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ABSTRACT 

yThis project  was i n i t i a t e d  f o r  the purpose of determining the f e a s i b i l i t y  

of a high flux, sol id  f u e l  research reactor,  

means of a parameter study a reactor  consisting of a cy l indr ica l  f u e l  annulus sub- 

merged i n  heavy water, The thermal neutron f lux  peaks i n  the heavy water adjacent 

t o  the annulus and i s  a m a x i m u m  i n  the region surrounded by the f u e l  annulus, 

while the minimum thermal flux occurs i n  the annulus. 

opposite shape. 

of maximum thermal flux i n  the heavy water t o  average thermal flux i n  the f u e l  

The following repor t  describes by 

The fast flux has the 

Calculations indicate  tha t  p rac t i ca l  peaking fac tors9  r a t i o s  

h t  can be obtained, 

reactor  i n  which the maximum thermal 

and fast f luxes  are greater  than 1015 n/cm2-sec. 
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I" 
The purpose of t h i s  study'was t o  invest igate  the design of an advan'ced 

reactor f o r  research and materials tes t ing.  

an annular array of fue l  elements surrounded by heavy water. 

The reactor  analyzed consisted of 

The thermal 

neutron f lux  w a s  expected t o  peak i n  the heavy water region surrounded by the 

f u e l  annulus and i n  the heavy water r e f l ec to re  These regions of high f lux  

surrounding the f u e l  annulus were t o  be used f o r  experimental. purposes, The 

following paragraphs summarize the preliminary analysis which led t o  the 

select ion of t h i s  type reactoro 

A reactor  t o  be used f o r  research and f o r  t e s t ing  materials i s  optimized 

by maximizing the  neutron fluxes. For purposes of analysis  the neutron flux 

can be divided i n t o  a fast or  f i s s ion  spectrum flux, an intermediate o r  dE/E 

flux, and a thermal flux. Several important experimental uses of neutron fluxes 

characterized by these spans of energy are  as follows: 

f o r  radiatfon damage experhents  involving non-fissfonable materials; an in te r -  

a fast f lux  i s  desirable 

mediate f lux  i s  desirable for  experhents  with time-of-flight spectrometers and 

f o r  studying the ' e f f ec t s  of resonance capture; and a thermal f lux  i s  desirable 

f o r  studying e f f ec t s  of thermal neutron capture on reactor  materials, f o r  studying 

radiat ion e f fec ts  on reactor f u e l  elements, and f o r  studying charac te r i s t ics  of 

c i rcu la t ing  reactor  f i e ~ s  i n  reac'tor environment. Many experiments such as the 

study of transur'anf 

and intermediate fluxes: 

ldup i n  f e r t i l e  materials require a combination of thermal 

Fluxes of large magnitude are needed f o r  several  reasons. Some expert- 

ments involving the measurement of nuclear quant i t ies  cannot be performed 
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acchrately without a high flux, 

which allows one t o  predict  what w i l l  happen t o  cer ta in  reactor materials a f t e r  

long i r r ad ia t ion  times i n  lower flux reactors  and a l s o  provides additional infor- 

mation necessary f u r  determining the effects of the r a t e  of i r rad ia t ion  on materials, 

One must remember, however, that reactor  experiment time involves preparation time 

A high f lux  provides a high not i n  a short  time 

as well as i r r ad ia t ion  time, 

neutron f lux  i s  so complicated as t o  require long down time f o r  experiment pre- 

paration, l i t t l e  time has been saved by use of the high flux. 

Thus, i f  a tes t ing  reactor  designed f o r  a high 

As the  thermal flux is  increased t o  higher levels ,  the power and the burn- 

up rate increase rapidly,  Thus it seems reasonable t h a t  the ultimate reactor  

f o r  research and materials t e s t ing  may be a c i rcu la t ing  f u e l  type reactor  since 

f u e l  can be added continuously and heat t ransfer  from the  f u e l  atoms is  not such 

an important problem, Howeverp the various f l u i d  f u e l  reactors  which could be 

constructed using e x i s t f i g  technology have some l imi ta t ions  and require additional 

development work. 

development e f fo r t ,  the objectives of t h i s  summer study were l imited t o  the 

analysis  of such reactors. 

Since so l id  f u e l  research reac tors  may involve a lesser 

For the reasons discussed above it was concluded t h a t  t o  design a hetero- 

geneous reactor  with a f lux considerably greater  than now ava i lab le- i t  would be 

necessary f o r  the high thermal f lux  region of the reactor  t o  be located other 

than i n  the  fuel.  

achieving such a design would be by arranging the f u e l  elements i n  an annular 

r ing  submerged i n  a low neutron absorbing moderator such as D20. The annular 

r ing  of f u e l  a c t s  as a source of fast and intermediate neutrons which are 

Preliminary invest igat ions suggested that a possible means of 

converted in to  thermal neutrons in the regions external t o  the f u e l  annulus. 
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If' the  metal t o  water r a t i o  i n  the  f u e l  zone i s  high so as t o  give adequate 

leakage of neutrons from tfie f u e l  annulus and if there is  poor moderation and 

high thermal absorption i n  the  annulus so as t o  give a large r a t i o  of fast t o  

thermal. f l ux  i n  t h e  annulus, then appreciable peaking of the thermal. flux occurs 

i n  t he  region surrounded by the f u e l  annulus (hereafter refbrred t o  as the 

moderator) and i n  the  re f lec tor ,  

rap id ly  wfth increasing metal t o  ;water r a t i o  and since the moderation i n  the  

annulus depends la rge ly  on the space required f o r  the coolant, the  main objective 

from a nuclear pofnt of view was t o  maximize the  r a t i o  of fast t o  thermal f lux  

i n  t h e  f u e l  annulus, 

Since the  mult ipl icat ion constant decreases 

The thermal flux is  proportional t o  the power per u n i t  mass of fue l ,  whfle 

I t he  fast flux i s  proportional t o  the power per u n i t  volume, 

condition i n  the  annulus i s  obtained by maximizing the f u e l  concentration and 

Therefore, the desired 

power density, 

surface area t o  volume r a t i o  i n  the  f u e l  elements. 

Fpom the  heat transfer point of view t h i s  meant maximizing the  

A design study was i n i t i a t e d  on a reactor  incorporating the  concepts 

summarized i n  the  above paragraph. 

Research Reactor (HFRR). 

This reactor  was designated the High Flux 
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SUMMARY OF RESULT3 

Ira $umari~ti9g the results of th i s  study it may be beneficial . e  to give a 

general description, of a typical reactor Wsed oa the analysis found in this  

\ report. Refereaces should be made to FQpre 1. L. 
"\ - 

A cy&Sbaaaic& IWiL aBgubtPhs9 sldprotolasl ' ed by D20 is the basic concept by 

which a high the- mutmn flux 

Tlae D20 Pegiora ira the center of the reactor i e  called the moberatoro Ira this 

region a xmaximm themasal %Bwe peaking existso Another peak, got 80 great, 

exists iB, the D20 refleetor on the outside of the AreL anawlusl. The fast flux 

peaks 19 the Azel pegion, where the thePmal flu is a minigarmD AxlaJ. distor- 

obtaikbed 19 a region other than the fuel4 

L 

5 

tion of t&e flax s Muted by D20 en& Peflectors 200 cmthieko The flux distri- 

enriched fhe& ira the form of a Upasim-aLwniSugl alloy, is 

igco~pomtrsdp. in &-um cb& plate-type %el elements. Each elements is three 
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and r e f l e c t o r  regions which are a t  e s sen t i a l ly  atmospheric pressure and i s  then 

c i rcu la ted  through heat exchangers, 

t he  heat  from the  heavy water t o  cooling towers o r  some other su i tab le  sink, 

A secondary system of l i g h t  water removes 

Complete cont ro l  of t h e  reac tor  is  accomplished by means of: two one- 

quar te r  inch t h i c k  s teel  or  aluminum clad cadmium segmented cy l ind r i ca l  safety 

elements adjacent t o  the  ins ide  and outside circumferences of t he  f u e l  annulus; 

twenty-one stainless steel  shim tubes, located between f u e l  element housings 

which contain a continuously c i rcu la t ing  aqueous boric  acid so lu t ion  f o r  shim 

cont ro l  and burnable poison, t h e  concentration of which can be varied during 

reactor operation; and four  or more steel or  aluminum clad cadmium regulating 

rods located i n  empty shim tubes, 

from t h e  bottom of the  reactor.  

reactivity, each boric  acid tube zero t o  two percent r eac t iv i ty ,  and each 

regula t ing  rod one ha l f  peroent reactivity. 

Safety and regulat ing elements are driven 

Each sa fe ty  s h e l l  is  worth seventy percent 

Shfeldfng d i r e c t l y  above the  reac tor  cons is t s  of 200 cm of D20, 18 cm 

of i r o n  thermal sh ie ld  and 295 cm of concretee 

handling of experiments through holes i n  t h e  c o e r e t e  is required and is 

accomplished ins ide  a- cy l ind r i ca l  tank, purged with helium. During operation 

of the  reactor a t  500 Mw power, a person can stand on the  concrete- over the  

react or. 

One day after shutdown remote 

A small i n e r t  gas space is  provided above t h e  D 0 f o r  continuous removal 2 

of deuterium and oxygen produced by r ad io ly t i c  decomposition, 

Based on t h e  analysis  i n  t h i s  report ,  t he  following de ta i led  information 

approximately represents t h e  m a x i m u m  conditions f o r  t he  reac tor  j u s t  described: 
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Average. thermal f lux  i n  f u e l  annulus 

Maximum thermal f lux  i n  center region 

M a x i m u m  thermal f lux  i n  re f lec tor  

Average fast f lux  i n  f u e l  annulus 

Average intermediate f lux i n  fuel annulus 

U-235 concentration i n  the f u e l  elements 

Fuel loading 

React or power 

Fuel cycle t i m e  

Average power densi ty  

Specif i e  power 

Maximum power density 

Average heat flux 

Maximum heat flux 

Coolant veloci ty  

Maximum f u e l  element surface temperature 

Coolant i n l e t  temperature. 

Average coolant exit temperature 

Pressure drop across o r i f i ce  

1 Moderator raditis, R 

Annulus width, R2 

3 Reflector width, R 

Length of f u e l  zone, 2H 

6.12 x lou 
4,81 1 0 ~ 5  

2.45 1015 

2,36 10~5 

1.3 x 10 20 atoms/cm3 
1.46 x 

9.8 mg/cm2 

425 Mw 

10 days 

1500 watts/cm3 

1.45 x 108Btu/hr f t3  

31,000 Kw/Q 

3.48 x 108Btu/hr f t 3  

4.69 x 105Btu/hr f t 2  

1.13 x 106Btu/hr f t 2  

30 ft /sec 

350°F 

100°F 

200°F 

260 ps i  

40 cm 

21 cm 

75 cm 

3 ft 



Diameter of f u e l  elements 

N u m b e r  of f u e l  elements 

Total  volume of f u e l  elements 

3.5 i n .  

Thickness of f u e l  plate ,  W 

Thickness of coolant channel, E 

Coolant c i rcu la t ion  rate 

Pressure drop across f u e l  element 

M t , $  of U i n  U-A1 a l l o y  

Mb in f u e l  elements 

Average thermal flux f n  t e n  cm diameter experiment placed 
a t  center of reactor  

Thorium 

Iron 

MTR f u e l  element (9 x 1019 atoms U-235/cm 3 

Aluminum, sodium 

Beryllium 

50 

2.85 x 10 cm 5 3  

.030 i n ,  

-045 in ,  

62,000 gpm 

62 ps i  

12,5% 

667 

u 
u 
15 

15 

15 

5.8 x 10 

5*2  x 10 

202 x 10 

2,8 x 10 

399 x 10 

- 1  ,. , . /i - .  

It should be emphasized that, the  reactor  described above has not 

necessar i ly  been optimized because of the many variables involved. 

Research reactors  whfch have been designed f o r  materials t e s t i n g  have 

generally been of one type -- l i g h t  water moderated and cooled, highly enriched 

reactors ,  usfng plate-type f u e l  elements, 

Oak Ridge Researeh Reactor, the  Low IGtensity Test Reactor, the  Bulk Shielding 

or  Swimming Pool Reactor, the Westinghouse Test Reactor, and the Engineerfng 

Test Reactor are reac tors  of t h f s  type. 

which i s  heavy water moderated and cooled. 

The Materials Testing Reactor, the 

An exception is  the CP-5 type reactor  

I n  contrast  t o  the "RR design these 
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reac tors  have been designed t o  a t ta in  a combfnation of f a s t  and thermal fluxes,  

and the experfmental volume of these reactors  is  generally located within the 

f u e l  zone, I n  Table 1 some of the important features of these reactor  designs are 

summarized f o r  comparfson with the typ ica l  design which was completed on the HFRR. 

Reactor 
DesignatSon 

i 

LITR 

BSR 

MTR 

ETR 

CP-5 

HFRR 

TABW 1 

Comparison of Reactor Parameters 

h X ,  
Thermal 
Flux 

2 n/cm /see 

b10l3  

2X1o1* 

6,05x10 l-4 

14. 5 , 3x10 

1 , 7x1Ol3 

4. 8lXl0l5 

Inter e 

Flux Flux 

n/em /sec n/cm2/sec 'i- 
Specific 

Power 

Kw/Kg 25 

880 

30 

8,900 

lo, 000 

870 

3 1  , 000 

Power 
lens i ty  

Kw/l  

31 

le1 

390 

590 

6 

1500 

Max. 
Heat 
Flux 

I t U / h r  f t 2  

1,15x10 6 

6 1 . 13x10 
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REACTOR PHYSICS 

The purpose of the nuclear analysis of the "RR was t o  determine the more 

important var iables  leading t o  a m a x i m u m  thermal neutron f lux  i n  the  center region 

o r  nflux t rap,"  A parameter study was undertaken i n  an e f f o r t  t o  optimize the 

design and gain a preliminary insight  t o  the more important problems associated 

with t h f s  reactor ,  The e f f ec t  of the s i z e  of the regions and the  concentratfons 

of various components i n  each region on the  c r i t i c a l  mass and the f lux  dis t r ibu-  

t i o n  was studied, 

i n se r t ion  were determined, 

Approximate flux perturbations resu l t ing  from exprfment 

Calculatfons were made t o  detemfne a feas ib le  control  system for the "RR. 

Xenon i n s t a b i l i t y ,  burnup, and the temperature coeff ic ient  of r e a c t i v i t y  were 

investigated as $hey appeared t o  be possible l imitat ions t o  a high f lux  reactor  

design. 

A three-group, three region ORACLEa code (l)b was used extensively t o  

evaluate many of the nuclear characterfs t fcs  of the HFRR. Two-group calculatfons 

were used f o r  some of the systems fnvestigated which employed l i g h t  water, The 

regions were assumed t o  be homogeneous, and corrections were not made for se l f -  

shielding i n  the f u e l  assemblies; 

flux averaged t o  determine the three-group constants ,, 

le thargy were obtained from 'previous UNIVAC calculat ions (3) .  f o r  somewhat s imilar  

systems and were assumed t o  be correct ,  C r i t i c a l  experiments were calculated t o  

determine the-adequacy of the method of preparing group constants, 

t i ons  indicated that within ' the  'assumptions made the RFRR calculations were 

Thfrty-group nEyewash1t(2) cross-sections were 

Integrated fluxes versus 

These calcula- 

a 
Oak Ridge Automatic Computer and Logical w i n e .  

b 
Refers t o  L i s t  of References. 



accurate wfthfn about 15 percent, 

presented fn.Appendfx 11, 

A detai led summary of t he  nuclear analysis i s  

An optimum Hl?RR was not determined as a r e s u l t  of the calculations which 

were completed, 

thermal f lux peaking i n  t he  experimental zones was a maximum r a t f o  of fast and 

in t emed ia t e  f lux  t o  thermal f lux  i n  the f u e l  zoneo 

region is proportaional t o  P/h (specific power) , where 

and M is the  mass of U2350 The fast  and intermediate fluxes are proportional 

t o  P/f7 (power density),  where V is the  f u e l  annulus volume(4)o Therefore, f n  

order t o  maxfmfze the ratfo of fast and fn temedia te  flux,to thermal flux f n  the 

The nuclear analysis  indicated tha t  the  c r i t e r i a  f o r  m a x i m u m  

The thermal f lux  f n  the f u e l  

P is the t o t a l  power, 

f u e l  region, M/V or the  r a t i o  of' mass of U235 t o  the f u e l  element volume should 

be maximized, 

power densfty which is t he  same as requiring a m a x i m u m  surface area t o  volume r a t i o  

i n  the fue l  elements. 

specific power or power output per kflogram of' U 2350 

f u e l  concentration which, if  not fixed by power removal considerations, is 

determined by the amount of excess r e a c t i v i t y  which can be controlled, Because 

of the many var iables  involved i n  f u e l  element design and because of the strong 

dependance of the heat t ransfer  on the  thermal f lux  dis t r fbutfons within the 

f u e l  region, it fs very d i f f i c u l t  and t i m e  consuming t o  determine the  balance of 

materials, reactor  s ize ,  heat transfer, and physics which Pesul ts  i n  peak perform- 

anceo The f l u x  shapes of t he  HFRR w i l l  continuously change with time, which 

fur ther  complicates the  problem. 

homogeneous regions and uniform bmnup, and neglecting effects of regulating 

rods. 

