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FOREWORD 

The Reactor.Development p r o g r a m  P r o g r e s s  Report ,  issued 
mbnthly, i s  intended t& be a means  of reporting those i t ems  
of significant technical p rogress  which have occurred  in 
both the specif ic  reac tor  projects.and tlie .general  .engineer- 
ing r e s e a r c h  and development p rograms .  The repor t  i s  o r -  
ganized in a .way which, i t  i s  hoped, gives the c l ea res t ,  mos t  . 

logical overal l  view of p rogress .  The budget classification 
i.s followed only in broad outline, and no attempt is made to  
r epor t  separately on each sub-activity . nurrlber . F u r t h e r ,  
since th'e intent i s  to repor t  only i tems of significant prog-  
r e s s ,  not a l l  activit ies a r e  reported each morllh. h orde r  
to  i ssue  this r epor t  as  soon a s  possible af ter  the end of the 
month edi tor ial  work must  necessar i ly  be l imited. , A l s o ,  
since this  i s  an informal p r o g r e s s  repor t ,  the resu l t s  and 
data presented  should be under stbod to be pre l iminary  and 
subject to  change unless  otherwise stated. 

The issuance of these r e p o r t s - i s  not intended to constitute 
publication in any sense  of the word. F ina l  resu l t s  e i ther  
will  be submitted for  -publication i.n regular  professional  
journals o r  will  be published in the f o r m  of ANL topical 
r epor t s .  

The lasl; six I - C P O P ~ ~  i ~ s u e d  
, . in thic s e r i e s  a r e :  . 

January  1965 ANL-7003 

F e b r u a r y  1965 ANL-7017 . 

March 1965 -ANL-7028 

April  1965 AT\TL-.70d,5 

May 1965 

June 1965 



Reactor Development Program 
Highlights of Project  Activities for July, 1965 

Prel iminary examination of the fuel removed after 1.070 burnup 
indicated an anomalous swelling behavior of the special surveillance 
samples, although the regular production fuel appeared to be behaving a s  
expected. The special samples were removed f rom the core for tem-  
porary  storage in the storage basket, and on July 21 the reactor was 
started up for  operation to the next 0.170 burnup increment. 

FARET 

The A-E Title 11 design i s  essentially complete. All design 
packages a r e  complete and issued for Packages V and IX. These 
drawings and specifications have been ready for signature since ear ly  
June 1965, but approval action i s  being withheld until the AEC's review 
of FARET i s  completed. 

ZPPR 

The Title I1 design of ZPPR has been completed somewhat ahead 
of schedule. Drawings and specifications have been sent to AEC to 
expedite solicitation of bids. The matr ix  tubes and nuclear instrumenta- 
tion (supplied by the ~ a b o r a t o r ~ )  have been ordered.  

AARR 

The Title I indoctrination meetings with the A-E (Burns and Roe, 
1nc. ) a r e  continuing. This indoctrination period i s  expected to continue 
through August. 

Based on a preliminary s t r e s s  analysis of the reactor  vesse l ,  a 
design change i s  being contemplated in which the lower section would be 
enlarged to eliminate an a r ea  of high s t r e s s .  
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I. LIQUID-METAL-COOLED REACTORS 

1. Operations 

The plant was maintained in standby condition until July 21 while 
awaiting r e su l t s  of fuel inspection a t  the 170 maximum burnup level. On 
this  date,  operation a t  powers up to .10 MW was accomplished during an 
18-hr period for the purpose of making physics measurements  pr ior  to  the 
next increment  of power operation. 

Ten subassemblies  containing special  surveillance fuel pins were  
replaced a s  the resu l t  of inspection that revealed they were undergoing 
swelling a t  a r a t e  g rea te r  than the normal  pins and would perhaps be l imited 
to 170 burnup (see Section A.3 below). The special  pins in these subassem-  
bl ies  had been precis ion-measured for dimension and density before they 
were clad, a s  par t  of the fuel-surveillance program.  Standard elements in 
the reac tor  subjected to varying amounts of burnup up to 170 do not .show the 
same growth, and the reason  for the different behavior of the special  pins 
i s  being investigated. To reduce fur ther  the probability of fuel-element 
fai lure  during reac tor  operation in the next power run,  three  subassemblies  
in Row 3 which had achieved maximum burnup in excess  of 0.970 were  a l so  
replaced with f r e sh  subassemblies .  

The reac tor  was s ta r ted  up on July 29 to  begin operation to achieve 
1.. 170 fuel burnup. 

2. Systems and Components 

a .  Rotating Plug- s e a l  Troughs. During prepar.ations for unre - . . :- 

s t r ic ted  fuel handling late in June -and during July,  i t  has  been difficult to.obtain 
indication of sat isfactory tempera ture  distributions in the s e a l  troughs. 
Fur the rmore ,  difficulty was experienced in,attempting to initiate the rotation 
of plugs by motor  dr ive.  It was necessa ry  to a s s i s t  the dr ive manually in 
o rde r  to loosen the la rge  plug and obtain f r e e  rotation. 

Because of these difficulties, many samples  of the seal- t rough 
tin-bismuth alloy have been taken and chemically analyzed. Of most  signifi- 
cance to date is the finding of substantial  quantities of metal l ic  oxides in the 
outer annuli of the troughs. These  a r e  accessible  for observation and Sam- 
pling only through the ".window holes,  " one each  in the large and s m a l l  plug 
dip r ings.  The !'window hole" i s  a heater  hole having a slot approximately 
3/4,in. wide extending f rom the elevation of the trough top to about 3 in. 
below the alloy sur face .  Probing with a wire  through the window hole of each  
dip ring has  revealed the presence of spongy o r  c rus ty  l aye r s  o r  deposits in  
the outer trough annuli., most ly submerged 1 o r  2 in.  below the molten alloy 
sur face .  At month 's  end, information.relat ive to  the distribution of the 



deposi ts  around the annuli was not yet available; However, some a r e a s  of 
the trough s e e m  to contain much m o r e  ma te r i a l  than o thers .  

Samples of these deposits were  taken in  a syringe device of 
3 / 8 - i n . - 0 ~  tubing containing a plunger. They contain molten metal ,  black 
powdery oxide, and porous black c l inkers  o r  nodules. Chemical analysis  
of the oxide portions, especial ly  nodules, of some samples  revea ls  that they 
a r e  predominantly oxides of bismuth, tin, and sodium. Sodium, as sodium 
oxide, accounted for 12.5 w/o of one sample.  Two other samples  showed 
sodium content corresponding to around 10 w/o of sodium oxide, and the 
remaining two oxide samples  of the five analyzed contained sodium equiva- 
lent to 3 o r  4 w/o oxide. The i ron content of the oxide was v e r y  low ( less  
than 1/1 of 170)~ 

The presence  of oxide deposits (or metal-oxide mixtures)  in 
the  annuli can plausibly account for  plug sticking and a l so  for apparent poor 
t empera tu re  distribution in the troughs. As for the l a t t e r ,  i t  appears  that the 
oxides blanket some of the upper - level  thermocouples,  causing low indicated 
t e m p e r a t u r e s  by interfer ing with heat t r ans fe r  f r o m  the alloy to the thermo-  
couple. This  has  been substantiated by probing through the window hole a t  
locations where the thermocouple readings appear  too low and thereby ob- 
taining increased  t empera tu re  readings,  apparently by disturbing the oxide 
deposit  and bringing molten. alloy into contact with the thermocouples.  

Analyses of lmany me ta l  s amples ' f rom the troughs have provided 
no evidence of g r o s s  segregat ion of t in and bismuth. However, sodium con- s 

tent of these  samples  ranges  between ,1500 and absut 2000 ppm ( a s  . ~ a ) .  It 
i s  possible that sodium ae roso l  o r  vapor in the p r i m a r y  argon dissolves in 

,4 

the alloy, diffuses thr'ough the body of the alloy, and r e a c t s  with oxygen in 
the ni t rogen purge ,gas  at the surface of the alloy in the outer annulus. The 
apparent  submergence of the oxide deposits m a y  re su l t  f r o m  a "plowing" 
action of the dip r ing and adherent  deposits during rotation. 

Attempts a r e  being made to  remove substantial  amounts of oxide 
f r o m  the outer t rough annuli during molten operation for  m0r.e detailed 
examination and to  de termine  whether heat distribution and plug rotation 
can  be improved. 

b. P r i m a r y  Sodium Pump M- 1. On Ju ly  7, in preparat ion for a 
routine check of the pump-control sys t ems ,  pump No. 1 did not rotate .  
P r i o r  operating data  revea led  no abnormality.  Total  operating t ime amounted. 
to  4442 h r  a6 of Ju ly  7. 

A shor t  t ime  before,  water had been observed in the vent line 
f r o m  the shie.ld plug of pump No. 1. However, t he re  is no app,arent connec- 
tion between the two occurrences ,  since the- shield plug is totally enclosed 
and isolated f r o m  the sodium tank. Gas analyses  of the p r imary  argon 
showed no inc rease  in  hydrogen content a s  would be expected i f  water leaked 
into the p r i m a r y  tank v ia  the pump shaft. 
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On ~ u l ~  8, the pump shaf t - impel ler  a s sembly  was f r eed  by r e  - 
moving the adjusting nut f r o m  the draw stud and tapping unti l  the pump 
shaft dropped f ree ly .  The shaft  was then r a i s e d  by turning the nut on the 
draw stud. About 150-200 ft- lb of torque was ' r equ i r ed  to  s t a r t  the  shaft  
turning.  After rotation had been  achieved, the "break-awayf1 tor.que fe l l  to  
i t s  or iginal  value of about 5 f t- lb.    hereafter, the pump opera ted  normal ly  
a t  r a t e s  up to  95% of full flow. 

Again, on July  17, the pump could not be s t a r t ed  e lec t r ica l ly .  
It was  eas i ly  f r eed  by lowering and ra i s ing  the shaft  as before .  Subsequent 
s t a r tup  and operat ion a t  r a t e s  to 1007'0 were  no rma l .  

It is6speculate 'd a t  th is  t ime  tha t  st icking of the pump shaft  may  
be caused  by condensed sodium (along the upper portion of the shaf t )  which 
can  be shea red  by ve r t i ca l  movement  of the  shaft .  , 

An at tempt  to  d r y  the shield plug-of pump No. 1 by evacuation 
produced approximately  5 g a l  of wate r .  The water  apparent ly  c a m e  f r o m  
the concre te  i n  the plug. 

An at tempt  was a l so  made  to r emove  any water  which might  be i n  
the shield plug of pump No. 2 by the s a m e  method. However,  only a s m a l l  
amount (about 200 m l )  was recovered .  I t  a p p e a r s  that  the  concre te  f i l l s  the  
M-2  plug a lmos t  completely whereas  t h e r e  i s  a substant ia l  space  in  the  top 
of the  M- 1 plug. 

c .  Control  Rod Drive No. 9 .  During control  rod  de la tch ing .prepara-  
t o ry  to  rotating the plugs on July  14, the sensing rod  of con t ro l  d r ive  No. 9 - - - 

fai led to d rop  under i t s  own weight. I t  was  subsequently f r eed  sufficiently 
to  pe rmi t  manual  movement;  however,  spec ia l  at tention has  been r equ i r ed  
d ~ r i n ' ~  fuel  handling s ince then. A s p a r e  cont ro l  rod 'd r ive  i s  being read ied  
f o r  rep lacement  when the plant schedule pe rmi t s .  

d .  Conta inmentTes t ing .  The rubber  s e a t  r ing was r e p l a c e d i n a  
suspec t  exhaust  isolation valve,  and the valve was  leak- tes ted sa t i s fac tor i ly  
The leak ra tk  of th is  valve,  a s  m e a s u r e d  dur ing i t s  scheduled annual t e s t  
in  May, had been  excess ive  even though the  calculated to ta l  r eac to r  building 
leak r a t e  was well  undcr the permiss ib le  value.  

The  annual l e a k - r a t e , t e s t  of the emergency  a i r l ock  was corn- 
: ple ted ' sa t i s fac tor i ly .  

e: Sodium and Argon Sys tems .  The  plugging t empera tu re  of the 
p r i m a r y  sodium remained  below 250°F. The  plugging t empera tu re  of the 
secondary  sodium was kept below 300°F by intermit tent  operat ion of the  
cold t r a p .  



The composition of the secondary argon remained around 10 ppm 
hydrogen and 1800 ppm nitrogen. 

' 

The p r imary  cover-gas sys t em was purged during the month. 
After  purging, the argon contained l e s s  than 10 ppm hyd'ro,gen and about 
100 pprn nitrogen. Since that t ime,  the hydrogen content has  remained below 
10 ppm, but the nitrogen content has  slowly r i s e n  to 1.2 v/o. 

3. F u e l  Handling 

During the period f r o m  July 6 through July 16, nine subassemblies  
were  t r ans fe r red  to the F u e l  Cycle Faci l i ty  for disassembly and inspection; 
they had been removed f r o m  the reac tor  and t r ans fe r red  to the s torage 
basket  la te  in June. These  comprised two core- type subassemblies ,  
one core- type inn.er blanket subassembly, one control rod, one safety rod, 
two inner  blanket, and two outer blanket subassemblies .  

After the foregoing t r a n s f e r s  had been completed, three  experimental 
i r rad ia t ion  subassemblies  were loaded into Row 7 of the r eac to r .  They con- 

, tain five encapsulated fue 1 element  s of mixed plutonium-uranium oxide s 
supplied by General  Elec t r ic  Company fo r  long - t e r m  irradiat ion a t  relatively 
low heat-generation r a t e s  a s  par t  of the FCR fuel-ir  radiation program. 
One of the subassemblies  contains one capsule; the other two contain two cap- 
sule s apiece. .  

lnspection of the special ,  ele,ments indic,ated that the limiting burnup 
fo r  these fuel pins may  'be only slightly over 1%. Therefore ,  during the 

. period f r o m  July  23 through July 28 the remaining ten subassemblies  con- 
taining special  fuel e lements  of varying burnup were replaced, a s  well a s  
t h r e e  subassemblies  f r o m  Row 3 of the r eac to r ,  each of which had accumula- 
ted burnup in excess  of 0.970. One of the la t te r  was replaced by an 
a -measurement  subassembly. In conjunction with the foregoing t r a n s f e r s ,  
s ix  na tura l  uranium core- type subassemblies  were removed f r o m  the s torage 
basket  to  reduce the basket inventory. One inner-blanket core-type sub- 
assembly  was removed to compensate for  the increased  reactivity of the 
f r e s h  fuel in the r eac to r .  

4. R e.ar.t.or Phys ics  

Analysis of zero-power rod dropexperiments has  established a 
reactivity worth of the s tainless  s tee l  rod a s  4.08 x ~ k / k .  Analysis of 
the 45-MW and 25-MW data,  shown in Table V,  indicated that the prompt- 
feedback component i s  essentially constant between 25 and 45 MW when 
weighted by the power. 



Table V. Zero-power Rod-drop Experiment 

Feedback Reactivity (bk/k x id4) 

Power Time after Scram (sec) 
(MW> . 0.4 0.6 

45 0.026 0.047 
2 5 0.015 0.0 28 

5. Fuel  Cycle Faci l i ty  

a. Argon Cell. A radioactively hot bearing was observed on the 
south fan of the Argon Cell gas-circulation sys tem after about 6000 h r  of 
operation. The contaminated fan and motor were removed and partially 
decontaminated, and the bearings were replaced. The principal contam- 
inants found were  Ce and Z r  -Nb, suggesting that dumping of uranium and 
fission product oxides f rom the melt  -refining crucibles  following oxidation 
i s  a major  source of contamination of the ce l l  a tmosphere.  

T e s t s  have been made to determine i f  lubrication can be im-  
proved and service life of the fan extended by substitution of a different 
g rease .  The fan and motor a r e  being readied for  reinstallation. 

b. I r radiated Fue l  Process ing .  In a one-month period, s ix  fuel- 
bearing assembl ies  and four rad ia l  blanket assembl ies  were freed of sodium 
and completely dismantled. Six additional unir radiated na tura l  uranium 
assembl ies  were a l so  t reated to remove sodium. Fue l  examination, decan- 
ning , melt  refining, and oxidation were ca r r i ed  out routinely . 

c.  Fuel  Surveillance. The core-type subassemblies  removed fo r  
inspection contained fuel pins which had been selected for special  pre-  and 
post- i r radiat ion examination by Metallurgy Division a s  par t  of the fuel- 
surveillance program. In the original program to survey the fuel in EBR-I1 
for 'the effect of incremental  increase  in burnup, a s e r i e s  .of 15 co re  sub- 
assembl ies  (91  element)  was made up which included seven specially 
prepared and central ly  located elements.  This special  preparation included 
dimensional and d e n ~ i t ' ~  me'asurements with grea ter  accuracy than the nor-  
m a l  production measurements .  

Five surveillance subassemblies ,  represent ing maximum burn- 
ups of 1.0, 0.9, 0.8, 0.7, and 0.50/0, have been partially examined. Although 
the examinations a r e  not yet complete, probably the most  significant mea-  
surements  (s.odium level  a s  an indicator of volume change) have been made 
on these subassemblies .  In addition, subassembly C- 145 (maximum burnup 
of 0.935%) has also been subjected to sodium-level analysis.  This  sixth sub- 
assembly  was  added to the init ial  program to confirm data  and conclusions 
derived f rom the f i r s t  five. 



A compar ison  of the post i r radiat ion measurements  of sodium level  
of the s e v e n s p e c i a l  e l e m e n t s  of 'a subassembljr and a sample of the no rmal  
e lements  surrounding these indicates the average level  of the seven is 'higher  
than the average  leve1,for the no rmal  production elements .  This  has  led to 
the r emova l  f r o m  the r eac to r  of those subassemblies  containing the special  
e lements .  

The data for the sodium level  of e lements  f r o m  the s ix surveillance 
subassembl i e s  a r e .  shown in Table I. 

Table I 

Subassembly Calculated Average Sodium Level Number of Elements 
No. Posit ion Max ~ u r n b ~ b  (in. above Fue l  ~ i ~ )  Measured 

aK designation r e f e r s  to the specia l  elements.  
b ~ u r n u ~  expressed a s  a tom percent of heavy a toms.  

Ea r l i e r  data  obtained f rom subassemblies which included the 
special  elements a r e  shown in Table 11. 

Table I1 

Subassembly .Calculated Average Sodium Level Number of Elements  
No. Posit ion Max BurnupC (in. above Fue l  ~ i ~ )  Measured 

0.261 0.70b 
0.261 not measured 
0.498 0.91 
0.498 1.01 

aK designation r e f e r s  to the specia l  elements.  
b ~ v e r a g e  sodium level  a s  manufactured i s  0.688 in. 
=Burnup expressed a s  a tom percent of heavy a toms.  

The data  of Tables I and I1 c lear ly  indicate a la rger  volume increase 
(as  indicated by sodium level) in the special  elements than in the normal  
production elements.  The sodium-level data shown in Table I a r e  for 
core  elements (C ) ,  safety rod (s), control rod (L), and a sixth row core  (B). 
Previous  data accumulated for  core  elements show a fair ly  regular in- 
c r e a s e  in sodium level with increase in burnup. Although not conclusively 



defined, there i s  initial evidence that the sodium levels of safety and con- 
t ro l  subassemblies a r e  somewhat higher than those of comparable core 
subassemblies. The sodium level numbers for control and safety elements 
may be biased because of a possibly higher void content caused by the 
acceleration in operation. 

Pressure-volume measurements of 10 elements from each of two of 
the subassemblies (C- 138 and C- 141) a r e  shown in Table 111. 

Table 111. Pressure-volume Data 
- - 

Subassembly Calculated Average Void Average P r e s s u r e  
No. Max Burnupa Volume (cc)  (psis) 

C- 138 1.00 
C-141 0.804 

Unir radiated 0.0 

aBurnup expressed a s  atom percent of heavy atoms. 

Dimensional comparison before and after irradiation of the normal 
production pins from subassembly C- 138 has been completed. A significant 
(to this study) increase (up to 0.004 in. ) in the maximum and minimum 
diameters was noted. These data a r e  shown in Table IV. Three of the pins 
showed length increase, while the remaining pins were shorter than when 
manufactured. 

Table IV. Diameters  of P ins  f rom Subassembly C-138 

Minimum Diameter Maximum Diameter 
(in. ) (in. ) 

P i n  No. Before After Before After 

B. FARET 

I. General 

The FARET architect-engineering (AE) portion of the Title I1 Design 
i s  essentially complete. All design packages a r e  complete and issued ex- 
cept Packages V (instrumentation and Control) and IX ( ~ e n e r a l  ~ a c i l i t ~ ) .  



Design Packages V and IX drawings and specifications have been ready for 
signature since early June 1965, but approval action i s  being withheld until 
the AEC's review of the FARET project i s  complete. 

The current delay in authorizing the initiation of Title I11 continues 
to multiply problems of schedule and cost estimates. The liquid-metal 
heat-exchanger procurement, Package 111, and the liquid-metal pumps 
procurement, Package IV, a r e  becoming dominating factor s in establishing 
the construction schedule. In addition, costs continue to increase a s  a 
consequence of changing market conditions. 

2. Po r t  Seal of Fuel and Equipment Transfer System 

'I'he fuel and equipment transfer system (see Progress  Report for 
December 1964, ANL-6997, p. 21) incorporates a port seal  (see Figure 1) 
which must be engaged between the transfer port and the fuel cask during 
fuel-transf e r  operations. 

A test  fixture (see Figure 2) has been designed for the testing of a 
full- scale mock-up seal  to determine the operational performance and 
leak ra te  up to 30 psi of the seal. In this fixture i t  will be possible to 
simulate the loading and positioning of the fuel cask at the maximum 
allowable specified misalignment of 1/2 in. 



Figure 2 

Vault Seal Leak Rate Test 

Since the port seal  will be subjected to frequent service and wear, 
highly wear- and load-resistant materials have been selected for the test  
as follows. 

a. The guide-seal materials a r e  Adiprene '0' rings for relatively 
high gamma-radiation (5 x lo9 R)  resistance with the surface Teflon im- 
pregnated to provide a low coefficient of friction (0.04) during seal  mating 
(the adequacy of the seal  should not be affected by the lower radiat3on- 
damage threshold of the ~ e f l o n ) .  

b. AISI-4140 forging material, heat treated to a hardness of 
Rc38 for the mating parts, to obtain excellent wear- and load-resistant 
properties. 

c. Chromium plating on the mating surfaces to obtain a. low coef - 
ficient of friction (-0.01). 

