i o n  products from the  alumina-coated UO;! 

f u e l  p a r t i c l e s  were based on the  da t a  obtained f o r  several  xenon and 

krypton isotopes i n  the  experiment present ly  i n  progress a t  BMI. The 

da ta  employed i n  the  analysis  correspond t o  a uranium burnup of 4.8$, 
which approaches the  value expected i n  the  PBRE. 

temperature i n  the  reactor  may, however, be several  hundred degrees 

The average f u e l  

. above t h a t  of t he  f u e l  i n  the  BMI t e s t ,  Unfortunately, su f f i c i en t  experi-  

mental da t a  do not e x i s t  t o  permit a quant i ta t ive  estimate of t he  increase 

i n  re lease r a t e  with temperature. 

I n  estimating the  a c t i v i t y  escape from t h e  fuel ,  re lease  r a t e s  of 

the  hal ides  (iodine, bromine), a l k a l i  metals (cesium, rubidium), and 

te l lur ium were assumed t o  follow the  same re lease  vs decay constant 

dependence as t h a t  exhibited by t h e  noble gases. All nonvolati le 

nuclides were assumed t o  ex i s t  i n  the  gas only as a r e s u l t  of decay 

from a gaseous precursor. 

The a c t i v i t y  released from the  f u e l  c i r cu la t e s  with the primary 

coolant from which it may be removed by the  following processes: 

(1) f i l t r a t i o n  i n  a total-s t ream f i l t e r ,  ( 2 )  f i l t r a t i o n  i n  the  bypass 

cleanup system, ( 3 )  deposit ion and adsorption on the  system surfaces, 

and ( 4 )  decay and leakage. Unfortunately, t h e  removal e f f i c i enc ie s  

of mechanisms 1 and 3 a re  not known with much cer ta in ty .  It may be 

shown, however, t h a t  even i f  these mechanisms do not remove a c t i v i t y  

from the gas, operation of the  bypass cleanup system w i l l  provide an 

upper l i m i t  on the  a c t i v i t y  concentration i n  the  c i rcu la t ing  coolant.  

This l imi t ing  concentration w a s  t he  basis f o r  t h e  estimate of a c t i v i t y  

leakage from the  reac tor  under normal conditions.  

The estimated 'fission-product re lease r a t e s  involve considerable 

uncertainty, pa r t i cu la r ly  with regard t o  the  e f f e c t s  of grea te r  uranium 

burnup and higher f u e l  temperature. Hence the  fission-product escape 

rates based on these values cannot be considered conservative with 
3 
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regard t o  present knowledge. It i s  not unreasonable, however, t o  

expect that  before completion. of t he  PBRE addi t ional  work on f u e l  

materials may e f f ec t  funther improvements i n  t h e i r  a b i l i t y . t o  r e t a i n  

f i s s i o n  products. I n  any case, t h e  computed a c t i v i t y  re lease  r a t e s  

f o r  normal conditions a re  low enough t h a t  a hundredfold increase would 

be required t o  exceed the  maximum permissible concentrations. 

Dkrect Radiation Dose Rate's from Reactor Components 

Even i f  there  were no pur i f ica t ion  of t he  coolant, t he  dose r a t e  

at the  surface of t he  3-f t - thick shield would be within to l e rab le  limits. 

Dose r a t e s  from unshielded piping, however, may exceed 100 rem/hr 24 hr 
. a f t e r  shutdown. The dose rate estimate i s  pa r t i cu la r ly  dependent on 

the  assumptions made regarding the  deposi t ion 'or  adsorption of tellurium 

and cesium on surfaces i n  the  primary system. If these elements a re  

deposited i n  favorable locat ions or removed by the  coolant pur i f ica t ion  

system, the  reduced a c t i v i t i e s  of t h e i r  1132 and Ba137m daughters may 

lower the  dose l eve l  appreciably below the  100-rem value quoted. The 

same e f f ec t  would, of course, be achieved by decontamination of t h e  

system before maintenance i s  attempted. A higher l o c a l  dose rate than 

100 rem/hr could ex i s t ,  however, i f  there  were p re fe ren t i a l  adsorption 

of the  important nuclides on the component t o  be handled. Thus lack 

of knowledge about a c t i v i t y  deposit ion and adsorption makes it impossible 

t o  predict  accurately the conditions which w i l l  ex i s t  with regard t o  

maintenance operations. 

Other Conditions 

Two other  conditions which were examined are heat removal i n  case 

of blower f a i l u r e  and the  consequences of a heat exchanger tube rupture. 

Natural .c i rculat ion appears t o  be adequate f o r  cooling t h e  f u e l  i n  the  

event of simultaneous blower f a i lu re s ,  as long as the helium pressure 

remains near i t s  design value. Temperatures i n  the  reactor  would not 

be limited, however, t o  reasonable values by na tura l  c i r cu la t ion  i f  t he  

pressure f e l l  much below 900 ps i .  li 
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A heat exchanger tube leak would admit steam into the primary 
system that would react with graphite in the core. 
reaction is endothermic and would result in a lowering of the graphite 

Fortunately, this 

temperature until a level were reached at which the reaction.rate would 
cease to be significant. 

3 
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20. RESEARCH AND DEVELOPMENT 
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A s  indicated i n  the previous chapters, and pa r t i cu la r ly  in  the 

discussion on the f u e l  element (chap. 8 ) ,  there are a number of serious 

problems t o  which favorable solutions must be found before a pebble- 

bed reactor  can be properly designed and b u i l t .  

of the research and development program required i s  presented here.  