From the heat t ransfer  standpoint t h i s  requires  maximizing the 

From the nuclear standpoint t h i s  means minfmizing the 

This requires a m a x i m u m  

I 

Considerable e r ro r  can be introduced by assuming 

Therefore, i n  order t o  optimfze t h i s  reactor  one should make use of a two 
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o r  three-dimensional reac tor  code. Such an  analysis  w a s  beyond the scope of 

t h i s  summer study. 

ind ica t ion  of t h e  general trend t o  be expected 'from the  va r i a t ion  of the  many 

variables associated with the  HFRR, 

i n  t he  followfng paragraphs. 

The ealeulatfons which were completed should give an adequate 

The r e s u l t s  of the  calculat ions are summarized 

Materials and Size Select ion 

The primary object of invest igat ing var ia t ions  i n  the  materials t o  be used 

i n  t he  moderator, fue l ,  and r e f l e c t o r  regions was t o  determine the  proper materials 

and concentrations necessary t o  give a maximum r a t i o  of t he  maxfmum thermal flux 

i n  t h e  experimental regions t o  the  average thermal f l u x  i n  the  f u e l  region, 

Fuel Redoq: Init ial  arkysis  concerning se lec t ion  of a coolant f o r  the 

f u e l  region indicated t h a t  l i g h t  water would be desirable  from the  standpoint of 

minimizing D 0 holduqand D 0 would be desirable  from the  standpoint of not 
2 2 

requfrfng a leak  t i g h t  system between the  f u e l  region and the  heavy water regfons, 

The decision as t o  which was t o  be used was based on the  cri teria of maximizing 

t h e  thermal neutron f lux peaking'in the experimental zones, 

cen t r a l  and r e f l e c t o r  regions would serve as a source of thermal neutrons for 

t he  f u e l  region. 

or ig ina te  as fast and fntermedfate neutrons i n  the  fue l ,  the  fast and intermediate 

neutron leakage out of the f u e l  region should be made as high as possible,, 

t he  thermal neutron gradient within the  f u e l  is important from the  standpoint of 

making t h e  average thermal neutron f l u x  i n  t h e  f u e l  small with respect t o  the 

thermal f l u x  i n  the  experfmental zone. 

length than l i g h t  water; and hence, t he  fast leakage should be greater f o r  a D 0 

cooled system. 

It appeared t h a t  the 

Since t h e  thermal-neutrons i n  the  regfons ex terna l  t o  the f u e l  

1 

Also, 

Heavy water has a greater slowing down 

2 
However, l i g h t  water has a higher absorption cross-section than 
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heavy water and hence, the thermal neutron gradient i n  the f u e l  region should be 

steeper for l i g h t  water, 

of the heavy water system or  the high thermal absorption of the l i g h t  water system 

was more desirable  from the  standpoint of achieving m a x i m u m  thermal f lux peaking, 

Thus, the question was whether the high fast  leakage 
\ 

This w a s  investigated using the 3G3R ORACLE code and it was found t h a t  i n  

terns of thermal flux peaking heavy water was a be t t e r  coolant f o r  the f u e l  

region, 

region the r a t i o  of the m a x i m u m  t o  the  average thermal flux fs greater  and the 

r a t f o  of the average fast t o  the average thermal f lux  is smaller f o r  l i g h t  water 

coolant, Thus, although the k a d f e n t  of t he  thermal flux I n  the fuel region was 

greater  for  the H 0 cooled system, the greater fast leakage of the D 0 cooled 

system produced higher peaking, 

flux gradient in the  f u e l  r e s u l t s  i n  a greater  degree of non-unfform f u e l  burnup 

and i n  more d i f f i c u l t  power removal problems, Therefore, the  lower thermal f l u x  

gradient of the D 0 cooled reactor  is  an added advantage of t h f s  systemo 

This is i l l u s t r a t e d  i n  Figure 30 Figures 5 and 6 show t h a t  i n  the f u e l  

2 2 

It should a l s o  be mentioned tha t  a large thekmal 

2 
- As a resul t  of t h i s  preliminary analysis pertaining t o  coolant se lec t ion  

it was concluded t h a t  t he  important cri teria for m a x i m u m  thermal f lux  peaking 

i n  the  experimental regions was a maximum r a t i o  of fast and intermediate f lux  i n  

the  f u e l  region t o  thermal flux i n  the  fue l  region, 

. Parameters which can be varied i n  the  f u e l  region are metal t o  water r a t fo ,  

Xhiekness a d  volume of the  f u e l  regfon, and f u e l  concentration, 

the metal t o  water r a t i o  i n  the f u e l  region decreases the  moderating properties 

of' t h f s  region, 

peaklag should increase with metal t o  water r a t i o o  

ealculat ions and is f l l u s t r a t e d  i n  Figures 7 and 80 

An increase i n  

Therefore, based on the  previous analysis,  the  thermal f lux 

Thfs was ver i f ied  by ORACLE 

However, it must be 
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remembeired t h a t  the  e f fec t ive  mult ipl icat ion constant is rap id ly  reduced by an  

increase i n  the metal t o  water r a t i o  as shown i n  Figure 9. 

The effect of varying the  f u e l  zone thickness i s  shown i n  Figures 3, 5, 

and 6. 

increases the mult ipl icat ion constant, the  r a t i o  of the m a x i m u m  thermal f lux  f n  

For a constant f u e l  concentration, an increase i n  f u e l  zone thickness 

the  center region t o  the average'thermal f lux  i n  the fue l ,  the  r a t i o  of the 

max imum thermal f lux  i n  the fueL t o  the average thermal f lux  i n  the fuel ,  and the 

r a t i o  of the average fast f lux  i n  the f u e l  t o  the average thermal f lux  i n  the  

fuel., It appears tha t  f o r  the D 0 system the primary e f f ec t  of a n  increase in 

f u e l  annulus thickness i s  t o  increase the fast and intermediate leakage out of 

the f u e l  zone beeause of the increased t o t a l  mass of TJ235. 

2 

If the f u e l  concentration i n  the  fuel zone fs increased, the thermal f l u x  

peaking increases. This is i l l u s t r a t ed  i n  Figure 80 It is in t e re s t ing  t o  note 

t h a t  the r a t i o  of t h e  maximum t o  average thermal f lux  i n  the f u e l  does not 

change as rap id ly  with an increase i n  fue l  concentration, indicat ing t h a t  increased 

leakage of fast and intermediate neutron f lux  out of t he  f u e l  zone ra ther  than ' 

the  change f n  thermal f l u x  gradlent is the  prfmary cause of the increased peaking, 

The e f f ec t  of decreasing f u e l  concentration with tfme on the  thermal, 

intermediate, and fast f l u x  spac ia l  d i s t r ibu t ions  is  i l l u s t r a t e d  i n  Figures 10, 

11, and 12. 

Even though tlie thermal f l u x  peaking decreases with a decrease i n  f u e l  concentra- 

t ion,  the increase f n  the  thermal f lux  i n  'the fuel ,  zone more than compensates. 

If there -re non-unffoim f u e l  bui.nout, the f u e l  a t - t h e  edges of the fue l  zone 

would be depleted m&e rap id ly  than the f u e l  i n  the center. 

decrease the  thickness of the f u e l  zone with time. 

I 

Constant power operation and uniform radial f u e l  burnup were assumed, 

This would e f f ec t ive ly  

In Figure 3 it was shown t h a t  



1.6 

t3 
2 
5: 

H 

2 1.4 
s 

1 . 3  

\ 

0.2 C 

\ 

4 0 

\ 

> 0. 

\ 

33'75 

\ 

-. 1.0 1.2 1. 
METAL TO WATER RATIO, M/W 

F ig .  9 METAL TO WATEB RATIO Vs. MULTIPLICATION FACTOR 

-34- 



1.6 

1.4 

1.2 

1.0 

0.8 
3 
z 
3 

k 

E 
0.6 

0.4 

0.2 

I - MODERATOR + 
D20 I 

I 
0 

0 20 40 60 80 100 120 130 
'RADIUS, R, cm 

Fig. 10 CONSTANT POWER SPATIAL TBERMAL NEUTRON FLUX DISTRIBUTIONS 
FOR VARIOUS FUEL CONCEN'IRATIONS 

-35- 



I 

I MODERATOR 

D20 1 
REFLEXTOR 
D2° 

I 0.4 
I 

I 

w 
E 0.2 
3 
g ,  

I 

c FUEL* 

3 7 
3 \-" = 

0 
0 20 40 

RADIUS R, cm 
60 80 100 120 130 

Fig. 11 CONSTANT POWER INTEEMEDI4TE NEUTRON FUX SPATIAL DISTRIBUTION 
FOR VARIOUS mTEL CONCENTRATIONS 

-36- 



I - MODERATOR A 

0 20 40 60 80 100 120 130 

- -  RADIUS,R,cm. - 
Fig. 12 CONSTANT POWER FAST NEUTRON FLUX SPATIAL DISTRIBUTION FOR VARIOUS 

l!U3L CONCENTRATIONS 

-37- 



-38- 

1 

a decrease i n  f u e l  regton thickness decreases the  thermal flux peaking, 

indicates  t h a t  uniform burnout 5s desirable i n  order obtain the max5rnum nvt 

i n  the experimental zonese The e f f ec t  of the f u e l  zone thickness becomes less 

important with decreasing f u e l  concentration so that a multi-region code would 

This 

be desirable t o  evaluate a l l  the ramifications of the change i n  thermal f lux  

peaking with time. 

A possible method of obtaining uniform r a d i a l  f u e l  burnup would be t o  

continuously ro t a t e  f u e l  elements i n  the f u e l  zone, during operation of the 

reactor ,  

of t h i s  type of fuel element with the gain i n  thermal flux peaking i n  order t o  

determfne f ts  f eas fb i l f ty ,  

However, it would be necessary t o  balance the  engineering d i f f i c u l t i e s  

.The var ia t ion  of the  mult ipl icat ion constant with f u e l  concentration is  

shown i n  Figure 13, 

is about j e 2  kilograms whfch corresponds t o  a fuel concentration of 2 x lb 

atoms p r  em , For these calculations,  the uranium i n  the fuel region was 

assumed t o  be d is t r ibu ted  homogeneously, 

be lumped f n  f u e l  p la tes  and then these p la tes  would be arranged i n  separate 

The cold clean c r i t i c a l  mass f o r  t he  par t icu lar  core considered 
19 

3 

In  the practical reactor  the would 

cy l indr ica l  assemblies, 

concentration i n  the assemblies would be higher than i n  the homogeneous annulus e 

This decreases the effeetiveness of the U235 and r e s u l t s  i n  a higher c r i t i c a l  masse 

In order t o  maintain the same mass of uranium the f u e l  

As previously shown the increased concentration i n  the cy l indr ica l  f u e l  

assemblies, as compared t o  the homogeneous annulus with the lower concentration 

but the same mass, r e s u l t s  I n  an increased r a t i o  of m a x i m u m  thermal f lux  i n  the 

experimental zones t o  the average thermal f lux  i n  the fuel.  This peaking w i l l  

not be as high as f o r  a homogeneous annulus of the same f u e l  concentration because 
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the  c i rcu lar  f u e l  assemblies expose more surface area t o  the neutron current 

available a t  t h e i r  boundaries, For the same reason the r a t i o  of the maximum t o  

average thermal f lux  i n  the f u e l  zone w i l l  ,be lower f o r  the heterogeneous assembly 

as compared t o  a homogeneous annulus of the same concentration, 

In summarizing the preceding dfscussfon, it i s  concluded that, i n  order t o  

attain maxfmprm thermal flux peaking the f u e l  concentration, the metal t o  water 

r a t i o  and the  wfdth of the f u e l  zone should be haximized, To a t t a i n  a maximum 

mult ipl icat ion eonstant f o r  a given f u e l  loading the metal t o  water r a t i o  should 

be decreased, 

Central Region or  "Moderator": Heavy water appeared t o  be an obvfous 

choice f o r  the cen t r a l  region because of Its l o w  neutron absorption cross-seation, 

For comprfson purposes calculations were made using D20, beryllium, and aluminum, 

Figure l.4 shows the var fa t ion  of the spatial thermal f l u x  d i s t r ibu t ion  with varying 
i -  

percentages of heavy water and beryllium i n  the  center regipn, These curves are 

normalized t o  constant power I n  the f'uel region. 

on the multfplfcatfan constant is  shown i n  Figure 15, 

show a comparison of the s p a t i a l  d i s t r ibu t ions  of fast, intermediate, and thermal 

fluxes f o r  beryllium, D 0, and aluminum i n  the  center region, 

flux is desfred, heavy water fs the idea l  mater ia l  f o r  the cen t r a l  region, 

high intermediate or fast f lux  i s  desfred, then heavy water could be p a r t i a l l y  

The e f f e c t  of the beryllium 

Figures 16, 17, and 18 

If a high thermal 

If a 
2 

replaced with carbon, aluminum, or some other mater ia l  with poorer moderating 

propertfes. Ffgure 19 shows the var ia t ion  of the r a t i o s  of t he  m a x i m u m  thermal 

fluxes t o  the  average thermal f l u x  i n  the f u e l  f o r  varying concentrations of 

D 0 and A1 i n  the center region, 

and intermediate fluxes i n  the  center regfon t o  the fast and intermediate fluxes 

Figure 20 i l l u s t r a t e s  the r a t i o  of the f a s t  
2 

I 
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i n  the f u e l  for  varying volume f rac t ions  of D20 and A1 i n  the center region, 

Addition of aluminum t o  the center region decreases the multiplication constant 

as shown i n  Figure 1 5 0  

It is possible t h a t  the flux d i s t r ibu t ion  i n  the cent ra l  region could be 

the fue l  region and the impruved with a regfon of aluminum or beryllium betwe 

heavy water. 

which experiments could be placed, 

thermal flux peaking appreciably, 

were not thoroughly investigated i n  t h i s  analysis,  

A regfon of aluminum would provide a zone of high fast f lux  i n  

This zone would probably not d i s t o r t  the  

These a re  topics  for fur ther  study as they 

Calculations indicated that the thermal f lux  peaking increased with 

decreasing s i z e  of the cen t r a l  hole f o r  r a d i i  from about 30 t o  50 cm, 

shows t h i s  effect .  

i f  the region diameter fs less than the slowing down length of fast neutrons i n  

heavy water, because less of the fast  leakage out of the f u e l  region w i l l  'lje 

Figure 3 

The peaking w i l l  decrease f o r  smaller center region diameters, 

converted t o  thermal neutrons before re-enter ing the f u e l  annulus, 

shows that f o r  a fixed f u e l  concentration i n  the f u e l  region and a fixed f u e l  

Figure 4 

region thickness the mult ipl icat ion constant increases t o  some maximum value 

with increasing size of the center region. This indicates  that the increase 

i n  f u e l  mass with increasing center region size more than compensates fo r  the 

increase i n  leakage out t he  ends of the center region u n t i l  a c r i t i c a l  s ize  is 

reached, Increasing the  radius fur ther  causes k t o  decrease because the f u e l  

annulus is approaching a f la t  slab, 

Reflectm Reafone Heavy water was chosen fo r  the r e f l ec to r  region f o r  the 

As exp,cted and as shown same reasons t h a t  it was chosen f o r  the cen t r a l  region, 

i n  Figure 2 the thermal f lux  does not peak up as high i n  the r e f l ec to r  region a s  

it does i n  the cent ra l  regiono 

. . I  .- . .  . .  b. .~ .- . . 
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In  order t o  reduce the heavy water inventory it appeared desirable t o  

replace a portion of the  heavy water r e f l ec to r  wfth a less expensive material  

such as carbon, Calculations were made with the 3G3R Code in which the cen t r a l  

region was considered t o  be the  fue l ,  the  fntermediate region D 0 and the outer 

region carbon, 

and various combfnatfons of D 0 and carbon, 

re la t ionship  between various f lux  r a t i o s  and d i f fe ren t  r e f l ec to r  combfnatfons. 

