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Resume 

L'objectif de ce travail est l'etude de la resuspension d'un lit de particules 
expose a un flux d'air turbulant. 

L 'experience PARESS a ete concue de man iere a reproduire le phe
nomene dans des conditions mesurables. Des depots multi-couches ont 
ete crees par sedimentation sur des plaques d'aciers d'aerosols similaires 
a ceux produits lors d*un accident severe d'un reacteur nucleaire. Ces 
coupons ont ensuite ete exposes a un flux d'air turbulent (Uoo = 5 - 2 5 
m/s), et 1'evolution temporelle du flux de resuspension des particules a 
6te mesuree. 

L'experience a montre que le flux de resuspension Fr decroit en fonc-
tion du temps d 'exposition / selon une relation qui peut au mieux etre 
approchee par une loi en puissance de la forme: 

FT = a • rb [kg/m2 • s] 

Ces deux parametres a et b dependent de la vitesse du flux d'air et de 
la nature du depot de particules. 

Un nouveau modele semi-empirique, base sur la comparaison des dis
tributions des forces d 'adhesion fix ant les particules au substrat et des 
forces aerodynamiques tendant a les en eloigner, est propose dans le but 
de tenir compte de la nature aleatoire du phenomene. Ce modele permet 
de predire la diminution du flux de resuspension en fonction du temps et 
de la vitesse du flux d'air. 

Une relation purement empirique basee sur les differents resultats 
experimentaux a ete proposee. II apparait que le flux de resuspension 
est sensiblement proportionnel au cube de la vitesse du flux d'air et qu'il 
existe une pseudo-vitesse critique en-dessous de laquelle aucune resus
pension n'a lieu. 
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Abstract 

The aim of this work was to contribute to the understanding and quan
tification of particle resuspension from a bed exposed to a turbulent flow. 

The PARESS experiment has been set up and conducted. Multi-layer 
deposits of particles were created by allowing aerosols to settle on steel 
plates under conditions typical of a nuclear reactor containment following 
a severe accident. These were then exposed to a controlled turbulent 
airflow (Uoo = 5 - 2 5 m/s) in a wind tunnel and the evolution of the 
resuspension flux as a function of time was measured. 

The resuspension flux Fr decreased with exposure time to the airflow 
t, according to a power law: 

Fr = a • r 6 [kg/m2 • s] 

The parameters a and b depend on the flow velocity and the nature of 
the deposit. 

A new semi-empirical model, based on the comparison between the 
distributions of adhesive forces holding the particles on the deposit and 
aerodynamic forces tending to remove them, has been developed to si
mulate the stochastic nature of particle resuspension. This model is able 
to predict the experimentally observed decrease of the resuspension flux 
as a function of time and its dependence on flow velocity. 

Based on the results of the PARESS experiment, an empirical global 
relationship, which ignores the fine effects due to the nature of the dif
ferent deposits, has been proposed. It appears that the resuspension flux 
is approximately proportional to the cube of the flow velocity, and that 
a pseudo threshold velocity exists below which virtually no resuspension 
occurs. 
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Principal Nomenclature and Abbreviations 

Latin 

a kg/m2s parameter = Fr(t — 1) 

AMMD nm aerodynamic mass median diameter 

BWR 

6 
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cv 
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•*• a e r o 
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Fr 
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1/s 
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kg/m2- s 

kg/m2 

H 

(Ml 

1/m 

Boiling Water Reactor 

exponent 

boundary layer 

airborne particle mass concentration 

constant 

aerosol volume concentration 

Containment Vessel 

particle diameter 

bursting frequency 

aerodynamic force 

adhesive force 

resuspension flux 

surface contamination 

Geometric Standard Deviation 

Global Relationship 

protrusion height 

resuspension factor 
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LWR Leight Water Reactor 

Mfin 

Mnit 

Mr 

kg 

kg 

kg/s 

final deposited mass 

initial deposited mass 

mass flow rate 

n — number of cube per layer 

p mbar static pressure 

p.d.f. probability density function 

PWR Pressurized Water Reactor 

R correlation coefficient 

Re — Reynolds number 

Ret — Reynolds number based on the momentum thick
ness 0 

r.h. % relative humidity 

2 surface area m 

T °C temperature 

t s time 
A* s time interval 

t.b.l. turbulent boundary layer 

Uoc m/s mean flow velocity outside of the b.l. 

UCT\t. m/s mean air velocity above which particles are re-

suspended 

«. u' m/s mean and fluctuating velocities in the x-direction 

(= mean flow direction) 

u+ m/s skin friction velocity 

u, v' m/s mean and fluctuating velocities in the y-direction 

(= normal to the surface) 

x 



x,y,z cartesian coordinates 

y+ — normalized height above the surface (= &j±) 

Greek 

6 

Si 

n 
e 
A 

V 

p 
a 
T 

TO 

mm 

mm 

kg/m-s 

mm 
1/s 

m2/s 

kg/m3 

Pa 
Pa 

boundary layer thickness 

laminar sublayer thickness 

dynamic viscosity 

momentum thickness 
resuspension rate 

kinetic viscosity 

fluid density 

standard deviation 
shear stress 
wall shear stress 

Subscript 

adh. adhesive 

acro aerodynamic 

d dusty, i.e. with particles 

g gas, fluid 

p particle 
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Remark: 

In order not to depart too drastically from the conventions normally 
employed on the subject, it was found necessary to use the same symbol 
to denote several different quantities; distinctions are made clear in the 
text. 
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1 Introduction 

Resuspension of particles exposed to a moving fluid is a common oc
currence in many natural and industrial processes. It has been estimated 
(Judson, 1968) that, per day in the world, 104 to 106 tons of dust con
taminate the atmosphere due to resuspension alone. 

