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ABSTRACT 

The  preliminary design o f  a 3095-Mw(thermal), helium-cooled, graphite-moderated 

reactor employing graphite-U02 fuel elements has been investigated. At design condi- 

tions, 150OOF reactor out let  gas would be circulated to  eight steam generators to produce 

1O5O0F, 1450-psi steam which would be converted to electr ical  power i n  eight 157- 

Mw(electrica1) turbine-generators. The over-all ef f ic iency of th is  nuclear power stat ion 

i s  36.5%. The signi f icant ac t i v i t ies  released from the unclad graphite-U02 fuel appear 

to  be less than 0.2% of those produced and would be equivalent to 0.002 curie/cm3 in 

the primary helium circuit .  The maintenance problems associated with th is contamina- 

t ion level are discussed. A cost analysis indicates that the capital cost o f  th is nuclear 

stat ion per electr ical  k i lowat t  would be around $220, and that the production cost o f  

e lectr ical  power would be 7.8 milIs/kwhr. 

. . .  
I l l  
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THE HGCR-I, A DESIGN STUDY OF A NUCLEAR POWER STATION 
EMPLOYING A HIGH-TEMPERATURE GAS-COOLED REACTOR 

WITH GRAPHITE-UO, FUEL ELEMENTS 

W. B. Cott re l l  
C. M. Copenhaver 
H. N. Culver '  G. Samuels 

M. H. Fontana 
V. J. Kelleghan 

1. INTRODUCTION AND SUMMARY 

In the spring o f  1958, ORNL completed a design study of an enriched-uranium-fueled 

he1 ium-cooled reactor, designated GCR-2, for the production o f  e lect r ica l  power. The 

reactor employed UO, slugs i n  stainless steel capsules from which circulat ing helium 

carried the nuclear heat to  four steam generators. The reactor was designed t o  u t i l i ze  

ex is t ing technology, wi th  the expectation that a reactor of th is  type could be bu i l t  i n  

the near future. The cost of power from a single 700-Mw (thermal) reactor stat ion was 

estimated to be 11.2 miIIs/kwhr. 

While th is  design study was being made, i t  became obvious that there were numerous 

areas i n  which improved performance could be realized, either by a change in  the design 

or as a consequence o f  equipment and materials developments. A report presenting a 

general discussion of these advanced concepts3 was subsequently issued by ORNL as 

a guide to  both analyt ical and experimental work on gas-cooled reactors. Of themany 

concepts which may potential ly reduce nuclear power costs i n  comparison wi th  those 

estimated for the GCR-2, the most important i s  the development o f  a fuel element ca- 

pable of operatingat surface temperatures o f  180OOF or above. Such a fuel element would 

at ta in  high heat f luxes and high power densit ies and would lead to both l o w  capital 

charges and low fuel costs. The high coolant temperature may be used either i n  a 

d i rect  power-recovery cyc le  or to reduce steam generator s i z e  and to improve steam 

cyc le  eff iciency. 

The  metal-clad fuel elements of the type proposed for the GCR-2 or o f  the type em- 

ployed i n  nuclear power stations i n  Great Br i ta in  are capable o f  containing v i r tua l ly  a l l  

the f iss ion products. Comparable metal-clad fuel elements for high (2 1800OF) tempera- 

tures do not exist; ceramic materials must be used at  the desired temperatures. Un- 

fortunately, the ceramic materials currently avai lable w i l l  not completely retain f ission- 

product gases. It thus becomes apparent that the high-temperature gas-cooled reactor 

system which can be based on ex is t ing materials w i l l  be contaminated wi th  f iss ion prod- 

