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FORE WORD 

The Reactor Development Program P rog re s s  Report, i s  sued 
monthly, i s  intended to be a means of reporting those i tems 
of significant technical progress  which have occurred in 
both the specific reactor  projects and the general engineer- 
ing research and development programs.  The report  is o r -  
ganized in a way which, i t  i s  hoped, gives the clearest ,  most 
logical overall  view of progress .  The budget classification 
i s  followed only in broad outline, and no attempt i s  made to 
report separately on each sub-activity number. Further ,  
since the intent i s  to report only i tems of significant prog- 
~ t ' e ~ e ,  not a l l  activities. a r e  reported each month. In order  
to issue this repor t  a s  soon a s  possible af ter  the end of at? 
month editorial work mu.st necessarily be limited. Also, 
since this i s  an informal progress  report ,  the resul ts  and 
data presented should be under stood to be  preliminary and 
subject to change unless otherwise stated. 

The- issuance. of these reports  .is not intended to constttute 
publication in any sense of .the word. Final resul ts .  either 
will be submitted .for publica.ti.on in regular professional 
journals  o r  will be published in .the. fo rm of AivL topical 
reports ,  

.The last  s ix reports  issued 
in this se r i es  a re :  

August 1965 ANL-7090 

September 1965 ANL- 7 105 

October. ,1965 ANL-7115 

November ,1965 'ANL-7122 

December 1965 ANL-7132 

January 1966 .ANL- 7 152 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project  Activities for February  1966 

The scheduled maintenance and modification program during reactor 
shutdown i s  in progress .  New dip ring heaters  have been installed in the 
rotating plug seal  trough, and the primary-tank heater  thimbles have been 
replaced with ones of new design. The pr imary system i s  being held a t  
280°F for  current  work. 

The fuel-transfer a rm ,  which had been operating with difficulty over 
an extended period of t ime, was removed into an inert-atmosphere, neoprene- 
nylon bag, cleaned, and inspected. I t  was found that the bell  crank had broken 
loose a t  the pivot point of vertical-horizontal movement. This i s  being 
corrected by redesign and replacement of the bell  crank, The procedure has 
been valuable in demonstrating that components can be removed f rom the 
reactor  to facilitate repai rs  when required. 

ZPPR 

A supplement to the ZPPR Prel iminary Safety Analysis Report, sub- 
mitted to the AEC on February 3 ,  1966, describes a new backup containment 
s tructure and provides answers to questions raised by.various Commission 
review bodies. The report  on the coring of the Gravel Gertie s tructure was 
also forwarded to AEC this month. 

The f i r s t  phase of the SEFOR cri t ical  experiments,  run a s  pa r t  of 
the AEC assistance program to the SEFOR project,  was completed. In 
addition to experiments with the unsegmented SEFOR core ,  Doppler experi- 
ments  were  performed on a bas is  that did not interrupt the planned experi- 
mental program. Work was begun on experiments with a SEFOR two-segment 
fuel-element design. 

PLUTONIUM RECYCLE PROGRAM (EBWR) 

The unrodded and unpoison.ed plutonium zone in the EBWR had been 
found experimentally to have a multiplication constant of 1.001 when loaded 
with twenty-two assemblies.  A four-group, two-dimensional diffusion-theory 
calculation fo r  this configuration yielded a multiplication constant of 1.008. 
In the calculation the control-rod followers were  assumed to be  made of 
Zircaloy; actually, the lower 15-,in. of the followers a r e  of stainless steel. 
Calculations will be made to estimate the reactivity effect due to the 
stainless steel. 



ERRATUM to ANL-7152 

Page  7,  paragraph 5, sentence 3 ,  reading "The fuel had received ... 
s ~ b a s s e r n b l y . ~  should read: "The  fuel  had received 0.1-0.2 a/o burnup on 
the initial i r radizt ion and -1.0 a/o burnup on the r e p ~ o c e s s e d  subassembly ."  
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I. LIQUID-METAL- COOLED REACTORS 

Work on planned maintenance and modifications, s ta r ted  af ter  the 
scheduled shutdown on January 23 ( s e e  P rogress  Report for  January 1966, 
ANL-7152, p. 1) is continuing. 

Work has begun to- replace  the 200 dip ring hea ters  in th'e la rge  and 
smal l  rotating plug sea l s .  The replacement heaters  a r e  clad in Type 405 
stainless s tee l  instead of Type 304 because of the bet ter  compatibility of 
the fo rmer  with the tin-bismuth alloy in the rotating sea l .  

After the heat t ransfer  systems were  cooled to 350°F, the secondary 
sys tem was drained and cooled to  room temperature.  The s t eam sys tem 
was cooled, drained, and al l  major  components were  opened for  inspection. 
Examination of the main condensers,  No. 2 feedwater hea ter ,  and the s team 
drum revealed no evidence of pitting o r  corrosion.  

The temperature of the p r imary  sys tem was reduced to 280°F, and 
the primary-tank heater  thimbles were  replaced with ones of new design 
( see  Section I . A . ~ ) .  

2. Removal of Fuel- t ransfer  A r m  

During cooling of the p r imary  sys tem,  the locking-pin actuating a r m  
in the fuel- t ransfer  ,mechanism became difficult to operate,  despite frequent 
programmed exercising. When checked with a specially fabricated tool that 
duplicated the upper adapter of a subassembly, it was found that difficulty 
existed in engaging and disengaging, and that the "sensing" feature of the 
mechanism that indicates the presence of a subassembly was missing.  

On Februa ry  19, the t ransfer  a r m  and its shielding - .  plug - were  r e -  
moved by raising them into a specially fabricated neoprene-nylon bag that 
maintained the inert  gas atmosphere.  The operation'was performed in a 
routine manner  as  planned and proved valuable in  demonstrating that equip- 
ment can be removed f r o m  the tank when necessary  to facili tate repai rs  of 
vital components. 

Adhered sodium was permitted to oxidize in a i r  and then cleaned 
f r o m  the assembly.  When the inspection port between the horizontal and 
vert ical  shafts of the t ransfer  mechanism was cut open, the bell crank .at 
the pivot point of the .locking pin and sensing rod mechanism was observed 
to have failed. In addition, an aluminum-bronze bushing at  the base of the 
vert ical  shaft was badly deter iorated.  A newly redesigned bell crank was 
fabricated and i.s being installed. 



Radioactivity associated with the removal  of the t r ans fe r  a r m  was 
ve ry  low. Induced activity in the s tainless  s tee l  of the mechanism was l e s s  
than one m ~ / h r ,  beta and gamma,  on contact. The maximum activity on the 
c a r r i e r  block af te r  sodium removal was 12 m ~ / h r  a t  2 in. Sodium activity 
had decayed to lo-'  p ~ i / g ,  p r imar i ly  due to ~ a " .  

3 .  Maintenance and Minor Modifications 

A number of maintenance jobs, minor  modifications, and tes t s  have 
been accomplished during this shutdown period. These include the following: 

Tes t  and lapping of the s t eam-drum safety valves; overhaul of the 
turbine-driven feedwater pump; mechanical modification to  the fuel- 
unloading-machine position-indicating sys tem;  cleaning of condensed sodium 
f r o m  the N-1 and N-2 argon inlet and outlet nozzles on the p r i m a r y  tank; 
maintenance on nuclear  and process  instrumentation; rebuilding the s ta r tup  
feedwater pump; overhaul of the gland s e a l  exhauster ;  many other minor  
i t ems .  

Mechanical installation of the replacement feedwater -pressure  con- 
t r o l  valve has been completed and control-  sys t em ins tallation s t a r t ed .  

4 .  Reactor  Improvements 

Replacement of the pr imary-  tank heater  thimbles went smoothly, 
and new sil icon-controlled rect i f iers  were  installed fo r  the heater-power-  
control  sys t ems .  After t e s t  these were  placed in operation. Work i s  in 
progress  to  eliminate noise f rom this power source  in the low-level nuclear 
instrumentation. 

5. Reactor  Physics and Kinetics 

a .  Computer Calculations. Work i s  being performed on digital 
simulation of reac tor  kinetics for  programming with the 1604 computer 
when i t  becomes available.  

Work i s  a l so  being done on analog estimation of the accuracy of 
kinetics analyses .  The existing analog equipment shows fluctuations which 
m a y  be difficult to  eliminatc.  

A p rogram fo r  a 91-subassembly  a ark I-A) c o r e  with 14 ex- 
per imental  subassemblies  "homogenized" in Row 4 was sent  to the Applied 
Mathematics Division for  computation of power generation in the co re  and 
blanket. The resu l t s  will b e  used for  determining tempera tures  and burnup 
ra t e s  in the l a rge r  co re .  



The substitution worth of. a suba.isembly (blanket to enriched) in 
Row 6 was calculated by Mach- 1 code to be 0.30%; the average of previously 
measured  values i s  0.3170. 

b. Fuel-pin Fai lure.  A proposal is being considered to investigate 
the consequences of actual failure of a fuel pin. It involves the reirradiat ion 
of a bare  Mark-I  pin which has already reached a maximum burnup of 1.2 a/o. 
The i rradiat ion will continue until the specimen fails a s  indicated by'the fis - 
sion product-monitoring sys tems,  o r  i t  will be removed for  inspection if  no 
such indication is received after reas  ona.hl e additional burnup. 

To attain representative operating tempera tures ,  the t e s t  speci-  
men  would be located at  the center  of a cluster  of s ix  unirradiated Mark-I-A 
fuel pins. Autocatalytically propagated failure effects would be limited by 
surrounding the t e s t  c luster  with a ring of 12 s tainless-steel-f i l led dummy 
pins.  Following fai lure,  the reac tor  would be shut down and the t e s t  sub- 
assembly removed for  inspection. 

c .  Heat Trans fe r .  The use of a s teady-state  heat t ransfer  p rogram 
written for  the 1620 computer allows an analysis of expected performance 
(flow and tempera ture  pattern) of al l  subassemblies scheduled for  insert ion 
into the core .  Also, the ARGUS program for  t ransient  analysis has been 
applied to  the 70 and 5270 enriched dr iver  subassemblies  with an output giv- 
ing subassembly t ime- tempera ture  charac ter i s t ics .  The use  of ARGUS 
(transient)  and the steady-state programs will allow a complete analysis of 
the core  whenever revised power distribution i s  required.  

6. Experimental Irradiations 

a. .  Neutron Radiography. A procedure was devised for preparing 
ve ry  thin boron oxide- zinc sulphide f i lms for us e a s  neutron- sensitive 
s cintil lators . Scintil lators of this type appear promising as  image con- 
v e r t e r s  for  neutron radiographic applications. 

Calculations were  made for  the shielding requirements  of i r r a -  
diated experimental fuel capsules.  According to  the calculations, a dose 
r a t e  of 11 m ~ / h r  would be observed at a distance of one m e t e r  f r o m  three  
capsules with 25 c m  of lead and 2 c m  of i ron as  shield ma te r i a l s .  

The r e  has been considerable difficulty experienced in bonding 
a ve ry  thin (0.001.-in.) layer  of boron nitride to a conductor without altering 
the propert ies  of the boron nitride.  Because of these difficuitles, delivery 
of a neutron-sensitive vidicon tube i s  delayed until ear ly  March 1966. 

7 .  Fue l  Cvcle Facili tv 

Two radial  blanket assemblies ("A" t ype) were  dismantled, and rods 
were  prepared  for  t r ans fe r  to t h e  TAN hot cel l  facili ty for  sampling and 



examination.  One of the assembl ies  ( f rom Row 6) was removed for  blanket 
surve i l lance ,  and the other contained an experimental  i r radiat ion ( ~ 7 7 6 ~ -  - 
samples  fo r  a measu remen t ) .  

A new bond-testing machine has  been received f r o m  the manufac- 
t u r e r .  This machine was redesigned to  i nc rease  the life of the dr ive mech-  
a n i s m  and the eddy-cur ren t  coi ls .  I t  will be installed in the Air Cell when 
out- of-cel l  testing and cal ibrat ion a r e  completed.  

In an effort  t o  i nc rease  production by reducing the work load on the 
p in-processor  machine,  four  batches (272 pins) of Chicago- produced 
Mark- I -A fuel pins w e r e  loaded into jackets; calculated values of pin vol- 
umes  r a the r  than volumes obtained by the pin-processing equipment were  
used .  P re l imina ry  bond testing indicated that the r a t e  of acceptance for  
sodium level  i n  an e lement  is  normal .  

Work i s  continuing on identifying the cha rac t e r  and nature  of the 
s c a l e  found on pins f r o m  the f i r s t  re turned subassembly (c- 162) fabricated 
f r o m  i r r ad i a t ed  fuel  ( s e e  P r o g r e s s  Report  for  January 1966, ANL-7152, 

p. 7).  A revised analysis  of the sca le  shows that i t  contained only 0.870 
r a the r  than 10% sodium. Samples  of the sca le  have been submitted for  
emiss ion  spectrographic  and X-  ray  diffraction analysis .  Metallographic 
examination continues.  

T rans fe r  of fuel  between the reac tor  and the F C F  has been sus -  
pended a s  a resu l t  of the maintenance and modification work being done on 
the r eac to r .  

Production is  summar i zed  in Table 1. 

TABLE I. Produc t ion  S u m m a r y -  - F e b r u a r y  1966 

Subassembl ies  Received* 
Subassembl ies  Dismant led  
Subassembl ies  F a b r i c a t e d  
Subassembl ies  T r a n s f e r r e d  t o  Reac tor*  
P i n s  n ~ r a . n n e d  
Mel t -  ref ining Runs: 

I r r a d i a t e d  F u e l  ' 

Recyc le  M e t a l  
A v e r a g e  P o u r i n g  Yield 
Inject ion-  cas t ing  Runs 
P i n  P r o c e s s i n g :  (253  addi t ional  Chicago Ma1.k I-A) 

Acceptable  P i n s  
Re jec t  P i n s  

P i n s  Welded 
Leak  Test ing:  

Accepts  
Re jec t s  

Bond Tes t ing  (comple ted  runs) :  
Accepts  
Re jec t s  

Surve i l l ance :  C- 102, C- 135 

* T r a n s f e r  of fue l  between t h e  r e a c t o r  and F C F  h a s  been  t e m p o r a r -  
ily suspended a s  a r e s u l t  of the  reac tor -modi f ica t ion  p r o g r a m .  



B. General  F a s t  Reactor Phvsics 

The f i r s t  phase of the SEFOR cr i t ica l  experiments in ZPR- 3 was 
completed this month. This i s  the experiment being conducted as  par t  of 
the Atomic Energy Commission 's  program of ass i s tance  to the Southwest 
Experimental  F a s t  Oxide Reactor (SEFOR) project.  The experiments pe r -  
formed during the f i r s t  phase of the program were  done on a mockup of the 
SEFOR reac tor  core  with an uns egn2ented fuel- eleinent design. 

Following completion of the f i r s t  phase, experiments were  begun 
with a SEFOR mockup with a two-segment fuel-element design. This ex- 
periment is  intended to investigate the change in reactivity due to fuel ex- 
pansion when measuring the SEFOR Doppler effect. A 2-in. gap i s  placed 
in the fuel s o  that one segment expands into a region of higher reactivity 
and the other expands into a region of lower worth.  Crit icali ty was reached 
with 327.4 kg of P u  239t241. The ZPR-  3 control rod was recal ibrated,  and 
physics measurements  w e r e  s ta r ted .  

a .  Initial SEFOR Criticali ty.  Following i s  a detailed description 
of Assembly 47; a mockup of SEFOR a t  reac tor  loading No. 15, the loading 
a t  which the assembly  was f i r s t  c r i t ica l .  

An interface view of Half No. 1 of the reac tor  i s  shown in F ig .  1.  
All of the d rawer  type numbers  a r e  shown in the i r  proper  locations.  F ig-  
u r e s  2 through 5 show the actual a r rangement  of the ma te r i a l s  in each type 
of drawer  loading. Half No. 2 of the assembly  is, loaded as  the m i r r o r  image 
of Half No. 1,  except for  the location of the C-6 and C- 16 type drawers  in the 
co re .  These d rawers  will  be discussed l a t e r .  F igure  5 i s  a horizontal  view 
of the reac tor  showing the location and dimensions of the various regions of 
the SEFOR mockup. 

Two types of plutonium fuel a r e  used in the mockup. The origi-  
nal  o r  " old" fuel on hand was plutonium with 1.1 w/o aluminum jacketed in 
s ta inless  s t ee l  in the f o r m  of plates of 1/8-in. nominal thickness.  The addi- 
tional plutonium required for  this assembly  was obtained as  a Pu-U-Mo al-  
loy, called "new." The lutonium enrichment i s  20%. It i s  a l so  canned in 
s ta inless  s t ee l  and i s  1 7 4 in.  thick. The new plutonium was loaded in c o r e  
region 1A and the old plutoniuq in  c o r e  region 1B ( s e e  F ig .  6) to provide a 
negative overa l l  t empera tu re  coefficient of reac t iv i t ,~  for  this assembly .  

The co re  d rawer  loadings a r e  based on a unit of five d rawers ,  
C-1 through C-5 and C-11 through C-15. These d rawer  loadings a r e  shown 
in F ig .  2. The remaining edge co re  d rawers  a r e  shown in F i g s .  3 and 4 
along with blanket drawer  BC- 1 which i s  loaded behind a l l  the co re  d rawers .  
The corl,trul d rawers ,  CC-2 and CC-4, a r e  loaded like C-2 and C-4 plus 
BC- 1, except that one coluimn of 1/8-in. alumiauim i s  removed.  



Fig. 1. Interface View of Half No. 1 of Assembly 47, ZPR-3, for Loading No. 15 
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Fig. :3. Drawer Loadings, Assembly 47, ZPR-3 
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I A l l  Ienglhs in centimeters 

Fig. 6. ~o r i zo l l t a l  View of Assembly 47 of ZPR-3 

On F i g s .  2 and 3, f ront  views a r e  given of the var ious  c o r e  
d r a w e r s ,  with the  m a t e r i a l  in each  column labeled.  As a fu r the r  e labora-  
tion of these  f i gu re s ,  the average  quantity of m a t e r i a l  pe r  l ineal  inch of 
each  column in  the  c o r e  d r awer s  i s  given in   able 11. The s ta in less  s t e e l  

assoc ia ted  with d r a w e r s  and m a t r i x  .tubes i s  a l so  given in Table 111. The 
s ta in less  s t e e l  al loy i s  Type 304 and has  a nominal  composit ion of 69.7 w/o 
F e ,  17 w/o C r ,  10.4 w/o Ni, 1 .1  w/o Mn, and 0 . 6 : ~ / 0  Si .  

TABLE 11. Composition of Individual.Columns 

Column . . 

Nominal  Thickness  Composition of 2-in.-high 
M a t e r i a l  (in.) ., Column (g/in. of length) 

lOO%Al ' , 

6370 A1 

B e 0  

Na2C03 

Uepl. U 

New P u  

Old P u  

D r a w e r s  and 
m a t r i x  



TABLE 111. C o r e  Drawer  Substi tut ions f o r  Inc reas ing  
Plutonium Enr i chmen t  

Type C-6  f o r  C-5  Type C- 16 f o r  C- 13 

Half No. 1 Half No. 2 Half No. 1 Half No. 2 

F i g u r e  5 shows the d r a w e r  loadings f o r  the r ad i a l  sodiurrr a r ~ d  
s t a i n l e s s  s t e e l  Region 2, the  r ad i a l  r e f l ec to r  Region 3 ,  and the boron c a r -  
b ide  sh i e ld .  S ta in less  s t e e l  was  subst i tu ted i n  p a r t  of the  re f l ec to r  because  
t h e r e  was  insufficient  n ickel  on hand.  

To  achieve c r i t i c a l i t y  in loading No. 15, the  plutoniurrl enrich- 
m e n t  was  i nc r ea sed  by subst i tu t ing c o r e  d r a w e r s  C-6  f o r  C-5  and C- 16 f o r  
C- 13. Table  I11 l i s t s  the m a t r i x  positions whe re  t he se  substit<tions w e r e  
m a d e .  

Table  IV l i s t s  the  actual  m a t e r i a l  composit ion of the  regions  in  
the a s s e m b l y  with a l l  con t ro l  d r a w e r s  i n se r t ed .  With the  configuration,  the  
m e a s u r e d  mult ipl icat ion constant ,  k ,  was  1.00030 +- 0.00003. Thc m a s s  of 
th i s  loading included 314.31 kg Pu  239t24' in  a c o r e  volume of 527.6 l i t e r s .  

TABLE IV. Assembly 47 Compo$ltion for Loadlng No. 15 

Reactor Region Material Composition (glee) .-. 
Volume ~ ~ 2 3 9  

Name Nil. (e) I p u 2 4 1  pu74n u~~~ ~ 2 3 5  BO,  0 Mo C. Na A1 30455 Ni 

Cnre 
(New Pu) 

Core 
(Old Pu) 

Radial 
NalSS 

Radial 
Reflector 

Radial 
Reflector 

Axial 
Reflector 

Axial 
N a b s  



b. ~ a d i a l  Fiss ion and.BF3 Trave r ses .  To complete the determina-  
tion of the power distribution in the SEFOR reac tor ,  radial  t r ave r ses  were  
made to  augment the axial t r ave r ses  previously reported ( see  P r o g r e s s  Re- 
port  fo r  January 1966, ANL-7152, pp. 11-13) .  

The design details of the imockup for  both the radial  and axial 
t r ave r ses  were  as  described in Section l'.a. u~~~ and P U ~ ~ ~  f iss ion counters 
and a BF3 proportional counter were  used for  the t r a v e r s e s .  The t r ave r se  
tube was placed a t  the radial  midplane of the reac tor  in the front of the 
drawers  in the 16th row in Half No. 2 .  Figures  7 ,  8, and 9 show the resul ts  
of the three  t r ave r ses  with the SEFOR rods Nos. 2 and 3 completely in- 
se r t ed .  The slight tilting of the curves is perhaps due to  the fact that the 
fuel columns in the outer core  region a r e  not symmetr ica l  about the ver t ical  
midplane of the assembly,  causing the half of' the co re  n e a r e r  rod No. 2 to be 
loaded a l i t t le .heavier than the other half of the core .  F igure  10 is  a P U ~ ~ ~  

t r ave r se  with SEFOR rod No. 3 removed. The peak in the sodium and stain- 
l e s s  s tee l  region caused by the nickel reflector i s  eliminated, as  may be 
seen  by comparison with Fig.  7 .  

" 
-36 -32  -28 -24 - 2 0  -16  -12  - 8  -4 0 4 8 12 16 2 0  24 28 

COUNTER POSITION IN INCHES FROM CORE CENTER 

Fig. 7.  ~ a d i a l  Traverse  with ~u~~~ Fission Counter  



'-32 - 2 8  - 2 4  - 2 0  - 1 6  - 1 2  - 8  - 4  0 4 8 1 2  1 6  2 0  2 4  2 8  

COUNTER P O S I T I O N  I N  INCHES FROM CORE CENTER 

Fig. 8. Radial Traverse with u~~~ Fission Counter 

I 
ri;, 

--#a- 

I * *  I 
t 

* 

CORE v'\ Na h N i 
STEEL 

' 
STEEL 

I 1 I I I 1 I I 1 I 1 I 

CENTER P O S I T I O N  I N  INCHES FROM CORE CENTER 

Fig. 9. Radial Traverse with BF3 Proportional Counter 



I 
-32 -28 -24 -20 -16 -12 -8 -4 0 4 8 I2 16 20 24 28 32 

COUNTER POSITION I N  INCHES FROM CORE CENTER 

Fig. 10. Radial Traverse with ~u~~~ Fission Counter and SEFOR Rod No. 3 Removed 1 

c .  Spectral  Indices. Fiss ion ratios were  measured at  the center  
of the core  to help determine the neutron spec t rum at this point. Two gas- 

flow-type absolute fission counters were  placed in 
TABLE V.  Central  the center of the core ;  one counter contained a u~~~ 

Fission Ratios foil as a s tandard,  and u ~ ~ ~ ,  uZ3', P U ~ ~ ~ ,  and P U ~ ~ ~  

foils were  placed in the other .  The resul ts  a r e  
%,/az5 = 0.0264 listed in  Table V.  

aZ3/o2, = I .45i 
d. Measurements of Reactivity Worth. The 

(J4,/0,, = 0.91 A3 reactivity v ~ o r t l 1 5 t  to  
- .  

reactor  design were  measured  a t  the center  of the 
%,/025 = 0.2006 

core .  Two-inch cubes of mater ia l s ,  either solid 
mater ia l ,  mater ia l  in s ta inless  s tee l  cans ,  o r  thin 

samples  with 1/8-in. pieces of aluminum to make the 2-in. Lube of ma-  
t e r i a l  required by the changer,  were  moved in and out of the core  by means 
of a sample changer. Results a r e  given in Table VI. All me'asurements 
a r e  compared to a 2-in. void in the center of the core .  Since correct ions 
f o r  any a.11lminum or  stainless s tee l  around the samples  were  made the 
numbers given a r e  for  the mater ials  a s  l isted. Corrections for  tempera-  
tu re  drift ,  which was appreciable,  were  determined by making reference 
measurements  frequently between the sample measurements .  



TABLE VI. M e a s u r e m e n t s  of C e n t r a l  React ivi ty  Worth Relat ive t o  Void 

Sample  Weight ( g )  
M a t e r i a l  Worth 

M a t e r i a l  S a m p l e  S ize  ( in . )  M a t e r i a l  Aluminum Sta in less  ( ~ h / k g )  

A1 (45%)  2 x 2 ~ 2  143.2 

SS . 2 x 2 ~ 2  1026.1 

SS 8--1/4 x 2 x 2 
E m p t y  Na c a n s  166.8 ' 0 

F e  2 ~ 2 x 7 .  1028.0 

Mo 2 x 2 ~ 2  1279.8 

C r  2--1 x 2 x  2 c a n s  439.2 

Mn 2--1 x 2 x  2 c a n s  597.3 

Iii  ? v  7 . x  2 1 1  50.4 

Na 2--1 x 2 x  2 cans  91.2 

i3 e 2 ~ 1 2 x 2  240.7 

B e 0  L x Z x 2  361.3 

Al,U3 2- -1  x 2 x 2 c a n s  224.2 

Fez03 2--1 x 2 x  2 c a n s  341.0 

Graphi te  2 x 2 ~ 2  196.4 

Z r 2 x 2 ~ 2  846.0 

B i 2 x 2 ~ 2  1276.2 

T a 2 - - 1  x 2 x  2 c a n s  1004.0 

W 2- -1  x 2 x  2 c a n s  1867.2 

B4C ( ~ n r ) ( ~ )  1 - - 1/4 x 2 x 2 32.4 125.4 

Depl  U 2 x 2 ~ 2  2460.4 

pu(') 1--1/4 v Z x 2 c a n  93.0 153.1 

pu( d) 1 - - 1 / 8 x  Z x  2 c a n  69.1 135.3 

P U ( ~ )  2- - 1/8 x 2 x 2 c a n s  138.1 126.7 

P U ( ~ )  3--1/8 x 2 x 2 c a n s  20'1.2 119.0 

PU-U-MU(") 1 - - 1/8 x 2. r 2 c a n  79.9 135.9 

P u - U .  h 4 0 ( ~ )  Z - -  1/8 K 2 x 2 c a n s  159.8 124.5 

P U - U - M O ( ~ )  3--  1/8 x 2 x 2 c a n s  239.7 117.0 

E n r  u ( ~ )  1--1/16 x 2 x 2 p la te  72.1 146.6 

E n r  u ( ~ )  2:- 1/16 x 2 x 2 p la tes  144.2 136.0 

~ n r  I J ( ~ )  3--  1/16 x 2 x 2 p la tes  21 6.4 136.5 
. . - .- 

( a ) ~ v e r a g e  of two m e a s u r e m e n t s .  

(b)62.33 w/o B", 7.01 w/o B", 30.66 !/o C. 

( ~ 1 9 4 . 5 1  a/o P u ' ~ ~ ,  5.1 1 a/o puZ40, 0.38 a/o PuZ4l. 

( d 9 5 . 0 6  w/o PuZ", 4 .55  w/o PU"', 0.39 w/o puZ4l. 

(e)17.86 w/o P U ~ ~ ~ + ~ ~ ~ ,  1.64 W/O puZ4', 7'8.0 W/O Depl  U, 2.5 w/o Mo. 

( f )93.0 w/o u ~ ~ ~ .  



e .  Measurements  of Ratio of u~~~ Capture to u~~~ Fiss ion .  Natural  
and enriched uranium foils were  i r rad ia ted  a t  four rad ia l  co re  positions in 
the reac tor  midplane.  The f iss ions  and captures  in the foils were  de te r -  
mined by radiochemical analysis .  F i ss ions  were  determined by the 
production and captures  were  determined by the N~~~~ production. Table VII 
l i s t s  the resu l t s  of the analysis .  The natural  uranium foils w e r e  p.laced in 
the m i r r o r  image positions f r o m  the enriched foi ls ,  except for  sample  l E ,  
which could not be placed in 1-N-17 because the drawer  type had been 
changed. F igu re  11 shows the exact position of the foils in the front of the 
d rawer s .  

