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PREFACE 

This f i r s t  annual r e p o r t  published by t h e  Reactor  Engi- 
neering: Division summar izes  reac tor  project  a c ~ o & ~ l i s h ~ e n t s  : 

and engineering r e s e a r c h  and developments in fisc'al year  1965. 
To orient the yeader,  most  descriptions a r e  prefaced with back- 
ground information about the nature of the work, the objectives, 
and p r io r  progress .  

In two instances,  the nar ra t ive  coverage extends beyond 
the f iscal  cut-off ,date (June 3,0, 1965). On. Sept.ember 1 3 ,  1965, 
responsibility f b r  the EBR-I1 Facili ty was formally t r ans fe r red  
f r o m  the Reactor,  Engineering. Division to the Idaho Division. 
Accordingly, the scope of Secti'on 1.1 includes work per formed 
up to the dedication and t r ans fe r  date. In. December,  .the FARET . 4 . 

' p ro jec t  was terminated by. the U. S. Atomic Energy Commission. 
Thus Section 1.2 covers  work to termination. , 

The ~ b c l e . a r  Rocket p r o g r a m  description i s  l imited to 
declassified conceptual 'designs and resu l t s  o f .  supporting r e -  
s ea rch  and development. Detailed descriptions a r e  reported in 
classif ied documents. 

F o r  those who wish . to . pursue cer ta in  subjects to  g rea te r  
depth, pertinent re ferences  a r e  l is ted a t  the conclusion .of most  
major  sections.  In addition, a complete l i s t  of publications, in- 
dexed to, each section, is given in Sect i  nn 8. 
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Section' 1 , 

REACTOR PROJECTS AND PRQGRAMS 

1.1 EXPERIMENTAL BREEDER REACTOR-I1 (EBR-11) 

1 . l .  1 . Summarv 

During the y e a r ,  EBR-I1 was successfully placed into operation a t  
power levels up to 45 MW (thermal)  and 15 MW (e lec t r ica l ) .  In the cour se  
of the approach to power,  mos t  of the principal design objectives were  r ea l -  
ized, Reactor performance,  both thermal  and neutronic,  measured  up to  
predictions.  Extensive experience in operation and maintenance of l a rge  
sodium sys tems and components in a nuclear power plant environment was 
obtained. In-core experimental i r radiat ions of new fas t  reac tor  fuels - in- 
cluding high-burnup capsules of oxide, carbide,  and meta l  fuels - were  ' 

, s ta r ted .  

E a r l i e r ,  in the f i r s t  half of 1964, the primary- and secondary s y s -  
tems were  coupled for the f i r s t  t ime by connecting the intermediate  heat 
exchanger, to the secondary piping. Operation of the combined sys t ems ,  
including the s t eam sys tem,  to  tempera tures  app'roaching 6 0 0 ~ ~  followed. 
.During this period, the reworked p r i m a r y  pumps were  tested,  a p r i m a r y  
sodium cleanliness verification run compl'eted, prel iminary heat balances 
made ,  and controllability of the secondary pump a t  extremely low flow ra t e s  
demonstrated.  Near the end of these t e s t s ,  a leak developed.in, the a - c  elec-  
tromagnetic secondary pump, necessitating i t s  removal  and (on s i te )  r epa i r .  
After reinstallation of the pump, the facility was ready for power operation. 

The approach to power commenced on July 16, 1964. Reactor 
power was ra i sed  in s teps f rom 0.5 to 1,  2, 3, 4, and 5 MW, and then to 
10, 20, and 30 MW. Power and flow coefficients of reactivity were  de ter -  
mined and t ransfer  function measurements ,  made  concurrently . 

A demonstration run a t  30 MW was conducted August 13- 17, with 
the tur.bine generator  producing 7.5 MW (e) .  The reac tor  then was shut 
down for the f i r s t  removal  of fuel for inspection. 

In October,  reac tor  power was r a i sed  to  37.5 MW, with the gener-  
a tor  producing 11.8 M W ( ~ )  and delivering 8.8 M W ( ~ )  to the NRTS network. 
A.t the end of this run ,  two ci~rlL.rul rod dr ives  wcre  found stuck. A four- 
month investigative and cor rec t ive  p rogram which followed t raced  the fai lure  
to  a ball bushing in . the  oscil lator assembly.  This assembly  had been t em-  
p o r a r i l y i ~ l s t a l l e d  in the reac tor  fo r  t ransfer  function measurements .  While 
i t  was being removed f rom the sys t em,  a pin-hole leak was discovered in a 
tube-to-tubesheet weld in one of the eight evaporators  of the s t e a m  genera-  
tor: Repair and helium leak testing was accomplished within, t.hree weeks 
without removing the unit f rom the sys tem.  



In March ,  1965, reac tor  power was increased to 45 MW, and the 
genera tor  output to 15 MW .. Thereaf te r ,  operation was continued a t  this 
power level,  with shutdowns essentially only for inspection of fuel and 
inser t ion  of experimental  i r radiat ion subassemblies  . 

. > 

On September 13, 1965, dedication ceremonies  were  held, and 
responsibil i ty for the EBR-I1 Faci l i ty  was  formally t r ans fe r red  f rom the 
Reactor.  Engineering Division to  the Idaho Division. Accordingly, the scope 
of this section has been extended to include work per formed up to the 
dedication date.  

At that  t ime ,  fuel elements in the reac tor  had attained maximum 
burnup of a lmost  1.2 at-%. Examination of elements with up to 1.1 a t -% 
hurnlxp had revealed they were  in good condition, with no change ill cxtei-nal 
d iameter  o r  appearance.  Of the m o r e  than 1400 regular  dr lver  f;el e le-  
ments removed for inspection, none was found defective. 

Throughout operation, the reac tor  was highly s table ,  readily con- 
t rol lable ,  and amenable to  rapid fuel reloading. More than a hundred sub- 
a s sembl i e s  w e r e  t r ans fe r red  successfully,  including 20 o r  m o r e  with various 
degrees  of burnup* up to 1.0 a t -% and higher.  Many of the high-burnup sub- 
a s sembl i e s  w e r e  removed f rom the p r i m a r y  tank to the reprocessing facility 
within 9 to 15 days a f te r  reac tor  shutdown - while s t i l l  generating very  
substantial  decay heat .  These t r ans fe r s  f i rmly  established the feasibility. 
of the blind, o r  under-plug, fuel-handling scheme for sodium-cooled 
r e a c t o r s .  

Through the successful  implcrnentation of the approach- to-power 
p r o g r a m ,  the p r l m a r y  objective of EBR-I1 - cle~llorlstration of the cngineer 
ing feasibil i ty of this type of plant - was accomplished. In addition, use  of 
EBR-I1 a s  a fas t  flux i r radiat ion facility has been implemented: plutonium- 
bearing fuels of in t e re s t  for advanced fas t  power b reede r s  a r e  being i r r a -  
diated. Eight ma te r i a l s  surveillance subas s emblies ,  containing about two 
thousand specimens of d iverse  types,  were  a l so  inser ted in the r eac to r .  

Modifications to  the reac tor  a r e  planned to enhance the ellective- 
ness  of the sys t em for  i r rad ia t ion  purposes.  Fabricat ion has s ta r ted  on a 
modified d r ive r  fuel element designed to accommodate a l a rge r  number of 
experiments in  the r eac to r  (as  well  a s  to inc rease  the achievable burnup of 
the d r ive r  fuel). Studies a r e  underway on fur ther  changes in both co re  and 
blanket to  pe rmi t  still m o r e  experiments .  Special  subassemblies  a r e  being 
designed and fabricated to  pe rmi t  i r radiat ion of t e s t  fuel elements in  flowing 
sodium (present  prac t ice  requi res  encapsulation), and to allow pussible 
specimen re inser t ion  in the r e a c t o r .  



1.1.2 Approach-to-Power P r o g r a m  , 
. . 

. . . , . . . . .. . 
1.. 1.2.1 Chronology 

.,-.* ..*- - - . -  - * A -  " - - - a '  j r  <;I,.(., , I ,  . , '  
. . 

Figures, 1- 1 and 1-2 summarize  the thermal  power levels a'nd cu- 
mulative thermal  energy attained throughout the period f i o m  ju ly ,  1964, to 
September,  1965. Notation i s  made on ~ i g .  1- 1 of. the maj0.r events which 
occurred during of reac tor  shutdown. . 

FUEL .HANDLING 
MAIN GRIPPER REPAIR 
OSCILLATOR FAILURE INVES 
AND FUEL HANDLING 

6. FUEL HANDLING AND CONTROL 
ROD GRIPPER REPAIR 

TIGATION 7. FUEL HANDLING 
-- . 8 .  FUEL HANDLING, CONTAINMENT TESTING, 

4. EVAPORATOR LEAK REPAIR AND FUEL EXAMINATION 
5. ZERO POWER EXPERIMENTS 9. FUEL HANDLING AND FUEL EXAMINATION 

!O. FUEL HANDLING AND FUEL EXAMINATION 

NOTE: MATERIALS SURVEILLANCE SUBASSEMBIES LOADED INTO REACTOR IN PERIOD 3; 
EXPERIMENTAL IRRADIATION SUBASSEMBLIES (FUEL) LOADED I N  PERIODS 7, 9, AND 10. 

Fig. 1-1. Graphical summary of thermal power output of EBR-I1 
and major events during the period July. 1964 to September, 1965 

Fig. 1-2. Integrated thermal and e l e c u ~ c a l  power output 
of EBR-I1 during the period July, 1964 to September, 1965 
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Through the f i r s t  half of July,  1964, the plant was maintained in 
standby condition pending AEC approva'l for the s t a r t  of power operation. 
This  approval was received on July 16 and the reac tor  made  cr i t ica l  on 
that  day. During the remainder  of the month, t ransfer  function measure -  
ments  were  made a t  incremental  power levels up to 10 MW, using two types 
of analyzing equipment: a null device and a c ross-cor re la t ion  integrating 
device.  These measurements  indicated that the reac tor  was producing no 
unexpected feedback proper t ies .  Power coefficient of reactivity was de ter -  
mined a t  levels up to 10 M W ( ~ ) ,  with 10070 p r i m a r y  flowrate. Flow coeffi- 
cients were  determined a t  5 M W ( ~ ) ,  with 10070 and 7470 flowrates.  In 
addition, careful  examinations w e r e  made  of the subassembly sodium outlet 
t empera tu res  a t  each incremental  power o r  flow change. None of the tes t s  
revealed any unexpected r e su l t s .  

A gradual inc rease  in reac tor  power continued in August with 
power operation a t  10, 20, and 30 MW(t). Between August 13 and August 17, 
while the reac tor  was a t  30 MW(t), the turbine-generator  was placed on 
l ine and supplied a n  average  output of 7.5 M W ( ~ )  to  the NRTS grid sys tem.  
Trans fe r  function measuremen t s ,  power and flow coefficient measurements ,  
and heat balances were  made  a t  appropriate  intervals .  At each incremental  
i n c r e a s e  of power,  the p r i m a r y  flow r a t e  was f i r s t  established a t  10070 and 
reduced only af te r  i t  was ascer ta ined  that no unpredicted changes in sub- 
a s sembly  outlet tempera tures  o r  power coefficient had occurred .  At 
10 M W ( ~ ) ,  the p r i m a r y  flow ra t e s  used were  10070, 7470, and 3670; a t  
20 M W ( ~ ) ,  1000/0, 7470, and 5270; and a t  30 M W ( ~ ) ,  10070 and 74%. 

The r eac to r  was shut down on August 23, aft.er: a cumulative thermal  
energy production of 343 megawatt-days,  for the purpose of examining sub- 
a s sembl i e s ,  fuel e lements ,  and fuel d o y  pins a s  p a r t  of the fuel surveillance 
p rogram.  One core- type and one inner-blanket-type subassembly were  
removed to the Fuel  Cycle Faci l i ty  for this purpose.  

Fulluwirig these  fuel-handling operations,  the special  oscil lator 
rod  used in the t r ans fe r  function studies was . to be replaced with a new rod.. 
On. September 2, during the inser t ion of the new rod,  the main fuel gr ipper  
contacted the subassembly holddown device inside the p r imary  tank and 
was damaged. Investigation showed that the contact had resul ted f rom 
improper  tempera ture  distribution.within,  and consequent distortion of the 
gr ipper  shaft. F u r t h e r ,  that the tempera ture  distribution was related to 
having maintained the shaft  in the llup.,l' cool, position for a prolonged 
period.  A change in operating procedure was instituted to preclude r ecur -  
r ence  of the incident. By October 3, the gr ipper  had been removed, r e -  
pa i red ,  and reinstal led.  In addition to the gr ipper  work, other maintenance 
and modification work was done during the shutdown. This included repa i r  
of a damaged expansion-joint bellows in  the desuperheated s t eam line to the 
condenser ,  a n d  investigation of an appare11t.lubricating oil  loss  in the main 
p r i m a r y  pump dr ive  motor  bearings.  



After  prel iminary power coefficient measurements  a t  increments  
f rom 0 to  30 M W ( ~ ) ,  and a shor t  power run  a t  30 M W ( ~ ) ,  the plant was oper -  
ated a t  37.5 M W ( ~ ) ,  11 M W ( ~ )  f rom October 13 to  October 19. On the la t te r  
date a spurious s c r a m  occurred ,  af ter  which i t  was found that two control 
rods (NOS.  7 and 9 )  had not dropped. A p rogram of investigative and co r -  
rect ive action was then undertaken which eventually required four months 
to  complete.  Briefly,  the difficulty was caused by a malfunction of the 
oscil lator assembly  which was temporar i ly  installed for reac tor  kinetic 
s tudies .  

Near the end of the oscil lator cor rec t ive  work, on Februa ry  7 ,  
1965, a minor  water  leak in evaporator No. 702 was discovered.  Although 
continued operation with the evaporator in this condition was possible ,  the 
decision was made  to r epa i r  the leak immediately.  A pinhole leak was 
located in a tube-to-tubesheet weld on the s t eam side tubesheet.  This a l -  
lowed water  or  s t eam to enter  the a i r  space  between the s team and sodium 
tubesheets.   h he evaporators  a r e  of the shell-and-tube type, with double- 
walled tubes and double tubesheets ; the leak,  therefore ,  was into the building 
a tmosphere  and not into the sodium.) Access  for  rewelding of the tube-to- 
tubesheet joint was accomplished by removing a section of the 10-in. r i s e r  
immediately above the upper s t eam header .  Thus the feasibility of repair ing 
this kind of weld defect in  evaporators  of EBR-I1 design, without removing 
the evaporator fro111 the sys tem,  was convincingly demonstrated.  

On March 2, the reac tor  was brought c r i t ica l .  Various physics 
measurements  and foil i r radiat ions were  made  a t  "zero"  power.  Next, the 
secondary sodium sys tem was refil led and, a f te r  a two-week delay for ob- 
taining authorization, power operation was resumed.  On March 27, a power 
level  of 45 M W ( ~ ) ,  14 M W ( ~ ) ,  was. attained. Operation a t  this level  continued 
until Apr i l  11, a t  which t ime  the maximum reac tor  fuel burnup was approxi- 
mately 0.5 a t -%.  The reac tor  then was shut down for the routine examination 
of fuel elements for i r rad ia t ion  damage.  

During preparat ions for this fuel handling, two control rod dr ive  
gr ippers  (NOS. 8 and 11) malfunctioned, making difficult the proper  r e l e a s e  
of the rods f rom the d r ives .  Both dr ives  w e r e  removed f rom the p r i m a r y  
tank. Inspection of dr ive No. 8 showed that one of the two s m a l l  cam pieces 
necessa ry  for gr ipper  jaw operation had broken loose (remaining inside the 
mechanism).  Drive No. 11 revealed burnishing of the c a m  pieces and a 
slight galling of the gr ipper  s leeve.  Both rods w e r e  replaced with s p a r e  
units that were  nii-ldified to eliminate such difficulty. 

The reac tor  was operated a t  power f rom Apri l  26 to May 21, with 
a n  8-day shutdown (s tar t ing on May 4) for  fuel survei l lance.  subassembl ies  
with a maximum burnup of -0.8 a t -% were  t r ans fe r red  to  the Fuel  Cycle 
Faci l i ty  for examination. Also during this shutdown period, the reac tor  was 



run  a t  ze ro  power to check out the newly installed reac tor  kinetics monitor-  
ing equipment. This equipment employs s tainless  s tee l  rod drop and t rape-  
zo ida l  reactivity inser t ion  techniques. 

An interest ing experiment was run  a t  this t ime to cal ibrate  two 
experimental  f iss ion product monitoring devices used a t  EBR-11: a delayed- 
neutron monitor operating in a bypass s t r e a m  of reac tor  outlet sodium, and 
a charged-wire fission gas  monitor sampling p r i m a r y  blanket gas .  The 
calibrations were  per formed by moving a b a r e  fuel pin al ternately into and 
out of the co re  while operating a t  10 M W ( ~ ) .  The response  of the monitor 
s ignals  c lear ly  indicated that both devices were  capable of detecting fission 
product activity associated with a single unclad fuel pin. The t ime response 
of -the delayed-neutron sys t em was much fas te r  than that of the charged- 
w i r e  sys tem.  

The plant was shut down on May 26 for scheduled maintenance and 
l eak - ra t e  tes t s  of the reac tor  containment sys tem.  The reac tor  was s la r ted  
again on June 10 and continued in operation until June 25,  a t  which t imc a n  
approximate maximum fuel burnup of 1.0 at-70 had been attained. 

Because the design burnup level now had been reached,  a l a rge  
number of subassemblies  were  removed for inspection. Minor difficulty 
was  encountered with the l a rge  rotating plug during this  fuel handling. This 
phenomenon, a tendency toward "sticking" of the plug during init ial  opera-  
t ion, has  pers i s ted  and, despi te  investigation, i s  s t i l l  unexplained. The plug 
i s  readi ly f reed  and r emains  f r e e  during the fuel handling operation without 
significantly affecting operat ions.  

Sticking trouble a l so  developed in  s tar t ing one of the main  p r i m a r y  
pumps.  In this  instance, i t  was necessa ry  to par t ia l ly  d isassemble  the 
d r ive  motor  and mechanically dislodge the pump shaft. The sticking was 
attributed to accumulation of sodium oxide in the running clearance between 
pump shaft and s t ruc tu re .  .An  inc rease  in the a rgon gas back-flow through 
this  gap has s ince eliminated recurr .ence of s.uch s.ticking. 

The plant was maintained in standby condition until July 21 while 
awaiting r e su l t s  of fuel inspection a t  the 1.0 at-70 maximum burnup level.  
Then the r eac to r  was operated briefly a t  1.0 M W ( ~ )  to facil i tate physics 
measuremen t s  p r io r  to  attempting the next increment  of burnup. 

At that  t ime ,  removal  of additional subassemblies  f rom the reac tor  
became necessa ry .  Fue l  e lement  inspection resu l t s  had shown the regular  
e lements  a t  1.0 at-70 to b e  in excellent condition. A number of special  ele- 
men t s ,  however,  exhibited a v e r y  much higher fuel alloy swelling r a t e  (up 
to  8 vol-%/at-% burnup, compared to a maximum of about 5 vol-%/at-% 
burnup for regular  e lements ) .  These elements  were  identical to regular  

a 
elements  except that they had been especially accura te ly  measured  during 



fabrication for better comparison with post- i r radiat ion measurements .  
Appayently, some facet of the measuring.technique o r . s o m e  unsuspected.". 
perturbation in the fabrication. sequence affected the element performance 
adversely.   h he specific cause has not been determined.)  In consequence, 
all subassemblies  (about ten) containing speci.a.l'fue1 elements w e r e  removed 
a s  a precautionary m e a s u r e .  

The reac tor  was operated a t  45 M W ( ~ )  f rom July 29 to  August 1'2, 
when i t  was shut down af te r  an attainment of about. 1.1 at-70 maximum burn- 

up. This was followed by incremental  0 p e r a t i o n . u ~  to 45 M W ( ~ )  for  physics 
measurements  which ended on August 16. Routine removal of subassemblies  
for surveillance purposes was then again performed.  

The No. 9 control rod dr ive  shaft  was removed f rom the pr imary  
tank on August 23 because of pers i s ten t  sensing- rod sticking which inter  - 
f e r r ed  with normal  gr ipper  jaw operation. A replacement  shaft was 
installed.  

During a scheduled replacement of a safety rod, 'an opera tor ' s  
e r r o r  resulted in..destructive twisting of the rod top adapter  (handling head) 
while inserting the rod in the r eac to r .  Various inspections and checkouts 
w e r e  necessa ry  before fur ther  fuel handling could proceed.  No significant 
damage to fuel-handling equipment was sustained and no modifications 
w e r e  requi red .  

The reac tor  was r e s t a r t ed  on September 9 and operated a t  45 MW(~ ' )  
and 15 MW (e)  through September 13. At this t ime,  the responsibil i ty for 
the EBR-I1 Reactor  Faci l i ty  was formally t r ans fe r red  f rom the Reactor  
Engineering Division to the Idaho Division. 

Fue l  Surveillance 

A. v e r y  cautious,  conservative app~csdch  was exercised during this  
surveillance because .of the experimental nature and unique design of the 
c o r e  fuel elements and subassemblies ,  and the demand for high the rma l  
performance.  Some aspec ts  of the la t te r  include (a t  full power): ex t remely  
high power density,  up to  1230 kW/liter of c o r e  volume; high heat fluxes,  t o  
929,000 ~ tu / (h r ) ( f t ' ) ;  and high tempera tures :  1 2 1 3 ' ~  (fuel alloy); 1 1 0 0 " ~  
(clad);  1 0 4 0 ~ ~  ( rnn lan t ) .  In addition, coolant flow orificing to match  .flow 
distribution with power distribution within the reac tor  was of c r i t ica l  i m -  
portance. Thc fuel allay eulpluyed, U- 570 '0,s ; was ,''new. " Scrammable  
control rods and safety rods bearing fuel with liquid sodium bond w e r e  a l s o  
new. These  and other  cond,itions, a l l .d i rec ted  toward high reac tor  per for -  
mance ,  necessi ta ted a sys temat ic ,  careful  evaluation of co re  integrity 
throughout the initial power operation period. The program followed i s  
descr ibed briefly below. 



Figure  1 - 3 shows the configuration and principal dimensions of the 
EBR-I1 fuel element and subassembly (cluster  of fuel e lements) .  

At frequent in te rva ls ,  a s  burnup of fuel progressed ,  the reac tor  
was shut down and one o r  m o r e  selected subassemblies  were  removed f rom 
the r eac to r  and placed in  the s torage  basket.  After a cooling period of nine 
days o r  m o r e ,  they w e r e  removed to the Fuel  Cyc1.e Faci l i ty  for disassembly 
and inspection. Normally,  the following examinations were  made:  

Subassembly: visual examination; s t raightness  check (go, ~ o - ~ o )  

Fuel  e lements  : visual examination; d iameter  check (go, no- go);  
Na bond inspection; Na height determination. 

. . 

Fuel  alloy pins:  visual inspection; chemical  analysis ;  d iameter ,  
1 ength ,  and weight determination. 

All 91 fuel e le lne i~ ts  of a s u b a u u c ~ ~ ~ b l y  (61 in the casc  of a control 
o r  safe ty  rod) w e r e  visually inspected. Some 17-21 elements f rom each 
subassembly w e r e  given d iameter ,  bond, and height checks.  In each in- 
s tance ,  about 10 elements  were  s t r ipped for fuel alloy pin examinations. 

Examination resu l t s  f r o m  fuel elements a t  the lower burnups were  
used p r imar i ly  to a s s u r e  that no ser ious  mismatch  of flow and power existed, 
no sur face  deposition o r  flow blockages w e r e  being encountered, no vibration 
o r  wear  effects were  manifest ,  etc.  After higher burnup levels were  . . 

reached,  the examination resu l t s  were  employed to a s s e s s  i r rad ia t ion  dam- 
age pe r  s e and to indicate whether additivnal Lurrlup i l l c ren~en t s  could bc -- 
at tempted safely.  In the la t te r  c a s e ,  i t  was deemed advisable tu insligdlt: 
a "stop and go" procedure  for reac tor  operation. More  specifically,  a s  
each additional increment  of burnup was accrued ,  the reac tor  was shut down 
until .inspection of subassemblies  removed a t  that t ime justified attempting 
the next increment  of burnup. 

This conservat ive procedure  necessa t i ly  reduced substantially 
the "plant fac tor .  " However,  i t  added significantly .to the safety of the initial 
operat ion and probably precluded some  potential fuel element fa i lures .  The 
potential fa i lures  w e r e  not related to regular  fuel e lements ,  but to a smal l  
number of special  e lements  which had been incorporated in selected sub- 
a s sembl i e s .  These  specials  were  identical to regular  elements except for 
var iat ions in  the fabrication p rocess  to  permi t  more  thorough pre- i r rad ia t ion  
measuremen t s .  1nspecti.on of the special  elements disclosed they were  
undergoing substantially g rea te r  i r rad ia t ion  damage than the regular  ele- 
men t s .  At 1 at-($0 burnup, a l l  of the spec ia l  e lements  had to be removed 
f r o m  the r eac to r .  On the other hand, a l l  regular  fuel elements were  s t i l l  
in  excellent condition and capable of g rea te r  burnup. 
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.Except  for  the obvious benefit of visual examination, the most  useful 
determination was that of the sodium height (distance f rom top of fuel alloy 
pin to sodium su r face )  within the element.  As burnup proceeds,  the volume 
of the fuel alloy inc reases  , thereby displacing bond sodium and increasing 
the sodium su r face  height. As the height increases ' ,  the gas volume a t  the 
top of the element grows sma l l e r  and the gas p r e s s u r e  increases .  Because 
maximum achievable burnup i s  l imited by the maximum allowable p r e s s u r e  
within the element,  the sodium height i s  a valuable indicator a s  to  whether 
additional burnup might be sustained safely.  ~ d d i t i o n a l l ~ ,  the change in 
sodium height can.be cor re la ted ,  quantitatively, to the amount of swellin,g, 
o r  change in volume, experienced by the fuel alloy. Sodium height was 
measured  by an  eddy-current  technique. P r i o r  to these measurements ,  
the elements were  re-bonded to eliminate voids o r  bubbles which might 
have been introduced during post- i r radiat ion hardling or disas  s errlbly . , If 
not removed, they could influence the height indication. 

Because fuel alloy swellirig i s  a function of ternperatur,e and hurnup, 
and because both rnaximum and average fuel alloy tempera tures  within 
EBR-I1 elements va ry  with radial  position in the r eac to r ,  subas s eniblies 
were  selected for inspection f r o m  a l l  the rows (1 - 6 )  of the reac tor .  

Most of the burnup data has been accrued a t  reac tor  operating 
conditions of 45 M W ( ~ )  power and full (100%) reac tor  flow..  At this power 

level,  fuel alloy tempera tures  
Table 1-1. EBR-II Subassemblies Examined for I r radiat ion Damage ranged f rom about 7 2 0 ' ~  a t  inl.et 

-. . 

Sodium Height, In. ends of a l l  elements to abol-~t 
Reactor From Maximum 

Megawatt- Subassembly Reactor Local 
(at -130°C) 1 0 5 0 ~ ~  a t  the highest. t.ernperathre 

Days Burnup, at-% *"g. Max. port j  nn.s of the hottes l: elements . 
350 C115 2 .14 - Similar ly,  clad tempera. t . i~res  
705 8 304 C .I7 
705 L406 5 (CR) 

.71 .*' .97 rarlged from about 7 1 0 ' ~  t.o 9 6 . 5 ' ~ .  .18 . .73 .87 .98 
705 C140 2 .27 .69 .83 .99 

1285 C112 4 .43 .67 .90 1.16 
1630 L413 5 (CR) .46 .76 .96 1.06 Table 1 - 1 shows the num- 
1285 C143 2 .50 .84 .93 1.04 b e r ,  location ( reac tor  row in which 
2010 C131 5 .57 .77 1.01 1.21 
2500 8314 6 .S . ,  i r rad ia ted) ,  and maximum local 
1630 C122 2 .63 . .95 1.11 1.23 burnup (percent  of heavy atoms) 
2500 L410 5 (CR) .71 .95 1.17 1.37 
2010 ' C103 2 .78 .92 of tlie subassemblies  inspected. 
2500 C141 4 .79 .92 1.15 1.44 Also given a r e  the minimum, 
2500 5601 3 ( S H )  .89 1.07 1.29 1.59 
2500 C145 2 .96 . .99 maximum, and average sodium 
2500 C138 1 .97 1.M 1.N heights observed in the eleii~eilts 
2910 5602 3 (SR) 1.02 1.19 1.35 1.68 
2910 C136 3 1.06 1.30 1.59 1,77 of each subassembly. The average 

burnup in the highest burnup ele- 
*CR = control  rod; SR = safety rod. 

ment'of a subassembly i s  about 
" 0.87 t imes  the maximum local burnilp shuwrl: Moreover ,  the avcrage burnup 

of a l l  elements in a suba'ssembly i s  roughly 0.81 t imes  thc maximum local,  
burnup indicated (for subassemblies  of row 4; somewhat higher in rows 1-3, 
and lower in  rows 5-6). 



Figu re  1 -4  shows volume-percent  swelling of the  fuel al loy v e r s u s  
maximum local  burnup a s  calculated f r o m  change in  sodium height. The  

P o s t - i r  radiation m e a s u r e -  
Fig. 1-4. Volume increase of fuel alloy ,as 

men t s  of fuel 'a l loy pin d i ame te r  
a function of burnup for EBR-11, Mark-I-type 
fuel element containing U-57; iissium ,alloy (maxima and .min ima only) and length 

provided another  check on fuel volume 

upper curve  i s  for  the poores t  pe t forming  element ,  the  1ower"'for the ave rage  
kle.&ent.   he lowk'r cu rve  i s  based 
upon the  ave rage  of the  init ial  heights 

change, but th is  method i s  not considered a s  accu ra t e  a s  the u s e  of sodium 
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height change. Pos t - i r rad ia t ion  measu remen t s  of gas p r e s s u r e  i n  the  space  
above the bond sodium w e r e  a l s o  made  on a number  of e lements .  As ex- 
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pected,  t h e r e  was no significant i nc rea se  until high burnup levels  w e r e  
reached.  F o r  example,  e lements  f r o m  subas  serilbly c 136 ,' with max imum 
burnup of about 1.06 at-YO,' exhibited final p r e s s u r e s  of 17-24 ps ia  (a t  room 
t empera tu re ) .  By comparison,  the  p re - i r r ad i a t i on  p r e s s u r e  was  sl ightly 
l e s s  than one a tmosphere .  

observed  i n ' a  l a r g e  number  of (typi- 
. 

ca l )  e lements ,  -0.82 in.  (a t  - 1 3 0 ~ ~ ) ;  
the' upper curve  i s  based on the max-  
i m u m  init ial  height observed,  
-0.92 'in. ::(at -1300C). The  l a t t e r .  
curve  m a y  be so;ri'ewhat opt imis t ic ,  
a s  t he re  is' no a s s u r a n c e  that  maxi -  
m u m  sodium height a f t e r  i r rad ia t ion  
i s  neces sa r i l y  assoc ia ted  with maxi-  

In s u m m a r y ,  c o r e  per formance  has  been excellent .  Subassembly 
per formance  was  good in  every  r e spec t :  s t rength  i s  adequate ,  s t ra igh tness  
i s  no problem,  chromium plating i s  fully re ta ined,  no evidence of any ten- 
dency to  s t i ck  i n  the  r eac to r  g r id  has  a r i s e n ,  no evidence of dele ter ious  
deposits  on fue l  e lement  sur faces  o r  of any kind of flow blockage has  been 
found, e tc .  All fuel element's examined were  in good condition, with no 
change in  external  d iameter  o r  appearance .  Of the m o r e  than 1400 r egu la r  
d r ive r  fuel e lements  removed for inspection,  none was found defective.  .The 
design burnup level  (minimum of 1.0 a t -% local  burnup) has  been attained 
and burnups a t  l e a s t  to  1.2 at-YO appear  achievable.  

1.1.2.3 Fa i lu r e  of Osci l la tor  Drive Mechanism 
-- - , . ..-. 

This  incident i s  descr ibed  in  deta i l  because i t  i l l u s t r a t e s  the mag-  
nitude and complexity of blind manipulations and operat ions  which can  be 
per formed to diagnose and c o r r e c t  equipment fa i lu res  in  sodium-cooled 
r e a c t o r s .  



On October 19, 1964, a spurious reac tor  s c r a m  occurred .  At the 
t ime ,  the . reactor  was operating a t  37.5 M W ( ~ ) .  Immediately thereaf ter  i t  
was learned that  two of the eleven control rods (NOS. 7 and 9) had failed to 
s c r a m .  The osci l la tor  'drive mechanism was checked a n d  a lso  was found 
to  be stuck. This dr ive occupies a .position normally assigned to a control 
rod (NO. 8 ) .  A program of investigation and cor rec t ive  action was under- 
taken which eventually, requi red  four months to complete.  

Site and Cause of the Stickinq. At the s t a r t  of the investigation, 
the immediate  objectives were :  (1) to determine the location of the sticking; 
and ( 2 )  to experiment  with forcible movements of the shafts in hopes of 
identifying t h e  general  nature of the sticking. 

, , 

There  a r e  twelve control rod posit ions,  a r r anged  in hexagonal 
configuration. Posit ion Nos. 7 and 9 a r e  located on 'either side of and im-  
mediately adjacent t o  the osci l la tor  a s s e m b l y  position. The upper adapters  
of the control rods and osci l la tor  rod connect to their  respect ive dr ive 
shaf t s .  The shafts extend upward, successively passing through the reac tor  
upper plenum, r eac to r  vesse l  cover ,  the bulk sodium over the reac tor  ves-  
s e l ,  the rotating shield plug, and into the work a r e a  over the p r i m a r y  tank. 
The combined length of the control.  (or  osci l la tor)  rod and drive shaft i s  
approximately 30 ft.  

Thus; there  a r e  th ree  general  a r e a s  in which "sticking" possibly 
could occur:  the portion of a control mechanism mounted on o r  extending 
through the rotating plug; the a r e a  of penetration of the reac tor  vesse l  
cover  by the dr ive  shaft; and the control rod thimble assembly  inside the 
r eac to r .  

Control rod No. 7 was gradually worked down to the fully inser ted 
position by a l te rna te  application of upward and downward forces  ranging up 
to  700 lb.  ~ u r t h e r  exercis ing of the shaft  reduced the friction, but did not 
r e s t o r e  normal  operation. Realizing that rotational movement would be 
requi red  to thoroughly f r e e  the shaft ,  'special  tools were  designed and their  
fabrication s t a r t ed .  Meanwhile, by delatching the dr ive  shaft and observing 
the f r e e  fall of control rod No. 7 through a sensing device,  i t  was de ter -  
mined t h a t t h e  sticking was not associated with either the rod o r  i t s  guide . 
thimble.  The dr ive  shaft  for control rod No.  9 then w.as f r eed  s imi lar ly .  

Af ter  delatching a l l  control rods except No. 9 f rom their dr ive 
sha f t s ,  the r eac to r  v e s s e l  cover was carefully ra i sed  about 1/8 in . ,  while 
simultaneously observing the top ends of the dr ive shafts .  The No. 7 shaft 
and the holddown tube of. the oscillato'r mechanism (physically identical to 
a control rod dr ive  shaft  in the region of fh.e reacto'r  vesse l  dover) ,  both r o s e  
while the other  ten dr ive  shafts remained s tat ionary.  This indicated c lear ly  
that the sticking was occurr ing in the penetrations of the reac tor  vesse l  
cover .  ( see  Fig.  1-5.)  



Attempts then were  made to 
STEEL BALLS 
ENTERED HERE f ree  the oscillator rod drive shaft 

and holddown tube. The drive shaft 
was loosened to the extent that i t  
could be oscillated over a range of 
about 2 in. 

By this t ime the special tools 
were available for rotation of the 
control rod No. 7 drive shaft. By 
using a combination of rotational 

SECTION and vertical movements the shaft 
was essentially completely freed. 

Attention again was turned to 
freeing further the oscillator drive, 
but without succes s . It then was 

SECTION thought that restoration of reactor  
coolant flow might help, particularly 
i f  sodium oxide were  the pr imary 
cause of sticking. After about a n  
hour of pumping i t  was found that 
both No. 7 and 9 control rod drive 
shafts and the oscillator drive were  
stuck again. The decision was made 

REACTOR VESSEL to remove control rod drive No. 7 
COVER SLEEVE from the pr imary tank. 

Removal of Control Rod 
Drives. Control rod drive No. 7 
was removed into a shielded caisson. 
Inspection of the shaft through shield- 
ing windows showed clearly the cause 
of the sticking. Small s teel  balls had 
become lodged in the clearance 
annulus between the shaft and the 

Fig. 1-5. Penetration of control rod drive shaft Stellite sleeve liner of the reactor  

through reactor vessel. Steel balls from oscil- vessel  cover penetration. Ten balls 
lator entered through guide funnel a t  top. (or pieces) had adhered to the shaft 

In and above i t s  labyrinth section 
and were recovered with i t .  These may be seen in  Fig. 1-6. Score marks  
on the shaft a r e  also apparent. 

The presence of these 1/8-in.-diameter balls made i t  certain that 
one of the linear ball bushings in the oscillator drive assembly had failed 
and that the balls released had found their way to the top of the reactor  ves- 
se l  cover sleeves. ( ~ a l l s  of this diameter were  employed inside the pr imary 
tank only in the oscillator bushings.) 



Fig. 1-6. Steel b a u  and scoring LJII No. 7 con- 
trol rod drive shaft just above labyrinth section 

The No. 9 control rod drive 
shaft then was removed from the 
primary tank. Inspection showed 
the same cause of sticking a s  in the 
case of No. 7. 

Oscillator Assembly. The 
oscillator assembly consists of two 
principal parts:  oscillator rod a s  - 
sembly and oscillatoa drive assembly. 
The oscillator rod assembly i s  posi- 
tioned entirely inside the reactor.  
It consists of the oscillator rod, the 
oscillator thimble, and the (No. 8) 
control rod thimble. The oscillator 
rod reciprocates within the oscillator 
thimble which sits inside the control 
rod thimble. The control rod thim- 
ble, in turn, is supported in and 
locked to the reactor vessel grid. 

,,, . I-*- - .  
The oscillator drive assembly 

consists of the oscillator drive shaft 
and a holddown tube. The drive shaft 
reciprocates inside the holddown 
tube (thus reciprocating the oscillator 
rod towhich i t  latches). The hold- 
i lvwi l  tube exteiida apvrnrrl t h r m ~ g h  
the reactor vessel cover and the 
s111dl1 ulatiiig plug. Its lowcr end 
i s  designed to engage the top end of, 
and "hold down" the oscillator 
thimble. 

Removal of the Oscillator 
Assembly. Three special tools had - -- 
to bc built before the oscillator drive 
assembly could be removed: one 
"L'eele~ luul, arid two "ball catcher '1 

tools. The "feeler" tool was used 
lu selrse separatioia of thc o ~ c i l l n t o r  
drive s l ~ a l l  I ~ u l l l  llle u u ~ i l l & t ~ r  rod. 
To prevelll llle pussilrlt: loss of addi- 
tional balls f rom the oscillator during 
i t s  removal, the two "catcheru tools 
could be inserted through the No. 7 and 
No. 9 sleeves and pantographed into 
position under No. 8 in such a way 
a s  to form a collector cup. 



Initial attempts to remove the oscillator drive assembly from the 
reactor vessel cover were not successful. Use of a pull force of more than 
5000 lb or  use of a substantially different procedure seemed required. 
Forces of such magnitude were of serious concern. It was considered abso- 
lutely necessary to avoid damaging the reactor vessel cover sleeve, o r  rup- 
turing the oscillator assembly in such location as  to make i t  essentially 
inaccessible fo r  subsequent removal attempts. Therefore, removal work 
was halted until a thorough study of the optimum procedure for removal 
(and of the maximum pull force which might be safely applied) could be 
completed. The next attempt to remove the drive assembly, using an up- 
ward force of about 2500 lb augmented by intermittent upward impact man- 
ually applied, was successful. Inspection of the holddown tube revealed 
six deep vertical grooves, just above the labyrinth, caused by steel balls 
jamming the holddown in a manner identical with control rod drives 
Nos. 7 and 9. No balls were recovered in the catcher tools. 

Inspection of the oscillator drive revealed that the lower of the two 
ball bushings had disintegrated and al l  i ts  balls were missing. It was evident 
that some of the balls released had been carried upward by sodium flow 
within the holddown tube to the single vent hole near the upper bushing. 
They then exited through this hole into the a rea  above the reactor vessel 
cover sleeves and from there descended into the shaft-sleeve annuli. 

An attempt was made to remove portions of the oscillator rod 
assembly. A tool was devised to be lowered through the No. 8 cover sleeve, 
lock into, and withdraw the oscillator thimble (containing the oscillator rod). 
The thimble could not be pulled out, however. It moved upward a short dis- 
tance and became stuck. This made it  apparent that some of the balls f rom 
the disintegrated bushing had entered the annulus between oscillator thimble 
and control rod thimble and had wedged the two together. 

An effort next was made to recover any balls which might still  be 
lying on top of the Stellite sleeve flange faces a t  positions Nos. 7, 8, and 9. 
Again, tools specifically designed for  the purpose were fabricated. No 
balls were found. 

Measurements of the relative vertical positions of the oscillator 
thimble and control rod thimble indicated that the reactor grid locking pin 
very probably was damaged. Consequently there was little hope of removing 
the oscillator rod assembly by lifting the control rod thimble (with the a s  - 
sembly inside it). Accordingly, i t  was felt  that effort should be continued 
on attempting to pull the oscillator thimble f r ee  of the control rod thimble 
o r  to pull the oscillator rod f ree  of the oscillator thimble. Again, i t  was 
considered absolutely necessary to conduct these removal attempts in such 
a way as  to preclude rupturing of the assembly components o r  lessening the 
probability of success of subsequent removal steps. Therefore, removal 
work was suspended until a careful study of the best approach and of real-  
istic limits on forces to be used could be completed. 



As a resul t  of the study, another tool was devised which enabled 
"holddownrr of the oscillator thimble while pulling on the rod. But even 
with this tool, using a force of 1200 lb and impacting, only slight rod move- 
ment  was obtained. It now was c lear  that the rod was firmly stuck in the 
thimble and that use of higher pull forces  would be  risky. Accordingly, i t  
was decided to attempt removal of the ent ire  assembly by lifting the control 
rod thimble, even though the evidence was strong that such an attempt would 
not prove successful. 

Fuel handling then was ca r r i ed  out. Six fuel subassemblies imme - 
diately surrounding the No. 8 control rod thimble (containing the stuck oscil- 
lator rod and thimble) were  replaced with scalloped, dummy subassemblies. 
These were needed to permit  rotation of the thimble fo r  unlocking. A tool 
was designed to be inser ted  through the auxiliary gripper sleeve of the reac-  
to r  vessel  cover,  descend over the oscillator rod protruding f rom the oscil-  
lator thimble, and grasp  the control rod thimble f rom the outside. After 
positioning the rotating plugs so  that the auxiliary gripper sleeve was 
directly over the oscillator rod assembly, this tool was inserted and latched 
to the control rod thimble. With considerable difficulty, the thimble was 
rotated the required 60 degrees to unlock i t  f rom the grid locking bar .  The 
thimble - with the ent ire  oscillator rod assembly - then was readily pulled 
upward out of the reactor  and pr imary tank into a shielded caisson. Exam- 
ination of the reactor  grid locking pin with special tools showed that no 
damage to the grid locking pin had been sustained. 

The reactor  was now in a condition in which al l  malfunctioning com- 
ponents had been removed. After reinstallation of the control rod drives, a 
s e r i e s  of checkouts were  made to assure  that the control rod and safety rod 
systems were operating satisfactorily. h'inal steps then were taken to re -  
s tore  the primary sys tem to readiness for power operation. Subsequent 
operation confirmed that no significant permanent effects on the reactor  
had resulted f rom the incident. 

1.1.2.4 Electrical System and Instrument Air Safety Tes ts  

The design of the electrical power system of EBR-I1 employs an 
emergency power system for  a number of cr i t ical  loads throughout the plant. 
These loads include the Control Power System, the Annunciators, Emergency 
Lighting, Cooling Water Pumps,  Shield and Thimble Cooling Systems, and 
others .  This emergency power i s  provided by two diesel generators,  a 
100-kW unit and a 400-kW unit. The most vital loads, such a s  Shield and 
Thimble Cooling, a r e  carr ied  by the 100-kW unit and a r e  backed up, in 
turn, by automatic switching to the 400-kW unit. 

In o rder  to tes t  the performance of the diesel generators and the 
switchgear, a s  well a s  the response of the entire integrated electrical 



system, an  electrical power failure tes t  was performed in June, 1964. This 
tes t  simulated a power failure of the normal system, with the diesel gener- 
a tors  assuming their designated emergency loads. 

As one of the preliminary steps of this test ,  the 100-kW and 400-kW 
diesel generators were operated under their respective loads to check their 
capability and the interlocking arrangement. It was found that the 400-kW 
unit would not automatically assume the cri t ical  loads from the 100-kW 
unit in the event of failure of that unit. It was decided to conduct the elec- 
t r ical  system test,  using manual switchover for these loads. 

The electrical failure tes t  was initiated from a Plant Standby con- 
dition, with the primary bulk sodium temperature a t  approximately 590°F. 
This was done by opening the 13.8-kV feeders. Immediately thereafter ,  
al l  cr i t ical  loads were assumed by the emergency power system. In the 
Pr imary  System, the primary pumps, pr imary tank immersion heater,  
rotating plug seal  heaters ,  silicone pumps, and argon blowers were de- 
energized. In the Secondary System, the secondary sodium pump, recircu- 
lating pumps, Dowtherm pumps, and al l  heating circuits were de- energized. 
The Steam System suffered a loss of power to the condenser cooling water 
pumps, motor -driven condensate pump, and motor -driven feedwater pump. 
(since the instrument a i r  compressor i s  on emergency power, al l  control 
panels and most  controls were  not affected.) 

All systems responded essentially a s  predicted. The Plant was 
orderly secured and brought back to the initial standby condition in approx- 
imately 3.5 hr .  

Several minor improvements were made a s  a result  of the test.  
The failure of the 400-kW unit to automatically pick up the cri t ical  loads 
of the 100-kW unit was investigated and corrected. A number of minor 
interlocks were found to malfunction and were  repaired. It was also deter- 
mined that better phone communication between switchgear centers and 
the control room was needed. 

The instrument air safety tes t  was intended to simulate the failure 
of the a i r  compressors to operate for any of a number of possible reasons, 
e.g., drive motor breakdown, electrical switchgear failure, compressor 
bearing failure, etc. 

The instrument a i r  failure tes t  was initiated by closing the main 
a i r  supply valve, with the Plant in standby condition a t  600°F. Since most  
controls a r e  equipped with a i r  accumulators, the Plant was slow in respond- 
ing. The condensate system was isolated from the feedwater system, since 
the deaerator makeup valve closes upon loss of a i r .  Steam bypass flow to 
condenser ceased along with the blowdown flow; therefore, the only makeup 
required by the steam drum was due to t rap  losses.  Water stored in the 
deaerator was more  than adequate to supply these losses.  



Cooling water flow to the secondary system main pump and rec i r -  
culating pumps also ceas ed. Since power to the main pump was shut off and 
power to the recirculating pumps was reduced, the temperature r i se  of the 
pumps ' winding was acceptable. 

The emergency a i r  compressor in the Reactor Building assumed 
i ts  load after the system a i r  pressure  slowly decreased to 71 psig. The 
fact that the compressor was cycling clearly indicated that it can adequately 
handle the emergency loads. 

Here ,  again, the Plant behaved essentially as  predicted. However, 
some minor inconsistencies with the predicted behavior were apparent. 
Unexpectedly, the startup feedwater pump remained in operation; its 
unloading valves were  on plant a i r  and not instrument a i r  a s  supposed. 
Also, the steam header pressure  gage and the feedwater valve position 
indicator were found to be inoperative with loss of instrument a i r .  

In approximately 4 h r  after initiation of the test ,  the Plant was 
successfully restored to the initial Standby condition. 

1.1.2.5 Steam Generator Repair 

The EBR-11 steam generator consists of eight (8) evaporators 
coupled, through a s team drum, to two (2) superheaters.  Both evaporators 
and superheaters a r e  shell-and-tube heat exchangers, having 7 3  duplex 
tubes (1.438 in. O.D., 1.065 in. E.D.), welded into fixed double tubesheets 
at each end, an  overall length of approximately 30 ft, and a shell diameter 
of 20 in. Sodium on the shell side flows countercurrent to the "water-steam" 

. flow in  the tubes. The dead air space between the double tubesheets can 
be viewed through inspection holes. The material  of construction is  low 

1 alloy carbon steel  containing 2 z 7 ~  chromium, 170 molybdenum. To provide 
for better heat t ransfer ,  the superheater tubes a r e  cored to increase steam 
velocity. This i s  the only difference between the design of an  evaporator 
and a superheater in EBR-11. Figure 1-7 shows a typical EBR-I1 evaporator. 

On February 4, 1965, inspection of the a i r  space between the upper 
tubesheets of evaporator EV-702 (located near the southwest corner of the 
Sodium-Boiler Plant) revealed a wet condition which strongly suggested a 
leak from the water side of the unit. This was confirmed by f i rs t  thoroughly 
drying the wet region, and then pressurizing the water side to 2250 psig. 

Since the leak was from the water side, the possibility of field 
repair  was promising. The 10-in. r i s e r  from the evaporator to the s team 
drum was removed, thereby exposing the top surface of the steam tube- 
sheet. To determine whether a failure occurred in a tube wall or  a tube- 
to-tubesheet weld, each tube was fitted with a rubber stopper, and the dead 
a i r  space between the tubesheets was pressurized with a i r .  A leak was 



readily detected in a tube-to-tubesheet weld with a solution of "Lek tec" 
and water.  The precise location and shape of the defect was determined 
with a dye penetrant. Figure 1 - 8 shows the pinhole defect a s  a smal l  da rk  

spot near  the end of the matchstick 
LEAK IN TUBE-TO-STEAM 
TUBESHEET WELD 

TUBE-TO-SODIUM 
TUBESHEET WELD 

STEAM TUBESHEET 
INSPECTION HOLES 

SODIUM TUBESHEET 
SODIUM INLET 

LENGTH = 3 0  ft. 

DUPLEX TUBES 
SHOCK TUBES 

SODIUM OUTLET 

WATER INLET REDUCER 
INSPECTION HOLES 

Fig. 1-7. EBR-I1 evaporator 

the tungsten electrode and a s  a back1 
1 bare  wire containing 1 ;i.OJo chromium 

filler.  

pointer. The hole was chased, by 
grinding, to a depth of approximately 
3/32 in. 

After inspection, the leak 
was concluded to be a defect caused 
by gas inclusion during welding. A 
thin layer of weld metal  covering the 
pinhole probably prevented detection 
by the final helium mass  spectrom- 
e ter  tes t  and also during initial 
operation. With slight amount of 
corrosion, the thin layer of weld 
metal was no longer effective and a 
leak developed. 

Field repair  was accom- 
plished by manually welding over the 
ground a r ea .  The welding procedure 
consisted of the following: 

(1) Preheat  the tubesheet 
to 225OF. 

(2) The gas tungsten-arc 
welding method was used. Argon 
was used a s  an  inert  gas, both for 

~ p - p u r g e  through the entire unit. A 
and 1% molybdenum was used a s  a 

(3) A post-weld heat treatment was made a t  825OF by holding a t  
temperature for one hour. The thermally-insulated tubesheet and head 
were  then a i r  cooled. 

Photographs of the initial repair  showed what appeared to be a 
crack. Although the defect in the photograph could not be seenwhenthe repai r  
was again inspected, a recheck with a dye penetrant did reveal a doubtful 
a rea .  As a precautionary measure ,  this a r ea  was covered with weld metal  
even though a helium mass  spectrometer leak test  indicated no leak. Since 
the second "repair"  was made in a region between the top of the weld and 
tube, neither pre-heat nor post-heat treatment was performed, 



Before the final helium 
mauu Y ~ U L ~ L O I - L - L C ~ P I -  test, cnch 
tube-to-tubesheet weld wd8 
tested to ensure that fine par-  
t icles were  not concealing 
other potential leaks. This 
was accomplished by f i rs t  
plugging a tube with a rubber 
stopper,  cupping the weld a rea ,  
and then pressurizing the weld 
with a i r .  Subsequent mass  
spectrometer  tes t  indicated 
"no leaku with the system oper- 
ating a t  a sensitivity of approx- 
imately 4 x lo-'' cc/sec (helium) 
and a t  a p ressure  ul 25 I I ~ ~ C S O I I S  

of mercury .  

Following the repair  of 
the evaporator, the r i s e r  w a s  
reinstalled. All welds w o r e  
inspected wilh a dye pellctral~t  
and then radiuxrdylled. Tl-ie - system (evaporator and r i s e r )  

Fig. 1-8. Matchstick points to pinhole was given a final hydrostatic 
leak in EBR-I1 evaporator EV-'lug tes t  a t  2250 psig. 

Subsequent to this r epa i r ,  the unit has been operated a t  p ressure  
and temperature for more  than 2000 h r ,  with no sign of leakage. 

Plant Imvrovements 

1.1.3.1 Reactor Plant 

During the course of reactor  operation, a r ea s  where improvements 
could be performed were  determined and the necessary steps taken to effect 
their implementation. In the Reactor Plant,  the principal a r ea  for improve- 
ments was in the fuel handling system; in particular,  the Fuel Unloading 
Machine, Control Rod Gripper Jaws,  and the Trdrlsler AXui. Other iim- 
provements were  concerned with the Auxiliary Gripper Plug and with 
p ressure  relief devices on the building containment vesse l  and the pr imary 
tank. 

During the Approach-to-Power Program,  until September 13, 1965, 
approximately 125 fuel handling operations were  performed. These involved 
t ransfers  of subassemblies either from the Interbuilding Coffin through the 
Fuel  Unloading Machine onto the Transfer  A r m  in the Pr imary  Tank o r  in 

4 



the r e v e r s e  direction. Problems& encountered during these operations were  
due principally to the presence  of sodium in c learances  between close-  
fitting, moving par t s  of the Fuel  Unloading Machine (the gr ipper  and gr ipper  
guide tube).  If these sur faces  a r e  not kept f r e e  f rom sodium, the vert ical  
t rave l  of the gripper will be obstructed. It can be moved, but only with 
grea t  force  and a t  the r i s k  of damaging pa r t s  of the dr ive mechanism. An 
improved gripper   a ark 11) was designed, manufactured, tes ted,  and installed 
in the Fuel  Unloading Machine. This gr ipper  features  grea ter  allowances 
for sodium which might adhere  when i t  i s  operated above the level of sodium. 
In addition, a force-limiting mechanism was installed to prevent ove r s t r e s s -  
ing the dr ive mechanism should the gr ipper  s t ick due to  sodium 
accumulation. 