It is also planned to impose lateral  loadings by means of a hydraulic 
cylinder to simulate specified seismic conditions of approximately 700 lb. 

3. Fuel Asselnbly Sodium Flow Test Loop 

All welding of the sodium pipe lines i s  completed and has passed 
radiographic inspection. The upper spool piece has been placed in position. 
The installation of the thermal insulation continues. 

Welding of the 2-in. drain lines from the loop to the dump tank has 
been completed, and steps a r e  now underway to helium leak check the 
erllirt: FARET loop piping prior to sodium filling. 

Sodium flow has been established in the plugging-meter circuit of 
the old vertical sodium dump-tank auxiliary cleanup loop. Several plugging 
runs have been made and one static sample has been sent for oxygen 
analysis. Results of plugging-meter determinations (5 separate runs) of 
oxide content confirm the chemical analysis report of 19 ppm oxygen. For  
example, plugging temperatures a r e  from 2 10°F to 230°F, which a r e  very 
low. 



4. Static Test  Facility 

Satisfactory fabrication drawings of the 66-in. -diameter pressure 
vesse l  (see Progress  Report for April 1965, ANL-7045, pp. 10.-11) and 
a s t r e s s  analysis of the weld neck flange have been received from Stearn- 
Rogers Mfg. Co., the vendor. The construction bids for the pit in Build- 
ing 206 were excessive; action was taken to relocate the pit to effect a sizable 
cost reduction. 

5. Control-rod Drives 

a. Control-rod-drive Shock-absorber Test. A shock-absorber test 
facility (see Figure 3)  was assembled in the test  laboratory during the - 

months of June and July. The shock absorber utilizes a stepped piston and 
a straight annular cylinder filled with oil to absorb the energy of the moving 
parts  of the control drive and the control rod a t  the end of the downstroke 
during sc ram conditions. The dimensions of the shock-absorber plunger 
and annular cylinder were established by equating the energy of the accel- 
erated mass  (1.5 g )  and the energy of the oil flowing past the annulus formed 
by the stepped piston and cylinder. 

Prel iminary test  results  showed good agreement with the calcu- 
lations, i.e., there was no noticeable shock or  impact between the piston 
and the bottom of the cylinder. A plot of rod displacement versus  time (see 
Figure 4) showed satisfactory acceleration and deceleration characteristics. 

b. Test Facility for Control-rod Electrical Components. The 
facility (see Figure 5) to test  electrical components under load conditions in 
a 150-160°F argon environment for a lengthy period of time is being assem- 
bled in the . test  laboratory. 

The facility consists of a sealed argon tank which is large enough 
to contain gear -motor units and various types of limit switches. A cal-rod 
heater,  thermocouples, and a temperature controller a r e  used to maintain 
the argon temperature between 150 and 160°F. The proposed FARET control- 
drive gear motor i s  installed within the tank with the output shaft penetrating 
through a suitable shaft seal. Outside the tank, connected to the output shaft, 
i s  a se r ies  of gears  and a sprocket with the load t ray  to simulate the control- 
drive load and speed on the gear motor. A second output shaft within the 
tank drives a screw to which i s  attached several  switch-actuating cams for 
operation of the switches under test.  

c. Test of Bellows Seal. The control-rod drive-shaft bellows seal  
has successfully accumulated 7,567 cycles (for previous test  results  see 
Progress  Report for May 1965, ANL-7046, p. 6). 
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, 6 .  Vault Hatch Seals 

The vault i s  an extension of the cell-containment structure and i s  
used to house the equipment and systems directly related to the operation 
of the reactor and some cell  components. For  this reason cr i ter ia  for 
vault containment a r e  the same a s  for the cell. Access to the vault is 
primarily through hatches which a r e  used occasionally for equipment 
installation and removal. These hatches a r e  bolted and sealed when the 
reactor is in operation. In order to provide for testing without pressuriz-  
ing the entire containment, a double seal  was designed (see Figure 6). 

SEAL PRESSURE TEST TAP 

FLOOR 7 1 

HARD STOP SEOlENT 

Figure 6 

Vault Hatch Seal 

A tes t  was designed to measure leak ra tes  a t  30 psi at various 
compression of the seal  to ascertain the adequacy of the seal  design. The 
test  fixture (see Figure 7) i s  comprised of 40 in. of seal  and four corners.  
The test results to date using air a r e  summarized in Table VI. The tes t  
leak rates a r e  many orders  of magnitude (- lo6) below the allowable design 
leak rates. 

SEAL 
(PORT SECTION) 

\ 

I I (CASK SECTION) I ' I  
I 

I BOTTUM PLATEN 1 
l l.d 

HYDRAUL l C  
CYLINDER 
(HOIST) 

Figure 7. FARET Fuel and Equipment Transfer 
System Guide-Seal Test Fixture 



Table VI. Results of Leak-rate Test of Vault Hatch Seal 

(air a t  30 psig) 

Seal Leak Rate of Leak Rate per 
Compression, in. Test Fixture Linear Foot of Seal 

Tests  a r e  under way to determine if  the seal  can be reused and to 
determine the effect of distortion on the leakage rate. Tests using argon 
gas will be made in several  cases  to confirm the calculated leak rates based 
on the use of a i r .  

Additional tests  will determine whether o r  not the sealing material 
must  be replaced after each hatch opening. 

7. FARET Criticals 

Experiments with Care E of Assembly 46 of ZPR-3,  a mock-up of a 
possible multifuel-zoned core  loading for FARET, were done. The FARET 
core  design simulated consists of a central zone of 7 oxide-fueled (PuOz- 
U02) subassemblies, a third subassembly ring of 12 carbide-fueled (PuC-UC) 
elements, the fourth ring, with 18 subassemblies, containing the oxide fuel, 
and the fifth ring composed of 12 more  oxide subassemblies alternating with 
12 subassemblies of a Zr-Pu-U alloy metal fuel. Core 46D (see Progress  
Report for June 1965, ANL-7071, p. 16), an  ear l ier  mock-up design of this 
multizone system was found to be too reactive. A subsequent design, called 
46E, was started in early July, but was discontinued when the indicated 
cri t ical  volume was found to be too large to represent  the 61-subassembly 
FARET system. A readjustment of the zone fuel enrichments provided the 
Core F design and the desired mock-up geometry. Experiments completed 
with the 46F core include fuel interchanges in the different core zones and 
measurements of reactivity worth of mock-up FARET B,C control rods. 

In Core D, the average uranium enrichments of the three fuel-type 
simulations were 4070 for the oxide, 49% for the carbide, and 12% for the 
alloy. The compositions closely approximated those specified for a postu- 
lated initial loading of the FARET core. The mock-up design, however, pro- 
vided a critical core  loading equivalent to about 51 FARET subassemblies, 
compared to a designed 6 1 -subassembly representation. Consequently, the 
u~~~ enrichments in a l l  three of the fuel simulations were reduced to 33% in 



the oxide, 3770 in the carbide,  and 670 in the alloy, in the c o r e  designated 
46E (see Table VII). . 

Table VII. Core Zone Compositions for ZPR-3 Assembly 46E 

Loadings of 0.7807-liter core sections (25.48 x 5 . 5 4 ~  5.54 cm)  
of oxide, carbide, and alloy fuel simulation drawers.  

Composition, g / c ~  . composition, 1 0'' atoms/cc 

Material Oxide Carbide Alloy . Oxide Carbide Alloy 

The approach to c r i t ica l  with Core 46E was terminated a t  a sub- 
cr i t ical  loading of 124 d rawers  (equal to about 62 subassemblies) ;  the ap- 
proach curves  extrapolated to a cr i t ical  loading of about 138 d rawers  
(69 sub'assemblies). Indications were  that the c r i t ica l  loading would con- 
tain 12 oxide and 12 alloy c o r e  d rawers  of the fifth ring, and probably 
3 oxide and 4 alloy units in the sixth ring of co re  d rawers  in each assembly 
half. To reduce the c r i t ica l  volume and eliminate loading in a sixth ring, 
i t  was decided to increase  the uranium enrichments in the carbide and alloy 
fuel simulations,  and a new approach-to-crit ical  was begun with c o r e  46F. 

F o r  the Core 46F design, the uranium enrichment in the alloy fuel 
d rawers  was returned to 1270, that in the carbide was ra i sed  to 4570, and 
in the oxide the enrichment was left a t  3370. Table VIII gives the composi- 
tions of these three fuel simulations in Core 46F, and Figure 8 i.l.l.ustraf.es 
the hexagonal c o r e  a r rangement  mocking up the FARET geometry.  Except 
for the 51-cm c o r e  length for Core  46F, the dimensions and compositions 
of the various rcflcctor regions show~i  a re  Lhe s a m e  a s  specified for 
Core 46B. The 61 co re  drawers  per assembly half loading shown in 
Figure 8 had an  available excess  reactivity of 100 Ih a t  an  average c o r e  
temperature of 38OC. 

The zoned-c'ore loading of a sys tem like FARET introduces the 
hazard of inserting a particular fuel-type subassembly in the wrong fuel 
zone. An evaluation of the associated reactivity effects for such 

- 



occurrences  was made in a ser ies .  of fuel-interchange experiments in 
. Half No. 1 of the assembly.  Core drawers  with 0.78-liter co re  sections 

of a fuel type (oxide, carbide,  o r  alloy) were  substituted for drawers  of the 
other  fuel types in their  respective.  zones, with empha.sis on replacements 
of alloy and carbide c o r e  d rawers  for the l e s s  reactive' oxide fuel drawers .  
Replacements of ref lector  with fuel in the sixth.ring were  a l so  done. 
Table IX l i s t s  the c o r e  locations o'f the experiments and the resu l t s  of the 
substitutions. 

Table VIII. Core  Zone Compositions for  ZPR-3  Assembly 4 6 F  

Loadings of 0.7807-liter co re  sections (25.48 x 5.54 x 5.54 c m )  
of oxide, carbide,  and alloy fuel simulation d rawers .  

Composition, g/cc Composition, 10" atoms/cc 

Mater ia l  Oxide Carbide Alloy Oxide Carbide Alloy 

ASSEMBLY NU, 

4L-1- 
LOADING NO. 
- - -- 

Figure 8. Interface View of ZPR-3 Assembly 46F 



Table IX. Fuel Interchange .Experiments in ZPR-3 Assembly 46F 

Fuel-type compositions as specified in Table'VIII; reflector 
. . compositioli, 0.21 1 'g/cc Na,  6.38' i/cc. stainless steel, 

' 

. . . 
0.305 g/cc Al. ' 

Drawer Reactivity 
Location* Substitution in 0.78-liter Cor'e Section . ' Change (1h) 

-- - -- 

Carbide for oxide 
Alloy for oxide 
Carbide for oxide 
Alloy for carbide 
Carbide for oxide 
Alloy for oxide 
Oxide for alloy 
Alloy for oxide 
Oxide for reflector 
Carbide for reflector 
Reflector for oxide 

*See Figure 8. 

A program of B4C control rod mock-up studies was c a r r i e d  out to 
evaluate the basic design of the FARET control-rod system. The reactivity 
and burnup control of FARET will be provided by 12 enriched B4C poison 
rods located around the core.  ,Mock-ups of four of these , rods ,  simulating 
about 55 v/o B4C, 19 v/o Na, and 17 v/o s teel ,  were  made in ZPR-3, and 
the reactivity effects of various s tages of insertion of the rods were  mea-  
sured  subcrit ically.  Pre l iminary  analysis of the resu l t s  indicates a loss  
of 11 50 Ih (about 2.270 ~k/k) for  movingfour  70 a/o enriched rods in 20 in. 

Radial t r a v e r s e  experiments were  initiated with fission counters 
and reactivity samples .  

C. General F a s t  Reactor Physics  

1. Doppler Measurements with ZPR-6 

Doppler measurements  a r e  being made with Assembly 42  ( see  
P r o g r e s s  Report for May 1965, ANL-7046, p. 14) using a heated-sample 
technique. The work with u~~~ and with the reac tor  composition samples  
(7/1 u ~ ~ ~ / u ~ ~ ~ )  has  been completed, and a s t a r t  has  been made on the Sam- 
ples containing higher fractions of u ~ ~ ~ .  

The effect of thermal  expansion of a sample in the axial direction 
on the measured  reactivity effect has  been measured  for both u~~~ and 
7/1 0238/0235 samples  by comparing measurements  for two samples  identi- 
ca l  except that f r e e  expansion was allowed in one case  and axial  expansion 



was not allowed in the other .  (Special e lements  were  designed to make this 
possible.)  ' A smal l  negative reactivity effect due to expansion was observed 
f o r  the 7/1 samples ;  the u~~~ samples  gave a sma l l  positive effect. Both 
a r e  consis tent  with calculated es t imates  of the expansion effect in sign and 
in magnitude. 

The measuremen t s  on the effect of variation of rod s ize  with l - in . ,  
3/4-in., and 1/2-in.-dia UO, samples  on the Doppler effect were  completed. 
The measured  effect increased  with decreasing rod 'size. The difference in 
reactivity per  unit m a s s  of sample was about 207'0 between the 1/2-in. and 
l - in .  samples ;  the 3/4-in. sample gave r e su l t s  much c loser  to those of the 
1/2-in. r a the r  than the 1 -in. sample.  

The effect of carb ide  v e r s u s  oxide fuel samples  was tested wit11 a 
1/2-in. -dia u~~~ carb ide  sample.  A d i r ec t  corriparison ol. the 1/2-in. oxide . 

and carb ide  r e su l t s  is n0.L possible bccause the carbide i s  considerably 
m o r e  dense, but the carb ide  r e su l t  did fall about . midway.between . r e su l t s  
found f o r  1/2-in. and.  1 - in .  oxide samples .  

. . 

Finally,  a t e s t  was made to demonstrate  that the measured  ef fec ts  
a r e ,  in fact,  due to  low-energy neutrons.  A 1/2-in. -thick boron carbide 
f i l te r  was installed around the l - in .  UO, sample.  This sharply reduced the 
number of neutrons in  the Doppler energy region but did noL, according to 
calculation, remove all the neutrons in the upper Doppler energy region. 
The measured  reactivity effect was about 2070 of that without the boron 
f i l te r ,  in ag reemen t  with the calculation. 

2. On-line, C o r n p ~ ~ t e r  -proces  sed,  -- Centra l - rod  Calibration in ZPR-9 .. .- .- 

The DDP-24 computer  has  been s e t  up in conjunction with ZPR-9 . 

to provide routine on-line processing of rod-cal ibrat ion data in an  a r r a n g e  - 
ment  that is an extension of the off-line processing method ( see  P r o g r e s s  
Report. far January 1965, ANL-7003, p. 9). Starting with the reac tor  c r i t i -  , 

ca l ,  ,the rod  i s  slowly moved in the direct ion of decreasing reactivity.  Flux 
information i s  taken f r o m  the input data  s c a l e r s  and converted to reactivity 
a s  received. 

Rod mu Lion i s  monitored. hy counting pulses produced by a m i c r o -  
switch actuated by a cam on the rod-position-indicator shaft. Special  c i r -  
cui t ry is provided to eliminate the effect of contact bounce and to prevent 
a pulse f r o m  being m i s s e d  i f  i t  occurs  while the s c a l e r s  a r e  feeding infor -  
mation into thc computer .  

~ l u x ' . i n f o r m a t i o n  i s  obtained f rom a voltage- to-frequency concer te r  
connected to.one of the c u r r e n t  ampl i f ie rs  which is pa r t  of the r eac to r -  
instrumentat ion sys tem.  This gives much .better s t a t i s t i c s .  than a pulse 



counter,  s ince .a  moderate  ion chamber cu r ren t  represents  fa r  m o r e  events 
per second than a pulse counter can handle. Consequently, previously noted 
fluctuations in the reactivity curves  have been greatly reduced. 

\ 

The beginning and end of a run a r e  marked by the reac tor  operator  
with a switch connected to orie of the computer sense  l ines,  just  a s ,  for  the 
on-line period measurements .  After a run i s  complete,  the integral  worth 
curve for the rod i s  drawn by the computer graph plotter.  A suitable sca le  
i s  chosen so  that the curve f i l l s  the graph, which i s  annotated.with the appro-  
pr iate  scale  markings.  

The system has  been in routine use for rod calibrations for  ZPR-9.  
It has  been used for  rods worth up to 160 Ih, and i t s  resu l t s  have agreed  
accurately with calibration curves  obtained f rom positive period 
measurements .  

3. Z P P R  

The detailed design of the Z P P R  facility (Ti t le  11) was completed. 
The Title I1 drawings and specifications w i r e  t ransmit ted to the AEC to ex: 
pedite ear ly  solicitation for bids.  

Review of the Pre l iminary  Safety Analysis Report  was held with the 
subcommittee of the ACRS on July 7. As a r e su l t  of their  recommendation, 
preparat ions a r e  now being made for  cor.ing of the gravel  of the G r a v e l  
Gert ie  t e s t  s t ruc ture  and analysis  of the coring. 

The outside electr ical  and s t eam-  sys t ems  package i s  approximately 
557'0 complete,  and on schedule toward the completion date of August 24. 

The s tee l  beam posts for the pilings of the Z P P R . s t r u c t u r e  were  
received July 23. F ive  of the 53 posts appear  to have been slightly damaged 
upon a r r iva l .  The vendor has  been contacted for disposition. 

.The followirlg is a '  s ta tus  r epor t  on reac tor  components: 

a .  Reactor B'ed and Tables.  Pre l iminary  machine design drawings 
by the vendor, Giddings and Lewis Machine Co., F o r d  du Lac, 'Wisconsin, 
a r e  essentially completed. 

b. Matr ix draw el:^. The design work on the form tooling has  been 
completed.by the vendor, Mechanical Products  Mfg. Co., Seattle,  Washington, 
and shop work i s  about 307'0 complete. Design work on the perforating die 
has  a l so  been completed, and shop work has  s ta r ted .  The shop work on the 
t e s t  tube assembly has  commenced.. . . . 



c .  Matr ix Tubes. The o rde r  f o r t h e  ma t r ix  tubes was placed on 
July 21 with Van Vetter ,  Inc:, Seattle, Washington, who proposes to f ab r i -  
ca t e  the tubes f rom shee t  metal .  This is a different m'eth.odof.fabrication 
than has  been used for  ZPR-3,  ZPR-6,  and ZPR-9. The method appears  
feasible;  if the .supplier i s  ab1.e to produce'.these bjr this method within the 
specification, this .may ,provide a m o r e  economic' source  of these 
components. . .  . I .  

d. . Fuel  Rod Drives.  ,The fabrication.of the fuel-rod dr ives 'by  
McGee-Hogan of Sal t  Lake City, Utah, is approximately 40% complete. 

' 

The prototype rod dr ive has.  been subjected to approximately 400 complete 
cyc les  of operation with no malfunctions. Travel  t imes  for rod s c r a m s  
w e r e  measured .  Total t imes ,  including the magnet relay and manual s c r a m  
switch, for  90% of t rave l  (21.6 in.)  with the rod dr ive  attached to a loaded 
control  d rawer  inser ted  into a ma t r ix  tube a r e  a s  follows: 

Drawer  Total Time 
Loading ( l b )  Lapse (ms) 

. J 

35 . - .  . .210  . . 
: .  

" 26.  190 , 

0 165 

The d r ive  .rod t e s t  assembly  .was dismant1,ed and placed in  s tprage .  

e. Poison Safety Rod Drives.  Thc bid padkage for  the poison safety 
rod  d r ives  h a s  been sent  to prospective bidders.  The bids a r e  due back 
August 9. 

f .  Nuclear Instrumentation.  specification^ have heen corxlpleted 
and reviewed and a se rv ice  reques t  has bcen issued for their  procurement .  

D. General  ' ~ a s i  Reactor  Fuel  Development 

1. Metallic Fuels  

a .  Comrsatibilitv of I m ~ r o v e d  U-  P.u-based Fuels  with Potential 
, s 

Cladding Mater ials .  The recent  that Type 304 s tainless  s tee l  was .  
compatible- 18.5 w/o Z r  up Lo DOO°C ( s e e  P r o g r e s s  
Repor t  for  May 1965, ANL-7046, p. 19) has  encouraged us to make a s y s -  
temat ic  . . investigation of the U-Pu-Zr alloys with 304 s tainless  s tee l  and 
o ther  i ron-  and'nickel-base alloys.  s o m e  resu l t s  obtaiped with 304 stain- 
less . s tee1 ,  Hasteiloy-X and 1nco1oy 800 are  g ivcn ' in  Table X. The impor-  
tant points to be  noted a r e :  

(i) A decreasing zirconium content in t.he fuel lowers  the 
t empera tu re  a t  which melting of the reaction products occur s  for  both 
i ron -  and riickel-base alloys.  



(ii) Type 304 s tainless  s tee l  shows bet ter  compatibility (that 
is, a higher melting temperature)  than either Hastelloy-X o r  Incoloy 800. 
This suggests that increasing nickel content in the cladding degrades. i ts  
compatibility with the fuel. 

( i i i)  The reaction layers  formed a t  tempera tures  below melting 
a r e  very thin, suggesting good compatibility for extended periods.  P re l imi -  
nary extrapolation of the short- t ime data a t  650°C to one year  predicts  
about a 4p reaction layer  for the U - ~ u - ~ r / 3 0 4 '  s ta inless  s teel  combination. 

Table X. Fuel Penetration in to  304 Stainless Steel, Hastello'y-X, and lncoloy 800 Cladding 

Penetration (cm x 104) 

Temp U-16.6 wlo Pu-6.3 wlo Z r  U-15 wlo Pu-10 wlo Z r  U-18.5 wlo Pu-14.1 w/o Z r  

Cladding (OC) 7 days 17 days 42 days 7 days 17 days 42 days 7 days 17 days 42 days 

650 
700 

304 Stainless Steel 750 "Melted 
800 

8". 

700 
Hastelloy-X 750 "Melted 

800 
"Melted 

"Melted 

"Melted "Melted 

lncoloy 7% 16 38 
800 800 "Melted 

"Melting of the  reaction products and accelerated penetration occurred. 