ucts  which w i l l  have escaped from the fuel elements. 
~~~~~ ~ ~~ 

'On assignment from Tennessee Val  ley Authority. 

,The O R N L  Gas-Cooled Reactor,  ORNL-2500, pts 1-4, and The O R N L  Gas-Cooled Reactor. 
Materials and Hazards, ORNL-2505 (Apri l  1, 1958). 

3The O R N L  Gas-Cooled Reactor. Advanced  Concepts,  ORNL-2510 (Oct. 2, 1958). 
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The incentive for higher temperatures arises more from economies in  the reactor and 

steam generator than in  the turbine portion o f  the plant. Nevertheless, most recent 

economic analyses, as typ i f ied by an ORNL study o f  turbine  plant^,^ show that turbine 

costs are not optimized at operating temperatures below 1000°F, regardless of fuel 

costs. In  any event, the higher temperatures w i l l  signif icantly increase the power 

density and specific power in the reactor, decrease the size of the steam generator, and 

reduce the capital cost (per k i lowat t )  o f  both these items. Indeed, these economies plus 

those from the fuel cyc le  should, and apparently can, compensate for the cos ts  as- 

sociated wi th  the contaminated primary coolant, which requires more shielding, addi- 

t ional containment, and remote maintenance. 

The concept of a gas-cooled reactor i n  which the coolant i s  h igh ly  contaminated i s  

not  ne^,^^^ and i n  recent years there has been increasing interest i n  such  system^.^-^' 
The interest i s  undoubtedly related to  an increasing appreciation o f  the temperature 

l imi ta t ions of the uncontaminated coolant system. Th is  should not be interpreted as 

implying that adequate additional information i s  now avai lable to  evaluate fu l ly  the dif- 
f icult ies, as wel l  as the potential i t ies, inherent in  a contaminated gas-cooled reactor 

system. An appreciation of the incentives for a contaminated-coolant system suggested 

the feas ib i l i ty  study and economic evaluation described i n  th is  report. Th is  study was 

in i t ia ted i n  June 1958 on a part-t ime basis. I t  was or ig ina l ly  planned as a three-month 

study, but the pressure o f  other commitments prolonged the study over a period o f  f ive 

months. The results o f  preliminary calculat ions on the release o f  act iv i ty  from graphite- 

UO, fuel elements were presented at the Information Meeting on Gas-Cooled Power 

Reactors a t  ORNL, October 21-22, 1958. l 1  

The reactor described here does not represent an optimized ( lowest power cost) 

design. Indeed, the uncertainties which ex is t  i n  many o f  the cost f igures that must be 

used i n  th is  type of study are so great as to  render such an undertaking questionable. 

4J. D. Maloney, Jr., Cost  Es t ima tes  /or Seven 200-Mu; Turbine P lan t s  /or  Operation with 
Nuclear Reactors  at Various Steam Conditions,  ORNL-1387 (Jan. 22, 1953). 

5F. Daniels, Suggest ions /or an Experimental Reactor, AECD-4095 (April 1950). 

F. Daniels, Suggest ions /or  a High-Temperature Pebble  Pi le ,  N-1668b (Oct. 25, 1944). 

'L .  R. Shepherd et  al.. T h e  Poss ib i l i t i e s  o/ Achzeving High Temperatures in  a Gas-Cooled 
Reactor,  1958 Geneva Conference Paper No. 314. 

'R. Schulten, T h e  Pebble-Bed High-Temperature Reactor /or West  Germany, 1958 Geneva 
Conference Poper No. 1054. 

9R.  P .  Hamrnand et  al., Turret: A High-Temperature Gas  Cyc le  Reactor Proposal, LA-2198 
(Jan. 23, 1958). 

" S t a f f s  of Sanderson & Porter and Alco Products, Inc., Design and Feasibi l i ty  Study o/ a 
Pebble  Bed Reactor-Steam Power Plant,  S&P 1963, Sanderson & Porter, New York, May 1, 1958. 

l 1  W. B. Cattrell, "Release of Activity from Various GCR Systems," from Infomation Meeting 
on Gas-Cooled P o u e r  Reactors,  Oct. 21-22. 1958, TID-7564 (Dec. 1958). 
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In  th i s  study, the recently completed GCR-2 design was modif ied as required to  accom- 

modate the high-temperature fuel elements and the result ing contaminated coolant. 

Although th is  decision arbi t rar i ly  el iminated homogeneous-graphite and pebble-bed 

reactors from specif ic consideration, the resul ts of the analyses of fission-product re- 

lease and contamination, as wel l  as the meager information on maintenance, w i l l  be 

applicable to any contaminated system. Further, since any potential cost  advantage of 

the contaminated system i n  comparison with a clean system i s  singularly dependent 

upon such analyses, the conclusions reached in  th is  report are i n  general appl icable to 

other contaminated-gas-cooled reactor systems. 

The  emphasis throughout th is  study has been to  develop the features of the con- 

taminated system as completely as possible from the data avai lable. Th is  approach 

has been quite successful i n  some areas, in  particular, i n  analyzing the release o f  

ac t i v i t y  from unclad fuel elements. Although the disposit ion of t h i s  ac t i v i t y  throughout 

the primary system i s  uncertain, th is  study provided a reasonable upper l im i t  from which 

shielding, maintenance, and containment cr i ter ia could be establ ished. Costs o f  shield- 

ing and containment may be estimated with some confidence on the basis of the estab- 

l i shed cri teria, but maintenance costs remain unresolved, since they must be considered 

i n  terms o f  a specif ic system and operating goals. 

The study of any reactor system is, of course, of greatest s igni f icance i f  i t s  cost i s  

based on a specif ic reference system. The GCR-2 design was used as the reference 

system because detai led cost analyses of that design had recently been derived; and, 

s ince manpower was not avai lable for a completely independent optimization, the reactor 

described here i s  simply a modif icat ion of the GCR-2. 

It was soon real ized in  th is  study that the power to be derived from a contaminated- 

coolant system that was o f  the same physical core s ize os the GCR-2 and was operoted 

a t  the same pressure would be much greater than the 700 Mw (thermal) of the GCR-2. 

The dif ference i n  power levels presented a signif icant problem in  comparing the power 

costs, since, wi th a l l  other factors equal, the larger plant would be expected to produce 

lower cost power. In order to resolve th is  problem an attempt was made to  extrapolate 

the GCR-2 cost to that expected from a plant of the same output as the contaminated- 

coolant system. 

The  contaminated-gas-cooled reactor system considered here i s  hel ium cooled and 

graphite moderated, wi th the fuel elements posit ioned in  vert ical cool ing holes i n  the 

graphite. The f ission products released from the fuel elements are c i rculated with the 

hel ium coolant throughout the primary system. It i s  obvious that such a plant requires, 

in  comparison with the GCR-2, addit ional containment, addit ional shielding, decontami- 

nation faci l i t ies,  and special fac i l i t i es  for maintenance. The costs of these added 

features must be evaluated against improved reactor and system performance, including 
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better neutron economy and higher gas and steam temperatures, and the lower fuel and 

capi ta l  costs that fol low from these improvements. 

The results of th is study indicate that lower power costs can be real ized from the 

contaminated-coolant system. The cheaper power results from a small reduction i n  op- 

erat ing costs and a large reduction in  the capital costs associated with the reactor 

port ion o f  the plant. The lower reactor cost i s  attr ibutable pr incipal ly to a factor of 7 
increase i n  specif ic power. It was estimated that the capital cost would be $220 per 

k i lowat t  of instal led capacity and that the plant would produce electr ical  power at a 

cost  o f  7.8 mills/kwhr, that is, a t  a cost less than the extrapolated GCR-2 power cost, 

These estimates are, o f  course, only as accurate as the GCR-2 costs from which these 

are largely derived. A conservative approach was used i n  the cost evaluation, however, 

and there i s  reason to bel ieve that the relat ive posit ion of the contaminated-coolant 

plant w i l l  improve as a consequence of the development o f  equipment and addit ional 

studies o f  fuel fabrication, fuel lifetime, and fission-product release rates for which 

conservative values were taken in  l ieu  o f  deinonstrable data. 

Signif icant parts of th is  analysis were design and heat transfer studies of .the unclad 

fuel element (Chap. 4), steam cyc le  analyses (Chap. 6 and App. E), the calculat ion of 

ac t i v i t y  released from the proposed graphite-U02 fuel element (Chap. 7 and Apps. A, 5, 

C, and D), and physics calculat ions (Chap. 3). The results of each of these studies 

p lace  the contaminated-coolant system in  a more favorable l ight  than i s  generally 

assumed. 

The plant layout and reactor system are described i n  Chaps. 2 and 5, respectively. 

The  study of plant maintenance i s  presented i n  Chap. 9, and, f inal ly, the analysis of 

power costs i s  given in  Chap. 10. Although the cost of most items may be predicted 

with the accuracy inherent i n  the GCR-2 cost estimates, l i t t l e  progress was made i n  

developing costs for remote maintenance and servicing equipment. In a l l  probabil i ty 

these costs w i l l  remain indef in i te un t i l  the system contamination i s  better defined and 

much more development work has been done on remote-servicing equipment. 

Tabulat ions of the design data and power costs may be found i n  Chaps. 2 and 10, 

respectively. The plant i s  designated HGCR-1, for the f i rs t  design of a Hot Gas-Cooled 

Reactor. Hot  i n  th is instance describes both the thermal and radioactive characterist ics 

o f  the coolant. 

4 
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2. PROPOSED PLANT DESIGN 

Prel iminary plant layouts were prepared to  faci l i tate the study of the advantages 

and disadvantages of a helium-cooled, graphite-moderated reactor fueled w i th  unclad 

ceramic fuel elements. Plan and elevation sections of the reactor portion of the plant 

are shown i n  Figs. 1 and 2, respectively. Although these layouts were developed from 

information subsequently described i n  th is report, the information i s  presented here t o  

give a general concept of the plant as a basis for detai led analyses of speci f ic  

pr ob I e ms . 
A major objective of the study was to  determine what advantage could be obtained 

by  higher fuel element surface temperatures and what disadvantages would be associ- 

ated w i th  any result ing contamination of the coolant stream. The study was t o  be 

carried out wi th a minimum of deviat ion from equipment sizes employed i n  the GCR-2 
design in  order to  permit the use of much of the cost data assembled during the course 

of the GCR-2 plant study. 

UNCLASSIFIED 
ORNC-LR-OWG 34857A 

SPENT FUEL 
AND HANDLING AREA, 

\18 in. DlA x 25 f t  HIGH 

8 f t  DlA X 40 f t  HIGH 
He PURIFICATION 

EQUIPMENT AREA (TYP)  

Fig. 1. Plan Section of H G C R - 1  Plant.  
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UNCLASSIFIED 
O R N L - L R - D W G  34858A 

Fig. 2. Elevotion Section of HGCR-1 Plant. 

The reactor vessel  and core designed for the HGCR-1 are the same as for the GCR-2. 

The reactor vessel i s  50 f t  in diameter and i s  fabricated from type SA-212 stainless 

steel, grade B; the 30-ft-dia, 20-ft-long reactor core i s  mounted wi th in  the spherical 

vessel. For  a core of th is  s ize  and a maximum fuel  element surface temperature of 

2000°F, calculat ions (Chap. 4) indicated that the power level  of the core could be 

increased in comparison w i th  that  of  the GCR-2 by a factor of  4.5, that is, t o  3095 Mw 

(thermal). The core heat would be removed from the gas stream in eight steam gene;- 

ators, each 54 ft long and 21.5 ft in diameter, as compared w i th  the four, 60-ft-long, 

20-ft-dia steam generators used i n  GCR-2. Tw ice  the number of steam generators, each 

about the same s ize as those i n  the GCR-2, would be capable of transferring 4.5 times 

as much heat because of the improved heat transfer performance associated w i th  the 

higher temperature differences and gas velocit ies. The number of steam generators for 

the HGCR-1 was not optimized w i th  reference t o  the cost of helium piping, steam piping, 

6 
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turbines, etc., but rather was selected so that the s ize of the required blower motors 

would not be too great an extrapolation from exist ing technology. At  the time, the 

resul t ing steam generators were suff ic ient ly similar t o  those of the GCR-2 t o  permit 

cost  est imation by extrapolat ion of GCR-2 costs. 

A plant arrangement in which the steam generators were symmetrical ly placed about 

the reactor pressure vessel, as shown i n  Fig.  1, was selected t o  minimize the shield 

s ize and the plant Containment vessel size. Layouts were not prepared for the portions 

of the plant outside the containment vessel. I t  was assumed that the cost of the turbine 

generators and their bui ld ing structures and auxi l iary equipment would vary d i rec t l y  

w i th  the plant power level, as has been indicated by other studies. 1 

Design data for HGCR-1 are presented i n  Table 1, together w i th  comparable data 

for GCR-2. Some of the unique features of the plant not covered i n  detai l  elsewhere are 

described bel ow, 

C O N T A I N M E N T  PROVIS IONS 

The high ac t iv i t y  level  in  the helium as a consequence of the use of unclad fuel 

elements would be such a potential hazard i f  an expansion bel lows or other system 

component fai led that i t  was deemed necessary to  contain the entire hel ium system 

wi th in  a second pressure-tight container. For the HGCR-1, a spherical containment 

shel l  220 ft in diameter would be required, that is, a shel l  comparable in  s ize to  the 

containers for the Dresden2 and the West Mi l ton3 plants. Within the containment shel l  

would be the reactor, steam generators, hel ium piping, and a l l  primary and auxi l iary 

equipment which might become contaminated during service. Adequate biological  

shielding would be provided t o  permit occasional entry into the containment vessel for 

inspection and maintenance whi le the reactor was operating, but a l l  protracted oper- 

at ions and a l l  control manipulations would be accomplished from outside the contain- 

ment cel l .  Servicing areas for contaminated equipment would be provided w i th in  the 

containment shel l  as wel l  as outside it. 

Even w i th  the water avai lable in one steam loop, in  addit ion t o  the hel ium in the 

primary system, taken into account, the pressure w i th in  the containment shel l  in the 

event of the maximum credible accident would be only a few pounds per square inch. 

The 220-ft-dia containment sphere would have t o  be approximately 2 in. th ick  t o  wi th-  

stand the "dead" weight loads and thus would be more than thick enough t o  withstand 

'M. Bender and R. D. Stulting, Cost Comparisons o/  Capital Inves tment  in Various  Nuciear 
Poser Plarzts /vr Can t ra l  Ttation Application, ORNL CF-58-10-49 (Oct.  14, 1958). 

2G. Sege, Conturnment-Vessel  Deslgn B a s i s  /or the Dresden Nuclear PotLer Station, Paper 

3H. 5. Isbin, "Nuclear Reactor Catalog," Proc. Intern. Con/. Peace lu l  Uses Atomrc Energy, 

No. 121 presented at the Nuclear Engineering and Science Conference, March 17-21, 1958. 

Geneva, 1955 3, 387 ( 1 9 5 5 ) .  
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Tab le  1. Comparison o f  HGCR-1 and GCR-2 Design Data 

P lont Character ist ics GCR-2 HGCR-1 

Reactor heat rating, Mw 

E lec t r i ca l  output t o  grid, Mw 

Over-ail net ef f ic iency,  % 

Care power density, w/cm2 

Tota l  uranium inventory, kg 

Specific power, w/g 

Number of channels 

Channel dimensions, 

Fue l  conf igurat ion 

Fue l  composi t ion 

in. 

General 

687 

225 

32.8 

1.76 

Fue l  

136,800 

3095 

1130 

36.5 

7.9 

85,390 

4.95 36.2 

1597 1415 

3.05 t o  3.45 d ia  4.5 x 4.5 (square) 

(cy I i nder ) 

Bundle of seven pins Box containing four 

plates 

uo2 slugs U02 part ic les in 

graphite 

2 

Type 304 stainless steel  

235 Fue l  enrichment, .% U 

Fue l  c ladding 

Length of element, in. 40 

Number of elements per channel 

Dimensions of fuel  p in  or plate, in. 

6 

0.75 d ia  

10.4 

110,000 

1200 

900 

Densi ty of U02, g/cm 3 

2 Maximum fuel  element heat f lux, Btu/ f t  .hr 

Maximum fuel  element surface temperature, O F  

Maximum temperoture r i se  in fuel, OF 

Phys ics  and Control 

Burnup, Mwd/tonne 7350 

Fue l  temperature coeff ic ient  per OC -4.7 

La t t i ce  pitch, in. 8 x 8  

Average thermal f lux  (at 2200 m/sec), 5 x 1012 

Average fast  f lux  (at > 100 e.), 2 l o T 3  

2 neutrons/cm -set 

neutrons/cm2*sec 

Conversion ra t i o  0.735 

Number of control  rods 61 

Control rod mater ia l  Silver 

2 

None 

24 

10 

0.372 X 4.5 

10.4 

245,000 

2000 

95 

10,000 

-5.5 
( in i t ia l )  

8.5 x 8.5 

d X  1013 

9 x 

0.816 

61 

Silver 

. 
V 

a 



Table 1 (continued) 

HGCR-1 Plant Character i s t i cs  GCR-2 

Material 

Core s i z e  

Height, ft 
Diameter, ft 

Reflector thickness, ft 

Weight of graphite, tons 

Density, g/cm3 

Maximum temperature, OF 

Moderator and Reflector 

TSF graphite 

Thermal shield material 

Thickness, in. 

Biological shield mater ia l  

Thickness around reoctor, ft 
Thickness around primary system, f t  
Density, Ib/ft3 

Gas 

Working pressure, ps ia  

Flow, normal (Ib/sec) 

Blower inlet temperature, OF 

React or in let  temper a t  ur e, O F  

Reactor outlet temperature, O F  

Number of primary loops 

Duct configuration 

Primary system volume, ft3 

Type 

Number per loop 

Number per plant 

Mass flow, Ib/sec 

Blower power, hp 

Speed control 

Reactor flow control 

20 
30 

2.5 

1122 

1.65 

750 

Shielding 

Bor on-conta in ing 

g lass  

0.5 

Concrete 
9 
None 
145 

Coolairt 

Helium 

3 00 

972 

450 

460 

1000 

4 

5-ft-dia cylinder 

107,000 

Blower 

Axial 

1 

4 

972 

5700 

Constant 

Bypass flow 

TSF graphite 

20 
30 

2.5 

990 

1.65 

1100 (est.) 

Boron-containing 

g lass  

0.5 

C,oncrete 
6.5 
3.5 
145 

He1 ium 

300 

2400 

506 

525 

1500 

8 

5- and 7-ft-dia 
coax ia I cy1 inders 

190,000 

Axial 

1 

8 

2400 

9000 

Constant 

Bypass flow 
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Table 1 (continued) 

Plant Character ist ics GCR-2 HGCR-1 

Conf iguratian 

Diameter, f t  

Mater io1 

Thickness, in. 

Pressure, psia 

Pressure Vessel 

Sphere 

50 

Type SA-212 
stainless steel, 

grade B 

3.25 

3 00 

Sphere 

50 

Type SA-212 

stainless steel, 

grade B 

3.25 

300 

Type 

Diameter, f t  

Height, ft 

Number 

Steam temperature, OF 

Steam pressure, psi0 

Gas f law per unit, Ib/sec 

Water f law per unit, Ib/sec 

Heat Exchangers 

Once through 

20 

60 

4 

950 

950 

243 

142 

Turbogenerators 

Number of sets 2 

Maximum constant rating, Mw (electr ical)  

Speed, rpm 3600 

Gross thermal ef f ic iency,  % 36 

Hazards 

125 

Gamma ac t i v i t y  i n  primary system, cur ies 

From materials ac t i va t ion  18 
From f ission-product release 'v 18 (per defect ive 

capsule) 

Specific ac t i v i t y  in  primary system, pc /cm 3 x (for one 

defect ive capsule) 

Dose rate adjacent t o  steam generator during 

operation (due t o  contamination in  the gas 

stream only), mr/hr 

With no shielding 2.5 
With 3.5 f t  of concrete "0 

Special containment provisions None required 

Est imated fai lure rate of fuel  capsules due t o  5 

cladding defects, failures/year 

Once through 

21.5 

54 

8 

1050 

1450 

3 00 

340 

8 

157 

3600 

40 

"0 
1 o7 

2000 

"30,000 
2.5 

220-ft-dia contain- 

ment vessel  

0 
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the maximum internal pressures. The shel l  would be thicker in  areas of nozzle pene- 

trat ions and support attachments where there would be addit ional loads. Some precaution 

would have to  be taken, however, to  prevent appl icat ion of col lapsing loads t o  th is  

relat ively th in shell, since uniform external loads of the order of 0.5 psi  would be 

hazardous. 

A second method of arranging the equipment was studied from the standpoint of 

maintenance operations, safety considerations, and cost estimates. The reactor vessel  

and fuel-charging equipment were located within one containment cel l ,  whi le a second 

containment ce l l  housed the steam generators. A connection was made between these 

ce l l s  t o  take fu l l  advantage of the ce l l  volume avai lable for minimizing the c e l l  pressure 

in  the event of system failure. Although this layout permitted closer grouping of the 

steam generators and consequently some savings in steam piping runs, it d id  not appear 

obviously better than the f i rs t  layout; therefore, the f i rst  layout was chosen t o  permit 

completion o f  the study. 

SHIELDING 

Prel iminary calculat ions have indicated that 3.5 ft of concrete would be required 

for shielding the primary gas system external to  the shielded reactor compartment 

(Chap. 7). The reactor pressure vessel would require 6.5 ft of concrete shielding i n  

addit ion t o  that afforded by the primary system shielding. Since the blowers and the 

valves would be expected t o  require periodic checking and, possibly, repair, they would 

be enclosed in a separate ce l l  where remote v iewing and handling equipment would be 

avai lable. Removable roof plugs would provide access for replacement of th is  equip- 

ment through the use of the ce l l  crane and remotely operated cutt ing tools. 

Repairs might also be required at the steam and water headers of the steam gener- 

ators. The  steam generators would be once-through rnonotube boi lers wi th water- 

containing tubes penetrating the boi ler shel ls and connecting t o  external headers. 

Shielding could be interposed between the headers and the steam generator shel l  t o  

permit contact maintenance work so that locating and plugging o f f  a leaking tube should 

be a relat ively simple matter. 

FUEL S T O R A G E  

Upon removal from the reactor, the fuel would be transferred t o  a fuel storage area 

w i th in  the containment shell, where it would be held for a suitable cool ing-off period. 

It would then be placed in  a shielded transfer cask and removed from the containment 

shell. The cask would be removed through an air- lock arrangement that would prevent 

escape of f iss ion products from the containment ce l l  i n  the event of a reactor fai lure, 

The dry storage area provided for spent fuel elements w i th in  the containment shel l  

could also be used for storage of part ia l ly  spent fuel elements i n  the event that they 
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had t o  be temporarily removed from the reactor core. Such dry storage would avoid the 

special drying problems associated with wet storage. Residual moisture in  porous 

graphite fuel elements that had been stored in  water would become steam when the 

elements increased i n  temperature, and, i f  the temperature increase were rapid, there 

might be mechanical damage of the elements. Further, the moisture would subsequently 

have t o  be removed from the helium stream by the hel ium purif icat ion system. 

Cooling of the dry storage area would be accomplished by blowing ce l l  a i r  through 

the storage racks, thence through filters, and up the stack. Since the stack would 

discharge outside the containment shell, equipment would have t o  be provided to  prevent 

accidental discharge of f iss ion products in  the event of a sudden reactor failure. The 

fuel elements would not be placed in the dry storage area un t i l  they had been cooled 

t o  a surface temperature of approximately 150°F, and therefore dif fusion of any f iss ion 

products exist ing wi th in the graphite fuel element would not be signif icant. Only a 

minor amount of act ive material would be expected t o  dif fuse into the air stream and 

hence be discharged through the stack. 

A U X I L I A R Y  E Q U I P M E N T  

In addit ion to  the main items of equipment mentioned above, much auxi l iary eauip- 

ment i s  located within the containment shel l .  Th is  equipment includes items such as 

a vacuum pump for test ing and evacuating the hel ium system, hel ium purif icat ion equip- 

ment, hel ium transfer equipment, contaminated helium storage cy1 inders, shield cool ing 

air blowers, air f i l ters, contaminated equipment maintenance areas, a decontamination 

control station, and fuel-handling area. 

An auxi l iary equipment and control bui ld ing would adioin the cel l ,  and the turbine- 

generator bui lding would be connected t o  the auxi l iary equipment and control bui lding. 

The turbine-generator bui ld ing would be 115 ft wide, 420 ft long, and 60 f t  high. The 

auxi l iary equipment and control bui lding would be 50 ft wide, 70 ft long, and 60 ft high. 

All steam plant auxi l iary equipment would be located either i n  the basement of the 

turbine-generator bui ld ing or i n  the auxi l iary equipment and control bui Iding. This 

layout i s  essent ia l ly  the same as that proposed for GCR-2, wi th  an appropriate increase 

i n  size. 

C O N T A M I N A T I O N  C O N T R O L  

In  the HGCR-1 system, the shield cool ing air would become activated as it flowed 

through the reactor compartment. A small amount of the ac t iv i t y  would be due t o  the 

act ivat ion of the argon in  the air, but the principal source of ac t i v i t y  would be leakage 

from the primary system. Based on the act iv i t ies of the various isotopes in  the gas 

stream of the primary system (see Chap. 7), a leakage rate of 0.1% per day could be 
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tolerated without exceeding the maximum exposure downstream from the plant stack 

exhaust (see App. F). 

The shield cool ing air would be exhausted direct ly t o  the stack, since the ac t iv i t y  

leaking into the containment vessel at the 0.1% per day primary system leakage rate 

would be too high t o  permit access t o  the containment vessel. The air would c i rculate 

from the areas of least contamination (outside the secondary shield) t o  areas of high 

contamination (adiacent t o  the reactor and primary cool ing system), and would reduce 

the background ac t iv i t y  inside the containment vessel by preventing the bui ldup of 

long-l ived nucl ides. It would, of course, be necessary t o  have a valve i n  the stack that 

would c lose when ac t iv i t y  levels were detected that exceeded those associated with 

the normal al lowable leakage. 

By  maintaining air f low in  the direct ion described i t  would be possible for personnel 

to  enter the containment vessel t o  perform minor maintenance whi le the reactor was at 

operating pressure. Since the persons who entered the containment vessel would always 

be external t o  the secondary shield, the poss ib i l i t y  of inhal ing large amounts of ac t i v i t y  

would be small. 

If higher than normal ac t i v i t y  levels were recorded whi le personnel were inside the 

containment vessel, there would be suff icient time to  evacuate the vessel  before the 

valve in  the stack was closed and the contaminated air was directed in to  the contain- 

ment vessel. The  level of ac t i v i t y  of a l l  the nucl ides would be maintained at an equi- 

l ibr ium level  by the cleanup system. However, xenon and krypton would continue t o  

bui ld up and would reach an ac t iv i t y  level which would be determined by the leakage 

rate from the primary system and the length of t ime the ac t iv i t y  was al lowed to  accumu- 

late inside the containment vessel. The leakage of ac t i v i t y  into the containment vessel 

in th i s  s i tuat ion would continue un t i l  the system pressure was reduced and the primary 

system gas was transferred to the storage system. The ac t iv i t y  inside the containment 

vessel would then be vented to  the atmosphere at a rate which would not cause exces- 

s ive exposures downstream. Th is  could be done by control l ing the ac t iv i t y  release or 

by wait ing for satisfactory atmospheric conditions. 

The ac t iv i t y  of the air  inside the containment vessel would be reduced t o  the al low- 

able concentrations before maintenance personnel were permitted inside. In  emergencies, 

personnel could be al lowed into the containment vessel. 
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3. PHYSICS 

Studies of  various fuel element configurations and compositions were made to obtain 

the information needed for economic optimizations o f  gas-cooled reactor plants u t i l i z ing  

fuel elements having nonmetall ic cladding or no cladding. Before such studies could 

be made i t  was necessary that the moderator, coolant system temperature, and other 

major core parameters be specified, since the fuel element composition and configura- 

t ion must be chosen on the basis of a proper balance between reactor physics con- 

siderations, heat transfer properties, f i  ssion-product retention capabil it ies, and general 

fuel costs that w i l l  result in  a minimum power cost for a given plant net electr ical rating. 

The major nuclear parameters required for optimization are the effect ive mult ipl icat ion 

factor and react iv i ty  l i fe t ime of the fuel as functions of fuel element composition and 

configuration. 

There are at  least two signif icant advantages to  be real ized by the el imination o f  

the cladding from the fuel element: (1)  a reduction i n  the amount o f  f issionable material 

required because of  the reduced poison i n  the core and (2) an increase i n  fuel l i fe t ime 

because of the removal o f  metallurgical restr ict ions imposed by the cladding. Of these 

advantages only the f i rs t  has been examined in  any detail. While the fuel l i fet ime has 

not been calculated for the HGCR-1, a value of 10,000 Mwd/tonne was used for the cost 

estimates i n  t h i s  study. Th is  i s  bel ieved to  be conservative, since calculat ions indi- 

cated that the nuclear l i fe t ime o f  the GCR-2 fuel element was approximately 15,000 
Mwd/ton. 

Another area of concern which has not been fu l ly  explored i s  the effect of reactor 

temperatures on reactivi ty. The mixture of graphite and fuel and the graphite sleeve 

would tend to make the temperature coeff icient of react iv i ty  o f  the HGCR-1 less nega- 

t i ve  than that of the GCR-2. However, preliminary calculat ions indicate that the prompt 

fuel temperature coefficient, that is,  the Doppler coefficient, would be negative, a l -  

though i t  would become less negative as p~~~~ bu i l t  up in  the fuel. 

In order to reduce the number of computations required i n  th is  preliminary study of 

unclad fuel element systems from an economic optimization point  o f  view, the rest r ic t ive 

assumptions l is ted below were made. 

1. The fuel plates were assumed to be homogeneous mixtures of 25 vol ’% UO, 

The UO, content selected was the maximum UO, volume frac- and 75 vo1 % graphite. 

t ion permitted by metallurgical considerations. 

. 

W 
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2. The fuel element config- 

uration assumed was a rectan- 

gular box having a square cross- 

sectional area, as shown i n  

Fig. 3. Since the physics ca l -  

culat ions are rather insensi t ive 

to the number of  fuel plates 

used to  provide a f ixed volume 

fraction of fuel and the heat 

transfer ca I cui a t i  on s indicated 

four to be a reasonable number, 

the fuel element was assumed 

throughout th is  study to be made 

up of four plates. Thus, the 

only variable parameters o f  the 

fuel element were the la t t i ce  

pitch, the p la te thickness, the 

cool ing gap size, and the chan- 

nel width. 

UNCLASSIFIED 
ORNL-LR-DWG 34859A 

P= LATTICE PITCH G = COOLING GAP 
/ = FUEL PLATE THICKNESS 1 = CHANNEL WIDTH 

Fig. 3. Cross-Sectional Configuration of Fuel Element. 

3. The fuel enrichment was assumed to be l imi ted to the range 2 to 4%, and the 

graphite and U 0 2  densit ies were assumed to be 1.65 and 10.4 g/cm3, respectively. 

The calculat ional methods described i n  the report on the GCR-2 study’ were fol- 

lowed i n  th is  evaluation wherever practical. 

M U L T I P L I C A T I O N  F A C T O R  

The effect ive mul t ip l icat ion factor o f  the reactor system i s  expressed by 

2 
keff  = q E p /  .-E T(l + L 2 8 y  , 

where L i s  the dif fusion length, B i s  the buckl ing factor, and 7 i s  the age. Th is  equation 

i s  equivalent to that used in the design of  the GCR-2, but for t h i s  study the factors 

q, E, p ,  and /, which comprise the in f in i te  mult ipl icat ion factor, are defined somewhat 

differently. The changes i n  the definit ions of the four factors are negligible, however, 

and the calculated values can be compared direct ly with corresponding values obtained 

i n  the GCR-2 design. The four factors and their definit ions are discussed i n  t h e  fol- 

lowing sections. 

’ T h e  O R N L  Gas-Cooled ReactoT, ORNL-2500 (Apr i l  1, 1958). 
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Neutron Y ie ld  

The neutron yield, 7, i s  defined here as the number o f  neutrons produced per neutron 

(wi th energy below 0.1 MeV) absorbed i n  uranium; resonance absorptions i n  U238 are not 

included. The neutron y ie ld  values were obtained from effect ive cross sections, as 

described i n  a subsequent section. 

Fast Effect  

The fast f iss ion factor, E, i s  defined here as  the number of neutrons fhat slow down 

to  energies below 0.1 Mev or escape from the fuel element per primary f iss ion neutron. 

Primary f iss ion neutrons result from f issions of U235 caused by neutrons with energies 

below 0.1 MeV. The equation for E i s  essential ly that given by Car lv ik and Pershagen,' 

who evaluate E by a two-group calculat ion wi th the group 1 neutrons having zero f iss ion 

cross section and energies ranging from 0.1 to 1.49 Mev and the group 2 neutrons having 

a constant f iss ion cross section and energies above 1.49 MeV. Th is  method was modi- 

f ied to permit f iss ioning in  group 1 and thus take fast f iss ion of U235 into account in 

the proper manner; however, for small fuel enrichments, the effect of the modif icat ion 

i s  ins igni f icant.  The pr incipal  advantage of the two-group method relat ive to the one- 

group method used i n  the GCR-2 study i s  that the choice of average cross sections and 

co l l i s ion  probabil i t ies i s  simplified, part icularly for the highly moderating fuel elements 

being studied. The co l l i s ion  probabil i t ies for groups 1 and 2 are obtained by computing 

the probabil i t ies of escape from an equivalent homogeneized cyl inder having a surface 

equal to the "rubber band" surface o f  the fuel element (see Fig. 3). For the la t t i ce  

spacings considered here, the coupling effect, or the probabil i ty that a neutron emitted 

from a fuel element w i l l  co l l ide  wi th another fuel element before co l l id ing  wi th the 

moderator, i s  small. Also, the probabil i ty of rescattering of the escaping f ission neu- 

trons back into the fuel wi th energies above 0.1 Mev i s  negl igible. 

Resonance- Escape Probabi I i t y  

The resonance-escape probability, p ,  i s  defined here as the probabil i ty that neutrons 

slowing down to  energies below 0.1 Mev w i l l  slow down below the lowest resonance of 

u238 without captures i n  U238 resonances. Epithermal captures in  U238 attr ibutable to  

the l /v  portion of the epithermal cross section and a l l  epithermal captures in  U 2 3 5  are 

taken into account in  calculat ing the thermal ut i l izat ion and thus are not included in  

the resonance-escape probabi I i ty .  

' I .  Carlvik and B. Pershagen, T h e  Fas t  F i s s ion  Ef fect  i n  a Cylindrical Fuel Element,  AEF-70, 
AB Atomenergi, Stockholm, Nov .  1956. 

c 
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The resonance-escape probabil i ty i s  expressed by 

where 

= effect ive resonance integral for U 2 3 8  in  the energy interval 0.1 Mev to ap- 9 , 2  a 
proximately 5 ev, 

U, = scattering cross section of material indicated by subscript, 

N = atom concentration in  la t t ice ce l l  o f  material indicated by subscript, 

5 = average lethargy decrement per e last ic  co l l is ion.  

The subscripts m, 0, u, 28 refer to  moderator, oxygen, uranium, and U238, respectively. 

Th is  equation assumes no moderator disadvantage factor for the epithermal flux. 

Dresner3 has shown that i n  heterogeneous media the ef fect ive resonance integral 

can be expressed in  terms o f  the homogeneous case for the "narrow resonance" approxi- 

mation. The ef fect ive resonance integral for the heterogeneous case i s  obtained by 

using homogeneous experimental data where the potential scattering cross section per 

absorbing atom, u for the fuel plate i s  replaced by b u  P' P'  
The reduction parameter i s  

1 

&P 

b = l + -  , 
c -  

where 

C 
P 
F = average chord length. 

= macroscopic potential scattering cross section o f  the fuel plate, 

For the prlrt icular fuel element configuration studied, 

- at i  
s =  

I + 4 t + 3 G y  

where 

y = the absorptions on the internal surfaces of the fuel element relat ive to  the total 

neutron current entering the gap, 

and, for isotropic neutron source distr ibution in  the external moderator, 

o G  y =  1 - - .  
21 

The terms appearing i n  y and S are defined by Fig. 3. 

'0 'L. Dresner, ORNL, to C. Copenhaver, private communication, Dec. 1958. 
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The values of were obtained from a U 2 3 8  resonance integral curve4 for the 

homogeneous case by using the computed values of b a  P '  

The ef fect ive resonance integral a t  the operating temperature i s  expressed by 

q(T) = a&at 2OOC) exp [1.56 x (T  - 20): , 

where the value of ? used i s  111OoC. 

Thermal Uti I i zation 

The thermal ut i l izat ion factor, f, i s  defined here as the rat io of the thermal and 

epithermal absorptions in  the uranium, excluding the resonance absorption in  U238, to 

the total thermal and epithermal absorptions, again excluding the U238 resonance ab- 

sorptions for a la t t i ce  cel l .  The effect ive cross sections defined below were used. 

The inverse of the thermal ut i l iza- 

t ion factor for the particular fuel element 

configuration being stud ied is  

where 

C = effect ive macroscopic absorp- 

t ion cross section o f  material 

indicated by subscript, 

V = la t t i ce  ce l l  volume fraction, 

F = f lux disadvantage factor, 

and the subscripts u ,  m, e ,  and f refer 

to uranium, moderator, external, and fuel 

(UO ,), respectively. 

The external moderator disadvantage 

factor, F m , e  (see Fig. 4), was obtained 

by the P ,  spherical harmonics approxi- 

mation method. The part icular P ,  pro- 

gram used was the I ,  program5 developed 

UNCLASSIFIED 
ORNL-LR-DWG 34860A 

1.40 1 I 
COOL IN^ CHANNEL WIDTH: a = 4 5 in 
FUEL ENRICHMENT = 2 7- 

1 I I 
7 8 9 

1 0 5 '  
6 

P, LATTICE PITCH (In) 

Fig. 4. Effect of Fuel  P l a t e  Thickness 

and L a t t i c e  Pi tch on External Moderator Dis- 

advantage Factor. 

I' 4R. L. Mackl in and H. S. Pomeronce, Resonance Capture Integrals," Proc. Intern. Con/. 

Peaceful Uses Atomic Energy, Geneva,  1955 5, 99, Fig. 1 (1955). 

5R. C. McCreody and 0. 6. Vollenweider, A 704 Program for  the Solution o/ the  Neutron 

Transpori Equation in Fi f ty  Concentric Annul i  by the Weil Method (Program 12), DC-58-1-158, 
GE-ANP (Jon. 1958). 
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for the IBM 704 computer. The fuel element was homogeneized wi th  the void, and 

equivalent cyl indrical geometry was used. The extremely good interpolat ion possible 

from the external moderator disadvantage factor over the I imi ted range of fuel enrichments 

considered made it unnecessary to do calculations for every change i n  configuration 

parometers. 

Cross Sections 

In the formulation of the mult ipl icat ion factor, effect ive cross sections are required 

that should be defined i n  terms of the reaction rate per target nucleus at  energies below 

0.1 MeV, excluding 

t ion above 0.1 Mev 

t i v e  cross sections 

where g, r, and s 

U238 resonance reactions. Since the l /v  portion o f  the cross sec- 

represents a negl igible contribution to the total reaction rate, effec- 

were used: 

A 
0 = (g  + r s )  a. , 

are as defined by Westcott.6 The subscript 0 refers to a neutron 

velocity o f  2200 m/sec. T h i s  effect ive cross section i s  equivalent to the one used i n  

the GCR-2 study. Thus the f lux spectrum i s  assumed to  consist o f  a Maxwellian com- 

ponent a t  a neutron temperature Tn plus a d E / E  ta i l  cut o f f  a t  a lower l im i t  of 5kT,, 

where k i s  the Boltzmann constant. 

The choice o f  an effect ive moderator temperature, Tm, i s  complicated, since a con- 

siderable portion of the neutron moderation occurs i n  the fuel element graphite. The 

approach used here was to  volume-weight the moderator temperature wi th  the slowing- 

down density below the U238 resonances. The neutron temperature was then obtained, 

in the  manner suggested by Coveyou et L z L , ~  as 

Tn - Tm [ + 11.08 x 12 } 
for graphite moderators, where C, and Cs refer to  the flux-weighted absorption and 

scattering cross sections o f  the la t t ice cell, respectively. The results of the neutron 

temperature calculat ions are given in Table 2. 
The  neutron temperature chosen for the HGCR-1 calculat ions was 980°K. For the 

fuel element configurations studied here, neutron moderation in  the fuel element raises 

the effect ive moderator temperature about 100°F above the external moderator tempera- 

ture. A mean value of 0.17 was chosen for the r factor for a l l  calculations, since r 

generally ranged between 0.16 and 0.18 for the cases considered. 

6C. H. Westcott, T h e  Spec i f ica t ion  of Neutron Flux and Effec t i ve  Cross Sec t ions  in  Reactor  
Calculalions, CRRP-662 (Aug. 15, 1956). 

7R. R. Coveyou, R. R.  Bate, and R. K .  Osborn, 1. Nuclear  Energy 2, 153 (1956). 
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Table 2. Calculated Neutron Temperatures of the Fuel  Element Described in 

Fig. 3 as a Funct ion of  Fuel  Enrichment 

Fuel  p la te  th ickness: 0.3 in. 

Cool ing channel width: 4.5 in. 

La t t i ce  pitch: 8 in. 

Moderator temperature: 1130°F 

Rat io of Neutron 
Temperature to  

Neutron Temperature Fuel  Enrichment 

(at. % U 235) Moderator Temperature (OK) 

1.100 

1.136 

1.168 

97 1 

1003 

1031 

The  external moderator di sadvantage factors required for evaluating the thermal 

ut i l izat ion were obtained by using effect ive cross sections defined as 

aert = “2::” , 

where T o  i s  the temperature at which kT = 0.0252 ev. T h i s  formula, which implies that 

the preponderance of absorptions, excluding U 2 3 8  resonance absorptions, results from 

the Maxwell ian portion of the neutron spectrum, i s  a good approximation for the cases 

con sidered. 

Neutron Leakage 

The neutron leakage i s  given by 

where 

M i  = migration area i n  the absence o f  voids = Lo2 + 70, 
B:,B; = geometric buckl ing i n  axial  and radial directions, respectively, 

gl,g2 = geometric vo id  correction factors for ax ia l  and radial directions, respec- 

ti vel  y . 
Th is  reduced form of the neutron leakage equations results from the simi lar i ty of the 

fast- and thermal-neutron mean paths for the cases considered. The geometric void 

correction factors used are 

3 e+ 
g ,  = 1 + 2 + + - -  

2 x  

a- and 

g 2 = l + 2 + + - - ,  3 e 4  
4 x  
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.-. . 

si- 
t 

as derived by Behrens,8 where 

q5 = void ratio, that is, voids per un i t  o f  sol id material, 

r = hydraul ic radius o f  the voids, r - l  I-’ + 5 ( I  - 4 t ) - ’ ,  

X = mean free path = 1.06 cm, 

Q = rat io of the mean square passage length through the holes to the square o f  the 

mean free path, that is, 

3 (G2 + 1 2 )  
G2 + 21G + l 2  

‘ 

The age i n  the absence of voids, T ~ ,  for the cases considered i s  300 rt 20 cm2. 

T h i s  value includes the age to  thermal energies of f iss ion neutrons e last ica l ly  and 

ine last ica l ly  scattered a t  energies below 0.1 MeV. The square of the dif fusion length 

i n  the absence o f  voids i s  

where 

L m  = the dif fusion length o f  the moderator, 23.5 cm. 

The ref lector saving used was 65 cm. 

L A T T I C E  C A L C U L A T I O N S  

L a t t i c e  calculat ions were performed for 160 lattices, and the results for 145 are 

reported here. The reported cases adhere to  the rest r ic t ive assumptions mentioned 

previously. A descript ion o f  the la t t ice and the values o f  7, E, p ,  /, .M2B2, k e f f ,  and 

the in i t ia l  conversion ratio, Rc, are given for the 145 cases in Table 3, wi th  HGCR-1 

through 9. 

being t h e  f i rs t  case listed. The resul ts are also presented graphical ly in Figs. 5 

Optimization o f  the fuel element composition and configuration on the basis o f  

minimum power cost  i s  required before the signif icance of the results can be made 

apparent. The system appears economically interesting even in  the unoptimized form, 

however, and conclusions can be drawn. 

It may be seen that the el imination o f  a l l  ,cladding material permits a substantial ly 

higher conversion rat io for a given keff .  T h i s  reduction in nonproductive absorption 

also increases the attractiveness o f  low fuel enrichment. Thus, i t would seem desirable 

to  look closely at the range of enrichment between natural and 2%. 

8D. J. Behrens, The Migration Length  of Neutrons in an Infinite L a t t i c e ,  AERE-TR-239 

(1958). 
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T a b l e  3. 

Moderator temperature: 1 13OoF 
Neutron temperature: 980°K 
Number of fuel plates: 4 
Volumetric composition of fuel plate: 

Width of gap between fuel plates: 

Resu l ts  of L a t t i c e  Calculations 

25% U02 and 75% graphite 

G (in.) = ( I  - 4t)/4.5 

Fuel  Channel P l a t e  L a t t i c e  

(at. % u ~ ~ ~ )  1 ( in. )  t (in.) P (in.) 
Enrichment Width, Thickness,  P i tch ,  'I 

Co se 

Number 
E P 

HGCR- 1 
1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 

2.0 4.5 0.372 8.5 
3.5 0.2 6.0 

7.0 
8.0 
9.0 

0.4 6.0 
7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 
9.0 

4.5 0.2 6.0 
7.0 
8.0 
9.0 

1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 

1.024 
1.014 
1.014 
1.014 
1.014 
1.022 
1.022 
1.022 
1.022 
1.032 
1.032 
1.032 
1.032 
1.040 
1.040 
1.040 
1.040 
1.013 
1.013 
1.013 
1.013 

0.7023 
0.6931 
0.7829 
0.8379 
0.8741 
0.5508 
0.6641 
0.7404 
0.7937 
0.4525 
0.5725 
0.6599 
0.7244 
0.3889 
0.5072 
0.5991 
0.6696 
0.5203 
0.6796 
0.7692 
0.8248 

f 

0.9651 
0.9663 
0.9493 
0.9292 
0.9066 
0.9806 
0.9708 
0.9597 
0.9467 
0.9850 
0.9780 
0.9697 
0.9602 
0.9868 
0.9808 
0.9737 
0.9654 
0.9806 
0.9667 
0.9503 
0.9315 

M2B2 

0.0226 
0.0269 
0.0227 
0.0207 
0.0196 
0.0210 
0.0186 
0.0172 
0.0165 
0.0169 
0.0156 
0.0150 
0.0146 
0.0139 
0.0 135 
0.0133 
0.0133 
0.0508 
0.0357 
0.0290 
0.0254 

kef f  

1.129 
1.100 
1.225 
1.286 
1.311 
0.899 1 

1.187 
1.076 

1.256 
0.7522 
0.9462 
1 .oa2 
1.177 
0.6546 
0.8489 
0.9957 
1.103 
0.8180 
1.069 
1.197 
1.262 

Rr 

0.805 
0.823 
0.643 
0.532 
0.460 
1.109 
0.88 1 
0.728 
0.621 
1.306 
1.065 
0.890 
0.760 
1.434 
1.196 
1.012 
0.870 

0.850 
1.170 

0.670 
0.559 



c. 

T a b l e  3 (continued) 

Fuel  Channel Plate L a t t i c e  

Enrichment Width, Thickness, Pi tch,  

(at. % uZ33 I (in.) t (in.) P (in.) 
II E P f M 2 B 2  kef f  Rc 

Case 

Number 

h) 
w 

21 
22 
23 
2 4  
25 
26  
27  
28 
29  
30 
3 1  
32  
33 
34 
35 
36 
37  
38 
39 
40  
41 
42 
43 
44 
45 
46  
47 

2.0 4.5 0.4 6.0 
7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 
9.0 

5.5 0.2 6.0 
7.0 
8.0 
9.0 

0.4 6.0 
7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 

1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 
1.663 

1.021 
1.021 
1.021 
1.021 
1.031 
1.031 
1.031 
1.031 
1.048 
1.048 
1.048 
1.048 
1.010 
1.010 
1.010 
1.010 
1.021 
1.021 
1.021 
1.021 
1.031 
1.031 
1.031 
1.03 1 
1.043 
1.043 
1.043 

0.3691 
0.5354 
0.6462 
0.7221 
0.2848 
0.4383 
0.5538 
0.6395 
0.2380 
0.3757 
0.4884 
0.5774 
0.2067 
0.5147 
0.6714 
0.7603 
0.1338 
0.3631 
0.5252 
0.6340 
0.1066 
0.2823 
0.4308 
0.5428 
0.0944 
0.2352 
0.3678 

0.9885 
0.981 1 
0.9720 
0.9616 
0.991 1 
0.9857 
0.9793 
0.9719 
0.9923 
0.9879 
0.9828 
0.9768 
0.9921 
0.9804 
0.9666 
0.9509 
0.9946 
0.9884 
0.981 1 
0.9724 
0.9954 
0.991 1 
0.9859 
0.9799 
0.9958 
0.9924 
0.9883 

0.0370 
0.0278 
0.0234 
0.0210 
0.0274 
0.0222 
0.0194 
0.0179 
0.0205 
0.0178 
0.0164 
0.0155 
0.1433 
0.0672 
0.0460 
0.0365 
0.0885 
0.0497 
0.0362 
0.0295 
0.0580 
0.0373 
0.0289 
0.0244 
0.0391 
0.0282 
0.0245 

0.5974 
0.8678 
1.042 
1.155 
0.471 1 
0.7247 
0.9122 
1.047 
0.4003 
0.6307 
0.8168 
0.9606 
0.3013 
0.7942 
1.042 
1.172 
0.2076 
0.5805 
0.8443 
1.017 
0.1720 
0.4625 
0.7078 
0.8902 
0.1569 
0.3938 
0.6154 

1.474 
1.140 
0.917 
0.765 
1.643 
1.335 
1.103 
0.931 
1.737 
1.460 
1.234 
1 .OS5 
1.799 
1.181 
0.867 
0.688 
1.946 
1.486 
1.160 
0.942 
2.000 
1.648 
1.350 
1.125 
2.025 
1.742 
1.476 



h) P T a b l e  3 (continued) 

Fuel  Channel P la te  La t t ice  

(at.  % u ~ ~ ~ )  I (in.) t (in.) P (in.) 
P f M 2 B 2  kef f  R c  

Enrichment Width, Thickness, Pi tch,  77 E Case 

Number 

48 
49 
50 
5 1  
52  
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 

2.0 5.5 0.8 
3.0 3.5 0.2 

0.4 

0.6 

0.8 

4.5 0.2 

0.4 

0.6 

9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
'9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 

1.663 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 

1.043 
1.014 
1.014 
1.014 
1.014 
1.022 
1.022 
1.022 
1.022 
1.032 
1.032 
1.032 
1.032 
1.040 
1.040 
1.040 
1.040 
1.013 
1.013 
1.013 
1.013 
1.021 
1.021 
1.021 
1.021 
1.031 
1.031 

0.4764 
0.6956 
0.7848 
0.8394 
0.8752 
0.5540 
0.6670 
0.7428 
0.7956 
0.4562 
0.5757 
0.6627 
0.7268 
0.3925 
0.5107 
0.6022 
0.6723 
0.5238 
0.6822 
0.7713 
0.8265 
0.3728 
0.5388 
0.6490 
0.7245 
0.2885 
0.4420 

0.9835 
0.9753 
0.9626 
0.9477 
0.9308 
0.9856 
0.9783 
0.9696 
0.9592 
0.9887 
0.9832 
0.9766 
0.9689 
0.9904 
0.9585 
0.9803 
0.9739 
0.9860 
0.9758 
0.9639 
0.9506 
0.991 7 
0.9860 
0.9792 
0.9713 
0.9934 
0.9893 

0.0204 
0.0265 
0.0222 
0.0200 
0.0188 
0.0209 
0.0183 
0.0169 
0.0162 
0.0168 
0.0155 
0.0148 
0.0144 
0.0138 
0.0134 
0.0132 
0.0131 
0.0504 
0.0351 
0.0283 
0.0246 
0.0368 
0.0276 
0.0231 
0.0206 
0.0273 
0.0220 

0.7964 
1.183 
1.323 
1.397 
1.432 
0.9653 
1.157 
1.278 
1.355 
0.8085 
1.016 
1.162 
1.265 
0.7042 
0.9124 
1.070 
1.187 
0.8796 
1.151 
1.293 
1,372 
0.6430 
0.9322 
1.120 
1.243 
0.5080 
0.7790 

1.258 
0.748 
0.569 
0.459 
0.387 
1.032 
0.805 
0.653 
0.547 
1.228 
0.988 
0.814 
0.685 
1.356 
1.119 
0.935 
0.794 
1.092 
0.775 
0.596 
0.485 
1.396 
1.062 
0.841 
0.690 
1.565 
1.257 



” c rt 

Table  3 (continued) 

Fuel  Channel Plate La t t ice  

P f M2B2 keff Rc Enrichment Width, Thickness, Pi tch,  II E 
C a s e  

1 (in.) f (in.) P (in.) 
Number (at. % u 235) 

75  
7 6  
7 7  
7 8  
79  
80  
8 1  
8 2  
83  
8 4  
85 
8 6  
8 7  
88 
89 
9 0  
9 1  
92  
93  
94  
95 
96 
97  
98 
99 

100 
101 

3.0 4.5 0.6 

0.8 

5.5 0.2 

0.4 

0.6 

0.8 

4.0 3.5 0.2 

0.4 

8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 
7.0 
8.0 
9.0 
6.0 

1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.766 
1.823 
1.823 
1.823 
1.823 
1.823 

1.031 
1.031 
1.040 
1.040 
1.040 
1.040 
1.010 
1.010 
1.010 
1.010 
1.021 
1.021 
1.021 
1.02 1 
1.031 
1.031 
1.031 
1.031 
1.043 
1.043 
1.043 
1.043 
1.014 
1.014 
1.014 
1.014 
1.022 

0.5570 
0.6423 
0.2417 
0.3795 
0.4922 
0.5805 
0.2100 
0.5180 
0.6740 
0.7623 
0.1366 
0.3670 
0.5288 
0.6370 
0.1092 
0.2860 
0.4345 
0.5462 
0.0968 
0.2385 
0.3715 
0.4800 
0.6982 
0.7868 
0.8408 
0.8763 
0.5580 

0.9843 
0.9785 
0.9942 
0.9909 
0.9868 
0.9820 
0.9943 
0.9858 
0.9759 
0.9646 
0.9961 
0.9916 
0.9861 
0.9297 
0.9967 
0.9934 
0.9895 
0.9848 
0.9969 
0.9443 
0.99 12 
0.9874 
0.9806 
0.9701 
0.9579 
0.9435 
0.9884 

0.0193 
0.0177 
0.0205 
0.0178 
0.0163 
0.0154 
0.1428 
0.0666 
0.0453 
0.0356 
0.0883 
0.0495 
0.0359 
0.0291 
0.0579 
0.0372 
0.0287 
0.0242 
0.0391 
0.0281 
0.0244 
0.0202 
0.0262 
0.0219 
0.0197 
0.0185 
0.0208 

0.9793 
1.124 
0.4325 
0.6786 
0.8778 
1.03 1 
0.3259 
0.8539 
1.122 
1.266 
0.2254 
0.6252 
0.9076 
1.093 
0.1873 
0.4987 
0.7610 
0.9562 
0.1711 
0.4249 
0.6621 
0.8557 
1.233 
1.381 
1.460 
1.501 
1.007 

1.026 
0.855 
1.659 
1.382 
1.156 
0.989 
1.722 
1.104 
0.791 
0.614 
1.870 
1.407 
1.082 
0.865 
1.925 
1.570 
1.272 
1.048 
1.950 
1.665 
1.398 
1.180 
0.707 
0.529 
0.421 
0.350 
0.989 



I 

h) T a b l e  3 (continued) rn 

Channel P l a t e  L a t t i c e  

Number (at.  % u ~ ~ ~ )  1 (in.) t ( in.)  P ( in.)  

Fuel  

P 1 M ~ B ~  keff 
Enr i chrnent Width, Thickness, Pitch, v E Co se 

102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 

4.0 3.5 0.4 7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 
9.0 

4.5 0.2 6.0 
7.0 
8.0 
9.0 

0.4 6.0 
7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 
9.0 

1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 

1.022 
1.022 
1.022 
1.032 
1.032 
1.032 
1.032 
1.040 
1.040 
1.040 
1.040 
1.013 
1.013 
1.013 
1.013 
1.021 
1.021 
1.021 
1.021 
1.031 
1.031 
1.031 
1.031 
1.040 
1.040 
1.040 
1.040 

0.6698 
0.7450 
0.7973 
0.4600 
0.5790 
0.6655 
0.7292 
0.3965 
0.5142 
0.6052 
0.6750 
0.5272 
0.6850 
0.7733 
0.8282 
0.3770 
0.5425 
0.6520 
0.7270 
0.2920 
0.4460 
0.5605 
0.6455 
0.2450 
0.3835 
0.4957 
0.5840 

0.9823 
0.9748 
0.9663 
0.9908 
0.9861 
0.9805 
0.9737 
0.9920 
0.9879 
0.9831 
0.9773 
0.9889 
0.9808 
0.971 1 
0.9598 
0.9933 
0.9887 
0.9831 
0.9764 
0.9947 
0.9913 
0.9871 
0.9821 
0.9953 
0.9925 
0.9890 
0.9848 

0.0 182 
0.0168 
0.0160 
0.0167 
0.0154 
0.0147 
0.0143 
0.0138 
0.0134 
0.0131 
0.0130 
0.0501 
0.0348 
0.0280 
0.0243 
0.0367 
0.0275 
0.0230 
0.0204 
0.0272 
0.0220 
0.0192 
0.0176 
0.0204 
0.0177 
0.0162 
0.0153 

1.204 
1.33 1 
1.413 
0.8434 
1.058 
1.210 
1.317 
0.7356 
0.9504 
1.113 
1.235 
0.9168 
1.199 
1.349 
1.433 
0.6723 
0.9716 
1.166 
1.295 
0.5315 
0.8131 
1.020 
1.171 
0.4433 
0.7091 
0.9147 
1.074 

0.764 
0.613 
0.508 
1.185 
0.946 
0.773 
0.645 
1.313 
1.077 
0.894 
0.754 
1.050 
0.734 
0.556 
0.446 
1.352 
1.020 
0.800 
0.649 
1.523 
1.213 
0.984 
0.8 13 
1.617 
1.339 
1.114 
0.936 
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Table  3 (continued) 

Fuel Channel Plate La t t ice  

Enrichment Width, Thickness, Pi tch,  
Number (at. % ~ ~ ~ 5 )  I (in.) t (in.) P ( in. )  

P f M ~ B ~  keff  Rc E 17 
C a s e  

129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 

4.0 5.5 0.2 6.0 
7.0 
8.0 
9.0 

0.4 6.0 
7.0 
8.0 
9.0 

0.6 6.0 
7.0 
8.0 
9.0 

0.8 6.0 
7.0 
8.0 
9.0 

1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 
1.823 

1.010 
1.010 
1.010 
1.010 
1.021 
1.021 
1.021 
1.021 
1.03 1 
1.031 
1.031 
1.031 
1.043 
1.043 
1.043 
1.043 

0.2133 
0.5220 
0.6770 
0.7645 
0.1395 
0.3710 
0.5323 
0.6400 
0.1117 
0.2863 
0.4382 
0.5498 
0.0990 
0.2422 
0.3753 
0.4837 

0.9956 
0.9888 
0.9807 
0.9717 
0.9969 
0.9933 
0.9888 
0.9836 
0.9974 
0.9947 
0.9915 
0.9876 
0.9976 
0.9954 
0.9928 
0.9895 

0.1425 
0.0663 
0.0449 
0.0352 
0.0882 
0.0493 
0.0357 
0.0289 
0.0578 
0.0371 
0.0286 
0.0241 
0.0390 
0.0281 
0.2343 
0.0202 

0.3422 
0.8913 
1.170 
1.321 
0.2379 
0.6537 
0.9459 
1.139 
0.1980 
0.5161 
0.7939 
0.9965 
0.1807 
0.4459 
0.6916 
0.8923 

1.681 
1.061 
0.750 
0.574 
1.829 
1.364 
1.040 
0.824 
1.884 
1.534 
1.229 
1.005 
1.910 
1.623 
1.355 
1.138 
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4. FUEL ELEMENT 

M A T E R I A L S  A N D  D E S I G N  L I M I T A T I O N S  

The association of unclad fuel elements with high temperatures (120OO0F) in  gas- 

cooled reactors appears to be inherent. Even i f  there were metal fuel claddings which 

would possess the required neutron cross section, fabricabil ity, avai labi l i ty, and 

structural strength, it i s  reasonably certain that the d i f fus ion of uranium and f iss ion 

products through the metal would be significant.’ The inevitable hot spot problem, 

which i s  especial ly serious wi th  clad elements, further l imi ts  the use of clad materials, 

since hot  spots might increase the dif fusion losses. The known ceramic materials 

( including graphite) which offer promise as a matrix material for high-temperature fuel 

elements are vast ly  more permeable than metals, and thus it appears inevitable that 

higher temperatures w i l l  be associated with higher contamination levels in  the primary 

coolant. 

The use of high temperatures implies a contaminated system, but it does not nec- 

essar i ly  fo l low that low-temperature systems w i l l  not be contaminated. However, for a 

system to be both contaminated and not capable of rea l iz ing the improved performance 

which i s  associated with high temperatures is  to  impose an economic burden on the plant 

which it i s  d i f f i cu l t  to  offset through other economies. Perfect ly leak-tight containers 

for the f iss ion products from high-temperature fuel elements do not currently exist, but i t 

i s  reasonable to  anticipate that the materials development research now under way w i l l  

reduce, though probably not eliminate, f ission-product escape from the fuel. 

Fuel Element Characteristics 

As  a basis for the selection of a fuel element the characterist ics which are necessary 

for the intended application are as follows:2 

1. The fuel element material must have a high melt ing point and only one crystal 

structure so that it may be used in  bulk form rather than as a dispersion. 

2. The constituent o f  the uranium compound must have a low neutron absorption 

cross section. 

3. The fuel material must be chemical ly and metal lurgical ly inert with respect to  the 

reactor coolant and the matrix material in which the compound might be dispersed. 

4. The uranium compound must have a broad range o f  homogeneity such that it is  

stable over a range of composition so that the structure w i l l  not be affected by non- 

stoichiometry caused by poor preparation or uranium depletion by fission. 

’W. B. Cottrell and H. N. Culver, Contamination in the Gas  Stream o/ the  Gas-Cooled Reartoy, 

2E. Epremian, Uranium Compounds /OY New High-Temperature F u e l s ,  paper presented at F u e l  

ORNL CF-58-1-119 (Jan. 2, 1958). 

Elements Conference, Paris, Nov. 18-23, 1957, TID-7546 (March 1958). 



5. It must have good s tab i l i t y  in  high-temperature irradiation. 

6. The thermal conductivi ty of the bulk uranium compound 

fac i l i ta te  a high heat f lux  and to  prevent melt ing at the core of the 

7. The density of uranium atoms in  the compound must be 

volume low. 

fuel must be 

fuel element. 

h igh to keep 

high to  

the fuel 

8. The bulk fuel must have good mechanical strength and resistance to thermal shock 

to prevent fracture during reactor operation. 

Material 

A large number of uranium compounds are currently being considered for use in  high- 

temperature fuels. The materials include uranium carbides, s i l ic ides,  nitrides, oxides, 

sulfides, beryllides,2 and some others. However, of a l l  these potential fuel materials, 

information upon which to base a reactor design ex is ts  for only UO,-graphite fuel 

elements. Although the UO, lacks structural strength and has poor thermal conductivity, 

i t  f u l f i l l s  the other requirements satisfactori ly and appears to  be the best high-temper- 

ature fuel avai lable a t  th is  time. Furthermore, the use of UO, in  a graphite matrix 

resul ts in a high-temperature material wi th good structural strength and thermal 

conductivi ty. 

UO, Particle Size 

The use of UO, i n  a graphite matrix has been considered for some time, and much 

experimental work has been done on the physical properties of such a fuel 

These studies have included fabrication and chemical processing, as we l l  as irradiat ion 

