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Abstract

If volatile fission products are released from fuel during a reactor

fault, a significant fraction could become attached to small particles also

present in the coolant. In such circumstances the retention of those

particles by the reactor circuit will limit the level of gas-borne particle

concentration and hence be important in reducing the potential release of

fission product activity to the atmosphere. Clearly the retention of

particles will be influenced by both the deposition and resuspension of

particles from surfaces exposed to the coolant flow. In this paper we

consider deposition and resuspension but pay particular attention to the

role of resuspension which, in the past has been given little consideration.

A recently developed model for the resuspension of small particles by

a turbulent flow is outlined. Traditionally, resuspension has been inter-

preted as a force balance between the aerodynamic removal forces and the

surface adhesive forces. In contrast, this new approach embodies an energy

balance criterion for particle resuspension. Furthermore, the stochastic

nature of this new model has shown that resuspension can be sub-divided into

two regimes:

(i) initial resuspension (resuspension occurring in times less than

a second) which reduces the net deposition of particles to a

surface;
and

(ii) longer term resuspension (resuspension after 1 second) which

determines the asymptotic decay of particle gas-borne

concentration. It is seen that the asymptotic decay varies

almost inversely as the decay time. Force balance models are

unsuccessful in accounting for the experimentally observed

longer term resuspension.

We show that a Volterra integro-differential equation best describes

the variation of particle gas-borne concentration with time in a recircu-

lating gas flow such as a gas cooled reactor. It is seen that the longer

term resuspension has a major influence in the final decay of particle

concentration.
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1. INTRODUCTION

If volatile fission products are released from fuel during a reactor

fault, a significant fraction could become attached to small particles also

present in the coolant. In such circumstances the retention of those

particles by the reactor circuit will limit the level of gas-borne particle

concentration and hence be important in reducing the potential release of

fission product activity to the atmosphere. Clearly the retention of

particles will be influenced by both the deposition and resuspension of

particles from surfaces exposed to the coolant flow. In this paper we

consider deposition and resuspension but pay particular attention to the

role of resuspension which, in the past has been given little consideration.

The plate-out of particles onto a surface is controlled by:

(i) the arrival rate of particles to the surface,

(ii) the fraction of those particles which arrive at a surface that

adhere upon impact,

(iii) the fracton of adhered particles that are resuspended by the

turbulent flow.

We shall first consider the modelling of particle deposition which is

controlled by (I) and (ii). This is followed by an outline of a recently

developed model for resuspension which we use to calculate (iii).

Finally, both aspects are combined to give an equation for the decay

in particle gas-borne concentration in a recirculating turbulent flow.

Here, the contribution from longer term resuspension is modelled by an

integral term involving the history of the gas-borne concentration.

It is shown that the measured decay of concentration in an AGR (Hinkley

Point 'B') is consistent with a solution of this equation.

This equation together with the resuspension model forms a powerful

basis for predicting particle behaviour for a range of particle size and

reactor flows.

2. PARTICLE DEPOSITION

2.1 Arrival Rate

A computer code for the calculation of the arrival rate of

particulate onto a perfectly sticky surface in a gas cooled reactor coolant

has been developed at BNL (Reeks, 1982). The calculation supposes that the

arrival rate is almost entirely boundary layer limited. This implies that

the net particle mass transfer coefficient (deposition velocity) normalised

with respect to the friction velocity is an almost universal function of the

dimensionless relaxation time T+ (the particle relaxation time normalised
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with respect to the timescale of fluid motion in the boundary layer). From

previous work it is clear that the deposition can be divided into 2 regimes

depending on the value of x+ (Reeks and Skyrme, 1976, Reeks, 1983):

(i) %+ < 5, where the current j to the wall can be represented by a

gradient transport equation of the form

Here c is the particle concentration at a distance y from the wall and D the

particle diffusion coefficient, v refers to a convective velocity arising

from the gradients of both the scale and intensity of the turbulence in the

turbulent boundary layer adjacent to the depositing surface.

(ii) T + > 5, where the current is controlled by inertial coasting

through what we may regard as effectively a quiescent boundary layer. This

part is identical to the model previously described by Reeks and Skyrme

(1976) and used by them to explain the decline in deposition beyond a

certain value of %+ that was observed experimentally by Liu and Agarwal

(1974).

