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FINAL REPORT OF THE SffJOND FUEL ROD FAILURE 
TRANSIENT TEST OF A 2IRCALOY-CLAD FUEL ROD 

CLUSTER IN TREAT 
R. A. Lorenz G. W. Parker 

ABSTRACT 
The second fuel rod fai lure experiment in the Tran­

sient Reactor Test Fac i l i ty (TREAT) was performed 
with a seven-rod bundle of 27- in. - long, Zircaloy-
clad UO2 fuel rods in a flowing steam atmosphere. 
A water-reactor loss-of-coolant accident was simu­
lated by operating the rJREAT rea ctor a t constant 
power for 30 sec so that f i s s i on heat in the UO2 
p e l l e t s caused tne Zircaloy claddiug temperature 
to r ise 80°F/sec to a maximum of approximately 
2400°F. The fuel rods were init iaU.y pressurized 
with helium to between 65 and 75 psia (77°F) to 
simulate accumulated f i s s i o n gas. 

The Zircaloy cladding swelled and ruptured. 
The amount and distribution of swelling could 
result in the blockage of 91# of the bundle 
coolant channel area of a Boiling Water Reactor 
(BWR) at the location of maximum swelling. The 
average rod maximum circumferential swelling was 
6O56. Metallographic examination revealed ductile 
ruptures and significant oxygen pickup. Zirconium-
steam reaction was l . l £ . 

The center rod was preirradiated to 2800 MWd/MT 
in the Materials Testing Reactor (MTR) and Engineer­
ing Test Reactor (EHR) to build up an inventory of 
f i s s ion products and t o determine irradiation ef­
fects on fuel rod failure characterist ics . No i r ­
radiation e f fect was seen on the swelling and rup­
ture characteristics from th i s low-level irradiation. 

The release of gaseous fission-product 8*Kr from 
the irradiated center rod was approximately 0.5#. 
The release of vo la t i l e f i s s i on products 1 2 9 I , i 3 1 I , 
and 2 - 7 C s was s l ight ly lower. Approximately 2.5# 
of the 1 3 1 I released from the center rod was in a 
chemically unreactive form, probably CH3I. 

INTRODUCTION 
With modern light-water power reactors, one of the most serious 

postulated accidents i s the loss-of-coolant accident (LOCA) in which 
coolant water i s l o s t through a break in the primary piping system. 
Emergency core-cooling systems (ECCS) have bee:* designed and instal led 
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i n these reactors t o provide emergency cooling in the unlikely occurrence 
of such a postulated a c c i d e n t . 1 Zircaloy cladding of the fuel rods would 
undergo a severe temperature t rans ient during a LOCA as a r e s u l t of r e ­
d i s t r i b u t i o n of heat stored i n the UO2 fuel during the short time i n t e r ­
va l between blowdown of the cooling water and complete appl ica t ion of 
the emergency cooling water . Many of the fuel rods would bow, swell , 
and rupture before the emergency cooling performed i t s function. Con­
tinued heat ing of the Zircaloy cladding from fission-product decay heat 
and from the react ion of Zircaloy with steam a t high temperature would 
r e s u l t i n embrittlement of the cladding and gross damage t o the core 
accompanied by the re lease of large amounts of f i s s ion products i f the 
emergency coolant could not adequately cool the core . 

A fuel rod f a i lu re study program was i n i t i a t e d a t Oak Ridge National 
laboratory i n July 1968 as par t of the ORNL Nuclear Safety P rog ram^ 3 * 4 * 5 

i n order t o determine the cha rac t e r i s t i c s and extent of fuel rod f a i l u r e 
on emergency cooling effect iveness . The program a t ORNL includes t r an­
s i en t (rapid heating) bur s t t e s t s of s ingle and c lus tered Zircaloy tubes 
i n i n e r t atmosphere, heat t ransfer and cladding behavior during the blow-
down phase of the LOCA, high temperature rupture t e s t s of i r r ad ia t ed fuel 
rods in steam atmosphere, and rupture t e s t s of c l u s t e r s of fuel rods in 
steam atmosphere in the Transient Reactor Test Faci l i+y (TREAT) reac tor . 
A summary report descr ibing the effects of fuel rod f a i lu re was published 
i n Nuclear Safe ty . 6 

The f ina l repor t of the f i r s t fuel rod f a i l u r e experiment performed 
i n TREAT (FRF-l) was published 7 e a r l i e r and t h i s r epor t s covers the sec­
ond exper i ixnt in TREAT (FRF-2). Each experiment used a t e s t assembly 
consis t ing of a seven-rod c lus t e r of 27- in . - long, Zircaloy-clad UO2 fuel 
rods exposed t o a flowing steam atmosphere in simulation of steam flow 
condit ions immediately following the blovdown port ion of the LOCA. The 
center rod contained f i s s ion products from a preliminary i r r ad i a t i on t o 
a fuel burnup of 650 MWd/MT (FRF-l) or 2800 MWd/MT (FRF-2) t o t e s t the 
ef fec t of i r r ad i a t ion on rupture cha rac t e r i s t i c s as well as t o provide 
a f ission-product inventory for f ission-product re lease measurements. 
The rods were prepressurized with helium which simulated f i s s ion gas 
pressure accumulated a f t e r high burnup. The fuel rod fa i lu re t e s t s were 
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performed in TREAT by operating the reactor a t steady power so ths t f i s ­
sion heat in the UO2 p e l l e t s ra ised the cladding temperature in duplica­
t ion of LOCA temperature behavior immediately following coolant blowdown. 
Maximum cladding temperatures were approximately 180G°F in FRF-1 and 
£400°F in FRF-2. 

Because f iss ioning in the UC2 p e l l e t s was used as the heat source 
in theae experiments, the heat t ransfe r conditions between p e l l e t and 
cladding were much as would be expected i n the LOCA. The TREAT fuel rod 
fa i lu re experiments are therefore considered t o be p roof - t es t s of the 
data and behavioral models derived in the other tube-burst and fuel rod 
rupture research t a s k s . 

DESCRIPTION OF EQUIPMENT - TREAT FUEL ROD FAILURE EXPERIMENT 
FRF-2 

General Description 
A photograph of the i n - r eac to r components of the equipment i s shown 

in F ig . 1 . Fuel rod cladding was of a nominal 0.564-in. diameter and 
the rods were located on an e q u i l a t e r a l t r i ang le spacing 0.75 i n . a p a r t . 
The rods occupied 51% of the cross-sect ional area i n the t r i angu la r l a t ­
t i c e and 37% of the area within the 2 .45 - in . - I .D . , 0 .010- in . - th ick , gold-
plated s t a i n l e s s s t e e l sleeve surrounding the rod bundle. Steam flowed 
up through the rod bundle a t a r a t e of 10 i/min (STP) along with 1.8 
i/min (STP) helium a t a pressure of about 19 p s i a . The steam-helium 
mixture carr ied f i s s ioa products from the ruptured rods through a f i l t e r 
peck where the aerosol p a r t i c l e s and most of the iodine were co l l ec ted . 
The e n t i r e steam system was preheated e l e c t r i c a l l y t o t o prevent 
condensation of steam. The primary vessel was well insulated t o prevent 
overheating of the reactor fuel when the fuel rods of the experiment 
underwent the LOCA temperature t r a n s i e n t . 

