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PERFORMANCE OF SPHEm-PAC AND PELLETIZED (U, Pu)O~ 

DURING SEVERE OVERPOWER TRANSIENTS* 

Y C. M. Cox, D. R. Cuneo, E. J. Manthos 

ABSTRACT 

Six fuel pins containing unirradiated sol-gel-derived (U,Fu)02 

were subjected to power transients at the Transient Reactor Test Facility 

(TREAT). 

the peak power regions of two Sphere-Pac pins. 

No failure occurred even though 50 vol ’$I of the fuel melted in 

Although the fuel pins showed no significant dimensional changes, 

neutron radiographic and destructive examinations showed extensive fuel 

relocation within the cladding. This included fuel column separations, 

fuel densification during cooling from a molten state, and axial migra- 

tion of fuel and perhaps of large bubbles of adsorbed gases in the molten 

fuel. There was evidence that a gap formed between the Sphere-Pac fuel 

and cladding by a combination of sintering and shrinkage during cooling 

from the melt, 

The influence of fuel column separations on length changes tended 

to be offset by sintering and shrinkage. Pellet fuel pins showed occa- 

sional separations at pellet interfaces, apparently due to a ratchetting 

mechanism. 

Comparison with data reported by other investigators indicates 

that, for the types: of transients considered in this work, there is no 

difference between the performance of pellet or Sphere-Pac fuel of the 

same smear density and sol-gel and coprecipitated pellets behave 

equivalently. 



INTRODUCTION . 
Understanding the behavior of fuel pins under transient operating 

conditions is important in evaluating the overpower allowance of fuel 

element designs, in predicting the influence of temporary abnormal condi- 

tions on future pin lifetime and safety margin, and in predicting the 

initial consequences of pin failures. 

temperature or power transients hypothesized for LME'BR accidents can be 

imposed on a (U,Pu)O2 fuel pin operating at typical steady state condi- 

tions. 

rod ejection accident' can be reasonably well simulated in the Transient 

Reactor Test Facility (TREAT). 

There is no facility at which the 

However, transients from zero power typical of a major control 

This paper describes the results of a series of experiments aimed 

at comparing the behavior of unirradiated sol-gel-derived (U,Pu)O* 

Sphere-Pac and pellet fuel pins during severe power transients causing 

various amounts of fuel melting. Earlier work by Hanson, Field, Rabin, 

and tho ma^^-^ indicated that, if no part of the fuel melts in a TREAT-type 

transient, a previously unirradiated liquid-metal-cooled (U,Pu)02 fuel pin 

will not fail. 

significant fraction of the fuel is heated above the melting point. 

However, considerable axial fuel movement occurs when a 

The principal test variables were fuel smear density, 81 and 8%% of 

theoretical, and fuel fabrication form, pellets and vibratorily compacted 

microspheres (Sphere-Pac Process) .' Data reported by Thomas and Field8 

indicate that fuel fabrication form may be a significant variable and 

that unirradiated Vi-Pac (vibratorily compacted irregular particles) 

fuel pins may fail from less severe transients than pellet fuel pins of 
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t he  same smear densi ty .  Other var iab les  t h a t  have been shown o r  a re  

an t ic ipa ted  t o  influence the  t r ans i en t  behavior of mixed oxide f u e l  pins  

include t r ans i en t  shape and severi ty ,  f u e l  p in  t r ans i en t  temperature 

d is t r ibu t ion ,  amount of a x i a l  r e s t r a i n t ,  cooling mechanism, axial var ia-  

t i ons  i n  temperature and power d i s t r ibu t ion ,  f u e l  pin defects,  and previous 

i r r a d i a t i o n  h i s to ry .  