The deposition process is regarded as being composed of turbulent

diffusion, together with inertial projection through the wall boundary

layer; in Reeks and Skyrme (1976) both processes are regarded as being

particle inertia dependent, in opposing ways. The observed decline is

consistent with the idea that though the fractional penetration of the

boundary layer is increasing with particle size, the increase is not

sufficient to compensate for the reduction in the rate of transport to that

region. By considering the nature of the boundary conditions existing at

the edge of the boundary layer (diffusion edge), a simple expression was

given for the particle deposition velocity in terms of the particle r.m.s.

velocity at that point and the fractional penetration of the boundary layer.

The inertial dependence of particle velocity was expressed in terms of its

response to the turbulent velocity fluctuations of its neighbouring fluid.

(This is achieved by giving a relationship between the velocity spectral

densities of particle and neighbouring fluid, using a linear dimensionless

form for the equation of motion of the particle, based on the scaling laws

prevailing in the boundary layer.) The fractional penetration of the

boundary layer is based on Stokes1 drag with a quiescent fluid, using a

Gaussian probability distribution of particle velocities at the diffusion

edge. The uncertainties in the fluid r.m.s. velocity flutuations in the
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particle frame of reference and the precise location of the diffusion edge,

assumed particle size independent, meant that these variables could be used

as adjustable parameters in the expression for deposition velocity, to

obtain a fit to the observed data. The profile and point of maximum

deposition velocity, as expressed by this simple dependence, is particularly

sensitive to the ratio of these parameters.

2.2 The Fraction of Particles that Adhere upon Impact

The fraction of particles that adhere upon impact is determined by

the velocities with which the particles arrive at the surface (not all the

particles arrive with the same velocity, see Reeks and Skyrme, 1976) and the

critical impact-adhesion velocity. If a particle impacts with a velocity

greater than the critical impact-adhesion velocity then the particle will

bounce. If, on the other hand, the particle impacts with a velocity less

than the critical impact-adhesion velocity then the particle will adhere.

Determination of the critical impact-adhesion velocity is based upon

an energy balance. If a particle has an initial kinetic energy Q (the

surface being stationary) then as it approaches the surface it will gain

energy as a result of the attractive forces. The total initial energy of

the impact is then (Q + Q ) where Q is the energy due to the attractive
J. A, A

forces. When the particle velocity has been finally reduced to zero, part

of this initial energy has been converted into stored elastic energy, Q ,

while the remainder has been dissipated. This is then followed by the

recovery of the stored elastic energy which is converted into the kinetic

energy of the particle.

In order for the particle to rebound from the surface then the

maximum stored elastic energy, Q , must be greater than the energy required
E

to separate the particle from the surface, Q f. (For reasons we need not go
A.

into here, generally, Q ' > Q due to impact-adhesion being a non-
A A

conservative process.) If this is not so, then the particle will remain

adhered. A critical velocity v can be defined for
Q = Q 'WE VA

which is equivalent to

vc - ! <v - QA
 + v 1/2

Such an impact-adhesion model has been experimentally verified. Details can

be found in Reed (1982) and Rogers and Reed (1984) with plastic deformation

as the only energy loss mechanism. This model has been extended to include

energy losses due to elastic wave propagation (Reed, 1983 and 1985).
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3. PARTICLE RESUSPENSION

3.1 Introduction

The resuspension of particles plays a central role in understanding

the behaviour of particulate in a gas cooled reactor. In the past

resuspension in reactor circuits has been neglected; it was generally

believed that it merely reduced the net mass transfer coefficient to a

surface. As we shall show, longer term resuspension has an influential role

to play. We will give a brief summary of the new resuspension model

developed at BNL.

3.2 The Reeks, Reed and Hall Resuspension Model - A Brief Summary

This new approach illustrates a close analogy of particle motion in a

turbulent flow with the behaviour of thermodynamic (molecular) systems,

(Reeks, 1985) - in particular with the desorption of molecules from a

surface, and with the escape of Brownian particles from a potential well.

