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SUMMARY 

Par t  1. Invest igat ions  i n  Support of the  Experimental 
Gas-Cooled Reactor 

1. Performance Analyses 

E f fo r t s  t o  cor re la te  da ta  based on t he  Hanford exposure un i t  (Mwd/At) 

f o r  t he  exposure and shrinkage o r  growth of graphi te  with an appropr ia te  

f l u x  un i t  t o  make t h e  dimensional changes independent of t h e  reactor  type 

resul ted i n  a change of the  conversion f ac to r .  A lower threshold w a s  

found t o  be more reasonable and t h e  r e su l t i ng  exposures were 40% lower 

than calcula ted previously f o r  t he  20-year design l i f e t ime  of the  EGCR. 

Based on a duty f ac to r  of 0.8, t he  20-year exposure a t  t h e  pos i t ion  of 

, average power densi ty  i s  34,300 Mwd/At. A t  t h e  peak power posi t ion,  t he  

exposure i s  74,000 Mwd/At i n  20 years a t  a duty f a c t o r  of 0.8.  A lower 

' duty f ac to r  would, of course, lower t h e  exposure. The graphi te  tempera- 

t u r e  a t  t h e  peak exposure posi t ion was estimated t o  be 680°F. 

The predicted f ission-product a c t i v i t y  re lease  from t h e  EGCR f u e l  

p e l l e t s  w a s  recalcula ted based on da t a  from low-burnup i r r ad i a t i on  t e s t s  

of prototype EGCR f u e l  elements with thermocouples f o r  c en t r a l  U02 measure- 

ments. The peak cen t ra lU02 temperature w a s  found t o  be only 2390°F, t he  

apparent d i f fus ion  coef f ic ien t  was much l e s s  than o r ig ina l l y  assumed, and 

t h e  f ission-product-release r a t e  was a f a c t o r  of 200 l e s s  than previously 

predicted.  The predicted equil ibrium t o t a l  a c t i v i t y  re lease  based on t he  

t e s t  da ta  i s  380 cur ies .  The EGCR coolant system shie lding i s  designed 

f o r  1000 cur ies  of f i s s i o n  products with an e f f ec t i ve  gannna energy of 

1 Mev per  d i s in tegra t ion .  

The temperature d i s t r i bu t i on  t o  be expected i n  t h e  graphite surve i l -  

lance specimens i n  t he  EGCR w a s  ca lcula ted.  The specimens w i l l  be ir- 

radia ted i n  a f u e l  channel with a l o c a l  power l e v e l  of 1 .25 times t he  

average.and w i l l  then be removed t o  determine whether any physical  changes 

have occurred. The temperature d i s t r i bu t i on  da t a  w i l l  permit cor re la t ion  

of the  specimen proper t ies  with changes t o  be expected i n  t h e  moderator 

blocks. 



The number of f u e l  element f a i lu res  tha t  would r e su l t  from the maxi- 

mum credible  accident was recalculated. A refined calculational proce- 

dure w a s  used, and the  analysis was extended i n  time t o  approximately 

3 min. The f r ac t iona l - l i f e  technique used resulted i n  an increase i n  the 

number of f a i lu res  t o  751. Since the cesium-rubidium isotope w i l l  not 

e x i s t  i n  the maximum quant i t ies  i n  a l l  locations, a s  was assumed, it seems 

l i k e l y  t h a t  ,the number of fai lure-s  would actual ly  'be much l e s s  than 751. 

The EGCR graphite oxidation code w a s  used f o r  the calculation of 

hydrogen generation r a t e s  i n  accidents involving an in te rna l  rupture of 

a steam generator. Both overpressurization and depressurization accidents 

were considered. The conditions necessary t o  prevent hydrogen flam- 

mabili ty i n  the event of e i t h e r  accident were then established. 

Experiments were conducted t o  determine the source-neutron m u l t i -  

p l ica t ion  of EGCR f u e l  assemblies under conditions which might ex i s t  i n  

t ransportat ion and storage. It was found t h a t  28 assemblies arranged t o  

y i e ld  maximum nuclear r eac t iv i ty  could not be made c r i t i c a l  when water- 

moderated and -ref lected.  

2 .'. component Development and Testing 

Flow t e s t s  were continued with the  fue l  channel top and bottom dum- 

mey assembly. An adjustable o r i f i ce  f o r  the bottom d m  was developed 

t h a t  provides the  flow control needed. 

Venturis f o r  EGCR instrumented channels were tested.  It w a s  found 

t h a t  minor variations from design dimensions had ins ign i f i can t  e f fec ts  

on. the  measurements . 
Fabrication work on the instrumented f u e l  assemblies f o r  the  f i r s t  

core loading of the  EGCR continued. Many dimensional measurements are 

being made and recorded f o r  use i n  l a t e r  comparisons. 

The f a c i l i t y  f o r  t e s t ing  the  EGCR prototype control-rod drive was 

completed and placed i n  standby condition. Operating procedures were 

prepared. 

Work continued on the fabricat ion of the main coolant 'blowers and 

the  pressure-vessel cooling-system compressors. Delivery of the  f i r s t  

blower i s  expected i n  September and the second i n  November 1963. 



The th ree  bottom in-p i le  loop t e e s  and t h e  t e e  f o r  the  emergency cool- 

ing loop were received and a r e  being i n s t a l l e d .  Work i s  under way on t he  

t op  t e e s  and c losures .  

S t a in l e s s  s t e e l  baked at  500°C i n  helium containing f i s s i o n  products 

was s ~ c c e s s f u l l y  decontaminated with hot o d i c  ac id  solut ions  containing 

f luor ide  and hydrogen peroxide and with steam spray techniques. . Carbon 

s t e e l  s imi la r ly  contaminated was decontaminated by b l a s t i ng  with a steam 

j e t  i n t o  which an oxalate-citrate-peroxide solut ion was asp i ra ted .  

3. Materials  Development 

Several standard ORR poolside i r r a d i a t i o n  capsules containing EGCR 

production-quality U02 p e l l e t s  were fabr ica ted  f o r  t e s t i n g  i n  t h e  ORR 

poolside f a c i l i t y ,  and a roughened surface f u e l  element designed t o  ap- 

e r a t e  at an estimated power output of 65,000 ~ t u / h r . f t  w a s  f abr ica ted  

f o r  i r r a d i a t i o n  i n  ORR loop No. 1. The roughened-surface element has a 

shroud t h a t  i s  instrumented t o  measure t h e  pressure hrop across t he  e l e -  

ment length .  

Components f o r  20 instrumented EGCR f u e l  assemblies a r e  being f a b r i -  

'cated. The UOz bushings t o  be used were sanded l i g h t l y  on t h e i r  end faces  

t o  increase t he  land width. The bushings are  s l o t t e d  t o  receive cladding- 

inner-surface thermocouples. Special  a t t e n t i o n  i s  being given t o  the  

production and inspection of t h e  assemblies, and records a r e  being kept 

f o r  comparison a f t e r  i r r ad i a t i on .  An u l t rason ic  t e s t i n g  technique was 

developed t h a t  i s  capable of determining unbonded a reas  approximately 

1/32 x 1/16 i n .  i n  t h e  tliermocouple-to-tube w a l l  brazed jo in t s .  

The oxidation behavior of n i t r i ded  type 304 s t a i n l e s s  s t e e l  under 

EGCR operating conditions w a s  determined t o  be a d i r e c t  function of t he  

thickness of t h e  oxide l ayer  i n  experiments run t o  examine the  proper t ies  

of t he  n i t r i ded  surface l ayer  being applied t o  t h e  nozzles of t h e  pneuma- 

t i c  temperature measurement system of t h e  M;CR. The experiments showed 

t h a t  t he  surface proper t ies  of t h e  n i t r i ded  case tended t o  change t o  

those of an oxide f i l m  and t o  become increas ingly  susceptible t o  dimen- 

s ional  change. Ni t r id ing might the re fore  have a detrimental  e f f e c t  on 

t he  s t a b i l i t y  and r e l i a b i l i t y  of : t he  nozzles. 



A survei l lance t e s t i n g  program f o r  monitoring changes i n  EGCR modera- 

t o r  graphi te  w a s  planned. Test  specimens a re  t o  be placed i n  appropriate 

core pos i t ions .  The survei l lance program provides f o r  t he  removal and 

t e s t i n g  of 21 s e t s  of specimens over a 20-year period.  The specimens re -  

moved w i l l  be t e s t e d  t o  determine. t h e  room-temperature t e n s i l e  propert ies,  

i r radia t ion- induced creep, oxidation r a t e s  i n  air, thermal expansion, 

thermal conductivity,  and s tored energy. 

Pos t i r r ad i a t i on  examination of EGCR f u e l  bushings indicated a tend- 

ency toward chipping and cracking a t  t he  edges formed by t he  end faces  

and ou te r  cy l i nd r i ca l  surfaces .  Severe out-of-pile quench t e s t s  ind i -  

ca ted de t e r i o r a t i on  along t he  outer  cy l i nd r i ca l  edges which progressed 

with t h e  number of quench cycles.  This  de te r io ra t ion  resu l ted  i n  t h e  

formation of r idges  and protrusions i n  t h e  cladding and elongation of 

t h e  cladding. The behavior of t h e  bushings was a t t r i bu t ed  t o  a x i a l  com- 

press ive  loading during . the  thermal. quench.. Removal of ax i a l .  r e s t r a i n t  . . . . 

d r a s t i c a l l y  reduced the.  damage noted: Close examination. of. the  EGCR bush- 

ings  revealed t h a t  t h e  end face  dishing extended t o  t h e  outer cy l indr i -  

c a l  surfaces, markedly reducing t h e  expected 0.050-in. land.  Light sand- 

ing of t h e  end faces  produced t h e  desi red lands and reduced t h e  tendency 

of t h e  bushings t o  chip.  Modifications were there fore  made t o  the: vendor's. 

d i e s  t o  produce bushings 'with a uniform 0.025- t o  0..050-in. land. .  , Tes ts  

indicated t h a t  t h e  modified bushings d id  not chip  under high a x i a l  com- - 
press ive  loadings.  It w a s  decided t o  load t h e  remaining EGCR elements 

a l t e r n a t e l y  wi th  modified and o r ig ina l  f u e l  bushings. As of March 1, 

1963, t h e  Laboratory. had received and accepted 756 EGCR f u e l  assemblies 

f rom' the  Westinghouse . . Elec t r i c  Company, Atomic Fuel Department. 

Arrangements were made f o r  the  dkssimilar-metal welding required i n  

t he  EGCR primary cooling system t o  be done by Laboratory personnel. 

Radiographic and phase-sensitive eddy-current techniques were found'  

t o  be e f f ec t i ve  i n  de tec t ing  voids, cracks, and laminations i n  extruded 

graphi te  cyl inders .  .Pu l se - re f lec t ion  and through-transmission ul t rasonic  

techniques were not usable .  



x i i i  

I r rad ia t ion  Testing of Components and Materials 

Eight instrumented f u e l  elements have been operated i n  GCR-ORR loop 

No. 1 i n  the  power range 21,000 t o  42,000 ~tu/hr-ft . Two of these e le -  

ments a re  now known t o  have leaked during i r rad ia t ion ;  however, t h e  radio- 

a c t i v i t y  i n  the  piping was not great  enough t o  be detected by radiat ion 

monitors sensi t ive  t o  I m/hr measured a t  pipe-wall contact .  It appears 

therefore t ha t  leaking, ruptured, o r  vent i la ted elements may cons t i tu te  

a much smaller problem than supposed e a r l i e r .  

Fuel elements with roughened surfaces have a l so  been t e s t ed .  Such 

elements a re  of i n t e r e s t  f o r  the  second core of the  EGCR. The roughened 

surface s ign i f ican t ly  improved the  heat t r ans fe r .  

Capsule E-8, which contains EGCR prototype-diameter f u e l  p e l l e t s  

and which was i r rad ia ted  with a cladding surface temperature of 1600°C, 

was discharged from the  ETR. This capsule w i l l  be compared with capsules 
"! 4 

E-6, E-1A, and E-4. I r rad ia t ion  of t en  capsules i s  continuing. Capsules 
, I .  ' . 

03-6, 05A-6, and 06-A were discharged from the ORR. 

Examinations were made of capsules 02-5 and 07-5, which were i r-  

radiated about 5 months i n  the ORR poolside f a c i l i t y  a t  an average clad- 

ding temperature of 1400°F. The capsules contained EGCR prototype d i -  

ameter U02 pe l l e t s .  There were several  f a i l u r e  areas  i n  the  cladding . 
b .  

and the  pressure-transducer cap i l la ry  tubing. The U02 pell.ets, which 
. . .. 

" were taken from production runs, were severely f ractured.  

Two capsules fabr icated by the French Commissariat a 1'Energie 

Atomique were examined t h a t  had been i r rad ia ted  i n  the ORR poolside f a -  

c i l i t y .  These thin-walled (0.012-in.-wall) type 347 s t a in l e s s  s t e e l -  

clad capsules contained so l id  UO2 p e l l e t s .  The dimensions of the  cap- 

sules d id  not change during i r r ad i a t ion .  Columnar grains and l en t i cu l a r  

voids were found i n  the cen t ra l  region of the  f u e l  column i n  one capsule. 

Metallographic examination of ETR-irradiated capsule E-4 showed re -  

sults similar t o  those reported previously f o r  capsule E-1A. Both these 

capsules fractured during i r rad ia t ion .  The two major causes of the  f a i l -  

ure appeared t o  be embrittlement of the  cladding by n i t r i d e  formation 

from nitrogen i n  t he  fue l  and overheating of the  UO2 f u e l  during i r r ad i a -  

t i on .  There was no evidence of cladding f a i l u r e  i n  the  preliminary 
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examination of capsule E-6, which was sirniilar t o  capsules E-LI and E-IA. 

Fission-gas re lease  was comparatively high, and t he r e  w a s  appreciable 

cladding d i s t o r t i o n .  

Fiss ion-gas-re lease  s tud ies  were continued with th in -s lab  specimens 

of s ing le -c rys ta l  U 0 2 .  Reduction of t he  f iss ion-gas-re lease  r a t e  with 

time was observed, and t he  influence of t h e  production r a t e  on t h e  re -  

l ease  r a t e  was determined under s teady-s ta te  condit ions.  

Work continued on t h e  preparation of specimens f o r  the  EGCR pressure- 

vesse l  survei l lance program. I n  accordance with ASTM Tentative Recom- . 
mended Prac t ices ,  specimens from a "reference pla te"  of ASTM A-212, grade 

B, s t e e l  w i l l  be included i n  the  survei l lance t e s t s .  Specimens from t h i s  

p l a t e  a r e  included i n  a number of i r r ad i a t i on  t e . s t s  being conducted at  

v a r i o u s , s i t e s .  Fur ther  examinations were made of surveillan'ce specimens 

from t h e  SM-1 r eac to r .  Metallographic examinations revealed t h e  same 

f r a c t u r e  mode f o r  i r r a d i a t e d  and unir radia ted specimens f o r  the  same 

f r ac tu r e  energy. 

Par t  2 .  Advanced ~ e a c t o r  Design and Development 

5. Development of Fueled-Graphite Bodies 

Comparison of crushing s t rength with i n -p i l e  performance has shown 

a d i r e c t  r e l a t i o n  between t h e  number of cracked coated p a r t i c l e s  found 

a f t e r  i r r a d i a t i o n  and t h e  minimum crushing s t rength measured f o r  samples 

from the  same l o t  of p a r t i c l e s .  Monolayers of coated p a r t i c l e s  were 

crushed under loads  of 2,500 t o  20,000 l b  and then acid  leached t o  r e -  . . 

move the .  exposed uranium. The uranium recovered was l e s s  than t h a t  con- 

t a ined  i n  one p a r t i c l e ' u n t i l  t he  load exceeded 10,000 l b .  

Tes t s  were conducted f o r  determining f u e l  migration i n  coated f u e l  

. p a r t i c l e s  held at 1000 t o  2000°C f o r  periods up t o  1000 hr. Measurements 

taken adjacent t o  t he  fueled p a r t i c l e  and at  points  of f a r t h e s t  migration 

i n  t h e  coating showed wide var ia t ions .  Some dif fus ion was apparent at  

t h e  fueled core-to-coating in te r faces ,  but  t he  f u e l  found a t  t h e  surfaces 

of both  t r e a t e d  p a r t i c l e s  and t h e  con t ro l  samples was a t t r i b u t e d  t o  super- 

f i c i a l  depos i t s  from ex te rna l  sources. 



Equipment f o r  t he  deposit ion of pyrolytic-carbon coatings was i n -  

s t a l l ed ,  and a few runs were completed. Coating microstructures ranging 

from laminar t o  columnar and combinations of these  were prepared. Addi- 

t i o n a l  equipment i s  being i n s t a l l e d  f o r  operation a t  temperatures up t o  

2000°C. 

An apparatus f o r  measuring the  thermal conductivity of powder i n  a 

control led atmosphere was operated at  temperatures up t o  820°C. Low- 

temperature resul-Ls agreed with l i t e r a t u r e  values and were reproducible. 

Adaptations a re  being made t o  t he  equipment t o  improve high-temperature 

opera t ion.  

Two neutron.-a.ctivation t e s t s  were made t o  obtain quan t i t a t ive  i n -  

formation on t he  re lease ,  t ranspor t ,  and deposit ion of 1131, ~ a l ~ ' ,  ~r*',  

and ~e~~~ from uncoated UC2 p a r t i c l e s .  The re lease  r a t e s  f o r  ~e~~~ i n  

helium a t  560 and 790°C were high i n  comparison with t he  r a t e s  f o r  dupl i -  

c,ate samples s in te red  i n  vacuum a.t the  same temperature. The di f ference 

i s  a t t r i bu t ed  t o  p a r t i a l  oxidation of t he  UC2 t o  UO2. A t  790°C) the  r e -  

l ease  r a t e  f o r  1131 was comparable with t h a t  f o r  t h e  ~ e ~ ~ ~ ,  whereas only 

t r a c e s  of were found at  560°C. The d i s t r i bu t i on  of a c t i v i t i e s  a f t e r  

the  790°C t e s t  was p lo t ted .  Most of t h e  ~e~~~ was found at  a point  which 

w a s  -600°C during t h e  t e s t .  The 1131 w a s  f i r s t  noted a t  a point  operating 

at  -&O°C and displayed a maximum at 300°C. A t heo re t i c a l  explanation 

f o r  t he  1131 deposit ion was proposed. 

Attempts t o  " i so s t a t i c a l l y "  form fueled-graphite spheres with poly- 

v iny l  chloride ge l  iilolds were abandoned. Light cold forming followed by 

i s o s t a t i c  compression was more successful .  Experimental work i s  continu- 

ing on t h e  fabr ica t ion  of dense high-strength graphi te  bodies by molding 

and baking. 

Evaluation s tud ies  of fueled graphi te  spheres from several  vendors. 

were continued. The specimens were v i sua l l y  examined, and t he  bulk den- 

s i t i e s  and net  carbon dens i t i e s  were determined. Radiographic techniques 

indicated devia t ions  i n  t h e  thicknesses of unfueled graphi te  she l l s .  The 

contained coated p a r t i c l e s  were examined by alpha counting, ac id  e lec -  

t r o l y s i s ,  and neutron ac t iva t ion .  The uranium contamination on 'the sur-  

faces  of t he  spheres was found t o  vary markedly within a given l o t .  The 



internal'uranium contamination.resulting from defective coated particles 

varied from 0.005 to 16.5% of the contained uranium. High ~e~~~ rates 

were found to be associated with high values of internally exposed ura- , 

nium. Chlorine gas. treatment of the spheres at 800 to l.OOO°C was found 

,to be partially effective in removing exposed uraniwn, and additional 

experiments are in progress to improve the effectiveness of this treat- 

ment. Metallographic examinations were performed to. determine distribu- 

tions of coated particles, quality of bond between matrix and particles, 

and the structure of the graphite matrix. 

6. Investigations of Fueled-Graphite Systems - 

The incidence of failures of coatings on uranium carbide fuel parti- 

cles in experiments MTR-48-6 and ORR-08-5 were 10 and 168, respectively, 
as determined by metallographic examination. Appreciable fractions of the 

uranium-thorium fuel in the MI%-48-6 specimen had migrated from the fuel 

specimen to the surrounding graphite sleeve. 

Uranium carbide fuel particles of the same size but fabricated by 

two manufacturers were irradiated in capsules 01-5 and 08A-5. Postirradi- 

ation examination showgd the fuel pellets' from the two capsules to be 

quite different. All pellets in capsule 01-5 were fractured, and none of . ' 

those in capsule 08A-5 were fractured. There were small dimensional in- 

creases in both cases. 

Uranium carbide fuel particles with columnar, duplex, and laminar 

coatings were examined after irradiation in the facility for studying 

instantaneous fission-gas release. These particles were not incorporated 

into a graphite matrix. The irradiation effects on the columnar and lami- 

nar coatings were comparable in that 2 to 5% of the coa.tings cracked at 

burnups of up to 15 at. $ uranium. The duplex coating, on the other hand, 

exhibited superior performance, even up to 30 at,. $ i.lra.ni~un burnup. T h i ~  

was especially noticeable during irradiation, because the fission-gas- 

release rate from the duplex coating was much lower than that from the 

other coatings. These findings indicate that the percentage of broken 

particles in a capsule can be accurately predicted from the fission-gas- 

release rates during irradiation. 
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Group VI irradiation experiments in the ORR poolside facility were 

continued. Fourteen specimens are currently being irradiated. Modifica- 

tions were made to the facility that included changing the capsule mount- 

ing rigs to accommodate the larger capsules housing the graphite-matrix 

fuel specimens and relocating the capsule weight-loading points to relieve 

the forces on. the capsule-positioning mechanisms. 

Test assemblies are being fabricated for irradiation of fueled spheres 

in GCR-ORR loop No. 2. The experiment is designed for ascertaining the 

effects of nuclear heating on fueled-graphite spheres exposed in a con- 

- figuration in which the 11ea-b vt;ransfex- is lionuniform and in which four 

spheres are held in straight-line contact. A secondary purpose is to 

study the deposition on the loop surfaces of the fission products that 

may be released from the spheres. 

Fission-product transport and deposition in coolant circuits are also 

being studied out of pile in a forced-circulation loop at BMI. In this 

loop, helium heated to 1200°F is passed over a preirradiated uranium car- 

bide fuel specimen at 1800°F and then over simulated reactor cooling system 

components. Following completion of a test run, the loop is dismantled 

and the fission-product contamination on the type 347 stainless steel loop 

tubing is determined. The initial test was completed and the data were 

correlated with analytical relations. The agreement was considered to be 

reasonably good. Samples of three portions of the test-loop piping were 

taken for decontamination studies, and it was found that oxalate-peroxide 

J 
solutions were satisfactory for this purpose. Other reagents and a steam 

spray were also used successfully. 

Two methods for determining the form of the radioactivity in the gas 
5 .' ' 

circulating in the BMI loop were investigated. In the first method, dif- 

fusion coefficients for fine particles and for radioactive vapors, such 

as iodine, were determined by measuring the distribution of radioactivity 

. of the walls of a channel previously exposed to gas carrying radioactive 

materials and flowing under laminar conditions. This method was applied 

to the problem of removing millimicron-diameter radioactive particles from 

air streams. In tests using 1131-labeled A1203 particles with a .nominal 

. diameter of 0.004 y, high-efficiency, low-pressure-drop particulate filters 

exhibited an efficiency ranging from less than 10 up to about 75%. With 
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activated-carbon beds 0.75 in. deep and 6 x 16 mesh, iodine-vapor removal 

was essentially complete, but the removal efficiency for 0.003- to 0.006-p 

particles was observed to be only 75 .to 907b, the higher efficiency being 

associated with the finer particles. Similar tests were carried out using 

fog condensation and foam encapsulation to remove millimicron-sized parti- 

cles from air. In these tests removal efficiencies of 85 to 99s were ob- 

served. 

In the second method for measurement of the characteristics of 'radio- 

active aerosols, fibrous filters were used to measure aerosols in terms of 

their response to the processes of inertial impaction, interception, and 

diffusion under carefully controlled. conditions. A filter was developed 

thai has a uniform fiber diameter to permit theoretical analysis and a 

layered structure to facilitate separation of the fiber bed into discrete 

layers for radioassay after exposure to the aerosol. Preliminary results 

with a radioactive aerosol of 0.004- to 0.03-p particles containing zn6 

indicate that the techniques used are satisfactory and should provide use- 

ful information on aerosol character and on filtration mechanisms. 

Specimens of type '347 stainless steel, Croloy, A5OT graphite, and 

silver were exposed to fission products,in the purge-gas stream from ex- 

perimental assembly MTR-48-6. Upon removal from the reactor, the specimens 

were leached in nitric acid and the solute was analyzed for the common fis- 

sion products. Silver retained the most fission products, and type 347 

stainless steel retained the least. 

Three experiments were conducted in the ORR to study the release of 

fission products that would occur in a reactor accident in which air be- 

came admixed with the helium coolant. In these in-pile experiments, 

pyrolytic -carbon-coated uranium carbide particles in a 'graphite matrix 

-% 
were exposed to air during high-temperature- operation in the ORR .and par- 

tially burned. Approximately half the specimen was consumed in the 15-min 

per'iod of burning, during which the temperature reached 1400°C. Radio- 

chemical analysis showed that if combustion of graphite-uran5um fuel oc- 

curred in a reactor accident under the conditions of these experiments, 

all but a small fraction of the strontium, zirconium, barium, cerium, and 
$ 

uranium would remain in the vicinity of the fuel, and significant amounts 
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of iodine, tellurium, and cesium would be released. The<release of ru- 

thenium was variable. The association 0f.a disproportionate amount of 

the uranium with the unburned fuel indicated that the uranium-lean part 

of the specimen burned preferentially. 

Coated uranium carbide-fueled particles from lot 3M-117 were exposed 

.Lo steam-helium mixtures having a partial pressure of 'steam ot' 355 or 633 

mm Hgat temperatures Yrom 800 to 1100°C. The rate of reaction of the 

pyrolytic-carbon coating with steam and the integrity of the coating after 

the stean ,l;r.ea-b~r~en-L .were determined. Good protection of the core by the 

coating was observed.at 800°C for an exposure of 4 hr to a partial pressure 

of stkam of 355 mm Hg. Drastic attack and high incidence of failure of 

the coatings was found at 1100°C for a 1-hr exposure to a partial pressure 

of steam of 635 rnm Hg. Less extensive damage was observed at 900 and 

10ooO C. 

The rate of diffusion of thorium in pyrolytic carbon was studied at 

1900°C by a new technique of sample preparation. The samples were square 

coupons of pyrolytic carbon with an infinitely thin layer of thorium placed 

by bombardment with Th" ions in an electromagnetic separator. At 1900°C , 

an average value of the diffusion, coefficient of 5.47 X 10-11 cm2/sec was 
I 1  I 1  

obtained for diffusion along th .e  c direction. ., 

Studies of the rates of migration of uranium from uranium carbide 

througli porous graphite were initiated to provide information for .the de- 

sign of reactors employing fuel elements comprised of uncoated and coated 

fueled-graphite bodies. Some experimental results were obtained from 

couples of' a furfural-impregnated graphite and an uncoated graphite matrix 

containing 25 wt $ uranium carbide. The results indicated that the pene- 

tration of uranium was much faster than that expected for solid-state m i -  

gration. In addition the results suggest that there is an additional 

source of uranium within the couple beyond the interface. Such a source 

could presumably originate from pore and surface effects coupled with ad- 

sqrption-desorption phenomena in addition to solid-state migration. It 

thus appears that the mechanism of uranium mass transfer is complex and 

associated with the graphite structure. 



In decontaminatim studies, treatment with 0.4 to 0.5 M oxalic' acid 

or oxalate salt solutions containing 0.1 M fluoride and various am-ts 

of hydrogen peroxide was found to be satisfactory for removing 1131 and 

~e~~~ deposited at 800°C and below from helium onto 'type 304 stainless 

steel pipe. The pipe had been contaminated from heated, irradiated UC2 

and U02. Resistance to decontamination was highest in the high-temperature 

zone where some metal oxidation had occurred because of slight inleakage i 

. . 
, of air. Decontamination was much easier where the metal was unoxidized . 

and the temperature had been lower. 

7. Clad Fuel Development 

Irradiated fuel rods containing vibratory compacted Tho2-U02 were 

examined. The fuel was clad with type 304 stainless steel and tested in 

the ORR poolside facility at 1000 to 1300°F. Although there was some di- 

mensional distortion of the element, no distinct fuel shifting was indi- 

cated. 

Thermal and pressure cycling tests of simulated fuel elements showed 

that interactions of fuel and cladding could result in strains sufficient 

to rupture the cladding. 'The problem of circumferential ratchetting could 

be the limiting factor in the use of thin-walled cladding. 

In-pile stress-rupture tests of British stainless steel tubing indi- 

cated .a slight loss in strength at 650°C and no effect at 750°C. This 

tubing was fabricated from 25% ~ ~ 2 0 %  Ni material stabilized with 0.6% Nb. 

The average strains at failure were 30 to 50% lower in-pile than out of 

pile. Failures of several specimens at or near the end welds indicated 

possible irradiation-induced embrittlement . 
Air-melted type 347 stainless steel and air- and vacuum-melted type 

304 stainless steel specimens are being irradiated at temperatures from 

150 to 815°C to total neutron doses of lo1' to neutrons/cm2. After-. 

irradiation, tensile tests will be performed under various conditions. 

The wetting behavior of several liquid metals and alloys on beryllium 

in argon and in vacuum were determined. These tests are being made for 

the selection of a brazing alloy for joining beryllium. 

Metallographic examinations of welded joints of ferritic steel to 

austenitic stainless steel indicated that the.carburized zone of the 
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aus t en i t i c  mater ia l  demonstrated carbon migration. The addi t ion of a 

carbon-forming element t o  t h e  f e r r i t i c  mater ia l  d id  not change t h e  over-a l l  

carbon *diffusion from f e r r i t e  t o  aus ten i te .  

The thermal conductivity of UO2 was measured a t  temperatures up t o  

approximately 1400°C a f t e r  modifications were made t o  the  system t o  extend 

t he  operating temperature. The da ta  ind ica te  the  existence of a heat-  

t r ans f e r  mechanism above 120O0I< t h a t  i s  more powerful than i n t e rna l  radia-  

t i o n .  

8. Invest igat ions  of Moderator Materials  

Tensile and compressive t e s t s  were conducted on various grades and 

extruded s i ze s  of graphi te .  There w a s  much s c a t t e r  of t he  da t a  f o r  l a rge  

extrusion s i ze s .  Some r e s i s t ance . t o  crack propagation was noted. 

An i n -p i l e  creep experiment on graphi te  at approximately 4 5 0 " ~  and 

a neutron f l u x  (>0.2 ~ e v )  of about 1 x 1017 neutrons/cm2 . h r  indicated 
/ 

t h a t  s ~ u c c e s s f u l  method Tor. measuring i n -p i l e  creep has been developed 

and t h a t  t h e  creep of graphite both i n  p i l e  and out of p i l e  i s  a l i n e a r  

function of s t r e s s .  Once it i s  es tabl ished t h a t  a l i n e a r  creep ' r a t e  w i l l  

o r  w i l l  not be a t ta ined,  LIE s t r e s s  l e v e l s  w i l l  be ra ised t o  expedite 

conclusion of the  t e s t .  

Tes t s  on the  compatibil i ty of type 304 s t a i n l e s s  s t e e l  and graphi te  

i n  vacuum at 1000 t o  1300°F indicated interdependence of contact  pres-  

sure and. extent  of carbur izat ion.  TesLs were run using a high i n i t i a l  

t e s t  load followed by a lower load f o r  t h e  duration of the  t e s t  t o  il- 

l u s t r a t e  t h a t  t h e  con t ac tp r e s su re  causes permanent deformation t h a t  re -  

c u l t s  i n  a grea te r  e f fec t ive  contact  a rea .  The da t a  obtained d id  not 

confirm the  hypothesis. 

The r a t e s  of react ion of Speer Moderator-2 graphite with helium-C02 

mixtures having COz concentrations of 100, 300, 550, 1100, and 1800 ppm 

by volume were measured at  975°C. The apparent order of t h e  react ion 

with respect  t o  p a r t i a l  pressure of C02 i s  l e s s  than uni ty  over t h i s  

concentration range, but  t h e  precise  f r a c t i o n a l  order has not  been estab- 

l i shed .  The Bur re l l  K-7 gas chromatograph was extensively modified p r io r  

t o  these  measurements i n  a p a r t i a l l y  successful  attempt t o  increase  t h e  

s t a b i l i t y  of i t s  output.  The blank a r i s i n g  from contaminants i n  the  



helium stream w a s  reduced by elimination of inleakage i n  the  gas-handling 

system. 

The "dusty-gas" model f o r  gas transport  through porous media was 

theore t i ca l ly  extended t o  include the  flow behavior of pure gases under 

the  influence of temperature gradients, and exploratory experiments were 

conducted f o r  studying the phenomenon. Investigations were completed on 

the flow charac ter i s t ics  of s t r a t i f i e d  graphite, and no deviations at- 

t r ibutable  t o  the  inhomogeneity of the  graphite were observed under the 

conditions employed. 

Studies a r e  being made of the s t resses  and d is tor t ions  associated 

with irradiation-induced changes i n  graphite.  A generalized study ap- 

pl icable  t o  a l l  reactors  cannot be made because of differences i n  f a s t -  

neutron damage, but t h e  r e s u l t s  f o r  specific cases w i l l  provide a guide 

f o r  evaluating the  geometry effects  f o r  other applications.  

The t e n s i l e  strength of graphite and the f rac ture  elongations are  

low when compared with the s t resses  or  t o t a l  s t r a ins  t o  be sustained by 

graphite bodies used i n  nuclear reactors,  and calculations indicate that 

f rac ture  of these bodies w i l l  occur during service. Experimental and 

analy t ica l  s tudies  a r e  therefore under way fo r  establishing adequate de- 

sign c r i t e r i a  f o r  graphite components of reactor cores. 

Two additional t e s t s  were completed i n  the  investigatkon of the re- 

act ions of hydrogen, graphite, and metals at high temperatures i n  auto- * 

claves.  Type AGOT graphite, specimens of type 304L and 310 s ta in less  

s tee l ,  Inconel, and a control specimen of 19-9DL s t e e l  were used i n  both 

t e s t s ,  which were conducted a t  1500°F f o r  1000 h r  with a hydrogen pres- 

sure of 850 psig.  Analyses of the  hydrogen during the t e s t s  showed a 

steady increase i n  CH4 concentration. 

Studles uf the  behavior of berylliilm oxide compacts under f a s t -  

neutron i r rad ia t ion  were continued. Most of the changes i n  physical 

propert ies  caused by doses i n  the  range 1 .2  t o  3.65 x neutrons/cm2 

a t  temperatures from 580 t o  1100°C can be a t t r ibuted  t o  grain-boundary 

sepwation. There i s  a correlation of the  increase i n  volume of i r radiated 

samples with the  degree of grain-boundary separation estimated from visual  

. inspection 00 photomicrographs of as-polished specimens. Hot-pressed 

samples were observed t o  have undergone more extensive grain-boundary 
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separation a id  g rea te r  volume increases than cold-pressed samples i r-  

radia ted under t h e  same condit ions.  Expansion of t h e  l a t t i c e  parameters 

i s  much l e s s  at  temperatures above 900°C. The t o t a l  volume increase of 

i r r ad i a t ed  samples i s  proportional  t o  t he  l a t t i c e  parameter expansion, 

even though t h e  increase  i n  volume calcula ted from t h e  l a t t i c e  parameter 

increases i s  only 4 t o  8% of t he  t o t a l  increase i n  volume. G a s  analyses 

indicated a l o s s  of about 50% of t h e  helium t h a t  was generated i n  Be0 

exposed t o  high neutron doses (>3 x neutrons/cm2 ) . 
I n  Be0 compacts exposed t o  low neutron dose at, a very low temperature 

( - 1 0 0 " ~ ) ~  grain-boundary separation is primarily caused by anisotropic  

expansion of Be0 c ry s t a l s .  . Present ly  ava i lab le  da t a  a re  not su f f i c i en t  

t o  determine whether t h i s  mechanism dominates at  high temperatures and 

high doses o r  whether helium pressure causes the  grain-boundary separa- 

t i o n  under these  condit ions.  Latt ice-defect  agglomeration and l a t t i c e  , . 
. , 

parameter expansion both contr ibute  t o  a p re f e r en t i a l  growth i n  the  d i -  
. ,  ; 

" . . I  . : 

, '  

rec t ion  of t he  c-axis .  Measurements of the  l a t t i c e  parameters and den- : . $ . ,. ,+' 

. - 
s i t i e s  of s ingle-crysta l  specimens included i n  s t a t i s t i c a l l y  designed . ,  . . '  . . !, 

experiments now i n  progress w i l l  permit t h e  c a l c u l a t i ~ n  of t he  volume 
,,.. , - 

increases caused by l a t t i c e  parameter expansion and l a t t i c e  defect  ag- . . 
I . .  

. , 
glomeration. From these  values and t h e  measured volume increases of . :  .: .r 

corresponding s in te red  compacts, it may be poss ible  t o  obtain a .quanti- " <,: . & 

t a t i v e  estimate of t h e  volume increases r e su l t i ng  from grain-boundary 

separation.  

Studies of Advanced systems 

The e f f ec t s  of feedwater temperature on performance of t he  GCR-3 

power cycle were invest igated i n  a parametric study i n  which t h e  feed- 

water temperature was varied from 93.6 t o  533°F. t here was a broad, f l a t  

maximum i n  the ,  e f f i c iency  and hea t - ra te  curves between feedwater tempera- 

t u r e s  of 350 and 530°F. The change i n  e f f ic iency  i n  t h i s  range was only 

0.2% of 39%. This i s  a much f l a t t e r  e f f i c iency  peak than i s  common f o r  

conventional power p lan t s .  The economics a l s o  d i f f e r  from those f o r  a 

conventional p lant ,  and they t oo  must be evaluated before t h e  feedwater 

temperature i s  es tabl ished.  



A parametric study of a combined gas-turblne and steam-generator 

power cycle was conducted that was based.on the GCR-3 and was designated 

GCR-4. Heat balances were developed f o r  feedwater temperatures of 96.1, 

269 .A, and 450.3"F) corresponding t o  0, 3,' and 6 stages of heating. The 

corresponding gas temperatures a t  the compressor suction were 375, 470, 

and 550°F. Ten gas turbine and compressor arrangements were studied a s  

topping cycles fo r  the three  steam generators. Based on these studies, 

a system with a suction temperature of 470°F) a feedwater temperature of 

270°F) a reactor e x i t  temperature of approximately 1500°F) and a plant 

designed f o r  a t o t a l  e l e c t r i c a l  output of 1000 Mw was selected f o r  fur ther  

study. 

Various coolants f o r  gas-cooled reactors  were compared on the basis  

of t h e  GCR-3 design. The coolants Hz, SiH4, CF4, SiF4, SF6, and C2F6 . 

were a l l  found t o  be superior t o  helium, with SiH4, SF6, and CiF6 being 

bes t .  It was ' a l so  found t h a t  SO2 would be poor a s  a coolmt  under these 

conditions. The e f fec t  of adding neon t o  helium was a lso  evaluated. The 

saving required i n  t h e  cost of the coolant t o  of fse t  the increase i n  

pumping power was determined. 

A study w a s  made of the  heat t r ans fe r  and f l u i d  flow parameters f o r  

the core of a pebble-bed reactor designed f o r  operation i n  the thermal 

power range 2500 t o  100,000 Mw. A radial-flow core was used fo r  t h i s  

study, and it was assumed t h a t  a prestressed concrete pressure vessel 

could be b u i l t  t o  contain helium a t  1000 psia .  

Fuel-cycle costs  and conversion r a t i o s  were a l so  calculated f o r  

la rge  pebble-bed reactors .  The study showed t h a t  t he  optimum reactor 

from an economic standpoint would have a conversion r a t i o  somewhat greater  

than 90%. A fur ther  study was. made t o  determine the  conditions tha t  

would y ie ld  a breeder reactor .  It w a s  found that a breeding gain would 

be .possible with l i t t l e  cost penalty f o r  uni t  processing costs  of t h e  

order of $10 t o  $20 per kilogram of heavy metal. 

A study of fuel-management procedures f o r  the German pebble-bed re- 

actor  i s  i n  progress. An attempt i s  being made t o  achieve a high burnup 

r a t e  with f u e l  representative of tha t  which would be used i n  a large - 

power reactor of the  pebble-bed type. The fue l  must meet the.requirement 



t h a t  there  would be no r e a c t i v i t y  r i s e  i n  t he  event of an accident i n  

which steam entered t he  core.  

An experimental program i s  i n  progress f o r  examining the  s t r e s s  d i s -  

t r i bu t i ons  around both r a d i a l l y  and nonradially at tached nozzles. The 

information being obtained w i l l  be used i n  t h e  design of nozzle a t tach-  

ments t o  pressure vessels  and i n  cor re la t ing  t heo re t i c a l  methods for 

cvaluatirlg designs f o r  nozzle attachment. 

A study of neutron captures i n  second- and higher-generation f i s s i on -  

product poisons w a s  conducted t o  e s t ab l i sh  t h e  magnitude of t he  con t r t -  

bution of secondary poisons t o  the  t o t a l  neutron capture r a t e  under con- 

d i t i ons  of i n t e r e s t  t o  the  gas-cooled reac tor  program. The individual  

contribution of each nuclide i n  the  group ranging from ~d~~~ t o  ~u~~~ 

w a s  ca lcula ted and recorded. Data t h a t  a r e  su f f i c i en t  t o  show the  s ig -  

nif icance of the  secondary captures and t o  i l l u s t r a t e  t h e i r  dependence 

on key reactor  parameters were obtained. 

10.  Exrpesirnental 'Investigations of Heat Transfer and Fluid  Flow 

The constants i n  the  equation cor re la t ing  t h e  heat  t r a n s f e r  i n  a 

seven-rod c l u s t e r  geometry with t he  flow and t he  a x i a l  posi t ion were r e -  

determined using a l l  avai lable  da ta .  The r e su l t i ng  equation was 

= 0 . 0 4 1  (N ) 0 ' 7 7  (x/de) -0.15 
N ~ u ,  x Re, x J 

f o r  Reynolds moduli NRe,, i n  t he  range of 38,000 t o  63,000 and a x i a l  posi-  

t i o n s  x/de ( a s  measured from the  neares t  upstream obstruct ion)  between 5 

and 25. 

The pressure-loss coeff ic ients  associated with rough surfaces were 

determined i n  two long-rod c l u s t e r s  of somewhat d i f f e r en t  geometries. I n  

the  f i r s t  of these,  t h e  mid-cluster spacer was omitted and the  c l u s t e r  

lengthened t o  provide an uninterrupted flow path  of 85 diameters. Only 

t h e  reference smooth-tube experiments were completed. The r e s u l t s  i n  

t he  Reynolds modulus range of 20,000 t o  80,000 suggest a sens i t ive  de- 

pendence on the  in3.e.t- geometry. I n  t h e  second arrangement the  c l u s t e r  

was approximately 60 diameters i n  length  and was subdivided i n t o  f i ve  

sect ions  by t h e  mid-cluster spacers. Resul ts  obtained f o r  Reynolds moduli 

between 2000 and 200,000 with bare rods and rods s p i r a l l y  wrapped with 



' 0.006-in. wire on a 0.036-in. pi tch showed the  pressure-loss coefficient 

f o r  the  rough surface t o  be consistently higher than t h a t  f o r  the smooth 

surface.  The difference between the two was df the  order of a fac tor  of 

2 f o r  N~~ > l o5 .  
The assembly of the  apparatus and the ins t a l l a t ion  and check-out of 

instrumentation f o r  the  study of heat t r ans fe r  from rough surfaces was 

continued. Experimental d i f f i c u l t i e s  led  t o  the termination of studies 

of the  t r ans fe r  charac ter i s t ics  of rough surfaces by the naphthalene mass- 

. t r ans fe r  technique. 

An experimental f a c i l i t y  was placed i n  operation fo r  studying the 

f r i c t i o n  fac tor  .and heat t r ans fe r  coefficient of a i r  i n  an annulus with 

a roughened inner surface and a smooth outer surface. The f r i c t i o n  fac-  

t o r  goes through a maximum a s  a function of roughness pi tch at a constant 

Reynolds number. 

The problem of "hot spots" i n  a gas-cooled bed..of fueled spheres was 

studied. Factors re la t ing  t o  gas flow dis tr ibut ion,  heat t ransfer ,  bed 

movement, physics, manufacturing tolerances, and operation were defined 

and estimated fo r  a pebble-bed reactor.  These fac tors  were then combined 

t o  give a maximum temperature allowance on the mean temperature r i s e  

through the  reactor;  the  ,calculated temperature increment was 500 t o  

650°F. When a term was introduced t o  allow. f o r  the  probabili ty of oc- 

currence of each specif ic  fac tor  and f o r  the probabili ty of adverse simul- 

taneous occurrence of factors ,  the calculated temperature increment was 

reduced t o  250 t o  325°F. 

The study 'of t he  . s t a t i c  and dynamic charac ter i s t ics  of a random bed 

of. 1 1/2-in. -diam graphite spheres within a fu l l - sca le  model of the  pebble- 
,?, 

bed core was continued. Measurements were made of the  void fraction, 

angle of sphere repose, gas veloci ty  profi le ,  pressure dis t r ibut ion,  and 

l ev i t a t ion  velocity f o r  a nw11ber of differentJ.y formed beds. Results on 

the  void f rac t ion  f o r  two beds created by inject ing spheres singly a t  the 

core top f e l l  within the  sca t t e r  band of previous measurements (0.401 + 2%). 

I n  contrast ,  beds formed by lev i ta t ing  a previous bed showed an approxi- 

mately 5% expansion (void fract ion = 0.419). Data on the mean angle of 

repose of the  spheres on the upper face of the bed were i n  good agreement 

with e a r l i e r  r e su l t s  obtained befort! inclusion of the core model i n  the 
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mockup f a c i l i t y .  Experiments i n  which the  spheres were in jec ted  against  

a counterflow of air showed l e s s  s c a t t e r  i n  t h e  angle-of-repose data .  

F r i c t i on  f ac to r s  were calcula ted from data  obtained f o r  the  pressure 

d i s t r i bu t i on  i n  t he  various beds. An over -a l l  f ac to r ,  spec i f i c  t o  the  

geometry studied and based on t h e  t o t a l  pressure di f ference across t h e  

bed, w a s  found t o  be l e s s  thah a more general  f a c to r  character iz ing f u l l y  

developed flow i n  a bed, as calcula ted from the  constant-slope port ion 

of t h e  pressure-gradient curve. This resu l ted  from t h e  lower pressure 

gradients  i n  t he  i n l e t  region of t h e  core .  Both t h e  over -a l l  and t h e  

established-flow factors '  showed a -0.2 dependence on t h e  Reynolds modulus 

over t h e  f u l l  range of t he  experiments (25,000 < NRe < 100,000). Fur- 
P 

ther ,  t h e  f r i c t i o n  f a c t o r  d id  not appear t o  depend simply on the  void 

f rac t ion ;  the  existence of flow channeling i n  some of t h e  beds was i nd i -  

cated.  The da ta  a r e  i n  good agreement with measurements obtained with 

smooth p l a s t i c  spheres i n  a smaller scale  model. 

Bed l e v i t a t i o n  phenomena were studied by observing t he  behavior of 

t h e  spheres on t h e  t op  face  of the  bed, while t h e  air flow was slowly in -  

creased and decreased at a ve loc i ty  near t h a t  required t o  l e v i t a t e  t h e  

full bed. Levitat ion was characterized i n  terms of the  r a t i o  of the  

pressure gradient  across  t h e  bed t o  t he  bulk bed densi ty  (dp/pdz) ra ther  

than i n  terms of t h e  gas velocj-ty. Thrcc d i s t i n c t  phenomena were observed 

as f u l l  l e v i t a t i o n  w a s  approached: (1) rocking motion of a few spheres 

a t  dp/pdz = 0.6, ( 2 )  spinning of spheres a t  dp/pdz = 0.8, and (3) physi- 

c a l  l i f t i n g  of some spheres at dp/pdz > 0.9.  If the  bed had been previ-  

ously l ev i ta ted ,  subsequent l e v i t a t i o n  was achieved a t  pressure gradients  

equal t o  only 60% of t h e  bulk densi ty .  OLher indicat ions  of approaching 

l e v i t a t i o n  were observed a t  correspondingly lower values of t he  pressure 

gradient .  

The gas ve loc i ty  d i s t r i bu t i on  at the  e x i t  f ace  of t h e  bed w a s  de te r -  

mined by t raverse  with a hot-wire probe. It was observed t h a t , , a t  any 

given r a d i a l  distance from t h e  core w a l l ,  t h e  l o c a l  ve loc i ty  var ied s ig -  

n i f i c a n t l y  with angular posi t ion.  This was believed t o  r e f l e c t  l o c a l  

va r ia t ions  i n  the  void f r ac t i on  i n  t he  uppermost l aye r s  of the  bed. Mean 

values, averaged over t h e  f u l l  360-deg sector  at  any r a d i a l  distance,  



showed the  charac ter i s t ic  peaking i n  the velocity near the core w a l l  r e -  

su l t ing  from the higher void ' f rac t ion  i n  t h i s  region. Secondary maxima 

were associated with channeling ef fec ts  and with the  shape of the bed top 

and bottom faces.  No signif icant  e f fec t  of the bed average velocity on 

the  p ro f i l e  shape was detected. Pr ior  l ev i t a t ion  of the bed caused a 

s h i f t  toward the core center of the velocity maximum occurring near the 

w a l l  and a f la t ten ing  of the prof i le  over the cent ra l  region. 

Development of an apparatus and technique f o r  studying mass t ransfer  

from benzoic acid spheres within and i n  the wake of closely packed sphere 

c lus t e r s  was continued. Modification of the instrumentation used i n  deter- 

mining loca l  mass-transfer fac tors  from spheres i n  ordered arrays was 

completed. A so l id  repl icat ion of a random bed, formed by f i l l i n g  the 

voids with a polymerizable resin,  was constructed. This replication was 

then sectioned in to  3/4-in. -thick disks; photometric density analysis of 

x-ray photographs of these disks t o  es tab l i sh  the radial ,  axial ,  and c i r -  

cumferential void-fraction d is t r ibut ion  has i n i t i a t e d .  

11. F a c i l i t i e s  and Equipment 

Ins t a l l a t ion  of the in-p i le  section and the f i r s t  experimental ask 

sembly was completed, and operation of GCR-ORR loop No. 2 was in i t i a t ed .  

The experimental assembly i s  a low-power uni t  f o r  determining the neutron 

f l u x b y  the argon-activation teclmique. ' 

Work continued on the  development of gas-bearing compressors. The 

regenerative grease-lubricated compressor i n  GCR-ORR loop No. 1 continued 

t o  operate sa t i s f ac to r i ly .  

Development work was completed on the Greenbrier process chromato- 

graph, which was adapted f o r  analysis of radioactive helium samples from 

GCR-ORR loop No. 2 .  The instrument i s  now i n  service. I n  measurements 

at  the  100-ppm concentration level,  the repx-oducibility i s  be t t e r  than 

5 ppm f o r  a l l  components except hydrogen and b e t t e r  than 40 ppm f o r  

hydrogen. 

Thermocouple materials a re  being tested out-of-pile under environ- 

menta.1 conditions approaching those conceived f o r  a pebble-bed reactor.  

I n  these t e s t s ,  25 types of wires, which a re  isolated from each other, 



a r e  being exposed t o  graphi te  and helium containing 500'ppm R2 and 500 

ppm CO a t  two temperatures,. 1400 and 1800°F. Of t h e  nine wires checked 

thus  f a r  a f t e r  a 36-day eqosu re ,  only Chromel-A and type 347 s t a i n l e s s  

s t e e l  showed s ign i f ican t  e r r o r  at  t h e  lower temperature. A t  18.OO0F, 

however, a l l  wires were i n  e r r o r  except one with t h e  composition 50% 

~ ~ 5 0 %  Re. 

Metallographic samples were taken from sheathed Chromel-P-vs Alumel 

couples expo'sed t o  .various atmospheres (CO, He, Hz ) . The changes i n  

microstructure revealed by photomicrographs corresponded with t he  tempera- 

t u r e  p ro f i l e  e r ro r  curves. In each case emf peaks i n  the  e r r o r  curve oc- 

curred. a.t the  sam.e geometrical locat ion a s  t h e  maximum oxidation 011 'the 

wires.  

The s p i r a l  graphite furnace used t o  t e s t  tungsten-rhenium couples 

i n  helium-C0 atmqspheres w a s  improved by doubling t h e  length  of the  heat-  

ing section of t he  h e l i x  and thus producing a f l a t  temperature zone f o r  

t he  ca l i b r a t i on  of thermocouples. - 
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Li-fetime Graphite Exposure i n  EGCR 
-.\ 

A ..\I+. Perry C .  A.  P r e sk i t t  

Several s tud ies  were gex.Po~med during t h e  past  th ree  years t o  pro- 
[ 

vide information on t he  fast-neutron exposure accumulated by t he  EGCR 
. . 

graphi te  during t he  20-year design l i f e t ime  of t he  plant .  - Both multi-  

group one-dimensional and four-group two-dimensional calcula t ions  were 

performed t o  study various aspects of t h e  expos&e, f o r  example, t he  de- 

t a i l e d  neutron energy spectrum and t he  de t a i l ed  s p a t i a l  d i s t r i bu t i on  of 

'the neutrons. Since t he  ea r ly  experimental information on t he  corre la-  

t i o n  between exposure and shrinkage o r  growth was based on t he  Hanford 

exposure uni t ,  megawatt days per adjacent t on  (Mwd/At), t he  need t o  use 

t h i s  information resu l ted  i n  the. development of equivalent neutron f l u  

un i t s .  When cor re la ted  against  t h e  u n i t  Mwd/~t, t he  dimensional change 

depends on t h e  reac tor  i n  which t he  i r r a d i a t i o n  takes  place, whereas, 

presumably, i f  corre la ted against  t he  appropriate f l ux  uni t ,  t he  dimen- 

s iona l  change i s  independent of t he  reac tor  type. Unavoidably t he  e f f o r t s  

t o  es tab l i sh  an appropriate f l ux  u n i t  made obsolete t he  normalization of 

some of t he  e a r l i e s t  work. I n  par t i cu la r ,  t he  d i s t r i bu t i on  shown i n  r e f .  
.' 

1 was based on the  conversion 

which was estimated a t  t h a t  time . Subsequent invest igat ions  indicated 

t h a t  a lower. .t;hreshold was more reasonable, and t h i s ,  together with more 

de ta i l ed  calcula t ions  of t he  neutron-energy spectrum, indicated t h a t  t h e  

exposures shown i n  r e f .  1 a re  high by about 40%. 

The conversion f ac to r  used i n  producing t h e  exposure var ia t ions  

found i n  r e f .  3 was 

1 .23 X 1017 neutrons/cm2 (E > 0.18 ~ e v )  = 1 ~ w d / ~ t ,  

which i s  qui te  c lose  t o  the  current  estimates, which l i e  i n  t he  range 

1.25 x 1017 t o  1.30 x 1017 neutrons/cm2 (E > 0.18). With these  more r e -  

ce.nt values f o r  the  flux-exposure conversion, t h e  estimated exposure a t  



t he  posi t ion of average power density i n  the EGCR i s  42,900 Mwd/~t fo r  

20 years of continuous fill-power operation. I f  the conventional duty 

f ac to r  of 0..8 i s  assumed, t h i s  is  reduced t o  34,300 Mwd/At a t  the  average 

posit ion. Averaged over a period of time, the  r ad ia l  peaking fac tor  

should be about 1 .2 and the  ax ia l  factor  about 1.8 so t h a t  the peak ex- 

posure posi t ion should accumulate an exposure of near 74,000 Mwd/~t i n  

20 years a t  a duty fac tor  of 0.8. In terms of f lux  units,  t h i s  exposure 

corresponds t o  9.4 X 10" neutrons/cm2 (E 5 0.18 Mev) . I f  lower duty 

f ac to r s  resu l t ,  the exposures w i l l ,  of course, be reduced proportionally. 

An assessment was made of the  correlat ion between exposure and graph- 

i t e  temperature fo r  maximum-exposure core columns i n  the EGCR. The loca- 

t i o n  of the  column was not specified; it was assumed only tha t  the chan- 

ne l  power would average about 1 . 2  times the mean channel power. The tem- 

perature d is t r ibut ion  given i n  r e f .  4 was used t o  represent the ax ia l  tein- 

perature d is t r ibut ion  i n .  the  column.. The .result  i s .  given i n  Fig. 1.1 .for .  

20 years of continuous full-power operat ion. The .maximum exposures may 

be seen t o  occur a t  posit ions i n  the .graphite ,where the temperature. is  .in 

the  in te rva l  between 580 and 800°F. A t  the peak exposure, posit ion the 

graphite temperature. w i l l  be. about 680,OF:. 

EGCR Fiss  ion-Gas -Release Activity 

G,. Samuels . 

Calculations were completed t o  update the predicted fission-product 

a c t i v i t y  release from the  EGCR fue l  pe l le t s .  The or iginal  estimates were 

based on an apparent diffusion coefficient of 10'1° see" a t  1400°C and 

'oak Ridge National Laboratory, "GCRP Quar. Prog. Rep. Dec. 31, 1959," 
USAEC Report ORNL-2888,. p. 19. 

. 2 ~ .  R. de Halas, Hanford Atomic Products Operation, personal communi- 
cat ion t o  C. A. Preski t t ,  Oak Ridge National Laboratory, October 1959. 

3 ~ .  E. Hulbert and R. F. - Redmond, "~umerical Results f o r  EGCR Modera- 
tor-Element Stress  Problems," p. 67, USAEC Report BMI-1526, Bat tel le  Me- 
-morial Ins t i tu t e ,  July 3, 1961. 

4 ~ .  E. Moore and F; J. W i t t ,  Temperature Distributions and Thermal 
Stresses  i n  an EGCR Graphite Column, p. 38, "GCRP Semiann. Prog. Rep. 
Sept. 30, 1962, " USAEC Report ORNL-3372, Oak Ridge National Laboratory. 
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Fig. 1.1. Correlat ion Between Exposure and Temperature f o r  t he  
Maximum-Exposure Column After 20 Years of Continuous Full-Power Opera- 
t i o n  of t he  EGCR. A,  :? 

an ac t iva t ion  energy of 70 kcalIg. mole. The temperature i n  t h e  U02 was .. ., .'!i:d ..~..- 
based on the  thermal-conductivity measurements of Hedge and ~ i e l d h o u s e ~  

and contact res i s tance  between t h e  U02 and t h e  cladding equivalent t o  a 

0.001-in. gas gap. 

The r e s u l t s  of low-burnup i r r ad i a t i on  t e s t s  on prototype EGCR f u e l  

elements with thermocouples f o r  c en t r a l  U02 temperature measurements have 

cons i s ten t ly  given an over -a l l  equivalent thermal conductivity from the  

center  of t h e  U02 t o  t h e  cladding of about 1 .7  ~ t u / h r -  f t .  OF. I n  these  

t e s t s  t h e  i n t e rna l  gas i n  t h e  capsule was e s sen t i a l l y  a l l  helium. Ap- 

plying t he  thermal conductivity value obtained from these  t e s t s  t o  t he  

maximum-power element i n  t he  EGCR, t he  peak cen t r a l  U02 temperature was 

found t o  be only 2390°F. 

J. C.  Hedge and J. B. Fieldhouse, ~easurement  of Thermal Conduc- 
t i v i t y  of Uranium Oxide, Armour Research Foundation Report G022D3 (1956). 



The f i r s t  . r e su l t s  of measurements of the apparent diffusion coef- 

f i c i e n t  of EGCR f i e 1  p e l l e t s  showed the coeff ic ient  t o  be much l e s s  than 

or ig ina l ly  assumed. The r e su l t s  f o r  three samples of one batch of U02 

were 5.95 X 10-14, 2.75 X 10-14, and 2.78 X 10-l4 sec-I a t  1400°C. With 

such small diffusion coefficients,  the amount of f i s s ion  products leav- 

ing the  U02 w i l l  be l e s s  than 1% of t h a t  .used i n  the or iginal  EGCR cal-  

culations,  and the  d i lu t ion  of the helium i n  the capsule w i l l  be negligi-  . 

ble.  Thus, the temperature i n  the U02 f u e l  should not change any,appreci- 

able  amount during operation, and the central  temperatures t o  be expected 

should be those measured i n  the prototype in-pi le  t e s t s .  

I n  determining the  quantity of f i s s ion  products diffbsing from the 

U02, the  fue l  volume of the maximum-power element i n  the core was divided 

i n t o  40 equal par ts ,  and the  temperatures were determined fo r  each part .  

The element was divided in to  eight ax ia l  and f ive  rad ia l  sections, as 

shown,.in. Fig. 1 .2.  The temperature. difference, betwee,n - the outer'  surface. 

of the  U02 and the..cladding..was determined by assuming the  contact re-:: 

s is tance t o  be t h a t  equivalent t o  a 0.001-in. gap of helium. The tem- 

perature difference between the inner U02 surface and the cladding was 

determined by using an equivalent thermal conductivity of 1 .7  ~ t u / h r .  f;t. OF. 

I n  calculating the  intermediate r ad ia l  temperatures, the  U02 thermal con- 

d ~ c t i v i t y ~ a n d  the  heat generation r a t e  i n  the U02 were asisumed t o  be uni- 

form. 

The equation f o r  the  diffusion of f i s s ion  products from the fuel,  

assuming equilibrium conditions, i s  

where F is  the f rac t ion  of the  equilibrium quantity of a nuclide outside 

the  fuel ,  D/ is  the apparent diffusion coefficient,  sec'l, and X is  the 

nuclide decay constant, sec'l. For the EGCR conditions, the  value of D/ 

w i l l  be much smaller than the value of X fo r  the nuclides of in te res t ,  

and the  equation reduces t o  
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Fig. 1.2. Temperatures of U02 in Maximum-Power EGCR Fbel Element. . 

Thus the activity released from the fuel is proportional to t h e m .  

Assuming a D' of 5.95 X lom4 sec" at 1400°C and an activation energy of 

70 kcal/g~mole, the average value of f l  for the maximum-power fuel ele- 
ment is 4.4 x 10'~. Using as an example, the activity release was 

found to be 0.049 curies per element. The corresponding activity pre- 

viously reported6 for the EGCR was 10 curies. .Thus the use of the latest 

"Experimental Gas -Cooled ~eactor Final Hazards Summary Report, " 
USAEC Report 0R0-586, Vol. 1, pp. 8.3-8.7, Oct. 10, 1962. 



data  reduces the release r a t e  by a fac tor  of about 200. Reducing a l l  

t he  nuclide release r a t e s  by a factor  of 200 gives the following resu l t s  

fo r  t h e  maximum-power element, assembly, ,and channel: 
. . 

Activity Release 
(curies)  

Fuel element 0.50 
Fuel assembly 3.50 
Fuel channel 4.30 

In  order t o  estimate the  t o t a l  ac t iv i ty  release i n  the reactor, the 
' 

core was divided in to  a number of approximately equal power channels, as 

shown i n  Table 1.1, which a lso  gives the  number of channels i n  each -power 

Table 1.1. Radial Distribution of power and 
Temperature i n  EGCR Core 

Maximum Number of Channel Number 
Fuel Equivalent Power of Temperature Maximum- Power Ratio Channels 
(OF) Channels 

range, the  maximum U02  temperature, and the  number of equivalent peak- 

power channels i n  each group. The number of equivalent.peak-power chan- 

nels  was determined from 



where 

Dl = di f fus ion  coef f ic ien t  a t  maximum cen t r a l  U 0 2  temperature, 

D2 = di f fus ion  coef f ic ien t  a t  maximum U 0 2  temperature ( 2 3 9 0 " ~ ) ~  

Nc = number of chalmcls i n  each power-ratio glSoup, 

PR = r a t i o  of channel power of group t o  t he  reac tor  average power. 

The value of N f o r  t he  core was found t o  be 88.7 channels, and t h e  equ i l ib -  

rium t o t a l  a c t i v i t y  re lease  was 380 cur ies .  The EGCR coolant system sb.i.eld- 

ing i s  designed.for 1000 cur ies  of f i s s i o n  products with an e f f ec t i ve  gamma 
, 

energy of 1 Mev per disentegration.  

Temperature Dis t r ibut ion i n  EGCR Graphite 
Surveil lance Specimens 

M. E. La.c.kcy R. S. Holcomb 

Specimens of t h e  EGCR moderator graphite w i l l  be placed i n  one of the  

f u e l  channels i n  t h e  reactor  core t o  be i r r ad i a t ed  and then removed t o  de- 

termine whether any changes i n  t h e  physical  proper t ies  have .occurred (see 

chap. 3, t h i s  ~-e~>cwl;). In  order t o  r e l a t e  t h e  changes of proper t ies  of 

t he  specimens t o  those t h a t  might be expected t o  occur i n  t h e  moderator 

blocks, it w i l l  be necessary t o  know t h e  approximate temperature a t  which 

' the  specimens w i l l  be i r rad ia ted .  

The moderator specimens w i l l  be placed ins ide  graphi te  f u e l  assembl-y 

sleeves.  Six of these  slee'v'es, f i l l e d  with specimens and f i t t e d  with top 

and bottom dummies, w i l l  be loaded i n t o  a f u e l  channel. The heat-genera- 

t i o n  r a t e  i n  t he  graphi te  specimens, sleeve, and surrounding moderator w i l l  

be lower than t he  beat-generation r a t e  i n  t h e  sleeve and moderator sur-  

rounding a fueled channel, s ince  no f i s s i ons  w i l l  occur i n  t h e  specimen 

channel-. Therefore, f o r  t he  same a x i a l  gas temperature d i s t r ibu t ion ,  t he  

annulus coolant flow m.ist be adjusted t o  match t h e  ac tua l  heat  generated 

i n  the  low-power channel. 

The f u e l  channel designated No. 140 and located i n  moderator block 

No. 270-65 was recommended from a physics standpoint as  t h e  bes t  loca t ion  



10 

of the graphite specimens. The loca l  power l eve l  for  t h i s  channel i s  1.25 

times the  average. 

The average energy deposition r a t e  fo r  t h i s  channel was calculated 

t o  be 0.110 w/cm3. The l o c a l  energy deposition' r a t e  as a function of 

a x i a l  posit ion i n  the  channel i s  given below f o r  the case of 47-in. bank 

inser t ion  of the  control rods. 

Distance . Energy 
from Bottom Deposit ion 

of Core i n  Graphite 
, ,  ( i n . )  ( w/cm3 1 

These were the heat-generation r a t e s  assumed t o  ex i s t  i n  the graphite 

specimens and specimen sleeve f o r  t h i s  study. 

The heat-generation r a t e s  i n  the  moderator block were determined pre- 

viously fo r  calculating t h e  temperature d is t r ibut ion  i n  the moderator sur- 

rounding a normal f i e 1  channel operating a t  the average power. These 
/ 

r a t e s  were multiplied by 1.25 t o  correspond t o  the  loca l  power leve l  of 

the  region around the specimen channel. The graphite specimen assenibly 

consis ts  of a number of small specimens stacked on graphite spacer disks 

a t  nine levels  inside a f u e l  'assembly graphite sleeve. The en t i r e  as- 

sembly of spacers and specimens i s  held together by a , s t a i n l e s s  s t e e l  rod 

through the center of the  asserr~bly. There a re  two arrarigenients of speci- 

men loading i n  the  assembly; one type is  used i n  the three odd-numbered 

assemblies and the other i s  i n  the  three even-numbered assemblies. 

A simplified model of the specimen assembly was assumed fo r  the  tem- 

perature calculations. A t  the l eve l  of eadh, type of specimen, the speci- 

mens were considered t o  be homogenized in to  a single cylinder of the same 

cross-sectional area. The Spacers' were combined a-t a single ax ia l  posit ion 



within a half-assembly i n  order t o  reduce the number of ax ia l  par t s  needed 

t o  describe the  assembly. The models used f o r  the  odd and even assemblies 

a re  shown i n  Fig. 1.3. 

The temperature d is t r ibut ion  was calculated within the  half-block 

containing the specimen channel a t  36 ax ia l  positions within the  reactor 

on the  IBM-7090 computer. The model assumed f o r  these calculations is  

shown i n  Fig. 1.4. The half-block was assumed t o  have no heat flow across 

i ts  boundary and no heat flow i n  the  ax ia l  direction. 

The helium flow r a t e  i n  the  adjacent fue l  channels is  121 lb/hr, and 

it was assumed tha t  one t h i r d  of the  heat generated i n  the  graphite sleeves 

of the  fue l  assemblies was t ransferred t o  the  fue l  channel annulus gas. 

The helium flow r a t e  in the  graphite-specimen channel annulus was there- 

fore  chosen t o  be 104 lb/hr. 

The temperature calculated t o  be representative of the  specimen was 

the  surface temperature of the  equivalent cylinder used i n  the model. 

The temperatures of the specimen, sleeve, and annulus gas were assumed t o  

be constant with angular posit ion around the  channel. 

S t a t i c  helium was assumed t o  ex i s t  between the  specimen and sleeves, 

and an average value of 0.16 %u/hr* f t .  " F was used f o r  the  thermal con- 

duct ivi ty  of the helium. The ax ia l  locations a t  which the  temperatures 

were calculated, the  specimen equivalent cylinder diameter, and the  heat 

generated i n  the  specimen and sleeve are  shown i n  Table 1.2. 

The computer calculated the  temperature d is t r ibut ion  a t  the  center of 

each axia l  segment using the  gas temperatures a t  the  beginning of the  

segment. The heat t ransferred t o  the  gas a t  the  midpoint of the segment 

was calculated from the  temperature differences, and t h i s  heat was added 

t o  the gas t o  calculate the  gas temperature a t  the  end of the segment. 

Heat t ransfer  by radiat ion was neglected i n  the  computer program. The 

moderator block cent ra l  temperature, the  surface temperature of the  

2.75-in.-diam specimens, and the  surface temperature of a l l  other diame- 

t e r  specimens, as calculated by the  computer, a re  shown as  a function of 

ax ia l  posi t  ion i n  Fig. 1.5. 

These temperatures were then recalculated t o  determine the  e f fec t  of 

radiat ion heat t ransfer .  One e f fec t  of including radiat ion was t o  lower 
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Table 1.2. Heat Generation i n  Specimen Channel 

Axfal 
Pos i- 
t ion 
No. 

Distance 
from 

Bottom of 
Act ive 

Core 
(in. 

Heat 
Generat ion 

Rate i n  
Graphite 

( ~ t u / h r -  in. ) 

Heat 
Generated i n  

Specimen 
(Btu/hr* in. ) 

Specimen 
Equivalent 

Diameter 
(in. ) 

Heat 
Generated i n  

Specimen 
Sleeve 

(Btu/hr* in. ) 



the temperature difference between the moderator and annulus gas 'streams. 

From the calculated temperatures it could be seen that including radia- 

tion would have practically no effect on the percentage of the moderator 

heat that would be removed by each of the three gas streams. Therefore . 

it was assumed that the gas temperature in the specimen channel annulus 

would be unchanged, and likewise the temperature difference from the mod- 

erator surface at the specimen channel annulus to the moderator center 

would be unchanged. 

The moderator central temperature was reduced a maximum of 8OF by 

radiation. The greatest change in the specimen surface temperature was 

for the smaller equivalent-diameter specimens. The over-all effect of 

including radiation was to make the specimen temperature more nearly equal 

to the moderator central temperature. The temperatures of the moderator 

center and the specimens at the surface as calculated including radiation 

heat transfer are shown in Fig. 1.6. 
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Taking in to  account a x i a l  heat conduct ion would require a c mplicated 

computer program. This e f fec t  w i l l  cause the moderator t o  be colder by a 

few degrees i n  the  middle t h i r d  of the  reactor and a l i t t l e  hot te r  i n  the 

bottom th i rd .  Axial conduction w i l l  have prac t ica l ly  no ef fec t  on the 

specimen temperature, since the gaps between the pieces w i l l  provide a 

high resis tance t o  ax ia l  heat flow. 

EGCR Fuel Element Failure Analyses 

T. H. Row 

A previous analysis indicated t h a t  330 fue l  element fa i lures  would 
' 

r e s u l t  from the EGCR maximum credible accident. Experimental s t r e s s  - 
rupture data were compared w i t h  information derived from accident analy- 

ses  of f u e l  element cladding t rans ien ts  t o  a r r ive  a t  the estimate oQ 

fa i lu res .  This f a i l u r e  analysis was examined t o  determine the e f fec t  of 

several refinements i n  the calculat ional  procedure. The changes i n  the 

calculations include an allowance f o r  the  actual  decrease i n  the  central  

temperature a f t e r  shutdown, consideration of the e f fec t  of the p a r t i a l  

pressure of cesium and rubidium; and the  use of larger  subdivisions of 

the EGCR core. 

The in terna l  fue l  element pressure values calculated previously7 were 

recalculated with a revised form of the Pandora code8 used originally.  

The code was designed f o r  use on the DM-704 but was reprogrammed f o r  the 

IBM-7090 t o  take advantage of the more effic ' ient machine operation and 

addi t ional  information. The revised internal  pressure data, given i n  

Table- 1.3, show a reduction of as much as 20 psis i n  ,cases of high fue l  

exposure. In addition, it was previously assumed t h a t  the ,calculated 

in terna l  pressure remained the  same fo r  the duration of the accident. 

Actually, the UO2 temperature' i n  the region surrounding the central  void 

7 ~ .  H. Row and W. B. Cot trel l ,  Fuel Element Failures i n  Depressuri- 
zation Accident, pp. 6--9, "GCRP Quar. Prog. Rep.- March 31, 1962, " USAEC 
Report ORNL-3302, Oak Ridge National Laboratory. . 

*M. W. Rosenthal, Pandora - A Computer Program fo r  Estimating' Fission- 
Gas Release and Its Effect on the Mechanical Life of Clad Fuel Elements, 
Oak Ridge National Laboratory, unpublished report. 



Table 1 .3 .  Fuel Exposures, Temperatures, and Internal  
Fuel Element Pressures fo r  EGCR Equilibrium Core 

Fuel Element Fuel Element 
Core Fuel Element Fuel Exposure Cladding Internal  
Group Assembly ( MW~/MT ) Temperature Pressure 

(OF) (PS ia ) 

Firs-L Half of Fuel Cycle 

240 1054 
1,360 10 86 
5,730 1223 
9,860 1279 
9,310 1099 
4,500 739 

245 1054 
1,380 10 87 
5,840 1224 

10,000 1282 
9,460 1102 
4,570 741 

242 1054 
1,360 10 87 
5,750 1225 
9,870 1285 
9,300 110 5 
4,490 742 

Second Half of !Fuel Cyclc 

10,480 10 80 
10,940 1123 
9,970 1280 
9,320 1367 
9,970 1167 

10,,110 774. 

10,770 10 80 
11, 200 1123 
10, 0'70 1281 
9,320 . 1369 

10,000 1169 
10,270 775 

10,750 1081 
11,150 1123 
9,950 1282 

, 9,150 1370 
9,830 1170 

10,190 776 ' 

a Top of core.' 

b~ot tom or core. 



i n  t h e  EGCR f u e l  elements drops rap id ly  following scram act ion.  This de- 

c rease  i n  U02 temperature and a corresponding decrease i n  t h e  equilibrium 

pressure  a re  shown i n  Fig. 1 .7 .  Thus t h e  f i r s t  two f ac to r s  considered 

had t h e  e f f e c t  of reducing i n t e r n a l  fuel 'element pressures.  

TIME AFTER ACCIDENT (secl - - 

Fig. 1 ;7 .  Fuel Element Parameters During Maximum Credible Acci- 
dent Group P-3, Axial Posi t ion 5. 

On t h e  other  hand, consideration of t h e  e f f e c t  of the  s t ab l e  i so -  

topes  of cesium and.rubidium increased t h e  i n t e rna l  f u e l  element pressure.  

This e f f e c t  w a s  invest igated previously, ', lo but recent experimental work 

has indicated t h a t  cesium and rubidium may be released i n  t h e  same pro- 

por t ion a s  t he  noble gases." It was determined previously t h a t  a t  EGCR 

'w. B. C o t t r e l l  e t  a l .  , "Fission-Product Release from U02, " USAEC 
Report ORNL-2935, pp. 123-130, Oak Ridge National Laboratory, Sept. 13, 
1960. 