The flow system i s shown i n F ig . 2 . Heat in-put t o the sxc*m gen­
era tor provided 8-g/min steam flow t o the bottom of the rod bundle. 
Helium flowing a t 1.8 l i t e r s / m i n (STP) was mixed with the steam in the 
generator , and th* mixture was passed through a f i l t e r peck a f t e r leaving 
the primary vesse l . Based on the avai lable surface area of Zircaloy in 
the fuel element, these flow r a t e s correspond t o 29,500/lb/hr steam flow 
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a t 70 sen a f te r blowdown for a 2,250 MW(t) BWR and 24,200-lb/hr steam 
flow c t 12 sec a f te r shutdown for a 2,760 MW(x) WR. These values are 
published estimates of res idua l water boi loff following the blowdown.8 

In the f i l t e r pack, chemically react ive iodine compounds deposited on 
s i lver -p la ted surfaces, and aerosol p a r t i c l e s were col lected on three 
f iberglass-asbestos f i l t e r s i n s e r i e s . The steam was condensed outside 
the reac tor , and helium carr ied the remaining v o l a t i l e f i ss ion products 
through a warm iodine-impregnated charcoal t r a p for col lec t ion of CH3I 
and through l iquid-nitrogen-cooled charcoal t r aps for col lec t ion of 
xenon and krypton. Effluent helium was monitored by a rotameter and a 
wet - tes t meter, Hydrogen formed by the react ion of steam with zirconium 
appeared as eff luent gas flow greater than the control led helium flow. 
Only one f i l t e r pack was used in FRF-2, but a second iden t i ca l external 
f ission-product gas co l lec t ion system was used a f t e r the f i r s t 90 sec­
onds in order to measure slowly released v o l a t i l e f i s s ion products. 

Fuel Rod Construction and Suspension 
Deta i l s of fuel rod construction are given in Table 1. The fuel 

rods were assembled a t ORNL with Zircaloy-4 cladding of recent commercial 
manufacture and selected fuel p e l l e t s from surplus Dresden-I fuel rods . 
A l l cladding was inspected ul trasonica. l iy for flaws by using a standard 
defect groove 0.001 i n . deep and l / 8 i n . long. No defects were found. 
Wall thickness var ia t ions were a l so determined u l t r a son ica l ly . Rods 11 , 
12, and 13 were cut from one length of tubing and had more uniform wall 
thickness than rods 16, 17, and 18 which were cut from another length of 
tubing. The fuel rod plenums contained springs wound from 1/16-in.-
dianeter Zircaloy wire, but the.- rods were assembled without compression 
en the spr ings. A 3/8-in.-long; Zircaloy cylinder with a l / l 6 - i n . by 
1/16-in. groove for free gas passage was located between the spring and 
f i r s t p e l l e t . 

A l /8- in . -d iam Zircaloy tube with a l / l6 - in . -d iam hole was welded to 
the top of each rod for pressur iz ing . The rods were held a t 255°F and 
evacuated overnight for drying and outgassing. The void volume was mea­
sured by expanding helium i n t o the rod from a known volume. Pressure 
was increased t o the desired leve l and the tube was pinched from the 



Table 1. Characterist ics of Fuel Rods Used in Experiment FRF-2 

Center Rod 
58-3 Rod 11 Rod 16 Rod 12 Rod 17 Rod 13 I»on 18 

Cladding outside diameter, i n . 0.5638 0.5633 0.5633 0.5633 0.5632 0.^633 0.5632 
Cladding ins ide diameter, i n . 0.4987 0.4999 0.4996 0.4993 0.4994 0.5001 0.4992 
Cladding wall th ickness , i n . 

Minimum 
Maximum 

0.0326 0.0305 
0.0328 

0.0291 
0.0345 

0.0311 
0.0328 

n.0292 
0.0345 

0.0307 
0.0324 

0.0296 
0.0344 

Pe l l e t diameter, i n . 
Minimum 
Maximum 

0.487 
0.493 

0.493 
0.49S 

0.493 
0.495 

0.493 
0.496 

0.492 
0.4945 

0.493 
0.495 

0.492 
0.494 

UO2 weight (1.51$ enr iched) , g 736 743 739 743 736 740 740 
Normal UO2 weight, g 30 29 29 29 30 25 28 
Belnum length , i n . 2-1/2 2-5/16 2-9/16 2-3/8 2-5/16 2-3/8 2-7/16 
rie-ium volume, cm3 7.2 6.7 7.4 6.8 6.7 6.8 7.0 
Cladding gap and p e l l e t gap 

vo ids , cm3 
3.9 4 .7 4 .5 5.2 5.2 5.3 5.0 

Pressure c e l l and tubing 
vo ids , cm3 

0 2.2 0 2.2 0 0 0 

Total gas space, cm3 11.1 13.6 11.9 14.2 11.9 12.1 L2.0 
Pressure , ps ia He a t 77°F 65 75 75 75 75 75 75 
Helium in rod, cm3 (STP) 45 64 56 66 56 57 56 
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outside onto a l /16-in.-diam gold wire located in the tube. The pinch 
se*»l was checked for leakage, and the tube was then cut 2nd seal welded. 
A f i n a l leak check was made with a mass spectrometer helium leak detec­
t o r . After assembly, the Zircaloy-4-clad rods were autoclaved for two 
days in 1500-psi steam a t 750°F. The helium f i l l pressure range of 65 
t o 75 psia ( 7 7 T ) was based on est imates of f iss ion-gas pressure in a 
BHB calculated by the D' (empirical) method. 9 The ca lcu la t ion showed 
tha t t h i s pressure range i s t yp ica l for a mature core of a BHR but tha t 
almost a l l the v o l a t i l e f i s s ion products released from UO2 i n t o the rod 
void spaces would or iginate in rods with pressure above t h i s range. 

Rods 11 and 12 were connected t o strain-gage pressure transducers 
for continuous monitoring of i n t e rna l pressure . Platinum vs Pt-10£ Rh 
thermocouples made of 30-gage wire (0.010 i n . diam) were spct-welded 
d i r e c t l y t o the cladding of rods 11 , 12, and 13 t o monitor cladding tem­
pera ture . The thermocouple wires were insulated with AI2O3 and support­
ed on the rods with single loops of O.OlO-in.-diam Pt-103t Rh wire . 

The outer s ix rods were suspended from the top support by U-shaped 
c l i p s tha t allowed bowing but prevented ro t a t i on . The i r r ad ia t ed center 
rod was inser ted remotely from the bottom of the primary vesse l in the 
TAN (Test Area North) hot c e l l a t NRTS (National Reactor Testing Sta­
t ion ) as the l a s t operation before moving the completed assembly t o 
TREAT. The cap of the center rod contained spl ines and a detent groove 
for engagement with spring-loaded b a l l s on the upper support spider so 
t h a t i t hung f ree ly but could not r o t a t e . The center rod had 5/16 i n . 
ava i lab le for l i n e a r expansion and the outer rods had 15/16 i n . 

Center Rod I r r ad i a t i on 
The center rod was i r r ad ia t ed as experiment 0RNL-58-3 for a short 

cycle (No. 295) in the MTR in June 1969 and for a long cycle (No. 104) 
in the ETR i n October and November 1969. Based on a postexperiment burn-
up ana lys i s , the peak l inear power was 13.9 ktf/ft, considerably lower than 
the desired 18 kW/ft. Peak burnup was 2800 Mfd/MT. Magnesium a l loy 
spacers in the i r r ad i a t i on assembly provided insula t ion between '.he 
Zircaloy-4 cladding and the r e l a t i ve ly cool reactor cooling water, so 
the cladding temperature was close t o t ha t found in power r eac to r s . 
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After the irradiation in the ETR, the rod was neutron radiographed and 
garsra scanned with a lithium-drifted germanium detector and a 0.005-in. 
slit-^ridth collimator. The neutron radiograph showed that there were no 
central voids in the UO2 p e l l e t s . An axial void would be expected from 
grain growth and sintering at tX>2 center-line temperatures above 3400°F. 
She gamma scan showed uniform fission-product concentrations at pe l l e t 
centers and at pe l l e t interfaces, a further indication that the UO2 tem­
perature during irradiation was lower than the design temperature. Aftei 
the gamma scan and the neutron radiograph had been made the rod was re­
moved from i t s irradiation capsule and instal led in the center of the 
TREAT experiment bundle in the TAN hot c e l l s . 

