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SUMMARY 

Fuel asseably IFA-204 consisted of four pins filled with a blend of three 
sizes of 1X>2 spheres. This blend vas compacted in the zircaloy-4 cladding 
tube by vibration to achieve a 87-881 Т.О. saear density of the 1500 an 
long sphere-рас fuel column. The gas ataosphere in the pins was a 40 v/o 
heliua - 60 v/o argon aixture of 0.1 MPa. 
IFA-204 was irradiated during 597 days, equivalent to 436 full power days, 
in tha Halden BUR froe Noveaber 1971 to April 1974 when the achieved 
asseably average burnup amounted 13.7 (fid/kg IK>2. Assembly average powers 
were aaxiaal 50 kW.a""1 at a burnup of 1.6 Mtfd/kg U02, 27 kW.a*"1 averaged 
over the total irradiation time and 37 kW.xT' averaged over the equivalent 
full power days. The axial fora factor was ~ 1.30. Two of the four pins 
were equipped with feel coluan length and pin length extensoaicers. The 
measurements showed that at average pin powers less than ~ 25 kV.a 
only fuel-clad-theraal-interaction, FCTI occurred. Beyond this threshold 
power in addition fuel-clad-mechanical-interaction, FCMI, took place 
during power changes. The clad thermal expansion coefficient was 
4.8 ppa/kW.a . The FCMI clad elongation obeyed the expression 3.0 cos-1 
(25/Риитт) ppa where P M X was the maximum power at the end of a power 
increase. At subsequent operation at constant power rapid and practically 
complete relaxation of the FCMI induced elongations occurred so that only 
the FCTI component remained. The permanent clad elongation was 189(BU)"*^ 
ppa with BU in MWd/kg W>2. 
Neutron radiography, gamma scanning, puncturing and light + scanning 
electron aicroscopy on cross sections showed that: 
- a division of the sphere-рас fuel column in sections with a length of 
~ 10 mm occurred at powers > 34 kW.m"1; 

- sphere-рас fuel coluan restructuring occurred beyond 45 kW.a~ ; 
- the bulk density of the restructuring region is 89-90Z T.D.; 
- the percentage fission gas release was 24Z. 
For calculations of the irradiation behaviour of sphere-рас LWR pins, 
filled with 0.1 MPa heliua, with the Gapcon-Thermal-2 code a new thermal 
conductivity-temperature relationship has been developed. For the IFA-204 
pins the calculated p.i.e. data agreed reasonably well with the measured 
data when taking into account a restructured fuel density of 90Z Т.О., a 
fuel surface roughness of I ua, the absence of a fuel-cladding gap and 
an effective full power fuel restructuring time of 40 days. 
The main conclusion was that the porous structure of the sphere-рас fuel 
column, whether restructured or not, has the inherent disadvantage of a 
high mobility of gaseous fission products and the inherent advantage of 
a practically stress free operation of the cladding. 

Netherlands Energy Research Foundation, ECN. 
- 188 pages, 18 tables, 94 figures, 1982. 
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1. INTRODUCTION 

In 1969 a joint research programme was started by KEMA, GKN and ECN* 
to demonstrate the feasibility of the fabrication of high-density U0« 
spheres, according to the KEMA U(VI) sol-gel process, and to investigate 
the behaviour of a vibrationally compacted mixture of these spheres, clad 
in zircaloy tubing, during irradiation under LWR conditions. 
The irradiation programme of sphere-рас UO. fuel pins comprised irradia
tion of three-pin assemblies in a PWR loop in the HFR at Petten, of 
seven-pin assemblies in the Halden BUR and of full size, 36 pins, assem
blies in the Dodewaard BUR. 
In this report are presented the main pin fabrication data, the irradia
tion performance data and the results of the post-irradiation examina
tions of the sphere-рас UO. fuel pins in the IFA-204 assembly. Special 
attention has been directed at the cladding elongation measurements that 
were performed during the irradiation. On the basis of the p.i.e. results 
it has been attempted to develop a thermal conductivity-temperature re
lationship for sphere-рас UO, fuel columns in LWR pins filled with helium 
+ argon of 0.1 MPa. 

Keuring vbn Electrotechnische Materialen, Arnhem. 
Gemeenschappelijke Kernenergie-centrale Nederland, Arnhem. 
Energieonderzoek Centrum Nederland, Petten. 
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2. DESCRIPTION OF THE IFA-204 ASSEMBLY 

Originally the IFA-204 assembly consisted of seven fuel pins, H-40 up 
to H-46. The fuel pins H-43 and H-44 were equipped with tungsten-
rhenium thermocouples, mounted in a 2.8 mm diameter tantalum tube, 
positioned in the center of the upper part of the fuel column. Because 
similar, vipac, pins failed early in life, [1,2], it was decided to re
move the pins H-42, H-43 and H-44 from the assembly before the irradiation 
started. Thus, the IFA-204 assembly only consisted of the center pin 
H-40 and of the, equally spaced, surrounding pins H-41, H-45 and H-46. 

The main fuel pin data are given in table I. The applied fuel fabrica
tion and pin assembling techniques have been described extensively in 
[3]. Therefore, only the main items are given here. Preparation of the 
UO» spheres was performed in the KEMA laboratories at Arnhem. First a 
solution of one volume part of a 3 molar uranyl-nitrate solution mixed 
with 1.4 volume parts of a solution 3 molar in both urea and hexa-
methylene-tetramine (hexa) was prepared. This reaction solution is dis
persed in the form of droplets, with diameters depending on the required 
size of the final U0_ spheres, into an organic liquid of about 90 °C 
which is immiscible with water. At this temperature decomposition of 
hexa supplies ammon з within each droplet at a controlled rate. As a 
result the uranyl-urea complexes are converted into uranylhydro com
plexes, followed by a precipitation of UO.-hydrates. Next the sol-gel 
droplets are washed in an ammonia solution and the UO_-hydrate droplets 
are converted into ammonia-uranate spheres, usually called ADU spheres. 
Drying of these spheres is carried out at 70-80 °C in air. After trans
port- to the ECN laboratories the yellow SDU spheres were calcined at 
450 С in air to remove the volatile compounds. The calcined spheres 
consist of a mixture of black a U0_ a and orange В U0_. Finally these 
dark brown-orange spheres are reduced and sintered during approximately 
6 hours at 1600 °C in a 25 vol % H2 - 75 vol % N„ gas mixture. The re
sulting 840-1000 uro diameter U0„ spheres had densities of > 98% T.D. 
and the 88-149 ym diameter spheres were > 96% T.D. However, a number of 
the 88-149 win spheres contained cavities filled with almost pure 
nitrogen. 

Ir the sol-gel starting solution of one of the prepared batches of 
840-1000 pm spheres some Europium, a burnable poison, was dissolved. 
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As a result this batch had an average Eu content of 106 ppm. The large 
spheres in pin H-46 originated from this batch. 
At the time of assembly of the pins for the IFA-204 bundle, spring 1970, 
the process for making spheres with a diameter of ~ 10 ym had not yet 
been developed. Therefore, the filler UO. fraction, with diameter < 44 ym, 
was prepared by crushing and sieving a portion of the 88-149 um spheres. 

Appropriate amounts of the three particle size fractions were mixed to 
give a homogeneous blend. The resulting fuel mixture was dried during 
1 hour at 400 С in a vacuum of 10 mm Hg. The Zircaloy-4 cladding tube, 
closed at one end with the bottom end-cap and already filled with one 
MgO pellet and one U0„ pellet, was clamped vertically on the electro-
dynamic shaker. In a helium atmosphere, with less than 5 vol 2 0., a 
weighed amount of the fuel mixture was added slowly by a small conveyer 
belt into the Zircaloy tube opening with the shaker vibrating at low 
power, ~ 10 g, at a constant frequency. After completion of this filling 
operation the fuel mixture was densified further by raising the acceler
ations to ~ 100 g and varying the frequency between 200 and 3000 Hz. A 
follower rod, in addition to providing a floating restraint of 

2 ~ 1000 grams/cm on the fuel column, was used to measure changes in the 
bulk density of the vibrationally compacted UO. particle column. On 
top of the sphere-рас fuel column a U0_ pellet, an MgO pellet, a stain
less steel disc and a stainless steel spring were placed. The pins H-45 
and H-46 did not contain this spring but were equipped with fuel column 
and cladding elongation detectors, see figure 1. 

Prior to the assembly of the pins the Zircaloy-4 tubes were degreased 
in refluxing acetone, pickled in 40% HN0. - 4% HF solution and auto-
claved in atmospheric steam of 400 °C during 12 hours. As a result of 
this treatment a black lustruous zirconium oxide film with a thickness 
of 0,55-0.60 pm was formed on the inner and outer tube surface. In 
addition the hydrogen content of the Zircaloy-4 wall increased from the 
original 7 ppm to 21 ppm. 
After welding of the top end caps on the zircaloy tubes in an argon 
atmosphere the pin interior was successively evacuated and backfilled 
with a 60% argon - 40% helium mixture at 0.1 MPa and 300 K. 

After assembly of the pins the axial distribution of the smear density 
of the sphere-рас fuel column was measured by gamma absorptometry. The 
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device consists of a 3 Curie Cesium-)37 gamma source placed at 25 cm 
from the vertically positioned pin. In between the source and the pin 
a 12 cm long block of lead with an opening of 4 mm height and 1 mm width 
collimates the gamma rays on the pin center. Behind the pin, at a dis
tance of 15 cm, a gamma scintillation counter, capable of measuring 
counting rates up to 2.10 counts/sec, was positioned. During the mea
surement the pin was rotated and was vertically displaced at a speed 
of 7.5 cm/minute. The device was calibrated with discs of 97Z T.D. U0_ 
with a diameter of 15 mm and with thicknesses between 8 and 12 mm. The 
resulting densitographs of the pins H-40, H-41, H-45 and H-46 are pre
sented in figure 2. They show that relatively low densities occur at 
axial positions of 0-75 mm from the bottom end of the sphere-рас fuel 
column and at axial positions of 0-250 mm from the top end of the fuel 
column. Pin H-46 in addition, shows a dip in the density curve at 
740 mm from the column bottom end. 

A schematic drawing of the IFA-204 assembly is given in figure 3. The 
appearance of the as-assembled pins in the bundle is shown in figure 4. 
These figures show that the four fuel pins in IFA-204 were equally 
spaced by means of two intermediate Zircaloy honeycomb spacers with 
Zircaloy fixed points and one Inconel-X750 spring per cell. The spacers, 
with an axial length of 50 mm, were positioned at approximately one 
third and two thirds of the 1700 mm long distance between top and 
bottom grid. The pins were screwed into the bottom grid and the uppar 
ends were guided in a tubular top grid to provide room for a free ex
pansion of the pins in axial direction. The pins H-40 and H-41 were 
provided with blind top end plugs. The other pins, H-45 and H-46, had 
top ends which were equipped with linear variable differential trans
formers which measure fuel column length and pin length during irradia
tion. A schematic drawing of the two types of fu» < pin is given in 
figure 1. 

The pin length transformers are fixed to the zircaloy assembly structure 
at the top of the pins. Their ferritic cores are welded to the free 
moving top ends of the pins. This construction eliminates errors due to 
differences in thermal expansion of cladding and support material. Long 
term experience showed that FCMI-induced pin length changes can be 
measured with an accuracy of +/- 0.03 mm. The fuel column extensometers 
consist of a spring-loaded piston resting on the top of the sphere-pac 
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column. The other end consists of a ferritic core located inside a 
zircaloy extension tube on the upper fuel pin end cap. Differential 
transformer coils, mounted in an external shroud surrounding the fuel 
pin extension, monitor movement of the ferritic core relative to the 
fuel pin end cap. The measurements of the fuel column length are gener
ally estimated to be accurate to +/- O.OSZ. Since these measurements 
are made relative to the cladding length, all measured values have fo be 
corrected for irradiation-induced axial elongation of the zircaloy clad
ding. Therefore, the use of zero power measurements is recommended to 
avoid problems involved in normalizing full power measurements and to 
reduce errors caused by friction between fut] column and cladding at 
high power. 
At zero power the corrections for the cladding elongation involves only 
the permanent axial deformation of the fuel pin as a result of: 
- power ramps exceeding previous power levels sufficiently to cause 
hard FCMI induced plastic clad elongation, 

- axial cladding creep caused by ramp induced elastic straits, 
- irradiation growth not compensated by growth in the zircaloy assembly 
structure. 

Tha IFA-204 assembly was, as usual, surrounded with a removable Zircaloy-
2 shroud tube and provided with one inlet and one outlet turbine flow 
meter, two inlet and two outlet thermocouples, three gamma thermometers 
and an electromagnetic calibration value. The axial positions of the 
gamma thermometers were 260, 760 and 1260 mm above the bottom end of 
the sphere-рас fuel column. This bottom end was located 380 mm above the 
bottom plate of the reactor core. The signals from the gamma thermometers 
were used to calculate the axial power distributions of the pins during 
the irradiation. 
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3. IRRADIATION PERFORMANCE 

3.1. Power History 

IFA-204 was loaded in the Halden BWR at core position 5-22 in September 
1971. The assembly operated with natural circulation of the coolant. At 
full reactor power, 10-14 MW, this resulted in a coolant inlet-velocity 
of 0.52 m.s and in an outlet velocity of 2.1 m.s . Irradiation started 
on November 20 and full power was for the first time achieved on Novem
ber 25. At that time the reactor power was 12 MW, the coolant temperature 
was 513 К and the assembly power was 264 kW. The maximum assembly power 
amounted 302 kW and was generated at an assembly average burnup of 
1.59 MWD/kg Ш>2 on January 19, 1972, just before termination of the first 
irradiation period. However, this absolute maximum power lasted only 
for a few hours. For the performance of correct calculations on the fuel 
restructuring characteristics it is probably better to use the 288 kW 
assembly power that lasted from January 3 to 5 at a burnup of 1.41 MWD/ 
kg UO,. The axial power distributions were practically constant during 
January 1972. 

The assembly average power and burnup data obtained from the Test Fuel 
Data Reports, TFDR's, have been corrected for fuel depletion according 
to the following correction equations: 
Power Correction Factor ; PCF • 1-0.00867 (HBÜ) 
Burnup Correction Factor ; BCF » 1-0.00613 (HBÜ) 

where HBU is the Halden burnup in MWD/kg U0. given in the TFDR's. It 

has to be emphasized that these linear equations are only valid for the 

IFA-204 assembly, i.e. up to burnups of 15 MWD/kg U0-. Furthermore, un

less stated otherwise all power and burnup data presented in this re

port concern corrected values expressed in kW or kW.m" and in MWD/kg 

U02, respectively. Moreover, because the power differences between the 

four pins are small, i.e. 40:41:45:46 - 0.24:0.26:0.25:0.25, these 

power and burnup data represent assembly average values. The main power 

and burnun values during the successive irradiation periods are given 

in table II. 

From the signals of the gamma thermometers, located 260, 760 and 1265 mm 

above the bottom end of the sphere-рас fuel column, the axial power dis
tributions have been calculated. In table III the calculated axial form 
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factors are given as a function of the axial position for the moments 
during each irradiation period at which the maximum power was generated. 
For comparison also the axial form factors obtained from the gross gamma 
scans are presented. This time averaged power profile greatly resembles 
that during the power maxima on 18-1-1972, 24-8-1972, 25-10-1972 and 
22-9-1973. The power profiles on 7-4-1973 and 12-4-1974, near the end 
of the irradiation, had a rather disturbed distribution. However, for 
each of the axial positions the maximum power was generated in January 
1972. 

Because the Halden BWR core is almost fully loaded with experimental 
fuel assemblies its operation periods are characterized by a number of 
shutdowns for reloading activities and by many power variations required 
for the performance of power transient experiments. This is illustrated 
in the figures 5-8, showing the reactor power and moderator temperature 
histories of the years 1971-1974. A detailed picture of some interesting 
periods during the irradiation, a.o. showing the effect of power varia
tions on the elongation measurements, is given in figures 9-11. As the 
clad elongation signals of the pins H-45 and H-46 crossed each other 
frequently, figure 9, the signal of pin H-46 has been increased with a 
value equivalent to 0.1 mm, as can be seen in figures 10 and 11. The data 
in the TFDR's, giving the assembly conditions every 15 minutes, some
times show that at the end of a power increase the maximum cladding 
elongation occurs 15-30 minutes before the maximum power has been achiev
ed. During a power dip the minimum cladding elongation and the maximum, 
relative, fuel elongation occurred always simultaneously with the mini
mum power generation. 

3.2. Fuel Column and Cladding Elongation Measurements 

The measured fuel column and cladding elongations during the first power 
cycle are presented in figures 12 and 13. The dotted lines in the clad 
elongation figures represent the contribution from the thermal expansion, 
~ 7.8 pm/kW.m for these pins. Figure 13 shows that mechanical inter
action between the sphere-рас fuel column and the zircaloy cladding, 
from now on designated as FCMI, started at a pin average power of ~ 5 
kW.m . The saw teeth in the curves during this first increase to high 
powers indicate that strain relaxation in the cladding occurred stepwise. 
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As a result of this relaxation process the maximum clad strain of 
~ 0.90 mm, i.e. ~ 0.06Z on the basis of the 1510 mm long fuel col'jmn, 

-1 -• 
was achieved at 27 kW.m . On further power increase to 40 kW.m the 
clad strain even decreased slightly. 
Figure 12 shows a smooth and small, 0.05-0.10 mm, elongation of the fuel 
column relative to the elongated cladding during the first rise to high 
power. Apparently firm FCM1 existed over practically the whole fuel 
column length. 
At the maximum assembly power of 264 ktf the average pin power was 
40 kW.m . In the 400-1000 mm section from the bottom end of the sphere-
рас fuel column the power was higher than 40 kW.m . The maximum power 
of ~ 52 kW.m was generated between the locations 600-700 mm. Earlier 
it had been observed that in a 0.1 MPa helium filled pin with an 88Z T.D. 
smear density vipac UO_ fuel column, irradiated in the Halden BUR, 
columnar grain growth and center hole formation occurs at powers larger 
than 40 kW.m where the fuel center temperature is > 2000 К [2]. 
This rapid restructuring of the fuel over more than one third of the fuel 
column length causes a drastic reduction of the FCMI induced stresses 
in the cladding. As a result most of the elastic strain built up in 
the cladding relaxes within the first half hour of high power operation, 
see figure 13. At the end of the high power period the remaining clad 
elongation can be attributed almost fully to the thermal expansion of 
the zircaloy. 
Figure 12 shows that the fuel column shrank 0.03-0.06 mm relative to the 
cladding in the high power period. This means that axial densification 
of the fuel column resulted in a slightly larger decrease of the fuel 
column length relative to that of the cladding during this first stay 
at high power. Apparently a combination of fuel restructuring and fuel 
column densification causes the rapid relaxation of elastic strains in 
the cladding. 
The subsequent power decrease results in a further shrinkage of the fuel 
column relative to the cladding. Figure 13 shows that the cladding 
elongation rapidly changes into a cladding compression, relative to the 
thermal expansion line, during the power decrease from 40 to ~ 20 kW.m 
average pin power. In this power decrease period step-wise relaxations 
of accumulated clad compression took place, similar to the clad elonga
tion relaxations during the first rise to high power. At the deepest 
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point in the curve, at ~ 31 kW.m , the clad compression was - 0.26 am 
relative to the length expected on the basis of a free thermally ex
panded zircaloy cladding. Upon further power decrease from 30 to ~ 20 
kW.m FCMI gradually vanished so that from ~ 20 kW.m downwards the 
cladding elongation curve again followed the zircaloy thermal expansion 
line. 
At the end of the first power ramp the net cladding elongation was prac
tically zero but the net fuel column shrinkage, i.e. axial densification 
length, amounted 0.20 mm. 

The fuel column and cladding elongations during the second power ramp 
are presented in figures 14 and 15. Figure 14 shows that the fuel column 
elongation and shrinkage, relative to the cladding, is proportional to 
the change of the pin power. Apart from some odd features, probably due 
to incorrect measurements, these almost straight coinciding elongation 
and shrinkage curves of the fuel column remain practically unchanged up 
to the end of the irradiation at a burnup of 13.7 MWd/kg U0_. The axial 
displacements of the fuel column, relative to the cladding, were very 
constant and amounted 5.0 +/- 0.3 urn per kW.m change in average pin 
power. This means that during power changes the sphere-рас fuel column 
always exerts an axial, elongating or shrinking, force on the cladding. 
It also means that the actual axial displacements of the fuel column 
during a power ramp are practically identical to those of the cladding, 
as depicted in the cladding elongation curves. Apparently FCMI in sphere-
рас fuel pins works out such that it causes a greatly similar thermal 
response of the axial fuel column and cladding movements during power 
changes. 

The cladding elongation curves of the second power ramp, illustrating 
simultaneaouly the fuel column elongations, show that up to 21 kW.m 
the clad elongation follows the zircaloy thermal expansion line. On 
further power increase FCMI-induced elongation beyond the clad thermal 
expansion line occurred up to 24 kW.m when the power remained constant 
during a few hours. At this constant power the strain built up in the 
cladding rapidly relaxes and the effective clad elongation returns to the 
thermal expansion line. On resumption of the power increase FCMI-induced 
clad elongation rapidly rises far beyond the thermal expansion line up 
to the moment of constant high power. At high constant power clad elonga
tion returns within one hour to the extrapolated clad thermal expansion 
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line. Thus both the accumulated, FCMI-induced, elastic strain in the 
cladding and the, only slightly larger, axial expansion of the sphere-
рас fuel column decrease rapidly at constant power. The resulting net 
elongations at ~ 39 kW.ra w re ~ 0.34 ram for the cladding and ~ 0.52 ram 
for the fuel column. 

During the subsequent power decrease the fuel column and cladding length 
behaviour was largely similar to that in the corresponding period of 
the first power ramp. However, the length reductions were not so large 
and the power at which the clad elongation curve coincides again with 
the clad thermal expansion line is ~ 4 kW.m higher than during the 
first power ramp. Figure 15 shows that for each of the pins H-45 and 
H-46 the powers at which the clad elongation curve depart from and re
turn to the thermal expansion line are practically equal. 

Figures 16 and 17, showing the elongation curves at burnups of 4.5 and 
11.0 MWd/kg U0- respectively, illustrate that the elongation behaviour 
of the spnere-pac fuel column and the cladding remains virtually un
changed between 0.05 and 11.0 MWd/kg 170. burnup. Thus it can be concluded 
that in sphere-рас pins FCI works out in two ways. At low power, 
< ~ 25 kW.ra for these pins, the elongations of the fuel column and of 
the cladding axe proportional to the average pin power and represent 
solely the thermal expansions over the entire length of the enriched 
fuel column, ~ 1510 ram. At these low powers variations in power result 
in reversible length changes of 0.00052Z/kW.m for the zircaloy clad
ding and 0.00085Z/kW.m for the sphere-рас fuel column. Converted with 
the thermal expansion coefficients of 6.8 .10 /°C for zircaloy-2 at 
250 °C and of 10.7 . 10 /°C for UO» at the solid •+ plastic transition 
temperature of 1200 C, these measured thermal elongations mean an 
effective temperature change of approximately 0.78 C/kW.m for the 
sphere-рас fuel pin as a whole. Apparently the interactions between 
sphere-рас fuel column and cladding at these low powers are predominantly 
thermal rather than mechanical in character. Therefore, this mechanism 
will be designated as a "Fuel-Clad-Thermal-Interaction", FCTI, process. 

Thus, up to the threshold power of ~ 25 kW.m FCI works out as a re
versible, thermal, process. Beyond that threshold power the mechanical 
component, FCM1, in the total FCI arises. This FCMI grows with increas
ing power but vanishes rapidly at constant power so that only the FCTI 
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remains. During a smooth, undisturbed power rise, at powers beyond the 
threshold value, the axial cladding elongation per kW.m increases with 
increasing power, e.g. see figure 17. This effect is attributed to the 
following mechanism. FCMI starts at the axial location of maximum pin 
power, which is — 33 kW.m at the threshold average pin power of 
25 kW.m . A further continious increase of the power results in a 
FCMI-induced elongation at all axial pin locations where the power has 
risen above this actual threshold power of 33 kU.m . This increase of 
the pin length over which FCMI is effectuated, called the effective 
FCMI length, is directly related to the axial power distribution across 
t'ir- fuel column height during the ramp. For the H-45 and H-46 sphere-
рас pins in the IFA-204 assembly this effective FCMI length, L., can be 
calculated with the equation: 

L. - 1390. (F.) 0 , 4 3 

where L. • effective FCMI length, in mm. 
1 Pa " Pt F. » FCMI power factor * -A= Pt 

P = actual average pin power during the ramping. 
P » average pin power at the FCTI •*• FCMI + FCTI threshold. 

