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ABSTRACT

Fuel pin R54-F20A has been irradiated in a NaK-environment. Temperature 
measurements in the NaK were carried out at average linear fission 
powers of 552 and 825 W/cm respectively.
A maximum average canning temperature of 920°C was reached.
The fuel pin was irradiated for about 50 minutes at the maximum irradia
tion conditions, while the total irradiation time was two hours.
The irradiation had to be broken off before the end condition was reached 
because of malfunctioning of the fuelfailure detection system.
No power peaking did occur at the upper and lower interfaces between the 
50%-enriched U02- and the natural U02 + 8 w/o UB^ pellet.
About 35% of the fuel has molten, but the fuel pin did not fail.
The irradiation has been carried out in the Poolside Facility (PSF) of 
the High Flux Reactor (HFR) at Petten.
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1. INTRODUCTION

In previous experiments irradiations of fuel pins with highly, enriched 
fuel (50% U-235) showed power peaking at the upper and lower end of the 
enriched fuel stack where it faces the blanket. In those cases the 
blanket consisted of one pellet of 8%-enriched U02, one or more pellets 
of natural U02 and a pellet of A1203.
For the long term irradiations this power peaking was not much of a 
problem because the maximum heat rating and the fuel temperatures 
remained sufficiently below those at which failure might occur. Further
more during these irradiations the peaking decreases with time because 
of an increased burn-up at these locations.
However, during short term irradiations, with the aim to determine the
conditions under which fuel pin failure occurs, power peaking should 
be avoided in order to prevent failure at the interface between the 
highly enriched fuel and the blanket. In fact such a failure did occur 
in one of the previous irradiations |1|•
It was proposed |2| to incorporate UB^-spheres as a neutron absorber 
into the natural U02 pellets adjacent to the ends of the enriched fuel 
column. Thus power peaking could be avoided for the next experiments.
The ends of the fuel column were therefore built up in the following 
way: 50%-enriched U02 - natural U02 + UB^ - А120з-
The aim of the experiment described in this report was to determine the 
effect of the UB^ in the natural U02 pellets on the power peaking. 
Furthermore it has been observed during the previous fuel pin irradia
tions that the temperatures of the sodium surrounding the fuel pins 
differed considerably from the calculated values.
In order to control better the temperature distribution in the
irradiation capsule, more information was needed for a more accurate 
calculation of the width of the gas gap between the first- and second 
containment.
Therefore it was planned to irradiate the capsule at different heat 
ratings (600-900 W/cm) and at different canning temperatures (700-1000°C) 
of one hour each time.
The scheduled irradiation could however not be completed due to mal
functioning of the fuelfailure detection system.
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This report describes the results of the irradiation experiment, 
designated as R54~F20^, and gives some calculations of the power peaking 
effect for a simple geometry.

The irradiation has been carried out in the Poolside Facility (PSF) of 
the High Flux Reactor (HFR) at Petten.



2. DESCRIPTION OF THE IRRADIATION CAPSULE

The irradiation capsule consists of the following components or materials 
going from inside to outside, see figure 1.
fuel pin - NaK annulus - shroud tube (SS) NaK annulus - first contain
ment - gas gap - second containment.

After assembly the capsule was placed in a cooling channel. This channel 
is part of a movable rack in the poolside facility.
The rack can be moved to and from the reactor core by means of an 
electrically driven trolley. The required heat rating can therefore be 
adjusted easily, while the desired NaK temperature can be adjusted by 
changing the composition of the helium-nitrogen mixture in the gas gap. 
The shroud tube between the NaK-containment and fuel pin has three 
functions: it promotes natural convection of the NaK along the fuel pin, 
it serves as a first barrier in case of fuel pin failure and it is used 
for attachment of the thermocouples.

The capsule was cooled by a forced water flow through the cooling 
channel.

To detect a canning failure two stainless steel minitubes, with their 
open end in the gas space above the NaK inside the first containment, 
were installed. A continuous flow of helium enables a check of the 
first containment for released fission gases. The dimensions of the 
various capsule components were as follows:

Fuel pin:
cladding outer diameter: 6,00 mm

inner diameter: 5,24 mm
length : 127,- mm

More details are given in figure 2 and table I.