EXPERIMENTAL HiOCEDURE 
The fuel rod failure experiment was performed in TREAT on March 11, 

1970. A calibration transient was performed a t low reactor energy out­
put to confirm the calculated r ise in cladding temperature for a given 
reactor energy release. The los6-of-coolant transient then proceeded 
according to the following schedule: 

Time Operation 
Sceam system e lec tr i ca l ly preheated; helium 

flow 1.8 l i ters/min (STP) 
Steam flow started, 10 l iters/min 
TREAT transient started 
Reactor power reached 30 MW, power held between 

20 and 40 W 
Cladding temperature 2190°F; f i r s t rod ruptured 
Cladding temperature 2220°?; rod 11 ruptured 
Third rod ruptured 
Cladding temperature 2300°F; rod 12 ruptured 
Fifth rod ruptured 
Sixth rod ruptured 
Reactor scrammed 
Cladding temperature 2400°F; seventh rod 

ruptured 
90 sec Flow changed to fission-product gas col lect ion 

unit No. 2 

-2 hi • 

-8 min 
0 mil] t 

6 sec 

30.3 sec 
30.8 sec 
31.0 sec 
32.9 sec 
33.8 sec 
34.7 sec 
35.0 sec 
37.5 sec 
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Time Operation 
15 min Heat to steam generator turned off 
17.5 min Flow changed back to gas col lect ion unit No. 1 
20 min Steam generator bypassed 
31 min Flow stopped. 

EXreRIMENTAL RESULTS 

Pressure, Temperature, and Flow Rates 
A variety of teiffpereture, pressure, flow rate, and power data was 

obtained during the loss-of-coolant «.est i n TRF :T Measured power, 
cladding temperature, and rod internal pressures are shown in Fig. 3 . 
The cladding temperature rate of r i se averaged 80°F/sec. Temperatures 
measured in the primary vesse l , f i l t e r pack, e t c . are given in liable 2 . 
Higher temperatures were reached in t h i s experiment because of the 724-
MWsec transient compared with 556 Mfsec in experiment FRF-1 and a lso be­
cause of a gold-plated, heat-reflective sleeve around the bundle reduced 
heat l o s s . Temperature gradients can be estimated from data in liable 2. 

Rods 11 and 12 were connected to pressure transducers for continuous 
pressure measurement. The peaking of the pressure curves at 23 sec (1620°F) 
corresponded to the beginning of significant volume increase. The Zirc-
aloy phase change showed as a thermal arrest at th i s temperature. 

System pressure and flow rate are shown in Fig. 4 . Steam flow was 
determined by measuring the temperature increase in cooling water re­
quired to condense the steam. An uncompensated time-response delay of 
about 5 sec was caused by the volume of the f i l t e r pack and tubing lead­
ing to the steam condenser. The increase i n steam flow at 26 sec was 
probably a result of temperature increase around the rod bundle. Ihe 
decrease in flow after 26 sec was probably a result of steam being con­
sumed by the steam-zirconium reaction. 

Metal-Water Reaction 
A wet-test meter at the outlet of the flow system measured combined 

helium and hydrogen flow. The volume of noncondensable gas (Fig. 4 was ob­
tained by subtracting the constant helium i n l e t flow. Pressure and temper­
ature changes in the system caused the helium carrier gas to fluctuate an 
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Table 2. Temperature Measurements in Experiment FRP-2 

Location (12-4) 
(Rod-T.C. No ) 
Distance Below 10.7 
Top Shoulder (in.) 

.a (13-4) (12-2) (12-1) (13-2) (13-1) Primary F i l t e r 
Vessel, Pack 

13.9 14.8 14.8 18.9 18.9 Center 

Time (sec) Tempera ture (°F) 
0 333 333 327 326 333 333 
5 335 333 329 327 335 334 
10 684 (c) 702 713 676 672 
15 1031 1054 1068 1029 1018 
20 1375 1361 1411 1415 1379 1368 
25 1733 1712 1805 1738 1749 
30 2177 2131 2221 
35 2368 2377 2325 
45 2384 2436 2358 
60 2302 2399 2349 
180 1868 
20 min 
30 min 

324 266 

342 277 

374 298 

392 309 
417 307 
741 298 
885 291 
806 243 

g 
Because of suspected ampli f ier zero s h i f t , the output of t h i s thermocouple was in ­

creased by 0.160 mv (36°F a t lowest temperature and 25°F a t highest temperature) . 
These thermocouples were located on cladding facing the outside of the bundle. 

All other couples were located toward the ins ide of the bundle. 
Blank spaces for rod temperatures ind ica te open thermocouples. 



ORNL-OWG 70-6490R 
14 

H„ 
is 
t— ~ 
UJ w 

3 uf 

5S 
Q UJ 

33 
6 8 

is 
il 
s8 
.58 2 

40 SO 100 '00 
TIME FROM START OF TRANSIENT (itc) 

H U> 

Fig. 4 . System Flow During TREAT Experiment FRF-2. 

-i 



u 

unknown amount a t the wet - tes t meter locat ion , but the f luc tuat ions 
averaged out over a several-minute period when pressure returned t o nor­
mal. Approximately 130 sec i s required for gas t o flow from the primary 
vessel t o the wet - tes t raeter, but an increased ind ica t ion of flow should 
begin much sooner, depending on flow r e s t r i c t i o n in the system. Allow­
ing for 400 cm3 of helium released from the rods and for temperature 
changes i n the system, the hydrogen formed by steam-zirconium react ion 
was calculated t o be 5.5 ± 1 l i t e r s (STP). This i s equivalent t o about 
1.1$ metal-water react ion based on the amount of cladding on the seven 
rods. Calculations for metal-water react ion during loss-of-coolant 
accidents i n power reac tors have indicated l e s s than 1$ r e a c t i o n . 1 0 

Examination of the Fuel Rod Bundle 
The experimental assembly was returned t o QRNL for disassembly and 

examination. The f i l t e r pack was removed for radiochemical ana lys i s , 
and the fuel rod bundle was removed and photographed. Figure 5 i s a 
photograph of the bundle a f t e r removal from the primary ves se l . A heavy 
white oxide layer was apparent mainly a t the bottom of the bundle and on 
the outer surfaces of the rods . The o r ig ina l shiny black oxide remained 
a t the top around the rod plenums. The bowed center rod i s v i s i b l e be­
tween rods 18 ( l e f t ) and 13 ( r i g h t ) . Figure 6, a view of the other side 
of the bundle, shows the swollen port ions of rods 12 ( l e f t ) *nd 16 ( r i g h t ) . 

