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THE H-3 IRRADIATION EXPERIMENT: 

HW-71500 A 

IRRADIATION OF EGCR GRAPHITE - 

INTERIM REPORT NO. 1 

INTRODUCTION 

The  Exper imen ta l  Gas-Cooled Reac to r  (EGCR) is a graphi te-  

modera t ed  r e a c t o r  utilizing m a s s i v e  graphite b a r s ,  approximate ly  1 6  

inches s q u a r e  and 20 feet  long, placed ver t ical ly  and a s sembled  into a 

s t r u c t u r e  approximately 1 6  feet  in d iameter .  

Nonuniform flux intensity through the m a s s i v e  EGCR graphi te  b a r s  

wil l  r e s u l t  in differential  distortion and assoc ia ted  s t r e s s  grad ien ts .  

Dur ing  the l i fe t ime of the EGCR, stress concentrations sufficient to rup tu re  

s o m e  of the graphite b a r s  may  be attained. 

problems of s t r e s s  f r ac tu re  and bowing of the monolithic columns depends 

on a knowledge of the amount  of radiation damage to graphi te .  Damage is 

dependent on the type of graphite,  the t e m p e r a t u r e  of i r radiat ion,  and the 

neutron exposure.  

A s s e s s m e n t  of the potential 

Much information obtained previously at Hanford was  useful in 

design of the EGCR, but it did not fulfill the exact r equ i r emen t s  fo r  predicting 

g r o s s  behavior of the modera to r  during the l i fe t ime of the EGCR. To develop 
sa t i s fac tory  data  fo r  this  purpose,  a s e r i e s  of i r rad ia t ion  exper iments ,  des -  

ignated H-3, was  s t a r t e d  in the Genera l  E l e c t r i c  T e s t  R e a c t o r  (GETR) .  

Two i r rad ia t ion  per iods have been accomplished to date  and this  r e p o r t  

p re sen t s  the r e s u l t s .  The  i r rad ia t ion  capsules  w e r e  designated H-3 -1 and 
H-3-2. 

SUMMARY 

Ir rad ia t ion  exper iments  a r e  being pe r fo rmed  in the GETR to d e t e r -  

The  r e s u l t s  of two exper i -  mine  the long- t e rm stabi l i ty  of EGCR graphi te .  

men t s  with a peak total  exposure equivalent to 38, 000 MWD/AT in the EGCR 

a r e  now avai lable .  

exposure  of the EGCR. 

This  is approximately one half the expected l i fe t ime 
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The  H-3-1 and H-3-2 capsules  contained s a m p l e s  of EGCR graphite 

and r e fe rence  CSF graphi te .  

diated sequentially to inc rease  the dose on the samples .  

the samples  i r rad ia ted  in the H-3-1 capsule w e r e  r e i r r ad ia t ed  in the H-3-2 

capsule .  

Both capsules  w e r e  identical  and w e r e  irra- 
Sixty p e r  cent of 

The  capsule  design utilized the gamma heating of the GETR E-7 

facility to achieve des i r ed  operat ing t empera tu res .  

in ter-  and intra-cycle  i r rad ia t ion  were  constant within 25 C.  Samples 
w e r e  i r r ad ia t ed  in  a t e m p e r a t u r e  range of 475 to  850 C.  

The  t e m p e r a t u r e s  on 

The  graphite tes ted was  obtained f rom a ful l -s ize  cross  sect ion of 

a n  EGCR block. 

tion of para l le l  s amples  chosen at s e v e r a l  positions within the block. 

Contraction rates of the graphi tes  tes ted w e r e  found to  depend on the t e m -  

pe ra tu re  of i r rad ia t ion .  

s a m p l e s  of EGCR graphite a r e  0. 15 pe r  cent pe r  1021 nvt at 575 C and - 

I r rad ia t ion  r e s u l t s  did not indicate differences in  cont rac-  

E s t i m a t e s  of the contraction r a t e s  of para l le l  

0. 19 p e r  cent per  1021 nvt at 475 C (See pages 23 and 39). 

Parallel s a m p l e s  contracted at a higher r a t e  than the t r a n s v e r s e  samples .  

The  observed  length changes a r e  presented as a function of exposure  in 

F i g u r e s  10 through 13. 

DESIGN AND CONSTRUCTION OF EXPERIMENT 

Sample  Selection and P repa ra t ion  

At the t ime of construction of the H-3-1  capsule,  actual  EGCR 

graphi te  was  not available.  However, a graphi te  e lectrode,  produced f r o m  

raw ma te r i a l s  and manufactured by p rocesses  s i m i l a r  to those specified 

fo r  EGCR b a r s ,  was  supplied by the National Carbon Company. The  b a r  

(designated NC-7) was  1 6  inches squa re  in  c r o s s  section, which c o m p a r e s  

favorably with specifications for  the EGCR extrusion.  This  b a r  furnished 

all of the EGCR-type graphi te  for  the H-3-1 capsule .  

capsule,  a broken b a r  of EGCR graphi te  (designated NC-8) w a s  available 

and a par t ia l  change to actual  EGCR mate r i a l  was  made .  

high exposure  data  rapidly s o m e  NC-7 graphi te  f r o m  the H-3-1 capsule  was  

included in  H-3-2.  

F o r  the H-3-2 

In o r d e r  to gain 

The graphi te  s amples  i r rad ia ted  a r e  descr ibed  in  Table  I.  
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TABLE I 

GRAPHITE DESCRIPTION 

Ext rus ion  
Hanford Coke Source  S ize  

Designation Supplier and Type (Inches) R e m a r k s  

CSF - BAAD National Carbon Cleves,  4 x 4 x 50 Reac to r  grade ;  
Company conventional F-pur i f ied  at 

2700 C;  density:  
1. 6 6  g / c c  

NC -7  - AAAD National Carbon Continental- 1 6 -  3 /8  x E lec t rode  s tock;  
C om pany L a k e C h a r l e s ,  1 6 - 3 / 8  x s i m i l a r  to graph-  

Needle 4 - 1 / 4  i te  used  fo r  
EGCR; density:  
1 .70  g / c c  

NC-8 - AAAD National Carbon Continental- 17 -1  / 2  x Reac to r  g rade :  
Company Lake Char les ,  1 7  - 1 / 2 x AGOT; E GCR 

Needle 10 graphi te ;  densi ty:  
1 . 7 2  g / c c  

Art i f ic ia l  graphi te  that  is extruded during manufac ture  is known to 

show s o m e  secondary  orientation effects of the shaping die.  

while l e s s  than the parallel-to-transverse::  anisotropy, is detectable by 

X - r a y  and eddy-current  measu remen t s .  

the NC-7 b a r  showed that  the c rys ta l l i t e  or ientat ion at the edge ( m e a s u r e -  
ment  made  on a t r a n s v e r s e  face)  was  preferent ia l ly  panallel  to the edge, 

while the c rys ta l l i t e  or ientat ion at the center  was  random.  

ropy  of this  s o r t  m a y  influence radiation-induced contraction, it was  

considered des i rab le  to t e s t  s a m p l e s  f r o m  s e v e r a l  places  in the l a r g e  

::: 

This  anisotropy, 

Eddy-cu r ren t  m e a s u r e m e n t s  of 

Because  anisot-  
I 

~ ._ 

Graphite extrusions general ly  a r e  longer  in the di-mension para l le l  with 
the ax is  of extrusion than in  the direct ion perpendicular  to extrusion.  
The  extrusion p rocess  causes  pronounced differences in  the physical 

rope r t i e s  of the two direct ions.  Obviously, the t e r m s  paral le l"  o r  
'longitudinal", and "perpendicular" o r  t r ansve r se"  have no r e a l  signif - 
icance except  when r e f e r r i n g  to  the ex t rus ion  p rocess ;  they become 
m o r e  t roublesome i f  molded graphi te  is considered.  The  t e r m s  "with 
the grain" and "against  the grain' '  are pe rhaps  be t te r  but they, too, a r e  
l imi ted  descr ipt ively.  This  r e p o r t  u s e s  the a r b i t r a r i l y  se lec ted  t e r m s  
"paral le l"  ( 1 1  ) and ' ' t r ansve r se"  (1) to mean direct ions with r e s p e c t  to 
the extrusion ax i s .  

' 1  

' I  
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extrusions.  

at the center ,  midpoint, and edge of the ba r .  NC-8 s a m p l e s  at the s a m e  

locations w e r e  designated P-1, P -2 ,  and P -3 .  F igu re  2 shows the locations 

f rom which the CSF s a m p l e s  w e r e  obtained. 

Samples  designated N-1 ,  N - 2 ,  and N - 3  (F igu re  1) w e r e  taken 

After  machining to a quar te r - round shape, the individual s a m p l e s  
-4 w e r e  annealed at 1900 C for  45 minutes  a t  a p r e s s u r e  of 5 x 10 m m  of 

m e r c u r y  to r emove  a sma l l ,  thermally annealable s t r a i n  p re sen t  in fab- 

r ica ted  samples .  ( ')  Lengths w e r e  m e a s u r e d  optically and physically on 

all s a m p l e s  p r i o r  to  i r rad ia t ion .  

Gage (Type 33-14-23) was  used  fo r  physical  end-to-end m e a s u r e m e n t s ,  

and a Bausch and Lorrib Bench Compara to r  (Type 33-12-11) w a s  used  fo r  

m e a s u r e m e n t s  of the dis tances  between spaced  holes dr i l led  in the samples .  

T h e s e  devices,  when used to  m e a s u r e  graphite,  have a s tandard  deviation 

of 2 x and 15 x inches,  respect ively.  