'OM. W. Rosenthal and S. Cantor, "some Remarks on the  Contribution 
of Fission-Product Cesium t o  t h e  Pressure Buildup i n  U02 Fuel ~ l e m e n t s , "  
USAEC Report ORNL-CF 60-3-81, Oak Ridge National Laboratory, March 18, . 
1960. 

" G .  W. Parker e t  a l . ,  Influence of I r r ad i a t i on  Level on Fiss ion 
Product Hazards' Associated with U02-Fueled Reactors, pp. 11-17, " ~ u c l e a r  
Safety  Program Semiann. Prog. Rep. June 30, 1962," USAEC Report ORNL-3319, 
Oak Ridge National Laboratory. 



operating conditions, the  p a r t i a l  pressure of t h e  isotopes of cesium and 
Q f  

rubidium would add approximately 10 ps iag  i n  t h e  maximum-power channel. 

This would be t r u e  only i f  t he  temperature of t he  coldest  pa r t  of t h e  e le -  

ment, t h a t  i s ,  t he  lower end cap, did not exceed 1100°F. During t he  EGCR 

maximum credible  accident, however, t he  end-cap temperature would exceed 

t h i s  value f o r  t he  majori ty of t h e  accident and thus would subject  t h e  

capsule t o  t he  cesium-rubidium p a r t i a l  pressure associated with t h e  end- 

cap temperature t r ans i en t .  The expected p a r t i a l  pressure f o r  one case is  

shown i n  Fig. 1.7. 

The analysis  was a l so  extended i n  time t o  approxima-Lely 3 min. This 

was made possible by t he  use of information r e su l t i ng  from analysis  of 
i 

graphite oxidation i n  t he  EGCR core following t h e  accident.12 By t h e  end 

of 3 min, t he  temperature of most of t h e  cladding w i l l  have dropped t o  be- 

* 
low 1800°F, which i s  considered a s  t he  upper l i m i t  f o r  long-term operation 

without f a i l u r e .  13 

In  t h e  previous analysis  t he  p robabi l i ty  of f u e l  element f a i l u r e  had 

been determined from the  t r ans i en t  curve by assuming a constant peak pres- 

sure  f o r  t h e  d i f f e r en t  temperature in te rva l s .  The t r ans i en t  curve was 

taken as  a s t e p  f'unction, with each s t e p  representing t h e  time a t  which 

t h e  cladding was a t  o r  above a ce r t a in  temperature value. I n  t h e  presknt 

analysis ,  it became impossible t o  proceed on t h i s  bas i s  because of t h e  

va r i a t i on  with not only the  cladding temperature but a l so  t h e  i n t e r n a l  

pressure. Therefore the  method of analysis  used was t h e  f r a c t i o n a l - l i f e  

technique. 14,15 The use of t he  f r a c t i o n a l - l i f e  method, where each s t e p  

along t he  curve i s  analyzed f o r  f a i l u r e ,  i c  i l l u s t r a t e d  i n  Fig. 1.7.  A 

r a t i o  i s  obtained of t he  time a t  each s t e p  t o  the  f a i l u r e  time indicated 

12J. 0. Kolb and W. B. Cot t re l l ,  Graphite Oxidation, pp. 23-37., 
"GCW Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report ORNL-3372, Oak 
Ridge National Laboratory. 

1 3 ' 1 ~ ~ ~ ~  Final  Hazards Summary Report," Vol. 1, USAEC Report 0130-586, 
pp. 4-3 t o  4-8, Oct. 10, 1962. 

14c. R. Kennedy, Stress-Rate Testing, pp. 44-45, " ~ e t a l s  and Ceramics 
Div. Ann. Prog. Rep. May 31, 1962, " USAEC Report ORNL-3313, Oak Ridge 
National Laboratory.. 

1 5 ~ o h n  E. Dorn ( ~ d .  ), Mechanical Behavior of Materials  a t  Elevated 
Temperatures, McGraw-Hill, New York, 1961. 



f o r  t h e  p a r t i c u l a r  cladding conditions a t  each s tep,  and these  f r ac t i ons  

a r e  summed over t h e  e n t i r e  t r ans i en t  curve. Fai lure  i s  indicated i f  t h e  

sum equals or exceeds un i ty .  

This study conservatively introduced many refinements i n t o  t h e  ca l -  

cu la t ion  of t h e  number of f u e l  element f a i l u r e s ,  and t h e  net  r e s u l t  was 

t o  ind ica te  a f a i l u r e  number of 751. Since the  cesium-rubidium isotopes 

w f l l  not e x i s t  i n  t he  maximum q u a n t i t i e s - i n  a l l  locat ions ,  as  was assumed, 

it seems l i k e l y  t h a t  t h e  number of f a i l u r e s  would ac tua l l y  be subs tan t ia l ly  

, l e s s  than 751. 
/ 

- Graphite Oxidation and Hydrogen Generation 

The EGCR graphi te  oxidation code16 was used f o r  t h e  ca lcu la t ion  of 

hydrogen generation r a t e s  i n  accidents involving an i n t e rna l  rupture of 

a steam generator.  The hydrogen generation r a t e s  thus obtained were then 

used i n  a study of methods f o r  preventing hydrogen flammability i n  t h e  

EGCR containment vessel .  

Method f o r  Calculating Hydrogen Generation Rates 

The hydrogen generation calcula t ions  f o r  an EGCR channel were based 

on surface  reac t ion  r a t e s  t h a t  a r e  a function of graphi te  temperature 

only.17 The reac t ion  r a t e  was assumed t o  apply t o  a reactio,n between 

graphi te  and water vapor: 

This reac t ion  y i e ld s  t h e  g rea tes t  amount of hydrogen; t h a t  i s ,  two moles 

per mole of carbon reacted.  An endothermic heat 09 reac t ion  of 31.4 

kcalIg.  mole of carbon was used i n  t h e  oxidation code. Since t h e  graphi te  

16J. 0. Kolb and W. B. Cot t re l l ,  Graphite Oxidation, pp. 9--18, 
"GCRP Quar. Prog. Rep. March 31, 1962," USAEC Report ORNL-3302, Oak 
Ridge National Laboratory. 

, * 

17J. 0. Kolb .and W. B. Cot t re l l ,  Graphite Oxidation, pp. 23--37, esp. 
Fig. 1.15, "GcRP Semiann. Prog. Rep. Sept . 31, 1962, " USMC Report 
ORNL-3372, Oak Ridge National Laboratory. 



oxidation code output includes oxidation heat  "generation" ra tes ,  which 

a r e  negative i n  t h i s  case, f o r . t h e  inner sleeve and annular graphite, hy- 

drogen generation r a t e s  could be conservatively calcula ted from t h e  heat  

generation ra te ,  t h e  heat of reaction,  and the  hydrogen y i e ld  of two moles 

per mole of carbon reacted.  

The value of 31.4 kcal/g.mole f o r  t h e  endothermic heat  of reac t ion  

ac tua l l y  appl ies  t o  t h e  ga s i f i c a t i on  react ion 

The water-gas reaction,  , 

i s  exothermic with a heat  of reac t ion  of 9.9 k ~ a l / ~ . m o l e .  Since t he  endo- 

thermic heat  of reac t ion  i s  drawn from t h e  graphi te  enthalpy i n  t h e  oxi- 

dat ion code, a lower value than 31.4 kcal/g.mole would have been more con- 

servat ive  by allowing higher graphi te  temperatures. In the  calcula t ions  

performed, however, t h e  oxidation heat  generation was a negl igible  f rac -  

t i o n  of t h e  t o t a l  heat  generation, so  a lower heat  of reac t ion  would not 

have affected t h e  temperature and hydrogen generation t r ans i en t s  s i g n i f i -  

cant ly .  

The hydrogen generation r a t e  f o r  t h e  inner sleeve surface was ob- 

ta ined i n  t he  manner outl ined above. The hydrogen generation r a t e  i n  the  

annulus based on t he  calcula ted oxidation heat  generation r a t e  usua l ly  

exceeded t h e  r a t e  of hydrogen flow in to  t h e  annulus i n  t he  form of H20. 

This s i t ua t i on  was caused by t h e  combination of (1 )  a zero-order reaction,  

which was used because the  mass-balance equations i n  the  code were pro- 

grammed f o r  a i r  r a ther  than steam, and (2)  low annulus flow r a t e s .  (since 

t h e  percentage of t h e  t o t a l  flow passing through t he  annulus a t  low flow 

r a t e s  was not known, a r e l a t i v e  annulus flow of 3% was chosen as  a con- 

servat  ive ly  high value. ) Therefore t he  annulus hydrogen generat ion r a t e  

was determined from two l imi t ing  conditions. F i r s t ,  t he  hydrogen out- 

flow from the  annulus was l imi ted by t he  hydrogen p a r t i a l  pressure allow- 

ab le  from equilibrium considerations. The hydrogen p a r t i a l  pressure varia-  

t i o n  as  a function of temperature a t  1 . 5  and 25 atm t o t a l  pressure shown 



i n  Fig. 1.8 was ca lcu la ted  from standard equ i l i b rhm constants18 f o r  t'ne 

gasification and water-gas reac t iens .  The highest  annulus g raph i t s  %em- 

perature  calcula ted by t h e  oxidation code was then used t o  s e l e c t  t h e  hy- 

drogen p a r t i a l  pressure  i n  t h e  annulus stream a t  a given time. The second 

l i m i t i n g  condit ion was t h a t  t h e  hydrogen generation r a t e  i n  t h e  annulus 

would not exceed t he  inner  sleeve generation r a t e  times the  annulus-to- 

inner  s leeve a rea  r a t i o ,  3.42, when t h e  inner sleeve and moderator block 

temperatures were about t h e  sane. This condit ion i s  s a t i s f i e d  within 30 

sec a f t e r  t he  reac tor  i s  scramned, so  t h i s  l i m i t  was applicable t o  a l l  

cases analyzed. 

1200 1400 

TEMPERATURE ( O F )  

UNCLASSIFIED 
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I I 
TOTAL PRESSURE = 1.5 atm 

Fig. 1 .8 .  Calculated Hydrogen Equilibrium P a r t i a l  Pressures f o r  
Graphite -Water React ions.  

Hydrogen Generation Following Overpressurization o r  Depressurization 
Accidents 

Hydrogen could be generated following a steam generator i n t e rna l  

f a i l u r e  i n  an overpressur izat idn or  depressur izat ion accident.  The 

overpressur izat ion accident i s  worse from the  standpoint of t h e  higher 

' 1 8 ~ a b l e s  of Selected Values of Chemical Thermodynamic Propert ies,  
National Bureau of Standards, Washington, D. C.  , 1949. 



reac t ion  r a t e  f o r  forming hydrogen but b e t t e r  because of t h e  na tura l  

c i r cu l a t i on  cooling t h a t  would be available.  I n  t he  EGCR hazards analy- 

s i s ,  it was assumed t h a t  no means of forced c i r cu l a t i on  was avai lable  

during t he  f i r s t  hour a f t e r  t h e  accident but t h a t  a t  l e a s t  7000 lb/hr  

of steam would flow through t h e  core a f t e r  an overpressurization acci-  

dent. 

Calculations were performed f o r  maximum- and average-power channels 

with core steam flow of 7000 lb /h r  a t  300 psig s t a r t i n g  a f t e r  30 sec of 

no cooling. The generation r a t e  and cumulaLive amount ot' hydrogen gene- 

ra ted  per channel a r e  shown i n  Fig. 1 . 9  f o r  t h e ~ e  conditions. The calcu- 

l a t e d  generation r a t e  is high f o r  many hours and would lead t o  l a rge  

amounts of hydrogen being formed i f  no remedial ac t ion  were taken. 

Two cases were a l s o  calcula ted f o r  a maximum power channel with core 

flows of 197,500 and 98,750 lb /h r  from a main blower s t a r t i n g  1 h r  a f t e r  

scram. ( ~ h e s e  flows a r e  50 and 25%) respectively,  of t he  normal helium 

mass flows. ) The i n i t i a l  temperature p r o f i l e  was t h e  conservatively high 

C-K temperature envelope used f o r  a i r  oxidation calcula t ions .  l7 The ca l -  

ci.ilations were pcrformed t o  inves t iga te  t h e  magnitude of steam cooling 

necessary t o  reduce t he  hydrogen generation r a t e s  t o  negl igible  l eve l s .  

It was found, a s  shown i n  Fig. 1.10, t h a t  t he  calcula ted generation r a t e s  

decreased several  orders of magnitude within 1 h r  of t h e  i n i t i a t i o n  of 

forced cooling. The generation r a t e s  i n  t h e  annulus were based on t h e  

area  r a t i o  l i m i t  described above. 

A depressurization accident t h a t  included an i n t e rna l  steam genera- 

t o r  rupture could expose t h e  core f o r  up t o  1 h r  with l i t t l e  cooling u n t i l  

some means o r  forced-ci rcula t ion cooling was i n i t i a t e d .  The f i r s t  depres- 

sur iza t ion  ca lcu la t ion  was f o r  t h e  f i r s t  hour a f t e r  a scram with no cool- 

ing and a 1-atm steam-graphite reac t ion  occurring on a l l  graphi te  s ~ ~ r f a c e s  

of a maximum power channel. The r e s u l t s  f o r  t h i s  case a re  presented i n  

Fig. 1.11. 

By 1 h r  a f t e r  a depressurization accident i n  t h e  EGCR, t h e  emergency 

cooling loop w i l l  provide core flow and nitrogen purging of t h e  c i r cu l a t -  

ing volume i f  a main blower i s  unavailable f o r  use. Therefore, a calcu- 

l a t i o n  was performed f o r  a maximum-power channel t o  simulate t he  i n i t i a l  



Fig. 1.9. Hydrogen Generated Per Channel 
During Overpressurization Accident 'Based on 
7000-lb/hr Steam, Flow from Natural Circulation 
at 300 psig and the Temperatures Existing After 
*30 sec of No Cooling. 
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Fig. 1.10. H;{drogen Generation. Rate in 
Maximum-Power Channel with Core Steam Flow from 
a Main Blower Operating at 300 psig. 
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Fig. 1.11. Hydrogen Generation from a Maximum-Power Channel with 
No Cooling During F i r s t  Hour After  a Scram Caused by a Depressurization 
Accident. Calculations based on a 1-atm steam-graphite reac t ion  occur- 
r ing on a11 graphite surfaces of t he  channel. 

c i r cu l a t i on  of steam by the  emergency cooling loop. A steam flow of 3830 

lb/hr,  which i s  volumetrically equivalent t o  t h e  7000-lb/hr nitrogen flow 

of t he  emergency-cooling loop, and t he  C-K temperature envelope f o r  1 h r  

a f t e r  scram were used. The r e s u l t s  f o r  t h i s  case a r e  presented i n  Fig. 

1.12; the  generation r a t e  i n  the  annulus was obtained from both t h e  area 

r a t i o  and equilibrium l i m i t s  a t  d i f f e r en t  times during t h e  t r ans i en t .  

Circulation of 1-atm steam.by a main blower was investigated by ca l -  

cula t ions  s t a r t i n g  a t  112 and 1 h r  a f t e r  scram. Steam flows of 15,800 

and 22,130 lb /h r  were used t o  correspond t o  t h e  a i r  flows of 25,000 and 
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Fig. 1.12. Hydrogen Generation Rate f o r  a Maximum-Power Channel 
Versus Time with Steam Cooling by t h e  Emergency Cooling Loop S t a r t i ng  
1 h r  After  Scram. 
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35,000 lb/hr  required ' a t  112 and 1 h r  a f t e r  scram t o  prevent runaway a i r  
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oxidation.17 ' The i n i t i a l  temperature p ro f i l e s  used were again the  con- 

se rva t ive  C-K envelopes. The r e s u l t s  f o r  these  two calcula t ions  a r e  pre- 

sented i n  Fig. 1.13. 
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Prevention of Hydrogen Flammability . . 

. 

.The amounts of hydrogen generated, t h e  dispers ion of t h e  hydrogen 

' i n t o  t h e  various i n t e r n a l  .volun~es of t h e  EGCR containment, vessel ,  and 
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Fig. 1.13. Hydrogen Generation from a Maximum-Power Channel with 
1-atm Steam Flow from a Main Blower. 

LZle means f o r  preventing t he  accumulation of flammable volumes of hydro- 

gen were s tudied .by Allis-Chalmers, Kaiser ~ n g i n e e r s ;  and ORNL members 

of t h e  EGCR hazards team and were reported by Kaiser Engineers i n  a r e -  

por t  documented f o r  t h e  EGCR Hazards Summary Report.13 It was decided t o  

l i m i t  conservatively calcula ted hydrogen concentrations t o  t he  flammable 

range so  t h a t  no self-supporting reac t ion  could occur even i n  t he  presence 



of an ignition source. Therefore two working criteria were established: 

(1) hydrogen concentrations in air would be kept to less than 4 vol $, 

the lower limit of flammability for upward propagation; and (2) volume 

ratios for steam to hydrogenlg and nitrogen to hydrogen2' in mixtures 

released to the containment vessel would be at least 4.5 and 16.5, re- 

spectively. The latter criteria establish "ever-safe" mixtures of hydro- 

gen and the diluent nitrogen or water vapor in air so that flammability 

cannot occur as the hydrogen is released from the primary cooling system 

and mixed with the atmosphere in the containment vessel. 

In the Kaiser. Engineers study, it was assumed conservatively that 

the shield cooling syStem and the reactor chamber were the locations into 

which hydrogen would disperse in overpressurizativn and depressurization 

accidents, respectively. Based on the results presented in Figs. 1.9, 

1.10, and 1.12, the following sequence of events was shown to be accept- 

able after overpressurization: (1) 1 hr of natural circulation from 

overpressurizat ion followed by (2 ) core cooling by 98,750 lb/hr of core 

steam flow from a main blower or (3) depressurization of the primary 

cooling system within 1 hr if a main blower was inoperable and use of 

the emergency cooling loop for core cooling and purging of the primary 

system. Depressurizing the primary system to 9 psig in about 112 hr has 

been made possible by recent piping revisions, so this action would no t  

be taken until 112 hr after the accident if a main blower were not oper- 

able. 

For a depressurization accident, the results presented in Fig. 1.11 

were used for the first hour. If a main blower were operable, the Kaiser 

study showed that core flows of 21,400 and 26,000 lb/hr should begin at 

112 and 1 hr, respectively. These values were derived by interpolating 

and. extrapolating the results presented in Fig. 1.13. If a main blower 

could not provide the required steam flow, the emergency cooling loop 

would be used. The'nitrogen purge rates would be sufficient to remove 

I'M. S. Zabetaki, "~esearch on the Combustion and Explosion Hazards 
of Hydrogen-Water Vapor-Air Mixtures, I' AECU-3327, Sept. 4, 1956, Fig. 1. 

"H. F. Coward and G. M. Jones, "~imits of Flammability of Gases 
and 'Vapors, " Bulle.tia 503, Euresu of Mines, 1.9.52, Fig. 1. 



esselxtial ly a l l  water vapor and hence t h e  source of hydrogen from t h e  core 

during t he  f i r s t  hour of operation. It appears therefore  t h a t  t he  amounts 

of hydrogen generated i n  t he  depressurization s i t ua t i ons  would be t o l e r -  

able  even i n  t he  r e l a t i v e l y  small reac tor  chamber volume. 

Experimental  measurement,^ - of t he  Reaction 
of Steam and G r a ~ h i t e  

R. E. Helms R. E. MacPherson 

A high-pressure forced-convection loop i n  being assenibled f o r  measur- 

ing the  react ion r a t e  of graphi te  and steam over t he  temperature range 

1000 t o  1800°F a t  system pressures from 20 t o  362 ps ia  and steam flow 

r a t e s  up t o  120 lb/hr .  The data  obtained w i l l  be used t o  v e r i f y  t he  ca l -  

cula t ions  described i n  t he  preceding section.  
s . 

. . 
. -  * 

Neutron Multiplication by Experimental Gas-Cooled . . 
Reactor Fuel Assemblies 

E. B. Johnson R. K. Reedy, Jr. 

Experiments were conducted t o  determine the  source-neutron mul t ip l i -  

ca t ion of EGCR f u e l  assemblies under cond,jtions which might e x i s t  i n  

t ranspor ta t ion  and storage. Twenty-eight f i e 1  assemblies were arranged 

t o  y i e ld  maximum nuclear r e a c t i v i t y  under conditions t h a t  might be ex- 

pected f o r  out-of-pile environments. It was found t h a t  these  28 assem- 

b l i e s  could not be made c r i t i c a l  when water moderated and re f lec ted .  21 

2 1 ~ .  B. Johns011 slid R. K. Heedy, Jr., "Neutron Mult ip l icat ion by 
Experimental Gas Cooled Reactor l e l  Assemblies," USAEC Report ORTJL-TM-433, 
Oak Ridge National Laboratory, Nov. 27, 1962. 



2. COMPONENT DEVELOPMENT AND TESTING\ 

WJ 

Fuel Channel Top and Bottom Dummy Assembly Flow Tests - 
R. E. Helms. .R. E. MacPherson 

An adjustable orifice in the bottom d m y  was designed and kested 

that will provide the control needed to assure more linear flow for the 

full 5 in. of travel of the adjustable plug. The calculated helium pres- 

sure drop versus flow for this design is presented in Fig. 2.1. The 

helium flow as a function of plug position is presented by Fig. 2.2. 

Fig. 2.1. Modified Plug and Orifice Pressure DL-op v3 Flow. 
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Fig. 2.2. Helium Flow vs Modified Ad justable Plug Position. 

A retest of the prototype top dummy following machining to the di- 

mensions of the mockup top dummy gave essentially the same flow versus 

pressure drop relationship as that measured in tests of the mockup. The 

data on flow versus pressure drop for the mockup top dummy were reported 

previously. 1 
- . 

Evaluation of Venturis for EBCR Instrumented Channels 

R. E. Helms K. E. MacPherson 

Venturis 1, 2, and 3 for the EGCR instrumented channels were tested 

to detei-mine -.[;he effect of variations from design dimensions. The design 

dimensions and the dimensions of the five units that have been fabricated 

are listed below: 

'R. E. Helms and R. E. MacPhersonb Fuel Channel Top and Bottom 
Dummy Assembly Flow Tests, pp. 61-64, GCRP Semiann. bog. Rep. Sept. 30, 
1962, USNC Report ORNL-3372, Oak Ridge National Laboratory. 



Entrance Diameter 
(in. ) 

Throat Diameter 
(in. ) 

Design 3.000 + 0.001 
Unit 1 2.999 
Unit 2 2.9989 
Unit 3 2.9993 
Unit 4 2.9996 
Unit 5 2.9993 

The calculated values of helium flow versus pressure differential 

are presented in Fig. 2.3 for units 1, 2, and 3, which had the greatest 

dimensional variations. The results for all three units agree within 1%; 

therefore no tests are planned on the remaining two units. 

Fig. 2.3. Calculated Helium Flow Versus Pressure Differential for 
Venturis 1, 2, and 3 Fabricated for EGCR Instrumented Channels. Helium 
initially at 1050°F and 305 psia, 

UNCLASSI Fl ED 
ORNL- DWG 63- ( (0  

100 

8 0  

60  

4 0  

- > 20  
C .- - 
J 
4 
I- z W 

B t o  
U. 

LL o 8 

W LZ 

2 6 
0 
W 
LZ a 

4 

2 

4 
402 2 4 6 8 go3 2 4 6 8 104 

HELIUM FLOW Ilb/hr) 

- 

P 

41 
A 

a 

a" 
. 

- 
b- 

0 UNlT ONE 

A UNIT TWO 

UNIT THREE 



Instrumented Fuel Assemblies 

R. L. Sen. W. G. Cobb 
E. A. Franco-Ferreira 

Fabrication work on the instrumented fuel assemblies for the first 

core loading of the EGCR continued. The final assembly of the first four 

units was rescheduled for October 1963 as a result of delays in the ex- 

pected shipping date for the top closures and shield plugs. 

The design and fabrication of assembly fixtures was completed and 

assembly of the seven-rod cluster fuel element assemblies is in progress 

(see chap. 3, this report). Numerous special dimensional inspections are 

being performed on the fuel rods, graphite sleeves, and fuel element as- 

semblies. These include lengths, diameters, and straightness of the rods 

and sleeves. Upon completion of each assembly, the spacings between the 

rods near the top spider, bottom spider, and midplane spacers are measured. 

A record of these inspections is maintained for each unit. 

Control-Rod-Drive Testing Facility ----- 

W. F. Ferguson 

The EGCR control-rod-drive testing facility was completed and placed 

in standby condition pending delivery of the prototype drive mechanism. 

This completes all installation work, except for the calibration of cer- 

tain instruments, which cannot be accomplished until after the drive 

mechanism is installed. Operating procedures were prepared for the test 

facility. 

Com~ressor Procurement 

W. F. Boudreau 

Main Coolant Blowers (E. R. ~aylor) 

The progress on the casings for the Joy Manufacturing Company blowers 

was extremely slow during the report period, even though no further prob- 

lems were encountered in welding. The latest tentative schedule received 

from the Joy Manufacturing Co. indicates delivery of the first blower in 



September and the" second in ~ovkmber. 1963. All other components for the 
. . 

blowers are essentially complete, except for the static seals, which are 

now in the latter stages of design and testing. Design changes are being 

made to improve the endurance life of the bellows. 

Fressure-Vessel Cooling-System -- Compressors (E. R. ~aylor) 

The welding of the first casing was completed by the Ebttelle 

Memorial Institute on February 15, 1963. This unit is in the Roots- 

Connersville Plant for final machining, hydrostatic testing, assembly, 

and performance testing. The remaining work on this unit is estimated 

to require between two and three months. The progress schedule for the 

second unit is about two months behind that of the first. All other 

parts for these two units are essentially complete, except for the static 

seals, which have the same status as those for the main blowers. The 

Chicago Rawhide Company is providing the static seals for both the vessel 

cooling compressors and the main cooling blowers. 

EGCR In-Pile Loops - 

W. F. Ferguson 

The experimental loop nozzle tees, which provide access for the loops 

through the pressure vessel, are being fabricated by the Ebldwin-Lima- 

Hamilton Corporation of Philadelphia, Pennsylvania. The three bottom 

loop tees and the tee .'for the emergency cooling loop were delivered to 

the reactor site and are being installed by the H. K. Ferguson 'Company. 

The major production effort has been expended on the bottom tees, and 

little progress has been made toward completion of top tees. 

The lower experimental piping for loops TS-2, TS-3, and TL-4 was 

installed by the H. K. Ferguson Company, and all welding of both stainless 

and carbon steel was completed, except for the welds that cohect the loop 

piping to the bottom nozzle tees. Inspection and testing of all finished 

welds was satisfactorily completed. 

The top closures for the loops are being designed and fabricated by 
./' - .the General Electric Company. The design of the closures is approximately 



80% complete. Since the design is similar to the design of the EGCR clo- 

sures, which are also being supplied by GE, the General Electric Company 

has elected to defer completion of loop closure design and fabrication 

until after a prototype of the EGCR closures has been fabricated and has 

satisfactorily undergone all required testing. 

The bottom closures are being supplied by Flight Kef'ueling, Inc. of 
It I1 

Ealtimore, Maryland. A prototype closure was tested using Viton 0 rings, 

and the leakage across the seal was far in excess of the specification 

requirements. Consequently, the closure was retested using Selastic 

S-209r/-U "0" rings. The closure met all requirements of the specification 

in the second test. Approximately 50% of the parts for the closures have 

been completed. 

D?contamination Studies ---- 

Decontamination of Stainless Steels 'Baked in Helium at 500°C 
- - - P A  -- --- 

Stainless steel blowers and piping exposed to contaminated helium 

at the operating temperatures of the EGCR can probably be adequately de- 

contaminated without damage by hot oxalic acid solutions containing fluo- 

ride and hydrogen peroxide. Decontamination can be by means of an aqueous 

bath containing 0.4 M H2C204 + 0.1 M F- + 0.1 to 1 M H202 for 2 to 4 hr 
at 90 to 95°C. This decontaminating solution has a corrosion rate of 

0.003 + 0.001 mil/hr. For increased effectiveness, a similar but more 

corrosive bath, with a penetration rate of 0.02 f 0.01 mil/hr, can be 

used. The latter solution differs from the first only in the H202 con- 

tent, which is 0.01 to 0.02 M, and in its increased corrosivity. Ty-pical 

laboratory data illustrating the effectiveness of the two types of solu- 

tions compared with noncorrosive ( p ~  = 4) solutions are shown in Table 

2.1 for types 302 and 347 stainless steels contaminated with the most 

tenacious of the fission products. The noncorrosive oxalate-peroxide 

solution produces decontamination factors of lo2 to lo3 or more on carbon 

steels and stainless steels not heated above about 200°C and also decon- 

taminates carbon steels and aluminum that have been contaminated and then 



. . 
Table 2.1. Decontamination D actors with Oxalate-Peroxide 
Solutions on Stainless Steels Baked at 500°C in Helium 

Decontamination Factor 
-- 

Fission 
Woduc t 

Noncorrosive Corrosive 
Solution ' Solution 

Corrosive 
Solution 

heated to 500°C in helium, but it fails to decontaminate stainless steels 

baked at 500°C. The increased acidity provided by oxalic acid combined 

with the complex5ng prdperties of the oxalate and fluoride ions and the 

oxidizing-reducing behavior of the peroxide results in a superior decon- 

taminating, oxide-dissolving, and metal brightening solution for: heated 

stainless steels. The decontamination of contaminated loop specimens and 

of piping exposed to heated helium containing fission products was suc- 

cessful with these. solutions and with steam-spray techniques. 

Decontamination of Carbon Steels by Steb Spray 
. . , 

i .  

Blasting with a 15-psig steam jet into which was aspirated approxi- 

mately 12 wt % 0.4 M oxalate + 0.16 M citrate + 0.5 M H202 at a pH of 4.0 
was satisfactory as a low-corrosioi .decontaminating technique for carbon 

steel at dis'tances of 2 to 24 in. from.the nozzle. The corrosion rate 

was 0,002 to 0.006 mil/hr. At lower peroxide concentrations, such as 

'0.3 M, the corrosion rate rose abruptly to 0.'17 mil/hr as inhibition wa,s 

lost. After ~ r - ~ ~ ~  was baked onto carbon steel in helium at 500nC, 

decontamination factors in 1 hr at 2 and 24 in. from the jet were 1.2 x lo3 
and 520, respectively, in the 0.5 M H202 mixture. 



3. MATERIALS DEVELOPMENT 

A. Goldman 

Fabrication of Instrumented Capsules and Fuel 
Elements fo r  Irradiat ion Tests 

E. A. Franco-Ferreira 

ORR Poolside Irradiat ion Capsules 

Six standard uninstrumented capsules were fabricated fo r  t e s t s  of 

UOz pel lets  i n  the Om poolside f a c i l i t y  (see Chap. 4). The sources of 

the U02 i n  these capsules, designated group VI ,  are  l i s t e d  below: 

Capsule No. U02 Source 

03-6 Oak Ridge National Laboratory 
02A-6 West inghouse v i rg in  oxide 
03A-6 Westinghouse virgin oxide 
05A-6 WesLingIlouse reprocessed oxide 
06A-6 Westinghouse reprocessed oxide 
OSB-6 Modified Westinghouse reprocessed oxide 

Test Fuel Elements f o r  Irradiat ion i n  GCR-ORR Loop No. 1 

A special roughened-surface fue l  eleueut, designated 10-P, was fab- 

r icated fo r  measuring the ef fec t  of the roughened surface on the  pressure 

drop i n  the coolant gas. The roughened surface was produced by wrapping 

the outside of the  cladding with 0.0063-in.-diam Nichrome wire on a pitch 

of 24 turns per inch and copper brazing it i n  place. Standard procedures 

were used i n  the  ins ta l la t ion  of four internal  cladding thermocouples. 

The element was designed for  a higher power output (estimated a t  65,000 

~ t u / h r .  f t  ) than those manufactured previously, and both the over-all length 

of the  element and the  length of the  fue l  column were less .  fls i n  the  

past, two complete elements were fabricated for  the  experiment. 

Each element was encased i n  a shroud designed t o  d i rec t  the flow of 

cooling gas around the  element. Normally each shroud contains two thermo- 

couples t o  measure the  exit-gas temperature, and the  thermocouples, as  

well as the  gas sealing rings, are  brazed i n  place as a routine portion 

of the  fabrication program. The shroud used f o r  element 10-P was somewhat 



more complicated, however, in that it contained provisions for gas pres- 

sure-drop measurements, as well as temperature measurements. The completed 

shroud is shown in Fig. 3.1. The two girth rings contain gas annuli that 

are connected to the inside of the shroud by a number of accurately sized 

holes. The annuli are connected to pressure transducers by brazed-in 

capillary tubes, one of which can be seen in Fig. 3.1. Also evident are 

the two gas-temperature thermocouples. All components were simultaneously 

brazed in place. 

UNCLASSIFIED 
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Fig. 3.1. Completed Shroud for Fuel Element 10-P. The girth rings, 
capillary tubes, and gas-temperature sensing thermocouples are shown. 

Fabrication of EGCR Instrumented Fuel Elements 
- 

E. A. Franco-Ferreira 

Fabrication of components for the 20 instrumented fuel elements that 

will be installed in four-assembly stringers with the first core loading 

is progressing rapidly. All the fuel rods for the first two instrumented 

stringers were completed (see Chap. 2). The various phases involved in 

this work are discussed below. 

Fuel Processing 

All the U02 bushings are standard EGCR units removed from Westing- 

house's normal assembly stream. After the bushings were received at ORNL, 

it was discovered that the flat lands on the dished ends of the bushings 

were too narrow. This condition was corrected by hand grinding both ends 

of each bushing in order to widen the lands. The bushings can be processed 

in this way at a maximum rate of approximately three per minute. 



The bushings were then s lo t ted  by an Elox process t o  accommodate the 

internal  thermocouple of the  instrumented f u e l  tube. After the  grinding 

and s lo t t ing  operations were completed, the bushings were ul t rasonical ly 

cleaned in  trichlorethylene t o  remove o i l  and grease, as well as any UOa 

dust produced by machining. 

Because of variations tha t  occur. during manufacturing, the  UOz bush- 

ings are  not a l l  t he  same length. Therefore the fue l  bushings fo r  each 

rod must be individually selected so tha t  t h e i r  stacked height w i l l  be 

within the specified tolerance. Wte r  each stack is made up, it i s  

- -  - .  weighed and loaded in to  a fue l  rod tha t  has one end cap welded i n  place. 

Loaded rods are  then placed i n  a special  f'urnace extension on the iner t -  

atmosphere welding chamber. This extension is the aluminum-foil-insulated 

portion i n  Fig. 3.2. The chamber is  evacuated t o  a t  l e a s t  2 X 10'~ t o r r  

and outgassed fo r  4 h r  a t  a temperature of 400°C. The chamber is then 

backfilled with helium, and the  f i n a l  end-cap welds a , p  made. 
I+". 

Uninstrumented Fuel Rods 

Each instrumented fue l  assembly s t r inger  has 25 uninstrumented rods 

and 3 instrumented rods, and the  uninstrumented rods are  fabricated with 

the same care as the instrumented rods. The upper end caps are  welded 

in to  the tubes outside the welding chamber, helium-leak tested, dye-pene- 

t r an t  inspected, and radiographed. The rods are  then loaded with fue l  

and outgassed as  described above. The bottom end caps are  pressed i n  and 

welded automatically inside the  welding chamber i n  the un i t  shown i n  Fig. - 
3.3, which is  a view through the  port of the  welding chamber with an a c t u a k e  

weld setup shown. The bottom end-cap welds are  subjected t o  the same non- 

destructive t e s t s  as  the top end-cap welds. 

In addition, special  dimensional measurements are  made of each fue l  

rod. These data and the  weld inspection reports, welding current traces, 

and fuel  weights are  compiled in to  a record f i l e .  

Instrumented Fuel Rods 

Two of the  three instrumented fue l  rods i n  each s t r inger  have two 

cladding thermocouples and one central  thermocouple ( ~ i ~ .  3 . 4 ) ;  the  other 



rod has only one cladding thermocouple and no central  thermocouple. In  

the  fabricat ion of these rods, the top end caps are  f irst  welded and in- 

spected as  above. The cladding thermocouples are then brazed i n  place 

using procedures developed and reported previously. The brazed joints 

Fig. 3.2. Furnace Extension Used fo r  Outgassing Fuel Rods Loaded 
with U02 Bushiws. Thi.s uni t  is  attached d i rec t ly  t o  the  welding cham- 
ber shown i n  the  background. 



are  tes ted  as  described i n  the  following section, and the f u e l  bushings 

are  loaded in to  the  rod. If the  rod is  t o  include a central  thermocouple, 

the central  thermowell is  welded i n  place and leak checked before the  bot- 

tom end cap is  welded in. The only other variat ion from the  assembly 

Fig. 3.3. Apparatus fo r  Welding Bottom End Caps of We1 Rods In- 
s ide the  Controlled-Atmosphere Welding Chamber. 

PQ. 3.4. CCrmpn~3nt~ of Ty"pi~aL Ut-ted H d  &OW%* Eaa 
Gaps, Can2;ml Tbiermcougle, and Two CUdcZing !l?bemcmpLes. 



sequence described fo r  the uninstrumented rods is tha t  the bottom end cap 

must be manually welded because the thermocouples prevent automatic rota- 

t i on  of the rod. Special inspections, dimensional measurements, and re- 

ports are completed as described for  the uninstrumented rods. 

Nondestructive Evaluation of Thermocouple- 
to-Tube Brazed Joints 

K. V. Cook 

Various inspection methods were investigated, and it was found that  

a "ringing" ultrasonic technique was applicable for  evaluating the brazed 

joints between the thermocouples and the inner surface of the tyye 304 

stainless s tee l  tubes used i n  the instrumented fuel  assemblies. Prelimi- 

nary ultrasonic data were generated for  a specimen with four thermocouples 

attached; subsequent destruction of two of the thermocouple-to-tube brazed 

joints demonstrated tha t  the method could differentiate between unbonded 

and bonded areas approximately 1/32 X 1/16 in. The two remaining brazed 

joints contained unbonded areas of comparable size, and hence they served 

as standards. Nine additional thermocouple-to-tube brazed joints were 

evaluated, and the results  indicated acceptable bonding in a l l  cases. 

Oxidation Studies of Nitrided (~alcomized) 
Tme 304 Stainless Steel 

B. Fleischer 

An experiment was conducted t o  evaluate the oxidation behavior of 

nitrided type 304 stainless s tee l  under EGCR coolant conditions. The pur- 

pose of the experiment was t o  examine the properties of the nitrided sur- 

face layer being applied t o  the nozzles of the pneumatic temperature 

measurement system of the EGCR, since the accuracy of the temperature 

measurements of the system w i l l  be significantly affected by extremely 

small variations i n  the nozzle throat area. Also, an al terat ion of the 

surface smoothness of the throat would produce a change in the flow charac- 

t e r i s t i c s  of the nozzle tha t  would, i n  effect, be similar t o  that  produced 



by a var iat ion of the throat  diameter. It i s  c lear  from these considera- 

t ions  tha t  dimensional s t a b i l i t y  of the  nozzle throat  is  extremely c r i t i -  

c a l  and t h a t  t e s t s  designed t o  determine the  s t a b i l i t y  of the surface 

layer  would have t o  be concerned with extremely small dimensional changes. 

Test specimens consisting of four 1/2-in. -dim,  3/4-in. -long rods of 

cold-rolled type 304 sLainless s t c c l  were obtained from the  Atomic Power 

Equipment Department of the General Elec t r ic  Company. Pretest  metallo- 

graphic examinations of the four samples revealed a thin,  continuous, ni-  

t r i d e  case t h a t  varied i n  depth from about 0.004 t o  0.007 in., as indi- 

cated i n  the  data of Table 3.1.) and many imperfections i n  the n i t r ide  

layers i n  the  form of circumferential and r ad ia l  cracks. A sys%em of 

circumferential cracks tha t  was apparent around the  outer edges of speci- 

mens 1 and 2 is  shown i n  Fig. 3.5; specimens 3 and 4 had r ad ia l  cracks 

such as those shown i n  Fig. 3.6. Hardness impressions made across the  

ni t r ided layers gave an average value of 595 DPH, and the hardness of the  

base metal averaged 191 DPH. 

Table 3.1. Results of Measurements and Oxidation Tests 
of Nitrided Type 304 Stainless  S tee l  Specimens 

Specimen Original Depth Thickness of Oxidation Rate 
of Nitride Case Layer Removed i n  1000 h r  

No. (in. ) (in. ) (mg/cm2* h r  ) 

a Tested as received. 

b ~ i t r i d e  layer  completely removed. 

Three of the specimens, Nos. 2, 3, and 4, were surface ground t o  re -  

move 0.003, 0.0045, and 0.006 in., respectively, of the  n i t r ide  case, and 

specimen No. 1 was tested i n  the as-received condition. Oxidation expo- - 
sures of the specimens were carried out i n  slowly flowing, 40 cm3 (STP)/~T& 

4 



Fig. 3.5. Circumferential Cracks in Nitride Layer of Type 304 
Stainless Steel Specimen No. 1. As received. lOOX 

r I 
lOOX INCHES 

Fig. 3.6, Radial Crack in Bitride J,ayer aP Type 304 Stainless 
Steel 9peciwn No. 3. As received. 



impure helium a t  1050°F. The t e s t  gas composition i s  given below: 

Element 
Quantity by 

Volume 
- -  - 

co 0.01% 
co2 0.13% 
H2 0.17$ 
N2 0.013% 
H2O 10 ppm 
He Balance 

The weight gains of the  surface-ground and as-received ni t r ided speci- 

mens a f t e r  1000 hr  are  l i s t e d  i n  Table 3.1. A s  may-be seen, the oxidation 

r a t e  decreased as  a f'unction of the  depth of the layer removed by surface 

grinding. The oxidation ra t e  of the  as-received ni t r ided specimen (NO. 1 )  

was about 14 times tha t  of type 304 s ta in less  s t e e l  from which the n i t r ide  

layer had been completely removed. The metallographic appearance of the  

as-received n i t r ide  layer a f t e r  oxidation is shown i n  Fig. 3.7. The 

Fig. 3.7. Typical Cross Sect ion of A s  -Received Nitrided Specimen 
No. 1 Showing Oxide Layer Produced by 1000 h r  of Exposure t o  Impure 
Helium a t  1050°F. 



specimens from which most or a l l  of the ni tr ide had been removed revealed 

no detectable oxide layer. 

Hardness measurements of the ni t r ide  layer a f te r  exposure t o  impure 

helium gave an average value of 513 DPH, a decrease of approximately 

80 DPH points from the pretest  hardness. The base metal hardness remained 

unchanged. 

The experimental resul ts  show tha t  the surface properties of a ni- 

t r ided case under EGCR conditions tend t o  change t o  those of an oxide 

film. Since the decreased oxidation resistance of the nitrided surface 

resul ts  i n  increased susceptibility t o  dimensional change, nitriding may 

have a detrimental effect  on the s t ab i l i t y  and r e l i ab i l i t y  of the pneu- 

matic temperature measurement nozzles. 

Graphite Surveillance Program 

M. P. Davis 

Surveillance Specimens 

A graphite surveillance program is t o  be carried out i n  the EGCR t o  

monitor the changes i n  certain physical, mechanical, and chemical prop- 

e r t i e s  of the moderator graphite as a result  of neutron irradiation and 

exposure t o  oxidizing impurities i n  the coolant gas. The surveillance w i l l  

be accomplished by placing various types of AGW graphite t e s t  specimens 

i n  channel No. 140, where conditions w i l l  be the most severe with respect 

t o  neutron flux and temperature (see Chap. 1 ) .  The specimens w i l l  be 

placed in  graphite sleeves similar t o  those used for  the fuel  assembLies 

and can therefore be handled by the service machine. A schematic drawing 

of a graphite surveillance assembly, which indicates the relat ive posi- 

t ions of the graphite specimens and the other components, i s  shown i~ Fig. 

3.8. The specimens w i l l  be identified and arranged in seven layers sepa- 

rated by graphite spacers within each assembly. 

The surveillance program cal ls  for  removal and test ing of 21 se ts  of 

specimens over a 20-year period, one s e t  a f te r  each of the first two 6- 

month periods and annually thereafter. Vacated.positions i n  the assemblies 
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' Fig. 3.8. Gr'aphite SurveTllance Assembly (schematic) Showing Posi- 
tions of Test Specimens and Position of Orifice at the Bottom. 

will be filled with "dummy" specimens in the interest of over-all struc- 

tural stability. 

Temperature measurements will be made by the "melt-wire" method; there 

are no provisions for instrumenting the graphite surveillance channel for 

temperature measurements by thermocouples. Ten metals or alloys with low 

neutron-absorption cross sections and known melting temperatures were 

selected to cover the range 200 to 650°C in 50°C increments. Wires of 



these materials w i l l  be placed in the center of each assembly in special 

graphite holders tha t  serve as spacers. An estimate of the maximum tem- 

perature achieved w i l l  be made by visual examination of the wires upon 

removal of the assembly. Flux monitors fo r  the graphite surveillance chan- 

nel  are being considered. 

The t e s t  program has been planned under the assumption that  the speci- 

mens can be handled outside hot ce l ls  with appropriate precautions. Brief 

descriptions of the planned tes t s  are given below. 

Test Program 

Dimension and Weight Measurements. The weights and dimensions of all 

t e s t  specimens w i l l  be recorded before and a f te r  exposure. In addition, 

certain specimens w i l l  be measured and weighed a t  each scheduled removal 

and returned t o  the i r  original positions. Specimens cut with longitudi- 

nal  axes both para l le l  and perpendicular t o  the extrusion direction w i l l  

be represented. 

Room-Temperature Tensfie Properties. Load-elongation curves w i l l  be 

prepared for  axially loaded tensi le  specimens t o  determine the fracture 

stress,  fracture strain,  and modulus of elast ici ty.  The limited space 

available and the large number of samples required t o  give a s t a t i s t i c a l l y  

meaningful measurement necessitate that  tens i le  properties be measured 

only paral lel  t o  the extrusion axis. 

Irradiation-Induced Creep. The permanent s e t  in  prestressed speci- 

mens of the type shown i n  Fig. 3.9 w i l l  be measured. These data w i l l  be 

used t o  determine the irradiation-induced creep characteristics of the 

moderator graphite. 

Oxidation Rate in  Air. The oxidation ra te  of irradiated graphite 

specimens w i l l  be determined in  flowing a i r  and compared with the oxida- 

t i on  r a t e  of unirradiated specimens taken from the same graphite stoclcd 

Oxidation rates w i l l  be determined a t  several temperatures up t o  650°C. 

Thermal Expansion. The coefficient of thermal expansion w i l l  be 

measured over the temperature range 25 t o  1000°C on specimens with axes 

both paral lel  and perpendicular t o  the extrusion direction. 
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Fig. 3.9. Specimen for Determination of Irradiation-Induced Cree* 
in Graphite. 

Thermal Conductivity. The thermal conductivity of irradiated graph- 

ite in directions both parallel and perpendicular to the extrusion direc- 

tion will be measured on cubical specimens. 

Stored Energy. Both the total stored energy and the temperature de- 

pendence of stored energy release will be determined by heat of combustion 

and adiabatic calorimeter techniques, respectively. 

Quench and Compression Tests of EGCR Fuel Bushings 

C. Michelson J. L. Scott 

Examinations of capsules containing EGCR prototype fuel bushings that 

had been irradiated in the ORR poolside facility indicated a tendency of 



these bushings t o  chip and crack, particularly a t  the edges formed by the 

intersection of the f l a t s  and the outer cylindrical surface. Durm re- 

peated thermal cycling, many chips formed and migrated into the annulus 

between the bushing and the cladding and produced easi ly detectable pro- 

trusions and ridges on the cladding surface. Excessive cracking a t  some 

bushing-to-bushing interfaces plus external pressure on the cladding also 

produced localized collapse of the bushings and visible depressions i n  the 

cladding. An out-of-pile study of these problems was initiated, and the 

resul ts  of t e s t s  of bushing performance under repeated severe thermal cy- 

cling and under axial loading are reported here. 

One out-of-pile t e s t  performed during the development of fuel  for  the 

EGCR consisted of successive heatups of a cttpsule t o  1500°F followed by 61 

water quench. Although admittedly a severe t es t ,  it was performed a t  that  

time on ORNL-fabricated U02 bushings to  demonstrate the effect  of a maxi- 

mum possible thermal shock. After 100 quenches, radiographs of these 

bushings showed radia l  cracks from surface to center and a few axia l  cracks, 

but there were no f ine chips and no UOz f e l l  down the central void i n  the 

bushings. In view of t h i s  prior favorable t e s t  experience, the quench t e s t  

was selected fo r  evaluating the gross effects of severe thermal cycling on 

fue l  bushings fabricated fo r  the EIGCR fue l  loading. A cross section of a 

quench-test capsule is  shown i n  Fig. 3.10. 

The f i r s t  quench-test capsule (XP-TCA) was loaded with fuel  bushings 

from the batch used in the irradiated capsules (oRNL inspection batch 

No. 3008), and it was subjected t o  50 quench cycles. The radiographs 

shown in Fig. 3.U were taken a t  the end of 0, 10, and 50 cycles. De- 

ter iorat ion of the bushings along the external cylindrical surfaces was 

detectable a t  the end of 10 cycles and was pronounced a t  the end of 50 

cycles. The fines produced by surface deterioration f i l l e d  gaps between 

the bushings and the capsule cladding and formed ridges and protrusions 

in the cladding during subsequent thermal cycling. Deformation of the 

cladding was visible a t  the end of three cycles and continued throughout 

the t es t .  Diametral growth of 0.030 t o  0.050 in. was measured in the 

region of severest ridging a t  the end of 50 cycles. An axial  growth of 

3 /4 in. occurred during the t es t .  
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After dimensioning and radiographing, the cladding on capsule W-TCA 

was bisected on a milling machine. The interior  of the capsule is shown 

i n  Fig. 3.12. The surface deterioration noted on the radiographs appeared 

as gross chipping of the outer cylindrical surfaces. The capsule e loqa -  

t i on  appeared as headspace a t  the top. One favorable observation was the 

ab i l i t y  of the U02 bushings t o  lock into place instead of fal l ing into 

the central  void. 

In order t o  confirm the previous favorable experience with the quench 

t e s t ,  a second t e s t  capsule (XP-TCB) was loaded with Om-fabricated fuel  

bushings (ORNL inspection batch No. 3005). These bushings had the same in- 

s ide and outside diameters as the EGCR bushings but were 3/8 in. instead 

of 314 in. long and had f l a t  faces instead of dished faces. In  all other 

respects, capsule W-'kCB was identical t o  capsule W-TCA, including the 

elimination of a l l  headspace. 

Capsule XP-TCB was subjected t o  50 quench cycles, and the radiographs 

shown in Fig. 3.13 were taken a t  the end of 10 and 50 cycles. No degrada- 

t i on  of the U02 was observed a t  the end of 10 cycles. After 50 cycles 

some axia l  cracks were detectable, but no deterioration of the cylindri- 

c a l  surfaces was evident. Ridges became visible in the cladding a f te r  

several cycles, but they did not grow appreciably during the t es t .  A 

diametral growth of 0.005 t o  0.015 in. was measured in the region of 

severest ridging a t  the end of 50 cycles. Noises heard when shaking the 

capsule indicated tha t  some fines were present and that  the bushings were 

f ree  t o  move. An axial  growth of 112 in. occurred during the t es t .  

The interior  of capsule XP-TCB is shown in Fig. 3.14. The rather 

disorganized appearance of the bushings is due t o  penetration of the 

m i l l i n g  cutter. The significant aspect is  the absence of surface deterio- 

ration such as tha t  present i n  F i g .  3.12. Each piece of UOz was examined 

for  surface damage, but none was found. Fragments of the ORNL-fabricated 

bushings demonstrated a marked ab i l i ty  t o  key into place, as evidenced by 

the freedom of the bushings t o  move within the capsule without fragments 

fa l l ing into the central void. 

The results  of these two quench t e s t s  verified the unusual behavior 

of the EGCR bushings noted following the irradiation tes ts .  A subsequent 

investigation of possible bushing and cladding interactions indicated 



Fig. 3.12. In ter ior  of Capsule XP-TCA a f t e r  50 Quench Cycles. 
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Fig. 3.13. Siaaiographs a2 C a ~ w l e  XP-TCE After 10 and 50 Quench 
Cycles. 

tha t  the principal contributor t o  EGCR bushirg damage was the axial com- 

pressive force produced by the cladding during the thermal quench. Simi- 

lar bushing damage could be expected because of end constraints when the 

UOz is heated rapidly in the reactor. 

A th i rd  t e s t  capsule (XP-TCE) was bu i l t  t o  demonstrate that  axial 

constraint produced the bushing damage in  capsule XP-TCA. In t h i s  cap- 

sule a headspace of 0.090 in. m a  provided t o  remove the end constraints; 
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Fig. 3.14. Interfor of Capsule XP-'PCB After 50 Quench Cycles. 



otherwise the capsule was identical t o  capsule XP-rn $n a l l  respects. 

Capsule XP-TCE was subjected t o  50 quench cycles. Ridges formed on the 

cladding a f t e r  several cycles, but they did not expand significantly dur- 

ing the tes t .  The capsule grew about 5/32 in. 

An interior  view of capsule XP-TCE is shown in  Fig. 3.15, the signif i-  

cant aspect of which is the absence of surface chips and the type of de- 

ter iora t ion shown i n  Fig. 3.12. Each bushing was examined, but no chips 

were found. Considerable milling-cutter damage did occur, however. 

A fourth capsule (XP-TCF) was tested t o  verify that  the bushing dam- 

age observed in  capsule XP-TCA occurred during the f i r s t  few thermal 

cycles. This capsule, which was identical t o  capsule XP-TCA, was sub- 

jected t o  three quench cycles. Severe ridges and protrusions were detect- 

able a f t e r  the second cycle. Subsequent bisection of the cladding showed 

tha t  the predicted gross chipping along the outer surfaces did occur dur- 

i n g  the first three cycles. 

After identifying the axial  compressive force as the principal dam- 

age mechanism, it was necessary t o  determine the individual bushing fea- 

tures that  made them susceptible t o  damage. To accomplish this ,  a series 

of 29 compression t e s t s  was performed on ORNL-fabricated and EGCR bush- 

ings t o  study the i r  response t o  axial  loading. For these tes ts ,  three or 

more bushings were placed i n  a length of capsule. tubing (EGCR size)  and 

compressed i n  a hydraulic press. Total loads of up t o  2000 l b  were ap- 

plied. This i s  the maximum load that  room-temperature capsule tubing can 

apply between end constraints before yielding, and thus represents an 

upper l i m i t  on the axial  compressive force i n  a t e s t  capsule or fuel  ele- 

ment using EGCR-type cladding. 

For the f i r s t  series of compression tes ts ,  EGCR bushings from the 

batch used in  capsule XP-TCA were placed i n  a 2-in. length of capsule 

tubing and compressed with loads of 200 t o  2000 lb.  A t  400 lb, visual 

inspection disclosed a small amount of chipping along the edges formed by 

the intersection of the cylindrical. surface and the end faces. A t  800 l b  

the chips were larger and more numerous. In the range of 1000 t o  2000 l b  

most of the bushings formed many large chips, some extending the full axial 

length. The amount of chipping a t  reduced loads varied considerably, but 





the surface degradation was of the same general type as observed with s i m i -  

l a r  bushings during the quench tes ts .  

A preponderance of chips along the edges formed by the intersection 

of the cylindrical surface and the end faces prompted a careful examina- 

t ion of t h i s  area. It had been assumed tha t  the bushing faces were dished 

t o  a depth of approximately 0.005 in. a t  the inner surface of the bushing 

and tha t  the diameter of the dish was approximately 0.600 in. This should 

have l e f t  a relat ively f l a t  area approximately 0.053 in. wide between the 

dish and the outer cylindrical surface. 

Depth measurements on several bushings showed the end faces t o  be 

dished t o  a depth of 0.005 t o  0.007 in., but in many cases the dish ex- 

tended t o  the bushing outer edge and thus provided l ine  or multiple-point 

contact along the  outer edges. In some cases a small f l a t  area was de- 

tected, but numerous surface irregulari t ies  resulted i n  multiple-point 

contact with adjacent bushings. It was along these l ines  and points of 

contact tha t  most of the chips and fractures in i t ia ted  under axial load- 

ing * 

A second series of compression t e s t s  was therefore performed t o  

evaluate possible beneficial effects of removing the l ine  or multiple- 

point contact by creating a smooth, f l a t ,  contact surface. Bushings were 

selected from the batch used i n  capsule XP-TCA, and the end faces were 

deburred un t i l  a f l a t  approximately 0.050 in. wide was achieved. Wheh 

these bushings were compressed, fracture occurred a t  1800 lb, and some 

fines were formed. The significant point was tha t  the absence of chipping 

and flaking a t  lower axia l  loads alleviated the problem of the formation 

and migration of fines into the interface between the bushings and the 

cladding. 

A quench capsule (XP-TCG) was then tested t o  verify the beneficial 

effects of deburring the fuel  bushings. This capsule was identical t o  

capsules XP-TCA and XP-TCF, except for  the use of deburred bushings. The 

interior  of the  capsule i s  shown in Fig. 3.16 a f te r  being subjected t o  

three quench cycles. The bushings were essentially undamaged. Only the 

bottom bushing was cracked, and no new chipped surfaces appeared on the 

other bushings. 



Fig. 3.16. In ter ior  of Capsule XP-TCG After Three Quench Cycles. 



Since bushings from many oxide blends were being fabricated for  the 

EGCR, it was necessary t o  evaluate the i r  behavior under similar t e s t  con- 

ditions. The t e s t  resul ts  were essentially the same. In  the as-received 

condition, a l l  bushings cracked and chipped a t  the edges when compressed 

with 200- t o  400-lb loads. I n  a l l  cases, such chip formation was signif i-  

cantly reduced by deburring the  bushing faces. Although most bushings 

fractured upon loading t o  1200 t o  1800 lb, there were significant differ-  

ences i n  the nature of the fractures. Bushings fabricated from some oxide 

blends demonstrated a marked tendency t o  form numerous fines during frac- 

ture. 

After completing t h i s  phase of the investigation, a die modification 

was made by the bushhg vendor t o  provide uniform contact a t  the bushing- 

to-bushing interfaces. The modified die produced bushings with a uniform 

f l a t  surface 0.025 t o  0.050 in. wide extending inward from the outer cy- 

l indr ica l  surface. The f l a t  surface was tapered sl ightly toward the outer 

edge t o  sh i f t  the contact between adjacent bushings t o  a broadly defined 

l i ne  inward from the bushing edge. This l i ne  became the high point on 

the  bushing face and was approximately 0.001 in. higher than the bushing 

face a t  the outer edge. A production sample from th i s  new die demonstrated 

satisfactory performance in the compression tes t .  No chips formed below 

an i n i t i a l  compressive load of 1200 t o  1800 lb. 

The modified bushing faces were also tested i n  contact with unmodi- 

f i ed  faces t o  determine whetaer the inverse taper was sufficient t o  pre- 

vent bushing-to-bushing contact along the outer edge. The t e s t  results 

demonstrated the feas ib i l i ty  of th i s  arrangement. In  nearly a l l  tes ts ,  

no chips formed below a compressive load of 1200 t o  2000 l b  fo r  the bush- 

ing stack. The results  demonstrated the desirabil i ty of alternating modi- 

f ied and unmodified bushings t o  obtain a reasonably chip-res i s tant  arrange- 

ment. 

Manufacture of the EGCR Fuel Assemblies 

G. M. Tolson 

A s  of March 1, 1963, 756 EGCR fuel  assemblies had been received and 

accepted a t  ORNL. About 100 more assemblies were a t  Lhe vendor's plant 



awaiting f i n a l  inspection or shipment. The assemblies a re  being manufac- 

ture$ by the  Westinghouse Elec t r ic  Company, Atomic Fuel Department, a t  

Cheswick, Pennsylvania. 

Pressing and s in te r ing  of the  U02 f u e l  bushings were hal ted f o r  ap- 

proximately th ree  months during t h i s  period because of' t he  problems de- 

scribed i n  the  preceding section.  Production has been resumed with the 

mod. i f  j.ed. f~lel. hi1sh3,ngs. 

The vendor i s  now making a precise dimensional inspection of 30 spe- 

c i a l  fue l  assemblies destined f o r  thorough pos t i r rad ia t ion  examination. 

EQCR.Welding Assistance 

G. M. Slaughter 

Arrangements were completed f o r  the  dissimilar-metal welds i n  the  

EGCR primary coolant system t o  be made a t  O m .  Estimates of the  cost  of 

the  task  were prepared, and a purchase order was placed with the  In te r -  

national Nickel Company fo r  the  necessary welding electrodes.  Welding 

w i l l  be i n i t i a t e d  as soon as the  component pipes a r r ive  from the  manu- 

facturer .  

Nondestructive Evaluation of EGCR Graphite Cylinders 

R. W. McClung 

Several 4 112- in.  -diam, 5 - f t  -long graphite cylinders were evaluated 

by radiographic, eddy-current, and ul t rasonic  methods pr ior  t o  destruct ive 

tes t ing .  The pieces tes ted  were removed from the EGCR moderator columns 

when the f u e l  channels were machined. 

Calibration t e s t s  indicated t h a t  a radiographic technique was appl i -  

cable fo r  the  detection of voids having dimensions greater  than 0.045' in. 

and cracks or laminations oriented su f f i c i en t ly  pa ra l l e l  t o  the  x-ray 

beam axis. During the  inspections, no voids were detected but several  

small crack-like indications were noted. 

A phase-sensitive eddy-current scan was performed t o  detect  nonlami- 

nar discont inui t ies  near the  surface. One cylinder was scanned both he l i -  

c a l l y  and longi tudinal ly  with circumferential  indices. The h e l i c a l  scan 



was determined t o  be the  most sens i t ive  t o  longitudinal defects and was' 

used on t h e  remaining cylinders.  Longitudinally machined notches were 

used f o r  ca l ib ra t ion .  Those which were 0.100 in. o r  more i n  depth were 

r ead i ly  detected. Although no d i r ec t  r e l a t i on  has been established be- 

tween these notches and ac tua l  discont inui t ies ,  they do provide a quali-  

t a t i v e  indicat ion of flaw. s ize .  The scan recordings revealed consider- 

able  var ia t ion  i n  e l e c t r i c a l  conduct'ivity i n  each cylinder but nothing . 

t h a t  could be r ead i ly  iden t i f ied  . . as  an abrupt discontinuity,  such as a 

crack. 

Both pulse-ref lect ion and through-transmission ul t rasonic  inspection 

' techniques  were applied t o  t he  cylinders. I n  both cases the  variable 

u l t rasonic  a t tenuat ion and the  inl~omogeneous ul t rasonic  properties created 

so  many s ignals  t h a t  in te rpre ta t ion  was impossible. 



4. IRRADIATION TESTING OF COMPONENTS AND MATERIALS 

D. B. Trauger 0. Sisman 

'.1 

Instrumented Fuel Element I r rad ia t ions  in GCR-ORR Loop No. 1 

J. K. Franzreb 

ORR gas-cooled loop No. 1, which was designed t o  t e s t  metal-clad f u e l  

elements, has now been i n  continuous service  f o r  22 months. To date, the  

loop has been used f o r  evaluating EGCR pressure-vessel  s t e e l  weld metal 

specimens, f ue l  elements t h a t  simulate those of t h e  EGCR f i r s t  core design, 

EGCR instrumented f u e l  elements, and new elements having roughened sur-  

faces applicable t o  fu ture  designs, including t he  second core f o r  t he  EGCR. 

The e ight  'instrumented f u e l  elements t h a t  have been t e s t ed  operated i n  

the  power range 21,000 t o  42,000 ~ t u / h r .  f t .  The r e l i a b i l i t y  of t h e  loop 

has been excellent ,  and the  helium and water leaks  encountered e a r l i e r  

have l a rge ly  been eliminated. 

Two f u e l  elements t e s t ed  i n  t h e  loop a r e  now known t o  have leaked 

during i r rad ia t ion .  Element No. 7C was observed t o  have four  pin-holes 

randomly spaced i n  t h e  cladding upon examination i n  t he  hot c e l l .  Ele- 

ment No. 9 had a sec t ion  of small tubiiig connected t o  t he  top  end cap t o  

f a c i l i t a t e  sampling f o r  f ission-gas-release determinations i n  t h e  hot c e l l ,  

and a l eak  was found i n  t h i s  tubing following i r rad ia t ion .  It i s  s i g n i f i -  

cant t o  note t h a t  during loop operation with these  elements, t he  radio- 

a c t i v i t y  i n  t he  piping was not g rea t  enough t o  be detected by rad ia t ion  

monitors s e n ~ i t i v e  t o  1 m / h r  measured a t  pipe-wall contact. Very small 

amounts of ~e~~~ were found by gamma-ray spectrometer analysis  of gas 

samples taken from t h e  loop. Beta-gamma a c t i v i t y  ins ide  t h e  compressors 

a t  shutdown was approximately 20 mr/hr, compared with 10 m / h r  following 

operating periods with no fue l  element leakage. This indicates  t h a t  leak- 

ing., ruptured, o r  ven t i l a ted  elements may cons t i t u t e  a much smaller prob- 

lem than supposed e a r l i e r .  I n  f ac t ,  t h i s  experience indicates  the  de s i r -  

a b i l i t y  of f u r the r  t e s t s  i n  t he  loop with de l i be r a t e ly  vented elements t o  

determine whether such elements can be used i n  t he  EGCR. Vent i la t ion 

would permit t he  use of th inner  cladding and an improved f u e l  element design. 



Fuel elements with roughened surfaces have a l so  been t e s t ed  i n  the  

loop, one f o r  a s ing le  ORR cycle and a s,econd f o r  two cycles. The per- 

formance of these elements, Nos. 8 and 8S, is  compared with t h a t  of a 

smooth surface element, No. 9, i n  Table 4.1. These elements were of ap- 

proximately t he  same power ra t ing  and general design and were tes ted  under 

s imilar 'condi t ions  of maximum cladding temperature and gas flow i n  the  

loop. It i s  apparent i n  Table 4 .1  t h a t  a s ign i f ican t  improvement i n  heat 

t r ans fe r  is  achieved with the roughened surface elements. Additional 

t e s t s  w i l l  be conducted with new elements operating a t  higher spec i f ic  

powers t o  fur ther  evaluate the  po ten t ia l  of the roughened surface elements. 

Table 4.1. Comparison of Performance of Fuel Elements 8, 8s; and 9 

Cladding material:  type 304 s ta in less  s t e e l  
Cladding outside 'diameter: 0.750 in.  
Cladding wall  thickness: 0.020 in.  
Element heat ra te :  40,000 + 2,000 ~ t u / h r .  f t 
Maximum cladding temperature : 1500 OF 

Difference Gas 
Between Temperature Central 

Element Gas Exit Cladding and.. Rise from Cladding Surface Temperature 
' Fuel 

No. 
'( OF) 

Gas Exit I n l e t  .to Temperatur.e. 
Temperature . Outlet (.OF) 

( OF) ( "F) ' 

9 Smooth 920 540 230 2400 

8 Roughened with 1100 400 2 10 2400 
0.0063-in.--dim \ . 
wire a t  a 0.090- 
in .  p i tch  

8s . Roughened with 1250 250 220 ( a )  
0.0063-in. - d i m  
wire a t  a 0,.040- 
in .  p i t ch  

a Thermocouple f a i l ed .  
. . 

Fueled Capsule I r rad ia t ions  i n  ETR 

Capsule E-8, which is an EGCR prototype-diameter specimen, was d i s -  

charged from the  ETR February 18, 1963. I r rad ia t ion  of the  remaining t en  



capsules continues. A summary of t he  s t a t u s  of t h e  program a t  t h e  end of 

ETR cycle 52 ( ~ e b .  i8, 1963) is  presented i n  Table 4.2. 

When discharged, capsule E-8 had only one operating thermocouple. 

Although continuation of i r r ad i a t i on  would have been acceptable under spe- 

c i a l  operating procedures, t h e  capsule was discharged f o r  examination t o  
. .. 

obtain comparisons with capsule E-6 aid c ipsules  E-1A and E-4, wlzich had 

-rupturei .  l, ' Capsule E-5, which was scheduled f o r  removal, w i l l  remain 

i n  t he  reactor  t o  achieve t h e  high burnup scheduled f o r  capsule E-8. 

Since capsule E-5 now has a higher burnup than capsule E-8, t he  time re -  

quired f o r  obtaining t h e  o r ig ina l  t a r g e t  burnup of 13,000 ~wd/Ml? f o r  one 

capsule has been decreased. Capsule E-8 had operated appreciably above 

t h e  ra ted  design power during port ions of i t s  i r rad ia t ion ,  as  had capsule 

E-1A, E-4, and E-6; however, capsule E-8, which was fueled with hollow 

pe l l e t s ,  was t he  only one operated with a cladding surface temperature of . ..;: 
* 

1600 " F. 
. :-- 

Fueled Capsule I r rad ia t ions  i n  ORR Poolside F a c i l i t y  - .  

V. A. DeCarlo F. R. McQuilkin , . 

.a1. 

Capsules 03-6, 05A-6, and 06A-6 were discharged from t h e  ORR poolside . . 
i r r ad i a t i on  f a c i l i t y  during t h i s  repor t ing period. Operating data  f o r  

these  capsules, which contained EGCR f u e l  specimens, a re  presented i n  

Table 4.3. Capsules 03-6 and 05A-6 were replaced with capsules 03A-6 and 

05B-6. Capsule 03A-6 i s  a dupl icate  of capsule 03-6, but it i s  operating 

a t  a maximum cladding t e m p e r a t ~ ~ ~ e  of 1300°F, a s  compsrcd with lGOO°F for 

capsule 03-6. Capsule 05B-6 i s  s imi la r  t o  capsule 05A-6, except t h a t  it 

contains U02 p e l l e t s  prepared from v i rg in  U02 powder and t he  outer edges 

of t he  dished ends were ground f l a t  t o  obtain lands 0.002 t o  0.005 i n .  

wide. The p e l l e t s  i n  capsule 05A-6 were fabr icated from reprocessed f u e l  

IF. R. McQuilkin, Fuel Capsule I r r ad i a t i ons  i n  ETR, pp. 61 and 63, 
"GcRP Quar. Prog. Rep. March 31, 1962, " USAEC Report ORNL-3302, Oak Ridge 
Na-t; ional  Laborat o r - .  

2 ~ .  R. McQuilkin, Fuel Capsule I r r ad i a t i ons  i n  ETR, pp. 93-95, "GcRP 
Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report OW-3372, Oak Ridge 
National Laboratory. 



Table 4.2. Status of EGCR Prototype-Diameter Capsule Irradiat ions i n  ETR Through Cycle 52 

Design Total Burnup Ratio of Actual Power 
Fue 1 Design Effective Thermal Burnup (~wd/Ml! of U02 ) t o  Design Powera 

Capsule Cladding Ratea 
Discharge 

Neutron Flux 
No. Temperature Estimated Cycle k t e  Number of 

( OF) 
(neutrons/cm2 - see)  ( Target 

Type pe l le t s  of U O ~ )  ~ c t u a l ~  
Mimum Minimum 52 

Capsules Currently Operating 

E1R Solid 10 1600 max 4.2 X l 0 l 3  12.71 6,000 4,400 1.12 0.38 0.73 
E Solid 10 1300 av 4.2 x l 0 l 3  12.70 13,000 2,500 0.60 0.19 0.50 
E3 Solid 10 1600 max 4.2 X l 0 l 3  12.70 13,000 5,0130 1.11 0.20 0.99 
E4R Solid 10 1300 av 4.2 X l 0 l 3  12.91 6,000 3,900 0.97 0.23 0.80 
~ 5 '  Hollow l2 1300 av 3.7 x l 0 l 3  16.55 6,000 7,300 0.99 0.41 0.96 
E5R Hollow 12 1600 max 3.9 x l 0 l 3  16.68 6,000 5,730 1.17 0.43 0.76 
~ 7 '  Hollow 12 1300 av 3.6 X l 0 l 3  16.25 13,000 10,200 1.70 0.71 0.90 
El0 Central l2 1600 max 3.7 x l 0 l 3  16.09 6,000 5,900 1.06 0.25 0.88 

Be0 rod 
E l l  Central 1 2 -  U O O  av 3.9 x l 0 l 3  16.47 6,000 4,300 0.79 0.25 0.63 

Be0 rod 
E12R Hollow 12 1600 max 3.9 x l 0 l 3  16.47 13,000 3,400 0.98 0.63 0.63 

Discharged Capsules 

~ 1 '  Solid 12 1300 av 4.3 x l 0 l 3  12.8 1,000 
EIAC . Solid 11 1300 av 4.3 x l 0 l 3  13.1 3,000 
IXC Solid lo' 1300 av 4.3 x 101.~ 13.1 6,000 
~ 6 '  Hollow 12 1300 av 3.7 x l 0 l 3  16.5 6,000 
E8 Hollow 12 1600 max 3.6 x lo13 16.24 13,000 
~9 Central l2 1300 av 3.6 X l 0 l 3  16.3 3,000 

Be0 rod 
El2 Central 12 1600 max 3.9 x l 0 l 3  16.5 13,000 

Be0 rod 

%esign power rat ing for  ETR capsules is  35,OCO Btu/hr-lin f t .  

bBurnup estimated a s  of Feb. 18, 1963 based on temperature measurements, except Ghere noted. 
C These capsules were fabricated with a 0.005-in. gas gap. 

'Based on cs137. 
e Based on ~ e ~ ~ ~ .  



Table 4.3. Summary of Operating Data f o r  Capsules 03-6, 05A-6, and 06A-6 Fabricated from 
Westinghouse EGCR Tubing and Westinghouse-Fabricated Fuel 

Type of capsule: e ight  U02 p e l l e t s  i n  type 304 s t a in l e s s  s t e e l  tubing 
Maximum cladding outer surface pressure: 300 psig 
Estimated f u e l  c en t r a l  temperature: 2200°F 
Calculated e f fec t ive  thermal-neutron f lux:  1.62 X 1013 nmtrons/cm2. sec 
Fuel densi ty  : 95.44% of t heo re t i c a l  
Fuel enrichment : 2.46% u~~~ 
Fuel oxygen-to-uranium r a t i o :  2.001 
Total  ca lcula ted power : 30,000 Btu/hr. f t  
Total  heat  flux : 152,860 Btu/hre f t  

Capsule number 

Origin of f u e l  specimen 

Fuel batch i den t i f i c a t i on  

03-6 05A-6 06A-6 

Virgin mater ia l  Reprocessed inaterial  Reprocessed mater ia l  

3008 3013 3013 

I r r ad i a t i on  s t a r t i n g  date 

I r rad ia t ion  ending date 

I r r ad i a t i on  time normalized t o  operation 
f o r  30 14wd 

Calculated t o t a l  burnup, Mwd/MT of UO;! 
specimen 

Burnup ra te ,  M W / ~  of U02 per day a t  
f u l l  power 

Cladding outer  surface temperature, OF 

Design maximum 
Highest reading f o r  e n t i r e  run 
Lowest reading f o r  e n t i r e  run 
Average reading f o r  e n t i r e  run 



and the  dished ends were not ground t o  obtain f l a t  edges. The other group 

V I  capsules are described i n  Chapter 6, t h i s  report .  

Examination of I rradiated Capsules and Fuel Elements 

J. G. Morgan H. E. Robertson 
D. F. Toner E. L. Long, Jr. 
M. F. Osborne C. D. Baumann 

ORR-Irradiated EGCR Prototype-Diameter Capsules 02-5 and 07-5 

Capsules 02-5 and 07-5 were i r radiated fo? about 5 months i n  the ORR 

poolside f a c i l i t y  a t  an average cladding temperature of 1400°F. Prelimi- 

nary post i r radiat ion examination revealed several f a i lu re  areas i n  the 

cladding and the  pressure-transducer capi l lary tubing. These f a i lu res  

were confirmed when ~s~~~ a c t i v i t y  was fqund i n  the  NaK coolant, and 

metallographic sections were taken a t  some of the  f a i l ed  areas. Dimen- 

s ional  data for  each fue l  element showed t h a t  the maxium deviation from 

preirradiat ion diameters was 0.005 in. ,  except a t  depressions associated 

with missing fuel.  Capsule 02-5 h8d a 0.012-in. bow, and capsule 07-5 

had a 0.016-in. bow, both a t  midplane. 