The model for resuspension (Reeks, Reed and Hall, 1985a) is based

upon the view that the particle and substrate are deformed elastically by

their surface adhesive forces (Derjaguin, 1934) (see Fig. 1). In static

equilibrium (no external forces or flow) there is a balance between the

adhesive force and the elastic restoring force. However, when a particle is

exposed to a turbulent flow, there is a transfer of turbulent energy to the

particle, which causes the particle and surface to deform continuously about

their static equilibrium configuration (changing the area of contact).

Particles in contact with the surface are confined to motion within a

surface adhesive potential well derived from the dependence of adhesive and

elastic restoring forces upon particle-surface deformation (see Fig. 2) i.e.

absence of slip or rolling.

In this approach a particle is released from a surface (resuspended)

when it receives enough energy to escape from the adhesive potential well.

The transfer of energy takes place through the agency of fluid-

induced lift forces where:-

(a) the average component modifies the shape and height of the

adhesive potential well,

and (b) the random fluctuating component causes the particle and

surface to deform in a random oscillatory fashion from their

static equilibrium deformation (point of minimum potential, A

in Fig. 2).

The motion is represented by that of a very stiff lightly damped

harmonic oscillator with a forcing term provided by the random fluctuations
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in fluid-induced lift force. Thus for a particle of mass m at time t with a

deformation y about the point of minimum potential, we have

where:-

j£ + pv

(a) p is the fluid damping term (particle inverse response time).

It is generally greater than its equivalent value based on

Stokes drag, being enhanced by Particle Reynolds number,

gap flow effects, proximity of surface. (See Reeks, Reed and

Hall (1985c) for precise details.)

(b) co is the natural frequency of the particle and substrate based

on the harmonic approximation at the point of minimum

potential. Using a model of adhesion, by Johnson, Kendal and

Roberts (1971) [JKR], the stiffness mw2, for zero applied load,

has the form (Reeks, Reed and Hall, 1985b)

2 9 2 2 1/3
mw = YQ (6uAYK R ) ' (2)

for a particle of radius R on a surface where Ay is the

adhesive surface energy per unit area and K an elastic constant

given by

K = j -y-i- + ~ E ~ |
 (3)

where E , a, (i = 1,2) refer to the Young's modulus and

Poisson's ratio of either substrate or particle materials.

a) is typically ~ 107 Hz for a 10 \w diameter spherical particle

on a flat surface.

(c) f (t) is the fluctuating component (zero mean) of the fluid-
Li

induced lift force. The two most important statistical

quantities associated with f (t) in this model are its r.m.s.,
L

<f 2> 1 / 2, and its integral timescale, v.
Li
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The stiff and lightly damped oscillator conditions

(u)/v)2 » 1; <u)/v)2 » (p/v)

are true in most practical cases of particle resuspension

(Reeks, Reed and Hall, 1985b).

The transfer of turbulent energy eventually maintains some constant

average potential energy <PE> of particles within the surface potential

well. It is considered that the balance of this energy with the height, Q,

of the surface potential well is a more appropriate criterion than a force

balance criterion for the initiation of resuspension. Consideration of the

random motion of a particle in the well led to a beguilingly simple formula

for the probability per unit time of particle release from a surface (the

rate constant), p, in situations where <PE>/Q « 1. We call this situation

long-term resuspension meaning that the average lifetime of a particle on

the surface is very much greater than both the timescale, v~*, of the local

forcing motion, and the particle response time (fi~^)> Explicitly (Reeks,

Reed and Hall, 1985a)

U .__ 1 __X_ 1 ( 4 )

with

We note that this formula has the same form as that for the rate constant

associated with the desorption of molecules from a surface and many chemical

activation processes.