A Bausch and Lomb DR-25 Optical  

C a m u l e  Design 

Two capsules ,  designated H-3-1 and H-3-2, w e r e  constructed and 

They w e r e  basical ly  of s i m i l a r  design and, except have been i r r ad ia t ed .  

as noted hereaf te r ,  can  be considered identical .  Substantial  f ea tu re s  f r o m  

the design of the H-1 Exper iment (2)  w e r e  used in the design of the H-3 

capsule  s e r i e s .  
capsules  of the H-1 type is achieved by utilizing the gamma heating of the 

s a m p l e s  with special ly  designed heat  loss paths to the r e a c t o r  coolant. 

Bas ic  changes in  mounting configurations w e r e  made  to cause  lower  ope ra -  

t ing t e m p e r a t u r e s  in the H-3 capsules .  

e r t i e s  w e r e  computed (Appendix A) and the design w a s  checked by 

l abora to ry  s imulat ion of r e a c t o r  conditions on a prototype capsule  before  

fabricat ion and i r rad ia t ion  of the H- 3- 1 capsule .  

The des i r ed  operat ing t e m p e r a t u r e  of the s a m p l e s  in 

The  capsule  heat  t r a n s f e r  prop-  

F i g u r e s  3 and 4 show in te rna l  views of the H-3-1 capsule .  The  

H-3-2 capsule  differed in  that  15 highly radioact ive s a m p l e s  f rom the first 

capsule  w e r e  built  into the s a m p l e  s t r ing .  

handling and general ly  made  construction m o r e  difficult. 

This  necessi ta ted spec ia l  

The  s a m p l e s  
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FIGURE 2 

Sampling Scheme 
CSF Refe rence  Graphi te  

I 
03 

I 

Graphite 



FIGURE 3 
Internal View 

H - 3  Capsule Ser ies  
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w e r e  a s sembled  four in a group: t h ree  s a m p l e s  of EGCR mate r i a l  and one 

CSF re fe rence  sample .  

groups w e r e  mounted axially in  the capsule  and held together by graphi te  

holders  designed to  accommodate  the rma l  expansion. 

was s c r e w e d  together through holes in  t r ansve r se ly  or iented 0 .  030-inch 

thick molybdenum disks  which l imited heat flow to aluminum cooling r ings .  

The cooling r ings  w e r e  spaced  by aluminum tubes.  To  cool the connecting 

tubes adequately, tabs  w e r e  located a t  mid - run  positions to thermal ly  

ground the tubes to the cool capsule  she l l ,  

w e r e  attached to each  s a m p l e  group to monitor  t e m p e r a t u r e s  of i r rad ia t ion .  

Fast and t h e r m a l  neutron flux monitors  w e r e  instal led in the cooling r ings  

to faci l i ta te  determinat ion of neutron exposure.  After  subassembly ,  as 
shown in F i g u r e s  3 and 4, the capsule  she l l  was  instal led and c o m p r e s s e d  

(by swaging) onto the cooling r ings  to obtain reproducible  t h e r m a l  contact.  

Upper  and lower end plugs w e r e  welded to the capsule  she l l .  

upper  end plug attached to a tube containing the thermocouple  w i r e s  which 

w e r e  te rmina ted  in a p r i m a r y  s e a l .  The  s e a l  is shown in F i g u r e  5 .  

p r i m a r y  s e a l  was  made  by a Deutsch DM-5605 h e r m e t i c  receptac le .  

receptac le  and attached plug w e r e  protected with a s e a l  cover .  

between the cover  and the receptac le  was  filled with Genera l  E l e c t r i c  

No. RTV - 60 s i l icone rubbe r .  

Six groups w e r e  included in the capsule .  The  

E a c h  s e t  of holders  

Geminol N-P thermocouples  

The  

The  

The  

All space  

The  capsule  was  careful ly  leak  checked and filled with purified 
helium. 

evacuation tube in the lower  plug and a helium leak detector  was  used  to 

check the ex terna l  capsule ,  tube,  and lead  terminat ion su r faces .  The  

capsule  then was  attached to a vacuum s y s t e m  and evacuated to 0 .  2 m m  of 

m e r c u r y  for  16  hours .  

approximate ly  400 C to faci l i ta te  outgassing. 

connected to the vacuum sys t em,  a second hel ium leak check w a s  made  by 

blowing helium on the evacuated capsule .  The  capsule ,  a f t e r  d e t e r m i n a -  

t ion of its integrity,  was  filled to a p r e s s u r e  of 770 m m  of m e r c u r y  with 

de-oxygenated helium which had passed  through a liquid nitrogen cold t r a p .  

The  evacuation tube was  c r imped  shut, cut off, and welded. 

The  capsule  was  p re s su r i zed  to 80 psig with helium through the 

During evacuation, the capsule  w a s  heated to 

-With the leak  detector  
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EXPERIMENTAL PROCEDURE 

Ins tallation 

The H-3-1 capsule  was  installed in  the E-7 position of the GETR in 

May of 1960. 

F i g u r e  6 .  

a luminum-pipe guide tube which had squa re  aluminum sect ions welded to 

the ends for  additional s t rength .  

w a s  machined to the dimensions of an in -co re  f i l l e r  piece.  

was  attached to the loop support  b racke t  located inside the r e a c t o r  p r e s s u r e  

v e s s e l  and immedia te ly  below the top flange. 

upper  r i n g  of the s e a l  cover  was  attached to the guide tube to  s e c u r e  the 

capsule .  

a s s e m b l y  to an  a c c e s s  flange through a funnel tube.  

s u r i z e d  during i r rad ia t ion .  

P l an  and elevation views of the installation are shown in 

The  capsule  was  centered  in  a 2-inch d iameter ,  Schedule-40 

The  squa re  sect ion of the lower  end 

The  upper  end 

A cap  which engaged the 

Flexible  s t e e l  tubing containing thermocouples  connected the 

The lead was  p r e s -  

Instal la t ion was  repeated in November of 1960 with the H-3-2 

exper iment .  

I r rad ia t ion  

Init ially,  all nine thermocouples  w e r e  operable  in both capsules .  

H-3-1 thermocouple  Number 7, located in the bottom s e t  of s amples ,  
failed a f t e r  approximately 700 hours  of i r rad ia t ion .  The remain ing  eight 

thermocouples  operated sa t i s f ac to r i ly  for  the en t i re  i r rad ia t ion  per iod of 

approximate ly  2000 hours. 
1750 hours  , but the o ther  eight thermocouples  operated sa t i s fac tor i ly  f o r  

the en t i r e  per iod.  

r e s u l t s  a r e  mean t e m p e r a t u r e s  de t e rmined  f r o m  the thermocouple  readings .  

H-  3 - 2 thermocouple  Number 2 failed a f t e r  

The  s a m p l e  t e m p e r a t u r e s  repor ted  in the sect ion on 

After  81. 1 effective days of full  r e a c t o r  power, the H-3-1 capsule  

was  r emoved  f r o m  the r e a c t o r  in October  of 1960 and t ranspor ted  to the 

Radioactive Mater ia l s  Labora to ry  a t  Vallecitos Atomic Labora to ry  f o r  

d i sassembly .  

effective days of r e a c t o r  operation. 

The  H-3-2 capsule  w a s  r emoved  in June  of 1961 after 110. 6 



- 14- HW-71500 A 

Elev 

Elev. 

Elev 

t i l l  Et 
~ 

599 ft 

/ \  

599 f t  

Elev.  588 ft 
5 111. 

Elev.  586 ft 
2 - 7 1 8  i n .  

Elev.  5 8 4  f t  
9 in. 

Reactor Flange 

@seal 

Loop Support Bracket  

\ 
Center ing Rings 

\ 
Guide Tube 

Rods 

Elevation C o r e  P l a n  ( Dia. 24 i n .  ) 

FIGURE 6 

Diagram of Experiment  Installation 

A E C - G E  R I C H L A N D .  W A S H  
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Disas sembly  

The  d i sa s sembly  procedure  consis ted of opening the ends of the 

she l l  with a tubing cu t te r  and then s l i t t ing  the she l l  longitudinally with a 

high speed  a i r - d r i v e n  a b r a s i v e  wheel.  

made .  

opening a r e  shown in F i g u r e s  7 and 8 .  

at ively c l ean  except  fo r  s o m e  carbon deposi ts  at the lower  end. Some 
s p a c e r  tubes w e r e  warped .  

sha rp ly  and one w i r e  was  broken.  

fa i lure  of the thermocouple  during the i r rad ia t ion .  

could be r e l a t ed  t o  the fa i lure  of thermocouple  Number 2 i n  H-3-2.  

Two s l i t s  180 degrees  a p a r t  w e r e  

The  appearances  of the in t e r io r  of the capsules  immedia te ly  after 

The in t e r io r  s u r f a c e s  w e r e  r e l -  

Thermocouple  Number 7 in  H-3-1  was  bent 

The b reak  apparent ly  caused  the 

No v is ib le  changes 

The  s t r u c t u r e  support ing the samples  was  d isassembled  and the 

s a m p l e s  w e r e  removed.  

apparent  e ros ion .  

H-3-1 and all flux moni tors  w e r e  r ecove red  f r o m  H-3-2. 

They w e r e  all in  excel lent  condition, with no 

Thir ty- two of the 35 flux moni tors  w e r e  r ecoge red  f r o m  

Pos t i r r ad ia t ion  Measur  e m  ents  

Lengths of the i r r ad ia t ed  samples  w e r e  m e a s u r e d  both physically 

and optically ( s e e  sec t ion  on Sample  P repa ra t ion ) .  ~ 

a r e  based  on the physical  end-to-end measu remen t s .  

- c and Lc, w e r e  m e a s u r e d .  

Thermocouple  Cal ibrat ion 

Resul t s  r epor t ed  he re in  

The  X - r a y  p a r a m e t e r s ,  

14-3-1 thermocouples ,  Numbers  2 and 5, and H-3-2 thermocouples ,  

Numbers  3 ,  5, and 7,  w e r e  ca l ibra ted  a f t e r  i r r ad ia t ion  to check the i r  

accu racy .  

e r e n c e  at s e v e r a l  t e m p e r a t u r e s .  

in Table  11. 