When these capsules were sectioned, NaK was found inside. The frac-  

tured capi l lary tubes were the  most probable points fo r  NaK entrance, a l -  

though ,NaK may have been forced through holes i n  the cladding. Studies 

a re  currently under way t o  determine the  s i ze  of hole required t o  allow 

NaK passage a t  a pressure of 300 psig. The fractured pe l l e t s  from the 

lower half  of capsule 02-5 are  shown i n  Fig. 4.1. The severe fractur ing 

shown is  i r regular  and may be associated with the method of pe l le t  fabr i -  

cation. A similar f rac ture  pat tern was found i n  capsule 07-5 ( ~ i ~ .  4.2). 

The pe l l e t s  i n  both of these capsules were taken from Westinghouse pro- 

duction batches. A depression i n  the cladding, which was reported yre- 

viously,' may be seen a t  t he  pel le t- to-pel le t  interface i n  Fig. 4.2. Al- 

though the  U02 i n  both elements was severely fractured, no U02 was found 

a t  t he  bottom of the cent ra l  void, as previously suggested. ' 

3 ~ .  G; Morgan e t  a l . ,  Examination of I rradiated Capsules, pp. 95-100, 
"GcRI? Scmiann. Prog. Rep. Sept. 30, 1962, I' USAEC Report Om-3372, Oak 
Ridge National ~abora to ry .  



Fig. 4.1. Cracked U02 Pellets  i n  ~ a p s u e  UL-3. The central  void 
was f i l l e d  with epoxy resin. Mating halves of the capsule a re  shown. 

Fig. 4.2. Crack6 UO2 P Let@ from Capsule 07-5. The depression 
and f rac ture  pat tern a t  the pel le t- to-pel le t  interface is indicated by 
the  arrow. &kiting halves of the cagsule a r e  shown. 



Burnup was determined by radiochemical analyses for  ~ e ~ ~ ~ ,  

and 2rg5 on specimens from the mid-length of both capsules. The values 

f o r  these three isotopes respectively were 1711, 1424, and 1746 M w d / ~  

of uranium for capsule 02-5 and 1637, 1367, and 1600 Mwd/MT of uranium 

fo r  capsule 07-5. The ~e~~~ value was low i n  both cases and i s  thought 

t o  be wrong. 

Metallographic Emmination of Capsule 02 -5. A metallographic exami- 

nation was made of the capillary tube that  had fractured a t  the juncture 

with the pressure-sensing transducer of capsule 02-5. The fracture re- 

gion i s  shown i n  Fig. 4.3. The examination revealed several facts: (1) , 

the end of the capillary tubing that  was attached t o  the transducer had 

been dr i l led  off center prior  t o  assembly and as a result  the w a l l  thick- 

ness in one area was approximately one-half the original thickness; (2) 

the tubing was probably type 347 stainless s tee l  rather than type 304 

s ta inless  steel;  (3) the fa i lure  did not occur i n  a weld, as was pre- 

supposed; (4) the fracture was a rapid, ductile break and occurred while 

the capsule was i n  the reactor, as  evidenced by the absence of twinning 

and creep cracks and by the presence of recrystallization along the frac- 

ture surfaces. 

A transverse section of the cladding about 2 in. from the bottom of 

the capsule was examined for  a leak that  was observed during leak tes t -  

ing i n  the hot cell .  Although the actual leak was not found, a region 

was found in  the cladding where many intergranular voids were present. 

The cladding was s l ight ly  deformed in  t h i s  region. This region and a 

typical  region of the cladding are shown in  Fig. 4.4. Other regions ex- 

amined included the top end plug welds and brazed joints and the capil- 

l a ry  sleeve joints. These specimens contained leak-suspect areas, but 

no leaks were found metallographically. 

Metallographic Examination of Capsule 07-5. A metallographic exami- 

nation was made of a depression found in  the cladding near the bottom of 

capsule 07-5. A longitudinal section through the depression did not re- 

veal a continuous break through the cladding; however, the frequency of 

intergranular voids was high. Most of the intergranular voids were paral- 

l e l  t o  the surface of the cladding. A portion of the depression is shown 

in  Fig. 4.5. Deformat ion of the cladding ranged from 4 t o  108 on the 



UNCLASSIFIED - 

Fig. 4.3. Fractured Capil lary Tube t h a t  Connected t he  Pressure 
Sensing Transducer t o  Capsule 02-5. ( a )  Note di f ference i n  wall th ick-  
ness. ( b )  Note small  grains along f rac ture .  Etched. 



UNCLASSIFIED 

UNCLASSIFIED I Q - 4 2 T R L  

Fig. 4.4. Areas from Transverse Sections Through the Type 304 
Stainless  S tee l  Cladding of Capsule 02-5. (a) Region near a leak; note 
intergranular voids. (b ) Typical appearance of cladding. Etched. 





outer surfaces i n  the  depressed region. Intergranular separation normal 

t o  the  surfaces of the  cladding was observed a t  the edges of the  depres- 

sion. 

A longitudinal sect ion was made through the  top end plug i n  order t o  

examine t h e  capi l la ry  tube brazed joint, which apparently leaked during 

the  in-ce l l  leak t e s t .  While lapping the  longitudinal section, it was 

found t h a t  the capi l la ry  tube was not pa ra l l e l  t o  the long axis of the  

capsule but, ra ther ,  was slanted about 15'; thus examination of the  en- 

t i r e  braze was impossible. A fracture was found i n  the  braze, however, 

t h a t  originated a t  the  outer surface of the  top end plug and penetrated 

the  braze t o  a depth of a t  l eas t  0.08 in., t ha t  is, s l igh t ly  l e s s  than 

one-half the  thickness of the  end plug i n  t h i s  region. The fracture i n  

the  brazed joint is shown i n  Fig. 4.6. 

Sections through the  lead tube weld, the  capi l lary tube sleeve, and 

the  plug head from the  lead tube were examined f o r  leaks. None of these 

areas showed evidence of actual  or  potent ial  fai lure.  

ORR-Irradiated French Capsules 04-5 and 05-5 

Two thin-walled type 347 s ta in less  steel-clad U02-fueled capsules fab- 

r ica ted  by the French Commissariat a 1'Energie Atomique were i rradiated 

i n  the  ORR poolside f a c i l i t y .  These capsules were about 6 in. long and 

0.46 in. i n  diameter, and they contained so l id  U02 pel le ts  about 0.4 in. 

long and 0.43 in. i n  diameter. The i r radia t ion  conditions are  l i s t e d  i n  

Table 4.4. During i rradiat ion,  temperature osci l la t ions of +lOO°F and 

+50°F occurred i n  capsules 04-5 and 05-5, respectively, because of un- 

s tab le  heat t ransfer  conditions i n  the  NaK coolant. 

The post i rradiat ion examination of capsule 04-5 revealed tha t  even 

burnup had been obtained. No separations between pe l le t s  were noted, and 

dimensfonal s t a b i l i t y  during i r radia t ion  was excellent. No changes i n  

length o r  diameter were noted, except f o r  a 0.002-in.-diam collapse of 

the  cladding i n  the midsection of the fue l  column. Two pinhole leaks 

were found in the  cladding by noting a stream of bubbles when the  capsule 

was  submerged i n  o i l  under vacuum. These leaks, which were llot found 

during metallographic examination of the  f a i lu re  areas, were substantiated 

by analysis of a white deposit between the  fue l  and cladding i n  the area 



Fig, 4 .4 .  Longitu4inal Sectian Through Capillary Tube to Top End 
Plug Brazed Jo in t  of Capsule 07-5. Etched. 

of one of the leaks (see Fig. 4.7). The deposit was pr incipal ly  sodium, 

potassium, iron, chromium, and nickel. The sodium and potassium were 

probably present because of NaK leakage in to  the  capsule. 

The resu l t s  of the  post i r radiat ion examination of capsule 05-4 were 

ident ica l  with those for  capsule 04-5 except that  no leaks or white deposits 



Table 4.4. Conditions of ORR Irradiation of French 
Capsules 04-5 and 05-5 

Capsule 04-5 Capsule 05-5 
(CEA 1-4) (CEA I -1) 

Cladding thickness, in .  0.0126-0.0134 0.011&0.0126 

Cladding temperature, OF 

Maximum 
Average 

Cladding outer surface pressure, psig 

Thermal-neutron flux, neutrons/cm2 sec 5.4 X 1013 4.8 x l0 l3  

Burnup, Mwd/MT of U 7470 7610 

Fig. 4.7. U02 Pellets from Capsule 04-5 Showing White "N&" Deposit. 

were found. The pellets  were cracked as  i n  capsule 04-5, as shown i n  

Fig. 4.8. 

Samples of gas were removed from each capsule prior t o  sectioning, 

and the mass spectrometer analyses of the samples are l i s t ed  below: 



Gas Analysis ( V O ~  3) 
Capsule 04-5 Capsule 05-5 

H2 
He 
CH4 
H z 0  
Hydrocarbon 
N;! + CO 
0 2 
A r  
EY 
Xe 

There is l i t t l e  difference between the two analyses, except fo r  the high 

water content i n  capsule 05-5, which has not been explained. The f iss ion-  

gas release was determined by measuring the EYg5 present i n  each capsule 

and dividing by the  t o t a l  generated during i r radiat ion.  Capsule 04-5 re-  

leased 3.3% of the generated and capsule 05-5 released 5.4%. Some 

of the gas from capsule 04-5 may have escaped through the cladding frac-  

tu re  during i r radiat ion.  

Fig. 4.8. UOz Pel le t s  from Capsule 05-5. No ~ h i t e  Lieposits sre 
v i s t b l e  on the pe l l e t s .  



Two specimens from an unirradiated control capsule were sectioned fo r  

metallographic examination of a transverse section from near the mid-length 

and a longitudinal section through the top portion. Longitudinal sections 

through the  top and bottom portions and transverse sections near the mid- 

length were taken from each i rradiated capsule. The longitudinal speci- 

mens permitted examination of the end cap welds, A1203 end spacers, and 

the  pel let- to-pel let  interfaces.  The cladding remained i n  place i n  each 

sect ion prepared metallographically. 

An area from the  transverse section of the unirradiated capsule is  

shown i n  Fig. 4.9 t h a t  is  typica l  of the UOz and the U02-to-cladding in ter -  

face. Colonies of large grained U02 were found dispersed throughout the  

unirradiated pe l l e t s  t h a t  averaged 18 p i n  diameter; the  remainder of the  

U02 had an average grain s i ze  of 10 p,. The grain colonies were a resul t  

Fig. 4.9. Interface of U02 Pel le t  and Type 347 Stainless S tee l  from 
a Transverse Section Through an Unirradiated Control Capsule Like Capsules 
04-5 and 05-5. Etched. 



of blending two batches of U02 t o  achieve the desired enrichment of 1.9s. 

Areas through the top portion of the control capsule tha t  i l l u s t r a t e  a typi- 

ca l  Al2O34TO2-tyye 347 s ta in less  s t e e l  cladding interface and a pel le t- to-  

pellet-to-cladding interface are  shown i n  Fig. 4.10. Flats ,  approximately 

0.04 in. across, had been ground on the dished ends of the pe l le t s ;  only 

one end of each pe l l e t  was dished. The cladding had a measured grain s i ze  

of ASTM 10-11 and an average microl~ardness of 170 DPH (0.5-kg load). 

The r e su l t s  of the  metallographic examinations of the  sections from 

the two irradiated capsules, 04-5 and 05-5, were similar, with one excep- 

t ion. There w a s  no evidence of deformation of the cladding at, any of the 

pel le  6- Lu-pelle t interfaces examined. Although there were many fractures  

i n  the  fue l  pel le ts ,  no small pieces of U02 were found t h a t  had been dis-  

lodged or had sh i f ted  a t  the pellet-to-cladding interfaces.  A t y p i c a l  

pellet-to-cladding interface is shown i n  Fig. 4.11. In  a few areas the  

U02 adhered t o  the cladding; t h i s  indicated contact during i r radiat ion.  

An intermittent reaction product was found i n  the inner surface regions 

of the cladding t h a t  is  believed t o  have resul ted from the  fuel-to-clad- 

ding contact. The reaction product, which was found t o  a maximum depth 

of 0.001 in. , was probably formed by an oxidation-reduction mechanism. 

The reaction product and a metall ic f i lm between the  reaction product and 

the U02 can be seen i n  Fig. 4.12. The grain s i ze  and the  microhardness 

of the cladding remained unchanged. None of t h e  cladding specimens ex- 

amined, including the  end cap welds, suggested potent ial  fa i lure .  

Small, intergranular voids were found i n  the UO;! a t  approximately mid- 

radius and increased i n  s ize  and frequency toward the center of the  fue l  

columns. Tlie only significarlt microstructural differences i n  the  two ele-  

ments was seen i n  the U02. In capsule 05-5, columnar grains and lenticu- 

l a r  voids were found i n  the cent ra l  region of t h e  f u e l  column, which sug- 

gested t h a t  the central  temperature i n  t h i s  element was higher than had 

been thought. It has been reported i n  the  l i t e ra tu re5  t h a t  the type of 

4 ~ .  E. Goldman,   rei irradiation Examination of CEA Group V ORR Cap- 
sules No. 's 1, 2, 3, & 4, '' unpublished report, Oak Ridge National 
Laboratory. 

%. B. Lawson and J. R. MacEwan, "~hermal Simulation Experiments with 
a U02 Fuel Rod Assembly," Canadian Report CRFD-915, March 1960. 



Fig. 4.10. Areas from a Longitudinal Section Made Near the Top of 
the Control Capsule. ( a )  A120s-U02-cladding interface.  (b )  U02 pe l le t -  
to-pellet-to-type 347 s t a in l e s s  s t e e l  cladding interface.  Etched. 



I I 
IOOX INCHES 

Fig. 4.11. Typical Pellet-to-Pellet-Cladding Interface from the  
Bottom Portion of Capsule 05-5. Etched. 

microstructure found occurs a t  a minimum temperature of 1600°C. Areas 

from the outer, mid-radius, and cent ra l  regions of the  fue l  c o l m s  of 

both capsules are  shown i n  Figs. 4.13 and 4.14. The grain s i ze  of the  

U02 i n  the outer regions showed no increase in s i ze  compared with the  

unirradiated fuel. The grain s i ze  of the  U02  i n  the center of the  fue l  

pe l l e t s  from capsule 04-5 measured 35 p and 28 p i n  capsule 05-5. No 



Flg. 4.12. Intermittent Reaction Product Found i n  Irradiated Capsules 
04-5 and 05-5. Note metallic layer between reaction product and UOz. As 
polished. 

reaction products were present a t  the A1203 end spacer-to-cladding-to- 

U02 interfaces. Based on these comparisons of the unirradiated control 

capsule with the two irradiated capsules, it is concluded that  although 

a leak was detected during the leak t e s t  and subsequent analysis of the 

NaK coolant deposit, t h i s  fa i lure  of the cladding was not typical. 

Instrumented Fuel Elements Irradiated in GCR-ORR Loop No. 1 

Fuel Element 7A. The disassembly, macro, and par t ia l  metallographic 

examination of instrumented fuel  assemby 7A has been reported. 6, The 

6 ~ .  F. Toner e t  al., Examination of Irradiated Capsules, pp. 94-96, 
"GCRP Quar. Prog. Rep. March 31, 1962, " USAEC Report ORNL-3302, Oak Ridge 
National Laboratory. 

7 ~ .  G. Morgan e t  al . ,  Examination of Irradiated Capsules, pp. lll-U7, 
"GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report Om-3372, Oak 
Ridge National Laboratory. 
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Mg. 4-13.  area^ froa s Trqverse  Sectioa N e a r  the Mid-Length of 
C~bpsuI.~ 04-5. Rchiea. (a1 f f s z - - t y p  34'7 s%s%nL~?ss steel c l d i a g  inter- 
face. BoEe slIt~9rt reaetim bekween the ma 4 cladding. (b) Area fm 
8 ~ p p o ~ t % l y  &a-radius. Qate increase in i~~tergmnulap wxias. ( c ) 
Typical. area fsam center af fwl calm., Xote size of ilptergmtnulaz voids 
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( a )  OUTER REGION ( b )  MID-RADIUS REGION ( C) CENTRAL REGION 

Fig. 4.14. Areas from a Transverse Section Near the Mid-Length of 
Capsule 05-5. Etched. (a )  U02--type 347 s ta in less  s t e e l  cladding in ter -  
face. Note s l i g h t  reaction between the UD2 and cladding. (b) Area from 
approximately mid-radius . Note increase i n  intergranular voids. ( c ) 
Area from center of fue l  column. Note increase i n  intergranular voids, 
len t icu lar  voids and subsequent columnar grains, and increase i n  grain 
s ize.  



only portion of the examination of t h i s  element t h a t  has not been reported 

is  the  r e su l t  of metallographic examination of a specimen taken a t  the  

bottom of the  type 304 s ta in less  s t e e l  inser t  t h a t  fractured during sec- 

tioning. The bottom portion of the shroud was i r radiated a t  a tempera- 

tu rc  estimated Lo be about 1OOOuF and had rusted badly while i n  storage 

i n  the pool of the ORR. Metallographic examination of the  transverse 

section taken a t  t he  bottom of the inscr t  ( ~ i ~ .  4. .I 5) revealed an in ter -  

mittent oxide tha t  penetrated the outer surface t o  a maximum depth of 

0.5 m i l .  Examination of the crack tha t  developed during sectioning showed 

severe intergranular separation and evidence of an intergranular corrosion 

prod~lct, in. the fracture region 4.15b). 

Fuel Element 7C. The i r rad ia t ion  conditions and preliminary exami- 

nation of f u e l  element 7C were reported previously. Subsequent post- 

i r rad ia t ion  examination has included dimensional measurements, gamma 

scanning, burnup determinations, leak checking, and metallography. 

No changes i n  the  diameter or length of the  fue l  element were ob- 

served; however, a bow of 0.040 in. was found i n  the  central  portion. 

The scan of gross gamma act ivi ty ,  shown i n  Fig. 4.16, indicates the varia- 

t i o n  of ac t iv i ty  resul t ing from the d i f fe rent  UOz enrichments i n  the  pel- 

l e t s .  Comparison of the  burnup data, given i n  Table 4.5, with the fliax 

pat tern calculated from the gamma ac t iv i ty  showed close agreement. 

Four fa i lures  were found i n  the cladding when the element was sub- 

merged i n  o i l  under a vacuum. Two holes were found 1/4 in.  below the 

top end cap and two were found about 3 1/2 in. above the bottom end cap. 

These f a i lu res  were substantiated by the presence of ~e~~~ a c t i v i t y  i n  

the  helium sweep gas during operation. The nletallographic examination of 

these f a i lu re  areas i s  s t i l l  i n  process. 

During the examination of the  experimental assembly i n  which element 

./C was irradiated, loosely adhering rus t  was observed over the  en t i r e  

length of the shroud. The fomnat,i-on of the  m o t  was a t t r ibuted  t o  the 

presence of water i n  the  loading tube while it was i n  storage i n  the  ORR 

pool.7 A section was therefore made a t  the bottom of the  shroud and pre- 

pared f o r  transverse metallographic examination. As shown i n  Fig. 4.17, 

lack of grain-boundary in tegr i ty  permitted en t i r e  grains t o  f a l l  out of 



UNCLASSIFIED 1 ,,. 1 

Fig. 4.15. Transverse Section Through Bottom of Inser t  from Irx-a- 
diated Fuel Element 7A. ( a )  Note intermittent oxide i n  outer surface 
and (b) intergranular separation. Etched. 



CAPSULE LENGTH (arbitrary units) 

Fig. 4.16. Gamma Scan of Instrumented Fuel Element 7C After Opera- 
t i o n  i n  GCR-ORR Tnnp Nn. 1 , 

Table 4.5. Burnup Data on I r rad ia ted  Fuel Element 7C 

' .4! 

Burnup (Mwd/MT of uranium) . . .%.  5 5 , 
,, 5 

Pe l l e t  . ,C 

Based on ~e~~~ Analyses Based on ~s~~~ Analyses 
No. 

Analysis 1 Analysis 2 Average Analysis 1 Analysis 2 Average 

13  864 942 903 1141 106 7 
29 713 7 l 3  713 8 70 945 
44 691 71 7 704 861 897 879 

t h e  inner surPace region of the shroud during metallographic preparation. 

Such lack of grain-boundary in tegr i ty  was observed i n  only three areas. 

ETR-Irradiated EGCR Prototype-Diameter Capsules 

Capsules E-4 and E-1A. The metallographic examination of capsule 

E-4, which fractured during i r rad ia t ion  in the ETR, was completed. The 

disassembly and macro examination of t h i s  capsule were previously re- 

ported. ' Three metallographic specimens were taken from t h i s  capsule; 

two transverse sections through the  cladding f rac ture  region, which in- 

cluded the  cladding and the fuel,  and a longitudinal section of the  clad- 

ding a t  a pel le t- to-pel le t  interface.  Metallographic examinations were 

'Ibid., pp. 106-108. 



Fig. 4.17. Area from Bottom Portion of the Shroud of Element 7C. 
Lack of grain-boundary in teg r i ty  i s  evident a t  inner surface. Etched. 

a l so  made of unirradiated control specimens of the fue l  and cladding 

material. Photomicrographs of a transverse section through one of the  

control  pe l l e t s  are  shown i n  Fig. 4.18. The second phase evident i n  the 

peripheral region of the  U02 pe l l e t  was ident if ied as primarily UN2, with 

t r ace  amounts of UN. A transverse section of the  unirradiated type 304 

s t a in les s  s t e e l  cladding is  shown i n  Fig. 4.19. The microhardness of the  

cladding averaged 158 DPH (0.5-kg load). The same materialsg were used 

i n  capsules E-4 and E-1A, both of which fa i l ed  during i rradiat ion.  

The microstructural features of both transverse sections from cap- 

su le  E-4 were similar. The outer surface, mid-radius, and edge of the  

'R. L. Heestand and R. M. Evans, "GCR Irradiat ion Program Fuel Data 
Summary, " unpublished data, Oak Ridge National Laboratory. 



UNCLASSIFIED 
R- 10717 

Fig. 4.1. Areas from an Unirxadiated U02 Pellet from the k t c h  
Used to Load Capsules E-LA and E-4. (a) Queer region. (b) Central re- 
gion. Second phase present in autm region is primarily UN2. Etched. 



UNCLASSIFIED 
R- 4Q744 

Fig. 4.19. Transverse Section of Unirradiated Type 304 Stainless 
Steel  Cladding for  Capsule E-4. Etched. 

central void i n  the U02 pel let  are shown in  Fig. 4.20. The uranium ni- 

t r ide  phase present i n  the peripheral regions of the U02  fuel  pel lets  be- 

fore irradiation was not evident a f te r  irradiation. Although columnar 

grains were observed in the inner two-thirds of the pellets  i n  both cap- 

sules E-LA and E-4, the lenticular voids normally associated with colum- 

nar grain growth i n  U02  were not found in  capsule E-4, except near the 

central void. Voids were observed in the columnar grained U02 i n  capsule 

E-4, but they were confined mainly t o  grain boundaries. There was no 

evidence that  the U 0 2  had been molten during irradiation. The unidenti- 

f ied  metallic globules near the central voids i n  the U02  from capsule 

E-1A were also present i n  capsule E-4. 

A longitudinal section through the type 304 stainless s tee l  cladding 

of capsule E-4 a t  a pellet-to-pellet interface and a transverse section 

through the fracture are shown i n  Fig. 4.21. The f ine precipitates i n  

the inner surface regions are believed t o  be nitrides from the uranium 
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Fig. 4.20. Microstruzture of a U02 Pe l l e t  from Capsule E-4. Etched. 
100X. (a) Outer surface region. (b) Mid-radius region. ( c )  Edge of cen- 
t r a l v o i d  t h a t  formed during i r rad ia t ion .  
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g .  4.21. Areas from the !Type 304 Stainless S tee l  Cladding of 

Capsale E-4. ( a )  Transverse section through a fracture region. (b)  
Longitudinal section adjacent t o  r pel let- to-pel le t  interface.  Pre- 
c i p i ~ a t e  i n  inner surface regions believed t o  be a ni t r ide.  Chips of 
UOz *?=re found embedded i n  the cladding a t  a pel le t- to-pel le t  in te r -  
face.  Etched. 100X. 



n i t r ide  present i n  the U02. The precipi ta te  was more heavily concentrated 

a t  the pel le t- to-pel le t  interface than elsewhere i n  the longitudinal sec- 

t ion, which was indicative of the e f fec t  of s t r e s s  on the development of 

the  precipitate;  McCoy and h i s  co-workers1° a l so  made t h i s  observation. 

Closer examination revealed the  presence of the f ine  precipi ta te  along 

the frac l u r e  region s h c m  i n  Fig. 4,22. Although sigma phase material  

was observed i n  the grain corners i n  the outer surface regions of the  

cladding, it is  not believed tha t  the presence of the  sigma phase material  

was a major factor  i n  the  cladding fa i lure .  A 5$ reduction i n  w a l l  thick- 

ness a t  the  fracture was measured, and most of the reduction occurred a t  

the outer surface region. The microhardness of the  cladding was 170 DPH 

a t  the outer surface, 180 DPH a t  the center, and 202 DPH a t  the inner 

surface; a l l  impressions were made using a 0.5-kg load. Attempts t o  iden- 

t i f y  the f ine  precipi ta te  by x-ray d i f f rac t ion  have been unsuccessful so 

f a r .  

It i s  concluded t h a t  the primary causes of f a i lu re  were essent ia l ly  

the  same for  capsule E-4 as fo r  capsule E-1A: (1) the  formation of n i -  

t r ides  i n  the inner surface region of the cladding and (2) overheating' of 

the  UOz. Large amounts of UN2 were present near the peripheral regions 

of the unirradiated f u e l  pe l le t s .  The UN2 apparently disassociated during 

i r rad ia t ion  and released nitrogen. Consequently, n i t r ides  were formed i n  

the  type 304 s ta in less  s t e e l  cladding. Although sigma phase material  was 

found i n  large quantit ies i n  the cladding, it was apparently not related 

t o  the f a i lu re  because the  outer regions of the  cladding were s t i l l  re la -  

t i v e l y  ductile,  as evidenced by the  reduction i n  thickness in t h a t  area. 

Furthermore, it is believed tha t  capsule E-4 experienced a higher heat 

ra t ing  than capsule E-LC1 sometime i n  the  course of i t s  i r rad ia t ion  his tory.  

This would explain the  increased depth of prec ip i ta te  i n  the  inner surface 

regions of the cladding and the formation of columnar-grained U 0 2  with- 

out len t icu lar  voids. 

Capsule E-6. General examination of capsule E-6 disclosed nothing 

unusual. Fabrication and i r rad ia t ion  data f o r  capsules E-4 and E-6 are  

%. E. McCoy e t  a l .  , " ~ f f e c t  of Environment on the Mechanical Prop- 
e r t i e s  of Metals," pp. 166-167 i n  Proceedings of the Ins t i tu t e  of Environ- 
mental Sciences National Meeting, April  5+, 1961, Washington, D. C. 



OUTER SURFACE 

Fig. 4.22. Fracture Region Shown i n  Fig. 4.21 a t  a Higher mgnif ica-  
t ion .  Note prec ip i ta te  concentration along the fracture.  Sigma phase 
mater ial  can be seen i n  some of the  grain corners near the outer surface. 
Etched. 250X. 

compared i n  Table 4.6. There were no obvious flaws i n  the  cladding of cap- 

su le  E-6, and a leak t e s t  i n  an oil. bath under vacuum indicated no leaks. 

Dimensional measurements showed signif icant  diameter changes, but only 

s l i g h t  bowing. The eccentr ic i ty  of the middle par t  of the  capsule had 

increased from about 0.001 in. t o  a maximum of 0.058 in. ,  with a net in- 

crease i n  over-all  s ize .  There was no s ignif icant  change i n  capsule 



length. The resu l t s  of gas analyses indicated t h a t  a large f rac t ion  of the  

fission-product xenon and krypton was released. Pending an accurate meas- 

urement of f u e l  burnup, the ~ r * ~  release from the f u e l  was estimated t o  be 

about 17$. Upon capsule disassembly, the f u e l  pe l l e t s  were each found t o  

be cracked in to  several  pieces; however, there was no appreciable displace- 

ment of the fuel ,  as shown i n  Fig. 4.23. The resu l t s  of metallographic 

exitlrlim Lio11 or rue1 and cladding  sample^ w i l l  be reported l a t e r .  

Table 4.6. Fabrication and I r rad ia t ion  Data f o r  
Capsules E-4 and E-6 

Cladding Maximum powera 
c a p s u e  Pel le t  Temperature Level Burnup 

No. Type (" F) ($ of design) 
(MW~/MT of U O ~ )  

E -4 Solid 1320 

E-6 Cored -1300 
- -- 

a 
Based on heat balance calculation. 

Fig. 4.23. Transverse Section Through Capsule E-6, Showing Fourth 
Fuel Pe l le t  from Bottom Ehd. Note p e l l e t  cracking without f u e l  displace- 
ment. 3X. 



Instantaneous Fission-Gas-Release Experiments 

R. M. Carroll 
P. E. Reagan 

J. G. Morgan 
M. T. Morgan 

Thin-slab specimens of single-crystal U02 are now being irradiated 

i n  the C - 1  f a c i l i t y  of the ORR. In the C - 1  f a c i l i t y  the specimens can be 

positioned a t  different flux levels and temperatures can be independently 

controlled. l1 The f ission gas i s  removed by a stream of inert  gas, and 

the neutron flux is measured by adding argon t o  th i s  sweep gas. l2 The 

i n i t i a l  results  of the current irradiation experiment and in-pile e lect r i -  

ca l  measurements have been reported. 13, l4 

A l l  of the measured isotopes ( ~ e ' ~ ~ ,  ~ e ~ ~ ~ ,  KYg8, Krg7, and KY85m) 

are released from the single-crystal specimen with the same temperature 

dependence. This i s  i l lus t ra ted in  Fig. 4.24, which gives the tempera- 

tu re  dependence of the K r g 8  release. The typical gas-release pattern 

shown in  Fig. 4.24 was observed for  a l l  previously tested UOz specimens, 

as well as for the single crystal.  The temperature-independent release 

, is usually assumed t o  be from fission products recoiling free of the 

specimen and the temperature-dependent release i s  assumed t o  be the re- 

su l t  of diffusion. The temperature-dependent release has an activation 

energy of 50 kcal/mole for  the single-crystal U02 specimen. 

Fission-Recoil-Activated Release 

It has been shown that  the proportions of isotopes i n  the f ission 

gas are characteristic of the manner i n  which the gas escaped from the 

l l ~ .  M. Carroll and C. D. Baumann, 'bperiment on Continuous Release 
of Fission Gas During Irradiation, " USAEC Report ORNL-3050, Oak Ridge 
National Laboratory, Feb. 9, 1961. 

2 ~ .  M. Carroll, "Argon Activation Measures Irradiation Flux Con- 
tinuously, " Nucleonics, 20 (2 ), February 1962. 

1 3 ~ .  M. Carroll e t  a l .  , Instantaneous Fiss ion-Gas -Release Ekperiment, 
pp. 116-120, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC Report 
ORNL-3372, Oak Ridge National Laboratory. 

D. Karkhanavala and R. M. Carroll, "In-Pile Measurement of the 
Electr ical  Resistivity and Thermoelectric Power of Sintered ~ 0 2 , "  USAEC 
Report ORNL-3093, Oak Ridge National Laboratory, April 1961. 
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Fig. 4.24. steady-state Release Rate of ~r~~ from Single-Crystal U02 
During Irradiation at a Thermal-Neutron Flux of 2.0 X 1013 ~eutrdns/cm~. sec. 

specimen. l5 Plots of the steady-state fractional release of the krypton 

and xenon isotopes vs their radioactive decay constants are given in Fig. 

4.25. In a plot of this type, direct recoil emission results in a hori- 

zontal line, whereas a mixture of recoil and diffision gives a slope that 

increases as the temperature increases. The increasing slope was not ob- 

served, and the slope of the low-temperature emission indicates that di- 

rect recoil was not the mechanism of escape. 

An explanation for the constant proportions of isotopes in the fis- 

sion gas is that the recoils leave the specimen.surface with sufficient 

energy to be embedded in the surrounding capsule material and are not re- 

leased to the sweep gas; however, each fission spike penetrating the 

specimen surf ace evaporates an estimated 2000 U02 atoms. l6 This process 

would liberate fission gas that had diffused to the specimen surface and 

would produce a temperature-independent gas release that had the same 

ratio of isotopes as the temperature-dependent gas release. 

M. Carroll, "~ontinuous Release of Fission-Gas From UO;! Duri 
Irradiation, " ASTM Special Tech. Publication No. 306, pp. 118-120 

D. ~ o ~ e r s  and J. Adam, '"~jection of Atoms from Uranium by Fis- 
sion Fragments, " J. Nuc. Matls., 6(2) : 182-189 (1962). 
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.g. 4.25. Dependence of Fractional Fission-Gas Release 
Crystal on Decay Constant ( ~ r ~ ~ ~  Plotted for Fission Y 

from U02 ., 
.eld of 2%.). 

Reduction of Fission-Gas-Release Rate with Time 

The rate of fission-gas release from the single-crystal specimen is 

decreasing as the irradiation continues. The decreasing of the release 

rate, indicated in Fig. 4.26, was rapid at first, but the release rate 

appears to be approaching stability after about 6 months of irradiation 

(2.1 x 1019 fissions/cm3). The reduction of the gas release rate was the 

same for both the temperature-dependent and -independent processes and 

for all isotopes, as shown in the lower line of Fig. 4 . 2 5 .  It has been 

postulated that microscopic imperfections in the crystal surface are 

smoothed out by radiation, and thus the surface area is reduced, as has 

been demonstrated in metals bombarded with alpha particles. l7 

Influence of Production Rate on Release Rate 

The effect of production rate on the m8* release rate was investi- 
gated by irradiating the specimen at ' different fission rates but at the 

17~. Sizman .and U.' D&rent, "Radiation Induced Diffusion in Metals, " 
Symposium on Radiation Damage in soiids and Reactor Materials, Venice, 
Italy, my 1962. 



same temperatures. The Krg8 release, as a function of temperature, is 

given in Fig. 4.27 for thermal-neutron flux levels ranging from 1.1 X 1013 

to 3.6 X 1013 neutrons/cm2. sec. As the specimen temperature was increased, 

the Kr88 release rates converged to the same values for all flux levels. 

Thic rcsult was unexpected, since the temperature-dependent release is 

usually con~idcred to be by dirhsion and thus directly proportional to 

the fission r a t e  (which is here directly proportional to the neutron flux). 

The fact that the curves converge at the high temperatures implies that 

the release is not the result of simple diffusion. 

The temperature-independent gas release is a direct function nf +*he 

neutron flux, as would be expected of a fission-activated process. This 

is illustrated in Fig. 4.28, where the release rate below 600°C is plot- 

ted vs the neutron flux. To find the gas emission by the temperature- 

dependent process, the recoil release rate was subtracted from the total 

release rate. The temperature-dependent release rates are given in an 

Arrhenius plot in Fig. 4.29. They demonstrate that the fission-gas-re- 

lease rate is essentially independent of *he fission rate. These recent 

observations are contrary to the current concepts that the fission-gas- 

release should be directly proportional to the fission rate. 

0 2 0  4 0  6 0  8 0  100 120 140  160 180 2 0 0  
IRRADIATION TIME (days1 

Fig. 4.26. Fractional Steady-State Release Rate of ~r~~ from a U02 
Single Crystal at Temperatures Below 600°C. 
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Fig. 4.27. Steady-State Release Rate of ~r~~ from UOa Single Crys- 
t a l .  

. . 

. Fig. 4.28. Temperature-Independent Steady-State Release Rate 
from U02 Single Crysta l  vs Thermal F l u  Measured by ~r~~ Analysis. 
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Fig. 4.29. Steady-State Temperature-Dependent Release of ~ r * ~  from 
Single-Crystal U02 During I r r ad i a t i on  (~emperature  Independent Contribu- 
t ion.  ~ u b t r a c t e d ) .  

Heating-Burst Studies , 

Pos t i r rad ia t ion  heating of i r r ad i a t ed  f u e l  produces a heating burs t  

when t he  specimen temperature i s  increased. I f  t h e  specimen temperature 

i s  again increased, another heating 'burst occurs. I f  the,  specimen is  

cooled and then relleated t o  t he  same temperature, t h e  heating hi .rst  i s  

g r ea t l y  diminished o r  does not occur. The s i z e  of t h e  burs t  i s  increased 

hy increasing t h e  surface area of t h e  speciiuerl. The two most l i k e l y  causes 

of t he  heating b u r s t . a r e  e i t h e r  t h e  annealing of gas t r aps  located near 

t h e  specimen surface or  a rapid clla~ige i n  concentration gradient .  

Some in -p i lc  cxperin~eilts we1.e cullduc-ted t o  t r y  t o  f ind  t h e  causes of 

t h e  heating burs t .  For one of these  experiments, the  s ing le -c rys ta l  speci-  

men was 3et  a t  a constant ne-uL;r.on f l ux  and temperature f o r  several  days 

u n t i l  the  f ission-gas re lease  was a t  steady s t a t e .  The specimen tempera- 

t u r e  was then cycled from 945 t o  525 t o  945°C within 10 min by withdrawing 



t h e  specimen from the  neutron f l ux  and then re inser t ing  it t o  the  o r ig i -  

n a l  posi t ion.  The ~r~~ re lease  during t h i s  period i s  shown i n  Fig. 4.30; 

it d id  not give any evidence of a heating burs t .  This demonstrates t h a t  

t he  heat ing b u r s t  i s  not  caused by thermal s t r e s se s  when the specimen i s  

being heated o r  cooled. 

I n  another experiment, t he  s ing le -c rys ta l  specimen was i r r ad i a t ed  a t  

660°C u n t i l  t h e  krypton isotope re lease  r a t e  was a t  equilibrium. The 

specimen temperature was then  cycled from 660 t o  940 t o  660°C without 

changing t h e  neutron flux;  t h e  e n t i r e  cycle required 1 3  'min. The number 

of atoms re leased during t h e  r e su l t an t  heating burs t  i s  l i s t e d  i n  Table 

4.7. The atoms re leased were accumulated during approximately 9 .2  h r  of 

s teady-s ta te  r e l ea se  a t  660°C. 

The most s i gn i f i c an t  observation of t h i s  heating burs t  i s  t h a t  t he  

isotopes were re leased during t he  burs t  i n  t h e  same proportions as  i n  

s teady-s ta te  re lease .  This implies t h a t  t h i s  burs t  was an accelerated 

vers ion of the' same process as  t h e  s teady-s ta te  re lease .  If the  gas i n  

' t h e  bu r s t  had come from deep within t h e  f u e l  or  from a region of t he  f u e l  

t h a t  normally re ta ined  t h e  f i s s i o n  gas, t he  gas would have been r i c h  i n  

long-lived isotopes.  
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Fig. 4.30. ~ r ~ '  Release Kate from Single-Crys,Lal U02 f o r  a Tempera- 
t u r e  Cycle from 945 t o  525 t o  945°C i n  10 min. 



Table 4 .7 .  Fission-Gas Released by a U02 
Single Crysta l  During a Heating Burst 

Release Rate 
(atoms/sec ) Number of Atoms 

I cotopea Released i n  

A t  660°C A t  940°C Burst 

- - --- 

' ~ h e  s teady-s ta te  xenon re lease  was corrected 
f o r  iodine decay. 

Fission-Gas Release from High-Burnup U02 

M. T. Morgan 
D. C. Evans* R .  M. Martin* 

An apparatus has been developed f o r  pos t i r rad ia t ion  annealing ex- 

periments t o  study t h e  e f f ec t s  of high burnup on f iss ion-gas  re lease  from 

U02 and other  reac tor  f u e l  mater ia ls .  The system can a l s o  be used t o  

study f iss ion-gas  re lease  from prototype f u e l  elements and from a wide 

va r i e ty  of advanced f u e l  mater ia ls .  

A molybdenum susceptor containing t he  fue l  sample i s  heated by an 

induction current  supplied by a high-frequency e lec t ron  generator with 

an output, of 10 kw. Pur i f i ed  helium sweep gas passes over t h e  samp1.e 

and ca r r i e s  t he  Kr85 released through t he  f i l t e r ,  t o  remove radioact ive  

dust; and i n t o  t he  counting and co l lec t ion  systems i n  an evac~ la ted  en- 

closure.  The ~r~~ i s  continuously monitored as  it flows through a GM 

coui~tes  arld i s  collect,ed i n  molecular s ieve t r aps  al; -196°C. The helium 

c a r r i e r  gas passes through t he  t r aps  and i s  exhaus-ted. Two t r aps  a r e  

used a l t e rna t e ly  and switched a t  in te rva l s  so t h a t  one t r a p  i s  co l l ec t -  

ing while t he  other is being exhausted. The .trap being exhausted i s  

*Co-op student, Universi ty of Tennessee. 



heated and the Kr85 i s  pumped into a to ta l iz ing  counting system by means 

of a Toepler pump. This gas i s  l a t e r  transferred in to  collection bulbs 

f o r  fur ther  analysis.  

The furnace tube and f i l t e r  are  housed i n  a glove box shielded with 

4 in .  of lead and f i t t e d  with modified Castle manipulators. The vacuum, 

counting, and col lect ion systems are contained i n  a separate closed hood. 

The counting c e l l s  consist  of coaxial tubes.enclosing thin-walled GM tubes 

f o r  measuring low count r a t e s  and a s c i n t i l l a t i o n  beta counter for  high 

count ra tes .  Calibration t e s t s  have shown tha t  the  GM tube measurements 

are  reproducible between 200 t o  10,000 counts/min t o  within 4% and accu- 

r a t e  t o  10%. The sc in t i l la t ion-de tec tor  measurements have a reproduc- 

i b i l i t y  of 12% and an accuracy of 20% above 10,000 counts/min. The sys- 

tem was designed t o  analyze for  Ki-85 i n  gases released by the fue l  sample, 

since t h i s  gas has a 10-year ha l f - l i f e  and.other radioactive gases would 

have qecayed i n  most of the  samples t o  be used. 

The f i r s t  s tudies  were made on high-density U02 samples from LITR- 

i r rad ia ted  experimental capsule L-22a. This material was i r radiated t o  - 

a burnup of 12,000 M W ~ / M T  a t  a temperature of approximately 730°C. A 

rapid increase i n  the r a t e  of Kr85 release as a function of time was ob- 

served i n  the temperature range 1500 t o  1600°C t h a t  caused the slope df  
the  curve i n  the  p lo t  of the  fract ional  release, F, vs the square root of 

time, t, t o  increase with time, as shown i n  Fig. 4.31. The' l i nea r  portion 

of the graph, based on data obtained during the f i r s t  4 112 hr, indicates 

a steady-state condition from which erroneous assumptions might have been 

drawn i f  the experiment had been terminated a t  t h a t  point. 

Evidence of unusual behavior a t  1500°C was indicated by bursts of Kr85 

during steady operation. This phenomenon was observed for  two samples. 

The magnitude of' the la rges t  burst was 175,000 counts/min or a fract ional  

value of 1 x of the t o t a l  Kr85 contained i n  the sample. This release 

might be too small t o  be noticed i f  it occurred below 1500°C and would be 

obscured by the  higher steady-state release above 1500°C. 
- 

. The value of the diffusion parameter 
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Fig. 4.31. Fract ional  Re1  e8se of ~r~~ from LITR-Irradiated U02 Upon 
Annealing a t  1500°C. IIeating-bussL re lease  was subtracted.  

ca lcula ted from the  equa-tiori 

where 

D = di f fus ion  coeff icien-t;, 

a = equivalent  sphere radius,  

F = f r a c t i o n  of t o t a l  gas released,  

t = time of heating, 



was 1 X sec'l f o r  d' sample annealed a t  1400" C . Values of D ' fo r  

higher temperatures a r e  not given because the  phenomena observed show t h a t  

t he  gas re lease  a t  higher temperatures is pa r t l y  due t o  mechanisms other 

than diffusion.  

Some experiments18 have indicated t h a t  the  s t a r t i n g  point of serious 

damage i n  U02 is  1 X fissions/cm3 (3.5 X l o4  MW~/MT). Data on ma- 

t e r i a l  i r rad ia ted  t o  such high burnups a re  scarce, and it i s  f e l t  t h a t  it 

would be worthwhile t o  i r r a d i a t e  s ingle  c rys ta l s  of U02, as  well a s  other 

materials,  t o  burnups grea te r  than 1 X fissions/cm3 spec i f ica l ly  f o r  

t h i s  study. The use of s ing le  c rys ta l s  would simplify the study of f i s -  

sion-gas re lease by eliminating the e f f ec t s  of grain  boundaries and would 

permit geometrical calculat ion of surface areas ord inar i ly  obtained by 

BET measurementslg on porous materials;  BET measurements can only be made 

on la rge  quant i t i es  of high-density materials.  Single c rys ta l s  of natu- 

r a l l y  enriched U02 a re  avai lable  from several  sources, but t o  achieve high 

,burnups i n  a short  time, small c rys ta l s  of high enrichment w i l l  be needed,. 

Preliminary experiments have shown t h a t  U02 crys ta l s  about 1 mrn wide can 

be grown by e l ec t ro lys i s  of uranyl chloride i n  solut ion with l i thium and 

potassium chlorides.  It i s  planned'to produce a number of these c rys ta l s  

enriched t o  50% u~~~ and t o  i r r ad i a t e  them t o  burnups i n  excess of 

1 x lo2' fissions/cm3. 

A sample of duplex pyrolytic-graphit.e-coated UC2 pa r t i c l e s  from ex- 

perimental capsule B9-8 i s  being prepared f o r  thk next experiment. These 

p a r t i c l e s  have a burnup of about 30$ of the uranium. 

Pressure-Vessel Surveillance Program 

R. G. Berggren M. S. Wechsler 
W. J. Stelzman T. N .  Jones 

EGCR Pressure-Vessel Surveillance Specimens 

Work continued on t h e  preparation of specimens fo r  the  EGCR pressure- 

vesse l  surveil lance program described previously. ' Four s t r i ngs  of 

185. Belle ( ~ d .  1, Uranium Dioxide Properties and Nuclear Applications, 
pp. 559, 569, U.S. Government Pr int ing Office, 1961. ' 



specimen capsules w i l l  be suspended from each of two spec ia l  nozzles. 

One s t r i n g  w i l l  be removed f o r  t e s t i n g  a f t e r  each se lec ted  period of op- 

e ra t ion .  Each s t r i n g  cons i s t s  of eighteen containers,  each containing 

four t e s t  specimens of EGCR pressure-vessel  mater ia l .  The specimens in -  

clude Charpy notch-.impact samples and t e n s i l e  samples. The mater ia l  f o r  

t.he notch-impact samples w i l l  be representa t ive  of base pla te ,  weld ma- . 

t e s i a l ,  a-rld. heat-affected zone mater ia l .  Al l  survei l lance and control  

specimens of base p l a t e  mater ia l  have now been machined. The weld speci-  

mens a r e  t o  be machined from a spec ia l  weldment fabr icated by t he  Baldwin- 

Lima-Hamilton Corporation according t o  spec i f ica t ions  s imi la r  t o  those 

used i n  t he  weldicg of t he  ac tua l  EGCR pressure vessel .  This weldment 

has been received a t  ORNL; u l t rason ic  and radiographic examinations have 

been completed; and the  machining of specimens is under way. Specimen 

blanks have been shipped t o  Rensselaer Polytechnic I n s t i t u t e  f o r  prepa- 

r a t i on  of t h e  heat-affected zone specimens. They w i l l  be given a thermal- 

cycling treatment f o r  t he  synthet ic  formation of t h e  heat-affected zone 

microstructure. The appropriate thermal-cycling treatment is  being de- 

termined a t  RPI on t he  bas i s  of welding procedures used i n  t h e  fabr ica -  

t i o n  of the  EGCR pressure vessel .  To permit t he  cor re la t ion  of r e s u l t s  

from t h i s  survei l lance program with those from other  programs, it i s  de- 

s i r a b l e  t o  include t e s t  specimens from a "reference p l a t e "  of ASTM A-212, 

grade B, s t e e l .  I n  accordance with ASTM Tentative Recommended Pract ices  

E184-61T and E185-61T, 21 specimens from t h i s  p l a t e  a r e  included i n  a num- 

ber  of i r r ad i a t i on  s tudies  being conducted a t  various s i t e s  i n  t he  United 

s t a t e s .  The EGCR survei l lance schedule has been modified t o  include two 

t e n s i l e  specimens from the  reference p l a t e  i n  container 12 of each s t r i n g .  

These specimens a re  on hand. 

19s. Brunauer, P. H. Emmett, and E. Tel ler ,  "Adsorption of Gases i n  
Multi-Molecular Layers, " J. Am. Chem. Soc. , 60 : 309 (1938). 

2 0 ~ .  G. Berggren, M. S. Wechsler, and L. D. Schaffer, Pressure-Vessel 
Surveil lance Program, pp. - 120-127, "GCRP Semiann. Prog. Rep. ' Sept . 30, 
1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory. 

2 1 ~ ~ T M  Standards, 1961, Par t  3, pp. 322 and 327, American Society 
f o r  Testing and Materials .  



Because of the long exposure periods involved i n  the surveillance 

program, a special  problem ar i ses  with regard t o  neutron dosimetry. The 

thermal-neutron dose may be determined with cobalt detectors placed i n  . 

the surve.illance containers. The ac t iv i ty  of the induced co60 isotope, 

which has a h a l f - l i f e .  of 5 .3  years, w i l l  be measured. For the measure-, 

ment of fast-neutron dose, use of the ~ e ~ ~ ( n , ~ ) M n ~ ~  reaction i s  being 

considered. The Mn54 product has a 314-d ha l f - l i f e ;  however, the cross 

section f o r  the  reaction i s  not well. known. Work i s  now i n  progress t o  

obtain the  necessary information. This reaction has the  advantage tha t  

t h e  s t e e l  samples themselves may be used as the monitoring material. 

Preirradiat ion Charpy-V impact t e s t s  have been delayed because of 

deviations from specifications discovered i n  the impact t e s t ing  machine. 

An attempt'was made t o  ca l ibra te  the t e s t ing  machine i n  accordance with 

the  ASTM "Standard Method f o r  notched Bar Impact Testing of Metallic 

Materials, " ASTM E23-60. The machine met a l l  the requirements except 

f o r  apparently small.deviations i n  the  dimensions of the anvil .  Tests . 

conducted on standard specimens provided by the Watertown Arsenal Labora-' 

' t o r y  ind-icated, however, t h a t  thesk deviations resul ted i n  s ignif  icapt 

e r rors  i n  the impact-energy readings. Motion pictures taken a t  4000 

frames per second showed interference between the broken specimens and 

the  pendulum. Work-is i n  progress t o  correct t h i s  condition. 

Drop-weight impact t e s t s  a re  a l so  planned. These w i l l  be carr ied 

out a f t e r  the Charpy-V impact t e s t s  a re  completed. 

SM-1 Reactor Surveillance Tests 

The r e su l t s  of subsize Izod impact t e s t s  on surveillance specimens 

from the  SM-1 reactor were reported previously. 20 . The surveillance speci- 

mens have subsequently 'been analyzed by radiochemical methods f o r  MT?~,  
and computation of fast-neutron fluxes, based on the ~ e ~ < ~ ( n , ~ ) M n ~ ' :  re -  

action, i s  i n  progress; Metallographic examination of the fractures  i n  

the  surveillance specimens indicates the  same fracture mode f o r  i r radiated 

and unirradiated specimens f o r  the same fracture energy. 

2 2 ~ ~ T M  Standards, 1961, Part  '3, p. 79, American Society for  Testing 
and Materials. 
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5. DEXELOPMENT OF FUELED-GRAPHITE BODIES 
+ / 

A. Goldman 

Characterizat ion of Unsupported Fuel P a r t i c l e s  

E. S. Bomar J. L. Cook 
F. L. Carlcen, Jr. R. J. Gray 

Crushing Load 

Addit ional  da ta  were obtained t h a t  supplement those previously re -  

ported' pn t h c  load necessary t o  crush individual  . . p a r t i c l e s  of pyro ly t i c -  

carbon-coated and uncoated uranium carbide from various l o t s  of p a r t i c l e s .  

These data  a r e  presented i n  Table 5.1. 

Comparison of t h e  crushing s t reng th  with i n -p i l e  performance has 

shown' t h a t  a d i r e c t  dependence e x i s t s  between the  number of  cracked coat- 

ings found a f t e r  i r r a d i a t i o n  and the  minimum crushing load f o r  a sample 

from a given l o t  of p a r t i c l e s .  This suggests t h a t  t he  behavior of t h e  

p a r t i c l e s  i n  the  reac to r  i s  determined by the'weakest members. Examina- 

t i o n  of the  da ta  of Table 5 . 1  shows t h a t  the  minimum crushing loads may 

be l e s s  than one-half the  average value. 

Consideration WE given t o  an a1tesnal;e t e s t  f o r  determining t he  
u 

crushing load t h a t  would permit the  simultaneous examination of a l a rge  

nwnber o r  p a r t i c l e s .  I n  the  a l t e r n a t e  t e s t ,  a monolayer of coated par-  
1 

t i c l e s  was placed between a s t e e l  punch and a neoprene pad i n  a d i e  and - 
loa.d@d. i n t o  a press .  A c c r i e s  of samples was pressed with loads ranging 

from 2,500 t o  20,000 l b .  Thc p a r t i c l e s  thus t r e a t ed  were leached with 

n i t r i c  ac id  and analyzed f o r  exposed uranium. The r e s u l t s  given i n  Table 

5.2 show t h a t  the  exposed uranium amounted t o  l e s s  than t h a t  contained i n  

a s i ng l e  p a r t i c l e  u n t i l . t h e - l o a d  exceeded 10,000 l b .  I f  it can be demon- 

s t r a t e d  t h a t  t h i s  t e s t  causes s e l ec t i ve  des t ruc t ion  of t he  weakest p a r t i -  

c l e s  present ,  such a treatment might be used t o  remove such p a r t i c l e s .  

'E. S. Bomar e t  a l . ,  Characterizat ion of Unsupported Pa r t i c l e s ,  pp. 
186-189, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, U W C  Report ORNL-3372, 
Oak Ridge National Laboratory. 



Table 5.1. Data on Load Required t o  Crush Pyrolyt ic-  
Carbon-Coated and Uncoated Uranium Carbide. P a r t i c l e s  

Crushing Load (g )  

Lot No. 
Average" Maximum Minimum Deviation 

a 
Values based on da ta  obtained by crushing 50 

p a r t i c l e s  from each l o t .  

buncoated p a r t i c l e s .  

Coated-Part icle Dinlens ions 

The r e s u l t s  of i r r a d i a t i o n  t e s t s  a l s o  suggest t h a t  coating thickness 

may be an  important f a c t o r  i n  character iz ing coated p a r t i c l e s .  A sys- 

tematic examination of coated p a r t i c l e s  from various sources i s  being , 

made t o  provide da t a  both  f o r  comparison with i n -p i l e  behavior and observa- 

t i o n  o f ' t h e  e f f e c t  of coating thickness on fueled-graphite fabrication..  . 

Measurements taken from microradiographs a r e  presented i n  Table 5.3. , 



Tabl? 5.2. Effect of Various Loads Applied to Monolayers of 
Coated Farticles from Batch 3M-119 

Sample 
- - 

1 '  2 3 8 6 5 7 4 
I--' 
P 

2,500 5,000 10,000 12,000 14,000 16,000 18,000 20,000 W Load on 1.182-in. punch, lb 
Number of hrrticles in sample 5,100 5,100 5,000 5,000 5,900 5,100 5,100 5,100 
Load per particle, g 220 450 910 1,090 1,270 1,43C 1,600 1,780 
Total uranium leached," 9g 3.43 1.31 1.43 94 143 700 2,180 3,480 
Equivalent broken coated particles 0.2 0.1 0.1 ' 5 8 3 6 1 3  180 ., 

a Uranium content of average particle was 19 pg. 



Table 5.3. . Dimensional ~easurements of Pyrolytic-Carbon-Coated Fuel Particles. Based on 
Microradiographic Examination of Samples Containing 50 Particles . 

. 

Core Diameter (p) Coating Thickness (p) Total Particle Diameter (p) 

Lot No. 
Standard Minimum Mean Stmdard Minimum Mean Standard Minimum- 

Mean Deviation Deviation Deviation 

NCC -K 22'6 21 185 102 17 88 - 425 . 2 2 360 
-104 256 . 29 175 122 -24 62 499'' 62 405 
-105 243 2 6 185 76 8 5 5 :39 5 31 3 10 
-106 230 29 180 41' .4 3 5 3 14 3 3 2 60 
-201 . 230' 28 150 107 11 9 2 443 26 405 
-207 220 20 185 101 7 90 422 20 395 



Measurement of Exposed Fuel 

The i n i t i a l l y  exposed f u e l  e s tab l i shes  t h e  minimal re lease  of f i s -  

s i on  products t h a t  can be expected i n  the  reac to r .  Specif ica t ions  have 

been se lec ted  which require t h a t  surface  contamination of e i t h e r  as- 

received o r  thermally cycled pa r t i c l e s ,  a s  determined by alpha counting, 

should not exceed 5 X 10'" of the  contained f u e l .  Similarly,  leachable 

f u e l  alw.1; not exceed. 3 X of t he  contained. f u e l  f o r  e i t h e r  of these  

conditions. The r e s u l t s  of measurements on s eve ra l  l o t s  of coated par-  

t i c l e s  with regard t o  these var iab les  a r e  presented i n  Table 5.4. 

.Effect  of Hcat treat ale^^ L urn1 Fuel h g r a t i o n  

' Movement of f u e l  through the  pyrolytic-carbon coating can cancel  the  

benef i t  of t he  coating i n  two ways: (1)  f u e l  loca ted  near the  coating 

surface  w i l l  r e l ease  f i s s i o n  products t o  t h e  matrix surrounding t h e  par-  

t i c l e  by r eco i l ,  and (2) the  presence of uranium i n  a pyrolytic-carbon 

coating might r e s u l t  i n  a s e n s i t i v i t y  t o  moisture t h a t  could cause f a i l u r e  

of the  ~ o a t i n g . ~  Tests  f o r  extended periods of up t o  1000 h r  a r e  under 

way t o  determine f u e l  migration i n  a number of types of coated p a r t i c l e  a t  

temperatures of 1000 t o  2000°C, and measurements have been made on 23 

samples heat  t reated.  by vendors. The measurements were made by micro- 

scopic examination a t  200X of contact  microradiographs. Fuel migration 

was characterized by two zones i n  each p a r t i c l e :  (1 )  a region of high 

concentration i n  the  coating adjacent  t o  t h e  core f u e l  p a r t i c l e s  and (2)  

a point  of f a r t h e s t  migra.ticrn of f u e l  from the core p a r t i c l e ,  even i f  

t h i s  migration appeared a.s a small, i ~ o l a t e d  spot. The r e s u l t s  of these  

measurements a r e  l i s t e d  i n  Table 5.5. Data f o r  the  NCC s e r i e s  provide a 

comparison with the  3 M  s e r i e s  of t h e  behavior of s i x  l o t s  of par.tl.cles 

prepared under d i f f e r en t  conditions. The con t ro l  p a r t i c l e s  f o r  each of 

the  NCC samples showed an i n i t i a l  movement of fue l ;  t h e  3M control  par-  

t i c l e s  showed none. Relat ive movement of f u e l  i n  t he  NCC coatings during 

subsequent heat  treatments was both g r ea t e r  and l e s s  than observed f o r  

J. L. Sco t t  e t  a l .  , Fission-Product-Retention Characteris  t i c s  of 
Coated Fuel Pa r t i c l e s ,  pp. 194-197, "GCRP Semiann. Prog. Rep. Sept. 30, 
1962, " USAEC Report ORNL-3372, Oak Ridge National Laboratory. 



. . 
Table 5.4. Measurements of Exposed Fuel on Pyrolytic-Carbon-Coated Fuel 

Pa r t i c l e s  Before and ~ f t e r  Thermal Cycling 

As -Received After  Thermal Cyclingc 
Surface 

& t e r i a l  Contamination Material Surface 
Lot No. Surf ace Removed by After  Surface Removed b Contamination 

Contaninationa ' HN03 ~ e a c h b  kachinga Contaminationa ANOs Leachi: After  Thermal 
($1 ($) ($1 Cycling and 

u ($> Th ($1 U ($) Th ( 5 )  Leachinga ($) 

x 10-3 x x x 10-3 x 10-3 x x x 
GA-301 4. 7 2.9 10.6 <1.0 <1.7 <0.2 <5.7 U. 7 

-302 19.30 .3.6 1 .7  <O. 06 0.10 <0.2 <6.1 0.17 

3M-D 70.0 24.8 27.6 21.0 0.2 12.4 
-F 17.4 237.0 10.3 26.7 0.2 22.8 
-G 2'7.5 1 4 . 0 . .  1.1 33.8 . 450 448 
-101-61 <O. 01 15.2 <O. 01 2.9 39.9 3.0 
-116 4 . 7  182.0 Q.5 7.6 1 .2  5 . 1  P P 
-117 (1.8 0.09 4). 6 (3.6 7 . 1  <O. 6 0\ 

-118 . 0.2 0.4 <O. 01 <O. 01 0.2 <O. 01 
-119 <O. 4 <0.03 <0.2 <O. 4 1 . 3  <0.03 <0.9 1 .3  

NCC-J 8.4 3 .3  12.6 18.6 34.6 10.8 
-K 2.8  3.7 6.8 6.3 6 .6  10.2 
-2 01 2.4 124.0 1.2 3.6 8.5 1 . 8  
-207 0.3 <O. 1 0.3 0.4 2 .1  0.4 

. -208-2 1.43 <0.5 ~ 7 . 8  1.41 1.29 <0,5 . <7.8 1 .4  
-209 4.9 <0.2 3 . 8  4.0 <O. 2 3.7 

NUMEC -400 C).  5 8.2 . <O. 1 2.8  9.9 2 .6  
-915 a. 8 0.2 <O. 8 7.6 3000 0.8 

a 
Determine3 by alpha counting and expressed as  percentage of t o t a l  

f u e l  i n  p a r t i c l e s .  

' b ~ r e a t e d  with 8 M H N O ~  a t  95OC f o r  8 hr; material  removed expressed 
i n  terms of t o t ~ l  quanti ty of uranium vs thorium i n  pa r t i c l e s .  

L~ample  cycled th ree  times between 200 and 1450 t o  1500°C with a 
1-hr hold time a t  the  temperature extremes. 



Table 5.5. Fuel Migration i n  Coatings During Heat 
Treatment of Pyrolytic-Carbon-Coated Uranium 

Carbide Par t ic les  

Coated Conditions of Fuel ~ i f f u s i o n b  (p) 
Par t ic le  Heat ~ r e a t m e n t ~  

Ident i f ica t ion  ~ v e r a g e ~  ~ i m d  

Control 
3 hr a t  1500°C 
3 hr a t  1750°C 
5 min a t  1950°C 

Control 
300 h r  a t  1500°C 
307 hr a t  1700°C 

NCC -202 
-202 -15 
-202 -17 

Control 
300 h r  a t  1500°C 
307 hr  a t  1700°C 

NCC -2 03 
-203 -15 
-203-17 

Control 
300 h r  a t  1500°C 
307 hr  a t  1 7 0 0 " ~ ~  

Control 
300 hr a t  1500°C 
307 h r  a t  1700°C 

NCC -2 05 
-205 -15 
-205 -17 

Control 
300 h r  a t  1500°C 
307 h r  a t  1 7 0 0 " ~ ~  

Control 
300 hr a t  1500°C 
300 hr a t  1700°C 

a~crfomncd by supplier. 

'Distance measured from or ig ina l  interface between 
f u e l  pa r t i c l e  and coating. Measurements taken from 
contact microradiographs. 

C Region of heavy concentration adjacent t o  f u e l  
par t ic le ,  Two measurements made on each of 50 par- 
t i c l e s .  

(kegion of f a r thes t  movement of f u e l  i n to  coating, 
even though a small, i so la ted  spot. 

e As-deposited control par t ic les  not supplied. 

f ~ h e  or ig ina l  interface was obscured by gross f u e l  
movement. Measurement of both zones of diffusion gos- 
s ib ly  i n  error .  Note inverse values of maximum dig- 
fusion zones f o r  NCC-205-15 and -17. 



3M material .  Coatings i n  the NCC-204 l o t  res i s ted  f u e l  movement best ,  

showing no change i n  the core zone a f t e r  300 hr a t  1500°C and only a 2-p 

change a f t e r  307 h r  a t  1700°C. 

The appearance i n  the microradiographs of a heavy concentration of 

high-density mater ial  a t  the surface of many par t ic les  i n  several d i f -  

fe rent  l o t s  without a commensurate change i n  diffusion zone a t  the  core 

l ed  t o  a suspicion t h a t  the  apparent extensive diffusion was i n  f a c t  a 

supe r f i c i a l  deposit of high-density material  from an exter ior  source. 

Microradiographs of two samples showed the contaminant t o  be removed a f t e r  

e i t h e r  t rea t ing  i n  a n i t r i c  acid solut ion or  chlorine-bearing argon a t  

800°C f o r  1 1/2 hr. Par t ic les  from l o t  No. NCC-203-17 a re  shown i n  Figs. 

5 .1 and 5.2 before and a f t e r  the chlorine treatment. Except f o r  the 

Fig. 5.1. Sample NCC-203-17 Which Has Been Heated a t  1700°C fo r  
307 hr.  The spot ty regions of high density i n  the  coating are super- 
f i c i a l  contamination rather  than fue l  migration from core. 



Fig. 5.2. Sample NCC-203-17 Folloying Supplemental Treatment with 
a Chlorine-Argon Mixture a t  800°C. The surface contamination has been 
removed. 

diffusion which occurred a t  the  interface of t h e  core pa r t i c l e  and coat- 

ing, the coating of the  chlorine-treated sample had the same appearance 

as the control sample, which was not heat t reated.  

Pyrolytic-Carbon-Coating Equipment 

Equipment was assembled t o  permit deposition of pyrolytic-carbon 

coatings on par t ic les  under known conditions. The relationship between 

the conditions of coating application and the resul t ing coating properties 

w i l l  be established. The equipment features a graphite nozzle i n  a mull i te  

tube. The feed material  i s  f luidized by a gas stream tha t  contains a car- 

bonaceous gas. The maximum temperature capabi l i ty  i s  about 1400°C. 

A l imited number of runs has been made, and coating microstructures 

ranging from laminar t o  columnar and combinations of these have been 



prepared. Information was obtained on how t o  minimize defects such as 

multiple pa r t i c l e s  i n  a common coating and delamination of coatings. It 

was demonstrated t h a t  t he  par t ic les  could be f luidized and the  coatings 

applied a t  reduced pressures, thus offering the  poss ib i l i t y  of a large 

reduction i n  the  amount of gas used. Coating equipment fo r  operation up 

t o  2000°C is  being assembled. 

Fission-Product-Retention Characteristics 
of Coated Fuel Part ic les  

R. B. F i t t s  

The r e su l t s  of a s e r i e s  of neutron-activation t e s t s  on coated par- 

t i c l e s  a r e  presented i n  Table 5.6. These t e s t s  were made .to determine 

the in t eg r i ty  of the p a r t i c l e  coating based on i t s  a b i l i t y  t o  r e t a in  the 

f i s s i o n  gases generated during i r radiat ion.  

Thermal Conductivity of Coated-Particle Fuels 

P. DeNee D. L. McElroy 

An apparatus f o r  measuring the thermal conductivity of powder i n  a 

controlled atmosphere was tested a t  temperatures up t o  820°C with a mag- 

nesium oxide specimen i n  vacuum and i n  helium. The technique employed 

consisted of measuring, as a function of time, the  temperature r i s e  of 

a 1/8-in. tantalum tube immersed i n  the  powder specimen when the  tube was 

heated by a constant power input. Pr ior  t o  a run, the specimen was 

brought t o  the desired temperature i n  a tubular furnace, which enclosed 

the  specimen. The temperature r i s e  of the probe above t h i s  temperature 

(usually a 10 t o  20" r i s e )  was measured when the power t o  the  probe was 

turned on. Radial heat flow i n  the  specimen was ensured by providing 

spec ia l  radiat ion shields  over the ends of the furnace so t h a t  the tem- 

perature p ro f i l e  along; the axis  of the furnace was essent ia l ly  f l a t  i n  

the  region of the  specimen. The furnace and specimen were enclosed i n  a 

chamber tha t  could be evacuated o r  f i l l e d  with gas t o  a pressure of 2 atm. 

The low-temperature r e su l t s  agreed with l i t e r a t u r e  values and were 

reproducible t o  +5$; however, the high-temperature resu l t s  displayed 



Table 5.6. Fission-Product Release from Pyrolytic-Carbon-Coated Fuel Pa r t i z l e s  

~e~~~ Released xe13' 3eleased During Vgcuum 
During Capsule Annealing 

Sample No. Core lvkzterial Puncture Test 
( P F ~  

Temperature Time Release 
( "C> (h) ( P P ~  1 

uc2 
Mcnocrys t a l l i n e  UC2 
(U + Th)c2 
(U + Th)c2 
(U + Th)c2 
(U + Th)c2 
(u + ~ h ) c 2  
(U + Th)c2 
(U + T ~ - ) c ~  
(U + Th)z2 

a Low s e n s i t i v i t y  because of low u~~~ content of sample. 

b~ l l  3M-1178 samples and sample GA-302 had a thorium-to-uranim r a t i o  of 0.61. 



c e r t a i n  anomalies t h a t  indicated t h e  need f o r  both a l a rge r  specimen con- 

t a i n e r  t o  more near ly  f u l f i l l  t he  boundary conditions of t he  method and 

f o r  an improved e l e c t r i c a l  system. These changes were near ly  completed, 

and, i n  addi t ion,  an  a l l -meta l  gas-pur i f icat ion t r a i n  was added t o  the  

system t o  allow measurements up t o  severa l  atmospheres. Measurements of 

coated-par t ic le  fue l s  w i l l  be i n i t i a t e d  i n  t he  near future .  

Fission-Product Deposition Studies 

J. L. Scot t  

Most s tud ies  of f ission-product re lease  have involved measurement 

of the  r a t e s  of re lease  of t he  i n e r t  gases xenon and krypton. Relatively 

. l i t t l e  work has been done on measurements of the  re lease  of o ther  f i s s i on -  

product species .  For c lad fue l s ,  emphasis on the  i n e r t  gases i s  log ica l ,  

s ince  pressure  buildup within  the  cladding i s  the  main problem. I n  un- 

c l ad  f u e l  systems, .however, contamination of the  prim&y coolant c i r c u i t  

wi th  long-lived gamma emit ters  i s  a major concern. Thus it i s  necessary 

t h a t  quan t i t a t ive  information be obtained on the  re lease ,  t ranspor t ,  and 

deposi t ion of o ther  f ission-product species  from such fue l s .  

A small loop was developed f o r  obtaining deposit ion data  on species 

such a s  1131, Eal4', sr8', and ~ e ~ ~ ~ .  Except f o r  t he  t e s t  sect ion,  t h e  

loop cons i s t s  of 3/8-in.-diam s t a i n l e s s  s t e e l  tubing, and it contains a 

flow meter, a diaphragm-type c i rcu la t ing  pump, and a bypass l i n e  t o  a 

l i q u i d  nitrogen-cooled charcoal t rap ,  .which i s  continuously monitored f o r  

~ e ~ ~ ~ .  Provisions a r e  made f o r  helium pressur iza t ion  o r  evacuation. 

The t e s t  s ec t i on  cons i s t s  of a 27.5-in. length of 3/4-in.-dim, 20- 

mil-wall, s t a i n l e s s  s t e e l  tubing. A small res is tance furnace i s  used t o  

hea t  a 9-in.  length  of the  t e s t  sec t ion  t o  1000°C. Twelve themoco~iples 

a r e  spot welded a t  i n t e rva l s  along the  t e s t  sec t ion  t o  measure the  tem- 

perat"ljre~-~d..i.sStribution. A sheathed thermocouple i s  inse r ted  within t he  
. . ' ;  

f u e l  sample holder t o  measure t he  a c t u a l  f u e l  temperature. A s t a i n l e s s  

s t e e l  holder containing copper- and silver-impregnated charcoal (Whetleri te)  

i s  i n s t a l l e d  a t  each. end of t h e  t e s t  s ec t i on  t o  contain the  f i s s i on -  

product species wi thin  t h e . t e s t  sect ion.  



Two t e s t s  have been completed t o  date.  Both specimens were uncoated 

uraniumcarbide p a r t i c l e s  from batch 3M-112U. The samples were i r r a d i a t e d  

a t  room temperature t o  a burnup of about 1015 f i s s i o n s  per sample. I n  

the  f i r s t  t e s t  thc  sample was p.l.a.ced i n  the  loop a f t e r  neutron ac t i va t i on  

and was held a t  560°C f o r  24 h r .  The helium pressure was 10 ps ig  and the  

flow r a t e  was 8 l i ters /min.  The temperature gradient along the  t t h e  .varied 

from 36°C a t  the  ends of the  tube Lo 660°C a t  the  c e d e r  of the furnace 

adjacent  t o  the  f u e l  samples. During t he  run, the  ~e~~~ content of the  

charcoal t r a p  increased continuously a t  approximately a l i n e a r  r a t e ,  and 

the t.0t.a1 fra.ct iona1 re lease  of ~e~~~ was 0.21. This a m o ~ l t  was much 

higher than t h a t  observed t o  be re leased from dupl ica te  samples s i n t e r ed  

i n  vacuum a t  the  same temperature and was a t t r i b u t a b l e  t o  t he  p a r t i a l  

oxidation of the  uranium carbide t o  uranium oxide during the run. A t  

the  end of the heating period, the  f u e l  sample was removed from the  loop, 

and the  deposit ion tube was monitored f o r  gamma a c t i v i t y  by autoradiog- 

raphy and s c i n t i l l a t i o n  spectrometry. No detectable  a c t i v i t y  was found 

on Lhe deposi t ion tube by e i t h e r  technique, There were, however, t r a ce s  

of i n  t he  upper Whetlerite t r ap .  

I n  order t o  increase f ission-product  re lease ,  t h e  second t e s t  was 

run a t  a considerably higher temperature ( 4 9 0 " ~ ) .  Again the  durat ion 

of t h e  run was 24 h r .  The helium pressure was 6 ps ig  and the  flow r a t e  

w a s  4 .8  l i ters /min.  The f r a c t i o n a l  r e lease  of ~e~~~ was 0.42. The high 

re lease  was again a t t r i b u t a b l e  t o  oxidation of t he  uranium carbide. A s  

the  uranium carbide i s  converted t o  uranium oxide, a phase boundary moves 

across each f u e l  p a r t i c l e  and a c t s  a s  a sho r t - c i r cu i t  d i f fus ion  path  f o r  

the  re lease  of v o l a t i l e  f i s s i o n  products. When t he  f u e l  sample was r e -  

moved, t he  deposition tube was found t o  be highly radioact ive ,  i n  con t ras t  

t o  t he  f i r s t  run, and both and ~e~~~ were found along the  tube. 

Since t he  specimen w a s  23 days old, most of t he  77-h had decayed, 

and the  predominant a c t i v i t y  came from 8 . 0 5 4  113'. The t o t a l  f r a c t i o n a l  

r e lease  values were 0.06 f o r  ~e~~~ and 0.41 f o r  1131. Since t he  re lease  

of was about the  same a s  the  re lease  of ~e~~~ a t  790°C) whereas only 

t r a ce s  of were found a t  56O0C, it i s  suspected t h a t  the  iodine was 

adsorbed by t he  graphi te  b o t t l e  a t  t he  lower temperature. 



The d i s t r i b u t i o n  of a c t i v i t y  and t he  temperature d i s t r i bu t i on  i n - t h e  

second loop a r e  shown i n F i g .  5.3. Although t races  of 1 1 ~ ~  and  el^*, were x 

found a t  the  h o t t e s t  po in t s  of t h e  deposit ion tube, most of  the  ~ e 1 . 3 ~  was 

found a t  a  po in t  11 in. .  from the  bottom of the  tube. A t  t h i s  locatfon the  

tube-wall temperature was .about 600°C. The began t o  deposit  i n  more . 

than t r a c e  amounts where t h e  tube was a t  440°C and.showed a  very intense 

maximum where the  tube w a s  . a t  300°Ci. 