Unfortunately, the number of smooth, undisturbed power ramps has been 
small. The main characteristics of these smooth ramps are presented in 
tabl<» IV. Apart from those for the first ramp the data show fairly con
stant values for: 
- the threshold power P , i.e. 25 +/- 3 kW.nf 
- the maximum cladding strain ДЕ/L., i.e. 0.22 +/- 0.06 /oo 

- the maximum cladding compression ДЕ/L., i.e. 0.19 +/- 0.05 /oo. 

Aoparently neither burnup nor power increase rate, uP/ut, has a signif
icant influence on the effective strains and compressions in the cladding 
during power changes. The data in the last columns of table IV show that 
at constant maximum powers of 35-50 kW.m the cladding strain rapidly 
reduces to rest values of +/- Д5 pm, v!.ich represent mosi likely the 
uncertainties in the elongation measurements. 

The figures 9-11 show that once a pin is operating at a more or less 
constant power, beyond the FCMI threshold power, each power change resulted 
in a significant resoonse of the elongation detectors. A power rise gives 
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a clad elongation of ~ 60 ua/kW.a and a Dover fall results in a clad 
shrinkage of ~ 20 pm/kW.a . Continued irradiation at the new power 
level results vithin one day in a return of the effective cladding 
length change to the thermal expansion line, i.e. ~ 7.8 wa/kU.m power 
change. The short ter», < 6 hours, resnonse of the fuel col шип length to 
power changes at full power amounts ~ 8 ua/кЫ.а relative to the clad
ding length. The long term effect is generally to saall too distinguish 
from detector signal noise. 

The above results show that the very frequent small power changes at 
full power and the less frequent large disturbances and interruptions 
of the power impose only saall elastic strains during very short periods 
on the zircaloy cladding of sphere-рас fuel pins. Nevertheless, the 
elongation measurements at zero power indicate that both the cladding 
and the sphere-рас fuel column show permanent changes of their length. 
The results of these zero power measurements, together with the thermal 
expansion data, are presented in table V. For a correct evaluation of 
these results it has to be recalled that in addition to these measured 
length changes the pin as a whole experiences a significant additional 
length increase as a result of the irradiation induced growth of the zircaloy 
cladding and shroud tube, to which the pin elongation detectorsere connected. 
For the IFA-204 pins with an average burnup of 13.7 MWd/kg U0. this ir
radiation growth may be estimated to amount to ~ 0.04Z over the fuel 
column length of 1500 mm, i.e. 0.60 mm. This means that the permanent 
elongation data presented in table V are overshadowed by an irradiation 
growth induced elongation of ~ + 44 pm per MWd/kg U0- increase of the 
burnup. Fortunately the maximum pin powers have been experienced in the 
first irradiation period when the necessary corrections for the zircaloy 
irradiation growth were still small, i.e. < 70 um. 
After the initial densification of the sphere-рас fuel column during 
the first week of the irradiation, resulting in a length reduction of 
~ 190 pm, the column length remained unchanged relative to the cladding, 
without correction for irradiation growth, up to a burnup of 8 MWd/kg 
UO». Thus, actually the fuel column elongated (8x44)-190 • 162 pm and 
the cladding elongation amounted (8x44)-240 - 592 pm at the burnup of 
8 MWd/kg U0-. Between 8 and 13.2 MWd/kg U0. the actual elongation rates 
in pm per MWd/kg U0„ increase of the burnup were as follows: 
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cladding : 44 • З 6 0^* 4 0 - 67 um/MUd/kg W> r 

sphere-рас fuel : 44 • 6 0 ^ ^ 2 0 0 ) » 94 um/MUd/kg ü02 

where the 44 stem frost the irradiation growth of zircaloy In the IFA-

204 assembly. 

On basis of the above values it can be expected that after the irradia

tion, at an average burnup of 13.65 MWd/kg U0,, the fuel coluan shows 

a length increase of ~ 700 wa and the fuel pin shows a length increase 

of ~ 970 urn. In anticipation of the non-destructive PIE data, see table 

VI, it яму be noted that the actual, Measured, pin length increase was 
900 ив for pin H-45 and 1050 urn for pin Ü-46. Unfortunately the pins 
had to be cut in two, ~ 790 mm long, sections before the performance of 

the gamma scanning so that no accurate measurement of the post-irradia

tion fuel column length could be made. 

The above results and considerations lead to the following conclusions 

for the in-pile fuel column and cladding elongation behaviour of the 

sphere-рас U0_, zircaloy clad pins in the IFA-204 assembly: 
1. The measured elongations of the sphere-рас fuel column length and 

óf the zircaloy cladding length can be separated in the following 

components: 

E . - axial densification of fuel column during the first full power 

days. 

с ж thermal expansion of fuel column and cladding. 
с ж FCMI induced elastic strains during power changes. 
c. • FCMI induced permanent strains, a.o. as a result of the trans

formation of elastic strains in creep. 
e • irradiation induced growth of the zircaloy components, i.e. 

fuel pin cladding and assembly shroud tube. 
E * net permanent elongation as a result of c. • e • e • е. • e . p d t e i g 

2. The axial densification, с ., of the 1510 mm long sphere-рас fuel 
columns, with a smear density of 87-88% T.Ü., amounted ~* 190 ym. 

3. Up to a threshold, pin average, power of 25 •/- 3 kW.m power changes 

result in reversible thermal expansion values, e , of: 
-I ' 

- 0.00051/J/kW.m for the zircaloy cladding. 

- 0.00085%/kW.m for the sphere-рас fuel column. 
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4. Beyond the threshold power of ~ 25 kJ.m power changes result in 
FCMI induced elastic strains, e , which relaxate fully within a few 
hours operation at constant power so that, apart from a small con
tribution to creep, only the thermal expansion appropriate to the 
actual power remains. 

5. During a smooth, undisturbed power change beyond the threshold power, 
с amounts ~ 0.02Z over the effective FCMI length L. which is given 
by the relation: 

0.43 
r? - P 

L- « 1390 
l 

Л . 'Л 
v \ ) 

where P • the actual, pin average, power during the power change and 

P * the threshold, pin average, power. 

The processes leading lo permanent elongation of the sphere-рас fuel 

column as a function of burnup can be divided in three phases: 

- a densification phase with E • E , » 0.20 mm and e. « e =* 0 uo to 
Y P a i g 

a burnup of ~ 0.01 MWd/kg U0_, 
- an incubation phase with E • e . * e and е. =* 0, where e , * -0.20 mm 

v p d g l d 
and e - 44 pm/MWd/kg UO , at bumups between 0.01 and 8 MWd/kg UO». 

- a normal growth phase with E * e , • е. * e at burnups > 8 MWd/kg 
U0, where e . « -0 .20 mm, е. » 50 pm/MWd/kg U0, and e - 44 pm/MWd/kg i a l i g 
uo2. 

The processes leading to permanent elongation of the zircaloy clad
ding as a function of burnup can be divided in three phases: 
- a "fuel column restructuring" phase with E • e. + к at burnups up 
to 1.6 MWd/kg V0- where e- - 114 um/MWd/kg U0, and e - 44 pm/MWd/kg 

l 1 1 9 , 
uor 

- an incubation phase with E » с. + t * 250 vim at burnups between 
P i g 

1.6 and 9.1 MWd/kg U0, with e. - 9 ym/MWd/kg U0, and e » 44 pm/ 
i l i g 

MWd/kg U02. 
- a normal growth phase with E • e. + с + 650 pm at burnups 
> 9.1 MWd/kg UO, whereby e. - 27 pm/MWd/kg VO. and с - 44 pm/MWd/kg 

i l i g 
uo2. 

Although these conclusions will centainly bear some general significance 
for the irradiation behaviour of sphere-рас pins it has to be emphasized 
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strongly that most of the given values only have meaning in relation to 

the irradiation conditions prevailing in the Halden Boiling Water Reactor. 

For example, the periods at which fuel column densification and/or fuel 

column restructuring work out most effectively on the elongations are 

fully determined by the exact power history and by the axial power dis

tributions. For the IFA-204 pins these most effective irradiation times 

were in the second irradiation day on November 25, 1971 at a pin average 

power of 44 kW.m and in January 1972 at a burnup of 1.6 tftld/kg UO. 
-I z 

when the pin average power was 50 kW.m during some hours. 
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4. NON-DESTRUCTIVE POST-IRRADIATION EXAMINATIONS 

The non-destructive post-irradiation examinations comprised the follow

ing items: 

4.1. Visual inspection of all pins and photography of selected areas. 

4.2. Length and diameter measurements. 

4.3. Neutron radiography of the upper section of all pins. 

4.4. Gamma scanning of all pins. 

The experimental conditions of these examinations have been described 

extensively in reference 3. Unfortunately the available measuring devices 

at that time, 1975, were not suited for p.i.e. of these 1700-1820 mm 

long pins. Therefore, no diameter profHometry could be performed. For 

the neutron radiography and the gamma scanning the pins had to be sec

tioned in an upper and a lower half, each with a length of 850-910 mm. 

As a consequence the puncturing had to be done before the items 4.3. 

and 4.4. Because the bottom end caps of the pins H-40 and H-41 failed 

rather drastically it was necessary to cancel the neutron radiography of 

the lover halves of these pins. In spite of a sound appearance of the 

bottom end caps of the two other pins, H-45 and H-46, it was decided to 

cancel also their neutron radiography to avoid any risk of contamination 

of the neutron radiography device. 

4.1. Visual Inspection and Photography 

After transport to the hot cells at Petten, first the shroud tube of the 

IFA-204 assembly was removed. Inspection of the lower end revealed cir

cumferential cracking of the zircaloy cladding near the welds of the 

bottom end caps of the pins H-40 and H-41, see figure 18. Detailed 

pictures of these cracks in pin H-40 are presented in figures 18 and 19. 

They show that cracking occurred mainly in the heat affected upper zone 

of the bottom end cap weld. At the location of maximum crack opening the 

axial profile shows a bulge and the zircaloy appears brittle. Circumfer

ential bulging of the zircaloy cladding occurred at the position of the 

MgO insulation pellet. This bulged cladding showed no signs of incipient 

cracking. Its surface appearance was nearly as lustrous black as the ad

jacent normal cladding. Apart from some small scratches at the contact 

points of the spacers, see figure 20, the cladding surface showed a 
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lustrous black-grey zirconium oxide film normal for zircaloy after some 
years of operation in 240 С water. 
The upper end of pin H-40 is shown in figure 21. Both end cap weld and 
the pin hole weld did not show any signs of cracks. Only some faint, in
significant bulges were observed in the axial surface profiles of the 
end cap welds. 
Finally, figure 22 shows some pictures of pin H-41. Though somewhat less 
extensively cracked the similarity with pin H-40 is obvious. The cladding 
diameter measurements from the many photographs taken at the position of 
maximum bulging of the MgO pellet gave a noteworthy constant circumfer
ential strain, for pin H-40 as well as for pin H-41, of 11.7 +/- 0.1Z. 
The instrumented pins H-45 and H-46 had no cracks, no bulges and showed 
a lustrous black-grey zircaloy oxide surface over their entire length. 

4.2. Length and Diameter Measurements 

The measured length and diameter changes are given in table VI. After 
correction of the lengths of the failed pins H-40 and H-41 for the axial 
displacements of approximately 0.8 and 0.3 mm respectively, caused by 
bottom weld cracking, for these pins the length increase becomes 
~ I ram or 0.06Z. As already mentioned i.; chapter 3.2., the length 
changes of the fuel pins are mainly caused by fuel-cladding inter
action phenomena and by irradiation growth of the zircaloy, i.e. ~ 44 pm/ 
MWd/kg 170. burnup for the IFA-204 pins. Thus the reference length for 
calculation of the Z increase is not the pin length of 1733 mm but the 
fuel column length of 1510 mm. Taking this into account for the pins 
H-45 and H-46 results in an actual average axial strain in the zircaloy 
cladding wall of 0.06 and 0.07Z, respectively. These values are in good 
agreement with the 0.062Z that has been calculated on basis of the clad
ding elongation measurements during the zero power periods of the reac
tor. Accidentally these percentages agree also with the 0.065 +/-
0.003Z average axial strains across the fuel column length of the IFA-
104 vipac pins which achieved an average burnup of 7.70 MWd/kg U0_ in 
the Halden BWR, [2]. 

The diameter changes of the IFA-204 sphere-рас pins were limited to 
values between -4 ar* +32 ym. For the vipac pins of IFA-104 assembly 
these values were -11 and +34 ym. And for the vipac pins in the IFA-203 
assembly, which achieved an average burnup of only 9.83 MWd/kg U0„, 
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these values «rere -19 and +34 ym. The smear density of the vipac fuel 
columns, consisting of sharp edged lumps of UO.» was equal to that in 
the sphere-рас columns, namely 87-88Z T.D. Thus, the above data suggest 
that during the beginning of life (BOL) condition, i.e. with a ductile 
zircaloy vail, the cladding adjusts itself to the geometric structure 
of the vibrationally compacted particle fuel column. After this BOL clad 
adjusting period the pin diameters remain practically unchanged up to 
a burnup of at least 13.7 MWd/kg UO.. 

4.3. Neutron Radiography 

The apparatus for neutron radiography of irradiated fuel pins was located 
in the reactor pool of the HFR at Petten. After collimation of the neu
tron beam the remaining useful examination length was approximately 
25 cm. Because of the cladding fractures observed in the lover halfs of 
some pins it was only allowed to make neutron radiographs of the upper 
halves. Different exnosure techniques for the obtained negatives had to 
be applied to achieve clear prints from the plenum and from the fuel 
column. As a consequence the neutron radiographs, presented in the 
figures 23 and 24, had to be composed from at least two prints. This 
resulted in an apparently irregular transition going from the enriched 
sphere-рас fuel column via the natural UO. and the MgO pellet to the 
plenum section with the spring. 

Figure 23 shows the top end cap, the plenum section and the most upper, 
~ 290 mm long, part of the sphere-рас fuel column of the pins H-40 and 
H-41. The absence of a center hole in the fuel column is obvious. From 
the power history-fuel restructuring considerations in paragraph 3.2. 
it can be gathered that the top end of the center hole is located ~ 450 mm 
below the top end of the sphere-рас fuel column. The pici.<i*p<« show a 
surprising regularity of, almost equidistant, transverse cracks in the 
fuel column. For the pins H-40 and H-41 the average height between these 
cracks was 10.8 and 10.0 mm, respectively. At many of these cracks the 
pictures suggest a slight constriction of the sphere-рас column. 

Figure 24 shows the neutron radiographs of the top sections of the in
strumented pins H-45 and H-46. The fission gas puncture hole can be seen, 
vaguely outlined, halfway the plenum section. Again no center hole was 
observed in the uppermost, ~ 445 mm long, section of the sphere-pac 
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fuel columns. These columns also show the regularly spaced transverse 

cracks. For the pins H-45 and H-46 the average height between these 

cracks was 10.2 and 10.7 mm, respectively. Constrictions of the sphere-

pac fuel column at the locations of the transverse cracks are most pro

nounced in the most ri^ht neutrongraph of pin H-45, representing the 

1055-1270 mm section £r"m the bottom end of the sphere-рас fuel column. 

In conclusion, the sphere-рас fuel column upon operation at powers be
yond 34 kW.m gets divided in sections. At room temperature these 
~ 10 mm long sections are separated by transverse cracks. A.t these cracks 
the sphere-рас fuel column shows a slightly constricted curvature, which 
is in the opposite direction to the curvature at pellet-pellet inter
faces in pellet pins. 

4.4. Gamma Scanning 

After sectioning of the fuel pins in two parts gamma scans at 2 mm 
intervals have been made with a 2x2" NaJ crystal. From each pin the 
724.2 keV Zr-95, the 661.6 keV Cs-137 and the 696.4 keV Pr-144 gamma 
activities were recorded. Because the circumferential position of the 
lower half of the pin relative to the collimator slit was not always 
the same as that of the upper half of the same pin, some scans show 
a disturbed curvature at the 780-800 mm transition. This effect is most 
clearly observable in figure 31. In addition the sectioning resulted in 
a 10-20 mm gap in the gamma scans at the 790 mm length position. 

To enable direct comparison of the relative gamma activities of the 
different isotopes normalized scans were calculated. The scans so obtain
ed are presented in figures 25-32. The uneven figures show the Pr-144 
scans, the even figures give the Zr-95, Cs-137 and Pr-144 scans together. 
A comparison of the Pr-144 scans with the as-fabricated density record
ings in figure 2 leads to the conclusion that dips in the density re
cordings, e.g. at the length positions 1365 for pin H-40, 96 and 1358 
for pin H-41 and 68 and 793 for pin H-46, did not affect significantly 
the corresponding sections in the gamma scans. This does however, not 
imply that these density dips have actually vanished. The percentage 
self absorption of ~ 700 keV gamma rays in a 12.5 mm diameter U0„ fuel 
column amounts about 1*07,. Thus the gamma activity measurement is rather 
insensitive to relatively small variations in density of the fuel column. 
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The even numbered figures show that the gamma scans of Zr-95 and Pr-I44 
are largely similar. The Cs-137 scan however, revealed some peculiar 
results. In pin H-40, which operated for a considerable period of time 
with a severely cracked bottom end cap, transport of cesium occurred 
from the lower 1000 mm to the upper 500 mm section of the fuel column. 
The axial location of the crossing point of the scans coincides with 
that of the top end of the center hole in the fuel column. This kind of 
cesium transport his been observed earlier, [3], both in failed and in
tact sphere-рас pins that were originally filled with helium of 0.1 MPa 
pressure. However, in these earlier pins cesium was transported pre
dominantly to the axial locations near the top end of the center hole 
so that there the cesium-137 scan showed large peaks. This type of 
cesium transport is also observed in pin H-46, as can be seen in figure 
32. In figure 28 of pin H-41 only some faint signs of axial cesium 
transport can be observed in the 700-1000 mm range of the Cs-137 scan. 
Finally, figure 30 shows that the Cs-137 scan of pin H-45 has some small 
peaks in the 300-1050 mm section where the powers were near the maxi
mum power. 

In the Cs-137 scan of pin H-40 a large peak was only present near the 
upper end of the sphere-рас fuel column at the position of the MgO 
insulation pellet. Note that the width of this peak was too small to 
have a significant influence on the performed scan normalization. The 
maximum measured activity in this peak was 2.3 times the 100% level of 
39391 counts. 
For the pins H-40, H-41, H-45 and H-46 the activity ratios at 100% 
locations of the normalized scans were respectively, 2.05, 2.07, 1.99 
and 2.08 for the Cs-l37/Zr-95 ratio and were resoectively, 9.25, 9.65, 
9.38 and 9.86 for the Cs-137/Pr-144 ratio. For the isotopes Zr-95, 
Cs-137 and Pr-144 the activity ratios at the 100% locations were respec
tively, 0.74, 0.77 and 0.78 for the H-40/H-45 ratio, were respectively, 
0.90, 0.93 and 0.91 for the H-41/H-45 ratio, and were respectively, 0.93, 
0.97 and 0.92 for the H-46/H-45 ratio. These values indicate that release 
of cesium from the interior of pin H-40 via the weld cracks to the cool" 
ant has been negligible. 

Taking all the above findings into account one is led to the conclusion 
that the extensive axial transport of Cs-137 in pin H-40 has been caused 
by variable power operation with a cracked bottom weld. After ingress of 
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water during a low power or shutdown period, followed by dissolution of 
a large portion of the accessible cesium, a levelling of cesium concen
trations along the fuel column took place. Due to its larger accessibil
ity sphere-рас fuel is more prone to this dissolution-levelling phenom
enon than pellet fuel. The absence of this phenomenon in the similarly, 
but less severely, failed pin H-41 may be attributed to a much shorter 
time that this pin operated in the reactor with a cracked bottom weld. 

Up to now no clear explanation has been found for the difference in axial 
cesium transport between the pins H-45 and H-46. Possibly the presence 
of 93 ppm Europium in the large U0~ spheres of pin H-46 caused a shift 
of the moment of maximum power generation from the winter 1971/1972 to
wards a later time, for instance to the summer of 1973, see table II. 
At this later time aot only the amounts of accumulated cesium but also 
those of the released fission gases xenon and krypton were much larger 
than in the beginning of the irradiation. 

In conclusion, the above considerations show that the gamma scans con
tributed importantly to the knowledge of the in-reactor behaviour of 
sphere-рас fuel columns in LWR pins. 
In particular the established, apparently easy, access of ingressed water 
to the soluble fission products, such as cesium and iodine, may impose 
a serious safety related drawback of the use of sphere-рас fuel in 
LWR's. The fortunate finding of a negligible release of cesium from the 
failed оin H-40 to the coolant has to be attributed fully to the favour
able location of the failure, i.e. in the weld of the bottom end cap, 
just above the bottom end plate of the assembly. 
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5. DESTRUCTIVE POST-IRRADIATION EXAMINATIONS 

The destructive examinations of the sphere-рас fuel pins of the IFA-204 
assembly comprised the following items: 
5.1. Puncture test and fission gas analysis of the pins H-45 and H-46. 
5.2. Microscopy on cross sections of the failed pin H-40 and of the 

intact pin H-46. 
5.3. Burnup and fissile isotopes analysis in fuel sections of all four 

pins. 
5.4. Hydrogen and deuterium analysis in zircaloy cladding samples of all 

four pins. 

The experimental techniques that were used to perform these examinations 
have Leen described extensively in reference 3. Because the pins had to 
be sectioned before neutronradiography and gamma scanning, puncturing 
was performed before these "non-destructive" tests. Unfortunately these 
sectioning operations had to be done in large concrete cells that were 
not equipped with humidity control units. As a consequence the sphere-
рас fuel columns in the pins were in contact with humid air during a 
considerable time before the further sectioning in lead cells for the 
preparation of the cross sections. Thus, because cesium, iodine and 
their conpounds are hygroscopic, it was of no use to lay extra humidity 
restrictions on the cross section preparation techniques. This implies 
that no extra attention has teen given to the axial cesium transport 
phenomena, observed on the gamma .cans of pins H-40 and H-46. 

5.1. Puncture Test and Fission Gas Analysis 

After puncturing the free gas volume in the pin and the released volume 
of gas have been determined from pressure change measurements. The re
leased gases are then transported by a Toepler pump into a nubmer of 
sample vials. The gas composition was analyzed by gaschromatography and 
the isotopic compositions of Xenon and Krypton have been determined by 
mass spectrometry. 
For the calculation of the accumulated amounts at the time of the punc
ture test and fission gas analysis, January J4, 1975, the following 
corrections have been taken into account. The Krypton-85 data, A -

-4 
1.767 . 10 per day, were corrected for the decay during the irradia
tion periods, the shutdown periods and the 274 days from the end of the 
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irradiation until 14-01-1975 when the analysis vas performed. At that 
date the amount of Kr-85 was 88.1Z of the total produced quantity dur
ing the irradiation. For the Xe-135 isotopes, with a A « 1.81 per day 
and a thermal neutron capture cross section of 2.6 . 10 barns, it has 
been assumed that, during the irradiation in the thermal neutron flux 

13 -2 -1 
of approximately 10 n.cn *".s , 50% of the produced Xe-135 is trans
formed into Xe-136. Due to its large A the remaining 50Z of Xe-135 de
cayed to negligible amounts at the time of the gas analysis. The fission 
yields that have been used for the calculations were taken from reference 
4. They are given in table VII where also some conversion factors, 
valid for pin H-46, are presented. 
Unfortunately the puncturing of pin H-45 failed completely. After re
pair only the free gasvolume in the pin could be established. It amounted 
18.3 ml. The results of the puncture test and fission gas analysis of 
pin H-46 are presented in table VIII. The results, in combination with 
the data in table VII, lead up to the following conclusions: 
- the percentage fission gas release is practically equal for Xenon 
and Krypton and amounts 24Z. 

- the measured isotopic compositions of Xenon and Krypton agree fairly 
well with the calculated compositons. 

- the released amount of 14.2 ol helium is slightly larger than the 
as-fabricated amount of 11.5 ml (STP). 

- the released amount of 13.0 ml argon is considerably smaller than the 
as-fabricated amount of 17.3 ml (STP). 

- the as-fabricated free gas volume in the pin, 31.5 ml, has been re
duced during the irradiation with 38Z to a volume of 19.5 ml after the 
irradiation. 