In an  effort to explain the improved compatibilit of U-Pu-Zr  
alloys we simplified the system under study f rom U-Pu-Zrf i304 SS to 
U-  ~ r / / ~ e .  Two a r e a s  were  then investigated: 

(i)  The compatibility of U-Zr binary alloys with i ron  to de ter -  
mine i f  their  interaction was s imi lar  to the u - P u - z ~ / / ~ o ~  SS interaction; 

(ii) Phase  relationships in the U - Z r - F e  te rnary  to determine 
if the formation of liquid phase in the U-Fe system i s  suppressed by the 
addition of zircnni.urn.. 

Compatibility t e s t s  in the U - ~ r / / ~ e  system showed that melt-  
ing of the reaction products i s  prevented a t  800°C in U-Zr alloys containing 
m o r e  than 9.7 w/o Z r ,  in agreement  with resu l t s  obtained with the U - P U - Z ~ / /  
304 SS system. ~ u r t h e r m o r e ,  the phase studies indicated that the formation 
of liquid phases i s  suppressed up to 800°C in U-Zr -Fe  alloys containing 
zirconium concentrations in excess  of 9.7 w/o. These two a r e a s  of ag ree -  
ment substantiate the opinion that i t  i s  indeed the addition of zirconium to 
the U-Pu alloys that inlproves i t s  compatibility with s ta inless  s tee l  ra ther  
than a possible side effect. 



2. J acke t  Mater ia l s  

a .  Vanadium Alloys. Vanadium- ti tanium-base alloys have gener - 
al ly  favorable combinations of propert ies  for  use  a s  jacketing ma te r i a l s  
for  var ious potential fas t -  reac tor  fuels,  including the uranium-plutonium- 
f izzium fuel  alloys.  Since previous tes t s  have shown that vanadium- 
20 w/o titanium (TV-20) i s  one of the outstanding vanadium-titanium alloys 
for  uses  of this type, the fabrication development of TV-20 jacket tubes i s  
being pushed in a l l  i t s  s tages;  a lso,  the propert ies  of TV-20, including c o r -  
rosion behavior in oxygen-bearing sodium and the effects of modifying the 
composition, a r e  being investigated. 

Additional TV-20 tubing h a s  heen received f rom the Superior 
Tube Company, who drew th ree  tube-blanks furnished, by ANL to a f inal  
s i z e  of 0.653-cm ID x 0.051-cm wall. Of a , t o t a l  of 23.2 m of tubing received, 
represent ing  a 7870 yield (not incliiding pieces of finishcd tubing shor te r  than 
the required. 61 - cm minimum length), 22.5 m exhibited no defects  equal to 
o r  g r e a t e r  than 10% of the wall thickness.  The 0.7 m of defective tubing con- 
tained three  sma l l  defects,  with'two be'ing < 1070 and one (a lap)  being approx- 
imately 1070 of the wall in depth. 

As this  i s  the second batch of high-quality tu6ing received f r o m  
Super ior  Tube Company, i t  can  be  concluded that commerc ia l  tube-drawing 

, of this alloy has been demonstrated assuming that high-quality tube-blanks 
a r e  furnishcd fo r  redraw.  

The bas ic  components for a high-velocity pumped sodium loop 
( i . e . ,  the EM Pump and EM Flowmeter )  have been received. 'l'he e lec t r ica l  
wiring i s  cur rent ly  nearing completion, and the shop i s  constructing the 
necessa ry  sample sect ions.  Flow velocities of up to 9.1 m/sec should be 
possible a t  tempera tures  up to 650°C. Provis ions have been made for  a cold- 
t r a p  bypass  and another leg which may be used for  the installation of either 
a "pli~gging valve" o r  a hot t rap.  This t e s t  equipment will be used to evalu- 
a t e  the dynamic cor ros ion  behavior of those alloys which have demonslraled 
r e s i s t ance  to s ta t ic  sodium. 

Additional points were  determined for  the cor ros ion  curve  of 
'1"V-20 in sodium (containing 50 ppm oxygen) under s ta t ic  conditions. The 
thickness lo s s  was proportional to the exposure t ime (0-7 days) .  The los s  
r a t e  was approximately 0.8 x cm/day on each surface.  To this the oxy- 
gen penetration into the meta l  should b e  added to determine the total  meta l  
l o s s .  The la t tc r  values have not been obtained a s  yet  for this experiment.  

The problem of obtaining r e p r  e s  entat.ive sodium samples  a t  
elevated t empera tu res  for  oxygen analysis  i s  s t i l l  under investigation. Initial 
r e su l t s  of tes t s  in which nickel and s ta in less  s tee l  sample tubes were  used 
w e r e  inconclusive in determining if reduction of oxide formed.on  s tainless  



s t e e l  a t  r oom t e m p e r a t u r e  is the cause  of consis tent ly  high oxygen va lues  
found for  z i rcon ium-ge t te red  sodium s a m p l e s  withdrawn a t  high t e m p e r a t u r e s .  

A new sampl ing technique . i s  being developed that  wil l  p e r m i t  
flushing of the sampl ing tube with sodium f r o m  the liquid metal .  ba th  p r i o r  to  
pulling a s amp le  fo r  ana lys i s .  

'Exposure  of TV-20 spec imens  in z i rcon ium-hot -ge t t e red  sodium 
a t  550°C i s  now in p r o g r e s s .  

3. Fue l  fo r  Zero-nower  Reac to r s  

a. Ti tanium Allovs.  The  a i r - c o r r o s i o n  t e s t s  of the U- 19 a/o PU-3a/o T i  
and U-25 a/o PU-5 a/o ~i a l loys  ( s e e  P r o g r e s s  Repo r t  f o r  May 1965, ANL-7046, 
p. 30) have been  t e rmina ted ,  a s  both spec imens  complete ly  d i s in tegra ted .  
The  f o r m e r  r equ i r ed  58 weeks to  d i s in tegra te  and gained 14.4% in 'weight ;  , the 
l a t t e r  d i s in tegra ted  in  21 weeks  and gained 12.870 in  weight. The  U-25 a/o P u -  
10 a/o T i  alloy is s t i l l  being t es ted  a n d , ' a f t e r  21 weeks., h a s  gained no fu r t he r  
weight s ince  the o r ig ina l  weight  gain  of 0.3% a f t e r  13 weeks .  An al loy of 
U-25 a/o Pu-12  a/o T i  s im i l a r l y  t e s ted  h a s  shown no powder ing .o r  weight 
gain a f t e r  10 weeks  ( the  U-25 a/o Pu-10 a/o T i  powdered sl ightly and gained 
0.2010 in  weight a f t e r  10 weeks) .  

b. SEFOR Fue l .  The two SEFOR fuel  p la tes  ( s e e  P r o g r e s s  Repo r t  
fo r  F e b r u a r y  1965, ANL-7017, p. 34) show no swell ing o r  o the r  evidence of 
fuel  instabil i ty a f t e r  s t o r a g e  f o r  1 y e a r .  

Two SEFOR fuel  p la tes  manufac tu red  by NUMEC a r e  being t es ted ,  
one fo r  l ong - t e rm  s to r age  and one fo r  s imula ted  weld fa i lu re .  On the l a t t e r  
a s m a l l  notch was  f i led through the weld on one s i de  of the jacket .  No con-  
taminat ion was  detected.  A much  l a r g e r  notch was  f i led through the weld on 
the opposite s ide  and the two f ace s  of the jacket  s e p a r a t e d  sl ightly in o r d e r  
to  expose  the fuel.  Approximately 10,000 dpm w e r e  de tec ted  d i rec t ly  over  . 

this  notch. After  3 -mo s to r age  i n  a n  a i r - a t m o s p h e r e  glovebox, the fuel  
plate ha s  shown no swell ing o r  f u r t h e r  s p r e a d  of contamination.  

A s i m i l a r  t e s t  of a s imula ted  weld f a i l u r e  h a s  been  s t a r t e d  on a 
Z P R - 3  fuel  plate of P u - 1  w/o A1 al loy.  Approximately 100,000 dpm w e r e  
detected d i rec t ly  over  a l a r g e  notch f i l ed  i n  the jacket ,  bu t  a t  a d i s tance  of 
one inch f r o m  the notch no a act iv i ty  could b e  detected.  

Both notched fuel  p la tes  a r e  being kept  in  a c lean ,  a i r - a t m o s p h e r e  
4 

glovebox. They wil l  be  checked periodically fo r  swell ing and fo r  powdering 
of the fuel.  The glovebox will be  moni to red  to s e e  if any s p r e a d  in  con tam-  
ination o c c u r s .  



c , .  Design and Fabricat ion Methods. This program a ims  to develop 
a commercial ly  applicable design and to investigate potentially low-cos t 
methods for making Z P P R  and ZPR-6 fuel elements.  P la te  castings have 
been made of the following alloys to provide mater ia l s  for ignition tes t s  and 
for  determining fabrication charac ter i s t ics :  (i) U-25 w/o Pu-2.5 w/o Mo; 
( i i )  U-25 w/o Pu-2.75 w/o Ti; ( i i i )  U-20' w/o Pu-2.5 w/o Mo. (The la t te r  
ma te r i a l  i s  that being used for the ZPR-3 SEFOR cr i t ica l  tes ts . )  

P la tes  of the U-25 w/o Pu-2.5 w/o Mo were  rolled. A single- 
pass  reduction of 30% was made under the following conditions: (i) the bil let  
tempera ture  was 650°C; ( i i )  rol l  t empera tures  were  260°C; ( i i i )  the rol l  
speed was 76.2 m/min; ( iv)  the rol l  diameter  was 7.7 cm.  The resulting 
s t r i p  had rough edges but no la te ra l  c racks .  The s a m e  amount of reduction 
was made with the bil let  a t  610°C and the rol ls  a t  230°C. This produced a 
s t r i p  with seve re  l a t e ra l  cracking. It appears  that the bil lets mus t  be heated 
to a t  l eas t  650°C before worthwhile hot reduction can  be acconlplished. 

The U-25 w/o Pu-6  w/o Mo alloy corroded in  the hood a tmos-  
phere a t  tempera tures  above 500°C with 1500 ppm oxygen and 60 ppm water 
vapor in the helium. A loose black oxide was formed that brushed off easily 
a t  tempera ture  and spalled during cooling. The atmospheric  cor ros ion  was 
not catastrophic,  but would resu l t  in an  appreciable meta l  loss  during pro-  
cess ing  and a consequent buildup of fine oxide powder in the hood sys tcms.  
It appea r s  des i rab le  to protect  this alloy during hot working either by means  
of molten sa l t  o r  by a high-purity atmosphere.  The use  of a sa l t  coating has  
been tested,  and l e s s  than 51 p of carbonate sa l t  will protecl  Lhe surfsr.e 
during heating and rolling. 

d. Evaluation of Z P R - 3  SEFOR Critic.al Tes t  Wafers. P r e s e n t  work 
-, =-* 

i s  concerned with the evaluation of the production fuel componerlts atld cu l l i -  
pleted wafers  vendor -manufactured for use  in SEFOR cr i t ica l  tes ts .  

Fifty dummy wafers  and 17 fuel wafe'rs were  inspected visually 
and dimensionally for conformance tu L11e specifications. Ten adcl.iti.ona.1 
fuel c o r e  plates were  inspected visually and dimensionally, and samples  
f r o m  them were  submitted fo r  isotopic and spectrochemical  analysis.  A 
considerable  percentage of the wafers  showed evidence of poor edge-welding 
control  a s  produced by electrode misalignment o r  poorly aligned chills.  
In some c a s e s  there  was evidence of insufficient weld penetration. A s i m i -  
l a r  condition was  observed on wafers shipped to Idaho. The jackets on a 
sma l l  percentage of the wafers  were  not drawn in tightly against  the core .  
T h i s  indicates a lack of evacuation of leakage. Contamination in excess  of 
the specification was a l so  found on a smal l  percentage of the fuel pldtes. 

4. Carbide Fuel  Elements  

a. Fabricat ion of UC-PuC Irradiat ion Specimens. Fifteen mixed- 
carb ide  i r radiat ion fuel rods have been loaded by vibratory compaction. 



All specimens were  made by compacting a c o a r s e  fraction and infiltrating 
f iner  fractions.  T,en specimens of mixed UC and PuC were  assembled.  
The fuel charged to the specimens was calculated f rom the model sys tems 
and should have resul ted in homogeneous fuel columns of 8070 theoret ical  
density. X radiography of the fuel columns showed void regions a t  the tube 
wall near  the r e s t r a i n e r ,  indicative of low density resulting f r o m  the ab-  
sence of the fine fraction a t  the top of the column. This condition was con- 
f i rmed by autoradiography . 

The low density at the top of the fuel column was caused by the 
deviation of the carbide sys tem f rom the model. The mos t  significant dif- 
fe rence  between the theory and pract ice was that the model sys tem was 
made up of angular-shaped part ic les  of malleable ma te r i a l  while the c a r -  
bides were  highly br i t t le .  The effect of the br i t t le  nature of the fuel was to 
provide a wider range of par t ic le  s ize  during settling of the ma t r ix  than 
was introduced into the jacket a s  feed. Experience gained with some r e -  
jected specimens showed that 20% of a carbide fraction could be reduced 
to a sma l l e r  fraction during the loading of the m a t r i x  ma te r i a l  alone. Since 
the loading of the -325 m e s h  fract ion took a s  much a s  8 h r ,  a considerable 
at t r i t ion could be expected. Although one would not expect the generation 
of additional void volume by part ic le  cleavage, a s imi l a r  effect does exist .  

We have previously reported that the packing efficiency of regu-  
l a r  tetragonal shapes may be increased  by rounding the edges of the par t i -  
c les .  The inc rease  in packing efficiency of milled part ic les  i s  brought about 
by a t  l eas t  th ree  conditions: ( i )  the rounding of edges reduces the su r face -  
to-volume ra t io  (the part ic le  approaches spherical  dimensions);  (ii) the 
voids in the m a t r i x  have rounded walls that reduce res i s tance  to the entrance 
of the fine fraction; and (iii) extremely fine powders that r e su l t  f r o m  a t t r i -  
tion add another s i ze  fraction to the part ic le  s i ze  distribution. Since the 
extent to which the carb ides  would be affected by abras ion  i s  not known, i t  
i s  difficult to predict  the degree  of this effect. 

Five spccimens of solid- solution (U  - Pu)C were  assembled  in 
which maximum uniform dcnsity was des i red .  The void packing efficiency 
reached with these specimens was 86.7 5 1.670, which yields a theoret ical  
density of 84.4 + 1.570 for  the 97.570 dense part ic les .  X radiographs and 
autoradiographs of the mixed-carbide specimens showed uniform density 
over the ent i re  length of the fuel  column. Uniform distribution of plutoni- 
um inherent in solid-solution feed ma te r i a l s  was a l so  confirmed by 
autoradiograpl~y . 

One rod containing mixed carbide was made  on the bas i s  of in- 
formation gleaned f rom the solid- solution specimens.  The - 325 m e s h  
fract ion was made up of 18.4% UC and 81.6% PUG, added until no additional 
ma te r i a l  could be infil trated into the UC matr ix .  The finished fuel rod 
showed no voids in the X radiograph. The total packing fract ion was 86.070, 



the theoretical density 83.870, and the plutonium carbide content 19.37'0. 
Autoradiography revealed an  a r e a  approximately 3 cm long in the center 
of the rod to be low in plutonium content. 

5. EBR-I1 Test Fuel  Elements  

A total of 80 EBR-I1 t e s t  fuel rods,  16 EBR-11-type TREAT tes t  
specimens,  and 3 C P - 5  specimens a r e  being fabricated. The 80 EBR-I1 
fuel rods a r e  of four compositions: U -  10 w/o PU-10 w/o F z ,  U-15 w/o Pu-  
lOw/oFz,U-15w/oPu-lOw/oZr,andU-15w/oPu-lOw/oTi. These 
compositions a r e  being jacketed in TV-20 jacket tubes with varying sodium 
annuli. and void volumes. Four  specimens of each alloy a r e  being fabricated 
for  t rans ien t  t e s t  in TREAT. The 3 C P - 5  specimens, a l l  of the U- 15 w/o Pu-  
10 w/b Z r  alioy, will be s ta inless  steel Jackelell lu e ~ a i i i i n c  thc compatibil- 
ity of this alloy with the s tainless  s tee l  under irradiation. 

Four  of the U- 15 w/o Pu-  10 w/o Ti  and-4 U- 15 w/o Pu- 10 w/o Z r  alloy 
fuel pins have a density 1.5 g/cc below the expected density. Radiography 
did not show internal porosity to account for this low density. The pins a r e  
presently being heat t reated a t  550°C to determine whether the low density 

' i s  a r e su l t  of a retained gamma-phase condition. 

Assembly, welding, sodium bonding, and leak resting uf llic 00 E13R-I1 
t e s t  fuel rods have been completed. The sodium bond on 49 fuel rods has  
pa.ssed the eddy-current inspection, .and these rods have been shipped to the 
Engineering Irradiation Group for evaluation, encapsulation, and ir r adiatiurr 
testing . 

6. Extrl.lsi.on Development 

During the reporting period, (i) the la rge  extrusion p r e s s  was retooled 
to produce bar  of 6.4 x 51-mm c r o s s  section; ( i i )  the temperature range a t  
which potential ZPPR alloys can be hot worked was investigated; ( i i i )  the de- 
g r e e  of protection required by these alloys a l  the hot working temperatures  
was studied; and (iv) a t tempts  were  made to establish a capability of pro- 
ducing a single EBR-11-size pins by indirect extrusion. 

E. G P ~  era.1 Fast Reactor Fuel  Reprocessing Development --. ,. ..,.-- 

1. Skull Reclamation P r o c e s s  

Pilot-plant studies on a scale  of 1.5 kg of uranium a r e  essentially 
complete.  The development of plant-size (-4.25 kg U )  remotely operated 
equipment i s  under'way . 

The modifications in the alternative flowsheet ( see  P r o g r e s s  Report 
for ,Tune 1965, ANL-7071, p. 24) occur in the s tep following the noble-metal- 
extract ion step, a n  ear ly  s t ep  in both flowsheets and a r e  a s  fo'llows: uralliu~ll 



oxide suspended in the mdlten sa l t  phase i s  reduced with a 60 w/o Mg-Zn 
solution, and the metall ic uranium precipitates in the reducing alloy. After 
the reduction is complete,  both the Mg-Zn solution and the flux a r e  d is -  
carded  a s  waste.  The precipitated uranium i s  redissolved in a ~ n - l 4 w / o ~ ~  
solution and the product solution i s  t r ans fe r red  to the retor t ing operation. 

Five pilot-plant runs recently completed on the bas i s  of the a l te rna-  
tive did not yield any operational difficulties. The elapsed operating t ime 
for a run with the al ternat ive flowsheet was about 10 h r  a s  compared to 
about 18 h r  for  the previous flowsheet. Pre l iminary  analytical r e su l t s  were  
highly encouraging. Uranium losses  w e r e  low, about 2'7'0, and fission product- 
decontamination fac tors  were  s imi lar  to those obtained in pilot-scale runs 
with the previous flowsheet. Additional pilot-plant demonstrat ions of the 
al ternat ive flowsheet a r e  not presently planned. Additional development work 
on this process  i s  now being conducted in plant-prototype skul l -reclamation 
equipment ( see  ANL-7071, p. 25). 

2. Pyrochemical  P r o c e s s e s  

Compact, pyrochemical p rocesses  a r e  under development for pro- 
cessing f a s t  breeder  reac tor  fuels of the ce ramic  (e.g., oxide and carbide)  

' o r  metal l ic  types. 

In the development of cadmium-based p rocesses  for the recovery  of 
uranium-plutonium fuels,  liquid metal-molten sa l t  extraction procedures  a r e  
used f o r  the separat ion of uranium, plutonium, and fission products ( see  
P r o g r e s s  Reports  for March 1965, ANL-7028, p. 31, and for  June 1965, 
ANL-7071, p. 27). Two sys t ems  a r e  being considered for use  a s  the liquid 
meta l  phase: 85 a/o Cd-15 a/o Mg, and 70 a/o Cd-15 a/o Mg-15 a/o Zn. 
Information on solubilities of plutonium, uranium, and f iss ion products in 
process  solvents,  cor ros ion  of candidate ma te r i a l s  of construction, stability 
of uranium and plutonium solutions, distribution coefficients of fuel consti t-  
uents between liquid meta ls  and molten sa l t s ,  and other  physical proper t ies  
of pertinent sys t ems  is being reviewed and extended to determine which of 
the two solvents should be  selected for fur ther  process-development studies.  

An al ternat ive process  concept uti l izes separat ions based on the 
parti t ion of uranium, plutonium, and fission products between Cu- 10 w/o Mg 
and different Zn-Mg alloys in mutual contact with molten NaC1-KC1-MgC12. 
Existing distribution-coefficient data indicate that a lkal i  metal ,  alkaline 
ear th ,  and lanthanon i i ss ion  products will be t r ans fe r red  to the sa l t ,  plutoni- 
um to a Zn-3 w/b Mg alloy, uranium to d Zn-80 &/o M%g i l loy ,  arid the noble 
and ref rac tory  metal  f iss ion products to Mg-10 w/o Cu alloy. Experiments  
a r e  underway to t e s t  the chemical  feasibility of this type of separation. 

A supporting program to de termine  the cor ros ion  res i s tance  of 
f e r rous  alloys to copper -magnesium/chloride sa l t  sys t ems  i s  in progress .  
A screening t e s t  for  cor ros ion  res i s tance  of the following alloys was 



, . 
.: cbnducted: mild s tee l ,  1 %  C r  alloy s teel ,  Type 304 s tainless  s teel ,  and 

Type 405 s tainless  s teel .  Specimens of these alloys were  exposed to 
' C U - M ~ / M ~ C ~ ~ - N ~ C ~ - K C ~  mel ts  for 200 h r  a t  600°C and a t  800°C (purified 
chloride sa l t s  were  used in this tes t) .  Pre l iminary  resu l t s  indicate that , 

' the f e r rous  alloys a r e  promising container mater ia l s  for the sys tems 
tested. In copper alloys containing f i o ~  10 to 50 w/o magnesium, the 
cor ros ion  was generally within 0.1. to 1.0 mi l  for the '200-hr exposure a t  
600°C and a t  800°C. 