A new thermocouple  of the s a m e  m a t e r i a l s  was  used  as a r e f -  

The  r e s u l t s  of the ca l ibra t ions  a r e  shown 



- 16- 
H
w
 -7 1500 A

 



FIGURE 8 
Pos t i r r ad ia t ion  View of H - 3 - 2  

Curvature  in  Photograph i s  Caused by Refrac t ion  
of Lead Glas s  Viewing Window 
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CALIBRATION O F  IRRADIATED GEMINOL N - P  THERMOCOUPLES 

Exposure  a t  Junction 

Thermocouple  nvt x E > O .  18 Mev T e m p e r a t u r e ,  C 

Refe rence  Thermocouple  0 . 0  772 377 

#2  1.5 763 377 

#5 2 . 4  760 377 

Refe rence  Thermocouple  

# 3  

#5 
#7 

EXPOSURE DE TERMINATION 

0 . 0  

2. 8 
3. 3 

3. 3 

898 508 
883 505 

8 69 505 

865 505 

The neutron exposure  of the exper iment  was  de te rmined  both 

theoret ical ly  and experimentally.  

was  of pr incipal  in te res t ,  but t he rma l  and resonance  fluxes w e r e  a l so  

de te rmined  in o r d e r  to provide a complete  descr ipt ion of the i r rad ia t ion  

conditions. 

The exposure  to high ene rgy  neutrons 

The  PDQ code(3) was  used to compute the flux in th ree  ene rgy  

groups a t  5884 m e s h  points in one half the r e a c t o r  c o r e  a r e a .  
tion for each m e s h  point gave the neutron flux at the ve r t i ca l  point of 

average  intensity.  F u r t h e r m o r e ,  s ince  the capsule  c r o s s  sect ional  a r e a  

included m o r e  than one m e s h  point, the ave rage  flux in the capsule  c r o s s  

sec t ion  was  computed. 

The  calcula-  

The  r e su l t s  of the PDQ calculation fo r  the r e a c t o r  cyc les  of 

i r rad ia t ion  a r e  shown in Table  111. 

To  de te rmine  the ver t ica l  distribution of fast flux, which is nec-  

e s s a r y  fo r  computation of the exposure  of each s a m p l e  in the length of the 

capsule ,  flux distributions w e r e  experimental ly  obtained f rom foils of 

nickel, i ron ,  and t i tanium. The  r e s u l t s  of the i ron  and t i tanium foils w e r e  

used only to obtain re la t ive  fluxes because  the i r  reac t ion  c r o s s  sect ions a r e  
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TABLE I11 

E - 7 FACILITY AVERAGE FLUX DURING H- 3 IRRADIATIONS, 

q1 ( > O .  18 MeV) cp2 ( 0 .  17 ev to 0 .  18 MeV) c43 ( < O .  1.7 ev) 
Cycle  

Exper imen t  
H-3-1 

13  2 . 3 9  

1 4  (a) 2 .  39 

15 (b) 2 . 3 5  

1 6  2 . 3 5  

Average  2 . 3 7  

Exper iment  
H - 3 - 2  

2. 30 

2.  30  

2.  2 6  

2 .  2 6  

2 .  28  

1 . 4 3  

1 . 4 3  

1. 4 1  

1. 4 1  

1. 4 2  

18 2.  6 1  
- -  1 9  (c )  

20 2 . 4 7  

2 1  2 . 4 4  

2 2  (d)  2 . 4 4  

Average  2 . 4 4  
2 3  2 .  28  

2 .  4 8  

2 .  3 6  

2 .  3 3  

2 . 3 3  

2 .  18 
2 . 3 3  

1. 5 8  
- -  

1. 4 6  

1. 4 8  

1. 4 8  

1. 4 0  
1. 4 6  

(a) Not calculated: S a m e  as Cycle 1 3  
(b) Not calculated: S a m e  as Cycle 1 6  
(c )  Nonoperating cycle 
(d)  Not calculated: S a m e  a s  Cycle 2 1  
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not accu ra t e ly  known a t  this  t ime .  

extensively f o r  fast flux monitoring, sys t ema t i c  burnout of the reac t ion  

products  by t h e r m a l  neutrons has  presented  problems.  The c u r r e n t  

values(4)  fo r  the ( n , p )  products  a r e  1650 b a r n s  fo r  Cc  ( T l I 2  = 7 1  days)  
58m and 170, 000 b a r n s  f o r  Co 

of 3750 b a r n s  was  de te rmined  by the au thors  for  co r rec t ion  of GETR data  

independent of considerat ion of the branching s c h e m e s  and c r o s s  sec t ions  

of the nickel reac t ion .  

While nickel foils  have been used  

58 

( T l I 2  = 9 hour s ) .  An apparent  c r o s s  sec t ion  

(5 )  

The methods of analyzing the foils f rom the H-3-1 experiment and 
the r e s u l t s  obtained w e r e  used  in de te rmining  the longitudinal dis t r ibut ion 

desc r ibed  in Appendix B. With the knowledge of the longitudinal var ia t ion 

and the calculated ave rage  flux, the exposures  fo r  all s a m p l e s  w e r e  

de te rmined  and the r e s u l t s  a r e  shown in Table  IV. 

TABLE IV 

VARIATION OF EXPOSURE AS A FUNCTION O F  SAMPLE POSITION 

Fast T h e r m a l  

-21 nvt x 10 , 
E > 0. 18 hilev E < O .  1 7  ev 

-21 nvt x 10  , 

C o r e  Mean Mean 
Posit ion Elevation Ratio H-3-1 H-3-2 Total  Ratio H-3-1 H-3-2 Total  

.~ ~ ~ 

PDQ 
Average  ~1..00 1. 6 6  2 .  33 1. 00 1 , O O  1 . 4 0  

1 31. 1 0 .  55 0 .  92 1. 29  2 .  2 1  0 . 4 7  0 .47  0 .  66 1. 13 

2 25. 9 0 .  9 1  1. 51 2 .  1 2  3. 63 0 .  95 0 .  95  1. 33 2 .  28 

3 20. 8 1. 2 2  2 .  0 3  2 .  84 4.  87 1. 20  1. 20 1. 68 2 .  88 

4 15. 6 1 . 4 3  2 .  37 3. 33 5 .70  1 . 4 1  1 . 4 1  1. 97 3. 38 

5 10. 6 1 . 4 2  2 .  36 3.  31 5. 67  1. 40 1 . 4 0  1. 96 3 .  36 

6 5 . 4  1. 04 1. 7 3  2 . 4 2  4. 15 1. 06 1. 06 1. 48 2 .  54 

C o r e  
Bottom 0 
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EXPOSURE EQUIVALENCE 

Almost  all exposure data  on radiat ion to graphi te  have been r epor t ed  

in  megawatt  days p e r  adjacent  ton of uranium (MWD/AT) o r  s o m e  re l a t ed  

p a r a m e t e r .  The  t e r m  niIwD/AT is not an express ion  of exposure  which is 

universa l ly  r e l a t ed  to  damage  if  the neutron s p e c t r a  of the r e a c t o r s  

compared  a r e  not ident ical .  Such f ac to r s  as geometry,  modera to r  - to-  

uran ium ra t io ,  * and degree  of enr ichment  affect  the neutron s p e c t r u m .  

The re fo re ,  it is p r e f e r r e d  to  e x p r e s s  data in  t e r m s  of the p r i m a r y  exposure  

units known f o r  the i r r ad ia t ion  conditions.  Adjustment  to  o the r  units can be  

made  l a t e r  based  on the bes t  e s t ima te  of equivalence.  

exposure  to  neutrons whose energy  is in excess  of 0. 18 Mev is used .  

Many calculations of EGCR exposure r a t e s  have been pe r fo rmed  in both 

nvt and MWD/AT. The value 1 MWD/AT = 1. 5 x 1017 nut(E>O. 18 MeV) 

was  developed based  on a compar ison  of damaging flux of the EGCR and 

GETR s p e c t r a  r e l a t ive  to neutrons of E>O. 18 MeV. 

In th i s  r epor t ,  

( 6 )  

The  spec t rum of the tes t ing posit ion used  fo r  the i r r ad ia t ion  is 

shown in F i g u r e  9 .  This  spec t rum was  calculated by P r e s k i t t  us ing the 

GNU-I1 code modified to  include 20 groups above 0. 18 MeV. (7)  GNU-11 is 
a r a d i a l  code and s o m e  inaccurac ies  r e s u l t  f r o m  the homogenizing of the 

r ad ius  inc remen t  at the E -7  posit ion.  The  dip in the spec t rum is caused  
by beryll ium in that increment .  

IRRADIATION RESULTS 

The  two capsule  exper iments  pe r fo rmed  in the GETR extend the 

knowledge of physical  d i s tor t ion  effects induced by neutron i r r ad ia t ion  to 

a n  equivalent of 38,000 MWD/AT (EGCR).  The  exposure  achieved is the 

highest  of any graphi te  i r r ad ia t ion  exper iment  r epor t ed .  Auxil iary t o  the  

s tudy of physical  dis tor t ion,  X - r a y  measu remen t s  w e r e  made  to  evaluate  

c rys t a l l i t e  damage,  using the p a r a m e t e r s  c and L . 
C - 
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Complete  r e su l t s  of the H-3-1 and H-3-2 capsules  a r e  given in 

Tables  V and VI.  
indicates a new s a m p l e  a t  that position for  the H-3-2 i r rad ia t ion .  

notations (11, ( 2 ) ,  and (3)  r e f e r  to  the positions f r o m  which para l le l  

s a m p l e s  w e r e  taken: the edge, the midpoint, and the center  of the b a r .  