ef fects on the physical properties of the graphite-110, matrix. Aside from the type of 

graphite, which can have an important bearing on the characterist ics of the fuel element, 

the parameters of part icular concern have been the volume fract ion and the size of the 

UO, particles. The various studies have considered matrices ranging from a homogeneous 

dispersion of UO, i n  graphite to admixtures o f  Uo, part icles of several hundred microns 

in  graphite and in concentrations up to  60 wt % UO,. These studies indicate that the 

radiat ion damage to the graphite decreases with increasing part ic le s ize because of the 

'L. D. Loch, J. A. Slyh, and W. H. Duckworth, Studies  o f  Graphite for Fuel Elements ,  
TID-10001 (Oct. 13, 1954). 

4F. E. Faris, Reactor Sci. Technol. ,  vol  2, No. 4, TID-2004 (Dec. 1952). 

'Ceramic  Information Meeting Held at Oak Ridge National Laboratory on October 1-3. 1956. 
TID-7530, p t  I (Apr i l  1957). 

6 W .  P. Eatherly et  al., Phys i ca l  Properlies of Graphite Materials for Special Nuclear Appli-  

cat ions,  1958 Geneva Conference Paper No. 708. 
'R. H. Kernohan, E f f e c t  of Fiss ionable  Particle S i ze  on F i s s ion  Damage in Graphite. 

ORNL-1722 (Apr i l  21, 1954). 
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decreasing fraction of recoi l  f iss ion products which enter the graphite. Although several 

s o u r c e s 3 ~ ' ~ *  indicate that the knee of the curve of damage vs part icle size is  approx- 

imately 100 p, there i s  some addit ional reduction with s t i l l  larger particles. A par t ic le  

s ize of 200 p was selected for the current study, with the rea l izat ion that some additional 

decrease in  damage effects and fission-product escape (see Chap. 7) might be real ized 

from the use of even larger UO, particles. 

UO, Volume Fraction 

The volume fraction of UO, in the graphite matrix was, somewhat arbitrari ly, taken 

as 0.25. Although literature data indicate that U02-graphite matrices wi th  up to  60 wt  '5% 

UO, ( 18 vol %) have been fabricated, it i s  not expected9 that the physical properties of 

the graphite would be s ign i f icant ly  impaired i f  the volume fract ion of UO, were increased 

to  0.25. The va l id i ty  of th is  opinion can only be proved (or disproved) by irradiation 

tests, but the proposed reactor and fuel element are not uniquely dependent upon th is  

condition. Two schemes for reducing the volume fract ion are conveniently avai lable: 

(1) wi th  the same s ize fuel element the uranium enrichment may be increased, and (2) the 

s ize of the fuel element (and fuel channel) may be increased so that the same amount of 

fuel i s  dispersed in  a greater volume of graphite. 

UO,-Groph i t e  Reaction 

At some high temperature the UO, in  contact with graphite w i l l  tend to become con- 

verted to  UC, by the reaction 

uo, + 4c = uc, + 2co 
The threshold temperature for th is  reaction has been reported to  be around 2500°F or 

above.3e6o7 It i s  clear that the highest temperature that can be employed wi th  uranium- 

bearing graphite without an appreciable reduction of the oxide w i l l  depend upon such 

factors as time a t  temperature, the UO, part icle s ize and density, and the surrounding 

atmosphere. Mixtures of UO, and powdered graphite have been heated for '/2 hr a t  175OOC 

(-3180°F) with only s l ight  reduction of the oxide. On the other hand, the maximum fuel 

element temperature w i l l  be suktained for long periods of time, and in order t o  avoid 

conversion to  the carbide the maximum operating temperature should be considerably 

less than 3180OF. Th is  i s  a somewhat arbitrary restriction, since the re la t ive ac t iv i t y  

escape from UC, as compared wi th  UO, i s  not known, but, since the d i f fus ion of act iv i ty  

from the fuel may be comparable to  the recoi l  escape (see Chap. 7), it seemed desirable 

to  stay wi th in  ex is t ing knowledge where possible. 

'R. J. Harrison, E//ect of Particle S i z e  on Fission-Fragment Damage for Part ic les  of 

9Personal communication from A. J. Taylor, Metallurgy Division, ORNL, to W. B. Cottrell, 

Fiss ionab le  Material Dispersed in  a Matrix, BMl-846 (June 30, 1953). 

Reactor Projects Division, ORNL, Aug. 1, 1958. 
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Fuel Element Corrosion 

Another problem of concern would be the direct l o s s  of uranium to the gas stream by 

diffusion, corrosion, or erosion. The l imi ted exist ing datalOnll pertinent to the di f fusion 

of uranium in  graphite imply that a t  temperatures below approximately 2600°F the amount 

would be negligible. On the other hand, the corrosion (and/or erosion) of the graphite by 

the impurit ies in  the hel ium coolant may not be negl ig ib le a t  the gas pressures and fuel 

element temperatures of interest. Data on the processes are not avai lable in the 

literature, but it i s  known that the release of uranium to  the coolant stream may be 

minimized by coating the outside surfaces of the U02-graphite matrix wi th a layer of 

graphite. It i s  not anticipated that th is would be d i f f i cu l t  to do or expensive. 

Accordingly such a coating was assumed for the HGCR-1 fuel elements. A much greater 

improvement in the ab i l i t y  o f  graphite to  retain f iss ion products may be anticipated from 

various attempts to  decrease the graphite porosity,6 and/or to develop impregnable 

coatings for the graphite13 (or the UO, i n  the graphite14). These developments remain 

to be proved. 

1 2  

At  the temperatures that would ex is t  w i th in  the reactor, the oxidation of both the fuel 

element and the moderator by impurit ies in  the hel ium is  of concern. Extrapolat ion of 

I imited ex is t ing  data suggests that, inasmuch as the moderator graphite surface temper- 

ature would be less than 15OOOF (82OOC) and the fuel l i fet ime would be relat ively short 

even though the reactor would be operated with a maximum fuel element surface temper- 

ature o f  2000°F (11OO"C), the loss of  graphite from the reactor and fuel elements need 

not be of concern i f  excessive foul ing of the heat exchanger surfaces does not ensue. 

For the purpose of th is  study it was assumed that the gas cleanup system would be 

capable of removing the graphite corrosion products, and thus excessive foul ing of heat 

exchanger surfaces would be prevented. 

H E A T  T R A N S F E R  C A L C U L A T I O N S  

In the heat transfer analyses no attempt was made t o  obtain the optimum reactor 

output for an unclad-fuel-element system. A s  previously noted the heat transfer compo- 

nents were sized t o  fac i l i ta te  a cost  comparison with the clad-element systems already 

studied. The t ime avai lable for th is study did not permit an evaluation of dif ferent fuel 

l0J.  G. Malm and G. W. Mason, Volat i l i za t ion  o f  Uranium from Uranium-lmpregnated Graphite, 
ANL-4153 (July 23, 1948). 

"R. L. Loftness, Diffusion of Uranium Carbide in Graphite, NAA-SR-64 (Aug. 2, 1950). 

12Personal communication from H. G. MacPherson, ORNL, t o  W. B. Cottrel l ,  ORNL, Sept. 1958. 

13L. M. Doney, Refractory Materials Meef ing ,  ORNL CF-58-6-107 (June 27, 1958). 

1 4 W .  C. Riley, "Improved Fueled Graphite," from Progress Relating to Military Appl ica t ions  
During Augus t ,  1958, BMI-1287 (Sept. 1, 1958). 
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elements and channel geometries. For the present study the fuel elements were assumed 

to  be f la t  plates in order to  obtain the desired heat transfer surface, and the channels 

were assumed to  be square. Four fuel plates per channel were selected to give a 

reasonable void fraction for the coolant and at the same time a plate dimension of 

fabricable size. The fuel choice was UO, because of the lack of data on uranium 

compounds more suitable for use at  high temperatures. In order to  u t i l i z e  the advantages 

of unclad elements, the heat f lux must be so large that a pure UO, plate would crack 

from the result ing thermal stress. As discussed in  the preceding chapter, the fuel plates 

were assumed to  be a homogeneous mixture of UO, and graphite. 

The reactor was assumed to  have an active core diameter of 30 ft; the act ive length 

was f ixed at  20 ft; and the pressure was taken to be 300 psia to  match that of the GCR-2 

case. The square coolant channels were varied from 4 to  6 in. on a side. In a l l  the 

calculat ions the peak-to-average power rat io was assumed to  be 1.32 axia l ly  and 1.5 
radially. The heat transfer coeff icient was determined from the Dittus-Boelter equation; 

the core f r ic t ion pressure drop was obtained from the Fanning equation; and the f r ic t ion 

factor was held constant at a value of 0.006. The total pressure drop was assumed to  be 

1.5 t imes the core pressure drop. The calculat ions for the blower horsepower were based 

on the average core temperature rather than the pump suction temperature. Th is  method 

gave a pumping power which was approximately 50% too high, and as a resul t  the calcu- 

lated over-all pumping power was about 2.25 times that required to  overcome the core 

f r ic t ion loss. This  factor should g ive pumping power suf f ic ient  for the external c i rcu i t  

losses and a lso the expansion and contraction losses through the core. 

Surface Temperature 

One of the principal advantages of the unclad fuel element i s  the much higher 

al lowable surface temperature. The higher surface temperature results i n  a higher heat 

f lux for a given gas ve loc i ty  and required pumping power. There are, however, several 

factors other than the physical properties of the fuel element that l im i t  the surface tem- 

perature. If the heat f lux from a given fuel element i s  increased by increasing the 

element temperature, the gas f low and therefore the vo id  volume of the reactor or the 

gas e x i t  temperature from the reactor must be increased. The e x i t  gas temperature i s  

l imited by the piping system external to  the core. Increasing the vo id volume leads t o  

either excessive neutron leakage or to  an increase in the la t t ice pitch, which results i n  

fewer channels and therefore less output per volume of reactor. The higher fuel element 

temperature a lso lowers the value of km, and increases the number of f iss ion products 

escaping from the fuel elements (see Chap. 7). On the basis of preliminary heat transfer 

and vo id volume calculat ions the maximum surface temperature was set a t  2000OF. 
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Nuclear Considerations 

Nuclear considerations imposed several restr ict ions on the f inal s ize of the channels. 

For the 30-ft-dia core the rat io of void volume to  fuel plate volume was l imited to a 

maximum of 3 to  1. The lat t ice pi tch was equal to  the channel dimension plus 4 in., that 

is, for a 4-in. by 4-in. channel, the la t t i ce  pi tch would be 8 in. For the case where the 

la t t i ce  pi tch was direct ly related t o  the channel size, it was possible to  calculate the 

optimum channel s ize in order t o  obtain the maximum heat transfer surface. For plate- 

type elements the heat transfer surface i s  

A s = 2 N  P D L  , 

where N 

and L i s  the length of the fuel element. The reactor core volume per channel i s  

i s  the number of plates per channel, D i s  the dimension of the square channel, 
P 

V c = ( D + t ) 2 L  , 

where t i s  the thickness of graphite between channels and (D + t )  i s  the la t t i ce  pitch. The 

ra t io  of the heat transfer surface to the core volume per channel i s  thus 

As 2NpDL 

V c  (D + t ) 2 L  

-=  

If the above expression i s  dif ferentiated with respect to D and equated to  0, it may be 

seen that D = t and thus that the opfimum channel dimension i s  equal to  the thickness of 

graphite required between each channel. As w i l l  be seen later, the void volume l imi tat ions 

may force an increase in  the channel dimensions. 

Core Heat Transfer Studies 

The effect of channel size, heat flux, and gas temperatures on the reactor output and 

required pumping power for the 30-ft-dia core i s  i l lustrated in  Fig. 10. The effect of the 

same parameters on the spacing between fuel plates is  shown in Fig. 11. It should be 

noted that a large part of Fig. 11 is  geometrically impossible, since the clearance between 

the plates exceeds the total width of the channel. The resul ts presented in  Fig. 11 

when correlated with the void-to-plate volume rat io l im i t  of 3 to  1 indicate that the 

125OOF ex i t  gas temperature cases can be eliminated. 

The reactor output used in the calculat ions was the output of the center channel. 

The total  reactor output i s  equal to the center channel output mult ip l ied by the number of 

channels and divided by the radial peak-to-average power ratio. The GCR-2 studies 

showed that a mixed mean ex i t  gas temperature for the whole reactor could be maintained 

as high as that of the center channel by the use of or i f ices to  restr ict  gas f low through 

the lower output channels. 
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The f inal reactor inlet and ex i t  gas temperatures were 525°F and 1500OF. The 525OF 

in le t  temperature was a compromise between the higher pumping power required and a 

higher feedwater temperature, whi le  the choice of the 150OOF e x i t  temperature was largely 

influenced by the void-to-plate volume rat io  and the s ize of the steam generators required 

to  remove the heat from the gas. 

Reactor Output vs Pumping Power 

The total reactor output as a function of the pumping power i s  shown in Fig. 12. In 

th is  case the factor l imi t ing the reactor output i s  the avai lab i l i ty  of large electr ic motors. 

The reactor requirements are such that the motors must start up under load. The largest 

motors of this type being bu i l t  today have a rat ing of about 6000 hp. By the addit ion o f  

small start ing motors it i s  believed that th is  size can be increased to  9000 hp. In the 

present study it was assumed that each gas c i rcu i t  would contain one motor-blower 

combination with a maximum rating of 9000 hp. Thus, for the HGCR-1 wi th  eight circuits, 

the maximum horsepower was 72,000. In Fig. 12 the net output was found by assuming a 

cyc le  thermal e f f ic iency of 39%, with a feedback to aux i l iar ies other than the blowers 

of 3.6%.15 The f inal design values chosen are l isted below: 

Thermal rating, Mw 

Net e lec t r i ca l  rating, Mw 

Act ive core diameter, f i  

Ac t ive  core length, f t  

Number of channels 

Channel dimensions, in. 

La t t i ce  pitch, in. 

P la te  thickness, in. 

Gas coolant 

Nurn ber of ga s c ir c u i t s  

Gas pressure, ps ia  

In let  gas temperature, O F  

Ex i t  gas temperature, O F  

Maximum fuel element surface temperature, OF 

Maximum heat flux, Btu/hr.ft 

Blower power required, hp  

Temperature r i se  i n  fuel plate, OF 

2 

3095 

1130 

30 

20 

1415 
4 1 / x 4 4  1 

8'/2 x 8?$ 

0.372 

Hel ium 

8 

300 

525 

1500 

2000 

245,000 

72,000 

95 

15The actual thermal e f f i c iency  turned out to  be 40% and the net e f f i c iency  (i.e., thermal l ess  

gas and water pumping power and auxi l iar ies) i s  36.5%. 
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Thermal Stress in Fuel Plates 

The effects of heat f lux and plate thickness on the temperature r ise and thermal 

stress in both UO, and U02-graphi te elements are shown in  Figs. 13 and 14, respectively. 

It may be seen from Fig. 13 that the thermal stress in  the UO, for even very thin plates 

far exceeds the maximum stress of about 10,000 psi  that the UO, can withstand without 
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cracking. 

not exceed about 1000 psi for any cases under consideration. 

3000- to  4000-psi l im i t  for graphite at  the reactor operating temperature. 

The stress in  the UOq-graphite plates, using the properties of graphite, does 

Th is  i s  wel l  below the 

F U E L  E L E M E N T  C O N F I G U R A T I O N  

A sketch of the fuel element i s  shown in  Fig. 15. The four fuel plates are held in  

The graphite boxes containing the fuel 

The clearance between the boxes and the 

The 

1 a box made of four 4-in.-thick graphite plates. 

plates are stacked in the moderator structure. 

moderator must be large enough to  al low for changing or relocating the elements. 

gas leakage through th is  clearance should 

amount to  only a few per cent o f  that through 

the fuel elements so that the mixed mean 

e x i t  gas temperature w i l l  not be adversely 

affected. This  allowance for side clearance 

makes it impossible to  obtain perfect vert i-  

ca l  alignment of the fuel elements. In order 

t o  minimize the effect of the misalignment 

on the gas f low to  the passages between the 

outer fuel plates and the graphite side 

plates, the orientation of the fuel elements 

would be alternated, as shown in  Fig. 15. 

There are several methods by which the 

fuel elements could be made. One method 

would be to  bond one side of each fuel plate 

to  one side of the graphite box and to  leave 

the other end free to  expand. An expansion 

allowance of about 10 mi ls  or less would be 

required. Another method would be to  taper 

the ends of the fuel plates and the matching 

UNCLASSIFIED 
ORNL-LR-DWG 34871A 

Fig. 15. Fuel Element. 

slots in  the side plate so that when the four sides o f  the graphite box were ioined the 

plates would be locked in to place. Both of the above methods would necessitate heating 

the f inal assembly to  a high temperature to  jo in  the pieces. 

Alternate Configurations 

Within the l imitat ions discussed above, many fuel element shapes are admissible, and it 

is  not possible, in  view of the lack o f  basic data, to el iminate a l l  al ternative fuel element 
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configurations on the basis of analyt ical  studies. Thus, several radical ly different fuel ele- 

ment configurations are conceivable, However, the fuel element selected as the basis for 

th is  study i s  bel ieved to  possess the essential 

characterist ics o f  a good fuel element, whi le 

staying closest to  exist ing technology and 

experimental data. One alternative fuel element 

configuration i s  i l lustrated in  Fig. 16. Th is  

element does have the advantage associated 

with a s ingle axial  rod. It has the same volume 

fraction of UO, but only 75% of the surface 

area of the reference design. The fract ion of 

ac t i v i t y  escaping by recoi l  would be reduced, 

U N C L A S S I F I E D  
O R N L - L R - D W G  3 4 8 7 2 A  

" 0 2  

LGRAPHITE 

but the reduction might be more than offset 

by the higher temperature which would ex is t  
Fig. 16. Alternate Fuel Element 

Consist ing o f  UO, P e l l e t s  i n  

in the UO,. Graphite. 

44 



5. REACTOR AND GAS SYSTEMS 

The layout of the gas system for the HGCR-1 i s  shown in  Fig. 17. The plant con- 

s ists of a single reactor and eight steam generator-blower combinations. (Each steam 

generator, i n  turn, i s  paired w i th  a separate turbine-generator unit.) The hot gas leaving 

the reactor core i s  divided into eight paral lel circuits, each going t o  one steam gener- 

ator. The cooled gas from the steam generators i s  directed t o  the blowers, from which 

it i s  returned t o  the reactor v ia  the annuli  for cooling the steam generator shells, the 

hot gas duct to  the steam generator, and the reactor pressure vessel. A valve is  located 

in the blower discharge line, and a bypass equipped with another valve permits control 

of the f low through the reactor without varying blower condit ions. Helium purif icat ion 

systems and helium storage systems - integral parts of the gas system - are provided. 

A n  al l-welded gas system i s  specif ied to  reduce leakage t o  an absolute minimum, and 

the entire helium-containing system is  shielded w i th  3 \  ft of concrete. 

L E AK-T IGH T N  ESS 

The ac t iv i t y  of the gas inside the primary system would, of course, determine how 

much gas leakage could be tolerated from the primary system under normal operating 

conditions. An analysis of the release of ac t i v i t y  (see App. F) indicated that the 

maximum al lowable leakage from the system based on al lowable exposure levels would 

be -0.2% per day. Th is  leakage rate would therefore be an upper l im i t  on the leakage 

from such a system for the specif ied purif icat ion rate, fuel temperature, stack height, 

and power level, a l l  of which influence the exposure downstream from the stack. 

The choice of a leakage rate i s  influenced by the cost of the hel ium lost due t o  leak- 

age and the cost o f  maintaining a specif ied leakage rate. The total  free volume of the 

primary gas system i s  about 190,000 ft3 at an average temperature of 1012OF and pres- 

sure of 300 psia. Therefore the helium inventory for the plant i s  about 1,368,000 scf. 

If helium i s  assumed t o  cost $44.50 per 1000 ft3, the cost of th is volume of helium i s  

about $61,000. Although the current price of hel ium i s  about one-half t h i s  price, the 

$44.50 per 1000 ft3 i s  used because it represents the cost i f  the national hel ium conser- 

vat ion pol icy i s  put into effect. 1 

If 0.1% of the hel ium were los t  per day, the total  leakage-loss cost per year would 

be 0.365 times the i n i t i a l  charge, or $22,250, and the leakage-loss cost per k i lowatt-  

hour would be negl ig ib le (0.003 mill/kwhr). Therefore, from the standpoint of cost, a 

leakage rate of 0.1% per day would be satisfactory, and somewhat greater leakage could 

be tolerated. 

'0. H. Chilson, The Cos t  and Implementation of a National Helium Conservation Policy, 
report presented at Hel ium Symposium, Bureau of Mines, Oct. 14-15, 1958 (Jan. 24, 1959). 
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The leakage rate for the HGCR-1 has been establ ished at 0.1% per day. Experience 

a t  Oak Ridge2 indicates that a leakage rate of 0.03% per day i s  practical for properly 

designed large-volume systems. The basic posit ion taken in  the GCR-2 study with 

respect to  leak-test ing time and costs i s  appl icable t o  the HGCR-1, and the necessary 

cost and t ime factors are present in  HGCR-1 cost estimates. 

R E A C T O R  P R E S S U R E  V E S S E L  

The reactor pressure vessel i s  a 50-ft-dio sphere fabricated from type SA-212 steel, 

grade B. The basic shel l  thickness i s  3 k  in., wi th suf f ic ient  reinforcement added at 

nozzles and support points t o  prevent overstressing. The design stress i s  15,000 psi, 

wi th a maximum metal temperature of 650°F. The vessel temperature i s  control led by 

returning cool hel ium from the outlet of the steam generator t o  the reactor vessel  in  

such a way that the hel ium f lows over the vessel shel l  t o  maintain the temperature at 

less than 650°F. Since there are eight steam generators, the reactor pressure vessel  

has eight hel ium outlet nozzles and eight helium inlet  nozzles. The in let  nozzles are 

60 in. in diometer, and the outlet nozzles are 84 in. in  diameter. Because the core 

matrix has been changed to  an 8 i - i n .  square pitch and the fuel channels have been 

changed from round t o  square, the location and number of control rods and fuel-charging 

nozzles have been modified accordingly. 

Although the reactor outlet temperature has been increased from 1200 to  15OO0F, 
the vessel shel l  thickness has not been changed from that used for the GCR-2 because 

the vessel  shel l  temperature is  maintained at less than 65OOF by the cold helium. 

Addit ional insulat ion w i l l  be required on the thermal barrier between the pressure vessel  

shel l  and the top of the reactor core t o  minimize bypass heat loss. 

F U E L  L O A D I N G  

Although the fuel element configuration and materials have been changed, the basic 

scheme for loading the reactor has been retained, wi th the addit ional provision that on- 

stream loading be possible. Fue l  would be charged and discharged by the fuel- loading 

machine operating from above the reactor. Changes to  the fuel-loading machine would 

involve modif icat ions t o  permit on-stream loading and modif icat ions of the detai ls of the 

handling and grab mechanisms used t o  contact the fuel elements. The grab mechanism 

would be designed t o  make posi t ive contact w i th  the graphite side plate of the element 

and with the fuel plates. This would ensure removal of a fuel element as an integral 

unit, The grab mechanism would be designed so that the l i f t i ng  force would be exerted 

on the side plates and not the fuel plates unless there were relat ive motion between 

2 7 / 1 r  O R N L  Gas-Cooled Reactor, ORNL-2500, p t  3 (Apr i l  1, 1958). 

47 



the two. If trouble were experienced i n  removing an elemerit, a sui tably designed fuel- 

removal tool could be employed t o  grind or cut  the fuel element free. Such a procedure 

can be resorted t o  in a reactor of th is  type i n  which the coolant gas is  already h igh ly  

contaminated w i th  f i ss ion  products. 

Af ter  removal of the fuel element from the reactor core, the fuel-loading machine 

would withdraw the element in to  a shielded and cooled chamber, index t o  a new chamber, 

and charge a new fuel  element t o  the tube from which one had just been removed. After 

accomplishing th is  procedure a prescribed number of t imes the fuel-handling machine 

would then be positioned above the fuel discharge chute. Fuel  elements would be 

discharged from the fuel-loading machine and would be conveyed through the chute t o  

the dry spent-fuel cool ing area. 

BLOWERS,  M O T O R S ,  A N D  V A L V E S  

The helium coolant would be circulated through the eight steam generator c i rcu i ts  

by eight blowers (one blower t o  a c i rcui t ) .  As in  the GCR-2 design, the motors for 

these blowers would be 3600-rpm induction motors. To handle the required gas {low, 

9000-hp motors would be required. Each blower would handle 300 Ib/sec o f  helium at 

a head of 16,500 ft-Ib/lb and a temperature of approximately 515OF. The suction volume 

of each blower would be approximately 180,000 cfm. The motor and blower would be 

located in  an all-welded pressure vessel connected t o  the main helium stream by 60- 
in.-dia pipes. The motor would be isolated from the blower port ion of the pressure 

vessel b y  a heat barrier. Hel ium in  the motor portion of the pressure vessel  would be 

maintained at  a maximum temperature of 104°F through the use of a water cooler. T h i s  

canned-motor arrangement would el iminate the poss ib i l i t y  of helium leakage at the 

blower, since no shaft seal would be required. 

Hel ium f low control would be accomplished by means of a bypass valve and a con- 

t ro l  valve. A s  the control valve closed t o  reduce the gas f low t o  the reactor, the bypass 

valve would open t o  permit some gas flow t o  go t o  a point w i th in  the steam generator. 

T h i s  point would be located so  that any heat of compression would be removed before 

the gas reached the suction of the blower for the second time. In th is  manner the f low 

to the reactor would be varied without changing the operating conditions for the blower. 

P I P I N G  A N D  E X P A N S I O N  J O I N T S  

Hot gas leaving the reactor core would be ducted t o  the top of the steam generator. 

The gas would then pass down through the steam generator and be cooled i n  transit .  

The cool gas would leave the steam generator and pass t o  the blower, where the pres- 

sure would be increased su f f i c ien t ly  t o  offset system losses. From the blower the gas 

would pass back t o  the steam generator where baff les would cause i t  t o  cool  the steam 
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generator shel l  as it rose from the bottom to  the top. The gas would then leave the top 

of the steam generator shel l  through a pipe concentric wi th the hot pipe and return t o  

the reactor pressure vessel. At  the reactor pressure vessel the gas would cool the 

pressure vessel shel l  before passing t o  the bottom of the core. The inner pipe of the 

concentric piping would be fabricated from chromium-molybdenum steel. Stainless steel 

could be used but was not considered in  th is  study because cost data were not avai l-  

able. Type SA-212 steel, grade B, would be used for the outer pipe. Thermal expansion 

would be taken care of in  th is pipe l ine through the introduction of expansion bel lows. 

The  number of expansion joints required in  the concentric piping has not been deter- 

mined; however, it has been presumed that three expansion joints would be adequate 

for th is  application. A l l  the expansion joints would have t o  be special ly designed. 

The expansion joint for the inner hot l ine would be especial ly d i f f i cu l t  t o  design be- 

cause it would operate wi th 150OOF gas on one side and 525OF gas on the other. lt i s  

fe l t  that insulat ion would probably be required on the hot side, and therefore an internal 

gas sleeve would be needed. Two-ply stainless steel bel lows are envisioned for the 

hot l ines. The cost for these joints i n  the outer 84-in.-dia l ine has been extrapolated 

from the GCR-2 costs for 60-in.-dia joints. A piping analysis has not been completed 

t o  determine the number and placement of expansion joints, and therefore none ure 

shown i n  Figs.  1 and 2. In estimating it was assumed that the number of joints used in  

GCR-2 would be adequate for comparable HGCR-1 l ines. 

HELIUM P U R I F I C A T I O N  SYSTEM 

The helium pur i f icat ion system for the HGCR-1 i s  cxpected t o  include the same 

types of equipment as specif ied for th is service in  the GCR-2 design (see Fig.  17). 
Th is  equipment includes an oxidizer tower packed w i th  pel lets of copper oxide that 

includes provisions for maintaining the temperature of the bed and gas at 900 t o  1000°F. 

In th is tower, hydrogen and CO would be converted t o  H,O and CO,. A tower volume 

of 160 ft3 containing about 20,000 Ib of copper oxide would be required. Carbon dioxide 

would be removed from the hel ium stream by absorption i n  an aqueous sodium hydroxide 

solution. T w o  towers 15 in. in  diameter and 12 ft high packed with 1-in. Ber l  saddles 

should suf f ice t o  remove CO, t o  less than 10 ppm. The gas leaving these towers would 

be saturated with water vapor, and therefore a drying system capable of producing hel ium 

under a pressure of 300 psia wi th a dew point of -21°F would be required. A system 

with two paral lel towers 6 ft i n  diameter by 8 ft h igh containing alumina should be 

adequate. Means for regenerating each of these three systems would also be required. 

A f inal  tower containing activated charcoal would be used to  remove other trace gases. 

Because of the contamination in  the gas stream, a11 th is  equipment would have to  be 

shielded and operated remotely. Further, two complete systems would be required to  
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permit operation of one system whi le  the other was on standby and thus provide un- 

interrupted purif icat ion o f  the helium stream during maintenance of one system. Be- 

cause o f  the dif ferent equipment involved (blowers, towers, dryers, etc.), the plant 

would be compartmentalized t o  place the equipment expected t o  require the most mainte- 

nance work in  a shielded c e l l  where a manipulator and viewing window would be avai l -  

able t o  faci l i tate repair work. Special equipment would be required for the alumina 

dryers, including f i l ters and piping t o  the vent stack t o  permit the dryers t o  be react i -  

vated by applying heat and blowing ambient air  through the alumina. Fol lowing reacti-  

vat ion the residual a i r  would be purged with dry helium. Venting the dryers i n  th is  

manner would be necessary t o  exclude the ac t iv i t y  i n  the dryei  from the containment- 

c e l l  ambient air. 

HELIUM S T O R A G E  SYSTEM 

T w o  helium storage systems would be required - one containing contoniinated 

helium, the other clean helium. The clean helium would be required for i n i t i a l l y  charging 

the system and for introducing makeup helium which might be required during operations. 

The contaminated helium storage system would be used t o  store the helium which had 

been contaminated w i th  f i ss ion  products by passage through the core, and t o  balance 

minor pressure fluctuations in  the system. The high ac t iv i t y  level i n  th is  helium would 

prevent i t s  being vented d i rec t l y  t o  the stack. The contaminated helium storage volume 

would be equal t o  the helium inventory of the plant and would require shielding. The 

storage of contaminated helium would be in 80 cylinders at a pressure of approximately 

2500 psi.  Since the cylinders would have t o  be shielded, provision would a lso be 

required for remote service of the helium compressor i n  th i s  system. 

No event i s  foreseen that would prevent scheduling of a complete replacement of the 

helium inventory, and therefore the helium inventory in the c lean helium storage system 

would not have t o  equal the complete inventory of the plant. 

complete helium inventory, helium storage trucks or freight cars would be used. 

For replacement of the 

Although pressure-relieving devices are commonly employed on pressure vessels, 

considerable hazard would accompany their  use on the HGCR-1 primary system, because 

the highly act ive helium should not be discharged either t o  the stack or inside the 

containment vessel. Since there i s  no accident or excursion i n  which the pressure in 

the primary system i s  expected t o  r i se  very fast or very high, the primary helium would 

be pumped into the storage helium volume in the event the system pressure became too 

high. The action would be manual, in i t ia l ly ,  and then automatic at a somewhat higher 

pressure. A h igh pressure in the system at any t ime would be cause for evacuation of 

the containment vessel and securing of the vessel, including closing the stack valves. 
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Should the pressure i n  the primary system continue t o  r ise for some reason, re l ie f  

valves set for the highest feasible pressure could rel ieve the system t o  the area wi th in  

the shield. The shield cool ing system would hold up th is  gas for some s l ight  additional 

period and f i l ter  it before discharging it t o  the c e l l  ambient. The probabil i ty that the 

re l ie f  valves would be cal led upon t o  operate i s  small. In any event, the c e l l  i s  designed 

t o  accommodate a l l  the helium discharged during the maximum credible accident, and 

therefore i t  appears wiser t o  expect possible contamination of the containment c e l l  

rather than venting of a large quantity of f iss ion products t o  the atmosphere. 
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6. POWER RECOVERY SYSTEM 

D E S I G N  P H I L O S O P H Y  

One of the aims of th is  investigation was to  compare the performance of the con- 

taminated-coolant reactor to  that of the GCR-2 as direct ly as possible, but, in  v iew of 

the high gas temperature that would be attained by th is  system, it was arbitrari ly decided 

to  consider a steam recovery system that would operate at the maximum widely used 

steam temperature of 1050°F. A simple, regenerative, single-pressure, nonreheat-cycle, 

straight-through GCR-2 type of boi ler was selected not only t o  al low more direct com- 

parison with the GCR-2, but also t o  el iminate the extra shel l  penetrations and the in- 

termediate pressure piping that would be necessary w i th  the reheat, dual-pressure, and 

other more complicated cycles. Simpl ic i ty was considered t o  be of prime importance 

because the radiat ion hazard would make any internal repairs very d i f f i cu l t  at best. 

The pressure was l imi ted t o  approximately 1450 ps ia  by  the i n i t i a l  temperature to  a l low 

for expansion i n  the turbine to approximately 10% moisture. 

The eight steam generators would feed into eight turbines that would each produce 

about 157 Mw of electr ic i ty.  Such a power rat ing i s  rather large for nonreheat turbines, 

but it i s  fe l t  that th is  goal can be attained. If reheat were used, four 314-Mw turbines 

could be employed, w i th  each turbine receiv ing steam from two steam generators. A s  

mentioned above, it was fe l t  that the added complexity and size of the steam generators 

d id  not warrant the use of the reheat cycle. 

D E S C R I P T I O N  O F  S T E A M  G E N E R A T O R S  

The steam generators would have the same matrix and tube outside diameters as the 

GCR-2 boilers, but the proportions of the superheater, boiler, and economizer would be 

scaled t o  the new conditions. The combined height of the tube matrices would be 6 ft 

less than for the GCR-2 boilers; each would remove 2.25 t imes as much heat. 

After being cooled i n  downflow outside the steam and water tubes, the fu l l  coolant 

f low would be pumped through the blowers and directed upward through an annular area 

just inside the pressure shel l  for cooling. It would then pass to  the reactor through the 

outside of an annular pipe. F i v e  inches of insulat ion between the hot gas region and 

the annular region would reduce heat losses to  a negl ig ib le amount. Th is  type o f  shel l  

cool ing i s  effect ive, but i s  not very conducive t o  natural convection in  case of blower 

fai lures. I f  the proposed 

amount of insulat ion were retained, the heat load would be small, and the result ing 

steam generators would be of approximately the same size and proportions as those for 

the annular cool ing scheme. With the water cool ing arrangement, the hot gas would 

enter the boi ler from the bottom, pass to  the top through the voids on each side of the 

tube bundle, and proceed downward through the tubes. It would then pass through the 

Another scheme would be t o  cool the shel l  w i th  water tubes. 
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blowers and return to the reactor through the outside of an annular pipe. Although th is  

scheme would al low better natural convection i n  case o f  a blower failure, it was not 

considered for th is  design because of t ime limitations. 

The temperature of the in le t  gas would require that the hottest 22% of the super- 

heater be made of type 321 stainless steel. The remainder could be bu i l t  of T11 steel. ' 

The placement of the steam and economizer headers would dif fer from GCR-2 placement 

i n  that they would be outside the shel l  and behind shielding material, as would be 

necessary for manual blanking of faulty tubes. In  addition, removal of the steam drum 

from the hot ambient gas al lows considerable savings in  insulat ion and material cost. 

T h i s  arrangement poses some problems in  joining the stainless steel tubes to  the type 

SA-201 grade 3 steel shel l  at each penetration and to  the boi ler tubes. 

S T E A M  PLANT P E R F O R M A N C E  

The high performonce of the boi ler would result i n  higher pressure drops on both 

the gas and steam sides than i n  the GCR-2. The gas-side drop would be wi th in  the 

l imi ts  imposed by reactor calculations, and the water-side drop, although numerically 

high, would not result i n  an appreciable loss i n  eff iciency. The gross ef f ic iency of 

the steam plant wi th  s ix  heaters would be about 40.6%. After deducting the power 

needed t o  pump water and gas and t o  operate aux i l iary  equipment, the ef f ic iency would 

be about 36.5%. 
The performance characterist ics of the power recovery system and design detai ls of 

the steam generator are presented below: 

Performance Characteristics 

Gas inlet temperature 

Gas temperature to reactor 

Gas temperature out of economizer 

Gas pressure 

Gas pressure drop through steam generator 

Gas flow per uni t  

Steam outlet temperature 

Steam outlet pressure 

Water in le t  temperature 

Water inlet pressure 

Steam flow per unit 

Number of feedwater heaters 

150OoF 

525OF 

506OF 

300 psia 

0.694 psi0 

1207 Ib-ft/lbm 

10.83 x lo5 Ib/hr 

1 O5O0F 

1450 psia 

445OF 

1688 psia 

1.225 x lo6 Ib/hr 

6 

' T h e  superheaters at the Widow's Creek Steam P lant  of the Tennessee Va l ley  Authority are 

constructed as proposed here. 
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I 

Cycle ef f ic iency (gross) 

Ideal 40.7% 
With heater, mechanical, and heat losses "40% 

36.5% Approximate net ef f ic iency ( including power for auxi l iary 

equipment and for pumping gas and water) 

Power per un i t  393 Mw ( th)  

157 Mw (e) 

I 

Deta i l s  of Steam Generator 

Outside she l l  inside diameter 

Outside diameter of  inner insulat ion 

Approximate maximum outside diameter of tube bundles 

21.5 f t  

20 f t  

19.2 f t  

lnsu la t i  on thickness 5 in. 

54 f t  Approximate height o f  she l l  

Tube matrix data for the economizer, boiler, and superheater are g iven i n  Table 4. 

design 

sented i n  Appendix E. 

The 

calculat ions are summarized below, and detai led sample calculat ions are pre- 

Table 4. Matrix Data 

Economizer Bo i le r  Superheater 

~~ 

Length of  tubing, f t  26,820 22,830 16,100 

Tota l  outside area of tubes, f t  2 130,000 90,000 10,000 

Height of tube bundles, ft 9.5 9.42 9.03 

Tube outside diameter, in. 1.5 1.75 2.375 

F i n  outside diameter, in. 

F ins  per foot 

Transverse pitch, in. 

Longi tudinal  pitch, in. 

2.5 2.5 None 

105.6 105.6 None 

4 4 4 

3 3.5 4.75 

C A L C U L A T I O N  O F  S T E A M  G E N E R A T O R S  A N D  S T E A M  C Y C L E  

A steam out let  temperature of 1050°F and a pressure o f  1450 ps ia were chosen that 

were based on materials l imitat ions and the last-stage moisture content i n  the turbine; 

an expansion eff iciency of 85% was assumed, since no reheat or moisture separation 

would be employed. A pinch temperature difference between the gas and the water was 

optimized a t  80"F, as shown in Fig.  18. T h i s  optimum occurs a t  a higher p inch tem- 

perature than that of the GCR-2 because, as indicated by the high slope of  the gas- 

temperature curve through the heat exchanger, there would otherwise be a prohibit ively 
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CONDITIONS 

GAS OUTLET TEMPERATURE: 506OF 

GAS INLET TEMPERATURE: 15OO0F 
STEAM OUTLET TEMPERATURE: 1050°F 

LAM PRESSURE: 4450 psi0 
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PINCH TEMPERATURE DIFFERENCE (OF) 
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Ji 
410 430 4 50 

Fig. 18. Relat ive Cost of Heat  Exchanger Surface and Power Loss vs Pinch Temperature 

D i ff eren c e. 

small temperature difference i n  the economizer section that would result i n  an exceed- 

ingly large economizer (see F ig.  19). 

In  passing through the blowers, the temperature of the gas would be raised 18.6"F 

before it was passed to  the co ld end of the reactor. I n  cool ing the reactor shel l  the 

temperature would be raised another 0.4OF. Since the core was designed for in le t  and 

outlet temperatures of 525 and 1500"F, respectively, it would therefore be necessary 

that the gas be cooled to  506°F i n  the steam generator. The relat ionship between the 
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pinch temperature difference and the a1 lowable feedwater temperature for f ixed helium 

in le t  and outlet temperatures i s  shown i n  Fig.  20. The curve shows that, for 80°F 

pinch temperature difference, a feedwater temperature o f  445°F may be attained. In 

addition, Fig.  20 shows that for a feedwater temperature of 445°F the percentage o f  

heat removed by each section i s  CIS foliows: 16.6% i n  the economizer, 51.2% i n  the 

boiler, and 32.2% i n  the superheater. The required surface area was scaled direct ly 

from the GCR-2 calculations. 
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Fig.  20. Fraction of Heat  Transferred in Each Section of Steam Generator and Feedwater In le t  

Temperature vs Pinch Temperature Difference. 

The cycle ef f ic iency as a function of feedwater in le t  temperature w i th  various 

numbers of feedwater heaters i s  shown i n  F ig .  21. The data presented do not include 

arrangement losses and pressure drop losses i n  the heaters, but can be considered a 

good guide for the purposes of th is  study. An approximate correction for a heater 
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terminal temperature difference of 5°F and an extraction l ine pressure drop of 10% re- 

duces the ef f ic iency for the HGCR-1 system from 40.7 to  40.6%. It was assumed that 

mechanical and heat losses would further reduce t h i s  to  approximately 40%. 
At a feedwater temperature of 445"F, the incremental increase i n  ef f ic iency for each 

In  the absence of a precise addit ional heater decreases w i th  larger numbers of heaters. 

cost optimization, it i s  fe l t  that s ix  heaters should be used. 

The annulus size for the fu l l - f low cooled-shell heat exchanger was optimized as 

shown in  Fig.  22. The basis for the 'ca lcu la t ion  was the net value o f  the power (10 

mills/kwhr), a plant factor of 0.8, and a capi ta l  charge of 14% per year. The shel l  

cost was based on the use of type SA-201, grade B, steel. The annulus inner diameter 

was held constant at 20 ft to  accommodate the tube bundles and the insulation, and 

the optimum annulus outer diameter was found t o  be 21.5 ft. The temperatures through- 

out the steam generator for the f ixed design conditions are shown i n  F ig .  23. 
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A F T E R H E A T  R E M O V A L  

The system layout, as shown i n  Figs.  1 and 2, i s  not an adequote arrangement for 

the removal of the afterheat by natural convection. Prel iminary calculat ions show that i n  

case of blower fai lure after operation at fu l l  power, natural convection of the hel ium a t  

pressure can remove the afterheat at 3 min after sllutdown w i th  the gas at design in let  

and outlet temperatures. Th is  i s  quite acceptable, since in  t h i s  time interval, excess 

heat i n  the fuel plates w i l l  radiate to  the graphite moderator and raise the temperature 

only about 2°F. 
I f  the system pressure must be reduced to  atmospheric pressure, natural c i rculat ion 

of the helium would be completely inadequate to  remove afterheat. On the other hand, 

if air at atmospheric pressure were al lowed to  circulate i n  the system, 11 to 12 days 

would have to elapse before the afterheat generation rate would be small enough for 

the air  to remove the heat without attaining an excessive out let  temperature. If a l l  the 

heat generated in  t h i s  time interval were al lowed to  radiate to  the graphite, i t s  tempera- 

ture would rise, on the average, 415°F. Further studies of graphite oxidation in  air are 

necessary before a f inal  decision can be made as to  the acceptabi l i ty  of t h i s  condition. 
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However, it i s  fe l t  that the hotter portions of the graphite would burn under these condi- 

t ions. 

In v iew of these considerations, it i s  thought that it would be necessary to  supply 

emergency power to  one o f  the blowers and to  c i rculate hel ium at atmospheric pressure. 

In order t o  remove the heat generated 3 min after shutdown, only 0.6% of the fu l l - load 

total  power need be applied, that is, one motor would be supplied w i th  4.8% of i t s  fu l l  

load power of 432 hp. 

. 
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7. ACTIVITY RELEASE 

The operation of any nuclear power plant for extended periods of time results in the 

production of large amounts of radioactivi ty. Although the f iss ion products produced 

direct ly i n  uranium f ission are the main source of th is act ivi ty, addit ional and signi f i -  

cant amounts of ac t i v i t y  may resul t  from (1) act ivat ion of the coolant, (2) activation of 

corrosion products and corrosion of act ivated nuclides, (3) recoi l  of act ivated nucl ides 

from in-pi le material, and (4) activation of impurities i n  the coolant. In general, a 

reactor may be considered a “clean” system i f  the main source of ac t i v i t y  (that due t o  

f iss ion products) i s  contained i n  the fuel and not al lowed t o  c i rculate throcghout the 

primary cool ing system. Circulat ing-fuel reactors are contaminated systems i n  that a l l  

the f iss ion products generated in  the f iss ion process are c i rculated throughout the 

primary coolant system. Reactors having stationary fuel w i th  a cladding t o  retain the 

f iss ion products do not become highly radioactive, but they do have ac t iv i t y  in the 

primary system from the other act ivat ion processes. The degree of the contamination 

of the system depends strongly upon the choice of coolant and fuel cladding, Sodium- 

cooled reactors are highly radioactive during operation because o f  the act ivat ion of the 

coolant. Water-cooled reactors become radioactive because of corrosion-product act i -  

vat ion and the act ivat ion of the water. Gas-cooled reactors w i th  c lad fuel become 

radioactive primari ly because of reco i l  of activated nucl ides from in-pi le material. 

The relat ive intensi ty of ac t i v i t y  in water-cooled and gas-cooled reactors i s  strongly 

dependent upon the materials used for the fuel element cladding. In general, gas-cooled 

reactors tend to  have appreciably less act iv i t y  than water-cooled reactors, and both 

have less ac t iv i t y  than the sodium-cooled reactors. 

In addition t o  determining the ac t iv i t y  t o  be expected i n  the primary system under 

normal operating conditions, it i s  also necessary t o  evaluate various circumstances 

which may lead to  the introduction of addit ional amounts of ac t i v i t y  into the primary 

system. Hazards analyses of the so-called “clean” systems general ly show that 

condit ions may ex is t  i n  a system that could introduce f i ss ion  products into the primary 

coolant. The amount of ac t i v i t y  that could be released general ly determines whether 

the reactor must be contained i n  a manner similar t o  that required for a contaminated 

reactor. Of course, release of f i ss ion  products into the cool ing system leads to  con- 

taminated fluids, and the containment problem becomes similar to  that of a circulat ing- 

fuel reactor. 

The ac t iv i t y  t o  be expected i n  a reactor system i s  important in  establ ishing many 

of the major design features of the plant. The ac t iv i t y  i n  the primary system would 

inf luence (1) the shielding of the equipment, (2) the containment provisions, (3) the 

instrumentation, (4) leakage cr i ter ia for equipment and piping, (5) the vent system 

inside the reactor building, (6) the exhaust stack design, (7) the coolant pur i f icat ion 
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system, and (8) the maintenance faci l i t ies.  Further, the procedures for operation, 

decontamination, and maintenance would be affected substantial ly by the amount and 

location of ac t i v i t y  in the primary system. 

The use of an unclad fuel element of the type described for the HGCR-1 implies the 

release of large amounts of f iss ion products into the primary coolant. In order t o  est i -  

mate the level of ac t i v i t y  to  be expected in  the coolant, an extensive study was made 

of the release of f iss ion products from a fuel matrix consist ing of UO, and graphite. 

The main objective of the study was t o  understand the mechanism for release and t o  

investigate the factors which would have the greatest inf luence on the release of the 

various f iss ion products. 

A general study of ac t i v i t y  release in  contaminated systems should, of course, 

include an analysis of the release of a l l  the f iss ion products (both beta- and gamma-ray 

emitters), but, in order t o  expedite the calculations, only those f i ss ion  products of 

suff icient gamma-ray decay energy to influence the shielding requirements were studied. 

Thus, only nucl ides wi th chain f iss ion yields of 0.1% and with gamma-ray energies of 

0.5 Mev or greater were studied. These nucl ides are indicated in  Table A.2 of App. A. 

It i s  estimated that the total  system ac t iv i t y  would be about ten t imes that calculated 

here i f  a l l  gamma- and beta-emitting nucl ides were included. 

F I S S I O N - P R O D U C T  R E L E A S E  F R O M  U 0 2 - G R A P H I T E  F U E L  

Release of Fission Products from UO, 

The structure of ceramic fuel materials i s  such that they w i l l  not retain f iss ion 

products. Investigations carried out in  connection wi th Pressurized-Water Reactor 

(PWR) fuel elements indicated that the release of f i ss ion  products from the ceramic 

fuel material UO, i s  by sol id-state dif fusion. '  The release of ac t i v i t y  from the UO, 
of the HGCR-1 fuel elements by di f fusion was estimated (App. A) by use of the 

Westinghouse method for predict ing fission-gas release for the PWR. The Westinghouse 

model was obtained i n  the fo l lowing manner: 

1. A diffusion model was derived which predicted the fract ional release of f iss ion 

gas from a sphere of equivalent radius a [see Eq. (1) below]. 

2. Experiments were performed which related surface area to  UO, density. From 

these data the radius u of an equivalent sphere wi th the same surface-area-to-volume 

ra t io  was calculated. 

3. Di f fusion coeff ic ients were calculated based on experimental data on f ission- 

gas release. 

4. A comparison of experimental and calculated values o f  fract ional release for 

The results indicated that the di f fusion mechanism the f ission gas Kr85 was made. 

adequately represented the process of fission-gas release. 

' J .  D. Eichenberg e t  al., EJJecis of Irradiation on Bulk U02,  WAPD-183 (Oct. 1957). 
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The dif fusion model, which was derived by J. h!. Markowitz, for predicting the 

fractional fission-gas release from a sphere of equivalent radius a i s  given by 

where 

F = fractional release, 

y = Dt/a2 ,  

t = t i m e  (sec), 

D = diffusion coeff ic ient  (cm2/sec), 

u = radius of the equivalent sphere (cm). 

This relat ionship does not take into account decay of the various f i ss ion  products but 

i s  a satisfactory model for a stable or long-lived nuclide. 

A similar expression for predict ing the release of f i ss ion  products by diffusion, 

which takes into account the ha l f  l i fe  of the dif fusing nuclei, i s  g iven'  by 

N i  = 4 r a 3 / Y R  , 

where 

N i  = total  number of atoms external to  the equivalent sphere at t ime t ,  

f = f issioning rate per uni t  volume (fissions/sec.cm3), 

Y = f ission y ie ld  (atoms/fission), 

and R i s  defined by 

m 1 - e - n 2 n 2 d t  

ne' 722(7? Ti d + h )  2 2  

where 

h = radioactive decay constant (sec- '), 

d = D / a 2  (sec- '). 

The dif fusion coeff ic ients for xenon and krypton are given i n  the and 

are presented i n  Fig.  A.1 of App. A. For th is study the di f fusion coeff ic ients given by 

Westinghouse' were used. In order to  predict the release of a l l  the f iss ion products 

which dif fuse from UO,, it i s  necessary t o  have values of the di f fusion coeff ic ients of 

the various elements i n  UO, as a function of temperature. Since values for rubidium, 

iodine, bromine, and cesium have not been measured experimental ly and those for 

xenon are qui te limited, it was assumed for th is  study that these elements have the 

same di f fusion coeff icient as that of krypton. The di f fusion coeff ic ients for xenon and 

krypton in  UO, indicate that their mobi l i ty  in  UO, may be a function of atomic size. 

2J. Belle,  Properties of Uranium Dioxide,  1958 Geneva Conference Paper No. 2104. 
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The model used for predicting the release of f iss ion products assumes that release from 

the equivalent sphere i s  the rate-control l ing mechanism and that when the f i ss ion  

products have been released from the spheres the subsequent di f fusion out of the UO, 

pores i s  very rapid. 

A decision was made to  l im i t  th is  study to  the di f fusion of the f iss ion products 

xenon, krypton, bromine, iodine, rubidium, and cesium because the measured escape 

rate data indicate that only these elements tended t o  di f fuse out of UO, in  s igni f icant 

quantities. However, the daughters of these elements would also contr ibute ac t iv i t y  

to  the primary system of an HGCR-1, even though they did not escape direct ly from 

the UO,. 

The results of the estimate of the di f fusion of f iss ion products from UO, (App. A) 

indicate that the release of the various nucl ides of interest i s  dependent upon two 

major factors, the temperature of the UO, and the hal f  l i f e  of the nuclide. As expected, 

increasing the temperature increases the di f fusion coeff ic ient  and thus increases f ission- 

product release. There is  a sharp increase in  the di f fusion rate a t  a temperature of 

1000°C, with the amount of d i f fusion being about constant at temperatures of 1000°C 
or less. Therefore, i t  i s  important t o  minimize the amount of fuel that w i l l  be at temper- 

atures i n  excess of 1000°C. There is, however, a lower l im i t  on the amount of ac t i v i t y  

released from the UO,, since, even at the lowest temperatures, signif icant amounts of 

ac t i v i t y  w i l l  be released from the UO, by the recoi l  mechanism, as indicated by Fig. C.l 
of App. C. The effect of hal f  l i f e  on the amount of ac t i v i t y  release from UO, is  also 

indicated i n  Fig. C.l of App. C. For a given temperature, the fraction of a nucl ide that 

escapes from the UO, increases quite rapidly w i th  increasing ha l f  l i fe.  Th i s  means, 

in  effect, that the material through which the nucl ide dif fuses acts as a holdup medium. 

If the ha l f  l i f e  of a nucl ide i s  less than the time required t o  dif fuse out of the medium, 

the fraction of the nucl ides escaping w i l l  be small. An increase in temperature would 

reduce the i ime required t o  di f fuse out of the medium, and thus the fract ional release 

of a nucl ide increases with temperature. 

F iss ion  products are a lso  released from the UO, by the reco i l  of the f iss ion frag- 

ments, Since the range of the f iss ion fragments i s  establ ished by  the energy of these 

fragments, the fract ional release of the f i ss ion  fragments w i l l  depend only on the size 

of the UO, part icles. As Fig. C.l of App. C indicates, there i s  an incentive t o  go to 

large part icle sizes (greater than 100 p) .  

Release of Fission Products from Graphite 

The release of f iss ion products from graphite was estimated by the same method as 

that used for estimating the di f fusion of f iss ion products from UO,. The analysis of 

the dif fusion of f iss ion products from graphite i s  given in  detai l  i n  App. B. I t  was 

assumed that the source of the f iss ion products which dif fused through the graphite 
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was the reco i l  of f iss ion products from UO,. Further, because of the structure of the 

UO,-graphite fuel, it was assumed that the reco i l  part icles from the UO, were embedded 

in the graphite and therefore had t o  dif fuse out of the graphite i n  the same manner that 

the f iss ion fragments dif fused out of the UO,. F i ss ion  products which were released 

from the UO, by dif fusion were not considered t o  be held up in  the graphite but were 

assumed to  di f fuse almost instantaneously t o  the gas stream. 

As  in  the case of d i f fusion from UO,, i n  order t o  investigate dif fusion of f iss ion 

products from graphite, the di f fusion coeff ic ients as a function of temperature are 