It is concluded t h a t  an optimum combination of D 0 and carbon thickness exfs ta  

t h a t  w i l l  r e s u l t  i n  considerable D 0 savings and adequate thermal f lux  peaking, 

As previously shown f o r  the cen t r a l  region the addftfon of a heavy water 

2 
Figures 21 and 22 show the re la t ionship  between percent r e a c t i v i t y  

Figures 23, 24, and 25 show the 
2 

2 

2 

cooled alumfnum re f l ec to r  next t o  the f u e l  region would appear t o  be a desfrable 

feature  t o  add t o  t h i s  reactor  since experiments in which a high fast f lux  fs 

required could be placed i n  t h i s  region, 

the thermal f l u x  i n  the r e f l ee to r  region w i l l  not be appreciably dfs tor ted,  

Provided the aluminum is not-too th i ck  

React or  Control 

In an attempt t o  desfgn a feasible control  system f o r  the  HPRR, the 

temperature coeff ic ient  of reactfvi$y, xenon ins t ab i l i t y ,  and f u e l  burnup as a 

function of time were investigated,  

l i m i t  the  m a x i m m i  

on the control  system. 

by a ra ther  unfque shim and sa fe ty  system, 

They-appeared t o  be f ac to r s  which might 

f lux  of t i e  . reac t& rjy si’ug unreasonable demands . I* * 

Solutions t o  some of the problems were tenat ively solved 
- 

Control Elements: The control  system w i l l -  inelude safety, shim, a d  

regulat ing elements, I n  order t o  leave the upper surface of the reactor fyee f o r  

i n se r t ion  of experiments it is advisable t h a t  a l l  control  elements be dFiven from 

beneath the coreo 
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Safety Elements: The safe ty  elements w i l l  consist  of concentric cylinders 

of stainless s t e e l  or aluminum clad cadmium located adjacent t o  the i n s i d e  and 

outside surfaces of the f u e l  annulus. To reduce the poss ib i l i ty  of losing a l l  

sa fe ty  act ion i n  the event of jamming of the cyl indrical  she l l s  or f a i lu re  of the 

drive mechanism each cylinder w i l l  be divided ve r t i ca l ly  in to  several  segments, 

each segment having an independent drive mechanism. To determine the e f fec t  of 

absorbing she l l s  such as those suggested, ORACLE calculations were made f o r  boron- 

stainless s t e e l  cyl indrical  she l l s ,  

th ick  outside she l l  or f o r  an eighth inch thick inside she l l  and ten  percent boron 

They indicated tha t  f o r  a one quarter Inch 
a* 

by volume i n  boron-stainless steel, suff ic ient  negative r eac t iv i ty  is introduced 

by e i the r  the inside or the outside she l l  alone t o  achfeve complete shutdown, 

Specifically,  driving the inner group of sa fe ty  elements i n to  the  reactor causes 

the multiplication constant t o  change from lo&? t o  0.787. 

outer group of segments causes the multiplication constant t o  change from lo@ 

t o  0.774, 

Inserting only the 

The effect  of the she l l s  on the  f lux  dis t r ibutrons is shown i n  Figures 

26 and 27. 

Several important factors were consfdered when desfgnfng the safety system 

fo r  the  HFRR. 

ment may be qui te  appreciable, and many times a single experiment may be almost 

c r i t i ca l  by i tself .  Hence, it is  very desirable f o r  an experimental reactor t o  

have a control system which is  c a p b l e  of handling large variations i n  reac t iv i ty ,  

The control systems of the Materials Testing Reactor and the Engineering Test 

Reactor, which are perhaps the best examples of experimental reactors,  cannot 

handle exbremely large variations i n  k , and thus, r eac t iv i ty  measuring f a c i l i t i e s  

had t o  be constructed t o  evaluate the worth of an experiment, 

In a reactor of t h i s  type the r eac t iv i ty  introduced by an experf- 

As previously 
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shown, each of t he  absorbing s h e l l s  between the  f u e l  annulus and the heavy water 

i n  the  IIFRR is capable of handling 60 per cent or  more excess r e a c t i v i t y  because 

of the la rge  cont ro l  surface exposed t o  neutrons. 

versatile. 

ment with the  s h e l l s  f u l l y  lowered, followed by slow withdrawal of t he  she l l s ,  

Thus, t he  HFRR control  is qufte  

The worth of an experiment can be determined by inser t ing  an experi- 

Another f ac to r  whfch was considered was the  sa fe ty  of the reac tor  i n  case 

an  experiment should f a i l ,  

containing a concentrated aqueous solut ion of enriched uranyl su l f a t e  was assumed 

t o  be located i n  t h e  center  of the "RR. 

For the  purposes of i l l u s t r a t ion ,  an experiment 

If the  container f o r  t h i s  experiment 

should fail, the uranyl s u l f a t e  would be rap id ly  dispersed throughout the inner 

D 0-filled region of the  reactor ,  Because of t h e  flux depression i n  the  experi- 

rnent, t h e  uranyl su l f a t e  would be much more effect ive,  when dfspersed throughout 

t h e  D20 and would introduce a rapid increase i n  reac t iv i ty ,  

which can handle large r e a c t i v i t y  changes is very desirable ,  i f  not necessary, 

f o r  a reac tor  of t h i s  type, 

2 

Thus a sa fe ty  system 

Regulating R o d s :  Four regulat ing rod locat ions w i l l  be i n  the fue l  annulus 

and w i l l  be equal ly  spaced around the reactor. 

clad cylinders of cadmium and w i l l  be approximately one-and-onequarter inches 

The rods w i l l  be s t a in l e s s  s teel  

i n  diameter and worth approximately one-half par cent r e a c t i v i t y  each, One rod 

i n  either of the  four posi t ions w i l l  be used t o  regulate the  power level of the 

reactor ,  when the  sa fe ty  s h e l l s  are withdrawn, 

Shim Elements: Most of the excess r e a c t i v i t y  will be controlled by the 

shim elements. 

containing a f luidized bed of boron-steel pe l l e t s ,  and tubes containing a solutfon 

of poison. 

boric acid solut ion were chosen f o r  the shim control  of t h i s  reactor.  

Three types of elements were consfdered; so l id  rods, tubes 

S ta in less  s teel  tubes containing a c i rcu la t ing  solut ion of aqueous 
1 
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Solid elements were eliminated because of d i s to r t ion  of the v e r t i c a l  f l ux  

shape and the resu l tan t  uneven f u e l  burnup, 

require  frequent replacement because of a high burnup rate, 

Also, sol id  shim rods would possibly 

A flufdfaed bed of boron-stainless s t e e l  pellets i n  water would allow the 

reac tor  t o  be controlled simply by varying the water flow rate through the bed, 

The system would be designed so t h a t  i f  water flow ceased, all pe l l e t s  would drop 

i n t o  the  core, decreasing the reac t iv i ty .  However, t o  a t ta in  a 'threefold change 

i n  the number of pe l l e t s  i n  the reactor  core, the containing tubes would have t o  

be three times the  height of the coreo 

problem above the  core where ft is desired t o  introduce the  experiments and fuel 

elements, A possible advantage of the f luidized bed is t h a t  it might contribute 

This cons t i tu tes  a mechanical design 

t o  a negative temperature coeff ic ient  of r e a c t i v i t y  because of the decrease i n  

water densi ty  with temperature and the resu l t fng  compression of the  boron pellet 

bed,, 

of the bed during steady state operation might introduce f luctuat ions i n  the 

react iv5ty of the reactor ,  

A possfble disadvantage is t h a t  small, rapid f luctuat ions i n  the densi ty  

The system chosen for shfm control  of the HFRR consisted of an aqueous 

boric acid solut ion contained In v e r t i c a l  s t a in l e s s  s t e e l  tubes. In order t o  

remove heat from the  solut ion and t o  provide means f o r  varying the boron concen- 

t r a t i o n  the solut ion is continuously circulated through an external  system. A 

boric acid solut ion was chosen because of i t s  low cost ,  non-corrosive nature, 

and s o l u b i l i t y  i n  water, 

of temperature is  shown i n  Figure 28, 

The so lub i l i t y  of boric acid i n  l i g h t  water as a functton 

For the cases considered i n  t h i s  report  the 

solubiJI ty  is more than suf f ic ien t  t o  maintain i n  solut ion the  necessary amount of 

boron f o r  shfm control  and burnable poison, 

i n  the shim tubes is discussed later, 

The incorporatfon of burnable poison 
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One advantage of t h i s  type system i s  t h a t  the concentration of the boric 

acid is uniform along the length of i t s  containing tubes i n  the core, preventing 

a x i a l  d i s to r t ion  of the flux, 

by which heat may be removed from the shim system, 

Another advantage is  the comparatively simple means 

Since it is removed external ly  

it mag be possible t o  obtain f ine  control  of the reactor  by varyfng the flow rate 

and therefore the  temperature and densi ty  of the solution, 

A disadvantage i n  having the poison i n  l iquid form l ies i n  the poss ib i l i t y  

of losing the  poison i n  an accident, requiring t h a t  a sa fe ty  system be devised 

capable of shut t ing down the reactor  upon the sudden loss of poison, 

A typical assembly as shown i n  Figure l m i g h t  consis t  of three-and-one- 

half-inch diameter f u e l  elements, boric acid tubes one-and-one-quarter fpches 

i n  diameter being located i n  the center of the f u e l  annulus between adjacent 

f u e l  elements where there  is a s l igh t  peaking of the thermal f lux  due t o  the 

absence of fue l ,  

radius  of 40 cm, there is  space i n  the  annulus f o r  twenty-five shim tubes, 

of these locations w i l l  contain the regulating rods so t h a t  twenty-one w i l l  be 

used f o r  shfm control  w i t h  t h e  borfc acid solution. 

With t h i s  size tube, f u e l  element, and a typ ica l  cen t r a l  region 

Four 

The neutron capture cross sect ion of the boron i n  the solut ion was taken 

This as 755 barns per atom a t  a neutron ve loc i ty  of 2200 meters per second(5). 

high cross sect ion is caused pr incipal ly  by the small amount of the  boron-10 

isotope i n  natural  boron, Boron-10 has a neutron absorption cross section of 

4.010 barns per atom, the  remainder of the  natural  boron, boron-11, having a 

negligible absorption cross  section, Therefore, most of the neutrons w i l l  be 

captured by the  boron-10, according t o  the followgng ' react ion ( 6 ) .  
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1 
7%- @e4 + &i7+ 2,792 Mev of energy 

0 

The excited s t a t e  of lfthium decays a s  follows: 

7" Lf7 ' gLf+ 3 .+ .478 MeV gamma ray  . 
The lithium which is  formed w i l l  combine wfth boric acid t o  produce lithium borate, 

Lifhium borate is fnsoluble i n  water so t h a t  some means, such as a se t t l fng  tank, 

w i l l  have t o  be provided f o r  removing the precipitate.  

In  order t o  determine the worth of the  tubes containfng boric acid solution, 

disadvantage factors  were obtafned from ORACLE calculations using the 3G3R Code, 

The solution calculated contained 0.20 grams of boric acid per gram of water which 

is about t h e  maxfmum concentration t h a t  can be at ta ined a t  room temperature. 

calculations indicated tha t  t h i s  concentration was higher than tha t  required fo r  

control of the HFRR. 

Later 
\r 

The r e s u l t s  of the calculations a re  shown i n  Figures 29 and 

30 as a functi-on of the sfze of the control rod and the thickness of the f u e l  

sec t  ion . 
Burnup: The high thermal f lux  (approximately n/cm2-sec) found i n  

the annular f u e l  region, and operation a t  constant power with the attendant 

increase f,n flux wfth t i m e  r e s u l t  i n  rapid f u e l  depletion. 

burnup rate the use of a burnable poison is  desirable t o  s i p p l i f y t h e  control 

system and increase the f u e l  cycle, 

Because of th i s  high 

ORACLE calculations were made t o  determine 

reactor operation, considering burnup, 
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The burnable poison could be added t o  the  f u e l  a l loy  or cladding, during 

fue l  element fabricat ion,  

poison appears t o  be advantageous, 

t he  concentration of t he  boric acid solut ion i n  the  shim tubes is  increased. 

However, use of a boric  acid solut ion f o r  the  burnable 

To incorporate t h i s  scheme i n t o  the reactor ,  

Once a f u e l  element incorporating boron i n  t he  f u e l  a l loy  or cladding has 
I 

been fabricated,  there  i s  no control  over boron concentration, 

system proposed has the  advantage of allowing boron concentration t o  be changed 

a t  w i l l  during reactor  operation. 

The l iqu id  

As w i l l  be shown ORACLE calculat ions indicate  

t h i s  may be necessary, i f  a high f u e l  burnup and long refuel ing cycle are t o  be 

achieved. 

Calculations were made using the  ORACLE t o  determine changes i n  multipli-  

ca t ion  fac tor ,  k , and i n  f l u x  shape with time, The following parameters were 

consfdered: Fuel eoncentra'tion, Nf; Boron concentration, N Xenon concentration, B; 
Samarium concentration, N j a d  the concentration of other f i s s l o n  products, 

Nxe ; Sm 

NW. 
typical case, The burnup calculat ions were made a t  a power density,  P , of 

1500 watts/cc, and ,at i n i t i a l  fuel concentrations, N 

Figure 3 1  indicates  t he  var ia t ion  of these concentrations with t i m e  f o r  a 

0 

, of 9.18 and 12 x 1019 
Fo 

atoms/ec, Fpom P and NFo the  va r i a t ion  of f u e l  concentration with time was 
0 

determined using the  expression 

P 
d E  P wt 
L 

' F  NF(t) E N - Fo 

where w - fissions/watt-second and 
F F 
a 

d and of; are the  mferoscopfc absorption and f i s s i o n  cross  sect ions of 

the, f u e l ,  
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These cross sect ions were calculated taking i n t o  consideration both thermal 

and epithermal f i s s ions  i n  the  following manner: 

where the r a t i o  /T 
2 3  

is determined by the' ORACLE: and was assumed t o  be i d e p n d e n t  

of boron concentration, Equation (1) can then be solved by i t e r a t i v e  methods. 

Once N ( t )  fs determined the instantaneous average thermal flux may be F 
determined from 

F 
f where is d e t e d n e d  from Equation (2). 

Assuming s t a r tup  with no f i s s i o n  produots i n i t i a l l y  present, NXe(t) and 

N ( t )  may be found from: 
Sm 

- A  * t  I Xe 
Xe (e 

Xe Xe J 'I F 
( . ,  
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and 

Fission product pair concentration is found from 

F 
6 

The equation f o r  boron concentration for  constant power operation is  

The above r e l a t ions  were used t o  determine the amount of fue l ,  boron, and 

other poisons present a t  any given time after s tar tup.  

programmed f o r  the Three 

yielded the mult ipl icat ion fac tor ,  

thermal f lux vs r a d i a l  distance from the  center of the  reactor ,  

These concentrations were 

Group-Three Region ORACLE Cdde.and the  f i n a l  calculations 

k , and graphs of fast, epithermal, and 

Plotted i n  
A 

Figure 32 is  the var ia t ion  of k with t i m e  i n  days , a f t e r  s t a r t u p  for f n i t f a l  

fue l  concentrations 'of 9.18 and 12 x lox9 and i n i t i a l  boron concentrations of 

3.76, 2.16 and 1.62 x d9 atoms/cc, 
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The sharp drop i n  the curve of k vs time i n  the first one t o  two days 

a f t e r  s t a r tup  i s  caused by buildup of xenon and samarium, The var ia t fon i n  k 

a t  time zero, i l l u s t r a t e s  the decrease i n  k as i n i t i a l  boron concentration is 

increased. A high concentration of boron should be present i n i t i a l l y  t o  minimize 

the  amount of excess r e a c t i v i t y  which must be compensated f o r  by the  control  

,elements, However, once the reactor  has been operating for some time, resu l t ing  

i n  fuel  depletion and f i s s i o n  product buildup, the boron concentration must be 

decreased t o  reduce the  t o t a l  poison present i n  the system and t o  enable the 

reac tor  t o  approach m a x i m u m  burnup, The limiting case i s  the addition of no 

burnable poison, i n  which instance reactor  operating l i fe t ime is a maximum, 
19 As an i l l u s t r a t i o n  assume an i n i t i a l  f u e l  concentration of 9018 x 10 

19 atams/cc and an i n i t i a l  boron concentration of 2,l6 x 10 

t h a t  the  boron reduces 

control lable  l i m i t s .  

only, the  reactor  would go subcr i t ica l ,  f o r  the conditions considered, a f t e r  

operating f o r  7,9 days wit,h a fuel burnup of &!,,,O%, 

portion of the boron were removed from the reactor a t  a sufffcfent ra te ,  reactor 

operation could approach the.lfmitfng case of l O , 6  days w i t h  a f u e l  burnup of 

59.2%. 