Figure 7 , a drawing of the fuel bundle arrangement, shows the d i r ec ­
t ion of rup ture . The approximate amount of swelling a t 16-3/4 i n . below 
the fuel rod top shoulders, near the bottom of the rupture zone, i s i n d i ­
cated by dashed c i r c l e s . Swelling was not exact ly c i r c u l a r , however, 
and the rods ac tua l ly bowed outward t o accommodate the "overlapping." 
The swollen rods a t the 16-3/4-iu. leve l occupy a 4 . 0 - i n . 2 , c ross-
sect ional area cctnpared with the 3.81 i n . 2 avai lable for seven rods and 
t h e i r associated flow channels in a modern BWR. Hie BWR rods occupy 46$ 
of t h i s avai lable area , in contras t with 51$ for the rods in the equi­
l a t e r a l t r i angu la r l a t t i c e of TREAT and 37$ inside the hea t - r e f l ec t ive 
s l e t r e . The r e l a t i v e l y large hea t - re f lec t ive sleeve was used t o help 
minimize r a d i a l temperature differences. 



PHOTO 99057 

Fig. 5. Bundle of Zircaloy-Clad Fuel Rods from Experiment FRF-2 
Showing White Oxide Toward Bottom (Steam Inlet) and Original Black Oxide 
Around Plenums at Top. 
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Fig. 6. Closeup View of Swollen Areas on Rods 12(Left) and 16 
(Right) in Piece in Bundle from Experiment FRF-2. 
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ROD NUMBER 

HEAT-REFLECTIVE SHIELD 

ORIGINAL CLADDING SIZE 

LAGDING AFTER TEST 

DIRECTION OF RUPTURE 

• THIN SIDE WALL 

Fig. 7. Arrangenent of Fuel Rods end Location of Ruptures in 
TREAT Fuel Rod Failure Experiment FRF-2. 
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Several of the rods showed stretch-marks where the differences in 
oxidation brought out v e r t i c a l (ax ia l ) l i n e s . Figure 8 i l l u s t r a t e s t h i s 
on Tj& 18 (center) and rod 13 ( r igh t ) photographed from outside of the 
i n t ac t bundle. A temporary bottom spacer was used t o keep the rods in 
t he i r o r ig ina l spa t i a l re la t ionsh ip during bundle photography. Figure 9 
shows the bundle a f t e r two rods were removed. Surfaces in the i n t e r i o r 
of the bundle were generally coated with black oxide. The Pt-10^ Rh 
wires used for supporting the thermocouples were strong enough t o r e ­
s t r i c t swelling, as on rod 13 shown on the extreme r ig! t of Fig. 9. 
Closeup views of the center rod rupture and the wire cons t r ic t ion on 
rod 12 are given in F ig . 10. A e u t e c t i c formed between the wire and the 
Zircaloy. Eutectic formation between Inconel support c l i p s and Zircaloy 
has been studied by several groups, who have concluded tha t there would 
be no detr imental ef fect e i t h e r under normal or accident condi t ions. 

Fuel Rod Fai lure Charac te r i s t i cs 
Figure 11 i s a montage showing the rupture opening of the center 

rod and the other six rods located a t t h e i r correct r e l a t i v e heights and 
perspective t o the center rod. From l e f t t o r i g h t , the outer rods are 
in t h e i r correct or ienta t ion , clockwise when viewed from the top. The 
background paper contains l / 8 - i n . squares, and i t may be seen tha t a l l 
the ruptures occurred within a 2 - l / 4 - i n . length. Views of the rods a t 
90° t o the rupture are shown i n Fig . 12. 

Photographs of the center rod and d i r e c t measurements on the outer 
rods were used t o measure swelling and increases in rod length. Table 3 
shows t ha t mean swelling a t the l a rges t bulge of the outer rods was 
about 60%. Increases i n length averaged about 0.27 i n . for the outer 
rods, or s l i g h t l y more than 1$ of the heated length. The center red had 
only 0.31 i n . avai lable for l i nea r expansion, neglect ing expansion of 
the primary vesse l , and i t apparently contacted the bottom support. 
TniB caused sagging and the r e su l t an t corkscrew shape. The outer rods 
had more space for l i nea r expansion and therefore did not receive sup­
por t a t the bottom. Ifoey remained r e l a t i v e l y s t r a i g h t , except l o r being 
bowed outward enough t o accommodate the swelling in the rupture region. 
The peak measured in te rna l pressure in each rod resul ted i n an ax ia l 
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THOTO 99016 
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Fig. 10. Closeup View of Rupture in Center Rod and Pt>lC# Rh 
Wire that Reacted with Zircaloy Claiding on Rod 12. 
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Pig. 11. Closeup Views of Ruptured Areas of Rods Used in 
Experiment FRP-2. 
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CENTE* HOC ROD 18 

Pig. 12. Views of Ruptured Areas at 90° from Ruptures, TREAT 
Experiment FRF-2. 



Table 3 . Fuel Rod Dimensional Changes, Experiment FRF-2 

Rod Dlam Increi<*e, Dlam Increase, Increase in Volume Increase 
Identification Rupture-to-Back Viewed by Center Rod Rod Length From Swelling 

<*> » ) On. ) (cm3) 

Center (58-3) 51 57 0.09 42 
11 50 48 0.32 29 
12 62 74 0.34 33 
13 52 55 0.28 33 
16 77 75 0.37 40 
17 57 53 0.32 29 
18 63 63 0.28 35 
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force of 25 lb , much greater than i t s weight - approximately 2 lb Since 
reactor fuel rods are supported at the bottom and with spacers every l£ 
in. or so, i t i s believed that the form assumed by the center rod i s 
typical of that to be expected in a reactor bundle. 

Metallographic Examination and Embrittlement Determination 
Tubing cross-sections taken near the posit ions of maximum expansion 

for each of the six outer rods from TREAT experiment FRF-2 were mounted 
and polished for metallographic examination and microhardness measure­
ments. Some oxide buildup was found on the outer surface of each tube. 
These buildups varied around the circumference of each section, apparent­
ly due to rechanneling of steam in the blocked section of the bundle. 
Oxide was a l so found on the inner surface of the tubes, but not to the 
extent observed on the outer surfaces. Oxygen penetration produced 
oxygen-stabilized a layers under the oxide. 

Hardness measurements were taken at selected points on the cross sec­
tion as shown in Fig. 13. The results of thece are shown in Table 4 . 
Tubes U and 18 had large sections of the wall broken away, but measure­
ments were taken with the pattern shown in Fig. 13 and terminated at the 
break. The sharp edges of the rupture openings were missing from a l l tubes 
since the tabes were broken at the center beiore being potted. The n i l -
duct i l i ty temperatures shown in Table 4 were determined by Hobson from 
hardness measurements taken at mid-wall posit ions. Hobson used his pre­
viously determined correlation between hardness and n i l -duct i l i ty tempera­
ture. a * * 1 2 The temperatures are approximate be<*ause the n i l -duct i l i ty 
curve was based on a full-wall-thickness tube; the tubes examined here 
were thinned by circumferential expansion. In general, any mid-wall 
hardness greater than ~325 DFH would indicate a n i l - d u c t i l i t y tempera­
ture greater than room temperature for that particular section. There­
fore, a l l s ix TREAT tubes contained portions of wall that possessed no 
duct i l i ty at room temperature. Tubes 16, 17, and 18 which contained 
locations of highest hardness a l so had the largest rupture openings. 

The post- test bri t t leness of the cladding was accidentally demon­
strated when rod 11 slipped from the manipulators and dropped approxi­
mately 12 in . onto a blotvjr-paper-covered plywood platform. The 
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Fig. 13. Flan of Hardness Measurements Viewed from Top of Rod. 



Table 4 . Microhardness of Tubes from Experiment FRF-2. 