required. Experimental investigations have been carried out by North American 

t o  determine the di f fusion of the various f iss ion products from impregnated 

graphite. Although the fuel material for t h i s  study was assumed t o  be a mixture of UO, 

and graphite, the disposi t ion of the f iss ion products in  the graphite was the same as 

in  an impregnated fuel. Therefore, using the values of fract ional release of a given 

f ission product as a function of both time and temperature, it i s  possible to  calculate 

a dif fusion coeff ic ient  by applying the NAA data t o  the expression that relates the 

fract ional release of a nucl ide to  the temperature, time, and part iculate material. 

Equation (1) was used for these calculations, since the experiments were performed 

on long-l ived nuclides. The result ing values of the di f fusion coeff ic ients for various 

f i ss ion  products as a function of temperature are tabulated in  Table B.l of App. B and 

are shown in Fig.  B.2 of App. B. It may be seen from the f igure that the various f i ss ion  

products dif fuse at various rates from graphite. I t  i s  of interest t o  note that the di f fusion 

of f i ss ion  products in graphite i s  not l imi ted to  the low-melting-point nucl ides or t o  the 

gaseous f i ss ion  products. The di f fusion of cesium, bromine, and strontium occurs at 

a more rapid rate than the di f fusion of xenon. Since there were no experimental data 

for the di f fusion rate of krypton i n  graphite, it was assumed that the di f fusion coeff ic ient  

for krypton was the same as for xenon. Table B . l  of App. B indicates that most of the 

experimental data were obtained at temperatures appreciably above those of interest for 

th is study. The curves shown in  F ig .  B.2 of App. B were obtained by a straight- l ine 

extrapolation of the higher temperature data. A comparison of the di f fusion coeff ic ients 

for f iss ion products in  gra?hite (Fig. B.2, App. 6)  wi th  the di f fusion coeff ic ient  of 

xenon and krypton i n  UO, (Fig.  A. l ,  App. A) indicates that, in  general, the di f fusion 

‘L. B. Doyle, High-Temperature Di i fu s ion  o/ Individual F i s s ion  E lemen t s  from Uranium 

4C. A. Smith and C. T. Young, Diffusion o/ Fiss ion  Fragments from Uranium-lmpregnated 

5D. Cubicciott i ,  T h e  Di/ /usion of Xenon /rom Uranium Carbide-Impregnated Graphite at High 

Carbide-Impregnated Graphite, NAA-SR-255 (Sept. 11, 1953). 

Graphite, NAA-SR-72 (May 4, 1951). 

Temperatures ,  NAA-SR-194 (Oct. 13, 1952). 

6C. T. Young and C. A. Smith, Preliminary Experiments  on FisA :Jn Product Dijiusion /Tom 
Uranium-lmpregnated Graphite in the Range 180O0-22OO0C, NAA-SR-232 (March 25, 1953). 
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rates of f i ss ion  products from graphite are more rapid. If the mechanism for dif fusion 

of graphite changed at lower temperatures as it appears t o  for UO, and i f  the transit ion 

temperature were appreciably above 8OO0C, the extrapolat ion of the curves would tend 

t o  underestimate the ac t iv i t y  release from graphite. 

The values of d i f fusion coeff icients given by Fig.  B.2 of App. B, and Eq. (2), which 

takes into account the hal f  l i f e  of the di f fusing nuclei, were used t o  calculate the 

release of f iss ion products from graphite. The 

study indicated, as in  the case of d i f fusion of f i ss ion  products from UO,, that the 

ac t iv i t y  release i s  strongly dependent on temperature and ha l f  l i fe. Since only the 

temperature of the graphite may be altered in a design, it would be advantageous to  

maintain a low graphite temperature. Since the reason for using ceramic materials i s  

t o  attain high temperatures, the release of f iss ion products by di f fusion from the graphite 

may be reduced by increasing the UO, part icle s ize and by decreasing the temperature 

drop in the fuel element. This suggests that f la t  plates or tubes would be preferable 

t o  sol id rods. 

The results are presented i n  App. B. 

To ta l  Ac t i v i t y  Release from U0,-Graphite Fue l  

The ac t iv i t y  to  be expected i n  the gas stream by di f fusion from UO, of the various 

important gamma-emitting nucl ides i s  given in  Table A.5 of App. A for temperatures of 

1000, 1200, and 1400°C. These act iv i t ies are due t o  an assumed power densi ty of 

1000 w/cm3. The ac t iv i t y  t o  be expected in the gas stream by di f fusion of the nucl ides 

from graphite at temperatures in  the range of 800 t o  14OOOC i s  given in  Tab le  C.1 

of App. C. A s  may be seen, the ac t iv i t y  release is  greatly influenced by the fuel 

temperature. In  order t o  estimate the ac t iv i t y  i n  the HGCR-1, the volume of fuel as a 

function of temperature was ~ a l c u l a t e d ; ~  some of these resul ts are presented i n  Table 

C.3 of App. C. B a s e d  on the tempera ture  st ructure  in t h e  HGCR-1 and an  assumed UO, 

part ic le s ize of 200 p, the ac t iv i t y  i n  the coolant would be about lo7 curies. Since the 

helium volume of the system would be approximately 5 x l o 9  cm3, the specif ic ac t i v i t y  

i n  the system, assuming no purif icat ion system and no deposition, would be about 

2000 pc/cm3. The relat ive importance of the two methods of releasing ac t iv i t y  t o  the 

coolant and the important nucl ides that contribute t o  the total  system ac t iv i t y  are shown 

in  Table 5. As  may be seen, the results are quite dependent upon the assumptions 

made for the di f fusion coeff ic ients for f iss ion products i n  UO,. Even assuming that 

iodine, xenon, krypton, rubidium, bromine, and cesium di f fuse at the same rate from 

UO,, the result ing isotopic ac t i v i t y  in  the gas from th is  process (case I I )  i s  less than 

that from recoi l  and di f fusion through the graphite (case I) for a l l  elements except 

7M. H. Fontana, Fuel Elemen! Temperature  Disiribution in the HGCR-1, ORNL CF-58-12-3 
(Dec. 1958). 
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Table 5. Ac t i v i t y  Release from U02-Graphi te Fue l  

Case I: F iss ion  products reco i l  from UO i n to  the graphite and then 2 
dif fuse out of the graphite. 

Case II: F iss ion  products di f fuse out of the UO 
stream. 

d i rec t l y  into the gas 2 
The graphite does not act as a barrier t o  release. 

Ac t i v i t y  in  Primary System Dose Rate w i th  3.5 f t  of Concrete 

Nucl ide (cur ies) (mr/hr) 

Case I Case I I  Case I Case I I  

Xe 135 

Br84 

Br87 

~r~~ 

Kr88 

Rb88 

RbE9 

Y 90 

Y 9 1  

Y 9 2  

Y93 

Y 94 

~r~~ 

Nb95 
1 1 3 1  

y91m 

I 132 

Te133 

1133 

I134 

I 135 

Xe135rn 

I 136 

Ba137m 

cs138  

Ba139 

~a~~~ 

~ 0 ~ 4 1  

~a~~~ 

~e 143 
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3.86 lo5 

1.21 x lo4 

2.20 lo3 

9.15 x lo4 

1.82 lo5 

2.09 lo5 

8.45 lo4 

6.57 x lo5 
2.08 lo5 

7.73 lo5 

2.82 lo5 

6.87 x lo4 

3.11 lo4 

2.43 lo3 

2.43 lo3 

5.11 lo3 

1.04 lo4 

1.17 x lo3 

4.88 lo3 

2.51 lo3 

2.3 x lo4  

5.14 lo5 

2.16 lo5 

1.28 lo5 

6.47 lo5 

2.67 x lo5 

2.66 lo4 

2.23 lo3 

6.28 x lo2 

5.0 x lo1  

2.78 lo5 

8.91 x lo3 

3.66 x lo4 

5.76 x lo4 

7.56 x lo4 

2.95 lo4  

1.73 lo4 

9.68 x lo3 

2.43 lo4 

8.83 lo4 

1.07 lo3 

2.96 lo4  

2.96 lo4 

3.75 x lo5 

5.95 lo4 

2.91 lo5 

5.84 x lo5 

1.33 lo5 

4.61 lo4 

4.22 lo4 

5.72 lo4 

2.58 lo4 

9.18 lo3 

1.39 x lo4 

1.74 lo4 

4.26 x lo3 

3.07 x lo2 

5.76 x lo2 

0 

1.07 x lo6 

1.15 x 

2.7 x 10- 

3.83 x 10-1 

3.69 x lo-’ 

1.05 x 10’ 

8.03 x 10-1 

5.38 x 10- 

2.76 x 

3.48 x 1 0 - ~  

9.36 x loq6 

1.73 x 10-1 

1.02 x 

1.31 x 

1.39 x 

1.97 x 

8.57 X 

4.27 x 

2.33 

2.04 

2.11 

5.40 

4.74 x 

2.09 

9.24 

9.01 x 10-1 

1.24 x 

1.12 x loo 

1.09 

1.06 X 

6.82 x 

8.29 x 

1 . 9 9 ~  10-1 

5.35 x 

1.48 X 10-1 

3.33 x 10- 

2.91 x 10-1 

1.87 x 10-1 

7.27 x 

4.35 

1.09 

1.59 x 

2.43 x 

1.70 x 

2.36 

5.41 x 

6.28 x 

2.44 x lo-’ 

0 

1.22 

4.90 x 10- 

1.15 x 10-1 

9.51 x 

1.92 

1.77 X 10-1 

2.39 x 10-1 

2.50 x 10-1 

1.59 x 

5.51 

1.31 

7.14 x 



Table  5 (continued) 

Activity in Primary System Dose Rate wi th  3.5 ft of Concrete 

Nucl ide  (curies) (mr/hr) 

Case II Case I Case II Case I 

Ba140 6.47 l o 5  9.18 l o 3  4.0 x 5.68 X 

sr91 6.1 x lo5 2.42 x l o 4  2.21 x lo-, 8.77 x 

T e 1 2 9  1.63 l o 3  0 7.34 x 10-6 0 

T e 1 3 ’  3.41 x 10, 0 2.45 x 0 

T o t a l  6.1 x lo6 3.45 x 106 5.68 2.58 

T o t a l  case I and case I1 9.55 x l o 6  8.26 

iodine. However, even on that basis,Table 5 indicates that the total  ac t i v i t y  released 

to  the gas stream i s  not increased greatly by the contr ibution of the ac t iv i t y  that  d i f -  

fuses from UO,. 

I t  should be pointed out that the relat ive importance of the release of ac t i v i t y  by 

dif fusion from UO, and by di f fusion from the graphite depends upon the temperature i n  

the fuel and the fuel element configuration, both of which are dependent upon the ma- 

ter ia l  and design proposed for various unclad-fuel reactors. Table 6 indicates the 

effect of varying the makeup of the fuel. For a gas-cooled reactor wi th a fuel matrix 

(fuel B i n  Table 6) such as that proposed for the HGCR-1, the ac t iv i t y  i n  the coolant 

would be that shown in  Table 5. Since the calculat ions for the 200-p UO, part icles 

resulted in  a recoi l  release t o  the graphite of 3.5% for heavy nuclei  and 4.5% for l ight 

nuclei, i t  would be expected that impregnated fuel (fuel A, Table 6) would release 

approximately 16 times as much ac t iv i t y  (assuming that 65% of the f iss ion products 

recoi l  into the graphite).6 Since di f fusion from the graphite would be the same as for 

the case of the matrix of U02 and graphite, the ac t iv i t y  release from the graphite would 

be 16 times greater. On the other hand, the release from UO, by d i f fus ion  would be 

less, since there would be only about one-third of the f i ss ion  products remaining t o  

di f fuse out. 

The lumped fuel would release relat ively l i t t l e  reco i l  act ivi ty, and therefore the 

ac t iv i t y  would resul t  pr incipal ly from UO, diffusion. However, the use of large lumps 

of U 0 2  would tend to  increase the temperature i n  the UO, and would resul t  i n  s igni f i -  

cant ly higher ac t i v i t y  release than indicated i n  Table 6 for fuel C. 

Increasing the temperature of the three types of fuel would increase the ac t iv i t y  

release from each of the fuels. Since f ission products tend t o  di f fuse from graphite 

more readi ly than from UO,, it would be expected that fuel A would be most sensit ive 

t o  increased temperature and that fuel C would be least sensit ive. For a given fuel 
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Table  6. comparison of Act iv i ty  Released from Various Types of Fuels  

far Same Temperature Structure 

Diffusion of Tota l  

F u e l  Diffusion Of  Recoi l  Activity Activity 

from Graphite Released 

UO, (curies) (cur ie s )  (curies) 

Method of Fabrication Activity from 
Type 

A Impregnation 1.2 x lo6 97.6 x io6 98.8 x i o 6  

B HGCR-1 matrix and UO and graphite 3.45 x lo6 6.1 x lo6  9.55 x lo6 2 
(200-,u U02)  

C U02 clad wi th  graphite 3.45 x lo6 "0 3.45 x lo6 

surface temperature the relat ive release of ac t i v i t y  from fuel B or C would depend upon 

the part icle size of fuel B and upon the dimensions of the UO, in  fuel C. An increase 

in the part icle s ize from 200 to  2000 p would essent ia l ly  resul t  in  ac t i v i t y  releases 

similar t o  those of fuel C without imposing the penalty of the increased temperature 

difference associated with fuel C. 

DISPOSITION O F  A C T I V I T Y  IN P R I M A R Y  S Y S T E M  

In addit ion t o  decoy, the other possible processes for removing nucl ides from the 

circulat ing gas are (1) deposition on primary surfaces, (2) leakage from the primary 

system, and (3) removal t o  a bypass purif icat ion system. There i s  insuff ic ient  experi- 

mental information avai lable t o  predict deposit ion rates far removing the f i ss ion  products. 

Since the leakage from the system must be minimized, t h i s  process for removal w i l l  not 

be signif icant. Most of the nucl ides l is ted i n  Table 5 have suff ic ient ly short ha l f  l ives 

for a puri f icat ion rate of the order of >>1% bypass t o  g ive  s igni f icant reductions i n  

ac t i v i t y  during operation (see Fig.  C.5, App. C). Since the problems and cost associated 

w i th  handling such a large volume of gas would be excessive, the reduction of irnpor- 

tant gamma-emitting ac t iv i t y  during operation by th is  process is  impractical.  The 

operation of the purif icat ion system would be important for reducing the ac t iv i t y  of the 

long-l ived nuclides. Although th is  would not s igni f icant ly decrease the gross ac t iv i t y  

during operation, it might bring about large decreases i n  after-shutdown act iv i ty.  

The purif icat ion system proposed for the HGCR-1 i s  similar t o  the system described 

for the GCR-2 (see Chap. 5). With a f low rate of 1% per hour, the reduction in  the 

operating ac t iv i t y  in  the system would be only about 15% (see Fig. C.5, App. C), i f  the 

effect of deposit ion were neglected. However, wi th th i s  f low rate and with the long- 

l ived nucl ides neglected, the La140  ac t iv i t y  would be reduced by a factor of 5, and the 

and Y90 act iv i t ies would be essent ia l ly  eliminated. ?he reduction or el imination 

of these long-l ived act iv i t ies would, of course, reduce the dose rate after shutdown 

quite s igni f icant ly and would s impl i fy the problems associated w i th  maintenance. 
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The importance of the removal of oc t i v i t y  by deposit ion would depend upon the rate 

and posit ion at which deposit ion took place. Signif icant deposit ion would decrease the 

contamination leaking from the system and eventually released from the stack. Depo- 

s i t ion would also decrease the problem of shielding i f  it occurred primari ly in the core. 

However, preferential deposition i n  equipment could complicate maintenance and in- 

crease sh ie Id i ng requirement s.  

S H I E L D I N G  R E Q U I R E M E N T S  F O R  T H E  H G C R - 1  

An investigation of the amount of shielding of the HGCR-1 thot would be required 

during reactor operation indicated that wi th 3.5 f t  of concrete the dose rate would be 

2.5 mr/hr. The important nucl ides that contribute t o  the total  dose rate are shown in  

Table 5. For the shielding calculat ions it was assumed that (1) no ac t iv i t y  had been 

removed by the purif icat ion system, (2) a l l  the ac t iv i t y  in  the primary system was 

concentrated in  the heat exchanger, and (3) the system leakage was negligible. The 

plant layout and shielding costs, g iven i n  App. D, were based on the use of 3.5 ft of 

concrete ond were for the case of dif fusion of f iss ion products from the graphite. 

SHUTDOWN DOSE C A L C U L A T I O N S  

In order t o  establ ish maintenance procedures for the maior pieces of equipment in  

the HGCR-1 plant, it was necessary t o  estimate the dose rates that would prevai l  at 

the equipment after shutdown. Dose rate calculat ions (App. D) for the case of dif fusion 

from the graphite indicated that the dose rate one day after shutdown would be primari ly 

due t o  La140 .  After about three months the dose rate would be due t o  Y90  and Ba137m. 

Since the dose rate from L a 1 4 0  and Y90 due t o  direct d i f fusion from the UO, i s  negl i -  

g ib le (see Table 5), the results shown i n  App. D (which are based upon case I )  indicate 

the dose rates that could be expected for various t imes after shutdown. Figure 0.5 of 

App. D indicates that it would be possible t o  do direct maintenance on the steam gener- 

ators 100 days after reactor shutdown and that the dose rate would be about 200 mr/hr. 

As  pointed out previously, the use of a bypass pur i f icat ion system could be quite 

ef fect ive for removing long-l ived ac t iv i t y  i f  it were competit ive wi th the deposit ion 

rate. Since deposit ion rates are unknown it i s  impossible t o  predict what reduction in  

long-l ived ac t iv i t y  could be possible or whot methods would be most promising. The 

poss ib i l i t y  of decontaminating equipment prior t o  maintenance work olso offers a means 

of reducing the t ime required t o  ottain a reasonable dose rate. 

C O N T A I N M E N T  R E Q U I R E M E N T S  

The necessity of making special provisions for containing radioact iv i ty depends t o  

a large extent upon the hazards associated w i th  a particular type of reactor. In order t o  

prevent the escape of radioact iv i ty from the reactor area it i s  necessary to  have two 

independent barriers. The GCR-2 reactor satisf ied the containment requirements, since 
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the stainless-steel-clad material on the fuel elements was in  effect the f i rst  barrier, 

and the primary system was the second barrier. Preliminary studies had indicated that 

these two barriers were suff ic ient ly independent, so the conditions for penetrating both 

barriers and releasing large amounts of radioact iv i ty as a consequence of a s ingle 

fai lure were improbable. Therefore, no containment vessel  was provided for the GCR-2. 

The elimination of the fuel  element cladding material, as in the HGCR-1 design, 

places the reactor i n  the category of contaminated coolant systems, since the release 

of f i ss ion  products t o  the primary system would be about lo7 curies. The hazards 

associated with releasing th i s  amount of ac t i v i t y  t o  the atmosphere in  the event of a 

fa i lure of the primary system would make it necessary t o  provide a containment vessel 

around the primary system. Since the poss ib i l i t y  of penetrating both the primary system 

and the containment vessel simultaneously seems unl ikely, the HGCR-1 system with 

a containment vessel  should be at least as safe as the GCR-2. 

Ac t i v i t y  due t o  minor leakage from the primary system would be controlled inside 

the containment vessel  by direct ing air  through the c e l l s  containing the equipment i n  

the primary system. This air would be monitored and sent to a cleanup system before 

being recycled w i th in  the containment vessel. 

The diameter of the sphere containing the primary system was established as 220 ft. 

Such a vessel  would be more than large enough t o  accommodate the release of f lu id  

from the primary system and one loop of the steam system in the event of a rupture in 

the gas system. The pressure bui ldup in the sphere fo l lowing such an incident would 

be only a few pounds per square inch. The diameter of the sphere was determined by 

the plant layout. Since maintenance on contaminated systems must be done remotely 

or semiremotely, the location o f  equipment was determined by maintenance procedures, 

not by attempting t o  obtain the most compact reactor complex. The thickness of the 

containment sphere would be determined by the thickness required t o  carry i t s  normal 

structural dead and l i ve  loads. The pressure r i se  would not add an appreciable stress 

t o  the sphere. 
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8. INSTRUMENTATION, CONTROLS, AND OPERATION 

No new work was done in connection w i th  instrumentation and controls, and, w i th  

but few signi f icant exceptions, the instrumentation and controls, as we l l  as the operating 

procedures for the contaminated gas-cooled reactor systems, would be similar to  those 

for the GCR-2. ' Operations that would involve maintenance, which would be consid- 

erably more d i f f i cu l t  wi th the contaminated system, are discussed in  Chap. 9. 

The instrumentation would be similar to  that of the GCR-2, except for the omission 

of the fuel element leak-detection system and the more extensive nuclear instrumen- 

tation, temperature measuring devices, and radiat ion monitors throughout the plant. 

Instrumentation costs would be higher than for the GCR-2 because of the addit ional 

cost of penetration through the containment vessel, as we l l  as the cost of running the 

instrumentation leads through a coaxial duct. It i s  anticipated that the addit ional nu- 

clear instrumentation would be required to  minimize the problems associated with xenon 

tilt i n  a large graphite reactor. 
1 

The stainless-steel-clad s i lver control rods employed i n  the GCR-2 might have to  

be modif ied to a cruciform shape in  order to  provide adequate control, but they would 

be compatible w i th  the higher operating temperature. The canned control rod drive units 

would, of course, be even more essential w i th  a contaminated system. Suff icient control 

rods would have to  be provided so that fai lure of the drive mechanism i n  one or more 

rods would not require a shutdown. The repair work could thus be accomplished during 

a scheduled shutdown. 

The operational cr i ter ia for t h i s  reactor would be the same a s  for the GCR-2, wi th 

added incentive for not subjecting the reqctor to  temperature transients which might be 

expected to  have an important bearing on fission-product release. The steam generators 

would be the once-through type in  which the boiler-feedwater f low would be control led 

by the steam pressure which would be regulated by the turbogenerator speed, that is, 

the load. 

The reactor i s  designed for operation wi th a f i xed  temperature gradient, and the 

power output would be control led by bypassing a port ion of the gas f low around the 

reactor. The fract ion of the f low bypassed would be determined by the reactor in le t  

temperature; a control rod operating on a servo mechanism would maintain the reactor 

outlet temperature a t  the design value. 
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A l l  continuously manned stat ions associated with the plant, that is, control rooms, 

shops, etc., would be located outside the containment vessel. However, to  prohibit  

a l l  access to  the containment vessel during operation would be unreal ist ic, s ince it 

i s  qui te conceivable that i t would be advantageous to  enter the vessel through appro- 

priate locks for inspection and maintenance. 

' T h e  O R N L  Gas-Cooled Reactor, ORNL-2500, p t  3 ( A p r i l  1, 1958). 
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9 .  MAINTENANCE 

In dealing w i th  the problems of servicing contaminated systems, such as reactors, 

fuel reprocessing plants, or radiat ion laboratories, f i ve  basic schemes for such work 

may be considered. The f i ve  schemes are l i s ted  below in the order of cost  i n  terms 

of capi ta l  investment i n  maintenance faci l i t ies,  w i th  the lower numbered techniques 

being the least expensive: 

1. servicing by contact without decontamination, 

2. servicing by contact after decontamination, 

3. servicing i n  place w i th  remotely controlled devices, 

4. replacing w i th  remotely control led devices, rather than servicing, 

5. using bu i l t - in  spares, rather than servicing. 

Of course, combinations of these methods could also be used. 

methods was considered i n  order to  arr ive at  a servicing scheme for the HGCR-1. 
Each of the f i ve  basic 

The ac t iv i t y  level  throughout the HGCE-1 was assumed t o  be suff ic ient ly high 

during operation and immediately after shutdown (see Chap. 7) t o  preclude the use o f  

contact servicing without decontamination, except i n  a few isolated instances. On 

the other hand, the techniques 2 through 5 are each theoret ical ly capable o f  providing 

the means of ef fect ing the desired maintenance. The ultimate select ion of a speci f ic  

technique for a part icular fa i lure must be made on the basis of an economic study which 

takes into account the cost of maintenance equipment and faci l i t ies,  the cost of down 

time, and the probable number o f  fai lures. In  l ieu  of adequate data upon which to  base 

such an analysis, an intui t ive cr i ter ion of selecting a maintenance scheme was em- 

ployed, that is, minimum shutdown time. While th i s  might seem to  be somewhat arbitrary, 

the cost of shutdown t ime (-97500 per hour) provides such o b ig  incent ive that t h i s  

seems reasonable as a f i rs t  approach. 

In ariy o f  the maintenance work involv ing the primary system, the containment o f  

gaseous and particulate ac t iv i t y  and the provis ion for shielding from radiat ion are im- 

portant problems. It i s  intended that a i r  f low w i th in  the containment vessel be con- 

t ro l led so that a l l  f low w i l l  be from areas of low contamination to  areas of higher con- 

tamination. I n  th i s  way the spread of contaminated gases, dusts, etc., would be controlled. 

The cubic les surrounding each of the blowers and motors, the fuel charge-discharge 

area above the reactor, the helium pur i f icat ion system, and the spent fuel discharge 

chute are areas where contamination could exist .  The whole containment vessel would 

have t o  be treated as a “hot” area, and a change room would be required at the entrance 

portal, since, i f  the system were opened, contamination could be spread by parts being 

handled. Air-condi t ioning equipment to  cool the a i r  w i th in  the containment ce l l  and t o  

accommodate heat loss from the reactor would be needed, as wel l  as a cleanup system 

t o  remove airborne contaminants. 
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The su i tob i l i t y  of one of the above maintenonce schemes for a part icular maintenance 

function on contaminated equipment i s  a function of the state of the several arts and tech- 

niques suitable for a part icular servicing method. Accordingly, before discussing in  

more detai l  the proposed technique for performing maintenance on the vorious com- 

ponents, it i s  appropriate to  review the status of the techniques. 

M A I N T E N A N C E  T E C H N I Q U E S  A N D  P R O B L E M S  

Contact Servicing Without Decontamination 

Where rodiot ion levels are suf f ic ient ly low (that is, <200 mr/hr) and the operotion 

w i l l  be of such a short duration that instal lat ion of elaborate equipment i s  not just i f ied, 

contact maintenonce work can be done without decontamination of the equipment. With 

respect to  HGCR-1, it was fe l t  that the ac t iv i t y  levels, the massiveness o f  the equipment, 

and the economics o f  maintaining on-streom eff ic iency precluded contact servicing i n  

most instonces. The most notable exception in  the HGCR-1 would be the work required 

to  plug a steam generator tube ot the heoder. The headers would be external to the 

secondary system shielding, ond could be approached for servicing after the reactor 

had been shut down. 

Contact Servicing After Decontamination 

Decontamination i s  usual ly carried out by spraying or r insing with suitable l iquids 

which wash away most of the contamination. In l iqu id  systems it may involve replacing 

the process f lu id  w i th  a decontominont, which i s  then circulated. Th is  technique results 

in  better decontamination than the spraying, but i t  i s  not practical for the large equipment 

used in  gas-cooled reactors. 

Decontamination factors of the order of 2 to  several thousand hove been obtained 

under careful ly control led laborotory condit ions in  which contaminated stainless steel 

wos suspended in several dif ferent decontaminating solut ions for periods up t o  several 

weeks.' However, in  the decontamination of an actual system, such as the HRT, the 

attainable decontamination foctors were only 22 t o  25 ( including decoy) after treatment 

w i th  a number of solut ions but without descal ing the system.:! It was reported, however, 

that removal of the corrosion f i lm would hove given an addit ional decontamination factor 

of about 100. While i t  may be suspected that the ac t iv i t y  i n  a gas-cooled system would 

not be as t igh t ly  bound to  the metal surface, th is  potential advantage may be offset by  the 

d i f f i cu l ty  in  f lushing the contaminated surfaces i n  a large gas system. 

The decontamination factors c i ted above apply to stainless steel systems. The 

factors al lowable w i th  other metal surfaces, such as the low-al loy steels, are less than 

'D. 0. Campbell, Decontamination o! Sta in le s s  S tee l ,  ORNL-1826 (March 2, 1955). 

2D. 0. Campbell, Decontamination of the Homogeneous Reactor  Experiment,  ORNL-1839 
(June 12, 1956). 
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for stainless steels, which not only have a low af f in i ty  for act iv i ty  but also a low cor- 

rosion rate.3 

The ac t i v i t y  level  o f  long-l ived contaminants i n  the HGCR-1 (assuming the pur i f i -  

cat ion system i s  unable t o  reduce th i s  act iv i ty )  means that decontamination must be 

employed Considerations of the problems asso-  

ciated w i th  achieving the desired decontamination factors and wi th  ensuring removal 

of the f l u id  used for decontaminating the system, as wel l  as the involved and expensive 

procedures associated w i th  even a minor repair, lead to  the conclusion thst  decontami- 

nation w i l l  not be economical w i th  equipment as  large and complicated as the steam 

generator and helium blower units. 

i f  direct maintenance i s  to  be used. 

Remote Servicing in Place 

In  order to make repairs on contaminated equipment i n  place, remotely control led 

servicing and viewing equipment would be required. I n  the HGCR-1, the equipment 

would be so large and cleanl iness requirements s o  r i g id  that  in-place maintenance would 

not only require an expensive array of  servicing equipment, but i t  would a lso involve 

shutdowns of  longer duration than could be just i f ied.  

A special technique for effect ing in-place maintenance was adopted for the Homo- 

geneous Reactor Test  i n  which the ce l l  containing the equipment t o  be serviced i s  

f looded w i th  water and the required maintenance i s  performed from above the water using 

long-handled tools.4 While th is  technique may have merit for l iqu id  systems (even 

though i t  was considered and rejected for use in  the P A R ) , 5  i t  i s  apparent that i t  would 

be unsuitable for large gas systems, part icularly in  systems such as the I-1GCR-1 i n  

which i t  would be important not to expose the graphite to  moisture. 

If the repair work or equipment replacement required welding, there would be the 

further problem of inspecting the weld in  the radiat ion f ie ld.  Section UW2 of the ASME 

Unfired Pressure Vessel Code, 1956 edition, requires that  “a l l  longitudinal and c i r -  

cumferential jo ints of  vessels that are t o  contain lethal substances, either l iqu id  or 

gaseous, shal l  be of  the double-welded, butt-type or i t s  equivalent, and shal l  be fu l l y  

radiographed”; furthermore, “when fabricated of  carbon or low-al loy steel, such vessels 

shal l  be stress rel ieved.” The problems associated w i t h  fu l l  radiography of the reactor 

system are many. Section UW12 of the Code permits a weld jo int  e f f ic iency of 95% for 

radiographed and thermally stress-rel ieved vessels, and 55% for vessels which are only 

3F. N. Browder, Summary o /  .Sur/mce Decontamination Experience a t  O R N L ,  ORNL-158 (Aug. 

20, 1948). 

4 S .  E. Beal l  and R. W. Jurgensen, Direr/  blaintenanre Pract ices  /or the Homogeneous Reactor 

T e s t ,  ORNL CF-58-4-101 (Apr i l  18, 1958). 

5W. E. Johnson et al., Des ign  Corzsi’derciiions /OT  the Pennsylvania Adtwnced Reacior Slurry 
Homogeneous Plant ,  1958 Geneva Conference Paper No. 2356. 
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thermally stress-relieved. If a pipel ine were to require repair due to  the loss of an ex- 

pansion joint, i t  i s  conceivable that the ac t iv i t y  level  at the surface of the pipe to be 

welded might be high enough to interfere wi th the radiography of the repaired joint. 

If such were the case, according to the present code the al lowable pressure for the 

system would have to be decreased. Th is  would, of course, affect plant ef f ic iency and 

capacity. To accommodate th is situation i n  a highly contaminated plant such as the 

HGCR-1, i t  might be necessary to design a l l  pressure-containing equipment w i th  the 

reduced weld joint ef f ic iency of 85%. This would, of course, increase plant costs con- 

siderably. I t  would seem desirable that the Code Committee be requested to  study th is  

situation and provide clar i f icat ion.  It may be that alternate test ing methods such as 

ultrasonics or proof-testing could be substi tuted for radiography. 

Remote Replacement 

Remote servicing and viewing equipment would be required to  remove a unit from the 

operating system and replace it wi th a spare unit.  The damaged equipment could then 

be repaired i n  a separate hot ce l l  after the plant was back i n  operation. The virtue of 

th is technique i s  that operation could be resumed without wai t ing for repair of the fa i led 

item. The fa i led  unit could be discarded or repaired. This technique i s  recommended 

for the HGCR-1 for maintenance of blowers, motors, and valves. 

A signi f icant modif icat ion of th is technique would be to decontaminate the component 

after having removed it to the special hot ce l l  for repair. In th is manner the component 

could possibly be cleaned up suff ic ient ly to  permit direct-contact servicing; but even 

i f  the ac t iv i t y  level  were not reduced to th is extent, the subsequent servicing, re instal-  

lation, and contamination control would have improved by the extent t o  which the ac t iv i t y  

level  had been reduced. A disadvantage of decontamination i s  the problem of assuring 

that a l l  decontaminating material i s  removed from the equipment. 

Bu i l t - In  Spare Equipment 

A system in  which the cost of individual components i s  low and value of on-stream 

time i s  high could be economically equipped w i th  bu i l t - in  spares. Valves would be re- 

quired that would be actuated by fa i lure o f  a piece of equipment and would rapidly place 

a new unit on stream. Because of the high cost of the maior HGCR-1 components and 

the lack of re l iable valves to  isolate spare units, i t i s  intended that th is scheme be used 

only for the pur i f icat ion system. However, even in  t h i s  instance, i t  would be expected 

that the fa i led item would eventual ly be removed, repaired, and replaced by  remote 

control. 
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M A I N T E N A N C E  O F  S P E C I F I C  C O M P O N E N T S  

Maintenance Philosophy 

From the above considerations i t  may be seen that no single servicing scheme would 

suff ice for the HGCR-1 and that the servicing of  each component i n  which trouble might 

be expected would have to  be accomplished i n  the most appropriate manner. In order 

to  evaluate the maintenance problems associated w i th  the reactor, i t  would f i r s t  be 

necessary to  evaluate the types of  fa i lures expected and then to  decide what equipment 

and/or techniques may be advantageously provided to  ef fect  the anticipated maintenance. 

Any fai lure i n  the reactor core (which could not be repaired through the charge nozzles), 

reactor vessel, main coolant piping (wi th in  the reactor shield), or steam generator shel l  

i s  so  improbable that to  provide i n  advance a means of coping w i th  the different possible 

fa i lures of  these components would not be iust i f ied.  T h i s  means that, should fa i lure 

occur i n  one of  these items, i t  would be handled by  methods improvised a t  the time. 

The fai lure of a l l  other components was considered as being suf f ic ient ly  probable that  

advance provisions should be made for maintenance. 

In  all instances in  which the maintenance was to be performed by remote replacement 

of the fa i led component, the equipment would be posit ioned so that  i t  could be con- 

veniently removed from above by remotely operated equipment. The fa i led component 

would be removed and replaced by a spare uni t .  The fa i led component would then be 

removed to  the “hot” shop outside the containment vessel where i t  could be repaired, 

i f  practicable. 

In  a l l  maintenance operations invo lv ing cut t ing in to  the main system piping, such 

as replacing an expansion joint, the reactor would not only have to  be shut down and 

cooled, but after adequate cool ing the fuel  elements would have to be removed from 

the core The contaminated hel ium would then be evacuated to  the contaminated hel ium 

storage tanks and the system pressure raised t o  SI ight ly below atmospheric pressure 

w i th  clean helium. The necessary cuts could then be made using remote maintenance 

equipment and the defective uni t  could be replaced. 

The required equipment for these remote operations does not exist ,  although equip- 

ment i s  being developed at  several  installation^.^^^ I n  v iew of the current state of  the 

development, it i s  not possible to  assign accurate cost f igures t o  th is  equipment, but 

l iberal  sums have been al located i n  both I iGCR-1 capi ta l  and operating costs for main- 

tenance and maintenance tools. 

F u e l  E lement  F a i l u r e  

The fuel element in  th is  reactor system would be part icularly insensit ive to  the type 

of  fa i lure normally associated w i th  reactor fuel  elements, that is, cladding defects 

‘Molten Sal1 t?o(ic-!cir I’rogram Quarterly  Progress  Repor t  for Period Ending J u n e  30, 1958, 
ORNL-2551 (Sept. 24, 1958). 
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that resul t  i n  the loss of f iss ion products. The fuel would have no cladding to  become 

defective, and the U02-graphite matrix would be insensi t ive to  the possible hot spots 

which could ex is t  i n  the reactor core. Fai lures of the fuel element would, i n  general, 

be mechanical fai lures that would cause elements to  become iammed or otherwise un- 

removable from a fuel channel. In view of the large size of the reactor, a fuel element 

could become stuck without seriously impairing the reactivi ty, although i t  would be 

desirable t o  be able to  remove the element. If an element could not be extracted by 

the fuel-handling machine, that channel would be "abandoned" un t i l  a maior shutdown 

occurred. The element could then be dr i l led  out of the channel. The chips and part icu- 

late matter which would result from the dr i l l i ng  would be removed from the core through 

a vacuum-cleaning system. 

Although the fuel-handling machine has not been designed, i t  i s  fe l t  that it should 

not dif fer markedly from other on-stream fuel-handling machines. It would probably be 

desirable to  incorporate the service functions described above i n  connection wi th 

d r i l l i ng  iammed fuel elements into a separate machine that would have suff ic ient  f lex i -  

b i  l i t y  to  perform other in-pi le functions of probable interest, that is, handling, control 

rods, te levis ion equipment, instrumentation, etc. 

Steam Generator 

The only fai lure postulated for a steam generator component for which repairs would 

be attempted is  the locating and plugging of a leaking tube. A tube fai lure i s  considered 

to be the most probable failure, and therefore equipment and techniques for tube plugging 

would have to  be developed. As  shown in  F ig .  1, the steam generotor tubes are brought 

through the concrete shielding. In th is  posi t ion the direct radiat ion dose from the nearby 

contaminated equipment does not preclude the use of direct-maintenance techniques in  

locating and plugging off the defective tube. However, the leak connects the contami- 

nated primary system to the steam system so that once the steam header flange i s  re- 

moved, the surrounding environment i s  "open" to  the primary system. Accordingly, 

the primary system pressure would be reduced to  s l igh t ly  below atmospheric (and the 

steam system drained) before the steam system would be opened. The system pressure 

would also be a few pounds per square inch below the steam pressure at a l l  times during 

pressure letdown. 

The seal welds on the header flanges would be manually ground off and the flanges 

on both steam and water headers removed. Each tube would then be plugged at both 

ends and tested for leaks. Th is  could be done either manually (by personnel w i th  

adequate protective clothing) or remotely (using machines especial ly developed for 

th is  purpose). 

The leak would be located by plugging the tube and noting the pressure drop. 

the leaking tube located, i t  would be isolated rather than repaired. 

With 

The defective tube 
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could be plugged within the header or cut and capped external to  the header. At  present 

the latter technique appears to  be the more expeditious. The water and steam header 

flanges could then be reinstal led and seal-welded. The a i r  which would leak into the 

gas system during maintenance would be removed; the helium pressure would be raised 

to  normal; the steam system would be f i l led; and plant operation would be resumed. 

Blower and Blower Motor 

Two methods of instal l ing the blower-motor combination are possible. In  one the 

equipment would be enclosed w i th in  a welded pressure vessel, whi le  in the other the 

blower would have a shaft seal and the motor would be mounted conventionally. With 

the former scheme, the entire pressure vessel containing the blower and motor would 

be changed i f  a repair were to  be made. The latter technique would permit servicing of 

the motor without “cutting” into the contaminated primary system. Much of the infor- 

mation required t o  choose intel l igent ly between these two techniques i s  not available; 

for example, the required seals have not been developed; the contamination level i s  

not known; and remote welding techniques are in a rudimentary stage. Accordingly, in  

the HGCR-1 design the blower and motor are enclosed in a pressure vessel  i n  the bel ief  

that t h i s  represents the more conservative approach. 

Any fai lure would require that th is un i t  be replaced. Roof  plugs have been provided 

over the blower-motor cubic le and a v iewing window located in  the wa l l  for th is  op- 

eration. The uni t  would f i rs t  be cut out of the system remotely, and a new uni t  would 

be placed i n  i t s  stead. The piping jo int  would then be remotely prepared, welded, and 

inspected. 

Were the motor t o  be externally mounted and a shaft seal employed, a labyrinth type 

of seal w i th  a planned leakage would be preferred. The leakage would enter a plenum 

chamber from which it would pass t o  the helium pur i f icat ion system. After pur i f icat ion 

and decontamination, A bleed 

f low of clean helium would be used t o  seal the outboard seal of the plenum chamber. 

The outflow t o  atmosphere from th i s  seal would be vented t o  the stack and the small 

helium losses would be mcde up through the seal in the blower of the helium pur i f i -  

cation system. 

the helium would be pumped back to  the main stream. 

Valves 

The butterf ly valves which control the helium f low and provide the blower bypass 

The actuators for these valves control are also located w i th in  the blower-motor cubicle. 

would be in a welded tank and mounted on the valve w i th  a seal-welded flange. 

The manipulator w i th in  the cubic le would be used to  remove the actuator should 

The valves would not be expected t o  give trouble, since they would trouble develop. 
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not be required to  shut t ight. 

i f  trouble should occur. 

would perform the similar function for the blower-motor units. 

They could be cut out of the line, however, and replaced 

The device for doing th is  would be the same as that which 

P ip ing  System 

The high ac t iv i t y  level (2000 pdcm’ )  i n  the circulat ing gas would preclude direct 

maintenance work on the ducting after the plant had operated for a few weeks. However, 

it i s  not expected that any maintenance or repair of the main coolant piping would be 

required. The only items which would be l i ke ly  to  f a i l  would be the system expansion 

bel lows. Adequate space would be provided around these uni ts to permit their repair 

by removing the section of pipe containing them and replacing it w i th  a spare section. 

A fai lure of any of th is  equipment would be a major one, and considerable time would 

be required in  which to  accomplish repairs. Viewing and remotely operated equipment 

would be brought in  to  accomplish th is operation. 

Hel ium Puri f icat ion System 

Spare hel ium purif icat ion equipment would be provided so that in the event a uni t  

fa i led it could be valved of f  and the spare unit employed. I f  there were a mul t ip l i c i t y  

of failures, the pur i f icat ion system would be shut down and repairs accomplished. Be- 

cause small  l ines and low temperatures would be involved, it i s  fe l t  that t ight  valves 

could be obtained which would permit repair of th is  system without shutt ing the plant 

down. Such repairs would have to  be completed w i th  remotely operated equipment. 

The system would be designed to  permit access from above to planned cutoff points. 

Because t h i s  system i s  designed, in  part, to  contain l iquids and heavy concentrations 

of water vapor, decontamination might prove advantageous. However, s ince the pur i f i -  

cat ion system has the function of removing ac t iv i t y  (mostly long-l ived act iv i ty) ,  the 

amount of contamination in  th is  system would probably exceed that associated w i th  

other equipment. In any event, repairs t o  th is  system are expected to  be such that 

normally they could be handled during a scheduled plant shutdown. 

Helium Storage and Vent System 

The clean hel ium storage system would be maintained direct ly since it would not be 

contaminated. The amount of contamination in  the contaminated hel ium storage system 

has not been thoroughly investigated, but it i s  expected that the ac t iv i t y  level  would 

not be as high as that associated with the other equipment. However, some remote or 

semiremote maintenance expense has been included. Valv ing should permit necessary 

maintenance t o  be accomplished with the reactor plant operating. It i s  expected that 

valve replacement would be the most frequent problem in  th is  system. System layout 

w i l l  faci l i tate access to  valves and other equipment from above. Any air  that got into 
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the storage system or the pur i f icat ion system during repair work would be removed by 

the evacuation equipment before reconnection of the system to  the main coolant stream. 

Fuel Storage Heat Removal Equipment 

Before fuel was transferred to the fuel storage area it would be cooled i n  the reactor 

charge machine. The ac t iv i t y  released at the lower temperature, as discussed i n  Chap. 

7, would be considerably less than during operation i n  the reactor. The cooled element 

would be placed in  a container and transferred t o  the storage area. The container 

actual ly would be part of the storage equipment, and air f low would be rel ied upon to  

keep the element cool during transit  and i n  storage. In  the storage area, air would be 

blown over the spent elements to  keep them cool. The air would then pass to  a cleanup 

system and a water-cooled co i l  before i t  returned to  the circulator. All equipment would 

be shielded, and remote manipulators and viewing equipment would be provided. A small 

stream of air  would be introduced into th is  room from the ce l l  ambient through the 

transfer tunnel and vented to  the stack to d i lu te  the room air  and reduce any tendency 

for gaseous ac t iv i t y  to  bu i ld  up. The discharge to  the stack would have to  be equipped 

w i th  valves which would close and seal i n  the event of a rupture of the primary system. 
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10. COST ANALYSIS 

C A P I T A L  COSTS 

The cost  estimates for the GCR-2 were used as the basis for estimating the HGCR-I 

costs, since the cost basis for the GCR-2 was evolved after considerable detai led design 

and extensive contacts with equipment vendors. The costs of HGCR-1 components, when 

only preliminary designs were available, were assumed to be the same as for similar 

GCR-2 components, but they were supplemented by greater contingency factors. Vendors 

were not contacted for most items, since it was fe l t  that neither time nor the preliminary 

nature of the design would permit the vendors to provide meaningful numbers. Th is  

rather preliminary study was intended to  evaluate the potential worth of a system o f  th is  

type and to obtain some idea of the economic feas ib i l i ty  of the system when the rather 

serious operating and maintenance problems were considered. I t  was f e l t  that i f  th is  

cursory look indicated that an unclod fuel element system of large power output would be 

as economical as, or more economical than, a clad-element system, then a more detai led 

study would be iustif ied. 

Steam Generator 

The steam generator shel ls o f  the HGCR-1 would be 6 ft shorter and 1 f t  larger in  

diameter than those of the GCR-2. The same material of construction would be used as 

for the GCR-2 generators. The larger diameter would cause an increase in the HGCR-1 

shell  cost over that for the GCR-2 of a factor '  of 7300/6300 = 1.16 per foot o f  length, 

which would be part ial ly offset by a factor of 54/60 = 0.9 to  take into account the de- 

crease i n  length from 60 to 54 ft. The tube headers on the GCR-2 design were inside 

the shell, whi le on the HGCR-1 they would be external, but recent information indicates 

that there should be no signif icant difference in cost between the two arrangements. 

Changes i n  length o f  tubing used resul t  in the fol lowing factors:2 

26,820 

25,100 
Economizer - = 1.07 

22,830 

28,400 
Boiler - = 0.803 

16,100 
SuDerheater - = 0.637 

25,300 

The change from T-12 chromium-molybdenum tubing to  T-1 1 chromium-molybdenum would 

modify the cost of the superheater tubing by a factor o f  4.3. The f inal factor on the 

' T h e  ORNL Gas-Cooled  Reactor ,  ORNL-2500, p t  3,  Fig. 9.10 (April 1, 1958). 

2The  ORNL Gas-Cooled  Reactor ,  ORNL-2500, sec 6.4, Table 6.2 (April 1, 1958). 
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superheater tubing would then be: 

4.3 x 0.637 = 2.74 , 

These factors would then be applied to the GCR-2 cost est imates3 as fol lows: 

Component GCR-2 Costs Factor Increase HGCR-1 Costs  

Shells and heads $ 532,800 1.16 x 0.9 $ 550,000 

Superheater tubing 150,400 2.74 4 12,000 

Boiler tubing 235,100 0.803 189,000 

Economizer tubing 21 1,200 1.07 226,000 

Tota l  $1,369,400 $1.6 2 1,900 

This  indicates a factor o f  1.185 (1,621,900/1,369,400) increase in  cost for a single steam 

generator. Recent information from boi ler vendors indicates that the GCR-2 steam 

generator estimate was low by a factor of 1.33 (ref 4). It fol lows then that the cost o f  the 

eight HGCR-1 steam generators would be 1.185 x 1.33 x 8 x 1,369,400 = $17,250,000. 

Valves 

Valving for the HGCR-1 i s  the same as for the GCR-2, wi th the same l ine sizes and 

approximate temperatures. Since it has been assumed that the un i t  valve costs would be 

the same and there are twice the number of systems in the HGCR-1, the valve costs 

would be 86 000 x 2 = $172,000 (ref 5). T o  this, $21,500 was added to provide for one 

set of spares. No credi t  was taken 

for a probable decrease i n  un i t  costs wi th an increase i n  the number o f  units. 

The total valve cost would therefore be $193,500. 

Expansion Joints 

The expansion joints for the cold l ines would be similar to those for GCR-2. Some 

of the cold l ines would be concentric about hot lines, however, and the joints would be 

larger than those used far GCR-2. The ef fect ive cross section of the larger diameter 

pipe would require extremely heavy reinforcing of the wal l  to transmit the end thrust 

across pinned joints. The assumption was made that the cost of these joints would 

vary as the square of the diameter,’ and therefore 

cost  =- 100,000 = $ 96,000 . 
-- 

(6Q2 

3The O R N L  Gas-Cooled Reactor,  ORNL-2500, pt 4 (Apri l  1, 1958). 

4 T V A  Staff, Gas-Cooled Nuclear Power Reactor Rev iew  (unpublished). 

5 T h e  O R N L  Gas-Cooled Reactor,  ORNL-2500, pt 4, p 11.7 (Apri l  1, 1956). 
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The hot  joints are a major unknown. It was assumed that because of the higher temper- 

ature these costs would be the same as for the GCR-2 hot joints, even though they would 

be smaller and would operate a t  much lower pressure dif ferentials. Since there would be 

tw ice  as many joints in the HGCR-I, the total cost for joints would be: 

(132,000 x 2) + (196,000 x 2) = $656,000 . 
An allowance of 12.5% for spares to permit expansion joint replacement would bring the 

total cost  to $738,000. 

P ip ing  

Pip ing systems of this type with doubly insulated, concentric pipes are quite 

sensi t ive to fabrication and instal lat ion costs. Instal lat ion costs are considered to 

include a l l  labor and materials for the instal lat ion and any hangers or supports required 

for the piping. One fabricator has estimated that for carbon steel piping 24 in. and below, 

f i e ld  erection costs would be approximately 95% of fabricated pipe cost. The same 

fabricator indicates that for stainless steel piping the f ie ld  erection cost  would be lower, 

being closer to 65%, because of the h igh material cost for the stainless steel. Even i f  

stainless steel piping were employed for the inner hot pipe, i t would require external 

insulat ion to minimize the heat loss to the cooler annulus gas. Since the insulat ion 

problem cannot be avoided and techniques for the instal lat ion of contained insulat ion in 

cy l indr ica l  ducts are wel l  developed, insulated chromium-molybdenum steel was used for 

est imating the cost of the hot inner pipe.6 For the co ld lines, carbon steel costs were 

used. A fabricated piping cost of  

68 x 8 x 580 = $315,000 for 60-in. co ld  pipe, 

48 x 8 x 180 = $69,000 for 30-in. co ld  pipe, 

64 x 8 x 1000 = $512,000 for 60-in. hot pipe, 

64 x 8 x 1080 = $552,000 for 84-in. co ld  pipe, 

or a total of $1,448,000, was thus obtained. It was assumed that for these larger pipes, 

the instal lat ion cost  would be 75% of the pipe fabrication cost, or $1,078,600, for o total 

insta l led cost  of $2,526,600. T o  th is  would be added 20% of the insta l led cost  for the 

60-in. hot l ine to al low for the internal insulation, or $102,400. The f inal  piping cost  

wou I d be $2,629,000. 

Neutron Curtain and Shield Cooling 

No calculat ions were made to check the required thickness of the neutron shield, but 

it was fe l t  that because of the higher power level the thickness and weight would in- 

crease. A factor of approximately 2 was chosen to give a cost of $75,000. 

61b id ,  F i g .  11.2. 
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Since the shield cool ing required is related to the number of shielded enclosures, 

which would be doubled, the shield cool ing cost was increased to $100,000. 

Reactor Pressure Vessel, Including Supports 

The HGCR-1 reactor pressure vessel would be the same size as the pressure vessel 

for the GCR-2. However, the outlet gas temperature would be higher, more gas nozzles 

would be required, and the vessel would have to be erected within the containment cel l ;  

therefore the cost estimate was increased by 50% to  $3,500,000. 

Fuel-Handling Costs 

No detai led study was made of the fuel-handling equipment. I t  wa5 fe l t  that dry fuel 

storage could be accomplished a t  the same cost as wet storage. The fuel element charge 

machine and associated auxi l iar ies would be essent ia l ly  the same as for the GCR-2, 

except for modif icat ions to  permit remote operation and on-stream loading. An allowance 

o f  10% has been added to cover such changes. The cost al lowed for the charge machine 

was then doubled to provide for a service machine t o  perform maintenance functions. 

The cos t  breakdown i s  shown i n  Table 7, which may be compared with data i n  Table 11.7, 

p 11.13, of the GCR-2 study. 6 

Helium Gas System 

Two sets o f  hel ium storage and pumping equipment would be required for HGCR-1. 

One set would handle only clean hel ium which had not been through the reactor, and the 

other set  would be used when contaminated hel ium had to be handled. Provis ion would 

be made to  permit venting of either system to the stack. To  provide for th is dual system, 

the GCR-2 gas storage system costs were doubled. 

Although the hel ium inventory in the HGCR-1 would be only 1.78 times that of the 

GCR-2, the capacity of the hel ium pur i f icat ion equipment was doubled for cost  estimating. 

Th is  was done to provide for equipment to  ensure continuous operation. I t  i s  a lso fe l t  

that increased f low through this system would be desirable in  the removal of ac t i v i t y  

which dif fused frdm elements. 

Helium Blowers and Motors 

The blowers for the HGCR-1 would be the same size as those for the GCR-2, wi th 

Since twice 
7 

The 

In addition, one 

changes as necessary i n  the blower blades to al low for the increased flow. 

as many blowers and motors would be used, the cost was doubled. 

of 1.5 was then added to  account for the horsepower increasing from 6000 to 9000. 

blower-motor cost  would then be 3 times the GCR-2 blower-motor cost. 

spare blower-motor set was provided to permit replacement of a fa i led unit. 

A correction factor 

'Wes t inghouse  Catalog P r i c e  List  No. 3125, p 5, Apri l  2, 1958. 
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Instruments and Controls 

In general, instrumentation costs were doubled. Th is  was done because the number 

o f  un i ts  t o  be controlled in  the HGCR-1 would be about twice that in  GCR-2. Where units 

would not be added, as in the case of the reactor, it was fe l t  that the addit ional compli- 

cations resul t ing from the contaminated coolant would double the cost of instrumentation 

for these units. Since no fuel cladding would be used, the leak detection system of 

GCR-2 was eliminated from the costs, but, in i t s  place, $150,000 was included for 

detecting leaks in the piping system or vessels. Th is  would consist of equipment to 

locate leaks detected by sampling the air between the piping and the concrete. Because 

the containment ce l l  separates the reactor system from the control room, an allowance of 

$1,000,000 is  arbitrari ly added to  instrument costs to  cover telemonitoring of instrument 

information and television s ignals. 

Miscellaneous Laboratory Equipment 

Because o f  the contaminated coolant it i s  fe l t  that addit ional laboratory equipment 

and space would be required i n  conjunction wi th  plant operation. For th is  reason the 

GCR-2 estimate was doubled. 

Remote Maintenance Equipment 

In addit ion to  the standard items of maintenance equipment required by a plant of th is  

size, various items would be required to permit remote maintenance work on the compo- 

nents. A General M i l l s  type of manipulator would cost  from $50,000 to  $75,00O,depending 
8 

upon the trol ley and telescoping scheme used for moving it to  the point of operation. 

Telev is ion equipment for viewing what the manipulator was doing could cost another 

$15,000. If television were not used, v iewing windows which would rest r ic t  the work 

l o c a t i o n  w o u l d  be required,  a n d  there fore  t e l e v i s i o n  for u s e  i n  HGCR-1 m a i n t e n a n c e  w a s  

included in  the costs. 

I f  defective equipment i s  t o  be removed from the operating system and sent to  a hot 