, Figure 32 indicates 

k a t  time zero from 1,43 t o  1,1'7, which is  within 

Assmdng the  boron concentration i s  decreased by burnout 

If on the  other hand a 

4 ,  

The graph of k vs time i l l u s t r a t e s  tha t  satisfactory reac tor  control  i n  

conjunction with high burnup .and a long f u e l  cycle can be achieved by provfdfng 

a high i n i t i a l  concentration of boron and then decreasing the conceptration during 

reactor operation, 

burnable poison in a form i n  which f ts-concentrat ion in the  reactor can be varied,  

This then indicates  the  de f in i t e  advantage of having the 
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: It appeared tha t  possibly a change 

i n  temperature i n  the reactor would deepease the density of the boric acfd solution 

i n  the  shim tubes, $esulting i n  a posit ive contrfbutfon t o  the temperature coef- 

f i c i en t  of reac t iv i ty ,  

concentration of the boric acfd was assumed t o  be 0,070 g~ams of boric acid per 

gram of water, 

This was investigated using the 3G3R ORACLE Code, The 

The multiplication constant as a function of temperature is shown 

fn Figure 33. 

boric acid increased fnstantaneously with the temperature of the fuel ,  

since d e t a i l s  of the cooling system were not def ini te ,  various D 0 temperatures 

outsPde the fuel annulus were assumed t o  correspond t o  the fnstantaneous fuel 

In these calculations it was assumed tha t  the temperature of the 

Also, 

2 

temperature, For the purpose of comparfson, t he  varfatfon of the multfplfcation 

constant wfth temperature fo r  the clean reactor wi th  no boron is plotted i n  

Figure 34, 

f n  the  f u e l  region only, 

t u re  cha& i n  the cent ra l  and refleetop regions of the reactor the temperature 

coeff ic ient  is posit ive,  

f f c i en t s  and are plotted in Figure 35, 

become negative u n t i l  60 per cent of the f u e l  temperature change o c c u ~ s  instan- 

taneously i n  the cent ra l  and re f lec tor  regions, 

F o r t h i s  calculation it was assumed tha t  t he  temprature  r i s e  occurred 

Reference t o  Figure 33 indicates t ha t  f o r  zero tempera- 

The s l o p  of these curves are the temperature coef- 

The temperature coefficfent does not 

Careful analysis of the proposed reactor  coaf"iguration shown i n  Figure 1 

Indicates t ha t  the curves showing posit ive temperature coefficients are  qufte 

pessimistic, The boric acid solution fs w e l l  insulated from the f u e l  regfon of 

the reactor ,  Therefore, gamma and neutron heating are essent ia l ly  the  only factors  

whfeh w i l l  a f fec t  the temperature of the boric acid solutfon instantaneously, a f t e r  

an increase i n  reactfvf ty ,  The heavy water which cools the f u e l  elements c i rculates  
1 < 
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out the top  of the elements and then down through the cen t r a l  and r e f l ec to r  

regions, 

temperature will increase rap id ly  and the temperatures of the cen t r a l  and reflec- 

t o r  regfons will increase more slowly, 

Thus, after an  increase i n  f u e l  coolant temperature, the end r e f l ec to r  

It appears t h a t  by maintaining a high flow rate of the boric acid in the 

one and one-quarter inch tubes the temperature of the boric acid could be kept 

e s sen t i a l ly  independent of the temperature i n  the f u e l  elements, 

reason plus the f a c t  t h a t  the  temperature of the  external regions w i l l  r ise 

fa i r ly  rap id ly  after a temperature r i s e  i n  the fuel, the  boric acid shim system 

fs not expected t o  produce a positfve temperature coeff ic ient ,  

For t h i s  

In conclusion, f t  appears t h a t  the problems regarding the temperature 

coeff ic ient  of r e a c t i v i t y  of the present design of the “RFt can be overcome by 

proper mechanical design, 

Xenon Instabil i ty:  Xenon-135 has a large capture cross  section and a 

high concentration i n  thermal neutron reactors ,  Hence, any perturbation which 

d is turbs  the concentration OP d i s t r ibu t ion  of xenon-135 would cause a fluctua- 

t fon  i n  the neutron flux, The e f f ec t  i s  unstabflixfng since, when the rate of 

xenon burnout i s  increased by an inerease i n  the neutron f lux,  the poisonfng 

‘effect  of xenon is decreased and hence the  neutron flux fur ther  increasess 

effect is similar t o  t h a t  of a posi t ive temperature or void coeff ic ient ,  

This 

This phenomenon is exhibited i n  two ways, The first and most common way 

is known as the  xenon power instability, 

exponentfal rise or  drop i n  the  neutron flux and power leve l ,  

which the  neutron flux d r f f t s  has been calculated by K. 0, Donelian and J, R, 

Menlce269279 f o r  various values of neutron flux and prompt neutron lifetime, 

This is manifested as an  overa l l  

The period on 
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Using t h e i r  formulae and the  values of the  prompt neutron lifetime and neutron 

f lux f o r  the HFRR, the  period is  calculated t o  be about 28 seconds. 

would be increased by a negative temprature coeff ic ient .  

petrfod is long enough t o  be controlled by a conventional servomechanisme 

This period 
i 

However, the  28 second 

The second way i n  which t h i s  i n s t a b i l i t y  can occur is i n  a constant power 

f lux  osc i l la t ion .  

leakage as a r i s e  i n  neutron f lux  i n  one part of the reactor  and a corresponding 

drop i n  neutron f lux  in-another  part such tha t  the reactor  power remains constant., 

If the control  system maintains the t o t a l  power generated i n  the reactor  constant, 

t h i s  o sc i l l a t ion  could go unnoticed, As the name indicates,  however, the increase 

i n  neutron flux i n  one part of the reactor  does not continue without l i m i t  but 

reaches a maximum and begins t o  decrease. The neutron f lux decreases u n t i l  it 

passes through a minimum as far below the equilibrium value as the  m a x i m u m  w a s  

above it. 

phase so t h a t  constant power is  maintained. 

This is  exhlbited i n  large thermal reactors  with low neutron 

I 4  ._ 

Neutron f l m c  i n  the other par t  of the reaotor o sc i l l a t e s  i n  opposite 

The osc i l l a t ion  continues u n t i l  

some compensating ac t ion  is  taken, 

t o  I4 hours, and the osc i l l a t ion  i s  therefore controllable,  

The period of t h i s  o sc i l l a t ion  is  long, 12 

1 .. 4 
t 8. 

A. Go Ward28 has investigated t h i s  phenomenon , theore t ica l ly  and has derived -. - .  I .  

an expression which can be used t o  determine whether.or not a reactor  w i l l  
1 ,  a ,  .. . 

osc i l l a t e ,  His c r i t e r i o n  has been applied t o  €he HFRR and has indicated t h a t  the . ., - " 1  

reac tor  w i l l  not oscil late. :  Detailed . -  calculat ions on both types of i n s t a b f l f t i e s  

are presented i n  Appendix X, 
. I  

Effect of Exmriments 

To determine the  ac tua l  neutron flux which is avai lable  i n  each experiment 

it is  necessary t o  evaluate the  f lux  depression caused by the  experiment. Several 



s tudies  were made t o  determine the  maximum perturbation which could be expected. 

The 3G3R ORACLE Code was used and the center region was made the  experiment; the  

intermediate region, heavy water; and the outer region, fuel ,  

was added t o  the fue l  region t o  approximate the actual conditions which would exist 

A r e f l ec to r  savings 

i n  the  reactor, 

Figure 36 is a p lo t  of the  thermal neutron-flux i n  the  core, using various 

experiments f o r  the central region, 

ments extend over the f u l l  length of the  core and that with the  exception of the 

f u e l  element, they are so l id ,  containing no voids f o r  D 0 coolant. 

perturbations fndfeated are greater than would exist f n  a practical experiment, 

The f u e l  element contafns approximately MTR concentrations of enriched uranium. 

It should be pointed out tha t  the  experf- 

Therefore, the 
2 

Only one size experiment was investigated f o r  t h i s  project,  

One of t he  important uses of a high f l u x  research reactor is f o r  t e s t i n g  

For the t e s t i n g  of an enriched so l id  f u e l  element it is nuclear reac tor  fue l s ,  

d i f f i c u l t  t o  make use of a higher thermal neutron f lux  than t h a t  f o r  which the 

f u e l  element was designed because of heat removal problems and rapid burnup. 

The enrichment must be reduced or an experimental specimen must be prepared i n  

such a form t h a t  heat removal is not d i f f i c u l t .  

neutron flux can be better u t i l i zed  f o r  s tud ies  of f e r t i l e  materials and f u e l  

elements of low enrichment, I n  the design proposed f o r  the  HFRR such experi- 

ments would probably be placed i n  the high flux central region and highly enriched 

experiments would be plaoed i n  the  outer re f lec tor .  

I 

Thus, a very high thermal 

Most f lu id  f u e l  reac tors  have been proposed t o  operate a t  thermal neutron 

fluxes far i n  excess of t h a t  presently avai lable  i n  so l id  f u e l  systems. Hence, 

the  high f lux available i n  t he  center of the  HFRR would be useful  f o r  s tudies  

i_ . . .. . . . I . - . . . - 
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of f l u i d  f u e l  reactor  systems, 

perturbations caused by various f l u i d  reactor  fuels.  

An invest igat ion was not completed on the flux 

T-x 

Future study appears t o  be warranted on several topics  pertaining t o  the 

physfcs aspects of the design of the JG'RR. It would be desirable  t o  use a multi- 

group reac tor  code which would calculate  the  neutron energy spectrum f o r  the  "RR 

configuration and possibly increase the accuracy of the f lux  dis t r ibut ions.  

The poss ib i l i t y  of providing a region t o  test experiments i n  a high fast 

fl& by placing an aluminum or carbon r e f l ec to r  next t o  the outside of the f u e l  

annulus should be investigated fur ther ,  

the  cen t r a l  region of the  reactor  should be investigated as a possible means f o r  

obtaining a high fast flux, 

d i f f i c u l t  because d i f fus ion  theory does not apply within the  void, 

The flux charac te r i s t ics  i n  a void i n  

The analysis of a void placed i n  the reactor  is  

The actual f lux  perturbations t o  be expected from p rac t i ca l  experiments 

dhould be determined, The e f f ec t s  of burnup on the f lux  d i s t r ibu t ion  should 

be evaluated more careful ly ,  using a multidimensional reactor  code, 

of the  regulat ing rods and the shfm tubes on the f lux  d is t r ibu t ions  should be 

analyzed , 

The e f f ec t  

The p rac t i ca l  f u e l  annulus, consisting of an inhomogeneous a r ray  of f u e l  

elements, should 'be analyzed i n  d e t a i l ,  Possible methods of decreasing the r a t i o  

of the maximum t o  average thermal f lux  i n  the f u e l  annulus without decreasing the 

peaking should be studied fur ther .  The time l a g  of the temperature change should 

be calculated fo r  a l l  regions .of the reactor  and an accurate temperature coef- 

f i c i e n t  determined, 
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An optimum outside r e f l ec to r  should be selected on the basis of experimental 

fdcil i t ies and cost. 

from the standpoint of effect on reactor  parameters and cost ,  

The optimum hydrogen content i n  the D 0 should be determined 
2 

It is f e l t  t h a t  fur ther  consideration of the above topics  is necessary t o  

complete a thorough f e a s i b i l i t y  study on the "RR, 

. -  

. I  



REACTOR ENGINEERING 

Heat Transfer 

Fuel Elements: To obtain the desired nuclear charac te r i s t ics  t h i s  reactor  

must operate a t  extremely hfgh power density,  Therefore, one of the  l imi t ing  fac tors  

i n  the  design of a high flux reactor  i s  the  rate a t  which heat can be removed. 

Since the  purpose of t h i s  study was not t o  arrive a t  a f i n a l  design, but ra ther  t o  

study the lfmfting charac te r i s t ics ,  a parameter study was undertaken and the 

results presented i n  the form of graphs which enable one t o  se lec t  ce r t a in  perti- 

nent information used f o r  determination of the l imit ing power densi ty  of the 

reactor.  

design fea tures  which i n  themselves are l imitat ions.  

These curves, of course, do not take i n t o  consideration mechanical 

I n  deriving the equations it was assumed tha t  the thermal and intermed,ate 

neutron fluxes, and therefore  the  heat flux, have cosine a d a l  d is t r ibu t ions ,  

going t o  zero a t  the  extrapolated boundary i n  &he end r e f l ec to r s  indepelalently 

of the  r a d i a l  dis t r ibut ion.  

the  flux d i s t r ibu t ion  i n  a one-dimensional, side=reflected,  cy l indr ica l  core, 

I 

The assumption is  based on a theore t ica l  solut ion t o  

using r e f l ec to r  savings on the  ends. 

The necessary equations i n  the order i n  which they were used t o  make the 

parameter study are as follows: 

N 

rn I n  U S  

P 

_ _  . . . . . . . -. . - . . 



I - -  
P 

.> , . .  
... 11 

Assuming values of p and C fo r  the coolant, equation (1) is used t o  
P 

determine the average bulk mean temperature of the coolant, 

properties of the coolant 'can be determined. 

Equation (3) determines a t  what point along the length of a given f u e l  plate  the 

maximum surface temperature occurs. 

t o  e x i s t  within the end ref lector .  

temperature ex i s t s  a t  the end of the f u e l  plate. 

surface temperature i n  the  ax ia l  direct ion on a surface having heat flux, q', 0 

T h e  derivations of these equations are found i n  Appendix 111. 

Thus, the  average 
(8) 

. .  

Equation (2) is  taken from McAdams, 
, 

In some cases t h i s  temperature i s  calculated 

In such a case the actual  maximum surface 

Equation ( 4 )  gives the maximum 

It should be noted tha t  T f o r  a l l  calculations was taken as 100°F, Small 

var ia t ions i n  the coolant inlet temperature will 'not a f fec t  the r e su l t s  apprecfably 

u n t i l  the  average bulk mean temperature reaches about 20OoF. 

beyond th i s  temperature gives a conservative answer, however, 

the length of the core was fixed a t  3.00 feet and the re f lec tor  savings a t  

0.66 feet. 

4 i  

Use of the curves 

In a l l  calculations 

Figures 37, 38, 39, and 40 represent the r e su l t s  of %fie parameter study, 

One method of using the curves begins with the determination of a m a x i m u m  power 
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densi ty  from nuclear character is t ics .  

operating pressure of the  system, the dimensions of the f u e l  p la te  and coolant 

channel can be determined as indicated on the  graphs. 

If an upper l i m i t  has been s e t  on the 

J 

In  order t o  determine the  locat ion and temperature of the hot spot i n  the 

core it is necessary t o  know the r a t i o  of maximum t o  average power densi ty  i n  

the coreo 

following re la t ionship  was derived: 

By assuming a r a d i a l  f l ux  shape s i m i l a r  t o  ORACLE flux plots ,  the 

where 

Derivations of the equations appear i n  Appelldfx 111. Using the  aforementioned 

values f o r  H and , equation (7) gives a v a l u e , o f  1/1,23. The value of X 



depends on several  parameters and may be obtained from O R A C U  data. 

a more accurate method is t o  determine 

and then t o  calculate  q *  /qf as indicated above, This r a t i o  i s  of 

However, 

q e  d i r e c t l y  from Figure 8 
0 (max)"; (avg) 

o (max), avg 
considerable importance i n  select ing the thickness of t he  f u e l  annulus and the 

concentration of the  fue l ,  It fs seen i n  Figure 5 t h a t  the  r a t i o  increases as 

the thickness of the annulus increases f o r  a given f u e l  concentration, 

a l s o  an increase i n  the r a t i o ,  when the f u e l  concentration is increased, 

other variables are held constant, it is desirable  t o  mfnfmize the  r a t i o  of 

There is 

If a l l  

maximum t o  average power density, i n  e f f ec t  maximizing the  average allowable 

power densi ty  i n  the core, 

it is desirable  t o  obtain as high an average power densi ty  as possible, 

A s  was explained i n  the  sect ion on nuclear physics, 

A hot channel f ac to r  t o  take i n t o  consfderation var ia t ions  i n  the coolant 

f l a w  area and prediction of spec ia l  flux d i s t r ibu t ion  was assumed t o  be uni ty  

f o r  the following reasons: Because of the  axial f lux  shape and the cy l indr ica l  

geometry of the f u e l  element the hotspot is ac tua l ly  ju s t  a point on the outer 

surface of the element. Even if boiling did occur a t  a localized spot, it 

would not be too serious since it could not cause blockage of flow through a 

channel since as explained elsewhere, there are no s ingle  i so la ted  channels, 

Rotation of the f u e l  element does not effect heat r e m o v a l .  Another important 

reason i s  tha t  when select ing the r a t i o  q @  P from Figure 8 it is 
. .  o (meur,) '0 (avg) 

assumed t h a t  the f u e l  is- homogeneously d is t r ibu ted  i n ,  the f u e l  annulus and t h a t  

the f u e l  concentrat is the same as i n  a f u e l  cylinder,  

greater d e t a i l  i n  t 

> .  