TABLE VII. Resu l t s  of F i s s i o n  and Cap tu re  Analys is  of N a t ~ r a l ~ a n d  Enr i ched  Uran ium Fo i l s  

F o i l  F o i l  S i z e  Enr i chmen t  F o i l  Wt 
No. ( in . ,  m i l )  (70) Locat ion  ( P) ~ i s s i o n s / ~  (X lo-9]  

0.995 d i a  x 5 

0.995 d ia  x 5 

1/4 x 1 x 20 

1/4 x 1 x 20 

1 .0  d ia  x 10 

1 .0  d ia  x 10 

1/2 x 1 x 25 

1/2 x 1 x 25 

93.09 

93.07 

93.18 

93.1.8 

Na tu ra l  

Na tu ra l  

Na tu ra l  

Na tu ra l  

f .  Doppler Effect Measurements .  Measurements  of the Doppler 
effect in u~~~ with the SEFOR co re  were  made by means of a newly developed 
foil-activation technique that requi res  only a half-hour i r radiat ion at  50 W.  

A scint i l la t ion counter was used to  discr iminate  against  the 
f i s s ion  product activity in a highly depleted uranium foil in a fas t -neutron 
spec t rum.  The gamma counter (developed by Davey of the Idaho l3i.vision) 
uses  a combination of a thin lead f i l ter  and a thin NaI c rys ta l ,  and has good 
e f f i c i e n c . ~  between about 40 and 90 keV. Wit11 the aid of a pulse-height ana- 
lyzer ,  the 74-keV gamma ray of u~~~ can be counted with only 5 to  2070 of 
the total  count a r i s ing  f r o m  f iss ion products.  An automatic, two-position 
changer combined with a Nuclear Data ~ n a l ~ z e r ' ~ ~ ~ e  180 i s  used s o  that 
two foils may 'be counted repeatedly in succession with a single detector .  

A s imple  e lectr ical ly  heated res i s tance  f u r n a . ~ ~ .  i s  evacuated to  
eliminate oxidation of the uranium and reduce heat conduction. The r e s i s -  
tance coil  heats a ce ramic  element suspended inside the furnace,  and one foil 

, . 
is  located in a r eces s  in the ce ramic .  T h e  other (cold) monitor foi.1 i s  lo- 
cated outside the furnace.  

The experiments cvrlsist of comparing the u~~~ activity of  the 
inner (furna.c.e..) -foil and the outer (cold monitor)  foil a t  diffe'rent t empera-  
t u re s .  The foils a r e  0..005-in. thick and 0.50 in. in d iameter ,  and a r e  
identical in weight. The u~~~ content i s  nominally 0.270. 
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+ . .  
Two s eparate  experiments ,  in wh ich  fuel and ' d i l ~ e n t  plates were  

arranged s o t h a t  the neutron spec t rum a t  the measuring furnace was as  close 
a s  pract icable  to  that in a homogeneous reac tor ,  -gave a mean increase  of 
3) + 1/2% for  a tempera ture  r i s e  f rom 27 to 500°C. A simple calculation, 
using ~ r ~ o n n ' e ' s  Cross  sect ion S'et 224, gave a value of approximately 4Yo for  
the s a m e  tempera ture  . r i s e .  This agreement  is encouraging, but should not 
be overemphasized. A second s e r i e s  of experiments ,  in which the local fuel 
and diluent plates . w i r e  reoriented, gave a measurement  appr oximatel? 
twice this value of 3+0/0. Clearly,  the local environmental effects must  b,e 
investigated carefully before these activation resul ts  can be accepted. 
Manganese-activation measurements  ca r r i ed  out in the s a m e  c o r e  indicate 
that Set 224 may  be appreciably in e r r o r  in predicting the low-energy 
spec t rum.  

a .  Reactivitv Worth Measurements .  Measurements  of reactivitv 
worths with ~ s s e m b l ;  4 2  continued ( see  P i o g r e s s  ~ e ~ o r t  fo r  January 1966, 
ANL-7152, pp. 14- 15). Specifically, the worths of Na, C,  u ~ ~ ~ ,  and u~~~ were  
measured  a s  a function of radius relative to, void. 

The sodium-void coefficient was a l so  measured  as  functions of 
distance in the axia1,direction. A check of the heterogeneity effects on the 
sodium void coefficient' was made by repeating the measurements  with the 
sodium cans loaded between plates of graphite,  the relative positions of the 
sodium cans and the enriched u~~~ plates being left undisturbed. Only the 
depleted uranium plates were  exchanged with graphite plates.  The resul ts  
of these  measurements  a r e  current ly being analyzed. 

b .  Shutdown Reactivity a s  a Function of Time.  ZPR-6 util izes 
10 fuel-bearing dual-purpose rods which a r e  ejected f r o m  the core  when 
sc rammed  and 11 (usually 12) B'' safety blades which a r e  inser ted  into the 
core  when sc rammed .  I t  i s  of in te res t  to know the shutdown reactivity a s  
a function of t ime.  It i s  a l so  of in t e re s t  to  determine whether the s u m  of 
the individual rod worths a s  measured  in  a c r i t ica l  assembly is  equal to  
the total  rod worth a s  measured  during a s c r a m  condition. The following 
work was done with Assembly No. 4 2  of ZPR-6.  

Measurements  of reactivity versus  t ime were  made with a BF3 
iunizaliorl char~l lel-  uperaatillg a t  an initial cur rent  level of Amp, a 
P 2 -  A Philbrick operational amplifier .with a 1 07- ohm-voltage-developing 
r e s i s t o r  damped by a 100-PF capaci tor , '  a Dymec analog-to-digital con- 
v e r t e r ,  and a CDC DDP- 24 digital computer.  The computer was used on- 
line to accumulate the data.  The reactivity a s  a function of t ime was cal-  
culated by u s e  of a space-independent, one-energy-group, kinetics code. 
The calculated resul ts  were  plotted automatically by a Calc omp plot ter .  

' T ~ P .  amplifier was located in the reactor  cel l  by the chamber to reduce 
noise and hum pickup. 



Figure  12 shows the reactivity-removal ra te  due to  scramming - 
nine dual-purpose rods f r o m  full in (0.000 cm) to full out (60.000 cm) ,  and 

1 dual-purpose rod f rom 
18.000 to 60.000 cm.  Time 

o ze ro  on the char t  is  -2 msec  
before magnet power was r e -  

? -80.00 
a moved. Sampling intervals  
0 = 
.' -160.00 were  5 msec .  It is  seen  that 
i 
!= -50 m s e c  elapsed before the 
i? -240.00 
0 rods s ta r ted  moving; the 
a 
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in -220 msec .  
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Fig. 12. Rate o f  Reactivity Removal due 
to Scram of Dual-purpose Rods 

sequently returns to  the 
previous base  linc. This is  
attributed to  a sma l l  amount 

of 60-cps hum noted on the output of the amplifier when connected to the 
A to D converter .  Hum i s  known to offset the data in this manner  a t  low 
signal levels.  

Three  significant conclusions can be derived f rom this figure: 
( 1) The reactivity- removal rate  as  a function of t ime due to  the dual- 
purpose rods i s  nearly constant for  this co re  after the rods s t a r t  moving 

c l ea r  a t  this t ime whether or not this f 
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close agreement  i s  fortuitous. - 
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Figure 13 shows the reac-  -80.00 

tivity- removal rate  due to  scramming 
both the dual-purpose rods and the -100.00 OOo 
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1 1 B'' safety blades.  Again, reactivity 
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removal  s t a r t s  -50 msec  af ter  magnet- -120.00 
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pleted in 240 m s e c .  The time between 
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su red  worth of the rods removed dur-  
ing the s c.ram i s  -460 Ih, whereas the o 

total  worth obtained by summing the 
individual rod worths i s  -463 Ih. Thus, , -2000 - 
the total  worth agrees  within the un- - 
certainty of the rod calibration, which ; -4000 
is estimated to  be - f5  Ih. It is not g 

points is 10 m s  ec in  this cas e .  The Fig. 13. Rate of Reactivity Removal due to 
to tal  wor thmeasured  during the s c r a m  Scram of 61° and Dual-purpose Rods 
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To get  total delay ill the case of an instrument scram, the i1istru111eilt and relay response t ime  must be 
added to this. The relays utilized would add another delay of 20-25 msec. 



was -1 040 Ih. F o r  the rod configuration during this s c r a m ,  the worth of 
the dual-purpose rods obtained by summing the rods individually, was 
367 Ih. Two typical  B" rod worths were  measured ;  one value was found to 
be -61 Ih and the other  -59 Ih. The other nine B" rods should average  
approximately the s a m e  with 57'0 o r  l e s s .  Assuming they a r e  the s a m e ,  the 
B" rods would be worth -660 Ih, making the total  worth -1027 Ih. Thus the 
resul ts  obtained fkom the total  s c r a m  measurement  a l so  ag ree  with the s u m  
of the individual worths within the es t imated accuracy  of the rod worths . 

Figure  14 shows the shutdown reactivity r a t e  due to  eleven B" 
safety blades and one dual-purpose blade (the l a t t e r  s c r a m m e d  accidentally).  
Reactivity removal  s t a r t s  about 50 m s e c  af ter  loss  of magnet power.  Ap- 
proximately 90% of the worth is  inser ted  in -120 m s e c .  The B" rod 
"bounce" i s  seen  immediately thereaf te r .  The final  slow , r a t e  of reactiyity 
removal  i s  at tr ibuted to the slowing-down action of the pneumatic dampers  
for  the B" rod and the one dual-purpose rod (the damping action for  the 
dual-purpose rods occurs  outside the co re ) .  F r o m  the graph the total  worth 
of the B" blades and the dual-purpose rod i s  -725 Ih. The es t imated total  
B" worth of -660 Ih plus the worth of the dual-purpose rod of 66 Ih com- 
pa re s  favorably with this measured  value. 

The above data were  taken with the reac tor  operating a t  -200 W 
and an ionization- chamber  cur  rent of -1 o - ~  Amp. F igure  15 shows the data 
obtained with the B" rods when the reac tor  power was -10 W and the init ial  
ionization- chamber  cu r r en t  -5 x 1 o - ~  Amp. The s ta t is t ical  fluctuations be- 
came quite pronounced. 

SECONDS AFTER SCRAM 

Fig. 14. Rate of Reactivity Re- 
moval due to Scram of 
~ 1 0  Safety ~ o d s  

Fig. 15. Rate of Reactivity Removal at  Low Power 
Level due to Scram of B1° Safety Rods 
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Exper imenta l  s tudies  with ZPR-  9 Assembly  No. 8 w e r e  completed 
dur ing  th i s  repor t ing per iod and a ma jo r  effort  was  d i rec ted  toward con- 
ver t ing  t he  ZPR-9  facil i ty t o  a s t e e l  m a t r i x  fo r  the  s m a l l  zone s tudies  in  
the  Civilian Power  P r o g r a m .  

T h e  f inal  measu remen t s  made  on the  B e 0  ref lected Assembly  No. 8 
included the  hydrogen void exper iment ,  a num'ber of c en t r a l  worth  m e a s u r e -  
men t s  and a s e r i e s  of react iv i ty  and reac t ion  r a t e  t r a v e r s e s .  The addition 
of a 20-mi l  th ick x 2- in .  wide s t r i p  of polyethylene to  each  of the  c o r e  
d r a w e r s  introduced 172.55 g of hydrogen to the  c o r e  and had a m e a s u r e d  
wor th  of t0 .61% Ak/k. Subsequent additions of 154.58 g of hydrogen t;o the  
B e 0  re f lec to r  added 0.1% Ak/k. Other p a r a m e t e r s  m e a s u r e d  on A s s e m -  
bly No. 8 a r e  l i s t ed  in  Table  VIII. 

TABLE VIII. ZPR-C) Assembly  Nu. 8- -Experirrientally 
Measu red  P a r a m e t e r s  

Cr i t i c a l  Radius:  31.74 c m  

M a s s  : 278.8 kg u~~~ 
Reflector :  11.14 c m  B e 0  plus 47.17 c m  A1 Isolat ion Blanket 

Edge Fue l  Worth:  18.3 lh/kg of u~~~ rela t ive  to B e 0  

Cen t r a l  Reactivity Worths 

Gap Worth:  

*Extrapolated to  infinite dilution. 

All  of the  physics measu remen t s  assoc ia ted  with the rocket  p r o g r a m  
a r e  cu r r en t l y  being re -examined  and compared  to  a consis tent  s e t  of calcu-  
lat ions s o  that the t h r e e  ma jo r  objectives of the p r o g r a m  ( i . e . ,  the magnitude 
of the  re f lec to r  oriented control  marg in s ,  a consis tent  s e t  of tungsten c r o s s  
sec t ions ,  and  the  effects of hydrogen in  a f a s t  co re )  can  be  p roper ly  evalu- 
a ted .  This  s u m m a r y  i s  being p r epa red  a s  a topical  r epo r t .  



The major  change in  the facility will  be the . . replacement - .  of the p r e s  - 
ent aluminum matr ix  assembly with a stainle'ss. s tee l  ma t r ix  assembly  of 
appr.oximately 5.5 foot c r o s s  sectional a r e a .  . This i s  being accomplished in 
o rde r  to  be able to  obtain the proper '  composition m o r e  representat ive of 
dilute fas t  r eac to r s .  Two inch 'square s ta inless  s tee l  tubes which have been 
welded in bundles of twenty fiire which have been on o rde r  s ince Apri l  1965 
a r e  current ly being. received. It i s  anticipated that a l l  of the required bun- 
dles of s ta inless  s t ee l  tubes will be delivered by the end of March 1965 for  
assembly on ZPR-9. . . 

. . .  . . 

Installation of the s tainless  s t ee l  ma t r ix  assembly,  Doppler effect 
equipment and the loading .of the co re  reflector i s  planned to be completed 
by the end of - ~ p r i l  1966. Loading of the fuel f o r .  ZPR-  9 Assembly No. 1 1 
for  Doppler effect measurkments  is  .expected to commence.around the f i r s t  
of May 1966. 

ZPR- 9 Assembly No. 11 will be the f i r s t  of a s e r i e s  of s m a l l  ( less  
than 500 kg cr i t ica l  m a s s )  zoned cores  pr imar$ly fo r  Doppler effect mea-:  
surements .  Its obje'ctive will be to  tes t ,  in conjunction with ZPR- 6 'Assem- 
blies 4 2  and 5, the predictability of Doppler effect. measurements  for  a full 
s i ze  fas t  reac tor  based on sma l l  zoned core  approximations.  Ass.emblyNo. 11 
will have a cent ra l  zone whose composition will be the s a m e  a s  the cent ra l  
zone of. ZPR-  6 Assembly No. 4 2 ,  and the uniform full sca le  composition of 
Assembly No. 5, a 2600.1iter dilute carbide fas t  reac tor .  Succeeding cores  
will have compositional variations simulating the compositions of other 
la rge  dilute fas t  xeactors fo r  Doppler effect, spec t rum and other physics 
measurements .  . . 

4. Z P P R  

The supplement to  the Z P P R  Pre l iminary  Safety Analysis Report 
was completed and t ransmit ted to  the AEC on Februa ry  3 .  Tt. c o n t a i n s  a 
descript ion of a backup containment s t ruc ture ,  an analysis of the conse- 
quences of the maximum credible accident ( f i re )  in the Z P P R  cell ,  includ- 
ing the capabilities of the backup containment . .. s t ruc ture ,  an analysis of the 
probability of an excursion in the Z P P R  reac tor ,  a discussion of the con- 
jectured behavior of the reac tor  during a hypothetical excursion (design 
bas is  accident),  and an an,alysis of .the: consequences of the hypothetical 
excursion (design basis  accident) which includes inhalation doses a t  the 
nea res t  s i te  boundary and other surrounding areas. 

The report  on the coring of the Gravel  Ger t ie  s t ruc tu re  was com- 
pleted by Eberl ine and Associates and forwarded to the AEC on Februa ry  23. 

The following i s  the cur rent  s ta tus  of the reac tor  components: 

a. Bcd and Tables.  Tlie detailed drawings of the bed and two tables 
were  approved and returned to  the vendor on Februa ry  16. Prepara t ions  for  
d i rec t  fabrication by the vendor have begun. 



b. Matrix Drawers .  Two prototype drawers  have been accepted. 
Approval for  s t a r t  of production was given on February  17. The vendor 
has suggested eliminating the electropolishing operation and substituting a 
flapper-wheel sanding operation to deburr  the holes.  The sample provided 
by the vendor was examined and found to  be sat isfactory.  The requirement 
of the specifications was to remove the sha rp  edges and b u r r s ,  and the ven- 
dor  was ini t ructed that either method of finishing was acceptable. 

c .  Matrix Tubes. Laboratory representatives inspected the ven- 
d o r ' s  gauges and inspection procedures and found them to be adequate. 

The weld height on some tubes ranged f rom 0.000 to  0 .003 in.  
a h n v e  the sur face  in  srriall a r e a s .  N u  weld above surface is permitted. The 
vendor i s  setting up a belt sander  to  grind ancl obtain a flush surface.  

Six huridred and twelve tubes were  accepted with rr l inul :  co r rec -  
tions to  be made.  Approximately 600 additional tubes were  fabricated and 
were  inspected, although 450 of these did not yet have the notch cut in be-  
cause of a broken notching die, now being repaired.  Dimensional measure -  
ments  were  acceptable with the exception of the weld protrusion as  explained 
above. The work is progressing satisfactorily.  

Several  prospective vendors were  visited to explore the possi-  
bility of bundling the tubes.  The bid package for bundling is being prepared.  

d. Fuel-rod Drives.  All ten of the fuel-rod drives have been r e -  
ceived and a r e  being checked out at ANL. 

e .  Nuclear Instrumentation. The nuclear instrumentation is approx- 
imately b.a.1.f complete. All i tems have been ordered.  One t r ip  circuit  has 
been fabricated to check out the fail-safe fea tures .  Tests  of individual com- 
ponents indicate no single failure resul ts  in a nonfa.i.1,-safe performance 
Testing i s  continuing 

f.  Gamma Monitor Equipment. Three  of the seven instruments  a r e  
complete. All pa r t s  a r e  or.dered or  received. 

Other AlUL procurem~e~l l  iltj~lls a r t  dclnycd pcncling the rc leasr  
of funds by the AEC. 



C. ~ e n e r a l  F a s t  Reactor Fue'l' Development ' 

. . 1. Metal Fuels  

a. ~ o m b a t i b i l i t v  of Jacket  Mater ials  with Molten U-Pu-Zr  and 
U- Pu- Ti' Alloys. The , r a t e s  at  which 'molten U- Pu-  Zi- and U-Pu- T i  alloy 
fuels ( see  P r o g r e s s  Report for  January ' l966 ,  ANL-7152, p. 33) dissolve 
jacket alloys a r e  being determined. Type 304 s tainless  s teel  tubes were  
plunged into molten U- 15 w/b Pu-  10 w/o Z r ;  a t  1350°C the penetration ra te  
was 0.076 mm/sec and a t  1400°C i t  was 0.136 mm/sec. V-20 w/o T i  tubes 
were  plunged into molten U- 15 w/o Pu-6.5 w/o Ti; a t  1 300°C the penetra- 
tion ra te  was 0.0027 mm/sec and a t  1450°C, 0.027 mm/sec. V-20 w/o Ti  
has  the be t te r  res i s tance  to dissolution. 

2. Carbide Fuels  

a. Compatibility of (U,Pu)C with Potential  Jacket  Mater ials .  
Because of difficulties involved in the la rge-  scale  production of single- . 

phase uranium-plutonium monocarbide, this study i s  concerned with: 
(1) the relative compatibility effects of s toichiometr ic 'and nonstoich'iometric 
uranium-plutonium carbides with potential commerc ia l  jacketing alloys, 
and (2) possible modification of nonstoichiometric uranium-plutonium c a r -  
bides to improve compatibility with these alloys. 

Compatibility couples, containing both single-phase monocarbide 
and two-phase hyperstoichiometric carbides,  which have been heat- t reated 
a t  800°C for  42 days (approximately 1000 h r ) ,  a r e  being examined. The 
single-phase monocarbide contained 4.83 w/o equivalent carbon and the 
hyperstoichiometric carbide 5.25 w/o equivalent carbon, resulting in a pro- 
portionate amount of ( U , P U ) ~ C ~  a s  a second phase. [weight percent equiva- 
lent carbon = w/o C t (w/o 0 x 0.79) t (w/o N x 0.857).] The extents of 

/ the diffusion zones in three of the alloys were  as follows.  

Stoichiometric Hyper stoichiometric 

. 
Hastelloy-X 8 P  . 8 P  
Type 304 Stainless Steel . Nil 25 P 
16-25-6All0y . . 2 7  /J .. 3 4  /-L 

The diffusion zone in the case  of Hastelloy-X was in the direction 
of the fuel and appeared to be unaffected by, the presence  of the sesquicarbide 
phase. The react ion product has  not as.  yet been analyzed but i s  believed to 
be directly related to the relatively high nicke1,content of Hastelloy-X. In 
the cases  of Type 304 s tainless  s teel  and 16-25-6 alloy, diffusion zones were  
within the cladding. . .Presum.ably, ,  these zones a r e  related to carbon diffusi'on, 
and analyses a r e  planned to determine carbon content. . 



Simi lar  compatibility couples containing 16- 15- 6 alloy and N- 155 
alloy a r e  being examined metallographically while one containing Haynes 56 
alloy i s  cur rent ly  being heat t reated.  

b. Density and Phase  Distribution. Fir ing studies were  initiated to 
de termine  the density and,phase distribution obtained for  pellets formed 
f r o m  mixtures  of nonstoichiometric uranium-plutonium carbides and metal  
powders. A hypostoichiometric uranium-plutonium carbide button was pre-  
pa red  by the a rc-mel t ing  process .  Samples of the button and of -44-p 
powder obtained by crushing the button were  submitted for  chemical analy-.  
s e s ,  with the following resu l t s :  

Arc-Melted Button 4.42 44 330 
-44-/J Powder 4.36 1 l U U  54U 

Pel le t s  c o n t a i n i ~ ~ p  0.75 w/o Cartowax 4000 a s  a binder were  
p r e s s e d  f r o m  this  powder a t  a p r e s s u r e  of 2815 kg/cm2. A second set  of 
pellets containing an addition of 3.89 w/o i ron  powder was prepared in an 
identical manner .  F i r ings  were  made in an argon atmosphere and held 
3 h r  a t  the maximum firing temperature.  Densities obtained were  as  foll'ows: 

 ens ity:(g/cm? OJo Theoretical Density 

Fuel  1 4 0 0 ~ ~  1 5 0 0 ~ ~  1600°C 1 4 0 0 ~ ~  1500°C 16OO0C 

U~l~nodi f ied  10.41 11.05 11.47 76.5 81.3 84.4 
F e  Modified 10.3 1 11.29 11.17 75.9 83.2 82.3 

Metallographic examination of the pellets i s  in progress .  

3. Jacket  Development 

a. Vanadium-base Alloys. P r i o r  screening t e s t s  of vanadium-base 
al loys 'have indicated that the V- 15 w/o Ti-7.5 w/o Cr  alloy has a gr,eatly 
improved c reep  res i s tance  ( P r o g r e s s  Report for June 1965, ANL-7071, 
p. 21) and a somewhat improved sodium corrosion res i s tance  ( P r o g r e s s  
Report  for  April  1965, ANL-7045, p. 20) as  compared with the f i r s t -  
generation V-20 w/o T i  alloy. 

Scale-up operations for  the V-15 w/o Ti-7.5 w/o C r  alloy have 
been under way for  seve ra l  months. To date, th ree  production-size ingots 
(9.7 c m  in d iameter )  have been consolidated by double a r c  melting under 
a helium- argon atmosphere.  All ingots were  sound and homogeneous. 
Analytical resu l t s  for  alloy content and inters t i t ia l  elements a r e  shown in 
Table IX. The consolidation technology for this alloy has  been satisfactorily 
established except, perhaps,  for minor adjustments o r  improvements.  



T A B L E  IX. Ana ly t i ca l  R e s u l t s  f o r  A r c - c a s t  V-15  w/o T i - 7 . 5  w/o C r  A l loy  Ingo t s  

Ingot  and L o c a t i o n  

AlM64 AM68 AM75 

E l e m e n t  T o p  Midd le  B o t t o m  T o p  Midclle B o t t o m  T o p  Midd le  B o t t o m  

T i t a n i u m ,  w/o 15.1  14 .5  14.8 14.9, 14.7 14.6  15.1  14.7  14.7  
C h r o m i u m ,  w/o 7.5 7 . 3  7 .8  7 .6  7 .3  6 .9  7 .5  7 . 6 .  7.5 

C a r b o n ,  p p m  2 34 2  65 222 226 229 187 
Oxygen ,  p p m  772 632 810  8  10 660 630 
N i t r o g e n ,  p p m  390 410  390 440 540 360 
H y d r o g e n ,  p p m  13 15 17 13  4  5 19 

T o t a l  I n t e r -  
s t i t i a l ~ ,  p p m  1409 1322 1439 1489 1474 1196 

The t h r e e  ingots have  been successful ly  proc .essed into tubing, 
rod ,  and shee t .  P r i m a r y  fabr ica t ion i s  by double ext rus ion.  ~ i l l e t s  a r e  
"canned"  in  s t a in less  s t e e l  to  prevent  contamination and extruded a t  1100 
to  1 1 50°C. Following an  a r c -  c a s t  ingot breakdown ex t rus ion ,  b i l le ts  a r e  
re -ex t ruded  into shapes  sui table  f o r  secondary  fabr ica t ion.  

Secondary fabr ica t ion  of r od  and shee t  by  cold roll ing h a s  p r e -  
sented no p rob lems  i f  a s - ex t ruded  m a t e r i a l  i s  vacuum annealed a t  850 t o  
900°C p r i o r  t o  cold working to  e l iminate  edge and nose  cracking.  Extruded 
tube blanks a r e  annealed and given a light swage over  a ha rdened  mandre l  
to  improve  wal l  uniformity and su r f ace  quality. The tube blanks ,  approxi-  
mate ly  2.03 c m  in OD k i t h  a 0 .25-cm wal l  and 100 c m  long, a r e  tube- 
reduced  to 1 .63-cm OD and 0.13-cm wal l  on an  ANL-designed t h r e e - r o l l  
tube- reducer .  Schemat ic  deta i ls  of the  tube-re 'ducer a r e  shown. in F ig s .  16 
and 17. The tube- reducing operat ion h a s  significantly reduced the number  
of p roce s s ing  s teps  f r o m  extruded tube-blank to f inished tubing. 

The tube-reduced blanks, a r e  f inished to r equ i r ed  f inal  s i z e s  
( a  typical  s i z e  being of 0.290-in. OD with 0.015-in. wal l )  by mandre l  o r  
plug drawing and inspected by nondest ruct ive  techniques.  Tube-reduced 
blanks a r e  a l so  being furnished to  a commerc i a l  tube- redraw f i r m  to  
es tab l i sh  c o m m e r c i a l  capabil i ty in th i s  a r e a .  

In conjunction with fabr ica t ion development,  annealing cha rac -  
t e r i s t i c s  of the V- 15 w/o Ti-7.5 w/o C r  al loy (and a s i m i l a r  V-15 w/o Ti-  
5 w/o C r  a l loy)  have been studied. The change in ha rdnes s  a s  a function 
of annealing t empe ra tu r e  i s  shown in Fig .  18. Altl~uugll Ll~e 700°C dulled1 
fo r  V-15 w/o T i -7 .5  w/o C r  produced a g ra in  morphology cha rac t e r i s t i c  
of a fully r e c ry s t a l l i z ed  s t r u c t u r e ,  a  t empe ra tu r e  of 800°C i s  the m o r e  
logical  r ec rys ta l l i za t ion  t e m p e r a t u r e  because  of the sl ightly lower  ha rdnes s .  
In the s amp le  annealed a t  800°C, the mean  g r a in  d i ame te r  was  0.006 mix. 

T h e  i n r r e a s e  in  ha rdnes s  observed  f o r  anneals  a t  1000°C and h igher ,  e s -  
pecial ly a t  1250°C, i s  thought t o  be  due to  a change in  the na tu r e  and 
morphology of the precipi ta te .  This  h a s  been observed  in u~eta l logi-aphic  
examinat ion but r equ i r e s  f u r t he r  conf i rmat ion by other  techniques.  



Fig. 16. Schematic Arrangement of the ANiL Three-roll Tube-reducer. (Present starting tube size is 2.5-cm dia.) 
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Although the m i c r o -  
s t r u c t u r a l  changes  a s  a function of 
annealing t e m p e r a t u r e  and the sub- 
sequent  effect  on p rope r t i e s  h a s  not 
been  fully evaluated a s  yet ,  the  
fabr ica t ion  development h a s  p ro-  
ceeded to the  point whe re  m a t e r i a l  
i s  being made  avai lable  f o r  m o r e  
definitive tes t ing.  

