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ABSTRACT 

This progress report summarizes the Argonne National 
Laboratory work performed during January, February, and 
March 1977 on water -reactor -safety problems. The following 
research and development a reas  .are covered: (1) Loss -of - 
coolant Accident Research: Heat Transfer  and Fluid Dynamics; 
( 2 )  ~ r a n s i e n t  Fuel Response and Fission-product Release Pro  - 
gram; ( 3 )  Mechanical Propert ies of Zircaloy Containing Oxy- 
gen; and (4) Steam -explos ion Studies. 



I. LOSS-OF-COOLANT ACCIDENT RESEARCH: 
HEAT TRANSFER AND FLUID DYNAMICS 

Re s ~ o n s i b l e  Section Managers : u 

H. K.  Fauske,  R .  E. Henry, and P. A. Lot tes ,  RAS 

A. Trans ient  Cr i t ica l  Heat Flux (J. C .  Leung and R. E. Henry, RAS) 

1. Calibration of Break Orif ices  

The break line,  which consisted of an air-operated valve and an  
or if ice  assembly,  i s  sketched in Fig. I. 1. The sharp-edged orif ice  was cal i -  
brated with water  using a weighing tank and a mercury  manometer ,  and the 
following formula i s  used to calculate the orifice discharge coefficient CD 

where Q i s  the measured  volumetric flow ra t e  and A. i s  the flow a r e a  of the 
orifice.  The calibration r e su l t s  a r e  shown in  Fig. 1.2. F o r  a sma l l  diameter  
rat io ,  the discharge coefficient has  a nominal value of 0.61,' which to a cer tain 
extent depends on the location of the p r e s s u r e  taps.  F igure  1.2 i l lus t ra tes  close 
agreement  with the l i te ra ture  and the independence of the coefficient a t  high 
Reynolds number.  

2. Flow and Fluid Ter-n~erature Measurements  

Upon initiation of depressurizat ion,  the flow in the t e s t  secti'on 
r e v e r s e s  f rom upflow to downflow. Ear ly  in  the t rans ien t ,  par t  of the liquid 
i.n the lower channel s t i l l  remains  subcooled, a s  was  t r u e  in DB- 113, - 114 and 
-115. A finite t ime i s  required for the ejection of this  subcooled liquid slug, 

FLOW FROM 
TEST SECTION 

1/2" O.D. x 
S.S. TUBING 

1/2" O.D. x ?/16" I.D. x 3' LG. 
C C TI InIhIC 

(j&----# ORIFICE SHARP - EDGE PLATE 

-4 1/16"b- 

HORIZONTAL DISCHARGE ASSEMBLY- 

Fig. 1.1. Horizontal Break-line Assembly. Conversion factor: 
1 in. = 2.54 cm. ANL Neg. No. 900-77-474. 
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Fig. 1.2. Calibration Results for Break Orifices. ANL Neg. No. 900-77-476. 

which extends to  the break location. The t ime a t  which the bottom fluid thermo-  
couple senses  saturat ion tempera ture  should give an approximate t ime when 
the liquid slug p a s s e s  out of the t e s t  section and two-phase mixture appears .  
This  happened a t  about 500 m s  in  DB- 114, a s  shown i n  Fig. I. 3.  

During this  ear ly  t ime ,  the bottorrl turbine flowmeter was regist .er-  
ing an almost  steady flow a t  5.2 m / s .  The velocity increased when the low- 
density,  two -phase mixture reached the turbine me te r .  This occurred  a t  
450 m s ,  which i s  in  good agreement  with the above finding. Taking a downflow 
velocity of 5.2 m / s  and the s teady-state  bulk tempera ture  distribution, we 
calculated the tempera ture  at  the lower end of the channel using a quasi-s teady 
approach a s  shown in Fig.  1.3. The calculation predicts  an ea r l i e r  r i s e  in fluid 
t empera tu re ,  which i s  due to  the assumption of instantaneous flow r e v e r s a l  and 
steady flow in  the calculation. The r a t e  of tempera ture  r i s e  was well predicted 
by this  simple analysis.  

The above-mentioned steady flow, which, i s  indicative of the liquid 
slug flow, i s  charac ter i s t ic  of those t e s t s  that h a d  a subcooled exiting fluid in 
s teady-state  operation. Since the fluid discharge at  the break orifice was 
initially a l l  liquid, the incompressible  formula (Eq. 1) applies. The calculated 



volumetr ic  flow r a t e  based on the measured  differential p res su re  and the 
appropriate discharge coefficient can be compared with the bottom turbine 
flowmeter measurement  during the liquid-slug-flow period. Figure 1.4 shows 
that the agreement  i s  well  within 10'7'0 for  four different break or if ices .  

a -  I : ' -  

. . 
0 0 0 CALN 
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T I M E .  s 

Fig. 1.3 

Fluid Temperature and Flow Mea- 
surement Early in Transient 

Fig. 1.4. Comparison between Discharge-break Flow Rate and Turbine- 
rlowrrle~er Measurement. A N L  Neg. No. 900-77-475. 



3.  Transient  CHF Results 

Six 'blowdown tes ts  with a break-orifice diameter of 0.508 cm 
have been performed with the initial conditions given in Table I. 1. The power 
level was fixed at 5 kW in each tes t  and was maintained during the transient 
until power t r ip.  Other parameters  a r e  listed in Table 1.2. Using Ahmad!s 
scaling approach,2 we can obtain the equivalent water conditions during the 
steady-state operation a s  listed in Table 1.3.  'A critical-heat-flux ratio was 
calculated for each test .  Since the heat flux in the heated section was not uni- 
fo rm,  an average value was used in calculating the ratio.  o ore appropriatelv 
this  rat io should be t e rmed  the critical-power rat io in the present  case;  see 
Table I. I . )  

TABLE 1.1. Steadv-statc Test Conditions i n  Test Section II 

Fluid Temperature. 
?C In le t  Mass Total 

Break-orifice Pressure, Velocity, f low Kate. Power. OPK" 
Test No. Diameter. cm MPa Inlet Outlet m/s kq/m2.s kW at Exit 

DB-1U O.%8 2.23 114 149 1.04 1275 4.95 1.82 
DB-114 0.508 2.76 113 149 1.01 1252 4.98 1.W) 
DB-115 0.508 2.69 116 145 1.22 15D4 4.94 2.11 
DB-117 0.508 1.28 112 122 1.07 1311 1.99 1.88 
DB-118 O.M8 1.21 114 119 0.98 1204 5.00 1.81 
OB-!9 0.908 1.69 . 114 137 0.95 1166 5.00 1.67 

aCPR - Critical-power ratio, defined here as the rat io of the total power that causes CHF at the exit to the test-section power. 

TABLE 1.2. Other Parameters dur ing Blowdowna 

Location of 
Volume above Temperature Time at Overheating 

Test Nu. Heated Zone, crn3 Tripped Setting. "C Fower Trip, s Thermocouple, cm 

avolume above heated zone = 2620 cm3: temperature-trip setting - 221°C. 

TABLE 1.3. Equivalent Water Conditions dur ing Steady-state Conditions 

Round tubular channel 
Diameter = 1.18 cm (0.463 in.) 
Length - 2.74 m (9.0 f t l  

- - 

Water l l l l c t  In le t  Mass Total hveraqc 
pressure. Subcoolir~y. Te~lrpralur 'e. Velucily. Power. Lirredr ~uwer! 

Test No. M Pa k Jn(g OC kg/m2. s kW kWlft 

aconversion factor: I kW1fl = 3.281 kWlm. 

Figures I. 5 -1.10 show the steady - state wall- and bulk-temperature 
profiles. Also shown a r e  the regions of the heated section that experienced 
thermal  excursion of the wall within the f i r s t  second. The computer plots of 
the transient data a r e  shown in Figs. I. 11 -I. 46. 
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TIME INTO BLOWDOWN (s) 

Fig. 1.11. System Pressure during Tes t  fiB-113 

TIME INTO BLOWDOWN (s) 

Fig. 1.12. Differential  Pressure across Test Sect ion during Tes t  DB-113 



TIME INTO BLWDOWN (s) 

Fig. 1.13. Differential Pressure across Break Orifice during Test DB-113 Fig. 1.14. Turbine-flowmeter Measurement during Test DB-113 



T I P I  INTO BLOWDOWN (1) 

Fig. 1-15. Fluid Te-perature during Test DB-113 Fig. 1.16. Wall-thermocouple Measurement during Test DB-113 





Fig. 1.16 (Contd.) Fig. 1.17. System Pressure during Test DB-114 
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Fig. 1.18. Differential Pressure across Test  Section during Test DB-114 Fig. 1.19. Differential Pressure .across Break Orifice during Tes t  DB-114 
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Fig. 1.20. Turbine-flowmeter M a s u r e m n t  during Test DB-114 Fig. 1.21. F h i d  Temperature during Test DB-114 
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Fig. 1.22 (Contd.) Fig. 1.22 (Contd.) 



Fig. 1.22. System Pressure during Test DB-11.5 Fig. 1.24. Differential Pressure across Test Section during Test DB-115 
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Fig. 1.25. Differential  Pressure across Break Orif ice  during T e j t  D B 1 1 5  Fig. 1.26. Turbine-flowmeter ~ e a s u r e k e n t  during Tes t  DB-115 
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Fig. 1.27. Fluid Temperature during Test DB-115 Fig. 1.28. Wall-thermocouple Measurement during Test DB-115. 
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Fig. 1.29. System Pressure during Test DB-117 



TIME INTO BLOWDOWN (.s) 

Fig. 1.30. Differential Pressu~e across Test S-ction during Test  DB-117 Fig. 1.31. Differential P~essure  across Break o r i f i c e  during T e s t  DB-117 



Fig. 1.32. Turbine-flowmeter Measuremed  during Test DB-117 Fig. 1.33. Fluid Temperature  during Test DB-117 
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Fig. 1-34. Wall-thermocouple Mea:urem=nt during Test DB-917 
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Fig.  1.35. System Pressure during Test DB-118 Fig. 1.36. Differential Fressure across Test section during Test Dl3-118 
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Fig. 1.37. Differential Presrvre across Break Orifice during Test ,DB-118 Fig. 1.38. Turbine-flowmeter Measurement during Test DB-118 
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Fig. 1.39. Fluid Te.mperature during Test DB-118 Fig. 1.40. Wall-thermocouple Measurement during Test DB-118 
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Fig. 1.40 (Contd.) Fig. 1.41. System Pressure during Test DB-119 
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Fig. 1.42. Differential Pressure.across Test Section during Test DB-119 
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Fig. 1.43. Differential Pressure across Break Orifice during Test  DB-119 



'Fig. .I.44. Turbine-flowm~ter Measarement during Test DB-119 Fig. 1.45. Fluid ~emperature during Test DB-119 : 
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Fig. 1.46. Wall-thermocouple Measurement during Tes;: DB-119 Fig. I:46 (Contd.) 
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Tes t s  DB-113 and -1 14 had the same  inlet tempera ture ,  m a s s  
velocity, and t e s t -  section power,  but the init ial  steady- s ta te  p r e s s u r e s  were  
different; DB- 113 was conducted a t  2.23 MPa ,  and DB-114 a t  2.76 MPa. As 
a resu l t ,  the wal l- temperature profiles indicate a longer subcooled boiling 
region in DB-113. The bulk tempera ture ,  however, shows no difference be- 
tween the two t e s t s .  The cr i t ical  power rat io  calculated differs by only 47'0, 
a value within the e r r o r  band of the ~ o r r e l a t i o n . ~  

During the t rans ien t ,  the behavior of the heater  wall was the most  
important  piece of information. In DB- 11 3 ,  the lower 114 c m  experienced 
ear ly  sustained the rma l  excursion,  a s  compared to 175 cm in DB-114. The 
increased cooling capability.of the wall  in the low-pressure  t e s t  i s  again 
demonstrated,  an observation reported in Ref. 4.  A qualitative explanation 
in  t e r m s  of deactivation and reactivation of the nucleation s i tes  a t  the wall 
was suggested in Ref. 4. 

Tes t  DB- 11 5 was conducted a t  a slightly lower p r e s s u r e  than 
DB-114, but with a higher m a s s  velocity such that no wall tempera ture  had 
reached the saturation value. F igure  1.7 shows that the heater  wall  was 
cooled by single -phase forced convection only in  steady- s ta te  operation. 
During the t rans ien t ,  a significant portion of the channel experienced ea r ly  
CHF. Note that the hottest  zone had efficient cooling. Upon the init ial  rapid 
subcooled decompression,  the nucleation s i tes  in  the hottest  zone were  be- 
lieved to be reactivated f i r s t .  Nucleate boiling was enhanced, and cooling 
resulted. A slightly shor te r  region in ear ly  CHF was measured  when com- 
pared with DB-114. , 

Tes t  DB- 11 7 was conducted f r o m  a much lower initial p r e s s u r e ,  
1.28 MPa,  while keeping other  s teady-state  pa ramete r s  s imi lar  to DB- 113 
and - 1 14. A positive exit quality was obtained. The wall- temperature .profile 
in Fig. I. 8 indicates that subcooled boiling followed by saturated nucleate 
boiling occur red  over  the ent i re  length of the heated section. 

During blowdown, the ent i re  heated section remained in  a coolable 
configuration for 14 s ,  a t  which t ime the complete loss  of coolant caused the 
delayed CHF. However, a few tempera ture  excursions appeared ea r ly  in the 
t ransient  a t  the lower end, but they were  quickly rewet.  Another low-pressure  
t e s t ,  DB-118, was conducted, and s imi lar  wal l- temperature behavior was ob- 
served.  The crit ical-power rat io  for  these  two t e s t s  with positive exit quality 
i s  about 1.85, only a slight difference f r o m  the h igher-pressure  t e s t s .  

Tes t  DB-119 was  then conducted f rom an intermediate p r e s s u r e  
of 1.69 MPa. The wall- temperature profile in  Fig.  I. 10 indicates that the f i r s t  
0.5 m was in  single-phase forced convection, the next 1.0 m in subcooled boil- 
ing, and the r e s t  of the t e s t  section in nucleate boiling. During the t rans ien t ,  
the f i r s t  84 cm went into ea r ly  CHF, with the 84 c m  location ( ~ ~ 3 3 )  exper i -  
encing rapid rewet.  Delayed CHF occur red  in the r e s t  of the heated channel 
a t  about 12.5 s .  The cooling capability of this  t e s t  i s  between the high- and 
low-pressure  tes t s .  



There fo re ,  varying the reduced p r e s s u r e  between 0.27 and 0.63 
produces quite different blowdown cooling capability. These t e s t s  s eem to 
suggest that the well-cooled region resu l t s  in  a g rea te r  region in steady-state 
subcooled o r  nucleate boiling. These existing nucleation s i tes  a t  the wall 
promote efficient cooling. 

With the same  inlet tempera ture ,  m a s s  velocity, and heat input, 
a lower operating p r e s s u r e  does not necessar i ly  lead to a sma l l e r  margin  to 
CHF,  o r  sma l l e r  cr i t ical-power ratio i n  this  case.  This  ra t io ,  a s  shown in 
Table I. 1 , bea r s  this  out,  a t  l eas t  for the present  m a s s  velocity under this  
study. F igure  1.47 shows the r e su l t  of the effect of m a s s  velocity on steady- 
s ta te  CHF in a water  sys tem over  a wide range of p res su re .  The case  of 
uniform heat flux was  examined with geometr ic  dimensions and inlet t e m -  
pe ra tu re  typical of a p res su r i zed  water reactor .  Two CHI;' correlat ions were  
used. The Bowring c9rrelation3 has  the same  accuracy a s  the Macbeth- 
Thompson round-tube correlat ion5 (the rrns  e r r o r  i s  7'70 for the 3800 data 
points),  but i s  much s impler  to  use.  The correlat ion covers  the p r e s s u r e  
range  f r o m  0.7 to 17 MPa  (100-2500 psis). The W - 3  correlat ion has  been 
widely used for  design calculations of pressur ized  water  r eac to r s .  However, 
the r anges  of p a r a m e t e r s  of the data used in developing this  correlat ion a r e  
m o r e  r e s t r i c t ed ,  par t icular ly the quality; XCHF must  lie between -0.15 and 
t o .  15. F igure  1.47 i l lus t ra tes  the influence of p r e s s u r e  on the s teady-state  
CHF. The two corre la t ions ,  though of widely different f o r m ,  exhibit good 
agreement .  It i s  a subtle fact that CHF can increase  o r  dec rease  with in-  
c reas ing  pressure ,  depending on the m a s s  velocity G. However, the influence 
of sys t em p r e s s u r e  i s  deemed sma l l  over  the mass-veloci ty  range f rom 1350 
to 2710 kg/m2.s  (1.0-2.0 x l o 6  lb,/h-ft2). 

PRESSURE,  paio 

.CHF CORRELATIONS 

BOWRING 1972 

W - 3  1 9 6 7  

D-1.3G crn ( 0 . 5 3 4  id 

Fig. 1.47 

111flue11c~~of System Frtssurt  on Critical 
Heat Flux. ANL Neg. No. 900-77-516. 

PRESSURE, MPo 



B. LOCA.Heat-transfer Analysis (P. A. Lottes and R. E. Henry, RAS) 

A general  t ransient  conduction code for  a hea ter  rod was wri t ten f o r  
a Hewlett-Packard . . . 981 0-A desk calculator.  The code can handle up to 60 radial  
nodes, but i s  limited to one mater ia l  with fixed physical proper t ies .  The r e -  
sul ts  , .. therefore a r e  useful in  showin,g es t imates  of heater  response during 
various . . bounda-ry-condition changes,  but the resu l t s  may not accurately d e -  
scr ibe  heater  performance where the change in physical p ~ o p e r t i e s  with te,m- 
pe ra tu re  i s  appreciable.  

The internal  power generation and the r a t e s  of heat t r ans fe r  during 
post-CHF blowdown determine the tempera ture  r i s e  ra te  of the heat rods in  
the semisca le  tes t s .  The t ransient  conduction code was  used to study the 
eff.ect of varying the two -phase -flow heat- t ransfer  coefficient immediately 
a f te r  CHF on the ra te  of r i s e  of the heater  temperature.  

COEFFICIENT FOR SATURATED 

*BASED ON EXIT VOLUMETRIC 
FLOW RATES AS MEASURED 

24 0 '""F 

T e s t  data  f r o m  semisca le  
T e s t  S-02-7 were  used a.s input, i .e. ,  
the t ime variation of hea ter  power,  
sys tem p r e s s u r e ,  and volumetric flow 
ra te  a s  measured  a t  the inlet  flow- 
m e t e r  were  used to calculate local  
hea t - t ransfer  coefficients a s  a func- 
tion of time. It was assumed that .the 
c o r e  -inlet  turbine me te r  indicated 
the s t eam velocity (homogeneous flow). 
Based on these velocities,  values of 
the s t eam heat- t ransfer  coefficient 
were  calculated ( ~ i ~ .  1.48) and used 
a s  input for the heater  tempera ture  
response. 

The calculation of heater  r e -  
sponse was based on an initial l inear  
sur face- tempera ture  dec rease  for  
0.5 s to the local  saturation value,  a t  
which t ime CHF i s  assumed to take 
place.  Also included in  the analysis 
i s  a t ime cqnstant of 0.18 s (calculated 
value) for  the heater  thermocouple.  
The thermocouple was assumed to be 

T I M E ,  8 located a t  a radi'al distance of 0.41 9 c m  
(0.165 in.) f r o m  the hea ter  center l ine.  

Fig. I 98. Saturated-steam Heat-transfer Co- 
efficient Based on Measured Pressure 

Results of the calculations a r e  
and Core-inlet Velocit Conver- 8:. - sion factor: 1 Btu/h.ft F - shownin Figs .  1.49 and 1.50. The bes t  

5.1 x w / c r n 2 C .  A N L  Neg. agreement  between analysis and the 
No. 900-77498. experiment  was reached for  values of 



heat - t ransfer  coefficient equal to 0.5 t imes  the values for  steam. It i s  r e c -  
ognized that the s t eam velocity a t  the 29-in. (74-cm). level may be somewhat 
l e s s  than the s t eam velocity a t  the bottom of the bundle, and that a wall- 
tempera ture  correc t ion  o r  adjustment on the heat- t ransfer  coefficient to 
account for  variable  proper t ies  would be m o r e  appropriate.  Note also that,  
for  this approximation, the nonequilibrium effects were  neglected and the s team 
tempera ture  was  assumed to be held at  the saturation temperature by t h e p r e s -  
ence of entrained saturated water .  This simple analysis i s  in excellent agree-  
men t  with the measured  thermocouple behavior. ' 

' T I M E .  a 

. . 

CALCULATED SURFACE TEMP. RESPONSE FOR TEST S-02-7 

Fig. 1.49. Calculated and Measured   eater-thermocouple 
Keponse for '1'~-US-29 after CHF. Conversion 
factor: t ("C) = [t (OF) - 32]/1.8. ANL Neg. 
No. 900-77-499 Rev. 1. 
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Fig. 1.50. Calculated and Measured Heater-thermocouple 
Response for TH-F6-08E after CHF . Conversion 
factor: t ("C) = [t (OF) - 32]/1.8. ANL Neg. 
No. 900-.TI-496 Rev. 1. 