In addition to these conclusions the following remarks may help to reach 
a more weighed insight in the irradiation behaviour of sphere-рас pins. 
The percentage fission gas release of 24Z is in good agreement with the 
19.5-25.2% release that was measured on the four successfully punctured 
pins of the IFA-203 assembly, [2]. These vipac pins operated with a 
maximum average power of 55 kW.m and reached a burnup of 2.0 MWd, 
equivalent to 1.20 MWd/kg U0_ for the 1510 mm long fuel columns with a 
smear density of 84-88Z T.D. For the six, similarly fabricated, vipac 
pins of the IFA-104 assembly the percentage fission gas release was 
9.8-12.5. These pins achieved an average burnup of 14 MWd per pin or 
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7.7 MUd/kg UO_. However, their maximum average power was only 40 kW.m 

The measured isotopic compositions of Xenon and Krypton of pin H-46 are 
in very good agreement with those of the IFA-104 pins. The short irradi
ated IFA-203 pins showed fission gas isotopic compositions which de
viated up to I.6Z, for Kr-83, from the compositions in the IFA-104 and 
IFA-204 pins. The measured Xe/Кг ratios were 6.5-7.7 in the IFA-104 
pins and 6.8-7.9 in the IFA-203 pins. The generally good agreement be
tween calculated and measured isotopic compositions of Xenon and Krypton 
and Xe/Кг ratios for all pins of the IFA-104, IFA-203 and IFA-204 as
semblies indicate the validity of the basis data as given in table VII. 
Because these data represent purely the U-235 fissions it may also be 
concluded that in these 8 a/o U-235 enriched U0_ fuel columns the breed
ing of fissile plutonium is neglegible with respect to the Xenon and 
Krypton yields. 

During sintering and restructuring of the sphere-рас fuel column closure 
of the pores between the spheres occurs, [3]. For pin H-46 this phenom
enon resulted in a decrease with 38Z of the free gas volume in the pin 
and in a reduction with 25Z of the quantity of argon filling gas in the 
free gas volume. For the six pins of the IFA-104 assembly these values 
were a 10Z decrease of the free gas volume and a 39Z reduction of the 
quantity of free argon gas. Thus, the pore closure phenomenon works out 
differently for pins with different fabrication characteristics and 
power histories. 
The quantity of helium formed in pin H-46, as a result of a-decay of 
heavy isotopes and of (n,a) reactions, was about 0.8 ml (STP). No ex
planation has been found, other than an error in the analysis, for the 
large quantity of 14.2 ml helium in the puncture gas where the as-
fabricated pin contained only 11.5 ml helium. 

5.2. Microscopy on Cross Section 

The irradiation performances of the non-instrumented, defected pins H-40 
and H-41 and of the instrumented, intact pins H-45 and H-46 were largely 
similar. 
To limit the number of cross sections for microscopy it was decided to 
prepare and examine only sections of the pins H-40 and H-46. The axial 
positions, the types of the cross sections, the used microscopes and the 
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main objectives of the examinations are presented in table IX. 

After polishing of the sample a macrophotograph, a ?-y autoradiograph 
and some detailed pictures of fuel restructuring and fuel-cladding inter
action phenomena were made. After etching a macrophotograph and detailed 
pictures of fuel restructuring phenomena and hydride morphology in the 
zircaloy wall were made. Thus, from each Light Reflection Microscopy, 
LRM, sample approximately 20 pictures has been made. From each Scanning 
Electron Microscopy, SEM, sample about 40 photographs were taken to re
veal the many interesting and sphere-рас relevant phenomena. It is evi
dent that in this report only the most important observations can be 
illustrated with pictures. In earlier reports, [1-3], and particularly 
in the ECN-91 report, many sphere-рас specific phenomena have already 
been described and illustrated. Presentation of the microscopic examina
tion results will therefore be focussed on observations concerning; 
- bottom weld failure and clad bulging of pin H-40, 
- fuel column restructuring, 
- fuel-cladding interaction phenomena, and 
- hydride morphology in the zircaloy wall. 

In particular for fuel column restructuring and FCI phenomena in sphere-
рас fuel pins SEM pictures give more detailed and more accessible in
formation than light micrographs on flat, ground specimens. Therefore, 
to illustrate typical sphere-рас phenomena by preference SEM pictures 
are used in this report. 

The figures 18 and 19 illustrated the outward appearance of the circum
ferential cracks in the zircaloy cladding at the position of the heat 
affected upper zone in the bottom weld of pin H-40. Figure 33 presents 
a longitudinal cross section at the position of this crack in the ground 
and in the "etched-for-hydrides" conditions. The upper macrographs show 
that necking of the cladding at the failure site took place at both sides. 
The appearance of the cracked region in the lower pictures is largely 
similar to that of the cladding cracks observed adjacent to the upper 
weld in some of the IFA-103 pins, [1]. Comparison indicates that com
plete hydriding of the zircaloy occurred around the location where the 
crack opening allowed ingress of water into the pin. The absence of thick 
zirconium oxide layers suggests that the cladding failure was not 
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primarily due to excessive local corrosion. 
Figure 34 shows the swelling of the MgO pellet and the resultant bulging 
of the zircaloy cladding. The maximum wall thickness reduction amounted 
approximately I3Z. The lower pictures indicate that the inner surface 
of the bulged cladding is covered with a thin zirconium-oxide film to 
which a composite layer of small UO. spheres and MgO pellet grains has 
become attached. Finally, figure 35 shows the MgO pellet, the U0_ pellet, 
the zircaloy cladding and small U0- spheres between these components at 
the bottom end of the not-defected pin H-46. 
It is evident that the above observations do not reveal whether the 
bottom weld failure caused the MgO swelling or whether, conversely, the 
swelling of the MgO pellet resulted in clad straining to failure at the 
bottom weld. This question will be answered in chapter 6 on the basis 
of some laboratory experiments on swelling of MgO pellets. 

5.2^2^_Fugl ̂ colum^regtructuring 

At linear powers in excess of a certain value, P , restructuring of the 
U0_ sphere-рас fuel column takes place in the central region where the 
temperature has been lavger than ~ 1900 K. For the IFA-204 pins P amounts 

-j r 

~ 45 kW.m . Microscopic examination of transverse and longitudinal cross 
sections, figures 36, 38, 44 and 47, reveals a central void or center 
hole at or near the pin axis. This center hole is surrounded successively 
by: 
- an inner region with columnar grains, figures 36, 45, 46, 48 and 49 
- a narrow middle region with equiaxed grains, figures 37, 39, and 50, 

and 
- an outer region with unrestructured grains, figures 42 and 56. 
Theoretically, [5], for U0_ fuel that has been irradiated during 436 
equivalent full power days, the transitions from columnar to equiaxed 
region and from equiaxed to unrestructured region correspond with tem
peratures of ~ 1900 К and ~ 1760 K, respectively. However, these cal
culated temperatures concern the ideal situation of a pure U0. matrix 
during irradiation at constant power. Actually power variations and a 
gradual power decrease, table II, takes place. Maximum temperatures in 
the sphere-рас fuel column were achieved during the first irradiation 
period after 36 equivalent full power days when the assembly power was 
288 kW. For pure U0_ at that time the calculated, and thus approximate, 
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temperatures were 2100 К at the columnar-equiaxed transition and 1900 К 
at the equiaxed-unrestructured transition. In spite of the lower powers 
during further irradiation, the radial positions of these transitions 
may shift somewhat outwards as a result of the gradual decrease of the 
transition temperatures with irradiation time. 
These aspects will be considered in more detail on the basis of fuel 
pin performance calculations with the Gapcon-Thermal code in the chap
ters 7 and 8. To that end the main fuel restructuring data of some cross 
sections have been measured and are presented in table X. 

In sphere-рас fuel the outer region with unrestructured grains consists 
of three zones: 
- and inner zone adjacent to the equiaxed grains where the medium and 
small spheres are sintered together, figures 37, 38 and 50 

- an outer zone where no agglomeration of spheres has taken place, 
figures 42 and 56, and 

- a fuel spheres/zircaloy cladding interaction film which will be 
described in section 5.2.3. 

In the cold condition, i.e. during the microscopic examinations, these 
inner and outer zones are often separated by a circumferential crack 
with a width of 40 +/- 15 ym, figures 37, 38, 44, 50, 51 and 55. This 
circumferential crack has been observed on all pin cross sections rep
resenting a restructured sphere-рас fuel column. In effect this crack 
resembles the fuel-cladding gap in pellet fuel pins. Upon irradiation 
this crack is rapidly closed. 
The 8~Y autoradiographs show that significant radial transport of fission 
products, such as cesium, cerium, ruthenium and zirconium, did not take 
place. This negative observation may however, be due to overexposure so 
that the resulting pictures did not reveal the actual situation. 

The microscopy on as polished and on as etched fuel column cross sections 
gives a good overall picture of the sizes and locations of the various 
restructured regions and zones. However, as a result of the grinding and 
polishing treatment most of the pores actually present are completely 
filled with swarf. Besides, fission product segregations, that are pre
dominantly incorporated in the restructured fuel grains in the form of 
micro-eggs, get often lost from the sample surface during the preparation 
steps, in particular during etching. Thus the study of grain structure, 
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pore morphology and fission product segregations may better be performed 
with a scanning electron microscope, SEM, on freshly fractured fuel pin 
sections. 
Unfortunately the spheres in the outer zone of the unrestructured region 
of a sphere-рас fuel column are not sintered together or agglomerated. 
As a result disruption of the fuel column occurs easily during prepara
tion of the SEN sample. In spite of this drawback some interesting SEM 
pictures of the fuel structure have been obtained from one sample each 
of the H-40 and H-46 sphere-рас pins. The SEM pictures may be compared 
with the light micrographs, figures 36-39 for pin H-40 and 44-46 for 
pin H-46. Successively from the SEM figures the most significant features 
will be described briefly. 
57 : general view on H-40 sample showing an outer region of unrestruc

tured large spheres which are closely packed in a conglomeration 
of medium and small spheres and fragments of the restructured, 
columnar + equiaxed grains, region; for comparison see figure 36. 

58-62: basaltic and sandstone like columnar grains with metallic fission 
product eggs embedded in the fuel matrix and with a labyrinth of 
pores and holes. 

63-64: transition from columnar grains into equiaxed grains with flat 
intergranular holes. 

65-66: conglomerated fuel fragments, which are tightly sintered onto a 
large sphere, with large intergranular pores. 

67-68: coral like surface of conglomerated small fuel spheres which were 
pressed against a large sphere in the unrestructured region. 

69-70: general view on H-46 sample showing center hole, columnar grains, 
sintered region and a thin unrestructured region; for comparison 
see figure 44. 

71-72: basaltic columnar grains with pores and metallic fission product 
eggs. 

73 : equiaxed grains with inter- and intra-granular pores. 
74-75: surface of a large sphere, located near to the inner cladding 

surface, showing deposits of fission product compounds. 

The observations on these SEM pictures lead to the following major con
clusions: 
I. The high inter- and intra-granular porosity of the fuel matrix in all 

regions of the restructured sphere-рас fuel column confirms once more 
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that the bulk density of these regions remains rather snail, i.e. 
89-90Z T.D. [2,3]. 

2. The restructured region of a sphere-рас fuel column consists of a stack 
of closely packed vedfte-shaped bricks which easily fragment into small
er pieces. As a result relocati-jn of these bricks by external forces 
imposed during the irradiation may also be expected to occur easily. 

3. The unrestruetured region of a sphere-рас fuel column consists of 
a stack of fairly closely packed large spheres embedded in a con
glomeration of small and medium spheres. 

An approximate value of the average density of the sintered region, 
columnar + equaixed + sintered grains, can be calculated with the re
lation: 

(ds + w c ) 2 * p. - (d2 - dj) * p s 

where: 
d * diameter of sintered region, e.g. 66Z 
w * diametral width of circumferential crack, i.e. 0.64Z с 
dL * diameter of center hole, e.g. 6.5Z 
p. * initial, as fabricated, sphere-рас density, e.g. 86.9Z T.D. 
p * average sintered region density, e.g. •* 89.5Z T.D. 
The "e.g. values" concern the 427/434 mm position data of pin H-46 as 
given in table X. For the 427/434/452 positions of pin H-40 an average 
p of 90.OZ T.D. was calculated on basis of a p. of 87.8Z T.D. For the s i 
other positions of the H-46 pin the following combinations were found: 
123/134 am p * 90.0Z T.D. 

s 
537/542 mm p » 90.1Z T.D. 
812/819 mm p - 89.2Z T.D. 
1200/1207 mm p - 90.2Z T.D. 

s 
Thus, the overall average density of the sintered region in the sphere-
pac fuel column of the IFA-204 pins was 89.83Z T.D. This value is in 
good agreement with the 90Z T.D. calculated earlier for vipac IFA pins, 
[2], and with the 89Z T.D. found for the columnar grain zone in sphere-
pac PWR pins, [3]. These p values indicate that for the calculations of 
the thermal and restructuring behaviour of U02 snhere-pac LWR pins at 
best a value p - 90Z T.D. can be applied. 



- 36 -

5.2.3. Fuel3C^adding_interaction_ghenorena 

Microscopy on pin cross sections of irradiated LWR pellet fuel pins 
practically always shows a gap between the pellet surface and the inner 
surface of the zircaloy cladding. Irradiation induced pellet fragmenta
tion often causes local filling or closure of this gap with sharp-edged, 
sometimes wedge-shaped, pellet fragments, [3]. At high burnup and/or 
high power and/or fast power increases these fragments are pressed firmly 
against the inner clad surface so that the protecting zirconium oxide 
film is locally destroyed. Fission product assisted stress corrosion 
cracking then may occur. Ultimately this process may lead to clad pene
tration and thus to pin failure. The use of sphere-рас instead of pellets, 
as fuel in LWR pins, may significantly reduce the risk of this kind of 
zircaloy clad failure. 

Microscopy on as-polished or freshly fractured pin cross sections of 
irradiated LWR sphere-рас fuel pins nearly always shows a high density 
conglomeration of small and medium diameter spheres which is attached to 
and partly embedded in the zirconium oxide film at the inner clad sur
face, figures 76, 78 and 82. Upon etching, to reveal fuel grain structure 
and hydrides in the zircaloy, this conglomeration is rapidly detached. 
As a result the inner clad surface then appears free from fuel spheres 
and pin cross sections even suggest the presence of a gap between fuel 
column and cladding, figures 56, 77, 83-88. The virtual absence of a 
fuel-clad gap in an irradiated sphere-рас LWR pin, with an as-fabricated 
smear density of ~ 88% T.D., is most clearly illustrated by the SEM 
pictures in figure 82. The fuel free, clean zirconiun oxide film at the 
inner clad surface shows only some small craters a*, spots where small 
fuel spheres have been sitting, figure 78 lower picture. Generally this 
oxide film shows many patches of conglomerated fuel spheres and fuel 
grains which are partly embedded in the zirconium oxide film, figures 
79, 80 and 81. 

Between the failed pin H-40 and the intact pin H-46 no significant dif
ferences have been observed concerning the above described fuel-cladding 
interaction phenomena. However, large differences between a failed and 
an intact sphere-рас PWR pin have been found earlier, [3]. This may in
dicate that the time between failure and termination of the IFA-204 ir
radiation was too short to cause gross ingress of coolant water into the 
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pin interior. This view is supported by the asbence of thick zirconium 
oxide layers at or near the failure site, figures 33 and 34. 

5.2.4. Hydride morphology in the zircaloy wall 

During the 436 effective full power days of the IFA-204 pins in the 
Halden BUR a zirconium oxide film vith a thickness of 5-15 urn was formed 
on the outer surface of the zircaloy-4 cladding, figures 77 and 83. 
Simultaneously with the growth of this oxide film, according to the 
reaction Zr • D_0 -* Zr02 • 4D, a fraction of the evolved deuterium is 
absorbed in the cladding wall. Theoretically, a 10 um ZrO. film corre-

2 sponds vith an oxygen adsorption of 15 grams O/m and a deuterium evo-
2 lution of 3.75 grams D/m . If fully absorbed In the 0.635 mm wall this 

deuterium quantity equals an average concentration of approximately 
0.09 v/o deuterium or 900 ppm. Assuming a similar terminal solid solu
bility of atomic hydrogen and deuterium in zircaloy gives a solubility 

H6f 
TK of about 2.10 exp ( ==—) ppm deuterium where TK is the zircaloy 

temperature in Kelvin, [6]. At the pin average power of 37 kW.m the 
inner and outer clad surface temperatures are 622 and 586 K, respectively. 
The calculated deuterium solubility is 247 ppm at 622 K, 164 ppm at 
586 К and < 1 ppm at room temperature. Generally the fraction of the 
evolved deuterium that is absorbed in the zircaloy cladding of IFA pins 
is approximately 0.3, [2,7]. Thus, these considerations indicate that the 
growth of a 5-15 um oxide film on the outer clad surface of the IFA-204 
pins effectuated a deuterium concentration in the zircaloy wall which 
approaches the terminal solubility values at the wall temperatures 
during the moments of maximum power generation. 
Because the heat of transport of hydrogen and deuterium in zircaloy is 
positive, ~ 6 Kcal/mole, diffusion in a thermal gradient occurs from 
warm to cold places in the wall, [8]. The ratio of the equilibrium 
hydrogen/deuterium concentration at the inner and outer clad surface 
can be calculated with the relation: 

C, T. - T 
I^ « ̂  - exp(- 3000 т

1 + T°) 
o i o 

For a T. - 622 К and a T » 586 К the value of R becomes 0.74. Thus, 
when deuterium and/or hydrogen only enters the zircaloy wall at the 
colder outer surface, i.e. as a result of the zirconium-water corrosion 
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reaction, the deuterium/hydrogen concentration at the inner surface is 

always significantly lower than at the outer surface. 

During cooling down to room temperature supersaturation and hydride 

precipitation takes place across the whole wall thickness. Precipitation 

of deuterium and hydrogen in these cold worked + recrystallization an

nealed zircaloy walls occurs in the form of hydride platelets which are 

predominantly oriented parallel to the clad surfaces, as can be seen in 

figures 83-88. However, as a result of axial or circumferential stresses 

in the wall during cooling down, these platelets may show a tendency to 

to precipitate more randomly or perpendicular to the surfaces, figures 

84, 86 and 87. The higher concentration of hydrides at the outer sur

face is best illustrated in the figures 84, 86 and 88. Axial diffusion 

of deuterium, whi.'h would have resulted in higher hydride concentrations 

near the top and bottom end of the fuel column, has not been observed. 

Comparison of figures 83 and 84 of the failed pin H-40 with figures 86 

and 88 of the Intact pin H-46 does not indicate significant differences 

for the hydride concentrations at similar axial positions. This forms 

additional evidence that gross ingress of coolant water into the failed 

pin H-40 via the bottom weld cracks did not take place. 

5.3. Burnup and Fissile Isotope Analysis 

From pin sections with a length of 3 mm and a weight of ~ 3.5 grams the 

fuel was dissolved. After dilution, uranium, plutonium and the rare 

earths were separated by an anion-exchange technique. From the rare 

earth fraction neodymium was separated by high pressure cation exchange. 

The absolute amounts of the different isotopes of uranium, nlutonium 

and neodymium were determined with the isotope dilution mass spectrom

etry technique. As spikes U-233, Pu-242 and Nd-150 were applied. The 

amount of Pu-238 was measured by aloha spectrometry of a sample prepared 

by electroplating of plutonium from the Pu-anion exchange fraction. The 

isotope Nd-148, with a fission yield of 1.680Z for both Ü-235 and Pu-239, 

was used as a burnup monitor. From the measured amounts of uranium, 

plutonium and Nd-14ft the burnup was calculated as the percentage fissions 

of the initial metal atoms, % FIMA. For U0_ fuel the following conversion 

factors are valid: \% FIMA « 8.28 MWd/kg U02 • 9.39 MWd/kg U. 

In view of the high initial U-235 content of 8.17 atom % in U and 
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because of the 2-3% inaccurai-n.-, n the chemical analysis no corrections 

were applied for decay of the isotopes and for the formation of the 

americium and curium isotopes. For a detailed evaluation of the measured 

isotopic compositions and burnups corrections are needed for the decay 

of Pu-241 which has a half life of 14.38 years according to the latest, 

1979, NBS data. For a calculation of these corrections the irradiation 

data give in table II and the chemical analysis period of June-August 

1978 have been used. For example, the analyzed atom Z Pu-241 in Pu total, 

presented in table XII, are 0.815 times the content at the end of the 

irradiation on April 15, 1974. 

The results of the burnup and isotopic compositions are given in tables 

XI and XII. The ratios of local and pin average burnup have been taken 

from the gamma scan data as presented in table III, last column. Table 

XI shows relatively low values for the calculated average pin burnups at 

the 421 and 805 mm axial positions. This is probably due to a combined 

effect of radial flux depression, preferential U-238 •*• Pu-239 trans

formation by epithermal neutrons in the outermost 200 pm region of the 

fuel column, [3], and self absorption of gamma quanta in the fuel. As 

a result of these effects the measured gamma activity in the high power 

sections, 400-900 mm, and thus also the ratio of local/average burnup, 

will be higher than corresponds with the average gamma activity over a 

fuel pin cross section. This gamma activity lifting in the high power 

positions relative to the low power, i.e. end of fuel columns, positions 

may influence significantly the axial form factors of LWR fuel pins as 

deduced from the gamma scans. For the 8.2% enriched IFA-204 pins this 

gamma activity lifting effect is small, e.g. at the axial positions 421 

and 805 mm of pin H-40 the corrected ratio's of local/average burnup 

are about 1.18 and 1.21, respectively. The corrected average pin burnups, 

in % FIMA, will then be 1.600 for H-40, 1.715 for H-41, 1.695 for H-45 

and 1.690 for H-46 where the assembly average burnup is 1.675. However, 

this also means that the maxi-num powers in the high power sections are 

approximately 3.3% lower than calculated on the basis of the in-pile 

instrumentation and p.i.e. gamma scans. 

The measured plutonium contents and the isotopic compositions of pluton

ium and uranium are given in table XII. The contribution of Pu-239 and 

Pu-241, formed during the irradiation by neutron absorption reactions 

from U-238, in the total burnup has been calculated with the approximate 
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relation: 

Z FIMA (Pu) - 2 FIMA (U+Pu) - [8.17 ~ f ^ ^ " X ü
2 3 5 + U 23e) ] 

where 8.17 i s the as-fabricated U-235 concentration in the fue l , in 

atom Z in U. For example, at the axial position 805 mm of pin H-41 the 

values are: 0.27 = 2.100 - 8.17 + ( 1 0 0 J Q Q 2 2 1 ) ( 5 . 8 9 + 0.46) . From the 

total burnup of the IFA-204 pins only 12-14Z has been achieved by the 

plutonium f iss ions . This low Pu contribution can be attributed ful ly to 

the high i n i t i a l U-235 content in the fuel . As a result the plutonium 

quantity in the irradiated pins was rather high, i . e . 2.9 grams per pin. 

The overall composition of this plutonium wi l l be approximately, in 

atom Z, 0.13 Pu-238, 87.00 Pu-239, 11.28 Pu-240, 1.49 Pu-241 and 0.11 

Pu-242. 

For the UO_ sphere-рас pins the following simple correlations were ca l 
culated from the figures in table XII, where BU i s the burnup in Z FIMA: 
Atom Z Pu in U+Pu = 0 . 1 1 * BU 
Atom Z Pu-239 in Pu = 100-7.8 * BU 
Atom % Pu-240 in Pu - 6.85 * BU 

I Я4 Atom Z Pu-241 in Pu = 0.57 * (BU) 

As expected, these relations show that the isotopic composition of the 
plutonium changes continuously during the irradiation. It has to be 
emphasized that these correlations have no general va l id i ty , also be
cause the decay of Pu-241 has not been taken into account. 

5.4. Hydrogen and Deuterium Analysis in Clad Samples 

From each pin of the IFA-204 assembly four ring sections have been pre
pared. The axial positions were 93, 416, 800 and 1209 mm above the bottom 
end of the sphere-рас fuel column. After dissolution of the fuel the 
remaining zircaloy-4 tube rings were s l ight ly etched to remove adhering 
f iss ion products and crud deposits and then dried in acetone. From each 
ring 2-3 samples have been cut with a weight of ~ 30 mg. After weighing 
the sample was heated at 1100-1200 С in vacuum during 10-20 minutes. 
The extracted quantities of pure hydrogen (H?), hydrogen-deuterium (HD) 
and pure deuterium (D_) were analyzed by mass spectrometry. The accuracy 
of the analysis as such i s ~ 2% but duplo or tr iplo values from one tube 
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ring differed in general 5-iOZ. The average values of these analyses 
are given in table XIII. 

