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Par t  l. Design Invest igat ions 

1 Pebble-Bed Reactor Studies 

Two design s tudies  have been car r ied  out of the  pebbl-e-bed reac tor  

which Sanderson & P o r t e r  s tudies  have indicated t o  be po ten t i a l ly  capable 

of producing low-cost power. 

a 10-Mw experimental reac tor  w i t h  which t o  obtain su f f i c i en t  data for the  

design of a fu l l - sca l e  pebble-bed power reac tor .  

F i r s t ,  a preliminary design w a s  prepared f o r  

The core of the  experimental reac tor  i s  8.1 f t  long and 18 i n .  i n  

diameter and i s  surrounded on a l l  s ides  by a 3-f t - thick graphi te  r e f l e c t o r .  

The f u e l  cons is t s  of 1 1/2-in.-diam b a l l s  composed of 90.0 wt  % graphite,  

5.49 w t  $ U02, and 4.51 w-t $ ThO2. The uranium i s  f u l l y  enriched. The 

core has 39% of i t s  volume as space f o r  the  coolaat gas (helium). 

in-tended t h a t  t he  f u e l  residence time be 246 days, which will give a 

uranium burnup of 1.0%. These conditions t r i l l  subject a f u e l  ball- t o  the  

same temperature, power density,  and burnup as would be experienced i n  a 

fu l l - sca l e  power reac tor .  

the  use of control  blades placed cireumferentiall_y i n  the r e f l e c t o r .  Since 

the  reac tor  i s  mainly reflector-moderated, t h i s  locat ion provides e f f ec t ive  

cont ro l  without interference with the  f u e l  b a l l s  i n  the core. 

It i s  

An unusual fea ture  of the  reac tor  design i s  

The gas-cooling system i s  designed t o  supply helium a t  a pressure of 

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

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

of a f te rhea t  by thermal convec-Lion. A steam generator designed t o  de l iver  

steam a t  1000°F and 1000 p s i  i s  provided t o  remove heat during normal op- 

e ra t ion .  

The second study produced a design of a 330-Mw ( e l e c t r i c a l )  pebble- 

bed reac tor  power plant  based on a parametric analysis  of the  design re-  

quirements. I n  t h i s  design the  reac tor  thermal output (800 Mw) i s  removed 

by helium enter ing at 550°F and leaving at  1350OF under a pressure of 

700 ps ia .  Three concepts of gas flow through the  core were analyzed: a x i a l  
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downflow, mAia1 ou.tfl.ow, and a x i a l  upflow; the  l a s t  w a s  chosen f o r  the  

d.esign study. 

The cylindri .cal  core i s  20.7 P t  i n  diameter and. 12.4 f t  high. It i s  

surrounded by a 3-ft-thi-ck graphike r e f l e c t o r .  The  COT^ and t h e  r e f l e c  t o r  

a r e  contained i n  a. 3 l . 4 - f t - i  .d .  spherical  pressure vesse l  o f  [+-in. --thick 

carbon s t e e l .  

The fuel c o n s t s t s  of 2.5-in. - d i m  graphite 'oa1.l.s containing 0.44 wt  $ 
The core power deiisFty i s  6 . 6  w/cm3 and i s  l imited U 2 3 5  and 8.45 wt  $ Th. 

by the  levlitation o f  the  f u e l .  

higher gas flows without l e v i t a t i o n ,  appeared. t o  be l imited t o  lower power 

d e n s i t i e s  beca:i.se of thermal s t r e s s e s .  The conversion r a t i o ,  which i s  

i n i t i a l l y  0.75, w i l l  eventually r i s e  t o  ab0u.t 0.8.  'The f u e l  residence 

time i n  the  core i s  700 days. 

Larger fuel. bal-Ls, which could withs tmd 

The two steam gznerators are oiice-th:mugh b o i l e r s  contain-ing econo- 

mizer, bo i le r ,  reheat,  a id  superheak sect ions - Feed wa-ter e n t e r s  a t  433°F 

and. leaves as s t e m  a-t 2480 psia and 1055°F. Reheat stearn en ters  at 470 
psi.a and. 623°F and Leaves at 460 p s i a  and 1005°F. The turbine-generator, 

a tand-em-compound type, 3.s ra ted  at 3Lk5 Mw and i s  desi-gned. f o r  indoor in-  

stal.7.ation. 

2.  Reactor Physics 

A zone-loading pa t te rn  f o r  t h e  ECCR has been des5.gned t h a t  i s  a satis- 

facto-cy compromise between t h e  requiremenbs f o r  power f h t t e n i n g  and the 

d e s i r e  for high loop power. Since i n s t a l l a t i o n  of the  1-oops i s  to  be de- 

ferred,  iliis f u e l  loading wi.3.1 not be required foi- the i n i - t i a l  core.  

Reactivi'iy- e f f e c t s  associated P r i t h  operstion of t h e  EGCR were ctiid.ied 

t o  obtain d a b  needed f o r  determining the control  act ions t h a t  must be 

avai lable .  Also, cal.cu.lations were made of' the neutron source required 

f o r  the  EGCR. A point source and- a s h e l l  source were consi.dered, and it 
W C ~ R  found t h a t  t h e  flux i n  t h e  f i s s i o n  chambers depended s i g n i f i c a n t l y  on 

the  shutdown r e a c t i v i t y  m d  on the  source pos i t ion ,  

Studies of the  f l u x  1c-v-els a t  EGCR sh ie ld  penetrations and t h e  close 

rates around 'die charge and. service machines wer? rnad.e. The dose ra-tes a t  

poi.ntr, where men w i l l  be working axe  not expected t o  exceed 17 r n / h ~ -  

v i i i  



Further ca lcu la t ions  of t he  heat deposit ion i n  t h e  EGGR core have 

included the  addi t ional  heating by gamma rays or iginat ing i n  a loop experi- 

ment and the heating e f f e c t  of fast neutrons. 

f a s t  neutrons w a s  found t o  be 1.77 Mw, and t he  r e f l e c t o r  heat deposit ion 

was 0.19 Mw. 

The core heat deposit ion by 

3 .  Reactor Design Studies 

The thermal behavior of the  EGCR f u e l  assemblies has been analyzed i n  
terms of t he  effec-L of control  programing and mode of operation. Three 

d i f f e ren t  control rod posi t ions were evaluated wi-th respect t o  (1) opera- 

t i o n  with a l l  o r i f i c e s  s e t  so t h a t  the  e x i t  gas temperature from each f u e l  

channel would be the  same and ( 2 )  operation with the o r i f i c e s  s e t  -to main- 

t a i n  a uniform maximum f u e l  element surface temperature i n  each channel. 

The analyses indicated t h a t  the  d i f f i c u l t i e s  associated with se t t i ng  thc  

o r i f i c e s  t o  maintain a uniform maximum fu.el element surface temperature 

ai?e not warranted. 

The O m  analog computer was used .Lo analyze ECTCR f u e l  temperatures 

during the following t r ans i en t s :  (I) the  extremes of the normal condi- 

t ions,  (2)  var ia t ions  caused by loss  of gas flow, ( 3 )  var ia t ions  caused 

by r e a c t i v i t y  increases, and ( 4 )  var ia t ions  caused by lo s s  of power. 

r e s u l t s  are pertinen-t; t o  design evaluations.  

The 

Preliminary designs have been prepared f o r  four types of beryllium- 

clad f u e l  elements t o  be used i n  a lbernate  fuel assemblies f o r  the ErXR 
core. Clusters  of 7, 12, and 19 rods a re  being considered. 

Correlat ion s tudies  were made of mass t r ans fe r  da ta  and heat t r ans fe r  

da t a  applicable t o  EGCR f u e l  asserriblies. The agreement between heat t rans-  

f e r  da ta  f o r  a seven-rod bundle and mass transfer da ta  f o r  a simulated EGCR 

f u e l  element w a s  within 7% and with 10% (with the  exception of the f i rs t  
half  of the  center  tube, whlch w a s  within 20$) of da ta  from heat t r a n s f e r  

experiments on round tubes.  

The design of the EGCR control  rod has been modified, and a f u l l -  

scale  mockup i s  being assembled t o  establLsh fabr ica t ing  txxhniques. 

Limited t e s t s  w i l l  be made on the mockup t o  confirm design assumptions. 
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A method f o r  decontaminating EXK coi[iponents has been developed. An 

oxalate-perox7.de solut ion OF controlled p13 i s  used t h a t  simultaneou-sly 

dissolves  U02 arid decontaminates s t e e l  SurfaCeS. 

A kinet-ics study of the oxidation of H2, CO, 3 r d  CH4 i.n a flowj.r?g 

stream of helium i n  a f ixed bed of Gird.ler G-43 platlnum c a t a l y s t  has been 

completed. The experiuiental data  have been correlated empirically.  Ap- 

parent react ion rates and design equations f o r  determiniilg the necessary 

bed volixnes for. a helium pur i f ica t ion  systern were d.etermined. 

I n  EGCR hazards eval.ua'r,ions, 'the possibi1.it-y of i g n i t i o n  of t h e  graph- 

i t e  i f  a i r  entered t h e  system because of a rupture w a s  considered. 

there  a re  areas i n  the  E C R  where unprotccted. graphite surfaces a r e  3t 

temperatures iii excess of llOO°F, means must be provided. .to conirol  or 

eli-minate graphite oxi.da-i;ioii. Experimental. s tud ies  of t h i s  problem are 
uizd-er vay. E t  appears t h a t  coating t h e  fuel elemen-t sleeves w i l l  be e f -  

Pective i n  inh ib i t ing  graphi Le oxi.dation i.n the EGCR. 

Since 

A review of the  maximum credible  accident postulated for the EG-CR 

A s  a resul't of t h e  review, has been made by an JXC-appointed task  force .  

a sing-1.e-ended pipe f a i l u r e  w a s  defined as the  maximum credib le  failure 

based on (I) physically r e s t r i c t i n g  t h e  piping system i n  key locat ions so 

tha-t double-ended f a i l u r e  i s  ilot possible and. ( 2 )  prov-iding f o r  lnspections 

and tes-Ls t o  preclude t h e  p o s s i b i l i t y  of a nonducti-le fa.ilu1.e far the  

portion of the p2ping exteriial t o  the b io logica l  shield.  

An enipi.rical representation of the  neutron ex-posure o f  the moderator 

colmms i n  the EGCR has been developed- f o r  use i n  evaluating -the induced 

s t r e s s e s .  A detai-led comparison with nw~ierical  d a t a  showed t h a t  t h e  empiri- 

c a l  representakion gives a good approximation for those coluiims that con- 

t a i n  foirr fuel. chamels  and ris s u f f i c i e n t l y  aceinat," f o r  those which con- 

t a i n  less than fou r  chamie2.s. 

Fast-rieutmii exposure w i l l  7.ead t o  bowling of the EWR graphite co lums ,  
and thereforc  an evahiation of the  def lec t ion  of each column i s  required 

as a basis f o r  designing t,he supports. The  maximum iinresirained bowing 

poLentia1 w a s  found t o  be 3.61 i n .  al.ong both the  x and y axes. 

1nstanta:neous col.l.apse xnd creep buckling t e s t s  of type 304 s t a i n l z s s  

steel .  cy l inds ica l  s h e l l s  are being conducted i n  order t o  obtain data 
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appl icable  t o  t h e  eqerirnenbal tubes i n  t h e  EGCR. 
c r i t i c a l  buckling pressure i s  being cor re la ted  with t i m e ,  ancl. geometrical 

va r i ab le s  are be-ing s tudied.  I n  prototype t e s t s ,  8- and 4-2.11. -0.d.. tubes 

are being t e s t e d  at  service temperatures. Some co r re l a t ion  of col lapse 

geometry w i t h  o r i g i n a l  va r i a t ions  i n  the tubing have been noted. 

I n  model t e s t s ,  t h e  

An experimental stress analysLs w a s  made of a spherica.1 s h e l l  with 

an at tached nozzle i n  order t o  check the  hypothesis t h a t  t h e  t o t a l  s t r e s s e s  

r e su l t i ng  from combined loadings may be obLained by l i n e a r l y  adding the 

stresses corresponding t o  each component s e p u a t e l y  applied,  so long as 

the  e l a s t t c  l i m i t  i s  no-t; exceeded. Exce1.len.t agreement was found . 
An avlalysis was made of means f o r  red-ucing t h e m 1  s t r e s s  i n  t h e  

region of t h e  junc-Lion of the  presstu-e-vessel body and t h e  flange t h a t  

foinms a p a r t  of the  volute  of t h e  cornpressor for GCX-OF3 loop ITo. 2. 

Desitm c r i t e r i a  were es tab l i shed .  

4 .  Experimental Inves t iga t ions  of Heat Transfer and Flu id  Flow 

Analytical  s tud ies  of previously repor-Led hea t - t rmsf  e r  d . a t a  obtained 

with a 2:1 l igament-ratio spacing and i n l e t  screens are conbinuing based 

on complete t ransverse mixing of t h e  gas stream. The resu-lts i nd ica t e  

t h a t  a flow asyrrmetry e x i s t s  that arises i n  t,he entrcance t o  the c l u s t e r .  

I n  t h e  upstream port ion of the  c lus t e r ,  diminished flow .in t h e  inner  

region of t he  channel- exists, which i s  followed by f l o w  r e d i s t r i b u t i o n  

between the inner  and outer  regrions. 

wiped out by t h e  mid-cluster spacer. A comparison w a s  md.e of these  data 

w i t h  data from experiments using a 4:l l igament-ratto spacing and experi- 

ments using a 2:l l igament-ratio spacing wit,hout screens.  The resul- ts  

i nd ica t e  t h a t  f o r  t h e  y = 2 arrangements, t h e  mid-cluster spacer e f f e c t i v e l y  

e l i m h a t e s  flow vagaries  introduced. at the channel i n l e t .  Heat-transfer 

coe f f i c i en t s  of t he  7 = 4 arrangement are, i n  general, lo-wer than those of 
the y = 2 arrangements. 

BoLli of these  e f f e c t s  are l a rge ly  

Recent mass-transfer experirrients indicated t h a t  t he  mass-transfer 

f a c t o r s  approached a higher a q p p t o t i c  va1.u.e i n  the  downstream sect ion of  

t h e  tube c l u s t e r  than i n  t h e  upstream region. I n  order t o  inves t iga te  

t h i s  fu r the r ,  a run w a s  m a d e  with naphthalene covering the e n t i r e  rod so 
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t h a t  m a s s  removal would be effected simultaneously on both halves of the  

rod. The r e s u l t s  of t h i s  double run agree qui te  c lose ly  with the  earl.i.er 

data,  negating the possibili-Ly of geometrical- o r  operational. var ia t ions  

dui-tng the previous runs. ‘The study of t h i s  phenomenon i s  being contj.n.ued. 

The accumulation of da ta  for d.el-ineathg the  ve loc i ty  f i e l d  i n  the  

downs’iream. element of two EGCR el-usters has been continued using three  

s i m i l a r  experimental assemblies - 
systems agree, i n  general, as t o  the  profrile shape, wtth s l i g h t  deviat ions 

i n  magnitude t h a t  probably r e s u l t  from .the slighi; geometrical d.ifferences. 

F l o t ~  var ia t ions  j-ntroduced by the  spiders  a r e  c l e a r l y  discernable;  i n  con- 

trast, the  spacers appear t o  ‘nave much l e s s  influence on the gross flow. 

Experiments t o  provide similar character izat ion of the flow at  posi t ions 

f a r  removed from the spiders and spacers a re  i n  progress. 

Compara’de da-La f r o m  t h e  d i f f e r e n t  

An experimental- program has been i n i t i a t e d  i n  an e f f o r t  -io e s t a b l i s h  

the  mag:rli.tude of i n t r a -  and i n t e r c l u s t e r  mixing. 

nique cons is t s  of in jec t ing  a small amoiint of a t racer  gas a-t a gi-ven 

point i n  tile flow channel and measuring concentrations of t h i s  t r a c e r  gas 

a t  various sampling points  downstream. Using a i r  as the flowiilg gas and 

heliivii AS the  t r a c e r  gas, prel.imina.1.y d a t a  show a prevalence of radial 

mixing with very l.i.ttle circu.mf e r e n t i a l  mi.xing . 
do not indicate  any gross mixing due t o  spiders  o r  spacers. Experimenta- 

t-i.on i s  continuing using irflproved eqiiipmen’i t o  obtain more deta i led  t rav-  

e rses .  

The experimental tech- 

‘These preliminary d a t a  

Par t  2 .  MaLeria1.s Research arid Testing 

5. Materials Develbpment 

The conditions f o r  fabr ica t ion  of UO2 specimens with eontrol led grain 

s i z e s  f o r  use in various experiments a r e  being establ ished.  Grain growth 

of U02 is inh ib i ted  by s in te r ing  i n  argoil. The final.. grain s i z e  i s  only 

one f i f t h  as I-arge as t h a t  obtained during sin-tering i n  hydrogen. 

Several  modifications were mad-e t o  the apparatus b e h g  developed. for 

measuring the  thermal conductivity of I J 0 2 .  The coef f ic ien t  of thermal 

conductivity of I N O R - 8  a l l o y  w a s  then measured. at -teniperatuixes up t o  700°C 
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with a prec is ion  of -t-l%. 

pairt icles of UOz by an embedment technique using Castoglar, r e s i n  shows 

promise of a s s i s t i n g  i n  the  evaluat ion of broken p e l l e t s  from i r r a d i a t e d  

capsules.  

The measu-rement of bulk dens i ty  of fragments and 

A coniparisoiz of d a t a  Trom Chalk River on f iss ion-gas r e l ease  from 

U02 wtth ORNI, data on dupl ica te  specimens shows poor cor re la t ion ,  except 

f o r  specimens with high BET surface areas .  Data obtained at, ORNL were 

f o r  l a r g e r  samples and, i n  general., agreed wi-th the  t h e o r e t i c a l  da ta  for 

re lease  by d i f fus ion .  I-t appears t h a t  t h e  BET surface wea i s  tnd ica t ive  

of t h e  fission-gas-Tetention propertri-es of U02 up -to tem9eratures at which 

s t r u c t u r a l  changes occur. 
Rates of f iss ion-gas re lease  from a fine-grained dispers ion of UO2 i n  

B e 0  were measured at temperatures of 1200 t o  1800°C. 

l 4 O O 0 C ,  t h e  calcul-ated D’ values compare favorably with those of high- 

dens i ty  U02. 

graphi te  body prepared by the  Nat,ional Carbon Company, d-esignated a s  TS- 

160 mix, t h a t  consis ted o f  UC2 dispersed i n  graphi te .  

Up t o  temperatures of 

The re lease- ra te  parameters vere  a l s o  determined f o r  a fueled- 

Fine-grained. dispers ions of UOz p l u s  Tho2 i n  Be0 were fabr ica ted  for 

use i n  high-temperature i r r a d i a t i o n  experiments. Three phases - BeO, a 
Th02-UOZ solid solution, :and a s m a l l  amount of free UOz -were i d e n t i f i e d  

i n  the  s t ruc tu re  of t h e  as-fabricated material-. I n  addition, techniques 

were developed f o r  t h e  f ab r i ca t ion  of large-partLcle dispers ions of U02 

i n  Be0 by matching the shrinkage of -Lhe two s t a r t i n g  materials. 

Several  commercial binder mter ia ls  considered f o r  i i se i n  graphi te  

f ab r i ca t ion  were found t o  have adverse reac t ions  writh UC. Other specimens 

were prepared by wet mixing with a so lu t ion  of uranyl n i t r a t e ,  which, when 

f i r e d ,  developed good physical propeu-ties e The f ab r i ca t ion  of graphi te  

fueled w i L h  coa-bed and uncoated part;i_cles of UC2 was a l so  s-tu.rlied. Fuel  

part,?.cles consis t ing of UC2 coated wi.th pyro ly t ic  graphi te  showed very 

promEsing r e s u l t s .  

The cause of cracking i n  arc-cast UC cylind.ex-s has been determined 

t o  be t h e  res-ulb of rapid cocl.j.ng. Modifications i n  me1tin.g p rac t i ce  de- 

signed .to reduce t h e  cooling rate have eliminated internRL cracking i n  a l l  

but  t h e  Larger diameter cyl inders .  Large cy l inders  of UC cas t  i n  graphi te  
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molds exhibited evidence of considera,bl.y slower cooling r a t e s  than s i m i l a r  

cylinders c a s t  i n  copper molds and showed only s l i g h t  I n t e r n a l  cracking. 

The lo s s  of mater ia l  from UC during high-temperatu.m s in te r ing  w a s  

studied by means of a mass spectrometer. Ton species i d e n t i f i e d  inc1.uded 

only U UO , and UO;! indicat ing that  oxri.de phases present as impuri t ies  

may be responsible f o r  l o s s  of material. 

+ + -t 

'The oxidation resis tance of uncoated and s i l iconized  SiC-coated graph- 

i t e  samples w a s  determined. The coating i s  ccmpl.etely protect ive on type 

901s graphi-Le, a re l .a t ively i so t ropic  grade- However, on type 580 graphite 

the coating cracks badly as a r e s u l t  of ani.sotropic contraction and i s  

only park ia l ly  protec-Live. The thickness of Sic coati-ng on EGCR support 

sleeves w a s  measured by an eddy-current technique t o  he 0.030 t o  0.060 i n .  

The mechanical propert ies  of several  cormercial high-density grades of 

graphite were determined as par t  of ai1 evaluation program. 

The gra in  growth of type 304 s t a i n l e s s  s-beel tubing duririg brazing 

of spacers at 2150°F was previously shown t o  promote premature fai.l.ure i n  

tube-burst t e s t s .  The subs t i tu t ion  of copper, which i s  'mazed at 202O3F, 

has resiilted i n  much l.ess grain growth. The e f f e c t s  of the  copper braze 

on the  stress-rii.ptuure propert ies  of t h e  tubing a r e  being studied. 

Thermal cycl.i.ng of simulated EGCR fuel.. el.emeni;s was found t o  cause 

axial. elongation of  the  cladding ri.n those el-ernents having no diametral  gap 

between 'ihe cladd.i.ng and. fuel. pel.3-eis. 'This el-ongation i s  affected by t h e  

external  pressme and the  temperature and frequ-ency of t h e  cycles.  A 

mathematical relati-onship between the a x i a l  s t r a i n  and the  cladding t,ern- 

perature was developed. 

The  oxidation of t;ype 304 s t a i n l e s s  s t e e l  i n  low concenirations of 

CO-CO2 mi.xtures i n  helium has been found. t o  be i n s i g n i f i c a a t  below 1200°'E', 

while above t h i s  temperature t h e  oxidation rakes a r e  dependent on tempera- 

t u r e  but independent of the to'ial. content or the  r a t i o s  of CO and C O z .  

Activation energies were calcul.at,ed t o  be 32 200 cal/mole f o r  temperatures 

up t o  1525°F and 6~+!,00 cal/rnol.e above t h i s  temperature. 

r e a c t i v i t y  can be correlated with the formation of d i f f e r e n t  react ion 

product s . 

The change i n  the 
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Carburization of type 304 s t a i n l e s s  s t e e l  w a s  found t o  depend upon 
the temperature, t h e  CO2/CO r a t i o ,  and. t he  reac t ion  time. Nonequilibrium 

carbon contents  were evident i n  0.002-in. f o i l 3  a f t e r  exposures of 200 hr 
a d  i n  0.020-in. - thick sheet a f t e r  800-hr ex-posures. 

not occur a t  temperatures below 1200°F. 

Carburization d id  

Improved methods are being developed for f ab r i ca t ing  i.n-pile cap- 

su les  and instrumented f u e l  assemblies containing thermocouple wel ls  and 

tungsten-rhenium thermocouples. The use of stranded. tungsten w:i.re i s  being 

studied as a means of improving t h e  i n t e g r i t y  of such thermoeoiiples. Tech- 

niques f o r  a t tach ing  sheathed Chromel-Alumel thermocoup1.es t o  s t a i n l e s s  

s t e e l  tubing also a re  being invest igated.  

High-temperature mechanical proper t ies  of f e r r i t i c  s t ee l - to - s t a in l e s s  

steel  welds were determined. 

Thermal-cycling s tudies  of these welds are being conducted. 

All specimens failed i n  t h e  base mater ia l .  

Defects as s m a l l  as l/8 i n .  i n  diameter i n  V-groove welds on EGCR 

loop through tubes can be detected by a through-transmission u l t rasonic  

technique. 

graphic inspect ion have been found by t h i s  technique and confirmed by 

metallographic examination. 

Lack-of-fusion a reas  t h a t  were undetected by v i s u a l  and radio- 

The oxidzt ion rates of extruded or hot-pressed beryllium i n  COz have 

been found t o  compare favorably with previous data on beryll ium powder. 

The "break-away" phenomenon reported between beryl.1iu.m a d  w e t  COz w a s  not 

observed i n  t h e  presence of water vapor alone. The experimental resul-ts 

ind ica t e  t h a t  t h e  presence of BezC i s  a requirement for t h e  accelerated 

oxLdation of beryllium. 

Metallographic examination of surface cracks and i n t e r n a l  p i t s  de- 

t ec t ed  i n  beryll ium tubing from Pechiney showed t h e  cracks t o  be as much 

as 0.003 i n .  d-eep and t h e  p i t s  t o  be 0.003 t o  0.004 i n .  deep. 

Welding and brazing s tudies  on beryll ium have been continued with 

e q h a s i s  on end closures  of tubes.  The inf luences of t h e  welding process 

and type of material on t h e  f i n a l  g ra in  s i z e  have been studied, and 

methods that y i e ld  a small grain s i ze  have been developed. 

Approximately 150 tube-burst  specimens of beryllium have been sue- 

ces s fu l ly  fabr icated,  with a r e j ec t ion  r a t e  of about 10%. These specimens 
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a-ce being used t o  determine t h e  mechanical propert ies  of iubing from 

varj  ous comerc ia1  sources. Preliminary s t ress-rupture  da ta  shornr t h a t  

tiubi-ng machined from hot-pressed block has the  highes'c s t rength and 1 owest 

d u c t i l i t y  of' t h e  eight  d i f f e r e n t  types tes ted .  

6. In-Pile Testing of  Components and Materials 

I r r a d i a t i o n  of 14 prototype EGCR fuel. capsules i n  the  EI'R and the 

ei.gh.t group 111 capsules ii? t h e  ORR has continued. The s e r i e s  of irradia- 

t i o n s  in the LlTR of U02 specimens f o r  f ission-gas-release experiments 

w a s  completed.. I r r a d i a t i o n s  ol" s m a l l  specimens of BeO-Th02 -1J02 and UC were 

i n i  Liated. I r r z d i a t i o n  o f  t h e  second grapliite-encapsulated t e s t  element 

fueled with a UC2-graphite matrix w a s  completed. 

Po st  i rrad-i .  a t  i oil exaiiina~i i ons of LIT 'K- i r rad i  a-t ed spec imens have con- 
t inued.  

grow-Lh i s  being col lected.  

Information 011 the  e f f e c t  of i r r a d i a t i o n  on density- and gra in  

The nondestructive examinations of t h e  OHFl-irradiated gi"0Up ZI cap- 

sules  were completed. Gamma scans and cladding p r o f i l e  measurement s were 

made. The a c t i v i t y  p l o t s  showed qui te  uniform 'ou.imiip along the  I-ength of 

t h e  capsules. 

The cladding collapsed around the  pel..lets i n  most of t h e  capsules. Varia- 

t i o n s  from s t ra ightness  were a minimum f o r  the c_apsul.es wit'n hol_l.ow pel-lets 

t e s t e d  at 1300°F and increased with temperature. 

The diameters decreased, but the  change w a s  l e s s  than I$. 

The thin-plate  U02 saniple tha t  had- been used. as the  soiirce f o r  t.n- 

stantaneous fission-gas-relea,se ex-$erjments w a s  examined ~ 

been oxri.dized during i-ri*adiation by  t r a c e  qu-antit ies of oxygen i n  the 

sweep gas a d  then redilced by adding hydrogen. When the capsu1.e w a s  opened, 

.the U02 w a s  found t o  be i n  granules 0.050 i n .  i n  diameter or  sm.allei-. Such 

fragmentation ri.s no t  c h a r a c t e r i s t i c  of i r r a d i a t e d  U02  an? can probably he 

a t t r i b u t e d  t o  the reduction react ion.  

This p l a t e  had. 

A sa-mple of high-densi.ty U02 clad i n  low-permeability graphite coated 

with pyrolyt ic  carbon w a s  i r r a d i a t e d  t o  evaluaLe the  effect iveness  of the  

carbon coated graphite i n  r e t a k i n g  fission gases.  Since t h e  re lease  of 

fission gases w a s  about t h e  same as f o r  unclad U 0 2 ,  it w a s  concluded t h a t  

Lhe cladding w a s  probably broken. The sample has been removed f o r  exandnation. 



Since t h e  proper t ies  of U02 f u e l  elements are sensi- t tve t o  t h e  oxygen- 

to-uranium r a t i o ,  techniques for determining t h e  r a t i o  i n  i r r a d i a t e d  ma- 

t e r i a l  a re  being developed. Themogravimetric and polarographic methods 

are being studied. 

A capsule containing two Si-Sic coated graphite-canned IJO2 cycl inders  

has been removed from t h e  ORR el-osed-cycle loop f o r  exadna t ion .  

w a s  evidence of f iss ion-gas r e l ease  during t h e  last thermal cycle.  

UO;! samples canned i n  w-coated low-permeability graphi te  that had been 
irvadiaLed for 1000 hr a t  l800"F were a l s o  wi-thdrawn. 

of enriched UC2 dispersed i n  graphi te  and canned i n  Si-Sic coated graphi te  

hare shown no weight or dens i ty  changes. 

There 

Two 

Out-of-pile tes ts  

Equipment f o r  i r r a d i a t i n g  pressure ves se l  s t e e l s  i n  t h e  ORR has been 

completed. 

The second high-temperature experiment for studying t h e  i r r ad ia t ion -  

induced swelling of beryll ium w a s  completed. Specimens were i r r a d i a t e d  

at  500, 600, and 700°C t o  a neutron aose of 1.4 X lo2' neutrons/cm2. 

extent  of swelling was smaller than t he  experimental error i n  the. measure- 

rnent. Pos t i r r ad ia t ion  bend t e s t s  indicated t h a t  t h e  mechanical propert-ies 

were unaffected. Bend tes t s  on samples from an i r r a d i a t e d  specimen exposed 

at  120°F t o  a dose of 6 x lo2' nelxtrons/cm2 ind-icated t h a t  extensive em- 

br i t t l ement  occurred. Hot-extruded specimens showed t h e  most severe ef- 

fee-t .  A t h i r d  e-xperiment i s  under way. 

The 

In -p i l e  tube-burst-type s t ress-rupture  t e s t s  of type 304 s t a i n l e s s  

s t e e l  have shown t h a t  a t  1500°F neutron bombardment reduces t h e  rupture  

s t rength  by about 1500 p s i  i n  t h e  stress range studied, i . e . ,  3000 t o  

6300 p s i .  

7. Out-of-Pile Testing of Materials and Cormonents 

A fou r th  tes t  of graphi te  and s t r u c t u r a l  materials iii flowing helium 

containing cont ro l led  amounts of COz and CO was  completed. The maximum 

temperature of t he  loop w a s  llOO°F, and the cooled sec t ion  w a s  a t  500°F. 

The steel  specimens tha t  contained l e s s  than 7$ chromium gained appreciab1.e 

weight and had r e l a t i v e l y  heavy, poorly adherent oxide f i l m s .  I n  con- 

trast, the s t e e l  specimens tha t  conbained ' I$  or more chromium hsd r e l a t i v e l y  
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t h k ,  extreme3.y adherent oxide films and showed minor increases i n  weight. 

A type 304 s t a h l e s s  s t e e l  tube t h a t  w a s  suspended i n  -tile loop and w a s  

independently heated t o  1500°F had a somevhat heavier but equally pyo-tee- 

'Give oxide f i lm.  

Tests a r e  being carri-ed. out on a smal1.-scale model of  the  EGCR p u r i f i -  

ca t ion  syst,e-m f o r  determining t h e  effect iveness  of the syskern i n  rermving 

gaseous impuriti-es from c i rcu la t ing  helium. Preliminary r e s u l t s  ind ica te  

t h a t  hydrogen, carbon monoxide, and the rebhane cajn be satisfactoi5l.y re- 

move6 by oxidation i n  a ca~taly'cic converter. The gaseous oxygen added up- 

stream of the  converter i s  e s s e n t i a l l y  completely removed by passage over 

the  platinum cakalyst  bed. 

sieve and s i l i c a - g e l  adsorber beds, respec-Lively, has a l s o  been success- 

f u l l y  demonstrated. 

Bemoval of COz and. 820 by use of ino?.e~ul.ar- 

Experimental s tud ies  of the  degassing 'oelmvior of selected grades of 

g r a p h i k  have been continued. Hesinlts of t e s t s  of a serfes of graphi te  

samples prepared Prom needle coke by t h e  Speer Carbon Go. have indicated 

t h a t  var ia t ions  i n  the  parti.cle-size d i s t r i b u t i o n  i n  the  coke m i x  do not 

have a s igni f icant  e f f e c t  on t h e  gas content of the graphite.  Other v-ari.- 

ables  of the  m.anufacturing process appear t o  be more impor-kant. P l o t s  of 

t h e  volume of' gas evolved versi1.s t h e  log of tirile have shown t h a t  ELL 600°C 

the  re la t ionship  i s  l inear ,  but a t  1000°C the slopes of e s s e n t i a l l y  l i h e a r  

port ions of the  c ' m e s  d i f f e r .  The 13ah suggest t h a t  d i f f e r e n t  processes 

of gas evolution e x i s t  during the  e a r l y  and la t te r  p a r t s  of t h e  degassing 

period. The compositioii of the  evolved gas changes i n  t h a t  the  r e l a t i v e  

coricentrat?'.on of hydrogen increases and the GO + CO2 concentration de- 

crease s. 
A s e r i e s  o f  room-temperatiire permeabil-ity determinations were made on 

a t y p i c a l  EGXR-moderator graphi-te block. The  d . a t a  obtained showed con- 

siderable  var ia t ion  even i n  -the same block of graphi te .  Apparatus f o r  ob- 

tai-ning permea'oility data f o r  graphj-te having permeabi l i t ies  i n  ihe range 

t o  cm*/sec has been constructed.  

Means f o r  t h e  removal of radioact ive iodine vapor from high-teniperature 

helium streams a r e  being studied. 

BPT, activated. charcoal o r  si.I.ver-plated copper ribbon f o r  iodine-vxpor 

I n i t i a l  r e s u - l t s  on the  use of Pi.ttsbmg:h 
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removal i nd ica t e  t h a t  t h e  s i lver-bear ing m;tt,erial. i s  t h e  more promising 
-9 L o r  use a t  high temperatures under EGCR condi t ions.  

Inves t iga t ions  of adsorbers for rad ioac t ive  kryyton and. xenon were 

continued. Effect ive d i f fus ion  coe f f i c i en t s  were evaluated €or krjipton 

i n  PCB charcoal. at 0, 25, and 60°C. S t a t i c  adsorpti-on coe f f i c i en t s  were 

compared with dynamic coef f tc ien ts ,  arid good agreement w a s  noted. The 

heating t h a t  occurs upon pressur iza t ion  of ad-sorbers and kry-pton holdup 

by Linde molecular s ieves  p a r t i a l l y  saturated with water or carbon dioxide 

were a l so  studied. 

Further  s-t u.dy of the negative ernf d r i f t s  experienced wi t11  Chromel-P 

i n  stagnant hel i im at  1000°C has ind-icated t h a t  the  p r inc ipa l  mechanism 

involved i s  t h e  se l ec t ive  oxidation of chromium i n  the  thermal-gradient 

region (800-900°C). 

for t h e  emf d r i f t s .  Metal-lographic s tud ies  of sec t ions  of wire from the  

thermal-gradient region showed gradual increases  i n  dep-th of in te rgranular  

oxidation of chromium with increases  i n  time at  temperature. Port ions of 
th.e wires ou-t s ide  the  themnal gradient experienced only nonselective 

surface oxidat ion.  

Also t r a c e s  of carbon oxides may be pal-tly responsible 

Theore t ica l  ca lcu la t ions  from thermodynamic da ta  ind ica t e  t h a t  it 
sh.ould be possible  t o  se l ec t ive ly  oxidize c’momium i n  Chrornel-P with a 
mixture of water vapor i n  hydrogen. 

thermal emf d r i f t  d a t a  with controll.ed. s e l ec t ive  oxidation. 

Attempts a r e  being m a d e  t o  co r re l a t e  

Preliminary experiments over a seven-week period iridicated tha t  Chromel- 

P-Alumel thermocouples sheathed i n  type 304 s t a i n l e s s  steel. were showing a 

negative emf drift while exposed t o  a graphite-helium atmosphere a t  870°C. 

Thermocouples sheathed with ty-pe 310 s ta i .nless  s t e e l  did not show a negative 

d r i f t .  It seems possible  t h a t  t h e  atmosphere w a s  responsible for t h e  d r i f t ,  

since con-trols of bo th  tyq?es showed only s1Tght pos i t ive  d r i f t s  when ex- 

posed t o  t h e  same thermal h i s to ry  but  open t o  a i r .  Further  experiments 

a r e  necessary before understanding the cause of t he  emf dr i f t s .  

8 .  Development of Test Loops and Components 

Work continued on t h e  design of t h e  EGCR in-p i le  loops. 
design i s  t o  be comple-Led and the  preliminary hazards repor t  i s  t o  be 

The T i t l e  1 
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prepared., although completion of loop i n s t a l l a t i o n  i s  'io be deferred u n t i l  

a t  Least Ju1.y 1, 1965. 'Title 21 design of the  upper and Lower nozzle t e e  

sections,  the  upper and lower horizontal- piping chases, and the  necessary 

chases for cooling due-ts w i l l  be completed i n  order t o  make the  i-equired 

r n i i a i m - m  provisions i n  the present EGCR construct ion,  

Construction work conkinued on GCR-ORR loop No. 2 .  The evaporator, 

condenser, and heater  cornyonenLs of the  heat transfel- system were subjected. 

t o  performance -tests. 

samp3-ing s t a t i o n .  

CriLrria were prepared f o r  the  desi-gn of a gas- 

E l e c t r i c a l  brealdown t e s t s  were made of hea te rs  and a microswitch 

proposed f o r  use i n  E(X2R I.oops and O!JX loop No. 2 i n  order t o  e s t a b l i s h  

operati-ng character i  siics . A ba,l.l valve with a Lirnitorque operator f o r  

use i n  the  EGCR was t e s t e d  i n  a fvriiace at approximately 1000°F. During 

these t e s t s  i n  which performnance of the valve w a s  unsatisfaet,oiy, the  volume 

be-tween the  v a l ~ e  stem packing and -the bellows s e a l  w a s  a t  the  same pressure 

as t h a t  i.n the valve,  

opera-Le with 1000-psig i n t e r n a l  pressure and no bellows backup pressme.  

The valve has been returned t o  t h e  manufaci;m-er For repa i r .  

It, w a s  learned l a t e r  t h a t  t h e  .valve w a s  d.esi.gned t o  

Three 5-in. -IPS, do-ub1.e-seal, gas-bu-ffered Conosenl j o i n t s  and- two 

&in. -IPS, double-seal, gas-bu-ffered Crayloc j o i n t s  were tes ted  during the  

quar te r .  E f f o r t s  a re  beiag made t o  i-mprove the performance of these u n i t s .  

'The two regenerative compressors t h a t  were i r is ta l led iii the twi-n- 

tur'uine vessel. of ORR 1.00~ No. 1. have operated s a t i s f a c t o r i l y  for appyoxi- 

ma'cely 1000 hr . Further d . i f f icu l t ies  with bearing vh-iz.1 have occiirred a t  

-tile B r i s t o l  Siddeley plant  whe-re cornpressors with gas-lubricated bearings 

a r e  being fabr ica ted .  

these problems was studied f u r t h e r ,  

The applicatj-on o f  hydrod.ynamic bearing theory Lo 

The study of back diffusion through labyrinth-type sea ls  w a s  completed. 

'The nwnerous t e s t s  fai.l.ed. t o  show any evidence of  water-vapor back diffi ision 
i n t o  the  gas chamber. 
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1. PEBBLE-BED RFSlCTOR STUDI3S 

(A. P. Fraas, R. S. Carlsmith, J. M. Corum, 
J. Foster, B. L. Greenstreet, W. 0. Hams, 
T. Hikido, R. B. Korsmeyer, J. W. Michel, 
S. E. Moore, M. L. Myers, M. M. Ozisik, 
A. M. Perry, M. W. Rosenthal, J. C. Suddath, 

M. M. Yarosln) 

Sanderson QL Por te r  have car r ied  out a s e r i e s  of s tud ies  over t h e  

past four years which imdicate t h a t  a pebble-bed reac tor  could be de- 

veloped t o  prodixe low-cost power.', A t  t h e  request of t h e  AN!, two 

design s tudies  have been car r ied  out zt OHdL. The f irst  w a s  a preliminary 

design of a pebble-bed reac tor  experiment (PBFZ) fo r  the purpose of es -  
t ab l i sh ing  design objectives t h a t  would rnos-t e f f e c t i v e l y  demonstrate t h e  

f e a s i b i l i t y  of this reac tor  system and of estimating the research and 

development required i n  support of t h e  experiment. The second w a s  a 

design study of a large-scale  plant  (PBR) following t h e  general  approach 

i n  t h e  Ten-Year Program studies .4  

are presented. here. 

The h ighl ights  of these  two s tudies  

The Pebble-Bed Reactor. Exueriment 

Design Precepts 

The following set of precepts vas establ ished as a bas is  f o r  evolving 

t h e  design : 

1. The major objectives of t h e  10-Mw PBRB should be t o  study t h e  

sLructura1 s t a b i l i t y  and fission-product re ten t ion  c h a r a c t e r i s t i c s  of 

fileled-graphite spheres, t o  study t h e  deposit ion of fission-product 

'"Design and F e a s i b i l i t y  Study of a Pebble Bed Reactor-Steam Power 

*"Pebble-Bed Reactor Program Progress Report, NYO-2373, June 1959. 
"Preliminary Design of a lO-Mw( t) Pebble-Bed Reactor Experiment, " 

Plank," S&P-1.963, May 1, 1958. 

ORm CF-60-10-63, November 1, 1960. 

Plant ,"  ORNL CF-60-12-5, December 15, 1960. 
4A. P. Fraas e t  al.,  "Design Study of a Pebble-Bed Reactor Power 
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ac t  i -v i ty  throughout t he  system, t o  devel op means of dealing with problems 

posed by t h i s  a c t i v i t y  ( e .  g., gas leaks,  equipment decontaminat ion f o r  
[Iiaintenance, e tc .  ) , and t o  develop a su i tab lk  fii.el-handl.iag system. 

2. The design should not be compromised by requirements for t es t s  

not; concerned. i r i t h  the pebhlk-bed concept. 

3. The s i z e  of t h e  fuel sphei*es, the core power density,  the opera- 

Ling temperatures, t h e  temperature d is t r ibu t ion ,  and t h e  pebble bed height 

should be the  same as f o r  a fu l l - s ca l e  core. 

4. I n  order t o  simpl.j.fy the  system and. cut  costs ,  t h e  PBRE should 

not include a thorium blanket. 

5. The fli.el-handling system requhrements shoir1.d be s tudied and se- 

lected t o  provide f o r  one of t h e  followi.ag: chargi.:ng a.t f u l l  power, 

charging a t  zero power but fi1.11. pressure and temperature, 01- charging a t  

zero power, atmospheric pressure, and t h e  temperatiri-es cha rac t e r i s t i c  of 

full -power operat  ion. 

6. A fast gas-systera pumpdown (not  more than  I. hr) should. be pos- 

s i b l e  t o  reduce hazards i n  t h e  event a sma7.l l eak  developed suddenly-. 

7. The f u e l  elements shou1.d be of a type shown by i a -p i l e  t e s t i n g  

t o  give a fission-product release rate of less  than times t h e  ra te  

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

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

include means f o r  handling -tiit. isotopes cha rac t e r i s t i ca l ly  released from 

U02  and those 'io be expected from UC and UC2 fuels .  

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

af ter l ieat  by tiiermal convec bLon i f  practicable.  

10. The means f o r  coping wi th  d i f f e r e n t i a l  'Ghei-mal expansion t n  the  

sys-Lem conf'iguration should be consistenb with m e a r i s  ,that would be s u i t -  

abJ..e f o r  a fid-J.-scale pl-ant. 

11. The moving pa r t s  of t h e  blowers should be replaceable. 

1.2. Provisions sliou1.d be made t o  permit decontamination of t he  

blowers and t h e  fuel-handling system before t h e  initi.a:;ioa of !naLri.te- 

name work. 'I"ner,e should include means for. hydraul ical ly  i so l a t ing  the  

component affected t o  permit sprraying 01' flooding if; wi-Lh a cleaning solu-  
tion. 
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13. Provisions f o r  maintenance of t h e  main hea t  exchanger need t o  

include on ly  access t o  tube headers outside t h e  sh i e ld  t o  permit plugging 

of a lealry tube and an access opening i n  the  pressare  ves se l  f o r  inspection 

with a periscope or TV camera and removal of sarriiples. 

14. The fuel-handling system should be designed t o  permit c lear ing  

a region of Jammed ba l l s .  

15. The graphi te  core s t ruc tu re  should be accessible  for  inspect ion 

and maintenance. If possible,  p a r t s  i n  the  high fast-neutron flux region 

should be replaceable, preferably through an access opening about 2 €'t i n  

diameter. 

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

650" F. 

17. Full pressure containment should be provided. 

Reactor Core Geometm- Considerations 

Two types o r  reac tor  core were considered: a short ,  squat, cyl inder  

30 in. i n  diameter and 30 in. high and a tall, thin,  cyl inder  1-8 in. i n  

diameter and 8 f t  high. Both cores w-0ul.d. r equi re  a 3- f t - th ick  graphi te  

rei'le e t or. 

Tine most important design requirements were t h a t  t h e  core should give 

a power dens i ty  and a temperature dis t r ibu-t ion s i m i l a r  t o  those of a fill- 

sca l e  reactor .  

as high a gas temperature as is  compatible with type SA-212, grade B, 

pressure vesse l  steel-, and t h e  reac tor  gas outlet ,  texnperatui-e should. be 

a t  l e a s t  1250°F t o  give s ign i f i can t  improvement over t h e  o u t l e t  tempera- 

t u r e  obtainable with s t a i n l e s s  s t ee l - c l ad  UO;! f u e l  elenents.  The required 

gas temperature r i s e  would be associated with peak rue1 surface and in t e rna l  

temperatures of approximately 1800 and 2200" F, respectively,  f o r  t h e  t a l l ,  
t h i n  core, as compared with corresponding values of 2600 and 3000°F f o r  

t h e  short ,  squat core. I n  view of t h e  l ike l ihood t h a t  t h e  f u e l  spheres 

would be damaged by temperatures above 2200°F, it appeared t h a t  the short ,  

sqpat core w a s  l e s s  des i rab le  than t h e  t a l l ,  t h i n  core. This and other 

considerations l e d  t o  t h . e  choice of t h e  t a l l ,  t h i n  core f o r  t h e  design 

of" t h e  experiment. 

The gas i r d e t  temperature should be roughly 550°F t o  give 
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Sanderson & Por te r  have considered both upfl.ow and, downflow cores. 

Do-miflow cores have the  advantage of not requir ing a s t ruc tu re  over t he  

top  of the bed t o  hold the  balls i n  place a t  t h e  gas flow rates required 

f o r  power dens i t ies  above 15 w/cm3. However, t he  problems of mater ia l  

s t rength under heavy Loads and t h e  difference i n  thermal expansion be-- 

tween graphi te  and s t ee l  i n  a core support s t m c t u r e  subjected t o  t h e  

reac tor  e x i t  gas temperature render t he  d-esign diff i .cul t .  An upflow core 

was  therefore  chosen with t h e  real-ization t h a t  t he  experimen-t; would have 

t o  be lirnibed - to  low-power-density operation i f  a su i t ab le  core top 

res t ra in*  could not be designed. The upflow core has the  advanbage tha’i, 

it provides for  t h e  removal of a f te rhea t  by na tu ra l  thermal. convection 

i n  t h e  event of blower f a i lu re .  

Proposed Reactor Design 
_I__--.- - 

The design of t he  pyoposed. reac tor  experiment i s  shown i n  Fig. 1.1. 

Tbe cont ro l  rods are e-uyved Inconel. Ipl-ates t h a t  s1.i.d.e i n  an annuhis be- 

tween t h e  intermediate and outer graphibe portions of t h e  r e f l ec to r .  

The blades are so  el”i”ec’i;ive i n  poisoning the  reac tor  t h a t  a thickness 

of only 0.062 in.  w i l . 1  suf f ice .  For strength,  however, thicker ,  per- 

fora ted  blades surrounded by a tubul.ar frame are used. 

through an annulus provided. between t h e  sh i e ld  plug and t h r  t op  reac tor  

acce.ss tube. 

access tube houses each cont ro l  rod dr ive assembly. 

7 % ~  rods opemte  

A smal.1. pi-essure vesse l  attached t o  t h e  t o p  flange of t h i s  

The reac tor  pressure vessel. i s  cylindricaJ-, wtth hemispheri-cal heads, 

and is  mde of type SA-212, grade B, carbon s tee l .  There is  a 28-in.-i.d. 

v e r t i c a l  access tube i n  t h e  center  of ea,ci? head, The steam generator i s  

attached t o  t h e  side of t h e  pressure vesse l  j.n such a way tha t  i t s  ’base 

a l s o  serves as a major rnoiinting foot  f o r  t h e  support of t h e  reactor-steam 

generator assembly. The reactor ,  steam generator, and blower assembly 
a re  suppor-Led on a 3-point suspension. I n  addi t ion t o  t h e  f ixed foot  

under t h e  steam generator, a TOOL is  located under each of the two blowers. 

Thus t h e  ducts t o  the  blowers a l s o  serve as elements of  t h e  reac tor  

vesse l  support s t ructure .  To increase t h e i r  s t i f f n e s s  they are larger 
i n  diameter than  i s  reqini-red by fl.uid pressure drop considerations, 





and t h e i r  w a l l  th ickness  i s  double t h a t  required t o  withstand t h e  in-  

t e r n a l  pressure. 

ducts a t  t h e  blowers -to t ransmit  t h e  load i n  shear from t h e  hor izonta l  

t o  t h e  diagonal duct. 

thermal expansion. 

Ver t i ca l  s p l i t t e r  webs have been provided through t h e  

The blowers are mounted on r o l l e r s  t o  accommodate 

The unfavorable surface-to-volume r a t i o  i n  a small power reac tor  

makes pressure-vessel cooling somewhat more of a problem than it would 

be i n  a f u l l - s c a l e  plant .  About 10% of t h e  blower output bypasses t h e  

core t o  cool t h e  pressure vessel ,  thermal shield,  and steam-generator 

pressure vessel .  The bypass stream provides forced flow of cooling gas 

around these  pressure vesse ls  a t  e s s e n t i a l l y  reac tor  inlet  temperature. 

Proposed Plan t  

The r eac to r  w a s  designed t o  produce a gross thermal output of 10 Mw. 

Although t h e  addi t ion  of a turbine-generator t o  produce a gross e l e c t r i c a l  

output of about 3 Mw was considered, t h e  coSt of t h e  addi t ion  appeared 

t o  be prohibi t ive,  s ince  t h e  p lan t  is pr imari ly  an experiment. 

design da ta  of t h e  p lan t  fol low: 

The bas ic  

Over -all  Power Generat ion  Data 

Reactor thermal output, Btu/hr 

Reactor thermal output, Mw 

Gross e l e c t r i c a l  output, Mw 

Fuel Element Charac te r i s t ics  

34.1 x 106 
10 

3 

Sphere outs ide diameter, in.  

Sphere thermal stress ( f o r  ideal  

Sphere surface,  ft2/e3 of f i e1  
Sphere surface,  f t 2 / r e a c t o r  (39% 

Sphere average surface tempera- 

Sphere m a x i m m  allowable i n t e r n a l  

r i g i d  body) , p s i  

voidage assumed) 

tu re ,  O F  

temperature ( including hot 
spots ) ,  "F 

1.5  

2500 

48 
418 

-1200 

2200 
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Number of spheres per reac tor  (39% 

Average power dens i ty  i n  core, 

%500 
voidage assumed) 

w/cm3 
25 

Average surface heat flux, 
Btu/hr 0 S.t 

Reactor Core Material and Dimensions 

81 500 

Mater ia.1 Graphite 

Core height,  ft 8.1 

Core diameter, f t  1 .5  

Core face area, ft2 1.77 
Height of core plus r e f l ec to r ,  f t  14 

Diameter o f  core plus  r e f l ec to r ,  f't 7.5 

Core density,  g/cm3 1 

Machined weight of graphite,  tons 32 

Total  graphi te  volume, ft3 600 

Number of f u e l  channels 1 
Number of fuel charge tubes 1. 

Pressure Vessel Dimensions 

Shape 

Outside diameter, f't 

Material. 

Vessel height, f t  

Thickness, in. 

Working pressure, psig 

Design s t r e s s ,  psi 

Maximum temperature, F 

Volume, st3 

Cy1 inder 
9.25 

'Type SA-212, grade 

25 

3.25 

B, steel  

1000 

15 000 

600 

1300 

Gross vesse l  weight ( including vesse l  
and core supports, thermal ba r r i e r s ,  
nozzles, steam generator, and in-  
s u l a t  ion) , lb 

-200 000 
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Coolant C la rac t e r i s t i c s  

Gas 

Working pressure, psia 

Tot;a.l flow (nomial.) , lb/sec 

Reactor i n l e t  temperature, F 

lieactorr ou t l e t  temperature, "F 

Number oi" i n l e t  pipes 

Number of ou t l e t  pipes 

Inside diameter of pipe, ft 

Mean coolant vel-ocity i n  cool 

Mean cool.ant ve loc t ty  i n  hot  

Total  volume occupied by coolant, 

Circui t  pressure drop, psi  

Specif ic  heat capacity of 

pipe, f t / s ec  

pipe, ft/sec 

f t 3  

c o o l a ~ l t ,  Rtu/lb* E' 

Coolant Blowers 

Type 

Numbcr per  reac tor  

Adiabattc efficiency, $ 
Compressor pover, Bhp 

Power, kw ( a t  90% motor e f f ic tency  

Blower dr ive  motor power, Bbp 

and 70% adiahs%i.c eff ic iency)  

Steam Generator 
-.I._ 

Type of generator 

Number per reac tor  

Number of steaui generator sect tons 

S h e l l  height between heads, ft 

Shel l  height including heads, fl; 

Shell. ins ide di-ameter, ft 

liel turn 
1000 

1.2.0 

550 

1250 

2 

1 

1 

20.7 

71 

950 

30 
1.24 

Centrifugal 

2 

70 

127 

1-50 each 

182 each 

Natural. rec  ir - 
cula t ion  

1 

2 

43 
4 5 
2 
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She l l  thickness,  in.  
G a s  inlet  ins ide  diameter, f t  

1 

0.75 

A plan view of t h e  p lan t  i s  shown i n  Fig. 1.2, and an e leva t ion  

through t h e  containment vesse l  and bui lding i s  shown i n  Fig. 1.3. The 

reac tor  area i s  enclosed i n  a hermeticall-y seal-ed containment s h e l l  t h a t  

i s  approximately 80 ft i n  diameter and 200 f t  high, t h e  bottom of which 

i s  located 104 f t  below ground, bringing t h e  top  of t h e  reac tor  pressure 

ves se l  about 10 f t  below ground leve l .  'fie cooling gas, helium, c i r -  

cu la tes  i n  two p a r a l l e l  loops placed 120 deg =part from the heat exchanger. 

Above each of t h e  blowers the re  i s  a removable floor panel f o r  mainte- 

nance access. A small covered shaf't i s  located between t h e  'olower panels 

t o  provide access f o r  r a i s i n g  spent fue l ,  su i t ab ly  contained i n  shielded 

caskets, t o  t h e  ground f l o o r  f o r  t r a n s p o ~ a t i o n  t o  reprocessing f a c i l i t i e s .  

In  t h e  serv ice  canyon d i r e c t l y  undey t h e  reac tor  t he re  is a Tam and dr ive  

assembly t h a t  is capable of reaching up t o  remove t h e  sh i e ld  plug, elements 

of t h e  mel-handl ing mechanism, t h e  graphi te  s leeve assemblies surrouriding 

t h e  core, and other  components. On t h e  west aid.e of t h e  serv ice  canyon 

is a room for s to r ing  and cooling spent f u e l  as it comes out of the fue l -  

unloading tube. mer  appropriate cooling t h e  file1 i s  loaded by remote 

means i n t o  shielded casks and withdrawn f o r  t ranspor ta t ion  t o  reprocessing 

f a c i l i t i e s .  

Since t h e  helium c i r cu la t ion  system i s  designed t o  operate a t  pres- 

sures  as high as 1000 p s i  and is subjec t  t o  fission-product contamination, 

i t s  leakt ightness  is essent ia l .  A l l  connections in t h e  high-temperature 

region are welded, and mechanical c losures  are provided i n  regions of low 

enough temperature t o  permit t h e  use of elastomeric gaskets, s ince  t h i s  

type of seal i s  the  only one known t o  be both r e l i a b l e  and r e l a t i v e l y  

e a s i l y  made leakt ight .  The blower sha f t  seals, which are simil-ar t o  those 

f o r  t h e  EGCR, are a combination labyr in th  and o i l  pressure-buffered s leeve 

seal. 

Reactor Physics Considerations 

I n  t h e  f u l l - s c a l e  power r eac to r  described by Sanderson & Porter, '  

t h e  f i e1  balls cons is t  of 90.0 w t  $ graphite,  9.17 w t  $ T h O 2 ,  and 
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0.83 w-t 
s pec i f i c  power i s  3900 kw/kg of uranium. 

t o t a l  atoms. 

UOz. The average core power density- i s  23. ‘7 w/cm3, and t h e  

The core burnup is  0.021% of 

A 1 O - M w  reac tor  experiment cannot, of course, have t h e  same values 

f o r  all-  these  parame-Lers as a 350-Mw power reactor .  I n  order -to provide 

the  most meaningful- experimen’L, values w e r e  chosen so  tha-i; the experi-  

ment would be the  same as the  power reac tor  i-n core heigh’i, core power 

density, weight percentage of oxi-des i n  the  f’uel. balls, and f r ac t ion  of 

t o t a l  atoms burned i n  the  fuel.  By- keeping t h e  power densi-ty and core 

heigh-t t h e  same as f o r  t h e  referrnce case, t h e  gas f low rate and tempera- 

t u r e  d i s t r ibu t ion  approximate those t o  be found i n  t h e  I^ull.-scale reactor ,  

and the  fue l  b a l l s  are subjected bo t h e  same in t e rna l  temperature gradtents  

and thermal stresses. The total .  oxide corkelit of t h e  f u e l  b a l l s  i s  t h e  

primary f ac to r  i n  determining t h e i r  physical  propert ies ,  and t h e  f r a c t i o n a l  

burnup determines the rad ia t ion  damage and t h e  f ission-product release. 

The c r i t i c a l  concentrati-oas of U235-Th mi-xtures are shown i n  Fig. 

1.4 for various core diameters and values of thorium-to-uranium atom r a t i o s .  

The uranium w a s  assumed t o  be 93% U”’ and. 7% U238. 
of xenon and. samarium were assumed, together  with f i s s i o n  products equiva- 

l en t  t o  5% U235 burnup. The point i n  Fig. 1 .4  corresponding t o  a fie]. 

element containing slightly- less thorium than uranium was taken as t h e  

design value. 

Equil.ibrium quant i t ies  

‘The f u e l  element parameters of i n t e r e s t  are t h e  followi.ng : 

Composition, wetght f r ac t ion  

Graphite 
u23502 
uz3 8 ~ 2  

Tho2 
U235 burnup, % 

0.9000 
0.0513 
0.0036 
0.0451 

10 

Average f u e l  residence i n  2A 6 

Conversion r a t i o  0.084 

core, days 

A s  a consequence of t h e  low t o t a l  power output and s m a l l  core diameter, 

t h e  PBRE has a much higher r a t i o  of uranium t o  thorium, a much lower 

specific power9 and a much lower conversion r a t i o  -than the  reference 
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Fig. 1.4* C r i t i c a l  Concentrations of U235-Th Mixture as a Rmction 
of Core Diameter and Total  Oxide Content of t h e  Fuel i n  t h e  PBRE. 

case. 

a,tom, t h e  r e a c t i v i t y  change is  1.17%. The r e a c t i v i t y  l o s s  due t o  equi- 

l ibr ium xenon poisoning a t  ful-1 power is 2.71% and can rise t o  a maximum 

of 3.60$ i f  t h e  r eac to r  i s  shut down and -then brought t o  power when the  

xenon concentration reaches maximum. 

f o r  xenon override is  0.89%. 

%or a t o t a l  burnup i n  t h e  fuel of 0.10 f i s s i o n l i n i t i a l  f i s s i le  

Thus t h e  r e a c t i v i t y  cont ro l  needed 

The r e a c t i v i t y  l o s s  due t o  equilibrium 
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samarium poisoning i s  l.l@ 

sorbed i n  t h e  core a t t a i n  thermal energies i n  t h e  re f lec tor ,  t h e  moderator 

temperature coef f ic ien t  depends fliainly oil r e f l e c t o r  conditions. The over- 

a l l  temperature coef f ic ien t  i s  

Since over 90% of t h e  thernial neutrons ab- 

l dk 
k dT - -" = -0.4 x 1 0 - 5 / 0 ~  . 

Since t h e  dominant contr ibutor  t o  the  negative temperature coef f ic ien t  

i s  t h e  thorium resonance integral., it foll.ows that t h e  presence of t h e  

thorium I n  t he  core i s  impor-tmt in provid.ri.ng a stabl-e reactor,  as w e l l  

as i n  providing a fuel.. b a l l  of t h e  desired physical properties.  

Control rods i n  t h e  form of blad-es which surround the  core i n  a 

near ly  continuous r i n g  were chosen i n  preference t o  coaventional rods 

i n  order t o  avoid scalloping effec-ts on t h e  circumferential  power dis- 

t r i bu t ion  when .the rods are p a r t i a l l y  inserted.  The various items af- 

f e c t  ing reac t  ivi-ty are indi-cated below : 

Ak/k 

U r  an iuni bur nup 0.0058 
Equilibrium xenon 0.0271 
Xenoil overri.de 0.0089 
Samarium 0.0116 
Tempera-Lure defect  0.0052 

T o t a l  0.0586 

A strong r e a c t i v i t y  effect  i s  noted with comparatively .thin layers 

of absorber because of t h e  high importance o r  t h e  refl .ector region. PA 

thickness equivalent t o  1./16 in. of Inconel. w a s  chosen, giving a - to t a l  

r e a c t i v i t y  control  of O . l l + O  Ak/k from f i l U  in se r t ion  t o  full. withdrawal. 

The maximum cont ro l  needed 3.n changing from a, cold, clean core to a hot, 

equili-brium core arid m a x i m u m  xenon is  0.0586, so  0.081Lt Ak/k i s  avai lable  

f o r  shutdown margin. When the xenon poisoning i s  reduced t o  t h e  equi- 

l ibrium value, t h e  cont ro l  blades are inser ted  0.'7 f t  i n t o  -tile core (equi- 
l i b r ium burniip d is t r ibu t ion) ,  and the  blades are inser ted  t o  a depth of' 

2.6 f t  for a hot, clean core. The pos i t ion  of t h e  blades when the  reac tor  

16 



f i r s t  a t t a i n s  c r i - t i ca l i t y  (cold,  c lean core) J.s i n s e r t i o n  t o  a d-epth of 

4.4 fi* 
The power d i s t r i b u t i o n  depends on t h e  pos5.tion o f  the cont ro l  bl.ades. 

The peak. power densiby with t h e  Twcl cases are sh?om in. Figs. 1.5 and 1.6. 

blades withdrclYwti i.s 2.08 times t h e  avemge ; it is  2.38 times t h e  merage 
f o r  2.7-ft inser t ion ,  and the  peak occurs 1 f"t below *1;%1e center  of" the COR 

rather than  at the center.  F h x  t r ave r ses  i n  t h e  rad.ial d i r ec t ion  a t  the 

mid-plane a re  shown i n  FLg. 1.7. The prominent peak of t h e  theymal. f'l.im 

IJNCILASSIFIED 
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pressure vessel  i s  directed 

up t h e  outer annulus and joins  

the  hot gas stream a t  t h e  top. 

A number of tube diameter and 

spacing arrangeineDts were ex- 

amined, and t h e  data  f i n a l l y  

selected are shown i n  Table 1.1. 

'The helium and steam character-  

i s t i c s  of the s tem generator 

a r e  inciicated i n  Fig. 1.9. 

111 order t o  permit t h e  

plugging off of defective tubes 

wi-thout enkering t he  main shield-  

ing, 9.1.1. header di-ums a r e  f i t t e d  

with flanged. openings and aye 

outside the  primary shielding 

but wj.-th7-in shielded cubicles. 

Ball-Handling System -_l_.-l.ll........_l 

Every ball-removal system 

proposed t o  date appears t o  r e -  

quire  some mechanical motion a t  

t h e  point; of ball e x i t  from t h e  

reactor .  The arrangement de- 

Fig. 1.6. Power Distribu-tion wtth veloped i n  'ihis study, and shown 
Control Bl.ades Inser ted 2.7 f'i. 

b a l l  drain d.1i.ct from the  bottom center  of t h e  core. This duct has a 

diauieter s l i g h t l y  greaLer than f i v e  ball. diameters and i s  fitted. w i t h  a 

round graphite fuel-removal. plug equal i n  height t o  the  core and r e f l e c t o r  

support s~t i~c1;ures.  Removal of f u e l  ts accomplished by r e t r a c t i o n  of a 

ball. cutoff gatx j u s t  7--nsri.de t h e  b a l l  port  and by roLation of the removal 

pl.ug. Halls enter ing t h e  plug a re  ducted down t h e  center  of t h e  verti-cal 

dr ive shaf t  which supports and dr ives  the  plug. The dr ive mechanism is  

located oiii,si.de of t h e  shield where it is accessible  f o r  maiil-Lrnance. 

i n  Fig. 1.1.0, prov-ides a round . 
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The bKl.1.s removed from Yhe core are guided through t h e  d r ive  sha f t  

and dropped on a spring-mounted g r q h i t e  a:nvil, Tram which they en te r  an 

inc l ined  tube and flow past a bal.l-counting and cu tof f  device. From t h e  

cutoff device the balls e n t e r  a gas lock Tor depressu-*izing to atmospheric 

pressure and discharge t o  t h e  storage ,.i.nd. removal f a c l l i t i e s  e 

The fresh-fiiel-l.oad.ing CJevTcc, l ike  the f'uel-discharge faJc3'.1.ity, w i l l  

r equi re  experimental development. The loading device EL kbe top  of t h e  

reac tor  includes a s ing le  duct extending from the top  of the  core upwmd 

through t h e  upper plenum, sh ie ld  plug, and t o p  nozzle cl..osure t o  a magazine 

and dr ive  system. 

cont ro l  rod dr ives  w i l l  r equi re  c a s e f i l  a t ten t ion .  

Space a l loca t ions  between the  f u e l  feed system and %he 

H e 1  iinm Cleanup and Equipment Dec ontaminat ion 

The amouiit of parti.culate a c t l v i t y  t o  be expected i n  an all-ceramic gas- 

cooled reac tor  presents one of the  greatest unce r t a in t i e s  i n  the deslign. 
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E 
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" 

P 

SUPER IF EATER SECT ION 
A R E A :  4 8 3 f t 2  

9'5 f t  LOG M E A N  TEMPERATURE 
D I FFE R F: NT I  A L : 3 5 6 . 8  F 

T 

BOILER SECTION 
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LOG M E A N  TEMPERATURE 

16.5 f t  

j D IFFERENTIAL :  183.7OF 

. .. 

ECONOMIZER SECTION 
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GAS FLOW: 39,000 Ib/hr 

Fig. 1.8. Schematic D i a g r a m  of S t e a m  Generrator. 
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In t h e  system proposed, 1% of the  gas flow i s  bypassed through a c l eamp  

system which should remove most of t h e  reac t ive  v o l a t i l e  and pa r t i cu la t e  

rnatdxr and rnuch of t h e  r w e  gas from t h e  bypass stream. This, coupled 

with t h e  fu l l - f low f i l t e r  at t h e  t o p  of t h e  reactor ,  which should remove 

Table 1.1. Steam Generator Design Data 

Ecoiiomizer Boiler Superheater T o t a l  

FI ov scheme =Axial counterflow gas outside tubes 

Tube outside d i a m t e r ,  i n .  1.0 1 .0  1.0 

Tu'ue inside diam-eter, i n .  0. 8'75 0.875 0.875 

Nurtiber of tubes 

Tube arraagement and. spacing 

slic.113~1 side area, f t '  335 841 483 

Equilateral  spacing on 1.375-in. 
centers 

Straight  height of section, 6.5 16.5 9.5 
f t  

Over-al.1 estimated exchanger 

Cas nass veloci by, lb/ft2 * see 
Gas presswe dropi p s i  

Gas pressure (design), psia  

Gas :fl.inT, Lb/hr 

WsLer inlet; temperature, "F 500 

height, ft 

19 5 

1660 

4 5 

9.44 

3 

1000 

39 000 

Steam ex i t  ternperatuse, "F 

 et steam TLOV, Ib/kir 

Steam exi t  pressurre, psia  

Log m e a n  temperature 
d.i.?Terential, "F 

Heat Load, Rtu/hr 

Percenbage of tot,nl heat 
load 

1000 

31 500 
1.000 

46.6 18.3.7 356.8 

1.84 X lo6 21.7'7 X lo6 10.49 X lo6 34.1 X l.06 

5.4 63.8 30.8 

Gas-side heat t r ans fe r  150 
coeff ic ient ,  Btu/hr.ft' - O F  

coeff ic ient ,  Bl;-u/hr . f t*  - "F (as simed ) (average ) 

(outslide area)  

cceff ic ient ,  ntu/hr. f t 2 .  OF 

Tube-sid.e heat t r ans fe r  700 5000 160 

Htjcat flux, Btu/hr.ft2 5500 

Over-all heat, transf cr 1-18 141 71 

25 900 21 700 
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Fig. 1.9.  Helium and Steam Charac ter i s t ics  of PBP3 Steam Genera-Lor. 

par.l;icula-te matter down t o  0.3 p, should keep t h e  l eve l  of pa r t i cu la t e  

actri.vi.ty throughout t h e  system a t  a:; l o w  a value as it, is  p m c t i c a l  t o  

obtain with any griven fuel. el-ement desi-gn. 

The helium brpass stream 7.s splf-t ,  w i t h  the gl-eater pa r t  cooled t o  

85°F p r i o r  t o  admission t o  a charcoal. f ission-product delay t r a p .  

other pa r t  of t h e  s-bream i s  heated t o  750°F and passed. o v e ~  copper oxide 

t o  convel-t hydrocarbons, CO, and hydrogen t o  C02 a-n.d water vapor. 'The 

gas is  khen coolzd and passed through a molecul.ar s ieve absorber- w-here 

t h e  w a t e r  vapor and. CO;? are removed. The clean helium streams from t h e  

molecular s ieve and t h e  charcoal ti-ap are conhi-ned and. rcburned t o  -tile 

reactor. 

The 

The f i s s i o n  products t h a t  w.7.2-1- eo-ntaminate metal surfaces exposed 
t o  t h e  c i r cu la t ing  helium include v o l a t i l e  elements, such as iod-ine, 

tel lurium, cesium, cerium, and :mt'oeniurn, and minor amounts of less 

vel-atile elements, such as barium, strontium, zirconium, and. niobium, 
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together  with t h e i r  daughters. There w i l l  a l s o  be daugh-ters of t he  rare 

gases xenon  and^ krypton, 

present. The reagent t h a t  has been found t o  be most e f f e c t i v e  i n  removing 

these  fission produc-Ls and i s  a t  t h e  same time noncorrostve t o  s t a i n l e s s  

o r  p l a in  carbon s t e e l  consists of an aqueous solut ion of 4% sod.ri.mn oxalate 

with 3s  hydrogen peroxide and 0.7$ oxalic ac id  a t  a pH of 5.0. The p H  

tends t o  r ise  with time, however, and within 1 h r  o r  l ess  a t  95°C i n  a 

s t ee l  vessel, rap id  decomposition of -the peroxide may r e s u l t .  

must therefore  be monitored a t  l e a s t  every half-hour and. adjustkd. t o  4.5 

t o  5.0 by the  addi t ion of oxalic acid.  

Bad1.y contaminated. graphite dust  m y  also be 

The pH 

The componen’c t o  be decontarninated (such as a blower) w i l l  be i so l a t ed  

hydraul.icaLly from the rest  of‘ t h e  system, such as by i n s e r t i o n  of in-  

f l a t a b l e  mb’oer bladders 7.n t h e  conneeti-ng pipi.ng, and t h e  contaminated 

surfaces w i l l .  be spyayed o r  washed with the reage-r.-t. When t h e  desired 

degree of decontamination has been accomplished, ’ihe cquipmen’i w i l l  be 

flushed with water and then drained and dr ied .  i)econtanii.nation by this 

procedure shou-ld reduce t h e  a c t i v i t y  by a f ax to r  of SO t o  10 000, de- 
pending on t h e  i n i t i a l  a c t i v i t y  level and t h e  effect iveness  w i t h  which 

a l l  t h e  conLamiiiated 

Hazards Eva1uai;ion 

The containment 

surraces are contacted by t h e  cleaning sol-ution. 

vessel design i s  based on a postulated rupture of 

t‘ne prirnary coolant system t h a t  resul.ts i n  oxidaki-lnn o r  melting of’ the 

fbel. material ( m a x i m x n  credkLb1-e accident) . 
react ion of all. t h e  oxygen i-n $he container with g ~ a p h i t e ,  t h e  tempera- 

t u r e  and pressure a re  20 ps ig  and 700°F, respectively.  Melting or oxida- 

t i o n  of .the f u e l  w a s  assumed t o  release 100% of t h e  noble gases, 50% of 

t h e  v o l a t i l e  f i s s i o n  prod.uc%s (notahI..y iodine) ,  a d  5% of t h e  nonvolati le 

produ~cts. 

level, the resul-Lhg exposuye 1000 1”t downwind f o r  an inversion condition 

w-0ul.d. not exceed. 25 i-em i.n an 8-hr peri-od.. 

If all-ovmnce i s  made f o r  

With leakage of 0.4%/day o f  t h e  conta,iner volu-me a t  ~I-OI .J . I I~  

About 900 cur ies  of  fission-product a c t i v i t y  w a s  estimated t o  ’oe 

c i r cu la t ing  in t h e  primat.y system a t  equilibrium conditions, with clean- 

up of  t h e  helium taken i n t o  accoumt. AI-though t h e  estimate invol-ves 

c 
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considerable uncertainty,  t h e  calculated re lease  r a t e  from t h e  primary 

system a t  an assumed helium leakage of O.l$ of t h e  systen volume per day 

(and i t s  disposaJ from t h e  containment s h e l l )  i s  low enough t h a t  a. hundred- 

f o l d  increase would be required t o  exceed t h e  maximum permissible eoncen- 

t r a t i o n .  Natural c i r cu la t ion  appears t o  be adequa-be f o r  cooling the  f ie1  

i n  t h e  event of simultaneous blower f a i lu re s ,  so  long as t h e  helium pres- 

sure  does not f a l l  much below 900 psi .  

Research and Development Program - 
I n  service,  t h e  f u e l  b a l l s  w i l l  be su'ojected t o  imyact l0ad.s during 

charging and unloading operations, compressive loads pr imari ly  from thermal 

expansion between t h e  f u e l  bed and t h e  core wall, abrasive act ions,  tilerrial 

stresses, oxid.ation by impurit ies i n  t h e  helium, and r ad ia t ion  damage from 

bobh neutron and f ission-fragment bombardment. Under .these conditions the  

b a l l s  must maintain s t r u c t u r a l  i n t eg r i ty ,  rimst r e t a i n  a l a rge  port ion of 

t he  f i s s i o n  products generated, and must not self-weld t o  adjacent spheres. 

The da ta  on t h e  a b i l i t y  of t h e  fueled-graphite matrix t o  withstand t h e  

mechanical and thermal stresses ai-e encouraging, although not extensive. 

Self-welding i s  a problem only i n  t h e  case of s i l i conized  s i l i c o n  carbide- 

coated. spheres, and then only a t  surface temperatures w e l l  aloove the  

cur ren t ly  an t ic ipa ted  maximum of 1800" F. Additional t e s t s  a r e  required, 

however, t o  def ine more c l e a r l y  t h e  temperature, time, und contact pres- 

sure under which self-welding w i l l  0ccu.r. 

i s  t h e  fission-product re lease  a t  high temperatures and high burnups, The 

one in -p i l e  experiment ( a t  Bat-belle Memorial. I n s t i t u t e )  completed thus far 

thst has involved high burnup showed progressive f ission-product re lease  

with exposure and thus indicated f a i l u r e  OT t h e  U 2 0 3  p a r t i c l e  coatin.gs. 

The da ta  i%om t h i s  experiment a re  shown i n  Fig. 1.11. The r a t e  of f i s s i o n -  

gas r e l ease  as a function of tempera-Lure and burnup w i l l  need t o  be de te r -  

mined not only f o r  AL203-coated UOz p a r t i c l e s  but also for BeO-coated. UOz 

and. pyrolytic-carbon-coated TJC2, a l l  dispersed i n  a graphi te  matrix. 

The major uncertainty a t  present 

Information i s  needed w i t h  respect t o  t he  oxidation of graphi te  by 

impurity gases, primari ly  COz and. 320, i n  the coolant stream. 'The r a t e s  

of these  reac t ions  are coniplex functions c~f temperature, pressure, gas 

25 



f l o w  rate, gas corflposri.t,i.on, grap'ni.te cha rac t e r i s t i c s ,  and probably 

radiation. 

be carefully assessed because t h e  temperatures required t o  apply Si-Sic, 

t he  most promising coating for t h i s  purpose, would przcliide tile use of 

A1203- or BeO-coated UOz as t h e  fuel par t i c l e s .  A-t t h e  3500 t o  3600°F 

The need for an oxidat ion-resis tant  surface coating must 

U N C L A S S I F I E D  
ORNL-LR-DWG 53180 
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coating-application temperature, both of these compounds reac t  excessively 

wi.th graphite. 

Cornprehensive evaluation t e s t s  of ball  fabr ica t ion  are required. t o  

es tab l i sh  t h e  ranges of process variables,  s ince such propert ies  as thermal 

conductivity, tlierrnal expansion, imsiact and abrasion resistance,  and d i -  

mensional s ta 'oi l i ty  under i r r ad ia t ion  can be expected t o  vary with type and 

qyant i ty  of filler and bin.der, baking cycle, and temperature used i n  f ab r i -  

ca t  ion. 

Matching the  gas flow d i s t r ibu t ion  t o  -the power d i s t r ibu t ion  w i l l .  

probably require both model and fu l l - sca l e  t e s t s .  

d i s t r ibu t ion  can be matched reasonably well t o  t he  nuclear power d . i s t r i -  

bution, it i s  important t o  get some idea of t h e  extent t o  which r a d i a l  nix- 

ing of t h e  cooling gas w i l l  a l l e v i a t e  an  excessive gas temperature r ise i n  

IT t h e  r a d i a l  gas flow 

a hot -spot re, 0-10n. a 

Containment of t he  helium within the  high-pressure system i s  more than 

a routine design problem because (1) there  has been l i t t l e  experience with 

containment of helium at both high temperature and high pressure, par- 

t i c u l a r l y  where closun-es of one s o r t  or another a re  invo.lved, and (2)  much 
more than conventional leaktightness i s  required because of t he  contained 

rad ioac t iv i ty  (including t r i t i um) .  

out of t h e  reactor,  even a t  reduced pressure, ari elaborate system of 

pressure-buffered locks w i l l  be required t o  keep t h e  external  contamina- 

t i o n  under control.  Elastomeric materials cannot be used because of '00th 

t$e high temperature and t h e  high rad.iatj_on dose rates, and no hard-seated 

valves a re  known which can be operaked repeatedly and yet give t h i s  degree 

of leaktightness,  or anywhere near i.t, especial ly  with g r i t t y  materials 

passing over t h e  valve seats .  

for a ra ther  i n t r i c a t e  system of mechanical or  e l e c t r i c a l  inter locks as 

a guarantee against  operator error .  The operation must be conducted i n  

sealed chambers, and t h e  spent fuel discharging must be done eomple-tely 

remotely behind heavy shielding. Finally,  the equ-ipment must be sue- 

cessfully checked for t igh tness  after each operation. 

I n  order t o  t ransport  f u e l  i n to  and 

The operating sequence of t h e  locks c a l l s  

Along with development of a l eak t ight  fuel t ransport  system it w l l l  

be e s sen t i a l  t o  demonstrate t h a t  t h e  b a l l  feed mechanism sssures  proper 
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d i s t r i b u t i o n  and flow across  the  core wYihout exceeding -the bal-I. jacket 
impact 1 . i r n i t s  The ball-removal meclianism 'ael.ow t h e  core m u x t  demonstrate 

p o s i t i v e  b a l l  movement, ad-equate ba3.1. cool-ing, and freedom from jamming. 