Tube 11 Tube 12 Tube 13 Tube 16 Tube 17 Vibe 16 
Impression 
Hxatber Hardness 

(DPH) 

Nil 
Ductility 
TeB©.(°P) 

Hardness 
(DPH) 

Nil 
Ductility 
Tem>.(°F) 

Hardness 
(DPH) 

Nil 
Ductility 
Temp.(°F) 

Hard re «« 
(DPH) 

Nil 
Ductility 
Temp.(°P) 

Hardness 
(DPH) 

Nil 
Ductility 
Temp.(°P) 

Hardness 
(DPH) 

Nil 
Ductility 
Temp.(°F) 

1 351 280 304 < RT 366 350 436 1080 479 1680 391 560 
2 340 190 259 < RT 370 370 439 1090 420 840 433 1020 
3 362 330 291 < RT 333 140 488 b 1840 386 500 470 1500 
4 361 b < RT 276 b < RT 286 b < RT 255 < RT 289 b < RT 32 l b < RT 
5 286 (a) 328 295 331 329 328 
6 292 < RT 317 < RT 260 < RT 316 < RT 342 200 300 < RT 
7 365 285 266 297 308 308 
8 275 < RT 290 < RT 268 < RT 319 < RT 308 < RT 253 < RT 
9 257 313 279 317 319 
10 352 295 284 296 291 
11 275 < RT 265 < RT 309 < RT 276 < RT 
12 267 285 249 301 279 
13 
14 

281 302 
300 < RT 

262 
276 < RT 

307 
294 < RT 

310 
272 

Footnote (c) 
Section Missing 

15 320 352 324 336 
16 262 b < RT 241 < RT 302 < RT 296 < RT 
17 Sect. Misiiing*c) 314 271 339 317 
18 . . - 326 95 274 < RT 334 140 287 < RT 
19 321 60 375 400 341 200 369 360 
20 342 200 369 360 330 120 412 740 
21 338 170 373 395 338 170 366 350 

*Blank position indicates corresponding hardness reading taken at a position ether than midwall. 
Local Maxima in oxide thickness. 

cApprcxlaate amounts missing from metallographic aectlons were: Rod 11, 1.0 in.) Rod 12, 0.6.in.} Rod 13, nort; Rod 16, 0.4 in.; 
Rod 18, 1.6 in. 
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resu l t ing fracture i s shown in Fig. 14. Later, rod 17 and the center 
rod were a l so broken acc iden ta l ly . 

Swelling Measurements 
Diameters of outer rods were measured a t increments along the length 

using micrometers in l ine with the ruptures ana a t 90°. The average d i ­
ameter increases are shown in Fig. 15 for several rods . Swelling helped 
to provide an open path connecting the plenums with the rupture zone. 

Ttoe temperatures shown in Fig. 15 were calculated from an assumed 
i n i t i a l preheat temperature of 330°F, the increase in temperature r e ­
corded by two thermocouples, and the ax ia l d i s t r i b u t i o n of f i s s ion heat 
based on the measured flux p ro f i l e . The f lux p rof i l e was determined by 
gamma scans of the outer rods and i s shown i n F ig . 16. The sol id l i ne 
i s an unperturbed curve expected i f a TREAT fuel element occupied the 
experiment locat ion . Significant flux depression occurred in the lower 
th i rd of the experiment from a molybdenum l ine r placed there t o contain 
melted Zircaloy cladding tha t might r e su l t from an accidental full-power 
ffiEAT t r ans i en t . 

Coolant Channel Blockage 
Individual coolant channel s ize could not be measured d i r e c t l y and 

fc.vild not be meaningful because of the large expansion space mentioned 
pieviously. We calculated the average circumferential s t r a in for the 
seven rods ac d i f ferent e levat ions along the bundle ax is and then de t e r ­
mined V" blockage created by t h i s amount of s t r a in confined within the 
sq,.jare spacing of a BWR. The resu l t ing maximum coolant channel blockage 
was 91$ and was near the bottom of the rupture zone. Similar r e s u l t s 
from experiment FRF-1 are a l s o shown in Fig. 17. 

Rate of Expansion of Cladding 
Detailed pressure and temperature measurements are shown in Fig. 18. 

In order t o calculate tne fuel rod volume increase , we used the idea l 
gas law to calculate the void volume in the fuel zone, V3, as a function 
of time: 



PHOTO 99027 

ro 

Fig. 14. Rupture Region of Rod 11 After Fracture During Post-
lrradlatlon Examination. 
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The product afi i s constant until rupture, P i s the rod pressure, V- i s 
the pressure ce l l volume, V 2 i s the volume of the fuel rod plenum, and 
V3 i s the void volume in the fuel zone cf the rod. The pressure ce l l 
temperature, Ti, was observed to rise linearly from 255 to 270°F, where­
as T2, the temperature of the plenum, was estimated to increase by 60°F 
during the f irs t 33 sec. The temperature of the fuel rod void volume, 
T 3 , was assumed to follow the temperature recorded from thermo­
couple number 12-4 shewn in Fig. 18. Further refinement such as pro­
viding for the fuel rod axial temperature gradient was not warranted be­
cause cf limited quantity and accuracy of available data. The preheat 
temperature of each rod and plenuu combination was calculated to agree 
with known Init ia l volumes and measured in i t ia l preheat pressures. The 
results are shown in Fig. 18. Approximately 80% of the volume increase 
occurred during the 4 or 5 sec before rupture. Actual volume increases 
calculated from micrcaeter measurements far rods 11 and 12 were 29.1 
and 33.4 cm3, compered with calculated volumes of 29.6 and 32.6 cm3, 
respectively. 

The pressure necessary to reach the ultimate strength of the 
Zircaloy-4 cladding 1 3 i s also shown in Fig. 18. The stress in the clad­
ding was calculated by the simple hoop stress formula (s * pr/t) and i s 
in general agreement with the ultimate stress. 

Fission-Product Release 
The release of fission products when fuel rods rupture during a 

IOCA i s dependent mainly on the previous time and temperature of fuel 
irradiation. High temperature and long Irradiation time increase the 
diffusion of fission products from the UO2 pellets into the clad gap 
and plenum where they are available for rapid release i f the cladding 
ruptures during a JOCA. Long half- l i fe fission products will accumulate 
in the clad gap and plenum, but the amounts of short half-l ife fission 
products in the clad gap and plenum are dependent mainly on the fuel 
temperature during the latest reactor operating time corresponding to 
one or two fission-product Isotope half-l ives. 

Details of the center rod irradiation In the MTR and ETK were pre­
sented in the section entitled "Center Rod Irradiation." During the 
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LOCA simulation in TREAT, volatile and gaseous fission products were re­
leased rapidly free the clad gap and plenum cf the ruptured center rod, 
and only small additional amounts were released from the Lt>2. The anount 
released as the UO2 i s heated above previous operating temperature has 
been called the "heating burst." Both heating bursts and cooling bursts 
were obaerved when UO2 pellets were heated and cooled during postirra-
diatioii annealing experiments for measurement of fission-product re­
lease. 1 * Another mechanism of release during a DOCA i s diffusion from 
the UO2 pellets while the fuel remains n e t , 1 5 

Fission-product release in TREAT experiment FRF-2 i s svtmmrized in 
Table 5 and complete details are given in Table 6. The fractional re­
leases of long half-l ife gaseous and volatile fission prodixts, 8 5Kr, 
1 2 9 I , and l 3 7 C s were similar and the release cf 1 3 1 I was slightly lower. 