The a s t e r i s k  adjacent to the s a m p l e  type in  Table VI 
The 

High TemDera ture  Contraction 

The distortion data in Tables  V and VI have b e e n  expres sed  graph-  

ically in Figures 10 through 13 ,  The i so therms of the effect of exposure 
on dis tor t ion indicate a lessening of contraction r a t e  at t e m p e r a t u r e s  in  

the vicinity of 800 C.  T h e s e  data supplement  the information on t e m p e r a -  

t u re  sensi t ivi ty  of high t empera tu re  i r rad ia t ion  previously repor ted  by the 

authors  (8) 

Graphite of the EGCR type undergoes init ial  expansion at low 

exposures  during high t e m p e r a t u r e  i r rad ia t ions .  (’) The  expansion, while 
not thoroughly understood, usually r eaches  a maximum a t  0, 01 to 0. 02 

pe r  cent at an exposure of 0, 2 5  x 1021 nvt, and is g r e a t e r  in the t r a n s v e r s e  

than in  the para l le l  direct ion,  

induced during preparat ion of the sample .  

preparat ion can be rel ieved by t h e r m a l  annealing at high t e m p e r a t u r e s  

a f t e r  the samples  a r e  made;  s amples  used in the H-3  exper iments  w e r e  
annealed at 1900 C .  

during ea r ly  i r rad ia t ion ;  taking this growth into consideration pe rmi t s  a 

reasonable ,  near ly  l inear  connection of data f rom the H-3-1 and H-3-2 

exper iments ,  + 

This  expansion is not the relief of s t r a i n  

S t r a in  induced during s a m p l e  

The  curves  presented h e r e  show the es t imated  growth 

:I: Recipients of pre l iminary  r e su l t s  of the H - 3 - 1 exper iment  will  r e c a l l  
that  the dis tor t ion r a t e s  then w e r e  computed on the bas i s  of a l inear  
connection to the or igin.  With only ze ro  and te rmina l  points of cont rac-  
tion known, se r ious  deflection in s lope could occur  with s m a l l  e r r o r s  in 
select ion of maximum growth and exposure a t  maximum growth. 
data f rom two exposures  available now, init ial  growth should be consid- 
e r e d  in  the cor re la t ion  of the data .  

With 
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T A B L E  V 

H - 3 -  1 E X P E R I M E N T A L  R E S U L T S  

0 
X - R a y  C h a n g e s ,  A 

L 
C 

T e m p e r a t u r e ,  E x p o s u r e ,  n v t  X 10 -21  S a m p l e  
C (E  > 0 .  18 MeV) C o d e  

L e n g t h  C h a n g e s ,  
Per C e n t  AL/L 

- 0 . 0 5 8  f 0 . 0 0 1  
- 0 , 0 4 0  f 0 . 0 0 1  
- 0 .  105  f 0 . 0 0 2  
- 0 . 1 1 2  * 0 . 0 0 1  

5 
- 380 
-325  
-4 15 
- 300 

-2  10 
-320  
- 300 
- 85 

-275  
- 3 7 0  
- 3 6 0  
- 3 6 0  

-285  
-347  
-340  
-297  

-315  
-255  
- 3 3 1  
-4  10 

-235  
-235  
-350  
- 185  

In i t  ia 1 

6 .  718 
6 . 7 2 2  
6 . 7 2 2  
6 .  732  

6 .  718  
6 .  715  
6 .  717 
6 . 7 0 2  

6 .  707  
6 .  717  
6 .  720 
6 .  717  

6 .  724 
6 . 7 3 6  
6 .  736 
6 .  756 

6 .  739 
6 .  722  
6 . 7 3 4  
6 .  732  

6 .  722  
6 .  736 
6 .  722  
6 .  736 

Initial 

700  
6 4 5  
7 20 
6 10 

6 8 5  
6 8 5  
7 20 
4 4 0  

600 
7 0 0  
680  
67 5 

6 0 0  
6 50  
6 20 
600 

6 30 
6 4 5  
5 8 0  
7 20 

5 9 5  
700 
6 8 5  
6 35 

+ 0 . 0 1 4  
+ O .  0 1 3  
+ 0 . 0 1 1  
0 

+ 0 . 0 1 0  
+ 0 . 0 1 0  
+ 0 . 0 1 5  
+ O .  0 2 8  

+ O .  014  
+0. 005 
+ 0 .  0 0 6  
+ O .  002 

- 0 . 0 0 6  
- 0 . 0 1 5  
- 0 . 0 1 1  
- 0 . 0 3 4  

- 0 . 0 2 1  
+0 .  00 1 
- 0 . 0 2 3  
- 0 . 0 1 4  

+ O .  008 
- 0 . 0 0 8  
+ O .  0 0 3  
- 0 . 0 0 6  

4 5 0  f 25 0 . 9 2  C S F l  
N C  7 1  
CSFl l  
NC711 (1) 

575  f 25 1 .  5 1  

2 .  0 3  

2 . 3 ' 7  

c S 171 
N C 7  I 1  ( 1 )  
N C 7  11 ( 2 )  
N C 7  I/ (3 )  

- 0 . 0 6 7  f 0 . 0 0 2  
- 0 .  114  f 0 . 0 0 1  
- 0 .  1 2 3  f 0 0 0 2  
- 0 .  124  f 0 . 0 0 1  

1 
N 
b P  

1 
CSE'1 
N C  7 1  
C S F  I1 
N C 7  I1 (1) 

- 0 . 0 4 4  f 0 . 0 0 2  
- 0 . 0 2 1  f 0 . 0 0 1  
- 0 . 0 9 9  f 0 . 0 0 1  
- 0 .  1 1 3  f 0 . 0 0 1  

725 f 25 

8 2 5  f 25 CSFL 
NC7II ( 1 )  
NC711 ( 2 )  
NC711 (3)  

- 0 . 0 5 4  f 0 . 0 0 2  
- 0 . 1 5 9  f 0 . 0 0 1  
- 0 .  140  f 0 . 0 0 2  
- 0 .  146  * 0 . 0 0 2  

8 5 0  * 25 

625  i 25 

2 . 3 6  

1 . 7 3  

CS FI 
N C  7 1  
CSF I1 
NC711 (1) 

- 0 . 0 6 4  * 0 . 0 0 1  
- 0 . 0 4 2  f 0 . 0 0 2  
-0 .  164 f 0.002 
- 0 . 1 6 6  f 0 . 0 0 1  

C S F I  
N C  7 1  
C S F  I1 
N C  7 I1 ( 1) 

- 0 . 0 6 7  f 0 . 0 0 2  
- 0 . 0 4 1  f 0 . 0 0 2  
- 0 . 1 0 8  rt 0 . 0 0 2  
- 0 , 0 9 5  f 0 . 0 0 2  

0 
0 
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- 2 1  

C (E > 0 .  1 8  Mev) - 
T e m p e r a t u r e ,  E x p o s u r e ,  nvt X 10 

TABLE VI 

H - 3 - 2  EXPERIMENTAL RESULTS 

4 7 5  f 25 

575  f 25 

725 * 25 

8 0 0  + 25 

775 f 25 

625 k 25 

2 . 2 1  
2 . 2 1  
1. 29 
2 . 2 1  

3 . 6 3  
3 . 6 3  
2 . 1 2  
2 . 1 2  

2 .  8 4  
2 .  8 4  
2 .  8 4  
2 .  8 4  

3 . 3 3  
3 . 3 3  
5 . 7 0  
5 .  70 

5 . 6 7  
5 . 6 7  
5 . 6 7  
5 . 6 7  

4 .  15  
4 .  15 
4 .  15 
4 . 1 5  

:k New sample 

Length Changes ,  
Per Cent  AL/L 
- 0 .  2 2 3  f 0.001 
- 0 .  186  f 0 . 0 0 1  
-0 .  1 4 3  f 0 . 0 0 2  
- 0 . 3 6 3  f 0 . 0 0 2  

- 0 .  2 8 3  f 0 .  0 0 2  
- 0 . 4 3 8  f 0 . 0 0 1  
-0. 2 0 3  f 0 . 0 0 2  
- 0 . 2 1 2  * 0 . 0 0 2  

- 0 . 1 2 0  * 0 . 0 0 2  
- 0 .  144  f 0.001 
- 0 .  228  + 0 . 0 0 1  
- 3 . 2 3 1  f 0 . 0 0 2  

- 0 .  114  f 0 . 0 0 2  
- 0 .  227  f 0 . 0 0 2  
- 0 . 6 6 2  * 0 . 0 0 1  
- 0 . 6 3 4  * 0 . 0 0 2  

- 0 .  324  f 0 . 0 0 1  
- 0 . 2 2 2  * 0 . 0 0 2  
- 0 . 6 4 3  * 0 . 0 0 2  
- 0 . 6 5 3  * 0.001 
- 0 . 2 5 3  f 0 . 0 0 1  
- 0 . 2 2 7  * 0 . 0 0 2  
- 0 . 3 9 9  f 0 . 0 0 2  
- 0 . 3 9 7  f 0 . 0 0 2  

0 

X -Ray C hang-es, A 

I n i t i a l  

6 .  718  
6 .  722  
6 .  720 
6 .  732  

6 .  718  
6 .  715  
6 .  719 
6 .  707  

6 .  725  
6 . 7 2 2  
6 .  730  
6 .  725  

6 .  7 3 1  
6 .  7 2 3  
6 . 7 3 6  
6 . 7 5 6  

6 .  739  
6 .  722  
6 . 7 3 4  
6 . 7 3 2  

6 .  722  
6 .  736  
6 .  722  
6 .  736  

+ O .  0 4 0  
+ O .  0 3 8  
+ O .  0 2 8  
+ O .  0 2 3  

+ o .  0 2 1  
+ O .  0 3 7  
+O. 0 2 3  
+ O .  0 3 1  

+0. 0 1 3  
+ o .  0 1 0  
+ O .  0 0 8  
+ O .  0 1 5  

- 0 . 0 0 3  
+ O .  0 0 5  
- 0 . 0 0 4  
- 0 . 0 2 3  

-0. G O 7  
+ o .  0 1 6  
+ o .  0 0 1  
+O. 0 0 4  

+ o .  0 0 2  
+ o .  009  
+ o .  0 2 2  
+ o .  0 0 6  

L 
C 

In i t  ial 

700 
645  
5 70 
6 10 

685  
685  
5 9 5  
4 8 5  

5 60 
762  
4 20 
680  

5 60 
7 35 
6 20 
600  

6 30 
6 4 5  
580  
7 20 

59  5 
700 
685  
6 35 

5 
-50  1 
-405  
.- 3 10 
- 380 

-465  
-4 35 I 

-315  
-202  I 

-290  
- 4 8 3  
- 172 
- 4  37 

- 299 
-49  2 
-407  
- 4 1 1  

- 4 1 1  
- 4 2 1  
- 3 6 3  
-5 10 

- 3 6 3  
-442  
- 3 9 3  

ril 
U, 

2 
-3 

cn 
0 
0 
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as a Function of E x p o s u r e  
Contraction Behavior  of EGCR Graph i t e s  (Parallel) 
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The EGCR prototype graphi te ,  NC-7, appea r s  to  be approximately 

equivalent in  damage  c h a r a c t e r i s t i c s  to  actual  EGCR graphi te ,  NC-8. 