P a r a m e t r i c  calculations us ing  the code were  a l so  performed for the 
quenching of heater  rods to determine the effect of transition-boiling heat 
t r ans fe r  on energy-re lease  t ime for  the heater  rods.  F o r  this calculation, we 
assumed that a typical heater  rod f rom the semisca le  t e s t  would experience a 
l inear  dec rease  in surface tempera ture  during the quenching period. The  
quench period was varied f r o m  0.0068 s (value o'f sing1.e.time s tep used in the 
code) to 2.0 s .  

A surface-quench-time duration of 0.5 s will produce a t ime response 
of thermocouple TH-D5-29 identical to that measured in T e s t  S-03-2. The 
integrated heat  re lease  a s  a function of t ime i s  shown in Fig. I.51,, and the 
energy t r ans fe r red  i s  shown a s  a percentage of the total s tored energy a t  the 
t ime the quenching begins. Note that over a range of quench t imes  of 0- 1.0 s ,  
the r a t e  of energy re lease  i s  fa ir ly  insensit ive to quench t ime,  since the heater  
rod i s  conduction-limited during the t ransient .  Reactor fuel-rod energy r e -  
l ease  r a t e s  during. quenching will be rriore independent of surface quench t ime,  
since the thermal  conductivity of fuel i s  much sma l l e r  than the thermal  con- 
ductivity of heater  ma te r i a l  (boron ni t r ide) ,  and a low thermal  co.nductivity 
gap may exis t  between the fuel and the cladding. 

Fig. 1.51 

Integrated Energy Release during Rewet as a 
Function of Surface Quenching Time. Con- 
version factor: 1 Btu/ft = 3460 J/m. ANL 
Neg. No. 900-77-497 Rev. 1. 
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C. Reflood T e s t s  ( Y .  s. Cha, R. E. Henry,  and P. A. Lottes ,  RAS) . 

 s series of t e s t s ,  with initial tes t-sect ion tempera ture  ranging f r o m  
149 to 774OC (300- 1 4 2 5 " ~ ) ~  was performed.  The following conditions were  
maintained for  these t e s t s :  



Supply-tank water  tempera ture  = 65°C; (1 5 0 " ~ )  

Supply-tank p r e s s u r e  = 0.377 MPa (40 psig) 

Ini t ia1, temperature of lower plenum = 65°C (150°F) 

Initial t empera tu re  of upper plenum = 121°C (250°F) 

The  combination of the supply-tank p r e s s u r e  and the throttle -valve 
opening position provided an average  velocity in  .the t e s t  section [13-mm 
(0.5-in.) ID] of about 40 m m / s  (1.6 in . / s ) .  During the heat-up period before 
each  t e s t ,  a sma l l  alnount of argon was purged into the t e s t  section f r o m  the 
lower plenum to prevent  oxidation of the surface a t  elevated tempera tures .  
The argon supply was  shut off immediately before each test .  This  resulted 
in a slightly nonuniform distribution of tempera ture  along the t e s t  section. 
Table 1.4 l i s t s  the conditions under which these t e s t s  wcre  conducted. Most 
t e ~ t s  were. conducted by heating up the t e s t  section to a ' des i r ed  tempera ture  
and then maintaining this tempera ture  for a shor t  t ime b.efnre ope~-ring the 
throt t le  valve. Power  was  turned off a t  the end of each t e s t ,  except for  
Runs No. 6 and 9 in  which the power was turned off immediately before the 
tes t .  

TABLE 1.4. Description of T e s t  Cond.itions 

T,, ( ~ n i t i a l )  

Run No. Power Input, W "C O F  

Typical tempera ture-versus  - t ime curves  a r e  shown in Fig. 1.52, in  
which Tlo  r ep resen t s  the, tempera ture  measured  by thermocouple 10, which i s  

Fig. 1.52 

Typical Temperature-vs-Time Curve 
during Reflood of a Vertical Stainless 
Steel Pipe (Run No. 5) 

TIME, s 



1.52 m (5  ft) above the bottom electrode, and T7 represents the temperature 
measured by thermocouple 7, which i s  1.07 m (3.5 ft) above the bottom elec- 
trode. Quenching i s  indicated by the almost vertical drop in temperature 
shown in Fig. I. 52. 

Figure 1.53 shows the plot of quenching temperature versus axial dis-  
tance along the test section. In general, the quenching temperatue increases 
with increasing initial temperature of the test  section. The actual quenching 
temperature may be slightly higher than that shown in  Fig. 1.53 since al l  the 
thermocouples were welded on the outside (instead of on the inside) wall of 
the test  section. Figure 1.54 shows the variation of quenching time for ther-  
mocouple 18 with initial temperature of the test  section. Quenching time in- 
creases  with initial temperature of the tes t  section and power input to the test  
section during the test. 
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RUN 9 
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Fig. 1.53. Quenching Temperature vs Axial Fig. 1.54. Quenching Time vs Initial Temperature 
Distance along Test Section of Test Section for Thermocouple 18 

I 1 I I I I I 

RUN 8 - 

Figure 1.55 shows the variation of the amplitude of the output from the 
differential pressure  transducer across  the orifice plate located upstream of 
the tes t  section. Flow oscillations occurred throughout the entire test. The 
amplitude of oscillation decreases with time. Also shown in  Fig. 1.55 a r e  the 
same test  a t  two different intervals with increased chart speed. The oscilla- 
tions appear to be random. If the data were fed into an analog spectrum ana- 
lyzer, which gives the r m s  value of the signal versus frequency plot, the results 
are a8 shown in Fig. 1.56. The peak amplitude occurred between 1.5 and 3.5Hz.  

E'igures 1.57 and 1.58 show the results  of another test. The spectrum 
in  Fig. I.58b is typical for  all the tests. However, during later  stage of the 
tes t ,  a spectrum such as that shown in Fig. 1 . 5 8 ~  was occasionally observed. 
( ~ o t e  the change in scale of the spectrum amplitude in  Figs. I.58b and 1.58c.) 
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Figure  1.59 shows the var ia t ion of peak amplitude frequency and peak 
amplitude during e a r l y  s tages  of the t e s t  with ini t ia l  t empera tu re  of the t e s t  
section.  The peak amplitude frequency dec reased  slightly with decreas ing  
tempera ture .  However,  it remained in  the range 1.5-3.5 Hz. The reappea red  
to be a s h a r p  d e c r e a s e  in peak amplitude when the tes t -sect ion t empera tu re  
dropped below -400°C. 
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11. TRANSIENT FUEL RESPONSE AND FISSION-PRODUCT 
RELEASE PROGRAM 

Responsible Group Leaders : 
L. A. Neimark and M. C. Billone, MSD 

Coordinated bv: 
L. R .  Kelman, MSD 

A physically real is t ic  description of fuel swelling and fission-product 
r e lease  i s  needed to aid in  predicting the behavior of fuel rods arid fission 
products under certain hypothetical Light-Water Reactor (LWR) accident 
conditions. To satisfy the near - t e rm need, a comprehensive computer -base 
model,  th.6. Steady State and 'l'ransient Gas - re lease  a l ~ d  Swellliig Subroutine 
(SST -GRASS) code, i s  being developed at Argonne National Laboratoiiy (ANL). 
This model i s  being incorporated i ~ ~ l u  Llle Fuel-Rod Analygio Program (FF.AP) 
code being developed by EGCltG Idaho, h c . ,  at  the Idaho National Engineering 
Laboratory (INEL). Also being developed, but a t  a lower priority,  i s  a model 
to predict the behavior of volatile fission products in,  and re lease  from, LWR 
fuel under hypothetical accident conditions. The volatile fission-product re-# 
sul ts  will also serve  a s  input to NRC-sponsored programs that a r e  developing 
a radiological source t e r m  for hypothetical accidents. 

The analytical effort i s  supported by a data base and correlations de- 
veloped from characterization of i rradiated LWR fuel and f rom out-of-reactor 
t ransient  heating tes ts  of i rradiated commer cia1 and experimental LWR fuel 
under a range of thermal  conditions. 

Emphasis in the early stages ul the program has bcen on thermal con- 
ditions in Pressurized-Water  Keactor (PWR) fuel that are applicable to antici- 
pated hypothetical power-cooling-mismatch (PCM) accidents. Recent efforts 
include conditions typical of other types of hypothetical accidents. The pro-  
g ram i s  also developing information on fission- gas re lease  during steady- state 
and load-following operations. 

During the quar te r ,  we participated in the following pertinent meetings 
and visits.  The Water Reactor Safety Research (WRSR) Fuel Behavior Branch 
midyear review was held in Silver Spring, Maryland, on January 6. Reviewed 
a t  the meeting were highlights of accomplishments since the beginning of the 
program,  current  efforts,  planned activities in the balance of F Y  1977, and 
budget and schedule. Representatives of EG&G visited us on March 16 to in- 
fo rm us  of recent resul ts  f rom the irradiation-effects tes t  se r i es  in the Power 
Burst  Facility (PBF) and to discuss the ongoing activities at ANL to c ross -  
check direct-electrical-heating (DEH) tes t  resul ts  with P B F  tes t  results.  

Recent significant analytical and experimental advances and the status 
of the program at the end of this quarter  a r e  summarized below. 



1. GRASS-based correlat ions were  developed fo r  fractional f iss ion-  
gas  r e l ease  f r o m  LWR fuel during steady-state i r radiat ions a s  a function of 
fuel tempera ture ,  tempera ture  gradient,  g ra in  s i ze ,  f ission'  r a t e ,  and i r r a d i a -  
tion t ime.  

2.  An analytical approach was developed to provide a description of 
the r e l ease  of fission gas a s  a function of fuel-rod power and burnup. 

3 .  Bounds on, and possible mechanisms of, f iss ion-gas r e l ease  f r o m  
LWR fuel during a hypothetical LOCA were  obtained f r o m  GRASS analyses.  
The analyses  indicate a potential for  significant r e l ease  of fission gases .  

4. About 7 5 %  of the PCM simulation t e s t s  in the init ial  DEH t e s t  
plan have been completed. 

5. Pre l iminary  correlat ions between gas r e l ease  and t ime  -integrated 
energy input during DEH t rans ients  have been made. Improvements in surface-  
tempera ture  measurements  and temperature-profi le  calculations a r e  being 
made to pe rmi t  the development of useful correlat ions with tempera ture-  
related parameters .  

1. I 

6 .  PBF-tes ted  and sibling i r rad ia ted  Saxton Load Follower (SLF) fuel , 

was received and character ized a s  p a r t  of the ANL-EG&G c r o s s  -check p ro -  
gram. Metallographic examination of PBF- tes ted  fuel revealed intergranular  , 

separations s imi lar  to  those observed in DEH-tested Robinson fuel. 

A. Modeling of Fuel-Fission-product  Behavior (J. Rest ,  MSD) 

1. Modeling of Fiss ion-gas Behavior during Steady-state Conditions . . I  

.A. 2' 

a. Sensitivitv Analvses 

During this qua r t e r ,  sensitivity analyses to a s s e s s  key fac tors  
influencing f i s  sion-gas r e l ease  during steady - state  conditions were  continued. 
The r e su l t s  of GRASS calculations for  fractional f iss ion-gas r e l ease  f rom UO, 
gra ins  to  the grain edges ve r sus  tempera ture  for  var ious values of i r radiat ion 
t ime ,  gra in  s ize,  f ission r a t e ,  and tempera ture  gradient a r e  l is ted inTables  11.1 
and 11.2. These values for the fract ional  f iss ion-gas r e l ease  a r e  upper bounds 
on the amount of gas  that would actually be re leased  f rom the fuel;  due to  the 
incomplete interconnection of grain-edge tunnels within the UO,, the amount 
of gas re leased  f r o m  the fuel i s  usually l e s s  than that re leased  to  the gra in  
edges. 

The following observations can be derived f rom the r e su l t s  
of this  analysis.  

(1) The fract ional  fission-gas r e l ease  h a s  a strong dependence 
on temperature.  F o r  example,  f rom Table 11.1, the gas  re leased  f r o m  10- and 
30-ym UO, gra ins ,  respectively,  a t  the end of 2000 h of i r radiat ion can be 
c la .ss i . f i ' ~d  as shown in Table 11.3. 



TABLE 11.1. GRASS Calcur la t io is  f o r  F rac t iona l  Fission-gas Release f o r  a  F iss ion  Rate o f  
1 x 1013 f;cm3.s and a Temperature Gradient o f  200'C/cm 

FISSION- GAS 
RELEASE ( % I  

FI SSION-GAS\ 
RELEASE (XI 1 1 I 

FROM 
30-prn GRAINS 

\I 60 1 'I0 1 lo 

TIME ( h )  

14.21 

2.27 
42.50 

8.36 
63.84 

19.65 
B5.19 

42.11 
93.86 

70.56 
97.99 

92.19 
99.39 

98.44 
IOC 

100 100 l loo 



TABLE 11.2. GRASS Calcu lat ions f o r  F rac t iona l  Fission-gas Release from 
10-prn Grains f o r  a  F jss ion  Rate o f  1.3 x 1012 f/cm3.s 

FISSION-GAS 
RELEASE (Oh) I 

TEMP G R ~ I E N T  1 
FISSION- TIME ( h )  1 

1800 

1900 

2000 

2 400 

1010 

0.46 

0.80 

1.98 

3010 

0.64 

1.39 

4.02 

23.14 
24.70 

27.52 
39.86 

53.09 
97.63 

100 

5010 

0.82 

1.91 
5.55 

2010 

0.55 

1 . 1 1  

3.08 

4010 

0.73 

1.66 
4.83 

310 , 

0.34 

0.42 
1.09 

210 

0.32 

0 36 
0.86 

110 
TEMP GRADIENT 

1 

5910 

0.89 

2.13 
6.14 

510 

0.39 

0.54 
1.41 

1200 

, 1300 , 

28.64 
44.80 

51.98 
. 68.75 

32.77 
99.73 

0 0  

0.29 

0.30 
0.65 

38.82 
61.07 

69.20 
80.37 

92.16 
99.92 

loo 

56.29 
76.82 

85.02 
89.79 

97.39 
99.96 

100 

77.78 
89.44 

95.26 
96.37 

8 .  

99.32 
99.98 

100 

90.74 
95.58. 

98.60 
98.85 

99.73 
100 

loo 

94.90 
97.55 

99.33 
99.38 

99.82 
100' 

10.0 

96.80 
98.27 

99.60 
99.57 

9887 
100 

loo 

97.82 
9872 

99.72 
99.66 

99.89 
100 

100 

98.38 
98.98 

99.77 
99.72 

99.91 
100 

100 



TABLE 11.3. Dependence of Frac t iona l  Gas Release on 
Tempera tu re  and  rain Size. T ime  = 2000' h; 

f iss ion r a t e  =.  1.0 x 1013 f /cm3.s;  
t empera tu re  gradient = 200"~/crn .  

T e m p e r a t u r e  Region, 
'C 

% Gas Release 

Gra in  Size = 10 p m  

The fractional fission-gas release a s  a function of tem-  
pera ture  for various values of the fuel burnup calculated from Table 11.1 i s  
shown in  Fig. II,'1, 

, . 
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Pig. 11.1. GRASS-calcuiared Fraceiaiial Fission-gas Kelease as a 
Function of Fuel ~ i m ~ e r a t u r e  and Burnup from 10-prn 
Grai,ns with 20O0C/cm Radial Temperature Gradient. 
ANL Neg. No 306-77-132 Rev. 1. 

( 2 )  The fractional fission-gas release i s  time-dependent. 
The ra te  of gas re lease  depends on the irradiation time a s  well a s  on the tem-  
perature.  In al l  cases ,  the fractional gas re lease  increases with the time until I 

saturation has  been reached. 

( 3 )  The fractional fission-gas release has a strong dependence 
on the U 0 2  grain s ize.  The ra te  of fission-gas release increases  a s  the UOz 
grain s ize decreases .  F o r  example, the fractional fission-gas re lease  f rom 
10 - and 3 0 - ~ r n  grains a s  a function of temperature for two values of the fuel 
burnup i s  shown in,Fig.  II: 2. 



Fig. 11.2 

GRASS-calculated Fission-gas Release  as a 
Funct ion of Fue l  Tempera tu re  and Burnup 
f rom 10- and 30-pm Grains wi th  200°C/cm 

Radia l  Tempera tu re  Gradient.  ANL Neg. 
NO. 306-77-131. . 

TEMPERATURE ('C) 

(4) The fractional fission-gas re lease  has a moderate de-  
pendence on the temperature gradient. The rate  of fission-gas re lease  in- 
creases  a s  the temperature gradient increases.  For  example, f rom  able 11.2, 
the gas released from 10-pm grains a t  the end of 2000 h of irradiation with 
a 200 and a 1 0 0 0 ~ ~ / c m  temperature gradient, respectively, can be classified 
as  shown in Table 11.4. 

TABLE 11.4. Dependence of Fractional  Gas Release on Temperature Gradient. 
Time = 2000 h;  fission ra te  = 1.3 x 10" f/cm3.s;  grain size = 10 wm. 

Temperature 70 Gas Release 
Region, 

"C .Temperature Gradient = 2 0 0 ' ~ / c m  Temperature Gradient = 1000 '~/cm 

(5) The fractional fission-gas release has a weak dependence 
on the fission rate .  The percent of fission-gas re lease  increases  a s  the fission 
ra te  decreases.  For example, f rom Tables 11.1 and 11.2, the gas released from 
10-pm grains a t  the end of 5000 h of irradiation with a fission ra te  of 1.3 x 10" 
and 1 x 1013 f/cm3- s ,  respectively, can be classified a s  shown in Table 11.5. In 

TABLE 11.5. Dependence of Fractional Gas Release on Fission Rate. 
Time = 5000 h; temperature gradient = 2 0 0 " ~ / c m ;  

grain size . 10 pm. 

Temperature qo Gas Release 
Region; 

"C Fission Rate = 1.3 x 10" f / c m 3 s  Fission Rare = 1.0 x 10" f/cm3.s 



general ,  the differences i n  fractional gas  r e l ease  f rom fuels  having different 
f iss ion r a t e s  become grea ter  for  fuels having lower t empera tu res  and longer 
i r rad ia t ion  t imes .  

(6) The fractional f is  sion-gas r e l ease  has  a .  strong dependence 
on the degree  of interconnection of grain-edge tunnels. Due to the incomplete 
in te r  connection of the grain-edge tunnels, the amount of gas actually re leased  
f r o m  the fuel will be l e s s  than the amount re leased  to  'the grain edges.  F o r  
example,  if the degree  of grain-edge tunnel interconnection i s  5070, the maxi-  
m u m  re l eases  in  Tables  11.1 and 11.2 will be 5070 instead of 100'7'0.. In general ,  - 
the degree  of interconnection depends on the fuel micros t ruc ture  (e.g. ,  grain 
s ize ,  U 0 2  density,  fabricated pore-  s ize distribution) and, hence, is a function 
of the  i r rad ia t ion  t ime.  

In a recent  SST-GRASS analysis  ( s e e  ANL-77-10, p. 69) 
of the burnup dependence of fission-gas r e l ease  f r o m  LWR fuel rods i r rad ia ted  
at  a constant power level ,  the fract ional  gas  r e l ease  a s  a function of burnup 
was found to  r e a c h  a maximum and subsequently decrease .  This  burnup de- 
pendence of the fract ional  fission-gas r e l ease  was  pr imar i ly  ascr ibed  a s  a 
thermally induced effect; the SST-calculated fuel tempera tures  decreased  a s  
a function of t ime  due to  gap closure.  These SST-GRASS resul t s  can be ap-  
proximated using Table 11.1 o r  11.2. F o r  example,  using Table 11.1, one can 
obtain a f ract ional  f iss ion-gas r e l ease  distribution a s  shown in  Table 11.6. 

TABLE 11.6. Deper~dallcr of Gas Release on Temperaturea That 
Decrease Slowly with Time. Fission rate = 1 x loL3 f / cm3, s ;  

temperature gradient = 2 0 0 " ~ / c m ;  grain size = 10 um. 

'I'emperature , 'C Time, h Gas Release, % 

Note that,  for  this  case ,  the fuel tempera tures  dec rease  
substantially over a major  p a r t  of the i r radiat ion.  A maximum in the percent  
gas  r e l ease  occur s  a f t e r  about 1000 h of i r radiat ion.  However, the maximum 
in the percent  gas  r e l e a s e  can be avoided if the fuel t empera tu res  fall  off 
ea r ly  in life and then stabilize. F o r  example,  using Table 11.1, one can obtain 
a f ract ional  f iss ion-gas r e l ease  distribution a s  shown in Table 11.7. 