A t heo re t i c a l .  i n t e rp re t a t i on  of the  d i s t r i bu t i on  i s  possible.  

F i r s t ,  t he  point  x  = 0 i s  a r b i t r a r i l y  chosen a t  a point  11.9 in .  from 

t h e  bottom of t h e  deposi t ion tube:. The temperature d i s t r i bu t i on  i s  then 

\ assumed t o  f i t ,  an  equation of t h e .  form..  

a  'T = - 
x + b "  (1 

where T i s  the  absolute  temperature, x  i s  t he  dis tance along the  tube, 

and a and b  a r e  constants.  I f  it i s  assumed t h a t  T = To a t  x = 0 and 
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Fig. 5.3 .  Distr ibut ion of Fiss ion Products op nepos it ion Tube. 



T = Tf a t  x = R ,  where R i s  t h e - d i s t a n c e  t o  t h e  end of the  tube, then 

Next, it i s  assumed t h a t  deposi t ion  occurs by an  adsorpt ion  process 

and t h a t  t h e  gas i n  equil ibrium wi th  a given deposi t  obeys t h e  Arrhenius 

equation 

where P* i s  t h e  vapor pressure  of the  adsorbed species ,  C\H i s  t h e  hea t  a 
of adsorption,  R i s  t h e  gas constant ,  and Pg i s  a constant .  The e q u i l i b -  

r i u m  concentrat ion,  C*, of t h e  deposi ted species  i n  the  gas phase i s  'then 

: given by t h e  equation 

By combining Eqs. ( 2 )  and ( 4 ) ,  

where 

By a m a t e r i a l  balance t h e  gas composition i s  found t o  obey an  equat ion  

of  t h e  form 

where 



I n  Eq. ( 8 ) )  KD i s  t h e  deposi t ion r a t e  constant ,  r i s  t he  tube radius ,  and 

v i s  t he  l i n e a r  gas ve loc i ty .  Solving Eq. (7)  and making use of t he  f o l -  

lowing r e l a t i onsh ip  f o r  t he  f r a c t i o n  of the  species deposited per  u n i t  

length ,  

t he  f iss ion-product  d i s t r i b u t i o n  i s  

The a c t u a l  values of a and (3 f o r  t he  da ta  i n  Fig. 5.3 were a = 0.51 cm-I 

and B = 0.19 cm-l. From the  experimental value of a and Eq. ( 6 ) )  t he  

hea t  of adsorpt ion w a s  determined t o  be 26.2 kcal/mole. Similar ly ,  from 

f3 t h e  value of KD w a s  ca lcula ted t o  be 2.73 cm/sec. Both values appear 

t o  be reasonable. The heat  of adsorption i s  consis tent  with a chemisorp- 

t i o n  process e i t h e r  of I, 1 2 ,  o r  C S I  species .  I n  view of the  s m a l l  number 

of atoms of present  (1.62 X 1012),  t he  chemisorption of iodine ions 

i s  probably the  cor rec t  process. The s m a l l  amounts of observed t o  

be deposited a t  800°C a r e  adsorbed by a d i f f e r e n t  mechanism, probably by 

va,n de r  Waal.'s forces .  

When the  tube-wall temperature i s  below about 300°C, the- tube..wall 

.becomes a n  ih f  i n i t e  s ink  f o r  '113' atoms i n  the ,  concentrat ion range uhder - . 

discuss ion,  and the r a t e  of deposi t ion i s  control led  by the  r a t e  a t  which 

t he  1131 ions s t r i k e  t he  surface .  For laminar gas flow, t h e  deposi t ion 

constant  i s  approximately 

where D i s  t he  d i f fus ion  coe f f i c i en t  ,of the  deposit ing species i n  the  
G 

gas phase,. and D i s  the  tube diameter. - I f  D i s  taken a s  1 cm2/sec, then 
G 

KD = 2 .  cm/sec. This compares wel l  with the  value 2.73 cm/sec found ex- 

perimental ly.  



Fueled-Graphite Fabrication 

J. M. Robbins A. J. Taylor 

Attempts t o  " i so s t a t i c a l l y "  form f ueled-graphite spheres wj.th poly- 

v iny l  chlor ide  g e l  molds3 were abandoned because of the problems associ-  

a ted  with f i l l i n g  thc  mold cavi ty  and t l ~ c  nonuuiTormity of forces  applied 

under uniaxia l  loading. A second approach involving l i g h t  cold forming 

followed by high i s o s t a t i c  compression i n  o i l  was more successful .  The 

preforming operation was ca r r i ed  out  a t  room temperature with a Lucite 

d i c  and hemispherical concave Lucite punches. The dimensions of spheres 

preformed a t  low pressures (approximately 100 ~ s i )  were reduced uniformly 

on subsequent compaction under high i s o s t a t i c  pressure (approximately 

35,000 p s i ) .  The simple three-piece forming d i e  was not e n t i r e l y  su i t ab le ,  

however, because (1 )  the  sharp edges of the  punches were highly suscept ib le  
. , 

t o  chipping, (2)  a molding f l a s h  was formed a t  t he  equator of the  spheres, . .. 
and (3)  the  d i e  design did  not read i ly  lend i t s e l f  t o  the f ab r i c a t i on  of 

... 

spheres with molded unfueled s h e l l s .  A new d i e  was designed t o  el iminate 

these  objectionable fea tu res  and was ordered. . - i  . . 
Ekperimental work was continued t o  obta in  a b e t t e r  understanding of .!: 

, . .  
the  va r iab les  associa ted with the  f ab r i c a t i on  of high-density, high- 

s t r eng th -g r aph i t e  bodies by molding and baking techniques. Graphite 

bodies were prepared from mixtures of f ine-grained na t l xa l  and syn the t i c  

g raph i te  powder and a furan r e s i n  binder. Cyl indr ical  p e l l e t s  represent-  

ing e igh t  compositions of these  ingredients  were formed a t  a low-forming 

pressure (100 and then i s o s t a t i c a l l y  pressed a t  ' various pressures 

ranging from 500 t o  35,000 p s i .  A l l  specimens were baked i n  hydrogen on 

a 24-hr schedule a t  1000°C. While dens i t i e s  g r ea t e r  than 1 . 7  g/cm3 were 

achieved, t he  isostat ic-forming pressures required t o  obta in  these  densi- 

t i e s  (>20,000 psi)  were higher than can be t o l e r a t ed  when pyrolytic-carbon- 

coated f u e l  p a r t i c l e s  a r e  incorporated i n  t he  body. To c l a r i f y  t h i s  point ,  

an experiment. i s  being performed using fueled-graphite cylinders fabr ica ted 

3 ~ .  M. Robbins and A. J. Taylor, Fueled-Graphite Fabrication,  pp. , 

201-202,' "GCRP Semiann. Prog. Rep. Sept. 30, 1962," IJSARC Report O m - ,  
3372, Oak Ridge National Laboratory. 



with a graphi te  matrix of known fabr ica t ion  cha rac t e r i s t i c s .  Fuel concen- 

t r a t i o n s  of 8, 14, 20, and 26 vol  % pyrolytic-carbon-coated carbide p a r t i -  

c l e s  a r e  being used. The severa l  bodies were formed in to  cy l i nd r i ca l  pel -  

l e t s  (approximately, 1 in: OD and 1 in.  long) a t  a pressure of 100 p s i  and 

then  i s o s t a t i c a l l y  pressed. a t  3,000, 6,000, 9,000, 12,000, 15,000, 20,000, 

25,000, o r  35,000 ps i .  Standard baking and t e s t i n g  techniques were used. 

Baking was done on a 24-hr schedule i n  hydrogen a t  1000°C. Testing has 

not been completed but cons i s t s  of radiography, metallography, and anodic 

d i s i n t eg ra t i on  followed by ac id  leaching. A sample of t he  as-received 

pyrolytic-carbon-coated.fue1 pa r t i c l e s  was acid-leached and analyzed i n  

order t o  determine t h e  background uranium value. 

Evaluation of Fueled-Graphite Spheres 

E. S. Bomar J. L. Cook - 
F. L. Carlsen, Jr. R.  W. McClung 

. -... 

The evaluation s t ud i e s  of graphi te  spheres fueled with pyrolyt ic-  

carbon-coated uranium carbide pa r t i c l e s  were continued. The l o t s  of 

spheres received during t h i s  repor t  period a r e  described i n  Table 5.7. 

The spheres a r e  a l l  1 1/2 i n .  i n  diameter, although they vary i n  design 

and f u e l  loading. With the  exceptions noted i n  Table 5.7, the  spheres 

contain  thorium-uranium carbide p a r t i c l e s  with a thorium-to-uranium r a t i o  

of approximately 0.6. 

Visual  and ~ imens iona l  Examinat'ions 

Spheres from seve ra l  l o t s  a r e  shown i n  Fig. 5.4. The GA-S-1, GA-S-9, 

NCC-S-2, and 3M-S-4 spheres do not have unfueled she l l s ,  and the  coated 

p a r t i c l e s  present on the  surface a r e  discernible .  No coated p a r t i c l e s  

a r e  present  on t he  surfaces  of the  spheres t h a t  have unfueled she l l s .  

The GA spheres have very smooth surfaces,  evidently produced by machining 

and polishing.  

4 ~ .  S. Bomar e t  a l . ,  Evaluation of Fueled Graphite Bodies, pp. 
203-213, "GcRP, Semiann. Prog . Rep. Sept. 30, 1962, I' USAEC Report ORJYL- 
3372, Oak Ridge Nattonal Laboratory. 



Table 5.7. Descriptions of 1 1/2-in. - d i m  Fueled-Graphite 
Spheres Containing Pyrolytic-Carbon-Coated Fuel 

Par t ic les  That Were Received f o r  Evaluation 

Thickness of Coated Uranium Heavy 
Lot Unf ue l ed  Par t ic le  

Enrichment Metal 
Designation Shell  Batch 

(a~. $) 
Content 

(in. ) Number ( w t  $1 

a Impregnated t o  reduce permeability. 

'spheres contained no thoriumd - A .. 2 . I:.#. d 5 s : %. h,fd+ 2 
C Fuel contained i n  a cyl indrical  i n se r t  approximately 

0.6 in ,  i n  diameter and 0.6 in.  high. 

Many of the spheres i n  the NCF l o t s  have ha i r l ine  cracks around the 

smaller diameter die marks, but no cracks were observed on the spheres 

from GA and 3M. The diameters of nearly a l l  the spheres were within the 

specified tolerance of k0.032 in.  Only two of a t o t a l  of 300 spheres 

were out of tolerance and these by only 0.001 t o  0.002 in.  The maximum 

deviations from spherici ty  (defined as  the difference between maximum 



1 
P 

GA- S1 GA-S9 

Fig. 5.4. Fueled-Graphite Spheres Representative of Tots GA-S-1, 
GA-S-9, GA-S-10 in the Top Row and Lots 3M-S-4, 3M-S-5, and NCF-S-2 in 
the Lower Row. 



and minimum diameters on a sphere) f o r  the  l o t s  a r e  given i n  Table 5.8 

and range from 0.011 t o  0.045 in .  

Table 5.0. Spher ic i ty  and Density of Fueled- 
Graphite Spheres 

Lot 

Maximum 
Deviation 

Cvnm 

Bulk Density 
(g/cm3 1 

Net 
Carbon 

I I V111 

Designation Spher ic i ty  Dens i t y  

( in .  ) Average Range (g/cm3 1 

The bulk dens i t i e s  and ne t  carbon dens i t i e s  a r e  a l s o  given i n  Table 

5.8. The dens i t i e s  of the  GA spheres were considerably higher than those 

of the  o ther  spheres, although a l l  spheres exceeded t he  required minimum 

bulk dens i ty  of' 1.70 g/cm3. The va r i a t i on  i n  the  bulk densi ty  of a l l  the  

spheres wi thin  any pa r t i cu l a r  l o t  i s  l e s s  than 10%. 



Evaluations of Unfueled Graphite Shel ls  

Radiographic examinations of elements with unfueled graphi te  s h e l l s  

permit t h e  determination of t he  thickness and qua l i t y  of the  s h e l l .  I n  

general ,  the  unfueled s h e l l s  a r e  s l i g h t l y  th icker  p a r a l l e l  t o  the molding 

d i r e c t i o n  than they a r e  perpendicular t o  the  molding d i rec t ion .  For ex- 

ample, t h e  thickness of t h e  unfueled s h e l l  on a sphere from l o t  NCF-S-6 

w a s  5/16 i n .  i n  t he  p a r a l l e l  d i r e c t i on  and 1/4 i n .  i n  the perpendicular 

d i r ec t i on .  The axes of t h e  fueled region were 7/8 and 1 . 0  i n .  i n  these 

d i r ec t i ons ,  r espec t ive ly .  

integrity of Contained Coated P a r t i c l e s  

The i n t e g r i t y  of t he  coated p a r t i c l e s  i n  the  spheres was determined 

by alpha counting, a c i d  e l e c t ro ly s i s ,  and neutron-activation s tud ies .  The 

alpha a c t i v i t y  of a sphere i s  a measure of the uranium contamination on -. 

t h e  surface.  The values given i n  Table 5.9 show t h a t  the  contamination 

va r i e s  considerably wi thin  a l o t .  The r e l a t i v e l y  high contamination of 

the  GA spheres may have resu l t ed  from coated p a r t i c l e  damage when t h e  

d i e  marks were removed by,machining. Attempts t o  minimize t h i s  contamina- 

t i o n  by leaching the  spheres.  i n  16 M HN03. at :  room temperature were not 

e f f ec t i ve .  

The ac id  e l e c t r o l y s i s  treatment cons i s t s  of p1acing.a fueled-graphite. 

body on a platinum elect rode,  submerging t he  body and e lect rode i n  8 M 

HN03, and es tabl i3hing a d i r e c t  current  ,of approximately 5 amp between 

t he  fueled-graphite body and a second platinum elect rode.  The graphi te  

body d i s i n t eg ra t e s  a f t e r  8 t o  .24 hr  under these conditions. The coated 

p a r t i c l e s  contained i n  the  matrix a r e  thus exposed t o  the  8 M HN03, which 

removes the  uranium from p a r t i c l e s  wi th .de fec t ive  coa t ings . .  Analyses. of 

t h e  8 M HN03 f o r  uranium permit de te r~n i~ ia t io i i  of the  amount of exposeil. 

uranium within  t he  spheres.  Only,one determination i s  made f o r  each l o t  

because of t h e ' d e s t r u c t i v e  nature of the  t e s t .  

The high values of in ternal ly ,exposed uranium given i n  Table 5.9 f o r  

l o t s  GA-S-2 and GA-S-4 a r e  a t t r i b u t e d  t o  excessive pressure during f a b r i -  

ca t ion.  The f ab r i c a t i on  process has been a l t e r e d  t o  produce .elements 



Table 5.9. &posed Uranium and Fission-Gas Release from 
Fueled-Graphite Spheres 

Lot 
Designation 

Exposed. Uranium ($) 

Surface" internalb 
Xenon   el ease' 

(k > 
Ratio of ~e~~~ 

Release t o  
I n t e rna l l y  

Exposcd Uranium 

NCP-SS-I. 0.01-0.2 0.002 <1 x lo-& <5 

a Calculated from a lpha-ac t iv i ty  measurements of severa l  spheres 
from each l o t .  

b ~ a s e d  upon uranium ana lys i s  of ac id  used i n  a c id  e l e c t r o l y s i s  
of one sphere from each l o t .  

C Tota l  r e lease  of ~e~~~ a f t e r  neutron ac t i va t i on  during punc- 
t u r e  and heating t o  1000°C f o r  12 t o  24 hr .  One sphere from each 
l o t  was t es ted .  

' ~ o t  determined. 

with lower amounts of exposed uranium, as shown by t he  values reported 

f o r  l o t s  GA-S-6 through CA-S-3. 

Neutron-activation t e s t s  a l s o  measure the  i n t e g r i t y  of the  coated 

particles contained i n  fueled-graphite spller.es. The ~e~~~ re lease  values 

reported i n  Table 5.9 show t h a t  high re lease  values a r e  associa ted with 

high values of i n t e rna l l y  exposed uranium; however, t h e  r a t i o  of ~e~~~ 

re lease  t o  i n t e r n a l l y  exposed uranium ranges from 1.6  X t o  30 X 

This range of values could r e s u l t  from va r i a t i ons  i n  the  amount of ex- 

posed uranium o r  the  incomplete removal of uranium by the  8 M HN03 o r  

both. 



Removal of Exposed Fuel 

Stu&ies were i n i t i a t e d  t o  develop a nondestructive method f o r  re -  
. .  . 

moving exposed uranium t h a t  would be su i t ab l e  f o r  production use. The 

f i r s t  experiments i rkolved dry  ' .chlorine gas d i l u t ed  with argon 

over samples a t  temperatures of 800 and 1 0 0 0 ~ ~  f o r  periods up t o  9 1/2 h r .  

A summary o f ' t h e  r e s u l t s  of these experiments i s  presented i n  Table 5.10. 

These experiments showed t h a t  the chlor ine  treatment w a s  e f f ec t i ve  i n  re-  

ducing t h e  amount of exposed uranium; however, under t he  conditions used, 

only p a r t i a l  removal was achieved. Addit ional  experiments a r e  i n  progress 

t o  improve the  e f fec t iveness  of the  treatment.  

Metallographic Examinations of Fueled-Graphite Spheres 

Metallographic examinations were performed t o  determine the d i s t r i b u -  

t i o n  of t he  coated p a r t i c l e s ,  the  qua l i t y  of the  bonding between the  coated 

p a r t i c l e s  and t h e  g raph i te  matrix, and the  s t r uc tu r e  of the  graphi te  ma- 

t r i x .  The microstructures of the  3M and NCC spheres were ba s i ca l l y  the  

same as those pr.eviously described f o r  fueled-graphite bushings. Fuel 

d i , s t r ibu t ion  i n ' t h e  3M spheres was qu i te  uniform and b e t t e r  bonding of 

the  coated p a r t i c l e s  i n  t he  matrix had been.achieved. 

The GA sphere matrix i s  characterized by p l a t e - l i ke  gra ins  s im i l a r  

t o  those of t he  NCC spheres; however, the  pores a re ,  i n  general ,  smaller  

and more uniformly d i s t r i b u t e d  than those i n  the  NCC spheres. A s l i g h t  

change i n  the  s t r u c t u r e  a t  t he  i n t e r f ace  between t he  fueled region and 

t h e  unfueled s h e l l  was noted on a GA-S-2 sphere t h a t  had a 1/4-in. un- 

fue led  s h e l l .  This change was not  apparent a t  low magnification bu t  was 

observed a t  250X under polar ized l i g h t .  The s t r uc tu r e  of the  i n t e r f ace  

i s  shown i n  Fig. 5.5a with b r igh t  f i e l d  i l luminat ion and i n  Fig. 5.5b with 

l i g h t .  The i n t e r f ace  runs diagonally across t he  f i e l d  and i s  

most evident i n  Fig. 5 . B .  . '  

' Fission-Gas Retention i n  Fueled-Graphite Spheres 

R. B. F i t t s  

Five 1 1/2-in. - d i m  .fueled graphi te  spheres were evaluated by low- 

temperature neutron ac t i va t i on  and pos t i r r ad i a t i on  vacuum annealing t o  



Table 5.10. Results of Chlorine Treatments t o  Remove Exposed Uranlum 

-- - - 

Sample Ikscriyction 
Treatment 
Conditions 

Results 

--  

Unsupported Coated Part ic les  

NCC-203-17 with ' high sur- 3 h r  a t  800°C Heavy urazium surface contami- 
face contamination nat ion c~mpletely removed, as 

determined by microradiography 

NCC-104 and -105 with 15$ 4 h r  a t  800°C 
and 0.6$ crrcked coated 

I =u,. 
&7 

. . 1 - - part ic les ,  respectively 

Alpha ac t iv i ty  reduced by a 
factor  of 2; p a r t i a l  removal 
of urani-lrn i n  cracked coated 
part ic les ,  as determined by 
microradiography 

Fueled-GraphTte Specimens 

Machined parts  with high 8 h r  a t  800°C Alpha ac t iv i ty  reduced from 
surface contaminat ion more than 1000 countsjnin t o  

75 t o  110 counts/min 

Sphere containing a fev 9 1/2 h r  a t  800 Uranium and thorium removed 
cracked coated par t ic les  t o  850°C from crazked coatings, as 
on the  surfece determined by metallography 

As-received spheres GA-S-3 2 hr  a t  1000°C and Pa r t i a l  ramoval of uranLum and 
and GA-S -4 with (3.35% and 4 h r  a t  80O0C thorium; alpha ac t tv i ty  r e  - 
6.7% cracked coated par- duced by a factor  of 2 
t ic les  , respectively 





obtain re la t ive  measures of t h e i r  fission-gas-retention character is t ics .  

The r e su l t s  of the t e s t s  a re  presented i n  Table 5.U. The very high re- 

lease from sample GA-S-2-10 was expected since s imilar  samples had shown 

a high percentage of exposed uranium when leached with HN03. 

Table 5.11. Ficcion-Gas Release rrom 1 l/2 -in. -dim 
Fueled-Grapliit e Splleres 

Fuel Loading (g)  
~e~~~ Released ~e~~~ Released 

Sample During Capsule During 24-hr 
No. Th U rr2 Puncture Test 1000°C Vacuum 

( P P ~  Annealing (ppm) 



6. INVESTIGATIONS OF FUEI;ED-GRAPHITE SYSTEMS 

0. Sisman 
H. W. Savage 

D. B. Trauger 
G. M. Watson 

Post i r radiat ion Examination of Pyrolytic-Carbon-Coated Uranium 
Carbide Par t ic les  Dispersed i n  Graphite 

M. F. Osborne 
E. L. Long, Jr. 

D. F. Toner 
J. G. Morgan 

Studies were continued of two types of i r rad ia ted  assemblies con- 

ta in ing  pyrolytic-carbon-coated uranium carbide pa r t i c l e s  dispersed i n  

graphite. Fabrication and i r r ad ia t ion  data f o r  these assemblies a re  

summarized i n  Table 6.1. Some resu l t s  of the post i r radiat ion exarainations 

were reported previously,1~2 and the examinations of capsules 01-5 and 

O8A-5 a r e  not ye t  complete. 

'J. G. Morgan e t  al., Post i r radiat ion Examination of Fueled-Graphite 
Bodies, pp . 190--195, "GCFP Quar . Prog . Rep. k r c h  31, 1962, " USAEC Report 
OIWL-3302, Oak Ridge National Laboratory. 

2 ~ .  F. Osborne e t  a l . ,  Post i r radiat ion Examination of Pyrolytic- 
Carbon-Coated Uranium Carbide Par t ic les  Dispersed i n  Graphite, pp. 220--228, 
I1 GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report Om-3372, Oak 
Ridge National Laboratory. 

Table 6.1. Fabrication and Irradiation Data for Fueled-Graphite Specimens 

Specimen Size (in. ) Average Coating 
Experimental Number of Manufactu~er Fuel BUlllup Failure 
Assembly No. Specimens Outside Inaiae Length Bsignationa Temperature (at. $ of U) 

Diameter Diameter (OF) ($1 

m~-48-5 1 1.0 0 1.5 3M 2500 17 100 
~~!~-48-6 1 1.0 9.25 1.5 GA 2000 1. sb 10 
01-5 12 0.6 0.25 0.5 3M 2000 8.4 ( c )  
08-5 12 0.6 0.25 0.5 3M 1700 -3 16 
08A-5 12 0.6 0.25 0.5 MCC 1700 7.4 (e) 

= Minnesota Mining and Manufacturing Company. 
GA = General Atomic Div., (;enera1 E y m d c s  Corp. 
NCC = National Carbon Company. 

b~urnup of Uranium and thorium (at. $); t r a n i  !m burnup was 5.0 at. $. 
CExamination incomplete. 



Experiment mR-48-6 

The examination of experimental assembly MTR-48-6 was completed. 

Analyses of core d r i l l i ngs  from the graphite sleeve surrounding the  f u e l  

specinle~i irldicated t h a t  thorium was much more mobile than uranium, as  

shown i n  Table 6.2. The ra t ios  of the concentrations of uranium and tho- 

r i u m  i n  the graphite sleeve a f t e r  i r rad ia t ion  t o  those i n  the f u e l  speci- 

mens before i r rad ia t ion  were about 0.002 and 0.04 f o r  uranium and thorium, 

respectively. Since only about 10% of the fue l -par t ic le  coatings -had 

fractured, these values indicate f a i r l y  high migration ra.S.es, especially 

f o r  t,hori~m. The burnup of w a n i u ~ ~  and thorium i n  t h i s  specimen was de- 

termine& by mass spectrometry t o  be 1.57 a t .  a t  the outer surface and 

1.55 a t .  $ a t  the inner surface. Thus very l i t t l e  self-shielding was 

indicated. 

Table 6.2. Analyses of Core Drill ings from Graphite Sleeve 
Surrounding Fuel Specimens i n  Assembly MTR-48-6 

- - - - - - - - -- 

Average Concentration 
(atoms per mg of graphite) 

Uranium Thorium 

I n  f u e l  specimen before i r rad ia t ion  1.16 X 1017 2.41 X 1017 
I n  graphite sleeve a f t e r  i r rad ia t ion  2 X lo1', 1 X 1016 

Experiment ORR-08-5 

The disassembly and resu l t s  of macro examination of experimental as- 

sembly 08-5 were described previously. The most severely cracked p e l l e t  

was fractured fur ther  t o  see whether a crack i n  the graphite matrix would 

cause the coated par t ic les  t o  f a i l .  Two pieces of the  fra.ctrred p e l l e t  

were selected f o r  me-tallographic examination. One piece was a longitu- 

d ina l  section, and the other was a transverse sect ion with respect t o  the 

long axis. It was determined from stereo examination tha t  f ractur ing of 

the  graphite matrix ( in  t h i s  case a mechanical s t r e s s  rather  than thermal) 

could cause f a i lu re  of the coated par t ic les ,  and t h i s  finding was con- 

firmed by metallography. Fractures i n  the matrix had progressed through 



and around the coated par t ic les ,  as  shown i n  Fig. 6.1. A count of more 

than 200 coated pa r t i c l e s  showed tha t  16% had fa i led .  A comparison of 

typ ica l  unirradiated and i r rad ia ted  pa r t i c l e s  i s  shown i n  Fig. 6.2. A 

lack of de f in i t e  grain s t ruc ture  i n  the uranium carbide core and a sepa- 

r a t ion  between the pyrolyt ic  coating and the  graphite matrix were the 

only microstructural changes observed. There was no evidence of a reac- 

t i o n  a t  the core-to-coating interface.  The apparent void a t  the core-to- 

coating interface i s  an unavoidable a r t i f a c t  tha t  occurred i n  the f i n a l  

stages of metallographic preparation. 

Experiments Om-01-5 and ORR-O8A-5 

The examinations of experimental assemblies (31-5 and OgA-5 were com- 

pleted except fo r  metallography. As i n  several previous experiments, the 

Fig.  6.1. Area from Pel le t  No. 31 from ORR-Irradiated Experimental 
Assembly 08-5. Note tha t  the f rac ture  i n  the graphite matrix went both 
through and around the coated par t ic les .  Etched. 



Fig. 6.2. Pyrolytic-Carbon-Coated Uranium Carbide Particles from 
Experimental Assembly 08-5. (a) Unirradiated. Etched. (b) Irradiated. 
Etched. 



gamma scans were qui te  i r regular ,  indicating inhomogeneous f u e l  loading. 

There were no s igni f icant  dimensional changes i n  the  s ta in less  s t e e l  

cladding of e i ther  capsule, The dimensions of the  f u e l  p e l l e t s  had in-  

creased 1 t o  2$, causing corresponding volume increases of about 5%. 

A l l  twelve fue l  pe l l e t s  i n  capsule 01-5 fractured, but they remained in -  

t a c t ,  as  shown i n  Fig. 6.3. Each end p e l l e t  appeared to  be s l igh t ly  

oxidized, possibly because of impure sweep gas. No f u e l  pe l l e t s  i n  cap- 

su le  O8A-5 fractured, and there was no evidence of oxidation. Typical 

p e l l e t s  a r e  shown i n  Fig. 6.4. 

Instantaneous Fission-Gas-Release Ekperiment 

P. E. Reagan R. M. Carroll  
T. W. Fulton 

The in-p i le  t e s t  f a c i l i t y  and capsule f o r  studying instantaneous 

fission-gas release from pyrolytic-carbon-coated uranium carbide pa r t i c l e s  

was described previously. Par t ic les  with three types of coatings a r e  

being studied: laminar, columnar, and duplex. The duplex coating consists 

of a laminar inner coating and a columnar outer coating. 

Pa r t i c l e s  with Laminar Coatings 

Par t ic les  from batch 3M-SP-2 were i r rad ia ted  t o  15 a t .  8 uranium 

burnup i n  capsule C1-7, and when viewed a t  30X, a f a i r  estimate of the 

nwnber of broken pa r t i c l e s  could be made. About 58  of the par t ic les  had 

broken coatings, and a few of the carbide cores were completely separated 

from the  laminar coating, as shown i n  Fig. 6.5. An i r rad ia ted  pa r t i c l e  

i s  compared with an unirradiated par t ic le  i n  Fig. 6.6, and a typica l  

broken pa r t i c l e  i s  shown i n  Fig.  6.7.  A reaction zone may be seen at the 

fuel-to-coating interface tha t  produced protrusions outward in to  the 

coating. 

3 ~ .  M. Carroll, J. G. lbrgan, and P. E. Reagan, "~nstantaneous Fis- 
sion-Gas-Release Experiment, pp. 228-237, "GCRP Semiann. Frog. Rep. 
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory. 



Fig. 6 . 3 .  Typical Fuel Pellets from CQSULE? 
01-5 After Removd from Gmphihe Sleeve. 2X. 

Fig. 4 . 4 .  Typical Fuel Pellets from Cap- 
sule o€@-5 After Rz~ova.1 of Graphite Sleeve. 2X. 



UNCLASSIFIED I m r s c r * ,  

Fig. 6.5. Fyrolytic-Carbon-Coated Uranium Carbide Part ic les  with 
Laminar-Type Coatings After I r rad ia t ion  i n  Capsule C1-7 t o  a Burnup of 
15 a t .  $ Uranium a t  1500 t o  1800°F. 30X. 

Par t ic les  with Columnar Coatings 

Pyrolytic-carbon-coated uranium carbide par t ic les  from capsule B9-7 

were examined a f t e r  being i r rad ia ted  t o  12 a.L. $ uranium burnup. These 

pa r t i c l e s  were from batch HTM-1, and they had columnar-type coatings. 

When viewed a t  30X, about 2% of the pa r t i c l e s  showed broken coatings, 

and several  doublet par t ic les  were evident, as shown i n  Fig. 6.8. When 



Fig. 6.6. Sectioned, Laainar-Type, Pgrolytic-Carbon-Conted Ur~nium 
Carbide Part ic les .  (a) Vni rradiated. (b) Irradiated t o  15 at. $ uranium 
burnup a t  1500 t o  1800°F. 



Fig. 6.7. Sectioned, Irradiated, Laminar-Type, Pyrolytic-Carbon- 
Coated Uranium Carbide Par t ic le  Showing Broken Coating. 

the pa r t i c l e s  were sectioned, two areas of damage were noted. There was 

severe damage by reaction a t  the fuel-to-coating interface and the co- 

lumnar coating showed numerous voids. An i r radiated pa r t i c l e  i s  compared 

with an unirradiated p a r t i c l e  i n  Fig. 6.9. The volume of the fuel,  i n -  

cluding the void space, increased by a fac tor  of about 4 and the  coating 

thickness decreased t o  about one-half. 

Par t ic les  with Duplex Coatings 

Pa r t i c l e s  were removed from capsule B9-8 a f t e r  i r rad ia t ion  t o  a burnup 

of 30 a t .  $ uranium. These par t ic les  had duplex-type coatings and were 

from batch NCC-AD. No broken par t ic les  o r  doublets were found when viewed 

a t  30X. These pa r t i c l e s  a r e  shown i n  Fig. 6.10. 

Sectioned pa r t i c l e s  from t h i s  group showed very few voids i n  the 

columnar p a r t  of the coating, but i n  many instances a reaction zone a t  



Fig. 6.8. PyrolyCic-Carbon-Coated Uranium Carbide Part ic les  with 
Columnar-Ty-pe Coatings After I r rad ia t ion  i n  Capsule B9-7 t o  a Burnup of 
12 a t .  56 Uranium a t  1500 t o  1650°F. 30X. 

the fuel-to-coating interface had completely penetrated the laminar layer 

of the coating. An i r rad ia ted  pa r t i c l e  from capsule B9-8 i s  compared with 

an unirradiated pa r t i c l e  i n  Fig. 6.11. After being i r rad ia ted  f o r  88 days 

a t  7.5 X 1013 neutrons/cm2~sec, the columnar p a r t  of the duplex coating 

appeared t o  have retained i t s  s tructure quite well. About one-third of 

the  par t ic les  were leached with acid t o  remove uranium from the broken 

par t ic les ,  and, based on the urani~~m removed, about 1.5% of the par t ic les  

had broken. 



NCLASSIFIED 
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Fig. 6.9. Sectioned, Columnar-Type, Pyroly Lic-Carbon-Coated TJranium 
Carbide Particles. (a) Unirradiated. (b) Irradiated to 12 at. $ uranium 
burnup at 1500 to 1650°F. 



Fig. 6.10. Pyrolytic-Carbon-Coated Uranium Carbide Part ic les  with 
Duplex-Type Coatings After I r rad ia t ion  i n  Capsule B9-8 t o  a Burnup of 
30 a t .  $ Uranium a t  600 t o  1750°F. 30X. 

Capsule B9-9, containing a t h i r d  group of pyrolytic-carbon-coated 5 

uranium carbide par t ic les  of the 1KC-AD duplex-coating type, was i r r a d i -  

a ted t o  nearly 19 a t .  % uranium burnup. These par t ic les  were f i r s t  ir- 

radiated t o  9.48 burnup a t  800°F t o  study particle-coating damage b y  

i.rradiation a t  low temperature. The fission-gas-release r a t e s  remained 

nearly constant during i r rad ia t ion  a t  800°F, with no increase with burnup. 

The average f rac t ional  fission-gas-release r a t e s  a t  800°F a r e  shown i n  

Fig. 6 .U.  After 9.4% burnup was reached a t  800°F, the temperature was 

increased .to 1200°1' f o r  a short  time, then t o  1600°F, and f i n a l l y  t o  

1750 OF. The burnup and f r ac t i  onal f ission-gas -release ra tes  a t  each of 

these temperatures a r e  a l so  given i n  Fig. 6.12. During the 1600 and 

1750°F i r rad ia t ion  periods, small bursts of a c t i v i t y  were noted tha t  were 

s imilar  t o  those noted during the i r rad ia t ion  of capsules C1-7, B9-7, 

and ~ 9 - 8 . 3  

O f  the three coatings t h a t  have been studied, the duplex type has 

demonstrated greater  a b i l i t y  t o  r e t a in  f i s s ion  gases than the other two. 

I n  a l l  three Qpes  of coating, a reaction zone was found a t  the fuel-to- 

coating interface a f t e r  high burnup. Based on resul-t;s from post i r radia-  

t i o n  examination, it appears tha t  the percentage of broken pa r t i c l e s  i n  



UNCLASSIFIED 1 m - 1 1 9 l R  

Fig. 6.11. Sectioned, Duplex-Type, Pyrolytic-Carbon-Coated Uranium 
Carbide Particles. (a) Unirradiated. (b) Irradiated at 30 at. 5 uranium 
burnup at 600 to 1750°F. 



UNCLASSIFIED 

{o-3 
ORNL-LR-OWG 775166 

1 

TEMPERATURE 800°F 1200°F 1600°F I75O0F 
BURNUP 0-9.4% 9.4-12.0% 12.0-16.8% 16.8-18.6% 

Fig. 6.12. F rac t iona l  Fission-Gas Release a t  Various Temperatures 
and Burnups f o r  Pyrolytic-Carbon-Coated Uranium Carbide Pa r t i c l e s  with 
Duplex-Type Coatings. Batch NCCLAD i r r ad i a t ed  i n  capsule B9-9. . 

a capsule can be accurate ly  predic ted from the  f iss ion-gas-re lease  r a t e s  

during i r rad ia t ion .  

Capsule I r r ad i a t i ons  i n  ORR Poolside F a c i l i t y  

There a r e  14 capsules i n  group V I  now. being i r r a d i a t e d  i n  t h e  ORR 

poolside f a c i l i t y .  During t h i s  repor t ing period, t h r ee  capsules were 

discharged (03-6, 05A-6, and 06~16 ;  see  chap. 4);  $eves weLee c q e m t i ~  

(01-6, 02A-6, 03A-6, 04-6, 05~-6,' 06Z-6, and 08-6); and four  were readied 

f o r  i n se r t i on  during the  Phy 1963 shutdown ( 0 1 ~ - 6 ,  05Z-6, OGX-G, and 0 8 ~ - 6 ) .  

The designs and planned operating conditions f o r  t he  seven capsules now 
! 

being i r r ad i a t ed  a r e  described i n '  Table 6.3, and t y p i c a l  operating data  

f o r  these  c a p ~ u l e s  a r c  prcscnted i n  Table 6.4. 

Capsule 062-6, which replaced capsule 06A-6, i s  re fe r red  t o  a s  a 

"four-ball"  capsule and i s  s im i l a r  i n  design t o  capsule 08-6, which was 



I Table .6.3. Suwnary of Design and Planned Operating Conditions f o r  Group V I  ORR Poolside Capsule I r r a d i a t i o n s  
~ 11 

Capsule number 

~ x p e r i m e n t  code 

Capsule type 

01-6 i F Be0 bushing 
;I Sweep capsule with 

04-6 05B-6 

Advanced GCR bushing EGCR bushing 

S t a t i c  capsule wi th  S t a t i c  
c e n t r a l  thermo- 
couple; type 304 
s t a i n l e s s  s t e e l  
c ladding wire  
wrapped 

06Z-6 08-6 

CP sphere Graphite sphere.. 

02A-6 03A-6 

EGCR bushing EGCR bushing 

S t a t i c  S t a t i c  Upper sweep compartment ; Upper sweep compartment ; 
lower s t a t i c  compart- lower s t a t i c  compart - 
men t ment with c e n t r a l  

, thermocouple 

Specimen d a t a  

specimen type  ~ u e l e d - g r a p h i t e  sphere 
containing pyrolyt ic  - 
carbon-coated (U,Th)C2. 
p a r t i c l e s  

Fueled-graphite i n s e r t  
.containing pyro ly t ic -  
carbon-coated UC2 
p a r t i c l e  E 

ORNL I! Specimen o r ig in  We stinghouse We stinghouse 

8 8 

ORNL We stinghouse Specimens 1, 2, 3 from 
batches NCF-S-2-G, K, 
and T; specimen 4 from 
ba tch  GA-S-1-7 

4 

National Carbon-Parma 
three  spheres; ORNL, 6 
one sphere 

 umber of fue l ed  specimens 
per  capsule 

Fuel  'loading 

$35.  a s  & $ of . t o t a l  u 
U as wt $ of fue l ed  

specimen 
T o t a l  u ~ ~ ~ ,  g 
T o t a l  U, g ' 

Fueled specimen dens i ty  

ycm3  
o t h e o r e t i c a l  

Power d a t a  

s p e c i f i c  power, w / ~  of 
fue l ed  spec imen 

Heat r a t e ,  ~ t u / h r - f t  of 
fue l ed  specimen 

Effect ive.  thermal neutron 
fxux, neutrons/cm2 - sec 

s e l f  - sh ie ld ing  f a c t o r  

Scheduled burnup 

MW~/MT of fue led  speci-  
men 

u ~ ~ ~ ,  a t .  $ 



Table 6.3 (continued) 

Capsule number 01-6 02A-6 03A-6 04-6 05B-6 06Z-6 

Planned operating conditions 

Temperature, OF 

Fiiel can 
Fuel surface 
Fuel center 

530 (control)  ' 1600 max ( c o n ~ r o l )  1300 max (control)  1600 max (control )  1600 mx (control') . 600 e s t  
1880 1650 1350 3.650 1650 1500g ( (  
2120 e s t  . 2200 e s t  . 1900 e s t  . 260011 e s t  . 2200 e st,. 1900 es- 

Cladding pressure, psig -1 atm (sealed) 300 (control)  300 (control )  300 (control )  300 (control )  50 (con1 

Thermal ba r r i e r  gas He N2 He He He N2 

Hot gap . w i i l L l i , ,  i n .  0.005 0,005 0.014 0.015 0.020 0.004 

.Dimensional data  

Fuel can out side diameter, 0.750 
i n .  

Fuel can inside diameter, 0.710 - i n .  

Fuel o u t ~ i d e  diameter, in. 0,500 0.706 0.706 0.816 0.706 1 1/2 ( i  

Fuel inside diameter, i n .  0.250 0.323 0.323 0.520 0.323 

Assembly drawing number D-47336 D-47794 D-47794 D-47489 D -47794 . D-47490 

'~hermocou~le i s  1/16-in. -OD Ta-sheathed Pt vs Pt-Rh insulated- e 
ORNL sphere fueled with (u,Th)C2 ( T ~ / u  

junction type i n  open-ended Mo tube. 
f ~ e r  i n s e r t .  

b~pecimen ORNL-SS-1 i n  bottom of 08-6 equipped with 70-mil-OD-Ta 
sheathed W-5% Re vs W-26% Re insulated- junction thermocouple, with 5-mil %hermocouple i s  4-mil Cu-plated type 3~ 
Z r  sleeve inserted i n t o  82-mil-ID thermocouple well i n  screw plug; o r ig i -  Chromel-Alumel grounded-junction type. 
na l  estimate of 3300°F temperature was based on thermal conductivity of 
f u e l  region being 1 ~ t u / h r . f t  (?F/f t ) .  h ~ h e r m ~ c ~ u p l e  i s  l/8-in.-OD type 347 st: 

C 
Re vs W-26% Re type, with BeO-beaded bare w i i  

National Carbon-Parma sphere. 

%ei- sphere. 

600 e s t .  
m t r o l )  1200g (con t ro l )  

1675b 

-01 ) 50 (control )  

N2 

0.010 

)here ) 1 1/2 (sphere) 

' s t a i n l e s s  steel-sheathed 

nless  steel-sheathed W-5% 
i n  closed Mo well .  





described previously. It contains four  1 1/2-in. - d i m  spheres mounted 

i n  p a i r s  i n  two separate  compartments. The upper compartment contains 

spheres made by the  National Carbon Company (batch NCF-S-2GJ - K ) ,  which a r e  

swept continuoiisly with helium. The lower compartment i s  sealed f o r  op- 

e r a t i on  under s t a t i c  conditions and contains one National Carbon Company 

sphere (batch WCF-S-2-2-T) and one sphere made by General Atomic (batch 

GA-S-1-7).   here a r e  no provisions f o r  the  measurement of f u e l  cerrtr.al 

temperatures i n  these  spheres, a s  the re  i s  f o r  one sphere i n  capsule 08-6. 

Fission-gas-release r a t e s  f o r  the  th ree  sweep-type capsules now 

i n s t a l l e d  i n  the  OKR poolside f a c i l i t y ,  01-6 (fueled B ~ o ) ,  06Z-6 (1 1/2- 

i n . - d i m  fueled-graphite spheres) ,  and 08-6 (fueled graphi te  i n s e r t  i n  

1 1/2- in . -d im graphi te  spheres) ,  a r e  swnmarized i n  Tables 6 .5  and 6.6. 

As shown, the  re lease  r a t e  of ~r~~ was 1.2 X a f t e r  0.95 a t .  % burnup 

f o r  capsule 01-6; it was not detectable  a f t e r  1 .7  a t .  % burnup f o r  capsule 

4 ~ .  A. DeCarlo and F. R. McQuilkin, Capsule I r r a d i a t i o n  i n  ORR Pool- 
s i de  Fac i l i t y ,  pp. 238-251, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," 
USAEC Report ORNL-3372, Oak Ridge National Laboratory. 

Tablc 6.5. Summary of Fission-Gas-Release Data f o r  
Capsule 01-6 Containing Fueled Be0 

- - -  - -~ ~p 

Estimated Estimated Fission-Gas Release a s  Ratio of 
Time of Burnup Central  Release Rate t o  Bi r th  Rate, R/B 

samplinga ( a t .  % of Temperature 
t o t a l  U )  ( O F )  ~r~~ K r 8 *  ~e~~~ ~e~~~ 

a Days of operation a t  30 1%. 



Table 6.6. Summary of Operating and ~ission-  as-  el ease Data fo r  Capsules 06Z-6 and 08-6 

Estimated Average Surface Sir face  Central Fission Fission-Gas Release as  Ratio of Release Rate 
Time 
of Burnup (a t .  Temperature of Temperature Temperature Power t o  Birth Rate, R/B 

$ of t o t a l  Swept Spheres of Sphere of Sphere Density 
'-Iinga uranium) (OF) No. 4 (OF) No. 4 (OF) (w/cm3) ~r~~~ ' , ~r~~ ~e~~~ ~e~~~ 

Capsule 06Z-6 

Capsule 08-6 

No detectable f i s s i o n  gas 
No detectable f i s s i o n  gas 
No detectable f i s s ion  gas 
No detectable f i s s i o n  gas 
No detectable f i s s i o n  gas 
No detectable f i s s i o n  gas 
No, detectable f i s s i o n  gas 

a Days a t  30 Mw. 



0 6 ~ - 6 ;  and it was 3 . 1  X a f t e r  5.2 a t .  % burnup f o r  capsule 08-6. The 

daughter trapping program f o r  determining shor t - l ived f i s s i o n  products was 

temporarily postponed, and the re fore  no data  from t h i s  phase of t he  pro- 
\ 

gram a r e  avai lable .  

Four capsules a r e  being prepared f o r  i n se r t i on  i n  the  ORR a s  a f i n a l  

s ~ ~ b g r o u p  of t he  group V I  i r r a d i a t i o n  s e r i e s .  These include t h r ee  "four- 

b a l l "  capsules loaded with f u e l  specimens manufactured by severa l  com- 

mercial  vendors. The other  capsule w i l l  be a s t a i n l e s s  s t e e l - c l ad  element 

p a r t i a l l y  loaded with EGCR p e l l e t s  shaped t o  avoid column loading a t  the  

cdgca. Thccc p c l l c t c  a r c  a l t e rna t ed  with p e l l e t s  of the o r i g i n a l  design 

i n  t h i s  capsule t o  simulate t h i s  type of loading i n  the  EGCR elements. 

Since a high' r a t e  of heating may increase  the  s t r a i n  imposed by the  

f u e l  column on the  element cladding, the  ORR procedures f o r  s t a r t u p  and 

return-to-power were modified t o  l i m i t  t he  heatup r a t e  of capsules i n  the  

poolside f a c i l i t y .  To simulate EGCR conditions, t he  maximum heatup r a t e  

was l imi ted t o  150°~/min. For present  EGCR-capsule power-generating 

r a t e s ,  t h i s  ccrrrespoiids t o  a maximum r a t e  of increase i n  ORR power of 

3 ~w/min. This rev i s ion  was i n i t i a t e d  a t  the  beginning of cycle 44 

(Decerr~bex. 3, 1962 ), . a f t e r  cagsule 03-6 was discharged but  pr ior  t o  the 

start  of the  l a t e r  Westinghouse capsule i r r ad i a t i ons  of group V I .  

The thermal-neutron f l u x  of the  ORR poolside capsules .is now de te r -  

mined by measuring t he  radioact ive  Ar4'  produced by passing argon through 

a tube placed adjacent  t o  each un i t .  Results from the  f i r s t  t e s t s  a r e  

given i n  Table 6.4, which a l s o  l i s t s  the  ca lcula ted design f luxes  f o r  

comparison. The system o f f e r s  an exce l l en t  method f o r  est imating i n t e -  

gra ted thermal-neutron f luxes  during i r r ad i a t i on .  Since the  A r 4 1  f luxes 

reported a r e  instantaneous values, it i s  necessary t o  make .AT/'' wct,lva.- 

t i o n  measurements during each reac to r  cycle of the  i r r a d i a t i o n  period. 

Several  modifications were made t o  the  poolside f a c i l i t y  during the 

ORR cycle 44 shutdown. These changes included modificat ion of the  capsule 

mounting r i g s  t o  accommodate the l a rge r  capsules housing the  graphi te-  

matrix f u e l  specimens and re loca t ion  of the  capsule weight-loading points  

t o  r e l i eve  the  fo rces  on t he  capsule-positioning mechanisms. 

A .summary of t h e  f i n a l  operating da ta  f o r  t h e  group V capsules i s  

presented i n  Table 6.7.  Similar  tabula t ions  were published previously, 4 



Table 6.7. Final  Operating Data f o r  Group V ORR Poolside Capsules 

Capsule number 08-5 02-5 03 -5 04-5 05-5 06-5 07-5 08A-5 

Cladding i d e n t i f i c a t i o n  J;10 (c lad)  5-12 ( c l a d )  '. CEA 1-4 CEA 1-1 J-4 (clad) 5-8 (c lad)  

Origin of f u e l  specimen 3~ Co. Westinghouse. 
v i r g i n  ma- 
t e r i a l  ' 

CEA France CEA France ORNL Westinghouse NCC 
v i r g i n  ma-  
t e r i a l  

Fuel i d e n t i f i c a t i o n  3M-101-61 3008 3008 NCC-UC-6 
, 

Type qro ly t i c -ca rbon-  U02 p e l l e t s  i n  Vibratory-compacted UO2 p e l l e t s  i n  U02 p e l l e t s  i n  Vibratory com- U02 p e l l e t s  i n  Pyrolytic-carbon- 
coated UC2 f u e l  type 304 s t a i n -  Tho2-U02 granules 12-mil-wall medium t h i n  pacted Tho2- type 304 s ta in -  coated UC2 f u e l  
g a r t i c l e s  i n  l e s s  s t e e l  i n  type 304 s t a i n -  type 347 s t a i n -  (12-mil) walled U02 granules l e s s  s t e e l  p a r t i c l e s  i n  
graphi te  matrix tubing l e s s  s t e e l  tubing l e s s  s t e e l  type 347 s t a i n -  i n  type 304 tubing graphite matrix 
I: tubing l e s s  s t e e l  s t a in less  

tubing s t e e l  tubing 

I r r a d i a t i o n  s t a r t i n g  da te  N ~ V .  1, 1961 Feb. 20, 1962 Dec. 27, 1961 Nov. 1, 1961 . Nov. 1, 1961 Dec: 27, 1961a Feb. 20, 1962 Feb. 20, 1962 

I r r a d i a t i o n  ending date  F&,b. 9, 1962b Juli 29, 1962 Sept. 23, 1962. Sept. 23, 1962 Sept. 23, 1962 Sept. 23,. 1962 Ju ly  29, 1962 Sept.. 23, 1962 

I r r a d i a t i o n  time normalized 8% 9 
t o  operation a t  30 Mwd I 

. . 
~f f e c t i v e  thermal f lux ,  . . 3!:0 x l 0 l 3  . 1.43 X l 0 l 3 '  2.72. X 10' 4.3 x l 0 l 3  3 .8  x 1013 2.72 X l 0 l 3  1.43 X l 0 l 3  2.'8 X loi3 

neutrons/cm2. sec  

Fuel density,  $ of t h e o r e t i c a l  ii 95.44 86.0 94.8 94.8 86.0 95.44 

Fuel enrichment, $ u~~~ 54.0 2.46 93.2 . 1 . 9  1.9 93.2 2.46 50.0 
1 2.002 2.0 Fuel oxygen-to-uranium r a t i o  I 2,0 2.002 

Total  power, ~ t u / h r .  f t- - ' -  -$6,000 -30,000 -36,200 -29,800 -26,800 . -36,200 -30,000 -15,600 

Total  heat  f lux ,  Eku/hr. f t 2  8 i ,  520 152 ; 860 222,000 257,000 223,500 222 , 000 152,860 79,490 

BU-nup ( calcula ted)  
I 

Total ,  M/MT of li', 934 
fueled specimen I! 

Rate, &/MT of fueled 71 
specimen ( a t  f u l l  power) 

Typical i r r a d i a t i o n  conditions. !: 
Cladding outer  su r face .  tem- . ; 
perature,  .OF i 

Design - q.00 
High f o r  e n t i r e  run 12 05 
Low f o r  e n t i r e  run 740 
Average f o r  e n t i r e  run 1060 

1600 (max) 1300 (av)  
1640 1480 
1090 1050 
l3+0 ' . 12 80 

1202 (av)  1202 (av)  1000 (av)  1600 (max) 800 
132 OC 1260C 1210 1640 940 
940 102 0 800 . 11.60 640 
1150 1150 1020 1360. 79 0 

Central  temperature range 2400-2100 2410-2200 3400-2860 2800-242 od 2280-1980 1800-1560 

Maximum cladding outer  suf-  
face  pr.essure, psig 

a I This capsule was not positiqned cor rec t ly  u n t i l  January 16, 1962.. 
- - 

'The 1/16-in. -OD bare W-5$ Re vs ~ 2 6 %  Re wire i n  a molybdenum well  was the  only 

b ~ a p s u l e  r e t r a c t e d  t o  reduce !release of f i s s i o n  gases; f l u x  reduction fac to r ,  3.4; one of four of t h i s  type of cen t ra l  thermocouple i n  the  group V capsules t h a t  operated 
successful ly  throughout the  run. capsule removed from reac to r  Sept.123, 1962. 

c i Temperature o s c i l l a t i o n s  occiurred i n  capsules 04-5 and 05-5 of f100 OF and f50 OF, 1: respectively.  1 
I' 



but t h i s  revised t ab le  corrects an er ror  i n  the specif icat ion of the  

cladding material  i n  capsules 04-5 and 05-5 and includes flux, power, 

burnup, and temperature data obtained from post i r radiat ion analyses. 

Fuel-Ball I r rad ia t ion  Tests i n  GCR-ORR LOOD No. 2 

C. L. Segaser R. L. Senn 

The f i r s t  of a ser ies  of fue l -ba l l  t e s t  assemblies i s  being fabr i -  

cated for  i r rad ia t ion  i n  the GCR-ORR loop No. 2 f a c i l i t y .  The experiment 

i s  designed f o r  ascertaining the e f fec ts  of nuclear heating on fueled- 

graphite spheres exposed i n  a configulvation i n  which thc heat t ransfer  

i s  nonuniform and i n  which four spheres a re  held i n  s t ra ight - l ine  contact. 

A secondary purpose i s  t o  study the deposition on the loop surfaces of the 

f i s s ion  products tha t  may be released from the spheres. 

The fuel-bal l  t e s t  assembly w i l l  be mounted horizontally i n  a 3-in.- 

diam tube a t  the end of a 4-in.-dim stepped shielding plug. The ent i re  

assembly w i l l  f i t  i n to  Lhe 18-in. - d i m  prcocure-piping plug of the  loop 

No. 2 f a c i l i t y .  Helium coolant w i l l  enter  the outer end of the  tube, 

, flow over the f u e l b a l l s ,  past  the fission-product-deposition tube, and 

then branch off  t o  the gas ou t l e t  l i ne ,  as shown i n  Fig. 6.U. The re- 

mainder of the assembly i s  primarily a composite radiat ion sh ie ld  equiva- 

l e n t  t o  about 4 f t  of ferrophosphorous concrete. 

The t e s t  sect ion i s  arranged so tha t  the four 1 1/2-in. - d i m  fueled- 

graphite spheres a re  supported by unfueled graphite retainers  cut frml 

spherical sections, R.S shown i n  fig. 6.14. This arrangement simulates 

one possible configuration i n  a bed of fueled-graphite spheres. The t e s  

section i~ instrumented with t e n  ty-pe 34'7 s t a in l e s s  steel-shcathed Chromeln 

P vs Alumel thermocouples, which a r e  copper plated where they a r e  i n  con- 

t a c t  with graphite. Three thermocouples w i l l  be located a t  the t e s t  sec 

t i on  gas i n l e t ,  three i n  the graphite pieces near b a l l  contact points, 

one a t  the center of a fue l  ba l l ,  and three a t  the t e s t  section gas out- 

l e t .  

5 ~ .  Zasler, GCR-ORR Loop No. 2, pp. 223-228, "GCRP Quar. Prog. Rep, 
Sept. 30, 1961," USAEC Report ORNZ-3210, Oak Ridge National Laboratory. 



UNCLASSIFIED 
ORNL-DWG 63-1172 

,He COOLANT WATER, 

AIR SPACE, 

G p  FLOODED STEEL PEBBLE BED LP 
( WATER COOLED 1 ANNULUS 

-\OBROUND SECTION 
ORR SOUTH FACILITY PLUG WATER 

Fig. 6.13. Assembly for  Tests of Fueled-Graphite Spheres i n  GCR-ORR 
Loop No. 2. 

~ ~ ~ ~ ~ ~ J J ( Y ~ ~ ~ ~ J C ~ ~ ~ ~ J 3 L ~ ~ ~ Y ~  

PRESSURE PIPING COOL 
\ A N N U L U S  



FLOW CONTROLLER TUBE\ SUPPORT BALLS 

' ( I - -2%-4  

I 

FUEL ELEMENTS ,$A I 

l o t 2  - 
INCHES 

MOHIT3R, 
'fG6-in.- diam WIRE SUPPORT \ ( BALLS 

SECTION A-A 

Fig. 6.14. Fuel-Ball Section of Test Assembly. 



The f ission-product-deposition tube i s  located downstream of the 

fuel-bal l  t e s t  sect ion and extends forward approximately 28 in. from the 

loop o u t l e t  gas l i n e  t o  within 5 in.  of the rear  f u e l  ba l l ,  as shown i n  

Fig. 6.13. The deposition tube provides a re la t ive ly  large surface tha t  

can be examined a f t e r  each t e s t .  The deposition surface temperature pro- 

f i l e  w i l l  be established by a water-cooled heat exchanger located within 

a careful ly  s ized  gas gap, as shown i n  Fig. 6.15. The temperatures w i l l  

range from tha t  of the  gas (1500"~, maximum) a t  the t e s t  section out le t  

t o  about 600°F a t  the rear  of the deposition tube. The temperatures w i l l  

be measured by s i x  type 347 s ta in less  steel-sheathed Chromel-P vs Alwnel 

thermocouples of varying lengths embedded i n  the  outer w a l l  of the deposi- 

t i o n  tube, as shown i n  Fig. 6.15. A seventh thermocouple, although a t -  

tached t o  the fission-product-deposition tube, w i l l  extend in to  the gas 

stream t o  measure the ou t l e t  gas temperature as  it leaves the t e s t  sec- 

t i o n  and enters the loop piping. 

The material, surface f inish,  and wall temperatures of  the f i s s ion  

product-deposition tube can be varied f o r  each t e s t .  Thus a se r i e s  of 

parametric experiments may be conducted t o  study the e f fec ts  of the varia- 

bles  involved i n  t ransport  and deposition of f i s s ion  products. The f i r s t  

t e s t  assembly w i l l  include a type 347 s ta in less  s t e e l  tube with a 63-pin. 

f i n i s h  (approximately the surface f i n i s h  of commercial tubing). Tempera- 

ture  c r i t e r i a  w i l l  be established during the f i r s t  in-pi le  t e s t .  

Seventeen thermocouples and the  water i n l e t  and ou t l e t  l ines  t o  the 

heat exchanger pass through the s t e e l  shielding section and'a ferrophos- 

phorous concrete sh ie ld  i n  s p i r a l  tubing conduits. The thermocouple 

leads a r e  attached t o  a hermetically sealed, multipin connector tha t  i s  

welded i n t o  the  kmon-Conoseal flange assembly which mates with the 

flange of the 18-in. p l w .  The water l ines  a re  seal-welded through the 

flange assembly. Sui table  connections a r e  made t o  the water l ines  and 

thermocouple connector pins within the loop containment ce l l .  

The proposed operating conditions for  the i n i t i a l  fuel-bal l  t e s t  

a r e  described i n  Table 6.8. After operation f o r  two ORR cycles, the t e s t  

assembly wi l l  be removed f romthe  loop f o r  disassembly and hot-cel l  ex- 

amination. 
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Table 6.8. Operating Conditions f o r  Fuel-Ball Test 
No. 1 i n  GCR-ORR Loop No. 2 

Fuel  power density,  w/cm3 

Power l eve l ,  kw 

Fuel-ball  t e s t  condit ions 

Surface hea t  f lux ,  ~ t u / h r - f t *  
Surface temperature, OF 
I n t e r n a l  temperature, OF 

Helium coolant condit ions i n  t e s t  sec t ion  

Pressure, p s i a  
I n l e t  temperature, OF 
Outlet  temperature, 'F 
 low ra t e ,  ~ b / h r  
Supe r f i c i a l  mass veloci ty ,  a lb /hr* f t 2  
Average heat  t r a n s f e r  coeff ic ient ,  ~ t u / h r .  f t 2  OF 

-- 
a Design reference value was 3200 lb/hr  f t2. 

Fission-Product Transport and Deposition i n  Coolant Ci rcu i t s  

F. H. Nei l1  W. E. Browning, Jr. 
A. B. Meservey 0. Sisman 

Out-of-Pile Loop Test a t  BMI (F. H. ~ e i l l )  

The i n i t i a l  f ission-product deposit ion ekperiment was completed i n  

t h e  out-of-pi le  loop6 at  Ba t t e l l e  Memorial I n s t i t u t e .  Helium coolant, 

heated t o  1200°F, was passed over a pre i r rad ia ted  UC2 f u e l  specimen. The 

f i s s i o n  products d i f fus ing  from the  f u e l  specimen were ca r r ied  by the  

coolant around the  loop and through simulated reac tor  components, t h a t  

i s ,  heaters ,  heat  exchangers, and a compressor. A t  the  termination of 

t h e  t e s t ,  the  loop was dismantled, and the  f ission-product contamination 

on the  type 304 s t a i n l e s s  s t e e l  loop tubing was determined. 

For the  f i r s t  t e s t ,  t h e  UC2 f u e l  specimen was i r r ad i a t ed  f o r  10 hr  

i n  a f l u x  of 9.5 X 1011 neutrons/cm2 *see.  After  cooling seven days, the  

6 ~ .  H. Nei l l ,  M. N. Ozisik, and D. B. Trauger, Fiss ion Product Trans- 
I t  por t  and Deposition i n  Coolant Ci rcu i t s ,  pp. 250--256, GCFP Semiann. Prog. 

Rep. Sept. 30, 1962, " USmC Report OIWL-3372, Oak Ridge National Labora- 
tory.  



specimen was annealed a t  1800°F with the  loop operating under the  follow- 

ing conditions: 

Helium pressure, ps ia  2 40 

Helium temperatures, O F  

Af ter  specimen 1200 
- Cooler o u t l e t  465 

Blower i n l e t  460 

Reynolds number 4000 t o  6000 

Tubing outside diameter, i n .  0.5 

The gross garmna a c t i v i t y  of t he  deposited f i s s i o n  products i s  shown 

i n  Fig. 6.16 a s  a f ~ m c t i n n  of d is tance from the  f u e l  specimen. The d i s -  

t r i b u t i o n  of t he  individual  species,  a s  determined by radiochemical analy- 

s i s ,  i s  Lndicated i n  Figs. 6.17 through 6.20. 
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Fig. 6.17. Dis t r ibu t ion  of ~e~~~ and Act iv i ty  i n  BMI Loop. 

Ana ly t i ca l  Model (M. N. ~ z i s i k )  

The t e s t  da t a  f o r  the  deposit ion'of  f i s s i o n  products from the  turbu- 

..* l e n t  helium stream on the  inner  surface  0 f . a  0.37-in.-ID s t a i n l e s s  s t e e l  

tube i n  t he  BMI out-of-pile loop experiment ( run 1) were' corre la ted with 

t he  a n a l y t i c a l  r e l a t i ons  developed previously.  A s  mentioned above, the  

. f i s s i b n  products were produced from an i r r ad i a t ed  f u e l  specimen which was 

heated t o  approximately 1800°F t o  allow the  f i s s i o n  products t o  d i f fuse  

i n t o  t h e  gas stream; the  f u e l  specimen had been s tored a f t e r  i r r a d i a t i o n  

t o  allow the  shor t - l ived  f i s s i o n  products t o  decay. 

The calcula ted and the  experimental da ta  a r e  compared i n  Fig. 6 .21 

as a funct ion of t he  d i s tance  along the  tube f o r  an isothermal region of 
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the  tube. S ince ' t he  source s t reng th  of the  p a r t i c l e s  i n  the  gas was not 

known, no attempt was made t o  ca lcu la te  the  absolute  value of t he  deposi- 

tion', and the re fore  only the  slope of the  calcula ted curve is  ot' i n t e r e s t .  

The following a n a l y t i c a l  r e l a t i o n  w a s  used f o r  ca lcu la t ing  the  number of 

p a r t i c l e s  deposited per  square centirne-l;er: 
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Fig. 6.19. Distribution of I3al4O and zrg5 Activity in BMI Loop. 
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d = tube inside diameter, cm, 
D = diffusion coefficient, cm2/sec, 
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N = particle concentration in the gas stream at the origin, particles 
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Fig. 6.20. Distribution of ~u~~~ and ~ s ~ . ~ ~  Activity in BMI Loop. 
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P = proha.bili.ty that a particle or atom will stick on the wall sur- 
0 

face, dimensionless, 

U = coolant velocity, crn/sec, 

p = viscosity of coolant, g/crn-sec, 

p = density of coolant, g/cm3, 

h = half life, set"'. 