Over lap  of data  occur s  at s i m i l a r  exposures  and smooth cu rves  can  be 

drawn f r o m  the data  fo r  both types.  

At the init iation of the experiment ,  it was  not known to  what extent 

the pa r t i c l e  a l ignment  pa t te rns  caused  by the ex t rus ion  die  would affect  

contract ion r a t e s  of pa ra l l e l  s a m p l e s  taken n e a r  the cen te r ,  midpoint, 

and edge of the extrusion.  Different contract ion r a t e s  could s.eriously 

complicate  the calculation of s t r e s s  var ia t ion  within EGCR modera to r  

blocks.  For tuna te ly ,  the tes t ing  of s amples  N-1, N-2 ,  and N-3 f r o m  

NC-7 and of s a m p l e s  P - 1 ,  P -2 ,  and P - 3  f rom NC-8 showed no significant 

d i f fe rences  in  contract ion behavior due to differences of s a m p l e  locat ion 

in  the extruded b a r .  

T h e r e  is no indication, based  on data  avai lable  at th i s  t ime,  tha t  

the r a t e  of contract ion l e s s e n s  with continu'ing exposure.  

Changes in X - r a y  P a r a m e t e r s  

F i g u r e s  14 through 21 show the r e s u l t  of continued i r r ad ia t ion  on 

c rys t a l l i t e  dimensions c and L . 
a l t e rna te  l a y e r  planes.  

The da ta  a r e  a r b i t r a r i l y  presented  in four  f igures  to a l lev ia te  confusion 
resu l t ing  f rom the number  of cu rves  shown. 

and pa ra l l e l  or ientat ions should be cons idered  together  and not as indepen- 

dent r e s u l t s  ~ 

c is defined as the d is tance  between - c -  
L is the apparent  c rys t a l l i t e  s i z e  in the c -d i rec t ion .  

C 

The  data  fo r  the t r a n s v e r s e  

In t e r m s  of c rys t a l l i t e  damage,  all graphi tes  tes ted  behaved 

s i m i l a r l y .  

exposure ,  although the t rans i t ion  is not as continuous as Lc. 

in - c a t  an  exposure  1 to 3 x l o 2 '  may  r e f l ec t  a change in damage  mechan i sm.  

Both the EGCR and CSF g r a p h i t e s s e e m  to have s tabi l ized at a value of Lc of 

approximately 200 -250 A despi te  differences in  i r r ad ia t ion  t e m p e r a t u r e  and 

f inal  exposure .  

s tabi l izat ion noted is a sa tura t ion  in the p rope r ty  change. 

T h e r e  is a marked  change in  - c as a function of t e m p e r a t u r e  and 

The changes 

0 

The next i r r ad ia t ion  per iod may indicate  whether  the 
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FIGURE 16 

Effect of I r rad ia t ion  on Laye r  Spacing 
EGCR Graphi te  

Indication of Ext rus ion  Direc t ion  is for  Sample Identification and Plo t t ing  Convenience.  
R e f e r  a l s o  t o  Companion Graph fo r  the Same Graph i t e .  
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ADDlication of Resul t s  to  the EGCR 

HW-71500 A 

The  purpose  of the H-3 i r rad ia t ion  s e r i e s  is to de t e rmine  the effect  

of neutron i r r ad ia t ion  on EGCR graphi te  to exposures  comparable  with the 

design l i fe t ime of the EGCR. 

r a t e  of contract ion,  the effect of t empera tu re  on the r a t e  of contract ion,  

and the extent of contract ion at sa tura t ion  i f  sa tura t ion  o c c u r s  a t  l e s s  than 

full l i fe t ime exposure  

Some of the specif ic  r e s u l t s  sought a r e  the 

Based  on the b e s t  e s t ima tes  of i n t e r r e a c t o r  convers ion  fac tors ,  the 

r a t e  of contract ion of EGCR graphi te  is within design l imi t s  which w e r e  

based  on e a r l y  e s t ima tes  by Hanford.  The r a t e  of dis tor t ion,  a f t e r  ini t ia l  

growth, of EGCR pa ra l l e l  s amples  at the peak EGCR t e m p e r a t u r e  (575  C)  

is -0. 15 p e r  cent  pe r  10” nvt. Based  on c u r r e n t  conversion f ac to r s ,  the 

r a t e  expres sed  in  t e r m s  of MWD/AT is -0 .  023  pe r  cent  p e r  1000 MWD/AT. 

At a lower  t e m p e r a t u r e  (475  C)  the r a t e  is -0. 19  pe r  cent  p e r  l o 2 ’  nvt 

o r  -0. 028 p e r  cent  p e r  1000 MWD/AT. No  sa tura t ion  of contract ion has  

been observed  and it is believed that  the data  can  be extrapolated s o m e -  

what.  However,  s ince  no o ther  graphi te  data  ex is t  fo r  exposures  higher  

than r epor t ed  h e r e ,  extrapolat ion should be made  cautiously.  

The  possible  effects of neutron intensi ty  differences on high t e m -  

p e r a t u r e  contract ion is being studied e l sewhere  ~ ::: Until data  confirm 
the belief that the effect is s m a l l  or nonexistent, the r e su l t s  repor ted  

should be  used with appropr ia te  caution. 
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NOTES ADDED IN PRESS 

P r e l i m i n a r y  r e s u l t s  of the  H-3-3 experiment ,  which extend the 

peak exposure  t o  8 . 7  x lo2 '  nvt, conf i rm and extend the r e s u l t s  r epor t ed  

in th i s  document. Based  on these  p re l imina ry  data,  the contract ion r a t e  

of t r a n s v e r s e  samples  continues l inear ly  t o  the foregoing exposure .  

P a r a l l e l  s a m p l e s  show a slight acce lera t ion  of contract ion.  

t u r e  coefficient of contract ion s t i l l  is present ,  but is g r e a t e r  f o r  the  

t r a n s v e r s e  s a m p l e s .  Unexpectedly, NC-7 s e e m s  t o  be  diverging from 

T h e  t e m p e r a -  

NC-8. 

T h e  H-3-4 capsule  i s  now undergoing i r rad ia t ion  in  the GETR. T h e  

next i n t e r im  repor t  (HW-71500 B) will p re sen t  data  f r o m  the H-3-3 and 

H-3-4  capsules .  
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APPENDIX A 

HW-71500 A 

DESIGN AND HEAT TRANSFER CALCULATIONS 

FLUX MAXIMUM VALUES (design) 

Neutron, nv: 

10-0 .18  Mev 

0 . 1 8  MeV-0.17 e v  

Less than 0 . 1 7  e v  

G a m m a  Heating, wat ts /g:  

Btu/ ( h r )  ( g) : 
SAMPLE DESCRIPTION 

Assembly  Size: 

Graphi te  Cyl inder  

Weight: 

Sample,  g 

Assembly,  g/ft 

HEAT GENERATION 

Graphi te  Core ,  Btu / (hr ) ( f t )  

Tota l  Assembly, Bt u/( hr)(f t )  

Capsule  Surface,  Btu/(hr)(  sq ft) 

HEAT FLUX 

COOLANT CONDITIONS 

Wate r  F low P a s t  Capsule,  gpm: 

Wate r  Velocity P a s t  Capsule,  f t /  sec :  
TEMPERATURES 

Capsule  Surface Tempera tu re ,  - _  F 

Sample T e m p e r a t u r e  Range, F 

C 

GAS ATMOSPHERE 

Helium P r e s s u r e ,  psia  a t  1000 C 

MECHANICAL STRENGTH, SAFETY FACTOR 

1 4  

1 4  

1 4  

3 . 7  x 10 

3 . 5  x 10 

2 . 2  x 1 0  

1 2  

41 .0  

1 inch in d i ame te r  

3-7/8 inches long 

7 6 .  1 
570 

12 ,100  

23, 400 

44, 800 

130 

26 

130  

800 t o  1500 

400 t o  850 

65 

Collapsing 6 
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A .  COOLANT FLOW 

Calculation of CaDsule Coolant Conditions 

1. Design Information: 

Water  T e m p e r a t u r e  

P r e s s u r e  Drop  Through C o r e  

Capsule  

Guide Tube 

Dimensions : 

Capsule,  OD 
Protec t ion  Tube, OD 
Guide Tube, ID 
Flow Res t r i c t e r ,  ID 

OD 

2. Data  f o r  Wate r  a t  1 2 0  F: 

Density, p 

3. P r e s s u r e  Drop, AP: 

S e r i e s  of Contract ions and Enlargements  

HW-71500 A 

120 F 

25 ps i  

2 inch d i a m e t e r  3003-H14 
Aluminum Tubing 

2 - 1 / 2  inch d i a m e t e r  Schedule 40 
Aluminum Pipe  

2.00 inches 
1 , 1 0 0  inches 
2 .  469 inches 
2 . 1 2  inches 
2 .  437 inches 