Since Zn-Mg alloys a r e  used in various liquid metal  processes ,  
solubilities of container mater ia l  constituents and fission products in these. 
alloys and their  constituent elements a r e  of interest .  The following solu- 
bil i t ies of i ron,  niobium, zirconium, and chromiurrl a t  800°C'were obtained 
during measurements  of distrfbutiun c ~ e f f i ~ . i c l i t s :  

Solubility (w/o) in. 

100 w/o Z n  50 w/o Zn-50 w/o Mg '100 w/o Mg 

Iron 7.7 
Niobium 3.0 
Zirconium 12 
Chron?ir.im , 1.5 

Engineering work related to the development of'continuous molten 
metal-molten sa l t  extraction processes  ( see  1-'rogresa 'Report  for Fel~2i.ia.l:~ 
1965, ANL-7017, p. 37, and March 1965, ANL-7028, p. 31 )  is underway in 
the following a r e a s  : 

a. Component T e s t  Loop. A simple test  loop is being assembled 
to gain experience in circulating molten MgC1,-based sal ts .  A centrifugal 
pump, previously successfully demonstrated a t  Oak Ridge National Labora- 
tory f o r  circulation of Molten Salt Reactor Experiment molten fluoride sal t ,  
has  been obtained for iristallaliu~l ill tlie t e s t  loop. 

b. Salt Purification Facili ty.  An engineering-scale facility has  been 
constructed for purification of la rge  batches (50 kg) of molten chloride (MgC1,- 
NaC1- KC1) salt .  Untreated sa l t s  containing MgClz a r e  extremely cor ros ive  
t o k a r d a l l  s teels  and contain la rge  quantities of insolubles and substances 
(par t icular ly water)  that r eac t  with UC13 to form UO2ClZand UOz. The impure 
chloride sa l t  mixture i s  purified by contact with a Cd-Mg alloy a t  550-600°C and 
then fi l tering a t  tempera tures  between 450 and 500°C through a s ta inless  s teel  
f i l ter  having 20-IJ- pores .  The f i r s t  batch of sa l t  has  been purified in the facilily. 
Analytical resu l t s  showed that the purified sa l t  mixture contained 0.26 w/o oxy- 
gen ( a s  MgO), which i s  about that expected for a f i r s t  batch of sa l t  that has  
been f i l tered through a new f i l te r .  Previous work has shown that the purity 
of the sa l t  increases  with continued use  of a fi l ter because of the buildup of 
a n  effective f i l te r  cake on the f i l ter .  This work indicated that an  o rde r  of 
magnitude deci-ease in oxygen content occurs  af ter  the f i r s t  use of the f i l ter .  



11. GENERAL REACTOR TECHNOLOGY 

A. ~ x ~ e r i m e n t a l  Reactor and Nuclear Phys ics  

1. Calibration, of Neutron Sources with ~n~~ 

Absolute and relative calibrations of neutron sour,ces a s  well a s  
experiments  rely heavily on the manganese bath technique, a method of 
moderating fas t  neutrons,  capturing them in manganese,  and then count- 
ing the ~n~~ activity. Since only 30 o r  4070-.of the original neutrons a r e  
absorbed by manganese for concentrations of 0.2 to 0.4 kg/liter MnSOl in 
HZO, i t  i s  essent ial  to have an accura te  knowledge of the actual a tom ratio 
of manganese to  hydrogen. This i s  a lso fundamental for evaluation of the 
effective manganese-to-hydrogen cross-sec t ion  ratio by variation of the 
concentration with constant source.  s.trength. 1 Oui. experi'ence,w.ith var ious 
methods of chemical analysis and dehydration has  led to the following 
technique, which reduces the problem to a .simple gravimetr ic  and volu- 
me t r i c  measurement  made at a constant tempera ture .  

Powder i s  taken f r o m  an unopened bottle of ACS -grade  manganese 
sulfate monohydrate and i s  quickly put in a bottle, which i s  then closed and 
rapidly weighed. The sal t  i s  dissolved with a sma l l  amount of HzS04 and 
HzOz in  HzO in a previously cal ibrated volumetric f lask.  This  basic  high 
concentration is subsequently used a s  a source  for  making dilute solutions 
in the same flask. 

To obtain the exact initial hydrogen content of the monohydrate, 
powder f r o m  the original bottle i s  weighed, gently evaporated to dryness  
a t  300°C, occasionally pulverized, and brought to  constant weight. The 
water  content of ma te r i a l  taken f r o m  two different bottles i s  about 1% 
grea te r  than the water  of hydration. 

Resul ts  a r e  presented in F igures  9 and 10. Reproducibility was 
bet ter  than 0.170. Additional points a r e  plotted represent ing information 
obtained f r o m  other   source^.^-^. 

A leas t - squares  fit to a polynomial of five o r  s ix  t e r m s  offers the 
best  agreement  with ou r  data.  If p i s  the density (i,n kg solution/liter 
solution) at  30.  O°C, then the concentration Cm (in kg Mnso4/kg solution) 

' ~ e  volpi', A. ,  and P o r g e s ,  K. G . ,  ANL-6797 (1963). 

2 ~ e r l a c h ,  G. T . ,  Zei t .  Anal. Chem.  28, 478 (1889). 

3 ~ a n d b o o k  of Chemis t ry  and Phys ics  (1959) (Chemical Rubber Publishing 
Co. ,  Cleveland, Ohio). 

4 ~ e e d e r ,  S .  D.,  Pr iva te  Communication (1964). 



Figure 9. Volume and Weight ConcellLrations of Aqueous 
MnS04 Solution in the Density Range from 
1.00 to 1.20 kg/liter. Thecurves drawn 
through the points are the least-squares . 

polynomials given in Eqs. (1) and (2). 
(Neg. No. 112-4684). 
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MnS04 Solution in the Density Range from 
1.15 to 1.40 kg/litei. The curves draw11 
through the points are the least-squares 
polynomials given i n  Eqs. (1) and (2), 
(Neg. No, 112-4685). 
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and Cv (in kg ~ n ~ ~ ~ / l i t e r  solution) a t  that  t empera tu re  a r e  given by 
- -. - 

'. . 
c, = -1.4088 + 1.4227 p t 0.56713 p 2  

and 

B. Theoret ical  Reactor  Phys ics  

1. Epicadmium Capture- to-Fiss ion Ratios of ~u~~~ and PuZ4l 

A study h a s  been made of methods that may be used for the de-  
terminat ion of capture- to-f iss ion ra t ios  of P U ~ ~ ~  and P U ~ ~ ~  in the epi- 
cadmium energy range.  These methods involve the i r rad ia t ion  of thin 
foils  (or  capsules) ,  followed by a combination of m a s s  - spectrographic ,  ' 

radiochemical,  and chemical  analysis .  

a .  F i r s t  Method: Short  Epicadmium Irradiat ion followed by 
Radiochemical and Mass-spectroscopic  Analysis.  The f i r s t  method i s  
s imi l a r  t o  that  used  in  EBR-I  experimental  studies ,5 except that  the foils  
a r e  covered with cadmium. An i r rad ia t ion  per iod of about 30 days a t  
40-MW power level  (T = Qepit 6 x  10") i s  sa t isfactory.  The value of 
a49 '. i s  given by 

ePl 

where 

azpi = epi thermal  capture- to-f iss ion r a t i o  o'f PU"~ ;  

Y~~~ = f i s s ion  yield of C S ' ~ ~ ;  

~ 1 3 7  = 
(7) 

isotope abundance of ~s~~~ a t  exposure  T ;  

N~~ = isotope abundance of P U ~ ~ ~  at  exposure  7 ;  
(7) 

N40 = isotope abundance of puZ4O a t  exposure  7 ;  
(7) 

5 
Grouthamel, C .  E . ,  Stupegia, D .  C . ,  and Stevens,  C .  M., Nucl. Sci .  Eng. 



T = @ x t ime;  

and 0 ' 7  is a small  correct ion t e r m .  

The concentration of c s'37 i s  found by radiochemical analysis,  
while the change in the puZ40 concentration,  AN^', and the ~u~~~ concen- 
t ra t ion  a r e  determined by mass-spectroscopic and chemical analysis., 

The maximum possible e r r o r  in the value of a: given by 
Eq.  ( 1 )  i s  -9 .5%. The la rges t  c o n t r i b u t i ~ n  to  ;his ca lcu la te2  e r r o r  i s  
that due to  the uncertainty in the value of fission yield Y ' ~ ~  o ~ , . c s ~ ~ "  ( - 7 % ) .  
According to  some me,asurements ,6 this uncertainty may be appreciably 
s malle  r than 770 . 

b. Second Method: Determination of the Epithermal  Value 
of a in T e r m s  of Thermal  Values. The second method, involving the 
i r rad ia t ion  of foils with and without cadmium doveis ,7  eliminates any need 
f o r  thef i ss ion-y ie ld  t e r m  Y ' ~ ~ .  The value of azpi i s  given by 

The maximum e r r o r  i s  -7%. The e r r o r  due to uncertainty of i s  
assumed to be 1.570. 

. %  c .  Third Method: Dual Irradiation. The third method in- 
volves' the i r radiat ion of two se t s  of cadmium-covered plutonium foils,  
one for  a long exposure  ( T I )  and one for  a short  exposure ( 7 ) .  This 
method eliminates the need for radiochemical analysis.  The value of 
azpi i s  given by 

where Co = T / T '  and T I  = @ t  5 .8  x 10'' not for foils with shor t  burnup. 
'l'he value of Co i s  determined with the aid of i r radiated foils of cobalt. 

' ~ a t c o f f ,  S.,  Nucleonics, - 18 (1  l ) ,  201 ( 1 9 6 0 )  

7conway, D. E . ,  Cook, H.  D. ,  and ~ u n s t ;  S.  B . ,  Nucl. Sci.  Eng. 22., 20 - 
( 1 9 6 5 ) .  



F o r  a reasonably accura te  . .  determination . of aTpi, i t  is r e -  
quired that  burnup of P U ~ ~ ~  be appreciable .  Values of maxlmum e r r o r  
a r e  given below for  different values of " T :  I '  

I r radiat ion T ime  in EBWR.. . 336 49 3 644 
T = @ t  (nvt) 6.5 x lo2' 9.6 x lo2' 1.26 x 

It appears  f r o m  the above analysis  that s h o r t - t e r m  ir radiat ion 
(-30 and 60 days)  of foils ,  with and without cadmium covers ,  should yield 
values of azpi and a check of Y " ~ ,  by the application of the f i r s t  two 
methods.  An additional long- te rm i r rad ia t ion  of cadmium-covered foil 

49 should a l so  yield aepi. 

d .  a49 in Fue l  E lements  Compared with a49 in Coolant- 
Moderator .  The placement of t e s t  foi ls  in a U-tube in EBWR could smooth.  
out resonance effects on the flux in the fuel e lements .  To evaluate these  
effects,  the value of a49 in the coolant was compared with the value of a49 
on the sur face  of fuel e lements  in the EBWR Plutonium Recycle Exper i -  
ment.  The l a t t e r  values were  evaluated with the aid of the RIFF-RAFF~ 
code, with 5800 groups spanning the energy range f r p m  0.532 to  85.5 eV, 
and allowing for  interference effects of u~~~ and u~~~ in  this  range.  The 
r e su l t s  of the calculation indicated: a:9pi in coolant i s  11% and 15% lower 
than corresponding values of a:9pi on the surface of a 1.5% enriched P U ~ ' ~ ,  

and 67'0 enr iched u~~~ foil e lement ,  respect ively.  

2. ZPR-7  Data Analysis 

P a r a m e t e r s  previously obtained ( see  P r o g r e s s  Report  for 
May 1965, ANL-7046, pp. 43-44) f r o m  THERMOS problems and f r o m  
three-group  GAM-I problems using Hanford c r o s s  sections for  u~~~ and 
u ~ ~ ~ ,  w e r e  used to calculate var ious  quantities for  a l l  the Hi-C and 
BORAX-V uniform la t t ices  studied in ZPR-7 .  Among the quanti t ies cal-  
culaLed were  rad ia l  ref lector  savings,  u~~~ to u~~~ fiss ion ra t io  (6 28) ,  

ini t ial  conversion ra t io ,  and the ra t io  of capture  to f iss ions  in  u~~~ 
(a25). Agreement between theory and experiment  was r a the r  good for r e -  
f lec tor  savings and a 25. ca lcu la ted  init ial  conversion ra t ios  were  
usually higher than experimental ,  especially for  the looser  la t t i ces .  In 
the ca se  of 628, agreement  was not good, a s  exper imental  values w e r e  
considerably higher than theoret ical  ones .  

Heterogeneous effects in the fas t - f iss ion range were  investigated 
and found to  be sma l l .  I t  i s  believed that  the disagreement  between - 

theory and experiment  on 628 i s  p r imar i ly  a resu l t  of inadequacies in the 
c r o s s -  section data.  

* ~ i e r ,  P. H., "RIFF-RAFF, A Program for Computation of Resonance Integrals in a Two-region Cel l ,"  
ANL-7033 (May 1965). 



- C. High-temperature Mater ials  

1. Ceramic  Fue l  Mater ials  

a .  ( ~ h - U - P U )  Sulfides.  Experiments  were  begun on the oxida- 
t ion of 'uranium monosulfide wherein a gas  chromatograph detector was  
used  for  measurement  of react ion r a t e .  The resu l t s  of calibration t e s t s  
and pre l iminary  oxidation runs indicatk that the chromatograph i s  opera-  
ting sat isfactor i ly .  

Seve ra l  runs  were  made with US pellets at  700°C in  an a t -  
mosphere  of hel ium containing 0.3.75 v/o oxygen. P a r t  of the outer oxide layer  
on a sample  that was exposed for 2 h r  powdered and fell  off during the 
run.  Analysis of the gaseous react ion products revealed a considerable 
amount of SO2. ~ r e v i o u s l ~  reported r e su l t s  indicate that a-US2 a lso  i s  a 
react ion product. 

Additional experiments  a r e  planned to m o r e  completely iden- 
tify react ion products and better charac ter ize  the oxidation p rocess ,  

b. ( ~ h - U - P u )  Phosphides.  Studies 'have continued of the r e s i s -  
tance of uranium monophosphide to cor ros ion  by various media.  Although 
U P  powder exhibited virtually no weight change af te r  being immersed  in 
boiling water  for  2 h r ,  chemical. analysis  showed a measurable  oxygen 
pickup. F o r  example,  one sample ,  which had an original oxygen content 
of 0 . 1 3 %  showed an  inc rease  to 0.3270 af ter  two hours  in boiling wa te r .  
Relatively pure U P  powder (containing 0.0670 oxygen) exhibited ar l  in- 
c r e a s e  in oxygen content to 0.0970 on standing in air for one day and a 
fu r the r  inc rease  to  0.1270 on exposure to  a i r  at  room tempera ture  for  five 
additional days.  S imi lar  powder showed l i t t le  reaction with concentrated 
phospho.ric acid a t  room tempera tu re  but reacted violently with hot H3P04. 
The resulting solution was g reen ,  indicating that the uranium was  oxidized 
to  the te t ravalent  s ta te .  

A s e r i e s  of t e s t s  is'being conducted to  determine flexural strength 
of the composition 38 w/o uranium phosphide -62 w/o uranium dioxide a t  '. 

var ious  t empera tu res .  Specimens w e r e  made by bal l  milling the 
38 w/o UP-62 w/o U 0 2  for  5 h r  in  xylene, adding .1 w/o of s t ea r i c  acid a s  
a .b inde r ,  and d ry  press ing  the mixture.  Because of laminations,  the 
p r e s s u r e  was lowered to  700 kg/cm2 to produce sound specimens.  The 
b a r s  formed,  6.4 m m  wide by 57 m m  long and slightly l e s s  than 6 .4  m m  in 
th ickness ,  were  f i r e d  in vacuum a t  1900°C for  2 h r  and had an average 
density of 9770 of the theoret ical  value. 

c .  Anelasticity of Some Uranium Compounds. ' Additional data  
on the effect of the oxygen content on the elast ic  modulus of uranium 



oxides a r e  shown in .Figure 1 . . 1 ., Specimens with two differ,ent gra in  s izes  
were,  tes ted,  and apparently , this  .factor did not have. bearing upon the elast ic  
modulus .9 F igure .  11 suggests that a change in. the. oxidation mechanism 
occurred  when the O/U ratio reached a value of about 2.06. 

Figure 11 

Effect of O/U Ratio on the  ~ l a s t i c  Modulus of 

In o r d e r  to  elucidate this point metallographic studies of the 
specimens with a gra in  s ize of 12 y were  performed.  The micros t ruc ture  
of a sample with O/U ratio of 2.027 showed a marked' contrast  with that bf 
a specimen with O/U rat io  of 2.005. Cracks  had propagated along the . 

gra in  boundaries, and a considerable amount of etch pits had appeared i n  
the center of the gra ins .  A second phase with a needle-like shape was 
detected. According to  the phase d iagram of ~ r o n v o l d l o  this  must  be 
U 4 0 q ,  which had precipitated upon cooling. The second phase was con- 
centrated near  the surface,  indicating that there  was .an oxidation gradient. 
A sample with an O/U ratio of 2.051 showed extensive cracking and etch 
pi ts ,  and the second phase was more  uniformly distributed. In specimens 
with O/U ratio between 2.06 and 2.082 the amount of c racks  and etch pits 
remained invariable with respec t  to , the  sample of O/U rat io  of 2.051. The 
amount of  second phase increased as the O/U ra t io  became l a r g e r .  

1;1 4 0 -  
I= 5 3 0 -  
w 
n 
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Comparison of the elast ic  and metallographic studies performed 
up to  the present suggests that a probable cause of the la rge  decrease  of 
the Young's Modulus on the f i r s t  s tages of the oxidation might have been 
due, to a large degree,  to  the c racks  originated by the s t r e s s e s  introduced 
by the diffusion of oxygen intn the body. 

9 ~ h e  elast ic  modulus was determined by a sonic method. 

2.00 2.02 2.04 2.06 2.08 
o/u RATIO 

AVERAGE GRAIN SIZE 12 p 
- o AVERAGE GRAIN SlZE 33  p 
- 

1 1 1 1 1 1 1 1 -  

O ~ r o n v o l d ,  F. ,  High-temperature X-ray Study of Uranium Oxides in the 
U02-U,Os Region, J .  Inorg. Nuclear Chem. ,  - 1, 357-370 (1955). 

Uranium Oxide a t  Room ~ e m ~ e r a t u r e  



Apparatus for  the determination of the elast ic  modulus and 
internal  friction a s  a function of tempera ture  i s  being erected.  The main 
problem encountered has  been that leaks around the electrodes have madc 
i t  difficult to  obtain a good vacuum. 

d.  Uranium- mixed- anion Sys tems.  Phase  equilibrium in the 
s y s t e m  UC2-US i s  being investigated a s  a necessary  adjunct to the study of 
the s y s t e m  UC-US. one-phase  uc i s  difficult to make,  and the hyper.- 
stoichiometric mater ia l  a lmost  always contains UC2. Consequently, any 
prac t ica l  application of the UC-US sys tem would require  a knowledge of 
react ions in the s y s t e m  UC2-US. This sys t em most  likely i s  not a t rue  
binary. 

~ o m ~ o s i t i o n ' s  of  UC2-10 w/o US, - 2 5  w/o U S ,  -50 w/o U S ,  and 
-75 w/o US were  mixed by ball  milling in xylene and d ry -p res sed  specimens 
w e r e  equilibrated in vacuum a t  1 6 0 0 ~ ~  for 4 h r .  Examination by X-ray 
diffraction showed that reflections for US were  a'bsent f r o m  all pat terns  
except for UC2-75 w/o US. Apparently US i s  soluble in UC2 u p t o  
50 w/o US. The te tragonal  s t ruc ture  of the UC2 i s  expanded in tbe " a "  
direction with the solution of US, and the "c"  dimension remains  constant. 

Nevy determinations of th.e liquidus curve in the UP-US sys tem 
show a maximum melting point a t  approximately UP.-  30'70 US, confirming 
e a r l i e r  resu l t s .  The existence of a melting-point maximum i s  unusual, 
but not unique. S imi lar  maxima have been observed in  the sys tems 
U C - U S  and Pu02-U02.  Huwe.ver, a s a t i s f a ~ t o r y  explanation for the occur-  
rence of this  phenomerion has  not as yet been advanced, 

2 .  Liq.uid-M.etaZ Corros ion  
. -  . 

a .  Polar izat ion Studies. The tempera ture  of oxygenated sodium 
in the polarization cel l  has  been reduced to 400°C to avoid the previously 
reported.  difficulty attributed to absorption of surface f i lm oxygen by 
underlying zirconium sample metal.  ( s ee  P r o g r e s s  Report for  May 1965, 
ANL-7046, p. 49).  Although this problem appears  to  have been eliminated 
sufficiently, t e s t  runs with zirconium electrodes polarized anodically in 
the 400°C (central  temperatur.e) ,sodium have ~ r o d u c e d  sample-surface 
f i lms  having numerous metall ic spots .of the s o r t  previously cor re la ted  
with mois ture  impuri ty .  Whether the effec.1 is i ~ ~ h e r e n t l y  rIiore severe  a t  
this  tempera ture  o r - w a s  due to  an excessive moisture  level for this  
par t icu lar  expeximent i s  being determined.  

A rod sample of TV-20 was  expoccd for about 21 h r  t o  highly 
oxygenated sodium a t  540°C to determine i t s  suitability a s  a polarization 
t e s t  specimen. The sample lost  weight (about 1 mg/cm2), and no so*- 
face f i lm suitable to  low current  pblarization studies was evident. A 
number of spot blemishes s imi l a r  to those associated with moisture  
impurity were  observed.  



Of incidental in te res t  is an effect seen when f r e s h  sodium i s  
initially combined with Na202,  p r io r  to t e s t s ,  to produce oxygenated 
sodium. Normally,  145 g of sodium and 4 g of Na202 a r e  heated' together 
in argon to produce sodium containing near-saturat ion concentrations 
of (presumably)  Na20 at the t e s t  t empera tu res .  During heating, the r e -  
action with f r e sh  sodium i s  occasionally quite vigorous,  somet imes  
audible, and on occasicin has  caused 1,oss of sodium past the O-r ing gas  
sea l s  of the cel l  c.over. -A cover clamp has  been added to prevent the 
leakage of sodium. No a i r  f i r e  has  occurred  with escaped, initially molten 
sodium. 

b. Lithium Corros ion  Studies at  Elevated Tempera tu res .  One 
tantalum alloy ( ~ a - 8 . 5  w/o W-  2.5 w/o Hf), one molybdenum alloy 
(MO-30'w/o W), and unalloyed specimens of tantalum and molybdenum 
were  exposed to l i thium for  8.5 days a t  1200°C under slightly posit ive,  : 
iner t -atmospheric  p r e s s u r e .  Alloys (and t e s t  l i thium) were  contained in 
unalloyed capsules of the i r  respect ive base ma te r i a l s .  