TABLE 11.7. Wependence of Gas Release on Temperatures That 
Stabilize Early in Life. Fission rate = 1 x 10" f /cm3.s;  
temperature gradient = Z O O " C / C ~ ;  grain size = 10 um. 
- - -- - - - 

Temperature, "C Time, h Gas Release, 70 



Thus,  if the fract ional  f iss ion-gas r e l ease  i s  t o  always 
inc rease  a s  a function of burnup for  a .constant  power i r radiat ion,  the fuel 
tempera tures  must  stabilize ear ly  in l ife;  i . e . ,  the fuel-cladding gap must  
close ear ly  in  life. F o r  the SST-GRASS analyses reported las t  q u a r t e r ,  the 
fuel-cladding gap closed ve ry  la te  i n  life and hence caused the fuel t empera -  
tu res  to decrease  for  a major  par t  of the irradiation. This in turn  resul ted 
in the fractional fission-gas r e l ease  having a maximum a s  a function of 
burnup. These r e su l t s  a r e  not surpris ing in  that SST is based on an outdated 
vers ion  of the LIFE LMFBR fuel-element performance code and does not 
include any LWR-based modifications of the mechanical analyses.  LIFE-LWR 
(see  ANL-76-121, pp. 50-61) was generated on the basis  of the la tes t  vers ion  
of LIFE (LIFE-111) and includes mechanical a s  well  a s  thermal  LWR propert ies  
and models. (GRASS i s  not present ly coupled to LIFE-LWR.) 

The conclusions of the SST-GRASS Code Analysis indi- 
cated that the experimentally observed rapid increase  in f iss ion-gas r e l ease  
r a t e  a t  high burnup ( -3  at. 70) could be explained qualitatively by the venting 
of gas  residing along grain edges and boundaries through s tress- induced 
separations of grain boundaries that have been weakened by f iss ion-gas con- 
centration. The resu l t s  of the analysis showed li t t le evidence for  enhanced 
re l ease  due to  the development of channels on the gra in  faces  af ter  .a s a tu ra -  
tion density of grain-boundary fission gas has  been attained. However, the 
calculation of grain-boundary channel formation depends on an accura te  ca l -  
culation of gra in  s ize a s  well  a s  fuel tempera tures .  F o r  example,  Table 11.8 
shows when grain-boundary channel formation occurred  for  the cases  l is ted 
in  Table TI. 1.  a as r e l ease  due to channel formation was not included in  the 
r e su l t s  of Table 11.1.) 

TABLE 11.8. Grain-boundary Channel Formation for Table LI. 1 
- - - 

Channel Time Channel Time 
Temperature, Formation, Occurred, Formation, Occurred, 

"C 1 0 - ( ~ m  Grains . h 30-pm Grains h 

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
N 0 

No 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 

Thus,  in  general ,  any description of the r e l ease  of fission 
gas  a t  high burnup should include the possibility for  enhanced r e l e a s e  due to  
grai.n-boundary channel formation. In addition, the degree of interconnection 
of grain-edge tunnels i s  a l so  a function of burnup and could contribute to  an  
increase  in the fission-gas r e l ease  r a t e  a t  high burnup. The analytical (GRASS) 
approach to modeling the r e l ease  of f iss ion gas a t  high burnup will include 



models  for  grain-boundary separation due to induced s t r e s s e s  on grain 
boundaries weakened by fission-gas concentration. These models will  be in-  
cluded with the GRASS models  for  both grain-boundary channel formation and 
grain-edge tunnel interlinkage in  a genera l  correlat ion for  the prediction of 
f iss ion-gas r e l e a s e  a t  high burnup. 

b. Formulat ion of Models to Describe Grain-boundary 
Separation 

The conclusions of the SST-GRASS code analysis reported 
l a s t  qua r t e r  and d iscussed  above indicated that the experimentally observed 
rapid inc rease  in fission-gas r e l ease  r a t e  a t  high burnup ( - 3  at.  70) could be 
explained qualitatively by the venting of gas  residing along grain edges and 
boundaries through s t r e s s  -induced separat ions a t  grain boundaries that have 
been weakened by f iss ion-gas concentration. The accumulation of f iss ion gas 
on g ra in  boundaries would degrade the s t rength of these boundaries a s  a func- 
tion of burnup. If the intergranular  f r ac tu re  s t r e s s  fal ls  to the level of the 
induced s t r e s s e s ,  then inter  granular  c racks  occur that  provide additional 
pathways for  gas  r e l ease .  During this  qua r t e r ,  an approach was  formulated 
fo r  describing this  phenomenon. 

In i r rad ia ted  LWR fuel,  a gr.ain-boundary f i s  sion-gas bubble 
can be in te rpre ted  a s  a microcrack  having a length equal to the diameter  of 
the bubble. The requi red  applied s t r e s s  for  grain-boundary fractur.e will de-  
pend on the number and s i ze  of the grain-boundary fis'sion-gas bubbles, and 
on the spacings between the bubbles. Because the GRASS analysis of grain-  
boundary f r ac tu re  is going to be used to predict  g r o s s  effects that lead to 
observable  r e l e a s e s  of f iss ion gas ,  a phenomenological approach s e e m s  the 
m o s t  reasonable where the key pa ramete r s  influencing cracking (calculated 
a s  a function of burnup) a r e  cor re la ted  with experimental observations. 

In addition to the number and s ize  of the grain-boundary 
f iss ion-gas bubbles and the spacings between the bubbles, other pa ramete r s  
m a y  be important.  The bubbles present  on a grain boundary reduce the 
boundary effective sur face  a r e a  by an amount equal to  the sum of a l l  the 
bubble surface projections.  As the effective grain-boundary surface a r e a  i s  
reduced,  the applied s t r e s s  on the boundary inc reases ,  and hence facil i tates 
gra in-  boundary f rac ture .  In addition, the grain-boundary surface energy de - 
c r e a s e s  with burnup due to  solute-atom segregation and to adsorbed l aye r s  
of impuri t ies  on the bubble surface.  Prec ip i ta tes  have been associated with 
f iss ion-gas bubbles, and therefore the bubble surface i s  probably contaminated 
by an adsorbed layer  of fission products. The dec rease  in surface energy i s  
important ,  s ince,  for  a given number of gas  atoms in  a single bubble, a r e -  
duction in the surface energy by a factor of two re su l t s  in  a bubble occupying 
approximately four t i m e s  the previous equilibrium volume. 

Given the above considerations,  an analytical approach to 
modeling grain-boundary separation i s  a s  follows: 



(1) Accurately descr ibe  the mechanical and t h e r m a l  be- 
havior of LWR fuel rods a s  a function of i r radiat ion his tory (e. g. ,  SST, 
LIFE-LWR, FRAP-s). 

(2) Calculate the dec rease  in the grain-boundary surface 
energy. 

( 3 )  Calculate the evolution of the grain-boundary f iss ion-gas 
bubble-size distribution a s  a function of the fuel micros t ruc ture ,  tempera ture ,  
and s t r e s s e s  (GRASS). 

(4) Calculate the reduction in  the effective grain-boundary 
surface a r e a  based on the bubble-size distribution of fission-gas a t  the gra in  
boundary. 

(5) Calculate the mean bubble-bubble spacings. This  calcu- 
lation would requi re  an assumption on how the various bubbles a r e  distributed 
physically on the boundary (e. g. , Poisson s tat is t ics) .  

(6) Develop a correlat ion between i t ems  1 - 5  above, the local  
s t r e s s e s  in the fuel (calculated in  i tem l ) ,  and the extent of grain-boundary 
separation. This  correlation would requi re  experimental support, i. e. , ex-  
aminations of fuel exhibiting grain-boundary separat ion to provide informa- 
tion on the grain-boundary bubble distributions,  etc.  F o r  example,  resu l t s  . , 

of d i rec t  investigations of some of the fuel that  had high r e l eases  of fission . . 
gas  would be valuable. 

Once a description of the s t ress- induced separat ion of gra in  
boundaries weakened by fission-product concentration i s  available, the 
GRASS calculation of f iss ion-gas r e l ease  can be straightforwardly extended 
to include a capability fo r  a rapid inc rease  in  the r e l ease  r a t e  (burs t )  of gas  
a s  a r e su l t  of extensive grain-bqundary separat ion occurr ing during design 
t rans ien ts  ( i .e . ,  power changes). This  rapid increase  in the r e l ease  of f iss ion 
gas  would most  likely take place a t  relatively high burnup af ter  sufficient 
diffusion of f iss ion products to,  and bubble growth on, the gra in  boundaries 
has  occurred.  

2. Modeling of F i s  sion-gas Behavior during Transient  Conditions 

During this qua r t e r ,  GRASS calculations of gas r e l ease  during a 
hypothetical l o s s  -of - coolant accident (LOCA) were  performed. The r e su l t s  
of these analyses  will be used to aid in the formulation of decisions on the 
need f o r ,  and the requirements  of, modifications to the present  A N L  LWK 
DEH appara t i~s  i n o rde r  to simulate LOCA -type t ransients .  Additional anal-  
y ses  to a s s e s s  charac ter i s t ic  tempera ture  profiles of ,  and gas r e l ease  f rom,  
LWR fuel undergoing a LOCA will be forthcoming a s  soon a s  EG&G i s  suc-  
cessful  in linking GRASS with FRAP-T.  

GRASS-Mod 3 was used to calculate the response of fission gases  
in an LWR fuel  rod  dur ing  a hypothetical LOCA. The ability to  predict  and, 
if necessary ,  l imit  the amount of gas re leased  f rom a fuel rod  in the event 



of a LOCA in  a commerc ia l  LWR i s  important,  not only in predicting radio- 
logical r e l e a s e s ,  but a l so  in limiting cladding deformation; the gas  re leased  
to the fuel-cladding gap and fuel-rod plenum inc reases  the internal  loading 
on the cladding. F o r  the  same  reasons ,  the amount of gas re leased  during 

500 I and centerline t ransient  tempera-  
0 20 40 60 80 100 120 140 t u re  h is tor ies  for  the hottest 

TIME (5) 
0.25 m of a 4 - m  LWR fuel rud 

steady-state i r radiat ions can 

Fig. 11.3. Fuel-surface and Centerline Temperature Histories d'e in Fig. I1. 3.  The 
during LOCA for Hottest 0.25 m of a -4-rn (12-ft) steady - state  fuel-rod conditions 
Fuel Rod. ANL Neg. No. 306-77-130. a r e  atypical of fuel rods  i r r a d i -  

ated in  commercial  reactors; 
the operating t empera tu res  and power levels a r e  quite high. However, because 
of the high fuel  t empera tu res ,  the present  study highlights the importance of 
the distributions of retained f iss ion gas  in influencing fission-gas r e l ease  
during a LOCA. 

also influence the outcome of 
a LOCA. 

The fuel tempera ture  
and power profiles .used in  the 
LOCA analysis were  obtained 
f rom calculations performed 
with the FRAP-T and the RELAP 
codes a t  EG&G. The fuel-surface 
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- 

GRASS-Mod 3 was used to calculate the steady-state f iss inn-gas-  
bubble-size dis t r ibut ions for this  section of the fuel r6d at the pretransient. 
power level (54 kW/m) and fue l  t empera tu res  to a burnup of 16,000 MWd/Mg. 
Assuming the as-fabricated fuel density (93.2570 TD) and a radial  distrihnt.ion. 
of gra in  s izes  of 5-35 p m ,  the code predicted that -30% of the generated fission 
g a s  in  this  section of the fuel had been re leased  before the initiation of the 
LOCA. 

W 
n 
B 
I- 1000 

Fijsiull gds,  gelleraled p r i l~ la r i ly  within the UO, gra ins ,  migra tes  
to  the grain-boundary su r faces  and then to  the gra in  edges a t  r a t e s  that depend 

/' 
I - 

on fac tors  such a s  fuel tempera tures  and micros t ruc ture .  Figure 11.4 shows 
the GRASS-calculated pre t rans ien t  rad ia l  distribution of retained gas for the 
above fuel section fo r  in t r a -  and intergranular  gas ,  and for  gas  in closed 
porosity along the gra in  edges. More than 9'370 of the retained gas located 
within the inner  3070 of this  fuel section i s  in  closed porosity along the grain 
edges; the relat ive absence of in t r a -  and intergranular  gas  i s  due to  the high 
i r rad ia t ion  tempera tures .  In contrast ,  more  than 99% of the retained gas 
located within the outer  30% of the fue l  i s  intragranular .  Between thes&.re-  
gions, the fuel i s  character ized mainly by intragranular  gas ,  o r  gas in  closed 
porosi ty;  ve ry  l i t t le gas (<<lye) i s  intergranular .  Intergranular gas  has  a high 
potential to vent to the porosity along the grain edges in the case  of grain-  
boundary channel formation. The gas  in the closed porosity has  a high potential 
for  r e l ease  by ei ther  grain-boundary separat ion o r  the evolving of the closed 
porosity to an open porosity due to changes in  the fuel micros t ruc ture .  



Fig. 11.4 

GRASS-calculated Pretransient Radial 
Distributions of Retained Gas. ANL 
Neg. No. 306-77-129. 
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During the f i rs t  phase of the LOCA, a s  shown in Fig. II .3 ,  the 
fuel-surface temperatures increased while the centerline temperatures de-  
creased. After -12 s into the transient,  the fuel temperatures tended to 
stabilize. At -20 s ,  the refill  phase of the LOCA began and fuel temperatures 
rose  due to fission-product decay heat. ( A  linear r i se  in the fuel tempera-  
tures  was assumed.) After -123 s ,  the core was essentially full of water (end 
of reflood phase) and the fuel temperatures decreased quite rapidly. Fig- - 
u re  11.5 shows the radial  distribution of retained gas calculated to exist in the 

' 

fuel  a t  the end of the reflood phase of the LOCA. Gas re lease  due to grain- 
boundary separation, o r  venting of intergranular gas to the grain edges due to 
grain-boundary channel forrrlation has not been included in these results.  ' 

Comparison of Figs. 11.4 and 11.5 shows that the major effect of the transient 
' 

on the d i e t r i h i ~ t i a n  of retained fission gas was to increase the gas retained on 
grain boundaries in the outer 5070 of the fuel. Fo r  example, the intergranular 
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gas  population a t  a fractional radius,  r / r o ,  equal to 0.6 has  increased by a 
fac tor  of - 4 3  f rom the pretransient  quantities, and is -4% of the total retained 
gas  in  this  region. Fur the rmore ,  the increase  in the intergranular fission gas 
took place pr imar i ly  during the ref i l l  and. reflood phases of the LOCA, when 

, the fuel tempera tures  were  elevated due to  fission-product decay heat, and 
was  a consequence of t ime at  temperature.  

Gas re leased  f rom the fuel during the LOCA was calculated for 
a variety of fuel micros t ruc tures :  the pretransient  micros t ruc ture ,  the p r e -  
t ransient  micros t ruc ture  with the addition of channel formation on grain 
boundaries due to saturation by fission gas,  and a s e r i e s  of microstructures 
character ized by channel formation a s  well a s  by varying degrees of grain-  
boundary separation. The t ime evolution of channel formation on grain 
boundaries was calculated with GRASS-Mod 3;  grain-boundary separation was 
put in  by hand, a s  there  is currently no available model describing this phe- 
nomenon. Grain- boundary separation was assumed to occur only along 
boundaries where GRASS-Mod 3 predicted channel formation. When channel 
formation occurred ,  the gas on the boundary was vented to the porosity r e -  
siding along the grain edges; i f  the porosity was calculated to be open, the gas 
was re leased  to the exter ior  of the fuel; if the porosity was closed, the gas 
was trapped along the grain edges and contributed to fuel swelling. When 
grain-boundary separation occurred,  the gas located in the closed porosity 
along the gra in  edges was vented directly to the exter ior  of the fuel. 

Because of the relatively low tempera tures  and the short  t ime of 
the LOCA, not much gas i s  expected to be released by diffusional processes.  
However, f r o m  Fig. ff.5, there  is a potential for sizable re leases  due to grain- 
boundary channel formation and intergranular fracture.  The t ime evolution of 
the predicted channel formation on the grain boundaries for the fuel section 
under consideration is shown in  Fig. 11.6. The values of the fractional radi i ,  
r / r o ,  indicate the regions in the fuel where channel formation has occurred. 
F r o m  Fig. 11.6, a t  the end of the LOCA, channel formation has occurred  on 
grain boundaries located within the outer 5070 of the fuel. Thus, Figs. 11.5 and 
11.6 indicate that grain-boundary channel formation can provide an enhancenlent 
of the fission-gas re lease  during the LOCA. 

Fig. 11.6 

GRASS-calculated Evolution of Grain-boundary 
Channel Formation during LOCA. The values 
of the fractional radii, r/ro, indicate the re- 
gions in the fuel where channel formation has 
occurred. ANL Neg. No. 306-77-125. 
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Figure  11.7 shows the calculated f iss ion-gas r e l ease  a s  a function 
of the t rans ien t  t ime f o r  a var iety of fuel micros t ruc tures .  Curve A i s  the 
predicted gas r e l ease  for  the pretransient  micros t ruc ture  in which most  of 
the r e l ease  occurred  by diffusional processes .  As expected, ve ry  l i t t le gas  
(-0.0470) was released. Curve B is the predicted gas r e l ease  allowing for  an 
enhanced re l ease  due to  grain-boundary channel formation. Enhanced gas 
r e l ease  began to occur  a t  -39 s ,  when grain-boundary channel formation was 
initiated, a.nd -1.5'7'0 of the generated f iss ion gas  was re leased  by the end of 
the LOCA. 
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Fig. 11.7. GRASS-calculated Fission-gas Release during LOCA for a 
Variety of Fuel Microstructures. ANL Neg. No. 306-77-127. 

Extensive grain-boundary separat ion in the f o r m  of in te r  granular  
swelling and directional pat terns  of grain-boundary f i s s u r e s  has  been observed 
'a t  ANL in  i r radiated T,WR fuel that has  undergone PCM-type d i rec t -e lec t r ica l -  
heating (DEH) t ransients  a t  heating r a t e s  of 2 5 - 4 0 0 ~ ~ / s .  The fuel used in  these  
DEH tes t s  was i r rad ia ted  in  the .H. B. Rohi.nsoti reactor to a burnup of 
-30,000 ~ ~ d / m ~ .  This DEH apparatus does not have the capability .to s imu-  
la te  conditions that might be typical of those found in commerc ia l  LWR fuel  
undergoing a LOCA. DEH'tests  to  date have been on bare  fuel pellets (no 
r a d i a l  constraint)  that, were  i r rad ia ted  a t  a relatively 'low power level  s o  that  
mos t  of the generated f iss ion gas was  retained (<<17o re lease) .  



The resul ts  of the tes ts  indicate that gas release,  intergranular 
swelling, and f issuring a r e  functions of the s t r e s s  state (e. g., degree of radial  
constraint) and the extent of grain-boundary weakening by fission-gas concen- 
t rat ion during transient heating. GRASS-code calculations of the p re -  and 
posttest bubble-size distributions a r e  in qualitative agreement with experi- 
mental  observations. The observed channel formation on grain boundaries 
of the transient-tested fuel was predicted; no channel formation was observed, 
and none was predicted for the steady-state irradiatioh. F d r  the 25Oc/s t e s t s ,  
the measured transient gas re lease  was proportional to the a rea l  fraction of 
gra in  boundaries that participated in either inter granular swelling o r  fissuring. 
The resul ts  of GRASS-code analyses support the hypothesis that these phe - 
nomina provide an interlinked network of escape paths for fission gas that 
diffus'es to grain boundaries. 

The ra te  of increase in fuel temperatures due to fission-product 
decay heat for the LULA depicted in Fig. 11.3 i s  si.m.ilar to heating ra tes  
generated during PCM-type DEH tests .  However, the tem.perature profiles 
for  the LOCA differ markedly f rom the PCM-type temperature profiles in 
that much smaller  temperature gradients a r e  established across  the fuel 
during a LOCA than during a PCM.  Thns, whether extensive grain-boundary 
separation can occur during a LOCA i s  presently unclear. 

In addition, the DEH tes ts  performed thus fa r  have been on radially 
unconstrained UOz pellets. Conceivably, the degree of radial  res t ra in t  on the 
pellet will affect the local s t r e s s e s  generated within the fuel and will thus 
affect the degree of grain-boundary separation. However, grain-boundary 
separation has  also been observed in Saxton-Load-Follower f n p l  that under - 
went a PCM transient  in the P B F  facilities ( see  Sec. B below); presumably, 
there  was some radial  constraint on the fuel during these tests.  During a 
LOCA, the fuel may o r  may not be radially constrained; a lack of radial  con- 
s t ra in t  on the fuel can occur due to factors  such a s  ballooning of cladding. In 
what follows, the affect of possible grain- boundary separation on the gas r e  - 
l ease  from fuel during a LOCA will be considered. 

lntergranular separation i s  most likely due to s t resses  on bound- 
a r i e s  weakened by fission-gas concentration. Thus, there  should he: a rnrre- 
lation between grain surfaces on which channels form. due to saturation 
concentrations of fission gas and intergranular separation. When in ter -  
granular separation occur s ,  the gas located in c l o s ~ d  porosity along the grain 
edges vents to the exterior  of the fuel. Curves C, D, and E of Fig. 11.7 show 
the predicted gas re lease  assuming that 25,  50, and 1 0070, respectively, of the 
grain boundaries calculated to have channel formation also participated in 
intergranular separation. Under these conditions, the predicted gas release 
during the LOCA i s  between 2.570 (for 25% separation) and 1070 for 10070 sepa- 
ration) of the generated fission gas. Thus, the conclusion of the present  anal- 
y se s  i s  that there i s  a potential for significant re leases  of fission gas during 
a LOCA under conditions amenable to the formation of grain-boundary channel 
and the occurrence of intergranular separation. 