61 .  7 lb /cu  ft (Ref .  10, p. 484) 

A1 - Tank , 

A - Holes in Guide Tube 

A 3  - Capsule  

A, - Slots in Flow 

A5 - Flow Annulus 

2 

Res t r i c t  o r  

A 6  - Bottom Support Tube  

A7  - Bottom Support 

A 8  - Tank 

A 6  

A7 

A8 
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f L p V "  

De 2 g c  
AP = 

- - f L pv2 [ft2/sec2] 61. 7 [lb/ft3] 

144  [in / f t  1 2 2  D e (2) ( 3 2 .  2) [ f t /sec2]  

f L V 2  = 0.00665 p s i  
e 

C ont rac t ion 

2 
Kc v 2  

gc 
AP = 

2 
= 0.00665 KcV2 p s i  

Kc from F i g u r e  1 . 5 . 7  

Enlargement  

2 
Ke v1 

gc 
AP = 

2 = 0 .  00665 Ke V1 

Ke f r o m  F i g u r e  1 . 5 .  6 

p s i  

4. W a t e r  Velocity, V: 

(Ref .  11, p. 67) 

(Ref.  11, p.  66) 

1 

A [in ] 2 V = F[gpm] 0.1337 
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5 .  W a t e r  Flow. F :  

Area ,  Velocity, P r e s s u r e  Drop,  

in f t / s e c  x i o 2  F - ~  Coefficient p s i  x l o 4  F-' Locat  ion 

Large 0 

1.  625 1 9 . 7  

1. 646 1 9 . 5  

A1 

A2 

A3 

Kc = 0.  40 

Ke = 0 . 0 1  

0 .  762 

A5 0 .  672 

A 4  
K = 0 .  31 

K C = 0 . 1 0  

K = 0 .  28 

C 42. 1 

47. 8 

e 
1 . 4 5 5  2 2 . 1  

2 .  406 13 .  3 

A6 

A7 

A8 Large 0 

Ke = 0 . 1 5  

Ke = 1'. 0 

Tota l  

F = 130 gpm 2 Thus ,  0 .  00188 F = 25 

B.  CAPSULE TEMPERATURES A N D  HEAT FLUX 

Calculat ion of t he  Maximum Can  Wall Temperature  

1. Coolant Conditions 

W a t e r  Flow 
Velocity P a s t  Capsu le  

Equivalent D i a m e t e r  

2. Data  for  W a t e r  a t  120 F 

1. 03  

0 .  03  
6. 66 

3. 65 

1 .  52 

4. 25 

0 . 4 9  

1. 18 

1 8 . 7 9  

130 gpm 

26 f t / s e c  

De = 0 .  469 in. = 0 .  0391 ft 

Viscosity,  1-1 

T h e r m a l  Conductivity, k 

Heat  Capacity,  c 

1.  36 lb/(hr)(f t )  (Re f .  10, p.  484) 

0 .  372 Btu/(hr)(ft2)("F) p e r  ft 
(Ref .  10,  p. 484) 

1. 0 Btu/(lb)(OF) (Ref .  10, p.  462) 
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3. Wate r  Film Coefficient, h :  

HW-71500 A 

(Ref .  12) 

Reynolds  Number,  NRE 

: 0.0391[ft]  X 26 Eft/sec] X 6 1 . 7  [lb/ft3] X 3600 [ s e c / h r ]  
1 .  36 Llb/(hr)(ft) 1 

= 1. 66 X 10 

P r a n d t l  Number,  NpR 

- 1. O[Btu/(lb)('F) 1 X 1.  36[fb/(hr)(ft) 1 
0 .  372 LBtu/(hr)(ft)('F) 1 

= 3 .  65 

5 0 .  8 0 .  3 3  
h = 0 . 0 3 0 k  (1 .66  x 10 ) ( 3 . 6 5 )  D 

= 4400 Btu/(hr)(f t2)("M ' 
2 The re fo re ,  the  wa te r  film coefficient is 4400 Btu/(hr)(f t  ) ( O F )  

4. Heat  Generat ion 

Basis 
Sample Length 

Sample Assembly  Length 

Maximum Flux, watts /  g 

B tu/  ( hr) (  g) 

3. 875 inches  

5 .  25 inches  

1 2  

41. 0 
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Mass  

Sample - Graphi te  

Sample Holder  - Graphi te  

Space r  - Molybdenum 

Ring - Aluminum 

Can  - Aluminum 

Total - 5. 25-inch sect ion 

p e r  foot 

Assembly  C o r e  

= 12, 100 Btu/(hr)(f t )  

Assembly  Section 

Assembly  C o r e  
5 3 . 1  g 

8 . 8  g 
1 3 . 1  g 
9 8 . 2  g 

2 4 9 . 3  g 

570.0 g 

qa = 570[$] x 41.0[ Btu/hr  ] = 23, 400 Btu/(hr)(ft)  

5 .  Heat  F lux  

6 .  Film T e m p e r a t u r e  D r o p  

'a 
h A  AT = - 

- 44, 800 [Btu/(hr)(f t2)]  

4; 400 [Btu/(hr)(ft2)( 'F)] 

= 10 F 

7 .  In t e rna l  Can  Wall  TemDera ture  

T e m p e r a t u r e  Drop  A c r o s s  Can Wall 
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F o r  a 5 ,  25-Inch Assembly  Section 

23, 400 [Btu/(hr)(ft)]  (5.  25/12)[ft] ln(2.  00/1. 87) 
120 lBtu/(hr)(ft)(OF)j (2)(n)(5.  25/12)tftJ 

A t =  

= 2 F  

Therefore, the maximum internal can wall temperature is  
120 F f 10 F + 2 F = 132 F. 

Aluminum 

Alundum 

Vi t reous  Alumina 

M olyb de nu m 
Helium 

Calculat ion of the  Sample Surface  T e m p e r a t u r e  

1. B a s i c  Data:  

T h e r m a l  Conductivit ies B tu/  ( h r )  ( ft 2, ( O F )  / f t 

(Re f .  13) Graphi te  200-1800 F ( I r rad ia ted)  15 

128 (Ref .  14, p.  14) 

0 . 9 7  (Ref .  15) 

9 .  67 (Ref .  15) 

72 (Ref.  14,  p.  193) 

200 F 0 .0980 (Ref .  11, p.  394) 
500 F 0 . 1 1 2  

1090 F 0 . 1 3 3  
1500 F 0 .155  
2000 F 0 . 1 7 2  
2500 F 0 .182  

Emissivities 

Aluminum 

Alundum 

Graphi t  e 

Assembly  Dimensions 

Sample - Graphi te  

Sample Holder  - 
Graphi te  

Cen te r ing  Di sc  - 
Molybdenum 

Cooling Ring - 
Aluminum 

Capsule  Shell - 
Aluminum 

E 

200 F 0 . 2 0  (Ref .  10 ,  p.  476) 

1800 F 0 .  40 (Ref .  10,  p. 472) 

1800 F 0 .  80 (Ref .  10, p. 476) 

1. 00 in.  d i a m e t e r  X 3-7/8 in .  long 

1. 250 in.  OD X 0 .  750 in.  ID X 2 in. long 

1.  800 in. OD X 0 .  750 in.  ID X 0 .  030 in. thick 

1 .  865 in.  OD X 1. 375 in. ID X 0 .  313 in ,  thick 

2 .  00 in.  OD X 1. 87 in. ID X 5 .  250 in ,  sec t ion  
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Gamma Heating 

Sample Posi t ion 

1 

2 

3 

4 

5 
6 

C o r e  Bottom 

C o r e  Elevation, 
Inches 

3 1 . 1  

25. 9 

2 0 . 8  

15 .  6 

1 0 . 6  
5 . 4  

2 ,  T h e r m a l  Res is tance  Calculation: 

Watts P e r  G r a m  

5 . 5  

7 . 0  

9 . 5  

1 1 . 0  

1 0 . 5  

8 . 0  

Tota l  r e s i s t ance  t o  heat flow, RT, is fo rmed  by pa ra l l e l  combina-  

tion of the following heat paths 

Can W a l l  

R~~ I 
Sample Holder  RDl I 

Samples  I 

T h r e e  pa ra l l e l  paths f rom sample  holder  to  c a n  wal l :  

RRT - radiat ion r e s i s t ance  

- r e s i s t a n c e  t o  conduction through hel ium RCV 
RCO - r e s i s t a n c e  t o  conduction through molybdenum and 

aluminum suppor ts  

- total  r e s i s t a n c e  f r o m  sample  holder  t o  can  wall  RSH 

- 1 
1 1 +-f- RSH - 1 

R~~ RCV RCO 
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One s e r i e s  path f r o m  sample  to  can wa l l  through suppor ts  

RC - r e s i s t a n c e  t o  conduction through graphi te  s ample  holder  

RD - total  r e s i s t a n c e  t o  conduction through suppor ts  

RD = RC + RSH 

T h r e e  pa ra l l e l  paths f r o m  s a m p l e s  t o  can  wall: 

RR - radiat ion r e s i s t ance  

RV - r e s i s t a n c e  t o  conduction through hel ium 

RD - r e s i s t a n c e  t o  conduction through suppor ts  

RT - total  r e s i s t a n c e  

- 1 
1 1 + - + -  

RR RV RD 

RT -1 

Radiation Res i s t ance  

R Sample t o  Can  Wall, R 

1 
A -3;z = I+ 1 

- 1) + <  [+ - 1) F 

= 1 for coaxial  cy l inders  

4 X 0 .173  X 0.295 

100 

3 

h =  r 

3 

= o .  00204 (% j 
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1 - 7500 - 
RR = 3 