FABRICATION DATA 

The t r ans i en t  t e s t s  were conducted with two capsules, each con- 

ta in ing  three f u e l  p ins  i n  tandem. The f u e l  p ins  were encapsulated i n  

stagnant sodium-filled capsules s imi la r  i n  design t o  those used by 

Hanson e t  a l . 3  

f u e l  pins  t o  approximately 430°C before the  t r ans i en t s ,  and thermocouples 

adjacent t o  the f u e l  pins  and a t  various r a d i a l  pos i t ions  i n  the capsules 

a t  the f u e l  column midplanes. 

The capsules contained e l e c t r i c a l  heaters,  t o  heat the  

Each f u e l  pin had an 8-in.-long f u e l  column and was clad with 

0.254-in. OD x 0.016-in.-wall type 304 s t a i n l e s s  s t e e l  tubing. The f u e l  

columns were p a r t i a l l y  res t ra ined  ax ia l ly  with a spring-loaded extensom- 

e t e r ,  which allowed up t o  3/16 in .  f u e l  length increase.  

for the  f u e l  pins  a re  summarized i n  Table I. 

Fabricat ion da ta  

TRANSIENT DATA 

The f i r s t  capsule, TR-1, w a s  i n i t i a l l y  subjected t o  a ca l ib ra t ion  

t r ans i en t  t o  ver i fy  the design performance by comparing calculated and 

measured temperatures i n  the sodium annulus around the f u e l  pins .  The 

calculated maximum f u e l  cen ter - l ine  temperature was about 1800°C f o r  
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Table I. Fabricat ion Data f o r  ORNL TREAT Capsules 

Fuel Pin 
TR-LA TR-1B TR-1C TR-2A TR-2B TR-2C 

Fuel f a b r i c a t i o n  forma P S P S S P 

U/(U +PLdb 0.801 0.801 0.801 0.801 0.801 0.801 

o/(u + Pu) 1.983 1.980 1.991 1.980 1.980 1.990 

Gas re lease ,  cm3/g (STP) 
a t  1600°C 0.07 0.14 0.23 0.14 0.14 0.19 

Fuel smear densi ty ,  $TD 88.9 80.9 79.7 82.0 80.9 80.2 
Fuel length,  i n .  8.03 8.00 7.98 8.01 8.00 8.10 

Fuel-cladding diametral  
gap, m i l s  5 5 5 

C Gas plenum volume, 
an3  1.1 1.3 1 . 5  1.3 1.3 1.4 

a 

bNatural U. 

CIncluding a l l  porosi ty .  

P = s o l i d  p e l l e t s ;  S = Sphere-Pac. 
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this calibration transient. The test transients were designed to melt 

approximately one-fourth of the fuel in the peak power region of the first 

capsule and half for the second capsule, TR-2. Earlier experiments indi- 

cated that failures of previously unirradiated fuel pins should be antici- 

pated with TmAT transients that cause more than '7% of the fuel to melt 

in pellet fuel 

vibratorily-compacted powder fuel pins. 

or that cause 50 to 6% of the fuel t o  melt in 

Table I1 summarizes the TREAT reactor operating data. Note that for 

the two test transients, 1294 and 1295, the peak reactor power was equiv- 

alent, but the energy input to the fuel pins was varied by clipping the 

transients. 

based on postirradiation burnup analyses and the reactor power history, 

is shown in Fig. 1. 

The time variation of the heat rate for each of the fuel pins, 

POWER DISTRIBUTION 

The themal neutron energy spectrum of the graphite-moderated TREAT 

reactor caused appreciable distortions in both the axial and radial flux 

profiles. 

flux wires located within the capsule near the fuel pins, as shown in 

Fig. 2. The radial power distributions shown in Fig. 3 were estimated by 

a 36-group neutron transport theory calculation using the AJYISN' computer 

code. The steep radial power profile shown leads to some distortion in 

the transient temperature distribution in the fuel pins as compared to 

that in a fast reactor spectrum. 

of boron, cadmium, and europium neutron filters indicated that significant 

flattening of the power and temperature profiles was impossible without 

The axial power profiles were measured by the 6oCo activity in 

However, an earlier detailed analysis 
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Table 11. Reactor Data f o r  ORNL TFGUT Capsules 