The conclusions of the analysis can be summarized a s  follows: 

a. Gas r e l ease  by .diffusional processes  during a LOCA will 
be negligible. 

b. Gas r e l ease  during a LOCA will  be low if the s teady-state  . 

concentrations of fission gas on gra in  boundaries and in  closed porosity along 
gra in  edges located in  the outer rad ia l  regions of the fuel a r e  low. ( A  p r e -  
dominantly intragranular  distribution of retained fission gas can be brought 
about by low fuel  tempera tures  and/or low burnups.) This conclusion a s -  
sumes  that the micros t ruc ture  in the inner rad ia l  regions of the fuel will not 
be a l te red  by the LOCA. 

c. Gas r e l ease  during a LOCA will be low i f  no extensive in t e r -  
granular  separat ion occurs .  Some gas r e l ease  (-1.5% in the present  analysis) 
can be expected if grain-boundary channel formation occurs .  The formation 
of grain-boundary channels will depend on the pretransient  gas  concentrations 
a s  well a s  on the t ransient  tempera ture  history.  

d. The potential for  gas  r e l ease  during a LOCA i s  grea tes t  during 
the re f i l l  and reflood phases when fuel tempera tures  r i s e ,  o r  a r e  elevated, due 
to  fission-product decay heat. , '. 

In the near  future,  FRAP-GRASS analyses of the response of f i s -  
sion gas  in fuel rods i r rad ia ted  under conditions m o r e  typical of those found 
in  a commerc ia l  reac tor  during a hypothetical LOCA will  be made. The r e -  
sults of these analyses will be used in conjunction with the r e su l t s  of an init ial  
s e r i e s  of LOCA-type DEH tes t s ,  to  be performed in an ANL LMFBR DEH fa-  ..: 
cility, to  a s s e s s  the need fo r ,  and the requirements  of,  modifications to  the 
present  LWR DEH apparatus  in o r d e r  to  simulate LOCA-type t ransients .  . t  i 



B. Exper imenta l  P r o g r a m  (S. M. Gehl and L. R. Kelman, MSD) 

1.  Trans ien t -hea t ing  T e s t s  ,(S. M. Gehl, L. R. Kelman,  D. R. Pepa l i s ,  
and R. B. Holdsworth,  MSD) 

a .  T e s t  Conditions 

T h r e e  t rans ien t -hea t ing  t e s t s  using H.' B. Robinson fuel w e r e  
conducted a t  a slow heating r a t e .  The  conditions f o r  t he se  t e s t s ,  designated 
28-30, a r e  s u m m a r i z e d  in  Table  11.9 along with the  conditions of T e s t s  26 and 
27, repor ted  i n  ANL-77- 10 (p. 73). T e s t s  26-30 compr ised  a group of exper i -  
m e n t s  based on the  t e s t  plan f o r  PCM accident  s imulat ions  (ANL-76-'15, p. 45),  
which was rev ised  l a s t  q u a r t e r  (ANL-77-10, p. 72). These  t e s t s  w e r e  in- 
tended a s  a s e r i e s  of exper iments  run a t  nominal 25OC/s cen te r l ine  heating 
r a t e s  f o r  var ious  t i m e s  sho r t  of mel t ing.  The development of techniques .for 
m e a s u r i n g  s u r f a c e  t e m p e r a t u r e  using thermocouples  was a n  additional ob- 
jective of the t e s t s .  

TABLE ,II. 9. Conditions of Interrupted DEH Trans i en t -  
heating T e s t s  of Robinson Fue l  

T e s t  F u e l  F u e l  T rans i en t  - Total  Energy  
a 

Number  Weight, g Burnup, 7'0 heating T ime ,  s Input, l o 4  J 

aFuel  burnup es t imated  f r o m  gamma-scan  intensity normal ized t o  
'14'Nd m a s s  s p e c t r o m e t r i c  burnup ana lyses  ( s e e  ANL-76- 15, p. 50). 

Because  of p rob lems  with the control  c i r cu i t ry  of the  DEH 
power  supply,  the t r ans i en t  power h i s to r i e s  of the  t e s t s  depar ted cons ide rab ly ,  . 
f r o m  the  r a m p  tha t  produces  the  25OC/ s heating r a t e .  . In par t i cu la r ,  T e s t s  29 
and 30 w e r e  opera ted  a t  near ly  constant power inputs of 420 and 210 W, 
respect ively ,  dur ing the  portion of the  exper iments  intended to  be a p ro -  
g r a m m e d  power r a m p  of 4 W/s .  The actual  heating r a t e s  in T e s t s  29 and 30 
va r i ed  f r o m  3 to  5OC/s. The effect  of t rans ien t  power h i s to ry  on gas  r e l ea se  
i s  d i scussed  in Sec .  b below. 

A thermocouple  was  in contact with the  fuel-pel le t  su r f ace  
i n  e a c h  of T e s t s  26-30. A P t - P t  107'0 Rh (Type S )  thermocouple  was  used in  
T e s t  '26 and Chromel -Alumel  ( ~ ~ ~ e  K)  thermocouples  in T e s t s  27-30. The 



thermocouple beads were pressed against the specimen surfaces by spring 
tension in the thermocouple wires and were covered over with a layer of UOz 
slip. The response of the thermocouples was good below -850°C and for small  
thermal ramps. At higher temperatures, the thermocouples read consistently 
below the t rue  surface temperature, a s  measured by optical pyrometry. The 
lat ter  effect is probably due to heat conduction away f rom the bead along the 
wires.  

b. Fission- gas Release during Transient Heating 

Table II.10 summarizes the results of the analyses of the 
gases released from the fuel during Tests 26-30. Data for the other tests  
run at nominal 25"C/s ramps a r e  also included. The previously reported gas- 
release data for these tes ts  contained several calculational e r ro r s ,  which 
were corrected in the preparation of Table 11.10. The gas-release data from 
Test  28 a r e  obviously incorrect, perhaps because of contamination of the gas 
s ample. 

TABLE 11-10. Fission Gas Collected during DEH Tests  
Conducted at Nominal 25OC/s Heating Rates 

Percent  
Released 

Gas Collected,. Percent f rom 
cm3 (STP)/g Releas eda Solid Fuelb 

Test  
Number Xe Kr  Xe Kr  Xe Kr 

30 1.7 lo'* 2 lo-= 0.03 0.04 

acorrected for  burnup and normalized to retained gas content of 0.685 cm3/g 
fo r  xenon, 0.053 cm31g for krypton at the peak burnup positions. 

b ~ e e u m i n g  100% release from liquid fuel. 
CXenon release and Xe/Kr ratio a r e  highly improbable; sample may have 
been contaminated. 

Inspection of the power traces for Tests  21-24 indicated the 
occurrence of variations from the programmed power input, s imilar  to those 
observed for Tests  26-30. The resulting differences in the transient tempera- 
ture histories for the nominal 25"C/s tests  mean that attempts correlating 



gas  r e l ea se  and t e s t  conditions m u s t  include the t ime-integrated power o r  
t e m p e r a t u r e  h i s to r i e s .  An init ial  a t tempt  a t  such  a cor re la t ion  is shown in  
F i g .  11.8, in which the  burnup-cor rec ted  xenon r e l e a s e  is plotted against  the  
total  energy input t o  the s ample  during t rans ien t  heating. This  f igure  indi- 
c a t e s  that  no gas  was  re leased  f o r  energy inputs below -1.5 x l o4  J ,  and that  
t h e r e  i s  a roughly l i n e a r  relat ionship between gas  r e l e a s e  and energy f o r  
h igher  energy inputs. The  low xenon r e l e a s e  f ract ions  f o r  T e s t s  29 and 30, 
i n  which the power i nc rea sed  a t  low r a t e s ,  suggest  tha t  the  apparent  s c a t t e r  
i n  F ig .  11.8 is par t ly  an  indication that  o ther  t e s t  p a r a m e t e r s ,  i n  addition t o  

to ta l  energy input, have a p a r t  
i n  determining gas  r e l ea se .  
The  analysis  of the  t empera tu re  
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Fig. 11.8. Fractional Xenon Release vs Energy Input 
Fig .  11.7, f o r  T e s t  21 and 

for DEH Tests at Nominal 25*C/s (4W/s) Fig .  11.9 of th is  r epo r t  f o r  T e s t  26 
contain gas  bubbles in the  s i z e  

20 

. . 8 r 

range  0.02-0.5 pm. Since the solubil i ty of f i s s ion  gas i n  liquid UOz a t  t em-  
p e r a t u r e s  c lo se  t o  the  mel t ing point is low, the  bubbles observed in  the  m e l t  
zone probably fo rmed  a s  gas  precipi ta t ion occu r r ed  concurrent ly  with fuel  

Fig. I1 9 

0 0 ~  I .o = 2.0 3.0 4.0 5.0 The  me l t  zones produced dur ing 
ENERGY INPUT (lo4 J )  t he se  t e s t s ,  shown in ANL-76-87, 

- - 
0 0 

I o I I 

Transverse Section through Robinson Fuel 
Pellet Transient-tested to Central Melting 
in Test 26. Neg. No. MSD-189963. 

Area l  m e l t  f ract ions  of 
0.11 and 0.10 w e r e  observed in 
T e s t s  21 and 26, respectively.  



melting.  Mos t  of the  gas  in  t he se  bubbles i s  l ikely to  have been vented t o  the  
outs ide ,  e i ther  by percolat ion of the bubbles through the  liquid o r  through 
c r a c k s  that  fo rmed dur ing cooldown following solidification. The  l a s t  two 
columns in  Table  11.10 indicate the  g a s - r e l e a s e  f ract ions  f r o m  unmelted fuel  
( fo r  t e s t s  in which mel t ing occu r r ed )  under  the  l imit ing assumption that  100% 
of the  gas was  re leased  f r o m  the mel ted fuel. These  values  a r e  only sl ightly 
s m a l l e r  than the  corresponding overa l l  r e l ea se  f rac t ions .  The actual  r e l e a s e  
f ract ions  f r o m  the mel ted  m a t e r i a l  l i e  between the  overa l l  r e l e a s e  f rac t ions  
and the  l imit ing value of 100%. S imi la r ly ,  the  r e l e a s e  f r o m  unmelted fuel i s  
in te rmedia te  t o  the overa l l  r e l e a s e  and the  values  calculated f o r  100'70 r e l e a s e  
f r o m  the liquid. 

2. T e m p e r a t u r e  Measurement  and Calculation (S. M. Gehl, J. Res t ,  
and D. R. Pepa l i s ,  MSD; J. J. Eichholz,  EL) 

Accura te  determinat ions  of the  rad ia l  t empera tu re  prof i les  a r e  
neces sa ry  f o r  the  descr ip t ion  of f i s s ion-gas  r e l e a s e  i n  t e r m s  of t e m p e r a t u r e -  
dependent p r o c e s s e s  such a s  differential  t h e r m a l  expansion, diffusion, and 
c r eep .  The computer  code used fo r  t empera ture -prof i le  calculations,  
DEHTTD ( see  ANL-75-28, p. 27), contains l i t e r a t u r e  values  f o r  the t h e r m a l  
and e lec t r ica l  conductivities of UOz and r equ i r e s  a s  input the  t ime  h i s to r i e s  
of pellet  voltage,  c u r r e n t ,  power,  and su r f ace  t empera tu re .  Since t h e r m a l  
and e lec t r ica l  conductivity da ta  f o r  high-burnup U02,  which i s  chemical ly  and 
s t ruc tura l ly  different f r o m  unirradiated m a t e r i a l ,  a r e  not available,  conduc- 
ti.vi.ties of unirradiated U 0 2  a r e  used in  the  code. Center l ine  t e m p e r a t u r e  
calculations using this  da ta  can be in  e r r o r  by a s  much  a s  600°C f o r  DEH 
t r ans i en t s  on high-burnup fuel .  The r e su l t s  of recent  a t tempts  a t  improving 
the  tempera ture -prof i le  calculations by determining the  physical  p rope r t i e s  
of Robinson fuel a r e  p resen ted  in  th is  sect ion.  Inaccura te  su r f ace - t empera tu re  
measu remen t  i s  a secondary  cause  of e r r o r s  in t empera ture -prof i le  calcula-  
t ions .  P r o g r e s s  in  improving the accu racy  of su r f ace  t e m p e r a t u r e  m e a s u r e -  
ment  i s  included in  this  sect ion.  

a .  Su r f ace - t empera tu re  Measurement  

As indicated in  Sec .  B. 1 . a  above, thermocouples  have proved 
useful a t  t empera tu re s  below -850°C and a t  low heating r a t e s .  The  l imita t ions  
of thermocouple  measu remen t s  a r e  in t r ins ic  to the  DEH technique, which p ro -  
duces rad ia l  t empera tu re  gradients in the fue l  that  a r e  l a r g e s t  a t  the  spec imen 
su r f ace .  T o  avoid in te r fe rence  with the  fuel  column, the thermocouple  i ts  elf 
i s  in  a t e m p e r a t u r e  gradient ,  with the  thermocouple  w i r e s  always a t  a l ower  
t e m p e r a t u r e  than the  bead. Thus ,  heat  conduction along the w i r e s  away f r o m  
the  bead r e su l t s  in the  thermocouple  bead being a t  a lower  t e m p e r a t u r e  than 
the  spec imen su r f ace .  Modifications of the  DEH equipment t o  r emedy  this  
p rob lem have been cons idered ,  but a r e  likely to cause  addit ional p rob lems .  
F o r  example,  the  u s e  of smal.1er-diameter thermocouple  w i r e  would improve  
the t ime  response  of the  thermocouple  and reduce  heat-conduction l o s s e s .  
However,  t o  be effective,  t he  w i r e s  would have t o  be s o  s m a l l  ( i .e . ,  <-0.05 mm 
in  d i ame te r )  a s  to m a k e  r emote  handling difficult.  



As a n  a l te rna t ive ,  in f ra red  pyromet ry  is being used f o r  
s u r f a c e - t e m p e r a t u r e  measu remen t .  The  py rome te r  in  c u r r e n t  u se  ( ~ r c o n  
Model 2 3 0 ~ 9 9 )  views the  spec imen through the  hot-cel l  window and i s  s ens i -  
t ive  t o  radiat ion in  t he  0.7-0.9-pm-wavelength band. The design of the  ins t ru-  
men t  and the  attenuation of in f ra red  radiation by. the  cel l  window l imi t  th is  
i n s t rumen t  t o  t e m p e r a t u r e s  above 1300°C. A second py rome te r  (E' Thermodot  
Model 7 ~ u t o )  was  procured  to  cove r  t e m p e r a t u r e s  between 500 and 1500°C. 
Th i s  i n s t rumen t ,  which s e n s e s  radiation in  the  1 .7-  2.7-pm-wavelength band, 
will  b e  placed ins ide  the  hot ce l l  and i s  designed to  provide s o m e  radiation 
shielding of , the  e lec t ron ic  components.  Additional shielding will  'be used to  
al low the i n s t rumen t  to  opkrate  i n  the  high radiation field nea r  the  DEH 
spec imen chamber .  

Cal ibrat ion of both py rome te r s  agains't a  National Bureau  of 
S tandards-ca l ib ra ted  tungsten-fi lament l amp  indicated that  the  apparent  
emis s iv i t i e s  of tungsten differed f o r  the  two ins t ruments .  At 1200°C, the  
I r c o n  and Thermodot  py rome te r s  indicated emiss iv i t i es  of 0 .53 and 0.17, 
respect ively .  The  f o r m e r  value i s  equal t o  the  spec t r a l  emiss iv i ty  of tungsten 
a t  0 .7  p m  and 1200°C; t he  l a t t e r  value i s  c lose  t o  the  tota l  emiss iv i ty  ( i .e . ,  
the  emiss iv i ty  m e a s u r e d  over  the  total  wavelength spec t rum)  a t  the  s a m e  
tempera ture . ' .  S i m i l a r  l i t e r a t u r e  values  f o r  the  emiss iv i ty  of U 0 2  a r e  not 
available.  However,  the  exper ience of ANL w o r k e r s  has  indicated that  a 
value of 0 .8  is appropr ia te  f o r  the  I r con  ins t rument .  P r e l i m i n a r y  compar i son  
of the  response  of the  I r con  and Thermodot  py rome te r s  on an  e l e c t r i c a l l y ,  
heated UOz s u r f a c e  indicated that  the emiss iv i ty  of U 0 2  in  the  spec t r a l  range 
of the l a t t e r  i s  between 0.6  and 0.7.  Work i s  continuing t o  de t e rmine  the  
requi red  emiss iv i ty  m o r e  accura te ly .  

L. Radial  Tc~ i ipe ra tu re -p ro f i l e  Calculation 

The  t e m p e r a t u r e  profi les calculated by the  DEHTTD code a r e  
sens i t ive  to  the  value f o r  the  e l ec t r i ca l  conductivity of U02  used to  obtain the  
rad ia l  d is t r ibut ion of power generat ion.  Because  we  can eas i ly  m e a s u r e  the  
effective e l ec t r i ca l  conductivity of DEH pel le t  s t acks ,  which cons i s t  of an  
i r r ad i a t ed  pel le t  sandwiched between two unirradiated pel le ts ,  the init ial  
a t t empt  a t  improving the  calculations will  consis t  of including empi r ica l ly  
de te rmined  e l ec t r i ca l  conductivit ies in  the  code.  This  sect ion d i s cus se s  the 
r e su l t s  of e lect r ical -conduct ivi ty  measu remen t s  and compares  t he se  values 
with those  presen t ly  used in  the  DEHTTD code. 

The  r e s i s t ance  of pel le t  s tacks  i s  moni tored a s  they a r e  
heated f r o m  r o o m  t e m p e r a t u r e  t o  -300°C by an ex te rna l  l ine  h e a t e r  ( s e e  
ANL-75-72, p. 35) before the s t a r t  of UEH.  'l'he m e a s u r e d  conductivity values 
w e r e  fitted t o  an  equation of t he  f o r m  



where  a i s  conductivity in  (ohm.cm)- ' ,  T i s  t empera tu re  in  K, and A and B 
a r e  constants .  The conductiviti.es f o r  the pellet  s t acks  in  the  l a s t  10 t e s t s  
w e r e  divided into two groups a s  shown in  Table  11.11. The  en t r i e s  f o r  A, B, 
and rZ ( squa re  of the  cor re la t ion  coefficient) w e r e  de te rmined  by a l i n e a r -  
r eg re s s ion  ana lys i s  of the  var iab le  & n ( ~ ' )  on 1 /T .  The conductivit ies of the  
s tacks  in  Group I w e r e  g r e a t e r  than the  Group I1 conductivities by a f ac to r  of 
-3  f o r  t empera tu re s  between 350 and 600K. The  s t ack  conductivity in  T e s t  24 
was  in te rmedia te  t o  the values  observed f o r  the  two groups.  At 600 K, the  
measu red  conductivit ies w e r e  approximately  two o r d e r s  of magnitude g r e a t e r  
than  the  value cur ren t ly  used in  the DEHTTD code. 

TABLE 11.11. Summary  of Pe l l e t -  s t ack  
E lec t r i ca l -  conductivity P a r a m e t e r s  

Group T e s t s  A B r 

I1 28-30 4822 4133 0.991 

T o  improve  the  accu racy  of the  .DEHTTD calculationB, we 
mus t  incorpora te  the empi r ica l ly  de te rmined  e l ec t r i ca l  conductivities into 
t he  code. A study i s  cu r r en t ly  underway to  de t e rmine  the  opt imum method 
f o r  using the  empi r ica l  values in the  DEHTTD code.  

