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Summary 

The importance of plate-out in mitigating consequences of gas-cooled 
reactor accidents, and its place in assessung these consequences, are 
discussed. The data requirements of a plate-out modelling program are 
discussed, and a brief description is given of parallel work programs on 
thermal/hydraulic reactor behaviour and fuel modelling, both of which will 
provide inputs to the plate-out program under development. The represen
tation of a GCR system used in SRD studies is presented, and the equations 
governing iodine adsorption, desorption and transport round the circuit ere 
derived. The status of SRD's plate-out program is described, and the type 
of sensitivity studies to be undertaken with the partially-developed computer 
program in order to identify the most useful lines for future research is 
discussed. 

INTRODUCTION 

A typical scheme for the assessment of consequences of Gas Cooled 
Reactor (GCR) accidents is outlined in figure 1. The basic questions 
which such an assessment must answer are as follows: 

1. How much activity will accidents release to the 
environment?; 

and 2. What will be the consequences of such releases? 

This paper concerns primarily the former question, ie. the defini
tion of source terms for accidental releases from GCRs. 

A major difference between water-cooled and gas-cooled reactors in 
general is that whereas the former tend to rely on a secondary contain
ment to instigate the consequences of accidents involving serious fuel 
damage (eg. TMI), the latter utilise the capacity of primary circuit 
surfaces to retain gas-borne radionuclides. In order to obtain source 
terms for releases from such reactors, the extent of primary circuit 



retention must be quantified to an acceptable degree of accuracy. This 
in turn implies that, in order to extrapolate to primary circuit condi
tions not encountered in normal operation of reactors, models of plate
out processes must be developed, validated, and incorporated into programs 
to calculate the extent of radionuclide retention. This paper describes 
the work being performed in this field at the Safety and Reliability 
Directorate of the United Kingdom Atomic Energy Authority. 

1. INPUTS TO A PLATE-OUT MODELLING CODE 

Both physical and chemical plate-out mechanisms, involving deposition 
of particulate and vapour phase species, operate to remove activity from 
coolant gas. The kinetics of both processes and the extent to which they 
remove activity depend on reactor geometry; gas flows; mass transfer 
processes; the nature of materials released from the fuel; and the path
ways by which activity is released from the reactor. Rates of adsorption 
and desorption of gases will also show a strong dependence on the tempera
ture and nature of the surface on which adsorption takes place. The para
meters required as input to a plate-out modelling code are summarised in 
figure 2. 

In the case of involatile nucldes, the chemistry of surface inter
action is immaterial; their saturated vapour pressures are so tiny that 
they will rapidly enter the solid phase, either by condensation or by 
plate-out at a rüte governed solely by the kinetics of mass transfer to 
reactor surfaces. At the other extreme, the inert gases will not plate 
out at all. Most effort needs to be (and has been in the past) devoted to 
the so-called 'volatile' species such as iodine and caesium, which plate 
out at a rate slower than that limited only by mass transfer. This paper 
deals with the plate-out of gaseous iodine; future work will give separate 
consideration to caesium and less volatile species. 

2. REACTOR DESCRIPTION 

In the modelling work in progress at SRD, a reactor is regarded as 
a series of interconnected pipes characterised by homogeneous distribution 
of chemical and flow parameters down their length. Thus, along each pipe, 
the flow area and nature of surfaces are assumed not to vary, while the 
volume of gas and surface area available for deposition of radionuclides 
are distributed uniformly. The gas pressure, and the temperatures both of 
the surfaces and of the bulk gas, are assumed to vary smoothly along the 
length of each pipe, and are to be defined as a function of time and 
length along the various pipes. Solution of the differential equations 
governing flow and plate-out within a pipe is accomplished by splitting 
the pipe into a number of compartments within which temperature and 
pressure are assumed to be homogeneous. After calculation of rate 
constants and mass transfer coefficients in each compartment, the 
equations for all compartments are solved simultaneously to obtain gas 
and surface-borne concentrations, plate-out factors and quantities re
leased from the reactor as a function of time. 