Explicit forms for Q and <PE> were evaluated in Reeks, Reed and Hall

(1985b) for the case of a sphere on a flat surface, both sphere and surface

being elastically deformed under the influence of van der Waals surface

forces and an applied load (lift force). Using the JKR model of adheson, p

in equation (4) reduced to

(5)

where f ' and F ' are the ratios of the r.m.s. and average fluid-induced
L L

lift force respectively to the force of adhesion, F . (F is defined as the
a a

force required to separate the two surfaces in contact.) This formula shows
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the explicit dependence upon particle and fluid timescales. It was found

that a 10 pm radius glass spheres exposed to a turbulent air flow of

30 m s~l in a smooth steel pipe had an average lifetime of a particle on the

surface ~ 0.1 seconds when the r.m.s. lift force was as little as 10% of the

force of adhesion. This result is in marked contrast to that of a force

balance approach where resuspension would be expected to occur only when the

r.m.s. lift force is at least equal to the force of adhesion, [see for

example, Cleaver and Yates (1973)]. In other words, a force balance

approach seriously underestimates the influence of lift forces on

resuspension.

The value of p in equation (5) is very sensitive to the value of the

force of adhesion. It is important, therefore, when dealing with the

behaviour of an ensemble of particles on a surface to make allowance for the

fact that even when surfaces are nominally smooth there is a significant

spread of adhesive forces. Such are the considerations in the resuspension

of particles from rough surfaces (Reeks, Reed and Hall, 1985c). The

distribution of adhesive forces was attributed to a variation in the

curvatures of the adherents at the point of contact. An effective adhesive

radius, r , was defined in terms of the local radii of curvature, which was

then normalised with respect to the radius, R, of the particle (sphere).

Accordingly we considered the effects upon resuspension of a distribution

$(r ') of normalised adhesive radii r ', where

r
ra =1T

(If the average and spread of adhesive forces is proportional to particle

radius R, then $(r ') will remain invariant to changes in R.)
3.

The fractional resuspension rate, A(t), at time t, is therefore given

by
-p(r ')t

A(t) = / p(r M e a $(r ') dr ' (6)
3. 3. ci

o

Consideration of the behaviour of this integral on the right hand

side, using equation (5) for p, demonstrated that the resuspension of

particles for rough surfaces can be subdivided into two regimes:

(i) initial resuspension - resuspension occurring in times less

than a second during which a large fraction of particles is

generally resuspended;
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(ii) longer term resuspension - resuspension after one second

exposure. We found that the fractional resuspension rate,

A(t), varied almost inversely with the time, t, of exposure for

(1 < t ~ 105 sec) i.e.

A(t) = -^r
tT

where y1 - 1« Although the resuspension constant Z, is

influenced by particle diameter, surface roughness, and local

flow, the inverse time relationship for A remains intact. In

fact it is extremely robust to wide variations in flow and

surface roughness.

3.3 Existing Confirmation of Resuspension Model

Evidence for the inverse relationship of time and the fractional

resuspension rate over a wide range of flows was found in Garland's (1982)

measurements of the resuspension of small particles of W0 3 and silt on grass

exposed to flow in a wind tunnel (see Figure 4).

However, a more direct verification of this new theory, through the

measurement of p, is not possible at present since accurate values of all

the controlling parameters are not known. This applies particularly to the

r.m.s. and timescale of the fluid induced lift force. Our present estimates

of the r.m.s. lift force assume that r.m.s. and average lift force are of

similar magnitude. Estimates of the r.m.s. lift force are then based on

measurements of the average lift on a particle in the sublayer region of a

fully developed turbulent boundary layer (Hall, 1984). Timescales are based

on measurement of the timescale of wall pressure fluctuations in fully

developed turbulent pipe flow Schewe (1983).

Therefore, using these present estimates a proper interpretation of a

resuspension experiment requires additional measurements of the associated

adhesive forces. The literature contains a profusion of data on

resuspension (see e.g. Sehemel, 1980). However, we have found only one

experiment, that of Corn and Stein (1965), where additional measurements of

the adhesive forces were made. Unfortunately, direct measurements of the

particle resuspension were not made - only those of the fraction of

particles remaining after exposure to the flow. Therefore the possibility

that removal could have taken place by mechanisms other than particle

detachment, e.g. rolling or slip, cannot be ruled out.
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In their experiment, Corn and Stein used a measured distribution of

glass beads, 1-50 |im in diameter on a nominally smooth glass slide. They

measured the fraction of particles removed (a) as a function of rotation

speed in an ultra centrifuge, (b) as a function of flow velocity after 1

minute exposure to a fully developed turbulent air flow.