Shroud tube:
outer diameter: 11,0 mm
inner diameter: 10,0 mm
length : 131,- mm
material : molybdenum
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First containment:
outer diameter: 14,9 mm 
inner diameter: 14,3 mm 
material : AISI-316

Second containment:
outer diameter: 16,06 mm 
inner diameter: 15,06 mm 
material : AISI-316
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Fig. 1: Swing-in capsule
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Table I Fuel Pin Fabrication Data

Description Data

Fuel pin code R54-F20A r,n .. „ , , Í 69~40 andFabrication report Matk. memo 7 ~
Drawing no 410-TEW 3
Fuel
- form

% U235

UO2 pellets 
dished on one side

- enrichment 50
- diameter mm 5.1
- length mm 79
- weight g 16.23
- density g/cm3 10.3
- density % T.D. 94
- smeared density % T.D. 87
- 0/M ratio 2.002
End pellets
- material nat. U02 + 8w/o UB^
- length mm 7.8
- insulation a i2o 3
- length mm 3
Canning
- material Sandvik 12R72 HV
- inner diam. mm 5.24
- outer diam. mm 6.00
Filling gas 40% He - 60% Ar
Pressure filler gas bar 1 (N.T.P.)
Leak tightness Torr 1/sec О1ОV
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3.1. Temperature Measurement

Temperature measurements were performed with chromel-alumel thermo
couples in the inner- and outer NaK-annulus and in the inlet and outlet 
of the cooling waterchannel.
The radial positions of the thermo-couples in the NaK annulus are given in 
the cross section of the capsule in figure 1. All hot junctions were 
located at the centre line of the fuel, C^, as indicated in figure 1.

The average temperature difference, ДТ, between the in- and outlet of 
the coolant channel was measured by two groups of three thermocouples.

3.2. Flow Measurement

The total coolant flow through the cooling channel was measured by means 
of a turbine flow meter (Potter) with an accuracy better than 5%.
The nominal flow was adjusted at 2 m3/hr, while the scram flow was set 
at 1.7 m3/hr.

3.3. Power Measurement

The total power generated in the capsule was calculated with the heat
balance formula Q = flow x p x С x ДТ.P
Because the coolant flow was kept constant during the irradiation, the
ДТ forms a direct measure of the generated power.

3. INSTRUMENTATION
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4. FUEL PIN FABRICATION DATA

The fuel pin consists of a stainless steel canning filled with 50% 
enriched U02 pellets. The U02 pellets were sintered in a nitrogen 
atmosphere at 1650°C during 90 minutes. The reduction was carried out 
at 1450°C during 40 minutes in a mixture of 25% H2 and 75% N2. All 
pellets were dished on one side (the topside) with a depth of
0.40 ± 0.06 mm. and a shoulder of 0.20 ± 0.05 mm. The main fabrication 
data are listed in table I. The chemical composition of the U02 is 
given in table II. The pre-irradiation microstructure of the U02~pellets 
is shown in the figures 3 and 4.
At both ends of the fuel stack a pellet of natural U02 with 8 w/o UB4 
was inserted. The diameter of the UB4 spheres was 110 to 125 y.
Figure 5 shows the distribution of the UB4 particles in the natural 
U02 matrix.
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Table II Chemical analysis of U02

Spectrografic 
ppm (U basis)
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Fig. 3: Radial cross-section of a sintered UO2 
pellet before irradiation
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500x

Fig. 4: Axial cross-section of a sintered U02 
pellet before irradiation



- 19 -

Fig. 5: Axial cross-section o£ a natural U02 pellet 
with 8 w/o UB^ (about 20x)
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Before the irradiation started the power measurement, flow x AT, was 
gauged by using an electrically heated dummy capsule.
The irradiation was performed on October 26th 1970 during reactor cycle 
70.10.
The capsule was placed in position 7 of the Poolside Facility. The 
reactor power was 45 MW. The smallest distance to the reactor wall was
72 mm, corresponding with a generated power of 7.0 KW.
During the irradiation the fission gas detection system became blocked 
so that it became impossible to detect canning failure by an activity 
measurement. Therefore the experiment had to be broken off.
The irradiation history has been plotted in figure 6.
In table III the average thermocouple readings are given for each of 
the encountered stationary condition.
The most relevant irradiation data are collected in table IV.

As can be seen from- figure 6, points 1 to 3, a sudden change in gas 
mixture in the gas gap results in a sudden change of the calculated 
generated power. Supplying nitrogen to the gas gap when filled with 
100% helium results in a power decrease while a helium supply to the
gas gap filled with 100% N2 results in a sharp power increase.
A possible explanation is that in the case of a nitrogen addition the 
temperature of the capsule components inside the gas gap increases, 
because of the lower thermal conductivity of the nitrogen compared to 
helium.
Thus the heat content of the capsule inside the gas gap increases which 
is accompanied with a temporarily decrease in heat flow to the coolant 
until the temperature equillibrium is restored.
A helium supply to the gas gap filled with 100% nitrogen gives the 
inverse situation, namely a temporarily increase in heat transfer to the 
coolant. This is because the extra amount of heat, corresponding to a 
higher temperature level with nitrogen, will be transferred to the 
coolant in a short time.