The d i r e c t  access 'GO tiie blowers assumed i n  t h i s  s tudy i s  based on 

t h e  f iss  ion-product release being very small and i;he possibi l . i ty  of ~ e -  

movins ac t l iv i ty  t h a t  lodges i n  t i le blower casi.ng by w e t  decontamination. 

It remains -Lo be demonstrated- t h a t  t h e  scheme presented for hydraulical-1.y 

i so la t i r ig  t h e  casings i s  f e a s i b l e  and t h a t  a l l  - t rash and. decontaminating 

sol.iition res idue  can be prevented from leaking  i n t o  t h e  rest of  tiie system. 

- 

'?he l \ l l -Scale  Pebble-Bed R e x  Lor Power P1an.t 
-......~_.....l_I_ 

Parametric Anal.ysis of Design Requirements ~ -_.I 

There are c e r t a i n  design requirements t'nat riiust be met i n  t h e  fill-1- 

s c a l e  pebble-bed r e a c t o r  power plaint (F3X) i r i -espect ive of t h e  tyye of 
core  flow chosen. The pressure  vessel. mist ,  be properly pro tec ted  aga ins t  

excessive temperatures,  excessive tliemaX s t r e s s e s ,  and fast  neu-trons. 

The la t te r  requirement i s  b e s t  s a t i s f i e d  by employing a reflec-Lor having 

a th ickness  equival-ent t o  approximately 3 f'i of graphi te .  Vessel. tem- 

pera tures  and khermal. stresses can be kepL t o  reasonable  v a l . 1 ~ ~  by thermally 

i s o l a t i n g  the  r e f l e c t o r  from t h e  vessel wi-'ili thermal. i.:nsulation and pro- 

v id ing  for gas cool ing of t h e  i n t e r i o r  surface of the vesse l .  It i s  a l s o  

important t o  inhibi t ;  gama-ray  heati-ng of t h e  pressure  v e s s e l  by adsorbing 

t h e  low-energy neutron leakage from t h e  r e f l e c t o r  i n  a l a y e r  07 rnateri-al 

such as s t ee l  o r  borated graphi te .  The l a t t e r  appears Lo be the more 

promising for k h i s  appl-icati.on. 

Since i r r a d i a t i o n  shrinkage cracking w i l l  probably l i m i t  t h e  l.ife 

of g raph i t e  components exposed t o  a high fas t -neut ron  f l u x  gradien t ,  

g raph i t e  so  exposed must be designed for repllacement. The machined 

g raph i t e  blocks surrounding t h e  v e r t i c a l  s i d e s  oT l;he PI313 core are t he re -  

f o r e  protected.  with a l a y e r  of unfueled g raph i t e  bal1.s t h a t  are f ed  -'illrough 

t h e  core i n  much t h e  same way as t h e  f u e l .  They are smaller tlian the 

f u e l  b a l l s  t o  avoid excessive gas bypass fl.oi<~ through t h i s  region. The 

th ickness  of t h e  l a y e r  ol" unfineled. g m p h i t e  b a l l s  requi red  t o  p ro tec t  
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t h e  f ixed graphite i s  about 1.0 f t .  If the f i e 1  charging i s  carr ied 

out i n  other than batch operations, unfu-eled graphite b a l l s  should not 

be used t o  l i n e  t h e  r e f l ec to r  a t  the top and bottom of the reackcjr. 

Thus t h i s  graphite i s  designed t o  be replaceable with spec ia l  ecpipment 

through su i tab le  access tubes. T'ne supports for. the  top  r e f l ec to r  pass 

through t h e  vessel  l i n e r  and over t he  hot-gas plenum f o r  anchorage t o  t he  

pressure vessel .  

t o  an intense fast-neutron flux a n d  henee are likewise designed for easy 

replacement, probably on a preventive-maintenancc sch.edule. Cracking of 

-t;ne control  rod guide tubes could not be Lolera-Led because control  rod 

operation would be adversely affected.  

The guide tubes f o r  t h e  control  rods are also exposed 

Reactor core s i ze  and shape a re  influenced by reactor  physics con- 

s iderat ions i n  several. respects. Probably the  most important of these 

a r e  t h e  e f f ec t s  of core geometry on conversion r a t i o  and consequently 

on fue l  cycle costs.  Tyyical values i l l u s t r a t i n g  these e f f ec t s  me shown 

i n  Fig. 1.12, which presents data5 for a generalized series of graphite- 

uranium carbide cores surrounded by graphite-thorium car'bide bla-nkets. 

I n  preparing Fig. 1.12 it was assumed t h a t  t he  mmber of f iss ionable  

atoms i n  t h e  fuel should. not be allowed t o  drop t o  Less than. 80% of t h e  

i n i t i a l  number of f iss tonable  atoms i n  order t o  keep the  hot-spo.1; problem 

within reasonable l i m i t s .  Figure 1.12 implies tha t ,  f o r  t h e  0.39 void 

f r ac t ion  cha rac t e r i s t i c  o f  pebble-bed reactors ,  %he core diameter should 

be at l e a s t  14 f't t o  give reasonable fuel. cyc1.e costs.  

The neutron leakage frorn a core var ies  with t'ne length-to-diameter 

r & t i o  f o r  a constant power density. For a bare reactor  with a eyl indrical  

core, the  minimum neutron leakage loss i s  obtained with a length-to- 

diameter r a t i o  of 0.92. The corresponding value for a ref lected reactor  

would be somewhat lower. This Is t o  be compared with a core length-to- 

diameter r a t i o  of 0.70 for the m a x i m u m  core volume t h a t  can be ins ta l led  

i n  a given-diameter, spherical., pressure vessel. Thus f o r  both good 

neutron economy (and low fie]- cycle costs) and miiiirrium pressure -vessel 

'A. P. Fraas and 14. N. Ozisik, "Rela-tive Capital Chaxges and Fuel 
Cycle Costs f o r  All-Ceramic Gas -Cooled Reactors, " ORNL CP-60-7-41, 
July 20, 1960. 
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costs,  the  core length-to-diameter r a t i o  should be kept between 0.70 and 

0.92 if a spherical  pressure vesse l  i s  t o  be employed. and no other con- 

s iderat ions in te r fe re .  

A second important f ac to r  i n  the  c h o k e  of core geometry from t h e  

reactor  physics standpoint i s  t h e  power d i s t r ibu t ion  through t h e  core. 

If a .well-proportioned design i s  t o  be obtained s o  t h a t  a l l  t h e  f u e l  i s  

erriployed t o  good ad-vantage, t he  power d i s t r ibu t ion  should be well. matched 

to t he  cooling-gas flow d is t r ibu t ion .  

of control l ing t h e  flow d i s t r ibu t ion  across the  face of the pebble-bed 

reactor,  it i s  impo-rtant t h a t  t h e  power d i s t r ibu t ion  be as nearly uniform 

as possible. If a thorium blanket is employed i n  an axial-flow core, t he  

power density near t h e  core pertmeter i s  s o  low t h a t  a poor gas tempera- 

t u r e  dis t r ibi i t ion a t  t h e  core ou t l e t  i s  unavoidable. Thus i-t appears t o  

be b e t t e r  t o  employ a th i ck  r e f l ec to r  ra ther  than a thoriixn blanket. 

has the  advantage tha t ,  i n  addi t ion t o  f l a t t en ing  the power d is t r ibu t ion ,  

it increases t h e  conversion r a t i o  i n .  t h e  core. Even though the  over-al l  

conversion r a t i o  suf fers  somewhat, t h e  in.creased cost  of f iss ionable  

ma,terial i s  o f f se t  by reduced fbe l  fabr ica t ion  and reprocessing costs.  

Since the re  appears t o  be no way 

This 

The pressure-vessel diameter and thickness can be re la ted  t o  the  core 

diameter and the  system pressure level .  Layout s tudies  have &own t h a t  a t  

least 7 f t  must be added t o  the  core diameter t o  obtain t h e  inside diame- 

t e r  Tor a cy l indr ica l  pressure vessel, while about 11.5 f t  must be added 

t o  t h e  core diameter t o  obtain t h e  inside diameter f o r  8 spherical. vessel .  

Actually, t h e  diameter of a spherical. pressure vesse l  var ies  somewhat 

with a given core diameter depending on t h e  core length-to-diameter r a t io .  

Using t h e  above valw-es and a gas pressure of e i t h e r  1000 p s i  or t h a t  given 

by an allowable stress of 16 600 psi ,  whichever w a s  t h e  smaller, t h e  ves- 

s e l  diameter, thickness, and gas system pressures f o r  both spherical  and 

cy l indr ica l  pressure vessels were plot-ted as a function of core diameter, 

as shown i n  Fig. 1.1.3. As a matter of i n t e re s t ,  t h e  weights and estimated 

costs of these pressure vessels a re  also plo t ted  i n  Fig. 1.13, based on 

the  length o f  t he  s t r a igh t  cy l indr ica l  porkion of the vessel  being equal 

t o  t h e  diameter. The estimated costs  do not include costs  f o r  penetra- 

t ions,  i n t e rna l  s t ructure ,  or suppoi-t s t ructure .  
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Fluid Flow and Heat Transfer Relations. Materials considerations 

l i m i t  t h e  mean gas temperature a t  t h e  core ou t l e t  t o  8 value i n  t h e  

neighborhood of U0O0F, while good steam-cycle eff ic iency demands a core 

i n l e t  gas temperature of a t  least 500°F. Previous s tudies  of other types 

of gas-cooled reactor6 showed t h a t  diversion of more than 8 t o  10% of the  

generated power t o  gas c i rcu la t ion  w a s  uneconomical and t h a t  there  was 

often an incentive t o  make tlie diversion even less. For therrnodxynamic 

e f f ic ienc ies  close t o  40$, the  r a t i o  of pumping power t o  t o t a l  heat  gen- 

e ra t ion  (W/Q) cannot, therefore,  exceed 0.03 t o  0.04, and, i f  t h e  losses  

i n  the  external  system amount t o  one-half t h i s ,  the  pumping losses  i n  the  

core alone must not exceed 0.015 t o  0.02. 

The experimental data  avai lable  on thermal conductivity, modulus of 

e l -as t ic i ty ,  and s t r e s s  to rupture fo r  i r r ad ia t ed  f'ueled graphite are 

meager. 

b a l l  i n t e rna l  temperature drop as a function of b a l l  s i z e  f o r  a l imit ing 

thermal stress of 2000 psi ,  a thermal conductivity of 8 Btu /hraf t2  ( 'F/f t ) ,  

a modulus of e l a s t i c i t y  of 1.5 X l o 6  psi ,  a value for Poisson's r a t i o  of 

0.3, and a coef f ic ien t  of thermal expansion of 3 X 

l i n e s  f o r  t h e  l imi t ing  power densi ty  as defined by t h i s  thermal s t r e s s  

have been superimposed on t h e  curves of  Fig. 1.15. 

Figure 1.14. summarizes t h e  estimated power density and f i e l -  

in. / in.  0°F. Dashed 

The parametric s tudies  of f l u i d  flow and heat t r ans fe r  were based on 

expressions developed i n  the  PBRE s tudies  t h a t  r e l a t e  t h e  power density 

and. average f i l m  temperature drop t o  t h e  system pressure, the  f u e l  b a l l  

diameter, t he  temperature r ise per u n i t  of core length, and the  r a t i o  of 

pumping power t o  heat removal. 

ranges of var iables  of i n t e re s t ,  and the  chart  shown i n  Fig. 1.15 w a s  

prepared t o  f a c i l i t a t e  analysis.  It may be seen t h a t  t he  temperature 

r ise per u n i t  of core length and t h e  power density define both the  core 

length and the  core diameter f o r  any desired reactor  power output. The 

data  presented i n  Fig. 1.15 can be used for other temperatures, void 

fract ions,  or gases by -m.ltiplying by tlie appropriate fac tors  given i n  

Fig. 1.16. 

The equations were evaluated for t h e  

I - 
6A. M. Perry, "Economic Effects  of Gas-Cooled Reactor Parameters, 'I 

OEKL CF-59-12-40, December 9, 1359. 
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Axial. Flow i n  Reactor Core. In choosing a r e a c t o r  core  t h a t  would. 

conform t o  t h e  des ign  l i m i t a t i o n s  o u t l i n e d  above, t h e  f i r s t  s t e p  w a s  t o  

e s t a b l i s h  -the core  diameter  and l eng th  d.ef ined by pumping power I i m i t a -  

t i o n s .  For a g iven  system pressure and gas t empemture  rise through t h e  
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core, t he  max imurn  core depth i n  the  d i rec t ion  of f low was then determined 
f o r  a giver1 power density, f u e l  b a l l  s i ze ,  and r a t i o  of pumping power t o  

heat removal. Once these conditions were established, t he  core d iameteer 

depended o n l y  on t h e  t o t a l  heat generation. 

The re la t ionship  between core height, diameter, and power density is  

shown i n  Fig. 1.17 for various values of t'ne ratio of pumping power t o  
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heat  removal f o r  a t o t a l  hea t  output of 850 blw, a gas temperature r ise of 

700°F, and a f ie l . -ba l l  diameter o f  1.5 in .  It i s  evident  t h a t  i-ncreasing 

power d e n s i t i e s  l ead  t o  low core length-to-diame-ter r a t i o s ,  p a r t i c u l a r l y  

ai; low values  o f  t h e  r a t i o  of pumping power t o  hezi; removal, and. t h a t  t hese  

are undesirable  from the standpoint  of neutron economy. 

Increasing t h e  fuel_-bal.l. diameter decreases t h e  pu-mpiag power, o r  per- 

m i t s  longer  cores  f o r  t h e  same power densi-by. Thius t h e  core  length- to-  

diameter r a t i o  can be increased simply by I.ncreasing t h e  b a l l  diame-Ler, as 

shown i n  Fig. 1.18, without adversely a f f e c t i n g  t h e  pumping power. The i n -  

c rease  i n  power dens i ty  obtainable  wi-Lh l a r g e  .Cue1 ba1.l.s a t  a given pumping 

power-to-heat removal r a t i o  is l imi ted ,  however, by t h e  allowable thermal 

s t r e s s  i n  t h e  b a l l s .  

The g r e a t e r  voidage a t  t h e  core  walls permits a considerable  frac-Lion 

of the gas flow t o  bypass t h e  rue led  bed. Additional. bypassing occurs 

through. t h e  high-voidage regions around t h e  con t ro l  rod tubes.  If a l a y e r  

of siiiall, unfueled, g raph i t e  b a l l s  i s  used t o  l i n e  t h e  r e f l e c t o r ,  t he  i n t e r -  

face between t h e  fue led  a n d  unfueled l a y e r s  w i l l  be  f r e e  of a high-voidage 

regton and thus should, I.n pa:rt, o f f s e t  the bypass flow 'zhrough such a, 

b u f f e r  l a y e r  provided b a l l  movement and d i s t r i b u t i o n  can be s a t i s f a c t o r i l y  

cont ro l led .  Preliminai-y estiiiiates ind ica t e  t h a t  a 1. 0-ft--t i i ick 1-ayer o f  

1.25-in.  -diam unfueled graphi te  b a l l s  around a 2 0 - f t - d i m  bed of 2 , s - i n .  - 
diam fue led  b a l l s  would permit approximately 14$ of t h e  flow t o  bypass 

tine core.  'This r equ i r e s  that, t h e  mean gas temperature rise through t h e  

fue led  region be inci-eased -to 800°F, and this value was used i n  most subse- 

quen-t s-tudies.  While t h i s  increases  t h e  f u e l  temperature,  it reduces the 

core pumping power requirements and eases  t h e  f u e l  bed l e v i t a t i o n  problem 

for upflow cores.  

The curves of Fig. 1 . 1 2  i nd ica t e  - L ? i a t ,  from t h e  f 'uel-cycle-cost  s tand-  

point ,  t h e  core  diameter shoul-d be a t  l e a s t  14 ft, whi.1.e an examination of 

f l u i d  flow problems indicai;es t h a t  t h e r e  i s  an incent ive  to increase  it t o  

about 20 f t .  Figure 1.17 shows that these JA-ft- and 20-ft-diam cores  

would. have lengths  of about 12 .6  and l o  f t ,  respec-tively, and would e n t a i l  

r a t i o s  of  pumping power t o  heat; removal o f  about 0 .2  and 0.005, respec t ive ly .  

Since t h e s e  two cores seened t o  be r ep resen ta t ive  o f  t hose  t'nat might be 
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Fig. 1.18. Effects  of Fuel-Ball Diameter and Power Density on the  
Length of an Axial Flow Core fo r  a Pumping Power-to-Heat Removal Ratio 
of 0.02 and a Gas Pressure of 1000 psia.  

used, they were selected fo r  a more de ta i led  study of t h e i r  charac te r i s t ics .  

The 14-f't-diam core requires a gas system pressure of 1000 p s i  if the r a t i o  

of pumping power t o  heat removal i s  not t o  exceed the  l i m i t  of 0.02. 
Cores about 20 f t  i n  diameter can be designed f o r  upflow cooling t h a t  

w i l l  have a pressure drop low enough t h a t  bed f l o t a t i o n  w i l l  not occur. It 

has been found t h a t  t h e  bed w i l l  begin -to f l o a t  at a pressure drop per u n i t  
of length equivalent t o  87% of t he  bed density and t h a t  it would be best  t o  

design Tor a l imi t ing  core pressure drop per un i t  of length of not more than 
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80% of t h e  bed densi ty .  '' 
i s  about 70 l b / f t 3 ,  so, for design purposes, t h e  pressure grad ien t  should 

be 1-imited t o  a'uoiit, 56 lb / f t3 .  Since the pressure gradient; depends only 

on the  gas pressure,  gas flow, and f u e l - b a l l  diameter, t h e  l i m i t i n g  heat, 

output per u n i t  of core  i n l e t  face  area can be expressed i n  terms of the  

fuel-ba1.l diameter and. t h e  systerfl pressure for a given gas temperature 

r ise.  Figure 1.19 i s  such a p l o t  prepared from Sanderson & Porter data7  

by ad jus t ing  f o r  a gas temperature r ise  of 800°F (550 t o  1350°F) rinstead 

of 700°F. As may be seen, t h e  thermal. output  per  u n i t  of core  inl-et  f ace  

area can be determined fl-om Fig. 1..1.9 without sta-Ling t h e  core height ,  

s ince  t h a t  d.epends on the  gas temperature r ise  and 'the film temperatur2 

drop at, t h e  sur face  of -the b a l l s .  The lev i ta t ion- l i -m.~ted  core diameter 

f o r  a given t o t a l  thermal output can be easi l .y  detenxi-ned by using Fig. 

1.19. In  order  t o  f a c i l i t a t e  such est imates ,  t h e  r e l a t i o n s h i p  between 

t h e  f u e l - b a l l  diameter, the l e v i t a t  i.on-l.imited core diameter, and t h e  

helium pressure  i s  shown i n  Fig. 1.. 20 for a Lhei-mal. output of 800 MTJ. 

E'or a given core driameter, t h e  C O E  leng'ch determri.nes t h e  average power 

dens i ty  and t h e  core 1.ength-to-diame-ter r a t i o ,  These r e l a t i o n s  a re  also 

shown i n  Fig. 1.20, t oge the r  with a s c a l e  f o r  t h e  diameter of sphe r i ca l  

vessels based on t h e  maximum ins ide  diameter f o r  t l ie ind ica ted  pi-essuye 

f o r  a 4.-in.-thick s h e l l .  The average core power dens i ty  rimreases with 

t h e  f u e l - b a l l  diameter because higher  gas flows are requi red  t o  l e v i t a t e  

beds of l-arger b a l l s .  The in te rna l .  temperature drop an.d t h e  thermal  

s t r e s s  i n  t h e  f u e l  increa,ses, however, as tlie square of t h e  b a l l  diameter 

(see Fig. l .14), s o  tlie power d-ensity i s  limi-bed by one f a c t o r  o r  another  

-to a r e l a t i v e l y  low value i f  t h e  core i s  designed f o r  upflow without 

l e v i t a t i o n .  

For graphi-Le f u e l  elements, t h e  bed dens i ty  

This ana lys i s  i.ndicates t h a t  t h e  p r i n c i p a l  1.imitations t o  be con- 

sid-ered i n  s e t t l i n g  on a spec iy ic  value f o r  'ihe diameter of an upflow 

core are those  imposed by pressure  v e s s e l  fabr ieabion  considerat ions,  

f l o t a t i o n  of t h e  bed, and thermal. stresses i n  t h e  fuel.  E'or a given 

"Progress Report, Pebble Bed lieacboi- Program, June 1, 1959 b o  
September 30, 1960, " NYO-907l.. 
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gas system pressure the  fue l -ba l l  diameter required to avoid f l o t a t i o n  

was calculated as a function of core diameter f o r  an 800°F gas tempera- 

t u r e  r ise t o  give the constant-pressure l i n e s  of Fig. 1.21. 

mum core diameter for a 4-in.-thick spherical  pressure vesse l  and a core 

length-to-diameter r a t i o  of 0.7 was then d.etei^mined f o r  each pressure, 

and t h e  data were plo t ted  as a dotted l i n e  of Fig. 1.23. t o  indicate  the  

region giving pressure vessels less than 4 in.  thick.  

dot ted l i n e  showing the  limi-ting fuel-bal l  diameter as a function of core 
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Fig. 1.19. Levitation-Limited Power Output per Unit of Core I n l e t  
Face Area as a Function of Fuel-Ball Diameter and Cooling-Gas Pressure 
for Axial Upflow Cores. The curves were constructed for. a pressure drop 
equal t o  80% of t h e  f u e l  bed weight per un i t  of face a rea  and helium in- 
l e t  and ou t l e t  temperatures of 550 and 1315O0F, respectively.  
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of t h e  fuel  bed weight per  unit. o f  f a c e  ai-ea, & i n . - t h i c k  s p h e r i c a l  prees- 
sure v e s s e l s  o f  maxj.inu-m i n s i d e  dj-arneter f o r  t h e  ind ica t ed  pressure, and 
helium i n l e t  and o u t l e t  tempera-tures of 550" 5' and 1350" F. 
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diameter was  t h e n  p l o t t e d  based on a peak-to-average power dens i ty  r a t i o  

of 2.0, The constant-pressure curves i n  t h e  seg ion  -to the  r i g h t  of both 

t h i s  curve and t h a t  for a 4- in . - th ick  pressure  v e s s e l  are d r a m  Tn s o l i d  

form t o  i nd ica t e  t h a t  t h i s  region is  wi th in  t h e  design limits, and t h e  

por t ions  of t hese  curves t o  t h e  l e f t  o f  t h e  l i m i t i n g  l i n e s  are d.ashed t o  

ind ica t e  t h a t  they  fall. i.n a region of quest ionable  f e a , s i b i l i t y .  

After s tudy of Fig. l.21. and similar cha r t s ,  a 20.7-ft-diam coye 12.6 

ft high with 2.5-Fn. -diam fuel. spheres and a '100-psi bel-ium system pres- 

sure  w a s  chosen as a well-proportioned axial  upflow core.  The length- to-  

diameter r a t i o  of  t h i s  core  i s  somewhat less than  t h a t  f o r  which Fig. 1 .21  

w a s  prepared and h8.s t h e  e f f e c t  of moving t h e  design p o h t  t o  t h e  r i g h t  

and w e l l  i n t o  t h e  reg ion  f o r  good bed s-Labi l i ty .  

a l s o  have been used., bu t  t h i s  seemed undesirable ,  s i n c e  l a r g e r  balls would 

increase  both t h e  s i z e  of' t h e  fuel-handlj-ng equipment and t h e  peals i n -  

t e r n a l  temperatul*e i n  t h e  fuel.. 

Larger f u e l  balls might 

I n  reviewing t h e s e  conf igura t ions  and summarizing, it appears t h a t  

a 20. 7-ft-diam upflow core with 2.5-in. -diam b a l l s  i s  d e f i n i t e l y  p re fe r -  

ab le  t o  a 14-ft-diam d-ownflow core.  The f u e l  cyc le  and. p ressure  v e s s e l  

cos t s  are lower; t h e  pressure  v e s s e l  s i z e  fa l l s  i n  t h e  reg ion  of demon- 

s t r a t e d  feasibi l . i . ty ;  t h e  formidabk problems of sii.pportI.ng a downflow 

core are avoided; hazards problems are reduced by g r e a t l y  improved thermal 

convection; and, s ince  t h e  pinping power is  much lower, t h e  blowers are 

smaller, simpler,  and more e a s i l y  maintained. 

Radial  Flow i n  Reactor Core. A rad ia l - f low p a t t e r n  of t h e  type  shown 

i n  Fig. 1 .22 w a s  a l s o  considered i n  s e l e c t i n g  t h e  reactor  core. Cooling 

gas e n t e r s  t h e  core  axially through a 4-fL-diam passage a t  t h e  cen te r  of 

t h e  core.  Graphi-te tubes  housing t h e  c o n t ~ o l  rods are placed around t h e  

per imeter  of t h i s  i n l e t  passage, The cool ing gas flows r a d i a l l y  outward 

through t h e  3/4-in- -.wide gaps between t h e s e  4-iii. -diam g raph i t e  tubes.  
The peb'ole bed l i e s  i n  an  annulus between t h e  c o n t r o l  r o d  tubes and a 

g raph i t e  g r i d  at t h e  outer  perime-t;er. The hot  gas leaves  t h e  r e a c t o r  

through axial  ducts  i n  t h e  ou te r  portio:n of t h i s  g r id .  This configura- 

- t i on  not  o n l y  I.ncreases t h e  f l o w  passage ayes for t h e  cool.ing gas, but 

it also reduces t h e  depth of t h e  bed. i n  t h e  cooling-gas flow diyect ion.  

44 



Fig. 1.22. Sections T'hrough an Idealized Iiadial Outflow Pebllle-Bed 
Reactor Showing the Principal. Cmiponents. 
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One of t h e  impor-tant f a c t o r s  i n  t h e  design of such a core i s  t h e  

effec, 'iiveness of t h e  c o n t r o l  rods.  The conf ig ina t ion  of Fig. l.22 gives  

an adequately e f f ec t eve  s e t  of c o n t r o l  rods f o r  f u e l  bed annul-us th i ck -  

nesses o f  up t o  about 4 Ft. 

Prel iminary es t imates  show t h a t  t h e  core  pressure drop wi t in  r a d i a l  

flow i s  reduced dras t ica l - ly ,  s o  t h e  power d e n s i t y  is not  l..ixnited by tlie 

economics of pumping. However, i.f t he  diameter of bile core i s  noi; g r e a t e r  

t h a n  f o r  the axial. f low reference  case ( a  necessary condi'iion f o r  i nc lus ion  

i n  t h e  same diameter pressure v e s s e l ) ,  t h e  power dens i ty  i n  t h e  bed i t se l f  

must be higher,  o r  t h e  he ight  of' the core must be g r e a t e r  f o r  t h e  same 

t o t a l  hea t  genera t ion  because of t l ie c e n t r a l  hole.  Thei-efore, t h e  radial .  

flow concep-'i favors  a higher  power dens i ty  and R smaller  fuel ball. s i z e  

than  i s  des i r ab le  f o r  t h e  axial  fl-ow core. The s i t u a t i o n  i s  i l l l i s t r a t e d  

i n  Fig. l.23, which gives  t h e  mass flow ra te  a t  t h e  core  t n l e t  face,  t h e  

pressure  drop through %he core (Ap), and t h e  ral; io of core pumping power 

t o  hea t  removal (W/Q> vs t h e  core  diameter f o r  th ree  d i f f e r e n t  d-ensi t ies  

f o r  cores  with a c e n t r a l  opening 4.0 P'i i n  diamet,er and an output  of 850 
Mw of heat .  A s  i n  Fig. 1.17 f o r  axial  flow, - t n e  gas te-qera,i;v.?-e r ise w a s  

-taken to be 700°F. 

of 1.5 in., and t h e  dot ted  l i n e s  @ve corresponding values  f o r  0.75-in. - 
diam fue l  b a l l s .  These curves ind.ri.c_ate t h a t  pow-er densi-ti-es of more than  

10 w/cm3 a r e  requi red  t o  keep t h e  he ight  t o  a reasonable  value. 

The s o l i d  l i n e s  for Ap and W/Q r e f e r  t o  a b a l l  diame-Lei- 

The problem of gas bypassing through t h e  high-voidage zones a t  t h e  

core boundaries, di-scussed i n  connection wi-Lh the a x i a l  f low concept, i s  

a l s o  present  with r a d i a l  fl-ow. Here the  problem would. be e s p e c i a l l y  bad 

a t  t h e  top  of t h e  r e a c t o r  because t h e  b a l l s  would not tend  t o  pack t i g h t l y  

aga ins t  t h e  t o p  ref lector .  
There are seve ra l  s e r ious  disadvaiiCages inherent  i n  t h e  r a d i a l  f low 

concept. The reduct ion  i n  mass flow pe r  u n i t  of f low passage area as t h e  

gas progresses through t h e  bed requi-res a r a t h e r  steep r a d i a l  reduct ion  

i n  power dens i ty  i f  excessive fuel. temperatures arre t o  be avoided a t  t h e  

core  perri.phery. The power dens i ty  a t  t h e  per imeter  can be reduced by 

using a thorium blanket  i n  p lace  of a t h i c k  r e f l e c t o r .  The power disl;ri.- 

but ion,  sbown i n  Fig. 1.24, w a s  ca l cu la t ed  f o r  d i f f e r e n t  core  s i zes ,  wi.th 

46 



t he  f i rs t  1 f t  of t he  r e f l e c t o r  loaded with 10 wt $ thoriiim oxide. 

t he  l a rges t  core, 14 f't i n  diameter, t h e  power density a t  t h e  core peripli- 

e r y  i s  only 0.7 of t he  average, but, even i n  this case, t h e  temperature 
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d . i f ference between t h e  gas and. fue l  sur face  a t  tile per iphery was est imated 

t o  be 1 .5  times -the average. Conical ends could be used on t h e  core - to  in -  

c rease  t h e  rad.i.al. gas vel.ocity mar t h e  per imeter  and thus r e l i e v e  these 

excessive f ie1 temperatures somewhat. The e f f ec t iveness  of changing t h e  

core shape i n  t h i s  manner can 'oe estimated. only by extensive ca lcu la t ions ,  

but  t he  prospects  do not  appear t o  be good, except foj: a core having a 

length-to-diameter r a t i o  less  than  uni ty ,  because rnakri.ng t h e  ends con ica l  

would have l i t t l e  e f f e c t  on t h e  flow a t  t h e  cen te r  for t h e  longer  cores .  

Another disadvan-tage of t h e  r a d i a l  f low concept i s  inherent  i n  t h e  

movemen-t of both t h e  c o n t r o l  rods and the f u e l  a t  r i g h t  angles  t o  t h e  gas 
fl-ow, Operatlon a t  power with pa r t i a l -  conbrol rod i n s e r t i o n  depresses  
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t h e  power densi ty  a l l  across the  top  of t he  core, with the r e s u l t  t h a t  

%lie gas passing through the  upper region experiences a smaller tempera- 

t u r e  r i s e  than the  average f o r  t he  core. 111. a similar manner, cold gas 

bypasses through the  spent f u e l  near t h e  bottom. Consequently, t he  gas 

i n  the  cent ra l  region must reach su.bstantially higher temperatures iu 

order t o  give t h e  desired mixed.-mean gas cxrLlet temperature, and exce:;:;Lve 

gas and fuel  temperatv-res are likely t o  occur in t he  cen t r a l  p a r t  of the  
reactor.  Thus it appears t h a t  the matching of t h e  gas f l o w  t o  t h e  power 

d i s t r ibu t ion  is much less favorable than for c lx i a l  flow cores. 

The graphite s t ruc ture  f o r  the  radial. flow core i s  corqlicated by 

the  necessity f o r  gas passages through the  inner and outer cireimferen-tial 

boundaries. 

1.22, which u t i l i z e s  t h e  control  rod guide h b e s  as a bar-grid a t  the 

core i n l e t  surface.  The neutron economy i s  not sens i t ive  t o  the material. 
of t h e  ou-ter grid, s ince E t  i s  outside the thorium blanket. I n  Fig. 1.22 

t h e  outer g r id  i s  shown as b u i l t  up of graphite t o  avoid t h e  use of steel 

s t ruc ture  i n  the highest  gas temperature zone. 

Probably the  best, arrangement evolved is t h a t  shown in Fig. 

The high axial veloci ty  i n  t h e  cent ra l  hole of a r a d i a l  flow core 

might lead t o  poor flow d i s t r ibu t ion  and. subs-bsntial. core i n l e t  p r e s s u ~ e  

losses;  time did not permit a careful  examination of these probl-ems. An 

undesirable cha rac t e r i s t i c  of t he  r a d i a l  flow core from t h e  physics s-kaad- 

point is t h a t  t h e  la rge  void a t  the center leads t o  severe neutron leak- 

age losses. Preliminary estimates indicate  t h a t  t h e  core conversj-on r a t i o  

would be only about 0.40 f o r  a 14-ft-0.d. core. 

t o  t h e  9.7-ft-diam, 40% void Traction cove s h o m  i n  Fig. 1.1.2, tdiic'n in-  

dicates  t h a t  t h e  fuel. cycle costs  would be s o  la rge  a s  t o  make t h e  r a d i a l  

flow core qui te  unat t ract ive.  

economy and higher f u e l  cycle costs  coupled with the  more complex fI-x1.id 

flow and construction prpblems and inherently poor matching of bhe gas 

P10r.r t o  the power d i s t r ibu t ion  make t he  r a d i a l  flow coTe l e s s  a t t r a c t i v e  

th .an the Large axial flow core. 

Tnis corresponds roughly 

In  review, it appears t h a t  poorer nelxtzmn 

Bot-Spot Es-ttmates. The hot-spot problem for the  20.7-:tT-dim,ul, 

axial-flow, $00-Mw reference design reactor  was examined f o r  peak-to- 



a.vera,ge power dens i ty  r a t i o s  of 1 .5  and 2.0. The s i g n i f i c a n t  tempera- 

t u r e s  and temperature d i f f e rences  a r e  shown i n  Table 1 .2 .  
Comparison of Design Problems of -._. Spher ica l  and Pr i smat ic  .-I_ Fuel. E l e -  

ment rteactors. The numerous complex yelati-ons discussed above ind ica t e  

the many l i m i t a t i o n s  imposed on the  designer  of a pebble-bed r eac to r .  

These r e s t r a i n t s  are more severe than  for similar r eac to r s  employing 

---.- 

t ubu la r  o r  pr i smat ic  fuel. elements of t h e  same b a s i c  mater ia l .  I n  such 

i-eacturs t h e  designer  has t h e  opt ion of varying t h e  e f f e c t i v e  Pl.ow pas- 

sage diameter and t h e  f u e l  elemen'c th ickness  independently s o  that the 

fuel  element can be proportioned t o  g ive  t h e  deskred hea t  t ransfel-  charac- 

t e r i s t i c s ,  both internal-Iy and ex-ternal ly .  Further, tubular  o r  pr i smat ic  

f u e l  elerrients have an aerodynamically c leaner  configurat ion,  and hence 

much lower pumping power losses are incur red  f o r  a g:jven core s i ze .  As 

an  i l l u s t r a t i o n ,  a ser ies  of Lu'uular f u e l  clement coi-es was compared with 

a similar series of pebble-bed r e a c t o r s  f o r  core  diameters in t h e  range 

from 10 t o  35 f t .  The effects  of core  diameter on the r a t i o  of pumping 
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power t o  heat removal, t h e  fuel. element .Lhermal s t ress ,  and t h e  fuel e le -  
men-1; i n t e rna l  teniperature drop are  shown i n  Fig. 1.25. 
reactor  length was determined f irst  f o r  tkie pebble-bed reactor,  and the  

tubular fuel. element core w a s  made t o  have the  same length. T'lx markedly 

lower pumping power, thermal s-tress,  and i n t e rna l  temperature Tor .the 
tubular  fue l  elements a t  any given core dizmeter are indicated. 

I n  each case t h e  

The prisma-tic o r  tubular  -Cue1 element core has -the advantage that, 

i t  permits reducing t h e  void f rac t ion  t o  0 . l L k  o r  0.25 from t h e  0.39 x~slue 

cha rac t e r i s t i c  of' t h e  pebble-bed reactor.  Reduclng -Lhe void f r ac t ion  im- 

pl-oves the  conversion r a t i o  and reduces the  f u e l  cyc1.e costs.  The savings 

indicated by Fig. 1.12 a re  more than enough to j u s t i f y  t h e  c a p i t a l  charges 

f o r  a qui te  el.aborate fuel-handling machine. 

An addi t ional  advantage offered. by a prismatic or  tubular fuel ele- 

ment core i s  t h a t  t'ne flow dis t r ibut2on across the  i:nl.et face ca.n be varied 

by o r i f i c ing  t h e  core inlet  o r  ou t l e t  or by varying the  diameter of t be  

coolant flow passages through t h e  f u e l  elements. 

matching of t h e  coolant f l o w  t o  t h e  power-density d.istribu-tion can 'oe ob- 

-tained than would be possible i n  a pebbl-e-bed. core, so the peak. f~.eI.  e le -  

ment surface temperature should be subs tan t ia l ly  lower f o r  R gn'.sien core 
ou t l e t  gas temperature. 

reduce neutron leakage losses while s t i l l  maintaining a good. match of power 

density and gas flow. 

I n  e i t h e r  case, b e t t e r  

Further, a thorium blanket cou.ld be employed. t o  

If, as seems l i k e l y  from t h e  l imited data  availabl.e, t he  inner layers  

of the r e f l ec to r  w i l l  have t o  be replaced from time t o  time because OS 

graphite shrinkage cracking, a servLce machine w i l l  be required for a 
pebble-bed reactor.  Preliminary s tudies  indicate  t h a t  su-ch a machine 

hss much i n  common with a fiel-handling macbi:ne su i tab le  foy prismatic, 

Oi" t u l ~ u l a r  fuel elements. 

React or Des ign 

The PBR is  enclosed within a 32-ft-diam, 4-iii. -thick, pressure ves- 
sel of type SA-212, grade B, carbon steel-. Two separate steam generators 

and two blowers are provided, as indicated i n  Fig. 1.26. The control  rods 

are uniformly d is t r ibu ted  through the  cote and are  actuated by drrive un i t s  
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Fig. 1.25. Comparison of Core Diameters, TY~nerma.l. Stresses, In- 
ternal Temperature Drops, and Purnpiq Power Requirements f o r  Sphel-i.cal. 
and Tubular Graphite4Jranium Cai%ide Fuel Elements TJs ing t h e  Void Frac- 
ti-on, C o ~ e  LengL'n, and CooJ.ting-Cns TemperaLure Coi1ditri.ons f3eri; Suited 
t o  an Axial Upflow Core. 
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a t  t h e  top. 

vicing the  f u e l  removal. 

Seven la rge  access tubes a t  t h e  base are provided f o r  ser- 

ZPne graphite r e f l e c t o r  provided over t h e  top  and bottom of t h e  core, 

as well as around the  sides,  t o  protect  t h e  pressure vessel  from fast- 
neutron damage i s  3 f% thick.  !l%e outer 2-in. l ayer  of t h i s  graphi te  is 

borated. t o  inh ib i t  gamma heating i n  t h e  pressure vessel  and t o  ease t h e  

shieldjag problem, pa r t i cu la r ly  i n  the  v i c i n i t y  of ducts where thernial- 

neutron and gamma-ray streaming would present serious problem e 

'The reactor  assembly has been designed t o  be supported at  th ree  

points, one between the two steam generators and two under t h e  blowers, 

a l l  t h ree  being i n  the same horizontal  plane. The supports a t  t h e  blowers 

w i l l  be on r o l l e r s  t o  provide f o r  thermal expansion without t he  use of 

bellows i n  the  ducts. The blowers are f a i r l y  w e l l  i so la ted  from t he  core 

by shielding. The l ine-of-s ight  paths from the  core in to  t h e  blower c e l l  

pass through the  3- f t - th ick  re f lec tor ,  a ].-in. - thick s k i r t ,  and t h e  &in. - 
th ick  pressure vessel ,  and t h e  rad.iation mst penetrate t h e  2-in. - thick 

ducts twice, both times obliquely. Eight hours a f t e r  shutdown, t h i s  gives 

a gamma d-ose from -the core of roughly 50 mr/hr at t h e  blowers, which i s  
an acceptable value. 

The reac tor  core support g r id  i s  divided in to  seven segments, each 

of which i s  supported independently by one of t h e  access tubes at  t h e  

base of t h e  reactor .  The weFght load introduced in to  t h e  pressure vesse l  

i n  t h i s  fashion i s  less than 0.5% of the  pressure load, s o  t h e  consequent 

bending stresses j.n t h e  pressure vesse l  should not be serious. 

The lazge-diameter core poses ser ious design problems i n  making prso- 

vis ions for f u e l  handling. 

f l o w  d i s t r ibu t ion  across t h e  core, it appears t o  be necessary t o  make use 

of al; least six b a l l  inlet and discharge posit ions,  and a subs tan t ia l  

slope toward one or another of these posi t ions must be provided over t h e  

en t i re  top  and bottom faces  of t h e  core. If t h i s  were not done, there  

might be l o c a l  r e l a t i v e l y  "dead" zones where fuel b a l l s  might dwell f o r  
excessive periods. Concern for t h i s  l a t te r  f ac to r  l ed  t o  t h e  use of con- 

t r o l  rod -tubes t h a t  do not extend t o  the  face of t he  bottom ref lec tor ,  

I n  order t o  obtain a reasonably uniform b a l l  
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since othe-mise t h e  balls might lodge a t  the  base of one of t h e  tubes in-  

s tead of flowing as desired. 

Twenty-two 8-in.-diam access tubes are provided at; t he  top  of t h e  

reactor for control  rods. 

thick,  a r e  inser ted i n t o  the  core through these access tubes t o  provide 

pa,ssages i n  the pebble bed for the control  rods. The control rods con- 

s i s t  of stainless s teel  tubes containing boron carbide and are operated 

by control  rod drives similar t o  those planned f o r  t he  EGCR. It i s  ex- 
pected t h a t  these graphite tu'ues f o r  t h e  control  rods will require  re- 
pl.acement; every few years because of graphite shrinkage cracking. 

Graphite tubes, 6 in. i n  diameter and 3 /4  i n .  

The principal. perf ormance and dirnens ional 

presented below : 

Power Generetion 

data  f o r  the plant a r e  

Themal output, Btu/hr 

Thermal output, Mw 

Gross e l e c t r i c a l  output, Mw 

N e t  e l e c t r i c a l  output, Mw 

Gross thermal efficiency, $ 
N e t  therrrial efficiency, $ 

Fuel Elements 

Sphere diameter, in.  

Maximum thermal s t r e s s  (for i dea l  

Sphere surface, f t 2 / f t3  of f u e l  

Sphere surface, f t2/f t3  of core (39$ 

Number of spheres per tt3 of core 

Average power density i n  fuel, 

Average surface heat flux, Btu/hr* f t 2  

Graph it e thermal conductivity, 

M a x i m u m  fue l  surface temperature, OF 

r i g i d  body), p s i  

voidage) 

w/cm3 

Btu./hr* ft ( O F/ft) 

2.73 x io5  
800 

34.7 
330 

42.7 

40.6 

2.5 
1300 

28.7 
17.5 

1-29 

10.7 

35 800 
a 

2000 
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Maximum f u e l  i n t e rna l  temperature, "F 

Fractional f iss ion-product re lease 
r a t e  (R/B) 

Reactor 

Core 

Core diameter, ft 

Core height, ft 

Core i n l e t  face area, f t 2  

Core average power density, w/cm3 

H e f l  ec tor  

Total  r e f l ec to r  -thickness, f-ti 

Core f u e l  feed posit ions 

Reflector feed posit ions 

Fuel removal posi t  ions 

Diameter of core plus re f lec tor ,  f t  

Core d.ens i t y ,  g/cm3 

Machined wei.ght of f ixed graphit e, 

Weight of unfueled graphite 'ua,Lls, 

Weight of fueled graphite ba.lls, tons 

t ons 

tons  

Pressure Vessel 

Shape 
0itsi.de diarne'cel-, ft 

Inside diameter, ft 

Thickness, in. 

Mater tal- 

2200 

10-1~ to 10-5 

Cy1 indr i c  al, a x i a l  

20.7 

12.4 

336 
6.6 
1. 1/4-in. -dial11 

upf low 

graphite balls 
plus fixed 
graph it e 

3.0 

One i n  center, six 
on 7.3-ft-radius 
c i r c l e  

Twelve on 10.8-ft-  
radius c i r c l e  

Six on 7.3-fL- 
rad-ius c i r c l e  

26.7 

1.0 

288 

27 

134 

Sphere 

32. I 

31.4 
4.0 
~ y p e  SA-212, grade 

B, carbon steel. 
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Working pressure, p s i a  
Design stress, p s i  

Maximum temperature, "F 

Volume, f t3  

700 
16 600 

600 

31 000 

Gross vessel weight, including core -500 000 
supports, thermal bar r ie rs ,  nozzles, 
and insulation, lb 

Coolant System Character is t ics  

Gas Helium 

Working pressure, ps ia  700 

Flow through core, lb/sec 763 

Flow t o  steam generators, lb/sec 
Reactor i n l e t  temperature, OF 550 
Reactor ou t l e t  temperature above 1350 

86 8* 

core, O F  

Mixed-mean gas temperature t o  
steam generator, " F 

1250 

Number of inlet  pipes 2 

Number of ou t l e t  pipes 2 

Cool pipe inside diameter, f t  3.5 

Mean coolant veloci ty  i n  cool pipe, 

Diameter of ports  t o  blower ducts, f t  3.0 

Mean coolant ve loc i ty  i n  ports, Ft;/sec 255 

Diameter of hot gas port  t o  steam 3.25 

337 

194 
f t /sec 

generator, f t  

Mean coolant ve loc i ty  i n  hot gas 
port, f t /sec 

Circui t  pressure d-rop, p s i  12.0 
Total  volume occupied by coolant, f t 3  30 000 

Pressure drop through core only, p s i  3.8 
Specif ic  heat of coolan-L, Btu/lb. "F 1.24 

*The bypass flow through the  unfueled ball l ayer  
l i n ing  the  r e f l ec to r  i s  about 14% of t h e  flow through 
the  core. 
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System pressure  losses in 1;erms of 
r a t i o  of  pumping power t o  hea t  re-  
moval 

Core 

Ducts 

Steam generator  

To ta l  

Coolant Blowers 

Blower d r ives  

Compression power, Bhp 

Adiabatic e f f i c i ency ,  $ 
Turrbine power, Bhp 

Steam Generatoi- 

Type of gemrator  

Number of generators  

S h e l l  he ight  between heads, f-1; 

Shell height  including heads, f t  

Shell. ou ts ide  diameter, f t 

S h e l l  thickness ,  in .  

Gas i n l e t  i n s ide  diameter, ft 

Steam pressure,  psi 

Steam pressure a,t t h r o t t l e ,  p s i  

Steam temperature at; hrigk-pressure 

Rehest temperature, "F 

skage, "F 

0.003 

0.003 

0,004 

0.010 
_II_ 

2 
Single-s tage,  

centr i fugal .  

Steam tu rb ines  

5400 

70 

7700 

Once-through 

2 

60 

75 
8.5 

4.25 

3 

2450 

2400 

1.050 

1.000 

The genera l  layout of t h e  p l a n t  i s  shown i n  Figs. 1.27 and 1.28. 

The l a r g e s t  and most important element of t h e  system, t h e  r e a c t o r  bu i ld-  
ing9  i s  loca ted  a t  t h e  center..  The o the r  f a c t l i t i e s  are located for  

convenience r e l a t i v e  t o  the r e a c t o r  and t o  each other .  
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Fig. 1.27. Plan  V i e w  of Pebble-%& Reactor Povsr Statlon. 
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%e turbine-generator u n i t  is  located immediately adjacent t o  the  

reactor  building i n  order t o  minimize t h e  lengths of steam piping re- 

quired, pa r t i cu la r ly  fo r  t he  reheater. The turbine building i s  located 

o:n t h e  r i v e r  s ide  of t he  plant  t o  give a good layout f o r  -the condenser 

cooling-water system. The feedwater pumps, feedwater heaters,  and. other 

components of t h e  steam system are also located i n  t h i s  bay. 

The control  room i s  located a t  the  north end of t h e  plant  adjacent 

t o  t h e  reac tor  containment s h e l l  and t h e  turbine-generator bay. 

arrangement provides a good view of the turbine-generator bay and m i n L -  

mizes t h e  length of instrumentation l i n e s  both Lo the  reactor  and t o  t h e  

turbine-generator. 

adjacent t o  t h e  control  room or on t h e  floor above it. 

This 

Offices and other f a c j l i t i e s  f o r  personnel axe located 

The machine shop i s  located at t h e  south end of t h e  turbine bay. The 

la rge  equipment lock t o  the  reactor  containment s h e l l  opens in to  a reactor  

service area adjacent t o  t h e  machine shop. The stack, with i t s  f i l t e r s  

and r e l a t ed  core equipment, is  located t o  t h e  west of the  reactor  building. 

The reac tor  and i t s  associated equipment a re  enclosed i n  a pressure- 

t i g h t  containment she l l  122 f t  i n  diame-ter and 221 ft high. 

sect ion through t h i s  building is  shown i n  Fig. 1.29. The layout generally 

follows t h a t  used f o r  t he  PBRE, with the  lower portion modified t o  redu.ce 

t he  height o f  t h e  reactor  building. To f a c i l i t a t e  decontamination, metal- 

l i ned  rooms enclose a11 flanged j o in t s  f o r  t h e  contaminated-gas system 

pressure envelope. These rooms are  t h e  blower rooms, t h e  service area 
below t h e  reactor,  t h e  hot-f'uel. storage vaults,  and t h e  control-rod dr ive 

region on the  top  of t he  reactor.  

A vertical .  

Reactor Physics. As mentioned above, th ree  basic  core arrangements 

were considered: r ad ia l  fl-ow, axial downflow, and a x i a l  upflow. I n  corn- 

parison with the  axial flow reactor,  t h e  r a d i a l  flow reactor  suffers from 

the  disadvantage of a considerably lower core conversion r a t io .  This 

cha rac t e r i s t i c  arises from a combination of the  streaming down t h e  cen t r a l  

gas passage, t h e  grea te r  outward r a d i a l  Leakage caused by the  cen t r a l  gas 

passage, and the  greater  outward radl-a1 leakage caused by t h e  presence of 

thorium i n  t h e  re f lec tor .  A s  a co~isequeiice, it i s  found t h a t  t he  f i s s ion  

cross sec t ion  decreases more rapidly with burnup and t h a t  the ax ia l  power 
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d i s t r ibu t ion  has a grea te r  peak-to-merage r a t i o  for a given terminal 
burnup than is t h e  case i n  the  axial. flow reactor.  I n  addition, t he  

avai lable  react ivi ty- l imited burnup is  reduced. The decrease i n  con- 

version i n  the  core i s  not a l l  l o s t  because some conversion 0ccu.m i n  

the  thorium of t h e  blanket. It appears I-ikely, however, t h a t  t h e  ad- 

d i t i ona l  compl.exity of design required t o  provide for reprocessing a 
f e r t i l e  blanket, together with .the cost  of the  blanket reprocessing, 

would come close t o  o f f se t t i ng  t h e  value of t h e  U233 recovered from t h e  

bl..anket. To the  extent t h a t  t he  smaller s i z e  of t h e  fuel b a l l s  allows 

a higher peak power density i n  t h i s  core, some of t h e  disadvantages of 

the  power d is t r ibu t ions  mentioned above might be minimized.. 

The power clistribution for a reac tor  with axial d.ownflow (average 

power d.ensity of 25 w/ern3) appears t o  match the  gas flow d i s t r ibu t ion  

reasonably w e l l ,  although it would. be necessary t o  analyze iiiore caref'ully 

the discontinuous nature of t h e  details of t h e  power d i s t r ibu t ion  next t o  

t h e  core w a l l .  The core conversion r a t i o  i s  higher than with t h e  r ad ia l  

flow core, s ince there  is  no cent ra l  gas passage and no thorium i n  the  

re f lec tor .  However, t h e  conversion r a t i o  i s  l e s s  than wtth the  l a rge r  

core t o  be discussed below. 

The t h i r d  type of reactor  has ax ia l  upflow of t he  coolant gas. A 

core diameter of 20.7 f t  I s  required t o  assure t h a t  t he  gas flow at, t he  

design pressure does not, cause l e v i t a t i o n  of the  bed of f'uel balls. A 

core height of 12.4 f t  is  required t o  obtain a thei-nial output of 800 Mw 

a t  an average core power densi ty  of 6.4 w/cm3. 

An i n i t i a l  ~ a r b 0 n - t o - U ~ ~ ~  r a t i o  of 4000 was chosen, eorresponding 

t o  an i n i t i a l  spec i f ic  power of 1280 kw/kg. 

optimized, although it is  believed t h a t  t h e  optimum i s  not far from t h e  

value chosen. 

This value has not been 

C r i t i c a l i t y  calculat ions were made (with a 27-group one-dimensional 

d i f fus ion  code) t o  determine t'ne thorium concentration i n  t h e  core. 

Doppler-broadened ef fec t ive  thorium resonance in tegra ls  were computed 
For t h i s  purpose from the resonance parameters. The calculat ions give 

an i n i t i a l  t h o r i ~ m - t o - u ~ ~ ~  r a t i o  of 18.1. 
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A neutroii balance i s  given below fo r  t he  hob, f resh  core, with equi- 

libriurn xenon and samarium poisoning, but no other f i s s i o n  products, and 

no buildup of heavy isotopes. 

Neutron Absorptions 
per Source Neutron 

Core 
Graphite 
~ 2 3 5  

~n~~~ 
Xr: 
Sm 

Reflector graphite 

Escapes 
Radial 
Axial 

S i i m  control rod 

0.0130 
0.5094 (7 = 1.,96) 
0.3845 
0.0212 
0.0067 

0.0148 

0.0138 
0.0212 

0.0154 

Total 1.0000 

It may be seen from these numbers t h a t  t he  i n i t i a l  conversion r a t i o  

i s  0.75. The poisoning e f f ec t  of low-cross sect ion f i s s ion  products and 

t h e  l o s s  i.n r eac t iv i ty  from burnup of U"' wi_l..l be o f f se t  i n i t i a l l y  by 

the  htgher f i s s i o n  cross sect ion and higher 11 of  t h e  U233. 

expected t h a t  t h e  high conversion ra-Lio of t h e  system w i l l  a l l ow burn- 

ups of ?Tom 1 , O  t o  2.0 f i s s ions  per i n i t i a l  f iss ionable  a-Lorn before the  
r eac t iv i ty  f i n a l l y  decreases t o  an objectionable leve l .  

r.1; Is to be 

The moderator temperature coeff ic ient ,  resu l t ing  almost ent iyely 

from t h e  change in the  r a t i o s  of the  e f fec t ive  cross sections,  was com- 

puted by t h e  mul-tigroup method f o r  t h e  i n i t i a l  loading of 1J235. 

of -2.4 X 10e5/"F w a s  obtained. 

obtained by comparing the  efyective thorium resonance in tegra ls  obtained 

from the  resonance parameters and taking in to  account t he  Doppler-broad-ened 
self-shielding a t  two d i f fe ren t  temperatures. 

was obtained.. Add.ing these t w o  coi?tributions, -the over-a1.l i n i t i a l  te-mpera- 

t u re  coeff ic ient  i s  -3.8 x l o n 5  (6k/k) / O F .  

A value 

The fie1 temperature coeff ic ient  w a s  

A value of -I.,& X lO+/"F 
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Requirements for r eac t iv i ty  control  during operztions w i l l  come from 

t he  temperature coeff ic ient ,  t h e  fission-product accumulatLon, and t h e  

f u e l  burnup. The poisoning from low-cross sect ion f i s s i o n  products, heavy 

isotope buildup, and f u e l  depletion depend upon the  f u e l  l i f e t ime  selected,  

The other  requirements a re  summarized below: 

6k/k - 
Moderator temperature 0.0238 

coef f ic ien t  

Fuel temperature 
coef f ic ien t  

0.0179 

Equilibr ium xenon 0.0315 

Equilibrium samarium 0.0106 

Total 0.0838 

The control  system consis ts  of 20 B4C poison rods, each 4 in. i n  

diameter. The rods t r a v e l  v e r t i c a l l y  through the  length of the  core. Two 
cent ra l  rods are located 1 St; from t h e  center o f  t h e  core, have a combined 

worth of 0.013 Sk/k, and are  t o  be used f o r  regulating and fo r  shim con- 

trol o f  f u e l  burnup. A c i r c l e  of e ight  equally spaced rods is  placed 4 f t  

from t h e  center of t h e  reactor,  acd 10 rods a re  7 f t  from the  reactor  cen- 

ter. These 18 rods have a combined worth of 0.098 8k/k and would serve t o  

overcome t h e  t.emperat;u.re defect and t h e  equilibrium xenon poisoning and t o  

provide a shutdown margin of sa fe ty  of 0.025 6k/k. 

rods t r ave l s  through a 5-in. -i. d., 6.5-in. -0. d. graphite sleeve. Mien  t h e  

core has reached an equilibrium f u e l  d i s t r ibu t ion ,  compensation f o r  f u e l  

burnup would be by periodic p a r t i a l  refuel ing ( in se r t ion  of f resh f u e l  

b a l l s  a t  t h e  top  of t h e  core and removal of spent f u e l  b a l l s  from the  bot- 

tom), with t h e  two cent ra l  shim rods serving to provide control  between 

refuelings. 

Each of t'ne control- 

During i n i t i a l  operations, p r io r  t o  t h e  establishment of an equilibriu-m 

fuel dls t r ibu t ion ,  there  w i l l  be somewhat l a rge r  changes i n  r eac t iv i ty  re -  
su l t i ng  from the  accumulation of samarium, other s t ab le  f k s i o n  products, 

and heavy isotopes. It i s  ant ic ipated t h a t  these would be compensated €or 
by appropriate periodic changes i n  t h e  height of the  f'uel bed, combined 
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i f  necessary .with t h e  use of a burnable poison. 

coi i t rol  avail-able by changing t h e  bed he ight  i s  given i n  Fig. 1.30. 
use of a d-ecreased bed. he ight  t o  control- r e a c t i v i t y  i s  p a r t i c u l a r l y  ap- 

p r o p r i a t e  t o  t h e  f i r s t  Pew months of operat ion,  s ince  it is  l i k e l y  t h a t  
t h e  r e a c t o r  would operate  f o r  a per iod of t i m e  a t  reducing power l e v e l s  

while t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  syskem were being s tudied .  

The value of t h e  r e a c t i v i t y  contl-ol needed t o  ’ual-ance t h e  moderator tem- 

pera ture  coe f r i c i en t  (0.0213) wzs  compubed for t h e  i n i t i a l  cond.it,j.ons of 

pure U235 h e l .  

f i c i e n t  w i l l  decrease because of t h e  d. i f ference i n  energy dependence be- 

tween t h e  1J235 and U233 c ross  sec t ions .  

been replaced by U233 would have a k 
eff  

greatel-  t h a n  a t  operat ing temperature.  

The amount of r e a c t i v i t y  

The 

As t he  U”’ bu i lds  up, t h e  moderator temperature coef- 

A core i n  which t h e  U235 had. all 

a t  room temperature only 0.0039 

0.024 

0.020 

-t \ 

I 
2 0.016 
- 
W 
a z 2 o.oi2 
0 

t 

> 
0 

w 
IL 

t 
t 0.008 
a 

0.004 

0 

Fig. 1.30. Change in React ivf ty  with Core Height, Based on a Height 
of 12.4 ft. 
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No provision has been made i n .  t h e  control  system f o r  overriding t h e  

pea.k xenon poisoning, which w i l l  0ccu.r sev-era1 hours a f t e r  a shutdown. 

It w a s  assumed t h a t  scheduled shutdowns and shutdowns from equipment f a i l -  

ure would norma1l.y be of such duration t h a t  t h e  xenon concentration would 

fa1.l below i t s  equilibrium value before s t a r tup  was attempted and t h a t  

the  control  instrumentation could be made su f f i c i en t ly  r e l i a b l e  so  t h a t  

instrument shutdowns would. be infrequent. If it should be necessary t o  

override t h e  peak xenon poisoning, an addi t ional  0.043 Gk/k would have 

to be provided 111 the  form of control. rods which would remain inser ted  

during normal operatlons. There would. be a corresponding decrease of 

0.056 i n  the  conversion r a t i G  and a probable decrease i n  t h e  f i ~ e l  l i f e -  

t inie . 
The heating rates i n  the  inner portions of t h e  r e f l ec to r  ar'e shown 

i n  Fig. 1.31. The neutron heating w a s  computed from t h e  fluxes of t he  

one-dimensional ,multigroup calculat ion and. t h e  sca t te r ing  cross sections.  

The gamma heating w a s  computed by summation of contributions from a six- 
group space-dependent source d is t r ibu t ion .  The points of discont inui ty  

occur a t  t h e  in te r face  between the  movable r e f l ec to r  and the f ixed re -  

f l e c t o r  because of t he  higher densi ty  of the  f ixed re f lec tor .  

A two-dimensional horizontal  cross sect ion of t he  power d i s t r ibu t ion  

i n  t h e  core i s  given i n  Fig. 1.32. The p lo t  i s  calculated f o r  a normal 

operating condition of complete inser t ion  of t h e  two cen t r a l  control  rods 

and complete withdrawal of t he  remaining control  rods. The power d i s t r i -  

bution i s  normalized t o  an average value of 1.0. 
The mean generation time f o r  prompt neutrons was computed by pertux- 

bat ion theory. The fluxes and adjoint  fliures were determined by a one- 

dimensional four-group calculation. A value of 0.3 X l o m 3  sec w a s  found. 

Steam Generators. The reac tor  system jncorporates two steam gen- 

erators ,  each 8.5 f t  i n  outside s h e l l  diameter and approximately 70 f t  

high. The un i t s  are located as shown i n  Figs. 1.26 and. 1.29. The u.se 
of two un i t s  eases the  problems of leak  detect ion and makes possible the  

isolation of a un i t  i n  -the event of a tube fa i lure .  

A once-through steam generator was selected t o  minimize the  number 

of tube penetrations through the  heat exchanger s h e l l .  I n  addebLon, a 
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once-through design permits a h igher  b o i l i n g  poin-L iii t h e  stea-m genera tor  

than  i s  poss ib le  with a r e c i r c u l a t i n g  unit, and t h i s ,  i n  tu rn ,  i s  r e f l e c t e d  

i n  a higher  p l a n t  thermal e f f i c i ency .  

recognized, on gas -cooled r e a c t o r  power p l a n t s  involves t h e  requirement f o r  

reducing r e t u r n  gas temperatures t,o values  normally below t h e  optiinum feed-  

water temperatures for t h e  most modern steam powe~r p l an t s .  

design t h e  feedwater temperature t o  t h e  steam genera tor  i s  40O0F, whereas 

A l imi t a t ion ,  perhaps not  general.]-y 

I n  the present  

Fig. 1.31. Seat ing  i n  Inlier Por t ions  of Re f l ec to r  of Axia,l Upfl.ow 
Core. 
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U N C L A S S I F I E D  
O R N L - L R - D W G  5 4 4 6 7  

DISTANCE FROM CORE CENTER (cm) 
50 100 150 200 2 5 0  300 350 r ..... 

SHIM CONTROL ROD 

E M P T Y  CONTROL ROD S L E E V E S  

Fig. 1.32. Core Power Distr ibut ion Relative t o  an Average Power of 
1.0. 

a comparable conventional plant operating a t  similar conditions would em- 

pl-oy addi t ional  feed-water heaters and might operate with feedwater t e m -  

peratures w e l l  i n  excess of 500°F. This l imi t a t ion  on maximum feedwater 

temperature, because of minimurn gas temperature requirements, r e su l t s  i n  

a lower thermal eff ic iency f o r  rec i rcu la t ing  boi le rs  unless preceded by 

a feedwater heater t h a t  u t i l i z e s  the  e x i t  helium from t h e  bo i l e r  before 



it i.; re turned  t o  t h e  r eac to r .  The once-through genera tor  combines these 

two func t ions  i n  a sin.gle u n i t .  

The design selec-Led is sholrn schernat;i.cal.l_y i n  Fig,  l.33. Gas from 
t h e  reac'ior core  7.s d i r e c t e d  through an  entrance nozz1.e t o  t h e  central .  c i r -  

c u l a r  11pf1.o~ pipe of t h e  steam generator .  

the  v e s s e l  height, t h e  gas passes  through a t r a n s i t i o n  piece t o  a squ.are 

s e c t i o n  containi.ng t h e  r ehea te r  of t h e  genera tor  u n i t .  A t  t h e  t o p  of t h e  

vesse l ,  t u rn ing  vanes reveyse t h e  gas flow downwayd around t h e  oixbside of  

t h e  r ehea te r  shroud and inLo t h e  main tube anmlus. 

p a r a l l e l  t o  t h e  superheater ,  boi ler ,  and economizer tubes  and counter- 

cur ren t  -to t h e  ti?.be.-sicie Clbw.  COOL gas from t h e  core inlet ,  i s  d i r e c t e d .  

up the cool-ing annul-us between t h e  she1.l and a layer of thermal. i n su la -  

t i o n  designed t o  maintaiii. shel.1. temperatures 'oeJ.ow 600" P. 

gas discharges i i i to  t h e  main he1i~i.m stream a t  the top of th.e steam gen- 

e r a t o r  u n i t ,  

At, approximately two-thirds  of 

Tne gas Fs d i rec t ed  

The annulus 

Table 1.3 and Fi.gs. 1.33 and J..34 summarize t h e  pressures  and tern- 
perakures of t h e  f l u i d s  e n t e r t a g  and l eav ing  f;he steam genera-bor. The 

requirement of t h e  added hea t  from t h e  blowers n e c e s s i t a t e s  a gas terapera- 

t u r c  of 535°F l eav ing  t h e  steam genera tor  t o  achieve a 550°F core in l e - t  

Table 1.3.  Gas and S tram Condiiions i n  Stezm Geiie?cator 

 low per  generator ,  ~b/hr 
I n l e t  temperature,  "F 
Out le t  temperature,  O F  

Pressure drop, psi 

Steam 

F ~ O W  per  generator, ~b/lii- 
Feedwater inlei ;  temperature, OF 
Feedwat,er i n l e t  pressure,  ps ia  
Superheated s t e a m  outlet temperature,  OF 
Superheated steam o u t l e t  pressure,  p s i a  
Reheater i n l e t  Lempzratiire, "F 
Hehea"ier o u t l e t  temperature,  "F 
Keheater j.nlet p re s sme ,  p s i a  
Reheatxr ou'clkt pressure, ps ia  

1.56 X 1.06 
1250 
535 
9 

1.05 X lo6 
400 
2550 
1055 
2480 
623 
100 5 

440 
4?O 
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UNCLASSIFIED 
ORNL-LR-DWG 54427 

1005°F 
460 psia REHEAT STEAM OUT 

REHEAT FLOW = t.047 x 406 I b / h r  

REHEAT STEAM IN 6 2 3 ° F  
(FROM HIGH-PRESSURE TURBINE) 470 PSIO 

STEAM OUT 4055°F 
(PO HIGH-PRESSURE TURBINE) 248Opsio 

NOTE: VALUES GIVEN ARE FOR 
ONE STEAM GENERATOR 

4 0 0 ° F  
WATER IN 

4.05 x 406 Ib/hr 

REH E ATE R n 
t 

I 

250 " 

t 

/AREA=3570 f t 2  
LMTD = 3 6 5 ° F  

9.7 f t  

- 1._ 

T 18.5 f t  

r 
I 

8.6 f t  

I (8.3 f t  

SUPERHEATER 
AREA = 2 3 , 3 2 0  f t2 

LMTD=154"F  

BOILER 
AREA=10,870 f t 2  

L.MTD = 432OF 

ECONOMIZER 
AREA= 23,150 f t 2  

LMTD = 91.2 "F 

5 3 5 ° F  GAS FLOW=1.562 x i 0 6  Ib /h r  

Fig. I. 33. Schematic Diagram of Steam Generator. 
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UNCl .ASSIFIEO 
O R N L - L R - D W G  5 4 4 2 8  

TO HIGH-PRESSURE 
1055' E ;  2480 p s i 0  

TO L O W  - PRESSURE 
1005 ' F ;  460 psi0 

FigB 1.34- Helium-Steam Temperature Diagram f o r  PBR Steam Generatom. 

temperature. 

300 000 lb/i?r of steam between t h e  superheat and reheat steam pressures. 

The d.ischarge steam from t h e  dr ive -turbine mixes with the high-pressure 

turbine-generator discharge s tem and r e t u m s  -to t h e  reheat sec t ion  of 

the steam generator. 

The two turbine dr ives  f o r  the blowers u t i l i z e  approximately 

Specific design parameters f o r  the  steam generator a r e  given i.n 

Table 1.4. Water en ters  t h e  feedwater drum at, 400'F and passes i n t o  t h e  

s h e l l  -through 1 3/4- i~ .  -diam feeder l i n e s .  These feeder l i n e s  terminate 

in &in. spherical. headers serving 61 tubes 5/8 in. i n  diameter arranged 

i n  a hexagonal tube bundle, as indicated i n  Fig. 1.35. 

mitted the development of a sui'iable layout, and therefore  t h e  tubes a r e  

v e r t i c a l  within t h e  heat exchanger. 

cal- steam headers i d e n t i c a l  t o  the lower feedwater headers. 
heated steam passes from t h e  spherical  steam headers through co l lec tor  

Time has not p e r -  

They terminate a t  t h e  Lop i n  spheri-  

The super- 
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tubes to t he  superheater drum. 

7700 tubes 5/8 in. i n  diameter. 

penetrations a re  required a t  t he  entrance t o  the economizer sect ion and a 
l i k e  number a t  the  superheater ex i t .  'Tubes near the  irm-er and. outer 

The proposed design ut i l . izes  approximately 

Approximately 125 header and. she l l -va l l  

Table 1.4.  Design Data f o r  One Once-ThroLgh Steaiii Generator 

Econom5zer, Eoiler, XI& 

Superhe a t  e r  Sect ion Rehea-Leu Sec.tion 

F b i i  scheme 

Tube outside diameter, i n ,  
r l  l u b e  ins ide  diameter, in.  

T-abe material  

Niznb-r of tubes 

Tube spacing and arrangernext 

U p f l o w  pipe diameter, f t  

Dimensions of tilhe sections, 

Tube  length, Pi. 

Stra ight  height of each 

Estimated over-all  shell 

Gas mass velocity,  I.b/sec*ft2 

Shell-si& area. ( t o t a l ,  

Water-side mass velocity,  

Log mean temperature 

Heat load ( t o t a l  = 

f t  

section, f t  

height, ft 

61 OOO), ft2 

lb/sec f t2 

difference,  "F 

1.39 x io9) ,  Eitu/hr 

Reat load as percentage of 
t o t a l  load, ,% 

Gas-side heat t r ans fe r  coef- 
f i c i e n t ,  Ei;u/h,r.ft2. "F 

Tube-side heat t r ans fe r  
coef f ic iea t ,  Rtu/hr.ft2 - "P 
~t - f t  

f i c i e n t ,  Eitu/hr.f-t2.V 

tkat fhx (outside area), 

Over-all heat t r ans fe r  coef- 

Axial coimterflow of $35 outside 

0.625 

0. [+00 

Carbon s t e e l  i n  economizer, low- 
a l loy  Cr-Mo steel i!i boi le r ,  
high-alloy s t a in l e s s  s t e e l  j n 
superheater 

t11bes 

7700 

Equi la te ra l  pitch,  0.875 in .  on 
centers 

3.25 

3.25, i .d . ;  7.58, 0.d. 

45.5 

18.3, economizer; 8.6, bo i l e r ;  
18.5, superheater 

70-75 

22.8 
23 200, economizer; 10 900, 

43.4 

boi le r ;  23 300, superheaLer 

31.2, economizer; 132, boiler; 

3.78 x 10Bg econorilj.zei-; 

154.4, siiperhea.ter 

3.76 x 1.0 , boi le r ;  4.25 x lo8, 
superheater 

30.5, superheater 
27.1., economizer; 2'7.0, bo i l e r ;  

330 

708, econornizer; 5000, boiler;  
334, superheater 

16 300, ecnrinrfliizer; 34 500, 
boi le r ;  18 200, superheater 

179, economizer; 262, bo i l e r ;  
118, s u p e r h a t e r  

cross flow 

1.75 
1.62 
High-alloy s t a in l e s s  s t e e l  

200 
Transverse spaci:ag, 2.5 in.  ; 

longitu.d.ina1 spacing, I.. 875 
in.  (staggered) 

5.25 square 

50 
9 . '7 

50. I. 

3580 

38.7 

-365 

2.15 X lo8  

15.4 

652 

293 

60 000 

165 
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REFLECTIVE INSULATION 

REHEAT STEAM OUT 

REHEAT STEAM IN 

SUPERHEAiED STEAM 
y j 8 : ; ;  

BAFFLE- r 

COOLING ANNULUS 

/ 

\ 
\ 

b 
1 RFtiEATER SECTION 

\ 
\ 

ECONOMIZER, BOIL FR, AND 
SUPEqHEATER SECTION 

Fig. 1.35. Sketch of PRR Steam Generator. 
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peripheries t h a t  cannot be accommodated i n  t h e  hexagonal tube bundles 

a re  fed by spec ia l  headers. 

Thermal expansion loops on "ne feedwater l i n e  and superhea,ter tubes 

a re  provided i n  the  prirflary sect ion of the  steam generator. 

bundles are  hung from support cradles on the  expansion loops i n  the  super- 

heater  section. The support cradles are, i n  turn,  t i e d  - to  t he  vessel  

w a l l .  Thus the  individual tube bundles are free t o  move independently 

i n  a v e r t i c a l  d i rec t ion  and are permitted limited. r e l a t ive  la teral  motion 

before contacting adjacent bimd.le spacers. The tube bundle spacers are 

t i e d  t o  apex points of t h e  hexagonal. bundle. 

The tu.be 

In  order t o  avoid the  complication of an additional. header system 

o r  an excessive number of s h e l l  penetrations, t h e  reheater sect ion is  de- 

signed as a serpentine co i l ,  as shown i n  Fig. 1.35. The reheater  sect ion 

i s  housed i n  a 5.3-ft-square shroud with the  serpentine tubes of t he  re -  

heater  sec t ion  suppo-rted from the  hemisphesical dome. Reheat, steam from 

t h e  high-pressure turbine enters  t he  reheat sect ion through a bank of 

e ight  rows of tubes having 25 tubes per row. Thins 200 tube w a l l  penetra- 

tions are required a t  each end of t h e  rehea-t section. G a s  from the  upflow 

pipe passes throu-gh the  t r a n s i t i o n  piece t o  the  reheat section. Guide 

vanes are required i n  the  t r a n s i t i o n  piece t o  prevent local ized high- 

impingement gas veloc i t ies  and poor gas flow d i s t r ibu t ion  across the  r e -  

heater  tubes. 

It is  estimated t h a t  approximately 4 f t  of s h e l l  height will be re- 
@red for accommodating thermal. expansion loops and i n t e r i o r  headers on 

each end of t he  primary section. 

f o r  -t)?e u-pflow t r a n s i t i o n  piece. 

i s  estimated t o  be 70 t o  75 f t .  

Approximately 2 t o  3 f t  w i l l  be required 

The over-al l  steam generator s h e l l  height 

Ball-Han.dling Sys-tern. The fuel-l.oad ing arrangement shown i n  Fig. 1.26 

consis ts  of two sets of b a l l  ducts leading t o  the  top  of' t h e  r e f l ec to r  from 

the f loo r  above the  reactor.  

diam unfueled b a l l s  axe located on a circ1.e a t  t h e  core perimeter. The 

2 1/2-in. - d i a m  fueled balls are  added at, seven locat ions;  one feeder i s  at  

the  center of t h e  core, and s i x  a re  spaced equally on a c i r c l e  over t he  f b e l  

bed. Individual ball-loading devices are provided a t  these 19 posit ions.  

Twelve e'qually spaced feeders f o r  1 l/c'+-in.- 
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It i s  not  c l e a r  bow t h e  t o p  of the  core  should be shaped t o  g ive  

both good f i l l i n g  and good. f low d i s t r i b u t i o n  f o r  both t h e  Yueled and un- 

fueled. bal1.s. The p rob lem introduced by t h e  u s e  of two b a l l  s i z e s  and 

regions appear t o  be much g r e a t e r  t han  was a n t i c i p a t e d  when t h e  layout  

of Fig. l.26 w a s  i.nit,i.ated. Not only d.oes it appear t o  be d i f f i c u l t  t o  

maiiitain a uniform th ickness  of the iinfueled b a l l  l ayer ,  both circumfer- 

e n t i a l l y  and ax ia l ly ,  but  t h e r e  may be d i f f i c u l t i e s  with t h e  fue led  b a l l s  

mixing wi-Lh unfueled r e f l e c t o r  b a l l s  and v i ce  versa .  Both types of i n t e r -  

mixing are t o  be avoided, s ince  large fue led  b a l l s  lin t h e  r e f l e c t o r  region 

would not be s u f f i c i e n t l y  cooled, and. small unfueled b a l l s  i n  t h e  f u e l  bed 

would obs t ruc t  t h e  coolant  flow. 

Since b a l l s  cannot be used for t h e  inner l a y e r s  of t h e  t o p  and bottom 

r e f l e c t o r  regions i n  cont inuously fue led  cores,  these  w i l l  r equ i r e  rep lace-  

ment by some s o r t  of s e rv i c ing  machine during extended shutdowns f o r  such 

operat ions.  This being t h e  case,  it appears t h a t  it would be b e t t e r  t o  de- 

s i g n  f o r  replacement of lihe inner  layer of t h e  s i d e  r e f l e c t o r  a t  t h e  same 

t i m e  with t h e  same machine r a t h e r  t han  t o  attempt t o  l i n e  t h e  r e f l e c t o r  with 

unfueled b a l l s .  

ba l l -handl ing  system and would. remove the  b a s i c  u n c e r t a i n t k s  introduced by 

an uncont ro l led  i n t e r f a c e  between two ball regi.ons. 

Such a provis ion  would great1.y s impl i fy  t h e  design of t h e  

The zoning of t h e  round core support  g r i d  t o  accommodate s i x  b a l l  

There are f e w  exper i -  d r a i n  p o r t s  c r e a t e s  nonci rcu lar  “funnel  

mental.. data t o  demonstrate t h e  extent; o r  type  of  ba l l  flow c o n t r o l  which 

can be induced by contouring these  funnels  i n  var ious  ways, bu t  it appears 

t h a t  t h e  bottom of t h e  core  should slope toward t h e  ex i t  po r t  a t  an ang1.e 

of a t  least, 15  deg r e l a t i v e  t o  t h e  hor izonta l .  

The general. arrangement contempl-ated f o r  the design of Fig. 1 .26 em- 

ploys six b a l l  d r a i n  ducts .  By arranging t h e  d r a i n  ducts  i n t o  two groups 

of t h r e e  t o  route  t h e  b a l l s  outward t o  opposi te  s i d e s  of t h e  r e a c t o r  ves- 

se l ,  as shown i n  Fig. 1.36, t h e  c e n t r a l  area under t h e  r e a c t o r  i s  kept 

clear f o r  t h e  se rv ice  machine, and access ib i l i t , y  t o  each of the six dra in-  

age systems should be good. However, an  i n v e s t i g a t i o n  of t1~i.s problem rep-  

resen‘w a major t e s t  and development i t e m ,  even foi- a core containing only 

uniformly s j z e d  fuel b a l l s ,  and an iridet;errninately greater  effort f o r  a 
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core with two b a l l  s i z e s  i n  separate zoiies. Tile problem of ba l l  flow 

through t h e  core can be a.pproached. effectivel-y only by experimentation. 

Unclassified 
1965-SK-B-123 C. CONTAINMENT SHELL 

10 20 SCALE 5&.:.. -. . . . . . . . . . . . 
FEET 

Fig. 1.36. Plan View or Core Ser-vice Area. 
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Power Plant.  En olrder t o  expedite the design study of t h e  power 

plant ,  t h e  design of a coal.-f?.i-ed plant  scheduled for completion of con- 

s . tmct ion i n  1 9 6 l p  was  chosen as a reference design.' Some modifications 

were required, including a reduction i n  t h e  feedwater temperature t o  

give a well-proportioned steam generator with t h e  550" F reac tor  helium 

i n k t  temperature used, and allowances were mark f o r  t h e  steam regutred 

for the  blower dr ive turbines.  

A 350-M~~ tandem, compound, turbine-generator u n i t  f o r  indoor service 

w a s  chosen for the  plant,  par-Lly because of i t s  cost  advantage and p a r t l y  

because it gave a favorable layout f o r  t h e  stea'm piping. The steam con- 

di t ions  chosen a r e  2400 psig, 1050°F, wtth a s ingle  reheat t o  1000°F. 