0 200 400 600 800 I000 1200 1400 I600 
TEMPERATURE, O C  b. T h e r m a l  Expansivity of 

V-15 w/o Ti-7.5 w/o C r .  The l i nea r  
Fig. 18. The Change in Hardness as a Function of t,h 1 i l-! ,-.Il ,!.i r. r.11 

1 -h rAnnea l s fo rV-15w/oT i -7 .5w/oCr  V ~ 1 5 w / o ~ i - ~ ~ ~ w / o ~ r w a s d e t s r -  
and V-15 w/o Ti-5 w/o Cr 

mined  between 25 and  960°C. The 
di la ta t ion  specimen 17.136 machinod 

f r o m  a n  al loy r o d  tha t  had been annealed f o r  one hour a t  900°C in vacuum 
and  had . a  densi ty  of 5.88 g CIII -~ .  

Values of the m e a n  coefficient of l i nea r  expansion a r e  given in  
Tab le  X fo r  the  t e m p e r a t u r e  ranges  indicated.  

TABLE X.  L inea r  T h e r m a l  Expansipn of Annealed 
V-15 w/o Ti-7.5 w/o C r  

T e m p e r a t u r e  Range Mean Linear  Expans ion Coefficient. 

("C) O c - ' )  

0-250 9 .30  
0-500 9.8 3 
0-750 10.42 
0- 1000 11.28 (ex t rapo la ted)  

4. Co r ro s ion  

a.  Fue l -  jacket  Ma te r i a l s  f o r  Sodium- cooled Reac tors .  Oxidation 
of s a m p l e s  of V-20 w/o T i  exposed to  sodium containing l e s s  than 5 ppm 
oxygen ( a s  m e a s u r e d  by vacuum dist i l lat ion) a t  600°C f o r  pe r iods  of t i m e  
up t o  32 h r  and ro ta ted  a t  about 5 r p m  to  i n su re  a c c e s s  of oxygen to the 
su r f ace  w a s  l i nea r  a t  600°C fo r  the en t i r e  pe r iod  of exposure .  The r a t e  
constant  K1 was  de te rmined  a s  3 x mg/cm2 h r .  

V-20 w/o T i  exposed under the  s a m e  conditions a t  700 and 
750°C ( s e e  P r o g r e s s  Repo r t  f o r  J anua ry  1966, ANL-7152, p. 35) exhibited 
apprec iab ly  d i f fe ren t  co r ro s ion  kinetics.  At 700°C, the p r o c e s s  was  l i n ea r  
(K1 = 8 x mg/cm2 h r )  fo r  the f i r s t  12 h r  of exposure ,  followed by a 
t r an s i t i on  to a pa rabo l ic  r a t e  law. At 750°C the  p r o c e s s  was  parabol ic  f o r  



exposure t imes  between 4 (the t ime of the f i r s t  data point) and 32 h r .  If a 
. l inear process  exists a t  750°C, the maximum duration i s  4 h r .  

. . 

Exposure of samples  a t  much higher rotational speeds will be 
undertaken to  determine if m a s s  t r ans fe r  of oxygen in the liquid i s  the 
ra te -  controlling s tep in the ear ly  stages of oxidation. 

b. Refractory Metal Alloys for  Service Oxygen-contaminated 
Sodium. Small  levitation melts  of V-20 w/o Cr -  10 w/o A1 modified with 
1 n d  2 w/o Z r  o r  0.5 w/o and 1 w/o Y ( see  P r o g r e s s  Report for  
January 1966, ANL-7152, p. 35) were  hot rolled and returned for  corrosion 
testing in sodium. The additions did not appreciably improve the ease  of 
fabrication, but might be more  important if  vanadium containing m o r e  
oxygen were  used in the alloy preparation. An exposure to 650°C sodium 
( ref reshed  oxygen- - stat ic  autoclave sys t em)  containing 25 to 30 ppm oxygen 
f o r  7.0 days showed no significant cor ros ion  effect of the addition of 
1 w/o Z r  o r  0.5 w/o Y to the basic  composition. 

Two one-week experiments have been performed with 
V-20 w/o T i  in flowing sodium (6.1 m/sec) a t  650°C. In the f i r s t  experi-  
ment the post- test  oxygen analysis was 20 to 28 ppm. The V-20 w/o T i  
samples  were  badly roughened on the surface and eroded a t  the leading 

.edges and in a flow pat tern back f r o m  the edges in contact with the s tainless  
s tee l  holder. The samples  lost  about 100 p per  side.. 

In the second experiment the cold- trap tempera ture  was re2 
duced to --120°C. The post- test  oxygen analysis was 15 ppm (ox gen con- 
centration determined by mercury  amalgamation). The V-20 w 7 o T i  
samples  were  in much bet ter  condition af te r  this exposure. The sur faces  
were  smooth, but the leading edge of one sample was slightly eroded. The 
samples  lost  only 10 to 18 p per  side. 

Experiments  a t  lower oxygen levels will be attempted upon 
comple t ion  of minor r epa i r s  and modifications to the loop. 

5. I r radiat ion Testing 

a. I r rad ia ted  EBR-I1 Fuel  Jackets .  Additional tube-burst  t e s t s  
of the Type 304 s tainless  s teel  jackets f r o m  i r rad ia ted  EBR-I1 fuel rods 
( s c c  P r o g r e s s  Report f o r  January 1966, ANL-7152, pp. 36-58) have been 
made. Tes ts  a t  500°C have verified that the top of the jacket tubes i s  the 
weakest par t .  Tes ts  have been made on the top sections of three  different 
jackets. In two cases  the top weld was kept intact and the p r e s s u r e .  con- 
nection to the tube was made elsewhere than a t  the top. In a third tes t ,  
the pressure.connect ion was made to the top.end af ter  cutting off the plug. 
In both cases  where the top plug was in place,  the tube ruptured adjacent 



to the weld. In the th i rd  t e s t  the b reak  was adjacent to the p r e s s u r e  con- 
nection a t  the top of the jacket. The p r e s s u r e s  required to b reak  these 
th ree  specimens were  appreciably l e s s  than in other tes t s  made along the 
lengths of the tubes.  

One jacket f r o m  a fuel rod with 1.2 a/o burnup was cut into five 
sect ions for  tube b u r s t  t e s t s  a t  700°C. The lowest burst ing p r e s s u r e  
(270 kg cm-') occur red  with the top section, but this value i s  in  doubt 
because of a 70°C overr ide  on the tempera ture  p r io r  to testing. The maxi- 
m u m  burst ing p r e s s u r e  (327 kg cm-" occurred  with the middle section. 
The bottom section showed a considerably lower value (282 kg cm-') 
than the peak value. The apparent drop in the burs t  p r e s s u r e  toward the 
bottom of the jacket a t  700°C i s  a variation f r o m  the pattern exhibited a t  
5OO0C. 

The specimens tcsted at  700°C also differed f r o m  the tests at 
500°C in showing some tendency toward general expansivr~ under p res su re .  
The elongation values a t  500°C as determined f r o m  post- test  measurements  
of d iameter  were  generally below 170. After the 700°C tes t s  s imi lar  mea-  
su remen t s  showed elongations a s  high a s  870 (1470 for  the overheated 
specimen).  The evidence seems to indicate that the i r radiat ion effects a r e  
annealing out in tes t s  a t  700°C. 

b. I r radiat ion P r o g r a m  for  F a s t  Reactor Fuels  

(i) Metal Fuels .  Sixty specimens .are  under i r radiat ion ( see  
Table XI). The specimens 'being i r rad ia ted  in CP-5  a r e  f r o m  10 to 15 c m  
long and a r e  in five instrumented capsules.  The specimens in EBK-11 a r e  
full length (46 c m )  and a r e  located in th ree  special  subassemblies.  There  
a r e  no metal l ic  fuels being i r rad ia ted  in the MTR at the pr'esent t ime. 

Six new U- 15 w/o Pu-  12 w/o Z r  fuel pins jacketed in 
i ron-  and nickel-base alloys were  encapsulated a ~ ~ d  a r e  u.nderg:.oiag i r -  
radiat ion in CP-5+ The jacket mater ia l s  a r e  either Type 304 o r  Type 3 16 
s ta in less  s teel ,  o r  Hastelloy-X. The maximum jacket tempera ture  for  
these  specimens i s  e i ther  530 o r  460°C. 

The i r radiat ion experiments in the EBR-I1 have the s a m e  
status  a s  for the previous month because the reac tor  has  not been operated 
during this repor t  period. 

Capsule ANL-55-8 was removed f r o m  MTR and shipped to 
the alpha-gamma cave, Building 2 12 a t  the Illinois si te.  This capsule con- 
ta ins  th ree  full-len th EBR-11-type fuel rods. Two of the fuel alloys a r e  
U- 15 w/o Pu- 10 w 7 o F z  and the other i s  U- 10 W/O Pu- 10 w/o Fz .  The 
jacket mater ia l s  a r e  Nb-1 w/o Z r  and vanadium. The maximum jacket 
tempera tures  during i r radiat ion were  555OC. The calculated maximum 
burnups a r e  3.3 a/o. 



Specimen 
No. 

TABLE X I .  Status of Me ta l  Fue l  I r r a d i a t i o n s i n  Progress 

Fue l  Jacket Jacket M a x i m u m  Calculated B u r n u p  
Composi t ion Composi t ion Jacket I D  Thickness Jacket t o  Date 

Reactor (wlo) (wlo) (mm)  (mm)  Temp ( O C )  a10 f l cm3  x 10-20 

N-15 

NU-23 
ND-24 

ND-28 
ND-41 
ND-32 
NU-43 

L-18 
F-35 
F-37 
L-19 
F-36 
F-38 

ND-25 
ND-27 
ND-26 
ND-29 
ND-30 
ND-31 
ND-33 ' 

ND-34 
ND-35 
ND-37 
ND-39 
ND-44 

N-14 
NC-17 
NC-23 

N-10 
N-11 
N-12 
CG02  
CG03 
C J O l  
P B 0 2  

TC-1 
C-152 P 
C-153 P 
C-155 P 
C-156 P 
C-15rl P 
N-7 
N-8 
N-9 
N-13 
C A O l  
C B 0 2  
CB03  
CB04  
CDOl  . 
CD02  
L A 0 2  
P A 0 1  

C-93 
C-97 
C-98 
C-99 
C-100 
C-101 
CM-01 

CP-5 

EBR-I I 
EBR-I I 

EBR-I  I 
EBR- I I  . 
EBR- I I 
EBR- I I  

C P-5 
CP-5 
CP-5 
CP-5 
CP-5 
CP-5 

EBR- I I 
EBR- I I  
EBR- I I  
EBR-I I 
EBR-I  I 
EBR-I I 
EBR- I I  
EBR-I I 
EBR-I  I 
EBR-I I 
EBR- I I  
EBR-I I 

C P-5 
EBR- I I 
EBR-I  I 

CP-5 
CP-5 
CP-5 
EBR-I I 
EBR- I I 
EBR- I I 
EBR- I I 

CP-5 
CP-5 
CP-5 
C P-5 
CP-5 
c P-5 
CP-5 
CP-5 
CP-5 
CP-5 
EBR-I I 
EBR-I I 
EBR- I I  
EBR-I I 
EBR-I I 
EBR-I I  
EBR-I I 
EBR-I I 

EBR-I I  
EBR-I I  
EBR-I I 
EBR-I I 
EBR-I I 
EBR- I I  
EBR-I I 



(ii) C e r a m i c  Fue l  I r rad ia t ions .  I r rad ia t ions  of c e r a m i c s  being 
conducte'd in  EBR-I1 a r e  s u m m a r i z e d  in Table  XII. Since EBR-I1 was  not  
ope ra t ed  in F e b r u a r y ,  t h e r e  h a s  been no change in  the s ta tus  of t he se  
exper iments .  

TABLE XU. Status of Ceramic Fuel Irradiations in EBR-LI 

Max Jacket Burnup 
Specimen Fuel Fuel Jacket Temperature 

No. Material Form Material ("c a/o [is s/cc x loZ0 

SMV-2 
HMV- 5 
NMV- 11 
NMP-2 
NMV-4 
IUMV-7 
NMV- 12 
HMV- 1 
HMV-4 
HWMP- 1 
HWMV- 1 

uc-20 w/o PuC 
uc-20 w/o PuC 
( U O . ~ P ~ O . ~ ) C  
(Uo.sPu0.2)C 
uc-20 w/o PuC 
UC-20 w/'o PuC 
( uo..8puo. 2) c 
uc-20 w/o PuC 
uc-20 w/o PuC 
( u 0 . 8 ~ ~ 0 , 2 ) ~  

(u0.8~u0.2)c , 

Vipac 
Vipac 
Vipac 
Pellet 
V i p a c  
Vipac 
Vipac 
Vipac 
Vipac 
Pellet 
Vipac 

 as 0.005-in. layer of vapor-deposited tungsten on the ID. 

D. G e n e r a l  F a s t  Reac tor  Fue l  Reprocess ing  Development 

1. Skull  Reclamat ion P r o c e s s  

After  f ue l  pins d i scharged  f r o m  the  EBR-I1 r e a c t o r  have been me l t  
reIi.ned, a u ran ium-bear ing  r e s idue  o r  skul l  i s  left  i n  the c ruc ib le .  The 
u r an ium in the  skul l  amounts  to  5 to  1QOh nf t h ~  nr ig inal  u ran ium charge.  
A sku l l  r ec lamat ion  p r o c e s s  i s  being developed fo r  the r e c o v e r y  a n d  
pur i f ica t ion of the u r an ium f r o m  the skull .  The chemis t ry  and technology 
tha t  a r e  being accumula ted  have considerable  potential utility fo r  p rocess ing  
plutonium- u r an ium oxide and ca rb ide  fuels .  Cur ren t ly ,  the skul l  r e c l ama-  
t ion p r v c e s s  is being t e s t ed  in remote ly  opera.ted plant- s ca l e  equipment 
(-4 kg of u ran ium p e r  ba tch)  colnpr is ing a reduction fu rnace  arld a re to r t ing  
fu rnace .  

The f inal  s t ep  in the skull  r ec lamat ion  p r o c e s s  cons i s t s  of re to r t ing ,  
o r  solvent  evaporat ion,  to r e cove r  the product  uranium. f r o m  the Zn- 
12 w/o Mg-12 w/o U ingot c a s t  f r o m  the product  solution that  i s  t r a n s f e r r e d  
out  of the reduct ion fu rnace .  T h r e e  plant- s ca l e  re to r t ing  runs  (PSR- 10, 
- 11,  and - 12) have been  completed with un i r rad ia ted  Zn-Mg-U ingots f r o m  
reduct ion fu rnace  r u n s  SRR-13 and SRR- 14 ( s e e  P r o g r e s s  Repor t  f o r  
Decclnber  1965, ANL-7132, pp. 2 3 - 2 4 ) ,  and run SKR-29 f r o m  the previous  
p i lo t - sca le  reduction fu rnace  operat ions .  The runs  w e r e  conducted in the 
s a m e  thixotropically c a s t  be ry l l i a  c ruc ib le  that  had been used in seven 



previous retor t ing runs ( see  Pr .ogress  Report for  J.anuary 1.966; ANL- 7 152, 
p. 43). The retor t ing procedure was the same  a s  in previous runs:  disti l-  
lation f r o m  the uranium product solution of the magnesium- zinc under 
vacuum (-10 T o r r )  a t  650 to 750°C, followed by melting of the uranium a t  
-1200°C to f o r m  a button. 

In the cu r ren t  runs,  the Zn-Mg-U ingots!were cleaned before being 
c h a r g e d t o  the crucible in o rde r  to remove the residual  flux that accom- 
panies the. Zn-Mg-U solution during i t s  t r ans fe r  f rom the reduction furnace. 
It was previously shown that fa i lure  to remove flux f r o m  an ingot before 
retor t ing resu l t s  in a uranium product containing a la rge  quantity of oxide 
( see  ANL-7152, p. 43) . .  Retorting of these ingots resul ted in a c lean uranium 
product. 

Since the ingots cannot be washed in actual plant operation, s epa ra -  
tion of residual.  flux f rom Zn-Mg-U product solution during t r ans fe r  f r o m  
the reduction furnace was investigated. In smal l -  sca le  experiments ,  sa l t  
flux was successfully removed f r o m  molten Zn-Mg alloyawhen t h e  ma te r i a l  
was poured through Fiber f rax  s t r a ine r s  a t  tempera tures  ranging f r o m  600 
to 775OC. The F ibe r f r ax  was preferentially wetted by the flux while the 
clean metal  passed  through the s t r a ine r .  On the basis  of these . tests,  a 
full-  scale  s t r a ine r  has  been built f.or t e s t s  with the plant- sca le  reduction 
furnace.  

. . 
The. uranium product buttons3 obtained in the.  re tor t ing of Zn-Mg-U 

product solutions f r o m  four skull oxide-reduction runs (SRR- 11 through 
-14) have been analyzed (by X-ray  f luorescence technique) for  fission 
product elements.  Analytical resu l t s  indicate that the overal l  removal  of 
molybdenum was 60 to 7070 and that of ruthenium was 80'70. These fission 
product removals  a r e  quite satisfactory. (These  values will be checked 
by wet chemical analyses .)  

Operation of the retor t ing equipment in the three  cu r ren t  runs was 
ve ry  sat isfactory.  Improved control of retor t ing tempera ture  and p r e s s u r e  
eliminated the "bumping" that had occurred  in earli 'er  runs.  Retention of 
Zn-Mg alloy by the retor t ing apparatus  was excellent; only negligible 
amounts of Zn-Mg alloy escaped f r o m  the apparatus.  At the conclusion 
of each run, the uranium product button was rkadily dumped f r o m  the 
beryl l ia  crucible.  

2. P r o c e s s e s  for  Future F a s t  Reactor Fuels  
- - 

. . . . 

Compact pyrochemical p rocesses  a r e  being developed for  processing 
f a s t  breeder  reac tor  fuels of the ce ramic  (e.g., oxide o r  carbide)  o r  metal l ic  
types. In cu r ren t  work, the principal emphasis  i s  on sa'lt t ranspor t  pro- . 
cesses .  The process  and i ts  advantages-wkre discussed in a .previous r epor t  

. . 

3 ~ h e  buttons were  remelted and then c a s t  to provide' samples  for  analyses.  



( s e e  ANL-7152, pp. 43-44). In sa l t  t ranspor t  processes ,  the f iss i le  and 
f e r t i l e  constituents of a reac tor  fuel a r e  selectively t r ans fe r red  f r o m  one 
liquid meta l  solvent to another by cycling a molten sal t  phase, which ac ts  
a s  a c a r r i e r ,  between the two metal  solvents. 

To date, most  of the experimental work has  been c a r r i e d  out with 
liquid copper-magnesium and zinc-magne s ium alloys in mutual contact 
with molten MgClz a t  800°C ( see  ANL-7152, pp. 43-44). The copper- 
magnesium alloys offer the advantages of good single- stage separation of 
r a r e  ea r ths  f r o m  plutonium, good t r ans fe r  r a t e s  of uranium and plutonium, 
and in terna l  control of the magnesium concentration in the Cu-Mg alloys 
through the dissolution of excess  solid copper in the sys t em a s  magnesium 
i s  t r a n s f e r r e d  into a Cu-Mg alloy. 

Another alloy that i s  being considered in place of the copper- 
magnes ium alloys for  the sa l t  t ranspor t  process  i s  cadmium- zinc- 
magnesium, which offers the possibility of lowering the operating tempera-  
t u r e  to  -600°C. Molten 50 m/o MgC12-30 m/o NaC1-20 m/o KC1 ( s e e  
ANL-7 152, p. 44) i s  being considered a s  the sal t  phase. The specific com- 
position of in t e res t  fo r  the alloy was a t  low magnesium concentration and 
a t  a cadmium-to-zinc rat io  of 9 to 1 that provided maximum uranium 
solubility in the alloy. In recent  work, distribution coefficient data were  
determined for uranium between 50 m/o MgC1,-30 m/o NaC1-20 m/o KC1 
and Cd-Zn-Mg. These  distribution data together with solubility data for  
uranium in the meta l  phase a r e  presented in Table XIII. These data 

TABLE XIII. Distribution of Uranium between 
50 m/o MgC12-30 m/o NaC1-20 m/o KC1 and Cd-Zn-Mg Alloy 

Cadmium to zinc rat io:  9 to 1. 
Alloy saturated with uranium except a s  noted. 

Distribution 
Metal Phase  

Samplc Temp Salt Phase  Coefficient 
No. ("(3 M g  (w/Q) U (w/o) u (w//o) (qa 

a w u U in sa l t  
Kd '= 

w o U in metal '  -+- 
b ~ l l ~ , y  not sa tura ted  with uranium. 
CThe solid phase in equilibrium with the molten alloy i s  UCdll instead of 

metal l ic  uranium. 



indicate that rapid uranium t ransfer  i s  possible. However, since the.equi- 
l ib r ium uranium concentration in the molten sa l t  i s  sensit ive to smal l  
changes of magnesium concentration in the alloy, the magnesium concen- 
t ra t ion in this alloy must  be maintained a t  a low level (<1 w/o). This might 
be accomplished by fractional distillation of a side- s t r e a m  of the Cd- Zn- 
Mg alloy. With this system, a multistage separat ion would be required fo r  
an adequate removal of r a r e  ea r th  fission products f r o m  plutonium. 

' I 

3. Mater ials  Evaluation 

A supporting p rogram to find inexpensive, easi ly  fabricated con- 
tainment mater ia l s  for  pyrochemical process  solutions i s  under way. Tes t -  
ing of a cas t  i ron crucible was continued in o rde r  to investigate the use 
of cas t  i ron a s  a container mater ia l  for  a sys t em consisting of Cu- 
10 w/o Mg-2 w/o U alloy and 50 m/o MgC1,-30 m/o NaC1-20 m/o KC1 
sa l t  ( s e e  ANL-7152, p. 44). After the crucible was exposed for an addi- 
tional 200 h r  (total  t ime,  370 h r )  a t  800°C to the copper-magnesium- 
uranium alloy/salt sys tem,  no evidence of cor ros ion  o r  deterioration of 
the crucible was observed. Metallographic examination of sections of the 
crucible i s  in p rogress .  The stability of the uranium solution in this tes t  
i s  a l so  being determined; r e su l t s  of analyses  a r e  not yet available. 

-. E. Sodium Technology 

1. Components Surveillance Loop 

a. Modified Fa lex  Wear Tes te r .  Additional t e s t s  were  per formed 
with the wear  t e s t e r  now on hand to evaluate i ts  high-temperature pe r -  
formance.  A carbon s tee l  shaft was mounted between blocks of 304 stain- 
l e s s  s tee l  and the unit was operated in an atmosphere of iner t  gas a t  
1200°F. 

In the f i r s t  t es t ,  the unit was loaded to 1000 psi.  At a velocity 
of 94.1 in./min, the shaft  moved only 2.35 in. before seve re  galling terrwi- 
nated the test .  

In a second t e s t  with the same  ma te r i a l s  and a loading of 
275 psi, the shaft moved a distance of 260.1 in. a t  a velocity of 23.5 in./min 
before terminating because of galling. 

The resu l t s  of these t e s t s  show'that the ma te r i a l s  exposed to 
the t e s t  a r e  much too plastic a t  1200°F to offer good possibil i t ies in bearing 
construction. The galling fai lure ,  even under relatively light loads,  shows 
that the p r e s s u r e  tends to force the welding of the ma te r i a l s  a t  the contact 
points. Future  t e s t s  will be a imed a t  ha rde r  and m o r e  durable ma te r i a l s  
a t  the 1200°F tempera ture .  



2.. Dynamic Components Tes t  Loop (DYCOTL) 

This loop i s  nearing completion. A brief r e sume  of i ts  .current  
s ta tus  follows: 

i. All piping welds have been completed. 
ii. The loop has  been leak tested. ... 
111. Lagging on the loop i s  complete and the lagging on the spool 

piece i s  a lmost  complete. 
iv. All but two pipe hangers  have been installed. 
v. Some X-ray work remains  to be completed. 

The 15-hp motor for  the sodium-to-air  heat  exchanger has  been 
operated on emergency and regular  power. The speed-control-indica.ti,ng 
c i rcu i t  has  been installed and checked for dependability. A speed-indicator 
readout  panel i s  installed on the main panel for loop control. 

The elevator to the deep pit is now interconnected to the new 7.5-kWe 
gas-e lec t r ic  generator .  In case  of a major  fai lure  of building power, the 
deep-pit elevator will operate ,  automatically, on emergency power. 

A separa te  deep-pit f r e sh -a i r  blower i s  a l so  interconnected with 
the emergency power supply. In the event of a major  sodium f i r e  and power 
fa i lure ,  f r e sh  a i r  may be supplied to the pit by use of a button located on 
the front of the control panel. 

3 .  Small  Static Soak Pots  

a. Mater ials  Compatibility Tes t .  At 400°F t e s t s  were  run for 
16 and 48 h r  with a lifting technique applied through a s t r a in  gauge for  
each of five loaded 304 s tainless  s tee l  metal  pairs .  No indication of 
sticking a t  400°F was found. 

The t e s t  was repeated a t  600°F for  144, 171, and 216 h r .  Again 
no indication of sticking was found. 

Tes t s  a r e  being conducted a t  1000°F a.n.d. then will be made a t  
1200°F. 

4. Evaluation of Aeroquip Brazed  Fitt ing 

Six 1/2-in. Nicrobrazed joints were  received f r o m  a vendor. These 
fittings a r e  of the type used to make remote  connections in a i r c ra f t  tubing 
except that the joints under study were  made of 304 s tainless  s teel  and 
Nicrobraz,  which i s  a high-temperature alloy. The condition of one of the 
fittings, a s  received, i s  shown in Fig. 19. 



Two of the fittings 
weye canverted into capsules 
by welding e ~ d  caps into the 
ends of thk YO-in. long sec- 
tions. Prfar t~ closure, 
sodiwn was introduced into 
$be eapsrtle h a quantity s w f  - 
Ecient to re sdt in an internal 
pressure of 44.11 psi@ at 
120WF. Smbsequen.EIy, the 
fmo &&b@gles -.ere placed in 
a frrn'a:ce.and raised to 1200°F. 
T n a  a,tmqa@PYsre in the furnace 
was' air '-ti& +&t the e z e e m l  
surfa&& a£*%, capsnlles were 
exposed to atmospheric? 
oxygen. ~ o t h ' c & 6 ~ u l & k  wkre 
expobed to thasd {%$tiozls 
for 1380 hr. hu$qgq-&is 
time, the capsd+16a &a &a& 
release' the copts'& bekpits. 
appreciable axid&?& bf ,$be 
extenis1 aGzfa&s. &@we 20 
sbws  the capsule after 'ale 
eig&stlre, i~ the furnace, . 

Pi%. 19, Brazed ~anoy~c%~ Fitting before &pasure tiohed 'sad the sodit.zz21 reacted 
f rom the Tntel.ior. $@bee- 

gaently, &act@ a d  micro photographs-were made af the join< The erami- 
nstion revs~l?d thik the interiok s<rface. of the c&swle' &as in- &xceXleht 
conkl5t%0t?l. FuiBhar&ore, t&e brazed joint was not comp~om%scd in a n i  w a y .  
No &v&le;nges of .c;or rosion was visible; cons eqwently , it was appazant: 
fhs E ~ ~ @ & W B  tariId &&vet pe~formed as welt for a significantly longer period 
of h e .  

A sec.&d pair of capsulrs is mow under expasure with a vaemnn a s  
tb& enviroorne2 irmnediately eurrouddid& the external serfaces. 

The perfor&ance of these cisagsule,~ and the feature permitting re- 
mote assembly spggests a numbet of kaSrible uses for  this type of fitting, 
for example, fuel-element closures, c'onne ctiops in a sodium loop, in- 
strulmentakoa ca@~.ect&cms, and srfrlie t.; ..attschmeats irr zeacrtor components 
ax e ~ ~ e r i m e n t a l  sftstems. The relative simplicity of the fitting could also 
reduce costs and rhanipulattIona aeceesary in remote operaticans. 



5. Etraluatiosz of Type 304 
Sta%il&ss S6eel Tubkg 

Type 304 staidas@ steel hawe 
,jTeem fF3r$~at;'~d 'eaf 1 2QBD3F mp- 
t u ~ e  srndtensae tests. Thqse 
oswnplas (01.493 h. in OD wad of 
Q.kllQ-h. wall) are prepared for 

sfla, s % a e ~ ~ ,  $&ild 

%;a 12Q1WE @odium. 
,? - .- 

. $@--ilaie@eate\ ~f t k ~ ~ e  
~arnpla is &ill .& sramhed for 
ba,r&a be t adbfti~aticnei, gr@h 
stra.ctu%e, an'd - ~ h m i c  dlg 
andy~ed ;Ssr caxbtan. The * 

geee+di the a&iti- 
aatlon of the tubis& us is@ "$$em" 

, roelhrn for soakhg p a r l ~ d i  &- 
3, 6 ,  and 9 dags'ie EQ be maasared 
or determined, 

Fig. 20. Brazed Conoseal Fitting after 138041 
Exposi~re at  1200'~ These data will be com- 

pared to the rather severe 
sensitization of 304 stainless steel previously reported (see Progress 
Report for January 1966, ANL-7152, pp. 48-49). It should be remembered 
that the earlier observed sensitization of 304 stainless steel tubing was 
developed from tubing exposed to 1200°F sodium in the small high- 
temperature loop, which has carbon in the sodium to the extent of about 
70 ppm. 