Despite the importance of this process, systematic theoretical and ex
perimental studies of panicle resuspension are in an elemental stage. 

The particular concern of the present work is the resuspension associ
ated with nuclear reactor safety assessment calculations; reentrainment of 
materials deposited in the containment during a subsequent breach due to 
overpressure and blowdown, could increase the amount of radioactivity 
released to the environment. 

During a core melt accident in a light water reactor, most of the ra
dioactivity will be released in the form of aerosols, AS shown in previous 
experiments (Haschke et ai., 1986), as long as the reactor containment 
integrity is preserved, the aerosols settle on the ground and on the walls, 
so that the potential source term1 decreases significantly (~ 5 orders of 
magnitude in 10 hours). However, after a hypothetical containment fai
lure, deposited particles could be reentrained by internal flows created by 
the rapid containment depressurization, thus contributing to the source 
term. On this case, two distinct reentrainment processes could occur: 
entrapment of water from a flash-boiling pool or from other liquid in
terfaces (carrying dissolved or suspended materials), and entrainment of 
deposited material from solid surfaces by the action of gas flowing over 
the surfaces. This last process, called "dry" resuspension, is the subject 
of this work. 

Few experiments have been performed using gas velocities, surface 
materials, particles sizes and deposited masses representative of aerosols 
produced during reactor accidents so far. 

'The source trim is defined as the quantitative description or the radioactive material released to the 
atmosphere during a nuclear accident. 
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1.1 Research goals 

This work studies resuspension of solid particles under conditions as 
representative as possible of a reactor accident. The results of this inves
tigation can be used to determine the relative importance of dry aerosol 
resuspension as a contributor to the source term. 

The approach taken in the present work is to measure the resuspension 
flux2 under different flow and particle deposition conditions experimen
tally, and to then develop a simplified model based on statistical principles 
able to simulate the behaviour of the resuspension flux as a function of 
time ano flow velocity. 

Thus, the experiment PARESS (PArticle RESuspension Study) has 
been set up and conducted to observe and quantify particle resuspension 
from a multi-layer deposit due to turbulent flow. 

The main goals of the current investigation can be summarised as 
follows: 

• To determine the evolution of the resuspension flux Fr from a multi
layer deposit as a function of time and flow velocity, for different 
deposited materials. 

• To develop a particle resuspension model capable of simulating the 
experimentally observed decrease in the resuspension flux from a 
multi-layer deposit as function of time and flow velocity. This in
volves the study of the adhesive, respectively aerodynamic forces 
acting on a particle buried in a deposit. 

• To find an empirical global relationship (GR) quantifying the resus
pension flux Fr as a function of time and flow velocity. 

1.2 General definitions 

Formally, the term resuspension (as opposed to suspension) implies that 
the particles were formerly airborne. 

2The resuspension flux FT is defined as (he resuspended mass per unit lime and unit surface area. 
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There are three types of particle movement resulting from gas flow 
action: 

• In surface creep, grains too heavy to be airborne, generally between 
500 and 1000 /zm in diameter, roll or slide along the surface due to 
the force of the wind or the impact of other grains. 

• In saltation, grains between about 100 and 500 /<m rise into the air 
to a height of several centimeters, gain momentum from the flow and 
travel some distance downwind before descending to the ground and 
impacting on other particles, which can in turn become airborne. 

• Finally, particles smaller than 100 /jm are light enough to be resus-
pended for longer periods of time by the turbulent action of the flow 
on a layer of deposited particles. This process, in which particles are 
removed solely by fluid forces, requires the penetration of momen
tum to the near surface region, creating sufficient lift and drag forces 
on particles to overcome adhesive forces. It is this latter phenomenon 
which will be of most interest in this study, but it is important to 
realise that the first two processes could also have a great influence 
on resuspension phenomena. 
The resuspension process exhibits two distinct aspects: 

- If erosion occurs, dust is removed steadily, layer by layer. 

- If denudation occurs, parts of the deposit are suddenly lifted into 
the air within a fraction of second. 

These two processes are quite distinct (see § 6.3), and this work, except 
when noted, has been focused on the erosion process solely. 

There are different ways to quantify particle resuspension. In the past, 
outdoor resuspension has often been quantified by the resuspension fac
tor Kr, which is defined as the ratio of ths concentration (C) in the air 
at a reference height to the quantity of particles per unit surface area on 
the ground (G): 

Kr = £ [1/m] (1.1) 
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where C = airborne particle concentration [kg/m3J 
G = surface contamination [kg/m2] 

A criticism of the resuspension factor is that the concentration mea
sured at a point is strongly influenced by surface contamination over 
an unknown distance upflow, thus misleading results may be obtained 
by using local measurements of the surface deposition; moreover, this 
definition implies steady-state conditions. 

