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FOREWORD 

This i s  t h e  fou r th  i n  a s e r i e s  of qua r t e r ly  progress repor t s  on 

programs conducted a t  O a k  Ridge National Laboratory (ORNL) under t h e  

sponsorship of t h e  NRC Division of Reactor Safety Research. 

t h i s  repor t  i s  issued quar te r ly ,  some a c t i v i t i e s  may be ca r r i ed  over 

t o  t h e  next quar te r  i n  order t o  be  able  to repor t  meaningf’ul progress. 

However, t h e  repor t  w i l l  maintain t h e  order of presentat ion.  

of t h e  d i v e r s i t y  of reader  i n t e r e s t  and t h e  des i r e  t o  keep t h e  docu- 

ments t o  a p r a c t i c a l  s i z e ,  t h e  repor t  i s  presented i n  four  volumes. 

Volume I, Light-Water-Reactor Safety Programs, includes ac t iv -  

Although 

Because 

i t i e s  on f u e l  rod behavior, blowdown heat t r a n s f e r ,  t h e  Nuclear Safety 

Information Center, and f i s s i o n  product t r anspor t  and energy release.  

Voluem 11, Heavy-Section-Steel Technology Program, covers work 

performed by ORNL as we l l  as by subcontractors a t  o ther  i n s t a l l a t i o n s .  

The c lps ing  per iod f o r  t h i s  volume w i l l  always be one month e a r l i e r  

than t h e  spec i f i ed  per iod t o  allow s u f f i c i e n t  time f o r  subcontractors 

t o  prepare cont r ibu t ions  and obta in  t h e  proper clearance from t h e i r  

respec t ive  companies. 

Volume 111, Liquid-Metal-Cooled Pas t  Breeder Reactor Safe ty  prog- 

rams, includes work at ORNL on aspects  r e l a t i n g  t o  t h e  sa fe  operations 

of t h e  liquid-metal-cooled f a s t  breeder reactor .  

Volume IT, High-Temperature Gas-Cooled Reactor Program, covers 

progress on work pe r t inen t  t o  high-temperature gas-cooled reac tors .  

Copies of t h e  repor t  a r e  ava i lab le  from t h e  Technical Information 

Center, Energy Research and Development Administration, O a k  Ridge, 

Tennessee. 





v i i  

SUMMARY 

1. BLOWDOWN HEAT TRANSFER PROGRAM 

h 

Testing of t h e  production hea te r  rod now i n s t a l l e d  i n  t h e  FCTF 

continued a t  a reduced ra te .  This rod has now survived f o r  a t o t a l  

operating t i m e  of 60.7 h r ,  25.5 of which were a t  f u l l  power; during t h i s  

period t h e r e  w a s  a t o t a l  of t e n  blowdowns and one s teady-state  CHF 

measurement. There are s t i l l  no indicat ions of leaks  from t h e  Viton 

O-ring s e a l s  a t  t h e  t o p  of t h e  hea te r  rod. For t h e  l as t  f i v e  blowdowns, 

sheath and i n t e r i o r  thermocouples gave s u b s t a n t i a l l y  t h e  same readings 

p r i o r  t o  blowdown when t h e  rod w a s  a t  f u l l  power and loop flow and 

pressure were t h e  same. P r i o r  t o  t h i s ,  t hese  thermocouples had ind i -  

cated progressively higher temperatures a f t e r  heatup t o  t h e  same operating 

conditions subsequent t o  each blowdown. Testing w i l l  be  continued t o  

determine whether t h e  thermocouple d r i f t  problem can be minimized by some 

preconditioning procedure. 

Preliminary ana lys i s  of t h e  r e s u l t s  from c a l i b r a t i o n  t e s t s  of t h e  

f i rs t  production heater  rod i n  t h e  single-rod loop indicates  t h a t  t h e  

observed increase i n  sheath thermocouple temperature can be accounted 

f o r  by a gap coe f f i c i en t  of 2000 t o  5000 Btu hr-l ft-2 (OF)-’. These 

a r e  i n  t h e  range expected f o r  contact r e s i s t a n c e  of two s t a i n l e s s  s t e e l  

surfaces  swaged together  under conditions s imilar  t o  those used i n  fab- 

r i c a t i n g  t h e  present heater  rods. These ca l cu la t ions  suggest t h a t  t h e  

l eve l ing  o f f  of sheath thermocouple temperatures, described above, i s  

no more than what should be expected with t h e  present design of dual-sheath 

hea te r  rods.  

Predict ion of isothermal blowdown performance of t h e  Thermal-Hydraulic 

Test  F a c i l i t y  continued. 

t h e  l i n e  connecting t h e  p re s su r i ze r  with t h e  main loop r e su l t ed  i n  an 

almost immediate drop of pressure t o  s a t u r a t i o n  a t  t h e  i n s t a n t  of blowdown. 

I n  comparison, ca l cu la t ions  indicated t h a t ,  without t h e  o r i f i c e ,  1 t o  2 

sec would be required f o r  t h e  pressure t o  decrease t o  s a t u r a t i o n .  

ca l cu la t ions  ind ica t e  t h a t  va r i a t ions  i n  break area and break d i s t r i b u t i o n  

appear t o  a f fo rd  a wide choice of pressure and flow t r a n s i e n t s .  

A s  expected, placing a l/b-in.-diam o r i f i c e  i n  

Other 
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The f i r s t  isothermal blowdown w a s  conducted success fu l ly  on February 

21, 1975. I n i t i a l  pressure w a s  1300 p s i ,  loop temperature w a s  450”F, and 

t h e  o r i f i c e  w a s  1/4 nominal (based on RELAP p r e d i c t i o n s ) .  

appeared t o  perform success fu l ly .  The pressure suppression system con- 

t a ined  t h e  loop discharge; t h e  pump w a s  apparent ly  undamaged by t h e  

blowdown event as w a s  t r u e  f o r  t h e  drag disks  and t u r b i n e  meters.  Pres- 

su re  t ransducers  were a l s o  undamaged by t h e  event. The flow reversed a t  

t h e  i n s t a n t  of blowdown and f o r  t h e  f i r s t  20 see  w a s  cons i s t en t  with t h e  

RELAP predict ions f o r  t h i s  t e s t .  

A s e r i e s  of two-phase, a i r -water  flow t e s t s  were conducted using a 

All systems 

THTF spool piece wi th  a drag d isk ,  a t u r b i n e  meter, and a gamma densi-  

tometer.  

g r e a t e r  t han  t h e  spool  piece wi th  no d i spe r se r  and t h e  o the r  having a 

AP -330$0 g r e a t e r  than t h e  spool p i ece  a lone .  With t h e  low-pressure-drop 

d i spe r se r ,  accuracy of mass flow measurement appeared t o  be dependent on 

flow regime i n  a cons i s t en t  fashion.  With t h e  high-pressure-drop d i spe r se r ,  

it appeared t h a t  mass flow r a t e s  could be measured t o  wi th in  +_2W0 over a 

range of s u p e r f i c i a l  a i r  v e l o c i t i e s  from 2 t o  130 f p s  and water flow r a t e s  

from 130 t o  300 l bm see-’ ft’” 

Two d i f f e r e n t  d i spe r se r s  were used, one having a LIP -3O$ 

2. NUCLEAR SAFETY INFORMATION CENTER 

The Nuclear Safety Information Center continues t o  c o l l e c t ,  s t o r e ,  

evaluate ,  and disseminate information t o  the  nuclear  community a t  a high 

level.  During t h e  p a s t  qua r t e r ,  t h i s  included the  add i t ion  of 3374 new 

s a f e t y  documents t o  t h e  computerized f i l e  as w e l l  as t h e  preparat ion of  

t h r e e  ACRS bibl iographies  and response t o  338 i n q u i r i e s .  Most no tab le  

among t h e  Center’s many o the r  a c t i v i t i e s  w a s  t h e  completion of Nuclear 

Safety d r a f t s  f o r  16(3) ,  while Nuclear Safety  15(6) ,  16(1) ,  and 16(2) 

were published. 

n i c a l  Publ icat ions Category by t h e  East Tennessee Chapter of t h e  Society 

for Technical Communication. 

Nuclear Safety  w a s  awarded f i r s t  place i n  t h e  Tech- 
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3. FISSION PRODUCT BETA AND GAMMA ENERGY REUASE 

T h i s  program completed t h e  evaluat ion of t h e  o v e r a l l  method pro- 

posed t o  measure f i s s i o n  product decay heat by spectroscopic techniques 

f o r  in -p i le  i r r a d i a t i o n s .  

t r o n i c  hardware, which a r e  required t o  cont ro l  and monitor movements of 

t h e  pos i t i on ,  were completed and i n s t a l l e d .  Software programming was 

completed, so t h a t  t he  computer cont ro ls  the  experiment from t h e  t i m e  

t h e  r abb i t  i s  s e n t  t o  t h e  r eac to r  u n t i l  t h e  subsequent counting time 

has expired.  

During t h e  quar te r  t h e  e l e c t r i c a l  and elec-  

I n  s i t u  c a l i b r a t i o n  of t h e  gamma-ray de tec tor  was i n i t i a t e d .  

4. ZIRCONIUM METAL4ATER OXIDATION KINETICS 

The c a l i b r a t i o n  of our Pt-Rh vs P t  thermocouples was completed, 

and our newly acquired o p t i c a l  pyrometer was submitted f o r  ca l ib ra t ion .  

Both t r a c e r  and chemical d i f f 'us iv i ty  measurements f o r  oxygen in"fLZirca1oy 

were made i n  t h e  range 1000 t o  1400°C (1832-2552°F). The two types 

o f  d i f fus ion  coe f f i c i en t s  were i d e n t i c a l  w i t h i n  experimental e r ror ,  

and t h e  chemical d i f f 'us iv i ty  was independent of  oxygen concentrat ion 

i n  t h e  range 0.1 t o  0.6 w t  $. 
obtained a t  1000°C (1832°F) i n  t h e  MiniZWOK apparatus,  and extensive 

t e s t s  and modifications were made on t h i s  device t o  i d e n t i f y  p o t e n t i a l  

sources of  e r r o r  i n  our  temperature measurements and t o  improve t h e  

accuracy of  such measurements. Various heat flow models were analyzed 

t o  provide maximum poss ib le  values f o r  so-cal led "per turbat ion" e r r o r s  

i n  our thermocouple temperature measurements. 

SINTRAN-I was developed and is  being t e s t ed .  

Preliminary r eac t ion  r a t e  da ta  were 

The computer code 

5. MLKTIROD BURST TESTS 

A program plan, descr ibing i n  d e t a i 1 , t h e  objec t ives ,  scope, and 

t echn ica l  approach t o  be used i n  t h i s  research, was completed and sub- 

mitted t o  RSR f o r  review and concurrence. Plans and accomplishments t o  

da te  were presented t o  t h e  RSR Fuel  Cladding Research Review meeting i n  
February; these  meetings provide f o r  informal exchange of r e s u l t s  and 

ideas  of mutual i n t e r e s t  t o  t h e  var ious programs. New t e s t  schedules, 
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cons is ten t  with delays encountered with hea te r  development and procure- 

ment, were formulated. 

Methods f o r  p o s t t e s t  examination of t h e  t e s t  geometries were i n v e s t i -  

gated; f o r  t h e  single-rod assemblies, t h e  "Scotch t a p e  method" w i l l  be 

used t o  obta in  c i rcumferent ia l  measurements of  t h e  deformed cladding. 

Examination of t h e  bundles will be more tedious,  s ince  t h e  t ape  method 

i s  not applicable.  

an e l ec t ron ic  planimeter probably w i l l  be used t o  automate measurement 

of t h e  multirod arrays.  Both of  t hese  techniques requi re  cas t ing  t h e  

a r r ay  i n  epoxy, sec t ion ing  a t  d i s c r e t e  a x i a l  pos i t ions ,  and pol i sh ing  

t o  provide a s u i t a b l e  c ross -sec t iona l  p r o f i l e  f o r  de t a i l ed  measurement. 

Both a Quatimet-720 Image Analyzing Computer and 

Detai led plans were formulated f o r  experimental determination of 

t h e  temperature d i s t r i b u t i o n  i n  t h e  f i r s t  4 X 4 t e s t  bundle. For these  

experiments, each of t h e  f u e l  p in  s imulators  w i l l  be provided with four  

i n s i d e  surface thermocouples; s eve ra l  of t h e  simulators will be i n s t r u -  

mented with outs ide  surface thermocouples. 

vide temperature p r o f i l e s  of i n t e r i o r ,  corner,  and midwall e x t e r i o r  rod 

pos i t ions .  The data w i l l  be used t o  model t h e  temperature d i s t r i b u t i o n  

i n  subsequent bu r s t  t e s t  arrays.  

The measurements w i l l  pro- 

Procurement of Zircaloy tubing f o r  use i n  a l l  t h e  'RSR-sponsored 

f u e l  cladding s tud ie s  i s  approximately on schedule. 

g r ids ,  being made ava i l ab le  t o  t h e  t e s t  program by one of t h e  r eac to r  

vendors, w i l l  be on hand i n  May. Some delays were encountered i n  pro- 

curement of s p e c i a l  thermocouples f o r  evaluat ion and f o r  use i n  t h e  i n i -  

t i a l  t e s t s .  

Prototype r eac to r  

Tests of lower s e a l  gland concepts f o r  t h e  f u e l  p in  s imulators ,  

while encouraging, have not ye t  resolved a l l  t h e  problems; t e s t i n g  of  

improved concepts i s  i n  progress.  

t e s t i n g  of o ther  components and equipment, including a s p e c i a l  f i x t u r e  

f o r  pos i t ion ing  and welding thermocouples in s ide  t h e  cladding. 

Progress was made i n  development and 

.Tests  and evaluat ion of development hea te r s  supplied by t h r e e  manu- 

f ac tu re r s  ind ica ted  t h a t  s i g n i f i c a n t  improvement i n  f a b r i c a t i o n  tech-  

niques i s  needed t o  produce acceptable hea ters .  

t h e  hea ter  was redesigned t o  improve performance and t o  circumvent f a b r i -  

ca t ion  d i f f i c u l t i e s  ; procurement of improved hea ters  was i n i t i a t e d .  A 

Based on these  t e s t s ,  
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decis ion was made t o  apply a p ro tec t ive  plasma spray coat ing on t h e  

hea te r s  a f t e r  they  a r e  del ivered t o  O a k  Ridge; procedures and evaluat ion 

of candidate r e f r a c t o r y  metal  and oxide coatings were i n i t i a t e d .  Avail- 

a b i l i t y  of s u i t a b l e  hea ters  continues t o  be t h e  c r i t i c a l  path item t h a t  

determines t h e  start  of t h e  t e s t  program. 

Progress was made on design of t h e  multirod t e s t  f a c i l i t y ;  construc- 

t i o n  modifications t o  t h e  ex i s t ing  dc power supply w i l l  commence next 

quarter .  A v e r s a t i l e  single-rod t e s t  stand was designed and fabr ica ted .  

This bench-type apparatus w i l l  be used t o  develop components and t e s t  

procedures and t o  conduct burst t e s t s  on instrumented f u e l  p in  simulators.  

6. FISSION PRODUCT RELEASE FROM LWR FUEL 

The work plan has been revised t o  r e f l e c t  comments which r e su l t ed  

from N R C ' s  review of t h e  prel iminary d r a f t ,  and t h e  revised plan has 

been t ransmit ted t o  ONRR-NRC. 

been completed; i n s t a l l a t i o n  of our experimental apparatus i n  t h i s  c e l l  

i s  cu r ren t ly  i n  progress.  Spec i f ica t ions  f o r  t h e  preparat ion of experi-  

mental assemblies from i r r a d i a t e d  LWR f i e 1  rods have been developed, and 

cost  es t imates  f o r  sample preparat ion a r e  being col lected.  

Cleanup of a contaminated hot c e l l  has 

7 .  CREEPDOWN AND COLLAPSE 0F.ZIRCALOY WEL CLADDING 

Progress has continued on both the  t h e o r e t i c a l  and the  experimental 

aspec ts  of cladding co l l apse  behavior. 

i n  general ,  and on an i so t rop ic  mechanical behavior, s p e c i f i c a l l y ,  has been 

completed. Equipment design has been completed, and procurement and 

i n s t a l l a t i o n  a r e  proceeding rap id ly .  A l l  s a f e t y  reviews f o r  the  use of  

high-pressure equipment have been completed and approvals obtained. 

A review of p r i o r  work on co l lapse ,  



1. BLOWDOWN HEAT TRANSFER PROGRAM 

Reactor Division 

D .  G .  Thomas 

1.1 FUEL ROD SIMULATION 

J.  D .  White, R .  F.  Bennett, D .  L .  Clark 

1.1.1 Heater Rod L i f e  

Test ing of i n d i r e c t  e l e c t r i c a l l y  heated f u e l  pin simulators i n  t h e  

Forced Convection Test F a c i l i t y  i s  continuing. 

rod W150/74 has operated f o r  a t o t a l  of 60.7 h r  i n  t h e  f a c i l i t y .  

hea t e r  i s  a sample from t h e  hea te r  l o t  purchased f o r  t h e  f i r s t  bundle of 

t h e  THTF. 

a t  f u l l  power (144 kW) and maximum loop temperature (550°F) as shown i n  

Table 1.1. The comparison between operat ing h i s t o r i e s  of t h e  s i x  heaters  

t e s t e d  (shown i n  Table 1.1) points  out t h a t  t h i s  heater  (Wl50-74) has 

survived considerably more hours a t  f u l l  power than t h e  others  - except 

preprototype Wl5O-2 which w a s  r e t i r e d  before  f a i l u r e .  

The 0.422-in.-diam hea te r  

This 

The hea te r  has survived 8 blowdowns and 23 1/2 h r  of operation 

O-rings 

The upper pressure s e a l s  of t h e  FCTF and THTF f a c i l i t i e s  a r e  provided 

by rubber O-ring s e a l s .  These O-rings a r e  compressed between heater  bearing 

surfaces  and grooves machined i n t o  t h e  s e a l  p l a t e s  of  t h e  loops.  This 

design allows hea te r s  t o  grow and contract  a x i a l l y  (thermal expansion) 

through t h e  O-rings during t h e  experiments. The two Viton O-rings used 

i n  t h e  t e s t i n g  of hea te r  Wl50-74 have performed without f a i l u r e  during i t s  

operat ing h i s t o r y .  

Nickel e lectrode 
c 

A n i cke l  p l a t e  with machined tapered holes i s  t o  provide a lower 

e l e c t r i c a l  contact with t h e  tapered bottoms of t h e  hea te r s  i n  t h e  THTF. 

This type of arrangement has been u t i l i z e d  with a n i cke l  e lectrode i n  



Table 1.1. Operational h i s t o r y  of Watlow i n d i r e c t  hea t e r  assemblies 

Preprototype Prototype Product ion 

Heater No. Heater No. Heater No. 
- 

150-1 15 0 -3 150-2 150-5 150-1 150-74 

T o t a l  power a t  
blowdown, kW 

75 
100 
140 t o  150 

Tota l  

To ta l  hours with 
power on 

Tota l  hours a t  
f u l l  power 

On-off cycles  

Fa te  

1 
2 1 

2 5 - - 
8 3 

44 35 

6 1 

34 22 

Number of blowdowns 

3 1 
4 

9 4 

11 10 
- - 

31 43 

0.5 8.5 
11 18 

1 1 
7 3 

4 8 
- - 

42 60.65 

10 23 *50 
12  15 

Fa i l "  F a i l  Re t i r e  O-ring O-ring Operating 
f a i l u r e  f a i l u r e  

a 

b S p l i t  i n  sheath. 

S p l i t  i n  sheath, sheath damaged by center ing screw. 

. b 
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t h e  FCTF f o r  t h e  t e s t i n g  of t h e  two p ro to typ ica l  hea t e r s  and t h e  t e s t i n g  

of Wl50-74. The n icke l  e lectrode contains a tapered hole machined t o  

t h e  same spec i f i ca t ions  as those i n  t h e  n i cke l  p l a t e  of t h e  TmF. No  

assembly, disassembly, or operat ional  d i f f i c u l t i e s  with t h i s  design have 

a r i s e n  during t h e  t e s t i n g  program. After  a heater  i s  removed from t h e  

electrode,  t h e  in s ide  of t h e  tapered hole i s  polished before  t h e  next 

hea te r  i s  i n s t a l l e d .  

1 .1 .2  Thermocouple D r i f t  

Considerable discrepancies i n  t h e  outputs of t h e  thermocouples of 

t h e  heater  Wl50-74 were reported i n  t h e  las t  qua r t e r ly  r epor t .  

thermocouple outputs general ly  increased from one experiment t o  t h e  next 

throughout t h e  16 h r  of full-power operat ion described i n  t h e  r e p o r t .  

After  t h e  t h i r d  blowdown (16.5 h r  a t  f u l l  power), a s t eady- s t a t e  

c r i t i c a l  heat f l u x  experiment w a s  performed. Heater power was 155 kW 

during t h e  experiment u n t i l  CHF conditions were induced by decreasing 

t e s t - s e c t i o n  i n l e t  subcooling. When t h e  thermocouple outputs rose 

abruptly,  i nd ica t ing  onset of CHF, t h e  heater  power w a s  decreased t o  

near ly  zero. Some of t h e  s k i n  temperatures reached 2000°F during t h e  

experiment. These temperatures f e l l  quickly t o  700°F within 20 see  of 

onset of CHF. 

The 

Five blowdown experiments followed t h e  c r i t i c a l  heat f l u x  t e s t .  

The outputs of t h e  thermocouples var ied considerably between t h e  f i r s t  

two of t h e s e  blowdowns as shown i n  F igs .  1.1 and 1 . 2 .  Then most of t h e  

thermocouple responses seemed t o  s t a b i l i z e  with respect  t o  run-to-run 

v a r i a t i o n .  Sheath thermocouples C1 and C2 exhibi ted t h e  most severe 

changes i n  output.  For example, thermocouple C 1  w a s  reading about 845°F 

+2"F before  t h e  t h i r d  144-kW blowdown. After t h a t  blowdown and t h e  

following CHF run, thermocouple C1 w a s  reading 788 t 2°F before  t h e  next 

blowdown. 

s t a t e  conditions i n  l a t e r  blowdown experiments. 

This thermocouple then read 821, 821, and 8 0 5 " ~  during steady- 
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1.1 .3  Thermocouple Shadow Ef fec t  

Rod temperature measurements with sheath thermocouples w i l l  be used 

t o  i n f e r  surface heat f luxes and heat t r a n s f e r  c o e f f i c i e n t s .  Thus it i s  

necessary t o  determine t h e  r e l a t i o n s h i p  between measured sheath tempera- 

t u r e s  and poss ib l e  rod fou l ing .  

The thermocouple measurement r e f l e c t s  t h e  temperature f i e l d  surround- 

ing it, which may be s t rong ly  d i s t o r t e d  by l o c a l i z e d  contact  r e s i s t a n c e  

These contact r e s i s t ances  t a k e  two forms: contact  r e s i s t a n c e s  i n  and 

around t h e  thermocouple i t s e l f ,  and contact  r e s i s t a n c e  between t h e  inner  

and outer  rod sheaths .  Together t h e s e  r e s i s t ances  may be responsible  f o r  

measured sheath temperatures higher than would be expected t o  occur i f  t h e  

thermocouple measured a point temperature a t  t h e  cen te r  of a uniform rod 
sheath . 

The thermocouple measurement a t  s teady s t a t e  may b e  modeled as i n  

F ig .  1 .3 .  Both schemes presented should adequately p red ic t  thermocouple 

temperature, or i n f e r  an average su r face  temperature, assuming thermocouple 

behavior i s  not a func t ion  of surface f l u x  or temperature (though thermal 

conduct ivi ty  dependence on temperature may be incorporated) .  

thermocouple behavior may b e  in t e rp re t ed  as changes i n  thermocouple equiv- 

a l e n t  p o s i t  ion or i n f e r r e d  gap c o e f f i c i e n t  . 
Thermocouple equivalent pos i t  ions i n  Watlow rod 150-74 have been 

estimated by the procedure ou t l ined  i n  t h e  April-June quarter ly ,2  and 

t h e  r e s u l t s  a r e  presented i n  Table 1 . 2 .  Variat ion of t h e  thermal con- 

d u c t i v i t y  of s ta inless  s t e e l  with temperature has been included i n  t h e  

ca l cu la t ions .  

Changes i n  

This rod has exhibi ted marked changes i n  t h e  thermocouple measurement 

with increased operat ion time; hence t h e  resu l t s  presented t o  not  descr ibe 

s t a b l e  rod c h a r a c t e r i s t i c s .  The equivalent thermocouple pos i t i ons  appear 

u n r e a l i s t i c ;  however, t h e  i n f e r r e d  gap coe f f i c i en t s  a r e  reasonable.  3 

1.1.4' Heater Procurement f o r  t h e  THTF 

The balance of t h e  hea te r s  f o r  bundle No. 1 have been received and 

have passed a l l  inspect ions at OWL, including i n f r a r e d  scanning tes t s  and 
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HYPOTHETICAL OUTER OUTERSHEATH 

INNER SHEATH PROPERTIES WITH 
INDEFINITE INNER 
BOUNDARY 

SHEATH - UNIFORM 

TEMPERATURE 
PROFILE I N  CYLINDER 
WITH UNIFORM 
SURFACE FLUX 

\ 
MEASURED SHEATH THERMOCOUPLE 
TEMPERATURE EXTRAPOLATED 
TO ZERO FILM RESISTANCE 

-- 
KNOWN SURFACE 
TEMPERATURE AT 
ZERO FILM RESISTANCE\ 

- 
INFERRED EQUIVALENT 
THERMOCOUPLE DISTANCE 
FROM OUTER SHEATH 

INFERRED 
TEMPERATURE 
DROP ACROSS 

- 

INTER-SHEATH 
- “GAP“ 

Thermocouple assumed to measure 
point temperature somewhere 
within uniform outer sheath with 
indefinite inner boundary. 

Thermocouple assumed to measure 
temperature a t  fixed point within 
rod sheath. Difference between 
measured thermocouple temperature 
and that calculated to exist in 
homogeneous sheath attributed 
to inter-sheath contact coefficient. 

Fig. 1.3 .  Methods of modeling steady state performance of sheath 
thermocouples. 

Table 1.2. Observed external thermocouple equivalent position and 
gap coefficienta - Watlow rod 150-74 

Inferred gap heat t ransfer  

Btu hr-I ft-2 ( OF)-’ 
Equivalent distance from 

outer w a l l  ( m i l s )  Thermocouple coeff icienta 

A 1  67.8 2040 
A2 58.2 2610 
B1 58.7 2580 
.B2 58.0 2630 

D1 49.4 3460 

c1 56.6 2740. 
c2 46.1 3920 

D2 41.2 4860 
El 69.2 1970 

%hermocouple assumed t o  measure undisturbed sheath temperature 
a t  a radius of 0.192 i n .  (19 m i l s  from outer surface).  
t o  ex is t  between inner and outer sheaths a t  a radius of 0.201 i n .  (10 
m i l s  from outer surface).  