The as-manufactured hydrogen content in the zircaloy-4 cladding tubes 
was 7 ppm, i.e. mg H/kg zircaloy. Prior to assembling of the fuel pins 
these tubes were autoclaved in 10 MPa steam during 12 hours at 673 K. 
This resulted in the growth of a protecting oxide film on both inner and 
outer surface with a thickness of 0.57 ym, equivalent to an oxygen ad-

2 sorption of 8.5 mgO/dm . On the basis of a hydrogen pick-up percentage 
of 10Z for zircaloy-4, [8], it can be calculated that the autoclaving 
enlarged the hydrogen content in the wall with 5.1 ppm. During the first 
days or weeks of the irradiation the moisture in the fuel column is de
composed and a fraction of the formed hydrogen is absorbed in the clad
ding wall. The moisture content of 30 ppm in the 1.78 kg U0„ per pin is 
equivalent to 6.68 mg hydrogen. If this quantity is evenly distributed 

2 over the 5.93 dm inner clad surface and is fully absorbed by the 
0.635 mm wall then the hydrogen content is enlarged further with 27 ppm. 
In practice however, the evolved hydrogen is not uniformly absorbed in 
the wall, [9]. Preferential absorption of hydrogen will take place at 
locations where the protecting zirconium oxide film has been damaged. 
Thus, the hydrogen content that does not originate from the in-reactor 
corrosion reaction with the coolant will have an average value of about 
39 ppm. Locally however, the concentrations in the zircaloy wall may vary 
between 12 ppm and the solid solubility limit at the inner clad surface 
temperature, 10 .exp(—=r-) where TK - Kelvin temperature, or for example 

-1 121 ppm at 620 К and 36.6 kW.m . The small differences between the 
hydrogen contents, as H„ in ppm, of the cladding samples from one pin, 
see 6th column of the table XIII, indicate the existence of a pin-
typical "non-corrosion" hydrogen content. For example, 45, 36, 51 and 
35 ppm, respectively for the pins H-40, 41, 45 and 46. This conclusion 
is supported by the fact that the hydrogen contents, contrary to the 
deuterium contents, are not different for the failed pins H-40 and H-41 
and the intact pins H-45 and H-46. 

Assuming that the solubility behaviour of hydrogen and deuterium in 
zircaloy is similar, the equivalent total hydrogen content equals 
(ppm H- + 0.5 * npm D-), see table XIII last column. With a ratio of 
the (H + D) contents at the inner and outer clad surface of ~ 0.74, see 
section 5.2.4., the highest value of 149 ppm corresponds with an "inner" 
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content of 127 ppm and an "outer" content of 171 ppm where the solid 
solubilities were respectively 121 and 80 ppm at a power of 36.6 kW.m . 
In effect this means that the low power pin H-40 operated for a consid
erable time with a slightly hydrided or H+D supersaturated zircaloy 
cladding wall. In the other pins, which operated at somewhat higher 
powers than pir H-40, the local solubility limits probably have been 
approached but not exceeded during operation at full power. 

In combination with the burnup data in table XI the deuterium values 
in table XIII indicate that the deuterium content is roughly proportional 
to the burnup, or average local power. For instance, 31 ppm D /Z FIMA 
for the intact pins H-45 and H-46 and 69 ppm D /Z FIMA for the slightly 
failed pin H-41. For the severely failed pin H-40 the deuterium absorp
tion in the zircaloy-4 cladding increased from 63 ррш/Z FIMA at the 98 mm 
position via 85 and 107 ppm/Z FIMA at the 421 and 805 mm positions to 
145 ppm/Z FIMA at the 1195 mm position. This gradual increase may be an 
indication that axial transport of deuterium in the zircaloy wall to
wards the top sections occurred in this severely failed pin. Anyhow, 
the ingress of D?0 coolant into the pin interior must have caused the 
high deuterium figures measured for the failed pins H-40 and H-41. 
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6. FUEL PIN FAILURE ANALYSIS 

In the sections 4.I., 5.2. and 5.4. the observations have been described 
on the cracking of the heat affected upper zone of the bottom weld and 
on the bulging of the adjacent zircaloy cladding at the position of the 
NgO insulation pellet of the pins H-40 and H-41. These observations were 
illustrated in figures 18, 19, 22, 33, 34 and 35. The absence of thick 
zirconium oxide layers both at the failure sites and at the clad inner 
surface in the high power sections may indicate that these failures 
occurred slowly and smoothly. The deuterium contents of the zircaloy-4 
wall, table XIII, showed that ingress of D.O coolant into the pin interior 
did take place in the pins H-40 and H-41. However, no gross failure of 
the cladding occurred and neither at the outer surface nor on cross 
sections for microscopy signs of hydride blisters or sunburst cracks, 
[9], have been observed. This indicates that also the ingress of D„0 
coolant via the bottom weld cracks was a slow, non-violent process. 
However, the question remains as to what was first; the bottom weld 
cracking or the swelling of the bottom MgO pellet. 

Because the MgO pellets, and their surrounding cladding, at the top end 
of the fuel columns did not show any signs of swelling, see figure 23, 
the first impression was that weld cracking caused ingress of coolant 
water which in turn caused the swelling of the MgO pellet as a result 
of the reaction MgO + D-0 -*• Mg(OD).. Unfortunately, attempts to analyse 
the ratio of hydrogen and deuterium in the swollen MgO pellets failed, 
mainly because the dehydration of pellet fragments at temperatures above 
650 К was not successful. 
In the as-assembled pin the moisture content of 27 ppm in the 1780 grams 

3 sphere-рас fuel corresponds with 48 mg or 48 cm (STP) H_0 per pin. 
Thus the first question is whether this quantity is sufficient to cause 
the observed swelling. To obtain an answer three short dummy pins were 
assembled. These dummies consisted of a zircaloy-4 tube with argon-arc 
welded zircaloy-4 end caps. The free space was filled with a stainless 
steel disc, a MgO pellet, ~ 10 grains of small U0_ spheres and ~ 0.08, 
0.3 and 0.6 mg H„0 in the dummies 1, 2 and 3, respectively The construc
tion and X-ray photographs of the as-assembled pins are shown in figure 
89. The dummies were exposed in an autoclave in water at 523 К and 4.0 
MPa during successively 5 and 10 days. The outer appearance and X-ray 
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photographs after the 5 days testing are shown in figure 90. No signifi
cant changes took place during the second exposure of 10 days. The mea
sured maximum increases of the diameter, relative to the original di
ameter of 13.76 mm, were 0.95, 5.3 and 12.5Z, respectively for the dum
mies I, 2 and 3. The strain percentage of 12.5Z practically equals the 
1I.7Z that has been measured for the maximum cladding strain at the 
positions of the NgO bottom pellets of the pins H-40 and H-41, see end 
of section 4.1. Apparently less than I mg H„0 is sufficient to cause the 
measured swelling of the MgO pellet. 

Thus, the available 48 mg H_0 in the pins H-40 and H-41 had ample oppor
tunity, in quantity and time, to react with the MgO to form Mg(OH).. 
Nevertheless, the top end MgO pellet in these pins showed no signs of 
diametral swelling. Fortunately the X-ray photographs of the dummies 
not only revealed the expected diametral swelling but showed also a 
significant axial swelling of the MgO pellets, i.e. 9, 26 and 37Z of 
the original height for the dummies 1, 2 and 3, respectively. Apparently 
the axial swelling has been larger than the diametral swelling. Thus it 
might be possible that the existence and extent of diametral swelling is 
connected with the space limitations for the MgO pellet to expand in 
the axial direction. To verify this possibility three new similarly 
constructed dummies were assembled, but now without filling of the free 
space with small U0_ spheres. Also these new dummies were exposed during 
5 days in an autoclave in water at 523 К and 4.0 MPa. The X-ray photo
graphs before and after testing, figure 91, show that the expansion of 
the MgO pellets did not result in diametral swelling of these pellets. 
After cutting of the bottom end caps a voluminous white powder, pre
sumably Mg(OH). + MgO, came out of the dummies 2 and 3. The pellet in 
dunmy i remained practically unchanged. 

Figures 1, 23 and 24 show that the height of the MgO pellets at the top 
end of the fuel column increased from the original 5.0 mm to approximately 
13 mm in pin H-40, to 12 mm in pin H-41, to 5.1 mm in pin H-45 and to 
5.2 mm in pin H-46. Diametral swelling of these MgO pellets did not 
occur in any of these pins. The figures 34 and 35 show that the height 
of the MgO pellets at the bottom end of the fuel column changed from the 
original 5.0 mm to ~ 6.3 mm in pin H-40 and to 5.0 mm in pin H-46. This 
brings out that significant swelling of the MgO pellets, as a result of 
their reaction witt water, occurred only in the failed pins H-40 and H-41. 
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Diametral swelling in these pins took place only at the bottom end where 

the axial expansion of the MgO pellet was prevented by the presence of 

the adjacent zircaloy end cap and U0_ insulation pellet. However, though 

the quantity of 48 ppm moisture in all as-assembled pins of IFA-204 was 

far in excess of the amount needed to cause MgO pellet swelling, no 

swelling happened in the H-45 and H-46 pins. Thus it can be concluded 

that the moisture in the as-assembled pins did not contribute signifi

cantly to the MgO + H„0 reaction that resulted in the swelling of the 

MgO. In addition, pin H-3I of assembly IFA-203, [2], showed a completely 

similarly swollen MgO pellet, i.e. 18% maximum diameter increase of the 

cladding, as in pin H-40. Failure of this pin H-31 occurred at a burnup 

of 0.15Z FIMA as a result of degradation of the fuel center thermocouple. 

In this case no signs whatsoever of bottom weld cracking had been ob

served. 

Thus, the final conclusion is that cracking of the zircaloy-4 cladding 

in the upper heat affected zone of the bottom weld has been the initi

ative process that caused ingress of coolant into the pin interior. 

Subsequently the reaction of that coolant with the MgO pellet took place. 

The resulting swelling of the MgO pellet and bulging of the cladding 

presumably brought about a significant axial stress in the weakest parts 

of the heat affected zone. Consequently, crack propagation and crack 

widening took place. In view of the 10 Torr-liter/sec. leak tightness 

of the as-assembled pins it is most likely that the crack initiation 

occurred during their operation in the reactor as a result of imposed, 

extraordinarily large, mechanical stresses. 
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7. COMPARISON BETWEEN MEASURED ASP CALCULATED DATA 

In the preceding report ECN-91, [3], a literature survey and a compari
son of measured and calculated data have been presented on the thermal, 
structural and fission behaviour of LWR sphere-рас fuel pins. The main 
conclusions were that: 
- the overall thermal and structural behaviour of sphere-рас fuel re

sembles greatly that of comparable pellet pins. 
- adaptation of the "pellet" thermal conductivity function was necessary 

to achieve reasonable agreement between measured and calculated data. 
- in addition a sintered density of 897. T.D., a fuel-cladding diametral 
gap of 75 um, a fuel surface roughness of 3 um and a fission gas re
lease correction factor of 0.5-0.7 had to be applied to match the 
calculated data to the measured data. 

- breeding-in of Pu-239 in the outermost 100-200 um region of the fuel 
column, as a result of epithermal neutron capture in the resonances 
of the U-238 atoms, has a significant influence on the radial distri
bution of the fissioning process. 

Meanwhile on this matter two relevant articles have been published, 
[10, 11]. According to the Hall-Martin thermal conductivity model for 
sphere-рас U0_ columns the many solid-gas interfaces in the unrestruc-
tured region result in an integral, effective, temperature jump distance 
(G-value) across that region which is much larger than in a pellet U0_ 
column where only the pellet-cladding gap and a few cracks in the pellet 
contribute to the G-value. Briefly, this G-value comprises the extensions 
of a geometrical gap width to compensate for the imperfect, non-ideal, 
heat transfer from gases to solid and vice versa. At P • 0 MPa and 
T « 700 К these G-values for the U0 -gas systems are about 10 pm for 
helium, 5 um for argon, 1 um for nitrogen and krypton and < 0.1 um for 
xenon. Roughly, these G-values are proportional to the ratio T/P so 
that for a given gas a lower temperature, or a higher gas pressure, 
results in a reduction of the G-value and thus in an increase of the 
effective thermal conductance across a gap or crack. 

For the calculation of the thermal behaviour of a U0. pellet pin the 
standard LWR computer codes, such as the Gapcon-Thermal-2 code used by 
us, calculates only the G-values at the inner clad surface and at the 
pellet surface. Thus, the microscopically observable cracks in the 
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pellet are assumed to close fully during continued irradiation. In the 
unrestructured region of a sphere-рас fuel column however, many of the 
as-fabricated solid-gas interfaces remain in function as a barrier for 
heat conductance throughout the irradiation. The microscopy on cross 
sections, considered in section 5.2., showed that the fuel-cladding gap 
in snhere-pac pins is virtually absent. Instead a circumferential crack 
is observed at room temperature between the unrestructured and the re
structured regions of the sphere-рас fuel column. Because the pellet 
codes cannot handle this situation up to now an artificial fuel-cladding 
gap of ~ 75 ym has been taken into account in the calculations of sphere-
рас pins to compensate for the low thermal conductance of the unrestruc
tured region and the adjacent circumferential crack, [2,3]. Though in 
general this compensation method resulted in a good agreement between 
measured and calculated data the method as such is of course incorrect. 
Actually the use of an artifical gap is only applicable for sphere-pac 
pins filled with helium of 0.1 MPa and irradiated at powers resulting 
in appreciable restructuring so that calculated data on fuel restruc
turing and fission gas release are inherently insensitive for variations 
in the as-fabricated fuel column properties. 

In the original fuel pin behaviour code Capcon-Thermal-2, [12], the 
thermal conductivity of the UO. matrix is calculated with the function 
TCOR: 

TC0R - '-08 * I| • (1-D) * 0.53 * 11WT1 + 6'13 ' П'13*3}. (I) 

where: TCOR - thermal conductivity in W.cra ,K . 
D * fractional density of the U0? matrix, 
T * temperature in Kelvin. 

Because this function is only valid for UO. pellet fuel with D > 0.90 
the factor 0.5 in the denominator of the second term has been replaced 
with the input variable PCOR. For pellet fuel the default value 0.5 
was maintained. For sphere-рас fuel the input values were PCOR • 1.0, 
1.4 and 1.6 at the smear densities D • 0.85-0.90, 0.80-0.85 and 0.75-
0.80, respectively. However, this gave odd results for sphere-рас pins 
with a smear density close to a stepwise change of PCOR. To eliminate 
this drawback a smooth version of TCOR has been made: 
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TCOR - [ 2 ?] * I *8:2
T + 6.13 . 10 ~ ' V ] . (2) 

0.937 + 6.0 (I-ОГ l£* 

Although this new function improved the agreement between measured and 

calculated data it still bears the fundamental gap between sphere-pac 

and nellet fuel, brought forward by the studies of Hall and Martin, 

i.e. the accumulation of G-values as a consequence of many solid-gas 

interfaces in the unrestructured region of a sphere-рас fuel column. 
Theoretically the steep and rapidly varying temperature gradient, in com
bination with slight but continuous relocations of small and medium 
diameter spheres, does not lend this unrestructured region amenable to 
a description by a simple analytical model which calculates its thermal 
conductivity in a computer code. 
Therefore, on the basis of the Hall-Martin thermal conductivities of a 
three-fraction IK>2 bed, with packing characteristics similar to our 
sphere-рас U0_ solumns and measured at temperatures between 380 and 
1100 К and at helium pressures of 0.1, 0.3 and 0.6 MPa, a simple addi
tional term in the function TCOR has been developed as a correction for 
the accumulated G-values. Calculations on sphere-рас fuel with this 
correction term are of course only useful if the temperatures are less 
than the sintering temperature of ~ 1900 К and if the densities are 
less than the sintered density of 90Z T.D. Therefore our version of the 
Gapcon-Thermal-2 code takes this correction term only into account after 
an input variable, PC0R = -1, activates the above "if"- statements. 
Thus for the unrestructured regions in the sphere-рас fuel column the 
function TCOR (3) becomes: 

TCOR - [0.35 + 0.00035 T] * TCOR (2). (3) 

where: T * tenmerature in Kelvin. 

Note that at the upper limit of T » 1860 К the correction term is 1.00. 
It has to be emphasized that the validity of TCOR (3) is restricted to 
V0„ sphere-рас LWR pins with an as-fabricated helium + argon pressure 
of 0.1 MPa and with a smear density larger than 802 T.D. For pre-
pressurized pins, with 0.4-2.5 MPa helium, an additional pressure depend
ent term in TCOR (3) is needed as a correction for the enhanced overall 
thermal conductance of the sohere-pac fuel column. 



Figure 92 s h m  the  dependence of t h e  thermal c o n d u c t i v i t i e s  of  as- 

f ab r ica ted  86.9% T.D. sphere-pac and p e l l e t  UO f u e l  on temperature f o r  2 
the  unres t ructured and r e s t r u c t u r e d  regions.  Probably, t h e  smal l  jump 

a t  t h e  t r a n s i t i o n  telsperature of - 1600 OC w i l l  n o t  e x i s t  i n  r e a l i t y .  

Fission-gas induced in t ra -  and in ter -granular  p o r o s i t y  w i l l  lower t h e  

conductivity i n  t h e  res t ruc tu red  regions t o  t h e  do t t ed  l i n e .  Having a 

n e g l i g i b l e  e f f e c t  on t h e  ca lcu la ted  f u e l  temperatures,  t h i s  s-li cor- 

r ec t ion  has not  been incorporated i n  t h e  code. 

Figure  9 3  shows the  ca lcu la ted  t enpera tu re  d i s t r i b u t i o n s  j u s t  at s t a r t -  

up and a f t e r  0.25% FIMA burnup a t  a power of 57 k~.m-' f o r  as- fabr ica ted 

86.9% T.D. sphere-pac and p e l l e t  U02 f u e l  columns wi th  no f u e l  t o  c l a d  

gap. The lower thermal conduct iv i ty  of  t h e  unres t ruc tu red  sphere-pac 

region gives a s t e e p e r  s lope  o f  t h e  temperature d i s t r i b u t i o n  i n  t h a t  

region than f o r  t h e  p e l l e t  fue l .  A s  a  r e s u l t  t h e  f u e l  c e n t e r  temperature 

i n  t h e  sphere-pac column becomes - 10% h igher  r e l a t i v e  t o  t h a t  i n  t h e  

p e l l e t  column. Besides, the  curves i n d i c a t e  t h a t  t h e  temperature drop 

i n  t h e  c e n t r a l  f u e l  region which o r i g i n a t e s  from the  r e s t r u c t u r i n g  j u s t  

a f t e r  s t a r t u p  has  a l ready disappeared a t  a  burnup of 0.25X FIMA. Appar- 

e n t l y  t h e  re leased xenon and krypton lower t h e  thermal conduct iv i ty  of 

the,  o r i g i n a l l y  40% helium-60% argon, f i l l i n g  gas s u f f i c i e n t l y  t o  com- 

pensate f u l l y  f o r  t h e  h igher  c o n d u c t i v i t i e s  of t h e  r e s t r u c t u r e d  region.  

Inc iden ta l ly ,  t h e  curves show t h a t  t h e  f i s s i o n  gas r e l e a s e  b r ings  about 

h igher  temperatures across the  whole radius .  Fuel  r e s t r u c t u r i n g  gives  

only a dron of temperatures i n  t h e  c e n t r a l  f u e l  region.  

It has  t o  be emphasized t h a t  t h e  p e l l e t  curves i n  f i g u r e  93 represent  

the  hypothet ica l  s i t u a t i o n  of no gap between f u e l  and c ladding a t  room 

temperature. With an as-fabricated d iamet ra l  gap of 75 urn and a power 

of 57 kw.m-' the f u e l  c e n t e r  temperatures become 2590 OC f o r  t h e  un- 

r e s t ruc tu red ,  86.92 T.D., p e l l e t  a t  s t a r t u o  and 2690 OC f o r  t h e  p a r t l y  

r es t ruc tu red  p e l l e t  a t  0.252 FIMA. For these  r e s t r u c t u r e d  sphere-pac and 

p e l l e t  + gap f u e l  columns a l s o  t h e  ca lcu la ted  r a d i i  of c e n t e r  h o l e ,  

11.5%, and res t ruc tu red  region,  752, have been s i m i l a r .  Thus, a l ready a t  

t h i s  low burnup of 0.25% FIMA the  thermal and s t r u c t u r a l  d i f f e r e n c e s  

between sphere-pac without a gap and p e l l e t  wi th  a 75 um gap have become 

v i r t u a l l y  neg l ig ib le .  Th i s  agrees f u l l y  wi th  t h e  f ind ings  of e a r l i e r  

s tud ies ,  [2,3]. 
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A comparison between measured data from the post-irradiation examinations 
and calculated data from the computations with the ECN-82 version of the 
Gapcon-Thermal-2 code is presented in table XIV. The most relevant in
put values in relation to these computations are given in tables XV and 
XVI. The fair agreement between measured and calculated data in table 
XIV shows that this ECN-82 version of GT-2 is capable of computing the 
main thermal, restructuring and fission characteristics of an LWR sphere-
рас pin originally filled with a helium-argon mixture of 0.1 MPa pres
sure. However, it must be said that to obtain this fair agreement some 
additional adaptations had to be applied. 
The absence of a fuel-clad gap in sphere-рас pins asked for a reduction 
of the fuel surface roughness to a value of 1 urn which thus equals that 
of the inner cladding surface. Furthermore, some of the absorption cross 
sections of the fissile isotopes had to be adapted. For PWR pins the 
a values, used as default values in our GT-2 version, are 9.0, 1500, 
900 and 1500 barns for respectively Ü-238, Pu-239, Pu-240 and Pu-241. 
The absorption cross section is the sum of the capture, a , and the fis

sion, a., cross section for the neutrons in a LWR core. For U-238 a is 

f с 
built uo of a term a for thermal neu'rons, 2.73 barns, and of a term 

c,t 
a for eoithermal neutrons, ~ 20 bars. This о of U-238 for reson-c,e ^ ^ c,e 
ance neutrons is roughly proportional to VS/M where S • pellet fuel sur-

2 face area in cm and M • mass of pellet in grams. In combination with a 
lower effective epithermal neutron flux in HBWR relative to a PWR the 
cross sectional average о value for U-238 becomes 6.6 barns and the 
o- value is 0.60 barns for the sphere-рас IFA-204 pins. 
It has to be noted that this breeding-in of Pu-239 in the outermost mil
limeter of an U0_-LWR fuel column, resulting from resonance capture of 
epithermal neutrons by U-238, is mostly not taken into account in com
putations of the thermal and restructuring behaviour of LWR-U0,. fuel. 
Carlsen and Sah, [11], measured that the Pu-239 concentration at the 
fuel surface was more than twice that at the fuel center in LWR-U0-
pellets after 328 and 1080 days irradiation. A similar result was ob
tained by us after only 57 days of irradiation, [3]. Calculations of 
Carlsen and Sah showed that at a power of 50 kW.m this non-uniform 
radial distribution of Pu-239 will cause the fuel pellet centerline 
temperature to be of the order of 250 К lower than would be expected 
assuming a radially uniform plutonium distribution. For sphere-рас fuel 
this fuel centerline temperature drop may be even somewhat lower. 
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As the maximum pin power is mostly generated during the first reactor 
cycle, this Pu-239 breeding-in will not affect significantly the p.i.e. 
restructuring data. However, the measured percentage fission gas release 
may in some cases be substantially lower than the percentage release 
calculated with a normal fuel pin behaviour code. In conclusion it may 
be stated that the calculations with the ECN-82 version of the Gapcon-
Thermal-2 code give valuable overall results for the sphere-рас U0_ LUR 
fuel pins. But for the achievement of a more detailed agreement between 
measured and calculated data always some small adaptations in the code 
have to be applied. 
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8. DISCUSSION 

The application of sphere-рас fuel in LWR pins may bring about signif
icant safety related and economic advantages for the nuclear fuel cycle. 
Previous irradiation experiments, [3], showed both the feasibility to 
incorporate the reprocessed fissile material, Pu-239/Pu-241, only in the 
largest spheres of the three size fractions of a sphere-рас fuel column 
and the good irradiation performance of that pin concept as compared 
with standard, homogeneously enriched, sphere-рас and pellet LWR fuel 
pins. The peak burnup of these experiments however, was only 1Z FIMA so 
that the continued programme is directed at obtaining the necessary long 
term data on the performance of LWR sphere-рас fuel pins. The manufacture, 
irradiation and post-irradiation examinations of the IFA-204 pins com
prised the next step in the cooperative KEMA-ECN-GKN programme on the 
development of a LWR sphere-рас fuel pin. 

In the discussion of the ECN-91 report, [3], the possible advantages and 
drawbacks of the use of sphere-рас fuel in LWR pins have been considered 
comprehensively on the basis of the obtained p.i.e. results. Compared 
with pellet fuel possible drawbacks of sphere-pace fuel may be the di
mensional instability of the sphere-рас column, in particular in the 
section with a restructured fuel center, and t e somewhat higher fuel 
temperatures as a result of the lower thermal conductivity of the un
rest rue Cured region. The latter may cause a significant enhancement of 
the fission gas release and of the axial migration of fission products. 
In addition to the obvious advantages of a safer and more economic pro
duction in reprocessing plants a major advantage of sphere-рас fuel may 
be its inherent capability for reshuffling of small spheres in the un
rest rue tured regions so that FCHI induced development of substantial 
stresses in the cladding is less likely. 