Capsule 
TR-1 TR-1 TR-2 

TREAT t r a n s i e n t  1293 1294 1295 

Date 10-29-69 10-30-69 10-31-69 

I n i t i a l  r eac to r  period, msec 630 204 200 
Peak reac tor  Power: MW 29.8 202 202 

In tegra ted  reac tor  power, MWsec 88 14 0 172 

Pulse width a t  ha l f  max power, s ec  3.6 0.78 0.85 

Type t r a n s i e n t  clipped clipped clipped 

. 
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decreasing the specimen power intolerably, lo-’* and we must thus accept 

this atypical feature of the test. 

converted to absolute values based on radiochemical burnup analyses and 

flux monitor data summarized in Table 111. With the exception of fuel pin 

TR-ZC, where the data were discarded because the radiochemical solutions 

were contaminated, the statistical accuracy of the analyses was excellent. 

The resulting axial variations in fuel pin linear heat rate, per watt of 

reactor power, are shown in Fig. 4 .  

The relative power distributions were 

THERMAL ANALYSIS 

The thermocouple data obtained during the transient were compared 

extensively with transient heat transfer calculations, first as a check 

on the heat transfer model, and second in an attempt to derive some 

information about the fuel-cladding heat transfer coefficients during 

the transients. Figure 5 compares calculated and measured temperatures 

in the sodium annuli at the midplane of Sphere-Pac pin 2B. In this case 

the calculated temperatures were obtained from the HEATING-3 computer 

code13 using temperature-dependent physical properties, including a 

three-zone temperature-dependent density for the fuel in which the fuel 

was assumed to densify to 92% of theoretical above 1500°C and 100% above 

1900°C. 

sented by the General Electric Company’s correlation14 for temperatures 

up to the fuel melting point of 2800°C and at higher temperatures was 

assumed to be approximately half the thermal conductivity predicted by 

this correlation. The heat capacity and heat of fusion of the oxide 

fuel were taken from Los Alamos Scientific Laboratory data,15-16 but 

The mixed oxide thermal conductivity was assumed to be repre- 

. 
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Table 111. Burnup Data f o r  Fuel Pins I r r a d i a t e d  i n  Transient  Reactor Tes t  F a c i l i t y  

Burnup, as Determined From Indicated Radionuclides, $J FIMAa 
6 0  6 0  9577 Confidence Fuel 

P in  9 5 ~ r  6Ru ' -4 '~e  lo3Ru co C? Mean I n t e r v a l  ( i n t e r i o r )  ( ex te r io r )  

x x x x 10-6 

TR-1A 4.36 3.95 4.15 k0.34 

TR-1B 3.54 3.59 4.30 4.60 4.24 4.26 4.09 k0.21 

TR-1c 2.60 3. or, 2.65 4.02 3.43 3.12 3.14 k0. 21 

TR-2A 2.59 3.12 3.53 3.68 3.39 3.47 3.30 k0.21 

TR-2B 2.65 3.00 3.57 4.25 3.17 3.42 3.34 50.21 

TR-2c 2.21 2.32 2.26 50. 34 
r r 

a FIMA = f i s s ions  per i n i t i a l  metal atom. 
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the former was assumed to be constant at 0.42 J g-l ("C)-l for tempera- 

tures above the fuel liquidus, assumed to be 2832°C. 

between the calculated and measured temperatures in Fig. 5 which range 

from about 6 to 1% difference, does not appear to follow from either 

the uncertainty in the burnup analysis or the uncertainty in the thermo- 

couple locations, and we suspect inaccuracies in our values for the 

thermal properties of the fuel and axial heat flow effects, which were 

ignored in this analysis. 

