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Abstract

Certain hypothetical fault conditions cause fission products to escape from

a fraction of the fuel to an intact coolant circuit. A significant fraction of

the activity, including iodine isotopes, is expected to attach to small

particles suspended in the gas coolant, and the fate of the particles may

influence the fraction of the activity available to escape to the environment

with the small amount of gas that leaks continuously from the coolant circuit.

A series of experiments has provided an understanding of the behaviour of

such particles. Tracer particles of 0.6, 2, 5 and" 17 /an diameter, labelled with

5 9Fe, were dispersed as aerosols in the reactor coolant, and the subsequent

variation of concentration was observed by measurement of a sequence of filter

samples of the coolant gas. The changes in concentration were influenced by

mixing processes, but showed clearly that loss processes reduced the burden in

the coolant by two or three orders of magnitude within 3 h.

The concentration did not follow a simple exponential decrease. Small

particles deposited more rapidly than the largest size studied. These obser-

vations imply that particles both impact onto, and also bounce and resuspend

from, the internal surfaces of the coolant circuit.

Although the physical mechanisms of the particle-surface interaction cannot

be described in detail, the results clearly demonstrate a large benefit due to

deposition reducing the amount of circulating activity. The quantity of

particle-borne activity available for escape with leaking coolant during 24 h

following a release from fuel is reduced by a factor ranging from several

hundred to a few thousand.
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Introduction

An understanding of the transport of small particles in the coolant circuit

of a CAGR (a Commercial Advanced Gas-Cooled Reactor) is essential for the

assessment of the consequences of some hypothetical fault conditions. The

consequences of a release of fission products from damaged fuel to an intact

coolant circuit are the subject of collaborative studies by the United Kingdom

Atomic Energy Authority and the Central Electricity Generating Board. The

fission products may include gaseous components, such as methyl iodide, and

particulate components, formed by the sorption of 13a-l and other radionuclides

by particles suspended

in the gas stream (Collins et al, 1966). The fission products may be trans-

ported to the environment with the small fraction of the coolant that leaks from

the pressure vessel before the reactor can be depressurised, but the fraction

that escapes in that manner may be attenuated by loss from the coolant by plate-

out onto internal surfaces or by deposition within the leakage paths followed by

the gas. Investigations of the plate-out of methyl iodide have been discussed

elsewhere. Here we discuss experimental studies of the behaviour of particles

within the coolant circuit.

Experimental Methods

Small quantities of particulate material were uniformly labelled with a

radioactive tracer, dispersed as an aerosol in an auxilliary pressure vessel,

and blown into the coolant circuit of reactor R3 at Hinkley Point. Subsequent

measurements of the concentration of the radioactive tracer were made by

collecting a sequence of filter samples, and the rate of loss of the particles

from the coolant gas was deduced from the results. Injection and sampling on a

time scale of about 1 minute were required to allow good time resolution.

Access pipes were necessary for both sampling and injection of the tracer

particles. These should be as short and wide as possible to reduce losses of

the transmitted aerosol particles. Most sampling pipes traverse the biological

shield and are at least 6 m long and are of small bore. The few large-bore

pipes that penetrate the shield include the 0.3 m diameter ducts leading gas at

a flow rate of 10 kg s""1 to and from the by-pass plant, and these were

considered to be the best solution. Access pipes, about 2 m long and 10 mm bore

were fitted to the appropriate ducts to allow injection and sampling. An

additional sampling pipe of similar geometry was fitted to allow measurement of
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the injected aerosol (Fig. 1). The sampling pipes terminated close to the axes

of the ducts in nozzles designed to allow approximately isokinetic sampling.

High pressure filter holders, providing an effective filtering area about 35 mm

in diameter, were fitted to the sampling pipes using quick-release couplings.

These allowed samples to be changed in about 15 s, so that sequences of short

filter samples could be used to achieve good time resolution. A critical

orifice and pressure gauge were arranged downstream of the filter holder to

control and measure the sampling flow rate in the region of 0.1 kg s"1'. Filters

of glass fibre, supported on either side by stainless steel gauzes, provided

high filter efficiency, and survived the temperature and mechanical stresses

exerted by the high velocity, high density flow.

Engineering considerations limited the size of the auxiliary pressure

vessel used for aerosol generation. A container shaped like a bell jar, 250 mm

diameter and 380 mm high, was used. Aerosols were generated in the volume by

atomisation in an atmosphere of helium at reactor pressure. (40 atmospheres).