The diffusion coefficient D was calculated from the relation 

I 

4 3 0  O F  

1 

~~~ ~ 4 1 4 2 5  OFI/ 

I I  I 
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Fig. 6.21. Comparison of Calculated and Experimental Data on the 
Deposition of F i s s ion  Products from Gas Streams. 

where 

M, M' = molecular weight of co l l id ing  spheres ( i .  e .  , gas and f i s s i o n -  

product 'molecuies ), 

P = pressure,  a t m ,  

T = absolute  temperature, O K ,  

, o = dis tance  between t he  centers  of co l l id ing  spheres, A. 

The wall  su r face  was taken a s  a pe r fec t  s ink ( i .  e . ,  Po = 1) , and the  

f i s s i o n  products i n  the  gas stream were assumed t o  be of molecular s i z e s  
' .c 

with a- mean diameter of 3 A. I f  the  exact  molecular diameter had been 

used f o r  each type of f i s s i o n  product, the  slopcs of the calcula ted curves 



would have var ied  s l i g h t l y  f o r  t he  d i f f e r e n t  species  considered. The - 
agreement between the  slope of t h e  calcula ted curve and slopes of t he  ex- 

perimental curves i s  considered t o  be reasonably good. 

No attempt was made t o  co r r e l a t e  the  t e s t  data  f o r  t he  regions of 

t h e  loop where the  coolers were located and a temperature g rad ien t  ex i s ted  

from the gas stream t o  the wall .  The e f f e c t  of n ' tcmperature gradient  

i s  t o  increase o r  decrease t he  deposi t ion r a t e  depending on the  d i r ec t i on  

of the temperature gradient .  For t he  temperature gradient  present  i n  the  

gas stream, t he  t o t a l  deposit ion can be assumed t o  have two components: 

one from ordinary d i f fus ion  (i. e . ,  Brownian motion) and the  other  from 

thema.1 di f fus ion.  With a simple ana lys i s  it can be shown t h a t  t he  

r a t i o  of the  thermal d i f fus ion  component t o  ordinary d i f fus ion  component 

i s  given by7 

where 

Pr = c p P / ~  = Prandt l  number, 

Sc = P / ~ D  = Schmidt number, 

AT = dif ference between bulk-free stream and tube w a l l  temperatures, O C ,  
; . ,  

T = mean temperature, O K ,  

at = thermal d i f fus ion  f ac to r ,  dimensionless. 

The quan t i t i e s  on t he  r i g h t  of Eq. (3)  a r e  such t h a t  f o r  most p r a c t i c a l  

purposes t he  d i f fus ion  component from thermal forces  i s  much l e s s  than 

t h a t  from Brownian motion of the  p a r t i c l e s .  

The t e s t  data  f o r  the deposi t ion of p a r t i c l e s  i n  the  regions where 

t h e  coolers were located were s i g n i f i c a n t l y  d i f f e r en t  from those i n  the  

isothermal region. This d.i.fference could not be accounted f o r  by e s t i -  

mating the  e f f e c t s  of t h e  temperature gradient  on deposi t ion from Eq. (3 ) .  

Analyt ica l  work i s  now i n  progress i n  an attempt t o  resolve t h i s  apparent 

anomaly. 

7 ~ .  N. Ozisik, " ~ n  Analyt ica l  Model f o r  Fission-Product Transport 
and Deposition," USAEC Report Om-3379, Oak Ridge National Laboratory 
( t o  be published). 



Decontamination of Samples of BMI Loop Piping (A. B. ~eserve~) 

Samples from three portions of loop piping which had been contaminated 

by fission products from a UC2 source at 1800°F were successfully decon- 

taminated with oxalate-peroxide solutions. Samples exposed to the circu- 

lating gas at 650 and 1000°F had average decontamination factors of 125 

and 64, respectively, after 1 hr at 95°C in 0.4 M oxalate-0.16 M'cit- 

rate-0.34 M H202 at a pH of 4.0. Samples exposed at 1200°F had a decon- 

tamination factor of only 2.0 with this treatment. Decontamination factors 

during the second hour were, in the same order, 1.5, 2.3, and 1.4. The 

samples exposed at I200"F were decontaminated to only twice the scintilla- 

tion-counter background, with an additional decontamination factor of 15 

(cumulative DF = 41)) after 1 hr in a controlled-corrosion solution. This 

solution contained 0.5 M H2C204 and 0.1 M NaF, with the H202 maintained 

at about 0.015 M by periodic additions. The corrosion rate on type 347 

stainless steel was 0.009 mil/hr. Initial scintillation gamma-counting 

rates were only 1 X lo4 to 3 X lo4 counts/min. The high-temperature sam- 

ples were thus decontaminated, but they retained a dark oxide coating. 

Other reagents were also used successfully. The best was 3 M H2SO4 

plus 1 M H202. In 1 hr at 95°C) the decontamination factors on the samples 

exposed at 1200, 1000, and 650°F were 140, 453, and 151, respectively. In 

3 M HN03 + 1 M H202, the results were 21, 246, and 240, and in 6 M HN03 
without H202 the decontamination factors were 9, 103, and 45. In 10% 

Turco 4512, an inhibited H3P04 solution, the decontamination factors were 

only 2, 55, and 38, but further boiling in 50% Turco 4512 for 3 hr in- 

creased the decontamination factors to 4, 325, and 137, with partial re- 
moval of the dark coating from the sample exposed at 1200°F. A three- 

stage treatment with Turco 4501 in the first stage, Turco 4502 in the sec- 

ond, and Turco 4518 in the third gave decontamination factors of 6, 265, 

and 63. 

A second batch of. samples was decontaminated in a steam spray. The 

reagent was noncorrosive 0.4 M ammonium oxalate4.16 M ammonium cttrate- 

0.5 M H202 at a pH of 4.0, whtch was aspirated into a 15-psig steam jet. 

The treatment time was 30 min. Eight samples from different parts of the 

loop, representing temperatures from 590 to 1150°F and. scintillation 



gamma activities from zero to 2 X lo4 counts/min per sample, were each run 

in duplicate. Samples exposed at 1150°F with activities of 1 X lo4 to 

2 X lo4 counts/min had an average decontamination factor of 11, and sam- 

ples exposed at 920 OF with initial activities of almost 2 X lo4 counts/min 

had an average decontamination factor of 67. Other samples exposed at 

lower temperatures and those more remote from the fission-product source 

had much lower initial activities and were decontaminated essentially 

to background. The higher temperature samples were thinly coated with 

a dark oxide, which was lightened in color or removed by the steam blast. 

Characterization of Gas-Borne Fission Products (w. E. Browning, Jr., 
R. D. Ackley, M. D. Silverman) 

The behavior of gas-borne materials depends markedly on their form; 

consequently, the prediction of their dispersal or transport or the se- , ' .d' , 

1-ection and design of systems for their removal from gases requires in- 
" ; *. 

formation as to the distribution of radioactivity between the different 

forms. Two methods for determining the form of radioactivity in gases 

were therefore investigated. In one method, diffusion coefficients for 

fine particles and for radioactive vapors, such as iodine, .were deter- 
. 4 

mined by measuring the distribution of radioactivity on the walls of a 
i ' 

channel previously exposed to gas carrying radioactive materials and flow- . *. 
% .. 

ing under laminar conditions. This method of characterizing gas-borne 

radioactive materials was applied to the problem of removing millimicron- 

diameter radioactive particles from air streams. Such particles may be 

too   mall in mass for efficient filtration by inertial impaction, but 

sufficiently large, as compared with molecules of iodine vapor, that 

diffusion is too slow for efficient deposition. In tests using 1131- 

labeled A1203 particles with a nominal diameter of 0.004 p, high-efficiency 

low-pressure-drop particulate filters exhibited efficiencies ranging from 

less than 19 up to about 75%. With activated-carbon beds, 0.75 in. deep 

and 6 X 16 mesh, iodine-vapor removal was essentially complete, but the 

removal efficiency for 0.003 to 0.006 u particles was observed to be only 

75 to 90%) the higher efficiency bei.ng associated with the finer particles. 

Similar tests were carried out using fog condensation and foam en- 

capsulation to remove millimicron-sized particles from air. In these 



t e s t s ,  removal e f f i c i e n c i e s  of 85 t o  99% were observed. These r e su l t s  

a r e  encouraging, bu t  t he  e f f i c i enc i e s  a r e  not high enough t o  provide the 

b a s i s  f o r  design of a  f ission-product  removal system. Optimization of 

these  processes might provide a  p a r t i a l  answer t o  the  problem of small- 

p a r t i c l e  removal. 

I n  t he  second method, f ibrous  f i l t e r s  a r e  used f o r  studying the  char- 

a c t e r i s t i c s  of rad ioac t ive  aerosols .  The t ranspor t  of an ae roso l  through 

an  a r r a y  of f i b e r s  involves the  processes of i n e r t i a l  impaction, in tercep-  

t i o n ,  and d i f fus ion .  Since a l l  these  processes have important e f f e c t s  on 

t he  behavior .of r ad ioac t ive  mater ia ls  i n  gases, it i s  useful  t o  be ab le  

t o  character ize  rad ioac t ive  aerosols  by measuring t h e i r  behavior i n  f i -  

brous beds 'under c a r e fu l l y  control led  conditions. A f i l t e r  w a s  developed 

t h a t  has a uniform f i b e r  diameter t o  permit t heo re t i c a l  analys is  and a  

layered s t r u c t u r e  t o  f a c i l i t a t e  separat ion of t he  f i b e r  bed i n t o  d i s c r e t e  

l ayers  f o r  radioassay a f t e r  exposure t o  the  aerosol .  A radioact ive  ae roso l  

of 0.004 t o  0.03 p p a r t i c l e s  containing ~n~~ was developed f o r  i n i t i a l  

t e s t s .  

Preliminary r e s u l t s  i nd i ca t e  t h a t  t h e  techniques used a r e  s a t i s f ac to ry  

and should provide use fu l  information on ae roso l  character  and on f i l t r a -  

t i o n  mechanisms. The slope of the  d i s t r i bu t i on  curve on a  semilog p l o t  

equals t h e  coe f f i c i en t  of i n t e r ac t i on  between t he  ae roso l  and the  f i b e r s  

and i s  composed of terms corresponding t o  each of the  i n t e r ac t i on  pro- 

cesses.  This coe f f i c i en t  i s  cha r ac t e r i s t i c  of the  ae roso l  species.  A t  

t he  lowest l i n e a r  ve loc i t y  (-0.4 f t /min),  where d i f fus ion  wollld he con- 

t r o l l i n g ,  co l l e c t i on  e f f i c iency  i s  increased by decreased veloci ty ,  a s  

expected. A t  higher flow r a t e s ,  where the  primary mechanism of f i l t r a t i o n  

i s  in te rcep t ion  f o r  p a r t i c l e s  of t h i s  s i z e ,  the e f f i c iency  appears t o  be 

independent of velocity, ,  i n  accord with theory. This inves t iga t ion  i s  

being continued t o  provide a more spec i f i c  i d e n t i f i c a t i o n , o f  the  mecha- 

nisms t h a t  produce t h e  d i s t r i b u t i o n  pa t t e rns  observed. I n t e rp r e t a t i on  

of d i s t r i bu t i ons  i n  terms of aerosol  cha r ac t e r i s t i c s  w i l l  then be pos- 

s i b l e .  It i s  an t i c i pa t ed  t h a t  t h i s  work w i l l  a l s o  extend the theory of 

the  performance of f ib rous  f i l t e r s  t o  conditions f o r  which l i t t l e  in for -  

mation is  now ava i lab le .  



In-Pi le  Fission-Product-Deposition Ekperiment IQR-48-6 (M. F. Osborne) 

Specimens of type 347 s t a i n l e s s  s t e e l ,  Croloy, AGOT graphi te ,  and 

s i l v e r  were exposed i n  t he  purge gas stream from experimental assembly 

WR-48-6. Each specimen was a t h i n  disk,  0.6 i n .  i n  diameter. One speci-  

men of each type was located 1 1/4 in .  downstream from the  f u e l  cylinder 

and another was 2 1/4 i n .  downstream from the  f u e l  cylinder.  D u C n g  ir- 

rad ia t ion  the  temperatures of these specimens were between 600 and 800°F. 

After  removal from the  reactor ,  each specimen was leached i n  n i t r i c  

acid,  and t he  so lu te  was analyzed f o r  the  common f i s s i o n  products. The 

results of t , h e ~ e  analyses a r e  given i.n Table 6.9. The s i l v e r  specimens 

re ta ined the  most f i s s l o n  products, except f o r  ~ s ~ ~ ~ .  The very high con- 

cen t ra t ion  of A~~~~ i n  these  specimens was due t o  neutron ac t iva t ion .  

The type 347 s t a i n l e s s  s t e e l  specimens appeared t o  r e t a i n  fewer f i s s i o n  

products than the  other  mater ia ls .  

Release of Fiss ion Products by In-Pi le  Burning 
of I r r ad i a t ed  Fueled Graphite 

W. E. Browning, Jr. C. E. Miller, Jr. 
R. P. Shields B. F. Roberts 

Three experiments were conducted i n  t he  ORR i n  which pyro ly t ic  car-  

bon-coated uranium carbide p a r t i c l e s  i n  a graphi te  matrix were burned a t  

temperatures up t o  approximately 1400°C. I n  these  experiments, f i s s i o n  

and gamma heat  produced a s u f f i c i e n t l y  high temperature f o r  a la rge  por- 

t i o n  of the  f u e l  t o  burn during the  15-min period i n  which a i r  was sup- 

p l i e d  a s  the  sweep gas. The method of running the  experiment and the  

r e s u l t s  of t he  f i r s t  experiment were described i n  t he  previous repor t .  8 

The spec i f ica t ions  f o r  the  specimen and per t inen t  experimental conditions 

a r e  l i s t e d  below: 

Burning conditions 

I n i t i a l  temperature 890 "C 
Combustiontemperature Upto1400°C 
A i r  flow r a t e  400 cm3/min 
Burning duration 15 min 



Table 6.9. Fission-Product-Deposition Data for Specimens Exposed in Purge 
Gas Stream of Experiment MTR-48-6 

Fission-Product Deposition at Shutdown (atoms ) 
Spe cimena 

Cel 44 %l40 cs137 A~~~ O zrq5 ygl sr8' 

Silver 

Croloy 

TOP 
Bottom 

Graphite 

TOP 
Botf om 
~ o t  tomC 

T p e  347 
stainless 
steel 

TOP 
Bottom 

a 
Each sample was leached with 25 ml of 8 I1 HN03 at room temperature 

for a period of 24 hr. 

b ~ ~ p  specimens -4ere 2 1/4 in. from fuel; bottom specimens were 1 1/4 
in. from fuel. 

C 
After room-temperature leaching was completed, this sample was b~iled 

for 8 kr using total reflux in 25 ml of 8 N HN03. 



Fuel specimen 

Part ic les  

&t r ix  
Manufacturer 

Dimens ions 

Uranium content 

Fyrolytic-carbon-coated uranium 
carbide 

Graphite 
Minnesota Mining and hnufactur ing 
Co. 

0.6-in.-OD bushing, 0.5 in .  long 
with 0.25-in. a x i a l  hole 

8 t o  10 wt 8 natural  uranium 

As  the graphite matrix burned, some of the f u e l  pa r t i c l e s  f e l l  away 

from the unburned fuel.  Metallographic examination of these par t ic les  

and those i n  the unburned f u e l  showed t h a t  the damage to  pa r t i c l e s  ranged 

from none t o  complete destruction of the coating and oxidation of the 

uranium carbide. Typical pa r t i c l e s  t h a t  f e l l  away during burning a re  

shown i n  Fig. 6.22. It was not possible t o  determine the percentage of 

par t ic les  of each type shown. Some of the par t ic les  tha t  remained i n  the 

unburned fue l  a l so  showed cracks. I n  experiment 1, a count of the  damaged 

and undamaged par t ic les ,  obtained by scanning the exposed surfaces, showed 

t h a t  about 45% of the par t ic les  had a t  l e a s t  one crack i n  the coating, 

I n  experiment 2, the uranium content of the specimens was so low t h a t  the 

r e su l t s  were not analyzed. 

The r e su l t s  of experiment 3 confirmed, f o r  the most par t ,  the r e su l t s  

of experiment 1. I n  the f i r s t  experiment, 588 of the specimen burned, 

compared with 418 i n  the th i rd .  I n  the th i rd  experiment, most of the 

uranium carbide i n  the  specimen was concentrated on one side, and th i s  

s ide burned very l i t t l e ;  9376 of the  uranium was found by analyses t o  be 

i n  the unburned fuel.  

Fission-product-release data f o r  experiments 1 and 3 a re  presented 

i n  Table 6.10. A large f rac t ion  of some of the  f i s s ion  products was prob- 

ably retained inside those pa r t i c l e s  having undamaged pyrollytic carbon 

coatings, especially those i n  the unburned fuel.  The release of strontium, 

zirconium, barium, cerium, and uranium from the high-temperature zone of 

the  furnace was very low, but large fractions of iodine, tellurium, and 

cesium were released. Forty percent of the ruthenium was released from 

*w. E. Browning e t  a l . ,  Release of Fission Products by In-Pile Burn- 
ing of Irradiated Fueled Graphite, pp. 256+259, "GcRP Semiann. Prog. Rep. 
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory. 
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Fig. 6.22. Pyrolytic-Carbon-Coated Uranium Carbide Part ic les  Showing 
Various Stages of Oxidation. 

the furnace i n  experiment 1 and 5.7% i n  experiment 3. The loss of ru- 

thenium i n  the f i r s t  experiment was probably due t o  the formation of vola- 

t i l e  oxides. Analyses f o r  krypton and xenon were omitted t o  avoid devel- 

oping refr igerated adsorbers t o  operate i n  a i r .  The following conclusions 

a r e  based on experiments 1 and 3: 

1. Strontium, zirconium, barium, and cerium a re  retained where they 

a r e  formed. 



Table 6.10. Fission-Product-Release Data from 11-Pile Burning Ekperiments 1 and 3 

Fater ia l  Found, Expressed as Percentage of Total bbter ia l  
Found i n  Experimental Assembly 

Unburned fuela 

Experiment 1 
Ekperiment 3 

Outside of f ~ e l  residues b 

Experiment 1 
Experiment 3 

Retained i n  furnace 

Ekperiment. 1 
Experiment 3 

a I n  e ~ p e r i m e ~ t  1, 58.6% of the sample was burned; i n  experiment 3 ,  
41$ burned. 

b ~ u e l  residues included the unburned portion of the specimen, f u e l  
par t ic les ,  f u e l  powder, and the f loor  of the combustion furnace. 



2. The unburned f u e l  retained 88 t o  97% of the iodine associated 

with the uranium of the unburned fue l .  

3. Fif teen t o  25% of the iodine, 15 t o  35% of the tellurium, and 

35 t o  40% of the  cesium was released from the furnace. 

4. The release of ruthenium varied between 5 and 40%. 

5. An appreciable amount of cesium (10% of t o t a l ) ,  ruthenium (1%)) 

and iodine (1.58) penetrated the f i l t e r ,  but tellurium was retained by 

the  f i l t e r .  

6. The fragments t h a t  f e l l  away from the specimen during burning 

contained the same percentage of carbon as the unburned fuel .  

7. These experiments indicate tha t  the uranium carbide-lean s ide of 

a heterogeneous specimen burns preferent ial ly .  

Compatibility of Pyrolytic-Carbon-Coated Uranium Carbide Par t ic les  
and Uncoated Fuel Bodies with Water Vapor i n  Helium 

L. G. Overholser J. P. Blakely 
J. L. Rutherford 

Experimental r e su l t s  were reported previouslyg f o r  the reaction of 

coated pa r t i c l e s  from l o t s  3M-113 and 3M-ll4 with steam-helium mixtures 

i n  the temperature range 700 t o  1000°C. The p a r t i a l  pressures of steam 

employed ranged from 55 t o  355 mm Hg a t  a t o t a l  pressure of one atmosphere. 

Although the coatings present i n  the  two l o t s  of par t ic les  were both l a m i -  

nar and approximately equal i n  thickness, the coatings on the 3M-114 par- 

t i c l e s  afforded be t t e r  protection of the cores against a t tack by steam 

than did the coatings on the 3M-113 par t ic les .  This difference i n  pro- 

tectiveness could not be accounted f o r  by differences i n  the reaction 

r a t e s  of the respective pyrolytic-carbon coatings with steam. Photomic- 

rographs of the pa r t i c l e s  following exposure t o  steam showed tha t  the 

a t tack  on the 3M-113 pa r t i c l e s  consisted of localized p i t t ing ,  whereas 

more generalized a t tack  occurred on the 3M-114 par t ic les .  

'L. G. Overholser, J. P. Blakely, and N. V. Smith, Compatibility of 
Pyrolytic-Carbon-Coated Uranium Carbide Part ic les  with Water Vapor i n  
Helium, pp. 259-269, "GCRP Semiann. Prog. Rep. Sept 30, 1962, " USAEC 
Report Om-3372, Oak Ridge National Laboratory. 



Samples of pyrolytic-carbon-coated uranium carbide pa r t i c l e s  from 

l o t  3M-117 were exposed t o  steam using the equipment described previously.10 

Par t ic les  from l o t  3M-117 a re  polygonal i n  shape with an average diameter 

of 375 y, have a laminar coating with a nominal thickness of 100 y, and 

contain 4-4.1s uranium. This material  was contacted a t  800 t o  llOO°C with 

steam-helium mixtures having a p a r t i a l  pressure of steam of e i the r  355 or  

635 mm Hg and a t o t a l  pressure of one atmosphere. Following the exposure 

t o  steam, the pa r t i c l e s  were leached with 8 M HN03 a t  90°C f o r  8 hr, the 

extracted uranium was measured, and the  pa r t i c l e s  were examined micro- 

scopically. The ra tes  of reaction of the pyrolytic-carbon with steam were 

, determined from weight changes and represented average ra tes  during the 

exposures. 

The data l i s t e d  i n  Table 6 . l l  show the  ra tes  of reaction of the 

pyrolytic-carbon coatings and a lso  give a measure of the in t eg r i ty  of the 

coatings as  determined by the  uranium removed by the HNO3 leach following 

the steam treatment a t  the various temperatures and p a r t i a l  pressures of 

steam. I n  agreement with the e a r l i e r  resu l t s ,  the reaction r a t e s  of the 

pyrolytic-carbon with steam increase with increasing temperature and steam 

pressure. The ra tes  a l so  a r e  i n  fair agreement with those given ea r l i e r .  

The r e su l t s  f o r  run 25 show the  dras t ic  a t tack tha t  occurred a t  llOO°C 

upon exposure f o r  1 hr. 

The uranium contents of the  HN03 leach solutions indicate  that the 

coatings on the 3M-117 par t ic les  afford l e s s  protection t o  the cores when 

exposed t o  high-teqerature steam than was found i n  the case of the 3M-114 

part igles .  They a r e  more protective than the 3M-113 coatings, however. 

The resu l t s  obtained a t  1000 and llOO°C indicate  tha t  the coatings a re  

more protective a t  the lower temperature, based on comparable removal of 

pyrolytic carbon (see runs 1, 12, and 25)) suggesting t h a t  the  type of 

a t tack is temperature dependent. 

Photomicrographs of several of the samples taken a f t e r  exposure t o  

steam a re  shown i n  Figs. 6.23 through 6.27. A l l  par t ic les  except those 

'OL. G. Overholser, J. P. Blakely, and N. V. Smith, Compatibility of 
Coated and Uncoated Uranium Carbide Par t ic les  with Water Vapor i n  Helium, 
pp. 223-224, "GCW Quar. Prog. Rep. h r c h  31, 1962, " USAEC Report ORNL- 
3302, Oak Ridge National Laboratory. 



Tale 6.11. Reactivity of 3M-117 Coated Particles with Steam 

Steam Ekposure Conditions Quantity of Pyrolytic 
Carbon Reacted 

Uranium Removed 
by HNO3 Leach 

Weight Time Temperature Pressure 
of H20 Per Cent Gram per No. 

( g  > (hr ( "c> Gram Gram Per Cent 
(mm Kg) 

Gram-Hour 



i-' 

Fig. 6.23. Coated Particles of Run 20 After 4 hr of Ekposure a t  800°C . 
t o  Steam a t  a Par t ia l  Pressure of 355 mm Eg. (original reduced 19$. ) 

Fig. 6.24. Coated Particles of Run 19 After 2 hr of Ekposure a t  1000°C 
t o  Steam a t  a Par t ia l  Pressure of 355 mm Hg. (original reduced 19$. ) 



Fig. 6.25. Coated Part ic les  of Run  1 After 4 hr of Exposure at  1000°C 
t o  Steam a t  a P a r t i a l  Pressure of 355 mm Hg. (or iginal  reduced 19%. ) 

Fig. 6.26. Coated Part ic les  of Run 25 After 1 hr of Ekposure a t  
1100°C t o  Steam at  a P a r t i a l  Pressure of 635 mm Hg. (or ig ina l  reduced 
19$* 1 



Fig. 6.27. Coated Part ic les  of Run 25 After 1 hr  of Exposure a t  
l l O O ° C  t o  Steam a t  a P a r t i a l  Pressure of 635 mm Hg Prior t o  HN03 Leaching. 

shown i n  Fig. 6.27 were photographed a f t e r  leaching with HNOs. Some in-  

dications of p i t t i ng  at tack a re  shown i n  Fig. 6.23, but, i n  general, the  

most conspicuous ef fec t  i s  the  separation of the layers of the coatings. 

The extensive at tack tha t  occurred a t  llOO°C, with peeling, cracking, and 

p i t t i n g  very much i n  evidence, i s  shown i n  Fig. 6.26. The residues from 

the cores may be seen i n  Fig. 6.27, which is  from the  same sample as shown 

i n  Fig. 6.26 but was photographed p r io r  t o  leaching with HNO3. 

The resu l t s  obtained by exposing the various l o t s  of coated par t ic les  

t o  steam a t  elevated temperatures show marked differences i n  behavior tha t  

appear t o  be associated with d i f fe rent  modes of a t tack  by steam under these 

conditions. The cause of the differences noted among these l o t s  of par- 

t i c l e s ,  a l l  of which had laminar coatings, is  unknown but must be associ- 

a ted  with the conditions used during deposition of the  coatings. Rela- 

t i v e l y  small differences i n  the  reaction ra tes  of the coatings with steam 



have been observed a t  comparable conditions of exposure. Much larger  d i f -  

ferences have been noted i n  the degree of protectiveness of the coatings 

a f t e r  comparable exposure. There is no clear-cut relationship,  however, 

between the amount of pyrolytic-carbon coating removed and the incidence 

of f a i l u r e  of the  coating, as  determined by leaching with HN03. Ektensive 

f a i l u r e  of the coatings would be expected a t  1100°C f o r  short  exposures 

t o  steam. The r e s u l t s  a re  much more favorable a t  temperatures of 800°C 

and below. Experimental evaluation appears necessary before the compat- 

i b i l i t y  of a pa r t i cu la r  l o t  of par t ic les  with steam a t  temperatures of 

900 t o  1000°C can be predicted with any degree of certainty.  

Xquipment has been assembled and tes ted  f o r  use i n  the study of the 

compatibility of various uncoated f u e l  bodies with steam a t  temperatures 

of 800 and 1200°C. Steam from an e l ec t r i ca l ly  heated boi ler  is  passed 

upward through a 2-in. mull i te  tube containing the sample; the steam i s  

condensed; and the  react ion products i n  the gas stream a re  sampled and 

analyzed. A slow bleed of helium (15 cm3/min) i s  employed t o  f a c i l i t a t e  

sampling of the gas. 

Test runs were made a t  900 and 1000°C using a 1.5-in. sphere (-50 g )  

of Speer moderator-2 graphite. Hydrogen generation ra tes  of 4 and 27 

cm3/min were found f o r  the sample a t  900 and 1000°C, respectively. Steam 

flow ra tes  varied from 600 t o  1800 cm3/min a t  a p a r t i a l  pressure of 4'30 

mm Hg. The e f fec t  of flow r a t e  was small i n  t h i s  range. The study of 

uncoated f u e l  bodies i n  t h i s  equipment w i l l  be s t a r t ed  soon. 

Thorium Diffusion i n  Py-rolytic Carbon 

R. B. Evans I11 J. Tru i t t  

An accelerated investigation of the diffusion character is t ics  of 

thorium i n  carbon and i n  graphite i s  under way t o  provide information 

needed i n  the procurement of f u e l  elements f o r  the  German pebble-bed re-  

ac to r  (AVR). These f u e l  elements a re  t o  contain coated thorium-uranium 

carbide f u e l  pa r t i c l e s  i n  which the thorium-to-uranium r a t i o  w i l l  be i n  

t h e  range 9 t o  7 and the  coatings w i l l  consist  primarily of pyrolytic 

carbon with a columnar s t ructure.  Similar studies involving uranium car- 

bide have been under way f o r  some time,'' and some information on pyrolytic- 



carbon-coated uranium carbide i s  p resen t ly  avai lable ;  l2 however, companion 

information on pyrolytic-carbon-coated thorium carbide does not, apparently,  

e x i s t .  Although t he  d i f fus ion  of thorium from a constant-potent ia l  car-  

b ide  source i s  probably of g r ea t e r  applied i n t e r e s t  than t he  t r a ce  l aye r  

techniques described here, it was deemed advisable t o  s t a r t  the  present  

inves t iga t ion  with t h e  l a t t e r .  The major f a c t o r  leading t o  t h i s  decis ion 

was a de s i r e  t o  acquire thorium d i f fus ion  information as  rapidly  a s  pos- 

s i b l e  . 

Description of t h e  Carbon 

The d e t a i l s  of t he  techniques used i n  manufacturing the  pyro ly t i c  

carbon being invest igated a r e  not avai lable ;  however, the  s t r uc tu r e  and 

p roper t i es  of t h i s  mate r ia l  a r e  comparable with those of carbons t h a t  

have been prepared by t he  pyro ly t i c  decomposition of methane a t  20 rnm Hg 

( t o t a l  and 2000°C. The proper t ies  of t he  gross mate r ia l  a r e  

near ly  the same as  those of t he  gra ins  t h a t  cons t i t u t e  its microstruc- 

ture .13 These gra ins  a r e  l a rge  and conical  i n  shape and a r e  usual ly  de- 

scr ibed a s  columnar gra ins .  The planar  surface  of the  gross mate r ia l  

corresponding t o  the  planar  surface  of deposi t ion i s  p a r a l l e l  t o  the  crys- 
11 11 ta l lographic  a d i r ec t i on  of a l a rge  major i ty  of t he  grains;  the  "c" .. 

d i r ec t i on  i s  perpendicular t o  t h e  deposi t ion surface.  The conical  ver-  

t i c e s  of the  gra ins  a r e  adjacent  t o  t h i s  surface .  The mater ia l  i s  dense, 

with zero open porosi ty .  I n  coatings,  t h e  uranium d i f fus ion  would pro- 

ceed i n  t h e  "c" d i r ec t i on ,  s t a r t i n g  a t  t h e  cone ve r t i c e s .  

Procedure f o r  Experimental Studies of Diffusion 

The pyro ly t i c  graphi te  described above was u t i l i z e d  i n  the  form of 

0.375-in. -square coupons with a thickness of 0.150 i n .  The surfaces  nor- 

m a l  t o  the  di f fus ion d i r ec t i on  were ground f l a t  t o  within 22.5 . The 

W. 0. Harms, "coated P a r t i c l e  Fuel Development a t  Oak Ridge 
National Laboratory, " USAEC Report Om-TM-431, Feb. 14, 1963. 

1 2 ~ .  J. Borg, D. R. McKenzie, and J. R. Wolfe,  he Self-Diffusion 
of Uranium i n  Pyrographite, I' Canadian Report UCRL-6827T, March 15, 1962. 

"P. L. Walker, Jr., American Sc i en t i s t ,  50(2): 259-358 (1962). 



first  s t e p  i n  preparing t h e  coupons f o r  experimentation was t o  heat  them 

a t  1770°C f o r  12 hr  under helium t o  remove adsorbed gases. A very t h i n  

l aye r  of thorium was placed on the  ground sur faces 'by  mounting the  coupons 
+ 

on a ro t a t i ng  t a r g e t  device and bombarding t h e  surfaces  with Th .ions i n  , 

an electromagnetic separator  (24-in. rad ius ) .  The r e s u l t s  of thorium' 

analyses performedon seve ra l  coupons a t  various pos i t ions  on the  t a rge t  

ind ica ted  t h a t  t he  khorium was deposited uniformly over the  t a rge t  area .  

The average surface  content of thorium on t h e  pyro ly t ic  carbon coupons 

a f t e r  placement was. 8.9 pg of thorium per  squake centimeter. The e lec t ro -  

magnetic-separator --run w a s  timed t o  de l iver  10 pg of thorium per  square 

centimeter. It was a l s o  found t ha t  the  depth of thorium penetra t ion i n to  

' the  car-bon matrix was approxinktely 5 p; however, these  low values could 

not  be determined accurate ly  by ordinary sectioning techniques. 

After  thorium placement, . the  coupons were subjected t o  d i f fus ion  

annealing i n  an  evacuated graphi te  res i s tance  furnace an&then  ac t iva ted  

i n  t h e  ORNL graphi te  reac tor .  The ac t iva ted  coupons were individual ly  

cemented t o  a precision-ground metal cylinder which, i n  turn ,  was checked 

i n  a prec i s ion  lapping device '  f o r  the  sectioning s tep.  The most c r i t i c a l  

, operat ion i n  regard t o  lapping was alignment of t h e  plane of t he  coupon 

d i f fu s ion  surface with the  plane 6f lapping (as determined by the  charac- 

t e r i s t i c s  and dimensions of . the  lapping device).  With g r ea t  care, t h i s  

operat ion could be performed so t h a t  t h e  two plaAes were p a r a l l e l  within 

t h e  o r i g i n a l  surface  tolerances (52.5 p). After mounting, t h e  t o t a l  ac-  

t i v i t y  of the' coupon w a s  determirled, and then sect ions  of t he  coupon were 

removed. The a c t i v i t y  remaining i n  t he  coupon was determined a s  each 

s ec t i on  was removed. The count r a t e s  were determined by measurement b f  

t h e  0.31-Mev gamma emission of (formed by thorium ac t i va t i on )  using 

a . s c i n t i l l a t i o n  de tec tor  i n  assoc ia t ion  with a single-channel d i f f e r e n t i a l  

analyzer . 

Applicable Diffusion Equations 

The d i f fus ion  geometry f o r  an i n f i n i t e l y  t h i n  l ayer  of thorium on 
l 

t he  surface  of dense nonporous carbon becomes t h a t  of .an unreplenished 

plane source with t h e  d i f fus ion  path extending i n t o  a semi- inf ini te  matrix 



i n  the d i r ec t i on  normal t o  the  plane surface.  The so lu t ion  t o  the  d i f fu -  

s i on  equation f o r  these  boundary conditions i s  

where t /  i s  the  exposure time i n  seconds f o r  a f ixed time i n t e r v a l ,  x  i s  

t he  depth of penetra t ion xlormal t o  t he  surface  i n  centimeters, C i s  the  

concentrat ion as a funct ion of x  and t / ,  Q i s  the  t o t a l  amount of d i f fu s -  

ing mate r ia l  placed i n i t i a l l y  a t  x  = 0 i n  grams per  square centimeter, and 

D i s  the  di f fus ion coef f i c ien t  i n  square centimeters pe r  second. 

The measured amount ~ ( x , t ' )  i n  grams of thorium remaining a f t e r  r e -  

moval of Ax p a r a l l e l  t o  t he  ac t iva ted  surface  can be defined a s  

where x /  i s  a  pa r t i cu l a r  depth of sect ioning and A i s  t he  a r ea  normal t o  

d i f fus ion.  By subs t i t u t i on  of Eq (1) i n t o  Eq. ( 2 )  and in tegra t ing ,  t he  

f r a c t i o n  of thorium remaining becomes 

where 

Values f o r  the  complementary e r r o r  funct ion ( e r f c  u) have been tabula ted 

i n  t he  l i t e r a t u r e  and can be used t o  ca lcu la te  experimental values. f o r  D 

based on the  d i s t r i bu t i on  data .  The re la t ionsh ip  i s  simply 

D = (x f /u ' )* / (4 t f )  , 

where the  x ' s  and u ' s  correspond t o  t h e  same F values.  

Results 

Data a r e  ava i l ab le  f o r  four  completed experiments involving d i f fus ion  

annealing f o r  1, 17, 49, and 100 h r  a t  approximately 1900°C. The f i r s t  



t e s t  of t he ' da t a  cor re la t ions  w a s  performed by preparing cross p lo t s  of 

t h e  experimentally determined d i s t r i bu t i on  data  so  t h a t  a s e r i e s  of x /  

versus ( t / ) l l *  curves (each a t  a constant value of F) would be obtained. 

These curves a r e  presented on Fig. 6.28. It should be noted t h a t  t h e  

curves do not pass through t h e  o r ig in  and do not possess a constant slope. 

According t o  Eq. ( 3 ) ,  however, these  conditions should have been met i f  

(1)  an i n f i n i t e l y  t h i h  thorium layer  were present on t he  surface a t  time 

zero and (2)  a l l  t he  experiments were conducted a t  t he  same temperature 

( the  same D ) ,  s ince  by Eq. (4) the re  can be only one value of u f o r  a 

given F. 
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Fig. 6.28. Penetration.Versus Time f o r  Various Fractions,  F, of 
Thorium Remaining i n  Pyrolyt ic  Carbon After  Diffusion Annealing a t  1900°C. 



It was not su rpr i s ing  t o  f i n d  a nonzero i n t e r cep t  f o r  the  curves 

on Fig. 6.28, s ince  small penetra t ions  were observed on unannealed cou- 

pons and a small amount of d i f fus ion  occurred during the  heatup period. 

These e f f ec t s  were taken i n t o  account by assuming t h a t  an  i n i t i a l  d i s t r i -  

bution,  a s  described by Eq. ( 3 ) ,  ex is ted  a t  time zero  and t h a t  a "dummy" 

( ~ t ) ~ ,  common t o  a l l  t h e  experiments, could.be appl ied  i n  the  calcula t ions .  

The ( D t ) o  value u t i l i z e d  was 7.5 X cm2. The computed D values em- 

ploying t he  small  ( D t  ) 0 correct ion were 6.6 X 10-11, 5.6 X 10'11, and 

4.2 X 10-11 cm2/sec a t  17, 49, and 100 hr,  r<spectively.  It was c l ea r  

t h a t  D s t i l l  va r ied  e i t h e r  with t' o r  x', even with the  zero-time correc- 

t i on .  Since t he  s t r uc tu r e  d id  not  a l t e r  during t he  d i f fus ion  annealing 

period, t '  was excluded a s  a poss ible  cause of the  va r i a t i ons  i n  D. This 

l e d  t o  t he  t e n t a t i v e  conc lu s ion~ tha t  t he  va r i a t i ons  i n  D were the  r e s u l t  

of va r ia t ions  i n  s t r uc tu r e  along x. It should be mentioned t h a t  the  posi-  

t i v e  x d i r ec t i on  f o r  the  d i f fus ion  observed i n  these  experiments was i n  

t he  "c" d i r ec t i on  of t he  s t r uc tu r e  a s  measured from the i n i t i a l  to '  the  

f i n a l  deposit ion planes. 

A s  a f i n a l  check of t he  data,  a generalized p l o t  of the  I?-, 49-, 

and 100-hr r e s u l t s  was prepared using an  average D value of 5.47 X 10-11 , . 
cm2/sec. This curve i s  presented on Fig. 6.29. The agreement between . .  

. - 
the  experimental and t heo re t i c a l  u values i s  good, considering the  corn- ' $ '  . . 
plex s t r uc tu r e  of the  pyro ly t i c  carbon. Addit ional  experiments t o  de- 

termine D values a t  d i f f e r e n t  temperatures a r e  under way. 

Uranium Migration i n  Porous Graphite 

C.  M. Blood J. T r u i t t  

Studies of the  migration of uranium i n  porous graphi te  a r e  of i m -  

por tan t  p r a c t i c a l  s ignif icance t o  t he  design of t h e  fueled-graphite sys-  

tems presen t ly  being considered f o r  a number of reac to rs .  Fuel consis t ing 

of uranium carbide i n  a graphi te  matrix i s  t o  be employed i n  the  Dragon 

Reactor Experiment i n  ~ n ~ l a n d , " :  the  HTGR-Peachbottom reac to r  being b u i l t  

- 1 4 ~ .  E. Lokkett and R. A. U. Huddle, Nuclear Power, 5: 112 (1960). 
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by General Atomic near Philadelphia,  l5 the  UKTREX reac to r  a t  Los Alamos,' 

and the  AVR pebble-bed reac to r  i n  Germany. l7 The f u e l  elements of each 

reactor  cons i s t  of fueled-graphite bodies encased i n  an unfueled graphi te  

sleeve (or s h e l l )  t h a t  i s  cooled by helium. Recently, use of the  newly 

developed pyrolytic-carbon coated f u e l  p a r t i c l e s  i n  the  fueled-graphite 

bodies has been under ser ious  considerat ion.  The use of such p a r t i c l e s  

would be j u s t i f i e d  by t he  favorable f i ss ion-product- re tent ion p roper t i es  

of the  coating mater ia l  (see previous sec t ions  of t h i s  chapter, e spec ia l ly  

Fig. 6.12). Although coatings may be designed with a su i t ab l e  est imated 

l i f e t ime ,  uranium migration through t he  permeable graphi te  matrix and the  

erlcasemerlC s leeve could be a problem i f  an appreciable num-ber ot' coatings 

prematurely ruptured. Therefore s tud ies  of t he  r a t e s  of migration of 

uranium from uranium carbide through porous graphi te  were i n i t i a t e d  along 

with s imi la r  s tud ies  on pyro ly t i c  carbon. 

The experimental work was begun with the  AGOT graphi te  and uranium 

carbide system. Sui table  couples appeared t o  have been fabr ica ted ,  as 

described previously,18 by heating uranium-metal f o i l  placed between two 

graphi te  coupons. Microscopic examination of the  uranium carbide-graphite 

i n t e r f ace  revealed t h a t  the  uO-uc l iqu ids  had penetra ted t he  pores of 

graphi te  during t he  conversion of Uo t o  UC2 and UC-UC2. This system was 

soon abandoned because the  concentrat ion p r o f i l e s  were hidden by the  po- 

rous penetra t ion,  which was 2 t o  5 m i l s  i n  depth. 

The next experimental e f f o r t  with porous g raph i te  involved using 

g raph i te  uniformly impregnated with uncoated UC2 (25 wt $) a s  the  source 
I 

l ayer ,  furfural-impregnated graphite,  and carbon cement. A d i f fu s ion  

couple "sandwich" w a s  made by placing a source l ayer  between two coupons 

of furfural-impregnated graphite;  one coupon had the  source l aye r  cemented 

. 1 5 ~ e n e r a l  Atomic, "~eachbottom Preliminary Hazards Swmnary Report, " 

NP-9115, Par t  l3, Vol. I and 11, August 19G1. 

1 6 ~ o s  Alamos s c i e n t i f i c  Laboratory, " u l t r a - ~ i g h  Temperature Reactor 
Experiment Hazards Report," USAEC Report LA-2689, Apr i l  1962. 

1 7 ~ .  Machnig e t  a l .  , Nuclear Power, 6: 63 (19.61). 

18c. M.. Blood, Diffusion of Fuel and Nonvolatile Fiss ion Products i n  
Fueled Graphite, pp. 173-178, "GcRP Quar. Prog. Rep. Dec. 31, 1961, " USAEC 
Report ORNL-3254, Oak Ridge National Laboratory. 



t o  it, and the  second was simply placed on top of, . the opposite s i de  of 

t h e  source l a y e r  without cement. The couple was securely held together 

and subjected t o  a d i f fus ion  anneal i n  an evacuated graphi te  res is tance 

furnace.  Port ions of both coupons of t h e  "sandwich" were sectioned by 

t h e  wedge technique and .a l so  by s l i c i n g  i n  planes p a r a l l e l  t o  t h e  o r ig i -  

n a l  in te r face .  Sections obtained by the  wedge technique, designated"AU 

samples, were designed t o  obta in  s teep  concentration p r o f i l e s  near t he  

i n t e r f ace ;  and sec t ions  obtained by s l i c i n g  p a r a l l e l  t o  the  in te r face ,  

designated "B" samples, were designed t o  supply p r o f i l e s  f o r  r e l a t i v e l y  

rap id  migration processes. 

Penetra t ion da t a  were obtained from each of t h e  two respective cou- 

pons 'of four couples t h a t  were prepared a s  described above and annealed 

a t  1900°C. The uranium concentrations of the  A samples taken from respec- 

t i v e  coupons d id  not show concentration gradients  nea r  t h e  in te r faces .  

The uranium contents o f . t h e s e  samples i n  the  isothermal region of a coupon 

were near ly  t h e  same. Therefore t he  average value of a l l  the  uranium 

analyses obtained from a given coupon were in te rpre ted  a s  representa t ive  . 

of t he  over -a l l  concentrat ion of uranium i n  an unsectioned coupon. These 

da t a  a r e  reported i n  Table 6.12. . 

Table 6.12. Uranium Migration i n  a Porous 
Uranium Carbide-Impregnate& Craphitc 

System a t  an Average Temperature of 1900°C 

Diffusion uranium Concentrationb 

Couple 
of Porous Graphite 

Annealing 
No. Period" 

Coupons (g/cm3) . 
, . 
( h r )  Cemented Uncemented 

a 
Time required t o  reach 1900°C was approxi- 

mately 1 hi- i11 each experiment. 

b h s e d  on a graphi te  densi ty  of 1.782 g/cm3 
and the  t o t a l  uranium content 'of  the  A samples. 



Analyses of A samples i n  t he  non-isothermal sect ions  of a coupon, 

which were usually discarded, indicated l e s s  uranium migration a t  .lower 

temperatures. The 'B samples taken from other  port ions of the  coupons 

l i s t e d  i n  Table 6.12 provided the  approximate concentration p ro f i l e s  pre- 

sented i n  Fig. 6.30. 

A comparison of t he  data  reported above f o r  the  A samples. of two cou- 

pons comprising a COI.I~I.F! show t h a t  the  cement l ayer  a t  the  in te r face  of 

t h e  couple has no apparent e f f e c t  on t h e  r a t e  and amount of mass t r ans f e r  

of uranium i n t o  porous graphite.  This indicates  t h a t  the  cement l ayer  

does not make the  porn,-1s graphi te  l e s s  penetrable,  even though some of 

the  pores may have become plugged. 

The parabolic shape of the  concentration p r o f i l e s  obtained from B 

samples, shown i n  Fig. 6.30, does not cor re la te  with t h a t  predic ted f o r  

uniform so l i d - s t a t e  migration ( ~ i c k ' s  l a w ) .  Such predic ted p ro f i l e s  show 

the  l a r g e s t  concentration gradients near t he  in te r face ,  while those i n  .' . C  . 
1 .4 ., 

Fig. 6.30 show the  l e a s t  f o r  the  porous graphite.  It appears t h a t  the  ' ' '::' 

uranium penetra t ion i s  much f a s t e r  than what might be expected f o r  so l id -  ; .a . ..., 

UNCLASSIFIED 
ORNL-LR- DWG 76749 

DISTANCE FROM URANIUM CARBIDE SOURCE (cml 

Fig. 6.30. Concentration Prof i l es  Resulting from the Migration of 
Uranium i n t o  Porous Graphite a t  1900°C. The points a r e  based on averages 
of values f o r  both cemented and uncemented coupons. 



. . 
s t a t e  migration described by semi- in f in i t e  and constant-potent ia l  boundary 

condit ions.  This premise i s  f u r t h e r  supported by t he  p r o f i l e  obtained 

from the  208-hr exposure a t  1900°C, which shows a s l i g h t  accumulation of 

uranium a t  the  back boundary. , These experimental r e s u l t s  suggest t h a t  

t h e r e  i s  an add i t i ona l  source of urantum within  t h e  couple beyond the  

i n t e r f a c e  and t h a t  t he  mechanism of mass t r an s f e r  of uranium i s  complex. 

It i s  probably caused by pore and sul.face e f f ec t s  coupled with an adsorp- 

t ion-desorpt ion phenomenon, i n  add i t ion  t o  s o l i d - s t a t e  migra.tion. Although 

t h e  experiments were conducted a t - a  higher temperature than t h a t  f o r  r e -  

a c t o r  operation,  t h e  same mechanism of mass t r a n s f e r  would be expected t o  

. ex i s t  a t  lower temperatures. 

k t h e r  examination of the  data  i n  Fig. 6.30 r a i s e s  the  question of 

t h e  value of the  concentrat ion,  . It i s  c l ea r  t h a t  t he  dr iv ing force  Co 
o r  apgarent  s a t u r a t i o n  of uranium i n  a p a r t i c u l a r  g raph i te  a t  x = 0, de- 

f i ned  as C i s  a va r i ab l e  with temperature; but  it i s  not e n t i r e l y  c l e a r  
0' 

t h a t  it is  a funct ion of time a l so ;  The approximated concentrat ion pro- 

f i l e s  i n  Fig. 6.30 were extrapola ted t o  x = 0 and, therefore ,  spec i f i c  

. conclusions concerning C should not be drawn without f i r s t  obtaining con- 
0 

centra t ion-penetra t ion da ta  i n  t h e  region neares t  t he  in te r face .  Experi- 

ments designed t o  provicte t h i s  information a r e  under. considerat ion.  - 

Decontamination of Type 304 S ta in less  S t e e l  from 1131 

and ~e~~~ Deposited from Heated Helium 

. Treatment with 0 .4  t o  0.5 M oxa l ic  a c id  o r  oxa la te  s a l t  so lu t ions  

containing 0 . 1  M f l u o r i d e  and various amouits of hydrogen peroxide was 

s a t i s f a c t o r y  f o r  removing 1131 and ~e~~~ deposited a t  800°C and below from 

helium onto type 304 s t a i n l e s s  s t e e l  pipe. The pipe  had been contaminated 

from. heated, i r r a d i a t e d  UC2 and U02. Resistance t o  decontamination w a s  

h ighest  i n  the  high-temperature zone where some metal oxidation had oc- 

curred because of s l i g h t  inleakage of a i r .  Decontamination w a s  much 

e a s i e r  where the  metal was unoxidized and the  temperature had been lower. 

I n  t he  oxidized zone contaminated a t  800°C, where the  comparatively 

low l e v e l  of 'gamma a c t i v i t y  was more than hal f  due t o  ~e~~~ and the  



remainder was 1131, the decontamination factor was only about 2, mostly 

from 1131 removal,, after periods of up to several .hours in hot alkali or 

hot noncorrosive oxalate-peroxide solutions. Oxide dissolution and de- 

contamination to almost background level (DF = 5.1) were achieved in 1 hr 

in 0.4 M H2C204-0. 1 M NaF-0.015 M H202 at 95 OC. 

In the deposition xone that was at 330°C, where the gamma activity 

m,s higher than in the zone contaminated at 800°C by a factor of lo4, the 

deposit was chiefly 1131, with some There was also a pale brown 

oxide coating. The gamma decontamination factor after boiling for 20 min 

in 10% NaOH was 36, with the 1131 being removed in preference to the ~ e ~ ~ ~ .  

Both iodine and tellurium were soluble at 95°C in oxalate-peroxide solu- 

tion at a pH of 4, the gamma decontamination factor being 39 in 20 min 

and 180 in 7 hr. In 1 hr at 95OC in the acidic fluoride solution con- 

taining 0.015 M H202, the decontamination factor was 1.7 X lo3. 

The region of pipe contaminated at 175°C) which had no discoloration 
. . 

and was about one-tenth as contaminated as the region treated at 330°C, 
. . 

was the easiest to decontaminate. Here boiling 10% NaOH removed nearly 
. 9: 

all the in 1 hr (gamma DF = ' / 3 ) ,  leaving the ~ e ~ ~ ~ .  Both corrtarni- 

na.nts were soluble at 95°C in oxalate-peroxide solution at a pH of 4, with 

a gamma decontamination factor of 68 in 20 min and 318 in 7 hr. 
'i;. 

A special study was made of the fluoride and peroxide effects in the 

section of pipe contaminated at 400°C) which showed a dark oxide and was 

contaminated with 1131, ~ e ~ ~ ~ ,  and Te12 '. A series of 0.5 M H2C204-0. 1 M 

Table 6.13. Effects ot' Fluoride and Peroxide Additions to 
0.5 M H2C204 on Corrosion and Decontamination Factors 
of 1131- and ~e~~~ -Contaminated Type 304 Stainless 

SLeel in a 1-111- Treatment at 95 "C 

-- - - 

Peroxide Decontamination Factor Corrosion (mil/hr ) 
Content 
(molar) With 0.1 M F- Without F- With 0.1 M F- Without F- 



. . 

NaF so lu t ions  containing 0, t o  1 M H202 was compared i n  cor ros iv i ty  and 

decontamination e f f ec t i venes s  with t h e  same se r ik s  of H202 solut ions  con- 

t a in ing  no f l uo r ide   able 6.13). On t h i s  type of deposit ,  f luor ide  and 

peroxide were both of s i gn i f i c an t  benef i t ,  and the  f luor ide  so lu t ion  con- 

t a in ing  enowh H202 t o  decrease corrosion was even more e f f ec t i ve . t han  

t h e  low-peroxide so lu t i on  of high corrosivi ty .  



7. CLAD r n L  DrnLOPMEIW 

A. Goldman 0. Sisman 
D. B. Trauger 

I r r ad i a t i on  Effects  on Swaged and Tamp-Packed U02-Tho2 

TI .  F., Toner H. E. Robertson 
J. G. Morgan E.  L. Long, Jr. 

'I'wo type 304 s t a i n l e s s  s t e e l  capsules (03-5 and 06-5) containing v i -  

bration-compacted Tho2-2. 9 wt % U02 prepared by t he  "sol-  el D" process 

were i r r sd i a t cd  i n  t he  OW, poolside fac i l i ty - .  The capsules and t h e  ir- 
< , a. 

rad ia t ion  conditions a r e  des'cribed i n  ~ a b i e  7 .1 .  The post irrad,j  a t  <.on ex- 

aminations consisted of dimensional measurements, l eak  tes t ing ,  gamma 

scans, gas analyses, and burnup analyses. The metallographic examination 

i s  s t i l l  i n  progress. Dimensional measurements showed t h a t  t he  cladding 

of capsule 03-5 became d i s to r t ed  during i r r ad i a t i on .  The diameter de- 

creased 0.008 in .  a t  midplane and increased 0.005 in .  a t  each end. I n  

Table 7.1.  Description of Capsules 03-5 and 06-5 and Conditions 
of , I r rad ia t ion  i n  ORR Poolside F a c i l i t y  

Capsule length:  7 in .  
Capsule outside diameter : 0.625 i n .  
Cladding wall  thickness: 0.020 i n .  
Flux: 6 X 1013 neutrons/cm2. sec 
Expected burnup of heavy metal: 5000 ~wd/iTP 
I r r ad i a t i on  period: 215.2 full-power days a t  30 Mw 

Capsule 03-5 Capsule 06-5 

Cladding surface temperature, O F  1300 1000 

Fucl c en t r a l  temperature; OF 303.1 2726 

Uranium burnup, MW~/MT 
'1 44 Based on Ce,. 

Based on ~s~~~ 

Thorium plus uranium burnup, MW~/MT 

Based on ~e~~~ 
Based on ~s~~~ 



addition,  the over -a l l  length decreased 0 . 1  in.  A s imi la r  length decrease 

was noted i n  capsule 06-5, but no s ignif icant  diameter changes were ob- 

. served. Scans of gross gamma a c t i v i t y  indicated no d i s t i n c t  fue l  s h i f t -  

ing, but the  a c t i v i t y  l e v e l  a t  the  bottom end of capsule 06-5 was about 

10% higher than a t  the  top  end. Samples were selected from the  midplane 

of each element for  radiochemical burnup analyses. As indicated i n  Table 

7.1, capsule 03-5 achieved the desired'burnup but capsule 06-5 did not. 

These analyses a r e  being checked. 

The NaK coolant from each experimental assembly was analyzed f o r  

cs13 ac t iv i ty ,  and none. was detected. Subsequently, each capsule was 

examined f o r  cladding leaks  or other f a i l u re s  by immersion i n  s i l i cone  

o i l  under vacuum. No bubbles indicating leaks were observed. 

Samples of gas were col lected from each capsule p r io r  t o  sectioning. 

The r e s u l t s  of t he  gas analyses are presented i n  Table 7.2. The high 

N2 + CO content i n  capsule 06-5 i s  thought t o  be the  r e s u l t  of decomposi- 

t i o n  of uranium n i t r i de .  Only the ~r~~ released from capsule 03-5 i s  r e - '  

ported because the  pressure data taken during the  sampling of capsule 

06-5 were not accurate.  

Loose, unsintered f u e l  was found i n  each capsule when sectioned. A 

longi tudinal  sec t ion  of capsule 03-5 is shown i n  Fig. 7 .1 .  The f u e l  had 

Table 7.2.  Analyses of Gas From 
Capsules 03-5 and 06-5 

Content (vol %) 
Gas Species 

Capsule 03-5 Capsule 06-5 

H 2 
He 
CH4 
H2 0 
HC 
N2 + C O '  
02 
K r -  

El 
Percentage of t o t a l  generated. 



Fig. 7.1. Longitudinal Section of Capsule 03-5. Note s intered f u e l  
i n  central  portion and unsintered loose f u e l  near the cladding. Mating 
halves of the fue l  element shown. 

s intered i n  the cent ra l  regions of both capsules, but l e s s  fue l  densif i -  

cation was evident i n  capsule 06-5 ( ~ i ~ s .  7.2 and 7.3) .  Since capsule 

06-5 had a measured central  temperature of 2726OF compared with 3011°F 

f o r  capsule 03-5, the  fue l  densification was expected t o  be greater  i n  

capsule 03-5. 

High-Temperature I r rad ia t ion  of U02 i n  LITR Miniature Capsules 

R. R. Se l le rs  F. R. McQuilkin 

Operating data f o r  the miniature fueled capsules i r radiated i n  the 

LITR during t h i s  report  period are  given i n  Table 7.3. Two capsules, 

L-CP6 and L-HT2, previously inserted, achieved the desired burnup and were 

discharged. The i r rad ia t ion  of capsule L-HT3 was i n i t i a t e d  and completed. 

I r rad ia t ion  of capsule L-CP5X was continued, and i r rad ia t ion  of capsule 

L-HT4 was in i t ia ted .  



Fig. 7.2. Longitudinal Section Through 
Capsule 06-5. Note powdered fuel near cladding. 



Table 7.3. I -~ rad ia t ion  Conditions of Miniature Capsules i n  LITR 

Fuel Description LITR F i r s t  Day Fuel Central Burnup 
Capsule Temperature ( " F) 

Inser t  ion Removal ( a t .  $ of Designation 
Date Date heavy 

T D ~  Batch No. Section a Section b metal) 
- -- - - - -- - - - 

L-CP5X Pyrolytic -carbon- GA-1332-46E 6-19-62 1935 2115 In-pile 4.1 
cozt,ed (UI + T ~ ) c ~  

L-CP6 Pyrolyt i c  -carbon- NCC-AD 3-27-62 1840 2020 9-18-62 7 .3  
coated UC2 

L-HT2 U02 cylinders ORNL-1343 9-25 -62 (a)  

L-RT3 U02 cylinders 0.RNL-1343 1-7-63 (a 

L-HT4 U02 cylinders 
- - 

%hemnocouple calibration values f o r  W-5% Re vs W-26% Ee are uncer- 
t a i n  above 4200°F; however, by using corrected mil l ivol t  values and ex- 
trapolating, temperatures i n  the range 4200 t o  4500°F were indicated. 

b ~ e n t r a l  temperatwe was not monitored i n  section b. 



The L-CP capsules contain loose par t ic les  of UC2 (capsule L - C P ~ )  or  

'- - (U + ~h )c2 (capsule L-CP~X)  with pyrolytic carbon coatings. The design 

of these capsules was described previously. l Post i rradiat ion examinations 

of these capsules w i l l  be discussed i n  the subsequent report  under the 

heading "~nves t iga t ions  of Fueled-Graphite Systems." 

Capsules L-HT2, -m3, and -HT4 complete the  se r i e s  of four high- 

temperature U02 i r rad ia t ions  described previously. Capsule L-HT1 was 

i r rad ia ted  f o r  f ive  weeks; L-HT2, one week; L-HT3, 19 hr; and L-HT4 is 

scheduled t o  be i r rad ia ted  for  three months; a l l  i r radiat ions are  con- 

ducted a t  a cen t ra l  temperature higher than 2000°C. I n  a11 but capsule 

L-HT1, the thermocouples fo r  the measurement of the  fue l  central  tempera- 

t u r e  a re  tantalum-sheathed, BeO-insulated, tungsten-% rhenium vs tungsten- 

268 rhenium. The corrected mi l l ivol t  output from these thermocouples 

during the  f i r s t  few hours of i r rad ia t ion  exceeded the maximum given i n  

ca l ibra t ion  tables ,  and therefore t h e  reported i n i t i a l  temperatures were 

determined by extrapolation. For example, the i n i t i a l  cent ra l  thermo- 

couple readings on capsule L-HT2 were 37.6 mv (including correction f o r  

the  emf generated a t  the  thermocouple-to-lead wire spl ice) ,  and calibra- 

t i o n  data are  available only t o  36 mv. A n  extrapolation of the  cal ibra-  

t i o n  curve yielded an estimate of 4420°F. Shortly a f t e r  the  reactor 

reached f u l l  power, the  temperature indication d r i f t ed  down sharply. 

After 5 h r  of operation, the  a-specimen central  thermocouple indicated 

3895°F and the b-specimen central  thermocouple indicated 3945°F; 19 hr  

l a t e r  these temperatures were 3810 and 3865"F, respectively. The nega- 

t i v e  drift continued with decreasing slope throughout the  period of ir- 

radiation. Immediately before reactor  shutdown f o r  removal of the cap- 

sule,  t he  cent ra l  thermocouples indicated 3510°F f o r  the a-specimen and 

3550°F f o r  the  b-specimen. In  the  case of capsule L-HT3, the i n i t i a l  

a-specimen temperature was estimated t o  have been between 4200 and 4500°F. 

IF. R. McQuilkin and W. E. Thomas, Miniature Capsule Fission-Gas- 
Release Experiments i n  LITR, p. 161, "GcRP Quar. Prog. Rep. Sept. 30, 
1961," USAEC Report ORNL-3210, Oak Ridge National Laboratory. 

2 ~ .  R. McQuilkin and R. R. Sellers,  Miniature Capsule Irradiat ions 
i n  LITR, p. 238, "GcRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report 
OHNL-3372, Oak Ridge National Laboratory. 



After 3 h r  of i r radiat ion,  the temperature indication had d r i f t ed  t o  

4030°FJ where it remained steady f o r  the  remainder of the 19-hr t e s t .  

The central  temperature indication f o r  capsule L-HT4 has been much l i k e  

t h a t  for  capsule L-HT3, except tha t  t he  d r i f t  has continued downward. 

On February 26, the  indicated cent ra l  temperature was 3280'~. 

Rntchetting of Metal-Clad Fuel Elements During Thermal Cycling 

W. R. Martin 

It has been reported3j4 t h a t  thermal cycling of metal-clad f u e l  e le -  

ments can r e su l t  i n  p l a s t i c  deformation of the  thin-walled cladding. The 

common cause of elongation of the  elements during thermal cycling is  con- 

t a c t  between cladding and fuel .  This condition can be achieved i n  the 

metal-clad f u e l  elements by collapse of the cladding about the  fue l  be- 

cause of external pressure, rad ia l  expansion of the  fue l  i n  excess of the  

diametral expansion of the cladding, or a combination of the  two. The 

r e su l t s  and interpretat ion of data from an evaluation program t h a t  em- 

phasized fue l  and cladding interactions and u t i l i zed  the in te rna l  heater 

device as a t e s t  apparatus i n  out-of-pile t e s t s  are  the  following: 

1. Fuel and cladding interactions can r e su l t  i n  cladding s t ra ins  

tha t  exceed the  f rac ture  s t r a i n  of the material  under i r rad ia t ion  and 

therefore can be the  l imit ing fac tor  i n  the metallurgical l i fe t ime of 

metal-clad fue l  elements. 

2. Axial p l a s t i c  s t r a ins  resul t ing from cladding and fue l  in te r -  

actions increase as the  cladding thickness is  reduced. 

3. Experiments with 0.015- and 0.020-in.-thick tubing show tha t  in- 

creasing the pressure d i f f e ren t i a l  across the cladding wall increases the  

ax ia l  deformation r a t e  f o r  a given cladding thickness and material. This 

can be interpreted as meaning t h a t  the r e l a t ive  movement of cladding and 

- - 
3 ~ .  R. Martin and J. R. Weir, "~imensional Behavior of the Experi- 

mental Gas-Cooled Reactor Fuel Element a t  Elevated Temperatures, " USAEC 
Report ORNL-3103, Oak Ridge National Laboratory, Ju ly  1961. 

'M. F. Lyons, F. A. Comprelli, V. E. Hazel, and H. E. Townsend, 
" ~ l a s t i c  S t ra in  i n  Thin Fuel Element Cladding Due t o  UOz Thermal Expan- 
sion," USAEC Report GEAP-3739, General Elec t r ic  Company, July 1961. 



f u e l  decreases as  the  coolant pressure is increased because of increased 

f r i c t i o n a l  forces between cladding and fuel .  This resul t s  i n  a larger  

t o t a l  s t r a i n  i n  the  cladding. 

4. Axial loads caused by thermal expansion of the fue l  exceeding 

t h e  thermal expansion of the  cladding cannot exceed the  f r i c t iona l  force 

between cladding and fue l .  

5 .  For a given load on the cladding, the p las t i c  s t r a i n  per cycle 

can decrease a s  the  e l a s t i c  moduli, cross-sectional area, e l a s t i c  l i m i t  

s t r a in ,  and creep strength of the cladding are increased. 

6. Increasing the  thermal expansion of fue l  with respect t o  the 

cladding increases the  magnitude of' the t o t a l  s t r a i n  tha t  can be intro- 

duced i n  the cladding. 

7. The loads causing cladding deformation can be repet i t ive  w i t h  

each cycle because of the  difference i n  magnitude of the  f r i c t iona l  forces 

during the  heating and cooling portions of the thermal cycle. 

8. Decreasing the  magnitude of the f r i c t iona l  forces between clad- 

ding and fuel  increases the  re la t ive  movement and thereby reduces the  

magnitude of the  t o t a l  s t r a i n  introduced i n  the  cladding. Experiments 

u t i l i z i n g  graphite and calcium fluoride as fue l  element lubricants were 

successful i n  reducing the  p las t ic  s t r a i n  r a t e  of 0.005- and 0.010-in.- 

th ick  tubing during thermal cycling. Although graphite is  of no pract i -  

c a l  value because of the  carburizing reaction with s ta in less  s tee l ,  no 

apparent reaction was found between calcium fluoride and s ta in less  s tee l ,  

as shown in  Fig. 7.4. 

9. Circumferential ratchet t ing of thin-walled cans was observed f o r  

0.005 - and 0.010-in. -thick smooth-walled tubes, 0.710 in.  I D .  The re- 

s u l t  of the  ratchet t ing was the formation of an axia l  wrinkle tha t  in- 

creased u n t i l  the  bending s t ra ins  i n  tension were equal t o  the fracture 

s t r a i n  of the cladding. 

These r e su l t s  define the  factors related t o  the  mechanism of axia l  

growth of fue l  elements during thermal cycling and are i n  reasonable 

agreement with experimental themnal-cycling data obtained from different  

types of t e s t  a p p a r a t ~ s . ~ ' ~  The extension of the  cladding by the fue l  

when the f r i c t i o n a l  forces are  suff icient  t o  prevent re la t ive  movement re- 

s u l t s  i n  p la s t i c  s t r a i n  by two mechanisms. If the t o t a l  s t r a i n  introduced 
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in to  the cladding is less  than the e las t i c  l i m i t  s t r a in  of the cladding 

material, the cladding w i l l  plast ical ly deform only a t  elevated tempera- 

tures by the mechanism of s t ress  relaxation. When the t o t a l  s t ra in  ex- 

ceeds the e las t i c  l i m i t  s t r a in  of the cladding, that  magnitude of s t ra in  

greater than the e las t i c  s t ra in  i s  of course permanent and can be ob- 

served regardless of cladding temperature. For the l a t t e r  case a t  ele- 

vated temperatures, p las t ic  s t ra in  is obtained by both mechanisms, that  

is, short-time tensi le  strains and s t ress  relaxation. 

1 * 

It is recommended that ,  whenever possible, rates of temperature 

change i n  reactors containing metal-clad fuel  elements be reduced t o  a 

low value t o  minimize the difference i n  expansion of fuel  and cladding. 

A feasible maximum heating ra te  for  the EGCR, for  example, would be 

Mechanical properties of the cladding materials could be increased 

t o  reduce the magnitude of the plast ic  strains. The increased strength 

alone would not prevent plast ic  strains i n  fuel  element cladding a t  a l l  

reactor conditions and hence the duct i l i ty  of the cladding i n  the pres- 

ence of radiation should be increased. 

The problem of circumferential ratchetting could be the limiting fac- 

t o r  i n  the use of thin-walled cladding. Th i s  problem should be investi- 

gated relat ive t o  lubrication techniques and smooth walls versus ribbed 

walls. !The s t a t i c  coefficient of f r ic t ion between fuel  and cladding a t  

elevated temperatures as a function of contact pressure should be evalu- 

ated. The problems of end-plenum gaps i n  fuel  elements, thermal expansion 

of U02, and axial deformation of cladding during thermal cycling are re- 

lated, with the common factor being f r ic t ional  forces between cladding 

and fuel. Perhaps the differences7, of opinion regarding the relat ive 

'R. E. Hcrdsoa and R. D. Slacay, "Out-of-pile Stu6ies of the Xatchet- 
t ing  of Stainless Steel Clad UOz Fuel ~lements,"  United Kingdom Atomic 
Energy Authority Report DEG-296s, January 1961. 

6 ~ .  E. Hodson and R. D. Stacey, "Out-of-pile Evaluation of Windscale 
AGR Mk-2 Fuel Elements and Fuel Element Assemblies," United Kingdom Atomic 
Energy Authority Rep* TRG-269, March 1962. 

7 ~ .  N. Spalaris , ''TJranium Dioxide Cladding Interact ions : Axial Ex- 
pans ion of U02 Column in Fuel Elements, " Trans. Am. Nucl. Soc . , 5 (1) : 
- ~ p .  22%22Y ( ~ u n e  1962 ) . 
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movement between cladding and f u e l  can be resolved by ca re fu l ly  determin- 

ing the  s t a t i c  coef f ic ien t  of f r i c t i o n  between cladding and f u e l  f o r  a 

given f i e 1  element condition, pa r t i cu l a r l y  s ince  t h e  in -p i le  thermal ex- 

pansion of U02 p e l l e t s  has been measured.' 

Ex-~erimental Tube-Burst Tests 

The invest igat ion of t he  s t ress-rupture  proper t ies  of t he  Br i t i sh  

20% ~r-25% N i  s t a in l e s s  s t e e l  tubing was continued. This mater ia l  i s  

st.nhi1.i x r d  with approximately 0.6% Nb. The out-of -p i l e  control  t e s t s  

were completed, except f o r  a few long-time t e s t s  t h a t  are  now i n  progress, 

and t he  t e s t  r e s u l t s  a r e  presented i n  Fig. 7 .5 .  The maximum s t r a i n s  a t  

f rac tu re  ranged from 4 t o  16% a t  650°C, 8 t o  21% a t  750°C, and 9 t o  24% 

a t  850°C. The s t r a i n  values obtained i n  flowing C02 with 5% CO a r e  com- 

parable with those obtained i n  argon with 1% 02. Vi r tua l ly  no end-closure 

f a i l u r e s  were experienced. 

Two i r r ad i a t i on  experiments on t h i s  same mater ia l  were performed i n  

an ORR poolside f a c i l i t y  and t h e  r e s u l t s  a r e  compared i n  Fig. 7 . 6  with 

t h e  out-of-pile data .  The data  indicate  a s l i g h t  l o s s  of s t rength  a t  

650°C and l i t t l e  or  no e f f ec t  a t  750°C; however, t he  average s t r a i n s  a t  

f rac tu re  were lower by 30 t o  50% i n  t he  in -p i le  t e s t s  than i n  t h e  out-of- 

p i l e  t e s t s .  It i s  a l s o  important t o  note t h a t  severa l  of t he  i n -p i l e  

specimens f a i l e d  a t  o r  near t h e  welds. This may have been a r e s u l t  of 

poor welds, but i n  view of t he  s t r a i n  data, it i s  possibly an indicat ion 

of some irradiat ion-induced embrittlement a t  t he  weld. 

A t  l e a s t  two more i r r ad i a t i on  experiments w i l l  be performed t o  obtain 

data for  tirr~es gr.ea.l;er than 1000 lir and a t  850°C. Metallographic exami- 

nations of both control  and i n -p i l e  samples a r e  i n  progress and w i l l  per- 

haps provide information on t he  weld Pailul-es . 

8 ~ .  J. F. Notley,  h he Rela t ive  Axial Expansions Under I r r ad i a t i on  
of Stacks of U02 P e l l e t s  i n  Zircaloy Sheaths," Canadian Report CRFD-1092, 
August 1962. 

'w, E. Baily, " ~ e l a t i v e  Thermal Expansion of UO, Fuel I np i l e ,  " Re- 
por t  CVNA-152, Carolina Virginia Nuclear Power Associates, Inc . ,  June 1962. 
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Fig. 7.5.. Results  of Tube-Burst Test on Br i t i sh  20% C r ,  25% N i ,  
Niobium-Stabilized, Cast S t a in l e s s  S t e e l  Tubing, Lot L-16. As-received 
and welded. Pressurized with argon. 
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Fig. 7.6. Comparison of Results of In-Pi le  and Out-of-Pile Tube- 
Burst Tests  of B r i t i s h  S ta in less  S t e e l  Containing 20% C r  and 25% N i .  A s -  
received and welded. Tested in -p i l e  i n  helium with 1% 0 2 .  



Tensile Proper t ies  of S ta in less  S t ee l  After I r r ad i a t i on  

W. R. Martin 

Numerous s t a in l e s s  s t e e l  specimens a r e  being i r r ad i a t ed  a t  tempera- 

t u r e s  i n  t he  range 150 t o  81S°C a t  fast-neutron (>I ~ e v )  doses of the  

order of 5 x 1013 neutrons/cm2- sec.  After i r r a d i a t i o n  t o  t o t a l  doses of 

1019 t o  neutrons/cm2, t h e  specimens w i l l  be t e n s i l e  t e s t ed  under 

various conditions. The r e s u l t s  w i l l  be compared with those f o r  control  

specimens heat  t r e a t ed  t o  obtain thermal h i s t o r i e s  equivalent t o  those of 

the  i r r ad i a t ed  specimens. 

Brazing of Beryllium 

R .  G. G i l l i l and  

The wetting behavior of l i qu id  s i l ve r ,  gold, germanium, aluminum, 

copper, and the  a l loys  Pd-2.1 wt % Be, Zr-5 wt % Be, and T i 4  wt % Be on 

t h e  surface of s o l i d  beryllium was studied.  I n  general,  t he  wetting of 

these  metals was invest igated a t  50 and 100°C above t h e i r  melting points 

i n  argon and i n  vacuum with t h e  use of sess i le-drop techniques. 

Measurements of t h e  contact  angles indicated t h a t  t h e  wetting of 

beryllium by l i qu id  aluminum, germanium, s i l ve r ,  Pd-2.1 wt % Be al loy,  

,and T i 4  wt % Be a l l oy  was g rea te r  i n  an argon atmosphere ra ther  than i n  

vacuum. The wetting of beryllium by l i q u i d  gold, copper,. and Zr-5 wt % Be 

a l l oy  was e i t h e r  unaffected by t he  t e s t  atmosphere or  b e t t e r  i n  vacuum 

than i n  an argon atmosphere. The wetting of beryllium by t he  l i q u i d  metals 

t e s t ed  was i n  agreement with basic  we t t ab i l i t y  theory i n  t h a t  wetting was 

promoted by increasing t he  tewperature. 

An extensive metallographic examination of' t h e  samples revealed t h a t  

only aluminum, Zr-5 wt % Be al loy,  and Ti&. wt % Be a l l o y  produced l i t t l e  

o r  no a l loying with t h e  beryllium. Alloying of beryllium with t h e  other  

l i qu id  metals included i n  t h e  invest igat ion was so  extreme t h a t  i n  some 

cases liquid-phase penetra t ion of g rea te r  than 50% of t he  thickness of 

t he  beryllium pad was found. 

Surface tension proper t ies  of t h e  mater ia ls  found t o  produce l i t t l e  

o r  no beryllium reac t ion  were calcula ted.  The data  revealed t h a t  t he  



l iquid-vapor and so l i d - l i qu id  surface tensions were g rea te r  f o r  t he  non- 

wett ing aluminum than f o r  t h e  wetting l i q u i d  a l loys  T i 4  wt $ Be and 

Zr-5 wt $ Be. The a l l o y  T i 4  wt Be was found t o  have t he  lowest calcu- 