5. IRRADIATION HISTORY, MEASUREMENTS AND RESULTS
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Table III NaK-temperatures, as indicated by thermocouples 1~6 at 
different reactor conditions

Total Power 
in Kilo Watts

Composition of 
gas in the gap

Temperatures ,  ° c
1 2 3 4 5 6

4.7 helium 41 1 455 476 466 399 446
4.7 nitrogen 587 630 648 654 590 630

7.0 helium 496 568 575 61 1 520 560
7.0 nitrogen 650 725 730 759 673 717

Table IV Irradiation Data

Description Data Remarks

Irradiation date 26-10-70
Irradiation time hrs 2
Total capsule power KW 7.0 fission + gamma
Average power
- total W/cm 855 effective fuel length

81.5 mm
- gamma W/ cm 30
- fission W/cm 825
- specific W/g 400 fission only
Maximum power
- fission W/cm 870
- specific W/g 425
Measured NaK between shroud and
temperatures o fuel pin
- average °Cn 733 at r = 4 mm
- maximum С 759
Canning temperature o at d = Üiäü
- average сп 885
- maximum ° с 920
Fuel surface temp. n о  О- average ° сп 1565 h = 0,80 W/cm2 C
! - maximum ° с 1640
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Prior to the dismantling operation two X-ray photographs were.made, 
radially positioned at two radial angles, separated by 90 degrees.
No irregularities were observed.
After dismantling of the capsule the NaK was dissolved. The post irra
diation examination of the fuel pin consisted of the following steps:
1. Visual inspection and photography.
2. Measurement of the diameter.
3. Gamma scanning.
4. Neutron-radiography.
5. Sectioning of the pin, metallographic examination, and auto-radio

graphy of cross sections.

6.1. Visual inspection

The fuel pin was examined visually by means of a periscope. No defects 
were observed.
Figure 7 gives a general view of the fuel pin after irradiation.
Some details of the fuel pin are shown in figure 9.

6.2. Dimensional examination

Diameter measurements were performed at the" same positions as before 
irradiation. The maximum difference in diameter on the enriched fuel 
columns before and after irradiation was 0,001 mm.

6.3. Gamma scanning

An axial gamma scan was made over the entire length of the fuel pin, 
because the gamma intensity can directly be related to the power 
density. The measured isotope was ^Zr. ^he scanning operation was 
carried out by moving the pin in vertical position, in steps of 1 mm, 
along a horizontally placed collimator, with an opening of 1 x 2 mm. 
The counting time per step was 30 minutes.

6.  POST IRRADIATION EXAMINATION

The result of this scanning operation is shown in figure 10.
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about 1,7x

Fig. 7: General view of the 
fuel pin after 
irradiation

Fig. 8: Neutron
radiograph



Fig. 9: Details of figure 7
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6.4. Neutron-radiography

Prior to sectioning of the fuel pin for metallographic examination a 
neutron-radiograph was made. This gives a first impression of the fuel 
structure and serves, together with the gamma scan, as an aid for a 
proper selection of the metallographic cross sections.
As can be seen in figure 8 a pear shaped cavity exists at the topside 
of the fuel column. This type of cavity indicates that central fuel 
melting occurred because only molten fuel can slump down during the 
cooling down period. Subsequently densification of the lower part of 
the fuel column took place.

6.5. Metallographic examination

Three axial- and three radial cross sections have been prepared and 
examined. The location of these cross sections are shown in figure 2.
The axial cross sections have been made of the upper- and lower inter
faces of the enriched U02 , the natural U02 + UB^ and Al203-pellet 
The macrostructure of the interface А12С>з —  natural U02 + UB^ (cross 
section 1) is given in figure 11. The figures 12 to 14 show respectively 
the as-polished and etched macrostructure and auto-radiograph of cross 
section 2 being the interface of the natural U02 + 8 w/o UB^ and 50% 
enriched U02 pellet.
The as-polished structure gives a better view of the distribution of 
the UB^ particles.
The macrostructures show that the columnar grains extend from the 50% 
enriched U02 into the natural U02 + 8 w/o UB^ pellet. The auto-radio
graph (figure 14) indicates that a region of high activity penetrates 
the natural U02 + UB^ pellet.
A detail of the columnar grain growth region and natural UO^ pellet 
of figure 13 is given in figure 15. It can be seen that the UB^ particles 
still exist up to the boundary of the columnar grain, region.

The macrostructure of the radial cross sections 3, 4 and 5 is presented 
in the figures 16, 17 and 19, while the auto-radiographs of the cross 
sections 4 and 5 are shown in the figures 18 and 20.