On seve ra l  occasions,  the self-locking jaws of a Control Rod 
Gripper  malfunctioned due to a weakness in the unlocking cam.  This p r e -  
vented proper  disengagement of a control rod f rom i ts  dr ive  prepara tory  
to t r ans fe r  of the subassembly in  the P r i m a r y  Tank. Changes were  made  

. to improve the method of attachment to the Control Rod Drive Gripper .  

The Trans fe r  A r m  Mechanism i s  a major  component of the Fuel  
Handling System. It t ranspor ts  fuel subassembl ies ,  while submerged in  the 
p r i m a r y  tank sodium, between the Fuel  Unloading Machirie, the Storage 
Baskct ,  and Reactor  Loading Gripper  Mechanism. In o rde r  to achieve 
g rea te r  reliabili ty of the manually activated operations of the Trans fe r  
A r m  Mechanism, seve ra l  modifications w e r e  c a r r i e d  out. These  resul ted 
in  an  improved checkout sequence for  the subassembly locking device and 
bet ter  provisions for supervis ion of these activit ies f r o m  the fuel handling 
control console. 

The reac tor  vesse l  cover i s  provided with a penetration for an  
Auxiliary Fuel  Handling Gr ipper .  The penetration i s  normally plugged 
with a solid shaft for shielding purposes.  This shield plug' has been im-  
proved to  provide indicatioll ol upward movement in the unlikely event of 
sticking between i t  and the reac tor  vesse l  cover .  The reac tor  vesse l  cover  
i s  r a i sed  vert ical ly  for fuel handling. This movement would be automati-  
cally stopped should sticking occur .  

Special ,  s elf-actuating p r e s s u r e -  relief devices were-  designed for 
the r eac to r  containment building and for the p r i m a r y  tank. These devices 
will backup the existing building and tank p r e s s u r e  control sys t ems .  The 
reac tor  bu.i.l.cling device will operate ,  a s  necessa ry ,  to maintain a 'negat ive 
p r e s s u r e  within the building, without compromis ing containment integrity.  
It will re l ieve a t  - 6  in. H 2 0 ,  arid c lose  a t  - 2  in.  H20 .  The p r i m a r y  tank 
p r e s s u r e  relief device i s  designed to operate  only in the unlikely event of 

. . 
simultaneous fai lure  of no rmal  p r i m a r y  tank p r e s s u r e  control equipment 
and the onset of a seve re  p r e s s u r e  fluctuation in the p r i m a r y  tank. It will  
re l ieve  the p r i m a r y  tank to the reac tor  building a tmosphere  if the tank p r e s -  
s u r e  exceeds l imits  either above o r  below i ts  normal  p r e s s u r e .  



. l .  1.3.2 Sodium-Boiler and Power Plant  

The secondary sodium sys tem functioned well  a s  the power level 
of the reac tor  was increased  in the initial phases  of the.Approach-to-Power 
P r o g r a m .  Some difficulties w e r e  encountered in the secondary sodium 
pump control sys t em,  but did not ser iously delay the program.  Improve- 
ments  were  made  by replacing the self-correct ing feedback feature with. a 
s imple  manual- type control for changing the flowrate. The feedback feature 
was unstable a t  a e r y  low voltages and unnecessary for s table  operation a t  
high vol tages.  This i s  due principally to the fact that the secondary flow- 
r a t e  i s  continuously under the d i rec t  rrlarlual control of a n  opera tor .  

Pe r fo rmance  of the s t e a m  sys tem i s  bes t  descr ibed a s  f a i r .  Nu- 
m e r o u s  minor  difficulties were  encountered and cor rec ted .  Almost a l l  uf 
the troubles related to  conventional, commerc ia l  components. These  
included: ea r ly  fai lure  of blading on the s t eam turbine dr ive  of the maill 
feedwater  pump; faulty operation of the feedwater control valves;  poor p e r -  

t formance  of ma in  header  safety valves;  and peruiutcnt mechanical troubles 
with the cooling tower.  

1 .,1.4 Experimental  Support 

1.1'.4.1 Mater ial  Surveillance Subassemblies  
. . 

In o r d e r  to  maintain survei l lance of the condition and behavior of 
the neutron shield graphite and of var ious meta ls  typical of the compune~lls  
submerged in  the p r i m a r y  sodium, a long- te rm mate r i a l s  i r radiat ion t e s t  
p r o g r a m  was initiated for  EBR-11. 'l'en m a t e r i a l  ir radidliou subas s cmblies 
have  been fabricated for this purpose.  Each subassembly will  contail1 d 

wide var ie ty  of specimens for dimensional,  physical property,  and curros ion  
survei l lance.  A number of these subassemblies  w e r e  placed in  the reac tor  
on March  1, 1965. They will be removed for  analysis  a t  intervals  extending 
over  the operating life of the EBR-11, thus providing increasing i r rad ia t ion  
exposures .  

Each  subassembly consis ts  .basically of th ree  sections a s  shown in 
F ig .  1-9.  The upper section contains th ree  graphite-fi l led cans that s imulate  . 

those of the neutron shield surrounding the r eac to r  vesse l .  These surve i l -  
lance  cans a r e  necessar i ly  sma l l e r  in  c r o s s  section in o r d e r  to  fit into the 
subassembl ies .  Also,  the can  wall  thi'ckness has  been scaled down to give 
approximately equivalent s t r e s s e s  under internal  p r e s s u r e .  In each se t ,  
one can  contains plain graphi te ,  one contains borated graphite,  and one 
contains half-plain and half-borated graphite.  The f i r s t  two types s imulate  
the shield cans of "s tandard" configuration. Some ,of these cans ,  being posi- 
tioned between reac to r  and nuclear  de tec to r s ,  r equ i re  the thermalizing 
effect of plain graphite;  o the r s ,  utilized to  reduce neutron flux, requi re  the 
borated ma te r i a l .  The third type is  'made  up to s imulate  the loading in  some 



of the cans  of t t specia l"  configuration 
which accommodate  ins t rument  
th imbles  o r  sodium l ines  o r  a r e  
located ins ide the r eac to r  ve s se l  
cover .  The cans  have been manu-  
factured and a s  sembled using the 
s a m e  p rocedure s  and m a t e r i a l s  
employed for  those of the  neutron 
shie ld .  Before  loading the  cans  into 
the survei l lance subassembl ies ,  
complete  m i c r o m e t e r  measu remen t s  
w e r e  made  and recorded .  After  i r r a -  
diation,  ana lys i s  of the cans  will  
include dimensional  m e a s u r e m e n t s ,  
gas  p r e s s u r e  measu remen t ,  and 
(possibly) gas  analysis  and graphi te  
inspection.  

The cen te r  sect ion of the 
subassembl ies  contains nineteen,  
closely-packed tubes fastened to a 
g r id  a t  the bottom. The cen te r  tube 
cvntains four flux w i r e s  (one ea.c.h 
of i ron ,  t i tanium,  nickel,  and copper ) .  
The r e s t  of the tubes contain two 
identical  s e t s  of metal l ic  s ample s  : 
one s e t  of nine tubes exposing the 
s amples  to sodium coolant, the  

Fig. 1-9. Sectional views of EBR-I1 o ther  s e t  seal ing the samples  i n  

mater ial  surveillance subassembly hel ium.  

Table 1-2. Surve i l lance Samples 

Table 1 - 2  l i s t s  the fourteen m e -  
tal l ic m a t e r i a l s  se lec ted  for  test ing in  
these  subassembl ies .  They r ep re sen t  
every  component m a t e r i a l  in the p r i m a r y  
sodium tank. Six types of samples  w e r e  
manufactured for  var ious  post-  i r rad ia t ion  
t e s t s .  Cylindrical  s ample s  of a fifteenth 
ma te r i a l  (carbon s tee l )  w e r e  furnished by 
another  l abora tory  for hardness  test ing in 
the sealed tubes only. These  s amples  also 
will be used to moni tor  dimensional s t a -  
bility and corrodibil i ty.  

Material Type of Sample 

A lum inum Bronze Tensile, hardness 
Haynes Stel l i te 68  Hardness 
lnconel  X Tensile, hardness, impact. 

spr ings 
Type 420 Stainless Steel Tensile, hardness 
Tool Steel T-1 Tensile, hardn'ess 
Type 347 Stainless Steel Hardness 
Type 416 Stainless Steel Hardness 
Berylco 25 Hardness 
Type 304 Stainless Steel w i t h  Boron Hardness 
Type 17-4 PH Stainless Steel Tensile, hardness, impact 
Type 304 Stainless Steel. Wrought  Tensile, hardness 
Type 304 Stainless Steel. Welded Tensile. bend test 
Type 304 5tdi111t')s Steel, , 

Special EBR-I1 Tensi le 
Tantalum Tensile, hardness 
Carbon Steel (not ANL) Tensile 

The lower sect ion contains a n  
a luminum-bronze labyrinth and Stell i te s leeve a s sembly  s imi l a r  (but reduced 
in s i ze )  to that used on . the  control  rod d r ives  where  they pass  through the 



r eac to r  vesse l  cover .  P r e c i s e  diametr ical ,  measurements  were  taken a t  
t h r e e  points on each land of the labyrinths and along eleven a r e a s ' o n  the 
Stell i te 'sleeve (opposite the lands) .  Upon removal f rom . . the. r eac to r ,  these 
p a r t s  will be examined for changes in dimensions and effects of cor ros ion  
and erosion.  . . 

. .. 

A total  of 240 specimens will be available f rom each subassembly 
for  these  examinations,  o r  m o r e  than two thousand specimens in al l .  

In o r d e r  to expose the graphite cans to a neutron flux level equal 
to  o r  grea ter  than that s een  by the major i ty  of the graphite cans around the 
r eac to r  vesse l ,  the survei l lance subassemblies  will be positioned near  the 
center  of the outer  blanket (twelfth row) in the r eac to r .  Sodium flow through 
the subassemblies  i s  slightly l e s s  than that in a staildard outer hl.ankct s1.i.h- 

assembly .  Eight of the subassemblies  wer,e inser ted  in the reac tor .  The 
oth.er t.wo were  placed in the s torage  basket to s e r v e  a s  controls .  The s to r -  
age  basket  i s  inside the p r i m a r y  tank, submerged in the s a m e  p r i m a r y  
sodium (and a t  the same  tempera ture)  a s  the subassemblies  in the r eac to r .  
The present ly contemplated interval  for  removal  of each subassembly f rom 
the reac tor  is 10,000 MWd. .One control subassembly will be removed f rom 
the s torage basket  along with the fourth and the eighth subassemblies  f rom 
the reac tor .  

1..1.4.2 Mark-A and Mark-B Irradiat ion T e s t  Subassemblies 
. . 

In o r d e r  to  gain maximum utilization of EBR-I1 as a ,fast f31.1.x fuel 
and ma te r i a l s  i r rad ia t ion  facility, a, p rogram has been undertaken to provide 
a. family of standardized experimental i r radiat ion subassemblies  to  accom- 
modate the wide variety of t e s t  sarmiples and t c s t  conditions con.templ.ated. 
Development of these subassemblies  has  beeii a cuntinuing effort for many 
months,  with .a broad plan evolvin-g in which seve ra l  types of i r radiat ion 
subassemblies  have been,  o r  a r e  being, designed;tested, and placed into 
operation. 

The. f i r s t  type, Mark-A,  provides experimenters  with a vehicle to 
i r r ad ia t e  nineteen 'samples  simultaneously within orle eivelopc a t  EBR-I1 
neutron f111x and t empera tu re  conditions. Encapsulation of Lhe t e s t  samples  
i s  reql.lj.r,ed. Coolant flows through a n  annular gap provided between the 
caps.ule and a shroud tube surrounding, i t .  By.means o f  an  in ter r~dl  orificc,  
the total  coolant flow r a t e  for the subassembly can be varied to suit  the 
t e s t  requi rements .  Severa l  subassemblies  of this design have been loaded 
into the r eac to r .  One has  completed i t s  i r radiat ion period,  has been d isas-  
sembled,  and the capsules  returned to the expe r ime~i l e r .  

Through evaluation of the utilization of the Mark-A subassembly 
arid discussions with exper imenters ,  i t  became apparent  that m o r e  flexibility 
was  needed for future i r rad ia t ion  t e s t s .  Therefore ,  a Mark-B design i s  



being considered that will  allow the loading of 61, 37, 19, o r  7 samples ,  
with o r  without encapsulation. This  design ut i l izes  helical  spacer  w i re s  in 
place of shroud tubes,  and provides for possible remote  reassembly  when 
the neces sa ry  anci l lary equipment becomes available.  The la t te r  would 
enable success ive  i r radiat ions  of a given sample ,  with examination a t  the 
end of each per iod.  Also,  the proposed maximum sample  length will  be 
some  20 in. longer than in  the Mark-A design. P re l imina ry  .plans a l so  have 

, 
been'made for  a Mark-C and, possibly,  a Mark-D design. The f o r m e r  will 
allow coolant t empera tu re  r i s e s  higher than present ly  achievable by by- 
passing a portion of the coolant flow. The la t te r  would accomplish the 
s a m e  and, in addition, would r a i s e  the coolant inlet  t empera tu re  level  by 
preheating.  

Additional detai ls  on Mark-A 
and Mark-B subassemblies  a r e  
given below. 

Mark-A.  The design of the 
Mark-A subassembly i s  shown in  
F ig .  1 - 10. Maximum length of the 
capsules  i s  about 40 in. M a x i m u m  
sample length and d iameter  accom-  
modatable a r e  approxim'ately 3 7  in ,  and 
0.32 in .  ; respect ively.  Each  capsule 
s l ides  into i ts  own shroud tube, and 
i s  positioned by clos e'-fitting dimples .  
The spaces  between the shroud tubes 
a r e  par t ia l ly  closed off with f i l ler  
s t r i p s ,  s o  that essent ia l ly  a l l  of the 
coolant flow ek' through the 
shroud tubes .  As an  added safety  
fea ture ,  a perforated sheet  i s  welded 
to the bottom of the top end f ixture .  
This  sheet  will re ta in  any 'pos sible 
broken f i l ler  s t r i p s  in the subassem-  
bly. T&O 'different designs of lower 
adaptor a r e  required:  one for sub-  
a s sembl i e s  destined. for r eac to r  
rows 1-5, and the other for u se  i n  
rows 6 and 7 (.where the ' r eac tor  
gr id  holes a r e  s m a l l e r ) . '  

Fig. 1-10. Sect ional  views of Mark-A A prototype of this design 
irradiation test subassembly . . . was manufactured to  de te rmine  any 

fabrication o r  assembly  problems,  
and to de te rmine  th6 p r e s s u r e  drop  chara 'c ter is t ics .  p lo t s  of flow r a t e s , v s .  
in ternal  o r i f ice  d iameter  we're obtained fdr  the var ious  reac tor  row 
posit ions.  (See Fig.  1 - 11 :) 



1 I  I I I 1 I  I I l l  - - - - 
EFFECTIVE 

// S'ASSY A P ,  I N  ROWS 6 8 7 
- - 

- - 
EFFECTIVE 

S'ASSY A P ,  
ROW PSI  

IN ROWS 1 - 5 

I I 1 I J I I  I I  I  1 1 1 1 ,  10 
0 . 3  0.4 0 . 6  0 . 8  1.0 0 . 2  0.3 0 . 4  0 .6  0.8 1 .O 

l N T E R N A L  ORIFICE D I A M E T E R ,  in. 

Fig. 1-11. Coolant flowrate as a function of internal orifice diameter in Mark-A irradiation 
test subassembly for the case of full reactor flow and nominal 67-subassembly reactor core 

Sufficient hardware was  purchased and/or fabricated for approxi- 
mately thir ty  Mark-A subassemblies .  Included was the tubing and tip 
ma te r i a l  for the capsules ,  thereby assur ing  the uniformity of a l l  mater ia l  
exposed to the reac tor  p r i m a r y  sodium. The capsule ma te r i a l  i s  supplied 
to  the experimenter  on request .  

The Idaho Division established .a coordinating center  to handle a l l  
requests  for  i r radiat ions.  Briefly,  the procedure fulluwed is: 

(1) Experimenter  obtains approval in principle f rom the 
Laboratory.  

(2).  Experimenter  submits a description and hazard analysis .  

(3) Experimenter  prepares  capsules .  

(4) Capsules a r e  submitted tu Laburator y for non-destructive. 
testing. 

(5)  'Capsules a r e  approved for loading based bn ( 2 )  and (4) above. 

(6)  Capsules a r e  loaded into subassembly. 

(7 )  Subassembly i s  flow tested and loaded into reac tor :  

(8) Subassembly i s  i r rad ia ted  per  exposure requested. 

( 9 )  Subassembly i s  disassembled in Fuel  Cycle Facility and cap- 
sules  returned to experimenter .  # 



Table 1-3. Mark-A Irradiation Subassemblies in  EBR-I1 Seven of these subassemblies  

Assemblv Reactor MWd . have been'loaded into the r eac to r .  . . 

No. PositionE Requested Contents Their  respective positions, contents, 

X A O ~  ROW 6 (C) 14,000 19 fuel and requested exposure a r e  l is ted i n  

x G O ~  Row 4 (C! : 400 6 fuel, 4 material, Table 1-3. 
9 shroud tubes blocked off 

. . 

XG02 Row 7 i l ~ )  13,650 ' 1  fuel, 18 dummy Mark-B .' This design'was 
XG03 ROW 7 ( I B )  19,450 2 fuel, 17 dummy . initiated to provide m o r e  flexibility for 
XG04 ROW 7 ( IB) 39,000 2 fuel. 17 dummy' the experimenter  and to facilitate the 
XG05 ROW 4 (C) 10,300 14 fuel, 5 material " ' ' possibility of reinser t ing t e s t  elements 
XG06 ROW 4 (C) 20,600 14 fuel, 5 material in the r eac to r .  The basic design fea-  

"(C) = core; ( I B )  = inner blanket. tu res  ( ~ i ~ .  1-12) a r e  s imi lar  to those 
of  ark-^, except that: (1) intercom- 

munication of flow channels i s  effected by substitution of helical w i re  wrap-  
ping in place of dimpled shroud tubes; ( 2 )  allowable length of capsules (or  
samples)  i s  increased;  and ( 3 )  the inlet f i l te r ,  no longer considered neces-  
s a r y ,  i s  eliminated. Four  models a r e  contemplated. The pertinent details 
a r e  l isted in  Table 1-4. 

I 

Table 1-4. Mark-B lrradiation 
Test Subassemblies 

Type No. of Capsules Capsule O.D., in. 

1.1.4.3 Mark-I1 Oscillator 'System 
Design 

The new oscillator sys t em 
will facilitate monitoring of reac tor  
kinetics in  EBR-I1 and allow grea ter  
flexibility in the acquisition of desired 
data .  Need of the new sys tem was 
occasioned by failure of the original 
oscil lator a s  descr ibed ea r l i e r .  
Design i s  nearing completion, and 
fabrication of seve ra l  components i s  
underway. 

The oscil lator i s  a ro t a ry  
device to be installed in place of a 
control dr ive (and rod).  It i s  fully 
compatible with the fuel-'handling 

, s y s t e m  and will not cause any delay 
during the fuel handling s tar t ing and 

Fig. 1-12. S e c t i o n a l  v i e w s  of Mark-B finishing sequences.  The oscil lator 

irradiation test  s u b a s s e ~ n b l y  rod will be inser ted o r  removed via 



the existing fudl-handling gr ipper  mechanism, t ransfer . -arm mechanism, 
and fuel-unloading machine, and thus will  not requi re  any . special  . tools o r  
shielding coffins. 

The osci l la tor  rod ,  F ig .  1- 13, consists of an outer tube containing 
four eccentr ical ly  located, cylindrical,  inner tubes.  The centers  of , the 
inner  tubes a r e  approximately 0.,7 in. f r o m  the center  of the outer tube. 
The la t te r  can  be rotated a t  spekds of 0.002 to 2.00 r p s  and, for a l imited 
t ime ,  a t  higher speeds.  Two of the inner tubes contain 75 gm of B4C; they 
a r e  connected to a gas-expansion chamber (volume = - 49 in.3). This will  
p e r m i t  about 1 at-% burnup of a l l  boron a toms before increasing the internal 
p r e s s u r e  by $our a tmospheres ,  assuming 100% gas r e l ease .  Subsequent 
osci l la tor  rods can include minor  modifications in  B4C loading, i f  des i red .  

The outer tube i s  topped by a quasi-s tandard fuel subassembly 
upper  adapter ;  i t s  bottom end connects to a sleeve bearing assembly  that 
f i ts  into a s tandard control rod thimble.   he rod-bearing sur faces  a r e  
made  of Colmonoy No. 4 and Stell i te 6 ~ .  The bearing assembly  i s  anchored 
to  the reac tor  ,support gr id during oscil lator operations,  but i s  completely 
removable.  No bal l  bearings a r e  used in  contact with sodium. 

The osc i l la tor 'd r ive  connects to the upper adapter with a gr ipper  
s imi l a r  to the control dr ive  g r ippe r s .  It has  two flat a r e a s  on the gr ipper  
jaw teeth which bear  against  matching flats on the uppe,r adapter and thus 
t r a n s m i t  the ro t a ry  motion. A 28-ft long rotating shaft assembly  extends 
upward through the shield plug and through a pressur ized  packing seal .  
T h e r e ,  it connects to a var iable-speed motor dr ive and gear  assembly  a s  
wel l  a s  to the sensing and jaw actuating devices.  The rotating shaft i s  con- 
tained i n  a guide tube.whi.ch extends f rom. the  top of the shield plug down- 
w a r d  through the bulk sodium, the reac tor  vesse l  cover ,  and into the reactor  
v e s s e l  upper p'lenum. The guide tube houses four bearings spaced aboul: 
7 ft apa r t .  Two of these bearings a r e  submerged in  sodium and a r e  made 
of the same  ma te r i a l s  a s  the osci l la tor  rod bearings.  The other  two bea r -  
ings operate  in  the a rgon  blanket region. They a r e  made of  ~ o l m o n o ~  
No. 5 and Aluminum-Bronze, Arnpco No. 22.  All  bearings a r e  removable.  
The guide tube i s  suspended f r o m  a force-sensi t ive.device that detects any 
significant f r ic t ion during ver t ica l  t rave l  of the reac tor .vesse1  cover .  

The sensing,  actuating, and driving devices a r e  mounted on the con- 
t r o l  dr ive lifting platform and operate  in  a i r . a t  room tempera ture .  Appro- 
p r i a t e  control cables  lead to the osci l la tor  console in the control room. / 

Severa l  component t e s t s ,  a s  wel l  a s  a shor t - t e rm performance 
t e s t  of the complete osci l la tor  i n  sodium, a r e  planned before i t s  installation 
i n  EBR-11. 
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1.2 FAST REACTOR TEST FACILITY (FARET) 

1.2.1 Summary 

The F a s t  Reactor T e s t  Facili ty (FARET) P ro jec t  was activated by 
the Laboratory in 1962, and authorized by Public Law 88-72 on July 22, 
1963. The principal objective was to provide a facility for. the performance 
testing of fuel for future,  la rge ,  fast  r eac to r s .  On December 2, 1965, the 
FARET Projec t  was  terminated by the Atomic Energy Commission a s  a 
r e su l t  of a change in  the Commission 's  program.  

During the foregoing period, the Laboratory coordinated the facility 
design activit ies of the k r c h i t e c t - ~ n ~ i n e e r  ( ~ e c h t e l  Corporation); c a r r i e d  
out the r e s e a r c h ,  design, and development of reac tor  components and r e -  
la ted-  fuel-handling equipment; completed a sd1el.y allalysis s f  tkc facility; 
a n d  developed ,a  tentative experimental program to be conducted i n  the r eac -  

tor .A'3* In addition, the Laboratory conr- 
Table 1-5. Design Packages - = -.- dinated' the efforts of a Construction 

No. Title Date Completed Manager (united Engineers and Cons t rue  - 
I Site Preparation July 26, 1964 t o r s  , I ~ C  .) engaged by the Commission. 

11 Reactor Vessel August, 1964 This f i r m  was responsible for  procure-  
I l l  Liquid Metal Heat Exchangers April 15, 1965 
I V  Liquid Metal Pumps April 14,1965 -nlent of principal plant components, with 
v Control and Instrumentation June3,1965 the exception of the reactor  vesse l  and 

V I  Special Piping Materials and Valves April 14, 1965 
V l l a  Liquid Metal Purification System April 14, 1965 in-cell  equipment. AS shown in Table 1 - 5 ,  

VI I I  Specialty Steel Cancelled the design and specifications w e r e  divided 
I X  Principal Design June 3, 1965 . 

-- into nine procurement  packages, according 
a ~ h i s  package was later reorganized to include certain early to types of work to be performed. 

procurement items. 

A Prugran l  Evaluation.and Review Technique (PEK'I') sys tem was 
utilized to coordinate the various r e sea rch ,  design, procurement ,  and con- 
s t ruct ion activit ies.  A comprehensive sys tem of networks, showing in ter -  
relationship between tasks ,  was developed and kept up to clate on a 
m.onthly basis .  

A Pre l imina ry  Safety Analysis Report (PSAK) on the FARET facil- 
i ty was completed and reviewed by the Division of Reactor Dev-elopment 
and Technology (DRDT), Division of Reactor Licensing (DRL), and the 
Advisory commit tee  for  Reactor safeguards (ACRS) .~  Subsequently, two 
ma jo r  supplements and seve ra l  minor submittals were  prepared and a 
number of major  review meetings w e r e  held. 

Initially, the f i r s t  experiment proposed for FARET was the inves- 
tigation of Doppler broadening effects typical of la rge ,  fast ,  ceramic-fueled 
r eac to r s .  In February ,  1965, the Laboratory decided to  defer this experi-  
ment  and to concentrate on fuels i r radiat ion experiments .  Par t icu lar  

*Superscript numera ls  correspond to re ferences  l is ted a t  the end of each 
subsection throughout this repor t .  



emphasis was placed upon the development of fuels performance data r e l e -  
vant to the Prototype Reactor in  the AEC's  F a s t  Reactor Development 
P r o g r a m .  New core  a r rangements  were  studied and a Reference Core  I 
design and experimental program w e r e  established.' 

A vendor ( ~ a b c o c k  & Wilcox CO.)  was selected for  the design and 
fabrication of the reac tor  vesse l .  P re l imina ry  design of the vesse l  was 
completed. 

A prel iminary design of the reac tor  vesse l  cover handling sys t em 
a lso  was completed. It uti l izes a r a the r  unique, l a rge ,  flexible bellows. 
Tes t s  on scaled-down bellows have been completed. The design of the pro-  
totype control dr ive  mechanism has been completed. A variety of t e s t s  
have been conducted to establish the feasibil i ty and reliabili ty of var ious 
subcomponents of this mechanism. 

The 'design of the fuel-handling sys t em and in-cel l  components has  
progressed  to the prototype s tage,  with components i n  various s tages of 
fabr ica t io i~  and procurement .  Sub-components of the subassembly cut-off 
machine, such a s  the instrumentation lead severance  device, a r e  being fab- 
r icated.  A laboratory mock-up has been completed for  the investigation of 
in- ce l l  handling operat ions.  

A cel l  window design has  been completed, bas.ed on Laboratory 
t e s t s  of l a rge  s labs 'of  g lass  subjected to  p r e s s u r e ,  tempera ture ,  and impact .  
Specifications have been prepared  for procurement  of these 'units. 

A la rge ,  1200°F (sodium) Fuel  Assembly Flow Tes t  Loop was con- 
s t ructed.  This loop will facilitate testing of subassembl ies ,  in -core  ins t ru-  
mentation, control dr ive mechanisms ,. and fuel-handling operations,  in  
sodium and argon atmospheres  s imi l a r  to the anticipated reac tor  
environment. 

Thermocouples for the measurement  of coolant and fuel t empera -  
tu res  a r e  in various s tages  of development and e ~ a l u a t i o n . ~  Tempera ture-  
emf relationships for W-37'0 ~ e / ~ - 2 5 7 ' 0  Re thermocouples have been m e a -  
sured  a t  tempera tures  up to 2 8 ' 0 0 0 ~ .  Resistivity of alumina insulating 
ma te r i a l  was investigated. In-pile t e s t s  w e r e  sat isfactor i ly  performed on 
sa l~ l l~ l t :  couples in mixed-oxide fuel. These tes t s  accumulated 940 h r  of 
operation a t  fuel centerline tempera tures  up to 134!j°C, and a fas t  integrated 
f lux  of 1019 I I V ~ .  

Some effort was devoted to the development of a fl-owmeter to  
m e a s u r e  the flow of sodium coolant through an  individual subassembly. 
Three  prototypes - turbine,  electromagnetic,  and thermal .  - a r e  being.fab- 
r icated for t e s t  purposes.  



An important  aspec t  of the instrumentation effort was the develop- 
ment .  o'f connectors that would operate  sat isfactor i ly  in  a sodium o r  sodium 
vapor environment a t  tempera tures  to 1200°F and would be reusable .  Initial 
emphasis  was on the development of a n  e lec t r ica l  connector to t r ansmi t  
e lec t r ica l  signals f rom in -co re  thermocouple s e n s o r s .  A s e r i e s  of t e s t s  . 

~ e r e " ~ e r f o r m e d  in  a i r ,  argon,  and sodium environments : Encouraging 
r e su l t s  were  obtained.for slowly changing the rma l  conditions. 

The following principal milestones show the overal l  p rogress  of 
P r o j e c t  activit ies s ince 1962: 

. January, '  1963 Publication of the P ro jec t  Prospectus 

June,  1963 

July; 1963 . .  

October,  1963 

November; 1963 

Apr i l ,  1964,  

May, 1964 

June,  1964 

Februa ry ,  1965 

Currlplelt: ~r elirninar; Feasibil i ty and Cost  
Study (in conjunction with Atomics International, 
Inc. ,  and Shaw, Metz and ~ s s o c i a t e s )  

S ta r t  Ti t le-I  Design 

qongres  sional Authorization (Public Law 88 -72) 

Complete Ti t le-I  Design Report  

Title-I1 Design 

Construction Manager Assigned 

Complete P re l imina ry  Safety Analysis Report  

Complete Updated Cost  Es t imate  

Complete Review of Check Cost Es t imate  

Apr i l ,  1965 S e l e c t . R e a c t ~ s  Vessel  Vendor 
r 

June,  1965 . Complete In ter im Design Report  

June,  1965 Complete T.itle-I1 Design 

September, 1965 Complete ~ e f e r e n c e  Cnre-T Des ign  Report  

Novenlber,  1965 Gomplete, P r e l i m i n a r ~  ~ e ' s i ' ~ n  of Rea.ctor Vessel  
by Vendor 

November,  1965 Complete PSAR Review by ACRS 

December ,  1965 Terminat ion of P ro jec t  

This  section descr ibes  the work per formed during f iscal  1965, and 
a portion of f iscal  1966 up to terminat ion of the FARET Pro jec t  in Decem- 
b e r ,  1965. In the in t e res t s  of completeness ,  work per formed p r io r  to f iscal  

. . 
1965 is . included in  s o m e  instances.  , 



1.2.2 Facili ty Description 

The FARET facility, a s  designed, i s  a 50 M W ( ~ ) ,  . . sodium-cooled 
fast  reac tor  experimental facility to  be located about 4000 . . feet southeast 
of the EBR-I1 in the E a s t  Area  of the National Reactor  Testing Station, in 
Idaho. The reac tor  mixed mean sodium outlet tempera ture  range i s  
790°F-1150°F. Heat f rom the p r imary  sodium sys tem is  t r ans fe r red  to a 
secondary sodium sys tem f rom which heat i s  dissipated to  the a tmosphere  
in  a sodium-to-air  .heat exchan.ger. 

The facility ( ~ i ~ .  1-14) consis ts  mainly of a reac tor  building 
(87 ft wide, 172 ft long) of conventional construction and a n  attached support 
wing. The reac tor  building houses the containment s t ruc ture .  This s t ruc-  
tu re  consis ts  of a s tee l  and concrete cel l  (20 ft wide, 60 ft long, 37 ft high; 
70 ft high over the annex) with walls ranging 3-5 ft thick above ground level ,  
and a reac tor  vesse l  cavity and vault below ground level.  Within this con- 
tainment s t ruc tu re  a r e  located the reac tor  , essentially a l l  radioactive 
liquid meta l  sys t ems ,  and the fuel-handling se rv ices .  With re ference  to 
Fig.  1- 14, the reac tor  vesse l  ( l 5 ) ,  control dr ives  (9 )  and fuel-handling 
equipment (10, 14) a r e  located in the ce l l  and cavity; the sodium coolant 
sys tems (18) a r e  located in  the vault. 

The ent i re  containment s t ruc tu re  i s  designed for 30 psig p r e s s u r e  
and for impact  effects due to  a nuclear incident. 

The  principal in-cel l  operations will be fuel handling and the s e r -  
vicing of experiments .  The fuel- handling machine (10) i s  used to t r anspor t  
f r e sh  subassemblies  f rom the fuel t r ans fe r  por t ,  e i ther  direct ly  to  the r eac -  
tor  or .  to the fuel s torage  tank (14). It i s  a l so  used to t ransfer  fuel f rom the 
reac tor  e i ther  to  the s torage  tank for cooling, o r  direct ly  to the d isassembly  
machine prepara tory  to. shipment f rom the facil i ty. .  Disassembly. i s  l imited 
to  removal  of s t ruc tura l  ma te r i a l  and shielding f rom the subassemblies;  
the fuel portioris a r e  left intact.  The cut-off ma te r i a l  ( sc rap )  i s  deposited 
' in  t r ans fe r  containers and removed f r o m  the ce l l  via the fuel and equipment 
t r ans fe r  tunnel (16). 

The fuel-handling machine a l so  will be used to  plug and unplug 
instrument  connectors a t  the top end of subassemblies .  

The cel l  i s  designed such that essentially a l l  fuel and related han- 
dling operations can be performed by remote  control.  Six shielding windows 
a r e  provided for visual access .  There  a r e  a l so  five plugged openings for 
installation of additional windows. F o r  maintenance o r  major  adjustment,  
in-cel l  equipment can be removed either through the equipment por t  via the 
fuel t r ans fe r  tunnel, o r  through the l a rge  roof opening a t  the south end of 
the cell .  



I. BUILDING CRANE IS. REAZTOR VESSEL 
2 .  STACK 16. FUEL TRANSFER, CASK 

3. VESSEL COVER HOIST ' 17. PERSONNEL ACCESS ,LOCK 
4 .  VESSEL COVER AND BELLOWS ASSEMBLY 18. P3IMARY HEAT EXCHANGER 

5. SECONDARY SODIUM PUMP 
6 .  HEATING AND V E N T I L A T I N G  EXHA'UST 

9. CONTROL ROD DRIVES 
10. FUEL HANDLING M A C H I M  
II. PRIMARY SODIUM PUMP 
12. SODIUM TO AIR HEAT M C H A N G E R  
IS. F U E L  AND EQUIPMENT PORT 

, 14. WET FUEL STORAGE TPNK 

PORT WING 

. . 
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The cel l  s t ruc tu re  a t  the north end over the reac tor  vesse l  extends 
upward to form a space (30 f t  long, 24 ft wide, 25  ft high, inside),  designated 
a s  the cell  annex. A meta l  reinforced, fabric bellows installed between 
the annex and the reac tor  vesse l  cover provides a b a r r i e r  between the ce l l  
and cell  annex atmospheres .  This a r rangement  permi ts  access  to  the r e a c -  
tor  vesse l  cover and control dr ive mechanisms when positioned in  the ce l l ,  
and, a l so  while in a ra i sed  position, in an  atmosphere separa te  f rom that 
of the cell .  

The containment s t ruc ture  i s  prpvided with fixed and removable 
penetrations for personnel and equipment access  ; for power, control,  and 
instrument  wiring; and for various pipes and ducts.  Personnel  access  i s  
through locks in. the r e a r  cel l  ar'ea, environmental conditions permitt ing. 

The support wing (144'ft long by 50 ft wide) i s  of conventional 
s tee l ,  concrete and masonry  consti.uction. The f i r s t  floor contains the con- 
t ro l  room (immediately adjacent to the reactor.  building), adminis trat ive 
offices,  and personnel facil i t ies.  The basement contains the boiler room,  
cable s'preading room,  the support wing ventilating sys tem,  and other minor  
utilities and serv ices .  

Outside the main  building a r e  located the secondary a i r -  cooled 
heat exchangers. for the main and auxiliary cooling sys t ems ,  the 200 ft s tack,  
and t r ans fo rmers  and switchgear for the on-site e lectr ical  substation. 

1.2.3 Supporting Research ,  Design, and Development 

1.2.3.1 Reactor Components 

These  components include: (1)  the f i r s t  co re ;  ( 2 )  the reac tor  ves -  
se l ;  (3) the reac tor  control sys tem;  and (4) the reac tor  vesse l  cover han- 
dling s ys t em . 

The f i r s t  co re  i s  comprised of a var iety of t e s t  subassemblies ,  
ref lector  subassemblies ,  control assembl ies ,  and source  assembl ies .  
These a r e  contained within the c o r e  s t ruc ture  which i s  located within the 
reac tor  vesse l .  The control dr ive mechanisms a r e  located in ,  and a r e  
supported by, the reac tor  vesse l  cover .  P repa ra to ry  to refueling, they a r e  
delatched f r o m  the control rods ,  the cover i s  remotely disconnected, and 
the cover and dr ive mechanisms a r e  r a i sed  a s  a unit by the cover-handling 
sys tem.  This sys tem i s  located above the vesse l  in  the cell  annex. A l a rge  
flexible bellows between the cover and the floor of the cel l  annkx provides 
environmental separat ion between the cel l  and cel l  annex atmospher  e.s . 



Reference Core  I 
. , . . 

The p r i m a r y  object ive.of . ,experiknts  with the firs.t c o r e  in 'FARET, 
i s  to  evaluate thk performance of fas t - reac tor  fuel elements. typical of those 
to  be  used i n  a l a rge ,  fas t  power reac tor .  The specific near- . term bbje,?tive 
i s  a fuel loading for  the .Prototype Reactor of the AEC F a s t  Reactor Devel- 
opment p r o g r a m . '  . . The Core  I design operating c o n d i t i o n s a r e  to' 
b racket  the correspor?ding design specification of 'the prototype, with severa l  
of the 'different fuel- element designs tested under iris-trumented conditions. . 

More specifically, the Core  I design will consist  of. carbide,  metal ,  
and oxide fuels in subassemblies  driving.each other and will t e s t  simulta- 
neously . ten . different 'fuel-element designs'with good  statistic^.^ The C o r e  I 
da ta  a r e  l isted in Table 1-6.' Tables 1-7 'and 1-8 l i s t  the fuei element types,  ' 

' 

subas s embly designs,  . . and the tentative operating conditions. - ' 

. . 

Table 1-6. Coro I Data 

Entire core Radial reflector 

Equivalent diameter, in. 17.5 Height, in. 80 
Height, in. 18 Equivalent outside diameter, in. 42.3 
Volume, l i ter 70 Radial thickness, in. 13.1 

Subassemblies Radial reflector composition, vol-% 

Mixed oxide . 24 Stainless steel 82 
Mixed carbide 16 Sodium 18 
Pu-U allov 8 
Special s;bassemblies . ' :3 .  . Heat output, MW 5 0  
Control rods 12 
Radial reflector ( includina looosl 238 Primarv sodium temoerature. OF . . 
Total t . 301 . - 
Configuration Hexagonal To core 810 

Dimension across flats, in.  2.290 From core (nominal) 10% 

Lattlce spaclng. In. 2.320 
Tubo-WJII thickness, in. 0.0110 Primary sodium flow r i te_  

Through core, gpm , 6000 
Control-rod composition. vol-% Core pressure drop, psi 80 

Boron carbide 55 
Stainless steel 20 
Sodium 25 

. . 
. . 

Table 1-7. Fuel-Element Data 

Fuel Material U02-15 wt-% Pu02 UC-15 wt-% PuC ~ e t a l ~  

Elements per subassembly 37 37 61 
Fuel height, in. 18 18 18 
L I ~ U  outslae tila., in. u.zw u . 2 ~  U.ZZU 
Clad thickness, in.  0.020 O.Oma 0.016 
Spacer wire dia., in.  0.057 0.057 0.052 
Axial blanket height (each end), in.  6 6 6 
Gas reservoir, in. 25 25 25 
Element height, in. 55 55 55 
Effcctive fuel  dcnsity. 91 80 80 70 
Bond material Helium Helium Sodium 
Fuel U I P u  atom rat io 611 611 511 
Fuel details Coprecipitated; Single Phase; 

O I M  1.97-2.00 Solid Solution 

a0.015-in. C4 subassemblies. (See Table 1-8.1 

b ~ - 1 5  wt-% Pu-6.5 wt-% Ti; U-15 wt-% Pu-10 wt-% Zr. (See Table 1-9.1 



Table 1-8. Subassembly Data 

Maximum 
Linear 

No. of Heat Flux Maximum Maximum Burnups" Maximum Coolant 
Fuel Subassembly Fuel Clad No. of Instrumented IOesign). Clad Temp., Fuel Temp., at Removal. Clad Thermal Velocity. 

Material Designation Type Material Subassemblies Subassemblies , kW/f t  OF (OC) OF I°Cj at-% Stress. psi fps 

Oxide 01 
02 
03 
04 
05 

. . 06 

Carbide C1 
c 2  
C3 
C4 

Metal M 1  
M2  

Advanced GlS 

Pellets 304 
Pellets 304 
Vipak 304 
Vipak 304 
Pellets HSA 
Vipak HSA 

pellet; . 304 
Vipak 304 
Pellets HSA 
Vipak HSA 

U-Pu-Zr HSA 
U-Pu-Ti V-Ti 

NOTES: 1. Vipak means Vibratory compacted": HSA means 'high-strength alloy." not necessarily the same for oxide as for carbide, etc. 

2. Coolant inlet temperature is 810°F. Average outlet temperature from each subassembly is 1050°F. (Exception: outlet temperature from 05 and 
06 subassemblies is 1085OF.) Axial peaking factor = 1.2. 

3. Maximum clad temperature include both a 1.33 factor for flow and power maldistribution effects on coolant temperature rise, and a 1.10 uncertainty 
factor. Maximum fuel temperatures include the 1.33 factor but no uncertainty factor. 

"Approximate burnup intervals. 

The assumptions  used in  the t he rma l  calculat ions ,  bas ic  to the 
c o r e  design and. t he rma l  ana lys i s ,  a r e  shown in Table ,1-9.  

Table 1-9. Assumptions for Thermal calculations The c o r e  .configuration i s  shown 
(Basedon a sodium f i lm coefficientof 20,000 ~ t u l ( h r l ( f t ~ ) ( ~ ~ ) )  i n  Fig .  1 - 15. Severa l  conditions w e r e  

Clad Thermal FU~I-c lad Interface Fuel Thermal considered in  the positioning of the sub-  
Fuel Conductivity, Conductance. Conductivity. 

Material Btul(hr)(f t l l°F) ~ t u l ( h r ) ( f t ~ ) ( ~ ~ )  Btu/Ihr)(ft)(OF) as  emblies . was 

Oxide 13.5 1.500 1.7a 
a s  c losely  a s  possible ,  to simplify ana l -  

Carbide 13.5 1:500 
. .. 

1 . . ys i s  and to  subject  the s eve ra l  e lements  
Metal 14.5 40,000~ 

of ' each  type to  s imi l a r  power conditions 
aThe fuel is assumed to have a central hole large enough to pro- 
duce an "effective"fuel density of 85%. provided that the re-  throughout the exper iment .  Also,  to  
mainder of the jacket interior is f i l led with fuel of 1OWbdensity. 
This condition reduces the temperature r ise through the fuel to achieve the linear heat , the ura-  
67%of that through a solid fuel pellet. The central hole is ex- nium enr ichment  and posit ions- in  the 
pected to form i n  oxide at centerl ine temperatures above 
1600-180o0c. configuration w e r e  var ied .  

h h e  fuel is considered to have expanded against the jacket, dis- 
placing the bond sodium, and to have an accompanying reduction 
i n  thermal conductivity. The positioning was a l s o  influ- 

enced by the  sequence of removal  and 
replacement .  Ins t rumented subassembl ies  a r e  located s o  that  the loading 
and unloading of other  subassembl ies  i s  not encumbered by ins t rumentat ion 
leads .  It i s  planned to  remove  the ins t rumented subassembl ies  in  the l a t t e r  
s tages  of burnup for  each type e lement .  

. . 

Two exper imental  loops a t  the c o r e  edge and one loop in  the re f lec -  
t o r  a r e  planned. Each  subassembly  type i s  to be  tes ted  up to about 15 heavy 
a tom-percen t  burnup. The e lements  ar 'e to  be dest ruct ively  tes ted a t  p r ede -  
t e rmined  sub- intervals  of burnup. 



142.24 cm OD (56 i n . )  

I 

RL = REFLECTOR LOOP 
CEL 1 CORE EDGE LOOP 

S = VESSEL NOZZLES 
X = FUEL MATERIAL 

Z = PERIOD OF REPLACEMENT 
I = l NSTRUMENTED 

Fig. 1-15. Conflgura~iull lur FARET Core I experiment . 



Control Rod Drive Mechanisms 

Twelve identical control rod dr ive  assembl ies  ' a re  mounted on a 
common lifting platform and support s t ruc tu re  which, in turn ,  i s  supported 
by the top surface of the reac tor  vesse l  cover .  The dr ive mechanisms con- 
t ro l  the axial  movement of ver t ical  dr ive  shafts which extend downward 
through the vesse l  cover into the 'vesse l  in te r ior .  The bot tom'extremit ies  
of the.shafts  a r e  fitted with gr ippers  for  connecting the shafts to the upper 
fittings of the control rods located in the reac tor  co re .  

Each  control rod dr ive assembly  is  capab le  of rais ing o r  lowering 
its  dr ive shaft  and contrbl rod over 24-in. a t  a velocity of 6 in./min. The 
dr ive  shaft i s  electromagnetically latched to the dr ive mechanism. The 
electromagnet i s  attached to a travelling ca r r i age  which i s  dr iven by a pa i r  
of lead sc rews  and a gear  motor with a magnetic brake.  To initiate a rapid 
shutdown ( s c r a m  s t roke ) ,  the electromagnet i s  de-energized.  

Sc ram-s t roke  accelerat ion i s  attained by a pneumatic cylinder 
whose piston i s  connected to  the upper end of the dr ive  shaft .  Deceleration 
of the dr ive shaft i s  accomplished by a hydraulic dashpot shock absorbe r .  

The gr ipper  jaws a r e  actuated by the axial  movement of a concen- 
t r i c  shaft  (within the dr ive shaft)  that connects the gr ipper  with a jackscrew 
actuating mechanism. The jackscrew mechanism can be dr iven only when 
the dr ive shaft i s  in  the "down" o r  s c r a m m e d  position. In this position, the 
motorized gr ipper  dr ive mechanism Is output shaft can be mechanically 
coupled to the jackscrew shaft by means  of a solenoid. A concentric sens -  
ing shaft operates  in conjunction with the gr ipper  shaft to  ensure  posit ive 
engagement or  disengagement of a control rod.  Gastight metal l ic  bellows 
a r e  used with the concentric shafts to  prevent the escapeof  gas and sodium 
vapor f rom the reac tor  vesse l .  

The function of the lifting platform i s  to  va ry  the elevation of the 
gr ippers  (in their  "down" o r  s c r a m m e d  position) over a range of seve ra l  
inches.  F o r  example,  the lifting platform is  dr iven downward by 'motorized 
jackscrew mechanisms to effect engagement between the gr ippers  and the 
upper end fittings of the control rods .  The platform i s  a l so  used to lift 
the gr ippers  c lear  of the control rods before the reac tor  vesse l  cover i s  
r a i sed  for fuel handling. 

Severa l  control rod dr ive components a r e  being prepared  for  t e s t ,  
o r  have been tested with the following results. .  

Electromagnet .  An electromagnet  was designed and fabricated to 
m e e t  the requirements  of a fast-acting shaft r e l ease  device for sc ramming  
a control rod.  The following per formance  charac ter i s t ics  were  demon- 
s t r a t ed  in a separa te  t e s t  facility. 



Gap dimension, in. . 0.003 

Coil cu r ren t ,  amp  1.3 

Coil potential, volt 6 

Lifting capability, lb 1100 

Load re l ease  t ime ,  sec  0.017 

Tempera ture  r i s e ,  O F  23 

. Shock Absorber .  A dashpot hydraulic shock absorber  and s c r a m  
acce le ra to r  (modified s tandard pneumatic cylinder) were  assembled together 
with the electromagnet  and a dummy shaft .  A p r e s s u r e  of 12 psig provided 
a 1.. 5 -g  ac ie le ra t ibn .  The shock absorber  a l so  exhibited acceptable p e r -  
formance  characteristics, including a deceleration of about 4 g. 

Bellows Shaft Sea l ,  Specifications and drawings \irere prepared  for 
the purchase  of a welded-disc,  nesting- type bellows capable of accommodat- 
ing the movement of the.contro1 rod dr ive shaft. A facility was constructed 
to  pe rmi t  testing the bellows in  a simulated reac tor  environment of argon 
gas  mixed with sodium vapors  produced by molten sodium a t  1200°F.   he 
bellows has exceeded 13,000 cycles  with no leakage, and sodium o r  oxide 
deposition i s  apparent ly not sufficient to  hamper  the bellows1 performance.  

E lec t r i ca l  Components T e s t  Faci l i ty .  This facility i s  designed to 
t e s t  the reliabili ty of e lec t r ica l  components in a d r y  argon atmosph,ere a t  
1 50°F. The a s sembly  cons is t s  of a cylindrical,  gastight container filled 
with.argon gas  which is  electricall 'y heated. F o r  t e s t  purposes , a fractional- 
horsepower ,  geared ,  brake  motor  Gas  installed and put under the proper  
load conditions. Other t e s t  units included th ree  different types of switches 
and a self-  synchronous generator  dr iven by a sma l l e r  gear  -motor .  After 
about 180 hr  of operation, both moto r s  failed due to insulation breakdown. 
Operation of the t e s t  facility was suspended pending analyses  of the motor  
fa i lures  . 

Control Rod Gr ipper .  A gripper  s imi l a r  to  that used in  the EBR-I1 
r eac to r  has been fabricated for  t e s t  purposes .  The principal difference 
l i e s  i n  the m a i n  s t ruc tu ra l  ma te r i a l :  the FARET gripper  i s  made  of 
Haynes 25 alloy, whereas  the EBR-I1 gr ipper  i s  made  of s ta inless  s tee l  
Types 304 and 420. 

This gr ipper  will  be tes ted on a dummy control rod while both a r e  
i m m e r s e d  in  sodium a t  t empera tu res  up to  1200°F. Brief ly,  the t e s t  facility 
includes: 



( I )  A gripper  assembled  bn the lower end of a dr ive shaft. 

(2) A s c r a m  acce lera tor  and shock absorber  assembly .  The 
piston of the accelerator  i s  attached to the upper end of the dr ive shaft .  

( 3 )  A welded-disc bellows to sea l  the dr ive  shaft where  i t  pene- 
t r a t e s  the nozzle of the electr ical ly-heated sodium container.  

. . 

(4) ' An electromagnet for lifting the dr ive shaft (and control rod) .  
  he magnet i s  coupled to  a motorized lead-screw and ball-nut dr ive 
mechanism. 

. (5)  .Means. for manual actuation of the gr ipper ;  

Reactor  Vessel  

F igure  1 - 16 shows the reac tor  vesse l  assembly  within the cavity 
of the containment s t ruc ture .  As  indicated'by the legend, the vesse l  is of 
double-walled construction .(20, 2 l ) ,  with a bolted and seal-welded exten- 
sion ( 3 ) ,  and a cover (1) which protrudes above the cel l  f loor.  At this point, 
the v e s s e l  is sea led  to  the cavity walls by' a meta l l ic  expansion joint s e a l  (5): 
The vesse l  i s  supported on a s k i r t  (28) which, in turn ,  i s  anchored to , the  

' 

,floor of, the cavity. 

The annulus between the double-walled portion of the vesse l  i s  
filled with a NaK alloy. This alloy i s  used for detecting sodium outleakage 
.and for heating the vesse l .  

Within the vesse l  a r e  located a removable c o r e  suppdrt s t ruc tu re ,  
and a neutron shield of canned, borated graphite (18). The c o r e  support 
s t ruc tu re  i s  comprised of high- and low-pressure  inlet plenums (26, 27) 
formed by the c o r e  gr id plates ,  .and an  outlet coolant mixing chamber (14).  
This assembly  i s  supported a t  the bottom of the vesse l .  Inlet and outlet' 
coolant piping connections a r e  made  with special  couplings. 

. . 
The high- and, low-pressure  plenums se rv ice ,  respectively,  c o r e  

subassemblies  which requi re  high flow ra t e s  (fuel) ,  and ref lector  subas - 
semblies  which requi re  low flow r a t e s .  Each  subassembly has  an  or if ice  
which connects to the appropriate  plenum. Flow f rom the high- to low- 
p r e s s u r e  plenum i s  fixed by or if ices  in the gr id plates and in one o r  m o r e  
ref lector  asse~.r lbl ies .  

Safety and other aspec ts  of two- and three-gr id  plate designs for  , 

the c o r e  support cylinder. w e r e  compared,  and hold-down forces  on the 
subassemblies  during full-power operation w e r e  calculated for both designs.  
The resu l t s  indicated that a 150-lb subassembly will  re ta in  a t ' l e a s t  a 50-lb 
net .holddown. f0r.c.e with ei ther  design. In the three-plate '  design, the 
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THIMBLES 

UMENTATION NOZZLE 

EXPAN. JOINT SEAL 
6.OVERFLOW RETURN 
7. SUBASSEMBLY 
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9 .NoK  ANNULUS OUTLET 
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IK.NEUTHUN SHIELD 
I9 .CAVITY L INER 
20 .  INNER VESSEL WALL 
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Fig. 1-16. Reactor vessel assembly wi th in cavi ty  



.subassemblies sea t  on the top p1ate;above a low-pressure  plenum, and 
penetrate  .the ent i re  bottom plate. This design offered some advantages 
with regard  to holddown. However, the two-pla te  design, with seating on 
the top plate above a high-pressure plenum, was selected because. i t  was 
s impler  and l e s s  costly to  fabricate  and .permitted a shor t e r  subassembly 
lower adapter .  