A preliminary estimate 

Fuel Element Development 

The major questions t h a t  must be resolved before the f u e l  elements 

f o r  a pebble-bed reactor  core loading can be obtained with confidence 

are, first, the r a t e  of f ission-gas re lease  as a function of tempera- 

ture and burnup f o r ,  not only A1203-coated U02 pa r t i c l e s ,  but a l s o  

BeO-coated U02 and pyro ly t ica l ly  carbon-coated UC2, a l l  dispersed i n  

a graphite matrix. Second, information i s  needed with respect t o  

the oxidation of graphite by impurity gases, primarily C02 and H20, 

i n  the coolant stream. The r a t e s  of these react ions a re  complex 

functions of temperature, pressure, gas flow r a t e ,  gas composition, 

graphite charac te r i s t ics ,  and probably rad ia t ion .  The need f o r  an 

oxidat ion-resis tant  surface coating must be carefu l ly  assessed because 

the temperatures required t o  apply Si-Sic, the  most promising coating 

f o r  t h i s  purpose, would preclude the use of A1203- or BeO-coated U02 

as the f u e l  p a r t i c l e s ,  

temperature, both of these compounds r eac t  excessively with graphite.  

. 

A t  the 3500 t o  3600°F coating-application 

The fuel element development program should be designed t o  take 

f u l l  advantage of the extensive coated-fuel-particle work now being 

sponsored a t  Ba t t e l l e  by the Atomic Energy Commission. 

a l l o t t e d  fo r  t h i s  program a re  $500 000 f o r  the balance of f i s c a l  year 

1961 and $1 mil l ion f o r  each of the f i s c a l  years 1962 and 1963. 

The funds 

The 

pro jec t  i s  divided in to  the following f i v e  tasks:  

Task I. A1203-coated U02 dispersed i n  graphite 

Task 11. BO-coated U02 dispersed i n  graphite or Be0 
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Task 111. Pyrolytic-carbon-coated U02.0r UC2 dispersed i n  

Task W. Optimum coated p a r t i c l e  f u e l  element 

Task V.  

graphite 

Evaluation of coated p a r t i c l e s  developed by other 
organizations 

Both process development and product evaluation, including i r r ad ia t ion  

tests, are t o  be performed under the f irst  four tasks  l i s ted .  Under 

Task V, promising p a r t i c l e  coatings developed by other organizations 

w i l l  be evaluated. 

coatings a re  the following: 

Companies now known t o  be working on fue l -pa r t i c l e  

Oxide coatings Minnesota Mining and Manufacturing Company 
Nuclear Materials and Equipment Company 

Pyrolytic carbon American Metal Products Company 

Minnesota Mining and Manufacturing Company 
National Carbon Company 

coatings High Temperature Materials , Inc . 

The fabr ica t ion  experience of the  various companies who have par t ic ipa ted  

i n  the Sanderson & Porter f u e l  element development program should a l so  

be used as extensively as possible .  The information ava i lab le  from . 
other  related programs, such as the General Atomic HTGR, OEEC Dragon, 

and the National Carbon Company fue l  cycle program, should a l s o  be of 

grea t  help.  

e f f o r t  should include an evaluation of coated pa r t i c l e s ,  f u e l  sphere 

fabr ica t ion  and evaluation, and the development of f u e l  processing 

techniques. 

The experimental phase of the fuk l  element development 

Coated Pa r t i c l e  Evaluation 

It is  ant ic ipated t h a t  much of the basic coating-evaluation work 

w i l l  be performed under the AEC contract  a t  Battelle.  The purpose of 

an experimental program would be t o  extend the data,  where necessary, 

t o  meet spec i f ic  PBRE operating requirements. 

The most promising coated p a r t i c l e s  could be obtained from Battelle 

and pr iva te  manufacturing companies and evaluated by metallographic 

. 
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techniques, by oxidation o r  HN03 leaching tests, by thermal cycling, by 

extended high-temperature heat treatment, by t e s t i n g  f o r  compatibil i ty 

with graphite, and by examination and t e s t i n g  following neutron act iva-  

t ion .  

with suggestions f o r  product impro4ement where appropriate.  

The information thus obtained could be relayed t o  the producer 

Fuel Sphere Fabrication and Evaluation 

For the fabr ica t ion  work t o  be s ign i f icant ,  carefu l  control and 

recording of process var iables  w i l l  be required, since properties such 

as thermal conductivity, thermal expansion, impact and abrasion re -  

s is tance,  oxidation resis tance,  and dimensional s t a b i l i t y  under irradia- 

t i o n  can be expected t o  vary with the type and quantity of f i l l e r  and 

binder, ,baking cycle, and temperatures used i n  fabr ica t ing  the spheres. 

Comprehensive evaluation t e s t s  would be required.  Metallography 

techniques could be used t o  determine condition and d is t r ibu t ion  of the 

coated f u e l  pa r t i c l e s  and t o  determine the proportions of carbon and 

graphite, and s t ruc ture  of the matrix. X-rBy d i f f r ac t ion  examinations 

could be made t o  determine l a t t i c e  parameters and c r y s t a l l i t e  s i z e .  

Nondestructive t e s t s ,  such as radiography, could be used, and "hot o i l "  

immersion density determinations could be made on coated spheres. 

Mechanical and thermal examinations would include thermal shock, impact, 

compression, and abrasion t e s t ing .  Thermal conductivity and expansion 

measurements would be made. Oxidation t e s t s  would be used t o  determine 

the extent  of react ions w i t h  minor amounts of impurit ies i n  the coolant 

t o  ascer ta in  need f o r  sphere surface coatings. Fission-gas retent ion 

and rad ia t ion  damage would be determined following extensive exposure. 