The macrostructure and auto-radiograph of the lower interface 50% 
enriched U02 —  natural U02 + 8 w/o 1]Вц, cross section 6, are given in 
the figures 21 and 22.
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2 Ox

Fig. 11: Axial cross section 1 of the top end showing the interface 
of AI2O3 and natural U02 + 8 w/o UB4 pellet
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as-polished 20x

Fig. 12: Axial cross section 2 of the interface natural 
U02 + 8 w/о иВц and 50% enriched U02 pellets
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etched 20x
Fig. 13: The same cross section as in figure 12, in the

etched condition
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20x
Fig. 14: Auto-radiograph of cross section 2, the interface of the 

50% enriched U02 and natural U02 + 8 w/o UB^ pellet
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Fig. 15: Detail of figure 13
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20x
Fig. 17: Macrostructure of radial cross section 4
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21 ,5x

Fig. 18: Auto-radiograph of cross section A
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20x

Fig. 20: Auto-radiograph of cross section 5
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2 Ox

Fig. 21: Macrostructure of cross section 6, showing the lower 
interface 50% enriched UO2 - natural U02 + 8 w/o UB^

50% enr. U02

nat. U02 + 
8 w/o UB^
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Fig. 22: Auto-radiograph of cross section 6
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7. DETERMINATION OF THE LINEAR ROD POWER

The total power was calculated by means of the equation:

Q = V x p x C  х Д Т  P
where; ■
Q = total power, in Watt
V = coolant flow, m3/h
p = density of the water, g/cm3
Cp = heat capacity, W sec/g °C
ДТ = temperature increase of the coolant, °C

The water flow has been 2.0 m3/h or 555 cm3/sec. The density of the
water has been taken as p = 1 g/cm3 and the heat capacity as С =4.2

О ^W sec/g C.

The total generated power is therefore:

Q = 555 X  1 X  4.2 X  AT = 2.3.103 AT Watt

The measured AT's were respectively 2.15 and 3.2 °C which corresponds 
with 5.0 and 7.5 KW.
However, before the irradiation was carried out the generated power has 
been gauged with an electrically heated dummy capsule, which was placed 
in the same position as the irradiation capsule. The water flow was
equal in both cases. The temperature difference (AT) of the in- and
outlet thermocouples were measured for various values of the heat input 
(amp. X volt). The result is given in figure 23. In the same figure the 
calculated values of the generated power have been plotted.

For the two irradiation conditions the values of the measured- and 
calculated amount of heat generated in the capsule are collected in the 
following table:

Irr. AT, Q calc. Q measured
cond. °C KW KW
1 2.15 5.0 4.7
2 3.2 7.5 7.0
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Neglecting the fact that some relocation of the fuel occurred and 
assuming that the gamma activity of the fuel pin is a measure for the 
total generated fission power, it can be derived from the gamma scan 
that about 3.3% of the power was generated by the natural U02 pellets 
at the ends of the fuel column. Taking this into account, the effective 
fuel length was 8.15 cm instead of 7.9 cm.
The correct linear heat ratings for the two irradiation conditions are 
therefore:

Irradiation Heat rating, W/cm
condition calculated measured

1 615 / 577
2 916 855

These values are however not corrected for gamma heating.

In the further calculations only the measured values are used.

The total generated fission heat is obtained by substraction of the 
gamma heat from the total measured power.
Based on gamma heat measurements for both cases average values of 1.75 
and 2.1 W/g have been taken.

The contribution of the different capsule materials to the gamma heating
were determined in the following way: TI . , . ,° J Weight/cm length
Fuel : тт/4 (0.512) x 10.3 = 2.10 g
Canning : тг/4 (0<62 - 0.5242) x 7.8 = 0.52 g
NaK : тт/4 (1.02 - 0.62) x 0.74 = 0.37 g
Shroud tube : тг/4 (l.l2 - 1.02) x 9 = 1.48 g
NaK : тг/4 (1.432 - l.l2) x 0.74 = 0.48 g
1 Stcontainment: тт/4 (1.492 - 1.432) x 7.75 = 1.07 g
2nĉ containment: тт/4 (1.6062 - 1.5062) x 7.85 = 1.92 g
water : tt/4 (2.22 - 1.6062) x 1 x 1.6 = 2.32 g
coolant tube : тг/4 (2.52 - 2.22) x 2.7 x 0.5 = 1.50 g

Total weight/cm 11.76 g

For water a conversion factor of 1.6 has been taken while only half of 
the weight of the coolant tube is taken into account because it is 
supposed that half of the gamma heat generated in this tube is transferred
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to the pool water.