A number of additional analyses  w e r e  a l so  performed for the r eac -  
tor  vesse l .  , Leakage flow pas t  the subassembly shielding extensions w a s  
calculated to be about 500 gpm. P r e s s u r e  drop and shielding and heat 
b a r r i e r  requirements  between the hot ( 1 2 ~ 0 ~ ~ )  leakage flow and cooler 
( 1 0 5 0 0 ~ )  sodium in the vesse l  inside annulus' were  investigated. P r e s s u r e  
drop  and/or heat exchange requirements  for inlet  plenum inlet  l ines ,  make-  
up l ine,  and auxiliary bypass (drain)  line were  established. 

A number of different c o r e  support gr id configurations were  ana-  
lyzed in a n  effort to a r r i v e  a t  an efficient s t ruc tu re  having acceptable 
s t r .esses  and deflections. Effects of t r ansve r se  p r e s s u r e  a n d t e m p e r a t u r e  
gradients were  taken into consideration. Application of thin-plate theory 

,, indicated the need for rows of reinforcing tubes between the two grid plates 
(6  ft dia.)  to reduce deflection and to pe rmi t  reasonable plate thicknesses .  
Fur the r  check analysis  using beam theory a s  well a s  thin-plate theory 
showed that s t r e s s e s  were  well below acceptable code values.  I 

A vendor (Babcock & Wilcox Co.) has  been selected for performing 
the engineering and manufacturing phase of the vesse l  design'. This work  
i s  in  two par t s :  (1) substantiation of the design sufficient to  pe rmi t  ordering 
the bulk of ma te r i a l s  and (2)  final engineering analysis  and construction 
drawings and procedures .  The f i r s t  pa r t  has  been completed and a r epor t  
submitted to the Laboratory.  This r epor t  contains the necessa ry  initial 
details of design, s t r e s s  analysis ,  cost  es t imate,  and fabrication schedules 
and' quality requirements  . 
. . 

Type 304 s tainless  s tee l  has  been sp.ecified. Because of the reac tor  
ves'sel design operating tempera ture  of 1150°F, the normal  allowable com- 
position range of the ma jo r  constituents has  been reduced to enhance the 
metal lurgical  stabili ty of the alloy. 

To maintain long-term dimensional stabili ty and the low c reep  
s t r a i n  specified (0.0001 in./in. for a life of 15 yea r s  a t  1 2 0 0 ° ~ ) ,  the vendor 
extrapolated existing c reep  data f rom three  different sources .  As a r e su l t ,  
a conservative s t r e s s  level of 1300 ps i  was selected for  the design. (Based 
on ASME Code, Sec. I, the allowable s t res-s  a t  1150" i s  4500 ps i . )  

. - 



Reactor  Vesse l  Cover Handling Sys tem 

. The FARET control  rod  dr ive  c lu s t e r  i s  i sola ted f rom the ce l l  
a tmosphe re  by means  of a 1arge.flexible bellows. ( s ee  F ig .  1- 17 . )  The 
beilows makes  a gastight connection between the rea 'ctor ve s se l  cover  and 
the c e l l  annex. T o  p e r m i t  fuel handling, ' the  ' r e ac to r  v'essel cover ,  with the 
a t tached control  d r ive  complex,  i s  r a i s ed  by a hois t  into the ce l l  annex. 

- 

HATCH' 

REACTOR VESSEL COVER 
IN RAISED POSIT ION 

-LIFTING FIXTURE 

CONTROL ROD DRIVES 

SUPPORT STRUCTURE 

Fig. 1-17. Reactor Vessel Cover Handling System 

The bellows i s  made  of a .double  layer  of e las tomer-coa ted ,  nylon 
fabr ic  with a luminum s l a t s  bonded between the two l a y e r s .  The slat*s p ro -  
vide rigidity to  the convolutions, yet  p e r m i t  the fabr ic  to  flex during move-  
m e n t  of the bellows. .The s l a t s  a l s o  l e s s e n  the overa l l  diffusion through the 
bellows by reducing the. effective leakage a r e a .  Nylon tapes  a r e  fastened to 
the convolutions to  l imi t  their  t r ave l  and to  support  the  weight of the bellows. 
Both ends'of the bellows a r e  provided with co l l a r s  for a t tachment  to me ta l  
f langes .  



The reac tor  cover is  lifted by means of a handling fixture and a 
hoist that is located be10.w .the' ceiling of the cel l  annex. Multi-conductor 
control dr ive cables a r e  attac.hed to the reac tor  cover inside the bellows. 
These cables run  over pulleys in the ce l l  annex and a r e  guided into a gas-  
tight tank located outside the annex wall. During the lifting operation, the 
extr'a cable length is taken up by a loop formed by the pulley counter-weight 
located inside the tank. When the cover i s  fully ra i sed ,  i t  i s  secured  to the 
annex sleeve (near  the cel l  annex floor) by locking bolts.  A shut te r ,  mounted 
on a ca r r i age  and r a i l s  supported f rom the cel l  wal ls ,  i s  driven by a motor -  
ized chain dr ive to form an annex c losure  a t  the cel l  ceiling. Two inflatable 
sea ls  a r e  -used to .complete  the gastight c losure .  

Conceptual design of the cover-handling sys t em has been com- 
pleted. Air  and moistur'e permeabili ty tes t s  on candidate bellows ma te r i a l s  
a r e  in process .  Cable tank cover penetration leak r a t e  and p r e s s u r e  t e s t s  
have been completed. Average leakage r a t e s  of 0.04 in.3/day pe r  penetration 
a t  30-psig differential p r e s s u r e  were  determined.  

Cell  Annex T e s t  Bellows. A shortened one-quarter  s ca le  t e s t  
bellows has been fabricated to  determine the effects of flexing a t  the s t r e s s  
points of the folds, leak tightness of the m a t e r i a l  and the metal  flange con- 
nections,  and the effects of differential p r e s s u r e s .  

The bellows i s  constructed of a double layer  of 0.018-in.-thick, 
hypolon-neoprene- coated nylon fabr ic ,  with aluminum s la t s  (0.050 in.  thick) 
bondkd between the two l aye r s .  There  a r e  th ree  complete convolutions, and 
a 2-in.-high collar a t  each end. Nylon tapes a r e  fastened to the convolutions 
to  l imi t  their  t rave l  and to support the weight of the bellows. The t e s t  a s -  
sembly measures  33 in. a c r o s s  flats on the outside and 27 in. a c r o s s  flats 
on the inside,  with a fully extended length of 18 in. 

The assembly  has accummulated in excess  of 1000 cycles with no 
detectable leakage. 

1.2.3.2 Reactor-Related Tasks. 

Hydraulic T e s t s  - Reactor Vessel  

In the FARET vesse l ,  up to 207'0 of the ma in  inlet coolant flow i s  
bypassed and subsequently mixed with the c o r e  outlet flow. Accordingly, a 
one-eighth sca le ,  plastic model of the vesse l  was constructed to  observe  
the bypass flow pat tern and to ensure  that adequate coolant flow through 
the co re  i s  maintained. Water was used to s imulate  the sodium coolant. 

The   nod el (Fig. 1- 18) was designed such that the flow through the 
co re  (A),  the flow past  the upper ref lector  (B) ,  and the bypass flow (C),  could 
be adjusted in proportion to flowrates in the parent  vesse l .  Three  different 



color  dyes w e r e  injected simultaneously in  the bypass flow a t  the entrance 
holes  t o  the mixing chamber .  High-speed photography'was used t o  obtain 
a velocity prof i le  over  the full c i rcumference 'within ' the mixing chamber .  
The  f i lm recording showed that  adequate coolant flow through the c o r e  is, 
maintained during s imulated r eac to r  s c r a m  conditions, f i r s t  by flow r e v e r -  
s a l  'in the mixing chamber  and then by coolant flow into ' the  auxi l iary outlet. 

FLOW LEGEND (GPM) 

, 

- . . # - - -  

MODEL 
A THROUGH CORE 33.5 

r ?( B PAST UPPER REFLECTORS 6.5 
c BYPASS 10.0 - 

TOTAL 5 0  

MAIN OUTLET 

- AUXILIARY OUTLET 

'MIXING CHAMBER 

C 

FIR.  1-18 

Schematic of 1/8-scale 
leactor vessel model used 
for hydraulic studies 

The effect of a 24-in.-diameter main  outlet pipe rupture  a l so  was 
s imulated.  In this ins tance,  i t  was neces sa ry  to  vent the mixing chamber  
s o  that  the wa te r  would not siphon below the c o r e  level .  

Hydraulic T e s t s  - Core  Subassemblies  

The water  flow tes t  loop, shown in F ig .  1 - 19 was constructed 
for  purposes  of verifyiriig the calculated flow charac te r i s t ics  of FARET 
c o r e  subassembl ies :  F o r  thesk t e s t s ,  the upper ref lector  of the s u b a i s e m -  
bly was removed.  

Concurrent  t e s t s  were  made  to  de te rmine  the holddown fo rces .  
In these  t e s t s ,  the ref lector  was simulated by balancing the hydraulic p r e s -  
s u r e  on a piston connected to the subassembly.  The resu l t s  showed that  a 
100-psi  p r e s s u r e  drop  through the subassembly yielded a net  holddown force  
of 80 lb. F o r  the s a m e  p r e s s u r e  drop ,  the leakage pas t  the lower gr id  annu- 
lus  was measu red  to be 2 . 3  gpm. . . . 

The following p r e s s u r e  drop relationship was developed to  cokre-  
l a te  the water  data to  sodium a t  the appropr ia te  tempera ture :  



LIFT INDICATOR ' 4 

Fig. 1-19. Subassembly Flow Tcst Assembly 



w h e r e  h i s  the  p r e s s u r e  drop  (psi )  i n  the t e s t  subassembly,  and w i s  the  
f lowrate  (gpm) of sodium a t  1000°F. 

F u e l  Subassembly Sodium Flow T e s t  Loop 

This  loop, shown schematical ly  in  F ig .  1-20, i s  near ing completion. 
I t  wil l  be  used  to  de t e rmine  o r  to  ver i fy  the  hydraul ic  cha rac t e r i s t i c s  and 
o ther  design fea tures  of fuel subas sembl i e s ,  control  r o d s ,  and in - co re  
ins t rumentat ion i n  a sodium environment up to  1200°F. 

Fig. 1-20 

FAKE'L' Fuel Subassembly 
sod ium Flow 'l'est Loop 

With r e f e r ence  to F ig .  1-20, the  p r e s s u r e  ves se l  and pumping c i r -  
cui t  a r e  located i n  a pit (20 f t  squa re ,  25 ft deep)  below floor level .  The 
v e s s e l  will accommodate  19 FARET fuel subassembl ies  i n  a mock-up c o r e  
suppor t  g r id .  The pump has  a capacity of 800 gpm. Thus up to seven  sub-  
a s sembl i e s  can  be tes ted  simultaneously,  using the  highest  flow r a t e s  
expected in the r e a c t o r .  S imi l a r  t e s t s  can  be conducted on 19 subas sem-  
b l ies ,  but a t  lower f lowrates  . 

\. 

Constructed of Type 304 s ta in less  s tee l ,  the loop m e e t s  the requi re -  
men t s  of Section VIII of the ASME code and the ASA-B31.l-1955 code for  
P r e s s u r e  Piping,  where  applicable.  Electr.ica1 rod-type heate 'rs  a r e  used ' 

fo r  heating and maintaining loop t empera tu re s .  P ipe  s t r ' e sses  w e r e  calcu- 
la ted using the Kellogg Analytical  Method. S t r a in  gages .have  been installed 
t o  m e a s u r e  the potential h igh - s t r e s s  points of the  piping during the init ial  
s t a r t -up .  

Other loop fea tures  include (1) a n  a rgon  gas  sys t em for  maintain- 
ing a n  i ne r t  a tmosphe re  above the sodium; and (2) a NaK-jacketed cold 
t r a p ,  a conventional plugging m e t e r ,  and a   lake res i s t iv i ty  m e t e r ,  fo r  
moni tor ing ' the  quality of the 900-gal sodium inventory.  . 

- 



' In-Core Instrumentation - Thermocouples  

The scope of this  effort includes design and evaluation of var ious  
m a t e r i a l  combinations for  u se  a s  thermocouples and insulators  i n  sodium- 
radiation.environments ranging f r o m  650°C to in  egcess  of 1600°C. 

High-Temperature  Thermocouples .  Thermocouples for  measur ing  
t empera tu re s  above. 1600°C m o s t  likely will  employ tungsten-rhenium alloy 
combinations .4 Tes t s  a r e -unde rway  to extend the known tempera ture-emf  
cha rac t e r i s t i c s  of these ma te r i a l s  t o  t empera tu re s  above 2400°C. B a r e  

w i re s  a r e  being used to  eliminate 

18.242 ' 2000 35.889 36.007 ":" 1 :::: 38.526 
Table 1- 10 l i s t s  the 

22.192 38.677 
26.053 25.956 40.775 40.678 

t empera tu re  - emf relationships 
1600 29.613 29.551 2600 42.597 for W-370 ~ e / ~ - 2 5 0 / 0  Re  thermo-  

32.905 32.922 2800 43.951 couples.  The Argonne values 

- 
Table 1-10. Temperature-emf Relationships "hot zone e r r o r s ,  " i . e . ,  possible 

fo r  W-3% Re/W-25% Re Thermocouples 
shunting effects of.any e lec t r ica l  

were  obtained by .a l ea s t - squa re s  
. fit to the t e s t  d a t a . ,  Over  97% of the t e s t  data a g r e e  to within k l70  of both 

the manufac tu re r s t  and the l ea s t - squa re  values .  These  couples have been 
re turned  for long-term thermoelec t r ic  stabil i ty t e s t s .  

Temp., Electromotive Force, mV 

O C  Argonne Manufac tu re rs  

Other t e s t s  a r e  in p rog res s  to  es tabl ish tempera ture-emf  re la t ion-  
ships for W-5% R ~ / W  -2670 Re couples.  

. 

Temp,, Electromotive Force, mV insulation on the output signal 
O C  Argonne Manufac tu re rs  

Resistivity of Ref rac tory  Oxide Insulators .  Thoria  shows par t ic -  
u l a r  p romise  for  e lec t r ica l  insulation a t  high t empera tu re s .  It has  a melting . . 
point of -3300°C and i s  compatible with r e f r ac to ry  meta l s  and alloys being 
considered for sheathing and/or w i re  e lements .  

. . 

The res is t ivi ty  of "c rushableu  and "vitr if ied" r e f r ac to ry  oxide 
insulator beads i s  being determined.  F o r  control  purposes ,  res is t ivi ty  
measurements  have been made on alumina,  
using ASTM standard ~ 2 5 7 - d l  p rocedures  with Table 1-11. Resistivity of Vi t r i f ied 

minor  var ia t ions .  . A lumina  at  Var ious Temperatures 

. . ' Table 1- 11 l i s t s  the measu red  volume 
resis t ivi ty  of "vitr if ied" alumina.  Also l is ted 
a r e  average values f rom the l i t e ra ture .  In gen- 
e r a l ,  the measu red  va lues . a r e  higher'. 

! .  The accuracy  of the measu red  values 
. is . .suspect in  view of subsequent dimensional 
checks .on the alumina beads.  These  checks 

Rei ib l iv i ly ,  uhltl-ctlt 
Temp., 

O C  Measured - L i terature 



revealed a shrinkage of about 3%. Since shrinkage o r  fur ther  sintering 
could have adver se  effects on thermocouple performance,  a s e r i e s  of inde- 
pendent tes t s  a r e  underway to investigate this phenomenon. 

. . 

Tests  completed thus f a r  have shown a 1070 shrinkage in alumina 
beads af ter  fir ing for  3 h r  in a helium atmosphere a t  1950°C; resis t ivi ty  
decreased  to  one-fourth the value a t  room tempera ture .  Thoria  beads,  
f i red  for 1 h r  a t  2600°C, evidenced a shrinkage of 570. 

In-Pi le  Tes t s .  Table 1- 12 l i s t s  four prototype thermocouples that 
w e r e  used successfully to  measur 'e the center l ine tempera ture  of UO, and 

( P U U ) ~ ,  fuel pellets.  In each 
Table 1-12. Summary of In-Pile Thermocouple Tests , instance, the wi res  inside and 

Test Capsule Centerline Duration. Fast Flux No. of 
No, I h e r m o ~ u p l b  I;aS ,emp,., 6C nr Cycles 011t.s i d  P: t h  c=i f11e1 region were  

1 W-5% Re, W-26% Re U02 Argon 1050 810 2.9 30 
insulated with thoria aiid alii- 

2 W-5% Re. W-26% Re uo2 He 750 940 3.4 35 mina,  respectively.  All couples 
3 W-3% Re. W-25% Re IUO~PuO2) Argon 1150-1345 720 2.6 20 

HI-! W-5% KP. w-25% Re U O ~  Aryu!~ zsoo -e  eh w e r e  s heallled wilh ia111alu111 
'Sudden increase i n  temperature, corresponding to instrument limit, caused reactor shutdown. 

Test dlscontlnued. 
(0.062 in. O.D.). 

.Moderate Tempera ture  Thermocouples.  Prototype thermocouples 
for measur ing  coolant tempera tures  a r e  under t e s t  in a d r y  iner t  gas atmo- 
sphe re  a t  650°C. These couples a r e  made of chromel-alumel  wires  insulated 
with alumina, and a r e  sheathed in s ta inless  s tee l .  Thus f a r ,  the couples 
have accumulated 1000 h r  of operation and 10 thermal  cycles f rom room 
tempera ture  to 650°C without fai lure .  

Additional thermocouple assembl ies  a r e  being prepared  for testing 
in  a sodium environment. 

In-Core Instrumentation - 'F lowmeters  

F igure  1 - 2 1 shows sectional views of three  types of flowmeters 
for  measuring sodium' coolant flow through a fuel subassembly. 

The turbine flowmeter i s  designed for installation between the 
inlet  nose piece and bottom ref lec tor  of a subassembly. It contains a tu r -  
.bine and an  integral ly-cast ,  4-pole magnet (Alnico VB) which rotates  within 
a miniature,  high-temperature coil (0.5 in. I.D., 0.25 in. high). Other com- 
ponents and mater ia l s  include a Type 304 s tainless  s tee l  body, a Hastel-  
loy C turbine shaft ,  and molybdenum bearings.  In operation, the coolant 
ro ta tes  the turbine-magnet unit, inducing an  a - c  voltage in the coil. This 
voltage is  converted to a d i rec t  cu r ren t  to indicate coolant velocity. 

The electromagnetic flowmeter i s  designed for interchangeability 
with the turbine flowmeter.  It consis ts  of a Type 304 stainless s tee l  body 
and electrodes,  Alnico VB magnets,  and soft-iron poles.  Measurements 
made  on a prototype assembly indicated an  average magnetic f l u  of 
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Fig. 1-21. Sectional views of turbine, electromagnetic, and thermal flow- 
meters for measuring sodium coolant flow through fuel subassemblies 

4 10 Gaus s and a corresponding output voltage of about 5.0 m ~ / ( f t ) ( s e c ) .  
Other configurations a r e  being investigated to  improve m e t e r  sensi t iv i ty .  

The effect of temperat .ure on magnetic flux a l s o  was studied.  After  
3 h r  a t  650°C, the flux was permanent ly  reduced to 80% of the init ial  value. 
F u r t h e r  agi.ng up . to about 700°C i s  planned. 

In the t11.ermal f lowmeter ,  a s m a l l  amount of sodium flows through 
the cyl indr ical  hole in  the  cen te r  of the m e t e r .  At this point, the  sodium 
t empera tu re  i s  increased  with the a id  0f .a  150-W hea te r  e lement .  This  
section.  is thermal ly  insulated to min imize  heat  10s s t o  the  s u r r o u ~ ~ d i n g  
sodiuim. 'Two chromel -a lumel  thermocouples  a r e  used to  m e a s u r e  the 
t empera tu re  r i s e .  At a constant  hea t e r . power ,  the t empera tu re  r i s e  i s  a 
function of the sodium flowrate.  One unit i s  being fabr icated for  t e s t  purposes .  



In- Cor e Instrumentation Lead Connectors 

Two, commerc ia l ly  available,  multi-pin connectors have been mod- 
ified to  effect a sodium-vapor-tight connection betwken lead wi res  and 
meter ing  devices for u s e  in  experimental subassemblies .  As shown in  
F ig .  1-22, the pr incipal  difference between the two connectors i s  the manner  
in  which the s e a l  i s  effected. One employs a gasket between the plug and . 
socket .  The other r e l i e s  on pressur iza t ion  to  maintain a metal- to-metal  
s ea l .  

FLEXIBLE METAL HOSE 

PRESSURI Z ING AND LEAD 
WIRE TUBE 

LOCKING SLEEVE 

CONTACT PlNS (PLUG) 

METAL-TO -METAL SEAL 

FUEL SUBASSEMBLY 

CONTACT PlNS (SOCKET) 

SEAL FACE 

DRAIN HOLES 

Fig. 1-22, Prototypes of gasket-sealed and metal-to-metal sealed 
lead wire connectors for instrumented fuel subassemblies 

Both connectors a r e  designed for remote,-controlled assembly  by a 
special  gr ip and locking tool to be c a r r i e d  and operated by the fuel-handling 
machine. This tool lalclles onto and rotates  t h e  locking-sleeve pins into the 
milled slot,  clamping the connector plug f i rmly  to the fuel subassembly. 
Continued rotation of the tool-operating jaw disengages the latch f rom the 
installed connector.  

Models of both sealing ar rangements  have been constructed for t e s t  
purposes.  s e v e r a l  types of commerc ia l  gaskets have been evaluated in a 
sodium environment a t  tempera tures  up to 1200°F. The most  promising gas-  
ket sea l  consis ts  of two half-rings of copper plated Inconel. , 



The pressur ized  metal-t 'olmetal s e a l  has ,been tested f i r s t  in water  
and then in sodium a t  700°F. In both t e s t s ,  a gas outleakage l e s s  than 
0.1 ft3/day was maintained a t  6 in. W.G. There  was no evidence of water  o r  
sodium. inleaka'ge. 

1.2.3.3 In-Cell Fuel  and Equipment Handling Systems 

' These sys tems consist  of the fuel-handling machine, wet fuel s to r -  
age facility, subassembly cut-off machine, in-cel l  c rane  and hoist ,  s c r a p  
containers,  special  handling tools,  and viewing devices.  Their  functions 
a r e  best  i l lustrated by a brief description of a typical fuel handling 
sequence: 

(1) The fuel-handling machine i s  used to remove and t r ans fe r  
subassemblies  f r o m  the reac tor  to  the wet fuel s torage  facility. 

(2) After the fission product decay. heat has  dec'reased to the 
prescr ibed  level of 1 MW, the subass,embly i s  removed into the. fuel-handling 
machine and t ransported to the sub'assembly cut-off machine. 

(3) Within the cut-off machine, the non-fueled sections a r e  sepa-  
rated f r o m  the fueled section. 

(4) The non-fueled sections a r e  removed with special  handling 
tools and deposited, in  the s c r a p  containers .  

. . 

(5) The fueled section i s  t ranspor ted  by the fuel-handling machine 
to the fuel t r ans fe r  port ,  where  i t  i s  lowered out of the cel l  into a shielded 
cask-car r iage  assembly.  

(6) The s c r a p  containers a r e  a l so  removed through the fuel t r ans -  
fer  port  with the aid of the in-cell  c rane .  

All of .these operations a r e  per formed by remote  control and 
viewed through shielding windows. 

I ,  ' 

Fuel-Handling Machine. The fuel-handling machine (Fig. 1 - 23) 
will be used for moving specific subassemblies  into o r  out of the reac tor  
vesse l ,  the wet fuel s torage  facility, the subassembly cut-off machine,  and 
for transporting fuel within the cel l .  During t ranspor t  of i r rad ia ted  fuel, i t  
will provide for removal  of the decay heat energy. The machine will a l s o  
handle ref lector  subassemblies ,  neutron source  rod and thimble,  and control 
subassemblies .  Finally,  the machine will  be capable of performing limited 
manipulations inside the reac tor  vesse l ,  e .g., coupling of instrument  lead 
connectors to  cer ta in  subassemblies .  



CORE SUBASSEMBLIES 

Fig. 1-23. Fuel-Handling Machine 



The design of the 'machine has been largely completed.: Severa l  
unique features  have been incorporated t o a d a p t  the machine fa.r i t s  specific 
modes of operation in an  argon atmosphere.  These -include: 

(1) A remote-controlled, precis ion positioning and control sys tem.  

( 2 )  A relatively.high decay heat cooling capacity (3  MW).  

(3) ~ r r a n ~ e m e n t  of components in modular assembl ies  to facil i-  
ta te  their  removal and replacement .  With one exception, these modular 
assembl ies  can be removed through the fuel equipment por t .  The bridge 
dr ive i s  removed through a hatch in the cel l  ceiling. 

(4) A force-limited gr ipper  mechani.sm which l imits  the downward 
force  on a subassembly to 200 lb,  and the upward force  to 1500 lb. 

(5) An emergency power sys t em to se rv ice  the machine and i t s  
cooling sys tem in the event of normal  power fai lure  during a t ransfer  
operation. 

(6) Provis ions for disengaging the -ba r re l  assembly.  F o r  example,  
should a subassembly become lodged, the b a r r e l  assembly  can be detached 
and lowered, by means of the in- cel l  c r ane ,  into the disassembly pit. 

Pr incipal  components, such a s  gr ipper  and holddown assembly ,  
, t rol ley dr ive model, and bridge suspension sys t em,  have been fabricated. 

Independent t e s t s  of these components have been successfully completed: 
The Fuel  Assembly Sodium Flow Tes t  Loop has been enclosed to  permi t  
the ent i re  machine to be tested in  an  argon and sodium vapor environment. 

The unresolved design tasks a r e  largely associated with the 
position-indicating and position- control sys tem.  Basic  concepts have been , 

established and specifications a . r  p: being prepared .  

The design of the cooling sys tem for the fuel-handling machine i s  
nearing completion. It provides for forced flow of argon through the machine 
during t r ans fe r  of i r radiated subas s emblies . Although the cel l  a tmosphere 
i s  a l so  a rgon,  the coolant c ircui t  i s  a closed loop to minimize spreading of 
sodium vapor and radioactive contamination into the cel l .  The compresso r ,  
f i l t e rs ,  vapor t r aps ,  heat exchanger,  and argon supply tank a r e  located out- 

' side the cell i n  an  extension of thc fucl and equiprrlerlL Lransfer tunnel. 
Effluent gas  f rom the fuel-handling machine i s  cooled by bubbling through 
a vesse l  containing ref r igera ted  NaK (-4505'). This cooling ar rangement  
a l so  cond.enses any sodiuin vapor ' that  may  be entrained by the argon 
coolant. 



Hydraulic and the rma l  analyses  of the loop have been completed. 
A sma l l - sca le  hydraulics experiment was conducted, using water and a i r  to 
simulate '  the cooling media .  Prototype components . a r e  being fabricated for 
m o r e  extensive testing of the sys t em.  

Wet Fue l  Storage Facili ty.  I r radiated fuel subassemblies  will be 
s to red  in a sodium-filled tank until the fission product decay level c o r r e -  
sponds to 1 kW of heat ,  which can be h.andled within the fuel t ransfer  cask .  

The s torage  tank i s  of double-walled construction and i s  cooled by 
circulating NaK through the annulus. The internal  gr id will  .accommodate 
15 1 subassemblies  i n  a non-cr i t ical  a r r a y .  Storage capacity was based 
upon reac tor  c o r e  s i ze ,  t ime  a t  ra ted power,  cooling t ime  in the r eac to r ,  
a.nd "down'time" between ahutdvwrl ol one c o r c  and   tart up of an.nt.her.  Sub- 
a s  s emblies  a r e  lowered through loading por ts  in a shielded c.losure plug 
which is indexed to the s torage  grid.  

Design of the s torage tank, and con.ceptua1 design of the rotating 
cover  has  been completed. Areas  requiring fur ther  development have been 
identified. These include the inflatable sea ls  which isolate  the tank cover 
gas  f rom the cel l ,  and the tank cover indexing mechanism. 

A mock-up of the s torage  tank upper gr id was constructed for pur-  
poses  of evaluating a self-aligning upper guide bushing in  the tank gr id.  
After  a s e r i e s  of t e s t s  with a dummy subassembly,  it was determined that 
misalignment of +17 degrees  car1 be cor rec ted  to  +4 degrees  with the aid of 
the guide bushing. , - 

Subassembly Cu,t-Off Macl~iiie. As  mentioned ea.rl.i.er, this n ~ a c h i n e  --..- .,-., 

wil.1 be used to separa te  the fueled and non-fueled sections of the all-welded, 
178 -in.  -long subas s emblie s . Upon completion. of the cutting operation, the 
96-in. -long fueled sect ion will be removed by the fuel-handling machine and 
lowered through the fuel t ransfer  port  into a shielded cask-car r iage  a s s e m -  
bly. The cut-oif machine includes an  integrally-mounted manipulator for 
t ransport ing the non-fueled sections to adjacent s c r a p  containers .  

Two types of cu t te rs  a r e  under .consideration: (1) collar-typc 
tubing cut te rs  for cutting through the Type 304 hexagonal tubing (0.040 in. 
thick);  these have been used successful ly  in the EBR-TI F u e l  Cycle Facili ty;  
and (2 )  clipper-type cut te rs  for  severing instrument  leads in cer ta in  sub- 
a s sembl i e s  .. The la t te r  will operate  through the gap produced by the tubing 
cut te rs .  

During the cutting operations,  the decay heat will be removed by 
suction flow of a rgon f rom. the  cel l  a tmosphere  through the subassembly. 
The effluent will be cycled through a blower-fil ter assembly  outside the 
ce l l  and then back into the cel l .  



Pre l imina ry  tes t s  with a prototype lead cut ter  indicated that 
approximately 1.000 l b  of force was required to  s h e a r  1.4 mineral '  insulated, 
s ta inless  clad,,  instrument leads.  ~ u r t h e r  t i s t ?  will be made with various 
types and shapes of blades to determine blade durability and overal l  p e r -  
formance of the clipper-type cutters,. 

Operation of the subassembly cut-off machine and . re lated equip- 
ment  will be checked out in the mock-up installation shown 'in Fig.  1-24. 
Design of the machine base  and other facil i t ies for mounting the machine 
components has been completed. These facil i t ies include an  adjustable 
flobr platform, cooling blower sys tem,  and manipulator.  ~ h . e  floor platfdrm 
permi ts  mounting of the cut-off machine a t  the proper  elevation relative to  
the viewing window and service '  penetrations.  It a l so  provides openings a t  
the proper  locations for sc rap  containers and cooling ducts.  The cut-off 
machine base a l so  supports the electr ical  and pneumatic serv ice  connec- 
tions which operate  the machine. 

CONTROL 

Fig. 1-24. Partially completed mock-up of subassembly 
cut-off machine supporting structure and related kquipment 

Fuel  and Equipment 'I 'ransfcr 'Ports.  Radioactive and non- 
radioactive core  components and cer tain in-cell  equipment a r e  t ransfer red  
into and out of the cell  through the fuel and equipment t ransfer  por t s .  Lo- 

cated in the south end of the cel l ,  these concentric ports  lead to a tunnel 
which extends beneath the r e a r  cell  a r e a .  



As shown, in Fig.  1'-25, empty o r  loaded casks ' a r e  ' transported on 
a c a r r i a g e  in . the  tunnel and posit ionedbeneath.  the t ransfer  port .  The c a r -  
r iage  support f r a m e  i s  thei r a i sed  to effect a s e a l  between the cask  and the 
t r ans fe r  port .  At this point, the c losure  plug of the t ransfer-  por t  i s  removed 
by the in-cel l  c rane  to  facil i tate subsequent . t ransfer  operations.  

A t e s t  ha's bee'n implemented to evaluate the cask-to-fuel 
t r ans fe r  port  s ea l  concept.  The scope of this p rogram includes: . . 

(1) Applying a load of 40 tons (cask weight) to  the s e a l  a t  a speed 
bf 2 ft/min, with' various horizontal  and ver t ica l  offs et s ea l  
conditions'. 

. . 

( 2 )  Siinulating sc ismic  conditions hy imposing a la teral  l n a d  nf i ~ p  
to  7 ton. 

(3) S t r e s s  d rz t e rmina t inns  and s e a l  leakage r a t e s  a t . 'p ressures  up 

to  60 psig.  

Shielding Windows. A shielding window has  been designed and 
specifications have been prepared .  The specifications a r e  in two pa r t s .  
The f i r s t  p a r t  deals  with procurement  of the glass  s labs .  The second pa r t  
specifies the mode of fabrication and assembly .  

With r e fe rence  to Fig.  1-26, the window i s  composed of three  6-in.-  
thick s labs of 3.3-density g lass  (B- 1,  B-L, A-2),  and an  oil-filled tank unit. 
The tank in ter ior  i s  designed to accommodate two 4-in.-thick s labs of 
6.2-density g lass  ( T ~  and T ~ ) ,  o r  two 8-in.-thick s labs of 3.3-density g lass ,  
with virtually no change in the viewing angles or  in  the shielding capability. 
The tank unit i s  removable f rom the exter ior  of the cel l .  Slabs A - 2  and 
B-  1 can  be removed with in-cel l  manipulators and crane .  

The shielding afforded by the window i s  equivalent to a 5-ft-thick 
wall  of ord inary  concrete .  Calculations indicate that the light t ransmit tance 
will  v a r y  f rom a minimum of 14.5% to a maximum of 2 2 . 5 7 0 ,  clependirlg ou 
the g lass  combination used.  The minimum value i s  comparable to the light 
t ransmi t tance  through windows installed in  the EBR-I1 Fuel  Cycle Facili ty.  

- .  Resistance of the multiple glass  s lab ar rangement  to high p r e s s u r e s  
and t empera tu res ,  and miss i l e s  has  been demonstrated in  a s e r i e s  of t e s t s .  
In T e s t  No. 1 ,  a s lab  of 3.3-density lead shielding g lass ,  measuring 29 in. 
long, 44 in. .wide, 8 i  in. thick, was placed in a s tee l  t e s t  f ixture and p r e s -  
sur ized  with water  to 160 psig. There.  was.'no leakage o r  failure.  At this 
p r e s s u r e ,  the maximum bending s t r e s s  for  the g lass  was calculated to  be 
-900 ps i .  This i s  three  t imes  the value ca,lcuJated for s lab  B-2 ( see  
Fig.  1-26) a t  a cel l  design p r e s s u r e  of 30 psig. 



CELL FLOOR 

Fig. 1-25. Fuel and Equipment Transfer System 
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Fig. 1-26. Vertical section through FARET c e l l  shielding window 

1n T e s t  No. 2 ,  thc t e s t  s lab was covered with another f ramed glass  
1 

s lab  8 2  in. thick and impacted with a 16-lb cas t  s tee l  ball dropped f rom a 
height of 16 ft .  The cover  glass  was damaged, but the underlying s lab  

, remained intact.  

In T e s t  No. 3 ,  a n  assembly  of two glass  s labs was placed 10 in. 
distant f r o m  a bank of inf rared  hea ters  (nichrome elements in quartz  tubes).  
Thermocouples were  installed and the ent i re  assembly  was enclosed in a 
heat t r ap  consisting of aluminum foil backed up with Trans i te  panels.  Sev- 
e r a l  prel iminary runs were  made ,  during which 1 3 . L  kW of power was sup- 
plied to  the hea ters  for very  shor t  per iods ,  followed by progress ive  
reductions of power.  Minor tempera ture  r i s e s  were  recorded by a l l  
thermocouples.  



Next, a 1/2-in.-thick, tempered g lass  cover plate was installed 
1 in. distant f rom the t e s t  slab. In o rde r  to  r e s i s t  higher tempera tures ,  
the gasket ma te r i a l  used for  the cover plate was 1/16-in.-thick lead sheet .  
During this tes t ,  power a t  13.2 kW was applied for 20 min,  then increased  
to 16.1 kW for  18 min .  At this point, the corresponding surface t empera -  
tu res  were  490°F and 430°F for the cover plate,  260°F and 120°F for the 
f i r s t  t e s t  s lab,  and 1 10°F and 90°F for the second t e s t  slab. There  was no 
visible damage to either the t e s t  s labs o r  the i r  gaskets ( ~ o r o s e a l  116). 

In the final experiment,  the glass  cover plate was removed. A 
power of 13.2 kW was applied for 20 min, then increased  to 16.1 kW for 
11 min.  At 340°F, the gasket of the f i r s t  s lab  softened and flowed. At 
,342OF (front surface tempera ture) ,  the glass  cracked profusely,  but r e -  
mained in the f r ame .  After the power was turned off, the back sur face  
tempera ture  remained ess.entially constant a t  120°F for  about 30 min.  This 
observation suggests that,  although cracked,  the glass  s lab  would s e r v e  a s  
a good heat insulator.  The second s lab  was not damaged. 

Containment Penetrat ions.  The containment s t ruc tu re  will include 
numerous access  penetrations for personnel and equipment, and for  se rv ice  
interconnections. ( see  F ig .  1-27.) Each opening will be designed to main-  
tain prescr ibed  containment integrity and biological shielding tolerances.  
With one exception (MI-cable penetration),  each opening can be tested p e r i -  
odically for  leak tightness a t  a design p r e s s u r e  of 30 psig. 

Considerable effort has  been'expended .in developing a basic  pene- 
t ra t ion design that will sdtisfy the requirements  'for the many different , 

se rv ice  interconnections. F o r  example,  F ig .  1-28 shows a t e s t  assembly  
of a "s t raight- thru" penetration to accommodate ei ther  e lec t r ica l  cables 
o r  sma l l  piping. In this instance, t h ree  prototype e lec t r ica l  connections 
were  being evaluated with respec t  to leak integrity and' radiation attenuation. 

Leakage along the wi re  s t rands  within the mult i -s t rand conductors 
was of par t icular  concern. Special cables ,  alleged to have low-leakage 
charac ter i s t ics ,  were  procured and tested without success .  

Success  was achieved by encapsulating the ends of commercial ly  
available cables in  a potting compound and cable connector,  a s  shown in, 
Fig.  1-28. Each of the th ree  cable connections.indicated an argon leak r a t e  
of l e s s  than 0.03 ft3/day a t  30 psig.  The total volume of gas outleakage 
fro111 the t e s t  chamber 'was l e s s  than t h e p r e s c r i b e d  leak r a t e  of 0.5 ft3/day 
a t  30 psig.  

A cob' Source (-1700 cur ie )  was positioned on the "cell" side of 
the assembly  in a n  effort to check the calculated gamma attenuation value 
of the penetration assembly.  Two shielding plugs were  installed and offset 
to  eliminate any obvious s t reaming path. Nonetheless,  a single s t reaming 
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Fig. 1-27. Sectional views of  personnel, equipment, and service penetrations through containment structure 
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Fig. 1-28. Sectional views of test assembly used to evaluate leak integrity and 
radiation attenuation of electrical service penetration through containment c e l l  



path of 7 ~ / h r  intensity was detected over a 0 .25-in.-square a r e a  on the 
opposite wall. Alternate shielding block configurations will be investigated 
in subsequent t e s t s .  

1.2.3.4 P re l imina rv  Safetv Analvsis 

The pre l iminary  safety analysis of the FARET Facili ty was based 
upon the concept established by the Ti t le-I  design study. The findings of 
this analysis  were  compiled for l imited distribution within the Laboratory 
and review by the Commission in  August, 1964. The initial publication was 
supplemented by le t te r  of Februa ry  8, 1965; with Supplement No. 1 in July,  
1965, which extensively updated the detailed design description of the facil-  
ity; and, finally, with Supplement NO. 2 in October,  1965. General  dis t r ibu-  
tion of the integrated r epor t  i s  pending appruvdl Ly. the Advisory Coi~lilzittee 
for Reactor Safeguards.  

As a resu l t  of this analysis it was concluded that:3 

(1) Ei ther  the par t ia l  loss  of coolant o r  coolant flowrate,  o r  the 
dropping of a fuel subassembly into the co re ,  which resu l t s  in the collapse 
of a molten c o r e ,  could lead to a nuclear accident with a mechanical energy 
r e l e a s e  equivalent to detonating a 25- to 30-lb b a r e  charge of TNT in the 
c o r e .  The consequences could include destruction of the reac tor  vesse l ,  
lifting of the reac tor  vesse l  cover ,  generation of other sma l l e r  m i s s i l e s ,  
ejection of sodium into the cel l ,  and r e l ease  of fission products f rom the 
molten fuel to the cel l  and cavity. 

(2)  The energy-absorption capabili t ies of the containment cum- 
plex a r e  significantly higher than the postulated r e l ease  values.  Structi.1ra.1 
analysis  indicates that the proposed J!'AKET containment: sys tem can absorb 
the dynamic effects 'of a 40-lb b a r e  charge of TNT located a t  the c o r e  ten- 

t e r .  More specifically,  the dynamic effects of the energy r e l ease  a r e  
absorbed radially by a reinforced concrete  shield which surrounds the 
r eac to r  vesse l ,  and vert ical ly ,  by the cell  roof s t ruc tu re .  The maximum 
dynamic effect on the cel l  roof would involve 'ejection of the vesse l  cover 
and upper shielding extensions of the su'bassemblies (-50 toil). The vesse l  
cover may impinge upon, but i s  not expected to penetrate the s tee l  l iner  
of the cel l  ceiling. 

(3) Upward accelerat ion of the vesse l  cover withdraws the poison 
control  rods .  However, for reac tor  periods associated with the collapse of 
a molten c o r e  (<0.02 secl), the reac tor  would d isassemble  before any s ig-  
nificant loads were  imposed on the vesse l  cover .  Hence, cr i t ical i ty  could 
not be achieved by subsequent lifting of the cover and the control rods.  



(4) F o r  sma l l e r  accidents,  which have longer reac tor  periods 
00 .02  sec ) ,  the partition of energy during an exponential power excursion 
was shown (Fig.  1-29) to be a strong function of reac tor  period. As the 
reac tor  period shortens,  most  of the energy i s  retained in the fuel. Hence, 
the fuel i s  completely vaporized before a peak co re  p r e s s u r e  capable of 
disassembling the reac tor  i s  reached. (See Fig.  1 - 30 .) Subsequent lifting 
of the vesse l  cover does not increase  the severi ty  of the accident. 
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Fraction of fuel vaporized as a function of 
number and duration of reactor periods. 
(Initial power level = 50 h.lW(t).) 

Fig. 1-29 

Energy distribution a t  t i m e  of peak core pressure. 
(Initial power level = 50 MW(t): core filled with 
vapor a t  t ime  of peak pressure.) 
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(5) Substantial quantities of fission product-laden sodium coolant 
may be .ejected into the argon atmosphere of the cell .  Figure 1-3 1 shows 
the ca. lc~lated~'r~esul tant  . increase ., in  cell  p r e s s u r e  and tempera ture .  The . 



calculations were  based on a postulated leakage ra te  f rom the containment 
s t ruc tu re  of 30 wt-Yo/day a t  30 psig.  Entrainment of the fission products 
re leased  under these conditions would not pose'undue hazards to surround- 
ing populated regions . 
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In summary ,  to initiate a nuclear accident,  s eve ra l  unusual and 
coincident conditions mus t  prevail .  F o r  the situation to proceed to ser ious 
proportions would requi re  simultaneous malfunction of many design safety 
fea tures  and, in mos t  c a s e s ,  coincident loss  of adminis trat ive control. 

That Lhese events will occur in thc proper  coincidence o r  sequence 
i s  unlikely. Each experiment will be carefully planned, and its  safety 
aspec ts  meticulously analyzed. Ze ro  power c r i t ica l  experiments ,  labora-  
tory  t e s t s ,  and other verification techniques will be employed to ensure  the 
safety of each proposed experime111. SuLseque~lt xeactor operations will bc 
designed to l imit  available reactivity and accidental reactivity input ra te .  
With any reasonable inherent shutdown mechanism, the reactor  should not 

- go above prompt c r i t ica l  and no explosive energy ' re lease should occur .  
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1.3 ARGONNE ADVANCED RESEARCH REACTOR (AARR) 

1.3.1 P ro jec t  History and Status 

Argonne National Laboratory has long recognized that continued 
p rogress  in r e s e a r c h  involving nuclear radiation i s  contingent upon the 
availability of m o r e  specialized r e s e a r c h  reac tor  facil i t ies with neutron 
fluxes of the o rde r  of 1015 o r  higher.  Accordingly, the Reactor  Engineering 
Division has ,  for the past  s eve ra l  y e a r s ,  conducted a p rogram to develop . 
and evaluate design concepts of r e s e a r c h  r eac to r s  cabable of producing 
neutron fluxes of these o r d e r s .  The AARR is the l a t e s t  concept which has  
evolved f r o m  this p rogram.  

The initial concept of AARR featured a pressur ized ,  l ight-water 
cooled, beryllium reflected, flux-trap reac tor  with a maximum unperturbed 
the rma l  flux (in the flux t rap)  of 5 x 1015 n/(cm2)(sec) a t  a power level  of 
100 MW .' Additional co re  physics investigations w e r e  c a r r i e d  out and ten- 
tative facility design layouts were  prepared .  The resu l t s  of these efforts 
served  a s  the basis  of a pre l iminary  feasibility and cos t  study performed 
by United Nuclear Corporation in  1962. 

However, subsequent physics and heat t r ans fe r  studies.  indicated 
the possibility of upgrading the reac tor  f rom 100 MW to 240 MW, and thereby 
producing unperturbed the rma l  neutron fluxes a s  high a s  10 l6 n/(cm2) (S ec) .  
It was recognized that such an  inc rease  would' constitute an extension of 
existing technology subject to experimental confirmation. Nonetheless,  the 
probability of success  was deemed sufficiently high to war ren t  an  ini t ia l .  
facility design for ult imate operation a t  240 MW. On this bas i s ,  a second 
cos t  study was undertaken and completed in 1963. 

The engineering design and construction of AARR a t  Argonne was 
formally authorized by Congress la te  in f iscal  1964. On June 1 ,  1965, Burns 
and Roe, Inc. ( ~ e w  ~ o r k )  was selected a s  archi tect-engineer .  Ti t le-I  design 
is expected to begin ear ly  in f iscal  1966. 

I During f iscal  1965, ma jo r  efforts on the AARR Pro jec t  were  ex- 
pended in  the following a r e a s :  

(1) Revision and expansion of the prospectus to  provide a definitive 
guide for the archi tect-engineer  in  preparing the Ti t le-I  design. 

(2) Completion of co re  and sys t em safety analyses  a s  necessa ry  
to compile a p re l imina ry  Safety Analysis Report.  

B (3) Core  heat t r ans fe r  analysis  and experirnentatio~l.  

(4) Initial studies on fuel t he rma l  s t r e s s e s  and hydraulic stabili ty.  



(5) Fue l  and control rod ma te r i a l  fabrication process  development, 
and i r radiat ion testing. 

(6)  Reactor vesse l  s t r e s s  analysis evalua'tions to determine fea- 
s ible  beam tube penetration layouts. 

(7)  Detailed conceptual design and development of in- reac tor  
experimental faci l i t ies ,  with particular '  emphasis oh facilities whose defin- 
i t ive design i s  contingent upon prototype testing and evaluation. 

- 
(8) ~ d a ~ t a t i o n  of the Department of ~ e f e h s e  - Nationa'l Aeronautics 

and-Space Administration PERT/COS~ System for use on the Laboratory 's  
CDC 3600 computer ,  and initial application to the AARR project.  

1.3.2 Conceptual Design 

T h i s  section descr ibes  the fundamental concept of AARR which 
served  as' the bas is  for the Pre l iminary  Safety Analysis Report and for 
negotiating the serv ices  of the .architect-  engineer.  

Figure 1-32 i s  an  a r t i s t ' s  concept of the buildings and supporting 
faci l i t ies .  Overhead power l ines terminate  at  an electr ical  substation 
located behind the Reactor Containment Building. Also not shown is  an 
underground pedestr ian tunnel which leads f rom the Laboratory and Office 
Building to the nearby C P -  5 Facili ty.  
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7. ARGONNE RESEARC!4, REACTOR (CP-5)  

Fig. 1-32. Artist's concept of Argonne Advanced Research Reactor 



1.3.2.1 Reactor Containment Building . . 

Structural  Components and Services  

This bui1ding.measures 122 ft in d iameter  and 106 ft in  overal l  
height, with 14 ft below grade and 92 ft above grade .  Designed for reac tor  
containment, the s t ruc tu re  consists of a s tee l  dome (0.5 in. thick) above 
grade ,  and reinforced concrete  walls and foundation below grade.  

The building houses the reac tor  and experimental facil i t ies,  the 
fuel handling canal ,  and cer ta in  p r i m a r y  sys tem equipment which requi res  
heavy shielding. The remainper  of the p r i m a r y  sys tem i s  installed on the 
lower level of the Equipment Building. Components a r e  located in a n  a r e a  
which communicates direct ly  with the' lower level of the Reactor Building 
and forms an  integral  p a r t  of the reac tor  containment volume. 

The reac tor  vesse l  i s  located in a concrete-shielded pit filled with 
water ,  with the co re  centerline a few feet above the main  floor level.  Except 
for sma l l  a r e a s  near  the building access  a i r  locks,  the ent i re  ma in  floor 
a r e a  around the reac tor  i s  available for experimental equipment. In o rde r  
to provide maximum floor space for specific beam tube experiments ,  the 
reac tor  vesse l  pit is  located off-center with respec t  to the building center -  
l ine.  The resul tant  distance f rom shield face to building wall will pe rmi t  a 
range of neutron beam lengths varying f rom 33..5 ft to 55 ft. 

A wide balcony, extending around the periphery of the building, i s  
a l so  available for controls and instrumentation for the var ious experiments .  
Located 12 ft above the ma in  floor level ,  this balcony communicates direct ly  
through a personnel a i r  lock with the second floor of the Laboratory and 
Office Building. A nar row observation balcony i s  located 34 ft above the 
main  floor,  a t  a level corresponding to the top of the reac tor  shield pool. 

The 'fuel- handling canal with. i t s  specialized a r e a s  , a small high- 
level cave,  and the control rod dr ive  room (immediately below the r eac to r )  
a r e  located on the se rv ice  floor.  Certain heavily-shielded equipment i s  
installed in pits below the se rv ice  floor level.  

Other facil i t ies within the building include a 40-ton ro ta ry  c rane ,  
which serv ices  the main  floor level;  miscellaneous cranes  and hoists for  
handling samples ,  fuel, and t ransfer  casks  in the canal;  and a personnel  
elevator.  

Normal  access  to the 'building i s  through two personnel a i r  locks 
f rom the main and second floors of the Laboratory and Office Building, o r  
through a n  equipment air lock f rom the  Storage and Mock-Up Building. 
Other openings in the building include emergency a i r  locks,  and penetrations 
for  sys t em piping, uti l i t ies ,  and ventilating and exhaust ducts.  



Reactor Components and,  Auxiliaries 
. . 

. Core .  The reference  co re  i s  fuele.d,with 0.040.-in.-thick plates - 
containing 37 wt-O/o U02-stainless  s tee l  cermet ' (0 .030 in.) ,  clad with stain- 
l e s s  s tee l  (0.005 in.) .  These  plates a r e  welded o r  br.azed.to form 0.040-in. 
coolant channels in  subassemblies  which a r e  essentially rhomboidal in 
c r o s s  section. 

These subassembl ies ,  in turn ,  a r e  disposed in a hexagonal geom- 
e t r y  i18 in. a c r o s s  f la ts ,  18 in. high) around a cent ra l  hexagonal flux t r ap  
( internal  thermal  column) which i s  approxim.ately 5 in.  a c r o s s  flats.  Insofar 
a s  possible ,  the subassemblies  a r e  oriented such that the fuel plates a r e  
perpendicular to  a co re  rad ius .  Fuel  plates in  subassemblies  immediately 
surrounding the the rma l  column and, a l so ,  those near  the outer pe.riphery 
of the core ,  are. graded in  loading. This i s  done to reduce the peaking u i .  
neutron flux (and consequently, heat flux) which would occur in these zones 
i f  a uniform loading w e r e  utilized throughout the cu re .  

Use of a U02-stainless  s tee l  ce rme t ,  r a the r  than a uranium- 
aluminum dispersion-type fuel represents  a depar ture  f rom established 
r e s e a r c h  reac tor  technology. However, a number of advantages a r e  afforded 
by this approach: 

(1) Longer c o r e  life - 90 days a t  100 MW a s  compared with 
12 days for the aluminum core ,  o r  37 days a t  240 MW. This i s  achieved 
by vir tue of the g rea te r  c r i t ica l  m a s s  permiss ib le  i n  the highly-absorbing 
s ta in less  s tee l  co re ,  and the .correspondingly higher allowable uranium 
burnup per  unit of available excess  reactivity.  , 

( 2 )  Grea te r  s t ruc tura l  strengt.h and stability. in. the presence  of 
high-velocity coolant flow. 

(3) Elimination of cor ros ion  a s  a consideration in designing fuel 
plates fnr operat ion a t  elevated tempera tures  require.d fur high-power- 
density co res .  

. . 

(4) The epi thermal  spec t rum (median fission energy = 8 e ~ )  min- 
imizes  post-  shutdown buildup .of xenon and samar ium'  as an impedirrlent to 
su'bsequent s ta r tup  during the f i r s t  $5  da.y,s of co re  life a t  100 M W ,  o r  
27 days a t  240 MW. 

Control Rods. The reac tor  i s  controlled by twelve, blade-shaped 
rods .  Six of these rods a r e  oriented radially within the 'core; the others  
a r e  located around the outer per iphery  of the core .  Each rod i s  approxi- 
mately 0.200 in.  thick and i s  composed of europium oxide-stainless s tee l  
ce rme t ' c l ad  in s ta inless  s teel .  



Re.flector; The . co re  i s  surrounded r a d i a l 1 y . b ~  a ber'yllium ref lec-  - 
. .  . . .  

t o r ,  approximately 12 in.  thick.. The ref lector  i s  penetrated by coolant 
passag.es a n d o t h e r  openings designed,to accommodate various experimental 
facil i t ies.  . . 

Exper.imenta1 Faci l i t ies .  These facil i t ies include: 

. . 