A reasonable number of specimens t o  permit thorough evaluation of 

the f u e l  would be approximately 1000 b a l l s .  

balls, along with the cos t  of evaluating coated pa r t i c l e s  and balls, 

i s  estimated t o  run between $300 000 and $400 000. 

t i o n  t e s t  a r e  being considered: 

the basic f u e l  particle-graphite matrix, and ( 2 )  fu l l - s ca l e  element 

t e s t s .  The cost  of about 30 miniature capsule t e s t s  i s  estimated a t  

The cos t  of preparing these 

Two types of i r rad ia-  

(1) miniature-capsule t e s t s  t o  evaluate 
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$1 200 000 t o  $1 500 000, and the cos t  of 20 t o  30 fu l l - sca l e  tests 

might be between $2 700 000 and $4 000 000. ' 

Fuel Reprocessing 

Although the development of fuel-reprocessing procedures i s  not 

a prerequis is te  t o  the design of a reactor  experiment, an economic 

chemical recovery process f o r  the spent f u e l  w i l l  have t o  be deGeloped 

if  the PBR.or any other semihomogeneous reac tor  i s  ever t o  be an 

important long range reactor  concept. Consequently work should be 

done on the following items along with the development of the  fue l :  YP 

(1) graphite disposal, ( 2 )  preparation of the res idua l  material i n  a 

form f o r  processing in ,  f o r  example, the Thorex p lan t  a t  ORNL, ( 3 )  

conversion of the uranium and thorium back t o  the  oxides or  carbides 

and ba l l  re fabr ica t ion  under f a i r l y  radioactive conditions.  

an estimate should be made of t h e l c o s t  of t h i s  process i n  comparison 

with other fuel-reprocessing schemes. 

Further, 

The cost  of developing the required fuel-reprocessing method is  

extremely uncertain because curGent A.EC fuel-reprocessing technology 

does not encompass such a method. Disposal of the graphite b a l l  matrix 

does not appear t o  be unreasonably d i f f i c u l t .  

w i t h  fuming n i t r i c  acid have already been used successfully i n  the 

laboratory, and i f  the uranium and thorium compounds a re  physical ly  

accessible  t o  the leaching solution, there  does not seem t o  be a serious 

problem i n  recovering the f u e l  i n  a form f o r  w e t  processing according 

t o  es tabl ished techniques. However, dense alumina i s  about as re f rac tory  

a mater ia l  as i s  ever encountered, and there are no known reagents which 

w i l l  dissolve it and which a l so  can be contained i n  avai lable  equipment. 

Thus, i f  the alumina coating on the fuel p a r t i c l e s  i s  not damaged i n  

the reactor ,  it probably w i l l  be necessary t o  crush such p a r t i c l e s  

before leaching. While the laboratory work required t o  e s t ab l i sh  the 

s teps  i n  the process might be done f o r  about $250 000, the engineering 

development of the remote mechanical and chemical systems required t o  

oper'ate under hot -ce l l  conditions would cos t  a t  least $1 000 000 and 

perhaps as much as $3 000 000. 

Crushing or  treatement 

# 
d 
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Pyrolytic graphite coatings might be easier t o  dispose of than  

alumina coatings, but no assurance can be given a t  t h i s  s tage t h a t  the 

f i n a l  costs  would be d i f f e ren t .  

Develo-oment of G r a D h i  t e  Com-oonents 

The major problem w i t h  respect  t o  the graphite components f o r  the 

PBRE i s  the fabr ica t ion  of the large sleeves f o r  the pebble-bed container 

and coating of these sleeves w i t h  an oxidat ion-resis tant  coating. Solu- 

t ions  t o  both aspects of t h i s  problem can be achieved only by manufacturing 

companies w i t h  extensive experience i n  graphite fabr ica t ion  and coating. 

It may be necessary t o  f ab r i ca t e  one of these sleeves i n  order t o  

establish reasonable dimensional tolerances,  the amount of d i s to r t ion  

t o  be expected during coating, and f eas ib l e  means f o r  a t taching the 

graphite sleeves t o  t h e i r  s teel  sockets.  

determine whether the contemplated 1- in .  taper  i n  8 f t  i s  adequate- to  

provide f o r  easy w i t h d r a w a l  of one sleeve r e l a t i v e  t o  another. Costs 

may run from $50 000 t o  $100 000. 

Tests should a l s o  be made t o  

Gra-ohite Shrinkage Cracking 

An extensive study of graphite shrinkage and creep i s  under way i n  

connection w i t h  o ther  reactor  programs, so  there  is  no advantage t o  

i n i t i a t i n g  a new program f o r  the PBRE. There i s  a poss ib i l i t y ,  however, 

t h a t  the geometry or i n s t a l l a t i o n  of the graphite sleeves f o r  the inner 

layers  of the r e f l e c t o r  could be modified i n  such a way as t o  increase 

t h e i r  l i v e s  i n  the reac tor  before cracking begins. S t ruc tura l  tests 

would be required t o  evaluate the effect iveness  of such modifications. 

If the r e s u l t s  of t h i s  work prove favorable, it might be possible t o  

increase the expected l i f e  of the PBRE graphite sleeves by a f ac to r  of 2. 
The cos t  of t h i s  study might run from $10 000 t o  $50 000. 

Core Cooling Problems 

Matching the gas flow d i s t r ibu t ion  t o  the  power d i s t r ibu t ion  w i l l  

probably require  both model and fu l l - sca l e  t e s t s .  Schemes t o  be t e s t ed  

t 
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would include f l u t i n g  or ribbing of the  inner surface of the  r e f l e c t o r .  

T h i s  work should a l s o  include a s t a t i s t i c a l  inves t iga t ion  of the void 

f r a c t i o n  d i s t r ibu t ion .  The gas flow d i s t r i b u t i o n  r a d i a l l y  across  the 

core can be determined by a i r  flow tests a t  room temperature with a 

good simulation of the  f u l l - s c a l e  Reynolds number. A va r i e ty  of 

geometries of the top and bottom of the  core should be t e s t ed  t o  

inves t iga te  the  f e a s i b i l i t y  of keeping the  bed free of bobbing or 
spinning balls under pressure drops up t o  double t h a t  which causes bed 

f l o t a t i o n .  