ce l l  for repair, the cost  of the hot  c e l l  must be included. The cost, $175,000, of a hot 

c e l l  constructed for the Oak Ridge Research Reactor (ORR),9 approximately 10 f t  square 

and 12 ft high, was used as a basis for estimating the cost of necessary remote main- 

tenance equipment for the HGCR-1. It was assumed that a motor-blower set would be the 

largest item of equipment which might have t o  be disassembled or repaired in the hot cel l .  

Th is  u n i t  would be approximately 12 f t  in diameter and 24 f t  long. To be able to  work on 

such a u n i t  with remotely control led manipulators in  a hot  c e l l  would require a c e l l  a t  

~~ ~~ 

'Personal communication from C. A. M i l l s  to V. J. Kelleghan, Nov. 1958. 
9T. E.  Cole and J. A. Cox, D e s i g n  and Operation of the O R R ,  1958 Geneva Conference 

Paper No. 420. 
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least 40 f t  x 32 f t  x 20 f t  high. Based on the ORR ce l l  cost of $155 per cubic foot, the 

large ce l l  would cost approximately $4,000,000 i f  the cost per un i t  volume were the same. 

Equipment for t h i s  cel l ,  which would include a manipulator and other tools, was estimated 

to cost $400,000. 

The removal of a motor-blower set would require a remote manipulator within the 

motor-blower ce l l  or a remotely placeable and operable pipe-cutting and welding 

mechanism. Present work a t  ORNL on welding with remote manipulators indicates that 

such cutt ing and welding may be possible. In order to estimate a dol lar value for th is 

operation it was assumed that one manipulator and televis ion system would be avai lable 

for each motor-blower cubicle, along with one portable manipulator that could be placed 

as needed in any cel l .  Th is  would be equivalent to a two-armed man able to  work in  the 

radiat ion field. It was also presumed that welding with remote manipulators would be 

feasible by the time required, so the cost of a remote welding machine was not included. 

Th is  would mean a cost of 

9 x 75,000 = $675,000 for manipulators, 

8 x 15,000 = $120,000 for te levis ion equipment . 
Addit ional tools and fixtures to  be used by the manipulators were assumed to cost  

$200,000 to give a total cost of a l l  th is equipment of $1,000,000. In  order to provide 

some margin in  the event special tools were required, the estimate was then doubled. 

Remote manipulators would be required for operation of the pumping equipment for 

handling the contaminated hel ium and for the hel ium purif icat ion systems. For est imating 

purposes it was assumed that one manipulator would be used in  the contaminated hel ium 

storage area and one in  each of the two helium purif icat ion systems. Th is  amounts to an 

al lawance of $500,000. 

Thus the total capital charge to  remote maintenance equipment i s  as fo l lows: 

H o t  ce l l  $4,000,000 

H o t  ce l l  tools 400,000 

Remote tools and viewing equipment 

(in primary system cells) 2,000,000 

Remote tools ond v iewing equipment 

(in auxil iary equipment ce l ls )  500,000 

Total  $6,900,000 

Containment Vessel 

The cost o f  the containment vessel i s  comprised of the cost o f  the foundation for the 

It i s  estimated that the foundation would require 

The vessel cost was obtained by 

sphere and the spherical shel l  i tsel f .  

about 16,200 yd3 a t  $60 per cubic yard, or $972,000. 
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extrapolating a Chicago Bridge and Iron Company estimate for two spheres, 200 f t  and 

210 f t  in diameter, to  obtain an estimate for the 220-ft-dia containment vessel for the 

HGCR-1. Th is  gave a cost of $2,900,000 for the vessel. Costs for cool ing and f i l ter ing 

the c e l l  ambient air were then added, as wel l  as the costs of providing access and 

venting. It was assumed that these added costs would be $250,000, and thus the total 

ce l l  cost  would be $4,122,000. 

Steam Plant  Equipment 

The steam plant equipment for the HGCR-1 has not  been studied. Without a design, 

i t was fe l t  that the capacity ra t io  to  the 0.6 power times the GCR-2 cos t ”  might give a 

reasonable estimate. For the HGCR-I, this factor i s  (z,”’” =2.64 . 

Accordingly, the GCR-2 steam plant costs were mult ipl ied by th is  factor to  arr ive at  the 

steam plant costs for the HGCR-1. 

Turbine and Elect r ica l  Equipment 

It was assumed that the cost  of the turbines and other electr ical auxi l iary equipment 
1 1  would vary direct ly wi th  the power level. 

Moderator and Reflector 

The estimate of the cost  of fabrication of  the graphite moderator and reflector was 

evaluated in  the fol lowing manner. The material cost was based on the use of National 

Carbon Company TSF-grade graphite a t  62d per pound, with the raw blocks having I - in .  

oversize dimensions for machining. Since special extrusions were not recommended by 

the National Carbon Company to  reduce costs, the cross-shaped moderator blocks were 

assumed to  be machined from solid, square, graphite blocks. Machining estimates were 

obtained from the Y-12 graphite machine shop. A contingency of 30% was added to  al low 

for design refinements. The cost of instal lat ion of the blocks was assumed to be 20@ per 

pound of finish-machined graphite, wi th  a contingency of 33% added to  a l low for design 

uncer to i n t ies. 

The instal led cost of the graphite moderator and reflector prism 35 f t  in  diameter and 

25 f t  high containing 2,136,000 Ib  of graphite (net weight) i s  summarized below: 

’OW. L. Nelson, Cost-imating, p 57, pamphlet compiled from O i l  and Gas Journal. 

”M. Bender and R. D. Stulting, Cos t  Comparisons of Capital Investment  in Various Nuclear 
Power P lan t s  for Central Station Appl icat ion,  ORNL CF-58-10-49 (Oct. 14, 1958). 
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R a w  mater ia l ,  3,992,000 Ib $2,475,000 
Machining 154,000 
Machining contingency 46,000 
P ackagi ng 19,000 

Fabrication subtotal $2,694,000 

Shipping 67,000 
I n s t a l l  at  ion 567,000 
Ins ta l la t ion  contingency 170,000 

Instal lat ion subtotal $ 804,000 

Total installed cost $3,498,000 

Summary of Capital Costs 

The capital costs discussed above are compiled and tabulated in Tables 7 and 8. 

Table 7. Capital Costs 

Listed by FPC account numbers 

10. Land and land rights (double GCR-2) $ 900,000 

11. Structures and improvements 

111. Preparation of s i t e  (double GCR-2) 1,400,000 

113. Powerhouse 

A. Substructure 5,600,000 
B. Superstructure (1 15 x 420 X 60 + 50 X 70 X 60) ft3 at $2 per f t  3 6,216,000 

118. Shoreline improvements 

Intake and discharge canals, including weir  (5.O2)Oe6 (410,000) 1,080,000 

Total structures and improvements $1 4,296,000 

13A. Reactor plant facilities 

13A1. Reactor shielding 

Neutron curtain 
Biological shield wolls, 25,800 yd3 a t  $150 per yd 
Shield cool ing 

3 
75,000 

3,870,000 
100,000 

Total shielding 

Reactor pressure vessel, including supports and insulat ion 13A2. 

13A3. Graphite 

13A4. Fuel-handling equipment 

Loading machinery 
Service machinery (including tools) 
Indexing chutes 
Loading racks 
Television inspect ion cameras 

Dry storage room and element-hand1 ing equipment 

Fuel transfer dolly 

Total  fuel-handling equipment 

$ 4,045,000 

3,500,000 

3,498,000 

550,000 
550,000 
250,000 
60,000 
50,000 

175,000 
100,000 

$ 1,735,000 
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Tab le  7 (continued) 

13A6. Hel ium sys tem 

Helium storoge and evacuotion system 882,000 
He l i um cleanup system 128,000 

He l i um piping, inc lud ing valves, expansion joints, and insulation 3,560,500 

Blowers and motors, inc lud ing containers 7,104,500 

To ta l  he l ium sys tem $1 1,675,000 

13A7. Instruments ond controls 

Instrument boords 
Loco1 inst ruments 

Heal th  phys ics monitors 

Control rods and dr ives 
Leak-detect ion system 

Telemetering to  outside of containment ce l l  

Communications and miscel  Ianeous 

566,000 
180,000 
200,000 
463,500 
150,000 

1,000,000 
124,000 

To ta l  instruments and controls 

13A8. Steam generators, inc lud ing insu la t ion  

13A9. Miscel laneous laboratory equipment 

13A10. Containment c e l l  

13A11. Ho t  ce l l  and remote-maintenance equipment 

To ta l  reactor plant f a c i l i t i e s  (13A) 

138. Steam plant equipment 

Feedwater equipment 

Water supply and treatment system 

Steam plant boards, instruments, and controls 

Steam p lant  p ip ing 

$ 2,683,500 

17,250,000 

100,000 

4,122,000 

6,900,000 
~~ 

$55,508,500 

1,700,000 

2,440,000 

1,115,000 

3,580,000 

Tota l  steam plant equipment $ 8,835,000 

14. Turbine-generator units, to ta l  

15. Toto1 accessory e lec t r i ca l  equipment 

60,400,000 

20,500,000 

16. Miscel laneous power plant equipment, to ta l  (double GCR-2) 1,750,000 
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Tab le  8. Summary o f  Capi to l  Costs  

L i s t e d  by FPC account numbers 

10. Land  and land r ights  $ 900,000 

11. St ructures ond improvements 14,296,000 

13A. Reactor s y s t e m  55,SO 8,500 

E. Steam sys tem 8,835,000 

14. Turbine-generotor p lan t  60,400,000 

15. Accessory e l e c t r i c a l  equipment 20,500,OO 0 

16. Miscel loneous power plant equipment 1,750,000 

Di rect  c o s t s  subtotal 

Ind i rect  c o s t s  (15% of d i rect  costs)  

$162,189,500 

24,328,500 

Subtotal $186,518,000 

Escalat ion at 5% per year for ha l f  of construct ion period (2 years) 22,38 2,000 

Subtotal $208,900,000 

41,780,000 

25,068,000 

Contingency (20% of d i rect  costs ,  indirect  cos ts ,  and esca la t i on )  

Design, inc lud ing cont ingency (12% of d i rect  c o s t s ,  indirect  
costs ,  and escalat ion)  

Tota l  $275,748,000 

O P E R A T I N G  C O S T S  

General 

The operating costs fa l l  into two categories: (1) those associated with the fuel and 

(2) the operating costs exclusive of the fuel. The latter include wages, supplies, and 

maintenance, and the former include fuel replacement fabrication, reprocessing, and 

burnup. All these costs are summarized i n  Table 9, and each item i s  described separately 

below. For most charges the costs indicated for the HGCR-1 were modified from 

corresponding costs for the GCR-2. In a few instances the GCR-2 costs are known to be 

in  error, as by the omission of such charges as the recovery process, the conversion of 

UO,(NO,), to UF,, transportation costs, and conversion of plutonium ni t rate to  the metal. 

However, these errors are small and would be applicable to both the GCR-2 and HGCR-1 

costs, and were therefore also omitted in th is  study so that these resul ts would be more 

direct ly comparable to the published GCR-2 costs. 

Wages 

A staf f  of 100 was specif ied for the operation of the GCR-2. However, the HGCR-1 

has t u i c e  as many turbogenerators (that is, eight 157-kw units), and, accordingly, the 

operating stoff of the HGCR-1 was estimated to be 200, including supervision but not 
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Table  9. Summary of Operating Costs 

Annual Cost M i l l s  per Kilowatt-Hour 

Wages (200 men at $6000 per year) 

Supplies (H20, He, lubrication, etc.) 

Maintenance 

F u e l  fabrication (for replacement at $32.38 per 
kg of U) 

Fue I reprocessing (mu I t  ipurpose plant) 

Fuel  burnup ( less Pu  credit a t  $12 per g) 

F u e l  in process (for 66% of inventory at  4% per year) 

$1,200,000 0.16 

1,000,000 0.13 

3,100,000 0.42 

2,740,000 0.37 

1,440,000 0.20 

6,180,000 0.83 

495,000 0.07 

2.18 

maintenance labor, as discussed below. 

the annual cost for wages would be $1,200,000. 

A t  an average cost of $6000 per man per year, 

Supplies 

The cost of water, lubrication, helium, and sundry supplies for the operation and 

maintenance of the plant, exclusive of the replacement items which were included i n  the 

capital costs and the contaminated components discussed below, was estimated to be 

$1,000,000, that is, approximately 2% times the comparable GCR-2 cost. 

Maintenance 

The portion of the maintenance costs that would be chargeable to operating costs was 

estimated a t  $2,600,000 per year. Of this amount, $600,000 was for maintenance labor a t  

the plant, $1,500,000 for consumed spare parts and tools, and $1,000,000 for the disposal 

of contaminated used parts and tools. In v iew of the uncertaint ies associated with the 

maintenance of a large contaminated system (see Chap. 9), each of these three items was 

intentional ly estimated high. The maintenance labor al lowance provides for 100 men at 

$6000 per year. The $1,500,000 al lowance for spare parts i s  suf f ic ient  to cover the cost 

of one of each of the replaceable system components, as we l l  as  service tools. 

In addit ion to  the charge l i s ted  here as an operating expense under maintenance, 

there are a t  least two other s igni f icant cost  items "hidden" elsewhere in  the power 

costs which are direct ly attr ibutable to maintenance in  th is  plant - the plant factor and 

spare components. 

In view of the d i f f i cu l ty  of effect ing hot maintenance, the plant factor was decreased 

from 0.80, as in  the GCR-2, to  0.75. At  the same time it must be appreciated that the 

HGCR-1 has on-stream fuel loading and a lower expected fuel element fai lure rate, both 

of which should help improve the relat ive HGCR-1 down time. 
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The maintenance philosophy of the HGCR-1 would be to  remove a defective compo- 

nent from the system, replace it wi th a spare unit, and either dispose of or service the 

defective un i t  in a special hot cel l .  Accordingly, there are other charges included under 

capital costs for the in i t ia l  purchase of spare components, remote tools, and handling 

equipment, as wel l  as the hot shops. 

Fuel  Element Fabrication 

The cost estimate for the fabrication o f  the in i t ia l  graphite fuel element loading was 

based on the items described below and summarized in  Table 10. 

Table 10. Fuel Element Fabrication Costs for HGCR-1 

Total Cost Cost per Kilogram of U* 

Graphite stock $ 525,000 $ 6.15 

Processing UF6  to U02 

Graphite-U02 sintering 

Machining 

1,158,000 

100,000 

506,000 

1 3.56 * * 

1.17 

5.93 

Machining contingency 152,000 1.78 

Cementing 

Packaging 

Miscellaneous 

Total 

54,000 

19,000 

251,000 

0.63 

0.22 

2.94 

$2,765,000 

Annual charge at 14% per yeor 387,000 

*$13.56 per kilogram of U, $12.00 per kilogram of U02. 
**Uranium content taken a s  85,390 kg. 

In an effort to  reduce the material cost  o f  graphite, the feasibi l i ty  of extruding special 

shapes, such as angles, channels, and hol low squares, was discussed with the National 

Carbon Company.12 These shapes could be extruded; however, i t  was the opinion of the 

National Carbon Company that the cheapest solution would be to machine sol id square 

stock into two channel sections, insert the fuel element plates, and then dowel ond 

cement the channel sections together. The cost estimate was based upon the latter 

method o f  fabrication and assembly of the fuel element. 

The stock cost was based on the use of National Carbon Company TSF-grade graphite 

F i ve  a t  6 2 d  per pound, wi th raw blocks having 1-in. oversize dimensions for machining. 

per cent spoilage was assumed. 

12Personal communication, S. W. Palmer, National Carbon Company, to G. C. Robinson, 

Oct. 20, 1958. 
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Uranium oxide processing costs, that is, chemical processing, firing, and grinding to 

the desired part icle s ize and density, were obtained from the Y-12 Process Analys is  

Group.” The cost of sintering the 

uranium oxide (25% by volume) and graphite (75% by volume) mixture to form the fuel 

plates was taken to  be 62$ per pound of graphite. Although the sintering cost is  un- 

certain, several possible errors would cause an error of only about 10% in the total 

estimate. 

The estimated cost  was $12 per kilogram of UO,. 

Machining estimates were obtained from the Y-12 graphite machine shop. A 

contingency of 30% was added to a l low for design refinements such as dowels, keys, and 

bolts, which could possibly be required in  the fabrication o f  the fuel element. 

Cementing of the channel pieces was assumed to take place in a s l ight ly  reducing 

atmosphere a t  -6OOF dew point a t  120OOC temperature in a continuous belt-driven 

furnace.14 Costs were based upon an approximate current rental fee charged by outside 

shops, $35 per hour, with belt  speeds of approximately 15 to 30 fph.15 

Miscellaneous costs were taken to be 10% of  the subtotal o f  a l l  previous costs. 

Th is  cost  was arbitrari ly taken i n  order to provide a contingency to cover the uncer- 

taint ies in  the other fuel fabrication costs, such as the graphite coating discussed in 

Chap. 4. 

For  the HGCR-1, the UO, was considered to have a density o f  10.4 g/cm3 and to be 

25% by volume of a fuel element p la te having a cross section of 4.5 by 0.372 in. These 

figures resul t  in  a uranium inventory o f  85.39 tonnes (96.88 tonnes o f  UO,). (Note that 

the specif ic power for the HGCR-1 system i s  36.2 w/g as compared wi th  4.95 w/g for 

GCR-2.) The fuel element fabrication cost contributes to  the power cost  in two ways: 

(1) fabrication of the f i rs t  core, which i s  discussed below under “Total  Power Cost,” 

and (2) fabrication of replacement fuel elements, which i s  regarded as an operating 

exp en se. 

Although no l i fe t ime studies were performed, the fuel exposure of 10,000 Mwd/tonne 

of uranium used i s  conservative on the basis o f  GCR-2 data. However, l i fe t ime studies 

should be undertaken to  obtain re l iab le  values for fuel costs. Both the HGCR-1 con- 

version rat io  and kef f  are higher than the corresponding value for the GCR-2, for which a 

fuel exposure o f  7400 Mwd/tonne was used that was based on a metallurgical l imitation. 

With an average fuel exposure of 10,000 Mwd/tonne and a load factor o f  0.75, the fuel ing 

13Personol communication, A. C. Ayers, Y-12, t o  G. C. Robinson, Oct. 20, 1958. 

14Personal communication, A. J. Taylor, ORNL, to  G. C. Robinson, Oct. 2, 1958. 

15Personol communication, W. T. Carey, Y-12, to  G. C. Robinson, Oct. 2, 1958. 
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rate for the HGCR-1 would average 84.7 tonnes of uranium per year. 

would be 84.7 x 32,380 = $2,740,000. Therefore, the contribution to the power cost i s  

The annual charge 

32,380 dollars/tonne 

24 x 0.365 x 10,000 Mwd/tonne 
= 0.37 mi l l /kwhr . 

Fue l  Reprocessing 

Fuel  reprocessing costs were based on an assumed multipurpose plant with a 1- 

tonne dai ly uranium capacity, which would require an eight-day cleanup operation after 

fuel reprocessing. Although no detai led study has been made of the reprocessing costs 

o f  a graphite-UO, fuel element, several processes are avai lable for the recovery o f  the 

spent uranium from the fuel elements.16 However, i t  i s  suspected that the cost of 

reprocessing the graphite-U0, fuel elements would be somewhat higher than that for the 

stainless-steel-clad UO, fuel elements used in  the GCR-2." In l ieu of experimental 

data, a 25% increase was assumed in  the fuel reprocessing charge per un i t  mass. A 

charge of $15,500 per tonne of uranium was used in th is study. With an average fuel 

exposure of 10,000 Mwd/tonne and a load factor of 0.75, the fuel ing rate for the HGCR-1 

would average 84.7 tonnes per year. Th is  amount of fuel would be processed in a single 

batch a t  a cost  of 

(15,500 dollars/day x 1 tonne/day x 84.7 tonnes) + 
+ (8 days x 15,500 dollars/day) = $1,440,000per year . 

The cost per kilowatt-hour i s  

1,440,000 dol lars/year 

1130 Mw x 8760 hr/year x 0.75 
= 0.20 mil l /kwhr . 

Fuel Burnup 

The fuel burnup cost, based on a $12 per gram of plutonium credit, i s  shown in 

Table 11. I t  was found that the burnup cost for a given in i t ia l  enrichment of the fuel was 

not strongly dependent upon the fuel exposure i f  the plutonium were valued a t  $12 per 

gram. Since the in i t ia l  enrichment and the plutonium credit were the same as for the 

GCR-2 and the isotopic compositions a t  10,000 Mwd/tonne fuel exposure were taken from 

the GCR-2 results,18 the resul t ing burnup costs for the two systems are similar. HGCR-1 

l i fet ime studies are expected to resul t  in  a reduction in  the burnup cost. 

16F. E. Faris, Reactor Sci. Technol., vo l  2, No. 4, TID-2004 (Dec. 1952). 

"Personal communication, H. E. Goeller, ORNL, t o  W. B. Cottrell, ORNL, Dec. 1, 1958. 
"The O R N L  Gas-Cooled Reactor,  ORNL-2500, Fig. 2.35 (April 1, 1958). 
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Table  11. Fuel Burnup Cost  

Annual replacement rate of 84.7 tonnes of U per year, exposure of 
10,000 Mwd/tonne, $12 per gram of Pu  credit  

Annual Cost 

$18,600,000 

6,520,000 

In i t ia l  value of fuel 2% enriched in  U235 at  $220 per kg 

Value of spent fuel containing 1.0% U235 at $77 per kg 

Net  U235 burnup $ 1  2,080,000 

Plutonium credit  (5.8 g of Pu  per kg of U) 5,900,000 

N e t  fuel burnup cost 

Net  cost, mills/kwhr 

$ 6,180,000 

0.83 

Fuel in Process 

The out-of-pile fuel holdup times were assumed to be the same a s  those used for the 

GCR-2, that is, eight months, Since the average fuel replacement rate i s  99% per year, 

that is, 84.7 tonnedyeor  divided by the 85.39-tonne inventory, the out-of-pi le inventory 

i s  (8/12) x 99 = 66% of the in-pi le inventory. The rental charge for the out-of-pile 

inventory w i l l  be 66% of the in-pi le inventory, and thus, as mentioned below, the annual 

and power costs are $495,000 per year and 0.07 mill/kwhr, respectively. 

T O T A L  P O W E R  COST 

Fuel  Inventory Costs 

Included in the f ixed costs is a rental charge for the uranium (which i s  owned by the 

AEC) based upon the in i t ia l  value of the fuel. The rate currently established by the 

AEC i s  4% per year. For the HGCR-1 the uranium inventory would be 85.39 tonnes. A t  a 

value of $220,000 per tonne for uranium enriched to 2% U235,  the uranium inventory would 

be valued a t  $18,800,000. For a load factor of 0.75, therefore, the contribution to the 

power cost i s  

$18.8 x l o 6  x 0.04 per year 

1130 Mw(e) x 8760 x 0.75 hr/year 
= 0.10 mil l /kwhr . 

An annual capital charge must a lso be applied to the cost of fabrication of the f i rs t  

set of  fuel elements. An annual rate of 14% has been applied in th is case as for the 

other investment items. For the HGCR-1 wi th  a fuel fabrication cost of $32.38 per 

kilogram of uranium, th is charge amounts to 

32,380 dollars/tonne x 85.39 tonnes x 0.14 per year 

1130 Mw(e) x 8760 Y 0.75 hr/year 
= 0.05 mill/kwhr . 
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The two f ixed fuel charges add 0.15 mi l l / kwhr  to the power cost, as shown in 

Table 12. 

Tab le  12. Comparison o f  Cos t  and Performance Data for HGCR-1 and GCR-2 

GCR-2* HGCR-1 
~~ ~ 

General data 

Net  e lec t r i ca l  rating, Mw 

Tota l  generator rating, Mw 

Thermal efficiency, over-all, % 

Steam pressure, ps i0  

Steam temperature, i n i t i a l  superheater, O F  

P lan t  factor 

Investment data (dol lars per kilowatt, base) 

(310) Land 

(31 1) Structures and improvements 

(312) Reactor plant 

(314) Turbine-generator plant 

(315) Accessory e lec t r i ca l  system 

(316) Miscel laneous plant equipment 

To ta l  

Total, less  reactor 

Cost of energy (mi l ls /net kwhr), f ixed charges 

A. P lan t  cos ts  at 14% 

8. Fue l  inventory at  4% 

C. Fue l  element fabr icat ion at 14% 

Tota l  f ixed 

Operating costs (mi l ls /net kwhr) 

A. Wages ( including supervision) 

B. Supplies, water, lubrication, etc. 

C. Maintenance (equipment and wages) 

D. Fue l  

To ta l  operating 

Tota l  power 

2 25 

252 

32.8 

950 

950 

0.80 

3.12 

53.33 

57.60 

83.25 

28.32 

6.06 

33 1.68 

174.08 

7.42 

0.76 

0.38 

8.56 
- 

0.38 

0.25 

0.26 

1.73 

1130 

1256 

36.5 

1450 

1050 

0.75 

1.22 

19.35 

87.10 

81.75 

27.75 

2.37 

219.54 

137.11 

5.20 

0.10 

0.05 

5.35 

0.16 

0.13 

0.42 

1.47 

2.62 2.18 

11.18 7.53 

*The  Gas-Cooled Reactor, ORNL-2500, pt  1, p 15 (Apr i l  1, 1958). 
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c3 
Power Cost 

The total cost  o f  power from the HGCR-1 i s  given in Table 12. The table combines 

the capi ta l  costs (with contingency and escalat ion as shown in Table 8) and fuel in- 

ventory charges with the operating cost (Table 9). Also shown in  Table 12 are the 

comparable figures for the GCR-2. 

C O M P A R I S O N  O F  H G C R - 1  A N D  G C R - 2  POWER COSTS 

Direct  comparison of the cost of power from the two reactors, as summarized in 

Table 12, can be misleading because of the disparity in  s ize between the two plants. 

Furthermore, there i s  no good means of obtaining comparable cost  figures short of 

opt imizing both reactor designs for the same size plant. An attempt was made, however, 

to est imate the cost o f  power trom an 113O-Mw(e) GCR-2 type of power plant in which heat 

would be generated in  four 282-Mw(e) GCR-2 type reactors. A total of four rather than 

f i ve  reactors was chosen for th is comparison i n  order to  al low for some modif icat ions i n  

the GCR-2 design. In the capital cost  summary given in Table 13 for the scaled-up 

GCR-2 type of plant, the fo l lowing assumptions are implici t ,  although the actual scale 

factor in  most instances is  admittedly only a best Guess: 

1. Since power plant s i tes always require the bulk of the area for auxi l iary fac i l i t i es  

and construction, land costs would not exceed tw ice  those for GCR-2, although s i te  

preparation costs would be treble because of the addit ional bui ldings required. 

2. Careful arrangement of the reactors and consolidation of the turbine instal lat ion 

would reduce the cost of structural improvements per un i t  o f  capacity. 

3. The reactor vessel and core would real ize some un i t  cost  savings by increased 

quanti t ies and broader distr ibution of tool ing costs, even though the individual pressure 

vessels would be somewhat larger. 

4. Graphite un i t  costs would remain the same, but  the amount required might not 

vary direct ly wi th power. 

5. Fuel service equipment could be managed in a way which would give a higher 

u t i l i za t ion  factor by programing reactor refuel ing cycles so that fuel ing machinery could 

be used for more than one reactor. 

6. Blower, steam generator, and instrument costs would benefi t  from quantity 

purchase, and some saving over an increase proportional to power was assumed. 

7. Steam plant equipment and shoreline improvement costs could be scaled on the 

basis of the capacity rat io to  the 0.6 power. 

8. Turbine and electr ical  equipment would vary direct ly w i th  the power level, 

although a small  saving for quantity purchase was allowed. 

9. Miscellaneous power plant equipment and laboratories costs would be increased 

but to not more than tw ice  the GCR-2 cost. 

10. A l l  top charges were taken to be the same as in the HGCR-1 estimate. 
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Tab le  13. Capi ta l  Cost Est imate for 1130-Mw GCR-2 Type o f  Reactor 

Based on Scaling GCR-2 Costs 

Scale Factor Cost Estimate 

10. 

11. 

130. 

13b. 

14. 

15. 

16. 

Land 

Site preparation 

Power house 

Shore1 ine improvements 

Reactor shielding 

Pressure vessel  

Graphite 

Fue l  handl ing 

Gas system 

Instruments and controls 

Steam generators 

Miscel laneous laboratory equipment 

Steam plant equipment 

Turbine equipment 

Accessory e lec t r i ca l  

Miscellaneous equ i pment 

Direct  cas ts  subtotal 

Indirect  cos ts  at 15% 

Subtotal 

Escalat ion at  12% (6% for 2 years) 

Subtotal 

Contingency (20% of d i rec t  costs, indirect  costs, 

and escalation) 

Design (12% of direct  costs, ind i rec t  costs, and 

esca la t i  on) 

Grand to ta l  

2 

3 

3.5 

(5.02)(0’6’ 

4.5 

4 

4.9 

3 

4 

4 

4 

2 

(5.02)(0’6) 

4.9 

4.9 

2 

$ 900,000 

2,100,000 

23,000,000 

1,080,000 

6,900,000 

9,300,000 

14,700,000 

3,700,000 

15,400,000 

7,800,000 

21,800,000 

100,000 

8,800,000 

59,000,000 

20,000,000 

1,750,000 

$196,330,000 

30,450,000 

$226,780,000 

27,213,000 

$253,993,000 

50,799,000 

30,479,000 

$335,27 1,000 

The result ing costs of power from a 225-Mw(e) GCR-2 and from an 113O-Mw(e) GCR-2 
type of plant are shown in  Table 14. The capital cost  charge for the 1130-Mw(e) GCR-2 
plant was obtained from Table 13 by assuming an annual interest charge of 14% and an 

0.80 load factor. The fuel inventory fabrication and cyc le  costs were held constant. 

The charge for wages was reduced because of some savings in administration and 

maintenance despite the mul t ip l ic i ty  of units, but supplies and maintenance costs were 

not affected. 
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c3 
Table 14. Estimated Power Costs from 225-Mw(e) GCR-2 Plant 

and 113O-Mw(e) GCR-2 Type of Plant 

Estimated Power Costs (milIs/kwhr) 

225-Mw(e) GCR-2 1130-Mw(e) GCR-2 

Plant costs  a t  14% 7.42 5.92 

Fuel inventory a t  4% 0.76 0.76 

Fuel element fabrication at 14% 0.38 0.38 

Wages 

Supplies 

Maintenance 

Fuel 

Total 

0.38 

0.25 

0.26 

1.73 

11.18 
- 

0.27 

0.25 

0.26 

1.73 

9.57 
- 

Some additional improvements in  the GCR-2 design were postulated in the original 

design study,” but in  view of subsequent work it would be premature to take credit for 

th is  uncertain potential. It may be shown, however, that a modif icat ion to double the 

specif ic power of the GCR-2 by increasing the al lowable fuel element surface temperature 

I O O O F  might effect a reduction of more than 0.5 mi l l / kwhr  in  the power cost. Such 

extrapolations as these are extremely tenuous and assume the feas ib i l i ty  and practi- 

cabi l i ty  o f  a modification that only a detai led design study could substantiate. 

There are a t  least two considerations which have not been mentioned in comparing 

HGCR-1 and GCR-2 costs, both o f  which argue the disadvantage o f  the HGCR-1: 

1. Contingency factors for the HGCR-1 may need to be higher in  relat ion to the 

GCR-2 because of the greater extension of technology. 

2. Design costs for the GCR-2 design are l i ke ly  to represent a smaller percentage of 

the capital investment than for the HGCR-1, but both are probably too high. 

It i s  significant, however, that for reactor plants o f  th is  capacity an error of $4,000,000 

in the charges to capital costs represents a dif ferential of only 0.1 milI/kwhr i n  the power 

cost. Thus the saving that might accrue from the construction of a large GCR-2 type of 

plant in  which the design and contingency costs were ha l f  those al lowed in  Table 13 

would be equivalent to about 1 mill/kwhr. 

In  v iew of the many uncertainties inherent in  the costs and the extrapolations which 

have been presented in  th is  report, undue merit should not be given to  the absolute value 

of the cost  f igures herein. The re la t ive costs of components and power of two systems 

analyzed on a comparable basis are of much greater significance. The estimated cost  of 

19The O R N L  Gus-Cooled Reactor, ORNL-2500, pt 1, p 16 (April 1, 1958). 
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power for the ll3O-Mw(e) GCR-2 type of system i s  of interest not only because i t  i s  

appreciably less than that for the GCR-2, but also because i t  i s  s t i l l  s igni f icant ly higher 

than that for the HGCR-1. Th is  cost  analysis does not include development costs, and 

no attempt was made in th is analysis fo provide a ref ined correction of escalation. As 

the numbers stand, a l l  components of both plants were assumed to be developed, both 

plants were to be completed in  four years, and the costs were escalated accordingly. 

It cannot be claimed that the spread in  the cost of power between these two systems 

i s  absolutely irretrievable, although an underestimate o f  the HGCR-1 by about 20%, or an 

overestimate of the 113O-Mw(e) GCR-2 by a comparable amount, would be required to  

change the competitive cost  posit ion of these two plants. Not only would these errors in  

costing have to be applicable to only one of the two plants (otherwise the equalizing 

effect would be nul l i f ied), but they would represent a sum o f  approximately $80,000,000 
in capi ta l  charges, or $15,000,000 in  annual operating expenses. While i t  i s  conceivable 

that large sums of money may be required for the development work on contaminated 

systems, i t  does not seem l i ke l y  - granting the feasibi l i ty  of the equipment and fuel 

elements assumed herein - that as  large a uni lateral error in  costs as indicated above 

ex is ts  in  the nth generation of either of the two plants. 
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11. DISCUSSION AND RECOMMENDATIONS 

Al l  the advantages generally associated wi th  high-temperature operation may be 

claimed for the contaminated gas-cooled reactor. A low-temperature system could also 

be contaminated, but in  th is  instance contamination results from the desire for high 

temperatures and the inabi l i ty  of exist ing materials to contain f iss ion products wi th in  

the fuel elements at temperatures of approximately 200OOF and above. 

With the high-temperature fuel element, a large temperature difference ex is ts  between 

the fuel element and the coolant, which results in  high heat f luxes and high power den- 

s i t ies  in  the reactor. These, i n  turn, tend to reduce both reactor capital costs and fuel 

charges. By  increasing the outlet gas temperature (15OOOF was the design condition for 

these studies), lower steam generator costs result because of the high heat transfer 

eff iciencies on the control l ing gas side. 

Although it i s  necessary because o f  the desired temperature (>20OO0F for the fuel 

element) to employ refractory fuel elements, i t  would be quite surprising i f  the fuel 

element selected for th is  study were to prove to be the optimum combination of ma- 

ter ia ls  and configuration. Phys ics and heat transfer studies should be performed on a 

number o f  other promising fuel element configurations. A U02-graphi te fuel element of 

the type proposed does appear to be very attractive, but many o f  the particular features 

remain to  be proved. The inclusion o f  the 200-p UO, part icles wi th  75 vol % graphite 

to  form plates o f  the required structural and irradiation integri ty should be demonstrated, 

as wel l  as the manufacture o f  the box-type fuel element assembly. Not only are other 

fuel element configurations possible, but i t  might be expected that studies on the 

densif icat ion o f  graphite and on surface coatings would have signif icant implications 

for the release o f  f iss ion products from these fuels. While not spec i f ica l ly  mentioned, 

it i s  intended that future studies should include ceramic fuel elements, as wel l  as 

graphite-coated and ceramic-coated graphite fuel elements. 

The physics calculat ions were performed as a function o f  a number of parameters 

wi th  values i n  the v ic in i ty  o f  those o f  the f inal design. Although th is  l imited approach 

indicated that the design was not far from optimum, these and other parameters should 

be further examined. Enrichments less than 2% may be advantageous i n  th is  system in  

which the parasit ic absorptions are so low that the higher conversion rat ios associated 

wi th  lower enrichment might compensate for the lower U235 concentration. Detai led 

l i fe t ime studies were not performed, and it i s  probable that l i fe t imes greater than 

10,000 Mwd/tonne could be attained. Other fuel element configurations may have nu- 

clear, as wel l  as thermal, advantages, part icularly wi th  regard to the resonance escape 

probabil ity, which i s  a function of the fraction of moderator mixed with the fuel, fuel 

element temperature, etc. 
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The control problems associated with th is  reactor were examined only cursorily, 

but a number o f  interesting questions has evolved. The probable change in  the fuel 

temperature coeff icient wi th exposure, the xenon poisoning, and the effect of control 

rods on the power distr ibution must be examined analyt ical ly, as wel l  as the effect o f  

the “xenon tilt.” 

An area o f  part icular concern in  th is  study has been the calculat ions on the release 

o f  ac t i v i t y  from the fuel. The data for the release of f iss ion products from UO, were 

based on dif fusion of krypton from UO,. The dif fusion o f  other f iss ion products from 

UO, i s  s t i l l  unknown. The calculat ions of dif fusion of f iss ion products from graphite 

were based on l imi ted data for smaller specimens which were tested at higher tempera- 

tures than of interest to the HGCR-1. The appl icabi l i ty  of the analyt ical model which 

permitted the calculat ion of ac t i v i t y  released with the fuel element and temperature i n  

question should be ver i f ied experimentally. These studies should then be extended to 

an investigation of techniques which would reduce the fission-product release. 

Int imately associated with the problem of the release o f  ac t i v i t y  i s  the ult imate dis-  

posi t ion o f  the ac t iv i t y  in the primary system. Ac t i v i t y  may be removed from a circu- 

lat ing f lu id  by deposit ion on the wa l ls  of the system, holdup i n  a puri f icat ion system, 

leakage from the primary system, and decay. Since there i s  no control over the process, 

and leakage from a contaminated system must be minimized, deposition and pur i f icat ion 

are the important parameters to  be manipulated. Unfortunately, suitable techniques have 

not been developed to f i l te r  the main gas stream economically (assuming that th is  would 

be desirable). A t  the same time, ac t i v i t y  deposition rates from a contaminated gas 

stream are v i r tual ly unknown. Experimental work would have to be performed in  order 

to establ ish deposit ion rates for the important act iv i t ies.  These results would have 

signi f icant implications for both the purif icat ion technique and maintenance require- 

ments, since, i f  the deposit ion rates are high, the ac t iv i t y  could plate out on the wa l ls  

of the primary system before i t  had a chance to be removed by the purif icat ion system 

unless the latter were to consist  of a total stream f i l ter  rather than a bypass cleanup 

system. 

The maintenance cost o f  a contaminated system i s  d i f f i cu l t  to estimate even after 

deciding on a part icular maintenance philosophy. Inasmuch as the maintenance phi los- 

ophy i s  dependent on the calculated ac t iv i t y  releases, the locale and rates of deposi- 

tion, and the effect iveness of the cleanup system, maintenance may actual ly be some- 

what simpler than proposed herein. Nevertheless, i t  i s  d i f f i cu l t  to conceive of a system 

i n  which remote cutting, grinding, welding, and inspection w i l l  not be required. These 

techniques should be developed for pipe sections of a fraction of a foot i n  diameter up 

to the 6- and 7-ft-dia ducts used in  large gas systems. 
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The sui tabi l i ty  of decontamination techniques and their ab i l i t y  to attain the desired 

decontamination factors should be considered further. If decontamination permitted 

direct maintenance o f  components i n  the gas loop external to  the primary shielding, i t 

would result i n  a considerable saving. In any event, decontamination of equipment re- 

moved from the system would expedite maintenance, even i f  i t  were not practical to  de- 

contaminate in  place. 

Closely associated with the maintenance problem i s  the plant layout. To simpl i fy 

the work, the basic layout o f  the GCR-2 formed the basis for t h i s  study, but other lay- 

outs might prove substantial ly better and should be studied. Here a compromise must 

be made between the desire to spread the system out to expedite remote maintenance 

and the cost o f  larger cel ls, building, and containment vessel. While the entire system 

could have been enclosed in  a containment vessel some 50 f t  in  diameter less than that 

shown in  the f inal design, the additional space was provided for remote access to the 

equipment. In th i s  connection the feasibi l i ty  of containment provisions other than that 

provided by the containment sphere should be investigated. 

Although further analyt ical  studies are needed, part icular ly in  areas such as physics 

and heat transfer, much pertinent basic information does ex is t  that can be developed 

into design data only through an experimental program. At the present time i t  would 

appear that the greatest returns could be real ized from an in-pi le loop in  which fu l l -  

scale unclad fuel elements could be tested at design temperature. The phenomena of 

ac t i v i t y  release, deposition, and purif icat ion could be studied i n  the same loop, i n  addi- 

t ion to determining the effects of radiation on various fuel elements. A substantial 

effort would also be required for the development o f  the fuel elements, decontamination 

techniques, and remote maintenance methods, as wel l  as for analyt ical  studies and for 

the analyt ical evaluation o f  the material and loop test  programs. 

T h e  r e s u l t s  o f  t h i s  d e s i g n  study i n d i c a t e  tha t  t h e  HGCR-1 c o u l d  be  e x p e c t e d  to 

produce power a t  a cost s igni f icant ly less than that for a GCR-2 type of power plant. 

Since the GCR-2 plant showed promise o f  attaining a lower power cost than that from 

any exist ing nuclear plant, i t  would appear that an extensive development program of 

the problems associated w i th  the HGCR-1 system i s  warranted. Much of the work would 

be applicable to  any reactor system designs employing unclad fuel elements. These 

and other promising designs, such as  a package un i t  in  which the reactor and heat 

exchanger are enclosed within the same cyl indr ical  pressure vessel, should be 

examined. 
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APPENDIX A. RELEASE OF FISSION PRODUCTS FROM UO, 

The fuel element designed for the HGCR-1 i s  composed of 200-p-dia part icles of 

The release of f iss ion products from UO, i s  brought about by 

( 1 )  the di f fusion o f  f iss ion products from the UO, and (2) the recoi l  of 

UO, mixed with graphite. 

two processes: 

fission-product fragments out of the UO,. 

DIFFUSION OF FISSION PRODUCTS OUT OF UO2 

The dif fusion of f iss ion products from the UO, may be estimated by the fol lowing 

expression: 1 

N z  = 4nu3 fyR  , ( 1 )  

where 

N z  = t o t a l  number o f  act ive atoms external to the equivalent sphere at any time, t ,  

u = radius of equivalent sphere, cm, 

f =  f iss ioning rate per un i t  volume, f issions/sec-cm , 
y = f i ss ion  yield, atoms/fission, 

3 

and R i s  defined by 

W 2 2 . 1 1  

and 
d = D / a  2 , sec- l ,  

D = diffusion coeff icient, cm2/sec, 

h = radioactive decay constant, sec- , 
1 = time of operation, sec. 

1 

If the total number o f  equivalent spheres i n  a cubic centimeter of fuel i s  expressed 

as 

1 

then the total  number of atoms released from 1 cm3 of fuel i s  

N = N i n  = 3 fyR  . ( 3 )  

For th is  study a power density of 1000 w/cm3 was chosen and was converted to the 

actual power density for the f inal  results. Therefore, Eq. (3) may be rewrit ten as 

N = 3 x (3 x 1 0 ’ ~ )  x ~ o ~ ~ R  

= 9 1 0 1 3 ~ ~  
( 3 4  

J. D. Eichenberg et al., E / / e c t s  o/ lrrndiation on Bulk  [IO2,  WAPD-183 (Oct .  1957). 
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In order to evaluate Eq. (3a) it i s  necessary to have adequate information about the 

dif fusion o f  f iss ion products i n  UO, a t  various temperatures. 

Since the information on the dif fusion of f iss ion products i n  UO, i s  l imited to  that 

for krypton and xenon, it was assumed for th is  study that bromine, iodine, and cesium 

would dif fuse at  the rate given for krypton i n  Fig. A . l .  The dif fusion curves given i n  a 

Geneva paper2 include addit ional data, but they were not used because they were not 

avai lable at  the t ime th is  study was begun. Although the Geneva paper data are more 

recent, a comparison o f  the curves indicates that the values used tend to give a con- 

servative result. 

The solution to Eq. (2) involves many parameters wi th  values that range over many 

orders o f  magnitude, and therefore a machine calculat ion was made on the IBM 704 to 

evaluate Eq. (2) for the fol lowing range o f   parameter^:^ 

io9 2 t 2 io5 , 
100 2 A 2 10-9 , 

lo4 2 d > =  

The solution to  Eq. (2) i s  plotted i n  Fig. A.2 for t = l o 8  and lo9  sec. Subsequent 

calculat ions were based on a fuel l i fe t ime o f  - 3  x l o 8  sec. Since the actual fuel l i fe -  

t ime would be nearer to  3 x lo7 sec, the results overestimated the escape o f  the longer 

l ived nucl ides and therefore overestimated any daughters o f  these nuclides. 

The radius o f  the equivalent sphere, a, may be found from the fol lowing expression:’ 

3P 
s ’  

a = -  (4) 

where 

p = fraction o f  theoretical density, 

s = surface area, cm2/cm3. 

A value o f  S i s  given in  ref 1 for a theoretical density o f  0.91 as S = 2.5 x lo3 .  Therefore 

= 1.09 1 0 - ~  . (3) (0.91) 
2.5 103 

a =  

Values o f  d for various temperatures were calculated by using the values of D ob- 

tained from Fig. A . l .  Then, from the data of Fig. A.2, the value of R for the given 

nuc l ide could be found by using i t s  half  l i f e  and the value of d associated wi th  the iso- 

tope at  a given temperature. Values o f  R for the various nucl ides which can dif fuse 

out o f  UO, are given i n  Table A . l .  Although many of these nucl ides are not important 

~ 

,J. Belle, Proper t ies  o/ Uranium Dioxide ,  1958 Geneva Conference Paper No. 2404. 

3W.  B. Cottrell and H. N. Culver, Machine Calcula t ion  /or the Dilfusion of Fission Products ,  

O R N L  CF-59-1-1 (Jan. 1959). 
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Fig. A.2. Graphical Solution to Diffusion Equation (2). 

gamma-ray emitters, they decay into gamma-ray emitters and are therefore important 

sources o f  ac t i v i t y  for dose-rate calculat ions. 

The important nucl ides of interest i n  th is  study are underlined in  Table A.2. Since 

many o f  these nucl ides do not dif fuse out o f  UO,, the only method of obtaining these 

nucl ides in the coolant i s  by decay of precursor nucl ides. Table A.3 indicates the 

method used to predict the number o f  atoms of a given nucl ide i n  the gas stream. In- 

cluded i n  th is  table are the equations used and def in i t ions o f  the symbols used. Table 

A.4 gives detai led resul ts for dif fusion at 1400°C, and Table A.5 l i s t s  the number of 

atoms and the ac t iv i t y  of the important gamma-ray-emitting nucl ides. 

An analysis of the resul ts for the 1400°C case indicates that the ac t iv i t y  i n  the gas 

may be approximated for the 1000 and 120OOC cases by comparing the R values a t  1400, 

1200, and 1000°C. 

Since the R values for 1000, 1200, and 1400°C are in  the fo l lowing rat ios: 

the ac t iv i t y  for the 1200 and 1000°C cases may be expressed as 
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The values of D were a l l  based on the value for krypton, and therefore the R values 

for a given value o f  h w i l l  be proportional. Th is  w i l l  not be the case for dif fusion i n  

graphite since the various elements w i l l  have different dif fusion coefficients. The 

ac t iv i t ies  for the 1200 and 1000°C cases are given in  Table A.5. 

R E C O I L  O F  FISSION P R O D U C T S  F R O M  U02 

The  range of f iss ion fragments i n  air i s 4  2.3 cm for l ight  nuclei and 1.8 cm for 

heavy nuclei. The range in  a material other than air may be expressed as 

$ E )  = O S 4  A”3  R(E)air,  cm; 

i =  0.56 (2.3), for l ight nuclei, 

= 0.56 A ” 3  (lU8), for heavy nuclei; 

puo, 
A u o ,  = A  ( U Z 3 * )  - 

P u 2 3 8  

10.5 
= 238 - = 139, 

18 
- 
R = 5.18 x 0.56 x 2.3 = 6.67 mg/cm2, for l ight  nuclei, 

R = 5.18 x 0.56 x 1.8 = 5.22 mg/cm2, for heavy nuclei. 
- 

The density o f  UO, i s  10.5 g/crn3; therefore, the range o f  the f iss ion fragments i n  

UO, i s  

- 6.67 1 0 - ~  
R =  = 6.35 x cm, for l ight  nuclei, 

10.5 

- 5.22 1 0 - ~  
R =  -4.98 x cm, for heavy nuclei.  

10.5 

With a 200-c( par t ic le  s ize (0.02 cm), 

4 4 
3 3 

volume o f  part icle =---rrr3 =-  ~ ( 1  x 1 0 - ~ ) ~  

4nx 
cm I 

- - 
3 

4 
3 

volume of outer shell = -  7 r [ [ r 3  - ( T  - R)3]  . 

4J. F. Hogerton and R. C.  Grass (eds.), The Reactor  Handbook, vol I, AECD-3645 (March 

1955). 

1 1 1  



Therefore, for the light nuclei, 

4 
3 

v = - . r r [ 1 ~ - 6  - (9.365 10-3131 

4 
= - n[ 

3 
0 - 6  - (8.213 10-711 

.787 10-71 ; 
4 

=-n[ 
3 

(0.25) 1.787 x 
fraction of fragments out = 

=4.47 x . 

(0.25) 1.787 x 
fraction of fragments out = 

=4.47 x . 
For heavy nuclei, 

(0.25) 1.421 x l o W 7  
fraction o f  fragments out = 

= 3.55 x 10-2  . 
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Table A.1. Values* o f  R for Radionuclides Di f fus ing from U 0 2  

Values of  R 

For U 0 2  a t  For U02 a t  For U02 a t  

Nucl ide x ( 5 e c - l )  1000°C and 12OO0C and 140OoC and 
d = 1.92 x 10- l2 d = 3.94 x 10 - lo  d = 4.54 x 

- 1  sec - 1  sec 
- 1  sec 

Br84 

~r~~ 

Kr87 

BrE8 

KrE8 

Rb88 

Kra9 

RbE9 

Kr9' 

Rb9' 

Kr91 

Rb91 

Kr92  

Rb92 

Kr93 

Rb93 

Kr94 

Rb94 
,131 

,132  

I 133 

I 134 

,135 

Xe 135m 

136 

,137 

~e~~~ 

c s 1 3 7  

I 138 

~e~~~ 

cs138 
I 139 

3.85 x 

1.48 x 

6.95 

6.49 x 

3.63 x 

7.50 x 

4.22 

8.25 

1.25 x 

4.47 x 

2.10 x 

7.08 x 

2.31 x 10-1  

8.66 x 

3.47 x 10-1 

'"6.94 x 10-1 

4.95 x 10- 

-6.94 x 10-1  

9.96 

8.02 x 

2.20 

2.89 x 

7.40 x 

8.06 

2.96 

9.25 x 

3.15 x 

8.27 x 10- l '  

1.17 x 10-1 

6.79 

3.62 

2.57 x l o - '  

2.4 x l o - '  
1 x 

1 x 10' 

1.7 x 

2.4 x 10' 

9.0 x 

6.3 

5.6 x 

5.6 

6.5 

1.5 x 

2.0 x 

7.0 x 

5.6 x 

9.0 x 

2.7 x 

4.0 x 

2.7 x lob6 
1.5 l o 3  
2.0 x l o o  

5.6 x l o 1  
4.0 x 10-1 

9.0 x 10' 

6.3 X l o b 2  
2.0 

2.4 

8.0 

3.3 

2.9 x l o 6  

7.0 x 

1.9 x 10-1 

1.1 

3.0 x 10' 

1.3 x 

1.3 x l o 1  
2.2 

3.0 x 10'  

1.14 x 10' 

8.0 x l o w 2  
8.9 x 10-1 

7.1 x 

8.3 

1.9 

1.14 

3.4 

5.1 

3.4 x 

1.9 l o 4  

7.1 x 

7.1 x l o - '  

2.5 x 

2.5 x 10' 

7.1 X 10' 

5.1 x 10' 

1.14 x l o 2  
8.0 x l o - '  
2.5 x 

3.0 x 

1.0 x 10-1 

4.6 x 10' 

4.2 x 

8.9 X 10-1 

2.4 x 10' 

1.4 x 

3.2 x l o 1  
1.4 x 10-1 

1.4 X l o 2  
2.3 x 

3.2 x l o 2  
1.2 x l o 1  

9.3 x 10' 

7.5 x 10-1 

8.7 x 

7.5 x 10' 

2.0 x 

1.2 

3.6 

5.4 

3.6 x 

2.0 l o 5  

7.5 lo3 

5.4 x l o 1  
1.2 l o 3  

8.4 i( l o - '  

7.5 x 

2.6 x 10-1 

2.6 x l o 2  

8.4 x 10' 

2.6 x 10-1 

3.2 x 

1.1 x 10' 

9 x 10' 

4.4 x 

9.3 x 10' 

1.5 x 

2.5 x l o 1  
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Tab le  A. 1 (continued) 

Nuc l i de  x ( s e c - l )  

Values o f  R 

Far U02 a t  For U02 at  For U02 at 

1000°C and 120OoC and 140OoC and 

d = 3.94 x 10- l ’  d = 4.54 X 

s e c - l  sec - 1  s e c - l  

d =  1.92 x 10- l2 

~e 39 1.69 x l o v 2  7.0 8.9 x 9.3 x 

cs 39 1.22 3.3 x 4.2 X 10-1 4.4 x loo 

x e l  40 4.33 x 1.3 x 1.7 x 1.8 x io-2 

CSl4O 1.05 x 1.3 x 1.7 x l o v 2  1.8 x io-’  

Xe141 4.08 x 10-1 5.6 x 7.1 x 7.5 x 

C S l 4 l  %,6.94 x 10-1 2.7 X 3.4 x 3.6 x 

*Parameter values assumed in calculat ions:  

3 a = 1.09 x 10- , 

5 D 

a 
d=? = 8.4 x I O  D ( sec - l ) ,  

t ime = 3 x IO* sec (” 10 years), 
power density = 1000 w/cm 

3 

Tab le  A.2. Radionucl ides Contr ibut ing to Primary System Contamination 

Decay Scheme* 

A R C n Chain 

84 30m Br 
1.1 

98% 
87 55.6s Br - 78m Kr  - Rb 

2.7 2.7 

88 15.5s Br - 2.7717 Kr - 17.8m Rb 
(2.9) 3.7 (0.8) 3.7 

89 3.18m Kr- 15.4m R b  
(4.6) 4.8 (0.2) 

90 33s Kr - 2.74m Rb - 28y Sr - 64.5h Y 
(5.2) 4.9 (0.7) 5.9 5.9 

40% 
1‘67m R b  - 51m Y 9.711 Sr 

14m Rb 

5.7 (2.0) 

(0.2) 5.9 L7 
58d Y 

91 
(3.7) 

5.9 

92 3.0s Kr - 8s Rb - 2.711 Sr __t 3.6h Y 
(2.7) 5.5 (2.8) (0.6) 6.1 6.1 
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Tab le  A.2 (continued) 

Decay Scheme* 

A c C D 
Chain 

93 

94 

95 

129 

13 1 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

142 

143 

2s Kr  __f Short Rb -+ 7m Sr - 10.0h Y 
(1.3) 4.4 (3.1) 6.4 (2.0) 6.5 (0.1) 

1.4s Kr  - Short Rb -- 2m Sr L 1 6 . 5 ~ 1  Y 
(0.6) 2.9 (2.3) 5.8 (2.9) 6.5 (0.7) 

10.5m Y - 63d Z r  -- 35d Nb 
6.4 6.4 6.4 

33d T e  - 72m T e  
0.24 1 .o 
30h T e  - 24.8m T e  -- 8.05d I 
0.44 2.9 2.9 

77h T e  - 2.4h I --+ Xe 

4.4 (1 .O) 4.4 

63m T e  - 2m T e  -- 20.8h I 
4.6 6.0 6.5 (0.5) 

44m T e  - 52.5m I - - Xe 
6.7 (3.7) 7.6 (0.9) 

3056 , I ---- 15.6m Xe- 

9.13h Xe .’ 
6.2 (0.3) 

86s I - Xe 

(3.1) 

(4.9) 
(1.3) 5.9 Stable Ba 

5.9s I - 17m Xe - 3 2 m C s  -Bo 

(3.4) 5.5 (2.1) 5.8 (0.3) 

2.7s I - 41s Xe - 9.5m C s  -85171 Ba -La 

(1.8) 4.7 (2.9) 5.9 (1.2) (0.1) 6.0 

16s Xe - 66s Cs - 12.8d Ba -40.2h L a  -Ce 
(3.7) 6.0 (2.3) (0.3) 6.3 6.3 

1.7s Xe - Short C s  - 18m Bo -3.7h L a  -32d Ce 

(1.8) 4.7 (2.9) 5.9 (1.2) (0.1) 6.0 

1 m C s  -6m Bo - 74m L a  

(3.4) (2.2) 5.6 (0.3) 5.9 

0.5m Ba- 19m L a  - 32h Ce 
(4.9) (1.3) 6.2 6.2 

* A ,  B,  C, and D indicate the members of a chain. The nucl ides wh ich  are underlined are the 
gamma-ray-emitt ing nucl ides of interest  for shielding ca lcu la t ions .  Some o f  the chains are s imp l i -  
f ied for c a s e s  where in i t ia l  members of a chain do not af fect  the calculat ions.  Direct  y ie lds  ( i n  per 
cent) are g iven beneath the nuc l ides  in parentheses; cumulative y ie lds  are not enclosed i n  paren- 
theses. 
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AG = A L  

T a b l e  A.3. Schematic Distribution of Radioactive Nucl ides for Unclad F u e l  Elements* 

ALAA BG = B L  + - 
B A 

4 cL i D L  

‘GAC D G = D L  + - 
A D  

3 Y A  

AA 
A =  F 

3 x y B  

AB 
B F  = 

3 yc 

AC 
CF = 

3 y D  

AD 

D F  = 

AA 

AB 
B = A  - A D  

A, 
A D  

D = C  - C D  

A D  

A~ + A~ 
Y;  = y g + -  Y A  

- DL B D  = B F  + B A  - B L  CD = C F  + CB - Ct DD = D F  + Dc A = A  - A L  D F  

*Def in i t ion o f  symbols: 

A ,  B ,  C,  D indicate the members of a chain. 

Subscripts denote: 

F = generation term, 

L = leakage by diffusion, 

D = decay to daughter, 

A , B , C  = gain of nuclide by decay process, 

G = nuclides in gas streom. 



1 , 

Table A.4. Results Obtained in Calculation of Diffusion of Fiss ion  Products from U 0 2  at 140OoC 

B, 

Br Yr 

Br Kr  Rb 

Kr Rb 

K r  Rb Sr Ym 

Y 

Kr  Rb Sr Y 

K r  Rb Sr Y 

Kr Rb Sr Y 

K r  Rb Sr Y 

Tern Te I 

Te I 

Tern Te I 

Te I 

T e  I Xem 

I 

I Xe Cs Barn 

I Xe cr 
I X e  Cs Bo 

Xe CS 8.3 La 

Xe Cs Bo La 

Y Zr Nb 

Cr Bo L o  

B o  La Ce 

84 

87 

88 

89 

90 

91 

92 

93 

94 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

95 

142 

143 

1.1 x 10-2 

2.7 x 

2.9 x 

4.6 x 

5.2 x 

3.7 x 10-2 

2.7 x 10-2 

1.3 x 

6 x 

4  IO-^ 
4.6 x 

4.6 x 

6.7 x 

4.2 x 

3.1 x 

4.9 x 10-2 

3.4 x 10-2 

3.7 x 10-2 

1.8 x 10-2 

1.8 x 

6.4 x 

3.4 x 10-2 

4.9 x 10-2 

3.2 x 10‘ 

1.4 x 10-1 

2.3 x 

8.4 x 10-I 

7.5 x 10-2 

8.7  IO-^ 
2.0  IO-^ 
1.2 1 0 - ~  

5.4  IO-^ 

2.6 x IO-‘ 

3.2 x 

4.4  IO-^ 
1.5  IO-^ 
1.8 x 10-2  

7.5 1 0 - ~  

6.5 x 10’ 

1.3 x IO-’ 

6 x 

2.88 1013 

5.45 x 1o1o 
3.1 x IO” 

3.16 x l0l2 

3.19 x 10“ 

2.64 x 10” 

4.42 lo9 
1.28 lo9 

2.66 x 10’ 

6.6 x 10” 

1.28 x l o l l  

1.22 x 1o1o 

2.21 lo9 
5.45 x 1o1o 

1.11 lo9 

3.4 1013 

3.62 x 10” 

2.4 x 10” 

1.4 x IO2 

3.2 x IO2 

9.3 x I00 

7.5 x 10-1 

7.5 x 100 

3.6  IO-^ 
3.6  IO-^ 

2.6 x lo-‘ 

2.6 x lo2 

5.4 x 101 

1.2 lo3 

1.1 x IO0 

9.3 x I00 

9.3 x 10-2 

1.8 x 10-1 

3.6  IO-^ 

2 x I00 

2.7 x 3.09 x IOl4 

3.7 9.7 1014 

4.76 x 3.62 x loi3 
5.88 x 3.61 x 1012 

5.7 3.5 

5.5 x 10-2 1.17 x 1012 

4.4 1.3 lo9 

2.9 x 8.56 x 10‘ 

2.9 x 

4.6 x  IO-^ 9.37 

6.0 x 

7.6 x 3.36 x IOl4 

5.9 5.8 loT5 

5.88 x 10-2 5.3 x 1012 

5.5  IO-^ 4.19 1013 

4.7 x 10-2 3.58 x 10’1 

4.7  IO-^ 1.385 lo9 

6.0 x 8.84 x IO” 

9.18 x l0l2 

3.11 1014 

1.05 x 1015 1.2 lo1 

4.96 

5.19 x 10’’ 

3.48 3.42 x l o t 3  1.47 x 1014 

3.7 1013 

1.94 lo9 

1.05 lo9 
2.0 lo5 

9.37 1014 

7.5 lo3 

3.36 1014 

5.8 1015 8.4 loo 

1.29 x 1012 

6.66 x 10’‘ 9 x IO7 

4.4 2.5 lo1 

1.11 x lOl2 

2.04 lo9 

2.95 1017 

1.14 1013 

3.91 x 10” 4.4 x IOo 

5.81 x 

2.78 x 1019 

1.54 1ols 
1.57 1014 

8.15 x IO“ 

1.26 x 10” 

2.9 x 4.75 lo1’ 4.75 l o T 7  

6.5 x I O w 2  3.98 x 10l6 3.98 x l0l6 

1.6 x  IO-^ 1 . 1  1013 7.88 

5.87 x lo-’ 4.32 x IO2’ 1.65 x IO2’ 

5.7  IO-^ 1.17 1014 1.99 1014 

5.9  IO-^ 2.13 1013 2.67 1013 

2.2 x 1o12 

1.64 lo1’ 
1.41 lot4 
8.83 1014 

1.85 x l 0 l 6  

7.34 1015 

5.41 1013 

2.22 1017 

2.09 1014 

6.96 loT3 
1.04 x l0l2 

3.08 1014 

2.4 1014 

2.42 1015 

2.73 1013 



Table A.5. Ac t i v i t y  o f  F iss ion  Products Diffusing from U 0 2  a t  1000, 1200, and 14OO0C* 

x N A a t  14OO0C A a t  120OoC 
Nucl ide ( s e c - l )  a t  14OO0C (curies/cm 3 ) (cur ies/cm 3 ) 

Br84 

BrE7 

KrE7 

KrE8 

RbE8 

RbE9 

Y90 

Y 9 1  

Y 9 2  

Y93 

Y94 

z r95  

y 9  1 m 

Nb9’ 
1131  

,132  

Te l  33  

,133 

1134 

,135 

Xe 1 3 5 m  

I 136 

1 3 7 m  

c s 1 3 8  
B o 1  39 

Ba 40 

L a 1  40 

~a~~~ 

L a 1  42  

~e~~~ 

xe l  35 

sr9’ 

Te129-  13 1 

Total  

3.85 

1.48 

6.95 

6.49 

7.5 x 

2.26 

1.38 x 

5.35 

1.93 

7.0 

1.27 

2.29 

9.96 

8.02 

5.78 

2.2 

2.89 

7.4 

8.06 

4.4 

3.62 

1.36 

6.27 x 

6.42 

1.56 

2.11 

1.99 

1.25 x lo-’ 

2.98 x 

9.25 x 

4.79 x 

6.01 x l o e 6  

2.88 

3.11 x 1014 

1.05 x 1015 

1.47 

4.96 x 

7.34 x 1015 

5.41 1013 

2.22 x 1017 

2.09 1014 

6.96 x 

2.95 

1.64 10’’ 

4.75 x lo1’ 
9.37 

3.1 x lo1 ’  

1.04 x 10” 

0 

3.98 x 1 0 l 6  

3.36 x 1014 

5.8 x 1015 

7.88 1013 

3.08 x 1014 

1.99 x 1014 

2.4 

2.42 x 1015 

2.73 x 

1.41 x 

8.83 1014 

1.54 1015 

6.6 X 1 0 l 1  

1.85 X 1 0 l 6  

1.67 X 1 0 l 6  

0 

3.0 x 10-1 

1.05 x lo- ‘  
1.25 x 10’ 

1.97 x 10’ 

2.58 x 10’ 

1.01 x loo 

5.9 x 10-1 

3.31 x 10-1 

8.29 x 10-1 

3.02 x 10-1 

3.64 x lo- ’  
1.97 x lo- ’  
1.01 x 100 

1.01 x l o o  
1.28 x 10’ 

2.04 x 10’ 

0 

9.95 x 100 

2.0 x l o o  
4.54 x 100 

1.57 x 10’ 

1.44 x 10-1 

3.66 x l o 1  
1.95 x 10’ 

8.82 x 10-1 

3.14 x l o - ’  
3.12 x 10-1 

4.74 x 10-1 

5.94 x 10-1 

1.44 x l o - ’  
9.52 x 10’ 

8.28 x l o - ’  
0 

2.9 x 

1.0 

1.19 x 10-1 

1.88 x 10-1 

2.46 X 10-1 

9.6 x 

5.62 X lo- ’  
3.15 x 

7.9 x 

2.88 X 

3.47 x 

1.88 x 

9.63 x 

9.63 X 

1.22 x l o o  
1.94 X l o - ’  
0 

9.48 x 10-1 

1.9 X l o - ’  
4.32 x 10-1 

1.5 x l o - ’  
1.37 x l o - ’  
3.49 x l o o  
1.86 X 10-1 

8.4 X 

2.99 x 

2.97 X lo-’ 

4.51 x l o - ‘  
5.65 X lo-’ 

1.37 x lo- ’  
9.06 X 10-1 

7.89 x 

0 

A at 1000°C 
3 (curies/cm ) 

2.32 

8.0 x 

9.52 x 

1.50 x l o - ’  
1.97 x lo- ’  
7.68 x 

4.50 

2.52 x 

6.32 

2.30 x 

2.78 x 

1.50 x 

7.7 

7.7 x 

9.76 X 

1.55 x 

0 

7.58 x 

1.52 x 10-1 

3.46 X lo - ’  
1.2 x 

1.10 x 

2.79 x 10-1 

1.49 x lo- ’  
6.72 

2.39 x 

2.38 x 

3.61 

4.52 

1.11 

6.3 

7.25 X 

0 

95.9 9.26 1.02 

8 3 *Assumptions: puo2 = 0.91, t = 3 x 10 sec, power densi ty = 1000 w/cm , 
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APPENDIX 6. RELEASE OF FISSION PRODUCTS FROM THE GRAPHITE 

The release of f iss ion products from the graphite w i l l  be by dif fusion of the f i ss ion  

products in the graphite. The source of the f iss ion products i n  the graphite depends 

upon the UO, part ic le size. The hal f  l i f e  of the nucl ides i s  of  greatest importance, 

since both the UO, and the graphite serve as excel lent materials for retaining f iss ion 

products for long enough t imes t o  a l low short-l ived nucl ides t o  decay. For th is  study, 

w i th  a UO, part ic le s ize of  200 p, the source of f iss ion products i n  the graphite due t o  