(1) A hexagonal flux t r a p  (internal thermal  column) in: the center  
of the fuel region. The flux t r ap  can be .used either for long-term i r r ad ia -  
tions in the production- of mi l l igram quantities of t ransuranium.~isotopes,  o r  
for accelerated i r radiat ions of mater ia l s  of in te res t .  In addition; the flux 
t r ap  i s  t r ave r sed  by a 1 /2 - in . -1 .~ .  hydraulic rabbit  tube to  facilitate shor t -  
t e r m  exposures .  

(2) Four  1;-in.-I.D. and s ix  2-in.-I.D. ver t ica l  thimbles which 
te rminate  in the beryllium ref lector .  

(3) Eight 3 -  in. -1.D. ver t ical .  thimbles.  These  thimbles a r e  o r i -  
ented radially in the water  reflector - shield 'region between the beryl l ium 
ref lector  and the reac tor  p r e s s u r e  vesse l .  

(4) T w o  5/8 -9n.-I.D. hydraulic rabbit  tubes which te rminate  in  
the beryllium ref lector .  

(5)  Twelve horizontal blind beam tubes,  with respect ive inside 
1 diameters  ranging f r o m  2; in. to 6 ;  in.  These tubes extend into the beryl-  

l ium ref lector ;  ten a r e  roughly tangent to the core  per iphery,  while two a r e  
radial  to the core  ver t ical  center line. Two of these beam tubes can be 
used for  400-meter ,  time-of-flight experiments .  

1 
(6) Two 4.;5 -in.  -1.D. horizontal through-tubes which penetrate.  the 

beryllium ref lector .  

Three  supporting facil i t ies a r e  contemplated: 

(1) A react ivi ty .measur  ement facility, which. i s  essentially a 
duplicate of the AARR core  configuration.,. It will be used by reac tor  oper-  
a to r s  and by experimenters  .to measure  reactivity effects of new cores. and 
experiment loadings without interfering-with reac tor  opirat ion.  . . 

(2) A co re  disassembly a r e a ,  ,which i s  located in  a n  isolated wing 
of the fuel s torage and handling canal.  This a r e a  will be used to  d isassemble  
and inspect co res  containing spent o r  ruptured fuel elements without danger 
of contaminating the ent i re  canal. 

B 
(3) A high-level cave, which i s  located near  one end of the s torage 

canal.  It will h c i l i l a l e  examination and evaluation of f reshly i r rad ia ted  
specimens. 



.. Coolant Sys tems.  The reac tor  i s  moderated and cooled by r e c i r -  
culat ingapproximately 30,000 gpm of light water  through the co re  and the 
re f lec tor .  Reactor-generated heat  i s  t r ans fe r red  thr.ough primary. ,heat  - 
exchangers to a secondary water  sys t em which re jec ts  the heat in cooling 
towers  . 

The p r i m a r y  coolant sys t em i s  designed for  a normal  operating 
p r e s s u r e  of 750 psig and a maximum water  tempera ture  of 250°F. Cooling 
water  a t  135OF (or  lower)  en ters  the vesse l  through a 30-in. nozzle a t  the 
top, flows downward through the c o r e  and .reflector and exits a t  a tempera-  
t u r e  of 158OF (for 100 Mw) or 190°F (for 240 MW) through a 30-in. outlet 
a t  the bottom of t h e  vesse l .  F r o m  this point, the effluent flows through a 
bank of s ix  para l le l  heat exchangers into a common header .  This header 
i s  connected to th ree  p r i m a r y  circulation pumps. Two of these pumps a r e  
normal ly  in operation and r e tu rn  the p r i m a r y  coolant to the reac tor  through 
a full-flow s t r a ine r  c lose  to the reac tor  inlet .  

The p r i m a r y  sys t em includes two emergency an$ shutdown cooling 
c i r cu i t s .  Both c i rcu i t s  a r e  completely independent of each other a s  well a s  
of any other p a r t  of the ma in  circulation loop. The two p r i m a r y  emergency- 
shutdown pumps a r e  connected to a constant power supply line (Class  A 
power) .  

P r i m a r y  water  i s  degassed and purified in a bypass sys t em which 
a l s o  se rves  to  p r e s s u r i z e  the p r i m a r y  sys tem.  

Secondary sys t em cooling water  i s  c i rculated through the shel l  
s ides  of the p r i m a r y  heat 'exchangers  'and the contained heat i s  re jected to 
the a tmosphere  through five cooling towers .  The secondary systerrl i s  
equipped with five circulating pumps which operate  in a fashion s imi lar  to 
the p r imary  sys t em,pumps ,  i . e . ,  four a r e  .for normal  operation, and one i s  
a s p a r e .  Two secondary emergency-shutdown pumps a r e  connected to the 
constant power supply. 

The cooling towers  a l so  s e r v e  a s  a heat sink, for auxi l iar ies  such 
a s  the cooling sys t em for  experiments ,  the p r i m a r y  purificativrl systelll 
coolers ,  and the reac tor  pool and canal codlillg sys tem.  w a t e r  f rom the 
la t te r  sys tem a l so  may  be cycled through chilling equipment installed adja-  
cent  to the canal.  

Make-up water  for the cooling towers  i s  obtained f rom the nearby 
Chicago Sani tary and Ship Canal via a n  existing water  t rea tment  plant on 
the Argonne site: Since this water  coiltains high conccntrations of chloride 
ions and is  oxygen saturated,  the tubes in the p r i m a r y  heat exchangers a r e  
m a d e  of Inconel r a the r  than s tainless  s tee l .  This i s  done to  avoid the s t r e s s  
cor ros ion  problems associated with the u s e  of s ta inless  s tee l  in water  having 
a high chloride content. Auxiliary sys tem heat exchangers a l so  will use  



this wa te r ,  but a t  much lower tempera tures .  The cooling sur faces  in  these 
units will be Alclad aluminum. 

Fuel  Handling. After reac tor  shutdown, the spent co re  i s  cooled 
by forced circulation until the af terheat  has  decayed to a level where ade-.  
quate cooling can  be effected by natural  convection. 

With the aid of the building crane ,  the reac tor  vesse l  refueling 
cover is  removed to expose the core .  The c o r e  car t r idge  is  lifted f rom the 
vessel  lhrough the surrounding pool, moved lateral ly ,  and lowered through 
a water-fi l led chute to a t ransfer  tank. This tank i s  located on the bottom 
of the fuel handling and s torage canal.  The c o r e  i s  deposited on a 
hydraulically- operated t r a n s f e r  c a r t  inside the tank and t ransported to a 
position direct ly  below the water-fi l led s torage a r e a .  The s torage  a r e a  
c rane  i s  used to lift the c o r e  out of the t ransfer  tank, and deposit it in the 
s torage a r e a .  Within this a r e a ,  the c o r e  i s  cooled by natural  convection 
until i t  can be removed, dismantled, and shipped to an  off-site processing 
plant. 

The c o r e  i s  disassembled by remote-controlled equipment in a n  
isolated cell  adjacent to the s torage a r e a .  .This  ce l l  i s  serviced by a sep-  
a r a t e  cooling sys tem.  Spent co res  with known, o r  suspected of having, 
cladding fai lures  a r e  t ransported direct ly  to this cel l .  This is  done to 
prevent contamination of the ent i re  s torage  canal by re leased  fission prod- 
ucts.  A smal l ,  high-level cave i s  located adjacent to  the disassembly ce l l ,  
and provision i s  made  for  d i rec t  t ransfer  of fuel subassemblies  f rom the 
canal into the hot cave for  close examination. 

The c o r e  disassembly a r e a  'Is a l so  used to load undamaged fuel 
subassemblies  in casks for off-site shipment.  These casks a r e  brought, 
through the vehicle a i r  lock, into the Reactor  Containment Building. They 
a r e  lowered (by the building c rane ) ,  through a hatch in the experiment floor 
level,  direct ly  into the s torage ca'nal. The hatch i s  just inside the a i r  lock 
opening and located s o  a s  not to in te r fere  with any beam tube experiment  
or  equipment. 

Samples which have been i r rad ia ted  in ver t ica l  .thimbles in the 
reac tor  a r e  a l so  removed through the fuel t ransfer  chute to the canal.  They 
a r e  then t r ans fe r red  into the hot cell  for  examination, o r  placed in casks  
for shipment f rom the building. 

Instrumentation and Control.  Nuclear instrumentation i s  provided . 

to  monitor the complete range of reac tor  operation, f rom star tup to  power. 
Twelve instrument  channels. a r e  used in conjunction with four modes of 
control,  o r  t h ree  channels per  mode. Thus two-out-of-three logic will p r e -  
vail ,  in the event of equipment malfunction, to  minimize the frequency of 



unnecessary reac tor  shutdown. Autpmatic control i s  used in  the power 
range to  reduce operator  manpower,  to  provide s teadier  operation, and to 
switch control modes in a consistently safe  manner .  

In genera l ,  the logic of the control sys tem operates  sequentially 
to  reduce power,  o r  to  effgct complete shutdown, depending on the nature 
and the degree  of urgency associated with the sys t em malfunction, if known. 
F a s t  shutdown ( s c r a m )  i s  initiated under a l l  other conditions of urgency. 

Analog instrumentation i s  employed for rapid and accura te  record-  
ing of data on reac tor  operations. .  Provis ions for the future use of digital 
computer control a r e  being.incorporated into the design. 

Containment building .atmosphere i s  monitored~.continuously to 
provide advance warning and to initiate automatic precautionary confinement 
actions upon.detection of abnormal .  radiation levels .  The environmental 
m o n i t o ~ i n g  sys t em a l s o  provides background data for low-level 
experimentation.. 

1.3.2.2 Laboratory and Office Building 

This building contains. the reactor-  control room, and labora tor ies ,  
off ices ,  and se rv ice  facil i t ies for  use  by personnel engaged, in the operation, 
maintenance, and conduct of experiments  in the reac tor  facility. 

Thesc facil i t ies a r e  disposed on three  floor levels .  The main  floor 
contains a reception a r e a ,  the control room,  eight offices,  a technicians'  
laboratory,  drafting room,  conference room and an  assembly  room for 
Operations personnel .  Two offices and one laboratory are 'provided for 
Radiation-Safety personnel .  Also located on the main floor a r e  instrument  
and e lec t r ica l  shops,  water  c lose ts ,  and locker rooms for a l l  personnel.  

On the second floor a r e  located eight offices, fifteen. labora tor ies ,  
and other personnel  faci l i t ies ;  these a r e  avai lable . for  use  by scient is ts  and 
engineers engaged in reac tor  experiments .  

Below the ma in  floor a r e  four counting rooms and three  labora-  
t o r i e s .  They a r e  located to facilitate d i rec t  pneumatic o r  hydraulic t ransfer  
o f  t e s t  specimens between them and'the fuel-handling canal and/or hut c a v e .  

The th ree  f loors  a r e  serv iced  by a personnel  and freight elevator. 
(1 0- ton capacity).  



. . . .  1.3.2.3 Storage and Mock-Up Building 
. . 

As the name implies ,  this buildi.ng.provides space forlmock-up 
assembly  of experiments p r io r  to installation. into the r eac to r .  I t  a l so  con- 
tains a s torage vault for new fuel,  'a  s tock-room;  a machine shop, and 
s torage space for misc-ellaneous reac tor  equipment when not in use ,  e .g . ,  
beam hole plugs,, t r ans fe r  casks ,  etc: . 

. , : 

The mock-up a r e a  i s  connected direct ly  with the Laboratory.and 
Office Building, and communicates through the equipment a i r  lock with the 
Reactof Building, Motor t rucks carrying reac tor  equipment may.be  dr iven 
into the Storage and Mock-Up Building and,.  if necessa ry ,  may  be backed ' 
through the equipment a i r  lock into the ,Reactor  Building. 

Equipment mock-up assembly  and r epa i r  operations a r e  serviced 
by a 10-ton bridge crane .  

1 .3.2.4 Equipment Building 

The ma jo r  portion of the se rv ice  floor level of this building con- 
sti tutes a containment ce l l  which houses m o s t  of the p r i m a r y  sys tem equip- 
ment .  This includes the p r i m a r y  pumps, heat exchangers ,  and the 
purification and degas sing s ys tems . This cell  a l so  contains auxiliary cooling 
sys tems for the fuel-handling canal ,  reac tor  shield,  and cer tain i r rad ia t ion  
t e s t  facil i t ies and supporting equipment. Normal  access  to the cell  i s  f rom 
the se rv ice  floor of the Reactor  Building; and only during reac tor  shutdown. 
The building i s  a l so  penetrated by l a rge ,  removable,  sealed plugs to facilitate 
installation and removal of equipment direct ly  f r o m  outside the s t ruc tu re .  

Two other cel ls  a r e  located on the se rv ice  floor.  One contains two 
shielded 40,000-gal waste  dump tanks,  deminera l izers ,  and other liquid - 

waste t reatment  equipment. Two additional waste  s torage  tanks,  each of 
56,000-gal capacity, a r e  located underground outside the building, The 
other cel l  houses a walk-in fi l ter plenum. This plenum contains 60 AEC 
high-efficiency f i l ters  which may be used to  p rocess  a l l  a i r  exhausted f rom 
the Reactor Building andrthe p r i m a r y  sys t em equipment cel l .  Both cel ls  
communicate with the main  floor of the Equipment Building. 

The main  floor and second floor contain refr igerat ion equipment 
for  the fuel- handling- canal- cooling sys t em,  a i r  conditioning equipment for  
the Reactor Building, make-up water  deminera l izers  and s torage tank 
( 3 0 , 0 0 0 - ~ a l  capacity).  Other equipment includes the station bat tery and 
emergency diesel-generator  s e t s ,  a l l  e lec t r ica l  switchgear for the facility, 
two booster blowers for the pref i l tered a i r  exhaust sys t em,  and two, half-  
capacity exhaust fans which discharge to the 250 -ft s tack.  



1.3.3 ^ Supporting Research ,  Design, and Development 

1.3.3.1 P re l imina ry  Safety Analysis 

A ma jo r  portion of the analytical work necessa ry  for the P re l im-  
ina ry  Safety Analysis Report  was completed during f iscal  1965. ~n initial 
draf t  of the findings, based upon the conceptual design descr ibed above, 
was  compiled for  informal  review by the Laboratory Reactor  Safety-Review 

, . 
Committee.  

However,  because of unique problems associated with preparing a 
PSAR in advance of any design work by an  archi tect-engineer ,  i t  was decided 
to r ev i se  the r epor t  format  drastica.~l$ and base the findings upon Title-I  
design c r i t e r i a  and requi rements .  This revision was in  p rogress  a t  the 
end of the y e a r .  

The resu l t s  of the analytical effort a r e  incorporated in the following 
sect ions.  

1.3.3.2 Mark-I Core  Dev.elopment 

Analvtical and ~ x p e r i r k e n t a l  Heat' T rans fe r  

The scope of the heat engineering effort  included a s teady-state  
pa ramete r  study, supporting experimentation, and t ransient  analyses  . This 
sect ion descr ibes  the nature and the .pre l iminary  resu l t s  of the steady- s ta te  
analysis  2nd experiments .  ' 

Thc c r i t e r ion  uoed in the thermal  design of AARR 1s to ope ra t e  the 
c o r e  a t  the maximum power density cuns i s t e~ l t  with safety and the production 
of maximum neutron flux for r e s e a r c h  purposes.  The design conditions for  
the initiation of local boiling a t  the hot spot on the fuel sur face  a r e  conven- 
tionally used in r eac to r s  s imi l a r  to the AARR to yield a steady- s ta te  design 
that i s  conservative.  However, the degree  of conservat ism must  be related 
to  the t ransient  behavior of the reac tor  during inadvertent power excursions 
o r  operational mishaps .  Accordingly, the thermal  design has concentrated 
on estimating sys t em conditions that could promote fuel rrielting. 111 this 
r e g a r d ,  the occurrence  of a c r i t ica l  heat flux o r  flow instability could cause 
fuel melting. Cr i t ica l  heat flux i s  defined as the heat flux thclt c a u s e s  a n  
insulating b a r r i e r  of vapor a t  the interface of the fluid and heat t ransfer  
sur face .  Flow instabili ty i s  defined a s  a nonrepetitive flow excursion ini- 
t iated by hydrodynamic conditions in  a flow channel that cannot be sustained 
during steady- s ta te  uperatiuri. 

Table 1- 1.3 l i s t s  the the rma l  charac ter i s t ics  of the co re , tha t  were  
used  in conjunction with the pre l iminary  safety analysis  of AARR. 



Limitations on the therma1.performance a r e  .based on the coolant channel 
that exper iences  the maximum the rma l  load. The fac tors  l is ted a r e  applied 

simultaneously with the channel space  
Table 1-13. Design Data Used i n  Thermal Analysis d e c r e a s e s  noted. 

Radial max.lavg plate power density ratio 2 .  

Axial max.lavg. plate power density distribution See Fig. 1-33 Steady-State P a r a m e t e r  Study. 

Factors The purpose of this study was to de-  
Fluid temperature rise t e rmine  the effect of inlet coolant 

Average plate power density 
Flow rate 1.08 velocity and t empera tu re ,  and uniform 

Film temperature r ise channel spacing deviations on the inlet 
Local plate power density 
Flow rate p r e s s u r e  requi red  to  suppres s  local  1.06 

Accuracy of f i lm coefficient, 70 25 boiling. In addition, es t imates  w e r e  
High power density channel spacing, in. made  of the c r i t i ca l  heat  flux and flow 

Nominal 0.050 instabil i ty l imi t s ,  using the Zenkevich- 
Min imum 0.040 

Subbotin correla t ion, '  and the t rend  of 
Average power density channel spacing, in. 

Nominal 0.040 flow instabil i ty calculations,  using the 
Average 0 .03  STDY-3 code.3 

In let  temperature variation. OF 3 

.Pressure variation, equivalent i n  temperature, OF 2  he solid curves  in F ig .  1-'34 
Heat.transfer area, ft2 672 a r e  typical r e su l t s  of these calculations 
Scaling allowance None for  the design data l is ted in  Table 1-13. 

The dashed l ines  provide an  es t imate  ' 
of the power i nc rease  factor  that can  be used to 'p red ic t  the ,power level a t  
which fuel melting can be expected. F o r  example,  a t  100 MW, with a n  inlet  
coolant velocity of 45 ft/sec and a n  in le t . t empera ture  of 135OF, local  boil- 
ing i s  suppressed  with an  inlet p r e s s u r e  of 275 ps ia .  Under these conditions, 
the power level  a t  which fuel melting will occur i s  1.87 x 100 MW = 187 MW. 
The parenthesized value of 1.5 i s  the es t imated power i nc rease  factor  based 
on the Zenkevich-Subbotin correla t ion.  

Fig. 1-33. Axia l ly-skewed h e a t  f lux  d i s t r ibu t ion  
used for t h e r m a l  ana lys i s  o f  AARR c o r e  
. . 
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Fig. 1-34. Calculdtrd steady -slate ~ I~e r lna l  prrfur~llance. Solid 
curves bhuw ihre~liuld C U L I ~ ~ ~ I O I ~ S  fur lucal boiling. Ddsllrd lilies 
ind~cate  power increase factor for predicting power level at  
which fuel melting will occur. 

The s teady-s ta te  operating conditions chosen for  the  r eac to r  
a r e :  inlet  p r e s s u r e  of 750 ps i a ,  inlet  coolant velocity of 45 ft/sec, and inlet  
t empera tu re  of 135OF. The select ion of p r e s s u r e  i s  bascd on beam tube 
design considerat ions  that  favor l imiting the inle t  p r e s s u r e  to  750 ps ia .  It  
was  a l s o  nec e s  s a r y  to  es t imate  the conditions that  would pe rmi t  at taining 
the  goal of 240 MW operat ion with a power i n c r e a s e  factor  of 1.25. 

At these  conditions, local  boiling i s  suppressed  a t  the hot spot  fo r  
power levels  below 160 MW; the r a t i o  of c r i t i c a l  heat  flux to  the  max imum 
operat ing heat  flux a t  100 MW power level  i s  3.6; and the power level  fo r  
fuel  melt ing i s  es t imated  to  be  250 MW and 288 MW, based on c r i t i c a l  heat  
flux and flow instabil i ty e s t ima te s ,  respect ively .  

As s ta ted e a r l i e r ,  these  safety  marg ins  m u s t  be re la ted  t o  the 
t rans ien t  behavior of the c o r e  . in .o rder  to p roper ly  a s s e s s  the degree  of 
conse rva t i sm  involved in  the  design.  This a spec t  of the design i s  d i scussed  
i n  Section 1.3.3.3.  



Exper imenta l  P r o g r a m .  The  exper imental  p r o g r a m  i s  intended to 
provide verif ication and/or guidance for  the  heat  t r ans fe r  ana lyses .  The 
scope of this p r o g r a m  will  include s teady-s ta te ,  t r ans i en t ,  and shutdown- 
emergency  cooling t e s t s .  Only the  s teady-s ta te  t e s t s  have p r o g r e s s e d  to  
the p re l imina ry  data  s tage .  Two sepa ra t e  loops,  using a 1500-kW, d -c  
power supply, w e r e  m a d e  operational to  sa t isfy  the requi rements  for  t e s t -  
ing single and para l le l  channels.  The single-channel t e s t s  have the potential 
for  obtaining the type of data needed to de t e rmine  the conditions a t  which 
flow instabil i ty and c r i t i c a l  heat  flux will  occur .  The 'parallel-channel loop 
provides a facil i ty fo r  checking the r e su l t s  of the  single channel t e s t s  fo r  
application to  the reacto 'r  co re .  

A s e r i e s  of t e s t s  w e r e  made  on . th ree  t e s t  sect ions  .in the s ingle-  
channel loop. Table 1- 14 s u m m a r i z e s  the  maximum operating conditions 
for  each significant t e s t .  Also l is ted for  compar i son  a r e  the heat  fluxes 
determined f r o m  the Zenkevich-Subbotin c r i t i c a l  heat  flux cor re la t ion ,  and 
es t imated power levels  a t  which flow instabil i ty can be expected. 

Table 1-14. Summary of Steady-State Tests 

Estimated 

ln let  Conditions Exit Conditions Total ' Average Max. Heat Flux. 
Power for 

Flow 106 Btu/(hr)(ftZ) Instability, 
Test Velocity, Temp., Press., Temp., Power, Heat Flux, 

sectiona ftlsec OF psia OF kW 106 Btul(hr)(ft2) Experimental Correlation kW Remarks 

I 51 147a 615 453b 372 3.94 362 Actual burnout  occurred. 
I I 43 138 620 431 304 3.28 4.69 4.57 316 Actual burnout  occurred. 

111 43.3 122 620 402 285 3.01 4.3 5.22 335 Terminated before burnout. 
111 48 126 620 431 347 3.67 5.1 4.8 363 Terminated before burnout. 
111 55.3 134 620 433 387 4.15 5.84 5.12 413 Actual burnout  occurred. 

a ~ e s t  sections I and II had sharp corners; test section Ill had rounded corners. 

b~oss ib le  error  of M°F. Test section had local channel deflection of <0.020 in. at 2 in. from end of heated length. 

These  pre l iminary  resu l t s  indicate that  f o r  AARR conditions, 
single-channel data can  be applied to parallex-channel sy s t ems  s o  long a s  
the proper  c o r e  p r e s s u r e  drop  i s  maintained.  Also,  the Zenkevich-Subbotin 
cor re la t ion  looks promising for  determining design and operat ion l imi t s .  
Additional t e s t s  will be made  in  both the single- and the paral le l -channel  
sy s t ems  in  o r d e r  to ver i fy  the above findings. 

Mechanical  Design,  S t r e s s  Analysis ,  and Hydraul ics  

During the l a s t  p a r t  of f i sca l  1965, Division personnel  collaborated 
with Nuclear Utility Serv ices  on the init ial  scoping of t he rma l  and hydraulic 
s t r e s s  p rob lems  in  the AARR fuel subassembly and c o r e  support  g r id .4  
This  effort  was intended p r imar i l y  to  a sce r t a in  the nature  and magnitude 
of s t r e s s e s  to be  anticipated,  and to s e r v e  a s  a bas i s  for  planning a m o r e  
detailed analytical  and exper imental  p rog ram in  f iscal  1966. 

As a resu l t  of this effort ,  t h r ee  m a j o r  a r e a s  w e r e  identified a s  
amenable  to quick es t imates :  t he rma l  s t r e s s ,  channel c lo su re ,  and fuel  
p la te  s tabi l i ty .  The l a t t e r  a l so  was singled out for  extended analyt ical  and 



experimental  t rea tment .  Additionally, a detailed study will be made of the 
t rans ien t  thermal  s t r e s s e s  caused by sudden changes iri coolant conditions 
and in power levels .  Two distinguishing features  of this study a r e  the inclu- 
sion of internal  energy generation .and simultaneous cooling through a 
boundary. conductance. Although both have been neglected in past  studies,  
they a r e  now considered essent ial  since it i s  c lear  that a predetermined 
design conserva t i sm cannot be established sole'ly f rom a knowledge of 
possible  the rma l  s t r e s s  cracking during cooldown. 

I 

Static t h e r m a l  s t r e s s  problems were  included in the study. by 
Nuclear Utility Se rv ices ,  with par t icular  re ference  to the cladding where  
the maximum s t r e s s  occur s .  Generalized s t r e s s e s  w e r e  computed for the 
condition of cent ra l  supports  (fuel plate space r s ) ;  these data a r e  being 
evaluated. 

The Plas t ic -Sass  model. used in the NUS study provided in ter im 
conclusions regarding plate bowing, expressed in the fo rm of a ' channel  
c losure  rat io: ,  

minimum channel,  spacing 
Ruc = 1 .- 

nominal channel spacing ' 

Computed values ranged around 0.3.  They w e r e  based on the use  of a 
cen t ra l  spacer  and cer ta in  assumptions with respe'ct to radiation- induced 
growth of the plates .  However,  independent i r radiat ion experiments p e r -  
formed by Argonne a t  Idaho indicated the computed .values were  overly 
conservative.  Fur the r  studies will. be made ,  with emphasis on sensitivity 
to m a t e r i a l  proper t ies .  

Among'the problems of stabili ty encountered, that of the elast ic  
response  of the fuel plates and subassemblies  to the r eac to r  c o r e  flow and 
the rma l  environment is  being considered a t  g rea te r  length. Theoret ical  
r e su l t s  obtained thus fa r  indicate i t  m a y  be possible to  investigate m o r e  
complex models without proceeding immediately to a s  sumptions that 
decouple the the rma l  and hydraulic aspects  of the plate stabili ty problem. 

A model c o r e  support plate and special  dummy fuel boxes a r e  being 
fabricated for  the purpose of performing s t ress -def lec t iok . tes t s  on the 
plate under var ious hydraulic loads.  . 

Fuel  Mater ia l  Fabricat ion 

Consistent with, the original intent of using existing technology 
wherever  possible ,  the AARR fuel ma te r i a l  fabrication development program 
has continued to draw heavily f rom the BORAX-V, SM-2, and PM-1  c o r e  
technology and the Enr ico  F e r m i  Core  B development work. In genera l ,  



extension of the technology to produce an  improved fuel capable of meeting 
the high performance requirements of AARR has been successful. The 
major problem has been one of achieving the desired degree of consistent 
quality control. 

The development program was initiated with a survey of existing 
stainless steel cermet technology. This study concentrated on evaluation 
of the basic processes used to fabricate the above-mentioned reactor fuels, 
and the improvements generated from the Fe rmi  Core B development activ- 
it ies.  Since the completion of the survey, work has continued in two princi- 
pal areas :  improvement of cermet homogeneity, and assessment of 
mechanical properties of the fuel materials  (37 wt-% U ~ ~ - S S T )  in both the 
unirradiated and irradiated conditions. The high-performance AARR design 
requires the us e of nominal 8570 T.D. U02 in a matrix of Type 347 stainless 
steel.  Cermet ratios vary from a nominal 6 wt-% U02 in SST, up to 37 wt-70 
U02 in SST. Use of low-density U 0 2  spherical particles with the accom- 
panying reduction in crushing strength has required certain original 
investigations. 

Four basic processes were investigated to -determine the effect of 
each process on oxide dispersion. Three of these processes have been 
sclected for  further evaluation to determine their relative capabilities for 
producing flat fuel plates to close diniensional toleranccs: 

Process  No. 1 - a loose powder metallurgy process - involves 
blending and compaction of loose U02 and stainless steel powder by conven- 
tional techniques. The compact i s  enclosed in a stainless steel  envelope, 
and hot rolled into a long, thin, flat plate. 

Process  No. 2 - a process using U02 particles encapsulated in 
stainless steel - involves cold die- extrusion of the steel-covered U02, with 
an  organic binder, into a flat plate. This flat plate cermet i s  then densified, 
enveloped in a stainless steel  jacket, and hot rolled to final dimensions. 

Process  No. 3 - an all-sintering densification process - involves 
a modified procedure for blending and initial compaction of loose U 0 2  and 
stainless steel powders into a ttgreentt compact cermet. This cermet i s  
enclosed in an all- stainless steel  powder compact of the same consistency. 
The complete "gr.eenu compact i s  then fixed a t  the sintering temperature 
of stainless steel to form a fully densified, full-size fuel plate which 
requires less  than 10% cold reduction to f i l ld l  Jii~iensions. 

At present,  Process  No. 1 appears to be the most  practical for the 
AARR. Blending and compaction studies have established several  basic 
requirements for achieving the desired quality of dispersion fuel plates. 
Correlations between nxide. particle crushing strength and dispersion homo- 
geneity have been made. Figure 1- 35 shows the type of oxide break-up 
incurred with U02 spheres of various crushing strengths when fabricated 
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Fig. 1-35. Microstructures of 0.040 -in. -thic k 
fuel plates rolled with different types of U@ 



into plates by optimized hot-rolling procedures. Of all the oxides studied, 
the very-high-crushing-strength Sol-Gel UOz evidenced the least fragmen- 
tation. Additional quantities of UOz made by the Sol-Gel process a r e  being 
procured to determine if  a material of 8570 T.D. can be produced consis- 
tently. The effect of reduced density on crushing strength of this material  
also will be evaluated. 

Optimization studies at  Battelle Memorial Institute and demonstra- 
tion studies a t  Westinghouse and Sylcor have indicated that random orienta- 
tion of UOz spheres in a stainless steel matrix can be made to produce a 
quality of homogeneity adequate to provide the desired soundness of matrix 
structure in 37 wt-% UO2-SST cermets.  Close quality control was required 
to achieve the desired structure. A reference process has been established 
for making this material,  with special emphasis being given to the size and 
properties of the materials and ultimate fabrication into flat plates. 

Initial irradiation performance tests were conducted by the Phillips 
Petroleum Company in the ETR-G-12 and the MTR-L-51 loop facilities. 
Thc low temperature and power density MTR irradiations were made to 
determine i f  an open porosity condition existed in the 97t70 dense matrix of 
the all-sintered process fuel plate. After three cycles, i t  was determined 
that no serious fission product leakage should be expected. 

The ETR irradiations were performed on 37 wt-70 UOz-Type 347 
stainless steel cermets made by BMI (Process No. 1) and by Martin Go. 
(Process No. 2) .  The test  conditions a r e  listed in Table 1- 15. In the table, 
B-6 denotes the plates made by Process  No. 1, and M- 1 the plates made 
by Process No. 2. 

Table 1-15. Calculated ETR Irradiation Test Conditions for AARR Fuel Plate 
Specimens Containing 37 wt-% UOp in a Type 347 Stainless Steel Matrix 

(Nominal oxide density - 80-852 T.D.) 

Cycle 70 Cycle 71 

Avg. Aq.IMax Avg. Avg. /Max. 
Avg. Fiss. Rate, Avg. Hi. Flux: Burnu Surface Temp., Avg. Fiss. Rate, Avg. Hi. Flux, Burnu , Surface T~IIIP, 

Plate No. f/$mlJ)(sec) Btul(hr)(ft2) % U n p  OF g U s e  Btul~hrl(ft2) % U d  OF 

M-1-926 1.49 x 1014 1.37 x 16 8.6 2401282 1.57 x 1014 1.33 x 106 2lb 226 / 295 

aMaximum heat flux = 2 x 106 Btu/(hr)(ft2). 

b~otal burnup for both cycles. 



The net measured swelling in the fuel plate having the highest burn- 
up was less  than 3%. The highest burnup in these tests  corresponds roughly 
to twice the average burnup in the 37 wt-OJo fuel a t  the end of core life in 
the AARR. 

Extensive post-irradiation examination of the specimens i s  planned. 
The effect of burnable poison additions on the 37 wt-q/o UOZ-SST cermets also 
will be evaluated. 

Fuel Ass embly Development 

A reference process for fabricating flat plates into close-tolerance 
rhomboidal assemblies has been established. During the course of develop- 
ing techniques for jigging and bonding the 27-plate composites, s i x  fi11.1-size 
subassemblies were  made. Variations in the coolant channels were  ulti- 
mately held to l ess  than 0.0015 in. A seventh subassembly was incorporated 
in  a full-size dummy fuel assembly. (see Fig. 1-36.) Overall tolerances on 
width, depth, and irregulari t ies  due to angular displacement and straightness 
were  held to approximately k0.015 in. 

Fig. 1-36. AARR Rrll-Scale Dummy Fuel A s s e ~ ~ ~ L l y  

Major emphasis has been on the attainment of complete bonding 
between the spacer wires and the fuel plates. This i s  important for strength 
and for heat transfer considerations. Special. procedures for application of 
the braze material  and preparation of the wires and plates for brazing a r e  
being evaluated in an effort to achieve a sound bond between all  surfaces. 

Consistent quality control is vital to the economic assembly of fuel 
plates in their respective subassemblies. Since the coolant channels a r e  
0.040 in. deep, approximately 1.25 in. widc, and 20 in. lurlg, post-fabrication 
examination of al l  joints in the 27-plate and the 47-plate assemblies will be 
extremely difficult a s  well a s  costly. Figure 1-37 shows a model 27-plate 
fuel assembly fabricated of Type 347 stainless steel  by the Pyromet Corpo- 
ration under subcontract to Argonne. A l s o  shown i s  thc microstructure of a 
typical sound braze between the bpacer and fuel plate. 



'Fig. '1-37. (Top) Type &'t rnaiilless sWeB m 1 d 8 B  af 27~pIate xhom- 
bsidal frleu1 assembly. (BottQrn) Typical spacer-to-plate jobt 
bras4  with GE l@L00 at 21354l4EibF for .!2 h. (Etched with 
60% WC+j at 1.3 V f ~ r  40 sm.) lOOX . 

Contral &lgdLe Miaterial 
--- - -  

Because of tke heat limitations of high= density control materials 
in the very high gamma flu erivironmerat aatijeipated in-AARR, attention has 
focussed on the 1akel.-density, r a r e  earth conttrol rnater4ils. Blades of 
eilzsag&u.m oxfde-e~~%nless steel c e q e t s ,  ib particular, werie proc~2?ed for 
physics evalwationa !B the AABR or%%tcal faisility, go+ h&l.xauldcs tests, and 
for corr~eion tests. Therae.b&adhs rnsas~wr4e O.E&%J ins 5.500 in. wide, 
22 in. long, arid contain, cer@&sz cures 0.F86 in. M c k ,  5.230 in. wide, and 
18.043 in. long. 

Contral blade cermet5 ceatairring 44; 45, and 53 wrt-% Eu203 2 T Q  
in Type 347 stainless steel, and 38 wt-OJB Eu2U3 * 2Hf02 5n Type 347 staides$s 
atccl, were obtained from the Martin Company and Sylcor . Only the 53 wit-% 
eusapia-titanate and 38 wt-% europfa-hafnate cermets approximate the n&t 



neutron absorption characteristics of the 37 vol-70 Eu203-SST cermet  ten- 
tatively selected a s  a reference material.  The other cermets will be evalu- 
ated to determine their effective "blackness , I f  starting with proportions of 
oxide to stainless steel  used in the Army reactors.  

Some problems were encountered in stabilizing the Eu203 with 
2 molar  additions of Hf02, and with fabrication of the full-size blade. Also, 
blistering was experienced during fabrication of the 53 wt-70 Eu203 . 2Ti02- 
SST cermet blade. Special post-rolling treatment was required to resolve 
the blistering problem and to yield sound, full-density blades. 

1.3.3.3 Svstem Dynamics and Transient Analysis 

Process  Control Analysis 

To ass i s t  ill lhe design synthesis of appropriate AARR process 
control schemes, a mathematical model has been constructed which 
describes the instantaneous relationships between the control variables 
(flow, p ressure ,  temperature) and reactor power. The point reactor neutron 
kinetics approximation i s  employed, with s ectionalized thermal modeling 
of the reactor core ,  reflector,  and pr imary heat exchangers. Coupled to 
these relationships for the pr imary system a r e  those necessary to describe 
the dynamic behavior of the components which comprise each control loop. 
The lat ter  relationships contain adjustable parameters whose values influ- 
ence control performance 

The model i s  premised on the following preliminary control 
concepts: 

(1) Coolant temperature i s  controlled a t  the outlet of the pr imary 
heat exchangers. This control i s  effected through automatic variation of the 
heat exchanger secondary flow, with anticipation provided through measure-  
ment of instantaneous power in the core  a.nd heat axchangrre. 

( 2 )  Changes in pr imary system pressure  a r e  incurred by changes 
in coolant volume, which will be controlled through automatic variation of 
thc degasification bleed. Constant feed f rom the pressurization pumps is 
assumed. The effect of surge tank air volume on pressure  variations i s  
considered. -- 

(3) Coolant m a s s  flow ra te  i s  monitored through a venturi and 
temperature measurement,  and i s  colltrolled by an automatic drive for  the 
pr imary pumps bypass flow valve. 

(4) Reactor power is  controlled automatically by a servo rod 
drive system using power range neutron detectors a s  input, periodically 
calibrated through measurement of reactor thermal power. Reactor power 
control i s  considered effective during performance studies of the process 
control loops. 



The final overal l  plant model was programmed for an analog com- 
puter which was used to determine sys t em In these computer 
s tudies ,  constant m a s s  flow of coolant to  the reac tor  was assumed;  based 
upon the assumption' that the coolant tempera ture  control sys tem would hold 
tempera ture  changes to within ?2OF, thereby limiting density changes to 
approximately 0.170. Computer resu l t s  on tempera ture  control justified the 
assumption of constant m a s s  flow. 

The purpose of the analog studies was to determine feasibility of 
control concepts and examine plant performance in t e r m s  of control stability. 
The contr0.1 goals formulated for steady- s ta te  operation were :  

(1) Coolant temperature:  + l ° F  

( 2 )  Coolant m a s s  flow: +1% 

( 3 )  P r e s s u r e :  ? I%.  

The resu l t s  indicate that s table  plant performance can be achieved 
with commercial ly  available control components. Plant performance was 
studied under conditions of rapid power demand (0.570/sec to 570/sec). Close 
control was obtained on a l l  p a r a m e t e r s ,  indicating the feasibility of realizing 
the s teady-state  control goals.  I t  i s  expected that c loser  sys tem control can 
be demonstrated through additional computer studies directed toward opti- 
mization of control sys t em pa ramete r s .  

Trans ient  Analvsis and Safetv Studies 

P re l imina ry  est imates  of AARR dynamic behavior were  made  uti-  
lizing a modified version of a co re  model employed to predict  the t ransient  
responses of H F B R . ~  The model descr ibes  c o r e  the rma l  propert ies  and 
associated reactivity effects a s  they respond to var ious induced chang,es in 
s teady-state  conditions. Point reac tor  neutron kinetics equations a r e  used 
in  conjunction with a sectionalized the rma l  model  which yields instantaneous 
ma te r i a l  tempera tures  and s team generation in co re  regions where fuel 
plate sur face  tempera tures  exceed the local boiling point. 

In addition, the model t r e a t s  the rma l  conditions in a co re  coolant 
channel considered mos t  susceptible to the rma l  failure.. It includes the c o i e  
hot spot and the effects of engineering design safety fac tors .  Predict ion of 
fuel plate burnout i s  made  by comparing t ransient  hot spot conditions therein 
with the Zenkevich-Subbotin steady- s ta te  burnout ~or re l a t . i . o i i .~  

The model  was programmed for  an  ana.log computer and a s e r i e s  
of problems were  completed which descr ibe  the t ransient  response of the 
AARR c o r e  to a var iety of reactivity dis turbances introduced a t  equilibrium 
reac tor  power levels of'.100 MW and 1 M W .  The react ivi ty  inser t ions con-. 
s is ted of s tep and r a m p  funct.i.ons, with magnitudes ranging to  well  above 



prompt  c r i t ica l .  Input reactivity r amps  were  chosen such that the total 
inser t ion occurred  in 33 m s ,  which i s  the coolant t r ans i t  t ime through the 
c o r e .  Briefly,  resu l t s  indicated: 

(1) The power response i s  s tab le ,  i . e . , - t h e r e  i s  no evidence of 
significant power oscil lations following the initial power burs t .  

(2) ' T h e  effect of decreased  init ial  power i s  to  dec rease  the mag- 
nitude' 'of peak power obtained during the shor t - t e rm response.  

(3) F o r  the s a m e  total  input reactivity,  the effect of r a m p  ra ther  
than s tep inser t ion i s  to reduce peak power by factors  ranging f rom 0.8 fo r  
$0.75 reactivity to  0.5 for  $1.50 reactivity when initial power i s  100 MW. 
No appreciable  difference between t h ~  po1.xrer r aoponoc  to steps 01- r amps  
i s  observed when initial power i s  1 MW. 

(4) F o r  s tep  reactivity inser t ions ,  the shor t - t e rm power peak is  
reached within 13 m s  af te r  application of the s tep when initial power is 
100 MW. When initial power i s  1 MW, and the reactivity exceeds prompt 
c r i t i ca l ,  the t ime requi red  to achieve s h o r t - t e r m  power peak i s  increased 
to  a maximum of 60 m s  for a $1.00 s tep inser t ion.  

(5) F o r  the r a m p  reactivity inser t ions ,  the shor t - t e rm power peak 
i s  reached.within 6 m s  af te r  terminat ion of the r a m p  (33 m s  duration) when 
init ial  power i s  100 Mw. When init ial  power. i s  ,1  MW, and the reactivity 
exceeds pro~r ip t  c r i t i ca l ,  this delay t ime i s  increased  to a maximum of 
52 m s  af ter  terminat ion of a $1.00 r amp.  

( 6 )  Reactivity compensation by s t eam voids i s  not significant for 
subprompt c r i t i ca l  react ivi ty  inser t ions . 

(7) The threshold value of input reactivity which causes  hot spot 
fai lure  i s  approximately $0.90 s tep inser t ion a t  initial reac tor  power of 
100 MW. Burnout heat flux a t  the hot spot occurs  in approximately 40 m s  
a f t e r  application of the s tep.  F o r  r a m p  inser t ions ,  the corresponding 
threshold value is  extended somewhat,  ranging f rom $0.90 to $1.00. F o r  
the $1 . O O  r amp ,  burnout heat flux a t  t h e  hot spot occurs  in approxilnately 
14 m s  af ter  terminat ion of the ramp.  

F o r  both s tep  and r amp inser t ions a t  1 MW reac tor  power,  the 
threshold value of input reactivity for hot spot fai lure  l ies  in the range 
$1.10 to $1.25. Burnout i s  reached in approximately 48 m s  af te r  applica,tion 
of a $1.25 s tep ,  and 40 m s  af te r  terminat ion of a $1.25 r a m p .  

Three  simulated operational abnormali t ies  w e r e  a l so  studied. 
These.  included: (1) continuous withdrawal of a control rod;  (2) injection of 
cold water  into the r e a c t o r ;  and (3) par t ia l  voiding of internal  t he rma l  
column (ITC).  



C a s e  1: A s t a r tup  accident was s imulated with the r eac to r  c r i t i ca l  
a t  essent ia l ly  z e r o  power ( 2 . 4 ~  wat ts)  followed by the continuous addi-  

t i o n  of react ivi ty  a t  a r a t e  of $6.4 x lo- '  pe r  second.  Since negligible r e a c -  
t ivity compensation i s  developed (due to  inherent  feedback mechan i sms)  
until r eac to r  power r eaches  1 MW, the init ial  portion of this p roblem was 
solved using a digital code (RE- 101) without feedback. Values of react ivi ty ,  
neutron densi ty ,  and delayed neutron p r e c u r s o r  concentrations were  obtained 
for 1 MW power.  These  values w e r e  used a s  input conditions for the analog 
studies of the problem with feedback. 

After  initiation of the t rans ien t ,  the t ime  to  r each  1 MW power i s  
15.75 s e c .  At this t ime ,  total  react ivi ty  i s  $1 .O1 a n d  the r eac to r  per iod i s  
approximately 50 m s .  Power continues to r i s e  exponentially for  a n  addi-  
tional 140 m s  to  a level of approximately 12.5 MW. At this level ,  sufficient 
feedback react ivi ty  i s  developed to  r e v e r s e  the exponential power r i s e .  The 
ensuing power r i s e  i s  accompanied by sufficient feedback react ivi ty  such 
that  the power r i s e s  nea r ly  l inear ly  with t i m e .  At 100 MW, which i s  reached 
17.66 s e c  a f te r  initiation of the t rans ien t ,  the power r i s e  r a t e  i s  approxi-  
ma te ly  40 ~ ~ / s e c .  Terminat ion of this excursion before hazardous con- 
ditions develop i s  considered well  within. the capabil.ities of the AARR 
safe ty  s y s t e m s .  

C a s e  2:  The consequences of injecting cold water  into the r eac to r  
was  examined by simulating the effects of instantaneous reduction in inlet  
water  t empera tu re  f r o m  135OF to  35OF. Although the physical  real izat ion 
of this condition i s  not feasible ,  i t  i s  considered to r ep re sen t  the theoret ical  
upper l imi t  insofar a s  the resul t ing power excursion i s  concerned.  The 
t rans ien t  was init iated f r o m  a s imulated equi l ibr ium reac to r  power leve l  
of 100 MW, with full coolant flow. 

The react ivi ty  produced due to  cold wa te r  injection i s  that  r e su l t -  
ing f r o m  the combined effects of the negative t empera tu re  coefficients in  
the c o r e  and the posit ive coefficients in the ITC and Be re f lec tor .  However ,  
in the s imulat ion,  no c red i t  was taken for the beneficial effects of e i ther  
the ITC o r  the Be re f lec tor .  

The ne t  react ivi ty  r i s e s  rapidly following reduction of inlet wa te r  
t empera tu re ,  and r eaches  a max imum value of approximately $0.60 a t  
40 m s .  The resul t ing power r i s e  r eaches  a peak value of 240 MW a t  approx-  
imately  45 m s  a f te r  initiation of the t r ans i en t .  Conditions a t  the  hot spot 
r ema in  well  below the c r i t i ca l  values requi red  for  burnout.  

C a s e  3: In this  study, i t  was a s sumed  that  uniformly dis t r ibuted 
voids a r e  swept into the ITC with the bulk water  s t r e a m  a t  a velocity of 
4 f t /sec .  This produces a l inear  react ivi ty  addition a t  a max imum r a t e  of 
$ l ~ / s e c ,  with a possible  total rcact ivi ty  addition of $4.5. Control  rod s c r a m  
was assunled ,  with a high-flux s ignal  occur r ing  a t  a power level  30% above 



nominal,  a 25-ms rod declutching delay followed by 4-g accelerat ion 
of five of the s ix  in-core  control rods .  

If the, reac tor  i s  'operating a t  100 MW, the power level r i s e s  rapidly 
to  a maximum value of 250 MW in approximately 90 m s  af te r  the beginning 
of the t rans ien t .  The control rod high-flux t r i p  point (130 MW) is  reached 
in approximately 20 m s ,  and the action of the safety sys t em is  effective in 
l imiting the net reactivity to a maximum of $0.60 and then shutting the 
r eac to r  down. Local boiling conditiqns a r e  reached a t  the hot spot ,  but 
hea t  fluxes r ema in  well  below cr i t ical  values.  

Similar  calculations based on an  initial reac tor  power level of 
1 MW, indicate that the reac tor  will  be  shut down without damage, provided 
the, control rod high-flux t r i p  pcint i s  ~ o t  for thc 1o.w-puwer range. 

1.3.3.4 Component Design and Eval~la.tinn 

Reactor  Vesse l  

A conceptual design of the p r e s s u r e  vesse l  and int 'ernals has been 
co'mpleted. ( see  F ig .  1- 38.) Designed for 800 psig and 350°F, the vesse l  
m e a s u r e s  8 ft in d iameter  and approximately 24 ft long. Selection of vesse l  
m a t e r i a l  and final a r r angement  of the ver t ica l  and horizontal i r radiat ion 
facil i t ies is contingent upon completion of a comprehensive s t r e s s  analysis .  

p re l imina ry  s t r e s s  calculations were  made  on an  a l l -  s ta inless  
s t ee l  vesse l .  These  calculations were  based on an, e last ic  deformation 
analysis  in accordance with ASME Boiler and P r e s s u r e  Vessel  Code, 
Section 111: Nuclear  Vessels  (1963 ~ d i t i o n ) .  This analysis  revea.1.ed that 
a l a rge  proportion of the wall  s t r e s s  i s  caused by differential  t he rma l  
expansion. This i s  to  be expected because of the high heat  generation in 
the wall ,  and the low thermal  conductivity - high expansion coefficient of. 
s ta in less  s tee l .  Also,  the yield s t rength for stainless  s tee l  dec reases  very  
rapidly with t empera tu re .  In this instance,  the code- recommended s t r e s s  
l imi ts  exceeded the yield s t rength.  Consequently, s ta inless  s tee l -c lad ,  
carbon s tee l  (SA 212 B) i s  being considered a s  a n  a l te rna te  vesse l  ma te r i a l .  

Accurate  theoret ical  s t r e s s  analysis  at  t h c  vcss  el midplane i s  
difficult because of the l a rge  number and proximity of penetrations for  
beam tubes.  Moreover ,  the penetrations a r e  not normal  to the vesse l ;  
r a t h e r  they a r e  tangent to  an  18-in.-diameter  inner  c i r c l e .  To date ,  approx- 
imate  s t r e s s e s  a t  the beam tube penetrations have been c o m p l ~ t ~ d  by ignoring 
the existence of other  nozzles .  Total s t r e s s e s  were  mapped by the method 
of superposition 
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Fig. 1-38. Concep tua l  design of AliRR pressure ve.sse1 



However,  s t r e s s  approximatiins in the vicinity of the nozzles a r e  
essent ial  in determining the maximum feasible number of beam tubes.  
There fo re ,  a computer p rogram has been wri t ten to calculate the s t r e s s e s  
in the vicinity of a reinforced c i rcu lar  hole. The machine output i s  then 
used to  evaluate the s t r e s s  concentration factors  for different  combination^, 
of plate thickness ,  outlet wall thickness ,  and outlet d iameter .  An outlet=..wall .# - 
thickness of 2 in. .has  been tentatively selected,  based on a s t r e s s  concen- 
t ra t ion  factor of -2.2 a t  the c r i t ica l  point. This will be re-examined when 
m o r e  rel iable  information on gamma heating i s  available and the beam tube 
layout i s  completed. 

Experimental  Faci l i t ies  

, I-Ior.izonta1 -. Beam Tu.hes.. The function of the liorizontal beam tu'bes 
i s  to  furnish a. collimated beam of high-intensity thermal  neutrons leading 
f r o m  the c o r e  to  the experimental face,of  t h e  biolog,ical ohield. ~ l l ~ . i . . l . ' i ~ ~ ~ l -  

menta l  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  
c rea ted  'by gamma heating; and ( 3 . )  i r radiat ion damage f rom sustained 
exposure.  

F igure  1-39 shows a conceptual design of the blind beam tubes 
proposed for u s e  in the AARR. (A s imi l a r  design i s  contemplated for the 
through-t.ubes.) Basical ly ,  the desig'n i s  character ized by a bolt-breech 
mechanism for connecting the tubes to their  respect ive nozzle openings in 
the rcac tor  vessel., and for .  making the t ransi t ion ,to the penetration in the 
shield tank and biological shield.  The.bol t -breech connection i s  a l so  em-  
ployed to facilitate remote-  controlled assembly  o r  disassembly of the bearr~ 
tube for  repa i r  o r  replacement .  

I With reference  to Fig.  1-39, the blind beam tube assembly  com- 
p r i s e s  s ix  m a j o r  components: (1) aluminum beam tube; (2) s ta inless  s tee l  
shield penetration; (3)  s ta inless  s t ee l  beam tube adapter ;  (4) collimator 
(not shown); (5) bolt-breech connectors;  and (6 )  shield tank transition 
bellows. The integrated assembly  pe r fo rms  four major functions : 

(1) Seals  the beam tube to th.e vesse l  nozzle against  800-psig 
pressur 'e .  

(2) Seals  the tube adapter to the s tainless  s tee l  shield penetration 
i,i?-the biological shield.  

(3) Compensates for thermal  expansion, misalignment,  and move - 
ment  of the tube between the reac tor  vesse l  and s ta in less  s tee l  
shield penetration. 

(4) Provides  init ial  col.l,imation of the ncutron beam. 







Briefly,  the beam tube consis ts  of an aluminum p r e s s u r e  tube 
encased in a thin-walled aluminum jacket. Both jacket and tube a r e  inser ted  
into an  aluminum sleeve which lines the opening in the ref lector .  The s leeve 
i s  sealed to the reflector shroud. Cooling water  en ters  through the beam 
tube adapter and flows through the annulus formed by the tube and jacket 
toward the tip of the beam tube. At this point, the flow r e v e r s e s ,  en ters  
the .annulus formed by the sleeve and jacket, and ult imately discharges 
into the reac tor  vesse l .  

A pre l iminary  s t r e s s  analysis of the beam tube was completed, 
by Franklin Institute, ear ly  in March ,  1964. In general ,  t he rma l  gradients 
and s t r e s s e s  were  determined in o rde r  to se t  the bounds for the allowable. 
wall  thicknesses of the aluminum tube. A two-dimensional, e lectr ical  ana-  
log was used to determine the tempera ture  distribution and cooling r equ i re  
ments .  The resu l t s  showed that the tempera ture  can  be kept below 300°F 
with flow ra t e s  of 11 to 12 ft/sec, and inlet coolant tempera tures  up to 
175OF. 

A prototype blind beam tube will be fabricated to facil i tate fur ther  
development and reliriement of the conceptual design. 