The discrepancy 

The predicted temperatures at the thermocouple locations are rather 

insensitive to the fuel-cladding heat transfer coefficient, and the cal- 

culated curves would be essentially the same in Fig. 5 for heat transfer 

coefficients ranging from 1 W 

the measured and calculated temperatures based on adjusting the fuel pin 

power would require approximately a 3% decrease in power, which does not 

seem justified by the statistical analysis of the burnup data. 

("C)-' to infinity. A forced fit of 

The only physically measurable variable that was appreciably 

affected by the fuel-cladding heat transfer coefficient was the extent 

of fuel melting. 

volume with the heat transfer coefficient, assumed constant during the 

transient, is shown in Fig. 6. This plot indicates that heat transfer 

coefficients of 3.4 W ernm2 ("C)-' or greater give the best fit to the 

observed melt volume for the assumed fuel physical properties and 

restructuring model. This would indicate that the heat transfer 

coefficient during the transient would be at least double the steady- 

state value previously reported by Fitts17 for Sphere-Pac fuels. 

our analysis cannot accurately predict this coefficient, an increase 

An attempt to correlate the observed and predicted melt 

While 
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during the transient seems qualitatively correct, since, as shown in 

Fig. 7, one result of the fuel expansion on melting is to jam the micro- 

spheres into the cladding. 

interface in the high-power region of pin 2B. 

shows both localized melting and mechanical deformation. 

This micrograph was taken of the fuel-cladding 

The cladding microstructure 

POSTIRRADIATION EXAMINATION 

A postirradiation neutron radiograph of the fuel pins in capsule 

TR-2, which were subjected to the most severe transient, is shown in 

Fig. 8. The radiograph, taken at TREAT, indicates fuel column separations, 

fuel column length changes, and the appearance of a number of chevron- 

shaped low-density regions. The separations in the pellet fuel pins 

coincide with pellet interfaces, indicating a ratchetting mechanism, 

Additional data taken from the neutron radiographs are summarized with 

other postirradiation data in Table IV. The only measurable dimensional 

changes to the cladding were regions of slight ovality in the plenum 

portion of the two top pellet fuel pins. That none of the fuel pins 

had failed was verified by sampling of the capsule cover gas, detailed 

visual examinations of the fuel pins, and analysis of the plenum gas, 

Figure 9 shows the as-polished microstructure of each of the fuel 

pins at the fuel column midplane after the transient tests. The large 

circular voids evident in these photographs are believed to be bubbles 

formed by coalescence during the high-temperature transients of adsorbed 

gases present in the fuel from fabrication. The greater amount and 

larger bubbles in pin IB as compared to lA follow from the lower density 

of the fuel and the higher as-fabricated adsorbed gas content. While 
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Table I V .  Summary of Operating and Examination Data for ORNL TREAT Capsules 

Fuel Pin 
TR-1A TR-1B TR-1C TR-2A TR-2B TR-2C 

Fabr ica t ion  Data 
Fuel f ab r i ca t ion  form" 
Fuel smear densi ty ,  of t h e o r e t i c a l  

b Ope r a t  i n  
Fuel :in temperature before t r ans i en t ,b  " C  
Peak instantaneous l i n e a r  power, kW/ft 
Energy release,b ca l /g  

P S P S 
88. 9 80.9 79.7 82.0 

410 449 414 400 
175 155 11% 178 
390 380 292 525 

Pos t i r r ad ia t ion  Examination 
Cladding maximum oval i ty ,  max diam - min diam, m i l s  0.5 < 0.5 1.5 < 0.5 
Overall  f u e l  column length change,d m i l s  90 -20 -30 -60 

Volume of f u e l  meltingb 
Radius of equiaxed grain 
Fuel-cladding r a d i a l  gap, 

Radius of f u e l  cen t r a l  void,b m i l s  0 0 0 17+* 
0 0 0 50- 
94 111 0 111 b 
2.4'1.2 3'3 1.5'1 4s4k2*6 

S 
80.9 

436 
164 
491 

< 0.5 
-3 0 
28 
51k2 
111 
3. 7+3 

P 
80.2 

410 
103 
313 

1.8 
? 