Gap is assumed 
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thermal search f o r  l o c a t i n g  thermocouples. These hea te r s  are ava i l ab le  

for use as replacement hea te r s  as needed. 

Except for t h e  method of i n s t a l l i n g  thermocouples i n  t h e  hea te r  

sheath (and possibly t h e  u t i l i z a t i o n  of a s i n g l e  sheath r a t h e r  t han  a 

dual-sheath design),  bundle No. 2 hea te r s  w i l l  be geometrically similar 

t o  t h e  hea te r s  f o r  bundle No. 1. The tubu la r  heat ing element ma te r i a l  . 

( th ree  s i z e s )  and t h e  boron n i t r i d e  powder (UCAR type TS-945) are on hand. 

The 0.020-in.-OD sheathed type K thermocouples a r e  on order  from Kaman 

Sciences Corporation. Procurement of t h e  hea te r  sheath m a t e r i a l  and t h e  

hea te r s  themselves a w a i t  t h e  f i n a l i z a t i o n  of t h e  thermocouple i n s t a l l a t i o n  

technique. 

Negotiations a r e  underway for procurement of hea te r s  of a l t e r n a t e  

designs, including a hea te r  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  hea te r s  RAMA is  

f a b r i c a t i n g  for t h e  Aerojet Nuclear Corporation Semiscale program. Also 

t o  be procured a r e  prototype heaters  using a l t e r n a t e  hea te r  element designs.  

This a c t i v i t y  has a l s o  been delayed pending r ev i s ion  or f i n a l i z a t i o n  of 

t h e  thermocouple i n s t a l l a t i o n  technique. The p o s s i b i l i t y  of t h i s  revised 

i n s t a l l a t i o n  technique, allowing f o r  a l a r g e r  diameter thermocouple (0.025 

t o  O.O3O-in.-OD), i s  a l s o  under considerat ion.  

1 .2  EXPERDENTAL PLANS AND EVALUATIONS 
3c 

R .  F .  Bennett and N .  E .  Clapp 

1 . 2 . 1  RELAP4 Calculat ions of THTF Isothermal Blowdowns 

I n  preparat ion for t h e  THTF isothermal blowdown t e s t s ,  s e v e r a l  

blowdown configurat ions have been modeled with RELAP4. P res su r i ze r  

l i n e  r e s i s t ance ,  t o t a l  break a rea ,  and break a r e a  d i s t r i b u t i o n  have 

been va r i ed .  A base s e t  of loop conditions has been chosen t h a t  should 

be used during t h e  isothermal t e s t s .  

Calculat ion parameters are summarized i n  Table 1.3, and loop 

s t eady- s t a t e  conditions a r e  given i n  F ig .  1 . 4 .  

* 
Instrumentation and Controls Division. 

c 
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Table 1.3. THTF isothermal  blowdown condi t ions 

4 

Steady s t a t e  

Loop temperature 

Pres su r  es 

Test s ec t  ion 

Pressur izer  

Flows 

Loop 

550°F 

2250 p s i a  

2198 p s i a  

423 gpm (44.11 lb / sec )  

Main heat  exchangers 

Total  pump TOO gpm a t  1940 f't (631 p s i )  

80 gpm/heat exchanger 

Loop flow re s i s t ances  

No o r i f i c e s  i n  c i r c u l a t i n g  port ions of loop 

@P Flow a rea  

FCV-1 152 p s i  0.0079 f t2  
- Valve 

HCB-2 478 0.0106 

HW-32 40 0.0092 

FCV-18 98 0.0135 

TCV-52, 54, 56 30 0.0146 t o t a l  

Blowdown parameters 

Tota l  break Frac t ion  i n l e t  from loop during during 

0.0135 1.0 Yes O f f  

0.0135 1.0 N o  O f f  

0.0034 1.0 Yes O f f  

P ressur izer  i s o l a t e d  

a rea  break b lowdown blowdown 

0.0250 1.0 

0.0135 0.5 

0.0135 0.3 

Yes 

Yes 

Yes 

O f f  

Off 

O f f  
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Influence of p re s su r i ze r  l i n e  r e s i s t a n c e  

For isothermal operation with 500°F, 2250 p s i a  c i r c u l a t i n g  f l u i d ,  

s a t u r a t i o n  pressure is  -1100 ps ia ,  we l l  below t h e  p re s su r i ze r  condition. 

If t h e  p re s su r i ze r  is e f f ec t ive ly  i s o l a t e d  from t h e  loop during blowdown, 

pressures w i l l  drop t o  s a t u r a t i o n  almost immediately at blowdown. If t h e  

p re s su r i ze r  is  allowed f r e e  communication with t h e  loop, t h e  i n i t i a l  

pressure t r a n s i e n t  w i l l  be rapid but  not abrupt (except f o r  short-term 

wave e f f e c t s ) .  I n  t h i s  instance,  t h e  p re s su r i ze r  i s  a source of higher 

enthalpy f l u i d ,  e l eva t ing  t h e  l o c a l  s a t u r a t i o n  pressure i n  t h e  v i c i n i t y  

of t h e  p re s su r i ze r  o u t l e t .  During t h e  f irst  seve ra l  seconds, t h e  loop 

pressure decay is  pr imari ly  control led by f l u i d  expansion i n  t h e  p re s su r i ze r .  

A s  pressure approaches loop s a t u r a t i o n  condi t ions,  f l u i d  mixed with t h e  

p re s su r i ze r  flow w i l l  f l a s h  f i r s t ,  followed by t h e  unmixed loop water. 

The p res su r i ze r  influence on blowdown is determined by t h e  r a t i o  of 

p re s su r i ze r  l i n e  r e s i s t a n c e  t o  break r e s i s t ance ,  i . e . ,  t h e  r a t i o  of pres-  

s u r i z e r  l i n e  o r i f i c e  a rea  t o  t o t a l  break a rea .  

a given o r i f i c e  may e f f e c t i v e l y  i s o l a t e  t h e  p re s su r i ze r  from t h e  loop, 

while during a slow blowdown t h e  same o r i f i c e  may allow t h e  p re s su r i ze r  

t o  con t ro l  t h e  pressure decay. 

During a r ap id  blowdown, 

Figure 1 . 5  demonstrates t h e  influence of p re s su r i ze r  l i n e  r e s i s t a n c e  

on a given blowdown configurat ion.  

o r i f i c e ,  pressure drops abrupt ly  t o  s a t u r a t i o n ;  with no o r i f i c e  i n  t h e  

l i n e ,  t h e  pressure requires  -2 see  t o  reach s a t u r a t i o n  conditions near t h e  

p re s su r i ze r  o u t l e t .  

With t h e  p re s su r i ze r  i s o l a t e d  by an 

The slower pressure t r a n s i e n t  obtained with no r e s t r i c t i o n  i n  t h e  

p re s su r i ze r  l i n e  delays f l u i d  f l a sh ing  near t h e  t e s t  sect ion,  r e s u l t i n g  

i n  a f a i r l y  constant dens i ty  over -4 see  followed by a rapid drop as 

l o c a l  s a t u r a t i o n  occurs (see Fig.  1 . 6 ) .  With a high r e s i s t a n c e  i n  t h e  

p re s su r i ze r  l i n e ,  dens i ty  begins t o  drop immediately upon blowdown, 

con t ro l l ed  pr imari ly  by t h e  f l u i d  expansion allowed by t h e  break flow. 

P res su r i ze r  influence on t e s t  s ec t ion  flows i s  s t rong  (compare Figs.  

1 . 7  and 1.8). 
o u t l e t  hovers about zero f o r  t h e  f irst  5 sec,  while f l u i d  i n  t h e  t e s t  

s ec t ion ,  downcomer, and i n l e t  piping f l a shes  and flows t o  t h e  i n l e t  break. 

With t h e  p re s su r i ze r  i s o l a t e d ,  flow a t  t h e  t e s t  s ec t ion  
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Fig.' 1 .5 .  E f fec t  of  l imi t ing  cases of pres- 
sur izer  l i n e  r e s i s t a n c e  on ca lcu la ted  THTF iso-  
thermal blowdown pressure  t r a n s i e n t .  
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With no r e s i s t a n c e  i n  t h e  p re s su r i ze r  l i n e ,  t h e  r e l a t i v e l y  cold loop 

f l u i d  does not f l a s h  f o r  -4 see ,  and flow from t h e  p re s su r i ze r  and nearby 

piping, through t h e  o u t l e t  l i n e  and t e s t  s e c t i o n  t o  t h e  i n l e t  break, 

dominates t h e  t e s t  s e c t i o n  flows. 

The ca l cu la t ed  pressure t r a c e  is  a funct ion of t h e  loop modeling near 

t h e  p re s su r i ze r  o u t l e t .  I n  t h e  ca l cu la t ion ,  p re s su r i ze r  water mixes i n t i -  

mately w i t h  t h e  water i n  piping volume 5 (see F ig .  1 . 4 ) ;  i n  r e a l i t y ,  it 

w i l l  proceed as a wave and f l a s h  throughout t h e  e a r l y  decompression. Thus, 

one would expect t h e  experimental pressure t r a c e  t o  exh ib i t  a more gradual 

t r a n s i t i o n  toward t h e  f l a s h i n g  of loop f l u i d  than t h e  c a l c u l a t i o n  p r e d i c t s .  

With t h e  p re s su r i ze r  i so l a t ed ,  however, t h e  c a l c u l a t i o n  and experiment 

should agree we l l .  

For t h e  above reason, t h e  remaining comparisons a r e  with t h e  pres-  

I n  p r a c t i c e ,  t h i s  would b e  s u r i z e r  e f f e c t i v e l y  i s o l a t e d  from t h e  loop. 

accomplished with a s m a l l  bore o r i f i c e  i n  t h e  p re s su r i ze r  l i n e ,  s i zed  t o  

accommodate t h e  gradual f l u i d  expansion during heatup. This presents  no 

undue hazards during isothermal operat ion.  During powered operation, 

short-term imbalances between t h e  heat  exchangers and t h e  rod bundle from 

rap id  power t r a n s i e n t s  (inadvertent or otherwise) may r equ i r e  momentary 

l a r g e  flows t o  o r  from t h e  p re s su r i ze r  t o  a s su re  s t a b l e  loop pressure.  

If the  p re s su r i ze r  i s  t o  b e  i s o l a t e d  during blowdown, i t s  response during 

powered s t a r t u p  may be inadequate t o  a s su re  s a f e  loop operat ion.  Hence, 

with t h e  present loop design, t h e  p re s su r i ze r  should be allowed t o  communi- 

c a t e  f r e e l y  with t h e  loop during powered runs .  

Break a r e a  

Blowdowns with t h r e e  d i f f e r e n t  break areas were ca l cu la t ed .  I n  a l l  

cases,  t h e  break w a s  a t  t h e  t e s t  s e c t i o n  i n l e t  and t h e  p re s su r i ze r  w a s  

e f f e c t i v e l y  i s o l a t e d  from t h e  loop during blowdown. 

Figure 1 . 9  compares pressure t r a n s i e n t s .  The middle break area 

(0.0135 f t 2 )  is  expected t o  y i e l d  a pressure t r a n s i e n t  i n  powered THTF 

blowdowns similar t o  t h a t  ca l cu la t ed  f o r  a PWR. The l a r g e s t  break area 

(0.025 f t 2 )  induces a r ap id  blowdown; loop pressure is  less than 50 p s i  

i n  20 see .  With t h e  smallest break a r e a  (0.0034 f t 2 ) ,  pressure remains 

almost constant during t h e  ca l cu la t ed  t r a n s i e n t .  
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100% INLET BREAK 

0.0034 ft2 
-__5__ 
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0 4 8 12 16 20 

TIME (sed  

Fig. 1 .9 .  E f fec t  of break a r e a  on calculated THTF pressure t r a n s i e n t  
during isothermal blowdown. 

The influence of break a r e a  on t e s t  s e c t i o n  flows is  i n s t r u c t i v e  (see 

F igs .  1.10 and 1.11). 

i n  t h e  0.0034-ft2 run, and flow remains p o s i t i v e  during blowdown. The 

l a r g e r  breaks exh ib i t  immediate flow reve r sa l s ,  and t e s t  s e c t i o n  flows 

general ly  remain negative throughout blowdown. The l a r g e s t  break a r e a  

shows the  g r e a t e s t  negative flows during t h e  f irst  12 see ,  but  flows 

r ap id ly  approach zero beyond t h i s  point as loop f l u i d  is depleted.  

Pump flow i s  more than adequate t o  supply break flow 
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Note t h a t  i n  a l l  cases flows a t  t h e  t e s t  s e c t i o n  o u t l e t  a r e  r e l a t i v e l y  

pos i t i ve  and flows a t  t h e  i n l e t  a r e  r e l a t i v e l y  negative, due t o  f l a sh ing  of 

f l u i d  i n  t h e  t e s t  s ec t ion  and downcomer volumes. 

STEADY STATE 44.1 1 -------------_--_I 

Break a rea  d i s t r i b u t i o n  

To a first  approximation, t o t a l  break a r e a  determines t h e  pressure 

t r a n s i e n t ,  and break a r e a  d i s t r i b u t i o n  determines t h e  t e s t  s ec t ion  flow 

t r a n s i e n t  ( see  F i g s .  1.12 and 1 .13) .  Increasing o u t l e t  break a r e a  pro- 

motes p o s i t i v e  flow through t h e  t e s t  s ec t ion  during blowdown and delays 

flow r e v e r s a l .  

-80 

-120 

ORNL-DWG 75-4194 
160 I I 1 1 I 1 

- - 

1 I I 1 

1 2 0 1  

FROM 55OoF, 2250 psia 
PRESSURIZER ISOLATED 
FROM LOOP 
PUMP OFF AT BLOWDOWN 

AREA 
0.0135-ft2 TOTAL BREAK 

Fig .  1.12. Variat ion of t e s t  s e c t i o n  i n l e t  flow with break area 
d i s t r i b u t i o n  i n  a calculated TXCF isothermal blowdown. 
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Fig .  1.13. Variat ion of t e s t  s e c t i o n  o u t l e t  flow with break a rea  
d i s t r i b u t i o n  i n  a ca l cu la t ed  THTF isothermal blowdown. 

Summary 

Resistance i n  t h e  p re s su r i ze r  l i n e  has been shown t o  be a major f a c t o r  

i n  determining t r a n s i e n t  flows and pressures .  

ably communicate f r e e l y  with t h e  loop i n  powered runs t o  a s su re  s a f e  

s t eady- s t a t e  operation; hence, t h e  flow r e s i s t a n c e  i n  t h i s  l i n e  w i l l  not 

be var ied t o  ad jus t  powered blowdown t r a n s i e n t s ,  at l e a s t  i n i t i a l l y .  

Variat ions i n  t o t a l  break a r e a  and break d i s t r i b u t i o n  appear t o  a f f o r d  a 

wide v a r i e t y  of flow and pressure t r a n s i e n t s .  

The p res su r i ze r  w i l l  prob- 
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All ca lcu la t ed  flows must be examined q u a l i t a t i v e l y ,  as they a r e  

subject  t o  model s t r u c t u r e  as we l l  as u n c e r t a i n t i e s  i n  t h e  FG3LAP program. 

Weaknesses i n  t h e  model a r e  apparent.  For example, t h e  dummy t e s t  s ec t ion  

and downcomer have been modeled i n  homogeneous flows, an obviously poor 

assumption a t  low flow r a t e s .  The incorporation of phase sepa ra t ion  i n  

t h i s  region i s  approximate a t  b e s t ,  and a guess may o f f e r  no g r e a t e r  

accuracy i n  flow p red ic t ion  over t h e  homogeneous model during t h e  20 see 

ca l cu la t ed .  

1 .2 .2  Data Processing Codes 

Two codes have been wr i t t en  and debugged f o r  processing the  seven- 

t r a c k  binary da t a  t a p e  w r i t t e n  by t h e  PDP-8E computer. 

i s  used t o  convert t h e  seven-track b inary  da t a  t a p e  t o  a nine- t rack IBM 
t a p e  t h a t  contains appropriate  m i l l i v o l t  values f o r  t h e  recorded da ta .  

The second code converts t h e  m i l l i v o l t  values obtained by t h e  f i r s t  code 

i n t o  t h e  appropriate  engineering u n i t  values and wri tes  t h i s  information 

on e i t h e r  a nine- t rack IBM t a p e  or an IBM d i s k  f i l e .  

The f i r s t  code 

1 .2 .3  Data Analysis Codes 

Three codes have been w r i t t e n  and debugged f o r  use i n  t h e  ana lys i s  of 

t h e  da t a  generated by THTF. The f i r s t  code is  a p l o t t i n g  rou t ine  t h a t  

reads t h e  engineering u n i t  da t a  and produces t h e  desired number of p l o t s  

with up t o  four  va r i ab le s  with respect  t o  time on each p l o t  using t h e  

Cathode-Ray Tube (CRT) p l o t t e r  ava i l ab le  a t  t h e  computing cen te r .  The 

second code, used f o r  s t eady- s t a t e  data, ca l cu la t e s  and outputs t he  

average value and t h e  standard deviat ion f o r  each s i g n a l  monitored by 

t h e  da t a  system. The t h i r d  code is used t o  determine t h e  time t o  CHF 

using hea te r  rod sheath thermocouple da t a  obtained d w i n g  a blowdown 

t e s t .  
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1.3 MULTIROD TRANSBNT AND BDHT EXPERIMENTS 
* 

B .  G.  Eads, R .  E .  Helms, A .  M .  Smith 

1 .3 .1  THTF Instrument a t  ion 
* * * 

B. G .  Eads,  c .  * Brashear, 8 .  G .  Davig, 
J .  A .  Hawk, R .  L .  Moore, W .  Ragm 

I n s t a l l a t i o n  and v e r i f i c a t i o n  of instrumentation required f o r  loop 

shakedown and isothermal blowdown operations were completed and an i so -  

thermal blowdown w a s  performed on February 21, 1975. The major areas  

where design and i n s t a l l a t i o n  remain incomplete a r e :  

1. bundle overtemperature p ro tec t ion  system, 

2 .  de generator power programmer, 

3. t e s t  s e c t i o n  data sensors i n s t a l l a t i o n ,  and 

4.  
I n s t a l l a t i o n  of instrumentation required for powered bundle operat ion 

generator and hea te r  rod current  and vol tage s i g n a l  system. 

is continuing, with v e r i f i c a t i o n  of t h i s  instrumentation being made as it 

is i n s t a l l e d .  

Blowdown rupture  d i s k  system 

I n s t a l l a t i o n  is complete f o r  t h a t  po r t ion  of t h e  blowdown rupture  d i s k  

system required f o r  single-ended blowdown operat ion.  A l l  materials a r e  on 

hand t o  complete t h e  e n t i r e  system t o  permit double-ended blowdowns. 

Data a c q u i s i t i o n  systems 

An on- s i t e  t r a i n i n g  course on t h e  use and maintenance of t h e  two 

14-track t a p e  recorders  was conducted by a manufacturer's r ep resen ta t ive .  

These two recorders  a r e  now being c a l i b r a t e d  and w i l l  be used f o r  recording 

fast t r a n s i e n t  data i n  t h e  next isothermal blowdown. 

Approximately 100 data s i g n a l s  have been connected t o  t h e  CCDAS ( t o t a l  

capaci ty  a t  present i s  384 channels) .  

i t s e l f  w a s  performed previously.  A p rec i s ion  c a l i b r a t i o n  of t h i s  system 

A "rough" c a l i b r a t i o n  of t h e  CCDAS 
4 

b * 
Instrumentation and Controls Division. 
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i s  now underway and w i l l  be completed p r i o r  t o  t h e  next isothermal blow- 

down. Also v e r i f i c a t i o n  on each channel from sensor t o  CCDAS is  nearing 

completion. The remaining 284 channels not ye t  connected are associated 

with powered bundle operation, and i n s t a l l a t i o n  of much of t h i s  instrumen- 

t a t  ion is not complete. 

The de power system programmer 

Two types of function-generation programmers a r e  now under consider- 

a t i o n  - t h e  programmable read-only memory (PROM) type system mentioned i n  

l as t  q u a r t e r ' s  report  and a commercially ava i l ab le  "Digital  Datatrak" 

system. 

dependent voltage,  which w i l l  be  t h e  demand s i g n a l  f o r  t h e  regulators  f o r  

t h e  four  dc generators .  

E i the r  of t h e s e  systems w i l l  generate a predetermined time- 

I n  t h e  PROM system t h e  desired funct ion is s tored i n  d i g i t a l  form i n  

a read-only memory. On r ece ip t  of a "S ta r t "  s igna l ,  clock pulses w i l l  be 

input t o  t h e  PROM at predetermined r a t e s  and t h e  s to red  information w i l l  

be  t ransmit ted i n  p a r a l l e l  d i g i t a l  form t o  a digi ta l - to-analog converter.  

This s i g n a l  i s  conditioned and amplified and is  t h e  input f o r  t h e  four  

r egu la to r  systems. 

The "Dig i t a l  Datatrak" system uses a punched paper t ape  f o r  program 

information s to rage .  D i g i t a l  data  on t h i s  t a p e  a r e  read i n t o  t h e  system 

and used t o  con t ro l  t h e  s e t t i n g  of fou r  d i g i t a l  potentiometers t h a t  pro- 

vide t h e  programmed s i g n a l  t o  the  r egu la to r s .  

F i r s t  isothermal blowdown 

An isothermal blowdown t e s t  a t  approximately 1000 ps ig  and 450°F w a s  

conducted on February 21, 1975. All postoperat ional  checkouts of i n s t r u -  

mentation conducted thus far ind ica t e  t h a t  a l l  process instrumentation and 

con t ro l s  performed s a t i s f a c t o r i l y  and were not  damaged by t h e  blowdown 

t r a n s i e n t .  Test ing of da t a  instrumentation t o  determine any changes i n  

c a l i b r a t i o n  or damage is  not complete. The two analog t a p e  recorder 

systems were not operat ional  f o r  t h i s  t e s t ;  t he re fo re ,  no fast t r a n s i e n t  

da t a  were obtained. 

f o r e  only portions of i t s  da ta  s i g n a l s  were logged during t h i s  t e s t .  

The CCDAS v e r i f i c a t i o n  has not been completed; t he re -  
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The t u r b i n e  meters and drag disks  were funct ional ,  and t h e i r  s i g n a l s  

were recorded during t h e  t e s t .  The gamma densitometers were not ope ra t iona l  

during t h e  t e s t ;  t he re fo re ,  t r a n s i e n t  two-phase flow d a t a  may not be obtain-  

ab le  f o r  t h i s  t e s t .  

The dc generator s t e p  response t e s t s  

Programming of t h e  THTF hea te r  rod bundle power during blowdown can 

be accomplished by several means. 

one t h a t  w i l l  be  used on t h e  f i rs t  heated blowdown) is  t o  t r i p  t h e  gener- 

a t o r  load breaker .  This w i l l  produce a s t e p  change t o  zero power i n  a few 

mill iseconds.  Tripping t h e  generator f i e l d  breaker w i l l  produce an expo- 

n e n t i a l  vol tage decay t o  zero vol tage with a 4-see time constant .  

power v a r i e s  as t h e  square of t h e  vol tage,  t h e  power w i l l  decay at a much 

f a s t e r  rate than t h e  vol tage.  Provisions are made i n  t h e  con t ro l  c i r c u i t  

f o r  delay of t h e  t r i p  f o r  p re se t  times beyond s tar t  of blowdown. 

The simplest  and f a s t e s t  means (and t h e  

Since 

Decays t o  power l e v e l s  other  than zero can be obtained by app l i ca t ion  

of a programmed demand s i g n a l  t o  t h e  input of t h e  e x i s t i n g  r egu la to r  c i r -  

c u i t ,  provided t h a t  t h e  r egu la to r  response and s t a b i l i t y  a r e  adequate. 

From ana lys i s  of t h e  r egu la to r  system and p r i o r  observation of performance 

during Rod Burnout T e s t  F a c i l i t y  operations,  it w a s  predicted t h a t  t h e  

r egu la to r  system should respond t o  a 9% downstep from f u l l  power i n  less 

than 2 see  and recover s t a b l y .  To confirm t h e s e  predict ions,  tes ts  were 

performed using t h e  se tup  shown i n  F ig .  1.14. For t h e s e  t e s t s ,  t h e  gener- 

a t o r  w a s  1oad.ed with a 0.625-sd, water-cooled r e s i s t o r  t o  produce a 400-A 

load cu r ren t .  To produce t h e  s t e p ,  a r e s i s t o r  was in se r t ed  between t h e  

e x i s t i n g  demand potentiometer and t h e  e x i s t i n g  200K demand input r e s i s t o r .  

Shorting and unshorting t h i s  r e s i s t o r  has t h e  same e f f e c t  as making posi-  

t i v e  and negative s t e p s  i n  t h e  demand vol tage.  

were made from various i n i t i a l  generator vol tages  between 50 and 250 V and 

with s t e p  magnitudes varying from 1 t o  75% of t h e  i n i t i a l  vo l t ages .  

1 . 1 5  shows t y p i c a l  small s i g n a l  response t o  1, 2.5,  and 5% s t e p  changes a t  

250 V.  I n  

a l l  cases,  t h e  l a r g e  s i g n a l  response was l e s s  than 1.5 see  and was propor- 

t i o n a l  t o  t h e  magnitude of t h e  s t e p .  The small s i g n a l  response was l e s s  

than 0.75 see  i n  a l l  cases .  

A number of s t e p  changes 

Figure 

Figure 1.16 shows a t y p i c a l  75% s t e p  change from and t o  250 V .  

The shape of a l l  l a r g e  s i g n a l  response curves 
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Fig .  1 .14.  Test s e tup  f o r  determining r egu la to r  s t e p  response of 
THTF de generator.  

w a s  t h e  same except f o r  t h e  length of t h e  l i n e a r  port ion of t h e  curve and 

t h e  amount of overshoot. I n  these  cases,  t h e  s lope of t h e  l i n e a r  port ion 

w a s  always approximately 145 V/sec and t h e  amount of overshoot w a s  propor- 

t i o n a t e  t o  t h e  magnitude of t h e  s t e p  change. These c h a r a c t e r i s t i c s ,  which 

a r e  not present i n  t h e  small s i g n a l  response curves, are t h e  r e s u l t  of t h e  

amplif ier  output being quickly driven t o  i t s  l i m i t s  by t h e  l a r g e  s t e p  input 

vol tage and remaining t h e r e  u n t i l  t h e  system recovers.  

" f i e l d  forcing" a c t i o n  v i a  t h e  amplidyne, which r e s u l t s  i n  a voltage decay 

r a t e  considerably f a s t e r  than t h a t  corresponding t o  t h e  &-see generator 

f i e l d  time constant .  

This causes a 

The overshoot i s  t h e  r e s u l t  of t h e  i n t e g r a l  ( r e s e t )  
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Fig .  1.15. Response of THTF dc generators t o  a s t e p  change i n  
demand. Small s i g n a l  - 1, 2.5, and 5% s t eps ,  0.625 Sdload. 

a c t i o n  of t h e  ampl i f i e r ,  which produces a time i n t e g r a l  s h i f t  i n  t h e  

e f f e c t i v e  demand s e t  point  during t h e  period when t h e  ampl i f i e r  i s  over- 

dr iven.  The overshoot recovery time corresponds t o  t h e  r e s e t  rate of t h e  

closed loop r egu la to r  system. 