recoi l  i s  assumed t o  be 3.5% for the heavy nucl ides and 4.5% for the l i gh t  nucl ides. 

Calculat ions were based on 100% of the generated f iss ion products being i n  the graphite, 

and then a correction was made t o  re f lect  the resul ts for the 200-p UO, part ic les.  

The method used for the ca lcu lat ion of  the release of ac t i v i t y  was the same as that 

used for calculat ing the dif fusion of f iss ion products from UO,. However, in t h i s  case 

the values of  the dif fusion coeff icients used were for the d i f fus ion of the various 

nucl ides i n  graphite. 

Since there was no  information avai lable which gave values of the d i f fus ion CO- 

e f f ic ients  of various fission-product elements in graphite as a function of  temperature, 

the data for the release of various f iss ion products as a function of  t ime and temperature 

g iven in  refs 1-5 were used t o  calculate a d i f fus ion 

expression, given in ref  1: 

6 " 1  2 2  2 F = l + -  r, -((.-" 77 y 
r4y2  n = l  n 4 

where 

F = fract ional  release, 

y = (Dt/a2)1'2, 

t = time, sec, 

D = diffusion coefficient, cm /sec, 

u = radius of sphere, crn. 

2 

coef f ic ient  from the fol lowing 

- 1) I (5 ) 

' L. B. Doyle, High-Temperature Di f fus ion  of lndividual F i s s i o n  Elements  from Uranium 

2C. A. Smith and C. T. Young, Diffusion of Fiss ion  Fragments from Uranium-impregnated 

3C. T. Young and C. A. Smith, Preliminary Experiments  on Fiss ion  Product Dif fusion from 

4D. Cubicciotti, T h e  Dif fusion of Xenon from Uranium Carbide-lmpregnated Graphite at High 

5G. 

Carbide-lmpregnated Graphite, NAA-SR-255 (Sept. 11, 1953). 

Graphite, NAA-SR-72 (May 4, 1951). 

Uranium-Impregnated Graphite in the  Range 180O0-22OO0C, NAA-SR-232 (March 25, 1953). 

Temperatures ,  NAA-SR-194 (Oci. 13, 1952). 

A. Cowan and C .  J. Orth, D i f f u s i o n  of Fiss ion  Products  at High Temperatures  from 

Refractory Matrices, 1958 Geneva Conference Paper No. 613. 
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Since the data in  refs 1-5 gave values of  F ,  t ,  and temperature, i t  was possible t o  

T o  s impl i fy  the procedure, a curve of 

T h i s  i s  shown i n  Fig.  B.l .  A value of u was 

obtain a value of D for a given temperature. 

F vs y was plotted based on Eq. (5). 

I 
0 
(r LL 

n 

a 
W m 
W 
J 
W E 

v 
n 
3 

0 
E a 
z 

m 
LL 

e 
L” 

LL 

2 

10-’ 

5 

2 

10-2 

5 

2 

1n-3 

UNCLASSIFIED 
ORNL-LR-DWG 348828  

- 
2 5 2 5 I d ‘  2 5 10-’ 2 5 1 2  5 10 

y = m  

Fig. B.1. Fractional Release of Fission Products from Graphite. 

calculated, using Eq. (4), based on the properties of graphite ( p  = 1.7 g/cm3, 

S = 0.5 m2/g),6 and thus the value for the d i f fus ion coeff icient was 

5.78 x 10 - *y2  
D =  

t 

Values of D are given i n  Table B . l  for the fission-product elements and are plotted 

in  Fig.  B.2. 
With the values of  D from Fig.  B.2 it i s  possible t o  calculate d and obtain values of 

R from Fig.  A.2, App. A. The method used i s  the same as outl ined i n  App. A. Values 

of D and D / a  are given in  Table B.2, values of  R are given in  Tables B.3 and 8.4, and 

the results of the calculat ions of dif fusion in the graphite are presented in Tables 

B.5-B.8. 

2 

‘L. M. Currie, V. C. Harnister, and H. G. MacPherson, “The Production and Properties of 

Graphite for Reactors,” Proc. Intern. Conf. Peaceful U s e s  Atomic  Energy ,  Geneva,  1955 8, 
451 (1955). 
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Table 6.1. Determinotion of Diffusion Coefficients for Fission Products in Graphite 
Based on Experimental Results in References 1 Through 5 

t 

Y ~~f~~~~~~ ~ ~ ~ l ~ d ~  Temperature Time Fraction 
(“C) (sec) Released 

5.78 x 1 0 4 , ~  
yz D = 

t ( O K -  I )  

5 

1 

Bo 1900 
1700 
1500 
1700 
1700 
1700 

Bo 1560 
Ba 1500 

1500 
1400 
1400 

Bo 2600 
2200 

Bo 1560 
1760 

Sr 1200 
1200 
1200 

Sr 1560 
1560 
1560 
1760 
1760 
1760 
1880 
2100 
2400 
2400 

cs 1500 
1500 
1700 
1700 

Br 1800 
2000 
2200 
2400 
2600 

I 1600 
1800 
2000 
2200 
2400 

I 1500 
1500 

4800 
7.2 103 
5.4 103 
4.32 104 
2.16 104 

1.8 104 
4.32 104 
2.16 104 

1200 

2700 
1350 
30 
30 
1.662 x lo4 
2.34 103 

9 i o 3  

1.44 104 
4320 

900 
1620 
2520 
840 
1200 
1800 
240 
90 
30 
40 

1350 
600 
600 
300 

30 
30 
30 
30 
30 

30 
30 
30 
30 
30 
1350 
5400 

0.90 
0.53 
0.15 
0.947 
0.80 
0.30 
0.81 
0.75 
0.50 
0.80 
0.70 
0.50 
0.09 
0.80 
0.60 

0.40 
0.20 
0.60 
0.20 
0.40 
0.60 
0.40 
0.60 
0.89 
0.80 
0.80 
0.972 
0.99 

0.925 
0.7 
0.97 
0.83 

0.337 
0.434 
0.861 
0.915 
0.946 

0.07 
0.09 
0.22 
0.45 
0.94 
0.13 
0.27 

8 x lo-’ 6.4 x lo-’ 
2.9 x lo-’  8.4 x 
6.7 10-2  4.49 10-3 

5.4 x 10-1 2.92 x 10-1 
1.3 x 10’ 1.69 x 10’ 

1.45 x lo - ’  
5.6 x lo-’ 

4.85 x 10- ’ 
2.7 x lo- ’  

5.4 x lo-’  
4.3 x l o - ’  

2.7 x lo - ’  7.3 x 

2.1 x lo-’ 
3.14 x lo-’  
2.35 x 10- 

7.3 x lo-’ 
2.92 x lo-’ 
1.85 x lo-’  

3.9 10-2  1.52 10-3 

5.4 x lo-’ 2 . 9 2 ~  lo-’  
3.5 x lo-’  1.23 x l o - ’  

2 x l o - ’  4 x lo-’ 
9 x lo-’ 8.1 x 

3.5 x l o - ’  1.23 x lo-’  
9 x lo-’ 8.1 x 

2 x 10-1 

2 x 10-1 

4 x 10-2 

4 x 10-2 

5.34 x 10- 1 

3.5 x lo-’  1.23 x lo-’ 

3.5 x l o - ’  
7.3 x 10- 
5.4 x lo-’ 
5.4 x lo-’  
1.8 x 10’ 
3.0 x 10’ 

1.23 x lo-’ 

2.92 x lo-’ 
2.92 x lo-’  
3.24 x 10’ 

9 x 10’ 

1 x 100 1 x 100 
3.5 x 10-1 1.22 x 10-1 

2 x 100 4 x 100 
6 x lo-’  

1.65 x lo - ’  
2.25 x lo-’  

3.6 x lo-’  

2.72 x lo-’ 
5.06 x lo-’ 

6.5 x lo-’  4.225 x lo-’  
8.3 x lo-’ 6.89 x lo-’ 

1.56 x 10’ 1.25 x 10’ 

3 10-2 9 10-4 
4 10-2  1.6 10-3 
1 x 10-1 1 x 10-2 

2.35 x lo-’ 
1.2 x 10’ 
5.8 x lo-’ 3.36 x 
1.3 x lo-’  

5.52 x lo-’ 
1.44 x 10’ 

1.69 x lo-’ 

7.71 x lo-’’ 
6.75 x 

4.8 x 10- ’‘ 
2.26 x lo-’’ 
7.81 1 0 - l ~  

1.01 x 10-12 
1.01 x 10-12 
3.14 x 

1.945 x 

6.25 x lo-’’ 
7.91 x lo-’’ 

1.4 x lo-’’ 
2.93 x lo-’’ 
1.01 x 10-12 
3.04 x 10-‘2 

2.56 x 

1.08 10-13 

4.94 1 0 - l ~  

5.2 1 0 - l ~  

1.44 x lo-’’ 
2.82 x 

2.75 x lo-’’ 
5.92 x 10-12 
1.71 x lo-”  
7.03 x lo-’ ’ 
1 . 8 7 ~  lo-’’ 
6.24 10-9 

4.3 x 10-11 
1.2 x lo -”  

1.3 x lo-’ 

3.85 x lo-’’ 
7.0 x l o - ”  

5.24 x lo-’’  
9.75 x lo-”  

1.33 10-9 

3.0 10-9 

8.14 x lo-’’ 

1.73 x 
3.08 x lo-’’ 
1.93 x 10-1’ 

2.78 
1.44 1 0 - l ~  

1.81 1 0 - l ~  

1.06 x lo-’’ 

6.78 
6.78 
6.78 
5.45 
5.45 
5.45 
4.93 
4.93 
4.93 
4.65 
4.22 
3.74 
3.74 

5.63 
5.63 
5.06 
5.06 

4.83 
4.40 
4.05 
3.74 
3.48 

5.33 
4.83 
4.40 
4.05 
3.74 
5.63 
5.63 

122 



Table B . l  (continued) 

Y ~~f~~~~~~ Nuclide Temperature Time Fraction 
(“C) (sec) Released 

1 I 1500 
1500 
1500 
1700 
1700 
1700 
1700 
1700 
1700 
1900 
1900 
1900 
1900 
1900 
1900 

4 Xe 900 

900 
1060 
1060 
1020 
1020 
1050 
1050 
1205 
1205 
1250 
1250 
1200 
1200 
1225 
1225 
1500 
1500 
1500 
1500 
1490 
1490 
1490 
1490 

5 T e  1800 
2000 
2200 
2600 
2400 
2400 

1.08 i o 4  
2.16 104 
8.64 104 
1350 
2700 
5400 
1.08 104 
2.16 104 

8.64 104 

1350 
2700 

5400 
1.08 104 
2.16 104 
4.32 104 

3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 
3600 
7200 

30 
30 
30 
30 
30 
60 

0.25 
0.33 
0.40 
0.35 
0.43 
0.43 
0.58 
0.67 
0.85 
0.858 
0.929 
0.958 
0.978 
0.9854 
0.993 

0.0682 
0.072 
0.0447 
0.053 
0.0682 
0.072 
0.0836 
0.0894 
0.167 
0.179 
0.1265 
0.143 
0.118 
0.128 
0.218 
0.234 
0.49 
0.528 
0.381 
0.425 
0.458 
0.485 
0.354 
0.385 

0.02 
0.27 
0.35 
0.65 
0.84 
0.948 

1.2 x l o - ’  
1.6 x l o - ’  2.56 x 

1.44 x lo-’ 

2 x lo-’  4.0 x lo-’ 
1 . 7 ~  l o - ’  2 . 8 9 ~  
2.3 x lo - ’  
2.3 x l o - ’  
3.3 x l o - ’  
4.1 x lo - ’  

6.15 x l o - ’  
6.5 x lo - ’  

5.29 x lo-’ 
5.29 x lo-’ 
1.09 x lo-’  
1.68 x l o - ’  
3.78 x l o - ’  
4.22 x l o - ’  

1.1 x 10’ 
1.96 x 10’ 

2x10’  4x10 ’  
8.4 x 10’ 

1.15 x 10’ 

1.05 x 10’ 
1.4 x 10’ 

2.9 x 10’ 
3.4 x 10’ 

3 i o - 2  9 
3.1 x lo-’ 9.6 x l o U 4  

1.95 x l o - ’  3.8 x 

2.3 10-2 5.3 10-4 

3 10-2 9 10-4 
3.1 x lo- ’  9.6 x 

3.65 x lo- ’  1.33 x 

3.9 10-2 1.52 10-3 

7.5 10-2 5.62 10-3 

8.2 x lo- ’  6.72 x 

5.6 x lo - ’  3.14 x 

6.4 x lo-’ 4.1 x 

5.2 x lo- ’  2.7 x 

5.6 x 3.14 x 

1.0x10-’ 1.0x10-’ 
1.1 x 10-1 1.21 x 10-2 
2.6 x l o - ’  
2.9 x l o - ’  
1.9 x lo-’ 

6.75 x lo - ’  
8.4 x lo-’ 

3.61 x lo - ’  
2.2 x 10- 1 4.84 x 10-2 
2.4 x l o - ’  
2.6 x l o - ’  

1.75 x lo-’  
1.95 x lo-’  

5.76 x lo- ’  
6.76 x lo-’ 
3.06 x lo-’ 
3.8 x lo-’ 

8.7 i o 4  7.56 
1.3 x l o - ’  1 . 6 9 ~  lo-’ 
1.7 x l o - ’  2.89 x lo-’ 
4.0 x lo-’  1.6 x lo-’  
6.0 x lo - ’  3.6 x l o - ’  
1.4 x 10’ 1.96 x 10’ 

7.7 x 10- l4 

6.85 x 

2.68 x 

1.24 x lo-’’ 

1.13 x l o - ’ ’  
5.65 x 

5.84 x 10- l 3  

4.5 x 10- l 3  

2.53 x 

1.81 x l o - ’ ’  
2.35 x 10- ’ 
2.1 x lo-”  

2.14 x l o -”  
2.25 x l o - ’ ’  
1.54 x lo-’’  

1.44 10-14 

7.7 x 10- l 5  

6.1 1 0 - l ~  
4.25 10- l 5  

1.44 10- 14 

7.7 10-15 

2.13 10-14 
1.22 10-14  

9.0 1 0 - l ~  

5.4 x 10- l 4  

5.04 x 10- l4 

3.29 x 
4.33 1 0 - l ~  

2.52 10-14 
1 . 6 ~  10-13 

9.71 10-14 

6.74 1 0 - l ~  
5.79 1 0 - l ~  

1.08 x lo-’’ 

3.88 x 
9.25 x 10- l 3  

5.43 1 0 - l ~  
4.91 10-13 

3.05 10-13 

1.46 1 0 - l ~  
3.26 x lo-’’ 
5.36 x lo -”  
3.08 x lo-’’ 
6.92 x lo-’’ 
1.88 10-9 

5.63 
5.63 
5.63 
5.06 
5.06 
5.06 
5.06 
5.06 
5.06 
4.61 
4.61 
4.61 
4.61 
4.61 
4.61 

8.51 
8.51 
7.5 
7.5 
7.73 
7.73 
7.55 
7.55 
6.78 
6.78 
6.56 
6.56 
6.78 
6.78 
6.68 
6.68 
5.63 
5.63 
5.63 
5.63 
5.97 
5.97 
5.97 
5.97 

4.83 
4.40 
4.05 
3.48 
3.74 
3.74 
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table 6.1 (continued) 

Y Reference Nuclide Temperature T i m e  F r a c t i o n  
(“C) (sec)  Re leased  

5 T e  2400 
2400 

1 T e  1500 
1500 
1500 
1500 
1500 
1700 
1700 
1700 
1700 
1700 
1700 
1900 
1900 
1900 
1900 
1900 

1 Y 1700 
1700 
1900 
1900 

0.952 1.5 x 10’ 2.25 x 10’ 1.08 x 

0.966 1.7 x 10’ 2.9 x 10’ 6.98 x lo-’’ 
120 
24 0 

1350 0.20 
5400 

9.1 x 8.29 x 3.55 x 

0.24 1.15 x l o - ’  1.32 x 1.41 x 

1.08 x l o 4  0.23 1.1 10-1 1.21 10-2 6.48 10-14 
2.16 x l o 4  0.30 1.45 x l o - ’  2.1 x lo-’  5.61 x 

8.64 x l o 4  0.43 2.25 x l o - ’  5.06 x IO-’ 3.4 x 

0.42 2.15 x l o - ’  4.63 x lo- ’  1.98 x lo- ’ ’  1350 
2.8 x l o - ’  7.85 x lo- ’  1.68 x 10-l2 2700 0.51 
3.1 x l o - ’  9.6 x lo- ’  1.03 x lo-’ ‘  5400 0.55 
3.9 x l o - ’  1.52 x l o - ’  8.14 x 1.08 x l o4  0.65 

2.16 x l o 4  0.67 4.1 x l o - ’  1.68 x l o - ’  4.5 x 

8.64 x l o 4  0.92 9 10-1 8.1 i o - ’  5.43 1 0 - l ~  
5.9 x l o - ’  3.48 x l o - ’  1.49 x l C - ”  1350 0.83 

8 x l o - ’  6.4 x l o - ’  1.37 x l o - ”  2700 0.905 
1.2 x 10’ 1.44 x 10’ 1.54 x l o - ”  5400 0.94 

1.08 x l o 4  0.968 1 . 7 ~  10’ 2.89 x 10’ 1.55 x I O - ”  
4.32 x l o4  0.987 2.8 x 10’ 7.85 x 10’ 1.05 x l o - ’ ’  

2.16 x l o 4  -0.15 6.7 x 4.49 x 1.2 x 

8.64 x l o 4  0.45 2.35 x l o - ’  5.52 x l o - ’  3.7 x l O - I 4  
1.08 x l o 4  -0.15 
4.32 x l o 4  0.56 3.15 x l o - ’  9.9 x l o - ’  1.33 x 

6.7 x 10-2 4.49 1 0 - ~  2.4 10- l 4  

3.74 
3.74 
5.63 
5.63 
5.63 
5.63 
5.63 
5.06 
5.06 
5.06 
5.06 
5.06 
5.06 
4.61 
4.61 
4.61 
4.61 
4.61 

5.06 
5.06 
4.61 
4.61 

Table 6.2. Diffusion Coefficients, D, and the Valuer of d for Fission Products in Graphite at Various Temperatures 

Values of D d = D/a’ 

At  1000°C A i  12OOoC A t  140OOC At  8OOOC A t  1200°C A t  140OOC At 700’C A t  1000°C 

Br 1.2 x lomi5 2.6 x 2.3 x 10-l2 1.8 x 10-l6 4.5 x 3.4 x lo- ’  3.1 x 2.08 x lo - ’  

Element 

Kr 5.7 lo - ’>  6.7 x 4.0 x 2 x 1.16 x 6.92 x 3.46 x 9.86 X l o - *  

Rb 8 x 1.7 x 1.6 x l o - ”  1.4 x 2.94 x 2 . 7 7 ~  2.42 x lo - ’  1.38 x 

Sr 5 10-15 1.2 10-13 1.0 10-12 7 10-17 2.08 x 10-6 1.73 x 1 0 - ~  1.21 x 8.65 x i o - ’  

Y 5.3 x 2.6 x 2.0 x 1.2 x lo- ’ ’  4.5 x lo - ’  3.46 x 2.08 x lo - ’ ’  9.17 x l o - ’ ’  

1.73 x l o - ”  T e  1 x lo - ’ *  2.6 x 1.0 X 4.5 x 1.73 x 

I 2.4 x 10-19 1 . 0 ~  i o - ’ 6  6.0 10-’5 1.73 x 1.04 x lo - ’  4.15 x lo- ’ ’  

Xe 5.7 x l o - ”  6.7 x 4.0 x 2 x 1.16 x 6.92 x 3.46 x 9.86 x lo- ’  

Cs 8x10-” 1 . 7 ~ 1 0 - ’ ~  1 . 6 ~ 1 0 - I ’  1 . 4 ~ 1 O - l ~  2.94x1P5 2.77xlW‘ 2.42x10-’ 1 . 3 8 ~ 1 0 - ~  

BO 4.2 x 1.0 x lo-’‘ 1.0 x 5.6 x 1.73 x 1.73 x 9.68 x l o - “  7.27 x 



Tob le  8.3. R Volues for Var ious Fiss ion  Products at  Fuel  Temperatures of 800 and 1000°C 

uo2 at  80O0C uo2 at  l0OO0C Decay Constant, 
Nucl ide 

( sec - l )  = D / a 2  (set- 1 )  R d = D / a 2  ( sec - l )  R 

BrE4 

BrE7 

Kr8 

BrE8 

Kr88 

RbE8 

KrE9 

RbE9 

Kr9’ 

Rb9’ 

~r 90 

Y90 

Kr9 ’  

Rb91 

sr91 

y 9 1 m  

Y 9 1  

Kr92 

Rb92 

sr92 

Y92  

Kr93 

Rb93 

sr93 

Y93 

~r~~ 

Rb94 

~r~~ 

Y94 

T~ 1 2 9 m  

Te129 
~ ~ 1 3  l m  

Te131 
,131 

3.85 3.1 7.23 x 10’ 

1.25 x 3 -1  x 1.67 X 

1.48 x 3.46 x 3.23 X 10’ 

4.47 x 10-2 3.1 x 6.12 x 

6.95 3.46 1.0 x l o 2  
6.49 x 2.42 X 9.95 x l o o  
3.63 x 3.46 x 2.82 x 10-1 

7.50 2.42 x 7.78 x 10’ 

2.10 3.46 x 2.0 x 

4.22 x 2.42 X 5.91 X l o - ’  
7.85 1 0 - l ~  1.21 4.5 l o 7  
2.98 x 2.08 x 10- l 2  2.74 x l o 2  
7.08 x 3.46 x 3.18 x 

8.25 x 2.42 x 6.84 X 10’ 

1.99 1.21 x 4.0 x l o 2  
2.26 x 2.08 x 4.03 x 10-1 

1.38 x 2.08 x 2.74 x l o 4  
2.31 X 10-1 3\46 x 5.29 x 

8.66 x 2.42 x 2.02 x 10-1 

7.13 1.21 5.57 x i o 1  

3.47 x lo-’ 3.46 x 2.94 x 

1.65 x 1.21 x 5.22 x 10-1 

4.95 x l o - ’  3.46 1.71 x 

5.78 x 1.21 x 1 0 ‘ ~  8.0 x 

2.43 x 

1.6 

6.42 

4.66 

9.96 

5.35 x 2.08 x 3.60 x 10’ 

“-6.94 x 10-1 2.42 x 2.72 

1.93 2.08 x 1.73 x 10’ 

‘“6.94 x 10-1 2.42 x 2.72 

7.0 2.08 x 7.93 x 

2.08 x 

2.08 X 

9.86 X 

2.08 x 

9.86 X 

1.38 

9.86 x 1 0 ‘ ~  

1.38 x 

1.38 x 

9.86 X 

8.65 x loq8  
9.17 X 1 0 - l ’  

9.86 x 

1.38 x 

8.65 x 

9.17 X 

9.17 x 

9.86 X lo’* 
1.38 

8.65 X 

9.17 x 1 0 - l ’  

9.86 x 

1.38 

8.65 X 

9.17 x 10 - l ’  

9.86 X 

1.38 

8.65 X lo-*  
9.17 x 

1.73 X 

1.73 x lo- ’ ’  
1.73 x 

1.73 x 1 0 - l ’  

4.15 x 

1.87 x l o 1  
4.32 X 

1.73 X l o 2  
1.56 X 

5.34 x l o2  

1.51 x loo 

2.38 X l o 1  

1.86 X l o 1  
1.07 x 10-1 

1.41 X 10’ 

6.5 l o 7  
1.82 x l o3  
1.70 x 

1.63 x 10‘ 

3.38 x lo3  

1 . 8 2 ~  lo5  
2.83 x 

2.68 x 10’ 

4.83 x 10-1 

4.70 x lo2  
2.40 x l o 1  
1.57 x 

6.5 

1.15 x l o 2  
9.11 x 

6.5 x 

4.41 x 10’ 

6.76 X 10-1 

5.27 x 10-1 

3.33 x l o 4  
1.58 x 10’ 

7.90 x 10’ 

2.91 X 10-1 

2.04 l o 3  
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Table  B.3 (continued) 

UO, a t  8OO0C U 0 2  at IOOO~C 
Decay Constant, 

2 R d = ~ / a ~  (sec- '1  R 
Nuc I ide * (sec-l) d = D / a  (sec'l) 

T e 1 3 2  

1132 

Te133m 

133 T e  

1133 

T e 1 3 4  

I 134 

T e 1 3 5  

1135 

Xe135m 

1136 

1137 

~e~~~ 

cs137  

Ba137m 

I 138 

xe13 '  

CSl3' 

Xe 1 3 9  

c s 1 3 9  

B a 1 3 9  

~ e ' 4 '  

cs14' 

3a14 '  

~e '4' 

c s 1 4 1  

1139 

2.5 x lom6 
8.02 x 

1.83 

5.78 x 

2.63 

2.2 x 

5.78 x 

2.89 

7.4 

8.06 x 

2.96 x 

4.44 

6.79 x 

3.62 x 

9.25 x 

3.15 x 

8.27 X 10-l' 

1.17 X 10-1 

2.57 x 10-1 

1.69 x 

1.22 x 
1.36 x 

4.33 x 

1.05 X 

6.27 x 1 0 - ~  

4.08 X 10-1 

-6.94 x lo - '  

6.42 x 

3.46 x 

3.46 x 

2.42 X lo-' 
9.68 x 

3.46 x 

2.42 X 

3.46 x 

2.42 X lo-' 
9.68 x 10' 

3.46 

2.42 X lo-' 
9.68 X 10- l 1  

3.46 x 

2.42 x 

9.68 X lo-' 

1.73 x 

4.15 X 

1.73 x 
1.73 X 

4.15 X 

1.73 x 

4.15 X 

1.73 X 

4.15 x 

9.86 X lo-' 
4.15 X 

9.15 x 

3.82 X 10-1 9.86 X 

6 X lo7 1.38 X 

2.94 X 10' 

3.44 7.27 

4.15 X 

9.86 X lo-' 3.35 X 10' 

2-18 x lo1 1.38 X 

4.15 x 
2.65 X loV2 9.86 X 

3.73 x 10' 1.38 x 

5.9 x 10' 7.27 x 

6.47 x 9.86 x lo-' 
1.56 X 10-1 1.38 X 

1.97 X lo4 7.27 x 

2.72 x 1.38 x 
2.23 X 9.86 X lo-' 

6.4 X 10-1 7.27 X 

1.04 x lo3 
2.85 X 10' 

1.25 X 10' 

9.57 x 

7.34 x lo1 
9.15 X lo-' 
8.97 X 10-1 

9.57 x 

1.32 X 10' 

1.57 X lo1 

2.85 x 
3.67 x 

6.5 x lo7 

5.10 x 

2.04 X 10' 

2.98 x 10-1 

1.79 X lo1 
5.2 X lo1 
1.53 

1.41 X 10-1 

8.92 X 10' 

5.11 X lo1 
3.45 x 
3.72 X 10-1 

1.7X lo5 
1.19 x 
6 . 5 0 ~  

5.55 x 10' 
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Table 8.4. !t Values far Var ious F iss ion Products a t  Fuel Temperatures of 1200 and 14OO0C 

D e c a y  Constant,  U02 a t  14OO0C Uo2 a t  1200OC 

R 2 Nucl ide 
R u~ = D / U  (sec- ' )  

B~~~ 3.85 x 3.4 x 5 x  l o 2  4.5 x 2.3 x l o 2  
B~~~ 1.25 X 3.4 x 3 x 10' 4.5 x 10-6 1 x 10' 

~r~~ 1.48 x 6.92 X 9 x  l o 2  1.16 X l oe6  6 X l o 2  

Br88 4.47 x 3.4 x 4.5 x 10-1 4.5 X 1.6 X 10-1 

Kr88 6.95 x 6.92 x 2.8 x l o 3  1.16 x 1.6 X l o 3  
Rb88 6.49 x loo4  2.77 X 7.0 X l o 2  2.94 x 2 x l o 2  

Rh89 7.50 x 2.77 x 7 x  l o 2  2.94 x 2 x l o 2  
Kr89 3.63 x 6.92 X 9 x  10' 1.16 X 6 X 10' 

Kr9' 2.10 x 6.92 x 7 x 10-1 1.16 x 4.5 x l o - '  
Rb9' 4.22 x 2.77 x 4 x l o 1  2.94 X lom5 1.5 X l o 1  

sr9' 7.85 X 10- l '  1.73 x 7~ l o 7  2.08 X 7 x l o 7  
Y90 2.98 X 3.46 X 2.5 X l o4  4.5 x 1 x l o 4  
Kr9'  7.08 X 6.92 X 1 x 10-1 1.16 x 6.5 x 

Rb9'  8.25 x 2.77 X 6.5 X l o 2  2.94 X 1.6 X l o 2  
sr91 1.99 x 1.73 X 1.8 x lo4  2.08 x  IO-^ 1.0 x l o 4  

2.26 x 1 0 - ~  3.46 X 4 >: l o 1  4.5 x 1.8 x l o 1  
Y91 1.38 x 3.46 x lo-*  1.5 x l o 6  4.5 9.0 x l o 5  

y91m 

Kr92 2.31 X 10-1 6.42 x 2.0 x 1.16 x 1.2 x lo-' 
Rb92 8.66 X 2.77 X 1.8 >: 10 1 2.94 x 6.0 X 10' 

~r~~ 7.13 x 1.73 x 3.5 x 103 2.08 x loq6  1.8 X lo3 
Y92 5.35 3.46 x 3.5 >: l o 2  4.5 1.4 l o 2  
Kr93 3.47 x 10-1 6.92 X 1.1 X 1.16 X 7.0 X 

Rb93 '"6.94 X l o - '  2.77 x 2.5 x 2.94 x 1 0 - ~  1.7 x lom2 
sr93 1.65 x 1.73 X 6.5X l o 1  2.08 x 2.0 x I O 1  

Y93 1.93 x 3.46 X 1.6 X l o3  4.5 x 6.5 x l o 2  
Kr94 4.95 x 10-1 6.92 X 6.5 X 1.16 X 4.0 X 

Rb94 '"6.94 X 10-1 2.77 x 2.4 x 2.94 x 9.0 x 

~r 94 5.78 x 1.73 x 1.0 x 10' 2.08 X. 3.2 X 10' 

Y 94 7.0 x 3.46 X 8 X  10' 4.5 x 3.0 x 10' 

Te '29m 2.43 X lo-' 1.73 x 1.1 x lo6  4.5 x 4.0 x lo5 
Te 129 1.6 1.73 2.1 x 10' 4.5 x 3.2 x l o 1  
Te131m 6.42 x loe5 1.73 x 8 X l o 2  4.5 x 1.1 x lo2  
Te131 4.66 x 1.73 x 4.5 x l o 1  4.5 x 5.8 x 10' 

,131 9.96 x 1.04 x 2.2 x lo5  1.73 x 4.0 x l o 4  
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Table 6.4 (continued) 

D e c a y  Constant, U 0 2  at 14OO0C u02 a t  1200OC 

R d = D/a 2 (sec- l )  R 2 Nuclide (set- 1 )  
d = I I / ~  (sec-') 

Te132  

1 1 3 2  

le133m 

Te133 

I 133 

le 34 

I 134 

l e  

1135 

Xe 135m 

,136 

I 137 

~e 137 

cs l37 

135 

Ba137m 

1138 

X e  1 3 '  

cs 38 
I 139 

~e~~~ 

c s 1 3 9  

Ba139 

Xe 14' 

c s  14' 

Xe 1 4 1  

c s  l 4  

6a141 

2.5 x 

8.02 

1.83 x 

5.78 x 

9.25 X 

2.63 x 

2.2 

2.89 x 

7.4 x 

8.06 

2.96 

4.44 x 

6.79 x 

3.62 x 

5.78 x 

3.15 X 

8.27 ?( 10-l' 

1.17 X 10-1 

2.57 x 10-1 

1.69 x 

1.22 x 

1.36 x 

4.33 x 

1.05 X lo-' 

6.27 

4.08 X lo-' 

"6.94 X 10-1 

6.42 x 

1.73 

1.04 x 

1.73 x 

1.73 x 

1.04 x 

1.73 x 

1.04 

1.73 

1.04 x 

1.04 x 

1.04 x 

2.77 x 

1.04 x 

2.77 x 

1.04 

2.77 x 

6.92 X 

6.92 x 

1.73 X 

6.92 X l om6  

6.92 x 

1.73 X 

6.92 X 

2.77 x 

1.73 x 

6.92 x 

2.77 

1.73 X 

7.0 x lo4 

5 x  lo2 

2.0 x lo2 

1.0 x loo 

1.1 x lo4 

1.1 x lo2  

1.1 x lo2 

1.0 x 10' 

2.3 x lo3  

2.3 X lo2 

5.0 X 10-1 

6.5 X 

1.2 x 10' 

7.0 x lo7 

8.0 x 

1.0 x l o 2  

2.7 

8.0 x 10- l  

2.0 x lo2 

2.0 x 10-1 

1.1 x lo1 

6.5 lo5 
8.0 x 

4.0 X 10' 

9.0 X l o2  

7.0 x l o 2 ,  

2.5 X 

7.0 X lo1  

4.5 

1.73 x 

4.5 x 

4.5 x 

1.73 x 

4.5 x 

1.73 

4.5 x 

1.73 x 

1.16 X 

1.73 X 

1.73 x 

2.94 x 

1.73 x 

1.73 x 

2.94 x 

1.73 

2.94 x 

1.73 x 

2.94 x 

1.73 

2.94 x 

1.73 x 

1.16 x 

1.16 X 

1.16 X 

1.16 X 

1.16 X 

1.3 lo4 

7.0 x lo1  

3.0 X lo1 

1.4 X lo-' 

1.5 x lo3 

1.5 x lo1  

1.2 x lo1  

1.4 X 10-1 

3.0 X lo2  

1.2 x lo2 

8.0 x 

7.0 x lo7 

1.0 x 

5.5 x lo2 

3.5 

6.5 X 

7.0 x 10' 

1.3 X 10' 

6.0 X lo1 

4.0 X lo-' 

9.0 X l o 1  

3.0 X lo2 

1.2 x 10-1 

4.0 lo5 

4.5 x 

4.0 X 10' 

1.7 X 

2.6 X lo1 
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Table  6.5. Resu l ts  of  Calculatl 

Decay  Scheme 

R A  Y A  A t  = AG R B  YF; Chain 
A i M + C + D 

B r  

ar K r  

B r  K r  R b  

K r  Rb 

K r  Rb Sr 

K r  Rb Sr 

K r  Rb Sr 

K r  Rb Sr 

K r  Rb Sr 

Tern Te 

Ten’ Te I 

T e  I 

Te” Te I 

Te I 

Te I Xem 

I 

I X e  Cs 

I Xe C s  

I Xe C s  

X e  Cs Ba 

X e  Cs Ba  

Y Z r  Nb 

C s  5 a  L o  

R a  L a  Ce 

Y 

Yrn 

Y 

Y 

Y 

Y 

Barn 

Bo 

L a  

L a  

a4 

a7 

88 

a9 

90 

91 

92 

93 

94 

129 

13 1 

132 

133 

134 

135 

136 

137 

138 

139 

140 

141 

95 

142 

143 

7.23 x 10’ 

1.67 x 

6.12 

2.82 x io-‘ 
2.0 x 

3.18 x 

5.29 

2.94 

1.71 

6.47 

2.23 

4 x 

1.2 x lo-’ 
2 X  

1.1 x 

2.7 x 

2.9 x 

4.6 x 

5.2 x 

3.7 x 

2.7 x 

1.3 x 

6 x 

2.4 

d X  

4.4 x 

4.6 x 

6.7 x 

4.2 x 

3.1 x 

4.9 x 

3.4 x 

1.8 x 

3.7 x 

1.8 x 

6.4 x 

3.4 x 10-2 

4.9 x 10-2 

4.87 x 10l2 

2.76 x lo1’ 
1.09 x 10” 

7.94 x 10 ’ ’ 
6.36 x 10” 

7.2 lo9 
8.74 x 10‘ 

2.34 x lo8 
6.28 x lo7 

1.47 x lo1’ 
2.46 x lo8 

1.54 x 10” 

2.5 x 10’l 

6 x lo9 

3.23 x 10‘ 

1.0 x lo2 
7.78 x 10’ 

5.91 x lo-’ 

6.84 x 10’ 

2.02 x 10-1 

2.72 x 

2.72 

3.82 >; io-’ 
3.35 x loo 
2.65 x 

1.56 x 10-1 

2.72 x 

1 x 10-1 

2.64 x 5.22 x 

3.7 x 2.26 x 

4.8 x io-2 2.29 x 

5.9 x 2.13 x 

5.7 x 2.34 x 

5.5 x 6.80 x 

2.9 x io-2 4.83 x 

4.4 x lob2 7.32 x 

1.0 x 

2.9 x 

4.4 x 

6.0 x 

7.6 x 

5.9 x 

s of Dif fusion o f  F iss ion  Products in Graphite at 8OO0C 

BG RC G cL =G 

1 1 3  

1 1 2  

I ’  ’ 
l8 

I8 

5.9 x 1.38 
c c ~, , n - 2  1 .I? .!,I3 
2.2 h IU  1 . 1 3  x 

4.7 x 7.62 x 

6.0 x 5.73 x 

4.7 x 7.82 x 

U 

,o “  
,011 

O 8  

1 
5.6 x 3.42 x 10” 

5.45 

2.33 

2.63 

2.44 x 1OI2 

2.40 1013 

8.49 x io8 
5.28 x io8 

7.03 x 10’l 

1.38 x io12 
1.13 

7.62 x 10” 

6.34 x 10” 

9.27 x lo8 

1.335 x 

1.84 x 10l2 

9.95 x 10’ 

4.5 lo7 

4.0 x lo2 

5.57 x 10’ 

5.22 x lo-’ 
8.0 x io-2 

2.94 x 10’ 

6 x lo7 
2.18 x lo1 
3.73 x 10’ 
1.97 lo4 
6.4 x lo-’ 

3.7 x 

5.9 x 

5.9 x 

6.1 x 

6.4 x 

5.8 x io-2 

2.9 x 

6.5 x 

1 . 8 ~  

5.9 x 
5.8 x i o - 2  
5.9 x 

6.3 x 

5.9 x 

2.25 1013 

1.62 x lo2’ 

1.44 1015 

2.08 1014 

2.04 x 10l2 

2.84 x 10’’ 

3.24 x 10l2 

2.17 x lo2’ 
7.74 x 10’3 

1.35 1013 

7.60 x 10l6 

2.31 x 10l2 

4.54 x lo1 

1.75 x lo2 

2.44 x 10’ 

2.93 x lo1 
2.4 x 10‘ 

3.47 x lo1 

3.24 x 10’2 1 

2.74 x lo2 ‘“4 x 

4.03 x lo-’ 2.4 x 

2.74 lo4 5.9 

3.6 x 10’ 6.1 x 

1.73 x 10’ 6.5 x 

7.93 x 6.5 x 

1 
1 

1 

2.22 x 1O2O 3.44 x ‘“3.5 x 

9.85 x 
1.46 x 1013 1 5.9 x 10’ 6.0 x 

8.66 x 10’6 

3.31 x 10l2 
1 

1 
7.41 1014 

2.28 x 10’; 

2.3 
1 

6.7 x 1014 4.69 X 10l6 

5.92 x 10’’ 3.4 x 1013 

1.34 x 4.03 x 1014 

3.15 x io1’ 3.18 x io12 

9.89 x io16 4.5 x lo1’ 

6.88 x 1013 2.74 x 1014 

7.37 lolo 3.82 x 1013 

2.17 x 1013 1.53 x 1014 

4.1 1013 

1.13 x 
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Table 6.6. Results of Calculations of Diffusion of Fission Products in Graphite a t  1000°C 
- L  

Decay Scheme 
Chain 

A+B+C+D R A  Y A  A L  = AG R B  R C  C L  cG R D  D L  DG 

Br 

3 I' 

Br 

K r  

K r  

Kr 

K r  

K r  

K r  

Tern 

Tern 

T e  

Tern 

T e  

Te  

I 

I 

I 

I 

Xe 

X e  

Y 

cs 

Ba 

Kr 

Kr Rb 

Rb 

Rb Sr 

Rb Sr 

Rb Sr 

Rb Sr 

Rb Sr 

Te 

Te  I 

I 

Te I 

I 

I Xem 

X e  Cs 

Xe Cs 

Xe  Cs 

Cs Ba 

Cs Ba 

Zr Nb 

Ba L o  

L a  Ce 

Y 

Y"' 

Y 

Y 

Y 

Y 

Barn 

Ba 

L a  

L a  

84 

87 

88 

89 

90 

91 

91 

92 

93 

94 

129 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

14 1 

95 

142 

143 

1.87 x 10' 

4.32 x 

1.56 x 

1.51 x 10' 

1.07 x 10-1 

1.70 x 

2.83 

1.57 

9.11 

3.33 x lo4 

7.9 x 10' 

1.04 lo3 

1.25 x 10' 

9.15 x 10-1 

9.57 

2.85 

3.67 

5.1 x 

1.53 

1.19 

3.45 x 

3 x 10-1 

3.7 x lo - '  

2.2 x 

1.1 x 10-2 

2.7 x 

2.9 x 

4.6 x 

5.2 x 

3.7 x 

2.7 x 

1.3 x l o A 2  

6.0 x 

2.4 

4.0 

4.4 x 

4.6 x 

6.7 x 

4.2 x 

3.1 x 

4.9 x 

3.4 x 

1.8 x 

3.7 x 

1.8 x 

6.4 x 

3.4 x 

4.9 x 

1.26 1013 

7.14 x lo1' 

2.77 x lo1' 

4.25 x 10l2 

3.41 x 10' l  

3.85 x 10" 

4.68 lo9 

1.25 lo9 

3.35 x lo8 

4.89 

2.80 

3.75 x 10l2 

5.41 lo9 

1.10 lo9 

1.69 lo7 

1.31 lo9 

1.93 x 10l2 

3.52 x 10l2 

2.46 x lo1' 

1.06 x lo8 

7.81 x lo1' 

1.175 x 10l2 

7.7 x l o l l  

6.6 x lo1' 

1.73 x l o 2  

5.34 x lo2 

1.86 x 10' 

1.41 x 10' 

1.63 x lo1 

4.83 x 10-1 

6.5 

6.5 

1.58 x 10' 

2.91 x 10-1 

2.85 x 10' 

9.57 

8.97 x 10-1 

1.32 x 10' 

2.04 x 10' 

1.79 x 10' 

1.41 x 10-1 

3.72 x 10-1 

6.5 

9 x 10-1 

2.64 x loe2  

3.7 x 

4.8 x 

5.9 x 

5.7 x 

5.5 x 

4.4 x 

2.9 x 

1.0 x 

2.9 x l o F 2  

4.4 x 

6.0 x l o d 2  

7.6 x 

5.9 x 

5.9 x 

5.5 x 

4.7 x 

6.0 x 

4.7 x 

5.6 x l o p 2  

2.80 x 1014 

1.21 1 0 ~ 5  

5.46 

5.09 x 10l2 

5.69 x 

1.75 lo9 
1.15 lo9 

1.63 x 10l2  

9.67 x l o 1 '  

5.16 x l o 1 '  

7.67 x 10l2  

3.51 x lo1' 

4.17 x 10l2  

4.04 x 10l2  

7.37 x 10l2  

6.03 1013 

4.06 x 1011 

1.37 x 10l2 

1.87 lo9 

3.08 x 10l2  

2.86 1014 

1.23 1015 

7.26 1013 

6.78 x 10l2  

6.02 1013 

2.38 lo9 

1.39 lo9 

5.43 x l o l l  

9.51 

1.75 x 10l2 

8.40 x 10l2  

1.47 x lo1 '  

8.63 x 10l2 

8.96 x 10" 

7.38 x 10l2 

6.03 1013 

4.06 x lo1 '  

1.69 x 10l2 

2.64 lo9 

1.02 x 1016 

7.72 x 10l2 

2.38 x 10' 

6.5 lo7 

3.38 lo3 

4.70 x lo2 

4.41 x 10' 

6.76 x 10-1 

2.04 lo3 

7.34 x lo1  

1.57 x lo1 

6.5 lo7 

5.2 x lo1 

8.92 x 10' 

1.7 lo5 

5.55 x 10' 

1 

3.7 5.39 

5.9 x 2.35 x lo2' 

5.9 x 1.22 x 10l6 

6.1 x 1.75 x 1015 

6.4 x l o p 2  1.73 x 1013 

5.8 x 2.40 x 10l2 

2.9 x 3.62 x lo1' 

6.5 x 2.92 x 1014 

1.8 x loB2 1.73 x 1013 

5.9 x 2.35 x lo2' 

5.8 x 1.85 x 1014 

5.9 x io-2 3.22 x 

5.9 x 2.0 

6.3 x 6.55 x 1017 

1.86 1014 

2.72 x lo2' 

1.47 x 10l6 

1.96 1015 

1.83 

2.57 x lo1 

4.15 lo1 

3.84 1014 

1.74 1013 

2.61 x lo2' 

2.95 1014 

3.78 1013 

6.38 1017 

2.29 1013 

5.66 1015 

9.56 1013 

2.54 1014 

1.82 lo3 

1.82 lo5 

2.68 x 10' 

2.40 x lo1 

1.15 x lo2 

5.27 x 10-1 

2.98 x lo-'  

5.11 x 10' 

4.5 x 

2.4 x 

5.9 x 

6.1 x 

6.5 x 

6.5 x lop2  

4 x 

6.0 x 

5.02 x 

3.94 x 10l2  

6.57 1017 

8.96 

4.57 x 

2.10 x 10l2  

7.3 x l o l l  

1.87 

7.68 x 10l6 

5.21 1014 

2.70 1015 

2.02 x 1015 

2.33 

2.78 x 10l8 

4.56 1013 

5.26 

2.84 1014 

8.95 x 10l6 
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T a b l e  8.7. Resu l ts  o f  Calculat ions of Dif fusion o f  Fission Products in Graphite at 120O'C 

~ ____ 

Decoy Scheme 

A -4 H 2 C A  I) G R B  y;, B L  BG R C  y ;  cL cG 
Chain R A  Y A  A L = A  

3 r  

Br Kr 

Br Kr Rb 

K r  Rb 

Kr  Rb Sr Y 

Kr Rb Sr Y"  

Y 

Kr Rb Sr Y 

Kr  Rb Sr Y 

Kr Rb Sr Y 

Tern Te 

Tern Te I 

Te I 

Tern Te I 

Te I 

Te I Xem 

I 

I Xe Cs Bom 

I X e  Cs 

I Xe Cs Bo 

X e  Cs Bo La 

X e  C s  Ba  L a  

Y Zr Nb 

C s  Ba La 

a a  L a  Ce 

84 

87 

88 

89 

90 

91 

91 

92 

93 

94 

129 

131 

132 

133 

134 

135 

136 

137 

138 

139 

140 

14 1 

95 

142 

143 

2.3 x l o2  1.1 x 

1 x 10' 2.7 x 

1.8 x 10-1 

6.0 x 10' 4.6 x 

4.5 x 10-1 5.2 x 

2.9 x loq2 

6.5 x 3.7 x 

1.2 x low2 2.7 x 

7.0 x 1.3 x lod2  

4.0 6.0 

4.0 lo5 2.4 

1.1 lo2 4.0 

1.3 lo4 4.4 x 

3.0 x lo1 4.6 x 

1.5 x 10' 6.7 x 

1.4 x lo-' 4.2 x 

6.5 x 3.1 x 

8.0 4.9 x 

1.0 3.4 x 

3.5 1.8 

1.2 x 10-1 3.7 x 

4.5 1.8 

1.8 x 10' 6.4 x 

3.7 x loo 3.4 x 

1.2 x 10-1 4.9 x 

1.55 1014 

1.65 x 10l2 

3.2 x lo1 

1.69 1013 

1.43 x 10l2 

1 . 4 7 ~  10" 

1.99 x 10" 

5.55 lo9 

1.47 lo9 

2.69 1013 

8.45 

6.15 1013 

5.87 x 10I6 

3.50 x 10l6 

3.6 X l o1 '  

1.24 x l o 1 '  

2.4 x lo1' 

2.08 lo9 

3.86 x lo8 

2.72 x l o 1 '  

4.96 lo9 

7.05 x 10l2 

7.7 x 10l2 

6 x lo2 

1.6 lo3 

2 x lo2 

1.5 x 10' 

1.6 x 10' 

6.0 x 10' 

1.7 x 

9.0 

3.2 x lo1 

5.8 x 10' 

7.0 x lo1 

1.4 x 10-1 

1.2 x lo1 

3.0 x lo2 

7.0 x 10' 

6.0 x lo1 

4.0 x 10-1 

4.0 x 10' 

1.7 x l o F 2  

4.5 x 10' 

2.61 x 9.6 x 1014 1.18 x d5 
3.66 x 3.58 1015 3.79 x 1015 

5.8 x 10-2 5.33 1013 6.04 x d3 
4.6 x 5.64 x 1014 6.36 x 1014 

5.68 5.57 5.70 x 1014 

5.48 x 2.01 1013 2.06 1013 

4.4 x 4.58 x'lOIO 4.86 x lo1' 

2.9 x l o u 2  1.6 x lo1 '  1.71 x lo1' 

9.5 1.86 x 1.078 x 1014 

2.89 x lo-' 1.025 x 1013 1.06 x 1013 

4.11 x 1.76 x 1014 1.27 x lo1' 

5.95 x 5.1 x 1011 3.19 X 10l2 

7.55 5.55 1.286 x l o T 4  

5.9 1.08 x 1.15 x l o T 5  

5.9 2.52 1013 2.54 x 

5.5 2.02 2.02 x 1014 

5.97 1.46 x 1.57 1013 

4.7 x 1.15 x 10l2 1.15 x 10l2 

4.7 x 4.89 x lo1 '  5.18 x lo1' 

6.12 x 10l6 

1.54 x 6.17 

2 x lo2 

7 lo7 

1 lo4 

2.0 x lo1 

3 1.8 x 10 

3.2 x 10' 

4 lo4 

1.5 lo3 

1.2 x lo2 

7.0 lo7 

5.5 x lo2  

4.0 lo5 

9.0 x lo1 

2.6 x l o1  

2.83 x 

5.05 x 

4.35 x 

5.5 x 

6.3 x 

5.76 x 

2.87 x 

6.45 x 

1.74 x 

5.65 x 

5.35 x 

5.83 x lo-' 

5.76 x 

5.8 x 

3.46 7.51 

2.16 x lo2' 5.4 x lo2' 

2.66 x 10l6 5.02 x 10l6 

6.06 io1' 8.57 1015 

7.71 1013 9.75 1013 

1.13 x 1.33 x 1013 

7.03 x 10l6 8.09 x 10l6 

5.94 1015 7.93 lo1' 

1.28 x 1014 1.42 x 1014 

2.42 x lo2' 3.33 x lo2' 

1.81 1015 2.19 1015 

3.21 1014 3.37 x 1014 

9.22 x 1013 1.48 x l o T 4  

3.4 x 1016 

7.65 x 1014 

1.38 1015 

1.41 x 10l8 1.67 x 10l8 

1 lo4 

9.0 x lo5 

1.8 x 10' 

1.4 x lo2 

6.5 x lo2 

3.0 x 10' 

1.3 x 10' 

3.0 x lo2 

5 x 

1.03 x 

2.58 x 

4.05 x 

3.46 x 

6.25 x 

4.6 x 

4.62 x 

3.06 x 10l6 

1.13 

3.47 1014 

1.38 x lo1' 

1.14 

1.42 x lo1' 

3.66 X 10l2 

8.48 x 1014 

1.73 x 1017 

4.43 x lo1' 

8.65 x 10l8 

1.17 x 10l6 

9.69 

1.21 x 

6.03 

3.87 

2.19 

1.84 
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6.4 x lo-’ 4.5 x 10’ 1.53 

142 3.4 x lo-’ 1.1 x 10’ 2.29 x 1013 1.2 x lo1  4.11 x 1.79 x l o J 4  

Y Zr Nb 95 

CS Ba La 

Sa La C e  143 4.9 x lo-’ 3.8 x lo-’ 

Table 8.8. Results of  Calculations of D i f f u s i o n  of Fission Products in Graphite at 14OO0C 
I 

8.5 x 10l6 

2.22 10’’ 

4.37 

4 cL cG R D  6 D L  D G  

Decay Scheme I 
R. 

I C  G K g  y;: B L  B G  
Chain YA R A  A L = A  

A i B + C + D  

Br 

Br K r  

84 1.1 IO-’ 5 10’ 3.37 x 1014 

87 2.7 x lo-’ 3 x 10’ 4.95 x 10” 9 x lo2 2.44 x 1.34 x 1015 1.75 x lo1’ 

2.15 x 9.3 x 1014 1.64 x 1015 I 

i lo* 

Br K r  Rb 88 2.9 x lo-’ 4.5 x 10-1 8.0 x 10l1  2.8 x lo3 3.58 x lo-’ 6.15 x 1015 6.67 x 1015 

K r  Rb 89 4.6 x 9 x 10’ 2.54 x 1013 7 x l o 2  4.5 x lo-’ 1.93 x 2.04 x 1015 

K r  

K r  

K r  

K r  

K r  

T em 

Tern 

Te 

5.2 lo-’ 7 x lo-’  2.22 x 10” 4 x i o1  5.75 x 1.41 x 1014 1.52 x 1014 7 x I lo7 3.68 x lo-’ 1.59 x lo-’ 9.77 x 10’’ 2.5 x lo4 3.26 x lo-’ 5.0 x 10l6 3.08 x lOl7 Rb Sr Y 90 

Rb Sr Y m  91 4 10’ 2.16 5.3 10 8 . 5 x  lo1’ 

2 10-3 2.2 1 0 ~ 5  9.65 x 1.5 x lo6 5.4 4.96 1o16 1.39 x ?/ 91 3.7 x lo-’ 1 x 10-1 2.26 x 10l1  6.5 x 10’ 5.65 x 2.25 x 10’’ 2.27 x 1015 1.8 X l o 4  

R b  Sr Y 92 2.7 x 2 x 3.32 x IO1’ 1.8 x I O 1  5.48 x 6.06 x 1013 6.15 x lOI3 3.5 x lo3 4.32 x lo-’ 9.27 x 1015 1.68 X 10l6 3.5 X I O 2  2 .1  x lo-’ 4.52 x 1014 2.26 x 10l6  

Rb Sr Y 93 1.3 lo-’ 1.1 x lo-’ 8.72 x I O 9  2.5 x 4.39 x 6.71 x 10” 7.15 x l o l o  6.5 lo1 6.22 x 2.48 x d4 2.78 X 1.6 x lo3 4.96 X 4.86 x 1015 2.87 x 1OI6 

6.0 x 6.5 x 2.38 x lo9 2.5 x lo-’ 2.895 x lo-’ 4.42 x lo1’ 4.59 x lo1’ 1.0 ’ 10 ’ 5.7 x 3.49 x 1013 4.04 x 1013 8 x 10’ 5.73 x lo-’ 2.8 x 1013 3.61 x 1014 Rb Sr Y 94 

Te 129 2.4 10-3 1.1 lo6 1.62 x 1017 2.1 lo2 8.9 x 1.14 x 3.6 x 1014 I 
T e  I 131 4.0 x 8.0 x 10’ 1.96 x 1014 4.5 x lo1 2.86 x lo-’ 7.88 x 1013 8.15 x 1013 2.2 k lo5  2.72 X IO-’ 3.66 x 1017 4.45 X d7 
I 132 4.4 x lo-’ 7.0 x lo4 1.88 x 1017 5.0 x lo2 2.84 x 8.71 x lOI4 6.40 x lOI5 

1 

I 

1 
I 
1 132 I 



APPENDIX C. ACTIVITY IN THE PRIMARY GAS SYSTEM 

The ac t iv i t y  of the various nucl ides in  the primary system a t  temperatures o f  800, 

1000, 1200, and 1 4 0 0 T  i s  given in  Table C.l for the assumed power density of 1000 

w/cm3 and for an assumed volume of fuel of 1 cm3. Case I gives the various ac t iv i t ies  

i f  a l l  the f iss ion products recoi l  into the graphite. Case II gives the ac t iv i t y  in the gas 

stream i f  the f iss ion products in  the graphite are from the reco i l  o f  f iss ion fragments from 

a 200-p UO, particle. 

In order to establ ish the relat ive importance of dif fusion and recoi l  from UO, in the 

HGCR-I, and to see how modif icat ions to the system would af fect  the ac t iv i t y  release, 

a comparison of the ac t iv i t y  release from UO, by the processes o f  recoi l  and di f fusion 

was made. From Table A.3 in App. A, i t  may be shown that the fract ional release o f  

ac t i v i t y  from the UO, by dif fusion may be expressed as: 

3RX - - 3 x (3 x 10”) R y  
F U O ,  = 

3 x 1013 ( 1  1 .- . - ~ t  

x 
The values of R were obtained for a time of 3 x lo8 sec so that for a l l  the cases, except 

Cs137,  the fractional release of nucl ides depended only on the factor RX. The values o f  

R were taken from Table A.1 of App. A, and the results of the calculat ions o f  the release 

o f  the various nucl ides as a function o f  temperature are given in  Table C.2. The values 

for the release o f  the nucl ides as a function of part ic le s ize  are compared in  Fig. C.1 

with the release by the dif fusion mechanism. 

For the 200-p UO, particles, i t  may be seen that only when the decay constant i s  

less than sec-’  does the dif fusion from UO, become as signi f icant as the recoi l  

from UO,. Therefore, only Cs137  i s  released from UO, more by di f fusion than by the 

recoi l  process. Figure C.l shows that for a higher temperature in  the fuel element, 

dif fusion becomes more signif icant. It also indicates h a t  for the HGCR-1 tempemtures, 

the ac t iv i t y  may be reduced by increasing the part ic le size. 

Figure C.l a lso presents a comparison o f  h e  release of ac t i v i t y  from the UO, by 

the processes o f  d i f fusion and recoil. The ac t iv i t y  which has recoi led from the UO, 

must di f fuse out o f  the graphite i n  order to get into the gas stream. However, i t  i s  

assumed that the ac t iv i t y  which has been released from the UO, by di f fusion is  no t  re- 

tained by the graphite, but  i s  immediately released to the gas stream. Therefore, when 

comparing the relat ive importance of d i f fusion and reco i l  from UO,, i t  i s  necessary to 

take into account the fraction o f  the f ission products which di f fuse out o f  the graphite. 

The fractional release o f  ac t i v i t y  from the UO, i s  given by 

3R X 
F ” 0 ,  = 

( 1  - 
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Fig. C.l. Nucl ides Released from\UO, by Diffusion and by Recoil.  

release of act iv i ty  from the graphite i s  given by 

3Rh 
F =  G / I  

(1 - e-ht)  

where f i s  the fractional release of act iv i ty  from UO, by recoil. Therefore the rat io  o f  

the release o f  act iv i ty  by dif fusion from the graphite to  that d i f fus ing direct ly from the 

UO, is  given by 

- -  -- = f - .  
F U 0 ,  3R u 0 2  R U 0 2  

By comparing the R values for UO, diffusion with those for graphite diffusion, the rela- 

t ive importance o f  dif fusion and recoi l  processes may be determined. For the tempera- 

ture distr ibution in  the HGCR-1, the contribution o f  total act iv i ty  due to dif fusion from 

the UO, i s  signif icantly less, and therefore the values given in Table C.l, case II, are 

used in the fo l lowing calculations. 

Since the thermal power output from the reactor i s  “3 x l o9  w, the act iv i ty  in  the s y s -  

tem may be approximated by mult iplying the values in Table C.l, case II, by 3 x lo6. 
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The act iv i t ies  of the various nucl ides in  the system as a function of fuel element tem- 

perature are given i n  Figs. C.2, C.3, and C.4. Since the amount of a given nuc l ide i n  the 

gas stream i s  strongly dependent upon temperature, it i s  necessary to  estimate the 

fraction of the fuel at various temperatures. The temperatures in  the HGCR-1 fuel 
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O R N L - L R - D W G  3 4 8 8 5 8  

1 o7 

5 

2 

1 o6 

5 

2 

1 o5 

5 - 
Y) 

? 
3 0 - 
m 2  

; lo4 

cl 0 

z 

k 
1 
0 5  a 
a 

+ 2  
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Fig.  C.2. E f fec t  of Fue l  Element Temperoture on Fission-Product A c t i i i t y  in the Primary 

Gos System. 
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Fig. C.3. E f fec t  of Fuel  Element Temperature on Fission-Product Act ivi ty  in the Primary 

i System. 

elements were calculated,' and the fractions for various temperature ranges are shown 

in Table C.3. The ac t iv i t y  which would be present i n  the gas stream i f  a l l  the fue l  were 

a t  the highest temperature in  the temperature increment i s  also shown in Table C.3. By 

taking these act iv i t ies  and mul t ip ly ing by the fraction of fuel a t  the temperatures in the 

temperature increment, the act iv i ty  in  the system is  obtained, as shown in  Table C.4. 

The act iv i t ies  given in Table C.4 represent the maximum amount that would be 

c i rcu la t ing around the primary system (for the assumptions made for this system). There 

' M. H. Fontana, Fuel  E l e m e n t  Temperature  Distribution in the HGCR-1, O R N L  CF-58-12-3 
(Dec. 1958). 
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would be three processes, however, for decreasing ac t iv i t y  in the loop during normal 

operation: (1) system leakage, (2) deposition, and (3) pur i f icat ion of the gas. 

Since the system leakage would have to  be minimized in order t o  have an operational 

system, the reduction of ac t i v i t y  by th is method would not be signif icant, 

Deposition would decrease the ac t iv i t y  being circulated, but i t  i s  d i f f i cu l t  to predict 

how important such a process would be, since i t s  importance would depend upon the rate 

o f  deposition and the place o f  deposition. Deposition i n  the core or pressure vessel 

would reduce maintenance problems, whereas deposition in the blowers or heat ex- 

changers would make maintenance more di f f icul t .  In any event, there are no data upon 

which to  base a calculation o f  ac t i v i t y  deposition i n  a gas system. 

With a pur i f icat ion system, the only removal processes (neglecting deposition) are 

decay and the purif icat ion. The calculated ac t iv i t y  in the system as a function o f  the 

purif icat ion rate i s  given in Table C.5. As may be seen in Table C.5 and Fig. C.5, the 

effectiveness o f  the pur i f icat ion system during operation i s  no t  very great, since most o f  

the nuclides are short- l ived and therefore the reduction h[h + ( a / T ) ]  i s  not  signif icant. 

In order to get an ac t iv i t y  reduction of a factor of about 8, i t  i s  necessary to bypass 1% 

of the gas stream. Since the problems and costs associated with doing this are very 

great, the use of the purif icat ion system for reducing ac t iv i t y  during operation would be 

qui te limited. 

UNCLASSIFIED 
ORNL-LR-DWG 34888A 
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Fig.  C.5. Effect  of the Purification System on Primary System Activi ty  (Assuming No 

Deposition). 
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Table  C.l. Act iv i ty  in  the Primary System for Fue l  Temperatures of 800, 1000, 1200, and 140OoC and a Power Density of 1000 w/crn3 

Case I :  
Case II: 

All fission products born in U 0 2  released to graphite 

Only f ission products in graphite are recoil  fragments from U 0 2  

A a t  1400°C l o o o ~ c  A at  ~ooooc at  8 o o ~ c  A at  800°C 
3 (curie s/c m ) (curies/cm ) 3 (curies/cm ) 3 N a t  120OoC A a t  12000c N a t  140OoC 

x 
3 Nucl ide  

(sec - l )  (cur ies/cm ) 

Case I 

Xe13' 2.11 X 3.54X 2.02x 10' 5 . 6 3 ~  l o T 6  3.21 x lo1  1 . 1 6 ~  10l6 6.61 x 10' 1 . 9 5 ~  1015 1.11  x 10' 

BrE4 3.85 x 1.55 X 1014 1.61 x 10' 3.37 x 1014 3 . 5 ~  10' 1.26 x 1013 1.31 x 10-1 4.87 x 10" 5 . 0 5 ~  

Br87 1.25 x 1.65 x 1 O I 2  5.57 x 10-1 4.95 x 10l2  1.67 x 10' 7.14 x lo lo  2.41 x 2.76 x lo lo  9.33 x 

Kra7 1.48 x 1.18 x 1015 4.73 x 10' 1 . 7 5 ~  1015 7.01 x 10' 2.86 x 1014 1.14 x 10' 5.45 x 1013 2 . 1 8 ~  10-1 

K r a 8  6.95 x 3.79 x 1015 7.11 x 10' 6.67 x 1015 1.25 x l o 1  1.23 x 1015 2.31 x 10' 2.33 x 1014 4.38 x 10-1 

Rb8' 6.49 x 7.51 x 1014 9.9 x 10' 1.64 x lo1' 1.97 x l o 1  1.86 x 1014 2.45 x 10' 4.54 x 1013 5.97 x 10-1 

R bE9 7 . s X  6.36 x 1014 1.29 x l o 1  2.04 x lo1' 4.13 x lo1 7.26 x 1013 1.47 x 10' 2 . 6 3 ~  1013 5 . 3 3 ~  lo-' 

Y90 2.98 x 1.73 x 1017 1.39 x l o 1  3.08 x lo1' 2.48 x lo1  7.68 x 10l6 6.16 x 10' 4.69 x 10l6 3.76 x 10' 

y 91m 2.26 :< 4.43 lo1' 2.76 lo1  8.5 x lo1 '  5.17 x lo1 5.21 x 1014 3.25 x 10' 3.4 2.12 x IO- '  

Y91  1.38 x 8.65 x 10l8 3.23 x l o 1  1.39 x 1019 5.19 x lo1  2.78 x 10l8 1.04 X lo1  4.5 x 1017 1.68 X ioo 

Y 9 2  5.35 x lo-' 1.17 x 10l6 1 . 6 9 ~  l o 1  2.26 x 10l6 3.26 x lo1 2.7 x lo1' 3.9 x 10' 4.03 x 1014 5.81 x 10-1 

Y93 1.93 x lo-' 9.69 x 1015 5.04 x 10' 2.87 x 10l6 1.49 x lo1  2.02 x 1015 1.05 x 10' 2.74 x 1014 1.42 x 10-l 

Y 9 4  7.0 x 1.21 x 1014 2.29 x 10' 3.61 x 1014 6.83 x 10' 2.33 x 1013 4.4 x 10-1 3.18 x 1 0 l 2  6.01 X 

T e 1 2 9  1.6 x 1.08 x 1014 4.68 x 10-1 3.6 x 1014 1.56 x 10' 8.4 x 1 0 l 2  3.64 x 

T e I 3 l  4.66 x 1.06 x 1013 1.34 x 10-1 8.15 x 1013 1.03 x 10' 5.43 X l o 1 '  6.85 X 

1 1 3 1  9.96 x 8.09 x 10l6 2.17 x 10' 4.45 x 1017 1 . 1 8 ~  lo1  4.15 x lo1'  1.11 X 10-1 

I 132 8.02 x 1.27 x lo1' 2.76 x 10' 6.4 x lo1 '  1.39 x 10'  9.51 x 1013 2.07 x 10-1 

T e 1 3 3  5.78 x 3.19 x 1 0 l 2  4.99 x lo-' 2.15 x 1013 3.36 x 10' 1.47 X l o 1 '  2.3 X 

I 

w 
Q 

I 



A To ble C. 1 (continued) 
$A 
0 

A a t  140OoC N at  1000°C A at looooC N a t  8OO0C A a t  8OO0C 
(curie s/cm3) 

3 N a t  12OO0C A a t  12000c N a t  140OoC 
x 

(set-1) (curies/cm ) (curies / c  m 3, (curies/cm ) 3 Nucl ide 

1133 

, I  34 

, I  35 

Xe135m 

1136 

Bo 1 3 7 m  

cs138 

Bo 39 

Ba 40 

140 L a  

~a~~~ 

~ 9 5  

Nb9' 

sr91 

La 42  

c e 1 4 3  

9.25 x 7.93 x 1015 1.98 x i o o  
2.2 1 . 2 9 ~  1014 7.66 x 10-1 

2.89 x 1.15 x lo1' 8.98 x 10-1 

7.4 x 1.42 x 1014 2.84 x i o o  
8.06 1.24 x l o 1 '  2.7 x 

4.4 x 6.6 x 1013 7.85 x 10' 

3.62 x 2.19 x 1015 2.14 x l o 1  

1.36 3.87 x lo1 '  1.42 x l o 1  
6.27 x 1.67 x 1 0 l 8  2.83 x l o 1  
4.79 x 2.19 x 1017 2.83 x l o 1  
6.42 x 1.84 x 1015 3.2 x l o 1  
1.27 x 6.12 x 1 0 l 6  2.1 x 10-1 

2.29 x 3.4 x 1o16 2.1 x i o - 1  
1.99 x lo- '  5.02 x 10 l6  2.7 x l o 1  
1.56 x 7.65 x 1014 3.22 x 10' 

6.01 x 1.38 x 1015 2.24 x l o - '  

7.17 x 10-1 

7.20 x 

2 . 4 9 ~  

2.11 x 10-1 

5.57 x 1 0 l 6  1.39 x l o 1  
1.02 x 1015 6.06 i o o  
8.76 x lo1 '  
3.16 x 1014 

9.53 x l o 1 '  

6.85 x 10' 

6.31 x 10' 

2.08 x 10-1 

7 . 8 8 ~  1013 9.37 l o o  
3.3gX 1015 3.31 l o 1  
7.94 1015 2.91 x l o 1  

3.43 1017 4.43 l o 1  
2.62 x 1 0 l 8  4.45 x l o 1  

4.07 x l o 1 '  
1 . 5 3 ~  1017 5 . 2 5 ~  10-1 

5.25 x 10-1 

5.2 x l o 1  

7.07 x 10 '  

8.5 x 1 0 l 6  

9.65 x 1 0 l 6  

2.22 9.37 x l o o  
4.37 7.11 i o - 1  

Case I I  

1.14X 10' 

1.56 x 10-1 

7.46 x 

3.13 X 10-1 

3.84 x 1014 

8.96 x i o 1 2  

1.70 x 

5.41 l o 9  
4.56 1013 

2.98 1014 

5.26 1014 

6.83 x 1017 

2.84 x 1014 

1.02 x 1016 

5.66 1015 

9.56 1013 

2.54 1014 

8.63 x 1 0 l 2  

8.95 x 1 0 l 6  

1.47 x 1 0 l 6  

9.6 x 

5.14 x 

6.99 

1.18 

5.43 x 100 

3.98 x 10-1 

2.91 x 10' 

1.93 x 10' 

1.16 x l o 1  
1.16 x l o 1  
4.95 x l o o  

3 . 5 x  

3.5 x 

7.92 X 10' 

4.04 x 10-1 

4.14 x 

2.35 x 10-1 

5.86 X 

1.08 

5.10 x 

3 2 4 x  1 0 l 2  7.41 x l o - '  

3.82 1013 4.55 l o o  
9.85 x 1013 9.6 x 10-1 

1 . 5 3 ~  1014 5.61 x 10-1 

8.66 x 1 0 l 6  

1.13 x 1 0 l 6  

4.1 x 1013 

1.47 x 10' 

1.46 x 10' 

7.13 x 10-1 

1 . 3 4 ~  1015 4.6 x 

7.41 1014 4.6 x 

2.44 x 1015 

2.28 x 1013 9.61 X 

1.31 x 10' 

2.3 x 3 . 7 4 ~  

3.94x 

2.26 

4 . 1 7 ~  

9.74 

1 



T a b l e  C.1 (continued) 

A at  1400'C A a t  I O O O ~ C  A a t  800'C 
N a t  1200'C 3 N a t  1400'C N a t  IOOO'C 3 N a t  800'C 3 

A a t  1 2 0 0 ' ~  
(curies/cm ) 

x 
N uc I ide 

( s e c - l )  (curies/cm ) (curies/cm ) (curies/cm ) 

KrE8 

RbE8 

RbE9 

Y90 

Y 9 l  

Y 92 

Y93 

Y94 

y 9 1 m  

T e 1 3 1  

, 1 3 1  

1 1 3 2  

T e 1 3 3  

,133 

I 135 

,134 

X e  1 3 5 m  

I 136 

Ba 137117 

4 

P 4 CSl38 

3.18 X 10-1 

4.43 x 10-1 

5.77 x 10-1 

6.21 X 10-1 

1.23 x 10' 

1.44 X 10' 

7.55 x 10-1 

1.02 x 10-1 

4.76 

2.25 X l o - '  

1.66 x l o w 2  

7.70 X 

9.80 X 

1.77 X 

7.03 X 

2.72 X 

3.19 X 

1.01 x 10-1 

9.59 x 

2.79 X lo - '  

7.60 x 10-1 

5.59 x lo-) 

8.81 X 10-1 

1.85 X 10' 

1.11 x 100 

2.13 x 10' 

2.32 X 10' 

1.46 X 10' 

6.66 X 10-1 

3.05 X 10-1 

5.54 x 

3.66 X 

4.19 X 10-1 

4.93 x 10-1 

4.93 x 10-1 

1.19X 10-1 

2.15 X 10-1 

2 . 4 3 ~  10-1 

2.24 X 10-1 

7.38 X 

3.33 x 10-1 

1.18 x 10' 

1.03 x 10-1 

1.10 x 10-1 

6.57 x lo - '  
2 . 7 5 ~  l o - '  
1.45 x 10-1 

1.65 X 10-1 

1.74X 10-1 

4.69X 

1.97 x 

1.29 

2.43 

3 . 9 4 ~  

7 . 3 5 ~  

8 . 1 7 ~  

3.41 

1.82 x 1 o - ~  
2.48 

4.19 x 

1.41 x lo- '  

1.93 x 10 -' 
1 . 0 3 ~  1 0 - 1  

1.96 x 

2.67 x 

2.38 x lo - '  
1.68 x 10-1 

9.48 

7.51 X l o q 2  
2.60 x 

6.35X 

2.69 x 

2 . 6 3 ~  

1.62 X 10-1 

3.41 x l o - '  



I 

Table C.l (continued) 

A a t  8OO0C 
3 (curie s/c m ) 

N at  12OO0C A a t  12000c N at  140OoC A a t  14000c N a t  1000QC A a t  looooC N at 8OO0C 
h 

3 (cur ie s/c m ) 3 (curie s/c rn ) Nuc l ide  3 ( s e c - l )  (cur ie s/c rn ) 

Total for Case I 1  

5.04 x 10-1 

1.00 x l o o  
l .0Ox 100 

9.39 

9.39 x 

1.21 x 100 

1.14 x 10' 

1.14 X 10-1 

7.95 x 

13.22 

1 . 0 3 ~  10' 

1.58 x 10' 

1.57 X 10' 

2.51 X 10' 

2.35X l o q 2  
2.35 X 1 0-2 

6.85 x 

4.12 x 10 -' 
4.12 X 10-1 

1.76 x lo - '  
1.56 x 

1.56X 

2.32 x 10' 

2.52 X 1.47 x 

3.54 x 10-1 

3.33 x 10-1 1.43 X 

- 
26.44 3.47 

1.99X 

5 . 2 2 ~  

5.18X 

2 . 5 3 ~  

2 . 0 6 ~  

2 . 0 6 ~  

3.41 x 

1 . 3 3 ~  

5.86 X 

0.82 

. 



Table C.2. Release o f  Nuc l i des  by Di f fus ion from U 0 2  

L i g h t  Nuc le i  Released (%) 
Nuc l i de  

At 1000°C A t  120OoC At 1400°C 

Bra4 

B ra7  

Kra7 

Bra' 

K ra8  

R baa 

K ra9  

R ba9 

KrPO 

R bP0 

K r 9 '  

Rb9' 

K r 9 2  

Rb92 

Kr93 

R b93 

Kr94  

Rb94 

2.52 x 

3.41 

2.07 

4.04 x 

4.56 x 

1.59 x 

6.25 

3.22 

1.26 

9.47 

4.72 

8.52 

5.11 

5.41 

5.11 

1.43 x 

6.44 x 

1.26 x 

3.17 x 10-1 

4.45 x 

5.24 x 10-1 

2.68 x 

5.71 x 10-1 

2.02x 10-1 

1.82 x io -1  
7.92 x 

4 . 0 7 ~  

8.19 x 

1.61 x 

1 . 6 0 ~  10-1 

1.20 x 1 o-2  

1 .oa x 

6.44 

6.44 

5.92 X l o e 2  

6.88 x 

3.36 x 10' 

4.78 x 10-1 

5.65 x 10' 

2.81 x i o - 1  
6.06 X 10' 

2.13 X 10' 

8.33 x io -1  
1.91 x 10' 

4.31 x 10-1 

8.65 x 10-1 

1.68 x 10-1 

1.69X 10' 

1.26 x l o - '  
6.14 x 10-1 

1.14 x 10-1 

6.83 x 

7.29 x 10 - 2  

6.83 x 

Heavy N u c l e i  Released (%) 
Nuc l i de  

At 14OO0C At 1000°C At 1200°C 

I 131 

I 132  

1133 

I 134 

1135 

Xe 135111 

I 136 

1137 

Xe 37 

cs 137 

I 138 

~e~~~ 

c s  138  

I 139 

cs139 

cs140 

Xe1  4 1  

C S l 4 '  

139 Xe 

140 Xe 

4.07 x 10-1 

4 .37x  

1.41 x 10-1 

2.40 x 

7.10 X 

1.27 x 

4 . 4 0 ~  

2 . 0 6 ~  

6.47 x 

2.98 x 10' 

1.05 X ,. 
1 . 3 0 ~  

1.88 x 

7.73 1 o -4 

3.22 

1.54 x 

3.74 

6 . 2 2 ~  

5.11 

1.1ox 

5.16 x 10' 

5 . 4 6 ~  10-1 

1.79X 10' 

3.06 X 10-1 

8.98 x i o - '  
1.62 x 10-1 

5.51 x 

2.58 x 

8.08 x i o - 2  
4.72 x l o 1  
1.34 x 

1 . 6 5 ~  10-1 

2.37X 10-1 

9.83 

4 . 1 0 ~  

1.40X 10-1 

2.10x 

4.89 x 

7.92X 

6 . 4 4 ~  

5.43 x l o 1  

1.89 x i o 1  

9.47 x l o o  

5.73x l o - '  

a .9ox i o - 1  

5 . 7 1 ~  10' 

3.25 x 10' 

1.70 X 10' 

2.76 x 10-1 

9.22 x 10' 

1.41 x 10-1 

1.72X 10' 

2.47 x l o o  
1.05 x 10-1 

4.29X 10-1 

1.47X 10' 

2.13 x 10-1 

5.16 x 10-1 

8 . 3 5 ~  

6.83 X 



Table  C.3. Activity of the Fission Products in  the Gas Stream I f  All  the F u e l  I s  a t  the 

Highest Temperature in  the Temperature Increment 

F u e l  a t  
T e  mpe ra tu re 

Range 

Activity (curies) 

sr9 RbE9 ~e~~~ rb58 
Temperature Temperatures 

in Temperature 

Increment (%) (OC) 
Increment 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

<871 

871 -899 

899-927 

927-954 

954-982 

982-1 01 0 

10 10-1 038 

1038- 1 066 

1066-1 093 

1093-1121 

1 121 -1 149 

66.21 

5.70 

6.05 

4.94 

4.83 

3.98 

3.26 

2.38 

1.81 

0.79 

0.05 

3.9 l o 5  2.6 lo4 2.4 x lo5 1.4 105 

5.0 lo5 4.0 lo4 3.0 x lo5 1.7 lo5 

6.3 X lo5 6.6 x lo4 3.9 X lo5 2.1 X lo5 

8.0 x lo5 1.0 lo5 4.9 lo5 2.7 x lo5 

9.9 105 1 . 5 ~  lo5 6.0 x lo5 3 . 2 ~  lo5 

1.3 x lo6 2.3 lo5 7.8 x lo5 4.0 x lo5 

1.5 x lo6 3.2 x lo5 9.9 lo5 4.8 x lo5 

1 . 7 ~  lo6 4.6 lo5 1 . 2 ~  lo6 5.9 lo5 

2 . 0 ~  lo6 6 . 2 ~  i o 5  1 . 5 ~  lo6 7 . 0 ~  io5 

2.4X lo6 8.3X lo5 1.7X lo6 8.3x lo5 

2.8 X lo6 1.2X lo6 1.9X lo6 9.9X lo5 

~~ 

Act iv i ty  (curies) 
Temperature 

Increment* . K r E 8  La142 ur87  BrE4 BrE7 cel 43 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

144 

1.2 lo5 

1.5 x lo5 

1.8 x lo5 

2.4 lo5 

2.9 lo5 

3.6 lo5 

4.2 lo5 

5.1 lo5 

6.0 lo5 

7.0 lo5 

8.0 lo5 

1.6 lo4 

1.8 x lo4 

2.3 lo4 

3.0 x lo3 

3.9 io4 

5.0 lo4 

6.9 lo4 

9.2 x io4 

1.3 lo5 

1.7 lo5 

2.2 lo5 

5.5 x lo4 

7.0 x io4 

9 . 0 ~  lo4 
1.3 x io5 

1.6 x io5 

1.9 lo5 

2.3 io5 

2.9X io5 

3.4 lo5 

4.0 x io5 

4.8 x lo5 

8.0 lo3 

9.0 lo3 

1.1 x lo4 

1.3 x 104 

1.6 x lo4 

1.9 x lo4 

2.6 x lo4 

3 . 7 ~  lo4 

5.8 x lo4 

8.8 x lo4 

1.3~ lo5 

1.3 lo3 

1.4 lo3 

1.7 io3 

2.1 lo3 

2 . 8 ~  lo3 

3.7 x lo3 

5.2 lo3 

8 . 0 ~  lo3 

1.3 lo4 

2.0 lo4 

3 . 2 ~  lo4 

1.2 lo3 

1.6 lo3 

2.2x lo3 

2 . 9 ~  lo3 

3.8 lo3 

4.9 lo3 
6.2 lo3 

8 . 0 ~  lo3 

1.0 lo4 

1 . 4 ~  lo4 

1 . 7 ~  104 



Table  3 (continued) 

Activity (curies) 
Temperature 

lncremen t* Bo1 39 , 1 3 3  
L a 1  4 1  Ba 40 L a  40 c s  38 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 . 5 ~  lo5 

1.9 x lo5  

2.5 x lo5  

3.2 x io5 

4.2 lo5 

5.6 x lo5  

7.1 lo5  

9.5 lo5  

1.3 x lo6 

1.7 X lo6 

2.2x lo6 

4.0 x io5 

5.5 x l o 5  

7.0 x io5 

8.8 x lo5 

1.2 x 106 

1.4 x lo6 

1.6 X lo6 

1.8 x lo6 

2.0x 106 

2.3x lo6 

2.6 x lo6 

4.0 x lo5 

5.5 x lo5  

7.0 lo5 

8.8 X l o 5  

1.2 x 106 

1.4 x lo6 

1.6 x lo6 

1 . a ~  io6 

2.0 x 106 

2.3 X lo6 

2.6 x lo6 

1.5 lo5  

1.7 x l o 5  

1.9 x lo5 

2 . 3 ~  lo5  

2.9 lo5 

3.6 x l o 5  

4.6 l o 5  

6.1 lo5  

8.5 l o 5  

1.3 X lo6 

1.6 x lo6 

8 . 5 ~  lo4  

L O X  lo5 

1.3 x lo5 

1.5 x lo5 

1.8 lo5 

2.3 x l o 5  

2.8 x l o 5  

3.8 x lo5  

4.9 lo5  

9.0 x lo5  

6.8 X l o 5  

] . o x  l o 3  

1.7 x lo3  

2.7X lo3  

4.6 x lo3  

7 . s X  lo3 

1.3X l o4  

1 . 9 ~  l o 4  

3.0 x i o 4  

4.8 x l o 4  

7 . 5 ~  lo4  

1.1 x lo5  

Temperature Activity (curies) 

Increment* Te131 T e l  29 Bo 137m 1135 Xel 35m 1134 

1 

2 

3 

4 

5 

6 

7 

a 

9 

10 

11 

axial 

1.3 X lo2  

2.0 x 102 

3 . 3 x  lo2  

5.4 x lo2  

8.4 x l o 2  

1.4 x io3  

2.0 lo3 

3.1 x lo3 

5 . 0 ~  io3 

7.0 i o 3  

3.8 x lo2  

6.0 X l o 2  

1.1 lo3 

1.7X lo3  

2.8 x lo3 

4.2 x io3 

6.8 x lo3  

L O X  l o 4  

1 . 4 ~  l o 4  

2.1 x io4 

2.9 x lo4  

4.9 l o 5  

5 . 0 ~  l o 5  

5.1 lo5 

5 . 2 ~  lo5  

5.6 lo5 

5.9 x lo5  

6.1 x lo5 

6.6 x lo5  

7.0 lo5 

7.3x lo5 

7.6 lo5 

8 . 0 ~  10’ 

2 .0x lo1 

7 . 0 ~  l o 1  

1.5 x lo2 

4.2 x l o 2  

1.0 x lo3 

2.3 x lo3 

5.0 x l o 3  

1.0 io4 

2.0 lo4 

3.4 l o 4  

1.3 lo4 

1.7 x lo4  

2.0 lo4 

2.7 l o 4  

3.5 x lo4  

4 . 5 ~  l o 4  

4 6.0 X 10 

8.1 x l o 4  

1.2 x lo5 

1.6 lo5  

1.9 x lo5 

8.0 x io2  

1.3 x io3 

1 . 9 ~  lo3  

2.8 x l o 3  

4 . 2 ~  lo3 

6.0X lo3  

9 . 0 ~  lo3 

1.4 x 104 

1.9 x i o 4  

2.8 x l o 4  

3.9 x l o 4  
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Table  C.3 (continued) 

Act ivi ty  (c u r ie s ) 
Temperature 

lncremen t* I 136 ~r~~ Nb95 Y 9 ‘  y 9 1 m  Y92 

1 8.0 x 100 1.3 x lo3 1.3 x lo3 4.8 x lo5 8.0 x lo4 1.7 x lo5  

2 1.4 x lo1 1.8 x lo3 1.8 x lo3 6.0 x lo5 1.3 x lo5 2.1 x lo5 

3 2.3 x lo1 2.3 x lo3 2.3 x lo3  8.0 x lo5 1.7 x l o5  2.7 x lo5 

4 3.8 10’  3.0X lo3  3.0X lo3 1.0 x lo6 2.5X l o 5  3 . 5 ~  lo5 

5 6.8 x lo1 4.0 x lo3 4.0 x lo3 1.4 x lo6 3.7 x lo5  4.6 x lo5 

6 1.2 l o 2  5.1 x lo3 5.1 lo3 1.6 x lo6 5.0 x l o5  5 . 7 ~  l o 5  

7 1 . 8 ~ 1 0 ~  6 . 9 ~  lo3 6 . 9 ~ 1 0 ~  1 . 9 ~ 1 0 ~  7 . 0 ~ 1 0 ~  7 . 1 ~  lo5 

8 3.2 x lo2  8.9 x lo3 8.9 x lo3 2.3 x lo6 1.0 x lo6 9.0 x l o 5  

9 5.9 102 1.2 lo4  1.2 lo4  2.7 x 106 1.4 x io6 1.2 106 

10 1 . 0 ~  lo3 1 . 5 ~  lo4  1.5X lo4  3.1 x io6 1 . 8 ~  i o 6  1.5X io6 

1 1  1.7X lo3  1.8X l o 4  1.8X lo4 3.5X lo6  2.4X lo6 1.7X lo6 

Activity (curies) Tern pera ture 

lncremen t* 133 Y90 Y93 I l  32 ,131 Y 9 4  T e  

1 5 . 8 ~ 1 0 ~  3 . 8 ~ 1 0 ~  3 . 1 ~ 1 0 ~  1 . 0 ~ 1 0 ~  1 . 8 ~ 1 0 ~  2 x 1 ~ 2  

2 6.0 x lo5 5.0 x lo4 5.0 lo3 1.8 x lo3 2.3 x lo4  3.7 x l o 2  

4 7.0 x lo5  8.5 l o 4  1.3 x lo4 4.8 x lo3 4.0 x l o 4  1.0 lo3 

5 7.9 lo5 1.3 x lo5 1.7 x l o 4  8.0 x lo3 5.1 lo4  1.8 x lo3 

6 8.5 i o 5  1.5 x lo5 2.6 lo4  1.3 x lo4 6.4 l o 4  2.9 lo3 

7 9 . 5 ~  lo5 1.8X lo5 3 . 7 ~  l o 4  2 . 0 ~  lo4 8.1 x l o 4  4 . 7 ~  l o 3  

8 1.1 x l o 6  2.4X lo5 5 . 5 ~  lo4 3 . 3 ~  lo4  1.1 x lo5  7 . 5 ~  lo3  

9 1.3 x lo6 3.0 x lo5 8.0 x lo4 5.0 x lo4 1.3 x lo5 1.3 x lo4 

10 1.4 x l o6  3.8 x lo5 1.3 x lo5  7.8 x lo4 1.7 x lo5 1.9 x lo4 

1 1  1 . 5 ~  lo6 4 . 7 ~  lo5 1 . 6 ~  lo5  1 . 2 ~  lo5  2 . 0 ~  lo5 2.6X l o 4  

3 6.5 X lo5  6.6 X I O 4  7.8 X lo3 3.0 X lo3 3.0 X 104 6.0 X lo2  

*The  temperature range and percentage of fuel a t  temperatures in the temperature range are the 
same as given in i t ia l ly .  
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Table  C.4. Activi ty  of the F iss ion Products in h e  Gas Stream for 

the HGCR-1 Temperature Distribution 

Temperature Act ivi ty  (curies ) 

Increment* sr9 Rb89 xel  35 Rb88  Kr88 L a  142  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

Tota l  

2.58 lo5 

2.85~ lo4 

3.81 lo4 

3.95~ lo4 
4.78 x lo4 

5.17 x lo4 

4.89 lo4 

4.05 lo4 

3.62 lo4 

1.90 lo4 

1.40~ lo3 

6.10 lo5 

1.72 lo4 

2.28 lo3 

3.99 lo3 

4.94 lo3 
7.25 lo3 

9.15 x lo3 

1.04 lo4 

1.09 x lo4 

1.12 lo4 

6.56 lo3 

6.00~ lo2 

1.59~ 10’ 

1.71 x lo4 

2.36 lo4 
2.42 lo4 

2.90 lo4 

3.10 lo4 

3.23 lo4 

2.86 x lo4 
2.72 lo4 

1.34 lo4 

9.50 x lo2 

9.27 lo4 

9.69 x lo3 

1.27 lo4 

1.33 x lo4 

1.55 x lo4 

1.59 x lo4 

1.56 lo4 

1.40 x lo4 
1.27 x lo4 

6.56 lo3 

4.95 x lo2 

7.95 lo4 

8.55~ io3 

1.09 x lo4 

1.19 x lo4 

1.40 x lo4 

1.43 lo4 

1.37 lo4 

1.21 lo4 

1.09 x lo4 

5.53 lo3 

4.00~ lo2 

1.06~ lo4 

1.03 x lo3 

1.39~ io3 

1.48 x lo3 

1.88~ lo3 

1.99X lo3 

225 lo3 

2.19x lo3 

2.35 x lo3 

1.34x lo3 

1.1ox lo2 

8.45 x io4 3.86 lo5 2.09 lo5 1.82 lo5 2.66X lo4 

Temperature Act ivi ty  (curies) 

Increment* Kr87 Br84 Br87 ~e~~~ ~a~~~ Bo 40 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

1 1  

Tota l  

3.64~ lo4 

3 . ~ 9 ~  lo3 
5 ~ 5 ~  lo3 
6.42 lo3 
7.73 x lo3 

7.56 lo3 

7.50~ lo3 

6.90 lo3 

6.15~ lo3 

3.16 x lo3 
2.40 x l o 2  

5.30 x lo3 

5.13 x lo2 

6.66 x lo2 

6.42 x lo2 
7.73 x lo2 

7.56 x lo2 

8.48 x lo2 

8.81 x lo2 
1.05~ lo3 

6.95~ lo2 

6.50 x lo1 

8.61 x lo2 
7.98 x io1 
1.03 x lo2 
1.04 x lo2 

1.35~ lo2 

1.47~ lo2 

1.70 X lo2 

1.90 x lo2 
2.35X lo2 

1.58~ 10’ 

1.60 x 10’ 

9.15 x lo4 1.21 lo4 2.20 lo3 

7.95 x lo2 9.93 x lo4 

9.12 x lo1 1.08 X lo4 
1.33 x lo2 1.51 x lo4 

1.43 x 10’ 1.58 x lo4 
1.84~ 10’ 2.03 x lo4 

1.95 x lo2 2.23~ lo4 

2.02~ lo2 2.31 x lo4 

1.90~ 10’ 2.26 x lo4 
1.81 x lo2 2.35~ lo4 

1.11 lo2 1.34~ lo4 

8.50 x loo 1 . 1 0 ~  lo3 

2.23~ lo3 2.67X lo5 

2.65~ lo5 

3.14X lo4 

4.24 lo4 
4 . 3 ~ ~  lo4 
5.80 x lo4 

5 . ~ 7 ~  lo4 

5.22 lo4 

4.28X lo4 

3.62X lo4 
1.82~ lo4 
1.30~ lo3 

6.47 x 1 O5 
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Table C.4 (continued) 

Activity ( c u r i e s )  Temperature 
l n c r e m e n  t* La 40 cs 13* Bo 139 11 33 Te131 te1z9 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Toto I 

2.65 lo5 

3.14 io4  

4.24 lo4  

4 ~ 5 ~  lo4  

5 . 8 0 ~  l o 4  

5.57 io4  

5.22 l o 4  

4 . 2 8 ~  lo4 

3.62 x lo4  

1.82 l o 4  

1.30 x lo3 

6 . 4 7 ~  lo5  

9.93 lo4  

9.69X lo3 

1.15 lo4  

1.14 x lo4 

1.40 x lo4  

1.43 x l o 4  

1.50 X lo4  

1.45X lo4 

1.54 X l o 4  

1 . 0 3 ~  lo4 

2.16 lo5  

8.00X lo2  

5.63 lo4  

5.70 x lo3 

7.87 lo3 

7 d 1  lo3 

8 . 6 9 ~  lo3 

9 . 1 5 ~  lo3 

9.13 lo3 

9.04 lo3 

8.87 lo3 

5.37 lo3 

1.28 lo5 

4.50X lo2 

6.62 x 10’ 

9.69 x 10’ 

1.63 x l o 2  

2.27 x 10’ 

3.62 x 10’ 

5 . 1 7 ~  lo2  

6.19 x l o 2  

7.14 x l o 2  

8 . 6 9 ~  lo2 

5.93x 10’ 

5.50 X 10’ 

5 . 3 0 ~  10’ 

7.41 X 10’ 

1.21 x lo1  

1 . 6 3 ~  lo1  

2.61 X 10’ 

3.34 x l o1  

4.56 X lo1  

4 . 7 6 ~  lo1 

5.61 x l o 1  

3.95 x lo1 

3.50X 10’ 

2.52X lo2 

3.42X 10’ 

6.66X 10‘ 

8 . 4 0 ~  lo1  

1.35x l o 2  

1.67X l o 2  

2.22 x 10’ 

2.38 x 10’ 

2.53 X 10’ 

1.66 x l o 2  

1.45 X 10’ 

4.88 lo3 3.41 x 10’ 1 . 6 3 ~  lo3 

Temperature Activity (curies) 

I n c r e m e n t *  137m ,135 Xe 135111 ,134 I 136 ~r~~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Toto I 
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3.24 lo5 

2.85 x l o 4  

3 . 0 9 ~  lo4  

2.57 lo4  

2 . 7 0 ~  lo4 

2.35 lo4  

1.99 x lo4  

1.57 lo4  

1 . 2 7 ~  l o 4  

5.77 lo3 

3.80 x l o 2  

5.30 x 10’ 

1.14X 10’ 

4.24 x 10’ 

7.41 x 10’ 

2.03 x lo1  

3.98 x lo1  

7.50X lo1  

1.19 x 10’ 

1.81 x 10’ 

1.58 x lo2  

1.70x lo1  

8.61 lo3 

1.21 lo3 

1.33 lo3 

1.69X lo3 

1.79 x lo3 

1.96x lo3 

1.93 lo3 

2 . 1 7 ~  lo3 

9.69X 10’ 

1.26 x lo3  

9.50 x l o 1  
. .  

5.30 x l o 2  

7.41 X 10’ 

1 . 1 5 ~  10’ 

1.38 x 10’ 

2.03 x 10’ 

2.39 x 10’ 

2.93X 10’ 

3.33 x 10’ 

3.44x 10’ 

2.21 x 10’ 

1.95X 10‘ 

5 . 3 0 ~  10’ 

7 . 9 8 ~  lo-’ 

1 . 3 9 ~  10’ 

1.88 x 10’ 

3 . 2 8 ~  10’ 

4.78 x 10’ 

5 . 8 7 ~  10’ 

7.62 x 10’ 

1.03 x l o 1  

7.90 x 10’ 

8.50 X 10-1 

8.61 X 10’ 

1 . 0 3 ~  10’ 

1.39 x l o 2  

1 . 4 8 ~  10’ 

1.93 x 10’ 

2 . 0 3 ~  l o 2  

2.25 x 10’ 

2.12x 10’ 

2 . 1 7 ~  10’ 

1 . 1 9 ~  10’ 

9.00x 10’ 

5.14 x lo5  6.28 x 10’ 2.30 x lo4 2.51 x lo3 5.00 x l o 1  2.43 X lo3  



A 

Table  C.4 (continued) 

Temperature Act ivi ty  (curies) 

Increment* Nb9’ Y 9 l  y 9 1 m  Y 9 2  Y 9 0  Y 9 3  

1 8.61 x lo2  

2 

3 

4 

5 

6 

7 

a 

9 

10 

1 1  

.. 
1.03 x 10‘ 

1 . 3 9 ~  lo2  

1.48 x lo2  

1.93 x lo2  

2 . 0 3 ~  10’ 

2 . 2 5 ~  10’ 

2.12 x 10’ 

2 . 0 7 ~  lo2  

1 . 1 9 ~  lo2  

9.00 x 10’ 

3.18 lo5 

3.42 lo4 

4.84 x lo4 

4 . 9 4 ~  lo4  

6.76 l o 4  

6.37 lo4  

6.19 x lo4  

5.47 lo4  

4.89 x l o 4  

2.45 lo4  

1.75x lo3  

5.30 lo4  

7.41 x lo3 

1 . 0 3 ~  l o 4  

1.24X lo4  

1.79 lo4  

1.99 x lo4 

2 . 2 8 ~  lo4 

2.38 x l o 4  

2.53 lo4 

1.42 x lo4  

1.20 lo3 

1.13 x l o 5  

1.20 lo4 

1.63 lo4 

1 . 7 3 ~  lo4 

2.22 l o 4  

2.27X lo4 

2.31 lo4 

2.14 l o 4  

2 . 1 7 ~  lo4 

1.19 x lo4 

8.50X lo2 

Toto I 2.43 x lo3 7.73 x los 2.08 10’ 2.82 x 10’ 

3.84 x lo5 

3.42 x lo4  

3 . ~ ~  lo4 

3 . 4 6 ~  lo4 

3.82 lo4  

3 . 3 8 ~  lo4 

3.10 l o 4  

2.62 lo4 

2.35 lo4  

1.11 l o 4  

6 . 5 7 ~  lo5 

7 . 5 0 ~  lo2 

2 . 5 2 ~  IO4 

2.85 x lo3  

3.99 lo3 

4.20 x lo3 

6 . 2 8 ~  lo3 

5.97 x lo3 

5.71 x lo3  

5.43 lo4  

3.00x l o 4  

5.87 X 1 O3 

2.35 x l o 2  

6 . 8 7 ~  l o 4  

Tempera tu re Act ivi ty  (curies) 

Increment* 1 1 3 2  ,131  Y 9 4  T e 1 3 3  

1 2.06 lo3 6.62 x l o 2  1.19 lo4  1.32 x lo2  

2 2.85 X l o 2  1.03 x l o 2  1.31 lo3 2.1 1 x lo1  

4 6 . 4 2 ~  I O 2  2 . 3 7 ~  l o 2  1.98 x lo3 4.94x 10’ 

3 . 6 3 ~  l o 1  3 3 4.72 x l o2  1.82 x 1 O2 1.82 x 10 

2.46 lo3 8 . 6 9 ~  l o 1  5 8.21 x i o 2  3.86 x 10’ 

6 1 . 0 3 ~  lo3 5.17 x l o 2  2 . 5 5 ~  io3 1 . 1 5 ~  IO2 

7 1.21 lo3 6.52 x lo2 2.64 l o 3  1 . 5 3 ~  lo2  

1.31 lo3 7.85 x l o 2  2.62 lo3 1 . 7 9 ~  lo2  8 

9 1.45 x lo3 9.05 x l o 2  2 . 3 5 ~  lo3  2 . 3 5 ~  lo2 

10 1 . 0 3 ~  lo3 6 . 1 6 ~  10’ 1.34 lo4 1.50 x lo2  

11 8.00 x l o 1  6.00 x l o 1  1.oox lo2  1.30 x l o 1  

1.04 x io4  5.11 lo3  3.11 lo4  1 . 1 7 ~  lo3  Toto I 

* T h e  temperature range of the temperature increment and the amount o f  fuel a t  temperatures in the 
temperature increment are the same a s  given in Tab le  C.3. 
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Tab le  C.5. E f fec t  of  the Pur i f i ca t ion  System on Fission-Product Ac t iv i t y  
i n  the Primary Gas System 

Activity, Activity, Activity, Activity, Activity, 

(sec-’) (curies) (curies) (curies) (curies) (curies) 
Nuclide A with a / T  = 0 with a/T  = with u./T = loe4 with a/T = with a / T  = 

Brad 

Bra7 

Kra7 

Kr8’ 

R ba8 

RbE9 

Y90 

Sr9‘ 

y 9 l m  

Y9‘ 

Y92 

Y93 

Y94 

Zr95 

Nb95 

Te129 

TeI3 ’  

1131 

1132 

Te133 

1133 

I I 3 4  

1135 

x e 1 3 5 m  

xe I35  

I 136 

~ , 1 3 7 m  

c s ‘ 3 8  

~ a ’ 3 9  

~ 0 ‘ 4 0  

La’4” 

~ ~ ’ 4 ’  