'The -turbine exhalists a t  1 .5  in. Hg ahsol-Ute. The generator i s  ra ted  a-t 
34.5 000 h a  for a 0.85 power f a c t o r  and a s h o ~ - c i r c i i . i t  r a t i o  of 0.f3 and 

i s  cooled with hydrogen a t  30 psig. The uni-t, compl-ete with accessories,  

i.ncl.udes a d i r e c t l y  connected exci ter ,  a lube o i l  system, and a gland- 

sea l ing  sys tem. 

A regenerative cycle is  employed -to heat t h e  feedwater t o  400°F. 

Further heating would increase both steam-generator c a p i t a l  charges and 

blower pumping power requirements e This system inclxdes s i x  feedwa-ter 

heaters,  with t h e  deaerator preceding .the highest  pressure heater.  Elec- 

trri.c motors a r e  used f o r  t h e  b o i l e r  feed pump drives.  The exhaask s-team 

from t h e  blower dr ive turbines  is  passed Lhrough t h e  x-eheater and fed t o  

t h e  intermediate turbine.  

A flow sheet f o r  the steam plant  i s  presented i n  Fig. 1.37 t h a t  in- 

d ica tes  t h e  pr inc ipa l  features  of t h e  pl.ant. The main condenser i s  a 

twin-shell, 1-50 000-ft2 unil; employing a two-pass, divided-water-box de- 

sign. Cooling water, lube o i l ,  and gland-sealing systems are provided. 

T%e condenser cooling-water(- system includes t r a s h  racks, t rave l ing  screens 

writ11 wash equipment, and algae control  equipment. Accessory equipment; in -  
cl.u&e s i so la ted  phase -generat ton leads , exc i bey connect ions ,, t r a n s  .former 
and ca'oles, control  wiring, storage 'oatteries w i t h  a charger and an 
__y 

871.7 study of a Ty-pica1 306 Mw Net Coal-Fired Ins ta l la t ion ,  " Contract 
AT (10-1) -101.0 Between the  Division of Xeactor Development, USAEIC,, and 
Ebasco Services inc., A p r i l  1959. 
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emergency genera tor  s e t  , and stat  ion-grounding p ro txc t  ion. Miscellaneous 

p l an t  equ.ipment includes cranes,  c leaning eqni -pent ,  f i r e - f i g h t i n g  gem-, 

a i r - g a s - o i l  faci l i t ies ,  o f f i c e  and l.aboratory se rv ices ,  t oo l s ,  and corn- 

munication provis ions.  'The outdoor swi-tch yard Lncludes an oil c i r c u i t  

breaker,  disconnect switches, am1 re l ay ing  devices.  A s i n g l e  230-kv 

t ransmiss ion- l ine  takeoff  i s  provided. 



2. REXTOR PHYSICS 

Zone Loading of EGCR Core 

(C .  A. Preskrii:,l;) 

Studies of the EGCR power d-istribution have been extended t o  include 

radtal zone loading of t h e  core with elemen-ts of e i t h e r  two or th ree  i n i -  

tial- enric'ments. As  anticipated,  considerable power f l a t t e n i n g  r e s u l t s  

when t h e  core i s  properly zone loaded, a i d .  thus a f u e l  loading procedure 

i s  ava i lab le  which supplements t h e  control  rod program described previ- 

ous1y.l 

overcomes t h e  severe hot-channel. problem associated with loading f r e s h  

f u e l  elements of a high feed enrichment during the  i n i t i a l  refuel ing opera- 

t i o n s "  

The addi t ional  power f l a t t e n i n g  produced by zone loading t h e  core 

Four zone-loading cases have been examined and are compared with the 

re.ference case of uniform loading i n  Tables 2 . 1  t'nrougln 2.6.  I n  t h i s  com- 

parison t h e  t h r e e  zones a r e  numbered from the  center  of t h e  core outward 

m d  contain, respectively,  one-fourth, one-folzth, and. one-haLf the  f u e l  

elements. The c e n t r a l  cont ro l  rod i s  f u l l y  lnser ted  i n  a l l  cases and the  
fo in  c e n t r a l  loops are loaded vLth t h e  reference homogeneous graphite- 

wmium experiments with C/U = 200 (0.33 kg of U"' per  foot of length) .  

'"GGR Quar. Prog. Rep. Sept. 30, 1960," ORNL-3015, pp. 3-11. 

Table 2.1.. Comparison of the Power Distribu-Lion of 
Several Zone-Loaded Cores w i t h  -that of a 

UniTormly Loaded Core 

Zone Enrichment ($) Radial 

I 11 I11 

Loop Power Peak-to-Average 
Power Rat io  (Mw 1 

2 . 2  2.2 2.2 1.352 
2 .2  2 . 2  2.4 1.242 
2.2 2.2 2.8 I. 1-86 
2 .2  2 . 4  2.4 1.267 
2.2 2.4 2.8 1.155 

1.07 
0.99 
0.90 
0.99 
0.91 
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Tab1.e 2.2. R a d i a l  Power Dis t r ibu t ion  i n  EGCR Core with 
Uniform Radial Loadinp  

~ ~- ~ ~~~~~~~~~~~~ ~~~~ 

b R a d i a l  Power Dis t r ibu t ion  i n  Indicated Channel (x,y) 
_.-I.. .- Y 

X L ~  x - 1 2  x = ~ O  ~ = 2 8  ~ ~ 3 6  X - 4 4  ~ = 5 2  ~ = 6 0  ~ = 6 8  
. .-. . . . -- 

4 0.385 1.170 1.342 1.349 1-274 1.150 0.999 0.837 0.735 
12 1.170 1.320 1.327 1.240 1.111 0.961 0.816 0.745 

20 1.342 1.320 1.335 1.2‘17 1..168 1.031 0.884 0.786 

28 1.349 1.327 1..277 1.185 1.056 0.907 0.763 0.681 

36 1.274 1.240 1.163 1.056 0.909 0.753 0.61.6 0.553 

44 1.150 1.111 1.031 0.907 0.753 

52 0.999 0.961. 0.88A 0.7b3 0.616 

60 0.837 0.816 0.736 0.631 0.553 

68 0.735 0.745 - 
a 

bx and y are coord.inates of channel i n  inches from center  of r e sc to r .  

Normalized t o  average channel power of un i ty .  

Table 2.3.  R a d i a l  Power Dis t r ibu t ion  i n  EGCK Core Zone Loaded t o  an 
Enrichmen’b of 2.2$ i n  Zone I, 2.276 i n  Zone 11, and 2.45 i n  Zone TIT 

I ._-_ 
a Radial. Power Uis t r ibu t ion  i n  1ndica”ied Charnel (x, y )  and Zone 

._ Y 
x = 4  ~ = 1 2  X - 2 0  ~ = 2 #  ~ = 3 6  x i 4 4  ~ 3 5 2  ~ = 6 0  ~ = 6 8  

..--- 

Zone 11, 2.2s 
I..-- 

Zone I, 2.2% 

4 0.779 1.050 

1-2 1.050 

20 1..210 1.1#9 

23 1.242 1.226 

36 1.193 1.172 1.113 0.693 0.643 

UP 1.114 1.075 

52 1.076 1.040 0.963 0.339 0.6’33 
60 0.917 0.898 0.874 0.771 0.6L~9 

63 0.825 0.845 
I_ _I._. 

a x and y are coordinates of  channel i n  j-nches f rom center  of reactor.  



Table 2.4. Radial  Power Dis t r ibu t ion  i n  EGCR Core Zone Loaded t o  an 
Enrichment of 2.2% i n  Zone I, 2.2% i n  Zone 11, and 2.8% i n  Zone 111 

Zone I, 2.2% 

0.664 0.899 1.049 1.098 
0.899 1.036 l.090 

1.049 1.036 l .076 1.070 

Radial  Power Dis t r ibu t ion  i n  Indicated Channel (x,y)& and Zone 
Y 

~ = 4  ~ = 1 2  ~ ~ 2 0  ~ = 2 8  ~ 1 3 6  x = L L ,  ~ = 5 2  ~ = 6 0  ~ ~ 6 8  
I I 

Zone 11, 2.2$ 

1.091. 1.042 
1.071 1.015 
1.028 0.951 

4 

12 

20 

28 

36 

44 

52 

60 

68 

1.098 1.090 1.070 l .025  0.946 

Zone 111, 2.8% 

- 
Zone I, 2.2% 

4 0.756 1.021 1.183 1.218 
12  1.021. 1.163 1.204~ 

20 1.183 1.163 l .198  1.168 

1.186 1.042 0.964 

1.*148 1.022 0.991 

1.068 1.002 

0.935 0.888 

0.7k?3 0.755 

Zone 11, 2.A$ Zone :I:LI, 2.4% - 
1.267 1.172 1..055 0.895 0.801 

1.238 1.136 1.03-8 0.876 0.820 
1.176 1.060 0.942 0.853 

~ 

a x ,and y a re  coordinates of channel i n  inches from center  of rpactor. 

36 1.267 1.238 1.176 1.074 

Table 2.5. Radial Power Dis t r ibu t ion  i n  EGCR Core Zone Loaded t o  an 
Enrichment of  2.2$ i n  Zone I, 2.4% i n  Zone 11, a:od 2.4% i n  Zone 111 

0.942 0.796 0.6'17 0.631 

44 1.172 1.136 1.060 0.942 0.796 

52 1.055 1.018 0.942 0.821 0.677 
60 0.895 0.876 0.853 0.750 0.631. 

613 0.801 0.820 
3. x and- y are coordinates of charnel  i n  inches Yrom center  of reactor. 
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Table 2.6. R a d i a l  Power U i s t r i h u t i ~ o n  i n  EGXK Core Zone Loaded t o  an 
Enr i chaens  o f  2.2$ i n  Zone I, 2.4$ in Zone 11, and 2.8s in Zone I11 

.... 

Radial. Powx D i s t r i b i t i o n  i.n i:ndicstcd Chznnel ( x l y ) a  and Zone 
I _- Y 

x = 4  x = L 2  ~ ~ 2 0  ~ = 2 8  ~ = 3 6  x = U  ~ 1 5 2  ~ = 6 0  ~ = 6 6  
..... ..... 

Zone I, 2.2% 

4 0.645 0.875 1.028 

%on- TIL, 2 . 8 s  - .......... 
1.017 0.936 

0.998 0.962 

0.978 

12 0.875 

20 1.025 1.017 1.060 1.053 

52 1.163 1.1.25 1.047 0.916 0.765 

60 1.017 0.998 0.978 0.865 0.7% 

68 0.936 0.962 
.I___ - ........... -l-llll_-- . 

ax aid y a re  coordinaLes of chamel  i n  inches from center  of reaczor. 

It m y  be seen from Table 2 . 1  t h a t  an undesirable e f f e c t  ol" zone load- 

i.ng i s  a reduc~tion of loop power, but it must be emphasized t h a t  t h i s  re- 
d-uction i s  not due direc-tly t o  zone loading, but, ra ther ,  resul-ts from f l a t -  

tening of t h e  power distribu-Lion and w i l l  occur when t h e  f l a t t e n i n g  i s  

achieved by any means. 

power t o  loop power i s  e s s e n t i a l l y  constant for a w-ide range of core op- 

e ra t ing  conditions.  

2 . 1  (equal numbers of 2 . 2  and 2.4% eizriched. f u e l  elements) has been judged 

t o  be a sa t i s fac tory  compromise between t h e  requirements for power f l a t t e n i n g  

and .the desl.re for a high 3.oop power and has been considered. for the  i n i t i a l  

load-ing of the  EGCR core i f  the Pour central. loops a r e  i n s i a l l e d  a t  that 

time. 

f e r r e d  t o  a later date, the fuel loading described above w l i l l  not be ye- 

quired f o r  the i n i t i a l  core. 

1 - k  'has been observed t h a t  the  r a t i o  of peak channel 

The configuration descrli'ued by -the secoiiil 1.i-n.e of Ta,ble 

Since i t  now appears tha'i Lhe insta1lai;ion of a l l  loops w i l l  be de- 

Heactivity Effects  Assoctated. with Operation of the EGCR 

( C .  A. P r e s k i t t ,  D. R. Gilfillan) 

Some of t h e  r e a c t i v i t y  e f f e c t s  w-hich migh~i, be ericountered during op- 

e ra t ion  of the  EGCR, both in normal. opers.ti.on a i d  as a resu.1.t of an accli.dent, 



have been calcul.ated t o  assist i n  determining the control  act ions that 

need t o  be avai lable .  It has been found t h a t  i f  ayl. experiment,al fuel as- 
sembly were dropped i n t o  the core it could, almost insta~~;a,neously,  in-  
crease the  react ivi- ty  by as much as +l$. 

could produce an increase i n  r eac t iv i ty  t h a t  cou-ld be as  large 3.s 4.1%. 
The increase would r e s u l t  mainly from a local. increase i n  the resonance 
escape probabi l i ty  In adjacent channels. 
resu l t ing  excess k, which would be e s sen t i a l ly  l i n e a r  .with steam pressure, 
would be -5 X 

with water  would^ increase k by about &.06 (6$). 

The unloading of a fu.eL channel 

If steam entered the core, the  

(0.05$) per LOO ps i .  Complete flooding of the core 

Neutron Source Required. f o r  the EGCR 

(A. M.  Perry, T .  R. Row) 

The neutron source i n  t h e  EGCR must be l u g e  enough t o  yield, when the  
reac tor  i s  shut down, a the-mal neu-t-ron flux of at leas-L 14 neu.trons/cm2.sec 

i n  t h e  s ta r tup  f i s s ion  chambers. The flux i n  the f i s s i o n  chambers i s  a, 

function of source s t rength (neutrons/sec), source location, and the sub- 

c r i t i c a l  mu1tiplics;tion f ac to r  o f  t h e  reactor .  
quired source s t rength were based on a shutdown k of 0.97, butt considera- 

t i ons  of var iable  r e a c t i v i t y  conditions resu l t ing  from d i f f e ren t  loop ex- 
periments have made it c l ea r  that a k as low as 0.85 wi1.L o e ~ u r  a t  t i m e s .  

Early estimates of the re- 

The neutron f lux  produced by a u n i t  source of fast  neutrons has there- 
fore been estimated f o r  k = 0.97 and k = 0.85 and f o r  two d i f f e ren t  soixce 

configurations, t he  f i rs t  a poin-b source a t  the  center  of t he  reactor  cand 

t h e  other  a spherical  shell source 150 ern i n  diameter. The calculat ions 

were car r ied  out w i t h  four-group d i f fus ion  theory, and a pi-operly-nornialized 
source w a s  added t o  t h e  f i s s ion  neutrons a t  each i t e r a t i o n  of t he  multi- 

group calculat ion.  Three quxmtities of i n t e r e s t  obtained in t h e  calcu.la- 

t i ons  are compared i n  Table 2.7. Table 2.7 gives t h e  qucmtity (I - k)"', 
which i s  a familiar approximation for  the source multiplication; t h e  cal.cu- 
l a t ed  source multiplication, defined as (source neutrons p1.u.s r"issi.on neu.- 

t rons )  divided by source neutrons; and the ra-Lio, ($/$o), of the flux at  
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Table 2.7.  Source Strength Required f o r  Lhe EGCX 

S, Source 
(1 -. kef?)-' Ma $)/do ($/$o)(l - k )  Streng-ilib 

(neutrons/ see ) eff k 

x 1.09 
Point source 0.97 33.3 28.4 22.8 0.68 0.56 

0.85 6.67 4.61 1.45 0.22 8.8 

Shell source 0.97 33.3 35.5 29.9 0.90 0.41 
0.85 6.67 7.4% 3.66 0.55 3.3 

a 

b S o ~ ~ c e  s t rength rcquj -red t o  y ie ld  2 x 14 neutrons/cm2 . see at instrunemt 
Source mu1 tiplication as dzfined i n  text .  

pos i t jon ;  f a c t o r  of 2 all-ows f o r  60-day decTy. 

%he instrument posi t ton per source neutron to t h e  f l u x  a t  the instrument 

p o s i t i o n  per fj-ssion neutron f o r  a nomial-mode fissfon dis t r ib i i t l .on  i n  the 

core.  

The f i s s i o n  d i s t r t b u t i o n s  f o r  the four cases l i s t e d  i n  Table 2.7 a r e  

shown i n  Fi.g. 2.1.  From Table 2.7 it can be seen -khat t h e  f l u x  per sowce 

plus f i s s i o n  neutron depends signifl.cant1.y on k and on the  source posi t ion.  

The reason f o r  t h i s  i s  c l e a r  from Fig.  2.1., iditch shows the g r e a t e r  f l u x  

peaki-ng neay -the center  of the  reac tor  for the  cen-bra1 point source and 

f o r  the  lower value of k .  

EGCR Shielding 

(J. G. Delene) 

The flux l e v e l s  in the  v i c i n i t y  of' t h e  penetrations t'nrough the t o p  

aid bottom shields  of the  EGCX have been invest igated.  Fast-neutron 

streaming up t h e  anniJ2.i around t h e  shie3-d. plugs w a s  found 'LO be t h e  major 

f lux contr ibutor  f c r  the  control-rod, special ,  and. fuel-charge nozzles. 

'The expected fast f l u x  1evel.s a r e  -5 neutrons/cm2 - sec over the  control-rod 

and special  nozzles and -8 neutrons/cm2.sec under t h e  fuel-charge nozzles. 

The d.ose r a t e  around the service machine, with shi.eldri.ng as s'nowm on 

Allis-Clialmers drawings MS-126 and MS-221, with oratnary spent f u e l  and a 
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Fig .  2.1. Fission Distribilirtion Rormalized t o  a Unit F iss ion  Plus 
Fixed Source. 

spent control rod stored in t h e i r  appropriate lead casks, vas calculated 

t o  be 7.5 m/hr on t;he bottom sirface and I m/hr on t h e  s ide surface. 

Mod.ifications now being made t o  the  shielding will r e s u l t  i.n a dose rate 

on t h e  s ide surface of -7.5 m/hr with EGCR f u . d  or 25 mr/hr with a 1.5-Mw 

experiment. ( 3  'nr after removal from t h e  neutron flux). 

of the  charge machime, dose rakes of up t o  66 m/hr a r e  expected with 1.2 

fuel assemblies stored i n  t h e i r  appropriate storage posi t ions.  However, 

the dose rates at points  where men w i l l  be working are not expected t o  

exceed 17 rm/b. 
service machine, appear Lo be ndeqmtely shielded. 

Kiang t h e  s-uface 

The various sh ie ld  penetrations,  both on the  charge and 



Heat Deposition i n  the EGCR 

(E. A. Nephew) 

H e a t  deposit ion i n  the  EG-CB by core garmcna rays has been calculated 

and w a s  discussed previously. 

iiating i n  a loop experiment can be estimated from Figs. 2.2 and 2.3.  

The additional. heating by gxrnma rays or tg i -  

Here 
the gamm heat deposit ion r a t e  foy a typical. 3-oop experiment i s  giv, all as 

a func-tion of t h e  dis tance from -the loop tube. 

The t o t a l  heat deposit ion in t h e  EGCR core must a l so  incI.ude the heat- 

ing effect  due t o  fas t  neutrons. 

modera-tion of fas t  neutrons i s  assixfled 'io be d i r e c t l y  proportional t o  the  

fasl; fl.ux d i s t r i b u t i o n  in t h e  ECXR core.  

manner i n  which t h i s  heat i s  distri-buted ii1 a reac tor  core quadrant. 

d i s t r i b u t i o n  was calculated by meams of t h e  two-dimensional PTIQ program 

f o r  the  case of a uniform core loading i n  which the c e n t r a l  control  rod 

i s  fu.l . ly inser ted  and t h e  remain.ing control  rods a re  inser ted  "io a depth 

of 62 i n .  as a bank, 

homogeneous graphite-uraniun experiment, C/U = 200, operating a t  a power 

of 1.07 Mw. Based on an average f i s s i o n  spectrum energy of 1.98 Mev and 

an average of 2.53, which includes t h e  e f f e c t  of plutonium buildup, the  

t o t a l  energy deposi-ted i n  t h e  core by fast neutrons i s  5.01 Mev/fission 

o r  2.16 Mw. 

t h e  t o t a l  fast  neutron energy i s  deposited i n  t h e  core ,  

heat deposit ion of 3_.97 Mw and a r e f l e c t o r  heat deposit ion of 0.19 M-w by 

fast  neutrons. 

The heat deposi-tion r a t e  due t o  the 

Fl.gures 2 .&  and 2 .5  show the  

This 

The f o w  c e n t r a l  loops were considered t o  contain a 

From the  PDQ fast f l u x  calculat ions i t  w a s  found t h a t  91% of 

This gives a core 

-- 
2"GCR Quar. Frog. Rep. Sept. 30, 1960,'' ORNL-3015, pp. 14-20. 
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3. PEACTOH DESIGN STUDUS 

Thermal Behavior of EGCR Fuel Assemblies 
-__. _I 

Effec t  of Control I---_ Rod ~ Programing and Mode of Operation __ (G .  Samuels, M. E. 
~ 

Lackey, R. S. Holcornb) 

A thermal ana lys i s  of t h e  EGCR ,%.el assemblies has been made based on 

t h e  d-esign shown i n  Fig. 3.1, I n  computing t h e  sur face  t e m p e r a h r e  f o r  t h e  

EGCR f u e l  eleriients, it, w a s  necessary t o  make a number of assumpbions Coil- 

cerning t h e  gas teniperatu:re and f l o w  and Lhe hea t  d.eposit ion i n  t h e  core.  

The major assuriiptions w e r e  t h e  following : 

1. Tie temperature of t h e  gas Ikaving t h e  reac-tor v e s s e l  i.s 1.043"F. 

2. 

3.  The i n l e t  gas temperature to t h e  core  i s  510°F. 

4.. 
5. 

'The mixed-mean gas temperature e x i t i n g  from Lhe core i s  1050°F. 

'The t o t a l  f low through the core i s  4T7 000 lb/hr .  

O f  t h e  427 000 l b / h r  core  fl.ow, 387 000 l b / h r  fl.ows through t h e  

fuel assembly and 40 000 Lhrough the an.nu.1.i and core sLructure.  

6. O f  t h e  t o t a l  hea t  genei-at,I.on ra te  of 84.3 MTW~ 80 Mw ris removed by 

t h e  f u e l  assembly flow and 4.3 MTT i s  removed by khe bypass flow. 

7. All 80 Mw of hea t  removed from t h e  fiuel. assemblies is removed from 

t h e  element,s and none from t h e  s leeve.  

8. 
9. The core i s  loaded uniformly. 

Tie poss ib le  e n o r  introduced by t h e s e  assuniptions i s ,  i n  general ,  

Thermal rad iab ion  from t h e  elements t o  t h e  s leeve  is  neglected.  

s m a l l .  The most quest ionable  assu-mption is  the b y p s s  flow rate of 40 000 

lb/izr, which w i l l  be reduced by using t o p  cool ing f o r  t h e  c o n t r o l  rods. 

This reducLion could be more t h a n  offsel; by t h e  ad-d i t iona l  cooling requi red  

by t h e  f l u x  scanner  and ad.ditiona1- ann1il.u~ f l o w ,  The difficu.l.ty in main- 

t a i n i n g  t h e  proper annulus rlow resul.t,s from t h e  poss ib l e  wide varia'cions 

i l l  r a d i a l  power d i s t r i b u t i o n  as the c o n t r o l  rod p a t t e r n  is shif-Led t o  main- 

t a i n  a ma.xri.mum r a d i a l  peak-to-average power r a t i o  of 1.35. 

match t h e  annulus flow ra te  t o  t h e  hea t  genera t ion  rate i n  the graphi te ,  it 
wou.ld be necessary when t h e  c o n t r o l  rod pa.bterr, i s  s h i f t e d  -Lo d-risassemble 

and. rep lace  t h e  annulus o r i f i c e s  i n  t h e  bottom dummy, and t h i s  i s  no'i fea- 

sible.  The only choice i s  t o  es tabl- ish t h e  aimulus flow t o  adequately cool. 

I n  order  t o  

. 
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t h e  core  f o r  rod. pat te rn ,  and t h i s  results i n  excess flow t o  a l a r g e  

percentage of t h e  cha-mels i n  a l l  cases  considered. 

The la tes t  physics ca l cu la t ions  indicaLe t h a t  7% (5.9 Mw) of t h e  hea t  

generated by t h e  elements i s  deposj-ted elsewhere. 

l a t i o n s ,  about 30 t o  35% of t h i s  w i l l  be deposi ted i n  t h e  s leeves  and t h e  

remainder i n  t h e  coi-e blocks. 'The d i v i s i o n  of t h e  hea t  l n  t h e  s leeves  i s  
iiot known at t h i s  t i m e  and, i n  any case,  vill. vary depending on t h e  r a d i a l  

f lux d . i s t r ibu t ion  i n  t h e  core  and t h e  f i n a l  -maximum all-owable g raph i t e  t e m -  
pera ture ,  which i s  yet t o  be determined. Assumptions 6 and 8 are conserva- 

t i v e  and w i l l  overest imate  t h e  sur face  te-mperatu-re of t h e  f u e l  elements by 

about 1.0"F. 

Based on previous cal.cix- 

'?he thermal radi.al;lion between t h e  elements and t h e  s leeve  will amount 

t o  about, 3% of t h e  heal; generatri.on a t  t h e  rnaximurn nominal su r f ace  tempera- 

t u r e .  This e f f e c t ,  which has been neglected,  would reduce t h e  peak su r face  

temperature by about 15 o r  20°F. 

not  very effect-ive i n  reducing 'tihe nominal tertperature,  it w i l l  be  irporta.nf; 

i n  analyzing t h e  magnitude of t h e  hot  s t r e a k  t h a t  i s  expected t o  e x i s t  on 

t h e  ou te r  sur face  of t h e  ou-ter s i x  elements became of s e l f - s h i e l d i n g  of t h e  

cl.u.ster. 

surfaces and will reduce t h e i r  temperatures by about 30" F. 

Although t h e  r a d i a t i v e  bea t  t r a n s f e r  i s  

Approximately 90% of t h e  r a d i a t i v e  hea t  t r a n s f e r  i s  from t h e s e  

The ca lcu la t ions  were based on uniform core loading;  - that  is, t h e  

f u e l  i n  each channel w a s  assumed t o  have the same f i s s i o n  c ross  sec t ion .  

For t h e  equ-ilibrium core, t h e  rundown of t h e  fuel i s  expected t o  be a maxi- 

mum o f  10%. 

unlform core loading wi.l.1 have F5$ perturba- t ions lirnposed on it. 

blower head i s  sufficient t o  -take ca re  of t h e  add- i t iona l  5$ flow requi re -  

ment ( o r  10s i n  channel pressur? drop) ,  - there w i l l  be about a 5°F increase  

i n  t h e  sur face  temperature of t h e  new fuel. If t h e  blower head i s  l i m i t e d  

t o  t h a t  reqyi red  t o  supply a channel. wi-kh a peak-to-average r a d i a l  ?lux 
d i s t r i b u t i o n  of 1.35, t h e  a d d i t i o n a l  5$ i n  poL\rer w i l l  r e s u l t  i n  a 50°F in-  

c rease  i n  t h e  m a x i m u m  nominal sur face  te-mperatu-re. 

Th is  means .the radial  f l u x  d i s t r i b u t i o n  of Lhe average o r  

If t h e  

For t h e  t h r e e  cases  analyzed it was consi-dered t h a t  t h e  c e n t r a l  con- 

t ro l .  rod was fu1.l.y i n s e r t e d  and t h e  remaj-ning rods w e r e  operated as a bank. 

The worth of t h e  bank f o r  the  three  cases w a s  2.5, 1.6, and 0.9%. 'The 
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maximum nomin.al surfa,ce temperatures of t he  elements f o r  two d i f f e ren t  

operating conditions as functions of t he  mixed.-mean e x i t  gas temperature 

f r o m  t he  fuel channels for  these cases a re  shown i n  Figs. 3.2, 3.3, and 

3.4.. The two conditions involve (1) operation with a l l  o r i f i ce s  set s o  

tha t ;  t h e  e x i t  gas temperature from each %el channel i s  t h e  same and ( 2 )  

opr::ration with the  o r i f i ce s  s e t  t o  maintain a uniform maximum Ri.el. element 

surface temperature i n  each channel. As may be seen from F i g s .  3.2, 3.3, 

am1 3.4, t h e  reduction i n  surface temperature by o r i f i c ing  for a iiniform 

maximum surface temperature is about 40°F. This la t te r  method o f  opera- 

t i o n  is  somewhat more d i f f i c u l t  than maintenance of a uniform e x i t  gas 

temperature, s ince it; requires not orily a knowledge of t he  r a d i a l  peak-to- 

average f l u x  ra-tio but a.lso t he  d i s t r ibu t ion  of t'ne radial and a x i a l  f l u x .  
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Whethey t h e  r e l a t i v e l y  small ga in  is  worth t h e  a d d i t i o n a l  aiial_yt,i.cal. work 

reqi1.5.red f o r  such operat ion i s  questionable.  There are o ther  types of con- 

t r o l - r o d  programing i n  which it is  most advantageoas t o  o r i f i c e  f o r  maxi- 

mum sur face  temperature.  ' 
The requi red  mixed-mean e x i t  gas temperature from the .Fuel channels 

can 'ne ca l cu la t ed  from assumptions 2, 5, and 6. Wibh  4.3 Mw of hea t  de- 

pos i ted  i n  t h e  core  and a core flow of 40 000 lb/hr, a mixed-mean ex i t  gas 
temperature of 1.0'15"F i s  required f r o m  t h e  232 f i e 1  channels t o  g tve  a gar, 

temperature of 1050°F from t h e  core. 

Plo-ts of' both gas and fuel element su r face  temperatures along the high 

power channel for a mixed-mean exit gas tempera-tu1-e from the channels of 

'"GCR Quar. Prog. Rep. June 30, 1960," ORNL-2964:, p. 21. 
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1075°F are shown i n  Figs. 3.5 through 3.8. Figures 3.5 and 3.6 are  for 

bank inser t ion  of control  rods t o  a dep-tn of 62 in.  for a control  rod vor th  

of 2.55, and Figs. 3.7 and 3.8 a r e  f o r  bank i n s e r t i o n  of control. rods t o  a 

depth of 47 in. Tor a control  rod woyth of l.68. Figures 3.5 an.d. 3.7 are 

based on o r i f i c e  control  to maintain a uniform m a x i m u m  s i r f a c e  temperature 

i n  each channel, whereas Figs. 3.6 and 3.8 a r e  for t h e  case i n  which t h e  

exit gas temperature from a31 t h e  channeLs i s  1075°F. The f u e l  elemerit s u r -  

face temperatures and/or e x i t  gas temperatures for each channel f o r  these  

cases a r e  given i n  Table 3.1. The cliannel:; a r e  i d e n t i f i e d  by t h e i r  x and y 

coordinates measured i n  inches. The data are reported f o r  only one octant 

of t h e  core but are applicable t o  t h e  other seven, s ince the fue l  load-ing, 

experiments, and control-rod p a t t e r n  a r e  assumed t o  be spmetr ica l .  
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Tab1.e 3.1. Gas Flow Rates, Exi t  G a s  Tempei-atures, and Maximum Surface 
Temperatures f o r  All. Channe7.s f o r  Bank Inser t ion  of Control Rods 

t o  a Depth of 47 in. or 62 in.  and. for a Channel 
Mixed-Mean Fxi t  Gas ':Cernpera-ture of 1.075" F 

Uniform Exit Gas Temperature Unif o m  Maximum 
Surface Temperature 

......- .._ 
Max irnu m Surface 
Temperature ( " E') 

Channel 
Group 
x and y 

Dimens ions 
( in .  ) 

Flow Flow Exit  Gas 
Kate 62-in. 47-in. Rate Temperature 

(lb/h-r) Inser t ion  Inse r t  ion ( Ib/hr) ("PI 
of Control of  Control 
Bod B a d  Rod Bank 

4Jk 
12 
20 
28 
36 
l k i i  

52 
60 
68 

12 - 20 
28 
36 
4L 
52 
60 
68 

20 - 20 
28 
36 
44 
52 
60 

28-28 
36 
1, /+ 
52 
60 

36-36 
44 
52 
60 

15 89 
20 21 
2283 
2278 
2140 
1725 
1669 
1395 
1223 

223'1 
2236 
2082 
1859 
1605 
135 9 
1.240 

2255 
2147 
1957 
17 23 
1474 
1309 

1988 
1768 
1515 
1271 
1134 

1519 
1257 
1026 
921 

1366 
1416 
1470 
1468 
1466 
1454 
1433 
1404 
1383 

14 70 
14 67 
14 61 
1447 
1420 
1L01 
13 81 

1469 
1467 
1 4  54 
1426 
1410 
1398 

1456 
1431 
1414 
13 85 
1373 

1416 
1384 
1367 
1352 

137 6 
140 2 
1419 
1417 
1415 
1400 
13 8CJ 
1361 
1348 

1418 
14 16 
1409 
1.392 
1376 
1359 
13C7 

1417 
141.6 
14.04 
13 84- 
1367 
1356 

140 6 
1388 
1371. 
1-352 
1339 

1375 
1348 

13 20 
1334 

1448 
1996 
2379 
2375 
2218 
1964 
1663 
1354 
1171 

2331 
2322 
2146 
1882 
1593 
1317 
1184 

2346 
2229 
2003 
17 26 
1.4.4.6 
1.262 

2038 
1777 
1491 
1219 
107 2 

1500 
1.203 
961 
846 

1130 
10 82 
1-052 
1052 
1055 
1064 
107'7 
1092 
1100 

105 2 
1054 
105 8 
1.068 
1079 
1093 
110 2 

1053 
1054 
1062 
1074 
10 86 
1096 

10 61 
1.072 
10 84 
1-099 
110 8 

10 82 
1100 
1113 
1125 
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It should be emphasized t h a t  -the values of Table 3.1 are f o r  t h e  

nominal temperature, which i s  defined as the  average temperature of t h e  

seven elements o f  tl?e c lus t e r  f o r  norinal operating conditions w i t h  an 

eqiiilibrium core. 

within the  c lus te r ,  hot-channel factors ,  or t h e  e f f ec t  of adjacent empty 

fuel channels. 

N o  allowance has been made f o r  temperature asymmetries 

When fuel i s  removed from one of t he  channels, the heat  generatLon 

r a t e  i n  t he  adjacent channels increases by $$. If t he  flow i n  these chan- 

ne ls  i s  increased by E?$ t o  match the  increased heat ra te ,  t h e  surface t e m -  
perature of t h e  elements w i l l  increase by only 10°F. 

not, opened t o  increase the  flow, the  temperature w i l l  increase by 75°F. 

Considering the  t i m e  involved t o  change the o r i f i ce s  of these channels both 

before and a f t e r  a f u e l  change, t he  operator w i l l  prefer  t o  leave the  o r i -  

f i c e  se t t ings  constant and take t h e  increased surface temperature f o r  t he  

period required. t o  reload a channel. U - n l e s s  subsequent analyses indicate  

t h a t  t h i s  increased surface temperature of 75°F cannot be tolerated,  t h i s  

mode of operation is recommended. 

If t he  o r i f i ce s  a re  

me magnitudes of t he  temperature asy-mmetri.es within the  c1us.tt.m 
are not known a t  t h i s  t i m e ,  and t h e i r  determination must a w a i t  the  results 

of .the veloci ty  p ro f i l e  and mixing experiments. 

i n  .which an attempt w a s  made t o  bracket the  temperature var ia t ion  within 

the  c l u s t e r  indicated t h a t  the  maximum temperature w i l l  not exceed the  

average by more than 75°F. 

A se r i e s  of calculat ions 

Fuel Temperature Variations During Trans i en t s  

Variations During Extreme Normal Conditions. (0 .  W. Burke, E. R. Mann, 

R. M. Pierce, C. S. Walker) The ORNL analog computer was used t o  examiue 

the  thermal behavior of t h e  EGCR f u e l  under ce r t a in  idealized conditions. 

The purposes of t h i s  invest igat ion were t o  determine the  magnitude of t he  

thermal "time constant" of t he  fuel  and t o  evaluate the  temperature var ia-  

t i ons  i n  terms of EGCR design considerations. 

2R. M. Pierce, "Preliminary Analysis of t he  Thermal Behavior of t he  
EGCR Type Fuel Element, " ORNL CF-60-10-107 (Oct. 2'7, 1960). 
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The fuel. thermal t i m e  constant  i s  a measii.re of t h e  t i m e  in ternal  re- 
quired for t h e  fuel temperatures t o  change i n  response t o  sudden changes 

i n  r e a c t o r  power l e v e l s .  It i s  a l i m i t j a g  f a c t o r  t h a t  coiicel'ns any change 

i n  t h e  rate of hea t  flow from t'ne fi.el. t o  t h e  gas stream. Cer t a in  fue l  

temperature t r a n s i e n t s  w i l l  t ake  place during normal operat ion.  For ex-. 
ample, each t i m e  a scram a c t i o n  occurs when t h e  EGCR i s  operaLing normally, 

t h e  f u e l  w i l l .  undergo a very ra.pid. temperature chamge. Also,  t h e r e  w i l l  be 

temperature v a r i a t i o n s  of lesser magnitude each t i m e  t h e  resc-Lor power i s  

increased  du-ring s t a r t u p  and each t i m e  t h e  reactor.  gas ii17.et temperature 

va r i e s .  These t r a n s i e n t s  are not necessa r i ly  t h e  r e s u l t  of any s o r t  of  

acc ident  nor do they produce abnormally high f u e l  temperatures 

Tfle ca lcu la t ions  were idea l i zed  t o  the ex-Lent that the tliennal power 

could be va r i ed  according t o  any des i r ed  func t ion  of time, r a t h e r  t han  by 

ad jus t i i~xt ,  of t h e  mul t ip l i ca t ion  of a nuc lear  r eac to r .  

mad.e of t h e  thermal behavior of -the rue1  r a t h e r  than of t h e  k i n e t i c  behavior 

of a complete r eac to r .  The computer model u t i l i z e d  t h e  c e n t r a l  chamnel., 

which w a s  broken i n t o  t h r e e  axial sec t ions .  Each s e c t i o n  was assumed t o  be 

composed of a sing3.e s t a i n l e s s - s t e e l - c l a d  UO;! fml- rod surrounded by an an- 

nulus t h a t  provided a passage Tor t h e  &as. The gas annulus w a s  enclosed by 

a hollow g raph i t e  cy l inde r  which re.presented t h e  moderator. The UO2 i n  t h e  

fue l  rod. of each sec t ion  was  subdivided i n t o  t h r e e  cyl indrical .  regions t o  

simiulate bea t  conduction as w e l l  as h e a t  s torage .  The e n t i r e  volume of 

each small s e c t i o n  w a s  assumed t o  be a t  t h e  mean tempel-ature of t h a t  par- 

t i c u l a r  sec-Lion. The inves t iga t ion  w-as c a r r i e d  out both f o r  no gap and. 

f o r  a 6-mil gap between t h e  UOz and s t a i n l e s s  steel  cladding. 

One of the fastest t r a i i s i en t s  encountered. i s  descr ibed by t h e  curves 

A.n examination was 

shown in Fig. 3.9. These curves represent  t h e  v a r i a t i o n s  of t h e  mean t e m -  

perati ires of t h e  h o t t e s t  axial  s e c t i o n  of t h e  c e n t r a l  fuel. element upon t h e  

instantaneous reduct ion  of  nuclear  power from design coiidi-t;ions t o  zero at  
30 see on t h e  t i m e  sca1.e. The gas Plor,r was loo$, and t h e  Lempera-Lure of 

t h e  gas r e tu rn ing  t o  t h e  r e a c t o r  from t h e  hea t  si.:& w a s  he1.d constant  a t  

510°F. For t h i s  p a r t i c u l a r  t r a n s i e n t ,  t h e r e  was a 5-mil gap between t h e  

UOz and cladding. The i n i t i a l  ra te  of d-ecrease of t h e  average temperature 

of t h e  1JOz w a s  approxixnate1.y 60" F/sec, whereas t h e  in i t ia l .  rate of decl-ease 
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Fig. 3.9. Temperature of W02 and 
StainlPss S tee l  Cladding of Hottest  EGCR 
Pnel Element Upon Instantaneous Loss of 
ITueleizr Power. 

of t he  temperature of t h e  s t a in -  

l e s s  s t e e l  cladding was approxi- 

mately 30" F/sec. m e  temperature 

var ia t ions  were almost completed 

a t  t h e  end of 2 min. Each curve 

very closely approximates those 

representing f i r s t -o rde r  d i f f e r -  

e n t i a l  equations in which t h e  

change i n  temperature can be rep- 

resented by f inc t ions  of t he  type 

1 - et'T, where t i s  time and z i s  

the  thermal t i m e  constant of t h e  

fuel.  Under the  conditions f o r  

which these curves were obtained, 

with 100% gas flow, the  thermal 

time constant i s  s l i g h t l y  l a rge r  

than 30 sec f o r  t he  U 0 2  as well as f o r  t he  s t a in l e s s  s t e e l  cladding. 

t hema1  t i m e  constant was found t o  increase with a decrease i n  gas flow, 

being of t h e  order of' 60 sec a t  20% ga=: flow. 

The 

Variations Caused by Loss of G a s  Fl-ow. (F. P. Green, R. M. Pierce, 

C. S. Walker) 

the  reactor  can be reduced: (1) a normal reduction i n  blower speed through 

the act ion of t h e  speed-control mechanism, ( 2 )  coastdown of the  blower upon 

the  lo s s  of dr iving torque, and (3) actior! of any quick-operating valve. 

These three  var ia t ions were examined i n  order t o  determine the  design re- 
quirements f o r  safe operation. 

t h e  speed control  actuator  w a s  simulated as a ram? decrease i n  ilow. The 

blower coastdown curves were calculated' and incorporated in to  t h e  analog 

computer f o r  t he  condition i n  which the  blower is completely declutched 

from t h e  drive motor, as  w e l l  as for t h e  condition i n  which the  motor is 
turned off and coastdown occurs with the  blower and motor f i l l y  clutched. 

There a re  three  basic  means by which the  gas flow through 

A seduction i n  blower speed by means of 

x 

3Personal communication from E. R. Taylor, ORNL. 
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Step reduct ions i n  gas flow from 100% design cond.itions w e r e  simulated t o  

represent the a c t i o n  of quick-operating valves .  lt 

The thermal model- f o r  t h i s  compu'Ger work w a s  s i m i l a r  t o  t h a t  descr ibed 

above f o r  normal. cond-itions, except t h a t  'ihe -teiIrpera-ture p r o f i l e s  used were 

those  computed5 for R i e l  channel 4-20, and t h e  heat t r a m f e r  v a r i a t i o n s  from 

t h e  fue l  to t h e  gas d-ue t o  changes 3.n gas flow were included. The nuclear  

po r t ion  of the  1-eactor w a s  a l s o  included i n  khe sirml.atrion, with s i x  d.elayed- 

neutron groups, as w e l l  a s  a f u e l  tempemture c o e f f i c i e n t  of -1.1 x io+ 
6k/"F. Scram s a f e t y  ac t ions  were in iL ia t ed  by a s e t  porint, of  1075°F OLI 

the o u t l e t  gas temperature,  or a flux-mims-flow devia t ion  of +lo$, which- 

ever occurred f irst .  A scram was assumed 'io cause a rod a c c e l e r a t i o n  of 

20 f t /sec?- .  The 6k reduct ion by- rod inser t i -on  was then  obtained Prom a 

function genera tor  which r e l a t e d  rod p o s t t i o n  a n d  rod worth. 

of 5.2% negat ive 6k w a s  i n s e r t e d  i n  1.205 see.  A 2-see f i r s t -o rde r - senso r  

de lay  w a s  included in t h e  flow s igna l .  Ano-Lhzr function genera tor  was e m -  

ployed. t o  incorporat,e t h e  e f f e c t  of af'Gerheat. The gas r e tu rn ing  t o  t h e  

r e a c t o r  was assumed. t o  remain a t  a constant  temperatuye of 510°F. 

A r n a x h i i i r n  

The examination of ramp reduct ions -in gas fl.ow revealed t h a t  decreases 

equal  t o  less  t h a n  O..'.$/sec wou1.d. not  produce rates of tempera t i re  rtse OS 

t h e  f u e l  c ladding exceeding 2,5"E'/sec. 

r e a c t o r  gas o u t l e t  temperature. It sh0ul.d be poss ib le  f o r  t h e  design. of 

t h e  ac tua to r  on the  blower speed control. mechanism to provide f o r  an 3.n- 

heren t  l imit3; t ion of t h e  ra te  of decrease of the blower speed t o  a value 

i n  the order  of 0.4$/sec. 

Scram a c t i o n  w a s  i n i t i a t e d  by a h i g h  

The b lover  coastdown curves and t h e  temperature t r a n s i e n t s  of t h e  fuel. 

are shown in Figs. 3.10 and. 3.1.1, respec t ive ly .  Tie r i s e  rim fuel cladding 

temperature af ter  an elapsed t i . m e  of 200 see is  caused by the af teyhea t .  

The t r a n s i e n t s  shown are those  for t h e  decl-utched coastdown of t h e  blow-ers 

'?I<. M. Pierce and F. P. Green, "Thermal Behavior ol" the EGCR Upon Loss 

5 ~ > e r s o n a ~  communication from G. Samuels, ORNL. 

6Persona3. comniunication from A. M. Perry, ORIVT,. 

~PCXO:XLL cormimicatioii from C. A. P r e s k i t t ,  OKDIL. 

of G a s  Flow, 'I ORNL CF-60-10-127 (Octobey 31., 1.969). 
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3.10. Effect of EGCR Main Elower Coastdown on Gas Flow Rate. 

TIME (sed 

Fig. 3.11. Temperature Transients for a Fully Declutched B l o w e r  
Coastdom. 
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f u l l y  c lutched case.  The r e a c t o r  

scram was i n i t i a t e d  by a flux- 

mli nus -f1 ow s i g n a l  approximately 4 
sec  a f t e r  'che start  of the blower 

c oas 1,d own. 

k 

A summary of t h e  e f f e c t  of 

s t e p  rpducti-on i n  gas flow from 

100% design condi t ions i s  shobm 

i n  Fig.  3.12. Rather severe t e m -  

pera ture  t r a n s i e n t s  having l a r g e  

max i inu rn  values,  as w e l l  as high 

rates of i-ncrease, were produced 

by l a rge  s t e p  decreases.  There 

w a s  no r e a c t o r  scram f o r  a 55 r e -  
duct ion  i.n flow, t h e  temperature Fig. 3.12. M a x i m u m  R i s e  i n  Mean 

Temperature o r  Pilxel Element Cladding a t  
Hot tes t  Axial  Posikion of Clnznnel 4-20 beirig l imi t ed  by t h e  negati.ve 

temperature c o e f f i c i e n t  of the Following Step Reductions in Gas Flow. 

f u e l .  'P'ne scram vas caused by 

high o u t l e t  gas temperature i n  t h e  range from 10% t o  15% s t e p  reduct ions.  

'The €l~wc.-minus-flow s i g n a l  i n t t i a t e d  t h e  scram for reduct ions of 30% and 

Larger. 

(0 

I ' 1 1 -  
0 (0 20 30 40 50 60 70 

REDUCTION IN FLOW ("AI 

Varia t ions  Caused by Reac t iv i ty  increases .  (F.  P. Green, R. M. 

Pierep, C. S. Walker) The e f f e c t  0-F r e a c t i v i t y  increases  w a s  analyzed 

t o  determine whether a s tep-value o r  ramp-insertion r a t e  ex is ted  t h a t  

would cause t h e  me ta l lu rg ica l  l i m i t  of the  fuel element c ladding t o  be ex- 
ceeded before  one of the s a f e t y  devices would t r i p  and scram t h e  r eac to r .*  

It was assumed t h a t  a r e a c t o r  scram would be caused by an outl-et  gas t e m -  

pe ra tu re  i n  excess  of 1075°F o r  by a flux-minus-flow signal  of +lo$, which- 

ever  occurred f i r s t .  The compukerr model w a s  i d e n t i c a l  t o  t h a t  employed 

i n  t h e  examinaiion of t h e  l o s s  of gas Clow acc idents .  

A 

-- 
'R. M. Pierce,  "Analog Computer Analysis of t h e  Thermal Behavior of 

the EGCIi hie t o  Reac t iv i ty  Accidents, " OHNI, CF-60-12-49 ( i n  press) .  
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Step inser t ions of r e a c t i v i t y  can OCCUI' when the  charge and service 

machine a re  operating or  during the  changing of an experiment. It has not 

been determined a t  what power l e v e l  and coolant flow r a t e  these operations 

w i l l  occur; therefore,  t h e  invest igat ion was car r ied  out f o r  varfous power 

leve ls ,  fLow ra tes ,  and s t ep  inser t ions of reac t iv i ty .  The m a x i m u m  fuel 
element cladding temperature t h a t  vas reached was approximately 20" F above 

the  operating value a t  fu l l - load  conditions with a s t ep  increase i n  6k of  

0.25$. 

l i m i t a t  ions i n  the  equipment. 

Large s t ep  increases i n  r eac t iv i ty  were not simulated because of  

In  order t o  examine t h e  e f f ec t  oT a . fa i lure  i n  the  safe ty  instrumenta- 

t ion,  it was pos-tulated t h a t  only one of t he  safety devices, e i t h e r  flux- 

i n i n u s  -f low o r  ou t l e t  gas temperature, was  operable f o r  various ramp inser-  

t ions  of 6k while the  reactor  Tn.s operating at  1005 po.vrer and loo$ flow. 

Ramp inser t ion  r a t e s  from l X 

The m a x i m u m  temperatu.re r i s e  of Yne fue l  element cladding above design 

pof-nt i s  shown i n  Fig. 3.13. Tkie flux-minus-flow scram l imited the  t e m -  

perature rise t o  less than G4"F f o r  all- inser t ion  rakes in-vestigated. 

reactor  outle-L gas temperature scram l i m i t e d  t h e  temperature r i s e  t o  less 

than 126°F. If both scram actions a re  available,  t he  maximum r i s e  of the  

cl.ad.ding temperature i s  56°F a t  a r e a c t i v i t y  inser t ion  r a t e  of 1 .22 x lom5 
~k./ s e c 

Sk/sec -to 2.5 X Gk/sec were used. 

The 

Variations During Loss of Power. (G .  Samuds)  Tle temperature of the 

gas, leaving the  core i s  of concern because of i t s  e f f ec t  011 t h e  low-tempera- 

t u r e  piping between the  attemperator and the  s tem generator. The maximum 

normal operating temperature fo r  t h i s  piping has been. specif ied as 1080" F, 

and 110 d i f f i c u l t y  is  expected wiYn short-time t r ans i en t s  up t o  50°F above 

t h i s  valiue . 
Tne two time periods of most i n t e r e s t  a re  the  f i rs t  minute after loss 

of pover and about 23 min Later when the  natural-convection gas flow is  

equal t o  the  a f te rhea t  ra te .  I n  determining t h e  temperatures t o  be ex- 

pected following a loss of power, t h e  coastdown time of the blower becomes 

of prime importance. The coastdown curves for both the clutched. and de- 

cl.ut;clied case are  presented i n  Fig. 3.10. The times required f o r  the  flow 

t o  reach 5s are  7.9 a.nd 5.7 min, respectively-, f o r  the two cases, and a f t e r  
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Fig. 3.13. Maximum R i s e  Above Design Point; of Mean Temperature of 
Fuel i?,:l.ement Claddi.i?g f o r  Ramp Increases  i n  ReacLlivi-ty with Reactor Opera- 
t i n g  a t  1.00% Power and 1.00%  low. 

8 min t h e  flow i s  est imated t o  be 4.?5$ and 3.5$, respec t ive ly ,  f o r  t h e  two 

cases.  

c lutched and. tha-i; af ter  5.7 min, when Lhe fl.ow hat3 dropped -Lo 5$, t h e  blower 

abrupt ly  stopped. 

I n  -the follow3.ng analys3.s it w a s  asslimed t h a t  t h e  blower was de-. 

The analog computer s tud ie s  gave t h e  exit gas temperature,  -the el-adding 

temperature, and t h e  UOz t e m p e r a h r e  during tlie coastdown, but  they  d i d  no-i; 

inchide -the e f f e c t  of t h e  s leeves  and moderator blocks during t h e  coastdown. 

The e f f e c t s  of t l ie s leeves  ai1.d. moderator blocks a r e  such that; t h e  tempem- 

tures found i n  the computer studies are t o o  high f o r  Lhe f i m t  10 t o  20 see 

and t o o  low therea,f tes .  The e x i t  gas teiiiperature and t h e  maximum clad.d.ing 

tempera-Lure overshoot t h e i r  normal.. values  by 35 and 90" F, respec t ive ly .  

After t h e  5.7-min coastdown of t h e  blowers, -the following temperatures w e r e  

found : 

c 
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Exi t  gas temperature 650" F 

Maximum cladding temperature 720" F 
Maximum U02 temperature 750" F 

The gas temperature overshoot for t h e  short  period after loss of 

power r e su l t s  i n  a 1080°F gas temperature i n  the  hot-leg piping, which 

should present no d i f f  icul.ties. The 90" F overshoot i n  the  temperature 

of t he  fue l  element cladding does not; lead t o  a temperature i n  excess of 
t he  1800°F maximutn allowable temperature. a Physics s tudies  have shown 

t h a t  if a f u e l  channel i s  empty, t he  adjacent channels w i l l  show an 8% 

increase i n  heat generation. If it i s  assumed t h a t  one of the  channels 

i n  the  highest  power region of t he  core i s  empty a t  the  time of t he  l o s s  

of power, some small probabi l i ty  ex i s t s  t h a t  the  temperature of t he  e l e -  

merrts adjacent t o  t h e  empty channel may exceed 1800°F. For t h i s  case the  

nominal surface temperature of t he  elements i s  1545°F. Adding 75°F f o r  

temperature asymmetries and 90°F €or t h e  overshoot, t he  temperature be- 

comes 1710°F. 

ments and the  sleeve becomes appreciable and must be considered. For a 

fuel element c lus t e r  temperature of 1800°F the  rad ia t ion  between t h e  e l e -  

ments and t h e  sleeve i s  7% of the  normal maximum power rate i n  the  reactor.  

Applying t h i s  7% t o  t h e  normal maximum heat t r ans fe r  f i l m  drop leads t o  a 

predicted reduction i n  the  temperature of 42" F. 

leaves 1668°F o r  132°F less than the  1800°F maximum allowable temperature. 

The probabi l i ty  of t h e  temperature o€ any s ingle  element exceeding i t s  cal- 

culated mean value by 132°F i s  0.01. 
channels which may be subjected t o  t h e  8% addi t ional  heat input and t h a t  

within each channel there  are a t  most 14 elements t h a t  can reach these high 

temperatures, it would not be expected t h a t  there  would be any s igni f icmt ;  

number of failures and ce r t a in t ly  there  w m l d  be no hazardous conditions. 

The length of time t h e  elements would be exposed t o  t h i s  overshoot would 

be about 10 sec. 

A t  these high temperatures the  rad ia t ion  between the  e le -  

Deducting t h i s  from l71O" F 

Considering t h a t  there  a re  only four 

'"GCR mar. Prog. Rep.  Sept. 30, 1960," 0RNL-3015, p. 25. 
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I u  examining the  t rans ien t  behavior of the fuel. el-ement, sleeve, and 

coolant temperatures a f t e r  t he  blower stops, t he  fue l  element temperatixre 

w a s  assumed t o  be 800°F along the  e n t i r e  channel and the sleeve temperature 

T ~ T R S  assumed t o  be equal t o  the  coolant temperature along the cliaanel. a t  the  

instai?-i; t he  power fa i led .  These values are  consemative i n  tha1; bo-th tem- 

peratures will ac tua l ly  be s1.igbtly l e s s .  Assuming t h a t  none of t he  a f t e r -  

heat i s  given t o  "ne coolant gas, t h a t  is, there  i s  only thermal radiakion 

between the  elements and sleeve, then t h e  fue l  element surface temperature 

and the  sleeve temperature at the  end of 5.7 and. 23 min w i l l  be as shown i n  

Fig. 3.14" A t  the eiid of 23 min the  hes-t; generation r a t e  and the  natural-  

convection flow r a t e  w i l l .  both be aboul; 1.25 of normal. 

Rakher than speculate about the  laminar S l o w  heat t ransfer  coef f ic ien t  

within the elemen'i, a d-ifferent and conservative approach w a s  used. An ex-  

amination of t he  configuration of t he  fuel. assembly, Fig. 3.1, shows t h a t  

t he  d-istance from the  f'uel elements t o  the  center of one of t he  flow areas 

j.n the  c lus t e r  i s  abowt 1/4 in.  

nant helium film t o  t he  flow i n  the  center of t h e  passages gives an ef fec t ive  

Assuming conduction thyough a I/Lt-in. stag- 
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Fig. 3.14. miel Element and Sleeve 
Temperatures a t  T i m e s  of 5.7 and 23 
min After Loss of Powerr f o r  Case of 
N o  Afterheat Removed by Convection. 

coeff ic ient  of 7 Rtu/hr- f t 2 -  o F at  

1.2% of full .  power. The maximum 

heat flux i n  t he  reactor  w - i l l  be 

2100 Btu/hr.Pt2, and the  maximum 

Lemperature difference bet-ween t h e  

f u e l  elements and the  coolant w i l l  

be 300°F. The coolant temperature 

p ro f i l e  a t  t h i s  t i m e  wi l l . .  be very 

cl-ose t o  t h a t  ex is t ing  at, t he  t i m e  

of the  power fa i lure .  Thus, the  

rmx i m u m  fue l  eleme n t  temperature 

t h a t  can exis-1; will be about 1200°F. 

In  order t o  place a l i m i t  on 

-tile maximum coolant e x i t  tempera- 

ture ,  t he  curves OP Fig. 3.15 were 

tal-culated. The coolant, tempera- 

t u r e  curves .were determined by 
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6 = COOLANT TEMPERATURE 
t = TIME AFTER LOSS OF POWER (rnin) .... 

assuming t h a t  all- the a f te rhea t  

w a s  removed by the  coolant, and 

the  f u e l  element temperatures 

were determined by assuming t h a t  

no heat w a s  removed by the  cool- 

ant. A t  5.7 min after Loss of 

power the  coolant temperature wi l l . .  

exceed 1250°F based 0x1 these as- 

sumptions, bu-t t h i s  i s  impossible 

because the  f'uel element -tempera- 

t u r e  is  800°F' and the  naximm 

1 1 1 1 1 1 1 1 s leeve temperature is 1075°F. The ...................... 400 
0 20 40 60 80 400 120 1-10 160 180 

DISTANCE FROM BOTTOM OF CORE ( in )  same argument applies t o  the 11- 
min case because there  is  no tem- 

Fig. 3.15. Fuel Element Tempera- perature avai lable  t o  raise the  
tu re  Based on No Mterheat Transfer t o  
Coolant and Coolant Temperature Based temperature of t h e  gas above about 

on Transfer of All Mterhea t  t o  Coolant. 1075°F. After 15 min, t he  file!- 

element temperahre would be 1160°F i f  no heat were t ransfer red  by convec- 

t ion ,  but the  maximum temperature t h a t  could be reached by the  gas, assuming 

all heat  t ransfer red  by convection, would be 107O0F, t i e  point of inter- 
sect ion of t he  two curves. Thus, the  -fuel elements w i l l  not be the  control-  

l i n g  f ac to r  i n  determining the  coolant ex i t  temperature from the  core. 

e x i t  temperature w i l l -  follow very closely the  graphite tempera.t;ure a t  the  

top of t h e  core. 

po~w-eer channel i n  the  core and t h a t  -the temperatures i n  the other channels 

w i l l  be less. 

The 

It should be noted t h a t  these curves are fo r  the  highest 

The r e s u l t s  of preliminary calculat ions t o  determine t h e  sleeve and 

moderator temperatures show t h e i r  average temperature a t  the t o p  of" t he  

reactor  t o  be less than 1000°F. 

t h a t  t he  annulus flow w a s  set s o  t h a t  t h e  maximum moderator ternpemture 

wodd be 1100"F, and, fur ther ,  the  flow was set s o  tha t  t h i s  temperature 

would. not be exceeded even f o r  la rge  var ia t ions i n  the  radial. f1.m i n  the  

reacetor. Tbis m e a m  thx t  most of t he  channels would be over-cooled for 

any one flux prof i le .  The t o t a l  annulus flow f o r  t h k  case w a s  about 

For these calculat ions it was assumed 

11.1 



32 000 lb/hr,  which would r e s u l t  i n  a t o t a l  core bypass of about 37 000 

t o  38 000 I.b/hi-. 

ant temperatures from the  reactor  wi.1.7. not exceed t h e  1080°F specif ied f o r  

the e x i t  pipiilg. 

For . th is  type of core flow control  the  maxiniurn ex i t  cool- 

Alternate miel Assemblies - - 

(G. Samuel-s, M. E. Lackey, R. S. Holcomb) 

Since t h e  EGCR i s  t o  serve as a "tes-i; bed" f o r  fuel elements, al ter-  

nate fuel  el..ements are being developed. 

i n  design t o  the  EGCR fuel. elements but w i l l  consis t  of d i f f e r e n t  -materials; 

other elements w i l l  be of configurations d i f fe ren t  from tlhat of tlne EGCR 

reference elements and. of various materials.  

Some el-ements will be i-dentical 

The preliminary designs of four types of beryllj.um-cl-ad fue l  elements 

ha,ve been completed. Three of these a re  shown i n  Pigs. 3.16, 3.17, and 

3.18; the  fourth is  e s s e n t i a l l y  -the same as the  reference s t a i n l e s s  s t e e l -  

U N C L A S S I F I E D  
O R N L - I ~ R - D D W G  55172 

\ G R A P H I T E  S L E E V E  

Fig. 3.1-6. EGCX Beryllium-Clad Fuel 
Elements i n  Finned Seven-Rod C l u s  Ler. 

clad. element of the EGCR. The de- 

s ign dhens ions  and operating con- 

d i t ions  a r e  simnarized i n  Table 3.2 

f o r  elements operating at, an ex i t  
gas temperature of l.050" F. 

basic  design considerations were 

an e x i t  gas temperature from t h e  

fue l  charinel of 1050°F with a maxi- 

mum surface temperature of 1300" %' 

f o r  the r n a x i m m  m-ai1abl.e pressui-e 

drop across the  rue1 col.izmn. 

design nominal surface temperature 

w a s  1150 t o  1200°F t o  allow f o r  

temperature asymmetries of l.00 t o  
3.50"F. The design w a s  r e s t r i c t e d  

t o  c l u s t e r s  o f  7, 3.2, and 19 rods. 
The Iongitudinal f i n s  on the ?-rod 

c l u s t e r  elimiilate the need for a 

The 

The 

c 
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I I N C L A S S I  FlED 
O R N L k L R -  D W G  55173  

\GRAPHITE S L E E V E  

Fig. 3.17. EGCR Beryllium-Clad Fuel 
Elements i n  Finned 12-Rod Cluster. 

mid-spacer, i n  addition t o  pro- 

viding more surface area. 

The 12-rod c lus t e r  i s  arranged 

on a c i r cu la r  p i tch  about a 1.83- 
in.-diam cent ra l  graphite rod. The 

19-rod c lus t e r  i s  arranged on an 

equ i l a t e ra l  trian,a;ular p i tch  i n  a 

hexagonal. hole wi%h rounded corners 

i n  t h e  graphite sleeve. The r a d i a l  

peak-to-average power r a t i o  l i s t e d  

i n  Table 3.2 indicates a t  what r ad ia l  

posi t ion i n  t h e  core t h e  fuel.  e l e -  

ment could operate with the  reactor  

a t  full power with t h e  same f u e l  en- 

richment as t h e  rest of t he  core. 

This r a t i o  may be varied by changing 

e i t h e r  t h e  enrichment or  t he  flow 

area  i n  t h e  c lus te r .  

The reason f o r  the  12-rod c i r cu la r  pa t te rn  ra ther  than a 13-rod hexa- 

gonal design i s  t h a t  the  random angular ro t a t ion  of t he  stacked assemblies 

i n  a channel could r e s u l t  i n  severe flow maldistribution a t  the  i n l e t  t o  

an assembly. Even f o r  aligned assemblies, t h e  flow d i s t r ibu t ion  i n  a 13- 

rod hexagonal a r ray  i s  very poor. 

these d i f f i c u l t i e s ,  but t o  a lesser degree. 

The 19-rod design i s  a l so  subject t o  

Table 3 . 2 .  Design D a b s  for  EGCR Beryllium-Clad Fuel Elements 

Number 0u.t side Inside Radial Norminal 
Diameter of Peak-to- Malcimum 
Graphit e Average Surface 

Clearance 

Rods 
( in .  ) 

of Diameter of of Between 

Sleeve Power Temperature 
Rods Beryllium Fins 
Per Tube Per 

A s  semb1y ( in .  ) Rod (in. ) Ratio (OF) 
- -~ 

7 0.75 0 0.150 2.70 0.706 1179 
7 0.75 6" 0.200 2.85 0 761 1166 

19 0.50 0 0 * 200 3.61 1.345 1183 
1 2  0.50 0 0.150 3.13 0.835 1148 

... 

~~ - 

%,,ins O.Ol+O i n .  th ick  and 0.100 in .  w i d e .  
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G R A P H I T E  S L E E V E  

Fig. 3.18. EGCR Beryllium-Clad. Fuel Elements i n  19-Rod Cluster .  

Mass and Heat Transfer  Corre la t ion  Studies  

( M .  E. Lackey, E. S Holcornb) 

The l o c a l  vel-ocity da t a  for -Lubes 1, 2, 3, and 7 obLained from a mock- 

up of t h e  EGCR f u e l  channel" a t  L/d ;= 3.9 and 0-deg o r i e n t a t i o n  have been 

reduced t o  l i n e s  of constant  ve loc i ty .  These l i n e s  are shown i n  Fig. 3.l-9* 

The vel-oci ty  d i s t r i b u t i o n  w a s  determined by graphica l  i n t e g r a t i o n  of the 

v e l o c i t y  p r o f i l e .  Tize y a t i o  of t h e  flow i n  the ou'ier channel t o  t h e  flow 

i n  t h e  inner  chamel"  a t  the bundle entrance i s  determined by t h e  r a t i o  

of t h e  f l o w  area i n  the ou te r  channel of t h e  spider Lo t h e  f l o w  area i n  
t h e  hne r  channel of the sp ider .  Values of t h i s  f low ratto are given i n  

e 

'o"CCH Quar. Pi-og. Rep. June 30, 1960," ORNTj-296L, pp. 67-80. 
"The a r b i t r a r y  d iv id ing  l i n e  i s  chosen t o  be ihe hexagon formed by 

connecting t h e  cen te r s  of t h e  six per iphe ra l  tubes .  
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Table 3.3 as  appl ied  t o  t h e  charnel  a t  L/d A comparison of t h e  

values  i n  Table 3.3 ind-icates  t h a t  t h e  flow r a t i o  has been s h i f t e d  from 

t h e  value thaL e x i s t e d  a t  t h e  entrance of t h e  fi-rst bundle, which would 

be t h e  "equal v e l o c i t y  value" of 2.125, p a s t  t h e  "equ.ilibrium value" of 

2.002 toward t h e  "ca lcu la ted  bundle entrance value" of 1.688, Some flow 

red is t r ihu t - ion  has occurred between L/d. = 3.9 toward es- 

t a b l i s h i n g  t h e  equi l ibr ium value of 2.002. 

= 3.9. e 

= 0.0 and L/d e e 

'Fable 3.3. Rat io  of the Flow i n  t h e  Outey Channel t o  
t h e  Flow i n  t h e  Tnner Channel 

Cal.culated bundle entrance r a t i o ,  L/d, = 0.0 1.688 

Experkmental r a t i o  a'i, I,/d := 3.9 1.88.: e 
Equilibrturn. r a t i o  2.002 

Rat io  f o r  equal  v e l o c i t y  i n  t h e  inne r  and 2.125 
outer  channe1.s 

A comparison of t h e  hea t  t r a n s f e r  c o e f f i c i e n t s  obtained from an Allis- 

Chal-mers hea t  t i*ansfer  experiment12 performed on a seven-rod bundle with 

60-deg mid-cluster  spacers  and. from hea t  t yans fe r  experiments performed on 

round tubes at; NACA13 and a t  Stanford with t h e  mass t r a n s f e r  

c o e f f i c i e n t s  obtained from a completely si iml.ated EGCR fuel. element15 has 

been completed f o r  t h e  cen-Lei- rod. and an outs ide  rod of t h e  seven-rod 

c l u s t e r .  For t h e  purpose of t h i s  ana lys i s  t h e  ou te r  tube was divided i n t o  

two segments. The imner segment cons is ted  of -the 1.20-deg a r c  - that  f a l l s  

wi th in  the  inner  chact.ne31i and the ouker segment cons is ted  of t h e  remaining 

2 A l l  i s  - Chalme r s , i3un 2 1  2 - C , unpub 1 i s  he d. d a t  a. 

13L. V. Humble, W. H. Lowdermilk, and. T.,* G. Desmon9 "Measurements of 
Average H e a t  Ti-ansfe-r and Frict i -on Coeff ic ien ts  f o r  Subsonic Flow of Air 
i n  Suiooth Tubes a-1; High Surface and F lu id  Temperatures," NACA Report 1020 
(1951) . 
Teiiiperature, ' I  Technical- Report No. 247-1 (May 1960), N u x l e a r  Techiiology 
Laboratory, Stanford Universi ty .  

'"M. E. Davenport and P. M. Magee, ":€eat 'Transfer t o  a G a s  a t  High 

157rGCR Quar. Prog. Rep. Sept. 30, 1.960, OK1uL-3015, pp. 53-43. 



240-deg arc. 
mass t ransfer  was  contained within the  boundaries formed by The locus of 

t h e  intersect ions of t h e  perpendiculars erected on t h e  tubes and the ad- 

jacent a,ssociated valls. 

l i n e s  i n  Fig. 3.19. It w a s  fur ther  assumed t h a t  t he  flow obtained from 
the  analysis  of %he ve loc i ty  p ro f i l e  a t  L/d, = 3.9 f o r  t h e  aligned case 

w a s  t he  flow t h a t  existed. i n  the  heat and mass t r ans fe r  experimen-t;s a t  

L/d = 0 and t h a t  t he  flow r a t i o  shifted. t o  t he  equilibrium f l o w  ra t to  
just upstream of the  mid-cluster spacer. 

c lu s t e r  spacer t h e  flow sh i f t ed  t o  a r a t i o  value of 2.086, as determined 

by the  mid-cluster spacer geometry, and t h a t  just upstream of t h e  bundle 
e x i t  spider it sh i f t ed  back t o  the  equilibrium value. 

It was assumed t h a t  t h e  flow which effected t h e  heat and 

The influence boundaries are  shown as do'cted 

e 
I% was assumed t h a t  a t  the mid- 

The data were correlated by using a modified Colburn eqiJation of 
the  form 

I\JU = j Re pro*', , ( 1) s H B s s  

which refers a11 physical properties of t he  gas t o  t he  surface conditions. 

Revrit ing Eq. (I) i n  t h e  form of it Dittus-Boelter equation and re fer r ing  
the  Reynolds moduli t o  t he  average bundle flow gives 

If 

Eq,, (2)  becomes 



The mass Lransfer f a c t o r  j i s  correc-Led from the average bundle v e l o c i t y  
t o  t h e  local.  vel-ocity and used i n  t h e  mass t ransfer-heat  t r a n s f e r - f r i c t i o n  

analog t o  determine t h e  corresponding mass c o e f f i c i e n t  C : 

M 

M 

I n  these  equations t h e  subsc r ip t  s refers t o  t h e  surface i n  quest ion,  H 

refers t o  hea t  t r a n s f e r ,  M refers t o  mass t r a n s f e r ,  a refem t o  average 

biinrlle condi t ions,  and B refers t o  the  s e c t o r  i n  question. 

The hea-1; , t r ans fe r  and mass t r a n s f e r  c o e f f i c i e n t s  C and C were HI3 m 
determined f o r  tlie cen te r  rod, t h e  inner  and ou te r  s e c t o r s  of an outs ide  

rod, and tl ie cluster average of t h e  bundle hea t  and mass t i -ansfer  exper i -  

ments, respec t ive ly .  These valuer, are shown i n  Figs. 3.20 through 3.23, 

ri.n add i t ion  t o  t h e  C val.ues determri.iieil fr.om t h e  NACA and Stanfox-d round- 

tube da ta .  I n  general  Lhe agreement; between t h e  bundle heat, and mass t r a n s -  

f e r  coeffri.cients i s  wit11i .n  7% and. withi-n. 10% (wi th  the  exception 03 tile 

f irst  h a l f  of t h e  center tube, whkh i s  wi th in  20%) of the MACA and Stanford 

d.at a a 

rn 

EGCR Control Rods 
_I.-- 

(J. W. Michel) 

The design of t h e  EGCR c o n t r o l  rod has been modified from t h a t  pre- 

vious ly  described.16J17 and is  shown i n  Fi-g. 3.24. 
of  four  5- f t - long  segments supported. on an inner  s t a i n l e s s - s t e e l  rod, The 

th ree  lower segments conta in  annular  r ings  of B4C as t h e  nuclear  poison. 

The  rod. is composed 

16"GCR Quar. Prog. Rep. June 30, 1960," OBNL-2964, pp. 35-37. 

'7''GCR Quar. Prog. Rep. Sept. 30, 1960," 0RJ!UJ-30J_5; pp. 32-34, 
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A m e t a l l i c  f i l t e r  i s  i n s t a l l e d  i n  t h e s e  segmen-ts t o  vent  t h e  B4C s e c t i o n  

t o  t h e  r e a c t o r  without l o s s  of B4C. Cool.i.ng i s  achieved by downrlow of 

cool  helimn from t h e  t o p  con-trol  rod. nozzl-e and depends on achieving a 

p a r t i a l  seal between the  outs ide  of t h e  contyol  rod and the  shroud.. The 

fou r  segments are compressively loaded by t h e  t o p  spr ing  -to maintain .a 

seal i n  t h e  bal.1.-and-socket j o i n t s  betw-een segments. 

A f u l l - s c a l e  mockup of t h i s  rod design i s  being assembled t o  es tabl . ish 

f a b r i c a t i n g  techniques and t o  ind ica t e  p o s s i b i l i t i e s  f o r  reducing t h e  c o s t  

of  t h e  rods;  for example, one segment i s  t o  be assembled. by p r e s s - f i t t i n g  

and tack-welding the p a r t s  toge ther .  A l i m t t e d .  t e s t  program i s  Lo be  per- 

formed on t h i s  rod pr imar i ly  t o  confirm cool-ing and f l e x i b i l i t y  design 

as su-mpt ions.  

Decontamination of EGCX Components __.__ 

(A. B, Meservey, J-. M. Cbilton) 

A method f o r  d-econtaminating t h e  EGCK charge and se rv ice  machines 

us ing  a carbomte-peroxide reagent  t o  dissol.ve f i n e l y  divided U 0 2  and 

a p ropr i e t a ry  oxa l i c  a c i d  mixture f o r  f ri.ssi.on-product removal w a s  de- 

sc r ibed  previous1.y. l8 

t;i.ons of con t ro l l ed  pZ1 are super ior  UO2 so lven t s  and decontaminating agents  

and t h a t  they  are only s l i g h t l y  cor ros ive  t o  mild s teel .  With t h e  oxa la te -  

peroxide so lu t ions  it i s  f e a s i b l e  t o  s i m l t a n e o u s l y  d i s so lve  UOz and d.e- 

contaminate t h e  sur faces  i n  one operat ion.  A detaj- led desc r ip t ion  of the 

proposed decontarninat i on  procedure using oxalate-peroxide has been p ih-  

l i shed .  

It has s ince  been found that; oxalate-peroxide so lu-  

I n  summary, t h e  reagen-t i s  0.4 M sodium o r  ammonium oxala te  w t t h  1. M - - 
H202, adjus ted  -to pEi 4*5 with oxa l i c  ac id ;  it i s  used a-t 95°C. The pH 

must be con t ro l l ed  by p e r i o d i c  add i t ions  of oxalic. acid., s ince  it tends  t o  
r i s e  spontaneously. Above pH 6, which may be reached i n  1/2 t o  1. hr i f  "iine 

18"GCR Quar. Prog. Rep. June 30, 1960, OKrJL-2964, pp. 31-54. 

"A. B. Meservey, J. M. Chilton, and D. E. Fergiisoo, "Decontamination 
of EGCR Charge and Service Machines, ORNL CF-60-10Jk6 (Oct. 13, 1960). 
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pJ3 is not controlled., the  peroxide decomposes rapidly t o  O2 and I120. 

a pH of 6.5 and a temperature of 95"C, whole s in te red  U 0 2  s lugs of the  

EGCR type can be dissolved i n  2 t o  3 hr, with a corrosion rate on mild 
s t e e l  of about 0.007 mil/hr. A t  a lower pH, the  corrosion r a t e  i s  higher, 

and t h e  oxalate ion reac ts  a t  increased rates with the  peroxide t o  produce 

GO2 and water. 

than with any other  low-corrosion reagent tes ted .  

erable  t o  sodium oxalate because it is  cheaper, more effect ive,  more soluble, 

and eas i e r  t o  dispose of than sod.ium oxalate. 

A t  

Fission product decontamination i s  b e t t e r  with t h i s  reagent 

Ammonium oxalate i s  pref-  

Recent comparisons between peroxide-oxalate mixtures and other reagents 

have shown t h a t  these mixtures a l so  rank high i n  deconta.minating t-ype 347 
s t a in l e s s  s t ee l . 20  m e  corrosion r a t e  of 1% I I ~ S O ~  on type 347 s t a in l e s s  

steel at; 95°C w a s  reduced from 0.016 mi l /hr  t o  0.001 mil/hr by making it 
1 M i n  H202.  

mixtures. 

Peroxide al-so reduced t h e  corrosion rate of sulfur ic-f luoride - 

Helium Pur i f ica t ion  System S-tudies 

( J .  C. Suddath, C. D. Scott)  

Experimental d a t a  per t inent  t o  t h e  design of coolant pur i f ica t ion  

systems for high-temperature gas -cooled reactors  and in-p i le  loops are 
being obtained. The coolants under consideration are helium and carbon 

dioxide with both radioact ive and nonradioactive contaminants. 

A k ine t ics  study of t h e  oxidation of H2, CO, and CHL+ i n  a flowing 

stream of helium by O2 i n  a f ixed bed of Girdler G-43 platinum ca ta lys t  

has been completed.21 The experimental tes ts  were car r ied  out i n  the  2- 

in.-diam oxidizer of t h e  helium pur i f ica t ion  t e s t  f a c i l i t y  described pre- 

vioixAy. 2 2  Twenty-five tests were made t o  study the  c a t a l y t i c  oxidation 

zoA. Be Meservey, "Decontamination of EGCR Component 6, '' ORKL CF-60- 
12-37 (December 1960). 

21C. D. Scot t ,  "Kinetics of the Catalyzed Oxidation of Hz, CO, and 
C114 by Oxygen i n  a Flowing Strean 0% Helium," ORNL-3043 ( i n  press) .  

22"GCR Quar. Prog. Rep. March 31, 1960, I' ORNL-2929, pp. 54-56. 
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of H2 a t  500°C + 20°C and 300 p s i a  w i t h  c a t a l y s t  bed depb'ns of 6 and 1 2  

l.n. 

were used f o r  eaxh bed size, and t h e  hydrogen concent ra t ions  were v a r i e d  

from 0.35 .to 2.00 vol  $. The d a t a  obtalined i n  t h e s e  t es t s  are presented  

i n  Table 3.4.  

Two gas f low rates, approximately 28.4 and 93.0 s t d .  l i t e r s /min ,  

F i f t e e n  similar experimental  tests w e r e  made  i n  t h e  s tudy  of t h e  

In  t h e s e  t e s t s  t h e  bed -temperature w a s  500°C L 25'C, ox ida t ion  of CO. 

t h e  p re s su re  w a s  300 ps ia ,  and t i le c a t a l y s t  bed depths  were 3 and G i n .  

Tnree d i f f e r e n t  gas flow r a t e s ,  approximately 28.6, 49.3, and 92.4 s t d .  