Although t h e  generators were not f u l l y  loaded during t h e s e  t e s t s ,  a l l  

port ions of t h e  r egu la to r  system ex te rna l  t o  t h e  generator were fully exer- 

c i sed ,  and it is expected t h a t  f u r t h e r  t es t s  w i l l  show t h a t  t h e  response 

and s t a b i l i t y  w i l l  not b e  appreciably a f f ec t ed  by higher load cu r ren t s .  

4 
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The t e s t  r e s u l t s  i nd ica t e  t h a t  t h e  response of t h e  e x i s t i n g  r egu la to r  

i s  fast  enough t o  permit i t s  use for decay heat programming. A c i r c u i t  

similar t o  t h a t  used f o r  t h e  s t e p  response t e s t s  w i l l  be  used t o  ob ta in  

s t e p  setback a c t i o n  and t o  program s t e p  decays between two p rese t  power 

l e v e l s  during blowdown i n  those  cases where t h e  overshoot i s  t o l e r a b l e .  

Simple exponential  decays can be obtained by add i t ion  of a capac i to r  across  

t h e  r e s i s t o r  t o  ob ta in  t h e  s t e p  ac t ion .  More complex exponentials can be 

obtained by f u r t h e r  add i t ion  of r e s i s t a n c e  capac i to r  networks i n  s e r i e s  

with t h i s  r e s i s t o r .  

A function-generating type programmer w i l l  be used where decay char- 

a c t e r i s t i c s  other  t han  simple s t e p  or exponential  a r e  required and/or 

where t h e  overshoot i s  excessive.  This programmer w i l l  r ep l ace  t h e  manu- 

a l l y  adjusted potentiometer p re sen t ly  used t o  develop t h e  demand vo l t age .  

1 .3 .2  Test Bundle Assembly 

A .  M.  Smith 

Assembly of t h e  t e s t  bundle w a s  completed, and t h e  u n i t  w a s  placed 

i n  s to rage  u n t i l  it is required i n  t h e  t e s t  f a c i l i t y .  

The scratches which occurred along t h e  l eng th  of t h e  hea te r s  i n s t a l l e d  

during a t r i a l  assembly were reviewed and discussed with t h e  manufacturer 

of t h e  g r i d s .  

spacer tabs i n  each of t h e  13-grid p l a t e s  w a s  increased t o  reduce t h e  

b u i l t - i n  in t e r f e rence  between t h e  spacer tabs and t h e  hea te r  diameter.  ' 

Using a s p e c i a l  hardened s t e e l  t o o l ,  t h e  vendor 's  r ep resen ta t ive  increased 

t h e  dimension between t h e  t a b s  from 0.440 t o  0.442 i n .  and reduced t h e  

diametr ical  i n t e r f e rence  t o  0.002 i n .  This change i n  t h e  spacer  tab 

dimension did not e l iminate  t h e  scratching but  did reduce t h e  depth t o  

between 0.001 and 0.002 i n .  The scratches occurred as t h e  hea te r s  were 

Based on h i s  recommendations, t h e  dimension between t h e  

drawn through each g r i d  p l a t e ;  t he re fo re ,  as shown i n  F ig .  1.17, t h e  

scratches a f t e r  t h e  rods passed through t h e  f i r s t  g r i d  p l a t e  were minor. 

Although every e f f o r t  w a s  made t o  keep t h e  heaters  abso lu t e ly  s t r a i g h t  as 

they were pul led through t h e  g r ids ,  a closeup of a po r t ion  of t h e  rods 
between t h e  lower two g r i d  p l a t e s  showed s e v e r a l  s epa ra t e  s c ra t ches  along 

t h e  heaters ,  i nd ica t ing  some r o t a t i o n  during a x i a l  t rave l .  Figure 1.18 
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shows an o v e r a l l  view of t h e  hea te r s  i n  t h e  area between t h e  two g r i d  

plates a t  t h e  lower end of t h e  bundle assembly. 

a r e  apparent.  

The r e s u l t a n t  scratches 

During assembly of t h e  t e s t  bundles, measurements were taken on t h e  

fo rce  necessary t o  p u l l  t h e  hea te r s  through t h e  g r i d  p l a t e s .  

i n se r t ed  through t h e  spool piece and t h e  f irst  two g r i d  spacers by hand. 

A cable and p u l l i n g  attachment connected t o  a hand winch was then connected 

t o  t h e  bottom of t h e  hea ter ,  and t h e  hea te r  w a s  slowly pul led through t h e  

remaining g r i d  spacers .  During t h i s  operation, t h e  heater  sheath and g r i d  

spacers were lub r i ca t ed  with a mixture of d i s t i l l e d  water and g lyce r ine .  

The fo rce  necessary t o  p u l l  t h e  heaters  w a s  read from a sp r ing  s c a l e  

a t tached t o  t h e  winch. Figure 1.19 shows t h e  shroud box, g r i d  spacers,  

and winch attachment used t o  p u l l  t h e  hea te r s .  Measurements var ied from 

20 l b  fo rce  for movement through g r i d  spacers one thr'ough four  t o  a max- 

imum of 140 l b  as t h e  heaters  were moved through a l l  1-3 g r i d  spacers .  

t h e  heaters  were pul led f u r t h e r ,  t h e  oversleeve on t h e  heaters  contacted 

t h e  O-rings i n  t h e  s e a l  p l a t e s  a t  t h e  upper end of t h e  spool piece and 

t h e  readings noted increased t o  a maximum of 185 l b .  

procedure, t h e  s e a l  p l a t e s ,  located on t h e  t o p  and bottom of t h e  top  f lange ,  

were separated from t h e  f lange t o  provide a means of checking f o r  O-ring 

d i s loca t ions  as t h e  hea te r s  were i n s t a l l e d .  Figure 1 .20  shows t h e  upper 

s e a l  p l a t e  and flange arrangement with nine heaters  i n s t a l l e d .  

Heaters were 

A s  

During t h i s  assembly 

After  a l l  hea te r s  were i n s t a l l e d  i n  t h e  assembly, t h e  O-ring s e a l  

p l a t e s  were moved along t h e  hea te r s  and bo l t ed  t o  t h e  t o p  f lange .  

l i n e  w a s  then connected t o  t h e  upper f lange ,  and t h e  chamfer between t h e  

s e a l  p l a t e s  w a s  pressurized t o  between 1000 and 1100 p s i g  t o  check f o r  s e a l  

leakage. 

standard cc/hr.  Following t h i s  t e s t ,  t h e  t o p  f lange and hea te r  rods were 

reposi t ioned i n  t h e  assembly, and t h e  t o p  f lange w a s  bo l t ed  t o  t h e  f lange 

on t h e  spool p iece .  The assembly w a s  then subjected t o  a second 1000-psig 

pressure decay t e s t  t o  check s e a l  leakage across  t h e  O-rings. 

leakage was of t h e  order of 2 standard cc /hr .  

A water 

Pressure decay t e s t s  showed t h e  l eak  r a t e  t o  be l e s s  than 2 

Again t h e  

The heater  rods in s ide  t h e  shroud box and spool piece assembly were 

then cleaned using d i s t i l l e d  water and alcohol  t o  remove remaining t r a c e s  

of t h e  glycer ine used t o  l u b r i c a t e  t h e  hea te r s  during assembly. The 
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shroud box cover w a s  then i n s t a l l e d  as shown i n  F ig .  1.21. Spacers were 

a l s o  in se r t ed  between t h e  hea te r  rods extending beyond t h e  end of t h e  

shroud box t o  help maintain t h e  desired alignment and assist i n  t h e  assembly 

i n t o  t h e  e l e c t r i c a l  connector p l a t e  during t h e  bundle i n s e r t i o n  i n  t h e  t e s t  

f a c i l i t y .  

A t  t h e  upper end of t h e  bundle assembly, t he  thermocouples i n  the  

individual  hea te r s  were separated i n t o  groups, t he  con t inu i ty  rechecked, 

and s e v e r a l  groups of thermocouples wrapped together  t o  a i d  i n  t h e  assembly. 

Figure 1.22 shows t h e  thermocouples coming from t h e  cen te r  of t h e  heaters  

a f t e r  they were checked and wrapped. 

t h e  sheath of t h e  heaters ,  a r e  a l s o  shown inse r t ed  i n  t h e  instrument duct 

bo l t ed  t o  t h e  t o p  f lange assembly. A l i s t  of t h e  usable thermocouples i n  

Pa r t  of t h e  thermocouples, located i n  

each heater  and t h e  loca t ion  i n  t h e  t e s t  bundle is  shown i n  F ig .  1.23. 

A s  can be seen, t h e  majori ty  of t h e  unusable thermocouples a r e  ones ex- 

tending from t h e  cen te r  of t h e  heaters ,  which were found t o  be open when 

t h e  hea te r s  were received from t h e  vendor. 

Upon completion of t h e  thermocouple check, t h e  e n t i r e  t e s t  bundle 

assembly w a s  covered as shown i n  F ig .  1 .24  and t h e  u n i t  put i n  s torage 

u n t i l  it i s  needed. 

1 . 4  TWO-PHASE FLOW INSTRUMENTATION STUDIES 

J .  D .  Sheppard 

1 . 4 . 1  Densitometer Operation 

One of t h e  THTF gamma densitometers has been i n s t a l l e d  on t h e  

instrumented spool piece i n  t h e  air-water c a l i b r a t i o n  loop. The densi-  

tometer i s  a s i n g l e  beam instrument employing a 25-Ci 137Cs source and is  

located at t h e  cen te r  of t h e  spool piece -1 f t  from both t h e  tu rb ine  

meter and drag d i s k .  

Figure 1.25 shows some measurements of apparent densi ty ,  p as a a’ 
funct ion of s u p e r f i c i a l  a i r  v e l o c i t y  i n  t h e  spool piece f o r  two d i f f e r e n t  

water flow r a t e s :  

The two-phase flow was downwaru tnrough t h e  spool  piece and a G:-:,yrsing 

153 gpm (open c i r c l e s )  and 65 g p  (shaded c i r c l e s ) .  
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screen (one &mesh, 5-mil-wire screen between two 8-mesh, 62-mil-wire 

screens)  w a s  located a t  t h e  i n l e t  f lange of t h e  spool piece; t h e  drag 

d i s k  w a s  upstream of t h e  densitometer and t h e  t u r b i n e  meter w a s  downstream. 

The f i g u r e  shows t h a t  when t h e  water flow w a s  constant,  t h e  apparent den- 

s i t y  w a s  l i t t l e  a f f ec t ed  by a i r  flow r a t e s  from 2 t o  8 f p s  ( s u p e r f i c i a l  

v e l o c i t y ) .  

dens i ty  decreased with t h e  square roo t  of t h e  a i r  ve loc i ty ,  and t h e  f i g u r e  

suggests t h a t  t h e  dens i ty  may decrease more r a p i d l y  a t  a higher v e l o c i t y .  

However, f o r  a i r  v e l o c i t i e s  from 8 t o  64 fps ,  t h e  apparent 

Assuming t h e  flow of each phase i s  represented by a c h a r a c t e r i s t i c  

v e l o c i t y  (two-velocity model), t h e  con t inu i ty  r e l a t i o n s h i p  f o r  each phase 

is  

and 

where a is t h e  void f r a c t i o n  and subsc r ip t s  , A ,  and h i n d i  a t e  gas, l i q u i d ,  

* 

and homogeneous phases r e spec t ive ly .  Of course, when assuming homogeneous 

flow V 

d e f i n i t i o n  of apparent densi ty ,  

I 

and VAh are equal.  Combining t h e  con t inu i ty  equations with t h e  
gh 

t, 

Pa = a Pg + (1 - a )  pe ( 3 )  

gives  an expression f o r  t h e  s l i p  r a t i o  f o r  t h e  two-velocity model i n  terms 

of t h e  apparent dens i ty  and t h e  homogeneous condi t ion 

Figure 1 .25  a l s o  shows ca l cu la t ed  s l i p  r a t i o s  based on Eq. (4 ) ;  
homogeneous dens it i e s  were determined from t h e  known input flow r a t e s  of 

a i r  and water. 

A t  t h e  lower a i r  flows, when dens i ty  w a s  not s i g n i f i c a n t l y  a f f e c t e d  

by a i r  ve loc i ty ,  t h e  s l i p  r a t i o  was l e s s  than un i ty ;  t h i s  r e s u l t  suggests 

t h a t  t h e  two-velocity model does not adequately represent  t h e  two-phase 

flow. However, it is  notable  t h a t  over t h e  range of s u p e r f i c i a l  a i r  
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v e l o c i t i e s  (8 t o  64 f p s ) ,  t h e  s l i p  r a t i o  w a s  g r e a t e r  than uni ty;  and, a t  

a given a i r  ve loc i ty ,  t h e  s l i p  r a t i o  w a s  e s s e n t i a l l y  t h e  same f o r  both 

water flow r a t e s .  

The flow regime map of Govier and Aziz4 f o r  v e r t i c a l  pipe flow, F ig .  

1.26, shows t h a t  f o r  t h e  water flow r a t e s  of 65 and 1-53 gpm (2.2 and 5 . 1  
f p s  s u p e r f i c i a l  v e l o c i t y )  and s u p e r f i c i a l  a i r  v e l o c i t i e s  of 2 t o  8 fps ,  

flow i s  i n  t h e  s l u g  flow regime. A s  t h e  a i r  flow is increased at f ixed  

water flow, f r o t h  and annular m i s t  flows a r e  approached. 

nature  of s lug  flow, it is  not su rp r i s ing  t h a t  a simple two-velocity model 

i s  not adequate t o  descr ibe t h e  s l i p  r a t i o .  

Due t o  t h e  
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Fig .  1.26. Flow regime map of Govier and Aziz  (1972) showing range 
of current  experiments and app l i ca t ion  of Eq. (1) i n  t e x t .  
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Flow regime e f f e c t s  

The flow regime map has a l s o  been u s e f u l  i n  studying changes i n  t h e  

cha rac t e r  of instrument s i g n a l s .  For example, Fig.  1.27 shows t h e  recording 

of t h e  t u r b i n e  meter and drag d i s k  s igna l s  a t  an a i r  flow of 64 scfm (16 f p s  

s u p e r f i c i a l  v e l o c i t y ) .  The two phases were discharging downward through t h e  

spool piece,  and a flow d i spe r se r  ( th ree  10-mesh 25-mil-wire screens)  was 

located at t h e  upstream f lange of t h e  spool piece.  A s  t h e  water flow was 

decreased from 153 t o  88 gpm, the  amplitude of t h e  instrument s i g n a l  f l u c -  

t ua t ion ,  p a r t i c u l a r l y  t h a t  of t h e  tu rb ine  meter, increased s i g n i f i c a n t l y  

although t h e  mean s i g n a l  decreased. Further ,  a p e r i o d i c i t y  appeared i n  

t h e  t u r b i n e  meter s i g n a l  and p e r s i s t e d  as t h e  water flow w a s  decreased t o  

44 gprn (1 .5  f p s ) .  

t u r b i n e  meter reading probably r e f l e c t s  t h e  f a c t  t h a t  t h e  t u r b i n e  meter 

w a s  f a r t h e r  downstream from t h e  flow dispers ing screen than  was t h e  drag 

d i sk .  

That t h e  "beat phenomenon" was more d i s t i n c t  i n  t h e  

It is  notable  t h a t  decreasing water flow r a t e  t o  22 gprn (0.73 f p s )  

e f f ec t ive ly  decreased t h e  f l u c t u a t i o n  of t h e  s i g n a l  about t h e  mean value 

and eliminated t h e  s t rong  beat  phenomenon i n  t h e  tu rb ine  meter reading. 

The beat  phenomenon had a low frequency of 2 t o  4 pe r  minute. 

of Fig.  1 .26  shows t h a t  as t h e  water flow rate is  decreased from 5 . 1  t o  

0.73 f p s  a t  an a i r  v e l o c i t y  of 16 f p s ,  a t r a n s i t i o n  occurs from s l u g  flow 

t o  f r o t h  f l o w .  The beat phenomenon apparently r e s u l t s  from t h e  hydrody- 

namic i n s t a b i l i t y  associated with t h e  t r a n s i t i o n  region between s l u g  and 

f r o t h  flow, which appears t o  be q u i t e  broad.' The flow regime map shows 

t h a t  t h e  d i s t i n c t  change i n  instrument s i g n a l  q u a l i t y  as t h e  water flow 

w a s  decreased from 44 t o  22 gpm ( 1 . 5  t o  0.73 f p s )  was  t h e  r e s u l t  of 

t r a v e r s i n g  through t h e  t r a n s i t i o n  region t o  f u l l y  f r o t h  flow. 

Inspect ion 

Figure 1 .28  shows t u r b i n e  meter and drag d i s k  s i g n a l s  as a func t ion  

of water flow rate at a constant a i r  flow ra te  of 256 scfm (64 f p s  super- 

f i c i a l  v e l o c i t y ) .  

i n  t h e  annular-mist flow regime. A s  t h e  water flow r a t e  was decreased 

from 153 t o  65 gpm, both instruments indicated decreasing flow r a t e s  and 

improvement i n  s i g n a l  q u a l i t y  ( i . e . ,  reduced f l u c t u a t i o n  around t h e  mean' 

s i g n a l ) .  

Inspect ion of F ig .  1 .26 shows t h a t  t h i s  operat ion was 

However, it is  remarkable t h a t  when t h e  water flow ra te  w a s  
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decreased f u r t h e r  t o  44 gpm, s i g n a l  f l u c t u a t i o n s  increased s i g n i f i c a n t l y  

f o r  both instruments and t h e  t u r b i n e  meter showed an increase i n  flow 

rate.  This t r end  continued as t h e  water flow rate was decreased t o  22 gpm. 

The flow regime map of Govier and Aziz4 does not show a phase t r a n s i -  

t i o n  over t h e s e  ranges of flow rates. However, s t u d i e s  of Shearer and 

Nedderman5 show t h a t  t h e  flow r a t e s  a t  which t r a n s i t i o n  was observed i n  

t h e  instrument s i g n a l s  correspond t o  minimum t r anspor t  conditions f o r  t h e  

adherence of a water f i l m  t o  t he  pipe w a l l .  

ve loc i ty ,  t h e  annular f i l m  of water on t h e  pipe w a l l  t h i n s  as t h e  water 

flow r a t e  decreases u n t i l  t he  water r a t e  i s  t o o  s m a l l  t o  maintain t h e  f i l m .  

This high-gas-velocity, low-water-velocity region has been c a l l e d  t h e  

nonwetting region. We a r e  continuing t o  study mechanisms t h a t  may con- 

t r i b u t e  t o  such extreme changes i n  s i g n a l  q u a l i t y  as a r e  observed i n  t h i s  

t r a n s i t i o n  from t h e  wetting t o  t h e  nonwetting region.  

That is, a t  64 f p s  a i r  

5 

Flow dispers ing screens 

I n s t a l l a t  ion of t h e  gamma densitometer permits determination of 

two-phase flow rates i n  t h e  same manner as at t h e  THTF. 

any two of t h e  t h r e e  primary flow instruments, t h e  mass flow r a t e  can 

be calculated according t o  "one-velocity'' models, 

That i s ,  using 

G = p  V a T '  

o r  

( 5 )  

where p 

c h a r a c t e r i s t i c  v e l o c i t y  given by t h e  t u r b i n e  meter, and pV'DD i s  t h e  momen- 

tum f l u x  measured by t h e  drag d i sk .  

using a l l  t h r e e  instrument readings and a two-velocity 

as t h a t  proposed by AyaZ6 

i s  t h e  apparent dens i ty  given by t h e  densitometer, VT i s  t h e  - a 

Further,  mass flow can be determined 

s l i p  model such 

The void f r a c t i o n  a is  given by dens i ty  measurements [Eq.  ( 9 1 ,  and t h e  
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two-phase v e l o c i t i e s  V and V a r e  determined by a model f o r  t h e  a c t i o n  

of t h e  two phases on t h e  tu rb ine  and drag disk.4 If the  two-phase flow 

i s  wel l  dispersed and t h e  v e l o c i t y  c h a r a c t e r i s t i c  of t h e  t u r b i n e  meter is 

t h e  same as t h e  v e l o c i t y  c h a r a c t e r i s t i c  of t h e  drag d isk ,  one would expect 

t h e  mass flow given by E q s .  (5 )  through (7) t o  be t h e  same. 

g R 

Figures 1.29 and 1.30 show t h e  mass flow r a t e  ca l cu la t ed  using E q s .  

( 5 )  t o  (8) f o r  two-phase flow operat ion over a range of s u p e r f i c i a l  a i r  

v e l o c i t i e s . o f  2 t o  128 f p s  and at two water flow r a t e s ,  65 and 153 gpm. 

Each t e s t  included t h e  use of a flow d i spe r se r  a t  t h e  i n l e t  f lange of 

t h e  spool piece; f o r  one t e s t ,  F ig .  1.29, t h e  flow d i spe r se r  consis ted of 

t h r e e  stacked 10-mesh, 25-mil-wire screens;  f o r  t h e  other  t e s t ,  F ig .  1.30, 

t h e  flow d i spe r se r  consis ted of two 8-meshY 62-mil-wire screens separated 

by a s i n g l e  44-mesh, 5-mil-wire screen .  

of da t a  represents  t h e  a c t u a l  mass flow r a t e  metered i n t o  t h e  system. 

Since t h e  highest  s u p e r f i c i a l  a i r  v e l o c i t y  of 128 f p s  con t r ibu te s  only 

about 9 lbm sec-1ft-2 t o  t h e  t o t a l  mass flow r a t e s  f o r  t h e s e  tes t s  (-140 
and -320 lbm sec-1ft-2), t h e r e  i s  l i t t l e  change i n  t h e  a c t u a l  mass flow 

over near ly  two orders  of magnitude change i n  a i r  ve loc i ty .  

The s o l i d  l i n e  through each s e t  

Both f i g u r e s  show b e t t e r  agreement among t h e  fou r  models a t  higher 

When t h e  flow d i spe r se r  w a s  ' th ree  10-mesh screens water and a i r  flows. 

(Fig.  l . 2 9 ) ,  t h e  range i n  mass flow r a t e  determined by t h e  t h r e e  homogeneous 

models w a s  as much as 80$ of t h e  a c t u a l  flow r a t e  at 65 gpm water and low 

air  flow r a t e .  A t  higher water flow (153 gpm), t h e  s c a t t e r  of da t a  among 

models reduced t o  a range t y p i c a l l y  about 25% of t h e  a c t u a l  flow r a t e .  

It i s  notable t h a t  i n  each case Eq.  (5 )  gave high r e s u l t s ,  E q .  (7) gave 

low r e s u l t s ,  and mass flows determined by Eq.  (6) using t h e  densitometer 

and drag d i s k  were e s s e n t i a l l y  the  same as those of t h e  two-velocity model, 

E q .  (8). 
Inspection of t h e  F ig .  1.30 shows t h a t  with t h e  exception o f ,  da t a  at 

water flows of 65 gpm and low a i r  flow, t h e  agreement among a l l  ca l cu la -  

t i o n a l  models w a s  decidedly b e t t e r  f o r  t h i s  t e s t ,  which u t i l i z e d  t h e  

heavier screens (8-mesh, 62-mil-wire). A t  t h e  high water flow rate ,  

agreement was good, with e s s e n t i a l l y  no d i f f e rence  among.models over t h e  

e n t i r e  range of a i r  flows. The flow regime map, F ig .  1.26, shows t h a t  at 

*. 

c 

4 

a i r  v e l o c i t i e s  l e s s  than 16 fps ,  operat ion w a s  i n  t h e  s l u g  flow regime'; 
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Fi,g. 1.29. Mass flow ra te  i n  instrumented spool piece,  i n l e t  
d i spe r se r  cons i s t ing  of t h r e e  10-mesh, 25-mil-wire screens,  as determined 
by homogeneous o r  two-velocity flow models (air-water;  3.5-in. -ID p i p e ) ,  
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mined by homogeneous and two-velocity flow models ( i n l e t  flow d i spe r se r  
was two 8-mesh, 62-mil.wire screens separated by a s i n g l e  44-mesh, ? - m i l -  
wire screen; a i r -wa te r ) .  
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c l e a r l y  a challenge f o r  any flow d i spe r se r .  

i n  t h e  s l u g  flow regime when t h e  d i spe r se r  cons i s t ing  of t h e  heavier wire 

(two 8-mesh, 62-mil-wire screens)  was used. 

Generally, r e s u l t s  were b e t t e r  

Further,  s ince  t h e  deviat ion i n  r e s u l t s  among models was general ly  

character ized by E q .  (5 )  giving high r e s u l t s  and Eq.  (7) giving low r e s u l t s ,  

we expect t h a t  t h e  t u r b i n e  meter was giving c h a r a c t e r i s t i c  v e l o c i t i e s  t h a t  

were lower than t h e  homogeneous c h a r a c t e r i s t i c  v e l o c i t y .  That i s ,  s ince  

t h e  tu rb ine  meter was f a r t h e s t  downstream from t h e  flow disperser ,  ineffec-  

t i v e  dispers ion at t h e  spool piece i n l e t  may be detected more r e a d i l y  i n  

t h e  tu rb ine  meter readings.  If t h i s  i s  a v a l i d  assumption, F igs .  1 .29  

and 1.30 show t h a t  t h e  two 8-mesh (62-mil-wire) screens separated by t h e  

s i n g l e  44-mesh (5-mil-wire) screen dispersed flow more completely than 

did t h e  t h r e e  10-mesh (25-mil-wire) screens.  

One d i s t i n c t  d i f f e rence  i n  these  two d i spe r se r s  i s  t h e i r  pressure 

drop c h a r a c t e r i s t i c s .  Figure 1.31 shows t h e  pressure drop across  t h e  

spool piece with no d i spe r se r  and with each of t h e  two d i spe r se r s  discussed 

above. 

mass flow ranged from 54 t o  330 lb 
Under t h e s e  conditions,  t h e  pressure drop across  the  spool piece alone 

ranged from 4 t o  10.6 p s i ;  and, with t h e  t h r e e  10-mesh screen disperser ,  

t h e  pressure drop ranged from 4.8 t o  14.2 p s i ,  0.8 t o  3.6 p s i  g rea t e r  than 

t h a t  of t h e  spool piece alone. However, pressure drop of t h e  spool piece 

with t h e  heavy wire/screen d i spe r se r  ranged from 11.5 t o  38 p s i ,  7.5 t o  

28 p s i  g r e a t e r  than t h a t  of t h e  spool piece alone. 

S u p e r f i c i a l  a i r  v e l o c i t y  i n  t h e  spool piece was 128 fps ,  and t o t a l  

sec-’fte2 (22 t o  1-53 gpm water f low) .  m 

Studies of t h e  decay of single-phase i s o t r o p i c  turbulence have shown 

t h a t  t h e  magnitude of t h e  f l u c t u a t i n g  component of ve loc i ty ,  (u‘): is  a 

l i n e a r  funct ion of t h e  drag coe f f i c i en t  of t h e  grid.7 

tude  of (u’)’ decreases l i n e a r l y  with d i s t ance  downstream of t h e  g r i d .  