Vertical Fac i l i t ies .  A review of the ver t ica l  facil i t ies by various 
experimenters  has reflected a n  increase  in the number and type to be in-  
s ta l led in the Internal  T h e r m a l  Column. More  specifically,  design layouts 
a r e  being prepared  to accommodate s ix  basket-type ( long-term exposure)  
and seven hydraulic-operated ( shor t - t e rm exposure)  rabbit  faci l i t ies .  

The mos t  promising ar rangement  i s  the interlocking assembly  
shown in Fig.  1-40. The upper half contains the s ix  baskets .  It i s  sea led  
to and supported by the cent ra l  shield plug which penetrates  the vesse l  top 
c losure .  The integral  assembly  i s  removed p r io r  to  fueling operations.  
The lower half contains seven,  re -ent rant  rabbit  facil i t ies which penetrate  
the vesse l  bottom head and supporting s t ruc tu re .  This assembly  r emains  
stationary durir ig refueling operations.  

The c o r e  zone apparatus  within the hexagonal I .T .C.  tube is  cooled '  
by p r i m a r y  coolant f rom ei ther  of two sources ,  the discharge being made  
into the main  s t r e a m  below the co re  support plate.   he shdwn method 
(Fig . 1-40) uses  independently monitored p r i m a r y  coolant f rom a branch 
loop which enters  through the top head of the vesse l  c losure  into the coolant 
tube. ( see  I tem 4,  Fig.  1 - 38.) The coolant flows downward into t.he basket  

, 

rrianifold whcre it cools both the baskets and the outer tube of the rabbit  
faci l i t ies .  A second method would extract  p r i m a r y  coolant f rom the upper 
portion of the reac tor  v e s s e l  through holes in the coolant tube and, utilizing 
the reac tor  c o r e  p r e s s u r e  drop,  would effectively cool the apparatus  in the 
s a m e  manner .  



The seven  hydraul ic  rabbi t  facil i t ies a r e  operated and cooled inde- 
' 

pendently by auxi l i a ry  wate r  s y s t e m s .  Connections to these  sys t ems  a r e  
m a d e  through the  .bottom v e s s e l  head.  

The rabbi t  tubes te rmina te  in one of s e v e r a l  common o r  paired 
unloading s ta t ions  in the canal adjacent  to the hot cel l  in the Laboratory 
and .  Office Building. At th is  point, the encapsuled spec imen i s  e i ther  
(1) t empora r i l y  s to r ed  in  the canal ;  ( 2 )  loaded into a shielded ca sk  for  off- 
s i t e  shipment;  o r  ( 3 )  inser ted  in  a secondary ,  pneumatic rabbit  s y s t e m  for  
rap id  de l ivery  to  the expe r imen te r ' s  l abora tory .  

A prototype of the  I .T .C.  appara tus  will be built to verify the 
hydraul ic  p a r a m e t e r s ,  s t ruc tu ra l  adequacy, and ea se  of handling, mainte-  
nance ,  and r epnir  . 

REFERENCES  

1. D .  H .  Lennox e t  a l ,  S tatus  Report on the Argonne Advanced Research 
Reactor, ANL-6451 (November, 1961). 

2 .  B .  A. Zenkevich and B .  I .  Subbotin, Cr i t i ca l  Heat Fluxes i n  Subcooled 
Water wi th  Forced Circulation, Atomnaya Energiya 2,  149 (195 7 )  . 

3. R. S .  Pyle,  STDY-3: A Program for the Thermal Analysis of a Pressur*ized 
Water Nuclear Reactor During Steady S ta te  Operation, WAPD-TM-213 
(June,  1960). 

4 .  Preliminary s t r e s s  ~ n & t ~ s i s  of the  AARR Fuel Assembly, NUS-242 
(June 15,. 1965). 

5. J .  M .  Hendrie and H .  J.. C .  Kouts, Pre.Liminary Hazards Swmnary Report OW. 
' 

the  Brookhaven High b'lm Bean R~seaz~clz Rcaotor, TIU-14771 (May, 1961) . 

1.4 EXPERIMENTAL BOILING WATER KEACTOR (EDWR)  

Plutonium Recycle Exper iment  

1 .4 .1  Summary  

E a r l y  in 1962,  the Division of Reac tor  Development requested 
Argonne National ~ a b o r a 1 u . r ~  to par t ic ipate  in t.he Plutonium Recycle P r o -  
g r a m ,  with pai.ticular erilphasjs on the r e s e a r c h  that  could be explored 
exper imental ly  in the EBWR ~ a c i l i t ~ ' .  The purpose of the joint Argonne- . 

Hanford p rog ram which evolved a s  a r e su l t  of this reques t  i s  to obtain 
information on the u se  of plutonium fuel in l ight-water ,  t h e r m a l  reac tor  
s y s t e i m s .  Such utilixa.tion could be made  in e i ther  a n  a l l - t he rma l  plutonium 
recyc le  s y s t e m ,  ,or in the t h e r m a l  p a r t  of a mixed f a s t - t he rma l  reac lur  
complex.  



Deyelopment of either concept requi res  essent ial ly  the s a m e  
physics information, in par t icu lar ,  basic  data on the isotopic behavior 
of plutonium a s  i t  i s  i r rad ia ted  in a thermal  r eac to r .  Therefore ,  it i s  
desirable  that the experiment be made a s  s imple a s  possible;  so  that 
i t  will yield the necessary  information in  a fo rm which i s  readily ame-  
nable to analysis .  Accordingly, the following considerations were  r e -  
garded a s  significant: (1) that modifications to EBWR be kept to a 
minimum; (2) that EBWR should remain  a boiling-water sys tem;  and 
(3) that ' i t  be used p r imar i ly  a s  a n  i r radiat ion facility, r a the r  than in 
support of a n  active r eac to r  development program.  

During the f i sca l  reporting period,  the principal efforts of the 
Reactor Engineering Division were  focussed on activit ies related to con- 
version of the EBWR to mee t  the needs of the p rogram.  These  activ- 
i t ies  ranged f rom preventive maintenance of auxiliary sys t ems  and 
piping, to r igorous inspection, r e p a i r ,  modification, and/or replacement  
of major  components.arid sys t ems .  Concurrent  efforts in  d i rec t  support 
of the program included: (1) development of a re ference  core  design and 
an  improved control rod assembly;  (2 )  establishment of a p r e s s u r e  v e s s e l  
ma te r i a l  surveillance program;'  and (3) participation in the preparat ion 
of the safety analysis report1 on the proposed Plutonium Recycle 
Experiment.  

1.4.2 Plant Inspection, Modifications, and Maintenance 

~ r ~ o n n e ' s  participation in the Plutonium Recycle P r o g r a m  was 
prefaced by a r igorous radiographic,  u l t rasonic ,  magnaflux, and dye- 
check inspection of a l l  c r i t i ca l  p r i m a r y  sys t ems  and components com- 
pr is ing the EBWR plant complex. The observations made  during the 
course  of this inspection resul ted in  numerous repair ' s ,  modifications 
and a ma te r i a l s  survei l lance p rogram,  a l l  designed to ensure  safe and 
reliable operation of the plant.2 

1.4.2.1 Reactor P r e s s u r e  Vessel  

The upper half of the vesse l  in te r ior  was subjected to a s e r i e s  
of non-destructive and destruct ive t e s t s .  These  t e s t s  were  t r iggered  
by visual arld d y e-penetrant  inspections which revealed numerous s u r -  
face defects in the Type 304 s tainless  s tee l  cladding. This cladding con- 

s i s t s  of eight butt-welded panels (0.109 in. thick, 32 in. wide, 110 in. 
long) that a r e  spot-welded to the wall  of the SA 212B s t ee l  vesse l .  



Many of the defects were  disclosed a s  through.-cracks by intro-  
ducing nitrogen a t  800 psig between the cladding and the vesse l  wall ,  and 
covering the clad sur faces  with a , foaming detergent.  (See Fig.  1-41.) 
The through-cracks were  c lear ly  defined in five of the eight panels.  No 
through cracks  were  found in the other panels.  

Approximately 40 l inear  feet of c racks  were  al ternately ground 
and inspected with a dye penetrant.  In general ,  the c racks  appeared to 
inc rease  in s i ze  and number,  suggesting origination a t  the clad-wall 
interface.  (See Fig.  1 - 42.) These  operations were  extended through 
the clad-wall interface and slightly into the vesse l  wall. Boat samples  
(1/2 in.  wide, 2; in. long) of the cladding, which included some SA 2 12B 
m a t e r i a l ,  and s t r ip s  of the vesse l  clad (1/2 in. wide, 8 in. long) were  
s ~ i b j  ected to r igorous chemical  and rrleldlur gical tests  , including bend 
t e s t s .  In a l l  c a s e s ,  t he re  was no evidence of c rack  propagation into the 
v e s s e l  wall. Corros ion  of the interfaces was l imited to a thin fi lm of 
m i l l  sca le  (Fe304) .  ' r l ~ e r e  was no evidcnce of local pitting o r  g ross  
generation of i ron  oxide (FezO,). 

The lower half and lower head of the vesse l  w e r e  not examined 
because of high radiation levels and inaccessibil i ty posed by the co re  sup- 
po r t  s t ruc tu re  and the rma l  shield.  However,  i t  was observed that cracking 
of the clad was most  seve re  in the s t eam dome a r e a ,  with progressively 
l e s s  cracking below the water  l ine.  

Tes t s  w e r e  a l so  made on (1) remnants  of Type 304 clad, SA 212B 
m a t e r i a l  which were  salvaged during init ial  fabrication of the vesse l  in 
1955; ( 2 )  a. cl.ad t e s t  plate' fabricate'd by the vendbr in 1959; and (3) a section 
removed from the vesse l  in 1960. In a l l  c a s e s ,  s imi lar  c racks  were .ob-  
se rved ,  but again the re  was no evidence of c rack  propagation into the vesse l  ' 

wall.  Photomicrographs of sections through the clad,  spot weld, and vesse l  
wall  indicate.d that the cracking originated a t  the clad sur face  r a the r  than 
a t  the clad-wall interface.  

The foregoing inspections and supporting t e s t s  have not clearly- 
defined the actual  mode of f r ac tu re  in the cladding.. However,  the observa-  
t ions made during these tes t s  support the belief that i t  i s  highly improbable 
that subsequent c racks  will  propagate into and impai r  Lhe irlLeg1.ity of thc 
v e s s e l  wall. The cladding was never  calculated a s  a s t rength factor of the 
vesse l ;  i t  was installed to  inhibit cor ros ion  of the SA 212B vesse l  mater ia l .  
P a r t i a l  removal  of this protection ( see  F ig .  1-43) has  resul ted in total  



Fig. 1-41. Typical dye-penexant indications of Fig. 1-42. Post-grinding appearance of panel having greatest number 
cracking in Type 304 stainless steel cladding of initial "surface defects." Also see panel No. 8 on Fig. 1-43. 



exposure of about one square foot of SA 212B material to the reactor cool- 
ant. Inasmuch as  i t  i s  not proposed to reclad these a reas ,  a vessel  mate- 
r ia ls  surveillance program has been established to monitor for possible 
adverse changes in the cladding and carbon steel wall during subsequent 
operations. 
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Fig. 1-43. Pictorial summary of EBWR vessel inspection, showing areas 
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This surveillance progr.am has involved a comprehensive l i t e ra ry  
,and  photographic documentation of the cu r ren t  s ta te  of the cladding and base 
meta l .  An optical depth mic romete r  has  been used to establish cor ros ion  
reference  p'oints for the SA 212B steel. .  During scheduled shutdown per iods ,  
s imi l a r  measurements  will  be made to de termine  the extent and significance 
of any evidence of additional cor ros ive  attack. 

Dye-penetrant - tes t s  of the cladding will be made  and the resu l t s  
compared with reference photographs to identify the onset  of new cra.cks.  
These tes t s  will be conducted on four a r e a s  of the upper course  of cladding. 
'Specifically, they include two panels (one in the water  zone., one in the 
s t eam zone) that were  c l ea r  of sur face  defects ,  and two panels (in the s a m e  
zones) that showed evidence of sur face  c racks .  To facil i tate these t e s t s ,  
the upper shock shield (which covers  the clad region in  the water  zone) has 
been modified. This modification consisted, of installing two removable 
panels over the cladding a r e a s  to be monitored in  this zone. No changes 
have been made in the s t eam zone s ince sufficient a r e a  i s  available for  
inspection and testing. 

Dye-penetrant t e s t s  a l so  will be made  on the exposed sur faces  of 
the SA 212B base meta l  to determine whether cracking has  been initiated. 
Detection of any incipient c racks  will be cause  for re-evaluation of the 
experimental  p rogram.  

. Surveillance of the vesse l  base me ta l  will include radiation effects.  
Five capsules ,  each containing 15 spec imens ,  have been prepared  for this  
purpose.  Two capsules will be installed in each of two I1barel1 and two 
"shielded" i r radiat ion t e s t  thimbles located adjacent to the core .  Accel- 
.crated irradiat ion of the specimens in  these  thimbles will  provide advance 
warning of any potential s t ruc tu ra l  changes that m a y  be induced in the 
vesse l  i tself .  The fifth capsule will be located in the s t eam dome. 

Subject to experimental verification, the s t eam dome region will  
be rnodificd to i~lclude an  improved s team-water  separat ing baffle. Designed 
for  installation on the existing core  r i s e r ,  this baffle consis ts  of an  inverted,  
perforated,  truncated cone fabricated f rom 1/8-in.-thick s tainless  s t ee l  
Type 304.. I ts  effectiveness will be determined by comparison with r eac to r  
operating conditions without the baffle installed.  If succe,ssful, improved 
s team-water  separat ion should allow operation a t  higher power levels 
(>40 Mw) ancl tl.1.u~ acce lera te  the Plutonium Recycle Experiment .  

Removal of Forced  Circulation Tees  

The original EBWR design included f o r  future c0nver.s ion 

) . f rom a l ight-water ,  natural  circulation sys t em to a sys t em which wou ldpe r -  
m i t  experimentation with both forced circulation and heavy-water operation. 



One provision consisted of four 6-in.  pipe extensions df nozzles located a t  
the bottom of the vesse l .  .These extensions terminated in pipe tees  in the 
subreac tor  room and in close proximity to 'the control rod dr ive  mechanisms. 

Although one branch of each of th ree  tees  was connected to a blow- 
down sys t em,  radioactive cor ros ion  products collected in their  s ide branches 
and could not be  removed. (1t i s  believed that introduction of a i r  during past  
experiments  resul ted in entrainment of the products to  the fa r  r e c e s s e s  of 
these  branches.)  Consequent high radiation levels precluded personnel 
a c c e s s  for maintenance of the control rod dr ives .  The fourth t ee ,  which i s  
connected to the water  purification sys t em,  has never accumulated any 
significant amount of radioactive products.  

\ 

To prevent.  any fulurt: buildup of highly a rt.ivated products ,  the 
other  th ree  t ees  w e r e  replaced with ver t ica l ,  tapered pipe seclibad. T l looe  
sect ions a r e  a l s o  connected to a blowdown sys tem and a r e  valved a t  the 
bottom to facil i tate periodic cleanout, 

1:.4.2.3 P r i m a r y  Sys tem Piping Welds 

Radiographs of the ~ a n i ~ e n - ~ l a t e d  s t eam piping and the balance 
of s ta inless  s tee l  piping revkaled a ve ry  high percentage of defective welds.  
These  defects ranged f r o m  unfused weld roots  and voids,  to longitudinal, 
t r a n s v e r s e ,  and c ra t e r - type  c racks .  Repair  of the s t eam piping was ef- 
fec ted ,  in p a r t ,  by welding two half: shklls over  the defective welds.  The 
s ta in less  s tee l  piping was  repa i rcd  by the con~rentional technique of grind- 
ing out and rewelding. All r epa i r  welds were  inspected radiographically.  

S lmi lar  inspecti011 of thc high-pressi.lre boric  acid sys tem resul ted 
i n  replacement  of all piping and fillillgs. A completely new piping a r range-  
men t  was instal led,  with improved routing of the abso rbe r  ma te r i a l ,  and 
with one-third the number of welds.  

Sorlic wall  thiclcness mea siirernents indicated that the condensate 
piping was sound and relat ively unaffected by water  cor ros ion .  However,  
radiographs revealed s e v e r a l  cracked welds.  These  cracks were  ground 
01-~.t and rewelded. Since the maximum p r e s s u r e  in these l ines i s  about 
12 psig,  the welding requi rements  a r e  based p r imar i ly  on rrlechanical 
loading and vibration. 

1.4'. 2.4  ' P r i m a r y  Purification System 

A review of the operating history.of this system. revealed numerous 
f a i lu res  of the canned-rotor  pumps , ,  and instances where  the subcooler 
heat  .exchangers did not m e e t  design per formance  specifications.  These 
pumps and subcoolers  w e r e  replaced with la rger -capaci ty  counterparts .  
The corresponding piping and valving was  revised and ins t ru~nen ted  con- 
s i s ten t  with improved efficiency, re l iabi l i ty ,  and flexibility of operation. 



1.4.2.5 Feedwater Full-Flow F i l t e r s  

The feedwater sys tem i s  equipped with four full-flow f i l ter  units.  
Units No. 1 and No. 2 a r e  constructed of carbon s tee l  with roll-bonded 
s tainless  s tee l  cladding; they represent  the initial ins tallation. Units 
No. 3 and No. 4 a r e  constructed throughout f rom Type 304 s tainless  s t ee l ;  
they were  installed during modification of EBWR for 100-MW operation. 

Units No. 1,  No. 3, and No. 4 'wer  e adjudged amenable to r e p a i r s  
o r  reinforcing in o rde r  to mee t  code requirement 's .  However,  the en t i re  
longitudinal s e a m  of Unit.No. 2 was- cracked beyond economical r epa i r .  
Since sufficient filtering capacity i s  provided by three  f i l te rs ,  Unit No. 2 
was removed f rom serv ice .  

1.4.2.6 Retubing of Main and. Recovery System Vent Condensers 

Both condensers  were  completely retubed with 18 BWG Admiral ty  
b r a s s  tubes.  Inspection of the 6063-T83 1 aluminum Alclad tubes in the ma in  
condenser showed seve re  pitting on sur faces  exposed to the circulating 
cooling water .  Moreover ,  eddy- cu r ren t  measurements  on 2670 of the 
1158-tube complex revealed that 234 tubes has  l e s s  than 7570 of the or iginal  
wall thickness remaining . 

The original aluminum tubing in the vent condenser a l so  showed 
evidence of cor ros ion  s imi l a r  (but to a l e s s e r  degree )  to that which neces-  
si tated retubing of the main  condenser.  

Inhibited Admiral ty  b r a s s  tubing was specified a s  the al ternate  
tubing mater ia l .  Available data on water  chemis t ry  and cor ros ion  product 
distribution indicates that the b r a s s  constituents will not introduce any 
significant cor ros ion  problems.  Trea tment  of the circulating coolant h a s  
been adjusted consistent with the change in tube ma te r i a l .  

In addition to retubing the main  condenser ,  the desuperhea ter -  
deaera tor  piping ar rangement  was modified to eliminate back-p ressu re  
buildup of radioactive gases  in the deaera tor  vent l ine.  These gases  ult i-  
mately leaked through the packing of the deaera tor  safety valve into the 
containment building. The modification consisted of cutting the common 
piping between the two components, sealing off the desuperheater  s ide,  and 
adding a diffuser plate on the deaera tor  s ide to prevent  impingement of the 
s t eam on the condenser tl.ihes. 

Containment Shell .Main Air  Lock Doors . 

Struc tura l  analysis  of these  doors  indicated that the fi l let  welds 
between the s t i f feners  and the door plates were  prone to ove r s t r e s s ing ,  
depending upon the s t r e s s  ;intensification fac tors  employed. Subsequent 



/ 

magnaflux testing. of these  fi l lets  revealed th ree  par t ia l ly  c racked  welds 
on the inner  door .  These  c r acks  were  ground out and relwelded. 

As a precaut ionary m e a s u r e  against  fu r ther  f i l let  weld cracking,  
reinforcing m e m b e r s  w e r e  welded on both inner  and outer  doors .  Ex t r eme  
c a r e  was  exerc i sed  to  min imize  heating and consequent warpage of the 
door s .  The s u c c e s s  of these  operat ions  was evidenced by subsequent l eak  
t e s t s  on the  doors  and door s e a l  faces .  T h e r e  was no measurab le  leakage. 

1.4.3 Supporting Resea rch ,  Design, and Development 

1.4.3.1 Reference  C o r e  Design 

The r e fe rence  c o r e  (E'ig. 1-44) m e a s u r e s  5 ft i n d i a m e t e r  and i s  
designed to accommodate  a total  of 147 fuel subassem'blies (effective fuel  

length = 4 ft) loaded in  t h ree  zones 
a s  follows: 36 plutonium t e s t  fuel 
subassemblies  i r i  a cen t ra l ,  squa re  
zone (PU);  60 enriched ~ i r a n i u m  sub- 
a s sembl i e s  in  a n  intermediate  zone 
(E) ;  and 51 natural  uranium subas-  
sembl ies  in the outer zone (u ) .  

. . 

Fue l  Subassemblies .  Each 
fuel subassembly contains 
36 Zir'caloy-2 tubes a r ranged  in a 
squa re  la t t ice .  Each tube m e a s u r e s  
0.372 in. O.D.,  with a wall  thickness 
of 0.025 in.  

The fuel in the cerltral t es t  
subassemblies  i s  composed of 
1.5 wt-70 P u 0 2  - 98.5 wt-70 depleted 
UOz mixe,d oxide, which i s  loaded 
into the tubes by vibra.t.ory compac- 

Fig. 1-44. Plan view of reference. core tion. Unlike their  counterpar ts  in 

loading for Plutonium Recycle Experiment the intermediate  and. outer zones,  
the subassembl ies  in the cen t ra l  zone 

are o f  a I1ta.k,e-apart" design,  t o  facil i tate withdrawal ,and replacement  of 
individual fuel  tubes.   his fea ture  i s  essen t ia l  to  the conduct of periddic 
ana lyses  fo r  isotopic content a s  a function of fuel burnup. F igu re  1-45 shows 
these  and other  detai ls  of the plutonium t e s t  fuel  subassembl ies  for the 
cen t r a l  zone. 

Subassemblies  in the intermediate  zone a r e  fueled with U02 pellets 
enr iched to 6 wt-70 U-235.. The composit ion includes a burnable poison: 
0.158 wt-70 /ouzo3 and 0.0288 wt-70 Sm203.  These  pellets a r e  mechanically 
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Fig. 1-45. 'sectional views of Plu~onium Test Fuel Subassembly 

loaded into the Zircaloy-2 tubes.  Subassemblies  in  the  outer  zone a r e  
loaded s imi l a r ly ,  but with na tura l  UO, pel le t s .  

After  being loaded, each tube i s  evacuated,  backfilled with d r y  ' 
helium o r  mixed argon-hel ium gas  a t  a tmospher ic  p r e s s u r e ,  and sea led  
with Zircaloy-2 plugs welded a t  each end. P r i o r  to welding the top end 
plug, a s ta in less  s t ee l  spr ing  i s  compres sed  above the fuel rod .  The p r i -  
m a r y  purpose of ' the  spr ing i s  to maintain  a gap for  collection of f ission g a s  
r e l ea sed  during i r rad ia t ion  of the fuel to  a design burnup of -25,000 M W ~ /  
tonne. A gap of 5.5 in.  i s  maintained above the  fuel i n  the cen t r a l ,  
plutonium-bearing e lements ,  while a gap of 3.5 in .  i s  maintained above the 
enr iched uran ium and the na tura l  u ran ium fuel, r ods .  The spr ing  a l so  s e r v e s  
to  prevent  shifting of the fuel  rod during shipment  o r  loading into the r e a c t o r .  

The fuel tubes in  each subassembly a r e  supported and 
a t  each end by a s ta in less  s t ee l  g r id ,  and a t  the cen te r  by a 'Zircaloy.-  2 
space r  g r id .  Each  support  and space r  g r id ,  i n  t u rn ,  i s  contained within, 
and fastened to ,  a 3.75-in.-square can  (0.062-in. wal l ) .  The can  i s  fabr i -  
cated' f r o m  rdl led,  fo rmed,  and welded Zircaloy-2 s t r i p  s tock.  All  subas-  
sembl ies  a r e  in  the c o r e  support  g r id  by respec t ive  locating- 
t ip,  bottom- end fi t t ings.  



Control Rods. ~ f t e r  completion of the 100-MW experimental pro-  
g r a m ,  but p r io r  to unloading the fuel, the reac tor  vesse l  was filled with 
water  to facil i tate examination of the nine control rods .  These included 
eight rods made  of 2'70 boron-stainless  s tee l ,  and a center  rod made  of 
hafnium. One rod a t  a t ime  was disconnected f rom i ts  dr ive  mechanism 
and lifted out of i t s  guide shroud sufficiently to expose the poison section 
and the Zircaloy-2 follower.  The sur faces  of these  components were  then 
scanned with a strong light and a m i r r o r .  Questionable a r e a s  were  s c r u -  
tinized with the aid of a boroscope. 

The sur faces  of a l l  rods were  covered with the usual reddish- 
brown i r o n  oxide. Although the hafnium rod had accumulated 100,000 cycles  
during the course  of the t r ans fe r  function measuremen t s ,  i t  appeared to be 
in good condition. Upon completion of the examination of a l l  control rods ,  
the hafnium rod was  t rar isferred to. the fuel s torage  pit  pending use in  future 
oscil lation tes ts .  

7'he only defect notcd during t h i s  examination was a miss ing  r ivet  
head in  the t ransi t ion zone of a boron-stainless  s t ee l  rod.  When this rod 
was  subjected to a " rap  and wedge" t e s t ,  two m o r e  r ivet  heads broke loose.  
Mici-oscopic examination of the r ive t  shanks indicated that failure was pro-  
moted by intergranular  cracking combined with seve re  mechanical d is tor -  
tion. I t  i s  believed that owing to the differential  t he rma l  expansion between 
Zircaloy-  2 and s tainless  s t ee l ,  sufficient s t r a i n  (0.0 10 c m  a t  250°C) devel- 
oped in  the outermost  r ivets  to cause  a shear- type fai lure  of the r ivet  
shank. 

Because of the questionable condition of approximately 400 of the 
r ive ts  used in the eight rods ,  and the f ac l  that rodc of g rea te r  reactivity worth 
w e r e  des i rab le  for the plutonium recycle  curc, eight highly- enr iched,  
2 wt-% boron-stainless  s tee l  rods a n d  one hafnium rod were  ordered .  The 
new hafnium rod will  be used a s  a s p a r e .  

Severa l  cl~arlgcs w a t e  n~a.d .c ,  i n  the design of the boron-stainless  
s t ee l  rods.  As shown in Fig. 1-46, the riveted t ransi t ion sections were  
replaced, with tongue-and-groove. joints. These  joints eliminate the s t r e s s  
due to differential  t he rma l  expansion of the poison and f o l l o w e r ~ ~ n a t ~ r i a l s  
by. allowing relat ive motion to occur  between the d i s s imi l a r  sect ions.  When 
assembled ,  the control rod components a r e  held in aligrllnent by a cent ra l ,  
1/2-in.-square s ta inless  s t ee l  b a r .  This  bar  i s  integral  with the c r o s s  guide 
follower and extends throughout the length of the control rod.  I t  i s  secured  
by a threaded end which i s  tack-welded in place.  By removing the handling 
tip f r o m  the upper end of the control rod ,  the rod m a y  be disassembled for 
e a s e  of handling o r  independent replacement  of e i ther  the poison o r  follower 
s ection. 



NOTE:  ALL D I M E N S I O N S  I N  INCHES 

Fig. 1-46. sectional views of control rod for Plutonium Recycle Core 

1.4.3.2 Plutonium Fuel  Storage Rack 

P r i o r  to being t ransported to an  off-site processing plant, i r r a d i -  
ated fuel subassemblies will be s tored ,  for a predetermined decay period,  
in the water-fi l led s torage pit which i s  adjacent to the reactor  vesse l .  

While this method of s torage provided a simple solution to the 
shielding problem, i t  did pose a .  cri t icali ty problem. Calculations based on 
loading plutonium-fueled subassemblies  into the original s torage rack within 
the pit indicated that the amount of absorber  ma te r i a l  was insufficient to 
reduce mul.tip3.i.cation much below 30.  Therefore ,  Lhe rack has been replaced 
with an  assembly  designed to l imit  k,ff to l e s s  than 0.811, 

The new rack  i s  s imi lar  in s i ze  and shape to the old one. The dif- 
ferences a r e  limited to the nurnber of s torage openings and the amount of 
absorber  mater ia l  incorporated in the egg-crate-type s t ruc ture .  There  



a r e  143 openings (as  compared to 148 in the old rack) .  Each opening mea-  
l 

s u r e s  4 3 -in. squa re ,  with intervening walls of 1/4-in. thick s tainless  s tee l  
plates which contain 1.4% natural  boron. The walls of the old r ack  were  
fabricated f rom 1/8-in. thick s tainless  s tee l  and 1 wt-70 natural  boron- 
s ta in less  s tee l  plates .  

1.4.3.3 Heat T r a n s f e r  Charac ter i s t ics  and Hydrodynamics of Pu  Recycle 
Core  

P a s t  experience with EBWR has shown. that the hydrodynamic 
charac ter i s t ics  a r e  adequate to  permi t  sustained operation a t  power levels 
well  above 40 MW. The plutonium recycle  c o r e  i s  composed ent i rely of 
rod-type fuel subassemblies  which a r e  geometrically ve ry  s imi l a r  to those 
used i.n th.e "spike" region uf the Core  IA loading durigg operation to 100 MW. 
Since the average  power density in the new c o r e  will  be lower than Lhat in 
C o r e  IA,  i t  i s  expected that the operation with the new elements will be f r e e  
of hydrod.ynamic difficulties. 

Although. the power distribution and the average  hydraulic equivalent 
d iameter  in the plutonium c o r e  a r e  somewhat different f rom the.values 
found in  Core  IA, i t  i s  expected that the recirculat ion flow r a t e  will be s i m -  
i l a r . t o  that m e a s u r e d  in Core  IA a t  42 MW. Because of this and the a fo re -  
mentioned observat ions,  some experimental  values f rom Core  IA operation 
have been incorporated into the following calculations in o rde r  to predict  
m o r e  accura te ly  the actual  operation of the plutonium recycle  co re .  

A number of power-void i terat ions were  c a r r i e d  out using two codes 
programmed for  the IBM-704 computer :  the PDQ neutron diffusion theory 
code, and the  CHOPPED hydrodynamic program..  The CHOPPED code i s  a 
rev is ion  of RECHOP which has  been us  ecl extcnaively for EBWR,  calculations. 
The new code fea tures  a fas te r  i terat ion procedure ;  thus i t  was possible 
to  generate  relationships between local  average  void fract ion and power 
level  a t  a given burnup. 

~ i g \ u r e  1-47 i s  a composite plot of the hydrodynamic charactey-  
i s t i c s  calculated for  a n  init ial  power level  of 42 MW. Plots  (1) and ( 2 )  show 
the rad ia l  and axial  power density distributiurls , respectively.  The highest 
ave rage  (and the ~ e a l i )  power density occurs  in the f i r s t  shirr1 zo i~e . '  Plot  ( 3 )  
indicates a fair ly  uniform inlet  velocity dis t r ibul isn evcn, though the nn.t~iral  
uranium zorie has  a much lower power density than. the othef c o r e  zones. 
This occurs  because the outer zone rece ives  a l a rge  s h a r e  of the driving 
head in  the upper r i s e r ,  while the fr ic t ion loss  i s  low because of the low 
void fraction in  the zone. Final ly ,  pluls (4) and (5)    how, respect ively,  the 
var iat ion in radial  exit void fract ion and the axial  behavior of the void f r a c -  

. tion a t  the average  power density in each zone. 



' I l l  I ' I - - 
- - 
- - 

u 

- - 
- - 

ZONE: A  B C  D  - - 
- - 
- (3) 

- 
- 

I 1  I I 1  
- 

1 .  
0 . 2  0 . 4  0 . 6  0 . 8  1 

I I I ' I 2  - - 
- - 

ZONE: A  B C  D  - - 
- - 

- 
- 

- - 
- - 
- (4) - 
- 4 

r l r l  
- 

I 1  I 

L E G E N D  

A  = P L U T O N I U M  ZONE 

B = F I R S T  S H l M  ZONE 

C = SECOND S H I M  ZONE 

D  = NATURAL URANIUM ZONE 

R + =  RATIO:  RADIAL P O S I T I O N / C O R E  RADIUS 

L + =  RATIO:  A X I A L  P O S I T I O N / C O R E  H E I G H T  
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nium Recycle Core for an initial power level of 42 MW 



Table 1 - 16 l i s t s  the m o s t  significant heat t ransfer  charac ter i s t ics  
of the co re  that were  derived f rom the s a m e  computer program.  The max- 
imum heat flux [191,000 Btu/(hr)(ft2)] occurs  a t  the innermost  edge of the 
f i r s t  sh im zone a t  a height of about 1.1 f t ,  and i s  well below the predicted 
burnout f l u x  [-800,000 Btu/(hr)(ftz)]. All  power densit ies a r e  expressed 
p e r  l i te r  of coolant contained within the fuel element 'boxes. 

Table 1-16. Heat Transfer ~ha iac te r i s t i c s  of Plutonium Recycle Core at 42 MW and Zero Burnup 

Reactor Power, MW 

Operating Pressure, psig 

Operating Temperature, OF 

Average Steam Void Fractions 

Average Steam Void ~ r a c t i o n b  

Equivalent Diameter of Coolant Channel, f t  

Total Core Heat Transfer Area, ft2 

Core Power Density, kW l l i t e r  
Average 
Maximum 

Core Heat Flux, ~ t u / ( h r ) ( f t 2 )  
Average 
Maximum 

Total Recirculation Flow Rate, l b l h r  

Average Steam Quality at Core Exit 

Estimated Carryunder 

Subcooling at Core Inlet, B t u l l b  

Plutonium Zone 
Average Power Density, kWl l i te r  
Total Power, MW 

First Shim Zone 
Average Power Density, kW/l i ter 
Total Power, MW 

Second Shim Zone 
Average Power Density, kW/l i ter 
Total Power, MW 

Natural Uranium Zone 
Average Power Density, kW/l i ter 
Total Pbwer, MW 

Fuel Centerline Temperature, OF 
Core Averaye 
Core Maximum 

Integrated Fuel Conductivity, watt/cm 
Core Average 
Core Maximum 

a ~ a s e d  upon coolant volume i n  fuel  box. 

h~a,od upon coolant i n  typical core lattice. 

A study was a l so  made to determine Lhe sensitivity of the t ime-  
dependent isotopic changes to the local averagc void fract ion.  While sorile 
effect  i s  apparent,  the differences a r e  not greaL eilough to justify the exten- 
sive instrumentation required to obtain accura te  r n e a s u r e r ~ l e ~ ~ t s  s f  local 
void fraction. Cor rec l io i~s  will be made on the basis  of previou-s calcula- 
tions and measurements  of reac tor  power level.  

1.4.3.4 Keaceor Ki1leL;cs 

Transfer  function measurements  will be made  pr ior  to each suc- 
cess ive  inc rease  in power to predict  the highest level of stable operation. 
Digital sampling equipment will be used in conjunction with a binary noise 
reactivity input to obtain the middle- and low-frequency portion of Lhe 
t r ans fe r  function curves .  ?'his method o1 ~ i ~ e a s u r e m e n t  provides the max- 
imum amount of information in a minimum of t ime.  The high frequencies 
will be obtained by sinusoidal control rod movement. 

A change-over f rom the IBM-704 to the CDC-3600 computer has  
necessitated revision of the codes which reduce the digital data to t r ans fe r  
function information. These codes include the operations of auto-correlation, 
c ross -co r re l a t ion ,  and noise,reject ion.  Revision of the codes i s  scheduled 
for  completion in ear ly  fiscal 1966. 



REFERENCES 

1. B. J .  Toppel, P. J. Vogelberger, Jr., and E. A. Wimunc, Safety Analysis 
Associated with the Plutoniwn Recycle Program, ANL-6841. (To be 
published. ) 

2. N. Balai, C. R. Sutton, E. A. Wimunc, and R. F. Jones, Inspection, 
Evaluation, and Operation of  the EBWR Reactor VesseZ, ANL-7117 
(November, 1965)  . 

1.5 ARGONNE RESEARCH REACTOR (CP-5) 

1.5.1 S t ress  Analysis of Vessel Coolant Distribution Plenum 

During the evaluation of CP-5 for proposed operation a t  powers 
up to 10 MW, i t  was recognized that enhancement of the core  heat t ransfer  
characteris t ics  at these powers would necessitate a marked increase in 
coolant flow ra te  through the fuel assemblies.  It  was also recognized that 
increasing the flow rate would reflect an increase in p ressure  drop through 
the assemblies.  The limiting factor would be the s t r e s se s  imposed on the 
reactor  vessel  coolant distribution plenum. 

A theoretical s t r e s s  analysis of the plenum had been performed 
during the early design stages of the CP-5  reactor .  In the absence of any 
reference data for .such a complex structure and loadings, the calculations 
were  based upon conservative assumptions which yielded a plenum design 
rating of 20 psi .  However, a review of the reactor  operating history re -  
vealed that the maximum coolant p ressure  drop across  the plenum has 
never exceeded 14.5 psi .  In-r eactor measurement was impractical;  there-  
fore,  in order  to verify the calculated design value, an  essentially identical 
mock-up of the plenum was constructed for a comprehensive s t r e s s  analysis 
up to the rated value of 20 psi,  and then to destruction. 

The shape and complexity of the installed plenum i s  evidenced by 
the mock-up unit shown in Figs. 1-48 and 1-49. Both constructional and 
environmental factors were  considered during i ts  fabrication and subse- 
quent testing. These included fabrication according to the original draw- 
ings, using the same mater ia l  ( ~ ~ p e  1100-0 aluminum) and techniques. 
Radiation and corrosion damage over an  11-year period in the reactor  
was considered insignificant. With respect  to radiation, the total integrated 
neutron flux (nvt) for neutron energies greater  than 0.13 keV i s  l e ss  than  
1 018 n/'(cm2) (s ec) . Limited studies show no significant changes in aluminum 
up to 10'' nvt. 

In-reactor forces affecting the plenum were  a lso  considered. As 
mentioned previously, the plenum pressure  increases consequent to 



increased coolant flow ra te  and pressure  drop through the fuel assembly. 
Conversely, since the subassembly i s  seated in the plenum by gravity, the 
external force on the plenum a t  this point decreases a s  the internal pres-  
su r e  increases.  Therefore, the following variables were used to simulate 
reactor  dynamics over the entire operating range: 

Metal temperature 

External loading (dead weight a t  
each fuel assembly location) 

Internal p ressure  Zero to metal  yield threshold 
and, finally, to destruction 

Strain gauges were  installed on the basis of a Stres scoat analysis. 
This analysis gave the directions of the principal normal surface s t resses  
and, also,  some indication of the interior bending moments. (see Fig. 1-48.) 
In this manner, the effect of a particular load or1 the plenum could be 
measured.  

Analysis of the test  data indicated a maximum differential pres-  
su r e  of 19.5 ps i  without permanent deformation of the plenum. Failure 
of the mock-up occurred a t  61 psi. When extrapolated to actual operating 
conditions, with the plenum submerged in 7 2  in. of heavy water ,  the cor-  
responding values a r e  2 2 . 3  psig and 6 3 . 8  psig, respectively. 

Fig. 1-48. Stress patterns on (left) bottom and (right) cover plates of CP-5 plenum mock- 
up. (Patterns are outlined 111 irk for legibility. Sumcoat No. 3.7.1)7; 18 psig: '73°F.) 
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Fig. 1-49. Sectional views of CP-5 plenum mock-up, showing location of suain gauges 



1.6 ARGONNENUCLEARROCKET PROGRAM 

1.6.1 . Objective and Scope 

The objective of the Argonne Nuclear Rocket P r o g r a m  i s  to de ter -  
mine  the technical feasibility and potential of a re f rac tory  metal-fueled,  
fas t  reac tor  sys t em for spacecraf t  propulsion. This includes establishment 
of the estimated performance of the rocket sys t em and an  investigation of 
i t s  advantages and limitations shor t  of a ful l -scale  reac tor  tes t .  

Three  ma jo r  avenues of effort have been identified a s  essent ial  to  
the successful  achievement of the p rogram goal. ' T h e s e  a r e :  (1) develop- 

. ment  and testing of fuel e lements;  (2) development of a co re  s t ruc tu re  and 
test ing of i ts  s t ruc tu ra l  integrity;  ' (3)  establishment of adequate and rel iable  
r eac to r  control capability'. 

1.6.2 Refe renceSvs tems  

Two reference  sys t ems  have been selected to  facilitate. investiga- 
tion of these problem a r e a s :  a 100,000-lb-thrust topping cycle ,  and a 
10,000-lb-thrust bleed cycle.  The comparative s izes  and design pa ramete r s  
of ,both sys t ems  a r e  shown in F ig .  1-50. 

In each sys t em,  the r eac to r  consis ts  essent ial ly  of a cylindrical 
c o r e  of W-U02 c e r m e t  fuel elements contained within an  Inconel X-,750 
p r e s s u r e  vesse l .  This vesse l  i s  surrounded by a prehea ter  section and a 
rad ia l  .beryllium ref lector  . The la t te r  a l s o  contains twelve, pneumatically- 
dr iven ,  cylindrical control  drums spaced a t  30-degree intervals  around the 
c o r e  per iphery .  In the fuel shutdown position, the 120-degree poison sector  
of each d rum i s  adjacent to  the c o r e .  Startup i s  accomplished by rotating 
the d r u m s  180 degrees ,  thereby replacing the poison sec tor  with a 
240-degree beryl l ium s e c t o r .  

In the topping cycle ( ~ i ~ .  1. -51 ) ,  hydrogen propellant i s  pumped 
into the entrance manifold of the regeneratively-cooled nozzle and then up 
through the respect ive nozzle tubes.  The flow continues into an  extension 
of the nozzle which sur rounds  the c o r e ,  and emerges  into a forward plenum 
between the p r e s s u r e  vesse l  and the prehea ter - rad ia l  reflector -control 
d r u m  section. At this p,oint, a f ract ion of the flow i s  cycled through the 
fueled preheatkr;  the remainder  passes  through and cools the ref lector-  
control  d rum sect ion.  

T l ~ e  LoLal l l u w  m e r g e s  in an  af te r  plenum where il: i s  ducted .l:u .the 
topping turbine.  H e r e ,  a s m a l l  s t r e a m  is bled off to power the control d rum 
dr ives .  F r o m  the turbine,  the propellant i s  discharged into the forward 
plenum ups t r eam of the r eac to r ,  where  i t  cools the co re  support plate and 



axial  ref lector  before  enter ing the act ive  c o r e  region.  F r o m  the co re ,  
hydrogen a t  4500°F p a s s e s  through a sho r t  p lenum, and exhausts through the 
convergent-divergent rocket  nozzle.  

DES I GN PARAMETERS 

SYSTEM (A) ( 8 )  - - 
REACTOR CORE POWER, MW 2,000 213 

SPECIFIC IMPULSE, soc  836 813 

THRUST, Ib  100,104 10,000 

OPERATING TIME, hr > I -10  > I -10  

RESTART CAPABILITY, c y c l e s  3-40 3-40 

HYDROGEN FLOW RATE, l b l s e c  119.7 12.27 

ENGINE WEIGHT, & l b  20,813 . 2,860' . 

18 f t - 7  i n .  

8 f t  - 4 i n .  

Fig. 1-50. Comparative sizes and d&ignfparameters of (A)  100,000-lblthrust topping 
cycle and (B) 10,000-lb-thrust bleed cycle selected for feasibility studies of refractory 
metal-fue!ed. fast reactor rocket systems 

In the bleed cycle ,  hydrogen i s  bled f r o m  the nozzle to  opera te  the  
turbopump, mixed with the cover  gas ,  then pas sed  through the turbine and 
exha.usted overboard.  Elimination of the prehea te r  r e su l t s  i n  a weight 
saving,  which i s  important  in  sma l l  engine applications.  
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Fig. '1,-51. 100,000-lb-thrust refractory ~llctal-fueled fast.reactor rocket ellgille 

7 in. 



Cur ren t  programmat ic  efforts a r e  dii-ected. toward defining the 
design and development problems associa.ted with the 10,000-lb-thrust 
bleed cycle.  . . 

1.6.3 System Analysis 

System analysis compr ises  four para l le l  efforts:  (1) s teady-state  
ana lys is ,  ( 2 )  uncertainty analysis ,  ( 3 )  sys tem dynamics analysis ,  and 

' 

(4) analysis of advanced concepts. The objective i s  to  predict  the operating 
charac ter i s t ics  of the rocket engine and thus to provide numerical  guidance 
for design d,ecisions. 

A portion of the analytical effort has  been allocated. to writ ing, 
procuring,  and/or r e p r o g r a m m i n g  of computer codes to  pe r fo rm the com- 
plicated analyses  r'equired for this r eac to r .  Some ,of the codes that a r e  
available a s  a resu l t  of this effort a r e :  

(1) FRANTIC - a n  adaptation of an AGN code (HEC.TIC 11) that 
calculatks s teady-state  fldw and tempera ture  distributions in 
a var iety of para l le l  multi-channel configurations. 

( 2 )  OPTIONAL GEOMETRY - a versa t i le  code for computing 
cbmpressible  flow, heat t r ans fe r  and p r e s s u r e  drop in single 
channels.  

. . 

(3.) DESIGN - developed a t  Lewis . ~ e s e a r d h  Center ,  this code p ro -  
vides a nozzle design consistent with var ious input p a r a m e t e r s .  

(4) NOZZLE - calculates the axial  variation in coolant p r e s s u r e ,  
tempera ture  dis t r ibut ions,  nozzle wall t empera tu re ,  and heat 
flux in  a given nozzle design. 

(5)' BIRDIE - a s teady-state  cycle analysis  p rogram that i s  readi ly% 
adapted to any pumping cycle and sys t em configuration. 

(6)  SHUTDOWN - calculates the fission product heat r e l ease  r a t e s  
and the integrated power a s  a function of t ime ,  for var ious 
shutclown' schedules.  

(7) PSA-I1 - a pa ramet r i c  analysis  to de termine  optimum reac tor  
core .  configurations and engine operating charac ter i s t ics  for  
var ious limiting conditions. 

(8)  TABHP; TABTP - subroutines developed a t  Los Alamos to 
calculate accurately the proper t ies  of para-hydrogen. 



1.6.3.1 Steady-State. Analysis 
I - .  

Steady-sta te  analysis  can be subdivided into (a)  calculation of de-  
sign point conditions, and (b) calculation of conditions a t  p a r t  load, once 

. the r e f e rence  design i s  re la t ively f i r m .  P rob lems  of par t icu la r  concern 
a r e  (1) adequate cooling of the support  and containment s t ruc tu re ;  (2) t em-  
pe ra tu re  distr ibutions and gradients  in the reac tor  fuel; and (3) p roper  
coolant flow distribution throughout the sys t em.  

The p r i m a r y  mode of operation of ' th?  nuc lear . rocke t  is ' to  bring 
i t  rapidly ((30 s e c )  f r o m  ve ry  low power to full power,  operate  a t  full power , 

over  the en t i re  thrusting per iod ,  and th'en shut: down quickly. However, 
t h e r e  , a r e  si tuations where  i t  i s  des i rab le  to  operate  a t  l e s s  than full power.  
For example,  analysiv of the a.ftercooling problem indicated that  consider-  
able  hydrogen could be  saved i f  f isslon pruduct dcca). heat  produced during 
t.he full-power run  could be diss'ipated while operating a t  par t ia l  power 
p r i o r  to thrust: terminat ion.  F igure  1-52 shows a n  example of the a f t e r -  
cooling heat  load for t.wo operating schedules ,  both producing 7 . 2  x 
l o 6  M W -  s e c  of t he rma l  energy.  Tabulated helo'w i s '  tile percentage. of total 
propel lant  requi red  to  rernove this heat. a s  a function of coolant t empera tu re  
for  the ca se  of constant power generation.  

Aftercooling Propel lant ,  

I I I I I I 

2000 M W  FOR . ~ - 3600 sec 

2000 M W  FOR 3000 sec; 
286 M W  FOR 4200 sec 

I I I I I I 

Temp. ,  
OR 

1,500 
2,000 
2,500 
3,000 
3,500 
4,000 
4,500 

percent  of total  used in 
powered flight 

During lo1lr.r-pnwer operation,  
the allowable cool,ant t empera ture  i s  

IO pr imar i ly  a function of nozzle cooling 
I lo 10' 103 lo4' 10' lo6 10' l imita t ions .  Some of the problems 

TIME A F T E R  SHl.lTnOWN. $ec associated with operating a t  par t ia l  

Fig. 1-52. Integrated aftercooling power a r e :  (1) the t he rma l  radiat iur~ 

power vs. time after shutdown from heat  load on the s t ruc tu re  does not 
7:2 x 106 MW-sec operation at dec rease  with power while the cooling 
various power-time schedules capability does ,  (2) flow redistribution,  

caused by changes in frictiurl factors  
and  or i f ice  coefficients,  (3) flow choking, result ing f rom sonic flow in va r i -  
ous r eac to r  regions,  and (4) 'operat ion in t ransi t ion and laminar  flow reg imes  
in  the co re .  



. . 
. . 

1.6.3.2 System Dynamics Analysis 

The p r i m a r y  objective of this analysis i s  to demonstrate  feasibility 
of stable control consistent with maximum sys tem performance.  To this 
end, var ious turbopump operating cha rac te r i s t i c s ,  control s chemes ,  oper -  
ational procedures ,  and nuclear t ransients  a r e  evaluated in t e r m s  of their  
effect on overal l  sys tem stability plus regional tempera tures  and p r e s s u r e s  
a s  a function of t ime.  The ult imate goal i s  to provide controllability such 
that the effect of reactivity feedback on sys tem dynamics need not be con- 
s idered  a l i n~ i t ing  factor in the co re  design. 

It i s  believed that with available se rvo  control technology, accura te ,  
stable control can be accomplished r ega rd le s s  of the reactivity feedback 
which may be encountered. F o r  example,  by providing closed inner  loop 
control of power,  with band-width beyond the frequency corresponding to the 
c o r e  the rma l  t ime constant,  random fuel tempera ture  variations can be v i r -  
tually eliminated. Also, random flow fluctuations up to about 10 cps can be 
eliminated. Control of flow noise reduces the low-frequency component of 
dynamic load on the co re  s t ruc tu re  due to thrus t  variations a t  power.  De- 
pending on the flexibility of the engine support s t ruc tu res  and propellant 
tank, a 5% variat ion in thrus t  could produce up to 0.2 g axial  load on the 
co re ,  in addition to that due to  flow friction. 

The degree  to which these objectives can  be attained i s  contingent 
upon the influence of the so-'called period effect in the neutron kinet ics ,  the 
influence of s ta l l  and cavitation problems in  the pump, and the inherent 
noise in the sys tem.  To these,  of cour se ,  must  be added the speed with 
which the control drums and flow control valves can be actuated. 

A dynamic analog computer model  of the rocket engine syst 'em was 
constructed and a pract ical  closed loop control sys tem was synthesized. 
The la t te r  sys t em was used to control t rans ien ts  between 10% and 100% of 
thermal  po\rier. Power bu.ildug t imes  ranged b,etween 7 and 10 s e c .  An 
importdnt resu1.t of this Study wag that control and s ta r tup  f rom a moder  - 

. ately ~ o w - ~ o v & e r  range was analytically demonstrated for the fas t  r eac to r  
engi'ne sys.tem. ~ ~ ~ i c a l  resu l t s  a r e  shown in Fig.  1-53. 

1.6.3.3 ~ d v a n c e d  Concepts Analvsis 

The scope o f  this analysis  includes (1) the effect of various turbo-  

pump pumping cycles (hot bleed, heated bleed, topping; split-flow topping) . - 
on engine operating pa ramete r s  and weight, (2) the effect of tapered coolant 
channels on allowable co re  power density,  and ( 3 )  paramet r i c  studies to  
optimize engine weights.  
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Fig. 1-53, Chamber pressure, temperature, core power, and control 
drum velocity during 9-sec startup from 1010 power 

The optimum engine will be operated a t  a s  high a tempera ture  a s  
possible ,  the upper l imit  being determined by the part icular  mission,  and 
the engine weight a s  a function of propellant tempera ture .  Other factors  
such a s  nozzle cooling capability, number of engine r e s t a r t s  required,  fuel 
e lement  c reep  r a t e s ,  e tc .  can a l so  l imit  the maximum propellant tempera-  
tu re .  The choice of an  optimum se t  of engine pa ramete r s  i s  impossible 
without a well-defined mission.  The pa ramet r i c  analysis ,  therefore,  pro-  
vides "trade-off" data to  rocket designers  on how part icular  design changes 
affect engine performance.  

F o r  example, F ig .  1- 54  shows the engine weight-thrust charac-  
t e r i s t i c s  of a hot bleed turbopump erigine systerfl powered by l a s l  reactors 

fueled with either U-235  o r  U - 2 3 3  in a tungsten mat r ix .  Initial neutronic 
calculations of c r i t ica l  core  volumes indicated that A1203 ref lectors  imposed 
a n  unacceptable weight penalty on the sys tem.  Therefore ,  the parametr ic  
study was l imited to Be- reflected c o r e s .  



The P a r a m e t r i c  Systems ~ n a l y s i s  Code (PSA-11) was used to eval- 
uate heat t ransfer- l imited core  geometr ies .  Promising geometr ies  were  
then i terated with the crit ical-volume data to yield a reac tor  that i s  s imul-  
taneously cr i t ical  and heat - t ransfer  l imited. In general ,  the study revealed 

that engine weights a r e  relatively 
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shielding weight o r  control capability 
will be the p r ime  variables  in select-  
ing the ult imate co re  geometry.  
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1.6.4 Fuel  Element Development 
and Testing 

ing f rom 0.75 to 1.2. Thus other 
considerations such a s  minimum 

1.6.4.1 Steady-State Tes ts  

I L  n I ,  I 1 I I 
5 10 1 5  2 0  25 30 The objectives of these tes t s  

THRUST, lo3 ~b a r e :  

Fig. 1-54. Weight-thrust characteristics of 
U-235- and U-238-fueled, hot bleed turbo- . (1) To determine the extent 
pump engine systems of U 0 2  migration and/or loss  a s  a , 

function of hydrogen tempera ture ,  
p r e s s u r e ,  a t l c l  velocity. 