Table 3 .4 .  Fxperimenid D a t a  from the Kinetic Study o f  the Oxidation 
of H2 with 02 i n  a Fixed Red of Girdler  G-43 Cata lys t  

_- -. _.̂-.I- -.-- 

i n i t i a l  Final 
BE& Average Bed Tota l  Gas Concentration Concentmt  ion 

-__ Run 
No. Hei.ghZ 'i'emperatwc Feed Rate 

( i n . )  ("C) (g-mo1e/min) 1i2 0 2  H2 02 
(VOl $) ( V O l  $) ( V G I  $) ( V O 1  $) 

--_____I 

4B 
4c 
4 D 
4 E 
4 F  
5c 
50 
5E 
6B 
6C 
7A 
7H 
71, 
7 E  
8 B  
9A 
9c 
9D 
10B 
1 L A  
11B 
1 . K  
I ID 
11E 
1.3A 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

12 
12  
12 
12 
12 
12  
12 
12 
12 
6 
6 
6 
6 
6 
6 

5 10 
490 
500 
515 
490 
490 
490 
490 
5 10 
490 
490 
490 
500 
490 
505 
49 5 
520 
500 
515 
490 
500 
5 10 
505 
500 
5 10 

1.. 28 
1.28 
1 . 2 %  
1.28 
1.28 
1.27 
1.27 
1.27 
1.26 
1.26 
1.- 27 
1.27 
1.27 
1.27 
1.26 
4.15 
it. 15 
4 . 1 5  
4.13 
4.15 
4.15 
4.15 
4.15 
4.15 
4.13 

2 .ooo 
2 .ooo 
2 .ooo 
2 .ooo 
2.000 
I. 000 
1.000 
1.000 
0.400 
0.400 
0.830 
0.830 
0.830 
0.830 
0.350 
I. 010 
1.. 010 
1.03.0 
0.430 
1.050 
1.050 
1.050 
1.050 

0,540 
i .o50 

0.956 
0.900 
0.887 
0 . w 4  
0.691 
0.499 
0.503 
0.517 
0.260 
0.246 

0 .41.5 
0.411 
0.409 
0.175 
0.481 
0.445 
0.399 
0.213 
0.41.8 
0.447 
0 . 4 . 7 t k  
0.309 
0.240 
0.221 

0.413 

0.142 
0.204 
0.238 
0.460 
0,500 
0.013 
0.012 
0.003 
0.002 
0.003 
0.007 
0.004 
0.009 
0.014 
0.002 
0.052 
0.123 
0.214 
0 e 006 
0.217 
0.173 
0.124 
0.434 
0 570 
0.100 

0.027 
0.01.1 
0.006 
0.004 
0.002 
0.006 
0.009 
0.018 
0.061 
0,O~tS 
0.001 
0.002 
0.001 

<o .001 
0.001 
0.002 
0.001 
0.001 
0.001 
0.002 
0.002 
0.002 
0.001 

<o .001 
0.001 
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l i ters /min,  and CO concentrations from 0.425 t o  l .94 vol $ were used. 
The data from these tes ts  a re  preseiit8ed i n  Table 3.5. 

Seventeen experimental tes-ts were made i n  .the study of t h e  oxida,- 
t i o n  of CH4.  

w i t h  CO. The gas flow rates were approximately 24.4, 49.2, ant3 93.0 s td .  

lit,ers/min, and t h e  CH4 concentrations varied from 0.219 t o  0.627 vol $. 
The data obtained i n  these t e s t s  are l t s t e d  i n  Table 3.6. 

The tes t  conditions were the  same as those used i n  the tests 

The experimental data have been correlated empirical1.y i n  a manner 
similar t o  t h a t  outl ined by Weller. 23 

equations f o r  determining the necessary bed volumes were determined. 

Apparent react ion r a t e s  arid design 

23S.  Weller, "Analysis of Kinet3-c Data f o r  1jeterogeneou.s Reactions, '' 
AIChE Journal, Vol. 2, No. 1, p. 39 (1956). 

Table 3.5. Experimental Data from the Kinetic Study of the Oxidation 
of CO with 0 2  i n  a Fixed Ded of  Gi rd le r  G-43 Catalyst 

Init i a d  Final 
Bed Average Bed Total. Gas Concentration C oric entr  a t ion  Riun 

No Height Temperature Flow Rate 
( i n . )  ( " C )  (g .mole/min) co 02 co 0 2  

( V O l  $) ( V G l  $) ( V O l  $) ( V O 1  $) 

5A 6 
6A 6 
7A 3 
713 3 
8A 3 
8R 3 
8 C  3 
9B 3 
96 3 
9F 3 
10A 3 
10B 3 
l0C 3 
1lA 3 
11B 3 

5 10 
495 
480 
48 5 
520 
515 
520 
510 
470 
5 10 
480 
500 
505 
520 
510 

4.14 
1.30 
1.28 
1.28 
4.14 
4.14 
4.14 
1.27 
1.2'7 
1.27 
4.10 
4.10 
4.10 
2.20 
2.20 

0.95 
1.74 
1.06 
1.06 
1.09 
1.09 
1.09 
0.463 
0 .A63 
0,463 
0.425 
0.425 
0.425 
1.08 
1.08 

0.3767 
0.9613 
0.0307 
0.4192 
0.3142 
0.3948 
0.4648 
0 .  GO71 
0.0261 
0.2331 
0.1613 
0.2105 
0.1956 
0.3372 
0.4234 

0.1969 
0.0240 
0 a 9388 
0 2252 
0.4624 
0.3060 
0.1'710 
0 .4.498 
0 ,41s.2 
0.0316 
0.1096 
0.0213 
0.0478 
0 .It072 
0,2376 

0.0003 
0 0033 
0 000.1. 
0,0018 
0 * 0004. 
0 D 0028 
0 e 0003 
0.0005 
0.0002 
0.0074 
0 00.36 
0.0086 
0.0070 
0 0 0008 
0 10022 

. 
12.5 



Table 3.6.  Fxperimental Data from the Kine t ic  Siuiiy of the Oxidaiion 
of CHI, with 0, i n  a Fixed R e d  of Girdler  C-43 Cats lys t  

In i t i a l .  
Bed Average Bed Total. Gas Concentra Lion Run 

No. Height Temperature Flow Rate -... 
(in.) ("C 1 (g.mole/rniu) C H L ~  02 

(vol  $) (vol $) 

1B 
1c 
3A 
2R 
3A 
3c 
5A 
7A 
?B 
8A 
9A 
9H 
9c 
IOA 
10B 
1.1A 
118 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
3 
3 
3 
3 
3 
3 
3 

490 
500 
560 
545 
480 
490 
505 
540 
530 
530 
515 
490 
500 
480 
530 
530 
5 10 

1.277 
I. 277 
I. 280 
I. 277 
1.263 
1.272 
4 .I4 
4.14 
4.14 
4.1.2 
2 .1.8 
2.18 
2.18 
1 * 272 
1. * 272 
2.20 
2.21 

0 .  Lb?60 
0 .4760 
0.5400 
0.5400 
0.2190 
0.2190 
0.3520 
0 .M50 
0 .4-450 
0.3780 
0 "3660 
0 I 3660 
0.3660 
0.3920 
0.3920 
0.6270 
0.6270 

0.7149 
0.5800 
0.5092 
0.3081 
0.0101 
0.4746 
0.5725 
0.8308 
0.6500 
0 .4 770 
0.0122 
0.3666 
0.5325 
0.5351 
0.3639 
0 .?552 
0.7668 

Fha l .  
Concen Lra-Lion 

-..- .....____. 

c HA 02 
(vol  $) (vol  $) 

0.1.21.0 0 ~ 0049 
0.1906 0.0092 
0.2860 0.0002 
0.3860 0.0001. 
0.2140 0.0001 
0.0307 0.0982 
0.1034 0.0533 
0.0606 0.3.020 
0.1242 0.0094 

0.3600 0.0002 
0.1983 0.0306 
0.1325 0.0655 
0 ,14..5 0 a 0.341. 
0.2155 0.0109 
0.2550 0.0012 
0.1488 0 * 01.04 

O.lLt26 0.0062 

f 0 7 a  carbon monoxri.de with  l e s s  t h a n  stoichiometric oxygen, 

5 
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Tor carbon monoxide with grea te r  than stoichiometric oxygen, 

f o r  methane, 

2.21% 'CHfYOo 
v -  

r 2 G 0 ' r ' 7 2  (iyCHo - yo.) In( 'CHOYOf ) 
In these expre-c' 0 0 1ons 

V = volume of cataly-Lic bed required, em3, 

F = gas flow ra te ,  g*mole/min, 

= i n i t i a l  mole f rac t ions  of H2, COY CH4, and 02, 
'H 0 " C o y  'CHOY ' 0  0 

= f i n a l  mole f rac t ions  of H2, CO, CH4, and 02, 'Hf' 'C,.' 'CHf9 'Of 

'r\ = t o t a l  pressure, a-Lm, 

G = mass f l o w  rate, g.mole/cm2*min. 

EGCR Hazards Evaluation 

Graphite Oxidation (M. H. Fontana) 

In  t h e  event t he  maTn coolant envel-ope of the  EGCH ruptures, a i r  i s  
l i k e l y  t o  en ter  the system. There a re  areas i n  the  EGCR where unprotected 

graphite surfaces are at terfi-peratures exceeding 1100" F, and igni t ion  might 

oceu.r at these surfaces. The  containment vessel. i s  not designed t o  with- 
stand e i t h e r  t h e  pressures and temperatures generated by combustion of a 
s igni f icant  f r ac t ion  of the graphite o r  t he  increase i n  fission-product 
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release which would accompany -the oxida'cion excursion. Therefore, some 
means i s  requi red  t o  c o n t r o l  or t o  eliminate g raph i t e  oxidation. 

A two-phase experimental  program i s  under way a t  Hanford2' t o  inv-esti- 

ga t e  the EGCR g raph i t e  oxidat ion problem. The b a s i c  experimental  s tudy w i l l  

provide information on t h e  e f f e c t s  of f a c t o r s  such as densri.ty, pu r i ty ,  coke 

and p i t c h  source, temperature, coolant  f low rate, gama-ray  f i e l d  in t ens i ty ,  

j.rra.diation damage, sur face  area-to-volume r a t i o ,  oxygen p a r t i a l  pressure 

i n  Lhe coola-at, p r i o r  oxidat ion,  slid water vapor i n  t h e  coolant .  Laboratory- 

s c a l e  experiments are planned -Lo Lest 'ihe v a l i d i t y  of -Liieoretical models i n  

t h e  p red ic t  ioil of ignit i O i 1  c0nd.i.t ions .  

Along with t h e  labora tory-sca le  s tud ie s ,  exper iments are beiing con- 

ducted with a si.niula,ted EGCR fuel-channel  and a n m l u s  assembly. This pro'io- 

type  i s  f u l l  s c a l e  j.n t h e  rad.ial. dj . rect ion and. is 6 ft long, whereas t h e  

EGCR channel i s  19.5 f t  long. Prel iminary tes t s  w e r e  run on t h e  annulus 

region of Yrie f i ~ l  channel, and ti; w a s  shown that run-away combustion could 

be expected i n  t h e  annulus a t  gra.phite temperatures of abou-t 1100"E' and 

annulus flow rates eqii ivalent t o  6.5% of 40 000 l b /h r  of aTr. 

is  being modified for  tes ts  of t h e  e f f e c t s  of fl .ow throug'n t h e  central- chan- 

n e l  with a simulated r ad ian t  heat, load  from t h e  fuel  el.ement t o  the inner  

sur face  of t h e  s leeve .  

The assembly 

Since it i s  probable t h a t  t h e  sI.eeves w i l l  be subject, t o  ca t a s t roph ic  

oxida t ion  i n  t h e  even'i of a rupture o f  t h e  main coolant  system i f  s t e p s  

are not  taken  t o  p ro tec t  them, -the fol lowing proposed schemes f o r  p r o t e c t -  

ing  t h e  system have been stud.i.ed : 

1. Valve o f f  t h e  ruptured coolant  system and al-lo-w. t h e  a i r  ths.1; has 

entered  t h e  system t o  burn while con-tiim-ing t o  c o d  t h e  reecLov with t h e  

reimining coolant  system. 

2. Valve off t h e  ruptured system and, whri.le cooling t h e  r e a c t o r  w i - t h  

t h e  remaining system, provide a purge gas t o  1-edii.ce t h e  oxygen concentr3- 

LJ.OD rim the core or to prevent entry of oxygen to t he  core. The gases t h a t  

may be used are helium, ni t rogen,  and. carbon dioxide,  

L .* 

'/'M. H. Fon-Lana and F. L. Carlsen, Jr., "Report on 7Yri.n to Hanford., 
June 28-29, 1960, Concerning t h e  Graphite Research Progr2.m Per-Lrinent to 
t h e  EGCR, '' ORNL CF-60-7-78 (Jh1.y 20, 1960) . 
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3. Completely i s o l a t e  t he  reactor  and remove the  heat by external  

cooling of t he  reactor  pressure vessel .  

4. Maintain t h e  reactor  blanketed with nitrogen. 

5. In j ec t  a chemical inh ib i tor  such as chlorine gas, freon, or  carbon 

te t rachlor ide.  

6. Use a solid-phase inh ib i tor  i n  t h e  graphite. 

7. Cool the  core by means of a water o r  fog spray. 

8. Coat the sleeves with a nonreactive material  and allow the modem- 

t o r  t o  burn. The low a i r  supply i n  the  annulus might reduce the  heat from 

combustion enough so  t h a t  conduction of heat through the  sleeve t o  t h e  main 

gas stream could remove both the  chemical and decay heat. 

It i s  believed t h a t  the  instrumentation and control  needed t o  determim 

which system ruptured would be of su f f i c i en t  complexity t o  ru l e  out methods 

1 and 2. I n  addition, t h e  vol.umes of gas required -for method 2 would be 

qui te  large.  Method 3 i s  considered t o  be feasible ,  although some fueL ele- 

ment melting might occur i n  the  center of t he  reactor.  She l l  cooling coul-d 

be obtained e i t h e r  by eliminating the thermal insulat ion or by irzstalling 

cooling c o i l s  under t h e  Lnsul-at ion. 

t he  reactor  and would require excessive design changes f o r  providing a 

local ized i n e r t  gas blanket around a l l  primary system components and piping. 

Method 5 appears t o  be feas ib le  inasrmcli as chlorine gas has been shown 

Method 4 wou.1.d comp1.i.cnte operation of 

t o  be qui te  e f fec t ive  i n  inhibi t ing graphite oxidation,25 but t he  conse- 

quences of inadvertent operation of t he  chlorine-in<jection. system and the  

precautions necessary t o  prevent it are  considered t o  be t o o  d r a s t i c  f o r  

t h i s  application. Method 6 would be the  most desirable,  but; no inh ib i tor  

i s  known at  t h i s  t i m e  t h a t  possesses rad ia t ion  s t a b i l i t y .  Method 7 is  

feasible ,  but it suffers from instrunentation and control  problems. The 

consequences of accidental  operation of a water spray system would not be 

as severe as t he  consequences of chlorine inject ion,  but it wou.ld. be neces- 

smy for t he  system -to operate quickly when required. Further, the  system 

would have t o  be of su f f i c i en t  r e l i a b i l i t y  t h a t  t e s t i n g  wodd not be reqixired 

25R. E. Dahl, "Preliminary Evaluation of Chlorine f o r  Use as a Gas- 
Cooled Reactor Safeguard, " USAEC, HW-63902 (February 1960). 

x 
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during t h e  l i fe t ime of t h e  r eac to r .  This las t  requirement is a major 

drawback. 

Method 8 i s  considered t o  be t h e  most promising of  t h e  poss ib le  means 

of con- t ro l l ing  t h e  oxidat ion.  S i l i con ized  s i l i con-carb ide  coa t ings  are 

ava i l ab le ,  and prel iminary tes-Ls have shown them t o  be s t a b l e  i n  a r ad ia -  

t i o n  environment, It i s  not  p r a c t i c a l  t o  coa t  t h e  inner  su r face  of t h e  

moderator because of i t s  l a r g e  s i z e  and t h e  p rec i se  temperature and . t h i n g  

con t ro l  requi red  t o  apply t h e  coat ing,  Fur-Lhermore, t h e  i n t e g r i t y  of t h i s  

coa t ing  over the l i f e t i m e  of t h e  moderator cou1.d not be assured. The 

s leeves  can, however, be coated. t o  t h e  degree necessary t o  provide oxida- 

t i o n  pro tec t ion .  This scheme does not r equ i r e  opera t ion  of any- mechanism 

or inst rumentat ion,  bu t  it does r equ i r e  continued opera'i-ion of one bl.oszTer 

af ter  t h e  acciden'i. There i s  no reason a t  t h i s  time t o  expect both main 

blowers t o  fail concurrerytly with release o f  t h e  main coolant .  

Analy t ica l  and experime:ntal eva lua t ion  of t h i s  scheme i s  now under 

way. A d i g i - t a l  computer program has been szt up by Allis-Chalmers i n  .which 

t h e  temperature t r a n s i e n t  from both decay hea t  and chemical oxidattoon hea t  

can be determined.. Prel iminary calcul .a t  i.ons have been made t o  determine 

t h e  s t eady- s t a t e  temperatures requi red  t o  remove t h e  decay and chemical hea t  

based on t h e  chemi.cal reackion i n  the  annu1u.s being l i m i t e d  by t h e  supply 

of air i n  t h e  annulus. It was found that an e x i t  gas ternprr.3;ture o f  around 

1200" F would r e s u l t .  

The corriputer s tudy w i l l  provide a means f o r  determining t h e  effect  of 

s t o r e d  hea t  i n  the g raph i t e  on t h e  trans;ient temperatures and reac-Lion 

rates as a funct ioi i  of t i m e .  By varying t h e  percentage of t h e  s leeve  t h a t  

i s  sub jec t  t o  oxidat ion,  t h e  requi red  e f f ec t iveness  of t h e  s leeve  coa t ing  

can be found.. 

can be stopped an-d. cool ing i n s - t i t u t e d  by tj?e v e s s e l  cool ing compressor w i 1 . l  

be found. 

AI-so, t h e  time after t h e  acci-dent a t  which blower opera t ion  

The prel iminary rate equat ion t o  be used was determined by a I.ea,st- 

squares fit of results of s i x  d i f f e r e n t  i n v e s t i g a t o r s  who have reported 

d.ata on oxida'cion of high-puri ty ,  reactor-grade gray~hi te .  26 The d a t a  were 

* J. W. prad.os, 
Graphite Oxidation, " 

"Estimation of Xeactions and Heat Release Xates f o r  
OxrJL CF-60-10-131 ( OcLober 19, 1-5360) 
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foimd t o  l i e  within a f ac to r  of 6 spread when correlated i n  terms of oxygen 

p a r t i a l  pressure and ac t ive  mass of graphite. Firs t -order  dependency on 

oxygen p a r t i a l  pressure w a s  assumed, and t h e  ac t ive  mass of graphite w a s  

found by means of t he  depth-of -oxidation concept. 

As the  teniperature of t he  oxidation react ion is increased, so l id-  

phase d i f f i s i o n  of t h e  reactants  t o  the oxidation s i t e s  i n  t h e  graphite 

and diffusion of t he  products out t o  the  gas stream become the  l imi t ing  

fac tors  i n  the  over-al l  chemical react ion rate. If it i s  assumed tha t  

t h e  react ion r a t e  a t  any point within the  graphite body i s  dependent on 

the  concentration of oxygen at  t h a t  point, a p ro f i l e  of r a t e  versus depth 

from t h e  surface can be found analyt ical ly .  The depth-of-oxidation con- 

cept consis ts  of defining a pseudo depth of oxidation i n  which the  r a t e  

i s  the  same as t h a t  i n  the  surface of t he  specimen so t h a t  t h e  t o t a l  weight- 

loss r a t e  i s  eqyal t o  the  integrated r a t e  given by t he  ana l ty ica l  solution. 

It, w a s  found t h a t  t h i s  procedure was ef fec t ive  i n  reducing the  spread of 

t h e  reported rates. Since graphite oxidation rates are  qui te  sens i t ive  

t o  fac tors  such as coke and p i tch  smrce ,  impurit ies,  et,c., a f ac to r  of 

6 spread w a s  considered t o  be sa t i s fac tory .  The least-squares f i t  of t he  

chemical react ion rates was found t o  be 

where k i s  the  weight f r ac t ion  oxidized per hour and T is i n  degrees Kelvin. 

In  calculat ing bhe heat released by oxidabion, t h i s  r a t e  must be ap- 

p l ied  t o  the  ac t ive  mass of graphi te  t o  f ind  the  t o t a l  weight l o s s  per un i t  

surface area. The equation of heat re lease per un i t  surface area and unit 
time is then 

where Q/S i s  t h e  heat re lease  per mi-t surface area per un i t  t i m e ,  AB i s  

t'he chemical heat re lease  per un i t  of m a s s  burned, p i s  t h e  density of t he  

graphite, 1, i s  the  depth of oxidation, and k i s  t h e  react ion r a t e  defined 
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above. The depth of’ oxidation, L, i s  given by the  expression 

where M i.s the  molecular weight of carbon (12.01), k is  the  react ion s a t e  

defined above, R i s  t‘ne gas constani, T is  t h e  absolute temperature, and 

D The value 

of D 
is  the  e f fec t ive  diff’usivity f o r  oxygen i n  graphite pores. 

P 
( i n  I”t2/hr) can be found from t h e  r e l a t ion  

P 

where E i s  porosity (pore volume divided by t o t a l  sample volume) and P 

is  t h e  a b s o h t e  pressure i n  atmospheres. 

By combining Eqs. (I.)> (2), ( 3 ) ,  and (4), and subs t i tu t ing  niimbers, 

t h e  followj.ng equation f o r  heat  re lease was obtained: 

0 . 2 5  -19 900/y’ 
4 = 7.53 x 107 S ? 

where, i n  t h i s  case, Q i s  i n  Btu/hr, S i s  i n  ft;‘, and T i s  i n  OR. 

t ions  (1) and. (5)  were iatend.ed t o  be preliminary and subject t o  revis ion 

as ac tua l  data  on EGCR graphite became a-vai la’ole  from .the Hanford t e s t s .  

T’relimiaary r e su l t s  show t h a t  t he  oxygen dependency i s  not f i rs t  order, 

being approximately 0.62 order a t  500°C and 0.79 order  at, 600°C. 

EGCR graphi te-air  react ion data  can therefore  be f i t t e d  by the  equation 

Fqua- 

The actual  

This equa-Lion .is remarkably close t o  t he  least-squares equations found by 

Prados over t h e  -tempers,tiire rajnge of i n t e re s t .  
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A t  t he  present; time it appears t h a t  coating of t he  sl.eeves w i l l  be 

ef fec t ive  i n  inh ib i t ing  graphite oxidation i n  the  %CR. 

a,nalytical. work i s  under wa,y t o  ver i fy  this ,  and work wi , l . l  continue i n  

evaluatirlg some of the  other  possi'ole schemes. 

Experiraental  a d  

Iden t i f i ca t ion  of Maximum Credible Loss of Pressure Accident f o r  EGCR 
71-1. N. Culver) 

The loss  of pressure accident i;ha.t w a s  described i n  the  preliminary 

hazards report  for the  EGCRZ7 w a s  post-ulated t o  r e s u l t  from the double- 

ended f a i l u r e  of the  coolant-system plping. The double-ended f z i l u r e  was 
assumed, i n i t i a l l y ,  not because siich a f a i l u r e  w&s believed t o  be credible, 

but because the consequences of any other failure whose credibi l . i ty  w 8 s  un- 

evaluated would not exceed the consequences of the double-ended failure. 

Such an assumption was j u s t i f i e d  became information vas not avai lable  a t  
the  time the  preliminary report  was m i t t e n  f o r  evaluating a l l  possible 

modes of failure. 

Since the  design i s  nearing com-pletion, t he  RFC' appointed a t a sk  force, 

consis t ing of representat ives  from Kaiser Engineers, Allis-Chalmers, Oak 

Ridge National Laboratory, and the  Tennessee Valley Authority, f o r  t he  

spec i f ic  task  of' establ ishing the la rges t  o r  most serious l o s s  of pressinre 

accident t h a t  can be considered as credible  i n  the  EGCR a;; it, i s  being 

designed and constructed. The t a sk  force completed t h e i r  assignment i n  

December 1960 with a report" t ha t  d-iscusses the  modes of f a i l u r e  which 

are possible i n  high-temperature, high-pressure piping systems and then 

reviews the  failure experience t h a t  e x i s t s  i n  systems under somewhat com- 

parable conditions. This background. information i s  then used i n  evaluating 

the  probabi l i ty  of f a i l u r e  of various pa r t s  of t he  EGCR coolant system. 

The t ask  force concludes i n  the  report  t h a t  the  maximum credible  loss- 
of-pressure accident i n  the  EGCR w i l l  not expose an area of t h e  pressurized 
helium systen any greater than the  cross  sect ional  a rea  of the l a rges t  pipe 
i f  a number of recornendations a re  followed. Included i n  the  recommendations 

* 7"Experirnental Gas-Cooled Reactor Preliminary Hazards Summary Report, 
0110-196, with Supplement , May 1959. 

28Unpublishefi report  dated Pecember 1960. 
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a r e  (1) measures t o  physically r e s t r i c t  t h e  displacement of piping in. some 

key locations,  i n  the unl ikely evenl; of a clx?@u.mferential f a i l u r e ,  and. ( 2 )  

statements which emnphasize t h e  importance of r i g i d  control  of specif ica- 

t ions,  i.nspectioii, fabr icat ion,  choice of materials,  and t es t ing .  The 

s t i x l y  points  out t h e  di.fficul-t;y of defini-ng "maximxn credilnl..e" i n  r e a l i s t i c  

terms.  The cred.i.bil..lity of a f a i l u r e  must necessar i ly  be re la ted  t o  a 

f inrite probabi l i ty ,  but t h e  deternILnation o f  t h e  probabi.l.i.ty canno-t be 

based on technlical. considerations alone, Although it m a y  be possible t o  

eliminate many types of failure by proper design, there  always cx is t s  a 

small probabi l i ty  t h a t  huiian error  has been introduced in-to design, fabri-  

cation, i.nspection, o r  opei-ation. Theref ore although recommendations were 

estalbl.i.shed. t o  reduce the  incidence of fai.l.i.ire, it w a s  not possible  t o  
elimj-nate the  credi.'oil.ity of f a i l u r e .  Likewtse, i n  determining t h e  maxi- 

rnu.m size opening, the himan e r r o r  mus-t be consid.ered. 

approach -Lo the  problem i s  t o  use d u c t i l e  mater ia ls  so that, i f  a f a i l u r e  

occurs it w i l l  resu1.t i n  s m a l l  cracks o r  longi tudinal  breaks, the  hman 

e m o r  which m a y  be i.ntroduced i n t o  the mater ia ls  during fablaicatioii makes 

it possible t h a t  the d u c t i l i t y  of the  mater ia l  may be red.iiced. d.iring i t s  

life'iime. Thus, although recommendations a r e  made t o  reduce 'ihe proba- 

b i l i t y  of siich human errors ,  t h e  possibili-ty- of a f a i l u r e  being l a r g e r  

Ynan expected i n  d u c t i l e  mat,erial canno-t; be elirninated comple'iely. 

sing]-e-ended f a i l u r e  i s  theref  ore defined as t h e  maximum credible  fai.3_isl-e 

based. on (1) physically r e s t r i c t i n g  'che pi.pi.jlg system i n  key locat ions so 

t h a t  double-ended. fai.l.u.re i s  not possible and. ( 2 )  providing f o r  inspec- 

t i o n s  t e s t s  t o  preclude the  possihil i-by of a nonductile f'ailure f o r  

t h e  posation of 'ihe piping excernal t o  t h e  b io logica l  shield.  

Al-tiiou.gh t h e  general 

A 

Empi ri cal- Repre scniat ion of Neutron Exposure 
of Moderator Co3umns i n  EGCR 

(F. J. Stan.ek) 

I t  i s  k m w n  t h a t  nuclear i r r a d i a t i o n  of g-m.pbite bodies causes d i -  

mensional changes, which, i n  LWLI, nag induce severe intenial. stresses. 

A study of such stresses atid t h e  s t r a i n s  i s  anal-ogous t o  a study of t h e  
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stresses and s t r a i n s  caused by temperature var ia t ions  within the  body. 

i r r ad ia t ion  e f f ec t  i s  primarily the r e s u l t  of fast-neutron exposure, and 
th .e  mathematical expression for -the exposure repl-aces t,he temperature func- 

t i o n  i n  the theory of themnoelasticity. 

The 

Theoretical  values fo-r the  fast-neutron f l u x  dis t r ibu-t ion over the 

mi.d-plane of the core region i n  the  EGCR have been obtained riimerically,29 

but 

induced stresses. 

for~mlla t h a t  would give a good appromhation of -the numericaJ. r e s u l t s .  

formula for each column t h a t  cou1.d be solved by simple ana ly t ica l  means 

from a r e l a t i v e l y  snm.11 set of tabinl-ated Tralues w a s  sought. 
of t h i s  st1udy3' a r e  summarized here. 

ana ly t ica l  expression for the exposure i s  needed i n  evaluating the  

Therefore an attempt was made t o  derive an empirical 

A 

The results 

The general. form of the empirical  formula consis ts  of 49 terms t h a t  

redme t o  seven terms when one of t he  coordinates i s  held constant.  The 

formula i s  wr i t ten  i n  the  followins matrix form: 

D(x,Y) = (-1 y/lG cospy cos2py eos4,gy sinpy sin2pyI A 

where 

x,y) = exyosure d i s t r ibu t ion  over an individual 16-in. by 16-in. 
graphi te  block i n  megar.Tal;t days per adjacent ton f o r  a 20-yr 
period times lom4, 

x,y -- rectmgul-ax coordinates f o r  a s ingle  block, 

p = Tr/$, a proport ional i ty  f ac to r  f o r  converting l i n e a r  coordinates 
t o  angular coordinates, 

R = 7 'oy 7 coef f ic ien t  mzLtr ix .  

"''GCR Quar. Prog. Rep. Sept. 30, 1953," 0RM;-2835, pp. M .  
30F. J. Stanek, "Empirical Representation of t he  Neutron Ex-posure of 

the Moderator Blocks i n  the  EGCR," OPJYL CF-60-3-4 (Nov. 11, 1960). 

1.35 



The values of t h e  49 constant coef f ic ien ts  ( t h e  elements of m.atr3.x A) 

of Lhe general empirical formula were c a l c d a k e d  from an o r i g i n a l  set of 
81 values corresponding t o  points  imiformly dis- t r ibuted over the  cross 

section of the  column, The d e t a i l e d  development of the  empirical formu.la 

and the  method f o r  calciil-ating Lhe values of the 49 coeffj.cients a r e  g3.ven 

i n  a report3' thaL also includes t h e  values of these coef f ic ien ts  for each 

column i n  one octant of t h e  core (10 columns), which i s  s u f f i c i e n t  because 

of the cole sy-mne-Llyy. 

A de ta i led  graphical comparison of Lhe empirical r e s u l t s  with the  

ori-ginal numerical d a t a  f o r  col.umn No. 82 i s  g.ven i n  Pigs .  3.25 through 

3.29, where t h e  var ia t ion  al-ong one coordinate, y, i s  shown f o r  the des- 

tgnated values of t h e  other, x. The plot of t h e  numerica.3. d a t a  i s  shown 

as a smooth curve and the v a 1 . i ~ ~  from t h e  empirical  formula a r e  shown as 

small. c i r c l e s ,  The cross  sect ion an.d. t h e  r e l a t i v e  posit ioii  of column N o .  82 

a r e  showm i n  Fig. 3.30. The accuracy of the empirical representat ion f o r  
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each of t h e  other  c o l m s  t h a t  contain four f u e l  channels i s  of t h e  saiie 

order of magnitude as that shown for colixlzn TJo. 82. 
The empirical  representat ion gtves a very good approxhat ion  for those 

columns which contain four fuel chainels  and i s  considered s u f f i c i e n t l y  

accurate, f o r  most p r a c t i c a l  purposes, for those vhich contain less than 

t h i s  number. 

t a i n  four channels, and the graphical  comparison Tor each i s  a l s o  shown 

i n  t h e  report.30 

There are th ree  columns ( i n  the  set of t e n )  which do not con- 

Estimate oI" Irradiation-Induced Bowing of Graphite Coliimns 

( S .  E. Moore, W. A. Shaw) 

Fast-neutron exposure Will lead t o  l a t e r a l  def lec t ion  o r  bowing i n  

each graphi te  colurm? because the shrinkage i n  these members wi3.1- not be 
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axi.-symmetrical. 

however, by s t e e l  bands around the  periphery of Lhe EGCR core. Thereyore, 

s t resses  will.  be induced i.n the  columns from t h i s  soii.rce and lakeral  forces  

w i l l  be exerted upon the  s t ruc tu ra l  members a t  the  t o p  and, bottom of the 

core. 
i s  required. a s  a bas i s  f o r  determini..ng the  stresses i n  the  graphite and 

f o r  d-esigning t,he support s t ruc tures .  

The amoilnt of unrestrai.ned movement w i l l  be l imited,  

Hence, an evaluati-on of the f r e e  l a t e r a l  def lect ion f o r  each column 

The exposure for a column can be described i.n the axrial di.rec-Lion by 

a cosine function, as shown i n  Fig. 3.31, but normal ’LO the  ax ts  i’i i s  con- 

siderably more i r regular ,  as shown i n  F igs .  3.25 tbroug’n 3.29. Lines of 

equal elcposure f o r  a column cross  section a t  the mri.d-plane a re  s’nowri iil 

F i g .  3.32. 

exact ana1ysf.s of the  bowing. An estimate can be made, however, by assuming 

tha t  t h e  s t r a i n  i n  the  ax ia l  d i rec t ion  i s  unaffec-Led by the  transverse 

The complicated nature of .the f l u x  d i s t r ibu t ion  prohibi ts  an 

st resses ,  ox 
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E = y D + c  , 
Z 

where c Z  i s  the  norraal s t r a i n  corriponent i n  the  a x i a l  direct ion,  7 i s  the 

coef f ic ien t  of i r r a d i a t i o n  growth or shrinksge, D i s  t h e  neutrou exposure, 

and c i s  a constant ( d i f f e r e n t  for each f i b e r )  such t h a t  plane cross see- 
t ior is  remain plane. 
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Fig. 3.32. Lines of Equal Past-Neutron Exposure i.:n Graphite Column 
No. 1.03. 



If a generic s l i c e  with length Az i s  taken from a column, as i n  

Fig.  3.33, according t o  -the assmptions,  each unrestrained- f i b e r  (i  .e., 

C ::: 0) w i l l  e?-ongate a length 

If the base plane of t h e  sl.i.ce i s  taken as a reference, then khe t o p  plane 

w.11. become a warped. irregu.lar surf ace corresponding t o  t h e  irregixl.arity 

of t h e  f lux .  The assumption tha t  plane sections remain plane requj-res t h a t  

t h e  warped smface be approximated by a plkne. 

the  s l i c e  i s  equivalent t o  a uniforni exteasion plus  a roLation of t h e  t o p  

plan? r e l a t i v e  t o  the base plane. Only t h e  la t ter  conkrlibutes t o  t h e  bowing 

of the  c o l m .  

The new configura,ti.on of 

The neutron exposure of each graphi te  column i s  a function of time, 

t, as well as the  space coordina,tes. This function is approximately of 

the form 

U N C L A S S I F I E D  
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where Z i s  the  length corresponding t o  the in te rsec t ion  of t h e  cosine curve 

and the  horizontal  ax is  i n  Fig.  3.31, and L is one-half the colunln leu-gth. 

(116 i n . ) .  
v a r i e s  s l i g h t l y  from col.urm t o  column. The function $(x ,y , t ) ,  which i s  Lhe 

exposme at the  reactor mid-plane m y  be obtained from the  tabulated val.ues 

f o r  the nei.rLron flux. 

The leng-Lh 1 w a s  taken as 100 i n .  i n  a l l  cases, even though it 

The u i res t ra ined  elongation of a longi tudinal  f i b e r  of a SI-ice Az i n  

I.ength i s  

arid the new position of each cross  point r e l a t i v e  t o  i t s  o r i g i n a l  posi t ion 

is given b y  

' i , j  21 

w h e r e  qij is the tabulated exposure value f o r  x = i and y = j .  

the axes a t  t h e  o r i g i n a l  posi t ion of the  top s i r face (see Fig.  3.33). 
Using t h e  axes shown and dropping t h e  subscripts,  the  equation may be 

'Gritten i n  the  general  form 

The eqiuation of the approximating plane may be obtained r e l a t i v e  t o  

The c o e f f i c i e n t s  may be determined by insing t h e  computed da ta  points  [ 
for any values of z and Az.  For convenience, l e t  

i j  

t i j  
cij = (=+. .>  . 

'rrz J ynzcos - 21 

so the f l u x  data may be u s e d  directly i n  t h e  calculat ions.  
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'The coeff ' icients x, 5, and E have been computed by t h e  rnethod of l e a s t  

Using these data, the radi i  squares for t h e  numbered columns i n  F i g .  3.3L~. 

of curvatme ( the radius i s  deoiqnated by p i n  Fig. 3.33) a n d ,  hence, the 

deflect ion components i n  the  x and y d i rec i ions  were calcul.a-ced. The re-  

sults a r e  given i n  Table 3.7 €or a 20-yr exposure time. 

i t  may be seen t h a t  coliimn 93 has a bowing p o t e n t i a l  OP 3.61 211. along 

both axes,  

From i h i s  table  

'1'abl.e 3.7. Unrestrained Bowing of EGCR 
Graphite Columns 

Deflection i.n x Deflection i n  y 
Direct i o n  Dire c 1; i o n  Co lullin 

No. ( i n . )  ( i n . )  

67 
79 
80 
9 1. 
92 
93 

102 
103 
104 
105 
111 
11.2 
113 
114- 
118 
- 119 
120 

1.65 
0.50 
0.32 
0.46 
1.46 
3 AI. 
0.44 
1.37 
3.45 
0.67 
0.10 
0.26 
0.58 
0.09 
0.003 
0.018 
0.021 

1,65 
-0.95 

0.32 
1.42 
1.73 
3.61 
3.46 
3.03 
1.56 
0.67 
2.17 
1.80 
0.77 
0.11 
0 .074 
0.063 
0.053 

St ruc tura l  Invest igat ions of EC-CK Through Tubes 

Instantaneous collapse and creep buckling tes t s  of -Lype 304 s t a h l e s s  

steel. cy l indr ica l  shells a re  being conducted i n  order t o  obtain data appl-i- 

cable to the  experimental tubes in the ECCR. The major portion of the work 
cons is t s  of model t e s t s ,  but specimens near t h e  s i z e s  of t h e  tubing f o r  t h e  

reac tor  a re  a l so  being used. 
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Coeff ic ients  A, E, and Have Been Computed. 

Model Tests  (J. T . Venard) 

The primary objective of the creep buckling work i s  to obtain a c r i t i -  
c a l  pressure versus time cor re la t ion  f o r  special ly  machined round tin'oes 

with a comon mean radius-to-thickness r a t i o .  

t-ubes nominally 0.750 i n .  i n  outside diaraeter and 0.025 in .  i n  w a l l  thick- 
ness, one tube colla.psed i n  26 hr  with an exLernal. press~cre of 750 ps i  m d  

arLother collapsed i n  approximately 2800 hr with an external  pressure of 

600 psi .  

I n  prelirainary tes1;s with 

The geometrical var iab les  are also being studied i n  t e s t s  of 0.75-in. - 
o.d .  specimens with 0.015-, 0.020-, 0 . 0 2 5 ,  and 0.030-in. Tal1 thicknesses 

and 1.00-in.-o.d. specimens with a 8.033-in. wall. 'The data f o r  0.75-in.- 
o.d., 0.025-ln.-wall shells will be used for the basic  cor re la t ion .  

Tests have been performed t o  determrine the instantaneous collapse 
pres sure, Pc, as  a function of the r a t i o  of the mecm radius, r, to  the 

wall. thickness, t, as w e l l  a s  the e f f e c t s  of the  ova l i ty  r a t i o ,  k, which 
i s  defined as the  r a t i o  of the minimum diameter l;o the maximimi diameter, 
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and- w a l l  thickness var ia t ions,  V, which a re  defined by the  expression 

t -  avg tMin v = 100 

All experiments have been performed a t  1200°F on specimens of type 304 
s t a in l e s s  s t e e l  seaniless tubing of essential.1.y i n f i n i t e  length i n  diameters 

of 0.75 xiid 1.00 i n .  

values of r/t ranging from 10 t o  25 i s  shown i n  Flg. 3.35. 
tube ovali'iy and wall-thickness var ia t ions,  respectively,  a re  shown i n  

F igs .  3.36 and 3.37. 

The experimentally determined curve of P C vs  r/t f o r  
The e f fec t s  of 

Prototypf= Tests (J. C .  A ~ I ~ o s ,  J. M. Corm,  R. L. Maxwell) 

Two sets of large-diameter t e s t  imi t s  made from conimercial tubing are  

being used i n  the  prototype t e s t s .  For one se t ,  8.0-in.-o.d., 0.25-in.- 

wall tubes are  used, and, f o r  the  other set, ~ ~ . 0 - i i i ~ - o m d . ,  0.12-in.-wall 

6 

i - / f ,  MEAN RADIUS-TO-WALL THICKNESS RATIO 

Fig. 3.35. I n s  tmtaneous Collapsc Pressure Versus Mean Radius-to- 
Wall T h i c h c s o  R a t i o  for Type 304 Stainless Steel 'rubes Tested at 1200°F. 
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k ,  OVAl-ITY RATIO 

Fig. 3.36. Instantaneous Collapse 
Pressure Versus 0va.lity Rat io  f o r  Nomi- 
n;tl 0.750-in. -o.d., 0.25-in. - W a l l  Type 
304 Sta in less  Sbeel Tubes Tested a t  
1200°F. 
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V, W A L L  THICKNESS VARIATION (%I 

Fig .  3.37. Instantaneous Collapse 
Fre s sure Versus Wal-1-Thickne s s Varia- 
t i o n  of 0.750-in.-o.d. Tyye  304 Stain- 
less Stee l  Tubes Tested. ai; 1200°F. 

tubes a re  used. The material 

f o r  the l a rge r  specimens i s  type 

304 s t a in l e s s  s tee l ,  but -the 

smaller ones are madx of both 
types 304 and 347 stainl.ess s t e e l  

so that the  behavior of t he  two 

materials can be compared. 
The f i r s t  of a se r i e s  of 

four 8.0-in. -o,d. tukes w a s  
t e s t ed  to deternine the  instan-  

taneoiis co1l.apse pressare.  The 

specimens were approximately 9 f t  

long and were purchased i n  ae- 

cordance with ASTM A-213 TP-304 

specif icat ions.  The average 

measured mean radiu-s-to-thicknes s 
r a t i o  w a s  15.00 and the  ova l i ty  

r a t i o  was 0.9947. The tube f a i l e d  

u i d e r  a pressure of approxirriately 

$05 psi, vh.ieh agreed closely 

with the  results obtained i n  the  

model. tests d-espite t he  f a c t  t h a t  

a portion of t he  tube w a s  at a 

temperature considerab1.y below 

the  rriaximum of 1200°F. 
The tes t  f a c i l i t y  i s  an 

e l e c t r i c a l l y  heated autoclave de- 

signed t o  impose a 600-psi ex- 

t e r n a l  pressure on a t e s t  speei- 

men at 1400°F. A 6 1/2-in.-o.d. 
i n s e r t  i s  used ins ide  the  t e s t  
speci.men t o  prevent jamming in-  
side t h e  autoclave as a res~i l t  
of excessive deformation. Two 
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sepaxate alarm systems indicate  collapse.  The firsi; u t i l i z e s  an e l e c t r i -  

c a l  cri.rcuit which r ings  xn a.laim bel.]. when the  specimen makes coiltact with 

the steel .  i -nser t .  The second i s  act ivated by the  pressure increase due t o  

a volume ch.ange i n  the annulus between t h e  specimen and the i n s e r t .  

I n  collapsing 'cine f i r s t  specimen, t h e  system w a s  pressurized t o  50 

p s i  with helium, and the  autoclave w a s  then brought up t o  temperature. 

After t h e  temperature w a s  s tabi l ized,  -the pressure was gradually increased 

i m t i l  the  specimen col~.apsed. Because of limitatlions on heater. control  

hposed  by the furnace design, la rge  temperature gradients exis ted along 

the  leng-th of the  specimen. The average temperature along t h e  uni t  i rn -  

mediately p r i o r  t o  collapse i s  shown i n  F ig ,  3.38; the posi t tons a t  which 

the diameter and w a l l  thickness were measured before collapse a re  also 

shown. 

The collapsed specimen i s  shown i n  Pig. 3.39. It collapsed inLo an 

e l l i p t i c a l .  shape with two bulges extellding outward. beyond the  o r i g i n a l  

c i r c u l a r  form and- two exLending inward t o  form two 3-obes. An exanination 

showed t h a t  t h e  most pronounced change i n  shape occurred i n  t h e  region 

Fig.  3.38. 
Time of Collapse and Diagram of Posi t l o n s  at Which Diameter and W a l l .  Thick- 
ness Were ?/leaswed Before Collapse. 

Axial Temperature Distr ibut ion Along 8-i n. -0. d.  Tube a t  
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t ha t  was at a temperature of 1200°F. 

i s  shown i n  Fig. 3.40. The or ig ina l  var ia t ion i n  outside diameter and 
w a l l  thickness around the  tube at plane H (indicated i n  Fig. 3.38) i s  
shown graphically i n  Fig. 3.41. A c i r c l e  was chosen t o  represent the 
nominal 8.0-in. outside diameter. The actual  outside diameter was drawn 

by great ly  magnifying the deviations from the nominal diameter. 

thickness variation w a s  plotted i n  a similar manner. 

exaggeration, the actual  diametral deviation at  the 5-11 diameter vas 

-1-0.0187 i n . ,  and the wall thickness deviation a t  pornt 5 was  -tO.0119 in .  
Figure 3 . 4 1 i s  actually representative of each cross section along the 
tube, t ha t  is ,  the m a x i m u m  diameter occurred along diameters 4-10 and 5-11 

i n  every case. 
a t  most cross sections. Thus, by observing from Fig. 3.40 that the maxi- 
mum diameter a f t e r  collapse was at the 4-10 diameter, it m y  be concluded 
tha t  -the tube c o l l a ~ s e d  in to  the same shape as the original. variations.  

Also, it m y  be seen from Fig. 3.40 tha t  the thinner wall near point 11 
deformed concavely outward while the thicker wall at points 2 and 3 re- 
mained. con.cave inward. 
the original.. dimensional variations.  

This portion of the  collapsed tube 

The wall 

A s  an example of the 

I n  addition, the w a l l  was thinner at points 9 through 12  

Thus, the tube behaved as would be predicted from 

Because of variations i n  material properties with temperature, the 
ax ia l  temperature gradient probably had some ef fec t  on the specimen tha t  
would be similar t o  the end ef fec ts  for a short tube. Therefore additional 

heaters wiLh separate controls a re  being ins ta l led  i n  the autoclave before 
the second specimen i s  tes ted.  W i t h  these heaters and additional insula- 

t i on  at the top of the autoclave, a much more uniform temperature can be 
obtained. 

O n e  4.0-in.-o.d., type 304 s ta in less  s t e e l  tube and one 4.O-in.-o-d., 
ty-pe 347 s ta in less  s t e e l  tube have also been tested.  
approximately 5 f t  long and were purchased i n  accordance with XTM A312-51sT 

specifications. 
t e rna l  pressure of 590 p s i  while at a uniform teniperature of 1200°F. 
c r i t i c a l  pressure for t h i s  tube also agreed with the r e su l t s  oktained from 
the model t e s t s .  

pressure of 990 psi, kilt the  efTective -t;emperature was approximately 900°F. 

Both speclmens were 

The type 304 s ta in less  s t e e l  tube collapsed under an ex- 

The 

The t m e  347 s ta in less  s t e e l  tube fa i led  under an external 
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Fig. 3.40. Portion of Collapsed 8-in.-0.d. Tube That Was Subjected 
bo the Highest Temperature. 
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Fig .  3-41. Exaggerated Dimensional Variations at Plane H Pr ior  t o  
Collapse of %in.-o.d. Tube. 

The tubes were mounted vertical-ly i n  the t e s t  furfiace with the type 

304 s ta inless  s t ee l  tube on top and the type 347 s ta in less  s t ee l  tube under- 

neath, 

i n  the %in. tube tes t ing  f a c i l i t y .  

with helium t o  a pressure of 15 ps i .  

f i l l e d  with helium t o  a pressure of ZOO psi .  

was heated slowly t o  the desired temperature while simultaneously bleeding 

the tube pressiire t o  10 ps i .  

increased by the addition of helium until the top tube collapsed at  a d i f -  

f e r en t i a l  pressure of 590 psi .  
the type 347 s ta in less  s t e e l  tube collapsed at  a d i f f e ren t i a l  pressure of 

990 psi .  

The alarm systems used f o r  these t e s t s  are the same as those used 

The tu’aes were evacuated and f i l l e d  

The fiumace was then evacuated and 

Following t h i s  the furnace 

The pressure i n  the furnace w a s  then gradually 

The pressure was fur ther  increased u n t i l  

The pressure required f o r  collapse was affected by the f ac t  t ha t  

R 
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port ions of the lower half of t he  furnace were as much as 300°F below the 
desired 1200°F temperature. T h i s  s i t ua t ion  resu l ted  from t h e  additlion of 

cold helium. 
The dimensional var ia t ions  f o r  both the t y p e  304 and type 34'7 s ta in-  

less s t ee l  speclmens are l i s t e d  i n  Tables 3.8 through 3.11. Measurements 

were made a-t seven planes along the  length of each specimen. 
through 6 i n  Table 3.8 were at, SO-deg in t e rva l s  around the  specimens a t  

each plane. 

Po in t s  1 

The t w o  collapsed speclimens are  shown i n  Fig.  3.42. Both tubes ex- 

h ib i ted  two-lobe collapse.  
pronounced bulge occurred between points 1 and 2 along the upper end of 

For the type 304 s t a in l e s s  s t e e l  specimen the  

Table 3.8. Wall Thickness Variations of 4.0.-in. -0.d. Type 304 
Sta in less  S tee l  Tube Collapse Specimen 

W a l l  Thickness Variation from 0.120 in. i n  
Thousandths of an Inch 

Distance of Plane of Measurement from Tog of Tube 
Hadial Point of 
Measureten-t a,L 
60-deg Intervals  

1 ft 1.5 ft 2 ft 2.5 TX 3 rt 3.5 f t  4 ft 

1 -6 -9 -14 -14 -13 -11 -8 
2 -7.5 -10 -12 -12 -11 -8 -3.5 
3 -8 4 3  -8 -10 -9 -5 -2.5 
4 0 4-1 +2 -2 -2 0 0 
5 +3 4.3.5 4-2 -2.5 -3 -2.5 -2 
6 +1.5 -1.5 -5 -8 4 -6.5 -6 

Table 3.9. Diameter Variations of 4.0-in.-o.d. !Type 304 
' Sta in less  S tee l  Tube Collapse Specimen 

Diameter Variation from 4 in.  i n  Inches 
Diameter 
Measured Distance of Plane of Measurement from Top of Tube 

3 f t ;  4 ft 1 ft 2 ft  2.5 f t  

0.014% 0.0155 0.0156 1-4 O.OlA-9 0.0146 
0.0135 0.0145 0.0141 2-5 0.0118 0.0121 

3-6 0.0141 0.01% 0.0198 0.0190 0.0162 
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Table 3.10. Wall Thickness Variations of  4.0-in. -0, d.. m e  347 
Sta in less  S t e e l  Tube Collapse Specimen 

.______ 
Wall Thickness Variation from 0.1-20 in .  i n  

Thousandths of an inch Radial- Point of 

Distance of Plane of Messu-ernen'c from Top of Tube Me a sureme n-t at 
60 -deg Intervals  

1 ft 1.5 f t  2 ft 2.5 f t  3 f t  3.5 ft 4 fl; 
_I 

1 -5 -8.5 -10 -14.5 -11.5 -9 -7.5 
2 -10 -12 -11.5 -10.5 4 -2 +l 
3 -7.5 -7 -2.5 -1 +I_. 5 4-55 w 
4 -1-1 0 -I4 4-3.5 3.5 6 4-5.5 
5 +5.5 +3 -5.5 +l -40.5 0 L. 

6 4-1.5 -2 -3.5 -8.5 -8.5 4.5 -9.5 
-9 

Ta'ole 3.1.1. Diameter Variations of  4.  @-in. -0. d.. Type 347 
Sta in less  S t e e l  Tube Collapse Specimen 

Diameter Variation from 4 in.  i n  Inches 

Distance of Plane of Measurement from Top of Tube Diameter 
Me as ur e d 

1 ft 2 f t  2.5 ft 3 f t  4 pt 

1.4 0 e 0167 0,0110 0.01.10 0.01.0'3 0.0155 

3-6 0.0076 0.0068 0.0105 0.0082 0.0048 
2-5 0.0078 0.0107 0.0100 0.0106 0.0100 

the  tiioe a d  between points  3 and. 4 f o r  Yne remaining porti-on. The pro- 

nounced. bulge occurred between points  l and 2 along t h e  en.tire length of 

the  type 347 s t a i n l e s s  s t e e l  -tube. An examination of' t h e  dimensional de- 

via'iions and t h e  col.lapsed tubes reveals  some cor re la t ion  between the col-  
lapsed geometry and. .the o r i g i n a l  VaYiations. However, t'ne comela t ion  i s  

not near ly  as apparent as f o r  %he 8.0-in.-0.d. specimen. 

Experimental S t ress  Analysis of a Spherical  
She l l  with an Attached Nozzle  

(R .  L.  Maxwell, J. E. S m t t l z )  

Wnen a s t ruc ture  i s  subjec-ted t o  external  loads which d.o not produce 
la rge  def lect ions r e l a t i v e  t o  the dimensions of t h e  member so that 'Lhe 
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which do not indu-ce stresses beyond. the  l i m i t  of 

e l a s t i c  behavior f o r  t he  material ,  t he  s t resses  a re  

directl-y proportional t o  the applied loads. Thus 

the  t o t a l  stresses resu l t ing  from. combined loadings 

may be obtained by l i nea r ly  adding the s t r e s ses  cor- 
responding t o  each component separately applied, so 
long as the  e l a s t i c  l i m i t  i s  not exceeded. However, 

it w a s  requested t h a t  t h i s  hypothesis be checked 

experimentally for t he  case of a s ingle  nozzle t o  

s h e l l  because of the complex nature of 
the  s t r e s s  d i s t r ibu t ion  i n  t h e  v i c i n i t y  of t he  jme-  

tu re .  The r e s u l t s  of t h i s  invest igat ion a re  de- 

scribed here t o  demonstrate t h e  v a l i d i t y  03 super- 

posi t ion for e l a s t i c  s t r e s s  calculat ions.  

A spherical  segment; with a s ingle  nozzle radi- 

a l l y  attached at t he  apex3' was  used, since t h i s  

t e s t  model w a s  avai lable  from previous inve s t iga-  

Lions. 3 3  

gages on both the  ins ide  and ou"iside surfaces, znd 
s t r a i n s  w e r e  .measured i n  the  tangent ia l  and merid- 

iona l  d i rec t ions  f o r  the  following loads: (1) 30- 
p s i  i n t e r n a l  pressure, ( 2 )  2000-lb a x i a l  load down- 

ward on nozzle, (3)  2000-lb a x i a l  load upward on 

The model was ins-Lrumented with s t r a i n  

31Private communication from Ks-iser Engineers, 

32"GCR Q u a .  Prog. Rep. Sept . 30, 1960, OmL- 

33R.  L. Maxwell and R.  W .  Holland, "Experimental 

Oakland, Cal i fornia .  

3015, Fig. 2.7, p. 43. 

Determination of Stresses  i n  a Spherical She l l  with 
Attached Pipe, ' I  The University of Tennessee Engineering 
Experiment Stat ion (April  1959). 

Fig. 3.42. Collapsed 4-in.-o.d. Specimens. Specimen A i s  a type 347 
stainless steel tube and specimen B i s  a type 304 s t a in l e s s  s t e e l  tube. 
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nozzle, ( 4 )  combined 30-psi i n t e r n a l  pressure load and 2000-lb axi.al. load 

domi.rrarci.3, and ( 5 )  cotnbined 30-psi internal. pressure load and 2000-l’c, a x i a l  

load- upward. 

The t o t a l  t angent ia l  s t resses  at Lhe ins ide  surface a r e  given i n  Ta,ble 

3.1.2 f o r  loadings I, 2, and 4. The gage numbers correspond t o  the simi- 

l a r l y  nwn’oered. r a d i a l  l i n e s  in Fig. 3.43, since t h e  gages a r e  located a t  

t h e  in te rsec t ions  of these l i n e s  a i d  t h e  surfaces of the  shell. The total .  

tangent ia l  s t r e s s e s  a t  the outside surface f o r  loadings 1, 2, and 4 a r e  

given i n  Table 3.13. Those a t  the  inside and outside surfaces f o r  J-oadi_ngs 

3 a,nd 5 a r e  given i n  Tables 3.14 and 3.15, respect ively.  

loading 1 a r e  a l s o  included f o r  convenience i n  making comparisons. 

The values from 

The tangent ia l  s t r e s s e s  at t h e  j-nsid.e surface along the prof<-le of 

t h e  s h e l l  a r e  given i n  Figs .  3.43 through 3.47. Those obtalned by adding 

Table 3.12. Total  Tangential Stresses  ai; 1nsid.e Surface 
f o r  Loadings I, 2, and 4 

Tangential S t ress  ( p s i )  

Gage Loading l, Loading 2 ,  loading 1 
Plus Loading 4 No.  30-psi 2000 - l b  

In te rna l  Load Loading 2 
Fre s sure Downward 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

427 
374 
399 
387 
362 
38 9 
375 
38 6 
390 
374 

388 
349 

1493 
903 
396 
252 
308 
257 
256 
225 
204 
208 

129 
116 

1920 
1277 
795 
639 
670 
646 
631 
611 
594 
58 2 

517 
465 

1921 
1262 
766 
620 
635 

631 
618 
601 
533 

456 
436 

14 
15 218 159 377 281 
16 137 104 241 223 
17 67 104 171 135 
1% -1%2 57 -125 -89 
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Fig. 3 .43 .  Tota l  Tangential S t resses  at  t h e  Ins ide  Surface Along the  
P r o f i l e  of a Spherical  She l l  with an Attached Nozzle as a Resu.1.t of 30-psi 
Internal Pressure Loading. 

Table 3.13. Total  Tangential Stresses a t  Cutside Surface 
f o r  Loadings I, 2, and 4 

Gage 
No. 

Loading 1, 
30-ps i 

I n t e r n a l  
B e  s sur e 

Loading 2,  

Axial Load 
Downvar d 

2000-lb boading 1 
Plus 

Loading 2 
Loading 4 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

414 
376 
379 
373 
343 
343 
314 
333 
497 
347 

370 
365 

275 
144 
-24 
-182 

-2633 
-1616 
-699 
-176 
145 
2 56 
303 
25% 
241 
174 

125 
88 

69 
90 
79 
57 

-2279 
-1240 
-320 
197 
488 
599 
617 
591 
738 
521 

49 5 
453 

344 
234- 
55 

-125 

-2255 
-1165 
-318 
237 
531 

602 
615 
675 
547 

477 
4.56 

376 
253 
57 
-29 
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Tsble 3 . U .  To ta l  'Tangential S t r e s ses  a t  Ins ide  Surfacc 
f o r  Loajiags 1, 3, and 5 

........ I__ ........ -- 
Tangential. S t r e s s  ( p s i )  

........ ._..__ .......... 

Loading 1 

i aad ing  3 

Gage Loading 1, Loading 3, 

I n t e r n e l  Ax?l.al h a d  
Pr e s s u e  Upward 

Plvs TfiaAing 5 No . 30-psi 2000-1s 

........ ____I.__.______-I_____. - 
1 427 -1518 -1091. -1.05/+- 
2 374 -845 -471 --Lr9 5 
3 399 -408 -a -23 
4 387 -223 158 159 
5 362 -29s 64 100 

7 375 -235 140 73 
e 386 -321 65 170 
9 390 .--1.87 203 213 
7.0 174 -1 - .  r,7 227 212 
11 -9 3 242 
12 388 -67 321 266 
13 ?49 -5 2 297 2jt7 
lA -51 18 9 
3.5 218 -5 2 166 145 
16 7-37 -58 79 65 

... f 7 5 -26 l'i 67 O C  

18 -1 82 -62 -244- -323 

6 38 9 -233 156 1&9 

1___11-. ..... .- 

'Table 3 . i 5 .  Total. Tangential  Stresses a t  Outside Surface 
for  Loadings I.> 3, and 5 

..... ..... ~ - . - .  
Tangential  S t r e s s  ( p s i )  

Gage Tnading 1 ,  Loading 3, Loading 

In t c rna l  h i e l  Load Loading 
Pr e s sur  e 

Plus Loading 5 xo . 30-psi 2000- 3.b 

Upward 

1 
2 
3 
4 
5 
6 
7 
a 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

414 
376 
379 
373 
343 
343 
314 
333 
k97 
347 

370 
365 

275 
144 
-24 

.--I8 2 

2716 
1549 
737 
2 1.6 

-115 
-246 
-300 
- 2 4  
-252 
-145 
-123 
-100 
-'70 
-77 
...71i' 
-73 
-98 
-62 

3130 
1925 
1116 
589 
228 
97 
14 
89 

245 
202 

270 
295 

198 
71 

-1.22 
-244 

3155 
2019 
1-092 
559 
223 
38 
36 
59 
1&3 
156 
2/+2 
26'7 
288 
265 
177 
104 

-12 9 
-321 

15 8 
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Fig, 3.44.. Total Tangential  Stzesses at  t h e  Inside Smfaee Along the  
Proftle of ,a Spherical- Shel.1 with an. Attached Nozzle as a Result of a 2000- 
112 Axial Load Downward. 
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Fig. 3.45. 
Profile of a Spherical Shel l  wtth an Attached Nozzle as a Result of a 2000- 
lb Axial. Load Upward.. 

Total  Tangential  Stresses at  the 1nsid.e Surface Along the  
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Ftg .  3.46. ToLal Tangential Stresses  at the Inside Surface ".one the  
Profile of a Spherical  She l l  with an Attached Nozz le  as a Result of a Con- 
bined 30-psi I n t e r n a l  Pressure Toad and a 2000-7h Axial Load D o m n m r d .  
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Fig.  3.47. Total  Tangential.. S t resses  ai; t h e  Ins.i..de Surface Along the  
P r o f i l e  of a Spherical. Shell with an Attached Nozz le  as a Result of a Com- 
bined 30-psj I n t e r n a l  Pressure a:nd a 2000-lb A x i a l  Load. Upward.. 
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t h e  s t r e s s e s  from loads separate1.y applied are given i n  Figs.  3.48 and 

3.49. Comparisons of t h e  s t r e s s e s  obtained from l i n e a r  superposition of 

a x i a l  and pressure loadings with those f o r  t h e  combined loadings show t h a t  

excel lent  agreement exists Any differences a r e  a t t r i b u t a b l e  t o  experi- 

mental e r r o r .  i n  addition, t h e  f a c t  t h a t  reversing t h e  d i r e c t i o n  of the  

axial load corresponds t o  changing the signs of the  stress value:; i s  c l e a r l y  

demonstrated. The observations niade here i n  regard t o  t h e  t m g e r i t i a l  

stresses are also t r u e  f o r  those i n  t h e  meridional d i rec t ion .  

S t r e s s  Analysis of Compressor f o r  GCR-ORR Loop No. 2 

(F. J. Stanek) 

The compressors f o r  GCR-ORR in-pi le  loop No. 2 have water-cooled 

pressure-vessel bodies. The cooling w a t e r  f l o w s  i n  a, passage formed by 

the  outer  surface of t h e  s h e l l  and 8 khin metal Jacket. A t  one end the  

s h e l l  a t taches t o  a massi-ve flamge t h a t  f o m s  a p a r t  of t h e  -volute, and 

t’ne jacket terminates within approximately 5/23 i n .  of t h i s  f lange.  The 

UNCL.ASSIFIED 
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,-....., 
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Fig.  3.48. Total  Tangential S t resses  a t  the Inside Surface Along t h e  
P r o f i l e  of a Spherical  Shel l  w i t h  an Attached Nozzle as a Result of a 30-psi 
I n t e r n a l  Pressure and a 2000-lb Axial. Load Downward Applied Separately. 
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Fig.  3.49. Total  'Tangential Stresses  at the Inside Surface ,Uong the 
PTofile of a Spherical She l l  with an Aitached Nozzle as  a Result of a 30-psi 
Internal  Prenmre and a 2000-lb Axial Load Upward Applied Separately. 

temperature of the gas i n  the volu.te w i l l .  range from 600 t o  700°F, while 

the maximum water tempemtire  w i l l  be approximately 100°F. A s  a r e s u l t ,  

high thermal. s t r e s s e s  wi1.1. occur i n  the region of t h e  junction of the  

pressure-vessel body and t h e  flange ~ 

The thermal sLresses may be reduced i f  the  portion of t h e  cyclinder 

adjacen'i to the  f lange j.s held a t  or near the  flange temperature. 

creasing the dis tance over which the  temperature change OCCUTS rci.11 a l s o  

reduce these s t r e s s e s .  Therefore a stiidy w a s  made t o  evaluate t h e  e f f e c t s  

of these f a c t o r s  and to prov5.d.e da ta  f o r  guidance i n  making design changes. 

In- 

The pressure-vessel. bod.y behaves as an i n f i n i t e l y  long, thin-walled- 

cy l indr ica l  she l l  with one edge f ixed against  rotat ion,  as i l l u s t r a t e d  i n  

Fig.  3.50. Since a tempera-Lure change tha-t i s  l i n e a r  with length occurs 

i n  the flange region, an axisymmetrical teniperature d i s t r i b u t i o n  wl.th an 

a x i a l  prof5.l.e, as shown i n  Fig.  3.51-, w a s  used. i n  t h e  analysis .  'The two 

lemgt'ii paramnebem d5.scussed above a re  designated c and b and a t h i r d  v a r i -  

able, the t o t a l  temperatu.re drop, i s  shown as 'To. The basic  equa'iions 

employed a r e  avai.J.able from work done t o  provi.de soluti.ons f o r  a spec i f ic  

162 



UNCLASSIFIED 
ORNL-LR-DWG 55195 

....... ......... ........ 
___. .......... ~ 

....... __ __ ~ ...... .......... 

...... __._ ........ 
........ ........ 7 ......... 

Fig.  3.50. Cylindrical Shel l  Model IJsed f o r  the Stress  Analysis. 

UNCLASSIF IED 
ORNL- LR- D W G  55196 

f 2 3 4 5 0 
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Fig. 3.51. The Temperature Function Used f o r  the Stress  Anal-ysis. 

application, 3 4 * 3 5  but the resill-ts are  applicable t o  any she l l  o? the above 

description. 
The theoret ical  r e su l t s  are  given i n  two par ts .  I n  the  f i r s t  part, 

c i s  equal t o  zero m.6 b i s  equal t o  0.6> 1.8, and 3.0, while i n  par t  2, 
c i s  1 . 6  and b has the values 0.6, 1.2,  and. 2.4. 

parameters are given i n  terms o f  the  dimensionless ax ia l  coordinate, y, 

for the she l l .  T h i s  coordinate i s  given by 

The values f o r  the length 

y := px , 
_____ 

34F. 5. Stanek, "Stress Analysis oT Cylindrical Shells, I t  ORlUL CF-58-9-2, 

35F. J. W i t t ,  "Thermal Stress Analysis of Cylindrical Shells," OR!& 
(?July 22, 1959). 

CY-59-1-33 (March 26, 1959). 

163 



where x i s  the  axial coordinate and f3 Ts a shell parameter, which depends 

iqon Poisson’s ratio f o r  t h e  material ,  the r ad ius  of the she l l ,  a, and t h e  

thickness,  h. When Poisson’s r a . t i o  is taken equal to 0.3, as w a s  done i n  

this study, 

1.6523 
8 2  - ah 

The dimensionless a x i a l  bending s t r e s s e s  a t  t h e  outer  surface, ( O ~ ) ~ / $ M ~ ,  

are given as a func-tion oi” the a x i a l  coordinate i n  Figs. 3.52 and 3.53. 

The dimensionless circilmferenS,ial rncnhrane s t r e s ses ,  (us ) r n / ~ o ,  a r e  g;l.Tjen 

i n  Figs.  3.54 and 3.55 and the dimensionless inward displacements, w/aaTO, 

a r e  given i n  Figs. 3.56 aind 3.57. liere t h e  symbols have the  follow-ing 

meanings : 

_- 

0 = noma1 t e n s i l e  stress, ps i ,  

w = rad ia l  displacement, i n . ,  

E = morlu.1-us of e l a s t i c i t y ,  psi, 
a = coefficj.ent of thermal expansi.on, i n . / i n .  * OF, 

To = T1 -1 T2,  from Fig. 3,51, OF. 

The numerical values l i s k d  below were assumed t o  apply t o  t h e  com- 

pi-e s SOT : 

h = 0.5 i n . ,  
a = 4.0 i n . ,  
E 26 x lo6 ps i ,  

a = 9 x i n . / i n .  * OF, 

To .= 600°F. 

Using these  val-ues, 

EDl’o I= 140 400 ps i ,  

aCXT0 = 2.16 X 1.0e2 in., 
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I f  periiiment d.eforrnation of the  pressure vessel  body i s  a I.i.mi-iing fac tor ,  

the maximum stress should not exceed approximate1.y 30 000 psi. With t h i s  

c r i te r ion ,  the required va,l..ues of b a d -  c become 2.6 and. 1.,2 i n . ,  respec- 

t i v e l y  I 

16% 



4 .  EXPERUJIENTAL ITJVESTIGNIONS OF IEAT 
TRANSFEII AND FLUID F L O W  

(H. W. IIoPfian) 

R e s  i s  t anc e -Heat ed - Tube He a t  -Trans fer Ex per iment 

(W. J. Sbelzman) 

Analytical s tudies  were continued based on the previ.ousl_y reported' 

data  f o r  experimental s e r i e s  4-B (a  sep ta fo i l  c lu s t e r  a t  'a 2:1 ligament- 

ratio spacing with a 60-deg-pad mid-cluster spacer2 and an inle-t; modified 

by t h e  addition of several  screens'). Mean axial heat- t ransfer  coeff i -  

cients,  h, were calc-dated f o r  each tube from the measured tube-surface 

temperatures3 assuming complete transverse mixing of t he  gas s bream; t h e  

r e s u l t s  axe given i n  Table 4.1. 
var ia t ion  of t he  individual mean coeff ic ients  from t h e  average f o r  t h e  

s i x  peripheral  tubes at  any axial 1-evel. w a s  s ign i f icant ly  greater  i n  the  

sect ion of t he  c lus t e r  upstream of t h e  mid-cluster spacer (-+7.5$) than i.u 
t he  downstream portion ( - tZ .O$) ,  (2) t h e  coef f ic ien ts  f o r  tubes 1, 2, and 

3 were, on t h e  average, g rea te r  than those for tubes 4, 5, arid 6, and 

(3) the  mean heat- t ransfer  coeff ic ients  for t h e  cent ra l  tube were markedly 

below the  valu-es for t h e  per ipheral  tubes, with the  deficiency being as 
high as -40% i n  t he  upstream sect ion of t h e  c lus te r .  

A study of these data shows t h a t  (1) the  

The combination of t he  f i rs t  -two observations indicates thEt a. flow 
asymmetry exis ted in t h e  experimental channel which s t a r t e d  e i the r  i n  
t he  entrance plenum or i n  t he  screens a t  t h e  channel entrance and was 

l a rge ly  wiped out by the mid-clu.ster spacer. Subsequent r epe t i t i on  of  

a number of t he  series 4-3 -runs wi-th a l t e r ed  i n l e t  screen arrangements 

showed reasonable agreement between the  s e t s  of data;  t h i s  suggests t h a t  

'"GCR Quar. Prog. Rep. Sept. 30, 1960," OKNL-3015, pp. 48-53. 
2"GCR Quar. Prog. Rep. Dee. 31, 1959," ORNL-2888, pp. 27-2e. 

3The mean temperature l i s t e d .  i n  Table 3.2 of reference I for pe- 
r iphera l  tube l a t  L/d, = 5 should be corrected t o  ready 408°F. 
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Table 4.1. Axial- Var i a t ion  i n  Mean Heat-Transfer 
Coeff ic ien t  f o r  'lkhes of Experiment 4 - B  

Mean Heat-Transfer Coeffi.cient (Bi;u/hr* f t 2 .  OF) 
h i a l  .......... ~ .... . . .... I ._ ._ .." 

Posi t ion ,  Pe r iphe ra l  Tube No. Cent ra l  
I,/d Tube, 

No. 7 1 2 3 Li. 5 6 e 

0 
4 
8 

1.3. 
1 4  
18 
20 
24 
28 
3 2  
36 
38 

43.5 43.7 A4.5 
25.3 23.7 26.3 
25.1 2'v.O 26.2 
25.2 24.2 26.6 
25.3 24.4 25.9 
25.3 24.7 25 .8  
47 .8  48 .8  4 9 . 2  
31.6 3 2 . 1  31.8 
26.5 27.0 27.1 
2 4 - 5  24.8 24.7 
23.9 23.9 23.9 
24.2 24.3 2L~.1 

42 .8  
22.0 
22.7 
23.6 
23.7 
23.9 
47.3 
30.8 
26.3 
24.1 
23.5 
23.4. 

4-4. . 5 
24.9 
24.9 
24 . '7 
24.. 2 
2.3. 9 
46 .6  
31.2 
26. '7 
24.3 
23. 'i 
23.7 

43.7 
23.9 
24- * 4 
24.4 
24.4- 
24.7 
47.1 
30.9 
24.2 
24. 2 
23.8 
23.9 

39.3 
16.2 
1.5. I 
15.1  
18.8 
20.3 
4.1.8 
25.6 
23.4 
22.4 
23.0 
23.3 

t h e  skewed flow devel-ops e i t h e r  rim t h e  upper plenuni or i n  t h e  t r a n s i t i o n  

piece jo in ing  t h e  gas supply t o  t h e  

Tne a x i a l  v a r i a t i o n  i n  t h e  average value of t h e  h e a t - t r a n s f e r  coef- 

f i c i e n t  f o r  t h e  six per iphe ra l  tubes i s  con-trasted i n  Fig. 4.1 with t h a t  

f o r  t h e  c e n t r a l  tube.  It may be seen that upstream of t h e  mid-cluster  

spacer  t h e  central.-tube coeffri.cient i s  as  rmch as 40% bel-ow tiie average 

pe r iphe ra l  tube coefTicient .  This may be ascr ibed  'io di-minished flow i n  

t h e  tnner  reg ion  of t h e  channel. because of the r e s t r i c t i o n  of t h e  flow 

i n  'ihi.s area by t h e  tube e l ec t rodes  passing through t h e  plenum chamber. 

The gyadual increase  i n  h for the central .  tube beyond t h e  x = 0.3 I..evel 

s t g n i f l e s  a process of flow r e d i s t r i b u t i o n  between t h e  Lnner and outer 

reglons of the  charmel. The effect of t h e  mj.d-cluster spacer i n  

"smoothing;" t h e  flow is  again show0 by t i ie near ly  equal  values  for h f o r  

both the cenLra1. a n d  peripheral .  tubes .  

""GCR Semiann. Pi-OK. Rep. J-une 30,  1959,'' ORNL-2767, pp. 76, -?8. 
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x ,  DISTANCE Al.ONG CLUSTER (dimensionless) 

Fig. 4.1. Axial Variation of Average Heat Transfer Coefficient f o r  
:= 50 500. 2J NRe Experimental Ser ies  4-B; y = 

A comparison of these data  (per ipheral  tubes) with the  r e su l t s  of 
t'ne s e r i e s  2 experiment5 (tubes 2, 4, and G with a 4 : l  ligament-ratio 

spacing and t h e  experimen:al mid-cluster spacer4) and t h e  r e su l t s  of t h e  

se r i e s  4-A experiment6 (tubes 4 and 6 on ly  without i n l e t  screens) i s  
given i n  Fig. 4.2. 

NRe R e  
of these curves with respect t o  both similarities arid d i s s imi l a r i t i e s  is  

complicated by differences i n  geometry (e. g., the  presence or alosence of 
spec i f ic  screens i n  the  plenum or charinel entrance and t h e  form of the  

mid-cluster spacer),  a number of general  conclusions may be s ta ted.  

c lose agreement i n  t h e  downstream data fo r  t h e  y = 2 agreements (with 

and without screens),  as opposed t o  t h e  differences observed between the  

two curves i n  the  upstream region, demonstrates t he  effectiveness of t h e  

The data have been adjusted t o  a common base of 

= 50 500, assuming that h - N"'. -While a complete in te rpre ta t ion  

The 

5r'GCR mar. Prog. Kep. March 31, 1960," ORNL-2929, p. 72. 

6"G-CR war. Prog. Rep. June 30, 1960," ORNL-2964, pp. 55-59. 
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0 0.1 3.2 0.3 0.4 c.5 0.6 0.7 0.6 0.9 1.0 
X ,  DISTCNCE CLONG CLUSTER (dii i ie-,sio,i iess) 

Fig. 4.2.  Comparison of  Average Heat-Transfer Coef f i c i en t s  f o r  Fx- 

11e 
perinicn-La1 S e r i e s  2, (i.-A, m d  4 - B  a t  N,:, = 50 500. 

mid-c lus te r  spacer  i n  e l imina t ing  fl ow vaga r i e s  introduced a t  -the chaimel 

i.nl.et. The ex i s t ence  of t h e  minimum i n  -Zie upstream pol-tion of t h e  ex- 

periment 4 - B  c u v e  f o r  t h e  p e r i p h e r a l  tubes ( a t  x = 0.125) is  somewhat 

u n c e r t a i n  i n  t h a t  the  o v e r - a l l  v a r i a t i o n  i n  h ( 4 . 5  B-tu/lur* f t2 -  OF) i s  of 

t h e  same order o f  magnitude as t h e  experimental  el-ror a s soc ia t ed  wikh 

t h e s e  measisrements. Check IUUS have shown that, t h i s  r e s u l t  i s  repro-  

duc ib le ,  and i t  is  planned t o  cont inue -tile i n v e s t i g a t i o n  o f  t h i s  f e a t u r e  

of t h e  a x i a l  v a r i a t i o n  i.n h a t  a flrkure -time. Tne d.ri.fference between 

t h e  ci.irves f o r  t h e  two spaciiig ra-bios ( t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s  

f o r  y = 4 bei.ng approximately 15% be3.0~ those for y 17 2) resul-t;s froiii 

t h e  severe  r educ t ion  i n  t h e  flow along t h e  o u t e r  s i d e  of the peripheral .  

tubes  ai; t'ne 4 :I. spacing because of t h e  nearness  of t h e  channel w a l l - ;  

t h i s  fl.ow de f i c i ency  appears t o  outweigh t h e  effec-t; of the correspondingly 

g r e a t e r  f l o w  i n  the inner  region. For t h e  centi-a1 tube,  however, t h e  

consequence of t h e  wider tube  spacing i n  the series 2 experiment i s  an  

tilcrease i n  t h e  mean hea-ut-transfer c o e f f i c i e n t  t o  a va lue  s l tgh t l -y  ( 5 $ )  
i n  excess  of t h a t  f o r  t h e  p e r i p h e r a l  tubes. 

1.72 



Fabrication of t h e  components f o r  t h e  model 4 apparatus' has been 

in i t i a t ed .  

f lux oT 18 000 Btu/hr.ft2,  which w i l l  allow measurements t o  be made a t  

conditions equivalent t o  those projected f o r  t he  ho t t e s t  region of t he  

reactor.  The thermocouple probes are  being redesigned for operation a t  

higher ambient temperatures. 

Suff ic ient  power has been provided t o  achieve a surface heat 

Mzcs -Transfer Mccsurerneiits 

(J. L. W 3 t i t l Y J l d )  

Recent mass-transfer experiments7 conducted with a model. of t he  

EGCR Title-I1 c l u s t e r  have indicated t h a t  t he  mass-transfer fac tors  ( j ) M 
approach a higher asymptotic value i n  t h e  downstream sectfon of t he  tube 

bundle than in t he  upstream region. The data yielding t h i s  r e s u l t  were 

obtained with rods on which the  naphthalene coating extended over ol?ly 

one-half t he  rod length. 

i n  j ov-er t h e  complete length of t h e  rod. Since t h i s  procedure introduced 

the  poss ib i l i t y  of s ign i f icant  differences i n  operating conditions ( such 
as changes i n  t h e  geometry, t he  gas velocity,  and the  gas %emperature, as 

sfell as differences i n  the  c rys t a l l i ne  st-mcture of t he  naphthalene SLW- 

face) ,  a new rod w a s  constructed t h a t  contained an ac t ive  portion i n  bot'? 

t h e  upstream and downstream halves of t h e  rod. 

Two runs were necessary t o  obtain the  var ia t ion  

M 

The r e su l t s  of t h e  run made with ti1i.s "double rod" are compared i n  

Fig. 4 . 3  with t h e  e a r l i e r  data. The rod. was located i n  posi t ion No. I., 

and there  w a s  0-deg r e l a t i v e  or ien ta t ion  between c lus te rs .  

been adjusted t o  include the  e f f ec t  of t h e  free-stream naph-thalene con- 

centrat ion a t  each axial l eve l ;  t he  concentration i s  assumed t o  be uniform 

i n  the  region immediately surrounding the  ac t ive  rod (taken t o  be 1/6 of 

t h e  t o t a l  f low area around t h e  per ipheral  rods). 

agree qu.i.te c losely and thus negate the  hypothesis that t h e  higher asymp- 

t o t i c  values of j previously observed i n  t,he downstream c lus t e r  sect ion 

resul ted from geome.trical o r  operational var ia t tons.  A suggested 

A l l  data  have 

The two sets of' data 

M 

7f7GCR Quar. Prog. Rep. Sept. 30, 1960," OR%-3015, pp. 53-56. 
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Fig. 4.3.  Comparison of j -Factors  Obtained i n  Mass-Transfer and Heal;- 
i l  Lya-nsfer Experben t s  . 
explanat ion for t h e  discrcpancy i s  the pass i.bi.l.rity of increased t inbulence 

i n  t h e  downstream region ( o r i g i n a t i n g  i.n fl.ow d<.stur_bances introduced by 

t h e  mid-cluster  spacer) .  

t r a n s f e r  r e s u l t s  ( s e e  Fig. 4.3 a i d  d iscuss ion  i n  preceding s e c t i o n  on he& 

t r a n s f e r )  obtained with t h e  same geometry, excep'i the  i d - e t  and exri.t, sp iders ,  

do no t  exh ib i t  t h i s  same c h a r a c t e r i s t i c .  'The study of' t h i s  phenomenon is  

belng continued. 