A better method, generally found in the literature, is to use the resus
pension rate A. It is defined as die fraction of the particles present on 
the surface that is resuspended per unit time by a gas flow: 

A = # " IV»] (1-2) 
-^init. 

where Mr = mass flow rate [kg/sl 
Mm\t. = initial deposited mass [kg] 

These two parameters, Kr and A, are suitable for describing atmo
spheric resuspension when the ground contamination is low. 

For thick deposits, as for example in the containment of a breached 
nuclear reactor, it is more appropriate to use the resuspension flux Fr, 
which is defined as the resuspended mass per unit time and unit surface 
area: 

Fr = lt W*2-*] (1-3) 

where Mr = mass flow rate [kg/s] 
S = surface area [m2] 
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13 Contents of this work 

First, a literature review has been conducted (chapter 2), which shows 
that both theoretical and experimental studies on resuspension are still 
in an elementary stage; in particular, the forces (both aerodynamic and 
adhesive) acting on particles are poorly understood. This problem is dis
cussed in more detail in chapter \ where a new concept of a viscous wall 
layer is proposed, from which the aerodynamic forces can be predicted. 

In chapter 4, a stochastic semi-empirical model to describe particle 
resuspension from a multi-layer deposited is proposed. 

Chapter 5 is a description of the experiment PARESS which was set 
up to measure the resuspension flux as a function of time for different 
deposits and flow conditions. 

The experimental results for the PARESS experiment are presented in 
chapter 6, and then, in chapter 7, compared with other similar experiments 
as well a? with the model predictions. 

In chapter 8, conclusions concerning this work and the present state of 
the art of the resuspension phenomenon are drawn. 

In addition, appendix B provides an estimation of the importance of 
resuspension during the rapid depressurization of a LWR containment, 
based on the results of this present work. 
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2 Literature Review 

T4e s udy of particle resuspension includes a wide range of disciplines, 
en /ironments and applications; investigations on the resuspension of sub-
r.'kroii particles in clean-room technology as well as on the transport of 
•\*nd in a desert have been conducted. 

However, the basic concept is always the same; particle resuspension 
by iiirbulent flow requires the penetration of momentum to the near sur
face region in order to create sufficient removal forces on the particle (or 
"upp'y enough energy) to overcome adhesive forces. 

2.1 Basic resuspension concept 

Two types of resuspension concepts are presently available: force balance 
and energy balance concepts. 

2.1.1 Force balance concept 

In this concept, resuspension will occur if the aerodynamic forces acting 
on a particle exceed the force of adhesion holding the particle to a surface 
or to other particles. It has been used by many researchers such as Zimon 
(1982), Phillips (1980), Brockmann (1984) and Hubbe (1984). 

A sub-category of this concept is the so called "surface renewal con
cept" which stipulates that the removal forces acting on the surface are 
not constant but rather intermittent, due to coherent structures penetrating 
the laminar sub-layer. This concept has been used by researchers such 
as Cleaver and Yates (1973), Paw U (1982) and Braaten (1988). 

2.1.2 Energy balance concept 

Reeks et al (1988), recognizing the importance of the energy transferred to 
the particle from the surrounding flow, have proposed an energy balance 
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model. This model is similar to that which has been used to describe the 
escape of Brownian particles from a potential well. 

In theory, as explained by Dahneke (1975), molecules and small parti
cles are in continual thermal or Brownian motion. Even particles bound 
to a surface experience these motions and sometimes escape from the 
surface as a result of thermal motion. But except for extremely small 
panicles, escape rates from surfaces are generally insignificant unless 
the particles are solicited by some force tending to pull them from the 
surface. 

The flow-induced lift force is decomposed into a mean lift force (which 
modifies the shape and height of the adhesive potential well) and a fluc
tuation component (which permits the particles to oscillate in a random 
fashion about the point of minimum potential). Particles are released from 
the surface when sufficient energy from the local turbulence is transferred 
to enable a particle to overcome the surface adhesive potential barrier. 

2.2 Forces acting on particles 

Adhesive or aerodynamic energies cannot be measured directly; they 
have to be derived from the forces. Thus, whichever basic concept is 
used, the adhesive and aerodynamic forces are the key parameters for the 
resuspension process. 

2.2.1 Adhesive forces 

Analysing the adhesion of a particle to a surface is a very complex the
oretical problem. For small particles (< 50 ^m), adhesion is basically 
described as the sum cf: van der Waals forces, electrostatic forces and 
capillary forces (i.e. surface tension of adsorbed liquid films). In this 
size range, the force due to gravity is negligible. 

If adequate moisture is present, the capillary forces dominate; the van 
der Waals forces are the next most important ones (Bhattacharya and 
Mittal, 1978). Many factors influence these adhesive forces, mainly the 
particle shape, roughness, species, the surface roughness and the humid-
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ity and temperature of the surrounding atmosphere. However, authors 
(Fuchs, 1964; Com, 1966; Deryagin, 1956; Zimon, 1982) agree to as
sume a proportionality between the force of adhesion and the radius of 
spherical particles 

Experimental investigations into the nature of adhesion have been con
ducted by Zimon (1982), Fuchs (1964), Braaten (1988) and others. Adhe
sion measurements have been made using one of the following methods: 
microbalance, pendulum, centrifugal or aerodynamic method. However, 
experimental data are only valid for specific conditions and sometimes 
show discrepancy with theory. 

