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BOILING EXPERIMENTS IN DFR AND PFR

A M Judd (UK)

SUMMARY

At the end of its life, in 1975 - 1977, a series of Special Experiments was
conducted in the Dounreay Fast Reactor. Fuel pins were deliberately subjected to
overheating, up to the coolant boiling point, for periods of several hours at a time.
The boiling was monitored by acoustic sensors and thermocouples, and after the tests
the fuel pins were examined to determine the extent of damage.

The results of these experiments have been widely reported. The present paper
summarises the results as a reminder of their significance. The outstanding conclusion
was that coolant boiling had no severe consequences. In some, but not all, cases the
pins failed, but little fuel was released, no local blockages were formed, and there was
no fuel melting.

At around the same time PFR was being commissioned, and for a time the
primary coolant circuit was operated with a dummy core, containing no nuclear fuel.
An electrically-heated boiling rig was deployed in the dummy core, and observed by
acoustic monitors. The data gathered enabled the noise of boiling to be compared with
the background noise, and provided valuable support for the design of acoustic boiling
noise detection systems.

INTRODUCTION

In the 1970s one of the most important questions of fast reactor safety was
seen to be the provision of adequate protection against accidents stemming from local
overheating caused by blockage of the coolant flow to a single fuel subassembly. This
concern had been caused mainly by the blockage accident in the Enrico Fermi Fast
Reactor in the USA in 1964.

As a result an extensive R&D programme was undertaken in the UK, with two
main objectives, to understand the phenomena involved in such an accident so that its
development could be predicted, and to develop means of detecting the accident before
its consequences became unacceptable. For the former the main problem was to
understand the boiling process in a liquid metal coolant. For the latter the main
interest was in acoustic means of detecting boiling.

This paper describes two in-reactor experiments which were done as part of
this programme. Both have been reported extensively before, and for detailed
information the reader should go to the literature cited here. The purpose of this paper
is to give a brief summary of what was done to serve as a reminder and to put the
achievements of an earlier decade into the context of the 1990s.
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THE DFR BOILING EXPERIMENTS

Description of the Experiments

These experiments are described by Smith et al (1).

During the last year of operation of the Dounreay Fast Reactor (DFR) the
opportunity was taken to conduct a series of experiments, known as the "DFR Special
Experiments", in which a higher than normal risk of fuel failures could be accepted.
The objective of the experiments was to expose typical oxide fuel pins to coolant
boiling for prolonged periods, to ascertain what effect it would have, and to investigate
means of detection.

DFR was a 60 MW(heat) fast reactor which operated from 1959 to 1977. It
was cooled by 70/30 sodium - potassium alloy flowing downwards through the core,
and had electromagnetic coolant pumps. It had metallic driver fuel, but the centre
region of the core was adapted to accommodate small subassemblies of experimental
oxide fuel pins.

Two types of experimental vehicle were used for the experiments. The "Mini-
Subassemblies" (Figure 1) each contained a cluster of up to 18 fuel pins. The cluster
was surrounded by a double wall with gas as thermal insulation in the interspace, and
this was contained in a strong steel outer tube . Coolant flow to the cluster was
controlled by a valve operated via a drive shaft from a motor mounted on the reactor
roof. Instrument probes occupied one or more of the fuel pin positions. Three of the
five mini-subassemblies incorporated an artificial coolant blockage in the form of a
steel plate obstructing about 70% of the flow area close to the centre of the heated
length of the pins.

The fuel pins were 5.8 mm in diameter, located on a 7.4 mm triangular pitch by
honeycombe grids. The fuel was mixed oxide, either in pellets or vibrocompacted.
The heated length was small; up to 375 mm in the experiments with blockages, and
505 mm in those without. Some of the pins had been pre-irradiated to burnups up to
10%. The peak linear heat rating in the experiments was typically 32 kW/m.

The three "Trefoil" rigs (Figure 2) each contained only three fuel pins, which
were not pre-irradiated. This made it possible to assemble the rigs in the laboratory,
and so to incorporate more delicate instrumentation such as thermocouples with
exposed junctions, and acoustic sensors mounted close to the boiling region. The fuel
pins in two of the trefoils were the same as in the mini-subassemblies, but one made
use of 6.7 mm diameter pins with wire wrap spacers.