A simple gas-jet atomiser was used (Fig. 2a). Acetone and alcohol were suitable

dispersing fluids because of their low viscosity and high vapour pressure. In 1

minute a typical batch of 10 ml of fluid with its suspended particles could be

atomised and flushed into the reactor; the liquid would rapidly evaporate

leaving the particles separately suspended as an aerosol in the gas stream.

Preliminary tests showed large losses of particles due to impaction on the

base of the pressure vessel, with only about 5 per cent delivered through the

outlet pipe. The efficiency of the system was increased to 25% by introducing a

counterflow nozzle (Fig. 2a), that produced a jet of equal momentum opposed to

the atomizer. Separate helium supply lines allowed the counterflow nozzle to be

used to pressurise the vessel and to establish the flushing flow into the

reactor pressure vessel before pressure was applied to the atomiser. A

capillary connected to the supply to the counterflow nozzle provided a flow of a

few ml per minute of helium to stir the suspension in the atomiser reservoir

before atomisation.

In separate experiments, this system was used to atomise

(a) a colloidal suspension of hydrated ferric oxide in 3.9 ml of alcohol-water

mixture, containing 2.8 mg of iron and 5 mCi 5 9Fe. The resulting aerosol
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had a mass median diameter of 0.6 (m and geometric standard deviation of

2.5.

(b) and (c) suspensions of 2 fm and 5 pm diameter particles of hydrated ferric

oxide in 10 ml of acetone. The particles had been prepared previously by

feeding a colloidal suspension of ferric oxide in a water-ethanol mix onto

a spinning top aerosol generator. The uniformly sized droplets dried in a

supporting air stream and were collected in an impinger. Subsequently the

particles were separated from the liquid in a centrifuge and suspended in

acetone. In this way monodisperse aerosols (standard deviation of diameter

« 10%) could be prepared.

In a fourth experiment, 17 pan particles were used. As it was not

practicable to produce such particles in sufficient quantity with the spinning

top, porous alumina spheres, prepared for gas chromatography, were used. They

were labelled by sorption of 5 9Fe from acid ferric chloride solution and then

dried and heated to 750°C. The spheres were dispersed in the dry state inside

the pressure vessel using the principle of the air ejector (Fig. 2b). Helium,

at 170 kPa above the pressure in the pressure vessel, operated the disperser.

The rate of dispersion was controlled by the bleed jet in the top of the powder

reservoir.

A further experiment was performed using the 17 ftm particles, during a

planned maintenance period. At the time of this experiment the reactor was shut

down and the gas circulators were running at 47 per cent of full flow. Four

hours after injection the inlet guide vanes to the circulators were opened

quickly to give full flow. This experiment was preceeded by a similar sequence

of flow variation, to obtain information on the effect on the background 5 9Fe

level in the coolant.

Immediately following each injection (or change in flow rate) a preplanned

sequence of sampling began. Initially, rapid changes of concentraton were

anticipated and 30 s or 1 min samples were used to give suitable time

resolution. Subsequently, the concentration declined by two or three orders of

magnitude, and longer sampling times were necessary to give adequate

sensitivity. Of order 108 particles were injected in each experiment, labelled

with a total of about 200 MBq of 5 9Fe. If only io~3 of the particles remained

- 253 -



suspended in the coolant, 20 minute samples would collect of order 100 particles

and 100 Bq. These quantities were sufficient for measurement and ensured that

uncertainties due to statistical variations in the number of particles per

sample were acceptable.

The experimental details are described more fully by Wells et al, (1984).

Mixing

The circulators drive 4 tonne per second of coolant around the coolant

circuit, and as the coolant inventory is 120 tonne the circuit time is about 30

s. However, there is a tendency for the gas to return to the same circulator,

so that several minutes are required for the injected tracer to distribute

throughout the coolant volume. A study of the mixing process was conducted, to

enable the effects of mixing on the observations of particle concentration to be

separated from other processes. Helium was injected for 30 s or 1 min at the

injection point, and was measured in samples of reactor coolant collected at the

particulate sampling point and at some other locations. The results (Fig. 3)

show a peak at the particulate sampling point about 1 min after injection.

About 10 min was required for the concentration to increase at the opposite

circulator, and for the concentration to become uniform around the circuit.