Therefore, t h e  induced v e l o c i t y  f l u c t u a t i o n s  w i l l  be s t ronge r  a t  a point  

downstream of t h e  g r i d  f o r  g r ids  with g r e a t e r  drag c o e f f i c i e n t s .  Hinze7 

a l s o  r epor t s  t h a t  f o r  a number of square-mesh g r ids  of round bars t h e  drag 

coe f f i c i en t  was a f’unction of only t h e  r a t i o  of bar diameter, d, t o  mesh 

width, M, 

Further,  t h e  magni- 

- 

- (d/M) ( 2  - :/M) . 
‘D - (1 - d/M) Y (9) 
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Fig .  1.31. Pressure drop across  instrumented spool p i ece  w i t h  
d i f f e r e n t  flow d i spe r se r s  located a t  t h e  i n l e t  f lange (air-water  system; 
128 f p s  s u p e r f i c i a l  a i r  ve loc i ty ;  3 . 5 - i n . - ~  p i p e ) .  

t h a t  i s ,  two s i n g l e  screens wi th  similar d/M r a t i o s  should have similar 

pressure drop c h a r a c t e r i s t i c s  and similar r a t e s  of decay of i s o t r o p i c  

turbulence.  

A high turbulence l e v e l  should moderate t h e  gross f l u c t u a t i o n s  i n  t h e  

two-phase flow by dispers ing t h e  l i q u i d  phase. 

discussions,  it is expected t h a t  flow d i spe r se r s  with g r e a t e r  drag c o e f f i -  

c i e n t s  would r e s u l t  i n  instrument s i g n a l s  with l e s s  f l u c t u a t i o n .  Figure 

1.32 shows t h e  average f l u c t u a t i o n s  i n  t h e  drag d i s k  s i g n a l  ( i n  m i l l i v o l t s )  

So, based on t h e  above 
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downstream of d i spe r se r s ;  a i r -water  system; 3.5-in.-ID p i p e ) .  

as a funct ion of t h e  pressure drop across  t h r e e  d i f f e r e n t  d i spe r se r s .  The 

f l u c t u a t i o n  decreased with t h e  half-power of t h e  pressure drop, or according 

t o  t h e  above discussion,  t h e  f l u c t u a t i o n  i n  t h e  drag d i s k  s i g n a l  decreased 

l i n e a r l y  with an  increase i n  t h e  r m s  component of turbulence d c .  
Further,  t hese  r e s u l t s  a r e  cons i s t en t  with da t a  shown i n  F igs .  1.29 and 

1.30, which show t h a t  dispers ion by t h e  low-pressure-drop screen (see  

F ig .  1.29) w a s  not s u f f i c i e n t l y  s t rong  t o  e f f e c t  accurate  s igna l s  from 

t h e  tu rb ine  meter far downstream from t h e  d i spe r se r ,  whereas r e s u l t s  from 

t h e  higher pressure drop screens (see F ig .  1.30) ind ica t e  dispers ion was 

s u f f i c i e n t  s o  t h a t  both t h e  drag d i s k  and t u r b i n e  s a w  similar flow d i s t r i -  

but ions. 
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2. NUCLEAR SAFETY INFORMATION CENTER 

Reactor Divis ion 
Wm. B. C o t t r e l l  and J. R.  Buchanan 

I n  1963, t he  Nuclear Safety Information Center (NSIC) w a s  es tab l i shed  

by the  USAEC as a f o c a l  po in t  f o r  t h e  col lectzon,  ana lys i s ,  and dissemina- 

t i o n  of information for t h e  b e n e f i t  of t h e  nuclear  community. 

those concerned with ana lys i s ,  design, and operat ion of nuclear f a c i l i -  

t ies  by providing, and/or ident i fy ing ,  re levant  information on t h e i r  

nuclear s a f e t y  problems. 

It a i d s  

The c a p a b i l i t i e s  of t h e  Center 's  t echnica l  s t a f f  are augmented by a 

computer f i l e  t h a t  contains  100-word a b s t r a c t s  of over 95,600'nuclear 

s a f e t y  documents and is increasing a t  t h e  rate of 12,000 documents pe r  

year.  

1962-1964, which were not  added t o  the  computer f i l e  when i t  w a s  i n i t i a t e d  

i n  1965.) 

t o  m e e t  a number of requirements. 

r e t rospec t ive  b ib l iographies  t o  a i d  t h e  s t a f f  i n  answering technica l  in- 

q u i r i e s .  The f i l e s  are a l s o  extensively used during preparat ion of NSIC 

repor t s  and review a r t i c l e s  f o r  t he  bimonthly jou rna l ,  Nuclear S a f e t y .  
A rou t ine  form of re ference  output from the  s torage  f i l e s  is a biweekly 

Selective Dissemination of Information (SDI) program t h a t  selects r e f -  

erences according t o  ind iv idua l  user  requirements. This computerized 

capab i l i t y  has recent ly  been extended by t h e  inc lus ion  of t h e  N S I C  f i l e  

on t h e  ERDA RECON system where i t  may b e  accessed by the  RECON network. 

To da t e ,  N S I C  services have been f r e e  t o  a l l  users ,  but  charges t o  

(This t o t a l  does not  include approximately 5000 documents, v in tage  

Per t inent  a b s t r a c t s  are r ead i ly  r e t r i e v a b l e  from t h e  computer 

These f i l e s  are frequent ly  queried f o r  

non-ERDA and -NRC (or ERDA or NRC subcontract)  users  of N S I C  are  t o  be 

i n s t i t u t e d  i n  FY-75 as a r e s u l t  of a recent ly  approved ERDA p r i c ing  

pol icy f o r  a l l  of i t s  information centers .  
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2 . 1  ROUTINE SERVICES 

During t h e  months of January, February, and March 1975, t h e  s t a f f  

of NSIC (a)  entered 3374 documents, (b) responded t o  338 i n q u i r i e s ,  

(c) received 1 2  v i s i t o r s ,  (d) a t tended 36 meetings, (e) issued t h r e e  

bibl iographies  of s a f e t y  documents f o r  t h e  ACRS s t a f f ,  and ( f )  pre- 

pared d a t a  shee t s  on two new nuclear  power s t a t i o n s .  Our biweekly 

mail ing of new references  se l ec t ed  t o  match t h e  r e c i p i e n t  i n t e r e s t  pro- 

f i l e  was l imi t ed  t o  some 200 ERDA-NRC use r s  (plus some t r i a l  usage) 

because of funding l imi t a t ions .  It i s  expected t h a t  t h e  announced ERDA 

p r i c ing  pol icy  w i l l  provide a mechanism f o r  o ther  p o t e n t i a l  u se r s  t o  re- 

ceive t h i s  material .  It should a l s o  be noted t h a t  t he  3374 documents 

en tered  t h i s  qua r t e r  (about average) include only  a se l ec t ed  f r a c t i o n  

of t h e  r e a c t o r  l i cens ing  l i t e r a t u r e  which w e  receive. While copies  of 

a l l  t h i s  l i t e r a t u r e  are on hand, much of  i t  i s  of l imi t ed  value and is 

not  being added t o  t h e  computerized f i l e .  

2.2 SPECIAL A C T I V I T I E S  

A t  t h e  request  of t h e  Of f i ce  o f  Nuclear Regulatory Research (ONRR), 

w e  prepared a s p e c i a l  compilation of a l l  r epor t s  issued by ONRR con- 

t r a c t o r s  s i n c e  January 1974. This recent  compilation i d e n t i f i e d  114 

documents and updated a previous compilation. 

Another unusual a c t i v i t y  r e l a t i n g  t o  t h e  work of  t h e  Center which 

occurred during t h e  per iod w a s  our p a r t i c i p a t i o n  through a manned d is -  

play i n  t h e  v i s i t  and tour  of  Oak Ridge f a c i l i t i e s  by t h e  Tennessee 

S t a t e  Leg i s l a tu re  on February 5. W e  received numerous reques ts  f o r  

NSIC r e p o r t s  and Nuclear S a f e t y  from t h e  over 100 members of t h e  Legis- 

l a t u r e  and t h e i r  staff who at tended t h e  presenta t ion .  

The Laboratory has  no t  y e t  implemented t h e  p r a c t i c e  of  "cost  

recovery'' f o r  information services rendered t o  non-ERDA and non-NRC 

personnel,  pending r e so lu t ion  of several problems wi th  t h e  proposed 

mechanics. 

involving Headquarters, ORO, and Laboratory personnel ,  and w e  are now 

awaiting a c l a r i f y i n g  d i r e c t i v e .  

However, t hese  were l a rge ly  resolved a t  a meeting i n  March 
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2.3 ORNL-NSIC REPORTS 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

Work was continued o r  initiated on several reports as follows: 

ORNL-NSIC-116, "Index to Nuclear Safety" [Volume 11(1) - Volume 
15(6)] (in reproduction). 
ORNL-NSIC-117, "Protection of Nuclear Power Plants Against External 

Disasters'' (in reproduction). 

ORNL-NSIC-119, "A Selected Bibliography on Pressure Vessels for 

Light-Water-cooled Power Reactors'' (in reproduction). 

ORNL-NSIC-83, "Reliability Engineering Methods in Reactor Safety 

Technology'' (being revised). 

ORNL-NSIC-55, Volume IVY "Design Data and Safety Features of Com- 

mercial Nuclear Power Plants" (composition completed). 

ORNL-NSIC-118, "Siting of Nuclear Facilities - Reviews from Nuclear 
Safety" (preparation initiated). 

ORNL-NSIC-120, "Annotated Bibliography on Hydrogen Considerations 

in Light-Water-Power Reactors" (in preparation). 

ORNL-NSIC-121 , "Abnormal Reactor Operating Experiences 1972-1974" 
(in preparation). 

ORNL-NSIC-122, "Annotated Bibliography of Safety-Related Occurrences 

in Nuclear Power Plants as Reported in 1974" (final draft completed). 

2.4 SYSTEM DEVELOPMENTS 

The NSIC master file o f  abstracts became operational on the ERDA 
RECON remote terminal system in August 1974. During the reporting period, 

the NSIC file was used by over 160 searches at other terminals in the 
network. 

RECON is operated at the ORNL computer center, while NSIC'S input 

continues to go to the CTC computer via the Center's own remote terminal 

system. Long-range plans call f o r  consolidating these activities on one 

computer. 
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2.5 NUCLEAR SAFETY JOURNAL 

The prepara t ion  and review of ma te r i a l  f o r  t h e  technica l  progress  

review cont inue apace wi th  the  requirement of  i t s  bimonthly publ ica t ion  

schedule. NucZear Sa fe t y  15 (6) w a s  d i s t r i b u t e d  ea r ly  i n  January,  16(1) 

i n  February, and 16(2) by t h e  end of  March, thus making up over a month 

of  p r i o r  schedule s l ippage.  

(by TIC) i s  near ing completion; a l l  material  (except Current Events) 

f o r  Nuclear Sa fe t y  16(4) has  been t ransmi t ted  t o  T I C ,  and t h e  material  

f o r  Nuclear Sa fe t y  16(5) i s  i n  t h e  process of review and ed i t i ng .  

F ina l  composition of  Nuclear S a f e t y  16(3)  

W e  were advised i n  January t h a t  Nuclear Sa fe t y  had won f i r s t  p l ace  

i n  the  Technical Journal  Category o f  t h e  1974 Technical Publ ica t ions  

Competition sponsored by t h e  E a s t  Tennessee Chapter o f  t h e  Society f o r  

Technical Communication. 

entered i n  t h e  Socie ty ' s  i n t e r n a t i o n a l  competit ion t o  b e  he ld  i n  con- 

junc t ion  wi th  t h e i r  22nd In t e rna t iona l  Technical Communication Con- 

fe rence  i n  May. 

A s  a l o c a l  winner, Nuclear Sa fe t y  has been 
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3. FISSION PRODUCT BETA AND GAMMA ENERGY RELEASE 

Neutron Physics Division 
R .  W .  P e e l l e  and J. K .  Dickens 

3.1 INTRODUCTION 

The purpose of t h i s  experiment i s  t o  measure t h e  t o t a l  b e t a  and 

gamma energy release rate from f i s s i o n  product decay following thermal 

neutron f i s s i o n  of f u e l  materials 235U and then perhaps 239Pu and o the r  

nucl ides .  

f o r  235U and +_4% for 239Pu,  for t i m e s  following f i s s i o n  of 2 t o  2000 sec .  

The experimental methods were ou t l ined  i n  t h e  f irst  qua r t e r ly  r epor t .  

The accuracy goal  i s  ?3% on t h e  o v e r a l l  energy release ra te  

1 

3.2 EXPERIMENTAL PROGRESS 

The progress t o  d a t e  has involved t h e  preparat ion of t h e  experi- 

mental  system and t h e  i n i t i a t i o n  of t h e  i n  s i t u  determination of t h e  

response matrix f o r  t h e  gamma-ray de tec to r .  The major emphasis during 

t h i s  qua r t e r  was t h e  f i n a l  design, f a b r i c a t i o n ,  i n s t a l l a t i o n ,  and 

t e s t i n g  of t h e  e l e c t r i c a l  and e l e c t r o n i c  system f o r  con t ro l l i ng  and 

monitoring t h e  r a b b i t  movement i n  t h e  pneumatic t ube  t o  and from t h e  

i r r a d i a t i o n  p o s i t i o n  a t  t h e  r eac to r .  

-- 

The data t ak ing  computer rou t ine  now includes commands f o r  rabbit 

movements. I r r a d i a t i o n  periods and counting-time l i m i t s  are entered v i a  

t e l e t y p e ,  and t h e  computer con t ro l s  t h e  experiment from t h e  t i m e  t h e  

rabbi t  i s  sen t  t o  t h e  r eac to r  u n t i l  t h e  las t  counting-time i n t e r v a l  has 

expired.  I n i t i a l  t es t s  of t he  whole system were performed by measuring 

t h e  1 .6 -MeV photon decay of 20F made by t h e  lgF(n ,y )  r eac t ion .  

t e s t s  i n d i c a t e  t h a t  t h e  a c t u a l  i r r a d i a t i o n  per iod i s  4 . 6  sec longer  

than t h e  typed-in value because of t h e  d e f i n i t i o n  of t h e  s igna l s  a c t u a l l y  

timed. I n  add i t ion ,  t h e  t r a n s i t  times f o r  t r a v e l  t o  and from t h e  r eac to r  

were s tudied i n  a series of measurements t o  ob ta in  t h e s e  times and t h e i r  

var iances .  .The t rave l  time t o  t h e  r eac to r  i s  -1.1 sec ,  and t h e  t i m e  t o  

r e t u r n  -1.5 sec  ( r e f l e c t i n g  t h e  longer r e tu rn  dis tance)  , with t h e  stand- 

a rd  deviat ion of each t i m e  d i s t r i b u t i o n  being 0.05 sec.  

These 
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Preparat ion f o r  t h e  i n  s i t u  determination of t h e  gamma-ray de- 

t e c t o r ' s  response matr ix  w a s  i n i t i a t e d  during t h e  qua r t e r  by assembling 

a series of c a l i b r a t e d  photon-sources as w e l l  as preparat ion of non- 

f i s s i l e  samples f o r  i r r a d i a t i o n .  These include samples of s eve ra l  

separated i so topes ,  *, sample enriched i n  t h e  isotopes 41K and 3 6 S .  

The c a l i b r a t i o n  w a s  i n i t i a t e d  a t  t h e  end of t h e  qua r t e r .  

REFERENCE 

1. Quarterly Progress Report on Reactor Safety Programs Sponsored by t h e  
Division of Reactor Safety Research f o r  Apri l i rune 1974 , ORNL-TM-4655 , 
Vol. I ,  pp.  3-1. 
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4. ZIRCONIUM METAL-WATER OXIDATION K D E T I C S  

b 

Metals and Ceramics Division 
J. V. Cathcart 

The bas ic  purpose of t h i s  program continues t o  be t o  determine 

the  isothermal oxidat ion c h a r a c t e r i s t i c s  of Zircaloy-4 i n  steam between 

900 and 1500°C (1652-2732°F) w i t h  s u f f i c i e n t  accuracy t o  allow the  data 

t o  be used i n  t h e  pred ic t ion  of t he  t r a n s i e n t  temperature oxidation 

behavior of Zircaloy. To t h i s  end we s h a l l  determine isothermal oxi- 

dat ion r a t e s ,  measure the  d i f f 'us iv i ty  of oxygen i n -  p-Zircaloy, prepare 

a computer code t h a t  r e l a t e s  t he  d i f f 'us iv i ty  and isothermal r a t e  data 

t o  t r a n s i e n t  temperature oxidation, and, ul t imately,  measure oxygen 

consumption under t r a n s i e n t  temperature conditions t o  t e s t  experimentally 

the  r e s u l t s  of our computer code. 

Considerable progress was made i n  a l l  p a r t s  of the  program during 

t h e  l a s t  quar te r .  New d i f f 'us iv i ty  data f o r  oxygen in"p-Zircaloy were 

obtained, and the  development o f  t he  computer code was completed. 

Testing of our reac t ion  r a t e  apparatuses and the  gathering of preliminary 

oxidation r a t e  data continued. 

on the  i d e n t i f i c a t i o n  and elimination (or minimization) of p o t e n t i a l  

sources of temperature measurement e r rors .  

In  t h i s  work spec ia l  emphasis was placed 

4.1 TKERMOMETRY 

R. K. Wi l l i ams  

A comparison ca l ib ra t ion  o f  t h e  thermocouple wire  used i n  t h i s  

program has been run t o  1500°C (2732°F). 

couples, including two NBS-calibrated Pt-lOq"0 Rh vs P t  thermocouples, 

have a common hot junc t ion ;  and the  emf values of t he  various p a i r s  a r e  

compared w i t h  t h e  standards. 

0.010- and 0.020- in.-diam (0.25- and 0.51-mm) Pt-lO$ Rh vs Pt Sigmnd- 

Cohn wire  behaves very much l i k e  the  NBS-calibrated thermocouples. 

Data were a l s o  obtained f o r  Pt-30$ Rh vs ptr6$ Rh thermocouples t h a t  

In t h i s  t e s t ,  several  thermo- 

The data ind ica te  t h a t  t h e  reference grade 



58 

a r e  used i n  the  diff 'usion experiments, and temperature-emf t a b l e s  a r e  

now being prepared. 

t o  check these  t a b l e s  a t  a s ing le  high-temperature point ,  1453°C 

(2647°F). 

A n icke l  melting-point experiment w i l l  be used 

An automatically balancing o p t i c a l  pyrometer has been received. 

This  instrument, which w i l l  be used i n  the  diff 'usion experiments, has 

been submitted f o r  ca l ib ra t ion  checks. 

4.2 DIFFUSION OF OXYGEN I N  8-ZIRCALOY 

R. A. Perkins.  

The t r a c e r  and chemical d i f f 'us iv i ty  of oxygen i n  B-Zircaloy-4 was 

measured between 1000 and 1400°C (1832-2552°F) by t h e  l80 rad ioac t iva t ion  

technique. 

formed thermally i n  l80, and f o r  t h e  chemical diff 'usion experiments ha l f  

of a diff 'usion couple was enhanced w i t h  l80 to a t o t a l  oxygen content 

of  about 0.6 w t  $. After t h e  diff 'usion anneal, t he  specimen was bom- 

b a d e 4  by a proton bean on a cross sec t ion  p a r a l l e l  t o  t h e  diff 'usion 

d i r ec t ion .  The beam passes through a 1- x 7-mm s l i t  and s t r i k e s  t h e  

specimen, which i s  o s c i l l a t e d  through the  beam p a r a l l e l  t o  t h e  diff 'usion 

d i r ec t ion .  

t h e  d i f fbs ion  d i r ec t ion .  The beam current  i s  about 1 PA, and t h e  

specimen i s  bombarded f o r  -20 min f o r  t r a c e r  d i f fus ion  eqxri inents  and 

10 min f o r  chemi:aZ d i f f b s i m  experiments. The ac tua l  oxygen p r o f i l e  

i s  then determined by autoradiography. Four independent microphotolneter 

t r aces  a r e  made across each autoradiograph, and the  r e s u l t s  a r e  averaged 

t o  obtain values f o r  percent transmission a s  a f'unction of diff 'usion 

dis tance.  

previous quar te r ly  r e p o r t s . ' ~ ~  

being developed t o  allow b e t t e r  determination of t he  diff 'usion coef- 

f i c i e n t s  w i t h  appropriate  confidence limits, but t he  pre l iminary  data 

fo r  t h e  t r a c e r  specimens a r e  shown on the  Arrhenius p l o t  i n  Fig. 4 .1  

along w i t h  the  o the r  d a t a  o f  o the r  i n v e s t i g a t o r s . 3 - 5  

about 50% lower than t h e  data of M l l e t t  e t  a l . ,  and 8 l i n e a r  f i t  t o  the  

r e s u l t s  y ie lds  a s l i g h t l y  l a r g e r  slope than t h a t  obtained by Mallet t .  

For t h e  t r a c e r  diff 'usion experiments an oxide s c a l e  was 

T h i s  procedure ensures t h a t  t he  bombardment i s  uniform i n  

The d e t a i l s  of the  method have been discussed more f i l l y  i n  

A s t a t i s t i c a l  method of ana lys i s  i s  
I 

Our resul ts  are 

. 
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The welding of chemical diff 'us ion couples a t  1000°C (1832°F) using 

a 1000-g load yielded very good welds a f t e r  a 10-min anneal. 

use of t h i s  technique, chemical diff 'usion measurements were made a t  

1250 and 1300°C (2282-2372°F). 

f'unction of oxygen concentration acrass  the  couples by use of t he  

Matano-Boltzmann ana lys i s .  No s ign i f i can t  dependence of d i f f 'us iv i ty  

on oxygen concentration was observed over t he  range 0.1 t o  0.6 w t  % 0 .  

The measured d i f f i s i o n  coe f f i c i en t s  were (1.9 * 0.3) x cm2/sec a t  

1250°C (2282°F) and (2.6 f 0.4) x 
These values agree wel l  w i t h  t he  corresponding t r a c e r  d i f f i s i v i t i e s  

(see Fig. 4.1). 

Making 

Diff 'usivity values were obtained a s  a 

cm2/sec a t  1300°C (2372°F). 

Problems associated w i t h  t h e  apparent macroscopic segregation of 

l8O were encountered w i t h  the  1250°C (2282°F) sample. 

segregation was averaged through t h e  use  of mult iple  microphotometer 

t races ,  and a reasonable d i f f 'us iv i ty  value was obtained. T h i s  e f f e c t  

was not observed a t  1300°C (2372"F), nor i s  i t s  cause a t  1250°C (2282°F) 

understood. We a r e  inves t iga t ing  the  phenomenon fu r the r .  

The e f f e c t  of t he  

The equipment necessary t o  resume Auger e lec t ron  spectroscopy (AES) 
measurements w i t h  t h e  desired beam s i z e  (-10 urn) has been received and 

t es ted .  After t he  equipment i s  in s t a l l ed ,  AES measurements w i l l  commence 

t o  complement t h e  rad ioac t iva t ion  r e s u l t s .  

4 . 3  REACTION RATE STUDIES 

R. E. Pawel, G. J. Yurek, R. E. Druschel, J. J. Campbell, 
E. T. Rose, and S. H. Jury 

We a r e  continuing prel iminary experiments on t h e  steam oxidat ion 

of Zircaloy tube specimens emphasizing the  low-thermal-inertia ( M h i Z W O K )  

apparatus. 

temperature measurement and control .  

oxidation apparatus has undergone minor changes, and t e s t i n g  is contin- 

uing. 

heat and mass t ranspor t  behavior i n  an  oxidizing Zircaloy f u e l  tube, 

has been wr i t ten .  

Considerable a t t e n t i o n  was given t o  po ten t i a l  problems of  
The high-thermal-inertia ( W i Z W O K )  

The f irst  vers ion  of t he  computer program SIMTRAN-I, which models 
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Fig. 4.1. Arrhenius p l o t  o f  data  
f o r  the  d i f f u s i v i t y  of oxygen i n  
8-zirconium and 9-Zircaloy. The 
& l l e t t 3  data were obtained w i t h  
Zircaloy-2 and Zircaloy-3, while  
Debuigne4 and Schmidt5 worked 
w i t h  pure zirconium. The current  
study uses Zircaloy-4 samples. 

4.3.1 Apparatus Development 

We have continued t o  follow two p a r a l l e l  l i n e s  of development i n  

the  design of our reac t ion  r a t e  apparatuses. 

on a low-thermal-inertia concept (MiniZWOK) and t h e  o ther  involving a 

high-thermal-inertia system ( W i Z W O K ) ,  have been constructed.  

t he  p a s t  quar te r  our apparatus development e f f o r t s  have centered on t h e  

t e s t i n g  and debugging of these  devices, w i t h  spec ia l  a t t e n t i o n  being 

given t o  problems of temperature measurement and control .  

Two devices, one based 

During 

Low-thermal-inertia apparatus (Min iZWOK)  - G. J.  Yurek and R. E.  Druschel 

The MiniZWOK apparatus i s  employed t o  determine t h e  isothermal 

oxidation k ine t i c s  of Zircaloy-4 PWR tubes i n  steam a s  a funct ion of 

temperature and severa l  o ther  experimental var iab les .  This apparatus 
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w i l l  a l s o  be used t o  determine oxidation k ine t i c s  f o r  several  time- 

temperature t r ans i en t s .  

w i t h  t h e  IvEniZWOK apparatus is  the  accurate  measurement of t h e  specimen 

temperature during oxidation. The experimental requirements, including 

a rapid heatup to the temperature of oxidation followed by isothermal 

control,  combine t o  make the  problem 3f temperature measurement a d i f -  

f i c u l t  one. 

t o  minimize p o t e n t i a l l y  l a rge  temperature-measurement e r ro r s  ; and, f o r  

reasons out l ined  i n  Sects.  4.3.3 and 4.3.4, we be l ieve  tha t ,  w i t h  t h e  

poss ib le  exception of e r ro r s  r e l a t e d  t o  e l e c t r i c a l  shunting a t  very 

high temperatures, t he  e r ro r  i n  our temperature measurements i n  IvEniZWOK 

approaches t h a t  inherent i n  any wel l  ca l ib ra t ed  Pt-Rh vs Pt thermocouple. 

The major d i f f i c u l t y  t h a t  we have encountered 

The MiniZWOK apparatus was modified during the  l a s t  quar te r  

The mDdified IvEniZWOK apparatus is  constructed t o  allow oxidation 

only on the  outs ide of a Zircaloy tube specimen. 

t a t i o n  of the  one-sided oxidat ion apparatus i s  shown i n  Fig. 4.2. 
Zircaloy tube specimen is supported between two quartz tubes.  

an experiment steam flows pas t  t h e  outs ide surface of  t h e  specimen, and 

a pos i t i ve  pressure of helium i s  maintained ins ide  t h e  tube. 