As two of the IFA-204 pins were equipped with fuel column and cladding 
elongation detectors significant phenomena connected to any dimensional 
instability of the sphere-рас fuel column should have been revealed by 
the elongation measurements during the irradiation. The maximum linear 
powers were beyond the threshold of ~ 50 kW.m for restructuring of 
the fuel column so that the microscopy on cross sections, in particular 
with the SEM, should have added valuable information on fuel restructur
ing and FCI phenomena. And finally, the results of the calculations with 
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an adapted version of the Gapeon-Thermal-2 code, presented in the pre
vious chapter, showed the validity of a new thermal conductivity rela
tion for sphere-рас fuel in pins filled with helium of 0.1 MPa. Thus 
the discussion of the IFA-204 results will focus successively on the 
following subjects: 
8.1. Dimensional stability of the sphere-рас fuel column. 
8.2. Structural behaviour of the sphere-рас fuel column. 
8.3. Thermal performance of the sphere-рас fuel column. 

8.1. Dimensional stability of the sphere-рас fuel column 

Today's excellent record of performance of pellet fuel pins in LWR's 
can be seen as the result of the vast amount of research on these pins 
during the last two decades in many countries. As a consequence research 
on any other type of fuel, such as sphere-рас, always takes place against 
thf background knowledge of pellet fuel. Unfortunately, the IFA-204 
assembly did not contain comparable pellet fuel pins. Thus the numerous 
pellet fuel test irradiations in the Halden BWR, which generated an ex
tensive data base and various analyses of the dimensional changes mea
sured during and after irradiation, have to form the reference for our 
IFA-204 results. 

Dimensional changes of fuel pins sti ' • . «n differences in thermal, phys
ical and mechanical properties of the ceramic U0_ fuel column, of the 
metallic zircaloy cladding and of the water coolant. Numerous studies, 
a.o. based on the fuel pin tests in the Halden BWR, have been directed 
to catch these dimensional changes in models suited for incorporation 
in fuel pin behaviour codes. To avoid test-typical approaches the more 
general treatise of Vilpponen et al., [13-16], will be used as a ref
erence for our IFA-204 results. Evidently only the findings of Vilpponen's 
extensive work that are relevant for the sphere-рас versus pellet com
parison will be considered here. Thus the problems connected with the 
ridging phenomenon in pellet pins are not taken into consideration. 

Typical fuel pin elongation versus power curves were shown in figures 
15-17. Starting from zero power going up to a certain threshold power, 
P , fuel column and cladding expand independently according to their 
thermal expansion coefficients. During further power rise fuel-cladding-
mechanical-interaction, FCMI, built up so that the larger thermal 
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expansion of the fuel column results in axial and radial deformation of 
the cladding. Due to the cosine-shaped axial power distribution, see 
table III, FCMI starts at the axial pin position of maximum power that 
first passes the P value. As the pin power is increased further the 
power at a progressively growing number of points surpasses the P 
value. This mechanism results in an exponential increase in the pin e-
longation response for a given power increment, i.e.: 

ДЕ/ДР = A. exp(kP) (1) 

From гего power to P * P the constant к = 0 and A represents the thermal 
expansion response of the cladding to power changes. The data in table 
V give a pin average value for A of 7.8 um/kW.m across the 1510 mm 
fuel column length or 5.2 ppm/kW.m . The value of Vilpponen for a 1500 mm 
pellet stack was 6.0 ppm/kW.m~ , [14]. At P > P the value of ДЕ/ДР during 
a power change depends on the pin power history up to that moment, on 
the power increase rate ДР/At, on the axial power distribution and on 
the fuel pin fabrication characteristics. Early in life the zircaloy 
cladding is ductile so that imposed stresses easily result in deforma
tions. As a result the major part of permanent axial and radial deforma
tions, a.o. the formation of ridges at pellet interfaces, occur during 
the first power cycles at burnups less than 0.5% FIMA. This holds true 
in particular when the maximum pin powers are achieved early in life, 
as has been the case for the IFA-204 pins. Due to irradiation hardening 
it becomes increasingly more difficult with increasing burnup to deform 
the zircaloy cladding plastically. As a consequence of these many depen
dence.! the simple relation (1) no longer holds. Vilpponen, [14], replac
ed it jy various more complicated relations which describe the depen
dences of ДЕ/ДР on power, burnup and pin design parameters separately. 
Apparently the actual clad deformation mechanisms appeared so complex 
that Vilpponen's next presentations, [15,16], showed a more descriptive 
approach of the quantitatively unpredictable interplay between thermal 
expansion, strain build-up and relaxation, creep and irradiation growth. 
Therefore, and because the limited data from the IFA-204 sphere-рас pins 
can of course not cope with the vast data base on pellet pins, the 
treatment in the following sections will merely focus on significant 
differences between sphere-рас and pellet fuel. 

A major difference between a standard pellet fuel pin and a sphere-pac 
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fuel pin concerns the time during which almost complete relaxation of 
the imposed strains in the cladding is achieved after a power change. 
Figure 15 shows that during the power plateau at ~ 135 kW the FCMI in
duced elastic clad elongation in sphere-рас pin H-46 relaxes within one 
hour towards the extrapolated thermal expansion line. Figure 10 shows 
that at a burnup of 11.3 MWd/kg U0_ a power change of ~ 9% in 2 hours 
results in a maximum elastic strain of ~ 0.02% over the FCMI length of 
~ 680 mm at 30 kW.m . A practically 100% relaxation of that strain was 
effectuated within 24 hours after the power rise. In pell* r'ns extent 
and time of relaxation are dependent on pin parameters «.*. ii as fuel 
matrix density, pellet length, pellet shape and pellet-cladding gap. 
For standard LWR pellet fuel the extent of relaxation is usually in the 
range 20-40% of the FCMI induced strain but the time necessary to ob
tain that relaxation is generally less than 24 hours, [15]. 

Vilpponen attributed this rapid relaxation to sliding processes within 
the pellet stack, possibly assisted by primary creep processes in the 
fuel. In a sphere-рас pin the greater capacity to accomodate sliding 
processes, i.e. reshuffling of small and medium diameter snheres, most 
likely forms the basis of the practically 100% relaxation of FCMI induced 
strains, as indicated by the ЛЕ values in the last but one column of 

r 
table IV. In a pellet pin the remaining strain of > 50% of the FCMI in
duced strain will contribute to the stress state of the cladding. During 
a long time interval at constant power this stress will be relieved by 
fuel creep and/or by deformation of the cladding, [15]. However, during 
a load following or power cycling made of operation, such as depicted 
in figure 11, a step by step increase of FCMI induced strains may ul
timately bring the zircaloy cladding of the pellet pin in a stress sit
uation prone to the occurrence of stress corrosion cracking, SCC, phe
nomena. In sphere-рас pins this gradual accumulation of strains seems 
impossible thanks to the practically complete relaxation of imposed 
stresses by reshuffling of spheres within the fuel column. Presumably 
this is why SCC induced zircaloy clad cracking has never been observed 
in sphere-рас LWR pins. It may be remarked that a vipac fuel column, 
consisting of a vibrationally compacted mixture of sharp edged U02 

lumps, behaves in a similar way as a low density or large gap pellet fuel 
stack which also after a number of power cycles virtually consists of a 
closely packed column of sharp edged UO lumps. 
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In conclusion it may be stated that in sphere-рас pins the FCMI-induced 
cladding strains, which result from power changes at pin average powers 
beyond a threshold of ~ 25 kW.m , relax rapidly and practically com
pletely during subsequent operation at constant power. This character
istic property makes sphere-рас fuel pins much less susceptible to stress 
corrosion cracking failure than standard LWR pellet fuel pins. Needless 
to say that special pellet-pin manufacturing measures such as a low 
density-large gap combination, hollow pellets, pellet-clad lubricants 
and soft zirconium clad liners all bring about a pellet pin performance 
which is more or less similar to that of sphere-рас fuel pins. 

Because relaxations of strain occur rapidly and because power changes are 
always irregular the clad elongation versus power curves, such as de
picted in figures 13 and 15-17, practically never show the smooth, un
disturbed exponential increase of the measured elongation that corre
sponds to relation (1). All power irregularities during a continuous 
power increase, whether just a slower rise, a plateau or a small drop, 
promptly result in strain relaxations. In view of these disturbances 
it was surprising that during continuous power changes the maximum 
and minimum FCMI induced elongations per mm FCMI length, the AE/L. 
values in table IV, were fairly constant. The more so because some 
parameters varied considerably; ДР/ t = 3.5-10.4 kW.m ,hr , P = _. max 
35-45 kW.m" _and_burnuB = 0.05-12.9 MWd/kg U0_. The FCMI length equation 

( a" t\0,43 L, = 1390 .| — - ) given in table IV corresponds with the more 
1 ' Pt .' -1/ Pt \ fundamental relation L- » 0.013 . Lf * cos \ — 1 where Lf » sphere-pac 

* шах/ fuel column length in mm, Pt = threshold power at which FCMI starts or 
terminates and P = maximum power at the end of a power increase or 

max r Y 

at the beginning of a power decrease. These findings mean that for a 
88% T.D. smear density U0_ sphere-рас LWR fuel pin the maximum, or mini
mum, cladding elongations at the end of a continuous power change are 
expressed by: 

(2) 

where: 
E = maximum elongation or shrinkage during the power change. 

-1 a * 5.2 ppm/kW.m = effective clad thermal expansion coefficient. 
8 =3.0 ppm - FCMI factor during a power increase. 

E • a , 
re 

> L * • 

f 
. P + В 

max 
w L i j» 4 

f • c o s V P — » ' N max' 
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В • -2.5 ppm « FCMI factor during a power decrease. 

L,, P and P have been defined above. For pin H-46 the pin-typical t t max _. 
constants were L « 1510 mm and P • 25 +/- 3 kW.m . It has to be em
phasized that the pin power values P and P represent pin average data. 
The absolute values are ~ 30Z larger as can be deduced from the axial 
power distributions in table III. 
In spite of the rapid and complete strain relaxations in sphere-рас pins 
each power change, at powers beyond the FCMI threshold value, will re
sult in a small increment of the accumulated creep strain. The resulting 
permanent elongations as a function of burnup have been presented in 
table V. Apart from the elongations during the first reactor cycle, up 
to a burnup of 1.59 MWd/kg U0?, the cladding data obey reasonably ac
curately the expression: 

E = 63.0 * (BU)0*5 (3) 
Pc 

where: 
E » permanent elongation due to FCMI in ppm. 
BU * burnup in MWd/kg U0-. 

During the first reactor cycle the permanent pin elongation increased 
roughly proportional with the increase of burnup. The sphere-рас fuel 
column data show that ~ 0.2 mm shrinkage, i.e. densification, took place 
during the very first power cycle at virtually zero burnup. On further 
irradiation the sphere-рас fuel column length remained constant up to 
a burnup of ~ 8 MWd/kg U0_. Beyond this burnup the measured elongations 
of the sphere-рас fuel column obey the empirical expression: 

E . - - 133 • 27 (BU - 8.0) (4) 
ot 

where: 
E . • permanent fuel column elongation in ppm. 

As the data base of (4) is very meager more data of other sphere-рас pins 
up to higher burnups are needed to confirm and to extend the validity 
of (4). Until then it seems not appropriate to translate (4) in a sphere-
рас fuel column behaviour mechanism. 

In addition to the FCMI induced permanent elongations, described by the 
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expressions (3) and (4), the length of the zircaloy cladding and that of 

the contained fuel column increase through irradiation growth of the 

hexagonal zirconium lattice. Expansion occurs along the a-axis and con

traction takes place along the c-axis. Normally the texture in zircaloy 

tubing vails is predominantly such that irradiation growth results in an 

increase of the pin length and in a reduction of the tubing wall thick

ness. According to Vilpponen, [15] this irradiation growth induced pin 

length increase, E in ppm, can be described as: 

E = A * (BU)0,5 (5) 

where: 

A • a zircaloy tubing typic*. growth constant. 

BÜ * pin average burnup in MWd/kg U0_. 

For annealed zircaloy tubing A - 126 and for stress relieved tubing 

A = 189. Cold work adds a component of length increase in the direction 

of working so that the burnup dependence increases to (BU) ' , [16]. 

The zircaloy-4 tubing of the IFA-204 pins, see table I, has been re-

crystallization annealed at 600 С so that A - 126. With the achieved 
pin average burnup of 13.65 MWd/kg UO. and the 1510 mm fuel column 
length the E value calculated with (5) becomes then 0.70 mm. The burn-
up dependency of irradiation growth is virtually a function of the fast 
neutron fluence. For the experimental fuel test assemblies in the Halden 
BWR the fluence is almost totally due to fission neutrons originating 
in the test assembly. Practically no fast neutrons are received from 
the core or adjacent experiments. Therefore the linear relation (<t>t) = 
5.1023 (BU), where *t = n/m2 and BU » MWd/kg U02, exists for the Halden 
fuel test assemblies, [15].Besides the irradiation growth of zircaloy 
tubes depends only slightly on temperature, i.e. it is proportional to 
exp(241/T) with T in Kelvin. For the IFA-204 pins, where the average 
pin power of 37 kW.tn corresponds with an average clad temperature of 
604 K, an increase in local power from 37 to 58 kW.m gives a cladding 
temperature increase from 604 to 651 K. Because this ЛТ causes a reduction 
of only ~ 32 in E for most purposes this temperature dependence of E 
can be neglected. Thus it can be concluded that the local irradiation 
growths in the zircaloy cladding of the IFA-204 pins can be calculated 
on the basis of the axial burnup distribution, as obtained from the 
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Ce-144 gamma scans and the Nd-148 burnup data, with the expression: 

E - 126 * (BU)0,5 (6) 
gr 

where: E = axial zircaloy irradiation growth in ppm. 

BU - burnup in MWd/kg U0 . 

Mathematically the expressions (3) and (6) are similar so that simple 

addition to E » E + E =189 (BU)0 , 5 i s jus t i f i ed . For the IFA-204 t pc gr J 

pins H-45 and H-46 the calculated total elongations E are then 1.05 

and 1.07 mm, respectively. The measured pin length increases, see table 

VI, were 0.90 mm for pin H-45 and 1.05 mm for pin H-46. I t has to be 

noticed that this reasonable agreement between measured and calculated 

E^ values basically stems from the fact that the FCMI length L. i s 
t /pa"ptN0-43 X 

accidentally proportional t o { — 1 . Thus addition of (3) and (6) 

i s only permitted in so far as the whole fuel column length of 1510 mm 

i s taken into account. 
In pin sections where P < P of course no FCMI induced cladding elonga
tion takes place. In sections where P > P the correct, local , FCMI-

r a t 

induced elongations can be calculated with Vilpponen's, [14 ] , expression: 

ДЕ = A * [exp(kP ) - exp(kPj] (7) 
A a t 

For the IFA-204 pins A - 135 ppm and к » 0.040 kW.ro" . The local powers, 
P , and the local elongations, ДЕ., as calculated with (7), are given 
3 L 

in table XVII for various pin average powers beyond the local FCMI thres
hold power, P , of 32.5 kW.m . Figure 94 illustrates the differences 
between local peak elongations and averaged elongations. 
Of course, the greater part of these elastic elongations relaxate rapidly 
during normal operation at constant power of these sphere-рас pins. 
The data in table XVII suggest that the axially central section of the 
pin, i.e. between the axial positions 300 and 900 mm, will give by far 
the largest contribution to the elastic, and thus also to the permanent, 
elongations. However, during constant full power operation at each axial 
position where P > 32.5 kW.m a new, higher value for P is established 
as a result of the strain relaxations. Thus, small power fluctuations 
during constant power operation cause almost equal stress-strain con
ditions at all axial positions where the actual power is higher than 
32.5 kW.m- , which is the lowest P value in the IFA-204 pins. 

http://kW.ro
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This means that the measured remaining strains of -45 to +45 um, given 
in the last but one column in table IV, virtually represent ~ 41 ppm com
pression or elongation across the entire FCMI length of ~ 1100 mm. This 
strain level i s not expected to endanger the cladding integrity in any 
way. 

In conclusion i t may be stated that the fuel and cladding elongation 
measurements during the irradiation of the sphere-рас IFA-204 pins H-45 
and H-46 showed that neither during power ramping conditions up to local 
peak powers of ~ 60 kW.m nor during constant ful l power operation at 
pin average values of 40 +/ - 5 kU.m the behaviour of the sphere-pac 
fuel column as such or the interplay between sphere-рас column and 
cladding resulted in conditions which possibly might endanger the in
tegrity of the zircaloy cladding. 

8.2. Structural behaviour of the sphere-рас fuel column 

The successful, almost failure free operation of today's pe l l e t UO2 
fuel in LWR's brings about that the evaluation of the irradiation be
haviour of a new type of fuel such as sphere-рас has to be done against 
the background of vast knowledge on the behaviour of pel let fuel. 
NJW developments in pe l l e t fuel pins , e .g . annular, large grain, high 
density U0. pe l le ts clad in zircaloy with either a soft zirconium liner 
or a graphite coating on i t s inner surface, make that the knowledge of 
and the capabil it ies of pe l l e t fuel pins increase rapidly. Actually the 
gap in knowledge between pe l le t and sphere-рас fuel widens rather than 
closes. However, this is not necessarily alarming as long as the major 
properties of sphere-рас and pel let fuel develop in the same direction. 
Evaluations of the thermal and structural behaviour of sphere-рас fuel, 
mostly by comparison with pel let fuel , have been given regularly by var
ious investigators, [17-21, 3 ] . Apart from generally insignificant dif
ferences both types of fuel behave largely similar. 

In two ways however, a substantial difference occurs. As-fabricated sphere-
pac fuel contains many interlinked pores. As a result already at low temper
atures the evolved f i ss ion gases xenon, krypton, cesium and iodine easily 
find their way to the free gas volume in the fuel pin. And secondly, stress 
build-up in the fuel column remains insignificant because rapid relaxation 
takes place through reshuffling of small spheres, [ 3 ] . The easy release 
of gaseous f ission products from the sphere-рас fuel column and their 
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subsequent migration towards other locations in the pin is illustrated 
by the cesium-137 gamma scans in the figures 26, 28, 30 and 32 and by 
the high percentage of fission gas release of ~ 24Z, see a.o. table VIII, 
in the sphere-рас pins that were irradiated in the Halden BUR. Debit to 
this high release rate is the large, inter- and intra-granular porosity 
of the fuel column, as was clearly illustrated by theSEM pictures in 
this report and in [3]. The measured bulk density of restructured sphere-
pac fuel was rather small, i.e. 89-90Z of theoretical density, see 
chapter 5.2.2. and [2,3]. In fact the investigations with the SEM of 
partly restructured sphere-рас fuel columns showed that the restructured 
parts consist of wedge-shaped bricks which easily break up to give smaller 
pieces. Consequently relocation of these bricks by external forces, im
posed during the irradiation, may also be expected to occur easily. 
Thus, eventual fuel-cladding-mechanical-interaction, FCMI, induced 
stresses in the cladding will relaxate rapidly as a result of fuel 
fragment relocations. For sphere-рас fuel the disadvantage of a high 
fission gas release is apparently inherently connected with the advantage 
of a practically stress free operation of the cladding. 

Already Freshley, [17], indicated that at comparable heat ratings less 
fuel-cladding interaction, which causes cladding strain, and higher fuel 
temperatures and fission gas release occur in sphere-рас fuel pins than 
in pellet fuel pins. Fitts and Miller, [18], brought forward the addi
tional, possibly advantageous, property of unrestructured sphere-pac 
fuel that the gas phase communicates directly between the cold fuel-
clad locations and the hotter parts of the fuel column so that local 
build-up of oxygen cannot occur in sphere-рас fuel under normal LWR 
operating conditions. Lahr, [19], emphasized that sphere-рас pins show 
a uniform and relatively low mechanical interaction between cladding and 
fuel so that local stress concentrations, as caused by pellets in the 
cladding, do not occur. Delbrassine and Smith, [21], observed signifi
cantly higher local strains, with steep local changes, in the pellet -pins 
than in the sphere-oac pins. They concluded that these strains were of 
much greater significance to the pellet pin failures than the clad em-
brittlement. Their sphere-рас pins showed only slightly more gas re
lease than the pellet pins. In the ORNL survey, [20], conspicuously 
little has been reported on fission gas release. The assessment of ir
radiation performance data was focussed on the inherently smaller fuel-
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cladding-interaction, chemically as well as mechanically, of sphere-pac 
fuel than of pellet fuel in LWR's. Beatty, et al. concluded that the 
unrestruetured annulus that exists at the periphery of sphere-рас fuel 
columns reduces fission product transport to the cladding because these 
products must move by some type of random walk process through the 
packed spheres to reach the cladding. Thus the presence of the unsintered 
annulus reduces both the probability of producing highly localized 
stresses in the cladding and the concentration of corrosive fission pro
ducts to attack the cladding. However, the SEM pictures in this report, 
figures 75, 79-82, illustrated, and also the microprobe analysis reported 
in [3] showed,that already at burnups as low as 0.4% FIMA sufficient 
cesium and iodine has been precipitated on the inner zircaloy wall to 
induce stress-corrosion if the local stress levels surpassed the SCC 
threshold value. Therefore in my opinion in LWR fuel pins, whether filled 
with pellet or sphere-рас fuel, practically from the beginning of their 
irradiation sufficient corrosive fission products are deposited on the 
inner zircaloy surface to make SCC failures possible. Thus the absence 
of SCC failures in low burnup LWR pins is due to the high threshold 
stress level for ductile zircaloy. 

Freshley,[17], correlated the percentage fission gas release, % FGR, 
with the volumetric average fuel temperature, VAFT, in sphere-рас fuel 
pins on the basis of 34 data points ranging from 3-99% FGR and from 
600-2200 °C VAFT. Applying his correlation, i.e. % FOR « - 34 + 0.060 
(VAFT), to the 1025 °C calculated for the VAFT of our pin H-46 with the 
Gapcon-Thennal-2 code gives a FGR of 27.5%. Although this gives reason
able agreement with the measured value of 24%, see table VIII, Freshley's 
correlation should be applied with caution. This is in particular so 
because obtaining a correct VAFT value is extremely difficult for most 
of the LWR pins so that the uncertainty in calculated VAFT values is 
mostly large, ~ +/- 100 C. For the few pellet pins in Freshley's study 
a rough approach gives the correlation % FGR - - 18 + 0.024 (VAFT). Thus 
at any VAFT value the fission gas release of standard, ~ 94% Т.О., U0„ 
pellet stacks is significantly lower than that of sphere-рас fuel columns. 
However, it has to be emphasized that all FGR data obtained so far con
cern sphere-рас pins filled with helium or helium + argon of 0.1 MPa. 
The xenon release data in [3] indicate that both pellet and sphere-pac 
fuel columns release substantially smaller amounts of gas when the pins 
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are filled with helium of 2.5 MPa. The differences in fission gas re
lease between these pellet and sphere-рас pins were small. However, the 
irradiaton conditions during these tests in a PWR-looo were not repre
sentative for those prevailing in a normal LWR. Most recent results in
dicated that the fission gas release was 4.5% at a burnup of 0.75% FIMA 
for a sphere-рас U0„ pin, filled with helium of 0.45 MPa, [23]. This 
4.5% FGR is in the range that would be expected from a standard UO 
pellet pin, filled with helium of 0.10 MPa, when irradiated under sim
ilar conditions. More data on this subject will give the P.I.E. data 
of IFA-416 which contains pellet and sphere-рас pins, filled with helium 
of 0.1 MPa and 1.1 MPa. IFA-416 has been irradiated in the Halden BWR at 
normal LWR heat ratings beyond a burnup of 30 MWd/kg UO . 

In combination with the P.I.E. findings presented in the chapters 4 and 
5 the above considerations lead to the following main conclusions con
cerning the structural behaviour of sphere-рас fuel columns during their 
irradiation under LWR conditions: 

- After operation at linear heat ratings beyond 34 kW.m the sphere-рас fuel 
column gets divided in sections with a length of ~ 10 mm at room temperature. 

- Extensive axial transport of cesium from high rated to low rated sec
tions took place in the sphere-рас pin with a cracked bottom weld. The 
release of cesium to the coolant has been negligible however. 

- The extent of axial cesium transport in the not-failed sphere-рас pins 
was insignificant. 

- The percentage fission gas release amounted 24% and was in agreement 
with earlier results on vipac UO- pins in the HBWR, i.e. 19-25%. 

- The free gas volume in the as-fabricated pin of ~ 31 ml was reduced, 
through pore closure during fuel sintering and restructuring, with 
38% to a volume of ~ 19 ml after the irradiation. 

- At linear heat ratings in excess of ~ 45 kW.m restructuring of the 
sphere-рас fuel took place, resulting in the formation of a center hole, 
a columnar grain zone, an equiaxed grain zone and an unrestructured, 
outer region. 