Three samples of Type 304 stainless steel tubing a re  being analyzed 
for carbon, namely, 

a)  as received from vendor; 
b) a sodium soaked at 1200°F; 
c )  a different heat as received from the vendor. 

The latter tubing was the material used in fabricating the nine 
samples discussed above. It will be desirable to know the carbon content 
of the as-received tubular products before soaking in sodium to determine 



if a measured,  variable carbon content of "as  received" tubing can be cor- 
related with observed and measured sensitization of 304 stainless steel 
after exposure to sodium. 

A Fi la r  eyepiece for the Kentron Micro-Hardness Tes ter  has been 
purchased and used for  t r averse  c ross  sectional measurements on "as 
received" EBR-I1 blanket element tubing. Data on one sample of one heat 
of "as received" tubing indicates a rather  uniform hardness, wall to wall, 
at four locations across  the wall (Rockwell B' scale readings of 85, 87, 
90, and 87). The Rockwell B readings a r e  converted Knoop hardness 
numbers,  actually measured,  of 165, 173, 186, and 165, obtained with a 
500-gm load and a Knoop indenter. 

Microhardness measurements of the wall thickness of 1200°F 
sodium- soaked, 1200°F a i r -  heated, and 1200°F argon-heated samples a r e  
in progress .  

6. Loop Evaluation after Long-time, High-temperature Exposure .to Sodium 

An evaluation of the performance of Type 304 stainless. steel welded 
pipe which had been exposed to hot sodium at ANL was received f rom the 
U .  S. Steel Corporation. The pipe was a portion of a loop that was exposed 
to flowing sodium on the inside at 1200°F for 2069 h r ,  at  1472OF for 4695 h r ,  
and between 572 and 1200°F for 1000 h r .  The outside of the pipe was 
covered with insulation and, thus exposed to a i r .  ' In the comparison of the 
mater ia l  properties between the unexposed and exposed pipe sections, the 
report shows: 

a .  a minor reduction in the room-temperature ultimate tensile 
strength (from 86.8 to 83.5 kpsi); 

I I 

b. a significant reduction in the room- temperature yield strength 
(from 45.7 to 35.2 kpsi); 

c ,  a minor reductics1.1 in room-temperature ductility (elongation 
dropped f rom 64 to 58%); 

d. significant microstructural  change in the weld metal 
transformation of delta fer r i te  to sigma); 

e.  precipitation of carbides around the grain boundaries; 
f . chemical environmental reactions [both the inside and the 

outside surfaces were nitrided to a depth of about.0.001 in. 
The nitride .phase was 'substantially harder  than the 'matrix, 
Brine11 255 versus 180.. The more  heavily nitrided inner case 
(0.2470) initiated cracking of the wall in bend tests].. 

The chemical analysis shows' that the material  was probably a low- 
carbon, austenitic stainless steel whose inner 'and ou t e r  surfac'es were 
carburized 0.063 to 0.08270 C during the manufacture of the pipe. Nickel 



and chromium contents 'were.  10.3 and 18.370, respectively; in composition, 
the 304 SS material  just meets  the lower. l imits of low-work-hardening. AISI 
Type 305 stainless steel.  Grain growth during the exposure period was 
nominal, an increase f rom grain size 8 to  7. Evidence of austenitic metal- 
lurgical instability, other than precipitation of carbides, was lacking. 

The results  of the U .  S. Steel Company examination of the ANL pipe 
in par t  support the selection of the nickel-rich (1 1.5/12/5~0 Ni) AISI Typc 
305 SS for  the 1200°F FARET pressure  vessel.  The conversion of delta 
fe r r i t e  to sigma phase with long-time exposure at  high temperature a s  
noted in the report was anticipated; therefore, proposed FARET welding 
requirements limited the fer r i te  content of the weld metal. The nitriding 
of the 304 SS exterior was expected, but the 0.00 1-in. nitriding of the pipe 
interior wall. was  not anticipated, although it was known Ltlal air h id  lliixed 
with the argon atmosphere during sample withdrawal. 

In addition to the acquisition of the above metallurgical data, f rom 
July of 1964 to February 1966, an analysis of impurities which might be in 
the sodium in the 304 SS forced-circulation loop has been conducted. The 
values of the principal metallic impurities measured by spectrochemical 
analysis a r e  a s  follows for  several different arlalyses made over a period 
of time: 

~ ~ e c t r o c h e m i c a l  Analysis 

(value s in pprn) 

a. Impurity range. in new, clean sodium 8 2 .  2 2 - 4 
b. Sodium sample at -8000 hr  before 24 , 1500 

removal of pipe for  U .  S. Steel 40 750 . 1 5  8 - 20.00 
analysis 

c.  Sodium sample f rom drain tank 2 . 3 4 0  - - - 
d. Sodium sample.from loop after drain .3 4 . 4 0  - - - 

and refill .#l 
e .  Sodium sample f rom loop after drain . 25 100 . 16 4(?) - 1300 

and refill #2 

Analysis of item d was obtained.before a s t ressed vanadium ex- 
posure run was made. Analysis of item e was obtained. after a s t ressed 
vanadium sample exposure run was made. 

The carbon content of.the sodium was measured after removal of the 
U.  S. Steel Company specimen sample of pipe. A value of 77 ppm of carbon 
was.found. 



The oxygen content of the system was measured  only af ter  the 2-in. 
pipe specimen was removed at the end of 7764 h r  .of serv ice  in hot sodium. 
A standard ANL plugging m e t e r  was used to  me.asure the oxide content. The 
plugging temperature of this  system operating at  600°C was approximately 
530°C. 

The unusually high plugging temperature of 530°C corresponds to  the 
highest measured  quantity of sodium oxide in sodium a s  presented by the 
Mine Safety Appliance Company's solubility curve in the July 1955 Liquid 
Metals Handbook, p. 8. A plugging tempera ture  of 530°C corresponds to  
0.22 w/o oxygen o r  about 2200 ppm. The advkrse oxide condition can be  ex- 
plained by the fact that a t  no t ime has a s'odium oxide-removal system been 
incorporated into the loop. Only recently has a dump tank been used to  study 
the effect of system "drain and refil l ."  

F r o m  the work descr ibed above, these general  conclusions may be 
drawn: 

a .  The lack of cold-trap and hot-trap devices on the engineering 
loop would not be duplicated in a fast  reac tor ,  and therefore both 
the metallurgical condition of the pipe and the chemical quality 
of the sodium should be m o r e  adverse for  the engineering 
sys tem than for  a commercial  fast  reactor  system. 

b.  The metallurgical data and the analysis of the impurit ies in the 
sodium a r e  in general agreement ,  i . e . ,  both the resul ts  of the 
U.  S. Steel Company metallurgical analysis and the lack of 
la rge  increases  in F e ,  Ni, and C r  in the sodium, support each 
other.  

7. Separation of ~ a r t i c u l a t e ~ ~ a r b o n  by Centrifugation 

Previous experiments (see P r o g r e s s  Report for  February  1965, 
ANL-7017, p. 70) on separation of particulate carbon f rom liquid sodium 
a t  200°C by centrifugation (2000 rpm,  300 to 625 g )  indicated that the 
par t ic les ,  if p resent ,  were  in the submicron range. Recent .experiments 
have shown that much l a rge r  centrifugal. forces  a r e  effective in sedimenting 
such part ic les .  

F o r  these experiments ,  a 56 w/o Na-44 w/o K alloy, which i s  liquid 
a t  room temperature (m.p .  19OC), was substituted for  sodium because the 
high- speed centrifuges available could not operate above the melting point 
(98OC) of sodium. The alloy was  sealed in s ta inless  s teel  centrifuge tubes 
in a helium- atmosphere glovebox and ( I )  centrifuged at  17,000 rpm 
(-35,000 g )  for  40 min,  then slowed to a stop over the next 20 min; o r  
( 2 )  centrifuged at 40,000 rpm (-150,000 g) f o r  03% h r ,  of which the final 

1 l 2  h r  was a t  O°C in o rde r  to f reeze  the alloy while spinning. In both cases ,  



the centrifuge tubes were. t i l ted.to the rotor axis ( 3 4  and 20°, respectively). 
After centrifugation, the tubes were  cooled in liquid nitrogen and opened 
within the ,glovebox for  sampling. Samples could not be taken f rom specific 
locations in the solid alloy because of i t s  extreme britt leness.  Thus, the 
alloy was allowed to liquefy and samples were withdrawn by pipette f rom 
the top of the liquid. The resul ts  of .the carbon analyses a r e  given below: 

Before centrifugation 76, 53, 36, 4 3  
After centrifugation 

at 17,000 rpm 22, 33 
at 40,000 rpm 23, 34 

Statistical analysis of these data indicates that at the 957'0 confidence 
level there  is  a difference. in carbon contents of the.origina1 and centrifuged 
alloys. The separations obtained may not repre  sent the maxi'mum achievable : 
redistribution of carbon part icles  by convection and vibration could have 
occurred during the melting and sampling steps. Fur ther  experiments with 
liquid Na-K alloys will be ca r r i ed  out to determine if  sufficient information 
on part icle  size can be obtained to warrant  extension.of this work to liquid 
s odium. 



11. GENERAL REACTOR TECHNOLOGY 

A. Exper imenta l  Reac tor  and Nuclear  P h y s i c s  

1. M u l t i ~ l i c a t i o n  P r o c e s s  in P rouo r t i una l  Counter  

The  mult ipl icat ion p r o c e s s  of 4n- reco i l  propor t ional  coun te r s  h a s  
been invest igated in  the region of high gain by examinat ion of the single-  
e lec t ron  r e sponse  dis t r ibut ion ( s e e  P r o g r e s s  Repor t  for  J anua ry  1966, 

ANL-7152, pp. 50-51).  The exper i -  
U L T R A V I O L E T  SOURCE 

menta l  a r r angemen t  ( s e e  F ig .  21) i s  
METAL CHASSIS s i m i l a r  to  that  employed by C u r r a n ,  

Cockrof t ,  and ~ n ~ u s . ~  With such an  
a r r a n g e m e n t ,  the r e sponse  of the 

GERMICIDAL LAMP 
propor t ional  counter  to  s ingle  e lec-  

ULTRAVIOLET 
t r o n s  can  be de te rmined .  Ul t raviole t  

R A D I A T I O N  V A R I A B L E  1 !!i E X I T  APERTURE quanta  en te r  the counter  through the 
y i ;  

11, q u a r t z  window, t r a v e r s e  the ac t ive  
111 

Q U A R T Z  ENTRANCE W I N D O W  volume of the  counter  g a s ,  and c r e a t e  
WINDOW jii /ASSEMBLY 

photoelect rons  on the opposite s ide  
K O V A R  SEAL counter  wal l .  Once c r e a t e d ,  a  photo- 

HYPODERMIC e l ec t ron  wil l  d r i f t  toward the  cen te r  

(anode) w i r e  of the counte r ,  ini t iat ing ' 
a n  e lec t ron  avalanche which i s  sub- 
sequently detected.  Measu remen t  of 
the r e sponse  dis t r ibut ion which a r i s e s  

P R O P O R T I O N A L  C O U N T E R  
f r o m  the se  single-  e lec t ron  events  
p e r m i t s  a study of the s t a t i s t i c s  of 

Fig. 21. Experimental Arrangement of Proportional the  mult ipl icat ion ProceS s .  
Counter, Window Assembly, and Ultra- 
violet Source for the Measurement of Some single e l e c t ron  s p e c t r a  
Single-electron Response Distributions obtained in  this  region a r e  displayed 

in  F ig .  22. These  f i gu re s  p r e sen t  
the m e a s u r e d  dis t r ibut ion P(v) in  normal ized  fo rm:  

where  n and n a r e  the  final number  and a v e r a g e  f inal  number  of e lec t rons  
i n  the avalanche,  r espec t ive ly .  It i s  evident  that  the single-  e lec t ron  r e sponse  
dis t r ibut ion i s  not constant ,  but changes  with anode voltage.  Consequently,  
one can  conclude that  the e lec t ron  branching p r o c e s s  i n  propor t ional  count- 
e r s  i s  not i nva r i an tw i th  r e shec t  t o  the ave r age  f inal  number  of e l e c t rons  
in  the  avalanche.  

4 ~ u r r a n ,  3. C. ,  Cockrof t ,  A. L. ,  and Angus,  J . ,  P h i l  Mag.  do, - 929 (1949). 



I I - B.  Theoret ical  Reactor  Phys i c s  
- 

1. Reac tor  Computations 

In computing average  c r o s s  

0 . 2  L sect ions  in  the unresolved resonance 
region,  ave rages  m u s t  be taken over  

I I 1 I I I 1 I 1  
1 . 0  s ta t i s t i ca l  disLribuLiuns of neutron 

- and f iss ion widths.  In the  c a s e  of - 
- f ission,  fo r  example,  the average  
- - c r o s s  sect ion a t  a n  energy E* m a y  

A 
- - 

O 0 4 -  
be wr i t t en  a s  - 

- 
n 7  - - 

- - ~ m ~ m P n , x l  prn(yl yTfJ1t.0) dxdy 

Bf(EE) = - Dl7 1.0 - 
- i - ' l m p n e l  P~'Y'L~,~ %, liEuxay 
- 
- 

- where  Pn and P, denote P o s t e r -  
0.4 - - Thomas  distr ibutions of m and n 

- 
0 .2  - - degrees  of f reedom. 

- - ----__ 
The evaluation of the t r ip le  

0 0 .4  0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6 4.0 in tegra l s  i s  mos t  widely accomplished 
Y 

by the method of Greeb le r  and IIutch- 
Fig. 22. Single-electronspectraobtained a t  Differ- i n s , 5  i n  which the distr ibution func- 

en t  Allode Voltages ill a Olle-atmosphere t ion s a.r e a.pprox.j.ma.ted by t rapezoids  
M e ~ l l a ~ ~ e - l i l l e d  Proportional C o u ~ ~ c e r  of cq1.1al a r e a .  This  method  ha^ unde-  

s i r ab l e  fea tures  in that the a r e a  of 
each  trapezoid m u s t  be computed by i tera t ion,  and a fa i r ly  l a r g e  number  of 
points mus t  be used to  achieve adequate accuracy .  About ten t rapezoids  
a r e  needed to obtain 1% accu racy  for a distr ibution with one degree  of 
f reedom.  

An al ternat ive  method i s  the use  of a Gauss -Lague r r e  quadra ture  
formula .  The exponential t e r m  in  the P o r t e r  -Thomas  distr ibution i s  ex- 
t r ac t ed  and used  a s  the weighting function in the Gauss -Lague r r e  formula .  
The  u s e  of a formula  of this type yields 1% accuracy  with only five points. 
This  r e su l t s  i n  a savings of computation t ime  by a factor of two. 

2 .  Effective Potent ia l  Scat ter ing C r o s s  Section for Use in  the Single-level  
Bre i t -  Wigner F o r m u l a  

The  tota l  c r o s s  sect ion for  a given isotope may be computed f rom 
the single-level  fo rmula  

S ~ r e e b l e r ,  P., and Hutchins, B. A . ,  Proc. Seminar on Physics of Fast and Intermediate Reactors, Vienna (1961). 



The potential scattering c r o s s  section a which appears  in this expression 
P 

i s  frequently taken to be the average value of the total c r o s s  section a t  low 
energies  distant f rom any resonances.  If an attempt i s  made to reconstruct  
the curve of measured  total c r o s s  section using this value for  0 along P 
with measured  resonance pa ramete r s ,  agreement  with the measured  total 
c r o s s  section i s  poor a t  energies  which a r e  not close to resonance peaks. 
This occurs  because the interference contribution to  the total  c r o s s  section 
can be fair ly  la rge  in relation to the magnitude of ap, when this expression 
for the total  c r o s s  section i s  used a t  energies  which a r e  distant f rom r e s -  
onanc e peaks. 

F o r  example, a potential scattering c r o s s  section of about 13 b i s  
needed to give good agreement  with the measured  total  c r o s s  section of 
u~~~ a t  low energies .  This calculation was made with the use  of the reso-  
nance pa ramete r s  measured  by Garge6  This high value for ap i s  needed 
to compensate for the interference t e r m  in  the expression for  the total 
c r o s s  section which i s  la rge  and negative at  energies  below a resonance 
peak. At fair ly  high energies ,  the use  of ap = 13 b leads to calculated 
values which a r e  slightly high in relation to  the measured  total, and the 
use  of Up = 10 b (the apparent average value of DT in BNL-325 a t  low 
energies)  leads to calculated values which a r e  slightly low. 

A s imi lar  behavior i s  noted for sodium. Here  the total c r o s s  sec- 
tion a t  low energies  i s  influenced by the 2.8-keV resonance. A ap of about 
.5 b i s  needed to calculate the measured  total  of about 3.2 b a t  low energies.  
In the case  of sodium, i t  has been found7 that the agreement  with experi- 
ment  may  be improved over a wide energy range by using spin-dependent 
potential scattering c r o s s  sections.  

3. Cros  s-. section Evaluations 

The programs LEGENDRE, P$LYW$LY, $SCAR, and C$AG$G$, 
used in  the study of angular distributions of scattering, have been consol- 
idated into one program, SAD. The subroutine used for the transformation 
of Legendre expansion coefficients f rom the laboratory to the center-of- 
m a s s  sys tem of coordinates has  been replaced by a m o r e  accura te  subrou- 
tine obtained from the Atomics International code, CHAD.* Also, the CHAD 
code, writ ten originally in Fortran-IV,  has been t ransformed to 3600 For -  
t r an ,  and t e s t  problems have been run successfully. 

G ~ a r ~ ,  J. B., g G., Phys. Rev. 134, 985 (1964). 
7~tephenson.  T. E.. BNL-961 (T-401) (1965). \\ 

8 ~ e r l a n d ,  R F., CHAD, Code to Handle Angular Data, NAA-SR-Memo 11231. 



4.. ZPR-7 Physics Analysis 

Calculations of bucklings (B2) and various mic  roparameters  were  
ca r r i ed  out for  the final two Hi- C latt ices studied in the ZPR- 7 cr i t ica l  
assembly.  These latt ices had a pitch of 1.349 c m  in a square a r r a y  with 
ei ther  aluminum or  s tainless  s tee l  (SS) clad. The atom rat io (of hydrogen 
to  uranium- 238) of about 4.15 makes these latt ices the least  undermoder.- 
ated latt ices studied with Hi-C fuel. GAM-I constants for  three  fas t  groups 
and THERM$S constants fo r  the thermal  group were  calculated. The com- 
puted B2 for  the aluminum-clad assembly was 9.303 x cm-2 fo r  the 
case  in which the B- 1 approximation was used in GAM-I, and 8.994 x 
10-3 cm-2 for the P- 1 approximation case .  The experimental value was 
9.182 x 1 o - ~  Not enough. fu.el was a.vailable t o  make the SS-,clad latt ice 
critical without an external  dr iver  zone, so  no experimental B2 is available 
for  comparison with calculations. 

5. ~ r e a t m e n t  of Source Discontinuities 

The effect of discontinuities in the external source in numerical  
solution of the diffusion equation has been'analysed for  the case  of 1-group 
1 -dimensional s lab geometry. 

Here ,  ~ ( x )  includes both absorption and f iss ion contributions, and m a y  be 
ei ther  positive o r  negative. This example i l lustrates  some essentj  a1 pro-  
g r a m  difficulties which will  be encountered in solving m o r e  complicated 
problems. 

The treatment  avoids, to begin with, such simplifying assumptions 
as constancy of diffusion coefficient, c r o s s  section, and external  source,  
and will thus apply a s  well t o  m o r e  real is t ic  models than those in  cl.l.rsent 
use .  It leads t o  the fundamental consistency condition which must  be sa t -  
isfied at every point xo: 

where p~ i s  the mean value of the qu.a.ntity F on, opposite s ides of xu, and 
YF i s  the jump in F at xo; i . e . ,  

pF = l imit  {i F(k0 - E )  +$- F(xO + E) )  
E+O 

and 



In the neutron-diffusion interpreta t ion of Eq.  ( l ) ,  S i s  the external 
source ,  @ the flux, D@' the cu r r en t ,  (3@ the net  l o s s  r a t e  f rom the group, 
including the effects of cap ture  and fission,  and D the diffusion coefficient. 
The l a s t  two a r e  ordinar i ly  determined a lmos t  ent i re ly  by the composition 
and their  values,  and the jumps a t  the boundaries a r e  fixed by considerations 
other  than the external  source .  Under these conventions, discontinuity in 
the source.  ref lects  itself in discontinuities in the flux o r  i t s  der ivat ives .  
Neutron-conservation a rguments  ordinar i ly  a r e  used to  requi re  continuity 
of flux and cu r r en t .  Under these  assumptions the only possible function in 
which an a r b i t r a r y  discontinuity can occur  to  compensate the a r b i t r a r y  jump 
in  the source  i s  the second derivative of the flux, @ " .  With the assumptions 
of continuity of flux and cur ren t ,  the discontinuity in  the second derivative 
i s  given by 

in  regions where  the c r o s s  sections and diffusion coefficient a r e  continuous, 
and 

a t  boundaries between such regions.  

The implications of this  analysis  for finite difference,  o r ,  indeed 
for  any numerical  method of integrating Eq.  ( l ) ,  a r e  c l ea r .  Since a l l  numer-  
ica l  integration schemes for  second-order  differential  equations a s s u m e  the 
boundedness of a t  l e a s t  the third  derivative,  i t  i s  no sa fe r  to  ignore discon- 
tinuities in  the external  source  than i t  would be to  ignore discontinuities in 
the ma te r i a l .  At any point of discontinuity, the integration should be stopped 
and r e s t a r t ed  with new boundary conditions. Under the assumptions of con- 
tinuity of flux and cu r r en t ,  these new boundary conditions can be obtained 
f r o m  use of Eq.  (3) o r  (4) .  

The method of car ry ing  out this change of boundary conditions i s  
ent i re ly  analogous to that used for changes of ma te r i a l s ,  for which the con- 
dition of Eq. (4) m u s t  be satisfied even i f  YS = 0. There  i s  thus no need to 
d i scuss  the technique in detail  other than to  r e m a r k  that the program m u s t  
provide for  discontinuities in source  a c r o s s  the region boundaries,  a s  well 
a s  for discontinuities in diffusion constant and c r o s s  sect ions ,  and that the 
u s e r  m u s t  provide region boundaries a t  every point where  he wishes a dis-  
continuity in the external  source .  

6 .  Hyhrid Computer Techniques 

A hybrid computer has  been c rea ted  by linking components of a 
PACE electronic  analog to components of a PDP7 digital computer .  This  

hybrid i s  considered to  be analog-computer oriented because of the natul-e 



of the problems which a r e  being solved. I t  could a s  easi ly  be digital- 
computer oriented if the ma jo r  portion of the computing effort were  vested 
in  digital components. 

The  types of problems being solved involve coupled nonlinear par t ia l  
differential  equations. The analog components of the hybrid solve part ia l  
differential  equations a s  a function of d i sc re t e  space and continuous t ime.  
The digital  components function a s  memory ,  a s  function genera tors ,  and a s  
computers  of analog subroutines.  

This  hybrid i s  cur rent ly  l imited by physical equipment. The l a rges t  
problem which has  been succesfully solved i s  a se t  of coupled equations con- 
sist ing of the equations of two-dimensional heat flow ( radia l  and axial) ,  r e -  
activity feedback ( ~ o p p l e r ,  expansion, and voids), and the six-group, space- 
independent, neutron kinetic s equations. 

The two-dimensional representation of this problem resul t s  in  a set 
of forward-coupled (along the axis  since axial  heat conduction i s  insignifi-. 
cant)  nonlinear par t ia l  differential  equations. Similar  differential equations 
in  this  se t  a r e  solved sequentially by programming only one of them on 
analog components and using the memory  of the digital computer to  provide 
the init ial  conditions for each succeeding equation. To do this ,  an i terat ive 
procedure  i s  necessa ry  whenever there  i s  feedback in the closed loop. This  
i s  m a d e  possible by u s e  of the digital component for  temporary  s torage  and 
t r a n s f e r .  

This  i te ra t ive  procedure has  converged ve ry  rapidly in problems 
considered to date .  This  convergence i s  predicted by consideration of the 
principle of contraction mapping. L a r g e  conservation of analog components 
through employment of this  multiplexing process  i s  thus made possible 
only by hybridizing the computations. 

The  problems which have been programmed for  the hybrid and 
studied to date a r e :  

1. The significance of var iable  the rma l  conductivity and i t s  g ra -  
dient in  nuclear  fuels 

2 .  The effect of in te rna l  radiative heat t r ans fe r  in ce ramic  fuels 
upon the t rans ien t  behavior of fas t  r e a c t o r s  

3 .  Power excursions in fas t  c o r e s  with strong Doppler feedback 

4. The frequency response of ce ramic  fuels to periodic power 
f luctuat ioi~s 

5. The effect of coolant flow upon fuel tempera ture  

6 .  The convergence r a t e  of closed se t s  of nonlinear par t ia l  dif- 
f e r  ential  equations. 



7. The ARC Svstem 

. The interface specifications among various computational modules 
have been revised and updated to accommodate the changes in  the sys tem 
organization and to add to convenience. Based on these interface .specifi- 
cations, the programming of various neutronics and related modules a r e  
underway. 

In addition, progress  i s  being made in the following aspects :  

(1) System Operation- -Several  possibil i t ies of sys tem operation 
a r e  being studied. This study will eventually develop a sys tem that mee t s  
a l l  the peculiar requirements  of ARC. 

(2) DATAPOOL- - The study of the organization and functioning of 
DATAPOOL goes in  paral le l  with that of the sys tem operation, a s  the orga-  
nization of t h e  DATAPOOL must  be made  such that the sys tem operation i s  
not only feasible,  but a l so  efficient. The resu l t s  of the prel iminary study 
of the sys tem operation have already lead to some basic changes in  the 
o rde r  and number of h ierarchy levels in the DATAPOOL. 

( 3 )  Control Input--Various possible modes of inputting the infor- 
mation for use  with some "standard" types of computations a r e  being 
studied. 

' /  

. (4) Burnup Module- -P re l imina ry  specifications regarding the 
general  capabilities of the Burnup Module (and associated 'modules)  for the' 
ARC System i s  under study. 

Conventionally, determining the equilibrium init ial  atomic concen- 
t ra t ion vector - n for  a given fuel-management policy involved an  i terat ion 
procedure.  The following analytical procedure i s  under investigation for the 
possible use in the new burnup module which i s  being developed for  use  in 
the ARC System. 

Let  11 be a KM-dimensional vector for  the init ial  atomic concentra- 
tion of the f o r m  

where superscr ip ts  r e fe r  to regions,  the subscripts  to nuclides,  K i s  the 
number of regions,  and M the number of nuclides.  After one i r rad ia t ion  
s tep for  a given burnup tj.m.e, thus for  a fixed burnup ma t r ix  - B ,  the nuclide 
concentrati.on will be 



.Define the following ma t r i ces :  

D -. a diagonal ma t r ix  such that D p gives the amount of nuclides - - - 
removed f rom reac to r  for  t r ans fe r  to other regions,  for 
reprocessing,  e tc .  

C -. a diagonal ma t r ix  such that C D p gives the amount of nuclides - --- 
to be Hsold" out. 

G -. a diagonal ma t r ix  such that G D p gives the amount of nuclides - --- 
to be reprocessed .  

A -. " t ransfer  matrix;!" such that .A( .~-  C-G)D p gives the d i rec t  t r ans -  - --  - - -  
fe r  into var ious regions.  

R + "1-ecovery m a t r i x , "  sl-~ch that R G D p gives the aniuu~ll  ol re -  - ---- 
processed  nuclides that i s  recovered.  5 takes into account the 
radioactive decay uf nuclides a s  well a s  the factor associated 
with lhe reproces  slng efficiency. 

E -. "distribution m a t r i x , "  such that E R G D p gives the distribution - ----- 
of . recovered nuclides into var ious regions.  . 

In addition, define a K-dimensional vector q ,  called the "makeup vec tor , "  
guch that the element  qk of q i s  the total nFm.ber of nuclides to be added to 
the kth region before each i r rad ia t ion  s tep in  o rde r  to satisfy the conser-  
"vation relati.on.of.al1 nuclides in each region. Fur the r ,  the "feed m a t r i x H  F 

- - k - i s  defined such that F q i s  a KM-dimensional vector ,  whose element hm 
denotes the amount of nuclide m to be added in regi.on k. 