This seems somewhat, questionable i n  -Liiat the hea t -  

A n  independent ana lys i s*  of  t h e  causes of' t h e  devia t ion  between the 

h e a t - t r a n s f e r  and mass- t ransfer  resul-ts has suggested t h a t  the d i f f e rences  

a r i s e  from -l;i1e nonisotbermal na ture  of t h e  temperature Yield, as opposed. 

t o  t h e  essentiaJ. ly uniform concentrat ion f i e l d .  The poss i -b i l i ty  of a de- 

f i n i t i v e  experiment is being inves tiga-Led. 

Veloci ty  Di s t r ibu t ion  Stuili-es 

(F. E. Lynch) 

The scciimiilation of  data f o r  de l inea t ing  the v e l o c i t y  F i e l d  i.n the 

downst ream element of two EGCR c l u s i e r s  has been conCi nired using t h e  

' S C C  sec t ion  on EGCR Fuel Assemblies in G'nap. 3 of t h i s  repor t .  



experimental apparatvs and procedure previously described. ' 
t he  measuremen1;s needed f o r  drawing a de ta i led  veloci ty  coiitoun map at 

any a x i a l  posi t ion i s  time consuming, three d i f  f ererit experimental as - 
seniblies were used. i n  order t o  expedite t h e  program. 

designated veloci ty  mod.els 3, /+-A, and 4-B and are  all bas ica l ly  4/3- 
sca le  representation of t he  EGCR c lus te r .  

c lu s t e r  length of 44.8 L/d, (eyilivalent t o  Vne EGCR) ; for. model 3, the  

c lus t e r  length i s  54 L/de and. t h e  mid-cluster spacers are located off 

center'' at 22.4 I,/d, above and below the  cent ra l  p a i r  of spiders. 

p i t o t  probe for model. 4 -B  i s  r ad ia l ly  adjustable,  i n  con-trast t o  t he  

f ixed probes used i n  models 3 and 4-A* 
differences have been observed i n  the  data  obtairied- i n  t n e  model 3 and 

4-A systems; operation of t h e  model. 4-B apparatus has just been in i t i a t ed .  

A comparison of -Lypi.cal prof i les  i s  given i n  Fig. 4-4  at L/de = 26.0; t he  

d.eviation i n  magnitude i s  of t he  order of 8$, while the  p r o f i l e  shape re-  

mains e s sen t i a l ly  unchanged. It i s  possible t h a t  t h i s  e f f ec t  may be re- 

lated en t i r e ly  t o  s m a l l  differences i n  configuration of the  mid-cluster 

spacers f o r  t he  two systems, s ince the  prof i les  are obtained irnmediately 

d.ownstream of the  spacer. This problem w i l l  be considered fu r the r  Then 

Since making 

The un i t s  have been 

Models 4-A and. &B have a 

The 

Despite pro:oe caliinration, some 

A 

data  a re  obtained from the  model 4-A system ab other axial levels .  
Velocity measurements for  rods I, 2, 3 ,  and 7 ( see  Fig. 4-5 for scheme 

used Lo designate rod posit ions and c lus t e r  or ientat ions)  have been com- 

pleted a t  the  probe posi t ion R = 0.05 in. (measured r ad ia l ly  outward from 

rod suxface) at NRe - 50 000. 

the two c lus te rs  (0, 15, 30, 60, and 90 deg) a t  four axial l eve l s  (L/de = 

3.9, 20.9, 26.0, and 52.8) were studied. 'Typical r e s u l t s  a r e  shown i n  

The e f fec t s  of ro t a t iona l  or ien ta t ion  of 

'"GCR war. Frog. Rep. June 30, 1960," Om-2964, pp. 6'7-80. 
''"GCR Quar. Prog. Rep. Sept. 30, 1960," OlUL-3015, pp. 63-67. 

number of e r rors  have been inadvertently included; thus, (1) the  prof i les  
(not  t h e  captions) of Figs. 3.7 and 3.10 should be interchanged, (2) the  
abscissas on t h e  veloci ty  prof i les  of Figs. 3.9, 3.10, and 3.11 should 
be reversed s o  as t o  read from 360 backward to 0 deg, ( 3 )  t he  ordinate 
f o r  the 90-deg veloci ty  p ro f i l e  (Fig. 3.10 corrected) should be sh i f t ed  
t o  read from 0.9 t o  1.2, and ( 4 )  all veloci ty  prof i les  at L/d 
should read L/d = 3.9. 

A 

= 3.8 e 
e 

175 
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Fig. 4.4. Comparison of Circum- 
f e r e n t i a l  Veloc i ty  Profiles Obidined 
i n  Model 3 and Model /:-A Experiments. 

E'ig. 4. 6 f o r  a, rel.at,ive c lu - s t e r  

o r i e n t a t i o n  of 90 deg. The major 

dj-fferences i.n t h e  p r o f i l e s  occur 

i n  t h e  v i c i n i t y  of t h e  flow ob- 

stru.c.1;ions c rea t ed  by -Lhe st ruc-  

tural memberrs of the s p i d e r s  and 

space r s ;  again,  t h e  p r o f i l e  shapes 

are similar. A t  T,/d = 3.9, rod 

No. 1 shows a suppress ion  of tile 

flow i n  l;he 0-deg reZion becmr;t. 

of t h e  presence i n  t h e  lower spLde~ 

oT t h e  web siippo-rtj-ng t h e  boss f o r  

e 

t h e  central .  t ube ;  for rocis 2 and- 3, t h e  v e l o c i t h s  r i s e  smoothly t o  a m a x i -  

mum near  0 deg. 

i s  apparent  in t h e  p r o f i l e s  a t  L / d  = 26.0. A s  spzc~lateed prevriously, t h e  
d i f f e rences  in clepbh of t i le luT..n.?:.~na (-30$ over -a l l )  pivbably r e f l e c t  s m a l l  

geometr ica l  v a r i a t i o n s .  = 20.9 and 

52.8 is  exce l l en t ,  i n d i c a t i n g  t h a t  t h e  inf luence  of  t h e  s p i d e r s  and spacers  

011 t h e  p y o f i l e  shape d isapyears  w i th in  as s h o r t  a d i s t a n c e  as L/d 

(a.ctual fl.ow l eng th  i.s 3.4 i n , ) .  

t h e s e  two 1.eveLs shows, however, t h a t  t h e  1-ength of unobstructed bundl-it 

requ-ired *Lo af'fect an equi1ihrium flow p a t t e r n  is L/d. = 27 or g r e a t e r .  

%rue e f f e c t  of t h e  spacei- pad i n  t h e  180 * 30-deg reg ion  

e 

The agreement, i n  t h e  prof3.l.es at L/d 
0 L 

:= 1 7  e 
A cornpawison be-bwen the pyofiles a-t 

e 
Cont,ou.r maps showing t h e  veloci-ty d.j.stri.bu.%T..ons i.n the 1.20-d.eg segxient 

conta in ing  rods 1, 2, 3, and 7 aye given  in Fig. 4.? (L/Cie = 3.9) and 

Fig.  4. 8 (T,/d., = 26.0).  It shoii1.d. be noted that t h e  2nglnl.ar r o t a t i o n  i s  

opposed t o  t h e  convention ind ica t ed  i n  F ig ,  4.5 ( i . e . ,  t h e  p a t t e r n s  have 

been drawn a,s viewed looking i n  t h e  direc-Lion of Yloow). 

a. mu-ch more de t a i l ed .  eval.ua.-t,i.on of the d a t a  ai; L/d 

c ros s  pl.o-t;tirg al-ong radial ,  lj.n.e:.; emartat 21ig Prom tiit. cenLers of each 

rod) i s  &vcn i n  Fig. 3.19, Chapter 3, t h i s  repori;.  These f i g u r e s  may 

be compared with those  publi.shed- ea-rl.ie&' f ' o ~  a s i.t,uat;ion i n  which an  

e f f o r t  w a s  made t o  minimize flow d is turbances  due t o  the t ube  support  

The resul-t of 

= 3. 9 (o'o-Lai.ned by e 

""GCR Quar. Prog. Rep. Dec. 31, 1959," OFXL-2888, pp. 60--.62. 
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60 - deg OR1 ENiATION 

Fig. 4.5. Designation of Rod 

3 0 - - d e g  ORIENTATION 

Positions and Relative Cluster Orients- 
t i o n  of Adjacent T i t l e - I 1  Design Spiders as Examined i n  ExperTmerital 
Studies with EGCR Rod Clusters. 

s t ruc tures ;  t h e  r e s u l t  (Fig. 4.9) i s  repeated here f o r  reference. 

addi t ional  complications introduced by t h e  spiders are c1earl.y v i s i b l e  ; 

i n  contrast ,  t h e  spacers appear t o  have rmch less infli-xmee on the gross 

flow, Experiments t o  provide s imi la r  character izat ion of t h e  lrlow at  
posi t ions far  removed from the  spiders and spacers are  i n  progress. 

The 

Gas -Mixing Experirnen.t;s 

(G. J. Kidd) 

All studies p e r f o r m e d  to date  in the ef for t  t o  establish the thermal 

charac te r i s t ics  of t he  EGCR fuel-rod c lus t e r  have suggested tha t  rela- 

tively l i t t l e  mixing occurs between Pluid streams moving i n  the set of 

17’7 
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Fig. 4.6. Axial Compai-ison of Circumferent ia l  Veloc i ty  P r o f i l e s  f o r  
Rods I., 2, and 3 a t  a 90&g Rela t ive  C lus i e r  Orientati.on;vy := 2, N 
50 000. 

= 
R e  

1.2 in te rconnec t ing  channels def ined by-  Lhe element geometl-y. Under such 

circumstances, a se r ious  poss ib i l i ty -  exis Ls that there  w i l l  be "hot- 

s t reaking ,  " w i t h  i t s  a t tendant  problems. An experimental  program has  

t h e r e f o r e  been i n i t i a t e d  for determining yuantitai;i.vely t h e  magnitude 

of bo-Lii i n t r a -  and i n t e r c l u s t e r  gas mki..ng and, i f  necessary, t o  investi.- 

ga-ke techniques f o r  increasing such mixing. A byprodiict of t h i s  s tudy  

wJ.1.1., of course, be an i.mproved. understanding of the r e s u l t s  obtained 

i.n both t h e  h e a t - l r a n s f e r  and mass- t ransfer  experiments. 

I n  t h e  experimental  technique being u - t i l i zed ,  a small arnoun-t of 

tracer gas (which has a thermal. conductivi2y differen-L Trom t h a t  of 

t h e  main gas s-Lream) i s  cont inuously in j ec t ed  inLo the ga,s stream a-i; 

a given point Ln t h e  flow channel. A t  one o r  more s t a t i o n s  downsti-earn 

of  t h i s  i n j e c t i o n  Faint, a sample of  tile gas mixture i s  drawn o f f  and. 

passed. through a thermal conduct iv i ty  comparison u n i t ,  which compares 

1.78 
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Fig. 4.9. 
Structures D e s  
52 000, y = 2. 

Velocity Contours i n  a Septsfoi l  Channel with Rod Support 
i p e d  t o  Give Minimum Flow Disturbance; L/d = 23, NRe N e 

t h e  thermal conductivity of t he  gas mixture with that; of t h e  main gas 
stream without krscer gas. This comparison of t he  thermal. conductivit ies 

of t h e  two gases is  a function of t h e  concentration of t h e  t r a c e r  gas i n  

t h e  main gas stream at  t h e  point of sampling. 

comparison un i t  is cal ibrated by cornparfng gas mixtures of known concen- 

t r a t i o n s  with pure channel gas. For s m d l  concentrations of channel gas, 

t h i s  ca l ibra t ion  fo r  all pracLical purposes i s  l inear .  By taking samples 

a t  several  s t a t ions  i n  a given r a d i a l  plane downstream of t he  in jec t ion  

point, t he  d i s t r ibu t ion  of t h e  t r a c e r  gas and hence t h e  degree of gas 

mixing can be deterniined. 

The thermal. coiiductivity 

The experimental apparatus used i n  t h e  i n i t i a l  s tudies  is shown i n  

Fig. 4.10. It consis ts  of t h ree  fu l l - s ca l e  EGCIC c lusters ,  each of which 

can he ro ta ted  with respect t o  t h e  o%her two. The flowing gas is  atrnos- 

pheric a i r  (a% N 

of t he  la rge  difference i n  thermal conductivity between a i r  and helium. 
Inject ion and sampling i s  possible a t  12  s t a t ions  a t  each of th ree  axial  
planes i n  each of the  three  c lus t e r s  as is  shown i n  Figs. 4.10 and 4.11. 

- 50 000) ; helium is used as the  t r a c e r  gas because Re 
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Fig. 4.10. Apparatus for Gas-Mixing Studies. 
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[ b )  LONGlTUDlN.4L VIEW 

Fig. 4.11. Schematic Diagram of G a s - M i x i n g  Study System Showirg Ln- 
j ec t ion  and Sampling Stations.  

The points a and b i n  Fig. 4.11~~ correspond roughly t o  points of veloci ty  

m a x i m a  i n  t h e  six inner and six outer flow regions. 

A photograph of a double probe i s  shorn i n  Fig. 4.12. The two sampling 

tubes (one coincides with point a and the other with t h e  corresponding 

point b) are fabricated of stainless steel  hypodermic tubibing. 

probes, arranged. as shown i n  Figs. 4.10 and 4.11., are used t o  conduct a, 

t raverse  of 1 2  points a t  a given axial plane. The individual sampling 

tubes a re  a l t e rna te ly  connected t o  t h e  conductivity comparison un i t  by 

means of a manifold and a system of valves. 

S ix  d.oub1.e 

For the f i rs t  study, all three c lus t e r s  were d i r e c t l y  aligned. I-Ielium 

was introduced i n  sequence at the twelve in jec t ion  s ta t ions  ("I" of 

183 



Fig. 4.12. Sampling Probe U s e d .  J.n Gas-Mixing Fxperiments. 

Fig. 4.11) j u s t  downstream of t h e  f irst  lower sp ider .  

concentrat ions were measured a t  each of t h e  1 2  sanipli-rrg s t a t i o n s  a t  t h e  

axial pos i t i ons  (Sl, S2, e t c . )  shown i n  Fig. 4.11. 

For each in j ec t ion ,  

The prel iminary results of this experiment aye shown i n  Fig. 4.1.3. 

Tnese da ta  have been averaged f o ~  t he  six inner inject?-on s t a t t o n s  and 

the s i x  outer  i n j e c t i o n  s t a t i o n s  i n  order  that, average t rends  can be ob- 

served. The d a t a  i nd ica t e  tha"i m d i a l  mixiiig of t h e  gas stream is  more 

pre-valent than  i s  mixing i n  a c i rcumferent ia l  d i r ec t ion .  The peaks i n  

t h e  O-deg curves f o r  i n t e r i o r  i n j e c t i o n  with per iphera l  sampling, Fig.  
4.13by and f o r  per ipheral  in jec t i .on  w i t h  i n t e r i o r  sai-npl.ri.ng, F ig  4 . 3 - 3 ~ ~  
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Fig. 4.13. Concentration Prof i les  in an EGCR Channel; 0-deg Relative 
Cluster Orientation, NRe = 50 000. 

appear t o  be due t o  radial. mixing of t h e  gas streams accompanied by dif- 
fusion of helium in to  the air. 
arir stream does not occur f o r  several  c lus t e r  lengths. From these pre- 

liminary data, it is d i f f i c u l t  t o  ascer ta in  any defi.nite mixing across 

the spiders or spacers, and it i s  evident t h a t  more de ta i led  t raverses  

w i l l  be needed. 

Complete d i f f i s i o n  of helium in to  t h e  

In jec t ion  and sampl.Tng probes h ( v e  been developed t h a t  w i l l  a1l .o~ 

complete radial movement of t he  probe. 
modified t o  contain several  more axial probing locations,  each consisting 

of 1 2  equally spaced r a d i a l  probing posit ions ( r a the r  than s i x ,  as pre- 

viously used). 

pl ing probe is  used a t  a time. 

Tne cen t r a l  c lus t e r  has been 

The probe manifold has been discarded, and only one s a m -  

Experimeiitation i s  being continu-ed, and flow across spider pairs and 
mid-cluster spacers i s  being stu.died, as well as -the effects of cluster 

o r i e n t a t  ion. 
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5.  1UTF;RWLS DFVEI,OPI’.IENT 

(J. H .  Coobs) 

Fabr i ca t ion  and Phys ica l  P r o p e r t i e s  of UO, 

c 

T 

powder Process iag  and Fabr i ca t ion  of> ( A .  J. Taylor ,  J .  M.  Robbins) 

Experimental  work has been completed. on f a b r i c a t i o n  techniques f o r  t h e  

development of conLrol led g r a i n  s i z e s  i n  the  minia ture  U02 - i r r a d  i a t i o n  spec i -  

mens f o r  t he  LI’TR experiments .  A series of p e l l e t s  wi th  two differen-t ;  

oxygen-to-uranium r a t i o s  w a s  s i n t e r e d  und.er vary ing  cond i t ions  of time and 

atmosphere. It w a s  determined t h a t  g a i n  s i z e  i n  these  p u l l e t s  could be 

c o n t r o l l e d  over a range from 10 t o  60 11 w h i l e  s i n t e r i n g  t h e  p ieces  Lo 

d h e n s i o n a l  t o l e rances  of rt0.001 i n .  and d e n s i t i e s  of no t  l e s s  khan 10.3 

g/c1n3. 

t h e  g r a i n  grow-tln of U O z .  

a t  175O0C, a g r a i n  s i z e  of approximately 60 11 w a s  obtained; whereas under 

t h e  s m e  cond-it ions of Lime and temperature i n  argon, the g r a i n  si .ze wzs 
on ly  about  15 p. When s i n t e r i n g  is conducted i n  argon,  hydrogen i s  i n t r o -  

duced dur ing  the  las t  30 min t o  reduce the oxygen-to-uranium r a - t i o  t o  l e s s  

t han  2 -01. 

it w a s  observed that; argon has a s t r o n g l y  depress ing  effect;  on 

For example, after s i n t e r i n g  5 1/2 hr in hydrogen 

Attemp-ts t o  g r ind  o r  p o l i s h  t h i n  p l a t e s  of U02 or Tho,-UO, t o  a th i ck -  

ness  of 0.030 i n .  f o r  use i n  instan-taneous f i s s i o n - g a s - r e l e a s e  experi.ments 

ii1 -the O M  (see Chap. 6, t h i s  r e p o r t )  have been almost completely un- 

success fu l .  Therefore  the  shape of t h e  p l a , t e  w a s  changed from rec t angu la r  

Lo c i r c u l a r  in orde r  t o  inc rease  t h e  chn.nces of s i n t e r j - n g  plates cli-rectly 

to the  r equ i r ed  th i ckness .  R t e s t  s e r i e s  of circu1a.r p l a t e s  .was  made, and 

th icknesa  and f l a t n e s s  both  proved t o  be cont ro l - lab le  t o  t0.00l i n .  These 

techniques are now be ing  coupled wi th  those developed i n  the g r a i n - s i z e  

s tudy  i n  o rde r  .bo produce p l a t e s  w i th  t h e  r equ i r ed  dimensions, densi-by, 

and g r a i n  s i z e .  

F a b r i c a t i o n  was started. on UO;, di-sks, 1..6 i n .  i.n diameter  w i t h  a 

th ickness  of e i t h e r  1 or’0 .S  i n . ,  f o r  use i n  r ad ia l -hea t - f low thermal- 
conduc t iv i ty  s%u.dies. The f F n a l  t h i ckness  will depend on t h e  tecliriique 

t h a t  must be used t o  achieve t h e  requi red  f i n a l  d e n s i t y .  Standard fabr i -  

c a t i o n  techniques have no t  yet y ie lded  -the required.  d e n s i t y  without  the 
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f ormati-on of lamina t ions ,  and i s o s t a t i c a l l y  pressed  p i eces  have eiLher  

been d i s t o r t e d  by the  p r e s s i n g  or have cracked dur ing  s i n t e r i n g .  

are now be ing  blended wiLh the  UG2 powder i n  order  t o  form these  p i eces  

d i r e c t l y  to  t h e  r equ i r ed  s i z e  and d e n s i t y .  

Binders  

Thermal-Conduc t i v i t y  S tudies  
II - ( T .  G .  Godfrey) 

The developmeoc of t he  r a d i a l - h e a t - f  1 ow appara tus  i s  c o n t i m i n g  w j  t h  

t h e  goa l  of ach iev ing  the  most r e l i a b l e  and accura t e  experirnental  method 

t h a t  i s  compatible wi th  thc e x i s t i n g  equipment .' Data a n a l y s i s  revea led  

the need f o r  f u r t h e r  equipment changes i n  order  Lo (1) insu re  more uniform 

i i i i z r n a l  temperatures ,  ( 2 )  permit  i titercomparisons of thermal  emf's, (3) 

a l low the  use of automatic  LeniGerature c o n t r o l l e r s ,  ( 4 )  increase  the  accu- 

r acy  of t he  d a t a ,  and ( 5 )  provide for simple eqJipmeiif, assembly. Soiiie of 
t hese  changes have been made and t h e i r  e f f e c t s  e v a l ~ a t e d  by m a s u i n g  the  

thermal  conduczivi ty  o f  a specimen of I IJOR-8 rtlloy Lha, w a s  r e a d i l y  a v a i l -  

a b l e  and app l i cab le  as a i c s i  specirien. TmGrovemenLb i n  ;?e d z t a  t h a t  are 

a t i r i b u t a b l e  t o  t he  cnanges i n  ;ne appara tus  are r e f l e c t e d  in the  fo l lowing  

t h e r m 1  -conductiviLd va lues  for TCOR-8 wl-ich, wnen p lo tTed> f a l l  w i t h i n  

?l$ of a s t r a i g h t  l i n e :  

Temperature Thermal Condueti vi t y  
("C) ( w / m  * "C ) 

360 0.1680 
455 0.1861 
563 0.2052 
645 0.2196 
703 0.2315 

Thermal Expamion of Dished P e l l e t s  ( W .  H .  Mar t in)  

The thermal  expaision of UG2 pe l l ecs  havi?g a 0.003-in. concave disn 

on one end o r  botn ends has 'wen measured a t  c e i i t r a l  p e l l e t  temperatiires 

up t o  3000°F. 'diihi1i experimental  e r r o r ,  t he  dimensional behavior of 

GCR Quar. B o g .  Rep. March 31, 1960," ORNL-2923, pp.  87-91. 1 I t  
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double-dished p e l l e t s  i s  equivalent t o  t h a t  of the p e l l e t s  dished on one 

end only. 

BuI-k-Density Measurements on Small I r regular  Pa r t i c l e s  (Mary P. Haydon, 
A ,  CT. Taylor, J. M .  Robbins) 

A solid-embedment technique f o r  measuring bulk derisj.t,y i s  being 

developed i n  connection with a study on the character izat ion of UO2 pa.rti- 

c l e s .  

of 1rregul.arl.y shaped U02 fragmen-Ls taken from I r rad ia t ion  experiments. 

The technique consis ts  of embedding a known weight sample i n  an epow r e s i n  

whose density i s  known, measuring the to-La1 volume of sample and res in ,  

and obtaining the sample vol.m-e by difference a f t e r  calculat ing the volume 

of Lhe r e s i n  from i t s  known weight and densi ty .  The features  of the tech- 

nique present ly  under study are the  se lec t ion  of a r e s i n  with -the most  

su i tab le  embedment charac te r i s t ics ,  methods of keeping a i r  from being 

trapped within the mass of the sample or on the surface of the pa r t i c l e s ,  

and methods of avoiding penetration of the pores by the r e s i n  -i.n i t s  f l u i d  

sta-Le . 

The method i s  applicable a l s o  t o  measurements of the bulk density 

It i s  necessary t o  work w i t h  parti.cI.es of knowri bulk densi ty  i n  order 

t o  s a t i s f a c t o r i l y  evaluate the technique. 

s t u d y  material ,  since the f ine ,  crushed Fa r t i c l e s  should have a bulk density 

equal t o  the theo re t i ca l  densi ty  (10.95 g/em3) and the dens i t ies  of even 

pieces having volumes as large a s  several  cubic centimeters should be very 

close t o  t heo re t i ca l  densi ty .  A second type of p a r t i c l e  of a known l o w  

b u l k  densi ty  (5.86 g/cm3) w a s  made by crushing U02 p e l l e t s  of t h i s  density 

arid s iz ing  the p a r t i c l e s .  

Fused U02 w a s  se lected as one 

The r e s u l t s  presented i n  Table 5 .1  provide a comparison of the densi- 

t i e s  obtained. with the mercury-pycnome-ter technique and the solid-embedment, 

technique, as wel l  as the r e s u l t s  obtained with two d i f f e ren t  r e s ins .  

each case the low r e s u l t s  for the crushed, fused UO, par t i c l e s  (samples 

4,  5, 6, and 7 )  resu l ted  from the entrapment of a i r  with the smple.  

e r ror  i s  aggravated w i k h  Cas t o l i t e  resin because of thermal expansion 

during curing; the inaccurate values obtained with t h i s  material. indicate  

t h a t  t h i s  error i s  s igni f icant .  No a i r  was trapped i n  the embedments 

In 

Ti?is 
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Table 5. I. Soli3-ErnFeament and Mercury--Pgcnometei" Measurerflenc3 o f  Bulk Densi ty  o f  202 

Measured Bulk Density (g/crn3 ) 

Mercury- Czstol.ite Castoglas  
(6/cm3) Pycnorreter EmbeLnent 'Embehent 

I._ .. ._. . .__- V o i m e  of Knowli Sample Smp1.e Type Sample Used Density 
(clr.' ) No , 

....__- l__l....._ 

Single, l a r g e  piec-s of ?. -3.7 i0.9j" 10.52 
fused UO, 2 -0. '7 10.95 10. 72 

3 41. Ti' 1.Q. 35 10.35 

E'uscd TJO2 crislied a d  s ized  
50 

-70 +lo0 ozsh 4 -1.2 10.95 IC:. '18 
-7@ -t103 m s h  5 -1.2 10.95 1.0. :ia 
-100 +I40 mesh 6 -1.2 10.95 10.36 i0. 63 
-100 +I43 mesh 7 -1.2 LO "95 10.36 10.60 

Fabri.ear,ed pel.lct, whole s' 4.609 5.78 6.04 
-40 +60 mesh p a r t i c l e s  from 9 -1.6 5.66 
c.rushed, f3 ,br icated pellor,? 10 -1.6 5.86 

'I. 'I9 
7.78 

..-II_ .- ... . . . . 
% h e o r e t i c a l  value. 

conta in ing  single, l a r g e  p i eces  of fused U02 (samflp7.e~ 3-, 2, and. -3). 

low va lues  obta ined  wi th  C>astol.ite resulted sole1.y from the tlneriiial ex- 

pansion problem. Very l i t t l e  air w a s  t rapped  with t he  par t ic les  from the 

crushed pelle'Ls (samples 9 and 10);  tile high value obtai.ned for bulk d e n s i t y  

w a s  caused. by p e n e t r a t i o n  oi" L-esin in'io t h e  porous makerial. 

of pei?etrs.ti.on w a s  n o t  great f o r  any individual .  p a r t i c l e ,  bu t  the increase  

i n  t h e  measured d-ensity over that of the  whole pelle-c reflects the in -  

c reased  surrface-to-vo3.ime r a t i o  of these samples. 

The 

The depth  

Fission-Gas-Release S tud ie s  (J .  I,. Scott, D. F. Ironer) -- 

When 1ieutron-acl;ivation z e s t s  on U 0 2  p e l l e t s  for t he  EGCR were begin 

a t  ORNL, it w a s  considered advantageous t o  ob ta in  independent results on 

d u p l i c a t e  pelle-Ls as a check on the  procedure.  Since s imilar  t e s k s  were 

being run  a t  Chalk River ,  a formal agreerneiit betweea the AEC and AECL w a s  

made under which ORM, WRS t o  supp1.y IJ02 p e l l e t s  t o  Chalk River  t oge the r  

wi th  t h e  d a t a  r equ i r ed  t o  c h a r a c t e r i z e  the  mater ia l .  These p e l l e t s  were 

t o  be tested. a t  AECL while  d u p l i c a t e  p e l l e t s  were being s t u d - k d  a t  GRNL, 

and the  r e s u l t s  of the  two series of t e s t s  were tnen  t o  be exchanged. 

The results of t he  tes ts  that  have been comp1ei;ed t o  date are pre-  

sen ted  i n  Table 5 . 2 .  Two p e l k t s  from each l o t  of UG2 w e r e  supplied. to  

192 



U02 
~f Values D‘ Values 

Obtained st Sarriple uo2 uo2 Bulk Surface ’* Oxygen-to- - Obtained a t  
iJrariium O f 3 L  Chalk River Designation 

( g / c d  ( sec-l ) ( se2-I ) Xa“s i0  Are a Sample Enrichment Manufacturer Density 
($ LT235) TO. jcr:I2/g j 

~ ~~ 

4. ,403 

1.903 

3.052 

General E lec t r i c  

G.eiiera1 E lec t r i c  

ORiL 

10.27 

10.27 

10.47 

12.7 

12.7 

89.3 

2.002 

2.002 

2.006 

GE-5 

GE-5 

1173 7.68 X 1.17 X 
4.28 x 

1.47 x i C . ’ l l ,  

5.43 x 10-11’ 

1.92 X 
10.47 89.3 

2.94 

2.0C3 

2.002 

1173 

25-8 

4 

5 

3.052 

0.22 

ORNL 

Maliinckrodt 4.72 X 1.25 X 

1.1 X 6.85 X 
1.15 x 1.03 x 10-l~ 

5.94 x 10-12’ 
2.67 x 10-i2J 

10.23 

1.33 x 
1.65 x 10-11; 
2.48 x 10-l1 

25-8 

34-30 

0.22 Maiiinckrodt 10.23 2.94 2.002 6 

2.51 x 6.1. x io-12 
1.26 x io-’” 
4.12 X 
5.34 x 10-11’ 

7 0.7115 10.39 28.6 2.003 

34-30 10.39 28.6 2.003 8 0.7115 

10.25 34.2 33-5 2.011 



Table 5.2 (continued) 

D/ Values D ' Velue s G x y g  en -t o - 302 
BET 

Area 

Bulk 
Smf ac e Obtained a t  Obtained at 

ORVL Chaik River 
302 uo 2 

Sarzple SaEiple Enrichment Nanufscturer Densi-by Uraniun 
) ( c m 2 / g  1 Rat-io ( s e c - l )  ( s e c - l )  D e  s igna~t ion  ( g j c m 3 )  No. (% $ 3 5  

11 4.59 50-6 

10 0.22 DiLVi son iG.25 34.2 2.011 4 - 6 1  x 7J-I0, 33-5 
7.49 x 10-11, 
1-97 x 10-11 
2 . 3  x LC'll' 

Bzbcock & Wilcox 10.06 58.0 2.009 2.82 X 10'l1 2.15 X lo-", 
2.26 x lo-'', 
3.24  x Ici'l' 

1 2  4.59 BabcocB & Wilcox I C ] .  06 5g. 0 2.039 2.75 x 1o-11, 
2.81 x x-11, 
6.33 x 

13 4.19 Babcock & wilcox 10.02 18 .9  2.002 6.98 X 1.97 X lo-:', 
2.02 X lG-il, 

14 4.19 Babcock & Wlicox 10.02 18.9 2.002 2.15 X lo'"', 

2 - 4 6  x -ifi'?-c 1 

2.20 x iO-lr 
1 5  4.50 Generel Elecxr ic  10.48 7. 7 2.002 3.24 x 2 . 5  x 

3 . 9  x lo-", 
16 4.59 General ElectrLc 10.48 7.7 2.002 1.9 x :L,a-", 

2 . 3  x yJ"2 

17 3.02 OWL! 10.39 11 .5  2.003 1.48 x lo-'' 

3.56 x io-'o 

1.14 x lo-'' 

3.47 x 19-10: 

18 3.02 om% 10.39 11.5 2.003 1.68 X 10'", 35 

%rsonal co::nmication f rom W. H .  Stevens t o  J. L.  Scot t ,  Aagust 22, 1960. 

50-6 

51-5 

51-5 

GE-6 

GE-6 

35 



Chalk River s o  t h a t  the r e s u l t s  o'utaimd. on a given p a i r  of samples should 

be i d e n t i c a l .  The ORNL data were ob-Lained on a th i rd  pellet f r o n  the same 

lot of mater ia l .  I n  both cases the  D/ values were computed from the f i n a l  

slope of the curve of the f r a c t i o n  of Xe133 re leased versus the square 

r o o t  of time; however, Lhe durahion of a s ingle  t e s t  at; Chalk Ri.ver w a s  

3 hr ,  whereas t e s t s  a t  ORIIT, were conducted over time periods of 9 t o  30 

h-. The s m ~ i p l e  size a l s o  d i f fe red  i n  t h a t  i n  -the tests a t  Chalk River 

pieces of 1J02 weigkhg 50 mg or  l e s s  were used, whereas the samples used 

ai; ORNL weighed 200 t o  500 mg. 

A comparison of t,he ORNL and Chalk  River data with recent  data  from 

Iic.,rwe1l2 is shown in Fig. 5.1.  Data f o r  

UhCLASblFIED 
ORNL-LR-DWG 52583R 

io3 

0 STEVENS (CHALKRIVFR)  
--LONG ef 01 (HARVKLL) 

-. 
Y 
E 
2 io2 
2 

k IO '  

t; 

E 
4: 
W 
0 Q 

3 u? 

m 

ioo 
, 614  i0-13 io-l? 10"' 10-'0 (0.9 

0: HFL F ~ S F  PARANIETFR (sec-'1 

Fig. 5.1. Relation of D/ to BET 
Surface k e a  f o r  Duplicate Samples of 
U02 Tested a t  OKluL and Chalk River ~ 

t h a t  there  i s  no corre la t ion  between the 

du-plica-tx p e l l e t s  teste? at ORI'JI, 

and Clialk River rmy be compared 

on the bas is  of i d e n t i c a l  BET 

surface areas. According t o  the 
diffusion theo2-y of f iss ion-gas 

re lease ,  a p l o t  of the log  of the 

surface area versus the log  of 

D/ s1iou.l.d y i e l d  a s t r a i g h t  l i n e  

with a slope of 0 . 5 .  Tine data  

of ORNL and Harwe11. are i n  general. 

agreement with the  theory and 

w i t h  one a,nother. The data of 

Stevens indicate ,  i n  Fig. 5.1, 
BET s-urface area and D', but the 

data  are i n  agreement, f o r  the most p a r t ,  with t h e  data  ob-Lairred a t  Harwell 
and ORlNL f o r  high-surface-area p e l l e t s .  V a h e s  of D/ obtained Stevens 

f o r  pellets with low surface areas would be expected t o  be higher than the 

true values, because -LIE s i n a l l  sample size r e s u l t s  i n  a r e l a t i v e l y  high 

ra - t io  of the geometric surface area to the ko'cal surface area. 

2G. Long, D.  Davies, and J .  13. Tindley, "Diffusion of Fissi-on Products 
i n  Urani.uin Dioxide aid Uranium Monocaybide, " Paper present,ed a t  the F i r s  1; 
Coxiferelice 011 Nuc1.ea.r Reactor C'herflistry, Gatl.inburg, Tennessee, October 12,  
1960. 
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It i s  concluded the re fo re  t h a t  t h e r e  i s  reasonable  agreenent  be tween 

ihe  data of t he  d i f f e r e n i  i n v e s t i g a t o r s  and t h a t  the BET su r face  a r e a  i s  

a u s e f u l  measure oP ;he f i s s i o n - g a s - r e t e n i i o n  p r o p e r t i e s  of UO, if  no 

s t r u c t u r a l  cnanges occur dv;ri.ng i r r a d i a t i o n .  

Ad-vanced Fuel ??!aterials Deve l.otmenz 

Fabr i ca t ion  of Fueled Re0 Bodies (13. L. Hamner) - 
Fine-Grained Fuel Dispersions i n  -..- BeO. Fueled ReO-UO, s p e c k e n s  con- 

t a i n i n g  30 vol % U 0 2  enr iched  20s i n  U235 f o r  s t u d i e s  of f i s s ion -gas -  

r e l z a s e  r a t e s  and specimens conta in ing  30 v o l  $J U02 enr icned  50% i n  U235 

f o r  high-teniperaturc i r r a d i a t i o n  experiments have been f a b r i c a  bed The 

f u e l  wzs int roduced i n  these  specimens as a f ine -g ra ined  d f spe r s ion  of 

submicron-size UOz powder, and the  specimens were fabrri.cated t o  c lose  d i -  

meinnj~onal t o l e rances  i n  the form of hollow cy l inde r s  loy cold p r e s s i n g  and 

s i n t e r i n g .  The d e n s i t i e s  ob ta ined  were approximateljr 95% of t h e o r e t i c a l .  

I n  the f a b r i c a t i o n  of t hese  BeO-UO2 mi-xtures, g ross  c racking  occurred. 

du.ring s i n t e r i n g  i n  hydrogen at, 1750°C, the same cond i t i ans  whicn had. been 

used i n  t h e  success fu l  f a b r i c a t i o n  of mixtures  of EeO wi th  depleted. TJ02. 

'This c racking  w a s  a t t r i b u t e d  t o  a d i f f e r e n c e  i n  shrinkage c h a r a c t e r i s t i c s  

of t he  enr iched  U 0 2 ,  which w a s  prepared by a "batch" process ,  and the 

dep le t ed  U 0 2 ,  whi-ch was obcained from a "contiriuous" p rocess .  

'file shr inkage of t he  enr iched  powder was ad jus t ed  by main tz in ing  

oxygen-to-uranium ra ' i ios of approximately 2.17 and. 2.Lb f o r  t h e  20 and 50$ 

enr iched  oxides ,  r e s p e c t i v e l y ,  d-aring s i n t e r i n g  of :he BeO-UO2 milc'iui-es 

i n  a n  argon atmosphere a t  1'150°C. 'The oxygen-to-uranium r a i i o  of t h e  fuel 

w a s  then  reduced ti) 2.003 k 0.001 by hydrogen t rea tment  a t  the s i n - k r i n g  

temperature .  

Fueled Be0 specimens contarining 3.7.5 v o l  $ Tho2 and. 1 2 . 5  v o l  $ U 0 2  

fully enriched. 7.n U235 were a l s o  f a b r i c a t e d  f o r  high-Lernperauure (-1310°C) 

i . r r a d i a t i o n  experiments . 'The f u e l  w a s  in-Lroduced as a mechanical mixture 

of submicron-size U02  and 'Tho, powder. The specimens were co ld  presserJI 

and s in~iered.  i n  argon a: 1750°C. The r e s u l t i n g  oxygen- to-uranium r a t i o  

i n  the U02 o f  approxirnazely 2.4 w a s  subsequent ly  reduce? t o  2.002 + 0.001 



by hydrogen treatment a t  t h e  s i n t e r i n g  teniperature . 
mately 94% of theoretical were obta ined .  

Be0-U02-Th02 specimeii i s  shown i n  F i g .  5 . 2 .  The gray pliase is B O ;  the 

white phase i s  a U02-Th02 s o l i d  solut . ion,  w i t h  some free U02, according 

t o  pe t rographic  examination of powdered samples and t h i n  sec t tons ;  and 

the black areas are voids  inherenl; i n  t h e  s t r u c t u r e  o r  caused by "pul l -  

ou t "  dur ing  polishing. 

DensiLies of approxi-  

Tine m i c r o s t r u x t u e  of a t y p i c a l  

The microstructu-re  of Be0 con ta in ing  30 vol $ U02 i.s shown i n  Fig. 

With the excepkion of a few s c a t t e r e d  large p a r t i c l e s ,  the micro- 5.3. 
structures of both the B G - U O 2  and Ue0-UO2-Th02 specimens show uniform 

dlspersion of the  f - u e l  i n  a f i x - g r a i n e d ,  dense Be0 inatrix. Fueled Be0 

Fig.  5.2. Micros i ruc ture  of Be0 Body Containing 1.2.5 vol $ U02 and 
l r / . 5  V O ~  % Tho,. Etchant :  '70s H,G-20$ H,02-10$ H2SO4 -t- 50% H20-50$ fW. 
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Fig. 5.3. Micros t ruc ture  of Be0 Body Conta.i.ning 30 vol % UOz. 
Et>cha,ilt,: 70% H20-20$ H,0,-1-0$ H ~ S O L ~  -t 50% H20-50$ I P .  

specimens and. Tho2 thermal insulaLors typi.cai ot' those fabricated t o  c lose  

dinierisional t o l  e r m c e s  without  machining f o r  the  high- I;empera Lwe irradia-  

t i o n .  experiments are shown in F i g .  5.4. 

incorporakion of U 0 2  as T.a.rge P a r t i c l e s  i n  BeC.  Tn the  use of U 0 2  
-I. .--.--____ 

as a fuel. dispel-sed in a B e 0  mat r ix ,  it i s  des?rable from the stand-point 

or fission-gas retention and r a d i a t i o n  damage €or T h e  f u e l  p a r i i c l e s  t o  

be i n  t h e  s i z e  range 1.00 t o  500 p. The f a b r i c a t i o n  or" such a composite 

wi.thoiit Lhe formation of cracks 01- lmge  voids w m m d  the  f u e l  par ticI1ks 

r e q u i r e s  a knowledge of the  shrinkage relationships of both components 

during s i n t e r i n g .  

Linear ;shrinkage data Wei-t' o-b-Gained on large, single par t i c l e s  of 

h.ydrothermal.1-y prodiJ.ced UO3 *H,O by measuring, microscopically, th? change 
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Fig .  5.4. 'Typical Fueled E e O  Specimens and Tho2 Thermal Insu la tors  
Fabr ica ted  f o r  . I r rad ia t ion  Experiments. 

r 

i n  dimensions w i . t h  increas ing  temperature as {;he monohydrate crys tals were 

converted to U02 by hea t ing  i n  Q-dz'ogen. 

because of a s i g n i f i c a n t  v a r i a t i o n  i n  s b i r k a g e  measurcmfits obtained from 

d.i.fferent p a r t i c l e s .  The nonunif orm shrirlkage of these p a r t i c l e s  i s  be- 

l i e v e d  t o  'oe a s soc ia t ed  with t h e  orienta-Lion of t'ne c r y s t a l  axes w:it;hin 

-the p a r t i c l e s  and the  s l r inkage  along d i f f e r e n t  axes as tbe  c r y s t a l  s t r u c -  

t u r e  i s  changed from orthorhombic t o  t e t r agona l  and, f i n a l l y ,  t o  cubic 

during conversion t o  UO2.  ALLempts were then made t o  prepare the fuel a s  

l a r g e  granules of p o l y c r y s t s l l i n e  UO2 formed by granulatimg prepressed, 

f ine-grained powclers t h a t  shou-ld exhibit uniform s h i r k a g e .  

'The r e s u l t s  were inconclusive 

Shrinkage eh-arac te r i s t ics  of fixel.. and matrix w e r e  determilied by 

s i n t e r i n g  U02 and Be0 p e l l e t s  pressed ai; various green d e n s i t i e s .  The 

s i n t e r i n g  schedules were designed so  t h a t  the shrinkage f o r  a given TJ02 

or  Be0 body i n  an argon or hydrogen atmosphere could 'oe determined at. 

temperatures up to 1750°C. Conpa.risoiis of 1;he shri:&age "prcjfiles" ob- 

tained., based on se l ec t ed  green d e n s i t i e s ,  a.re presented i n  F igs .  5.5 and 

5.6. 
C R ~  for UO, and 54.6% f o r  Reo, i n  accoraance with accepted f a b r i c a t i o n  

procedures.  
shrinkage occurs during the complete s i n t e r i n g  cyc le .  It w a s  ca l cu la t ed  

t h . a t  th i s  d i f f e r e n t i a l  shrinkage could be virtually el iminated by 

These bodies were compacted t o  green d e n s i t i e s  of 40$ of theo re t i -  

L L  m y  be seen tha t  approxiinately 14 v o l  $ d i f f e r e n t , i a l  
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Fig  
in Argon 

UNCLASSIFIED 
ORNL-LR - 0 W G  54113R 
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. 5.5. Shrin-kage P ro f i l e s  of Re0 and  UO, Bodies During S i n t e r i n g  
at 1 atm and Subszquerli 'Treairrient in Hydrogen at 1750°C. 
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presh r ink ing  t h e  UO2 approximately 25% by a prefiring t rea tmeat  before i n -  

co rpora t ion  i n  the Be0. 

Fueled bodies  of Be0 contajnif lg  30 vol $ of UO;! with a p a r t i c l e  s i z e  

of 150 to 250 p were f a b r i c a t e d  t o  check these s h i n k a g e  r e l a t i o n s h i p s .  
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Fig. 5.6 .  Shrinkage Prof i les  of Be0 and U02 Bodies During S i n t e r i n g  
i n  mdrogen a t  1 a t m .  
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'Thp f u e l  p a r t i c l e s  wzre prepared by gcai iulat ing green and p r e f i r e d  com- 
p a c t s  of U 0 2 .  It w a s  assumed iiiaL ;he p a r t i c l e s  thus obtained would pos- 

ses s  iiie shr inkage and s i n t e r i n g  c h a r a c t e r i s i i c s  of t he  pa ren t  compact. 

I n  order  t o  promote uniform d i s t r ibuLion  of the l a r g e  fuel. p a r t i c l e s ,  t he  

mixtures  w e r e  paste-blended i n  a waier so l -u t ion  of 2 wt % polyvinyl  a l c o h o l .  

The addrition of polyvinyl. a l coho l  w a s  necessary only t o  form a bond between 

the r u e 1  p a r t i c l e s  and Be0 powdei- agglomerates .  Thi.s bonding minimized 

-the segrega t ion  of f u e l  dur ing  g ranu la t ion  of t he  d r i e d  mixture p r i o r  to 

compacting. Compacted bodies  contai .ning fuel par t ic I .es  p re f i r ed  t o  s e v e r a l  

shr inkage s t ages  were s i n t e r e d  i n  hydrogen a t  1750°C for 1 h r .  The r e s u l t s  

of microscopic su r face  examinaLion of Lhese specimens are t a b u l a t e d  below: 

ii'wl P a r t i c l e  Surface Appearance of 
D e  s c r  i p t  ioii SintercC Specimens 

Unfired (g reen )  Obvious voids  around f u e l  g ra ins  

Preshrunk approximately R e l a t i v e l y  smooth su r face  

Pieshrunk approximately R e l a t i v e l y  smooth su r face  

High-f i red,  f u l l y  shrunk Very rough-textured sur face ;  f u e l  

14.5 v o l  $ 

26 v o l  $7 

g r a i n  pl-otrusion prominent 

These r e s u l t s  are in accordance w i t h  t h e  p red ic t ed  behavior of fue l ed  coiii- 

p a c t s  based on the d a t a  of P i g .  5 .6 .  

Fab r i ca t ion  of FWled  Graphite ( A .  W .  S e i f e r t ,  F. L. Ca r i sen )  

Experiments for determining t h e  r e a c t i o n  of UC wi th  gases  evolved a t  

h igh  temperatures  Prom the  high-carbon-forming thermose t t ing  b inders  used 

i n  graphi-te Pabricacion were extended t o  inc lude  Les ts  w i t h  D u r i t e  SD-5172, 

Durez 164.70, and pit,cn a Mixtures c o n s i s t i u g  of approximately equa l  volumes 

of UC and each b inder  were f i r e d  'io 3.00O"C i n  a hydrogen atmosphere. The 

r e l a t i v e l y  I.ar$e quantiLy of b inder  w a s  used so  t h a t  d e f i n i t e  r e a c t i o n s  

could. be e a s i l y  detected. .  X-ray d i f f r a c t i o n  a n a l y s i s  of the h e a t - t r e a t e d  

mixtures  showed only  UOz t o  be pr-esent. It is  concluded, t h e r e f o r e ,  t h a t  
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these  binders,  l i k e  the  ones t e s t e d  previously, would cause unsa t i s f ac to ry  

lamiriations and sur face  defec ts ,  if used i n  the  prepara t ion  of UC-fueled 

graphi te  bodi-es . 
I n  another approach t o  f u e l i n g  n a t u r a l  g raphi te ,  a 20$-emiched 

uranyl n i t r a t e  so lu t ion  w a s  wet mixed with n a t u r a l  graphi-te and a binder, 

Crurite SD-5143. A f t e r  drying, screening, cold pressing, and firing a t  

1000°C i n  hydrogen, the specimens were found Lo be s l i g h t l y  laminated. 

These specimens d i d  not, however, have the  minute surface de fec t s  previ-  

ously observed with the  UC-fueled specimens. 

tke  specimens showed uniform d i s t r i b u t i o n  of -the f u e l .  

A-n autoradiograph of one of 

Fabr ica t ion  s tud ie s  were also performed on n a t u r a l  g raphi te  fue led  

wi.th p a r t i c l e s  of U02 and with uncoated and pyro1ytri.c-carbon-coated UC2 

obtained from the  Minnesota Mining and Manufacturing Company. The general  

f a b r i c a t i o n  scheme used i n  a l l  cases involved cLr.y mixing with l h r i t e  SD- 

5,143 binder, cold pressing, and f i r i n g  a t  a rate of 20"C/h~ Lo 1000°C i n  

argon. Tlne r e s u l t s  of these s tud ie s  are presented i n  Table 5 . 3 .  A s  may 

be noted, t h i s  f a b r i c a t i o n  technique produced sound bodies containing U02, 

but problems s imilar  t o  those reported previously3 with bodies containing 

UC were encountered with uncoated UC2. It i s  apparent t h a t  pyro ly t ic -  

carbon-coated p a r t i c l e s  show promise and t h a t  f u r t h e r  s tud ie s  with p a r t i c l e s  

- 
'"GCR Quar. plnog. Rep. Sepi;. 30, 1960," ORNL-3015, pp. '74-75. 

Table 5.3. Fropert ies  oZ E?reled Graphit? Bodies 

F 1 E  I 
P a n i c l e  S i z e  D i s t y i b u t j  on of Fuel 

of  F L ~  i n  i3ody 

<74 p (-200 mesh) Unifoim. 

-15C-250 (-60 +lo0 Szmplc 1: mi-l'orn 
mesh) Sample 2: center only 

E2 spheresa -240 11 Sample 1: w.ifonr 

Sample 2: center  only 
UC2 spheres coated wiih T o t a l :  -760 p TJnif orm 
pyroly t i c  carbona Coating ihicknezs: Center only 

-100 LI 

N o  -visible defec ts  

No risible defec ts  
No vi si.ble defect, s 

Larillnations and surface 

Ls~fiimat i on s 

A few iilrface bimps 
No vf sible def L I C ~  s 

bumps 
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of  t h i s  type are i n  o rde r .  

ana lyses  completed thus  far have shown t he  f rUC2 ' r  i n  coated pa r t i - c l e s  t o  

c o n s i s t  of approxiniately 90% UC2, 10% UC, and a small m o u n t  of g raph i t e .  

A phase Len-Lativ-ely i d e n i i f i e d  as 2iLiier UO2 or graph i t e  was found a t  the  

i n t e r f a c e  of the coa t ing  and the  carb ide  sphero id .  With the  except ion  of 

tile presence of a very s m a l l  amount of U2C3, the uncoated uraniuili ca rb ide  

p a r t i c l e s  appear Lo have the  s m e  composition as t h e  coated "UCZ." 

The metal1ogaphj.c and x-ray diffrac-Lion 

Fission-Gas-Release S t u d k s  (D. F. Toner) 

'The ra%e of rei-ease of Xe''3 from sm1pIes of Be0 conta in ing  25 v o l  $ 
UO;! as R t i n e  d i s p e r s i o n  w a s  measured a t  a s e r i e s  of temperatures  by the  

neu t ron -ac t iva t ion  technique.  

are given i n  'Table 5 .4 .  

calculs.ted. because no adequate msthematical  model f o r  d i f f u s i o n  a n a l y s i s  

has been formulated.  

The d h t a  obtained. from these  experimen.ts 

The rekase- ra te  para.meter; TI'? has not  been. 

Table 5.4.  Resu l t s  of Measu-rernents of the  Rate 
of Release of  Xe1'3 from AeO-IJ02 

1400 

T e s t  Accumulated i 'o ta l  Frae t iori  
lie l ea sed  Temperature T ime  of T e s t  ("a 

1200 2 3.6 x IOm5 

24 7.6 x 10-5 
33 8.8 x 10-5 

2 8.91~ x 10-4 
5 9.80 x 10-4 

31 1.23 x 10-3 
29 1.88 x 10-3 

1600 2 3.76 x lo-* 

21 5.54 x 10-2 
29 5 . 8 3  x 10-2 

1800 2 8.95 x 10-2 
6 2.09 X 10-1 

22 8.39 x 10-1 

6 L.6 x 

4 4.32 x 

30 1.09 x l o o  
-_ _II_ -- 
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Studies are being car r ied  out on the r a t e  of Xe133 re lease  from 

fu.eled graphite.  9y using a pos t i r rad ia t ion  aiznealirig technique f o r  the 
f ission-gas-release measuremerits, da ta  have  been obtained over -the ternpera- 

tu re  range 800 -to 1200°C. 

mi.x obtained from Thtional Carbon Companyy-. 

blended w i t h  t h e  mix, and t h e  s:mples were f i r e d  at, 255OoC, at which 
temperature the U 0 2  w a s  eoriverted t o  UC2. The f r a c t i o n a l  re lease  and. the 

re lease- ra te  parameter va.lues obtain.ed. thus Par a r e  l i s t e d  i n  'Table 5.5.  

The fu-eled graphite was prepared from TS-160 

Hi~gh-f i.red U 0 2  p a r t i c l e s  .were 

Table 5.5. Resul ts  o f  Measuremen%s of the Rate 
of Release of Xe"' f rom Fueled Graphite 

Accumulated C a l e  ulat ed Release - To t a l  Fract ion T e s t  
Temperature Time of Test Re leased Rate Parameter, 

D/ ( sec- I )  ( "e)  (k) 

800 

1000 

1200 

1 
4 
9 

16 

1 
4 
9 
16 

1 
4 

20 
25 

0.02105 
0.02153 
0.02199 
0.02223 

4.82 x 10-l2 

4.55 x 
0.01.393 
0,01536 
O.OL70Q 
0.01784 

0.02726 \ 

I 0.03551 
0.04973 
0.0519'7 

?.ut. x 10-lO 

Are I Casting of Uranium Carbide Shapes (U. T.  Bourgette) 

Several  UC cylinders,  ranging i n  s i z e  from 0.250 ri.n. i n  ,dia;me-t;er and 

0.750 i n .  long t o  0.500 i n .  i n  diameter and 3.250 i n .  long, were cas-t i n  
copper molds and were found to contain severe longi tudinal  and radial  

cracks as a r e s u l t  of rap id  cooling. It i s  thought t h a t  cracking of t h i s  

type has been. respansible for -the d i f f i c u l t y  t h a t  has been encountered i n  
machining i r r a d i a t i o n  specimens from such cyl inders .  

0.350 i n .  i n  diameter and 1 i n .  long ,  of high-purity UC were obtained a f t e r  
changes were made i n  the mel-Ling proeedu.re. The changes included in- 

creasing the i n i t i a l  charge weight, decreasing the contact area between 

Crack-free cast ings,  
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t h e  mold and Lhe water-cooled base p l a t e ,  us ing  hoi water -to coo l  the base 

p l a t e ,  mel t ing  the  charge under low-pressure argon (270 mm Hg), and evacua- 

Ling the  furnace chamber t o  <1 mm Hg immediately a f te r  the charge had been 

c a s t .  Despi te  these cnanges i n  procedure,  l-arger cy l inde r s  siill showed 

i n t e r n a l  c racking .  

In  order  t o  f u r t h e r  reduce i h e  cool ing  ra te  of c a s t  sliapes, s e v e r a l  

UC cy l inde r s  0.4 i n .  i n  diameter and. 3.2.5 in. long were arc c a s t  i n t o  

g raph i t e  mold i n se r - i s  of t h e  type shown i n  F i g .  5 . 7 .  Metal.i.ogm.phic exami- 

na t ion  of these  shapes revea led  t h a t  t h e  g r a i n  si.ze w a s  approximately 30 

times I-arger than  t h a t  of shapes c a s t  i n  copper molds. This i n d i c a t e s  t h a t  

t h e  cool ing  ra te  i n  the  graphi ie  molds was s j . gn i f i can t ly  lower.  The grai-n 

s i z e s  of these shapes sre compared i n  Fig. 5.8.  Radiographs of ti?e shapes 

cast i n  g raph i t e  molds a l s o  showed s l i g h t  i .n terna1 cracking .  

V o l a t i l i t y  of _I_ UZ a-t Elevated. Temperatures ( J .  M .  Ker r )  

In  order  t o  i n v e s t i g a t e  the  mechanism lead-ing i;O t he  1.0s~ of ma-  

tex-522~ from UC dur ing  vacuum s i n t e r i n g ,  a mass spectrometer  has been used ’LO 

E II 

F i g .  5.7. Mold arid Mold J n s e r t  Arr8ngefnerits f o r  Both Copper and 
Graphi Le Molds. 
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r 

Fig .  5.8. Microstructure of UC Melted and Cast i n  ( a )  Graphite and 
( t i )  Copper. 
Etchant: 

Note di f fe rence  i n  gr3 in  s i z e  and the free uranium i n  (b). 
H20, IQTO,, and a c e t i c  ac id .  
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i d e n t i f y  the  spec ie s  emi t ted  and t o  determine t h e i r  rela-Live r a t e s  of 
emrissi-on from t h e  carb ide  a t  temperatures  of 1500 t o  21.50"C and p res su res  

of apyroximately 2 X rm Hg. The mass spec t romet r ic  ana lyses  were 

performed by the  Ana ly t i ca l  Chemistry Div is ion  on a 12 - in . - r ad ius ,  60- 

deg-sector ,  Nier-type i n s t r u a c n t  d-eveloped f o r  the  i s o t o p i c  a n a l y s i s  oi" 

s o l i d  samples.  The sLar0ing material  f o r  t h i s  s Ludy w a s  ob ta ined  by gri.nd-- 

i ng  arc-melted UC c a s t i n g s  to  -200 1-270 mesh powdey under a rgon  wi th  a 

high-alumina in.orta.-r and p e s t l e .  Chemi-cal aiia1ysi.s ind.i c a t ed  4.77 w t  $ 
total carbon, wt th  0.15% f ree  carbon,  

A 200- t o  ~ O O - I J . ~  sample of t he  UC powder w a s  placed on a tanialurn 

fi lasnent i n  the  r e a c t i o n  chamber of t he  mass spectrometer ,  and the  chamber 

w a s  evacuated t o  2 X l o E 6  mm Hg pres su re .  

a s e r i e s  of temperatures  by pass ing  c u r r e n t  through the f i l amen t  from a 

p r e c i s e l y  c o n t r o l l e d  source. 'The temperatures were est.i.mai;ed by usfng a 

previous ly  determined c u r r e n t  1-ersu.s terflperatu-re graph wi th  a probable 

acci-racy of i50"C. The power input  w a s  he ld  at each  s e t t i n g  f o r  3 min t o  

achieve Ynerml equi l ibr ium before  a scan w a s  made of t he  ions emi t ted  from 

the sample, Becaiise t h e  mass spectrometer  can d e t e c t  only charged spec ie s ,  

a beam of 75-ev e l e c t r o n s  w a s  d - i rec ted  a c r o s s  t h e  opening i n  the reac'iion 

chamber i n  order  t o  ion ize  tne  n e u t r a l  spec ie s  and ihus permit  a more 

q u a n t i t a t i v e  a n a l y s i s  of t h e  maierial emanaiirig from the UC sample. 

The sample w a s  then  hea-bed to 

Although t h e  m a s s  spect:eometer w a s  adjusted t o  d e t e c t  a l l  ions w i t h  
3- . J- 

mass numbers between 200 and 290, only U02', UO!., and U ions  were ob- 

served .  No carb ide  o r  U03 ions  were d e t e c t e d .  The r e l a t i v e  r a t e s  a t  

which the  three ions  were e m i t t e d .  from IJC as a func t ion  of temperature are 

i l l u s t r a t e d  i n  t h e  g a p h s  07 Fi.g. 5 . 9 .  

c 

S t r u c t u r a l  Materials Evaluat ion 

Coati-ng for EGCR Graphite Support Sleeves (F. L .  Carlsen,  K .  V. Cook, - 
R. W .  McClUilg) 

1 

The ECCR graphi1;e s l eeves  wj.3-1 be coated t o  prevent  sus t a ined  burn- 

i ng  of the graph i t e  i n  the  event  a i r  i s  a,dmiLi;ed t o  the  core as a r e s u l t  

of a rup tu re  i n  the  coolan t  sys'wrn. Since a coaking w i 1 . l  a f fec t  the 
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p r o p e r t i e s  of t n e  support s leeve ,  a genera l  evalLialion of coat ings  i s  i l l  

p rog res s .  

Oxidation Kesis  tame of Co . Severa l  srnall~ coated and 
uncoatxd graphi  de samples from the Mi .?oesota Mini.ng ar,d Manufacturing 

Company have been t e s t e d  f o r  oxi.datlion i -es i s tance .  The samples werz i n  

iiie form of r i g h t  circular cyli-nders,  1. i n .  i n  diameter and 2 i n .  l ons ,  

weighi-ng approximately 50 g ,  and they were tes~ed i n  air a t  a v e l o c i t y  of 

approximaLely 700 ft /hr f o r  6 to 24 h r  a t  iempei-stures from 420 t o  630°C. 

The r e s u l t s  of t hese  tes ts  are given i n  'Table 5 . 6 .  

Table 5 . 6 .  Oxidation Res is tance  oP Coated and irncoated 
Graplii t,~' Samples 

~ 

Oxidat ion R a t e  (g/g - h r  ) 
Type of Sample ~...........-~I. ~ 

A'; 420°C A t  520°C Ai 630°C 
. . _.. .- _II .-. .. 

Uncoated type 580 g raph i t e  0.29 X J.OC3 5 .6  x lo-' 15.3-2.4.8 x 
S i - S i c  coated type 580 0.24 x 3.7 x 7.9-8.3 x xr3 

Si -S ic  coated type 901s 0 0 0 

graph i t e  

g raph i t e  

graphi-ce wi th  5% of the  
coati.ng removed 

S i . - S X  coated type 901s 0..36--1.8 x 1.0-3 

.._ ~ ..._.-.. 

The samples werz tested i n  a tube furnace  i n  f lowing a i r ,  The tempera- 

t l x e  grad-ient across the samples was about  3 O o C ,  and the temperratwe of 

the  furnace va,r?:ed as much as 40°C dur ing  a run because of I lne-vol tage  

f l u c l u a t i o n s .  

teniperatures f o r  the  t e s t s .  

The temperatures  given i n  Table 5 .6  r e p r e s e n t  t h e  average 

The d i f f e r e n c e  between 'Ale type 580 g raph i t e  and the  type 901s graph i t e  

i s  p r imar i ly  a matter of aii isotropy, wi th  the type 901s graphi-te being the  

more i s o t r o p i c .  The Si -S ic  coa t ing  on r,he type 580 specimen was observed. 

t o  con ia in  maiily cracks  prior t o  t e s t i n g ,  whereas tha t  on the type 901s 

specimen w a s  apparen.t ly crack free. 

901s-coated samples w a s  exposed by gr inding  away the coa.ti.iig on one-half  

F jve  pe rcen t  of t he  area of iwo type 
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of one end of each samp1.e. 

apzlrox-hately 5$ of t h e i r  surface uncoated at the ends i.n order to main- 
tai.n t i g h t - f i t t i n g  j o i n t s ,  the t e s t s  of -t'nese samples provide a basis f o r  

estimating the oxidation r a t e  of the graphite s leeves.  

Since the EGCR suppor-i; sleeves w 3 . U  have 

The r e s u l t s  of the t e s t s  show t h a t  the effect iveness  of the coating 

on type 580 graphite increases with increasing t,emperature . 
ness i n  t h i s  case is d.efined as the reduction i n  the oxidation r a t e  as 

compared with t l a t  of uncoated graphit,e. The r a t i o  or the oxida.tl.on r a t e  

of coated type 580 graphite to tha,t of t h e  umcoated type 580 gfaphite de- 

creased with temperature from about l at approximately 430°C t o  cO.5 ai; 

approximately 630°C. The coating on the type 901s graphite w a s  fourid t o  

be completely protect ive under the test conditions and, even with 5% of 

the coating removed, w a s  shown t o  be iiiore e f fec t ive  than that on the type 

580 specimen. The range of oxidatioii r a t e s  a t  630°C reflec-ts the varia- 

t ions  i n  temperature and the differences i n  samples. 

The e f fec t ive-  

Thickness Measurements on Coated Sleeves. An eddy-current technique 

i s  being developed f o r  measuring the thickness of s i l l c o n  carbide or s i l i -  

conized s i l i c o n  carbide coatings on the  graphite s leeves.  Mork thus far 

has been on a s i l i c o n  carbide coating applied by the Wa-tiional Carbon 

Company t o  representat ive sleeves from each of three sources.4 

ness apparen-bly var ies  from approximately 0.030 t o  0.060 i n .  It i s  planned 

t o  check the accuracy of these meas-uements 'oy see-Lioning the sleeves.  

The thick- 

I n t e g r i t y  of Coatings. The f e a s i b i l i t y  of an electrode oxida.Lion- 

p o t e n t i a l  t e s t  f o r  detect ing defec ts  such as cracks and pinholes i n  s i l i -  

con carbide coatings on graphite sleeves has been s tudied.  This system 

es tab l i shes  a s m a l l  galvanric cell through the use or" su i tab le  e lectrodes 

and a su i tab le  e l e c t r o l y t e .  By I.ocalizing the contact area of the e l e c t r a -  

l y t e ,  a difference should be noted i n  the generated emf when there i s  a 

break i n  the coating t h a t  permits the graphite t o  r e a c t  i i r  the galvanic 

c e l l .  However, i n  the t e s t s  completed -thus far, no emf difference has 

been noted between coated and uncoated graph:-te. This may be due t o  

4"GCR Quar. Prog. Rep. Jan. 30, 1960," ORNL-2964, p .  121. 
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impur i t i e s  or voids i n  t he  coa t ing  o r  insuTficia3-G potenti;._1_ d-i-irerence 

between t h e  g raph i t e  and the coa t ing  us ing  the selected.  e1ec;rodes and. 

e l e c t r o l y t e  . 
Hvaluat ioa of Commercial H j g h - k n s i t y  Grapnite ( F .  L .  Car l sen)  

The s t r e n g t h ,  c o e f f i c i e n t  of thermal. expansion, arid ash  conten t  of 

seve:ra1 types of commercial g raph i t e  were determined as a p a r t  of the 

gene ra l  g raph i t e  zva lua i ion  p~ograii i .  The samples i e s  ked were America.:i. 

Metal Products  high-densi ty  grade L4, four types of k raph i t e  consid.erec1 

f o r  t he  Uni Led. Kingdom Dragon program, d . W O n t  expl_osri.ve l.y f orrned na t,iiral 

g raph i t e ,  and Nationa,l. Ca-bon Compa~iq- type CEY. 

i n  t h e  form of r i g h t  c i rcul-ar  cy l inde r s  and, except  f o r  the duPont spec i -  

men, were extruded products .  The resul.ts of t h e  tes ts  are given i n  Table 

5.7.  

All. sampks  were rece ived  

- Tube-Burst Tes t ing  of S t a i n l e s s  S t e e l  (J .  T .  Venard) 

Tes t ing  of as - rece ived  type 304 s t a i n l e s s  s t e e l .  t-abing (Superior  Tube 

Co. heat No. 23999X) t o  provide base- l ine  data for comparison wiLh i n - p i l e  

tube-burs t  test data i s  c o n t i m i n g .  Results obtained. i-eceiitly f o r  2 .5- in .  - 
long specirflens t e s t e d  a t  1100°F i n  a i r  are given bel-ov: 

Tangent ia l  S t r e s s  
( P s i )  

_I___.--- 
7 951 
8 069 
9 710 
9 821  
I1 003 
11 593 

T i m e  t o  Rupture 
(br) 

...-.I-._ I- 

10r/'7 
2007 
469 
549 
144 
144 

It w a s  observed previous ly5  that abnoririal g r a i n  growth and subsequent 

premakwe b w s i  - f a i l u r e s  oc;curred i n  t u b i n g  annes.led. at 21.50°F, the  braz ing  

temperature used f o r  a t t a c h i n g  mid-plane space r s  t o  EGCH fuel e k m e o t s  with 

GE-81 alloy. Therefore  the  s u b s t i t u t i o n  of copper for GE-81 a l l o y  is  being 

5"GClq Quar .  Prog,  Rep. March 31, 1960," ORNL-2929, pp. 115-7. 
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Table 5.'7. Properties of Various Types of Graphite 

__ 
Coefficient of Room-T emperatwe 

A s h  Thermal Expansion Rupture Strength 
( in . / in .  * " C )  ( P s i )  Density Content - 

Parallel" Nomala Tensionb Compression' 
( w t  %I TYW (g/cl3 ) 

W - l A  

Dragon 
3x10 
m12 
rnX60 

Sample 1 
Sample 2 

dd?ont 
Sample 1 
Szimple 2e 
Sample 3 

NCC CEY 

1.97 

1.85 
1.79 

1.70 
1.74. 

2.26 
2.25 
2.10 

1.92 

0.037 

0.014 
0.025 

0.021 
0 024 

6.1 
6.1 
6.1 

2.87 
2.83 

2.96 
2.82 

18.43 
12.97 

7.85 
1.95 

2800 9900 

2300 54GO 
1000 7000 

2900 8200 
3200 

f "nith respect t o  longitud-inal axis  of as-recelved cyl indrical  sample. 

bMachined-and-the~d~d specimens. 

Cube specimens, 1/2 i n .  x 1/2 i n .  x 1/2 i n .  C 

7$ net expansion observed. a f t e r  cool ing t o  rooiii temperature. 

0.3% net expansion observed a f t e r  cooling t o  room temperature. e 

considered as a means of minimizing t h i s  grain growth, because copper has 

a lower brazing temnperatwre (2020°F). 
Central  spacars were copper brazed t o  sainples of representative EGCR 

f u e l  element tubing i n  the annealed, l/g-hwd, and 1/4-hard conditions.  

Furnace brazing was  car r ied  out without d i f f i c u l t y  using copper preplaced 

e l t h e r  as a powder slurry or as w i r e .  Results indicate a subs tan t ia l  de- 

crease i n  tize grain growth. Tests are  i n  progress t o  determine the time 
t o  rupture of tubing subjected to tz typ ica l  copper brazing cycle. 

Dimensional Studies of Sirnulabed EGCR Fuel Elements a t  Elevated Tempera- 
tu res  ( W .  R .  Martin) 
- -- 

A fur ther  t e s t  of a simulated EGCR f u e l  element was conducted t o  study 
the mechanical behavior of f u e l  p e l l e t s  and cladding during thermal cycling 
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under externa.1 pr2ssure. 

element af ter  co l l apse  of t he  tube w d . 1  i s  dependent upon both the  inner 

s w f a c e  temperatu-re of the  p e l l e t s  and the cl.addlng temperature a,nd. t h a t  

the fract , i i r iag of pel.l.ets exposed t o  thermal grad. ients  does not  l e a d  t o  

sh i f t i ing  of mater ia l  wi.t,hi.n the element .  In this e.qeriment,  t h e  element 

was subjec ted  t o  a n  ex te rna l  p re s su re  o f  320 p s i  dur ing  t e s t i n g ,  a f t e r  

being he2.d f o r  32 hr a t  an  average su r face  temperature of  14-20°F and a 

c e n t r a l  U02 'miiperattre of 2350°F. Approxirnai,el..y 30 hr a t  these  cond i t ions  

w a s  r equ i r ed  f o r  the c l add ine  to coi l tact  the U O 2 .  The element was then  

cycled between the cen.Lral UOz temperature 1 . i m i t s  o f  400 and 2350°F for  

103 cyc le s .  The heaLing and coo l ing  r a t e  of the claddiiig w a s  150°E'/min 

and t h e  cyc le  frequency w a s  20 min. 

Previous tests6 showed t h a t  t h e  expansion of an 

Analyses of the  test d a t a  and e x m i n a t i o n  of the  element a-f-ter t h e  

+si; revealed. the fol.l.owing: 

1. The a x i a l  expansion c h a r a c t e r i s t i c s  of t h e  UO2 column d i d  not  

change during t h e  109 cyc le s .  

2 .  The t o t a l  a x i a l  permanent s t r a i n  introduced i n  the c ladding  w a s  

0.45%. 

3 ,  Circumferent ia l  r i d g e s  were formed i n  t h e  c ladding  a t  -the pelle'i 

i n t e r f a c e s ,  bu t  they  were not  large enough to be measured by a comnercial  

shadowgraph techniqiie 

4 .  Gaps a s  large as 0.020 i n .  were introduced between t h e  IJ02 p e l l e t s  

as a resii.1.t of thermal cyc l ing .  

Fol.l.owj.ng t h i s  examination 'die element w a s  r e  turned t o  t he  tes-Ling 

equipment and held a t  average su r face  and central UO;! temperatures of 14'75 

and 2750°F, r e s p e c t i v e l y .  .After 65 hr ai; these  condi t ions ,  t h e  cladilfng 

had co l l apsed  so  tlla'i i t  followed very closely t h e  pro-f i le  of t he  U 0 2  pel-  

lets. 

cycled between cent ra l .  UOz ternperatlire6 of 400 and 2750°F f o r  48 c y c l e s .  

The test data and the examination made af ter  the tesi; revea led  tl:t.ai; the  

dirnensiona,l- c h a r a c t e r l s t i c s  of t h e  element changed markedly dur ing  thermal  

cyc l ing .  The gaps between pe l le t s  grew w i t h  s ixcess ive  cyc l ing ,  end 

A f t e r  a t o t a l  of 114 hi' a t  t h e  above condi . t ions,  t h e  eI.ement was 

-- _.. 
"'GCX Quar . B o g .  Rep. J-unc. 30, 1950, " ORNL-2764, pp. 84.30. 
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openings as large as 0.040 i n .  were observed. 

s t r a i n  of the cladding was 2.5%. 

The - to ta l  permanent a x i a l  

The element w a s  placed i n  %he test r i g  a t h i r d  t l i rne t o  determine 

whether the cladding would collapse in to  the gaps bebween the p e l l e t s .  No 

collapse w a s  detectable a f t e r  330 hr a t  average cladding and cen-tral  UO, 

temperatures of 1550 and 28'70"F, respect ively . 
In  two other series of experiments, 'ibe thermal cycling behavior was 

dekrmined wi.t'n elements -I;inat had a 0.007-in. diametral gap between the 

p e l l e t s  and the clad.ding upon assembly and then with elements i n  which the 

cladding had been c o l l a p e d  around the p e l l e t s  by external pressure.  

elements were cycled from cladding temperakures of 1200 t o  1500°F to tempera- 

tures i n  tne range of 250 t o  500°F. The average heatirig and cooling r a t e s  

f o r  the cladding were 150°F/min. 

The 

T%e r e s u l t s  of these tests indicate that L%el elements having a d i m e -  

tral gap between the cladding and the f i e1  p e l l e t s  w i l l  respond t o  thermal 

cycling i n  the same manner as the individual components i f  subjected t o  
the same thermal conditions and tested separately.  Xowever, if there  i s  

no radial gap between the f u e l  p e l l e t s  and the cl-adding, axial elongation 

of the cladding occurs during therm1 cycling. 

t i o n  of the external pressure, cladding 'iemperature, and cycling con- 

d i t ions .  These parameters a f f e c t  the elongation of the cladding as 

fol lows : 

( 2 )  the p l a s t i c  s t r a i n  i n  the cladding fo r  any given temperature and pres- 
sure conditio% i s  a l i nea r  function. of the number of thermal cycles, 

(3) the empirical  re la t ionship  between the pemanenf; a x i a l  strain per 
cycle and the average cladding temperature i s  of the form 

This elongation i s  a func- 

(1) an increase i n  external. pressure increases the  deformation, 

-AH/RT 
E = be 
P I 

where E is  the  permanent a x i a l  s t r a i n  per cycle, b, AH, and R a re  con- 

s tan ts ,  and T is  the average absolute temperature of the cladding, and 
(4) an increase i n  e i ther  the heating or cooling r a t e  of the cladding 
increases the elongation obtained per cycle. 

P 
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Examinatjons of t he  elements af ter  these t e s t s  revea led  t h a t  ap- 

p a r e n t l y  t h e  f r i c t i o n a l  f o r c e  between f u e l  and c ladding  i s  s u f f i c i e n t  t o  

prevent  r e l a t i v e  movement. Therefore,  an  axial gap is  developed between 

p e l l e t s  i n  t h e  f u e l  col.umn, aad. t he  t o t a l  axial e lhngat ion  o f  the  c ladding  

approximates the summation o f  the gaps between p e l l e i s .  CircimT'eren t i a l  

r i d g e s  form a t  the  p e l l e t  i n t e r h c e s  d u r i n g  co l l apse  or the  eladd-ing and 

fo l low the  end of the  p e l l e t  dur ing  the a x i a l  elongati.on o f  the  cl.add.i.ng. 

Rea,ctions of Type 304 S t a i n l e s s  S t e e l  with CO-CO;, MixLmes (H. Inouye) 

S tud ie s  are being made of the  f a c t o r s  t h a t  a f f e c t  the ox ida t ion  and 

c a r b u r i z a t i o n  of type 304 s t a i n l e s s  steel. i.n low cancen t r a t ions  of C 0 2  

and C O  i n  helium. These s t u d i e s  have included gas concent ra t ions  ranging  

from 1.3 X 1.0m5 t o  6.8 X 

pressure of 315 p s i ) .  

from t o  0.018. 

a t m  (6 >: t o  0.317s based on a helium 

The ratios of CO2 t o  CO concen t r a t ion  have ranged 

Oxidation of Type 304 S t a i n l e s s  S t ee l  i.n CO-CO2 Mixtures ,  Representa-  
_I ._.. .I-.- 

t i v e  r e a c t i o n  rates khat  have been obta ined  f o r  t h e  oxi.dation of type 304 

s t a i n l e s s  s teel  i n  C O - C 0 2  a t  1800°F are shown i n  F ig .  5.10. These resul-ts 

1.2 

1 .o 

1 
'_3 
w 0.4 3 

0.2 

0 

UNCLASSIFIED 
ORNL-LR-DWG 55096 

A 3070 
B 0120 
c O G C  
0 0018 

I.. 

0 50 100 150 200 
TIME !hr! 

Fig .  5.10. React ion Iiaies of Type 304 Stainless S t e e l  with C O - C 0 2  
Mi.xtures a t  1800°F a t  Times up t o  200 hr. 
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shclw t h a t  large var ia t ions  i n  the concentrations (15:1) and the C02-to- 

C O  r a t i o s  (25:l) have only a slighr, e f f e c t ,  i f  any, on the react ion r a t e .  

The s l i g h t  differences e s s e n t i a l l y  disappe-zr s f w r  longer times, as shown 

i n  Fig. 5.11. The equations describing the reac t ion  r a t e s  adre of the form 

where Aw is the weight increase i n  mg/cm2 and t is the t i m e  i n  hours. 

constants k an.d n f o r  the d i f f e r e n t  conditions are l i s t e d  i n  Table 5 . 8 .  
The 

The e f f e c t  of temperature on the reacti.on r a t e s  of type 304 s t a i n l e s s  

s t e e l  with a CO-CO2 mixture (CO -t C02 = 0.229%; C 0 2 / C 0  = 0.12) is shown 

i n  Fig. 5.12. 

Activation energies of 32 030 cal/mole Tor tem,peratures 'bel;ween 1300 arid 

1525°F and 6400 cal/mole f o r  temperatures above 1525°F were cal.culated, 

The reac t ion  r a t e s  were no-t measureable below 1300°F. 

X-ray d i f f r a c t i o n  pa t te rns  of the oxides present on the specimens 

afLer the t e s t s  were found t o  correspond t o  the spinel-type oxides 

(FeO*Cr203> a t  teniperatures i n  excess of 1500°F, whereas, at; temperatures 

below 1500"F, C r 2 0 3  and 3Cr2O,-Fe2O3 predominated. 

(Fig.  5.12) indica-tes the formation of a d i f f e r e n t  oxide a t  the inflec- 

t i o n  point  and supports the x-ray evidence. 