For example, Fish (1967) showed that the observed maximum force 
required to remove particles, as a function of the relative humidity, does 
not agree with quantitative estimates of the force based upon the capillary 
model. Kordecki and Orr (1960) measured the opposite effect for sand 
on a glass surface; this reverse effect of decreasing adhesion force with 
increasing humidity could be caused by static charging, or by adsorbtion 
of a water film increasing the particle-surface distance and thus decreasing 
the van der Waals forces. 

Another important effect is aging, which is defined as the change of 
adhesion over some period of time. Aging is mostly due to the time 
required for the capillary layer to reach equilibrium and to th: gradual 
deformation of the contacted surfaces, which decreases the separation 
distance between the particle and the surface. The particie adhesive force 
increases with increasing time, although investigators have disagreed on 
the contact time required for the adhesive force to reach a maximum; this 
time ranges from a few minutes (Corn, 1966) up to a few hours (Hinds, 
1982). 

Adhesion decreases as the roughness of the surfaces increases. How
ever, when the macroroughness becomes of the same order of magnitude 
as that of the particle dimensions, an increase in adhesion is observed. All 
authors agree with this statement. Hubbe (1984) has recently developed 
a theory on this subject. 
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In figure 2.1, particle adhesive forces are plotted as a function of the 
particle size. As can be seen, a wide range of adhesive forces has been 
observed. The data are for various surface conditions, materials and 
humidities (from Com, 1966; Deryagin, 1956; Zimon, 1982 and Punjrath, 
1972). 

When resuspension occurs from a mulii-layer particle bed, autohe
sive forces have to be considered. Autohesive force is the force holding 
a particle to other particles, while the cohesive force is defined as the 
interacting force between molecules within a single solid body. Autohe
sive and adhesive forces have common origins. However, as noted by 
Phillips (1980), the phenomena are distinct in that different geometries 
are involved and in particular, the two phenomena may exhibit different 
dependencies on particle size. 
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Figure 2.1: Variation in adhesive forces observed for various par
ticle sizes (from Brockmann, 1984) 
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2.2.2 Aerodynamic forces (= removal forces) 

The magnitude and direction of aerodynamic forces acting on a particle 
are still not resolved. There is general agreement, however, that the 
flow above the surface has to be turbulent before significant removal is 
observed. All the models presented so far in the literature assume a 
turbulent flow over the surface. Different aerodynamic forces have been 
recognized, depending on the flow model used. 

2.2.2.1 Steady-state laminar sublayer model 

In this model, spherical particles are assumed to be completely submerged 
in the laminar sublayer, without influencing the velocity profile. In figure 
2.2, a ten micron particle is shown compared to the velocity profile in a 
boundary layer (for a mean free velocity £/"«, = 30 m/s). 

Using the classical fluid mechanics theory (referred in § 3.2.1 as a 
macroscopic approach of the turbulent boundary layer), Corn (1966), 
Larsen (1958), and Gutterman and Ranz (1959), proposed an aerodynamic 
force acting on a particle in the form of: 

Faero = C^0-p-U2
00-R

2 [N] (2 .1) 

fluid density [kg/m3] 

mean free velocity [m/s] 

particle radius [m] 
constant (sometimes semi- empirical) [-] 

The aerodynamic forces derived using this kind of model are always 
too small to explain resuspension. 

Since the introduction of the idea that particle resuspension is due to 
turbulent eddies penetrating the viscous sublayer, the concept of steady-
state laminar sublayer has hardly even been used again. 

11 
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0 5 10 15 20 25 30 
Mean air flow velocity Uoo C m ' s 3 

Figure 2.2: Calculated velocity profile in a boundary layer (for 
Uoo = 30 m/s). A ten micron particle is shown buried 
in the laminar sublayer. 

2.2.2.2 Bursting model 

Some authors such as Fuchs (1964) or Corn (1966) proposed that parti
cles may be detached by the action of local vortices. In 1973 Cleaver 
and Yates first proposed the model of particle removal by "bursting" or 
"sweeping eddies". Based on observations made by Kline (1967) and 
Corino (1969), they postulated that the viscous sublayer is not steady, 
but continually disrupted by turbulent bursts. These bursts, which are 
like miniature tornados, may cause instantaneous lift forces sufficient to 
detach a particle. In figure 2.3, a particle exposed to a turbulent burst is 
shown. 