(2) To determine the extent of g ross  erosion of fuel element 
surfaces by high tempera ture ,  high-velocity hydrogen. 

(3) To identify any cracking o r  distortion due to thermal  expansion 
differential between fuel and s t ruc tura l  ma te r i a l s ,  c r eep ,  the presence of 
high vapor p r e s s u r e  solids o r  included gases ,  o r  chemical changes in the 
fuel mat r ix .  

The extent of U 0 2  loss  i s  of p r i m a r y  importance to the overall  
p rogram relating to reac tor  control.  The control span must  be shown to 
be wide enough to compensate the excess  reactivity required to offset U 0 2  
loss  during operation. Accordingly, fuel subsections will be exposed 
(-2 h r )  to hydrogen a t  a p r e s s u r e  of about 50 a tm,  with temperatures  rang- 
ing up. to 2450°C, and m a s s  velocities up to  54.8 gm/(cm2)(sec).  

Pos t -  tes t evaluations will include g ross  dimensional and weight 
changes,  chemical analysis ,  metallography, and electron probe microanalysis  
An absolute fi l ter in the hot gas exhaust of the tes t  'loop a lso  will be checked 
for t r aces  of natural  uranium. 



1.6.4.2 Thermal-Cycling Tes t s  

Knowledge of the effects of cyclic tempera ture .var ia t ions  on the 
fuel elements i s  essent ia l  to establishing whether the reac tor  i s  capable 
of multiple r e s t a r t  and pulsed cooling. Such-cyclic effects can be caused 
by: the difference in the rma l  expansion between the tungsten ma t r ix  and the 
U02  fuel; by los s  of oxygen f rom the U02 a t  elevated t empera tu res ;  o r  by 
recrystal l izat ion of the tungsten. Other related causes  and effects m a y  be 
revealed during the course  of the t e s t s .  F o r  example,  the thermal  expan- 
s ion differential  m a y  have a hysteret ic  effect on the expansion cha rac te r -  
i s t i c s  of the c e r m e t ;  this could influence markedly the overa l l  design and 
control  of the r e a c t o r .  

The na ture  of the.initia1 the rma l  cycling t e s t s  will involve exposure 
of fuel element subsections to hydrogen a t  a constant pre .ssure of -30 a , t~n ,  
a hydrogen m a s s  velocity of 3.15 gm/(cm2)(sec)  and the following heating- 
cooling cycles : 

(1) Heat l inearly f rom 25OC to 2450°C in  5 min;  cool down s a m e  
way; 5 cyc les .  

(2) Heat l inearly f r o m  25OC to 2450°C in  3 min ;  cool down s a m e  
way; 2 cyc les .  

' (3) Same a s  (2) ,  but - increase.  to 5 and 10 cyc les .  

(4) Heat  l inearly f r o m  25OC to 2450°C in 1 min;  cool down s a m e  
way; 5 cyc les .  

1.6.4.3 Rapid-Cooling Tes t s  
..*. .- ..~...-...,.-- 

Minimization. of r eac to r  s ta r tup  t ime i s  vital  to hydrogen economy. 
Assuming, control feasibil i ty,  the elasped t ime  depends upon the ,effects  of 
t rans ien t  thermal  s t r e s s e s ,  that may, be generated in r eac to r  components 
during. s ta r tup .  Such s t r e s s e s  could a l so  affect the multiple r e s t a r t  and 
pulsed cooling capability of the sys t em.  

The dcfined purpose of rapid-cool.ing t e s t s  i s  ,to .obtain insight into 
the ability of the fuel  e lements  to withstand ext reme the rma l  shock. More 

-.specificall.y, fuel subsections (with a l l  331 flbw passages  open) will. be heated 
relat ively slowly to  2450°C and then cooled suddenly with a pulse of hydro- 
gen a t  room tempera tu re ,  or .  lower.  

1.6.5 . Argonne Hydrogen - Flow Facili ty 

The foregoing t e s t s  will  be conducted in  two t e s t  loops which com- 
p r i s e  the ~ r ~ b n n e  Hydrogen Flow Faci l i ty  ( ~ l d g .  D- 3 11).  



The basic s t ruc tu re  consis ts  of two t e s t  cel ls  (North and South), 
with an  intervening wall of concrete block, and an  adjacent control room 
which serv ices  both t e s t  cel ls .  Each cel l  measures  20 ft long and 18 ft wide, 
with a minimum headroom of 12 f t -4 in .  The outer walls of the cel ls  a r e  
reinforced concrete ,  2 ft thick. The reinforced concrete  wall between the 
ce l l s  and the control room i s  3  ft thick. This wall  i s  penetrated by windows 
( 3  ft square)  for visual access  to both cel ls .  Metal doo.rs a r e  provided fo r  
personnel  access  to each ce l l ;  these doors  will be open whenever hydrogen 
i s  flowing into the t e s t  ce l l s .  The gas manifolds and piping leading to one 
nitrogen and four hydrogen tank t r a i l e r s  a r e  installed on the north s ide.  
The 1200-kW-d-c power supply i s  mounted on a concrete  pad on the south 
side of the building. Finally,  the roof of the ce l l s  i s  made  of s t ruc tura l  
plastic and clipped in place,  s o  that i t  can be blown off easi ly  in the event 
of an  explosion. 

1.6.5.2 Hot Hydrogen T e s t  Loops 

Figure  1-55 i s  a schematic  of the l a r g e r  of the two loops. I t  i s  
designed to operate  with power inputs up to 1000 kW. The sma l l e r  loop i s  
scaled down to.operate  a t  inputs up to 50 kW. In both;loops,  hydrogen i s  
cycled f rom the h igh-pressure  s torage  t r a i l e r s ,  through a sys tem of 
pressure- regula t ing  valves,  to a n  e lec t r ica l -  res i s tance  heater  mounted in 
the lower end of a water- jacketed p r e s s u r e  vesse l .  H e r e ,  the gas  i s  heated . 

to tempe,ratures  up to 2450°C, and then passed over the fuel specimens 
mounted in  the upper end of the p r e s s u r e  vesse l .  F r o m  the vesse l ,  the gas 
flows through a water-cooled heat exchanger,  a conventional flow control 
valve, and discharges to the a tmosphere .  

With re ference  to Fig.  1-55, the h e a t e r - p r e s s u r e  vesse l  assembly  
i s  located in a pit (8 ft s q u a r e x 8  ft deep) in the South Cel l .  A separa te  
hydrogen coolant line i s  installed downstream of the hea ter .  The hydrogen 
in  this line i s  used to effect rapid cooling of the fuel spec imens .  

Two heater  designs a r e  in var ious s tages  of development and 
evaluation. One unit features  a single gas  flow passage ,  and the other  
19 s m a l l e r ,  paral le l  passages .  Both a r e  d iscussed  in a l a t e r  section. 

P r e s s u r e  Vessel.  The p r e s s u r e  vesse l  i s  basically a n  8- in . ,  
Schedule 80, mild s tee l  pipe,  66 in .  long. It is surrounded b y  a water -  
cuuling jacket designed to remove 60 kW of hea t .  The bottom end of the 
vesse l  i s  connected to ,  but insulated f r o m ,  the top of the heater  support 
flange. The top end i s  connected to the transitiorl section of the heat ex- 
changer .  The p r e s s u r e  vesse l  i s  designed to accommodate ei ther  the single- 

' o r  the mult i -passage hea te r .  
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Fig. 1-55. Large Hydrcgen Test Loop 



Four  viewing por t s  a r e  installed a t  varcous elevations . .. to pe rmi t  

pyrometers  to sight on: , . .  
I .  ... . 

. . 

c l )  The outer  sur face  of the hea te r  . assembly  near  the bottom.. 

(2) The exit end of the hea te r .  

( 3 )  The inlet end of the t e s t  fuel subsection.  

(4) The  sur face  of the holder a t  a point corresponding t o t h e  back 
end of the t e s t  fuel subsection.  

The windows in the por t s  a r e  cooled by the flowing hydrogen, which a l so  
s e r v e s  to sweep vapors  that  might condense on the inner su r f aces .  A 
3/4-in. pipe line penetrates  the ves se l  wall  a t  a point between the top of '  
the heater,  and the inlet to  the tes t  spec imen holder .  This line i s  used to 
introduck hydrogen for the t rans ien t  cooling t e s t s  . 

Other a t tachments  include s ix  thermocouple stations for moni tor-  
ing the ves se l  wall t empera tu re ,  and a sma l l  insulated ves se l .  The l a t t e r  
cont.ains the liquid me ta l  bath into which the bottom ends of the hea te r  tubes 
a r e  i m m e r s e d .  This bath i s  blanketed with hydrogen which i s  cycled down 
f rom the heater  and bled to the a tmosphere .  

, Gas-Cooling System.  The purpose of this sys t em i s  to cool the 
hydrogen effluent f rom the p r e s s u r e  ves se l  to a deg ree  where i t  can be 
passed  readi ly  through .an absolute f i l t e r ,  a flow-regulating valve,  and a 
meter ing  c r i t i ca l  flow nozzle.  

As shown in Fig.  1-55, this sys t em consis ts  of two ver t ica l  and two 
horizontal  sect ions .  Each  section i s  s imply a water- jacketed,  Schedule 40, 
carbon s t ee l  pipe of specific length and d i ame te r .  These  values ,  and cor.- 
responding gas tempera ture  differentials prevail ing in each sect ion a r e  
l is ted below: 

Gas Temp. ,  OC 

Section Diameter ,  in.  Length, ft In Out 

F i r s t  ver t ica l  
F i r s t  hor izontal  
Second vertica.1. 
Second horizontal  

The t ransi t ion section between the p r e s s u r e  ves se l  and the f i r  s t  
ver t ica l  section features  a tungsten l i ne r .  The purpose of this l iner  i s  to 
maintain a layer  of stagnant hydrogen between the bulk of the hot gas and 
the carbon s tee l  wall. S imi la r  l i ne r s  made  of molybdenum a r e  used to pro-  
tect  the two hotter elbows, and a s ta in less  s tee l  l iner  i s  installed in the 
elbow leading to  the f i l t e r .  



Power  Supply. The power supply consis ts  of four r ec t i f i e r s ,  each 
capable of delivering 10,000 a m p e r e s  a t  30 volts.  Thus full-power operation 

4 
can ,be  real ized a t  30, 60, and.. 120 vol ts ,  and 3/4-power operation a t  90 volts.  
The. specific output rat ing for each.rect i f ier  unit i s  a s ,  follcjws: 

Volts, d-c 1.5-30 
Amperes  500- 10,000 
One-minute output, amp  (max.)  25,000 
Maintained automatic voltage regulation a t  30 V ,  '$0 k0 .5 
T ime  to r e s t o r e  output voltage to p r e s e t  value, s ec  0.5 

In addition to manual control,  work i s  underway on a power supply 
that  .will respond to a control voltage input. Briefly,  the design c r i t e r i a  a r e  
a s  follows: 

' (1)  Input voltage should be in the range of z e r o  to 30 volt, d - c ,  
and the. input power should not exceed 1 watt .  

(2) F o r  slow shutdown and control a t  the se t  point, the power 
supply should respond to a r a m p  input of k15  volt/sec, and, a l so ,  to a 1 -cps 
s ine  wave of 2.4-volt amplitude. 

(3) Rapid 'shutdown should be achieved .within 0.2 s ec ,  and must  
be effected.by opening a contact in  the normal  powe'r supply safety circui t .  

Water -Cooling System. The functions of the. water  -cooling sys tem 
a r e :  

(1) ,To prehea t  and maintain a t  a constant tempera ture  the hydrogen 
entering the hea te r - t e s t  specimen assembly .  

(2) T o  cool the p r e s s u r e  vesse l .  

(3) T o  cool the effluent hydrogen flowing through the maill heat 
exchanger 

Dur.ing the cour se  of a s teady-state  t e s t ,  the p r e s s u r e  in the hydro- 
gen s torage tanks will  d e c r e a s e  f rom'2200 psia  to about 800 psia .  If the gas  
i s  init ially a t  300°K and. i s  a s  surned to expand adiabatically,  i t s  tempera ture  
will  d e c r e a s e  to  about 225OK. Thus provision mus t  be made  for preheating 
and maintaining the hydrogen a t  a constant hea ter  inlet  tempera ture .  This 
i s  accomplished, in the inlet  heat  exchanger,  which, i s  a water -  jacketed, 
1-in.  Schedule 40 carbon s tee l  pipe,  20 ft long. The exchanger t r a v e r s e s  
the North Cell .  



The  cooling wa t e r  s y s t e m  cons i s t s  bas ica l ly  of a p r i m a r y  c losed  
loop and a secondary  open loop. In the c losed  loop,  chemical ly  t r e a t ed  
wate r  i s  pumped f r o m  a 6 ,000-gal  cold s t o r age  tank through the in le t  heat  
exchanger ,  the p r e s s u r e  v e s s e l  j acke t ,  the m a i n  'heat exchanger ,  and into a 
hot s t o r age  tank.  A wa t e r  flow r a t e  of 80 gpm co r r e sponds  to  a n  ove ra l l  
i n c r e a s e  i n  wa te r  t e m p e r a t u r e  of 4 5 0 ~ '  (neglecting cooling by incoming cold 

1 hydrogen) and p e r m i t s  a s teady-  s t a t e  r un  of 1, h r .  Th is  t ime  can  be  in -  
c r e a s e d  by a s  much  a s  a f a c to r  of two by having both s t o r age  tanks  f i l led 
with cold wate r  and then dumping the effluent hot  w a t e r .  

The  hot wa t e r  in  the  s t o r age  tank i s  cooled by pass ing  i t  through a 
s m a l l  hea t  exchanger into the cold s t o r age  tank.  This  exchanger i s  cooled 
by a n  open loop of canal  w a t e r .  

Hydrogen-Nit rogen Supply. Fou r  t r a i l e r s ,  each  containing 
40,000 S C F  of hydrogen wil l  sus ta in  t h r e e  hours  of operat ion a t  a  .flow r a t e  
.of 23.7 gm/sec  (equivalent to  36,000 SCFH) .  

T h e  ni t rogen supply i s  in terconnected to  the hydrogen ' sys tem.  I t  
is u sed  only to purge  the cold s y s t e m ' p r i o r  t o  the introduction of hydrogen.  

During n o r m a l  shutdown, the hea t e r  i s  cooled with hydrogen.  Upon 
l o s s  of hydrogen,  the heat. r emova l  would be  accomplished by a regulated 
supply of a rgon .  

1..6.5.3 P r o t o t y p e H e a t e r s  

Design calcula t ions  pe r fo rmed  by the R E -  329X code indicated that  
a  hea t e r  with a nominal  ra t ing of 1000 kW would be r equ i r ed  to heat  the 
hydrogen ove r  the proposed t e m p e r a t u r e  r ange .  T h e  choice of hea t e r  m a t e -  
r i a l s  was  l imi ted t o  tungsten o r  rhen ium.  Although m o r e  expensive ,  rhenium 
was  se lec ted  because :  (1)  i t  i s  much  e a s i e r  to  fabr ica te ;  (2)  i t  h a s  be t t e r  
s t r e s s - r u p t u r e  p rope r t i e s  up to a t  l e a s t  2600°C; and ( 3 )  a t  high t e m p e r a -  
t u r e s ,  i t s  elect.rica1 r e ~ i ~ t i v i t y  i s  a l l ~ l v s t  twice t.hat of tungsten.  

A s  ment ioned e a r l i e r ,  two prototype hea t e r  des igns  w e r e  developed 
fo r ,  pe r fo rmance-eva lua t ion  t e s t s  in the l a r g e  10 .0~ .  One unit f e a tu r e s  a 
s ingle  gas  flow pas sage ,  and the o ther  19 s m a l l e r ,  p a r a l l e l  pa s sagks .  T h e  
ove ra l l  -heat  t r a n s f e r  and flow c h a r a c t e r i s t i c s  a r e  s i m i l a r ,  i . e . ,  both have a 
p r e s s u r e  d rop  of a.hrn~t 3 4 p s i  a t  r a t ed  operdling condit'ions. 

The s ingle-f low-passage hea t e r  i s  a n  asserxrbly of two concentr ic  
tubes having the following dimensions  and t o l e r ances :  

Active .' 
. . Diameter ,  in. Wall Thickness,  in.  Hz 

Length, Annulus, 
in. I.D. O.D. Top Center . Bottom in. 

- -  - - 
Out e r tube 2.401 - 0.16.7 0.086 0.167 

32.50 - 0.210 
0.036 

Inner tube 2.330 0.210 0.100 



The wal l  th ickness  of both tubes i s  stepped to  produce a given heat  
generat ion r a t e  a s  a function of axial  length. The positions of the s teps  

w e r e  determined by p a r a m e t r i c  heat  t r ans fe r  calculations.  The annulus i s  

maintained by smal l -d iameter  thor ia  ba l l s .  These  balls  a r e  po'sitioned in 
socke ts  machined in  the inner tube. 

Both tubes a r e  welded together a t  their  upper ends;  exit s lo t s  a r e  
provided for the hydrogen. At the bottom ends,  the outer tube i s  fastened 
to  a mass ive  e lec t rode ,  and the inner  tube i s  fastened to a thick copper rod 
that  dips into a molten m e t a l  bath.  The purpose of the bath i s  t o  pe rmi t  
f r e e  differential  t he rma l  expansion of the tube without interrupting the 
e l ec t r i ca l  c i rcu i t .  The  single-flow-passage hea te r  i s  designed to operate  
a t  about 52.8 volts and 17,650 a m p e r e s .  

In the 19-flow-passage hea t e r ,  each passage is formcd by two con-  
cen t r i c  tubes having the following dimensions and to le rances :  

Active Hi 
Diarrleter, in.  Wall Thicknes s , in .  

Length, Annulus , 
in.  1 .  O.D. . Top Center  .Bottom in .  
--- 

Outer  tube 0.250 - 0.040 0.021 
18 

0.040 
- 0.210 0.069 - 0.026 0.020 

Inner  tube 

All tube a s sembl i e s  a r e  "headered" into a rhenium plug a t  the top 
end of the h e a t e r .  This plug, in t u rn ,  i s  mounted in a mass ive  tungsten 
s leeve  that supports  the healer and completes the  e lec t r ica l  c i rcu i t  a t  the 
top. As in the ca se  of the single-flow-passage hea t e r ,  the bottoms of the 
t.libes extend into a liquid me ta l  ha.th. The 19-flow-passage heater  i s  d e -  
signed to opera te  a t  about 26 .8  volts and 34,9'1)0 amperes . '  

1 .6 .5 .4  Loop-Heater Pe r fo rmance  

50-kW Loop. Successful  shakedown tes t s  w e r e  made  with a nickel 
mock-up of the s ingle-passage hea t e r ,  using f i r s t  nitrogen and then hydro- 
gen,  However,  subsequent hydrogen t e s t s  with the rhenium counterpar t  
indicated a hea te r  A P  considerably g r e a t e r  than predicted.  Since hydrogen 
flow ra t e  i s  not c r i t i ca l  in this loop, the flow was derated one- third ,  i . e . ,  to  
19.6 SCFM. This resul ted in a A P  of about 45 psi  a t  two-thirds flow and 
power.  Under these  conditions, and a power of 26 lcW, the samp1.e t empera -  
t u r e  was about 5770 of the computed adiabatic gas t empera tu re ,  indicating 
considerable  heat l o s s .  

Seve ra l  modificatiulis in  thc hea te r  - sam.ple holder sys tem resul ted 
in some  reduction of heat l o s s .  In addition a ' three-dimensional  heat t r ans -  
f e r  code (HECTIC) was  used to  obtain a m e a s u r e  of detailed tempera ture  
distr ibutions in the hea te r  tube and tungsten muffle. The resu l t s  of this 



stud: 
tube 
heatc 

to pr 
2420 
lated 
2 40 0 

r e s u  
of th 
main 
tube5 
the t: 
sive 
r icat  

SUPP' 
A s t ]  
actu; 
been 
heat6 

anal) 
integ 
on th 

y indicat&d ('1) significant heat losses  were  occurr ing f rom the hea ter  
to the m u f f  e;, and ( 2 )  that these los ses  could be offset by oherating the 
ar a t  higher power without increasing i ts  tempera ture  excessively.  

/ 

This was done in two stages of subsequent loop operation: f i r s t ,  
~oduce  a sample tempera ture  of 2 3 6 0 0 ~  a t  a power of 38.8. kW, and then 
OC' a t  a power of 40.3 kW. As of December 1,  the heater  has  accumu- 
1 3.48 h r  of operation, producing sample tempera tures  in excess  of 
OC, with no evidence of heater  deter iorat ion.  

1000-kW Loop. Both pr'ototype hea ters  have been modified a s  a 
It of fa i lures  experienced during init ial  operation of this loop. Fa i lure  
e single-passage heater  was t raced  to inability of the thoria balls to  
~ t a i n  alignment of the gas flow annulus. In this instande, the rhenium 
; were  repa i red  for use  in the modified heater   ark-11). In addition, 
horia balls have been replaced with rhenium wi re  s p a c e r s ,  and a m a s  - 
tungsten muffle has  been installed to complete the cu r ren t  path. Fab-  
.ion i s  underway, and the unit i s  scheduled for testing in Apr i l ,  1966. 

Fa i lure  of the 19-flow-passage heater  was related to the tube 
o r t  s t ruc tu re ,  i . e . ,  the top-end rhenium plug and the tungsten muff le .  
:ess -analysis model was evolved that predicted,  quantitatively, the 
~1 r.r~ode of fai lure .  The information obtained f rom this model has a l so  
incorporated in the top-end design of the Mark-11 single-flow-passage 

: r .  

Structural  Mechanics 

The objectives of the s t ruc tu ra l  mechani'cs p rogram a r e  to develop 
rtical models  and experimental facil i t ies for a s ses s ing  the s t ruc tura l  
r i ty  of the re ference  design. A s e t  of typical s t ructural . loads based 
e NER'VA-RIFT sys tem i s  being used a s  a guide. 

. l  Deformation Analysis of a Grid P la te  Support S t ruc ture  

This analysis was performed for a c i r cu la r  support s t ruc tu re  con- 
sist ing of two flat ,paral le l  plates ,  interconnected by a gr id work of equally- - 

spaced struc,tural  inelnbers .  'Closed f o r m  solutions of the deflection equation 
and i ts  der ivat ives  were  found which a r e  sufficientlv accura te  to ~ r o v i d e  
rea l i s t ic  est imates  for a n  engineering deformation. and s t r e s s  analysis .  
 h he analytical method a l so  can be applied to determine the deformation o f  
grid s t ruc ture  beams.  

Acryl ic  plastic models of beam and c i rcu lar  plate gr id s t ruc tu res  
a r e  being fabricated in o r d e r  to experimentally verify the analytical r e su l t s .  



1.6.6.2 Possible  Influences of Anisotropy on P l a n e s t r a i n  Thermal  S t r e s s  
. Solutions .. . 

In cer ta in  c o r e  and fuel element the rma l  s t r e s s  calculations,  the 
in te rna l  complexity of the component to be studied precludes exact t r ea t -  
men t  of the problem. It has  been proposed that such elements be modeled 
by homogeneous elast ic  solids possessing various types of anisotropy; a l so ,  
that the anisotropic constants be selected to ref lect  the g ross  behavior of 
the detailed internal  s t ruc tu re .  F o r  this reason ,  various studies have begun 
on the possible effects of anisotropy on the rma l  s t r e s s e s .  The s imples t  
f o r m  of anisotropy considered was that of t r ansve r se  isotropy, i . e . ,  where  
the e las t ic  proper t ies  in  one p re fe r red  direction differ f rom those on any 
plane t r a n s v e r s e  to this  direct ion,  while in the t r ansve r se  plane there  
ex is t s  no preferyea  directiurl. 

F o r  plane s t r a i n  and tors ionless  rotational symmet ry ,  i t  has been 
shown that a given problem for a t r ansve r se ly  isotropic  solid lliay be r c -  
placed with a n  equivalent isotropic  problem having ma te r i a l  constants bea r -  
ing a known relat ion to  the anisotropic m a t e r i a l  constants.  Such an  
anisotropic  model was used to determine the relat ive effects of var ious 
anisotropic  constants on s t r e s s e s  due to  radial  tempera ture  variations in  
a long c i rcu lar  cylinder possessing t r a n s v e r s e  isotropy.  

The genera l  t rends  of this model  indicated that a n  in-plane Young's 
modulu's g rea te r  than that in the axial  direct ion,  coupled with a n  axial  ' 
t he rma l  expansion g rea te r  than, the in-plane expansion, always causes  a n  
inc rease  in the rma l  s t r e s s  above that computed on an  isotropic bas is  using 
in-plane values.  S imi lar ly ,  reductions in. s t r e s s e s  a r e  the r e su l t  of an  
exact r e v e r s a l  uf these conditions. 

1.6.6.3 Reduced-Scale Model Tes ts ,  

/ 
The p r i m a r y  objective of these t e s t s  . i s  to  determine the s i ze  of 

the model  that will  r evea l  the response  of a c lus te r  of fuel .elements to a 
known load input. 

I .  

Initial tes t s  were .  made  to de termine  the response of densely- 
packed, aluminum cantilever beams to l a t e ra l ,  sinusoidal-forcing functions. 
S imi lar  tes t s  %ere .made  on single beams for  purposes of comparison. 
Brief ly,  the r e su l t s  w e r e  a s  follows: 

(1) B eam c lus t e r s  var ied  significantly in amplitude of vibration 
f r o m  that of a single beam.  

( 2 )  The damping ra t io ' for  a single beam was <0.02. 



(3) Modes shifted only with additional . res t ra in t  such a s  banding. 
together the previously f r e e  ends.  

(4) Significant damping (with tight mounting- joints) can  be achieved 
only by. intentionally introducing l a t e ra l  forces  between the beams.  

1.6.6.4 Vibration Exciter Faci l i ty  

This facility will be used in developing models for dynamic s t r e s s  
and d e f o r n ~ a t i o i ~  analysis of reac tor  components. These will include fuel 
elements and a s sembl i e s ,  ref lector  components,  support s t ruc tu res ,  and 
control sys t ems .  The pertinent specifications of the facility a r e :  

F o r c e  output: 10,000 lb ,  sinusoidal; .9,000 lb,  r m s  random 

Frequency range:  5-3000 cps 

Amplitude accuracy:  +1 db 

Power amplif ier :  60-kW output . 

Stroboscopic sys tem:  Simultaneous visual ,  photographic, and data 
recording of vibrating t e s t  specimens.  

The operating charac ter i s t ics  of the facility have been checked 
out, and training of operator  personnel  i s  underway. 

1.6.6.5 Shell Stabilitv Analvsis 

In attempting to minimize the thickness of cer ta in  cylindrical shel l  
s t ruc tu res  to  reduce gamma heating and r eac to r  weight, i t  was found that 
the existing p r e s s u r e  differences could cause col lapse.  In l ieu of increasing 
she1.l thickness ,  a l te rna te  stabilizing methods were  considered.  A proposal  
to provide stabili ty by placing the shel l  in tension proved unworkable d u e ,  . 

to the excessively la rge  values of tension required to significantly r a i s e  the 
c r i t ica l  collapse p r e s s u r e .  A second possibil i ty was  to stiffen the shel l  
with regular ly-  spaced axial  r ib s .  Analysis of this shel l  s t ruc tu re  entails 
replacing the original isotropic  model with a n  anisotropic  model.  

Accordingly, two independent analyses  w e r e  c a r r i e d  out. The f i r s t  
was based on a modification of known formulas  der ived f rom Tay lo r ' s  equa- 
tion for  the stabili ty of orthotropic cyl inders .  The cr i t ica l  . p re s su re  expres-  
sion which resul ted was based on the assumption that Poisson ' s  ra t io  i s  zero. 
The second analysis was s imi l a r  to that used for deriving the c lass ica l  
criti.ca.1 p r e s s u r e  expression for an  isotropic cylindrical shel l .  It includcd 



. . 
a non- ze ro  Poisson ' s  ra t io  and, while. yielding much m o r e  elabolate  for  - 
m u l a s ,  produced only.minor changes in  the computed cr i t ica l  p r e s s u r e .  

The stabilized model shel l  represented  a highly redundant s t ruc -  
t u r e .  Even. the assumption of construction to perfect  dimensions and sym- 
m e t r y . w a s  likely to obviate a complete theoret ical  s t . ress  and deformation - : 
analys is .  Thus in order .  to gain some insight into the , s t r e s s  and .deformation 
behavior and to provide a t  l e a ~ t  a rough:comparison with the experimental 
da ta ,  a cu r so ry  theoret ical  analysis  was made  of the shel l 'deformation in 
the normal  c r o s s -  sectional plane. midway between the end plates .   he-basic 
assumptions included elast ic  behavior,  perfect  symmet ry  with. respec t  to 
the ax i s ,  no instabi l i t ies ,  and the absence of bending s t r e s s e s  in the axial  
direct ion,  i .  e . ,  a she l l  of infinite length. Fur the r  considerations of stabili ty 
w e r e  undertaken on a n  init ial  experimental  bas i s .  

1.6.6.6 Experimental  Study of Shell $Deformation and Stability 

The instrumentat ion of a shel l  that m a y  fail  a s  a r e su l t  of insta-  
bility requi res  careful  consideration. Even though an  a r e a  of incipient 
fa i lure  may  be localized, the region in which i t  can  occur  i s  r a the r  l a rge .  
To survey  such a l a rge  region with s t rain-gage instrumentation would have 
constituted a formidable undertaking. One method under study consis ts  of 
gluing a continuous band of birefringent plast ic  to  the shel l  i n t e r io r ,  and 
monitoring this coating with a rotating m i r r o r  . The underlying principle 
of the proposed method is based on the utilization of cor rec t ion  factors  
ordinari ly  requi red  to convert  the s t r a ins  determined by photoelastic m e a -  
su remen t s  into s t r a ins  that would be developed in  a n  uncoated p a r t  subjected 
to the same  plane o r  bending loads.  Fur the r  developmcnt of this  method i s  
being c a r r i e d  out. Thus f a r ,  resu l t s  revea l  good agreerrlent between methods 
a t  positions away f r o m  reinforcing r i b s .  



Section 2 

FAST REACTOR RESEARCH AND DEVELOPMENT 

2.1 Advanced Systems and Concepts 

'2.1.1 1000-MWje) Metai-Fueled F a s t  Breeder  ~ e a c t o r  Concept 

Four  divisions of t'he Laboratory,  including Reactor Engineering, 
participated in a pre l iminary  design study of a metal l ic  uranium-plutonium- 
fueled, sodium-cooled, 1000 Mw(e)  fas t  b reede r  reac tor  for  cent ra l  station 
power plant application. The purpose of the study was to present  metal l ic  
fue ls  in a fashion somewhat comparable to four industr ia l  studies of a 
ceramic-fueled ~ 0 u n t e r ~ a r t . l  A formal  repor t  will be, i s  sued la te  in 
f i sca l  1 9 6 6 . ~  

Design Considerations. As in the case  of the referenced s tudies ,  
emphasis  was placed on topics related to the fuel in o rde r  to pe rmi t  e lec-  
t r i ca l  energy cos t  es t imates  for  the fuel cycle. Conceptual design of the 
fuel  element and subassembly was c a r r i e d  out to a depth sufficient to ensure  
that .remote fabrication of the fuel units could be per formed routinely. Lay- 
outs of the oveitali r eac to r  concept were  prepared ,  a s  necessa ry ,  to indicate 
co re  and blanket a r rangements ,  to show a p r i m a r y  coolant flow path, and to 
suggest a ' refueling scheme.  Finally,  design compatibilities were  inve s t i -  
gated to asc.ertain that a design synthesis  had been achieved. 

In a l l  nuclear-powered cent ra l  station plants,  the degree of fuel  
burnup i s  a major  economic consideration, s ince portions of the fuel cycle 
cos t  a r e  inversely proportional to this fac tor .  The reac tor  design i s  a l so  
influenced b.y the burnup level; for  example,  in the reactivity al1owanc.e f o r  
burnup, and the provisions for  fuel change in a reasonable- t ime. In the 
metal-fueled concept selected,  the interplay of burnup and thermal-neutronic  
performance i s  par t icular ly s t rong because a significant portion o'f the c o r e  
volume i s  r e se rved  for  accumulation of fission product gas.  

a This accommodation for  fission-p'roduct gas  resu l t s  f r o m  using a 
par t icular  burnup m:odel. Ir, this model, the fuel. i s  regarded  a s  a rb i t r a r i ly  
weak, and the cladding i s  assumed to ac t  a s  a tube p res su r i zed  according 
to the degree of burnup desired.  Res t ra ined  by the metal ,  the gas  expands 
the fuel f r o m  it,s a s - c a s t  density to a final density determined to be a reason-  
ab le  minimum for  dec rease  in fuel t he rma l  conductivity and for  neutronic 
per formance .  

A cladding of 20 wt-Ole t i tanium-vanadium alloy was selected be-  
ca.u s e  of i t s  s t rength charac ter i s t ics ,  low neutron absorption, and good 

' compatibility with the fuel and sodium coolant. A low coefficient of expansion 
and good the rma l  conductivity combine to r e su l t  in lower the rma l  s t r e s s  than 



for  s ta inless  s tee l  a t  a given hea t  flux. Ductility, high strength up to 650°C, 
and favorable c reep  ra te  make this alloy a promising mater ia l  for  the fast  

neutron erivironment~at temperature 

Table 2-1. Fuel Element Design and Performance Characteristics 

Average Bu rnup  i n  Discharged Fuel. % 

Fuel Element Composition, vol-70 
Vanadium-20 wt-% Titanium Cladding 
Expanded U-Pu-9at% Ti Fuel 

Fuel Pin: As Cast Expanded -- 
Density, gm 17 12 
Diameter. in.  0.150 ' 0.174 
Length, in.  34 36 

Fuel Tube 
Outside ~ i ame te r .  in.  
Wall Thickness, in.  

F ~ P I  Enrichment as Charged (Puf lPu + U), wt-% 
Inne r  Zone 
Outer Zone 

Thermal Data 
Average L i ~ l e d ~  PUWBI', kWIft 
Hot Spot Cladding Ternperat~.rre, OF 
Hot Spot F L I ~  Centerline Temperature. OF . 

and exposure t ime of interest .  Also, 
i t  can be fabricated into small-  
d iameter ,  thin-walled tubes. 

Fuel ~ l e m e n t s .  Table 2-  1 
l i s t s  the pertinent fuel element design 
and performance character is t ics .  The 
wall thickness of the titanium-vanadium 
cladding tube was selected to give the 
highest amount of fuel per  element for 
a given burnup. The outside diameter  
is  near  the optimulm, based on com- 
paring the two opposing factors  of 
fabrication c o s t  a.nd pl.utonium inven- 
tory  cost. 

Hea t f l ux ,  Btul(hr)( f tz)  
Maximum 6.9 x 105 The fuel elements a r e  a s sem-  
Average 4.1 x lo5 - bled into subas sernblies a s  shown in 

Fig.  2 -  1. Tubular spacers  a r e  em-  
ployed to achieve an acceptable p res su re  drop a c r o s s  the subassembly. 
The tops of the 20.5-ft-long. subassemblies  extend above the sodium coolant 
level so that .refueling can be performed with visual aid. 

HEXAGONAL SHIELD PIECE I N L E T  FLOW OPENINGS 

DISCHARGE ADAPTER 

\ 7\ 

LOWER BLANKET 

FISSION PRODUCT GAS PLENUM 

Fig. 2:l. Components of fuel subasse~nbly for 1000 MW(e) metal-fueled fast breeder reactor study 

Mo,dular Core. A ring; of s ix  core modules was selected to provide 
the heat for generating 1000 M W  of.electricity.  (See Fig. 2 - 2 . ) .  The s ize 
of the module was based on the sodium density change effect on reactivity. 
A significant Doppler reactivity effect was incorporated by specifying a 
ring of beryllium a t  the radial  boundary of each core.  The thickness of 



uranium blanket between cores  was.chosen so that each module i s  essen-  
tially an independent chain- reacting unit. 

REACTOR TANK WALLS- Each module (Fig.  2- 3)  
contains a core  of 61 fuel subassem- 
blies.  The outer 24 subassemblies  
a r e  of higher enrichment to improve 
power flattening. These units in 
combination with the inner radial  
blanket subassemblies have appro- 
priately located beryllium to f o r m  
the inner beryllium zone. Although 
the radial  uranium blanket i s  thin, 
i t  has  good breeding charac ter i s t ics  
because the outer beryllium zone is  
backed up by a stainless s teel  
reflector.  

I6 each module, the fuel 
subassemblies  and two rows of 
blanket subassemblies a r e  locked 

Fig. 2-2. Horizontal s e c t i o n  of reactor a t  midplane radially by the differential expansion 
between a titanium pivot plate and 

a s ta inless  s teel  drive plate. These plates act  a t  two levels 'on the lower 
adapter of each subassembly. Radial c learances which exist  between sub- 
assemblies  a t  the refueling temperature a r e  removed before the approach 
to crit icali ty.  This i s  accomplished by raising the sys tem tempera ture  
pa r t  way to the operating coolant inlet temperature.  

Control Rods. Twelve en- 
riched boron carbide control rods 
a r e  housed in respective subassem- 
blies in each core  module. (See 
Fig.  2 - 3 . )  I n  addition, there i s  a reg-  
ulating rod a t  each co re  axis.  All 
rods a r e  cooled by upward flowing 
sodium suitably orificed to preclude 
rod flotation. A grid just below the 
rotating plug holds down each control 
rod guide tube Lo prevent unseating 
of the control rod-containing sub- 
assembly should binding occur dur-  
ing upward rod movement. 

P r i m a r v  Sodium Circuit. 
-- 

This circui t  consists of a reactor  

STAINLESS STEEL REFECTOR 

INNER BERYLLIUM ZONE 7 / 
RADIAL BLANKET 

CONTROL RODS 

NEUTRONIC INSTRUMENTS 

Fig. 2-3. S e c t i o n  of  one module 

inlet-flow plenum common to the s ix  
core  modules, a common discharge into the reactor  tank region above the 
fuel subassemblies ,  and six loops joined to these plena. As shown in 



Fig. 2-4, each loop fea tures  a ver t ical ,  sodium- to- sodium heat  exchanger 
which rece ives  sodium a t  1000°F d i rec t ly ' f rom the reac tor ;  a ver t ical ,  " 

f r e e -  su r face ,  var iable-  speed, centrifugal pump; and a check valve. The 
number  of loops was based on extrapolating a developed pump design to 
l a rge  s izes .  Location of the pump in the cold leg permi ts  minimum p r e s -  
s u r e  in the secondary sodium for  preventing radioactive p r i m a r y  sodium 
f r o m  enter ing the secondary sys tem,  should a leak develop in the heat 
exchanger.  

Turbine- Generator .  The turbine- generator  complex that matches 
the r eac to r  outlet tempera ture  of 1000°F will consis t  of two 500-MW(e) 
units. These  units will  operate  a t  a p r i m a r y  s t eam p r e s s u r e  of 1800 psig,  
and p r i m a r y  and rehea t  s t e a m  tempera tures  of 900°F. 

Fuel  Cycle. The refueling c y c 1 e . i ~  206 days,  with an annual plant 
load factor  of 8070 and 670 average  burnup in the core.  Reactor  charac ter -  
i s t i c s  a r e  based  on replacing one-third of the core ,  one-sixth o f  the inner 
blanket zone, and one-ninth of the outer blanket zone a t  each refueling cycle. 
Replacement  of one-third of the c o r e  minimizes the total  conceivable ac-  
cumulation of react ivi ty  (due to . f r e sh  fuel  slumping) to l e s s  than the shut- , 

down control margin.  The reactivity lo s s  over such a cycle i s  about 
3% &/k. 

. A  fuel-handling procedure i s  postulated beginning with disengage- 
men t  of a l l  control rods f r o m  the i r  respect ive dr ives  to pe rmi t  rotation 
of the top shield. (See Fig.  2-4.) A removable plug exposes the. ent i re  a r e a  
of a module fo r  replacement  o r  relocation of a subassembly. It i s  proposed 
that  a spent subassembly  be lifted into a sodium-filled cask for  t ranspor t  
to s torage  within a fuel-cycle facility. 

The fuel-cycle faci l i ty  consis ts  of the on-si te  components t o p r o c e s s  
discharged fue l ,  re fabr ica te  p rocessed  fuel  into fuel e lements ,  and dispose of 
was tes .  Remote-control led pyrochemical  p rocesses  and fabrication tech- 
niques were  se lec ted  because of the shor t -  t e r m ,  fuel cooling requirements  
(15 days) and, a l so ,  because cer ta in  of the ma jo r  s teps  have been success-  
fully demonst ra ted  on a plant s ca le  with i r r ad ia t ed  fuel in .the EBR-IT Fuel  
Cycle Faci l i ty .  

Fuel Cycle C u s l s .  Fuel  cycle costs  w e r e  bascd  on n rcac tor  design 
having the cha rac te r i s t i c s  l is ted in Table 2-2, a plant load factor  of 8070, a 
970 p e r  annum charge  on working capital ,  and a value of $10 pe r  g r a m  of 
fissionable plutonium. The uni t -energy cos ts  for  metal l ic  fuels ,  .at both 6 
and 7 at-70 burnup, a r e  l is ted in Table 2-3. 

Conclusion. Based on the r e su l t s  of the re ferenced  studies1 and 
the present  study, i t  i s  not possible a t  this 'timk to make a f i r m  selection of 
a specif ic  fue l  ma te r i a l  for  future fas t  r eac to r s  .. Unresolved fuel performance 
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capabili t ies,  lack of knowledge of complete sys t em optimization, uncertain 
cos t s  of fuel processing and fabrication, relative influence of fuel type and 
design on plant safety, and the uncertainties in the change with t ime of the 
cos t  and availability of fer t i le  and f iss i le  mater ia l s  support the present  
course  of defer red  selection. Concentrated r e s e a r c h  and development on 
any fuel type, plus eventual commerc ia l  application by industrial  f i r m s ,  
would make changes to an alternative fuel very difficult. 

Table 2-2. General Reactor Features 
a n d  Performance Data 

Table 2-3. Fuel-Cycle Costs for 
Metall ic-Fueled System 

Breedinq Ratio 1.48 
Core  reeding Ratio 
Doubl ing Time for  Reactor Fuel, y r  

Gross Reactor Power, MW(t)  
New P lan t  Output. MW(e) 
P r i m a r y  Sodium Out let  Temperature, OF 
P r i m a r y  Sodium Flow Rate. l b l h r  
M a x i m u m  Sodium Velocity i n  Core,.ft/sec 

Core Volume per Module, l i t e r  
Cquivolent Corc Diomctcr pc r  Modulc, f t  
Core Height, f t  

Corc Power Density, kW/liter 
Average 
Max imum 

Fract ion of Power Generated in Core 

Core B u r n u p ,  at-% 

Processing. $/kg 

Fabrication 
Coro and  axia l  blanket 155 155 
Radial blankets 100165 100165 

Chemical Processing 60 60 

Spont Fuel Shipment 

U n i t  Energy, mi l l /kW-hr 

Fabrication 0.61 0.52 

Chcmical  Processing .28 .25 

. .  - 
Core Composit ion, vol-% 

I n n e r  Zone Oute r  Zone P u  Credit -0.47 -0.45 

Sodium 39 42 
Working Capital - .61 - .60 

Stainless steel Total 1.03 .92 
s t r u c t u r e  9 8 

Contro l  reg ion  6 
Fuel Element - 46 - 50 

100 100 

2 . 1 . 2  Engineering Design and Cost Study of Large  Steam-Electr ic  . - 

Generating Units 

A study of the influence of s t eam conditions on thermal  efficiency 
and capital cost  of turbine-generator plants for  500 MW(e) and 1000 MW(e) 
stations was completed by United Engineers  and Cortstructors, Inc., in 
collaboration with Division personnel. 

Briefly,  the study was c a r r i e d  out to a depth sufficient to a s s i s t  
in the evaluation of sodium-cooled, f a s t  reactor  concepts for  central  
station power application. It included the general design, arrangement ,  
t he rma l  performance,  and installed cost of eight, s team-electr ic  generating 
units. The operating charac ter i s t ics  were  determined by Division personnel 
to be within the scope of the evaluation program. 

Cost es t imates  were  prepared in accordance with the Federa l  
Power Commission Uniform Code of Accounts. More specifically, the 
est imates  included al l  mater ia l s ,  labor ,  and equipment f rom the inlet s team 
line to the turbine- generator building, through the high-voltage t ransformer .  



The mer i t s  of this study a r e  best  i l lustrated by the pertinent r e -  
sul ts  summarized  in Table 2-4. They indicate that: 

Table 2-4. In f luence of Steam Conditions on Thermal Efficiency (1) The 2400- ~ O O O / ~ O O O  s t eam 
and Capital Costs of Turbine-Generator Plants for 500 MW(e) 

and 1000 MW(e) Nuclear-Powered'Central Stations cycle ref lects  the lowest capital cos t  
investment for  e i ther  station, and i s  

Net Thermal 
Steam Condition, Efficiency. Capitalcost. only 2% l e s s  efficient than the 3500-psig 

psig - "FI0F 74 $/Net kW as . 
500-MW(~) Station (2)  The 1800-, 2400-, and 

3500-lOOO/lOOO 42.6 
24oo-1ooo/1ooo 41.8 : 3500-psig s team cycles exhibit signifi- 
1800-900/900 39.7 52.17 ' cant improvement in cost and thermal  
1000-Dry and Saturated 33.2 66.26 

performance over a s t eam cycle r ep re -  
1000-MW(e) Station sentative of cur rent ,  water-  cooled, 

3500-100011000 42.9 46.26 
24oo-1ooo/1ooo 42.1 nuclear  reac tors .  
1800-900/900 39.8 48.37 
1000-Dry and Saturated 33.5 60.62 

(3)  Selection of an 1800-900/900 
s t eam cycle for  fas t  reac tors  would not 

significantly penalize the electr ic-  generating pa r t  of the plant. Moreover ,  
the reduced tempera ture  requirements  may alleviate c r i t ica l  mater ia l  
problems in cer tain reactor  designs. Or  the 1800-psig cycle may allow 
grea ter  tempera ture  differentials to be used in heat exchange equipment 
for a given reac tor  top temperature over the 2400-1000/1000 o r  3500- 
I 000/1000 s t eam cycles.  

The foregoing study represents  the f i r s t  phase of an overall  effort 
on fast  power reac tors .  The next phase will include a s imi lar  appraisal  of 
the sodium-heated, s team-generator  portion of the power plant. 

2.2 Mater ials  and Components 

The development of advanced fast  breeder  r eac to r s  for sa fe  and 
economical power generation i s  contingent upon the availability of suitable 
mater ia l s  and components. Their availability, in turn,  i s  contingent upon 
the resul ts  of cu~nprehens ive  screening and evaluation tes t s  in facil i t ies 
designed to simulate the anticipated operating environments. These en- 
vironments will include intense fast  neutron i r radiat ion and/or sodium 
coolant a t  tempera tures  a s  high a s  1200°F. In addition, the coolant may 
contain varying amounts of impuri t ies ,  i .e. ,  carbon, oxygen, fission products,  
etc. Unless controlled o r  removed, the buildup of these impuri t ies  could 
affect adversely the physical and mechanical propert ies  of mater ia l s  and 
components. Thus the screening facil i t ies should provide for  the simulta- 
neous evaluation of auxiliary o r  in-line sys tems and components for  
monitoring, controlling, or  removing these impurit ies.  

All of these fac tors  a r e  being considered in the design and conduct 
of the fas t  reactor  mater ia l s  and co~nponent  development program a t  
Argonne. The nature of this program, the related tes t  facil i t ies,  and the 
progress  during f i sca l '  1965 a r e  described briefly in the following subsections. 



2.2.1 1 2OO0F Mate r i a l s  and Component Evaluation Loop 

When completed, this loop will provide for  maximum flexibility in 
operat ion and comprehensive evaluation of mater ia l s  and components in 
sodium a t  tempera tures  up to 1200°F and a t  flow ra t e s  up to 184 gpm. 

Constructed of 4-in. Type 304 s tainless  s tee l  piping, the bas ic  
loop consis ts  of a d-c  electromagnetic pump, a surge  tank, cold t r ap ,  plug- 
ging m e t e r ,  blanket gas  sys tem,  valves,  and dump tank. Other provisions 
include: , . 

(1) A gas - quality-monitoring system. This sys t em consis ts  of a 
p a i r  of e lectronic  devices which continuously monito'r the oxygen and water  
content of the blanket gas .  These  devices produce an e lec t r ica l  ou.tput 
proportional to the concentration of the measured  impurity.  

( 2 )  A portable sodium distillation unit. ' l ' h i s  unit consis ls  u i  a 
sodium sampling chamber ,  vacuum sys tem,  support f ramework,  and a s -  
sociated instrumentation. It will  be used to monitor sai l~pl ings of sodium 
f o r  impur i t ies .  These  data will  be  cor re la ted  with the r e su l t s  of plugging 
m e t e r  tes t s  to de termine  their  effect on m e t e r  performance.  

( 3 )  A modified Fa lex  Wear Tes te r . .  Used to evaluate wear  prop- 
e r t i e s  of bearing and shaft ma te r i a l s  a t  var ious speeds and loadings, this 
commerc ia l ly  available t e s t e r  has  been modified for  s imi l a r  t e s t s  in 
sodium up to 1200°F. Briefly, the t e s t e r  consis ts  of a sodium vapor isola- 
t ion housing, dr ive motor ,  shaft  block and support,  force  t ransmiss ion  
device,  and re,lated instrumentation. 

(4) A bellows- ycalecl vdlve. Installed between companion flanges,  
th i s  valve,  along with o thers ,  will be evaluated a s  an "in-lineff component 
of the loop. 

(5)  Finally,  the loop piping will be surveilled.  F u r  this  purpose,  
a sect ion of the piping h a s  been fi t ted with Conoseal flanges. In this  
manner ,  the Type 304 section can be removed and replaced with counter- 
p a r t  sections of other  ma te r i a l s .  PerIorlmance of the flanges a l so  will bc 
evaluated. 

E lec t r i ca l  s ignals  f r o m  various loop and t e s t  instrumentat ion will 
be  continuously recorded  and s tored  on punched tape i n , a  digital-data- 
logging sys tem.  This  s y s t e m  includes a c i rcu i t  which can produce a graphic 
display of the s to red  data  in a l a rge  number of mo'des, a s  selected by the 
opera tor .  Thus rapid analyses  of the data can be made  a s  the t e s t  p rogresses .  

The s tatus  of the loop i s  a s  follows. Components such a s  the 
bel lows-sealed valve,  dump tank, and electromagnet ic  pump a r e  in var ious 



stages of procurement  and installation. Modification of the Fa lex  Wear 
T e s t e r  was completed, and preliminarjr check- out t e s t s  a r e  underway. The 
gas-qual i ty-measuring equipment has  been received \and i s  undergoing 
s imi l a r  check- out tes ts .  

2.2.2 High- Tempera ture  ( 1200°F) Sodium, Long- T e r m  Environmental 
T e s t  Loop 

This loop was built in 1957, pr imar i ly  to evaluate the integrity of 
a d-c  e lec t ro~~lagr le t ic  pump tube and current-conductor  in dynamic sodium 
(25 gpm) a t .  1550°F. Since that t ime,  i t  has  been used for mater ia l  com- 
patibility t e s t s  in sodium a t  1200°F. 

- Constructed of 2-in., Type 304 s tainless  s tee l  piping and fi t t ings,  
the ver t ica l  loop (10-gal capacity) i s  equipped with a d-c pump a t  the bottom, 
and an expansion tank a t  the top. The expansion tank (6-in. pipe, 14 in. 
high) contains flowing sodium into which the t e s t  mater ia l s  a r e  immersed .  
A 4-in. pipe section and gate .valve a r e  mounted on top of the tank, so  that 
the t e s t  specimens may be removed without contaminating the sodium with 
oxygen. A plugging m e t e r  i s  used to measure  the oxide content. 

To-date ,  the loop has  accumulated 12,000 h r  of testing, including 
8,000 h r  a t  1200°F. The t ime element  i s  important ,  since there  i s  no 
provision in the .loop fo r  cold trapping o r  hot trapping operations. Thus a 
carefu l  check of the m a s s  balance of this sys t em with metal l ic  impuri t ies  
in the " a s -  received!' sodium should indicate a "solubility ra te"  of the 
Type 304 pipe ma te r i a l  in 120;0°F sodium. 

Chemical analysis  of sodium samples  indicated an inc rease  in F e  
content f r o m  2 ppm ( a s  received) to 40 ppm, while the Ni content increased  
f r o m  2 ppm to 8 ppm. There  was no measurable  evidence of chromium. 
Vanadium content increased  f r o m  4 ppm to 1500-2000 ppm. This inc rease  
i s  a t t r ibuted  to vanadium cladding specimens that were  exposed in the ex- 

* ,  
pansion tank. 

1 
, The modest increase  in F e  and Ni i s  encouraging, with respec t  to 

compatibility of Type 304 s tainless  s tee l  for  sustained operation with 
sodium a t  1200°F. , 

This facility i s  being used to determine the self-welding cha rac te r -  
i s t ics  of var ious  mater ia l  combinations when i m m e r s e d  in s ta t ic  sodium a t  
t empera tu res ,up  to 1200°F. Other test  pa ramete r s  include ma te r i a l  
geometry,  ':surface finish, loading, a.n.d sodium quality. 



In operation, couples of like o r  unlike specimens a r e  positioned in 
an electr ical ly-heated autoclave filled with sodium of a predetermined 4 
quality. The autoclave i s  essentially a 12-in. -long pipe (12 in. O.D.) welded 
a t  the bottom and flanged a t  the top. Loadings a r e  t ransmit ted to the 
samples  through a bellows- sealed, push- rod assembly  which i s  an integral  
p a r t  of the flanged closure.  

Couples of Type 304 s ta in less  s tee l  a r e  in tes t .  Thei r  configura-' 
t ions r ep resen t  the curved seating surface of subassemblies  and the f la t  
c o r e  support gr id  in the EBR-11. The objective i s  to determine the com- 
patibility of Type 304 beyond the operating tempera ture  of EBR-I1 (700°F), 
up to and including 1200°F. 

2.2.4 1200°F Furnace  - Tensi le  Tecting Machine *".'.:'. *-.., ..., ,-..-,. 