40 
0 

a 

b A t  f u e l  column midplane. 

P = s o l i d  p e l l e t s ;  S = Sphere-Pac. 

C Maximum diametral  increase < 0.5 m i l .  

d%sed on neutron radiographs; estimated accuracy ? 20 m i l s .  
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appreciable restructuring in these two pins was apparent, there was no 

indication that the fuel had melted except near the ends of the pins, 

where flux peaking was evident, as shown in Fig. 10. After being etched, 

the fuel pins were examined for the extent of melting and grain growth, 

as shown in Fig. 11 for pin 2B. Only the two pins with the highest energy 

release, 2A and 2B, were identified as having melted at the fuel midplane. 

It also appears in Fig. 11 that Sphere-Pac fuel, after appreciable densifi- 

cation during the transient, shrank away from the cladding leaving a gap. 

Failure to obtain the desired 25 vol $ fuel melting in the first capsule 

is attributed to the fact that the amount of fuel melting is extremely 

sensitive to energy release for fuel melts less than 50 vol $. Appre- 

ciable grain growth was observed in all pins but TR-lC, as summarized 

in Table IV. The chevron-shaped low-density regions observed on the 

neutron radiographs are shown in Fig. 12 to have been due to the forma- 

tion of voids as the fuel melted and due to axial relocation of the oxide 

fuel. 

This evidence of fuel pin integrity but appreciable fuel restruc- 

turing, fuel cracking, and axial fuel relocation is quite similar to the 

results of comparable transient tests with unirradiated fuel pins con- 

taining coprecipitated (U,Pu)O2 pellets described by Hanson, Field, 

Rabin, and Thomas. 3-6 

CONCLUSIONS 

These experiments have determined that unirradiated sol-gel Sphere- 

Pac (U,Pu)O2 fuel pins can accommodate severe TmAT-type transients, which 

cause fuel volume melts up to at least 5 6 ,  without failing. 
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Although the  f u e l  p ins  showed no s ign i f i can t  dimensional changes, 

neutron radiographic and des t ruc t ive  examinations found extensive f u e l  

re loca t ion  within the cladding. This included f u e l  column separations,  

f u e l  dens i f ica t ion  as columnar gra ins  formed during cooling from a molten 

s t a t e ,  and axial propagation of l a rge  bubbles formed by coalescence i n  

the molten f u e l  of adsorbed gases from fabr ica t ion .  There w a s  evidence 

t h a t  a gap formed between the Sphere-Pac f u e l  and cladding by a combina- 

t i o n  of s i n t e r i n g  and shrinkage during cooling from the  melt .  

The influence of f u e l  column separat ions on length changes tended 

t o  be o f f s e t  by the same s i n t e r i n g  and shrinkage. The p e l l e t  f u e l  p ins  

showed occasional separat ions a t  p e l l e t  in te r faces ,  apparently due t o  a 

r a t che t t i ng  mechanism. 

Comparison with da ta  reported by o ther  inves t iga tors  ind ica tes  

t ha t ,  f o r  the  types of t r a n s i e n t s  considered i n  t h i s  work, there  i s  no 

difference between the performance of p e l l e t  o r  Sphere-Pac f u e l  of the 

same smear densi ty  and so l -ge l  and coprecipatated p e l l e t s  behave 

equivalent ly .  

The authors g ra t e fu l ly  acknowledge the ass i s tance  of the following 

ORNL s t a f f  members: E .  L. Long, Jr. i n  metallographic in t e rp re t a t ion ,  

J. D .  Jenkins i n  reac tor  physics analysis,  W. D .  Turner i n  heat t r a n s f e r  

analysis ,  and W. J. Lackey i n  s t a t i s t i c a l  ana lys i s  of the burnup da ta .  
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