3. ANL-EG&G Cross - check  P r o g r a m  ( S .  M. Gehl, L. R. Kelman,  
R. B. Holdsworth,  and C .  H. Gebo, and D. R. P e p a l i s ,  MSD) 

Eight secti.ons of fuel f r o m  rods  007 and 008 of the  P B F  IE-1  
exper iment  and two i r r ad i a t ed  Saxton Load Fol lower  (SLF) rods  w e r e  shipped 
f r o m  E G G  and received a t  ANL. P lenum-gas  ana lys i s  of sibling rod 843 and 
pre l iminary  meta l lographi r  examination of the  sibling and P B F - t e s t e d  fuel  
have been completed.  The  metal lographic  examination revealed the  p re sence  
of i n t e rg ranu la r  separa t ions  s i m i l a r  t o  those  observed f o r  DEH- te s t ed ,  
Robinson fuel. P repa ra t i ons  fo r  DEH t e s t s  of the  sibling i r r ad i a t ed  m a t e r i a l  
a r e  underway. 

a. F u e l  C.harar.t.erization 

The  r e su l t s  of plenum gas  analysis  for  sibling rod 843 a r e  
presented i n  Table  11.12.  h he plenum gas  f r o m  rod 844 was  inadvertently 
los t  dur ing  puncturing.)  The  gas ana lys i s  of rod 843 i s  s i m i l a r  to  that  of 
rod 837 repor ted  by EG&G,' although the  backfilled void volume i s  higher  f o r  
rod 843 (8.86 v e r s u s  7.59 cm3).  This  di f ference i s  probably due t o  the  sl ightly 
longer  fuel  column ,of rod 837 revealed by neutron radiography.3 Es t imat ,es  



based  on the  re ta ined f iss ion-  gas  determinat ion in Robinson fuel  ( s ee  
ANL- 76- 121, pp. 75- 77) and the  re la t ive  burnups of the  Robinson and S L F  
fue l s  indicate that  the  amounts  of f i s s ion  gas shown in Table  11.12 r ep re sen t s  
-1270 of the  tota l  f o rmed  dur ing i r rad ia t ion .  A m o r e  p r e c i s e  determinat ion of 
the  r e l e a s e  of gas  f r o m  S L F  fue l  before  P B F  and DEH tes t ing will  be  obtained 
by dissolving whole pel le ts  in HN03 and collecting the  evolved f iss ion gas .  

TABLE 11.12. Gas Analysis of Rod 843 

Volume of plenum Gas = 141.22 f 0.77 cm3 
Backfilled void volume = 8.86 f 0.06 cm3 

Chemica l  Analysis 

E l e m e n t   ole % I Element  Mole yo 

. Isotopic. Analysis 

T h e  exist ing appara tus  fo r  per forming  whole-pellet  d issolu-  
t ions  de te r io ra ted  as a resu l t  of an -6-month residence in  a high radiation 
f ie ld .  This  equipment h a s  been redesigned and built,  and will  be  ins ta l led in  
a s m a l l ,  low-gamma-background,  'analyti.ca.1 hot. ca l l .  The need f o r  rebuilding 
the  pel le t -dissolut ion appara tus  is causing a delay in  completing this  p a r t  of 
t he  c ros s - check  p r o g r a m .  

Isotope Mole 70 

8 2 ~ r  0.035 f 0.005 

8 3 ~ r  13.7 -I- 0.1  

8 4 ~  r 28.2 + 0.1 

8 5 ~ r  5.0 f 0.1 

8 6 ~ r  53.0. f 0.2 

. . 

A composi te  mic rog raph  of a sect ion through rod 844 a t  
-0.72 m (28 in.  ) above t h e  rod bottom i s  shown in F ig .  LI. 10. The  overa l l  r a -  
d ia l  and c i rcumferen t ia l  c rack ing  pa t te rn  and the  dis t r ibut ion of l a r g e  po re s  
(20- 120-pm d i a m e t e r )  a r e  s i m i l a r  t o  those  observed f o r  the  Robinson fuel .  

Isotope Mole 70 

lZ8xe 0 . 0 1 1  f 0.002 

'?Oxe 0.03 rt 0.01 

1 3 l X e  11.1 f 0.1 '  

' 3 2 ~ e  18.7 f 0.2 

1 3 4 ~ e  31.6 .1. 0.2 

1 3 6 ~ e  38.6 + 0.2 



T h e r e  i s  no evidence to  suggest that 
the fuel is bonded to the cladding o r  
that cladding collapse has occurred.  
A zone of l a r g e r  grain-size ma te r i a l  
extends f r o m  the centerline to  a f r a c -  
tional radius r/ ro * 0.43. The mean 
grain intercept in this zone is -10 pm. 
The  micros t ruc ture  near  the highest 
power region of the rod, i .e. ,  a t  
-0.38 m (1 5 in.) above the rod bottom, 
is s imi l a r  to that shown in Fig.  11.10, 
except that the la rge-  grained region 
extends to  r/ ro " 0.57. 

The  unetched micros t ruc tures  
of rods 007 and 008 f r o m  Tes t  IE-1  
show varying types and amounts of 
intergranular  separation. In the fi lm- , 2mm , boiling zone of rod 007 (see F igs .  11.11- 

F i g . I I . 1 0 . T r a ~ v ~ e S ~ c t i o n & r o ~ g h S ~ R o d 8 &  11.13),theintergranu1arse~arati0nwas 
at -0.72 m (28 in.) above Rod Bottom. s o  s e v e r e  that much of the unmelted 
Neg. No. MSD-189961. fuel was reduced to a powdery mass of 

individual grains .  This s t ruc tu re  was 
responsible f o r  a pullout problem experienced during specimen preparation. 
T ransve r se  sections a t  axial  positions just below and above the film-boiling 
boundary of rod 008 a r e  shown in Figs .  11.14 and 11.15, respectively. Inter-  
granular  separat ion in the  film-boiling region is l e s s  extensive in rod 008 than 
in rod 007. The  intergranular  separation in the film-boiling region of rod 008 

Fig. n.11 

Transverse Section at a Level Just above 
Film-boiling Boundary in Rod 007 from 
Test PBF IE-1. Neg. No. MSD-189835. 



Fig. 11.12. Detailed View of Grain-boundary Separation in Unmelted Re- 
gion of Section Shown in Fig. II.11. Neg. No. MSD-189848. 

Fig. 11.13. Grain-boundary Separation in Vicinity of Radial Crack 
in Section Shown in Fig. II.11. Neg. No. MSS189852. 

Fig. 11.14. Transverse Section at a Level Just below 
Film-boiling Region in Rod 008 of 
Test PBF IE-1. Neg. No. MSD-189834. 

Fig. 11.15. Transverse Section at a Level Just abovc 
Film-boiling Region in Rod 008 of 
Test PBF IE-1. Neg. No. MSD-18 9837. 



was l e s s  extensive.  In te rgranula r  separa t ions  w e r e  m o s t  pronounced in  the  
vicinity of l a r g e  preexis t ing c r a c k s ,  where  the separa t ions  occur red  p r e f e r -  
entially along g ra in  boundaries that  w e r e  roughly para l le l  to the  c r acks .  F o r  
examples ,  s e e  F igs .  IJ.. 16 and 11.17. This  s t r u c t u r e  i s  s i m i l a r ,  but not identical ,  
t o  the  directionally or iented separa t ions  observed in  DEH-tested commerc i a l  
PWR ( ~ o b i n s o n )  fuel. In te rgranula r  separa t ion  a l s o  occu r r ed  away f r o m  the  
l a r g e  c r acks  i n  rod 008, a s  shown in  F ig .  11.18. The  l a t t e r  separa t ions  ap-  
peared to  be  randomly or iented.  As the  cen t r a l  me l t  zone was approached, 
the  in te rgranula r  separa t ions  became l e s s  angular  and m o r e  rounded and 
m o r e  closely resembled  the  in te rgranula r  porosi ty  that  formed in  the  hottest  
unmelted m a t e r i a l  dur ing DEH t e s t s  of the Robinson fuel .  

F. a-- 0.5mm - 2  -d -- 
~ ~ & ~ ~ p ' i i a t i o n  in ~ m r ~ v o f  Cracks near Edge 

of Section Shown in Fig. II.15. Neg. No. MSD-189836. 

Fig. II.17. Grain-boundary Separation in  Vicinity of Large Radial Crack 
in Section Shown in Fig. II.15. Neg. No. MSD-189840. 

Fig. 11.18. General View ot Grain-bomdary Seyaraliu~l in Section , 
Shown in Fig. 11.15, The  long crack at the bottom of 
the figure is a shutdown crack. Neg. No. MSD-189844. 



The melt  zones of the PBF-tested fuel were virtually pore- 
f ree ,  in contrkst to the extensive gas porosity observed in the melt zones of 
the Robinson fuel af ter  DEH tests .  

b. DEHTesting 

The metallographic examination of the irradiated SLF fuel 
indicated that there  was sufficient clearance between the fuel and cladding to 
permit useful DEH specimens to be recovered from short lengths of the fuel 
rod by the techniques already developed for  the Robinson fuel. The fuel ex- 
traction apparatus has been modified to accept the smaller  diameter of the 
SLF fuel, and smaller-diameter spacer pellets a r e  being fabricated. DEH 
testing of the SLF fuel is scheduled for May. 
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111. MECHANICAL PROPERTIES O F  ZIRCALOY CONTAINING OXYGEN 

H. M. Chung, A. M. Garde,  and T. F. Kassne r ,  MSD 

A. Summary 

Uniaxial and biaxial mechanical-property data on Zircaloy-4 a r e  being 
obtained over a wide range of tempera tures  and s t r a in  r a t e s  to establ ish a 
m o r e  quantitative cladding-embritt lement c r i te r ion  applicable to postulated 
10s s -  of- coolant- accident (LOCA) situations in light-water r eac to r s  (LWR1 s) .  
The mechanical-property information will be  incorporated into fuel- element 
modeling codes that will provide a quantitative basis  for  evaluating cladding 
deformation over a wide range of LOCA and power-coolant-mismatch (PCM) 
conditions. 

The tensi le  proper t ies  of Zircaloy have been investigated for  the 
following experimental conditions: tempera ture ,  25- 1400°C; s t ra in  ra te ,  

lo - '  s - I ;  grain s ize ,  5-55 pm; texture,  longitudinal, t r a n s v e r s e ,  and 
diagonal; and oxygen concentration, 0.11 -4.4 wt % in homogeneous and 
composite zrOz/cu/$ specimens. Completed resu l t s  for  the work-hardening 
behavior of a s -  received Zircaloy-4 and alloys with oxygen have been obtained 
a s  functions of s t r a in  r a t e  and tempera ture .  The work- hardening exponent 
f o r  homogeneous Zircaloy-4/oxygen alloys has  a minimum value a t  inter-  
mediate  oxygen concentrations (0.25-0.4 wt %) a t  tempera tures  between 1000 
and 1 200°C, and the oxygen concentration a t  which the minimum occurs  in- 
c r e a s e s  a s  the tempera ture  inc reases .  At higher tempera tures ,  the work- 
hardening ra te  dec reases  a s  the oxygen content inc reases ,  although the 
minimum i s  not observed, because the alloy composition approaches the 
B-phase boundary. 

The tensile proper t ies  of composite Zircaloy-4 oxygen specimens 
show significant differences for  tempera tures  below and above -1000°C. 
Eclow this tempera ture ,  the oxide and CY l aye r s  exhibit cracking,  whereas  
a t  higher tempera tures ,  dissolution of the oxide layer  occurs  and cracking of 
the CY layer  i s  minimal.  As a resu l t ,  the yield s t r e s s  and ultimate tensi le  
strength a r e  not highly dependent on the oxygen content a t  the lower tempera-  
tu res .  (Strengthening due to oxygen diffusion into the ma te r i a l  compensates  
fo r  the reduced section thickness that resu l t s  f r o m  cracking of the oxide.) 
IIowevcr, the strength proper t ies  inc rease  and the ductility dec reases  a s  the 
oxygen content inc reases  a t  higher tempera tures .  Oxygen a lso  dec reases  the 
work-hardening rate  of the ma jo r  defnrmation stage. 

Additional information has  been obtained on the d iametra l  expansion 
and rupture charac ter i s t ics  of axially constrained Zircaloy-4 cladding in a 
s team environment, To determine whether specimen length had any effect on 
the d.eformation cha rac te r i s t i c s ,  we performed severa l  tube- burs t  experi-  
ments  on 300-null-long tubcs in vacuum a n d  s team at healiug rates of 5,  45 , .  
and 1 1 5 " ~ / s .  The r e su l t s  indicated no effect of specimen length on the tube- 
b u r s t  p r o p e r t i . ~ . ~ ,  



The effect of circumferential temperature variations on cladding- 
deformation behavior was investigated a t  the three heating rates .  A radial- 
strain-localization parameter  was defined and evaluated f rom the measure-  
ment  s of the cladding thickness a t  several  positions along the circumference 
of the tube in the region of maximum circumferential strain. The parameter  
was used to corre la te  quantitatively the circumferential s t ra in  a t  failure 
with the maximum circumferential temperature variation around the tube. 
The maximum circumferential s train at bur s t  temperatures in the vicinity of 
the 800°C s t ra in  peak decreased considerably a s  a resul t  of temperature 
nonuniformity in the claddirig. The present  resul ts  will provide the basis for 
interpr'eting the deformation behavior of Zircaloy fuel cladding in nuclear- 
heated fuel rods. 

Initial experiments have been conducted to estahl-iish the degree of 
embrittlenlent of Zircaloy cladding under "normal handling .c onditiona after 
cooling from oxidation temperatures between 1000 and 1500°C a t  a controlled 
rate .  The capability of the cl.adding to remain intact after twisting and bending 
without excessive force was correlated with several  c r i t e r i a  based upon 
oxidation pa ramete r s  that were calculated from the amount of oxidation after 
different t imes a t  the various temperatures.  Fai lure maps were developed 
relative to the various parameters  and the oxidation temperatures.  The 
cr i te r ion  based on fractional saturation of the B phase for  oxidation tempera- 
tures  below -1200°C provided the best correlation for ' fa i lure  of the cladding 
during normal handling a t  room temperature. 

B. ~ e c h a n i c a l  Proper t ies  of As-received Zircaloy 

1. Flow S t ress  and Ductility of Zircaloy-4 in Temperature Interval 
-- - ._____L 

25- 700°C 

The temperature dependence of the ultimate tensile strength (UTS) 
of Zircaloy-4 at three s train ra tes  i s  plotted in Fig. 111.1. The UTS decreases  
a s  the temperature increases  a s  a resul t  of the l a rge r  extent of dynamic 
recovery a t  higher temperatures.  In Fig. 111: 1 ,  a tendency toward a plateau 
in the temperature interval 300-SOO°C appears to exist. This i s  a manifesta- 
tion of dynamic strain aging. Yield points w e r e  obocrvcd on the load-elungation 
curves  a t  200 and 400°C. 

The uniform a n d  total  strain^ of Zircaloy-4 over llle temperature 
interval 25-700°C a t  three s train ra tes  a r e  plotted in Fig. 111.2. The uniform 
s t ra in  shows a peak near  200°C ( 6  = 3.3 x s - ' )  due to the high work- 
hardening ra te  a t  this  temperature associated with dynamic strain aging. The 
minimum in the total s t ra in  in the temperature interval 100-550°C i s  associated 
with a minimum in the s train-  r a te  sensitivity within this temperature interval; 
this  i s  another manifestation of dynamic strain aging. 
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Fig. 111.1. Ultimate Tensile Strength of 
Zircaloy-4 at  Three Strain Rates 
over Te.mperature Interval 23- 
700°C. ANL Neg. No. 306-77-67 
Rev. 1. 

TEMPERATURE IoC) 

Fig. 111.2. Uniform Strain and Total Strain 
for Zircaloy-4 Specimens as a 
Function of Deformation Tem- 
perature at Three Strain Rates 
over Temperature Interval 23- 
700°C. ANL Neg. No. 306-77-54 
Rev. 1. 

2 .  Work-hardening Analvsis of Zircalov-4 

The Crus  sa rd -  Jaoul work-hardening analysis ,  based on the Ludwik 
equation that re la tes  the flow s t r e s s  a to the plastic s t ra in  c by the empir ica l  
relationship fl = a. + ken, was applied to Zircaloy-4 tensi le  data. Initial data 
were  presented in previous quar te r ly  reports,122 and completed resu l l s  are 
plotled in F igs .  111.3-111.5. T!le tempera ture  dependence of the work-hardening 
exponent for  the stage that cove r s  a ma jo r  portion of the uniform s t r a in  region 
a t  three  s t ra in  r a t e s  i s  plotted in Fig.  111.3. In the cr-phase region (2805"C), 
peak values of the work-hardening exponent a r e  observed a t  200 and -700°C. 
At these two t empera tu res ,  dynamic s t rain-  aging effects a r e  sbserved.  Pos i -  
tive work- hardening exponents a r e  observed below 60OUC, where t ra l l sgra i~ular  
deforrrlation i s  important. Tn the two-phase region (810-980°C), negative 
work-hardening exponents a r e  observed due to intergranular  deformation 
(grain-boundary sliding). At lower s t r a in  r a t e s J3  the extent of grain-boundary 
sliding i s  g r e a t e r ,  and therefore the work-hardening expbnent a s sumes  l a r g e r  
negative values over a wider tempera ture  interval.  In the B-phase field 
(> 1000°C)~ extensive grain growth during deformation r e su l t s  in positive work- 
hardening exponents. The variatinn of k with tempera ture  i s  s imi lar  to that 



of n (Fig. III.4). Since the product kn i s  proportional to the slope of the 
s t r e s s -  s t ra in  curve (dolds), the data in Figs.  111.3 and 111.4 imply a s imilar  
variation of the work-hardening ra te  with temperature..  The parameter  a,, 
decreases  a s  the temperature increases (Fig. 111.5). 

Fig. 111.3 

Work-hardeni~g Exponent of Zi.rcalny4 
as a Function of Temperature at Four 
Strain Rates. ANL Neg. No. 306-77-74 
Rev. 1. 
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Fig. 111.4 

Temperature Dependence of Parameter k 
for Zircaloy-4 at Three Strain Rates. ANL 
Neg. No. 306-77-73 Rev. 1. 
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Fig. 111.5 

Variation of a0 with Temperature for 
Zircaloy-4 at Three Strain Rates. ANL 
Neg. No. 306-77-112. 
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3.  Effect of Texture on the Work-hardening Rate 

Since the Zircaloy sheet had a texture in which most  of the grains 
had basal poles tilted -30" f rom the normal  (thickness) direction toward the 
t ransver  se direction, the iongitudinal specimens had more  grains favorably 
oriented for  p r i s m  slip than the t ransverse  specimens. The diagonal orienta- 
tion i s  midway between the longitudinal and t ransverse  orientations. Results 
presented in Refs. 2 and 3 have shown that, although texture has some effect 
below 800°C, most  of the mechanical propert ies  ( i .e . ,  uniform strain,  total 
s t rain,  UTS, and strain- r a t e  sensitivity) a r e  independent of texture above 
800°C. 

The effect of texture on the work-hardening parameters  i s  shown 
iii Fig.  111.6. Abovc 80,0°C, the yrnrk-hardening ra te  does not seem to be a 
strong function of the texture.  

Fig. 111.6 

W ork-hardening Exponent as a Func- 
tion of Temperature for ,Zircaloy-4 
Specimens with Three Textures. ANL 
Neg . No. 306-77-78 Rev. -1.. 
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4. Fine- grain zircalby-4 

Figure  111.7 shows the total s t rain of 5-pm grain- size specimens 
a s  a function of deformation temperature at  three initial s t ra in  ra tes .  Near 
400°C, an elongation minimum exists that i s  associated with dynamic strain- 
aging effects. The resul t s  for  the fine-grain Zircaloy-4 in Fig. III.7 a r e  
s imi la r  to those f o r  the 11-pm grain-size Zircaloy-4 in Fig. 111.2. 

The work-hardening charac ter i s t ics  of fine- grain Zircaloy at  
th ree  s t ra in  ra tes  a r e  presented in Fig. 111.8 and Tables 111.1-III.3: Similar 
to the 11-pm grain- s ize mate r i a l ,  the work-hardening exponent i s  positive 
below 600°C and negative over the interval -700- 1000°C. 

5. Work-hardening Analvsis of Transformed B-phase Zircalov-4 

Figure  111.9 presents  the resul t s  of a 'work-hardening analysis of 
t ransformed B-phase Zircaloy-4 specimens with four types of s tructures.  
The work-hardening exponent shows a maximum value between 200 and 400°C 
due to dynamic s t r a in  aging., and negative values with a minimum between 
700 and 900°C, due to intergranul'ar deformation. Figure 111.10 shows the 
influence of s t ra in  ra te  on the temperature dependence of the work-hardening 
exponent of the basketweave s t ruc ture  .of Zircaloy-4. 

TEMPEHAl'UHt ["Cl TEMPERATURE ( O C )  ' 

Fig. III.7. Total Strain as a Function of Tern- Fig. 111.8. Work-hardening Exponent of Fine Grain-size 
perature for 5-pm Grain-size Zircaloy-4 as a Function of Temperature at  
Zi rca loy4 Specimens at  Three Three Strain Rates. ANL Neg. No. 306-77-59 
Strain Rates over Temperature In- Rev. 1. , 

terva123-700'C. ANL Neg. 
No. 306-77-58 Rev. 1. 