- This outer region consists of an inner zone where medium and small 
spheres are sintered together, an outer zone where hardly any conglom
eration of spheres took place and a fuel spheres-zirconium oxide-
zircaloy cladding interaction film. 

- At room temperature, i.e. during the microscopic p.i.e. on cross 
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sections, these inner and outer zones are often separated by a circum-
ferentical crack with a width of 40 +/- 15 um. Apparently this crack 
replaces the fuel-clad gap observed in pellet pins. 

- The high, inter- and intra-granular porosity of the fuel matrix in 
all zones of the restructured region leads to a bulk density of this 
region that remains rather small, i.e. 89-90% T.D. 

- The restructured region of a sphere-рас fuel column consists of a stack 
of closely packed wedge-shaped bricks which easily fragment into 
smaller pieces. 

- Relocation of these bricks and of spheres in the unrestructured re
gion may also be expected to occur easily so that thermal and mechan
ical stresses in fuel column and cladding relax rapidly. 

- Thus, inherent to the porous structure of the sphere-рас fuel column, 
whether restructuted or not, is the drawback of a high mobility of 
gaseous fission products and the advantage of a practically stress 
free operation of the cladding. 

8.3. Thermal performance of the sphere-рас fuel column 

A short survey of the literature on the thermal behaviour of sphere-pac 
fuel columns has been given in [3]. The main statements were as follows: 
- At the start of the irradiation fuel temperatures are higher in sphere-
pac pins than in pellet pins at similar heat ratings. 

- At low burnups, < 0.5% FIMA, the temperature-restructuring relation
ships were the same in both fuel types, i.e. columnar grain growth 
above 1920 К and equiaxed grain growth between 1570 and 1920 K. 

- At linear heat ratings causing sphere-to-sphere sintering, > ~ 35 kW.m , 
or restructuring, > ~ 45 kW.m , of the ~ 88% T.D. sphere-рас fuel 
column in the Halden BWR the fuel temperatures decrease with increasing 

burnup from 0 to 0.1% FIMA, e.g. from 2110 К at startup via 1820К at 0.01% 
FIMA to 1510 К at 0.1% FIMA for the fuel center temperature at 50 kW.nf . 

- On further irradiation the continuous increase of the amount of fission 
gases in the gas atmosphere causes a gradual rise of the fuel temper
atures in pins filled with helium of 0.1 MPa; e.g. from 1510 К at 
0.1% FIMA to 1660 К at 0.4% FIMA, for the fuel center temperature of 
a sphere-рас pin at 50 kW.m . 

- At higher burnups sphere-to-sphere sintering occurs at temperaures as 
low as 600 K, presumably as a result of the preferential deposition 
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of fission product compounds in the surface layers of the spheres. 

The first thermal conductivity X versus temperature T curves for vipac 
U0_ have been published by Freshley, [17]. For — 872 T.D. vipac fuel X, 

-1 -1 
in H.cm .K , was 0.015 +/- 0.005 between 500 and 1900 K. At tempera
tures above the grain growth threshold > of UO. is practically indepen
dent of the initial structure, i.e. whether pellet, vipac or sphere-pac 
fuel. On basis of in-pile fuel -emperature measurements of 85.8Z T.D. 
vipac U0_ Calza-Bini, et al. [22], evaluated the X-T formula: 

X » (16.3 + 0.019 T)" 1 + 6.0 . 10~I3T3 

where: 
T " fuel temperature in Kelvin. 

For 85.8Z T.D. sphere-рас fuel the formula for A-T, evaluated in chapter 
7 of this report, becomes: 

X = [0.35 + 0.00035 T][(4.16 + 0.0323 T)~' • 5.0 . 10~,3T3] 

Applied at 800 and 1600 К the Calza Bini formula gives X values of 0.032 
and 0.024, respectively and the ECN formula gives X values of 0.021 and 
0.018 W.cm .K , respectively. The ECN values are in surprisingly good 
agreement with the Hanford-BNWL data reported by Freshley. This valid
ation of the ECN formula justifies the conclusion that the correlation 
between thermal conductivity and temperature of unrestructured sphere-
pac fuel is as follows: 

X - [0.35 + 0.00035 T][ 2 т Н т Ц — + 6.13 . 10",3T3] 
0.94+6.0U-D) ^ l 

where: 
A = thermal conductivity, in W.cm .K , of an unrestructured sphere-pac 

U02 fuel column with a smear density of 80-90% Т.О. and filled with 
helium + argon of 0.I MPa. 

T * temperature in Kelvin. 
D • fractional smear density of the sphere-рас fuel column relative to 

-3 the theoretical density, T.D., of 10.96 grams cm for pure U0_. 

This X-T relationship consists of the factors [A].[B].[C]. The last 
factor, [C], represents the X-T correlation of Lyons, [24], as adapted 
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by Beyer, Hann and banning, [12], for use in the Gapson-Thermal-2 code 
of UO. pellets with a density of 95Z T.D. 
The middle factor, [B], represents the smoothed version of the porosity 
correction factor for pellet UCL used in the Capcon-Thermal-2 code, 

D [12]. This smoothed version of the fl ,, . correction factor in GT-2 
had to be evaluated because the GT-2 code was only suited for U0_ pellets 
with a density > 90Z T.D. The evaluation of the first factor, [A], has 
been presented in chanter 7. Virtually this factor changes with burnup 
because the temperature, characteristic of the boundary between the un-
restructured and equaxed-grain zones decreases with burnup. Olander, 
Dage 282 in [5], developed for this boundary temperature T the formula: 

3 - 1 e u 

T « 27.10 (11.3 + log t) where t = irradiation time in hours and 
T = boundary temperature in Kelvin. Thus after 1 day, 1 month and 1 
year T will be 2130, 1910 and 1770 K, respectively. Incorporation of 
Olander's formula in factor [A] of the X-T correlation gives [A] = 
[0.30 + 0.0156 log t][l + 0.001 T]. However, actually Olander's formula 
applies to the irradiation of UO„ at constant power. In the case of the 
IFA-204 pins, see table II, the maximum powers have been achieved at 
the end of the first irradiation period, i.e. after 40 equivalent full 
power days irradiation. The calculated T is then 1890 К and [A] = 
0.35[I • 0.001 T]. At T • 1890 K, [A] becomes practically equal to one. 
Because the powers during the further irradiation were much lower than during 
the first period it is likely that the value of T did not decrease so 
much that it passed the unrestructured-equiaxed-grain boundary as estab
lished in the sphere-рас fuel column at the end of the first irradiation 
period. Thus it has to be emphasized that the validity of the presented 
X-T relationship is restricted to the UO- sphere-рас fuel columns in the 
IFA-204 pins which had an as-fabricated helium + argon pressure of 0.1 MPa. 
For pre-pressurized pins presumably an additional pressure dependent 
factor in the X-T relationship is needed. Anyhow, the above considerations 
show that the X-T formula for U0_ fuel with densities < 90% T.D., whether 
as-fabricated sphere-рас or high burnup pellet, represents an under
developed area in the field of U0. properties. 
Beatty, et al., page 180 in [20], emphasized that the necessary future 
work on the development of sphere-рас fuel should include the determina
tions of the thermal conductivity and the gap conductance of sphere-pac 
U02 LWR-size fuel nine during their irradiation. All micrographs of as-
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pol ished cross s ec t i ons of i rradiated sphere-рас pins with a smear den

s i t y of ~ 88% T.D. shows that a gap between the sphere-рас fue l column 

and the inner surface of the z i rca loy cladding i s v i r t u a l l y absent . 

Therefore the ca l cu la t ions with the ECN-82 sphere-рас vers ion of the 

Gapcon-Thermal-2 code on the IFA-204 p ins have been performed with a 

zero gap s i z e and with surface roughness values of 1 um for both the 

inner cladding surface and the fuel column, see tab le XV. The fuel to 

clad gap heat conductance, GHC, i s composed of three contr ibut ions ; the 

s o l i d - s o l i d contact conductance, the radiant heat t rans fer and the con

duction through the gas . The r e s u l t s of the c a l c u l a t i o n s ind ica te that 

with zero gap s i z e the f i r s t two of the contr ibut ions remain p r a c t i c a l l y 
- 2 -1 

constant, i . e . 1.6kW.m .R for the s o l i d - s o l i d contact conductance 
- 2 -1 

and 0.07 kW.m .K for the radiant heat t rans fer at the condit ions pre 
v a i l i n g throughout the i r r a d i a t i o n of the IFA-204 pins in the Halden 
BWR operating at f u l l power. 

However, the heat conductance of the gas decreases with increas ing mole 

fract ion o f the f i s s i o n gases xenon and krypton in the gas atmosphere in 

the p in . The c a l c u l a t i o n s gave values for t h i s gas conductance, express -
-2 -I ed in kW.m .K of: 

- 11.7 at zero burnup with no fission gas contamination 
- 6.9 at 1.65 MWd/kg UO with 0.63 mole fraction Xe+Kr in the gas 
- 4.7 at 6.31 MWd/kg UO with 0.84 mole fraction Xe+Kr in the gas 
- 4.1 at 12.04 MWd/kg U0_ with 0.91 mole fraction Xe+Kr in the gas. 

The resulting calculated gap heat conductances are presented in table 
XVIII for various power levels and burnups. Also given in this table are 
the radial hot gap and the volume average fuel temperature. The hot gap 
represents the difference in radial expansion of the fuel column and of 
the cladding. A negative value for the hot gap means that the fuel 
column is in firm contact with the cladding. The calculated data in 
table XVIII show that: 
- The gap heat conductance is practically independent of linear power if 
the radial hot gap is virtually zero. 

- The gap heat conductance decreases with increasing burnup. 
- This decrease of GHC is proportional to the increase of the mole frac
tion fission gas in the gas atmosphere in the pin; i.e. 
AGHC/A[Xe+Kr] » 8.4. 

- At a constant linear power the decrease of GHC with increasing burnup 
causes only a small increase of the VAFT values. 
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Application of Freshley's fission gas release correlation, see chapter 
8.2., gives an increase in the % FGR from 25 to 34 if the VAFT increases 
from 1257 to 1408 K, as has been the case for sections of the IFA-204 
pins that operated at 40 kW.m . For the sections operating at 30 kW.m 
the % FGR increases from 11% at zero burnup to 18% at a burnup of 
12.0 MUd/kg U0_. Of course, average powers and axial power distributions 
vary continuously in a BWR so that sections operating at a constant 
power do not actually exist. Anyhow, the above considerations illustrate 
that a small increase of the VAFT results in a substantial increase of 
the % FGR and that the simultaneously occurring increase of the mole 
fraction Xe+Kr in the gas results in a decrease of the gap heat conduc
tance which in turn causes a further increase of the VArT, etc. This 
effect is called the Thermal Feedback Effect, TFE. The interrelations be
tween clad elongations, onset power of FCMI and the TFE have been de
scribed by Crouthamel, et al., in [231 Briefly, even a small power ramp 
or spike may have large consequences if a major part of the fuel matrix 
becomes just above the threshold of gross interlinkage of intergranular 
pores. With his constant high fission gas release 0.1 MPa helium filled 
sphere-рас fuel presumably is insensitive to TFE and therefore may be in 
this respect inherently safer than pellet fuel, in parricular at high 
burnups. 

In combination with the considerations and findings presented in chapter 
7 the above elaboration of calculated data leads to the following main 
conclusions concerning the thermal behaviour of sphere-рас fuel columns 
during their irradiation under LWR conditions: 
- The thermal conductivity-temperature correlation of unrestructured 
sphere-рас UO. fuel with a smear density of 80-90% T.D. and with an 
intersphericc.1 gas atmosphere of a helium-argon mixture of 0.1 MPa is: 

X - [0.30+0.156.log t][l + 10'3.T][ 2 öH-r!ii!+ 6.13.10",3.T3] 
0.94+6.0(l-D)Z ,Z* l 

where: A » thermal conductivity, in W.cm ,K . 
t • equivalent full power restructuring time, in hours. 

3 -1 
T * temperature, in Kelvin, where T < 27.10 (11.3+log t) . 
D • fractional smear density of the sphere-рас fuel column, rel-

3 
ative to the 10.96 grams/cm theoretical density, T.D., for 
pure UO, and with D < 0.90. 
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- The thermal conductivity-temperature correlation of restructured 
sphere-рас UO. fuel, which has a smear density of 90% T.D. is: 

х - [ т 1 ^ + 5 - 5 2 - 10~13 -т3] 

where: 
X - thermal conductivity, in W.cm .K . 

3 -1 
T = temperature, in Kelvin, where T > 27.10 (11.3+log t ) -
t » equivalent fu l l power restructuring time, in hours. 

- In sphere-рас UO.-LWR pins the gap between fuel column and cladding 
i s virtually zero during the irradiation so that the fuel to clad 
heat conductance i s practically independent of linear power. 

- Calculations with the ECN-82 sphere-рас version of the Gapcon-Thermal-
2 code showed that: 
- the fuel to clad heat conductance decreases proportionally to the 

increase of the mole fraction of f iss ion gas, Xenon + Krypton, in 
the gas atmosphere of the pin interior. 

- the mole fraction f i ss ion gas increased from zero at the start to 
0.91 at the end of the irradiation of the IFA-204 pins. 

- as a result of this increase in f iss ion gas the fuel to clad heat 
—2 -1 conductance decreased from 13.4 to 5.6 kW.m .K and the volume 

average fuel temperature increased with approximately 140 K. 
- this increase of volume average fuel temperature in the IFA-204 pins 

causes an increase in the percentage f iss ion gas release with ~ 8%, 
e.g. from 25 to 34 % FGR at a linear power of 40 kW.m . 

- Calculations with the ECN-82 sphere-рас version of the Gapcon-Thermal-
2 code also showed that reasonable to good agreement between measured 
and calculated data was obtained for the fuel restructuring character
i s t i c s , for the f iss ion gas release percentages and for the isotopic 
compositions of uranium, plutonium, xenon and krypton of the 87-88% T.D. 
smear density UO» sphere-рас IFA-/04 pins, that were originally f i l l ed 
with a helium-argon mixture of 0.1 MPa, by taking into account: 
- a density of the restructured fuel of 89-90% T.D. 
- a fuel surface roughness of 1 urn 
- the absence of a fuel-cladding gap 
- an effective ful l power fuel restructuring time of 40 days so that 

the fuel restructuring temperature was 1890 K. 
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9. SUMMARY AND CONCLUSIONS 

1. Fuel assembly IFA-204 consisted of four pins filled with a blend of 
three sizes of U0_ spheres. This blend was compacted by vibration to 
achieve a 87-88Z T.D. smear density of the 1500 mm long sphere-pac 
fuel column. The as-fabricated pins were filled with a 40 v/o helium 
- 60 v/o argon mixture of 0.1 MPa. 

2. IFA-204 was irradiated during 597 days, equivalent to 436 full power 
days» in the Halden BWR from November 1971 to April 1974 when the 
achieved assembly average burnup amounted 13.7 MWd/kg UO.. 

-j l 

3. The maximum assembly average power of 50 kW.m was achieved at a 
burnup of 1.6 MWd/kg U0_ where the axial form factor was 1.31. The 
irradiation time average power and the average equivalent full power 
were 27 and 37 kW.m , respectively. The average axial form factor 
was 1.30 throughout the irradiation. 

4. Two of the four pins were equipped with fuel column length and pin 
length extensometers. Apart from one fuel extensometer this instru
mentation operated successfully during the irradiation. 

5. Correlating of measurements with the extensometers with the average 
pin powers and burnups showed that: 
- at powers less than a threshold P of 25 +/- 3 kW.m only fuel-

clad thermal interaction, FCTI, occurred. 
- at powers beyond P power changes in addition result in fuel-clad 
mechanical interaction, FCNI. 

- a continuous oower change results in a total clad elongation E 
that obeys the expression: 

E " L f [ a ' Pmax + * ' С о Г 1 (p^)1 
4 max' 

where: 
L, - fuel column length; a K 4.8 ppm/kW.m • effective clad thermal 
expansion coefficient; 8 • FCMI factor; i.e. 3.0 ppm during power 
increase and -2.5 during power decrease; P * threshold power for 
onset of FCMI and P - maximum power at the end of the power 
change. 

- operation at constant power subsequent to a power change results 
in rapid and practically complete relaxation of the FCMI induced 
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elongation so that only the FCTI component of E remains. 

- the permanent clad elongation as a result of FCMI induced creep 

and of fast neutron bombardment induced growth obeyed the expres

sion E - 189 (BU)0'5 with E in ppm and BU in MWd/kg Ü0 . The 

validity of this expression only concerns the recrystallization 

annealed zircaloy-4 cladding of the IFA-204 sphere-рас pins. 
- the length of the sphere-рас fuel column decreased with ~ 130 ppm 
during the first power cycle, remained from then on practically 
constant up to a burnup of ~ 8 MWd/kg U0_ and increased finally 
according to the expression E • - 133+27 (BU-8) ppm. 

6. The two not-instrumented pins failed prematurely through bottom weld 
cracking. Neither gross ingress of water nor significant washout of 
fuel particles took place. 

7. Neutron radiography, gamma scanning, puncturing and microscopy on 
cross sections showed that: 
- the sphere-рас fuel column divides itself in sections with a length 
of ~ 10 mm after irradiation at powers beyord 34 kW.m . 

- restructuring of the sphere-рас fuel column takes place at powers 
beyond ~ 45 kW.m . 

- the bulk density of the restructured sphere-рас region is 89-90Z T.D. 
- pore closure during fuel sintering and restructuring resulted in a 
reduction of the free gas volume in the pin from ~ 31 ml before to 
~ 19 ml after the irradiation. 

- the percentage fission gas release amounted 24Z. 
- although extensive axial cesium transport from high power to low 
power sections took place in one of the pins with a cracked bottom 
weld no substantial release of cesium to the coolant occurred. 

- the extent of axial cesium transport in the not-fa j.ed sphere-pac 
pins was insignificant. 

- the restructured region of a sphere-рас fuel column consists of 
wedge-shaped porous bricks which presumably relocate as easily as 
the spheres in the unrestructured region so that stresses in the 
fuel column and cladding will relax rapidly. 

- inherent to the porous structure of the sphere-рас fuel column, 
whether restructured or not, is the drawback of a high mobility 
of gaseous fission products and the advantage of a practically 
stress free operation of the cladding. 
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8. Correlating of the pin pover history, the post-irradiation examina
tion results and the results obtained through calculations with the 
ECN-82 version of the Gapcon-Theraal-2 code showed that: 
- the thermal conductivity-temperature relationship of unrestructured 
sphere-рас U0_ fuel with a smear density of 80-90Z T.D. and with an 
as-fabricated interspherical gas atmosphere of a helium-argon mix
ture of 0.1 MPa is: 

X - [A].[B].[C].[D] 

where: 
A - thermal conductivity, in W.cm .K . 
[A] - [0.30 + 0.0156 log t] with t « equivalent full power fuel 

restructuring time, in hours. 
[BJ - [1 + I0"3.T] 
[C] - [ «] where D - fractional smear density of sphere-

0.94+6.0O-D) . « ., л1 
рас fuel column. 

ED] - t-r^jU 6.13 . IO" , 3.T 3] 
27000 T * temperature in Kelvin where T < [ -. -^. -] 

- the thermal conductivity-temperature correlation for restructured 
sphere-рас U0_ fuel with a smear density of 90Z T.D. is: 
A « 34.4 (129+T)"1 + 5.52 . 10_13.T3 where T > 27.103 (li.3+log t;"1 

Kelvin. 
- reasonable to good agreement between measured and calculated p.i.e. 
data have been obtained for the 87-88Z T.D. smear density UCL sphere-
рас pins by taking into account a restructured fuel density of 
89-90Z T.D., a fuel surface roughness of 1 urn, the absence of a 
fuel-cladding gap and an effective full power fuel restructuring 
time of 40 days. 

9. The above conclusions from the measurements during irradiation and 
from the post-irradiation examinations on the sphere-рас pins of the 
IFA-204 assembly confirm once more the great value of the Halden BWR 
as a fuel assembly test reactor. 
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TABLE I. FUEL PIN FABRICATION DATA OF THE IFA-204 ASSEMBLY 

U-235 enrichment, atom % in U. 
Weight % of the three fractions \ 
of U02 spheres, present in the J 
sphere-рас fuel column ' 
End pellets adjacent to fuel column 
Insulation pellets 
Filling gas, composition and pressure 
Cladding material 
Cladding surface condition 
Cladding inner and outer diameter, mm. 

Fuel pin number 

Sphere—рас fuel weight, grams 
Sphere-рас fuel length, mm 
Smear density fuel column, grams/cm 
Smear density fuel column, % T.D. 
Axial variation in smear density, +/- % T.D. 
Water content of fuel column, ppm 
0/U ratio in the U02 spheres 
Gas plenum length, mm 
Free gas volume in plenum, cm3 
Intërspherlcal gas volume in fuel column, cm 
Fuel pin outer diameter, mm - 13.00 
Fuel pin instrumentation 

8.17 +/- 0.05 
62.5 with diameters of 840-1000 um. 
18.7 with diameters of 88- 149 Mm. 
18.8 with diameters smaller than 44 lira. 
U02; 0,26 w/o U-235; 12.35 mm 4, 12.5 mm length. 
MgO;12.35 mm diameter; 5.0 mm length. 
60 vol X Argon + 40 vol % Helium, 0.1 MPa. 
Zircaloy-4; recrystallisation annealed at 600 °C. 
Autoclaved during 12 hours in 400 °C steam. 
12.50 and 13.77 

H-40 

1779.8 
1507.4 

9.62 
87.8 
2.5 

27 
2.004 

117 
14.4 
19.3 

.75-.79 

H-41 

1781.0 
1514.9 

9.58 
87.4 
3.0 

27 
2.004 

109 
13.4 
20.1 

.77-.79 

H-45 

1788.8 
1509.5 

9.66 
88.1 
2.0 
30 
2.004 

88 
10.8 
18.7 

.74-.78 
EC2;EF2 

H-46 

1765.8 
1511.1 

9.52 
86.9 
2.0 

33 
2.010 

86 
10.6 
21.0 

.75-.79 
EC1;EF1 

Notes: EC « cladding elongation detector 
EF » sphere-рас fuel column elongation detector relative to the cladding length 
Each pin contains at both ends of the sphere-рас fuel column one U02 end pellet and one MgO 
insulation pellet. 
For the calculation of the intërspherlcal gas volume a sphere density of 98% T.D. has been 
used. 



TABLE II. IFA-204 ASSEMBLY AVERAGE POWER AND BURNUP DATA 

Irradiation Period 

Start 

20-U-71 
19-03-72 
25-10-72 
12-03-73 
23-06-73 
6-12-73 

End 
19-01-72 
26-08-72 
19-01-73 
4-05-73 
30-09-73 
15-04-74 

Total irradiation 

Period 
Number 

7102 
7201 
7202 
7301 
7302 
7401 

Equivalent 
Full Power 

Days 

40.3 
136.9 
51.6 
47.5 
65.4 
94.3 

436.0 

Total 
Reactor 
Days 

60 
280 
426 
531 
680 
877 

877 

Power in kW 

EFP 
281 
244 
204 
174 
236 
193 

223 

Aver. 

189 
207 
120 
153 
154 
139 

164 

Max. 

302 
253 
222 
229 
249 
222 

302 

Linear Power, kW.rn" 

EFP 
47 
40 
34 
29 
39 
32 

37 

Aver. 

31 
34 
20 
25 
26 
23 

27 

Max. 

50 
42 
37 
38 
41 
37 

50 

Burnup at 
End of Period 
MWd/kg U02 

1.59 
6.28 
7.76 
8.92 
11.09 
13.65 

13.65 

Notes: 1. The burnup and power data have been corrected for fuel depletion and represent average 
values over the total 6043 mm sphere-рас fuel column length of the four pins. 

2. EFP - Equivalent Full Power. 
Aver. - Average during the irradiation period. 
Max. • Maximum during the irradiation period. 



TABLE III. AXIAL POWER DISTRIBUTIONS OF THE IFA-204 U02 SPHERE-РАС PINS DURING THE 
IRRADIATION 

Axial Position 
in mm from the 
Bottom End of 
the Sphere-pac 
Fuel Column 

0 
101 
201 
302 
403 
503 
604 
705 
805 
906 
1007 
1107 
1208 
1309 
1409 
1510 

Axial Form Factors during the Irradiation 
Periods at the Moments of Maximum Power 

18-01-72; 24-08-72 
16-12-72; 22-09-73 

0.67 
0.83 
0.98 
1.11 
1.21 
1.28 
1.31 
1.31 
1.26 
1.19 
1.08 
0.95 
0.80 
0.66 
0.52 
0.39 

7-4-1973 

0.75 
0.93 
1.09 
1.22 
1.33 
1.39 
1.40 
1.37 
1.29 
1.17 
1.02 
0.84 
0.66 
0.48 
0.33 
0.19 

12-4-1974 

0.60 
0.75 
0.90 
1.03 
1.14 
1.22 
1.27 
1.29 
1.27 
1.21 
1.13 
1.02 
0.89 
0.75 
0.61 
0.46 

Axial Form Factors 
as obtained from 
the Gamma Scans 

0.65 
0.81 
0.98 
1.11 
1.22 
1.28 
1.30 
1.29 
1.24 
1.16 
1.05 
0.94 
0.81 
0.69 
0.57 
0.50 



TABLE IV. ZIRCALOY CLADDING ELONGATION AND SHRINKAGE DURING POWER CHANGES AS A RESULT OF FUEL-
CLADDING MECHANICAL INTERACTION OF THE H-46 SPHERE-РАС PIN OF THE IFA-204 ASSEMBLY 

Plot 
no. 