A 1200°F sodium atmosphere furnace has  been constructed f o r  
u s e  in conjunction with a universal  tensi le  test rrlachiue. Tkc purpose of 
th i s  unique combination i s  to isolate  and a s s e s s  the relat ive effects of 
operat ing var iab les  on the mechanical proper t ies  of thin-walled tubes 
simulating, fo r  example,  fuel e lement  clad. These var iab les  will include 
h igh- tempera ture  sodium, f a s t  neutron i r radiat ion,  tension, compression,  
and biaxial s t r e s s e s  up to and including burst ing p r e s s u r e .  

The furnace i s  designed to t e s t  in tension o r  compression an 
8-'in.-long, 0.50-in.-O.D. tubular specimen i m m e r s e d  in sodium a t  tem-  
p e r a t u r e s  up to 1200°F. It consis ts  of an electr ical ly-heated s tainless  
s t ee l  tank (8- in. pipe, 14 in. long). The tank bottom includes a chuck which 
engages the lower end of the t e s t  tube. This  chuck and the tank a r e  an 
in tegra l  p a r t  of a rod extension which., in turn,  i s  engaged by the lower 
gr ipper  of the tensi le  t e s l  rrlachine. Thc upper end of the specimen ex- 
tends through the bel lows-sealed tank c losure  and i s  engaged by the upper 
gr ipper  of the tensi le  machine. This a r rangement  pe rmi t s  elongation o r  
compress ion  of the tubular specimen while maintaining a .leak tight argon 
a tmosphere  above the hot sodium. Biaxial s t r e s s e s  can be applied s imulta-  
neously by p res su r i z ing  the specimen (with ine r t  gas)  through an  upper 
end fitting. The tens i le  machine may  then be prvgran1med to cycle the 
s t r e s s e d  tube through any p r e d e t e r ~ ~ l i n e d  s t r e s s  range. 

P lans  a r e  to develop s t r e s s  rallgce and ultirxlate burst ing p r e s -  
s u r e s  for  unirradiated tube ma te r i a l s  in a i r  and in sodium a t  tempera tures  
up to 1200°F. Similar  t e s t s  will  b e  pe r fo rmed  on the s a m e  lot of tubing 
a f t e r  exposure in a combined i r radiat iun,  high- t empera tu re  sodium environ- 
ment .  I t  is believed tliat this p rogram will lead t n  differences in cyclic 
s t r e s s  ranges and ultimate rupture s t rengths which may be  due pr imar i ly  
to  f a s t  neutron i r radiat ion.  



- The f i r s t  s e r i e s  of tes t s  will be made on unirradiated EBR-I1 blan- 
ket element tubing. P repa ra to ry  tes t s  have been made: (.I) to determine the 
minimum L/D rat io  for  tube specimens;  (2) to de termine  the effect on b u r s t  
p rkssu re  of using an h t e r n a l  rod (fuel) to &splace a known volume inside a 
p res su r i zed  tube; and (3) to develop s imple s t r e s s - s t r a i n  curves for . "as  
received" and "sodium soakedts tubes. In addition, s teps have been taken to 
obtain EBR-I1 blanket tubes with various nvt his tor ies .  

2.2.5 Sodium Vapor T r a p  Development 

A compact vapor t r ap  has  been developed which i s  capable of r e -  
moving sodium vapor f r o m  argon gas vented a t  flows up to 40 ft3/hr f r o m  a 
1 2OO0F sodium sys  tem. 3 

~ r i e f l ~  the t rap .  consists of an 8-in. length of 2 in., Schedule 40 
s tainless '  s tee l  pipe. Contained within the pipe i s  a s e r i e s  of concentric 
rings and d iscs  of s ta inless  steel.  These baffles a r e  sloped. downward in 
the vertically-mounted pipe. The outlet of the t r a p  i s  maintained a t  a 
tempera ture  slightly above the melting point of sodium. In operation, the 
sodium-inert  gas flow impinges on the baffles. The gas flows through the 
baffles, whereas  the sodium droplets deposit on the baffles and r e tu rn  by 
gravity to the bulk sodium in the system. 

The efficiency of a vapor t r a p  i s  defined a s  the rat io  of liquid 
sodium returned,  to the total  sodium vapor available for  trapping. Accord- 
ingly, a t  flow ra t e s  of 5 ft3/hr and 20 ft3i/hr, the measured  efficiencies were  
97% and 9970, respectively.  

2 .2 .6  Self-Seeking.. Sodium Level Probe  

Designed for  e i ther  automatic o r  manual operation, this probe 
provides continuous indication of the sodium level in a vesse l  without 
physically contacting the sodium. More specifically, i t  consis ts  of a 
solenoid (2 in. O.D., 2 in. long) which operates  in a s ta in less  s tee l  thimble 
installed in the vesse l  to be monitored. The probe i s  suspended by flexible, 
electric-conducting tapes which a r e  connected to a motorized take-up 
drum mounted on top of the vessel ;  

In operation, the solenoid f o r m s  one branch of an a-  c excited 
bridge. Bridge balance i s  dependent on the solenoid inductance. Inductance, 
in turn,  i s  dependent upon the res i s tance  of the environment surrounding 
the thimble. F o r  example, the inductance inc reases  a s  the res i s tance  de- 
c r e a s e s  when the probe t r a v e r s e s  the gas space and en te r s  the sodium r e -  
gion. The electronic c i rcu i t ry  employed enables the operator  (1) to 

B manually dr ive the probe up o r  down, o r  (2) to se lec t  a c ircui t  which auto- 
matically r a i s e s  o r  lowers the probe a s  the sodium level changes. This 
c i rcu i t ry  i s  descr ibed elsewhere.  4 



The probe was tested in a sma l l  vesse l  (4  in.. O.D., .3 ft.higli) which 
was part ia l ly  fi l led with sodium. The vesse l  was electr ical ly  heated f r o m  
room tempera tu re  up.to 1200°F. Accuracyswas based upon statist ically 
repeat ing a level determination for  a constant, known level. In each -in- 
s tance,  the indicated level was within kO.5 in. over the ent i re  tempera ture  
range. 

This device i s  being used to monitor sodium level in a 1000-gal, 
sodium supply tank which serv ices  a reac tor  engineering t e s t  facility. 

2.3 Sodium Quality Control 

The co r ros ive  action of molten sodium i s  due largely to i t s  im-  
puri ty  content, and seve ra l  methods have been developed to control this 
content. While Chese methods a r e  adequate f u r  cu r ren t  sljiliun~ s y s t c l ~ l o  
which operate  a t  relatively low tempera tures ,  they a r e  inadequate f o r  
sodium. t empera tu res  that will prevail  in the ncxt generation of fas t  
r eac to r s .  Therefore ,  studies and experiments  a r e  underway to. e i ther  im-  
prove the old methods o r  to devise new measures  for  monitoring impuri t ies  
in ,sodium up to 1200°F. 

2.3.1 Sodium Quality Measurement  Loop 

Constructed of 2-in., Type 304 s tainless  s tee l  piping, this closed 
loop i s  designed to accommodate th ree  different methods for  simultaneously 
analyzing the impuri ty  content in sodium a t  var ious flow r a t e s  and tem- 
pe ra tu res .  Sodium a t  239OF i s  drawn f r o m  the center  of a 5000-gal, model 
EBR-I1 p r i m a r y  tank. In o r d e r  to check the accuracy of the analytical 
methods,  the equilibrium oxide content a t  239OF i s  increased  by adding 
s odiu1-n pe 1-oxidc . 

The meth.ods under study include a distillation apparatus ,  a plug- 
ging me te r ,  and a resis t ivi ty  me te r .  In operation, the distillation technique 
cons is t s  of withdrawing a sodium sarxiple f r o m  the loop into an equally hot 
cup inside an evacuated container.  The cup overiiows, plresurrlably giv lug  
a measured  volume of s a ~ n p l e .  'l'his sample is distilled, under vacl.inm, 
leaving the solid impur i t ies  in  the cup. The apparatus  i s  then dismantled, 
the impur i t ies  a r e  dissolved, and their concentrations a r e  determined by 
slaucla~cl analyses .  

The plugging and resis t ivi ty  m e t e r s  a r e  "in-line" measuring 
devices.  Neither has  been placed in operation pending resolution'of dif- 
f iculties with the distillation apparatus .  These difficulties range f r o m  loss  
of sodium sample due to sputtering, to  nonuniform samples  due to meniscus 
variat ion and wetting of the cup. 



2.3.2 Drybox Sodium Sampling Tes t  -Loop 
. . . . 

This small ,  all-welded;""Type4 304 s tainless  s teel  loop is.being 
operated to determine the feasibility of using a portable drybox to provide 
a protective iner t  gas  atmosphere during sodium sampling for  impurity . 
analyses.  Designed for  operation a t  sodium tempera tures  up to 1200°F, the 
loop components include electr ic  hea te r s ,  an electromagnetic pump add 
flowmeter,  and a smal l  t e s t  section. The drybox i s  intended to provide 
controlled access  to the test  section. If successful,  the portable feature 
of the drybox will allow s imi lar  servicing of m o r e  than one facility. 

Amalgamation analyses of sodium samples removed thus f a r  have 
been inconclusive and evidence the need for marked improvements in the 
technique. Chromatographic analysis of the cover gas  indicates a high 
oxygen and moisture  content. Diffusion of oxygen through the semipermeable ,  
glove fabric i s  suspected. Pa r t i a l  improvement has  been effected by using 
gas purification t ra ins  of magnesium perchlorate  to remove moisture,  and 
NaK bubblers to remove oxygen. A m o r e  efficient purification t ra in  i s  r e -  
quired for  the cover gas.  
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LIQUID METAL HEAT TRANSFER RESEARCH PROGRAM 

3.1 Objectives 

The objectives of this p r o g r a m  a r e :  (1) to  acquire  theoret ical  
and expe.rimenta1 data  on the thermodynamic proper t ies  and. chara'cterist ics 

\\ 

of liquid meta ls  du.ring single phase,  boiling, .and two-pliase flow in forced 
convection systems; .  (2) to  develop instrumentation and other meter ing de- 

. vices  essent ia l  to the accura te  measurement  and correlat ion of these high- 
t empera tu re  p a r a m e t e r s ;  and (3) to use  these data to der ive new methods 
o r  to improve engineering computations traditionally employed. in  de.signing 
liquid metal  heat  t r ans fe r  equipment o r  in predicting. tempera ture  gradients 
in r eac to r  coolant channels,  

3.2 Two-Phase .Adiabatic Flow of Sodium 

This experiment  was designed to pro.vide fundamental information . , 

on.forced convection two-phase flow of sodium over  the following range: of 
operating var iab les  : 

P r e s s u r e ,  ps ia  
Tempera ture ,  OF 
Boiler Inlet Velocity, fps 
Boiler  Fower Density, l c ~ / l i t e r  
Liquid Superheat ,  O F  

Quality 
Vapor Volumc Frac t ion  
Slip Ratio 
Fr ic t iona l  P r e s s u r e  L o s s ,  in.  HzO 
Boiling Operation, h r  

P r i m a r y  emphasis  was  placed on the measurement  and correlatioiz of vapor 
volume fract ion,  quality, and'two-phase fr ic t ional  losses .  in an adiabatic 
t e s t  section. The secondary objective was  to  evaluate the performance of ' 

ce r t a in  instrumentation, par t icular ly the use of electromagnetic Ilowmeters 
fo r  void fract ion measuremen t  .. 

The experimental  apparatus  used in  these t e s t s ' i s  shown schemati-  
cally in  Fig.  3- 1. The loop is constructed of Type 3 16 s tainless  stee'l tubing 
(0.500 in.  O.D., 0.035 in.  wall) through which sodium i s  circulated a t  a 
maximum of 4 gpm. Both e lec t ror~~agi le t ic  flowmeter s featl-ired kerosene-  
cooled permanent magnets and were  cal ibrated by differential p r e s s u r e  , 

measurements  a c r o s s  the venturi  section. Liquid levels  in the venturi legs 
. and the condenser well  w e r e  continuously monitored by analog-type, 10-kc 

eddy-current  gauges constructed of a lumel  and chrome1 wi re  fo r  u s e  at  high 



w t empera tures .  .Void fractions in the 24-in.-long rectangular tes t  section 
were  recorded by a t ravers ing  gamma-attenuation assembly,  using a 
Tm-170 source.  These outputs were  compared with oscillograph records  

of flowmeter performance. The 
ARGON PRESSURE CONTROL boiler i s  of the homogeneous type, 
AIR-COOLED with a maximum heat input of 10 kW. 
CONDENSER 

Boiling occurred  a t  the boiler exit, 
o r  fur ther  downstream, and was 
l imited to a low vapor quality range. 

E.M FLOWMETER& All f r ee  sodium surfaces  were  
blanketed with argon gas .  These 
surfaces served a s  p res su re  
control and measurement  stations.  

SOURCE 

The following qualitative 

-FLOW 
resu l t s  and conclusions a r e  based 

E.M. FLOWMETER 
upon observations made during 
operations totalling 4200 h r  a t  tem-  

Fig. 3-1. Schematic of  boiling sndium loop 
pera tures  between 1300°F and 1650°F. 

used for two-phase heat transfer studies up To begin with, the range of liquid 

to atmospheric pressure superheats  obtained pr ior  to  the 
initiation ,of boiling was ra ther  low . 

when compared with values reported by other experimenters .  Fur the r ,  
there  i s  evidently a decrease  in average superheat requirements  with 
t ime ,  a s  shown in Fig. 3-2. Note 
that in the ear ly  stages of the ex- 
per iment ,  the amount of superheat 
was unpredictable, whereas la te r  
measurements  showed a much n a r -  
rower scat ter  range. This phenom- 
enon of liquid superheat i s  related 
to the more  general  problem of flow 
and boiling stability in a closed loop. 
At low p r e s s u r e ,  the violent temper-  
a ture  and specific volume changes 
which accompany the onset of boiling 
lead to oscil latory conditions. These 
conditions cannot be called stable or  
" steady s tate  I t ,  by any combination of 
reasonable assumptions and/or "av- 
eraging" techniques. Therefore ,  for 
purposes of' correlating void fraction 

SATURATION TEMP.. O F  

SATURATION PRESSURE, psi0 
2.2 3.1 4.3 5.8 7.8 10.3 13.4 17.2 

Fig. 3-2. .Effect o f  system pressure and total 

boiling time on liquid superheat requirements 

at inception o f  boiling 

100- 

and p res su re  loss  data,  a stable condition was assumed to be achieved when- 

I 

\ I 

1 I I I I 

0 - 400 hr - 
O \ A - 950 hr 

ever  (1) the p res su re  fl l~ctuations were  smal l  compared to the absolute 

m value; (2) the boiler inlet flow was steady; and (3) the t ime-averaged void 
fraction at  a point was constant for  a t ime sufficient to collect data.  In ,. 
general ,  slability was achieved a t  p r e s s u r e s  g rea te r  than 7 psia,  s o  that 
the correlated data presented here  cover the range f r o m  7 to 17 psia .  



Analysis of the void fraction data indicates that the electromag- 
netic flowmeter method is adequate for measurements  in ver t ical  upflow 
of two-phase liquid meta ls  - a t  leas t  up to some value of void fraction 
l imited by the continuity of the liquid f i lm on the duct walls.  Operation of 
the flowmeter i s  based upon the assumption that ,  at  constant magnetic 
flux, the output i s  a function of liquid velocity only, i . e . ,  

where ai i s  the I1ideal" void fract ion;  Eo and E l  a r e  flowmeter outputs in  
the all-liquid and two-phase regions,  respectively; and KO and K1 a r e  cali-- 
brat ion constants.  

F'igure 3-3  shows a .typical set  of flowmctcr data compared with 
uncorrected readings obtained f r o m  the gamma-attenuation apparatus.  The 
f lowmeter  resu l t s  a r e  generally lower.  This discrepancy was attributed to 
the change in  two-phase e lec t r ica l  conductivity with increa.sin.g void 
fract ion.  Therefore ,  the following equation, implicit  in the actual void 
f rac t ion ,  a ,  was theoretically derived to account for this  change in 
conductivity : 

w h e r e  A,  t ,  11, and Sc a r c  geometr ic  constants f n r  a. rectangular duct; pf 
and pw a r e  e lec t r ica l  resis t ivi t ies  of the liquid and duct wall ,  respectively; 

and f(a) i s  the correct ion factor for 
the change i11 conductivity. This 

I .o factor can be expressed a s :  

UNCORRECTED 

CORRECTED FOR 
No-SST AT I 1600°F 

MAXWELL EO. 

PETRICK EQ. Equation (3 )  i s  a theoretical 
expre s viori due to Maxwell, while 
Eq. (4) i s  an empir ical  expression de- 

o 0 . 2  0 . 4  0.6 0.8 1 . 0  rived f r o m  magnetohydrodynamic 
a (GAMMA-ATTEN. METHOD) generator  studies by Pe t r i ck  

a t  Argonne.  
Fig. 3-3. Comparison of void fractions 
determined by flowmeter and gar11111a- 
attenuation methods Both of these correct ions 

a r e  plotted in  Fig.  3 -  3 .  The important 
quantity he re  i s  the e lec t r ica l  resistivity rat io ,  pf/pw. If the liquid r e s i s -  
tivity i s  much sma l l e r  than that of the wall, then the choice of f(a) i s  not very 



cr i t ica l ;  however,  a s  this ra t io  approaches unity, the cor rec t ion ,& choice 
a r e  important.  In the present  sys tem,  i .e. ,  sodium-s.tainless s tee l ,  the 
rat io  i s  low, so the ;importance of the correct ion i s  minimized. Some low- 
tempera ture  experiments with var ious mater ia l s  will be c a r r i e d  out to 
determink the co r rec t  factor.  The relative simplicity of the flowmeter 
measurement  implies  an at t ract ive application to  higher tempera ture  
sys tems such a s  the N b - 1 W r - N a  sys t em described in  the following section. . 

Such a sys t em has  a . res i s t iv i ty  rat io  close to unity in  the 1800-2100°F . 

range,  so  the co r rec t  f(a) must  be known. 

F o r  higher-quality flows, a quality factor must  be introduced into 
Eq. (1):' The flowmeter-oscil lograph sys t em used to  r eco rd  voids was  f a s t  
enough to follow liquid velocity variations in the vicinity of the flowmeter;  
both slug and annular flow regimes  were  encountered the re ,  according to  
the instantaneous output of the flowmeter.  Thus the sys t em should also 
prove useful for t ransient  boiling studies.  

Detailed comparisons of the p r e s s u r e  drop and s l ip  rat io  data  with 
existing correlat ions for sodium were  not made. The qualit ies were  very  
low, so  that a definite dependence of two-phase friction factor  on quality 
was not c lear .  However, the s l ip  rat ios  were  definitely higher than counter- 
pa r t  values determined f r o m  correlat ions of s team-water  data. There  may 
be eithkr a systematic  measuremel;lt e r r o r  in quality measurement ,  o r  non- 
equilibrium effects .  F o r  example,  if the qualit ies a r e  not a s  high a s  calcu- 
lated f r o m  the equilibrium Lase, then the actual s l ip  ra t ios  a r e  lower than 
the calculated rang.e l is ted at  the beginning of th is  section. 

A m o r e  comprehensive description of the foregoing t e s t s  i s  being 
prepared  for publication a s  an ANL topical repor t .  

, 

3 . 3  Boiling Sodium Studies 

3.3.1 2 1 OO°F Boiling Sodium T e s t  Faci l i ty  

When completed, the facility shown in  Fig.  3-4 will be used to  
extend the foregoing studies up to  a tempera ture  of 2100°F, and a p r e s s u r e  
of about 8 a tm.  Variables  to  be investigated will  include boiling heat flux 
and tempera ture  difference up to the c r i t ica l  heat flux, boiling and adiabatic 
two-phase p r e s s u r e  drop,  vapor volume fraction, s l ip  rat io ,  and.boiling 
stability pa ramete r s .  Loop operation i s  scheduled for  January ,  1966. 

Constructed pr imar i ly  f r o m  Nb- 1 $ ~ r  tubing (0.500 in. O.D.,  
0.035 in. wall) ,  the loop i s  contained within a chamber which will be evacu- 
ated to  1 o - ~ -  t o s s .  Major components of the loop include a thermal  
radiation-heated boi le r ,  an adiaba1;ic r i s e r  section, a radiating coil con- 
dense r ,  and an electromagnetic hel ical  induction pump. 



1. VACUUM CHAMBER COVER 

2. ELECTROMAGNET l C FLOWMETER 

(VOID FRACTION) 

3. THERMAL R A D l  A T 1  NG C O l  L CONDENSER 

4. ADI 'ABATI  C R l  SER S E C T l  ON 

5. V I E W I N G  PORT 

6. SHUTTERS 

7. ELECTROMAGHETI C FLOWMETER ' 

(VOID FRACTION) 

8. B O I L E R  S E C T I O N  

9. ELECTROMAGNET l C FLOWMETER 
(FLOW RATE) 

10. PRE-HEAT S E C T l  ON 

11. P A R T I  AL-PRESSURE ANALYZER 

1 2 .  VACUUM PUMP PORT . 
13. ELECTROMAGNET! c PUMP 
14. VACUUM CHAMBER B A S E  
1 5 .  I O N  l Z A T l O N  GAUGE 

1 6 .  SODIUM L I N E S  FROM DUMP TANK 
1 7 .  POWER FEEDTHROUGHS 

10. ROTARY FEEDTHROUGH FOR SHUTTER HECHAN l SM 

19. THERMOCOUPLE AND COOLANT FEEDTHROUGHS 
20 .  PRESSURE TRANSDUCERS 

0 
Fig. 3-4. Schematic of 2100 F boiling sodium test facility 



The boiler section consists of a thick-walled Nb-1-1- tube (2 in.  
O.D., 0.312 in. I.D., 24 in. long) surrounded by twelve, closely-spaced 
tungsten heating elem'ents ..'. These elemGnts.are surrounded by the:smal radi-  
ation shields constructed of tantalum. This radiant heat i s  conducted 
through the tube wall to the liquid meta l  flowing inside the tube. Thermo-  
couples a r e  placed a t  various radial  and axial locations in  the tube wall so 
that both the heat flux and the inside wall tempera ture .  may be determined.  
Heat fluxes ranging up  to lo6 ~ t u / ( h r ) ( f t ' )  a r e  anticipated. 

Electromagnetic f lowmeters  a r e  located a t  the boiler inlet ,  be- 
tween the boiler and r i s e r  section, and at  the r i s e r  outlet to obtain the flow 
r a t e s  and void fract ions of the two-phase mixture.  P r e s s u r e  taps  and 
thermocouples a r e  a l so  located a t  these points for the determination of 
absolute p r e s s u r e ,  p r e s s u r e  drop,  and energy balances.  

Heat i s  removed f r o m  the loop by a the rma l  radiation coil con- 
dense r .  This  condenser contains 26 coils a r ranged on an 18-in. coil diam- 
e t e r ,  with a 2.5-in. space between coi ls .  Heat lo s s  f r o m  the condenser i s  
controlled by operating a shutter rnecha.ni.sm. 

Tempera ture  measurements  a r e  to be made with twenty-five 
W-25% R ~ / W - ~ ~ J O  Re and fprty chromel/alumel ungrounded juhctitin thermo- 
couples encl.osed in hermetical ly-  sealed,  niobium- l'% zirconium sheaths 
(0.0625 in.  o.D.) .  Choice of the re f rac tory  meta l  conductors allows high 
t empera tu re  measurements  to  be made ,  l imited only by the alumina insu-  
lation to a maximum working tempera ture  of approximately 2600°F. 

Eight p r imary  p r e s s u r e  measurements  a r e  to  be made ,  using 
Type 304 s tainless  s tee l  diaphragm t r ansduce r s :  four t r ansduce r s  f o r  ab- 
solute measurements  and four for differential  readings.  Maximum opera-  
tional differential o r  absolute p r e s s u r e  for any one diaphragm i s  200 psia .  
Diaphragm motion will be sensed with a d e a r l y  var iable  differektial 
t r a n s f o r m e r .  Signals will be fed to a Model CAS-2500 C a r r i e r  System. 
This  sys t em,  consisting of a power supply, osc i l la tor ,  amplif ier ,  de- 
modulation, and a phase-sensi t ive rec t i f ie r  will be used ' to  obtain a d-c  
output proportional to  the diaphragm displacement .  Overal l  sys t em error" 
i s  expected to  be within 5270. 

Analog data f r o m  thermocouples ,  p r e s s u r e  t r ansduce r s ,  flow- 
me te r  s ,  the boiler and pre-hea ter  , and the liquid me ta l  pump will  be r e a d  
on a ~ e w l e t t  Packard-Dymec Model 2010D data-acquisit ion sys tem.  This  
sys t em consis ts 'of  a c r o s s b a r  scanner ,  an integrating digital vol tmeter ,  a 
preampl i f ie r ,  a tape punch coupler,  a punch power supply, and a Tele-  
type BRPE-  11 paper  tape punch. Provis ions have been made s o  that  the 

. punched paper  tape output can be fed direct ly  into a Model l6OA computer 
.p rogrammed for data reduction. 



3.3.2 Prototype Heater  Development . . 

The feasibil i ty of using the rma l  radiation to .gene'rate ' fairly high 
and uniform heat  fluxes in  liquid meta ls  has  been demonstrated. Three  
heate.r s have accumulated a total  of 750 h r  operation in  a smal l - sca le  ,' 
forced  convection t e s t  loop. This  loop was operated to  obtain single-phase 
(500 h r )  and boiling (250 h r )  'heat t r ans fe r  data  on upward flow of NaK in  
a ver t ica l  tube under constant heat  flux conditions. The t e s t  p a r a m e t e r s  
included heat fluxes ranging up to 62,000 Btu/(hr)(ft2), flow r a t e s  up to  
416 lb/hr , and liquid metal  tempera tures  up to  1400°F. 

The single-phase data were  in  good agreement  with correlat ions 
developed by  o on' and ~ w ~ e r  . 2  During two-phase operation, boiling was 
general ly  accompanied by a "bumping" noise and flow instabili t ies.  

An electron-bombardment heated boiler section a lso  i s  being 
developed for  future use  with the Nb-Zr loop. l 'he hea ter  section will con- 
s i s t  of a Nb-1yo~r  tube (anode) encircled by eithcr tungsten o r  thoriated- 
tungsten emi t t e r s  (cathode). This  heating ar rangement  will be surrounded 
by shielding, the inner  shield being at  the same e lec t r ica l  potential a s  Clle 
cathode. Emitted electrons will  be directed to  the anode by an accelerating 
voltage. Heat fluxes well  above 1 o6 Btu/(hr)(ft2) a r e  anticipated. 

Two smal l - sca le  electron-bombardment heating experiments  were  
. conducted to  investigate geometr ic  and mechanical f ac to r s  involved in the 

construction of a high-flux hea ter .  During both t e s t s ,  lhe sodium was  suf- 
ficiently subcooled s o  that no boiling occurred .  In the f i r s t  t e s t ,  thermo-  
couples a t  va,rious positions on the anode outer  surface gave identical 
readings at iven hea t  fluxes,  indicating u n i f o r ~ ~ l i l y  ol flux. Hcat fluxes up 
to  8000 B t u j h r ) ( f t 2 )  were  obtained. Limitations of the available p u w e r  
supply necessi ta ted terminat ion of the t e s t  a t  this  value. With increased  
power input (voltages up 20,000 V and cu r ren t s  up to  1 A) ,  heat fluxes 
ranged to 20,000 Btu/(hr)(ft2). Thermocouples in  the anode wall recorded  
tempera ture  inc reases  up  to 8 0 ~ / s s c .  

Subsequent t e s t s  a r e  pending hea ter  modification, improvement of 
operating vacuum level,  and be t te r  matching of the ZOO-kW power supply to  
the hea ter  c ircui t .  

3.4 . Evaluation of Traditional Liquid-Metal Heat Trans fe r  Design. 
Computations 

At the outset ,  these "traditional" engineering compulatiolis a r e  
l imited to  those which r e ly  upon d i rec t  use  of heat t r ans fe r  coefficients in 
designing heat exchangers  f o r ,  and predicting tempera ture  gradients  in 
coolant channels of, liquid metal-cooled r eac to r s .  The inference i s  that 
usage of these coefficients i s  all-inclusive. .  This  is '  not t rue .  F o r  example,  . 



when expressed a s  Nusselt  o r  Stanton numbers  for  turbulent flow of non- 
metall ic fluids, heat t r ans fe r  coefficients a r e ,  for  most  pract ical  purposes,  
functions only of Reynolds and Prandt l  numbers .  With liquid meta ls ,  how- 
eve r ,  these coefficients a l so  depend significantly on other charac ter i s t ics  
of the sys tem to which they a r e  applied. 

The procedure used to evaluate these traditional methods i s  a s  
follows. Detailed profiles of local fluid tempera ture  distributions a r e  plotted 
f r o m  mathematical analyses  based on f i r  s t  principles.  These distributions 
a r e  then used to  compute heat t r ans fe r  coefficients, duct surface t empera -  
t u r e s ,  and heat t ransfer  ra tes .  Related experiments  a r e  performed in  
support of these computations. Comparisons a r e  then made with counterpart  
values predicted by the traditional engineering methods. The ult imate ob- 
jectives a r e :  (1) to  identify and resolve the discrepancies  in these methods; 
and (2)  to effect improvements  such that repetit ive basic  mathematical 
analyses need not be performed for each prediction. 

A detailed description of these analyses  and the i r  reflections on 
traditional engineering prediction methods has  been published.3 The impor -  
tant aspects  of these studies a r e  summarized  h e r e ,  along with some more  . 
recent  resu l t s .  

3.4.1 Heat Trans fe r  in  Double-Pipe Heat Exchangers  

Investigations related to  liquid metal  heat exchangers have concen- 
t r a t ed  on relatively s imple,  double-pipe units of var ious configurations. 
Extensions to cross-flow and shell-and-tube exchangers a s  well a s  to boi le rs  
and condensers a r e  planned for  the future.  

The resu l t s  of these analyses ,  when interpreted in t e r m s  of heat  
t r ans fe r  coefficients and predictions of heat t r ans fe r  r a t e s ,  indicate the 
following. With co-current  flow, fully developed local  channel heat  t r a n s f e r  
 coefficient^ a r c  ncvci- large1 tlldll values corresponding to  the boundary 
condition of uniform wall flux, but can be significantly l e s s  than values c o r -  
responding to  the boundary condition of uniform wall tempera ture .  With 
counter-current  flow, the coefficients a r e  never  l e s s  than values c o r r e -  
sponding to  the boundary condition of uniform wall t empera tu re ,  but can be 
significantly l a r g e r  than values corresponding to  the boundary condition of 
uniform wall flux. In additioa tu Llieir dependence on Reynolds and Prandt l  
numbers ,  the actual  values of these coefficients a r e  a complicated function 
of the exchanger operating conditions, and the effect i s  an important  one 
for liquid metals .  It was a l so  found that the extremely high local heat 
t r ans fe r  r a t e s  in  the the rma l  entrance regions contribute significantly to  
the overal l  heat t r ans fe r  r a t e  of these  heat  exchangers.  Since t radi t ional  
design relations do not account f o r  e i ther  of these observat ions,  the i r  
predicted heat t r a n s f e r  r a t e s ,  heat exchanger lengths,  and their  i n t e rp re -  
tations of experimental data  can be ser iously inaccurate .  



Improved design relations habe been formulated to include the 
quantities r )  and @. The quantity r)  i s  defined a s  the ratio of the actual 
fully developed overall  heat t ransfer  coefficient to the overall  heat t r ans -  
fer  coefficient generally used in  the traditional relations. The quantity @, 
called the "Effectiveness Coefficient," i s  used to multiply the exponential 
t e r m s  in the customary relationships4 used to compute heat exchanger 
effectiveness o r  efficiency. The basic fo rm of the traditional relationships 
i s  modified, only when necessary ,  to include these quantities. For  ex- 
ample,  when r)  and @ a r e  both unity, these relationships apply in their 
simple s t  forms.  

Both quantities a r e  themselves complicated functions of the 'ex- 
changer operating conditions. D.etailed tabulations of the respective values 
for  concentric tube co-current flow exchangers a r e  being compiled for 
publication. Significant improvements in accuracy of predictions resulting 
f rom the use of these parameters  have been verified experimentally.5. 

For  the counter -current  flow exchangers, relatively sirnple pro-  
cedures for assessing the parameter  r )  have been developed; representative 
values over wide ranges of ope.rating conditions have been obtained. P ro-  
cedures for the determination of @, how'ever, a r e  sti l l  in the exploratory 
stage. 

The detailed analyses of the double-pipe heat exchanger required 
extensions of the classical~Sturm-Liouville system related to the ,mathe- 
matic's of boundary value In the case of the .counter-current flow 
exchanger, these extensions revealed certain important aspects that appear 
to be new in the field of applied mat he ma tic^.^ ~ h e s e  "new aspects" are 
intimately related to the computational procedures that a r e  being explored. 
Experimental procedures for determining both r)  and @ have :been developed 
in  support of the analytical 

3.4.2 Temperatures in Reactor Coolant Channels. 

As mentioned ea r l i e r ,  f i r s t  principles a r e  also used to derive im-  
proved relations for predicting temperatures i n  liquid metal coolant 
channels. Equation (5) i s  typ<cal of these relationships. Iri this instance, 
t h e  formulation i s ,  used to predict surface temperatures for a channel with 
a non-unifor m,  lengthwise. heat flux distribution: 

where 



Detailed .definitions of the t e r m s  a r e  given in 'Reference 3 ;  
Briefly,  the left-hand side of Eq. '(5) r ep re sen t s  a dimensionless  t empera -  
t u r e  difference between the channel surface ,(c,cj) and the bulk coolant 

( c B ) .  On the right-hand s ide,  F rep re sen t s  a dimensionless  heat  flux 
which i s  a function of a dimensionless  axial  position var iable  z .  The 
quantities Rk 'can be.l ikened to generali'zed the rma l . r e s i s t ance  coefficients 
which depend on the duct geometry,  Reynolds 'number,  and P rand t l  num- 
b e r ;  they a r e  independent of the actual  flux distribution.  The coefficient 
Ro i s  equal to 2 / ~ u ( a ) ,  where  NU(^) i s  the appropria te  Nusselt  number  for 
a uniform flux distribution.  Also,  Rk -+ 0 a s  k -+ a. When the heat flux 
i s  uniform,  F ( ~ )  = 0 fo r  k > 0, and Eq.  (5) reduces  to  the customary defi- 
nition of the heat t r ans fe r  coefficient. 

  or non-uniform flux dis t r ibut ions ,  F ( ~ )  f 0; however,  fo r  mos t  
c a s e s  of p rac t ica l  in te res t ,  only the f i r s t  few t e r m s  of the infinite s e r i e s  
need be retained. Thus with the coefficients Rk known, Eq.  (5) becomes a 
relatively s imple  expression to  use  for predicting channel sur face  ' t em-  
pe ra tu re s  under these  conditions. On the other  hand, Eq. (5) can be divided 

by F to achieve the equivalent inverse  of the usual heat  t r ans fe r  coefficient 
(on the left-hand s ide) .  However,  the coefficients obtained in  this  manner  
will depend upon the heat flux distribution and channel length. Subsequent 
use  of these coefficients for  specific flux distributions could resu l t  in  un- 
necessar i ly  cumbersome computations. 

Values of res i s tance  coefficients Rk were  determined for liquid 
sodium flowing through a para l le l  plane channel, and applied to a cosine 
heat  flux distribution. With operating conditions typical of cu r r en t  fas t  r e -  
ac tor  designs,  the single RoF  t e r m  of Eq.  (5) gave sufficiently accura te  
predictions of the duct surface tempera ture .  On the other  hand, m o r e  t e r m s  
were  required for s imi l a r  predictions based upon operating conditions that  
might prevai l  in future fas t  reac tor  sys tems .  F u r t h e r ,  in  ex t reme c a s e s ,  
the approximations upon which Eq.  (5) i s  based become invalid, and a m o r e  
genera l  relationship had to be used .3  
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Section 4 

MAGNETOHYDRODYNAMICS 
h 

4.1 Potential of Liauid-Metal MHD CGcles for Central  Station Power 
Systems 

On the basis  of advances in liquid-metal magnetohydrodynamic s 
and s imi lar  advances in reac tor  and ma te r i a l s  technology.,-a power sys tem 
i s  evolving which has a strong potential for  successful development. This 
sys tem features  'a liquid-metal MHD generator  coupled to a nuclear reac tor  
heat  source.  The concept can be developed either a s  a compact power 
source o r  a s  a topping unit for a conventional s team plant which functions 
a s  the sink o r  bottoming cycle. It should be noted that a fossil-fuel-fired 
boiler using a liquid-metal coolant a l so  can be employed a s  the heat  source.  
The heat t ransfer  charac ter i s t ics  of liquid meta l  a r e  superior  to those of 
water ,  and the boiler would operate  a t  the highest cycle temperature with 
a low vapor p res su re .  

The detai ls  of the various analytical and experimental efforts in  
support of this concept a r e  descr ibed in  ANL-6954.' They a r e  summarized  

briefly in the following subsections. 

4.1.1 Efficiencies of Binary Cycles 

The overal l  efficiencies of 
a binary power cycle using a MHD 
topping cycle were  computed by com- 
bin'ing the efficiencies of the topping 
cycle with s team-plant  efficiencies 
in  the following manner:  

where Emhd i s  the efficiency of the 
topping cycle and csc the efficiency 
of the s team bottoming cycle. 

Z - 
The overal l  cycle efficiency, 

percentage increase  of the cycle effi- 
- ciency, and the percent of the total 

- power generated by the MHD topping 
cycle a r e  shown in Fig. 4-1 a s  a 

o 5 1 0  1 5  2 o 2 5  function of the topping cycle efficiency 
TOPPING CYCLE EFFICIENCY, % and the base  steam-plant efficiency. 

Fig. 4-1. Overall cyc le  efficiency, percentage 
F r o m  Eq. (1 )  i t  i s  apparent that the 

Increase of cycle  efficiency, and percent of total uve'all efficiency the binary 

power generated by MHD topping cyc le  vs. topping i nc reases  with increasing efficiency 
cycle efficiency and s team plant efficiency of the topping cycle. Moreover 



efficiencies g r e a t e r  than 5070 a r e  readi ly obtained when the base  s t eam-  
plant efficiency (cSc) i s  equal to ,or ,  g rea te r  than . . 4070 and the topping cycle 
efficiency i s  1570 o r  g r e a t e r .  Maximum overal l  cycle efficiency i s  gener -  
a l ly  reached when the secondary s t eam cycle i s  operated a t  maximum al- 
lowable tempera ture  conditions. AS' the .sink tempera ture  i s  increased ,  the 
d e c r e a s e  in the efficiency of the topping cycle i s  m o r e  than offset by the 
i n c r e a s e  in the s t eam cycle  efficiency. The end r e su l t  i s  a maximization 
of the overal l  cycle.  By combining Eq. (1)  with the topping-cycle data,  the 
following re su l t s  can  be deduced: 

(1) If an alkal i  meta l  i s  specified a s  the working fluid, the maxi-  
m u m  potential efficiency of the overal l  cycle ranges between 55% and 6070, 
and r e su l t s  f r o m  ei ther  a potassium- o r  ces ium-s team binary cycle. The 
liquid-metal topping cycle  opera tes  between a tempera ture  range of 2240°F 
and 1 1 OO°F, and produces 35% of the total power. The bottoming s t eam 
plant i s  a s sumed  to be  the equivalent of a modern  supercr i t ica l  plant, such 
a s  the Eddystone unit, operating a t  4000 psi and 1050°F. The efficiency of 
such  a plant was a s sumed  to be -0.45 af te r  upgrading the published Eddy- 
stone efficiency of 0.407. The upgrading r e su l t s  f rom the elimination of 
boi ler  inefficiency and s tack  l o s s e s .  

(2) The maximum potential efficiency of the m e r c u r y - s  team binary 
cyc le  i s  -5670, o r  slightly lower than that for the ces ium-  o r  potassium- 
s t e a m  binary cycle .  This i s  based ofi a source  tempera ture  of 1540°F and 
a condenser t empera tu re  of llOO°F.. If the sink tempera ture  i s  decreased  
to 440°F, the overa l l  cycle efficiency dec reases  correspondingly to -- 4770, 
even though the efficiency of the topping cycle inc reases  subs tantially. 
F r o m  a thermodynamic viewpoint, rnercu1.y is the super ior  working fluid. 
I t  has  seve ra l  ma jo r  drawbacks,  however. The principal drawback i s  i t s  
rapidly r is ing vapor p r e s s u r e  a t  high tempera ture .  Other drawbacks a r e  
(a )  poor wettability and hea t ' t r ans fe r  cha rac te r i s t i c s  which r equ i re  the use  
of additives;  this tends to i n c r e a s e  oper'ational problems considerably;,  
(b) l imited availability; and ( c )  re lat ively high cost .  The feasibil i ty of the 
h igh-p ressu re  m e r c u r y  sys t em i s  questionable. 

( 3 )  F o r  'the medium tempera ture  range ( 1 1 0 0 - 1 6 0 0 ~ ~ ) ,  m e r c u r y -  
potassium alloy and potassium appear  to be the m o s t  promising working 
fluids for  the l iquid-metal  cycle. Overal l  cycle efficiencies up to 50% ap-  
pear  The MHD topping cycle  can  have an  efficiency a s  high a s  
15% and i t s  maximum working p r e s s u r e  would be  below 75 psi. 

(4)  The working fluid m o s t  suitable for  a pure  MHD power cycle 
appea r s  to be  rpercury.  

. . 

The' a t t rac t iveness  of the' calculated cycle efficiencies i s  apparent.  
The incentive f o r  development of the cycle ,  therefore ,  m u s t  be dictated by # 
s t r i c t ly  economic considerat ions.  Although no detailed economic s tudies  
have been made ,  the res 'ults of a pre l iminary  study tend to indicate a favor-  
ab le  economic argument . '  



4.1.2 MHD Generator Tes ts  

The efficiency of a MHD generator  operating with two-phase mix-  
tures  depends upon (1) the nature of the flow; (2)  the conductivity of the two- 
phase fluid; and ( 3 )  the degree to which the total liquid flow in terac ts  with 
the magnetic f ie ld . .  Because the flow pattern of a two-phase mixture changes 
f r o m  a dispersion of gas  in liquid to a dispersion of liquid in gas  a s  the mix- 
tu re  quality i s  increased ,  the conductivity of the fluid changes sharply.  

Accordingly, two different types of genera tors  have been fabricated 
for testing in  a NaK-N2 loop. The f i r s t  i s  a var iab le-area  generator  which 
operates  with a two-phase mixture wherein gas  i s  d ispersed  in the liquid. 
F o r  this type of flow, the mixture 'quality i s 'genera l ly  q u i t e . 1 0 ~  (< 570) and 
the corresponding void fractions a r e  l e s s  than 90%. As the mixture  quality 
i s  increased  beyond 1070, the degree  of dispersion inc reases  and the in t e r -  
action between flow and magnetic field dec reases  sharply.  

Hence, for  the very high void, highly-disper sed liquid flow regime,  
a second, film-type generator  will be investigated. In this genera tor ,  the 

- liquid i s  separated f rom the vapor by impingement on the lower channel 
where the high-velocity f i lm in terac ts  with the magnetic field. Thus sep-  
arat ion and power generation occur simultaneously in  the generator .  The 
efficiency of this type of generator  will be a function of the degree  of sep-  
arat ion,  the skin friction, and m o m e n k m  10s ses .  

4.1.3 End Losses  in  MHD Genera tors  

In an  MHD generator  channel of finite aspec t  ra t io  (finite rat io  of 
length to width), the actual power density i s  l e s s  than the value calculated 
for a channel of infinite aspec t  ra t io .  This difference i s  due to c u r r e n t  
loops a t  both ends of the channel. The net effect i s  one of providing a con- 
duction path between the electrodes.  This path ac t s  a s  a shunt r e s i s t ance  
in  paral le l  with the load. Thus for  a given load and generated emf, both the 
net load-current  and the voltage load-coefficient a r e  reduced. 

The problem of end los ses  in  an  MHD channel of var iable  c r o s s  
section does not appear  to have r.eceived any attention in  the published r e -  
ports .  However, this type of channel has  been proposed and used in  the 
cycle analyses  summarized  ea r l i e r .  Therefore,  studies were  undertaken 
to de termine  the feasibility of inser t ing insulating vanes to reduce o r  e l im-  
inate these end. losses .  T h e ~ e  studies were rslade on a n  e lec t r ica l  analog, 
using Teledeltos conducting paper .  

The effectiveness of a vane configuration was judged by the gain 
in  the maximum possible efficiency of. the generator ,  a s  compared with the 
unvaned case .  F o r  example,  a channel with an  aspec t  ra t io  of 2 would be 
capable of offering a maximum efficiency of 40.4%. When inser ted  on the 



center  -line, a single, long vane increased  the,  efficiency. to 52.1.70. Of a l l  
the vane configurations studied, the mos t  promising one increased  the effi- 

a 
ciency capability to 66%. This configuration involved multiple vanes of 
varying length. Fur the r  gains may  be secured  by employing channels with 
l a r g e r  a spec t  ra t ios .  F o r  example, with the s a m e  vanes,  a channel with a n  
a spec t  ra t io  of 4 would be capable of a maximum efficiency of 7470. 

The analog predictions were  checked with the aid of a plexiglass 
model  generator .  This model was used to circulate  a solution of lithium 
sulphate in  demineral ized *ater. Velocities ranged up to 7 ft/sec. Attempts 
to use  d -c  c u r r e n t  had to be abandoned because of excessive polarization, 
even a t  the higher velocities.  With the use  of a - c  cur rent ,  sat isfactory con- 
f i rmation was obtained for  the c a s e  of a single,  long vane. Plans a r e  to ex- 
tend these tes t s  to include the multiple vane configurations. 

4.1.4 Two- Phase  Nozzle Studies 

,. -3 . lwo,  rectangular ,  converging-diverging nozzles with high' 
a spec t  ra t ios  have been tested, using a i r -water  mixtures  a s  the working 
fluid. The purpose of the tes t s  was to obtain .data on the c r i t ica l  flow r a t e s ,  
c r i t i ca l  pressuxe  ra t ios ,  p r e s s u r e  profiles,  and exit void fractions in  the 
diverging portion of the nozzles . .  

I * 

The f i r s t  nozzle had.an exit-to-throat a r e a  rat io  of 2 ( throat  a r e a  = 
1 x 0.125 in.; exit a r e a  = 2 x 0.125 in.). With this nozzle, qualit ies ranged 
f r o m  0.0001 to 0.1 a t  init ial  p r e s s u r e s  fro111 30 to 80 psia. Velocity ratios 
measured  a t  the exit  plane varied frorn 0.5 .to 40.0. Ratios l e s s  than 1.0 
w e r e  obtained when the flow s t r e a m  overexpanded in the diverging portion . 

of the 'nozzle. Overexpansions,  indicated by the measured  p r e s s u r e  ,profiles,  
occur red  only for qualit ies l e s s  than C):01. Validity uf the velocity ra t ios  
for  qualities g rea te r  than'0.01 i s  suspect  because of the inability to accu-  
ra te ly  m e a s u r e  the extremely high (39070) void fractions that occur  in  this 
quality regime.  

The second nozzle, with a throat  a r e a  three  t imes l a rge r  than 
above, exhibited.subs tantially different per formance .  cha rac  te'ristics. Slip 
r a t io s ,  ca.l.culated f r o m  void fract ion measuremen t s  over the s a m e  quality 
range ,  were  consistently below 1-0. The averaged value was 0.75. 

The differences between the two nozzles a r e  subject to fur ther  
ana lyses  and testing. However, the present  data indicate that two-phase 
nozzle efficiencies a s  high a s  9070 a r e  not unreasonable to anticipate with 
a properly designed nozzle. 



4.2 Condensing Injector Studies 

The feasibility and potential of the two-phase l iquid-metal MHD 
power cycle depends, to a l a rge  extent, on the condensing injector.  In this 
unit, which i s  ups t ream of the MHD generator ,  the vapor phase i s  con- 
densed and a high- s tagnation-head liquid i s  generated. This liquid then 
passes  through the generator  wherein e lec t r ica l  energy i s  produced by 
interaction with the magnetic field. 

Developed pr imar i ly  for  use  a s  a boiler feedwater pump, the con- 
densing injector has  been generally regarded a s  a low-efficiency device. 
However, recent  experimental and analytical studies have indicated that 
the performance of the injector can be very  high. More importantly,  that 
i t  can generate  very l a rge  stagnation p r e s s u r e s  - a mandatory requi rement  
for the liquid meta l  MHD 

Completed cycle  analyses  a t  ~ r ~ o n n e '  have shown there a r e  l a rge  
geometry,  fluid, and parameter  ranges of in t e re s t  which have not been 
covered by the referenced investigations. These analyses  have c lear ly  
pinpointed three  ma jo r  pa ramete r s  which essentially control the injector 
performance. They a r e :  ( a )  the a r e a  contraction ( ra t io  of the combined 
a r e a  of liquid and vapor a t  the injection point to the a r e a  a t  the minimum 
diameter  of the mixing region); (b) the Mach number of the inlet  vapor 
s t r e a m ;  and (c)  the inlet  liquid to vapor p r e s s u r e  ratio.  Therefore,  a pro- 
g r a m  i s  underway to evaluate the effect of these pa ramete r s  on injector 
performance. 

The f i r s t  phase of this program has  been completed.6 It entailed 
prel iminary experiments with s team-water  mixtures  in a closed loop. (See 

.' Fig. 4-2.)  The c r o s s  section of  the injector was designed to s imulate  a 
unit that would be used in conjunction with the magnet to supply the t r ans -  
v e r s e  field. In addition, movable baffles were  installed in  the combiner and 
diffuser sections.  These baffles could be positioned at various angles to 
effect changes in the contraction rat ios .  The portion of the .nozzle relat ive 
to the nar rowest  section of the combiner a l so  could be varied. Finally,  
instrumentation was installed to m e a s u r e  tempera ture ,  p res su re ,  and flow 
r a t e s  during loop operation., and to enable determination of energy partition. 

Operation over a l imited range of s team-water  mixtures ,  t empera -  
tures ,  p r e s s u r e s ,  and fluid velocities indicated a condensing injector effi- 
ciency of 270 in converting enthalpy to kinetic energy. (The Carnot-cycle  
efficiency for  a n  overa l l  power cycle would be much higher . )  

. .  . Similar  experilments will be conducted with var ious working fluids 
to fur ther  explore the potential of the injector for  improved performance. 
F o r  example, the next s e r i e s  of , tes ts  will be made with Freon-1  1. This 
r e f r ige ran t  was selected because of i t s  low latent  heat,  great ly  reduced 
power requirements ,  and s imi lar i ty  to the ult imate working fluid: liquid 
metal .  
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Fig. 4-2. Schematic of condensi~lg injector rest loup 
assembly. Inset shows enlarged cross section of injeccor 

Production of a - c  Current  from MHD Generators  

The purpose of this investigation was to detcrmine the feasibility 
of producing a l te rna  l;i~lg cur  ren t  f rom a liquid-m eta1 MHD generator .  As 
shown in Fig.  4 - 3 ,  the concept i s  based upon the formation and acceleration 
of liquid meta l  slugs through separa te  ducts in a magnetic field. ~ l e c t r i c a l  
power pulses produced in this manner a r e  of high cu r ren t  and low voltage,. 
By means  of a t ransformer ,  they a r e  converted to pulses of high voltage 
and low current .  Finally,  a positive pulse f rom one generator  duct is  com- 
bined with a negative pulse fro1-n the other duct to produce an alternating 
c u r r e n t  waveform. - 

F o r  tes t  purposes,  NaK slugs were  driven by nitrogen g a s  pulses. 
(Note: In a prototype cycle,  liquid meta l  of low vapor p res su re  would be 
dr iven by a liquid met21 of high vapor p res su re .  The driving fluid would 
be vaporized in a reac tor .  Upon leaving the generator ,  the vapor would be 
condensed and returned to the reac tor  to, complete the cycle . )  Instrumenta- 

a 
tion was installed to furnish.voltage, cu r ren t ,  and p res su re  a s  a function of 
t ime. 
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Fig. 4-3. Schematic of experimental liquid-metal MHD assembly 
' 

used to study feasibility of generating alternating current. Valve in  
slug former alternately forces slugs of NaK and nitrogen into two ducts 
which penetrate the magnetic field. Electric pulses generated in this 
field a re  transformed and combined to produce an a -c  .waveform. 

Analyses of data taken a t  30 cps .indicated that the slugs were r e -  
producible and of constant resistivity.  However, optimum driving energy 
was not achieved because of improper  timing of the gas  pulses.  With i m -  
proved timing i t  i s  believed that frequencies up to 60 cps a r e  possible. 

1 

' 4.4 Use of Electromagnetic Field to Control Liquid Metal Condensa- 
tion Rates 

One major  component of a l l  vapor power generation cycles i s  the 
heat re jec tor ,  usually a condenser.  Its performance charac ter i s t ics  in 
water cycles a r e  well known; however, in liquid-metal sys tems,  especially 
those designed for operation in low- o r  zero-gravity environments, ab- 
normally low condensation r a t e s  will resu l t  i f  no i.nnovations a r e  introduced. 

One innovation designed to control and to increase  condensation 
r a t e s  i s  the use of an electromagnetic field. This concept employs the 

principle of electromagnetic pumping 
12 to acce lera te  the electr ic  -conducting 
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liquid (condensate) by i t s  interaction 
with an electromagnetic field; The 
acceleration i s  independent of gravi -  
tational forces  and resu l t s  in  a con- 
trollable heat t ransfer  r a t e  by thinning 
the condensate film. 

An extensive theoretical study 
0.01 0.1 I 1 0  too 

"APPLIED VOLTAGE, v ~ l t S / i n c h  has revealed that condensation r a t e s  
. . can be increased subs tantially i n  this 

Fig. 4-4. Relative increase of condensation manner .  F o r  example, Fig .. 4 - 4  shows 
Nusselt number with an electromagnetic field the resu l t s  of a calculation'based on 



condensing sodium a t  1 a tm and 1 630°F on a I - f t -square plate, with the 
pa ramete r   CAT/^^^ = 0.001 and a constant magnetic field of 20 kilogauss. 
The ra t io  of the Nusselt  number with, to that without, an electromagnetic 
field, i nc reases  markedly  a s  the applied voltage i s  increased.  

The m e r i t s  of this innovation a r e  subject to experimental 
confirmation. 

4.5- Significance of Heat Transfer  in MHD Generators  

A theoret ical  study of combined natural  and forced convection in  
liquid metal  flow through an electromagnetic field has  been completed. 
The p r imary  objective was to determine the effect of temperature gradients 
in the liquid on the operating charac ter i s t ics  of an MHD generator .  