~~~4~ 

ceId3 
Total 

3.85 i o 2  
1.25 104 

1.48 x 102 

6.95 x 10’ 

6.49 x lo2 

7.5 x 102 

2.98 ioo 
1.99 x 10’ 

2 . 2 6 ~  10’ 

1.38 io-‘ 
5.35 x 10’ 

1 . 9 3 ~  10’ 

7.0 x lo2 
1.27 x lo- ’  
2.29 x lo- ’  

1 . 6 ~  10’ 

4.66 x 10’ 

9.96 x lo- ’  
8.05 x IO’ 

5.78 io3 
9.25 x 10’ 

2.20 x 102 

2.89 10’ 

7.4 x 102 

2.11 x 10’ 

8.06 io3  

4.4 103 

3.62 x lo2 
1.36 x IO2 

6.27 x lo - ’  
4.79x 100 

6.42 x l o 2  
1.56 x IO2 

6.01 x 10’ 

1.21 io4 
2.20 103 

9.15 104 

1.82x 105 

2.09 105 

8.45 I O 4  

6.57 105 

6.10 105 

2.08 io5 
7.73 105 

2.82 105 

6.87 104 

3.11 104 

2.43 103 

2.43 103 

1.63 103 

5.11 103 

1.04 104 

1.17 x 103 

4.88 io3  
2.51 103 

6.28 io2 
2.30 104 

3.86 105 

5.14 105 

2.16 i o 5  
1.28 105 

6.47 105 

6.47 105 

2.67 105 

2.66 104 

2.23 103 

3.41 x lo2 

5.00 x 10’ 

6.10 x lo6 

3.36 103 

2.04 103 

1.18 x io4 
1.18 io4 
8.23 io4 
3.63 104 

1 . 9 6 ~  103 

1.19 104 

3.83 I O 4  

1.44 104 

1.2aX io4 

1 . 0 7 ~  IO2 

1.31 x lo3 

3.09 x lo - ’  
5.56x 10-1 

2.25 x IO2 

1.08 x IO’ 

5.09 x 10’ 

7.73 x 102 

9.98 x lo2 

4.48 x 10‘ 

4.52 x lo2  
1 . 7 7 ~  10‘ 

9.78 io3 
7.95 103 

4.45 x 10‘ 

4.19 105 

5.72 104 

1.54 104 

3.10 103 

1.04 105 

3.59 103 

8.51 io5 

4.06 x lo2 

1.34 x 10‘ 

9.61 103 

2.18 io3 
5.46 104 

7.46 104 

1.81 io5 

7.45 104 

1.91 104 

1.01 105 

1.44 105 

1.07 103 

9.84 io4 
1.11 104 

2.72 104 

3.09 x 10’ 

5.56 x 10’ 

LOO 103 

2.81 j (  i o2  

4.64 103 

1 . 1 5 ~  103 

1 . 7 2 ~  103 

2 . 0 2 ~  104 

6.72 104 

4.94 x 10‘ 

5.01 105 

1.69 105 

7.37x 104 

4.06 103 

2.96 104 

2.31 105 

1.62 104 

5.05 x 10’ 

4.12 x 102 

1.41 x 10’ 

1.27 x lo2 

1 . 9 2 ~  l o 6  

i . i a X  io4 
2.20 103 

8 . ~ 7 ~  104 

1.59 105 

2.06 105 

8.34 104 

1.51 105 

4.06 105 

1.99 105 

1.05 104 

2.38 105 

4.53 104 

3.06 104 

3.04 x IO’ 

5.44 x 10’ 

1.53 103 

3.34 x 102 

4.65 x lo2 

9.26 103 

1.17 103 

2.35 103 

2.40 103 

2 . 2 7 ~  104 

2 . 6 2 ~  105 

5.13 105 

2.10 105 

1.19 105 

3.82 104 

2.10 105 

2.63 105 

2.50 104 

4.67 x lo2 

5.0 x 10’ 

8.38 x lo2 

1.21 104 

2.20 103 

9.10 104 

1 . 7 9 ~  105 

2.09 105 

8.45 io4 
4 . w X  105 

5.81 105 

2.07 105 

9.43 104 

2.77 105 

6.53 104 

3.11 104 

2.75 x IO2 

4.54 x 102 

1 . 6 2 ~  103 

2.56 103 

1.03 104 

1.17 103 

4.41 103 

2.50 103 

2.30 104 

3.69 105 

5.14 105 

2.15 105 

1.27 105 

2 . 5 0 ~  105 

5.36 105 

2 . 6 7 ~  105 

2.64 104 

1.91 103 

3.41 x lo2 

6.07 x lo2 

5.0 x IO’ 

3.31 x lo6 4.68 x lo6 
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APPENDIX D. DOSE RATE AT STEAM GENERATORS 

The calculat ion of the dose rate a t  the steam generator was based on the assump- 

t ions  that (1) no credit would be taken for the reduction i n  ac t i v i t y  due to a pur i f icat ion 

system (since, i f  the deposition rate were high, the pur i f icat ion system would be in- 

effective), (2)  the total system ac t iv i t y  would be divided equally between the eight 

steam generators, and (3) the steam generators would be similar i n  geometry to the 

GCR-2 steam generators. 

The source i n  the steam generator was as- 

sumed to be of various energies and to have a 

strength o f  1 curie/cm3. The geometry used for 

calculat ing the steam generator shielding i s  shown 

i n  Fig,  D.1. The expressions and symbols used 

are from ref 1. Table D.l gives the doses for 

3, 4, and 5 f t  of concrete for 1-curie/cm3 sources 

o f  various energies. Figure D.2 shows the rela- 

t ionship o f  shield thickness, dose rate, and energy 

o f  the assumed source. For the calculat ion of the 

data o f  Table D.l, tc, the thickness o f  the con- 

crete, was given the values o f  3, 4, and 5 ft, 

and the fol lowing expressions were evaluated: 

UNCLASSIFIED 
ORNL-LR-DWG 38864 

4 0  ft 

i 
f?, = 305 cm 
fFe = 7.62 cm 

d = 91.4 cm 

Fig. D.l. Geometry Used in 

Shielding Calculation. 

a = 91.4 + 7.62 + t c  = 99.02 + t c  , 

(3.7 x 10’’) (305)2 

2 ( a  + z) 
F (o rb , )  B . 4 =  

Dose buildup factors for concrete, based on a point isotropic source, were obtained from 

the expression 

B (E,b,) = A l e  
b 2  + A,e 4 2 b 2  

I 

____ 

T. Rockwel l  I l l  (ed.), Reactor Shielding Design Manual, TID-7004 (March 1956). 
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40 

40‘’ 

40-2 

0 2 3 4 5 6 
ENERGY (MeV) 

3 Dose from Sources o f  Various Energies with a Strength of 1 Curie/cm . Fig. 0.2. 

, 



which was e v a l u a t e d  from the  fo l lowing data: 

Energy (Mev) -9 -a2 A 1  A2 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

0.1 1 

0.088 

0.079 

0.063 

0.054 

0.062 

0.061 

0.059 

-0.01 

-0.03 

-0.045 

-0.058 

-0.067 

-0.073 

-0.077 

-0.079 

For E = 0.5, 

0 . 1 1  b p  -0 .01  b2 
B = 12.5e - 11.5e 1 

E = 1.0, 

0 . 0 8 8  b 2  -0 .03  b2 
B = 10.0e - 9.0e 1 

E = 1.5, 

E = 2.0, 

E = 2.5, 

E = 3.0, 

E = 3.5, 

E = 4.0, 

0.079 b 2  - 0 . 0 4 5  bp 
B = 8.0e - 7.0e 1 

0.063 bp - 0 . 0 5 8  b2 
B = 6.3e - 5.3e 1 

12.5 

10 

8 

6.3 

5.4 

4.7 

4.25 

3.9 

0 .054 b 2  - 0 . 0 6 7  b 2  
B = 5.4e - 4.4e 1 

0.062 b2 - 0 . 0 7 3  b 2  
B = 4.7e - 3.7e 1 

0.061 b 2  - 0 . 0 7 7  bp 
B = 4.25e - 3.25e 1 

0 . 0 5 9  b 2  -0 .079 b 2  
B = 3.9e - 2.9e 

-11.5 

-9  

-7  

-5.3 

-4.4 

-3.7 

-3.25 

-2.9 

The gamma energy and the number of photons per d is integrat ion for the nuc l ides  of  

in terest  a re  g iven  in T a b l e  D.2. The dose r a t e  from a 1-curie/cm3 source of  the  nuc l ides  
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i s  a lso shown. The values were obtained by using the number of photons per disintegra- 

t ion  o f  a given energy and the data o f  Fig. D.2. The values of dose rate from a 1- 

curie/cm3 source (Table D.2) and from the actual source in  the steam generator (Table 

0.3) were used to  obtain the dose rate for various assumed pur i f icat ion rates; the resul ts 

are presented in  Table D.3 and plotted i n  Fig. D.3. Figure D.3 indicates that about 

3 f t  of concrete would be required to  reduce the dose rate to approximately 7.5 mr/hr 

during operation. The use of a pur i f icat ion system would only decrease the shield 

thickness by about 6 in. i f  it were competit ive wi th deposition in  reducing act iv i ty,  

The amount of ac t i v i t y  concentrated in  a steam generator was estimated from the 

fol lowing relationship, based on the assumption that a l l  the act iv i ty would be uniformly 

distr ibuted i n  each o f  the eight steam generators: 

where Si i s  the ac t iv i t y  due to nucl ide i i n  the steam generator ( in  curies/cm3), Ai i s  

the total system ac t iv i t y  from nucl ide i i f  no purif icat ion i s  assumed (values given i n  

Table C . 3 ,  v i s  the volume o f  a steam generator, and n i s  the number o f  steam genera- 

tors. Since each steam generator has a volume o f  about 4 x lo8 cm3, 

A comparison o f  the dose rate and shield thickness required for the case of no 

retention o f  f iss ion products i s  presented in  Fig.  D.4. The effect iveness of graphite i n  

retaining and i n  holding up f ission products results i n  a decrease in  shield thickness 

for a given dose rate by a factor o f  2. 

The ac t iv i t y  and dose rates during normal operation decay rapidly after shutdown. 

The  shutdown doses from the various nucl ides for concrete shield thicknesses o f  3 and 

4 ft, and for times from shutdown to lo7 sec, are tabulated in  Table 0.4. The values 

o f  Table D.4 are plotted in  Fig. D.5 as functions o f  shield thickness. From the curves 

o f  Fig. D.5, i t i s  possible to determine what thickness o f  concrete would be necessary 

to maintain a dose rate of 7.5 mr/hr. Th i s  i s  shown i n  Fig. 0.6, as wel l  as the shield- 

ing necessary to maintain a dose rate at 200 mr/hr. From Table D.4 i t  may be seen that 

soon after shutdown the main contributor to  the dose rate i s  L a 1 4 0  and that th is ac t i v i t y  

predominates unt i l  about lo7 sec (three months), when Y 9 0  and Ba137m become the most 

important act iv i t ies.  Figure D.5 indicates that the problem of doing maintenance on 

maior pieces o f  equipment may not be too great. The replacement of maior pieces of 

equipment, such as a heat exchanger or a blower, could be done in  about 100 days with 

no shielding; the dose rate would be <200 m r h r .  However, the most signif icant factor 

154 



UNCLASSIFIED 
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Fig. D.3. Effect  of Purif ication Rate an Dose Rote External to Shielding a t  the Steam Gener- 

ators During Normal Operation. 
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U N C L A S S I F I E D  
ORNL-LR-DWG 34892A 

10L 

5 

c 

L 2z . 
L 

E - 
W + 
n 
W 
v) 
0 
0 

a 

2 

10 

5 

2 

1 

5 

2 

IO-’ 

5 

2 

- 2  
10 

1.0 2.0 3.0 
SHIELD THICKNESS ( f t )  

4.0 

Fig. D.5. Dose Rates a t  Steam Generators for Various Shield Thicknesses and for Various 

Times After Shutdown. 
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Fig. D.6. 
Steam Generators. 

Shield Thickness Required To Reduce Dose Rate to 7.5 mr/hr  and 200 m r h r  a t  

to consider i n  evaluating the maintenance problem i s  that the doses shown in  Fig. D.5 

are upper-l imit values. AS mentioned earlier, the sgt ly i ty  in the system may be reduced 

by the addition of  a pur i f icat ion system. I f  the deposition rate for long- l iyed nucl ides 

were not greater than the removal rate by a pur i f icat ion system, it would be possible to 

reduce the longer-l ived nucl ides by several orders of magnitude. Maintengore could 

then await  decay of  the short-l ived act iv i ty.  The additional poss ib i l i ty  of decontamina- 

t ion of  equipment could reduce the problem of maintenance. However, i t w i l l  be neces- 

sary to study deposition in these systems before it w i l l  be possible to evaluate the 

usefulness o f  decontamination techniques. 
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Table D . l .  Calculation of Dose R a t e  a t  Steam Generator P i t s  

b l  m Z F B Dose Rate 

(mr/hr) 
Q 

0.5 
1 .o 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

0.5 
1 .o 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

0.5 
1 .o 
1.5 
2.0 
2.5 
3.0 
3.5 
4.0 

0.0461 0.653 0.206 
0.0328 0.465 0.150 
0.0266 0.376 0.122 
0.0232 0.329 0.105 
0.0214 0.299 0.094 
0.0197 0.279 0.086 
0.0189 0.265 0.080 
0.0181 0.257 0.075 

0.0461 0.653 0.206 
0.0328 0.465 0.150 
0.0266 0.376 0.122 
0.0232 0.329 0.105 
0.0214 0.299 0.094 
0.0197 0.279 0.086 
0.0189 0.265 0.080 
0.0181 0.251 0.075 

0.0461 0.653 0.206 
0.0328 0.465 0.150 
0.0266 0.376 0.122 
0.0232 0.329 0.105 
0.0214 0.299 0.094 
0.0197 0.279 0.086 
0.0189 0.265 0.080 
0.0181 0.257 0.075 

Case I: t ,  = 3 ft = 91.4 em (ordinary concrete); a / R o  = 190.42/305 = 0.624 

4.98 18.83 23.81 1.75 3.15 5.51 120 29.32 4 x  
3.54 13.71 17.25 1.57 2.7 4.24 129 21.49 1.1 x lo-‘’ 
2.86 11.15 14.01 1.45 2.45 3.55 133.5 17.56 6.7 x loW9 
2.51 9.60 12.11 1.38 2.33 3.22 139 15.33 6.7 x lo-’ 
2.28 8.59 10.87 1.35 2.28 3.08 144 13.95 2.75 x 

2.13 7.86 9.99 1.30 2.28 2.96 150 12.95 7 . 8 ~  
2.02 7.31 9.33 1.28 2.28 2.92 154 12.25 1 . 6 ~  
1.96 6.86 8.82 1.25 2.26 2.82 156 11.64 3 x 

Case I I :  t c  = 4 f i  = 122 cm (ordinary concrete); a/Ro = 221.02/305 = 0.724 

4.98 25.13 30.11 1.82 3.2 5.81 126 35.92 
3.54 18.30 21.84 1.61 2.8 4.51 138 26.35 8 x 

2.86 14.88 17.74 1.49 2.53 3.77 142.5 21.51 1.1 x lo-’’ 
2.51 12.81 15.32 1.43 2.40 3.43 148 18.75 2 x ~ O - ~  
2.28 11.47 13.75 1.38 2.32 3.20 150 16.95 1 . 2 5 ~  IO-’ 
2.13 10.49 12.62 1.35 2.26 3.06 155 15.68 4.75 x lo-’ 

2.02 9.76 11.78 1.32 2.23 2.94 155.5 14.72 1.2 x 

1.96 9.15 11.11 1.29 2.20 2.84 157 13.95 2.75 x 

Case 111: t c  = 5 ft = 

4.98 31.31 36.29 
3.54 22.80 26.34 
2.86 18.54 21.40 
2.51 15.96 18.47 
2.28 14.29 16.57 
2.13 13.07 15.20 
2.02 12.16 14.18 
1.96 11.40 13.36 

152 cm (ordinary concrete); a/Ro = 251.02/305 = 0.824 

1.87 3.4 6.36 138 42.65 
1.67 2.75 4.60 140.5 30.94 7.5 x lo-’’ 
1.52 2.50 3.80 144.0 25.20 2 . 7 ~  IO-’’ 
1.46 2.38 3.48 150 21.95 7 x  lo-”  
1.41 2.29 3.23 151 19.80 6 . 7 ~  lo-’’ 
1.37 2.23 3.06 155 18.26 3.3 x 
1.35 2.19 2.96 156.5 17.14 1 x lo-’ 
1.33 2.15 2.86 158 16.22 2.6 x lo-’ 

310 
61.8 
28.8 
14.4 
9.8 
9.2 
7.7 
6.6 

642 
98 
41 
18.8 
12 
11.2 
9.4 
7.9 

1368 
148.4 
56.1 
23.6 
14.5 
13.6 
11.2 
9.4 

6.87 x 10’ 
3.66 104 

1.025 x lo6 
5.04 x lo6 

1.385 x lo7 
3.62 107 

6.14 10’ 
9.83 107 

3.18 x lo- ’  
3.76 x lo2 
2.13 104 
1.75 105 
6.95 105 
2.43 x lo6 
5.15 x lo6 
9.88 x lo6 

6.04 1 0 - ~  
4.89 x 10’ 

6.6 x lo2 
7.08 103 
4.15 104 

1.9 io5 
4.73 io5 
1.03 x lo6 

6.87 x lo-’ 
6.65 x 10’ 
2.63 i o3  
1.57 104 

5.05 104 
1.51 i o 5  
2.85 105 
5.04 105 

3.18 10-4 

6.84 x lo-’ 
5.45 x 10’ 
5.46 x 10’ 
2.53 103 
1.01 104 
2.4 104 

5.06 104 

6.04 x 
8.89 1 0 - ~  

2.21 x 10’ 
1.7 x 10’ 

1.51 x 10’ 
7.83 x 10’ 
2.2 io3 

5.28 io3 



Table D.2. Dose Rates from a l-Curie/cm3 Source 

Gamma Emission 
Dose Rate for Photons of Energy E (mr/hr) 

Dis integrat ions 

(%I 

Nuclide Energy, E of Energy E Case I, 3 ft Case 11, 4 f t  Case 1 1 1 ,  5 f t  
of Concrete of Concrete of  Concrete (MeV) 

BrE4 3.93 

3.28 

3.03 

2.82 

2.47 

2.17 

2.05 

1.90 

1.74 

1.57 

1.47 

1.21 

1.01 

0.88 

0.81 

BrE7 

ur87 

KrE8 

RbE8 

5.4 

3.0 

2.55 

2.10 

0.85 

0.405 

2.4 

2.19 

1.55 

0.85 

4.87 

3.68 

3.52 

10 

4.0 

3.3 

2.7 

12 

2.7 

1.6 

20 

1.6 

1.3 

1.6 

3.3 

15 

50 

5 

Tota l  

56 

14 

Tota l  

21 

4 

9 

91 

Tota I 

35 

18 

14 

23 

Tota l  

0.46 

0.13 

0.37 

4.8 lo4  

4.95 lo3 

2.97 lo3 

6.0 lo3 

8.8 x lo3  

6.75 x l o 2  

2.88 x lo2 

2.6 x lo3 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

4.7 lo3 

3.3 x lo2 

6.8 x lo2 

1.78 x lo2 

3.0 x lo2 

2.56 x lo1 

1.04 x 10’ 

7.6 x 10‘ 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

7.428 x lo4 

5.6 lo5 

1.96 x lo4 

5.796 x lo5  

1.26 x lo4 

8.0 x lo2  

Neg. 

Neg. 

1.34 l o 4  

1.47 lo4  

4.5 x lo3 

Neg. 

Neg. 

1.92 lo4 

4.14 x lo3  

4.55 x lo2  

1.11 x lo3 

6.3 lo3 

5.6 x lo4  

1.4 lo3 

5.74 x lo4 

6.7 x lo2 

3.2 x 10’ 

Neg. 

Neg. 

7.02 x lo2 

7 x lo2  

1.8 X lo2 

Neg. 

Neg. 

8.8 x l o2  

4.14 x lo2 

4.17 x lo1  

9.62 x lo1  

4.9 x l o 2  

5.6 x 10’ 

2.48 x 10’ 

1.16 x 10’ 

1.68 x 10’ 

1.08 x 10’ 

4.0 x 10-1 

3.0 x 10’ 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

6.343 x lo2  

5.6 lo3 

1.06 X lo2  

5.706 x lo3 

3.56 x 10’ 

1.2 x 10’ 

Neg. 

Neg. 

3.68 x lo1 

3.5 x 10’ 

8.17 x 10’ 

Neg. 

Neg. 

4.32 x lo1  

4.14 x 10’ 

4.04 x 10’ 

9.25 x 10’ 

160 



T a b l e  D.2 (continued) 

Gamma Emission 
Dose Rate for Photons of Energy E (mr/hr) 

Disintegrations 
Energy, E of Energy E Case I, 3 ft Case  11, 4 f t  Case 111,  5 ft 

of Concrete of Concrete of Concrete (%I (MeV) 

RbE8 3.24 

3.01 

2.68 

2.11 

1.85 

1.39 

0.908 

Rb89 3.52 

2.75 

2.59 

2.20 

1.55 

1.26 

1.05 

0.663 

Sr9 1.413 

1.025 

0.747 

0.65 

Y90  1.734 

0.551 y 9  1 m 

Y 9 1  1.22 

Y92 2.4 

1.9 

0.46 

0.46 

2.5 

1.2 

32.6 

2.0 

18 

Total  

2.16 

2.74 

12.5 

14.1 

3.5 

53.2 

70.8 

16.0 

Total  

7 

33 

29 

44 

Tota l  

0.02 

Tota l  

100 

Tota l  

0.3 

Tota l  

1 

5 

9.65 x lo2 

6.9 x lo2  

1.93 x lo3 

2.52 x l o 2  

3.26 lo3 

Neg. 

Neg. 

1.28 lo4  

6.48 lo3 

2.48 lo3 

8.11 lo3 

3.67 lo3 

1.05 x lo2 

3.19 x l o 2  

Neg. 

Neg. 

2.12 lo4 

9.8 x lo1  

2.31 x lo1  

Neg. 

Neg. 

1.21 x 102 

1.4 x 10' 

1.4 x 10' 

1.5 x 10-1 

6.9 x lo1 

4.6 x lo1 
.. 

1.1 x loL 

9.6 x 10' 

6.52 x l o 1  

Neg. 

Nes.  

8.52 x l o 2  

5.84 x lo2  

1.49 x lo2 

4.25 x lo2  

1.41 x lo2  

2.45 x 10' 

5.32 x 10' 

Neg. 

Neg. 

1.38 lo3 

2.1 x 10' 

2.31 x 10-1 

Neg. 

Neg. 

2.3 x 10' 

3.6 x 

3.6 x 

1.5 x 

1.5 x 10-1 

1.5 x 10' 

1.5 x 10' 

4.4 x lo2  

6.0 x lo2  

'"1.5 x 

2.4 x 

2.4 x 

2.0 x 10' 

1.9 x lo1 

6.44 x 10' 

3.45 x 10' 

6.75 x 10' 

4.2 x 10-1 

3.26 x 10' 

Neg.  

Neg. 

7.5 x lo1  

5.4 x lo1  

9.35 x 10' 

2.5 x lo1 

7.05 x 10' 

7 x 

1.06 x lo- '  

Neg. 

Neg. 

9.56 x lo1  

4.9 x 10-1 

Neg. 

Neg. 

Neg. 

4.9 x 10-1 

1.2 

1.2 - 1.5 x - 1.5 x 

3.9 x 

3.9 x 

1 x 10' 

6.5 x 10-1 

16 1 



Tab le  D.2 (continued) 

Gamma Emission 
Dose Rate for Photons of  Energy E (mr/hr) 

Dis integrat ions 
Energy, E of Energy E Case I, 3 ft Case I!, 4 f t  Case 111, 5 f t  

of Concrete of Concrete of Concrete (%I (Mev) 

Y92 

Y93 

Y94 

129 
Te  

Te13‘  

Te133 

1131 

I 132 

1.45 

0.94 

2.14 

1.88 

1.40 

1.15 

0.94 

0.68 

1.4 

1.1 

0.74 

0.47 

1.14 

0.95 

0.60 

0.45 

1.0 

0.6 

0.722 

0.637 

2.2 

1.96 

1.4 

1.16 

50 

150 

Tota l  

0.9 

2.2 

1 .o 
0.5 

3.56 

1.44 

Tota l  

100 

Tota l  

10 

4 

15 

Tota l  

10 

5 

5 

20 

Tota l  

100 

100 

Tota l  

2.8 

9.3 

Tota l  

2 

5 

11  

8 

1.0 lo3 

Neg. 

2.0 x 10’ 

Neg. 

5 x lo-’ 

Neg. 

2.04 lo3 

2.16 X lo2  

2.64 x l o 2  

1.4 x lo1  

Neg. 

Neg. 

Neg. 

4.94 x l o 2  

1.4 x lo3 

1.4 x lo3 

1.5 x 10’ 

Neg. 

Nen. 

1.5 x 10’ 

2.4 x 10’ 

Neg. 

Neg. 

Neg. 

2.4 x 10’ 

6.6 x lo1  

3 x lo-’ 

6.63 x 10’ 

5.6 x 

Neg. 

5.6 x 

5.2 x lo2  

7.0 x l o 2  

1.54 x lo2  

Neg. 

5.9 x 10’ 

8.1 x 10’ 

7.05 x 10’ 

3 x lo-’  

Neg. 

Neg. 

Neg. 

1.545 x 10‘ 

3 x 10’ 

3 x 10’ 

2.6 x lo-’ 

Neg. 

Neg. 

2.6 x lo-’  

4.0 x 10-1 

Neg. 

Neg. 

Neg. 

4.0 x lo-’ 

6.84 x lo-’ 

Neg. 

6.84 x lo-’ - 1.4 x 

- 1.4 

Neg. 

2 x  10’ 

2.2 x lo1 

3.3 x loo 

Neg. 

2.15 x 10’ 

3.51 X lo-’  

2.64 x lo-’ 

7 

Neg. 

Neg. 

Neg. 

6.22 x lo-’  

7 x lo-’  

7 x 10-1 

7 

Neg. 

Neg. 

7 

9 

Neg. 

Neg. 

Neg. 

9.0 x 

8.9 

8.9 

Neg. 

-2.04 x 

Neg. 

-2.0 x 

1 x 10’ 

8.5 x lo-’ 

7.7 x 

Neg. 

162 



Tab le  D.2 (continued) 

Gamma Emission 
Dose Rate for Photons of Energy E (mr/hr) 

Case 1 1 ,  4 f t  
Dis integrat ions 

Case I, 3 f t  Case Ill, 5 f t  Nucl ide 
Energy' E of Energy E 

(MeV) o f  Concrete of Concrete of Concrete 

~~ ~ 

0.96 20 

0.777 75 

0.673 100 

0.624 6 

0.528 25 

I 132 

Tota l  

I 133 

,134 

I 135 

1.4 1 

0.85 5 

0.53 94 

Tota l  

1.78 35 

1.1 35 

0.86 30 

Tota l  

1.8 

1.72 

1.46 

1.28 

1.14 

1.04 

0.86 

0.53 

0.42 

1 1  

19 

12 

34 

37 

9 

1 1  

27 

6.9 

Tota l  

2.6 20 

1.3 60 

I 136* 

Tota l  

0.5 100 135111 

Tota l  

*Estimated. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

1.374 x lo3 

1.4 x lo1 
Neg. 

Neg. 

4.5 x 10' 

3 x 10-1 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

Neg. 

1.92 x 10' 

7 x 

Neg. 

Neg. 

1.4 x lo1 

2.8 x lo3 
Neg. 

Neg. 

3 x 10-1 

7.0 x lo1 
Neg. 

Neg. 

7 x 

2.45 X 10' 

Neg. 

Neg. 

2.8 lo3 
9.9 x lo2 
1.33 lo3 

2.2 x lo2 

2.4 x lo2 

8.5 x lo1 
Neg. 

Neg. 

Neg. 

Neg. 

2.87 lo3 
1.34 lo4 

n 

4.8 x loL 
1.39 lo4 

6.87 x 

7.0 x 10' 

2.53 x lo1 
3.04 x 10' 

4.8 x 10' 

3.4 x loo 
1.4 x 10' 

Neg. 

Neg. 

Neg. 

Neg. 

6.53 X lo1 

7.2 X lo2 
8.4 x 10' 

7.28 X lo2 

3.18 

6.87 x 3.18 x 

2.45 x 10' 

8.8 x lo-' 

1.2 x 10-1 

1.14 x 10' 

6.8 x 

2.2 x 

Neg. 

Neg. 

Neg. 

Neg. 

2.23 x 10' 

4 x 10' 

1.8 x 10-1 

4.02 x lo1 

6.04 x 

6.04 x lo-' 

163 



Table  D.2 (continued) 

Gamma Emission 
Dose Rate for Photons of Energy E (mr/hr) 

Disintegrations 
Nuc l ide  Energy, E of E~~~~~ E Case I,  3 f t  Case 1 1 ,  4 f t  Case Ill, 5 ft 

of Concrete of Concrete of Concrete (X) (MeV) 

C S l 3 *  

137m 

B a 1 3 9  

6a14 '  

La1  40 

L~~~~ 

zr9 

Nb9' 

142 
L a  

164 

3.34 

2.63 

2.21 

1.43 

1.01 

0.87 

0.55 

0.463 

0.661 

1.43 

0.54 

3.0 

2.5 

1.6 

0.81 

5 

1.5 

0.757 

0.724 

0.768 

0.87 

0.63 

0.5 

9 

18 

73 

25 

4 

8 

23 

Total  

100 

Tota l  

19 

Tota l  

30 

Tota l  

1 

5.4 

94 

29 

3.9 

Total  

5 

Tota l  

49 

49 

Total  

100 

Tota l  

10 

90 

Tota l  

1.2 lo3 

6.39 lo3 

5.05 x lo3 

1.24 lo3 

1.66 x 10' 

Neg. 

Neg. 

Neg. 

1.39 x l o 4  

6 x 10-1 

6 x 10-1 

3.23 x lo2  

3.23 x lo2  

2.06 x 

2.06 x 

1.51 x lo3 

3.76 lo3 

5.05 x lo2  

Neg. 

Neg. 

5.77 lo3 

1.32 x lo2  

1.32 x lo2  

1.13 x 10' 

7.83 x 10-1 

1.91 x 10' 

2.7 X 10' 

2.7 x 10' 

1 x 10' 

3.6 x 10-1 

1.36 x 10' 

9.0 x 10' 

3.6 x lo2  

2.16 x 10' 

2.55 x l o 1  

1.71 x 10-1 

Neg. 

Neg. 

Neg. 

8.0 x 10' 

2.16 X lo1 

9.36 x 10' 

6.56 x 10-1 

2.22 x 

Neg. 

Neg. 

Neg. 

9.21 x lo2 

- - 
6.65 x 10' 

6.65 x 10' 

9.5 x 

9.5 

1.01 x lo2 

2.53 x lo1  

8.46 X lo1 

Neg.  

Neg.  - 
2.11 x lo2 

2.73 x 10' 

2.73 x 10' 

6.85 x 

4.4 

1.12 x 

1.7 x 

1.7 x 

8 

1.98 

1 x 

3.96 x lo1  

- - 
1.71 X lo- '  

1.71 x lo- '  

1.8 x 

1.8 

7.83 x 10' 

1.51 x 10' 

2.72 x 10' 

Neg. 

Neg.  

1.21 x lo1 

8.5 x l o w 2  

8.5 x 

1.96 x 

1.08 x 

3.04 x 

5.4 

5.4 x 

5 

4.5 x 

5.5 



-! 

Table D.2 (continued) 

Gamrno Emission 
Dose Rate for Photons of Energy E (rnr/hr) 

Disintegrations 

(%I 
Energy# E of Energy E Cose I, 3 ft Case 11, 4 ft Cose 111, 5 ft 

of Concrete of Concrete of Concrete (MeV) 

xe135 0.6 4 1 x io-2 5.6 10-5 2.0 x 10-7 

Total 1 x 5.6 x 10-5 2.0 x lo-’ 
c e 1 4 3  1.1 6 9.6 x 10’ 1.56 x lo-’  4.2 x 

0.86 6 6 x lo-’ 4.8 x 3.0 x 
0.57 6 Neg. Neg. Neg. 

0.72 1 Neg. Neg. Neg. 

0.67 4 Neg. Neg. Neg. 

Toto1 1.02 x 10’ 1.61 X 10-1 4.23 x loe3 

165 
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Table D.3. Dose R i t e  a t  Steam G e n e r a t o r s  for  Var ious P u r i f i c a t i o n  Rates* 

3 Sz = source st rength of i n d i c a t e d  n u c l i d e  i n  c u r i e s / c m  

D .  2 d o s e  ro're f r o m  i n d i c a t e d  n u c l i d e  i n  rnrlhr 

I -_-I_I._ _ _ ~  _I--__- 

Di with 3 f t  Di with 4 ft 

of Concrete of Concrete 

Nucl ( d e ,  -7. for Di with 3 i t  Di  I y l t h  4 i t  5; for D .  with j ft /Ii with 4 i t  si for Di with 3 f t  D i  with 4 ft si for Di with 3 i t  Di with  4 ft for S I  
N I u / T  = 0 of Concrete of !Concrete ~ / T L  10-3 o i  Coi-ccrete of Concrete C./T = 1 0 - 4  o i  Concrete o f  Concrete a / ~  = 10-5 of Concrete of Concrete a/T  = 

- 

B P  

~r~~ 

8 8  
Kr 

RbE8  

2bE9 

Y 90  

S r 9  

y91rn 

y'? i 

Y 9? 
y 9 3  

Y 94 

z r q 5  

Nb95 

T e l Z 9  

Te131 
1131 

l 132 

Te133 
( 133 

( 1 3 4  

1135  

Xe135rn 

x e 1 3 5  

l 136 

c s  38 

B a 1 3 9  

B~~~~ 

L~~~~ 

L~~~~ 

Ba137m 

~a~~~ 

~e~~~ 

3.62 x 

6.6 x lo-'' 

2.75 

5.46 

6.27 

2.54 

1.97 

1.83 

6.24 Y 

2.32 x 

8.46 

2.06 

9.33 x 10-6 

7.29 

4.89 

1.02 

7.29 Y 

1.53 x 

3.12 x 

3.51 

7.53 :< 

1.88 1 0 - ~  

1.15 

1.46 x 

6.90 x lob6  

'1.5 x lo-e  

i.54 x 

6.48 

3.84 

1.94 

1.94 

8.00 

6.69 ?: 

7.98 Y 

To ta l s  

1 .70  x 13-1 

3.83 x ? O -  

3.69 x 10- 

1.05 x 10' 
1 8.03 x 10- 

5.38 Y 10-1 

2.76 7 

2.21 ;< :0-2 

3.48 x 10-A, 

1.c2 x le-?  

l . J9  ?i. w6 

7.34 x 10-6 

1 

9.36 x 

1 1.73 x 10- 

1.31 x 

. ^  

1.97 x 

2.45 x 

8.57 x 

4.27 x !0.-3 

2.33 

2.11 

5.40 

4.74 ,< 

2.04 x ioW5 

1.15 v 

2.09 x 

9.24 1 0 - ~  

9.01 >. i o - '  
1.24 x l o u 2  

4.00 Y 16-" 

1.12 Y loo  

1.09 

1.06 A lo-' 

6.82 x 

5.68 

1.01 x 

6.12 x l ~ ! - ~  

3.54 >, 10-6 

3.54 x io-' 

2.47 li I G - ~  

j .09 

5.38 Y 10-7 

3.57 x 10-6 

1.15 

3 .21  Y !o-a 

3.93 

4.32 X 

3.84 x I O u 6  

9.27 x 10- l '  

1.66 x 10-l' 

6.75 x 

3.24 Y 

1.53 x IO.̂' 

2.32 x lo-' 

2.99 x 10-7 

'1.34 x IOm8 

1.36 i lC-'7 

5.31 x 

2.93 x 

2.38 x lO-' 

1.33 x lo-' 

1.24 i 

1.72 x 10-' 

4.62 x 

1.22 

y . 3  

3.12 

4.02 

1.07 x io-' 

7.50 x 

3.55 x 10- I 

4.74 k lo-> 

6-80 x - 1 $ - - . 2  

3.16 x 10-1 

2.31 :d l o - '  

8.23 x I O - ?  