Mktallographic examination revealed that the Mo- 30 w/o W 
alloy had experienced no attack and no change in  mic ros t ruc tu re  during 
cor ros ion  testing. There  was no evidence of cor ros ion  of the molybdenum 
capsule along i t s  in te r ior  wal ls .  However,  a slight intergranular  attack 
was  detected on the bottom in ter ior  sur face .  No change in weight of 
the alloy inse r t  was observed.  

The Ta-8.5 w/o W-2.5 w/o Hf alloy suffered no corr-osion.  
attack during the t e s t .  Some fabrication (roll ing) effects were  s t i l l  - 

apparent af ter  the t e s t .  Corros ion  penetration was found to be r a the r  
seve re  a t  the bottom in ter ior  surface of the tantalum capsule.  There  
were  no significant weight changes for e i ther  tantalum alloy specimens.  
However,  considerable penetration was noted in the case  .of unalloyed 
tantalum. 

The th ree  heat-zone assembl ies  and power supplies f o r  
high-temperature l iquid-metal-corrosion studies have been received.  The 
inktallation of this equipment in the vacuum chamber i s  now in p rogress .  

3 .  Component Surveillance Loop 

A loop designed to t e s t  the effects of 1200°F sodium on engineering- 
s i z e  samples  and components is about 8070 complete.  Delivery i s  expected 
approximately by August 15, 1965. 

The sodium tank has  been welded and i s  now being leak tested and 
dye checked. Construction of the loop will proceed a s  soon a s  the tank i s  
del ivered.  



A continuous oxygen-analy s i s  me te r  has  been r e c e i ~ e d .  The ent i re  
assembly of water -  and oxygen-analysis equipment has  been mounted in a 
console for attachment to the loop when it i s  made operational. The 
assembly of the init ial  wear-testing device to be used in the loop i s  largely 
completed. A number of refinements of the loading apparatus a r e  in 
fabrication. This unit will be assembled for pot testing a s  soon a s  al l  of 
the needed components a r e  received. 

Dimensional analysis  of the pa ramete r s  included in wear  testing 
of ma te r i a l s  resulted in the development of a function which will be used 
to  cor re la te  the resu l t s  of the wear-testing studies.  . 

4. I rradiat ion Testing 

a .  Vibratorily Compacted UC-PUG. The postirradiation exami- 
nation of specimens f r o m  capsule ANL-56-7 was begun. Four  specimens 
a r e  vibratorily compacted, physically mixed powders of UC-20 w/o PuC,  . 
and two a r e  vibratorily compacted PUG powder. The specimens were  
compacted to -80010 of theoretical density. The fuel i s  3.9 m m  in diameter  
and 51 m m  in length. Overal l  specimen length i s  82 111111. The cladding 
mater ia l s  a r e  ei ther  Nb-1 w/o Z r  o r  Type 304 s tainless  s teel ,  both 
0.23 m m  thick. Maximum cladding surface tempera tures  ranged f r o m  
550 to 675OC at heat ratings of 169 to 212 ~ / c m .  Est imated burnup ranged 
f r o m  5.3 to  6.8 a/o metal  a toms (1.4 x lo2' to 1.8 x 10" fiss/cc).  A 
summary  of the i r radiat ion conditions and the postirradiation examination 
Lu dale is give11 in Tablo XI, 

a h l p  XT Irradiation Summary for Capsule ANL-56-7 - 
tst lmdted 
Burnup Linear Heat Clad S ~ ~ r f a c e  

Specimen C i n  PuC. Fisslcc Rating. W/cm Temp, OC Max 
No. Fuel Cladding w/o a10 x 1021 Avg Max Avg Max %ADla %AL %Avo1 

C-43 PuC Nb-1 wlo Z r  4.24 5.3 1.4 167 169 510 550 0.1 Neg. 0.3 

F-8 PuC 304 SS 4.21 6.0 1.6 196 212 605 675 14.3 2.0 

F-19 UC~~OWIOPUC 30455 5.10 5.8 i.5 171 148 , 525 570 2.8 0,3 - 3.5 

F-20 UC-20 WIO PuC 304 S S  4.76 6.8 1.8 194 205 600 645 4.7 1.3 7.3 

C-72 UC-20 wlo PuC Nb-1 wlo Z r  5.10 6.8 1.8 188 194 575 635 0.2 Neg. 0.4 

C-70 ~C'20 w/o PuC Nb-1 wlo Z r  4.74 6.8 1.8 196 199 600 650 0.4 Neu. 0.5 

None of the mixed-carbide specimens failed. 'l'he specimens 
in Nb- 1 w/o Z r  alloy cladding showed negligible changes in dimensions. 
The maximum volume change a s  measured by liquid displacement was 
0.5%. The s tainless  s teel-clad mixed-carbide specimens showed l a rge r  
volume changes, the magnitude of which depended upon burnup and heat ' 

rating. A maximum diametra l  change of 7.3010 was observed, indicating 
that the s ta inless  s tee l  s t i l l  possessed a high level of ductility. . 



The PuC specimen jacketed with N-b- l:w/o Z r  alloy w a s  a l so  
intact. The s tainless  steel-jacketed specimen showed a clad . rupture near  
the top of the fuel section af ter  a maximum diameter  increase  of 14.370, thus 
indicating to a g rea te r  degree 'the retention of ductile propert ies  of the 
s tainless  s teel .  The fue1,showing through the split appeared to be massive 
and not powdery. Swelling was res t r ic ted  to the fuel section and was 
accompanied by a double bowing of the specimen. The bowing was caused 
by axial fuel expansion and. external.  res t ra in t  on the 'spec.imen. 

D.  Other Reactor Fuels  and Mater ials  Development 

1.  Nondestructive Testing . . 
.. . 

. . . . 
a .  , Ultr,asonic Instrument and. Transducer  Development. . A 

Schlieren. system, fo r  %ob,serving pulsed ultrasonic waves i s  being assembled.  
The sys t em i s  s imi l a r  to the continuous-wave Schlieren sys tem utilized .. 

ear l ie r .  in t ransducer-probe s tudies .  The pulsed sys tem,  however, bill 
contain a light source ,  EG & G flashtube F X -  3 1, which. i s  synchronized .with 
the pulse generator .  The required electronic c i rcu i t ry  i s  under 
construction. . 

. . 
, : 

b.  Development of a Neutron- image ~ntensif icat ion System. The 
image-intensifier t e s t s  conducted with the Cm-Be neutron sources  h a v e .  
been completed. The 12. sources  had .a  total fast-neutron yield of about 
6 x lo9 neutrons/sec at t h e  t ime of the imaging t e s t s .  The  moderator  tank, 
made for neutron activation s tudies ,  was used in the initial t e s t s .  The 
twelve sources. .were ar.ranged.in a water-fi l led tank ar0und.a  central  
tube . .  The moderated neutron beam f r o m  the cent ra l  tube was collimated 
by two boral  sheets ,  each containing a 2.5-cm-dia hole,  and the neutron 
beam was detected by the image . intensifier.  F o r  ease  of manipulation the 
intensifier and collimators were  positioned below the moderator tank. 

The height and radial  positions of the sources  were  approxi- 
mately optimized a s  indicated by a BF3 counter.  The neutron image was 
not detected, with the closed-circuit  vidicon television sys t em 
(f/2.0 lens) ,  but was detectable visually by using a m i r r o r  sys t em to 
view the output phosphor of the intensifier tube. The neutron. intensity 
under these c i rcumstances ,  a s  determined by gold foil i r radiat ions,  was 
1.53 x lo5 total  neutrons/cm2-sec with a cadmium ratio (1/2-mm-thick 
cadmium cover)  of 2.3. The the rma l  neutron intensity was ,  therefore ,  

2 about 8 x lo4 n/cm - s e r .  This neutron intensity would be expected, f r o m  
. . 

previous;.me,asurements at  the reac tor ,  to be visually detectable by use 
of the intensifier but not detectable by use  of the vidicon television 
sys tem.  The collimation of the neutron beam was poor ,  but g r o s s  objects 
could be shadowed. 

The sources  were then ar ranged in a g lass  water  tank and the 
beam was taken directly f r o m  the bottom of the tank below the sources .  



The neutron .intensity was significantly improved', and the optimum po- 
sit ion of the sol-~rces  within the moderator  tank could easily be determined 
by visual  observation of the intensifier-.output phosphor. The total  
neutron b e a m  intensity was 2.55 x lo5 n/cm2-sec with a cadmium rat io  
of about one. Images were  detectable with the television sys tem,  but the 
need fo r  improved. collimation was s t i l l  apparent.  

. . 
. . 

The t e s t s  indicate that fast-neutron yields of the o rde r  of ' 

10" neutrons/sec o r  more  will be necessary  in o r d e r  to  provide a useful 
neutron b e a m  for imaging applications. . 

c .  Infrared Sys tems for  Nondestructive Testing. Pre l iminary  
t e s t s  were  performed to determine,,the optimum detector delay t ime and 
fuel- sample velocity. The sample used was a 1.4-rnm aluli~inum=.clad 
flat  fuel plate with known defects.  The surface of the s a k p l e  under in- 
spection was  coated flat  black to provide unifornl*absorption and emission 
of radiant energy. The detector  spot was focused a t  var ious dis tances 
f r o m  the heat  l ine,  and the scans were  made at  various velocities.  

The best  t e s t  resu l t s  to date have been obtained with heatrand 
detector  spot separat ion of 2.5 c m .  The scan. Speed was experimentally 
determinkd to be 4 cm/sec.. Because of strong s t r ay  radiation f r o m  the 
heat  source  entering the rad iometer ,  .a heat detector  spot t ime separation 
l e s s  than one second was  unobtainable. ,A light shield will be in'stalled to  
obtain' heater-detector  spot separat ion of ,one second o r  l e s s .  

Work on an inf rared  heat source has  been renewed. A 1000-W, 
115-V projection lamp ( ~ ~ l v a n i a  Type GTS) is now used for the heat source .  
The ref lector  is a 172-mm-dial  98-mrrl-focal-length, f i r s t - sur face  m i r r o r ,  
The projected s i ze  of the fi lament i s  6 x 6 c m .  

E . Engineering Development 

a. Void Fract ion-  - P r e s  sure-drop  Faci l i ty .  This  facility i s  's t i l l  
inoperative pending completion of r .epairs.  

2. Boiling Liquid Metal Technology 

, a .  Niobium- 170 Zirconium Loop. Construction i s  complete and 
the lo'op was cra ted  for  shipment. The final inspection and leak-check 
were  made at  this  t ime  and witnessed by ANL staff. T h e  well X- iays  
.have been received and will be reviewed before final acceptance of the 
loop assembly.  



The loop-support s t ruc ture  assembly,  heater  and preheater.  
units, and the ref lector  and balancing assembl ies  a r e  95yo complete and 
delivered, with the: exception of the tantalum .components . . Vendor delays 
have caused an overal l  delay in schedule of 12 weeks.  

The clean assembly room required for housing the ~ b -  170 Z r  
' 

loop until it i s  placed in the vacuum chamber i s  under construction. 

Instrumentation procurement and assembly a r e  in p rogress .  
The chromel-alumel  thermocouples will be delivered in ear ly  August. The 
p res su re  t ransducers  and oven a r e  complete and ready for install.ation. 
The NaK cooling sys t em for the electromagnetic flowmeters i.s nearly 
complete. The argon; and sodium-purification sys tems a r e  being fabri-  
cated. Bids for the residual  gas  analyzer have been received and a r e  being 
evaluated. 

The data-acquisition sys tem has  been del ivered,  and the com- 
puter routines for data  analysis a r e  under study. 

The vacuum sys tem was operated for considerable periods of 
t ime.  Overnight, unattended operation of the pumping sys tem,  the liquid 
nitrogen sys tem,  and the chamber oven i s  feasible.  The chamber was baked 
extensively and vacuum levels in the 1 ~ - ~ - ~ o r r  region were  obtained. The 
chamber bakeout revealed an insufficient hea ter  capacity for  the base of 
the chamber and that some contamination of the ion gauge probably occur s  
when the.'liquid nitrogen t r a p  i s  inoperative for  long periods.  The sys t em 
was shut down preparatory to installing additional hea ters  and thermo-  
couples and for  conversion to a two-zone heater-control  sys tem.  An 
operating manual for this  equipment i s  being written.  

b.  Heater  Experiments  

(i) Thermal  Radiation Heater  .- . Experiment .  This experiment 
has been terminated Z n d a i c a l  repor t  i s  forthcoming. 

. . 

. . (ii) Electron Bombardment Heater  Experiment .  The new 
power leads have been installed,  and the vacuum sys tem has  been reworked 
to provide a p res su re  of 4 x T o r r .  After degassing, this  sodium 
pool-boiler will be brought back up to tempera ture  to t e s t  the pew design. 

3 .  General  Heat Transfer  

a .  Heat Trans fe r  in Double-pipe Heat Exchangers  

(i) Countercurrent  Flow. Initial programming of the present  
. - 

I - . formulation of the countercur rent-flow hcat-  exchanger problem for  ex- 
p ln r a to ry  computations with lhe CDC-3600 has  been essentially completed, 



and "debugging" i s  in p rogress .  The formulation applies to turbulent 
l iquid-metal heat exchange in a concentric-tube exchanger with a narrow 
annular space,  and will determine both fully developed heat t r ans fc r  co- 
efficients and the new design factor called the "Ef,fectiveness Coefficient." 
A heat-exchanger configuration of adjacent paral le l  plane channels has  
a l so  received consideration. 

(ii) Cocurrent  Laminar  Flow.-...Computations related to  the 
gene ra l  problem of cocurrent  laminar  flow in a concentric-tube exchanger 
.have been completed (see  P r o g r e s s  Report for  March 1965, ANL-7028, 
p. 58). Because of t ime limitations specified for this  problem, together 
with the usual  difficulties encountered in the use  of new equipment, the 
or iginal  plans to make full use  of the hybrid (analog/digital) computing 
faci l i t ies  were  not followed. Valuable experience in t h e  u s e  of such 
equipment, however,  .was obtained. 

b. Heat Trans fe r  in  Liquid-metal-  cooled Reac lvr  Chaniscl~ 

(i) Nonuniform Heat Flux.  A new r e s e a r c h  topic, a s  formally 
propbsed for  F Y  1966, was begun this month. This topic re la tes  to the in- 
vestigation of new methods for  the prediction of tempera tures  in liquid- 
metal-cooled reac tor  channels with nonuniform heat-flux distributions.  
These  methods do not rely upon the traditional use  of heat t r ans fe r  coeffi- 
c ien ts ,  but introduce "higher o rde red"  coefficients which a r e  independent 
of the flux distribution, and, when accuracy i s  des i red ,  offel- computational 
procedures  which are potelltially more  convenient. than traditional methods. 
Computation of var ious quantities related to the determination of these 
"higher o rde red"  coefficients was assigned a s  a problem for  th ree  graduate 
students in  the AMU -ANL Summcr  Engineering P rac t i ce  School. These 
computations have been completed for  a paral le l  plane channel  over a 
P rand t l  number range f r o m  0.003 to 0.03, and for Reynolds numbers  up 
to  lo6.  

4. Elec t r i c  Master-Slave Manipulator Mark E4 

One slave a r m  i s  about 85% complete.  The remaining components 
to  be fabricated consist  of the support stl-uc'ture; some of the g e a r s  for 
the a r m  motions,  th ree  g e a r  housings, and the cooling sys t em ... The : 

m a s t e r  a r m  for  this  unit is about 35% coiiipletc. 

5. Advanced Component Designs . . 

a .  Cup-rotor  M u t o x .  A dctailed study has heen made of the in te r -  
relationship of the significant design pa ramete r s  of two-phase,  60-cycle,  
cup-type servo motors .  Motors of this  type a r e  suitable for use  with 
e lec t r ic  mas te r - s l ave  manipulators of 50- to 200-lb load capacity: This 
type of motor has  been shown to have a much higher torque-to- iner t ia  



ra t io  than the squi r re l -cage  se rvo  moto r s .  The cup-rotor  motor  can have 
an  effective iner t ia  which i s  l e s s  than 370 of the .maximum load of the 
manipulator.  At the present  s ta te  of development, this  i s  adequately low 
compared to the iner t ia  of the manipulator a r m .  

b. Higher-force Feedback Studies. Studies have been c a r r i e d  out . 
of methods to obtain higher s ta t ic  and dynamic force  feedback for  e lec t r ic  
m a s t e r -  slave manipulators .  We believe that the frequency response  in the 
forward direction, i . e . ,  f r o m  m a s t e r  to  s lave,  need be only about 5- 10 cps ,  
but that  the feedback f r o m  slave to  m a s t e r  should be much higher .  A 
breadboard model has  been s t a r t ed ,  utilizing a 60-cycle motor for  the 
s lave side and a 400-cycle motor having a high torque- to- iner t ia  ra t io  for 
the m a s t e r  s ide.  

F. Chemical  Separations 

1. Fluidization and Volatility P r o c e s s e s  

a .  Recovery ,of Uranium and Plutonium f r o m  Low-enrichment 
F u e l s .  

(i) Laboratory Support Work. Experimental  evaluation of 
bromine pentafluoride a s  a selective fluorinating agent for uran ium in 
uranium-plutonium fuel ma te r i a l s  was continued (see  P r o g r e s s  Report  for 
June 1965, ANL-7071, p.  4 4 ) .  Consideration for  the u s e  of B r F 5 . i s  based 
on the fact  that the react ion between B r F 5  and mixtures  of u ran ium and 
plutonium compounds r e su l t s  in the conversion of uran ium to volatile . 

UF6 while plutonium i s  converted to nonvolatile PuF4.  Plutonium i s  r e -  
covered a s  P u F b  in  a subsequent s tep  by the fluorination of P u F 4  with 
fluorine.  

A s e r i e s  of t e s t s  was to  de te rmine  the extent 
of plutonium volatility during the reaction of U3O8 with B r F 5  and the effect 
of this  reaction on the subsequent fluorination of plutonium with fluorine.  
In each of two t e s t s ,  a react ion mixture  containing 5.8 g U3O8, 0.2 g PuOZ, 
0.07 g f iss ion product oxides,  and 10 g alumina was  contacted with a gas  
phase containing 20 v/o B r F 5  in nitrogen for  1 h r  a t  400°C. The volatile 
react ion products and excess  B r F 5  were  passed  through a t r a p  containing 
soda.-l ime, which was subsequently analyzed for  plutonium. The residue 
remaining af tcr  the BsF5  s tep  was t r ea t ed  in flowing 10070 fluorine at  
550°C for  a reac t ion . t ime of 5 o r  8 h r .  The plutonium concentrations of 
the alumina bed af ter  react ion with fluorine were  0.038 y/o af ter  5 h r  
and 0.01 1 w/o af ter  8 h r .  These  concentrations cor respond to removals  
of 97.9 and 99.570 of the plutonium in the reactant  mix ture .  G r e a t e r  
than 9970 of the uran ium present  in  the reactant  mixture  was  removed 
during the combined fluor'ination s teps .  These  r e su l t s  showed that  the 
B r F 5  fluorination s tep had no harmful  effect on the p l u t o n i u m - r e m ~ v a l  
s tep .  



Analysis of the soda-lime f r o m  the t r a p  indicated that none 
of the plutonium had been volatilized during the B r F 5  fluorination step. The 
nonvolatile charac ter  of the plutonium product was verified ir1 an additional 
t e s t  in which 2 g P u 0 2  was reacted with B r F 5  for  1 h r  at  400°C. Resul ts  of 
the t e s t s  thus f a r  indicate that quantitative separation of uranium and plu- 
tonium i s  possible by this  method. 

(ii) Decladding and Fluorination. Development studies a r e  
beiqg per formed in a 6- in.-dia  fluid-bed reac tor  to  evaluate the decladding 
of Zircaloy-2-clad U 0 2  fuel bundles with HC1. A s e r i e s  of t e s t s  simulating 
decladding conditions were  performed to determine:  (1) the effect on the 
oxide fuel of smal l  concentrations of oxygen in the decladding reagents ,  
and (2) the efficiency of packed beds of alumina in filtering U3O8 fines 
generated by the react ion between oxygell (in smal l  concentrations) and the 
U 0 2  fuel. 

In th ree  of the t e s t s ,  the operating procedure consisled of 
charging a quantity (about 12 kg) of unclad U 0 2  pellets t o  a fluid bed of 
a lumina (32 kg) in the 6-in.-dia reac tor  and contacting the pellets at 350°C 
f o r  4 h r  with gaseous reagents  ( N ~  o r  N2 and HC1) containing smal l  con- 
centrat ions of oxygen. The off -gas  f r o m  .the fluid-bed reac tor  was f i l tered 
through an 11.5-in.-deep packed bed (14.7 kg) of 14 to 48 mesh  alumina 
pa r t i c l e s .  I t  was  observed that the presence  of up to 2.5 v/o oxygen in the 
reactant  gas  mixture did not resu l t  in significant ,rea.ction of the U 0 2  
pel le ts .  L e s s  than 570 of the U 0 2  charged to the' fluid-bed reac tor  was con- 
ver ted  to  U 3 o 8  f ines .  'i'he packed-bed f i l ter  appcared to be highly efficient 
in  retaining uranium f ines ,  since the uranium loss  by t ranspor t  of U3O8 
fines through the packed-bed f i l ter  was (0.n029'0 /of the UO? charge.  