The average release of fission products with low volat i l i ty ( 1 C 3 Ru, 
* 9Sr, l x l 0 e , and 9 5 Zr) to the fiss'on-product-collection system was 
1.3 x 10"6 percent. The relative amount cf uranium found in the fiasion-
product-collection system was an order of magnitude higher. 

DISCUSSION 

Expansion Characteristics 
MaximuB circumferential expansion for rods in the two TREAT experi­

ments i s shown as a function of rupture temperature in Fig. 19. The 
reference line shown i s depictive of results obtained by Hobson 1 6 ' 1 7 

with transient tube-burst tests under uniform heating conditions in in­
ert atmosphere. An expansion minimus, waa found near 1700°F when Zirca-
loy i s in the a + P two-phase region. A similar minimum waa found by 
Busby and Mirah11 with isothermal tube-burst tests . The comparison i s 
good considering the differences in atmosphere, heat source, rod and 
planum length, radial temperature gradient {experiment FRF-l) and irra­
diation of two rods. 

The tvo center rods were irradiated in the reflector regions of the 
MIR and ETR so that the fast neutron fluencea (>1.0 MeV) were only 1.3 
and 4.6 x 1 0 1 9 nvt. According to current correlations, fast neutron 
effects on the physical properties of Zircaloy saturate around 2 or 



Table 5. Fission Products Released in TREAT Fuel Bod Failure Kxperiment FRF-2 

Location Material Found in Each Location ($ of Total in Center Irrad. Rod)* 
M l , » 7 C , » » . „ F l « l o n B „ „ K r 

with low 
Volat i l l ty b 

Primary Vessel 0 0.066 0.193 
Filter Pack: Deposited 

by diffusion 
0.042 0.009 

Fi lter Pack: Deposited 
with particles 

0.005 0.066 < 12 x 10" 6 1.3 x 10"* 16 x 10- 6 

Condensate <1.2 x 10" 6 

Heated Charcoal 0.0026 

Total Release 0.115 0.288 0.48 

aFRF-2 Irradiated 62.7 full-pover days to 2800 Mtfd/MT peak burnup at 13.9 kW/foot peak 
linear pov\ar, peak/average flux 1.15, total f issions 4.3 x 1 0 2 1 . 

^Mlan of "$r, 9 5 Zr , 1 0 3 R u , and X 4 1 C e . 
cPriBftvy vessel leached with 0.5 N NH4OH. Only soluble materials reported. 



fnbla 6. Plaaion Product* ftalaaaad in flUMff fuel Bod Pailura Bxparlmnt m - 2 

Location I M j * 131] 
mtar la l Fowl in tech Loeatlon <* of Total In Oantar lrradlatad Hod) 

- " C i " * T a -«>*u •»8» 1*1 Ot "Sir •>Ki 

0.066 
0.0192 

Prlmry Vaaaalc O.Ml 
Houaing and 0.0*1 
Flow Mffuaar 

Dlffu. Cell - 1 
Ufftt. Coll - 2 
Dlffu. Coll - 3 
Dlffu. Coll - 4 

(Total of 
Cells) 

Plltor Mo. 1 0.0039 
Plltar Ho. 2 -0.0002 
Plltar No. 3 -0.0002 
Bickup OLffU.Coll 0.0016 

(Tot»l Filtar Pack) (0.047) 
Oondanaata, <0.00006 
Unlt-1 

Coadanaata, <0.00006 
Unlt-2 

aaatad Charcoal, 0.00023 
Unlt-1 

Baatad Charcoal, 0.0026 
Onlt-2 

Cold Charcoal 

0.193 
0.0088 -*.4xl0"* 0.24x10"* 0.26x10-* O.UxiO"* 0.28 x lCT* 9.2x10"* 

0.0110 0.0039 
0.0063 0.0027 
0.00*9 0.002* 
0.0040 0.0017 
(0.0298) (0.0103) <6xl0"* <0.08xl0"* -O.99xl0"* 

0.0760 <4xl0** 0.76x10"* 1.34x10"* 
0.00004 
0.00004 
3 x 10-* 
(0.099) <12xl0'* <1.0xlCT* -2*10-* 

0.023x10"* <0.001x10"* 0.36x10"* 

1.1x10"* 0.93x10** 6.0x10"* 

1.2x10-* 1.2x10-* 13.5x10"* 

0.48 
TOTAL RHJA8K 
PROM ROD 

Znalda Surfaoa 
of Oantar Rod 

0.27* 

0.099 
0.119 0.288 

0.034 

0.48 

*Wiy tha aaaplaa vara analyaad for * * f I . 
*Iba uraniuB raiaaaa MM baaad on total of 9288 g 00» In 7 roda (4660 f U). 
C(Tha prlaary vaaaai ana laaohad vlth 0.9 I M84OH and only tha aolubla aatarlala ara raportad. 
S h a total raiaaaa of -**X tma baaad on tha ratio of - * 9 X / m I In othar individual aaaplaa. Total - " i Inventory 

In tha oantar rod una 3.28 a*. 
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3 x 1 0 2 1 nvt . (Ref. 19) Using avai lable corre la t ions we calculated tha t 
the center rod i r r ad i a t i ons resul ted in 12 percent of sa tura t ion "damage" 
for FRF-1 and 22 percent for FRF-2. Juenke and Whi te 2 0 used transmis­
sion e lec t ron microscopy to determine tha t radiation-induced damage was 
anneeled out by a rapid temperature t r ans ien t s imilar t o those of the 
TREAT experiments. 

Osborne 2 1 induction-heated fuel rods t o fa i lu re in steam atmosphere 
using unir radia ted rods and rods exposed to fas t neutron fluences up t o 
1.4 x 1 0 2 1 nvt (7,000 MWd/MT burnup) and found the average circumferen­
t i a l expansion for the i r r ad ia t ed rods t o be only 70 percent of tha t for 
the unir radia ted rods . General E lec t r i c Company22 and Westinghcuse 
Elec t r ic Corporat ion 2 3 performed tube hurst t e s t s with pieces of i r r a ­
diated tubing and a l so observed some reduction of expansion with i r r a ­
d ia t ion . 

HobBon 1 6 ' 1 7 explored the effect of wall thickness va r i a t ions on 
maximum expansion. Smaller expansion with wall thickness va r i a t ion was 
qua l i t a t ive ly demonstrated i n experiment FRF-2 with rods 16, 17, and 18 
where the difference between thick and th in sides of the eccent r ic tub­
ing averaged 0.0036 i n . a t individual cross sec t ions . Rod 17 with the 
th in side toward the center (Fig. 7) swelled the l e a s t , a s was expected. 

The measured expansions were equivalent to 3WR bundle coolant chan­
nel blockages of 48$ and 91$ a t the worst location in the two respect ive 
experiments. Greater expansion and blockage might be expected without 
the large r a d i a l temperature gradients of the TREAT t e s t s . Waddel l 2 ** 2 5 

reported r e s u l t s of the tube-burst t e s t s with 13-rod bundles of un i r r a ­
diated rods and Ri t t enhouse 2 6 reported tha t t e s t s with 32-rod bundles i n 
the same se r i e s confirmed greater channel blockage toward the i n t e r i o r . 

Expansion and rupture were not s ign i f icant ly affected by steam oxi ­
dat ion. That i s , the ruptures were a l l d u c t i l e . The cladding was r e l a ­
t i ve ly b r i t t l e when examined a f t e r the experiment, but a l l the rods sur­
vived the normal disassembly and examination prodecure. 