0 .0654  X 0.00204 [k)3 
RT Sample Ho lde r  to C a n  Wal l ,  R 

n 1 

= 0.255 1 

A,, = - + - -  1 
1 (0.80 

4 X 0 .173  X 0 , 2 5 5  T 3 3 

h =  r 100 I*) = 0.00177 (k 1 

1 

0.0545 X 0.00177 

R~~ = 
- 10, 400 

Res i s t ance  of Supports,  R and RCO C 
Through Sample Holder ,  RC 

R =  

RC = In 25 75) = 0.032(0F)(hr) /Btu mmim 
RCO Through Molybdenum and Aluminum, 

Molybdenum Space r  

Effective Heat  T r a n s f e r  D i a m e t e r s  

(1. 800 - 0.  252) + 1. 375 = 1. 462 inches 
2 OD = 
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In (" 462/1 '  O o )  = 0. 336 (OF)(hr)/Btu - 
0.030 7 2  (2) ( l l )  x- RM - 

1 2  

- e , .  .,> In 1 (" 865/1 '  375) = 0.0147 ("F)(hr) /Btu RAL (2)(17) X 0.313 X 128 1 2  

= 0 .  351 ("F)(hr) /Btu R~~ 'M + R~~ 

-- - 2.85  Btu/(hr)(OF) 
RCO 

Conduction Through Gas  

Hel ium 

- x 3 p 2 g B A  t 
2 

I-1 
N~~ - 

1000 O F  45 ps ia  

2 3 2  
p 2  = (0.0114) = 1 . 5 8  X ( lb / f t  ) 

2 

8 2 
g = 3 2 . 1 7  f t / s e c  

= 4 .19  X 10 f t / h r  

1 1 L 

B=+- OR = 1026"R 

A t =  868 OR 

2 
p 2  = ( 0 . 0 7 2 6 )  = 5 . 3  x Db/hr  f t I 2  

n 
L 

- 4. 8 x [ft3] x 1 . 5 8  x Elb/ft3] x 4.19 x l o 8  [ f t /hr2]  x 868 [OR] 

N~~ - 1 0 2 6  ["R] x 5. 3 X [ lb/hr  ftI2 

2 = 5 . 0  x 10 
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3 Thus  NGR < 2 X 10 and convection i s  suppres sed  so  that 

conduction cont ro ls  the heat t r ans fe r .  

F r o m  Samples  to  Wal l ,  RV 

In (1 .87 /1 .00 )  - 0 .398  _ -  
RV - 2 k n (3.00/12)  k 

c v  From Sample Holder  to  Wall, R 

In (1 .87 1. 25) - 0 ,  384 
= + - k 

Tota l  Res is tance ,  RT 

1 
RSH - 1 1 1 + - + -  

R~~ RCO RCV 

1 
1 1 + - + -  R T  =L 

RD RR RV 



TABLE VI1 

THERMAL RESISTANCES O F  AN H-3 CAPSULE 

Resis tances  (OF)(hr)/Btu 
1 1 1 - 1 1 1 1 - - -  1 - - - 

T i o F  R~~ - ~ - ~ ~  RCO RCV RSH RSH RC - - ~ _ _ _ _ - -  RD RD RR RV RT RT 

200 0.0240 2.85 0.255 3 .13  0.320 0 .032  0 .352  2 . 8 4  0 .033  0 .246  3 . 1 2  0 . 3 2 0  

500 0.0457 2.85 0.292 3.19 0 .314  0 .032  0 .346  2.89 0 . 0 6 3  0 . 2 8 1  3 . 2 3  0 . 3 1 0  

1000 0 .105  2.85 0.346 3.30 0 .303  0 .032  0 .335  2 .98  0 .146  0 , 3 3 4  3 . 4 6  0 .289  

1500 0 .202  2.85 0 .403  3.46 0.289 0 .032  0 .321  3 . 1 2  0.280 0 .389  3 . 7 9  0 . 2 6 4  

2000 0 .345  2.85 0.446 3.64 0.275 0 .032  0 .307  3 .26  0 .478  0 .431  4 . 1 7  0 .240  

2500 -0.544 2.85 0 .474  3.87 0.259 0 .032  0 .291  3 . 4 4  0 .752  0 .456  4 .56  0 . 2 1 5  
I 
cn 
W 
I 

The data a r e  shown graphical ly  in  F i g u r e  22. 
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0.34 

0.32 

0.30 

0.28 

0.26 

0.24 

0.22 

0 c. 20 

0.18 

Helium P r e s s u r e  15 psig at 7 0  O F  

0 400 800 1200 1600 2000 2400 2800 

Sample Skin T e m p e r a t u r e ,  T1,OF 

FIGURE 22  

T h e r m a l  Resis tance as a Function 
of Tempe  r a tu re  
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Maximum Surface  T e m p e r a t u r e  

Posi t ion 1 

Heat Input 

Q1 = 5 . 5  [wat ts /gram] x 129.2  [grams]  x 3. 42 p*] 
= 2430 B t u / h r  

T r i a l  T e m p e r a t u r e ,  850 F 

T1 = 850 F, AT = 850 - 132 = 7 1 8  F 

RT = 0. 295 ("F) (hr ) /Btu  f r o m  F igure  22 

718 IF] = 2430 B t u / h r  Q2  = 0 ,  295 L("F)(hr)/Btul 

which sa t i s f ies  the conditions that Q, = Q2 at the 

t e m p e r a t u r e  that produces a net r e s i s t ance  of the 

value calculated.  

Posi t ion 2 

Heat Input 

Q, = 7 . 0  X 129. 2 X 3. 42 = 3100 B t u / h r  

T r i a l  T e m p e r a t u r e ,  1025 F 

T1 = 1025 F, AT = 1025 - 132 = 893 F 

RT = 0.288 ( "F) (h r ) /B tu  

= 3100 893 [F] 
0. 288 L("F)(hr)/Btu] Q, = 

which sa t i s f ies  the flux condition. 

Posi t ion 3 

He at Input 

Q1 = 9 . 5  X 129. 2 X 3. 42 = 4200 B t u / h r  
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Trial Tempera tu re ,  1290 F 

T1 = 1290 F, AT = 1290 - 132 = 1158 F 

RT = 0.275 (OF)(hr)/Btu 

1158 [F] = 4210 Btu/hr  
Q2 = 0 .  275 [(OF)(hr)/BtuJ 

which sa t i s f ies  the flux condition. 

Posi t ion 4 

Heat  Input 

Q1 = 1 1 . 0  X 129. 2 X 3. 42 = 4860 B t u / h r  

Trial  Tempera tu re ,  1430 F 

T 1 = 1430 F,, AT = 1430 - 132 = 1298 F 

RT = 0 .  268 (OF)(hr)/Btu 

1298 IF] = 4850 B t u / h r  
Q2 = 0.  268 L(OF)(hr)/Btu] 

which sa t i s f i e s  the flux condition, 

Posi t ion 5 

H e at Input 
Q, = 10 .5  X 129.2  X 3. 42 = 4650 B t u / h r  

Trial  Tempera tu re ,  1380 F 

T1 = 1380 F, AT = 1380 - 132 = 1248 F 

RT = 0. 270 (OF)(hr)/Btu 

= 4650 B t u / h r  1248 [F] 
'2 = 0. 270 L(OF)(hr)/Btu] 

which satisfies the flux condition. 
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Posi t ion  6 

H e at  Input 

Q1 = 8 . 0  X 129.2 X "3. 42 = 3530 B t u / h r  

Trial  T e m p e r a t u r e ,  11 30 F 

T1 = 1130 F, AT = 1130 - 132 = 998 F 

RT = 0 .  283 (OF)(hr)/Btu 

= 3530 B t u / h r  = 998 [F] 
'2 0. 283 [(OF)(hr)/Btu] 

which satisfies the  flux condition. 

Calculat ion of Maximum Sample T e m p e r a t u r e  

T e m p e r a t u r e  D r o p  in Graphi te  

91 
4 n  k L  AT = 

Posi t ion  1 

5.5.[watts/gram] x 7 6 .  l.[gramsl X 3. 42 

4 x rr x 15 Cstu/(hr)(ft')("F)/ft] X (5 .  25/12) Eft1 
AT = 

Maximum Sample T e m p e r a t u r e  850 F + 18 F = 868 F 

465 C 

Pos i t ion  2 

7 . 0  X 7 6 . 1  X 3.42 = 2 4 F  4 X n X 15 X (5 .25/12)  AT = 

Maximum Sample T e m p e r a t u r e  1025 F + 24 F = 1049 F 

565 C 

Pos i t ion  3 

9 . 5  X 7 6 . 1  X 3 .42  
4 X n X 15 X (5 .25/12)  = 3o AT = 

Maximum Sample T e m p e r a t u r e  1290 F + 30 F = 1320 F 

715 C 
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Pos i t ion  4 

R e a c t o r  P r e s s u r e  

1 1 . 0  X 76 .1  X 3 - 4 2  
= 35 F 4 x IT x 15 X (5 .  25/12) AT = 

Maximum Sample T e m p e r a t u r e  1430 F + 35 F = 1465 F 
800 C 

Pos i t ion  5 

10 .5  X 76.1  X 3.42  = 3 4 F  4 X IT X 15 x ( 5 . 2 5 / 1 2 )  AT= 

Maximum Sample T e m p e r a t u r e  1380 F t. 34 F = 1414 F 

770 C 

Pos i t ion  6 

8 . 0  X 76.1  X 3.42 
= 25 4 x IT X 15 x (5 .25/12)  AT = 

Maximum Sample T e m p e r a t u r e  1130 F + 25 F = 1155 F 

625 C 

C.  MECHANICAL STRENGTH OF CAPSULE 

Collapsing P r e s s u r e ,  Ignoring the Support of the  Cooling Rings 

Shell  2 in. OD X 0.065 in. wall  
Mat e ri a1 

Minimum Mechanical P r o p e r t i e s  

300 3 -H 1 4  Aluminum 

Yield Strength - Compress ion  15, 000 p s i  (Ref .  16,  p . < 5 5 )  