TABLE 111.1. Least-squares Work-hardening Cullstants for Dcformation 
Stages of 5-vm Grain-size Zircaloy-4, i = 3.3 x lo-' s-l 

Temp. , Stage Strain Average 
O C Number Interval n k. Pa 00.  Pa 

TABLE 111.2. Least-squares Work-hardening Constants for Deformation 
Stages of 5-um Grain-size Zircaloy-4, = 3.3 x s-' 

T tmp. ,  Stage Strain Average 
C Number Interval n k, Pa 00, Pa 



TABLE 111.3. Least-squares Work-hardening Constants for Deformation 
Stages of 5-urn Grain-size Zircaloy-4, i = 3.3 x s-' 

Temp., Stage Strain Average 
O C. Number Interval n k, Pa UOI Pa 
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Fig. 111.9 

Temperature Dependence of Work-hardening Exponent 
of Various Transformed 0-phase Z i r c a l o y 4  Structures. 
ANL Neg. No. 306-77-50 Rev. 1. 
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Fig. 111.10 

Work-hardening Exponent of Basketweave Structure 
of Zircaloy-4 as a Function of Temperature a t  Two 
Strain Rates. ANL Neg. No. 306-77-51 Rev. 1 .  
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6 ,  Relationship between Work-hard.ening Rate and Dynamic Strain 
Aging 

As reported in Ref. 4 ,  manifestations of dynamic strain aging 
such a s  yield points a.nd ser ra ted  s t r e s s -  s train curves a r e  observed in 
Zircaloy near  700°C. 

The .work- hardening analysis of Zircaloy specimens deformed a t  
700°C and a t  various s t ra in  ra tes  i s  presented in Fig. 111.11 and Tables 111.4- 
111.6. The yield-point effect was significant at s train ra tes  > s- ' ,  where 
the work-hardening exponent had. positive values. At s t ra in  'rates < s- ' ,  
the work-hardening exionent, in general,  had lower values (often negative) 
and the yield-point behavior was absent. Thus, dynamic- strain-aging behavior 
i s  a s  sociated with peak values of the work-hardening exponent. 

Fig. III.11 

Strain-rate Dependence of Work-hardening Exponent 
of Zircaloy at 700°C. ANL Neg. No. 306-77-66. 
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TABLE 111.4. Least-squares Work-hardening Constants of 
Longitudinal Zircaloy-2 Specimens Deformed at 

700°C and Various Strain Rates - 

Strain 
Rate. Stage . Strain Average 
2, s'l Number Interval n k, Pa (Jo, Pa 

TABLE 111.5. Least-squares Work-hardening Constants for 
5-l.lm Grain-size Zircaloy-4 Specimens Deformed at 

700°C and Various Strain Rate6 

strain 
Rate stage Stsalii Average 
2, 8-I Number Interval n k, Pa 00, Pa 

TABLE 111.6. Least-squares Work-hardening Constants for 11-urn 
Grain-size Zircaloy-4 Specimens Defnnned at 700°C 

and Various Strain Rates 

streih 
Rate Stage Strain Avorage 
2, 8-I Number Interval n k, Pa uot Pa 

a, ', 



Figure  111.12 r ep resen t s  engineering s t r e s s -  s t r a in  curves  of 

Fig. 111.12. Engineering-stress/Engineering-strain Curves for. loaded, and annealed fo r  4 h a t  

Zircaloy-4 at 750°C after Various Heat Treat- 800°C, and then deformed a t  
ments. ANL Neg. No. 306-77-75. 750°C. Note that ' curve  C 

shows a higher flow- s t r e s s  
level than the other two specimens and load drops a t  regular  intervals  through- 

Zircaloy-4 specimens deformed a t  750°C af ter  various heat  t rea tments .  The 
s t r e s s -  s t ra in  curve that cor responds  to 0.16-h hold t ime a t  750°C p r i o r  to  
deformation (curve  A) shows a load drop only a t  the s t a r t  of plastic deformation 

(yield point). Subsequently, 

out the curve  (ser ra t ions) .  This difference in the s t r e s s - s t r a i n  behavior i s  

4 0  

O 30- - 
a 
X - 
V) V) 

& 2 0  
f- 
V) 

10- 

0 

related, to the difference in  the work-hardening cha rac te r i s t i c s  presented in  
Table 111.7. All specimens were  held for 0.16 h p r i o r  to deformation a t  the 
prestraining o r  restraining tempera ture .  Specimens pres t ra ined  and heated 
to 800°C show l a r g e r  positive n values,  which i s  indicative of dynamic s t r a in  
aging. The s t r a in - ra t e  sensit ivity does not appear  to depend on the heat  
t rea tment  (Fig.  111.13). The heat- t reatment  designation i s  the s a m e  a s  in  
Fig. III. 12.  

STRAIN strained to 0.02 a t  750°C, un- 
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7 .  Correlat ion between Superplasticity and Work-hardening Rate 

no load drops o r  se r ra t ions  
6 occur .  Curve B rep resen t s  

the s t r e s s -  s t ra in  behavior -' 
during specimen final that loading was pres t ra ined  of a 

- 4 ~  to 0.02 a t  750°C, unloaded, and - 
held for  4 h a t  750°C p r io r  to 

- 3 z  restraining a t  750°C. Note 
f- in 

that the s t r e s s - s t r a i n  curve  -' i s  smooth with no load drops 
and the yield point i s  absent. 

Curve C corresponds  
to a specimen that was  pre-  

Resul ts  presented in  Refs. 4-6  c l ea r ly  demonst ra te  the significance 
of superplasticity in the tensi le  deformation of Zircaloy nea r  850°C. 

The influence of s t r a in  r a t e  and grai'n s ize  on the work-hardening 
cha rac te r i s t i c s  of Zircaloy at 850°C i s  presented in Fig.  ITT, 14 and Tables 111.8- 
111.10. These r e su l t s ,  together with the ductility data  presented in  e a r l i e r  
r epor t s  ,4j6 show that superplasticity i s  associated with a minimum value of 
the work-hardening exponent that occurs  a t  intermediate  s t r a i n  r a t e s  to 
lo-%-').  At higher s t ra in  r a t e s  (> s - I ) ,  the work-hardening exponent i s  
l a r g e r  due to t ransgsaaular  deformation, and superplast ic i ty  i s  l e s s  signifi- 
cant. At lower s t r a in  r a t e s  (< s - I ) ,  although grain-boundary sliding i s  



TABLE 111.7. Least -squares  Work-hardening Constants  f o r  11-um 
.Gra in - s i ze  Zircaloy-4 Specimens Deformed a t  750°C 
a f t e r  Various Heat Treatments ,  = 3.3 x s-l '  

S t a g e  S t r a i n  Average 
Number I n t e r v a l  n k, Pa 00, Pa Comment a 

a~ = As-received . 
B.= 0.02 p r e s t r a i n  a t  750°C, unload and immedia te ly . r e load .  . 
C = 4-h ho ld  t ime a t  750°C p r i o r  t o  deformation.  
D = 0.02 p r e s t r a i n  a t  750°C, unload, 4-h hold  a t  750°C. 
E = 0.02 p r e s t r a i n  a t  750°C, unload,  0.33-h hold  a t  800°C. 
F = 0.02 p r e s t r a i n  a t  750!~, unload,  4-h ho ld  a t  800°C. 
G = 0.02 p r e s t r a i n  a t  750°C, unload,  0.16-h ho ld  a t  800°C. 
H = Equiaxed homogeneous a-phase con ta in ing  0.46 w t  % oxygen. 
I = Equiaxed hsmogeneous a-phase c n n t a i n i n g  n.Qn w t  I nvygen. 

STRAIN-RATE CHANGE BETWEEN 

3.3 r AND 5.3 r S-I, 7 5 0 ' ~  

E O " 3  A HEAT TREATMENT C 

t' 0.2 

nI I I I I I I I 0.20 0.40 0.60 0.8 
S T R A I N ,  € 

0 ZIRCALOYi4. Il-ym GRAIN SlZE 
A ZIRCACOY-4, 5-pm GRAIN S l Z E  
0 ZIRCALOY-4, 55-pm GRAIN S l Z E  

-1.5 

0 

0 
l o 6  16" 1 6 ~  16' 

S T R A I N  RATE (s') 

Fig. 111.13. Strain Dependence of Strain-rate Fig. 111.14. Strain-rate Dependence of Work- 
Sensitivity of Zircaloy-4 at 750°C hardening Exponent of Zircaloy4 

after Two Heat Treatments. ANL at 850°C. ANL Neg. No. 306-77-79 
Neg. No. 306-77-76 Rev .  1. Rev. 1. 



TABLE 111.8. Least-squares Work-hardening Constants for 5-~m 
Grain-size Zircaloy-4 Specimens Deformed at 850°C 

. . and Various Strain Rates 

Strain 
Rate. Stage Strain Average 
6, t3-I Number Interval n k, Pa 00, Pa 

TABLE 111.9. Least-squares Work-hardening Constants for 11-vm 
Grain-size Zircaloy-4 Specimens Deformed at 850°C 

and Various Strain Rates 

Strain 
Rate Stage Strain Average 
E ,  t3-I Number Interval n k, Pa 00s Pa 

TABLE 111.10. Least-squares Work-hardening Constants for 55-um 
Grain-size Zircaloy-4 Deformed at 850°C 

and Several Strain I(ates 

Strain 
Rate Stage Strain Average 
6, 6- I  Number Interval n k, Pa QOS Pa 



significant, extensive grain growth due to the substantial tes t  t imes gives r i s e  
to hardening, and superplasticity i s  l e s s  significant. An optimum combination 
of grain-boundary sliding and stable equiaxed-grain s tructure i s  obtained a t  
intermediate  s t ra in  r a t e s ,  where superplasticity i s  predominant. 

C. Mechanical P roper t i e s  of Zircaloy-Oxygen Alloys 

1. Homogeneous Oxygen Distribution 

Scoping tes ts  were  conducted to investigate the effect of 
oxygen on the propert ies  of B Zircaloy-2 at 1300 and 1400°C. Figure 111.15 
shows the oxygen- concentration dependence of uniform and total s t rain of 
B Zircaloy a t  1300 and 1400°C and a strain rate af 3 3 x 1 0 ' ~  $ - I .  Near 0.35% 
oxygen concentration, the uniform s t ra in  shows a minimum and the total 
s l r a in  shows a maximum. The oxygen concentration dependence of the yield 
s t r e s s  and UTS i s  presented in Fig. 111.16. The significant grain growth ob- 
served a t  1300 and 1400°C m a y  be responsible for the complex nature of data 
presented in Figs.  111.15 and III. 16. Similar  data for a lower s train ra te  of 
3.3 x lo-' s- '  a r e  shown in Fig. 111.17. In general ,  the data indicate that oxygen 
inc reases  the yield s t r e s s  and UTS and decreases  total and uniform strains.  
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Fig. 111.15 Fig. I11 16 

Uniform and Total Strain as a Function of Oxygen Oxygen-concentration Dependence of Yield Stress 
Concentration for Zircaloy-2 Specimens at 1300 and UTS of Zircaloy-2 at 1300 and 1400°C. ANL 
and 1400°C. ANL Neg. No. 306-77-64 Rev. 1. Neg. No. 306-77-63 Rev. 1. 
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Fig. 111.17 

Total strain; Uniform Strain, Yield Stress, 
and UTS of Zircaloy-2 at 1300°C as a 
Function of Oxygen Concentration. ANL 
Neg. No. 306-77-69 Rev. 1. 
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The effect of oxygen concentration (homogeneous .oxygen 
distribution) in a-phase Zircaloy-4 on the UTS i s  shown in Fig. 111.18. Oxygen 
increases the UTS of *a- Zircaloy-4 monotonically. Similar behavior .is a lso  
observed in (a + B) ,Zircaloy-4 a t  higher temperatures.3 Figure 111.19 exhibits 
the oxygen concentration dependence of uniform s t ra in  of the a-phase . . 

.Zircaloy-4. An increase in the oxygen concentration produces a decrease  in 
the uniform strain. The trend a t  higher temperatures i s  opposite, i .e . ,  the 
uniform strain of (a + B) z i rcaloy-4 increases  a s  the oxygen concentration, 
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'Several Temperatures between 200 and of Uniform Strain of Zircaloy-4 at 
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No. 306-77-61 Rev. 1. 
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 increase^.^ F igure  111.20 shows the influence of oxygen on the total  s t r a in  of 
Zircaloy-4. When the oxygen concentration inc reases ,  the ductility of a)-phase 

0 0  
0 0.5 1.0 1.5 

OXYGEN CONCENTRATION (WT%) 

Zircaloy-4 dec reases .  

The effect of oxygen on the work-hardening behavior of 
~ i r c a l o ~ - 4  is  shown in Figs .  111.21-111.26. The data  in  these f igures  r e fe r  to 
specimens that w e r e  cooled through the two-phase region af te r  charging and/or 
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Fig. III.20 

Total  Strain of Z i r ca loy4  as a Function of 
Oxygen Concentration at  200, 400, and 
750°C. ANL Neg. No. 306-77-80'Rev. 1. 
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Fig. 111.21. 
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Work-hardening Exponent of Z i r ca loy4  
a t  1000°C n3 n Function of Oxygen Con- 
centration. ANL Neg. No. 306-77-60 
Rev. 1. 

Fig. 111.22 

Oxygen-concentration Dependence of 
Work-hardening Exponent of Zircaloy-4 
a t  1100°C. ANL Neg. No. 306-77-55 
Rev. 1. ' 
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Fig. III.23 

Effect of Oxygen Concentration on 
Work-hardening Exponent of 
Zircaloy-4 at  1200°C. ANL Neg. 
No. 306-77-56 Rev. 1. 
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Fig. 111.24 
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Variation of Work-hardening Ex- 
ponent of Zircaloy-4 at  1300°C . . 
with Oxygen Concentration. ANL 
Neg. No. 306-77-68 Rev. 1 .  
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Work-hardening Exponent of Zircaloy-4 at  Temperature Dependence of Work-hardening Exponent 

1400°C as a Function of Oxygen Concentra- . of Zircaloy-4 with Several Oxygen Concentrations. 

tion. ANL Neg . No. 306-77-53 Rev. 1. ANL Neg. No. 306-77-77 Rev. 1. 



homogenization anneal pr ior  to the mechanical testing. Therefore, these 
specimens contained transformed B-phase nonequiaxed grains in which various 
degrees  of oxygen (and probably other alloying elements) redistribution 
occurred.  

The influence of oxygen on the work-hardening ra te  of 
Zircaloy depends on the micros t ructure  of the alloy. Considering the Zircaloy- 
oxygen phase diagram2 a t  a constant temperature above 1000°C, an increase 
in the oxygen concentration of the as-received Zircaloy-4 changes the micro-  
s tructure of the alloy f rom B to (a, + B).  The data reported in Ref. 6 indicate 
that small  additions of oxygen increase the work-hardening ra te  of B-phase 
Zircaloy for  alloy compositions that a r e  not close to the two-phase boundary. 
Near the two-phase boundary, the work-hardening ra te  shows a minimum 
(negative value of n). 

Data in Figo. 111.3 1 111.23 ohotv a minimum value of n at 
interrriediate oxygen concentrations, and the oxygen concentration a t  which the 
minimum occurs increases  a s  the temperature increases  f rom 1000 to 
1200°C. In Figs. 111.24 and 111.25, the minimum i s  not readily apparent, since 
the oxygen- concentration range for the alloys i s  not near  the B/(a + B) phase 
boundary a t  1300 and 1400°C. With a higher work-Iiardening ra te ,  the c r i t e r i a  
f o r  maximum load point on the load-.elongation curve do/de = o i s  satisfied 
at higher strain. Therefore, the previously observed6 uniform s t ra in  behavior 
i s  consistent with Figs.  III.23-111.25. 

The influence of s t ra in  ra te  on the work-hardening ra te  i s  
complicated by the concomitant grain g ~ o w t h  that occurs during deformation. 
At slower s train ra tes ,  the grain-boundary- sliding component i s  expected to 
be m o r e  significant, and this may  lead to a lower work-hardening rate .  How- 
ever ,  longer testing times associated with lower s train ra tes  lead to significant . 
grain growth and resul t  in higher work-hardening rates .  These two opposing 
factors  operate to varying degrees and result  in a complicated behavior. The 
data in Fig. 111.26 refer  to specimens that were oxygen-charged and homoge- 
nized in the a,-phase region and therefore had an  equiaxed grain s tructure a t  
the s t a r t  of deformation. Consistent with the phase diagram, the region of 
negative work-hardening exponent shifts to higher temperatures a s  the oxygen 
concentration increases.  

2. Composite Specimens with Nonuniform Oxygen Distribution 
-- 

Zircaloy-4 tensile specimens were oxidized in oxygen a t  reduced 
p ressure  under the following conditions: 700°C, 720 s ;  800°C, 720 s ;  800°C, 
2700 s ;  asd 900°C, 900 s ;  this resulted in total oxygen contents of -0.4, 0.8, 
1.1, and 1.9 wt %, respectively, in the specimens. The micros t ructures  of the 
composite specimens showed significant differences for deformation tempera- 
tures  above and below -1000°C. In specimens deformed below -lOOO°C, both 
the oxide and a, layer  showed significant cracking (Fig. 111.27). In specimens 



deformed above -lOOO°C, the oxide layer, in general, was absent and the 
CY layer did not show cracking (Fig. 111.28). 

Fig. 111.28 

Fig. III.?" 

Microstructure of Zircaloy4/0xide Composite Speci- 
men Deformed at 800°C. Showing Cracks in Oxide and 
a Layers. ANL Neg. No. 306-77-89 Rev. 1. 

Microstructure of Zircaloy-4/Oxide Composite 
Specimen Deformed at llOO°C, Showing No 
Cracks in a Layer. ANL Neg. No. 306-77-88 
Rev. 1. 

Figures III.29 and 111.30 show the effect of total oxygen concentra- 
tion in the composite on the yield s t ress ,  UTS, uniform strain, and total strain, 
respectively. Below 900°C, the yield s t ress  (Fig. III.29) and UTS (Fig. 111.30) 
a r e  not sensitive to oxygen concentration. This i s  the result of two compen- 
sating factors. As the oxygen concentration increases, the oxide- layer thick; 
ness increases. This layer cracks during deformation and therefore the 
load- bearing area  decreases. 

On the other hand, the diffusion of oxygen into the material in- 
creases  its strength. Above 950°C, both the yield s t ress  and UTS increase a s  
the oxygen concentration increases, since the a layer on the B phase does not - r - 
crack significantly and it  also carr ies  aome of the load. The effect of oxygen 
on the uniform strain i s  complicated (Fig. 111.3 l ) ,  but, in general, oxygen de- 
creases the uniform strain. As shown in Fig. 111.32, oxygen also decreases - the total strain of composites. 



Fig. III.29 
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Oxygen-concentration Dependence of 
Yield Stress of Zircaloy-4/0xide Com- 
posites at Several Temperatures. ANL 
Neg. No. 306-77-57 Rev. 1. 
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Fig. III.30 

Ultimate Tensile Strength of Zircaloy4/ 
Oxide Composites as a Function of Oxygen 
Concentration at Several Temperatures. 
ANL Neg, No. 306-77-70 Rev. 1. 
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Fig. 111.32 

Effect of Oxygen Concentration on Uni- Variation of Total Strain of Zircaloy4/ 
form Strain of ~ircaloy-ri/Oxide Com- Oxide Composites with Oxygen Concen- 
posites at Several Temperatures. ANL tration at Several Temperatures. ANL 
Neg. No. 306-77-52 Rev. 1. Neg. No. 306-77-72 Rev. 1. 



The influence of oxygen on the work-hardening r a t e  of composi tes  
i s  shown in Fig. 111.33 and Table 111.11, In general ,  oxygen dec reases  the 

TABLE III. 11. Leas t -  squares  Work-hardening Constants for  Zircaloy-4 
Oxide Composite Specimens,  = 3 . 3  x s- '  

Oxygen 
Temp. ,  Concentration, Stage St ra in  Average 

"C wt % Number Interval  n k ,  P a  00, P a  



Fig. 111.33 

Temperature Dependence of Work-hardening 
Exponent of ~ i r c a l o y 4 / 0 x i d e  Composites 
with Several oxygen Concentrations. ANL 
Neg. No. 306-77-71 Rev. 1. 

TEMPERATURE (OC) 

work- hardening rate of the major deformation stage. This observation i s  con- 
sistent with the data in Fig. 111.31, which tend to show smaller  uniform strains 
a s  the oxygen concentration increases.  



D. Biaxial Deformation and Rupture Characteristics of Zircaloy- 4 Cladding 

During the present reporting period, the effect of circumferential tem- 
perature variations on the maximum circumferential s train of Zircaloy clad- 
ding was investigated at  several  heating rates.  A radial strain- localization 
parameter was defined and evaluated from measurements of the cladding thick- 
ness at several  positions along the circumference of the tube in the region of 
maximum circumferential strain. This parameter was used to correlate 
quantitatively the circumferential strain at  failure with the circumferential 
temperature variation around the tube. Transient-heating tube-burst tests  
were also performed on longer lengths of Zircaloy cladding to determine 
whether this variable had a significant effect on deformation behavior. 