The contribution of the gamma heating is thus 11.76 x 1.75 = 20.6 W/cm 
for the first condition and 11.76 x 2.1 = 24.7 W/cm for the second 
condition.
Because the capsule comprises some larger parts of stainless steel 
below and above the fuel pin, the gamma heating in these parts is much 
more than at the location of the fuel pin. Therefore the average gamma 
heating has been estimated to be 25 and 30 W/cm for the first and 
second irradiation condition respectively.
The final results are collected in the following table:

Irradiation Average linear rod power, W/cm
condition total gamma fission

1 577 25 552
2 855 30 825



8. DISCUSSION

8.1. Gamma scanning

The gamma scan is given in figure 10. The average gamma activity over 
the enriched fuel column expressed as a percentage of the maximum 
activity, has been estimated as 95%. However it must be said that 
because of central fuel melting during the experiment, fuel relocation 
has taken place during cooling down. This means that some fuel moved 
from the top to the bottom part of the enriched stack, which can be 
observed in the different metallographic cross sections.
Therefore the gamma scan does not give the real activity distribution 
at the time of the irradiation.
Based on figure 10 the maximum heat rating was 8100/7700 x 825 =
870 W/cm. It seems however reasonable to assume that the power distri
bution in the fuel pin has been rather flat which means that for 
determination of the radial temperature distribution of cross section 4, 
the best value for the heat rating is 825 W/cm.

Although the irradiation was very short there were no power peaks at 
the end of the fuel column. At the top side of the fuel column an 
eventual power peak would have been masked by the large central cavity. 
This could not occur at the bottom side. Thus it can be concluded that 
pellets of natural U02 + UB4 particles at the ends of a fuel stack does 
prevent power peaking. The calculation of the amount of UB^ necessary 
to suppress power peaking will be given in Appendix I.

8.2. Structural characteristics 

8^2л^_£ие1_§ truc tures

The macrostructure of axial cross section2, figure 12 and 13, show 
very clearly the top of the pear shaped cavity as already shown in the 
neutron-radiograph (figure 8).
The UB^ particles have vanished in the columnar grains. This is also 
confirmed by the auto-radiograph, figure 14.
In radial cross section 3, figure 16, it can be seen that a large zone 
of high density fuel surrounds the central hole. Some fuel grains around 
this hole have fallen out during metallographic preparation.
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Radial cross section 4, figure 17, shows a porous zone in the centre 
which has melted during irradiation. The fuel particle inside the 
centre hole has most probably fallen down during the cutting operations. 
The diameter of the molten zone is practically the same as the dia
meter of the centre hole of cross sections 2 and 3. Also around the 
molten zone there is a region of high dense large columnar grains. The 
regions of small columnar grains and equi~axed grains are very small.
The dark zone in the auto-radiograph, figure 18, corresponds with the 
high dense columnar grain region of figure 17. However, the outer 
diameter of this region is somewhat larger than that of the dark zone 
in the auto-radiograph. The dark zone is inactive, which means that 
practically no fission products are present. Such a zone is 
characteristic for the occurrence of central fuel melting.
The macrostructure and auto-radiograph of cross section 5, figure 19 
and 20 respectively, have approximately the same appearance as cross 
section 4.
Cross section 6 shows that molten fuel has slumped down nearly up to 
the interface 50% enriched U02 “ natural U02 + UB^. The dark zone 
around the molten centre is much smaller compared to that in the upper 
cross sections. This might be caused by the steeper temperature 
gradients in these areas, as is also reflected by a smaller pore free 
region of columnar grains.
Figure 21 reveals further that the dish in the natural U02 + UB^ pellet 
has been filled with 50% enriched fuel during irradiation.
The radii of the centre hole, molten zone, columnar grain growth 
regions and equi-axed grain growth region have been measured on the 
macrophotographs of the various radial cross sections. The results are 
collected in table V.
The figures of cross section 2 are more reliable, because cutting of 
axial sections occurred unlikely exactly at the centre line.
Table V reveals that the maximum radius of the centre hole (cross 
section 2) corresponds well with the outer radius of the molten zone.
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Table V Measured Radii of the Different Fuelregions, in mm

Cross section 2 3 4 5
Centre hole 1.55 1 .4 0.4 ^ 0.3
Molten zone - - 1.5 1 .55
Columnar Grain 
zone :
- large

(pore free)
2.0 2.15 2-0, 2.0

- small 2.2 2.35 2.3'. 2.35
Equi-axed
zone 2.25 2.45 2.45- 2.45
Outer radius 2.55 2.55 2.55 2.55
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8л2л2л_Каё1а1_£ет]эега_Сиге_с118 tribut ion

To correlate the various fuel regions with temperatures the radial 
temperature distribution has been calculated for cross section 4, 
fig. 17. It has been assumed that the observed fuel structure was 
determined by the highest heat rating during the irradiation. In this 
case this was most probably a linear heat rating of 825 W/cm. It was 
further supposed that the central hole and the observed fuel regions 
were cylindrical in shape and located concentrically around the fuel 
pin centre.
The calculation of the radial temperature distribution in the fuel is 
presented in Appendix II.
The determination of the fuel surface temperature is based on the measured 
NaK temperatures (table III). A temperature of 2800°C has been taken as 
the melting point of the fuel.