A decladding t e s t  was performed ia which oix 2.8-in.-:l.one; 
Zircaloy-2-fuel  rods containing s in tered  U 0 2  pellets were  submerged in a 
fluidized bed of alumina par t ic les  and contacted with a gas  mixture contain- 
ing 60 v/o HC1, l e s s  than 0.04 v/o oxygen, and nitrogen for 4 h r  at  400°C. 
The volatile zircoriium tetrachloride produced by the react ion of the clad- 
ding with HCl was  converted to solid oxide by s t e a m  in a separa te  fluid-bed 
r eac to r .  The p r o g r e s s  of the decladding react ion was satisfactorily 
monitored both by gamma- ray  photographs of the fluid-bed section of the 
rea.ctor and by continuous hydrogen analysis  of the off-gas s t r e a m .  The 
t empera tu res  of the fuel rods ,  measured  by skin therrrlucouplds mechan- 
ically affixed a t  var ious heights to the cladding, were  nearly identical to  
those' of the fluidized bed throughout the run. There  were  no significant 
effects on the U 0 2  pel le ts  during the decladding s tep.  

Development studies a r e  being per formed in a 2-in. -dia  
fluid-.bed reac tor  to determine conditions for  fluorinating U02-Pu02  pellets 
containing fission products that would resu l t  in a minimum retention of 
u ran ium and plutoniurrl on the fluid bed of alumina par t ic les .  Two runs were  



completed i n  which 2- in . -deep beds of U02-Pu02 - f i s s i on  product  pe l l e t s  
w e r e  r eac t ed  us ing t he  following reac t ion  sequence:  (1)  a two-zone 
oxidation-fluorination s t ep  ( s e e  P r o g r e s s  Repo r t  f o r  J anua ry  1965, 
ANL-7003, pp. 58-59) a t  450°C f o r  3 h r ,  (2 )  a s ingle-zone f luor inat ion 
s t ep  a t  450°C f o r  2 h r  with 7 v/o f luor ine  in  n i t rogen ,  and (3)  a r e cyc l e -  
f luorination s t e p  with 90 v/o f luor ine  a t  450°C f o r  1 h r ,  500°C f o r  3 h r ,  
and 550°C f o r  8 h r .  

At t he  s t a r t  of the  recyc le - f luor ina t ion  s t ep ,  the  f luor ine  
concentra t ion w a s  slowly i n c r e a s e d  f r o m  7 t o  70 v/o during a pe r iod  of 
45 min ,  and then  i l l c reased  a t  a m o r e  r ap id  r a t e  t o  90 v/o. Th i s  p rocedu re  
w a s  adopted to  avoid the  fo rmat ion  of agg lomera t e s  of bed m a t e r i a l  as a 
r e su l t  of loca l  t e m p e r a t u r e  excurs ions  in  the bed,  which might be  p r o -  
duced by a high f luor ine  concentra t ion a t  the  onse t  of the  recyc le - f luor ina t ion  
s t e p  ( s e e  P r o g r e s s  Repo r t  f o r  June  1965, ANL-7071, pp. 44-45) .  In one 
run  the  f inal  bed m a t e r i a l  w a s  en t i re ly  f r e e  of agg lomera t e s  o r  caked  m a -  
t e r i a l ;  in  the  o ther  r un ,  only two'srr ial l  agg lomera t e s  w e r e  found. 

P lu ton ium and u r a n i u m  ana ly se s  f r o m  the  f inal  a lumina  
bed f r o m  a run  fo r  which analyt ica l  r e s u l t s  a r e  avai lable  w e r e  0.007 w/o 
and 0.003 w/o, r espec t ive ly ,  r epresen t ing  a plutonium r e m o v a l  of 97.370 and 
a u r a n i u m  r emova l  of >99.970 fo r  a s ingle  u s e  of the  a lumina  bed.  T h e s e  
values  a r e  ident ica l  t o  those  r epo r t ed  p rev ious ly  ( s e e  P r o g r e s s  Repo r t  f o r  
May 1965, ANL-7046,  pp.  58-59) in  which the  dura t ion  of the  e n t i r e  f luor in -  
a t ion cycle  w a s  28 h r ,  in  c o n t r a s t  t o  17 h r  in  the  p r e s e n t  t e s t s .  

(iii) Eng inee r i ng - sca l e  Alpha Fac i l i t y .  A f luor ina to r  f o r  p r o -  
c e s s ing  ba tches  of U 0 2 - P u 0 2  pe l l e t s  to  hexaf luor ides  and a conve r t e r  f o r  - 
t r an s fo rming  the  mixed hexaf luor ides  t o  a mixed  par t i cu la te  .oxide f o r m  
have  been  ins ta l l ed  in  a n  engineer ing-  s c a l e  a lpha faci l i ty .  T h e s e  un i t s  a r e  
undergoing shakedown t e s t s  with u r a n i u m  m a t e r i a l s  under  s imula ted  a lpha 
condit ions,  that  i s ,  the  two gloveboxes tha t  c o m p r i s e  the  a lpha faci l i ty  a r e  
mainta ined at the  des ign  negative p r e s s u r e  (0 .5  in.  w a t e r ) ,  and a l l  
mechan ica l  opera t ions  within the  gloveboxes (charg ing ,  unloading,  sampl ing)  
a r e  c a r r i e d  out with gloves  in p lace  ( s e e  P r o g r e s s '  Repo r t  for, Apr i l  1965, 
ANL-7045,  pp. 42-43).  In a shakedown t e s t ,  a n  8.8-kg cha rge  of U 0 2  pe l l e t s  
w a s  complete ly  f luor inated to  UF6 in  the  f l uo r ina to r ,  and approx imate ly  
one-half of the  UF6 product  w a s  proce .ssed t o  oxide in  the  conve r t e r  
r e a c t o r .  . 

T h e  f luor inat ion of the  U 0 2  pe l l e t s  w a s  or ig inal ly  planned 
t o  b.e c a r r i e d  out  u.Sing the two-zone oxidation-fluorination p rocedu re  ( s e e  
P r o g r e s s  Repo r t  fo r  J a n u a r y  1965, ANL-7003,  pp. 58-59);  however ,  
p roce s s ing  diff icult ies o c c u r r e d  a f t e r  1 h r  of opera t ion  when diluted 
f luor ine  w a s  inadver tent ly  admi t t ed  t o  the  pel le t  zone th rough  a s ide  in-  
l e t ,  r e su l t ing  i n  loca l i zed  t e m p e r a t u r e  excu r s ions  ( to 800°C) and caking o'f 
the  a lumina  .bed m a t e r i a l .  The  f luor inat ion p rocedu re  w a s  rriodified t o  



a d i rec t  fluorination scheme (both fluorine and oxygen aclmitted at  the 
bottom of the reac tor ) .  This  change allowed the run to be completed 
satisfacto'rily. 

After about 6070 of the U 0 2  had been fluorinated, the sys tem 
was  put on off-gas recycle with 12 to  30 v/o fluorine in the reactant gas  
s t r e a m .  The fluorination s tep was completed using 90 v/o fluorine.  

Rates  of production of uranium hexafluoride a s  high a s  
1.5 kg/hr were  achieved during the recycle-fluorination period. An over-  
all fluorine utilization efficiency of about 4570 was achieved. The uranium 
concentration of both caked alumina mater ia l  (-60 g)  in the bed and the 
bulk alumina bed was 0.05 w/o, represent ing a uranium recovery of 
99.9770 of the UU2 charged lu the fluorinator.  The UF6-product collection 
s y s t e m  was  highly efficient; over 99.8% of the U F 6  product was collected 
in the two ref r igera ted  condensers  and the sodium fluoride back-up 
t r a p .  

In the.fluid-'bed c0nverte.r r eac to r ,  a total  of 5.5 kg of 
U P 6  was 'processed  to U 0 2  in 15 h r  of operation at U F 6  flow ra t e s  of 10 and 
18 g/min. The operating procedure involved alternating 30-min U F 6 -  s team-  
hydrogen feeding periods with 30-min periods in which o.nly s t e a m  and . 
hydrogen were  fed  to the reac tor  to remove residual  fluoride f r o m  the UOz 
product.  The U 0 2  par t ic le  s ize  in  the bed was controlled effectively by 
in situ oxidation-reduction of the U 0 2  par t ic les .  - -  
2 .  Genera l  Chemistry and Chemical Engi.neering 

a .  Carbide-fuel Prepara t ion .  The r.arbide fuels show promise  a s  
fa-st r eac to r  fuels capable of withstanding high burnup and having high 
t h e r m a l  conductivity and high fer t i le  o r  fissionable a tom density.  The 
importance of controlling the carbon-to -'metal a tom rat io  in carbide fuels  
i s  well-known. An excess  of carbon will cause carburizing and fai lure  of 
cladding, whereas a deficiency of carbon.wil1 resul t  in pockets of low- 
melting metal ,  which can also cause cl-adding failure.  Efforts  a r e  being 
made to  develop be t te r  methods fdr  the preparat ion of carbide fuels .  

Various methods for the preparat ion of uranium monocarbide 
have been studied. The liquld- metal  tecllnique has  produced a powdered 
product with excellent press ing  and sintering proper t ies .  In th is  p rocess ,  
carbon is added to a solution of uranium in zinc-magnesium at 800°C, 
u ran ium monocarbide i s  precipitated, and magnesium and zinc a r e  r e -  
moved by siphoning and dislillatioil ( s c c  P r o g r e s s  Report f o r  Februa ry  1964, 
ANL-6860, p. 80) .  

In another technique, uranium. metal  powder i s  contacted with 
a hydrogen-propane mixture in a fluidized bed a t  500 to 700°C. Uranium 



monocarbide has  been prepared  by this  method on a 100-g scale  in a 
1-in.-dia fluid-bed reactor  ( see ,  for example., P r o g r e s s  Report for  
December 1964, ANL-6997, p. 45). The p rocess  var iables  (c:H rat io ,  
tempera ture ,  gas  flow ra t e ,  reaction t ime ,  and equipment design) have 
been studied. It was demonstrated that the carbon content of the carbide 
product could be controlled by the proper  choices of C:H ratio and t em-  
pera ture , .and  that the fluidized-bed p rocess  shows promise  a s  a method 
for the preparat ion of carbide fuels.  

F o r  la rge  fast  breeder  r e a c t o r s ,  the fuel would consis t  of 
mixtures  of uranium and plutonium. A solid- solution fuel of (U -Pu)C would 
be desirable  for heat t r ans fe r  and part icular ly desirable  f r o m  the stand- 
point of reactor  safety (Doppler effect) .  Initial efforts were  directed toward 
studying the feasibility of preparing such a solid solution by the reaction 
of UC13 and PuC13 with Mg2C3 in a molten sal t  mixture.  In seve ra l  p re -  
l iminary experiments with UC13 alone, the product of the react ion was 
uranium monocarbide (UC) . With PuC13 alone, the product was plutonium 
sesquicarbide (PuZC3). In five experiments  with mixtures  of UC13 and 
PuCl,, X- ray-diffraction analyses  of the products indicated the presence 
of sesquicarbide phases in addition to the des i red  monocarbide phase.  
Work on this  method of preparat ion was not pursued fur ther  ( see  P r o g r e s s  
Report  for  October 1964, ANL-6965, p. 77). 

Because of the success  achieved in the p,reparation of uranium 
monocarbide by the fluidized-bed p rocess ,  the feasibility of this  technique 
for  the preparat ion of (U-PU)C solid solution i s  current ly being examined. 
This  method offers substantial  potential savings in comparison to the 
technique which has  thus f a r  been given the most  attention, namely, that of 
solid-solid reaction of uranium and plutonium dioxides with carbon.  The 
main advantages of the fluidized-bed method a r e  that i t  can be easily auto- 
mated and can be controlled remotely.  It i s  es t imated that production 
r a t e s  a s  high a s  10 kg/hr can be obtained f r o m  a single,  cr i t ical ly  safe ,  
fluidized- bed r eac to r .  

P r i o r  to  the preparat ion nf (U-PU)C in a fluidized bed, expcri-  
mcnts  are beirlg pe r fo rmed  utilizing a thermobalance to  measure  the ex-  
tent of reaction of hydrided uranium-plutonium alloy with propane-hydrogen 
mixtures .  The p r imary  purpose of these  experiments  i s  to establ ish that 
a (1.J-PU)C solid solution i s  Iorrned by the reaction. F u r t h e r  a i m s  a r e  to  
establihll Lhat the use o i  the appropriate  gas  composition will l imit  the r e -  
action to the formation of the monocarbide phase and to identify a n d  evaluate 
the variables  in the react ion.  , 

In the thermobalance exper iments ,  the weight change i s  recorded 
a s  a function of t ime.  While the sample of uranium-plutonium hydride 
(prepared  f r o m  a uranium-2070 plutonium alloy) i s  suspended in  a furnace 
f rom a balance pan, i t  i s  reacted w i t h  a flowing s t r e a m  of propane and 



hydrogen. In pre l iminary  runs with pure propane, the weight gain was , 
l a r g e r  than that calculated for  formation of (u-Pu)C,  and the specimens 
contained f r e e  carbon.  Subsequent experiments utilized hydrogen-to - 
carbon ra t ios  for which the solid phase in equilibrium with the gas  would 
be expected to  be the monocarbide. The weight gains during the runs ,  the 
carbon analyses  and X-ray  latt ice pa ramete r s  of the products,  and the 
monophasic s t ruc ture  of the pressed-and-s in tered  products indicated that 
the des i r ed  monocarbide phase was obtained. 

Since the thermobalance experiments  have indicated the feasi-  
bility of ( U - P U ) C  preparat ion by the use  of propane-hydrogen gas  mixtures ,  
prepara t ions  a r e  underway to t e s t  the fluidized-bed concept for this p rocess .  
A 1.5- in.-dia  fluidized-bed r eac to r  i s  current ly being.installed in an alpha 
facility fo r  this purpose.  In addition, a l a r g e r  fluidized-bed reac tor  sys t em 
i s  being designed in which engineering data  recj'uired for  plant-scale p ro -  
duction of (u-Pu)C can be obtained. It i s  anticipated that initially this  equip- 
ment  will  be tes ted by preparing UC on a scalc  of 1 to 2 kg per  batch. At 
a l a t e r  date ,  it wj,l,l be used to make (U-Pu)C. 

3 .  Cri t ica l  Constants of Alkali Metals 

Studies to  determine the c r i t ica l  constants of alkali  meta ls  have 
been continued ( see  P r o g r e s s  Report for  November 1964, ANL-6977, 
pp. 70-71). Knowledge of the cr i t ical  constants pe rmi t s  calculation of 
many thermodynamic and physical proper t ies  a t  tempera tures  between the 
boiling point and the c r i t i ca l  point, a region for  which such information is 
lacking. Thermodynamic proper t ies  of alkali  meta ls  a r e  of par t icu lar  in- 
t e r e s t  because of . the i r  use  a s  heat-exchange media in nuclear  r eac to r s .  

The cr i t ica l  lelrlpcraturc and c r i t i c a l  densily of alkali  metals  were  
de termined by a method which utilize radioactive isotopes of the alkali  
me ta l s .  The vapor and liquid densit ies of s o d i u ~ n ,  potassium, rubidium, 
and ces ium were  measured  f r o m  room tempera tu re  to nea r  the c r i t ica l  
point by r n e a n q  nf a radioactive counting technique ( see  ANL-6977, 
pp. 70-71). 

The cr i t ica l  tempera ture  and cr i t ica l  density were  obtained by " 
s e v e r a l  methods of cor re la t ion .  These included the rect i l inear  d iameter  
plots of Cailletet  and  ath hi as, 11 and corrclatioizs developed by 
~ o w l i n s o n l 2  and by ~ o r d e s . 1 3  F r o m  the values of c r i t ica l  tempera ture  
and density so obtained, the general ized cor re la t ion  of reduced density 
with reduced t empera tu re  shown in F igure  11 was prepared .   this^ - , 
genera l  c o r r e l a t i u ~ l  a l so  appcarc to hold for  lithium data  based on reported 

l l ca i l l e t e t ,  L., and Mathias, E., Conlpt. Rend., 102, 1202 (1886). 
12~owlinson,  J: S . ,  Liquids and Liquid Mixtures, Academic Press, Inc., New York (1959), p. 92. 
1 3 ~ o r d e s ,  E., Z. Electrochem., 57, 731-738 (1953). - 

, , 



low-temperature  (< 1 0 0 0 ~ C )  liquid densities.,  l 4  The l i thium data a r e  a lso 
shown in Figure,  12. va lues  of.  cr i t ical .  t empera ture  and cr i t i ca l  density 
based on the generalized correlat ion a r e  l is ted below. 

, , 

Cri t ica l  'Temperature ,  Cr i t ica l  Density 
E lemen t .  , OK g/cc 

C s 2057 + 38 0.428 + 0.013 
' Rb 2093 + 35 0.346 + 0.008 

K 2223 + 330 
, . 0.194 i 0.038 

Na ,2573 + 350 ' 0.205.k 0.042 
L i  3223 + 600 0.120 + 0.033 

METAL LIQUID VAPOR T C . " ~  
Cs 0 0 0 2057 0.428 
Rb 000 *+* 2093 0.346 
K AAA AAA 2223 0.194 

Figure 1 2  

Generalized Correlation of Reduced 
Density with Reduced Temperature 
for Alkali Metals 

No 000 ... 2573 0.205 
0.5- ~ i '  XXX '- 3223 0.120 

MSA RESEARCH DATA (AFML- 

0.0 I I I I ? -  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.( 

REDUCED TEMPERATURE.T/T~ 

4 .  Prepara t ion  of 2 4 ~ g  

The Chemical Engineering Division has  been requested by the Phys ics  
Division ( ~ i . ~ o n n e ,  Illinois) to p repa re  100 g of 2 4 ~ g 0 .  A reduction pro-  
cedure based on a high-temperature (> 1 150°C) reactionof MgO and CaO and 
aluminum appears  promising. When the reduction i s  conducted in vacuum, 
the metall ic magnesium product i s  volatilized: 

3Mg0 + CaO + 2A1 - 3Mg + c a ( A 1 0 ~ ) ~  

Magnesium yields of 1000/o have been repofted when peiletized mixtures  con- 
taining s to ich iometr ic  amounts of MgO and CaO and approximately twice the 
amount of a luminumnecessary  for  complete MgO reduction were  heated in 
vacuum a t  tempera tures  f r o m  11 50 to 1 2 2 5 0 ~ .  l 5  During the past  month, labo- 
ra tory  equipment has  been installed to c a r r y  out the testing of the above 
procedure.  . . 

. . 

14~epper .  F., ~ e l e n a k ,  J., Roehlich, R.;and May, V., AFML-TR-65-99 (May 1965). 
15~rnprovements Relating to the Production of  Magnesium, Brit.ish Patent No. 569,744 (1945). 



G. Sodium Coolant Chemis t r v  

1. Control of Sodium Oxide Impurities 

a. United Nuclear Electrochemical Oxygen Meter Field Test. The 
sodium oxide-impurit,y-control loop was. modified. for  field testing two - 

united Nuclear Electrochemical oxygen cells in s e r i e s  in a bypass loop. 
Housings for  the ceramic  probes were.welded in place, and dummy stain- 
l e s s  s tee l  probes, displacing the same volume of sodium as  the ceramic 
probes, were  installed.for prel iminary testing of flow and temperature 
control. 

The dummy probe in housing #1. was replaced by. the ceramic 
probe and the sodium s,ystenl brought up to 600°F, the recornmended.oper- 
ating temperature.  Cell differential voltage readings taken a t  about hourly 
intervals ranged from. 1.073 to 1,064. Flow of sodium. through. the cell  was 
calculated to be 0.79 ,gpm. 

While the bypass line. was, frozen, the sodium in housing #2. was ,  
heated to about 250°F and an attempt was made to replace the dummy probe 
with a. ceramic  cell. An estimated insertion ra te  of about 2 min- was appar - 
ently.too rapid, causing a. thermal shock.which shattered the ceramic tube. 
The broken pieces were  too smal l  to be removed.with tweezers.  After 
freezing the sodium, the housing was. cut out, emptied, cleaned, rewelded 
in place, and a dummy probe inserted. for lack of another ceramic cell. 

Since the cell  in housing, #1 was st i l l  in working order ,  another . 

run was made with sodium-at  600°F. The. voltage. reading of the cell  was 
1.070 V. About one hour l3ter ,  the low-1.evel. a.larm..in the surge tank be- 
ca,me act-ivated (due prcllal1.y to leakage of sodium through a. va.l,ve back 
into t h e  5000-gal tank), shutting, off the.power to the pump and. stopping flow 
through the 10.0~.  . When sufficient sodium.was drawn into. the loop by a vac- 
uum pump on. the sur-ge- tank. to permit  the pump to operate,  about 15 to. 
20 min had eiapsed. At this .time, the voltage of the ,oxygen cell  was found to -.. 
be about 0.001 V, suggesting that the cell  was shorted, probably due to a 
c rack  in the ceramic.  Removal of the cell  and, visual -examination confirmed 
the presence of a crack,  opened about 1/32 in. over pa r t  of i t s  length. It i s  
believed. that a therm,al shock occurred .as the resul t  of this accidental flow 
stoppage. Plans: to prevent a recurrence  a re  under otudy. 

H. Plutonium Recvcle Reactors 

. 1. Reactor Vessel Clacldinn 

a.  Safety Analysis. An analysis has been made of the possib1.e 
effects. on safety of the. cracked cladding of the reactor.  vessel .  This 



analysis demonstrates that safety of the vessel  is  not compromised by fai l -  
ures  of the cladding inasmuch a s  the strength of the cladding was not p re -  
viously utilized in the calculations of the strength of the vessel.  The strength 
of the vessel  s t i l l  more  than ineets the safety requirements of the ASME Code 
for  "Power Boilers,If which was the original design criterion. A surveil-  
lance program to study both the mechanism of propagation of the cladding 
crack and the corrosion of the limited a reas  of ba re  vessel  wall i s  being 
carr ied  out. 

A report  summarizing the results of the nondestructive exam- 
ination of the vessel ,  and repai rs  of p r imary  sys tem piping and auxiliary 
equipment i s  in preparation. On completion of r epa i r s ,  these components 
will meet  the safety requirements of the ASME "Unfired P r e s s u r e  Vessel" 
and ASA B31.1 "Power Piping" Codes for continued service a t  600 psig 
s team pressure .  

b. Investigation of Causes of Cracking of the Clad. Metallo- 
graphic examinations of the three clad SA 212B plate samples were  com- 
pleted (see  Progress  Report for June 1965, ANL-7071, p. 49). 
Photomicrographic studies of the cladding revealed three unrelated 
cracking mechanisms. 