It may be worthwhile t o  run an extended endurance tes t  t o  inves t i -  

gate  the  amount of abrasion t h a t  might occur from b a l l  bobbing or spinning 

under upflow conditions w i t h  some elements  of t h e  bed f l o a t i n g .  Such a 

tes t  would a l s o  give some idea of the  ex ten t  t o  which f i l t e r  clogging 

may prove t o  be a problem. The e f f e c t s  of various end g ra t e  geometries 

on b a l l  flow through the core should a l s o  be invest igated.  Costs f o r  

studying gas flow d i s t r i b u t i o n  and developing holddown techniques a re  

estimated t o  run from $100 000 t o  $200 000. 

If the r a d i a l  gas flow d i s t r i b u t i o n  can be matched reasonably 

wel l  t o  the  nuclear power d i s t r ibu t ion ,  it would be important t o  ge t  

some idea of the  ex ten t  t o  which r a d i a l  mixing of the cooling gas w i l l  

a l l e v i a t e  an excessive gas temperature rise i n  a hot annulus. T h i s  

might be done by heating the  core model isothermally t o  perhaps 400°F 
w i t h  no coolant flow and then measuring the  t r a n s i e n t  temperature 

behavior of thermocouples buried i n  representa t ive  balls dispersed 

throughout t he  bed as flow is  resumed w i t h  cold.gas .  The r e s u l t i n g  

bal l  temperature d i s t r i b u t i o n  can be compared w i t h  the gas radial 

ve loc i ty  and temperature d i s t r i b u t i o n  t o  give a good indica t ion  of the 

e f f e c t s  of mixing. Costs f o r  t h i s  study might be $10 '000 t o  $50 000. 

Helium Containment and Fuel Handling 

-7- 

a 
3 

Containment of the helium within the  high-pressure system is more 

than a rout ine  design problem because (1) there has been l i t t l e  experience 
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w i t h  containment of helium a t  both high temperature and high pressure, 

pa r t i cu la r ly  where closures of one s o r t  or another a re  involved, and 

( 2 )  much more than conventional leaktightness is  required because of 

the contained rad ioac t iv i ty  (including tritium). If one i s  t o  consider 

transporting f u e l  i n to  and out  of the reactor ,  even a t  reduced pressure, 

an elaborate system of pressure-buffered locks i s  required t o  keep the 

external  contamination under control .  Elastomeric mater ia ls  cannot be 

used because of both the high temperature and the high rad ia t ion  dose 

r a t e s ,  and no hard-seated valves a re  known which can be operated 

repeatedly and ye t  give thcis degree of leaktightness,  or anywhere near 

it, especial ly  w i t h  g r i t t y  materials passing over the valve sea t s .  The 

operating sequence of the locks c a l l s  f o r  a ra ther  i n t r i c a t e  system 

of mechanical or e l e c t r i c a l  inter locks a s  a guarantee against  operator 

e r ro r .  The operation must be conducted i n  sealed chambers, and the 

spent f u e l  discharging must be done completely remotely behind heavy 

shielding. Final ly ,  the equipment must be successfully checked f o r  

t ightness  a f t e r  each operation. 

Along with development of a leak t ight  f u e l  t ransport  system it is  

e s sen t i a l  t o  demonstrate that  the ba l l  feed mechanism assures proper 

d i s t r ibu t ion  and flow across the core without exceeding the b a l l  jacket 

impact limits. The ball-removal mechanism below the core must demonstrate 

posi t ive ba l l  movement, adequate b a l l  cooling, and freedom from jamming. 

There i s  no way t o  design a sa t i s fac tory  system on paper, because 

the experience upon which the designer must d r a w  does not e x i s t .  

work w i l l  have t o  be accompanied by model t e s t s  t o  check out proposed 

components. When a su i tab le  system design has been evolved, a f u l l -  

sca le  model should be b u i l t  and tes ted  under simulated conditions of 

gas pressure, remote manipulation, and contamination. The t e s t i n g  of 

many modifications must be expected i n  the course of the work on both 

the small and the fu l l - s ca l e  models. The cost  of t h i s  may be from 

Desig; 

$400 000 t o  $1 000 000. 

Helium Pur i f ica t ion  

The pur i ty  of the c i rcu la t ing  helium must be maintained i n  order 

t o  l i m i t  the spread of radioact ive contamination and t o  prevent chemical 
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a t tack  on the graphite.  The pur i f ica t ion  system proposed i n  t h i s  study 

is  modeled t o  a large extent  a f t e r  the one designed f o r  the EGCR, but 

it appears t h a t  the cleanup requirements f o r  the PBRE are considerably 

more s t r ingent .  In t h i s  connection, more complete information i s  needed 

on the dynamic absorption of krypton, xenon, and iodine on charcoal. a t  

r e l a t i v e l y  high pressures (1000 p s i ) ,  including the e f f e c t  of iodine 

poisoning. Inf'ormation i s  a l s o  needed on the k ine t i c s  of co-sorption 

of H2O and C02 by molecular sieves a t  high pressures and low H 2 0  and 

C02 l eve l s .  More precise  information i s  needed on the e f f e c t  of the  

impurit ies on fue l -ba l l  in tegr i ty ,  f ission-product re ten t ion ,  and 

graphite mass t ransfer  and dusting i n  the event of jacket f a i l u r e .  

More extensive s tudies  a re  required of the k ine t i c s  and reac t ion  

mechanism of the graphite-gas react ions and of the k ine t i c s  of graph- 

i t e  mass t ransfer  a t  pressures and temperatures of i n t e r e s t .  In  

par t icu lar ,  the  maximum to le rab le  l e v e l  of carbon-gas impurit ies should 

be determined i n  advance of P13RF: f i n a l  design, espec ia l ly  if the  to le ra-  

ble  l e v e l  i s  extremely low. 

A l e s s  c r i t i c a l  problem involves removal of pa r t i cu la t e  material 

from the gas stream. 

the reac tor  ou t l e t ,  but such devices may not be p r a c t i c a l  i n  la rge  

power reac tors .  Nonetheless, the p a r t i c l e  f i l t e r i n g  requirements appear 

t o  be associated with fue l -ba l l  i n t eg r i ty  and, hence, with chemical 

cleanup conditions. 