Strength Character is t ics 
The ef fec t ive s t r e s s a t f a i lu re temperature for Zircaloy tubing was 

correlated by Whi te 2 7 based on a secondary creep equation. HiG co r re l a t ion 
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for inert atmosphere i s shown in Fig. 20 along vith effect ive stress 
calculated for curve rod in each TrtEAT experiment at approximately two-
second intervals oefore rupture- The TREAT cladding effect ive stress 
was calculated by the equation: 

°c = 2 t 

where 
S Q = effect ive stress in plast ic flow, 
p = pressure difference across che tube wall , 
r = i n i t i a l internal radius, and 
t = i n i t i a l wall thickness. 

The factor accounts for the biaxial stress condition during p last ic 
flow. Agreement i s rather good. The ultimate strength curve i s in­
cluded for comparison. 

White's creep model includes ef fects of heat-up rate and amount of 
expansion (s train) . We calculated effective stress at time of rupture 
for other portions of the same rods in order to check the val id i ty of 
White's model for conditions of smaller strain. Our data indicate that 
moderate expansion may occur a t s l ight ly lower teTcperature than predict­
ed by White. The changing pressure in our rods tends to make compari­
sons inaccurate. 

Some deviation toward Mgher strength (stress) would be expected in 
the presence of steam »t temperatures above 2000°F because of oxidation-
induuod strengthening. Negligible steam effect would occur with high 
heating rates, low temperature, or with limited steam supply. Cur data 
do not show much oxidation-strengthening e f fec t , probably because of the 
fast heating rate arjd limited steam supply. W h i t e 2 8 ' 2 9 used higher steam 
flow relative to cladding surface area and found the deviation Labeled 
"oBXimuBi steam effect" in Fig, 20. His isothermal tube burst t e s t s in 
steam snowed s ignif icantly reduced rates of expansion (s train) . 

Fission -Product Release 
The release of i 2 9 T e , U, end the f i ss ion products with lew v o l a t i l ­

ity ( 8 9 S r , 9 5 Z r , 1 0 ? R u , aud 1<xCe) was strongly affected by ccrxiiiiorts in 
the tscontj experiment, "be difference from experiment FPF-1 mry be seen 
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in Table 7. The small rupture openi.ig in the center rod restricted 
access of steam so that the interior of the rod remained strongly chemi­
cally reducing by action of hot zirconium. At the higher temperature of 
the second experiment, the external surface of the Zircaloy cladding was 
sufficient to react nearly quantitatively with the steam to form a 
hydrogen-rich atmosphere. In the DOCA temperature range, the release of 
fission products with low volat i l i ty i s much greater in an oxidizing 
atmosphere.30 Hie effect of a reducing atmosphere and the presence of 
Zlrcaloy cladding on tellurina behavior was demonstrated previously when 
Zircaloy-clad; stainless ste^l clad, and bare UO2 fuel pins were melted 
in a heliun atmosphere.-'1 We expect that conditions in a reactor LOCA 
would result in a steam supply greater than that in these experiments 
so that the release of tellurium, uranium, and fission products with low 
volati l i ty would be considerably greater than that observed in experi­
ment FRF-2. 

The release of volatile and gaseous fission products was also lower 
than expected. IhlB was the result of low release from the UO2 pellets 
into the fuel rod void spaces during the irradiation of the center rod 
in the STR. The irradiation conditions vere intended to be similar to 
those of a medium-to-high power density rod of a modern power reactor 
unere fission-gas release would be between 1$ and 10$ for a short irra­
diation. The D' (empirical) method was used to estimate fission-gas re­
lease from \X>z into the fuel rod plenum and void spaces during the MIR 
and ETR irradiations. 1'' This calculatlonal method i s baaed on fission-
gas release from a series of capsule (short rod) irradiations performed 
by ABCL (Atomic Energy of Canada Limited) ard correlates fission-gas re­
lease with linear power and irradiation time, but does not include cor­
relations for IX)2 temperature variances caused by cladding temperatures 
or clad gap conductivities different free those of the reference capsules. 

The center rod peak linear power was 13.9 kw/ft, baaed on a radio­
chemical burnup analysis. The peak to average ratio was 1.15, based on 
an ETR flux profile so that the average rod linear power was 12.1 kw/ft. 
Based on previous calculations, the fission-gas release from a rod with 
axial power distribution will be the same as from a capsule operating 
uniformly at the average of the rod peak and rod average linear power 



Table 7. Comparison of Fission-Product Release in Ey.periments FRF-1 and FRF-2 

Material Found In Each Location (ft of Total in OnTer Rod) 
Low 

Vola t i l i ty 
F. P. 

Location * 5Kr 131j 1 3?Cs 129,^ 

FRF-1 0.054 0.046 
FRF-2 0.066 0.193 
FRF-1 0.120 0.010 0.015 
FPJ-2 0.047 0.095 <12 x 
FRF-1 0.013 0 0 
FRF-2 

0.09 

0.0023 0 0 

FRF-1 0.09 0.19 0.06 
FRF-2 0 -48 0.12 0.29 

u 

Primary vossel 

F i l t er Iteck 

Heated Charcoal 

Petal Release 

10 - 6 
~900 x 10" 6 

~ 1 . x 10" 6 

0 
0 

240 x 10" 6 

16 x 10" 6 

0 
0 
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ratings. Therefore the center rod of FRF-2 would be comparable to a 
capsule operating at 13.0 kw/ft. The reference capsules contained IX>2 
of lower density and higher thermal ccnductivity so that fission-gas re­
lease frcm the certer rod would be the sane as from a reference capsule 
operating at 0.98 (13.0) = 12.75 kw/ft = 419 w/c£ linear power. The D' 
(empirical) method was used to obtain the calculated fission-product re­
lease results shown in Table 8. We ose an empirical diffusion parameter 
for iodine four times that of xencn and krypton. The empirical diffu­
sion parameter D{ should not be confused with the conventional diffu­
sion coefficient D'. Actual fission-gas release was much lower than pre­
dicted, and we believe that low temperature during the ETR irradiation 
was the c&ust. As mentioned before the neutron radiograph shoved no 
central void and the gamne scan showed no migration of fission products 
within the rod. 

Table S. Comparison of Calculated and Measured 
Release from UO2 

Fiss ion Product Isotope 
8 5 Kr 129j i s i j 1 3 7 C 3 

Bnpirical Diffusion 
Itorameter Di (sec" 1 ) 

•/xlO" 1 1 28X10" 1 1 28X10" 1 1 7X10" 1 1 

Calculated Release 
frcm U02 ($) 

4.4 8.8 5.2 4 .4 

Measured Helea3e from 
U0 2 Pe l le ts ($) 

0.48 0.32 0.14 0.32 

Ratio, Calculated tf>2 
Release/Measured U02 

Release 

9 27 37 14 

There was no evidence of substantial retention of iodine by the 
cladding or U02 when iodine release was compered with fission-gas re -
lease . The inside surface of the center rod cladding was leached for 
24 hr a t 77°F with 1 N NH4OH + 1 » H 20 2 and the amounts of l 2 9 l and 
1 3 *Cs found in solution were reported in Table 6. Apparently the 
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re ten t ion of iodine and cesiuz* on the Zircaloy cladding was low. 
Feuerstein invest igated the system of I2 in Zircaloy end reported 9C#> 
re lease of iodine in 10 min a t 1472°F. (Bet. 32) 

Approximately 2-5% of the 1 3 1 I released from the center rod 
(0.0028$ of the center rod inventory) was col lected in the warm iodine-
impregnated charcoal t r a p s . I b i s iodine was almost ce r t a in ly t r anspo r t ­
ed as an unreactive organic iodide, CH3I. T3ie f i l t e r peck was designed 
t o co l l ec t chemically reac t ive forms of iodine &2> HI, and HOI) and 
pa r t i cu l a t e iodine* 15ie very small amount of 1 3 1 I found in the conden­
sate samples ver i f ied tha t none of the iodine that reached t h i s loca­
t ion was in a chemically react ive form. Hie so lub i l i t y of the iodine 
compound in the condensate may be i l l u s t r a t e d by the p a r t i t i o n coef f i ­
c ient ( r a t i o of concentration in the l iquid t o concentration in the gas) 
in co l lec t ion uni t No. 2 . Since 8.2 an 3 of water was condensed from 
1800 cm3 of helium (per minute) a t 32°F, P = ^ ' ^ ^ / ( ^ < 5 . 1 . 