(i) Through-cracking of SS 304 Cladding. Through-cracking 
of the cladding with propa,gation f rom the exterior SS surface to the carbon 
steel  interfade and simultaneous propagations f rom both surfaces were  
observed and documented. Although there i s  no direct  evidence for the 
mechanism, the ruptures a r e  believed to be biaxial thermal-s t res  s rup- 
tures generated in the spot-welding process.  

The model for the mechanism of cladding cracking comes 
f rom a consideration of the spot-welding process .  In the process ,  l inear 
rows of "thumb-print1' nuggets were  formed one a t  a t ime sequentially at 
shor t  t ime intervals.  Neighboring rows were  formed on the return portion 
of the machine welding cycle. In consequence, a thermal gradient was 
maintained between linear nugget neighbors and neighboring rows through- 
out the cladding operation. The photomicrographic evidence for  the rapid 
cooling of the. melted cladding i s  the fine-grained transformed. s t ructure  of 
the SS 304 kernel  and the underlying transformed s t ructure  of the carbon 
s tee l  plate a t  the bond interface. Since the thermal conductivity of the 
carbon steel  plate i s  grkater  tkan the overall  heat t ransfer  coefficient to 
coolant water ,  the bond region was cooler and stronger than the heated and 
ulrrlelted cladding aboire the: ke+nel. E'urt'her cololing ifiereased thermal 
s t r e s s e s  until rupture occurred.  Minor through-cracking of the flat clad 
plates during the fabrication of the vesse l  was detected and repaired by 
welding. 



- (ii)  Lamellar Cracking of SS 304 Cladding. Lamellar cracking 
of the cladding was observed in the formed vessel  shell section and in the 
clad tes t  plate rolled to the 42 -in. radius of the EBWR vessel.  Although 
there  i s  no direct  metallographic evidence for shear  -type fai lures,  the rup- 
tures  a r e  believed to be associated with the "normalizing1' heat treatment 
of the SA 212B plate, which consists of heating the carbon s tee l  plate to the 
aus tenitizing temperature of the s teel  (1 6 0 0 / 1 6 5 0 ~ ~ )  followed by cooling in 
s t i l l  a i r .  The heat t reatment  yields a shell  s teel  with a uniform structure.  

At the normalizing temperature, both the carbon and 
SS 304 steels  a r e  plastic,  and since holding time at temperature 1s long 
(one hour pe r  inch of thickness),  residual s t r esses  a r e  relaxed. In the 
cooling process,  both steels  contract but not uniformly; the coefficient of 
expansion (contraction) i s  grea ter  for the SS 304 than for the carbon steel.  
'l 'ensile s t r e s s e s  a r e  induced in SS 304 while the base carbon stecl  i s  
s t r e s s ed  in compression; s t r e s s  intensities a r e  inversely proportional 
to the thicknesses of the two members joined. 

Since the members  a r e  mutually..ioaded by tlie spot welds, 
the tensile cladding forces a r e  transmitted to the much thicker backing 
plate by bending moments.  The stiffness of the beam sections a r e  pro-  
portional to thickness squared. 

A simplified. analysis of a composite beam,  consisting of 
a 0.109-in. -thick SS 304 cladding. attached to. the :2$.-i1i. carbon' s teel  
backing shows that the spot-welded-on cladding will rupture, in tension, 
when cooled f rom the normalizing temperature.  

(i i i)  Radial Cracking f rom Weld Nugget. Micrographs of the 
longitudinal and t ransverse  sections shuw that the kernel  of the nugget is  
an oblate ellipsoid. This kernel  was melted by the passage of welding cur - 
rent,  and i ts  c ross  section i s  substantially larger  than the bond a rea .  The 

.kernel  i s  surrounded by unmelted wrought SS 304 and the carbon s tee l  base 
plate. This is  a contained hydraulic system which was ruptured by the 
molten SS 304 core.  The failure of a membrane by.hydrostatic p ressure  is 
radial  with cracks normal  to the surface,  substantially a s  observed. Also 
observed were  extrusions of molten SS 304 into the microvoids a t  the 

. . SA 2 12B boundary. 
. . 

2. Reactor System Piping 

Repairs of substandard welds in. t h l  .pr imary piping. s yst&-iY.bet*een : 

the reactor  face and the f i r s t  fluid-flow control'valve inside the containment 
shel l  were  continued. Radiographic examinations of repaired welds required 

an additional nominal amount of repai r  work. ,, 



The Materials Testing Laboratory completed the radiographic 
inspection of 39-in. steam-supply line welds to the two blocking valves 
a t  the pr imary reboi lers . .  P a r t  of this pr imary 600-psi-steam line is  
inside the containment shell, and the r e s t  i s  in the tunnel and reboiler 
building outside the containment shell .  Inspection of the 8-in. s team 
line was included to establish i ts  integrity following the severe  service  
of the. 100-MW operations of EBWR. At reactor  powers above 70 MW, 
this piping was strongly shock excited by entrained slugs of water.  



111. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

. . 
A. Argonne Advanced Re s e a r c h  ~ e a c t o r  (AARR) 

1. Cr'itical Experiments  

Measurements  were  continued with aluminum beam-tube mock-ups 
in  the ref lector ;  using the 81 0-fuel-foil sys tem (see P r o g r e s s  Report for 

. . 
June 1965; ANL-7071, pp. 51-56). 
The locations of these beam tubes 
a r e  shown in Figure 13. 

As reported ea r l i e r  (ANL- 
7071, p, 55), the i n ~ t a l l a t i o n  of a i r  
filled beam tubes reduced reactivity 
by 1.270. Insertion of beryllium 
f i l ler  plugs in the 'beam tubes (see 
Figure 13, shaded a r e a s  of the beam 
tubes) res tored  approximately 8 170 
of the original beryllium volume; 
the total  reactivity worth of these 
plugs was measured  a s  t1.070. The 
remaining net reactivity loss  there-  
fore  i s  attributable to the composite 
of: (a )  the aluminum beam- tube 

Figure 13. Locations of Beam Tubes and 
Beryllium Fillers walls; (h) s n m e  vnid in  t h e  h e a m  

tube due to incomplete fi-iling with 
beryl l ium plugs; ana (c) the removal  of some of the water ref lector  beyond 
the beryllium. Direct  measurements  will be made of the reactivity worth 
of aluminum in the reflector.  

The reactivity effect of removing the beryllium f i l le rs  of each indi- 
vidual beam tube was measured.  F o r  beam tube No. 1, removal  of beryl-  
l ium corresponded to -0.0870; for No. 2 ,  -0.270; and, for  No. 3 ,  -0.6%. ' Note 
that the s u m  of t,he individual worths i s  somewhat smal le r ,  in absolute 
magnitude, than the worth of voiding all 3 beam tubes. 

Activation t r a v e r s e s  have been made with manganese foils for two 
cases .  F o r  Case I, the beam tubes were  voided; for  Case  11, beryllium 
f i l ler  plugs were inser ted.  The locations of the manganese foils for  these 
measurements  a r e  shown in F igures  14 and 15, respectively.  'The t r a -  
v e r s e s  f o r  Case I a r e  shown in Figure 16; and t r a v e r s e s  for  Case I1 a r e  
shown in  F igures  17 and 18. F igures  16 and 17 may be 'compared with 
t r a v e r s e s  made ea r l i e r  in  the sys tem without beam tubes ( see  P r o g r e s s  
Report  fo r  May 1965, ANL-7046, p. 72, Figure 19). The relative activity 
of the b a r e  manganese foils i s  reduced considerably when the beam tube 
is voided; i t  i s  reduced, but only slightly, when beryllium f i l ler  plugs a r e  
inser ted.  



BERlLLlUY REFLECTOR 7 - 

NOTES: 
I. OIAGR13 NOT TO SCALE 
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Figure 17 

Radial Traverseses with Bare Manganese Foils 
in the 810-fuel-foil System with Beryllium 
Fil1.er Plugs in the Beam Tubes 

Figure 18 shows a plot of the relative activity of bare manganese 
foils in the through tube (NO. 3 ) .  There i s  little variation along the adja- 
cent core face, with a slight peaking occurring approximately 3 in. beyond 
the corner  of the core. 

Additional measurements of reactivity and detector-activity . dis t r i -  
butions .are planned with beam tubes in the reflector. 
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The u~~~ (fission) cadmium ratio has been measured. in  the core of 
the 8 1 0-fuel-foil loading. At the position indicated by a hollow square (0 ) 
in Figure 14, the cadmium.rat io was 1.65 + 0.05. . 

Argonne has  been notified that the fuel-foil supplier will make no 
further .attempt to. produce the thinnest foils.  o n  order ,  namely,. the 
0.00055-in.-thick uranium foils. The supplier a s s e r t s .  that they a r e  unable 
to fabricate the s.e -foils with, the equipment available. The remaining -fuel 
foils, including the supplemental order  of 120 0.0044-in. -thick .foiis, ' a r e  
being ,produced a t  a fair ly steady rate.  

2. Hazards Analvsis 

The hypothetical case of a massive contamination.of the sealed r e -  
actor containment building, of AARR, an accompanying r i s e  in. building p res  - 
sure ,  and ground-level leakage of cpntaminated a i r  has  been studied very 
conservatively for purposes of the. Prel iminary Safety Analysis Report 
(PSAR). In particular,  the effect of turbulence in.the vicinity of 'ground 
level on the leeward side of the bui1ding. i~  to reduce the concentration.of 
fission products. a t  th.e axial centerline df the plume which would develop 
f rom the ground-level source. This effect has not been included in .ear l ier  
AARR studie s. 

According to Giffordl s .analysis, the resul t  of such turbulence i s  
to reduce ce r ta indose  ra tes  f rom such a plume by 

The t e r m s  oy(x) and oz(x) a r e  dispersion functions evaluated a t  a distance x 
(in m.eter s), f rom a single, ground-level point s.ourc..e. The constant c i s  the 
est imated 's ize of the 'p ressure  wake in,relat ion to A,, the cross-sect ional  
a r e a  . ( in .  square mete r s )  of the containment building, .measured normal.  to the 
wind velocity vector. The application-of this formula i s  limited to those dose 
ra tes  which depend strongly upon the c.oncentration of fission products a t  the 
axial center line of the plum,e, for example, the inhalation-dose rate.  

For  the reactor  containment building, of AARR, a s  presently conceived, 
A = 900 m2. At x = 100.m, noy(x)oz(x) = 29 m2, based on."moderately 
stable" atmospheric c.onditions. 17 For  a.conservative value,' c = 0.1, there 
is a .7510 reduction i n  inhalation-dose rate a t  100 m. Much'larger values .of 
c(c > 0.5): h&v& beCn Suggested.16 Fbr  c = 6.5 ,  the iliHaYaiEbn;'do\s'ee rkte a t  , 

' 100 m would, be reduced by 9470 according, to this analysis. 

1 6 ~ i f f o r d ,  J r . ,  F. A,,  Atmospheric Dispersion Calculations Using the General- 
ized Gaussian. Plume. Model,. Nuclear Safety - 2(2), .56- 59 ( ~ e c  1960). 

1 7 ~ i f f o r d ,  J r . ,  F.A.,  Use of Routine Meteorological Observations for Est imat-  
ing Atmospheric Dispersion, Nuclear Safety 2(4), 47- 51 ( ~ u n e  1961). 

a 



.3. Heat Transfer  
. - - .  

a. Analytical Studies. The study of thermal.  transients occurring 
a t  high power levels was continued (see P r o g r e s s  Report for June 1.965, 
ANL--7 07 1, pp.. 56- 5.7). A prel iminary investigation has been made of the 
~ ~ ~ C ~ - . I ~ ~ - ~ : c o m p u t e r  program, with particular emphasis on-.its suitability 
for  AARR hot-channel t ransient  analysis. The progra.m, currently, in.  tes t  
with the CDC-,3600, was developed by the Bettis Laboratory; for analysis of 
rapid.  t ransients  :in water-mod.erated reac tors .  

It was concluded that although deficient in some respects ,  the 
CHICK-IN program will be of value in AARR hot-channel transient analysis 
for  the following reasons:  

(i) The p rogram can. predict fuel-plate temperatures for : . 
r.ea'ct'ivity- induced. t ransients  while taking. into account conditions beyond 
departure f r o m  nucleate boiling and/or flow stoppage in channels. 

(ii) It will provide local values of fluid p ressure ,  enthalpy, 
flow ra te ,  plate temperature,  and heat flux during. transients , ,  which will. be 
useful .in evaluating, assumptions regarding the existing model a s  well a s  
lend guidance in. the construction. of improved .future models. 

" .  

b. Experimental Program.  Tes t  S,ection IV, with a flow channel 
0.040 x 1.25 x 18. in. long, has been installed in the Steady State Loop. The 
analysis  of data f r o m t e s t  Section.111 (see P r o g r e s s  Keport for April  1965, 
ANL-,7045, p. 5.4) i s  in-progress .  

Experiments In the Transient  Loop to determine the feasibility 
of us ing the  1500-kW DC power supply for  t ransient  tes ts  a r e  s t i l l  in prog- 
r e s s .  The study of response t ime to achieve peak power-has 'been enhanced 
by the us.e of an auxiliary round-tube tes t  section cooled by. tap water under 
normal  line p ressure .  Response time ha.s been.fu.r.tther reduced.from 
4 6 . m s . e ~  .(see2 Progress. 'Report . for  June 1965, ANL-7.071, p. 57); to 40 msec;  
however, the rat io of p.eak power to initial. power was l e s s  than that achiev- 
able with .the longer response times. 

Changes of the power-kupply control circui t  will allow use of 
the round tube. Another circui t  is being designed .to c.ontro1 the rat io of, 
and t ime b.etween,, initial-and peak power. 

Development work .on the AARR Shutdown ~ o b l ' i n g  Ties't se'ctions 
has  been completed. The 0.040 x 1.0-in. rectangular channels were  formed 

l 8 ~ e d f i e l d ,  J. A., CHICK-IN- -a  FORTRAN P r o g r a m  for Intermediate and 
F a s t  Transients  in.a Water Moderated Reactor , ,  WAPD-TM-479  a an 1965). 



. f rom 0.75-in.-OD seamless.304 SS tubing, annealed once before final form-  

.ing. and dimensioning: The - test  sections . a re .  now ready for attachm,ent. of 
power terminals  and. inlet and outlet transition, pieces. 

4. Hydraulic Tes ts  

A device .to measure  fuel-plate distortion o r  vibration during, hy- 
draulic testing is.  being developed. Two restr ict ions .of considerable import 
have.been placed .on the design: (a)  the device must  not appreciably. affect  
the flow pattern.over the fuel plates, and (b) i t  must  not impose any physical 
loading on. the fuel plates. 

Th,e developmental effort. i s  divided .into two studies: one for. low 
temperature (below 20O0I?) and another for high temperature (below 500°F'). 
Currently available instrumentation appears  to be suitable for the low- 
temperature application .only; a s  a resul t ,  an electronic, capacitance - type 
device has:been built and i s  being tested for use a t  high.temperatures.  

5. P r ima rv  Svstem .and Components 

Oak Ridge National Laboratory will make a . se r i es  of corrosion 
t e s t s  to investigate problems which may a r i s e  i n  the AARR pr imary sys-  
tem. Deposition, primari ly of anodic mater ia l  onto the stainless s teel  fuel. 
cladding, and general corrosion ra tes  will be studied in loops simulating 
metal- surface - a r ea  to water -vqlume rat io in the multimetal AARR system. 
There will a lso  be a separate:+nyestigation.of .beryllium and- beryllium- -. 
aluminum corrosion. .? . . i . . . C.*, 

Two small  specimens of beryllium with a combined surface a r e a  of 
12.5 cm2 have been exposed to deionized water a t  200°F flowing a t  a velocity 
of 44 fps. The total volume of the loop system i s  27.6 l i ters .  Weight losses  
were determined after 97 h r  of exposure and again af ter  an additional expo- 
sul't: UI 381 hr,  lor a total time of 478 hr .  The resul ts  are:  

Specimen No. 1 Speciinen.No. 2 

Total Weight Corrosion Weight Corrosion 
time, loss ,  ra te ,  loss ,  , r a t e ,  

h r  mg/cm2 m g / ~ r  mg/cm2 m g / ~  r 

The specimens developed a .very thin. tarnish .film and one smal l  pit, 
no more  than a few mils  thick, on an edge of one of the pieces. The speci- 
mens will be exposed for an  additional 5'00 hr .  



Most of the equipment for evaluating the thermal  effect of. the co r -  
rosion o f  the aluminum 'beam tubes has  been assembled. An electrically 
heated aluminum specimen ( 6 0 6 1 - ~ 6 ) ,  mounted in a bypass line of a sec-  
ond loop, will be cooled by watei- flowing 'at 10 fps' past  the' specimen.' The 
hea t  flux a c r o s s  the walls of the specimen will be adjusted.to obtain a 
specimen surface tempera ture  of 260°F with a bulk water temperature a t  
1 50°F. Calculations indicate that a heat flux of about 175,000 ~ t u / h r - f t 2  
will be required to achieve the des i red  'surface temperature.  

G .6. S t r e s s  Studies of the ~ e a ~ t o r  V e s s t l  
PRESSURE 

REGIONAL SECTIONS 
.PERMITTING'LOCALI  ZED 

. , 

VESSEL 
STRUCTURAL ANALYSIS  

The prel iminary s t r e s s  analysis for 
the AARR vesse l  ( see  Figure 19) has  been 
completed. In thc analysis,  the vessc l  was 
divided into more  simple s t ruc tura l  shapes 
o r  regions such a s  r ings,  shor t  transit ion 
cylinders,  long cylinders and tapered curved 
beams for which s t r e s s  and deformation 
equations a r e  well known. These were sep- 
a ra ted  at ,  hypothetical interface planes, and 
deformation of each member  under the ap- 
plied load was calculated, assuming the 
member  to be independent of adjacent mem- 
be r  s. The calculated deformations between 
adjacent members  were,  of course,  unequal, 
since memhers  of differing geometr ies  be- 
have differently under the load. The mem- 
b e r s  were then hypothetically reassembled,  
and the assumption was made that under 
load, discontinuity moments  and shear  forces  
were generated to counterac't the differences 

I 
6". in the independent-member deformations, to 

maintain ve s s,el continuity. 
Figure 19. Model AARR Pressure Vessel . 

for Stress Analysls #l The magnitudes of the unknown dis  - 
continuity moments and shear  forces  were - 

found f r o m  the requir,ement that the deflection and rotation caused by these 
moments ,  shear  forces ,  and internal  p r e s s u r e  must  be continuous a c r o s s  
each interface.  Once the discontinuity moments and shear  forces  were de- 
termined,  the s t r e s s e s  i n  each member.  of the vesse l  were  calculated. 

The s t r e s s e s  in the various regions of the vesse l  caused by me-  
chanical load and by differential  thermal  expansion a r e  tabulated in 
Table XII. ~ ~ ~ a r e n t l ~  a la rge  proportion of the s t r e s s  in the vesse l  i s  
caused by differential  thermal  expansion. This i s  to be expected because 
of the high flux of the reac tor  core  and the consequent high ra te  of heat 
generat ion in the  vesse l  wall. However, the low thermal  conductivity and 



the large coefficient of thermal  expansion of the stainless s tee l  aggravate 
the situation. If carbon s teel  were  used, for example, the c r i t ica l  s t r e s s  
in region C could be reduced f rom 39,855 psi  a s  l isted in .Table XII, to . 

. . 
24,384 psi. . . 

. . 
Table .XII. S t r e s s  ln t ens i t i e i  (ps i )  i n  AARR p r e s s u r e '  V e s s e l  

P r  imar.y 

. . . . Pm . '  ' PL 
Genera l  , . .Local  Pb,  P r i m a r y  + Secondary 

Region .Membrane Membrane Bending, pm(or  PL)  + f i  + Q R e m a r k s  

Assuming no 
nozzles  

PL can  b'e re'duced 
by increas ing fi l let  
r ad ius  

Based on the prel iminary s t r e s s  analysis,  a design change i s  
presently being contemplated. A second concept under investigation i s  
shown in Figure 20, in which the lower section has  been enlarged to el im- 
inate a high s t r e s s  a r e a  caused by the coolant nozzle intersection with the 
reduced vesse l  section. The new concept shows the vesse l  a s  having an  
8-ft dia throughout and increased f rom 24 to 26 'ft in  length. 

F igu re  2 0  . 

Model AARR Pre.ss11re Vessel  
for Stress ~ n a l ~ s i s  #2 



IV. NUCLEAR SAFETY 
. . 

I .  - .  
A. 'Reac,tor. Kinetics' 

Two key characteris t ics  of core designs for large fast power r e -  
ac tors  a r e :  1) the large amount of fuel, and 2) the short prompt-neutron 
lifetime. Because, typically, there a r e  severa l  cr i t ical  mas se s  of fuel 
present ,  i t  i s  possible to hypothesiz'e a c lass  of "meltdown" . - accidents in 
which some abnormal conditions cause a minor accident that, i n t u r n ,  
produces rapid motion of core  mater ia l  into a more  reactive configuration 
and finally resul ts  in a re lease  of nuclear energy. In order  to analyze 
the course, of such accidents o r ,  indeed, determine whether they can occur,  
it i s  necessa ry  to'obtain information on mechanisms of fuel fai lure,  coolant 
movement,  fuel movement, and interplay of the various phenomena involved 
in meltdown incidents. Because of the complexity of the problem, a pro-  
g r a m  of in-pile. experiments i s  underway in the, TREAT reactor  to study 
m'eltdown phenomena experimentally. In addition, associated effort i s  
underway to develop theoretical tools for analyzing resul ts  , special 
in'strumentation for the experiments,  out -of -pile experiments to obtain 
basic data necessary  to the understanding of the relevant phenomena, 
and theoretical extrapolations of basic data.  Periodic accident studies 
a r e  also necessary  to check the significance of the resul ts  to power r e -  
actor  designs. 