l a t e d  l iquid-vapor and so l id - l iqu id  surface tensions,  and Zr-5 wt $ Be 

a l l o y  and aluminum were next i n  order.  

Calculations were a l s o  made of t h e  work of adhesion, and of t h e  co- 

e f f i c i e n t  of spreading f o r  aluminum, Zr-5 wt $ Be alloy,  and Ti-6  wt % Be 

a l l oy .  The data  q u a l i t a t i v e l y  indicated t h a t  these  parameters were great -  

e s t  f o r  t he  highly  wett ing T i 4  wt % Be a l loy .  

Diffusion of Carbon i n  Dissimilar-Metal Welds 

G. M. Sl.alight,er 

The d i f fus ion  of carbon i n  f e r r i t i c  s tee l - to -aus ten i t i c  s t a i n l e s s  

s t e e l  j o in t s  a t  e levated temperatures i s  being studied a t  Virginia 

Polytechnic I n s t i t u t e .  A preliminary microst ructural  analys is  of the  

bond zone was described previously,10 with major emphasis on the  decar- 

burized a rea  of t he  f e r r i t i c  mater ia l .  It now appears t h a t  i n  a jo int  

consis t ing of a f e r r i t i c  mater ia l  and an aus t en i t i c  material ,  the  car-  

burized zone of the  a u s t e n i t i c  mater ia l  may be a b e t t e r  indicat ion of 

carbon migration. This i s  pa r t i cu l a r l y  t r ue  i n  f e r r i t i c  s t e e l s  contain- 

ing s t rong carbide-forming elements where no d e f i n i t e  decarburized zone 

has been found. The d i f fu s ion  couples were made from type 304 s t a i n l e s s  

s t e e l  and f e r r i t i c  s t e e l  containing 2 1/4 wt $ C r ,  1 w t  $ Mo, and 1/2 w t  

% Ti.  

Experiments have indicated t ha t  the  addi t ion of a carbide-forming 

element t o  the f e r r i t i c  mater ia l  has l i t t l e  o r  no e f f e c t  on the  over -a l l  

d i f fu s ion  of carbon from f e r r i t e  t o  aus ten i te .  The d i f fus ion  coef f i -  

c i en t  remains constant,,  a s  indicated i n  Table 7.4, and a p lo t  of the  

square of the  width of the  -carburized zone vs time gives a s t r a i g h t  l i n e ,  

Fig. 7.7. 

' O G .  M. Slaughter, Diffusion of Carbon i n  Dissimilar-Metal welds, 
pp. 46-48, "GCRP Quai-. Prog. Rep. Dec. 31, 1961," USAEC Report ORNL-3254, 
Oak Ridge National ~ a b o r a t o i ~ .  
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Table 7.4.  Extent of Carbon Migration 
from 2 114 $ Cr-1 wt % NC-112 -vt % 

Ti  F e r r i t i c  Et.eel t o  AISI Type 304 
S ta in less  S t ee l  a t  1300°F 

Contazt Width of t he  Diffusion 
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Fig. 7.7. Effect  of Time at 1300°F on 
Growth of Carburized Zone on AISI Type 304 S te in -  
l e s s  S t ee l  Side of Cmposite Diff ix ion Jo in t .  



Thermal Conductivitv of UO2 

T. G. Godfrey D. L. McElroy 

The four th  heat ing cycle on 93.4%-dense U02 i n  t he  r a d i a l  heat  flow 

apparatus was terminated by a f a i l u r e  of t h e  specimen core heater  a t  

1400°C.'l In order t o  avoid fu r the r  d i f f i c u l t i e s  t h e  cooling capacity of 

t h e  containment s h e l l  was increased, and t h e  cy l indr ica l  muffle length 

was doubled. The muffle now cons i s t s  of th ree  bifilar-wound hea te rs  (5, 

10, and 5 in . ,  respect ively) ,  each independently control led.  Kovar sea l s  

were added t o  allow independent power control ,  and new, simple, thermo- 

couple s ea l s  were i n s t a l l e d  t o  f a c i l i t a t e  ' f i t u r e  use of other types of 

thermocouples. 

The diameter of t h e  two end guard heaters  was decreased t o  allow 

them t o  be posit ioned within  the  lengthened muffle a t  t h e  junctions of 

t h e  new extensions, and seven new thermocouples were added, two f o r  t he  

end guard heaters  and f i v e  f o r  t h e  lengthened muffle and monitoring. The 

core hea te r  was doubled i n  length, wound on a very t r u e  99% A1203 grooved 

tube, and extended wel l  outside t he  specimen stack.  The specimen system 

remains e s s e n t i a l l y  unchanged; however, t he  new end guard heater  place- 

ment w i l l  permit t e s t i n g  of a smaller diameter, shor te r  specimen stack, 

which should a i d  i n  fu tu r e  specimen fabr ica t ion .  A l l  these  changes were 

made t o  provide f o r  e a s i e r  and f a s t e r  assembly, a g rea te r  degree of con- 

t r o l ,  extension of t h e  operating regime, and bet,ter r e a l i z a t i on  of t h e  

boundary condition's assumed t o  e x i s t  i n  t he  r a d i a l  heat  flow experiment. 

An evaluation of t he  data  generated i n  runs 1 through 4 has indi-  

ca ted t h e  existence of a hea t - t rans fe r  mechanism operating above 1200°K 

t h a t  i s  more powerful than i n t e rna l  r ad i a t i on  transmission. The same 

mechanism i s  indicated by t h e  data  of Howard and ~ u l v i n ' ~  f o r  t h e i r  U02 

specimen No. 2. The evidence f o r  t h i s  mechanism i s  obtained by a p lo t  of 

'IT. G. Godfrey and D. L. McElroy, Thermal Conductivity of U02, 
p. 294, "GcRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report ORNL-3372, 
Oak Ridge National La~boratory . 

'*v. C. Howard and T. F. Gi~lvi.n, "~hermal  Conductivity Determinations 
on Uranium Dioxide by Radical Flow Method, " UKAEA IG-Report 51 (RD/c), 
1961. 



t he  thermal res i s tance  ( l / k )  vs temperature. This p lo t  i s  l i n e a r  f o r  runs 

1 through 4 t o  about '1% from 500 t o  1200°K; however, above 1200°K a r e a l  

negative deviation, o r  turndown, of t he  p lo t  occurs. The l i n e a r  port ion 

of t he  curve i s  t he  expected behavior of an e l e c t r i c a l l y  insu la t ing  or  

semiconducting s o l i d  f o r  which t h e  heat  t r anspor t  is  predominantly by 

phonons. The turndown means t h a t  some other heat-transport  mechanism i s  

becoming operative.  A l i n e  was placed through t h e  few points obtained 

abovc 1200°K during run 4 and tZle di f ference i n  t h e  thermal conductivity, 

Ak, was calcula ted between values of k obtained from t h i s  curve and values 

of k obtained from t h e  extrapolat ion of t h e  s t r a i g h t  por t ion of t he  data.  

This Ak evidently represents t he  e f f e c t s  of t h e  summation of t h e  ex t ra  

heat-transport  mechanism. A p lo t  of t he  log of Ak vs 1 / ~  yielded a s t r a i g h t  

l i n e  with a slope of -6.1 X 1 0 3 ' ~ ,  indicat ing an apparent a c t i va t i on  energy 

of 1 . 2  ev. The Howard and Gulvinl2 data  t r e a t ed  s imi la r ly  a l s o  yielded a 

s t r a i g h t  l i n e  with a slope of 4 . 9  X 1 0 3 0 ~ ,  indicat ing an ac t i va t i on  energy 

of about 1 . 0  ev. I f  i n t e rna l  rad ia t ion  were t h e  exclusive cause of t he  

Ak, simple theory would predic t  t h a t  Ak would be proportional  t o  T ~ .  I f  

t h i s  were t h e  case, a p lo t  of log  Ak vs 1 / ~  would y i e ld  a curve with a 

slope a t  any temperature equal t o  -1.3 T, which i s  equivalent t o  an a c t i -  

vat ion energy of approximately 0.35 ev i n  t he  temperature range of t h e  

turndown of t he  p lo t .  Therefore, a mechanism more powerful than predicted 

by simple rad ia t ion  transmission may be operative, s ince  t h e  observed ac- 

t i v a t i o n  energies a r e  so  large .  Similar  behavior was observed by ~ a ~ 1 0 1 - l ~  

f o r  beryllium oxide a t  much higher temperatures. 

The U02, k, k and Ak values used i n  t h i s  analysis .  a r e  l i s t e d  i n  
ex' 

Table 7.5.  The values were obtained Prom l / k  curves drawn through t h e  

fourth-run data  and s imi la r  curves drawn through t h e  data of Howard and 

Gulvin12 f o r  t h e i r  specimen No. 2. The kex values were obtained from the  

extrapolat ion of the '  l i n e a r  port ion of t he  l / k  p lo t s .  

T t  should be pointed out t h a t  t h e  numbers were taken from curves 

through t h e  ac tua l  data  points .  There were not su f f i c i en t  data  on U02 i n  

t h e  turndown region t o  give anything but a h i n t  of high-temperature heat-  * 

1 3 ~ .  F. Taylor, '"Thermal Conductivity and Expansion of Beryl l ia  a t  
High Temperatures, " J. Am. Ceram. Soc., 45 : 74 (1962). 



Table 7.5. Thermal Conductivity Calculations Based on Data f o r  U02 

Data from Fourth Run Data from Howard and Gulvin 
T 1 / ~  (w/cm. O K )  (w/cm. " K )  

( O K )  ( " ~ - 1 )  

Table 7.6. Thermal Conductivity 
Values Obtained f o r  93.4% Dense 

U02 i n  Run No. 5 

Thermal C.onduct i v i t y  
(w/cm. " c ) . 

Temperature 
( "c )  Corrected t o  

Measured The.oret i c a l  
Dens i t y  



t ranspor t  mechanisms. Run 5 i s  present ly  i n  progress with t he  goal of 

accruing data  above 1200°K, a s  well  a s  su f f i c i en t  data  below 1200°K, t o  

adequately determine t h e  slope of t he  l i n e a r  por t ion of t he  l / k  curve. 

Results obtained t o  llOO°C, presented i n  Table 7.6, r e f l e c t  t he  pre- 

v i ~ u s l y  noted l i n e a r  r e l a t i on  between thermal res i s tance  and temperature. 

A s l i g h t  modification of t he  operating conditions was made between t he  

t e s t s  a t  800°C and Ltlose a t  900°C, and t h i s  caused t h e  thermal-resistance 

values between 900 and 1100°C t o  be abvut 1% below t h e  values predicted 

by t h e . r e s u l t s  below 900°C. It i s  believed t h a t  t h e  changed operating 

procedure caused a new heat flow pa t te rn  within t h e  specimen, with t he  

res.ull;ing change of 1% i n  t he  measured thermal conductivity values between 

900 and llOO°C. This e f f ec t  i s  being studied, and e f f o r t s  t o  extend run 

5 t o  1500°C a r e  i n  progress. 



8. INVESTIGATIONS OF M3DERATOR MATERIALS 
-. 

A. Goldman B. L. Greenstreet  
G. M. Watson H. W. Savage 

Mechanical Proper t ies  of Graphite 

C.  R. Kennedy 

Tests  f o r  evaluat ing g raph i te  as  a s t r u c t u r a l  mate r ia l  were contin-  

ued.' The program cons i s t s  of a l a rge  number of mechanical and physical  

proper ty  t e s t s  of various grades and extrus ion s i z e s  of g raph i te  t o  ob- 

t a i n  da ta  f o r  s t a t i s t i c a l  comparisons. Tensile and compressive t e s t s  have 

been conducted on a 6 X 6-in.  ext rus ion of TSX graphite,  a  4 3/8 X 4 3/8- 

i n .  ex t rus ion  of AGOT graphi te ,  a 2 1/4 X 2 1/4-in. ext rus ion of GCB-MSR 

graph i te ,  and an  AGOT graph i te  block representa t ive  of the  EGCR moderator 

blocks. Data from these  t e s t s  a r e  presented i n  Tables 8 . 1  and 8.2. Com- 

par i son  of t he  r e s u l t s  f o r  the  EGCR mate r ia l  with those f o r  the  smaller  

s i z e  AGOT extrus ion i nd i ca t e s  g r ea t e r  s c a t t e r  i n  t he  r e s u l t s  f o r  t he  EGCR 

mate r ia l .  The spread ind ica tes  t h a t  the  data  taken previously' from only 

one s ec t i on  of an 18 X 18-in.  EGCR block d id  not represent  the  s t reng th  

of a t yp i ca l  s ec t i on  of a moderator column. I n  f a c t ,  i t  appears t h a t  the re  

i s  no t yp i ca l  sec t ion ,  inasmuch as t he  s t rength  va r i e s  g r e a t l y  i n  the  a x i a l  

d i r ec t i on ,  a s  we l l  a s  across  the  sect ions .  

The data  f o r  the  4 3/8 X 4 3/8-in. AGOT mate r ia l  d id  not exh ib i t  the  

s c a t t e r  shown f o r  t he  l a rge r  blocks. The da ta  s c a t t e r  was small both f o r  

a x i a l  and cross-sect ion samples, and thc  f r a c tu r e  s t r e s s  and s t r a i n  aver-  

age values  were much higher than those f o r  the  l a rge r  EGCR blocks. 

The TSX mate r ia l  was very anisot ropic .  The average a x i a l  s t reng th  

w a s  higher than t h a t  of AGOT; however, the  average t ransverse  s t reng th  

w a s  much lower.. Ttle i n t e rna l  defects  i n  t h i s  block were found t o  be 

a l igned  i n  a d i r e c t i o n  normal t o  the  weakest t ransverse  d i rec t ion .  It 

is  i n t e r e s t i n g  t o  compare the  compression t e s t  r e s u l t s  with the  t e n s i l e  

'c. R. Kennedy, Mechanical Proper t ies  of Graphite, pp. 287-290, "GcFP 
Semiann. Prog. Rep. Sept. 30, 1962, " USAEC Report ORNL-3372, Oak Ridge 
National  Laboratory. 



Table 8.1.  Tensile Tests of Moderator Graphite 

Average Coefficient  of A\-erage Average 
Direcyion of Number of Fracture Variation of Fracture Modulus of 

Sample 
sam21inga Specimens S t r e s s  Fractu$e S t ress  S t r a in  E l a s t i c i t y  

(ps i  .($) ($4 (ps i  > 

AGOT graphi te  blocks from 
E%CR mate r ia l  

Bar 266 
Bar 246 
Bar 272 

P a r a l l e l  
P r r a l l e l  
P a r a l l e l  

AGOT graphi te  extrusion 
( 4  3/8 X 4 318 i n .  ) 

P a r a l l e l  
Perpendicular 

No. lb 
Perpendicular 
No. 2b 

TSX graph i te  extrusion 
(6 X 6 i n .  ) 

P.aralle1 
Perpendicular 
No. 1 

Perpendicular 
No. 2 

GCB-MSR graphit  e  e x t r u s i m  
(2 1/4 x 2 1/4 i n . )  

P a r a l l e l  
P a r e l l e l  

a 
With respect  t o  ext rus ion ax i s .  

b~e rpend i cu l a r .  N s .  1 and Perpendicular No. 2 taken a t  r i g h t  angles. 
C 
Apparently no t  a f fec ted  by a x i a l  cracks. 

d ~ p p a r e n t l y  a f fec ted  by a x i a l  cracks. 



Table 8.2. Compression Tests on Moderator Graphite 

Average Average Average 
Direct ion of Number of Fracture Fracture Modulus of 

Sample sarnp li nga Specimens S t r e s s  S t r a i n  E l a s t i c i t y  
(ps i  1 (%) ( p s i  1 

x lo6 
TSX graphi,te ext rus ion Perpendicular No. 1 4 4760 3.24 0.34 

( 6  X 6 i n .  ) Perpendicular No. 2 3 5297 5.33 0.18 

AGOT graphi te  ext.rus ion  P a r a l l e l  6 6095 2.24 0.58 
( 4  3 /8  X 4 3 /8  in .  ) 

a 
With respect  t o  extrusion ax i s .  



t e s t  r e s u l t s  i n  t h a t  the  maximum s t reng th  d i rec t ions  a r e  reversed. These 

r e s u l t s  add considerable s ignif icance t o  a maximum p r inc ipa l  s t r a i n  c r i -  

t e r i o n  f o r  f r a c tu r e .  The maximum t e n s i l e  s t r a i n  d i r ec t i on  i n  compression 

i s  ro ta ted  90 deg t o  t h a t  i n  tension;  thus,  i n  compression, p a r a l l e l  

cracks have a s i g n i f i c a n t  e f f e c t  i n  reducing s t reng th  and f r ac tu r e  s t r a i n .  

The PER-GCB graph i te  specimen€ were taken from a bar  whi.ch had severe 

a x i a l  cracks. Eight of 18 specimens had a pronounced s t a i r - s t e p  f r ac tu r e  

surface  with a x i a l  crack lengths g r ea t e r  than 1/4 i n .  The f r ac tu r e  ap- 

peared t o  be a two-stage process where t he  a x i a l  crack caused one s ide  of 

the  specimcn t o  f r a c tu r e  and t rar is fer  the  load t,o the  opposite s ide .  The 

nonaxial loading was ~ u s t a i n e d  i n  some cases by the  remainTrg s ide .  When 

a fu r t he r  load was applied,  however, complete f r a c tu r e  occurred. The f 'rac- 

t u r e  i n  these  cases was always detected by two audible snapping sounds. 

This two-stage process implies a c e r t a i n  res i s t ance  t o  crack propagation 

i n  graphi te .  The t e n  specimens t h a t  d id  not appear t o  be a f fec ted  by a x i a l  

cracks, t h a t  i s ,  d id  not exh ib i t  the  s t a i r - s t e p  f r ac tu r e  surface ,  yielded 

high s t reng th  values, although the  f r a c tu r e  s t r a i n s  were s imi la r  t o  those 

of o ther  grades of graphi te .  

In -P i le  Creep of Graphite 

C.  R.  Kennedy 

The e f f e c t  of irradiat ion-induced creep on t he  a b i l i t y  of graphi te  

moderator blocks t o  su s t a in  t he  s t r a i n s  expected i n  a gas-cooled reac to r  

of the  EGCR type i s  being investigated i n  i n -p i l e  creep experiments. The 

experiments cons i s t  of loading cont i lever  parabol ic  beams of AGOT graph- 

i t e  by bellows, a s  shown i n  Fig. 8.1. The parabol ic  beam specimen, cut  

p a r a l l e l  t o  t he  ext rus ion ax i s ,  has a 6-in. f r e e  length  and i s  1 / 2  i n .  

square a t  t he  base. The experimental f a c i l i t y  can take nine specimens 

per  experiment. Seven l inear - f i lm graphi te  r e s i s t o r s  and two var iab le -  

permeance transducers a r e  provided t o  ind ica te  de f lec t ion  of the  g raph i te  

beam. 

I n  the  f i r s t  experiment, the  two variable-permeance transducers l o s t  

a l l  s e n s i t i v i t y  wi thin  the  f i r s t  50 hr ,  and readings could not be accepted 



REACTOR 

Fig. 8.1. Extensometer, Arrangement i n  ORR Poolside F a c i l i t y  f o r  
Studying t h e  In-Pi le  Creep of Graphite. 

a s  va l i d .  The seven res i s tance  transducers responded s a t i s f a c t o r i l y ,  

wi th  t he  l o s s  of only one a f t e r  150 hr .  The s l i d ing  contact  on the  l i n e a r  

f i l m  r e s i s t o r  gives a de f l e c t i on  s e n s i t i v i t y  of i n . ,  which y ie lds  

a s e n s i t i v i t y  i n  s t r a i n  measurement of 1 X i n .  / in.  The specimens 

a r e  heated only by gamma a c t i v i t y ,  and t h e i r  r esu l t ing  temperature i s  

450 k 50°F. Each specimen has a temperature gradient  of about 75"F, with 

t he  higher temperatlure a t  the  t i p  of t h e  beam. 

The experimental f a c i l i t y  occupies a poolside pds i t ion  i n  the  OW 

where t h e  f l u x  (>0.2 ~ e v )  i s  estimated t o  be 1 X 1017 neutrons/cm2.hr. 

This i s  roughly equivalent  t o  1 ~ w d / ~ t  per hour. Flux monitors a r e  now 

being processed t o  determine t h e  ac tua l  f l u x  spectrum. 

The r e s u l t s  obtained during an i n i t i a l  OW-cycle exposure a r e  shown 

i n  Fig. 8.2.. The characteris.l;ic curves a r e  s imi la r  t o  those obtained i n  
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Fig. 8 .2 .  Creep of AGOT Graphite Under I r rad ia t ion ,  ORR Uperiment 
104. 

out-of-pi le  t e s t s ,  a s  shown i n  Fig. 8.3,  except f o r  the  g r ea t e r  creep 

r a t e s .  The out-of-pile creep r a t e s  demonstrate Newtonian v i scos i ty ,  as 

shown i n  Fig. 8.4. As may be scen from Fie;. 8 .2,  the  i n -p i l e  creep r a t e s  

decelera te  with time, but  it i s  questionable whether a l i n e a r  r a t e  was 

es tabl ished by the  end of the cycle. Tangential creep r a t e s ,  shown i n  

Fig. 8.5, demonstrate a l i n e a r  s t r e s s  function s imi la r  t o  t h a t  found out  

of p i l e .  A l i n e a r  s t r e s s  function i s  a l s o  shown i n  Fig. 8.6, where the  

zero- in tercept ,  a measure of the  primary creep, i s  p lo t t ed  versus s t r e s s  

f o r  both i n -p i l e  and out-of-pi le  t e s t  data.  The l i n e a r  s t r e s s  funct ion 

Fig. 8.3. 
113 Point Load 

TlME (hr)  

Creep of Unirradiated AGOT Graphite i n  Bending Under a 
.ing . 
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Fig. 8.4. S t r e s s  vs'-;'strain f o r  Unirradiated AGOT Graphite. 
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Fig. 8 .5 .  Tangential  Creep Rates of AGOT Graphite Under ~ r r a d i a t i o n ,  
ORR 13xper iment 104. 

i nd i ca t e s  t h a t  t h e  s t r e s s  d i s t r i b u t i o n  i n  the  beam under bending loads 

w i l l  not  vary  with time o r  s t r a i n .  

The da t a  obtained thus f a r  ind ica te  t h a t  the  creep of g raph i te  under 

i r r a d i a t i o n  and i n  the  absence of i r r a d i a t i o n  i s  a  l i n e a r  funct ion of 

s t r e s s .  The prime ob jec t ive  of demonstrating the  a b i l i t y  of graphi te  t o  
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Fig. 8.6.  Comparison of Creep of I r r ad i a t ed  and Unirradiated AGOT 
Graphite. 

su s t a in  l a rge  s t r a i n s  under i r r a d i a t i o n  cannot, however, be a t t a i ned  with 

the  o r i g i n a l  t e s t  parameters unless the  experiment i s  permitted t o  run 

f o r  t en  years. Therefore, a s  soon a s  it i s  es tabl ished t h a t  a  l i n e a r  r a t e  

w i l l  or  w i l l  not be a t t a ined ,  t he  s t r e s s  l eve l s  w i l l  be increased u n t i l  I 

s ign i f i c an t  s t r a i n  i s  absorbed i n  t h e  specimens. 
i 

Graphite-Metal Compatibility Studies 

B. Fleischer 

The compatibil i ty of type 304 s t a i n l e s s  s tee l .  and AGOT graphi te  i n  

in t imate  contact  i s  being invest igated i n  vacuum i n  the  temperature range 

1000 t o  1300°F. A s  reported - p r e v i o ~ ~ l ~ , *  extensive bonding and car.b.uiza- 

t i o n  of s t a i n l e s s  s t e e l  disks aga ins t  graphi te  was observed a t  1200 and 

1300°F. More recent  t e s t s  showed t h a t  ca.rburization can occur a t  tempera- 

t u r e s  a s  low a s  1000°F; however, the re  i s  no bonding, and t h e  degree of 

2 ~ .  Fleischer,  Graphite-Metal Compatibility Studies,  pp. 53-56, "GCRP 
Quar. Prog. Rep. March 31, 1962, " USAEC Report ORNL-3302, Oak Ridge 
National Laboratory. 



carbur iza t ion  i s  r e l a t i v e l y  minor a f t e r  1000 hr .  Data presented i n  Table 

8 . 3  show the  interdependence of contact  pressure  and the  extent  of car-  

bur iza t ion  a t  llOO°F. 

Table 8.3. E f f ec t  of Contact Pressure on t he  Carburization of 
Type 304 S t a in l e s s  S t e e l  i n  Contact with Graphite 

a t  1100°F f o r  1000 h r  i n  Vacuum 

- 

Apparent Carbon Contenta (%) 
Contact 
Pressure Test  Test Test  Test Test Test 

( p s i  1 F H - 1  H-2 H-3 H-4. H- 5  

300 0.026 0.044 0.037 0.022 0.039 
600 0.064 0.005 0.068 0.029 0.042 

12 00 0.083 0.108 0.103 . 0.108 0.025 0.120 
2400 0.182 
5 100 0.327 

a  As-received mate r ia l  contained 0.025% C; a l l  data  a r e  
t o t a l  carbon i n  specimen; s ince  the re  were carbon gradients  
wi th in  each specimen, t he  da ta  a r e  e s s e n t i a l l y  qua l i t a t i ve .  

It i s  assumed t h a t  increas ing t he  contact  pressure serves t o  bring 

more g raph i te  and metal  i n t o  int imate contact a t  the  i n t e r f ace  and thus 

inc reases  the  e f f e c t i v e  concentrat ion of t he  reac tan t s ,  and an e f f o r t  was 

made recen t ly  t o  v e r i f y  t h i s  assumption. A t e s t  was conducted t o  de te r -  

mine whether t he  contact  pressure  caused permanent deformation of the  

g raph i te  a t  the i n t e r f a c e  and whether the  degree of permanent deformation 

was d i r e c t l y  r e l a t e d  t o  t he  contact  pressure.  Also, it was thought t h a t ,  

t h e  g r e a t e r  the deformation, the  g r ea t e r  would be the  e f fec t ive  contact  

a rea .  Thus, the  i n i t i a l  load applied across  t he  i n t e r f ace  should de te r -  

mine the  e f f ec t i ve  a r ea  and the  extent  of carbur izat ion.  It should then 

be poss ib le  t o  employ a  high load f o r  a  sho r t  period followed by a lower 

load f o r  t h e  durat ion of t he  t e s t ,  and t he  r e su l t an t  degree of carburiza- 

t i o n  should be t he  same as t h a t  found when using the  high load f o r  the  en- 

t i r e  t e s t  period. The t e s t  was performed a t  1100°F. An i n i t i a l  contact  

load of 720 l b  was appl ied  across  the  i n t e r f ace  a t  temperature f o r  1 h r  

and subsequently reduced t o  180 l b  f o r  the  remainder of the  t e s t  period 

(1000 h r ) .  The t e s t  r e cu l t s ,  l-epurted i n  Table 8 .4 ,  do not confirm the  



Table 8.4. Effect  of I n i t i a l  Contact Pressure on 
Carburization of Type 304 S t a in l e s s  S t e e l  

i n  Contact with Graphite a t  llOO°F 
f o r  1000 h r  i n  Vacuum 

I n i t i a l  Contact Subsequent Carbon 
P r e s ~ u r e  Contact Presswe Con tent" 

(ps i  > ( p s i  > ($1 

a. Average value o r  t o t a l  carbon i n  f i v e  speci -  
mens. 

assumptions when compared with the  da ta  of Table 8.3. An ana lys i s  i s  be- 

ing made t o  determine whether the  t e s t  conditions and r e s u l t s  a r e  s u f f i -  

c ien t  t o  r u l e  out the  proposed analys is .  

Graphite Reactions i n  Helium Containing C02 

L. G. Overholser J. P. Blakely 

Rates were reported previously3 f o r  the  reac t ion  of C02 with Speer 

Moderator-2 graphi te  i n  the  temperature range 875 t o  1025OC a t  C02 con- 

centra t ions  of 550 and 1100 ppm by  v'olune i n  helium. An ac t i va t i on  

energy of approximately 55 kcal/mole and an apparent order of t he  reac- 

t i o n  of l e s s  than one with respect  t o  p a r t i a l  pressure  of C02 were i nd i -  - 
( 

cated. 1 

Reaction r a t e s  a t  975OC and add i t i ona l  C02 concentrations were sub- - -  

sequently determilied i n  the raiige 100 t o  1800 ppm by volume using the  

same graphi te  specimen. Pr io r  t o  attempting t o  measure the  reac t ion  r a t e s  

a t  C02 concentrat ions below 500 ppm, a concerted e f f o r t  was made t o  i m -  

prove the  s t a b i l i t y  of the  output of  t h e  Bur re l l  K-7 gas chromatograph 

and reduce the  weight losses  a r i s i n g  from inleakage' and contamination of 

3 ~ .  G. Overholser, J. P. Blakely, and N. V: Smith, Gas-Graphite 
Reactions, pp. 279-281, "GCRP Semiann. Prog. Rep. Sept. 30, 1962," USAEC 
Report ORNL-3372, Oak Ridge National Laboratory. 



t h e  helium: Replacement of the  f i lament i n  the  de tec to r  had no apparent 

e f f e c t  on e i t h e r  t he  s e n s i t i v i t y  o r  s t a b i l i t y  of t he  gas chromatograph. 

A temperature regu la to r  w a s  i n s t a l l e d  i n  the  takeoff  block heating c i r -  

c u i t ,  and a s e n s i t i v e  flow regula tor  w a s  i n s t a l l e d  t o  con t ro l  the  flow . . 
of gas more c lose ly  through the  columns. A s t a b i l i z e d  p o t e n t i a l  was ap- 

' p l i e d  t o  t h e  g r i d  t o  e s t a b l i s h  whether the  p o t e n t i a l  supplied by t he  ba t -  

t e r y  pack was responsible  f o r  the unstable output. Some improvement i n  

the .opera t ing  c h a r a c t e r i s t i c s  of the  instrument resu l t ed  from these  

changes, but  t h e  instrument i s  s t i l l  not completely s a t i s f ac to ry .  Rather 

. l a rge  changes i n  the  s e n s i t i v i t y  f requent ly  occur from day t o  day o r  even 

- during a s i ng l e  day and require  too frequent c a l i b r a t i on  o f . t h e  i n s t ru -  

ment aga ins t  t h e  gas standards.  It appears t h a t  t he  i n s t a b i l i t y  i s  i n -  

herent  i n  the design of the  de tec to r  and w i l l  continue t o  e x i s t  u n t i l  an- 

o ther  type of de t ec to r  becomes ava i lab le .  The blank a r i s i n g  from con- 

taminants i n  t he  helium stream was reduced t o  a permissible value by 

reconst ruct ing the  gas-handling system. 

Following these  modifications, r eac t ion  r a t e s  were measured a t  975 O C  

using C02 concentrat ions of 100, 300, 550, 1100, and 1800 ppm i n  helium 

, a t  , a  t o t a l  pressure  of one atmosphere and a flow r a t e  of approximately 

125 cm3/min. The da t a  a r e  not s u f f i c i e n t l y  p rec i se  t o  e s t ab l i sh  .the ap- 

pa ren t  order of  t h e  reac t ion  with respect  t o  p a r t i a l  pressure of C02. 

The 'apparent order shown by the r e s u l t s  i s  l e s s  than unity,  and the re  i s  

'evidence t ha t  it changes with concentrat ion of C02 i n  the  range studied.  

Surpr is ingly  l a rge  values f o r  the  react ion r a t e  were measured a t  100 ppm 

C02. The data  a r e  being withheld u n t i l  add i t iona l  measurements a r e  made 
. - .- . 

a t  C02 concentrat ions below 550 ppm. Similar  measurements w i l l  be made 

i n  the  near f u t u r e  using uncoated f u e l  bodies i n  place of moderator-grade 

graphi te .  

Transport of Gases Through Graphite 

A. P. MalTriauskas 

Contaminant migration i n  t he  gaseous phase i n  gas-cooled reactors  

i s  poss ible  because of the  simultnneou~ exis tence  of gradients  i n ,  t he  

temperature, pressure ,  and concentrat ion of the gas across  the graphi te  



septum. The s p e c i f i c a t i o n  of condit ions conducive t o  suppression of t h i s  

undesirable t r anspor t  thus requires  t h a t  t h e  t r a n s f e r  mechanisms associ -  

a t e d  with these  d r iv ing  forces  be reasonably we l l  understood. 

For t r anspor t  caused s o l e l y  by t h e  presence of a concentrat ion gra-  

d ien t ,  a model t h a t  describes the  g raph i t e  b a r r i e r  a s  a loca l i zed  agglome- 

ratio11 of u n i f o l ~ l l y  d is t r ibubed,  g i a n t  gas molecules (dust  ) has a l ready 

been shown t o  be amenable t o  e ~ p e r i m e n t . ~ , ~  Although a t h e o r e t i c a l  ex- 

t ens ion  of t h i s  model t o  include pressure  gradients  has been reported6 

and compared with experimental r e s ~ l t s , ~  a s  previously remarked, * only 

an  empirical  r e l a t i o n  i s  poss ib le  because of t h e  f a i l u r e  of t h e  model t o  

accommodate o the r  than  a d i f f u s i v e  mechanism. No important advances have 

been made with respect  t o  a removal of t h i s  de fec t ,  although it appears 

f e a s i b l e  t o  consider an a d d i t i v i t y  r e l a t i o n  between t h e  viscous and d i f -  

'a- fus ive  e f f e c t s .  The main d i f f i c u l t y  a r i s e s  from t h e  complex manner i n  

which t h e  v i s c o s i t y  i s  dependent upon composition. A s i m i l a r  complexity 

caused by a composition dependence has l imi ted  a more recent  extension of 

t h e  model t o  include thermal gradients  t o  t h e  case involving only a pure 

gas (thermal t r a n s p i r a t i o n ) .  I n  t h i s  instance,  t h e  a d d i t i v i t y  r e l a t i o n ,  

whose app l i ca t ion  i s  reasonably straightforward,  was assumed and appears 

t o  be v a l i d .  A s i g n i f i c a n t  r e s u l t  of t h i s  work has been t h e  development 

'R. B. Evans 111, G. M. Watson, and E. A. Mason, " ~ a s e o u s  Diffusion 
i n  Porous Media a t  Uniform Pressure, " J. Chem. Phys . , 35 : 2076 (1961). 

5 ~ .  B. Evans 111, G. M. Watson, and J. T r u i t t ,  " ~ n t e r d i f f u s i o n  of 
Gases, i n  a Low Permeabil i ty ~ r a ~ h i t k  a t  Uniform Pressure,  I '  J. Appl. Phys., 
33: 2682 (1962 ). 

6 ~ .  B. Evans 111, G. M. Watson, and E. A. Mason, " ~ a s e o u s  Diffusion 
i n  Porous Media. 11. Effect  of Pressure Gradients ,"  J. Chem. Phys., 36: 
1894 (1962). 

7 ~ .  B. Evans 111, G. M. Watson, and J. TrLiitt, ' l ~ n t e r d i f f u s i o n  of 
Gases i n  a Low-Permeability Graphite. 11. Influence of Pressure Gradi- 
e n t s , "  J. Appl. Phys., ( t o  be published, 1963). 

*R. B. Evans 111, A .  P. Malinauskas, and J. T r u i t t ,  Gaseous Transport 
i n  Graphite, pp. 281-287, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC 
Report OWL-3372, Oak Ridge National Laboratory. 

'E. A. Mason, R. B. Evans 111, and G. M. Watson, " ~ a s e o u s  Diffusion 
i n  Porous Media. 111. Thermal Transpira t ion,"  J. Chem. Phys. ( t o  be 
published, 1963). 
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of a r e l a t i o n  between t h e  thermal t r an sp i r a t i on  maximum and the  contribu- 

t i o n  t o  t h e  heat  conduct iv i ty  of t he  gas because of k rans la t iona l  degrees 

of freedom. Exploratory experimental invest igat ions  intended pr imar i ly  

t o  determine t h e  optimum condit ions under which t he  phenomenon might be 

s tud ied  have been complkted. A r e f ined  thermal t r an sp i r a t i on  apparatus, 

based upon the knowledge gained from an operation of t h e  prototype, i s  

p resen t ly  under const ruct ion.  

Another f a c e t  involving gas t r anspor t  through graphi te  t h a t  has been 

inves t iga ted  concerns s t r a t i f i e d  media.'' I n  t h i s  regard it has been 

demonstrated t h a t  the  presence of s t r a t a  of d i f f e r i ng  permeabil i ty along 

t h e  l eng th  of t h e  flow path  does 'not inva l ida te  the  flow r e l a t i ons  ob- 

t a i ned  f o r  the ove r - a l l  medium when the  medium is  considered t o  be uniform 

i n  the  same sense t h a t  each of the  s t r a t a  a r e  considere-d .uniform. Thus, 

f o r  example, t h e  permeabil i ty,  K, of the  medium was found t o  obey the  

l i n e a r  r e l a t i onsh ip  

where 5 i s  the a r i thmet ic  mean of t he  pressures on t he  entrance and e x i t  

s i de s  of the  b a r r i e r ,  7 i s  t he .v i s cos i t y  of t he  gas, 7 i s  the. average 

thermal /ve loc i ty  of the  gas molecules, and. B. and K a r e  constants:.char- 
0 0 

a c t e r i s t i c  of t h e  septum. Furthermore, t he  v a l i d i t y  of the  approximate 

formulas 

and 

were es tab l i shed  under conditions where the  over -a l l  pressure  di f ference 

was smal l  and where 

"A. P. Ivlalinauskas, R. B. Evans 111, and J. T r u i t t ,   a as Transport 
Through S t r a t i f i e d  Porous Media, " unpublis'hed i n t e r n a l  communication. 



represented the  f r a c t i o n a l  area-to-length r a t i o  of t he  i t h  stratum. 

Similarly,  no deviat ions as  a r e s u l t  of septum inhomogeneity were 

observed when the  equation 

which i s  s t r i c t l y  appl icable  only t o  i so t rop i c  media, w a s  employed t o  

describe the  uniform pressure binary-gas d i f fus ion  r e s i ~ 1 . t ~  obtained > n t h  

o. oti-a-kified barrier. I r i  additlori,  an argument u t i l i z i n g  only t he  r e -  

quirement t h a t  matter  be conserved y ie lds  the  r e l a t i o n  

i f  each of the  i sep t a  a r e  s u f f i c i e n t l y  s i m i l a r  f o r  the  6 t o  be con- 
i 

sidered id.entica1. 

The symbols introduced i n  Eq. (5 )  have the  following s ignif icance:  ,,. . , .:. .. . ,! . . 
- .  

J = J1 = J2 = ne t  f l u x  of molecules through the  septum, ' :. ! , ? C ?  - ,, . , .. 

);: : r.;. $ 

nD12 = the  pressure-independent product of the  molecular dens i ty  and !. .. ::,"i . . 

t,be e f f e c t i v e  binary  mutual d i f fus ion  coef f icien'l;, 

x l ( z )  = mo,le f r a c t i o n  of component 1 a t  the  point  z along the ,  length  

of the  septum, 

L = length of t he  septum i n  the  d i r ec t i on  of t r anspor t ,  

I ;C - -  - 1 +  , i s  a measure of the  r e l a t i v e  contr ibut ion t o  

flow due t o  intermolecular i n t e r ac t i ons .  

Geometry Studies of Irradiat ion-Induced Changes i n  Graphite 

F. J. W i t t  

One of t h e  important object ives  i n  designing g raph i te  s t r uc tu r e s  f o r  

use i n  nuclear reac to rs  i s . t o  provide elements f o r  which the  s t r e s s e s  and 



d i s t o r t i o n  assoc ia ted  ~ith~i'rradiation-induced dimensional changes a r e  

minimized without s a c r i f i c i n g  the  a b i l i t y  t o  meet o ther  requirements. This 

ob j ec t i ve  can pe  r ea l i z ed  only through a ca re fu l  analys is  of a l l  poten- 

t i a l ly  acceptable  geometries f o r  a given &re. A generalized study ap- 

p l i c ab l e  t o  a l l  r eac to rs  cannot be made because of d i f ferences  i n  f a s t -  

neutron damage d i s t r i bu t i ons ;  however, the  r e s u l t s  f o r  spec i f i c  cases 

provide a guide f o r  evaluat ing the geometry e f f e c t s  f o r  o ther  appl ica t ions .  

Therefore s t ud i e s  based on a p lane-s t ra in ,  anisot ropic ,  e l a s t i c  model 

a r e  being made, with t h e  damage d i s t r i bu t i ons  taken a s  being independent 

of t h e  a x i a l  coordinate.  The s t r e s s e s  a r e  being calcula ted using an IBM 

7090 computer program, t he  nonhomogeneous biharmonic code ( N B C ) , ~ ~  which 

was developed f o r  analyzing. the  EGCR graphi te .  

The bas ic  geometries considered f o r  g raph i te  elements i n  gas-cooled 

r eac to r s  a r e  cyl inders  wi th  c i r cu l a r ,  hexagonal, o r  square cross sect ions .  

The bodies may have s i ng l e  o r  mult iple channels through them, and the  

cross  sect ions  may be subdivided i n  various.ways. 

Cyl indr ica l  bodies subdivided i n t o  s ec to r  un i t s  a r e  of t e n  , considered 

f o r  use i n  moderator s t r uc tu r e s  when the  cross-sect ional  dimensions of 

the  cyl inders  required a r e  large ,  a s  i n  pebble-bed rea.ctors.  The adop- 

t i o n  of sectoks allows f o r  a reduction i n  ex t ru s ion .o r  molding s i z e  over 

t h a t  required f o r  a complete cylinder,  and a reduction i n  maximum.stress 

i s  a l s o  rea l i zed .  Hence, s tud ies  were made on cyl inders  wtth a c e n t r a l  

channel and s ec to r s  of these  cylinders.  

. The fas t -neutron exposure d i s t r i b u t i o n  used w a s  given by 

where d i s  d i s tance  i n  i n .  from the  inner surface  of t he  cylinder and 6 
.is exposure i n  ~wd/At per year. The physical  proper t ies  assumed fox- .the 

graphi te  are  

E = 1 . 5  x l o 6  ps i ,  
z 
E = 1.11 x l o 6  ps i ,  

X 

Yz 
= - 3 . 4  x ( i n .  / in .  ) / ( M w ~ / A ~ ) ,  

'IF. J. W i t t ,  S. E.  Moore, and B. C .  Sparks, Thermal Arlalysis of 
S t ruc tu res  Using t h e  Biharmonic Program, pp. 27-31, "GCRP Quar. Prog. Rep. 
Sept . 30, 1961, " USAEC Report ORNL-3210, Oak Ridge Na.l;%onal Laboratory. 



Yx = -1.3 X ( i n .  / in .  ) / ( M w ~ / A ~ ) ,  

where E i s  t h e  modulus of e l a s t i c i t y ,  y i s  the  dimensional change coef- 

f i c i e n t ,  v i s  t h e  r a t i o  of un i t  s t r a i n s ,  E ~ / E ~ ,  when s t r e s s e d  i n  t h e  z X 
z  d i rec t ion ,  and subsc r ip t s  x  and z  denote d i rec t ions  t ransverse  and par-  

a l l e l  t o  t h e  exlr-11s-ion ax i s ,  respect ively .  Two cyl inders  w i t h  an  ins ide  

diameter of 30 in .  were considered. I n  t h e  f i r s t  case the  outs ide  diame- 

t e r  was 54 i n . ,  and i n  t h e  second, it  was 90 i n .  

The procedures used i n  der iv ing t h e  a x i a l  s t r e s s e s  must be under- 

s tood t o  i n t e r p r e t  t h e  r e s u l t s .  For example, i n  analyzing thick-walled 

cyl inders  under axisymmetrical loadings,  a l l  t r a c t i o n s  give,  f o r  plane- 

s t r a i n  assumptions, s e l f - e q u i l i b r a t i n g  forces ,  except i n  t h e  a x i a l  d i rec -  

t i o n .  Hence, t h e  a x i a l  s t r a i n ,  E must be chosen t o  s a t i s f y  t h e  a x i a l  z  ' 
fo rce  condit ions imposed on t h e  body. I n  t h e  genera l  case, t h e  a x i a l  . . 
s t r a i n  must be s p e c i f i e d  so  that; a l l  a x i a l  cons t ra in t  condit ions,  includ- 

A .  .. . 
ing  moments and fo rce ,  a r e  s a t i s f i e d . 1 2  A t  t h e  same time, however, t h e  . . .  

plane-s t ra in  equations used i n  der iv ing t h e  in-plane s t r e s s e s  must not 

be a l t e r e d .  The most genera l  expression f o r  a x i a l  s t r a i n ,  eZ,  i s  then . , ... 

E = Flx + F2y + F3 , ( 1 )  , i .. :. : 
z  

I 

' C...  . . ." 
where Fly F2, and F3 a r e  constants  t o  be determined, and x  and y  a r e  i n -  

plane cuu~* i lL~laLes .  The ax'ial s t r e s s ,  o Z ,  i s  thus given by 

The a x i a l  cons t ra in t  condit ions s tud ied  a r e :  (1 )  f u l l  a x i a l  con- 

s t r a i n t ,  i n  which case the  a x i a l  s t r a i n  i s  zero; (2 )  cons t ra in t  aga ins t  

bowing o r  warping, i n  which case t h e  a x i a l  fo rce  i s  zero b u t  t h e  para..ll.el 

plane cross sec t ions  remain plane and p a r a l l e l  a f t e r  loading; and (3)  no 

a x i a l  cons t ra in t ,  i n  which case the  fo rce  and'moments assoc ia ted  with 

the  a x i a l  s t r e s s  a r e  zero. There i s  not s u f f i c i e n t  freedom allowed by 

Eq. (1) t o  s a t i s f y  exac t ly  and everywhere the  e q u i l i b r i m  condit ions f o r  

t h e  body, bu t  it i s  poss ib le  t o  enforce t h e  condit ions t h a t  t h e  res~i l . tant  

1 2 ~ .  A. Boley and J. H. Weiner, Theory of Thermal S t resses ,  pp. 
307-311, John Wiley and Sons, Inc . ,  New York, 1960. 



fo rces  and moments sa t i s fy .  spec i f i ed  values.  With t he  a i d  of St .  Venant's 

p r i nc ip l e ,  t h i s  g ives  a good est imate of the  s t r e s s e s  except near the  ends 

of t h e  body. 

For condi t ion.2 ,  t he  following i n t e g r a l  must be s a t i s f i e d :  

where A i s  the  c ross - sec t iona l  area .  The constants F1 and F2 i n  Eq: (1 )  

, a r e  zero. Condition 3 is  s a t i s f i e d  by taking 

For a case where the  s t r e s s  d i s t r i b u t i o n  i n  a body possesses symmetry, 

as i n  t he  example c i t e d  above, conditions 2 and 3 - a r e  i den t i c a l .  This 

i s  a l s o  t rue ,  i n  general ,  if the  s t r e s s  d i s t r i bu t i on  possesses symmetry 

about axes i n  , t he  plane. 

The'cylinders and sec to rs ,were  analyzed f o r  a l l  three  cons t ra in t  

condit ions and the  r e s u l t s a r e  given i n  Table 8.5. From t h i s  t a b l e  it 

i s  seen t h a t  t h e  in-plane s t r e s s e s  of the  sec to rs  a r e  much lower than 

those  of the  complete cyl inder  and t h a t  they decrease with decreasing 

s ec to r  angle.. Also, t h e  const ra int  condit ion o n . t h e  body g r ea t l y  i n f l u -  

ences the  a x i a l  s t r e s s .  S ign i f i can t  reductions. i.n a x i a l . s t r e s s e s  a r e  

shown f o r  sec to rs  wi th  no a x i a l  cons t ra in t  a s  compared with the  o ther  

cons t r a in t  condit ions.  For the  cases considered, t he  maximum a x i a l  and 

in-plane s t r e s s e s  a r e  always located a t  the' i n t e r s e c t i o n o f  t he  sec to r  

angle b i s ec to r  and t he  inner  surface,  whercas the  minimiim a x i a l  s t r e s s  

i s  along a r a d i a l  edge. The minimum in-plane s t r e s s  i s  e i t h e r  ins ide  the  

body or  on the  inner  surface .  

The maxirni.~~n s t r e s s e s  may a l s o  be reduced hy 1.1sing nested,, t h i n -  

walled cylinders13 i n  place of a s ingle ,  thick-walled cylinder.  Thus, 

an analys is  f o r  a 30-in.-ID cyl inder  with various r a d i a l  thicknesses up 

t o  12 in .  was made. ~ e c t o r s . w e r e  a l s o  examined.on a maximum axia l .  s t r e s s  

1 3 ~ .  P. Fraas e t  a l . ,  " ~ r e l i m i n a r ~  Design of a 1 0 - ~ w ( t )  Pebble-Bed 
Reactor Experiment, " Oak Ridge National Laboratory, May 8, 1961, unpub- 
l i shed  report .  



Table 8.5. Irradiation-Induced Stresses in Complete Cylinders and in Sectors 

Stresses (psi per year) 

Axial 

In-Plane 
Complete Axial Constrainel Against No Axial 
Constraint Bowing or liarping Constraint 

Maximum . Minimurn Maximum Minimum Maximum Minimum Maximum Minimum 

Complete cylindera 2.48 -0.76 6.57 0 5.03 -1.55 5.03 -1.55 

180" sector 1.80 -0.98 6.30 0.26 4.79 -1.'28 4.33 -2.04 
90" sector 0.78 -0.28 5.98 0.26 4.44 -1.28 3.13 -1.80 
45' sector 0.51 -3.44 5.80 0.26 4.34 -1.28 2.24 -0.63 

Complete cylinderb 3.12 -3.37 6.79 0.17 6.33 -0.56 6.33 -0.56 

90" sector 1.71 -1.43 6.30 0 5.83 -0.20 4.05 -1.15 

a With dimensions of 30 in. ID ar-d 54 in. OD. 

b~ith dimensions of 30 in. ID and 90 in. OD. 



versus th ickness .  ba s i s .  Since t he  in-plane s t r e s s e s  f o r  sec to rs  ,are  small,, 

t h e  contr ibut ions  from them-are negl ig ible ;  t h i s  i s  espec ia l ly  t r u e  f o r  

small  s ec to r  angles.  'Therefore, the  s ec to r  analyses were made disregard- 

ing the  in-plane s t r e s s e s .  

The r e s u l t s  of s tudies .  on sec to rs  and complete cylinders a r e  shown 

i n  Fig. 8 .7 ,  where t he  maximum t e n s i l e  s t r e s s  (maximum a x i a l  s t r e s s )  i s  

p l o t t e d  as a funct ion of s ec to r  angle and thickness.  The bodies a r e  as -  

sumed t o  have no a x i a l  cons t ra in t  (condit ion 3 ) .  The 2n s ec to r  angle 

a c t u a l l y  app l ies  t o  a complete cylinder.  The r e s u l t s . f o r  12-in.- thick 

u n i t s  a r e  those from Table 8.5. It i s  s i gn i f i c an t  t h a t  the s t r e s s e s  f o r  

t h i n  s ec to r s  change l i t t l e  with sec to r  angle between ~ / 2  and 2n, but  the  

change increases  with increas ing r a d i a l  thickness. 

o '72 77 

ANGLE (radians) 

Fig. 8.7. Maximum Tensile St ress  a s  a Function of Sector Angle and 
Thickness.. 

Design C r i t e r i a  f o r  Graphite Components 

S. E. Moore J. G. Merkle 

The t e n s i l e  s t r eng th  of graphi te ,  which ranges from about 1000 t o  

2000 pi, and t he  f r a c tu r e  elongations, 0 . 1  t o  0.476, a r e  low when 



compared with t he  s t r e s s e s  o r  t o t a l  s t r a i n s  t o  be sus ta ined by graphi te .  

bodies used i n  nuclear reactors .  Thus calcula t ions  ind ica te  t h a t  f r a c -  

t u r e  of these  bodies w i l l  occur during service .  The obvious consequence 

has been t o  design r e a c t ~ r s l ~ , ~ ~  s o  t h a t  the  g raph i te  can be removed when 

the  useful  l i f e t ime  of the  component has been exhausted. 

A sL'uCiy i s  the re fore  being conducted t o  es- tabl ish  adequate design 

c r i t e r i a  f o r  g raph i te  components.. The behavior of bodies under complex 

s t r e s s  s t a t e s  i s  being examined through experimental and a n a l y t i c a l  s t ud i e s  

on specimens with simple geometries subjected t o  s i ng l e  loadings. 

I n  the  analys is  of bodies t h a t  a r e  loaded t o  f a i l u r e ,  the  a b i l i t y  t o  , 

make accurate  predic t ions  depends, i n  pa r t ,  on the accuracy with which the  

s t r e s s - s t r a i n  re la t ionsh ips  a r e  represented. Generally, analyses a r e  made 

i n  one of two ways; the  mater ia l  i s  assumed t o  behave e l a s t i c a l l y  over t h e  

range of loading o r  an e l a s t o p l a s t i c  analys is  i s  made. 

When the  behavior of the  mate r ia l  i s  t yp i f i ed  by t h a t  of graphi te  

i n  un iax ia l  tension,  ne i the r  assumption f o r  the  s t r e s s - s t r a i n  r e l a t i on -  

sh ip  i s  correct ;  however, the  e r ro r s  involved depend upon t he  s e n s i t i v i t y  
t 

t o  t h i s  f a c to r .  Thus calcula t ions  were made t o  study the  importance of 

the  s t r e s s - s t r a i n  re la t ionsh ip  upon the  s t r e s s  and s t r a i n  d i s t r i bu t i ons  . , 

1 .. 
i n  bodies under ex te rna l  load.  . - 

f .* 

A homogeneous, i so t rop i c  mater ia l  giving a  s t r e s s - s t r a i n  diagram b ".. 
I I 

both  i n  tens ion and compression s imi lar  t o  t h a t  for graphi te  was consid- 

ered.  Three approximations t o  the  s t r e s s - s t r a i n  re la t ionsh ip  were se lected.  

The f i r s t  was a  l i n e a r  re la t ionsh ip  with the  slope equal t o  the slope of 

t he  a c t u a l  curve a t  t he  or ig in;  t he  second was an e l a s t i c - i d e a l l y  p l a s t i c  

curve with t he  slope of t h e  e l a s t i c  por t ion being t h e  same as  f o r  the  

f i r s t  r e la t ionsh ip  and t he  area  under t h e  curve equal t o  t h e  a rea  under 

-the measured curve. Finally,  a  l i n e a r  r e l a t i onsh ip  obtained by drawing a  

s t r a i g h t  l i n e  between t he  o r i g in  and t he  f r a c tu r e  point  was used. These 

re la t ionsh ips  and t h e  ac tua l  s t r e s s - s t r a i n  diagram f o r  AGOT graphi te  a r e  

140ak Ridge National Laboratory, "conceptual Design of the  Pebble Red 
Reactor hper iment  , " USAEC Report ORNL-TM-201, May 17, 1962, pp . 179-184. 

150ak Ridge National Laboratory,  h he ORNL GCR-3, A 750-Mw(e) Gas- 
Cooled Clad-Fuel Reactor Power Plant ,  " USAEC Report OWL-3353, December 27, 
1962, pp. 2.26-2.42. 



s.hown .in ~ i ~ .  .'8.8, where t h e  'approximations a r e  labeled 1, 2, and 3, r e -  

spect  ively .  

The f r a c t u r e  s t r e s s  and elongation f o r  the  specimen.tested were 2600 

p s i  and 0.21%. The modulus of e l a s t i c i t y  f o r  assumed re la t ionships  (1 )  

and (2 ) was 1.76 X l o6  p s i ,  and the  value f o r  the  t h i r d  was 1.27 X l o 6  

'Fig: 8.8.  . s t r e s s - s t r a i n  ~ i a g r a m  f o r  AGOT Graphite Tensile Tested a t  
Room ~em~e. ra tu re ' .  



ps i .  The y i e ld  s t r e s s ,  o f o r  the  e l a s t i c - i d e a l l y  p l a s t i c  case w a s  2300 
Y' 

p s i .  

The bodies i n i t i a l l y  examined were thick-walled cylinders under i n -  

t e r n a l  pressure loadings. The pressure was se lec ted  t o  give a maximum 

t e n s i l e  s-ti-ain Fur. the  e l a s top l a s t i c  case near the  f r a c tu r e  s t r a i n  of 

t h e  material .  The r e s u l t s  f b r  cylinders with an  ins ide  radius-to-outside 

radius r a t i o ,  a/b,  of 0.5 a r e  shown i n  Figs. 8 .9  and 8.10. I n  Fig. 8 .9  

Subjected 



0 . 0.2 0.4 0.6 0.8 i.0 
r / b ,  RADIAL DISTANCE RATIO 

OUTSIDE 

Fig,. 8.10. s t r a i n  Ratios f o r  Thick-Walled Graphite Cylinder Sub - 
jected t o  an In t e rna l  Pressure Losding. 



the  r a t i o s  of t he  p r inc ipa l  s t r e s s e s  t o  t he  y i e ld  s t r e s s  of the  e las to -  

p l a s t i c  case a r e  p lo t t ed  versus the  radius r a t i o ,  r/b, and i n  Fig. 8.10 

the  r a t i o s  of p r inc ipa l  s t r a i n s  t o  the  f r a c tu r e  s t r a i n  a r e  shown. The 

subscr ip ts  r, 8, and z r e f e r  t o  the  r ad i a l ,  t angen t ia l ,  and a x i a l  d i rec -  

t ions ,  respect ively .  The i n t e r n a l  pressure i s  1435 p s i  and Poisson's  

r a t i o  i s  0.30 f o r  t he  e l a s t i c  regions. 

The p l a s t i c  f r o n t  f u r  the  e l a s t o p l a s t i c  ana lys i s  occurs a t  r/b = 0.75, 

a s  may be seen by the  d i scon t inu i t i e s  i n  the  a x i a l  and t angen t i a l  s t r e s s  

curves. It may a l s o  be seen from Fig. 8 .9  t h a t  the  s t r e s s  d i s t r i bu t i ons  

f o r  s t r e s s - s t r a i n  re la t ionsh ip  ( 2 )  a r e  much d i f f e r e n t  from those f o r  (1) 

and (3).  I n  the  case of s t r a i n s ,  r e l a t i o m h i  ps (2)  and ( 3 )  do not give 

s i gn i f i c an t l y  d i f f e r en t  r e s u l t s  i n  the  a x i a l  and t angen t ia l  d i rect ion;  

however, the  r a d i a l  s t r a i n s  a r e  s t rongly  a f fec ted  by the  s t r e s s - s t r a i n  

re la t ionship .  Similar  r e s u l t s  were obtained f o r  cylinders with o ther  

a/b r a t i o s .  

Since the  quan t i t i e s  t h a t  could be rneasured i n  a thick-walled cyl inder  

t e s t  a r e  the  a x i a l  and t angen t ia l  s t r a i n s ,  it would be d i f f i c u l t  t o  d i f -  

f e r e n t i a t e  between re la t ionsh ips  (2 ) and (3 ) .  Therefore, t he  s tud ies  

w i l l  be extended t o  include o ther  cases. Thermal loadings w i l l  be ex- 

amined on the  same bas i s ,  and the  anisotropy of the  mate r ia l  must be fac -  

tored i n t o  the  study. 

Compatibil..it.y of Graphite and Metals i n  Hydrogen 

A. M. Smith R. E. MacPherson 

Further t e s t s  were conducted i n  t he  study of react ions  of hydrogen, 

graphite,  and metals i n  high-temperature autoclaves. l6 Following the  i n i -  

t i a l  t e s t  a t  1000 ps ig  and 1 5 0 0 ° ~ ,  which ~ 3 3  tel-minated a f t e r  approximately 

200 h r  because of a gradual  pressure loss ,  the  inner  surface  of one of 

t he  th ree  autoclave un i t s  was preoxidized and a pressure-decay t e s t  con- 

ducted a t  the  same conditions. Results of t h i s  t e s t  showed a s i g n i f i c a n t  

increase i n  the  leakage r a t e  compared with the  leakage r a t e  i n  a s im i l a r  

1 6 ~ .  M. Smith and R. E. MacPherson, Compatibility of Hydrogen and 
Graphite, pp. 291-292, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, " USAEC 
Report ORNL-3372, Oak Ridge National Laboratory. 



t e s t  a t  1000 ps ig  and ambient condit ions,  t h a t  i s ,  2 X 10'~ versus 6 X 

cm3 (STP) /S~C .  When t he  hydrogen i n  t he  un i t  ( s t i l l  a t  1 5 0 0 " ~ )  was re -  

placed with helium, however, the  leakage r a t e  was reduced t o  4 .8  X 

cm3 (STP) /S~C ,  which compared favorably with the  leakage r a t e  of hydrogen 

a t  ambient condit ions.  Consequently it was f e l t  t h a t  most of t he  pressure 

l o s s  r e su l t ed  from the  d i f fu s ion  of hydrogen through t he  hot  w a l l  of the  

autoclave un i t .  

Since it appeared l o g i c a l  t o  expect s imi la r  experience with the  re -  

maining un i t s ,  a dec i s ion  was made t o  operate two un i t s  ( t e s t s  No. 2 and 

3)  a t  1500°F and o f f s e t  the  losses  by numerous repressur iza t ions .  Type 

AGOT graph i te  p lus  specimens of type 304L and 310 s t a i n l e s s  s t e e l ,  Inconel, 

and a con t ro l  specimen of 19-9DL s t e e l  were used i n  both t e s t s ,  which were 

of 1000 h r  durat ion a t  an  average pressure of 850 ps ig .  

Analyses of t he  hydrogen used i n  t e s t  No. 2 showed a steady increase 

i n  CH4 concentrat ion over the  e n t i r e  t e s t  period, with a maximum value of 

16 .8  v o l  $ at  t he  end of the  t e s t .  Analyses of hydrogen used i n  t e s t  No. 

3 showed a s i m i l a r  t rend;  however, because of a smaller volume r a t i o  of 

hydrogen t o  graphi te ,  t h e  maximum CH4 value was only 5 .3  v o l  $. 

Behavior of Beryllium Oxide Compacts Under 
Fast-Neutron I r r a d i a t i o n  

G. W. Keilholtz J. E. Lee, Jr. 
R. E. Moore 

Po~t i r rac i i a . t ion  examinations of specimens from Be0 i r r a d i a t i o n  ex- 

periment 7 were completed, and the r e s u l t s  a r e  discussed below. The i r -  

r ad i a t i on  i n  the  ETR of experimental un i t  9 was completed i n  January, and 

ho t - ce l l  disassembly i s  under way. This un i t  received a fas t -neutron 

(>1 ~ e v )  dose of about 3 .5  X lo2' neutrons/cm2. Ekperirnental un i t  8, 

which i s  similar t o  un i t  9, w i l l  continue t o  be i r r ad ia ted  i11 th.c E6R LW- 

ti1 June 1963, f o r  an expected exposure of 6 X t o  8 X neu- 

trons/cm2. The i r r a d i a t i o n  of experimental un i t  10, an  unins trwnented, 

water-cooled assembly, w a s  s t a r t e d  In January. The planned exposure i s  

about neutrons/cm2. A summary of the  i r r a d i a t i o n  conditions f o r  ex- 

perimental  un i t s  6 .  through 10 was given i n  a previous repor t .  l7 



Postirradiation Examinations of Specimens from Experimental Unit 7 

mtal lographic Examination. (E. J. Manthos, E. L. Long, Jr.) Photo- 

micrographic evidence of grain-boundary separation i n  i r radiated BeO, 

which can account f o r  much of the observed change i n  physical properties, 

was presented previously.17 The metallographic study of the specimens ir- 

radiated i n  experiment 7 i s  now complete, and the r e su l t s  confirm e a r l i e r  

conclusions. 

The effect  of temperature on the degree of grain-boundary separation 

i s  i l l u s t r a t e d  i n  Figs. 8.11 and 8.12. Very l i t t l e  separation can be seen 

i n  Fig. 8.11, which shows cold-presccd material  irradia.ted to  an exposure 

of 2.25 X lo2' neutrons/cm2 a t  llOO°C i n  capsule 8. On the other hand, 

the  cold-pressed Be0 i n  capsule 1, which received a much lower fast-neutron 

I7G. W. Keilholtz, J. E. Lee, Jr., and R. E. Moore, Behavior of Be0 
Under Irradiat ion,  pp. 269-279, "GCRP Semiann. Prog. Rep. Sept. 30, 1962, " 
USAEC Report ORNL-3372, O a k  Ridge National Laboratory. 

Fig. 8. ll. Irradiated Cold-Pressed and Sintered Be0 Specimen 7-8-2, 
Which Was Exposed t o  a Fast-Reutran (>l ~ e v )  Dase of 2.25 X lo2' Dm- 
trons/cm2 a t  ll.0OoC i n  Experiment 41-7, As polished, 



Fig. 8.12. I r radiated Cold-Pressed and Sintered Be0 Specimen 7-1-5, 
Which Was Exgosed t o  a Fast-Neutron (>1 ~ e v )  Dose of 1.20 X Neu- 
trons/cm2 a t  583'6 i n  Experiment 41-7. As polished. 

dose, 1 .2 X 1021 neutrons/cm2, a t  a much lower temperature, 583 OC, exhib- 

i t e d  a high degree of grain-boundary separation, as can be seen i n  Fig. 

8.12. 

A comparison of the complete ser ies  af photomicrographs of both 

types of as-polished specimens substantiated an e a r l i e r  conclusion tha t  

hot-pressed Be0 underwent more extensive grain-boundary separation than 

cold-pressed Be0 under the same conditions of fast-neutron exposure and 

temperature. Also, there i s  a correlat ion of volume increase of the 

specimens with the  degree of grain-boundary separation estimated from 

v i sua l  inspection of the  photomicrographs. 

Grain s izes  of the cold-pressed and s intered specimens ranged from 

20 t o  40 p; the average was 27.5 p. The hot-pressed material  was homo- 

geneous because the cylinders were machined from very large pieces; the 

range of measured grain s izes  was 28 t o  33 p, with the average 30 p. The 

grain-size measurements show no evidence of grain growth under the condi- 

t ions of the experiment. 



Thermal Conductivity. The l o s s  i n  thermal conductivi ty of specimens 

i n  capsules 3 and 5 was calcula ted from in -p i l e  temperature d i f ference 

measurements and p lo t t ed  aga ins t  fas t -neutron dose i n  Fig. 8.13. The 

thermal conductivi ty decreased a t  a g r ea t e r  r a t e  i n  the  higher f l u x  region 

(capsule 5 ) ,  but  appeared t o  l e v e l  off  a t  about 40 t o  45% of the  o r i g i n a l  

value a s  the  neutron dose approached 4 X lo2' neutrons/cm2. Experimental 

un i t  7 was not designed t o  achieve separat ion of the neutron-dose and 

neutron-flux var iab les ,  .but the  f a c t  t h a t  capsules' 3 and 5 were i r r ad i a t ed  

a t  very near ly  the  same temperature permits a separat ion of the  va r iab les  

f o r  the  specimens from these capsules. The slopes of the  curves i n  t he  

lower dose range (<loz1 neutrons/cm2) a r e  uncertain,  however, because of 

the  widely s ca t t e r ed  values of temperature d i f ference.  
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Fig. 8.13. Decrease i n  Thermal Conductivity of Be0 vs In tegrated 
Fast  -Neutron Flux i n  Experimental Unit 41-7. 

X-Ray Diff ract ion Examinations. (H. L. yakel)  X-ray d i f f r a c t i o n  

s tud ies  of f i n e l y  ground specimens from experimental un i t  7 were recen t ly  

completed. The f r a c t i o n a l  c parameter increase,  ac/co, was qu i t e  small 

(<0.0015), as was expected i n  view of the  high temperatures, but  it was 

approximately proport ional  t o  t he  neutron dose above 900°C, as  can be seen 

i n  Fig. 8.14. The e f f e c t  of temperature i s  i l l u s t r a t e d  by the  r e l a t i v e l y  

high value of &/co a t  583OC and low values a t  1 1 0 0 ~ ~ .  There was a large  
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Fig. 8.14. Increase in c Parameter vs Integrated Fast-Neutron Flux 
in Experimental Unit 41-7. 

variation in the anisotropic expansion ratios, (~c/c~)/(La/a~), but the 

average (43) was near that for other experiments. 

Marked symmetrical broadening of all reflections hk-R with R large, 

which may be indicative of lattice-defect agglomeration between certain 

of the planes perpendicular to the c-axis, was noted in all pat'terns, ex- 

cept those for spec,imens in capsule 7. These two patterns were anoma- 

lously sharp, and the lattice parameters were anomalously low. Metal- 

lographic examination of the steel cladding of capsule 7 (see subsequent 

section of this chapter) indicated, however, a period of operation at a 

higher temperature than the average temperature of 935°C for this capsule. 

Partial annealing of the lattice damage to the Be0 in the capsule could 

have occurred during this period. 

Lattice parameters and anisotropic expansion ratios of corresponding 

hot-pressed and cold-pressed samples are in'fair agreement. The increase 

in volume calculated from the lattice parameters is only about 4% of the 

total volume increase of the hot-pressed compacts and only about 8% of 

that of the cold-pressed material. Nevertheless, as can be .seen in Fig. 

8.15, there is a correlation of total volume increase for both types of 

Be0 with the c parameter increase. 

Gas Content. ,The tritium generated in the specimens of experimental 

unit 7 was nearly completely lost, as in previous experiments at high tem- 

peratures, and about 50% of the helium escaped during exposure to high 



UNUASSlflED 
ORNL-LR- DWG 76726R 

0 COLD PRESSED AND SINTERED 825 OC 
HOT PRESSED 

926 OC 

915 OC 

906 O C  969 OC I 

- 
0 0.02 0.04 0.06 0.08 0.10 0.42 0.14 0.16 

Ac/co, INCREASE IN c PARAMETER (70) 

Fig. 8.15. Volume Increase of Be0 Specimens vs Increase i n  c Parame- 
t e r ,  Experimental Unit 41-7. 

fas t -neutron doses (>3 X neutrons/cm2). The grain-boundary separa- 

t i o n  t h a t  occurred a t  the high doses may have permitted some of the  helium 

t o  d i f fuse  out of t h e  compacts. ~ e s u l t s l ~  of experiment 6 indicated a 

helium lo s s  of about 60% a f t e r  a much lower exposure (<1021 neutrons/cm2). 

The Be0 used i n  t h i s  experiment was, however, of very low dens i ty  and qu i te  

porous; consequently, l o s s  of helium by d i f fus ion  was expected. 

Discussion of Results of Experiment 7 

The increase i n  volume of Be0 compacts exposed t o  high fas t -neutron 

doses i s  one of the  important c r i t e r i a  of i r r a d i a t i o n  damage. The f r ac -  

t i o n a l  volume increase may be represented by t h e  approximate equation 

i n whi ch 

nVT = 1;ol;al volwne increase, 

AV, = volume increase  calcula ted from l a t t i c e  parameters, 

AVd = volume increase  caused by l a t t i c e -de f ec t  agglomeration, 



AV = volume increase  cau3ed by grain-boundary separation,  
g 

Vo = uni r rad ia ted  volume. 

The l a t t i c e  parameter expansion, AV /V which can be calcula ted R 0.' 

from measured values of t h e  c and a parameters, i s  much l e s s  a t  high tem- 

pera tu res  than a t  very low temperatures.18 Nevertheless, it i s  s t i l l  ap- 

proximately propor t ional  t o  the  neutron dose a t  temperatures above 900°C. 

Evidence from t h e  x-ray d i f f r a c t i o n  pa t t e rn s lg  shows t h a t  the  defect -  

volume increase ,  Avd/vOJ l i k e  LlvR/voJ i s  anisot ropic  and produces an ad- 

d i t i o n a l  p re fe r red  growth i n  the  d i r ec t i on  of the  c axes of individual  

c r y s t a l s .  Values of AV /V can be obtained from measurements of t h e  den- 
d 0 

s i t i e s  and l a t t i c e  parameters of s ing le  c ry s t a l s  included i n  experiments 

now i n  progress.  It should be poss ible  the re fore  t o  ca lcu la te  the  values 

of AV /V f o r  corresponding s in te red  compacts. 
g 0 
The two p r i n c i p a l  mechanisms proposed f o r  grain-boundary separat ion 

i n  pure Be0 a r e  (1 )  an i so t rop ic  expansion of t he  c ry s t a l s  t h a t  r e s u l t s  i n  

s t r e s s e s  a t  t he  g r a in  boundaries which ul t imate ly  overcome the intergranu- 

l a r  bonding forces  and (2 )  t h e  breaking apa r t  of g ra in  boundaries by the  

pressure  of the  helium t h a t  d i f fuses  t o  t he  g r a in  boundaries a f t e r  i t s  

production by neutron react ions  wi thin  t h e  c ry s t a l s .  It seems ce r t a i n  

t h a t  t he  f i r s t  mechanism appl ies  a t  low neutron doses and low temperatures, 

because under these  condit ions grain-boundary separat ion occurs with very 

low helium production.20 The question of whether t h i s  mechanism i s  a l s o  

dominant a t  high temperatures and high neutron dose is  s t i l l  unanswered, 

because the re  was no separat ion of t h e  neutron-flux and neutron-dose 

parameters i n  experiment 7, except i n  t he  i n -p i l e  thermal conductivi ty 

measurements. The co r r e l a t i on  of c parameter increase with t o t a l  volume 

increase  ( ~ i g .  8 .15)  does not ,  i n  i t s e l f ,  subs tan t ia te  the  an i so t rop ic  

1 8 ~ .  P. Shie lds ,  J. E. Lee, Jr. ,  and W. E. Browning, Jr., " ~ f f e c t s  
of Fast-Neutron I r r a d i a t i o n  and High Temperatures on Beryllium Oxide," 
USAEC Report ORNL,-3164, Oak Ridge National Laboratory, March 16, 1962. 

"H. L. Ya.kel and B. S. Borie, Acta. Cryst. (1963) ( i n  p r e s s ) .  

'5. Elston, "Radiation Damage i n  Solids,  I f  Proceedings of Symposium 
on Radiation Damage i n  Sol ids  and Reactor h t e r i a l s ,  Venice, h y  7-11, 
1962, Vol. I1 ( ~ i e n n a ,  IAEA, 1962). 



expansion mechanism, because ac/co i s  a l s o  proport ional  t o  t he  neutron 

dose ( ~ i g .  8 .14) .  

The experimental uni ts  now being evaluated and undergoing i r r a d i a t i o n  

a r e  s t a t i s t i c a l l y  designed21 t o  separate  the  parameters of g ra in  s i z e ,  

density,  specimen s i z e ,  neutron f lux ,  neutron dose, and temperature. More 

than 300 cold-pressed cy l i nd r i ca l  compacts made from the  same s t a r t i n g  m a -  

t e r i a l  and s in te red  at t h e  same temperature, a s  wel l  a s  s i ng l e - c ry s t a l  

specimens, a r e  included. The s t a t i s t i c a l  design should permit a t e s t  of 

the  proposed damage mechanisms, and t he  r e s u l t s  should provide quant i ta-  

t i v e  reactor-design information. 

Metallographic Examination of' Cladding and find Caps from Be0 Experimental 
Unit 41-7 (E. J. Manthos) 

It was noted during the  d i ~ a s s e r n b l y ~ ~  of experimental un i t  7 t h a t  t he  

type 430 s t a i n l e s s  s t e e l  cladding surfaces  of capsules 7 and 8 appeared to:  '3 

be l a rge  grained. The average operating temperatures were 935 and llOO°C, ! ~; 

respect ively .  The end caps of these  capsules, o r i g ina l l y  f l a t ,  were bowed, : . s  

and shiny c ry s t a l l i ne  metal deposi ts  were present  a t  the  ends o f ' t h e  in-  + .  

t e r i o r  surfaces of the cladding. Capsule 4 presented a normal appearance 

even though it operated a t  a higher temperature ( 9 7 0 " ~ )  than capsule 7. - ,a $.! L 

Metallographic examination revealed, however, t h a t  t he  g ra ins  of the  s t e e l  ?'..,:.f. 

cladding of capsules 7 and 8 were s im i l a r  and much l a rge r  than those of :! . ;:.>. . 

capsule 4. I n  addi t ion,  the  microhardness (DPH, 500-g load)  of a control  

specimen and cladding sect ions  of capsules 4, 7, and 8 were 202, 147, 142, 

and 140, respect ively .  

Metallographic evidence thus ind ica tes  t h a t  capsule 7 operated f o r  a 

period of time a t  a temperature g r ea t e r  than t he  average operating tem- 

pera ture  of 935OC and possibly a t  a temperature a s  high a s  t h a t  of capsule 

8, 1100°C. The c r y s t a l l i n e  type 430 s t a i n l e s s  s t e e l  deposi ts  msy have r e -  

su l t ed  from vaporization of metal from the  s ides  of t h e  end caps and sub- 

sequent condensation on the  adjacent  cooler  capsule walls .  P r e f e r a t i a l  

*ID. A. Gardiner, ga he Experimental Design f o r  Be0 I r r a d i a t i o n  Ex- 
periments ORNL-41-8 and OWL-41-9," USAEC Report ORNL-3310, Oak Ridge 
National Laboratory, Ju ly  2, 1962. 



diametral  expansion of Be0 may have.forced the  capsule walls away from 

the  end caps, which would r e su l t  i n  overheating of the  end caps. 

I,.. . 



9. STUDIES OF ADVANCED SYST-~I$S 

GCR-3 Power Cycle Studies 

W. R. Gall  

The steam power cycle proposed i n  the  GCR-3 study1 included s i x  re-  

generative feedwater heaters  t o  provide a feedwater temperature of 450°F. 

I n  order t o  provide an adequate temperature d i f fe rence  between t he  gas 

and steam i n  the  steam generator,  it would be necessary t o  r e t u r n  the  gas 

t o  t he  blowers a t  550°F. The blower power required t o  c i r cu l a t e  the  gas 

.wc:)lll.il. v;.l.sy as   follow^ : 

where 

&b = work done on the  gas by t he  blowers, - 

Q = t o t a l  thermal energy, Tncluding &b and the reac to r  heat ,  
T 
11 = ef f i c iency  of the  blowers, 

T1 = blower suct ion temperature (absolute) ,  

T2 = reac to r  o u t l e t  temperature (absolute) ,  

P c 
= compression r a t i o ,  

k = adia'batic exponent of the  gas. 

For the  conditions of the  GCR-3 design QT = 2000 Mw, 7 = 0.85, k = 1.659, 

TI = 10IOOR, T2 = 1610°R, and [pc 'k-l'h - 1 1  = 0.0231; s o  %/% = 0.0452 

or  4 .5% o r  the  t o t a l  energy of the  system. 

I n  terms of the  blower suct ion temperature, the  blower work f o r  the 

GCR-3 system i s  

'M. Bender and W. R. Gall ,   he OFNL GCR-3, A 750 Mw(e) Gas-Cooled 
Clad-Fuel Reactor Power Plant ,  A J o i n t  Design Study," USAEC Report 
ORNL-3353, Oak Ridge National Laboratory, January 1963. 



Thus t h e  suct ' ion temperature a f f ec t s  the  blower work both by changes i n  

t he  compressive work per pound and by the  t o t a l  number of pounds pumped. 

This e f f e c t  was calcula ted by adding heaters  t o  and subtract ing them from 

the  heat-balance diagram f o r  the  GCR-3 cycle, and the r e s u l t s  presented 

i n  Table 9 . 1  were obtained. Enthalpies were held constant throughout 

t h e  cycle, and the t o t a l  thermal energy avai lable  a t  the  steam generator 

w a s  held at  2000 Mw. 

Table 9.1. Effect  of Feedwater Temperature on Performance 
of GCR-3 Power Cycle 

-- 

Feedwater temperature, O F  93.6 265.1 342.7 386.9 450.1. 533.0 

Number of heaters 0 2 4 5 6 7 

Blower i n l e t  temperature, 366 452 494 5 17 550 59 8 
F 

Reactor i n l e t  tempera- . 388 476 5 19 543 578 62 7 
tu re ,  OF 

Blower work, % of reac tor  2.95 3.68 4.11 4.37 4.83 5.49 
heat  

Heat r a t e ,  ~ tu /kwhr  9716- 9148 8955 . 8932 8937 ' 8990 

N e t p l a n t e f f i c i e n c y ,  % 35.5 38.0 39.0 39.2 39.3 39.3 

The data presented i n  Table 9 . 1  a r e  shown graphical ly  i n  Fig. 9.1. 

The most noticeable fea ture  of the  curves of Fig. 9 . 1  i s  the  broad f l a t  

shape of the e f f ic iency  and heat- ra te  curves between feedwater tempera- 

t u r e s  of 350 and 530°F. The change i n  e f f ic iency  i n  t h i s  range i s  only 

0.2% of 39%. This i s  a considerably f l a t t e r  ef f ic iency peak than i s  

t y p i c a l  f o r  conventional power plants .  

The economics a l s o  d i f f e r  from those of conventional p lants .  Since 

e f f i c i ency  changes l i t t l e  w i t h ,  feedwater temperature, t he  f u e l  cost  a l s o  

changes l i t t l e ,  and t he  s i gn i f i c an t  economic fac tors  a r e  t he  e f f ec t s  of 

t h e  temperature on t he  c a p i t a l  cost  of equipment. Costs of blower equip- 

ment, gas piping, feedwater heaters,  and the  reac tor  core increase with 

increases  i n  the  feedwater temperature, whereas the  steam generator cost  

decreases. Before f i n a l  se lec t ion  of t he  feedwater temperature i s  made, 

a ca re fu l  evaluation of these  economic e f f ec t s  i s  required. 
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Fig. 9 .1 ,  Effect  of Feedwater Temperature on Performance of the  
GCR-3 Power Cycle. 

GCR-4 Design Studies 

W. R. Gall  