The PBRE design includes ful l - f low f i l t e r s  a t  

The development work required may, cos t  from $50 000 

t o  $100 000. 

Maintenance Procedures 

Although the maintenance procedures w i l l  not, i n  general, be 

complicated by requirements of helium containment o r  contaminated fue l -  

b a l l  handling, the problems of personnel shielding and contamination 

control  w i l l  be severe. Any operation f o r  which the pressure vessel  

closures or  ball-handling equipment must be opened w i l l  requTre, f i r s t ,  

t h a t  adequate sea ls  be establ ished f o r  coupling t o  the maintenance 
\ 

. 
.# 
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equipment containers  or t h a t  the work be accomplished under hot -ce l l  

conditions. Maintenance work under such conditions i s  complicated , 

because there  must be a physical barrier between the operator and the  

equipment. In some cases it w i l l  be p r a c t i c a l  t o  provide windows f o r  

viewing, but i n  other  cases the  work must be done e n t i r e l y  remotely. 

Cases i n  poin t  a r e  replacement of cont ro l  rods and dr ives ,  replacement 

of fuel-discharge mechanism components, and removal of the  core graphi te  

s leeves.  Costs a r e  l i k e l y  t o  run from $200 000 t o  $500 000. 

The d i r e c t  access t o  the  blowers assumed i n  t h i s  study is based 

on the fission-product release being very small and the p o s s i b i l i t y  of 

removing any a c t i v i t y  that  lodges i n  the blower casings by wet decon- 

tamination. 

considerably i n  determining the equilibrium a c t i v i t y  l eve l s  i n  the 

helium stream, possible methods of lowering the a c t i v i t y ,  and the amount, 

locat ion,  and nature of deposited f i s s i o n  products. This work could 

p ro f i t ab ly  be augmented and cor re la ted  w i t h  work under way a t  ORNL w i t h  

ORR loop No.  2 and w i t h  the  General Atomic in -p i l e  work a t  the  GETR. 

In any event, it remains t o  be demonstrated that  the scheme presented 

for hydraulically i s o l a t i n g  the blower casings i s  feasible and tha t  a l l  

trash and decontaminating so lu t ion  residue can be prevented from leaking 

i n t o  the  rest of the system. It would be very desirable t o  test  those 

decontaminating procedures on components, such as blowers, which can be 

obtained from in-p i le  loops used for t e s t i n g  ceramic f u e l  elements not 

contained i n  metal capsules. 

evaluating the r e s u l t s  is  l i k e l y  t o  run from $100 000 t o  $150 000. 

The proposed program f o r  the PBRE in-p i le  loop w i l l  a i d  

The cos t  of conducting these t e s t s  and 

Summary of Research and Development Costs 

The cos t  estimates are summarized below: 

Fuel element development 

Ball f ab r i ca t ion  and t e s t i n g  

I r r ad ia t ion  t e s t i n g  

Coating of la rge  graphi te  pieces 

$ 300 000 t o  $ 400 000 

3 900 000 t o  5 500 000 

50 000 t o  100 000 

f 
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St ruc tu ra l  tests of graphite sleeves 