Each rig remained in the reactor for a complete normal operating ran. A
typical boiling experiment started with the coolant flow to the rig being reduced by
closing the control valve slowly until boiling was indicated. It was then reduced
further as required, and conditions were kept steady for a period of an hour or more.
The valve was then opened and the rig was left until the next boiling experiment or
until the end of the reactor run.
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In one case, M(b)539/1, the boiling run was terminated prematurely because of
unexpectedly high temperatures and clad failures. This was caused by gas accidentally
entrained into the rig where, because of the downward flow, it caused severe
overheating. Precautions were taken to avoid this in subsequent experiments.

Results

The rigs were irradiated, one at a time, over the period December 1975 to
March 1977. The experimental conditions and the results are summarised in Table 1,
which is based on Reference 1. In the rig reference numbers, "T" indicates a trefoil rig,
"M" indicates a mini-subassembly, and "M(b)" a mini-subassembly with a partial flow
blockage plate.

After the experiments the fuel pins were removed and examined. Table 1
includes some of the РШ observations.

Table 1 Summary of the DFR Special Experiments

Reference
Number
T522

M(b)
539/1

T536

M528/1

Rig Description

3 unirradiated
pressurised
5.8 mm mixed
oxide pins.
Max rating
31.5 kW/m

18 fuel pins,
burnupsO-10%
Vibro & pellets
Various clads
70% flow
blockage

3 6.7 mm
spiral-wrapped
pins. Max
rating 41.6
kW/m

18 fuel pins at
0, 3 and 6%
buraup. One
pin contained
an artificial clad
defect at its hot
end.

Boiling History

One boiling run.
This was a lead
experiment for
the series

One boiling run,
but experiment
terminated
because severe
gas entrainment
led to extensive
clad failure.

Three boiling
runs of approx
1 hour each.
First and second
runs were 1
week apart

Two boiling
runs

Boiling
Duration
Approx.
1 hour

Small

Approx
4 hours

Approx
2.5
hours

Comments

Boiling was detected at
the time by coolant
outlet temp, and
retrospectively by
thermal noise. PIE
showed no signs of pin
damage.

Despite the severity of
the conditions (failed
pins exposed to hot
coolant for 10 days)
there was no sign of fuel
melting or of escalation
of the fault.

Boiling detected by
thermal and acoustic
noise. PEE showed no
sign of pin damage.

Boiling detected by
thermal and acoustic
noise. PEE showed
bowing Of pins at the
hot end and one pin had
failed. No signs of clad
melting or fuel loss.
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Table 1 Continued

Reference
Number
M(b)
539/2

M528/2

M(b)
539/3

T540

Rig Description

As for 539/1

As for 528/1

As for 539/1

As for 522, but
unpressurised

Boiling History

5 runs spread
over 4 weeks.
In the intervals
between the rig
was left approx
100 °C below
saturation at its
hottest point

Two runs of
approx 3 hours
10 days apart

11 approaches
to boiling over
1 month. Most
boiling runs 2-3
hours in length.
More than 7
hours with
outlet temp
>900 °C, up to
960 °C.

Two runs of
approx 1.5
&3.5 hours.
Saturation temp
was reached at
the midplane

Boiling
Duration
Approx
4 hours

Approx 6
hours

Approx
24 hours

Approx 5
hours

Comments

Boiling detected by
thermal noise. PIE
showed marked bowing
of pins at the hot end.
6 pins had failed with
several longitudinal
cracks. One also had a
small zone of melted
clad. No observable
fuel loss.
Boiling clearly detected
by thermal and acoustic
noise. Evidence of
unstable coolant flow,
with outlet temp
>900°C. PIE showed
no obvious failures.
Swelling and distortion
at the hot end.
Thermal noise less
pronounced than in
previous rigs, though
qualitatively similar.
PEE radiographs
showed pin failures
with possible fuel loss.
In some of the boiling
runs the flow was
reduced to 75% of the
flow at boiling
inception.
Boiling detected by
thermal and acoustic
noise. PIE showed
distortion but no
significant diameter
change. No sign of
failure.
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Conclusions

1 Boiling was detected readily by instalments located in the experimental rigs.
Outlet temperature measurements gave clear indications when the mean coolant
temperature reached saturation. Temperature noise measurements gave prompt
indications of the onset of boiling. RMS noise levels from acoustic sensors upstream
of the boiling region were not useful, but pulse analysis techniques gave reliable
indications of boiling, consistent with the thermal indications.