The results of the calculations are given in table VI and figure 24.

From figure 24 and table V the temperatures at the outer radius of the 
different fuel regions of cross section 4 can be derived. The irradia
tion time was 50 minutes. They are collected in the following table:

Region Temperature, °C

Molten zone 5- 2800
High density large 
Columnar Grains 2360
Small Columnar 
Grains 1970
Equi-axed grains 1730

Surface temperaturei 1565

The average temperature gradient has been about 11000 °C/cm. This 
means that an inaccuracy of 0.1 mm in the measured radii of the diffe
rent regions results in an uncertainty in the temperature of about 
110 °C.
Although the lower boundary temperatures of equi~axed grain growth and 
columnar grain growth seems rather high they correspond well with 
literature data |4¡ for short term irradiations.
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Table VI Fuel Surface Temperature Determined for Cross Section 4

Description Average Maximum Remarks

Linear Power W/ cm 825 870

Measured NaK temperature °C 733 759 at r = 4 mm
Temperature difference 
across NaK annulus °C 118 124 kM = 0.32 W/cm °C NaK
Temperature at the out
side of the canning °c 851 883
Temperature difference 
across the canning °c 70 74

к = 0.255 W/cm °C can

Temperature at the in
side of the canning °c 921 957
Temperature difference 
across the fuel-can gap °c 644 680 h = 0.80 W/cm2 °C

Fuel Surface Temperature
TA °c 1565 1637

Rounded values of Тд °c 1565 1640
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870 W/cm

1640 °C

1565 °C

r in mm

Fig. 24: Radial Temperature Distribution in the Fuel at the
Middle of the Fuel Stack (cross section 4)
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The following table gives the temperatures at which the equi-axed- 
and columnar grain growth starts, as reported by Hausner et al. |5|.

duration e6g-g. c¿g.g.
hrs С С

1 187 0±100 2200±150
24 1830 2200

500 1450 1710

out-of-pile

1/3 2000 2500
2 1700 2230
25 1710 2140

The temperatures of the different fuel regions are very close to those 
of a preceeding experiment |1|. For convenience these values are given 
in the following table together with the present ones:

this experiment ref. 1

Time at maximum conditions 50 minutes 30 minutes
Equi-axed grain growth 1730 °C 1720 °C
Small columnar grain growth 1970 °C 2000 °C
Large columnar grain growth 2360 °C 2330 °C
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9. CONCLUSIONS

1. The irradiation had to be terminated bef 
temperature of 1000°C was reached becaus 
fuel failure detection system.

2. No power peaking did occur at the upper 
the enriched fuel- and the natural U02 +

ore an average canning 
e of malfunctioning of the

and lower interface between 
8 w/o UB^ pellets.
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Determination of the amount of UB^ in a natural U02 pellet in order to 
prevent power peaking.

Power peaking at the interface between a high- and a low enriched fuel 
pellet is the result of a difference in the flux depression.

Compared to natural or low enriched U02 high enriched fuel has a high 
flux depression factor.
This means that when at the end of a highly enriched fuel stack an 
•isolation pellet of a low enriched fuel is placed, the neutron flux will 
be depressed less in the highly enriched fuel stack just at the inter
face. Consequently this results in a higher power locally, or power 
peaking. It is evident that the greater the difference is in enrichment 
at the interface, the higher the resulting power peak.
This peaking can be prevented |2| by making the thermal absorption cross 
section of the isolation pellet equal to that of the fuel. This condition 
is sufficient as the bulk of absorptions is caused by thermal neutrons. 
This can be done for instance by adding some poison material to a natu
ral U02 pellet. In this case UB4. particles have been used.
For equal thermal macroscopic cross sections the following equation is 
valid :

J (N enr. fuel  ̂ ^  °a^fuel with UB^’

where:
N = number of atoms/cm3

a = microscopic absorption cross section, 
averaged over thermal spectrum, barn 

£ = summarisation over isotopes

With the computer code MICROFLUX the a 's can be calculated directlycl
by using the option of the socalled external isotopes. The a 's can be

3l

calculated in the highly enriched fuel at each location and also averaged 
over a certain region a.o. the fuel region. From (1) the unknown UB̂ . 
concentration can be determined.