4.32 

1.73 x 10-6 

4.32 x lo--* 

8.8'1 x 

1.04 

5.38 

1.77 x 10-l' 

4.43 :: 10-io 

1.91 x 10-6 

7.78 x lo-' 

8.57 x 10-1' 

3.1E i: 10-4 

1.98 L 

'1.88 x 10- 

3.81 x 10-" 

1.52 

2.C! x 10-7 

2.?8 k. 112-8 

i . 8 5  x IO-' 

7.44 x 10-5 

2 .39  x 10-' 

1.49 

2.51 ;< 

5.37 :i 

4.12 >: 10.'' 

1.36 u lo-' 

d .10 :: 10-8 

1.85 

6.36 x lo-' 

3.51 x 

2.49 x 

3.12 x 1 ~ ' ~  

2.10 x lo-; 

1.99 x 10-2 

2.12 x 10-8 

8.21 x 

1.73 x ? O - 7  

7.70 k 10-." 

2.55 x 

6.09 x lo-.' 

1.15 x loF4 

1.04 x IO-" 

1.04 x 1 U . S  

9.52 Y 1 0 - O  

3.47 ,< 

9.68 x 

1.58 x 10-L 

3 . ~ 7  

1.96 x lo-" 

8.52 x 

G. 104 

2.88 x 13-6 

1.63 i: 

2.23 

5.43 

2.23 ;< 

3.03 

4.32 

:;..E 

2.95  x 10-5 

3.33 .* l o - 4  

8 .16  x io-.6 

9.27 x !D...'' 

! , b 6  x ? O W '  

6.54 x 

.. .; 7 3  :.: ;0--6 

3.00 

8.43 x io-' '  
1.52 x iO-' 

1.39 x 

3.45 x 10--7 

1.24 x 10-7 

5.16 x 

4.23 x 

6.05 x 

2.23 x 10-5 

1.49 Y l o v 8  

1.5 

2.21 

1.22 x 10-6 

6.93 

5.07 x 

8.88 x 

4.86 x 

3.81 Y lo-' 

2.14 x loc1 

3.79 Y I O - '  

2.18 :: 10-1 

6.95 Y 10-l 

8.02 :? 10-6 

3.67 

6.43 2' 10-6 

1 4.28 i' 10- 

1 '4.73 x 10- 

4.82 > 

6.G2 x loW2 

1.65 1 r 3  

1.14 x 10-2 

1.77 : o - ~  
4.48 x 10-0 

4.5 Y 13-6 

2.02 x 10-6 

8.5i x 10-'0 

2.29 1 0 - ~  

1.74 x 10-6 

1.44 

1.21 1 r 4  

4.16  IO-^ 
2.02 

2.06 L 10-4 

9.0 

7.14  IO-^ 

1.90 x 

7.05 x 10-1 

2.51 x 

5.1; Y 

9.15 x 

6.61 x 

3.89 

3.26 

1.81 y IO-' 

3.75 x 10-2 

1.14 Y IO-' 

1.96 x I O b 2  

4.63 x 

4.08 x 

2.06 

6.97 

7.70 

5.16 x 

6.48 x 

! . i d  n 

2.45 x lo-' 

1.04 x 10-l '  

6.26 x 

3.61 x 

2.76 

1.08 1 0 - ~  

4.67 x IO-2 

1.47 

1.87 

1.89 

0.224 

3.54 x 10-6 

6.60 IO-' 

2.57 10-5 

4.77 1 0 - ~  

2.51 

4.53 

1.22 

5.97 

7.14 

1.36 I C - ~  

9.18 x 10-6 

9.12 

6.18 x lo-' 

3.15 x 

1.63 x 

4.59 x 

1.00 x 

1.39 lo-' 

3.51 

7.05 x 

7.20 

1.40 x 1 0 - ~  

7.86  IO-^ 
1.50 Y 10-.8 

1.54 

6.30 

3.57 

1.15 

6.30 

7.89 

2.51 

2.78 x 

6.81 x 

7.50 x 

2.53 x lo- '  

3.83 >< 10-l 

3.44 x 10-1 

9.16 X 10-1 

7.91 x 10-1 

5.32 y l o - '  

6.34 x 

1.48 X 

8.93 x 

A.73 x 10-6 

1.46 Y 1C-' 

6.72 x 

1.29 x lo-' 

1.74 x lo-' 

4.40 x 10-8 

6.89 x ?0-6 

2.4 x 

7.78 

3.81 

2.35 :, 

2.20 

4.87 x 

4.02 x I O u 4  

4.68 x lo-' 

7.86 

2.09 

9.24 x lo-? 

8.76 x 10-1 

1.15 x 

2.37 

3.64 x 10-1 

1.04 x 

1.02 

2.56 x 

4.68 

2.23 b. 

3.79 x 10-2 

1.8C x lo-? 

4.20 -x 

5.27 x 

4.59 x 

1.43 x 

2.81 

8.96 

4.21 

2.11 \I 

2.75 

1.02 x 10-l0 

7.56 A lo-' 

1.25 

5.04 

9.14 x 

1.09 1 0 - ~  

5.80 x 

2.37 

1.33 x 

2.15 

0.298 

3.63 x 

6.60 

2.73 

5.37 

6.27 x 

2.54 x lo-' 

1.48 x 

c 

1.74 

6.21 

2.83 

8.31 

1.96 

9.33 x 10-6 

1.36 x 

4.86 x 

1.02 

8.25 x lo-' 

7.68 x 

3.09 x 

3.51 

7.50 

1.82 

6.96 

~ 1 1  

1.54 

6.45 

3.81 

7.5 

1.61 

8.01 

7.92 \I 

5.73 

1.32 x l o u 6  

1.50 x 10F8 

2.70 x 10-1 

3.83 x 10-1 

3.66 x 10-1 

1.03 x 10' 

8.03 x 10-1 

5.38 x lo- '  

2.07 

2.11 x i o - 2  

9.32 x 

4.25 

1.70 Y 1G-l 

9.68 x 

1.31 x 

1.58 

3.67 

7.29 x 

2.45 x 

4.30 x 

4.23 x 

2.33 

1.85 

2.1 

5.22 

4.74 

2.09 

9.24 x 

1.11 x 

8.97 x lo- '  

1.23 x 10K2 

1.55 x 

9.29 x 10-1 

1.06 x 

1.08 x 

5.84 x 

5.46 

2.29 x 

3.79 Y 

1.92 x 

4.73 x 

6.84 x I O b 2  

4.65 x lo-' 

5.33 

4.00 x 

9.32 

6.79 x 

4.90 

3.04 x 

2.78 

1 . 9 5 x  

1.39 x 

5.25 x 

1.19 

1.09 x 

5.94 x 

2.53 

3.40 x 

2.19 x 

0.342 
- -_____ - - " 1.- 

'Dose rates for a l -curie/cm3 source or,.(iiven i n  T a b l e  D.2. 
I 
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Table D.4. Dose Rates a t  Steam Generator and Outside Shields of 3 and 4 ft  of Concrete for Various Times After Shutdown* 

Dose Rate (mr/hr) i 
A t  i = lo6 sec I At  t =  lo7  sec 

5 At t = O  At t = lo4 s e t  At t = 10 sec 

F rac t i on  o f  3 f t  4 f t  F rac t i on  o f  3 f t  4 f t  3 f t  4 f t  i 
i 

Nuc l ide  
Froct iorr  of 3 f t  4 f t  F rac t i on  of 3 f t  4 f t  

o f  Concrete o f  Concrete Dose a t  t = 0 o f  Concrete o f  Concrete Dose a t  t = 0 of Concrete of Concrete Dose a t  f = 0 of Concrete o f  Concrete Dose at  f = 0 o f  Concrete o f  Concrete 

BrE4 

BrE7 

K r E 7  

KrE8 

RbE8 

RbE9 

Y 90 

sr9 
y91rn 

Y91 

Y 92 

Y 93 

Y 94 

~r~~ 

Nb95 

T e I z 9  

Te13'  

(131 

,132 

Te133 

,133 

1134 

1135 

Xe135m 

Xa135 

I 136 

Ba137m 

cs138 

B~~~~ 

~ 0 ' ~ '  

~a~~~ 

~a~~~ 

ce143  

2.7 x 10-1 

3.83 x 10-1 

3.69 x 10-1 

1.05 x 10' 

8.03 x 10-1 

5.38 x 10-1 

2.76 

2.21 x 10-2 

3.48 

1.02 x 10-2 

9.36 x 

1.73 x lo-' 

1.31 x 

1.39 x 

1.97 x 

7.34 x 10-6 

8.57 x 10-8 

4.27 

2.33 

2.04 x 

2.11 

5.40 

4.74 x 

2.09 

9.24 

2.45 x 

1.15 x 

9.01 x 10-1 

1.24 x 

4.00 x 

1.12 x loo 

1.09 

1.06 x lom2 

6.82 x 

2.29 x 

3.79 x 

1.93 x lo-' 

4.80 x lo-' 

6.84 x lo-' 

4.65 x lo-' 

7.09 x loF6 

4.21 1 0 - ~  

9.36 

4.99 

3.19 

2.78 

8.16 

1.27 

2.14 

1.40 

2.40 

4.38 

5.27 x 

1.23 x 

2.19 

6.44 

1.09 x 1 0 - ~  

1.54 x 1 0 - ~  

5.97 x 10-2 

2.55 x 1 0 - ~  

5.57 x 

1.24 x lo-' 

4.08 x lo-' 

1.84 x lob8 

4.09 x 

2.19 

7.98 x 10-8 

1.08 x 

To ta l  dose 5.68 0.350 
rate 

2.2 x 

2.3 x 10-1 

5.0 x 10-1 

5.5 x lo-'  

7 1 0 - ~  

8.5 x lo-' 

1 .o 

9.0 x 10-1 

1 .o 
8.4 x lo-'  

8.5 x 10-1 

1 

1.0 

1.0 

9 .5 x 10-1 

1.4 x 10-1 

1.0 

1.0 

1.8 x 10-1 

2.8 x 10-1 

7.5 x 10-1 

1.1 x 100 

1.0 

7.0 x lo- '  

1 .o 
5.3 x 

3 x 10-1 

1.0 

1.0 

6.4 x lo-' 

2.3 x lo-'  

1.0 

5.94 5.04 1 0 - ~  

8.49 4.44 

5.25 x lo- '  

4.42 x lo-'  

2.40 x lo-' 

3.76 x lo-' 

3.77 3.26 x 

1.88 3.58 

3.48 x 5.57 

8.67 2.71 

1.31 2.78 x 

2.76 x 7.09 x 

8.42 x lov6 8.42 x 

1.45 x 10-1 4.19 x 

1.39 x 8.16 x 

1.97 x 1.24 x lo-' 

6.97  IO-^ 1.21 

3.43 lo-' 5.71 

4.27 x 1.40 x 

2.04 4.38 

5.91 1.48 

3.32 1 0 - ~  1.53 

8.57 x lo-' 2.14 x 

4.19 x 4.32 x lo-' 

4.05 x 9.23 x 

1.27 x 7.08 x 

9.24 1.54 

4.78 3.16 

3.72 7.65 

4.00 x 1.84 x lo-* 

1.12 x 10' 4.09 x 

6.78 1.40 

2.51 x 1.84 x lo-' 

6.82 x 1.08 x low7 

2.41 0.115 

10-6 

9.0 x 1 0 - ~  

1 .1  

1 .o 
1.4 x 10-1 

1.5 x 10-1 

1.0 

1.6 x lo-' 

1.4 x 10-1 

1 .o 
1.0 

3.5 x 10-1 

3.3 

8.5 x 10-1 

8.0 x 10-1 

4.3 x 10-1 

5.5 x 10-2 

5.8 x 10-2 

5.0 x lo- '  

1.0 

3 x 10-6 

9.5 x lo - '  

9.5 x 10-1 

'ii 10-6 

6 x 

6.0 x 10-1 

3169 

9 ~ 4 5  1 r 4  
1 

8)83 

2.76 

3:09 

3.48 

2.77 

1.43 

1.40 x lob6 

1.39 x 

1.97 x 

2.57 X 

8.09 x 10-l' 

7.28 x lo-' 

3.42 

8.77 x 10-6 

2.97 

5.75 

9.24 

2.75 x lo-' 

3.72 x 

3.8 x 

1.06 x 10' 

6.36 1 0 - ~  

1.09 x l o - ' '  

4.09 x 

1.07 

1.93 x IO-* 

4.22 1 0 - ~  

7.52 1 0 - ~  

7.09 x 

5.89 1 0 - ~  

1.40 1 0 - ~  

7.98 

4.47 

8.16 

4.45 x 10-8 

1.82 

1.12 

1.88 

6.77 

3.22 

1.54 

5.57 x 

1.24 x lo-' 

1.35 x 

1.27 x lo-' ' 

7.65 x 10-l' 

1.75 x lo-' 

3.89 x 

1.31 x 

7.98 1 0 - l ~  

6.48 x io-8 

3.93 x 10-2 

1.0 

9.0 x 10-1 

1 .o 
1.0 

2.7 x 10-1 

3.7 x 10-1 

9.0 x 

1.05 

1.0 

5.4 x 10-1 

5.8 x 10-1 

3 

2.76 x 7.09 x 

3.13 x 5.01 x 

1.39 x 8.16 x lod9  

1.97 x 1.24 x l o d 8  

1.98 x 3.43 x lo-' 

3.17 x lo-' 7.92 x lo-" 

3.84 1.26 x 1 0 - ~  

2.14 x 4.60 x 10-l '  

9.24 1.54 x 

2.16 9.94 

6.50 x 10-1 2.37 x lo-* 

2.05 x IO-' 

6.51 x 10-1 

3.24 x 10-l' 

2.37 X lo-' 

2.76 

9.05 

4.17 1 0 - ~  

9.35 

2.20 

4.29 x 

9.24 

8.00 

2.46 

2.93 

7.09 x 

1.45 x 

2.45 

6.20 

3.81 

1.07 1 0 - l ~  

1.54 

3.68 x 10-l '  

9.00 

9.87 

* T h e  dose rotes tobulated are for the t o s e  o f  a pu r i f i ca t i on  rate o f  uiT = 0; the  pu r i f i ca t i on  system was  assumed t o  be i ne f fec t i ve  for  removing o c t i v i t y  bo th  dur ing reoctor operat ion ond for per iods af ter  1 shutdown. 
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APPENDIX E. STEAM SYSTEM CALCULATIONS 

N O M E N C L A T U R E  

A =area, ft 2 

A - f i n  area, f t 2  

A . =  inside (water side) area, ft 2 

= tog mean area, ft2 

f -  

A. = tube  outside area, f t2  

At = t o t a l  gas side area, f t2 

C = specif ic heat, Btu/lb.ft 

D e  = equivalent diameter, f t  

D i  = inside diameter, ft 

D o  = outside diameter, f t  

P 

f = fr ict ion factor, dimensionless 

/ B = fraction of F,+, that i s  transferred i n  the boi ler 

f ,  = fraction of F,+, that i s  transferred i n  the superheater 

F ,  = fraction of heat transferred i n  boi ler 

FB+,  = fraction o f  heat transferred in  boiler and superheater 

F ,  = fraction of heat transferred in  the economizer 

F ,  = fraction of heat transferred in  superheater 

F T P F  = two-phase flow factor 

g c  = conversion factor, 4.18 x lo8 lbm.ft/lbf.hr 

G = mass f low rate, Ib/ft2."F 

h = enthalpy, Btu/lb 

h = heat transfer coefficient, Btu/hr.ft2.0F 

h,, = feedwater enthalpy, Btu/lb 

h = gas side heat transfer coeff icient, Btu/hr.ft2.0F 

hi = inside heat transfer coefficient, Stu/hr.ft2.0F 

g 

h W = water s ide heat transfer coeff icient, Btu/hr.ft2.'F 

H = matrix height, ft 

AH = head loss, ft.Ibf/lbm 

i = ( N u ) ( P ~ ) ~ ' ~ ,  dimensionless group 
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c 

k = thermal conductivity, Btu/hr.ft2.("F/ft) 

L = length, f t  

N = number of tube banks normal t o  gas flow 

NU = Nusselt number, dimensionless 

Ap = pressure drop, Ib/ft2 

A p I ,  = pressure drop, l iqu id  phase, Ib/ft 2 

P = wetted perimeter, ft 

P P  = pumping power 

Pr = Prandtl number, dimensionless 

q = rate of heat transfer, B t u h r  

r h  = hydraulic radius, ft 

Re = Reynolds number, dimensionless 

R f o u l  = foul ing resistance to  heat transfer, (Btu/hr.ft2.0F)-' 

R w o l l  -- wal l  resistance t o  heat transfer, (!3tu/hr.ft2.0F)" 

t =temperature, O F  

t B  = boi l ing temperature, OF 

t = gas temperature at the boi ler-superheater interface, O F  

= gas in le t  temperature t o  the superheater, OF 

= gas outlet temperature from the heat exchanger, OF 

= steam outlet temperature from superheater, O F  

g B , S  
t 

g i  
t 
g0 

t S O  

At = t e m p e r a t u r e  d i f f e r e n c e ,  OF 

A t I m  = log mean temperature difference 

A t I m B  = log mean temperature difference i n  the boi ler 

At = log mean temperature difference i n  the superheater 

At = "pinch" temperature difference, OF 
I m  S 

P 
T = absolute temperature, O F  

U = over-all heat transfer coefficient, Btu/hr.ft2.OF 

w =gas  flow rate, Ib/hr 

w 

g 

= water flow rate, I b h r  
W 

x =th ickness of material through which heat flows, ft 

7 = eff iciency 
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p = viscosity, Ib/hr.ft 

(p = Gardner’s f i n  eff iciency 

p = density, Ib/f t3 
. 

H E A T  T R A N S F E R  I N  S T E A M  G E N E R A T O R  S E C T I O N S  

The fraction of heat transferred in  each section and the feedwater temperature as a 

function of the “pinch” temperature difference (At ) were shown in F ig .  20, Chap. 6. 
The data were calculated in the manner described below. 

P 

Fraction of heat transferred in  the boi ler and superheater i s  

- 
‘ g a s  i n  superheater  t g a s  aut of b a i l e r  

t g a s  aut o f  economizer  
F B + S  = - 

‘ g a s  i n  superheater  

1500 - (591.7 + 4 t p )  908.3 - hp 
- - - - 

1500 - 506 994 

The fraction of heat transferred in  the boi ler i s  

F B = f  B F B+S 

where 

f ,  = t h e  fract ion of F,,, that i s  transferred i n  the boi ler 

‘boi ler  aut  le t  - ’bai ler  i n l e t  

‘superheater  o u t l e t  - ’boiler i n l e t  

- - 

h = steam and/or water enthalpy, 

1170.7 - 605.2 
1521 - 605.2 

= 0.617 ; f B  = 

then 

F,  = O.617FB+, . 
The fraction transferred i n  the superheater i s  

F s = f  F s B+S 

where 

/ , = I  - f s  - 
That is, 

F ,  = (1 - 0.617)FB+, = 0.383FB+s . 

The fraction of the heat transferred in  the economizer i s  

%+s ‘ 
F = 1 -  E 
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The required feedwater in let  enthalpy as a function of At P i s  

'boi ler  i n l e t  -. ' f eedwater  

'superheater  out le t  -. ' f eedwater  

= F E  I 

. 

605.2 - 1521 (1 - F,+,) 
h,, = 

F B + S  

1 
The corresponding temperature for the resultant hFWwas read from the steam tables 

and plotted i n  F ig .  20, Chap. 6, along with F,, F,, and FE. 

L O G  MEAN T E M P E R A T U R E  D I F F E R E N C E S  IN S T E A M  G E N E R A T O R  S E C T I O N S  

The log mean temperature difference as a function of pinch temperature dif ference 

wos given in  Fig.  19, Chap. 6. These temperatures are calculated as fol lows: 

'At large - A-tsrnal i  

In A t l a r g e  

At s ma I I 

!Atlm = 

Superheater 

In 

where 

t = temperature of gas a t  boi ler-superheater intersection, 
g B , S  

t B  =bo i l i ng  temperature of steam, 

t = gas in let  temperature, 
gi 

= steam outlet temperature. 
t S o  

The term t i s  related to  the pinch temperature as fol lows: 
g B , S  

t = t  - ( - t g i  - - t  g o )  FS 
~ B , S  g i  

' J .  H. Keenan and F. K. Keyes, Thermodynamic Proper t i e s  o/  Steam, Wiley, New York, 1936. 
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where 

908.3 - ,Atp 
F, = (0.383) 

994 

The quantity FS can also be read from Fig. 20, Chap. 6. 
numbers i n  th is  case: 

Substituting the relevant 

[1500 - (1500 - 506)Fs - 591.71 - (1500 - 1050) 

[1500 - (1500 - 506)F, - 591.71 

(1500 - 1050) 

A t l m S  = 

In 

Col lect ing terms: 

458.3 - 994Fs 
At = 

I r n  S 908.3 - 994F, 
In 

450 

Boiler 

( t R B ,  S - t B  ) ( t R B ,  E - ‘ B )  
I 

t 
, R B , S  - ti3 
In 

where 

t = gas temperature at boi  ler-superheater interface, 
R B , S  

t = gas temperature at boiler-economizer interface 
R B , E  

= t  R i  superheoter  - i t g i  superheoter  - t  g o  economize r  (FB+S) * 

Substituting the relevant numbers: 

[1500 - (1500 - 506)Fs - 591.71 - [1500 - (1500 - 506)FB+s - 591.71 
- 

[1500 - (1500 - 506)F, - 591.71 At imB - 

In  
[1500 - (1500 - 506)FB+, - 591.71 

Col lect ing terms: 

994FB+, - 994F, 
At = 

IrnB 908.3 - 994Fs 
I , ,  

908.3 - 994F,+, 

where 

FB+, = F, + Fs I 

and F, and F, are as  shown i n  Fig.  20, Chap. 6. 
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Economizer 

In 

where t F W  is the feedwater temperature taken from F ig .  20, Chap. 6. 
num bers : 

Substituting 

E1500 - (1500 - 506)FB+x - 591 -71 - (506 - t F W )  

[1500 - (1500 - 506)FB+s - 591.71 

(506 - t F w) 

A ' h E  = 

In 

Col lect ing terms: 

402.3 - 994FB+s + t F W  

%7E = 908.3 - 994FB+, 
In 

506 - t F W  

P R O C E D U R E  F O R  S C A L I N G  GCR-2  S T E A M  G E N E R A T O R S  

Power Output per Heat Exchanger 

Power output of reactor = 3095 Mw. 

Blower pumping power = 72,000 hp = 53.65 Mw. 

Tota l  power t o  be removed by heat exchanger = 3095 + 54 = 3149 Mw. 

Power removed by GCR-2 steam generators = 700 Mw. 

P o w e r  removed HGCR-1 3149 

Power removed GCR-2 700 
- - 4.5 . 

The HGCR-1 has twice as many heat exchangers as the GCR-2. 
Power removed per steam generator = 4.5/2 = 2.25 x GCR-2 power. 

Temperature Rise Due to Pumping Power 

The gas flow rate per heat exchanger i s  

= 1.085 x lo6 Ib/hr . 4 (3.095 x lo6)  (3413) 
w =  

g c t - t (1.248)(1500 - 525)(8) 
~ ( g i  g o ,  

Power input per blower = (9000 hp) (0.7068) (3600) = 2.29 x l o 7  Btu/hr. 

2.29 107 
Temperature r i se  through blower = q/w C = = 16.9T. 

(1.085 x 106)(1.248). g P  
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Feedwater Temperature 

A temperature r ise through the shel l  annulus of  about 2°F was assumed. The temper- 

ature of the gas carried out of the economizer was 525 - 18.9 = 506.1oF, and a 50°F 
pinch temperature was assumed. Similar procedures would be followed for other pinch 

temperatures. From Fig.  20, Chap. 6, the feedwater in le t  temperature was found t o  be 

48OoF. 

Heat Removed by Each Section 

The proportions of heat removed by each section (from Fig.  20, Chap. 6) are: 

Heat removed by  economizer = 13.5% . 
Heat removed by boi ler  = 53.5% . 
Heat removed by superheater = 33% . 

2 The  proportions of heat removed by each section of the GCR-2 exchangers are: 

Heat removed by economizer = 21.12% . 
Heat removed by boi ler = 54.8% 
Heat removed by superheater = 24.1% . 

. 

The rat io  o f  heat removal by each section of  the HGCR-1 t o  that removed by the 

corresponding GCR-2 section is:  

1. Economizer 

= (2.25) ( 2 3  - = 1.438 . 

2. Boiler 

3. Superheater 

2 T h e  O R N L  Gas-Cooled Reactor, ORNL-2500 (Apri l  1, 1958). 
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The Over-All Heat Transfer Coef f ic ient  

The relat ionship for the gas-side heat transfer coeff icient for cross f low outside a 

bank of  f inned tubes i s  

j = 1.38 

(average of  composite data of refs 3 and 4); that i s ,  

Solving for h:  

C : l 3  k 2 I 3  ~ 0 . 6  15 

= 1’38 110.282 ~0.385 

Since k 2 ’ 3 / p 0 . 2 8 2  does not vary too greatly wi th  temperature (about 6% i n  3OO0F), for 

s impl i f icat ion le t  

h G0.615 

Since G = u: / A ,  and for t h i s  compilation A ,  the free-flow area, i s  constant 
g 

h , G ~ ~ - i  
= (1.2241°.6’5 = 1.1323 . 

‘GCR-2 

The rat io  of water f low through the tubes i s  

(1477.7 - 295.5) (1  182.2) 
= 2.25 = 2.25 - = 2.52 . 

(1521 - 464) (1 033.2) 

The water-side heat transfer coeff icient hw i s  proportional t o  GOe8 i n  the economizer 

ond superheater, and because of  lack of  information i s  assumed t o  remain constant i n  

the boiler. The ratios, then, are as fol lows: 

= (2.52)Oe8 = 2.13 , r::::.: lw,  ec  on om i  e 

3W. M. Kays and A. L. London, Trans .  ASME 72, 1075 (1950) .  
4D. L. Katz  et a l ! ,  Correlat ion of Heat  Transfer  and P r e s s u r e  Drop /or  Air  Flowing A c r o s s  

Banks  o/ Finned Tubes ,  Engineering Research Institute Proiect 1592, Rep. 30, University of 

Michigan, Dec. 1954. ’ 

I 
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=2.13 . "::: 1' lw, per he a +e I 

The equation defining the over-all heat transfer coeff ic ient  U i s  

1 1 R w a l l  R f o u l  
+-+-+-. - - -  

1 

[]Ao h g ( A t  + @ r )  h w A i  A l m  A i  

Since the f in  ef f ic iency q5 i s  a function5 of 6 , and h varies only b y  about 13%, it 

i s  assumed that the same f in  ef f ic iency exists as in  the GCR-2. The wa l l  and foul ing 

resistances were al lowed to  be constant since they are of a small order. Then 

g 

1 + t 
1 - - 1 

( " A J H  G c R - 1 

' g  G C R - 2  (~~~~~ ) ( A i  + ' w  G C R - 2  r:::;.; )w A i  

g 

R w a l l  R f o u l  

A l m  A i  

f-+- 

For the economizer: 

' G C R - 2  
= 0.00531 ( ) + 0.00188 ( h G c R - 2  )w + 0.00154 + 0.00151 

1 

h~~~ R -  I 
g 

( ' A J H G  c R -  1 h ~ ~ ~ ~ - i  

1 
= 0.00531 (-) + 0.00188 (L) + 0.00154 + 0.00151 

1.323 ,I 2.13 

116.0 

97.7 
- 1.187 . - 

@- 
5K.  A. Gardner, Trans. ASME 67, 621 (1945). 
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For the boiler: 

'GCR-2 'GCR-2 
= 0.0185 ( ) + 0.00486 ( + 0.005875 + 0.00486 

1 

' H G c R - 1  
g 

(''0)HGCR-i 'HGcR-I 
i 

= 0.185 (A) + 0.00486 (1) + 0.005875 + 0.00486 

= 0.3190 . 
1 

= 0.03409 . 
('Ao)G C R - 2 

0.03409 
1.0667 . 

'GCR-2 'GCR-2 
= 0.002158 ( )w + 0.01048 ( )g + 0.00125 + 0.000634 

1 

'HGCR-i 'HGCR-I 'HGCR-I 

= 0.002158 - + 0.01048 - + 0.00125 + 0.000634 
(2.ll3) (1 .a,> 

=0.012157 . 

= 1.196 . 0.01456 (, ':I:-: )s u p e r  he a t e r  0.01 2 157 
- - 

Calculation of Tube Area, Length, and Matrix Height 

The rat io of the areas for each section i s  

'GCR-2 L H G C R - l  A H G C R - l  - - q H G C R - 1  ( AtGCR-2  ) - - 
A G C R - 2  qGCR-2  A t H G C R - l  Im 'HGCR-1 L G C R - 2  

The log mean temperature difference, A t l m ,  far the GCR-2 i s  

Economizer 54. l0F 

Boiler l 0 3 . f F  

Super heater 139.8OF 

These figures include an ignorance factor of 0.95 t o  account for the fact that the actual 

f low in  the heat exchanger i s  not pure counterflow. The HGCR-1 Atlrn i s  corrected in  

the same manner for consistency. 
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The HGCR-1 log mean temperature differences are shown as a function of pinch 

temperature difference i n  Fig.  19, Chap. 6. The resul ts for the HGCR-1 at a 5OoF pinch 

temperature difference corrected with the 0.95 factor are: 

Economizer 39OF 

Boiler 205.8OF 

Superheater 488OF 

The required surface area, tube length, and matrix height can now be found. 

Economizer: 

A ~ ~ ~ ~ - i  

A G C R - 2  1.187 
- - 1.438 (g) (L) = 1.726 

Outside surface area 

c R -  I = 1.726 (122,000) = 210,800 f t2  

Tube length 

LHGC,-, = 1.726 (25,100) =43,350 ft 

Matr ix height 

"GCR-l = 1.726 (8.9) = 15.35 ft 

Boi ler :  

A H G ~ ~ - i  =2.196(%)(&) = 1.037 

G C R - 2 

Outside surface area 

A H G C R - l  = 1.037 (112,700) = 116,900 f t2  

Tube length 

L ~ ~ ~ ~ - i  = 1.037 (28,400) = 29,450 ft 

Ma tr i  x height 

HHGCR-, = 1.037 (11.7) = 12.14 ft 

Superheater: 

= 3.082 (s) ( . )  1.196 = 0.738 
A G C R - 2  

Outside surface area 

A,,,,-, = 0.738 (15,750) = 11,620 f t2  
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P 

* 

Tube length 

L = 0.738 (25,300) = 18,670 ft 

Matrix height 

H = 0.738 (14.2) = 10.48 ft 

Tota l  matrix height: 

GCR-2 = 34.8 ft 

HGCR-1 = 37.9 ft 

The calculat ions were repeated for several pinch temperatures, and the required areas 

are shown in Fig. 19, Chap. 6. The fract ion of heat transferred i n  each section i s  taken 

from Fig.  20, Chap. 6. Assigning an over-all cost o f  $7.8 per square foot of surface 

area, which was taken from GCR-2 costs and independent estimates by the ORNL staff, 

and a f ixed capital charge o f  14% per year, the calculated annual re la t ive cost i s  as 

shown i n  F ig .  18, Chap. 6. Also, assigning a value of 10 mills/kwhr and assuming 

a 0.80 power factor gave the decrease i n  revenue as a result of the lower eff iciency 

caused by the lower feedwater temperatures, which i s  also shown in  F ig .  18, Chap. 6. 

The net saving in  cost, using a 30°F pinch as a reference, i s  shown i n  Fig. 18, Chap. 6, 

to be greatest at a pinch temperature difference o f  about 8OOF. 

D E T E R M I N A T I O N  OF A N N U L U S  S IZE 

6 The equation for pressure drop, assuming incompressible flow, i s  

for 

De = 4rh = 4 A / p  

c 

f 0.46 i n  the turbulent range. 

~~~ ~~ 

6Since the density of the gas leaving the annulus i s  about equal t o  that of the gas entering, 

and the Mach number i s  very small, this i s  a val id  assumption. 
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Substi tut ing into the equation for Ap and canceling: 

(0.046) (41a8) (2) ( L )  ( z u i a 8 )  ( P O . ’ )  

Ap = 

(r) ‘ - 8  (g,) (PI  

Le t t i ng  

p = 0.072 I b h r - f t ,  

p = 0.114 Ib/ft3, 

D i  = 20 ft, 

w = 302.6 Ib/sec = 1,088,000 Ib/hr, 
g 

I .  

and substituting, the equation for Ap per foot of annulus length i s  

Ap = 129.5 

where Do i s  expressed i n  feet. 

factor i s  

The pumping power expended per year a t  a 0.80 power 

Pf = ($ wg) (7.356 x (365) (24) (0.8) kwhr , 

where Ap i s  i n  Ib/ft2, p i s  i n  Ib,/ft3, and w i s  i n  Ib/sec. 
g 

The  cost of the power i s  assumed to  be 10 mi l l s /kwhr  and i s  plotted i n  Fig. 22, 

The cost o f  the shel l  was taken from 

The point  a t  which 

Chap. 6, for various shel l  outside diameters. 

Fig.  9.10, ORNL-2500, Part 3, and i s  plot ted i n  Fig. 22, Chap. 6. 

the sum o f  the two i s  a minimum i s  shown clear ly on Fig. 22, Chap. 6, to be 21.5 ft. 

T E M P E R A T U R E  RISE T H R O U G H  A N N U L U S  

T h e  previous assumption o f  an approximate temperature r i se  of 2’F w i l l  now be 

checked. Since about 5 in. o f  insulat ion ex is ts  between the hot and co ld  gas, it w i l l  be 

further assumed that the heat transferred from the hot gas to the annulus gas i s  negl ig i -  

b le  compared with that transferred t o  the steam. Th is  al lows the calculat ion of heat 

loss from the temperatures shown on Fig. 23, Chap. 6. 

The  heat transfer coeff ic ient  h on the inner wal l  of the annulus side was calculated 

from the fal lowing e q ~ a t i o n , ~  which i s  va l id  wi th in the range of 1 < Do/Di  < 10: 

’W. H. McAdams, Heat Transmission, McGraw-Hill, New York, 1954. 
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The physical constants a’re evaluated a t  t a v  = 524OF. The f low rate z1/ = 1.088 x 

lo6 Ib/hr. The cross-sectional area of the annulus i s :  

A = T(DE - Df)  = ~ L ( 2 1 . 5 ) ~  - (20)’l = 195.5 ft’ , 

L 

and 

and 

10.88 x lo6 
195.5 

G = w / A  = = 5570 Ib/hr-f t ’  , 

(?TI3 = (0.72)2/3 = 0.8032 , 

’? - Df (21.5)’ - (20)’ 
= 1.5 f t  , - D =  - 

e Do + Di 21.5 + 20 

p = 0.07 Ib/hr-ft , 

C = 1.248 Ib/hr.ft , P 

h (0.023) (1 .075)0*45 

(1.248) (5570) (1.5) (5570) O.’ 
(0.8032) = 

[ 0.0700 ] 
Solving for h i n  the annulus: 

h = 17.7 Btu/hr.ft’.OF , 

The thermal conductivi ty of the insulation, Thermobestos, w i l l  be the same as i n  

GCR-2: 

k = (0.705) (3) = 2.115 Btu/hr.ft.(”F/in.) . 
The over-all heat transfer coeff icient u, based on the area of the outside of the 

insulation, Ao,  i s :  

1 x 1 
- + - + - .  1 - - -  

UAo hiAi  kAlm hoAo 

To assure a conservative solution, hi i s  assumed to  be infinite; that is, the inside 

surface of the insulat ion i s  a t  the same temperature as the gas. Then: 

1 x 1 
- = -  + - ,  
UAo 4 m  hoAo 

5.0 1 + - - -  1 

U (62.8) (2.155)(61.42) (17.7)(62.8) ‘ 
1 

- =  2.4725 , 
U 
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and 

I /  = 0.4042 Btu/hr.ft2.0F , 

The sections analyzed are: 

1. hot  length of annulus past superheater outlet, 

2. length of annulus in  same axial  posi t ion as superheater, 

3. length o f  annulus in  same axial  posi t ion as separation between superheater and 

boi ler (1.5 ft), 

4. length of annulus even with boiler, 

5. length of annulus even with separation between boi ler and economizer (3 ft), 
6. length of annulus even with economizer. 

The heat transferred in  each section i s  found from the equations 

'I= - U A o  x L At 
L 

I n  the superheater section, the annulus gas temperature i s  assumed to be 525OF. 
gives a Atlm of  793OF, and 

This 

216,000 
- =0.1762OF . 9 t - t , = - -  

(1.088 x lo6)  (1.240) 0 2  

ug cP 

Fol lowing  the some procedure throughout the length o f  the shell annL'us, the res i  tsare: 

t r i s e  i n  region past superheater = O.O302"F, 

t r i s e  i n  superheater section = 0.1762"F, 

t r i s e  i n  boi ler superheater separator = 0.02Ol0F, 

t r i s e  i n  boi ler length = O.O795"F, 

t r i  se  in boi ler economizer separator = 0.00725°F, 

t r i s e  i n  economizer length = 0.01625OF. 

Total  temperature r i se  = 0.3295OF. 

Thus it may be seen that the 2OF drop assumed i s  conservative. Such a small cor- 

rect ion does not warrant reca I t u  I a t  ion. 

GAS-SIDE P R E S S U R E  D R O P  

The gas-side pressure drop along the matrix can he simply scaled up from the GCR-2 

On the helium calculat ions as shown below for a 50°F pinch temperature difference. 

side, 
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-0 

G = 2.536 x 1.224 = 3.103 Ib/ft2.sec . 
T h e  equation for pressure drop in the  superheater (bare tube) sect ions i s  

4/NG2 
A p = - .  

2RcP 

The factor f scales  a s  

JHGCR-1 = (,G;e)o*ls - 
/GCR-2 G C R - 2  GDe H G C R - 1  

( - p )o"s 

Since the  geometry i s  the  same, 

/HGCR-1 e ( 'GCR-2 p H G C R - l \ O ' l s  , 

/GCR-2 i G H G C R - 1  P G C R - 2  1 
1000 + 867.5 

2 
= 933.7OF , t a v  G C R - 2  e 

p = 0.0840 I b h r - f t  , 

1500 + 1171.4 
2 

- = 1336OF , t ~ v  H G C R - I  - 

p = 0.107 I b h r - f t  , 

P H G C R - I  = 0.0625 Ih / f t3  , 

= 0.085 (1.585)O.l = 0.0954 , 

40.0954) (27) (3.103l2 = 24,71 
, Ap = 

2(32.2) (0.0625) 

24.71 
144 

Ap = - =0.1717 psi  , 

24.71 
0.0675 

A H = - -  -398 ft . 

F o r  t h e  boi ler  section, wi th  f inned surface, 

~ A G ~  

where 

A = outs ide surface area, 

A c  = free area, 
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and / var ies  as fo l lows:  

f=0.060 (, G G C R - 2  y*253 ( P H G C R - l i ’ 2 5 3  

G~ G C  R-i P G C R - 2  

0 . 2 5 3  0.0825 
= 0.060 (A) 
= 0.0573 . 

T h e  area A = 119,400 f t 2  for the  HGCR-1, and A c  i s  the  same a s  for the  GCR-2. 
Substituting: 

(0.0573) ( 1  19,400) (2.06 x 1 .224)2 
A H =  = 676 f t  , 

2 (0.092)2 (32.2) ( 1  18) 

Ap = (676) (0.0818) = 55.25 Ib / f t2  = 0.384 psi  . 
F o r  t h e  economizer section: 

where 

A,,,,-, = 184,000 f t2 ,  

A r =  126.7 f t2 ,  

= 0.0489, 
1.245 

(0.0489) (184,000) (2.35)2 
(2) (0. 1077)2 (32.2) (126.7) 

AH = = 525 ft,  

(0.1077) (525) 
144 

A$ = p A H  = = 0.3928 ps i .  

Summarizing: 

A H  ( f t )  

Pressure drop in 

Superheater 

Boi ler  

Economizer 

Subtotal 

184 

5OoF Pinch 8OoF Pinch 

398 362 

6 76 520 

525 

1599 
- 325 

1207 
- 

AP (Psi )  

5OoF Pinch 8OoF Pinch 

0.1717 0.1562 

0.384 0.2950 

0.3928 0.2432 

0.9485 0.6942 



cr3 
. 

_-  . 

a 

W A T E R - S I D E  P R E S S U R E  D R O P  

The GCR-2 calculat ion was scaled up by the fol lowing equations. 

Superheater: 

2 L ~ ~ ~ ~ - l  'GCR-2  ( T H G C R - l ) a v  

(':::-:) L G C R - 2  ' H G C R - 1  T G C R - 2  
' p H  G C  R -  1 = 'PGC R - 2  

10.48 950 1610 
14.2 1450 1410 

= (27.2)(2.425)2 - - - ~ 8 8 . 2  . 
Boiler: 

' p  = 'pip F T p ,  I 

where 

hp lp  = hp l i qu id  phase, 

F,,, = two-phase f low foctor = 8 (see ref 8). 

Therefore, 

(8) = 126.2 psia . = (2.594) (2.425)2 - 
10.37 
11.7 

Economizer: 

9.5 

8.9 
8) (2.425)* - = 23.3 . 

Total Ap = 88.2 + 126.2 + 23.3 = 237.7 psi  

In let  pressure = 1450 + 237.7 = 1688 psi0 . 
(3,147,000) (3413) 

- - I 
Total  water f low rate = 

! I? ,  - h F W  (1521 - 425) 
, 
I = 9,800,000 Ib/hr . 

Water f low rate per exchanger = 9,800,000/8 = 1,225,000 Ib/hr . 

C A L C U L A T I O N  O F  P U M P I N G  POWER A N D  O V E R - A L L  E F F I C I E N C Y  

Pumping power = ( A p / p )  ( w w )  (kwhr/ft-Ib) 

(1 688.5) ( 144) 0.001 356 
- - (9.8 x l o6 )  = 14,900 kw. 

(60.15) 3600 

Water pumping power = 14.9 kw. 

Gas pumping power = 54 Mw. 
~ ~~~ 

'R. C. Mart inel l i  and D. B. Nelson, Trans. ASME 70, 695 (1948). 
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Gross electr ical output = 1259 Mw. 

Net electr ical  output9 = 1259 - 68.9 = 1190.1 Mw. 

Net ef f ic iency9 = 1190.1/3093 = 38.5%. 

C A L C U L A T I O N  O F  S T E A M  C Y C L E  E F F I C I E N C Y  

The eff iciency o f  a regenerative feedwnter heating, nonreheat cycle was calculated 

as outl ined by Salisbury.'' Th i s  shows improvements on a simple nonextraction cyc le  

for various numbers of heaters wi th corrections for different condenser back pressures, 

in le t  steam conditions, and expansion eff iciency. 

The basic, simple, cyc le  ef f ic iency was calculated for the fo l lowing conditions: 

1. steam in le t  pressure, 1450 psia, 

2. steam out let  temperature, 1O5O0F, 
3. over-al l  expansion eff iciency, 85%, 

4. condenser pressure, 2 in. Hg. 

The ef f ic iency i s  

'steam i n l e t  - 'steam a t  l a s t  s tage 

'steam i n l e t  - ' feedwater  
? =  

In the basic cycle, 1O5O0F, 1450-psi steam and 2-in. back pressure, 

1521 - 1000 521 
= -  = 35.9% . 

1521 - 69.1 1451 r l =  

The qual i ty o f  the steam a t  the state l i ne  end point i s  10.2% moisture. 

' Including auxil iary power requirements, the net electrical output is  1130 Mw, and the 

eff iciency 36.5%. 

'OJ. K. Salisbury, Stenrn Turbines  and Their  Cycles, Wiley, N e w  Yark, 1950. 
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APPENDIX F. RELEASE OF RADIOACTIVITY 

The use of an unclad fuel element which would release large amounts of ac t i v i t y  

would make it necessary t o  maintain control of the ac t iv i t y  which could leak from 

the primary system. The consequences of releasing ac t iv i t y  from the primary system 

were investigated in  order t o  establ ish design features and conditions, such as the 

pur i f icat ion rate, stack height, allowable leakage rate, and maximum t ime of exposure. 

The release of ac t i v i t y  from the fuel  and the result ing levels of ac t i v i t y  are de- 

scribed i n  Chap. 7 and in Apps. A, B, and C. As was pointed out, the ac t iv i t y  referred 

t o  was restr icted t o  the important gamma-emitting nuclides, and therefore the low-energy 

gamma emitters, as we l l  as the beta emitters, were not investigated. In determining the 

al lowable leakage from the primary system, it wns necessary t o  investigate a l l  the 

f iss ion products which would contribute t o  the ac t iv i t y  concentration downstream from 

the plant stack exhaust. 

Several processes would cause the ac t iv i t y  t o  be reduced before it was discharged 

from the stack. The ac t iv i t y  that  had escaped from the fuel into the gas stream would 

reach an equil ibrium ac t iv i t y  that would depend on the four processes for removal of 

ac t i v i t y  from the circulat ing gas i n  the primary system: (1) radioactive decay, (2) leak- 

age, (3) purification, and (4) deposition. The ac t iv i t ies  l is ted in  Table 5, Chap. 7, 

were obtained by assuming that the only method for removing a part icular nucl ide from 

the gas stream would be radioactive decay. Th is  assumption was made i n  order t o  

obtain a conservative result, since the uncertainty about the deposition rate did not 

al low a credi t  for the pur i f icat ion system. However, i f  the deposi t ion rate exceeds the 

pur i f icat ion rate, then by assuming no reduction by deposition and assuming a part icular 

pur i f icat ion rate, the equil ibrium ac t iv i t y  which ex is ts  in the c i rculat ing gas stream 

w i l l  be l imi ted by either leakage, decay, or puri f icat ion. The ac t iv i t y  which ex is ts  in 

the c i rculat ing gas may be computed by using the values given in  Table 5 ,  Chap. 7, 

and the fol lowing expression: 

i 

’i 
A .  = A  

Oi hi + ai + p i  + y i  

where 

A .  = ac t iv i t y  o f  nucl ide i i n  the gas stream, curies, 

A O j  = ac t iv i t y  of nucl ide i in  primary system, assuming a = p = y = 0, curies, 

1 A .  = radioactive decay constant, sec- , 
ai = purif icat ion rate, sec-’, 

p i  = leakage rate, sec-’, 

yi = deposition rate, sec-’. 
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If it i s  assumed that the leakage rate for a l l  the nuclides i s  the same as the system 

leakage rate, the ac t iv i t y  released from the system by leakage i s  

hi si 
A = / 3 E A  

Oi xi i ai + p -t yi ' 
i  

where 

A = t o t a l  ac t i v i t y  leaking from the primary system, curies, 

ai = decontamination factor associated w i th  ac t iv i t y  leaking through small passages. 

The ac t iv i t y  release (in curies/sec) from the stack due t o  nuclide i i s  given by 

where p i  i s  the fract ion of ac t i v i t y  passing through the f i l ter  in the stack. From Eq. (3) 

it may be seen that the ac t iv i t y  previously calculated for shielding purposes may be 

reduced for the exposure calculations by several factors: the stack f i l ter  factor, a 

factor for the decontamination obtained during the process of leaking from the system, 

and a reduction factor due t o  the pur i f icat ion system, leakage from the primary system, 

or deposition on primary system surfaces. 

A s  was indicated previously, i f  the deposition rate i s  assumed t o  be less than the 

purif icat ion rate, the results w i l l  be on the safe side. Since there i s  no way t o  evaluate 

the deposition rates, for t h i s  study it was assumed for a l l  cases that y i  = 0. Further- 

more, since there are few data avai lable for evaluating the decontamination factors 

associated w i th  smal l  leaks, values of si were assumed t o  be unity. 

Therefore, Eq. (3) was simpl i f ied t o  

For cases of xenon and krypton, Eq. (4) was further simpli f ied, because the purif icat ion 

system would not remove these nuclides, and the f i l te r  in  the stack would not reduce 

the act iv i ty.  Thus for xenon and krypton, Eq. (4) becomes 

The maximum concentration of a part icular nucl ide downstream from a continuous 

point  source i s  given by 

r - 
X m o x  =- 

eniih * 
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where 
- 
u = wind speed, m/sec, 

h = stack height, m, 
3 X m a x  = maximum concentration, pc/cm , 

A = continuous source, curies/sec. 

Therefore, the maximum concentration of a given nucl ide downstream from the plant i s  

Since the ac t iv i t y  release at the stack i s  made up of many f i ss ion  products, the 

exposure t o  a person at the point of maximum concentration w i l l  not be excessive i f  

5: < 1  . 

The important nucl ides for determining exposure are tabulated in  Table F. l .  These 

nucl ides are not a l l  of the nucl ides of interest, but they include the nucl ides investi-  

gated in  Chap. 7, as we l l  as a few of the more important beta-emitting nucl ides which 

contribute s igni f icant ly t o  the exposure. 

It may be seen from Eqs.  (4) and (5) and from the values in Table F . l  that the most 

important nucl ides for obtaining large exposure levels t o  the to ta l  body ore the inert 

gases. The inabi l i ty  of the pur i f icat ion system or the stack f i l te r  t o  reduce the krypton 

or xenon ac t iv i t y  would result in  large ac t iv i t y  release from the stack of the xenon and 

krypton nucl ides. 

The values l isted in Table F . l  are based on a purif icat ion rate of 5 x sec” 

and a leakage rate of 0.1% per day (1.16 x lo-* sec-’), are from 

Table 5, and for the cases of KrE5 and Sr90, which were not included i n  Table 5, these 

values were estimated by using the methods outl ined i n  Apps. A, B, and C. A stack 

height of 60 m and a wind speed of 2 m/sec were used for the calculat ion. 

The values of A 
Oi 

With a leakage rate of 0.1% per day, the exposure t o  the to ta l  body and t o  the 

thyroid (Table F.2) i s  not excessive. Table F. l  indicates that the leakage from the 

primary system could increase t o  about 0.2% per day before the exposure to  the total  

body would be excessive. 

. 
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Table F.l. Calculat ion of Exposure to  Tota l  Body 

/ ' m a ,  1 
hi Nucl ide 

Kr85 

~r~~ 

Y9' 

Y91 

Y92 

Y93 

sr9' 

sr9' 

~r~~ 

Nb9' 
1 1 3 1  

,132 

y91m 

1133 

I 134 

1135 

Xe 13' 

L~ 140 

B~ 140 

Toto  I 

2.14 x 2.82 x 1.0 5.14 x 1.67 x l om7  3 x 0.0556 

1.48 x 1.28 x l o 5  

2.26 x 2.17 x l o 5  
1.38 7.97 10' 

5.35 x IO-' 3.7 x 10' 

1.93 6.98 x i o 4  

1.99 6.34 l o 5  
1.27 3.2 x lo4 

2.29 3.2 x i o 4  
9.96 x 3.8 x 10' 

8.02 6.99 l o 4  

2.98 X l o V 6  6.74 X lo' 

7.85 X 10- l '  6.5 X l o5  

9.25 X 2.96 X lo5 
2.2 x 5.86 X lo' 

2.89 1.33 x l o 5  
2.1 1 6.64 lo5 
4.79 6.56 x i o5  
6.27 6.56 x lo5 

1.0 1.48 x 4.81 x 2~ 

0.01 2.90 x 9.43 x 1 0 - l ~  1 x i o -6  
0.01 2.46 X loq5 8.0 X 10- l '  8 X 

0.01 2.48 x 8.06 x 8 x 
0.01 3.91 1.27 x 1 x 

0.01 6.41 x 2.08 x 10-l ' 4 x 

0.01 1.18 X 3.82 X 3 X 10-l ' 

0.01 5.85 1.9 x 2 x io -6  

0.01 1.63 x 5.28 x 1 0 - l ~  2 x 

0.01 9.18 x 2.98 x 4 x 

0.01 7.30 X 2.37 X lo-' '  3 X 

0.01 7.64 x 2.48 x 10-l' 6 x l o v 6  

0.01 2.22 x 7.2 x io -1o  1 x io -6  
0.01 6.65 x IO-' 2.16 x 2 x 

1.0 7.70 1 0 - ~  2.5 1 x i o -6  
0.01 3.73 1.21 x 9 x 

0.01 1.32 X 4.27 x 10-l ' 3 X 

0.01 8.47 X 2.75 X 10- l '  1 X 

0.240 

0.00094 

0.0001 

0.001 

0.000 13 

0.00005 

0.00127 

0.00095 

0.00008 

0.00003 

0.00079 

0.00004 

0.00072 

0.0001 1 

0.00014 

0.025 

0.0013 

0.00275 

0.55 

T a b l e  F.2. Calculat ion of Exposure to  Thyroid 

I l 3 l  9.96 x 3.8 x I O 5  0.01 7.3 x 2.37 x 10- l '  4 x I O q 9  0.059 

Il3' 8.02 x 6.99 x l o4  0.01 7.64 x 2.48 x 10- l '  1 x 0.0025 

9.25 X 2.96 X lo5 0.01 2.22 X 7.2 X 10- l '  2 X 0.036 

2.2 5.86 i o 5  0.01 6.65 io-' 2.16 3 0.0072 

2.89 x 1.33 x lo' 0.01 1.32 X 4.27 X 10- l '  5 X 0.00854 

Toto I 0.113 
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