Applying this idea, Cleaver and Yates (1973), Phillips (1980) and oth
ers proposed that for small particles, the mean aerodynamic force should 
be in the form: 

Taero^C^0'V
2-P[~-^ [N] (2 .2) 
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where p 
V 

D 

«* 

Caero 

= 

= 

= 

= 

= 

fluid density [kg/m3] 

kinematic viscosity [m2/s] 
particle diameter [m] 

skin friction velocity [m/s] 

semi-empirical constant [-] 

Although this "bursting" is a random phenomenon, some authors have 
tried to estimate values for the spatial and temporal distribution of turbu
lent bursts. For example, Blackwelder and Hariotonidis (1983) showed 
the bursting frequency of turbulent motion in a turbulent boundary layer 
to be of the order 3001/* 

FLOW DIRECTION 

— y 

TURBULENT FLOW 
"> O "5 -» 

C 

TURBULENT BURST 

PARTICLE 
ESSENTIALLY LAMINAR FLOW 

-^T DEVELOPING WITH TIME 

V777777r 

STAGNATION POINT 

Figure 2.3: Schematic diagram of turbulent burst in the wall re
gion (according to Cleaver and Yates, 1973) 

With the model based on turbulent bursts, the removal force acting on 
a particle is no longer constant but rather fluctuating; this last fact is of 
great importance, since with randomly fluctuating phenomena the ratio 
between maximum value and mean value can momentarily be very high. 
There are two observations of this type of flow which may indicate the 
occurrence of both large positive and negative lift forces, many times 
greater in magnitude than the average lift force: 

• Peak to mean ratios of 30:1 for the shear stress have been observed 
close to the wall by Eckelmann (1974). 
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• Shear intensities at the ed^es of events near the wall have been found 
to be several orders of magnitude greater than the local average shear 
intensity (Lee and Eckelman, 1974; Brodkey et al., 1974). 

2.2.2.3 Experimental measurements 

Jordan (1954) and Zenz (1964) conducted experiments to measure the 
removal forces, but due to the difficulty of separating the different phe
nomena (adhesion, removal force) no real conclusions were reached. 

Corn and Stein (1965) studied re-entrainment of spherical glass parti
cles and fly ash (d = 5 - 50 //m) exposed to a high velocity air stream. 
They exposed a similar particle-substrate system in an ultracentrifuge in 
order to compare the air drag forces and the centrifugal forces calculated 
to have acted on the particles. In general, agreement between the two 
cases deteriorated as removal forces decreased, with occasional differ
ences in the removal forces as great as a factor of ten. 

More recently, Hall (1988) conducted an experiment to measure the 
fluid-induced lift forces acting upon particles on a surface in turbulent 
flow, for particles between 1 and 3 mm diameter. He proposed an em
pirical relationship between the diameter and the mean lift force: 

/ D • u \2'26 

^ = 5 , 4 6 1 ^ ^ - ^ ) [N] (2.3) 

Unfortunately, these experiments are not able to measure the force due 
to a single burst, but rather a mean force. 

2.3 Particle incipient motion 

The incipient motion of a particle, which is important for understanding 
the removal mechanism of a particle from a surface, has been investigated 
by many scientists. Sokolov (1894), Bagnold (1941) and Chepil (1945) 
observed that particles first begin to slide or roll before being resuspended. 
Before the proposal of the bursting theory (Cleaver and Yates, 1973), 
there was no theoretical model to explain important lifting forces; the 
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aerodynamic forces along a surface were always considered greater than 
those at right angles to it. 

The general model for particle ejection considered was the following 
(Fuchs, 1964; Corn, 1966; Punjrath, 1972). A particle begins to move 
by sliding or rolling, resulting in a reduction in the number of points of 
contact with the surface, and consequently, in a reduction in the adhesive 
force. With increasing speed, the particle starts making small jumps on 
the surface or on ether particles, and eventually is carried out of the 
laminar sublayer and then either caught in a vertical turbulent fluctuation 
or, if spinning, lifted by the Magnus force (Fuchs, 1964). 

As shown by Punjrath (1972) or Gillette (1974), when a particle moves 
downstream, it can cause movement of other particles by contact, even 
though the aerodynamic removal forces on such particles are not sufficient 
to move them. 

Fuchs (1964) proposed the hypothesis that in addition to jumps, par
ticles may be detached by local vortices. This hypothesis was later con
firmed by Cleaver (1973), Paw U (1982) and others. This is in accor
dance with the visual observations of Corino (1969), Bagnold (1941) and 
others. They show that individual particles often roll (or slide) along the 
surface and then suddenly move, almost at right angles, away from the 
surface into the mean flow. 

Corino (1969) proposed therefore an ejection model consisting of a 
two-stage process. First a relatively slow movement away from the sur
face in the region 0 < y+ < 2.5 (y+ = ^ , y = height above the 
surface); due to the fact that the drag force is larger than the lift force, 
this movement appeared almost parallel to the flow direction. This slow 
movement is followed at a later time by a rapid movement into the main 
flow by means of a turbulent burst. The second stage of this mechanism 
involves a competitive process, because some particles which have been 
detached by one burst and are still in the y+ < 2.5 region, could be 
redeposited before they are carried into the outer turbulent regions by 
subsequent bursts. This model does not, however, answer the question 
of the initial lift-off mechanism, in particular whether the particle is de
tached by the lift force arising from a turbulent burst or first loosened by 
rolling (or sliding). 
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Braaten et al. (1988) performed particle detachment experiments in 
a wind channel. A photometer (light transmissionmeter) perpendicular 
to the surface and an x-hot-wire anemometer in the boundary layer al
lowed correlation of the particle entramment with the inner boundary 
layer conditions. The authors showed that intermittent turbulent events 
(i.e. "bursts") dominate particle detachment from a surface. 