Their results have been examined by Reed and Reeks (1985) who showed

that:

(i) Corn and Stein's interpretation of the data as a force balance

between aerodynamic drag and parallel dislodgment force, is

inconclusive.

(ii) A successful correlation is obtained using the Reeks, Reed and

Hall resuspension model.

(iii) Assuming an r.m.s. lift force twice the average lift force, an

r.m.s. lift force ~ 6% of the average adhesive force is

sufficient to explain the Corn and Stein results.

Therefore, it can be concluded that, although the new model has not

been completely verified, there is sufficient evidence to justify the new

approach that has been used.

4. RESUSPENSION FROM AND DEPOSITION TO A ROUGH SURFACE EXPOSED TO A

TURBULENT FLOW

The form of the decay in particle gas-borne concentration in a

recirculating turbulent'flow was considered by Reeks, Reed and Hall (1985c).

Conditions imposed on the system considered were (a) the flow was fully

mixed (concentration gradient effects can be ignored) and (b) the surface

area exposed to the flow was distributed uniformally throughout the flow

continuum.

The total surface was divided into two regions:-

(i) a region A where both deposition and resuspension occur;

(ii) a region B where only deposition occurs (perfect sink).

A. and \ are the respective values of the surface area per unit flow volume
A D

exposed to the flow in either region and k and k the associated net mass

transfer coefficients (including impact adhesion). The longer term

fractional resuspension rate, A(t), depended upon how long a particle had

been in contact with the surface from the moment it was deposited. The

total contribution to the net rate of longer term resuspension is then

represented by an integral depending on thf istory of the gas-borne

concentration. The initial resuspension merely reduces the net mass

transfer coefficient for deposition, c.f. the term "sticking probability".

- 284 -



As a consequence, the gas-borne concentration C at time t was shown to be

given by (Reeks, Reed and Hall, 1985c)

t-t
It ~ aAB C ( t ) + aA / A(t-s)C(s)ds + S(t) (7)

o

where S(t) is the source strength per unit volume at time t and t is the
C

critical time for initial resuspension, with

c
aAB = aB + aA " aA / A ( 3 ) d s

o

where f is the fraction of particles remaining after initial resuspension
R

(up to time t ). Here, according to our theory, A(t-s), in equation (7),

would be given by

A(t-s) = L — r (9)
(t-s)Y

where y' = 1.

With this explicit form for A, equation (7) is not amenable to

analytic solution except at large t. The asymptotic decay in this instance

is interesting and useful. Please and Wilmott (1985) have shown that for

C(t) r(y')r(2-Y')sinr(y'-l)Tt1
C(o) " ( ' )

It is believed that since equation (9) is so robust in its nature to

a wide variation of circumstances (e.g. fluid flow, particle size, surface

roughness, etc.) that it can be used to analyse results for a heterogeneous

reactor. We now give a practical example where equation (7) can be used.

5. HINKLEY POINT 'B' INJECTION EXPERIMENT

In separate experiments 2 [j,m, 5 um and 17 |j.m, radioactively labelled

particles were injected into the coolant of a gas-cooled reactor (Hinkley

Point 'B' - Wells, Garland and Hedgecock, 1984). In observing the decay in

gas-borne particulate (activity) concentration, (following an injection
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time, generally of one minute) measurements were made of sampled activity

over a period of 1-200 min from the start of injection. However, for the 2

and 5 am particles, only over a period of upto 1000 s from injection was the

activity concentration significantly above background particulate activity.

For the 17 am injected particles at full flow, an increase in concentration

was observed 3000 s after injection (Wells et al., 1984). Beyond this time

use of the model equation (equation (7)), as it stands is inappropriate.

We attribute the increase of 17 am particle concentration to flow

perturbations. It has been shown (Reeks, Reed and Hall, 1985c) that flow

increases as small as 5% could lead to increases in the resuspension rate of

a factor of 1000. We note that this sensitivity to flow means that very

small changes in flow can affect the resuspension rate. The changes in flow

can both increase and decrease the amount of particulate resuspended. This

sensitivity to flow changes increases with time as the amount of material

available for resuspension declines. We believe that it is these flow

perturbations that contribute to a background level of particle

concentration.