A schematic represen- 

The 

During 

The methods of steam generation and heating of t he  specimen a r e  

iden t i ca l  w i t h  those presented previous ly  f o r  two-sided oxidat ion 

experiments. 9 

ins ide  surface of t he  Zircaloy specimen. 

temperature cont ro l le r ,  and two couples a r e  employed t o  measure t h e  

specimen temperature. 

i n  more d e t a i l  i n  Sect. 4.3.3. 
a r e  a l so  monitored during an experiment. 

Three thermocouples a r e  welded t o  tantalum t abs  on the  

One couple is used f o r  the  

The method of  temperature measurement i s  discussed 

The i n l e t  and o u t l e t  steam temperatures 

The Zircaloy specimens a r e  approximately 30 mm long by 10.7mm OD 

by 9.3 mm I D .  

bored t o  provide good contact between the  specimen and the  quartz support 

tubes. 

quartz support tubes t o  minimize t h e  leakage of helium t o  t h e  outs ide 

of t h e  tube and t o  minimize t h e  flow r a t e  of helium required t o  exclude 

steam f'rom the  ins ide  of t h e  tube. A l i g h t  spring pressure i s  appl ied 

p a r a l l e l  t o  t h e  tube axis t o  help s e a l  t h e  j o i n t s  between the  specimen 

and the  quartz tubes.  

The ends of t he  specimens a r e  machined f la t  and counter- 

Quartz gaskets a r e  placed between t h e  Zircaloy specimen and the  
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Fig. 4 . 2 .  Schematic drawing of the MiniZWOK one-sided oxidation ap- 
paratus. 

The one-sided oxidat ion apparatus has severa l  important advantages 

compared w i t h  t h e  two-sided apparatus. Because t h e  atmosphere ins ide  

the  tube is i n e r t ,  tantalum thermocouple t abs  can be employed. 

use of tantalum t abs  eliminates t h e  problem of melting a t  t h e  tab-Zircaloy 

in t e r f ace  t h a t  was encountered when i r idium t abs  were employed. 

reported e a r l i e r 2  t h a t  t h e  apparent temperature d i f fe rence  between two 

thermocouples t h a t  were at tached t o  a Zircaloy specimen during two-sided 

oxidat ion depended on the  f l a w  r a t e  of i n e r t  gas o r  steam pas t  t he  

thermwouple hot junct ions.  The one-sided oxidation apparatus is  

The 

We 
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designed t o  minimize t h e  f l o w  r a t e  of helium pas t  t h e  thermocouple hot 

junct ions,  thereby minimizing t h i s  source o f  e r r o r  i n  our temperature 

measurements. In  addi t ion ,  t h a t  p w t i o n  of t h e  e l e c t r i c a l  shunting 

between thermocouple wires  t h a t  occurs by thermionic emission a t  e levated 

temperatures i s  reduced s ince  l e s s  thermionic emission i s  expected t o  

occur i n  helium than i n  steam. 

The one-sided oxidat ion appsratus has been used t o  obta in  prelim- 

inary  oxidat ion da ta  and t o  conduct experiments t o  determine t h e  magnitude 

of temperature measurement e r ro r s .  The r e s u l t s  of these  experiments a r e  

presented i n  Sects .  4.3.2 and 4.3.3. 

High-thermal-inertia apparatus (MaxiZWOK) - S. H. Jury, J. J. Campbell, 
and R. E. Pawel 

The MaxiZWOK steam oxidat ion apparatus, a s  described i n  previous 

quarterly reports, is essentially completed and is undergoing 

t e s t i n g  t o  assess  i t s  c a p a b i l i t i e s  i n  i t s  present  configuration. Some 

minor but time-consuming problems were encountered during prel iminary 

t e s t s ;  most of these  have now been corrected,  and we w i l l  proceed w i t h  

t h e  examinations during t h e  next quar te r .  

Current experiments a r e  designed t o  e s t a b l i s h  t h e  c h a r a c t e r i s t i c s  

of  t h e  steam supply and t h e  steam superheater system. 

superheater has been operated a t  power l e v e l s  up t o  about 8 kW at steam 

flow r a t e s  from 0.3 t o  1.25 lb/min (2.3-9.4 g/sec) .  

temperatures were about 509°C a t  a steam flow r a t e  of 0.5 lb/min 

(3.8 g / s e c ) .  

d i t i o n s  and thus t h e  maximum t e s t  temperatures ava i l ab le  for  our present  

power capabi l i ty .  

l oca t ion  t o  permit us  t o  operate  t h e  steam superheater at i t s  maximum 

c a p a b i l i t y  of 20 kW. 

To date, t h e  

MaxiraUn steam 

Tests a r e  i n  progress t o  determine t h e  optjmsun flow con- 

Additional power i s  being braught t o  t h e  M i Z W O K  
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4.3.2 Preliminary I s o t h e m l  Oxidation Resul ts  

G. J. Yurek and R. E. Druschel 

A s e r i e s  of isothemaal oxidat ion experiments a t  1040°C (1904°F) has 

been conducted i n  t h e  one-sided oxida t ion  apparatus (MinimOK). A n  

analys is  of t he  data (oxide and alpha phase thicknesses)  has not been 

completed; however, t he  r a t e  of  thickening of t h e  oxide phase apparently 

obeys a parabol ic  r a t e  law. 

i r regular ,  p r imar i ly  because of d i f f i c u l t i e s  i n  determining t h e  p o s i t i o n  

of t he  alpha-to-beta in te r face .  

techniques f o r  making t h i s  measurement. 

The alpha phase thicknesses were somewhat 

We a r e  experimenting w i t h  d i f f e r e n t  

A photomicrograph of a cross sec t ion  of  a Zircaloy tube t h a t  was 

oxidized on the  outs ide  surface f o r  1170 sec a t  1040°C (1904°F) i s  

shown i n  Fig. 4.3. 

t h e  tube was caused by absorption of e i t h e r  oxygen from steam t h a t  had 

leaked t o  the  ins ide  9f t h e  tube o r  impuri t ies  i n  t h e  helium. 

amun t  of oxygen absorption a t  t h e  inner  surface i s  small compared w i t h  

t h e  amount of oxidat ion a t  t he  outer  surface.  However, because oxygen 

pene t r a t ion  from the  ins ide  surface could a f f e c t  t h e  r a t e  of oxidat ion 

a t  t h e  outs ide  surface a t  long times of oxidation, add i t iona l  s t eps  have 

been taken t o  e l iminate  oxygen from the  in s ide  of t he  tube. 

The oxidation r a t e s  t h a t  a r e  obtained from one-sided oxidat ion 

The t h i n  l aye r  of  alpha a t  t h e  ins ide  surface of 

The 

experiments can be used t o  ca l cu la t e  t h e  rate of oxidat ion when both t h e  

inner  and outer  tube surfaces  a r e  exposed t o  steam. 

statement, we s h a l l  compare ca lcu la ted  and experimental oxidat ion r a t e s  

f o r  one- and two-sided oxidat ion of Zircaloy. 

To confirm t h i s  

4.3.3 Temperature Measurements during Oxidation 

G. J. Yurek, R. E. Druschel, R. E. Pawel, and R. K. Wi l l i ams  

Problems t h a t  we have encountered i n  our attempts t o  measure t h e  

temperature of a Zircaloy specimen during oxidat ion and some of t he  s teps  

t h a t  we have taken t o  e l iminate  these  problems have been described i n  

p a s t  quar te r ly  r e p o r t s .  9 * Our new one-sided oxidation apparatus 

(see Sect. 4.3.1) was designed p r imar i ly  t o  increase our a b i l i t y  t o  

s p e c i e  the  cor rec t  temperature of a specimen during oxidation. 

. 
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T 

c 

Fig. 4 . 3 .  Cross section of a Zircaloy tube that was oxidized 
for 1170 sec at 1040°C in steam. Etchant: Kroll's reagent. 1OOx. 

A variety of experiments has been performed in this apparatus in 
order to identify temperature-measurement errors. 
experiments and our method of temperature measurement are described in 
the following paragraphs. In addition, a mathematical analysis of 
temperature measurement errors produced by the flow of gases past a 
thermocouple is presented in Sect. 4 .3 .4 .  

The results of these 

Method of temerature measurement 

L 

The arrangement that is employed to measure thermocouple emf's 
during an oxidation experiment is shown schematically in Fig. 4.2. 

Three P t i l O $  Rh vs Pt thermocouples are welded to tantalum tabs 
(0.08 x 2 x 2 mm) on the inside of the Zircaloy specimen. The tabs 



66 

prevent contact  between t h e  thermocouple wires  and t h e  Zircaloy specimen, 

thereby el iminat ing melting a t  t h e  hot junc t ion  f o r  r eac t ion  temperatures 

above the  zirconium-platinum e u t e c t i c  temperature. 

The thermocouple wires  a r e  spot-welded t o  t h e  tabs ,  and t h i s  

composite s t r u c t u r e  i s  then spot-welded t o  t h e  in s ide  surface of t h e  

Zircaloy specimen. Special  e f f o r t s  a r e  made t o  ensure good contact  

between t h e  t abs  and t h e  Zircaloy and t o  avoid contamination of  t h e  

thermocouple wires.  

The thermocouple wires  a r e  l e d  away from t h e  t a b  along t h e  tube 

wa l l  i n  a path perpendicular t o  t h e  axis of t h e  tube (supposedly an 

isothermal pa th)  f o r  about t e n  wire  diameters t o  minimize conduction 

e r r o r s  (see in se t ,  Fig. 4.2).  The separa t ion  between t h e  thermocouple 

wires  on t h e  t a b  i s  about one wire  diameter. The v e r t i c a l  sec t ions  of 

thermocouple wire  between t h e  t abs  and t h e  double-bore A1203 i n su la t ion  

(see in se t ,  Fig. 4.2)  a r e  covered with single-bore A1203 insu la t ion .  

We have broken t h e  s ingle-bore in su la t ion  i n t o  small p ieces  t o  minimize 

heat conduction t o  o r  away from t h e  hot junct ions.  However, comparison 

wi th  unbroken in su la t ion  revealed no d i f fe rence  i n  t h e  temperature 

measurement. Therefore, unbroken single-bore in su la t ion  i s  employed 

because it is e a s i e r  t o  handle. 

One of t h e  th ree  thermocouples t h a t  a r e  welded t o  a Zircaloy 

specimen i s  used t o  supply input  vo l tage  t o  t h e  temperature con t ro l l e r .  

The o ther  two thermocouples a r e  employed t o  measure t h e  temperature of  

t h e  specimen. 

i c e  bath.  

w i r e  i n  a g l a s s  tube t h a t  i s  f i l l e d  w i t h  mineral  o i l ;  t h e  g l a s s  tubes 

a r e  immersed i n  t h e  i c e  bath.  

The cold junc t ion  of  t h e  measuring thermocouples i s  an 

The thermocouple wires  a r e  connected t o  high-qual i ty  copper 

The copper leads  from t h e  i c e  bath a r e  connected w i t h  thermal-free 

so lder  t o  a mul t ipos i t ion  switch, which i s  thermally in su la t ed  from t h e  

surroundings. 

recorder  and t o  a c a l i b r a t e d  potentiometer.  

The switch i s  connected t o  a two-channel s t r i p - c h a r t  
% 

The wir ing between t h e  

4 

c 

r#. 
Leeds and Northrup, 7553 type K-3 un iversa l  potentiometer.  

4 
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potentiometer, standard c e l l ,  constant-voltage supply, and galvanometer 

i s  i n  accordance w i t h  t he  manufacturer's spec i f ica t ions .  The standard 

c e l l  i s  thermally insu la ted  from the  surroundings. 

The output from both measuring thermocouples can be recorded simul- 
taneously on the  s t r ip -cha r t  recorder. In order t o  determine the  emf 

of a p a r t i c u l a r  thermocouple, the  appropriate  channel of t he  recorder 

i s  switched out of t he  c i r c u i t  and t h e  emf i s  read on the  potentiometer. 

T h i s  procedure eliminates p a r a s i t i c  emf's t h a t  could r e s u l t  from the  

c i r c u i t  of  t he  recorder.  

from tKe potentiometer reading. 

be determined a t  two pos i t ions  on a specimen w i t h  the  present  arrangement. 

The temperature of a specimen i s  obtained only 

The temperature during oxidation can 

Effec ts  of type and flow r a t e  of i n e r t  gas on temperature measurement 

We reported e a r l i e r 2  t h a t  t h e  r a t e  of flow of i n e r t  (argon) or  

reac t ive  gases (steam, a i r )  pas t  a specimen i n  our two-sided oxidation 

apparatus a f f ec t ed  both t h e  measured temperature and t h e  magnitude of 

t he  temperature difference between two thermocouples on the  specimen. 

This r e s u l t  suggests t h a t  a major source of temperature e r r o r  i s  

associated w i t h  d i f f e r e n t i a l  conduction of heat away from t h e  thermo- 

couple hot junct ions t o  the  cooler gas stream. 

Two i n e r t  gases, helium and argon, were t e s t e d  f o r  use i n  our one- 

sided oxidat ion apparatus. The temperature difference between two 

thermocouples located a t  t h e  same pos i t i on  along the  axis of t he  Zircaloy 

tube and spaced approximately 120" apar t  on the  circumference of t he  

tube increased as t h e  flow r a t e  of e i t h e r  helium o r  argon pas t  t h e  

thermocouple hot junct ions was increased. However, t he  e f f e c t  of flow 
r a t e  was much l e s s  i n  helium than i n  argon. 

of 1000°C (1832"F), t he  temperature d i f fe rence  between t h e  two thermo- 

couples i n  a rap id  f l a w  of argon was about 20°C (36°F); t he  temperature 

difference i n  a comparable flow of helium was about 2°C (3.6"F). 

temperature d i f fe rences  were observed i n  e i t h e r  stagnant helium o r  argon 

( c i r cu la t ion  of t he  gases owing t o  a chimney e f f e c t  not included).  

A t  a nominal temperature 

No 

On 
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the basis of this result and the condition that a very slow flow of 
inert gas must exist inside the specimen to maintain a positive pressure 

of inert gas, we have decided to employ helium as the inert gas in our 

one-sided oxidation apparatus. 

The effect of thermocouDle wire diameter on temDerature 
measurement 

The diameter of the thermocouple wires is expected to be an 
important variable in the determination of temperature measurement 

errors (see Sect. 4.3.4). We have conducted experiments at approximately 
1040°C (1904°F) with 5- and 10-mil (0.13- and 0.25-mm) thermocouple 
wire to .determine the effect of wire diameter on the measured temperature. 

In each experiment, one of the measuring thermocouples was welded 
to the same tantalum tab as the thermocouple that was used for the 

temperature controller. 

tab is the same in each experiment for the same controller set point. 

The results of two experiments are given in Table 4.1. 

The temperature at the temperature-controller 

Table 4.1. The effect of wire diameter on measured temperature 

Wire diameter EMF Mean temperaturea 
mils mm (mv 1 ("C) 
5 0.13 10.01&10.025 1039.5 

10 0.25 10.013-10.021 1039 

a Obtained from a standard emf-temperature conversion table. 

The results presented in Table 4.1 show that wire diameter has 
essentially no effect on the measured emf at approximately 1040°C 
(1904°F). 

however, to check this result we will compare the measured emf's from 
5- and 10-mil-diam (0.13- and 0.25-mm) thermocouples that are welded 
to the same tab. We will also compare the same size wires at higher 

temperatures. 

use the 10-mil-diam thermocouples because they are easier to handle. 

The reproducibility of the experiments has not been determined; 

If we find no difference between the wires, then we shall 
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Temperature gradients  during oxidat ion 

A s e r i e s  of experiments has been conducted a t  approximately 1040°C 

(1904°F) i n  which t h e  two measuring thermocouples were separated along 

t h e  axis of t h e  Zircaloy tube. 

0.25-mm) thermocouple wires were employed. 

maximum temperature d i f fe rence  between t h e  two hot junctions,  separated 

by approximately 5 mm along t h e  tube axis, was 2°C (3.6"F) 

Both 5- and 10-mil-diam (0.13- and 

In  each experiment, t h e  

Control experiments were performed i n  which both measuring thermo- 

couples were placed on the  same tantalum tab.  

emf's of t h e  two thermxouples  agreed t o  wi th in  5 pV [Nc).5"C (0.9"F)I. 

This  ind ica tes  t h a t  t h e  temperature measurement e r ro r s  associated w i t h  

thermocouple i n s t a l l a t i o n  procedures a r e  small and t h a t  t he  measured 

temperature d i f fe rences  along t h e  axis of a Zircaloy tube specimen a r e  

r ea l ,  a l b e i t  small. 

In  each case, t h e  measured 

Measurements of  t h e  oxide and alpha phase thicknesses on a longi- 

t ud ina l  cross sec t ion  of  a specimen t h a t  had been oxidized a t  1040°C 

(1904°F) show t h a t  t h e  phase thicknesses a r e  constant over a t  l e a s t  a 

20-mm length about t h e  center  of  t h e  tube. 

s l i g h t l y  near t he  ends of  t h e  specimen. 

of oxidat ion r a t e  on temperature, t h i s  r e s u l t  a l s o  ind ica tes  t h a t  t h e  

temperature gradient  a t  1040°C (1904,"F) i s  small. 

The thicknesses decrease 

Given t h e  exponential dependence 

We concluded from these  r e s u l t s  t h a t  t h e  temperature gradients  

. i n  our oxidizing specimens produce no s i g n i f i c a n t  e r r o r  i n  our temperature 

measurements. 

exis tence of  a temperature gradient  i n  a sample leads t o  the  generation 

i n  a thermocouple of an addi t iona l  emf ( ~ 5  pV/"C> that is proportional 

t o  t h e  temperature d i f fe rence  between t h e  two wires of  t h e  thermocouple 

a t  t h e  hot junction. However, t he  measured temperature gradient  a t  

1040°C (1904°F) i s  only  0.4"C/mm (0.7"F), and t h e  separat ion of t he  

thermocouple leads  a t  t h e  hot junct ion i s  4 . 2 5  mm. Thus t h e  e r r o r  

a s s o c i a t e d w i t h  t h e  gradient  is  on t h e  order of 0.5 pV and totally 

negl igible .  We a r e  conducting s imi l a r  experiments a t  1300°C (2372 OF) 

t o  determine whether l a r g e r  temperature gradients  e x i s t  at  higher 

r eac t  ion temperatures . 

It i s  t r u e  tha t ,  because of t h e  Seebeck e f f ec t ,  t he  
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Because small temperature gradients  along t h e  tube ax i s  of a 

specimen a r e  unavoidable during oxidation, measurements of oxide and 

alpha phase thicknesses  w i l l  be made only on cross  sec t ions  taken from 

the  center  of a specimen a t  t h e  pos i t i on  of t h e  con t ro l l e r  thermocouple 

and one measuring thermocouple. 

w i l l  be placed a t  a d i f f e r e n t  p o s i t i o n  along t h e  tube axis t o  determine 

t h e  magnitude of t h e  temperature gradient  during oxidation. 

The second measuring thermocouple 

4.3.4 "Perturbation" Errors i n  Temera ture  Measurements 

R. E. Pawel and G. J. Yurek 

The f a c t  t h a t  c i rcwnferent ia l ly  pos i t ioned  thermocouples on 

specimens i n  t h e  MiniZWOK apparatuses may under c e r t a i n  condi t ions 

ind ica t e  d i f f e r e n t  temperatures w a s  discussed i n  Sect. 4.3.3 and i n  

t h e  previous quarterly report. The s e n s i t i v i t y  of such d i f fe rences  

t o  gas flow ra t e ,  temperature, and composition c l e a r l y  ind ica t e s  a 

per turba t ion  i n  t h e  temperature d i s t r i b u t i o n  of  t h e  system occasioned 

by heat flow from t h e  specimen t o  t h e  cooler gas stream v i a  t h e  thermo- 

couples. Temperature measurement e r ro r s  of t h i s  type a r e  f requent ly  

r e fe r r ed  t o  as "perturbation" e r ro r s  and have been discussed by a nmiber 

of  inves t iga tors ,  

e r ro r s  and f o r  ca lcu la t ing  t h e i r  magnitude. 

who have made suggestions f o r  both minimizing t h e  

The a n a l y t i c a l  problem i s  e s s e n t i a l l y  one of e s t ab l i sh ing  an ac- 

ceptable model for the heat transfer system, and then solving the heat 

flow equations so t h a t  t h e  temperature a t  a given poin t  i n  t h e  absence 

of t he  sensor can be calculated.  While such so lu t ions  have been ob- 

tained"" f o r  severa l  cases re levant  t o  t h e  operat ion of thermocouples 

on specimens suspended i n  flowing gas streams, these  so lu t ions  a r e  

genera l ly  based on oversimplified system geometries. Obviously, under 

these  circumstances an experimental c a l i b r a t i o n  of t he  system is des i r -  

ab le ;  but f requent ly  it i s  impract ical  o r  even impossible, a s  i n  our 

case, t o  ca r ry  out such a d i r e c t  c a l i b r a t i o n  f o r  a r e a l  system. For 

t h i s  reason we have taken t h e  p o s i t i o n  t h a t  we should design our ap- 

paratuses  i n  such a way as t o  minimize pe r tu rba t ion  e r rors ,  while  a t  

t h e  same time making use  of  ex i s t ing  computational procedures t o  
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estimate t h e  magnitude of  t h e  e r ro r s  involved. EQuations derived by 

Nusselt  (reported by Jakob8 and o thers )  o r  Boelter' proved usefu l  i n  

the  l a t t e r  e f f o r t ;  and they  have t h e  added v i r t u e  tha t ,  because of  t h e  

nature  of t h e  assumptions made i n  each derivation, the  calculated 

per turba t ion  e r r o r  i s  be l ieved  t o  be g rea t e r  than  t h e  ac tua l  e r ror .  

Thus t h e  r e s u l t s  described below may be regarded a s  ind ica t ing  t h e  

approximate maximum poss ib le  pe r tu rba t ion  e r r o r  i n  our experiments. 

The equation reported by Jakob8 is  based on t h e  following model: 

An i n f i n i t e l y  extended, homgeneous body bounded by a plane surface 

i s  p e r f e c t l y  insu la ted  aga ins t  heat loss  except f o r  a small c i r c u l a r  

area.  F r o m t h i s  area,  a cylinder o r  wire extends perpendicular t o  

t h e  plane surface i n t o  an environment having a temperature d i f f e r e n t  

from t h e  uniform temperature of t he  body. 

temperature of t he  in t e r f ace  between the  body and t h e  wire  t o  the  tempera- 

t u r e s  of t he  body and i ts  environment and t o  t h e  several  parameters t h a t  

govern the flow of heat. 

thermocouple is  iden t i ca l ,  a t  l e a s t  f o r  t he  i d e a l  model, t o  t h a t  f o r  a 

s ing le  wire.  The heat flow from the  junct ion i n t o  the  wire  i s  given by: 

The equation r e l a t e s  t h e  

The temperature perturbation created by a two-wire 

8 

qo = n(2k w h r o 3 ) 1 / 2 ( t o , -  te) , 

where kw = thermal conduct ivi ty  of t he  thermocouple leads,  

h = heat t r a n s f e r  coe f f i c i en t  between thermocouple leads and 

environment, 

ro = radius of thermmouple leads, 

to = temperature of the  in t e r f ace  between body and environment 

te = environment ( f l u i d )  temperature. 

( t h i s  is the  temperature measured 'by the  thermocouple), 

The f l o w  of heat out of t he  body i n t o  the  area created by t h e  

junct ion of t h e  thermocouple lead  i s  

= 4r ,k( t  - to) , 
q O  

g 
' 

equation. 
A typographical omission exists in Jakob's* .presentation of this 
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where ro = t h e  e f f e c t i v e  junc t ion  radius ,  assumed t o  be i d e n t i c a l  t o  

t h e  wire  rad ius ,  

k = thermal conduct ivi ty  of t h ?  Lody, 

t = temperature of t h e  body. 

For s teady-s ta te  conditions,  t h e  heat flows i n  Eqs. (1) and (2)  a r e  

equal. Thus, combining t h e  two expre;.:,ions and rearranging: 

This  expression a f f i rms  t h a t  t h e  pe r tu rba t ion  e r r o r  (t - to) i n  t h e  

temperature measurement depends upon t h e  temperature d i f f e rence  between 

t h e  body and i ts  environment (t - t ), t h e  thermal conduct iv i t ies  of  e 
t h e  body and t h e  thermocouple leads,  and t h e  heat t r a n s f e r  c h a r a c t e r i s t i c s  

between t h e  leads  and t h e  environment. Jakob also suggests an empirical  

expression f o r  t h e  heat t r a n s f e r  coefficient h which, when substituted 

i n t o  t h e  above equation, r e s u l t s  i n  a per turba t ion  e r r o r  t h a t  i s  inde- 

pendent of t h e  thermocouple wire  diameter. However, Ot te r7  po in t s  out 

t h a t  i n  p r a c t i c e  t h e  wire s i z e  i s  genera l ly  a r e a l  va r i ab le .  

Boelter e t  a l . '  analyzed t h e  per turba t ion  error for t h e  temperature 

measurement of a t h i n  p l a t e  w i t h  a cold f l u i d  on one s i d e  and a hot 

f l u i d  on t h e  other .  The thermocouple i s  mounted w i t h  i t s  leads  per-  

pendicular  t o  t h e  sur face  o f  t h e  p l a t e  i n  t h e  hot f l u id .  Boel te r ' s  

model i s  not d i r e c t l y  appl icable  t o  t h e  specimen geometry and heat-flaw 

conditions i n  t h e  MiniZWOK appF -atus;  however, wi th in  t h e  limits s e t  by 

t h e  add i t iona l  s implifying ab, ~ .-rptions, t h e  per turba t ion  e r r o r  should 

be s imi l a r  f o r  both cases. The ana lys i s  i s  based on a balance of heat-  

t r a n s f e r  r a t e s  on t h e  p l a t e  concentr ic  about t h e  thermocouple wire  

attachment area.  The soluti:.i i s  given i n  severa l  forms. U t i l i z i n g  
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severa l  approximations t h a t  a r e  va l id  f o r  small per turba t ion  e r rors ,  

Boelter derived the  following equation: 

N - t - t  kb e 
( 4 )  

where b = thickness of the  p l a t e ,  p = (ho f h.)/bk, where h 

a r e  t h e  appropriate  hea t - t ransfer  coe f f i c i en t s  on the  opposite s ides  

of t he  p la te ,  and the  other  symbols have the  same meaning as  i n  

Eqs. (1) and (2) .  

and h 
1 0 i 

This  equation shows t h e  r e l a t ionsh ip  between t h e  per turba t ion  

e r ro r  (t - to)  and t h e  parameters of t h e  system i n  a manner general ly  

consis tent  w i t h  Eq. (3). The thermocouple and p l a t e  dimensions appear 

as more important var iab les  i n  Eq. ( 4 ) .  This  obtains,  a t  l e a s t  i n  

pa r t ,  because of t h e  d i f f e r e n t  geometries and because of Boel te r ' s  

assumption t h a t  no temperature gradient  e x i s t s  i n  the  p l a t e  normal t o  i t s  
surface.  

should have a low thermal conductivity and a small diameter; t he  p l a t e  

should be th i ck  and of  high thermal conductivity.  In  addi t ion,  i f  the  

e f f ec t ive  heat t r a n s f e r  coef f ic ien t ,  h, between the  thermocouple and 

the  flowing f l u i d  can be decreased by in su la t ion  o r  by posi t ioning,  

then t h e  per turba t ion  e r r o r  w i l l  be reduced accordingly. 