Core cooling problems 

G a s  flow d i s t r ibu t ion  and bed holddown 

Radial gas mixing and temperature 

H e l i u m  containment and f u e l  handling 

Helium pur i f ica t ion  

Maintenance procedures 

d i s t r ibu t ion  

Mechanical operations 

Decontamination techniques i n  s i t u  

$ 10 000 t o  . $  50 000 

100 000 t o  200 000 

10 000 t o  50 000 

400 000 t o  1 0 0 0  000 

50 000 t o  100 000 

. 
200 000 t o  500 000 

100 000 t o  150 000 

To t a l  
~~~ ~ 

$5 120 000 t o  ‘$8 050 000 

The t o t a l  cost  of the research and development required i n  order 

t o  provide a f i r m  T i t l e  I1 design of the PBRE and t o  assure reasonably 

sa t i s f ac to ry  operation of the reac tor  f o r  a number of years i s  thus 

estimated t o  be i n  the range $5 000 000 to $8. 000 000. 

of a f u e l  reprocessing f a c i l i t y  is  a l s o  desired,  an addi t iona l  cos t  of 

from $1 mil l ion t o  $3 mil l ion may be required f o r  research and develop- 

ment.) This  estimate is  based on the probable e f f o r t  required t o  solve 

the problems t h a t  a r e  c l ea r ly  foreseen. However, it has been general  

experience t h a t  d i f f i c u l t i e s  and complications always arise from the 

problems t h a t  a re  - not foreseen, and, i n  a pro jec t  of the magnitude and 

?(If a f i r m  design 

complexity of a n  experimental version of an  advanced power reactor, estimates 7 

of the required research and development a re  usual ly  understated by 

s izeable  amounts. f 



c 

i 

21.1 

21. CONSTRUCTION COSTS 

While the preliminary nature of the design work t o  date makes f i r m  

cos t  estimates out of the question, the preliminary designs presented 

i n  t h i s  report  a r e  su f f i c i en t  t o  give some idea of the cos t  of the 

f a c i l i t y  f o r  a pebble-bed reactor  experiment. 

prepared by tabulat ing the quantity and cost  data  avai lable  f o r  the 

EGCR, estimating quant i t ies  of mater ia l  or  surface area f o r  the 

corresponding components of the PBRE, and scal ing the  costs  according 

t o  the quant i t ies  involved. Tables 21.1 and 21.2 summarize these 

estimates.  There are subs tan t ia l  uncertaint ies  i n  these costs  t h a t  

stem i n  pa r t  from the preliminary character of the PBRE design and i n  

par t  from t h e  f a c t  t h a t  many of t h e  EGCR estimates are not yet.,suppOrted 

The cos t  estimates were 

-.*- by ac tua l  cost  expepience. 

In reviewing the  cos t  data of Tables 21.1 and 21.2, it i s  apparent 

t h a t  major savings r e l a t i v e  t o  the EGCR should accrue from the much 

smaller power output of the PBRE. Further savings accrue from u t i l i -  

zation of some of the services  and f a c i l i t i e s  already provided f o r  

the EGCR, including the access road, w a t e r  main, and e l e c t r i c  power 

l i n e s ,  

number of major items, including the turbine and generator, with i t s  
r e l a t ed  switchgear and control  equipment, the experimental c e l l s  of 

the EGCR, and much of the  f loo r  space f o r  spec ia l  a c t i v i t i e s .  

Other f ac to r s  which help t o  reduce cos ts  a re  elimination of a 

. Reactor BuiJdfng 

The cost  of the reactor  building for the PBRE is about half  t h a t  

of the EGCR. While it might be thought t h a t  reducing the reactor  power 

r a t i n g  by a f ac to r  of 10 should reduce the  cos t  by more than a f ac to r  

of 2, the  building diameter i s  qui te  insensi t ive t o  reactor  power output. 

The pressure vesse l  must be protected from fast-neutron rad ia t ion  by a 

thickness of roughly 3 f t  of graphite and thermal shielding material;  

a t  l e a s t  3 f t  of space f o r  construction work must be.provided between 

the pressure vessel  and the shield;  and the thickness of the shielding 

i 



Table 21.1. Summary of Cost Data and Estimates f o r  the  EGCR and PBRE 

EGCR PBRE 
Des c r i p t  ion cost  

Code 
w a n t  i t y  cost  w a n t  i t y  cost  

21.210 

21.211 

21. 212 

21.213 

21.214 

22.220 

22.221 

22.222 

22.224 

22.225 

22.226.7 

23 

24 

25 

Access road and water main 

General yard improvements 

Reactor service building 

Turbine building 

Control building 

Guard, stack, chlorine, e tc . ,  buildings 

River pumping s t a t ion  

Reactor building 

Experimental c e l l s  

React or equipment 

Heat t r a n s f e r  system 

Fuel..handling and storage 

Radioactive waste treatment 

Instrument a€ion and controls 

Steam system 

0.876 m i  180 000 

120 000 f t 2  660 000 

512 000 f t 3  432 000 
17 500 f t 2  

665 000 f t 3  611 000 

358 000 f t3  373 000 
25 200 f t 2  

800 f t 2  300 000 

30 000 gpm 527 000 

3 902 000 

7000 f t 2  930 000 

3 527 000 

2 249 000 

2 358 000 

93 000 

1 812 000 

533 000 

Turbine generator un i t  25 Mw 1 267 000 

Accessory e l e c t r i c a l  equipment 1 235 000 

Miscellaneous power plant equipment 128 000 

Transmission plant 198 000 

Miscellaneous 146 000 

J 

0.1 m i  45 000 

40 000 f t 2  160 000 

250 000 f t 3  250 000 

90 000 90 000 ft3 
150 000 f t 3  150 000 

95 000 

5000 gpm 100 000 

1 960 000 

777 000 

624 000 

600 000 

100 000 

. 800 000 

200 000 

310 000 

60 000 

30 000 

70 000 



Table 21.1 ( Continued) 

Des c r  i p t  ion EQCR Cost PBRE Cost 

Tota l  d i r e c t  costs  $21 461 000 $6 421 000 
Ind i r ec t  cos t s  (general  and administrative, a t  
1276 of d i r e c t )  a 

Total  d i r e c t  and ind i rec t  costs  
Engineering, design, and inspection. ( a t  15%) a,b: 

Tota l  d i r e c t  + ind i rec t  + engineering 

770 000 
,7 191 000 
1 078 000 
8 269 000 

Contingency (a t  10% of d i r ec t  + ind i rec t  + engineering)" 827 000 

Tota l  $21 461 000 $9 096 000 
a Charges assigned are based on those used i n  t h e  USAEC "Civilian Power Reactor 

bActual indirect ,  engineering, design, inspection, and contingency f igures  are 

Program, Par t  3, Status  Report on- Gas-Cooled Reactors, " 1959. 

not ye t  ava i lab le  f o r  t h e  EGCR. 

N 
P' 
w 



Table 21.2. Approximate:.Quantity and Cost Estimates f o r  t he  Reactor Building and Reactor 
fo r  t he  EGCR and the  SBRE 

Cost Code 

~ 

Description 
EGCR PBRF: 

Quantity cost  'Quantity cost  

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 gunnit ing 53 250 yd3 120 000 26 000 yd3 50 000 