1. ~ f f e c t  of Specimen Length on Rupture Characteristics of 
z i r  Falo - 4 Cladding 

Results reported previously4 on the deformation and rupture 
characteristics of 153-rnm-long cladding at  temperatures in the a-phase 
region (-800°C) indicated that axial contraction and bending of the tube occurred 
during the ballooning stage. To determine whether the specimen length had . . 

any effect on the deformation characteristics,  several  tube-burst experiments . . . . - .9 

BURST TEMPERATURE (OF) 

t AXIAL GAP 2.5mm 1 

CLADDING LENGTH 153mm 

CLADDING LENGTH 3 0 0 m m  
O" 1 ---- I 

RUHST TEMPERATURE f°C) 

Fig. 111.34 

were performed on 300-rnm-long tubes in 
vacuum and steam at heating rates of 5, 45, 
and 1 1 5 " ~ / s .  Figures 111.34 and 111.35 com- 
pare the circumferential strains as  a func- 
tion of bur s t  temperature in vacuum and 
steam, respectively, for several  of the 
300-mm-long tubes with curves based on 
numerous tests  with the 153-mm sample 
length. These results confir111 the generally 
accepted criterion that, under otherwise 
identic a1 conditions, the specimen length 
has no signi.fli.ca.nt e.ffect7 on the tube-burst 
properties i f  the length- to-diameter ratio 
of the tube i s  >10. 

2. Burst Characteristics of 
Zir  c alov- 4 Cladding Axiallv 

U 

Constrained by Al,03 Pellets 

To investigate the effect of 
circumferential temperature variations in 
the cladding on the deformation behavior, " 

Comparison of Maximum Circumferential the alumina rod, used to simulate the fuel 
Strain vs Burst Temperature for 153- and 
300-mm-long Axially Constrained Cladding 

column, was replaced by a stack of 10-mm- 

at Heatlng R a t s  . r r f  1.3.5"C/s In Vncuo. long high-purity recrystallized A1203 pellets. 

ANL Neg. No. 306-77-145. The average diametral gap between the 



cladding and the pellets was 0.075 mrn, and the axial gap between the top of 
the pellet stack and the end plug was 2.5 mrn, as  for most of the tests  with the 
alumina rod. As a result  of the asymmetrical position of the pellets with r e -  
spect to the inner-diameter surface of the cladding (Fig. III.'36), large local 
temperature variations in the circumferential and axial directions developed 
in the cladding during the transient -heating tube-bur st experiments. 

BURST TEMPERATURE ( O F )  

HEATING RATE (OC/s) 

5 4 5  115 
CLADDING LENGTH 153mm --- - --- 
CLADDING LENGTH 300mm 0 A 

AXIAL GAP 2 .6mm I 

BRASS END PLUG 

AXIAL GAP 
2.5mm 

HIGH-PURITY 
RECRYSTALLIZED 

ZIHCALOY-4 
0.635mm 

WALL lOmm LONG 
THICKNESS 

10.9- mm OD 
300mm LONG 

PELLET-CLADDING 
~IAMETRAL GAP 

0.076mm 

BURST TEMPERATURE PC) LBRASS END PLUG 

Fig. 111.35 Fig. 111.36 

Comparison of Maximum Circumferential Strain Schematic Diagram of Cladding Tube 
vs Burst Temperature for 153- and 300-mm- Containing Alumina Pellets. ANL Ncg. 
lollg Axially Cur~strai~ied Clacldlt~g ac Hearing No. YuB-'1'1-150. 

Rates of 5. 5 5 ,  and 115"C/s in Steam. ANL 
Neg. No. YU6-77-149.  

Typical localiz'ed "hot" and "cold" spots on a cladding tube during 
the later  stages of a burst  tes t  a r e  shown in Fig. 111.37 along with thermocouple 
locations in the vicinity of the bur s t  region. Figure 111.38 shows the temperature - 
t ime and pressure-t ime information from this tes t  as well as  the point at which 
the photograph in Fig. 111.37 was taken. The maximum temperature difference 
between thermocouples 7 and 11 at the moment of burst was -1 50°C. Because 
of the nonuniformity in the temperature, highly nonsyrnmetric ballooning and 

. 

bending of the specimens was commonly observed in specimens that contained 
~ 1 ~ 0 1  pellets (Fig. 111.39). 



Fig. 111.38 

Temperature and Internal Pressure as a Func- 
tion of Time for Cladding Specimen Described 
in Fig. 111.37. ANL Neg. No. 306-77-141. 

- .- 

Fig. 111.37 

Nonuniform Brightness of Cladding Specimen 
Containing A1203 Pellets due to Axial and 
Circumferential Temperature Variations 
during Heating at 45"C/s. ANL Neg. 
NO. 306-77-135. 
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Fig. 111.39 

Cladding Constrained by Pellets after 
Burst. Multiple ballooning regions and 
jrregular bends are a result of tempera- 
ture nonuniformity. ANL Neg. 
NO 306-77-134. 



Since oxidation of the Zircaloy i s  not an important parameter in 
the deformation behavior of cladding that bursts in the a-, or predominantly a- 
phase region (5850°C), the temperature nonuniformity becomes the major 
factor in the localization of the strain. When coinpared with the previous 
 result^,^'^^^ in which more uniform heating was achieved, plastic instability 
occurs at an earlier stage of ballooning and the circumferential strain i s  con- 
siderably smaller. Figures IIl.40 -1lI.42 compare the maximum circurnferen- 
tial strain as a function of burst temperature in steam for Zircaloy cladding 
with the same degree of axial constraint that was produced by the alumina 
mandrel and pellet stack (2.5-mrn gap). The data points for the tubes con- 
strained by the pellets, in these figures, correspond to the maxirrmm tempera- 
ture, and the bars associated with each point represent the range of temperatures 
obtained from the four or  five thermocouples Pn each test. 

Except for the 5 " ~ / s  heating-rate data in Fig .  111.40. t he  rirrnrn- 
ferential strain at failure i s  significantly lower for the tubes constrained by 
pellets at burst temperatures 5850°C; i.e., the strain does not exceed a value 
of 0.4 for all cases. Within the uncertainty of the temperature measurements 
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Fig. III.40 

Maximum Circumferential Strain vs 
Maximum Burst Temperature in Steam 
at Heating Rate of 5"C/s for Cladding 
Constrained by Pellets. Maximum re- 
corded temperature difference for each 
test is shown by a bar. Similar results 
for mandrel-constrained cladding are 
also shown for comparison. ANL Neg. 
NO. 306-77-152. 
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Maximum Circumferential Strain vs 
Maximum Burst Temperature in Steam 
at Heating Rate of 45"C/s for Cladding 
Constrained by Pellets. Maximum re- 
corded temperature differences are 
shown by bars. Similar results for 
mandrel-constrained cladding are 
also shown for comparison. ANL Neg. 
NO. 306-77-155. 
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in these experiments, the general features of the strain-bur st  temperature 
relationships obtained with the mandrel-constrained tubes a r e  evident at the 
three heating rates. 

Figures III.43-111.45 show the relationships between the maximum 
circumferential strain and the initial pressure ,  at.different heating ra tes ,  for 
unconstrained cladding and for tubes axially constrained by the alumina man- 
drel  and the pellet stack. The curves for the cladding constrained by the 
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Fig. 111.43 

Comparison of Maximum Circumferential 
Strain vs Initial Internal Pressure for Un- 
constrained and Mandrel- and Pellet- 
constrained Cladding at Hea~ l r~g  Rale of 
5"C/s in Steam. ANL Neg. No. 306-77-157. 
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Fig. 111.44 

Comparison of Maximum Circumferential 
Strain vs Initial Internal 'Pressure for 
Mandrel- and Pellet-constrained Clad- 
ding at Heating Rare nf 45'C/s in Steaiil. 
ANL Neg. No. 306-77-147. 



Fig. 111.45 
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Comparison of Maximum Circumferential 
Strain vs Initial Internal Pressure for Un- 
constrained and Mandrel- and Pellet- 
constrained Cladding at  Heating Rate of 
115"C/s in SLeavi. ANL' Neg. 
NO. 306-77-153. 
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alumina pellets were used to generate the three-dimensional, plot of 'the c:ir- 
curnferential s t ra in  as  functions of the initial pressure  and heating rate shown 
in Fig. 111.46. Similar results for mandrel-constrained tubes in steam and 
vacuum environments were reported in Ref. 8. 

Fig. 111.46 

Effect of Initial Internal Pressure and 
Heating Rate in Steam on Maximum 
Circumferential Strain for Lircaloy-4 
Cladding Constrained by Pellets. ANL 
Neg. No. 306-77-139. 

3 .  Analysis of Local Fracture Strain and Development of a Strain- 
localization Parameter  

111 Ref. 5,  the failure mode of Zircaloy cladding was classified in 
t e rms  of a "rupture"- or  "fracture"-type failure. The fracture edge of the 
former  was sharp as  a result of considerable thinning of the tube wali, whereas 
in the latter case ,  blunt edges characteristic of a shear process were typically 
observed. In a steam environment, "fracture"-type failures occurred invari- 
ably in a-phase material  at temperatures 5830°C and llrupture"-type failures 
were found at higher temperatures. Because of the blunt fracture edge, the 
locai radial s train can be measured -unambiguously in specimens that bur st 
at the lower temperatures. The c ross  section at the location of maximum 



circumferential s train was examined for tubes that burst at tempera- 
ture s < 8 30°C under different combinations of heating ra te , .  initial internal 
pressure ,  degree of axial constraint, cladding length, circumferential tem- 
perature nonuniformity, preoxidation, and test  environment (i .e. ,  vacuum or  
steam). The true local radial fracture strains were determined 'from thick- 
ness measurements at the fracture tips and the relation 

where 

e! = t rue fracture radial s train,  

hF = thickness of the fracture tip measured perpendicular to a center- 
line at the midwall position, 

and 

ho = initial undeformed cladding thickness. 

The true fracture radial s train is  plotted in Fig. 111.47 as  a func- 
tion of the maximum temperature at bur s t  for unconstrained and mandrel- 
constrained cladding at three heating rates in a steam environment. The 
results indicate that the radial strain decreases as  the burst temperature 
increases (i .e. ,  more  wall thinning at the higher temperatures) and increases 
with heating rate. Figures 111.48 and 111.49 compare the fracture radial s train 
as a function of burst temperature for Zircaloy cladding constrained by the 
mandrel and the pellet stack at heating rates of 5 and - 5 5 " ~ / s ,  respectively. . 

. , 
At both heating ra tes ,  the radial s trains for the pellet-constrained cladding . . .:* 
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Fig. 111.47 

True Fracture Radial Strain vs Maximum Burst Tem- 
perature for Unconstrained and Mandrel-constrained 
Zircaloy-4 Cladding Burst in Steam at  Heating Rates 
of 5 ,  55, 'and 115"C/s. For burst temperatures below 
-.*86O0C, thc cladding ic entirely or predominantly in 
the a phase. ANL Neg. No. 306-77-142. 
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Fig. 111.48 

True Fracture Radial Strain vs Maximum Burst 
Temperature for Unconstrained and Mandrel- and 
Pellet-constrained Cladding Burst in Steam at  
 eati in^ Rate of 50c/s .  ANL Neg. NO. 306-77-158. 
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Fig. 111.49 

True Fracture Radial Strain vs Maximum Burst Tem- 
perature for Unconstrained and Mandrel- and Pellet- 

' -1.6 -- -- constrained Cladding Burst i n  ~ t e a m  a t  Heating Rate 
W of 40-6O0C/s. ANL Neg. NO. 306-77-146. 
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a re  higher ( less  thinning); this i s  a direct consequence of the more  localized 
ballooning that occurs when the circumferential temperature variation is  
quite large. Since deformation i s  highly localized, the effective strain rate 

. .  . at  the fracture tip i s  also greater  than for the mandrel-constrained cladding. 

Based on the results in Figs. 111.40-111.42 and III.47-111.49, the 
radial s train at fracture can be correlated with the heating rate and the max- 
imum circumferential temperature variation for the cladding at bur s t  tem- 
peratures 5830°C. Oxidation of the cladding is' small  at these t e m p e r a t u r ~ s  
during the transient-heating tes ts  ,5 and differences in the. amount of oxidation 
due to temperature variations a r e  also quite small. It should therefore be 
possible to correlate the maximum circumferential s train with a quantitative 
measure  of the extent of radial s train localization, such that the circumferen- 
t ial  s train decreases a s  the radial strain becomes more  localized. 

For this purpose, a radial-strain-localization parameter W can 
be defined by 

where 

8 = tangential angle from the fracture tip, 

er(g) 2 &n(l1/11~), 'i.e., the true local radial s train at different 0 posi- 
tions around the circumference of the cladding, 

and 

h = local thickness of the cladding cross  section at  the region of 
maximum circumferential strain. 

Thus, the radial- s train-  localization parameter can be calculated from mea- 
sured values of the cladding thickness from each experiment. Figure III.'50 



shows micrographs of a cladding cross section and lists the er/e! values as 
a function of normalized angular position 8/2n. It was assumed that 

where 

& = distance from the fracture tip along the circumference of the tube, 

and 

L = outside circumference of the tube determined from the cross 
section. 

The e,/e: values, such as those shown in Fig. 111.50, were plotted against 
8/ 2n and integrated according to Eq. 2 with a planimeter. The results from 
several tubes are  shown in Fig. III.51, where the shaded area for one of the 
experiments corresponds to the parameter W. 

Figure 111.52 i s  a plot of the maximum circumferential strain 
versus the parameter W for experiments that encompass a wide range of con- 
ditions such as heating rate, internal pressure, and degree of temperature 
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Fig. 111.50. Calculation of Ratio of True Local Radial Fig. 111.51. Method of Determining Radial- 
Strain to True Fracture Radial Strain a t  str ain-localization Parameter W 
Different Tangential Angles in Cross Sec- from Plots of Ratio of True Local 
tion of Maximum Circumferential Strain. Radial Strain to True Fracture 
ANL Neg. No. 306-77-133. Radial Strain as a Function of 

Normalized Tangential Angle. 
ANL Ncg. No. 300-77-144. 
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Fig. 111.52 

Maximum Circumferential Strain vs Radial- 
strain-localization Parameter for a-phase 
Cladding Burst under Different Test Condi- 
tions a t  Temperatures between 700 and 850°C. 
Test conditions can be identified from the fol- 
lowing code abbreviations: V = vacuum en- 
vironment, S = steam environment, X = 
preoxidized cladding in steam at a transient- 
hearing rate of 115"C/s for 7 s and burst 
in vacua, U - un~onsttahed cladding, h4 - 
mandrel-constrained cladding with a 2.5-mm 
axial gap, P = pellet-consuained cladding 
with a 2.5-mm axial gap, F = specimen 
length 153 mm, L = specimen length 300 mm, 
numerals denote the heating rate in 'C/s, and 
0 represents isothermal stress-rupture tests. 
ANL Neg. No. 306-77-143. 
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RADIAL STRAIN LOCALIZATION PARAMITER, W 

nonuniformity as well as other variables listed in the figure caption. A sur- 
prisingly good correlation between the circumferential strain and the radial- 
strain-localization parameter was obtained. For isothermal stress-rupture 
tests, the circumferential strain increases markedly as the W parameter 
decreases. It is expected that the theoretical limits for the curve in Fig. III.52 
are 

and 

M lim e e  = 0 ,  
W+l.0 

where eM is  the maximum circumferential strain. 0 

Figure I11.53 shows the dependence of the W parameter on the max- 
imum circumferential temperature difference  AT^ for pellet-constrained clad, 8 
ding in steam at four heating rates. The results in this figure are limited to 



We believe that the relationships between' the circumferential 
temperature difference, the radial- strain-localization parameter ,  and the 
maximum circumferential s train in the vicinity of -800°C strain peak for 
Zircaloy cladding heated by UOz fuel under postulated LOCA conditions will 
be within the range of the data in Figs. 111.52 and 111.53 for mandrel-and pellet- 
constrained cladding. The present results will provide the basis for interpret- 
ing the deformation behavior of Zircaloy 'fuel cladding in nuclear -heated fuel 
rods tested in the Power Burst Facility at the Idaho National Engineering 
Laboratory and in the FR.-2 reactor at the Karlsruhe Nuclear Research Center 
in the Federal Republic of Germany. 

experiments in which the bur st temperature lies within k25"C of the - 8 0 0 " ~  
strain peak (i .e. ,  the maximum in the circumferential s train versus burst- 

temperature plot at  -800°C). ,There- 
fore, based on Figs. 111.52 and 111.53, 
we can predict, with reasonable accu- 
racy, the maximum circumferential 
s train for burst temperatures near 800°C' 
for pellet-constrained cladding in steam 
i f  the heating rate and temperature vari-  
ation AT: a r e  known. 

Similarly, f rom a knowledge of 
the heating rate,  measurements of the 
maximum circumferential strain, and 
an evaluation of the W parameter from 
thicknes s measurements of the cladding 

1.0 

CIRCUMFERENTIAL TEMPERATURE DIFFERENCE AT BURST (OC) c ross  section in the burst location, we 
should be able to evaluate the maximum 

Fig. 111.53. Radial-strain-localization Parameter temperature in fuel cladding 
as a Function of Maximum Circum- f rom in-reactor and multirod-burst 
ferential Temperature Difference for 
Cladding Burst in Steam at  Tempera- tests  in which instrumentation i s  quite 

tures near 800°C Strain Maximum. difficult. 
ANL Neg. No. 306-77-140. 

Figure III.53 also shows a cor-  
M relation between the W parameter and AT0 for mandrel-constrained cladding. 

In these tes ts ,  the measured circumferential temperature nonuniformity does 
not exceed -20°C for heating rates up to 1 1 5 " ~ / s .  For  the. same value of 
AT?, the. W parameters for mandrel- and pellet- constr ained cladding differ 
primarily because of the large difference in the effective strain rate at  the 
fracture region that i s  associated with the different heating rates.  (For ex- 

M ample, for a ATe of -20°C, the high strain rate for mandrel-constrained 
cladding at a heating rate of 1 1 5 " ~ / s  tends to localize the radial s train to a 
greater  extent than that,which occurs in pellet-constrained cladding at a heat- 
ing rate of -3"C/s.) 
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E. Embrittlement of Zircaloy-4 Cladding by Oxidation 

A more  quantitative cladding embrittlement criterion (than the pres-  
ent criterion that allows a total oxidation limit of 1770 of the wall thickness 
and a peak cladding temperature of 1204°C) is required to establish the margin 
of performance of the emergency-core-cooling system in LWR1s. For this 
purpose, the dynamic toughness of Zircaloy with different oxygen contents 
and distributions will be measured in the next reporting period. To better 
define the maximum degree of oxidation of the mechanical- te s t  specimens 
fo r  the .toughness measurements,  -60 Zircaloy tubes were oxidized in a i r  for  
time periods of 60-3660 s at temperatures of 1000-1500°C. The degree of 
embrittlement of these specimens under "normal handling conditions" was 
evaluated after cooling f rom the oxidation temperature at  a controlled rate. 

1. Embrittlement Tests  in Air Atmosphere 

Zircaloy-4 cladding specimens 254 m m  long were induction- 
heated in air  over the center 102-rnm region. 

A heating rate of 50°c/s was maintained to the oxidation tempera- 
tu re ,  and after various isother~xlal oxidation pcriods, the cladding was cc:~cslt..d 
at  5 " ~ / s  to 500°C and the power was turned off. The 5 " ~ / s  cooling rate to 
500°C simulated cooling under film-boiling heat-transfer conditions, and the 
more  rapid cooling below -500°.C represented the transition to nucleate boil- 
ing below the Leidenfrost temperature. 

The temperature of the clacldi~ig was rnonitorcd by three Pt- 
P t  10% Kh thermocouples (0.51-mm diamcter) thar were  pusiliullrd 25.4 inin 
apart at the center of the tube. The thermocouples were attached to holes 
drilled in the cladding, sligllLly larger than thc thermocouple junctinn, which 
permitted the ingress of air  and oxidation of the 11ll1er surface of thc tube. 
Both ends of the tube were sealed loosely to limit air  circulation so that 
oxidation of the inner surface occurred to a lesser  extent. No mechanical 
constraint or  load was imposed on Llle tube during oxidation. 

I 

After cooling to room temperature., the capability of thc cladding 

. . 
to remain intact by "normal handling" was determined by bending and twist- 
ing without excessive force. The open and closed data points in Fig. 111.54 
indicate whether the cladding remained intact or failed, respectivel-y, under 
normal handling after the different oxidation times in air at the various 
temperatures. 