Results

Examples of the results are shown in figure 4. A rapid decline in

concentration was observed in all the experiments. The normalised results shown

in figure 4b emphasise the similarity in behaviour of the submicron, 2 and 5

micron particles, and clearly demonstrate the slower decay of the 17 /im alumina

particles. For the smaller particles the initial half-life was about 20 s, but

after a few minutes the decline slowed. Deposition continued however and when 3

hours had elapsed the concentration was less than one thousandth of the value

that would have resulted had the injected particles been uniformly dispersed in

the coolant. On the other hand, the 17 fim particles showed a half life of 2

minutes during the first 10 minutes, and subsequently a half life of 2 h. The

concentration was still declining at this rate at 3 hours, when the concen-

tration had fallen about 5 hundredfold.
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The concentration of 5 9Fe reached at the end of each experiment was

comparable with the previous background. Table 1 summarises the results and

shows the extent of the concentratiton decrease after allowance for background.

The results show the influence of several processes on concentration.

Initially, mixing causes an early peak in concentration, but explains little of

the subsequent decline. The large drop in concentration that follows can only

be explained by deposition of particles onto surfaces within the coolant

circuit. Particles within the size range represented in these measurements

arrive at surfaces chiefly by impaction and sedimentation, and both processes

increase in rate with particle size. The fact that the deposition half life

does not vary inversely with size is strongly suggestive that bouncing (or

possibly blow-off) is also occurring, its frequency increasing with particle

size.

The slower decrease in concentration after the first few minutes can be

explained by a progressive process of resuspension and deposition. Particles

would deposit initially on a wide range of surface locations within the reactor

circuit. Some particles would be blown off again within minutes or tens of

minutes, while others would reside on the surface for much longer periods.

Particles would accumulate progressively in locations from which resuspension

was very slow, so that the concentration in the gas stream, sustained by the

competition between resuspension and deposition, would decline to low levels.

These favoured locations for accumulation may be determined by surface micro-

structure or large scale differences in surface structure and ventilation

between different regions in the reactor.

Further evidence of the nature of the processes determining the behaviour

of particles is revealed by the results of the experiment at 47% flow (Fig. 4c).

The deposition rate was higher than that for the same 17 /im particles at full

flow (the half life was 40 s in comparison with 2 minutes at full flow).

Impaction rates would be expected to increase with flow rate and the observed

trend is interpreted as further evidence of bouncing or rapid blow-off. The

increases in flow rate both before and after injection caused large increases in

the concentration of activation products formed from the constituents of

stainless steel. Filter papers exposed at these times were heavily soiled

showing that substantial amounts of dust were disturbed.
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Samples taken before the injection showed consistent ratios of 5 9Fe, 5 8Co

and 5 4Mn, and the cobalt and manganese isotopes were used to correct the 5 9Fe

measurements during the flow change after injection for the effect of the

background material. The result shows that at least a half of the injected

particles were raised from surfaces back into the gas stream when the flow rate

was increased. Both the injected and adventitious particles deposited rapidly

again.

The results can be used to estimate the extent of the reduction, due to

deposition, in the release of particles with gas leaking steadily from the

circuit. In making this estimate account was taken of the fact that deposition

occurs more rapidly than mixing, so that concentrations never become uniform,

and the effect of resuspension was also included. Leakage may occur from many

locations in the circuit, but may not be uniformly distributed. The range of

variation that might arise was deduced by assuming that all the leakage arose in

either the same octant as the release from fuel, or in the opposite octant, and

the case of uniform leakage was also considered. The results are included in

Table 1. They show that deposition reduces the potential escape of particles to

the environment over 24 h by a factor of about 200 or more for 17 /un particles,

and by a factor of at least 600 for particles of 5 jum diameter or smaller.
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Table 1 Summary of the results of the particle injection experiments

Mass median
diameter, fim

Geometric Standard
deviation

0.6

2.5 1.1 1.1

17

1.1

17

1.1

Material

Coolant flow
(per cent)

Initial half-
life, s

Reduction of*
concentrat ion
by deposition
at 1 to 3 h

Reduction factor+
for escape with
leakage over 24 h

Concentrat ion

PeoOH

100

20

2 x 104

1700
800 to
3 x 104

expected

FeOOH

100

20

9OOO

1300
600 to
3 X 104

in absence

FeOOH

100

30

5000

2700
1200 to
5 X 104

A12O3

100

120

600

230
150 to
450

of deposition

A12O3

47

40

1000

380
170 to
7000

Observed mean concentration at about l h to 3 h, corrected for background

+The first figure is the value calculated for leakage uniformly distributed
around the reactor circuit. The possible range of values for various
locations of leakage relative to the position of release from fuel to
coolant is also shown.
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Fig .1 . Schematic diagram of coolant flows and sampling and
injection positions.
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