We shall now use the above equations to examine their data. We can

rewrite equation (7) as

(ID
(t-s)1

where a and b are constants and t is taken as one second. In this analysis

we have chosen a range of values of y' between 1.01 and 1.1 (see Table 2).

For each value of yT w e c a n fit the solution of this equation to the

experimentally observed values of sampled activity and obtain best fit

values for a and b for each of the three sizes of particles injected in the

experiment.

The constants a and b, for each value of y', are constants associated

with the entire reactor circuit. If the reactor circuit were homogeneous

with regard to both lift force and surface roughness a and b would have the

same meaning as a. and <x.£ implied in equation (7).

In general a and b represent spatially averaged quantities, taking

into account variations in surface adhesion and flow throughout the entire

reactor circuit. Thus if a(x) is the decay constant for deposition

(including impact adhesion) to an elemental surface at x, and fn(x) the

corresponding fraction remaining after initial resuspension, terms a and b

are specifically
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3 - < fR a >A + aB

and b =• <a£> (13)
A

where < > denotes a spatial average. Thus for example

< fR a >A = S~ / fR^—' )<*(JL» )ds(x) (14)
A A

where ds(x) represents an elemental area at JC, forming part of the total

surface area S in region A that is exposed to the flow. A similar
A

expression exists for <<*£>• (x, ) denotes a dependence on several
Ai "̂ ~

parameters which in turn are unspecified functions of JC (most probably

forming an infinite set of finite measure). It is likely that the most

significant variations in f and a will be derived from variations in flow
R

and surface roughness.

Equation (11) was solved numerically using an implicit technique in

which a linear variation in concentration is assumed between time steps (see

Reeks, Reed and Hall, 1985c). Allowance for incomplete mixing during the

initial stages of the injection have been made in the manner adopted by

Wells et al (1984) using the same mixing curve.

Over the initial sampling times during the decay there was a

significant variation in gas-borne concentration. We therefore calculated

the time integrated concentration using the same sampling times as in the

injection experiment. These values were then compared with the experimental

values corrected for background. By varying a and b, a least squares fit

was performed based on the log of the concentration. The best fit values to

the experimental results are displayed in Figs. 5-7. In the absence of

measurements of the mixing curve for the low flow injection that data cannot

adequately be analysed.

The corresponding values of a and b for each value of y' chosen are

given in Table 1 together with the mean square deviation for the best fit

solution. On the basis of these calculations y' = 1*01 would appear to give

the best fit to 17 urn data at full flow and y1 = !•! tne best fit for the

2 urn and 5 ^m. However, we believe there is nothing statistically

significant in the difference between these values of y'. No estimate of

the errors in the experimental data points was given so we have attributed

equal weight to all points in the least squares fit. It is more reasonable

- 287 -



to suppose that experimentally the data are not sufficiently accurate to

distinguish between any of the values of y' chosen in the data fit.

However, values of y1 significantly outside this range give unacceptably

poor fits.

For comparison we have shown also the decay arising from deposition

and initial resuspension alone (i.e. no longer term resuspension). Of the

two decays, that based on the integro-differential equation (with longer

term resuspension) is clearly much more representative of the observed

behaviour. For completeness we have also indicated the asymptotic

behaviour.

6. DISCUSSION

As we have shown the Volterra integro-differential equation (equation

11) is the key to reliable estimates of particle gas-borne concentration.

However, to apply the above analysis to any recirculating flow one

requires additional information on:

(i) the magnitude and structure of the fluid flow (e.g. friction

velocity);

(ii) the magnitude and variation of forces between particle and

surface (e.g. van der Waals forces);

(iii) the mechanical properties of particle and surface (e.g. Young's

modulus);

(iv) the physical properties of particle and surface (e.g. density,

rougness, etc.).

With these parameters it is possible to determine the constants a and

b from first principles. However, in certain reactor systems, e.g. an AGR,

it is difficult to determine the important properties of the particle-

surface interaction (e.g. the force of adhesion). Therefore, in these

circumstances, it is necessary to measure directly the decay in particle

gas-borne concentration. This information can then be used as a platform

for extrapolating to other conditions (e.g. flow and particle size). This

is the programme of work that the CEGB has now undertaken.