2.4 Resuspension threshold 

In order to quantify experimental resuspension investigations, it is impor
tant to define suitable threshold values. The critical or threshold velocity 
Ucrit is defined as the mean air velocity above which particles are carried 
away by the air flow. Since Ucru is relatively easy to observe, many 
authors (Sokolov, 1894; Bagnold, 1941; Chepil, 1945; Rumpf, 1953; 
Dawes, 1952; Corn, 1966; Fuchs, 1964) have used it in the past. But 
most of their experiments were conducted with particles greater than 100 
/im. 

Brockmann (1984) and Punjrath (1972) proposed theoretical expres
sions for UCrit. It appears that this critical velocity reaches a minimum 
for particles around 100 //m in diameter. This is due to a combination 
of the two attractive forces: the adhesive force (which is dominant for 
small particles) and the gravitational force (which is dominant for big 
particles). In case of resuspension after a reactor accident, particle sizes 
are such that Ucru increases as the diameter of the particle D decreases. 
This can easily be understood because Faer0 is proportional to D2 while 
Fadh is only proportional to D. 

Cleaver and Yates (1973), Phillips (1980) and Hubbe (1984) used an 
equivalent threshold criterion, namely the critical wall shear stress rocn/. 
This is defined as the minimum wall shear stress required to resuspend a 
particle. 

For small particles, Cleaver (1973) showed that particles will only be 
removed (by lifting) when r0 • D*l* > (3 where r0 is the mean wall shear 
stress and ft is a constant depending on the particle shape, the fluid used 
and most importantly on the type of adhesive force holding the particle 
to the surface. In the case where the particle is detached by rolling 
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over a microscopic asperity in the surface, the removal criteria would be 
T0 • D

2 > (3. Hubbe (1984) arrived at the same removal criterion for 
detachment by lifting; however, for rolling, T0 • D

zl2 > /3 and for sliding 
T0 • D > (3. 

Phillips (1980) showed that no true threshold exists in the sense of 
a critical value below which absolutely no entrainment occurs. Rather, 
owing to the statistical nature of turbulent forces and of particle sizes and 
positions in the bed, a certain range of fluid velocities exists over which 
the rate of entrainment falls dramatically with decreasing flow velocity. 
The rapidity of this variation is presumably one of the reasons why the 
various experiments agree relatively well with each other. Based on a 
force balance mode!, the author defined a relationship between a pseudo 
threshold wall shear stress and the particle diameter. In figure 2.4, this 
threshold wall shear stress is shown as a function of the particle diameter 
D. As for the threshold velocity, the threshold wall shear stress reaches 
a minimum for particles around 100 jmi in diameter. 

io2 

i—i 
j 

5 
o 

fr

ier2 

0.1 1 10 100 1000 

D C/Jm] 

Figure 2.4: Wall shear stress r0 required to entrain a particle of 
diameter D into the air (theoretical, from Phillips, 
1980). 
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Using their theoretical model, Reeks et al. (1988) have shown that 
for mono-layer deposits, a threshold velocity only occurs for a narrow 
spread of adhesive forces. 

2.5 Resuspension flux 

The goal of the resuspension studies presented in this paragraph is to 
obtain a relationship between one or more of the fluid characteristics and 
the flux of particles from a test area. 

2.5.1 Experimental investigations 

Resuspended mass was measured by numerous workers such as Reynolds 
and Slinn (1979), Garland (1982), Corn and Stein (1965). Gillette (1974), 
Fairchild (1982) and others. These measurements usually refer to atmo
spheric aerosol resuspension, i.e. large particles lightly poured out onto 
rough surfaces (grass or gravel). The authors proposed a relationship 
between the resuspension rate1 A and the mean flow velocity in the form 
of: 

A = A • UZ [1/s] (2.4) 

where A and B are parameters depending on the particles, the surface 
and the aerodynamic conditions. 

For ZnS particles (6 /<m in diameter) on a rough surface, Reynolds and 
Slinn (1979) gave A = 7,39-10"10l7£081/s, and for Al particles (7 fim in 
diameter) on a smooth surface, Fairchild (1982) gave A = 3,2-10~3-f7c|£;

3. 

A literature search shows that parameter A varies from 1,96 • 10"13 to 
5,7-10-2 and B from 1,3 to 4,8. These values, derived from experimental 
studies, are all for particles smaller than 10 //m in diameter. 

Wright (1984, 1986) conducted two sets of wind channel resuspension 
experiments which simulated the blowdown of a reactor containment; 

'The resuspension rate A is defined as the fraction of the particles present on the surface that is 
resuspended per unit time. 
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he found a resuspension rate greater than that found under atmospheric 
conditions. 

In order to compare the different experiments, the concept of the re
suspension flux2 Fr has been introduced. Values for the resuspension flux 
as a function of the flow velocity, from different authors, are plotted in 
figure 2.5. The experimental conditions are variable, but the diameter of 
the particles is always less than 10 /mi. 

The first observation is that the range of observed values is very wide 
(more than ten orders of magnitude,. Another important point is that the 
influence of the adhesive forces (due to different species or shapes) is 
much greater than the influence of the fluid velocity or the particle size! 