Work at SRD currently centres on the Advanced Gas-Cooled Reactor (AGR) 
concept, of which a simple primary circuit schematic is given in figure 3. 
The reactor is CO2 cooled and graphite moderated, with a contra-flow boiler 
system; the massive graphite moderator is cooled by the diversion through 
it of a substantial portion of the 'cool' gas from the boilers prior to 
its being passed through the fuel channels. Operating experience with 
these reactors suggests that the boiler units are responsible for about 
half of the plate-out which is observed when monitoring circuit contami
nation; accordingly, as a first stage towards modelling plate-out in the 
AGR, a very simple reactor model, ignoring plate-out elsewhere in the 
circuit, has been employed. The model is illustrated in figure 4. 

The boiler is split into six pipe sections, corresponding to different 
tube bank arrangements and different tube materials ranging from austenitic 
stainless steel at the top to a 1% Cr, J% Mo steel at the bottom. The rest 
of the reactor is regarded simply as a well-mixed space into which fission 
products are released from the fuel. Work on extension of the model towards 
a system sucn as that shown in figure 3 is currently in progress. 

3. IODINE BEHAVIOUR 

Observations made in the Windscale prototype AGR^ 1 ^ suggested that 
iodine plated out with a half-time of a few minutes, until eventually some 
sort of steady state was reached, with the gas-borne iodine level reduced 
by a factor of around 1000. Low-temperature experiments gave slower plate
out half-times, and, with sampling experiments revealing the apparent 
presence of two chemical forms of iodine, it was for a long time assumed 
that iodine existed in the circuit in two forms, one of which plated out 
readily and one of which did not. In this work, it is assumed at present 
that iodine behaviour may be explained satisfactorily on the basis of a 
single species with simple first-order adsorption/desorption kinetics; 

k f I , . — ^ I , , . , (1) (gas) — (surface) 
r 

by choosing suitable temperature-dependent rate constants and k^ 

Values of the rate constants as a function of temperature have to be 
obtained by fitting to observed data. Such an exercise leaves considerable 
uncertainty as to the values of the parameters appropriate for use in the 
AGR, particularly since the variety of surface materials complicates the 
data fitting process. At present, the seme rate constants are used for all 
boiler tube materials, and are being adjusted to give the most realistic 
interpretation of observed iodine behaviour. Uncertainty in the surface 
chemistry parameters is almost certainly, at present, the limiting factor 
determining the accuracy of the plate-out model. 

After a best fit of the parameters presently used to describe surface 
chemistry has been obtained, sensitivity studies will be performed in order 
to assess the importance of improving the surface chemistry data. Possible 



options for making such improvements include collection of more reactor 
data and the setting up of an active-loop to make more direct measurements 
of rate constants. 

4. EQUATIONS GOVERNING IODINE PLATE-OUT IN A PIPE 

The equations governing iodine plate-out in a homogeneous box or 
compartment have been derived as follows: 

Let J be the flux of iodine (Ci s * ) from gas to the surface; 

-3 
С be the concentration of iodine in the bulk gas (Ci m ) 

C q be that in the gas layer immediately adjacent to the surface; 

С be that on the surface (Ci m ) ; s 

2 
A be the area of surface (m ) ; 

3 
V the volume of gas (m ); 

Qg the quantity of iodine in the gas; 

Q g the quantity of iodine on the surface; 

where all quantities are defined within the compartment or box considered. 

J = A t ( k f . c q - k r . c s } (2) 

with k£ and k r defined as above. This flux must match that to the surface 
from the bulk gas; hence 

where к is a mass transfer coefficient. Eliminating С , we have 
о 

k.k к 

k.k, Q к Q 
A £ ( J£ - _E • _£ ) (4) V к +k V к, A W 

r f t 

= d Q d Q 
s = - ё 

dt dt 

If this compartment is one of several linked together to form one of 
the pipes which make up the reactor primary circuit, there will be additional 
terms to be added to the derivatives of gas-borne concentrations to allow 
for flow along the pipe. If subscript i defines one of the above quantities 
in the i' n compartment of the pipe, then 

d Q 
8 i = - J. + F. ,. С - F. С 

dt i i - r g . _ 1 i ч 

where F£ is the volume flow rate of coolant out of the i compartment. It 
is easier, in fact, to define concentrations in terms of mass, since the 
mass fluw rate U of coolant does not vary with temperature and pressure along 
the pipe as does the volume flow rate. Then, if M£ is the mass of coolant 
in the i t n compartment, 

Q Q 
J. + U , si-l - s i ^ (5) 

U U — — J . ' U / i — 1 — X. N 

dT \ 1 ( i r . , i n ) 

x-l X 
The set of equations (5), with j£ and -ĝ - s i as given in equation (4), has 
been adapted for solution using the FACSIMILE package developed at AERE, 
Harwell. 