For CH3I, we would expoct a p a r t i t i o n coeff ic ient of about 5.5, and for 
I2 a t low concentration, approximately 10,000. 

Most of the CH3I -**s col lected in the second uni t between reference 
t imes, 1.5 min and l r / . 5 min. We believe t h a t the iodine was re leased 
from the rod before the 1.5 min time (approximately 55 sec a f t e r rupture) 
while the rods were h o t t e s t and tha t most of tice CH3I was formed and 
transported t o the warm impregnated charcoal during the 1.5 t o 17.5 min 
time per iod. According t o Barnes ejt a l 3 3 the presence of steam and r a ­
d ia t ion and the lack of a i r or oxygen a l l contr ibute t o the formation of 
aiethyl iodide (CH3I). Durant e t a l . 3 4 invest igated the importance of 
surface react ions in the formation of methyl iodide . Barker, Creek, and 
Mar t i n 3 5 found tha t methyl iodide fomed a f t e r re lease of iodine i n t o 
the s t a i n l e s s - s t e e l - l i n e d Containment Research I n s t a l l a t i o n (CRl) v e s s e l . 
The amount of methyl iodide ranged fiom 0.03 t o 0.3# of the iodine inven­
tory for steam-air atmospheres cooling from 230°F. 

the re lease and t ranspor t behavior of short h a l f - l i f e gaseous and 
v o l a t i l e f i s s ioc products formed and released during the TREAT t r a n s i e n t 
are shown in 'flable 9. The behavior pa t t e rns of some mass chains are not 
c lea r because decay during the experiment resul ted in iosotpes with dif­
ferent physical and chc-*xcai prv<perties. In general the data are 



Table 9. Distribution of Osseous snd Volatile Fission Products Forned During TRKAT Transient 

Fission Product Characteristics 
Isotope Diffused from UOj 
Isotope Tranaported 
Isotope Analyzed 
Yield Asevawd for Calculation 
(T.Y. - Total Yield, 
I.Y. * Instantaneous Yield) 

•*br(3.0») a 

$9aKrU>Ah) 
«*fcr 
X.3 -
T.Y. , 9 l » 

8*Kr(2.8h) 
««Kr 
• * r 
3.47 « 
T'i . •*Kr 

» xKr(9.8s) X3>Xe<9,2h) x »I<6.7h> m I 
»xKr "*Xe 
• xflr(9.67h) X 3 5 Xe 

« * ! 
19 *Xe 

" ' I 

x*°xt-a6s) 
x*°Xe 
x*°Be(12.8d)' 

3.84 - 0.93 - 2.83 - 2.89 - 2.30 • 
I.Y. *xKr I.Y. 1 3*Xe I.Y X , 5 I I . Y . " 5 I T.Y. x*°Xe 

- Amount Bach Isotope Chain Found in Each Location 

Fi l ter Pack 
Rousing and Flow Diffuse* 
Diffusion Colls 
Fi lter No. 1 
Fi l ter Mo. 2 
Fi l ter Ro. 3 
Backup Diffusion Coll 

Condensate, Unit-1 
Condensate, Unit-2 
Heatad Charcoal, Unlt-1 
Heated Charcoal, Uhit-2 
Cold Charcoal, Unit-1 
Cold Charcoal, Unit-2 

TOTAL FOUND 

" B r 

N.D. 
N.D. 
0.029 
0.0090 
0.038 

'** • * i Kr x s>Xe 

0.0022 
Trace 
0.0046 0.0017 
R.D. 
0.00017 0.024 
R.D. 

0.026 

ing TREAT 1 

till 
rrens lent; 

139j "°Xe 

<0.05 
0.017 
0.0020 

0.0013 
M « «" 
N.D. 

0.0018 
N.D. N.D. 
Trace 0.0105 

0.0066 f 0.013* N.D. 
N.D. 0.0013 

0.0021 u±_ N.D. 

XT 

>0.046 

Half-life shown In parentheses. 
The releaae of X 4 0 Ba present In the IX>2 pel lets aa a result of the BTR irradiation was lnalgnlfleant. 

*7.5 x 10** f iss ions , 
detected. 

Iodine found in this location was probably transported aa CHjI. 
f l 3 5 X e found in this location was probably transported as CHj 1 , 5 I 
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conwis ^nt with the hypothesis that release of gases and halogens from 
the rod occurred quickly ard that iodine then reacted to form CH3I and 
was transported to tht warm impregnated charcoal traps. Tbe 1 3 5 Xe was 
released and transported both as l 3 5 X e and as i t s precursor, 1 3 5 I . We 
assuae that the 1 3 5 X e found in unit No. 1 was transported as 1 3 5 Xe and 
that the 1 3 5 X e found in unit Ho. 2 was transported as 1 3 5 I , so we uaed 
the respective instantaneous yields for the calculations, 

C0HCIU5IQRS 
The two TREAT fuel rod failure experiments were conducted under the 

most realist ic LOCA conditions of any experiment to date. Fission heat* 
ing in the IC2 pellets provided close duplication of the heat transfer 
conditions between pellets and cladding expected in a IOC A. 

In both experiments we found that the ruptures and swollen areas 
were close together, within a 2- l /4- in. axial length. Ibis indicates 
high sensitivity to temperature and lower sensitivity to random defects 
such as wall thickness or strength variations. The magnitude of maximum 
expansion and the rupture characteristics were in general agreement with 
tube burst tests performed in inert atmosphere in spite of experimental 
differences such as atmosphere, heat source, and radial temperature gra­
dients. Measured expansion of rods in experiment FBF-2 was equivalent 
to blocking 91$ of the bundle coolant channel area at the worst horizon­
tal plane. larger bundles confined to reactor-fuel-rod spacing must be 
rupture.1, under realistic accident conditicns in order to determine more 
accurately the meshing and channel blockage characteristics that might 
occur in a reactor LOCA. 

The fractional releases of volatile fission products 1 2 9 I , 1 3 1 I , 
and 1 3 7 C e were only slightly lower than that of the fission gas 8 5Kr, 
an indication that credit should not be assumed for gross retention of 
1 3 1 I on the surfaces of Zircaloy cladding undergoing loss-of-coolant 
accident conditions. Total fission-product release was low, apparently 
because of the Irradiation conditions in the MBR and El?. As with the 
f irst TREAT experiment, u larfje proportion of 1 5 i I released from tbe 
fuel rods was in a chemically unreactive fora (probably CH3I) indicating 
that the particular combination of temperature, atmosphere, containment 
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material and concentration night be conducive to the format ion of organ­
ic iodides. 
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