For this work a different approach has been followed which is suitable 
for 1/v or nearly 1/v absorbers.

12. APPENDIX I
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/ a(v)n(v)v dv

V

j n(v)v dv 
о

V *  = cut-off of thermal range (cm/sec) 
For 1/v absorbers o(v) = c/v = a' V

- с a220000‘220000 ,a = — = ------------ — , whereа V

220000 .2200 DO/ thus
V

V  =

/ V n(v) dv 
о

I n(v) dv

For natural Boron °220000 = ^$9 barn and thiS

о = a
759 x 220000

From the MICROFLUX calculations it turned о 
in the centre and outside of the highly enr 
therefor the calculations of the boron cont 
cases.

Fuel centre: V = 381578 cm/sec ----*------  с

I »  ° A „ . ,  ■ Ïa fuel ¿a fuel = 3.50

ut that the neutron velocities 
Lched fuel are not the same, 
ïnt are made for these both

and

a,В
759 x 220000 

381578 = 438 barn

thus 3.50 = N x 438, or 

N = 0.0080 x 102tf at nat. В

Fuel surface:
V = 293971 cm/sec s
(N a)£uel - 5.28

f cm3

a,В 

N =

759 x 220000 
293971

5.28

= 568 barn

568 \0~24
= 0.0093 x 102l+ at nat. В/cm3.

and
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For the considered experiment 0.009 x 102i+ at/cm3 natural Boron has 
been taken, which corresponds with 0.16 g В/cm3 or 1.05 g UB^/cm3.
After production of the pellets however, it turned out that only 
0.828 g UB^/cm3 was added, which means 8 w/o.
The size of the used UB4 particles was around 100 micron.

The above calculations were checked with a simple geometry |2|, consis
ting of two fuel slabs both ended with a water column, see figure 25.
The thickness (d) of the high enriched slab is chosen in a way that the
average chord length is equal to the chord length of an infinite cylinder
with a diameter of 5.1 mm, being the diameter of the fuel of a fast 
reactor fuel pin or:

4 x d x S _ 4 ТГ r2
2S “ 2 TT r

2d = 2r
d = r , where

d = slab thickness, mm
5 = surface area, mm2
r = radius of fuel pellet, mm.

For r = 2.55 mm, the slab thickness is also d = 2.55 mm.

For determining the slab thickness of the blanket it is assumed that, 
chord length slab = chord length blanket pellet.

4 x d x S _ 4 ir r2 h
2S 2t t rh + 2ттг2 ’ °Г

d = , whereh+r
d = slab thickness, mm
5 = surface area, mm2
r = radius of the blanket pellet, mm
h = height of the blanket pellet, mm

For r = 2.55 mm and h = 7.8 mm, the slab thickness d = 1.92 mm.
As reference fuel was used 50% enriched U02, while the blanket consisted
of respectively natural U02> 8% enriched U02, natural U02 + 8 w/o UB̂ . 
and natural U02 + 11.4 w/o UB4.
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n which the self shielding 
account, the relative flux

With the computer programme MICROFLUX |7¡ il 
of the boron particles has been taken into 
distribution and the macroscopic fission cifoss sections were determined.

The power distributions (ф were plotted as function of the axial
distance, figure 25. The different values áre also given in table VII.
To be able to compare the results of the different cases the ф ^  has 

#  #  i been taken unity for the region between r * 16.00 and r = 16.51 mm.
For reasons of convenience the ф values are later on normalized at the 
value at r = 18,55 (interface 50% enrichedjU02 and blanket) for the case 
that the blanket consists of 50% enriched U0?.

■ . [ • •The amount of peaking for a certain case can now directly be derived.
All values above curve 1 means power peaking.
For 1 = 18.55 mm, the interface 50% enriched U02~blanket, the peaking is 
maximal and has the following values for the various considered blanket 
materials.
Unity means no power peaking.

blanket material jeaking factor
50% enriched U02 1
natural U02 2.47
8% enriched U02 2.00
natural U02 + 8 w/o UBi* 1 .23
natural U02 + 11.37 w/o 1.02

UB4

The figures 26, 27 and 28 show some gamma scans of experiments without 
a flux depressor. In all three cases the fuel consisted of 50% enriched 
U02. however the blanket of R54-F05, figure 26, consisted of 8% 
enriched U02 while for R62-A01 and A02, figures 27 and 28 respectively, 
natural U02 was the blanket material. Comp 
experiments with the calculated ones is no 
lated peak values are strongly majorated.
Especially experiment R62-A02 |5|, figure 
has been burned away.
The peaks in the gamma activity of figure 
This is due to the much higher burn~up compared to experiment A01, see 
figure 27.