'file .Arrhenius plot 

UNCLPSSIFIED 
ORNL-LR-OWG 55097 
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Fig.  5.11. Reaction Rates of Type 304 Sta in less  Steel with CO-CO, 
Mi.xl;ures a t  1800°F a t  Times up t o  800 kr. 
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Table 5.8. Beac Lion Rate ConstanLs f o r  the  

i n  CO-CO2 Mixture, a t  1800°F 
Oxidation o f  Type 304 S i a i n l e s s  S t c c l  

Concentrat ion Na tJe Cons L i n t s  
.- C 0 2 - t o 4 0  of c 0  + co2 Ra t io  

(vol $)a k n 

0.0201 0.4-6 0 .Obb 0 .1,-8 1 
0.121 0 .07  0.086 0.502 
0.229 0.12 0. 102 0.430 

0.317 0.018 0 .069 0.567 

Average 0.081 0.495 
. . _ _ _ _ _ . . . _ _ _ _ . ~ I _ _  .... ~ ~ ..._- - 

a 
Based upon he1ium and irnp.rit;ies a i  a pres- 

s u r e  of 315 p s i .  

UNCLASSIFIED 
O I Y L - I  R-DWG 55098 

TEVPE94TURE (OF) 

1800 1700 1600 1500 (400 1300 

I 
0 8  0.3 1.0 

iooo/T 

F i g .  5 .12 .  Effect, of Temperature 

Carbur iza t ion  of l b e  304 

S i a i n l e s s  Steel in CO-CO-, Mix- 
.. 

Lures _._ . 
304 stalnlkss s t e e l  i n  CO-CO;! 

mi.x!,ures has been found t o  be de- 

pendent on the  C02-to-C0 r a t i o ,  

terflperature, and, when non- 

equi l ibr ium condi t ions  exis t ,  on 
the  time of exposure Lo t hese  

gases. 

Tlne car'mr i .z ,a t t  on C J f  type 

The da ta  of Table 5 .9  show 

t h e  vari.a,ti-oas i.11 the carbon con- 

t e n ?  i n  0.002-in.  foil specimens 

a f te r  exposure t o  various CO2-CO 

mixt,ures. 'Phe carbon contents  of 

samples t e s t e d  above 1600°F f o r  

700 and 84-0 hr are thought t o  be 

on the  React ion Kate of Type 334 Stajo- 
less S t e r b  with  a CO-CO? Mixture.  

equi l ibr ium va lues .  
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Table 5.9. Carburization of 13rpe 304 S t a i n l e s s  S t e e l  i n  
CO-C02 Mixtures 

F i n a l  Cay.bon Content ( w t  $) T e s t  
T 'qo  1-z+a7e 

c02/C0 = 0.46, Co2/C0 = 0.12, C 0 2 / C 0  = 0.018, 
( O F )  700-hr Test 840-hr Test 200-hr Tes t  

800 
1000 
1200 
1300 
1400 
1500 
1600 
1700 
1800 

0.068 
0.068 
0.068 
0,090 
0.130 
0,142 
0. 160 
0.099 

0.070 
0.078 
0.078 
0.081 
0.163 
0 -305 
0.309 
0.528 
0 .a0 

0.068 
0.062 
0.076 
0.12 
0.25 
0.30 
0.21 
0.15 
0.15 

In the temperatiire range 1200 t o  1600°F, the ex ten t  o f  carbcriza.tion 

probably depends on the  k i n e t i c s  of the  carbur iz ing  r eac t ions  ( see  rea-Lions  
1. and 2 below) and would therefore  depend on the -time. 

from the  carbon analyses o f  the specimens from the  200-hr t e s t .  Below 

1200"F, carbur iza t ion  does not appear to  occur. In 0.020-in.-thick specimens, 
-the carbon conten-t s'ciowed a maxirnum increase of 0.03% when  the specimen 

w a s  exposed f o r  840 hr to an atmosphere containing COz and C O  i n  the  r a t i o  

0 .12 .  It i s  apparent that nonequilibrium conditions ex i s t ed  i n  the th icker  

specimens and t h a t  most of the carbon was concentrated a t  the  sur face .  

With extecded exposure times, the carbon concentrations of the 0.020-in. - 
t h i c k  specimens are expected t o  approach the values l i s t e d  i n  Table 5.9. 

This i s  apparent 

Tize mechanism by which carbur iza t ion  occurs i s  not c l e a r  at this 
ti.11ie. It i s  thought tizat the  r eac t ion  of C O  w i t h  the a l l o y  tha t  r e s u l t s  

i n  the soh i t ion  of carbon is 

Stainless s t e e l  t- 12CO --+6C02 + 6C ( i n  a l l o y )  . (1) 

la s i x i n l e s s  s t e e l  containing i8$ C r ,  the carbon taken i n t o  so lu t ion  re- 
a c t s  with the chromium and r e s u l t s  in the formation of chromium carbide 

(Ci -23Cs)  according t o  the r eac t ion  
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2 3 3  (i.a a l l o y )  t 6 C  ( i n  a l l o y )  - C r 2 3 C 6  . ( 2 )  

‘I’hn n e t  r e x  t i on  involving only the  products  and r e a c t a n t s  wou1.d. then be 

23Cr ( i n  alloy) + 12CO - . - > C I - ~ ~ C ~  + 6C02 . i 3) 

The f ree-energy  change involved i n  r e a c t i o n  3 i nc reases  as the twipera-  

Lure decreases ,  ind ica i i i ig  tha’i the  ca rbur i z ing  tendency is  g r e a t e r  at, the  

lower LerriperaLure. It i s  n o i  s u r p r i s i n g ,  t he re fo re ,  i o  observe a maximum 

i n  t h e  carbon con’ieni of t he  s t a i n l e s s  steel a t  some intermedia’x tempera- 

tu re  a t  which the k i n e t i c s  of t‘ne cal-bv.rri.zi~ng r e a c t l o n  i.s ;be predominant 

r a t e - c o n t r o l l i n g  f a c t o r .  

tiie m.sxiinixii in t h e  carr’oon content  would. be s h i f t e d  t o  lower temperatures 

w i t h  increas ing  exposure t i m e s .  Furthermore, the c a r b u r i z a t i o n  tendencies  

would also be dependent on the  partial pressures of C O  and C 0 2 ,  s ince  a 

volume change i s  ri.rtvolved in the reactj-on. 

If the  proposed r e a c t i o n s  are: r e p r e s e n t a t i v e ,  

Prel iminary c o n c h s  ions are t h a t  t he  pr inc  i.pal r e a c t i o n  of type 304 

stainl-ess s t e e l  w i th  C O  aiid C 0 2  i s  oxida t ion ,  which a.mounts t o  about 90% 

of t h e  t o t a l  r e a c t i o n  a t  1800cli’, and iiiat; ca rbur i za t ion  corupr.i_ses only 

about  10% o f  the t o t a l  r e a c t i o n .  

r e a c t i o n  are independent of the  gas ra‘i ios o r  the gas concent ra t lons .  

Carbur iza t ion ,  on the  o the r  %.and, appears  t o  depend on these  var iab1.e~.  

‘The p u r i f i c a t i o n  of tiie heliim i.:n t h e  FGCK should t ake  i n t o  cons ide ra t ion  

the  f u t i l i t y  of removing impurity gases  t o  mi-nimize ox ida t ion .  In  o rde r  

t o  control c a r b u r i z a t i o n ,  however, t h e  data i n d i c a t e  t h a t  a t t e n t i o n  should 

be d i r e c t e d  toward rnaiiitaini.ng t h e  proper rstrio of C 0 2  t o  C O .  

Further, tlne r e a c t i o n  r a t e s  for t he  t o t a l  

Manufact,ix-ifig and Tnsoection Methods Devclogment 

F a b r i c a t i o n  of Instrumented Fuel Zlements and U r a d i a t i o i i  ? e s t  Capsules 
-(?K-?C P’ranco->lerreira) 

__c 

Developmental- work i s  beihg c a r r i e d  ou t  i n  an  e f f o r t  to improve the 

methods of  f a b r i c a  Ling thermocouples for measuring jnternal. temperatures  

rin i r r a d i a t i o n  test carisules This work a l s o  i s  d i r e c t l y  app l i cab le  Lo 

t he  f a b r i c a t i o n  of ins~irwnented f u e l  assemblies  for the EGCR. 
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Thermocouple Wells, The design Tor the inser t ion  of it tungsten thermo- 

couple w e l l  i n  the end cap of an i r r ad ia t ion - t e s t  capsule and a typ ica l  

completed assembly are shown i n  Fig. 5.13. In  the photograph the tungsten 
w e l l  i s  at the  l e f t  and the s t a in l e s s  s t e e l  end cap a t  the r i g h t .  In  th i s  

assembly, the w e l l  w a s  brazed in to  the end cap with gold.  A Q-pical sec- 

t i o n  of the braze j o in t ,  i l l u s t r a t i n g  the good flow attaj-ned, i s  shown i n  

Fig. 5.14. A w e l l  of t h i s  type w a s  t,hernial cycled seven times from 1300°F 

t o  room temperature, and subsequent metal lographic  examination showed no 

evidence of c racking  i n  the braze jo in t .  

Tungsten-Rhenium Thermocouples, The r e l i a b i l i t y  of tungsten-rhenium 

thermocouples is grea t ly  reduced by the inherent low d u c t i l i t y  of tungsten 

w i r e  and the added embrittlement of the tungsten t h a t  r e s u l t s  from 

i 

UNCLASSIFIED 
O R N L - L R - O W G  5 5 0 9 9  

0 10 in./DIV 

I I I I I I  

/STAINLESS STEEL END CAP 

LEDGE FOR FINAL SEAL WELD 

W-Re THERMOCOUPLE 

BRAZE 

Fig. 5.13. Attachment of Tungsten Thermocouple Well t o  S ta in less  
S t e e l  End Cap. 
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Fig. 5.14. Gold-Brazed J o i n t  Between Tungs Lei? 'Thermocouple Well and 
S t a i n l e s s  S t e e l  End Cap. A s  po l i shed .  10OX. 

r e c r y s t a l l i z a t i o n  du.ring welding. _I'nis s i t u a t i o n  i s  accentuated by the 

wide d i f f e r e n c e  between the  coeff  i c i e n i s  of thermal expansion of iungsten 

and rhenium. Since these  phys ica l  p r o p e r t i e s  of the tnerifiocouple materials 

cannot be a l t e r e d ,  t h e  thermocouple design must be va r i ed  accord.ingly. 

One desi.gn approach, which w a s  suggest,rxI. by i n v e s t i g s t x r s  a t  the 

General E l e c t r i c  Company, i s  to  increase  the  fJ.exi.bi.li.ty of t h e  system 

through the use of s t randed  small-diameter Lungsten w i r e ,  An i l l u s t r a i i o n  

of t he  f l e x i b i l i t y  of such a w i r e  i s  presented  i n  F i g .  5.15, which shows 

a knot  t i e d  i n  a s t randkd wire made up of 4.0 s t r a n d s  of 0.002-in.  w i . r e .  

A number of tungs ten-rhenium thermocouple junc t ions  made wi th  variou-s s i z e s  

of w i r e  are shown i n  F ig .  5.16. The junc t ions  are e a s i l y  macle by s-La-ndard 

i n e r t - a r c  welding proced-ures, and the f i n i s h e d  uni~t h a s  a high degree of 

f l e x i b i l i t y .  It i s  hoped t h a t  this f l e x i b i l i t y  w i l l  r e l i e v e  thernra.1. 
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Fig. 5.15. Stranded 'I'ungs-ten 'I4iermocouple Wire Approxi.mateljr 0.015 
in .  i n  Diameter T'ied i n  a Knot t o  Demonstrate Flexibili1;y. 

s t r e s ses  on the junction and lengthen the  service l i f e  of the thermocouple. 

A number of stranded-wire thermocouples are presently undergoing t e s t s  t o  
determine the s u i t a b i l i t y  of t h e i r  thermoelectric cha rac t e r i s t i c s .  

Attachment of Thermocouples t o  Fuel Elements. Work is  also i n  pro- 

gress f o r  determining the most su i tab le  way t o  a t t ach  thermocouples t o  the 

surface of f u e l  element tubing fo r  the measurement o f  surface temperatures. 

The Chromel-Alwnel thermocouples used f o r  this service are clad with 0.040- 

in . -0 .d .  s t a i n l e s s  s t e e l  tubing. Early f u e l  element designs included the 

poss ib i l i t y  of a t taching these thermocouples t o  the ou-tside of the  tube 

w d l s ,  as i n  Fig. 5.17 which shows grounded and ungrounded junctions brazed 

to Lhe outside of the  tubes.  Unfortunately, t h i s  method of a t t ack inen t ,  

w h i l e  simple, contributes considerable e r ro r  t o  the measurement because 
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F i g .  5.16. Welded Stranded-Wire 'l'ungs%en- to-Rhenium 'lhermocodple 
Junc t ions .  S o l i d  w i r e s  foi- the i ~ i r e e  s m a l l  junc t ions  are 0.010 i n .  i i i  

d iameter  and the larger s o l i d  w i r e  is  0.025 i n .  i n  d iameter .  

of t h e  cool ihg  e f fecL of the gas stream on the  'ihermocouple. Therefore 

work i s  under way on a method f o r  a t tachi-ng these thermocouples to t he  

i n s i d e  wal.1.s of the fuel tubes and t o  pass  them through slots i n  tne  end 

caps 

Welding of 13issimilar M e t a h  ( G .  !VI. Slaugh te r )  

Welding procedures have been completed f o r  the meta1.li.c-arc welding 

of stai.n.less s t e e l s  t o  chromium-molybdenum s t ee l  p l a t e  (RSTM des igna t ion :  

A 387 - 57 T, grade D) and t o  h igh-s t rength  ca rbon- s i l i con  s t e e l  p l a t e  

(ASTM des igna t ion:  I n  o rde r  t o  provide a fwt l ie r  

indicat i -on of the mechanical p r o p e r t t e s  of t hese  welds, t r ansve r se  t e n s i l e  

specimens were machined from typica,l. weldmen~k and w e r e  tes Led a t  room 
and eleva,ted temperatures .  'The e l eva ted  te~nperatures selected were those 

r e p r e s e n t a t i v e  of the  maximun servrice temperatures  t o  which each cype of 

j o i n t  would be sub jec t ed .  I N C O  BP-85 n icke l -base  alloy e l e c t r o d e s  were 

used f o r  a l l  welds.  The i e i i s i l e  s t r e n g t h s  of t r ansve r se  specimens of ASTM 

A-212 ,  grade B, steel. welded t o  type 304 s t a i n l e s s  si;eel and given a 4-hr 

A 212 - 57 'T, grade R ) .  
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LlNCl  ASS1 F I ED 
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Fig. 5.17. (a) Grounded-Junction, Chromel-Alwnel Thermocouple Brazed 
(b)  Ungrounded-Junction, Chromel-Alumel Thermocouple Brazed t o  Fuel Tube. 

t o  Fuel Tube. 

stress relief a t  1150°F and the s t rengths  of similar specimens of ASTM 

A-387, grade D, s teel  welded t o  type 304 s t a in l e s s  s t e e l  and given a 1 - h r  

s t r e s s  r e l i e f  a t  1350°F are l i s t ed  i n  Table 5.10. 

In every case the specimens f a i l e d  i n  the base metal; moreover, the 

t e n s i l e  s t rength  a t  failure w a s  e s sen t i a l ly  t h a t  reported f o r  the base 

material. Ty-pical as- tes ted t e n s i l e  specimens are shown i n  Fig. 5.18; 
there  is  no evidence o f  cracking i n  the welds. 

The thermal cycling of large (lL+-in.-diam, 1-in.-wall)  welded pipes 

The weld metals used were type of these d iss imi la r  metals i s  under w a y .  
34.7 s t a i n l e s s  s t e e l  and INCO BP-85. 

i n  the jo in t  welded with s t a in l e s s  steel after 50 cycles between 1050°F 
and room temperature. L ikewise  no evidence of cracking w a s  found i n  the 

No  evidence of cracking w a s  found 
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Table 5.10. Resiilts of Tens i le  'Tests of Diss imi la r  Netal Welds 

Test ,  Tens i le  Locatton oI" P.feia.1 Welded t o  
Type 3L14 S t a i n l e s s  Temperature S t r eng th  F rac tu re  

S t e e l  ( O F )  (ps i  ) 

A S D I  A-212, grade B, Room '13 650 ASTM A-212 base metal 
s t e e l  650 65 700 S t a i n l e s s  s t ee l  base 

me tal 

AS'P'M A-387, grade D, Room '12 900 fSTM A-387 base metal 
s tee]. 1050 54 100 ASTPII A-387 base metal 

UNCLASSIFIED UNCLASSIFIED 
Y-36842 Y-36841 

1 

-TES-rED A-r ROOM T E M P E R A T U R E  T E S T E D  AT ROOM TEMPERAl-IJRE 

FigS. 5.18 .  ( a )  Transverse Tens i le  Speci.mens oC ASTPl A-212, Grade R, 
Sceel Welded t o  Type 304 S t a i n l e s s  S t e e l .  
mens of RSTM-A-38ri, Grade €3, S t e e l  Welded to  Ty;oe 304 S t a i n l e s s  St ,eel .  

( b )  Transverse Tensile Speci- 

j o i n t  welded w i t h  BP-85 after 20 cyc le s ,  and t,ne t e s t  i s  cont inuing .  

typical t e s l  specinen i s  shown i n  Fjg. 5.19.  

A 

IVond-estructive in spec t ion  of EGCR T,oop Throiicn 'i'ube Welds 
R .  W .  McC1un.g) 

(K. V. Cook, 

Througn-transmission d u a l - c r y s t a l  u l t r a s o n i c  iecnnicpes have rece ived  

most, of the  a t e t i t i o n  i n  e f f 'd r t s  t o  develop nondesiruct ivP tecnniques for 
-0- ui-L) t , ing hGCR ilorough tisbe weldmenis. 'l'he work has been concent ra ted  on 

the  V-noi,ch weld conf igura t ion ,  wi th  the  sound bein, mansmiiLed through 

t he  Je/2-in.-thick weld that j o i n s  two I /&in . - th i ck  p a r a l l e l  s e c t i o n s .  

226 



Fig.  5.19. Typical Large-Diameter Welded Specimen for Thermal-Cycling 
Tests e 

The amplitude of the t ransmit ted sound beam provides 8 d i r e c t  measurement 

of d e f l e c t s  i n  the weldment. 
S t ra ight - l ine  welds w i t h  tlie V-groove shape have been examined. The 

sound beam w a s  r e s t r i c t e d  wi%h p l a s t i c  "shoes" t o  an e f f e c t i v e  cross sec- 

t i o n  of approximately 1/4 i n .  in diameter. The tests indicated t h a t  a 
void or lack-of-fusion m e a  equivalent to 1/8 i n .  i n  diameter could be 
r e a d i l y  detected but that the deiect ion of 1/16-in.-diam areas  might be 

questionable. Representative sec t iona  of good and bad welds were ex- 
amined ultrsonically arid then sectioned Cor metallographic examination. 
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Metal lographic  d a t a  a r e  not  complete y e t ;  however, l ack-of - fus ion  areas 

have been conf irlnecl by sec t ion ing  that were unde;zc Lable visual17 o r  by 

radiography but  which were de iec iab le  by u l t r a s o n i c  in spec i ion .  

Beryll ium lnve s t i g a t  ions  
.-_lll_ 

Compat ib i l i ty  of Beryl liurn wi th  Coolant Impur i t ies  - ( W .  J .  Werner) 

Reaxtion wi th  CO,. I n  o rde r  t o  compare the  oxi-dation ra te  of wfoughc ~ . . . . .  

beryl.1.iul-n w i th  t h e  ox ida t ion  rates obta ined  previous ly  for beryl1 i u m  

powder,? specimens from seven d i ~ f f e r e n t  types of beryl l ium tubing  a r e  being 

prepared f o r  t e s t i n g -  The specimens a r e  from tubing from all. t h e  var ious  

sources  and r e p r e s e n t  several. dri.ffercent, f ab r i . ca t ion  methods. Two sets of 

specimens have been t e s t e d  thus  far  ?.n an  atmosphere of dry C 0 2  a t  700°C 

f o r  50 and. 500 h.r, 

pared from t ub ing  machined from hot-pressed block and t h e  o the r  from Lubing 

machined from hot-extruded r o d .  The weight h a i n s  of Lne samples are com- 

pa rab le  wi th  those  obtained a t  700°C for powder specimens, as siiowl! i n  

'Table 5.11. 

Two specimens were exposed i n  each t e s t ;  one was pre- 

React ion wi th  Water Vapor. The compa,tibil.i.ty of beryl.l.i~um w i t k  watei- 

vapor i s  being s tud ied  a t  600°C i n  f lowing helium conta in ing  approximately 

4% H 2 0  ( v )  in an  a t tempt  to determine t h e  r o l e  of water vapor i n  the 

-..._ - 
7"GCR Quar.  Prog. Rep. Sep t .  30, 1960," ORNTJ-3015, pp. 96-99. 

f a b l e  5.11. Comparison. of Weight Changes of 
DiYl'e.t>ent v p e s  of Beryll ium i n  Dry C 0 2  

at 700°C 

Weight Change ( pg/cm2 ) 
Specimen I, _._I_ 

Tn 50-hi- Test In  500-hr Tcsz 
.-. 

Hot  pressed 2r .B 104 

Hot extruded 23.5 13 1 

Powders 28 92 
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8 "break-away" corrosion that o c c u s  when beryllium is  exposed t o  w e t  CO,. 
Three t e s t s  were run; -200 mesh beryllium powder w a s  used i n  -the first 
tes t  and -200 1-230 mesh beryllium powder w a s  used i n  the las t  two. 
-200 +230 mesh part,i.cles comprise approximately 5% of the -200 mesh beryl-  

lium powder. 

s t r a i g h t  l i n e s  in te rsec t ing  at, L - 5 hr, as shown i n  F ig .  5.20.  The first 

p a r t  of the curve has a slope oT approximately 1, indicat ing the formatiolz 

of noiiprotective film, whereas the second por t ion  has a slope of 0 . 5 ,  

i nd ica t ing  the formation of a proteci;ive f i l m .  

The 

A log-log plot of the weight change versus 'Lime gave tvo 

The importarit point t o  be 

8J. E. An t i l l ,  "Oxidation of Beryllium in .  the Absence of I r radiat ion,"  
AEXE-M-435 ( b y  1959).  

UNCLASSIFIFO 
ORNL-L.A- DWG 55400 

L 

4 2 5 io 20 50 100 200 300 0.2 0.5 
TIME ( h r l  

Fig .  5.20. Reaction of Beryllium with Water Vapor (4%) i n  Flowing 
Helium a t  600°C. 
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noted i s  t h a t  a l though t h e  brea,k-away pheiiomenon d i d  occur ,  it Lerininated 

after approximately 5 hr. 

When the  d a t a  i n  F i g .  5 .20 were f i rs t  p l o t t e d ,  t he  shape of t h e  ciirve 

was a t t r i b u t e d  t o  a r educ t ion  i n  area of t h e  sample ss a r e s u l t  of complete 

ox ida t ion  of the f i n e s  i n  t h e  -200 mesh powder. However, subsequent t e s t s  

on specimens of -200 +230 iiiesh powder gave similar d a t a ,  showing that t h i s  

w a s  no t  the  c a s e ,  X-ray a n a l y s i s  of i;ie powder. before xes-Ling showed Be2C 

t o  be pyesent,  b u t  i t  could no t  'oe detected.  af ter  t e s t i n g .  On the  basis 

of t'hese 'Yests, ii appears  tIiat t h e  i n i t i a l  s lope  of rile curve i s  due to 

tile hydro lys is  of Se2C. 'The p o i n t  of i n f l e c t i o n ,  then, is  t'ne p o i n i  of 

complete decarbur iza i io i i  of t he  sample. Taking i n t o  account the  f a c t  t k a t  

Be2C i s  a product  of t h e  r e a c t i o n  of beryl l ium w i t h  C 0 2 , 9  the indicati ion 

i s  t i i ac  Lhe break-away phenonienon which occurs  when bery l l ium i s  exposed 

t o  wet C02 is dde t o  the  react i .on of t he  H e z C  wri.th water vapor. 

Beryllium Tubing Evaluat ion (R. W .  PcClung) 

Tubi-ng from N i ~ l e a r  - Metals,  Inc , Severa l  Ikngtlis of 3/8- and 3/4- in .  
_I- 

beryllium tub ing  fabr i .ca ted  by extri isioii  of both hot-compacted and cold-  

pressed. b i l l e t s  have been rece i~ved  from N i x k a r  Metals, I n c . ,  and have 

heen evalua ted  by nond.estriicti.ve means - Pene t r an t  and rad iographic  exami- 

na t ions  revea led  t h e  presence of p inholes ,  p i t s ,  gouges, and high-densi ty  

material. The warped cond i t ion  of t h e  tub ing  from hot-compacted b i l l e t s  

an.(]. the  rough surface f i a i  s h  of the t u b h g  extrud.ed from co1.d.-pressed 

b i l l e t s  prevented val-lid. eddy-ciirren-t; or  ul.i,rasonic exani.nal;.' 1 1ons. 

Tubing froin Pechiney. The c i rcumferent ia , l  pits on t h e  inne r  su r face  -. -.11_1 

and circwriferentia.1 c racks  oil t he  ou te r  su r f ace  of tubi.ng from Pechiney 

have been examined me ta l log raph ica l ly .  These d e f e c t s  were de tec  Led by 

low-vol..tage radiography and penet,rants,  r e s p e c t i v e l y ,  as dj-scussed p rev i -  

o u s l y . l 0  A c r o s s - s e c t i o n a l  view of t h e  deepes t  c racks ,  about  0.003 i n . ,  

9 V .  D .  S c o t t ,  "Formation of Beryll ium Carbide During the Corrosion 
of Beryll.iu;m in Carbon Monoxide and i n  Carbon IXoxide G a s ,  Nature, 
lS6(4723), 466-7 (1960). 

4.27. 
""GCR Quar. Frog. Rep. June 30, 1960," ORNTJ-2964, p .  137, and F ig .  
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i s  shown i n  F ig .  5.21, and I Q - p i C a l  p i t s  on the inner  sur face  are shown i n  

F i g .  5 .22.  'The pol ished sec t ion  shown i n  Fig. 5.23 ind ica t e s  t na t  the  

average depth of the p i t s  i s  0.003 t o  0.004 i n .  

Beryllium Jo in ing  (R .  G .  G i l l i l a n d )  

Inves t iga t ions  are cont inuing i n  order t o  e s t a b l i s h  procedures for  
s a l i n g  tubular beryll ium fue l  elements for  advanced gas-cooled-reactor 

app l i ca t ions .  The program has included the  refinement, of fusion-welding 

techniques,  the development of high- temperature braz ink a l loys ,  and the  

f a b r i c a t i o n  of in-  and out-of - p i l e  tube-burs t; specimens. 

Fusion Welding. An i nves t iga t ion  is  under way of the  micros t ruc tures  

of i n e r t - a r c  and electron-beam welds i n  beryll ium. The g ra ins  i n  ine r t - a rc  

m 
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Fig .  5.21. Longitudinal Sec t ion  Through Cracks i n  Outer Surface o f  
Beryllium Tubing from Pechiney ~ A s  po l i shed .  
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INCH 

Fig .  5 .22.  Circumferential Pits oil Inner Surface of 0.300-in.-i.d., 
0.040-in -Tda13 Beryllium Tubing 

.. 

Fig. 5.23. Longi tudinal  SecLion Through Surface Pits Shown in Fig .  
5.22. As polished. 
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we].& of the type shown I n  Fig. 5.24 in tubing machined- from hot-pressed 

rod .  were measured t o  be 45 t o  90 p in di ,weter .  Such srnall grains a r e  

considered t o  be b e n e f i c i a l .  A s  was expected, the grain s i z e  d.i.d no t  ap- 

pea r  t o  be ma,ter ia l ly  a f f e c t e d  by v a r i a t i o n s  i.n iner- t -gas-f low raLe 

mic ros t ruc tu res  In d..i.fferent types 0-P extruded tubing are c u r r e n t l y  bei.ng 

i n v e s t i g a t e d  . 

Weld 

Tdbe-Burst Specimen Fabri.cation. The f a b r i c a t i o n  of 155 beryllium 
tube-burs 1; specimens for u s e  i n  high-temperature in- and ou-L-of-pile t e s t i n g  

w a s  completed. 'The number or specimens Fabricated froin each of the  d i f -  

f e r e n t  types of 0 .300- in . - i .d . ,  0.040-in.-wa11 bery l l ium tubing  i s  l i s t e d  

i n  Table 5.12, and. the des ign  of -the speci-nien i s  i l l u s t r a t e d  i n  F i g .  5.25. 

The end caps and tubing were machined with a s l i g h t  taper, as described 

Fig. 5 . 2 4 .  Represeota t i v e  Ine r t -k rc  Weld on Bery l l i i lm  Tubing Ma,- 
chined from Hot-Pressed Rod. Note i;he sma.1.l grain size or' the w e l d .  
Unetched, po la r i zed  light;. 5OX. 
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UNCLASSIFIED 
ORNL-LR-DWG 55101 

-5-in -LONG, '/,-,r -00 
TYFE 318 STAINLESS STEEL ~ U B E  

.PREPLACED BRAZING ALLOY FUSION 
WELD, 

BRAZF 
FILLET 

/BERYLLIUW END PLJG CND - TUBE TAPERED 3' 

--2-in -LONG, 0.380-in.-00, 0 040-ln 
lSiA L L BERYL L ~ U hl SPEC I M EN c 

I I 

Fjg .  5 .25.  Design of Specimens 
Fabr ica ted  f o r  High-Teiiiperature 'bbe-  
B u r s t  ' l 'estioy of Beryll ium. 

previ.oiisl.y, t o  permj-t t i g l i t -  

f i t t i n g  j o i n t s  and t o  minimize 

as sembly d i f  f j.cu1.t i e  s . 
The specimens were velded by 

the  i n e r t - a r c  p rocess .  The 0.125- 

in.-o.d., 6- in . - long ,  type 318 

s t a i n l e s s  s tee1 p r e s  sur iz i ng  tubes 

were induct ion-brazed t o  the bery l -  

l i u m  end caps us ing  Lhe exyeri- 

mental  brazing a l l o y ,  49 w t  % 
Ti+-3 W'C % Cli-2 w t  $ B e .  

s e n t a t  ive specimens made from the 

e i g h t  d. i  f f e r e n t  t)-pes of beryl.1.i.m 

tub ing  used are shown i n  F i g .  5 .26.  

iieprz- 

This f a b r i c a t i o n  program a l s o  

permi t ted  a n  eva lua t ion  of the  

we1d.abil.ity of t he  va r ious  types 

of tub ing .  O f  t he  t o t a l  number 

of specimens, 9.8% were r e j e c t e d  becau.se of leaks i n  the welded or brazed 

j o i n t s .  The number of each type r e j e c t e d  i s  indica'sed i i i  Table 5.12. A s  

determined by radiography,  31% of thc welds contained pores ,  t he  most, 

porous welds being i n  the Pechiney specimens and the  least, porous i n  the 
spec jJy> Lns ma& from Biu-sh Beryl-Lium tubing  machined from hot-pressed. rod  

o r  w a r m  extruded t o  s i z e .  A l l .  specimens, inc luding  those wi th  welds ex- 

h i b i t i n g  porosli ty,  are now b e h g  t e s t e d ,  No  f a i l u r e s  have occurred thus  

€ a x  in t,be welded o r  brazed j o i n t s .  

Stress- .kpture  P r o p e r t i e s  of Rery.llium Tubbg ( J .  E. Weir) -._ 

it has been known for some t i m e  t h a t  the mecbaiij.cal p r o p e r t i e s  of 

bery l l ium m e t a l  depend s t r o n g l y  on the impur i t i e s ,  the degree of p r e f e r r e d  

o r l e n t a t i o n ,  t he  g r a i n  s i z e ,  and. t,he annea l ing  t r ea tmen t s .  With t h e  

-- 
""'SCR Quar. Pro~. Rep. Sept. 30, 1960," OHNL-3015, pp- 102-6. 
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Table 5.12. Materials Used for Fabrication of Beryllium Tube-brs t  Specimens 

Vendor 

~ 

Brush Beryllium Company Machined from hot-prcssei Brush A 28 3 

Brush Beryllium Company Machined from hot- Brush I3 27 2 

Xnsh Beryllium Company Machined from wmn- Brush C 16 1 

Brush Beryllium Company Idarm extruded Brush D 15 0 

Brush Beryllium Company LNachined from hot-p-ressee Brush E 16 1 

Pe chiiicy Bot impact extrusion Pechiney 34 9 
Chmterf ie ld  Tube Hot extruded Chest erf i e  Id 26 1 

Imperial  Chemical I. c. 1. 10 0 

rod 

extruded rod 

extruded rod 

rod, 0.15% C 

Company 

Industr ies  

UNCLASSIFIED 
Y--37703 

BRUSH C 
8 

BRUSH D 

Fig. 5.26. Beryllium Tube-Burst Specimens Representative of the 
E i g h t  D i f f e r e n t  Materials Being Used in the Testing Program. Refer to 
Table 5.12 f o r  des igna t ion  meanings. 
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increased in t e re s t  i.n beryl l ium tubing as a fuel-cl.add.-i.ng mater ia l  rin gas- 

cooled r eac to r s ,  development of f a b r i c a t i o n  techniques has progressed to 

t he  point where s i z e a b l e  q u a n t i t i e s  of commercially produced tubing are 

a v a i l a b l e .  

i nves t iga t ing  the  s t r e n g t h  p rope r t i e s  of beryl. l iun tuhi.ng produced by 

var ious  conluiercial f a b r i c a t i o n  techniques.  

Part of tile OHNL progran f o r  e-valuation of ’uery1lri.m involves 

Surf i c i e n t  data have been obtained. recen1;ly t o  give t h e  teiitatri.ve 

s t r e s s - rup tu re  curves shown i n  F i g ”  5.27. It may be seen t h a t  the  tubing 

produced by machining .from ho ‘i-pressed. bl.ock exhibri-ts the highest stress- 

rupture  s t r e n g t h  at 600@C, al.thoiigh the  duc t i . l i t y  of these  tubes is con- 

sidera’oly lower than the d u c t i . l i t y  of tubes manufactured by the Pcchiney 

U N C L A S  S IF I E D  
O R N L - L R - D W G  33102 

A. MACHINED FROM HOT-PRESStD BLOCK-BRUSH BEitYLLIUM CO. 
€3. MACHINED FROM WARM-FXTRUDED ROD - BRUSH BFRYI-LIUM CO. 
C. WARM EXTRUDED 
0. PECHINEY 
E. IMPERIAL CHEMICAL INDUSTRIES 
F. CHESTERFIELD 

BRUSH BERYLLIUM CO. 

10,000 

8000 

6000 

-= 4000 
a 
!A - 
v) 
(0 
w 
[r + 
cn 

2000 

1000 
40 100 4000 4 
TIME TO RUPTURE ( h r l  

Fig. 5.27. S t ress  Rupture of Beryllium Tubes at 600°C. 
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Fig. 5.2$. Frac ture  I n i t i a t e d  on inner Surface of Beryllium 'l'ube 
During Tube-Burst Test a t  600°C. A s  pol ished.  

Coapany, Imperial  Chemical Industri-es,  and Brush Beryl.lium Company (w%zrrn 

ex t rus ion ) .  

these  tubes w i l l  a id  i n  determining the reasons for the  d i f f e rences  i n  the  

s t r e n g t h  and d u c t i l i t y  of the  -tubing. 

Examination of the  g r a i n  s i z e  and p re fe r r ed  o r i e n t a t i o n  of 

An in t e re s t i I l g  observat ion i s  that, from the  st .ress-arlalysis s tand-  

po in t ,  the 0 .30- in . - i .d . ,  0.OAO-in.-wall. tubes a r e  considered as hesvy- 

walled tubing.  
n i f i c a n t l y  hi.gher near the  in s ide  surface of the tubes than near the  out- 
side. A s  i s  shown i n  F ig .  5.28, the  f r a c t u r e  Ls indeed i n i t i a t e d  a t  the 

inner  su r face .  T h i s  observat ion s t rong ly  implies that defec ts  i n  the  tube 

w a l l  near t he  inner  sur face  of the  tube a r e  l i k e l y  t o  be more detr imental ,  
i n  so  far as mechanical proper- t ies  a r e  concerned, than de fec t s  on o r  near 

the  outer  su r f ace .  

Thus, under i.nt,ernal pressure,  tile s t r e s s  should be s i g -  
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6. IN-PIIX TESTING OF COMPONEI1TS AliD M.ATERIALS 

Fuel Element 1rrad.iation Program 

Full-Diameter Prototype ECCR Fuel Capsules (F. R .  McQuilkin) 

ORR Experiuents (V.  A. DeCarlo) . Temperature data obtained during 

ii'rad.l.ation of t h e  group 11 capsules have been anal-yzed., and a graph shov- 

ing t h e  temperature hri-story of t h e  cladding on capsi.11-e 05-2, which i_s 

typical- of t h i s  s e t  of capsules, i s  presented i n  Fig. 6.1. The tempera- 

t u r e  readings obtained from six themocouples d u r i n g  a single d a i l y  ob- 

servat ion a t  about midnight are averaged and pl.otted against  time. A l s o  

pl-otted a re  the  high and l o w  individual- read-ings. A si.-milar graph of all 

readings taken f o r  capsule 05-2 during reactor  cycle X X V  i s  shown i n  Fig. 

6.2.  Opera-Ling data Tor these capsid.es Twere presented previously. '- 
E'IX Experiments (F. K. McQui1.kj.n). I r r a d i a t i o n  of 14 protoLype EX13 

f u e l  capsules designed t o  obtain va-rious values of UOz f u e l  burnup i s  con- 

t inuing i n  the  ET%. 

group of capsules a r e  sutmarized i n  Table 6.1. I r r a d i a t i o n  of capsule E-9 

w a s  completed October 31,> 1960, after a calculated burnup o€ 3177 Mwd/MT 

of U 0 2 .  Capsu1.e E-5K was rinserted i n  -the vacated posi t ion on November 2 

anit irraclitation corrlmenced November 7, 1960. 

OperaLing temperatwe data taken recent ly  f o r  t h i s  

Beryllium-Cladding and UO2-Grain-Size Studies (A.  A. Ab'oatiel.l-o, V .  A. 
DeCarlo, R. L. Senn, A. W .  Longest) 

1 - I r r a d i a t i o n  of the eight  group 111 capsules described. prev<.oiisl.y 

coiitinues i n  t h e  ORR. 

1960 a r e  lisbcd i n  Table 6.2.  

which began on Septed'aer 25, 1960, capsul.e 01-3, i-n .which t h e  c e n t r a l  

thermocouple had. P ailed., 

mocouple and t he  associated subassembly are sh.o%rti in Ffgs .  6 .3  and 6.4, 

respectivel.y, 

central. thermocouple subassembly, and, w i L h  a 1 000 000-v x-ray machine 

Temperatures and pressures recorded on December 5 ,  

Dw511g the  shutd.omi f o r  reac tor  cycle XXX, 

was replaced. with capsule OIA-3.  The new ther- 

An e l e c t r t c a l  ground. occvrred during f i n a l  welding of t h e  

l"GL'II Quar.  FrogS. Rep. Scpt. 30, 1.960," ORNL-301.5, p. 107. 
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Ei Q . 6 . 2 .  De bailed Cladding 'I'empera Lure H i s  tory of Capsule 05-2 
DurLng OW? Cycle XXV. 

UNCLASSIFIED 
PHOTO 36170 

Fig 6 . 3  a 'hngsteii-Rhenium Thermocouple f o r  insta 1 l a i i o n  i n  Center 
of  Capsule O l A - 3  I 

i N C L C S S I F I E D  
"HOT0 36169 

I N G  THERMOCOU'LES 

LGWL r? 
BULKHEAD 

0 TUBE FOR 
Cd Re THERMOCOUPLE 

Fig .  6 - 4 .  Capsule 07A-3 Shoving Cent ra l  'Yhngstcii-Hheniun Thermo- 
couple I n s  t a l l s t i o n  Subasscrablies and C1 adding Therrnocouples Pr ior  to 
Attachmpil t , .  
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penetrating the fuel  and tungsten well, as shorn i n  Fig. 6.5, it vas ob- 

served t h a t  t h e  coi led tungsten-rhenium junction w a s  touching the  inside 

w a l l  of the well .  The indicated performaice of t he  thermocoiuple has been 

sa t i s fac tory  since i r r ad ia t ion  began October 4;  a temperature of 2045°F 

i s  indicated, and the  corresponding cladding temperature i s  about 1450°F. 

Table 6 .1 .  Typical Operating Ternperatu-res f o r  t he  Full-Diameter 
Prototype EGCR Fuel Capsules Being Irracliated i n  the FTR 

Gapsu1.1e Temperature ( O F )  E s t lmat ed 
Capsule Totala 

Burnup 
(Mwd./KP ) Design Highest Lowe st  Average No. 

b E -1 

E-1A 
E-2 
E-3 
E-4, 
E-5 
E-6 
E-7 
E-8 
E-10 
E-11- 
E-12 
E-lR 
E-4R 
E-% 

E’9Cd 
1300 
1300 
1300 
1300 
1600 
1300 
1.300 
1300 
1300 
1600 
1600 
1300 
1600 
1600 
1300 
1600 

1293 
1355 
1- 304 
1175 
1540 
1345 
1145 
1220 
1300 
1520 
142 5 
1140 
1490 
1655 
1300 
1556 

1250 
124.0 
1225 
1032 
1472 
1250 
1118 
1112 
1203 
1323 
1276 
981. 

1422 
1505 
1175 
1412 

1273 
1278 
1266 
1124 
1504 
1295 
1131 
1184 
1229 
1414 
1342 
1080 
1460 
1592 
1245 
1462 

100s 
3177 
2222 

581 
753 

2290 
2013 
2338 
2978 
998 
8 72 
302 
439 
3 76 
247 

%stirnates of t o t a l  U02 burnup are based on 200 Mev/fission and, 
except for capsules E-1  and E-9, 
1960. 

bI r rad ia t ion  of 
temperature Teadings 
reactor  operating a t  
value. 

I r r ad ia t ion  of 
temperature readings 
reactor  operating at 
value,  

C 

capsule E-1 
l i s t e d  were 
175 Mw; t he  

capsule E-(3 
l i s t e d  were 
175 Mw; the  

were calculated as of October 31, 
‘ 

w a s  completed October 19, 1959; the  
taken on October 13, 1959, with the  
burnup given i s  the  final calculated 

w a s  completed Octo’oer 3l, 1960; the 
taken on July 26, 1960, with the  
burnup given i s  the  f i n a l  calculated 

%he temperature readings f o r  capsules E-1A through E-% were 
taken on November 28, 1960, with t h e  reactor  operating a.t 175 Mw. 
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Table 6 . 2 .  Temperature and P r e s z u e  Data f o r  t h e  Grovp 111 
Capsules Being I r r a d i a t e d  i n  t h e  ORR 

Nominal 
Blanket 
Pres  sure  D e  sign Highe s'i. Lowe st Average 
(Fig 1 

b 
01-3 
02-3 
03-3 
04- 3 
05-3 
06-3 
07-3 
09-3 

1600 (max) 
1112 ( av )  
111.2 ( a v )  
1-1-12 (av)  
1112 (av)  
111.2 (av)  
1112 (av)  
1600 (max) 

1.608 
1185 
1.150 
1172 
1145 
1158 
1.0 3 5 
1585 

1392 
1075 
1090 
1.075 
1042 
1095 
1005 
1260 

1530 
11.18 
1120 
1130 
11.02 
1117 
1020 
1407 

300 
300 
225 
300 
300 
300 
300 
300 

a 

b'J?he temperature indicar,ed by t h e  cent ra l  therrnocouplk when 

Readings taken December 5, 1960. 

these  readings were taken was 2050°F. 

The ca lcu la t ed  c e n t r a l  temperature Yor t h e  estimated operat ing condi t ions  

i s  2170°F. 

Thermal cyc l ing  i s  being appl-ted. t o  capsules  02-3 through 07-3 by 

operatlion of 1 ;h~  cadmi.um s h u t t e r s .  Pri.or t o  each scheduled cy-el-e and mid- 

cycle  r e f u e l i n g  shutdmm, the CEA, France, capsii3.e~ (03-3 and. 0&-3) and 

theii- ORNL coimterpar t  (02-3) a r e  sinb j ec  Led t o  20 low-tempemture l;hermaJ. 

cyc les  ai; hourly i n t e r v a l s .  

and ihe i r  ORNL counterpart, (07-3) rece ive  one thcrnial- cyc le  d a i l y .  

takes 1. t o  2 see t o  h w e r  the shu t t e r s ,  vhich are held domi approximately 

25 rnin and then rrai.sed~ ai; the  ra te  a t  which they  were lowered.. The re- 

SUI-ting decrease i n  heat  generat ion i s  s u f f i c i e n t  i o  drop t h e  cladding 

surface Leiriperature from SO0 t o  a'sou'c 250°C. 

The United Kiiigd.om capsules  (05-3 and 06-3) 

11; 

Capsules 05-3, 06-3, and 07-3 have exhibited.  rap id  temperature f l u e -  

Luat ions dui-ing i r r a d i a t i o n ,  i n  contrast t o  t h e  stable bchavi.or of the 

capsules  irradiaLed i n  groups I a.n.rJ. 11" Although no regular o s c i l l a t i o n  

p a t t e r n  has  prevai.bed, Lhe temperatures indicated.  by the recorde-rs for 

the upper t w o  thermocouples have fluct,u.ated from 30 t o  180°F, with a 

marked tendency a t  t i m e s  t o  vary on1.y i n  the downward direct:-on f r o m  
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Fig. 6 .5 .  X-Ray Picture  Show- 
ing the  Central  Therrnocou.ple i n  
Capsule 01R-3. 

normal a t  frequencies of 4 t o  10 epm. 
These three  capsules have the  lowest 

power generation (9600 B'cu/hr.ft, 

design; -6600 Rtu/lr9fl;, developed), 

smallest diameter (0.039 i n .  0.d. ), 
and lowest cladding temperature. They 

have a special  mounttng arrangement; 

however, it i s  t h e  same as f o r  cap- 

sules 02-3, 03-3, and 04-3. 
have t h e  l a rges t  thermal-barrier-gas 

gap, 0,020 i n .  radial, of any capsules 

of this design. While severa.1 pos- 

s i b l e  causes have been postulated f o r  
the f luctuat ions,  t h e  strongest indi-  

cat ions are t h a t  convection dis turb-  

ances are occurring within the bar r i e r -  

gas rvrnulus t h a t  affect the  Lhermal 

d i f fus ion  separation2 of the  He-N2 

mixture i n  the  thermal b a r r i e r  and, 

possibly, within the NaK region. 

They also 

The magnitude of t he  osci l la-  
t i ons  i s  g rea t ly  reduced e i the r  by 

use of 100% helium or by continuous 
flow of an appropriate mixture of 

helium and nitrogen. I n  t h e  la t te r .  

case, t he  gas mixture must be depleted 

i n  nitrogen to  obtain the  same tem- 

perature as that, obtainable after equilibrium with the  gas -mixture ska t ic .  

A s  a r e s u l t  or" t hese  f'i-ndings, small gas c i r cu la to r s  have recent ly  

been added -Lo es tab l i sh  rec i rcu la t ion  flow i n  t he  capsules. I n i t i a l  re- 
s u l t s  indicate  t h a t  khe magnitucle of t h e  f luc tua t ions  has been reduced but 
-that t h i s  is not a con~pl.et;e r:olution to the problem. 

2"GCR Quar. Prof;. Rep. March 31, l960," ORNL-2929, p.  148. 
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An unusually high f a i l u r e  ra te  has been expo-riencpd wi th  the s t a i n l c e s -  

s teel-sheathed,  grounded- junct ion,  Chrornel-Alumel thermocouples. The 

beryll ium-clad capsules  03-3 and 07-3 each has only OLE of s i x  thermocouples 

operatirig, and capsule  05-3 has only two s a t i s f a c t o r y  L’riermocoupl e s  re- 

maininE. 

t o t a l  lot of thcrmocoiJples used f o r  t h e  gi-oup I I T  capsules .  

A high r e j e c t i o n  r a t e  w a s  experienced during inspec;ion of the 

- Minia’iure-Capsu1.e Fission-Ga~s-Relesse ._.. Experi-men-t _.....___ s (F . R . Mc&uiLki.n, W. E. 
Thomas ) 

The series of‘ U02 experiments has been conplcked, and t h e  last cap- 

Operating (lata sules a r e  p re sen t ly  undelagoing pos t l r rad i -a t ion  a n a l y s i s .  

f o r  expeririients compl.eted o r  i n i t i . a t c &  diirri-ng t1iri.s r epor t ing  per iod a r e  

given i n  Y’a’o3.e 6.3. 

apparent ly  during removal from the f a c t l i t y  tube. During removal a mani- 

f o l d  pressure  of appyoximately 60 psi.% was appl ied t o  ihe off-ga.s system, 

and, as a r e s u l t ,  there  w a s  simultaneous failure of the  f i v e  ru’ober hoses 

loca ted  i n  t h e  cool ing-a i r  system between the f a c i l i t y  tubes and. the ex- 

haust manifold. None of t he  hoses i.n ’che a i r - supply  system fa.il.ed. The 

f a i l e d  hoses were made from rcclsjmed rubber and. were designed f o r  con- 

t inuous  se rv ice  with steam at  200 ps ig  a.mr3~ 390°F, conditi-ons w e l l  i n  excess 

or t h e  maximum experienced. during t h e i r  two years  or” se rv ice .  The f a i l -  

ures are pos’culated t o  have r e s u l t e d  from r e a c t i o n  wi th  ozone i n  t h e  e x i t  

a i r  from -the experiment. The rubber hoses have been replaced wi th  I”lexi.ble 

s t a i n l e s s  s t e e l  tiibing. 

Experimental assembly L-24 fa i led  on August 23, 1960, 

A s e r i e s  of experiments f o r  i nves t iga t ing  f i s s ion -gzs  r e l e a s e  and. 

fuel s t a b i l i t y  of small. specirneizs of Be0-Th02-U02 and UC has been i n i t i a t e d .  

Four i r r a d i a t i o n s  a r e  current1.y under way, three for BeO-bsse ma te r i a l s  

and one w i b h  UC.  Fue l  mixture 124-1-a.b i s  being irrad.iai;ed a t  l o w  tempera- 

tures  ( less  -than 1800°F) for a p o s t i r r a d i a t i o n  d z t e m l n a t i o n  of 13’. ‘l’he 
specimens are 0.323-in. -o.d., 0 .157-in.- i .d . ,  1 /2- in .  -long ii03.low cyl-in- 

d e r s  composed of 70 vol $ Be0 and 30 vol. $ U02. 
consi .s ts  of 70 v o l  $ Be0 and 30 vol  $ U 0 2 ,  a n d  each f u e l  pe l l e t  i s  0.156 

lin. 0 .d .  , 0.079 i n .  i.d., and 0.250 i n .  long. Suri-oinnding each pellei i s  

a 0. J-57-i~i.  -i .d., 0.323-in.  -0. d ~ .  , 0.250-in. -long insul.aior f a b r i c  

Fu.el mlxtu-e  T.M-2-a10 a1.so 
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Tzble 6.3. Operating Data f o r  Minia.t~me-Capsule Fission-Gas-Release Experiments 

L-22 

L-24 

L-27 

L-28 

L-32 
LM-1-ab 

LM- 2 -ab 

iM-3-ab 

Lc: -1 - 33 

UOZ 
GO;! 

EO,! 

GO;! 

u02 
BeO-UOZ 

BeO-UO2 

Be0 -UOz -T h02 

uc 

10 

20 
15 

30 

30 

20 
50 

93 

10 

1100 1300 

1000 i300 

1050 1300 

1000 1300 

1000 1300 
1050 1300 

1100 1300 

1000 1300 

1050 1300 

1330 

26GO 

200G 

2200 
3206' 

1150 

1990 

1900' 

2150 

1600 

3100 

2600 

3 $00 

3400 

1555 

2490 

2000 

2300 

11-10-59 11-17-60 13 700 
12-16-59 8-23-60 28 030 

9-20-60" 15 200 3-15-60 
4-5-60 9 - 20 - 63 14 OGO 

9-20-60 7 700 6-29-60 
10-20-60 

9-14-60 

11-22-60 

11-3-60 

%he experimeiital assenbly was re t rac ted  from t he  reactor core or, August 23, 1960, buz it remined  i n  the f a c i l i t y  
tube un t i l  September 20, 1960. 

'Thermocouple f a i l ed  on s t anup ;  vaiues given are calculated.  



t h o r i a .  

Tho2, and 12.5 v o l  $ UO2.  

i * d . " ,  and 0.250 i n .  long and i s  surcsounded by a Lhoria bushing 0.323 i n .  

0.d. .  ,, 0.178 i n .  i . d . ,  and 0.250 i:n. long. 

nated LC-1-ab, are 0.262 i n .  o.d., 0.11-1- 7.n. i . d . ,  and 1/22 i n .  long. 

desii-ed i r r a d i a t i o n  tempera1;uz.e i s  obtained by use of a 0.020-in. -z.adial 

helium-gas gap. Cen'- LI dl pel.l.et temperxtures are  measured wit?? t u g s t e n -  

rhenium thermocouples that, a r e  0.072 i n .  0.d. and- a re  sheathed with tn i l ta-  

lum. 

6.3. 

Fuel nlixtime LM-3-ab i s  composed of 70 vol  $ BeO, 17.5 vol % 
Each peI.l.et i s  0.17'/ i n .  o.d., 0.078 i n .  

The UC t e s t  p e l l e t s ,  desig- 

The 

The operating conditions f o r  these e,xperiments are gri.ven i n  Tah1.e 

Advanced Fuel Elemcnt Testing (3 .  A. Conlin, C .  W .  Cunni.:ogbam) 

The second graphite-encapsulated t e s t  element fuekd.  wtth a UCz- 

graphite matrix, 
June 19, 1960 and renoved DeCer r&er  5, 1960. The outer surface oî  the  ].ow- 

permeability (1.5 X lom8 cm2/sec) graphi-te conbainer w a s  purged w%th he- 

l i u m  during i r rad ia t ion ,  and -the pixge e f f  luen-t w a s  moni-tored f o r  acti.vi.ty 

and sampled periodicaL1y t o  determine the concentrations of t h e  vari.ous 

noble-gas fission products I The r e s u l t s  of sampling a f t e r  zquilYurri.um bad 

been approa,ched a r e  summarized below, where -the f i s  sion-product re lease 

r a t e s  are given as percentages of the  fornabion r a t e ,  w5.th the rel.ease 

r a t e  corrected -to the  time of emi.ssi.on fi-om the f u e l  capsule: 

designated OImL-WR-48-,2, was inser ted  in the MTR 

Measured Release Rate 
I so Lope (%) 

~ , 8 5 m  0.2250.45 
Kr*8 0.0 7-43 .I8 
~e~~~ 7.0-35 
xe135 O.OOLi-o.03 

These measurements a re  based on a limited iiu:mber of samples, since d i f f i -  

cul-ty w a s  encountered within the purge system, but they aye thought -to be 
representat ive.  T h i s  f u e l  element w a s  tested. at a m a x i i m m  frission heating 

ra-Le of 1.40 w/cm3, and the estbfla-teii c e n t r a l  fue l .  tempera'i;u'e was 2500°F. 

3"GCR Quar. Prog I Rep. June 30, 1960, I F  01UL-2964, pp. 1%. 
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The measured mid-wall graphite container terflpera-Lure was 1500°F. 

meri t  was i.rradLated during eight MTR cycles for a total U235  burniup of 23 
and 16 a t .  $, respectively,  i n  t he  t w o  sections of t he  fu.el.ed m- t r ix ,  the 

hfiglzer burnuy being i n  the sect ion nearest  the M!TR core. 

The ele- 

On November 18, a si-idden, large increase i n  a c t i v i t y  i n  t h e  purge 

e;'fluent l i n e s  w a s  observed. It i s  suspected that a rupture occiirred i n  
the  encapsulating graphite;  however, absolute ve r i f i ca t ion  of t h i s  cannot 

be establ ished i m t i l  the data taken a% t h e  t i m e  of the incident, c a i  be 

analyzed and. the f u.el  specimen examined. 

. .. 

Exmination of Irradiwked Camules 

LITR-Irradiated 
Oc;borne, H.  E. Robertson 

(J. G. Morgan, 14. T .  Morgm, M. F. 

Po st j. rradi at ion examinat i on s of seven LITR - irradi a t  ed mini a t  ure c ap- 

sules  were contrinued. These seven. capsuj-es include L-7x <mrl 2,-LI of the 

old design (model 2 )  and capsules L-23, -24, -35, -27, a d  -32 (model 3), 
which contained 8 depleted-U02 sleeve around t,he hollow-pellet specimens 

t o  ac t  as a thermal insulator .  
When capsule L-23 w a s  pierced f o r  fission-gas release,  leaks were 

found around t h e  thermocouple seal pins on both ends. The loss  of gas 

from specimen a, was appareritly due t o  hot -ce l l  hCmdling; however, the 
specixen b leak was very small and indicated a possibl-e loss of gas during 

i r r ad ia t ion .  The U02 speclimens were fused t o  the insu la tor  sleeves on 

both the  a and b end.s of t he  capsules, as may be seen i n  Fig. 6.6. Both 

in t e rna l  themocoinpl-es had f a i l e d  early in the  i r r d i a t i o n .  The cenLral 

tli.ermocouple i n  specimen b f a i l e d  a f t e r  reaching near ly  3400°F. 

The fusion evident; i n  capsule L-23 was not observed. l.n capsule L-25, 

which was i r r ad ia t ed  for a shorter  time at lower temperatures. 

thermocouple f a i l u r e s  on capsules t h a t  did not have an obvious a i r  leak 

were accompanied by a react ion of the  t m - t a l u m  sheath, t he  insulator ,  and 

the  thermocou~le w i r e s  Lhemselves ~ 7 i t h  t h e  environment i n  the capsule. 
Further metallographic s tudies  have been started i n  an e f f o r t  t o  determine 

whether this i s  an oxidation process. 

I n  general, 
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Capsule L-7x contained U02 of 95% theore t ica l  density am3 received 

an estimated burnup of 2900 Mwd/MT. 

8, f a i l e d  a t  s tar tup,  'out t he  cen t r a l  therinocouple i n  specj-rnen 11 remained 

operable throughout t h e  t e s t .  

2350"F, with an average of 2550°F. 
the p e l l e t s  i r r ad ia t ed  i n  capsules L - ~ x ,  L-10, and L - l l  has been found, but 

t he  change i s  within experimental e r ro r  (see Tab1.e 6.4). 

The cen t r a l  thermocouple i n  specimen 

The nmxirmm cent ra l  U02 temperature w a s  

A decrease iii t h e  imer-sion density of 

Burnup f igures  

Table 6.4. D a t a  Showing E f f e c t  of Irradiation on Density of UO;! 
Pellets i n  LITR-Inad-iated Capsul-es 

Pellet Density Before I r r d i t i t i o n  Burnup  Based Effecti-ve P e l k t  Lmersion 
Density After 

I r r a d i a t i o n  Imriersion Capsu.3.e on C06' U02 Central  Bulk Bulk 

( g/cm3 1 3, 
($ of Density Density 

(MWd/M!r ) ( O F )  theoreti.ca1) (g/:/cni3) (g/c1n3) 

No. Activity Temperature 

-~ ~~~ 

L- 7xa 16 000 2M0 91.99 10.42 10.51 10.3 

L- 7xb 16 000 2150 94.85 10.41 10.50 10.3 

T A - l O b  1 600 2800 95.19 10.44 10.48 10.3 

L-Lla 22 000 2100 85.05 9.33 10.47 10.4 

%he accuracy of these values i s  k0.2. 

calculated from radiochemical analyses f o r  C S " ~  and Ce14'  arc inconsist-  

en t .  Consequently, mass spectrometric armlyses of the f u e l  w i l l  be made 

t o  determine the  change i n  the  U235-to-U"6 ratio, which i s  the  basis of 

the  most r e l i a b l e  method for calculat ing 'ournup (see Table 6 .5) .  

Table 6.5. Comparison of Bumup Data for UOz P e l l e t s  
i n  LITR-Irradiated Capsu1.e~ 

Burnup (Mwd/NC ) 

E s t  irnated Based. on Based on 

Ac-Livity h a l y s i  s Ratio 

Capsule 
No. from COG* Ce '44 TJ2 3 5 -to -u2 3 6 

L- 7x 16 000 14 200 I4 200 
L-1.1 22 000 19 700 23 600 

249 



The U02 control  sample f o r  both sections of LTTR-irradiated capsule 

L-7x i s  shown i n  Fig. 6.7 i n  both the as-polished and etched conditions. 

Small  l i g h t  colored phases can be seen evenly dispersed Lhroughout the  

control  i n  the  as-polished cozidition a t  250X. This phase cannot be seen 

i n  the  etched condi-Lion. No chemical analysis is ami-lable  on the  batch 

of U02 pel-lets from which t h i s  capsule w a s  charged; however, the  control  

samp1.e w i l l  be submitted f o r  ana1.ysj.s. The grains  of t he  control  sample 

a re  too s m a l l  to be c l ea r ly  resolved. a t  250X. 
Results of metallographic examinations of specimens L-7xa m-d L-7xb 

are  shown i n  Figs. 6.8 aincl. 6.9. Grain growth occurred i n  both L-'7xa and 

E-7xb during i r r ad la t ion  t h a t  resid-ted i n  8 small, equ:i.axed grain struc- 

t u re .  The UOz grain s i ze  i n  the  irl-ad.i.ated specimens i s  a t  least three  

times la rger  than the  grain s i ze  i n  the  control  sam.pl.e. The grains i n  

L-7xb a.re s l i g h t l y  la rger  than i n  IJ-7xa, which can be eql-nined by t h e  

teiiiperatixe gradient t ha t  exis ted between the  upper and lower sections of 
the  capsu1.e during i r rad ia t ion .  I n  both L-7xa and L-7xl3, t he  grains  near 

t he  inner surfaces of -the pe3.l.ets are  sligh-Lly la rger  than those near .the 

outer surfaces, which can. a l s o  be explained by -the temperatilre gradient 

t ha t  exi-sted between the  iiiiier and outer surfaces of t he  p e l l e t s  during 

i r rad ia t ion .  

and L-7xb; however, several  large voids were a l so  evident i n  the  control  

sample. Therefore, 'c'ne large voids present i n  the i r r ad ia t ed  fuel cannot 

be def i i i i te ly  attributed. t o  a radiat ion e f f ec t .  Small voids were present 

t h a t  were mostly concentrated i n  the inner two-thirds of the p e l l e t  i n  the  

L-7xa sec-tion tha t  were not present i n  the  control  sample. 

f r o m  the  L-Yxb section had more voids a t  t he  periphery- than did the  L-7m 
p e l l e t .  Also, a band of higher density f u e l  w a s  seen approximately one- 

t h i r d  of' t he  way i n  from the outer  edge i n  the  L7xb  pe l l e t .  Mditi-mal. 

LITX miniature capsules will have t o  be examined before an attempt can be 

ma.d.e t o  exp1ai.n the  void formation. 

Several l a rge  voids were found i n  the  f u e l  of capsules L-7xa 

The p e l l e t  

OF3-Irradiated Prototype Capsules (J. G. Morgan, M. T .  Morgan, M. F. 
Osborne, H. E .  RoberLson) 

Gamma Scan of Group I1 Capsiil-es, The nondestructive portions of -ihe 

pos t i r rad ia t ion  examinations of group 11 capsul.es have been completed. A l l  
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e ight  capsules were gamma scanned and cladding p r o f i l e  measuremen-ts w e r e  

taken. Three t y p i c a l  a c t i v i t y  scans may be seen i n  Fig, 6.10. Capsiile 

02-2 contained- hollow p e l l e t s ,  04-2 s o l i d  pelle-ts,  and 08-2 hollow pel-  

l e t s ,  with a Re0 center  rod., The p l o t s  show qui te  uniform buirnup along 

t h e  length of the  capsiiles. 

DiniensiLonal Measurements of Gi-ollp 16 Capsules e The out s ide cI.adding 

diameters were measured a t  I - in .  i n t e r v a l s  i n  a t  lkast th ree  posi t ions 

circumferentlally . The reproducibi l i ty  of the measurement s ,  l i s t e d  i n  

Table 6.6, i s  +0.0005 in .  'The diameters and changes rin diameter 3-i.sted 

i n  Table 6 .6  are averages of the  circumferential  readings before and. a f t e r  

i r r d . i a t T o n e  

t o  0.006 in . ,  i . e . ,  l e s s  than 1.8 change. The di.ametra1 clearance bcLween 

the  outer  surface of the  UOz and the  inner si-xface of t h e  cladding was 

0.005 t 0.001 i n .  before i r rad ia t ion .  'The cladding had col-lapsed around. 

t h e  UO;? p e l l e t s  i n  a l l  but one of 'i;'ne c3,psi~.les i r r a d i a t e d  a-t 1600°F and 

one-half of t h e  capsules i r r a d i a t e d  a t  1300°F. 

I n  general, there  w a s  a decrease i n  diameter of frcom 0.001 

CircunLTerential r idges were fol-med i n  the  cladding at, t h e  pel le- t  

in te r faces  on all capsules i r r a d i a t e d  a-t a cladding temperature of 1600°F. 

These ridges extended about 0.005 i n .  above the nomial cladding s-iirface. 

Capsule p r o f i l e s  were charted at 70-de~ i . n t e n a l s  with a moSsile d i a l  

indicator .  The var la t ion  f r o m  s t ra ightness  w a s  3 rnri.nimum for t h e  capsules 

containing hollow p e l l e t s  tlia-t were ii-radiated. a t  1300°F and increased 

with i r r a d i a t i o n  tempera-tine. The capsules with so l id  p e l l e t s  or c e n t r a l  

Be0 bushings were not as straight,  as the  c3.psiiles w.th hollow pel-lets.  

The maximum and minimum p r o f i l e  vari.ati.ons f o r  t h e  group ii capsul.es are 

i l l u s t r a t e d  i n  F ig ,  6.1.1.. Capsule 01-2 contained hollow p e l l e t s  and w a s  
i r r a d i a t e d  al; a cladding temperature of 1300°F, whereas capsule 06-2 con.- 

ta ined hollow p e l l e t s  w i k h  a c e n t r a l  BeQ bushing m-d w a s  i r r a d i a t e d  at 

1.600"F. T h e  UO;! burnup w a s  about 1800 blwd/PF i n  both cases. 

I_ General Conclusions Regarding G r o i ~  I CapsiAes I n  contrast, t o  t h e  

group I capsules opened previously, much less  cracking and breaking up of 

Lhe p e l l e t s  bas been observed i n  -ihe ca.psixl.es khat were opened recently. 

A s  may be seen i n  Fig.  6.12, al.mst a l l  the pel-lets i n  capsule 02-1 ap- 

peared t o  be wholle, and it w a s  possible t o  remove some of t h e  p e l l e t s  from 
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Table 6.6. Diameter Measurements of Om-Irradtated Giwup I1 Capsules 

__- .._---_ .141 

Ciari.3 j ng Me a s u ~ ~ r n e n t  AVWarj;t= Change i n  
Temperat me Pos i t ion  Diamet, e r Diameter 

During A1 nng  Before Mter  
Lrraaiat i o n  Length Trradi a t  ion I r r a d i a t  i o n  

( O F )  ( i n .  ) ( i n .  ) ( i n .  ) 

Capsule 
No . 

01-2 1300 

02-2 1600 

03-2 1300 

04-2 1.300 

05-2 1600 

006-2 1600 

07-2 7.300 

08-2 1600 

I - 
2 
3 
4 
5 
6 

I 
2 
3 
4 
5 
6 

I. 
2 
3 
A 
5 
6 

1 
2 
3 
L 
5 
6 

1 
2 
3 
4 
5 
6 

1. 
2 
3 
4 
5 
6 

0.7525 
0.7524 
0.7576 
0.7526 
0.7527 
0.7526 

0.7529 
0.7529 
0.7528 
0.7531 
0.7531 
0.7529 

0.7527 
0.7525 
0.7523 
0.7513 
3.7523 
0.7525 

0. '1526 
0.7576 
0.7524 
0.7523 
0.7522 
0.7523 

0.7527 
0.752L 
0.7526 
C. 7525 
C. 7524 
0.7535 

0.7523 
0.7520 
0.7521 
0.7519 
0.7579 
0.7523 

0.7521 
0.7520 
0.7520 
0.751.9 
0.7520 
0.7522 

0.7520 
0.7519 
0.7518 
0.7515 
0.7519 
0.7520 

0 
0 

0 
0 
0 

-0.001 

-0.002 
-0.001 
-0.003 
e. 002 
-0.003 
-0.003 

-0.002 
-0.004 
-0.004 
-0.005 
-0.005 
0 

-0.003 
-0.002 
-0.002 
-0.005 
-0.003. 
0 

-0.003 
-0.005 
-0.006 
-0.005 
-0.003 
-0.002 

-0.005 
-0.006 
-0 * 008 
-0. O O L  
-0.005 
-0.003 

-0.003 
-0.002 
-0.004 
-0.003 
-0.003 
to. 001 

-0.004 
-0.005 
-0.004 
-0.004 
-0.004 
-0.002 
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the can und-aimged., as sbown i.n. F tg .  6.13. It j.s f e l t  -that the improved. 

condii;ion of the p e l l e t s  i s  d.ue t o  improved tec’miques and more carefu.l_ 

h.an.dl.i.ng i n  the bot c e l l .  The conclusion i s  reached thal; the p u l l e t s  were 
whole while in t h e  reacLor, hint they were f u l l  of s m a l l .  cracks ana perhaps 

nierocracks . They were therefore  f r a g i l e  and e a s i l y  brok-eiz duying handling. 

The Be0 bushing from the center  of capsule 04-1 i s  shown i n  Fig.  6.14. 
Ti; was nut; badly d s m q p l ,  but some react ion areas are evi.dent. Deposits 

t h a t  were presumed t o  be Be0 were found on some of the  UOz pellets ( s e e  
Fig. 6.1.5). It has; been postul.ated that t h e  deposits,  which were too  tkFn 

fo r  sampl.ing, were formed by t h e  water vapor r i t h i n  the  capsule causing 

the Re0 t o  hydrol.i.ze a t  t h e  high c e n t r a l  terqieratures. The S?e(OH) tlius 

formed migraLed t o  cooler surfaces, where rit disassociated i n t o  Be0 and 

B20. The Be0 remained on the cooler sixface ana t h e  w a t e r  vapor returned 

UNCLASSIFIED 
PHOTO 51865 

TOP 

UNCI AGSIF IFD 

BOTTOM 

Fig. 6.13. U02 P e l l e t  220-5 Which Was Removed I n t a c t  from C2psul.e 
02-1. Fine cracks a r e  visible. 
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Lo t h e  c e n t r a l  Be0 plug to continue the  reacti-on, migrabion, and deposi- 
t i o n  cycle.  

Fig. 6.14. Be0 Bushing Prom Capsule 06-1 Showi-iig Reaction Area, (a) 
Reaction area, 4.m. (b) Ent i r e  bushing. 

Fig.  6.15. P e l l e t  226-7 from Capsule 06-1 Showiiig He0 Rushing and 
Discoloration on UOz Pellet. 
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Instantaneous Fission-Gas-Release Experiment, 

(R. M. Carrol l ,  M.  D.  Karkhanavala) 

Examination of Thin-Plate UQz Sample 

The f u e l  capsule tha t  contained the thin-plat,e U02 sample t h a t  was  

t h e  source for t h e  instantaneous fission-gas-release experiments w a s  ex- 

amined i n  the  GX-Vallecitos hot c e l l s .  The UO;! fuel had beeri oxid-ized 

during i r r a d i a t i o n  by trace quant i t ies  of oxygen i n  the  sweep gas, and 

hydrogen had been added t o  the sweep gas t o  redu.ce t h e  f u e l  during irradia- 

t i o n .  

obvious, from temperature rela-Lions, t h a t  the  thin-plate  sample had broken 
and. perhaps crumbled near t h e  end of the run. \Then t h e  capsule was opened, 
it w a s  found -that; the  UOz w a s  in granules 0,050 i n .  i n  d-iameter or smaller. 
Thi.s extreme fragmentation i s  not chmacter i s . t i c  of irrad.i.ated TJOa arid can 

probably be a t t r i b u t e d  t o  -the reduction reac-tion. 

During t h e  time the f u e l  w a s  i n  t h e  reducing atmosphere It became 

Tests  of a Graphite-Clad UO;! Sample 

A sample of high-density UOz (0.50 i n .  o.d., 0.50 i n .  long, with a 

0.23-in. axial hole ) clad i n  I.o~$-permeabil.ity graphi Le trezuted wi-th a 

0.001-in. coating 0% p,yrolytic carbon v a s  i r r a d i a t e d  t o  evaluate t h e  ef-  

fect iveness  of t h e  graphite-carbon cl.add_irig i n  re ta in ing  fission gases. 
This sample Leaked f i s s i o n  gas from the  very beginning of the  i r r a d i a t i o n .  

Tire amount of f i s s i o n  gas emergi.ng from the smp1.e increased wi-th tempera- 

ture. There were thermocouples pressed against  the  graphi te  cladding, but 

the temperatwe of t h e  UOz can only be estimated. 

Bursts of" a c t i v i t y  were produced wtth very l i t t l e  temperature change 

when t h e  sweep gas w a s  changed from helium t o  aygon. 

w a s  abrupt when t h e  argon reached the sanpl.e, whereas a time lag wou.ld be 

expected f o r  a. low-permeability el-adding . The b u s t s  were analyzed, and 
t h e  major part  of t h e  gamma a c t i v i t y  w a s  due t o  Xe135, Xe133, Kr85m, and 

K r 8 8 .  
bution t o  t h e  t o t a l  a c t i v i t y  w a s  small. The  flow ra,te of the sweep gas 

gasre a 36-miri decay time between the  f u e l  and t h e  spectrometer, so the  
very short-l ived isotopes had decayed. 

The activity increase 

Other isotopes of xenon and krTypton were present, but t h e i r  eont r i -  
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The steady-state re lease of Xe135 from tile graphite-clad UOz was com- 

pared with relkase from unclad U02 (see Table 6.7),  md no s igni f icant  

difference w a s  found. The r a t i o s  of isotopes of xenon and krypton were 

corn-pared f o r  t h e  three sampl-es, since any hold.up by -the cladding would- re- 

s u l t  i n  a r e l a t i v e  increase of the  longer-1-ived isotopes, but there  was 

no s igni f icant  varia'iion i n  the  proportions of Xe.""5, Xe133, Kr85m, and. 

Kr8 '  released from urnclad and clad U 0 2 .  T'nese observations have led. t o  

the coiicl-usion t h a t  the  graphite cI.addi.ug on t h e  sample ~iow being irradi- 

ated i s  broken (possibly becaixse of d i f f e r e n t i a l  thermal e,rpansi.on between 

t h e  U02 and graphi te)  t o  the  extent that it allows rapid passage o f  gas 

toward or away from t h e  UO2, even when no pressure d i f f e r e n t i a l  e x i s t s .  

The argon sweep gas penetrates t h e  broken graphite,  and-, becaiise of t h e  

poor theriiial conductivity of mgon (compared w i t h  t h a t  of helium), the  

t e r p e r a t u a e  of t h e  UO;! increases and causes an increase i n  t h e  Pri.ssj.on- 

gas-release r a t e  The graphite b a r r i e r  be-Lween the thermocouples a n d  t h e  

UOz masks the high temperature increase of the U02. 

A comparison of the  r e l a t i v e  percmtages of the d i f f e r e n t  isotopes 

of xenon and krypkon as they emerge from t h e  fuel may o f f e r  an imporLant 

t o o l  for evaluating tlie gas-:retention propert ies .  The iso-topes  el 3 3  , 

Tab1.e 6 I 7. Comparison of St,eady-State Release of 
Xenon from Various Types of Fuel Makrial 

Fuel Material 
I r r a d i a t i o n  Steady Sta'w 
Temper at ure Release of xeX35 

(OF) (%) ___ 
U m l a d  T h o 2  -UOp mixtu-e 1660, gas 0.036 

U n c l a d  t h i n  p l a t e s  of U02 7-94?, a a x i m m  0 I 023 
Graphite-clad U02 

1877, pellet surface 0.1 

Samqle 3. 720, graphite cldd.?.ng 0.019 
870, argon atmosphere 0.023 

1100, UOz peJ.let 0.09 

Sample 2 640, gra-phite cladding 0.001 

1140, UO;! p c l l c t  0 * 018 
1100, helium atmosphere 0.009 

..-_ 
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Xe135, Kr85m, nnd K r a 8  appeared t o  be retained by the  UOz f o r  t he  s m e  

average time, i n  the  order of 5 br, so a higher proportion of Xe133 (5- 
day half-l ife) was released than 

were released i n  proportion t o  retentiori time. 

with temperature. 
not be measured) i n  the  graphite-clad smple, no de f in i t i ve  stidy can be 

made of the  var ia t ion  of re ten t ton  time with temperature. 

i n t e re s t ing  t o  note tha t ,  al-though Xe133 i s  released after an apparent 

holdup time i n  t h e  U02 of only a few hours at the  temperatures employed, 

t he  amoimt of Xe133 released w a s  only a very s m a l l  proportion (less than 

O.l.$) of t he  t o t a l  formed. 

i n  a pa r t i cu la r  par-t; of the f u e l  escapes with the  same average time of 

d i f fus ion  and the gas formed i n  another pa r t  e i t h e r  does not escape or  
escapes so slowly t h a t  radioactive decay i s  the  dominant l o s s  f o r  these 

isotopes.  

(2 .8  hr ) ,  md the other isotopes 
The re ten t lon  t i m e  varied 

Because of t he  wide range of temperatwes (which could 

I-t i s  especial ly  

T h i s  seems t o  ind ica te  t h a t  :dl t h e  gas formed 

The graphite-clad sample h a s  been removed from the  LI'I?I f a c i l i t y  for 

these experiments, and thin-plate  samples of high-density TJOz have been 

inser ted.  Fission-gas-release stiidies and thermal- and e l ec t r i ea l -  

conductivity measurements w i l l  be m d e  with these samples. 

Oxygen-to-Uranium Rat io  Determinations (M. D.  Karkhanavala) 

The propert ies  of U02 fuel elements a re  influenced to a large extent 

by -the oxygen-to-uranium r a t i o .  

the oxygen-to-uranium r a t i o  of i r rad ia ted  TJO2 are being studied. The 

methods commonly used f o r  de-termining excess oxygen i n  unirradiated U02 

are (1) determination of total oxygen i n  a, given weight of the  sample, 

(2 )  determination o f  the concentration of ~ 4 -  ions (and U4+ ions)  i n  a 

given weight of .the s8mple by e i t h e r  reduction-oxidation b i t ra t ion  or 

polarographic analysis,  md ( 3 )  determlnatlon of the  weight change upon 

comple.te oxidation to U 3 0 8 .  The determination of t h e  r a t i o  i n  i r r ad ia t ed  

fuel i s  mde uncertain, however, by (1) bumup of a ce r t a in  percentage of 

the uranium, which cannot be determined with the  degree of accuracy re-  
quired for t he  over-all  estimation-, ( 2 )  t he  generation of f i s s i o n  products, 
which oxidize simultaneously with U02, ( 3 )  t h e  varying a-jd uncertain degrees 

Consequently techniques f o r  determining 
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of oxida'Lion of the  f l s s i o n  products, and ( 4 )  t h e  intense radiat ion,  which 

disassociates  tiie oxidizing chemicals used i n  normall analysis .  

ihe me-thod of analysis  must be amenable t o  adaptation for use i ~ i  a hot cell.. 

Furthe-i-, 

A review of the  extsting me-thoas has ind-icated tha'i the  thermogravi- 

metric and polarographic methods, with minor changes, would be bes t  sui ted 

for analyz,ing i r r a d i a t e d  fue l s .  In t h e  thermogravirnetric niethod., it, i s  

possi-ble t o  reduce the uncertsi?ity caused. by oxida-kiori of f i s s i o n  products 

t o  w-ithri.iz t h e  E m i t s  of experimental.. e r r o r  and t o  make a deteimination 

with a, noma]. accuracy of 0.01 i n  excess oxygen by using a very sra.ll. 

sample, about 10 t o  20 mg, and employing a quartz spring-suspeiis-ion balance. 

Experiments on oxidation of simulated f i s s i o n  produc-L mixtures 'nave shown 

that t h i s  method could, a.t best ,  be used. f o r  f u e l s  with bumups of l ess  

than 1000 Mwd/MF. 

require  correct ions f o r  the  oxidation of f i s s i o n  products. Since the un- 

c e r t a i n t i e s  involved- i n  making these correct ions aye large,  the method i s  
noi; recoilmiended i n  the  higher bmnup ranges. 