7. CONCLUSIONS

We can, in principle, model the controlling factors of particle

plate-out. These are:

(i) the arrival rate of particles to a surface;

(ii) the fraction of those particles that arrive at a surface that

bounce upon impact;

(iii) aerodynamic resuspension of the adhered particle.
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Use of a resuspension model developed at BNL has shown that

resuspension can be divided into two regimes:

(a) Initial Resuspension

This refers to resuspension occurring in less than a second. It

reduces the mass transfer rate to a surface in a manner which is

proportional to the local gas-borne concentration. We have investigated its

dependence upon fluid and surface parameters.

(b) Longer Term Resuspension

This refers to resuspension occurring over times greater than a

second. It is characterised by a fractional resuspension rate which is

almost inversely proportional to the time of exposure over a wide range of

times. Although the constant of proportionality is influenced both by

surface roughness and local flow this inverse relationship remains intact.

In fact, it is extremely robust to wide variations in particle diameter,

flow, and surface roughness. Such behaviour has been confirmed by

experiment.

These two features have been incorporated into an equation for the

variation of particle gas-borne concentration in a recirculating flow in

which:

(a) the effect of the initial resuspension is modelled by a reduced

mass transfer coefficient;

(b) the effect on the longer term resuspension is' modelled by an

integral containing the history of the gas-borne concentration.

The kernel of this integral is represented by a fractional

resuspension rate varying almost inversely with time of

exposure.

This equation has been successfully used to explain the decay in gas-

borne concentration of particles injected into an Advanced Gas Cooled

Reactor.

In practice it is difficult to determine the important properties of

the particle-surface interaction in an AGR. Therefore information gleaned

from the injection experiment is used as a platform for extrapolation to

other sizes and flow etc. within the theoretical framework, of particle

deposition and resuspension. This is the path currently followed by the

CEGB.
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TABLE 1

Values of a and b in equation (11) based on Least Squares
Fit of Sampled Activity in Hinkley Point 'B'

Injection Experiments

Particle
Diameter, pm

17

5

2

Y'

1.10
1.07
1.05
1.03
1.01

1.1
1.05
1.01

1.1
1.07
1.05
1.03
1.01

a, s~l

5.96.10-3

6.52.10"3

6.82.10"3

7.00.10-3
7.41.10"3

3.5.10"2

4.14.10-2
5.06.10*2

3.47.10*2

4.05.10-2

4.03.10"2

4.28.10-2

4.6.10"2

b, sY'*2

1.52.10*1*
1.75.10-'+
LSS-IO*1*
2.05.lO"4

2.09.lO"4

1.38.10"3

1.44.10-3
1.72.10*3

1.64.10"3

1.74.10-3
2.00.10*3

2.OO.1O"3

2.3.10"3

Best Fit i.e.
Minimum Mean
Sq. Deviation

.175

.105

.08

.06

.05

.44

.52

.82

.102

.15

.18

.18

.24
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ho

FIG. 1. • The Contact of an Elastic Sphere with
an Elastic Flat Surface (Exaggerated )



I

\ \ v

FIG. 3. The Contact Geometry Between a Particle with an Asperity and a

Rough Surface with a Peak Height of Radius Rs



Potential energy

y Deformation about A

FIG.2. The Surface Adhesive Potential Energy of a

Sphere on a Surface with a Constant Applied

Lift Force. Two Positions of Equilibrium.

(A) Stable and (. B ) Unstable.
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10 100
Accumulated running time , t , in hours

FIG.4 Variation of the Resuspension Factor with
Running Time for Silt on Grass at
Windspeeds of 5ms"1 o . and 10 ms"1 •
(Reproduced from Garland. 1979 with

Permission )

1000
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FIG. 5. The Injection Experiment Results for 17 um

Aloxite Particles at Full Flow ( Hinkley Point
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F1G.6. The Injection Experiment Results for 5 urn

Iron Oxide Particles at Full Flow(Hinkley Point'B')
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FIG.7. The Injection Experiment Results for 2/jm
Iron Oxide Particles at Full Flow ( Hinkley

Point >B / )
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