1. Fast-neutron Hodoscope 
-. 

The 50-channel hodoscope for monitoring fuel motion during mel t -  
down experiments in 'T'KEAT by detecting prompt neutrons released by 
fissions in the sample (see P rog re s s  Report for January 1965, ANL-7003, 
p .  39) has  been completed and sent to the TREAT reactor  for  testing under 
actual experimental conditions. This device i s  designed to provide time 
resolution of the order  of 1 msec  and space resolution of 0.32 cm hor i -  
zontal by 1.3 c m  vert ical ,  with adequate signal-to-background ratio. The 
steel  collimator contains 3 2 0  tapered holes machined a t  the proper angles 
f o r  focusing on the tes t  sample. The central  50 holes cover an a r ea  of 
about 5 c m  wide by 30. cm high at the sample position in 'TREAT. The r e -  
maining holes can be used to vary sample coverage and a r e  designed to 
permit  eventual expan~ ion  to a sys tem capable of-ohservi.ng 3.a.rge cli~~,sters 
in the large  TREAT meltdown loop. 

Three transparent  meltdown capsules,  each containing one 970 en- 
riched EBR-I1 pin were  shipped to the tes t  reactor  for neutron camera  
checkout. In addition, a t ransparent  slot l iner ,  modified by removal.of the 
graphite f r o m  the end, was shihped for use  with the t ransparent  capsules.  
With this  equipment i t  i s  possible to run a meltdown tes t  using both optical 
and prompt-neutron detection sys tems for  comparison, without the added 
background produced in the neutron system by the standard end graphite 
piece of the slot l iner .  



An integral sodium loop;- containing one 6% enriched.EBR-I1 pin 
surrounded by empty stainless s teel  EBR-I1 pin cladding tubes i s  also at 
TREAT, to be run in conjunction with the camera  tes ts .  

2. Effect of a Standard ~ ~ ~ r o x i m a t i o n  in Calculation of Fuel-temperature 
Distributions 

. . 

It was pointed out (see Progress  Report for April 1965, ANL-7045, 
p .  66) that neglect of the ak /dT) (a~ /dr )~  t e rm  in the heat t ransfer  equation 
for cylindrical geometry: 

where T i s  temperature,  T t ime, k thermal conductivity, pcp volumetric 
heat capacity, r radius, and q volumetric heat generation, can cause 
appreciable e r r o r s  in some cases .  In part icular ,  when large thermal 
gradients and large changes in k a s  a func'tion of temperature occur (as 
in the case of uranium oxide or  uranium-plutonium mixed oxide) the t e r m  
i s  significant. Equation (1) i s  often used in machine calculations of 
transient temperatures by assuming that k i s  essentially constant over the 
volume associated with each mesh  point, resulting in the fo rm 

which i s  used as  the basis  for the finite-difference equations put in the 
machine code. 

If the transformation 

de  = kd t  

's made, then..Eq. (1) may be integrated'to yield, for steady state,  

where TI i s  surface temperature,  T2 i s  central temperature,  and R i s  
outer radius. 

A reasonable fit to experimental thermal-  conductivity data for U 0 2  
reported by Kingery, ~ e i s w i ~ , ~ O  and Hedge and Fieldhouse2 l i s  given by 

1 9 ~ i n g e r y ,  W.  D., & - al . ,  NYO-3647 (1953). 
' O ~ e i s i ~ ,  R. D. ,  J .  Am. Ceram.  Soc., 36, 48 (1961). 
2 1 ~ e d g e ,  J .  C. and Fieldhouse, J .  B., AECU-3381 (1956). 



k = 35 ( in  W / C ~ - O C )  
T + 300 

where T i s  given in degrees  centigrade. 

By means of Equations (4)  and (5) ,  a constant q was selected, 
together with an outer radius  R of 0.200 cm,  such that T I  and T2 would fall  
.in the range of in te res t  for  a high-power-density U02 fuel rod. The value 
of T2,was set  a t  2250°C (somewhat above the highest temperature-data  point 

, . ,  
of ~ e i s w i ~ ) .  Then, using an existing differential equation subroutine for  
the CDC 160A,22 the problem was run  with E'quation ( 2 )  in the f o r m  for  the 
steady- s ta te  case:  

Equation (6)  may  be considered to  be the limiting case  of the ARGUS code, 
for  an infinite number of mesh  points, a t  each of which k ( ~ )  i s  reevaluated. 

F igure  21 shows the radial  tempera ture  a s  a function of r / ~  f r o m  
the exact calculation of the Equation (4) type, together with the limiting 
c a s e  of the ARGUS 'code given by Equation (6).  Although the tempera ture  
difference a t  R i s  only 191°C, this corresponds to  a difference in q, a s  
calculated cor rec t ly  by means of either Equation (1) o r  Equation (4),  of 22%. 
If the calculations a r e  normalized to  the same  TI ,  the difference in values 
of T 2  i s  much higher: this c a s e  i s  a l so  shown in F igure  21. 

Figure 21 

Radial Temperarure Distriburion of U 0 2  Rod Based Upon 
Equations (4) (Dotted Curves) and (6) (Solid Curves) 

2 2 ~ u k e h a r t ,  P. M.,  Comm. A.C.M. - 6, 737 (1963) 



One interesting feature of this problem i s  i t s  independence of R. 
Equation (4) indicates that; if T2 i s  fixed, TI  remains constant a s  long a s  
theproduct  qR is  maintained constant, and the curve of T(r /R) i s  unchanged. 
However, T ( ~ / R )  a s  calculated f r o m  Equation (6) a lso remains unchanged 
under the same conditions. Thus the discrepancy il lustrated'  in .Figure 2 1 
i s  independent of R. 

More detailed calculations on t ransient  effects a r e  underway. 

3 .  Thermal  S t res ses  

Thermal  s t r e s s e s  of a cylindrical fuel pin made of U-15 w/o Pu-  
10 w/o T i  were  calculated for tempera ture  distributions typical of TREAT 
excursi.ons.. The 'mechanical  propert ies  of this ma te r i a l  a r e  strongly tem-  , 

pera tur& 'dependent and a r e  available in.  the f o r m  of experimental'ly de ter -  
mined curves .  A graphical method was devised for calculating the radial  
distribution of the axial normal  s t r e s s  caused by a radially varying t em-  
pera ture  field. This s t r e s s  distribution was found by graphically evaluating 

= E [ T ( ~ ) ] { ~ A  - eT[T(r)].}, 
with 

r R  

EA = '- r E [ T ( ~ ) ]  d r .  . , 

In the above R i s  the outer radius of the rod, ~ ( r )  i s  the prescr ibed  t em-  
pera ture  distribution, E i s  the Young's modulus, EA i s  the average  value 
of E for  the c r o s s  section, eT i s  the the rmal  s t r a in  in  a uniformly heated 
t e s t  specimen a t  tempera ture  T,  and eA i s  the  average s t r a in  a c r o s s  the 
c r o s s  section; eT(T)  and E(T) a r e  known f r o m  plots of experimental data.  
F o r  parabolic tempera ture  distributions which varied between (a) 800°C at  
the centerline and 650°C at the sur face ,  and (b) 850°C at  the center l ine and 
750°C at  the surface,  it was found that  a ( r )  varied between (a )  ~ ( 0 )  = -15 kg/ 

2 m m 2  and O(R) = 10 kg/rnm2, and (b) a(0)  = 35 kg/mm and a(R) = 1 6  kg/mm . 
These s t r e s s  levels a r e  higher than the ultimate s t rength of the ma te r i a l  a t  
these  t e m p e r a t u r e s ,  s o  cracking and fa i lure  would be expected. 

1 .  Operations .. . 

Two pre i r radia ted  uranium oxide samples  were  i r radia ted  for  ORNL 
to obtain data about f iss ion product re lease .  



A sample of prototype SEFOR fuel was subjected to eleven t ransient  
i r radiat ions for  the General  Electr ic  Company. 

The reac tor  was reloaded for  testing of the fast  neutron hodokcope 
( s e e  Section 1V.A. 1) for  detecting fuel movement during meltdown experi-  
ments .  Checkout of the electronics for  the hodoscope i s  progressing sa t i s -  
factorily,  and initial  testing using neutrons f r o m  a tes t  pin in the reac tor  
should s t a r t  within a few days. 

2. Large  TREAT Loop 

The major  portion of the la rge  t e s t  section i s  about 90% complete. ;. 
Major problems were  encountered in welding of Conoseal flange sections 
t o  the t e s t  section because one of the flanges was damaged in the init ial  
installation; a new flange was purchased. 

The vendor.of the bellows plates for  the surge suppressor  portion 
of the t e s t  section repor ts  these  pa r t s  have been successfully formed and 
welded, and the assembled convolutions have passed the required t e s t s .  
The del ivery of the p r e s  sure-ves  s e l  end-caps which will house the bellows 
has  been delayed, which will consequently delay the delivery of the surge  . 
suppresso r .  

The e lec t r ica l  portion of the leak detector has been assembled and 
i s  being checked. Grids will  be installed a s  loop construction nea r s  the 
final s tages .  Replacement bellows for  the loop have been received f r o m  
the vendor and a r e  being inspected. 'In addition, delivery of the bellows 
which a r e  t o  be used in the horizontal pipe sections at the top of the reac tor  
will  'be delayed. 

The t ransient-  induced perturbations of sodium flow in the Large  
TREAT Loop were  investigated theoretically by conventional force-balance 
techniques; the equations of motion were  integrated numerically.  This 
analysis  was based on an instantaneous p r e s s u r e  r i s e  in the t e s t  subassem-  
bly and a piston-like behavior of sodium entering the surge  suppressor .  
The re su l t s  ( s e e  Table xIII) indicate that the maximum upward displacement 
of sodium in the t e s t  section will not requi re  a full  bellows travel ;  thus,  
impact  of the bellows upper plate and sodium against thp  top of the s n r g P  
suppresso r  should not occur .  

The peak p r e s s u r e s  reached during Large  TREAT Loop energy 
inputs of 6,000 and 10,000 Btu have been determined. The values ag ree  
closely with the peak p r e s s u r e  calculated previously. 



Table XIII, Maximum Flow Perturbat ions 

C oridition 

Max Transient  
P r e s s u r e  .and Max Displacement a t  Max 
Pre - t r ans i en t  veloci ty ,(a)  Max Velocity, ~ i s ~ l a c e m e n t ,  (a )  

Flow Rate fps  f t  f t  

250 .psi  
40 gprn 
8.0 gpm 
160 gpm 

500 ps i  

40 gpm 
80 gpm 
160 gpm 

750 ps i  

40 gpm 
80 gpm 
160 gpm 

1000 . . ps i  
40 gpm 

80 gpm 
160 gpm 

( a ) ~ h e  number in parentheses  is  the t ime,  in mil l iseconds,  a t  which the 
value i s  reached. 

C. Chemical  and Associated Energv- t ransfer  
Problems in Reactor  Safetv 

1. Metal-water Reactions 

a .  High-temperature,  High-pressure  Furnace .  Experiments  de- 
signed to study the react ions of fuel cladding under condSti'o~i.+ simulating 
the environment in a water-cooled power r eac to r  following a ioss-of-coolant 
accident have continued. The studies a r e  c a r r i e d  out in a furnace which i s  
designed fo r  a maximum p r e s s u r e  of 1000 psig and sample t empera tu res  
a s  high a s  1700°C ( s e e  P r o g r e s s  Report fo r  November 1964, ANL-6977, 
p. 82). The furnace cons is t s  of two zones: an in te rna l  'steam-fllled z'one 
that i s  surrounded by an alumina tube, and an external  zone that i s  argon-  
filled. The argon- filled zone contains molybdenum heater  windings and 
insulation. The pressu . res  i.n the two zones a r e  automatically matched t o  
avoid s t r e s s e s  on the alumina tube. Water i s  introduced into the lower 
p a r t  of the s t e a m  zone by a .posi t ive-displacement  pump and i s  converted 
to  s t eam.  At the s t a r t  of an experiment ,  the sample  i s  elevated f r o m  a 



modera te- tempera ture  section, where reaction with s teani  i s  negligible, 
into the high-temperature section. Some unreacted s t eam and the hydrogen 
produced by the me ta l - s t eam reaction a r e  continuously removed f r o m  the 
upper p a r t  of the  s t e a m  zone (high-temperature section) through an outlet 
valve. The extent and the r a t e  of metal-  s t eam reaction a r e  determined by 
monitoring c o ~ t i n u o u s l y  the amount of hydrogen cbllected. Upon completion 
of the' experiment ,  the sample i s  lowered to  i ts  init ial  position. 

A sample  (8 in. long by 0.4-in. OD) consis ts  of a number of 
high-density U02  pellets clad with ei ther  Type 304 s tainless  s tee l  or  
Zircaloy-  2 tubing having a 27-mil wall  thickness.  The top and bottom of 
the tube a r e  closed with 3/16-in.-thick welded plugs. The 2.5-mil rad ia l  
gap between the U02 and the cladding i s  filled with helium a t  a p r e s s u r e  of 
20 ps ia .  A sample i s  r a i sed  into the high-temperature section. of the furnace 
a t  the r a t e  df 1 in./min, thus requiring a total  of 8 m i n f o r  complete inser t ion.  

, 
b. Reaction of Stainless Steel-clad Fue l  Elements  with Steam. A 

pre l imina ry  experiment with a Type 304 s ta in less  s teel-  clad fuel element 
was  descr ibed in-the P r o g r e s s  Report fo r  November 1964, ANL-6977, p. 83. 
In that exper,iment, which utilized a s t eam flow r a t e  of about 1 ml/min of 
water ,  the fuel e lement  remained in the hottest  pa r t  of the furnace for  
180 min. The upper  two-thirds (hottest  portion) of the cladding appeared 
t o  be reac ted  completely,  mos t  of the react ion occurr ing in the f i r s t  90 min.  
It was apparent f r o m  these  resu l t s  that the react ion r a t e  was l imited by 
the low flow r a t e  of s t e a m  pas t  t h e  sample.  

Experiments  were  performed to examine the effect of s t eam 
flow r a t e  on the react ion r a t e .  In the f i r s t  se t  of experiments ,  the s t e a m  
p r e s s u r e  was maintained a t  1 a t m  and the flow ra t e  was increased  to  10 ml/ 
m i n  of water  (85 l i te rs /min  of s team) with a nominal l inear  velocity of 
1.5 ft /sec.  The res idence  t ime  of the fuel element in the hottest  par t  of the 
furnace  was great ly  reduced. The total  t ime of react ion with s t e a m  was 
10 min.  During the f i r s t  8 min,  the fuel  element was being elevated into 
the high-temperature section. The fuel\ element was kept in the high- 
t empera tu re  section for  2 min and was then rapidly withdrawn to  the 
or-iginal position in the cooler  pa r t  of the furnace. 

The typical appearance of a fuel element which was exposed 
t o  s t e a m  under these  conditions i s  shown together with an  unexposed ele-  
ment  in F igure  22. The tempera ture- t ime h is tory  of the top (hottest)  end 
of the  fuel e lement  i s  given in F igure  23 together with a plot of the hydrogen 
evolution. The top of the fuel elem.ent reached, a. ma i i~ . l . zm.  teh.pera.ture of 

' 

about 1 600°C, and the bottom a maximum of about 900°C, thereby creat ing 
an  axial  t empera tu re  gradient of about 700°C. The top one-third of the 
s ta in less  s tee l  cladding appeared to be completely reacted,  whereas  the 
r ema inde r  had reac ted  only slightly. The demarcat ion between the two 



reaction zones can be readily seen in Figure 2 2 .  The maximum temperature 
at the demarcation has been estimated to be 1400°C from the results of other 
experiments . 23  The total hydrogen evolved corresponded to 47% reaction of 
the stainless steel present in the fuel element. 

rlgure ZL 

304 Stainless Steel-clad, U02 Core Simulated 
Fuel Pin Before and After Exposure to One aun 

Steam at 1600°C for 10 rnin 

FQm 2%. H y d r d r p  Ewlu:ti~ and Bampb T e l l q w a m e  
D m i g  Bainles Eitee].-3W-~lad p u e ~  Rsd 
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A photomicrograph of a radial cross  section near the top of 
the fuel element (see Figure 24) showed areas  of interaction between the 
UOz and the stainless steel oxides. The foamy appearance of the oxidized 
stainless steel is also apparent in the photomicrograph. X-ray analysis 
of the stainless steel oxides showed a structure of the 7-Fe304 type. 

Figure 24. Radial Cross Section Near the Top of a 304 Stainless Steel-clad, U02 Core 
Sirllula~srl Fuel PI11 Exl~usad Lu 011e all11 8Laal11 a1 1600°C 1u1 10 luiu 

Additional experiments wcrc conducted to determine the cffects 
of both steam flow rate and steam pressure.  In the f i rs t  of these experi- 
ments, the pressure was maintained at 1 atm and the steam flow rate was 
increased to 20 ml/min of water. In the second and third experiments, the 
steam flow rate was maintained at 10 ml/min of water and the pressure 
was increased to  4 and 11 atm. Neither the rate nor the extent of stainless 
steel-steam reaction were significantly affected by the changes in steam 
flow rate or pressure.  

c. Reaction of Zircaloy- 2-clad Fuel Elements with Steam. A 
preliminary experiment with a Zircaloy- 2- clad fuel element was described 
in the Progress  Report for  December 1964, ANL-6997, p. 57. The condi- 
tions of the experiment were identical with those of the f i rs t  experiment 
with the stainless steel-clad fuel element, i.e., low steam flow rate and 
long residence t ime (see  Section 1V.C. 1 .b). The upper two-thirds of the 
Zircaloy-2 cladding appeared to be reacted completely, forming a tube of 
ZrOz which retained the original shape of the metal cladding. The lower 



(cooler) portion of the cladding reacted only slightly. Most of the reaction 
occurred during the f i rs t  2 hr  of the exposure. Again, it  was apparent that 
the low steam flow rate had limited the rate of reaction. 

Additional experiments with Zirc aloy- 2-clad fuel elements 
were performed with an increased steam flow rate of 10 ml/min of water 
and the shortened residence time described in Section 1V.C. 1 .b in connection 
with the stainless steel-clad elements. 

The typical appearance of a Zircaloy- 2-clad fuel element which 
was exposed to steam under these conditions i s  shown together with an un- 
exposed element in Figure 25. The temperature-time history of the top 
(hottest) end of the element is given in Figure 26 together with a plot of the 
hydrogen evolution. The top and the bottom of the fuel element reached 
maximum temperatures of 1600 and about 900°C, respectively, resulting 
again in an axial temperature gradient of about 700°C. The hot upper end 
of the sample was embrittled, and only the outer surface was converted to 
ZrOz. There was no apparent interaction between the UOz and the cladding. 
In the case of Zircaloy- 2-clad fuel pin, there was no sharp demarcation 
between reaction zones; however, the attack on the cladding was more 
severe at the hotter end than at the cooler end. 

Figure 25 

Lircaloy-2-clad, UO2 Core Simulated 
Fuel Rod Before and After Exposure to 
One a m  Steam at 16000C for 10 min 
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Figure 26. Hydrogen Evolution and Sample Temperature 
During Zircaloy-2-clad Fuel Rod Experiment 
in High-pressure Furnace 

Figure 27 shows a c ross  section of the top cap of the fuel pin. 
Measurements made on the photomacrograph indicated that a layer of 
tubing wall, 14 mils thick, remained as  metal (original thickness, 27 mils). 
Measurement of the evolved- hydrogen indicated that the overall extent of 
reaction of Zircaloy- 2 in the fuel element was 18%. 

Figure ZT. C~oss Section of 'tbe Top Cap af a k&caloy-2-elad, U02 Cure Simulated 
Fuel Bin A h r  Rxpmupe to One a m  Steam at 1 6 0 0 ~ ~  $01 10 mfn 



, A parabolic oxidation' law was used to  calculate the extent of 
reaction a t  the hotter end of the fuel element. The calculations indicated 
that 14 mi ls  of the Zircaloy should reac t  with the s team; this i s  in  close . ' 

agreement  with the value calculated f r o m  measurements  made on the 
photomac rograph. 

Experiments  with Zircaloy-2-clad fuel elements were  a l so  
performed a t  p r e s s u r e s  of 4 a t m  and 11 a tm.  As in the c a s e  of the experi-  
ments  with s ta inless  s tee l  ( s e e  Section 1 v . c . l . b )  t he re  was no significant 
effect of p r e s s u r e  on either the r a t e  o r  the extent of the Zircaloy-2 s t e a m  
reaction. 

d. Comparisdn of the Stainless Steel-Steam Reaction with the 
Zircaloy- 2- Steam Reaction. The resu l t s  of the experiments  with s ta inless  
s teel-clad and Zircaloy- 2-clad fuel elements ( s e e  Sections 1V.C. 1 .b and 
1 v . c . l . c )  indicate that above 1400°C the reaction of s ta inless  s t ee l  with 
s t e a m  is  m o r e  rapid than that of Zircaloy-2 with s t e a k .  The ,rapidity of 
the s tainless  s tee l  reaction under these  conditions i s  due to the melting 
and foaming (and the subsequent la rge  inc rease  in sur face  a r e a )  of the 
mixture  of s ta in less  s tee l  and s tainless  s t ee l  oxides. The rapidity of the 
oxidation of the s tainless  s t ee l  a s  i t  reaches  about 1400°C resul t s  in ob- 
s ervable  self -heating of the cladding, a s  indicated in the tempera ture- t ime 
h is tory  in F igure  23. Neither Zircaloy nor  ZrOz a r e  melted under the con- 
ditions of these  experiments.  However, the overal l  heat of react ion of 
Zircaloy with s t e a m  i s  much g rea te r  than the heat of -reaction of s ta inless  
s t ee l  with s team.  

Calculations presented in a recent  analysis  of a loss-of-coolant 
accident in a reac tor  which uti l izes zirconium- clad fuel have indicated that 
the react ion a t  tempera tures  g rea te r  than 1000°C will  probably be l imited 
by the availability of s t eam to the reac tor  core.24 These calculations were  
per formed using the parabolic oxidation law for  the zirconium- s t eam 
reaction. A ra t e  law for  the s ta in less  s t ee l - s t eam react ion has not yet 
been established because of the spontaneous disintegration of s ta in less  
s t ee l  a t  1400°C, which resu l t s  in a changing sur face  a r e a .  The sha rp  in- 
c r e a s e  in react ion r a t e  resulting f r o m  the increased  sur face  a r e a  suggests 
that s imi l a r  reac tor  calculations can  be per formed for  s ta in less  s teel-  
clad fuel  using the approximation that the react ion r a t e  i s  negligible below 
1400°C and limited by the availability of s t e a m  above 1400°C. 

2 4 ~ a k e r ,  L., Jr . ,  and Ivins, R.  O., Nucleonics - 23 (7),  70 (1965) 
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