Higher burnups y ie ld  s u f f i c i e n t  i"ission products t o  

The polarographic me-thod, with i~.i.:nor modifications, i s  Lhe most promis- 

ing  f o r  all ranges of Cue1 burnup, and grea te r  a t t e n t i o n  i s  being given 

t o  developing and ads.pting th i s  method f o r  use i n  ho-t c e l l s .  

advantage that weighiiig i n  the  hot cells i s  elimina-Led and, except i n  
cases o€ very high bu.m.iqs, only the  dissolut ion par t  of the  procedure 

needs -to be car r ied  out ~ . T L  the  hot c e l l s .  

can be made outside the  hot c e l l  by 1Locati.ng the  reduction c e l l  behind 4 
i n .  of lead shielding,  

It has t h e  

The ac'iual polarographic run 

The procedure being adapted for t h i s  deteralina-Lion cons is t s  of (1) 
disso lu t ion  i n  i n e r t  atmosphere of a s m a l l  amoimt of tiie U02 ri.n about 

LPN - H2SO4,  with s m a l l .  amounts of f luor ide  added i f  required t o  a i d  d.issolu-- 

t ion,  ( 2 )  ma.king up the  sol.uti.on 'LO a known volume, (3)  polarographic 

detel-minat:i.on of the v6' concentration lin an al iquot  of t h e  solution, ( A )  
t o t a l  oxidation of an al iquot  of the so3-uti.on t o  convert all. U4+ t o  U6+, 

( 5 )  polarogmphic determination of the t o t a l  U6.' i n  Lhe al iquot  obtained 

3.n s t e p  4~ ( t h i s  t o t a l  U6+ determination coinld a l so  be made coulometr ical l~y) ,  

( 6 )  calcul.ati.on of U4+ and @-t ion concentrations f r o m  r e s u l t s  obtained i n  

s teps  3 and 5, and (7) calculation. of the  oxygen-to-uranium mLio.  
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During th i s  work, it w a s  found necessary t o  have a standard with a 
known md reproducible oxygen-to-uranium r a t i o .  The a i r  oxidation of 

(x <0.33) at 250°C gave a s tab le  and reproducible compou_rirl of the  uoz +x 
composition U3O7 thak has semed as a convenient standard. 

ORR Closed-Cycle-Loop Experiment; s 

(R.  E. Reagan, C .  D. Bawnanm, J. G .  Morgan) 

Graphite-Canned UO;: 

A capsule containing two s i l iconized s i l i con  car'oide-coated graphite- 

canned U02 cylinders t ha t  was irradiated- t o  a dose of 2 .2  x lo2' ne1.rtrons/cm2 

a-t; a coating temperature of 1500°F has been removed from the  O N 3  closed- 

cycle-loop f a c i l i - t y  for examination. There w a s  evidence of f ission-gas 

release during the f i n a l  thermal cycle before removal from the reac tor .  

Two samples of U02 canned i n  imcoated low-permeability graphite 'nave 

been irz*adiated f o r  1000 h r  at lffrJO°F and have been withdralm from, the  

reactor  f lux  zone. 
capsule i s  pierced during hot-cell. examination. 

Fission-gas-rel.ense measusemen-L:; . w i l l  be ;made when the 

Graphite-Canned UC2 Dispersed i n  Graphite 

Out-of-pile tes ts  are being conducted on two types of 29.7$ enriched 

UC2 dispersed i n  graphite arid came6 i n  s i l iconized s i l i con  carbide-coated 

graphite.  

the graphite container.  The other of sample Ls canned i n  .the con- 

ventional. manner. 

frequency induction from 200 t o  1800°F morCe than 1.2 000 times without 

weight or density changes. Both bonded and canned samples have been heated 

i n  air t o  1800°F f o r  200 hr without weight or derlsity changes. 

I n  one .type of sample, the fuel matrix i s  in t eg ra l ly  bondea t o  

One of the bonded samples has been heated by radio- 

F a c i l i t y  Modifications 

M t e r  sample failinre during two successive capsu1.e i r rad ia t ions ,  t he  
in-pi le  tube assembly of the closed-cycle loop had become eo%tami.nated. t o  

an a c t i v i t y  l eve l  th.a,t prevented continued use, 
has been b u i l t  and i s  sched.uled f o r  i n s t a l l a t ion .  T'ne loop i s  bei.ng 

A new in-pil-c tube assembly 
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redesigned t o  consis-t of a sing3.F:-pass, a.irr.-cooled system, with helium gas 

as the  fission-gas-transport  medium. The new loop w i l l  include a s ta in less -  

steel-gauze t r a p  located d i r e c t l y  above the  reac tor  vessel  t o  c o l l e c t  

daughters of short-lived. f t s s i o n  gases. 

Radiation Effects  on S t ruc tura l  Metals - 
Pressure .---- Vessel S t e e l s  (R.  G .  Berggreil, T .  J. Humphrcys) 

Equipment f o r  il-radiation experimenl; OKR-8, ii? which tensri.1.e and. j.m- 

pact specimens of a weld metal and several  s t e e l s  wil.1. 'ne i r r a d i a t e d  ai 

150 t o  700"F, has been assembled and wj.11 be inser ted  in.  the  ORK during 

t h e  January shutdown. This equipment a l s o  includes a control led tempera- 

t u e  f a c i l i t y  f o r  study of aging phmoiiiena i i i  zirconium-niobium a l l o y  

c r y s - L a l s .  This equipment wi l l . ,  i n  addiLion, be used for some preI.imri.nary 

measurements of fast-neutron spectra  i n  the  poolsricle f a c i l i t y .  

Designs have been comple ked for improved- irradi.ation-e,uperiment as- 
semblies f o r  use i n  the ORTi poolside facil . l . t ies.  

semb1.y has been designe6 t h a t  dupl icates  t h e  specimen 1oarl.S.n; of the ex- 

peri.-ment assemblies and permits improved. fast-neutron d o s i m e t q  measure- 

ments. This assembly w i l l  be used i n  several  poolside posi t ions 1;o map 

the  neutron specbra and dis t r ibi i t ion.  

A flux-monitoi3ing as- 

-4 s e t  of t e n s i l e  and impact t e s t  specimens of AST'M A-212, grade 23, 

s t e e l  were i n s t a l l e d  i n  GCR-ORR 1.00~ No. I, and a similar set of' E-7016 
weld metal speci-mens a re  being prepared f o r  subseqiient e-x-posue i n  t h e  

sane f a c i l i t y .  

The three  long-term experiments f o r  .vhich t h e  ORNL Graphi-Le Reac-tor 

w a s  t o  be used have been postponed i n d e f i n i t e l y  because of high cost  a;nd 

uncertainty of obtaining memi.ngfu.l d -a ta .  

time, low-flux exposure data a r e  being studied. 

Other means for obtaiming long- 

Beryl-l-ium (J. E. Weir, W .  W. Davis) 

Pos t i r rad ia t ion  examhation of specimcns from the f i r s ~ t  higb-tempera- 

tiire beryllium i r r a d i a t i o n  experimen-t i s  imder way. The specimen h i s t o r i e s  
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and density-change da ta  were givea previously. 

tempera-Lure bend t e s t  s performed on the  specimens indicate  that the beryl- 
liuiii was not exibr'ittled. by the  i r r ad ia t ion  a d  -t3& t h e  s t rength a t  room 

temperature was onPy s l igh t ly  impaired. These results a re  consisbent with_ 

the  hTypothesis that; t he  helium generated by the  (n,2n) and (n,CX) react ions 

e x i s t s  as ' re la t ive ly  large bub'ules within the  keqyllium and -therefore per- 

mits easy plas-Lic deformation. 

minute bubbles, a. strengthening e f f ec t  and ernbrittlement woulc!  be predicted. 

Me%s.l.lographic exani.nation has confirmed t h a t  t he  gas col lected as large 

bub'oles, as shown i n  Fig.  6.16. The difference Fe-Lween the  uni-sradiated 

ma. i r r ad ia t ed  hery l i i im i s  evidenced by -the l a rge r  md more nume%ous dark 

areas  on the photomicrograph. of the i r r ad ia t ed  specimen. It i s  postulated 

tha t  Lhe gas agglomerated om the tnciusions tha t  rnay be seen i n  the  im- 

irradiated.  specimen. 

t h z t  some of the  gas a l so  prec ip i ta ted  i n  grain bomdaries, Metallographic 

analysis  of these specimens ' i s  continuing. 

The res-u.lts of simple room- 

If t h e  helium exis"ied 3s  a f h e  ar ray  of 

Close observation of the  i r r ad ia t ed  specimen reveals 

I n  the  secoiid high-tempera%ine beryllium-swelling experiment, speci- 

mens were held a t  500, 600, and. 700°C and exposed to a dose of approxi.- 
-mately 1.4. X lo2' ne1.xtrons/cm2 (>1 Mev) during a one-month reac tor  cycle. 

The specimens used i n  t h i s  experiment were represent a t f w  of the following 

fabr ica t ion  schedules: 

( 2 )  hot; extrusion (rod), (3) unidirectional.  hot ro l i ing ,  mid.. ( 4 )  hot cross 

ro l l i ng .  

(1.) hot pressing (conmercial and E.gh purity), 

The densi ty  decreases observed for Glicse specimens were i n  the  range 

0.2 t o  0.55 i 0.2$.  

foi- one month i n  the absence of i r r ad ia t ion  indicate  density decreases of 

0 . 2  t o  0.3s  2 0.2%. Thus the  data  indicate  that the  swelling of beryllium 

urder the  conditions i n  t h i s  experiment was srnaller than the ex7perimental 

er:?or i n  densi-ty measurement, 

Similar da ta  obtained f o r  beryllium held at 700°C 

Bend t e s t  r e s u l t s  indicate  t h a t  the mechanical propert ies  (s t rength 
and d u c t i l i t y  a t  room temperature) were not affected by the i r r ad ia t ion .  

Ilnrdness measurements, metallographic examlnations, and gas analyses w i l l  
be performed on some of the  specimens from t h i s  mper imnt .  

'"GCR Quar. Prog. Rep. June 30, 1960, " QRNL-2964, pp. l r K 4 .  
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Specimens from the cold i r m d i a t i o n  experiment, i n  which the  eq0suY.e 

was G x IO2' neutrons/crn2 (>1 Mev) at  120"P, have 'wen bend tested. i n  the  
as- i r radiated cond.ition. The results ind ica te  .Lhat embvittleiilent occurred. 

I n  the  case oI" specimens fabricated. from hot-pressed bl.ock, iin,nidirectionally 

ro l l ed  sheet, and cross  rolled. sheet, t h e  def lect ion ai; frackcire has been 

decreased t o  one-half t o  one-sixth -the p re i r rd i a t l i on  deflec-Lion. Along 

with t h i s  loss in duc t i l i t y ,  t h e m  were reductions i n  strength, 3s  m?asiirred. 

by t he  load at  f r ac tu re  i n  the bend t e s t s .  R e s u l t s  for specimens manu- 

f actured by hot elut,rusj.on indica;l;e fra,ctixe def lect ions one--Lwelfth the  

pre i r rad ia t ion  value.  

of fabr ica t ion  r a y  indicate  an or~entati.on-depenclent effect. 

possible t,o check t h i s  point by examni.ning the  preferred orientkition in the  

specimens. 

mine the  time-temperature relakionships for the  armeal.ing of the defect s 

t h a t  caiise t h e  embrittlement of the specimens ana t o  invest igate  the  swelling. 

Comparison of these dat,a with data fo r  other types 

It may be 

Postirradiation-anneal in^ cqer iments  are under way t o  deter-  

The  t h i r d  hi&h-tempera,ture-swel.lin~ experiraent i s  under way i n  posi- 

tion B-8 of t he  Om. 

at  GOO, 700, and 750°C and w i l l  be taken to  an exposure of 4 x 1 O 2 O   mi^- 

trons/cm2 (>I Mev ). Tubes rmnufactiix~?d by machining from hot -pre s sed block, 

mmhining from warm-extruaed rod, warm extrusion, hot - impac-t extrusion, n.1~1 

hot extrusion a re  included i n  t h i s  experiment. 

I n  t h i s  experlrflent, tubular  specimens are being hel..cI. 

Equipment was constructed f o r  -Lwo in -p i le  tube-burst experiments, and 

t he  experimen-ts are under way i n  an ORR poolside posi t ion and i n  core POST.- 
t i o n  B-€?. In these experiments the st ress-rupt iee  strengLh of 'oerylliim. 

tlukes . w i l l  be invest igated at 600°C as a funcbion of neutron exposixre up 

t o  4 x lo2' neil+,rons/cra2 (>1 Mev). 

Type 304 Sta in less  Steel. ( N .  E.  HiliklL.e, J. W. Woods, J. C .  Zukas) 

The cLalding material. fox. the EGGR fuel.. elements, type 304. s-Lainless 
st.eel, i s  being t e s t ed  i n  in-p i le  tube-burst-ty-pc stress-rup-Lure t e s t s .  

The r e s u l t s  of t he  fi.rst t e s t  are presented i n  Table 6.8. The data, ob- 

ta ined i n  ou-t-of-pile t e s t s  of similar specimens a re  not ye-L complete 
enough f o r  concI.usive comparison. In t he  second experj.rfien.t, t e n  tube 

burst  specimens of type 304 s t a in l e s s  &eel (Superior Tube Company, be::i,rt; 



Table 6.8. Results of In-Fi le  Tube-Burst 
Tests  of 'Type 304 Stainl.ess S tee l  

at 1300°F i n  Air 

Fl.ux: lox3  neutrons/cni2. sec (>I. Mev) 

Specimen S t r e s s  Time t o  Rupture 
No " ( P s i  1 
15-2 

3 
6 
E? 
4 
7 
10 
1 
5 
9 

3-3 000 130,. 
13 000 197 
13 000 144. 
1.3 000 122 
11 000 512 
11 000 480 
1.1. 000 )+62 
9 000 1680b 
9 000 >1850b 
9 000 >1850 

a ̂J: r r a d i  a t  ed a t  1300 OF for approximat e l  y 
8400 blw-hr p r i o r  t o  appl icat ion of s t r e s s  ~ 

'Test concluded before i-upLu-e. 

No. 2399x) were tested at temperatures o f  1500 and 1600°F in air .  

s t r e s s  l e v e l s  w e r e  chosen t o  provide rupture within the dura,tion of t h e  

experi-ment, bu-L, as a resul-t of excessive reac tor  downLiiriee, Lhree speci- 

mens d.52 not rup-L-we. 

previous comparable e2x-periments, and the  avaTI-able ou-L-of-pile data. on 
t h i s  heat of ma'ierial. 

The 

Table 6.9 summizes the  r e s u l t s  of t h i s  exyeriment, 

S t  i s  apparent tha-t a% 1500"F, neutron bombardment reduces the  m p t u r e  

s t rength of this ma-terial. by about 1.500 psl. in t h e  s t r e s s  range studied-. 

Bo'ili t h e  in-p i le  and .  out-of-pile data a r e  f a i r l y  consristenf, and reproduc- 

i b l e .  The out-of-prile avai lable  data  f o r  - this  m-ter.i..aI_ from t e s t s  a t  

1600°F a r e  insuffi .ctent a t  present for compai.-ison. 

Incone!, (N. E ,  Hinkle, J. W .  Woods, J. C .  Zukas) 

Specimens from six special  heats  of T ~ c o K I . ~ ~  w e  being prepared for 

in -p i le  tube-bmst t e s t s .  

nati.ona1- Nickel Company, have d i f f e r e n t  boron contents, as follows: heat 
These heats, which were received from the  Iriter- 
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Table 6.9.  Resul ts  of Tube B u r s t .  Tests  of Tjrpe 304 
Sta in less  S t e e l  i n  Air i n  the  OFB 

Flux: 2 X neil;trons/cm2-sec (>l Mev) 

I r rdi  at ton 
Specimen S t r e s s  Temperature Dose at Time t o  Rupture 
30. ( P s i )  (OF) R up t UT c (hr) 

(Nv-hr ) 

6300 1500 0 510' 
6300 1500 0 490 
6300 1500 0 184 
5800 1500 0 690 

(a) 5250 1500 0 1330 

9-7 

97 b 
(a)., 

(4 
9-q) 
(4 
(d 
'7-3 
9-6 
3-7-3 
17-10 
17-1- 
17-9 
173 
(4 
17-5 
17-6 
17'-4 
17-7 

5250 
5000 
5000 
4200 
4200 
4000 
4.000 
4000 
3500 
3000 
3000 
5060 
3700 
3000 
2 600 
2200 
2200 

1500 
I500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1500 
1600 
1.600 
1600 
1600 
1600 
1600 

0 
5 400 
B 300 

0 
0 

12 300 
8 900 
36 900 
50 080 
50 080 
50 080 
3 750 

0 
13 500 
27 1.00 
43 900 
4.7 400 

1250 
337 
51% 
2c~50 
1650 
895 
6'72 
85ld 

>l.moe 
>I400 
>1600 

&9 
265 
41.4 
870 

3. Out -oI"-pile specimens. 

'These speciniens are 6 i n .  long. A l l  other specimens &re 2 1/2 i n .  
long. 

c A l l  out-of-pile data were received from J. W .  Woods J. T. 
Venard of the 0N-L Metallurgy Division. The stresses were recalculated 
t o  correspond w i t h  those used for t h e  in-p i le  specimens. 

1500°F. 
%his specimen was s t ressed  after 11 500 Mw-Fir of i r r a d i a t i o n  at  

e Three specimens held at; 1500°F' had not rup-Lured when t h e  experi- 
ment w a s  terminated . 

n 

'This test w a s  terKlllinated when t h e  themnocouples failkd. and con- 
t r o l  w a s  l o s t .  
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OR, -4.0 ppm; he& 2B, 20 ppm, na tuml  H; he%% lOB, 1.00 ppm, natural  R; 
hea-i; AB 11, 40 ppm, enriched. i n  B’l; heat 6R 1.1, 60 ppm, enriched i n  Bll; 

heat 6B 10, 60 ppm, enriched i n  BIO. 

from -two heats of Inconel whri.ch were previously tes ted  in the  reactor.. 

These heats, W R  Inconel and CX-900 Inconel., contain 30 and 4-0 ppm naiural 

boron, respectively.  

Specrimens are  also being prepared 
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7. OUT-CIF-PILE TESTING OF wrmuLs AND C O M P O T J E ~ S  

Compatibility Tests of Graphite, S t ruc tura l  
Materials, and Helium 

(J. H.  DeVan, A .  M. Smith) 

Tests have been i n  progress f o r  evaluating the behavior of s t a in l e s s  

and low-alloy s t e e l s  during extended exposures i n  helium contaminated 
w i t h  impurities desorbed from graphite.  The planned experiments have 

been completed, except for those dealing with controlled COz-CO irripurity 

addi t ions.  
The four th  control led impurity expe rben t  (TCL No. 13) was run t o  

evaluate the oxidation resis tance of wrought chromium s t e e l s  i n  helium 

containing 500 ppm (by volume) COz and 450 pprn (by volme)  CO. 

helium was c i rcu la ted  a t  a pressure of 30 psig by natural  convection 

through a type 316 s t a in l e s s  s t e e l  sect ion heated t o  a maximum tempera- 

ture  of 1100°F and a sect ion cooled t o  500°F. Specimens of the various 
s t e e l s  l i s t e d  i.n Table 7 . 1  were suspended i n  the heated sect ion of -the 

loop and were surrounded by a cylinder of AGOT graphite.  

independently heated type 304 s t a in l e s s  s t e e l  tube w a s  mounted above the 

The impure 

In a d d i t i o n ,  an 

Table 7.1. Results of Thermal-Convectioil Tbop Test No. 13 i n  Wciich 
S tee l  Specbens  Were Exposed a t  1100°F t o  Helium Containing 

500 ppin COZ and 450 ppm C O  

M-ild s t e e l  (0.15 C )  3.5 12 .8  9 .3  

5 C r y  0.5 Mo, ba,l  Fe 1.6 5.9 4.3 

1 2  C r ,  bal Fe 0.11 
18 C r ,  8 N i ,  bal ~e~ 

2.25 C r y  1 Mo, bal Fe 2.9 10.5 7.6 
3 CT, 0.9 Mo, ba1 Fe 2 . 1  ‘7 * 7 5.8 

7 C r y  0.5 Mo, bal Fe 0.24 

0.17 

a Type 304 s t a in l e s s  s t e e l .  
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specimens and w a s  rnaintai-ned a t  a temperature of 1500°F. 

were exposed t o  the loop atmosphere f o r  a t o t a l  peri.od of 740 hr. 

A l l  specimens 

The exten'i of 'die oxida t ion  ' i l lat  occurred dur ing  t h i s  t e s t  i s  ind i -  

ca t ed  i n  Table 7.1.  

gained. apprec iab le  wejght, and had r e l a t i v e l y  heavy, poorly adherent  oxj-de 

f i l m s .  Evidence of t h e  poor adherence of t h e  films i s  presented  i n  Fig. 

7.1,  which shows specimens exposed i n  t es t  No. 13. The mi ld  s t e e l  spec i -  

men am3 the  speci-men con ta in ing  5% Cr showed scal i r ig  o r  b l i s - t e r i n g  of the 

oxide f i l m .  A s  may be seen, t he  e x t e n t  of s c a l i n g  w a s  cons iderably  less 

for t he  chromium-containing s t e e l .  In c o n t r a s t ,  s t e e l  specimeiis con- 

taining 7% or  more chromiixn had relatively t h i n ,  exkremely adherent  oxide 

films and showed minoj-. increa,ses in weight ,  The type 304 s t a i n l e s s  steel 

specimen shown i n  Fig. 7 . 1  is  t y p i c a l  of t he  s teels  contai i i ing or more 

chromium. The type 304 s t a i n l e s s  s t e e l  tube which was independently hea ted  

t o  3.500"F had a somewhat heavier  biit equ.al.ly pyotec-Live oxide f i l r i i .  

The s t e e l s  t h a t  contained less than  75% chromium 

The amount of metal l o s t  by t h e  lower a l l o y  s t e e l s  due t o  ox ida t ion  

w a s  de-termined by coiirpletely s - t r ipp ing  tile oxide films and comparing Lhe 

weighLs a f t e r  s t r i p p i n g  wikh weights before  the test. S i r i p p i n g  w a s  ac-  

cornplished by applying adhesive tape  t o  each side of tile specimen. The 

oxide film adhered Lo the tape and w a s  completely taken up as t h e  tape 

w a s  pulled from the  specimen. The anouai;s of meLal t h a t  r e a c t e d  wi th  -the 

oxygen i n  the loop atmosphere are a l s o  l i s t e d  i n  Table 7 .1 ,  The equiva- 

l e n t  l o s s  of w a l l  th ickness  in t h e  specimen tha-t contained 5% chrornium 

was csl .culated t o  be approxirnate1.y 0 .1  m i l  ~ 

A s  r epor t ed  previous ly ,19  two loop experiments t h a t  were similar to 
t e s t  No. 13, b u t  for which the  impurity l e v e l s  i n  the helium were higher ,  

a l s o  resu lked  i n  seal-ing of carbon and uedium-alloy s t e e l s .  The helium 

c i r c u l a t e d  i n  t h e  first, of t hese  loops (TCL No. 10) contained 1320 pprfl 

C02 and. 1850 ppm CO, whereas the he1iui c i rcul .a ted i n  tne  second. (TCL N o .  

1 2 )  contained 1500 pprn CO;! and 1800 ppm CO.  The weight gains of specimens 

-..̂ . _.- 

""GCR Quar. Frog.  Iiep. June 30, 1960," ORNL-2964, pp. 1.86-8. 
2"CCII Quar .  B o g .  Rep. Sep i .  30, 1960," 0Rl!?IJ-3015, pp. 123-4. 
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exposed i n  these tests a r e  compa,red i n  Fig.  7.2 wi th  the  weight gains of 
the corresponding specimens from tes- t  No. 13. It i s  apparent tha-t d i f f e r -  

ences i n  the r a t i o s  and arnounts of CO and COz among these tests had little 

e f f e c t  on the r a t e s  of oxidat ion (based on weight changes).  However, a 

UNCLASSIF IED 
PHOTO 52658 

MILD STEEL A I S 1  502 STEEL 
5 yo Cr ,  0.5 To Wlo, BAL. Fe 

TYPE 304 STAINLESS STEEL 
18% C r ,  10% Ni,  BAL .  Fe 

F ig .  7.1. Steel Specimens After Exposure t o  I-Ielim Coritaining 500 
p p m  C 0 2  and 450 ppm CO f o r  740 hr a t  1100°F. 
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UNrLASSIFIED 
O R N l - I  R-CJbVG 5258OR ~- - ~ 

i 4 -~ 
=MILD STEtL (01 

t -  

'3 g 0.1 

Fig. '7.2. Weight Gains of M i l d  and 
Wrought Chromium- Cont aining St eels Ex - 
posed t o  CO2-CO Irnpurit ies i n  Helium 
at 1100°F. 

s l i g h t  bu t  corisis tclnt increase  i n  

t h e  rate of oxidat  ion  accompanies 

increases  i n  the r a t i o  of Llic par-  

t i a l  pressure  of C 0 2  t o  t h a t  of CO. 

A f i f t h  con t ro l l ed  impurity 

experiment (TCL No. 14) w a s  c a r r i e d  

out  t o  eva lua te  t h e  effects  of C02- 

CO concentrat ions lower than  those 

of previous tcs ts .  The specimens 

used i n  t h i s  t e s t  were of the same 

genera l  ty-p as those  descr ibed i n  

Table 7.1, and t e s t  temperatures 

were i d e n t i c a l  t o  those  of Test  

No. 13. Since t h e  g raph i t c  used 

i n  t h i s  t e s t  had previous ly  becn 

degassed i n  t e s t  No. 13, it was a n t i c i p a t e d  t h a t  a n  irnpurity level. of 

,500 ppm o r  less of CO arid of C02 would be easlily a t t a i n e d  during tes t  
No. 14. However, even with a continuous low-volume purge from t h e  system 

and per iodic  bleeding and r ep res su r i za t ion ,  t h e  concen-tra-tion ol" C02 

reached values  of 900 t o  1000 ppm f o r  a sho r t  per iod  of klirne after ope~s- 

t i n g  cond-itions were es tab l i shed .  Hydrogen and w a b e r  vapor concentra- 

ti-ons during t h i s  per iod reached peaks of 0.98 and 0.06 v o l  $, respec- 

t i v e l y .  

both CO and COz t o  below 500 pprn, and the sys-tern w a s  then al.lowed. t o  a t -  

t a i n  equi l ibr ium without fur-ther purgtiig. A gmi'lual redu.c'cion i.n CO and 

C02 wa,s observed over t h e  next 200 hr ,  and t h e  q u a n t i t i e s  of both f e l l  

t o  approximately 100 ppm, where they  remained during t h e  rest of the 1000- 

h r  t es t  period.. 

p repara t ions  for t es t  No. 1.5 are being ma&. 

Continued purging of t h e  loop reduced t h e  irflpui-i-ty l e v e l s  of 

Disassemb1.y of t h e  t e s t  system has been completed, and 

T e s t s  of Pro totype EGCli Purif icatf .on Sy-s'cem - 

(A. M. Smith, R. E. MacFnerson) 

A gas-puri . f icat ion system f o r  t r e a t i n g  t h e  helium t o  be used as the 

coolant i n  Lhe EGCR i s  requi red  t o  l i m i t  t h e  g raph l t e  'niirnup t o  I.$ of t h e  
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reac tor  inventory during a 20-year period and t o  l i m i t  the graphite mass 
t ransfer  result ir ig from the CO-CO2 rea.ction to 500 1-b during the ::me 

period, The impurities t o  be removed from the lieliwn stream w i l l  be 

introduced by materials wi-thin the system or by illleakage Prom -the sur- 

rounding environment. The allowable concentrations of impurities i n  the 

helium stream are  given below: 

Allowable 
Concentration 

Impurity (ppm ljjr vol) 

c 02 1600 

N2 140 
co 140 

H2 2000 

Further, HzO inleakage i.s t o  be l imited t o  approximately 0.75 lb/d-ay, and 

the noisture  content of the helium recycled from the pur i f ica t ion  system 

i s  to be held t o  approximately 10 ppm by weight. 

A s  p r e s e n t u  designed ( s e e  Fig.  7 . 3 ) ,  the purifica-Lion system in- 

corporates a platinum-catalyst-bed converter which, with 0 2  additions,  

w i l l  oxidize the B2 and CO.  
tinuous helium streams, one from the blower seal leak-off system and an- 

other froin the low-pressure leak-off system. A t h i rd  stream t h a t  i s  con- 

nected intermit tent ly ,  with an estimated operating time of 300 hr per 
year, is introduced from the reactor  c o o h n t  system through the ca t a ly t i c  

converter when H2 aiid CO l eve ls  i n  the coolant exceed the allowa’ole l i m i t s .  

h o t h e r  intermit tent  stream comes from the dryers during regenera-tion of 
these u n i t s .  

The pur i f ica t ion  system i s  fed by two con- 

These combined streams pass through the cooler, where water vapor i s  

condensed, and then through a water separator ,  A compressor increases 

t h e  gas pressure and. forces  the gas through a second w a t e r  separator,  
through a dryer,  and out through a f i l t e r  t o  the vessel  cooling system. 
Removal of C02 from the coolant stream wi .11  be accomplished by in t e r -  
mit tent  operation of the C 0 2  adsorber when the level i n  the re%urn stream 
t o  the vesse l  cooling system becomes excessive. 



U N C L A S S I F I E D  
ORNL-LR-DWG 4 3 8 7 7 4  

Fig .  7.3. EGCR Hel_ium P u r i f i c a t i o n  System. 

n sests a r e  be ing  c a r r i e d  OU’L on a snial.l.-sca,le model of t h i s  p u r i f i c a -  

ti.oi1 system, 

loop on a f o r c e d - c i r c u l a t i o a  loop ‘iiiat i s  being used. f o r  m a t e r i a l s  com- 

p a t i - b i l i t y  s t u d i e s .  

materia& tes t  seekion,  and a s t e m  c o o l e r ,  

up a f u e l  element channel,  a diimmy fue l .  element, a.ssembly, and meta l  test; 

specimens are l oca t ed  i n  the mater ids  t e s t  s e c t i o n  of the  loop. 

p u r i f i c a t i o n  system i s  composed of a p rehea te r  on t h e  i n l e - t  l i n e ,  a cata- 

l y t i c  conver te r  w i th  p rov i s ions  C o r  02 i n J e c t i o n  upstream, a wa-ter-cooled 

coniienser, a water s epa ra to r ,  a s i l i c a - g e l  bed for f i n a l  moristwe removal, 

and a molecular-s ieve bed f o r  CO2 removal.. T h r o t t l i n g  valves  i n  the  i n l e t  

and e x i t  I.ines and a flowmeter are used t o  control the flow of gas through 

the  system. 

The t e s t  system, shown i n  Fig. 7.4,  i.s in s t a l - l ed  as a bypass 

The main loop c o n s i s t s  of a compressor, a h e a t e r ,  a 

Graphite s l eeves  t h a t  mock 

The 



F i g ,  '1.4. Small-Scale Model of" EGCR lieliwn P u r i f i c a t i o n  System. 

A gas c:wornatograph, t o  which gas samples can he fed f rom various 

taps o s  t h e  main test loop and the purifi.eatl.on syst,eni, i s  u s i ~ l  f o r  h i -  

pu r i ty  analyses e The instrument i s  capable 02 analyzing f o r  &, C02, 02,  

Nz, CH4, and. CO and produces a complete analysis  every 20 min. 
The gas is analyzed f o r  wa.ter vapor with a n  el.ectrol.ytic c e l l  un i t  

which continuously am3 quant i ta t ive ly  adsorbs and e l ec t ro lyzes  si.1 water 

preserii; i.n t he  gas sample. 'This u n i t  i s  eolrnected t o  t h e  gas c'momato- 

graph header Lo provide f o r  sampling at the same posikions as the gas 

cl~roma~tograph . 
'The -Lest program on the puri.fica-tAcrn system was divided in to  three 

The first phase involved the  removal. of I-Jz and/or CO injected ptmses. 

into the  main lcjop while  it w a s  operating at, a ].ow terqierature. This 

procedure permlitted operation or" the cstal.yt.ic conver l ;e~ wi-i;hou.JL the 

presencr: o f  ext;saneous impurities outgassed from the  graphite and, a t  the 

273 



sane time, preven-Led r e a c t i o n  of -the i n j e c t e d  impur i t i e s  wi th  hot  meta l  

su r f aces  i n  t h e  main loop .  

p rehea te r  w a s  used t o  hea t  t he  bypass strean t o  t h e  c a i a l y t i c  conver te r  

'Lo 1050°F a t  the d e s i r e d  f l o v  r a t e .  

i n t o  the  main t e s t  loop u n t i l  a d e s i r e d  impuri ty  concen-LraLioii w a s  ob- 

tained-.  Oxygen was -then i .njected i n  control. led amounk rinto t h e  bypass 

s t r e n m  immediately u p s t r e m  of the  c a t a l y t i c  conver te r  t o  remove the H, 

and/or C O .  Gas samples from e i t h e r  the  main t e s t  loop  o r  t he  convert,er 

o u t l e t  were then analyzed by the  gas chromatograph i n  order  t o  fo l low the  

impurity rexoval  and t o  i n d i c a t e  t h e  p o i n t  dur ing  the  02 i n j e c t i o n  pe r iod  

where excess  O2 w a s  being added t o  the  system. 

In  a t y p i c a l  t e s t  run t he  p u r i f i c a t i o n  system 

Hydrogen and/or C O  was then  i -njected 

The second phase of the test; program involved the  removal of t he  

va r ious  gaseous i -mpuri t ies  outgassed from the graphi-te con-Lained i.n the  

main t e s - t  loop when t h e  loop w a s  heated t o  ope ra t ing  temperature .  This  

phase w a s  i n i t i a t e d  by hea t ing  t h e  main loop t o  1400°F f o r  3 hr and t k r i  

reducing t h e  temperature t o  1.050"F before  openi-ng the  p u r i f i c a t i o n  sys-tem 

and s t ay t i i i g  the  removal of t h e  degassed Tmpurrj.ties. 

gassed impur i t i e s  was accomplished i n  two s t e p s ,  F i r s t ,  the p u r i f i c a t i o n  

system w a s  plaxed on strewn and the  C02 was removed w i t h  t he  molecular- 

s i e v e  adsorber ,  and, second-, the  :Iz, CO, and CH4 were removed by- ox ida t ion  

i n  t h e  c a t a l y t i c  conve r t e r .  

Cleanirp of t h e  de-. 

The t h i r d  phase of the  t e s t  program consished of opera'bing t h e  tes i ;  

loop a t  temperature and, by use of t h e  p u r i f  icat i -on system, maintaining 

acceptab le  impuri ty  3.evels while  maki.ng c o n t r o l l e d  i n j e c  Lions of water 

i n t o  the  main loop he1.ium stream. 

T e a  tes ts  were conducted dur ing  the  firs-t phase of  t he  tes t  program. 

Durriag a l l  tests,  the  main loop was opera ted  a t  approximately IOOOF, t h e  

p u r i f i c a t i o n  system p rehea te r  w a s  used t o  h e a t  t he  bypass gas stream t o  

1050°F upstream from t h e  c a t a l y t i c  conver te r ,  and the  gas chromatograph 

was connected 'GO t h e  c a t a l y t i c  conver te r  ouLlet  t o  monitor ihe impurity 

l e v e l s  d-uring 02 iq jec t i -on .  

Hesul t s  of the f i r s - t  seveii t e s t s ,  i n  which oxygen w a s  l injected at the  

r a k e  of 5 cm3 (STP)/min, a r e  shown i n  Table 7 .2 .  Representa t ive  plots of 
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'Table 7.2. Results o f  First-Phase Oxidation Studies of Gas- 
Purificat , ion System 

o2 i n j e c t i o n  r a t e  a t  c a t a l y t i c  converter:  5 cn3/min 

Impurity Con- Impurity Con- 
cen t r a t ion  a-t; cen t r a t ion  a t  Pur i f  i c a t  ion 

Sys tern 
Flow Rate 

Duration of S t a r t  of Oxygen End of Oxygen Mz-Lerial 
O2 Ad-dition I n  j e c t ion Iii j e c t ion Balance 

(min) ( PPln ) (PPm 1 ($1 ( 1 
H2 co 8, C O  

0.37 52 1115 525 90.4 
0.37 69 114.5 360 90.6 
0.818 72 1000 90 100.6 
0 .$18 116 1440 95 92.3 

0.33 38 190 1015 130 760 80 n8 
0.818 103 120 1170 45 310 72.3" 

0.818 112 1395 7 5  93 .9a 

a Vate r i a l  balances for the k s t s  with CO are low because the 
C O  concentration readings are irifluenced by C O  holdup i n  the 
molecular-sieve bed used t o  adsorb C 0 2 .  

impurity concentration versus time are presented i n  F igs .  7.5 and '7.6. 

The curves show the t h e o r e t i c a l  concentrations of H2 and C O  a t  the  con- 

v e r t e r  i n l e t  and ou:l;let based on an i n i t i a l  system impurity l e v e l  of 1500 

ppm. The c i r c l e s  represent  the a c t u a l  converter o u t l e t  R2 or CO ana lys i s  

obtained with -the gas; chromatograph. 
In the J12 removal plot, (Fig.  7.5), the poin ts  agree f a i r l y  wel l  with 

the  curve, and the f i n a l  92 concentration i s  c lose  t o  t h e  predicted val.ue. 

The water i n  the  converter o u t l e t  stream rose during the O2 injec~kiori 
period and then f e l l .  The s h i f t  i n  the water curve i s  a t t r i b u t e d  t o  the 

length  of l i n e  between the  converter o u t l e t  sampling poin-t and the water 

analyzer and t o  the  inherent I.ag i n  the instrument when exposed t o  high 

concentrations of water vapor. 
'I'he measured i n i t i a l  concentration o f  0, given. on the  p l o t  i s  ques- 

t ionable ,  s ince  it indica tes  that 112 and O2 were coexis~t ing  i n  the loop. 

A check on the  gas chromatograph w i t h  a standard sample revealed a s l i g h t  
upward s h i f t  In  the  zero point; during the  02 analys is ,  but the  s h i f t  w a s  

281 



0 40 8 0  120 160 200 740 280 

TIME ( m i n )  

J3-g. 7.5. Comparison of Predic ted  
( Sol i.d Lines) and Actual H2 Removal 
from Helium Bypass Stream by C a t a -  
l y t i c  Converter. 

not enough t o  account f o r  the 

l e v e l  ind ica ted .  F’urther checks 

on gas samples removed from t h e  

loop and submitted for mass spec- 

t rometer  ana lys i s  showed argon t o  

be preseiit i n  t h e  range of 5 ppm. 

Since Lhe presence of argon has 

a ciiPect e f f e c t  on t h e  oxygen 

l e v e l  measured by chromatograph 

ana lys i s ,  a combinakion of base- 

l i n e  s h i f t  and t h e  argon would 

accou-nt f o r  more than 90% of t h e  

discrepancy. On ’ihis bas i s ,  t h e  

ind ica ted  value for 0 2  was as- 

sumed t o  be false, and an  a r b i -  

t r a r y  zero f o r  O2 w a s  taken a t  
thri.s point .  Soiiie 0 2  undoubtedly 

passed through t h e  c a t a l y s t  bed 

during oxygen Tnject ion and w a s  

respons ib le  for t h e  i-ncrease shown 

The a c t u a l  O2 level- measured is, 

aga.ln, i n  doubt, s ince  continued opera t ion  a f t e r  oxygen i n j e c t i o n  w a s  

completed. showed If2 and O2 coexis t ing  i n  t h e  loop. ‘The e f f i c i e n c y  of 

t h e  c a t a l y s t  bed i n  prevent ing O2 carr-ykhrough i s  undoubteclly lower i n  

t h h  t e s t  syste-m than  it would be i n  t h e  r e a c t o r  appl . icat ion because ol” 

more pronounced edge e f f e c t s .  “he c a t a l y s t  chamber i s  an 8-in. l ength  

of l-3-n. pipe, and t h e  catalys-l; pellets are 1/4 x l/L+-i.n. cy l inders .  

bed circumference-to-volume r a t i o  i s  l a rge ,  and bed packing i s  no% a s  

uniform as wou1.d be expected. i n  a l a r g e r  diameter v e s s e l  f i l l e d  with -the 
1/4.-in. pe11.ets. 

‘The 

The results Tor. CO removal (Fig. ‘7.6) aye similar Lo those  f o r  112 

removal. 

s i eve  bed t h a t  i s  used t o  adsorb t h e  CO;?. This holdup interferes with 

t h e  measurement of t h e  CO i n  the loop and is  pa r t i a l - ly  respons ib le  f o r  

One d i f f i c u l t y  encountered is  t h e  holdup of CO i n  the molecular- 
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Fig. 7.6. Comparison of Pre- 
dicted (Solid Lines) and Actual C O  
Removal from Heliurn Bypass Stream by 
Catalyt ic  Converter. 

the  differences between the theo- 

r e t i c a l  f i n a l  concentration and 

the ac tua l  values represented by 

the c i r c l e s  on the p l o t .  

Three o-ther tests were car- 

yied out i n  which the quantity 

of 0 2  injected w a s  a f ixed  per- 

centage of the amount required 

f o r  100% oxidation per pass. 

Results of these t e s t s  are pre- 

sented i n  Table ‘1.3. Oxygen was 

added during these runs a t  a de- 

creasing (stepwise) r a t e  through- 

out the in jec t ion  period. t o  give 

an approximation of the t?ieo- 

r e t i c a l  curve f o r  the indicated 

percentage of s toichioine tr i.c 

oxidati-on. I n  a7.1 runs, the 

chromatograph analysis  obtained 

20 m i n  a f t e r  the one which pro- 

duced tne oxygen concentrations 

tabulated i n  ‘1’abl.e 7.3 showed a zero impuri-ty le-vel and a higher concen- 

t r a t i o n  of 02 at, the converter ou-t le t ,  

represent the ac tua l  s i tua t ion ,  since they indicate  t h a t  the system i m -  
p u r i t i e s  had been removed before su f f i c i en t  02 had been added Lo accomplish 

t h e  removal s toichiometr ical ly .  Such analyses could r e s u l t ,  however, from 

poor mixing of tize by-pass stream with the main loop stream, f ron  poor 02 

f l o w  control  a t  the low f l o w  rabes required toward the end of the cleanup 
period, or from failure of the s-tcpwise O2 in jec t ion  t o  duplicate -the 

theo re t i ca l  curve exac t l y  , Continuous rnonitoring of the converter e f f lu -  

en.t f o r  Ii,, CO, and 0, should e f fec t ive ly  prevent t‘ne problem of excess 

0, i n  the EGCK appli.cation. 

th.e e f f luent  i s  assumed, a calculat ion based upon 300 h r  per year operation 

Such analyses o’ovtously do not 

However, i f  8. concentration of 1 7  ppm O2 i n  
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Table 7.3. Results of Oxygen I n j e c t i o n  as a Fixed Percentage 
of the Amo~111t R e q u t r e d  f o r  100% Oxidation 

Step 1 Step 2 S t e p  3 

O2 a d d i t i o n  rate, % of stoichiome-Lric 50 80 62 

I n i t i a l  impuri ty  I.evel-, ppm by vol.ume 

H2 1500 17AO 1.480 

co -3-500 

O2 level  at catalyt,ric conver te r  outlet, 
PPm 17 10 17 

Time afber s-tart o f  O2 i n j e c t i o n ,  min 7 2 2 

Total 0 2  i n j e c t i o n  per iod,  min 33 2’7 39 

of Lhe conver te r  shows t h a t  t he  rnaxiriiun bu.rnup over 20 years  of opera t ion  

would be only 2.3% of t h e  design al lowable bui-nup of 3500 l b .  

The second phase o f  the  t e s t  program cons i s t ed  of d-egnssing the  

g raph i t e  in t he  main test loop and the  removal- of t he  impur i t i e s  by use 

of t h e  p u r i f i c a t i o n  system. 

peaks higher  than  could be measured by the  gas chromatograph dur ing  t h e  

degassing pe r iod  a t  1400°E’, and consequently gas  samples were removed froin 

the  main test loop f o r  mass spectrometer  analysis i n  order  t o  e v a l u a k  the  

peak concen t r a t ions .  

The impurity l e v e l s  of H 2 ,  CO,, and C O  reached 

Tnese peak concent ra t ions  were: 

Concentrat ion 
b o 1  % I  

H2 2.26 

CO2 0 I19 

N, + co 1.03 

The combined t o t a l  of N, and C O  i s  shown because both c o n s t i t u e n t s  have 

the  same mass number, and accu ra t e  individ-ual i d e n t i f i c a t i o n  i s  not  pos- 

s i b l e  wi th  t h e  mass spectrometer .  

to be 0.79 v o l  $ by the  gas chromatograph and 0.56 v o l  % by the  m a s s  spec- 

t rometer  a n a l y s i s .  

The maximum value f o r  CH4 w a s  observed 



Following the  establishmen-t of a maximal impurity l e v e l  and the r e -  
duction of main loop temperatures from 1400 -to 1050°F, cleanup of Lhe (%e- 
gassed impurit ies w a s  accoinp.lished i n  two s teps .  The f irst  s t e p  c0nsi.s-teci 

of p lac ing  the  p u r i f i c a t i o n  system on stream and reducing the  CO2 l e v e l  

w i t h  the  molecular-sieve adsorber. The concent.ration of C02 w a s  suc- 

c e s s f u l l y  reduced from 9100 t o  40 ppm i n  less than 20 min (C2.5  system 

turnovers ) .  

oxidabion i n  the c a t a l y t i c  converter.  This w a s  accomplished during four 
ind iv idua l  02 i n j e c t i o n  periods; the r e s u l t s  are described i n  'Table ' 7 . 4 .  

The second s t e p  consisted of xmoving H2, CO, and CBq 'oy 

I n  the  third-phase o f  the  program, five water-injection tests have 

been completed. Preliminary resu lbs  ind ica t e  t h a t  although there  is  a 
s l i g h t  increase i n  the  H2, CO, and 220 l eve l s ,  the addi t ion  of water -vapor 

while t he  p u r i f i c a t i o n  system i s  operating causes no ser ious  problem i n  

maintaining acceptable impurity l e v e l s  i n  the loop. 
Three tests were conducted with the dryer and C02 adsorber oa strecam 

while i n j e c t i n g  water vapor f o r  a period of approximately seven days. 

remaining two tests cons is ted  of i n j e c t i n g  w a t e r  vapor in.to the loop with 

the  p u r i f i c a t i o n  system shut off and then operating the water and COz ad- 

sorbers  t o  remove the  impuri-ties. I n  a l l  tests, f low through the 

'The 

Table '1.4. Resul t s  of Various Steps i n  Second Phase of G a s -  
P u r i f i c a t i o n  System Studies 

Step 1 Step 2 Step 3 Step 4 

I n i t i a l  impurity concentration, ppm 

H2 

ClX4 
co 

O2 i n j ec t ion  rate, em3 (STP)/min 

Tota l  i n j e c t i o n  period, min 
F i n a l  impurity concentration, ppm 

H2 
co 
CH4 

20 200 
3 440 
6 300 

$0 

25 

3 900 
1 300 
3 600 

2 600 
1 800 
5 500 

10 

70 

300 
310 
260 

240 100 
800 580 
114 40 

5 5 

4 5 . 5  42 

100 50 
420 190 

90 20 

28 5 



p u r i f i c a t l o n  system w a s  0.37 l b / h  and., zxcepL i n  the f’inal t es t ,  where 

approximately 0 .2  ern3 of water w a s  i n j e c t e d  d i r e c t l y  i n t o  the  loop, t h e  

water i n j e c t i o n  r a t e  w a s  0.11 em3 ( l iqu id . ) /hr ,  

Kesul.ts of t h e  three t e s t s  i n  whi.ch the  adsorbers  were operated can- 

t i nuous ly  showed an  i n i t i - a l  increase  of 300 t o  700 ppm €72, 40 ’LO 80 ppm 

CO, and 230 t o  300 ppm H,O s h o r t l y  a f t e r  t he  water rinjection was s t a r t e d .  

However, after 24 hi- of opera t ion ,  the  impuri ty  levels appeared t o  r each  

an  equi l ibr ium,  and Lhey fel l -  slowly over tlne remainder of t he  t e s i  pe r iod .  

The maximum valiies observed dur ing  these  tes ts  were of t he  order  of 0.1 

vo l  $ H,, 0.04 v o l  % 1120, and 0.010 v o l  $I C O .  

10 ppm o r  less over the e n t i r e  t e s t  per iod  as a r e s u l t  of cons t an t  removal 

by the  C 0 2  adsorber .  

The C 0 2  level w a s  kep t  at 

The f i n a l  two t e s t s  were conducted. t o  determine the  r a t e  of water 

and C 0 2  bui ldup i n  the  loop when the  p u r i f i c a t i o n  system w a s  no t  i n  use .  

The f i r s t  of these  cons i s t ed  of in j ecb ing  water vapor a t  a r a t e  ol 0 . 1 1  

cm3/hr f o r  approximately 5 hy. and a l lowing  the  var ious  impurity concen- 

t r a t i o n s  t o  bi1il.d up and remain i n  tine system f o r  a n  a d d i t i o n a l  16 hr. 

When the  pu - r l f i ca t ion  system w a s  p u t  on stream there  was a r a p i d  r educ t ion  

i n  C 0 2  and water l e v e l s  and a gradual. r educ t ion  in the  hydrogen l e v e l .  A s  

would be expecLed, the  bui ldup o f  CO2 i n  t h i s  test occurred much sooner and 

reached a h igher  concent ra t ion  than  i n  ihe previous t e s t s .  

The la.st, t es t  cons i s t ed  of i n j e c t i q  approximately 0 .2  em3 of wai;ei- 

d i r e c t l y  i n t o  t h e  loop which had previous3.y been conta,minated by d i r e c t  

i n j e c t i o n s  of H,, CO, and CO,. The water concentratj-on w a s  then  allowed 

t o  reach  its peak and. s tar t  t o  fall off  before  ope ra t ion  wi th  the  p u r i -  

f i c a t i o n  system dryer and. C 0 2  adsorber  on stream. Resu l t s  of i h i s  t es t  

showed t h a t  t h e  water concent ra t ion  r o s e  r a p i d l y  from 4 ppm t o  190 ppm 

and, wi-thin 6 hr af ter  the  p u r i f i c a t i o n  system w a s  s t a r t e d ,  the concen- 

t r a t i o n  w a s  reduced t o  10 ppm. 

peri.od wen~i f r o x  ’360 t o  1200 ppm and back t o  1000 ppm. The C02 concen- 

t r a t i o n  remained unchanged, and, once the C02 adsorber  w a s  p laced  i n  

opera t ion ,  the observed values  were r e a d i l y  reduced t o  the order  of 3- t o  

5 ppm. 

The hydrogen concentr*ation dur ing  t h i s  
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The r e s u l t s  of t h i s  tes t  program have led t o  the following con- 
clusions: (1) The removal of CO, and H,O i s  straightforward. (2 )  Re-  

moval of large quant i t ies  of H2 and CO, as wel l  as the impurities de- 

gassed from the graphite, has no adverse e f f e c t  on the oxidizing ca t a lys t .  

(3) Oxygen breakthrough i n  the ca t a ly t i c  converter i s  not a serious prob- 
lem w i t h  in jec t ion  r a t e s  of up t o  80% of stoichiometri.c, and it is f e l t  

t h a t  even be t t e r  r e s u l t s  can be obta.ined i n  a larger  pur i f ica t ion  system 

where control  of the O2 injec-Lion w i l l  be simplified,  the  edge e f f ec t s  of 

the ca t a lys t  p e l l e t s  w i l l  be smaller, and- con-tiriuous moniLor ing of the 

converter e f f luent  for O2 should be avai lable .  

hi.gher than the allowable EGCR r a t e  and system Tdcater concentrations higher 

than expected i n  the reactor  coolant did not produce unacceptable H2, CO, 
and C02 l eve l s  wi-t;h the pur i f ica t ion  system on stream. 

( 4 )  Water in jec t ion  rates 

Evolution of Gas from Graphite 

(L.  G. Overholser, J .  P. Blakely)  

Experim:ntal s tudies  of the degassing behavior o f  selected grades of 
graphite have been continued with the use of the techniques described 

p r e v i ~ u s l y . ~  A series o f  graphite samples prepared from needle coke by 

the Speer Carbon Co. have been degassed t o  ascer ta in  what e f f e c t  varia- 

t ions  i r i  the  p a r t i c l e  s i z e  of the coke m.ix might have. High-temperature 

degassing s tudies  have been made on needle coke graphites prepared by 

National Carbon Co. and Great LtzBes Carbon Corp. t h a t  had been examined 

e a r l i e r  a t  lower temperatures. 

of these graphites a t  600 and 1000°C along with data re la ted  t o  the volume 

and composition of gas evolved. 

Rate data  have been obtained f o r  several  

The graphite smples  examined during t h i s  quarter included: 

1. SP21B (grade 940), which i s  a Speer Carbon Co. 4 l /2  x 4 1/2-in. 

extrusion prepczred from a N o .  GO f l ou r  m i x  of Great Lakes Continental 

needle coke. 

3'fGCR Semiann. Prog. Rep. June 30, 1959," ORluL-276'7, p .  190. 
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2.  SP22B (grade 950), which is the same as sample SP23.B except; t h a t  

a No. 50 flour mix w a s  used. 

3. SP26A, which i s  simil.ar t o  sample SP21.H, except that  ?t received 

a d d i t i o n a l  p i x i f i e a t i o n .  

4 .  SP28A, which i s  the same as samp1.e SP22B, except t h a t  i t  w a s  

given f u r t h e r  p u r i f i c a t i o n .  

5 .  SP29A (grad-e 96/,), which ditj?ej:s from samples SP26A and SP28A 

only i n  t h a t  a r e ~ l a r - p a r t i c l e - s i z e  coke mix was used. Resul t s  for the  

l e s s  pure counterpar t ,  SP2313, were given previous3.y,4 along with a de- 

s c r i p t i o n  of t h i s  g raph i t e .  

6 .  G E ,  which w a s  prepared by Great rakes Carinon Co. from needle 

coke as descri-bed prwious1.y. 

7. AGOT-LS, which w a s  prepared by National  Carbon Co . Prom needle 

coke as descr ibed previously.  

Data obtained by degassing specimens of the  va,rious types of graphi te  

a t  a maxi_mvrm tempera-Lure of 1000°C ( e x t e r n a l  r e s i s t a n c e  hea t ing )  a r e  given 

i n  Table 7.5. The temperatures l i s t e d  are the  temperatures of gas co l -  

l e c t i o n .  The corresponding gas volume rep resen t s  the volume of gas 

evolved between t h a t  twiperatu-re and the next  lower temperature, with a 

l a rge  f rac t i -on  of the  gas being co l l ec t ed  a t  the  recorded temperature. 

(The vol.ume given f o r  300°C rep resen t s  t he  gas collec ' iod between room 

temperature and 300°C. ) 
The da ta  given i n  Table 7 . 5  show t h a t  t he  degassing b e h v i o r  of these 

graphi te  samples i s  vel-y similar. 'The % o t a l  volume of gas evolved through 

1000°C ranges from -7 t o  10 em3 per  3-00 cm3 of graphi te  and. the i-a-bio of 
K;? t o  CO -1- CO2 i s  a t  l e a s t  2 i n  a l l  ca ses .  A l a rge  f m c t i o n  of the  t o t a l  

gas evolved w a s  c o l l e c t e d  above 600°C i n  a l l  i n s t ances .  These r e su l - t s  are 

i n  agreement wi th  those repor ted  e a r l i e r "  f o r  sample N964. 

i nd ica t e  t h a t  varia'iions in the p a r t i c l e - s i z e  d i s t r i b u t i o n  i n  the  coke 

mix do not  have a s i g n i f i c a n t  e f f e c t  on the  gas content  of the  g r a p h i k .  

These resu l t s  

4"GCR Quar , R o g .  Iiep . June 30, 1960, 

5"GCR Quar.  Prog.  Rep. Sept .  30, 1960;" ORNL-3015, p. 125. 

OSNL-2964, p . 190. 
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Table 7.5. Volume and Cociposftiirn of G a s  Z-rsived by 1 1/2-2n. -dim, 2-22. -Long Specr Carbon Co. GrsGhite 
Spechens  a t  300, 600, and 1000°C 

G a s  Const i tuents  
G a s  Volume 

G r a p h i t e  Temperature Time cm3/i00 .,3 E2 Fgdrocarbons H2 0 C 0 2  B 2 co 
-- ("C) (hr) of graphi te)  Sample 

vo l  $ em3 v o i  % e m 3  vo i  $ em3 vo i  $ ~11i3 v o l  $ en' vol  $ cn13 

SP 26A- L3 

SP26A- 2B 

SP28A-1 

SP28A-2 

SP29A-13, 

SP29A-3A 

300 
600 
1000 

Tota l  

330 

1000 
6oe 

Tota l  

300 
600 
1309 

Tota i  

300 
600 
1000 

Tota l  

300 
600 
1000 

Tota l  

300 
600 

1000 

Tota l  

17 
22 
20 

1 2  
9 

12 

16 
23 
95 

9 
23 
65 

16 
6 
39 

5 
19 
19 

0.5 4 
2.6 20 
7.1 EEC, - 
10.2 

0.4 4 
2.4 12 
6.1 81 

8.9 

0.4 4 
1.5 18 
8.6 32 

- 

- 
10.5 

0.4 7 
1.6 18 
6.7 74 

3.7 

0.4 6 
2.1 20 
6.2 75 

8.7 
0.7 4 
3.2 27 
5.0 77 

8.9 

- 

- 

- 

11 58 0.3 
0.5 28 0.7 16 0.4 
5.7 3 0.2 0.9 0.1 

6.2 0.9 0.8 

16 0.1 46 0.2 
0.3 21 0.5 12 '3.3 

5.2 0.7 0.5 

16 0.1 55 0.2 
0.3 24 0.4 16 0.2 

7.4 0.6 L' . q. 
19 0.1 50 0.2 

0.3 24 0.4 21 0.3 
5.0 3 0.2 0.6 - 
5.3 3.7 3. 5 

24 3.1 36 0.1 
0.4 31 0.6 10 0.2  

0.4 - 
5.3 0.7 0.3 

15 0.1 54 0.4 
1.9 30 0.9 14 9.A 
3.8 2 0.1 5 9.3 

4.7 1.1 1.1 

- - - 

4.9 2 0.1 0.4 - - 

- 7.1 2 - 9.1 3.5 - 
n i  

~ - 

- 4. 9 0.6 - 

- - - 

6 
10 0.3 
0.8 0.1 

0.4 

7 
R 0.2 
0.4 

0.2 

13 0.2 

0.2 

10 0.2 

- 

- 

5 

0.3 - 

4 

0.4 

0.2 

11 0.2 

0.2 

6 
7 0.2 
0.2 

0.2 

7 

0.4 - 

- 

15 0.1 5 
4 0.1 23 0.6 

15 1.1 0.6 

0.2 1.7 

3 0.1 41 0.9 
16 1.0 0.7 

0.2 1.9 

- 

17 0.1 7 

- - 
12 0.1 6 
3 26 ~0.4 
0.6 0.1 15 1.3 

0.2 1.7 

0.7 18 0.1 
3 24, 0.4 

21 1.4 0.7 
1.9 

13 0.1 13 ( 3 r . l  
5 0.1 24 0.5 
9 0.6 il 0.7 

0.8 1.3 

4 0.1 19 0.6 
15 0.8 0.9 

0.3 1.4 

- ~ 

- 

- - 

15 0.2 5 

- - 
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Other var iables  i n  the manufacturing process a r e  probably more important. 

The s imi l a r i t y  of the r e s u l t s  given fo r  the A and B s e r i e s  graphite sam- 

ples  i s  unexpected. The A series samples, as noted, had received addi- 

t i o n a l  pur i f ica t ion  and, as a consequence, had higher D I H  pur i ty  than the 

comparable samples i n  the B s e r i e s .  The f a c t  tha.L .there i s  no s igni f icant  
difference in the  degassing behavior of these specimens suggests t'nat the 

higher pur i ty  graphite may have been subJected t o  exposure conditions 

d- i f ferent  from those of the B s e r i e s  of samples p r io r  t o  outgassing. 

Data obtained by degassing the d i f f e ren t  graphite samples t o  a maxi- 

mwn temperature of 1800°C by induction heating w e  presented i n  Table 

7.6. Where data  a re  given only a t  18OO"C, the specimen w a s  heated t o  
1700°C for 30 t o  60 min i n  contact with the evolved gas; the temperature 

was lowered; the gas w a s  pumped o f f ;  the tempera,ture w a s  brought up t o  

180OoC,  while pumping; and the temperature w a s  then held a t  1800°C u n t i l  

the evolution of gas was e s sen t i a l ly  complete. 

specimen w a s  heated t o  1000°C without pumping, held a t  1000°C f o r  1 hr, 
and cooled; and the evolved gas was pumped o f f .  The ternperatwe w a s  then 

returned t o  1000°C, while pumping, and held a t  1000°C u n t i l  the gas evo- 

lu t ion  w a s  e s sen t i a l ly  complete. The gas col lected a t  1400°C includes the 

gas pumped o f f  while r a i s ing  the temperature from 1009 t o  1400°C plus tha-t 

evolved during the holding period a t  1 4 0 O O C .  

t i o n  w a s  col lected while r a i s ing  the temperature t o  1800"C, as well as  

while heating at; 1800°C. 

In  the other runs, the  

Similarly,  Tine 1800°C f rac-  

A comparison of the data for  the Spew Carbon Co. samples i n  Table 

7.6 reveals  no nlarked differences i n  the outgassing behavior. The P, se r i e s  

of samples evolved somewhat l e s s  gas than the A series despi-te the f a c t  
t h a t  the A s e r i e s  received addi t ional  p w i f  ica-Lion. 
a r e  evident, however, t h a t  might be a t t r i bu ted  t o  var ia t ions i n  the part1.- 

c l e  s i ze  of the coke mix employed f o r  f;he various samples. It may be 

noted tha t ,  excep-t i n  one instance, the r a t i o  of I$;! t o  CO + CO, i n  the 

evolved gas is greater  than one. Also, these samples evolved an appreciable 

fractl .on of 'ihe7.r gas at temperatures above 1400°C. 

No gross differences 

Preliminary data reported previously5 €or the Great Lakes Carbon Co. 

needle coke graphite suggested a r a the r  l o w  gas content.  Subsequent data, 
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given i n  Table 7.6, f a i l  t o  a g x e  with the e a r l i e r  data,  and it is  now 

believed t h a t  the higher values a r e  more representat ive of the  gas content 

of th i s  graphi te .  The t o t a l  gas content, r e l a t i v e  composition of the 

evolved gas ,  and the volumes evolved a t  the various co l lec t ion  tempera- 

tu res  for the GLC graphite appear t o  be qui te  similar t o  those given f o r  

the SP graphi te .  The other needle coke graphite,  namely AGOT-IS, which 

was prepared under spec i f ica t ions  similar t o  those f o r  -the GLC graphite,  

evolved s l i g h t l y  more gas than d i d  the GLC graphi te .  Differences i n  the 

compositions of the evolved gas a r e  a l s o  evident.  AGOT-LS graphite 

evolved a large f r a c t i o n  of the t o t a l  gas a t  1000°C, and only small 
amounts were col lected above 1400°C. The GLC and AGOT-IS graphite speci- 

mens were manufactured by d i f f e r e n t  vendors and the differences noted i n  

t h e i r  degassing behavior a r e  undoubtedly due t o  unknown var ia t ions  i n  the 

manufacturing processes. 

Hate data obtained f o r  several  of the SP graphite samples a r e  given 

i n  Figs. 7.7, 7.8, and 7.9. Data reported for 600°C were col lected from 

UNCLASSIFIED 
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Fig. 7.7.  Volume of G a s  Evolved by SP21B Graphite PloLted Against 
Log o f  Time. 
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Volume OP Gas EvoI.ved 'ny SP22B and SP28A Graphite P lo t t ed  

specimens previously degassed a t  300"C, and, s i m i h r l y ,  the 1000°C da ta  

were obtained from specimens previously degassed af 600°C. Data c o l l e c t e d  

during the f i r s t  hour a f te r  at ta inment  ol" ihe t e s t  temperature may not  be 

r e l i a b l e ,  because gas is  evolved while 'she speci-men is coming up t o  ternpera- 

ture  and the  ra te  of evol-ution may exceed t he  capac i ty  of t he  p m p .  

The rate d.a,ta given i n  F igs .  '7.7 and 7 . 8  show t h a t  a t  600°C a p l o t  

of the  volur~e of ga,s evolved versus  the l o g  of time gives  a l i n e a r  re la ' i ion-  

sh ip .  Similar resul ts  have been found f o r  SPXA and. SP29A specimens, 

alLiiough these  are not  presented .  This behavior is i n  agreement wi th  that 

Pound p r e v i o ~ s 1 . y ~ '  

Carbon Co. and the  C-reai; Lakes Carbon Corp. In  con t r a s t ,  t he  ra-Le da ta  

obtained a t  3.00OoC, a l s o  presented i-r* Figs. 7.7 and 7.8,  i nd ica t e  t h a t  the 

r e l a t i o n s h i p  between the volwne of  gas evolved and time i s  not l i n e a r  a t  

the  higher twnperature.  The da t a  f o r  all th ree  sa1rples (SP21.R, SP22l3, and 

SP28A) give curves which show upward cu.rvatwe; however, there  i s  a l s o  some 

ind ica t ion  t h a t  essentia1.l.y l i n e a r  r e l a t i o n s h i p s  e x i s t  over cer ta i -n  i n t e r -  

v a l s  of t he  time recorded.. Yi?e d a t a  f o r  the  SP22B and SP28A specimens a r e  

also given I n  F ig .  7 .9 ,  where the volume of gas evcJI.ved is  p l o t t e d  aga ins t  

t he  square r o o t  of time. 'Treated ri.n this manner, t h e  d a t a  Tor SP28A 

for specimens prepared from needle coke by the Speer 

2 96 
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Fig. '7.9. Volunle of Gas Evolved by SP22B and SP281: Graphite a t  
1000°C Plot ted Against the Square Root of Time.  

graphite show two regions where essen-Lially l i n e a r  re la t ionships  e x i t ,  

but the slopes of the two sect ions of the curves d i f fe r .  This beha.vior 

suggests t h a t  d i f f e r e n t  processes of gas evolution exist during the early 

and la t ter  p a r t s  of the degassing period. It i s  known t h a t  the compo- 

s i t i o n  of the evolved gas changes with time when a specimen i s  'orought 

up t o  1000°C from 600°C and held a t  IO00"C. The r e l a t i v e  concentration 

of hydrogen increases a t  the expense of the CO + COz concentration, and 

it appears l i k e l y  that the change i n  slope noted may be associated with 

these changes i n  r e l a t i v e  concentrations as the degassing proceeds. 

Transport of Gases Through Graphite - 

( W .  T .  Ward, N. V .  Smith) 

A s e r i e s  of room-temperature permeability determinations were made 
on a iy-pica.l EGCR-moderator graphite block. O f  the  12  specimens cu t  from 

the same block of AGOT needle coke graphite,  e i g h t  gave permeabili t ies t o  
helium of between 25 and 70 millidaxcys, i n  good agreement w i t h  the values 
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r epor t ed  perviously' '  f o r  AGOT. On the  o the r  hand, permeabi l i ty  va lues  

f o r  t he  o the r  fou r  specimens ranged from 100 -io 200 mil.l.i.darcys. The 

d a t a  are i n d i c a t i v e  of t h e  cons iderable  v a r i a t i o n  which may be encountered 

even i n  the same block of graphi'ce. 

It i s  a n t i c i p a t e d  Lhat g raph i t e  of cons iderably  lower permeabi l i ty  

wil.3- he r equ i r ed  f o r  cer ' i a in  r e a c t o r  app3.i.cati.ons. Therefore s t u d i e s  are  

being made  of t he  permeabi l i ty  and. r e l a t e d  c h a r a c t e r i s t i c s  of low-perme- 

a b i l i t y  materi.a,l.s. An appara tus  has been 'ou3.l.t and i s  riow i n  use f o r  ob- 

t a i n i n g  permeabi l i ty  d a t a  i n  -the range of K = I.O-' i ; ~  cm2/sec, where 

I n  t h i s  express ion  Q i s  tile volimetric f low ra te  of gas (measured a t  

p re s su re  P ) which passes  throu& a g raph i t e  specimen o€ c ross  s e c t i o n a l  

area A and ih ickness  L under a p res su re  drop AI'. Permeabi l i ty  may also 

be expressed i n  terms of v i s c o s i t y  of the gas according t o  the  r e l a t i o n  

a 

a 

where p. i s  the  v i s c o s i t y  of t h e  gas .  When 11 i s  expressed i n  c e n t i p o i s e s  

an.d. P i n  atmospheres, k i s  i n  da,rcys.7 For  permeable materials, k i s  8 

true cons tan t  t h a t  i s  independent of P and p. m 

m 

The appara tus  provides  for raea,sui-i.ng t h e  Fate of p re s su re  r i se  on 

one slide of a previous1.y evacua-Led specimen while  applying a cons t an t  gas 

p re s su re  t o  the  o the r  s i d e .  I t  i s  designed t o  accommodate g raph i t e  p ipe  

o r  tube specimens up t o  2 l / 4  i n .  i n  ou t s ide  diameter and 7 i n .  i n  l eng th .  

The ends of the  specimen a r e  sea l ed  o f f  wi.t,h brass p l a t e s  and neoprene 

gaske ts  under p re s su re .  This assembly i~s e n c h s e d  i n  a con ta ine r  con- 

s i s t i n g  of an  8-in. s e c t i o n  of s tandard  4 - i n .  pyrex p ipe  wi-th flanged. 

ends and m e t a l  end p k t e s .  This con ta ine r  s e rves  as the pressure chamber 

6"X:li Quar. Prog. Rep. Sep t .  30, 1960,'' ORNI,-3015, pp. 137-41. 

'N. V .  Smith and Jack YYui i t ,  "EGCR Graphiie Permeabi l i ty  Tests: 
Resu l t s  of Forced Flow Experiments oil EGCR F w L  Element Sleeves and Sleeve 
Mater ia l ,  I' OBNL CY-60-7-101 (July 29, 1960). 
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i n  which up t o  f i v e  atmospheres of pressure can be applied t o  the outside 

of the specimen. 

i n t e r i o r  of the specimerl t o  a s e r i e s  or" ca l ibra ted  metal containers i n  

which the pressure r i s e  i s  measured w i t h  a spec ia l ly  designed Mckod gage. 

The l i n e a r  sca le  o f  the gage has a range of 0 t o  15 mm lfg t h a t  can be read 

accurately t o  0.02 mm Iig. 

7.10. The gasometer and other equipment used i n  ca l ibra t ing  the volume of' 

the system a r e  a l s o  indicated.  

A tubing connection through the end p l a t e  connects the 

A flow diagg-am of the system i s  shown i n  Fig.  

It i s  thought t h a t  t h i s  apparatus can be adapted t o  lower permeability 

measurements by s u b s t i t u t i n g  electronic  vacum gages for the McLeod gage. 

Hodever, no graphite with a permeability less than low5 cm2/sec has been 

obtained thus far. 

Two types of graphite have been invest igated with the new appsratus: 

tyge CEY (National Carbon Co.) pipe, 1 1/4 i n .  o.d., 7/8 i n .  i . d . ,  and a 

I J N C L A S S l i l E O  
CRVL-LR-OWG 55,332 

Fig. 7.10. Flow Diagram of Apparatus f o r  Low-Permeability Measure- 
mec.ts " 
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Fig .  7.11. Permeabi l i ty  t o  Argon 
or Two Adjacent Cuts of Type CEY 
Graphi te  P ipe .  

p i ece  of duPont s "explosively 

cornpac Led high-densi ty  g r a p h i t e ,  " 

'l'wo specimens o r  tne  CEY grap'n- 

it? ( ad jacen t  c u t s  Prom the same 

p iece  of p i p e )  were t e s t e d  with 

argon and found t o  d i f f e r  iii  

pzrmeabi l i ty  by more than  2 f a c -  

t o r  of  2, as shown i n  F i g .  7.11. 
The permeabi l i ty  c o e r f i e i e n t s  

were de Lei-mined by v t i l i L i n g  one 

of ;hese CEY specimens and three 
d i f f e r e n t  gases .  These d a t a  a r e  

ploLied as a func t ion  of mean 

precsix-e i n  Fig. 7.12. The f a c t  

t h a t  the  c o e f f i c i e n t s  are higher  

f o r  C02 than i o r  arson i s  due t o  
t h e  lower v i s c o s i t y  of C 0 2 .  When 

t h e  permeabi l i ty  cons t an t ,  k, is  p l o t t e d  versus  the  r e c i p r o c a l  of t he  mean 

pressure ,  as i n  F ig .  7.13, j.t can be seen tha t  the  cons tan t  tends t o  vary  

inve r se ly  wi th  t h e  square r o o t  of t he  molecular weight of  t he  gas .  

t hese  curves a r e  ex t r apo la t ed  t o  i r i f i n i t e  mean p res su re  (1/P 

they tend t o  converge a t  a s i n g l e  p o i n t  that may be considered as charac-  

t e r i s t i c  of t he  p a r t i c u l a r  g raph i t e  and i s  not  dependent on gas p r o p e r t i e s .  

When 

= o), mean. 

Treatments given t o  g raph i t e  f o r  the purpose of reducj-ng i t s  perme- 

a b j l i t y  f r equen t ly  r e s u l t  i n  a permeabi l j  ty  g rad ien t  throu-gh t he  graph- 

i t e ,  with the sur face  l a y e r s  be ing  more i.mpeimeable than  tile material i n  

the  i n t e r i o r  of -the specimen. A s  a Tough measure of the  e x t e n t  of i;hi.s 

phenomenon i n  CEY g raph i t e ,  a specimen of CEY p ipe  f o r  which argon perme- 

ab i l i t y  d a t a  had p rev ious ly  been obtained w a s  pub Tnto a l a t h e  and c u t s  

approximately 0.009 i n .  deep were taken  from both t h e  ou t s ide  and i n s i d e  

s u r r a c e s .  This reduced the  th ickness  of t h e  specimen by approximately 

lo$, 'The permeabi l i ty  t o  argon a t  25°C and a mean p r e s s m e  of one atfnos- 

phere r o s e  from K = 5 .5  X l o m 5  cm2/sec t o  K = 19.4- X l.0-5 cmz/sec. 
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F i g .  7.12. Permeability of Type 
CEY Graphite t o  Hell-xi, C02,  and 
Argon. 

2.0 

1.5 

1.c 

0.5 

RECIPROCAL 0.5 1.0 MEAR PRESSURE 1.5 (o:rn-’) 2.0 2.5 

Fig. 7.13. Perrileability Data of 
Fig. 7.12 P lo t t ed  Versus ;he Reciprocal  
Mean Pressur?. 



'The permeabi l i ty  t o  heI.ium of  the dulont  "explos ive ly  compac: t e d  liigh- 

d e n s i t y  g raph i t e "  a t  25°C was found to be 2 . 5  X lowL+ cm2/sec, and it  d i d  

not  vary wi th  mean p res su re .  Following t h i s  deterai inat ion,  t he  specimen 

w a s  baked a t  1000°C i n  a helium atmosphere for 1 1/2  h r .  A f t e r  cool ing  

t o  room temperature,  t h e  permeabi l i ty  w a s  redetermined and was found t o  

have increased  by approximately a f a c t o r  of 9 .  

Tnves i i v a t i o n  of Adsorbers f o r  Heinovina P ' i  ssion-R-oduc t 
Gases from Coolants 

( W .  E .  Browning, R .  D .  Ackley, R .  E .  Adams) 

Inves t iga t ions  a r e  under way of means f o r  removing r a d i o a c t i v e  vola-  

t i l e  f i s s i o n  products  from coolants  i n  gas-cooled r e a c t o r s  and loops i n  

order  t o  prevent  contamination of equipment and. t,o reduce the  hazard t h a t  

would r e s u l t  from r e l e a s e  of t he  coolan t  t o  the atniosphere . Iodine,  

krypton, and xenon are the  p r i n c i p a l  contaminants t o  be removed from 

coo lan t s  and o the r  c a r r i e r  gases .  

Tests conducted i n  Lhe s tudy  of Lhe removal of r a d i o a c t i v e  iod ine  

vapor from hlgh-temperature helium streams have ind ica t ed  t h a t  ac  t i v a t e d  

cha rcoa l  removes iod ine  vapor wi th  high e f f i c i e n c y  a t  temperatures as h igh  

as 430°C. 

3 i n .  i n  depth,  operaLing a t  e i t h e r  300 o r  43OCC, removed 95.9s of the  

iod ine  vapor from a hel.i.urn stream moving a t  a v e l o c i t y  of 25 f t /min.  

t hese  experiments the  r,dsorbed iod ine  w a s  no t  removed from the charcoa l  

by continued helium f low For per iods  of up t o  3 hr. 

have ind ica t ed ,  however, t h a t  cont inued helium t'low w i l l  slow1.y remove 

the iod ine  contained i n  a cha rcoa l  bed. E! Therefore rad.ioactrive iod ine  

vapor w a s  adsorbed from a helium s t r eLm onto a 0.375-in.-deep cha rcoa l  bed 

( P i t t s b u r g h  BPL) ope ra t ing  ai; 32OoC, and the  elution c h a r a c t e r i s t l c s  were 

s t u d i e d .  A C t e r  144 hr of ope ra t ion  at t empera t i r e ,  it w a s  found t h a t  o n l y  

16% of the  iod ine  i n i t i ~ a l l y  p re sen t  on the  bed had been r e t a i n e d .  

A test bed of a c t i v a t e d  charcoa l  (P i t t sbu rgh  BPL, 8/U+ mesh) 

I n  

Other experimenters  

--- 
'J, T .  Sox and D .  J .  B u r k h a r t ,  "Todine Sorp t ion  i n  Charcoal F i l t e r s  

a t  High 'Tempel-atures," KT-540 (October 3 ,  1960). 
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I n  order t o  obtain comparative data,  two experiments have been run 

with s i lver -p la ted  copper ribbon (10 w t  $ Ag) as the  iodine-removal ma- 

t e r ia l .  Iodine vapor, tagged with w a s  in jected in to  a 6-in.-deep 

bed o f  the ri'obon a t  a temperature of 320°C f o r  20 min i n  helium a t  a 

1i.near veloci ty  of 13.6 ft lmin. The helium flow was continued f o r  166.5 
hr a f t e r  in jec t ion  of the iodine vapor. In order t o  measure gas veloci-by 

e:ffects, the l i nea r  ve loc i ty  of the helium sweep gas was varied in-Ler- 

mi t ten t ly  from 2.7 t o  42.6 ft/min over the duration of the tes t .  

end of the t e s t  it w a s  determined tha t  99.3% of the injected iodine had 

remained on the Ag-Cu bed. 

from the bed during the f i r s t  severa.1 hours o f  operation, Over 6he re- 

mainder of the run the r a t e  of re lease  of iodine was barely detectable .  

A second bed of Ag-Cu mesh, 0.33 in .  i n  depth, w a s  then studied t o  

A t  the 

The major f r ac t ion  of the eluted iodine passed 

obtaln data on the cha rac t e r i s t i c s  of iodine release from s i l v e r  surfaces.  

The mmner of construction and mode o f  operation were very similar t o  
those used fo r  the t e s t s  with the 0.375-in.-thick bed of BPL charcoal. 

Af-ter operation a t  320°C f o r  193 hr, t h i s  Ag-Cu bed w a s  found t o  have r e -  

tained 95.7% of the iodine i n i t i a l l y  present .  The mariner and r a t e  i n  

which the iodine w a s  e luted from the s i l v e r  surface w a s  s ign i f icant ly  

d i f f e ren t  from the iodine e lu t ion  from charcoal. The data  obtairied thus 

far are in su f f i c i en t  t o  define quantita-Lively the mechanism of re lease of 

iodine from charcoal o r  s i l v e r  surfaces,  and experimental work and theo- 

r e t i c a l  analyses a re  i n  progress. It may be observed, however, tha.t s i l v e r  

appears t o  be a more promising iodine-removal mater ia l  than charcoal for 

appl icat ion a t  high temperatures under EGCR conditions. 

A re-evaluation of the previously reported' design of the charcoal 

t r ap  i n  the nitrogen leak-detection system f o r  GCR-ORR loop N o .  1 is i n  

progress. Changes i n  operating conditions and addi t ional  laboratory data 

on adsorption of krypton from slowly movring gas streams necessi ta ted the 

re-evaluation. Experimental krypton e lu t ion  curves were obtained under 

'R. E. Adams and W .  E.  Browning, "Evaluation of" Activated Charcoal 
Fission Gas A-dsorbers lksigned for the GCR-ORP Loop lixper'iment No, 1," 
ORNL CF-60-1-24 (March 16, 1960). 
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t h e  new condi t ions ,  and these  d a t a  are b e b g  used tJo yevise  t h e  ca lcu la- ted  

r a d i a t i o n  doses t h a t  could be produced by r e l e a s e  of f ' i s s ion  gases  from 

t h i s  charcoa l  ' irap. 