2. Interpretation of Embrittlement- test  Results 

A computer program was written to calculate several  oxidation 
parameters,  listed in Table 111.12, from the oxidation conditions, the solu- 
bilities of oxygen in the oxide, a, and p phases, and the observed layer 
thicknesses, The oxygen solubility and diffusivity values for the different 
temperatures a r e  shown in Table 111.13. Oxidation that occurred during 



TABLE 111.12. Summary of Embrittlement Test Conditions, Cladding-phase Thicknesses, and Various Calculated Oxidation Parametersa -. 
.- 

I I Cx 9 =: 5 3 9  C a p  'OX 9 
t 9 ECR, FW cY* FSAT (0.65) 

No. s lo-2 mm lo-2 m lo-2 mm lo-2 mm. lo-2 mm '% .wt% w t %  B,C F ~ , ~  FO. 65 



-0 0 I I 
<a - 5 3 :  =a) =OX 

. AVE 
=ox ' 

Run 9.' t , EC% Pw ciEN* FSAT (0.65) 
NO. .S lo-2 mm, =' . lo-2 I,,& l 2  . lo-2 mm % wI: w t %  6,C '8.1 '0. 65 

a 
Temp. =I maximum isothermal oxidation temperature. 

t = time at the isothermal oxida:ion temperature. 

=ox 
O = cutside-diameter oxide-layer thickness. 

0 Ca = cutside-diameter a-layer thi=kness. 

5 = 6-layer thickness. 

c1 = inside-diameter a-layer thickness. u 
I cbX = inside-diameter oxide-layer ;thickness. 

ECR = equivalent ciadding reacted 
FW = fraction of prior 6 layer of the origilral claddfng thickness. 

cAVE = average oxygen concentratior of 8 layer. 
6: 

cCEN = gxycygen concentration at centerline df f? Layer. 
0 

SAT = fractional s.~turation of B phase, ~ I C ~ .  
,c 

F ( ~ ' ~ ~ )  = fraction of B layer containzng oxygen content ~0.65 w t  %. 
0 'L 
u 

. (0.65) 
,5 = fraction of original cladding thickness containing oxygen content ~0.65 wt %, FW x F 

6 , ~  
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Fig. 111.54 

Capability of Zircaloy4 Cladding to 
Withstand llNormal Handlingu1 at Room 
Temperature without Fracture after Oxi- 
dation in Air at Temperatures between 
1000 and 1450°C for Various Times. 
ANL Neg. No. 306-77-154. 

TABLE 111.13. Summary of Di f fus ion  C o e f f i c i e n t s  and ~ ~ u i l i b r i u m  Phase-boundary 
Concentra t ions  of Oxygen i n  Z i x c a l 0 ~ - 4 ~  

anox = d i f f ~ m i n n  rne f f jc fent  of oxygen i n  Zircaloy-4 oxide  phaso. 

D = d i f f u s i o n  c o e f f i c i e n t  of oxygen i n  a-Zircaloy-4. 

D = d i f f u s i o n  c o e f f i c i e n t  of oxygen i n  6-Zircaloy-4: 
B 

.. . 

C" = oxygen concen t ra t ion  of Zircaloy-4 oxide a t  t h e  ox ide lgas  i n t e r f a c e .  
OX 

I 
Cox = equ i l ib r ium oxygen concen t ra t ion  of t h e  oxide a t  t h e  ox ide la  i n t e r f a c e .  

GI' - equ i l ib r ium oxygen coiicciltrciLlu~~ uL L l ~ e  o plliixu H L  1 . 1 1 ~  I)XIIII+/II I I I I . H C ~ ? ~ ~ I : C ? .  

I 
C = equ i l ib r ium oxygen concen t ra t ion  of t h e  u phase a t  t h e  a/B i n t e r f a c e .  

a .  

C = equ i l ib r ium oxygen concen t ra r ion  of t h e  0 phase a t  t h e  alB i n t e r f a c e .  



transient heating and cooling of the specimens was neglected in these compu- 
tations. The room-temperature embrittlement results in Fig. 111.54 have been ' 

examined in t e rms  of the various oxidation parameters in Table 111.12. 

a. FW Criterion 

The results from Fig. 111.54 a re  shown in a plot of .the f rac-  
tional thickness of the transformed p region FW versus temperature in 
,Fig. III.55, in which FW was computed from 

where 

R = Pilling-Bedworth ratio, i .e . ,  1.54, 

O = outer - diameter (OD) oxide - laye r thickness , 
cox 
E:, = inner -diameter (ID) oxide-layer thickness, 

0 = OD a-layer thickness, 6a 

1 = ID a-layer thickness, CcY 

and 

P 
= p-layer thickness. 

0 
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Fig. 111.55 

Failure Map for Zircaloy  ladd din^ under 
'Normal HandlingM at Koom Ternperaiule 
in Te.rrns of Fractional Thickness of Trans- 
formed 0 Region FW and Oxi.dation Tem- 
perature in Air. ANL Neg. No. 306-77-136 

. ' No silr~ple boundary between the intact and failed cladding i s  
evident based i n  the FW criterion. 



b. ~quivalent-cladding- reacted (ECR) Criterion 

The equivalent -.cladding reacted was c alcuiated from the I D  
and OD oxide-layer thicknesses and the conversion of the oxygen content of 
'the a, and $ phases to the equivalent oxide-layer thickness by 

where 

and 

The quantities Ca, and C a re  the oxygen-concentration profiles in.the a, and 
$ phases. The time- and temperature-dependent functional expressions of la, 
and. I have been reported elsewhere. 10 B 

The cladding-failure results a r e  ,represented in a plot of the 
percent of the equivalent- cladding reacted versus the oxidation temperature 
( ~ i g .  111.56). The results a r e  in good agreement with the 17Yo.ECR-failure 
criterion line in that no failures occurred for specimens within the 1770 limit. 
The degree of conservatism of the present criterion at temperatures between 
-.1100 and 1300°C i o  cvidcnt Pram thcsc resulLj;. 

' 
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c.  Fractional p -phase Saturation (FBS) Criterion 

The fractional saturation of the p phase by oxygen was cal- 
culated from 

where 

To = oxidation temperature, 

to = oxidation time, 

and 

c ~ ( x )  = p -phase oxigen distribution t un~ t ion . ' ~ '~ '  " 

The cladding- failure data at  the various temperatures a r e  
plotted in t e rms  of the fractional saturation of the p phase ill Fig. 112.57. 

Zircaloy tubes with the saturated p phase 

0 0 
CLADDING 

INTACT o \ \ 

OXIDATION TEMPERATURE (OC) 

Fig. 111.57 

invariably failed under normal har~dlillg. 
At temperatures ? 1 2 0 0 ° ~ ,  the fractional 
saturation of the p phase required for 
failure decreases as the oxidation tcm- 
perature increases. According to this 
criterion, virtual saturation of the p phase 

i s  the conditivli for failure at 
temperatures 51200°C. 

d. F0,65 Criterion . ,..... -,,,,",. 

The F o S 6 5  criterion i s  based 
on  the fraction of the original cladding 
thickness with an oxygen content 
<0.65 wt 7'0 after cooling the material  
to room temperature. The parar1-1e.l.e~ 
can be computed from a product of the 
values from columns 10 and 14 in 
Table In. 12, i.e., 

Failure Map for Zircaloy Cladding . ~ 0 . 6 5  
under "Normal Handling" at Room F0.65 = F~ B,LJ (9) 
Temperature in Terms of Fractional 
Saturation of Central 0-phase Region where FoSb5 i s  the fraction of the p-layel 

PtL 
and Oxidation Temperature in A i r .  thickness with <0.65 wt yo oxygen, and 

ANL Neg. No. 306-77-138. can be evaluated from 



Figure 111.58 shows the cladding-failure results at the various 
temperatures in t e rms  of the F0.65 thickness parameter.  No exception was 

found to the criterion that predicts clad- 

Fig. 111.58. Failure. Map for Zircaloy Cladding ments will be performed in a steam en- 
under llNormal Handling" a t  Room vironment with a controlled cooling rate 
Temperature in Terms of Fraction to the Leidenfrost temperature followed 
of Original Cladding Thickness Con- by a rapid water quench to room 
taining <0.65 wt  7' Oxygen and Oxi- perature. If the specimen remains in- 
dation Tenlperature iri Air. ANL 
Neg. No. 306-77-137. tact after the transient heating, oxidation, 

and cooling cycle, a uniaxial tensile tes t  
will be performed on the tube, which will be held in the grips of a biaxia'l MTS 
testing s ys tem. Several specimens will be ruptured under internal pressure  
in the MTS machine during a simulated LOCA transient,  and the residual 
strength and ductility of the tube will be determined in a tensile test.  This 
information will supplement the dynamic toughness data that will be obtained 

, on composite Zirc:a.l.oy specimens at temperaturea below -600°G. The cm- 
brittlement studies in steam and a i r  environments will also be extended to 
lower temperatures and longer oxidation times. 

ding failure when the thickness, of the 
cladding with <0.65 wt 70 oxygen is  <lo70 
of the original wall thickness (F0.65 5 0.1) 
at temperatures above 1200°C. At lower 
temperatures, the solubility of oxygen 
in p-Zircaloy-4 is  <0.65 wt 70, and this 
criterion i s  therefore not appl.i.cable. 

Of the four cr i ter ia  for the 
embrittlement of Zircaloy cladding by 
high- temperature oxidation in a i r  and 
failure during normal handling at room 
temperature, the best representation of 
the results (least amount of conservati'sm) 
i s  given by the FBS and F0.65 cr i ter ia  . . 
for oxidation temperatures below and 
above 1200°C, respectively. None of the 
tests  violated the combined criterion. 
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IV. STEAM- EXPLOSION STUDIES 

Responsible Section Manager: 
R.  E. Henry, RAS 

A. Vapor Explosive Behavior at Elevated Ambient Pressure  (R. E. Henry and 
L. M. McUmber, RAS) 

Unstable bubbly growth from some infinitesimal perturbation over the 
,cri t ical  size i s  determined by a combination of physical properties including 
surface tension, liquid inertia,  liquid viscosity, liquid-to-vapor density ratio, 
liquid thermal conductivity, and latent heat of vaporization. The details of 
bubble growth and collapse have been formulated in Ref. 1. The results in 
Ref. 1 show that, from a f i rs t -order  viewpoint, the bubble growth can be es-  
timated from the two solutions shown in Fig. IV. 1 in t e rms  of radius versus 
time. The combination of the two solutions, i. e. , the inertial solution early in 
time and the heat-conduction solution for  larger radii, provides an upper bound 
on the actual growth behavior. 

TIME . NANOSECONDS 

Fig. IV.l. Iner t ia l  and T h e r m a l  Bubble-growth Behavior fo rwate r  a t  15.5 MPa. 
ANL Neg. No. 900-77-527 Rev. 1. 

There i s  an important difference between the inertially and thermally 
dominated behavior. In the inertially dominated regime, the liquid and vapor 
a r e  at the same temperature but different pressures.  The vapor pressure  i s  
the saturationvalue corresponding to the liquid temperature; the liquid pressure  
fa r  removed from the bubble i s  the ambient pressure.  Under these conditions, 
the bubble radius versus time is  given by the Rayleigh equation 



i. e . ,  the growth i s  limited by the rate at which the liquid can be pushed out of 
the way. 

In the thermally dominated regime, the vapor and the liquid a r e  at the 
same pressure ,  which i s  the ambient value; but the vapor temperature is  the 
saturated value a t  the ambient pressure ,  while the liquid far  removed from 
the bubble i s  at a higher (superheated) temperature. For  such conditions, the 
growth i s  limited by the rate a t  which thermal energy, for formation of new 
vapor, can be conducted to the interface. A simple formation for this growth 
i s  given by Tong2 as 

where the Jakob number is  defined as 

To sustain a vapor explosion, nucleation sites must be provided, and 
as discussed in Ref. 3,  these sites a r i se  from spontaneous nucleation within 
the cold liquid. Table IV. 1 l is ts  the homogeneous nucleation potentials for an . . '  
ambient pressure  of 155 Bars and f o r  ~te~mrperalures c~pplc5acliing thc t he rmo-  
dynamic critical point. In these calculations, the surface tension was 
represeiittd by 

I 

as deduced f rom the data in Ref. 4. 

TABLE IV. 1. Homogeneous Nucleation of Water at 15.5 MPa 

pv  J 

MPa 
Tc J J ,  

10lOm sites /cm3. s 



The lower limit of the homogeneous nucleation region i s  about 350°C. 
If the interface temperature between the hot and cold liquids is the thermo- 
dynamic critical temperature of the water, which i s  the maximum temperature 
that can be assigned to a vapor-liquid system, then the maximum vapor pres-  
sure  i s  22.1 MPa. Under these conditions, the inertially dominated growth i s  
given as 

where r( t)  i s  in centimeters and t is  in seconds. The Jakob number for these 
conditions i s  4.1, and  the resulting expression for thermally dominated bubble 
growth is  

where r( t)  is  in centinleters and t is  in seconds. 

These two growth characteristics a r e  illustrated in Fig. IV. 1. It is  
seen that, under these conditions, the bubble growth rate becomes thermally 
dominated at a radius of 1.2 x 10-'Om (120 A),  and the growth time to this 
radius i s  about 10-lo s. As listed inoTable IV. 1, the critical radius for the 
vapor nucleus is  0.53 x lo-'' m (53 A). Consequently, the bubble growth, i. e . ,  
vapor production, i s  essentially thermally dominated from the critical size. 
This means that the vapor i s  produced at the ambient liquid pressure ,  and 
that there i s  no source of high pressure vapor to produce an explosive event. 

f 8 

This elevated ambient-pressure behavior can be contrasted to the 
growth characteristics at an ambient pressure of 1 atm (1 x 105pa). Fo r  these I 

conditions, the lower limit of the homogeneous nucleation regime i s  about 
310°C, which corresponds to a vapor pressure of 9.87 MPa. If the liquid tem- 
perature is  again assumed to be the thermodynamic critical point, the inertially 
dominated behavior is  given by 

which only differs from the elevated pressure behavior by a factor of two. 

The thermally dominated growth has a Jakob number of 3524, which 
results in a radius - time dependence of 

r( t)  = 97.3&, (8) 

where the radius and time a re  again given in centimeters and seconds, re -  
spectively. Under these circumstances, the inertially dominated growth is 
dominant until the radius i s  about 4 mrn, as shown in Fig. IV. 2 ,  which i s  an 
increase. of more than five orders of magnitude from the elevated-pressure 
case. This means that high-pressure vapor can indeed impose an increased 
pressure on the system as both an incipient shock wave and as a high-pressure 
source to provide propagation and escalation of the event. 



Fig. IV.2. Inertial and Thermal Bubble-growth Behavior for Water 
a t  0.1 MPa. ANL Neg. No .  900-77-526 Rev. 1. 

The above points outline the logic behind the initial contention that 
vapor explosions would not exist at system pressures typical of PWR operating 
conditions. Simulant- fluid experiments were conducted with Freon- 22 and 
mineral  oil, as  well as  Freon-22 and water ,  to determine if  elevated ambient 
pressures  did indeed suppress explosive interactions, eve11 though all other 
known cr i ter ia  for large-scale explosions were satisfied. These experiments 
demonstrated that energetic explosive events (explosive pressures of 2.0 - 
2 .5  MPa)  would be obtained for an ambient pressure of U , l  MPa, but for 
ambient pressures  of 0.22 MPa, all explosions ceased. 

These results agree with the model predictions. The initial prediction, 
as  given in Ref. 5, related only to thc inability to generate a vapor explosion 
when the bubble growth was thermally donlinatecl. Consequently, i t  was 
initially stated that, at  elevated ambient pressures ,  the energy- transfer rate 
would be greatly reduced and the propensity for film boiling would be increased. 
In addition, vapor explosions would be self-limiting lu  a p r e s s u l a  of about 
two- thirds of the cri t ical  pressure.  

As stated above, the experiments revealed that an increase of 0.1 - 
.0.22, M.Pa in ambient pressure  caused all  explosions to cease. A possible 
reason for this sensitivity to the ambient pressure  is  the relationship between 
the capture diameter and the transition diameter between inertial and thermal 
growth ' and the resulting effect on the propagation potential for the sys tem. 

The capture diameter,  as a function of interface temperature, was 
calculated in Ref. 3 and is  graphically illustrated in Fig. IV. 3. This prediction, 
which i s  for a 0.1-MPa ambient pressure ,  i s  not significantly affected by an 



increase of 0: 1 MPa in the ambient 
pressure.  The predictions for the 
transition diameter a r e  also included 
for the two system pressures of in- 
terest .  For  an ambient pressure  of 
0.1 MPa, the transition diameter 
exceeds the capture diameter. This 
means that vapor embryos can grow 
c'ompletely through the captured 
liquid mass  with a pressure  inside 
the vapor space that i s  higher than 
the surrounding system pressure.  

- I 
- - - . . - 
- 
- 

Such behavior produces the 
unique, high- ra te  fragmentation 
mechanism illustrated in Fig. IV. 4. 
As the high-pressure vapor bubble 
approaches the opposite boundary 

I I I I I - - - - 
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- 

FILM BOILING - 

of the liquid drop, the liquid i s  
40 50 60 70 loo 'I0 violently fragmented into a spray 

INTERFACE TEMPERATURE, "C 
and high-pressure vapor is  released . _  . .\ . 
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Table IV. 2 includes estimates of the time required for growth to the 
transition condition, which occurs in about 1 ps. This internal fragmentation 
of the working fluid occurs on a time scale that i s  three orders of magnitude 
less  than that of the overall  event and thus i s  capable of supporting the prop- 
agation of a local event into a large- scale explosion. 

TABLE IV. 2. Transition Radius and Time 

P = 0.1 MPa 

T ,  p v  , T t  tt  
"C MPa m s 

On the other hand, the transition diameter f u r  a system pressure  of ' 

0.22 MPa i s  about one- third uf the capture diameter. For  thesc conditions, 
the vapor growth that approaches the opposite liquid interface is a1 a pressure  
that i s  essentially equal to the ambient pressure.  Consequently, there is no 
release of high-pressure vapor and no violent fragmentation of the liquid. 
With these conditions, initiation and .sustained propagation would be difficult. 
to achiev?, 

This proposed behavior i s  somewhat. system- dependent in that i t  may 
be possible to provide an external trigger that prefragments the cold liquid 
to a size that i s  smaller  than the transition diameter. In this case ,  the system 
can sustain the propagation. This i s  principally what happens in an explosive 
event; i. e. , even though the system pressure  i s  rising rapidly, the fragmen- 
tation mechanism has a much shorter time constant and can provide a fine 
liquid spray capable of sustaining the propagation at  elevated pressures.  
However, there i s  a limit to the fragmentation mechanism, and this i s  reached 
when inertially dominated bubble growth i s  suppressed. 

As discussed above, for Freon-22 the transition radius i s  essentially 
the cri t ical  radius for system pressures of about 2.5 MPa. If the system 



pressure  were initially at this value, even an external trigger would be in- 
capable of prefragmenting the cold phase to a size that could sustain the ex- 
plosive event. This i s  a simple argument that can be used in assessing the 
behavior of postulated fuel failures at nominal operating pressures.  

Pressurized-water-reactor system pressures of 15.5  MPa result in a 
transition radius essentially equal to the critical size. Consequently, this 
system should be independent of any external triggering mechanism. For  
boiling-water- reactor systems having a pressure of 7.0 MPa, the inertial 
growth for a temperature of 370°C would be 

and the thermal growth is  given by 

where r and t a r e  again given in centimeters and seconds, respectively. 

These equations result in a transition radius of 1.4 x cm, which 
is  much less that the characteristic coolant dimensions. Consequently, 
energetic interactions would again seem to be essentially impossible, even 
with an energetic external trigger. 

B. Combined Physical-Chemical Explosions (D. R. Armstrong, RAS) 

The effort during this quarter has been directed toward improving the 
exploding-wire- triggered aluminum drop. Several test photographs have been - 4 

taken at 200,000 f rames/s  using a 1.7-kJ flashlamp mounted in a parabolic 6 

reflector. This has been used in a back-lighting mode, which silhouettes . :f 
both the aluminum and the surrounding water vapor. Thus, for these test  films, 
the progress of the explosion can only be followed by tracing the motion of the 
aluminum envelope, which may be either the water/aluminum or the water/ 
water-vapoi- interface. 

For a typical run, the film shows the aluminum pooled on the bottom 
of the water tank in a thin bubble 5.-10 cm in diameter. Several frames after 
the wire explosion, the portion of the puddle interface closest to the wire be- 
gins to move as if the vapor layer between the aluminum and water were 
collapsing. With succeeding frames,  portions of the puddle farther from the 
exploding wire begin to collapse and those closer to the wire show a motion 

: reversal  and s tar t  to expand. This collapse motion propagates along the sur.- 
face of the aluminum puddle with a velocity of 0.5- 1.5 km/s.  The correlation 
of pressure measurements with the films has been prevented by an erra t ic  
pulse noise appearing in the data- recording system. 

Several runs have been made to  determine the triggering threshold for 
an aluminum/water explosion in this system. For 800°C aluminum and 



30°C water ,  the maximum output f rom one capacitor unit (40 J max) gavk a 
peak pressure  of 0.25 MPa, which was insufficient to trigger an explosion. 
The minimum output f rom a second capacitor unit (380 J min) giving a peak 
pressure  of 2.5 MPa was always enough to initiate an explosion. A third 
capacitor unit will be built covering the discharge-energy range of40-400 J 
and will be used to determine the threshold-trigger characteris t ics  for this 
expe r iment. 
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