For minimum er ror ,  it i s  seen t h a t  t h e  thermocouple leads 

Equation (3) was used t o  estimate t h e  maximum per turba t ion  e r r o r  

A major unce r t a in ty  an t ic ipa ted  i n  our one-sided MiniZWOK apparatus. 

i n  t he  ca lcu la t ion  l i e s  i n  the  assignment of t h e  f l u i d  (helium o r  argon) 

temperature and f l o w  cha rac t e r i s t i c s  i n  t h e  v i c i n i t y  of t he  thermocouple 

i n s t a l l a t i o n s .  

equation f o r  t h e  per turba t ion  e r ror ,  but  t h e  heat- t ransfer  parameters a r e  

a l s o  involved. For example, t he  e f f ec t ive  heat t r a n s f e r  coef f ic ien t ,  h, 

between t h e  f l u i d  and t h e  thermocouple wire  can be ca lcu la ted  on t h e b a s i s  

of  forced convection a t  low flow r a t e s  o r  on t h e  bas i s  of na tu ra l  convec- 

tion with assumed temperature differences in the system. l 1  

Not only does t h i s  temperature en ter  d i r e c t l y  i n t o  t h e  

Both methods give  
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t h e  same value of h wi th in  a f ac to r  of 2 f o r  low-conductivity gases such 

as a i r .  If we assume t h a t  a reasonable value f o r  t he  heat t r a n s f e r  

coe f f i c i en t  between t h e  i n e r t  gas i n  MinimOK and t h e  thermocouple wires 

i s  10 Btu hr-I  

higher than t h e  steam-specimen heat t r a n s f e r  coef f ic ien t ,  then  we can 

ca lcu la te  an approximate value f o r  t h e  pe r tu rba t ion  e r ro r .  

conductivity of t h e  thermocouple wire, kw, i s  approximately 

40 Btu hr-I  ft-2 ("F/rt)'l i70 W m-loK-lJ; t h e  thermal conduct ivi ty  

of t h e  specimen, k, i s  taken a s  18 Btu h r - l  ft-2 ("F/ft) 
Therefore, subs t i t u t ing  d i r e c t l y  i n t o  Eq. (3), we obtain:  

_ .  
OFm1 [57 W m-20K-1], about an  order of magnitude 

The thermal 

-1 - [31 W m - l 0 K - l I .  

Z = (t - to')/(t - te) = 0.025 

This r e s u l t  p red ic t s  t h a t  f o r  bare-wire thermocouples extended 

a t  r i g h t  angles in to  the  i n e r t  gas stream t h e  per turba t ion  e r r o r  w i l l  

be 2.5% of t h e  d i f fe rence  between the  specimen and i n e r t  gas temperatures. 

The e f f e c t i v e  argon o r  helium gas temperature i n  t h e  v i c i n i t y  of t he  

thermocouple i n s t a l l a t i o n  i s  unknown. However, as ide  from c i r c u l a t i o n  

awing t o  convection, t h e  flow r a t e  on t h e  ins ide  of t h e  tube should 

be very small, allowing the  gas t o  be heated by contact w i t h  t h e  compo- 

nents of t h e  system t h a t  a r e  heated d i r e c t l y  by t h e  rad ian t  heating 

f'urnace. If, for  example, t h e  e f f ec t ive  gas temperature i n  t h e  cyl in-  

d r i c a l  volume defined by t h e  specimen i s  wi th in  100°C of  t h e  specimen 

temperature, then a maximum pe r tu rba t ion  e r ro r  of 2 3 ° C  would be 

an t ic ipa ted .  Of course, because our thermocouple i n s t a l l a t i o n s  a r e  

constructed t o  minimize t h i s  e f f ec t ,  t h e  ac tua l  pe r tu rba t ion  e r ro r  

should be l e s s .  

r e s u l t s  a r e  cons is ten t  w i t h  t h e  p red ic t ion  t h a t  t h e  pe r tu rba t ion  e r r o r  

i s  small f o r  measurements of temperature i n  our one-sided MiniZWOK 

oxidation apparatus.  

As described elsewhere i n  t h i s  report ,  t he  experimental 

As emphasized e a r l i e r ,  t he  Boelter equation, Fq. ( A ) ,  f o r  p l a t e  

specimens was derived w i t h  a d i f f e r e n t  model and assumptions than  those 

employed f o r  the  case o f  the insulated semi- inf ini te  s lab .  While w e  

c 
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* 

have no bas i s  f o r  ascer ta in ing  which of  these  treatments i s  bes t  su i t ed  

t o  descr ibe our p a r t i c u l a r  system, it is  of i n t e r e s t  t o  note t h a t  t he  

Boelter expression leads t o  a s imi l a r  value f o r  t he  per turba t ion  e r ro r  

when the  same system parameters a r e  used. 

thickness i s  0.686 mm (0.00225 ft ) ; and we assume f o r  purposes of 

ca lcu la t ion  t h a t  t h e  heat t r a n s f e r  coe f f i c i en t s  on e i t h e r  s ide  of t h e  

p l a t e ,  h, and hi, a r e  each 1 B t u  h r - I  ft-' OF-' (5.7 W m-20K-1). The 

in se r t ion  of these values in to  EQ. ( 4 )  y ie lds  

For our case, t he  "p la te"  

z = (t - t,)/(t - t ) = 0.0336. (6 1 e 

Thus, Eq. ( 4 )  pred ic t s  t h a t  t he  per turba t ion  e r ro r  w i l l  be 3.36% 

of  t h e  d i f fe rence  between t h e  specimen and coolant temperatures, which 

i s  q u i t e  c lose t o  t h e  e r r o r  pred ic ted  by Fq. ( 3 ) .  

e r r o r  i s  only moderately dependent upon t h e  p a r t i c u l a r  values chosen 

f o r  t he  p l a t e  heat t r a n s f e r  coe f f i c i en t ,  

a s  t h e  coe f f i c i en t s  change from 0.1 t o  100 Btu hr - I  

(0.6 t o  600 W m-20K-'). 

I n  addi t ion,  t h e  

Z varying from about 4 t o  2% 
O F - '  

The r e s u l t s  of these  ca lcu la t ions  a r e  recognized a s  being approxi- 

make. Their contr ibut ion,  therefore ,  l i e s  not so  much i n  a prec ise  

pred ic t ion  of e r r o r  values but i n  t h e  f a c t  t h a t  t hey  ind ica te  t h e  

r e l a t ionsh ip  between some of t h e  important system parameters t h a t  

a f f e c t  temperature measurement e r rors ,  thereby suggesting means f o r  

reducing these  e r ro r s  t o  a minbmn. Our thermocouple i n s t a l l a t i o n s  

a r e  constructed w i t h  these  ideas i n  mind. 

4 . 3 . 5  Computer-Simulated Oxidation Experiments 

S. Malang" and R. E. Pawel 

A computer program has been w r i t t e n  t o  simulate t h e  oxidation of 

Zircaloy f i e 1  tubes over a wide range of conditions. 

considers a one-dimensional solut ion,  i n  cy l ind r i ca l  coordinates, o f  t h e  

Brief ly ,  the  code 

3c 
On assignment t o  ORNL from Karlsruhe Nuclear Research Center, 

West Germany. 
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multiphase, moving boundary diff’usion problem i n  a tube wa l l  of f i n i t e  

thickness.  Physical p roper ty  data,  a s  wel l  as k i n e t i c  and thermodynamic 

parameters, serve a s  t h e  bas ic  input t o  t h e  code, which, on t h e  b a s i s  

of an idea l  model, can then  examine both t h e  heat and mass t r anspor t  

processes t h a t  occur during a given react ion.  

transient-temperature oxidat ion can be s tudied as we l l  a s  ox ida t ion  i n  

a p a r t i c u l a r  reac t ion  environment where se l f -hea t ing  of t he  specimen 

might take  place.  

i n  hand, and comprehensive t e s t i n g  t o  provide code v e r i f i c a t i o n  w i l l  

begin shor t ly .  

Both isothermal and 

Aworking prel iminary vers ion  of t h e  code i s  p r e s e n t l y  
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5. MULTIROD BURST TESTS 

Reactor Division 
R. H. Chapman 

5 . 1  INTRODUCTION 

The objec t ives  of t h i s  program a r e  t o  de l inea te  t h e  deformation be- 

havior  of  un i r rad ia ted  Zircaloy cladding under condi t ions pos tu la ted  f o r  

a LOCA and t o  provide a da t a  base t o  f a c i l i t a t e  assessment of t h e  magni- 

tude  and d i s t r i b u t i o n  of geometrical  changes i n  t h e  fue l - rod  cladding and 

of t h e  ex ten t  of flow channel blockage t h a t  might r e s u l t .  Consis tent  and 

r e l i a b l e  da t a  w i l l  be obtained from a s ingle-rod and mult i rod experiments 

t h a t  include poss ib le  e f f e c t s  of  rod-to-rod i n t e r a c t i o n s  on bal looning 

and rupture  behavior t o  (1) e s t a b l i s h  t h e  magnitude and d i s t r i b u t i o n  of 

cladding deformation during temperature excursions r ep resen ta t ive  of  a 

hypothe t ica l  LOCA, ( 2 )  determine t h e  cladding rup tu re  temperature- 

pressure  r e l a t ionsh ip ,  and (3)  provide flow r e s i s t a n c e  information t h a t  

can be r e l a t e d  t o  t h e  r e s u l t a n t  coolant channel blockage. 

I n t e r n a l l y  pressurized Zircaloy tubes containing t u b u l a r  e l e c t r i c  

hea te rs  ( t o  s imulate  nuclear  f u e l  p e l l e t  hea t ing)  w i l l  be t e s t e d  t o  f a i l -  

u re  i n  a low-pressure, superheated-steam environment. These assemblies 

w i l l  be heated uniformly over a 3-ft  length  at a constant  r a t e  (50"F/sec) 

f o r  d i f f e r e n t i a l  pressures ranging from 100 t o  2000 psi ,  corresponding t o  

approximate rupture  temperatures from 2200 down t o  1300°F. 

t h e  t e s t e d  tubes w i l l  include comparison of pre- and p o s t t e s t  f low r e s i s -  

tance ( f o r  t h e  mult i rod a r r a y s )  ; sec t ion ing;  and measurement o f  deforma- 

t i o n ,  rup ture  s t r a i n ,  and channel blockage. 

Examination of 

Preliminary program plans and conceptual design desc r ip t ions  were 

presented previously.' 

t i o n  of  program plans and t e s t  schedules, d e t a i l e d  design of components 

and systems, development t e s t s  and evaluat ions,  and procurement o f  long 

de l ive ry  items. 

E f fo r t  t h i s  qua r t e r  concentrated on f u r t h e r  d e f i n i -  
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5.2 PROSRAM PLANS 

5 .2 .1  Planning and Analysis 

R. H. .Chapman 

A program plan, descr ibing i n  d e t a i l  t h e  objec t ives ,  scope, and ex- 

perimental concepts t o  be used i n  t h i s  research, w a s  completed and sub- 

mit ted t o  RSR f o r  review and comment. Plans and accomplishments t o  da te  

were presented February 3 t o  t h e  f i r s t  of what probably w i l l  become regu- 

l a r l y  scheduled RSR Fuel Cladding Research Review meetings; t hese  meet- 

ings a r e  designed t o  provide informal exchange of r e s u l t s  and ideas of 

mutual i n t e r e s t  t o  t h e  various programs. 

ing has a s i g n i f i c a n t  bear ing on a performance c r i t e r i o n  spec i f ied  f o r  

t h e  MRBT hea ters ;  f u r t h e r  discussion on t h i s  point  will be deferred t o  

Section 5.3.4. 

One r e s u l t  of t h i s  f i r s t  meet- 

Some explaratory ca lcu la t ions ,  using t h e  SIMTRAN computer program 

under development i n  t h e  ZWOK program, were performed t o  determine t h e  

inf luence of t h e  exothermic oxidation reac t ion  on cladding heat ing r e l a -  
t i v e  t o  t h a t  due t o  t h e  i n t e r n a l  e l e c t r i c  heater .  

dized cladding, t hese  ca l cu la t ions  ind ica t e  t h a t  t he  cont r ibu t ion  t o  t h e  

cladding heat ing due t o  t h e  reac t ion  may become s ign i f i can t  above about 

1900°F. 
and must be evaluated i n  view of experimental evidence. 

w i l l  be obtained i n  t h e  ZWOK program and i n  t h e  single-rod scoping t e s t s  

t o  be performed i n  t h i s  program. 

For e s s e n t i a l l y  unoxi- 

It should be emphasized t h a t  t h e  ca lcu la t ions  a re  preliminary 

Such evidence 

New t e s t  schedules, cons is ten t  with delays encountered with hea te r  

procurement and budgetary guidelines,  were formulated. Current plans a r e  

based on completing t h e  f i r s t  group (-15) of single-rod b u r s t  t e s t s  i n  

t h e  second quar te r  of  FY 1976 and t h e  f irst  group (3 )  of 4 x 4 bundle 

t e s t s  i n  t h e  second quar te r  of FY 1977. Examination, ana lys i s ,  and r e -  

por t ing  of t h e  d a t a  w i l l  l a g  these  milestones about six months. 
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5.2.2 P o s t t e s t  Examination of Fuel Pin Simulators 

R. H. Chapman 

Detailed measurements of t h e  s ing le -  and multirod t e s t  a r r ays  a r e  

required t o  determine t h e  magnitude and d i s t r i b u t i o n  of cladding deforma- 

t i o n  and derived parameters, e. g., rup tu re  s t r a i n ,  flow channel blockage, 

rod displacement, e t c .  Examination of t h e  single-rod t e s t  assemblies 

w i l l  cons i s t  of measuring t h e  circumference of t h e  deformed cladding a t  

d i s c r e t e  l oca t ions  along t h e  length t o  e s t a b l i s h  a x i a l  p r o f i l e s  of s w e l l -  

ing  and s t r a i n .  The measurements w i l l  be  made by t h e  "Scotch t a p e  

method," i. e., by c a r e f u l l y  wrapping a length o f  t a p e  around t h e  tube,  

marking t h e  c i r cumfe ren t i a l  length,  removing t h e  tape ,  and accu ra t e ly  

measuring t h e  developed length.  This technique has been used by o t h e r  

i nves t iga to r s  with good success t o  determine deformation. The method 

w i l l  not provide information r e l a t e d  t o  t h e  shape of t h e  deformed sec- 

t i o n ;  d e t a i l s  of t h i s  nature  must be obtained from c ross - sec t iona l  pro- 

f i l e s .  Since t h i s  t e s t  s e r i e s  employs c i r cumfe ren t i a l  symmetry, it i s  

expected t h a t  t h e  need f o r  s e c t i o n a l  p r o f i l e s  w i l l  be l imi t ed  t o  t h e  

burst area. Detai led me ta l lu rg ica l  and metallographic examination w i l l  

be l imited t o  t h e  burst a r e a  of r ep resen ta t ive  specimens. Examination 

of t h e  4 x 4 (and l a r g e r )  bundles w i l l  b e  more tedious,  s i n c e  t h e  Scotch 

t a p e  method i s  not applicable.  Instead, t h e  bundles w i l l  be  cast i n  
epoxy and sectioned a t  appropriate  i n t e r v a l s  along t h e  length for d e t a i l e d  

measurement. The mounted and sectioned specimens must be polished s u f f i -  

c i e n t l y  t o  remove t h e  worked ma te r i a l  before  measurements a r e  taken. 

Automated measuring techniques a r e  under inves t iga t ion .  

One ava i l ab le  method i s  based on t h e  use of a Quantimet-720 Image 

Analyzing Computer. This system e x t r a c t s  q u a n t i t a t i v e  data from images 

obtained from mounted specimens or photographs. A number of f ea tu re -  

funct ion compments a r e  ava i l ab le  t o  obtain such parameters as a rea ,  

perimeter,  densi ty ,  e t c .  Basical ly ,  t h e  image f i e l d  i s  divided i n t o  

650,000 d i s c r e t e  p i c t u r e  po in t s  t o  form an x-y g r i d ;  eanlh p i c t u r e  po in t  

i s  d i g i t i z e d  and s to red  f o r  subsequent use. Signals  f r o n  t h e  required 

f ea tu res  a r e  i s o l a t e d  from t h e  remain2er sf t h e  image Sy a de tec t ion  
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t 

process based on gray l e v e l  c r i t e r i a .  For example, t h e  two simplest  

c r i t e r i a  a re :  a l l  areas  l i g h t e r  or  darker than a p rese t  threshold and 

t h a t  a r ea  whose gray . leve1  i s  between two se l ec t ed  leve ls .  A computer 

module makes t h e  des i red  measurement from t h e  detected s igna l s  ( i n t e r -  

rupted l i g h t  beams). 

preserved on a punched tape.  For MEBT appl ica t ions ,  t h e  system can pro- 

vide quan t i t a t ive  measurements of t o t a l  perimeter,  tube w a l l  area, cool- 

ant  flow channel area, e t c . ;  it does not appear capable of loca t ing  cen- 

t r o i d s .  The average w a l l  th ickness  i s  ca lcu la ted  from t h e  tube w a l l  a rea  

and t o t a l  perimeter.  By programming i n  p r e t e s t  data,  t h e  system can c a l -  

c u l a t e  and provide output of such parameters as t o t a l  s t r a i n ,  a rea  reduc- 

t i o n  of wa l l  and coolant channel, percent blockage, e t c .  Although t h i s  

system appears t o  have tremendous capab i l i t y ,  it may not provide a l l  t h e  

needed geometrical  data.  For example, i f  t h e  ind iv idua l  rods a r e  d i s -  

placed from t h e i r  o r i g i n a l  pos i t ion ,  it may not be poss ib le  t o  determine 

t h e  ne t  movement by t h i s  technique. 

Output da t a  a r e  displayed on t h e  console and can be 

Another method ava i lab le  f o r  use, e s s e n t i a l l y  a computer-controlled 

e l ec t ron ic  planimeter,  i s  a l s o  a t t r a c t i v e  and can provide loca t ion  of cen- 

t r o i d s .  Basical ly ,  t h i s  system cons i s t s  of a l7- in .  x l7- in .  p la ten  w i t h  

c l o s e l y  spaced (0.010-in. ) embedded wires,  forming an x-y coordinate sys- 

tem, and a movable s ty lus .  When t h e  s t y l u s  i s  energized a t  a point  on 

t h e  gr id ,  t h e  computer ca l cu la t e s  t h e  x-y coordinates of  t h a t  point  and 

s t o r e s  t h e  value f o r  f u r t h e r  processing. A s  t h e  s ty lus  i s  moved over t h e  

gr id ,  s igna ls  a r e  emitted e i t h e r  a s  s i n g l e  pulses  on demand o r  i n  t h e  con- 

t inuous m3de (approximately 100 pulses/sec) .  The s tored  point  coordinates 

a r e  processed by t h e  computer according t o  programmed ins t ruc t ions  t o  give 

areas ,  lengths ,  loca t ions ,  e tc .  Output da t a  a r e  displayed on t h e  console 

and can be p r in t ed  out,  p lo t ted ,  or preserved on a punched tape.  For MRBT 

appl ica t ions ,  an enlarged photograph of t h e  mounted specimen would be 

placed on the  p l a t en  and an operator  would t r a c e  out t h e  boundaries of t h e  

tubes.  

i n s t ruc t ions .  Much of t h e  same information can be obtained from t h i s  

method of ana lys i s  as  f r o m t h e  Image Analyzing Computer; however, con- 

s iderably  more operator  time i s  involved. This system works equal ly  wel l  

on skewed channels and on uniform displacements. 

The computer would process t h e  da t a  according t o  t h e  programed 
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Both of t hese  methods have p o t e n t i a l  f o r  automation of p o s t t e s t  

examination of t h e  MRST t e s t  assemblies and probably w i l l  be  used, s ince  

each complements t h e  other  and o f f e r s  advantages for c e r t a i n  types of  

infor-matior,. Further ,  t h e  fact .  t h a t  measured and derived r e s u l t s  can be  

output as paper t ape  records f a c i l i t a t e s  subsequent computer handling. 

5.2.3 Temperature P r o f i l e s  i n  No. 1 ( 4  X 4)  Bundle 

R. H. Chapman 

Steady-state  and t r a n s i e n t  temperature measurements a r e  planned f o r  

t h e  f irst  4 x 4 multirod bundle t o :  

1. Determine a x i a l  and rad ia l  temperature p r o f i l e s .  

2. Provide guidance f o r  judicious loca t ion  of tube in s ide  thermo- 

couples i n  subseque!;t t e s t  bundles. 

3. Permit modeling of t he  temperature d i s t r i b u t i o n  so t h a t  l o c a l  

f a i l u r e  temperatures can be in fe r r ed  from a l imi ted  number of temperature 

measurements i n  subsequent t e s t  bundles. 

Corre la te  tube outs ide  sur face  temperature with in s ide  tube 4. 
thermocouple measurements. 

5. Determine t h e  inf luence of steam flow r a t e  on bundle temperature 

d i s t r i b u t i o n .  

6. Determine t h e  e f f e c t  of t h e  steam environment b y  comparison with 

data obtained w i t h  an i n e r t  environment. 

The maximum temperature i n  these  t e s t s  w i l l  be l imi ted  t o  1703 t o  

1800"~ t o  permit t h e  use of  s t a in l e s s -  s t ee l -  sheathed thermocouples, while 

avoiding formation of a zirconium-nickel eu tec t i c  (21750°F). Most of 

t h e  t e s t s  (with steam environment) will be l imi ted  t o  about 1503°F t o  

avoid excessive oxidat ion of t h e  cladding; higher  temperatures m a y  be  used 

i n  t h e  comparative i n e r t  envirorimeni; -i;ests. The fue l -p in  s imulator  helium 

pressure w i l l  be l imi ted  t o  about 50 t o  100 p s i  ( d i f f e r e n t i a l )  t o  preclude 

cladding deformation. 

helium pressure w i l l  be increase3 ta cause deformation and r u p t m e  a t  

appscximately 1 8 0 0 " ~ ;  t h i s  then becomes t h e  f irst  multirod b u r s t  t e s t .  

I n  t h e  f i n a l  experiment (steam environment), t h e  



a3 

This t e s t  w i l l  a l so  provide information on t h e  performance of  t h e  in s ide  

thermocouples as a f fec ted  by tube deformation; s imi la r  and more extensive 

information w i l l  be obtained from t h e  single-rod t e s t s .  

Approximately 114 thermocouples, involving seve ra l  types,  a r e  contem- 

p la ted  f o r  t h e  mapping experiments. An i d e n t i f i c a t i o n  code, given i n  

Table 5.1, was devised t o  f a c i l i t a t e  assembly in s t ruc t ions ,  record keep- 

ing, da ta  acquis i t ion ,  and computer manipulations. 

Figure 5 . 1  show:, a plan view of t h e  bundle and shroud and gives  t h e  

angular pos i t ion  se lec ted  f o r  each rod thermocouple; the e leva t ion  of each 

thermocouple, i n  s ix t een ths  of an inch above or below t h e  da ta  sec t ion  mid- 

point ,  i s  tabulated also.  Gr id  and shroud thermocouples a re  included t o  

complete spec i f i ca t ion  of a l l  t h e  thermocouples. Table 5.2 spec i f i e s  de- 

t a i l s ,  i n  t h e  coded format of Table 5. l, of a l l  t h e  i n t e r n a l  thermocouples; 

Table 5.3 gives similar information f o r  t h e  outs ide thermxouples .  

In  se l ec t ing  t h e  loca t ions  f o r  t h e  thermocouples (both in s ide  and 

outs ide  t h e  tube ) ,  advantage was taken of rad ia l  and a x i a l  symmetry t o  

obta in  p r o f i l e s  i n  t y p i c a l  corner,  midwal l ,  and i n t e r i o r  rod pos i t ions .  

In t h e  rods with outs ide  thermocouples, an insj.de thermocouple i s  matched 

t o  one of t he  outs ide  group t o  provide a co r re l a t ion  between ins ide  and 

outs ide temperature measurements. The shroud thermocouples a re  a l s o  l o -  

cated opposite rod thermocouples f o r  t h e  same reason. The bundle thermo- 

couples a r e  concentrated i n  t h e  regions where t h e  gradients  a r e  expected 

t o  be more pronounced. 

t h a t  def ine t h e  d a t a  sec t ion  end points .  

ou ts ide  t h e  g r ids  t o  give reasona3le d e f i n i t i o n  o f  the proCile i n  these  

regions.  The bundle i s  designed and instrumented on the  bas i s  of down- 

flow of steam; t h e  upstream heated length,  required as a thermal entrance 

region, precludes t e s t i n g  t h e  e f f e c t  of steam flow d i r ec t ion  i n  t h i s  bun- 

dle .  

One thermocouple i s  at tached t o  each of t h e  gr ids  

A few thermocouples a r e  located 

This ty-pe of information will be obtained i n  t h e  single-rod t e s t s .  

A s  indicated i n  Fig. 5.1, tube outs ide thermocouples ( t o t a l  of 42) 

a r e  provided only on "short"  f u e l  p in  simulators t o  f a c i l i t a t e  thermo- 

couple attachment as t h e  bundle i s  b u i l t  up by layers .  

a l s o  t h a t  rods 01 and 16 a r e  taken toge ther  t o  give a complete p r o f i l e  of 

It should be noted 
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Table 5.1. Thermocouple alphanumeric i d e n t i f i c a t i o n  

Thermocouple spec i f i ca t ion :  A B C D E F G H - X X - X X X - X X X - w - -  

1 2 3 4 

1. Eight l e t t e r  genera l  i d e n t i f i c a t i o n :  
Let ter  1 denotes general  l o c a t i o n  as follows: 

I = i n s i d e  of Zircaloy tube 
0 = ou t s ide  o f  Zircaloy tube 
C, = at tached t o  g r i d  
S = a t tached  t o  ou t s ide  of bundle shroud 

Letters 2 and 3; i . e . ,  T C ,  shorthand f o r  thermocouple 

Letters 4 and 5 denote sheathed o r  unsheathed and sheath material 
as follows: 

BW = bare  w i r e  (unsheathed) 
SS = s t a i n l e s s  s teel  sheath 
TS = tantalum sheath 

Letters 6 and 7 denote thermoelement material (ISA type) as follows: 

TK = Chrome1 P vs Alumel 
TS = P t  vs P t  + 10% Rh 

Letter 8 denotes loca t ion  of thermocouple junc t ion  re la t ive  t o  mid- 

A = above midpoint of span 
B = below midpoint of span 
8 = on midpoint of span 

2 .  Two d i g i t  number i d e n t i f i e s  

- 

point  of da t a  sec t ion  as follows: 

rod pos i t i on  i n  bundle (see Fig.  5.1).  