Garland (1982), Com and Stein (1965) and Wright (1986) have de
duced from their experiments that the resuspension flux decreases in
versely proportionally to the exposure time. On the other hand, Sehmel 
and Lloyd (1976) noted no apparent decay in resuspension rate over 21 
months. 

2.5.2 Theoretical models 

In the past, several empirical model have been developed (see the re
view of Smith and Whicker, 1983). These models generally produce 
estimates of the resuspension flux which, at best, are within several order 
of magnitude in accuracy. 

More recently, with the introduction of the "bursting" concept, the 
models have improved; moreover, at least for resuspension from a mono
layer deposit, they predict the decrease in the resuspension flux as a 
function of time. However, as shown in paragraph 2.2.1, the theoretical 
description of the adhesive forces is very complex, and thus, most of the 
resuspension models use empirical parameters. 

In their model, Cleaver and Yates (1973) assumed a single removal 
efficiency for all the bursts. For a mono-layer deposit, they derived an 

2Thc resuspension flux is defined as the resuspended mass per unit lime and unit surface area. 
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expression for the probable fraction of "cleaned" surface R(t): 

/? ( / ) = 1 " ( 1 ~ 2 T o ) " ' H (2-5) 

where w* = skin friction velocity [m/s] 
v = kinematic viscosity [m2/s] 
a = empirical parameter depending upon 

the flow and deposition conditions [-] 

In his model, Paw U (1983) used the same idea, except that he pos
tulated that the removal efficiency of a burst could scale in some way 
with u*. For a mono-layer deposit, he proposed a relationship for the 
resuspension rate A according to an exponential law: 

A = - "*"* expf ""* '* ) [-] (for mono - layer) (2.6) 

where n0 = initial number of particles 
7] = dynamic viscosity [kg/ms] 
m = empirical parameter depending upon the flow 

and deposition conditions [m3/kg] 

For a multi-layer deposit, he argued that the number of particles en
trained from an area does not reduce the number of particles "available" 
for entrainment, thus the resuspension rate must remain constant with 
time: 

A = "° '"* [-] (for multi - layer) (2.7) 
100 • rj • m s 

According to their energy-balance model, Reeks et al. (1988) defined, 
for a fixed time and a fixed particle size, the probability of resuspension 
per unit time p as: 

' ' ~ W C X " ( T 7 7 ^ ) H (2-8) 
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Where w is the surface potential well frequency, Q the height of the 
potential barrier formed from the surface adhesive force and average lift 
force, and < PE > the average potential energy of the particles in the 
well relative to the point of minimum potential (see also § 2.1.2). 

For a mono-layer deposit, the variation of the resuspension rate A with 
time is then given by: 

A(0 = j f />('•) • oxp[-p(r) - t]l{r)dr [I] (2.9) 

with r = equivalent particle radius [-] 

/ = probability density for the occurrence of r 

It turns out that the variation in A(f) is far from the exponential decay 
associated with identical adhesive sites. According to the authors, this 
non-exponential decay is related to the fact that, though the fraction of 
particles on a surface decreases with time, the relative proportion of 
strongly adhered particles increases. 

In order to check their model. Reeks et al. (1988) applied Com and 
Stein's experimental data (1965) and obtained a successful correlation. 

Since Com and Stein (1965) could not interpret successfully their own 
data using a force-balance model, Reeks et al. (1988) postulated that 
force-balance models can seriously underestimate the influence of lift 
forces on particle detachment from surface. 

In conclusion, it has been shown that there are a wide range of em
pirical relationships to describe the resuspension flux as a function of the 
flow velocity; this wide range is primarily due to the wide range of ad
hesive forces (see § 2.2.1). Some theoretical models exist to describe the 
resuspension flux from a mono-layer deposit; since the adhesion theory is 
still not very well known, all of them are semi-empirical, i.e. they have 
to use experimental data as input. Moreover, at present, no satisfactory 
model describing the decrease with time of the resuspension flux from a 
multi-layer deposit has been found in the literature! 
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2.6 Other mechanisms influencing resuspension 

2.6.1 Agglomeration on the surface 

Since it is possible that aerosols agglomerate as they are collected on 
surfaces, the sizes of the potentially resuspendable particles can be much 
larger than the size of the original incident particles. Nelson et al. (1973), 
Wright (1984), Fuchs (1964) and Chepil (1945), have observed this phe
nomenon. It appears to be very difficult to measure the size of the 
agglomerated particles since they can break-up very rapidly as soon as 
they are in the air. Fuchs (1964) noted two possible mechanisms for 
the rupture of agglomerated particles by air currents. Flat aggregates 
orient themselves perpendicular to the flow direction. At their center, 
the pressure reaches a maximum according to Bernoulli's theorem and 
the aggregate deforms and brakes. The second mechanism occurs in the 
presence of fairly large velocity gradients. These create differential forces 
acting on the particles, which may be sufficient to break them up. 

2.6.2 Saltation 

The mechanical impact between particles (= saltation) could drastically 
increase resuspension. Ettinger (1974) and Gillette (1974) have observed 
such phenomena. In his experiment, Fairchild (1982) measured such an 
effect; he concluded that the resuspension rate A increases as the size of 
saltation particles increases, and the relative increase in A due to saltation 
is greater as the particle size of the bed material decreases. 