1 
2 
5 
9 
14 
19 
40 
43 
51 
60 
70 
78 
88 

Burnup 
MWd/kg 
U02 

0.003 
0.05 
0.76 
1.66 
3.64 
5.72 
7.79 
8.06 
8.78 
9.89 
11.13 
11.83 
12.87 

ДР 

(1) 

3.5 
3.6 
5.2 
4.7 
6.2 
6.9 
5.1 
5.2 
7.5 
9.8 
8.0 
10.4 
7.9 

Pt, kW.m"1 
(2) 

up 
5.4 
23 
30 
26 
25 
26 
25 
23 
23 
26 
25 
27 
26 

down 

20 
23 
27 
26 
26 
26 
27 
26 
26 
28 
25 
22 
25 

Pa, kW.m-1 
(3) 

max. 
30 
35 
37 
43 
40 
39 
37 
38 
39 
40 
40 
34 
35 

min. 

35 
37 
42 
40 
37 
35 
33 
33 
35 
34 
34 
31 
32 

ДЕ, Mm 
(4) 

max. 

755 
180 
135 
195 
255 
240 
250 
300 
345 
290 
240 
160 
140 

min. 

-275 
-155 
-145 
-170 
-205 
-215 
-125 
-115 
-175 
-130 
-150 
-220 
-165 

LJ, mm 
(5) 

max. 
1510 
1050 
740 
1160 
1120 
1030 
1010 
1160 
1190 
1070 
1120 
780 
880 

min. 

1230 
1110 
1050 
1060 
960 
880 
730 
790 
880 
720 
900 
950 
800 

AE/Lt 
(6) 

max. 
0.50 
0.17 
0.18 
0.17 
0.23 
0.23 
0.25 
0.26 
0.29 
0.27 
0.22 
0.21 
0.16 

min. 

0.22 
0.14 
0.14 
0.16 
0.21 
0.24 
0.17 
0.15 
0.20 
0.18 
0.17 
0.23 
0.21 

At constant 
max. power (7) 

ДЕГ 
+35 
+40 
-35 
-45 
-45 
+25 
-30 
~ 0 
+45 
-20 
+15 
+10 
-30 

p 
rmax 
45 
44 
45 
50 
42 
40 
38 
38 
42 
41 
40 
35 
35 

Notes: 1. The burnup and power data represent averages over the enriched fuel column length 
and both have been corrected for fuel depletion. AP/At is given In kW.m~l.hr~l. 

2. Pt, up - Threshold power for starting FCMI during power increase. 
Pt, down - Threshold power at which FCMI terminates during power decrease. 

3. P - Power at the maximum and minimum values of ДЕ. 
4. AE * Measured maximum and minimum cladding elongations relative to the extrapolated 

line of the cladding thermal expansion. 
5. L - FCMI length ~ 1390 fPa-Ptï°*43 mm. with a maximum of 1510. 

i ~ K ?t
 J 

6. ДЕ/Lj « °/oo average axial cladding strain over the FCMI length L,. 
7. At constant maximum power, P^^,, rapid relaxation of the FCMI induced strains occurs 

down to the ДЕ values. 
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TABLE V. PERMANENT ELONGATION AND THERMAL EXPANSION OF ZIRCALOY 
CLADDING AND U02 SPHERE-РАС FUEL COLUMN AS A FUNCTION OF 
BURNUP OF THE FUEL PINS H-45 AND H-46 OF THE IFA-204 ASSEMBLY 

Measured data 

Fuel pin number 
Elongation of 

Burnup in 
MWd/kg U02 

0.003 
0.08 
0.76 
0.87 
1.58 
3.89 
5.54 
6.28 
6.53 
8-00 
9.06 
9.88 
10.95 
11.39 
12.08 
13.20 

Irradiation 
period 

7102 
7102 
7102 
7102 
7102 
7201 
7201 
7202 
7202 
7301 
7301 
7302 
7302 
7401 
7401 
7401 

Measured data 

Power change direction 
Irradiation period 

7102 
7201 
7202 
7301 
7302 
7201 

Average 

Permanent elongation at zero power, in mm 

H-45 
Cladding 

0.00 
0.00 
0.04 
0.12 
0.19 
0.21 
0.21 
0.23 
0.25 
0.26 
0.26 
0.28 
0.29 
0.30 
0.34 
0.35 

H-46 
Cladding 

O.OO 
0.00 
0.O3 
0.04 
0.17 
0.22 
0.24 
0.25 
0.24 
0.22 
0.24 
0.28 
0.29 
0.32 
0.34 
0.37 

H-46 
Fuel 

- 0.19 
- 0.17 
- 0.22 
- 0.20 
• 0.18 
- 0.18 
- 0.17 
- 0.16 
- 0.19 
- 0.20 
- 0.16 
- 0.13 
- 0.10 
- 0.05 
- 0.02 
+ 0.06 

Thermal expansion in Mm/kW.m power change 

Up 

7.6 
•'.б 
ЛЗ 
7.2 
8.2 
8.3 
7.7 

Down 

6.5 
7.3 
8.1 
7.2 
7.8 
8.2 
7.5 

Up 

8.8 
8.7 
7.0 
7.4 
9.2 
8.9 
8.3 

Down 

7.1 
7.3 
7.2 
8.5 
8.1 
8.8 
7.8 

Vica Versa 

4.7 
4.7 
5.0 
5.8 
5.3 
4.7 
5.0 

Notes: 1. The permanent elongation d a represent absolute values which 
were not corrected for irradiation growth, ~ 44 urn per MWd/kg 
U02> in the zircaloy cladding and assembly shroud tube. 

2. The burnup and power data represent pirt average values that 
were corrected for fuel depletion. 

3. Up - 4 • 25 kW.m"1; Down • 25 • 4 kW.m"1. 
4. The vice versa data of the fuel column thermal expansion 

concern the 4 *• 33 kW.m" power trajectory for both the pins 
H-45 and H-46. 
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TABLE VI . LENGTH AND DIAMETER CHANGES OF THE FUEL PINS Ih THE IFA-204 
ASSEMBLY 

Fuel pin number 

Pre-irradiation length, am 
Post-irradiation length, mm 
Pin length increase, mm 
Pin length increase, % 

Axial location 
In mm 

290 
290 

570 
570 

850 
850 

1130 
1130 

1410 
1410 

Direction of 
measurement 

N 
P 

N 
p 

N 
P 

N 
P 

N 
P 

H-40 

1715.18 
1716.86 
1.68 
0.098 

H-41 

1715.34 
1716.58 
1.24 
0.072 

H-45 

1733.02 
1733.92 
0.90 
0.052 

H-46 

1732.86 
1733.91 
1.05 
0.061 

Diameter increase, um 

- 1 
11 

22 
7 

32 
3 

19 
7 

6 
23 

13 
12 

21 
24 

18 
10 

10 
24 

21 
3 

- 2 
11 

6 
0 

- 4 
6 

- 4 
3 

- 1 
3 

1 
18 

6 
5 

4 
5 

19 
1 

18 
- 1 

Notes: 1. The lengthb of the failed pins H-40 and H-41 have not been 
corrected for the axial displacements of 0.8 and 0.3 mm 
caused by the transverse cracking of the bottom welds. 

2. The axial locations concern the distance above the bottom 
end of the sphere-рас fuel column. 

3. Diameter measurements were performed normal, N, and 
perpendicular, P, to the flat sides of the bottom end cap. 



- 83 -

TABLE VII. FISSION YIELDS OF THE XENON AND KRYPTON ISOTOPES FROM THE 
THERMAL NEUTRON FISSIONS OF U-235 IN THE PINS OF THE IFA-204 
ASSEMBLY 

Fission Isotopes 

Krypton-83 
Krypton-84 
Krypton-85 
Krypton-86 

Total of Krypton 

Xenon-131 
Xenon-132 
Xenon-134 
Xenon-135 
Xenon-136 

Total of Xenon 

Fission Yield 
atoms/100 fiss. 

0.533 
0.986 
0.288 
1.951 

3.758 

2.82 
4.20 
7.65 
6.60 
6.18 

27.45 

Effective Yield 
atoms/100 fiss. 

0.533 
0.986 
0.254 
1.951 

3.724 

2.82 
4.20 
7.65 
0.00 
9.48 

24.15 

Percentage of 
isotopes 

14.3 
26.5 
6.8 
52.4 

100.0 

11.7 
17.4 
31.7 
0.0 
39.3 

100.1 

Notes: 1. Yields are given in number of isotopes per 100 fissions. 
2. Effective yield is the yield at the time of the puncture 

test and fission gas analysis, i.e. 14-01-1975. 
3. 1 MWd equals 2.70 * 1021 fissions. 
4. The effective volumetric yields, expressed in ml/MWd at 

273 К and 0.1 MPa, are then 3.74 for Krypton and 24.27 for 
Xenon. 
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TABLE VIII. RESULTS OF PUNCTURE TEST AND FISSION CAS ANALYSIS OF THE 
SPHERE-РАС FUEL PIN H-46 OF THE IFA-204 ASSEMBLY 

Free gasvolume in the pin, ml 
as-fabricated, in plenum 
as-fabricated, in fuel column 
after irradiation, measured 

Pin inner gas pressure, MPa 
as-fabricated 
after irradiation, measured 

Released volumes of gas, ml 
Helium 
Argon 
Xenon 
Krypton 

Ratio of Xe/Kr 

Isotopic compo tion, atom % 
Kr-83 
Kr-84 
Kr-85 
Kr-86 

Xe-131 
Xe-132 
Xe-134 
Xe-136 

Accumulated fission gases in pin 
on January 14, 1975, ml 

Xenon, 24.27 ml/MWd 
Krypton, 3.74 ml/MUd 
Ratio of Xe/Kr 

Percentage fission gas release of 
Xenon 
Krypton 

10.5 
21.0 
19.5 

0.10 
0.99 

14.2 
13.0 

143.1 
22.3 

6.4 

13.6 
27.7 
6.5 
52.1 

11.5 
17.9 
30.9 
39.7 

599.7 
92.5 
6.48 

23.9 
24.1 

Notes: 1. All gas amounts are given in ml at 273 К and 0.1 MPa. 
2. The pin average burnup - 1.690% FIMA - 24.71 MWd. 
3. The as-fabricated pin filling gas composition was 

60% Argon + 40% Helium at 0.1 MPa. 



TABLE IX. POSITION AND EXAMINATION OBJECTIVES OF THE MICROSCOPY CROSS SECTIONS PREPARED FROM 
THE PINS H-40 AND H-46 OF THE IFA-204 ASSEMBLY 

Fuel 
Pin 

Number 

H-40 

H-46 

Axial 
position 
mm 

- 20 
- 10 
427 
434 
465 
542 
1180 

- 10 
123 
134 
427 
434 
454 
537 
542 
812 
819 
1200 
1207 

Sample 
number 

188 
189 
190 
191 

S-40 
194 
203 

238 
239 
240 
249 
250 

S-46 
253 
254 
255 
256 
258 
257 

Maximum 
power 

kW.m-1 

0 
0 
53 
54 
55 
57 
37 

0 
40 
41 
57 
58 
58 
60 
61 
59 
58 
38 
37 

Type of 
cross 
section 

L 
L 
T 
L 
F 
T 
T 

L 
T 
L 
T 
L 
F 
T 
T 
T 
L 
T 
L 

Type of 
micro
scope 

LRM 
LRM 
LRM 
LRM 
SEM 
LRM 
LRM 

LRM 
LRM 
LRM 
LRM 
LRM 
SEM 
LRM 
LRM 
LRM 
LRM 
LRM 
LRM 

Examination objectives 

Cracks in bottom weld 
Bulging MgO pellet and cladding 
Fuel restructuring and FCI 
Fuel restructuring 
Fuel column structure and FCI 
Fuel restructuring and FCI 
Fuel restructuring and FCI 

Transition Mg0-U02 pellet 
Fuel restructuring and hydrides 
Fuel restructuring and hydrides 
Fuel restructuring and hydrides 
Center hole closure 
Fuel column structure 
Fuel restructuring and hydrides 
Fuel restructuring and hydrides 
Fuel restructuring and hydrides 
Upper end of center hole 
Fuel restructuring and hydrides 
Large transverse crack in column 

Notes: 1. Axial position is elevation above bottom end of sphere-рас fuel column. 
2. Cross section types: L • longitudial, T • transverse, F - fractured 
3. Microscope: LRM • light reflection microscope, SEM • scanning electron microscope. 
4. Objectives: FCI » fuel-cladding-interaction. 



TABLE X. MEASURED FUEL RESTRUCTURING DATA OF IFA-204 PIN CROSS SECTIONS 

Fuel 
Pin 
Number 

И-40 

H-46 

Axial 
position 
mm 

427 
434 
542 
123 
134 
427 
434 
537 
542 
812 
819 
1200 
1207 

Maximum linear power 
in kW.m-1 

begin of test 
53 
54 
57 
40 
41 
57 
58 
60 
61 
59 
58 
38 
37 

end of test 
35 
36 
37 
25 
26 
37 
38 
39 
40 
39 
38 
28 
27 

Measured diameter, In % of the Inner cladding 
diameter, of the: 

center hole 
1.6 
0.8 
0.4 
0 
0 
6.5 
6.5 
10.9 
8.7 
5.1 
4.3 
0 
0 

column grains 
40 
40 
39 
0 
0 
54 
56 
62 
60 
54 
51 
0 
0 

sintered region 
51 
56 
50 
33 
40 
65 
67 
74 
71 
65 
62 
36 
32 



T a b l e X I . I?5ASURED AND CALCULATED BURNUP DATA OF THE IFA-204 PINS 

Fuel 
pin 

number 

H-40 

H-41 

H-45 

H-46 

Notes: 1 

Axial 
position 

mm 
98 

421 
805 
1195 

98 
421 
805 
1195 

98 
421 
805 

1195 

56 
421 
1193 

Measured 
burnup 
% FIMA 

Ratio of 
local/average 

burnup 

1.29 1 0.80 
1.89 
1.93 
1.34 

1.38 
2.08 
2.10 
1.43 

1.37 
2.00 
1.89 
1.41 

1.36 
2.06 
1.41 

1.22 
?.24 
J. 84 

0.80 
1.22 
1.24 
0.84 

0.80 
1.22 
1.24 
0.84 

0.80 
1.22 
0.84 

Calculated 
average pin 

•burnup, % FIMA 

1.61 
1.55 
1.56 
1.59 

1.73 
1.70 
1.69 
1.70 

1.71 
1.64 
1.52 
1.68 

1.70 
1.6Э 
1.68 

Average 
pin burnup 

% FIMA 

1.578 

1.705 

1.638 

1.690 

Ratio of average 
pin/assembly 

power 

0.239 

0.258 

0.248 

0.256 

. Axial position is elevation above bottom end uf sphere-рас fuel column 
!. Ratio local/average burnup equals axial form factor f rom Y-scan, see Table III. 



TABLE XII. PU CONTENT, PU BURNUP AND ISOTOPIC COMPOSITION OF PU AND U OF THE IFA-204 PINS 

Fuel 
Pin 
numbe I 

Axial 
burnup 
% FIMA 

Burnup 
of Pu in 

% FIMA 

Notes: 1. Axial position is elevation above bottom end of sphere-pac fuel column. 
2. Burnup of Pu is the X FZMA of the total burnup that was due to Pu-239 and 4 

fissions. From the total burnup 12-14% was achieved by these Pu fissione. 
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TABLE XIII. HYDROGEN AND DEUTERIUM CONCENTRATIONS IN THE ZIRCALOY-4 
CLADDINC OF THE IFA-204 PINS 

Fuel 
pin 
nuaber 

K-40 

H-41 

H-45 

H-46 

Axial 
position 

93 
416 
800 
1209 

93 
416 
800 
1209 

93 
416 
800 
1209 

93 
416 
800 
1209 

Measured concentration 
in ppm by weight of: 

н2 
26 
22 
21 
21 

20 
16 
15 
17 

36 
35 
38 
33 

22 
19 
21 
26 

HD 

50 
70 
74 
72 

54 
54 
63 
52 

29 
56 
62 
33 

31 
45 
42 
35 

D2 
48 
113 
158 
146 

63 
82 
120 
66 

17 
31 
36 
13 

17 
44 
33 
17 

Total content 
in ppm of: 

н2 

43 
45 
46 
45 

38 
34 
36 
34 

46 
54 
59 
44 

32 
34 
35 
38 

D2 
81 
160 
207 
19* 

9* 
118 
162 
101 

36 
68 
77 
35 

38 
74 
61 
40 

Equivalent 
total content 
ppm hydrogen 

84 
125 
149 
142 

88 
93 
117 
85 

64 
88 
98 
62 

51 
71 
66 
40 

Notes: 1. Axial position is elevation above bottom end of the 
sphere-рас fuel column. 

2. As-manufactured hydrogen content in zircaloy was 7 ppm. 
3. Autoclaving at both sides during 12 hours in 400 °C 

steam resulted in an additional hydrogen content of 
5 ppm in the zircaloy-4 wall. 

4. Equivalent total hydrogen * ppm H2 + 0.5 * ppm D2. 



TABLE XIV. MEASURED (M) AND CALCULATED (C) PERFORMANCE DATA FOR THE U02 SPHERE-РАС PIN H-46 OF THE 
IFA-204 ASSEMBLY 

Axial position, mm 
Maximum linear power, kW.m 

Center hole diameter, % : M 
Center hole diameter, % : С 
Sintered region diameter, X : M 
Sintered region diameter, X : С 

Axial position, mm 

X U-235 in U 

X Pu in U + Pu 
% Pu-239 in Pu 
X Pu-240 in Pu 
% Pu-241 in Pu 

Bumup in % FIMA 

Fission gas: percentage of isotopes: 

Atom %, Measured 
Atom %, Calculated 

125 
40 

0 
3.7 
33-40 
32 

430 
57 

6.5 
10.2 
65-67 
66 

98 
M 
6.95 

0.15 
89.4 
9.5 
0.98 

1.37 

Kr-83 

13.6 
14.0 

С 
6.87 

0.15 
88.0 
10.8 
1.08 

1.38 

Kr-84 

27.7 
26.9 

540 
60 

8.7-10.9 
10.6 
71-74 
69 

421 
M 
6.39 

0.23 
83.7 
13.8 
2.16 

2.05 

Kr-85 

6.5 
6.5 

С 
6.31 

0.22 
83.1 
14.7 
2.14 

2.04 

Kr-86 

52.1 
52.4 

815 
58 

^.3-5.1 
10.2 
62-65 
66 

805 
M 
6.44 

0.21 
84.0 
13.6 
2.03 

2.00 

Xe-131 

11.5 
11.0 

С 
6.28 

0.21 
82.9 
14.9 
2.22 

2.11 

Xe-i s2 

Ь.9 
18. С 

1205 
37 

0 
2.1 

32-36 
3« 

И 93 

М 
6.94 

0.16 
88.8 
9-8 
1. ia 

1.41 

Xe-134 

30.9 
32.0 

С 
6.95 

0.14 
86.7 
'0.3 
0.97 

1.38 

Xe-136 

39.7 
39.0 

Percentage fission gas release : Measured • 24.0 , Calculated » 26.1 
Xenon/Krypton ratio in released gas : Measured • 6.42, Calculated - 6.48 
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TABLE XV. LIST OF INPUT VALUES FOR PIN IFA-204/H-A6 
GAPCuM-T- lL -MAL-?» I2i-4t V c o I O t 
I ru-2^.<» SPHt t f l . - ^AC >l* H - ^6 

* * * « * $ * « * » * * * * * * * * 
* I < P J T VALUES + 
* * * * * * * * * * * * * * * * * * 

* w t l G H T FRACTION PJJ2 
* «E IGHT 
» W t l i r l T 
* A t i u H T 
« «EIGHT 
= WEIGHT 
» W C I G H T 

?2/0->/r i2 

F<POOZ 
l-КЗ^ 
FS40 
F* t̂ 1 
• >> )32 

F "3c 
r"Wl)t\ 
F*OtN2 
г ч 5 I s>* 
OFS 
.»AP 
I ) C I 
DC J 
L F J b l 
S 
KM 
XCO 
XM 
P-iCLiM 
4A0S 
и 
TPLAS 
VPLENZ 

DTEMP 
3 = 
t/ 

ExTP 
* u J F 
*:JiJC 

iBC 
Д1 *ÜS 
С * J D T i 

0 . 0 0 0 0 
F4ACTITJ* PJ239 j . 0 0 0 0 
F4ACTIJN PU2,Q 0 . 0 0 0 0 
F4 ACTION P J 2 ' t l 0 . 0 0 0 0 
н - U C U O N ÜJ2 1 .0П0С 
Р Ч А С П О * ÜiiJ . 0 P 1 7 
FRACTION U 2 i ö . 4 1 3 3 

FULL Ü É ^ H T Y . 3 6 * 0 
' J t r ö i F I c O ;>cMSITY . 6 6 * 0 
F u i T K U C T j R L O F J t L DcMSlTY .-rfOGO 
PELLET J l A i t T r K 1 2 . 5 0 0 0 M l 
P t c L t T - T j CLAD GAP 0 . 0 0 0 0 MM 
CLAO INS IDE C l A M t T E * 1 2 . 5 0 0 0 MM 
CL.ii) O ü r 3 I O E DIAMFTE* 1 3 . 7 7 0 0 MM 
FUEL 1 Ы И Н 151 .CO C.I 
S J ^ t J GAS CONTENT 0 . 0 0 0 0 CC/G><AM 
F K A C T I L ' 4 OF SG*3E0 GAS «HICH I S 'н2 0 . 0 0 0 0 
F K A C T K N I 3F SCHAED J A S * n I C H IS Си 0 . 0 0 0 0 
F^ACTIC-4 DF SGridtO GAS * H I C h IS * 0 . 0 0 0 0 
Pct-CrNT J I S H VOLUME 0 . 0 0 0 
• U o l U S JF FUEL PELLET D ISH 0 . 0 0 0 0 MM 
" .ELT lNb T E M ^ E K A T J R E OF FUEL 2 7 9 0 . DcO.C 
P L A S T I C I T Y TEMPERATURE 1 2 0 C . DEO.C 
PLFMÜM VJLof fc 1 2 . 5 0 0 0 CZ 
COOLANT TEMPERATJRfc 2 * 0 . 0 0 DEO.С 
A<1AL T E 1 P . GkAOIENT ACROSS CORE 1 0 . 0 0 OEG.C 
CJJLA.MT PASSAGt EQUIVALENT P I A M E T E ' . 5 0 0 0 MM 
C J J L A N T F E L I C I T Y . 6 2 0 0 M/SEC 
P R E S S U ^ ON CLAD 00 3 . 4 0 MJA 
F ü t L i>U><F4CE K H U G H N E S S » A » 1 T H . МЕАЧ i . 0 0 0 0 IMICRO-M 
CLAO ID j J « F A C t ROUGH'MESS» A R I T H . i*EAN 1 . 0 0 0 0 MICRO-M 
O iAMfcTM OF AUXIL IARY BASKET 0 . 0 0 0 0 « 1 
BASKET T4E«MAL CÜUDJCTIVITY 0 . 0 0 w /M-DEG.C 
BASKET T ) CLAO HEAT T*ANSFtK COEFF. O.OO W/M-JEG.C 
F I L L GAS PRESSURE 1 . 0 0 ATK 
C«ui) THICKNESS ArTE4 LAST T l ^ t STEP 0 . 0 0 0 0 Ml 

I N I T I A L *t. STRICTURE J FUfL 3 I A M . IN MM ( D S l M Z ) 
О.Оий C o O C C.CJO 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 O.COO 0,000 J .GOu 0 . 0 0 0 
) . O J O w.JO.J C O ) J O.üOO 0 . 0 0 0 

I N I T I A L C C M T L - HGLE ' ) lA«ETh< IN MM (DVCllDZ 
O.CoO U.JOO C.OOJ 0 . 0 0 0 СОЛО J .CCo C O C O C.OJO O.L'JC O.OCO 
C O u O 0 . 0 0 0 0,0 J) O.OOO O.OOC 

r i L L oAS С J1P1S1TI0>I I \ MOLK г к Д С П П Г - S 
H t L l O " . A K G L i nYCRIGEN * H * C G b N KRYPTON XENON 
• * C O ; J V . 6 0 0 0 J O.COuOO O.CCOCO 0 . 0 0 0 . 5 0 0 . 0 0 0 0 0 

J P T H J \ A L C D ^ ' E C T I O N J 

GAS W( L'i Ash * . ->>« 1 . OTo 
S l \ T t ' l , H c TEf^P. AST * 1 . 0 0 0 
ö u 4 0 S i T Y F ; J 4 « I . O J O 

*FG 
-)ST 

0 . 0 0 0 
0 . 0 0 0 

http://CL.ii
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TABLE XVI. LIST OF INPUT VALUES FOR THE U02 SPHFRF-PAC PIN IFA-204/H-46 

rbil l r i~« - "AL : V i L ü C r i V l T Y v A L U E i USED 
( JNL t \4i V f tLücb H-< 4 J J E i A « L P ^ I N f t O ) 
11 / О с •< А Г j • 

( О Ы . С ) 

2 6 o . 
5 3 u . 
6 1 J . 