When all operations a r e  completed, the nuclide concentration for the 
next i r rad ia t ion  s tep i s  given by generalizing to ith step: 

where  

Notice that the vector - nl, for  a l l  i, must  satisfy the conse'rvation relation 

S 11 = C ,  - -  - (5) 

where  - S i s  a (KXKM)-matrix such that the element ck 01. c i s  given by - 



F r o m  Eqs .  (3) and (5), 

. .  . f r o m  which . . .. .,. . .. . 
. . . . :. . . 

By use  of Eq. (8) i n E q .  (3 ) ,  ' . '  . . . .  
. . 

whi.ch descr ibes  the behavior of the vector - n a s  th,e ,sequence of fixed 
i r radiat ion-  fuel management s teps  proceed, i . e . ,  the information regarding 
the approach to equilibrium. . . 

Now, suppose that above process  reached an  equilibrium. Then, 
f r o m  Eq. (3), 

I .' 

Combination of Eqs.  (11) and (5)  yield,s 

. . Therefore ,  

i f  the inverse  exis ts  and where 

which gives the equilibrium init ial  
direct ly  without i terat ion.  

atomic concentration and the..makeup . 



C. High- tempera ture  Mater ials  Studies 

1. Ceramics  

a .  ( ~ h - U - P u )  Phosphides.  Studies have continued on the high-, 
t empera tu re  compatibility of U P  with the following ref rac tory  metals :  Ti ,  
Z r ,  Nb, Ta ,  Mo, and W ( see  P r o g r e s s  Report  for January 1966, ANL-7152, 
pp. 56- 57). Samples containing equivalent mole percentages of UP and these 
me ta l s  were  heated in the melting point furnace to obtain liquidus tempera-  
t u r e s  for these compositions.  The resu l t s  a r e  given below: 

Liquidus Liquidus 
Cornpnsi tion Tempera ture  (OC) Composition Tempera ture  ( O C )  

UP- Z r  
TJP- Ti 
UP-Nb 

UP-MO 
U P -  Ta  
U P -  W 

The liquidus tempera tures  r e p r e  sent complete melting of the compositions 
and a r e  considerably higher than those a t  which liquid f i r s t  appeared. Nev- 
e r the les  s ,  these resu l t s  paral le l  the coillpatibility observations previously 
reported.  U P  reacted extensively with Z r  and T i  a t  1800°C, a t  which 
t empera tu re  the pellets melted. Samples containing Nb and Mo exhibited 
considerable melting and vaporization a t  2000°C. The composition UP-Ta  
was relatively stable up to 2200°C, but melted a t  this  tempcra ture .  UP and 
tungsten showed no react ion a t  2200°C. Interestingly,  the above resu l t s  
general ly  follow the o r d e r  of melting points of the pure meta ls .  

5 
Studies of the sys tem U P -  TJN have continued. Melting experi-  

ments  conducted in helium and nitrogen showed that the liquidus tempera-  
t u r e s  were  affected by the atmosphere used. Use of pressur ized  nitrogen 
was necessa ry  for the UN- r ich  side of the sys tem to suppress  formation 
of uranium,  which depressed  the ~nel t i i lg  tempera ture .  However, composi- 
t ions a t  the UP end of the sys tem were  shifted toward higher UN coiltents 
through react ion with the rlitrogen atmospherc,  and melted at; lower tem-  
pe ra tu res  than in  helium. u s e  of rrlixed gases  in  the same  proportions a s  
the P/N rat ios  of the samples  did not solve the problem, since the helium 
was  i n e r t  whereas the nitrogen was quite react ive in the tempera ture  range 
used (2200 to 2850°C). Use of sealed tungsten containers might conceivably 
solve this problem. 

b.  Development of Thermal  Diffusivity Rig for  Ceramic  Mater ia l s .  
Thermal-diffusivity and heat-capacity techniques a r e  being used to de ter -  
mine  the heat- t r ans fe r  propert ies  of ce ramic  s .  The method , requi res  disc-  
shaped samples ,  approximately 1.9 c m  in diameter  by 0.2 to 0.3 c m  thick. 
These  samples  must  be prepared  f rom high-purity ma te r i a l  that m u s t  not 
become' contaminated during fabrication. The samples  must  a l so  be uniform 



in s t ruc ture  and porosity, and f r ee  f rom mic roc racks . .  To this end seve ra l  
techniques for  fabrication of disc  samples  have been investigated. 

Attempts to prepar.e d iscs  by cold-pressing and,  sintering have 
had limited success ,  Many of the s,amples had laminations o r  center  .cracks 
that in te r fer red  with the measurements .  Center c racks  were  eliminated by 
a slow firing procedure.  The laminations .persisted, however, and w e r e ,  
found to be due to the p res su re  r e l ease  when the compact was  pushed f rom 
the die.  

In o r d e r  to obtain c rack- f ree  samples  isostat ic  pressing was 
attempted. The method consisted of loading powder into a section of rubber 
hose, of 1.9- c m  ID, with a 1- c m  wall thickness,  and with a rubber stopper 
closing one end. When the appropriate amount of powder was  loaded, a 
second stopper with a hole dr i l led in  i t s  center  was pushed into the open 
end. The length of hose was adjusted before the s t a r t  of the operation s o  
that the s toppers  would contact the powder. A thin-walled me ta l  tube, 
0.155 c m  in d iameter ,  was then pushed into the stopper hole, and the ent i re  
assembly  was placed in a plastic bag and evacuated. When evacuation was 
complete, the meta l  tube was removed f r o m  the stopper without breaking 
the connection to  the vacuum sys tem.  The opening used for evacuation was 
then heat sealed,  and the bag and i t s  contents were  isostatically p res sed  
a t  2 1 kg/mm2. Samples were  f r ee  f r o m  laminations.  This technique, which 
was conducted with uranium sulfide powder, i s  present ly being adapted for 
plutonium- glovebox ope ration. Development of this procedure should enable 
us  to  study the effects of porosity on high-purity ma te r i a l s .  

2 .  Liquid-metal Corrosion . . 

a .  polar izat ion Studies. High oxygen concentration in glovebox 
helium caused interruption of polarization experiments .  The oxygen leak 
has been repa i red ,  and the glovebox i s  again in operation. Two observa-  
t i o n ~  relating to s~lcrtiorls of problems necessa ry  for  successful study in  
this a r e a  a r e  discussed in the following. 

The f i r s t  concerns verification of the efficacy of the glovebox 
cold t r a p  in reducing oxygen concentration in helium f rom the range of 
25 ppm (an incidental value existing when the observations began) to l e s s  
than 0.33 ppm, a value appr ecidbly lower  than that corresponding to the 
vapor p res su re  of oxygen a t  liquid nitrogen tempera tures .  The low con- 
centratiurl was maintained In spite of additional in-leakage of oxygen a t  an 
estimated r a t e  of 0.5 ppm/min. The t r a p  contains coconut charcoal  in  a 
copper vesse l  immersed  in liquid nitrogen and i s  regenerated periodically 
by heating and evacuation. It was not empir ical ly  determined i f  the charcoal  
was m o r e  effective in obtaining this performance than would be an  equal 
a r e a  of other thermally rnnductive ma te r i a l s .  



The second development concerns a mechanical method of 'str ip- 
ping cor ros ion  f i lm f r o m  zirconium electrodes a f te r  overnight exposure to 
oxygenated sodium (o r  oxygen gas )  near  540°C. An effective stripping . . 

method has  been needed to evaluate the weight of cor ros ion  fi lm present  
on electrodes where  weight- gain measurements  a r e  questionable because 
of oxygen dissolution into "uncor roded" sample metal  underlying f i lms and 
a l s o  because of. the possibility of some film loss  to  the sodium environment. 

The novel method employs glass  microbeads ca r r i ed  by a high- 
velocity gas  s t r e a m  impinging on the corroded surface.  The stripping mech- 
a n i s m  appears  to  involve localized shattering of br i t t le  cor ros ion  product 
by impinging microbeads and removal of resulting debr is  by the gas s t r eam.  
Uncorroded meta l  absorbs  the impact  shocks and i s  relatively unaffected 
except for a l terat ion of su r i ac  e texture.  The maximmlu~rl c l i d r r l e l e i  ol spher-  
i ca l  g lass  beads employed was  about 0.15 m m ,  the mean sphere  s ize being 
considerably s m a l l e r .  An Industr ia l  Airbrasive Unit was used to generate 
the gas-bead s t r e a m .  The velocity of nitrogen c a r r i e r  gas  in the riozzle 
or i f ice  of 0.46- to 0.51-mm diameter  i s  es t imated by the manufacturer to  
be nea r  1100 ft/sec. About 5 min were  required to s t r ip  a 15-cm2 a r e a  
with a nozzle-to- sur face  distance of 1.9 c m  and the s t r e a m  held normal  
to  the surface.  

Thinner cor ros ion  f i lms than those noted above were  removed 
only ve ry  slowly, due probably to the cushioning effect of underlying metal .  
Relatively thick f i lms (of thickness corresponding to  1 mg/cm2 of oxygen) 
w e r e  s imi lar ly  affected only slowly o r  unaffecte.d; perhaps a higher impact  
energy (by use of l a rge r  beads) would have been m o r e  effective. A film 
weight lo s s  corresponding to  0.4 mg oxygell/cm2 was  determined for one 
of the samples  whose fi lm thickness was in the optimum range for the 
stripping technique descr ibed.  

Some sparking was seen  a s  glass  beads s t ruck  s t r ipped zirco- 
nium, indicating los s  of unoxidized metal .  This amount was found to be 
0.6 m g  total  for the 15-cm2 a r e a  during a second 5-min period of t reatment  
s imi l a r  to  that of stripping-. A third 5-lnin t rea tment  resulted in loss  of 
another 0.6 mg. This loss  i s  thus sma l l  and reproducible.  

'P'he stripping method was fur ther  applied to staiille s s  steel. 
corroded in 540°C s team and to 1100 aluminum corroded in 70°C water .  
Corros ion  f i lms were  readi ly removed. There  was l i t t le weight change 
observed when uncorroded samples  of the same ma te r i a l s  were  subjected 
to  the same t rea tment .  This method of stripping thus appears  applicable 
to a number of cor ros ion  problems and displays a potential for use  in quan- 
t i tative studies.  A m o r e  detailed report9 has  been prepared and submitted 
to  Corrosion fo r  publication. 

- - 

9 ~ o u n g d a h l ,  C . A,, "Mechanical Stripping of Corrosion Samples,  submitted 
to Corrosion (Februa ry  1966). 



b. Lithium Corrosion Studies a t  Elevated T'emperatures.  Titanium 
.. , 

i s  an effective nitrogen get ter  in lithium. The solubility of titanium in lith- 
ium containing 55 ppm of nitrogen i s  about 15 ppm a t  930°C (PWAC-356). 
The behavior of titanium in lithium a t  higher t empera tu res  and i t s  inter-  
action with multicomponent l iquid-metal sys t ems  i s  not yet laown.  I t  i s  
thought that by obtaining this information, insight into corrosion-  preventive 
m e a s u r e s  applicable to lithium sys tems could be gained. The r e su l t s  of 
exploratory t e s t s  a r e  descr ibed below. 

In the initial titanium-lithium te s t  a t  1200°C, in which molyb- 
dehum was  the container,  a weight loss  of 27.3 mg/cm2 of titanium was 
observed over a period of 7 days.  A needlelike surface s t ruc ture  associated 
with high-microhardness  measurements  indicated some impuri ty  diffusion 
had occurred .  Chemical analysis  of post- t e s t  lithium samples  showed a 
nitrogen content of 15 ppm, compared with an init ial  nitrogen content near  
50 ppm. No significant sur face  change of the molybdenum capsule was 
observed af ter  t e s t .  

Under s imi l a r  t e s t  conditions and cxposure t ime,  a t e s t  was 
made  with an addition of 1.5 a/o sil icon to the l i thium. ' Silicon i s  considered 
to be of in t e re s t  because i t ' i s  a powerful deoxidizing agent,  i s  v e r y  soluble 
in  l i thium, and MoSi02 i s  a ve ry  effective oxidation b a r r i e r .  The weight 
lo s s  of titanium was  slightly reduced to 23.3 gm/cmz over the s a m e  7-day 
period. The nitrogen content of post- test  lithium was 25 ppm (initial nitro- 
gen content was the s a m e  a s  in the previous test) .  Microhardness  measure -  
ments  indicated no surface i r regular i t ies  on the titanium. However, an 
unidentified, r a the r  br i t t le  layer  developed on the' inner  surface of the molyb- 
denum. Such a resu l t  has  not been experienced previously.  

In view of the different resu l t s  of these t e s t s ,  i t  i s  noted that 
si l icon m a y  significantly affect the behavior of t i tanium in  lithium. Inter-  
esting questions include the effect of si l icon on the solubility l imit  of nitro- 
gen o r  oxygen in lithium and the nature of the layer  on the molybdenum. 

It i s  expected that the addition of selected additives m a y  have 
profound effects on the cor ros ion  of ma te r i a l s  in high t empera tu re  l i thium. 
Exploration of these sys t ems  will  be continued. 

3 .  I r rad ia t ion  T ~ s t . i n g  

A s e r i e s  of irradiatioris ar,e in  p rogress .  A ' s u m m a r y  of the i r r a d i -  
ations of ce ramic  fuels in p rogress  i s  shown in Table XIV. 



TABLE XIV. S ta tus  of H igh - t empe ra tu r e  F u e l  I r r ad i a t i ons  in  P r o g r e s s  

Calculated Burnup  
Fue  1 J acke t  Jacke t  Jacke t  Maximum J a c k e t  .to Date  

Spec imen  Composit ion Compos i t ion  ID Th i cknes s  Su r f ace  T e m p  
NO. (w/o) (w/o) ( m m )  ( m m )  ("C) a/o f/cm3 x lo-'' 

MV- 2 
MV- 3 
MV- 5 
MV- 6 
S- 7 
S -  8 
S -  9 
S -  10 
S-  15 
S-  16 
6- 17 
S -  10 

UC-20 P u C  
UC-20 P u C  
UC-20 P u C  
UC-20 P u C  

US 
u S 
us  
us  
US 
u S 
1.l S 
us  

Nb-1 Z r  6.5 
Nb- 1 Z r  6.5 
Nb- 1 Z r  6 . 5  
N b - l Z r '  6 .5 

. Nb- 1 Z r  6.5 
Nb-1 Z r  6.5 
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The capsulc  i r rad ia t ion  program for  the vibrator i ly  compacted 
UC-20 w/o PuC spec imens  cal ls  for nominal burnup levels  of 2 ,  5, an3 
10 a/o a t  jacket sur face  t empera tu re s  of 600, 800, and 1000°C. I r radiat ions  
have been completed a t  the 2 and 5 a/o burnup levels  a t  600°C, although the 
2 a/o spec imens  did not a l l  quite achieve this burnup o r  tempera ture .  Spec- 
imens  for  the 10 a/o level  a t  600 and 800°C a r e  now in  MTR. 

The  5 a/o, 1000°C capsule which was inser ted  into the MTR on 
Janua ry  10, 1966 had to be  removed f r o m  the reac tor  af ter  one cycle be- 
cause  of inability to  maintain  the gas  annulus atrriospkere under a s ta t ic  
t e s t .  Burnup for  each specimen i s  es t imated to  be 0.3 a//o (1.0 x 
10" f iss /cc) .  The maximum cladding t empera tu re s  attained were  860°C. 
A compar i son  of t h e  specimen$ frurri this capsule  and those w~ith,  higher 
bi.l.rnups will yield irlformation on any predominarrtely thermal  effects which 
m a y  occur  in the UC-20 w/o PuC sys tem.  

Another 1000°C capsule has  been shipped to the MTR and i s  awaiting 
ills e rt ion.  



D. Other  Reac to r  F u e l s  and Ma te r i a l s  Development 

1. Fa s t -neu t ron  I r rad ia t ion  of J a c k e t  Ma te r i a l s  

Twelve capsu les  containing a to ta l  of 60 tube-burs t  spec imens  and 
11 2 s t r e s s - rup tu r e - t ype  speci 'mens a r e  being i r r a d i a t e d  i n  EBR-I1 a s  
pa r t i a l  loadings i n  two subas semb l i e s .  The  neu t ron  f lux i s  to  be  2.5 x 
1015 n /cm2-sec .  During th i s  r epo r t  pe r iod  the s ta tus  of t he se  capsu l e s  
did not change because  the r e a c t o r  w a s  not opera ted .  The capsu l e s  a r e  
identif ied i n  Table  XV. 

TABLE XV. Sta tus  of I r r ad i a t i ons  of  Jacketing Ma te r i a l s  in  EBR-I1 

Tentat ive Accumulated Maximum 
Capsule  Type of No. of Loading Removal  Exposu re  Specimen 
Number  Ma te r i a l  Specimen Specimens  Date Date (n/cm2) T e m p  (OC) 

AS- 1  V-20Ti Tube -bu r s t  12 12-65 5-68  3.3 x lo2'  540 
AS-2 V-2OTi Tube -bu r s t  12 12-65 5-68 3.3 x lo2' 540 
AS-3 Has t -X  Tube -bu r s t  12 12-65 5-68  3.3 x loZ1 540 
AS-4 Has t -X  Tube -bu r s t  12 12-65 5-68 3.3 x lo2'  540 
AS-5 304 SS Tube -bu r s t  12 12-65 5-68  3 .3  x  10" . 540 
AS-6 V-2OTi S t r e s s - r u p t u r e  16 12-65 5-68 3.3 x lo2'  580 
AS-7 Has t -X  S t r e s s - r u p t u r e  16 12-65 5-68 3 .3  x 10" 580 
AS-8 304 SS S t r e s s - r u p t u r e  16 12-65 5-68 3.3 x lo2' 580 
AS-9 V-20Ti S t r e s s - r u p t u r e  16 11-65 4-68  6.6 x lo2 '  590 
AS- 1 O Has t -X  SLress- rupture  16 11-65 4-68  6.6 x  lo2' 590 
AS- 11 304 SS S t r e s s - r u p t u r e  16 11-65 4-68 6 .6  x lo2' 590 
AS- 12 V-2OTi S t r e s s - r u p t u r e  16 11-65 4-68  3.3 x lo2' 580 

2 .  Hydrogen Embr i t t l emen t  i n  I r r ad i a t ed  S t ee l s  

A study i s  being made of poss ible  hydrogen embr i t t l ement  i n  
i r r ad i a t ed  s t e e l s .  Tensi le  t e s t s  and s t r e s s - r u p t u r e  t e s t s  of un i r rad ia ted  
s t e e l s  4340 and  2 1 2  B have been completed.  

Type 4340 is a h igh-s t rength  (19,000 kg c m - 2  UTS) s t e e l  which 
c l ea r l y  shows i t s  susceptibi l i ty t o  de layed  fa i lu re  by hydrogen embr i t t l e -  
ment  i n  a s t r e s s -  rup ture  t e s t  a t  r o o m  t e m p e r a t u r e .  Hydrogenated notched 
tens i l e  spec imens  of 4340 fai led i n  minu tes  o r  a few h o u r s  with loads  
corresponding t o  one-half t o  one- th i rd  t he i r  t ens i l e  s t reng th .  The hydro-  
gen charge  was  not high enough t o  produce b l i s t e r ing  of the s t e e l ,  but w a s  
m o r e  than sufficient to  produce delayed fa i lu re .  

These  t e s t s  w e r e  u sed  to demans t r a t e  the  reproducibi l i ty  of the 
e lec t rolyt ic  hydrogen charging,  c admium plating, and baking techniques  
used  to  load the spec imens  with hydrogen.  Ef for t s  to  m e a s u r e  the  amount 
of hydrogen put in by the charging p r o c e s s  by vacuum annealing have been 
unsuccessful .  thus  f a r .  Many diff icult ies have been r epo r t ed  in  the l i t e r a -  
t u r e  re la t ive  t o  th i s  measu remen t .  The  appara tus  h a s  provided s e m i -  
quanti tat ive in fnrmat ion  on the rate of outgassing a t  va r ious  t e m p e r a t u r e s .  



This  i s  helpful i n  explaining behavior of specimens af ter  aging and long 
per iods  of t ime under s t r e s s .  

Control  t e s t s  with '212 B p r e s s u r e - v e s s e l  s tee l  revealed that  ten-  
s i le  s t rengths  of the specimens agreed  with-data furnished by the suppl ier .  
Unirradiated spec imens  charged with hydrogen behave just a s  do uncharged 
controls  i n  tensi le  t e s t s .  The yield s t r e s s  i s  about 4200 kg cm-2  for  
t hese  specimens,  o r  about 60% of the ul t imate  tensi le  s t r e s s .  In s t r e s s -  
rup ture  t e s t s  fa i lure  was observed instantly a t  the ult imate tensi le  s t rength 
(-7000 kg cm-2  o r  100,000 psi)  fo r  notched,-bar specimens.  A delayed 
fa i lu re  took place a l t e r  a few hours  with a load represent ing 95% of the 
ul t imate  tensi le  s t r e s s .  No fa i lu res  were  observed a t  o r  below 9070 of the 
ulti.rnate. 

All preparat ions  have been completed for  i:es.lil.lg of i r radiated.  speci-  
mens  ( s e e  P r o g r e s s  Report  for August 1965, ANL-7090, pp. 39-40). A smal l  
hot cel l  h a s  been equipped wil;il a strcss-rupl.t.l.~.c machine a n d  all the appa- 
r a tu s  for charging, plating, and baking the s p e c i m e ~ l s .  Thcse opera-tions 
have been per formed in  th i s  cel l  on some of the control  spec i r~ lens .  

The i r r ad i a t ed  capsule containing the specimens has  been opened in  
a hot cel l .  The NaK used  a s  a heat t r ans fe r  bond was successfully cleaned 
away and the spec imens  were  identified. 

Tensi le  t e s t s  of i r rad ia ted  specimens disclosed that the tensi le  
s t rength of the 4340 went up abol~t. 570 as a resu l t  of the i r rad ia t ion .  This  
resu l t  i s  based on a shaped tensi le  specimen.  The load corresponded to  a 
s t r e s s  of 20,000 kg ~ r n - ~  based on init ial  c r o s s -  sectional a r e a .  Some r e -  
duction of a r e a  took place,  b i ~ r  h a s  11vt yet  boen m ~ a s ~ ~ r e d .  

The i r rad ia t ion  ra i sed  the yield s t r e s s  of 212 B by almost  70% and 
the ult imate tensi le  s t r e s s  by about 3oU/o. 'l'he exposure was calculated to 
be enough to r a i s e  the NDT tempera ture  well above room tempera ture .  
Thus,  t ea t s  for  delayed fa i lu re  of hydrogen-charged specimens will be 
per formed on s tee l  that  i s  considered br i t t le  at  room tempera turc .  The 
effect of hydrogen on this  s tee l  will be compared with that observed in  the 
unirradiated s teel .  

\ 

a .  E las t ic  Moduli of High-temperature  Mater ia ls  by Ultrasonics .  
The elas t ic  constants of four smal l  V -  15 w/o Ti-7.5 w/o C r  samples  were  
calculated frvrrl i l l t r a ~ o n i c  data. a s  follows: 



Longitudinal wave velocity (6.08 k 0.04) x 1 o5 cm/sec 

Shear wave velocity (2.75 k 0.01) x lo5 cm/sec 

Density 

Young's Modulus 

Shear Modulus 

Poisson's Ratio 

The samples, which were measured in the as-rolled condition, 
have now been annealed at four different temperatures and will be 
remeasured. 

Another stainless steel 304 rod has been received from the 
shops, and measurements at high temperature will be made on it. 

b. Ultrasonic Instrument and Transducer Development. Efforts 
to uncover a suitable backing material for ultrasonic transducer probes 
that contain ceramic piezoelectric materials have continued. 

Additional samples of sintered Type 3 16 stainless steel (3 16 SS) 
and fiber Type 302 stainless steel (302 SS) have been received. The 316 SS 
samples a r e  fine-particle discs with densities of about 65 and 7570 theoret- 
ical. The 302 SS samples, as  received, were squape sheets of Type A fibers 
with densities of 66, 74, and 9370 theoretical. Subsequently, two discs were 
pressed f rom each 302 SS sheet. Longitudinal velocity measurements of 
these samples a re  in process. 

Two sintered nickel discs, 70 and 7870 dense, were also r e -  
ceived this month. Preliminary measurements of the longitudinal velocitie s 
have been made. The 78% dense sample has an acoustic impedance, Z, of . 
about 32 x lo6 kg/m2-sec. Medium attenuation was observed in this sample.. 
Thcoc results irldicate that sintered porous nickel holds promise a s  a back- 
ing material for ultrasonic probes with ceramic piezoelectric transducers. 

The continuous-wave Schlieren system for visualization of 
ultrasonic vibrations was reassembled this month. Several new o r  improved 
components were introduced into the system. The capability of the present 
systcm i s  dei~~olrslrated in Fig. L 3 .  The ultrasonic beams a r e  the white 
a reas .  The transducer probes a r e  at the top of the pictures. 

c. Development of a Neytron-image -in$ensification System. A 
second postirradiation annealing study of an irradiated, clad' fuel pin was 
completed. The results  of this run were superior to those obtained in  the 
f i rs t  study in  that improvement of image quality was assarent .  Analysis of 
the results  is  now in progress.  



Even with the improved image 
quality of this second run, further image 
sharpness i s  desired. Attempts to photo- 
graph the image directly off the output 
phosphor screen of the intensifier tube a r e  
now being made, and comparisons of such 
resul ts  with television photographs will 
be made. 

d. Thermal Conductivity of Irradi-  
ated Fuel  a s  a Function of Burnup and 
Temperature. b he thermal-pulse method 

43516 (a) 1X 43517 (b) 1X 
of measuring thermal diffusivity and con- 

Figure 23 ductivity i s  being utilized to determine the 
schlieren Photograph of TWO Ulrrasonlc tharmsl  properti p s nf irradiated fuel pins 
Transducer Probes. (a) ANL 0.4 Mc a s  a function of burnup. This method will 
cy lindriczally-focmed (no lens) 1e.a d enable th e diffu siyity and conductivity to 
zirconate-titanate. (b) ~utomation In- be measured in both the axla1 and fadial  
dustries 6 Mc lead metaniobatc. directions at many points along the fuel 

pin and, thus, will indicate any anisotropy 
i n  the thermal properties a s  well a s  any variation of these properties in 
the axial and radial  directions along the length of the fuel pin. 

The last  half of the i rradiated uranium-5 w/o F s  specimens 
(see  P rog re s s  Report for November 1965, ANL-7122, p. 54) have been 
received and t ransfer red  into the hot cell. Room-temperature measure- 
ments of the thermal diffusivity and thermal conductivity a r e  in 
progress .  

E. Engineering Development 

1. Boiling Liquid-metal Technology 

a .  Niobium- 170 Zirconium Loop. The Nb- 170 Z r  loop has been 
completely wrapped with a 0.004-in. layer of Nb-1% Z r  foil, except for the 
heavy-walled pump tube. The entire  loop, support s tructure,  heater assem- 
bl ies ,  and condenser shutters have been assembled and t ransfer red  to tlre 
proper position in the vacuum chamber facility. Connections a r e  being 
made to the p ressure  taps,  sodium f i l l  and flowmeter cooling lines, elec- 
t r i ca l  power and thermocouple leads, and the shutter drive. This assembly 
work and final loop insulation a r e  being carr ied  out in the clean atmo- 
sphere provided by the plastic cover and filtered a i r  supply. 

The sodium piping system has been heated lu 350°F. Eight 
leaks in the valves, some in the gaskets and some in the valve bodies, were 
found. This system must be leaktight. Repairs a r e  in  progress.  

Of approximately 60 thermocouple assemblies received f rom the 
vendor, 29 were  acceptable, although none meet the original specifications. 



Acceptabil i ty w a s  de te rmined  b y  radiograph,  r e s i s t a n c e  check,  and t h e r m a l  
cycling ( s e e  P r o g r e s s  Repor t  f o r  J anua ry  1966, ANL-7152, p. 64).  A min i -  
m u m  of 36 a s s e m b l i e s  i s  r equ i r ed  p r i o r  to  in i t ia l  loop operat ion.  

The c lean  r o o m  used  for  a s s emb ly  of the  loop and suppor t  s ' t ruc- 
t u r e  wil l  be u sed  f o r  s t o r age  and fo r  fu tu re  a s s emb ly  of loop components  
requir ing a c lean  a tmosphe re  (e .g . ,  a s s emb ly  of high hea t  flux and t r an s i en t  
h e a t e r s ) .  P r e l i m i n a r y  des ign of a hea t e r  fo r  t r an s i en t  boiling exper iments  , 

is underway. 

b .  Hea t e r  Expe r imen t s  

(i) E lec t ron-bombardment  Hea t e r  Exper iment .  Th i s  expe r imen t  
i s  designed t o  gain exper ience  with e lec t ron-bombardment  heating and t o  in -  
ves t igate  geome t r i c  and mechanical  f a c to r s  involved in  the const ruct ion of a 
high hea t  flux h e a t e r .  The  p r e sen t  des ign i nco rpo ra t e s  a sod ium pool bo i le r  
with a s ix teen inch heated length. Although the informat ion obtained f r o m  
th i s  exper iment  i s  being used  p r i m a r i l y  i n  the  des ign of a high t e m p e r a t u r e ,  
high hea t  flux e lec t ron-bombardment  h e a t e r ,  ba s i c  informat ion per t inen t  t o  
the pool boiling of sodium f r o m  a ve r t i c a l  cylinder may a l s o  be gleaned.  