Concrete 23 200 yd3 1 565 000 1 2  500 yd3 800 000 

Containment s h e l l  and re la ted  
items 2 600 000 l b  1 7 6 1  000 1 300 000 lb 880 000 

Building services and miscel- 
1 ane ous 456 000 230 000 

Total  reactor  building 

Reactor vessel  and in te rna ls  

Control rods and drives 

Cooling f a c i l i t i e s  

Graph it e 
Miscellaneous 

Total  

Main' blowers and drives 

3 902 000 

700 000 lb 1 600 000 150 000 l b  

21 480 000 6 

400 000 

313 000 lb 887 000 64 000 l b  

160 000 

3 527 000 

6200 hp 465 000 500 hp 

1 960 000 

320 000 

137 000 

40 000 

200 000 

80 000 

777 000 

200 000 

Main coolant piping and Calves 237 000 3500 l b  3 500 

Steam generators 8811 Mw ' 700 000 10 Mw loo 000 

A t  t emper a t  ors  
Coolant charging and discharging 244 000 f t 3  184 000 20 000 f t 3  50 000 

132 000 

Coolant pur i f ica t ion  equipment 

Burst s lug  detection system 

M i  s c e 1 lane ous 

Total  heat  t r ans fe r  system 

193 000 

162 000 

:'. 176 000 

2 249 000 

200 000 

70 000 

624 000 
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around the reactor  must be a t  least 8 f t .  These requirements lead t o  

a minimum outside diameter f o r  the reac tor  shield of 30 f t  f o r  a core 

diameter of 18 in . ,  whereas on the same basis  the sh ie ld  diameter would 

be only about 45 f t  f o r  a 1000-Mw(t) reactor  having a 15- f t -d im core. 

Similar considerations lead t o  a height f o r  a1.srnal.l reac3m experi- 

ment which i s  not far from tha t  f o r  a large power plant ,  since removal 

of the a f te rhea t  by thermal convection requires  about 50 f t  of  v e r t i c a l  

height between the mid-planes of the reactor  and the steam generator. 

Access t o  the top of the steam generator and the  bottom of the core 

require  minimal dis tances  which come out t o  be much the same f o r  both 

experimental and fu l l - sca l e  reactors .  Fortunately, the weight of the 

containment vesse l  var ies  as the square of the diameter, since s t r u c t u r a l  

s t a b i l i t y  considerations ord inar i ly  determine the  thickness of the  con- 

tainment she l l ,  A s  a r e su l t ,  the 80-ft-diam PBRE containment vesse l  

requires  only about hazf as much s t e e l  as the 115-ft-diam EGCR vessel .  

Reactor 

In examining the reac tor  costs  it is  apparent t h a t  the reduced 

output of the PBRE i s  responsible f o r  marked reductions i n  costs .  

reactor 'pressure vesse l  i s  much smaller and hence weighs much l e s s .  

In addition, the design is such that  no complex machining operations 

are required.  

are the weight of the graphite, the s i z e  and power requirements f o r  the 

blowers, the steam generator capkcity, and the helium pumping and storage 

capacity.  The compact configuration chosen la rge ly  eliminates the piping, 

The 

The number of control  rod drives is  grea t ly  reduced,'as 

with i t s  associated bellows, required f o r  the EGCR main gas system. The 

burst-slug detect ion system i s  completely eliminated. The fuel-handling 

system i s  much l e s s  complex and hence should be much less expensive. 

F a c i l i t i e s  for handling radioactive wastes a re  l i k e l y  t o  be much the 

same f o r  the two ins t a l l a t ions .  The instrumentation and control  require- 

ments w i l l  probably be much the same,' except t ha t  the burst-slug dekection 

system w i l l  be eliminated from the PBRE, and hence a large saving i n  the 

cost  can be effected.  . 



Possible Reductions i n  Construction Costs 

As discussed i n  t h e  sect ion on servicing equipment and procedures, 

t he  plant  layout proposed i n  Chapter 6 included generous space al locat ions 

t o  f a c i l i t a t e  servicing and maintenance operations. A preliminary review 

of t he  design indicates  t h a t  several  modifications might be made which 

ought t o  reduce t h e  cost  of t h e  reac tor  building. The most obvious change 

i s  t h a t  discussed i n  t h e  sect ion on servicing equipment and operations, 

i .e.,  the  bottom of t h e  containment she l l  could be ra i sed  38 f t  r e l a t i v e  

t o  the  reactor  and the  service machine r a m  could be located i n  a 12-f t - i .d .  

w e l l  extending down from the  bottom of t h e  containment she l l ,  as shown 

. i n  Fig. 21.1. This would reduce t h e  depth of t h e  excavation, t he  amount 

of concrete required i n  the  reac tor  building, and t h e  amount of s t e e l  i n  

the containment shel l .  The’space l o s t  i n  t h i s  fashion f o r  i n s t a l l a t i o n  

of equipment would be pa r t ly  o f f se t  by u t i l i z a t i o n  of t h e  space gained 

i n  t h e  ends‘of t h e  service canyon (shown i n  Fig. 6.5) f o r  t h e  service 

machine ram and i t s  dr ive mechanism. The helium storage tanks could be 

located t o  one side of t h e  r a m  and reactor  i n  t h e  upper pa r t  of what had 

been the  ram service canyon, while t he  storage tanks for t h e  radioactive 

f l u i d  from decontamination operations could be located i n  what had been 

t h e  other end o f t h f s  canyon. The incremental cost  of t h e  w e l l  f o r  t h e  

service machine ram would be about $GO 000. 

This modification should r e s u l t  i n  aIne-tr.’saving i n  excavation costs  

of about $15 000, a reduction i n  the  cost  of concrete of about $l85 000, 

and a reduction i n  t h e  containment she l l  cost  of about $90 000, for a 

t o t a l  saving of approximately $290 000. 

Some reduction i n  construction costs  might be effected through 

moving t h e  control rooms f o r  t h e  service machine and fuel-handling 

equipment t o  t h e  main reactor  control  room. 

i n  t h a t  it would place the  operating personnel outside t h e  containment 

s h e l l  during these operations and thus provide grea te r  s a fe ty  f o r  them. 

If t h i s  were done, much of t he  concrete i n  what i s  the  ground floor of 

Fig. 6.3 could be eliminated, along with a set  of hatches t o  t h e  hot 

c e l l .  With t h i s  f loor.eliminated, it would then seem appropriate t o  

This might be advantageous 

, 
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move the  ground l e v e l  l i n e  t o  the  top of t h e  ce i l i ng  over t h e  hot c e l l .  