1 0 9 3 . 
1 3 7 1 . 

1 9 2 7 . 
г: 2 0 ч . 
2 ч « г . 
2 7 o u . 

T H K 4 4 L C ' INJUCTIVITY OF THE c U f c l 
U M - D t & . C ) 

4 . 4 3 4 
3 . 4 2 6 
2 . ^ 1 
2 . 2 6 b 
2.СЗО 
1 . 9 2 2 
1 . 9 1 b 

* f S T P U L T U R t O 
5 . 2 2 2 
3 . 7 0 3 
2 . 9 0 7 
2 . 4 5 0 
<: . 1 * 3 
2 .07t> 
2 . С 72 
2 . 1 6 6 
2 . 3 5 4 
2 . 6 3 b 

4AJ1AL r L ü X ü z ^ K E S b l J4 I / A L ' J E S U:>;0 
OiAMETE-* П 1 > 

и .0 j 
1 . Ъ 
2 .5 0 
3 .75 
5 . J 0 
f . . ?5 
7 . 5 0 
С 7-j 

1 0 . 0 0 
U . 2 v 
1 2 . 3 0 

T i l t 3TtP 
Ги i AL r i M t IN' JAYS 
A V E K A O L f u ^ L * w/C 4 ! 
Д Н Д 1 t>0«t4 I > 4 J F I L E 

CLUX fe Д T10 
l .OOCO 
1 . 0 0 1 8 
1 . 0 0 7 1 
1 . 01 b I 
1 . 0 2 Я 7 
1 . C 4 5C 
1 . 0 5 5 1 
1 . Go-»l 
1 . 1 1 7 2 
1 . 1 4 9 4 
1 . 1 8 t O 

0 
0 . 

4 b C . 
. b 7 

»n .9fc 
1 . 1 1 
1 . 2 1 
i . ' t f 
i . U 
1 . 3 1 
1 . 2 ö 
1. i v 
i . O d 

.9!v 
, 6 C 
. 6 & 
. 5 2 
. 3 9 

1 
9 2 . 

4 b 0 . 
. 6 7 
. 0 3 
. 9 i 

1 . 1 1 
1 . 2 1 
1 . 2 3 
1 . 3 1 
1 . 3 1 
1 . 2 э 
1 . 1 > 
l . C i 

. 9 j 
• о 0 
. bo 
. 5 2 
. 3 9 

2 
1 8 2 . 
3 9 C . 

. 6 7 

. 8 3 

.9a 
l . i i 
1 . 2 1 
1 . 2 8 
1 . 3 1 
1 . 3 1 
1 . 2 6 
1 . 1 9 
1 . 0 3 

. 9 5 

.fiO 

. b b 

. 5 ? 

. 3 9 

3 
2 3 5 . 
3 5 0 . 

. 6 7 

. 3 3 

. 9 э 
1 . 1 1 
1 . 2 1 
1 . 2 4 
1 . 3 1 
1 . 3 1 
i.cb 
1 . 1 ? 
1 . 0 3 

. 9 5 

. 3 3 
• 65 
. 5 2 
. 3 9 

4 
Zfii. 
2 6 5 . 

. 7 5 

. 9 3 
1 . 0 9 
1 . 2 2 
1 . 3 3 
1 . 3 9 
1 . 4 0 
1 . 3 7 
1 . 2 9 
1 . 1 7 
1 . C 2 

. e 4 

. 6 6 

. 4 6 

. 3 3 

. 1 9 

5 
3 5 2 . 
3c<0. 

. 6 7 

. 8 3 
,*S 

1 . 1 1 
1 . 2 A 
1 . 2 Ö 
1 . 3 1 
1 . 3 1 
1 . 2 o 
1 . 1 9 
1 . 0 c 

. 9 5 
• 5 0 
. 6 6 
. 5 2 
. 3 9 

6 
4 4 9 . 
3 1 0 . 

. 6 0 

. 7 5 

. 9 0 
1 . 0 3 
i . i . 4 
1 . 2 2 
1 . 2 7 
1 . 2 9 
1 . 2 7 
1 . 2 1 
i . U 
1 . Ü 2 

. 9 9 

. 7 э 

. 6 1 

. 4 6 

7 
1 1 6 5 . 

0 . 
. 6 7 
. 9 3 
• 3d 

1 . 1 1 
1 . 2 i 
1 . 2 d 
1 . 3 1 
1 . 3 1 
1 . 2 o 
1 . 1 9 
l . O d 

. 9 5 
• ao 
. 6 6 
. 5 2 
. 3 9 

л-> •> ; p э T i ,,* 

J - 4 5 3 I 
о - 2 3 * ( 
^ - 2 3 * < 
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TABLE XVII. ZIRCALOY CLADDING ELONGATION DURING A POWER INCREASE AS A FUNCTION OF 
THE AXIAL POSITION FOR THE SPHERE-РАС FUEL PINS OF THE IFA-204 ASSEMBLY 

Axial 
position 

mm 

0 
101 
201 
302 
403 
503 
604 
705 
805 
906 
1007 
1107 
1208 
1309 
1409 
1510 

Axial 
form 
factor 

0.65 
0.81 
0.98 
1.11 
1.22 
1.28 
1.30 
1.29 
1.24 
1.16 
1.05 
0.94 
0.81 
0.69 
0.57 
0.50 

Local power, in kW.m at a 
pin average power of: 

30 

19.5 
24.3 
20.4 
33.3 
36.6 
38.4 
39.0 
38.7 
37.2 
34.8 
31.5 
28.2 
24.3 
20.7 
17.1 
15.0 

35 

22.8 
28.4 
34.3 
38.9 
42.7 
44.8 
45.5 
45.2 
43.4 
40.6 
36.8 
32.9 
28.4 
24.2 
20.0 
17.5 

37 

24.1 
30.0 
36.3 
41.1 
45.1 
47.4 
48.1 
47.7 
45.9 
42.9 
38.9 
34.8 
30.0 
25.5 
21.1 
18.5 

40 

26.0 
32.4 
39.2 
44.4 
48.8 
51.2 
52.0 
51.6 
49.6 
46.4 
42.0 
37.6 
32.4 
27.6 
22.8 
20.0 

45 

29.3 
36.5 
44.1 
50.0 
54.9 
57.6 
58.5 
58.1 
55.8 
52.2 
47.3 
42.3 
36.5 
31.1 
25.7 
22.5 

50 

32.5 
40.5 
49.0 
55.5 
61.0 
64.0 
65.0 
64.5 
62.0 
58.0 
52.5 
47.0 
40.5 
34.5 
28.5 
25.0 

Pin average FCMI induced elongation across: 
- the FCMI pin length, in ppm 
- the whole fuel column length, in ppm 

Local FCMI induced elongation in 
ppm at a pin average power of: 

30 

16 
88 
131 
147 
139 
102 
48 

96 
42 

35 

37 
144 
250 
315 
338 
328 
270 
189 
93 
8 

197 
123 

37 

82 
203 
325 
403 
429 
414 
352 
256 
144 
48 

266 
166 

40 

0 
152 
302 
456 
552 
585 
568 
486 
368 
229 
112 
0 

318 
238 

45 

86 
293 
502 
718 
856 
905 
884 
763 
593 
400 
238 
86 

528 
395 

50 

0 
187 
462 
747 
1054 
1251 
1323 
1286 
1116 
878 
606 
389 
187 
42 

681 
595 

Notes: 1. Local power • Pin average power * Axial form factor - P 
2. FCMI threshold power Pt - 32.5 kW.m"1 
3. FCMI induced elongation - 135 [exp(0.04 Pa) - exp(0.04 Pt)l ppm 
4. Elongation : 10 ppm = 1 ym/100 mm pin length; 100 ppm • 0.01% 
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TABLE XVIII. CALCULATED GAP HEAT CONDUCTANCES, RADIAL HOT GAPS AND 
VOLUME AVERAGE FUEL TEMPERATURES FOR THE U02 SPHERE-PAC 
PINS IN THE IFA-204 ASSEMBLY AS A FUNCTION OF LINEAR POWER 
AND BURNUP 

Linear power, kW.a-1 

Burnup in 
MWd/kg U02 

0 

1.65 

6.31 

7.90 

8.40 

12.04 

Calculated 
value 

GHC 
RHG 
VAFT 

GHC 
RHG 
VAFT 

GHC 
RHG 
VAFT 

GHC 
RHG 
VAFT 

GHC 
RHG 
VAFT 

GHC 
RHG 
VAFT 

20 

13.5 
- 18 
827 

7.9 
- 20 
862 

5.9 
- 21 
891 

5.7 
- 21 
894 

5.7 
- 20 
893 

5.3 
- 21 
903 

30 

13.5 
- 34 
1029 

8.1 
- 37 
1082 

6.1 
- 38 
1125 

5.9 
- 38 
1128 

5.8 
- 36 
1123 

5.5 
- 38 
1144 

40 

13.4 
- 53 
1257 

8.3 
- 57 
1327 

6.2 
- 58 
1381 

6.1 
- 57 
1384 

6.0 
- 56 
1380 

5.6 
- 60 
1408 

50 

13.4 
- 79 
1510 

8.5 
- 79 
1584 

6.4 
- 84 
1649 

6.2 
- 83 
1654 

5.8 
- 86 
1679 

60 

13.4 
-110 
1767 

8.5 
-106 
1843 

Notes: Burnup - pin average burnup. 
GHC • Gap heat conductance in kW.nT^K"1 

RHG - Radial hot gap in I'm, i.e. difference in radial 
expansion of fuel column and cladding 

VAFT - Volume average fuel temperature in Kelvin. 
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Figure 1, Schematic drawings and rontgenograph of the sphere-рас fue l 

pine of the 1FA-204 assembly. 
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Figure 2. Axial distribution of the smear density of the as-fabricated 
sphere-рас fuel pins of the IFA-204 assembly. 
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Figure 3, Schematic drawing of Che IFA-204 assembly. 
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Figure A. Photographs of Che as-assembled sphere-рас fuel pins in Che 
IFA-204 bundle. 
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Figure 5. Halden BWR operation history for 1971. 
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Figure 6. Halden BWR operation history for 1972, 
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Figure 7. Halden BWR operation history for 1973. 
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Figure 9. Power and elongation history of the sphere-рас pins in the IFA-204 assembly from 2-8 December 1972 
at a burnup of 7.1 MWd/kg UO,; 200 kW =* 28.5 kW.nf'. 
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Figure 10. Power and elongation history of the sphere-рас pins in the IFA-204 assembly from 17-23 December 1973 
at a burnup of 11.3 MWd/kg U02; 200 kW « 27.2 kW.m"1. 
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Figure 12. Power history and fuel column elongation of the sphere-pac 
pins H-A5 and H-46 of the IFA-204 assembly during the first 
power ramp. Burnup - 0.003 MWd/kg U07; 200 kW « 30.4 kW.m"1 
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Figure 13. Zircaloy cladding elongation of the sphere-рас pins H-45 and 

H-46 of the 1FA-204 assembly during the first power ramp. 
Burnup - 0.003 MWd/kg U02$ 200 kW •* 30.4 kW.m"1. 
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Figure 14. Power history and fuel column elongation of the sphere-pac 
pins H-45 and H-46 of the IFA-204 assembly during the second 
power ramp. Burnup - 0.05 MWd/kg U02; 200 kW « 30.4 kW.m"1. 



- 109 -

KR 

Э00--

iOQ--

K№ HISTORY 

H—i—i—i—i—i—I—i—i—i—i—h—i—i—i—i—i—ьн—i—i—+• -f 
8 
Ш 

8 
ru 

s 8 
ru 

8 
гЯ 

8 
W 

8 8 8 8 8 8 
* ^ £ S 8 R 

-1-5CG 

-1-I30S-

-WOO 

-1-600 

-i-300 

-г-ооо 
- M O O 

-;?ч1зо 

-LJ-3GG 

•a-40o 
MM 

H-46.correction: + 2 . 2 0 

-1-/0G 

-1-BQQ-

-г-OGG 

— г - й й -

-г-зсо 

-2-4Э0-

^ *•*''*' H-45tcorrection:| • 2.20 в» _ 

o o 

8 
KW 

o я S 
Figure 15. Power history and zircaloy cladding elongation of the sphere-

рас pine H-45 and H-46 of the IFA-204 assembly during the 
second power ramp. . 
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Figure 16. Power history and zircaloy cladding elongation of the sphere-
рас pins H-45 and H-46 of the IFA-204 assembly at a bumup 
of 4.46 MWd/kg U02. 200 kW <* 29.2 kW.m"1 pin average power. 
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Figure 17. Power history, fuel column elongation of pin H-46 and zir-

caloy cladding elongation of the sphere-рас pins H-45 and 
H-46 of the IFA-204 assembly at a burnup of II.0 MWd/kg UO». 
200 kW « 27.3 kW.m"1 pin average power. 
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Figure 18. Bottom end of the IFA-.?f)4 assembly and bottom end rap of 

pin H-40. 
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Figure 20. Scrntrlus on the zirrnloy surface of pin l!-<40 at the contact 

points of the upper, middle and lower spacer. 
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Figure .! I . Грргг о ml of pin H-40, showing the weids of end enp and 
pin holt'. 
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Figure 22. Cirrumferentinl crncks in the heat affected upper zone of 
the bottom end cap ueld and spacer contact scratches at the 
location of the lower spacer of pin Н-'И. 
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Figure 23. Neutron radiographs of the top section of the sphere-pac 
fuel pins H-40, left, and H-41 of the 1FA-704 assembly. 
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Figure 24. Neutron radiographs of the top section of the instrumented 
sphere-рас fuel pins H-45, left, and H-46 of the IFA-204 
assembly. 
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Figure 25. Normalized Pr-1 >4 gamma scan of sphere-рас pin H-40. 
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Figure 26. Normalized Zr-95, Cs-137 and Pr-144 gamma scans of sphere-рас pin H-40. 
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Figure 27. Normalized Pr-144 gamma scan of sphere-рас pin H-41 
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Figure 29. Normalized Pr-144 gamma scan cf sphere-рас pin H-45. 
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Figure 30. Normalized Zr-95, Cs-137 and Pr-144 gamma scans of sphere-рас pin H-45. 
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Figure 31. Normalized Pr-144 gamma scan of sphere-рас pin H-46. 
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Figure 32. Normalized Zr-95, Cs-137 and Pr-)4A gamma scans of sphere-рас pin H-46. 
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Figure 33. Bottom weld cracking of pin H-40 
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Figure 34. Swelling of MgO pellet ,ind bulging of the Zirealoy cladding 

at the bottom end of pin H-40 
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Figure 35. M^O pellet, UO, pellet and small IU),( spheres between the pellets 
and between pellet and cladding at the hoi torn end of pin Il-4b 
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Figure 56. Transverse section of pin H-40 at position 427 mm and struc

ture of columnar grains, I0x/500x. 



IjI -

•JM f 

Figure 37. F,quiaxe-d g r a i n s in 427 min s e c t i o n of pin H-40 and i n t e r -

g r a n u l a r pore s t r u c t u r e , IOOx/500x/750x. 
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' i g u r e 38. L o n g i t u d i n a l s e c t i o n o f p i n 11-40 at p o s i t i o n 434 mm ,'ind 

g r a i n s t r u c t u r e at ou te r boundary o f the equiaxed r e g i o n , 

I f ) x / I 0 0 x . 
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Figure 39. Transverse section of pin H-40 at position 5'•''. mm and crack 

propagation in large sphere, I0x/I00x. 
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'ipurt' 40. Transverse sections of pin !'-40 <it positions 340 and 1180 

mm. 
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i pi TV Transverse section and autoradiograph of pin H-46 at posi-

t i on I ?.') mm. 
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Figure 42. Central region and outermost spheres of the 123 mm section of 

pin H-46, 90x. 
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Figure 43. Longitiidin.il s ec t i on of pin H-46 a t p o s i t i o n 420 mm and hyd r ides 

in /л г с л loy w a l l , II x/IOOx. 
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: i g u r e 44. T r a n s v e r s e s e c t i o n and mitorndiogrnph of nin l!-4f> .it p o s i t i o n 

411 mm. 
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Figure 46. Transition from 
427 mm section of pin H-46, 90x. 
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'igiirc UI, Transverse section and autoradiograph of nin W-Uh at position 

H\2 mm. 
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Figure 48. ( ' rntr . i l region of fuel column in tbc ЯIII mm s e c t i o n of pin 

\\-Ub, ЧПх. 
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Figure 49. Columnar ;,rains and transitie into equiaxed grains in the 
812 mm section of pin H-46, 90/. 
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Figure 50. Transition from equiaxed grains into unrestructured region 

in the 812 mm section of pin H-46, 90x. 
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Figure 51. Longitudinal section and autoradiograph of pin H-46 at posi

tion 819 mm. 
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l'i {',u ro s:'. TrnnsviTst ' s ec t i on nnd nutor.uli ogrnph of pin H-4f> nt p o s i t i o n 

I L'OO mm . 
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Figure 53. Central region of fuel column in the 1200 mm sectirn of pin 

H-46, 90x. 
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Figure 54. Equiaxed grain region in the 1200 mm section of pin H-46, 90x. 
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Figure 55. Transition from equiaxed grains into unrestructured region 

in the 1200 mm section of pin H-46, 90x. 
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Figure 56. Unrestructured, outermost region of the fuel column in the 

1200 mm section of pin H-46, 90x. 
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Figure 57. SEM p i c t u r e s of sphun—p.-ic f uo 1 column in pin H-40 .'it po

s i t i o n 46 5 mm, I5x 
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Figure 58, SKM p i c t u r e s of coiiimnnr g r a i n s ncnr t!u- c e n t r e hole in pin 

11-40 a t p o s i t i o n 465 mm, 45x/700x. 



Figure >9. SI'M p i c t u r e s of roliimn.ir Rr.iins nenr the 

pin H-40 .-it p o s i t i o n 463 mm, K?5x/fv30x. 

en t re hole in 
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Figure 60. SEM pirturps of columnar grains in pin H-40 at position 

hbb mm, 1O0x/350x. 
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Figure b\. SKM pictures of porosity and metallic fission product spheres 

in columnar grains in pin H-40 at position 465 mm, 700x/2300x. 
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Figure 62. SFM picrues of porosity in columnnr grains in pin H-40 at 
position 465 ппл, 500:</I600x. 
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Figure 63. Sf'M pictures of columnar grains - equiaxed grains transi

tion in pin H-40 at position 465 mm, I7x/I50x. 
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ir grains - equiaxed grains transi-Figure 64. SEM pictures of columnar grains - equiaxed grains transi

tion in pin H-40 at position 465 mm, 5OOx/750x. 
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•"igiire 65. SKM pictures of sintered fuel - large sphere transition 

in pin H-.'*() nt position 465 mm, 30x/IIOx. 
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Figure 66. SEM pictures of sintered ftiel - large sphere transition in 

pin И-40 at position 465 mm, 4O0x/l2O0x. 
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Figure 67. SEM pictures of sintered fuel among large spheres at the 

fuel-cladding transition in pin H-40 at position 465 mm, 

60x/300x. 
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Figure 68. SEM pictures of wintered fuel structure at the fuel-cladding 

transition in pin H-40 at position 465 mm, 900x/3000x. 
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Figure 64. SEN p i c t u r e s of sphpre-pac fuel column in pin H-46 a t 

p o s i t i o n 454 mm, 22x. 
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Figure 70. SEM pictures of centre hole and columnar grains in pin H 46 

at position 454 mm, 20x/f>5x. 
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Figure 71 . SKM p i c t u r e s of columnar g ra in region in pin H-46 ;it posi

t i on 4гз4 ш, 25x/200x. 
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Figure 11. SECI p i c t u r e s of columnar gr;iitis in pin ll-4fi nt p o s i t i o n 4r)4 

mm, ftSOx. 
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Figure 7J. Sf'.M pictures of equiaxed prnins in pin Н-Д6 at position 
4r>i mm, 3lr>x/685x. 
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F i g u r e 7 4 . SEM p i c t u r e s of I r i rpe s p h e r e l o e n t e d ne; i r t o t h e i n n e r ( b i d 

d i n g s u r f a c e in p i n 11-46 ;it p o s i t i o n 454 mm, 12()х/г>40х. 
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Figure 75. SHI pictures of the surface of a large sphere localed near 
to the cladding in pin 11-46 at position 454 mm, 540x. 
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Figure 76. Fuel-cladding transition in pin H-АО at position 542 mm, 
lOOx. 
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Figure 77. Hydrides in the cladding wall and oxide film at outer surface 

in pin H-40 at position 542 mm, 100x/425x. 
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Figure 78. SEM pictures of fuel-cladding transition and inner clad 

surface in pin H-40 at position 542 mm, 25x/IOOOx. 
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Figure 79. SEM pictures of fuel fragments embedded in the zirconium 

oxide film at the inner clad surface of pin 11-40 at position 

542 mm, 150x/300x. 
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Figure 80. SEM pictures of fuel grains embedded in the zirconium oxide 
film at the inner clad surface of pin H-40 at position 542 mm, 
250x/1500x. 
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Figure 81. SEM pictures of fuel grains embedded in the zirconium 

oxide film at the inner clad surface of pin H-40 at 

position 542 mm, 850x/15O0x. 
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Figure 82. SEM pictures of the fuel column - cladding transition 

pin H-40 at position 542 mm, ~ 50x. 
in 
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Figure 83. Hydrides in the zircaloy wall at the positions 434 and 

542 mm of pin H-40, ~ lOOx. 
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' igure 84. Hydrides in the zi rc.iloy w;i 1 I a t tlic p o s i t i o n 1180 mm of 

pin 11-40, ~ lOOx. 
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Figure 85. Hydrides in the zirealoy v̂ra 1 1 at the positions 123 and 
134 mm of pin ll-4h, ~ 1 OOx. 
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Figure 86. Hydrides in the zirr.aloy wall at the positions V57 and 

542 mm of pin H-46, ~ lOOx. 
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Figure 87. Hydrides in the zircaloy wall at the positions 812 and 

819 mm of pin H-46, ~ lOOx. 
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Figure 8H. Hydrides in the ,:ircaloy wall at the positions 1200 and 

1207 mm of pin H-46, ~ lOOx. 
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Figure 89. Construction drawing and X-ray photographs of the as-assembled 

IFA-204 moisture dummies. 
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Figure 90. Outer appearanre and X-ray photographs of the IFA-204 
moisture dummies after 5 days testing in water at 523 К 
adn 4.0 MPa. 
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Before testing After testing 

Figure 91. X-ray photographs of the IFA-204 moisture dummies, 
without a UO,, filling, after 3 days testing in water at 
32 3 К and 4.0 MPa. 
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Figure 92. Thermal conductivities of sphere-рас and pellet 110 fuel as 
a function of temperature for the two main structural regions. 
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I FA-204, Pin H-4f>. l'O.,, 
Sphere-рас fuel, 0.1 Ml'a helium. 
No fuel to clad gap. 

U n r e s t r u e t t i r e d , no burnuti 
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F i g u r e 9 ) . T e m p e r a t u r e d i s t r i b u t i o n f o r a p e l l e t and for a s p l i e r e - p a i 

I'D,- p i n w i t h a smear d e n s i t y of 8f>.97 T . l ) . and a s i n t e r e d 

d e n s i t y of 897 Т.П. d u r i n g i r r a d i a t i o n in t h e Halden P.WI! 

a t a power of 57 k W . m - 1 . 
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Figure 94. FCMI induced axial cladding elongation of a sphere-pac 
UO2 fuel pin during a power increase. 
1. = average elongation across fuel column length. 
2. = average elongation across the FCMI length. 
3. = peak elongation at axial position 604 ran. 
4. = FCMI length. 