2 The fuel pins were extremely durable, and very resistant to boiling.

3 There was no sign that clad failure led to rapid escalation of the accident, even
when followed by continued irradiation and boiling for periods of several hours.

4 The time available for detection of coolant boiling is long compared with the
response times of all potential reactor protective systems.

5 Prolonged boiling is stable, and does not necessarily lead to clad failure.

6 Clad failure does not necessarily lead to release of fuel in several hours of
continued operation.

7 A severe local blockage did not lead to fuel melting.

THE PFR BOILING EXPERIMENT

Description of the Experiment

PFR was a 600 MW (heat) fast reactor cooled with sodium flowing upwards
through the core and circulated by mechanical centrifugal pumps. It operated from
1974 to 1994.

The primary circuit was equipped with an acoustic monitoring system,
consisting of seven waveguides, in the form of steel rods which projected through the
reactor roof and terminated in the sodium above the core and breeder. An
accelerometer was mounted at the upper end of each waveguide. In 1973, before the
nuclear fuel was loaded, a series of measurements was made to characterise and
calibrate this system.

To commission the primary circuit under realistic hydraulic conditions the
reactor core was substituted by a dummy core consisting of subassemblies
geometrically similar to fuel subassemblies. During commissioning the acoustic
monitoring system was used to make measurements of the background noise due to
the pumps and the flow of primary coolant, and also measurements of the response of
the system to an artificial boiling source in the dummy core. In this way information
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was obtained about the sensitivity of the system to boiling which might result from a
blockage in a fuel subassembly.

Three boiler rigs were inserted into the reactor core. The general arrangement
is shown diagrammatically in Figure 3. Each rig extended from the top of the reactor
roof, down through the rotating shield and the sodium, and terminated in the reactor
core just below the mid plane. At the lower end it carried an electrically-operated
boiling noise generator. Above this was a group of dummy pins to simulate the
acoustic attenuation which would be produced by the fuel pins.

The boiling source is shown in Figure 4. It consisted of a metal block
surrounded by gas insulation in a pressure vessel. Three pockets in the block
contained electric heaters with a total power of 1100 W. A fourth cavity in the centre
of the block communicated with the reactor coolant via an orifice through which
sodium could enter and vapour could be ejected.

When initial nucleation occurred the bulk of the sodium was expelled from the
boiler, and thereafter if the input power was reduced it could be operated in a cyclic
manner. A small amount of sodium would re-enter the cavity, would evaporate and be
expelled as vapour, and the cycle would be repeated. The cycle time depended on heat
input, and was typically 1-2 seconds for re-entry followed by 3-6 seconds for vapour
expulsion.

It was calculated that about 800 W was needed to keep the boiler at 980 °C
without boiling. Consequently when the total power input was 1100 W the average
heat available for boiling was 300 W.

Results

Figure 5 shows typical results of measurements of the noise made by boiling,
covering the end of a boiling run. It gives the acoustic signal in a 1/12 octave band at
13.5 kHz. The upper trace shows the signal measured by a hydrophone mounted on
the boiler itself, while the lower trace is from a waveguide at a distance equal to the
maximum distance from a subassembly to the nearest waveguide. The background
noise level with the pumps rotating at 750 rpm is shown, and it can be seen that the
boiling signal at the waveguide is some 10 dB above the background.

Figure 6 shows sequences of frequency spectra, measured at the waveguide
immediately above the boiling source, at half-second intervals covering two boiling
pulses. The curves at 0, 4.0 and 4.5 seconds (see the right-hand side of the figure)
show the background signal.

The interpretation of these acoustic data has been extensively studied in the
course of an IAEA Coordinated Research Programme (2), to which reference should
be made for more details. The results are summarised in Figure 7, which shows the
acoustic signals measured in this experiment in comparison with other measurements.

It is worth noting that the background noise in the PFR dummy core was much
greater than that in the nuclear core. This was because, among other reasons, the flow
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control gags in the dummy core subassemblies were particularly noisy, and were
replaced by gags of a different, quieter design in the nuclear core.

Conclusions

1 Boiling at a power of about 300 kW from an electric boiler was detectable in
PFR above the background noise with the pumps rotating at 750 rpm.

2 The optimum frequencies for detection were in the range 3-20 kHz.
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