Extended operat ion of the e lec t ron-bombardment  h e a t e r  ex-  
pe r iment  h a s  shown that  the 200-kW, high-voltage power supply is not ade-  
quate fo r  u s e  with e lec t ron-bombardment  heating f o r  long t i m e  per iods  a t  
lower  power l eve l s .  Modifications of the p r e sen t  power supply which wi l l  
enable operat ion f r o m  0.5 to  200 kW a r e  now being examined.  Also,  a f i l t e r  
s y s t e m  is being designed t o  e l iminate  a high-voltage a rc ing  p rob l em in  the 
power supply,  caused  by dust  buildup on components located within the 
power supply. 

2. Gene ra l  Heat  T r a n s f e r  

a .  Heat  T r a n s f e r  in  Double-pipe Heat  Exchanger .  A pape r  enti t led 
"Mathemat ical  and P r a c t i c a l  Aspec t s  of Heat  T r a n s f e r  in  Double-pipe 
Heat  Exchange r s , "  which s u m m a r i z e s  near ly  a l l  of the work  done a t  ANL 
under th i s  ca tegory  of r e s e a r c h ,  h a s  been accepted fo r  p resen ta t ion  a t  the  
"Thi rd  Internat ional  Heat  T r a n s f e r  Conference,"  Chicago,  Aug. 8- 12, 1966 
The paper  h a s  been completed and wil l  be published i n  the conference p r e -  
p r in t  volumes well  in  advance of the actual  meet ing date .  The ABSTRACT 
of the paper  is a s  follows: 

A mathemat ica l  ana lys i s  of heat  t r a n s f e r  in  double-pipe hea t  
exchangers ,  based  on f i r s t  p r inc ip les  r a t h e r  than on the  u se  of hea t  t r a n s -  
f e r  coefficients ,  i s  genera l i zed  t o  include l a m i n a r  o r  turbulent  f lows,  
va r ious  geome t r i c a l  configurations,  and both cocu r r en t  and coun t e r cu r r en t  
operat ion.  P r a c t i c a l  a spec t s  concentra te  on accu ra t e  predic t ions  of ove ra l l  



heat  t r ans fe r  r a t e s  and include consideration of a quantity called the 
"Effectiveness Coefficient" for this purpose.  P rocedures  for the inter-  
pretat ion of experimental data ,  der ived f rom the analysis ,  a r e  a l so  
suggested.  

(i) Counter cu r ren t  Turbulent Liquid-metal Flow. As pa r t  of 
the continuing study of computational procedures  for application of the 
available formal  mathematical  solution for predicting heat t r ans fe r  and 
t empera tu re  distributions in  counter-flow heat exchangers,  s eve ra l  a l te r -  
nate procedures  (e.g. ,  s e e  P r o g r e s s  Report for Dece~riber  1965, ANL-7132, 
pp. 43-44) have been reformulated for  the plug-flow para l le l  plane ex- 
changer .  The formulation will  be used to per form I t  computer experiments  I' 

for comparison of the var ious procedures  on a common bas is .  The simple 
c a s e  chosen- -plug l l u w  in  pnrullcl  plane c l v r t s -  - ellmipa 1 e s  liiany compli- 
cations which, a t  the present  s tage,  a r e  not important for comparisons of 
the compulaL.i.ot~a1 proccdures .  

Improvements  of the ex is t i~ lg  miercury flow loop have heen 
completed, and a tes t -  section ( d o ~ b l e - ~ i ~ e  heat exchanger) design has been 
selected for  construction. 

I 

F. Chemical Separations 

1.  Fluidization and Volatilitv S e ~ a r a t i o n s  P r o c  e s s e s  

a .  Recovery of Uranium and Plutonium f r o m  LOW- enricllliiei~t 
Fuels :  Laboratory Support Work 

(i) F l ~ ~ n r i n a t i o n  of UOx-PuOz- Fiss ion  Product  Pe l l e t s .  Dc- 
velopment studies a r e  being per formed in a 2-;n.-dia h i d -  bed reac tor  t u  
de termine  the optimum conditions for fluorinating U02- P u 0 2  pellets con- 
taining f iss ion products.  Two runs  (Pure -  15 and P u r e -  16) were  c a r r i e d  
out to evaluate the effect of programming the t empera tu re  of the fluid bed 
during recycle-fluorination on the uranium and pluLolli1.~111 ~ c t c n t i o n  on t h ~  
fluid-bed ma te r i a l .  In cach run  a 2- in,-deep fluidized-packed bed of 
U02-PuOz-fission product pellets (650 g pellets and 11 00 g alumina con- 
taining 0.6 g C s F )  was fluorinated according to the sequence: (1) a two- 
zone oxidation-fluorination s tcp for 3 h r  a t  450°C, (2 )  a once-through 
fluorination s t ep  for  1 h r  a t  450°C while the fluorine concentration was  in- 
c r e a s e d  f rom 10 to 90 v/o, (3) a recycle-fluorination s tep  with 90 v/o 
fluorine while the bed t empera tu re  was increased  f r o m  450 to  550°C in  
increments of 5 0 ~ / 9  rnin i n  run  P u r e -  15 and 5 0 ~ / 1 8  m i n  in  run  P u r e -  16, and 
(4) a recycle-fluorination s tep with 90 v/o fluorine a t  55OUC to give a total  
recycle-fluorination t ime  of 8 h r .  The concentration of plutonium in  the 
final alumina bed was 0.025 w/o in  run  P u r e -  15 and 0.034 w/o in  run 
P u r e -  16. Since the res idual  plutonium concentrations in these runs  were  
higher than those achieved in seve ra l  previous runs  employing two-zone 



oxidation-fluorination followed by other .  recycle  -fluoriilation schemes  ( see  
. ,. . . . .  

, P r d g r e s s  ~ e ~ o r t  f i r  December  1965, ANL-7 132, p."45), ..it' appears  that  in- 
c reas ing  the bed t empera tu re  f r o m  450 to  550°C ii-small  increments  
following the ' two-zone oxidation-fluorination s tep  do,es . . not lead to  i nc reased  

. . plutonium removal  f r o m  the bed mater ia l .  

To improve removals  of plutonium f r o m  beds of alumina 
containing C s F  in runs  i n  which the a lumina bed i s  used only once,  a:newly 
developed two-step procedure was  employed in  two experiments .  PI-e- 
l iminary  r e su l t s  f r o m  these  exper iments  indicate that  the concentration of 
plutonium on the a 1 u m i n a . i ~  reduced to  a sat isfactory leve l  (0.009 w/o) by 
the two,-step procedure.  In the exper iments ,  U02-Pu02-f i ss ion  product 
pe l le t s .were  reac ted  in  the following manner  in an alumina fluid bed con- 
taining ces ium fluoride:  . ( I )  the pel le ts  were  pulverized by oxidation with 
20 v/o oxygen for 3 h r  a t  450°C, and (2) the  u i an ium and plutonium oxides 
w e r e  fluorinated with 10 v/o fluorine for 2.5 h r  a t  300°C and for  3 h r  a t  
3.50°C, and. the res idue was  subjected to  recycle  fluorin.ation with 90 v/o 
fluorine for  3 h r  ,at  350°C, f o r  6. h.r while the bed tkmpera tu re  was  inc reased  
f r o m  350 to  550°C in i nc remen t s  of 5 ' ~ / 9  rnin, and finally fo r  3 h r  a t  550°C. 
Additional experi ,ments a r e  under  way' to  optimize the conditions for  the ' 

two-step procedure.  . . 

A sepa ra t e  t e s t  was per formed in  the 2-in.-dia fluid-bed 
r eac to r  with a 2-in.-deep fluidized-packed bed of pel le ts  (0.6 g ce s ium 
fluoride added to 1100 g alumina) to demons t ra te . the  u se  of B r F 5  a s  a 
select ive fluorinating agent f o r  the convers ion of u ran ium to  U.F6. In th i s  
p r o c e s s ,  the pelleted fuel  i s  f i r s t  pulverized by react ion with oxygen and 
then fluorinated with B r F 5  to  f o r m  volatile UF6 and nonvolatile PuF4.  P lu -  
tonium is recovered  a s  P u F b  i n  a subsequent s tep  by react ion with fluorine.  
In th i s  t e s t ,  the pellet  fuel  was  oxidized for  4 h r  with 20 v/o oxygen in  
ni t rogen a t  450°C. The u ran ium was  next f luorinated with 11 v/o B r F 5  in  
ni t rogen f o r  1 .8 ' h r  a t  300°C. The recycle-fluorination s tep  with fluorine 

: for  the volatilization of plutonium was  carried out a s  fol lows: .  1 h r  a t  300°C 
while the fluorine concentration was  inc reased - f tom 10 to  90 v/o; 2 h r  a t  
3.00°C' with 90 v/o fluorine in  nitrogen, 5 h r  with 90 v/o fluorine while the 
bed t empera tu re  was  inc reased  f r o m  300 to. 550°C i n  i nc remen t s  of l oOc /  
12. min,  and 2 h r  a t  550°C with 90 v/o. f luorine.  The res idua l  plutoniuni 
concentration i n  the f ina l  a lumina bed was.  0.007 w/o af ter  a tota l  of 10 h r  o f .  
recycle-fluorination.  This  r e su l t  i s  s imi l a r  to  that  obtained in  a. previous 
t e s t  ( see  P r o g r e s s  Report  for January  1966, ANL-7152, pp. 67-68) in  whi.ch, 
a f te r  a:total of 1 3 ~ h r  -of recycle-fluorination a t  t e m p e r a t u r e s  of.300 to  550°C, 
the final  plutonium concentration in the alumina bed was  0.006 w/o. These .  
da ta  indicate that  the B r F 5  p r o c e s s  can  achieve sat isfactory res idua l  plu- 
tonium leve ls  i n  the alumina bed i n  the pr.esence of . c e s ium by the u s e  of a 

. .  , . suitable recyc le  -fluorination scheme.  



b. Recovery of Uranium and ~ i u t o n i u m  f r o m  Low-enrichment 
Fue l s :  Engineering Work 

(i) Engineering- scale  Alpha Facili ty.  Prepara t ions  a r e  in 
p r o g r e s s  for  the next experiment involving the fluorination of U02-Pu02  
pel le ts  to a mixture of U F 6  and PuF6,  and the separation of plutonium f r o m  
the UF6-PuF6 mixture by the rma l  decomposition of PuF6  to solid PuF4  in  
a fluid-bed reac tor .  

Chemical  analyses  of the UF6-PuF6 feed s t r e a m  and of the 
UF6 off-gas f r o m  the the rma l  decomposer during the second t e s t  ( see  . 

P r o g r e s s  Report for  January 1966, ANL-7152, pp. 68-69) indicate that 
essent ial ly  complete decomposition of PuF6  occurred  in the fluid-bed de - 
composer .  The plutonium concentrati,on in the mixed hexafluoridc gas  
s t r e a m  decreased  f r o m  0.05 w/o in the feed to <0.001 w/o i n  the off-gas. 

(ii) P r o c e s s  Development Studies for Uranium Dioxide E'uels. 
Studies have continued in  a 3-in.-dia fluid-bed reactor,  to investigate a l t e r -  
native schemes for processing uranium dioxide fuels.  Three  t e s t s  were  
per formed to study (1) the effect of prefluorination tempera ture  on the ex- 
tent of conversion of the alumina bed mater ia l  to  fluoride,  and (2) the 
effects of operating conditions on the fluorination of large quantities of 
uranium fines.  

When sintered alumina i s  exposed to fluorine a t  a given 
tempera ture  level the concentration of fluoride in  Lhe alumina reaches  an. 
equi l ibr ium value af te r  about 4 h r .  In a t e s t  in which s intered alumina was 
exposed to  67 v/o fluorine at  20, 450, and 550°C (4 h r  at each tempera ture  
level) ,  the concentrations of fluorlde in the a lu r r l i~~a  bed at  the end of e a c h  
in te rva l  were  0.09, 0.06, and 1.2 w/o, respectively.  

Two t e s t s  were  performed to determine satisfactory oper-  
ating conditions for  fluorinating la rge  quantities of uranium oxide fines.  At 
the end of orle t e s t ,  a minor purlioli of thc final bed w a s  fnund t o  be caked. 
Analyses of the data f r o m  this run and previous runs involving fluorination 
of uranium oxide fines suggest that the formation of a cake might resul t  
f r o m  a combination of high tempera ture  in the fluid bed, low gas  velocity 
in the bed,  and low concentrations of fluorine in the off-gas s t r eam.  Ex-  
c e s s  fluorine in  the off-gas can be achieved by reducing the fluorine utili- 
zation through reduction in the fluorination tempera ture  o r  through an 
inc rease  in g a s  velocity. These conditions were  successfully applied in 
the second run ,  which involved the fluorination of 2.3 kg of uranium oxide 
fines in a 2.9-kg alumina fluid bed. The fluorination was cdrrieel out at  
350°C with 12 v/o fluorine in nitrogen a s  the fluidizin gas ,  The super-  
ficial  gas  velocity in the fluid-bed reac tor  was 1.5 ft 7 sec.  The fluorination 
was  completed in  2.5 h r ,  during which period the U F 6  production r a t e s  
averaged 50 lb/(hr)(sq ft) .  The alumina bed mater ia l  at  the and of the run 
was  f r e e  flowing. 



2. General  Chemistry and Chemical Engineering 

a .  Prepara t ion  of Ceramic  Fuels  for  F a s t  Reactors .  There  a r e  
two motivations f o r  studying the preparat ions of ceramic  fast  reac tor  fuels.  
The f i r s t  i s  to  make well-defined mater ia l s  for fur ther  experimental 
work; the second i s  to  develop preparat ion procedures  which economically 
fit into an appropriate fuel cycle. Both objectives may, however, be served  
by a single r e sea rch  program.  

The Chemical Engineering Division a t  Argonne has  c a r r i e d  on 
for  severa l  y e a r s  a sma l l  e f for t  on the synthesis of ce ramic  fuels ,  particu- 
la r ly  carbides ( see  Reactor  Development P r o g r a m  P r o g r e s s  Reports  fo r  
Februa ry  1964, ANL-6860, p. 80; July 1965, ANL-7082, p. 46; and Novem- 
b e r  1965, ANL-7122, p. 65). In the past  few months the p rogram on the 
synthesis of carbide fue ls  has  been expanded. The discussion below concerns 
p rogram planning and presents  a summary  of the most  pertinent experi-  
mental resu l t s .  

The fluidized-bed technique appears  to  be especially at t ract ive 
for  preparat ion of carbide fuels because i t  affords efficient gas  - solids 
contacting and because a powdered product i s  obtained. Two fluidized-bed 
p rocesses  a r e  being developed for  preparing carbides:  (1)  carburizat ion 
of hydrided uranium-plutonium alloy with hydrocarbon-hydrogen gas  mix- 

< t u r e s  to  f o r m  (u ,Pu)C ,  and (2) conversion of (U,Pu)02 to (U,Pu)C by r e -  
action with carbon o r  methane. The f o r m e r  problem i s  requiring the l a r g e r  
effort, whereas  the la t te r  i s  a smal l  effort a imed a t  developing methods of 
closing the carbide fuel cycle. The p rocess  for  reacting uranium-plutonium 
alloy with methane o r  propane has  been developed to the point where the 
ult imate success  of producing (U,Pu)C by this  p rocess  appears  to be 
a s su red ,  a s  noted by the experimental p rogress  descr ibed below. Consider-  
ations of the process  s teps  indicate that the cost of producing (U,Pu)C by 
this  method will be moderate .  

The fluidized-bed p rocess  to convert  ( u , P u ) 0 2  to (u,Pu)c i s  in 
the planning and design stage. One source  of ( u , P u ) 0 2  for  this  process  
would be the product of the fluoride volatility fuel reprocessing cycle.  It 
i s  contemplated that carbon will be blended with the oxide during conversion 
of UF6-PuF6 to (U , p u ) 0 2 ,  af ter  which the (U ,Pu)02-  carbon mixtures  will be 
convert.ed in  a high-temperature ( 1  500 to 1 7 0 0 ~ ~ )  fluidized bed to the mono- 
carbide.  An alternative approach would be to r eac t  a methane-hydrogen 
gas  mixture with ( U , P U ) O ~  part ic les  in a liigli-temperature fluidized bed. It 
i s  believed that formation of carbides,  r a the r  than carbon coating of the 
oxide par t ic les ,  can be attained by proper  selection of the p rocess  var iab les .  
Ei ther  of these oxide-conversion p rocesses  i s  potentially capable of pro-  
ducing dense spher ica l  par t ic les  which would be suitable for the vibratory 
compaction method of fuel densification. 



(i) Thermobalance Studies. A d e t a i l e d d i s c u s s i o n o f  the r e -  ' 

action thermodynamics  for format ion of-UC and (U,Pu)C by reaction of the 
me ta l  o r  alloy with hydrocarbon gases  was given in ANL-7122, p. 65. Ex-  
ce s s ive  carburizat ion of ( u , P u ) C  by the react ion 

can be prevented by maintaining the CHI concentration a t  l e s s  than the 
equi l ibr ium value for the above reaction.  Thermobalance experiments  a r e  
being conducted i n  o r d e r  to  determine a m o r e  prec ise  value than can be . 
obtained by calculations based on current ly  available f r e e  energy data.  A 
rough indication of the r a t e  of react ion i s  a l so  obtained i n  these experiments .  

An Ainsworth recording ther  mobalance installed in  a plu- 
tonium glovebox h a s  been uti l ized for these experiments .  A length of fine 
platinum wire ,  fastened to  the balance pan, suspends a platinum dish holding 
a meta l l i c  sample in a quar tz  f u l r ~ a c c  tubo. T h e  f l lrrid~e tubc i s  heated hy 
a res i s tance  furnace.  The procedure cons is t s  of reacting about 3 g of metal  
with hydrogen i n  the thermobalance to  yield a finely divided hydride and 
then react ing the hydride with a hydrogen-hydrocarbon mixture .  The c a r -  
burizing gas  flow i s  begun a s  soon a s  hydriding i s  complete in o r d e r  to 
prevent  s inter ing a s  the tempera ture  i s  ra i sed .  The change in weight of the 
sample  i s  recorded  a s  a function of t ime .  

Runs were  c a r r i e d  out in which uranium-20 w/o plutonium 
alloy samples  were  reacted with propane-hydrogen o r  methane-hydrogen 
g a s  mixtures  a t  650 to 750°C. ( ~ t  thermodynamic equil ibrium, i t  i s  i m -  
ma te r i a l ,  fur a given C:H rat io  f o r  the gas  phase,  whether propane o r  
methane i s  u s e i . )  The apcrating c ~ i l r l i l . i . o ~ l s  gild thc cornpositinn of the pro-  
ducts  result ing f r o m  a number  of these runs a r e  shown in-Table XV1. 

TABLE XVI. Thermobalance Experiments on Preparation of Uranlum-Plulunium Carbidc by the Metal-Hydrocarbon Reaction 

Canditions: Approximately 3 g of U-20 wlo Pu alloy hydrided and then reacted with hydrocarbon-hydrqen mixtures at the . temperatures indicated below; a gas flow rate of 1.4 to 3.1 literslmin; 1 atm pressure 

Reaction Conditions Product Compositions 

Temp Reaction Time (min) Weight Gain X-ray Analysis (wlo) - 
PC) Reagent Gasa l a  C u ~ ~ ~ ~ l a t i o n ~  Total (S of ThmrylC Major Minor carbond 

670 1.6 vlo C3H8 200 2M 105 XCe 4.72 

700 3.2 vlo C3H8 120 la 91 XC 4.80 

7W) 4.2 vlo C3Hx 100 100 XC 4.62 

750 1.0 vlo C3H8 125 no 113 KC XzC3 4.69 

750 1.5 vlo C3Hg 521 W) 98 XC 4.07 

750 1.5 vlo C3H8 210 400 107 XC X2C3 4.88 

750 1.0 vlo CHg 180 370 108 xc . x2c3. x02 4.17 

750 2.0 vlo CHg 85 ZW 114 XC XZC? 5.04 

aThe balance is hydrogen. 
b~stimated time for completion of reaction measured from the time temperature reached W C  unt i l  the rate of change of weight became very low. 
cBased on formation of pure (U,Pu)C. 
d ~ a r b o n  content of stoichiometric (U,Pu)C is 4.80 wlo. 
eFace-centered cubic structure with lattice parameter of about4.96 ;i, a value which is.within the range that might be expected for a .uranium-plutonium .. 

monocarbide solid solution. 
IA second hydriding was performed, thereby reducing the particle size and resulting I n  a laster carbiding rate. 



The differences in  reaction r a t e s  a s  a resul t  of variation 
of tempera ture  and gas  composition were  not la rge  a s  compared with 
those produced by random variations in the reactivity of the hydrided 
alloy. However, increasing the hydrocarbon concentration did appear to  
increase  the reaction rate  slightly. Most of the runs were  conducted with 
a gas  composition which would be expected to be in equilibrium with carbon 
o r  the sesquicarbide.  However, only smal l  amounts of sesquicarbide 
formed in runs that were  continued for  severa l  hours  beyond the com- 
pletion of the formation of the monocarbide ( a s  indicated by weight gain of 
the sample).  The low ra te  of formation of the sesquicarbide i s  attributed 
to  a low ra te  of diffusion of carbon through UCZ. 

It i s  noted that the sesquicarbide did f o r m  (although in  . 

smal l  amounts, a s  observed above) even a t  the lowest hydrocarbon con- 
centration (1 v/o methane) when the experiments were  continued appr eci-  
ably beyond the t ime that the reaction to  f o r m  UC was completed. This 
indicates that a methane concentration of 1 v/o i s  too high for  equilibrium 
of the gas  with the monocarbide. 

In a recent  experiment ca r r i ed  out at  770°C, carbiding was ; 

initiated with a hydrogen-0.9 v/o methane gas  mixture.  The reaction pro-  
ceeded a s  usual  to the stoichiometric weight gain and beyond, indicating 
that a t  these conditions (U ,PU)~C,  was the equilibrium phase. However, 
when the methane concentration was lowered to 0.75 v/o, the weight s ta -  
bilized a t  the value representing (u,Pu)c. This resu l t  indicated that 
(U ,PU)~C,  and (U,Pu)C were  in equilibrium a t  0.75 v/o The f r e e  energy 
change for  the reaction 

C + 2(u ,  20 w/oPu)C = ( u ,  20w/0Pu)pC, 

was calculated to  be -4.4 kcal/mole of ( U ,  20 w/o P U ) ~ C , .  Fur ther  experi-  
ments  of this  type a r e  planned in o rde r  to determine the equilibrium gas  
phase composition at va.ri.oi.1~ tempcra tures  and plutonium concentrations 
and with reactant gases  containing lower concentrations of impuri t ies  than 
has  been possible with the existing equipment. 

These thermobalance experiments  indicate that ,  at  a tem-  
pera ture  of 770°C and a p res su re  of 1 a tm,  the methane concentration must  
be 0.75 v/o o r  l e s s  in o rde r  to prevent formatioh of higher carbides.  It i s  
expected on the basis  of thermodynamic considerations that,  by raising the 
total  p r e s s u r e  to  10 a tm,  the part ia l  p res su re  of methane could be in- 
c reased  almost  100-fold (from 0.0075 to about 0.7 atm) without formation 
of the sesquicarbide.  This i s  a satisfactorily high value for the fluidized- 
bed process  in which the gas  flow ra te  i s  l imited by the free-fal l  velocity 
of the f iner  par t ic les .  



(ii) Fluidized-bed Studies. The experimental program for  the 
preparat ion of UC and (U,Pu)C by the fluidized-bed technique i s  directed 
toward exploring the operating conditions which appear most  likely to 
yield stoichiometric monocarbides at  high production r a t e s .  These con- 
ditions a r e :  tempera ture ,  700 to 900°C; p r e s s u r e ,  5 to 10 a tm;  and fluid- 
izing gas ,  2 to 10 v/o methane in hydrogen. The s ix  fluidized-bed r eac to r s  

for  this  p rogram a r e  in var ious s tages of development f r o m  conceptual 
design to near  the termination of operation, a s  shown in Table XIX. Be- 
cause  of the additional complications in  operating experimental equipment 
with plutonium, experiments  for testing equipment design and operational 
concepts for carbide fuel production will f i r s t  consist  of preparing UC, 
since these experiments  can be ca r r i ed  out in an open hood. This i s  the 
reason  for  the extensive preparat ions for synthesis of UC 

Installation of a 2;-in. -dia reactor  (designated "Semi- 
works Rea.c.tor1l in Table XXII) which can be used with the above ranges 
of conditions for  preparal ion of UC or1 a 2-kg scale has  been completed, 
and the reac tor  i s  now undergoing "shakedown" runs.  This r eac to r ,  con- 
s t ructed of Type 304 s tainless  isteel, has  a jacketed heating section which 
i s  pressur ized  with argon in  o rde r  l;u balancc the internal p res su re  and 
thus minimize the s t r e s s  on the heated wall. The off-gas f rom the reac tor  
will be discarded in  initial t e s t s  but, at a l a t e r  date,  equipmcnt to r e c i r -  
culate the gas will be installed.  A s imi lar  reac tor  (designated "Production 
Reactor"  in Table XVII) i s  being designed for preparation of (U,Pu)C. 

TABLt xVII.  Sldlus of rlu~dizcd-bed Reactnrc 

Capabilities 

Feed Capacity Temp Pressure 
Reactnr Male1 id Product I k ~ h t c h )  ("C) calm) Purpose, Status 

UC Preparation . 
Small-scale Reactor U UC 0.3 750 3 Tu demonstrate prutsss and t e ~ t  835 

compositions; experiments to be discon- 
tinued soon. 

Semiworks Reactor U UC 2 900 10 To test process and designs concepts; 
"shakedownVuns i n  progress. 

Oyirle Converter u o 2  UC 1 2000 10 To demonstrate process for various: methods 
of carbon additlon; debign is under way. 

(U.PuIC Preparation 

Demonstration Reactor U-PU (u,PulC 0.8 800 5 To demonstrate process by producing high- 
purl ty (U,Pu)C; nshakedownD r u r l r  
beginning. 

Production Reactor U-Pu . (U.Pu)C 2 9 0 0  10 To demonstrate process on semiworks scale 
and produce (U,Pu)C for irradiation and 
fabrication studies; design is under way. 

Advanced Fuel Preparation 

UN Reactor U UN. UIC,N). 0.3 1000 1 To demonstrate preparation of UN and of UC- 
etc. containing additives; "shakedown' r u n s  

under way (under low priority). 

The reac tors  for producing UC a r e  to be operated within 
an a i r -a tmosphere  hood, a s  noted above, with only normal  industrial  p re -  
cautions required.  (The exception i s  the small-scale  r eac to r ,  which has 
been operated in a helium-atmosphere glovebox.) However, these reac tors  



mus t  be unloaded in  a high-purity iner t  a tmosphere .  In the ca se  of the 
semiworks r eac to r ,  the product i s  pneumatically conveyed to a container 
w9ich i s  t r ans fe r r ed  to a glovebox for  unloading. 

The r eac to r s  for  producing (U,Pu)C a r e  designed to be 
operated in  gloveboxe s which contain a high-purity hel ium a tmosphere ,  in  
o rde r  to  minimize oxidation of the product during unloading. Two in te r -  
connected gloveboxes containing 250 cu ft of hel ium a r e  now being used for 
th i s  p roces s .  The atmosphere  in  these boxes i s  maintained a t  a low i m -  
purity level (as low a s  3 ppm water  and 5 ppm oxygen in recent  t e s t s )  by a 
purification sys t em which uti l izes an activated charcoa l  t r a p  cooled by 
liquid nitrogen. 

During this  per iod of equipment construction,  UC has  been 
synthesized in  a 1 $- in .  -dia  fluidized-bed reac tor  (designated "Small-  
sca le  Reac tor t t  in Table XVII) which i s  capable of operation at  nea r -  . 
atmospheric  p r e s s u r e  and a t  t empera tu re s  up to  750°C. The purpose of 
these experiments  was to  demonstrate  that a s toichiometr ic  monocarbide 
of low oxygen content could be obtained by the fluidized-bed technique. 
In these experiments ,  100 to 200 g of u ran ium rods  were  hydrided a t  
250°C to  f o r m  fine UH3 powder suitable for  fluidization. This  powder was 
dehydrided and converted to UC by heating a t  600 to  750°C while fluidizing 
with a propane-hydrogen gas  mixture .  The t empera tu re  was maintained a t  
the final level for  5 to 20 h r  to  complete the react ion.  Near-s toichiometr ic  
UC with an oxygen content a s  low a s  0.08 w/o was produced in recent  
exper iments .  Resul ts  f r o m  some of these runs a r e  shown in  Table XVIII. 