Rat ing for  T e m p e r a t u r e ,  YS 100% at  75 O F  (Ref .  16, p. 70) 

89% at 212 OF 

p = 2 S [L - [E] t ] when- t > 0 . 0 3  
2 

c D  D (Ref .  17, p. 422) 

P = 2 X 15, 000 X 0.89  [ ( O .  0325) - (0.0325)2] 

= 840 psia 

140 p s i a  

Safety F a c t o r  - -  840 - 6 . 0  
1'40 
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APPENDIX B 

DETERMINATION O F  EXPOSURE 

A. EXPERIMENTAL PROCEDURE 

T h r e e  types  of flux monitor  foils w e r e  inser ted  into each  cooling 

r i n g  p r i o r  to the i r rad ia t ion  of the H-3-1  capsule .  T h e s e  w e r e  nickel 

w i r e  (0 .020-inch d i ame te r ) ,  i ron  w i r e  ( 0 .  063-inch d i ame te r ) ,  and 0 .  1 

p e r  cent cobalt in  a luminum wi re  (0 .040-inch d i ame te r ) .  

weights w e r e  0 .  15, 0. 85, and 0 .  09 g ram,  respect ively.  Upon completion 

of the four  cyc les  of i r rad ia t ion  these  were  removed,  weighed, and the 

following gamma ene rg ie s  counted on a 256 channel analyzer :  

Approximate 

0 . 8 2  Mev gamma emiss ion  

0 . 8 4  Mev gamma emiss ion  

1. 3 1 Mev gamma emiss ion  

58 Ni58 (n,  p) Co 

Fe54 ( n , p )  Mn 

c o  (n ,  y) c o 6 0  

54 

59 

The  fas t  flux distribution w a s  based on the r e s u l t s  f r o m  the nickel 

and i ron  mon i to r s .  

value of 3750 b a r n s  w a s  used fo r  the t h e r m a l  absorpt ion c r o s s  sect ion of 

C058 as der ived  f o r  the H - 1  experiment  ( s e e  HW-64286, Appendix IV) .  

Analysis  of the supposedly pure  i ron wire  w a s  not, completed until a f t e r  the 

i r rad ia t ion  had begun. 

cent  i ron ,  with a high percentage of nickel impuri ty .  The  Mn54 formed 

was separa ted  by ion exchange f r o m  the i ron  foil  before  it w a s  counted; 

however,  the r e s u l t s  may be in  e r r o r  due to  C058 formed f r o m  the nickel 

impuri ty .  

The  nickel foils w e r e  co r rec t ed  f o r  cobalt burnout.  A 

The  r e s u l t s  indicated the w i r e  w a s  only 7 2  p e r  

B. FORMULAS 

58 F a s t  Flux,  Ni58 ( n , p )  Co 

The  number of C058 a toms ,  n, p resent  a t  any t ime,  t ,  is found by 

integration of the following differential  equation: 
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dn - = number  formed - number dis integrated - number burned out dt 

dn 
dt - Oact NcPf - h n  - Oabs c p n  th  - -  

n = number of Co5* a toms  per  mi l l ig ram foil 

N = Number of Ni  a t o m s  pe r  mi l l ig ram foil 

58 

58 

t = t i m e  

= activation c r o s s  section, Ni a c t  CJ 

c p f =  ave rage  fas t  flux 
58 X = disintegrat ion constant fo r  Co 

= absorpt ion c r o s s  sect ion,  Co 
= ave rage  t h e r m a l  flux 

Assuming cp to  be a square  wave with a magnitude equal to a constant f 
dur ing each  operating period and equal to z e r o  during each  shutdown one can 

obtain the following: 

58 
a b s  

‘th - 
CJ 

A [(* - aabs‘Pth)top 1 ‘f top - o a c t N  
-- 

r 

where:  
m 

- 1  

t = 1 t . .  is the total  o?erating t ime 
OP 1J 

j = 1  
j = 1, 2, 3’ ’ ’ * m each  operating t ime 

th  t . .  = operat ing t ime fo r  the J 
1 J  

t = t ime of the shutdown following the j t h  opsrat ing period 
SJ 

t . = t ime  f r o m  the end of the end of the j t h  operating period to the 
OJ 

operating period 

date  of foil counting 
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Con s tan t  s 
- 1  h =  O' 6 9 3  = 0 .972  X d a y - '  = 1. 1 2  X sec 

N = 6 . 9 4  X 10 l8  a t o m s  N i  

7 1 .  3 days 
58  p e r  m g .  

= 9 1  mi l l i ba rns  ove r  the en t i r e  f i ss ion  (Watt)  s p e c t r u m  

F o r  E > 2 Mev  

'act 

F o r  GETR Spectrum - GNU I1 Calculat ions 

E > 2 Mev 

= 229 m b  ( Impl ies  a g r e e m e n t  with Watt s p e c t r u m  in  e x c e s s  act  (5 

of 2 MeV) 

E > 1 Mev 

Oact = 229 X 0 .524  = 120 mG 

= 3750 b a r n s  

= 3. 24 X cp c m 2  s e c / d a y  

a b  s (3 

(5 abs' t h  th  

(Ref .  5) 

58 N i  bas i c  equation 

vf top  = [  1 . 0 7  x 1 0 1 3  A zt 
OP 

- z t . .  
1J 

, .  . :: l - e  

3 
J = 1  (. 0 . 9 7 2  X 10-2t "i) (eztij + 1) ( e  0 . 9 7 2  X 10-2t SJ . + 1 F 

z = ( 0 . 9 7 2  X + 3. 24 * l O - " c p  th) 

where  

A = specific activity of foil at  t ime  of counting. 
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54 

54 

Fast F lux ,  Fe54 ( n , p )  Mn 

The  number  of Mn a t o m s ,  n, p re sen t  a t  any t ime ,  t ,  i s  found by 

integrat ion of the  following different ia l  equation: 

- -  dn - number  formed - number  dis integrated 
dt 

- (J Nvf - An dn 
dt a c t  
- -  

n = number  of Mn54 a t o m s  p e r  mi l l i g ram foil 

N = number  Fe 54 a t o m s  per  mi l l i g ram foil  

t = time 
54 = ac t iva t ion  c r o s s  sec t ion ,  F e  a c t  

f 
X = disintegrat ion constant  fo r  Mn 

(3 

cp = a v e r a g e  f a s t  flux 
54 

Cons tan ts  

-8  - 1  A =  0 ' 6 9 3  = 2 .  38 day- '  = 2 .  75 10 s e c  2 9 1  days  
54 N = 4 . 6 0  X a t o m s  Fe p e r  m g .  

= 5 3  m b  o v e r  the en t i r e  f iss ion s p e c t r u m  

F o r  GETR s p e c t r u m  and E > 1 M e v  

Oact 

= 6 9 . 9  mb Oact 

T h e r e f o r e ,  the bas ic  equation der ived  in the s a m e  manner  as  the one in 

Sect ion A with no oabscpth t e r m ,  becomes: 
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60 T h e r m a l  Flux,  Co5' (n ,  U) Co 

The number  of Co60 a toms ,  n, p resent  a t  any t ime ,  t ,  is found by 

integrat ion of the following different ia l  equation: 

- -  dn - number  formed - number  dis integrated 
dt 

dn 
= c T  actNCPth - dt 

- 

n = number  of Co6' a t o m s  per  mi l l i g ram foil 

N = number  of Co5' a t o m s  p e r  mi l l i g ram foil 

t = t i m e  
59 = activation c r o s s  sec t ion  Co 

= ave rage  t h e r m a l  (cobal t )  flux 

h = disintegrat ion constant fo r  Co 

(J ac t  

't h 
6 0  

Constants  

- 1  A =  0.693 3 . 6 1  day- '  = 4. 18 s e c  
5 . 2 3  y e a r s  

59 N = 1 . 0 2 2  x 1 0 ' ~  a t o m s  c o  p e r  mg  

= 36 b a r n s  ac t  (J 

14 = 6 . 5 0  x 10 1 

Oact 

60 Due to the re la t ive ly  long half-life of the C o  the t . .  terms may 
1 J  

be  summed  to a ti t e r m  and the bas i c  equation becomes:  
L 

= 6 . 5 0  x A 't ht op 

1 -e 



Cycle 

13 

14 

15 

16 
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TABLE VI11 

SUMMARY O F  CYCLE DATA. H-3-1 

ti 

2 3 .  7 

24 .9  

1 2 .  6 

2 9 . 1  

t = 9 0 . 3  
O P  

HW-71500 A 

L j  

8 .  2 

23 .4  

6 .  8 

L j  
153. 0 

119.9 

83. 9 

48.  0 



\ a 

Cooling 
Ring 

Number  

C o r e  
Elevation, 

Inches 

33 .5  

28 .4  

23. 3 
18. 1 

13 .0  

7 .9  

2 . 8  

TABLE IX 

EXPERIMENTALLY DERIVED EXPOSURE, H-3- 1 

E x p o s u r e  (Cycles  13- 16) 

T h e r m a l  F a s t  

Co5' Foil  Ni58  F o i l  Fe54 F o i l  

A d i s / sec  nvt, A d i s / s e c  nvt, A d i s / s e c  nvt , 

mg, x x mg, x 10-6 x 10-21 mg, x 10-6 x 10-21 

0 . 6 8 3  0.464 5 . 3 7  0 . 2 8 3  0 . 2 9 5  0 . 5 1 3  

8.  20 0 .  720 
2.09 1 .42  8.  66 0 .948  0 . 6 5 5  1. 14 

2 .47  1. 68 9 . 4 1  1. 18 0 . 8 2 5  1 . 4 3  

2. 85 1 .94  9 . 1 1  1. 29 1. 05  1 . 8 3  

1. 72 1. 17 7 . 0 6  0 .  664 0 .459  0 .799  
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