This would reduce t h e  excavation cost  by perhaps $10 000 and should 

cut the cost  of t h e  concrete by about $90 000 t o  give a net saving of 

about $100 000 f o r  t h i s  modification. 

vantage t h a t  it would raise t h e  bottom of the  containment she l l  above 

the  water l eve l  of Melton H i l l  Dam when it i s  completed i f  t h e  suggested 

s i t e  were used. 

It would have the  further ad- 

The cost  of  t h e  containment she l l  could be reduced i f  t h e  t o p  of 

t h e  s h e l l  were lowered 10 f t  so t h a t  t he  crane would c l ea r  t he  top  of 

t h e  steam generator sh ie ld  by 2 f t .  The saving i n  t h e  containment s h e l l  

should be about $20 000. 

Chapter 6 could be removed and replaced w i t h  a gantry crane which could 

be moved about on t h e  ground f loo r  o f - t h e  reactor  building. If t h i s  were 

done, t h e  top  of t h e  containment s h e l l  could be lowered su f f i c i en t ly  

t o  save another $25 000. However, t h i s  l a t t e r  change would not only re- 

duce both t h e  headroom and the  u t i l i t y  of t h e  crane, and thus t h e  f l e x i -  

b i l i t y  of operations after completion of t he  f a c i l i t y ,  but it would probably 

result i n  increases i n  construction cos ts  during t h e  i n s t a l l a t i o n  of major 

items of equipment. Thus t h i s  last  modification seems d e f i n i t e l y  unwise. 

The crane shown i n  t h e  design presented i n  

In  summary, it appears t h a t  possibly $400 000 i n  the  cos t  of t h e  

reac tor  building could be saved by reducing t h e  depth of t h e  containment 

vesse l  and placing t h e  service machine ram i n  a w e l l ,  lowering the  ground 

l e v e l  t o  the  top  of t h e  hot ce l l ,  and lowering t h e  top  of t h e  containment * 

she l l  t o  give a 2-f t  clearance between the  crane bridge and the  top  of 

t h e  steam generator shield. These modifications have a l l  been incorporated 4 
i n  t he  revised v e r t i c a l  sec t ion  through the  reac tor  f a c i l i t y  shown i n  

Fig. 21.1 

The building for reac tor  control  and servicing operations a l so  may be 

l a rge r  than necessary. It i s  possible t h a t  i t s  s i z e  might be reduced by 

as much as 35$, i n  which case 5ts cost  ( including contingencies, e t c . )  might 

be reduced by about $150 000. 
$400 000 i n  t h e  cost  of t he  reac tor  building, together with t h e  associated 

top  charges, could reduce t h e  cost  estimate f o r  t h e  complete f a c i l i t y  by 

about $780 000 t o  give a t o t a l  cost  of $8 31’6 000. 

This, coupled with a possible reduction of 

1 
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These modifications and t h e i r  consequences should be studied carefu l ly  

before a decision .is made.as t o  whether they should be' incorporated i n  

subsequent designs. Par t icu lar  a t ten t ion  should be given t o  various servicing 

operations t h a t  might be required and t h e  de ta i led  equipment and f a c i l i t i e s  

needed t o  carry them out expeditiously. A carefu l  study should a l s o  be made 

of space requirements f o r  equfpment i n  the  reactor  building. Hot c e l l  opera- 

t i ons  should be examined t o  determine whether a room should be provided beside 

t h e  hot cel l . , so  . that  personnel could work with long-handled too ls  through a 

concrete w a l l  only a few f e e t  th ick  f o r  servicing t h e  spent fuel-handling 

system o r  other contaminated components. 

While there  i s  no doubt t h a t  reductions i n  t h e  s i z e  of the reactor  building 

would reduce the cost  of t he  s t e e l  and concrete, it i s  en t i r e ly  possible t h a t  

these savings might be more than o f f se t  by higher engkneering costs  f o r  t he  

design of servicing equipment f o r  operation i n  cramped qua r t e r s ,  not t o  mention 

the  increased cost  of more complex equipment o r  t he  higher operating c o s t s  

associated w i t h  longer =hutdowns t o  accomplish a given job. It may be t h a t  

fu r the r  study w i l l  show t h a t  t he  space provided i n  t h e  layouts of Chapter 6 

i s  somewhat inadequate r a the r  than overly generous and t h a t  t he  f a c i l i t y  w i l l  

require modifications which w i l l  increase r a the r  than'decrease i t s  cost  r e l a t i v e  

t o  t h e  estimates i n  Tables 21.1 and 21.2. 

Fuel Fabrication Costs - 

The f a c i l i t y  construction costs  given i n  Table 21.1 do not include the  

cost  of t h e  fuel. A n  estimate of the  fabr ica t ion  cost  of t h e  fuel  element 

spheres f o r  t h e  f irst  core loading represents an extrapolat ion from present 

experience. Wh'ile only 8500 spheres would, be required t o  f i l l  t h e  core, about 

t h a t  many more might be required t o  f i l l  t he  supply and dra in  l ines .  

estimates were obtained on t h e  fabr ica t ion  of 20 000 fuel elements of a 

reference design, i. e., 1 1/2-in. -diam Si-SiGcoated graphite spheres con- 

ta in ing  5 g of 100 t o  200 p spherical  UC2 par t i c l e s  each coated with 30 t o  
50 p of pyrolyt ic  carbon. The two cost  estimates were summarized i n  Table 

21.3. 

Two 

. 
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Table 21.3. Cost Estimate f o r  Fabricating 20 000 
Fuel Element Spheres 

Cost of f iss ionable  material excluded 

E s t i m a t e  A E s t i m a t e  Ba 
~~ 

Fabricating UC;! spherical  pa r t i c l e s  $ 75 000'  $100 000 

Coating of UC2 pa r t i c l e s  24 000 30 000 

Fabricating f i e l e d  spheres 30 000 15 000 

Applying Si-Sic surface coating 20 000 80 000 

Total  ,$I49 000 $225 000 

?Estimate or ig ina l ly  based on 10 000 spheres. 

Neither of these estimates makes any allowance f o r  scrap or  other l o s s  

of material  during processing. The major differences between t h e  two estimates 

l i e  i n  t h e  cost  of t h e  Si-Sic surface coating of $1 vs $4 per ba l l .  While 

estimates were not avai lable  fo r  t h e  cost  of alumina i n  place of pyrolyt ic  

graphite coatings on the  par t ic les ,  it appears l i k e l y  t h a t  t h e  coating process 

might cost  $100 000 ra ther  than $24 000 t o  $30 000. 
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