The GCR-3 study1j2 showed t h a t  it would be poss ible  t o  generate 

power i n  a gas-cooled reactor  power p lan t  f o r  as  l i t t l e  as 4 .5  mills/kwhr. 

The study was based on a reactor  gas o u t l e t  temperature of only 1150°F i n  

order t o  be below the  temperature l e v e l  a t t a i nab l e  with c lad  fue l s .  

2 ~ .  R. Gall,  GCR-3 Design, pp. 340403,  "GCRP Semiann. Prog. Rep. 
Sept. 30, 1962," USAEC Report ORNL-3372, Oak Ridge National Laboratory. 



The Westinghouse E l e c t r i c  Corporation has now completed a prel iminary 

parametric study of a combined gas-turbine and steam-generator power cycle 

of  the  type ,shown i n  Fig. 9.2.  The bas ic  steam' conditions' assumed f o r  the  

s tudy  were 

Steam pressure ,  p s i a  2415 
I n i t i a l  temperature, OF 1000 
Reheat temperature, O F  1000 
Steam, exhaust flow, lb /hr  3,000,000 
Exhaust i n .  Hg abs. 1 . 5  

Heat balances were developed f o r  th ree  values of feedwater temperature, 

96.1, 269.4, and 450.3 OF, corresponding t o  0, 3, and 6 s tages  of heating,  
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. Fig. 9.2. Schematic Diagram of Combined Gas Turbine and Steam- 
Generator Power Cycle f o r  a Gas-Cooled Reactor. 



respect ively .  The r e s u l t s  of the  th ree  heat-balance determinations a r e  

l i s t e d  i n  Table 9.2. I n  a l l  t h r ee  cases it was assumed t h a t  the  b o i l e r  

feed pumps were driven by steam turbines and the  gas c i rcu la to rs  were 

dr iven by gas turbines .  For t he  three  feedwater temperatures t h e  corre-  

sponding gas temperatures a t  t he  compressor suct ion were: 

Fccdwater Gas Suction 
Temperature (OF) . Temperature ( O F )  

96.1 . - 375 
269.4 470 
450.3 550 

t he turbine  exhaust temperature was 115O0F f o r  a l l  cases, and the exhaust 

gas went t o  the steam generator., a s  shown by Fig. 9.2.  The compression 

r a t i o  required t o  overcome f r i c t i o n a l  r es i s t ance  was assumed t o  be 1.06. 

. ' . Table 9.2.  Heat Balances f o r  Various Feedwater Temperatures 

- - 

Feedwater temperature, OF 96.1  269.4 450.3 
Stage€ o f ,  heating 0 3 6 
Exhaust steam flow, lb /hr  3,008,059 3,002,107 3,009,522 
Thro t t l e  flow, lb /hr  3,116,000 3,700,,000 4,500,890 
~ t e &  turbine  power, kw 578,476 658,925 714,434 
Heat r a t e ,  ~ tu /kwhr  8,660 8,064 7,760 

Ten gas turbine  and compressor arrangements were s tudied a s  topping 

'3 . cycles f o r  the  th ree  steam cycles. I n  th ree  of these  the  gas turbines  
provided only enough power t o  d r ive  the  compressors. The other  seven were 

se lec ted  t o  show the  e f f e c t  on over -a l l  p l an t  performance of generating 
. .L, various amounts of net  power i n  the  gas turbines  with gas temperatures up 

t o  1 5 0 0 0 ~  a t  thc  turbine  i n l e t .  The r e s u l t s  a r e  given i n  Table 9.3 and 

Figs. ,9.3, 9..4, and 9.5.  

For t he  simple case where the  gas turbine  i s  used only t o  d r ive  the  

gas c i r cu l a to r ,  a r eac to r  e x i t  tempere.ture of 1240°F i s  adequate, a s  shown 

i n  ~ i ~ .  .9.3,  i f  no fee,dwater heating i s  used. A ga in  i n  e f f i c iency  r e s u l t s  

f rom' fu r the r  increases  i n  the reac to r  e x i t  temperature, however, s ince  it 

g higher feedwater temperature and thus higher e f f i c iency  i n  the 

steam cycle, which estab1ishe.s the  ne t  capab i l i ty  of the  system. For a 



Table 9.3. Results of Parametric Stildy of Various Gas-Turbine and Steam Generator Combinations 

Compressor Number Turbine Net Total  Net Gas- Total  Power Reactor Reactor 
S u c t i m  of I n l e t  Gas-Turbine Flow of Turbine Output of I n l e t  Thermal Efficiency 

Temperature Compression Temperature Power Helium Power Plant Temperature Power 
(OF Stages (OF) (kw/lb-set)" ( lb /sec)  . (kw) (kw) O F )  (kw) 

($1 

' ~ a s e d  3n helium a s  the  c i rcuia ted  gas. 



feedwater temperature of 450°F the reactor eiit temperature required is 

1368.6"F and the efficiency of the plant is 43.978, as compared with 39.4% 

at the lower temperature. 

UNCLASSIFIED 
ORNL-DWG 63-549 

REACTOR INLET 

FEEDWATER 

COMPRESSOR SUCTION TEMPERATURE ( O F )  

Fig. 9.3. Effect of Compressor Suction Temperature on Thermal Ef- 
ficiency and Reactor-Exit, Reactor-Inlet, and Steam-Generator Feedwater 
Temperatures. Gas turbines used only to drive compressors and exhausted 
t.o st,ea.m generator at 1150°F. Friction loss pressure ratio = 1.06, 
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Fig. 9.4. Effect  of Compressor Suction Temperature on Thermal Ef- 
f i c i ency  of t he  Combined G a s  Turbine and Steam-Generator Power Cycle a t  
Reactor Exit Temperatures of 1368.6 and 1500°F. Calculated f o r  t he  cycle 
shown i n  Fig. 9.2.  

For a given r eac to r  e x i t  temperature, the  maximum ef f ic iency  occurs 

a t  a lower compressor suc t ion  temperature than 550°F, a s  shown i n  Fig. 

9.4, where e f f i c iency  curves f o r  reac to r  e x i t  temperatures of.1368.6 and 

1500°F a r e  presented. The lower curve corresponds t o  t he  reac to r  o u t l e t  

temperature a t  which no ne t  gas-turbine power i s  generated a t  a suct ion 

temperature of 550°F. A t  lower suct ion temperatures, liowever, some ex- 

cess power i s  ava i l ab le ,  so  t h i s  curve i s  higher a t  a l l  o,ther points  than 

t he  e f f i c iency  curve of Fig. 9.3. A t  t h e  higher reac to r  e x i t  temperature 

of 1500°F, a g r ea t e r  f r a c t i o n  of the  p lan t  output i s  generated by the  gas 

turbine ,  so  the  e f f e c t  of a higher feedwater temperature c a r r i e s  l e s s  

weight and the maximum ef f ic iency  occurs a t  a s t i l l  lower temperature 

f o r  b e t t e r  gas - turbine  performance. 
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Fig. 9 .5 .  Reactor Thermal Power and Net and Tota l  E l e c t r i c a l  Power 
from Gas Turbine f o r  Combined Gas-Turbine and Steam-Generator Power Plant :I ?:. 

Generating 1000 Mw o f . E l e c t r i c i t y .  Calculated f o r  the cycle shown i n '  , ;;, 
Fig. 9.2 with a compressor suct ion temperature of 470°F and a feedwater " :j! 
temperature of 269.4"F. . I  . 

Figure 9 .5  ind ica tes  t he  e f f ec t  of increas ing the  reac to r  e x i t  tem- 

pera ture  on the  required reac to r  thermal power and on t he  net  power from 

the  gas turbine  f o r  a power p l an t  with an e l e c t r i c a l  output of 1000 Mw 

using a f ixed compressor suct ion temperature of 470°F and the  bas ic  con- 

d i t i ons  o f , t h e  parametric study of the  system shown i n  Fig. 9.2. The 

f r a c t i o n  of net  power supplied by the  gas turbine  i s  small  a t  a l l  tempera- 

t u r e s  below 1500°1i', amounting t o  only 13.3% a t  1500°F. A t  150O0F, how- 

ever, t h e  gross power generated by the  gas turbine  alone i s  more than 100% 

of the  ne t  e l e c t r i c a l  output of the  p l an t  (1060 Mw vs  1000 ~ w ) .  'l'he d i f -  

ference between t h e  gross and ne t  gas-turbine power i s  t he  work done on 

the  gas by the  compressor. Studies a r e  under way t o  determine t he  eco- 

nomics of the  system using a suct ion temperature of 470°F; a feedwater 



temperature of 2 70 OF, a reactor  e x i t  temperature of approximately 11500 OP', 

and a p l an t  designed f o r  a t o t a l  e l e c t r i c a l  output of 1000 Mw. 

Comparison of Coolants f o r  Gas-Cooled Reactors 

G. Samuels M. E. Lackey 

The r e l a t i v e  meri ts  of coolants f o r  gas-cooled reactors  were s tudied 

on the  ba s i s  of t h e i r  molecular weight, spec i f i c  heat ,  thermal conduc- 

t i v i t y ,  and v i s cos i t y .  The rad ia t ion  and thermal s t a b i l i t y  and the  cor- 

ros ion  e f f e c t s  of  the  gases o r  t h e i r  products were not considered. The 

hydrocarbons, which a r e  known t o  be thermally unstable a t  temperatures of 

i n t e r e s t ,  were not included, and chlor ine  compounds were omitted because 

of t h e i r  high neutron-absorption cross sect ion.  

For comparing t h e  coolants,  t h e  GCR-3 system1 was used a s  . the  base 

design,  and t he  system was divided i n t o  four  components: t he  core, the  

piping,  t h e  steam generators,  and t h e  blowers. I n  a l l  cases, t he  gas tem- 

pera ture ,  power output, and f u e l  element surface temperature were held  

constant .  For evaluat ing core performance, both the  channel diameter and 

t h e  sur face  roughness of the  f u e l  elements were var ied  to 'main ta in  the  

same maximum f u e l  surface  .temperature. I n  the  steam generators,  t he  spac- 

i ng  between t he  tubes was'varied so t h a t  the  t o t a l  hea t  t r ans fe r red  and 

t o t a l  surface  a r ea  remained constant. This attempt t o  hold conditions 

as near ly  constant  as poss ible  r e su l t ed  i n  r a t he r  severe pena l t i e s  f o r  

some of t he  coolants,  e spec ia l ly  f o r  C02 and SO2 i n  the  steam generator.  

The thermal, nuclear,  and physical  p roper t i es  and t he  performance charac- 

t e r i s t i c s  of t h e  coolants invest igated a r e  summarized i n  Tables 9 .4  and 

9.5. 

It may be seen from Table 9.5 t h a t  Hz,, SiH4., CF4, SiF4,  SF6, and C2F6 

a r e  a l l  super ior  t o  helium, with SiH4, SF6, and C2F6 being the  bes t .  Also., 

SO2 i s  a very poor coolant  f o r  t he  GCR-3 operating condit ion and would be 

of i n t e r e s t  only i n  unusual appl ica t ions  i n  which the  blower suct ion tem- 

pera tu re  was i n  the  range 300 t o  350°F and t he  system pressure about 1000 

t o  1100 p s i .  

A determination was a l s o  made of the  cost  t o  a reac to r  system of 

using a mixture of neon and helium i n  place of helium. The following 



Table 9.4.  Thermal, Nuclear, and Physical  Proper t ies  of 
Coolants f o r  Gas -Cooled Reactors 

Gas 
Molecular 
Weight 

Microscopic 
Absorption Cross 

Section a t  
Thermal Energy 

( cm-I ) 

Thermal and Physical Proper t ies  
a t  860 OF 

Spec i f i c  Thermal Viscosity 
Heat Conductivity 

( ~ t u / l b .  O F )  ( ~ t u / h r .  f t  . O F )  
( lb/hr .  f t ) 

t abu la t ion  gives an  approximate value of the  required pumping power f o r  

neon-helium mixtures compared with 100% helium: 

Gas (vol  8) 

Neon Helium 

20 80 
10  90 

5 9 5 
2 .5  97.5 
0 100 

Required Pumping 
Power Helat ive  

t o  That f o r  
100% Helium 

I n  attempting t o  p lace  a value on t he  pumping power, the  GCR-3 design and 

cost  f i gu re s  were used, along with t h e  following assumptions: 

1. The p l an t  gross output  remains t he  same. 

2. A l l  p l an t  equipment remains the  same except f o r  t he  blower d r ives  

and sha f t .  

3 .  The base cost  of' the  dr ives  and s h a f t  i s  $2,500,000 and increases  

as the  0.6 power of the  required power i n p i ~ t .  

4. The increased power t o  the  dr ives  causes a l i k e  decrease i n  t h e  

ne t  p lan t  output. 

5.  The GCR-3 system ~v~olune 1s 1.5  X lo6 f L'. 



Table 9.5. Performance Charac te r i s t i c s  of Coolants f o r  Gas-Cooled 
Reactors Rela t ive  t o  t he  Charac te r i s t i c s  of Helium 

Relat ive Pressure Drop Blower Requirements 
Relat ive 

G a s  Weight Suction Pumping 
Core Steam Total  Flow Head volume Power 

Generator eft) . Ratio Ratio 

6. The l o s s  r a t e  of coolant is  1 1/3 charges per year. 

7 .  Total  p l an t  output  i s  5 .4  X 10' k ~ h r / ~ e a r  and i s  valued a t  6 

m i l l s  /kwhr . 
8. The c a p i t a l  cos t  r a t e  i s  14.5%. 

For the  gas mixture with 2 . 5  v o l  8 neon, a s  an example, t he  pumping 

power would increase  from 10  t o  11% of p lan t  output, t he  cost  of the  blower 

d r ives  would increase  about 6$, and the  p lan t  output  would decrease by 1%: 

The year ly  cos t  of these  e f f e c t s  would be t he  following: 

Cost of l a r g e r  dr ives  = 2.5  X l o6  X 0.06 X 0.145 
= $21,800 

Value pf power l o s t  = 5 .4  X 10' X 0.006 X 0.01 
= $324.,000 

Tota l  cos t  per year = $346,000 

The saving, S (per 1000 f t 3  of gas ) ,  required i n  tlie cos t  of t he  coo1an.l; 

t o  o f f s e t  the above penal ty  would be 

and thus the required decrease i n  coolant cos t  t o  j u s t i f y  a 2 1/2% ad- 

d i t i o n  of neon t o  helium would be $156 per  1000 f t 3 .  Considering t h e  

l i n e a r  r e l a t i o n  between t he  neon content and pumping power, t he  saving 



required f o r  each 1% increase  i n  neon content would be about $62.50 per 

1000 f t 3  of coolant. 

. Parametric Study of Large Pebble-Bed Reactors 

J. W. Michel 

A study was made of t he  heat  t r an s f e r  and f l u i d  flow parameters f o r  

the  core of a pebble-bed reactor  designed f o r  operation i n  the  thermal 

power range 2500 t o  100') 000 M w .  The study was l imi ted  pr imar i ly  t o  ap- 

plying the  reac to r  hea t  t o  make sa tu ra ted  steam a t  a maximum temperature 

of 300°F and t o  optimizing t he  steam generator design using the  recen t ly  

developed GCSG c o ~ n p u t e ~  code. 

Four general  types of core geometries were examined before s e l e c t i w  

the  radial-f low type f o r  a more de t a i l ed  analys is .  The four  types were 

(1) upflow ( l e v i t a t i o n  l imi ted and r e s t r a ined ) ,  (2  ) downflow, ( 3  ) folded 

flow, and ( 4 )  r a d i a l  flow. The bas ic  design parameters se lec ted . . in  an -* .L'? .. v 

.. ,. 
attempt t o  a r r i v e  a t  a f e a s ib l e  minimum-cost p l an t  a r e  l i s t e d  below: .,:i 

Thermal power l eve l ,  Mw 
Coolant gas 
Coolant pressure, p s i a  
Core i n l e t  temperature, 
Core o u t l e t  temperature, 
Minimum core dimension, 
Allowable power densi ty  
1 1/2-in.  - d i m  fueled 
spheres, w/cm3 

25,000 
Helium 
1000 

OF 350 
OF. 1050 

f t  15 
f o r  240 

It was f u r t h e r  assumed t h a t  a pres t ressed concrete pressure  vesse l  of up 

t.o 60 f t  i n  ins ide  diameter could be b u i l t  t o  contain helium a t  1000 ps ia .  
I 

The th ree  t yp i ca l  r a d i a l  outflow designs s tudied a r e  described i n  

Table 9.6, which ind ica tes  the  e f f e c t s  of changing the  core geometry and 

the  fuel-sphere s i z e .  The r e l a t i v e  importance of the  cost  of t he  blower 

d r ive  equipment as  a f fec ted  by t he  system pressure drop should be noted. 

To a f i r s t  order approximation, the  optimization of the  associa ted steam 

3 ~ .  P. Fraas and M. N. Ozisik, "steam Generators f o r  High-Temperature 
Gas-Cooled Reactors, " USAEC Report OWL-3208, Oak Ridge National Labora- 
tory ,  Apri l  8, 1963. 



Table 9.6. Cha rac t e r i s t i c s  of Three Radial-Outflow Pebble-Bed Cores 

Design 

Core i n s ide  diameter, f t  

Core outs ide  diameter, f t  

Height, f t  

Fuel-sphere diameter, i n .  

Ratio of pumping power t o  hea t  
removal 

Pressure drop through core, 
p s i  

Core power dens i ty  (maximum 
allowable ) , w/cm3 

Flow r a t e ,  lb /hr  

Blower suc t ion  capacity,  cm 

Number of spheres i n  pe'b'ble 
bed 

Bed volume, f t 3  

Weight of spheres i n  bed, tons 

Core i n l e t  ve loc i t y  f o r  double 
en t ry ,  with 1 1/2- f t - th ick  
r e f l e c t o r ,  f t / s e c  

Core i n l e t  pressure drop, p s i  

Blower head required,  f t  

Drive power required f o r  85% 
blower e f f i c iency ,  hp 

Cost of d r ive  equipment a t  $15 
per  u n i t  of power required 

Estimated cost  of pressure  ves-  
s e l  a t  &O per  cubic f o o t  of 
i n t e r n a l  volume 

Tota l  cos t  of d r i ve  equipment 
and p r e s s i r e  vessel. 



generator was computed using the  GCSG code. The design of one of t h e  s i x  

axial-f low steam generators assumed t o  be required i s  described below: 

Tube diameter, i n .  1 1/2 
Tube bundle diameter, f t  16.4 
Tube bundle length, f t  66.0 
Ratio of pumping power t o  heat  removal 0.005 
Steam mass flow r a t e ,  l b / f t 2 . s ec  70 
Estimated tube-bundle cost ,  do l la r s  3 X lo6  

Fuel-Cycle Cost Study f o r  a Large Pebble-Bed Reactor 

A .  M .  Perry H .  F .  Bauman J. G .  Delene 

Fuel-cycle cos t s  and conversicjn r a t i o s  were calcula ted f o r  l a rge  

fueled-graphite reactors  of t h e  pebble-bed type. Such high-temperature 

gas-cooled reactors  have, among other fea tures  des i rable  i n  l a r g e  power 

reactors ,  highly e f f i c i e n t  power cycles and the  capab i l i t y  of high con- 
.. .;: 

version r a t i o s ,  o r  even breeding, using a thorium cycle with f u l l y  en- ., . : ', 

, .. ... *.. 
r iched uranium. The core of the  reac tor  was assumed t o  be i n  t h e  form . , .  ., 

',.">' ..' 
of an annular bed t h a t  provided f o r  r a d i a l  flow of' t he  coolant gas..from #. . 

a cen t r a l  gas duct outward through t h e  f u e l  bed. In  t h e  reference design, . ,. 

\ .. -; ." . 

t he  pebble-bed ins ide  diameter was 15  ft, the  outside diameter was 45 f t ,  
..< < 

- : : A  

and t he  height was 45 f t .  The annular bed, s t a r t i n g  r a d i a l l y  from the  
:..: ' . :!. 

cen te r l ine  of t he  core, consisted of (1) the  c e n t r a l  gas duct, (2 )  a 1 - f t -  .. .. .. *. . , $ . 

t h i ck  r e f l ec to r ,  (3)  an inner blanket, (4) t he  core region, (5)  an outer 

blanket, and (6 )  a 2 - f t - th ick  r e f l ec to r .  There was a l s o  a 2 - f t - th ick  re-  

fl-ector above and below the  core. A t  a power densi ty  of about 14 w/cm3 

of bed, the  thermal power generated i n  a reac tor  of t h i s  s i z e  would be 

25,000 Mw. 

The reference pebble bed consisted of f u e l  spheres of graphi te  i m -  

pregnated with thorium and uranium and blanket spheres of graphi te  con- 

t a in ing  thorium. A t  equilibrium the  core spheres would contain, typ ica l ly ,  

0 . 3  wt u r a n i ~ ~ m  ( u ~ ~ ~  plus u~~~ ) and 10 w-t $ thorium and t he  'blanlcet 

spheres would have 0 .3  w t  % uranium and 25 wt thorium. It was assumed 

-- - --  

"a F. Bauman and J. G. Delene, " ~ ' e l - c y c l e  Cost Study f o r  a Very 
Large Pebble-Bed Reactor," USAEC Report ORTJL-TM-572, Oak Ridge National 
Laboratory ( t o  be -publiohcd). 



t h a t  t h e  f u e l  would be reprocessed on s i t e  and t h a t  t h e  uranium and thorium 

would be recycled t o  t h e  reactor .  I n  t h e  calcula t ions  t he  r e f l e c t o r  th ick-  

ness was held constant  while t h e  various other fac tors  a f fec t ing  fue l -  

cycle  cos t s  were s tudied individual ly  t o  provide basic  information appl i -  

cable t o  a wide range of possible pebble-bed reac tor  designs. 

MODRIC, a one -dimensional, mlt igroup, d i f  fus  ion-theory code, was 

used t o  make preliminary optimization s tud ies  and c r i t i c a l i t y  calcula t ions .  

For equil ibrium cycle calcula t ions  t he  MERC code6 was used. This code 

uses t h e  MODRIC code and t h e  ERC equilibrium code as  chain l i nks  and ca l -  

cu la tes  t h e  composition of t h e  reac tor  so  t h a t  c r i t i c a l i t y  and equ i l ib -  

rium condit ions a r e  simultaneously s a t i s f i e d .  The ca lcu la t iona l  model 

assumes t h a t  t h e  uranium processed from both t he  core and blanket i s  re -  

cycled t o  the  core and t h a t  the re  i s  continuous feed and uniform exposure 

of t h e  core and blanket spheres. The cross sect ions  used were t he  34-group 

s e t  tabula ted by N e ~ t o r , ~  and t he  treatment of t h e  thorium resonance cross. 

sec t ions  was t h e  same a s  t h a t  described by Miller .  ' 
The f u e l  element f ab r i ca t i on  and processing costs.  f o r  a large  pebble- 

bed r eac to r  of t h i s  type a r e  not present ly  known. Most of the  economic 

optimizations were made a t  $50 per kilogram of heavy elements, but  the  

e f f e c t s  of processing cos t s  i n  the  range from $10 t o  $100 per kilogram 

were a l s o  examined. 

Fuel-Cycle Cost Optimization 

The purpose of t h e  fuel-cycle cos t  optimization was t o  determine t he  

important var iables  and t h e  way they a f f e c t  t he  fuel-cycle costs .  Each 

of t h e  var iab les  was studied,  i n  turn ,  over a wide range, while the  other 

J. Replogle, "A One-Dimens ional  Neutron Diffusion Code f o r  t he  
DM-7090," USAEC Report K-1520, Oak Ridge Gaseous Diffusion Plant, 
September 6, 1962. 

6 ~ .  G. Alexander., Oak Ridge National Laboratory, personal communica- 
t i o n  t o  H. F. Bauman, Oak Ridge National Laboratory. 

7 ~ .  W. Nestor, Jr., "~ul-Ligroup Neutron Cross Sect ions ,"  USAEC Re-  
por t  ORNL-CF-61-6-87, Oak Ridge National Laboratory, June 23, 1961. 

'J. W. Miller, "~horium Resonance Cross Sections f o r  Thermal Breeder 
Reactor Study, " Oak Ridge National Laboratory, January 1961, unpublished 
i n t e rna l  communication. 



var iables  were held  a t  t h e i r  estimated optimum values. The parameters 

s tudied were blanket  thickness, blanket thorium concentration, f u e l  burnup, 

blanket burnup, reac tor  height-to-diameter r a t i o ,  power density, moderator- 

to - fue l  r a t i o ,  and cen t r a l  duct diameter. The core thorium concentration 

was se lected automatically i n  the  ca lcu la t ion  based on achieving c r i t i -  

c a l i t y  a t  t h e  spec i f ied  conditions. 

Blanket Thickness and Concentration 

It was expected t h a t  t h e  thickness and thorium concentration of the  

blanket would have l i t t l e  in te rac t ion  with t h e  other  var iables  i n  t h e  op- 

t imization.  For t h i s  reason, t he  b1anke.t thickness and concentration 

were f ixed f i r s t  i n  a preliminary study using t he  MODRIC code. 

Blanket Thickness. Somewhat a r b i t r a r i l y ,  but  from consideration of -- -, 

t he  mechanics of sphere flow, it was decided t h a t  a blanket thickness of 

l e s s  than 1 f t  was not p r ac t i c a l  i n  a reac tor  of t h i s  s ize .  The e f f e c t s  .. - ..,. 
of various combinations of blanket thickness and thorium concentration . .. 

. . .  

were calcula ted based on estimated equilibrium concentrations f o r  t h e  
. . ., 

nuclides i n  t h e  reac tor  and t h e  cimplifying nsaumption t h a t  blanket f i s -  

sions were negl igible .  It was found f o r  blanket thicknesses of 1.0,  1.5,  . -..< 
. . 

and 2.0 f t  and f o r  thorium concentrations ranging from 6 t o  40 wt % t h a t  . . .< , 

t he  e f f ec t  of blanket thickness was small compared with t h e  e f f e c t  of t he  

t o t a l  quant i ty  of thorium i n  t he  blanket. Since any desi red por t ion of 

t h e  neutrons avai lable  could be absorbed i n  t h e  blanket by adjust ing the  

thorium concentration without increasing t h e  thickness, t h e  blanket th ick-  

ness ,was I'iued a L  1 I'L I 'ur L l l e  raemalnder of t he  study. 

Blanket Concentration. The blanket thorium concentration was f ixed 

by balancing t he  economic gain  from higher neutron economy with an in -  

crease 211 -thorium concentration against  t he  accompanying increase i n  in- 

ventory charges. Preliminary calcula t ions  with t he  MODRIC code indicated 

t h a t  t he  optimum blanket thorium concentration was about 25 wt $, and t h i s  

value was used i n  t h e  remainder of t h e  study. Later MEHC equili'brium cost  

ca lcula t ions  confirmed t h i s  value. 

Eauilibrium Calculations 

The e f f ec t s  of t he  var iables  obtained from equilibrium recycle ca l -  

cula t ions  with t he  MERC code a re  shown i n  Figs. 9.6 through 9.11 and 
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Burnup f o r  Unit Processing Costs of $10 t o  $100 per Kilogram of Heavy 
Metal. 



Fig. 9.9. Absorptions Versus Power D e n ~ i t y  f o r  a Core Burnup of 
0 .61 t o  0.86 f i f a  and a Blanket Burnup of 5.3 t o  5.6%. 
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Fig. 9.10. Fuel-Cycle Costs Versus Moderator-to-Fuel Ratio at 
Optimum Core Burnup for Unit Processing Costs of $10 to $100 per Kilogram 
of Heavy Metal. 
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described i n  t h e  following sect ions .  'Unless otherwise indicated i n  the  

f igures ,  the  following reference conditions apply: 

Blanket thickness,  f t  1 .0  
Blanket thorium concentrat ion, wt $ 25 
Height -to-diameter r a t i o  1 . 0  
Power density,  over-a l l  average, w/cm3 14 
Carbon-to-fissile-uranium atomic -3000 
r a t i o  i n  feed 

Ins ide  diameter of c en t r a l  duct, f t  1 3  

The economic f ac to r s  t h a t  were f ixed f o r  t h i s  study a r e  given i n  t he  

following l i s t  : 

Cost of f u e l  (by isotope)  
u2 3 5 

Unit cost ,  $/kg 
In t e r e s t ,  $Iyr 

u233 

Unit cost ,  $/kg 
In t e r e s t ,  $/yr 

r n 2 3  2 

Unit cost ,  $/kg 
In t e r e s t ,  $/yr 

Reprocessing and f ab r i ca t i on  time. 

Core 

Cooling and processings, days 130 
Fabrication, days 20 

Blanket 

Cooling and processing, days 96 
Fabr icat  ion, days 20 

Reserve supply of core and blanket 30 
spheres, days 

Processing losses  

Thorium, % 
Uranium and pau3', $ 

throwaway losscs  

Core, % 
Blanket, $ 

Plant f ac to r  0.8 



. The u n i t  processing cos t s  used i n  t he  ca lcu la t ions  included a l l  proc- 

ess ing and fabr ica t ion  costs ,  and t h e  calcula t ions  were made f o r  process-. 

ing costs  of $10, $20, $50, and $100 .per kilogram of heavy metal processed. 

Core and Blanket Burnup. The reac tor  fuel-cycle cos t s  a r e  shown i n  

Fig. 9 .6  t o  be s t rongly influenced by core burnup, and t h e  optimum burnup 

(i. e . ,  t he  burnup which, gives t he  minimum fuel-cycle cos t )  changes mark- 

edly  with t he  processing cos t s  assumed; t h e  optimum burnup f o r  a process- 

ing cost  of $50 per kilogram of heavy elements i s  about 0.78 f i f a  ( f  i s -  
" s ions  per i n i t i a l  f i s s i l e  atom). The conversion r a t i o  decreases almost 

l i n e a r l y  with core burnup. 

The blanket burnup, i n  contras t ,  has very l i t t l e  e f f e c t  on t h e  fue l -  

cycle cos t s .  The blanket  burnup i s  expressed as  t h e  percentage of thorium 

atoms t h a t  absorb neutrons per i n i t i a l  thorium atom. A broad, f l a t  mini- 

mum i n  t he  fuel-cycle costs  ( a t  a u n i t  processing cos t  of $50/kg) occurs 
8. . 

a t  about 5.5% burnup of t he  blanket. The conversion r a t i o  has a 'very f l a t  

. maximum a t  t h e  same point .  The core burnup ca lcu la t ions  were made a t  about 

t h e  optimum blanket burnup (5.5%), and t h e  blanket  calcula t ions  were made ' ' , .  . . 

a t  optimum core burnup (about 0 .78 f i f a ) .  

The t h r ee  main components of t h e  fuel-cycle cos t s  a r e  p lo t ted  versus . . 

core burnup i n  Fig. 9.7 f o r  cores with and without blanket  regions. The 

pebble-bed configuration was t he  same f o r  both core models; i n  t h e  m ~ d e l  . . . ?$.; 

without, a blanket, t he  blanket spheres were replaced 'by f u e l  spheres. 

The processing cos t s  shown i n  Fig. 9.7 a r e  f o r  a u n i t  co s t  of $20 per kg 

of heavy metal; o ther  assumed u n i t  cos t s  would r e s u l t  i n  simple mult iples 

of t he  processing cos t s  shown (e .g . ,  i f  t h e  u n i t  cos t  were doubled, the  

processing costs  shown would be doubled). The inventory and processing 

cost,s a r e  nearly i den t i ca l  f o r  cores with and without blanket  regions; 

t he  replacement cost  i s  cons i s ten t ly  lower, however, f o r  the  core with 

a blanket because of t h e  higher conversion r a t i o  obtained. 

Blanket. Thnri.i.1.m Conc.ent,rat,J.on, With t he  core and blanket burnups 

held a t  approximately t h e i r  optimum values, t h e  eyf'ect of t h e  blanket  

thorium concentration was calcula ted.  A broad optimum was found between 

25 and 40 wt % thorium t h a t  was unaffected by t h e  assumed un i t  process- 

ing cost ,  The conversion r a t i o  increased with thorium concentration, a l -  

though t h e  e f f e c t  was small a t  high concentrations. 



Height-to-Diameter Ratio. The r e s u l t s  presented above a r e  f o r  a 

pebble-bed with equal  height and diameter, t h a t  i s ,  45 f t ,  because a 

cyl inder  with a height-to-diameter r a t i o  of one has a minimum surface-to- 

volume r a t i o ,  and a r eac to r  of t h i s  shape would be expected t o  have close 

t o  minimum leakage. There a r e  poss ible  advantages t o  higher r a t i o s ,  how- 

ever, such as :  (1 )  a shor te r  flow path through t h e  pebble bed, which 

would give a lower coolant pressure drop and a lower pumping cost;  ( 2 )  a 

smaller  pressure ve s se l  diameter (but a g rea te r  height) ,  which might r e s u l t  

i n  a c a p i t a l  cos t  saving; and ( 3 )  a l a rge r  in te r face  between core and 

blanket so  t h a t  more neutrons would en t e r  t he  blanket and give a g rea te r  

blanket  conversion r a t i o .  Therefore t he  e f f e c t s  of t h e  height-to-diameter 

r a t i o s  from 1 . 0  t o  3 .0  ( a t  t he  same bed volume) were calcula ted f o r  cores 

with and without blanket  regions. The optimum core burnup was determined 

f o r  each s e t  of conditions, and t he  r e su l t i ng  minimum cos t s  were calcu- 

l a t e d .  

For the  cores with blanket regions, the re  was l i t t l e  change i n  the  

fuel-cycle cos t s  over t h e  range studied.  Likewise, the re  was l i t t l e  change 

i n  t h e  over -a l l  conversion r a t i o .  For t he  cores without blanket regions, 

t h e  fuel-cycle cos t s  increased with t h e  height-to-diameter r a t i o ;  however, 

t h e  increase was small below a r a t i o  of 2.0. 

Power Density. The fuel-cycle cos t s  a t  t h e  optimum core burnup a r e  

given i n  Fig. 9.8 f o r  each of severa l  power dens i t i e s .  The minimum i n  

fuel-cycle  cos t s  occurs a t  a power densi ty  of about 7 w/cm3, and t h e  op t i -  

mum power densi ty  is l i t t l e  af fected by t he  un i t  processing cost  assumed. 

The s i ze  of t h e  core and, hence, t he  c a p i t a l  cos t  of items r e l a t ed  

t o  core s i z e  a r e  inverse functions of power density.  ,Therefore t h e  power 

dens i ty  of' 14 w/cm3 assumed f o r  t he  other  port ions of t h i s  cost  study may 

be nearer t o  optimum with regard t o  power costs ,  even though it is  twice 

t he  optimum power dens i ty  based on fuel-cycle  cos t s  alone. 

The conversion r a t i o  increases s teep ly  as t he  power densi ty  is  de- 

creased. This increase r e s u l t s  almost e n t i r e l y  from decreased pa ra s i t i c  

absorptions i n  u ~ ~ ~ ,  N ~ ~ ~ ~ ,  and a s  shown i n  Fig. 9.9. 

Moderator-to-Fuel Ratio. The f'uel-cycle costs  a t  t he  optimum core 

burnup f o r  each of severa l  moderator-to-Riel r a t i o s  are shown i n  Fig. 9.10. . 

A t  a power densi ty  of 14 w/cm3, t he  i n i t i a l  est imate of t he  optimum 



carbon-to-uranium r a t i o  i n  the  core feed of about 3000 was somewhat low; 

the  optimum f o r  a u n i t  processing cost  of $50 per kilogram of heavy metal 

i s  a c tua l l y  somewhat above 4000. 

A number of cases were calcula ted a t  a power densi ty  of 7 w/cm3 t o  

inves t iga te  t h e  in te rac t ion  of power densi ty  with moderator-to-fuel r a t i o  

a t  t he  opt.imum core burnup. These data  a r e  shown a s  dashed curves i n  

Fig. 9.10. The minimums s h i f t  toward higher carbon-to-uranium r a t i o s  a t  

t h e  lower power densi ty .  There i s  a broad maximum i n  t h e  conversion r a t i o  

a t  a carbon-to-uranium r a t i o  of about 6000 f o r  a core burnup of 0 .5  f i f a  

and e i t h e r  power density,  

Size of t he  Central  Duct. 'I'he s i z e  ot' t h e  cen t r a l  duct was found t o  

have l i t t l e  e f f ec t  on the  fuel-cycle  cos t s  over t he  range of i n t e r e s t .  

A s  t he  l a rge s t  duct diameter (18 f t )  s tudied was approached, t h e  conver- 

s ion  r a t i o  decreased s l i g h t l y  and t h e  fuel-cycle cos t s  s l i g h t l y  increased. 

Optimum Fuel-Cycle Cost. The optimum fuel-cycle cost  (i. e . ,  t h e  . 

costs  a t  t h e  optimum moderator-to-fuel r a t i o  and core burnup) a t  a power 

densi ty  of 14 w/cm3 based on $50 per kilogram of heavy metal as  t he  most 

probable u n i t  processing cost  was found t o  be 0.187 mill/kwhr (thermal). 

This i s  about 12% l e s s  than t h e  corresponding cost  f o r  a reac tor  without 

a blanket. The optimum fuel-cycle cos t  a t  t he  optimum power densi ty  of 

7 w/cm3 was found t o  be 0.169 mill/kwhr ( thermal) .  

Economic Breeding 

The foregoing fuel-cycle cost  study showed t h a t  t he  optimum reac tor  

from an economic standpoint would have a conversion r a t i o  somewhat g rea te r  

than 90%. An extension of t h i s  study was made t o  determine what condi- 

t i ons  mighl; ysTeld a breeder reactor  with a minimum increase i n  fuel-cycle 

costs .  

The following conditions, which a r e  favorable t o  a high conversion 

r a t i o  a t  l i t t l e  or  no cost  penalty,  were selected: 

Blanket burnup, % of thorium 5.5  
Power dens i-by , w/cm3 '-1 
Blanket thorium concentration, wt % 40 
Carbon-to-f i s s i l e  uranium atomic r a t i o  i n  feed -6000 
Inside diameter of c en t r a l  duct, f t  8 
Height -to-diameter r a t i o  1- .0 



A s e r i e s  of cases was calcula ted f o r  various core burnups, and, s ince  t he  

conversion r a t i o  is a funct ion of core burnup, it was convenient t o  p lo t  

t h e  r e su l t i ng  fuel-cycle cos t s  against  t he  conversion r a t i o ,  a s  shown i n  

Fig. 9.11. 

The so l i d  curves give  t h e  nuclear conversion r a t i o ,  t h a t  i s ,  t he  

r a t i o  without recycle  losses .  A s  may be seen, a subs t an t i a l  breeding gain 

i s  poss ible  with l i t t l e  cos t  penalty f o r  u n i t  processing cos t s  of t h e  

order of $10 t o  $20 per kilogram of heavy metal. 

The dashed curves give t h e  net  conversion r a t i o  based on recycle 

l o s se s  of 0.3% of t h e  f i s s i l e  material ,  an a r b i t r a r y  but reasonable as-  

sumption. Breeding i s  poss ible  under t h i s  assumption, but  a t  a substan- 

t i a l  fuel-cycle cost  penalty.  

Processing Cost. I f  t he  un i t  processing cost  (which includes f ab r i -  

c a t i on )  is  reduced by a f ac to r  of 10 from $100 t o  $10, t h e  optimum fue l -  

cycle costs , .  a s  shown i n  Fig. 9.11, a r e  reduced by a f ac to r  of 2, and t h e  

corresponding conversion r a t i o  i s  increased by 8% from 0.90 t o  0.98; how- 

ever, even fo r  a zero u n i t  processing cost  (but normal inventory charges 

f o r  mate r ia l  being processed), the  conversion r a t i o  i s  only 1.00 a t  t he  op- 

timum fuel-cycle  costs .  The major f ac to r  i s  the  inventory charge on t he  ex- 

t e r n a l  inventory of fue l ,  which imposesban increas i rg  economic penalky a t  

the  higher processing ra tes .  required ,to achieve increased breedingzratios.  
. 

Blanket. I n  every core studied t h e  use of a blarlket resu l ted  i n  

lower fuel-cycle cos t s  and higher conversion r a t i o s  compared with t h e  cor- 

responding core without a blanket. Attempts t o  increase t h e  over-a l l  con- 

vers ion r a t i o  by increasing t he  conversion i n  t h e  blanket beyond t h a t  ob- 

t a ined  with a "minimum" blanket were not, however, successful .  Increas ing 

t h e  t ranspor t  of neutrons from the  core t o  t h e  blanket by changing the  

shape of t he  reac tor  ( increas ing t he  height-to-diameter r a t i o  o r  t he  d i -  

ameter of the  inner duct)  d id  increase t h e  conversion i n  t he  blanket but  

a t  t he  cos t  of an even grea te r  l o s s  of conversion i n  t h e  core. The e f -  

f e c t  on t h e  blanket  conversion of changing t he  core carbon-to-uranium 

r a t i o  was negl igible .  

The t ranspor t  of neutrons t o  t h e  blanket  could be  increased by lower- 

ing t h e  f u e l  element dens i ty  or increasing t he  core void f rac t ion .  These 

f ac to r s  were not, however, investigated i n  the  present study. 



AVR Fuel  Management Study 

A. M. Perry  R .  S .  Carlsmith J. G .  Delene 

Various f u e l  management procedures a r e  being s tudied f o r  t he  f i r s t  

core loading of the  German pebble-bed reac to r  (AVR). The object ive  of 
. , 

the  study i s  t o  f i nd  a f u e l  composition t h a t  w i l l  give a high r a t e  of 

burnup and, a t  the  same time, be representa t ive  of f u e l  l i k e l y  t o  be em- 

ployed i n  f u l l - s c a l e  power reactors  of the  pebble-bed type. The f u e l  

must a l so  meet the  requirement t h a t  there  would be no r e a c t i v i t y  r i s e  i n  

the  event of an accident  i n  which steam entered the  core. 

The core cons i s t s  e s s e n t i a l l y  of a r i g h t  c i r cu l a r  cylinder,  300 cm 

high and 300 cm i n  diameter, surrounded by a graphi te  . r e f l ec to r .  The 

core i s  f i l l e d  with graphite spheres, 6 cm i n  diameter, some of which a r e  

fueled.  C r i t i c a l i t y  i s  maintained by varying the compositions of the  

spheres i n  t he  core, and the  four con t ro l  rods a r e  used only. . f o r  . shutdown. 
-! y . iy 

The combined weight f r a c t i on  of uranium and thorium i n  t he  spheres .. :+ *. . .*.. . . I .  

. t h a t  contain f u e l  has been t en t a t i ve ly  s e t  a t  5%. This i s  t he  lower .. .. . .. >,: .. " i 

l i m i t  of the  range which economic s tud ies  of f u l l - s ca l e  pebble-bed reac- 

t o r s  ind ica te  t o  be bf i n t e r e s t ;  a l so ,  s ince  t h i s  was t o  have been the  .. .c. ,.. 
.. 9.  . ..:,; 

loading f o r  the  PBRE, the  f u e l  t e s t i n g  program has t o  da te  produced more . , ",,. !..:: 
.:. , . . d 

information on t h i s  composition than on heavier  loadings. The f r a c t i o n  
,.;, :-i:$7 

of the  spheres t o  contain f u e l  i n  t h e  i n i t i a l  loadirg  has been t en t a t i ve ly  

s e t  a t  one-third. A lower rueled f r a c t i o n  would r e s u l t  i n  higher tempera- 

t u r e s  i n  t he  fueled spheres, while a higher f r a c t i on  would give a decreased 

r a t e  of burnup. Some calcula t ions  have been made with smaller loadings 

i n  the  fueled spheres o r  with smaller  fueled f r ac t i ons  i n  order t o  de- 

termine how much the  burnup r a t e  could be increased. The uranium enrich- 

ment i s  t o  be 90%. 

Two bas ic  methods of con t ro l l ing  r e a c t i v i t y  during burnup a r e  ava i l -  

able .  I n  the  f i r s t ,  the  i n i t i a l  uranium loading i s  made g r ea t e r  than 

necessary f o r  c r i t i c a l i t y  ( i . e . ,  ' t he  thorium-to-uranium r a t i o  i s  l e s s  than 

t h a t  required f o r  c r i t i c a l i t y ) ,  and the  excess r e a c t i v i t y  i s  o f f s e t  by 

poisoning some of the  nonfueled spheres. The poisoned spheres a r e  then 

gradually removed and replaced by g raph i te  spheres a s  uranium burnup pro- 

ceeds. The ava i lab le  l i f e t ime  f o r  the  f u e l  i s  determined by the  thorium- 



to-uranium r a t i o ,  a s  indicated i n  Table 9.7. Spheres poisoned with tho- 

rium, boron, and a r a r e  e a r t h  mixture have been considered. I f  thorium 

were used f o r  t h e  poisoned spheres i n  a core with fueled spheres with a 

thorium-to-uranium r a t i o  of 4.3, 67,000 poisoned spheres containing 5 w t  % 
thorium would be required,  t h a t  i s ,  a l l  t he  unfueled spheres would be 

poisoned. The same amount of poisoning would be obtained with only 1000 

spheres containing 0.5 w t  $ boron or  560 spheres containing 0 .5  wt % 
Lindsay Mix ( r a r e  ea r th  oxides.). 

Table 9.7. Effect ,  of Thorium-to-Uranium Ratio on Fuel 
Lifetime and Burnup 

- - -  

Case 1 Case 2 Case 3 

I n i t i a l  thorium-to-uranium r a t i o  12.6 7.3 4.3 
i n  f u e l  spheres 

Fuel l i f e t ime ,  days 0 2 68 727 . 

Fuel burnup, M W ~ / T  0 36,300 98,400 

I n  t h e  second method, a thorium-to-uranium r a t i o  i s  chosen t h a t  makes 

t h e  r eac to r  j u s t  c r i t i c a l  when t he  desi red i n i t i a l  f r ac t i on  of spheres i s  

fueled.  React ivi ty  i s  then maintained by inse r t ing  new fueled spheres 

(of t h e  same o r  d i f f e r en t  composition from the  o r ig ina l  fueled spheres)  

i n  place  of nonfueled spheres o r  i n  place of fueled spheres. I n  the cases 

calcula ted thus f a r ,  the  spheres used t o  maintain c r i t i c a l i t y  a l l  con- 

t a ined  the  uranium concentrat ion of the  o r ig ina l  spheres but  contained 

e i t h e r  no thorium, one-half the thorium of the  o r ig ina l  spheres, or  the  

f u l l  thorium concentrat ion of the  o r i g i n a l  spheres. The r e su l t s  of these 

calcula t ions  a r e  presented i n  Table 9.8. 

Calculations were a l s o  made f o r  a combination of t he  two methods of 

r e a c t i v i t y  control  i n  which poisoned sphere removal was followed by the  

add i t ion  of more fueled spheres. The burnups achieved f o r  th ree  d i f f e r en t  

s t a r t i n g  conditions a r e  given i n  Table 9.9. 

The calcula t ions  were performed with a one-dimensional d i f fus ion-  
. . 

theory model i n  27 energy groups, t ha t  i s ,  t he  KIDFUC code with t h e  Modburn 

l i f e t ime  fea ture .  I n  a l l  cases where only one-sixth of t he  spheres were 



Table 9.8. Calculated Fuel Character is t ics  at the End of 
350 and 700 Days of Operation Based on Three Types of 

Reactivi ty Control by Fuel Addition 

Conditions Conditions 
A t  350 Days A t  700 Days 

Reactivi ty Control by Addition of Spheres Containing Original 
Quanti ty of Uranium and No Thorium 

Number of spheres i r i i t i a l l y  fueled l / 3  1/3 

I n i t i a l  thorium-to-uranium r a t i o  i n  12.6 12.6 
fueled sphere s 

Fuel burnup, Mwd/~ 33,000 54,000 
Fraction of barreri spl~eres rcpleced by 0.415 0.775 

fueled spheres 

Number of spheres i n i t i a l l y  fueled 1/6 1/6 

I n i t i a l  thorium-to-uranium r a t i o  i n  7.6 7.6 
fueled spheres 

Fuel burnup, Mwd/~ 45,000 80,000 
Fraction of barren spheres replaced by 0.152 0.352 

fueled spheres 

Reactivi ty Control by Addition of Spheres Containing 
Original Quanti ty of Uranium and One-Half 

the  Original Quanti ty of Thorium 

Number of spheres i n i t i a l l y  fueled 1/3 1/3 

I n i t i a l  thorium-to-uranium r a t i o  i n  12.6 12.6 
fueled spheres 

Fuel burnup; W/T 30,, 000 46,000 
Fraction of barren spheres replaced by 0,552 1.011 

fueled spheres 

Number of spheres i n i t i a l l y  fueled 1/6 1/6 

I n i t i a l  thorim-to-urar~lLiili ratio i n  7.6 7.6 
fueled spheres 

Fuel burnup, Mwd/~ 45,200 75,700 
Fraction of barren spheres replaced by 0.252 0.466 

fueled spheres 

Reactivi ty Control by Addition of Fueled Spheres 
of I n i t i a l  Composition 

- -- --.- -. -- W L ~ I I ~ ~ L  of - spheres. ipiti_all;y- fuzled - - - - - -  1/6 .. 1/6 
I n i L i a l  thorium-to-uranium rat8i.o i n  7.6 '7. 6 

fileled spheres 
Fuel burnup, Mwd/~ 44,700 70,700 
Fraction of barren spheres replaced by 0.294 0.556 

fueled spheres 



Table 9.9. Calculated Fuel Charac te r i s t i c s  f o r  Three S t a r t i ng  
Conditions B s e d  on React iv i ty  Control by Poisoned Sphere 

Removal Followed by Uranium Addition 

- - 

Number of spheres i n i t i a l l y  fueled 

I n i t i a l  thorium-to-uranium r a t i o  i n  
fueled spheres 

Percentage of unfueled spheres i n i -  
t i a l l y  poisoneda 

Maximum r a t e  of poisoned sphere re -  
moval, spheres pe r  day 

bximum r a t e  of uranium addi t ion,  
spheres pe r  day 

Operating time t o  boron burnout, days 

Fuel burnup a t  time of boron burnout, 
Mwd/~ 

Tota l  f u e l  l i f e t ime ,  days 

Tota l  f u e l  burnup, M W ~ / T  

Fract ion of barren spheres replaced 
wi th  fue led  spheres 

a 
Poisoned spheres contain 0.5 w t  $ boron. 

fue led  i n i t i a l l y ,  t h e  reac to r  w a s  acsumed t o  operate i n i t i a l l y  a t  one- 

ha l f  of ful l  power so  t h a t  t h e  average power densi ty  i n  the fueled spheres 

would not exceed t he  average r a t i ng  of 1 . 4  kw per sphere.' The f u e l  burnup 

values  i n  t he  t ab l e s  a r e  f o r  the  i n i t i a l  f u e l  loading only. 

A comparison of the  r e s u l t s  f o r  cores with one-third of the  spheres 

fue led  ind ica tes  t h a t  g r ea t e r  burnup can be obtained i f  poison removal is  

used; however, t he  thorium-to-uranium r a t i o s  necessary t o  obta in  a f u l l  

two years of l i fe t , ime using poicon removal give a pos i t i ve  ~ t c a m  reac- 

t i v i t y  coef f i c ien t .  Further ca lcula t ions  indicated t h a t  no r e a c t i v i t y  

r i s e  would r e s u l t  from the  add i t ion  of any amount of steam i f  the  Lhoriwn- 

to-uranium r a t i o  was a t  l e a s t  7.8 f o r  a hot  core and a t  l e a s t  9.4 f o r  a 

cold core when one-third of the spheres were fueled. I f  one-fourth of  

the  spheres were fueled,  t h e  minimum thorium-to-uranium r a t i o  would be 

5 .5  f o r  a hot core.  



The f u e l  compositions t h a t  would give a zero steam coef f ic ien t  with 

a hot  core were invest igated fu r t he r .  Since with these thorium-to- 

uranium r a t i o s  the  removal of poison would not by i t s e l f  g ive  two years 

of l i f e t ime ,  a combination of removal of poison followed by an add i t ion  

of f u e l  would be required.  Boron was used a s  the i n i t i a l  poison. When 

a l l  t he  boronated spheres had been removed, spheres containing only ura- 

nium would be added t o  maintain c r i t i c a l i t y .  The r e s u l t s  of these  ca l -  

cula t ions  a r e  presented i n  Table 9.9.  h he reac to r  here was assumed t o  

operate a t  f u l l  power even when l e s s  than one-third of the  spheres were 

fueled,  s ince  t he  r e s u l t s  obtained apply equally wel l  t o  a case with one- 

t h i r d  of the  spheres fueled with a composition of 3.75 wt % uranium plus  

thorium. ) 

Analyses of Nozzle-to-Shell Attachments 
,a 

. . 
B. L. Greenstreet  R.  L. Maxwell 

One of the  bas ic  problems associa ted with pressure ve s se l  design i s  . c L: 

the  design of nozzle attachments. I n  the  case of spher ica l  s h e l l s ,  the  
- .. 

t h eo re t i c a l  ana lys i s  of, s i ng l e  r a d i a l l y  a t tached nozzles i s  now i n  the  . -+. 
1'' 

development s tage .  Theoretical  methods f o r  examining nozzles t h a t  a r e  . 
nonradial ly a t tached ( h i l l s i d e  nozzles ) do not e x i s t ,  however, and def i n i -  

ti.ve experimental r e s u l t s  a r e  needed before methods now being considered 

can be evaluated. 

I n  order t o  obta in  the  required data,  an experimental program i s  be- 

ing. conducted t o  examine the  s t r e s s  d i s t r i bu t i ons  around both r a d i a l l y  

and nonradial ly at tached nozzles i n  t e s t  models made of s t e e l  and i n s t ru -  

mented with s t r a i n  gages. Attachment angles of 0, 15, 30, and 45 deg a r e  

being invest igated.  Other parameters a r e  nozzle diameter and thickness 

and the  influence of i n t e r n a l  nozzle stubs.  The models a r e  being sub- 

jected t o  ax i a l ,  moment, and t ransverse  ( o r  normal) loads on the  nozzles 

and t o  i n t e r n a l  pressures.  The r e s u l t s  w i l l  be used f o r  making design 
- -A- - -- - . - .. . - - - -  . - - - - .  - .  

cor re la t ions  and f o r  comparison with s t r e s s e s  ca lcu la ted  from ex i s t i ng  

theor ies  f o r  ra.d.i.a.l.l.y a.tt,a.ched no7,7,J.es. 

I n  t he  t e s t  program, s i ng l e  nozzles w i l l  be sequen t ia l ly  a t tached 

t o  a hemispherical s h e l l .  The nozzles a r e  divided i n t o  s e r i e s  according 



t o  outs ide  diameter, and t he  nozzles i n  each s e r i e s  w i l l  be t e s t e d  a t  a l l  

attachment angles before a new s e r i e s  i s  s t a r t ed .  The dimensions of t he  

nozzles a r e  given i n  Table 9.10, where 

L = length  of ex te rna l  nozzle, i n .  
0 

L. = maximum length of i n t e r n a l  stub,  i n .  
1 

a = radius t o  middle of nozzle wall,  i n .  

h = thickness of nozzle wall,  in .  

t = thickness of hemispherical s h e l l ,  i n .  

r = radius t o  middle of hemispherical she l l ,  in .  

f3 = inverse of cha rac t e r i s t i c  length of nozzle 

pL = dimensionless length  of nozzle, 

v = Poisson's  r a t i o .  :. 

The radi.us and thickness of the  hemispherical s h e l l  a r e  given i n  t h e  head- . .  . 

ing of Table 9.10. A s  may be seen, the  common fac tors  of t he  t e s t  s e r i e s  

a r e  the  radius-to-thickness r a t i o s .  

Table 9.10. Nozzle Dimensions f o r  Test Ser ies  I, 11, and I11 
with r = '15.254 in .  and t = 0.375 i n .  a 

Outside 
Test  'i Diameter 

Se r i e s  (b) 
a of Nozzle a/h t / h  r/a l3 BL 

( in .  ) 

a See t e x t  f o r ' d e f i n i t i o n  of terms. 

b ~ o r  a nonradia l ly  at tached nozzle, t h i s  dimension w i l l  have t o  be 
reduced. 



The model with the f i r s t  rad ia l  nozzle described i n  Table 9.10 was 

fabricated and instrumented, and t e s t s  were completed f o r  an in te rna l  

pressure load and an ax ia l  load on the nozzle. The remaining loads to  

be applied to  the model with t h i s  nozzle configuration a re  a pure bending 

moment, a s ide force, and a torque on the nozzle. 

S t ra in  gages of l/$-in. gage length were mounted i n  ident ica l  posi- 

t ions along meridional l ines  180 deg apart  on the nozzle and she l l .  I n  

t h i s  way, duplicate readings were obtained f o r  each gage posit icn.  A 90- 

deg, two-gage roset te ,  with the gages aligned i n  the pr incipal  s t r e s s  

directions,  was used a t  each position. Corresponding gages were placed 

on the outer and inner surfaces. The gages inside the  model were posi- 

tioned rad ia l ly  opposite those on the outside. The gages on the  inside 

make it possible t o  separate the t o t a l  s t resses  in to  bending and membrane 

components. Additional instrumentation w i l l  be ins ta l led  f o r  the three 

remaining t e s t s .  

The model and the associated t e s t  equipment a re  shown i n  Fig. 9.12, 

and curves of the t o t a l  pr incipal  s t resses  on the outer surfaces of the 

s h e l l  and nozzle a r e  presented i n  Figs. 9.13 through 9.16. Figures 9.13 

Fig. 9.12. Test Model and Equipment f o r  Obtaining Experimental Data 
on Stress Dls LrPbuLlons Around Nozzle-to-Ehell At tacbents .  



and 9.14 are for an internal pressure loading and Figs 

for an axial loading on the nozzle. The points on the 

points corresponding to gage locations. 

The data of Figs. 9.13 through 9.16 indicated tha 

were required in the immediate vicinity of the nozzle- 

. 9.15 and 9.16 are 
curves are data 

- 
,t additional gage% 

to-shell junction 

UNCLASSIFIED 
OWL-LR-  DWG 78!!9A 

Fig. 9.13. Total Stresses in Mridional and Axial Directions on 
Outer Surfaces of Shell and Nozzle Under Internal Pressure Loading of 
400 psi. 



before the peak s t resses  could be adequately determined from the  experi- 

mental data alone. Therefore additional s t r a i n  gages with a gage length 

of 1/32 i n .  have been ins ta l led  on the outer surfaces a t  the junction. 

UNCLASSIFIED 
ORNL-LR- DWG 78t20A 



UNCLASSIFIED 
ORNL-LR- DWG 78186A 



UNCLASSIFIED 
OHNL-LR-DWG f5816A 

Fig. 9.16. Total  Stresses  i n  Para l le l  or Circumferential Directions 
on Outer Surfaces of Shell_ and Nozzle Under an Axial Load or 'he Nozzl- 

- - -- -. - L 
- m -  -- a 



Neutron CanLures i n  Second- and Higher-Generation 

A. M. Perry 

Fission-Product Poisons 

W. E. Thomas R .  S. Carlsmith 

It has been recognized for  many years (see f o r  example ref .  9 )  t h a t  

neutron capture i n  fission-product poisons may produce other nuclides 

having appreciable neutron capture cross sections and tha t ,  as a conse- 

quence, the  t o t a l  poisoning ef fec t  of f i s s ion  fragments and t h e i r  products 

may s igni f icant ly  exceed t h a t  which would be expected from the primary 

fission-product poisons. In teres t  i n  the problem of allowing correct ly  

f o r  t h i s  e f fec t  has increased with the  in t e res t  i n  reactors having the 

po ten t i a l  fo r  large f r ac t iona l  burnup of the fuel,  such as  fueled- 

graphite gas-cooled reactors.  I n  order t o  establ ish the magnitude of 

the  contribution of secondary poisons t o  the t o t a l  neutron capture r a t e  

under conditions of i n t e r e s t  t o  the gas-cooled reactor  program, a study 

was performed i n  which the individual contribution of each nuclide i n  the 

group ranging from ~d~~~ t o  ~ u ~ ~ ~ ,  both t o  the primary and t o  the secondary 

fission-product poisoning, was calculated and recorded. 

The chai.n studied i s  depicted below: 



This group of nuclides was se lec ted  because it accounts f o r  roughly one- 

hal f  the  t o t a l  poisoning (exclusive of ~ e ~ ~ ~ )  and i s  expected t o  con- 

t r i b u t e  a l a rge  por t ion  of the  secondary poisoning. 

I n  thi 's  study, primary poisons were defined a s  those produced d i -  

r e c t l y  from f i s s i o n  o r  by one o r  more be t a  decays from a primary f i s s i o n  

fragment . secondary poisons were defined a s  those produced by neutron 

capture i n . a  nuclide which might i t s e l f  be e i t h e r  a primary o r  a secondar;y 

poison o r  by be ta  decay of a secondary poison; t h a t  is ,  secondary poisons 

were considered t o  be those derived from primary poisons by one o r  more 

neutron captures.  It was considered t h a t  a . g iven  nuclide could be both 

a primary and a secondary poison. The poisoning e f f e c t  of the  nuclide 

chain depicted above was defined as t he  neutron capture r a t e  i n  these  

nuclides divided by the  neutron capture r a t e  i n  f i s s i l e  mate r ia l  averaged 

over t he  l i f e  of t h e  fue l .  This quan t i ty  was computed a s  a funct ion of 

neutron spectrum, f u e l  spec i f i c  power, and f r a c t i o n a l  f u e l  burnup (ex- 

pressed i n  f i s s i o n s  per i n i t i a l  f i s s i l e  atom, o r  f i f a ) .  Calculat ions 

were made f o r  both u~~~ and u~~~ f u e l  and on e i t h e r  of two assumptions 

regarding f u e l  concentration, namely, t h a t  f i s s i l e  mate r ia l  was replaced 

a t  a r a t e  equal  t o  the  'burnup r a t e  o r  t h a t  it was replaced a t  a r a t e  equal 

t o  40% of the  i n i t i a l  burnup r a t e .  The f l u x  was kept constant. 

The ca lcu la t ions  were performed with t h e  a i d  of t h e  computer code 

W C Y ~  f o r  the IBM 7090 computer ) , which provides simultaneous 

solut ions  of the  equations 

where IT. I s  the  concent ra t ion  of t he  i t h  nuclide, S i s  a source tell11 
1 i 

involving d i r e c t  y i e ld  from f i s s i o n  o r  production from a precursor by 

be ta  decay o r  by neutron capture, and a. i s  t h e  des t ruc t ion  p robab i l i ty  
1 

involving decay,, neutron capture,  o r  both. Results of t he  calcula t ions  

t I  'J. B. Sampson e t  a l . ,  Poisoning i n  Thermal Reactors Due t o  Stable  
F i s s ion  Products, " USAEC Report KAPL-1226, Knolls Atomic Power Laboratory, 
Oct. 4, 1954. 

I'D. R. Vondy, "~evelopment of a General Method of Expl ic i t  Solution 
t o  the  Nuclide Chain Equations f o r  D ig i t a l  Machine Calculat ions,  " USAEC 
Report ORNL-TM-361, Oak Ridge National Laboratory, Oct. 17, 1962. 



a r e  summarized i n  Table 9.11, where the  s p e c t r a l  index i s  the  f r a c t i o n  

of f i s s i o n s  produced by epithermal neutrons, the  spec i f i c  power i s  given 

i n  megawatts of hea t  pe r  kilogram of f i s s i l e  mater ia l ,  and t he  f u e l  r e -  

placement r a t e  i s  given a s  an i n i t i a l  conversion r a t i o ,  although it should 

be  understood t h a t  the  replacement f u e l  i s  the  same a s  burned fue l ,  t h a t  

i s ,  u~~~ i s  replaced with u~~~ and u~~~ i s  replaced with u ~ ~ ~ .  
I t . i s  t o  be  noted again  t h a t  the  poison f r ac t i ons  given a r e  averaged 

over the  f u e l  l i f e .  They a r e  thus not terminal  values but a r e  more rep- 

r e s en t a t i ve  of t he  average performance a t  any time i n  a reac to r  fueled by 

continuous f u e l  charge and disc,harge (uniform graded-exposure f u e l  d i s -  

t r i b u t i o n ) .  The d e t a i l s  of these  calcula t ions ,  which show the  captures 

i n  individual  nuclides f o r  a l l  cases, w i l l  be published i n  a separate  re- 

po r t ,  bu t  the da ta  given i n  Table 9 .11 a r e  s u f f i c i e n t  t o  demonstrate the  

s ign i f i cance  of t he  secondary captures and t o  i l l u s t r a t e  t h e i r  dependence 

on key reac to r  parameters. 

Fast-Neutron Flux Monitors 

A.  M. Perry C. A.  P r e s k i t t  

A number of authors have s tudied t h e  use of f o i l  a c t i va t i on  f o r  t he  

measurement of neutron f luxes i n  t he  Mev energy range. A recent  a r t i c l e  

by Passe l1  and ~ea th ' '  summarizes much of t he  ava i l ab le  information. I n  

most appl ica t ions  of t h i s  technique, some means i s  used t o  def ine  an e f -  

f e c t i v e  threshold  and an associated e f f ec t i ve  cross sec t ion  i n  such a way 

t h a t  t h e  ac t i va t i on  may be assumed t o  i n t eg ra t e  t he  f l ux  above t h e  e f fec -  

t i v e  threshold.  

I n  near ly  every case the  react ions  a r e  not, s t r i c t l y  speaking, thresh 

old  react ions  a t  a l l ;  t h a t  is, t h e  (n Jp )  react ions  commonly used f o r  t h i s  

purpose near ly  a l l  have pos i t ive  Q values so  t h a t  t h e  reac t ion  takes  place 

even f o r  zero-energy neutrons. The reac t ion  cross sect ion is, neverthe- 

l e s s ,  a s t eep ly  r i s i n g  function of neutron energy because of the  coulomb 

b a r r i e r  of t he  nuclear charge t o  the  escaping protons. Various methods 

' l ~ .  0. Passel1  and R.  L. Heath, "Cross Sections of Threshold Re- 
ac t ions  f o r  F i s s ion  Neutrons : ~ i c k e l  a s  a Fast  Flux Monitor, " Nucl. Sci .  
Eng . , 10 ( 4 )  : 308-315 ( ~ u ~ u s t  1961). - 



Table 9.11. Poison Fractions f o r  Nuclides from ~d~~~ t o  E U ~ ~ ~  

Fraction of I n i t i a l  Specif ic  l31eJ. Poison Fraction Secondary 
Poisons a s  

Fuel Eplthermal Conversion Power Burnup 
Ratio Total  Secondary Percentage of Fissioxx (Mw/kg) (fifa) Poisons Poisons Tota lpo i sons  



have been used i n  t h e  past  t o  define an e f f ec t i ve  threshold energy, but  

none of t he se  have been based d i r e c t l y  on t he  intended appl icat ion t o  f l ux  

monitoring . 
I f  t h e  neutron energy spectrum is  known f o r  some case, an e f f ec t i ve  

c ross  sec t ion  can be defined f o r  any threshold energy, Eo, a s  

o ( E l =  t o t a l  reac t ion  r a t e  

I 
eff  o in tegrated f l ux  above E ' 

0 

Mathematically t h i s  d e f i n i t i o n  may be wr i t t en  as 

where $(El i s  t h e  energy dependence of t he  neutron f l ux  spectrum and cr(E)' 

t h a t  of t h e  cross  sec t ion  i n  question. The numerator of t h i s  equation is 

t h e  t o t a l  reac t ion  r a t e  and may be determined, f o r  example, from the  in -  

t e n s i t y  of some a c t i v i t y  r e su l t i ng  from t h e  react ion.  For any value of 

Eo' 
t h i s  cross sec t ion  w i l l  obviously depend on t h e  shape of t he  neutron 

energy spectrum, and i f  f l ux  monitoring i s  t he  objective,  a roeasonable 

choice of E i s  t h e  value t h a t  r e s u l t s  i n  a s  near ly  as  possible t he  same 
0 

value of a (E ) f o r  a range of d i f f e r i ng  spectra.  
e f f  0 

The bas t s  given above f o r  determining t h e  e f f ec t i ve  threshold and 

e f f ec t i ve  cross sec t ion  was applied t o  t h e  ( n j p )  react ions  f o r  ~i~~ arid 

s~~ and t o  t h e f i s s i o n  of N ~ ~ ~ ~ .  These cross sect ions  were analyzed i n  
\ 

spec t ra  cpmputed by t h e  GAM-I code12 f o r  t h e  cores of t y p i c a l  water-mode- 

ra ted  t e s t  ~aeactors  (ORR, GETR) and t h e  core of' a  graphi te  :reactor (EGCR). 

The method i s  i l l u s t r a t e d  f o r  t h e  case of f i s s i o n  i n  Fig. 9.17. The 

expression given above f o r  o (E ) i s  evaluated' a s  a function of E f o r  
e f f .  o o 

t h e  two spectra  and t h e  i .ntersection of t he  two curves defines t h e  value 

1 2 ~ .  D. Joanou and J. S. Dudek, "GAM-I: A Consistent PI Multigroup 
Code f o r  the Calculation of Fast  Neutron Spectra and Multigroup Constants," 
USAEC Report GA-1850, General Atomic, June 28, 1961. 



EFFECTIVE THRESHOLD ENERGY ( M e v  ) 

s ion 
Fig. 9.17. Determination of Effect ive  Threshold an3 Effect ive  Fis  - 
Cross Section f o r  t he  N ~ " ~ ( ~ , ~ ' ) F P  Reaction. 

of E f o r  which t he  ulorlitoring w i l l  be exact f o r  both spectra.  The cross 
0 

sec t ion  data  used f o r  t h i s  example were obtained from Hughes and Schwartz.13 

The r e l a t i v e l y  low energy (0 .66  ~ e v )  of the  e f f ec t i ve  threshold f o r  

t h e  f i s s i o n  of N~~~~ has I.ed t o  i t s  frequent use as  a fast-neutron 111011i- 

t o r  f o r  irrad2ation experiments. Since t h e  decay of selected f i s s i o n  pro- 

ducts i s  used t o  determine the  number of N ~ ~ ' ~  f i s s i ons  which have oc- 

curred, it i s  of i n t e r e s t  t o  est imate t h e i r  y i e ld  from the  other f i s s i o n  

react ions  t h a t  may take  place. Specif ical ly ,  s ince  N~~~~ has a l a rge  cap- 

t u r e  cross sec t ion  f o r  low-energy r ~ e ~ ~ t r o n c ,  t he  y i e ld  from the  following 

chain was calcula ted f o r  a t y p i c a l  i r r ad i a t i on  i n  the  ORR: 

- - p ~ ~ p  ~~ ~ 

1 3 ~ .  J, Hughes and R. B. Schwartz, Neutron Cross Sections, USAEC 
Report BNL-325, Brookhaven National Laboratory, July  1, 1958. 



The symbol n represents  a reac t ion  by predominantly low-energy neutrons, t 
and n represents  one by predominantly f a s t  neutrons. The calcula t ions  f 
were performed with the  NUCY program f o r  the  IBM-'7090 computer.14 

The h 1 4 0  concen.trationc res~LLt3,ng from the  four f i s s i o n  react ions  

shown above a r e  given i n  Table 9.12. The conventional, o r  2200 m/s ,  f l ux  

was taken t o  be 1 X 1014 neutrons/cm2.sec, and the f l ux  in tegra ted  above 

t he  e f f e c t i v e  N~~~~ f i s s i o n  threshold was taken t o  be 1.8 X 1014. A l l  

o the r  constants used i n  t he  ca lcu la t ion  a r e  given in .Table  9.13. In  some 

cases the  cross sec t ions  were chosen with only a s u p e r f i c i a l  examination 

14D.  R. Vondy, "Development of a General Method of Expl ic i t  Solut ion 
t o  t he  Nuclide Chain Equations f o r  Dig i ta l  Machine Calculat ions,"  USAEC 
Report ORNL-TM-361, Oak Ridge National Laboratory, Oct. 17, 1962. 

Table 9.12. ~a~~~ Corlcelltrations Result ing 
from Fiss ion Reactions 

Fht io  of I!al4O Concent~sation t o  
I n i t i a l  N~~~~ Concentration 

Source of Ba140 
I r r a d i a t i o n  Time (days). 

Ra t io  of Ba140 from N~~~~ t o  0.46 0.29 0.14 
t o t a l  Ba140 



Table 9.13. Cross Sections and Other Constants 
Used i n  Calculat ion of N~~~~ Chain 

~ a l 4 O  ( c )  o o o o o 
a 
The subscr ip ts  have t h e  following meanings: f = 

f i s s i on ,  a = absorption, 1 = energy i n t e r v a l  above an 
e f f ec t i ve  N~~~~ f i s s i o n  threshold of 0.66 Mev, 2 = con- 
ventional, o r  2200 m / s ,  f lux .  

b ~ o t a l  f i s s i o n  y i e ld  taken t o  be 0 .06 f o r  a l l  f is- 
sionable isotopes.  

C 
This isotope included a s  a dummy s t a b l e  element t o  

r e t a i n  information on number of Ba140 decays. 

. . +  
of the appropriate averages, but  the  r e s u l t s  a r e  not g ross ly  a f f ec t ed .by  . 'a 

' . 
these approximations. ! ,  

After  a fjvp-day i r r a d i a l l o n  a t  the  assumed f l ux  l eve l s ,  the  a c t i v i t y  

from N~~~~ f i s s i o n  i s  l e s s  than half  thc  total I!alQO a c t i v i t y  of the  sm- 

ple .  After a 100-day i r r ad i a t i on ,  t h i s  a c t i v i t y  i s  only one-seventh of 

the  t o t a l  a c t i v i t y .  

These r e su l t s  i l l u s t r a t e  the  d i f f i c u l t y  encountered i n  the  use of 

bare neptunium samples i n  the presence of a high thermal f111x. The' ca l -  

cul.a,tions. are p?:esently being extended t o  determine (1) th.e production 

of f i s s ionab le  + ~ 1 . 2 ~ ~ ~  by the  chain ~ ~ ~ ~ ~ ( n , ~ ) ~ ~ ~ ~ ~ ( f 3 - ) P u ~ ~ ~ ,  ( 2 )  the  e f -  

f e c t  of t h e  use of cadrr;ium covers, and (3 )  the  e f f ec t s  of o ther  assumed 

values f o r  t h e  f l u :  l eve l s .  



10. MPERIMErJTAL IN'VESTIGATIONS OF HEAT W S F E R  A.ND FLUID FLOW 
1 

H. W. Hoffman G. Samuels 

Resistance-Heated-Tube Heat-Transfer Ekperiment 

G. J. Kidd, Jr. 

The constants i n  t h e  cor re la t ing  equation describing the  dependence 

of t he  Nusselt modulus on the  Reynolds modulus and the  a x i a l  posi t ion,1  

as developed from da ta  obtained with t h e  model-4 hea t - t rans fe r  apparatus, 

have been redetermined using a l l  ava i l ab le  data.  The resu l t ing  equation 

i s  

N 
Nu, x 

= 0 . 0 4 1 ( ~  ) 0 . 7 7  ( ~ / d ~ ) - ' . ' ~ ,  
Re,x 

I n  t h i s  equation, N i s  t he  l o c a l  Nusselt modulus and N t he  l o c a l  
Nu, x Re, x' 

~ e ~ n o l d s  modulus. The a x i a l  posi t ion,  x/de, i s  measured by the  number of 

channel diameters from the  i ~ e a r e s t  upstream obstruction.  For the  i n l e t  

s ec t i on  of the c l u s t e r ,  t h i s  i s  t a k e n a s  the  dis tance  from the  downstream 

edge of the  end spider ;  i n  the  second sect ion,  the  zero pos i t ion  corre-  

sponds t o  the  downstream edge of the mid-cluster  spacer (x/de = 23).  

The c o n ~ t a n t s  i n  Eq. (1)  were developed a s  follows : 

1 ,  The x/d v a r i a t i o n  w a s  es tabl ished by cor re la t ion  with the l o c a l  
e 

N,wsel t  modul~s  a.t the  mean N f o r  the  channel. 
Re 

2. The NRe v a r i a t i o n  w a s  determined next by correlat iorl  with values 

of [;he l o c a l  Nusselt modulus a t  each. x/d pos i t j  on. 
e 

'G. J. Kidd, Jr. , Resistance-Heated-Tube Heat Transfer Experiment, 
pp . 404414,  "GCRP Semiann. Prog. Rep. Sept . 30, 1962, " USAEC Report 
ORNL-3372, Oak Ridge National Laboratory. 

2 ~ .  J. Stelzman, Resistance-Heated-Tube Heat Transfer Experl ment, 
pp. 63-68, "GCRP Quar. Prog. Rep. June 30, 1961, " USAEC .Report ORNL-3166, 
Oak Ridge National Laboratory. 



3 .  The multiplying constant was t&en as the arithmetic mean of 

the  values obtained from the correlation of s tep 2. 

Equation (1) describes the heat t ransfer  f o r  a11 seven tubes of the 

cluster ,  with one or  both clusters  heated, a t  a l l  r e l a t ive  c lus te r  orien-8 

ta t ions.  The error  i n  prediction, based on the measured values, w a s  found I - 

t o  range from -1-6 t o  -48. 

Roughened-Surface Pressure Drop 

G. J. Kidd, Jr. J. L. Wantland 

the character is t ics  of c lusters  of advanced design. 

other influences, the cluster  length i s  33% more than t h a t  of an EGCR 

in~trwnented with f i v e  equally spaced piezometer rings t o  provide f o r  

of 0.060 in. 



1 ,  1 1. &gn%fied Sections of Rcmghened-Busface Rads . upper, 
32 I+%itworth threads per inch; lower, sp i r a l ly  wound 0.006-in. -aim wire 
a% O,Q&Ol-in. pitch,  

i n l e t  geometry. Data for the ax ia l  var iat ion of the f r i c t i o n  fac tor  i n  

the  downstream c lus ter  showed an unexpectedly large scat ter ;  Lhis has 

been a t t r ibuted  t o  uncontrolled osc i l la t ion  i n  the flow. This s i tua t ion  

w i l l  be corrected before continuing with fur ther  t e s t s .  

'I'he second typc of ~ t u d y  was designed t o  provide in f ' omt ian  needed 

i n  the development of advanced clad fue l  elements. The ef fec t  of roughen- 

ing the surface, lengthening the c lus te r  t o  eliminate a number of end 

spiders,  and introducing additional spacers a t  the or iginal  positions of 

the  end spiders were investigated. The apparatus assembled f o r  t h i s  study 

consisted of a s ingle  seven-rod cluster  fabricated from 72 l/4-in. -long, 

0. $-in. -OD rods, with a 2 : 1 ligament-ratio spacing (2.667-in. bolt-ci-rcle 



diameter, 4-in.  -ID channel).  Spacers of t h e  EGCR type3 were at tached t o  

t he  rods a t  14 1/2-in. i n t e rva l s ,  giving f i v e  c l u s t e r  sect ions .  S t a t i c  

pressure  taps were located a t  the  mid-points of the t h i r d  and f i f t h  sec- 

t ions .  

Pressure-loss coef f i c ien t s  were determined over a Reynolds modulus 

range from 2000 t o  200,000 f o r  bare  rods and f o r  rods s p i r a l l y  wrapped 

with 0.006-in. -diam wire on a 0.036-in. p i t c h  (pitch-to-height  r a t i o  of 

6 : )  The pressure-loss coef f i c ien t s ,  Kt, s e c t i on  a r e  shown i n  Fig. 

10.2; K i s  defined by the  equation, t 

where K i s  the  l o s s  coef f i c ien t  associa ted with one c h ~ s t e r  spacer,  f i s  
s B 

the  Blasius f r i c t i o n  f ac to r ,  L i s  the  sec t ion  length,  and d i s  the  c l u s t e r  
e 

equivalent  diameter. A t  low NRe, approaching laminar flow, both surfaces  

exh ib i t  s imi la r  cha r ac t e r i s t i c s ;  a t  higher NRe, the  roughened surface  pro- 

duces g r ea t e r  pressure-loss coef f i c ien t s  . For N ~ f ?  
> lo5,  K f o r  the  wire- t 

wrapped surface  i s  approximately twice t h a t  f o r  the smooth-tube c lu s t e r .  

30ak Ridge National Laboratory, "GcRP Quar. Prog.' Rep. March 31, 
1960, " USAEC Report ORNL-2929, Fig. 2.1, p. 17. 
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Interrupted-Surface Heat-Transfer Experiment 

J. L. Wantland 

Assembly work on apparatus f o r  the  study of heat  t r an s f e r  from rough 

surfaces4,  was continued. The device f o r  inse r t ing ,  spacing, and remov- 

ing the  i n t e r rup t e r  rings w a s  completed, and operat ional  t e s t s  indicated 

s a t i s f a c t o r y  performance. A Borescope was op t i c a l l y  modified t o  provide 

a means f o r  v i s u a l l y  inspect ing the  placement of t h e  wire r ings ,  both be- 

f o r e  and during operat ion,  and thus it w i l l  be poss ible  t o  check f o r  any 