3 .  Three d i g i t  number gives  an u l a r  o r i e n t a t i o n  of thermoc uple  junc t ion  
i n  degrees clockwise from nor th  looking down on top of bundle. 

4 .  Three d i g i t  number gives  e l eva t ion  ( i n  1 / 1 6  of an inch) r e l a t ive  t o  
midpoint of d a t a  sec t ion .  Eighth le t te r  i n  p r e f i x  w i l l  t e l l  i f  above, 
below, o r  on midpoint. 

Example: ITCTSTKB 01 090 152 denotes an i n s i d e ,  tantalum-sheathed, 
type K thermocouple i n  rod pos i t i on  number 1. and loca ted  
90 degrees clockwise from nor th  (when viewed from above) 
and 152/16 (= 9.5) i n .  below t h e  midpoint of t he  d a t a  sec- 
t i o n  of t h e  bundle. 



N REFERENCE 

L 

000 

r+200 

+llZ +176 0 + 40 +112 

n +I12 i3 +176 

040 

. 

ELEVATION IN 1/16 OF AN INCH 
FROM MIDPOINT OF DATA SECTION 

+zoo 
+160 
t152 

+152) 

-096 -040 
+152 tg +040 -200 ': -17 

-136 -17 
+272 -080 

-240 '," -17 
-152 
0 +040 +176 

ooc 
-08C 
-136 
-152 
-16C 
-2oc 

-216 -1 52 

0 
000 

PLAN VIEW OF BUNDLE 

ORNL-DWG 75-4537 

LOWER GRID THERMOCOUPLE 

ROD POSITION NUMBER 
S - "SHORT" SIMULATOR, 
L - "LONG" SIMULATOR K F ?  INSIDE THERMOCOUPLE WITH ELEVATION 

OUTSIDE THERMOCOUPLE WITH ELEVATION 
LEGEND 

UPPER GRID THERMOCOUPLE 
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thermocouples for determining temperature d i s t r i b u t i o n .  



1 
2 
3 
4 
5 
6 
7 
8 
9 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20' 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

10 

ITCSSTKA 
ITCSSTKA 
ITCTSTKA 
ITC S STKA 
ITC S STKB 
ITCS S TKB 
ITC S STKB 
ITCSSTKB 
ITCSSTKA 
ITCSSTKA 
ITCTSTKA 
ITCSSTKA 
ITC S STKB 
ITCSSTKB 
ITCS STKB 
ITC SSTKB 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCTSTK0 

ITCSSTKB 
ITC S STKB 
ITCSSTKB 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCTSTKA 
ITCTSTKB 
ITCSSTKB 

I TC S STKB 

ITC s S T K ~  

ITCSSTKB 

01 
01 
01 
01 
1 6  
16 
16 
16 
03 
03 
03 
03 
08 
08 
08 
08 
02 
02 
02 
02 
05 
05 
05 
05 
06 
06 
06 
06 
10 
10 
10 
10 

Table 5 .2 .  L i s t i n g  of i n s i d e  tube thermocouples 
(57 s t a i n l e s s  steel  and 7 tantalum sheathed, type K) 

TIC General Rod Orient. Distance 
No. i den t .  pos i t i on  (deg) (1116 in.) 
- 

180 
090 
000 
270 
180 
090 
000 
270 
180 
090 
000 
270 
180 
090 
000 
270 
225 
315 
135 
045 
225 
135 
315 
045 
270 
180 
000 
090 
000 
180 
090 
270 

+2 16 
+176 
+152a 
+112 
,-112 
-152a 
-176 
-216 
+216 
+176 
+152a 
+112 
-112 
-152a 
-176 
-216 
+240 
+200 
+112 

000 
000 
-112 
-200 
-240 
+200 
+176 

+040a 
-040 
-080 
-176 
-200 

+120a 

Orient. Distance TIC General Rod 
(1116 in.) No. i den t .  p o s i t i o n  (deg) 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 

ITCSSTKA 
ITC S S TKA 
ITCSSTKA 
ITCTSTKA 
ITCTSTKB 
ITCS STKB 
ITCSSTKB 
ITCSSTKB 
ITCSSTKA 
ITC S STKA 
ITCSSTKA 
ITCSSEA 
ITCS STKB 
ITCS STKB 
ITC S STKB 
ITCS STKB 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCS STKB 
ITCS STKB 
ITC S STKB 
ITCSSTKB 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCSSTKA 
ITCSSTKB 
ITCSSTKB 
ITCSSTKA 
ITCSSTKA 

07 
07 
07 
07 
11 
11 
11 
11 
09 
09 
09 
09 
14 
14 
14 
14 
15 
15 
15 
15 
12 
12 
12 
12 
04 
04 
04 
04 
13 
13 
13 
13 

135 
045 
315 
225 
315 
045 
135 
225 
180 
000 
270 
090 
000 
180 
090 
2 70 
135 
045 
315 
225 
045 
315 
225 
135 
045 
315 
135 
225 
045 
135 
315 
225 

+216 
+136 
+096 
+040 
-040a 
-096 
-136 
-216 
+272 
+176 
+15 2a 

-040 
-152 
-176 
-240 
+176 
+136 
+096 
+040 
-040 
-096 
-136 
-176 
+304 
+240 
+160 
+080 
-080 
-160 
+240 
+304 

+040 m 
a 

a Outside tube TIC matched with inside tube TIC at these positions. 

? -7 



Table 5.3. Listing of outside tube, shroud, and grid thermocouples 
(44 bare wire, type S; and 6 SS-sheathed, type K) 

TIC General Rod Orient. Distance 
No. ident. position (deg) (1/16 in.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

QTCBWTSA 
QTCBWTSA 
QTCBWTSA 
BTCBWTSA 
QTCBWTSA 
QTCBTWSQ 
8TCBWTS8 
QTCBWTSB 
QTCBWTSB 
0TCBWT S B 
bTCBWTSB 
QTCBWTSB 
QTCBWTSA 
0TCBWTSA 
OTCBWTSA 
QTCBWTSA 
0TCBWTSB 
BTCBWTSB 
QTCBWTSB 
0TCBWTSB 
QTCBWTSA 
QTCBWTSA 
0TC BWT SB 
0TCBWTSB 

01 
01 
01 
01 
01 
01 
16 
16 
16 
16 
16 
16 
06 
06 
06 
06 
06 
06 
06 
06 
09 
09 
09 
09 

000 
000 
000 
000 
000 
000 
090 
090 
090 
090 
090 
090 
090 
315 
000 
090 
090 
000 
315 
090 
000 
090 
090 
000 

+200 
+160 
+15 2 a 
+136 
+080 
000 
000 
-080 
-136 
-152a 
-160 
-200 
+152 
+136 

+040 a 
-040 
-120 
-136 
-152 
+120 
+040 a 
-040 
-120 

+120a 

Outside TIC matched with inside TIC at this a 
posit ion.  

Orient. Distance TIC General Rod 
No. ident . position (deg) (1/16 in.) 

25 
26 
27 

29 
30 
31 
32 
33 
34 
35 
36 
37 

38 
39 
40 
41 

42 

28 

43 
44 
45 
46 
47 
48 

49 
50 

QTCBWTSA 
0TCBWTSA 
QTCBWTSA 
QTCBWTSA 
0TCBWTSA 
8TCBWTS8 
0TCBWT S 0 
QTCBWTSB 
0TC BWT S B 
QTCBWTSB 
QTCBWTSB 
QTCBWTSB 
QTCBWTSA 

03 
03 
03 
03 
03 
03 
08 
08 
08 
08 
08 
08 
11 

000 
000 
000 
000 
000 
000 
090 
090 
090 
090 
090 
090 
315 

QTCBWTSA 11 045 
QTCBWTSA 11 315 
QTCBWTSB 11 315 
QTCBWTSB 11 045 

QTCBWTSB 11 315 

Shroud thermocouples 

STCSSTKA Outside North 
STCSSTKB Outside North 
STCSSTKB Outside. North 
STCSSTKQ Outside East 
STCSSTKQ Outside South 
STCSSTK~ Outside West 

Grid thermocouples 
GTCBWTSA 06 SE 
GTCBWTSB 06 SE 

+200 
+160a 
+152 
+136 
+080 
000 
000 
-080 
-136, 
-152 
-160 
-200 
+15 2 

+120 
+040a 
-040 
-120 

-152 

+152 
000 
-152 
000 
000 
000 

+186 
-186 
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a corner pos i t i on ;  rod pos i t ions  03 and 08 a r e  required t o  obta in  a com- 

p l e t e  p r o f i l e  f o r  a c e n t r a l  rod. Tube 09 supplements pos i t i on  03 by pro- 

viding e x t e r i o r  thermocouples t h a t  "look a t"  adjacent  i n t e r i o r  and ex ter -  

i o r  rods. The tube i n t e r i o r  thermocouples a r e  or ien ted  t o  give broad cov- 

erage of a l l  d i r ec t ions  and t o  fill i n  t h e  bas i c  p r o f i l e s  obtained from 

t h e  outs ide  surface measurements. 

5.3 DESIGN, DFTELOF!%NT, AND PROCUREMENT 

5 .3 .1  Zircaloy Tubing Procurement -- 

R. H. Chapman 

Procurement of approximatekj 8500 ft of  r eac to r  grade I,iri.aloy tub-  

ing: f o r  lise 3.n a l l  t h e  RSR-spcnsored f u e l  cladding s tud ie s ,  i s  approxi- 

mately on schedule. An inspec tor  from O W L  v i s i t e d  t h e  s u p p l i e r ' s  produc- 

t i o n  f a c i l i t i e s  t o  witness a number of t h e  required inspect,ions and t e s t s .  

Shipment of t h e  tubing i s  an t i c ipa t ed  during t h e  week of Apr i l  21, about 

two weeks l a t e r  than o r i g i n a l l y  scheduled. Spec ia l  requirements and char- 

a c t e r i s t i c s  of t h e  tubing were reported previously.  2 

5.3 .2  G r i d s  

R. H. Chapman 

A standard f u e l  assembly g r i d  having t h e  proper rod p i tch- to-  

diameter r a t i o  was obtained from one of t h e  r eac to r  vendors and was cu t  

i n t o  u n i t  c e l l s  t o  produce prototype "single-rod gr ids"  f o r  use i n  t h e  

s ingle-rod bu r s t  t e s t s .  Since a g r i d  represents  a hea t  s ink i n  addi t ion  

t o  imposing some loca l ized  r e s t r a i n t  on t h e  cladding, use o f  a g r id  u n i t  

c e l l  introduces another element of r e a l i t y  i n  t h e  s ingle-ro6 expnriments. 

Grids f o r  t h e  multirod t e s t  a r rays  a r e  being Cabricat,ed by the  reac-  

Those necessary f o r  t h e  1: x 4 bundle t e s t s  a r e  scheduled f o r  t o r  vendor. 

shipment i n  May; g r ids  for t h e  l a rge r  bundles a r e  scheduled f o r  deli.ver-y 

i n  mid-1976. 
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5.3.3 Component Development 

J. L. Crowley 
- 

To avoid axial  r e s t r a i n t  of t h e  multirod t e s t  arrays,, t h e  lower end 

of t h e  f u e l  p in  s imulators  terminate  wi th in  t h e  t e s t  vesse l .  

lower end sea l s  between t h e  i n t e r n a l  e l e c t r i c  hea te r  and the  cladding 

must s e a l  aga ins t  2030 p s i  helium pressure a t  a temperature of  650°F 
(ambient steam) while providing e l e c t r i c a l  i n su la t ion  aga ins t  300 V de. 
Current design concepts f o r  t h e  mechanical s e a l  a r e  based on modifica- 

t i o n s  t o  commercial glands.  Test ing of a gland recommended by t h e  manu- 

f a c t u r e r  f o r  t h i s  app l i ca t ion  proved t h e  Teflon sea l an t  t o  be  unsa t i s fac-  

t o r y  ( a s  expected) above about 550°F. Tests  with o the r  s ea l an t s  thus  fa r  

ind ica t e  crushed lava  may be s a t i s f a c t o r y ,  i f  the  e l e c t r i c a l  i s o l a t i o n  

problems can be resolved. High-temperature epoxy coat ings,  alone and with 

combinations of var ious i n s u l a t i n g  s leeve  mater ia l s ,  were t e s t e d  without 

success i n  meeting a l l  requirements. Test ing of  improved concepts now 

under development a r e  expected t o  reso lve  t h e  remaining problems with 

t h i s  s e a l .  

Thus, t h e  

The upper sea l ,  which i s  ex te rna l  t o  the  multirod t e s t  vesse l ,  

appears t o  be s a t i s f a c t o r y  using t h e  Teflon sea l an t  i n  combination with 

a heat  shr ink Teflon s leeve  on t h e  conductor. Both t h e  helium re t en t ion  

and e l e c t r i c a l  i n su la t ion  requirements were s a t i s f i e d  simultaneously i n  

t e s t s  t o  300°F and above. 

a l s o  must s e a l  four  sheathed thermocouples and two pressure  tubes,  a l l  

within a m a x i m u m  diameter of 0.675 in .  

In  addi t ion  t o  t h e  copper conductor, t h i s  g l and  

A steam hea ter  was designed, fabr ica ted ,  and t e s t e d  successful ly .  

Current plans a r e  f o r  t h i s  h e a t e r  t o  supply 650°F steam f o r  t h e  s ing le -  

rod t e s t s  and 900°F steam f o r  preoxid iza t ion  of the  Zircaloy tubes.  

thus far have shown t h a t  t h e  hea te r  can supply 5 lb /hr  of superheated 

steam at  930°F. 
f'urnace t o  permit simultaneous pretreatment (both i n t e r i o r  and ex te r io r  

Tests  

An autoclave was f ab r i ca t ed  f o r  use i n  an e x i s t i n g  

sur faces)  of seven Zi rca loy  tubes ; t e s t  specimens w i l l  be me ta l lu rg ica l ly  

evaluated t o  qua l i fy  t h e  procedure. 

A f i x t u r e  f o r  p r e c i s e l y  loca t ing  and sp,t welding t h e  sheathed thermo- 

couples t o  t h e  i n s i d e  sur face  of t h e  cladding was designed and fabr ica ted .  
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The device can accommodate up t o  four (90" i n t e r v a l s )  thermwouples a t  any 

des i red  a x i a l  pos i t ion  within t h e  Zi rca loy  tubing. Procedures and welding 

pzrameters a r e  cu r ren t ly  under developnent. 

o3tained w i t h  an energy pulse  of 4 t o  8 W-see w i t h  4 l b  appl ied force.  

Promising r e s u l t s  have been 

5.3.4 Heater Development and Procurement 

D. L. Clark and R. W. McCulloch 

Test and evaluat ion of a number of development hea ters  were-performed; 

Table 5.4 sumnarizes t h e  r e s u l t s .  

a bes t - e f fo r t  bas i s  so tha t  t e s t  and evaluat ion could proceed as quickly 

as possible ,  previously discussed" f ab r i ca t ion  d i f f i c u l t i e s  delayed de l iv-  

ery.  A s  ind ica ted  i n  t h e  t ab le ,  nondestructive examination and opera t iona l  

t e s t s  revealed t h e  e f f e c t s  of t h e  f ab r i ca t ion  problems. In  general ,  uni-  

formity of surface heat  f l u x  was not acceptable as ind ica ted  by t h e  i n f r a -  

red scanning r e s u l t s .  Radiographs revealed dens i ty  va r i a t ions  i n  t h e  

crushed magnesium oxide cores on which t h e  hea t ing  element i s  wound. 

Evaluation of t h e  t e s t  r e s u l t s  i nd ica t e s  t h a t  each manufacturer must i m -  

prove appreciably h i s  f ab r i ca t ion  techniques and procedures i n  order  t o  

produce an acceptable hea ter .  

Although these  hea ters  were procured on 

Information presented a t  t h e  February 3, 1974, Fuel Cladding Review 

Meeting ( see  Sect .  5.2.1) i s  important t o  a performance c r i t e r i o n  spec i -  

f i e d  f o r  t h e  hea ters .  S t r a i n  a t  f a i l u r e  i n  a s t r e s sed  Zircaloy specimen 

depends on s t r a i n  r a t e .  To remove t h i s  extraneous parameter from con- 

s ide ra t ion  i n  t h e  burst  t e s t s ,  t h e  s t r a i n  r a t e  i n  t h e  pressurized f u e l  

p in  simulators p r i o r  t o  and a t  t h e  t ime of f a i l u r e  should be approximately 

t h e  same i n  a l l  t h e  t e s t s .  In  a constant  pressure  process,  L e . ,  a con- 

s t a n t  loading condition, t h e  s t r a i n  r a t e  w i l l  be propor t iona l  t o  t h e  r a t e  

of temperature increase.  This s i t u a t i o n  i s  reasonably approximated dur-  

ing  a por t ion  of t h e  MRBT temp2rature t r a n s i e n t .  

MRBT hea te r  design c r i t e r i a  spec i f i ed  a temperature increase of 50"F/sec 

2 10% f o r  t h e  cladding i n  t h e  region of 1000 t o  1600"~. 

approximately t h e  same s t r a i n  r a t e  a t  f a i l u r e  i n  a l l  t h e  t e s t s ,  t h i s  c r i -  

t e r i o n  has been modified t o  requi re  t h e  temperature increase t o  be 50"F/ 

see (+lo%) over t h e  500°F t e s t  range preceding f a i l u r e .  

Or ig ina l ly  one of t h e  

To maintain 

Figure 5.2 shows 
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Table 5.4. Test and evaluation of development heaters  

8 Temperature t r ans i en t  
Results 

Maximum b 
Transient t e s t s  Power Infrared 

Sheath He a t  e r  
s e r i a l  

No. 

Heater 
temperature Cycles 

scan (OF) (kw) suppl ier  material  

Wat low 

Wat l o w  

Watlow 

Wat low 

Watlow 

l?AMA 

Watlow 

s EMCO 

RAMA 

Inconel 

Zircaloy 

T i t a n i u m  

Tantalum 
coated on 
carbon s t e e l  

Tantalum 

Inconel 

Zircaloy 

Inconel 

Z i r c  a lo  y 

6.4-9.5 
8.5 
7.5 
7.7 

7.8 

8.3 
8.4 

6.5 
5.6 
7.0 
7.7 
6.9 
8.0 
10.0 

8.6 

6.9 
8.6 
3.8 
9.0 

11.0 
13.0 

4 6 0 0  
42200 

-1600 
-2200 

e100 

-1700 
N2200 

-1400 
-1700 
-2100 
-2200 

-1700 
*200 
-200 

-1800 

-1700 
42203 

-1600 
-2200 
42203 
4 0 0 0  

4 
10 

5 
2 

1 

1 
9 

1 
1 
4 
6 
2 
12 
1 

1 

2 
11 

2 
2 
a 
2 

Very poor 

Sat  i s  f ac t o r  y 

Very poor 

Poor ' 

Very poor 

Poor 

Poor 

Fa i r  

Very poor 

Survived 
Survived 

Survived 
Element burnout ; hole 

melted i n  sheath; sheath 
swelling over e n t i r e  
heated length 

Element burnout ; sheath 
swelling over e n t i r e  
heated length 

W 
I--' Survived 

Survived; white oxide 

Survived 
Survived 
Survived 
Survived 

Survived 
Survived 
Survived 

Sheath s p l i t  i n  ballooned 
region;c swelling over 
e n t i r e  heated length 

formed over heated length 

d 
Survived d Survived 

Cracks in sheath initially; 
sheath swelling over 
heater length; heater 
element burned out in 
last cycle and shorted 
to sheath 



Table 5.4. (Cont'd) 

a Temperature t r ans i en t  Results 

Sheath M a x i m u m  b Power temperature Cycles 

Heater 
s e r i a l  

No. 

Heater 
Infrared 

scan Transient t e s t s  
(OF) (kw) 

s uppli  e r  material  

RAMA 3 Tantalum 6.3&11 -1700 2 Fa i r  
coated on 14.2 -200 9 
carbon s t e e l  14.2 +030 1 

wat low 9 Zircaloy 7.9 -1600 1 Poor 

RAMA 4 Molybdenum 9.2 -1700 
coated on 11.4 -1700 

13.8 +200 
carbon s t e e l  12.0 42200 

SEMCO 2 Inconel 

Poor 

Fa i r  

Survived 
Survived 
Severe bowing; terminated 
t e s t ;  severe oxidation; 
coating removed 

Failed by s p l i t  i n  lo- 
cally' ballooned area 

Coating oxidized (evolu- 
t i o n  of white smoke); on 
l a s t  cycle coating began \o 
t o  s p a l l ;  p a r t i c l e s  N 

wedged i n  expansion 
j o i n t ,  heater buckled 

t ione 
Holding f o r  future  evalua- 

a Temperature t r a n s i e n t s  s t a r t ed  a t  about 500°F; r a t e  of increase i n  range 40 t o  60"F/sec; t e s t s  conducted 

b A l l  heaters  x-rayed and t e s t ed  with an infrared scanning technique t o  determine element concentricity i n  
The heater element eccen t r i c i ty  exceeded 0.006 in. i n  a l l  heaters  

i n  an argon atmosphere, using a dc motor-generator power supply. 

sheath and uniformity of surface heat f lux.  
except t h e  S E E 0  heater ,  which was l e s s  than t h i s  value. 
t h e  surface heat flux uniformity. 

i n  s p l i t t i n g  the  sheath. Fai lure  appears t o  be a r e s u l t  of i n t e r n a l  pressure increase during heatup cycle. 

dThis heater  was r e j ec t ed  i n i t i a l l y  on t h e  bas i s  of metal l ic  inclusions i n  t h e  boron n i t r i d e  insulat ion 
between t h e  heater  element and the sheath. These inclusions caused a short  i n  t he  infrared scanning t e s t s ,  
which melted two small holes i n  the  sheath without damaging t h e  element. The heater survived the t r ans i en t  
t e s t s  without d i f f i c u l t y .  

Operational t e s t i n g  i s  being 
postponed f o r  time being; may be used i n  development t e s t s  of plasma spray coating. 

The qua l i t a t ive  evaluation i n  the  t a b l e  r e l a t e s  t o  

C The sheath exhibited s ignif icant  localized ballooning i n  two o r  t h ree  nodes, one of which resul ted 

This hea te r  i s  a replacement fo r  re jected heater (see note d above). e 
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Fig. 5.2. Typical heat ing cyc le  r e s u l t s  f o r  MRBT development 
hea ters .  
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t y p i c a l  performance da ta  on four  of  t h e  eevelopqent hea te rs  f o r  constant  

app’l..ied voltage.  Based on evaluat ion of a l l  t h e  t e s t  data ,  t h i s  new c r i -  

t e r i o n  implies a higher  heatup r a t e  i n  t h e  lower temperature range or an 

adjustment i n  appl ied voltage i n  t h e  higher  range; a choice between t h e  

a l t e r n a t i v e s  has not 3een made. 

Zi rca loy  i s  des i red  as  t h e  hea ter  sheath ma te r i a l  f o r  compat ib i l i ty  

reasons; however, as indicated i n  Table 5.4, t h e  i n i t i a l  performance of 

t h e  Zircaloy-sheathed hea te r s  was not encouraging, and f o r  t h e  immediate 

fu ture ,  f u r t h e r  considerat ion w i l l  not be given t o  t h i s  mater ia l .  How- 

ever, s ince  Zircaloy-sheathed hea ters  have been f ab r i ca t ed  successfu l ly  

and used i n  a number of t e s t  programs, we w i l l  continue t o  inves t iga t e  

t h i s  mater ia l  f o r  use l a t e r  i n  t h e  program. For t h e  near term, we w i l l  

focus on s t a i n l e s s  s t e e l  sheaths with a p ro tec t ive  plasma spray coat ing 

of r e f r ac to ry  metal or oxide. 

Development and evaluation of plasma spray coat ings.  a r e  under way 

i n  t h e  Y - 1 2  Plant ,  using ex i s t ing  equipment and some of t h e  development 

hea ters  t h a t  survived the  evaluat ion t e s t s .  Candidate coat ings of cur- 

r e n t  i n t e r e s t  a r e  tantalum, tungsten,  calcium-stabi l ized zirconium oxide, 

and depleted uranium dioxide. The evaluat ion w i l l  include adherence 

q u a l i t y  ( t o  s t a i n l e s s  s t e e l  and Inconel) ,  chemical and meta l lurg ica l  capa- 

b i l i t y  with Zircaloy-4, and e f f e c t i v e  emittance. 

Based on t h e  t e s t  and evaluat ion r e s u l t s  gained from t h e  development 

hea ters  and on rev ised  design c r i t e r i a ,  t h e  prototype hea te r  has been 

redesigned. S t a i n l e s s  s t e e l ,  type 316, i s  spec i f ied  as t h e  sheath mate- 

r ia l .  

clude formation of zirconium-based eu tec t i c s .  

t i v e  coat ing w i l l  be in-house t o  maintain q u a l i t y  con t ro l  and t o  assure  

t imely a v a i l a b i l i t y  of acceptable hea ters .  

A s u i t a b l e  p ro tec t ive  plasma spray coat ing w i l l  be applied t o  pre-  

Application of  t h e  protec-  

Purchase of 20 of t h e  redesigned hea te r s  has  been i n i t i a t e d  from each 

of two manufacturers, i . e . ,  t h e  two most favorable  responses t o  b i d  r e -  

quests  sen t  t o  t h e  t h r e e  manufacturers who suppl ied hea ters  f o r  evaluat ion;  

no information will be ava i l ab le  on de l ive ry  u n t i l  t h e  b ids  a re  opened 

i n  mid-April. 

an option t o  purchase add i t iona l  hea te rs  w i l l  be  exercised. 

w i l l  enhance t h e  p robab i l i t y  t h a t  s u i t a b l e  hea te r s  can be obtained on a 

Based on performance evaluat ion of t h e  two l o t s  of hea ters ,  

This s t r a t e g y  
C 
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t imely bas i s  f o r  f u r t h e r  evaluat ion and f o r  use i n  t h e  i n i t i a l  single-rod 

t e s t s .  

e a r l i e r  f o r  a quant i ty  of s t a i n l e s s  s t e e l  sheath tubing t h a t  w i l l  be  sup- 
p l i e d  t o  t h e  se lec ted  manufacturers. Delivery of  t h e  tubing, expected i n  

l a t e  Apri l ,  should not delay f ab r i ca t ion  of t h e  heaters .  

ma te r i a l  (heat ing element) and high-puri ty  boron n i t r i d e  powder a l s o  

w i l l  be supplied t o  t h e  manufacturers; t hese  mater ia ls  w i l l  be with- 

drawn from our ex i s t ing  supply. 
The l ack  of manufacturers qua l i f i ed  t o  produce acceptable hea ters  

To expedi te  fabr ica t ion  of t h e  hea ters ,  an order  was placed 

Kanthal ribbon 

i s  a problem ,for  t h i s  and o ther  t e s t  programs. We plan t o  procure 

addi t iona l  development hea ters  from other  prospective suppl ie rs  f o r  

t e s t  and evaluat ion i n  an e f f o r t  t o  improve t h e  s i t ua t ion .  
t h i s  e f f o r t  i s  not expected t o  a l l e v i a t e  t h e  s i t u a t i o n  with respect  t o  

hea ters  f o r  t h e  i n i t i a l  single-rod and 4 x 4 burs t  t e s t s ,  it i s  a n t i c i -  

pated t h a t  some r e l i e f  w i l l  be obtained by t h e  time s ign i f i can t  quanti-  

t i e s  of hea te rs  a r e  required f o r  t h e  8 x 8 multirod t e s t  bundles. 