As explained i n  
& .  1 '  

c lea r  physics section, t h i s  r e s u l t s  i n  a value of 

/q' 

When using the curves i n  Figures 37, 38, 39, and 40 it must be remembered 

n i n  the ac tua l  case, qi(-) o(avg> 

t h a t  f o r  any par t icu lar  solut ion a l l  values read from the curves per ta in  t o  a 



part icular  ve r t i ca l  l i n e  through the fue l  element, 

t o  determine the maximum surface temperature i n  a fue l  element f o r  a given 

specified average power density, it i s  necessary t o  use the maximum power density 

i n  the f u e l  element as determined above, 

If, f o r  example, it i s  desired 

- 

To f ind the average coolant discharge 

as the power 
9;" t avg (=tal) 

temperatme it is necessary t o  use Q' 
( a d  

density, See Append& I f o r  a sample calculation. 

For a high power density reactor,  it is necessary t o  develop as  much heat 

t ransfer  surface area per gram of f u e l  as possible, 

increasing the surface area t o  volume ra t io .  

This i s  accomplished by 

* 

Several bash types of f u e l  elements were studied, giving consideration t o  

the pract icabflf ty  of fabr icat ion and t o  mechanical design features  as wellsas 

t o  heat transfer.  The type selected is basically a curved plate  f u e l  element. 

For t h i s  type element the relat ionship between heat f lux and power density is 

as follows: 

0 

Therefore, f o r  a given power d e n s i t y t h e  sum of the thickness of the fue l  plate  

and coolant channel must be small enough t o  give a reasonable heat f lux,  Since 

it has not get been demonstrated tha t  heat removal by fi lm boiling is  

unquestfonably satfsfaetory,  the m a x i m u m  heat flux t o  be consfdered should be 

approxfmately 10 6 Btu/hr/f"t'. A f m t h e r  r e s t r i c t i o n  on equation (8) is the metal 

t o  water r a t i o  needed t o  g4ve desired nuclear character is t ics .  

generally is between 0.5 and 1.0. 

This r a t i o  

Thus, for a desired maximum power density 
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of 3 x 108rBtu/hr/ft3jl W + € ~l 0,08 inches, 

and E = 0.053 , to  O,O,$.L inches,. - These comparatively small dimensions a r e  typ ica l  

of those required.for  any type f u e l  element considered, 

Therefore, W = 0,027 t o  0,04 inches 

It was fe l t  tha t  a satis- 

factory fuel  element could be:mare readi ly  developed?using curved plates.  

5 A more detai led-discussion of the design of the f u e l  element i s  found else- 

where i n  the  report ,  

Fuel Element Housines . The heat generated by neutrons and photons i n  the 

aluminum f u e l  element-housings can be removed.from the inside by the f u e l  element 

coolant and from the  ioutsid,e by the  D20 t h a t  a c t s  as r e f l ec to r  and moderator, 

Calculations .indicate.-that within practical limits of power fo r  t h i s  reactor  t h a t  

there  should be no real problem i n  removing enoughlheat.from the housings t o  

prevent boiling. 

- I  

Cooling System 
_? - 

I .  * .  . 
system of th i s  reactor  u t i l i m s  avy water as a cooling 

he heavy water used i n  the  moderator, fuel, and 

is pumped In to  the  fuel element tubes from the bottom, 

medium and involves a l l  o 

reflector regions. Coola 

removes heat from the  elements, and is o r f f i  

t op  of the  tubes and allowed t o  flow i n t o  the  moderator and r e f l ec to r  regions 

a t  a mean temperature somewhat below the s tu ra t ion  temperature corresponding 

t o  atmospheric pressure. 

by the pump head and the pressure drop across the  o r i f i c e  a t  the out le t  end of 

each fue l  element housing, 

housing may be provided by forced c i rcu la t ron  between the  f u e l  region and baf f les  

placed i n  the r e f l ec to r  and moderator regions as shown i n  the  schematic diagram 

* .  8 

1 

e r i c  pressure a t  the 

Pressurization of - individual  f u e l  elements is obtained 

Additional cooling of the  aluminum fue l  element 

of the reactor,  Low pressure coolant i n  quant i ty  approximately equal t o  the f u e l  
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coolant flow i s  supplied t o  the  moderator and re f lec tor  regions t o  prevent the 

temperature i n  these regions from approaching the f u e l  coolant ou t le t  temperature 

and t o  provide the  removal of the heat generated i n  the moderator and r e f l ec to r ,  

Coolant is withdrawn from the reactor  only from the moderator and re f lec tor  

regions, is  then cooled i n  heat exchangers, and i s  returned t o  the reactor  through 

high pressure and low pressure pumping systems. 

Determfnation.of the boolant supply pressure required f o r  a given set of 

reactor  conditions is  accomplished through the use of data  presented on the heat 

t ransfer  and pressure drop graphs, Figures 37, 38, 39, 40, and 41. 

fue l  p la te  thickness, coolant gap width, and maximum power density, the heat 

transfer graphs give the maximum f u e l  surface temperature which wi'll.be reached? 

The minimum coolant pressure required is then taken t o  be the sa tura t ion  pressure 

a t  a temperature above t h i s  m a x i m u m  surface temperature by the  amount of the 

safe ty  f ac to r  considered necessary t o  guarantee the  prevention of l oca l  boi l ing 

in the  f u e l  region, 

f u e l  region, which may be evaluated using the pressure drop graph, data fo r  which 

were obtained from the equations below, 

For a.given 

To t h i s  must be added the pressure drop occurring i n  the 

I 



160 

/ 
120 

6,i.n. 

/ 0.015 - 

80 

/ 
/ / 

/ / 0. ogc 
. 1 -  

40 7+= 
0 . 045 

- 0.06~ 

0 6 ogc 
'0. im  

0 

VELOCITY, ft/sec , 

STRAIGHT CHANNEL AND END LOSS PRESSURF: DROP VS. VELOCITY 
IN CHANNEL 

-91 - 



.where 

5 

K1 

-92- 

The r e s u l t  of t h i s  calculat ion is the required coolant supply pressure. 

mean coolant temperature a t  ou t l e t  from the f u e l  region must then be determined 

The bulk 

from the heat transfer curves, and must be below the sa tura t ion  temperature 

corresponding t o  atmospheric pFessure, t o  which the coolant is or i f iced  upon 

leaving the  f u e l  region, The yreceding calculat ion may be performed f o r  various 

coolant ve loc i t ies  i n  the  fuel regfon by the use of the  appropriate heat t ransfer  

graphs , 

The flow rate of high pressure coolant required may be eas i ly  calculated, 

when the  required ve loc i ty  and f u e l  p la te  thickness and spacing have been determined, 

A s  an example, f o r  a f u e l  p la te  thickness of 0,030 fnehes, a coolant gap 

8 of 0,045 inches, and a maximum power densi ty  of 3,5  x 10 Btu per hour-cubic 

foot,  a maximum f u e l  surface temperature of 35OoF is.fndicated, using the heat 

transfer graphlplotted f o r  a veloci ty  of t h i r t y  feet per second, Adding a safe ty  

fac tor  of f i f t y  degrees t o  t h i s  value, a m i n i m u m  coolant pressure of 262 pounds 

per square inch absolute is obtained, &om the pressure drop graph it is 
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determined tha t  62 pounds per square inch must be added t o  t h i s  value t o  account 

f o r  pressure drop i n  the f u e l  element, giving a supply pressure of 324 pounds 

per square inch absolute, or an overall  pressure drop of 309 pounds per square 

3 inch. From Figure 39, using the average power density of 1,5 x lo8 Btu/hr/ft , 
the bulk mean water temperature a t  the f u e l  region out le t  is  determined t o  be 

ROOOF, which is below the saturat ion temperature corresponding t o  atmospherfc 

pressme. 
- 

Using the chosen values of f u e l  region velocity, coolant gap, and 

f u e l  plate  thickness f o r  three-inch diameter f u e l  elements, the high pressure 

coolant flow rate is calculated t o  be 27,470 gallons per mfnute, 

calculated, t h f s  corresponds t o  a high pressure pumping horsepower of 4950 as 

A t  the pressure 

determined from Figure 42. 

Design of the Fuel Element 

It is  suggested elsewhere i n  t h i s  report  t ha t  a p la te  type f u e l  element 

The mechanical s t a b i l i t y  of a plate  can be improved by curving the be used. 

plate. 

This would indicate tha t  concentric cylfnders should be used, the m a x l m u m  

radius being held t o  a minimum. 

concentric cylinders, the radius of curvature would effectively be fn f in i t e  and, 

The smaller the radius of curvature the more s'table the plate  w i l l  be. 

If the en t i r e  fuel annulus were made of large 

theref ore, sa t i s fac tory  s t a b i l i t y  could not be obtained. Furthermore, when 

replacing burned f u e l  elements, such a 'design would require tha t  the en t i re  

annulus be changed as one uni t ,  

i n  a high f lux  reactor , ' fuel  replacement and f u e l  element fabr icat ion should be 

a s  simple and quick as possible. To satisfy these requirements it is suggested 

tha t  the f u e l  annulus be made up of a n&ber of cylfndrical  f u e l  elements as  

Because df the cqpa ra t ive ly  short  f u e l  cycle 
!- I 

- . .  

shown i n  Figure 1, 
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There are several-reasons f o r  suggesting a cy l indr ica l  f u e l  element i n  

preferance t o  the M?R type, 

a consfderable thermal f lux  gradient near the edges of the annulus, 

t h a t  during the operation of the reactor  the  f u e l  annulus w i l l  e f fec t ive ly  become 

narrower because of non-uniform f u e l  burnup, 

of such a s i tua t ion  are discussed i n  the "Nuclear Physfcs" section, 

uniform burnup i n  the  r a d i a l  d i rec t ion  the  possfb i l f ty  of ro t a t ing  the f u e l  

elements was consfdered, 

design f o r  more e f fec t ive  space u t i l i za t ion ,  

As is indicated on the neutron f l u x  plots ,  there  is 

This means 

The advantages and disadvantages 

To obtain 

Such a design would require a cylfndrical  f u e l  element 

A second reason f o r  the select ion of a cy l indr ica l  element fs the  need 

f o r  locat ing the cont ro l  rods and shim tubes i n  the f u e l  regfon, 

ca tes  the solut ion t o  t h i s  problem by the use of cylfndrfcal  f u e l  elements, 

Figure 1 indf- 

A t h i rd  reason f o r  using cy l indr ica l  geometry is the necessity of pres- 

sur iz ing the  f u e l  element housing, To minimize the  amount of mater ia l  f o r  

mechanical s t rength i n  the housing it is necessary tha t  the bowing have a 

cy l indr ica l  geometry. 

A fourth reason f o r  seleetfng a eyl indrfcal  f u e l  element i s  tha t  such an 

element may have desirable  fabr icatfon and performance charac te r i s t ics ,  The 
, ,  

method of fabr ica t ion  suggested is t h a t  of ro l l fng  a plate  th ree  f e e t  i n  width 

by whatever length fs necessary i n t o  a sp i r a l ,  allowing su f f i c i en t  space between 

each successive t 

spacers would 

of the un i t ,  

so t ha t  through the en t i r e  length of the element there  would be no isolated 

coolant channels, 

f 

. . .  + .  

or  a coolant channel, An adequate number of alumfnum 

inserted i n t o  the  coolant channel t o  insure sufffcient  s t a b i l i t y  

The spacers would be fntermfttent along the length of t h e  element 
' t  

This is a very desirable  feature  sfnce it makes it almost 
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i _ _  

impossible t o  plug any portion of the element without plugging the entire coolant 

flow area a t  one end, Since the desired nuclear character is t ics  of the reactor 

demand a very small coolant channel thickness, plugging of the element becomes a 

more serious problem and a possible l imitat ion t o  the maximum power density obtain- 

able i n  the  f u e l  element, 

This par t icular  type of f u e l  element was discussed with M r ,  J, E, 

C~nningham(~) t o  determine the prac t icabi l i ty  of fabrication. 

t ha t  a 0,030 inch aluminum f u e l  plate  three feet i n  width and about t e n  f ee t  long 

could very l fke ly  be rdl led and fabrfcated in to  the sp f ra l  shape, 

spacers qufte possibly could be spot welded t o  the alumfnum cladding, 

be done while the plate  was f la t ,  

welding the non-fuel-bearing ends of the plate  t o  the opposite sides of the spacers 

It was concluded 

The aluminum 

Thfs would 

Spring back would be eliminated by spot 

as the plate  is rol led in to  a sp i ra l ,  

Rotation of the fuel elements provides some mechanical problems, Perhaps 

the most o’bvious is  the design of a sui table  bearing since the force on the 

element due t o  pressure drop and f lu id  f r i c t i o n  would be considerable, 

t i v e  solution t o  t h i s  problem i s  t o  use a simple pivot or’confcal  bearing and 

hydrostatic lubrication, The bearlng would be located outside the o r i f i ce  i n  

the low pressure system as shown i n  Figure 1, 

would be supplfed t o  the  bearing through a calibrated tube coming from the high 

pressure side of the or i f ice ,  

A tenta- 

High pressure lubricant (water) 

Rotation of the element could be accomplished by means of the tangential  

veloci ty  of the coolant escaping from the p a r t i a l l y  open end of the s p i r a l  or 

by in s t a l l i ng  the spacers a t  an angle, taking advantage of the normal component 

of the s t ra ight  through coolant flow, 
D 

__ . . . 



I 

Fuel Element Assembly 

A compact un i t  eonsisting of two f u e l  elements and an aluminum f u e l  element 

housing can be assembled and disassembled outside of the reac toro  I n  the reactor  

the  complete unfts  are plugged fn to  the plenum chamber i n  the bottom of the reactor  

tank, forming the  f u e l  annulus, 

Heat Production 

Heat production i n  the following locations was investigated,  

I. Moderator and r e f l ec to r ,  

11, Boron t u b s ,  

111, Aluminum f u e l  element housings , 

The methods of invest igat ing the various sources of heat generation are as 

follows : 

1, Gamma heating - This was calculated by means of the Hurwitz s t r a igh t  

ahead sca t t e r ing  approxfmation(lO). 

energy degradation they are scattered e i t h e r  through such small angles tha t  the 

deviations from the l i n e  of f l i g h t  are ignored or  through such large angles t h a t  

the  r e su l t i ng  low energy photons are absorbed near the point of scat terfng,  

integral energy equation derived i n  

One assumes t h a t  although the photons suf fer  

An 

Appendix IV is  expressed as 

S E F  r - - - 1  
LE*( FeX) - E2( ktb + X)  0 0 0  

e J  
e G =  

pt 

2. Elas t ic  Col l is ions,-  The e l a s t i c  co l l i s ion  heating r a t e  is 



0 

3. Neutron Capture - Heat generation due t o  capture of fast neutrons is 

60 

E (E ) $ 'dE o o o  ,i n ne n n '  n 
G =  
nc 

0 

(3) 

Another equatfon derived i n  Appendix V yields the following expression f o r  

capture gamma heating, 

where 

- $ (t-b) 
+ 1/2 [(t-b) -$  P(eos + l)] me t 
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+ 1/2 [(ta) - r  t P(cos 7 + 111 e 

PtR (t-b)Cb, 

I, Moderator and Reflector, 

Heat production is due mainly t o  three sourcesa 

a. Prompt gammas. 

bo Elas t ic  col l is ions.  

c. Neutron capture, 

(a) PromDt gammas, Power density per MW f o r  various distances in to  the 

moderator appears in Figure 4.3, 

rates, The t o t a l  heat i n  watts is Q = 5072 x 102P(Mw). The calculation i n  

Appendix V I  considers the cyl indrical  f u e l  annulus t o  be an i n f i n i t e  slab,  

Such a plot  w i l l  determine the loca l  cooling 

(b) Elastic col l is ions.  Total heat i n  watts is Q = 3,4 x 104P(Mw), 

If one fur ther  assumes 

described by Figure 4.11 for various ratios of -- $1214 and -p- and computed fn 
Appendix V I .  4 2  '32 

-= r 
the  power densit  i n  the moderator is 

k 2  
4m e $n = 

( e )  Neutron caDture. The contribut4on of neutron capture is small 

compared t o  the heat released by neutron elastic scat ter ing and a simple calcula- 

t i o n  yields 37P(Mw) watts. 

The t o t a l  heat i n  yatts developed in the moderator i s  largely due t o  

e l a s t i c  co l l i s ions  a$ is  equal t o  about 3.4 x lO%'(Mv). 

One may a l so  consider the heatf-%.in the , re f lec tor  t o  be the same a s  the 

moderator because 14, was assumed that the cylinder was a slab,  If t h i s  is the 
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4 case then the heat produced f o r  a 300 Mw reactor is  2(300)(3.4 x 10 ) = 20.4 Mw 

or 6084% of the t o t a l  powe~. 