TABLE XVIII. Uranium Monocarbide Experiments  in  a Fluidized Bed 

(200-g scale;  run duration, 10 h r )  

Product  Composition 
Propane in  

Carbon Oxygen Uranium b 
Tempera tu r e  Fluidizing 

("c  as^ (v/o) a/0 W/O a/0 4 a/0 

600 3 47.2 4.5 2.5 0.32 50.3 
700 1.5 48.6 4.6 0.8 0.10 50.6 
700 9 56.5C 6.  2C 0.5 0.08 43.0 

- 

a ~ h e  balance i s  hydrogen. The following C3H8 concentrations in  hydrogen we re  calculated 
for  C:H rat ios  equivalent to  the equilibrium gas  compositions in the sys tems  
CH,-Hz-UC-UC2 and CH,-Hz-UC,-C: 

CJHs Concentration 

Tempera ture  ( d o )  

("C ) UC-UC, UC,-C 

b ~ a l c u l a t e d  by difference. 
CCarbon deposition on the reac tor  walls indicated that the product for this run probably 
had a high f ree-carbon  content, a s  expected (see footnote a) .  



The carbon contents of the products f r o m  the f i r s t  two runs in the table 
w e r e  ve ry  close to  the stoichiometric value of 50 a/o (4.8 w/o) carbon. 
These  runs were  conducted under carburizing conditions which would beg 
expected to  yield the monocarbide (see  footnote a in  Table XVIII). The 
th i rd  run  produced hyperstoichiometric carbide,  a s  was to be expected be- 
cause  of the high propane concentration. 

Work i s  a l so  in  progress  to  develop techniques for pressing 
and sintering (U,Pu)C in  o r d e r  to  obtain ki logram quantities of pellets fo r  
i r rad ia t ion  and chemis t ry  studies of the fuel. This work i s  being c a r r i e d  
out in  a facility closely associated with the fluidized-bed unit to avoid ex- 
posure  of the fluidized-bed product to  a i r  in  t r ans fe r s  f r o m  preparation 
equipment to press ing  and sintering equipment. An automatic p r e s s  has  
been purchased for installation in an ine~~t- ,a t ino3phcro  glovebox fnr these  
studies.  Two sintering furnace, one loaded f r o m  the bottom of a glovebox 
i n  the two - glovebox systerrl de scribeel above, a r e  now opera.bl.e. 

In summary ,  i t  i s  believed. that UC o r  (u,Pu)c powder of 
low oxygen content and near-s toichiometr ic  carbon content can be routinely 
p repa red  by the fluidized-bed p rocess  when equipment current ly being de- 
signed has  been completed. Such powder would be suitable for pressing and 
sintering into fuel  pel le ts  without need for an intermediate grinding step. 

G. Plutonium Recvcle P r o g r a m  (EBWR) 

1. Theoretical Calculations 

'l'he unpoi.soned plutonium zone in  the EBWR with control and safety 
rods  removed had been found experimentally to have a multiplication con- 
s tant  of 1.001 when loaded with 22  assembl ies .  A four-group, two- 
dimensional diffusion-theory calculation, by means of the CANDID-2D code, 
made for  this confj.guration yielded a multiplication constant 1.008. Micro- 
scopic c r o s s  sections for. the three  fas t  groups were  obtained by use  of 
the GAM code and for  t h e  the rma l  group by use  of the Argonne Revised 
T H E R M ~ S  code, which permit ted successive spectrum-weighted homog- 
enizations of the complicated EBWR cel ls .  In this  calcula,tion the control- 
rod followers were  assumed to be made of Zircaloy; actually, the lower 
15 in. of the followers a r e  s ta inless  s teel .  Calculations will be made to 
es t imate  the reactivity effect due to the s tainless  s teel .  



111. ADVANCED SYSTEMS RESEARCH AND DEVELOPMENT 

A. Argonne Advanced Research ~ e ' a c t o r  (AARR) 

1. Reactor Physics Experiments 

Measurements summarized in this report period include ea r l i e r  ex- 
periments with.the 810 fuel foils and 810 boron- stainless stee.1 poison s t r ips  
reactor  core loading (-41.4 kg un5/425 g B),  and experiments with the 
present  full core loading of 1215 standard fuel foils (-62.1 kg u ~ ~ ~ )  and 
1620 B-SS poison str ips (-850 g B) .  

The experiments with the former  (8 10/8 10) loading included 

(a )  effects of beam- tube interaction on neutron-beam intensity; 

(b) vertical t r averses  of  fission activity, at various distances 
f rom partially inserted in- core control blades; 

( c )  azimuthal t r averses  of u ~ ~ ~ -  fission activity near  control-blade 
followers; 

(d) a study of the feasibility of using a (modified) peripheral con- 
t ro l  blade for automatic .regulation of reactor  power. 

The experiments with the newer (1215/1620) loading included: 

(a)  available excess reactivity; 

(b) reactivity-control capacities of the control blades; 

(c)  reactivity coefficient of voids in the Internal Thermal Column 
(ITC). 

Working with two Equarc a lun~i l~ur~i-wal led  lhrough-tubes , (4  in. x 
4 in. OD; .1/8-in. wall thickness), beam-tube interaction was measured f o r  
two different radial locations of the tubes and fo r  two different thicknesses 
of beryllium between the tubes. In each case ,  the two tubes were  placed one 
above the other ,  with the longitudinal axes coplanar. Whether the tubes were 
placed against an outer face of the reactor  core ,  o r  placed with 2 in. of . 

beryllium between the tubes and the core ,  a 4-in. beryllium thickness be- 
tween the tubes provided essentially complete separation. With 2 in. of 
beryllium between thc beam tubes and the core ,  and only Z in. of beryllium 
between the tubes, the intensity of the collimated neutron beam in one voided 
tube was reduced by approximately 16% when the beryllium filler was with- 
drawn f rom the other through-tube. It must be expected that with much 
l a rger  voids in the beryllium, representing beam tubes and their  environ- 
ment,  interaction effects of beam tubes will be much l a rger  when beam tubes 
a r e  in close proximity. 



The resul ts  of ver t ica l  t r a v e r s e s  and azimuthal t r a v e r s e s  of u ~ ~ ~ -  
fission activity nea r  control channels in the 810/810 sys tem indicated that 
f o r  in-core  bla e s  the control blade absorber  depressed the power a s  f a r  'I a s  halfway thr  ; gh an adjacent fuel assembly.  Similar ly,  in the vicinity of 
control-blade followers,  there  was substantial power peaking. The peaking 
dropped off roughly exponentially with distance f rom the follower, but pe r -  
s i s ted  until the middle of the adjacent fuel assembly.  With a 0.2-in.-thick 
aluminum blade follower, the percentage increase  in power at  the control ' 

channel was  approximately twice a s  l a rge  a s  for a SS follower of the same 
thickness .  These measurelnents  will be repeated in the 12 15-fuel-foil 
loading, which i s  much c loser  to the reference design AARR. 

Activation mappings ( u ~ ~ ~  fission) in the 810/810 sys tem indicated 
that t h e r e  would be no pronounced power till: i11 the core. if a per ipheral  con-  
t r o l  blade were  used a s  a regulating blade. However, there  1s a sctbstanl:ia.l 
reduction in the level of thermal-neutron flux in the beryllium nearby,  even 
a s  f a r  as  3 to 5 in. The present  choice of a regul.a.ting blade is l ~ e l : w e e ~ ~  a 
single in- core-blade position and a single peripheral-blade position. Before 
making a choice, additional measurements  will  be made ,  this t ime in a load- 
ing m o r e  closely approximating the reference design sys tem,  both for  a.n in- 
c o r e  blade and for  a per ipheral  blade. 

With the th ree  tubes in the beryllium reflector filled with beryllium, 
the measured  available excess  reactivity of the 1215/1620 sys tem was 2.270. 
The aluminum walls of the beam tubes caused a reactivity loss  of 0.370. The 

1 i n fe r red  net reactivity of thc s y ~ t e m  with a c.1ea.n ref lector  lherefore i s  2z0Jo, 
in comparison with a computed value of -4i70. 

The reactivity-control capacirles o f  c u ~ ~ l l u l  L l a d c ~  arc cmaller  617 t h ~  
12 15/1620 sys tem than in ea r l i e r ,  l ighter co re  loadings of fuel and poison. 
The measured  worths of control blades a r e  reported in Table XIX, a s  posi- 
tive values.  F o r  convenience, a summary  i s  given in Table I of control- 
blade worths in all  4 co rc  loadings s o  f a r  studied. The worth of control- 
blade No. 3 in the 1215/1620 sys tem appears  to be unreasonably low, and it 
will  be remeasured .  

TABLE XIX. React ivi ty  Worths (yo) of IIafnlum Contrril Blades with Aluminum Fol lowers  
. . 

- - React ivi ty  Worth (7'0) 
Control-blade 

Typea Blade No. 315 Core  615/420 Core  810/810 Core  1215/1620 C o r e  

aA- and B-type cont ro l  b lades  a r e  p e r i p h e r a l  b lades .  They a r e  7 4  in .  wide and 0.20 in. thick, 
except  those  marlccd with a s t e r i s k s ,  which a r e  0 .15  in. thick because  of removal  of 0 .05 in. 
of s t a i n l e s s  s tee l  shim pla te .  Orientation d is t ing~i i shes  A f r o m  B.  C- and U-type b lades  are 
6-in.  wide ,  in -core  b lades .  



. . 
, .  -. For  distributed void in the ITC, and small  percentages. of void, the 

positive reactivity coefficient of ITC void with.the 1215/1620 loading is  
0.0470/70 vbid. This i s  only -0.9 a s  much a s  the coefficient in the 6 15/420 
and 8 10/8 10 systems.  The corresponding cbmputed coefficient i s  -0.0370/70 
void. 

. . . . 

In the preceding Monthly p r o g r e s s  Report ( ~ a n u a r ~  19.66) ANL-7152, 
p. 73, it was i-eported that the reactivity of the system was decreased slightly 
when the SS follower replaced the zirconia-SS portion of specimen S3 in the 
in-core position. This i s  an e r r o r  a s  the sign of this reactivity change 
should.be positive, not negative. . '  

2. Theoretical Reactor' Physics . 

A computational study has been made of the reactor  physics charac- 
te r i s t ics  of the Internal Thermal  Column (ITC) in the preliminary physics 
reference design system. In this system, the inner radius of the fuel zone 
i s  6.8 cm. The study surveyed reactivity effects and flux-depression effects 
of volumes of aluminum a s  a diluent for irradiation samples, and also of the 
additional ne.utron poison in purely absorbing samples in the ITC. To evalu- 
ate the relative mer i t s  of reducing the radial dimension of the ITC, a com- 
parison study was. made for a 5.8-cm- radius ITC. In the lat ter  case ,  the fuel 
zone.was thickened simply by increasing the thickness .of the ungraded-fuel 
zone by '1 cm.  The graded fuel zones were  kept at the same thicknesses in 
both studies . 

For .  an. ITC containing only full- density HzO (no aluminum and no 
samples),  the total thermal-neutron.flux. at . the center of the. ITC i s  .only a 
few percent smaller  for the smaller  ITC than for the 6.8-cm-radius ITC. 
In more  detail, the peak group- 15 neutron flux (0.1-0.4. e ~ )  i s  1070 l a rger  in 
the smaller  ITC; the peak group- 16 flux :(0-0.1. eV) i s  570 smal ler .  In the 
5.8-cm-radius ITC, the ratio of computed peak neutron fluxes i s  

A more  realistic case i s  one in which the ITC i s  loaded with samples. 
If.2570 of the entire "active" ITC volume (within the axial bounds of the active 
core zone) i s  filled.with aluminum, for the 6.8-cm-radius ITC the computed 
group- 16 peak flux i s  2570 smaller  than for  the case  of 10070 water in' the ITC. 
The peak group- 15 flux i s  reduced by only a few percent.  The addition of 
poisoning equivalent to .1 g natural boron in this ITC volume causes a further  
reduction of -12% of the original total thermal-neutron flux (groups Nos. 15 
and 16), mostly in group No. 16. This additional neutron poisoning has the 
absorption equivalent of twice that .of the aluminum added, o r  approximately 
40 cm2 of neutron poison in the l!.activevl ITC, in group No. 16. The computed 
reactivity effect .of 1 g, boron in the ITC i s  -'-0.370. . 



The same total aluminum volume ,in. the 5,..8-cm-.radius, ITC would 
occupy roughly 35% of the smaller  ITC. If pure .aluminum occupied 2570 of 
the active volume of the smal ler  ITC, the peak. total thermal-neutron flux 
pe r  unit power would be approximately. 1.070 lower than in.the larger  ITC 
with the same percentage of aluminum. Increasing the pure aluminum con- 
tent to 40% in the smaller  ITC would reduce this peak thermal-neutron flux 
by 25% relative to the peak ITC flux for the case of 2570 aluminum, in the 
ITC i Poisoning by capturing samples would lower the peak flux stil l  further .  

In summary,  a comparison can be made of the ratio,  R ,  .of the com- 
puted peak total thermal-neutron flux, pe r  unit reactor  power, in the ITC's ,  
with the assumptions that: (a).the same total volume of aluminum is  intro- 
duced; and (b).the total (sample)  poisoning i s  equivalent to 1 g natural boron: 

R = Peak.  thermal neutron flux: 6.8-  cm- radius ITC , - 1.3. 
Pcnk thcrmal ncutron flux: 5,8-cm-radius ITC 

F o r  the ITC ' s  filled with HzO (no aluminum and no samples)  this ratio i s  
-1.0. . 

There a r e  certain.advantages to working with the smaller  ITC. One 
important benefit i s  that the increase in core s i ze  plus the decrease in ITC 
s ize  g ives .a  net reactivity gain of -2.170. A second advantage of the smaller  
ITC i s  a computed reduction in the maximum positive reactivity effect of 
voiding in the ITC. 

At this writing, it appears  that i f  the reduction in peak thermal- 
neutron flux can be tolerated in the smaller  ITC, there a r e  some marked 
advantages to reducing the ITC radius. As a cautionary note, if the AARR 
were  to be used more  nearly a s  a production facility during a particular 
core  cycle,  there would be substantially l e ss  ITC volume for loading of . 

sample s . 

3.  Core Structure 

Pre l iminary  s t r e s s  studies of the AARR core support grid have been 
completed. Results indic'ate, that :a stainle'ss 'steel grid will not be required 
and that a much l e s s  expensive aluminum alloy grid can be used. Since.the 
reactor  will be refueled by means of insertion and removal of a complete 
core  package several  t imes  a year ,  the use  of a substantially l e ss  expensive 
core  support gr id  is  considered to be quite important. Also, the problem of 
gamma heating in the gcid structure i s  reduced if  aluminum is  used instead 
of stainless steel.  

Tes ts  were  conducted with'an actual core support grid made from 
aluminum (aluminum was chosen for these tests  because a tes t  section ma- 
chined f rom aluminum cost 1/3 to  I/L that of stainless s teel)  in the apparatus 



shown in Fig. 24. Hydraulic jacks were used to load each dummy fuel end 
fitting. Two independent pumps and manifold arrangements were required 
to handle the two different sizes of end fittings and their respective net 
load contribution to the core support grid. 

Fig. 24. AARR Grid-plate Stress-analysis Facility. Pull-size aluminum grid plate 
in test position. 

In the initial tests the deflection of the structure was determined by 
use of a reduction in pressure loading proportional to the difference of the 
modulus of elasticity between SS- 347 and Cast Aluminum 606 1. In the fully 
loaded condition (i.e., equivalent to a 125-psi pressure drop across the 
SS-347 grid and fuel) the maximum deflection occurred in the edge of the 
central hexagonal hole of the ITC. Maximum deflection at the equivalent 
full load was approximately 0.010 in., slightly more than the 0.006-0.008-in. 
deflection desired to maintain alignment of fuel and structures attached to 
the plate. 

Photo-stress analysis was used to determinc the ~LI-eds of maximum 
stress ,  which were found to occur at the three junctions of the two outer 
control-rod slots and the inner control-rod slots remote from the three 
hold-down bolts (i.e., there a re  six such junctions--three a re  adjacent 
to the bolts, three are remote from the bolts). Detailed analysis of these 
areas by photo- stress techniques showed the stresses at these points, 
though greater than at a l r y  vlher place on the plate, were sufficiently low 
so as  to be difficult to measure. 



An attempt was made to measure the magnitudes of the stresses.  
By means of strain gauges, the maximum s t ress  encountered in the surface 
of the core  support plate under the full pressure load appeared to be less  
than 3800 psi. 

The results of this ser ies  of tests  leads to a proposal that a second 
aluminum core support grid, i s  with a web-section depth of -10 instead of 
the present  6 in., be used. It is  expected that the tests with this second 
aluminum grid will demonstrate that the deflections and s t resses  a r e  suf- 
ficiently low so as  to obviate the need for stainless steel. 

4. Fuel and Materials Development 

a. Fuel-element Test Mdterials. A sandwich-type fuel-alemcnt 
structure of depleted U 0 2  dispersed in a stainless steel "picture frame" 
was tested. The core  of the clement i s  37 w/o UOz dispersed in Type 304-B 
stainless steel, and was fabricated by a pressing and sintering process. 
The facings of low-cobalt-type 347 stainless steel w e r e  hot rolled onto the 
core. 

The fuel element was machined into test  specimens oriented 
longitudinal and transverse to the direction of rolling (the long dimension 
of the fuel element). Three types of tests  were conducted with these speci- 
mens to determine the mechanical properties of the sandwich material. 

In order to use sandwich analysis to determine core propcrties 
of tkio material,  an accurate facing thickness value i s  needed. Photos of 
the rilicrostructure af tlie sandwich were taken at  various levclo of magni- 
fication. In all  cases there was no visible difference in the stainless struc- 
ture f rom the edge to the center of the sandwich. U 0 2  particles were 
dispersed throughout the center. With the U 0 2  particles along the edge as  
a guide (the facings a r e  void of U02), an estimate of the thickness of the 
facings was made. It appears that the facings a r e  each 6 mils wide. Due 
to the uncertainty of this value, the uncertainty of llle stainless micro- 
structure, consistency, and the use ol the material a s  a sandwich rather 
than just the core, the effective mechanical properties of the sandwich a s  
a unit were reported instead of those of the core alone. 

b. T v ~ e  of Testing and Results 

(i\ Tensile Tests. The specimens were loaded in an Instron 
tensile l e v  ting machine, and curves of tensile load versus strain obtained. 
These curves were not linear for strain levels above 70U pin./in., as 
expected of stainless stccl. 

The data were very consistent from specimen to specimen, 
varying by l e s s  than 470. Young's modulus for the longitudinally oriented 



specimens was 21.5 x lo6 psi ,  and for the tra,nsversely oriented specimens 
23.5 x lo6 psi. For  most ca1,culatiops of strengths of .materials ,  such a 
difference in modulus in two directions i s  not great  enough to justify t rea t -  
ment, of the material  a s  anisotropic. 

Solid stainless steel specimens (cut f rom the picture 
f rame)  had a modulus of approximately 28 x lo6 psi. With this value for  the 
facing material ,  assumed to be 6 mils  thick (see Section III.A.4.,a), Young's 
modulus of the core was calculated. Fo r  the t ransverse  specimens, the core 
modulus was 21.4 x lo6 ps i  and for  the longitudinal was 18.5 x lo6 psi. Since 
the facing thickness i s  only an estimate, the modulus values can only be con- 
sidered to  be order-of-magnitude numbers and should not be used for  calcu- 
lations of core strength. 

The ratio of s train in the direction of loading to s train in 
the t ransverse  direction a s  measured by strain gauges i s  an approximation 
of Poisson's  ratio for the material .  Considerable scat ter  was evident in 
the data for this ratio,  but no difference could be determined between the 
t ransverse  and longitudinal directions of the original element. A value of 
0.25 is  a reasonable average value of Poisson's  ratio for the material .  

(ii) Bending Tes ts .  The specimens were  loaded as simply 
supported beams in such.a manner a s  to produce constant s train in the 
center span. Deflection and strain were measured and plotted versus  load 
applied. Values of the deflection were 22.9 x lo6 ps i  for  the longitudinal 
specimens and 26.2 x lo6 psi  for the tangential. specimens. The strain-gauge 
data yielded values of 22.8 x lo6 longitudinal and 24.4 x lo6 ps i  tangential 
f o r  the Young's modulus of the mater ia l  in bending. 

(i i i)  Dynamic Testing. Dynamic tes ts  of two types were  con- 
ducted. The f i r s t  tes ts  consisted of mounting the beams a s  cantilevers 
and exciting them so that the natural resonance frequency could be de- 
termined. By means of the relation between natural frequency and Young's 
modulus, values of moduli were calculated. Young's modulus of the longi- 
tudinally oriented specimens was 22.2 x lo6 ps i  and for the tangentially 
oriented specimens 25.5 x lo6 psi.  The damping factor ,  calculated f rom the 
ratio of the s train amplitude, was approximately 0.006. 

The second tes ts  consisted of attaching a large cylindrical 
m a s s  to the cantilever and twisting the released m a s s ,  allowing the system 
to respond a s  a torsional. pendulum. F r o m  the natural frequency of the 
system, the shear modulus was calculated. The longitudinally oriented 
specimens had a shear  modulus of 9.4 x lo6 ps i  and those transversely 
oriented 9.8 x lo6 psi .  Because of the complex behavior of a rectangular 
c ross  section subjected to torsion, such shear-modulus values may not be 

\ 
appropriate for  other types of loading. However, the data were consistent 
(deviating f rom test  to tes t  by <270). 



c .  Conclusions. ' F o r  calculations of bending strength and cri t ical  
flow velocity the usual sandwich analysis assumptions must be modified., 
The normal  assumptions a r e  that the facings act a s  plates bending about'a 
neutral  axis through the centroid of the entire section and the core has no 
bending strength. Obviously the core has bending strength, since the ap- 
proximate Yo:ungls modulus of the core was of,the ordei- of lo6 psi.  

Fur ther ,  the relations a r e  normally modified to allow for re-  
duction of the resultant values since the core i s  not infinitely rigid in 
shear .  This shear  action in the core allows deformation about some other 
neutral  axis than the one through the centroid. With a Young's modulus of 
the o rder  of lo6 ps i ,  the additional t e r m  allowing for  this deflection due to 
shear  has a very  small  value. In fact,  a magnitude of lo3 psi  is  required to 
allow this t e r m  to have any significance in the geometrical arrangement 
under investigation. Certainly deviations in the facing thickness assumed 
could not reduce the calculated core modulus by a factor of lo3. 

A more  appropriate a s  sumption for  fuel- element calculations 
would be that the sandwich material, behaves a s  solid stainldss steel s tr ip 
with a modulus of elasticity of 2 1.5 x lo6 o r  26.2 2 lo6 psi ,  whichever 
produces the most  coliservative result  for the analysis being performed. 

It should be further  noted that the ratio of the modulus in the 
t r ansverse  direction to that in the longitudinal direction (1.14) i s  not 
enough to  justify the assumption of anistropy for this mater ia l  in any but 
the most  exact analysis. Therefore the sandwich mater ia l  can be assumed 
to  be isotropic with a Poisson 's  ratio of 0.25. 

5. Reactor Vessel ' 

a. Design. A prel iminary ,draft of the technical specifications for 
the procurement of the AARR vessel  was completed. Prel iminary d ~ a w i n g s  
of the vessel  elevation, top head, and belt-line penetrations have also been 
completed to i l lustrate  the design described in lhe dralt specifications. 

Since the coolant-outlet nozzle i s  located below the core ,  the 
current  vesse l  design incorporates an internal thermal shield which 
s e rve s  a s  an overflow weir  to prevent the drainage of the vessel  in the 
event of a rupture in the discharge line. The vesse l  internals and support 
a r e  arranged so  that coolant flows down through the core  and reflector,  
then upward between the thermal  shield and reflector shroud, and finally 
downward to the exit nozzle via the annulus formed by the thermal shield 
and vesse l  wall. A horizontal divider plate above the core  and thermal 
shield separa tes  the vesse l  into two interconnected chambers (via the core 
passages) .  



This modification of ear l ier  designs permits  raising the inside 
surface temperature of the belt-line section to. the coolant exit temperature,  
o r  sufficiently above the- nil ductility temperatur.es within:the vesse l  wall. 

The vessel  i s  supported f rom the lower section to permit  access 
to the beam-tube connections. With the vessel  supports ,w.ell below the core 
support s tructure,  the problem of radiation hardening of the steel is  e1imi.- 
nated. Upper vessel  guide members  a r e  incorporated to permit  .axial ex- 
pansion while limiting radial displacements. 

. . 

b . .  P r e s s u r e  Pulse.  The. ultimate strength of the AARR pressure  
vessel  when subjected to p ressure  pulses. has been investigated under slowly 
applied internal p ressure  and sudden applied shock loading. In both cases ,  
the shell was assumed to act a s  an ideal membrane in which the elastic 
stra'ins and the bending strength a r e  neglected, and the shell mater ia l  was 
assumed to be a rigid, strain-hardening, pkastic solid. Due to the presence 
of nozzles at the midsection of the vessel ,  the maximum permissible s train 
E i s  restricted, to 'one-third of the ultimate s train EU to. ensure no premature 
rupture occurring at nozzles and welds. This restrictlon is  believed to be 
conservative since test  results1° show that all  vessels  with multiple nozzles 
a r e  capable of deforming without rupture to. s t rains grea ter  than 1/3 Eu. 

In the quasi-static analysis,  it is. further  assumed thak the pro-  
file of the.deformed.shel1 i s  a circular  arc."  The strain ra tes  E for such 
a loading a r e  usually low and moderate.  The s t r e s s  i s ,  therefore ,  only a ; 

function of s train.  According .to t h t  deformation theory," the maximum 
allowable internal p ressure  that the AARR vessel  i s  capable of containing 
is  6,000 psig. 

. The spectrum of the accidental nuclear excursion i s  quite large 
in both peak flux and total energy released. Fur thermore ,  accidents can 
occur under a variety of conditions, especially in the case of coolant loss .  
Hence, for  the purpose of the dynamic analysis,  it was postulated: (1) that 
the nuclear excursion will occur under the most  adverse conditions, (2) that 
the energy flux of the excursion i s  comparable to that of TNT detonation, 
and (3) that the vessel  i s  completely filled with coolant. Under these con- 
ditions the shock loading is  so rapid that the s t r e s s  becomes a function of 
both the s t ra in  E and the strain rate  i. Based on the proposed TNT Con- 
tainment ~ a w , "  it is  estimated that the maximum charge weight of TNT 
that the vessel  i s  capable of c0nta in ing. i~  about 110 lb. For. this charge 

- 

''wise, W.. R., J r . ,  and Proctor ,  .J .  F., Explosion Containment Laws In 
Nuclear Reactor Vessels ,  NOLTR 63- 140, U .  S. Naval Ordnance Labora- 
tory (Aug 1965). 

" ~ e i l ,  N. A. and Salmon, M: A., Studie.s of Reactor Containment 
Structures,  Report ARF- 8262, Armour Research Foundation (1964). 



the corresponding maximum peak p r e s s u r e  of the shock wave i s  approxi- 
mately 27,600 psig.  The investigation showed that alth'ough the vesse l  wall 
will  deform plastically and the excessive deformation may render  the 
v e s s e l  inoperable,  a catastrophic fai lure  will not occur.  

6. Experimental  Faci l i t ies  

The detail design fo r  the fabrication of the beam-tube prototypes 
fo r  t e s t  has  been completed. The blind beam-tube assembly  and the 
through-tube assembly  a r e  shown in Fig. 25. Basically, the design i s  
s imi l a r  to an e a r l i e r  version ( see  P r o g r e s s  Report for July 1964, 
ANL- 6923). 

'I'he blind beam tube compr ises  s ix  major  subassemblies:  (1)  an 
aluminum blind beam tube, (2) a s ta inless  s teel  b.eam-tube adapter,  ( 3 )  a 
s ta in less  s tee l  biological-shield-alignment liner,  (4;) a collimator adapter ,  
(5) thebdlt-bre.ach connec'tors., and (6) a pool (bellows) seal.  The sub- 
a s sembl i e s  pe r fo rm the following major  functions within the integrated 
a s s  embly: 

a. The beam tube penetrates  the reac tor  vesse l  and furnishes a 
collimated beam of high-intensity neutrons f r o m  the core  to  the experi-  
mental  face.  The beam tubes a r e  designed to be replaceable. Environ- 
mental  conditions within the vesse l  requi re  that the tubes be designed to 
withstand (1) a collapsing p r e s s u r e  of 800 psig, (2) thermal  s t r e s s e s  
created by  gamma heating, and ( 3 )  i r radiat ion damage f r o m  sustained 
exposure.  . 

b. The s tainless  s tee l  beam-tube adapter s e r v e s  a s  a transit ion 
piece between the reac tor  nozzle and beam tube. In addition, i t  extends 
f r o m  the vesse l  nozzle to the experimental face and fo rms  a support hous- 
ing for  internal  shielding. The adapter  af ter  installation will be semi-  
permanent ,  and removal  i s  not intended unless damage to sealing sur faces  
occurs .  Installation of the beam tube i s  accomplished by connection to 
the adapter  ra ther  than to the nozzle. This i s  done to reduce the possi-  
bility of damage to the vesse l  nozzle. A damaged sea t  on the beam tube 
adapter  i s  easi ly  remedied by replacement  ofLthe adapter.  

c. The biological-shield-alignment l iner  is  designed to compensate 
for  installation misalignment between the ves se l  and biological shield l iner .  

d. The collimator adapter provides a connection for  the installation 
of the exper imenter ' s  collimator.  

e.  The bol t -breech connectors a r e  designed to facilitate rapid r e -  
mote assembly  o r  disassembly of the beam-tube components. 