5. MASS TRANSFER COEFFICIENTS 

Transfer of heat and of molecular matter through a fluid have been 
recognised as analogous for some time (3), and the analogy has been used 
many times to determine mass transfer coefficients(^) t i n the course of 
reactor design, much effort is devoted to optimising boiler performance, 
and, as part of this process, it is usual to obtain heat transfer co
efficients in the form: 

A A 
Nu = A Re Pr (6) 

where Nu, the Nusselt number, is proportional to the heat transfer co
efficient; Re, the Reynolds number, is characteristic of the gas flow 
properties; and Pr, the Prandtl number, is related to the thermal 
properties of the gas. Values of the parameters A 0, A^ and A2 have been 
obtained for the various boiler sections shown in figure 4. Using 
these same parameters, the mass transfer coefficient is given by an 
exactly analogous equation: 

A A 
Sh = A Re 1 Sc 2 (7) 

о 

where Sh, the Sherwood number, is given by 

Sh = к D 
_f (8) 
D 

where к is the mass transfer coefficient as in equation (4) above 

is the flow diameter of the pipe, and 

D the diffusion coefficient, in this case, of iodine or 
methyl iodide in CO^. 

The Schmidt number, Sc , is equal to -Щ- , where V is the viscosity and 
P the density of the carrier gas. 

Appreciable effort is involved in calculating mass transfer coefficients 
appropriate to each compartment of each of the pipes which constitute a 
reactor. The flow parameters - linear fluid velocity, density, and viscosity 
- are all dependent on both temperature and pressure, as indeed is the dif
fusion coefficient of one gas in another. For accidents in which circuit 
temperatures and pressures depart from their normal operational values, the 
parameters defining the derivatives of gas and surface-borne concentrations 
(ie. those in equations (4) and (5) above) must therefore be input as 
functions of time. The FACSIMILE package allows this task to be performed 
with minimal effort. 

6. THERMAL-HYDRAULIC BEHAVIOUR SO 

It is clearly necessary to obtain a description of the variation with 
time of gas and surface temperatures, gas pressures and flow rates around 
the primary circuit under accident conditions, since the rate and extent 
of plate-out depends critically on these parameters. For this reason, and 
because of the intrinsic value of a knowledge of the response of the 
reactor system to accident conditions, generic AEA work on gas-cooled 
reactors includes the development of a computer code to model AGR behaviour 
under accident conditions. The code will be designed to give output 
suitable for use both in fuel modelling and in plate-out studies. 

The types of accident condition which might involve sufficient depar
ture from normal operating conditions to demand a new modelling effort 
might be summarised under three headings: 

1. Extra heat inputs (ie. reactivity insertions) 

2. Loss of heat removal capacity 

3. Loss of primary circuit integrity. 

Although it is impossible at present to make quantitative estimates of 
AGR response to these types of condition, an important qualitative feature 
of this reactor which is worth noting is that the massive graphite 
moderator represents a very large heat sink, and the primary circuit should 
thus retain at least some surfaces sufficiently cool to give significant 
iodine retention even in very severe heat-up situations. 

7. ACTIVITY RELEASED FROM FUEL 

Another parallel AEA program of generic work, on fuel modelling, exists 
not only to help improve fuel performance, but also to provide fuel failure 
criteria and estimates of fission product release from fuel under accident 
conditions. Given a defined accident sequence and fuel temperature 
transient, calculations of pin internal pressure due to fission product 
release, in conjunction with failure criteria based on the response of fuel 
cans to thermal and mechanical stresses, will be used to predict times of 
failure of pins of various fuel burn-up from various parts of the core. 
The corresponding gas gap inventories of fission products might then be 
used as a source term for "instantaneous" release of activity, which would 
be followed by a prolonged release as fuel overheated and possibly oxidised 
on exposure to the coolant. 