11, Heat Production i n  Boron Tubes, 

Heating is due t o  three sources: 

(a) Boron capture a m r t f c l e s ,  All of the kinet ic  energy associated 

wlth the 2.311, Mea a par t ic les  and Li7,- a r i s ing  from neutron .capture i n  the boron, 

i s  captured i n  the tube, Power density is 1,39 x loo3 Btu/hr-ft3hw. 

(b) Boroq canture aammas. In th f s  case the 0.48 MeV gamas contribute 

2.88 x Btu/kr-ft3/M~e 

(e) Elas t ic  collfsion, The calculation i s  based on an average f lux  of ._ 

3.3 x 1015 n/cm2-sec i n  the tube and yields  5,38 x loo5 Btu/br-ft3/t.lw. Calcula- 

t ions  appear i n  Appendix V I I .  

111. Aluminum Housing, 

Heat productfon was calculated fo r  prompt f i s s ion  gammas using equation 

(1) and yielded 8,46 x lo3 Btu/hr-ft3hw0 

1.31 

generation is 2,36 x lo2 Btu/hr-ft’/Mw resu l t ing  i n  a t o t a l  of 1 x 10 Btu/hr-ft /Mw, 

Likewise capture gama heating i s  

lo3 ~ t u / k - f t ~ / M w  for  a flux of 1.58 x Elas t ic  co l l i s ion  heat 
4 3 

The method of calculation is i l l u s t r a t ed  in ’  Appendix V I I I ,  

Shfeldfne; 

The purpose fo r  investigating the shielding problem was t o  determine i f  a 

high column.of water above the reactor,  such as  is present i n  the MTR, is necessary, 

If the column were required, the D 0 inventory would be considerably increased, 

Also, since it is necessary t o  maintain the D 0 a s  clean as  possible f t  does not 

seem prac t ica l  f o r  personnel t o  work d i r ec t ly  over a column of D 0 exposed t o  

2 

2 

2 
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the  atmosphere, A solut ion t o  the  problem then would be t o  use remote handling 
I .  

of the  experiments and f u e l  i n  an h e r t  atmosphere above the  core, 

concrete plugs i n  place while the reactor  i s  running the dose d i r e c t l y  above the 

With the 

reactor  would be permissible. 

after shutdown the dose would be excessiveo 

l e f t  by removal of the concrete plug could be f i l l e d  with D 0, and one day a f t e r  

shutdown a person could work d i r e c t l y  over the reactor.  

With the plug removed during operation or one day 

However, i n  an emergency the void 

2 

Radiations considered i n  shielding calculations f o r  the t o p  of the reactor  

were prom@ f i s s i o n  gammas, secondary gammas, and neutrons,, 

calculat ion were employed, 

Two methods of 

1, Linear buildup fac tor ,  

2. EJDA buildup factors .  

The shield design consis ts  of three materfals, D 0, steel, and concrete. 2 
One of the main considerations was t o  l i m i t  the amount of D 0 employed, the 

height of which was fixed a t  200 cm. 

somewhat over 100 cm long, the 200 cm allowed su f f i c i en t  space t o  mechanically 

remove the fue l  while immersed i n  the coolant. 

2 
Since the f u e l  elements and connections are 

Using various thicknesses of 

steel, which also a c t s  as a thermal shield,  the dose i n  rad/hr-Mw is plotted as 

a function of concrete thickness i n  Figure 45, 

The horizontal  l i nes  represent the m a x i m u m  ‘permissible dose of 03 rad/wk a t  the 

specif ied power l e v e l  for both gammas ,and neutrons. 

composed of 200 cm D 0, 10 cm steel plus 295 cm of conarete, 

Calculations are i n  Appendix M, 

A typical- shield may be 

2 
Figure 46, plotted from data  i n  Appendix,M, was computed using NDA build- 

up factors .  For the same conditions as above the required thickness of concrete 
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is 235 cm, 

a s m c e  of fission product gammas plus capture and decay gammas of 20 Mev/fission, 

An analysis of the calculatfons show tha t  the f i r s t  method assumed 

while the second method assumed 7,5 prompt gammas per f iss ion.  

method considered only a 7,5 Mev/f'ission source the dose curve (Figure 47) would- 

be sh i f ted  by a faetor  of 7,5/20 - ,35, 
If the first 

The l i m i t i n g  faetor  i n  determining the thickness of concrete i s  the prompt 

gamma radiat ions since more canerete is required f o r  the prompt gammas than any 

other sourceo The addition of more steel  is probably fmpractical, 

After Shutdown: It may be necessary t o  remuve the top concrete shield for  

mafntenanee after a shutdown of l d a y .  Doses are plotted f n  Ffgure 47 as a 

function of distance above D 0 surfaee f o r  various heights of D 0 after reactor 

o p r a t f o n  of 100 and 1000 hrs. As an i l l u s t r a t ion ,  the tank may be f i t t e d  with 
2 2 

400 em of D 0 so t h a t  a person workfng 40 em above t h i s  surface would receive 

the usual maxfmum permissible gamma dose, 
2 
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APPENDIX I 

. TYPICAL HFRR 

Values f o r  the typ ica l  "RR w e ~ e  calculated, assuming an avhrage power 
3 density i n  the f u e l  elements of 1500 watts/cm 

Flux ra t fos  needed i n  the calculations were taken from f lux  plots f o r  a 
3 homogeneous annulus, having a f u e l  concentration equal t o  1.3 x lo2' atoms/cm 

and an annulus thickness equal t o  15 em, 

peaking due t o  the actual  f u e l  element geometry will be offset  by t h e  increased 

peaking due t o  the greater ac tua l  annulus thickness, 

It is assumed tha t  the  decrease in 

Flux ra t fos :  

Maximum thermal i n  moderator/average thermal i n  f u e l  

Maximum thermal i n  fuel/average thermal i n  f u e l  

7 0  85 

1095 

or  

Maximum thermal i n  reflector/average thermal i n  f u e l  4.01 

Average fast i n  fuel/average thermal i n  f u e l  3.86 

Average intermediate in fuel/average thermal i n  f u e l  2.39 

Fluxes a 

I- 

I 



u 7,85 x 6.12 :K 10 P 
15  2 4.81 x 10 n/cm sec 

2 Pf ’= 4.01 x 6.12 :Y lo4 = 2.45 x 1015 n/cm sec 
33 (-1 

2 - 
Pf 3.86 x 6.12 x loL’ = 2.36 x 1015 n/am sec 
12 

15 2 = 2.39 x 6.12 x 1 8 ’  1.46 x 10 n/cm sec e 

22 

Maximum power density: 

8 3 = ‘  3.48 x 10 Btu/hr f t  . 
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Using t h i s  value of maximum power densi ty  with Figure 39, the maximum 

surface temperature is found t o  be 345OF by the method indicated graphically on 

the figure,  

following value of power densi ty  fs used: 

To find the coolant discharge temperature from the  elements the 

4 

w a t t s  /em 
3 66 x 10 Btuhr / f t3  1,23 

3 = 1500 watts/cm x 9 o  

8 3 
~ 4 -  1.78 x 10 Btu/hr f t  

As indicated i n  Figure 39 the fncrease i n  water temperature through the 

elements 5s l0OoF, making the discharge temperature 200°F, 

seen t h a t  the 200 F water mixes with the r e f l ec to r  regions. 

maintain tEe r e f l ee to r  regions a t  about 150 F by introducing addi t ional  coolant 

In Figure 1 it is 

It is desired t o  0 

0 

t o  these regions, The flow rates are detemfned as fallows: 

Flow through elements, w = velocity,  v x area, A e 

X 60 880 x 50 elements = 27,000 gpm 
min 
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through the reflector regions is  obtained by making wR 
Additional flow, 

a heat balance, assuming thirteen percent of the to ta l  heat i s  transferred to  

these regions 

Heat in to  coolant - heat carried out by coolant 

C w A t  *. 13% x to ta l  heat = (wR + we) C A t  P e  e P R  

0 x 27,000 gal/min x f t3  x 62 lb/ft3 x 100 F + 0.13 x 425 # OF 7.48 gal 

= 1 Btu/lb OF (wR + 27,000 gal/min) x ft3/7.48 gal x 62 lb/ft 3 x 50°F 

w = 27,000 + .7,600 - 34,600 gpn R 
I 

I 

- 61,600 g p  
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APPENDIX I1 

GROUP CONSTANT PREPARATION AND METHODS OF CALCULAT'ION 

Heavy water, beryllium, and carbon moderated systems were calculated using 

three-group theory, 

group theory, , ,  

Lfght water'mcderated systems were calculated using two- 

The three-group constants were determined by averaging 30 group IIEyewash" 

The Eyewash cross sect ions are not the best presently avai lable  cross sections,  

data. 

t i m e  lfmftatfons on t h f s  summer study. 

However, they were readf ly  avai lable  and therefore were used because of 

Integrated fluxes versus lethargy were 

obtained from previous UNIVAC calculat ions w i t h  t he  "Eyewash Code" (2) . These 

calculat ions were f o r  heavy water moderated spherical  reac tors ,  

studied had a cy l ind r i ca l  f u e l  annulus the f l u x  weighting functions d id  not 

c&respond exact ly  t o  those which should have been used, 

Since the system 

The weighting functions 

were matched as c lose ly  as possible t o  the uranium concentration of the system 

atudied. The weighting functions which were used are l i s t e d  In Table 1. 

The llEyewash Code" assumed t h a t  i n  the  intermediate range the f lux  i s  of 

tlie form 

0 

This is not exact ly  t rue f o r  heavy water but was assumed t o  be an adequate 

a ppr oxima t i on 

The average f i s s i o n  cross sections,  absorption c ross  sections,  d i f fus ion  

coeff ic ients ,  and t r ans fe r  cross sections are *he group constants which must be 



determined by averaging moss  sections over lethargy, 

TABLE 1 

THIRTY GROUP INTEGRATED FLUXES (WEIGHTING FUNCTIONS)' 

Designation 

Radius, ft. 
NU-23 5 

Weighting 
Functions 
Scaled by lom5 

Group 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
J.2 
13 
u, 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

kthargy 
Width 

b 
Fi 

-II 

01050 
07215 
, 2268 
, 4461 
6537 
8552 

0 9825 
1.000 
1 , 000 
10000 
10 000 
10 000 
1, 000 
1.000 
1,000 
1,000 
1.000 
1.000 
1,000 
10 000 
1,000 
1,000 
1.000 
1.000 
1 , 000 
1,000 
1.000 
1.000 
1,000 
1,000 

a 
Obtained from UNIVAC Calculations on D 0 moderated spherical  reactors  (3 , 

2 
b 
Fraction of neutrons barn above the  group based on Wattss f i s s i o n  spectrum, 



, 

The energy separating groups one and two was chosen t o  be 10 Kev because t h i s  

is approximately the bottom of the f i s s i o n  spectrum. This corresponds t o  the  

bottom of group 7 i n  the  "Eyewash Code". 

were calculated from 

The average absorption cross sect ions 

10 Kelp 

i o  MeV 

and 

Subscripts 1 and 2 indicate  the first and second groups i n  the  three-group 

approach and x y and z correspond t o  d i f f e ren t  elements. Similarly the 



average f i s s i o n  cross sect ions were determined from 

IF1 

and 

In  a l l  cases the thermal absorption and f i s s i o n  cross sect ions were averaged 

mer a Maxwell-Boltman d i s t r ibu t ion  and thus 

and 
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I 

The "neutron temperature" was assumed t o  correspond t o  the temperature of the 

moderatore 

The diffusion coeff ic ients  I n  the upper two groups were determined by 

averaging i n  the following manner: 

10 Kev 
D $ du D g A u  

n 4 P 10 MeV P 

10 Kev 7 -  

10 MeV 

2 # n u  
Dl 

n a1 5 B du 

and 

where 

- 
2 

ne8 ' 
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I n  the thermal group the. d i f fus ion  coef f ic ien t  was defined i n  a manner consis tent  

with the  P-1 approximation t o  the  t ransport  equation, Thus 

1 D = 3 ( ~  0 4 x  I 
t P  3 a3 3 

(71 

. .  

The thermal t ransport  cross sect ions far l i g h t  and heavy water are dependent on 

the  chemical binding of the  hydrogen and deuterium within the  l fgh t  and heavy 

water molecules, 

were assumed t o  be the  values corresponding t o  an experfmentally measured diffusfon 

Thus, t h e  best  values of the  thermal t ransport  @TOSS sections 

length, L Using the  r e l a t i o n  
3 

and the above r e l a t i o n  f o r  D 

calculated f o r  l i g h t  and heavy water, 

temperature and must be cprrected for, when calculating thermal diffusion 

coef f ic ien ts  a t  various tempratures. 

the thermal t ransport  cross  sectfons were 
, - 3  

The chemical binding varies with neutron 

These effects have' been calculated by 

(11) and Radkowsky-. m 1 ., * Transport cross sect ions were calcuxated from Noderer 
" * -  . .  

t h e i r  r e s u l t s  and 

port  cross secti  t h  temperature wa btained from Eyewash da ta  

and is plot ted i 

Figures 48 and 49e The var ia t ion  of the trans- 

, . -  

Perhaps the more d i f f i c u l t  o r  undefinable group parametem which must be 

calculated are the  t r ans fe r  cross sections f o r  the epithermal groups. For the  
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purposes of t h i s  study the transfer cross sections were calculated from a Fermi 

age and an average diffusion coefficient. Hence 

The age i s  defined as 

e 

There are a number of ways t o  calculate the age. One i s  t o  integrate t o  the 

energy corresponding t o  the average energy of the U-235 f i s s ion  spectrum (- 2 Mev) 

and another is  t o  average over t h e , e n t i r e  f i s s i o n  spectrum and weight each group 

with a function, F which accounts f o r  the number of neutrons born above each 

group,, 

Eyewash cross sections,, 

and tha t  determined by'weighing for  the f i s s ion  spectrum was 117,8 cm ., 

available experimental data  indicates t ha t  the best age f o r  heavy water is about 

i 
The age f o r  heavy water was calculated by both these methods.using the 

The age determined by averaging to 2 MeV was 12009 cm 2 

2 
The 
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2 120 em 

more cons is ten t  method of determining ages i n  mixtures, and t h i s  method was used. 

The values of F 

(0,16 percent H 0). Weighting with the f i s s i o n  spectrum should be a 
2 

are l i s t e d  with the  integrated fluxes i n  Table 1. 
i 

The next problem conaerned divfsfon of the  age i n t o  two parts so as t o  

obtain three-group constants. 

and two could be determined by summing over the  corresponding Eyewash groups 

j u s t  as was done t o  evaluate the average macroscopic cross sections and the  

d i f fus ion  coef f ic ien ts ,  

a carbon moderated system and fa i r  f o r  a beryllium moderated system, 

method w a s  used for calculatfng systems employlng these moderators. 

beryllium or carbon 

It seemed reasonable t h a t  the age f o r  groups one 

The assumption of continuous slowing down is good f o r  

Hence, t h f s  

Thus, for 

and 

7 F n u  

nth F nu 

Because the  continuous slowing down approximatfan does not exact ly  apply 

t o  heavy water moderated systems the  above method f o r  ca lcu la t ing  three-group 

discuss ages does not yield the  best results. 

a method which works w e l l  i n  heavy water, and t h i s  was used, 

(13) Spfnrad and Katsumi Tomaka 

It was assumed 



I 

t h a t  the r a t i o  of the  ages of the fast and intermediate groups f o r  a dividing 

energy of 10 Kev was 48/73. 

containing a large percentage of heavy water. 

moderated systems were defined as follows: 

This r a t i o  was assumed t o  hold f o r  a l l  mixtures 

Thus, the ages i n  heavy water 

Then the  transfer cross  sections are obtained from Equations (1) and (2). 