s h i f t i n g  of the  r ings  a t  frequent i n t e rva l s .  

Surface temperatures a r e  t o  be indicated by a d i g i t a l  read-out v o l t -  

meter with a x i a l  t r avers ing  accomplished by a so l i d - s t a t e  switching de- 

v ice .  & l f  unc t i ons  i n  the  l a t t e r  uni t have occasioned considerable delay. 

A 16-mrn motion-picture camera t h a t  i s  capable of single-frame exposures ' 

w i l l  photographically record the  emf displayed by the voltmeter along with 

the  thermocouple l oca t i on  number. Synchronous-motor-operated cam switches 

w i l l  advance the  switching u n i t  i n  s ing le  s t eps  and, a f t e r  voltmeter bxl-  

ancing, a c t i v a t e  a t r i gge r ing  solenoid t h a t  w i l l  move t he  f i lm one frame 

and ac tua t e  the  camera shu t t e r .  

&ss Transfer  i n  Clus ters  of Roughened-Surface Rods .. . 

J. L. Wantland 

Experimental d i f f i c u l t i e s ,  t he  correct ion of which would require  ex- 

tens ive  redesign and mud-ification of thc e x i s t i r g  apparatixs, pronlpted t e r -  

mination of t h i s  s tudy of t he  cha r ac t e r i s t i c s  of roughened surfaces  as 

determined by a naphthalene mass-transfer technique. Specif ica l ly ,  it was 

found t h a t  w i t h  t h e  present  system the  Lime iiivolved i n  i n ~ e r t i o n  and re -  

moval of the a c t i v e  rod was of the  order of the  exposure time. Thus a 

4 ~ .  L. Wantland, Interrupted-Surface Heat-Transfer Ekperiment, pp. 
245-246, "GCW Quar. Prog. Rep. Dec. 31, 1961, " USAEC Report ORNL-3254, 
Oak Ridge National Laboratory. 

5 ~ .  L. Wantland, Interrupted-Surface Heat-Transfer Ekperiment, pp. 
425-426, "CCW Semiann. Prog. Rep. Sept. 30, 1962, I'  USAEC Report ORNL-3372, 
O a k  Ridge National Laboratory. 



s ign i f i c an t  e r r o r  was introduced i n t o  t he  data.  A t  a Reynolds modulus 

of 85,000, and with a l l  o ther  con t ro l l ab le  f a c to r s  equal, apparent mass- 

t r an s f e r  j - fac tors  var ied  from 0.0037 t o  0.0048 f o r  experiments with 

smooth surfaces.  Using t he  wire-wrapped configuration,,  where the exposure 

t i s ~ ~ e s  must be severely  r e s t r i c t e d  i n  order t o  avoid collapse of the  wire 

c o i l  because of l o s s  of support through excess mass removal, t h e  da ta  

s c a t t e r  would be even g rea te r .  

Annulus Flow Ekperiments 

R .  S. Holcomb F. E. Lynch 

An experimental f a c i l i t y  was placed i n  operation t h a t  was designed 

t o  provide da ta  f o r  determining the  f r i c t i o n  f a c t o r  and the  hea t  t r ans fe r  

coef f i c ien t  of a i r  i n  an annulus with a roughened inner surface  and a 
. .. smooth outer  surface .  The apparatus consis ts  of an i n l e t  and an e x i t  

plenum flanged t o  a sleeve.  These components a r e  made of s t a i n l e s s  s t e e l . :  

S ix  sleeves have been fabr ica ted t h a t  range i n  ins ide  diameter from 1.27 .. 
t o  2.5 i n .  Threc s t a t i c  pressure  taps a r e  located 120" apar t ,  10, 16, 22,. 

and 28 i n .  from the  i n l e t  cnd of Lhe sleeve.  Two ve loc i t y  probe s t a t i o n s  . t 

a r e  located 180" apa r t ,  13, 16, and 19 i n .  from the  i n l e t  end. Three 
. . 

9.. screws f o r  centering t he  inner rod a r e  located 2 and 31 1/2 i n .  from th.e ,.. . .$;. 

i n l e t  end. The plenums have insu la ted  sea l ing  f langes .Lo allow heated 

ti-zbes 0.75, 0.875, and 1 in .  i n  diameter t o  extend through t h e  plenums t o  

make e l e c t r i c a l  and thermocouple connections. 

Thc ail- fluw i s  measured with sharp-edged o r i f i c e  p l a t e s  of t h r ee  

d i r f e r e n t  o r i f i c e  di-ameterc in. a. ?-in.  -diam o r i f i c e  run. The o r i f i c e  pres-  

su re  drop i s  read on a wa.t.er micromanometel- w i t h  a range of 0 t o  40 i n .  of 

water with 0.001-in. sca le  d ivis ions .  The t e s t - s ec t i on  pressure drop i s  

measured between a piezometer r ing  connecting t h e  t h r ee  taps a t  1 0  i l l .  

a r ing connecting the  th ree  t aps  a t  28 i n .  and i s  read on' a watcr micrrl- 

manome.ter or  U-tube mercury manometer, depending on the  Reynolds number. 

The a i r  temperature i s  measured jus t  below the  oz.ifice run and i n  the  i n l e t  

and e x i t  plenums with exposed-junction Chrome1 vs  Alumel thermocouples 

made ,of 0.010-in.-wire. The thermocouple emf can be read on a potentiometer 

o r  on a s t r i p - c h a r t  temperature recorder.  



Pressure drop t e s t s  were corrrpleted on s o l i d  s t a in l e s s  s t e e l  rods 

0.75 i n .  i n  diameter i n s ide  t h e  1.272-in. -ID sleeve.  A smooth inner  rod 

and rods wrapped with 0.0113-in. - d i m  wire with the  following pi tches  

were t es ted :  0.0385, 0.0769, 0.125, 0.182, and 0.286 in .  The wire was 

wound over a 24-in. length  and spot welded a t  the  ends, and it was wound 

t i g h t l y  enough t h a t  it was undisturbed by the  a i r  flow. The i n l e t  end 

of t h e  rod was placed a t  the  sleeve i n l e t  flange, and t he  pressure drop 

was measured over an . l8-in.  length  of roughened surface preceded by 5-in. 

of smooth surface  and 3-in.  of roughened surface.  

The Fanning f r i c t i o n  f ac to r  was ca1cCLal;ed fo r  the  anni.lllls from the  

measured flow and pressure drop by the  equation 

where 

f = Fanning f r i c t i o n  fac tor ,  

G = mass ve loc i ty ,  

L = length of t e s t  sect ion,  

g = grav i t a t i ona l  constant, 

d .I annulus eq~uva,J.ent diameter, 
e 

PI = upstream s t a t i c  pressure,  

P2 = downstream s t a t i c  pressure, 

M = iiiolecular weight., 

R = absolute  temperature. 

The annulus equivalent  diame.l;el- was taken a s  t he  ins ide  diameter of the  

ou te r  ~ l e e v e  mi-nus t h e  diameter of t h e  srnootli rod. This equivalent diame- 

t e r  ,was wcd  for the wi.re-wo~md, rods as well  a s  the smooth rod. 

The f r i c t i o n  f ac to r s  f o r  the  s i x  surfaces t e s t ed  a r e  p lo t ted  versus 

Reynolds number i n  Fig. 10.3. The smooth annulus curve shows completion 

of the  transj,t . ion t o  t he  turbulent  flow a t  a Reynolds number of abo'ut 5000. 

The s lope of t he  curve f o r  the  smooth annulus increases with Keynolds num- 

be r  from 5000 t o  30,000 and then remains f a i r l y  constant. The curves f o r  

t he  rough annuli  approach the  smooth curve a t  a Reynolds number of 2000, 
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Fig. 10.3. F r i c t i on  Factor Versus Reynolds Number f o r  A i r  Flowing 
i n  Annulus Formed by 0.75-in. -diam Rods Ins ide  1.272 -in.  -ID Sleeves. 
Inner rod was smooth o r  wrapped w i t h  0.0113-in.-diam wire a t  the spac- 
ing indicated.  

except f o r  t h e  rod wrapped at  a 0,0385-in. pitcl-I. The d i f f i c u l t y  here 

probably l i e s  i n  the  choice of t he  equivalent  diameter used t o  ca lcu la te  

the f r i c t i o n  f ac to r .  If  Lhe equivalent  diameter were defined a s  the  

s leeve i n s ide  diameter minus . the  diameter of the  cyl inder  passing tangent 

t o  t he  wire on the inner  rod, the f r i c t i o n  f a c t o r  would be reduced about 

0 This would be more r e a l i s t i c  as  the  p i t c h  becomes s o  t i g h t  t h a t  the  

gas canriu-l; flow along the  rod surface.  I f  appl ied  t o  the  0.0385-in. p i t c h  

curve, the redefined equivalent  diameter would lower the f r i c t i o n  f a c t o r  

so  t h a t  it  would approach t h a t  f o r  the  smooth-surface curve i n  the  lami- 

nar regime. 

The f r i c t i o n  f ac to r  goes through a maximum as  a funct , inn nf pi.t.ch 

a t  c o n ~ t a n t  Reynolds number. T h i s  i s  seen. to  be necessary, s ince  the  

wire-wowld surface  approaches a smooth surface  a s  the  c o i l s  g e t  c lose r  

together  o r  become very f a r  apa r t .  The wire wrapped a t  a 0.076-in. p i t c h  

had thc  maximum value of the  f i v e  wires t e s t ed .  



Heat Transfer  and Fluid Flow i n  Packed-Sphere Beds 

H. W. Hoffman 

Hot-Spot Factors (D. G. Thomas) 

Common usage i n  t he  reac to r  l i t e r a t u r e  assigns the  name "hot-channel 

hot-spot  f a c to r s "  t o  the  s a f e t y  f a c to r s  i n  the  design t h a t  account f o r  un- 

known o r  inaccurate  values of design parameters. These f ac to r s  a r e  usual ly  

app l ied  t o  the average values f o r  the  h o t t e s t  channels t o  obta in  the  maxi- 

mum s a f e  operating temperature. I n  making de t a i l ed  calcula t ions ,  some of 

t h e  f a c t o r s  r e l a t e  t o  L11e over-al l  temperature r i s e  through t h e  reac to r ,  

AT, while o thers  a r e  used with the  l o c a l  f i lm  temperature r i s e ,  At. For 

a pr ismat ic  fuel-element geometry, the  hot-spot f a c to r s  r e l a t ed  t o  over- 

a l l  and f i l m  temperatures most probably apply i n  the  same channel., I n  

con t ras t ,  f o r  a geometry i n  which the  f u e l  i s  contained i n  randomly d i s -  

t r i b u t e d  spheres, t he  maximum over -a l l  temperature r i s e  and the  maximum 

film-temperature r i s e  w i l l  not necessar i ly  occur a t  t h e  same r a d i a l  loca- 

t i on .  This l a t t e r  s i t u a t i o n  r e s u l t s  because the  maximum value of the  

film-temperature drop may be associa ted with l o c a l  c l u s t e r s  which, i n  

regions away from the  wall ,  a r e  randomly d i s t r i bu t ed  through the  bed and 

a r e  not necessa r i ly  coincident  with the  maximum axial-temperature-.rise 

loca t ion .  The worst poss ib le  case i n  a packed bed occurs f o r  a c l u ~ t e r  

a t  the  r a d i a l  pos i t i on  of t he  maximum over -a l l  temperature r i s e .  

Once ind iv idua l  hot-spot  f a c to r s  have been evaluated from estimated 

accuracies  of design and t'a.brication procedures, it i s  neccccary t o  de- 

termine the  p robab i l i t y  of the  occurrence of such everlLs i n  order t o  ob- 

t a i n  r e a l i s t i c  values f o r  the  over -a l l  hot-spot fac to r . '  The determina- 

t i o n  of these  p robab i l i t i e s  can be accomplished i n  most cases i n  the  same 

manner as f o r  o ther  reactors ;  t h a t  i s ,  by est imating the  uncer ta in t i es  i n  

t he  hea t - t rans fe r ,  pressure-drop, and f low-rate expressions used i n  the  

design. An added,complication, of course, i s  the e f f e c t  of the  random a r -  

rangement of spheres i n  t h e  packed bed and t he  f a c t  t h a t  t h i s  arrangement 

'F. H. Abernathy,  he S t a t i s t i c a l  Aspects of Nuclear Reactor Fuel 
Element Temperature, " USAEC Report ORNL CF-60-7-31, Oak Ridge National 
Laboratory, Ju ly  13, 1960. 



changes with time as f u e l  i s  added and withdrawn from the  reactor .  The 

f ac to r s  t o  be considered i n  the  hot-spot  ana lys i s  and t he  temperature 

r i s e  with which each i s  associa ted a r e  l i s t e d  i n  Table 10.1. This t a b l e  

Table 10.1. Hot-Spot Factors Affecting Packed-Bed 
Nuclear Reactor Design 

To Be m i c a 1  Hot -Spot. 
Applied t o  I?actorsa 

Value Probabili ty m At 

Flow dist,ri.bution 

Clustering 
Velocity p r o f i l e  

Mean 
Entrance region 
Exit  region 

Interconnected channels 
Pressure drop 

Heat t r ans fe r  

Average heat - t ransfer  coeff ic ient  X 1.1 
Radiation cooling X 
Local heat - t ransfer  coeff ic ient  X 1.1 

Bed flow 

Sphere flow-vclocity p r o f i l e  X 1.02 
Broken-sphere f ac to r  X X 1 .5  Small 

Physics 

Radial peak-to-average power density X 1 .01 
Axial peak-to-average powcr densi ty  X 1. Ul 

Manufactui.irg tolerances 

Nonuniform f u e l  loading 
Variation i n  sphere diameter 
Sphere density 

Operation 

Reactor power l e v e l  
Gas irllet, temperature 
Gas o u t l e t  temperature 
Thermocouple e r r o r  

%less otherwise indicated,  a l l  values a r e  taken from r e f .  7. 

b ~ .  Ozisik, R. F1. Knrsmeyer, and C .  L. Rl~oden,  eat Trancyer Analy- 
s i s  of Pebble Bed Reactors and Comparison with Prismatic Cores," USAEC 
Report ORNL-CF-61-6-16, Oak Ridge National T~bora to ry ,  June 13, 1961. 

'D. G. Thomas, Evaluation of Cluster Format,i.on, pp. 155-157, "GCRP 
Semiann. Yrog. Rep. Sept . 30, 1962, " USAEC Report ORNL-3372, Oak Ridge 
National Laboratory. 

'From following section,  R. D. Bundy, "Full-scale Packed-Bed 
Reactor Core Experiments. 

e ~ .  G. Thomas, Pressure Drop Evaluation, pp. 148-150, "GCRP Quar. 
Prog. Rep. March 31, 1962, " USAEC Report OWL-3302, Oak Ridge National 
Laboratory. 



a l s o  gives  represen ta t ive  values of the  hol-spot f a c t o r  a s  derived f o r  

var ious  gas -cooled reac to rs .  For packed-bed reactors ,  the  over -a l l  tem- 

pera tu re  r i s e  may be i n  t he  range 700 t o  1200°F, while t he  film-temperature 

drop may be i n  the  range 150 t o  200°F. Thus i n  terms of the  margin re-  

qu i red  f o r  s a f e  operat ion of a packed-bed reac to r ,  a  much l a rge r  hot-spot 

f a c t o r  can be t o l e r a t e d  f o r  the  film-temperature drop than f o r  the  ax i a l -  

temperature r i s e .  From inspect ion of Table 10.1, t h e  cumulative f a c t o r  

(obtained by successive mul t ip l i ca t ion  of the  individual  f a c t o r s )  f o r  the  

At term (1.93) i s  found t o  be approximately one-third g r ea t e r  than t h a t  

f o r  the  AT t,erm (1.45) when t he  broken-sphere f a c t o r  i s  neglected a s  being 

of low p robab i l i t y  of occurrence. I n  f a c t ,  t h e  r e s u l t s  obtained by ap- 

p l i c a t i o n  of t h e  f a c t o r s  of Table 10 .1  a r e  signifi~:a.iitly modified by i n -  

c lus ion  of t h e  p robab i l i t y  term; f o r  example, t e s t s  giving information 

on the  product of t h e  p robab i l i t y  and the hot-spot  f a c t o r  suggest ' t h a t  

under most circumstances the re  need be l i t t l e  concern over the  c lu s t e r -  

i ng  f ac to r .  Experiments a r e  cur ren t ly  under way, however, t o  v e r i f y  

t h i s  f o r  the  s p e c i f i c  georne-Lry being ~ t u d i e d . ~  

The product of the  f a c to r s  from Table 1 0 . 1  and t he  l a s t  th ree  items 

i n  the  t ab l e  give a maximum (and qui1;e pess imis t i c )  ternperatirre allowance 

f o r  uncer ta in t i es  i n  design, f abr ica t ion ,  and operation of 500 t o  650°F 

f o r  t h e  mean temperature r i s e  through the  reactor .  I f  the  p robab i l i ty  

of the  simultaneous occurrence of a l l  the  "worst" p o s ~ i b l e  events i s  0.5, 

t h e  s a f e t y  f a c t o r  may be reduced t o  250 t o  325°F. 

Full-Scale Packed-Bed Reactor Core Expe r imen t s ' (~ .  D. ~ u n d ~ )  

The study of the s t a t i c  and dynamic cha rac t e r i s t i c s  of a randomly 

packed bed of 1 1/2-in.  - d i m  graphi te  spheres within a f u l l - s ca l e  model 

7~ower  Reactor Technology, 4 ( l )  : 30-32 (~ecember  1960); 3(4) : 30-31 
( ~ e ~ t e m b e r  1960). 

8 ~ ,  B. Von der  Decken e t  a l . ,   he Determination of Heat Transfer 
from a Pebble Bed t o  a Through Flowing Gas Usir lg:  the  Mass-Transfer 
Analogy, Chem. Ingr .  -Tech. , 32: 591 (1960). 

'see following sect ion,  F: N. Peebles e t  a l . ,  "Mass-~ransfer  
Studies .  " 



of a packed-bed reactor  core was continued.lO)ll  A desc r ip t ion  of the  

experiments performed i s  given i n  Table 10.2. Beds 1, 2, and 3 were 

s tudied before inclus ion of the  fu l l - s ca l e  core model i n  the  reac to r  

mockup, and hence experiments were r e s t r i c t e d  t o  s t a t i c  condit ions.  It 

was observed t h a t  f o r  86% of the  spheres the  ve loc i ty  a t  t he  e x i t  of the  

i n j ec t i on  tube was i n  the  range 0 .7  t o  5.2 f t / sec ;  the  maximum in j ec t i on  

ve loc i t y  measured w a s  11.3 f t / sec .  Deta i ls  of the  bed loading condit ions 

a r e  given i n  Table 10.2. I n  -the following discussion,  t he  r e s u l t s  a r e  

keyed t o  the  experiment by adding t h e  bed designation number t o  a p r e f i x  

ind ica t ing  the  experiment performed; f o r  example, VF-5 ind ica tes  the  void- 

f L ~ C  L l u ~ l  measurement f o r  bed 5, a s  l i s t e d  i n  column 3 of Table 10.2. 

Void-Fraction and Angle-of-Repose Measurements. The s t a t i c  bed 

cha rac t e r i s t i c s ,  void f r ac t i on ,  and mean angle of repose f o r  the  beds 

s tudied a r e  given i n  the f i n a l  columns of Table 10.2. Void f r ac t i ons  were 

determined by ca lcu la t ion  from the  measured bed height  and the  known volume 

of the  spheres and the  core; a s  noted i n  the  t ab le ,  a water-volume tech- 

nique was a l s o  used f o r  measuring t he  void f r ac t i ons  of beds 1 through 3. 

The inskruments used i n  es tab l i sh ing  the bed height a r e  shown i n  Figs. 

10.4 and 10.5. 

The void f r ac t i ons  f o r  beds 4 and  5 (0.394 and 0.398, raespectively) 

f a l l  within t he  s c a t t e r  band previously indicated f o r  t h e  r e s u l t s  obtained 

with beds 1 through 3 (0.4.01 + 2%) .  l1 Bed 5 was formed from bed 4 by wi.th- 

drawing spheres i n  groups of about 65 from the  core bottom and readmitt ing 

them s ing ly  a t  t he  core top.  A s  indicated by t h e  numbers given above, no 

s i gn i f i c an t  e f f e c t  on t he  void f r a c t i o n  was noted.. 

There cxis-ks .tl~t! f i n i t e  p o s s i b i l i t y  t h a t  l e v i t a t i o n  of the bed w i l l  

occur sometime during i t s  lil 'etime. 'Trherefore t he  e f f e c t s  of t h i s  were 

s tudied i n  beds 6 and 7. I n  forming bed 6, the  a i r  flow through the core 

was ra i sed  t o  the  levit ,a . t ion value, a t  wl i i c l i  po in t  a severe,  cyc l i c ,  

'OR. D. Bundy, PBFB-Core Flow Characte~.isl;ics, pp. 153-155, "GcRP 
Quar. Prog. Rep. March 31, 1962, " USAEC Report. ORNL-3302, Oak Ridge 
Namtiorlal Laboratory. 

"R. D. Bundy, Full-Scale PBRF,-Core Experiments, pp. 158-169, "GcRP 
Semiann. Prog . Rep. Sept. 30, 1962, " USAEC Report ORNL-3372, Oak Ridge 
National Laboratory. 



Table 10.2. Descr ip t im of Packed-Sphere-Bed Experiments 

Bed. Loading Conditions 
S t a t i c  

Characterist ics  , 

Bed Experimen5al Experiment Sphere Impact Gas Flow Angle of 
Designation Determina;ions Designation Velocity ( f t / sec)  During Void 

Technique Loading Fractiona 
A t  Bottom A t  Top ( lb / f t 2 - sec )  (deg) 

1 Void f r ac t ion  VF-1 Spheres added s ingly  a t  17.3 9.0 (b 20-26 0.410 
Angle of repose AR-1 center  from 6 1/2 i n .  

above core r:~adel cop 

2 Void f r a c t i s n  LT-1 Spheres added s ingly  a t  15.4 2.8 (b 20-28 0.396 
Angle of re jose  La-1 center from 6 1/2 i n .  

~bo-re core model top 
, . 

3 Void f r ac t ion  TF-3 Spheres added off-center  15.4 3.6 (b ) 23 0.397 
(4 i n .  from v a l l )  from 
6 1/2 in .  abme core 
model top 

4 Void f rac t i - sn  W-4 Sqheres added singly a t  18.3-19.1 10.9-12; 0 0 23 0.394 W 
Pressure d i s t r i bu t i cn  PD-4 'center from 6 1/2 i n .  P 

0 
Levitat ion ve loc i ty  LV-4 above core model to, 
Angle of reFose AP,-4 

5 Void f r a c t i c n  VF-5 Spheres of bed 4 cycled 10.9-12.11 0 18-25 0.398 
Pressure dLstr ibution PD-5 once by batch remoyal 
Levitat ion ve loc i ty  LV-5 (65 spheres ) from bot- 
Velocity p ro f i l e  VP-5 tom and s ingle  addi- 
Angle of repose M- 5 t i s n  a t  top 

. 6 Void f r ac t ion  VF -6 Bed 5 l ev i t a t ed  and a l -  
Pressure Cis t r ibut ion  PD-6 lowed t o  s e t t l e  slowly 
Levitatior: i relocity LV-6 
Velocity p r s f i l e  VP-6 

7 Void f r ac t ion  VF-7 Bec 6 l ev i t a t ed  and a l -  
lowed t o  s e t t l e  abruptly 

8' Void f r ac r ion  IT-8 Spheres added s ingly  a t  ( C  
Prcssure 8ist . r ibution PD-8 center from 6 1/2 i n .  
Levitat ion ve loc i ty  LV-8 above core model top 
Velocity p ro f i l e  IJ!?-8 
Angle of repose AR-8 

- - 

a Obtained by ca lcula t ion  from height and vobme measre- b ~ t a t i c  experiments performed i n  fu l l - s ca l e  core mode.1 
ments; f o r  beds 1 t h r o x h  3,  da ta  obtained by watar addi t ion  before inclusion i n  reac tor  mockup. 
and withdrawal yielded 0.403 f o r  bed 1, 0.399 f o r  bed 2, 'Experiment incomplete. 
0.401 f o r  bed 3. 



- - 0 4. Probe-Positioning Mechanism f o r  Studies of Velocity and 
Bed Top-Face Profiles.  

churning act ion w a s  observed. The a i r  flow was then slowly decrease4 to  

zero so tha t  the bed progressively s tabi l ized,  beginning a t  the  bottom. 

I n  contrast, for  bed 7, the a i r  flow was abruptly shut off a f t e r  lev i th-  

t ion .  As indicated by the  values l i s t e d  i n  Table 10.2, a s ignif icant  (5$) ,  

residual  expansion of the  bed resulted. There was no discernable influence 

on the void f rac t ion  of the means by which the bed reverted t o  the  s e t t l e d  

condition following levi ta t ion.  The experiments with bed 8 have not yet 

been completed. I n  t h i s  case, the bed was produced by adding spheres 

singly t o  an i n i t i a l l y  empty core, while maintaining a counter gas flow 

a t  a l eve l  approximately nna-third tha t  required t o  l e v i t a t e  a f u l l  bed. 

I n  addition t o  the  void-fraction determinations, the angle of repose 

of the spheres i n  t h e  f i l l  cone a t  the top of the bed was a lso  measured 

f o r  t ,hnse hpds i n  which the spheres were added singly; the results are 



Fig. 10.5. Probe f o r  Determining Profi le  of Top Face of Packed- 
Sphere Bed. 



l i s t e d  i n  Table 10.2. The supe r f i c i a l  angle of repose i s  defined a s  the 

angle between t he  hor izonta l  and a l i n e  connecting with t he  extreme spheres 

i n  the  f i l l  cone ( a t  the  wal l  and a t  t he  t op ) .  The range values of the  

data  i n  Table 10.2 r e f l e c t  the  bounds obtained from meas~~rements alone 

severa l  r ad i i ;  where a s ing le  value i s  l i s t e d ,  only one measurement was 

made. Good agreement was observed f o r  the r e s u l t s  from t h e  most recent  

experiments (beds 4, 5, and 8)  and those reported earlier1'  (beds 1, 2, 

and 3 ) .  The data  spread seemed t o  be somewhat reduced f o r  the  s i t u a t i o n  

i n  which the  spheres were charged t o  t h e  core aga ins t  a i r  flow (bed 8) ,  

bu t  t h i s  w i l l  require  f u r t he r  ve r i f i c a t i on .  

The angle of repose a s  a funct ion of the impact ve loc i ty  i s  shown 

i n  Fig. 10.6. Again, reasonable agreement was found between the  da ta  ob- 

ta ined a f t e r  inclus ion of t he  core *model i n  the  reactor  mockup (shaded 

a r ea )  and t h a t  obtained e a r l i e r  (open c i r c l e s ) .  

Pressure Dis t r ibut ion.  A s  described previously , lo the  fu l l - s ca l e  

model was provided with s ta t i c -p ressure  taps  d i s t r i bu t ed  over the  core ' 

wall  and the  bottom surface.  I n  a l l ,  there  were 33 such pressure-tap 

locat ions  arranged i n  s e t s  of 11 (eight  along the  core wall  and th ree  on 

the  bottom) a t  each of th ree  120-deg separated posi t ions .  Nine add i t iona l  

UNCLASSI FlED 
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Fig. 10.6. Ef fec t  of Impact Velocity on Angle of Repose i n  Packed- 
Sphere Bed. 



t aps  gave information on t h e  over -a l l  core pressure  drop and t he  losses  

i n  t h e  i n l e t  l i n e .  

I n  t he  course of these  experiments, t he  a i r  flow through t h e  core 

was var ied  over t he  range from 25 t o  93% of t h e  l e v i t a t i o n  ve loc i t y  (NRe 
,P 

from 2,500 t o  10,000). A t  a l l  flows, pressures observed a t  the  same height  

bu t  a t  d i f f e r e n t  angular  locat ions  agreed t o  within the  precis ion of the 

measurements. It thus appears t h a t  no gross crossflow maldis t r ibut ions  ... 

e x i s t .  - 
Two f r i c t i o n  f ac to r s  were calcula ted from the  pressure-drop data :  

(1) an  over -a l l  f a c t o r  based on the  t o t a l  pressure  di f ference across the  

bed, which i s  s p e c i f i c  t o  t h e  geometry studied,  and (2 )  a more general  

f a c t o r  ca lcula ted from the  constant por t ion of the  pressure-gradient  curve, 

which character izes  f u l l y  developed flow i n  a packed bed. Since t h e  pres-  

su r e  gradient  i n  t he  i n l e t  region of the  core was, i n  general ,  l e s s  than 

t h a t  i n  regions of es tab l i shed  flow, t he  ove r - a l l  f a c to r s  were determined 

t o  be of l e s s e r  magnitude than those developed from the  data  f o r  the  cy- 

l i n d r i c a l  p a r t  of t h e  core. The r e s u l t s  are presented i n  Fig. 10.7, and, 

f o r  reference,  t he  mean l i n e  through t he  da ta  of Denton e t  a1.12 and t he  

curves predic ted by t he  co r r e l a t i on  of ~ r g u n ' ~ .  ( a t  two values of the  void 

f r a c t i o n )  and of Bakhmeteff and Feodoroff14 a r e  - included i n  the  f igure .  

Two f a c t s  a r e  noted from the data .  F i r s t ,  both the over -a l l  and the  

established-flow f r i c t i o n  f ac to r s  showed a 4 . 2  dependence on the  Reynolds 

modulus ( i . e . ,  f  N - O a 2  ) over the  f u l l  range of the  experiments. Even 
Re 

a t  the  higher flows, t he r e  was no ind ica t ion  of any level ing o f f  of the  

f r i c t i o n - f a c t o r  curve, such a s  t h a t  indicated by the  Ergun corre la t ion.  

Second, t he  f r i c t i o n  f a c t o r  does not appear t o  depend simply on the  void 

f r ac t i on .  Thus, t h e  decrease i n  the  f r i c t i o n  f a c t o r  from t h a t  obtained 

i n  experiment PD-4 t o  t h a t  i n  PD-5 o r  PD-8 was g r ea t e r  than an t ic ipa ted  

1 2 w .  H. Denton, C. H. Robinson, R. S. Tibbs,  he Heat Transfer  and 
Pressure Loss i n  Fluid  Flow Through Randomly Packed Spheres," B r i t i sh  
.A t.omic Energy Authori ty Report AERE-HPC-35, June 1949. 

13s. Ergun, "Fluid Flow Through Packed Columns, " Chem. Eng. Progr. , 
48: 89-94 (1952 ) . 

'&B. A. .Bakhmeteff and N. V. Feodoroff,  low Through Granular Media, " 
J. Appl. Mech., 4: A97-A104 ( ~ e ~ t e m b e r  1937). 
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Fig. 10.7. Experimental F r i c t i on  Factors a s  Determined i n  Nl- 
Scale  Packed-Bed-Reac.l;ori Core Model. . 

from the  increase i n  void f r ac t i on .  Further, the  PD-5 da ta  i nd i ca t e  a 

lower f low res i s tance  than was observed f o r  PD-6 i n  which t he  void f r a c -  

t i o n  was 5% g rea t e r  (0.418 vs  0.398). The p o s s i b i l i t y  thus  e x i s t s  t h a t  

or iented flow passages were present  i n  beds 5 and 8.  These could have 

been created i n  bed 5 by the  batbh removal of spheres a t  t h e  bottom and 

i n  bed 8 by t h e  upward a i r  flow during charging. Velocity p r o f i l e  de- 

terminations (discussed fu r t he r  i n  a following s ec t i on )  a t  t he  e x i t  face  



of bed 5 tend t o  confirm t h i s  hypothesis. The f r i c t i o n  f ac to r s  evaluated 

i n  experiment PD-4 agree wel l  with those previously reported by Peebles 

e t  a1.15 f o r  flow through a 318-scale model randomly packed with smooth, 

9/16-in. - d i m  p l a s t i c  spheres. 

Levi ta t ion Velocity. A s  t he  flow through a packed bed i s  increased, 

a gas ve loc i t y  w i l l  be reached a t  which t he  pressure di f ference (drop) 

across  the  bed i s  equivalent  t o  the weight per un i t  cross sec t ion  of the  

bed. A t  v e l o c i t i e s  s l i g h t l y  g rea te r ,  the  void f r a c t i o n  sharply increases  - 
and the  bed tends toward an arrangement of individual  spheres suspended 

( f l o a t i n g )  i n  a gaseous medium. This phenomenon i s  termed l ev i t a t i on .  

The quan t i t a t i ve  de l inea t ion  of t he  l e v i t a t i o n  ve loc i t y  presents  some 

problems, however, i n  t h a t  (1) there  i s  no sharp point  of demarcation 

between a s t a t i c  bed and a l e v i t a t e d  bed ( i . e . ,  the  bed does not l i f t  and 

expand abrup t ly )  and (2) t h e  gas ve loc i ty  can only be defined i n  terms 

of the  s u p e r f i c i a l  ve loc i t y  at t h e  bed e x i t .  It was experimentally ob- 

served t h a t  a d e f i n i t e  progression of events, beginning with sphere mo- 

t i o n  on the upper face  of t h e  bed, precedes ful l -bed l ev i t a t i on .  The 

choice of any of these  events (see  Fig. 10.8)  as ind ica t ive  of inc ip ien t  

l e v i t a t i o n  r e s t s  on what t he  observer considers a det r imenta l  condit ion 

from the  viewpoint of t h e  end appl ica t ion.  Further, t he  l i f t  experienced 

by an ind iv idua l  sphere depends on the  geometry of the  l o c a l  region i n  

which it i s  embedded. Thus, a t  a given e x i t  supe r f i c i a l  ve loc i ty ,  a bed 

of rhombohedrally arranged spheres may l e v i t a t e ,  and a randomly packed 
'. 

bed may remain s t a t i c .  

I n  the  da ta  discussed below and summarized i n  Table 10.3, l e v i t a t i o n  

i s  defined i n  terms of the  r a t i o  of the  pressure gradient  across  t h e  bed 

t o  t he  bulk bed dens i ty  (dp/pdz) r a t he r  than i n  terms of the  ,gas veloci ty .  

This avoids some of t he  problems considered above. The behavior of the  

spheres a t  t he  top of the  bed w a s  observed v i sua l l y  and photographically 

while t he  a i r  flow was slowly increased and decreased a t  a ve loc i t y  near 

t h a t  required t o  l e v i t a t e  the  bed. 

15F. N. Peebles, B. M. Ph i l l i p s ,  J. M. Rhodes, h s s  Transfer Studies,  
pp. 169-174, "GCW Semiann. Prog. Rep. Sept. 30, 1962, " U S M C  Report 
OFNL-33'72, Oak Ridge National La.boratory. 
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Three d i s t i n c t  phenomena characterized t h e  approach t o  f u l l  l e v i t a -  : :..; 9 

t ion ,  and a l l  were noted t o  occur i n  l o c a l  areas  without involving the  f u l l  .I.-\'-. 

e x i t  face  of t h e  bed. These were t he  following: . .. ! 
1. a rocking motion of a few spheres when t he  pressure gradient  was i '.;:, . I* . 

equivalent t o  60% of the  'bulk bed density,  . .:: ,., :< 

2. the  i n i t i a t i o n  of spinning of some spheres when the  pressure gradient-  . .;P,;~- ! .= 

to-bed densi ty  r a t i o  was 0.80, 

3 .  physical  l i f t i n g  of spheres f o r  values of dp/pdz i n  excess of 0.90. 

As the  flow was decreased from i t s  maximum value, the  same phenomena 

occurred i n  reverse order. These observations a r e  consis tent  with those 

reported by Randall and Millwright.16 

A graphical  presenta t ion of t he  r e s u l t s  l i s t e d  i n  Table 10.3 i s  given 

i n  Fig. 10.8. Since quan t i t a t ive  c r i t e r i a  describing the  various regimes 

have not bee11 defined, t he  f i gu re  shows only t h a t  i n  ce r t a in  ranges of 

dp/p3z ce r t a in  phenomena occur. A d i s t i n c t  discrimination between beds 

with and without l e v i t a t i o n  p r i o r  t o  t he  observations is, however, appar- 

ent .  This d i f ference was found regardless of whether the  f u l l  bed had 

1 6 ~ .  E. Randall and S. S. Millwright, llEkperimental Determinations 
of' the F~.ess.~u.e Drup Tllruug2l a Pebble &d, " Sandia Corporation Report 
~ ~ - 4 3 5 4 ( ~ ~ ) ,  September 1959. 



been l e v i t a t e d  ( a s  i n  LV-6) o r  only t h e  top face  (as i n  LV-4 and LV-5). 

For e i t h e r  s i t u a t i o n ,  i f  previous l e v i t a t i o n  had occurred, subsequent 

yev i t a t i on  was achieved a t  pressure gradients  equal  t o  only 60% of the  

Table 10.3.  Summary of Results of Levi ta t ion Studies of 
Packed-Sphere Beds 

Ratio of Pressure 
Experiment Gradient t o  

Bulk Density 
Comments 

A few spheres began t o  rocka 
One sp11er.e only was spinning; o thcrs  
were rockinga 

Physical  l e v i t a t i o n  of some spheresa 
Physical  l e v i t a t i o n  of some spheres 
Physical  l e v i t a t i o n  of some- spheres 
Physical l e v i t a t i o n  of some spheres 
Physical  l e v i t a t i o n  of some spheres 

P l~ys i ca l  l e v i t a t i o n  of somc spheresa 
Physical  l e v i t a t i o n  of some spheres 
Physical l e v i t a t i o n  of some spheres 
Physical  l e v i t a t i o n  of some spheres 
Physical  levita.t,i.on of some spheres 
Physical  l e v i t a t i o n  of some spheres 
Physical  l e v i t a t i o n  of some spheres 

A few spheres began t o  rock 
A few spheres were spinning; o thers  

were rocking 
Physical l ev i - t a t ion  of some spheres 
A l l  rrivvemellt by spheres ccased 
One sphere only began t o  rock 
A f e w  spheres began t o  rock 
One sphere only was spinning; o thers  
were rocking 

Physical  l e v i t a t i o n  of some spheres 
Levi ta t ion ceased but  spheres con- 
t inued t o  sp in  and rock 

A l l  spheres stopped spinning; some 
s t i l l  rocked 

A l l  movement by spheres ceased 
One sphere only began t o  rock 
A few spheres began t o  rock 
Physical  l e v i t a t i o n  of some spheres 

a 
Measurements were f o r  beds not previously l ev i t a t ed .  



bulk density.  Other indicat ions  of approaching l e v i t a t i o n  were observed 

a t  correspondingly lower values of pressure gradient .  

Consideration of the  arrangement of spheres i n  the  top layers  o f , t h e  

bed provided an explanation f o r  t he  observed data  separation.  Agitat ion 

of t he  top of the  bed during l e v i t a t i o n  permitted spheres t o  assume a 

minimum potential-energy configuration (rhombohedral) . I n  following ex- 

periments, t h i s  denser packing created a s teeper  pressure gradient  a t  the  

bed e x i t  f ace  and, hence, occasioned l e v i t a t i o n  a t  lower values of dp/pdz. 

This descr ipt ion i s  t r ue  even f o r  those beds which had been f u l l y  l ev i -  

t a ted  (e. g . ,  bed 6 ) .  For these  beds, even though the  over -a l l  void f r ac -  

t i o n  was increased, the  top surface  showed c loser  packing. This hypo- 

t he s i s  was qua l i t a t i ve ly  confirmed by manually dis turbing the  ordered 

packing a t  the  bed face  while t he  gas flow was jus t  s u f f i c i e n t  t o  main- 

t a i n  l ev i t a t i on ;  a l l  indicat ions  of l e v i t a t i o n  immediately- ceased. 

Velocity Prof i l es .  A knowledge of t he  flow d i s t r i bu t i on  wi thin  a 

packed bed i s  needed f o r  estimating t h e  heat  t r ans f e r  ( l oca l  or  over -a l l )  

from the  bed. Measurements of t he  ve loc i t y  ins ide  the  bed a r e  d i f f i c u l t  

and not a p a r t  of the  immediate scope of t h i s  study. Information r e l a -  

t i v e  t o  the  gross d i s t r i bu t i on  of t he  supe r f i c i a l  ve loc i ty  can be ob- 

tained,  howevcr, from data  on the  ve loc i ty  a t  the  e x i t  face  of the  bed. 

A hot-wire probe, supported and posit ioned by t he  mechanism used i n  

the  bed-height measurements, was used t o  measure the  veloci ty .  The t r a -  

verses were made a t  a l e v e l  s i x  sphere diameters (9 i n . )  above the  bed , 

i n  order t o  minimize t he  e f f ec t s  of t he  wakes from the  individual  spheres 

while re ta in ing  s e n s i t i v i t y  t o  l o c a l  va r ia t ions  i n  the  s u p e r f i c i a l  veloci ty .  

Tl~e probe was ca l ib ra ted  i n  an empty pipe. 

The r e s u l t s  obtained from the  beds s tudied ( see  Table 10.2) a r e  pre- 

sented, i n  par t ,  i n  Figs. 10.9, 10.10, and 10.11. It was observed t ha t ,  

a t  any given r a d i a l  d is tance from the  core w a l l ,  t he  l o c a l  ve loc i ty  var ied 

s i gn i f i c an t l y  with angular posi t ion.  This i s  shown i n  Fig. 10.9, i n  which 

t he  r a d i a l  va r i a t i on  i n  the  l o c a l  maximum and minimum ve loc i t i e s  (deter-  

mined by circumferential  . t raverses a t  each r a d i a l  pos i t ion)  and i n  ce r t a in  

averaged ve loc i t i e s  (30- and 360-deg sec tors  ) i s  given dimensionlessly a s  

a ve loc i ty  r a t i o  based on the  bed average. The data  depicted a r e  f o r  run 

VP-5A i n  which the  average bed ve loc i ty  was 5.7 f t / sec .  From Fig. 10.9, 
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Fig. 10.9. Experimental Velocity Spectrum Obtained with Peaked Bed 
Top ( V P - 5 ~ )  and an Average Bed Velocity of 5.7 f t / s ec .  

it i s  noted t h a t  t h e  spread i n  t h e  r a t i o  of l o c a l  maximum-to-minimum 

v e l o c i t i e s  is of the  order of 2 t o  6. The angular loca t ion  of t he  extreme 

values va r ied  randomly between t raverses ,  r e f l e c t i ng  l o c a l  va r ia t ions  i n  

void  f r a c t i o n  (probably i n  the  uppermost l eve l s  of the  bed). This aspect  

w i l l  be examined fu r t he r  by removing successive l ayers  from the  top face  

of t he  bed and observing t h e  changing pa t t e rn  i n  the  d i s t r i b u t i o n  of l o c a l  



ve loc i t i e s .  Veloci t ies  averaged over 30-deg sec to rs  show a  l e s s e r  va r ia -  

t i o n  i n  t he  maximum-to-minimum r a t i o .  While t he  l o c a l  ve loc i t i e s  r e f l e c t  

condit ions near the  e x i t  face  of the  packed bed, the  average of these  
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Fig. 10:10. Experimental Mean Super f ic ia l  Velocity P ro f i l e s  f o r  a  
Completely Levitated Bed. 
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veloc i t ies  over the f u l l  360-deg sector  should reasonably characterize 

the gross d is t r ibut ion  of the  superf ic ia l  veloci ty  within the bed; t h i s  

w i l l  be checked by obseming changes i n  t h i s  prof i le  (curve labeled Vav 

i n  Fig. 10.9) i n  the aforementioned experiment. 

A ser ies  of experiments was performed (VP-GA, VP-6B, VP-GC) i n  which 

the e f fec t  of the bed average veloci ty  on the r ad ia l  var iat ion of the  

mean circumferential veloci ty  was examined. The resu l t s ,  presented i n  

Fig. 10.10, indicate  tha t  a 2.4-fold change i n  the  average veloci ty  did 

not s igni f icant ly  a f f ec t  t he  shepe of the r ad ia l  veloci ty  profi le ;  the 

var iat ion between the profi les  was l e s s  than the  estimated 25 t o  '7s er ror  

associated with the measurement. This r e su l t  i s  consistent with the con- 

clusions of other investigators.  17-19 

The veloci ty  data obtained fo r  several d i f fe rent ly  formed beds (5 

and 6 )  a re  compared i n  Fig. 10.11 with resu l t s  reported by Dorweiler and 

Fahien. l8 The regions delineated along the abscissa i n  Fig. 10.11 have 

reference t o  the  geometric s t ructure of the core bottom, as  shown i n  Fig. 

10.12; gas-inlet  holes i n  the central  sphere-discharge dome a re  not shown 

i n  t h i s  photograph. The effect of the i n l e t  gas d is t r ibut ion  on the ve- 

loc i ty  prof i le  i s  discernible i n  the data of Fig. 10.11. Results f o r  the 

VP-5A through 5C runs a re  i n  best  agreement with the Dorweiler and Fahien 

profile;  the differences can be explained i n  terms of the s t ructure of 

the beds studied. Dorweiler and Fahien examined a flat-topped bed con- 

tained by a r ight-circular  cylinder; whereas, f o r  the mockup, the  bottom 

and top faces were both roughly conical. The higher resistance t o  flow 

i n  the  mockup bed caused both a s h i f t  of the point of maximum veloci ty  

toward the w a l l  and a decrease i n  flow through the cent ra l  region. To 

verify th i s ,  the upper face of bed 5 was leveled pr ior  t o  runs VP-5D 

through VP-5F by lev i ta t ing  the top layers of spheres. The resu l t s ,  while 

somewhat inclusive, show tha t  the veloci ty  maximum moved away from the  

1 7 ~ .  Collins, "velocity Distribution of Packed Beds, I' M. E. Thesis, 
University of Delaware ( ~ u n e  1958). 

"v. P. D o m i l e r  and R. W. Fahien, "Mass Transfer a t  Low Flow Rates 
i n  a Packed Bed Column, " A. I. Ch. E. J., 5 : 193 (1959). 

19c. E. Schwartz and J. M. Smith,  low Distribution i n  Packed Beds, " 
Ind. Eng. Chem., 45: 1209 (1953). 
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Fig. 10.12. Core Mockup In le t  Geometry. In  a l a t e r  version, gas- 
i n l e t  holes were added i n  sphere-discharge dome. 

w a l l  and tha t  the cent ra l  flow was increased. Interpretat ion of t h i s  

data  is  complicated by the f a c t  t ha t  l ev i t a t ion  resulted i n  the formation 

of (1) large c lus te rs  (extending through the upper four or f ive  layers)  

of rhombohedra1 spacing and (2  ) ver t i ca l ly  oriented channels i n  the region 

of the central  dome. With the bed flattened, a strong veloci ty  maximum 

appeared a t  the core center; and a secondary m a x i m u m  occurred i n  the v i -  

c i n i t y  of the outer edge of the central  dome ( i n  VP-5A-C an inf lec t ion  

was noted i n  t h i s  region). Further modification of the bed (VP-GA-C) by 

complete l ev i t a t ion  resul ted i n  lower r e l a t ive  ve loc i t ies  near the wall, 

an additional displacement of the velocity maximum toward the core center, 

and the elimination of the high central  velocity; Lhe secondary maximum 

was somewhat amplified. While the packing arrangement within the bed was 



*'work performed under subcontract by Department of Chemical and 
Metallurgical Engineering, University of Tennessee, Knoxville, Tennessee. 

2 1 ~ .  0. Bennett and J. E. Wers, Momentum, Heat and Mass Transfer, 
pp. 331488, McGraw-Hill Company, Inc., New York, 1962. 

2 2 ~ .  N. Peebles, B. M. Phill ips,  and J. M. Rhodes, Mass-Transfer 
Studies, pp. 169-174, "GCW Semiann. Prog. Rep. Sept. 30, 1962," USAEC 
Report ORNL-3372, Oak Ridge National Laboratory. 

11 
2 3 ~ .  M. Rhodes and F. N. Peebles, Local Rates of k s s  Transfer from 

Spheres i n  Ordered Arrays, " Department of Chemical and Metallurgical 
Engineering, University of Tennessee, Knoxville, Tennessee, August 1962. 

d i f f i c u l t  t o  estimate, the resu l t s  suggest an increased density i n  those 

regions i n  which the veloci ty  was or ig ina l ly  grea tes t  (although the over- 

a l l  bed density decreased). 

Mass-Transfer studies2' (I?. N. Peebles, B. M. Phi l l ips ,  J. M. Rhodes) 

Consideration of the loca l  heat-transfer phenomena i n  packed-sphere 

cores leads t o  the  conclusion tha t  substant ial  temperature excesses could 

ex i s t  i n  and near c lusters  of closely packed fueled spheres. To furnish 

data on the  severi ty  of t h i s  condition, an experiment was i n i t i a t e d  t o  

measure the ra tes  of mass t ransfer  f o r  spheres within and around a cluster .  

Corresponding ra tes  of heat t ransfer  were then calculated by application 

of the heat transf er-mass t ransfer  analogy. 21 

A 3/8-scale core model with 9/16-in. - d i m  p l a s t i c  spheres t o  simulate 

the spheres of the  fu l l - sca le  mockup study was described ea r l i e r .  22 Mass- 

t ransfer  t e s t s  were delayed because of two ruptures of the p l a s t i c  core 

model. f id i f i ca t ions  of the t e s t  section t o  provide additional reinforce- 

ment of the cemented p la s t i c  joints were completed, and hydraulic t e s t s  

showed t h a t  pa r t i c l e  Reynolds moduli between lo3 and lo4  could be obtained. 

Benzoic acid t e s t  spheres (9/16-in. -d im)  f o r  the cluster  experiment. 

were sa t i s f ac to r i ly  prepared by pressing cp-grade crystals  i n  a spherical 

die, ra ther  than by machining the t e s t  spheres from crude pressings as  i n  

the e a r l i e r  work. Preassembled closely packed clusters  with benzoic 

acid t e s t  spheres i n  the center of the t e s t  c lus te r  a r e  shown i n  Fig. 10.13. 

Mass-transfer t e s t s  w i l l  be made with the  closely packed clusters  manually 

positioned i n  the otherwise randomly packed bed of i n e r t  p l a s t i c  spheres. 



(6) RHOMBOHEDRAL CLUSTER; ONE LAYER OF INERT SPHERES AROUND TEST SPHERE. 

Fig. 10.13. Closely Packed Clusters of Ine r t  P las t ic  Spheres with 
Soluble Benzoic Acid Test Sphere i n  Center of Cluster. 

Further experiments on loca l  mass-transfer r a t e s  from spheres i n  

ordered arrays were i n i t i a t e d  t o  extend the data of Rhodes and peeb1esz3 

t o  higher pa r t i c l e  Reynolds moduli (up t o  lo5 )  and lower Schmidt moduli 

(200 t o  1000). This information is  needed i n  the interpretat ion of data 

from random-bed experiments and i n  more precise thermal analyses of packed- 

bed reactor  cores. 

Design calculations showed tha t  a 9- by 9-in. t e s t  section with f ive  

layers  of 3-in.-dim spheres could be used i n  the existing hydraulic fa- 

c i l i t y  t o  a t t a i n  p a r t i c l e  Reynolds moduli up t o  104,000. As  i n  the e a r l i e r  

mass-transfer studies,  benzoic acid t e s t  spheres w i l l  be placed i n  arrays 

of othem7ise i n e r t  spheres. Infinite-bed packings w i l l  be simulated by 

use of p a r t i a l  spheres machined t o  f i t  the square t e s t  section. 

The apparatus used by Rhodes and peeblesz3 f o r  measuring loca l  radius 

changes on mass-transfer t e s t  spheres was modified t o  make use of a l inear  

var iable-different ial  transformer (LVDT, Columbia Model S-125-SZR) t o  



( b )  SECTION 2 

Fig. 10.14. Disks Cut f ~ m  Solid Replication of a Ranclan S~here  
Bed for  Study of Voidege Distribution. Sections are ambered qmard 
f d ' ~ l  SYILJ('IH'I IIXY I:.'hr?B, 



detect  dimensional changes. The output voltage from the LVMl i s  being -- 
sed  t o  drive a recorder t h a t  plots  the loca l  radius versus posit ion on - 
,he t e s t  sphere. Reference measurements and cal ibrat ion of t h i s  device 

.re i n  Droaress. 

An experimental study of the  s p a t i a l  d i s t r ibut ion  of voidage i n  ran- 

domly packed beds of spheres i n  reduced-scale packed-sphere beds was i n i -  

P t ia ted  t o  furnish data  needed t o  resolve uncertainties i n  thermal design. 

Repl icat ion of the bed of spheres randomly packed i n  the t e s t  model was e 
f i e d  by polymerization. X-ray pictures of disks cut from the so l id  r e ~ l i -  

c m f e r e n t i a l  var iat ions i n  voidage. 

Typical disks cut from a l/4-scale model f i l l e d  with 3/8-in.-dim 

- - p l a s t i c  spheres a re  shown i n  Fig. 10.14. The disks a re  3/4 in.  thick, L- 
and the  lower faces a r e  pictured. I n  a qual i ta t ive way the disks reveal 

disks from the so l id  repl icat ion of the core model i s  i n  progress. 



11. FACILITIES AND EQUIPMENT 

GCR-ORR Loop No. 2 Construction 

J. Zasler 

Installation of the GCR-ORR loop No. 2 in-pile section and the first 

experimental assembly was completed, and loop operation was initiated 

January 31, 1963. The experiment assembly being irradiated is a low-power 

unit for determining the neutron flux by the argon-activation technique 

descri-bed by Carroll. l It consists of a 1-in. -diam, 1-in. -long cylinder 

that can be moved axially over the 9 in. to be occupied by fuel specimens 

in future experiments . 
The neutron flux was measured with the in-pile section in four posi- 

tions: fully inserted, withdrawn 6 in., withdrawn 12 in., and withdrawn 

21 in. The results of the measurements are presented in Fig. 11.1. 

The outer surface of the cylinder was coated with a thin layer of U02 

in an attempt to generate recoil fission products. Samples were taken that 

indicated small amounts of fission products in the loop. 

The bypass purification system is operating and appears to be quite 

effective in removing gaseous impurities. A typical analysis of the loop 

gas follows : 
Quantity 

Constituents ( PP~) 
-- . - 

The argon in the gas sample was introduced during final assembly and test- 

ing of the loop and can be removed by purging. 

The loop is presently operating with a maximum gas temperature of 

1200°F. The heater control circuitry is performing well in providing 

constant temperature gas to the test section. 

'R. M. Carroll, "Argon Activation Measures Irradiation F l u  Continu- 
ally, 'I .Nucleonics, February 1962. 
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Fig. 11.1. Neutron F l u  Measurements in In-Pile Section of GCR-ORR . 

Loap No. 2 During ORR Cycle 45. 

Measurements and calculations were made to determine the gamma- 

energy tran~fe~red to the gas that cools the in-pile section. The value 

appears to be between'2 and 3 kw, which is considerably lower than the 

17 kw assumed in the design and hazards calculations. The implications 

of this for future operation of the loop are being examined. 

com~res sor Develo~ment 

Gas-Bearing Compressors for GCR-0Fk Loop No. 2 (D. L. ~ r a ~ )  

A second series of tests was run to obtain additional operating data 

on gas-bearing compressors. The instrumented Bristol Siddeley gas-bearing 

compressor was used for these tests. The internal thermocouples were 

relocated prior to these tests to obtain temperature data in the region 



of the front journal bearing. Four attempts were made to operate the 

compressor at design temperature and. pressure (600"~ and 295 psia), and 

in each case indications of rubbing of the journal bearings were found 

as .L1.le -I;err~per.s-I;~u.e approached 500 "I?. 

Upon disassembly of the compressor it was found that no apparent 

damage had occurred to the journal bearings but that contact had occurred 

between the cylindrical heat shields and the thermocouple fastened to 

the front journal bearing diaphragm. It was believed that this had caused 

the diaphragm to deform and thus cause misalignment of the front journal 

bearing. The heat shields were notched to eliminate this difficulty. 

The compressor was reassembled, and it operated successfully at 

speeds up to 11,400 rpm at 600°F and 295 psia. Attempts to operate at 

higher speeds resulted in touching of the journal bearings. When the 

compressor was disassembled, it was found that the leading edge of the 

rear end of the top pad on the front journal bearing showed evidence of 

rubbing. The shaft.was scored at this location to the extent that a 

decision was made to replace it and to install new journal bearings. 

Further investigation gave rise to the belief that the difficulties could 

have resulted from unbalance in the rotating assembly caused by shifting 

of the impeller on the shaft during assembly. 

The rotary assembly was and balanced, and means for ensuring 

' correct repetitive positioning of the impeller were studied. A set of 

journal and thrust bearings surfaced with Glacier "DU" are to be installed 

in this compressor. Glacier "DU" is a proprietary material that consists 

of a 0.010-in.-thick layer of sintered bronze attached to a steel backi.ng. 

The bronze is impregnated with Teflon. It has been found in European . 

tests that this material gives good results for starting and stopping in 

very dry helium, whereas all known metallic materials are subject to 

galling under these conditions. A process for impregnating the surface 

of thc ahaft with ~03; has also beeri ileveluyed In Europe, but it has not 

been effective in all cases in preventing damage with dry helium. Since 

it will be necessary to make new bearings, studies are being made of the 

optimum configuration to overcome all the known problems in this type of 

compressor. 



Continental Bearing Research Corporation Experimental Gas-Bearing - -- 
Compressor m. L. Gray) 

Evaluation tests of the experimental gas-bearing compressor supplied 

by the Continental Bearing Research Corporation were continued. The com- 

pressor was installed in the test loop and operated for approximately 

2 hr at a suction pressure of 92 psig and a temperature of 89°F. It was 

stopped to replace the overload heater in the electrical circuit breaker 

and then operated for a second period of 2 hr at 160 psig and 99°F at 

speeds from 9,000 to 15,000 rpm. At the end of this time the compressor 

stopped and could not be restarted. A considerable amount of debris of 

various types was found when the impeller was removed. Part of the debris 

consisted of metal chips, and most of the remainder appeared to be frag- 

ments from the ceramic motor insulation. It was also found that one of 

the pivot pads in the lower journal bearing had been installed backward. 
d 

All three pads were welded to the shaft. 

It was concluded that the failure was caused by the debris. The 

motor insulation was examined, and it was determined that it would be 

very difficult to prevent further chipping of the insulation in service, 

since it seemed probable that most of the problem was caused by differ- 

ential expansion between the metal retainer strips in the stator slots 

and the ceramic insulation. No further tests will be made with this unit 

unless a more adequate type of high-temperature insulation can be found. 

Regenerative Grease-Lubricated Compressors (I. K. ~amba) 

The regenerative compressors in GCR-ORR loop Nu. 1 continued to 

operate satisfactorily during irradiation test cycles. Since the previous 

report period, the operating time of' the compressors has increased from 

3300 (three test cycles) to 4400 hr (four test cycles) without replace- 

ment of the bearings. Inspection of the compressors indicates that an 

additional 1100 hr of operation should be feasible, for a total operating 

period of 5500 hr. 

The set of regenerative compressors in GCR-ORR loop No. 2 was oper- 

ated intermittently during the loop shakedown period and has continued 

to operate satisfactorily during the initial test cycle. 



A small regenerative compressor that was designed and fabricated at 

ORNL was installed in the control-rod-drive testing facility. This com- 

pressor was operated intermittently during various phases of loop shake- 

down testing. Tests were also made with several alternate impeller and 

volute geometries to obtain data on the fluid dynamics of the regenerative 

impeller. Analysis of the data is in progress., 

A second, small, regenerative compressor was assembled for use in 

testing the EGCR burst slug detection system in GCR-ORR loop No. 2.. 

Blower and Compressor ---- Evaluation Studies (w. F. Boudreau, D. L.  ray) 

A study was made of the possible.use of a hermetically sealed, 

motor-driven compressor for-the EGCR emergency cooling loop. Such units 

could eliminate problems associated with conventional shaft seals exposed 

intermittently to high pressures. It would also be possible to reduce 

the physical size of the compressors and thereby reduce their cost. It 

was decided that it would be possible to design such compressors that 

would utilize hydrostatic gas-lubricated bearings but that it would not 

be feasible to demonstrate the operation of these bearings at an early 

enough date to permit their consideration for EGCR use. 

W i n g  the course ot' the investigation it became apparent that 

hydrostatic gas bearings offer attractive possibilities for use in large 

blowers and compressors. It was therefore decided to initiate an investi- 

. gation of the operation of this type of bearing. An available test unit 

is being modified for this study. 

Development of Shaft Seals (subcontract No. 2118, University of 
Tennessee, W. K. ~ t a 3 -  

Four additional reports on the development of shaft seals were com- 

pleted and published by the University of Tennessee. Five of the total 

of six reports have now been made available to the Office of Technical 

Services for distribution. 2-6 

2~ederick Arnold and W. K. Stair,  he Labyrinth Seal - Theory and 
~ e s i ~ n ,  " ME 5-62-1, University of Tennessee, March 1962, USAEC Report 
TID-15986, 



Equipment for Helium Analyses - 

A. S. Meyer C. M. Boyd 

Development work was completed on the Greenbrier process chromato- 

graph, which was adapted for analysis of radioactive helium samples from 

GCR-ORR loop No. 2. The separation and flow-directing valves that were 

described previously were used in the final instrument ; however, minor 

modifications, including a change in column packing, improved flow- and 

pressure-regulating components, and modifications of the bridge circuits 

to reduce the effect of temperature variations, were required to obtain 

consistent analyses. 

In order to complete an analysis cycle within a 20-min period and 

obtain a more effective elimination of the fission-product gases krypton 

and xenon, the columns originally selected (an 18-in. -long, 114-in. -OD, 

silica-gel column and a 36-in. -long, 114-in. -OD, ty-pe 5A molecular sieve 

column) were replaced. The new columns consist of a 11-in. -long, 114-in. - 
OD column of Burrell high-activity silica gel and a 12-ft-long, 3/16-in. - 
OD column packed with 20-30 mesh ty-pe 13X molecular sieves. The new 

columns Iyielded a chromatogram similar to that obtained with the previous 

columns. The peaks were somewhat more sharply resolved and the spacing 

between nitrogen and methane was increased to provide additional flushing 

time to remove the radioactive krypton. Also, with this column combi- 

nation, the retention time of carbon dioxide is increased so that it is 

I 

3 ~ m .  K. Stair, "The Visco Seal - A Survey," ME 5-62-2, Un,iversity of 
Tennessee, March 1962, USAEC Report TID-15987. 

4~m. H. Carden, "The Mechanical Face Seal, 'I ME 5-62-TN-3, University 
of Tennessee, March 1962, USAEC Report. TID-15988. 

5~m. I<. Stair,  h he Bearing Seal - A Design EvaL~~ation, " ME 5-62-TN-2, 
University of Tennessee, April 1962, USAEC Report TID-16358. 

'wm. -K. Stair, "A Research Program on Dynamic 'Shaft Seals, I' ME 5-62-3, 
University of Tennessee, published as Paper No. 10 in ''~otatin~ Mchinery 
for Gas-Cooled Reactor Application,'' --- Proceedings of Meeting at Oak Ridge 
National Laboratory April 2-4, 1962, USAEC Report TID-7631. 

7 ~ .  S. Meyer, Jr., C. M. Boyd, and J. E. Attrill, Gas Chromatographic 
Analysis of Helium, pp. 252-256, "GCRP Quar. Prog. Rep. Dec. 31, 1961, " 
USllEC Report ORNL- 3254, Oak Ridge National Iaboratory. 



eluted from the silica-gel column and measured during the interval in 

which krypton is being flushed from the sieve column. 

The resolution obtained with the 13X sieves was equal or superior to 

that obtained with the type 5A sieves for all components except carbon 

monoxide. The peak originally obtained. for carbon monoxide was highiy 

asymmetric and yielded poor linearity and lower sensitivity, particularly 

for ppm concentrations. By contaminating the sieves with water and carbon 

dioxide to empirically selected levels, the position of the carbon mon- 

oxide peak is translated conveniently close to the methane peak, and the 

asymmetry is substantially eliminated. At the necessary level of sieve 

contamination, bleeding of water from the column is negligible, but 

bleeding of C02  contributes a concentration of 10 to 20 ppm in the effluent 

carrier. This C 0 2  is quantitatively removed from the column effluent by 

absorbing C 0 2  in a short section of 1/4-in. tubing packed with ascarite 

and magnesium perchlorate. 

The total leak rate of all components that may contain radioactive 

gases was reduced to less than 10'6 cm3/sec. The Phillip-type valves 

were demonstrated to be a satisfactory, although difficult, solution to 

the problem of effecting the complex flow-switching operations necessary 

to the chromatographic analysis while maintaining the rigorous leak speci- 

flcatlori necessary f u r  ~;adioacl ivc systems. In thc Phillipa vslvec, 

c.losure of flow paths between adjacent parts is effected by the appli- 

cation of actuating pressure to a region of a Teflon diaphragm that is 

clamped between two flat plates. Because of minor imperfections in these 

surfaces, no satisfactory seal could be obtained in the valves as received 
\ 

from the manufacturer. After lapping the surfaces with 900 grit a'brasive 

and ceria, reducing the thickness df the Teflon diaphragm to 2 mils, and 

using a thick gasket to dis-tribute the force of the clamping nut, the 

leak rate was reduced to a value below the limit of detection of a helium 

leak tester. No detectable leaks in the three valves have developed during 

a, six-mnn.t,h. period of intermittent operation. In order to maintain satis- 

factory flow switching, it is necessary to scrupulously exclude particulate 

water from the gas stream. Switching difficulties with these valves were 

eliminated only after blowing out all lines with high-pressure helium to 



remove dust and scale and sealing the ends of the columns with glass wool 

backed up by 5-p fritted metal disks. 

In order to eliminate contamination of the carrier gas by atmos- 

pheric gases, a pressure regulator equipped with a metal diaphragm was 

originally specified for this instrument. Since this regulator provided 

inadequate pressure control for measurements at ppm concentration levels, 

it was replaced with a special regulator assembled from Moore Product 

Compsny components. In this improved regulator, diffusion of atmospheric 

gases through the elastomer diaphragm is minimized by a continuous purge 

of the atmospheric side of the diaphragm with a 10 cm3/min flow of helium. 

A Moore back-pressure regulator with adjacent buffer volumes was used to 

reduce the effects of variations in the carrier gas pressure caused by 

fluctuations in the pressure of the disposal system. No base-line pertur- 

bations attributable to such pressure variations were observed. 

The instrument has now been in intermittent service in GCR-ORR loop 

No. 2 for more than three months. It has been used for preliminary evalu- 

ations of the helium cleanup system and is now providing analyses for the 

first low-power test run of the loop. In measurements at the 100-ppm 

concentration level, the reproducibility is better than 5 ppm for all 

components except hydrogen and better than 40 ppm for hydrogen. 

Thermocouples for High-Temperature Measurements -- -------- 

G. W. Keilholtz R. L. Bennett 

Thermocouple Mterial Tests in Contaminated Helium ---- - 
Preliminary screening tests were conducted, as reported previously, 8 

on wires exposed to helium containing 500 ppm Hz and 500 ppm CO. In these 

tests, which were made at 760 and 982°C) the wires were suspended over 

graphite. Since there was the possibility of one type of wire influenc- 

ing the attack on another by cross contamination or modification of the 

gaseous atmosphere, a second group of experiments was started in which 

8 ~ .  T. Rainey, Jr., R. L. Bennett, and H. L. Hemphill, Thermocouples 
for High-Temperature Measurements, pp. 436-440, "GCRP Semiann. Prog. Rep. 
Sept. 30, 1962, I' USAEC Report ORNL-3372, Oak Ridge National Laboratory. 



sets of 25 types of wires are located in small holes drilled in 12-in. 

AGOT graphite blocks; The wires are in direct contact with the graphite 

and are isolated from other types of wires. Wires of each type are re- 

moved at selected intervals. A set was withdrawn after 36 days, and the 

wires are being compared with as-received wires for changes in thermo- 

electric output at 420°C against a platinum standard wire. 

The results for the wires that have been checked are listed in 

Table 11.1, and it may be concluded that at the lower temperature only 

Chromel-A and type 347 stainless steel gave significant error (greater 

than 0.5% of the o.u.l;put; against platinum). At 982"C, however, large 

thermoelectric changes occurred in all wires checked thus far, except 

50% MO-50% Re wire. The other 16 wires-will be checked, and another set 

of wires will be checked after an exposure of greater than 100 days. 

The individual wires listed in the first column of Table 11.1 were 
- , 

coupled with a platinum wire, and the temperature errors at 420°C were 
.. . , . '  1:. 

obtained. The temperature errors if the wires were coupled with wires 
.. .. 
: . :: 

Table 11.1. Effect of Exposure to Helium Containing 
H2 and CO on Accuracy of Thermocouple Wires 

. .  ' I .  . . 

Error in mtput at 420°C 
- - 

Exposed at 982" C Exposed at 760" C 
Wire 

Temperature Temperature EMF' Drift 
Error EMF' Drift. Error 

(mv) ( "  c) (mv) ( "  c) 

Rcgular Chromel-P 
Special Chromel-P 
Geminol-P 
50% MO-50% Re 
Chromel-A 
Type 347 stainless staeel 
Molybdenum 

, ~henium 
platinum-10% rhodium 

a 
Bsed on comparison with as-received wire. 

bThese values represent the temperature error of a thermocouple 
of the individual wire coupled with a standard platinum wire at 420°C. 



other than platinum would be different, with the magnitude and sign of 

the temperature error being dependent of the relative positions of the 

two wires in the thermal emf series. The emf errors given in the. table 

are characteristic of the individual wires only and represent the output 

of an as-received wire coupled against an exposed wire. 

Tests of Stainless-Steel-Sheathed Chromel-P vs - Alumel Thermocouples 

Type 304 stainless steel-sheathed Chromel-P versus Alumel thermo- 

couples insulated with MgO have been tested in various atmospheres for 

extended times. The results of several of these tests are s'ummarized in 

Table 11.2. 

Table 11.2. Drift Data on Ty-pe 347 Stainless 
Steel-Sheathed Chromel-P Versus Alumel 
Thermocouples in Various Atmospheres 

Test Test EMF Drift Temperature 
Atmosphere Temperature Time 

(mv) 
Error 

("c) ( days ( "  c) 

CO at 7 psig 870 194 +O. 27 +7 
H2 at 7 psig 870 155 -4.02 -100 
H2 at 150 psig 870 9 2 4-01 0 
He at 7 psig in a 700 161 -0.20 -5 
graphite system 

Thermal emf errors along the wires were determined by withdrawing 

them from a 400°C isothermal tube furnace. The error data for the in- 

dividual wires exposed to CO and H2 are presented in Fig. 11.2. Metal- 

lographic samples were taken of an as-received thermocouple and at 114-in. 

intervals along the regions where error was noted. The as-received thermo- 

couple is shown in Fig. 11.3, and selected photomicrographs of samples 

taken at the points indicated on Fig. 11.2 are shown in Figs. 11.4 through 

11.7. All the photomicrographs are transverse cross sections and are 

oriented with the Chromel wire at the bottom. The correspondence between 

the error curves and the microstructural changes was definite, except in 

one case. In the CO test, no microstructural change was detected that 

corresponded to the dip in the Chromel emf error curve at the 11-in. 



UNCLASSIFIED 
ORNL-DWG 63-112 

TEST EXPOSURE TEMPERATURE ( O C )  

IN CO AT 7 psig - - EXPOSED 455 DAYS 
IN H2 AT 7 psig -- EXPOSED 92 DAYS 

- 4.0 
2 4 6 8 40 12 44 16 

DISTANCE INTO FURNACE (in.) 

Fig. 11.2. Thermal-Gradient EMF Error Curves for Individual Wires 
of MgO-Insulated, Ty-pe 304 Stainless Steel-Sheathed, Chromel-P Versus 
Alumel Thermocouples Tested in Various Atmospheres. Figure numbers indi- 
cate locations at which metallographic samples were taken. 

position ( ~ i ~ .  11.6). This probably means that the thermoelectric drift 

was more sensitive in revealing a change than the photomicrographs. 

The emf error curve for the thermocouple tested in helium at 7 psig 

in a graphite system is shown in Fig. 11.8. The helium atmosphere con- 

tained Hz and CO degassed from the graphite. There is good correlation 

between the two maximum error peaks and microstructural changes indicated 

in Figs. 11.9 and 11.10. The oxide shown on the sheath contained Fe304. 

Tests of Refractory Metal Thermocouples 

The tests of tungsten-rhenium thermocouples were continued. The 

instability of these thermocouples in low concentrations of oxygen (10 to 



Fig. 11.3. Section of As -Received, MgO-Insulated, Type 304 Stain- 
l e s s  Steel-Sheathed, Chromel-P Versus Alwnel Thermocouple. 

Fig. 11.4. Cross Section of Thermocouple Exposed t o  CO a t  7 psig 
a t  a Position 4 in.  Inside Furnace. Note beginning of oxidation of 
Alumel wire a t  top of section. 



F .  11.5. Cross Section of Thermocouple Exposed t o  CO a t  7 psig 
a t  a Position 4 3/4 in. Inside Furnace. Note sharp increase in oxida- 
t ion of Chromel wire (compared with that  shown i n  Fig. 11.4) and more 
gradual increase in oxidation of Alumel wire. 

Fig. 11.6. Cross Section of Thermocouple Exposed t o  CO a t  7 psig 
a t  a Position 11 in. Inside Furmce. Note decrease i n  oxidation of 
Chromel and Alunel wires. 



Fig. 11. '7. 
at a Position 10 

Cross Section of Thermocouple Exposed to Hz at 7 psig 
in. Inside Furnace. 

UNCLASSIFIED 
ORNL-DWO 63- (36 

TEST EXPOSURE TEMPERATURE CCI 
692 684 675 662 648 636 473 329 244 88 

-2.0 
0 2 4 6 8 40 42 44 (6 48 20 

DISTANCE INTO FURNACE (in.) 

Fig. 11.8. Thermal-Gradient EMF Error Curves for an MgO-Insulated, 
Type 304 Stainless Steel-Sheathed, Chromel-P Versus Alumel Thermocouple 
Tested in 7-psig Helium in a Graphite System. 



Fig. 11.9. Cross Sections of Thermocouple Exposed t o  Helium a t  
7 psig i n  a Graphite System. (a) Section taken 10 114 in. inside Fur- 
nace. (b) Section taken 11 in. inside Furnace. 



Fig. 11.10. Cross Sections of Thermocouple Xxposed t o  Helium a t  
'7 psig i n  a Graphite System. ( a )  Section taken 12 31.4 in .  inside fur -  
nace. (b) Section taken 14 in. inside furnace. 



UNCLASSIFIED 
ORNL-LR-DWG 74947R 

Fig. 11.11. Apparatus for Tests of Thermocouples at High Temperatures. 



00 ppn) and CO (100 ppm) in helium was described previously. " Pure . 
,-sten wires 0.010 and 0.020 in. in diameter were compared thermoelec- - 

Ttrically against pure rhenium during long exposures in helium containing - - 

100 ~ t m  CO at about 1000°C. For 240 hr, only minor emf variations were - 
oted, but rapid emf drift, equivalent to about 150°C in 100 hr, was ob- 

served upon raising the temperature to 1200°C. 

Thermocouples of a11 combinations of tungsten, tungstelr5$ rhenium, 

tungste~26$.rhenium, and pure rhenium were found to drift at 1750°C in 

helium containing 25 ppm CO at approximately the same rate as in helium 

containing 100 ppm CO. In general the drift rates were rather rapid for 

C the first 100 hr of exposure and then leveled off for the duration of the 

260-hr test. 

The spiral graphite f'urnace previously used for the refractory metal 

tests in helium-C0 atmospheres was modified to flatten the thermal gradi- 

ent in the high-temperature region. The length of the heater section was 

increased from 2.5 to 5 in., and checks have shown a heating section length 

of 1.25 in. to be within +6" C of 1000" C with 2400-w input. The Imped- 

ance of the graphite heater is well matched to the power supply, so most 

of the 10-w power should be available. For a 0.5 X 0.25-in. tungsten 

black body with a 0.063-in.-dim cavity, the optical pyrometer agreed 

with the thermocouple output within 95°C at 1200°C. The modified furnace 

is shown in Fig. 11.11. 
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