Briefly,  i t  was found that during t ransient  s tar tup:  

(1) Sgni f icant  flow (hence, power) and temperature oscillations 
can  occur i f  the Rayleigh (Ra) and/or Hartmann (M) numbers  a r e  large.  
These numbers  a r e  a m e a s u r e  of the magnetic field strength and the f r e e  
convective forces ,  respectively.  

(2 )  That these oscillations .can  be  prevented by allowing the 
magnetic field to become fully established in the liquid before pumping i s  

initiated.. (See Fig.  4-5.)  

(3) That knowledge of the 
Hartmann and Rayleigh numbers i s  ' 

sufficient to determine when the 
contrihiltion of f r e e  convection to 
the uverall  heat t ransfer  r a t e  be- 
tween the channel walls and liquid 
should be considered. In par t icular ,  
i f  M > 5 -I- ( ~ a / 4 0 )  the contribution 
i s  l e s s  than 1070 and can be neglected. 

-0.5 1 I I 1 I I 1 1 
0 1 ' 2 3 4 5 6 7 8  It was also found that. a 

DIMENSIONLESS TIME magnetic field sufficiently flattens 
the ve1crci.t~ profi le s o  that, in many 

Fig. 4-5. Effectiveness of fully-established 
magnet ic  field (dashed curve) in preventing c a ses ,  the flow can be considered 

flow oscillations during transient startup of one -dimensional. A relationship " 
MHD device between the Hartmann number and 

, 'the aspect  ra t io  (-y ) was also estab- 
l ished. This relationship shows when a one-dimensional approximation 
(max. e r r o r  = 570) can be made in calculating the rati'o. of the flow ra t e  to 
the p res su re  gradient.  Also, when f r e e  convection i s  not important and 
M 5 38.5, a l l  rectangular channels may be considered a s  parallel-plate 
channels. 
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Section 5 

FAST REACTOR SAFETY RESEARCH AND DEVELOPMENT - : :w.  -. - 
5.1 Sodium Expulsion Studies 

During accidental  power excursions and/or lo s s  of sodium flow in 
fas t  r e a c t o r s ,  t h e  p r imary  coolant may be expelled by at  leas t  two physical 
mechanisms:  (1) a p r e s s u r e  pulse generated by rapid the rma l  expansion 
of fuel components and adjacent thin l a y e r s  of coolant; and (2) an  explosive 
r a t e  of.vapor generation that follows superheating of the coolant. Which, 
i f  e i the r ,  of these  mechanisms occur s  depends pr imar i ly  on the r a t e  of 
energy input and the thermophysical and t ranspor t  proper t ies  of the fluid. 
At present ,  both mechanisms a r e  only partially understood; hence, i l  is 
impossible  to  accurately predict  the c i rcumstances  under which coolant 
wj13 be expel.l.ed. These c i rcumstances  and the consequent phenomena 
( p r e s s u r e  t rans ien ts  and channel voiding).must be understood and pr'e- . 

, 

dictable i f  safe operating l imi ts  of a reac tor  a r e  to  be estabIis.hed. 

Accordingly, a combined experimental  and analytical p rogram i s  
underway to de termine  (1) the conditions wbich promote expulsion of coolant 
f r o m  a simulated r eac to r  channel; (2)  the magnitude of the resulting p r e s -  
s u r e  t rans ien ts ;  ( 3 )  the velocity'of the expelled coolant; and (4) to develop 
a theoret ical  model of the expulsion mechanism. P re l imina ry  to the liquid- 
meta l  expulsion p r o g r a m ,  exploratory tes,ts  will be made with light water  
i n  o r d e r  to refine experimental  techniques and to  observe the physical re-. 
sponse of the coolant. P a r a m e t e r s  of in t e re s t  in  the water  t e s t s  a r e  (1). the 
t ime  requi red  to  complete accelerat ion uf the wa te r ;  (2) measurement  . 

technique's t o  determine this  t ime ;  ( 3 )  p r e s s u r e s  developed during the 
accelerat ions;  and (4) genera l  knowledge related to  the dynamlcs of the 
expelled column of liquid, such a s  voids a s  a function of t ime.  

The physical design of the water  experiment  consis ts  of a quartz  . . 
pipe (1 in. I .D.,  24 in. long) which c o d a i n s  all electrically-h.eated,'  Type 304 
sta.i.nl.ess s tee l  tube (0.750 in. O.D., 0.005 in. wall ,  10 in.  long). The annu- 
lu s  between the.pipe and tube i s  filled -with water .  Power t rans ien ts  a r e  
simulated by pulse heating the s tainless  s tee l  tube, using the energy s tored 
in a bank of twenty, 12-volt d iese l  t ruck  batte.ries.  The pulses  a r e  con- 
t ro l led  by a heavy-duty c i rcu i t  b reake r .  Water p r e s s u r e  i s  measured  by 
a strain-gauge p r e s s u r e  t ransducer .  Rate of void forxllation and velocity 
of the initially stagnant water  a r e .  determined f r o m  a high-speed c a m e r a  
recording of the en t i re  tes t .  

This  experimental  technique yields excellent square-wave power 
inputs ( l inear  energy r e l ease  r a t e s ) ,  of var iable  magnitudes and durations.  
During sys t em check-out t e s t s ,  the maximum power obtained was  about 

a 
5000 A at 100 V (-0.5 Mw), with a r i s e  t ime of 1 m s ,  and a duration of 
about 35 ms. 



Perhaps  the most c r i t ica l  and difficult measurement  i s  that of the 
p r e s s u r e  t ransients .  Frequencies  of the o r d e r  of 5000 cps were  anticipated. 
Therefore,  s eve ra l  strain-gauge p r e s s u r e  t r ansduce r s  were  purchased and 
tested in a shock tube and in a vesse l  subjected to sudden, predetermined 
p r e s s u r e  t rans ien ts .  All units exhibited excellent response and fidelity. 
Moreover,  i t  was  established that frequencies up to 8000 cps could be ob- 
tained. Coincidentally, this  frequency i s  a l so  the upper l imit  for  the record-  
ing oscilloscope to  be installed.  

The t e s t s  with l ight-water a r e  scheduled for ear ly  f iscal  1966. 
Variables  to be explored will include: (1) power inputs up to 0.5 MW, 
applied for  10 m s  and up , to  100 m s ;  (2) annular gaps f r o m  0.050 in.  to 
0.625 in.;  water  columns up to 2 f t  above the heated surface;  and ( 3 )  init ial  
water  tempera tures  ranging f r o m  60°F to 210°F. 

Concurrent with these t e s t s ,  an  analytical model has  been derived 
and a computer p rogram i s  being wri t ten to  solve the differential equations. 
Given the init ial  s ta te  of the sys tem,  i . e . ,  t empera tu re ,  p r e s s u r e ,  liquid 
level,  channel geometry,  physical proper t ies  of the coolant and cladding, 
and energy generation r a t e ,  the p r o g r a m  will be able to  compute p r e s s u r e  
pulses  in the coolant, and the velocity of the expelled fluid. Although the 
model will accommodate any functional fo rms  of energy generation r a t e s  , 
th ree  specific types will be studied initially: impulse,  s tep,  and step- 
exponential. 

5.2 Reactor Control and Stability 

The safe operation of a nuclear  reac tor  i s  dependent on sys t em 
stability under all  ope rating conditions. F o r  example,  the BORAX r e a c t o r s  
were  unstable a t  high power levels.  On the other  hand, instability of 
EBR-I  occurred  a t  low coolant flow ra t e s .  Thus i t  i s  vital  that the region 
of stable operation be accurately predicted during the ear ly  stage.s of r e -  
ac tor  design. 

Cur ren t  methods of predicting sys t em stability consist  of working 
with a l inearized model o r  of direct ly  applying Liapunov's stability theory 
to  the non-linear model. Application of the non-linear model with respec t  
to  global stability r equ i re s  a sys t em to be stable despite dis turbances of 
any magnitude. This requirement  i s  unreal is t ic  because a reac tor  which 
i s  globally unstable may be stable in a sma l l e r  region. Accordingly, 
Liapunov functions a r e  being sought which a r e  suitable for  finite-size 
disturljances and which define the region of stable reac tor  operation i n  
t e r m s  of i t s  operating pa ramete r s .  

Large  reac tor  c o r e s  a l so  pose the problem of controlling va r i -  
ables  which a r e  a function of space and t ime ,  i . e . ,  neutron flux, fuel 
t empera tu re ,  and coolant flow. Time-consuming measurements  of these 



var iab les  at  a finite number of points reflect the desir,ability of a control 
p r o g r a m  which will  automatically manipulate a prescr ibed  number of con- 
t r o l  rods  to fulfill a specified performance cr i te r ion  (e.g., optimal burnup). 

* .  

. Work to date h a s  consisted of examining the genera l  requirements  
of an  input reactivity distribution a s  a function of space and t ime.  Both 
modal and nodal approaches a r e  being employed to develop suitable approx- 
imations.  Ultimately, the study will be extended to include power feedback . 

5.3 Digital Control of EBR-I1 

1 

At present ,  the EBR-1I.reactor  plant i s  controlled manually, with 
one exception: neutron flux is controlled automatically during operation a t  
constant power. Des i red  changes in  p r i m a r y  .coolant eerrlperature a r e  
effected by manual adjustment of sodium flow r a t e s  in  both the p r imary  and 
secon.dary systems. In addition to  these  adjustments,  manual manipulation 
of cont ro l ' rods  i s  requi red  to fulfill demand power requi rements .  

In o r d e r  to  eliminate these t ime-consuming operat ions,  a 
h a s  been instituted with the ult imate objective of achieving automatic de- 
mand control response ranging f r o m  1070 to 10070 of full power. The f i r s t  
phase of this  p r o g r a m  will  be confined to  automating control of the secondary 
sodium flow with the aid of a digital control ler .  If successful ,  the control 
functions of th is  unit will  be expanded progressively to  include p r imary  
sodium flow and, ult imately,  neutron flux control. Accordingly, an analysis  
h a s  been made of the overa l l  plant control requi rements ,  a i d  s pscifications 
have been p repa red  for  the digital control ler .  

5.4 Fue l  Meltdown Studies : TREAT Loops 

F a s t  r e a c t o r s  typically contain more  fuel than i s  requi red  to  
achieve a minimum cr i t ica l  m a s s .  This  charac ter i s t ic ,  coupled with the 
shor t  prompt neutron l i fe t ime in these r e a c t o r s ,  conceivably can produce 
a seve re  nuclear  accident i f  a fuel meltdown i s  followed by rapid r e -  
assembly  into a m o r e  compact configuration. 

.Accordingly, the Transient  Reactor T e s t  Facili ty ( T R E A ' ~ )  i s  
being used for  the .experimental  investigation of (1) the complex fac tors  
which promote fuel fa i lure ;  (2)  the nature and degree of fragmentation; 
and (3) the movement and ultimate reassembly  of the fissionable mate.ria1. 
In these  experiments ,  f a s t  reac tor  fuel  e lements  a r e  subjected to t r an -  
s ient  nuclear  heating designed to simulate core  environmental conditions 
that might prevai l  during a n  accidental  power excursion. 'The scope and 
sequence of the meltdown experiments  includes: 

, 

(1) Single elements  in  the absence of coolant under adiabatic 
conditions. 

( 2 )  Single e lements  in a. pool of stagnant sodium. 



(3) Single, pre- irradiated elements with and without the presence 
of sodium coolant. 

(4) Single elements in dynamic sodium. 

(5) Clusters  of fuel elements and, ultimately, a full-sized sub- 
assembly in dynamic sodium. 

5.4.1 Experimental Facili t ies 

Successful execution of the foregoing experimental program has  
necessitated the engineering development of special capsules,  tes t  loops, and 
auxiliary equipment (1) to  facilitate the particular phases of the program; 
and (2) to  isolate the consequences f r o m  the parent TREAT facility. 

Small Package Loop. The integral sodium loop ( ~ i ~ .  5-1) i s  one of 
three  units being used for  meltdown studies of single fuel elements. De- 
signed f o r  installation in a dummy TREAT fuel subassembly, the portable 
unit consists of the sodium flow circuit ,  electromagnetic pump, t ransformer ,  
hea ters ,  and associated instrumentation. Electr ical  and blanket gas con- 
nections a r e  made through the upper end fitting. The only expendable com- 
ponent is a removable inser t  tube which houses the tes t  fuel element. 

UPPER END 
FITTING 

VAPOR 
EXPANSION 

TANK 

TEST SECTION ELECTROMAGNETIC PUMP 
CONTAINING ANU 

FUEL SPECIMEN TRANSFORMER 

Fig. 5-1. Small TREAT loop preparatory to installati011 in dummy TREAT fuel subassembly 

Supporting equipment includes a transparent plastic housing, ap- 
propriate manipulating equipment for remote-controlled handling of radio- 
active elements,  and a shielded cask for t ransport  of the elements to 
Argonne for  subsequent examination and analysis. Figure 5-2 shows the 
housing installed preparatory to removal of the loop f rom the TREAT r e -  
actor.  The housing is pressurized with inert  gas to  prevent inleakage of 
reactive a i r  during loop removal and insertion into the shielded cask. 

Several t e s t s  were performed successfully on EBR-11-type fuel 
elements in stagnant and in dynamic sodium. In each instance, the element 
was exposed to reactor  t ransients  of progressively increasing severity 

B until i t s  failure threshold was exceeded. Fai lures  were  produced with t e s t  
fuel temperatures registering a s  high a s  1285OC. A typical failure is shown 
in Fig. 5-3. Integrated power re leases  have ranged up to  143 MW, with 
pressure  pulses up to 45 psi. 



Fig. 5-2. Inert atmosphere containment used during loading 
and unloading of small TREAT loop: (1) reactor pit; (2) loop 
housing; (3) lift chain; (4) test section; (b) manipulator. 

Fig. 5-3. WR-11-type fuel element tested to failure in stagnant sodium. Rupture of cladding was attributed 
to internal pressure buildup. At time of failure, the test loop experienced a peak pressure of 45 psia. Had 
the element remained intact, the fuel would have achieved a centerline temperature of 2000°C. Total 
energy released equalled 935 watt-second per gram of fuel. 



The entire complex of equipment has been transferred to the Re- 
actor Physics Division for continued execution of the experimental program. 

Large TREAT Loop. The physical construction and location of 
the small package loops limits the meltdown studies to simultaneous expo- 
sure of seven EBR-11-type fuel elements (0.75 in. I.D., 17.5 in. long). Thus 
in order to extend the studies to a full- sized subassembly (3.8 in. I.D., 
92 in. long), a large sodium loop has been designed and i s  now under 
construction. 

Unlike i t s  packaged counterparts, this loop i s  a semi-permanent 
part  of the TREAT reactor. As shown in the ar t is t ' s  concept ( ~ i g .  5-4), 
only the in-pile test  section i s  removable. This section i s  interconnected 
through special Conoseal flanges to 3-in. inlet and outlet sodium lines. 
These lines extend through the shielding into the sub-reactor room which 
contains the balance of the loop components. 

The in-pile test section i s  located vertically in the center of the 
core. Sodium enters at the top and flows down through an outer concentric 
channel. At the base of the test section, the flow i s  baffled upward through 
the central region, which contains the test  specimen, and into the outlet 
piping to complete the cycle. 

The effluent piping leads to a settling tank hydroclone in the sub- 
reactor room. This tank serves to t rap  any particles of melted fuel that 
may be entrained by the sodium. Other loop components in the sub- 
reactor room include : 

(1) A 500-gal sodium storage tank located a t  floor level. This 
tank serves as  a reservoir  for the sodium during recirculation of the coolant 
through the loop or  during once-through flow through the test  section. The 
tank i s  fitted with flanges to accommodate immersion heaters and liquid- 
level indicator s.  

(2) A dump tank located below floor level. This tank receives 
the bulk of sodium flow during once-through mode of operation. 

(3) Five 4-in. bellows- sealed P - K  ball valves. These valves a r e  
used to control the desired mode of sodium flow, and to isolate the loop 
f rom the tes t  section during removal of the latter.  

(4) An electromagnetic pump - rectifier assembly to circulate 
the sodium. , 

(5) A bypass cold trap,  downstream of the pump, to reduce the 
oxide content of the sodium. 

( 6 )  A plugging indicator, to monitor the impurity level in  the 
sodium. 
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Fig. 5-4. Artist's concept of Large TREAT Loop installation for fuel meltdownstudies 



In addition, the loop i s  equipped with resistance heaters ,  instru- 
mentation and circuitry, and a scrubbing gas t ransfer  system. The lat ter  
i s  used to remove sodium and radioactive contaminants during displacement 
passage of gas f rom the dump tank to the storage tank. 

P r i o r  to each meltdown run, s ~ d i u m  will be recirculated through 
the loop and test  section to establish equilibrium conditions. At this point, 
the flow mode will be switched to once-through; this will be done by remote 
control f r om the reactor  console. Immediately thereafter,  the reactor 
power transient will be initiated to effect fuel meltdown. Once-through flow 
can be maintained for 90 sec. Upon completion of the tes t ,  the electromag- 
netic pump will be shut down, and the sodium in the tes t  section and piping 
allowed to solidify. Thereafter,  the tes t  section will be removed into a 
shielded cask and transported to a high-level cave for examination and 
analysis of the melted specimen. 

The status of the large TREAT loop i s  a s  follows. The transport  
cask and carr iage have been completed. Fabrication of the tes t  section and 
installation of the loop components i s  underway. Figure 5-5 shows the 
components that were installed during the reporting period. In addition, 

Fig. 5-5. Partial installation of loop components in sub-reactor room. (1) three of five bellows-sealed 
flow control valves; (2) 500-gal sodium storage tank; (3) electromagnetic pump and rectifier assembly 



all of the electrical circuitry and control instrumentation i s  in position at 
the reactor building. 

Finally, a safety analysis of the loop installation has been com- 
pleted; publication of the findings is pending local and AEC review. 

A Critique on Current Assessment of Radiation Damage in Reactor 
Pressure  Vessel Steels 

Limited ANL statistics on three heats of SA 212B, and U .  S. Steel 
data on SA 212B and SA 302B pressure vessel steel, indicate that current 
methods of assessing radiation damage to these materials a r e  inadequate 
for at least two reasons: 

(1) The effects of steel-making practices on radiation sensitivity 
of the steels a r e  unknown. 

(2) The only tes t  procedure that yields data on notch sensitivity 
i s  unreliable. 

Table 5-1. Summary of Steel-Making Practices for 
SA 2128 Heats Studied at Argonne 

Ingot Treatment and Plate Final 
Source Plate Thickness, in. Heat Treatment 

EBWR Al treated, five grain, ASTM A-300; 
2-318 normalized and tempered 

1 (roll bonded) Lukens composite plate* 

ASTM f l O  4 Al treated, five grain, ASTM A-300; 
1959 Ref. quenched and tempered 
heat 

*kl wsl lu ASTM A-333 specificatim. 

The ANL data were ob- 
tained from EBWR survcillance 
programs and examinations of 
EBWR and SL- 1 shell material. 
Table 5- 1 l is ts  the significant 
steel-making practices associated 
with the three heats of steel in- 
vestigated, Figure 5-6(A) shows 
the disparity in the impact res is-  
tance of specimens prepared from 
each heat. Significant NDT (nil- 

ductility temperature) gradients across the wall thickness were also ob- 
served. These a r e  plotted in Fig. 5-6(B). 

Similar disparities in  impact resistance are evidelrced by corn 
parison plots of U .  S. Steel, NRL, and WAPD data on 1959 rcference heats 
of SA 212B and SA 302B pressure vessel material.' (See Fig. 5-6(C)). The 
NDT values published by these laboratories a r e  listed in Table 5-2. These 
values were determined from drop-weight tests.  

Interpretations of radiation damage to vessel materials a r e  further 
obscured by the test  procedure used to determine loss in  resistance to 
crack propagation. This test measures the energy required to fracture a 
notched test specimen. Conventionally, a minimum of three specimens a r e  

' impacted to determine an average value. However, because of space 
limitations in available irradiation facilities, the test i s  usually confined 
to a single specimen. 
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Fig. 5-6. Comparison plots of impact resistance data on SA 212B and SA 302B pressure vessel steels 

Table 5-2. NDT Data for 1959 Reference Heats of There i s  evidence that the 
SA 212B and SA 302B test machine i s  also prone to yield- 

ing erroneous data. Unpublished 
Laboratory SA 2128 SA 302B minutes of the ASTM Committee on 

Design and Testing Methods reveal 
U. S. Steel -57 F -1% substantial variations in impact 

NRL +10 data on standardized Watertown 

WAPD -45 
Arsenal specimens.2 This com- 

-10 
mittee studied the calibration of 
impact test  machines at five dif- 

ferent sites, including Argonne. The Argonne machine yielded data within 
permissable deviations (f 2 ft-lb) at the lower impact levels ( -20 ft-lb). 
However, at intermediate and high impacts (-50 and 100 ft-lb), increas- 
ingly higher impact strengths were indicated. The source of e r r o r  was 
traced to the design of the anvil supports. Similar test  machines at the 
other four (unidentified) sites were also found to yield erroneous data. 

Courses of action a r e  fairly obvious and require prompt expan- 
sions of existing structural materials irradiation test programs. Specifi- 
cally, data a r e  needed for statistical evaluations of steel-making practices 
for the SA 212B and SA 302B steels. The need i s  particularly acute for 
the interpretation of irradiation damage to the f irst  generation of power 



reactor pressure  vessels.  These vessels a r e  being moni~ored,  almost ex- 
clusively, with specimens of heats other than those f rom which they, were 
fabricated. Parallel  programs also a r e  needed to either refine o r  to 
replace the current impact test  procedure. In the latter case,  a non- 
destructive technique i s  preferable. 

Experiment vs. Analy'sis of Core Support Grid 

A ser ies  of tests  was conducted to verify the analytical method of 
Mar chertas for computing s t r a s e s  and deflections in reactor core support 
grid structuresi3 In general, the test  data were in relatively good agree- 
ment with predictions. 

Figure 5-7 shows the physical design of the core grid mock-up and 
supporting structure. The grid assembly consisted of two circular plates 
interconnected by nineteen rods distributed on a hexagonal lattice with 
respect to thc center of the plates. This assembly, in turn, was supported 
a t  the periphery by milled slots in  a 6-in.-thick steel plate. 

The tes t  structure was instrumented in two diametral directions 
with SR-4 strain gages. Rosettes were used to measure the radial and 
tangential s trains at the surfaces of the plates. Three temperature- 
compensating gages were  installed: two between the plates, and one on the 
bottom of the structure. Strain gages were wired, respectively, to one d-c 
and two a-c  galvanometers. Mechanical dial gages were arranged so that 
detailed deflection measurements could be made near the plate edge sup- 
ports. Four additional gages were installed to indicate relative deflection 
of the support plate under load. In this event, the turnbuckles were ad- 
justed to correct  the induced deflection. 

Nineteenseparate loads were applied to the top plate (above each 
rod position) by adjusting the screwjacks attached to the bottom of the rings 
pictured in Fig. 5 - 7 .  A dial gage was fastened to measure the diametral 
change in each ring under load. Fo r  convenience, the dials were calibrated 
to show a specific load, i.e., 500 lb, 1000 lb, etc. The top of each ring was 
pinned to a flat plate which, in  turn, was supported by four posts f rom the 
base support. 

Figure 5-8 shows a typical comparison hetween analytical and ex- 
perimental radial and tangential s t resses  . The small deviations may be 
attributed, in  part ,  to departures f rom the "ideal" structure considered in 
the analysis, e.g., the very small number of rods per given area.  A de- 
tailed description and evaluation of the analytical-experimental effort is 
given in  ANL-6781 .4 
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Experimental Investigation of a Nuclear Reactor Support Structure, 
ANL-6781 (March, 1965) .  * 
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. .. . 
- 8 STUD13ES. AND EVALUATIONS 

6.1 Use of High-Temperature P r o c e s s  Heat a s  P a r t  of a Total . 

Nuclear- Energy Source 

Although a l a rge  fraction of our  energy consumption in the future 
will be  non-electr ical ,  a lmost  no p rogress  has  been made  to satisfy these 
denlands with nuclear r eac to r s .  Projections of coal,  petroleum, and gas  
r e se rves . and  consumption a r e  always..hazardbus,  but c u r r e n t  es t imates  , 

indicate that some basic  realignment of energy usage probably can be ex -  
pected before the end of the century. At such t<me, i t .wil1 become neces -  
s a r y  for  nuclear r e a c t o r s  to supply.heat,  par t icular ly for  high-temperature 
chemical o r  metal lurgical  p rocesses .  The tempera ture  requirements  of ' 

this energy marke t  range f rom 1500 to 4000°F. 

Recent advances in  nuclear reac tor  technology for  rocket  propul- 
sion, for the General  Elec t r ic  710 reac to r ,  and for the UHTREX experi-  
mental  facility indicate that high-temperature gas  s t r e a m s  (2000- 2700°F) 
can be produced with reasonable c o r e  l i fe t imes.  Accordingly, a pre l iminary  
study was made  of the potential u se  of such s t r e a m s  a s  hea t  sources  fo r  i ron  
o r e  reduction and pelletizing; production of alumina and aluminum; produc- 
tion of cement;  production of fe r t i l izer ;  and petrochemical processing. 

,The resul ts .  o f  this s tudyl indicate that,  in  addition to' conventional 
e lec t r ic  power generation, nuclear energy has  potential applications in: 

(1 ) Alumina and aluminum production, when used a s  a total. 
energy source  a t  an o r e  s i te .  Use of high-temperature p rocess  heat  spe -  
cifically for calcining alumina will be smal l ,  compared to e lec t r ic  power 
output. . . 

(2)  Cement production, using a i r  a s  the hea t  t ransfer  medium, 
either a s  p a r t  of a l a rge ,  dual-purpose complex such a s  an  e lec t r ic  

- .  generating-desalinization plant, o r  a s  a mobile plant operating in  newly 
developing. a r e a s .  ' 

. . 

( 3 )  Calcining and/or s inter ing .o res  (e .g . ,  taconite) a t  mine s i t e s ,  
again'using a i r  a s  the hea t  t ransfer  medium, in v e r y  l a r g e  operations 
( > 5  mill ion tons /y  ear) .  . , 

J ., . . . . 

In many c a s e s  whkre, nuclear  eneygy a p p e . a ~ % ,  to be useful because 
of competitive energy.costs , .  an addi1;ional economic incentive comes  f r o m  

B freedom. of s i te  location, i:e., by. eliminating the need to. t r anspor t  l a rge  
quantities of r aw mate r i a l s  to sources  of foss i l  fuel o r  hydsoelectric pnwer ,  

u r  lo ship foss i l  fuels to processing s i t e s .  This siting advantage i s  . 
. .. 

, ::'f ;:;,. ;, . , , 



part icular ly valuable in the aluminum industry,  where the o r e s  average 
about 25% meta l ,  a s  contrasted with the i ron  industry,  where some o r e s  
range f r o m  50 to 70% meta l .  

Nuclear energy does not appear useful in the fe r t i l izer  and petro-  
chemical  industr ies ,  s ince both utilize l a rge  cheap sources  of hydrocarbons 
a s  fuel and a lso  a s  bas ic  raw mate r i a l s .  Similar ly,  i ron  o r e  reduction r e -  
qui res  either carbon o r  hydrogen a s  a reductant,  which mus t  a lso be ob- 
tained f rom cheap raw mate r i a l s .  F o r  these industr ies ,  i t  i s  difficult to 
conceive of a situation, a t  l eas t  in  the near  future,  where a raw mate r i a l  
will be cheap enough for u s e  in  the process  and not a lso cheap enough to 
be  used a s  fuel. Nuclear e lectr ic i ty  would have to be very  inexpensive to 
produce electrolytic hydrogen for  ammonia production o r  i ron  o r e  reduction 
s o  long a s  supplies of coal  and natural  gas  las t .  

On the other  hand, o re  pelletizing could provide a use  for  nuclear 
hea t ,  s ince the p rocess  does not requi re  a reductant. Present -day  mine-  
s i t e  pelletizing plants range upward i n  s i ze  f r o m  5 million tons/year, with 
hea t  requi rements  ranging f r o m  1 to 2 million Btu/ton. Assuming a l a rge  
plant of 10 mill ion,tons/year,  with a heat  requi rement  of 1 million Btu/ton, 
the thermal  power requi rement  i s  found to be 385 MW. A nuclear power 
plant to provide this amount of heating to an  a i r  s t r e a m  a t  2200°F might be 
interest ing.  It might a l so  be interest ing to combine this plant with an  
electr ic i ty-generat ing plant to power e lec t r ic  reducing furnaces.  A nuclear-  
powered pelletizing plant, in possible conjunction with e lec t r ic  power genera-  
tion, i s  sufficiently promising to war ran t  a detailed ecullolnic analysis.  

If and when high-temperature,  nuclear process  heat i s  used,  un- 
doubtedly i t  will .also be economical to produce electr ic i ty  and low- 
tempera ture  s t eam a t  the s a m e  location. The relat ive balance be,tween 
high-,  modera te- ,  and low-temperature heat  will,' of course ,  be dictated by 
local  economics.  Whatever the balance, the need exis ts  for  a la rge ,  nuclear 
r eac to r  capable of delivering pa r t  of i t s  energy a t  terrlperatures in  the range 
1500 .to 3000°F; and the technulogy for  developing such a plant is a.t hand. 

The p romise  of nuclear .high-temperature '  p rocess  hea t  i s  enhanced. 
by the r e su l t s  of economic studies of specially-designed, multi-purpose r e -  
a c t o r s  for  the production of e lectr ic i ty  and desalting of s e a  water .  These. 
s tudies  indicate definite advantages. a r e  gained by combining processes  and 
increasing plant s i zes .  - The. s a m e  advantages should hold for  a l a rge  r e -  
ac to r  that produces p rocess  s t e a m  in addition to electr ic i ty .  As l a rge  a s  
the U. S. mine ra l  industry i s ,  there  a r e  s t i l l  few, i f  any c a s e s ,  where a 
single industry.i l i  any one lota'tion cohld economically uti l ize a nucleai- plant 
solely for the production of process  heat. Therefore ,  the combining of pro-  
c e s s e s  in a l a rge  plant is m o r e  o r  l e s s .  obvious.. . . .  

. .  . a 
Since thg cos t  of a reac tor  that produces a l l  i t s  energy a t  high tem-  

per'ature may  well outweigh the increased  thermodynamic efficiency a t  tem-  
pe ra tu res  above'1800°F, the m o s t  a t t ract ive way of supplying this energy i s  



with a high-temperature loop within the reac tor .  Figure 6-  1 i s  a s imple 
schematic of a system that could se rve  a number of possibie"!iokplexes. 

. . It features  a reac tor  of 
, conventional type, with 

HIGH TEMP. a separa te  high- 
PROCESS HEAT 
18000- 27000 F temperature section. . 

The low- temperature 
ELECTRICITY process  heat can be sup- 

plikd by s team extracted 
f rom the turbine. ' In 
t e r m s  of long-range en- 
ergy sources ,  this i s  the 
type of sys tem that 

 ax^ - 4 0 0 °  F should be considered. 

COMPRESSOR 7 In the shor te r  

CONDENSER +-I t e r m ,  assuming the tech- 
nology exis ts  to build 
such a system, the eco- 

- 

nomics appear favorable. 
'Fig. 6-1. Schematic of reactor system for dual production F o r  example, studies of . 
of.'electric power and high-temperature process heat 

. . 
3220-3500 MW(t) desal t -  

-- ing plants indicate that 

heat cos ts  for reactor  s team will r an  e f rom 19-264 per  million Btu with 
s tate  o r  federal  financing, and 30-38 ! per million Btu with public-utility 
financing. These costs  probably represent  the lower l imit  associated with 
production of high-temperature heat f rom a loop in r eac to r s  of this s ize ,  

. since cos ts  assignable to the high-temperature section will certainly be 
higher. Although the actual cos ts  can only be determined by a detailed 
study, they might prove competitive for some applications. 

There is no reason why such a sys tem cannot be considered for 
a lmost  any reac tor  type; however, the need for vesse l  penetrations to a c -  
cornmodate the high-temperature cycle favors  a low-pressure reac tor .  
F r o m  the standpoint of long-range fuel economy and latitude in ma te r i a l  
selection, a fas t  reac tor  would be prefer red .  If the des i red  fraction of.high- 
temperature heat i s  not too large,  then the high-temperature region could 
be confined to the blanket a r e a .  This would be desirable ,  since in  a la rge ,  
fas t  reac tor  the blanket s t ruc ture  should have l e s s  effect on the breeding 
ratio.  

Technology being developed for both graphite and refractory-metal  
fuel elements a s  par t  of the rocket program, the high-temperature mater ia l s  
program, and the .previously mentioned reac tor  programs gives every indi- 
cation that a reactor  co re  o r  blanket section could produce the high- 
temperature gas  s t r e a m s  of in te res t .  



f 

A mat te r  in te r re la ted  with the use of nuclear energy for high- 
tempera ture  process  hea t  i s  the development of high- tempera ture ,  
cor ros ion-res is tan t ,  hea t  exchangers.  F o r  example, cement  producing and 
o r e  pelletizing plants current ly use  direct-f i r ing techniques. If these pro-  
c e s s e s  a r e  to be c a r r i e d  out with nuclear-heated a i r ,  problems of product 
contamination will requi re  a p r imary  reac tor  loop and heat exchange to 
secondary a i r .  The advent of very  l a rge  heat  exchangers to withstand c o r -  
ros ion  by a i r  a t  2200 to 2700°F may entail considerable r e s e a r c h  and devel- 
opment.  However, when the heat-exchange operation has  been successfully 
accomplished, the high-temper 'ature a i r  can be routed to the process  by 
s tandard techniques. 

On the assumption that nuclear r eac to r s  ultimately will be able to , 
produce gas s t r e a m s  at  tempera tures  equivalent to d i r ec t  f ir ing uf luss i l  
fuels ,  i t  i s  unlikely that the transit ion will ref lect  significant changes in 
ha sic. chemical or  metal lurgical  processes .  Nuclear r eac to r s  (like fossi l  
fuels)  a r e  simply a source  of heat ,  and the chernical and economic fac tors  
that de termine  the choice of p rocesses  should not be affected markedly by 
the source  of heat .  Even in the complete absence of hydrocarbon sources ,  
e lec t ro lys is  of water to produce hydrogen can  supply a l a rge  portion of 
needed raw mate r i a l s  and chemical  reducing agents. F r o m  there  on, how- 
e v e r ,  the basic  p rocesses  will r ema in  essentially unchanged. 
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Section 7 
. . 

EDUCATION - RESEARCH 'ACTIVITIES 
r 

7.  1 ANL-AMU Heat Transfer  P rogram - .  . 

'The ANL-AMU Heat Tra.nsfer P rog ram i s  one of many cooperative 
programs which permit  university faculty and graduate students to partici- 
pate in resea rch  projects at various AEC national laboratories.  These 
projects a r e  selected on the basis.  of their  suitability for  .academic advance- 
ment and; more  importantly, their potential contribution. to the state of the 
a r t .  

With respect to the ANL-AMU program, candidates for  advanced 
degrees f rom Associated Midwe,s:t Universities a r e  given resea rch  assign- 
ments designed to fill major  technological gaps in the field of two-phase 
flow and heat t ransfer .  The nature of these assignments i s  best i l lustrated 
by the following summaries of theses-that  were  completed during fiscal 1965. 

7.1.1 Frequency-Response Analysis of Steam Voids to Sinusoidal Power 
Modulation in. a Thin-Walled Boiling Water Coolant channel1 

Knowledge of the transient behavior of volume s team fr'action in a 
coolant channel during power t ransients  is  vital to the stable operation. of , 

boiling water reactors .  Reactivity depends upon the vapor.fraction in the 
channel, and the vapor fraction, in turn,  depends upon the reactor  power 
level. This constitutes a feedback loop which may.lead to instability and, 
ultimately, to channel burnout. 

. The principal objective of this study was to rneasure.the power- 
to-void t ransfer  functions for  a single re'ctangular flow channel at elevated 
pressur .es .  The expe.rimenta1 loop consisted essentially of a heated section, 
s team separator ,  c rossover ,  downcomer and return leg constructed mainly 
of 2-in. diameter Schedule 80 stainless steel! pipe. This loop could.be oper-  
ated at p ressures  up to  2000 psia. The "out-of-pile" o r  boiling loop.was 
operated in forced circulation. for various fixed p r e s su re s ,  inlet flow ra tes  
and temperatures.  The .power was modulated sinusoidally around a steady- 
state level. Amplitude and phase of the void response we,re measured at 
various axial and t ransverse  positions of the channel, employing a c ross -  
correlation technique over the frequency range 0.0 1- 5 cps. Through an 
analysis of this data, plotted in Bode diagram form,  information was obtained 
on the propagation velocity of void pertu'rbations, the range of l inearity of 
the void response to power modulation, the' shape of. the axial variation. of 
transient void amplitudes and break. frequency of the t ransfer  function. 

Experimental measurements of power- to- void. t ransfer  functions 
were  made in a vert ical ,  rectangular,  electrically heated tes t  section in 



which four main loop parameters  w e r e  varied: p ressure  = 200-800 psia; 
inlet flow ra tes  = 2.52-3.78 fps;  heat fluxes = 2.28 x lo4 - 9.12 x lo4 ~ t u /  
(hr)(ft2); and inlet subcoolings = 0.8- 12.4OF. Data were  obtained. at three 
axial positions and at various t ransverse  positions ac ross  the width of. the 
channel for  a fixed axial height.. 

All of the void amplitude data exhibited notches at frequencies 
ranging f rom 1.2 to 3.7 cps.  The notch frequency was highest at axial posi- 
tions neares t  the tes t  section inlet and decreased with increasing axial 
distance. Transverse  measurements indicated a maximum value at the 
center  of the channel; this value decreased as  the wall was approached in 
downstream regions of the channel. Phase measurements also showed an 
undulation close t/o the notch frequency. 

There was good agreement between the zero-frequency void ampli- 
tude response and the steady- state axial void .distributions at various power 
levels.  Increased, in1e.L: su'bcoolillg reflected an increase in the zero-frequency 
ax~lplitude . 

At p r e s su re s  of .2.00, 300:and 400 psia,  void response to power 
modulation was l inear  at amplitudes up to 20% of the.average power level. 

The axial variation in transient void amplitude was sinusoidal, 
being of the same fo rm a s  the power-forcing function. As the modulation 
frequency increased, .  the period and. amplitude of this sinusoidal function 
decreased until the tes t  section lekgth corresponded to one-half a wave 
length. Then a notch would appear in the void amplitude at. the test  section 
exit. 

The c ross -  sectional average propagation veloci.ties ,were interme- 
diate between the mixture and vapor cross-sect ional  average velocities at 
all  axial downstream of. the concave-shaped t ransverse  void dis- 
tributions. Near the entrance of the tes t  section, the propagation velocity 
decreased and became more  closely related to the cross-sect ional  average 
liquid ve1oci.t~. 

At a fixed axial position, the local void propagation velocity was a 
function of the distance f rom the wall. In the downstream regions of the 
channel, the measured propagation velocity exhibited a maximum 
at the center and decreased near  the wall; this i s  consistent with the convex 
steady- state velocity profiles which a r e  thought to exist in these regions. 

F r o m  the Bode diagrams of the data,  it was fou~ld that s l~a rpness  
of the notch increased with increasing p ressure  and inlet temperature sub- 
cooling, but decreased with increasing axial length and increasing distance 
f rom the tes t  section wall. By noting the analogous behavior of slip and the a 



sharpness  of the notch, sl ip was believed to be of importance h e r e  in the 
determination of the b reak  frequency of the power-to-void transfer 'function. 

" ,  .' ~ . , .  , . . 

Steady-state axial and t r ansve r se  void fraction distributions were  
obtained under loop operating conditions corre.sponding to .  those e'mployed 
in the power-to-void t r ans fe r  function measurements .  The Marchater re-  
Hoglund, Griffith, modified Bankoff and Neal models were  a l l  found to 
predict  fa i r ly  closely the axial ,  steady- s ta te ,  cross-sectional average void 
distributions.  

Concave void distributions 'were found nea r  the t e s t  section entrance.  
The degree of concavity and pers i s tence  of this  profile-with axial distance 
increased  with increased  inlet tempera ture  subcooling. F o r  all  concave- 
shaped profi les ,  the calculated values of sl ip w e r e  l e s s  than o r  close to  unity. 

Theoretical models proposed by Zivi and Wright, Chris tensen,  
Solberg and Sanathanan were  tested for  the i r  ability to predict  the power-to- 
void t r ans fe r  function data.  A new model  w a s  constructed,  s imi lar  to  
Solberg's "Kjeller Model," in that Bowring's physical model was  employed 
in the subcooled boiling region. It differed, however, in that the heat capac- 
ity of the wall  was accounted fo r  in al l  t h ree  regions,  the t ransi t ional  bulk- 
boiling boundary effects w e r e  considered in every  section of the subcooled 
boiling region, and the en t i re  illode1 was programmed for  solution on a 
digital computer employing a step-by-step integration procedure.  

F a i r l y  close agreement  between theory and data was  found for  the 
notch frequencies ,  phase lag and b reak  frequencies.  However, there  w e r e  
appreciable differences between model predictions and data for  some of the 
zero-frequency amplitudes.  

7.1.2 Heat Trans fe r  Instabili t ies nea r  the Thermodvnamic Cri t ical  

The purpose of this  study was to  determine the nature of seve re  
p r e s s u r e  and flow oscillations which reportedly have occur red  spontaneously 
during heat t r ans fe r  to  a fluid nea r  i t s  thermodynamic crGical  point. F o r  
example,  p r e s s u r e  fluctuations of 380-psi amplitude (peak to  peak)  at  f r e -  
quencies of 1000- 10,000 cps have been reported.  In o r d e r  to  avoid operation 
a t  excessive p r e s s u r e s  and t empera tu res ,  the experimental  heat t r ans fe r  
loop was  designed for  e i ther  natural 'or  forced circulation of Refr igerant  114 
(symmetr ic  dichlorotetrafluorethane; c r i t ica l  p r e s s u r e  = 473.18 psia.; 
c r i t ica l  tempera ture  = 294.26O~).  

The data indicate that instabili t ies w e r e  strongly damped during 

6 fo rced  convection operation a t  flow r a t e s  g r e a t e r  than would be attained by 
na tura l  convection. During na tura l  convection operation two types of 



instabili t ies were  encountered. The f i r  s t ,  which occurred  a t  bulk tempera-  
t u r e s  below the cr i t ical  tempera ture ,  was of an acoustic nature,  exhibiting 
harmonic p r e s s u r e  oscillations in the frequency range'of 5-30 cps.  I t  was 
shown that the fundamental wave lerigth equals the length around the loop 
for the constant diameter  construction employed in the t e s t s .  Fo r  a fixed 
wave length, the frequency varied with the sonic velocity. The second type 
of instability was character ized by a frequency which was two o r d e r s  of 
magnitude l e s s  than for the sonic type. This type of oscillation was t r ig-  
gered and maintained by an  abrupt improvement of the heat t ransfer  coef- 
'ficient a s  the bulk tempera ture  approached the c r i t ica l  tempera ture .  
Improvement of the heat t ransfer  coefficient was attributed to a "boiling 
l ike" behavior in the supercr i t ica l  fluid. 

An interesting anomaly was observed when the wall tempera ture  
exceeded 6 0 0 ~ ~ - 7 0 0 ~ ~ . '  At this point, a chern.i.ca1 reaction apparently r e -  
sulted in a "hot spot" on the heater  wall. This phenomenon also has  been 

.observed  during heat t ransfer  to  supercr i t ical  cryogenic fluids. 

7.1.3 Flow Regimes and  rans sit ions in Vertical Two-Phase Flow a t  
Elevated p r e s s u r e 3  

The goals of this investigation were:  (1) to identify the various 
flow pat terns  and the i r  t ransi t ions in a fluid at  relatively low tempera tures  
and p r e s s u r e ;  and (2) to  establish a correlation between these flow regimes 
and s'imilar phenomena which occur in water  at  elevated p r e s s u r e s .  

The forced-circulation tes t  loop was designed for  operalivrl with 
trichl,oromonofluoromethane (Refrigerant- 11). It was constructed of all-  
welded s tainless  s tee l  piping, with flanged connections to accommodate a 
heated tes t  section, a transit ion section, and an unheated section. Ail cn- 
closed centrifugal pump circulated the Kefrigerant- 11 with a head in excess 
of 50 ps i  for, flows below 20 gpm. 

Flow pat terns  in the unheated section were  observed with the aid 
of a fluoros.cope coupled to  a clvsed-circuit  television monitoring netwnrk. 
High-speed motion pictures  were  taken with a Fas tex  camera ,  augmented 
by directed beams of colored light, through optlcal windows in the lest  
section. This technique of directing blue light f r o m  above, and red  light 
f r o m  below the c a m e r a  centerline provided a means  of distinguishing vapor 
bubbles f rom liquid droplets through a color ~ n v e r s i o n .  P r e s s u r e  t sans-  
ducers  were  employed to  obtain the local p r e s s u r e  drop in the unheated 
channel. ' 

Two-phase mixtures  were  generated in the electrically-healed 
t e s t  sectidn over a 'heat flux range of 4,000 to 74,000 ~ t u / ( h r ) ( l t ' )  for  m a s s  
flo; ra tes  f r o m  0.20 x l o 6  to 2.0 x lo6 lb(hr)(ft2).  The orthobaric density 



ratios ranged f r o m  7 to 60. These ratios a r e  equivakent t0 .a  saturation., 
water p ressure  range f rom approximately 400 to 2000 psia.  Mass qualities 
based upon thermodynamic equilibrium ranged to 9070 o; however, the majority 
of the data encompassed the segment f rom saturation to. 50%. 

A distinctive flow regime was observed at high mass  flow ra tes  in 
which ligaments of agglomerates of liquid travel  in the vapor core.  This 
regime has recently been termed "wispy annular." The phase transitions 
were  separated into three segments: churn, annular, and wispy-annular 
flow. Plug flow was not observed at the elevated p ressures  under forced- 
flow conditions and net quality. Transition f rom wispy-annular to annular 
flow occurred a t  nearly constant superficial liquid velocity; this i s  in 
agreement with observations for water at elevated p ressures .  

Identical orthobaric density ratios were  adjudged the best modeling 
parameter  for comparison of the R- 11 data with water;  this i s  in contrast 
to the reduced temperature o r  reduced p ressure  form of presentation. Ex- 
pressions were  derived to correlate  the transitions f rom churn to both 
annular and wispy- annular flow. These expressions incorporated the ortho- 
bar ic  density ratio and either the saturated vapor o r  liquid density. Tran- 
sitions f rom annular to wispy-annular occurred over such a narrow band 
of superficial velocities that only a qualitative repre  sentation was obtained. 
It was found that the possible effects of surface tension and viscosity on the 
flow regime could not be separated f rom the expressions in t e rms  of the 
saturation densities at identical orthobaric density rat ios.  

A gamma-.ray traversing unit was used to determine local void 
fraction distributions for s ix sets  of orthobaric density ratios.  Average .void 
fractions were  compared to available void data for  water and a refr igerant ,  
R-22, at identical orthobaric density ratios.  There was good agreement; 
however, none of the existing correlations could predict. the resul ts  over the 
entire quality a n d m a s s  flow rate range. A definite mas s  flow ra te  effect 
was observed, particularly at low mass  flows. An empirical expression 
incorporating the mass  velocity effect for  low flow ra tes  was obtained.for 
a.low-quality range. Fo r  low flow ra tes ,  the void fraction increased with 
increasing mass  flow at constant quality. At high flow ra tes ,  the flow ra te  
effect could not be ascertained. At identical orthobaric density rat ios,  the 
void fraction appeared to b,e identifi'able among the fluids considered. by 
employing the quality and mass  flow rate at elevated p ressures .  

7.1.4 , Propagation of Density D i ~ t u ~ b a ~ z c e s  in Air-Water J7low4 

As mentioned ea r l i e r ,  instability of a boiling water reactor  can be 
promoted by the presence of a feedback loop consisting of the reactivity of 
the reactor ,  the vapor fraction in the coolant channe1,'an.d the power level 
of the reactor .  In the pas t ,  investigations. of these instabilities could not be 



completed without. making assumptions a s  to the behavior of variations o r  
changes in the vapor fraction (void fraction).  Recently, theoretical models 

a 
have been suggested'for predicting, f rom the steady- state characteris t ics ,  
the propagation velocity and the decay (or dispersion) of variations 
(perturbations) in the void fraction. However, limited experimental data 
a r e  available for  verification of these theoretical predictions. Therefore, 
the principal objectives of this study were:  (1)  to investigate.the behavior 
of density, waves propagated .vertically upward in a forced- circulation, 
atmospheric p ressure  a i r -water  loop; and (2) to compare .the resul ts  with 
theoretical predictions. 

Two a i r -water  mixers  were  used to effect p r imary  air-water  flow 
and the secondary perturbations. Upon attaining steady- state conditions, a 
regular  sequence of low-frequency (-0.4 cps)  density disturbances were  
generated by imposing a square-wave pattern on the solenoid valve which 
controlled the secondary a i r  flow. Five improved electrical- resistivity 
probes were inserted in the c lear  plastic tes t  section at different axial 
positions to facilitate radial t r averse  of the void perturbations a s  they 
propagated through the channel. In addition to measuring the local void 
fract ion,  these probes also provided information on bubble frequency and 
bubble- size distribution. Electr ical  signals f rom each probe were  recorded 
on an FM tape recorder .  These signals were  sampled by an analog-to- 
digital converter . for  computer analysis. The resul ts  were  then compared 
with theoretical predictions. 

The computer output was in qualitative agreement with kinematic 
wave theory. However, at low-mixture velocities the experimental velocity 
was  higher than the theoretical value, while for high-mixture velocities the 
r eve r s e  was t rue .  Also, at  low-mixture velocities, the propagation velocity 
was greater  than the gas velocity, while at higher mixture velocities the 
correlat ion was reversed.  Thediscrepancy between experiment and theory 
was  rectified by modifying the basic continuity equations to include turbulent 
diffusion. 

. . 

In general ,  t h e  perturbation decay ra te  was considerably higher 
than predicted by kinematic wave theory. This disparity was also attributed 
to axial turbulent diffusion which is  not considered by theory. A diffusion 
equation for two-phase flow was solved and diffusion coefficients were  calcu- 
lated f rom the experimental resul ts .  These coefficients tended to increase 
l inearly with downstream void fraction and increasing mixture velocity. ' 

Also, the radial diffusivity profile decreased sf rongly near  the wall. 

' 1 . 5  Self - Sustained Hydrodynamic Oscillations in a Natural Circulation 
Two- Phase Flow Boiling ~ 0 0 ~ ~ '  

The objectives of this .study were:  (1) to obtain a consistent se t  of. 
a 

data over a wide range of pertinent operating variables: and (2) to use these 



data in conjunction with available models in the hope of resolving the forces 
which promote oscillations in natural circulation boiling heat t ransfer  
systems.  

More specifically, these parameters  included: 
, .. , 

Heat Flux, ~ tu / (hr) ( f t ' ) : .  0.2- 3.1 x lo5 
P re s su re ,  psia: :. ,200- 15.00 
Inlet Subcooling, O F :  . O r  62 . . . 

Channel Geometry. 
Length, in.: 48; 72; 96 
I.D., in.: 0.364; 0.625; 0'18125 

Riser  
Length, in.: 48; ' 60 

0.3125; 0.625; 1.049 I .D. ,  in.: 

During the course of these t e s t s ,  the frequencies. of, the oscillations 
varied f rom 0.'24 to 0.76 cp.s and, in -general; increased lifiearly with power. 
Periodic inlet flow reversa ls  were  observed at the higher.frequencies. 
These reversa ls  were  more  pronounced. in the smaller  test  sections and .  
r i s e r s  during operation at low system pressures .  Other parameters  did 
not affect these phenomena in a distinct fashion. 

Two theoretical models - one linear and the other nonlinear - were  
evaluated with respect to predicting the oscillation threshold and. the f re -  
quency of the initial oscillations. The linear model due to o n e s 6  predicted 
the threshold power within ?50/0 for over 600/0, and within &loyo .for over 8070 
of the tes t  data. 

On the other hand, the nonlinear model of ~ a h n b e r ~ ~  had to be 
modified to provide a satisfactory prediction of the steady inlet flow veloc- 
i t ies.  Moreover,  neither the original model nor the modified version was 
able to predict the oscillation thresholds, frequencies,  o r  the flow ampli- 
tudes. It i s  believed that the one-dimensional formulation fails to consider 
periodic vaporization of superheated liquid near  the leading edge of the 
two-phase region. Introduction of such a periodic forcing function would 
facilitate computation of periodic bounded oscillations s imilar  to those . 

observed experimentally and, thus, provide a qualitative interpretation of 
the observed trends with parameter  variation. 
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Section 8 

PUBLICATIONS 

8.1 Methods of Reporting 

The s tatus  of var ious programmatic  and basic  res 'earch activit ies 
of the Reactor Engineering Division, an'd other Divisions a t  Argonne, i s  
publjshed in 1;aboratory Monthly P r o g r e s s  Reports ;  Ultimately, these 

. chronologies a r e  compiled to present  a comprehensive description and 
evaluation of specific accomplishments in the f o r m  of ANL topical repor ts .  
These repor ts  a r e  distributed to. ,all AEC s i tes  and to pre-  selected AEC- 
affiliated organizations and institutions which have an immediate in t e res t  

. . 
in their  contents. 

In cer tain instances,  the topicals a r e  supplemented by abridged 
ar t ic les  o r  papers .  These a're prepared  for  publication in t rade  jdurnals,  
o r  for  o r a l  presentation to professional and educational organizations which 
maintain an iriterest in the state of the a r t .  

Finally, and not too infrequently, Staff personnel a r e  solicited o r  
volunteer to publicize their  expertise.  The. nature of these publications 
may range f r o m  brief cri t iques of journal a r t i c l e s ,  to editing o r  writ ing 
handbook chapters  and'monographs.  These activit ies,  the la t te r  in par t ic -  
u la r ,  entail s eve ra l  man-months'  effort on the pa r t  of the author. . In mos t  
cases ,  the work i s  performed in addition to  his  regular ly assigned tasks.  

8.2 Recap of Publications 

The following recapitulation represents  the l i t e ra ry  output by 
Division Staff personnel during the f i sca l  report ing period. In o rde r  to 
conserve space,  the publications a r e  indexed to the major  sections which 
compr ise  this repor t .  
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