The  transfer cross sections defined i n  t h i s  way are possibly more 

accurately nremovaln cross sect ions which indicate  the  t o t a l  removal from a 

group. 

three group equations a be t te r  de f in i t i on  of t he  transfer cross sect ion would be 

Since the absorption and transfer are included e x p l i c i t l y  i n  the 



I n i t i a l l y  t h i s  correction was not made, and thus, i n  order t o  keep the calcula- 

t ions  consistent fo r  comparison purposes the correction was neglected throughout 

the study, 

small, 

where resonance absorption may make 2 apprecfable, 

The correction i s  small i n  the f irst  group since the absorption i s  

, However, the  correction could become appreciable i n  the second group, 

8 

Another way t o  calculate the t ransfer  cross section is 
1 

I 

c = x -  f =t 
x n Au 

I 

U s i n g  th i s  method, t r ans fe r  cross sections were calculated fo r  several  caseso 

These checked reasonably w e l l  with t ransfer  cross sections calculated from D/C 

Possfbly another modWieation which may have given be t te r  r e su l t s  would 

have been t o  define the  epfthermal diffusion coeff ic ients  i n  the aame manner as  

the thermal diffusion coeff ic ient  was defined (equation 7)e 

of tfme limitations,  t h i s  modification was not used, 

Here again, because 

I n i t i a l l y  many of the three-group constants were averaged by hand, but 

later an ORACLE constant preparation routine prepared by W, E, Klnney (u) was 

used t o  obtain the epithermal constants, For heavy water moderated systems ' 

the  r e s u l t s  of t h i s  routfne were modfffed t o  correspond t o  the methods described 

above ., 

The previous methods of calculating the age a re  poor approximations f o r  

l i g h t  water systems, Hence, t o  obtain the epfthermal twa-group ages the expert- 

2 mental age i n  l i g h t  water (33 em ) was eorreeted f o r  the dfluents. Experimental 



ages f o r  aluminum water mixtures were used where applicable. These a re  plotted 

i n  Figure 51. 

two-group constants e 

Averaged cross sections were used t o  obtain the other epithermal 
? t 

Since the  3G3R or  2G3R ORACLE Code was one dimensional, one of the input 

parameters t o  the  code was an axial buckling. 

bucklings, one f o r  each of the three energy groups. 

the regions had t o  be equal, and thus, f o r  a l l  cases it was assumed t h a t  the end 

r e f l ec to r s  would be heavy water. 

The code made allowance f o r  th ree  

The bucklings f o r  each of 

A r e f l ec to r  savings had t o  be added t o  arrive a t  an axial buckling which 

accounted f o r  the end re f lec tors .  An experimentally determined r e f l ec to r  savings 
(15 1 of 26 cm , which corresponds t o  a th ick  end re f lec tor ,  was added t o  the height 

of the reactor  fo r  each of t he  end re f lec tors .  

t h i s  was the  best value, 

constant with re f lec tor  savings. 

It was not at a l l  cer ta in  t h a t  

Figure 52 indicates  the var ia t ion  i n  the  mult ipl icat ion 

Several c r i t i c a l  expgriments (I6) were calculated t o  estimate the accuracy 

of thd three-group calculations f o r  heavy water systems. 

plication constants were 12 to 1 5  percent too high indicating the approximate 

maximum range of e r ror ,  Part  of t h i s  difference'can be explained by the difference 

between the ac tua l  c r i t i c a l  experiment and 'the one which was calculated. 

c r i t i c a l  experiment consisted of a cy l indr ica l  assembly f i l l e d  with D 0, 

enriched uranium solut ion 'was contained in one inch aluminum tubes, 

t h i s  assembly the  uranium w a s  homogenized over the  core and the aluminum was 

neglected. 

the  aluminum absorbs some neutrons, the calculated multiplication constant would 

be expected t o  be too high. 

The calculated multi- 

The 

An 
2 
To calculate  

Since enriched uranium is more effective when homogenized and since 

This indicated t h a t  the three-group constants were 

reasonably adequate, 
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The group constants which were used f o r  some of the calculations a re  

tabulated i n  Tables 2 through 8. 

e f f e c t s  were corrected f o r  except the Doppler broadqning of the resonances. 

was found that suff ic ient  accuracy could not be obtained by reading the thermal, 

In  calculat ing ternperatke coeff ic ients  a l l  

It 

f i s s i o n  and absorption cross sect ion f o r  U-235 off the curves and hence, they 

were assumed t o  vary as l/v. 

ture coeff ic ient  calculations t h e  group constants had t o  be calculated t o  a t  

In  order t o  a t t a i n  su f f i c i en t  accuracy f o r  tempera- 

least f i v e  place accuracy. 

The burnup calculations were made by recalculat ing the reactor  a t  f i n i t e  

in te rva ls  of t i m e  t o  determine the  mult ipl icat ion constant and the flux d i s t r i -  

butions. 

of boron s t a in l e s s  steel  absorbing shells were calculated using the code. 

s h e l l  cgnstaxrts were calculated with a s h e l l  constant preparation routine which 

"7s prepared by W. Eo Kfnney. 

The 3G3R code had-provision f o r  shells between the regions. The e f fec ts  

The 

_- 

I n  order t o  compare the  f lux  d is t r ibu t ions  resu l t ing  from some of the 

This was done by calculations,  t he  cases were normalized t o  constant power. 

s e t t i ng  the average f i s s i o n  rates equal within the core regions of the cases 

t o  be compared. Thus f o r  reac tors  a and b 

- 
Then r a t i o s  of 3 /F $za/&b a d  /g f o r  constant power were calculated. 

The fluxes were then normalized t o  constant power by comparfng these r a t i o s  of 
3a 3b la lb 

average fluxes with the ac tua l  r a t i o s  from the f l u x  plots.  
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In a l l  calculations the heavy water was assumed t o  contain 0,16 percent 

Indications are t h a t  the economical hydrogen content is about 2 percent. H 0. 
2 

The e f f e c t  of a varying hydrogen content on the reactor  parameters was not 

completely investigated and hence, requires  fur ther  study., 
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1 .  

I 

Let q' = q/A , and assume tha t  
S 

Heat t ransfer  

APPENDIX I11 

HEAT TRANSFER EQUATIONS 

calculations: 

0 

The heat picked up by the coolant between (OH) and z is 

r 1 

The heat t ha t  flows across the coolant f i l m  a t  z is' 

r 1 

T Z  q' = q'  cos - 
0 2ii 
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Making t h i s  subs t i tu t ion  i n  equation ( l ) ,  

Solving equations (2) and (3), 

-- . 

Ts(z) - Ti = - q:, . <  cos T Z  - + q:, f cos 9 d A ( 8 )  

h 2r Pv Af c -H 2ii P 

f 7 

L J 

since 

To determine the maximum surface temperature along the  length of a plate ,  

equation ( 4 )  is d i f fe ren t ia ted  with respect t o  - e and set equal t o  zero. 

loca t ion  of t he  maximum temperature is  found t o  be 

The 
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Subst i tut ion of equation (5) i n t a  ( 4 )  gives the maximum surface temperature, 

The propert ies  of t he  coolant were determined f o r  the  average bulk mean 

temperature, which was calculated using equation (3), integrated from the i n l e t  

end t o  the middle. 

Calculation of maximum t o  average heat flux i n  the  f u e l  annulus: 

In  the  axial d i r ec t ion  a cosine flux shape was assumed, the f l u x  being 
N 

zero a t  H e Therefore, 

'0 
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In  the  r a d i a l  d i rec t ion  

I I- 
I .. 

I 

X - r a t i o  of maximum t o  minimum flux i n  the f u e l  annulus. 

Assuming the radial flux t o  have a cosine d is t r ibu t ion ,  

I- 1 

Subst i tut ion of equation (7) and ( 8 )  i n t o  



leads to 

From equatfon (7) the followfng is obvfousn 

, 
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APPENDIX IV 

DERIVATION OF INTEGRAL E m G Y  EQUATION FOR F'ROMFT GAMMA HEATING 

= Ju dA Pu (E , ,O) d E P n  (5) d n  n n 

1 
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which is the  change ' i n  t o t a l  energy along d r  due t o  absorption and compton 

3 f the photon3 d N where, &(E) = average f r ac t ion  of Y energy 

E t h a t  is deposited locally by a eompton co l l i s ion ,  

f z average f r ac t ion  of the Y g s  wEth energy E which are  scattered t o  

enerkies < Eo , the  cutoff energy fo r  compton ,scattering,/  
2 

Now d3N(r, E,f ) d N( r , f )  Pu (E, r)dE and furthermore, vhen the  

penetration distance is  small and only a f e w  photons a r e  scattered from the beam 

thus 

where 

since 
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00 

P (E) E Py (E) dE 
6 

E"0 

on s o h i n g  yields  

- 
-P P 

d2N(r9f)  = d2N(09J) e e 

i 

The change in heat generation i n  length 

times the photons t h a t  give up t h e i r  energy in 

dr 1s equal t o  the energy-of the photons 

dr ., 

- .  



But 

From modified transport theory, (17) 

b 
cos f- 

R =  max 

where b = *thickness of source 

r. 

dA = 2 " y d y  d f 2  = 2 r 

t 

= 



2 2 r 2 =  y 4 . x  Pdr .= ydy 

l e t t fng  u a~ r/x thfs  reduces 

_ -  

t o  

where 

P. 



1 

APPENDIX V 

CAPTURE GAMMA HEATING IN ALUMINUM 

I 

of s o l i d  aluminum 

I 
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After making the  necessary geometric subs t i tu t ions  and by considering only one 

energy increment AE about E equation (1) becomes 

1 

where the first in tegra t ion  is  mer x1 holding R constant, 

A l i nea r  buildup, B , was assumed, taking the  form 
a 

The thermal neutron flux shape was assumed t o  be 

i 



where fdl r 5  the  maximum flux a t  the  edge of t he  f u e l  annulus, 

After makfng the  subs t i tu t ions9  the  equation becomes 

R=(t-b) xsab  J 

Upon in tegra i ion  
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-Pt (t-b) + 1 [(t - b) - $ (y) (cos !!!2 + 1) me 
2 t I 

The energy s p e c % m  for capture gammas in alumfnum i s  as follows (18) 

‘ (19) Values of m 

E (MeV) .2 4 6 7.3 5 

m 085 e 5 5  040 e 3 3  
I 
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APPENDIX VI 

HEAT F'RODUCTION I N  INTERIOR MODERATOR 

1, Prompt Gamma Heating 

a. Gama current 

f i s s ion  r a t e  = 3,1 x lolo fissions/watt-see x P(Mw) - 6 ,  10 watts/Mw 

= 3 , 1  x P fissions/sec 

core volume = (91,U cm)(5r2 - 402) 
= 4,085 x 10 cm 5 3  

f i ss ions  jO1 x 10'4 7,589 10 P 
cm34eo 4.085 x lo5 

energy from prompt gammas =L 7,5 Mev/fission 

S = volume source strength = 7,5 x 7,589 x lolo P 
3 V 

5.692 x lou  P Mev/cm -sec 

bo Relaxation length 

3 

3 
volume U/element a 7,97 cm 

Volume U + Al/elemen.t. 1664 cm 

Volume Al/element = 1556,03 cm 

Volume core = 4,085 x 10 e m  

3 

5 3  

Volume c e l l  
3 6808 cm 

Volume Al/cell = Volume of c e l l  - Volume of element 

= 6808 - 4.160 = 2648 om3 

3 Total A 1  volume 4204,03 cm 



Volume H O/element 
2 

Volume fract ions : 

Al 4204,03/6808 

H 0 249616808> 

U 7.97/6808 
2 

Assuming 3 - 5 Mev 

u cm -1 x 
c m  

o 034 29 41 *2O 

D2° 00374 26.74 

A1 . 084 11 90 

3 = 2496 cm 

p- .6175 

.3666 

= .00117 

Volume Fraction 
A 

0 01247 

01371 

I .  -& - .0656 
. c -  

for b - 15 cm 

P = .0242 . e  

Results are plotted on Figure .1 as a function of the distance into the 

moderator . 



G = 1.63 x lo3 Btu/hr-ft3bw [IE2 @,x) - E2 Ftb - "x)] . 

Total heat i n  watts, 

5.72 x lo2 P(Mw) . 
2. Heating Due t o  E l a s t i c  Collisions 

a, Total Heat 

00 

E 2 $ d E  ne - (  L n e n n e n  n 

0 
E 

1 x 10 f i s s ions  P(MW) lo6 
watt-sec 1 d3r -0455 cm n 

3 
Q - I G  d r  
ne ne 

z: 1 0  P 
L= &ne En ne 004.55 

1 a =  si- - 
M + 1  3 



N = 3.3 x atoms/cm 2 6 (7 Mev) = 4..1 x lO-*G em 2 

Q =  ne 

4 = 3.4 x 10 P(Mw) watts. 

b. Power density distribution 

n 
Assume f2f * pflb e - zfr 

K P K K  
1 2  

3 1' om - 2 r  6 
3 -  f lo watts 1.;2xlo-~bBtu/Mev x x 3600 see-hr, 

Mw 3 . 5 3 ~ 1 0 ~  ft3 
5.265 x 10 PK e 

- = r  3 
= 81.56 P(Mw) K e Btu/hr-ft . 



3. Neutron Capture Heating 

0 
E 

1 x 10 10 fissions 
nc .0455 cm'l watt-sec fd3r  

lo6 Q = 3a 

Z 8.5 x loo5 cm'l E = 8 Mev 
nc n 

= 37 P(Mw) watts 0 no 



’ APPENDIX V I 1  

HEAT PRODUCTION I N  SHIM TUBES 

1. Boron c a r h n e  Y-oarticles:. 

Volume of B .0151 
Total Volume 1 

I I 

I cm” 

21 -1 N e  ID 755 x loo2/+ om2 x 4.6 x 10 = 3.475 cm 

16 mev x 3.475 om-’= 2.654 x 10 
3 

2.3U 
cm sec n capture 15 n x  2 G = 3.3 x 10 

c m  sec 

-5 d x x 3.532 x 10 , 

cm 
a .513 __ Btu 

h r  hr-ft3 M W  
2.654 x x 1.52 x 10 

cm sec 

This f lux corresponds t o  a power level: of 368 MW and yields le39 x loo3 Btu/ 

hr-ft3/~w. 

2. Boron CaDture Y -Fa-: ‘ . ,  

Source is .48 M ~ V Y ’ S  Btu - 
h r - f t 3 h  



Btu = 2i88 10-4 
hr-ft3h 

0 

3. Elastic Collfsions: 

E = 2 MeV 
n 

Assuming mixture of boric acid: 

molecular weight boric acid E 61.81, 

molecular weight B = 10.82 

at  99OC solubi l i ty  = 20 gm boric gm acid ~o 
, 

20 gm x = 0035 
61 84 gm H20 



-151- 

'.035 x 2 ,0151 cm3B 
em3 H o 

2 cm 3 l  H20 

.'. consider tube t o  con ta in  lo@ 11 0 
2 

22 atoms 303 x 10 7 
em T 

-. 2.9 barns 6 
H 

-8 3.6 barns 0 

22 -1 (5.8-4 3.6)(10'~~) - .31 cm ' ne = 3.3 x 10 

(3600gec) 
hr 
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Total heat developed i n  tube will be 

from B capture - particles o 513 

B capture Y'S ~. 106 

elastic col l is ions ._Q198- 

Total heating 5388 Btu/hr-ft3 

or 

1046 Btu hr-ft3rn 0 



AlI?ENDIX VI11 

HEATING I N  ITJEL ELEMENT HOUSING 

1. Prompt Fission Gamma Heating 

Assume that the housing can be represented by a .5" thick plate 

Y's 1 
iip f i s s ion  rate x fission Gamma volume source9 S 

X core volume V 

volume NO. of elements x n 3  -$, x L = 60 x m  (A) 7 62 3 ~ 91.5 2.50 x 10 5 3  c m  
4 4 

Y'S 
S = 9.30 x 1011 3 p ( w )  
P sec=cm 

for p, P .0567 and Ptb = .984 

X cm E @ x )  - E  (P'b - F x )  2 0  2 t  e 
02 

.6 
08 

1.0 
1.27 

04 
0 79 
e 75 

Avg, . 679 

I 
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The average over the double thickness times two is  the heat density i n  the A1 

sinoe it is  exposed on both sides 

2. Capture Gamma 

I+ Mev 1 em 3 cm 
5 

2 .131 x 10 .168 x 10 

4 l o  575 2000 

6 . 626 . 785 

5 4.613 x 10 5 Tota l  3.680 x 10 

6 cm 7,5 cm 

.184 x 10 5 .185 lo5 

2190 2.500 

. 831 850 

1.794 1 . 778 
5 Btu 5.013 x 10 5 

5.019 x 10 
hr-ft3 

yields 

or 



3. Elastic Collisions 

26 - = .9285 1 - Q e0712 
( D -  

4 e  2 2 P +  1 28 

I I 

E = 2 Mev ne 

3 N = 6.2 x neuts/cm 

e(2 MeV) IP 3b 

22 = 6.2 x 10 x x 3 ne 

ld Btu 2 Btu * 8.68 x 10 - 2.36 x 10 
hr-ft3hW 

. 
b f t 3  

‘Lt 

One should note that the fluxes used i n  the above calculations are onlytypical  
and depend on the fuel annulus, etc .  