Although 

5.3.5 Instrumentation and Data Acquisit ion 

K. R. Can* and T. G. Kollie* 

Pres sure  

The helium pressure (100 t o  2000 p s i )  i n  each f u e l  p in  s imula to r .  

w i l l  be measured with a fas t  ( T  

ducer and t h e  signals recorded by a computer cont ro l led  data acqu i s i t i oq  

system (CCDAS). 

1 msec) strain-gage-type pressure trans- 

Important system design considerat ions include: 

A 2-in. length of  0.015-in. -ID tubing i s  required i n  t h e  upper 1. 

s e a l  gland on t h e  simulators ( see  Sect. 5.3.3) t o  interconnect  t h e  simula- 
t o r  gas volume t o  t h e  ex te rna l  measuring system. 

2. The pressure t ransducer  must be located a t  a s u f f i c i e n t  d i s tance  

from t h e  t e s t  bundle t o  avoid high-temperature c a l i b r a t i o n  d r i f t  (2350°F 

a t  t h e  simulator end s e a l ) .  

*Instrumentation and Controls Division. 
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3. The t ransducer  and connecting tubing volume must be  s u f f i c i e n t l y  

small  so t h a t  t h e  t o t a l  i n t e r n a l  volume of each s imulator  system i s  no 

g rea t e r  than 2 in.3 f o r  proper f'uel p in  simulation. 

4. The connecting tubing must have a s u f f i c i e n t l y  l a r g e  I D  so  t h a t  

t h e  tubing w i l l  cause i n s i g n i f i c a n t  time delay o r  d i s t o r t i o n  of t h e  pres -  

sure  s igna l .  

A model of t h e  fuel-pin s imulator  pressure-measuring system, shown 

i n  Fig. 5.3, was assembled and t e s t e d  t o  determine t h e  approximate time 

response of t h r e e  tubing configurat ions as  given i n  t h e  f igu re .  The t e s t s  

were conducted as fo l lows :  

1. -The system was pressurized with helium t o  500 p s i g  and i s o l a t e d  

from t h e  gas supply by valve HV-1. 

2. Rupture of t h e  f'uel-pin s imulator  was simulated by opening valve 

W-2 t o  vent t h e  system. 

ORNL- DWG 75- 4535 

SINGLE-CHANNEL TRANSIENT 
RECORDER AND OSCILLOSCOPE 

SIMULATED FUEL PIN 
GAS VOLUME 

RESTRICTION IN TEST 2 

TEST LENGTH 

HELIUM 
SUPPLY 

TEST 1: 8 f t  of 0.015-in.-ID TUBING SIMULATED 
RUPTURE 

TEST 2: 8 f t  of 0.069-in.-IO TUBING VENT LJ 
PLUS 2-in. LENGTH OF 
0.015-in.-ID RESTRICTION 

8 f t  of 0.069-in.-ID TUBING TEST 3: 

Fig; 5.3. Model of f u e l  pin s imulator  pressur iza t ion  system 
f o r  determining pressure t r a n s i e n t  response. 
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3. A s i n g l e  channel t r a n s i e n t  recorder  (Biomation model 802) was 

used t o  record t h e  t ransducer  s i g n a l  from e i t h e r  PE-1 o r  PE-2. 

were output  from t h e  t r a n s i e n t  recorder  t o  an osci l loscope,  and a 
photograph was made of  t h e  d i sp lay  f o r  subsequent ana lys i s .  

The data 

4. Approximate pressure  t r a n s i e n t  time constants  (63% response) and 

time i n t e r v a l s  required t o  reach 0 p s i g  were determined from t h e  photo- 

graphic records. 

Typical data records a r e  shown i n  Fig. 5.4;  t h e  t r a c e  f o r  PE-1 shows 

t h e  response expected f o r  a t ransducer  c l o s e l y  coupled t o  the s imulator  

gas volume and should be e s s e n t i a l l y  independent o f  the  ex te rna l  tub ing  

configurat ion.  The t r a c e  shown i n  t h e  f i g u r e  f o r  PE-2 shows t h e  e f f e c t  

of  l oca t ing  t h e  t ransducer  remote (8 f t  of 0.015-in.-ID tube )  from t h e  

simulated volume. 

i n  Table 5.5. 
before  t h e  pressure  t r a n s i e n t  f i r s t  a r r i v e s  at PE-2; ca lcu la t ions  ind ica t e  

t h i s  delay t o  be a few msec (3 t o  5 a t  most). 

Resul ts  f o r  t h e  t h r e e  tubing configurat ions a r e  given 

These da t a  do not include t h e  t ime delay ,("dead t ime") 

ORNL DWG 75 -4536 
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Fig. 5.4.  Superimposed da ta  records for system simulation shown 
i n  Fig. 5 .3 .  Test  condi t ions:  500 t o  0 psig.  
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Table 5.5.  Summary of t r a n s i e n t  t e s t  r e s u l t s  f o r  
pressure-measuring systems shorn i n  F ig . ' 5 .3  

Time constant  Time t o  reach 
Transducer (63% r e s p m s e )  0 ps ig  ind ica t ion  

( set) ( sec 1 

Test No. 1: 8 f t  of 0.015-in. -ID connecting tubing 

PE-1 0.04 
PE-2 0.5 

0. O w .  13 
2.5 

Test No. 2: 8 ft of 0 . 0 6 9 - i n . - ~  tubing plus  2 i n .  
of 0.015-in. -ID r e s t r i c t i o n  

PE-1 0.06 
PE-2 0.3 

0.2 
1 . 2  

Test  No. 3: 8 ft  of 0.O69-in. - I D  connecting tubing 

PE-1 0.04 
PE-2 0.05 

0.12 
0.19 

Note: These da t a  do not include time delay 
("dead time") f o r  pressure t r a n s i e n t  t o  a r r i v e  
a t  t ransducer  . 

The e f f ec t  of l oca t ing  t h e  t ransducer  remote 'from t h e  fue l -p in  simu- 

la tor  i s  obtained fo r  each of  t h e  t e s t e d  configurat ions by t ak ing  t h e  

d i f f e rence  i n  t h e  time constant  f o r  t h e  two t ransducers .  These prelim- 

ina ry  r e s u l t s  i nd ica t e  t h e  design goals can be achieved without s i g n i f i -  

cant  degradation of t h e  pressure data .  Further  t e s t s  a r e  planned t o  ob- 

t a i n  b e t t e r  d e f i n i t i o n  of t h e  response and t o  evaluate  a l t e r n a t i v e  con- 

f igu ra t ions .  

Thermometry 

Cal ibra t ions  of t h e  bare-wire, type S thermocouple ma te r i a l  were com- 

pleted.  

125) a re  within t h e  ?1/4% spec i f i ca t ion  f o r  type S wire with nominal 

(usua l ly  about 9.91 w t  %) 10% rhodium content of t h e  p la t inm/ lO% rhodium 

The c a l i b r a t i o n  deviat ions from ASTM E-230 (i. e . ,  NBS Monograph 

1 

8 

e- 

@ 
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thermoelement. (The exact,  i . e . ,  10 * 0.05 w t  % rhodium, composition wire 

w a s  ordered bu t  t h e  manufacturer supplied the  nominal 10% composition wire. 

With t h e  proper a t t e n t i o n  t h a t  i s  being given t o  c a l i b r a t i o n s ,  t h e  nominal 

10% rhodium wire i s  acceptable f o r  use. ) 

a smooth, negative,  monotonic funct ion o f  increasing 5emperature with 

maximum deviat ion of less than -5°C (-9°F) a t  1500°C (2732°F). Tables 

and functions based on t h e  IPTS-68 temperature sca l e  are now being pre-  

pared f o r  use i n  convzrting t h e  thermal emfs of t h e s e  thermocouples t o  

temperature. The p r i n c i p a l  use o f  t h i s  bare-wire, type S mater ia l  w i l l  

be f o r  measurements o f  t h e  ou t s ide  surface temperature of t h e  Zircaloy 

tubing i n  t h e  single-rod t e s t s  and f o r  use as a secondary working s tan-  

dard t o  f a c i l i t a t e  c a l i b r a t i o n  of sheathed thermocouples purchased i n  t h e  

fu tu re .  

The c a l i b r a t i o n  deviat ions a r e  

A v a r i e t y  o f  thermocouples are on o rde r  f o r  evaluation and use i n  

t h e  i n i t i a l  t e s t s ;  Table 5.6 spmar i zes  t h e  procurement s t a t u s .  

and procurement of the components necessary f o r ' e v a l u a t i o n  of t h e  0.030- 

i n .  -OD tantalum-sheathed thermocouples a r e  complete. Evaluation of t hese  

thermocouples w i l l  include comparative c a l i b r a t i o n  t o  working standard 

type S thermocouples over t h e  range 20 t o  1315°C (68 t o  2400°F) and meas- 

urement of t h e  high-temperature sheath-to-wire r e s i s t a n c e  i f  t h e  measured 

temperature dev ia t e s  appreciably from t h a t  indicated by t h e  standard. 

Design 

A s  discussed i n  Sect ion 5.2.3, bare-wire, t ype  S thermocouples will 

be attached t o  t h e  ou t s ide  surface of a number o f  f u e l  p i n  simulators i n  

t h e  f i r s t  4 x 4 bundle t o  obtain temperature p r o f i l e s .  

assembly problems and t o  provide support for t h e  f r a g i l e  wire, 0.063-in. - 
OD s ta inless-s teel-sheathed thermocouples were se lec ted .  The sheath w i l l  

be s t r ipped  back a f e w  inches from t h e  sensing end t o  expose t h e  thermo- 

elements f o r  welding t o  t h e  cladding. This requires  a high-temperature 

h e r E t i c  end seal  t o  prevent moisture e n t r y  i n t o  the  sheathed po r t ion ;  

s e v e r a l  end seal  materials are under consideration. Procurement was i n i -  

t i a t e d  f o r  60 of t h e s e  thermocouples. 

To a l l e v i a t e  



Table5.6.  Thermocouple procurement s t a t u s  i n  t h e  MRBT program 

Vendor 
Sheath OD Length Quantity Scheduled 

( in .  ) (ft) shipping da te  Insu la tor  Thermocouple Shea,h 
t n e  

K T a  A12 03 0.030 10 45 4/4/75& SEMCO 

K T a  Al, O3 0.030 10 25 6/1/75b ARI 
S T a  A12 03 0.030 10 10 4/4/75c SEMCO 

K 310 SS MgO 0.030 10 10 0 4/25/75 Gordon 

S 310 SSe A12 03 0.053 7 60 Out for b i d s  
P 

0 
S Bare A12 03 0.010 250 Received Bishop 0 

a 

b P a r t i a l  shipment of 5. 

d P a r t i a l  shipment of 50. 
e 

P a r t i a l  shipment of  about 15. Remainder t o  be shipped May 9, 1975. 
Remainder t o  be  shipped Ju ly  18, 1975. 

C P a r t i a l  shipment of  2. Remainder t o  be shipped May 9, 1975. 
Remainder t o  be shipped Ju ly  1 5 ,  1975. 

Bare-wire sensing junction. 

- T * J 
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5.3.6 Design 

J. L. Crowley, H. R. Payne,* and R. D. Stul t ing*  

Single-rod t e s t s  

Design of a v e r s a t i l e ,  bench-type t e s t  s tand was completed; t h i s  

t e s t  stand wi l1 ,be  used t o  develop, t e s t ,  and evaluate design concepts and 

components, t o  e s t a b l i s h  t e s t  procedures, t o  determine temperature d i s -  

t r i b u t i o n s  i n  ind iv idua l  f u e l  p in  s imulators ,  t o  i nves t iga t e  parametric 

e f fec ts ,  and t o  perform single-rod b u r s t  t e s t s .  The t e s t  stand can be 

supplied with up t o  10 lb /hr  of 650°F (-1 ps ig )  superheated steam; a dc 

motor-generator s e t  suppl ies  power f o r  e l e c t r i c a l l y  heat ing t h e  f u e l  pin 

simulator.  Test data ,  i. e. ,  temperature, pressure,  e t c . ,  w i l l  be r e -  

corded with a computer-controlled da ta  acqu i s i t i on  system (CCDAS). 

design permits t h e  use of up t o  24 bare-wire, type S thermocouples on t h e  

outs ide sur face  of t h e  cladding; four  sheathed thermocouples can be 

at tached t o  t h e  cladding ins ide  surface.  

incorporates  an unheated shroud around t h e  .fuel-pin simulator,  modifica- 

t i o n s  w i l l  p e r h t  t h e  use of a heated shroud. 

The 

Although t h e  present design 

Multirod t e s t  f a c i l i t y  

S igni f icant  progress was made on f a c i l i t y  design; mechanical design 

of t h e  f a c i l i t y  and 4 x 4 bundle t e s t  components i s  approximately 70% com- 

p l e t e ,  e l e c t r i c a l  design of t h e  dc power supply modifications i s  about 5% 
complete, and design of t h e  instrumentation and con t ro l  system i s  about 

30% complete. 

The f a c i l i t y  includes a 12-in.-ID t e s t  v e s s e l  f o r  housing pre-  

assembled t e s t  bundles. Plant  steam (250 psig,  sa tura ted) ,  reduced i n  

pressure t o  100 ps ig  and superheated t o  650"F, i s  supplied t o  t h e  t e s t  

vesse l ;  30 ps ig  steam i s  supplied f o r  f a s t  cooling of t h e  t es t  assembly. 

Helium w i l l  be supplied t o  a manifold from high-pressure helium cyl inders .  

Each t e s t  rod will be connected t o  t h e  manifold, and t h e  connecting l i n e  

pressure w i l l  be monitored by a pressure transducer.  E l e c t r i c a l  power i s  

~- 

*Engineering Division. 
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supplied from a l a rge  de motor-generator s e t .  A computer-controlled d a t a  

acquis i t ion  system (CCDAS) will record mul t ivo l t  s igna l s  from t h e  process 

instrumentation system. 

t i o n  s igna l s  according t o  preprogrammed ins t ruc t ions .  

The CCDAS w i l l  provide alarm and t e s t  termina- 

Figure 5.5 shows t h e  conceptual design of t h e  t e s t  v e s s e l  with a 

4 x 4 bundle i n s t a l l e d .  

f ab r i ca t ed  from t h i n  Inconel sheet  stock. This hea ter  w i l l  be e l e c t r i -  

c a l l y  connected i n  s e r i e s  with t h e  bundle hea te r s  ( a l l  i n  p a r a l l e l )  t o  

u t i l i z e  t h e  same power supply. 

heated shroud permits minor cur ren t  adjustment ( r a t e  of hea t ing)  t o  

m&ch approximately t h e  temperature r a t e  of increase with t h a t  of t h e  f i e 1  

p in  simulators.  

from t h e  ex i s t ing  de power supply i n s t a l l e d  f o r  t h e  "HTF f a c i l i t y .  

ex i s t ing  feeder  w i l l  be rerouted t o  disconnect switches t o  permit opera- 

t i o n  of e i t h e r  experiment. 

cur ren t - l imi t ing  fuse  pro tec t ion .  

t h e  cable  and equipment requirements f o r  t h e  in t e rmi t t en t  type load. The 

disconnect switches a re  on hand and o the r  components fo r  t h e  system a r e  

being determined. 

The bundle i s  enclosed by a ohmic-heated shroud, 

A va r i ab le  r e s i s t o r  pa ra l l e l ed  with the  

Power f o r  t h e  bundle and heated shroud w i l l  be supplied 

The 

Each f u e l  p in  hea te r  w i l l  be  provided with 

Studies  have been made t o  determine 

5.4 FABRICATION AND CONSTRUCTION 

J. L. Crowley and J. D. White 

The single-rod t e s t  stand i s  i n  t h e  f i n a l  s tages  of f ab r i ca t ion .  S i t e  

preparat ions a r e  complete and most of t he  equipment i s  i n  place.  

A steam hea ter  has been f ab r i ca t ed  using e x i s t i n g  e l e c t r i c a l  equip- 

ment. 

r e c t  r e s i s t ance  heated with cur ren t  supplied by a step-down transformer 

and cont ro l led  by a manually operated auto-transformer.  

supply up t o  10 lb /hr  of  superheated steam a t  650°F. 

A 30-ft-long c o i l  of 1/2-in.-diam s t a i n l e s s  s t e e l  tube w i l l  be d i -  

The hea te r  vi11 

Power w i l l  be supplied t o  t h e  f u e l  p in  s imulator  by a small de motor- 

generator  s e t  t h a t  has been reconditioned and i n s t a l l e d  i n  t h e  t e s t  area.  

The M-G s e t  i s  p re sen t ly  supplying power f o r  t e s t  and evaluat ion of devel-  

opment hea ters .  
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FUEL PIN SIMULATORS 
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/WITH THERMOCOUPLES, 

CONNECTIONS 
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TEST ROD BUNDLE 

VARIABLE RESISTOR 
CONNECTION 

L 
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Fig. 5.5. Conceptual design of 4 x 4 t e s t  bundle. 
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Par ts  f o r  t h e  s ingle-rod t e s t  conta iner  have been machined, and 

assembly i s  now i n  progress.  The v e r s a t i l e  t e s t  chamber i s  designed t o  

accommodate t h e  low-pressure (atmospheric) steam, allowing some leakage 

a t  var ious penetrat ions.  

rounding t h e  f u e l  p in  simulator i s  s p l i t  i n t o  t h r e e  sec to r s  t o  allow 

assembly a f t e r  t h e  ex te rna l  thermocouples a r e  a t tached t o  t h e  s imulator  

Superheated steam, supplied by t h e  steam hea ter ,  w i l l  e n t e r  t h e  annulus 

formed by t h e  shroud and t h e  f u e l  p in  s imulator  v i a  an upper plenum. 

Construction of t h e  multirod f a c i l i t y  s i t e  and addi t ions t o  t h e  

A 1 1/2-in.-diarh (unheated) shroud tube  sur-  

de power supply a re  scheduled t o  commence next quarter .  

REFERENCES 

1. Quarter ly  Progress Report on Reactor Safe ty  Programs Sponsored by t h e  
Division of Reactor Safety Research f o r  July-September 1974, ORNL-TM- 
4729, Vol. I, pp. 7-72. 

2. Quar t e r ly  Progress Report on Reactor Sa fe ty  Programs Sponsored by t h e  
NRC Division of Reactor Safety Research f o r  October-December 1974, 
ORNL-TM-4805, V o l .  I, pp. 102-110. 

T 



105 

6. FISSION PRODUCT RFLEASE FROM LWR FUEL 

Chemical Technology Division 

c. 

8 

A. P. Malinauskas 
R. A. Lorenz 
M. F. Osborne 

During t h i s  per iod  t h e  program work p lan  was revised t o  incorporate  

comments which were made i n  t h e  course of review of t h e  preliminary 

draf t  and t o  emphasize spec i f i c  NRC da t a  needs which were i d e n t i f i e d  

during t h e  review. 

on March 7, 1975. 
The revised work p lan  was t ransmit ted t o  ONRR-NRC 

A contaminated hot  c e l l  has been cleaned. I n s t a l l a t i o n  of our 

experimental apparatus i n  t h i s  c e l l  i s  progressing according t o  schedule; 

e l e c t r i c a l  wiring i s  being i n s t a l l e d ,  and t h e  components of t h e  gas flow 

system a r e  being connected and t e s t ed .  

approvals have been obtained f o r  t h e  apparatus design. 

Appropriate q u a l i t y  assurance 

I r r ad ia t ed  f u e l  specimens which a re  cu r ren t ly  ava i lab le  f o r  use i n  

t h e  present  experiments a re  l imi ted  i n  u t i l i t y  because of low burnup 

(-1000 MWd/metric t on )  o r  low l i n e a r  thermal power during. i r r a d i a t i o n  

(460 W/cm). Thus, t o  maintain pro to typica l  conditions as c lose ly  as i s  

possible ,  it i s  des i r ab le  t o  obta in  specimens of modern, high-burnup LWR 

f i e 1  f o r  t e s t i n g .  Accordingly, we have requested two f i e 1  rods from t h e  

bundle of H. B. Robinson 2 (FWR rods)  which a re  being acquired by ONRR-NRC. 

Detai led spec i f i ca t ions  have been developed f o r  t h e  examination and 

sec t ion ing  of the  two f u e l  rods and for t h e  preparat ion of specimens t o  

be used i n  t h e  experimental program. The spec i f i ca t ions  were submitted 

t o  t h r e e  d i f f e r e n t  h o t - c e l l  f a c i l i t i e s  f o r  cos t  es t imates;  one of t h e  

est imates  has been received, and t h e  remaining two a re  expected shor t ly ,  

Representative rods from t h e  H. B. Robinson 2 PWR bundle w i l l  be 

thoroughly examined f o r  such c h a r a c t e r i s t i c s  as f iss ion-gas re lease ,  

f i s s i o n  product d i s t r i b u t i o n  within t h e  p e l l e t s ,  burnup p r o f i l e s ,  and 

dimensional changes; s ince  these  c h a r a c t e r i s t i c s  have per t inence t o  

o ther  NRC-funded a c t i v i t i e s  as we l l  as t h e  F iss ion  Product Release 

from LWR Fuel  Program. We have s p e c i f i c a l l y  requested f i s s i o n  gas 

r e l ease  and burnup p r o f i l e  determinations f o r  t h e  two rods t o  be 
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employed in our investigations. Subsequently, these rods will be cut 
into 1- and 2-f't lengths; and the sections will be sealed immediately. 

By selecting appropriate segments of the fuel rods for experimentation, 

as guided by the axial burnup distributions, we can span a range of 
burnups from 10,000 to 30,000 MWd/metric ton in the experiments. 

Apparatus modifications which are required for studies of cesium 

release from U02-cesium mixtures using a Knudsen cell-mass spectrometer 
technique are proceeding somewhat more slowly than anticipated. This is 
due primarily to unexpected difficulties with both the vacuum system and 

the electronics associated with the apparatus. 
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7. CREEPDOWN AND COLLAPSE OF ZIRCALOY FUEL CLADDING 

y. 

? 

D. 0. Hobson 
Metals and Ceramics Division 

Progress has continued t h i s  pas t  quar te r  on both t h e  t h e o r e t i c a l  and 

t h e  experimental aspec ts  of Zircaloy cladding co l lapse  behavior. The 

t h e o r e t i c a l  por t ion  has been concerned with a review of t h e  subjects  of 

tubing co l lapse  i n  general ,  and t h e  creep behavior of Zircaloy and t h e  

e f f e c t s  of anisotropy on t h e  mechanical behavior of Zircaloy, spec i f i ca l ly .  

The experimental aspects  of t h e  program have centered on t h e  design, pro- 

curement, and i n s t a l l a t i o n  of t e s t  equipment f o r  t h e  co l lapse  s tud ies ,  

toge ther  with t h e  necessary s a f e t y  reviews f o r  t h e  use of high-pressure 

autoclaves. 

A l l  of t h e  c a p i t a l  equipment necessary for t h e  co l lapse  t e s t i n g  i s  

now on order - including a furnace,  con t ro l l e r ,  and power supply; a gas- 

booster  pump; and t h e  most r ecen t ly  designed eddy-current s t r a i n  gage 

co i l s .  I n s t a l l a t i o n  of se rv ices  t o  t h e  autoclave p i t  a rea  has s t a r t ed ,  

and t h e  high-pressure review committee has approved t h e  i n s t a l l a t i o n  and 

use of t h e  high-pressure equipment. This equipment will be i n s t a l l e d  

upon rece ip t .  

D i f f i c u l t y  was experienced with t h e  in su la t ion  on t h e  f i r s t  eddy- 

cur ren t  c o i l s  when they  were subjected t o  e levated temperatures during 

ca l ib ra t ion .  These were fabr ica ted  from f l a t t e n e d  platinum wire and were 

wound i n t o  f l a t  c o i l s  with in su la t ion  provided by a room-tenperature- 

hardening "glass" solut ion.  

300°F due t o  breakdown of t h e  insu la t ion .  

used aluminum f o i l  t h a t  had been anodized t o  produce an approximately 

3000 t o  3500 1 oxide film on t h e  surfaces.  

materia!. proved t o  be we l l  i n su la t ed  a t  room temperature. 

temperature t e s t i n g  i s  now being done. Electronic  s t a b i l i t y  problems 

have apparently been overcome - drif ts  amounting t o  only seve ra l  t ens  of 

microinches l i f t o f f  have been found over periods of t h r e e  t o  four  days a t  

room temperature. A f ive -un i t  block of c o i l s  has been fabr ica ted  as a 

prototype u n i t  of t h e  design t o  be used f o r  t h e  co l lapse  and creepdown 

This design f a i l e d  at approximately 200 t o  

A new design was chosen t h a t  

Coils wound from t h i s  

Elevated- 
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t e s t s .  Proof of t h e  e f f i cacy  of t h e  design must await i n s t a l l a t i o n  of 

t h e  t e s t  equipment. 

Review of previous work by o thers  concerning tubing co l lapse ,  creep 

i n  Zircaloy, and t h e  e f f e c t s  of anisotropy on t h e  mechanical p rope r t i e s  of 

Zircaloy has been completed, and t h e  repor t  w i l l  be issued as ORNL-TM-4913. 
One of t h e  major f indings of t h e  s tudy was t h a t  without exception, t h e  

an iso t ropic  behavior of Zircaloy, i n  which t h e  t e n s i l e  and compressive 

s t rengths  can d i f f e r  widely from each o ther ,  has 'not been taken i n t o  

account. Several  of t h e  previous s tud ies ,  including those  referenced 

i n  t h e  document t h a t  described t h e  BUCKLE code', do not acknowledge t h e  

extreme va r i a t ions  of mechanical p rope r t i e s  with s t r e s s  d i r ec t ion  and 

s t r e s s  r a t i o  t h a t  Zircaloy can possess. Nor do those s tud ie s  quant i ta -  

t i v e l y  take  i n t o  account t h e  e f f e c t s  of c rys ta l lographic  t e x t u r e  (pre-  

f e r r e d  o r i e n t a t i o n )  , e f f e c t s  t h a t  can r a d i c a l l y  change t h e  way Zircaloy 

responds t o  a given s t r e s s  d i s t r ibu t ion .  

experimental work t o  be done i n  t h e  present  study must address these  items 

i n  a way t h a t  w i l l  produce quan t i t a t ive  co r re l a t ions  among s t r e s s  s t a t e ,  

t ex tu re ,  deformation behavior, and s t r a i n  r a t e .  This information i s  i n  

addi t ion  t o  t h e  co r re l a t ions  of t h e  above wi th  temperature, s t r e s s  magni- 

tude,  and tubing - p e l l e t  geometries t h a t  obviously must be obtained. 

It has become obvious t h a t  t h e  
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