arison of the peaks of the 
t allowed because the calcu-

28, shows that the power peak

28 are almost negligible.
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Table VII Flux x Sigma Fission values at different distances

Sub
regions 
in the 
slabs, 
mm ' 50% enr. UO2 nat. U02 8% enr. U02

nat. U02 
+

8 w/o UB4

nat. U02 
+

11.37 w/o 
UB^

16.0 -16.51 2.56 2.56 2.56 2.56 2.56
16.51-17.02 1.67 1 .87 1 .79 1 .69 1 .67
17.02-17.53 1.26 1 .67 1 .56 1.31 1 .24
17.53-18.04 1 .02 1 .82 1 .59 1 .18 1 .05

18.04-18.55 1.00 2.47 2.00 1 .23 1 .02

18.55-18.93 1.05 0.05 0.38 0.02 0.01
18.93-19.32 1.18 0.05 0.44 0.02 0.01
19.32-19.70 1.46 0.05 0.46 0.02 0.02
19.70-20.09 1.90 0.05 0.51 0.02 0.02
20.09-20.47 2.69 0.05 0.54 0.02 0.02



- 59 -

Ф If
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Fig. 25: Flux x Sigma Fission of a Slab 
of the length for various bl.

cell as a function 
anket materials.
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Fig. 26: Gamma scan of Fuel pin R54-F05 |l|.
Total Irradiation time about 3 hours.
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Fig. 28: Gamma scan of fuel pin R62-AQ2 |б|
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13. APPENDIX II

DETERMINATION OF THE RADIAL TEMPERATURE DISTRIBUTION IN THE FUEL

The fuel temperatures were calculated on bas 
conductivity equation:

0 r2
T o  A /

es of the integrated thermal

( 1)

where,

T ,T a r
a
F

= heat rating, W/cm 
= temperature at radius a and r 
= outer radius of U02 pellet, С 
= depression factor 
= thermal conductivity, W/cm UC

In figure 29 the integrated thermal conducti

respectively 
.255 cm

vity is given as function
of temperature for U02 of 95% theoretical density (T.D), as taken from
reference |3j- As suggested by Kjaerheim and 
the density has been calculated with

(1 - P)3к = к100
where, к 

k. 00

= real thermal conductivity, W/c 
= thermal conductivity of 100% T 
= fractional porosity

Rolstad j 4[> the effect of

( 2)

m °C
D material, W/cm С 

programme KADET, whichThis relation has been used m  the computer 
calculates for each value of r the variables,:

F , and F = -7— (1 - —т) of equation (1). г г 4тг az n

Moreover for each given value of Q the value
* ïr Q x F = J kdT, and r L

a
for each combination of Q and Ta the fuel temperatures in degrees 
centigrade are calculated.

With the computer programme MICROFLUX the flux distributions in the 
fuel pin were calculated. The results of thi^ programme were used as 
input for KADET.
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OTemperature, С

Fie. 29 The integrated thermal conductivity of UO as functi 
of temperature and density. |3| 1
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Determination of the fuel surface temperature was based on the measured
NaK temperatures. However the NaK temperatu 
at the mid height position of the fuel stac 
with the location of cross section 4. The 1 
is shown in figure 1.

The temperature differences, AT, across the 
have been calculated with by the following 

Q In г2/гх
ЛТ =

res have only been measured 
k, which corresponds roughly 
ocation of the thermo-couples

NaK annulus and canning 
equation :

2тг к (3)

where
Q = heat rating, W/cm 
r = radius, cm
к = thermal conductivity, W/cm °C.

For the NaK annulus the following values we 

ri = 0.30 cm
r2 = 0.40 cm and In = 0.287

W  '  °-32 w/cm c

and for the canning: 

ri = 0.262 cm
r2

r? = 0.30 cm and In = —  = 0-1z r,

re used.

36

к = 0.255 W/cm C. can

As the NaK was nearly stagnant during irradiation it was assumed that
there was no heat barrier between the NaK
r = 0.30 cm the condition Т_т T, = T .NaK canning

nd the canning, so that for 
is assumed.

The temperature difference across the gap between the fuel and canning,
AT , has been calculated with the equation: gap n

ATgap 2ТГ rh

where
Q = heat rating, W/cm 
r = fuel radius, cm 
h = heat transfer coefficient between fuel and canning W/cm2 °C.

For h a value of 0.8 W/cm2 °C has been taken.

(4)
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The results of the determination of the fuel surface temperature are 
collected in table VI. Calculation of the radial temperature distri
bution is done for cross section 4.
Now all the input data are known and thus the various temperatures 
can be calculated with the computer programme KADET. The result is 
given in figure 24.
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