In connection with the AGR, fuel modelling codes used in studies on 
normal operational behaviour are based on semi-empirical data, and tend to 
be able to cope only with very slow temperature transients. While this may 
not hamper their performance for the slow heat-ups which might arise, for 
example, from the loss of decay heat removal capacity following reactor 
trip, it would render them quite incapable of modelling fuel response to 
rapid transients such as might arise, for example, in reactivity accidents. 



In such cases, a different approach, based on the models developed in 
connection with the fast reactor safety programme, seems to be the best 
option at present. 

8. PATHWAYS FOR ACTIVITY RELEASE 

It does not necessarily follow that the presence of extensive gas-
borne contamination of the primary circuit will lead to a large release 
of activity to the environment. It is first necessary for the carrier 
gas to escape from the reactor system. Some generalised pathways by 
which gas might escape from gas-cooled reactors are described below. 

(i) Normal Leakage ; If the primary circuit integrity 
is retained throughout an accident, activity release will 
be confined to the normal leakage of contaminated gas, 
British experience with CO2 - cooled reactors suggests 
Shat up to a few per cent of the reactor gas inventory 
may leak per day all or mostly via the reactor pressure 
vessel penetrations. In British reactors, and presumably 
in any other future designs, this gas is or would be 
collected by a contaminated ventilation system and cleaned 
by passage through a filter system prior to discharge to 
the atmosphere. The AGR system is designed to give 
excellent retention of particulate matter; the extent to 
which it might retain gas-borne iodine is a matter which 
merits further consideration. 

(ii) Depressurisations : Consideration has to be given 
to low-probability events which might lead to a serious 
drop in reactor pressure, possibly revealing defects 
present in a small proportion of fuel pins. Much greater 
proportional release of activity from the primary circuit 
would be anticipated in these circumstances, since signi
ficant coolant gas release may occur before the fission 
products have reached adsorption/desorption equilibrium 
- ie. before the gas is fully decontaminated. Modelling 
plate-out during a depressurisation is complicated by 
the rapid change in pressure with time, plus, presumably, 
changing temperature profiles around the circuit. 

(iii) Relief Valves : British gas-cooled reactors - and, 
again, presumably any other future designs, are equipped 
•with relief valves which discharge coolant via a filter 
to atmosphere in the event of reactor overpressurisation. 
Such relief valves represent a possible additional, low 
probability release pathway for any activity present in 
the primary coolant. 

(iv) Blowdown system : Gas-cooled reactors will in 
general be equipped with plant designed to clean up the 
coolant and maintain its chemical composition at the 
desired level. In the current AGR designs, this plant, 
which involves filter and iodine (charcoal bed) removal 
systems, has the capacity to have discharged through 
it the entire contents of the reactor system, achieving 
decontamination factors in excess of 1000 for most radio
nuclides but the inert gases. This is obviously an ideal 
way of dealing with serious contamination of the primary 
circuits; its one disadvantage is that the rate of 
discharge is very small. 

9. STATUS OF SRD PLATE-OUT WORK 

A simple computer program modelling plate-out in a multi-compartment 
reactor boiler has been constructed and tested for the AGR. Reasonable 
duplication of observed iodine behaviour under normal operating conditions 
has been achieved. Sensitivity studies are currently being performed to 
test the influence on activity release to atmosphere of the following 
parameters. 

(i) Values of the rate constants for iodine adsorption 
on and desorption from reactor surfaces; 

(ii) Assumptions concerning reactor behaviour in accident 
conditions; eg. temperature profiles during depressurisation; 

(iii) Duration of release from fuel to coolant (ie. retention 
of iodine in the fuel or within fuel pins). 

Work is currently in progress to extend the "boiler only" plate out 
model to a whole AGR; the main change involved is the introduction of a 
large graphite/C02 interface, which will require corresponding adsorption/ 
desorption kinetic data. The next priority in actual program development 
work will be to include models of caesium and particulate activity behaviour 
Attention must then turn to validation studies, among which the most impor
tant will involve the models of surface reaction kinetics for iodine. 
Validation of these models will, it is hoped, be obtained both by using the 
computer program to perform calculations for reactors such as the Windscale 
prototype AGR, for which a considerable body of information on circuit 
activity has been obtained, and, should the sensitivity studies justify the 
work, by 'loop'-type experiments aimed at making as nearly as possible 
direct measurements of adsorption/desorption rate constants on reactor steel 
and graphite over the range of temperatures and pressures anticipated in 
reactor accidents. 
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