-156- 

APPENDIX IX 

SHIELDING 

1, Gamma Shielding - Linear buildup fac tors  

5 3  Volume of core h 4.95 x 10 cm so tha t ,  

The t o t a l  energy from both prompt gammas and radiat ion accompanying radio- ’ 

ac t ive  decay of f i s s i o n  products is 12 MeV per f iss ion.  I n  addi t ion there are 

8 Mev per f i s s i o n  due t o  capture and decay gamma i n  the reactor ,  resu l t ing  i n  a 

t o t a l  of 20 Mev produced per f i ss ion .  The volume source s t rength is, 

MeV S = (20 Mev)(6.26 x lo1’ P) E 1.252 x 1OI2 P ‘7 
V cm -sec . 

(20) The equivalent isotropic  surface source strength may be expressed as 



- 

Required relaxation lengths, (a 

Material Neutrons Gammas 

Ordinary concrete p = 2 . 3  gm/ca 20 ems 17,6 

Heavy Water 1103 4103 

Stee l  606 4*4 
I 

Considering the radiation as coming from an infinfte plane source and a 

linear buildup faotor 
.~ 
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MeV S E S h it 1.252 x lou P x 15.24. cm P 1.908 x 1013 P a V - cm2-sec * 

S =& (21 1 
D = A  e 2 e 

The attenuation of gamma radiation leaving the ,200: cm ref lector  is, 

. /  

or i n  rad/hr I 

12 -6 eres rad 600 see 
tissue 1,‘ x ’0 luielr loo ergs x 3  hP .9546 x 10 P(.0205 cm2/p> 

gm 



The dose a t  the  surface of the  steel i s  

and that leaving the  concrete is expressed as 

I 

2. Prompt Ffssfon Gammas - NDA bufldup f ac to r s  

The data  f o r  gammas per f i s s i o n  i n  d i scre te  energy ranges reported by 
(22) is Gamble and B e l l  

Energy 
MeV 

1/2 

1 

1 1/2 

2 

2 1/2 

3 

3 1/2 

4 

4 1/2 

5 

5 1/2 

6 

6 1/2 

Photons/fission i n  the 1/2 MeV 
rawe centered on t h i s  enerm 

109 

008t 

00 062 

0,065 

0.024 

0.007 

O o 00.4 
Total  7.0 phot ons/fission 

7.8 Mev/ffssion 

Groups 
N(E) Dhotons/fission a t  E Mevhhots 

3.2 a t  1 Mev 

0,8 a t  1,5 Mev 

0.15 a t  3 MeV 

0,2 a t  5 Mev 

7.8 Mev/fission 
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D2° 

6 r -  
1 

.- 

steel  , ' concrete 

Cr2- - p +  
3 

The above g ~ o u p s  were used t o  reduce the  number of sources considered, 

a shield consisting of t he  following 

Consider 

F 

The dose a t  the  outside of the  concrete shield a t  a distance r - rl+ r + P is 
2 3  



Photons 
Fission 

3.2 

0.8 

0.85 

0.15 

002 

Photons 
sec 

9 . 9 2 ~ 1 0 ~ ~  P 

2.48Xd6 P 

20-0 l6 P 

. 4 . 6 5 ~ 1 0 ~ ~  P 

.62x1016 P 

1 

3 

5 
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-1 Plcm 

l5e6 

E08 

10.1 

808 

606 

o U . 6  

0 120 

o 095 

0 084 

065 

212 

185 

.165 

165 

181 

2.9 

2,6 

10 92 

1.80 

P -  6s 2 
(-) t issue a 

P am 

024 

o O225 

Linear absorption coefficients and buildup factors f o r  DzO and 

taken from APEX-176(23)p assuming , w=+ l.lh;f;o 
of concrete are plotted f o r  F PB 200 cm, and r 2, 10, and 20 cm 

respectively, 

Doses for various thicknesses 

1 2 
Absorption coeffieielrts as a function of energy f o r  ordinary 

F were 
e 

(24) 
concrete of density 2,3 gms/cm2 are plotted i n  CRR-578 po 413. The 

composition is  as follows: 
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Hydrogen a 52% 

Carbon .18 ‘ 

Sil icon 28.1 

Aluminum 7.51 

k o n  2.8 

Calefum 5,82 

Sulphur .a. 
Magnesium d 80 

Sodium 2 010 

Potassium 3. u, 

Dose buildup factors  f o r  conmwte were cmputed from plotted parameters 

appearing i n  TIO-7004(25), p. 423 and the rel’ation 

B (E 9p3r3) = A1 e 
3 0  

a and a2 are functions of E . The results are plotted in 
1 ’  1 0 

where A 

Figure 53. 

3. Neutron Shielding 

- 

Since each f i s s i o n  liberates 2 . 5’ fast neutrons t h e  fast-neutron volume 

source strength may be taken a8 



1 

ORNIrLRDWg. -22499 
UNcLAsslFIED 

1 
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il 

cm3-see 
10 fissions = 1.568 x 10l1 P 

f iss ion 
s 6 6.26 x 10 e 

V m L e c  

The equivalent surfam source strength is obtained by 

The fast  neutrons leaving the 200 cm reflector is 

= 1 . n x  

The dose at  the surface of. 

,. . 

-200/11 . 3 4 '  n 1012 P e = 2.05 x 10 P r) 0 

the steel  is, 

r i  

-r2/16. 6 
-6 2.05 x ld P e D2 



and that leaving the concrete 

0 

4. Secondary Gammas 

The equivalent fast-neutron surfaoe source strength leaving the ref lector 

and entering the s t ee l  shield is  2(2.05 x ldt P)- . Each neutron produces 
m2--8ec 

one secondary gamma of 7 Mev energy in the steel. 

surface of the steel the thickness of concrete necessary t o  decrease the dose t o  

Assuming these leave the 

--P /13.0 2 3 .0205 $m_ 1.6 x loo6 ESL x .075 LI 7 MeV ~(7.05 2 lo4) (500) e tP mev 

3600 sec 
hP x P 

ergs 100 gm 

Also each neutron may be assumed t o  produce a 4 Mev gamma originating 30 cm 

within the shield. The thickness of concrete required is  

r - 106.6 cm . 
, 3 



I 
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APPENDIX X 

XENON INSTABILITY 

' <  

1. The prompt neutron lifetime is 

1 L =  
~ a V ( l  + $B2) 

I where 

L" = For*mpt neutron lifetime, seconds 

' z: - macroscopic absorption cross section a 

V = 
- 5.95 x 10-2 cln-1 

neutron 'speed, 2.2 x 10 5 cm/sec. 

2 2 M , = migration area = 190 cm 

B2 = geometric buckling = 1.66 x loo3 om 0 

-2 

% 

U s i n g  these values the prompt neutron lifetime of the HFRR is  6.0-x loo5 seconds, 
I "  

2. When $ i s  near 1014 neutrons/cm 2 -set, the period is- given by the following 

(26). * . .  expression . 
I + L  

I 



where 
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T = period,, seconds 

= L Y Bad,, effectwAre neutron l ifetime 
teff P 

-2 = 9.45 x 10 sec. 

tx '/fixif , xenon lifetime 465 sec. 

Y -& iodine-135 yield -= .O56 

L prompt neutron lifetime 6 x loo5 sec 
P 

B 4 delayed neutron f rac t ion  7.55 x loo3 

k i i  effect ive multiplication constant - 1.00 

= delayed neutron lifetime 12.5 sec. 

6 = xenon-135 absorption cross section 
X 

-2 = 3.5 x em 

2 fd 'neutron f lux  6.12 x lou neutrons/cm -seco 

Using these values, the period comes out t o  be 28 seconds. 

3. The c r i t e r ion  derived by Ward (28)  states tha t  if  - A / 5  < 1 and -A/K < 1 
2 

are t rue f o r  a par t icular  reactor,  the reactor w i l l  not be subject t o  the constant 

power flux osci l la t ion.  In the above expression: 

! 



I 

where 

2 5 = $(B2 - B1) 
0 

= $(B2 - B2) 
K2 0 2  

= mfgration area p 190 ern 2 M2 

H m extrapolated half  height of the  reactor  
, 

R = extrapolated radius of the reactor  

then 

8 .  

. _  
K - -,275 and 1 

. .  

L I I  ~ 

8 .  

and 
i I  

4 LI .12? and - 4 =,157 . 
K2 I 

Since both ar e reaetor i s - s t a b l e  by t h f s  crf ter ion.  
_ _  
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APPENDIX X I  

TABLE OF NOkENCLATURE 

Regions : 

Groups : 

1 - Central Region 

2 - Second region (annulus) 

3 - Outer region. 

1 - Fast neutron energy 

2 - Intermediate neutron energy 

3 - Thermal neutron energy. 

Note: In a l l  two-digit  subscripts, first number refers t o  group, second 

number t o  region. 

av (or ave) Subscript denoting a value averaged over geometry conoerned. 

B Energy absorption buildup f a c t  or 

Unreflected group i buckling 
3 Iodine concentration, atoms/cm , subscript 0 r e fe r s  t o  steady 

state value 

B: 

cX 

C 
P 

D 

D 

E 

G .  

H 

H 

0 

H 

3 
Xenon concentration, atoms/em , subscript 0 refers t o  steady 
state value 

Specific heat a t  constant pressure, Btu/lb-degree F 

2 a dose, Mev/cm -sec or rad/hr. Neutron dose, neutrons/ GT cm -set 

Diffusion coefficient,  cm, subscripts denote group and region 

Ganuna energy, MeV 

Specific r a t e  of heat belease, Btu/hr-ft 

Actual half-length of reactor core, ft 

Extrapolated half-length of reactor core, f t  

3 



h 

I 
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1 Average heat f lux  i n  r a d i a l  direct ion f o r  z - 0 qotave) b 

q:,(max) 

R1 

R2 

a1 direct ion for z = 0 
< .  

W i m u m  heat 

n 1 thickness, cfn 

Region 2 "thickness, cm 

3 
R 

r 

sa (or s) 
S 

detector,  cm ~ 

- >  

Isotropic surface source strength, Mev/cm2-sec 

Volume gamma source s'trength, Mev/cm 2 .  -sec 
V I 

Film coefficient of heat transfer , Btu/hr-ft2-degree F 

K Thermal conductivity, Btu/hr-ft-'degree F 

1 Neutron lifetime, sec 

M 

m 

Atomio mass of nucleus, amu 

Atomic inass of neutron, amu 

Boron concentration, atoms/cm 3 , subscript 0 r e fe r s  t o  tfme zero 

h e 1  concentration, atoms/bm 3 
NB 

NF subscript 0 refers t o  time zeroo 

Fission product pair 'concentration, atoms/cm 3 

Samarium concentration, a.t oms /cm 3 

Xenon" concentration, atoms/om 3 

NFP 

*SDl 

%e 

n Group number 

n 

P Power, megawatts 

Group correspondfng t o  thermal lethargy t h  

0 
P Power density, watts/cm 3 

Heat generation or power density, Btu/hr-ft 3 

Heat flux i n  reactor core, Btu/hr-ft. 2 

,' 
Q 

9 Slowing down density, neutrons/cm3-sec 

9' 
. .  

q:, . %st flux, at z ' P  0, -Btu/hr-ft2 
I - .  . 1  - 



Ti 

0 
T 

t2 
U 

v 
W 

x 
2 

Z 
m a x  

A p* 

ApI 

ApS 

4 c  
6 ne 

E 

%e* 

P 

e 
ii 

B 

a P 
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Coolant temperature a t  inlet t o  f u e l  element, degrees F 

Coolant temperature a t  ou t le t  from f u e l  element, degrees F 

Shel l  1 thickness, cm, she l l  located between regions 1 and 2 

Shel l  2 thickness, emp she l l  located between regions 2 and 3 

Lethargy of neutrons 

Velocity, f t /sec 

Thickness of f u e l  plate,  f t  or in. 

Ratio of maximum t o  m i n i m u m  thermal f lux  i n  the f u e l  region 

/ 

Distance upward from center of reactor core, f t  

Distance from center of reactor core upward t o  point a t  which 
occurs ' 

m a x  TS 

Pressure loss i n  ex i t  from f u e l  element, psf 

Pressure loss i n  entrance t o  fuel element, psi 

Pressure loss i n  s t r a igh t  section of fuel element, ps i  

Average f rac t ion  of energy of incident par t ic le  t ha t  is 
releabed loca l ly  upon neutron capture 

Average f rac t ion  of energy of inc ident .par t ic le  t ha t  is 
released loca l ly  i n  an e l a s t i c  co l l i s ion  

Coolant gap width, f t  or in. 

Promethium decay constant , sec-' 
Xenon decay constant, sec -0 

Vis c os it y , lb/hr -f t 

Photon energy absorption coefficient,  cmol 

Average value of cosine of the scat ter ing angle i n  the 
laboratory ,system 

Absorption cross section, omo1 

-1 i axe pl 
Xe a 

1 

... - 
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Fission y ie ld  of Iodine, atoms/fission 

Fiss ion yield of Promethium, atoms/fission 

Fiss ion yield of Xenon, atoms/fission 

Neutrons produced per f i s s i o n  

Average logarithmic energy decrement 

Density, lb/f t3  OT gm/cxu 3 

Macroscopic cToss section, c m ' l  

Subscriyts: a - absorption Superscripts:  F - fuel 
f - f i s s i o n  
x - t r ans fe r  

M - moderator 
I - iodine 
Sm- Samarium 
U - uranium 
X - xenon 

-1 Total  cross sect ion f o r  a mber of elements, cm 

Microscopic cross  section, barns, subscr ipts  and superscr ipts  
as f o r  macroscopic cross sect ion above, 

Slowing down length squared, cm 2 

Neutron flux, neutrons/cm*-sec 

Integrated flux or  flweighting function" 

~ o m r s i o n  factor, fissions/watt-sec 
. .  



N 

2 

1 

X 

D 

D2 
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TABLE2, a 

THREE GROUP CONSTANTS FOR VARIOUS F T E R I A G  
I 

B 
D2° 0 

e 0332 . 1229 

0 . 0002343 

e 0001389 0 

. 0000642 o 0009439 

., 02752 . 01888 

.01651 . . Oll.48 

1.321 .6955 

C 

0 

e 0000500 

e 000228 

. 00924 

.OW64 . 

1 e 432 

e 942 

0 945 

A1 

. 0002259 

. 001867 

0x23' 

0002902 

.003017 

l e  533 

3.n3 

4,262 
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TABLE 3 

T W E  GROUP CONSTANTS FOR VARIOUS DILUENTS IN D - 0  

B A1 A 1  A 1  Diluents B 

Volume k 70 50 70 50 30 
0 e 

L 

1 .  
x 
P 

. 02269 . 02508 . 006134 a01115 e01690 
I;, 

01255 01322 006390 o 009545 ., 01238 2 X 

N . 0100 0166 
D2 

. 0232 . 0166 
0 NA1 0 '  0 0181 03015 0421 

I .  

. .  



TABLE 4 
c 

THREE GROUP CONSTANTS FOR VARIOUS URANIUM CONCENL'RATIONS 

. 0192 . 0192 'D20 

MA .73 e 73 
2 
a 

a 
z 1  
x 2  

a3 

*1 

Dl 

D2 

z 

r: 
2 
x 

3 
D 

000117 . 000138 
00159 .002@5 

.00111 .0170 

01386 . 01396 

.01099 . O l l 1 2  

1.380 1.385 

1.66 1.66 

1.255 1.23 

H A H 

. 0192 .0192 . 0192 . 0192 , 0192 

73 e 73 0 73 0 73 0 73 

0001606 0001826 e 0002047 0002255 .0002695 

002987 003849 . 00464 , 004819 , 005431 

e 0228 ,02884 .0346 ,04066 ,0464 

.OUO6 .001356 .OUl4 ,01363 . O l 4 2 2  

0 0110 . 01082 .01101 01089 , 01104 

1 391 1.391 1039 10392 1.392 

1.652 1.671 1,642 1 . 674 1 e 639 

1.20 10222 1.15 1,136 1.11 

. 0000480 ., 0000960 . O O O U I ,  0001928 . 0002,$0 . 000288 , 000336 
=fl 

e 0122 e 0241, . 0366 . 0496 , 0610 ,0744 * .OS54 
9 3  

~ 

a -24 Concentration i n  atoms per cm3 x 10 

Weighting functions .used, See Table 1 b 

C Indicates constants were hand'calculated and therefore differ  s l i g h t l y  
from those prepared on group con6tant preparation routine,  



Table 4 (Cont . 1 

73 0 73 

. 0002693 .OW2952 
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TABLE 5 

THREE GROUP CONSTANTS FOR VARIOUS METAL TO WATER RATIOS 

AND VARIOUS URANIUM CONCENTRATIONS 
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TABLE 6 

GROUP CONSTANTS FOR CONSTANT POWER BURNCJP WITH 

BURNABLE BORON POISONS '  
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TABLE 7 

THREE GROUP CONSTANTS FOR TEMPERATURE C O E F F I C I E N T  CALCULATIONS 
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THREE GROUP CONSTANTS FOR TEMPERATURE COEFFICIENT CALCULATIONS 
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