I n  adsorbers  operat i i ig  at low c a r r i e r  gas v e l o c i t i e s  t h e  t r a n s p o r t  

of krypion or xenon by I-ongi tud.i.na1- d iPfus ion  assumes j.mportance (I 

quenkly, a s t u d y  of t h i s  rnechani-sm was undertaken, as mentioned p rev i -  

ously,1° i n  order t o  provide infor inst ion u s e f u l  f o r  pred.i.cting adsorber  

performance under low-velocity- cond i t ions .  

t r a c e r  i s  i n j e c t e d  i n  one end of a charcoa l  column, and t h e  r e l a t i v e  kryp- 

t on  concent ra t ion  as a func t ion  of time i s  measured at, t ne  ot'ner end. by 

a G-M counter  t ube .  The data. a r e  aaalyzed~ i-11 accord-ance wi th  %he follow- 

ing  equat  ion: '' 

Conse- 

Natura l  krypion wiLh K r 8 5  

where C, i s  i n i t i a l  krypion concent ra t ion  i n  t h a t  p o r t i o n  of charcoa l  of 

l e n g t h  h i n t o  which krypton is i n j e c t e d ,  C is  concent ra i ion  a-L other end 

of colurnii of o v e r - a l l  l eng th  H, 11 i.s the  e f f ec t i -ve  d i f f u s i o n  c o e f f i c i e n t ,  

and t is  t ime.  The a c t u a l  value of ii i s  not important for t h e  p re sen t  

purposes when h << H .  By comparison of expe r inen ia l  d a t a  w i t 1 1  q u a n t i t i e s  

tal-culated from the above equa-Lion wi th  the a i d  of an  Oracle program and, 

also, by use of Ync equat ion  i n  an  approximate s t r a i g h t - l i n e  form, which 

i s  app l i cab le  a t  s u f f i c i e n t l y  high D i / H 2 ,  eF fec t ive  d i f f u s i o n  c o e f f i c i e n t s  

may be eva lua ted .  T h i s  wzs d~one f o r  r e c e n t l y  obtained measurements for 

krypton d i f f u s i o n  through P i t t sbu rgh  PCR 1-2/30 a c t i v a t e d  carbon. 

resul ts  f o r  0, 25, and 60CC, r e s p e c t i v e l y ,  wi th  s t a t i c  helium a t  1 a t m  as 

t h e  predominant component- of the gas phase,  were 0.0021, 0.0057, and 0.0141 

cm2/sec. 

the  corresponding slopes of the adsorp t ion  isotherms of krypton on PCB 

The 

These c o e f f i c i e n t s  are approximately inve r se ly  proportional..  t o  

""GCR Quar. Prog. Rep. Sep t .  30, 1960," ORM,-3015, p .  149. 

"For der iva t iof l  see ,  f o r  example, Richard M .  Harrer, "Diffusion i n  
and Through S o l i d s , "  p .  14, Cambridge U n i v e r s i i j  Press ,  1941. 

304 



chmcoal,  which is a consequence of the r e l a t i v e  quantit;r of krypton 

avai lable  for gaseous diffusion being determined by the extent  of ad- 

sorpt ion.  

A few mea,surements were made a t  24'C t o  b r i e f l y  investiga.Le the e f f e c t  

of krypton concentration on i t s  t ransport  through charcoal by d i f fus ion ,  

No appreciable e f f e c t  w a s  observed a t  t h i s  temperature for a var ia t ion  i n  

krypton concentration over a fac-tor of 7. Furtherr. work w i l l  include analy- 
set-. i) of other  avai1abl.e data  and an effori; t o  r e l a t e  quant i ta t ive ly  the 

effect ive d i f fus ion  coef f ic ien t  with various gas and adsorbent proper t ies .  

S t a t i c  or equilibrium krypton and xenon ad.sorption isotherms have been 

determined f o r  some adsorbent sample:; of i n t e r e s t .  Such data a r e  usefu l  

as a check of dynamic adsorption measurements and, a l so ,  f o r  providing 

information on xenon adsorption, because the Xe133 t racer  for dynamic 

measurements i s  not as readi ly  avai lable  as KY85. 

l i n e a r ,  the slopes or V/P ( r a t i o  of volume adsorbed t o  pressure)  may be 

ident i f ied  t h e o r e t i c a l l y  with the dynamic k-va1u.e. When the isotherms a r e  

nom-linear, the V/P r a t i o s  and k-values a r e  a function of pressure, which 

must be recognized i n  the ca lcu la t ion  of holdup times. The isotherm re- 

s u l t s ,  which were obtained a t  the Oak Ridge Gaseous Diffusion Plant,  a r e  

summaxized i n  Table 7.7, along wi-th a few k-values f o r  comparison. The k- 

values are those obtained with helium as the c a r r i e r  gas, since helium is  

not appreciably adsorbed a t  these temperatures and so  does not i n t e r f e r e  
wi-ti? krypton or xenon adsorption, excep-t as it might hinder the attainment 

of equilibrium. 

factory,  which is indica.tive of the usefulness of the s t a t i c  d a h .  

When the isotherms a r e  

The agreement between k-values and V/P r a t i o s  i s  satis- 

Retention of f ission-product gases by Linde molecu-lar sieves p a r t i a l l y  

sa tura ted  with water and/or carbon dioxide i s  of importance because the 

s ieve beds a r e  being corisidered f o r  :removing t races  of water vapor and 

carbon dioxide from various coolant s trearns associated with reac-Lors . 
Possible appl icat ions a r e  the EGCR helium experimental loops and pebble- 

bed reac tor  coolant s ide  streams. Since the molecular s ieve beds may be 

vented t o  the atmosphere on regeneration, the quantity of re ta ined radio- 

ac t ive  gases must be l o w .  An invest igat ion f o r  determining the extent  of 
such r e t e n t i o n  w a s  made by members of the 1VI.I.T. Pract ice  School. Detai ls  
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Table 7.7. Msorp t ion  of Krypton and Xenon f rom Eelium Car r i e r  G R S  

D y n m  i c  Isotherm Press;lre Avwage o r  Range" 
Ad so-rption 

'Te;npernture Range of U/P Coeff ic ien t ,  k 
Gzs 

Ab sorbea sorbent 
(cm3/g. atm) ("C) (m) ( 0 3 .  &t<I l / /C3.  atm) 

Columbia G, 8/14 Kr 

Xe 

Columbia X C ,  6/1-4X K r  

Xe 

Columbia HCC, 12/2t?X Kr 

Xe 

P i t t s b x g h  PCB, 
12/30 

K r  

Xe 

511 Linde m l e c u l a r  K r  
sieves,  l/16-irA. 
pel 7.e t, s 

Xe 

0 
25 
60 

0 
25 
60 

0 
25 
63 

3 
25 
60 

0 
25 
60 

0 
25 
60 

0 
25 
60 

0 
25 
60 

0 
25 
60 

0 
25 
60 

0.0 7-1.98 
0 .O5--2.39 
0.0 2-2.49 

0.16-2. 0c 
0.09-2.00 
0.0 7-2.22 

0.08-2.16 
0 .3G2 .33  
0.17-1.97 

0.16-1.85 
0.1.1-1. ~ 8 s  
0.3%1-. 94 
0, I3-1.94 
3.14-2.21 
3.27-2.04 

0 .17---2 . 3A 
0.16-2.1L 
0.60-1.94 

0.1C-2.05 
0.32-2.61 
0.19-2.28 

0 .0&2 .2 7 
0.17-2.34 
0 . 2 9 2 . 2 s  

0.17-1.95 
0.32-2.1 8 
0.51-2.07 

0.0-/-I. 81 

3.43-1.91 
0 .  E--2.00 

139 
61 61 
24 23 

4000-2200 
'.24G94-0 
460-29Q 

114 119 
49 57 
22 

3100-Lri00 
9 50-760 
270-230 

114 112 
51 57 
lit 

2800-1€!00 
1070-e10 
2PG-250 

133 i22  
56 52 
21 

2900-1900 
1.1.30-81.9 
27B-190 

19 
10 12 

5 

159 
72 73 
25 

?he krypton isotherms were essential.1-g ].inear; bu t  the xenon isothzrms were not,  
except f o r  t he  Linde %i.eves. 

of t h i s  s tudy  appear elsewhere." 

l e - t s ,  was used, and i t  was observed t h a t  the holdup of krypton a t  25OC, as 

ind ica t ed  by the dymanic adso rp t ion  c o e f f i c i e n t  k ,  w i th  helium as the ca r -  

ri~er gas, decreased- with i nc reas ing  degree of s a t u r a t i o n  aiid became l e s s  than 

1 cm3/g at 12 g of :I,O p e r  1-00 g of dry adsorbent or at 17 g of CO;! p e r  100 g 

Molecular s i eve  type 5A, 1/1.6-in. p e l -  

';!E. E .  Wright, Jr. and A .  R .  McTain, "Krypto~i ILiold.iq i n  Molecular 
Sieves,"  KT-548 (November 8, 1960).  
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of dry adsorbent. 

the occlusion o f  the krypton and xenon present during sorption o f  water 

and CO,. 

Information w i l l  be needed on -the holdup of xenon and 

An e f f e c t  of some in t e re s t ,  8s previous-ly discussed, i s  the tempera- 

An expression f o r  t u re  r i s e  of an adsorber upon sudden p r e ~ s u r i z a t i o n . ' ~  

the temperature r ise due t o  heat of compression was derived as follows: 

for one mole of gas, a t  PV = IW, t he  associated varying m a s s  of charcoal 

i s  given by m = VO/E, where p i s  charcoal bulk density and E i s  i ts  void 

f r ac t ion .  Then, for adiabat ic  compression, 

where C is  molar heat capacity of ga,s a t  consi;al?t volwne and c i s  spe- 

ci.fic heat  capacity of the charcoal. Use of the idea l  gas l a w  and a re- 
arrangement then give 

v 

dT ~ 1 
dP pc P C P  * v- 
I + - + -  
E T 21' 

Integrat ion then gives 

Y - l  C P + pRT2 

V l  

where 7' is  the usual  C /C 

d i f f e r e n t i a l  form is  the more convenient. 
c = 0.165 cal/g'"C, C 

is found t h a t  dT/dP f o r  helium varies from 0.015 t o  0.012"C/psi a s  the 
pressure var ies  from 0 t o  2000 psia, and that dT/dP f o r  N2 (same un i t s  and 

pressure ranges) var ies  from 0.015 t o  0.011. 
tu res  under Consideration here ,are i n  the v i c in i ty  o f  room temperature. 

r a t i o  and (3 is  pc/c .  For present purposes, the 
P V  

Using p = 0.5 g/cm3, E = 0.75, 
= 3 cal/deg.rnole f o r  helium and 5 for nitrogen, i t  

V 

The i n i t i a l  adsorber tempera- 

I n  

-~ 

13"GCR Quar. Frog. Rep. Sep-t. 30, 1960," OML-3015, p.  150. 
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t h e  case  of n i t rogen ,  t he re  a r e  important h e a t  e f f e c t s  due t o  adsorp.t ion,  

arid c a l c u l a t i o n s  of the  r e s u l t i n g  temperature inc reases  were m a d e  on t h e  

basis of a v a i l a b l e  information.  Chizt ing d e t a i l s ,  Lemperature 7-ncreases 

as h igh  as approximate1.y 90°C were esL2mated. (for N2 on coconu-L cha.rcoa1 

a t  25°C). A t  very  high p res su res ,  -1000 p s i a ,  i nc reases  i n  adsorp t ion  

wi th  p re s su re  become very s m a l l ,  s o  additional hea t  e f f e c t s  due t o  a d -  

soi-ption a r e  probably n e g l i g i b l e  once a fairl-y hiel? pressure  has been 

exceeded. 

a smal.l-scalc t r a p  f i l l e d  wi.th charcoal i n  wh?:-c'n a ther'moctouple w a s  l oca t ed .  

Various ranges for AJ? were enployed, the  h ighes t  p re s su res  iiivo3.ved being 

about  1800 p s i g .  For heI.ium, the  observed temperature inc reases  averaged 

approximately 60% those calcui .a ted.  For ni t rogen ,  the analogous f i g w e  

w a s  80$, even though the  basis f o r  the  c a l c u l a t i o n s  w a s  more u n c e r t a i n .  

Since the  experimental  conditi .oas deviated. cons iderably  from being ad ia -  

b a t i c ,  i t  w a s  concluded t h a t  observed and c a l c u l a t e d  r e s u l t s  were i n  f a i r l y  

good agreement. 

Some AT/AP measurements were made for helium and n i t rogen  us ing  

Measii>-.emenl; of I-Iigh Tmperatures 

( W .  T .  Hainey, 13. L. Bennett ,  FJ. 14. McCLain) 

Thermocounles i n  Stagnan'i H e l i u m  

S tud ie s  have been continued of 'iiie negat ive emf' d r i f t s  of Chromel- 

P-Alumel thermocouples i n  s tagnsnt  helium a t  1000°C. Then  dul.1. oxidized 

Chromel-P w:i.res were i-ntroduced iato a funmace a t  1000°C a sudden evo- 

1-ution of gas was noted.  P res sum ffleasiirernen-'cs ind ica t ed  tha t  t h e r e  was 

a n  i n i t i a l  burst of gas diirj-ng the f i r s t  minute t h a t  w a s  followed by slower 

evo lu t ion  dur ing  the  next  LO i o  1.5 rnin. Wires which had been cs.refully 

cleaned w i t h  a n  organic  so lven t  showed rnuch less i n i t i . a l  gas evo3-u;ioii 

but showed approxi~iaately the same slower evo lu i ion .  Bright-annealed.  

Chromel-P wires  which had been so lven t  c leaned gave indicaLions of only 

t races  of gas .  

Mien dull Chromel-P wires  were heated. i n  qua.rtz tubes t h a t  were being 

evacuated w i t h  a mechanical pump, the wires developed ZL m e t a l l i c  su r face  
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appearance duri.ng the  first 30 min of treatment.  

sea led  off while being evacua.ted, t h e  me ta l l i c  appea.rance remained i n -  

d e f i n i t e l y ,  and no changes were noted which might cause emf d r i f t , .  

ous experiments had ind ica ted  t h a t  the  therrnocouples showed no negative 

emf d r i f t  while i n  a continuously pumped -vacuum. 

I f  the quartz tube w a s  

Previ.- 

When d u l l  Chromel-P wires were sealed under vacuum i n t o  quartz tubes 

before i n s e r t i o n  i n t o  the  fur race ,  the  resu l t s  were qu i t e  d i f f e r e n t .  A t  

f i r s t  the w i r e s  became metal1.i.c 1.n appearance, bu:t they gradually regained 

the  d u l l  black surface,  except in the  sharp khermal-gradient reg ion .  In 

t h i s  region the  wire r e t a ined  the me ta l l i c  f i l m  and i n  places showed 

evidence of a black powdery coating. 

fkss spectrcgraphic ana lys i s  of the gas obtained a f t e r  the  i n i - t i a l  

b u r s t  from t he  d u l l  Chrornel-P wire indicated the presence of C 0 2 ,  ( N 2  c C O ) ,  
H2, and a t r a c e  of R20. When the  gas w a s  l e f t  i n  contact w i t h  the  bot; 

Chromel-P wire f o r  40 hr, aiialysis showed the remaining gas t o  be pre- 

dominately i12, with a small amoun-t of' (Nz + C O )  . 
found. i.n the I .a t te r  experiment. 

No COz or water w a s  

Analyses of sec t ions  of Cliromel-P wire a f t e r  various periods of 

hea t ing  at 1000°C i n  stagnant helium showed a progressive loss  of oxygen 

and carbon from the  w i r e s  i n  the  1000°C region .  There w a s  a corresponding 

increase i n  oxygen and carbon content i n  the  thermal-gradient region. The 

changes i n  surface appearance of the  wires during the  various heating 

periods followed a d e f i n i t e  p a t t e r n .  The wire imedia , te ly  became shiny 

a t  the  end deepest; i n  the  furnace.  Wi-th time the  n i cke l  film appeared 

f u r t h e r  down the wire u n t i l  a l l  wire a t  temperatures g r e a t e r  than 600 t o  

800°C w a s  shiny. With longer time the n i cke l  f i l m  disa.ppcared except i n  

t he  sharp thermal-gradient region, leaving the  wire black The remaining 

n i cke l  f i l m  w a s  r e l a t i v e l y  heavy arid became loose, exposing a black sur -  

f ace  under the  film. A sec t ion  of w i r e  exposed under these conditions is 

shown i n  Fig.  7.14. The loose n i cke l  f i l m  and black underlayer a r e  ap- 

parent .  

Metallographic examination o f  the w i . r e s  gave results which were iii  

general  agreement; with the  above observations.  Wires from the time experi-  

ments described above were sectioned a t  the  thermal-gradient region and 
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a t  t h e  end deepes t  i n  the f i r n a c e .  A Longi tudinal  s ec t ion ,  as -pol i shed ,  

from t he  end of a wire  exposed at 1000°C f o r  2 min i s  shown i n  F i g .  7.15. 

The upper, heavy, white ,  n i c k e l  l a y e r  and the  spongy, gray,  copper l a y e r  

were applied. t o  t he  wires  t o  p r o t e c t  the  su r faces  dur ing  p o l i s h i n g .  The 

t h i n ,  in te rmj- t ten t ,  white film mentioned above appears  under the  copper 

l a y e r .  It i s  i n t e r e s t i n g  t o  note  f,ha-c %here w a s  a l s o  a l a y e r  of oxide on 

;he wi~i-e under the n i c k e l  f i l n  e 

An as-pol i shed  s e c t i o n  from the  thermal-gradient  r eg ion  of a wire 

hea:ed f o r  120 hi- i s  shown i n  F ig .  7.1.6. The loose  n i c k e l  film i s  not  s o  

appa.rent i n  xi1i.s s e c t i o n .  O f  most imporrtance is  Lhe r a t h e r  heavy i n t e r -  

g ranular  ox ida t ion  of the chromium. Wi.th increased. t i m e  a t  te:nperature, 

t he  depth of ox ida t ion  increased .  In t e rg ranu la r  ox id~at ion  was not v i s i b l e  

F i g .  7.7.4. Surface Appearance of Ckromel-P Wire Exposed t o  S i . z t i c  
Helium i n  l'hermal-Grad i e n t  Region of Furnace. 

IJ M C  L A S  S I FIE0 

~ ,004 

Ffg .  7.15. Longitudinal Sec t ion  of Cbromel-P Wire Taken from Iso- 
thermal  Hegion of Furnace a t  1000°C After Heating for 2 min. 
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Fig .  7.16. Longitudinal Sect ion of Chromel-P Wire 'I'akeii- from Thermal- 
Gradient Region of Furnace a t  1000°C Af te r  120 hr of Beating. 

i n  sec t ions  o ther  than those from the 800 to 900°C region.  

o ther  por t ions  of the wire appeared t o  be sur face  oxida t ion .  

Oxidation i n  

These r e s u l t s  i nd ica t e  t h a t  the p r i n c i p a l  mechanism involved i n  the  

negat ive emf WifL phenomenon i s  the  s e l e c t i v e  oxidat ion of chromium i n  

the 800 t o  900°C region of the  Chroniel-P wire .  It may a l s o  be poss ib le  

t h a t  r eac t ions  with carbon monoxide amd dioxide are i n  p a r t  responsible  for 

the emf &if-t.  Previous work has shown  t h i s  t o  be poss ib l e .  The r e s u l t s  

also i nd ica t e  t h a t  the s e l e c t i v e  int ,ergai iular  oxida-Lion of chroniwn occurs 

orily i n  a linii-ted temperai5m-e range and i n  r a t h e r  c r i t i c a l  limits of 

a h o s p h e r  i c  ox id iz ing  po.t;errl;ial. The oxidat ion of Chromel-P a t  tempera- 

t u r e s  o ther  than 800 t o  900°C and. in atmospheres containing nppreciable 

oxygen appears t o  be a nonselect ive sur face  e f f e c t .  The apparent lower 

limits of temperature and oxygen concentrat ion may have been i n f  luenced 

by l o w  r e a c t i o n  rates. 
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Thermocouples Inse r t ed  i n  Graphite i n  a H e l i u m  Atmosphere 
I-. ..._ 1_1- 

Experience has shown t h a t  Cbromel-P i s  very suscep t ib l e  t o  carbur iza-  

t i o n ,  which r e s u l t s  i n  l a r g e  nesa t ive  emf e r r o r s  i n  thermocouple app l i ca -  

t i o n s  using bare  w i r e s  I Since Chromel-P-AJ.ume1 thermocouples sheathed i n  

s t a i n l e s s  s t e e l  have been specif i -ed f o r  the  EGCR, it w a s  thought advisable  

t o  s tudy the  e m f  d r i f t  of sheathed thermocouples i n  g raph i t e  i n  a helium 

atmosphere. Normal- d r i f t  r a t e s  should be experienced untj.1. d i f f u s i o n  of  

carbon through the  shea th  occurs .  

Long term e m f  d r i f t  experiments have been under way f o r  seven weeks 

wi~t,h pe r iod ic  emf measurements and w i r h d r a w a l  of specimens f o r  metal l  o- 
graphic  exminat i .on.  Grounded-junction t,hermocouples sheathed i n  types 

304 and 310 s t a i n l e s s  steel were used i n  the  first, s e r i e s  of t e s t s .  The 

type 304 s t a i n l e s s  s t e e l  shea'iii w a s  0.070 i n .  i n  diameter and w a s  a special .-  

o rde r  i tem. The type 310 s t a in l . e s s  s t e e l  shea th  w a s  0.062 in. i n  diameter 

and was s tandard  m a t e r i a l .  One-half of each group oi" thermocouples w a s  

given a 0.002-in. copper p l a t e  before  t e s t i n g .  The t e s t  was designed so  

t h a t  t he  thermocouples were i -nser ted 13.5 in. i n t o  an  AGOT g a p h i k e  hl-ock 

and held ai; 1600°F i n  a s tagnant  helium atmosphere. Controls  were pro-  

t e c t e d  from the  tes t  ati:iospheres by heavy s t a i n l e s s  steel p r o t e c t i o n  tubes,  

bu t  they  were exposec t o  the same thermaJ. e f f e c t s .  

The experimental  r e s u l t s  obtained thus  far i n d i c a t e  t h a t  t he  material 

sheathed i n  Lype 304 s t a i n l e s s  s t e e l  developed an inhomogeiieity i n  'Lhe 

Chromel-P w i r e  i n  -ihe temperature r eg ion  of  1380°F wichi.n one week. All 

t he  type 304 s t a i n l e s s  s t ee l - shea thed  thermocouples have d r i f t e d  - 4 . 7 5  mv 

(--13"C) dur ing  t h e  seven weeks of testing. The thermocouples sheathed 

wi th  type 31.0 s t a i n l e s s  s t e e l  and the c o n t r o l s  of both types have shown 

e i t h e r  s l i g h t  posi-Live oi" n e g l i g i b l e  emf dzifts. 'Tkse r e s u l t s  are s i g -  

n i f i c a n t ,  bu t  f u r t h e r  work w i l l  be necessary before  t h e  cause of t h e  emf 

dr i f t s  is knom.  It seems probable t h a t  the atmosphere i s  r e spons ib l e  f o r  

the &rift, s ince  c o n t r o l s  exposed t o  the  same Lhermal e f f e c b s  bu t  open to  

a i r  showed only  s l i g h i  p o s i t i v e  drifts ~ Metal lographic  s t u d i e s  of samples 

a r e  under way. 'These d r i f t  experiments w i l l  be continued wi th  material 

from o the r  sources  as w e l l  as the  c u r r e n t l y  a v a i l a b l e  mater ia l .  
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8. DEXELOPME2VT OF TEST LOOPS APSL) COrjlpONETiJTS 

EGCR In-Pile Loops 

(F. I€. N e i l l )  

The AEC has no t i f i ed  ORNL t h a t  completion of loop i n s t a l l a t i o n  i s  t o  

be deferred u n t i l  a t  least July 1, 1965. Minimum provisions are t o  be 

ma.de now i n  t h e  EGCR construction for necessary permanent portions of t he  

e ight  loop assemblies to permit future  i n s t a l l a t i o n  of up t o  four selected 

loops. 

Present plans are to proceed v i t h  T i t l e  I1 design of the upper and 

lower nozzle t e e  sections,  t h e  upper and lower horizontal  chase piping, and 

the necessary chase cooling duct work. AJ-1 other  loop design work w i l l  be 

car r ied  through T i t l e  1 design only. A preliminary hazards report  w i l l  be 

prepared. 
A summa-ry of t h e  work i n  progress a t  the t i n e  t h e  program was deferred 

is  presented here. T i t l e  I drawings of t h e  top  and bottom nozzle t e e  sec- 

t i ons  had been completed for loop TL4. 

f o r  comments. Materials specif icat ions f o r  a l l  bottom nozzle t e e  sections 

had been completed. Criteria for fabr ica t ion  of t h e  tee sections had been 

wrlt ten.  Detail drawings of the  bottom nozzle tee sec t ion  are  being made. 

These drawings had been circulated, 

Final  design c r i t e r i a  fo r  t h e  sn i f f e r  gas system and f o r  t he  helium 

supply system had been established. 

ing water sys-Lem had been prepared. 

the  mainstream gas cooler. This information w a s  t o  be included with the  

cooler specif  i cs t ions  to be submitted t o  various heat  exchanger mariufacturers. 

Cr i t e r i a  had been prepared fo r  t h e  c e l l  waahdown system f o r  T i t l e  I approval. 

This decontamination system employs a high-pressure, hot-water jet; to re -  

motely clean t h e  experimental ce l l .  One such un i t  would have served a l l  tlze 

experimental ce l l s .  

PrelTrninary c r i t e r i a  f o r  t he  loop cool- 

A design h i s to ry  had been compil-ed for  

The T i t l e  I design of t h e  f i l t e r  vessel ,  t h e  pref i l tey ,  t he  pos t f i l t e r ,  

t he  f i l t e r  shield,  and t h e  support structm-e had been completed. A t es t  

program for t h e  dosolute f i l t e r  element i s  being prepared. The f i n a l  design 
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c r i t e r i a  f o r  p a r t  of t h e  pu.r i f ica , t ion system had been prepared. 

design of t h e  heat  exchanger and charcoal  bed is  proceeding. 

The flow shee t  f o r  t'ne gas t r a n s f e r  and storage system and t h e  pu r i -  

T i t l e  I 

f i c a t i o n  system had been prepared.. 

nated from t h e  loop. The func t ion  of t h e  safety surge system, which was 

t o  maintain f u l l  mass flow following loss of one B r i s t o l  Siddeley compressor, 

w a s  t o  be f u l f i l l e d  by placing a 4-in.  bypass l i n e ,  includ.ri.ng a check valve,  

around each compressor. Criteria for t h e  EGG3 experimental  loops mainstream 

pip ing  (out -of -ce l l )  and f o r  t h e  i n - c e l l  mainstream piping, including t h e  

desri.gn condi t ions and t h e  ma;t,erials of construe-Lion, had been prepared., 

The s a r e t y  sur.ge sys-(;em had been el.irni- 

T i t l e  1 design. of t h e  1-ower chase mains- t rem ( i n l e t )  p ip ing  had. been 

approved. T i t l e  I design of t h e  i n - c e l l  mainstream pip ing  had been corn- 

pleted,  and a T5t.J-e I design anal..ysis had been wr i t ten .  The ca l cu la t ed  

stresses are below code allowances. The T i - t l e  I1 design of t h e  lower chase 

( i n l e t )  and i n - c e l l  mainstream pip ing  is  to be comple-Led. 

of t h e  i n - c e l l  mainstrean p ip ing  had been coinpl.eted; howcver, che design 

ana lys i s  had noi; been prepared. 

T i t l e  I desi-gn 

Data preparztioris have begun Por an analog s tudy of t h e  l o s s  of a1.l 

e l e c - t r i c  power t o  t h e  loop equipment. 

loop depressur iza t ion  from a helium-cooled, a t temperated experiment has 

been analyzed. The conclusion i s  t h a t  mel t ing of -the s t e e l  c ladding i s  

probable. 

The shutdown hea t  removal fol lowing 

A s tudy of t h e  c a p a b i l i t i e s  of t h e  EGCR se rv ice  machine has ind ica t ed  

t h a t  t h e  la tes t  designs for t'ne loops and f o r  Lhe se rv ice  machine do not 

permil; cool ing of  the experimental  sssemb1.y during i-eltioval. 

f o r  elj-minating this problem are being considzred. 

Various methods 

The design work c a r r i e d  out  during t h e  per iod covered by this r e p o r t  

i s  described. i n  t h e  fol lowing sec t ions .  

Yhrough-'Tube Design ( R .  E. H e l m s ,  L. W. Nogg1.c) 

There are e i g h t  through- tube assemblies f o r  i n - p i l e  experiments i n  

t h e  EGCR. 

-3> -3, and -ik. 

designated ?'I,-1, -3, -3, and -4. Y'he f o u r  loops with 5 J/2-in. through-tubes 

Four are 5 1/2 in .  i n  ou ts ide  diameter and are designated TS-1, 

The other four  are 9 1/2 in. i.n ou ts ide  diameter and are 
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anc1 two of t h e  loops with 9 1/2-in. through-tubes (TL-1 and -3) are de- 

signed for operation with helium and C02.  

e ra t ion  with hydrogen, and loop TIL-2 i s  f o r  operation with steam. 

through-tube assembly consis ts  of t he  tube and the  top  and bottorn nozzle 

t e e  sections,  as shown i n  Fig. 8.1. Design layouts have been completed 

fo r  t he  through-tube assemblies f o r  loops TS-1, -2, -3, and -4 and f o r  
loops TL-1, -2, and -3. Preliminary design layouts f o r  loop TL-4 have 

been made. 

semblies f o r  loops TS-I, -2, -3, and -4 and f o r  TL-1 and -3 .  Detail draw- 

ings are being made f o r  t h e  through-tube assemblies f o r  loops TS-l, -2, 

-3, and -4 and f o r  TL-1, -2, and -3. 

Loop TL-4 i s  designed f o r  op- 

The 

T i t l e  I drawings have been approved f o r  t h e  through-tube as- 

Experimental data  f o r  t he  thermal conductivity of r e f l ec t ive  insula- 

t i o n  were used f o r  heat t r ans fe r  calculat ions Poi- sections of t h e  through- 

tube assembly i n  order t o  determine lsernperature drops across t h e  tube w a l l  
and t h e ' h e a t  l o s s  and tem-peratures of' t h e  nozzle coolant at  several  points 

along t h e  tube axis. 

th ick  r e f l ec t ive  insulat ion inside the  tube. The gross thermal conductivity 

of t h i s  insu la t ion  i n  helium a t  a pressure of 1000 ps ia  i s  p lo t ted  versus 

ternperature i n  Fig. 8.2. The effectiveness of t he  insulat ion at  various 

posit ions is indicated i n  Figs. 8.3 through 8.8 f o r  a 5 1/2-in. through- 

tube. 

t h e  tube are plo t ted  i n  Fig. 8.3. 
inside t h e  tube a re  p lo t ted  i n  Fig. 8.4. 
t h e  reac tor  with 1/4 in. of insulat ion inside the  tube a re  p lo t ted  i n  Fig. 

8.5 as a function of t h e  reac tor  plenum gas film coeff ic ient .  Similar da-ba 

f o r  1/2 in. of insu la t ion  inside t h e  tube a re  p lo t ted  i n  Fig. 8.4. 
for t he  t o p  nozzle sect ion with 1/4 in. of' insu la t ion  inside t h e  tube am 

plo t ted  i n  Fig. 8.7, and similar data  f o r  1/2 in.  of insulat ion inside t h e  

tube are p lo t ted  i n  Fig. 8.8. 

These calculat ions were made f o r  l/& and 1/2-in.- 

Data f o r  t he  bottom nozzle sect ion with 1/4 in. of insu la t ion  inside 

SFmilar data f o r  1/2 in. of insulat ion 

Data f o r  t h e  plenum region of 

Data 

A t rans ien t  heat t r ans fe r  analysis of the bottom t ee  sect ion of a 5 
1/2-in. through-tube is under way for which the  TIGER I code i s  being used. 

Analyses of tine r a d i a l  and axial temperatinre p ro f i l e s  of  a 5 1/2-in. through- 

tube containing a f u e l  assemisly have been completed f o r  both attemperated 

and unattemperated assemblies. 

315 



c 
UNCLASSIFIEO 

ORNL-LR-DWG 527594 

1 NOZZLES 

N O Z Z L E  THERMAL 
SHIELD COOLANT 

~ TEMPERATURE= 464°F 

CORE 

I P L A T E  

I .TUBE S E A L  

CORE SUPPORT 
STRUCTURE ' 

I 

I 
REACTOR 
PLENUM 



0.32 

0.30 

- 
5 . 0.28 
+ +- 
L 

f 
0.26 v 

> 
I- 
1 

13 0.24 
t- o .  
0 z 
3 
1 
4 

LL w 
I 
t- 
07 

cc 
0 

> 0.22 

g 0.20 

0. te  

O.tE 

LJNCLASSI FI ED 
0 R NL-LR- OWG 5524, 

200 400 600 800 1000 
MEAN TEMPERATURE (OF) 

Fig. 8.2. Thermal Conductivity of 
Reflective Insulat ion i n  Helium a t  a 
Pressure of 1000 psia. 

Loop Component Designs 

Cooler. ( W. S .  Chmielewski) 

Prel  iminary stress calculat ions 

on various cooler designs have 

been made t o  c l a r i f y  problem areas 

and determine f e a s i b i l i t y  of con- 

s t ruct ion.  The re-entrant  tube 

evaporator design has been studied 

i n  d e t a i l  with respect t o  materials, 

vibrat ional ,  and €abrication prob- 

lems. The membrane and pressure 

dis cont inu i t y  s t  res ses have been 

determined f o r  t he  gas she l l  and 

t h e  tube sheet. I k a t  t r a n s f e r  ca l -  

culat ions f o r  t he  evaporator 

compl-ete and are nearing completion 

f o r  t he  steam condenser. 

Auxiliary Gas Systems. (1J. S. 

Delicate, L. C. Fuller) Final  de- 

s ign c r i t e r i a  for Lhe gas d is t r ibu-  

t i o n  system were prepared. The 

system bas ica l ly  consis ts  of two high-pressu-re headers (one f o r  helium and 

one f o r  carbon dioxide) extending throughoil-t t h e  leng-th of t h e  u t i l i t y  tun- 

nel  and four pressure-reducing s i a t ions  per c e l l .  Each reducing s t a t i o n  

i s  designed t o  handle e i t h e r  helium or carbon dioxide. 

t ions  provide gas f o r  t he  buffer  gas system, gas storage tank f i l l i n g ,  

sa fe ty  surge tank f i l l i n g ,  loop f i l l i n g ,  through-tube pressurizing, and 

gas sampling-station purging. 

The reducing s-ta- 

Prelimina-ry design c r i t e r i a  were establ ished f o r  t h e  helium suppljr 

system, t h e  C 0 2  supply system, t he  through-tube pressurizer  and Loop f i l l  

system, t h e  loop oTf-gas system, t h e  loop gas pur i f ica t ion  system, and the  

decontamination system. The helium supply system bas ica l ly  consis ts  of a 

b o t t l e  t ra i ler ,  a cooler, and two s i l i c a - g e l  bed.s. U. S. Bureau of Mines 

grade A helium rated a t  99.99Sk by volume i s  specified.  The C 0 2  supply 
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system i s  designed t o  rece ive  l i q u i d  CO;?; cool, compress, and. d ry  it ?.:a. 

a n  adsorp t ion  column; vapol-ize it at, constant pressuine; a n d  stoi-e it sl; 

an  e leva ted  temperature t o  prevent t h r o t t l i n g  t o  pa-dial I.iqui-d or so1.i.d 

sbates. 'The tilrough-tube p res su r i ze r  and loop f i l l  system is  designed 
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t o  maintain pressure i n  the  through-tube and thus permit reactor  opera- 

t i o n  when an experimental. Loop i s  shut down, f i l l  an experimental loop, 

and pressurize in-ce l l  loop piping during leak hunting. 

The loop off-gas system is  designed t o  permit safe discharge of  con- 

taminated gas from t h e  loop t o  the  plant stack. The system consis ts  of 
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a .[flo?.stiire s epa ra to r  f o r  condensing w-ater va.por generated during decon- 

taminat ion operat ions,  a vacuum pump, a charcoal  bed., and an a'osolute 

tyce of f i l t e r .  The loop p u r i f i c a t i o n  system has been separa ted  i n t o  

two par t s ,  phys ica l  cleanup and. chemical cleanup. 'The system consi.sts 

of 3. gas cooler  and a chaycoal bed. The cooler  con t ro l s  the temperaLure 
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of t h e  gas enter ing t h e  charcoal bed. The charcoal bed contains about 

1/4 l b  of s i l v e r  wire fol.l.owed by about 30 143 ol" BPL charcoal a id  a k&h- 

temperature, absolute type of a f t e r - f i l t e r .  T'it1.e I design of' t h e  equip- 

ment i s  under way. 

The decontamination system consis ts  of reagent ~n.ixing tanks, feed. 

pumps, and associated piping. Present; experimental evidence indicates  

t h a t  the  decontaminating reagent will. be 4% sodium oxalate, 3% hydrogen 

peroxide solution, with the  pi-I adjusted t o  4 t o  5 by add-itions o f  oxalic 

acid. 

- Loop Cooling Water System. (A. W. Culp) The cooling water system 

designs have been completely revamped t o  accommodate an evaporative cooler. 

DemineralLzed .water i s  now specif ied f o r  cooling in -ce l l  components, pro- 

viding makeup t o  t h e  stearn system and f o r  emergency cooling. 

water i s  used direc-tly i n  t h e  steam condensers as process water. Two 

large pumps, formerly used on the  d.emineralized water system, a re  employed. 

as booster pumps on the  ri-ver-water system. The condensing u n i t s  are 

t en t a t ive ly  located on the  s ix th  f loor .  

The r i v e r  

C e l l  Vent i la t ion System. (A.  W. Culp) The c e l l  vent i la t ion  system 

w i l l  not  be used when t h e  loop gas contains a la rge  amount of f i s s i o n  pro- 

ducts. A small by-pass l i n e  containing a remotely operated valve w i l l  be 

used around the  main ou t l e t  valve t o  provide pressure r e l i e f  f o r  t h e  system 

as long as t h e  radiat ion l e v e l  of t he  vent gas is low. Should the  radia- 

t i o n  l e v e l  i n  the c e l l  increase rapidly because of a rupture i n  the  loop 

piping, t h e  c e l l  w i l l  be sealed. 

The c e l l  cooling system design provides f o r  two 50-?m coolers to re- 
move t h e  energy diss ipated i n  the  ce l l .  These un i t s  t r a n s f e r  t he  heat 

d i r e c t l y  t o  r i v e r  water. 

For C 0 2  operation, t he  c e l l  temperature i s  maintained a t  or above 90°F 
by t h r o t t l i n g  coolant f l o w  and using t h e  heater.  This prevents condensa- 

t i o n  of CO;! in the  in -ce l l  piping, No regulat ion of t h e  c e l l  temperature 

i s  ant ic ipated f o r  t he  helium loops. 

These "coolers" a l so  contain heating elements. 

Hazards Evaluations (R. G. Mallon) 

The loop conditions capable of causing a reactor  scram and the re- 

quired sa fe ty  actions were outlined. The conditions are excessive gas 

3 21 



temperature a t  zxperirnent o u t l e t ,  i n s u f f i c i e n t  I.oop gas pressure,  and. in -  

su f f i c i - en t  volume flow of l..oop gas. Cooling of  the EGCR in-pi.1.e loops by 

convection was re-evaluated. us ing  da ta  ob-taimd Yccentl-y on pressure  +cop 

through t h e  inopera~t ive  m.ai.n 1.00~ compressors. Tlie ana:.-ysi.s shows t h a t  

convection i s  ad.equate for decay hea t  rcmoval. i f  the loop pressure  i s  near  

the normal. operat  irig pressure.  A prel iminaiy s Latemnt  of Yeqiiirements 

for auxili.ary blowers f o r  the FGCR loops -tha-i could be act-ivated i n  the 

case of a l o s s  -of--pressu.re acc ident  1ia.s been prepmed.. 

Stress Analyses (W. S. Chmielewski) 

S t r e s s  c r i t e r i a  for tine I.oops were developed with t h e  "Navy Codk" 

(Tenta t ive  Stnict,ural Design Basis for Reactor Pressure Vessels and D i -  

r e c t l y  Associated Coniponents) as a basis.  

combined stresses may exceed t h e  propor t iona l  l i m i t  o f  t h e  material., hiit, 

j i i s t i f i c a t i o n  e n t a i l s  cal.culation of t h e  f a t i g u e  liXe from t h e  s t r a i n  

cyc l ing  t h a t  occurs. AJ.lowable s'iress in t ens i - t i k s  f o r  type 3&7 s t a i n l e s s  

s-txel, INOR-E;, Inconel,  and SA-212, grade By stee!. have been determined. 

Five hundred cycles  of "cold" s t a r t u p  and emergency opeyation are spec i -  

f i e d  f o r  t h e  EGCH loops ;  '&is all.ows; on ail average, tw-o complete shu t -  

downs of t h e  loops per  mon-Lh f o r  20 ycars.  

I n  t h i s  design philosophy, t h e  

Revised Pressure Drop E s t i m a t e  for Si1ial.J.. Loops ( C .  Michzlson) 

The pressure  drop estimate for the 5 5-/2-i.n. loops has been reulsed. 

t o  t akc  in-to account, t h e  przsent 1 .00~ p ip ing  layout  and conceptu.a?. coin- 

ponent designs t h a t  should c l o s e l y  appimxirnate t h e  f i n a l  loop design. 

Each small. loop w a s  assumed t o  c o n s i s t  of an in-pi1.e t e s t  sec t ion ,  pipe 

and f i t t i n g s ,  six i s o l a t i n g  valves, one loop coolcr, one matn-line f i l t e r ,  

and oiie e l e c t r i c  hea te r .  

and cai-bon dioxide cool ing a t  500 and 1000 p s h  pressure. The in-pile 

Les-ti s ec t ion  w a s  assumed -io be generat ing 1500 lsw of combi.ned f i s s i o n  and 

gamma hea-t, with a gas i-nle-L temperature of 600°F and an ou t l e i ;  tempera- 

t u r e  of 1050°F. The case of reduced power opera t ion  (335 kw-) f o r  a g a s  

i n l e t  ternperatul-e of 950°F w a s  a.J..so calcul-ated based on a constiant m a s s  

T o t a l  pressure drops were computed. for hcliuiii 
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flow rate. I n  all cases it was assumed t h a t  t h e  ex i t  gas from the  in-pi le  

t e s t  sec t ion  w a s  attemperated t o  1050°F. 

The calculated system pressure drops and the  values reported previ- 

ou.sly a re  given i n  Table 8.1. 
drop is  due t o  the  addi t ion o f  insulat ion t o  t h e  inside of t he  throug?i- 

tube (not  considered i n  the  f irst  estimate),  ti?e use of &in. pipe f o r  

ce r t a in  sect ions of t h e  through-tu'oe entrance and e x i t  piping, and a large 

increase i n  the  equivalent length of pipe and f i t t i n g s  (from 650 f t  to 

approximately 1000 r t )  resu l t ing  from t he  many addi t ional  expans ion loops. 

Yne isolation-valve pressure drop w a s  reduced a f ac to r  of 10 by assuming 

ful l -c learance gate  valves. The heater  pressure drop reduction resulted. 

f r o m  simplifying the heater  t o  a sect ion of resistance-heated pipe. The 
cooler pressure drop increase resul ted from changing a slngl-e water- jacketed 

pipe t o  a multitube straight-through evaporator. 

eliminated. The f i l t e r  d.esign remained e s sen t i a l ly  unchanged. 'Biese sub'- 

s t a n t i a l  changes i n  piping and components increased the  t o t a l  pressure 

drop f o r  t h e  loop by up t o  4$ f o r  C 0 2  cooling arid 168 f o r  helium coo1in.g. 

The considerable increase i n  pipe pressure 

The d iver te r  valve was 

A comparison o f  t he  revised pressure drop calculat ions with t h e  o r ig i -  

na l  compressor specif icat ions i s  given i n  Table 8.2. The two points of 
concern are the  pressure drops f o r  operation with helium a t  500 ps i a  a t  
600 and 950°F, which increased 6 and 28$, respectively. 

points had a1read.y been amended. i n  t h e  compressor spec i f ica t ion  t o  permit 

continued operation with two compressors running by increasing the  system 

pressure (due t o  a mnximum speed l imi ta t ion) ,  and the  s i t ua t ion  is now 

f u ~ t h e r  aggravated by the  revised pressure drop estimate. 

These operating 

GCR-OF3 LOOP NO. 2 

(J. Zasler, P. C. Bertelson, C. J. Claffey, 
W. R. Huntley, T. S. Kress, 3. LaGraff) 

Construction of t he  4- f t - th ick  barytes concrete c e l l  walls and roof 

w a s  i n i t i a t e d  i n  October. The roof and- walls have been ccmpleted and the  

concrete forms removed. 

s t a in l e s s  steel  c e l l  l i ne r .  Also some 150 tons of lead shiel-ding have been 

Work has now begun on i n s t a l l a t i o n  of t he  1 /8 - in .  

3 23 
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T&1e 8.1. Cornprison of Previous and Revise& P r e s s m e  Drop Calcu la t ions  for 
Operation of E6CR Szall Loops with Loop Healer O f f  

~~~~~ ~ 

Pressarc  Drop (psi) 

For OperELion a t  For Opeyation at  For Ciperation a~; For Operation at  
C orrlponerit, 1000 p s i a  and 500°F 1:500 pi& and 953°F 530 psia snd 603°F 5G0 pia and 950°F 

Previons Revised Previous Revised Prev%ous Rcvised Previous Revise& 
Estimate Est,lmat,e EstinaLe Estimate Estimate" X l s t I m a t e  EsLimate Estimcte a a e 

In-plle sectiorL 

Pfpir,g cnd eqiip:nent 
Pipe 
Diverter  val-ve 
Cooler 
I s o i a t i o x  valves  
F i l t e r  
Heater 

T o t a l  2i2tr-g and eqLprnen-1 

Total system 

Ln-pile section 

€':ping and eqtiipmen 
Pipe 
Diverter  valve 
Cooler 
Isolation velves 
F i l t e r  
Heater 

r:1 , o t a l  pipigg a.nC eqclipmen', 

Tota l  system 

53.6 

3.25 
1 .37  
0.90 
1.17 
0.15 
3.86 

8 . 2  

61.8 

21.2 

1.80 
L.06 
c.42 
C.63 
3 . i3  
9.46 

4 .5  

25.7 

Operet ion h C02 Cooling 

53.3 t3.9 8.9 

6.133 4.i7 7.754 
1 . 9 7  

1.350 2.79 I. 730 
0.116 1 . 5 4  0.  i66 
0.152 0 . 2 i  0 .217 
0.200 1 .12  0. 275 

7.? 9 . 8  10.1 

6G.9 18 .7  19 .0  
Operation with Heii7,iis Cooling 

21.2 3 . 5  3 .5  

3.716 2.25 Li.6g1 
1.95 

9.955 0.43 1:. . 1.90 
0.064 0.83 c .  391 
0 . l 4 1  0.17 3.2C6 
0.  i 2 4  0.6, 0.168 

5 .3  5 .4  6.3 

26.2 8.9 9.8 

26.2 

6.40 
3 .93  
1 .35  
2.33 
0.345 
1 .65  

16.2 

42 .2  

1.3.6 

3.50 
2.13 
0.72 
1.. 2(+ 
0 .24  
0 .92  

8 .9  
19.5 

2 j . 2  

12.114 

2.700 
0.233 
0.304 
0.397 

15.8 
42.: 

10.6 

7.399 

1. 910 
0.127 
0.282 
0.246 

10 .0  

20.6 

4 . 4  

8.30 
3 .93  
1 .40  
3.10 
0.410 
2.26 

1 3 . 4  

23.8 

1 . r/ 

4 .49 
2 . 1 3  
0 .83  
l . 6 5  
2.34 
1 .22  

12.7 

12.4  

4.4 

15.4?4 

3.46C 
0.332 
2.430 
2.553 

23 .3  

24 .7  

1.8 

9 . 2 54 

2.383 

0.408 
0.332 

0. A8- 

12.6 

14.4 
a See GCR & L . a r .  Frog. Rep. June 30, 1960, OXAL-2964, pp. 2 3 2 4 .  
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Table 8.2. Comparison of Co-inpressor Specif icatlons" and- 
Revised Pressure Drop Estimates for Operation of EGCR 

Small Loops with Loop Iileater On 

Loop Operating Conditions Total Sys Le111 Prep .,.,iire c* 

Drop (ps i )  

Pres sure  TeniyeraLur e Revised Specified ( PS ia)  (OF) E s t  ima-t e Coolant 

co2 1000 600 
950 

500 600 
950 

Helium 1000 600 
950 

500 600 
950 

59.1 
20.1. 
37.5 
1.9.0 

25.5 
9.4 

13.2 
1.1.0 

60.7 
18.8 
41.6 
24.. 2 
26.1 
9. '1 

20.3 
14.1 

a As of February 1, 1960. 

i n s t a l l e d  adjacent t o  the south f a c i l i t y  p l u g  and. under t h e  f l o o r  of t h e  

cryostat  room. 

The remotely operated crane and single-arm manripulator have been de- 

l t v e r e d  and have been i n s t a l l e d  i n  a t e s t  faci l i%y,  where operations re -  

qu-iring t h e i r  use are being studied. The fabricated p&s of a tool f o r  

renote manipul-ation of flanged joints have been received. and a r e  being 

assembled.. 

Design and d e t a i l i n g  have been completed on t h e  component shie1d.s 

(lead f i l l e d )  and th.e  movable rack on which t h e  1-oop conponenix a r e  mounted. 

Procurement of these items is now i n  progress. 

The following primary loop components ha-ve beea fabricated and re- 

ceived : heate?, evaporator, condenser, and side stream cooler. The a c t i -  

vated charcoal f o r  t h e  fission-product traps w a s  received, sampled, and. 

analyzed. The f ission-gas holdup c h a r a c t e r i s t i c s  of t h e  charcoal were You-nd 

t o  be approximately those used f o r  designing the  t raps .  
I n  order t o  maintain double containment, the  side-stream car'uon-trap 

cooling system was rev-ised. 

. w i . l . l  be c i rcu la ted  through 72 ft of 1/2-in. copper tubing coi led around 

t h e  t r a p  i n  8 vented annulus contaiuLng ethylene glycol water solution. 

The "brine, I '  t r i c h l  orornonofluoroethylene, 

325 



A design of a t e s t  s e c t i o n  for handling ho r i zon ta l  f i r e l  elements has 
been es tab l i shed .  T h i s  c o n s t i t u t e s  a change i n  concept from previous de- 

s igns  t o  pemi - t  removal of tesl; f u e l  elements between tes t s  wit1iou.t re-  
moving the pressu.re p ip ing  from t h e  f a c i l i t y  plug. Provis ion  has also 

been made t o  prevent neu-tron a c t i v a t i o n  of s ta i -n less  s'wel. components out-  

s i d e  t h e  plug, 

An ana lys i s  w a s  made t o  determine whether t h e  main loop piping would 

be l e f t  i n  the i n - p i l e  s e c t i o n  wi-tth -the fuel element removed, without flow 

of loop gas, and with t h e  r e a c t o r  a.t power. It; was determined. t h a t  t h i s  

could be done i f  t h e  pipe were withdrawn about 1 f t  out of t he  high g a m a  

f lux region and i f  an annulus were provided around t h e  pipe thi-ough which 

cool ing wa-ter cou1.d pass. 

arrangement would a l s o  be des i r ab le .  

A "cooling-fingex-" i n  t h e  i n t e r i o r  of t h e  p ip ing  

Tnvcstigat ions are being made t o  determine t h e  temperature dis-trri.bii- 

t i o n s  i n  the  concrete  s h i e l d  plug i.n t h e  i n - p i l e  sec t ion .  Some ana1.yse.s 

have been completed, and electr-j-cal a n a l o e e s  w i l l  be made t o  s tudy t h e  

more complex geometries. 

An analyt ical-  es t tmate  was made o f  the amount of fl-ow t o  expect through 

s l i p  j o i n t s  whi.ch might be used i n  t h e  loop. The flow w a s  correla-Led with 

t h e  Jo in t  c learance and leri&h as a func t ion  of t h e  pressure  d i f f e r e n t i a l  

~ C T O S S  t h e  j o i n t .  

Where i n t e r n a l  i n s u l a t i o n  i s  des i r ed  i n  the loop p ip ing  or components, 

it ha.s been decided t o  use a r e f l e c t i v e  type exclusively.  The ava i l ab le  

experimen-tal data on r e f l e c t i v e  h s u l a t i o n  is  being s tudied  t o  determine 

hov i.t may be appl.ri.ed to loop 2 c o n F i p r a t i o n s .  

Some of t h e  h e a t - t r a n s f e r  components have been subjected t o  perform- 

ance tes t s ,  The evaporator,  condensel-, and hea-ter were t e s t e d  i n  a loop 

i n  Bldg. 9201-3. The evaporator  and condenser performed q u i t e  s a t i s f a c t o -  

rj.l.y, but t h e  h e a t e r  su f f e red  el.ec-Lrical fail.ii:res t h a t  stopped t h e  tests.  
Inves t iga t ions  are now under wa,y to determine remedies for the 'neater fa i l -  

ure. It i s  be l ieved  t h a t  increas ing  th2 gas v e l o c i t y  %hi-ough t h e  heaLer 

wri.1.l he lp  considerably i n  prevent ing f a i l u r e s .  Prcljminary tes ts  of t h e  

regeneyator were condu.cted a t  t h e  rnanufactiirer's plant;. 
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Criteria were prepared for a. sampling s t a t i o n  for t h e  ECCR 1-oops and 

ON3 loop 2. 
s t r i c t e d  s o  t h a t  t he  sampl-ing caa be done manimJ.ly i n  a, dry-box tyye of 

containment vessel  located ou-tside t h e  loop ce l l .  

points is being studied. 

pl ing system a t  only two points : the main loop a f t e r  t h e  compressors and 

the  bypass cleanup system after the czrbon trap. The differences between 

spec i f ic  isotope coneen-trations i i i  the gas before and R f t e r  the marin loop 
components may be too  small t o  measure i n  samples taken from such locations.  

The sample l i n e s  w i l l  be permitted t o  cool t o  ambient temperature before 

reaching t h e  f i rs t  block valve. 

tui-e valves containing p l a s t i c s  and elastomers. 

The gas pressure w i l l  be reduced and t h e  flow w i l l  be re- 

The number of sampling 

Consideration i s  being given t o  using the sam- 

Tliis w i l l  permit t he  use of' low-tempera- 

!The poten t ia l  hazard of a water-line rupture inside the  c e l l  has been 

studied. It now appears t h a t  a la rge  c e l l  d ra in  adequate i n  s i ze  t o  handle 

the l a rges t  posstble water leak within .the c e l l  is t h e  best  solution. A 

water seal w i l l  be provided i n  t h i s  dra in  -bo maintain the  secondary eon- 

tainment. The problem of where t o  d i r ec t  t h i s  drain is  now imder inves t i -  

gat, ion. 

Component Tes  b s  

Beater and Microswitch E lec t r i ca l  Breakdown Tests (A. S. Olson) 

EGCR Loop Heaters. - 
of Chromalox tubular  heater  i n  a heli.um atmosphere using the  tes t  apparatus 

previously described.' 

Fig. 8.9. For these t e s t s ,  a 2-in.-long specimen was cut from t h e  terminal 

end. of t he  heater. On t h e  cut  end, t h e  Mgc3 insulat ion was removed and. t he  

heater  w i r e  was cut well back inside the  sheath. This open space vas re- 

packed with MgO? and a cap w a s  welded. over t%le end. 

the specimen, t he  spacing between the  terminal pin .and sheath. varied from 

0.100 t o  0.113 in. The terminal pin was 0.142 in,  i n  diameter and t h e  out- 
s ide  sheath was 0.440 in. i n  diameter, with a w a l l  tl.iickness of 0.040 in. 

E lec t r i c  breakdown t e s t i n g  was begun on a sec t ion  

The tes t  stand and. pressure vessel  are s b ~ ~ n  i n  

A t  the  open end of 

""GCR mar. Prog. Rep, Sept. 30, 1960," 0nTJT;-3015, pp. 170-1. 
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Fig. 8.9. 'l'ect Stand aild PrcLsure Vessel for gl -ec t r ica l  Ai-eakdown 
Tes t ing  of a Chromolox Tubular Heater arid Microswitch. 
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The res i s tance  of t he  heater  sect ion before e l e c t r i c a l  t e s t i n g  and a f t e r  

baki.ng at  300°F f o r  several  days was  60 megohms. 

inside t h e  pressure vessel ,  with e l e c t r i c a l  l e a d s ,  one each from t h e  heater  

shes,th and heater  terminal pin, extending through two Conax seals. 

cycle a l ternat ing-current  voltage was appl5ed t o  Yne sec t ion  ?-n a range 

from 0 t o  1000 v. 
T e s t s  were made at  four  temperatures : 
and 900°F. 

The specimen was pl-aced 

Sixty- 

The range of' helium test pressures was 0 t o  1000 psig.  

room temperature (XlS"Fj, 306, 600, 

A t  t h e  specif ied operating conditions of Tine terminal end of t he  

Chromalox heaters (900°F ajnd 1.000 psig), no e l e c t r i c a l  breakdown was ex- 

perienced at poten t ia l s  up t o  1000 v. This potent ik l  did r e s u l t  i n  break- 

down when t h e  pressure was lowered t o  70 p i g  while maintaining the  sitme 

temperature level .  A t  1 psig, R potent ia l  of 325 v caused e l e c t r i c a l  arc- 

ing, 

held at 900"F, a pressure of 20 psig was suffixieri t  t o  suppress voltage 

breakdown. The breakdown voltages are plo t ted  versus pressure a t  various 

tes-: temperatures i n  Fig. 8.10. 

A t  t h e  operating poten t ia l  or  t h e  heaters  (480 v) with the  terminal 

The heater  sec t ion  was a l so  tested. f o r  e l e c t r i c a l  breakdown i n  ai-r 

at room temperature and with pressures ranging Trom 0 t o  100 psig. 

e l e c t r i c a l  breakdown was indicated. 

+30"F, i. e., approximately 5500 ppm of water vapor, w a s  used. 

No 

Instrumeiit a i r  with a dew point of 

A n  enlarged view of t h e  open end of t h e  heater  sec t ion  after t e s t i n g  

i s  shown i n  Fig. 8.11, No damage i s  v is ib le .  

ORR Loop No. 2 Heaters. Testing of t he  voltage-breakdom character- 

is t ics  of a modified tubular  heater  f o r  use i n  ORR loop No.  2 has been 

completed. 

n a l  end with insu la t ion  1natxxia.l (Sauereisen No. 29). 
and baking a t  250°F fo r  several. days, t h e  heater  sect ion was placed i n  the  

vol-tage-breakdown-test pressure vessel  shown i n  Fig. 8.9. 

A 2-in. -long sect ion of tubular  heater  was f i l l e d  a t  the  t e r m i -  

After air  drylng 

I n i t i a l  t e s t i n g  was done i n  a nitrogen atmosphere w i t h  t h e  heater  

sec t ion  at  500°F. 

potentia1.s i n  t h e  range of 0 t o  1-000 v ac bet,ween the heater  sheath and 

t e m i n a l  pin. Subsequen-tly, t he  vol%age was increased u n t i l  e l e c t r i c a l  

breakdown occurred at  1380 v ac. 

Na e l e c t r i c a l  breakdown occurred at  any presslire wi-tli 
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Fig. 8.10. E lec t r i ca l  Breakdown Voltages Versus Test Pressure at 
Various Temperatwes. 

With the  temperature of t he  heater sect ion a t  900°F, e l e c t r i c a l  break- 

d0.i.m occurred at approximately 700 v ac and, subsequently, a t  280 v ac i n  

the  ni-Lrogen atmosphere, regardless of t h e  t e s t  pressure. Af'ter low2ring 

the t e s t  temperature t o  500" F, e l e c t r i c a l  breakdown occurred a t  voltages 

ranging from 600 t o  990 v ac and .was independent of pressure. 

Af'tei- removal of t he  heater sect ion from the  pressure vessel, it w a s  

observed tha t  some of' the Sauereisen insulat-ion had a dark gray color in -  
stead of the  normal w h i t e  appearance, as shown i.n Fig. 8.12. The minimum 

spacing between the  terminal pin and shea-t;h of the Chromalox heater sect ion 

used f o r  t h i s  t es t  w a s  0.100 in . ,  which is  greater t h a a  the  spacing between 

the heater leads of -Lhe heaters proposed for use. Because of  the  e r r a t i c  
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Fig. 8.11. 
t i o n  After Testing. 

E ~ d a r g e d  Photograph of Open End of Chromalax Heater Sec- 
No damage is vis5bl.e. 

r e su l t s  obtained w i t h  the Sauereisen Znsulal;i.on, kt is not  recomiended f o r  

use at elevated temperatures as a high-voltage Znsulation. 

EGCR Microswitch. Preliminary tests have been made of a type V3-1301 
switch, manufactured. by the  Micro-Switch Conipany. 

proposed f o r  use Zn the EGCR charge and service machines, under t h e  f o l -  

lowing service condittons : 

pheric t o  300 ps i g  ; atmosphere, hel-iu.m; electn-ical loading, 115 ac, type 

This s~~r i t ch  is being 

tempesatuxe, 70 t o  51.0" F; pressure, atmos- 
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Fige 8.12. Enlarged Photograph 
of Heater Section Showing Darnage t o  
Saucre i s  en Insulat ion Euying Tes ti.J-Ig e 

SG a,u.xi.l.iary re lay  (Westinghouse), 

with an impedance of  1320 ohias and 

an operating current of -0.1 awp- 

An i n i t i a l  t e s t  on one micro- 

switch ri.11 a i r  a t  atmospheric pres- 

sure  and tempera,ture ind.i.cated. no 

e l e c t r i c a l  breskd.own a t  1.000 v ae 
between open contacts. The resist-  

ance between open contac-Ls under 

t h e  same condri.tioas, as measirred 

with a megolira meter, indicated 

grea te r  than 1000 megohms. 

Subseqiien-t - tes t s  on t h e  same 

switch i n  helium a t  pressures from 

1. t o  300 p i g  and a t  temperatures 

frmi ambient to 515°F indicated no 

e l e c t r i c a l  breakdorm at  120 v ac. 

These t e s t s  were made between t h e  

"normally open" and r r c ~ m m ~ n l '  con- 

tac- ts  of the  switch. 

Tests i n  progress 2.n a helium 

atmosphere a r e  yielding values of elkc~trical .  breakdown voltages, f o r  %he 

purpose of making comparisons w i b h  da ta  reported 'ny Tracerlab, Inc., 

the  same type of switch. 

-to breakdown values o r  500 v ac, whichever i s  greater .  The breakdown! 

voltage is  defined here as -Slat po-tenti.al which causes a sudden increase 

i n  leakage current across the open contac-ts of the switch. The breakdown 

voltages between t h e  "nonnd-ly open" and i'commonfl contacts of the  switch, 

as obtained ri-n these tesks, are l i s t e d  i n  Table 8.3. Similar bests w i l l  

be made between Lhe "no:rmally closed" and "common" contacts of the switch. 

Proposed tests include operating the  switch 3500 t i m e s  under 'die service 

on 
The voltage range f o r  tesLing i s  being extended 

2i-Iar-Lan C. Shaw, "'The Effects  of intense Garma I r r a d i a t i o n  on Elec- 
i r i c a l  Breakdown in Helium, I' Report No. TLW-LOGO, 'Tracerlab, Inc., Reactor 
Monit'oring Center, Xic'nmond, California.  
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Table 8.3. Voltage Breakdown in Heliu-Ln of  V3-1.301 
Mierosvitch in Tests with Potent ia l  ,4ppLri_ed 
Across Normally Open a a d  Co-mmor? Contsctc; 

Helium Test B r e  akdown 
Pre 6 si2 r e  Tenperaturc Pot erit i d  

( PS id (OF) (v, a d  

1 
330 
300 
1 
10 
20 

70 
7 0 

530 
530 
5 30 
530 

a Highest p o t e n t i a l  applted; no breakdown evident,  

cozditions described, with per iodic  checks fc;r excessive leakage c u r r e r i t  

hetjweeri open contacts. 

EGCR Valve Tests 
I_ 

(A. S. 01. s on) 

One of -the three  types of valves t o  be -tested. f o r  use i n  t h e  EicCIi 

loops has been received. It i s  a b a l l  valve with a Limttorquc operator 

designed as shown i n  Fig. 8.13. 
Corporation. 

1% was rrmmf’actured by t h e  General Kinetics 

No d i f f i c u l t y  was encountered i n  welding s ta inl .ess  s t e e l  pipe cxps t o  

the  inlet m d  o u t l e t  por t s  of t h e  s t a i n l e s s  steel. valve casting. Dye check 

and. radiographic examinations k.d.icated. excel lent  we1d.s The valve was 

closed by means of the hand wheel, and prc l in inary  leak  r,heck.s with helium 
at room temperat.ure were satisfac-Lory, 2s ind-icated. below : 

Pressure Drop 

( PS id 
Across Valve Seat Helium Leakage 

[ cm3 ( STP) /hr ] 

50 2.1 
LOO 5.6 
200 14.1. 
300 21.3 
400 33.9 

... 
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U N C L A S S I F I E D  
ORN L- LR-DW G 5 4 2  5 4 A 

... ............ ~~ 

SM A - 0 0 - 1 0  

48 

1 BODY 

2 FIN BONNET 

3 B A L L  

4 SEAT RING 

5 CAGE 

6 S T E M  

7 FOLLOWER 

8 G L A N D  

9 GUIDE PIN 

40 SPACER 

1 1  PIPE PLUG 

i 2  PLUG 

13 GASKET 

14 BELLOWS 

15 BELLOWS P L A T E  

46 L I M I T O R Q U E  

47 PACKING 

DIMENSIONS A R E  
IN INCHES 

W L ....... ~~~~.~ 27 3, 4 

Fig. 8.13. Ball Valve w i L h  Limitorque Operator.  
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The bellows seal w a s  checked with a helium leak  de tec to r ,  and. no leakage 

w a s  Tndicated. 

After i n s t a l l a t i o n  of Yne valve i n  the t e s t  furnace,  as shown i n  Fig. 

8.14, the  valve .was. c losed bj means of the Liinitorque d r i v e .  A l eak  check 

of t he  valve seat with a pressure  d i f f e r e n t i a l  of 300 psig of hel-iura i.n- 

d i ca t ed  72 em3 (STP)/hr. 

With t h e  valve i n  the  open pos i t i on ,  i t  was heated t o  a,pproxima,tely 

1000°F i n  3 hr. Upon c los ing  the  valve,  it w a s  no t  poss ib l e  t o  ma.i.ntain 

a pressure  d i f f e rence  ac ross  t h e  valve seat ,  The bellows seal. w a s  r e -  

checked, and t h e r e  w a s  no i n d i c a t i o n  of leakge; a f te r  cooling the uni.t, 

however, gross  leakage w a s  s t i l l  ev ident  across  the  valve s e a t .  During 

these  tests, the volume between tile valve stem packing and bellows s e a l  

w a s  a t  the same pressure  as t h a t  i n  the valve.  

Communication with the  valve manufacturer revealed t h a t  the valve 

had been designed t o  opera te  wi th  1000-psig i n t e r n a l  pressure  an4 no b e l -  

lijm backup pressure .  

sl;:?rjm d r ive  u n i t  w a s  arranged t o  deliver 8300 I b  of Llnl-ust, 8000 1.b of 

which w a s  necessary t o  overcome the .t'rwust from t h e  in-berm1 presswe.  

With bellows backup pressure  appl ied ,  the  s e a t i n g  t'nrust w a s  g r e a t l y  in -  

creased and the  valve would no t  s e a t  p roper ly .  

Since the  bellows e f f e c t i v e  a r e a  is 8 i n s 2 ,  the 

The valve w a s  re turned  t o  the manufactxrer f o r  examination and re- 

pair. When opened, evidence of damage Tro-m the  high stern loading w a s  

found and, i n  add i t ion ,  some warpage of t he  seat r i n g  was noted. This 

warpage has been a t t r i b u t e d  t o  the  uneven temperat-ure d i s t r i b u t i o n  i n  the  

massive valve body as a r e s u l t  of hea t  losses through the  bonnet, see-tion. 

The valve is c u r r e n t l y  being r epa i r ed  and w i l l  be re turned  f o r  f u r t h e r  

t e s t i n g .  

GCR-GRR Loop No. 2 Components (F.  A .  F l i n t )  

Assembly of t h e  out -of -p i le  loop f o r  t e s t i n g  GXR loop No. 2 componenbs 

was completed, and, fol lowing pressure  test,s and shakedown, performance 

te:;ts were begun. Wi.th the complete loop on stream, primary a t t e n t i o n  

w a s  given f i rs t  t o  the  performance of the hea te r  u n i t ,  composed. of t k ree  

ind iv idua l  hea te r  groups, when opera t ing  a t  var ious  gas flow rates arid 
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Fig" 8.14. General Kinetics Corporation R s l L  Valve w i t h  Limitorque 
Operator Installed i n  Test Nimace. 
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power s e t t i n g s ,  

1615 lb/hr and a power s e t t i n g  of 33 kw, approximately 59% of the nominal 

hea te r  group r a t i n g .  The f a i l u r e  w a s  manifested by an  upscale  readring 

of t he  vol tmeter  and a downscale reading  of t h e  amnei;er, i nd ica t ing  an 

increase  i n  r e s i s t a n c e  i n  one o r  more of t he  twelve hea te r  c a r t r i d g e s  i n  

group 1. A t  t he  t i m e  of the fa i lure ,  the  maxirnilrn indica.Lec1 c a r t r i d g e  

cladding temperature w a s  1500°F. I n  t e s t i n g  hea ter  group 2 a t  a gas flow 

rate of 265 Ib/hr,  j.t w a s  impossible t o  apply more than 23 kw of power 

without causing the  hea ter -car  t r idge-cladding high-temperature alarm t o  

sound (alarm sounds a t  approximately 1640°F).  

gas f l o w  d i s t r i b u t i o n  o r  tha- t  the  thermocouples 011 hea ter  group 1 were 

sens ing  r e l a t i v e l y  cool  s p o t s .  In  order  t o  improve the  heater performance 

and r e l i a b i l i t y ,  t he  loop pressure  was increased from 300 t o  400 psig, 

thereby extending tlie range of a t t a i n a b l e  mass flow r a t e s .  However, t h e  

hea.Lers f a i l e d  shor t . ly  t h e r e a f t e r  while opera t ing  a t  a f low ra-te of 720 

lb/hr and a t o t a l  power output  of 1 1 2  kw. 

w e r e  downscale readings on both a m e t e r  and vol tmeter  on. hea t e r  group l 

(groups 2 and 3 had been normal when last  checked).  

p ressure  w a s  lost through the  power te rmina l  end of t he  heaker.  

Heater group 1 p a r t i a l l y  f a i l e d  a t  a gas fl.ow rate of 

This indicaAed e i t h e r  poor 

The f i r s t  symptoms of fai1.u~-e 

Moments l a t e r ,  loop 

Subsequent dismantl ing of t he  hea-ter revealed major damage. All t he  

te rmina ls  t o  the  3G hea te r  c a r t r i d g e s  had been melted away. Five of t he  

c a r t r i d g e s  kd l a r g e  holes  melted through t h e i r  ski.ns, one of t h e m  being 

p r a c t i c a l l y  melted i n  two. The remaining 31 c a r t r i d g e s  were undamaged of 

themselves a.nd would have been operable had the  terminals  not  melted away. 

it is  hypothesized t h a t  the me1. t  hol.es i n  the f i v e  c a r t r i d g e s  were 

caused by hot  spo t s  ( h o t t e s t  recorded temperature w a s  1620°F) no t  sensed 

by the  thermocouples and t h a t  helium leaked through t h e  melt  holes ,  a long 

the  MgO insu la t ion ,  and i n t o  t h e  te rmina l  compartment where it ionized and 

caused a r c i n g  across  the  te rmina ls .  The hea te r  i s  c u r r e n t l y  being r e -  

designed, and t e s t i n g  w i l l  be resumed when a replacement u n i t  is a v a i l a b l e .  

I Mechanical J o i n t  Service Tes t ing  (J. C. Amos) 

Mechanical joint ;  t e s t i n g  du-ring t h i s  r e p o r t  per iod has been devoted 

t o  eva lua t ing  5-in.-IPS, double-seal,  gas-buffered Conoseal j o i n t s  and 
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6-in.  -IPS, double-seal,  gas-buffered Grayloc j o i n t s .  Sixteen closures 

were made with t h r e e  S-in.-IPS Conoseal- jo i -n ts .  !n?ile e leven of -these 

c l~osures  r e s u l t e d  i n  inner  seal helium lkakage of l e s s  -than 1 x 
(STP) /sec whe:i t es ted  a t  room temperature with 15-ps ia  i n t e - m a l -  he?-ium 

pressure,  only f i v e  closures m e t  t h e  specifi-ed maxi-mu-m allowable iiirier 

sea!. 1-eakage of  1css thajl 1. X l o m 6  cm3 (S.YP)/sec with 300-psig internal .  

hel.i-iim pressure.  One u n i t  was subjected t o  50 bending-moment cyc les  fi-om 

0 t o  ' 7% 000 in. -3-b with an in-'Lei-rial gas temperature of 700°F and a pi-es.. 

sure  oi' 300 psig,  w i t h  no adverse e f f e c t  on Liie seal.. However: both rini~er 

and outer  seal. I-eakage increased s u b s t a n t i a l l y  after two tlnei-mal c y c k s  

between room temperature sild 700°F. Since previous t e s t s  of 2 1 /2- in . -  

TI'S, double-seal  Coiioseal j o i n t s  ol" sirnil.ar design indicaked thsl; these 

u n i t s  would remaiii leakt i gh t  under  repeated. bending-mornpnk a.n.d. tlierrml 

cyc l ing  a t  operat ing temperatures up t o  1..300"F, it, was fel-i; that t h e  per- 

formance of t h e  5- ic .  -IPS u n i t s  could. be improved. One unit ms retu.med 

-Lo Lhe vendor f o r  rnodificat3.on. The vendor remachi-ned t h e  clamp and in -  

creased t h e  w i d b h  of tile gaskets.  The inner  and outer seal leakage ra-ties 

were then less  than  1 x lo-" mi3 (STP)/sec a-t room temperature and atmos- 

pheri.c pressure.  Wider gaskets are b r ing  fiii-nished Pol- t h e  5-5.11. -IPS test 

u n i t  current ly-  i n s t a l l e d  i n  t h e  bending-mo-meint,flent t e s t  s t and  Lo allow f'ui-thsi. 

eva lua t ion  of th is  u n i t  a t  eleva-Led temperatures. 

cm3 

Eight c losures  were made with two 6-in.  -IPS, dmib1.e --seal, gas-bufPered 

Gray-loc j o i n t s ,  and t h e  spec i f i ed  maximurn irrnei- seal  leakage of less than  

1. x 
u n i t s  has been returned t o  t h e  vendor f o r  mod.ification. The vendor i.3 

curren-'ily e x p e r h e n t i n g  with silver-p.l.af,ed seal. r ings  -tiiaL have a sl-rightly 

differrent angle be.tween t h e  seal-ing sur face  of' the ri.ng and t h e  f lange.  

cm3 (STP)/sec w a s  exceeded i n  all bu-t one instance.  One of these 

Spec ia l  ComDrcssors 

Regenerative Compressors ( I. K. Namba) 

'The two regenera t ive  compressors - that  w e i " ~ :  i n s t a l l e d  i n  Llie 4xi-n- 

- turbine v e s s e l  of GCR-OF3 loop No. 1. have continued t o  operate satisfac- 

t o r i l y  for approx.imately 1000 hr .  During -this peri.od. t h e  compressors have 
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operated as s ingle  un i t s  and as two un i t s  i n  series over a range oI" speeds, 

6000 t o  1 2  000 rpm, and temperatures, up t o  600"F, with the  suction pres- 

sure l imited t o  45 psig. 

me defective compressor housings mentioned previously liave been re- 

paired by chenically p la t ing  the  coolant channels, and the assembled com- 

pressor un i t s  have been prooftested and are  availab7e f o r  service.  'The 

compressor housing being repaired by the  mechanical-clieniical technique w i l l  

require fu r the r  repa i rs  before proo-ftest ing. 

Compressors with Gas-Lubricated Bearings (D. L. Gray) 

The Br i s to l  Siddeley compressor w a s  operated a t  400 ps ia  a t  t he  manu- 

f a c t u r e r ' s  plant w i t h  t he  o r ig ina l  2.25-in.-diam, 6-in.-long bearing. Rub- 

bing was detected a t  approximately 11 800 rpm. The pressure was then re- 
duced t o  200 psia arid t he  rubbing reoccurred upon increasing the  speed t o  

11 500 rpra. 

w a s  mounted i n  two diaphragms t o  provide added s t i f f n e s s ;  subsequent t es t -  

ing indicated no improvement i n  t h e  whirl-speed threshold. Next, an un- 
successful attempt was made t o  improve performance by reducing the  bearing 

length t o  4 1 / 2  in. from 6 in.  
bearing w h i r l  d i f f i c u l t i e s  was then undertaken : 

The mode of whirl  w a s  suspected t o  be conical, s o  each bearing 

The following program f o r  eliminating the  

1. The ex is t ing  monel bearings were shortened t o  3 in. from the  pre- 

vious 4 1/2  in. length. 

2. A standard-length bearing was modified t o  incorporate t h e  150-deg 

ant iwhir l  grooves used successfully :m another compressor. 

3. A Stel l i te-surfaced.  shaf t  and chrome-plated beax-iags were provided 

t o  eliminate d. i f  f e ren t  ial thermal expans ion. 

4 .  
of ine r t i a .  

The bearing thickness was reduced t o  reduce the  transverse moment 

Subsequent bests with t h e  150-deg ant iwhir l  bearing also Fadicated 

rubbing at; 11 800 rpm. 
The appl icat ion of hydrodynamic bearing theory t o  these problems has 

been studied fu r the r  a t  OEiNL. Curves showing t h e  e f f ec t  on threshold speed 
of t h e  conical mode of bearing whirl  were prepared f o r  various ambien-t pres- 

sures and r a t i o s  of journal radius t o  bearing r a d i a l  cl-earance. Curves of 
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the th reshold  speed f o r  s h a f t  cyl indrical .  $?.iyl f o r  Lhe compressor as a 

func t ion  of bear ing clearance and. f o r  arfl'oienL pressures  of 100, 250, and 

400 psi-a w e r e  prepared. Analysis revealed t h a t  the th reshold  speed for 

whiTl i s  lowest f o r  cyl indi- ical  wh i r l  of t h e  s h a f t ,  nex-L h ighes t  foi- coni- 

cal. whirl. of t h e  s h a f t ,  and h ighes t  f o r  conical.. whirl of t h e  hear ing.  Rear- 

ing  cy l indr ica l -  >?air1 should not occurr because of r,adrial s-t iffness of t h e  

bear ing  mount. 

High-Temperature Gas Bearing - Compressor q__. Test ........ System .- (D.  L. Gray) 

The GmE I compressor was accepted from -the w n d o r  on t h e  basis oi" ii1- 

spec t ion  rcsul-ts. 

5-psig d i f f e ren t i a l .  pressure would I - i f  i; the  r o t a r y  a.ssemb1.y off t h e  t h r u s t  

p l a t e .  

After assembly 7.t w a s  determined experimental ly  t h a t  a 

The t e s t  loop w a s  pneumostatically t e s t e d  at, 715 psig and c e r t i f i e d  f o r  

'i'he i n s t a l l a t i o n  of thermocouplks and. gas operakion a t  1000°F and 410 psig.  

feed  l i n e s  was conipleted. Controls  and^ control. cab ine ts  are being i n s t a l l e d .  

Studv of Back Difi7ision Through Labvrinth Sea ls  

(E. R. ' l 'aylor) 

The s-Liidy of back. d i f f u s i o n  of water vapor aga ins t  t h e  f 1 . 0 ~  of bel-ium 

through labyrinti-1-type seals has been compl-eted. This s tudy was ini- t ia ted,  

i n  co l l abora t ion  with Lhe Mechanical Deve1.opmenL Depar-trrient a t  t i le Oak Ridge 

Gaseous Di.ffusion Pro jec t ,  to determine t h e  degree t o  which .this phenomenon 

might be present  i n  water-buffered sea1.s used I.n r o t a t i n g  machtnery f o r  gas- 

cooled r e a c t o r  appl ica t lon .  Tne final. test was conducted w i t h  a cold r a d i a l  

c learance of t h e  I.abyrinth of 0.0028 in .  Tk3e r e s u l t s  of t h i s  Lest are p1-e- 

sented i n  Table 8.4. 

'Ya~b1.e 8. Results of Tests of a !"later-Buffered Zabyrlnth-TY-pe Seal 
with H d i u m  as the Cell G a s  

Pressin-e Drop 
Across 

T.,abyi- i n t  h 

Laby r iiith Lhna t i o n  
of Test 

Shaft Ruffer Water Cc1.l Gas Cell. Gas 
Speed Pressure Pressure Teiliperature Flow- 
( rpm) 

T e s t  
No. ( PS i) ( PS i) ("J9 ( psi.) (sci'h) (hr) 

.......... .... l__l.. ... I- 

1 3600 250 253 500 1 .C 1387 I 1/2 
2 3600 250 253 500 0.5 931 3/4 
3 0 250 253 500 0.5 931 1./2 
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The elevated-temperature radial clearance of t.he labyrinth vas ap- 
The exact clearance could not be measured directly proximately 2 mils. 

and was therefore calculated from the conditions of flow and the f l o w  

parameters. 

water-vapor back diffusion into the gas chamber. 

'The numerous tests performed failed to show any evidence of 
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