B I O L O G I C A L  
S H I E L D  L I N E R  

Fig. 25. AARR Beam-tube Assembly 



f .  The pool (bel lows)  s ea l ,  in  addition to fo rming  a b a r r i e r  f o r  the 
r e a c t o r  pool w a t e r ,  compensa tes  f o r  t h e r m a l  expansion and ' for  v e r t i c a l  and 
l a t e r a l  movement  between .the r e a c t o r  v e s s e l  and biological-  shie ld-a l ignment  
l i n e r  . 

The des ign  of one end of the  through-beam-tube a s s e m b l y  is s i m i l a r  
t o  the  blind b e a m  tube.  However,  the opposite end i s  modified to provide  
a connector  f o r  s ecu r ing  and sea l ing  the end of the th rough-beam tube which 
h a s  been  i n s c r t e d  through thc  vc s sc l .  The conncctor.  f e a t u r e s  a high- 
p r e s s u r e  bellows s e a l  which a l so  al lows fo r  ax ia l  t h e r m a l  expansion of 
the  th rough-beam tube.  To  preven t  ca tas t roph ic  leakage, in  the event  of a 
r up tu r e  in  the h i g h - p r e s s u r e  bellows,  a sp l i t - r ing  s e a l  i s  incorpora ted  a s  
a backup. 

Br ief ly ,  the blind b e a m  tube cons i s t s  of a n  a luminum p r e s s u r e  tube 
cncascd  in  thin-walled a luminum jacket .  Both jacket  and tube are i n s e r t e d  
into a n  a luminum s l eeve  which l ines  the opening in the re f l ec to r .  The  s leeve  
i s  s ea l ed  to  the  r e f l e c to r  shroud.  Cooling wa t e r  e n t e r s  through the beam-  
tube adap te r  and  f lows through the annulus f o rmed  by the  tube and jacket  
t oward  the  t ip  of the  blind b e a m  tube. At th is  point, the  flow r e v e r s e s ,  
e n t e r s  the annulus f o r m e d  by the s leeve  and jacket ,  and ul t imate ly  d i s -  , 

c h a r g e s  into the  r e a c t o r  ve s se l .  Coolant flow' through the th rough-beam 
tube i s  bas ica l ly  the  s a m e  except  that  the  coolant i s  d i scharged  into the  
v e s s e l  a t  the opposi te  end of the tube. 

7. Ma te r i a l  Compatibil i ty and Cor ro s ion  

'l'he t e s t s  in which a bObl a luminum spec imen  w a s  subjected t o  a 
heal: f lux of 1100,000 ~ t u / h r - f t z  w c r c  tcrrrlirlaled a l l e r  a  2000-111. expubuIe. 
The  spec imen  w a s  cut  f r o m  the e l ec t rodes ,  and the edges  w e r e  mi l l ed  off 
t o  expose  the wate r -coo led  su r f ace s .  The su r f ace s  of the spec imen  w e r e  
smooth and l ight  g r a y  in co lo r .  T h e r e  w a s  no evidence of f i lm  spal la t ion 
as was  obse rved  on the  f i r s t  spec imen  exposed at the h ighe r  t empe ra tu r e .  
A deta i led  examinat ion of the spec imen  wil l  be  made ,  including me ta l -  
lographic  sect ioning to  de t e rmine  accura te ly  the th ickness  of . the co r ro s ion  
product  f'ilnl. 

The following table l i s t s  the ten-lpe r a t u r e  s  that  ex i s ted  along the 
spec imen ,  the obse rved  t e m p e r a t u r e  i n c r e a s e  dur ing the run ,  and the  oxide 
th icknesses  ca lcula ted a s suming  a t h e r m a l  conductivity of 1.3 ~ t u / h r - f t - ~ ~  

Distance from 
l nlet  End 

(in.) 

Temp at Water 
Interface 

(OF) 

Bulk Water 
Temperature 

(OF) 

A t  
Across Oxide 

(OF) ' 

Oxide 
Thickness 

(mils)  

0.51 
0.51 
0.58 
0.70 
0.62 
0.74 
0.94 
0.90 



The f i r s t  s ta in less  ' s teel  specimen was installed in the loop, and a 
shor t  run was made to demonstrate  that the specimen can be tested a t  a 
heat  flux of 4 x l o 6  ~ t u / h r - f t 2 .  Before a long- te rm run can be made  with 
the t e s t  facility, var ious orifice pl'ates, additional coolers ,  and a tempera-  
tu re  r eco rde r  of g rea te r  range than current ly exists must  be installed. 
The long- te rm run should begin during the next month. 



IV.  NUCLEAR SAFETY 

A. Reactor  Kinetics 

1.  I r rad ia ted  F a s t  Reactor  Oxide Fue l  Pins  

The development of mixed oxide fuel has a high pr ior i ty  because 
of the promise  of achieving high burnup at  high operating tempera tures  
with this mater ia l  in  fas t  reac tors .  However, the s ta te  of knowledge of 
oxide behavior under accident conditions i s  present ly well below that 
available for the EBR-I1 Mark-I  metall ic fuel. Some of the questions 
relating to the safety of fas t  reac tor  oxide fuel include: 

(a )  What fuel movements can occur shor t  of actual fa i lure  that 
could cause serinlis r a t e s  of reactivity increase?  

(b) Can fuel slumping occur rapidly and coherently? 

(c) Can other types of physical movements occur'? 

(d) What are the ~ ~ i e c l l a n i s m s  of fuel fa i lure? 

(e )  What fo rces  influence the fuel movements? 

( f ) What dominant mechanisms affect coolant p r e s s u r e s ?  

(g) What ro les  a r e  played by fission gases  and the s t ruc tura l  
changes resulting f r o m  irradiat ion of the fuel? 

The behavior of fas t  reactor  - type (gas-  bonded), EER-II- s ize U02 
pins under t ransient  nuclear heating to fai lure  has  been stu.d.ied in TREAT 
experiments.12 The tes t s  were  conducted with samples contained in  an iner t  
gas  atmosphere.  Cladding thermocouples and high.- speed rnotion-picture 
photography were  used to follow the pin behavior. The general  pat tern of 
r e su l t s  was consistent with the physical propert ies  of the oxide. Since the 
experiments  were  pr imar i ly  to investigate phenomena associated with 
f a s t  reac tor  oxide fuel under accident conditions, ( u+  P u ) 0 2  was not used, 
nor were  studied the effects of appreciable steady- s ta te  i r radiat ion,  such 
a s  f i ss ion  gas trapped in the fuel s t ruc ture ,  f ission gas buildup inside the 
cladding, and formation of central  voids 01- other s t ruc tura l  changes. 

Ten steady-state-irradiation capsules,  each containing two steel-  
clad, gas-bonded half-length EBR-II- s ize  U 0 2  pins have been i r rad ia ted  
in the Mater ials  Testing Reactor  ( s e e  P r o g r e s s  Report  for  Apri l  1965, 
ANL-7045, p. 65). The fuel was 93% dense, and had a rat io  of oxygen to 
uranium of 2.00. These a r e  the f i r s t  fas t  reactor  oxide fuel samples  to 
be i r rad ia ted  to appreciable burnup in the ANT., Fast: Reactor Safety pro-  
g ram.  The f i r s t  seven capsules have been removed f rom the testing 

" ~ i c k e r m a n ,  C. E,  -- et a l . ,  ANL-6845 ( J a n  1965). 



reactor and disassembled in the ANL hot lab. They cover a range of nom- 
inal burnups of 0.7 to 3 a/o. The remaining three capsules a r e  scheduled 
to reach 6 a/o burnup. Maximum calculated fuel temperature was 2330°C, 
although the actual maximum in each pin would be expected to change during 
irradiation with position, fuel burnup, and changes of fuel structure. Visual 
examination disclosed no failures in the 14 pins, nor visible cladding defor- 
mations. Spot checks of cladding dimensions on each of the pins with a 
micrometer showed that cladding outer diameters were unchanged. The 
A1-0.1 w/o Co monitor wires which were wrapped around the specimens 
during the irradiation will be radiochemically analysed. Neutron radio- 
graphs have been taken, using the Juggernaut reactor,  in order to determine 
the internal structure of the pins.  h his i s  necessary for those pins to be 
run in TREAT if  the pretransient structure i s  to be known.) In the case of 
control specimens to be destructively examined, radiography i s  necessary 
for direct comparison against the TREAT pins and in case of possible 
structural damage during disassembly. 

Significant structural changes, indicating that exposure levels were 
in the range specified, a r e  seen in the neutron radiographs. Figure 26 
shows seven of the pins. Central voids a r e  clearly visible. Some lateral  
cracking has occurred, but the pellet-pellet interfaces a r e  not as  prominent 
as the cracks. 

Fig. 26. Neutron Radiographs of a Portion of Irradiated Oxide Specimens, 
Showing the Typical Post-irradiation Internal Structure 

Because of the relative lack of detailed information on this type of 
oxide fuel pin irradiated at  high power ratings, one pin from each two-pin 
capsule i s  scheduled for destructive, detailed examination a s  a control 
specimen. Coarse gamma-ray scanning at 1-cm intervals over the fuel 
lengths were made. Continuous gamma scans a r e  also being made. 



2. Fas t  Reactor Safetv 

a.  Coolant (water)  Expulsion Studies. The maximum energy input 
rate of the system has been reached (about 110 k ~ )  and other parameters 
a r e  now being studied, notably the annular gap. 

The correlations of a large mass  of data now available, a r e  
st i l l  inchoate. Several high-speed motion pictures have been analyzed and 
expulsion velocities of about 5 m/sec were observed. 

The collection of data should be completed within two months 
which will allow more emphasis on analysis and correlation. 

b. Superheat Experiments. This experiment i s  designed to mea- 
sure  t h e  degree of liquid s-uperheat required to initiate nucleate boiling in 
sodium under various conditions simulating a reactor env iru~urrelll. Typical 
parameters will be systematically varied to determine their independent and 
combined effects upon the liquid superheat necessary to initiation nucleation: 
pressure ,  dissolved gas content, heat flux, and surface characteristics. 

Assembly of this experiment i s  underway. Four superheat test  
vessels  and the containment vessel have already been fabricated. Comple- 
tion of assembly awaits the arr ival  of the high- temperature, fast- response 
piezioelectric pressure  transducer which i s  necessary for the measurement 
of pressure transients during sudden void formation. Also, some of the 
recording instrumentation for this experiment has riot been received. 

c.  Sodium Expulsion Experiment. In this experiment, i t  i s  planned 
to investigate the mechanism of coolant expulsion in a simulated reactor 
environment. Hence, this experiment includes the measurement of void 
distribution, expulsion velocities, pressure  transients, and liquid super- 
heats during coolant expulsion. 

A preliminary design evaluation of this sodium expulsion expe ri- 
ment has been initiated. Prel iminary drawings of the experimental appa- 
ratus a r e  being made. 

d. Critical Flow Studies. Calculations of the progression of acci- 
dents in sodium-cooled reactors reveal that critical flow may exist in the 
core  and lead to detrimental effects, such a s  voidage of the coolant channel, 
shock phenomena, and pressure buildup. 

The design and construction of experiments to study critical 
flow of different fluids a r e  continuing. Final design of the sodium loop and 
the water loop to be used in  the low-pressure region (0- 15 psia) has been 
cgmpleted. Fabrication of individual components for the loops and layout 
of the instrumentation have been initiated. 



3 .  Containment P r o g r a m  . . 

A l i te ra ture  survey has uncovered a number of computer p rograms ,  
mostly f rom Livermore  Radiation Laboratory,  which can be adopted to  
reac tor  safety studies.  These  programs w e r e  originally developed for the 
Plowshare program,  but a r e  sufficiently general  to include a r b i t r a r y  equa- 
tions of s ta te .  The one- dimensional codes handle ma te r i a l  behavior ranging 
f rom pure elast ic  up through the high-pressure hydrodynamic region. In 
addition, mechanisms such a s  crushing, compaction, and c rack  propagation 
a r e  included so that these can  a lso  be used in excursion studies.  
The two-dimensional codes handle only the elast ic-plast ic ,  plastic,  o r  hydro- 
dynamic phases.  These p rograms  will be adapted to the Argonne computers .  

By u s e  of a new finite Hankel t ransform,  the following problems 
have been solved: 

a .  the radial  vibration of an infinitely long, thick, e last ic  c i rcu lar  
shell  when the sur faces  have t ract ions which a r e  a r b i t r a r y  
functions of t ime;  

b. radially symmetr ic  vibrations of a thick, e last ic  spher ica l  shell 
with surface t ract ions a s  in  (a) ;  

c .  extension of (a) and (b) to the c a s e  of N concentric shel ls .  
This  corresponds to  the containment idea of multiple regions 
for protection. 

The solutions were  obtained in closed form.  'However, before any numerical  
resu l t s  can be obtained, the frequency equations m u s t  be solved s o  that the . . 

displacements and s t r e s s e s  can be calculated. 

B. TREAT 

1. Operations 

A sample of prototype SEFOR fuel that had previously been i r rad ia ted  
to  a burnup of 10 ~ ~ d / t o n  was subjected to seven t ransient  ir.radiations for  
the General  Elec t r ic  Company. 

Two metal-water  reacti'on samples  (CEN- 2 18 and CEN- 2 19), consist-  
ing of four Zircaloy-2 clad, vibratory-compacted UOz rods ,  were  i r radiated 
in room tempera ture  water .  These a r e  the f i r s t  metal-water  react ion ex- 
per iments  run  in TREAT with vibratory-compacted UOZ. 

Two metal-water  react ion experiments  w e r e  run in  t ransparent  
capsules to  obtain photographic data  on the behavior of aluminum-clad, 
plate-type fuel elements when they a r e  heated above ' the fneltin'g point of 
aluminum pr io r  to  contact with water .  One sample was. a lukinum-uranium 
alloy of the SPERT 1-D type, and the other was an  HFIR-type c e r m e t  plate. 



A total of eleven t rans ien ts  were  run to t e s t  the t ransient  charac ter -  
i s t i c s  of samples  of a rocket  reac tor  fuel being developed by Argonne. 

2. L a r g e  TREAT Loop 

The  contractor '  completed install ing insulation on the heated sys t ems  
in  the sodium equipment room. Interconnection of the e lec t r ica l  hea te r s  
i s  in p rogress .  

Reassessmen t  of the damage to the sodium-filling tank ( see  P r o g r e s s  
Report  for  January  1966, ANL- 7 152, p. 9.0) indicated that the tank i s  usable 
and will be available for filling the TREAT sys tem when required.  

C .  Chemical  and Associated Energy- t ransfer  
P rob lems  ln  Reactor Safety 

1. Metal-  Water Reactions 

a .  Scale-up Metal- Water Experiments  in  TREAT with UOz- c o r e  
F u e l  C lus t e r s .  An experiment  has  been performed in TREAT i n  which 
t h r e e  Zircaloy-2-clad, UOz-core fuel pins were  melted while suspended 
above a pool of water .  The  purpose of this experiment  was to  simulate 
ce r t a in  aspec ts  of a loss-of-coolant accident in which a break  in  a pr imary-  
sys t em water  pipe of a nuclear  power r eac to r  would r e su l t  in  the fuel ele- 
men t s  being left in contact with s t eam a t  high tempera ture .  (A calculational 
study estimating the extent of the subsequent cladding- water  react ion was  
reported in the P r o g r e s s  Report  for April  1965, ANL-7045, pp. 67-69.) 

The experimental  a s  s embly used was that previously descr ibed 
for  scale-up experiments  ( see  P r o g r e s s  Report  for November 1964, 
ANL- 6977, p. 83) .  However,  the experiment differed f r o m  the previous UOz- 
co re ,  scale-up t rans ien ts  which simulated power excursion incidents ( see  
P r o g r e s s  Report  for September 1965, ANL-7105, p. 81) as follows: 

(1)  The fuel c lus te r  consisted of 3 pins (of 0.42-in. d ia .  by 5% in .  
long) r a the r  than 9. 

(2)  The pins w e r e  located above a pvvl of water  ra ther  than sub- 
merged  in  i t .  

(3). The meltdown was achieved during a "flat- top" t ransient  r a the r  
than a pulse.13 

131n the "flat-top" t rans ien t ,  f ission heating remained reasonably constant 
over  a period of about 12 sec .  In a pulsed t rans ien t ,  the t ime scale  for.  
heating i s  about 1 sec ,  with a Gaussian- shaped power- t ime heating curve.  



The r e su l t s  of this exper iment  a r e  summar ized  in Table XX.  
In this meltdown, 38 w/o of the fuel c lus te r  dropped into the water ,  although 
the l a r g e r  par t ic les  tended to  be retained above the water  by the autoclave 
supporting s t ruc ture .  (Table XX shows that  a sma l l e r  average  par t ic le  
s ize  of the res idue was  collected in the water  compared  with that  of the r e s i -  
due remaining above the water . )  The extent of cladding-water react ion was 
40% a s  determined by the total amount of hydrogen re leased ;  however,  i t  
was not apparent  that  cladding which dropped into the water  had m o r e  ex- 
tensively reac ted  than the cladding which remained on the supporting s t ruc-  
t u re .  All of the hydrogen produced was assumed to be formed by reaction 
of the Zircaloy cladding. The react ion of the U 0 2  c o r e  with water  would be 

TABLE XX.  Resul ts  f r o m  In-pile (TREAT) Meltdown 
Experiment  CEN-2 17-S: U0,- c o r e  Zircaloy- 2-clad 

Fue l  Clus te r  Subjected to  Flat- top Trans ien t  

Fue l  Clus te r  
No. of P insa  
claddingb 
Weight, g 

Trans ien t  
Type of Incident s imulatedd 
F iss ion  Energy  Input, ~ a l / ~  UO, 
T ime  of Heating, s ec  
P e a k  Adiabatic UO, Tempera tu re ,  OC 

Resul t s  
Metal-Water  ReacJion, 70 
Peak  P r e s s u r e  R i se ,  ps i  
Chemical  Energy Release ,  70 of Total  Energy  
Average Pa r t i c l e  Size of Residue (dsv),e mi l s  

Residue remaining above water  
Rcsiduc ill watcr 
Total  res idue  

Appearance of Fue l  a f te r  Meltdown 

3' 
Zircaloy- 2 

336' 

Loss  of Coolant 
560 

12 
3300 

(vapor region)  

240 
5 0 
9 1 

Complete destruct ion;  
molten U02 r a n  out, 
leaving sect ions of 
hollow cyl inders  of 
the Zircaloy cladding. 

aTen pellets of UO, (10% enriched with u ~ ~ ~ )  per  pin. Overal l  pin dimen- 
sions were  0.42 in. in  d iameter  by 5 2  in. long. 

8 
b25-mil-thick cladding; 3 -mi l  gap between c o r e  and cladding; helium 

bonded. 
C254 g of UO, and 8 2  g of Zircaloy-2.  
d ~ h e  fuel pins were  suspended above ambient t empera tu re  wa te r .  . 

n.d3 Z l l  
edsV = where  ni = number of par t ic les  with d iameter  di. 

Cn.dz 
1 1  



expected to become significant only af ter  the cladding was completely ox- 
idized, since the presence of excess  hydrogen greatly suppresses  the U 0 2 -  
water  reaction. The chemical energy contributed by the reaction co r re -  
sponded to 26y0 of the total energy (i.e., the contribution of the nuclear 
energy of the t ransient  was 74%). 

The oscil lograph records  of the tempera ture  and p res su re  mea-  
surements  f rom the experiment a r e  shown in Fig.  27. The sequence of 
events deduced f rom the figure and f rom the appearance of the residue may 
be summarized a s  follows: 

Time Energy Input 

(set) (cal/g UO2) Event 

0 0 Initiation of fission heating. 

7 360 Thermocouple on the Zircaloy cladding records  
2430°C arid Iails , illdicating that fuel s lul-npillg 
has  begun. 

-8.2 480 P r e s s u r e  r i s e s  rapidly owing to the'formation of 
s team and/or evolution of hydrogen, indicating 
that fragments of fuel a r e  probably entering the 
water .  

Thermocouple in the water  records  rapid temper-  
a ture  r i s e ,  indicating that the fuel has made con- 
tact  with the thermocouple ( temperature recorded 
in excess of 1000°C). 

0 

End of heating; p res su re  r i s e s  only very  slowly, 
indicating end of the reaction 

2 5 0 0  One of the most  interesting and 
possibly significant points in connection 
with this experiment was the final appear- 

2 0 0 0  - - 500 
A ance of the meltdown residue. This was 

the f i r s t  t ime that portions of the cladding 
, " -~ r -sec  ENERGY INPUT " 

-'0° were  found s t i l l  in their  original cylindri- 
ca l  form,  but with the UO, co re  not pres- 
ent. Evidently, athe U 0 2  had melted and 
flowed out of the cladding. A photograph 

p of the major  portion of the residue i s  
. shown in F ig .  28. The observed extent 

\TEMP IN WATER 
TC NO 2 

- ' of zirconium- water reaction ag rees  well 
with the previously published correlat ion 

PRESSURE. AUTOCLAVE 
f rom meltdown experiments in TREAT in 

TIME. sec 
which the fuel pins were  submerged in 
water ( see  P r o g r e s s  Report for Sept.em- 

Fig. 27. Oscillograph Record of TREAT ber  1965, ANL-7105, p. 81). 
Transient CEN-217s 



Fig. 28. Residue from Zircaloy-clad, UO2core Fuel Pins after TREAT Transient 
Simulating a Loss-of-coolant Incideht 

Since the energy developed in this experiment (560 ~ a l / ~  UO,) 
was high enough to vaporize the UO, adiabatically and the time scale (12 sec)  
was relatively short, the experiment was not an exact simulation of a loss- 
of-coolant accident. Therefore the extent of reaction is not directly com- 
parable to what might be expected in such a situation. Nevertheless, the 
residue shown in Fig. 28 gives some indication of the meltdown model that 
must be considered in the analysis of this type of incident. 

D. Plutonium Volatility Safety 

1. Environmental Contamination Control 

A program has been established to investigate various aspects of 
environmental contamination control a s  related to the reprocessing of reac- 
tor  fuel materials  by fluoride volatility techniques. Several experimental 
programs which a r e  already under way a r e  related to this study. These 
programs involve the study of the removal of plutonium hexafluoride from 
cell  exhaust a i r  by hydrolysis and filtration, and bench- scale fluid-bed 
studies with irradiated fuel mater ia ls .  In the studies with irradiated fuels, 
particular attention i s  directed toward obtaining information related to the 
behavior of volatile fission product species in  process- gas s t reams.  Other 
investigations which have been recently started a r e  concerned with the de- 
velopment of systems for the effective removal of fluorine, interhalogens, 
c ~ r l r l  hydrogen fluoride from process off- gas s t reams,  and studies related to 
thc chemistry of telluriuni fluorides, particularly the removal of tellurium 
hexafluoride from gas s t reams by reaction with activated alumina o r  soda 
lime. 



V. PUBLICATIONS 

P a p e r s  

Spectrophotometric Determination of Ruthenium with 1-Nitroso-2- 
Naphthol 

Gwendolyn K e s s e r ,  R.  J .  Meyer ,  and R .  P .  L a r s e n  
Anal. Chem. 38(2), 221-224 (February  1966) 

Fast Reactor Stability and Safety 
J B. Nims,  A. E .  Klickman, R. B. Nicholson, R.  R .  Smith, and 
J. A. Thie 

P r o c .  Amer ican  Nuclear Society National Topical Meeting on 
Fast Reactors ,  Detroit ,  April  26-28, 1965. ANS- 100, 
pp. 213-224 

The Remote Fabricat ion of Reactor  Fue l s  
A. B. Shuck, A. L .  Lotts,  and Kirk Drunlhcller 

Reactor  Technology. Selected Reviews- - 1965, ed. L .  E .  Link 
U. S. Atomic Energy  Commission Publication TID- 854 1, 
pp. 71-148 

Irradiat ion Behavior of Metallic Fuels  
J .  H. Kittel, T .  K. Bierlein,  B. R. Hayward, and W. C.  Thurber  

P r o c .  3rd  Intern.  Conf. on Peaceful Uses of Atomic Energy,  
Gcnevs,  August 3 1 -Scptemher 9 ,  1964, United Nations, 
New York, 1965, Vol. 11, pp. 227-234 

Pahricatinn af Solid Fue l s  f o r  F a s t  Reactors  
R.  E. Macherey, H. W.  Alter ,  and A. A. Shoudy 

P r o c .  3 rd  Intern.  Conf. on Peaceful Uses of Atomic Energy,  
Geneva, August 31-September 9, 1964. United Nations, 
New York, 1965, Vol. 10, pp. 180- 189 

l7ffer.t of Flaw P a s s a g e s  on Two-phase Cr i t ica l  Flow 
T .  C. Min, H. K. Fauske ,  and Michael P e t r i c k  

Ind. Eng. Chem. Fundamentals 2(1), 50- 55 ( ~ e b r u a r ~  1966) 

Fast Reactor T e s t  Faci l i ty  (FARET) and Initial Experimental  P r o g r a m  
W .  R. Simmons, P. J .  Pe r s i an i ,  and T.  R. Bump 

F a s t  Reactor  Technology, Am. Nucl. Soc. Natl. Topical 
Meeting, Detroit ,  April  26-28, 1965. ANS- 100 (Suppl.), 
pp. 37-55 

Report  on Argonne National Labora tory ' s  Activities 
R .  C.  Goertz  

P r o c .  1964 Seminars  on Remotely Operated Special Equipment, 
J ackass  F l a t s ,  Nevada, November 4- 5, 1964. USAEC Report 
CONF-641120, Vol. 11, pp. 41-47 



Some Work  o n  Manipula tor  S y s t e m s  a t  Argonne National  Labo ra to ry ,  
P a s t , ' P r e s e n t ,  and  a Look at the  F u t u r e  

R .  C .  Goe r t z  
P r o c .  1964 S e m i n a r s  on Remote ly  Opera ted  Specia l  Equipment ,  
Germantown,  Md.,  May 26- 27, 1964. USAEC Repo r t  
CONF-640508, Vol. I ,  P a r t s  I and 11, pp.  27-69 

ANL Repo r t s  

ANL- 64 17 THE FABRICATION AND TESTING O F  D E P L E T E D  
URANIUM BLANKET SLUGS FOR EBR-I1 

W. R .  B u r t ,  J r . ,  R .  D .  McGowan, and C:H. Bean  

ANL- 6893 FABRICATION AND EVALUATION O F  THORIA- 
URANIA F U E L  MATERIAL 

E.  D. Lynch and J .  H. Handwerk 

ANL- 6898 ENGINEERING DEVELOPMENT O F  FLUID-BED 
FLUORIDE VOLATILITY PROCESSES. P a r t  3. Fluid-  
b e d  Fluor inatcon of Uran ium Dioxide F u e l  P e l l e t s  

L .  J .  Anas tas ia ,  J .  D .  Gabor ,  and W. J .  Mecham 

ANL- 7025 CRITICAL TEMPERATURES AND DENSITIES O F  THE 
ALKALI METALS 

I r a  G. Dil lon,  P .  A .  Nelson,  and B .  S .  Swanson 

ANL- 7035 A PRELIMINARY EVALUATION O F  THE USE O F  HIGH- 
TEMPERATURE PROCESS HEAT AS PART O F  A 
TOTAL NUCLEAR-ENE.RGY SOURCE 

L .  J .  Gordon and J.. F. M a r c h a t e r r e  

ANL- 7055 CHEMICAL ENGINEERING DIVISION SEMIANNUAL . 
R E P O R T ,  J anua ry - June  1965 

ANL- 7062 GLASSY MATERIALS FOR NUCLEAR REACTOR 
APPLICATIONS 

E .  D. Lynch 

ANL- 7073 S E L F -  SUSTAINED HYDRODYNAMIC OSCILLATIONS 
IN A NATURAL-CIRCULATION TWO- PHASE- FLOW 
LOOP 

Kama l  C .  J a i n  

ANL- 70 94 REVIEW O F  STATUS Oh' SELF-DIFFUSION IN US, UN, 
UO,, AND UC 

C .  M. Wal te r  

ANL- 7097 THREE-  DIMENSIONAL STRESS CONCENTRATION 
AROUND A CYLINDRICAL HOLE IN A SEMI-INFINITE 
ELASTIC BODY 

C a r l  K.  Youngdahl and  Eli S t e rnbe rg  