2.7 Resuspension following a Light Water Reactor (LWR) 
containment blow-down 

Little work has been done on the subject of reentrainment of fission 
products during the blow-down of a reactor containment which fails due 
to overpressure. Borkowski, Bunz and Schock (1986) have made a review 
and some calculations with the NAUA code, but only for reentrainment 
of particles suspended in a flashing pool of water. 
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Based on a force balance model (but without including "bursting" lift 
forces), Brockmann (1984) proposed a relationship between threshold ve
locity and particle diameter. He then related vent size to internal velocity 
by mass continuity considerations. Finally, as shown in Figure 2.6, the 
author proposed an uncertainty range for the fraction of deposited aerosols 
resuspended by gas flow over all containment surfaces as a function of 
containment hole size. He concluded that for holes smaller than 10 m2, 
only 0,5 % of the deposited material could be resuspended due to local 
high velocities. 

Since this model did not include the removal forces due to the bursts, it 
could seriously underestimate the magnitude of the aerodynamic forces. 
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Figure 2.6: Uncertainty range in fraction of deposited aerosols 
resnspended by gfis flow ovrr nil containment sur
faces as a function of containment hole size, (from 
Brockmann. 1984). 

Fauske et al. (1984) applied the Reynolds and Slinn correlation (1979) 
to the resuspension of dry solid aerosols from the PWR reactor primary 
system (RPS) following core melt at high pressure and from the PWR 
and BWR containment vessel (CV) foiiowing overpressure failure. Their 
analysis indicates that in the CV, both localized failures around pene
trations and large failures in the upper containment region would result 
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in little resuspension of the aerosols at the time of containment failure. 
They estimate that less than 150 g of previously deposited aerosol would 
be resuspended during the entire CV blowdown. However, it is possible 
that the resuspension rate used in this model (from Reynolds and Slinn) 
is far too low. As it can be seen in figure 2.5, the resuspension flux Fr 

found by Reynolds and Slinn (over a rough surface) is 4 to 6 orders of 
magnitude lower than the Fr values found by Wright or Fairchild (over 
smooth surfaces, and with more "realistic" nuclear aerosols). 

Wright (1986) is presently developing a resuspension model for the 
TRAP.MELT 2 code. Control-volume equations are developed to model 
aerosol deposition and aerosol resuspension under flow conditions. This 
code would use aerosol resuspension-rate models as inputs. Wright and 
Pattison (1984, 1986) are currently conducting a set of aerosol resuspen
sion tests in order to provide a data base for their model. 

2.8 Conclusions concerning the state of the art 

As a conclusion, it can be said that both theoretical and experimental 
studies on the resuspension of solid particles from solid surfaces are still 
in an elementary stage. 

There is still controversy over which basic resuspension concept to 
apply, namely force or energy balance. 

Due to an incomplete understanding of the turbulent boundary layer, 
and more precisely of the bursting phenomena, uncertainty exists on the 
removal forces acting on a particle. 

Models of the particle incipient motion remain to be verified. 

Some very important effects such as the agglomeration of particles on 
a surface, saltation and initial resuspension have been poorly studied in 
the past. 

A wide range of adhesive forces have been observed; there is a lack 
of sufficiently good experimental data and conceptual models to explain 
the influence of relative humidity, roughness and particle .shape. 
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All these facts contribute to hinder good modelling and quantification 
of resuspension. Moreover, few experiments have been conducted using 
conditions representative for aerosol deposits expected to be produced 
during severe reactor accidents. 

These conclusions are also confirmed by a recent OECD document 
(1986) produced by its group of experts on the source term. 
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3 Theoretical Considerations 

Resuspension implies particle transport from the surface into the bulk of 
a gas, and consequently forces must exist to lift particles into the flow. 

As shown in chapter 2, two types of resuspension models are presently 
available, based either on a force or an energy balance. The two concepts 
both have advantages and disadvantages. However, forces can directly 
be measured (in theory), and thus, from a practical point of view, the 
force balance concept is the most suitable one. 

In the simulation presented in chapter 4, the concept of force balance 
has been used; resuspension occurs if the aerodynamic forces (Farrj) 
acting on a particle exceed the adhesive forces (F^u) holding the particle 
to a surface or to other particles: 

iVro > Fa<lh = > rosuspension (3.1) 

Thus, the adhesive and removal forces are the key parameters for the 
resuspension process. 

As it will be shown later, the resuspension flux Fr can be described 
as Fr = a • /~6 kg/m2-s, where a and b are parameters depending on the 
forces; however, due to measurement difficulties, no attempts have been 
made to correlate them. In this study, the forces will only appear as a 
concept, to develop the resuspension model. 

3.1 Adhesive forces 

In paragraph 2.2.1 a short review of this question was made. It appears 
that adhesion is a very complex theoretical problem and, at this time, 
some questions still remain unresolved. Moreover, experimental data are 
valid only for specific conditions, and only a few data are available on 
the autohesive forces (i.e. forces acting between particles). 
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Since the aim of this study was a macroscopic approach of resuspen-
sion, an in-depth understanding of the physical adhesive processes at the 
microscopic level is not attempted. 

For small particles (< 50/tm), adhesion to a surface is controlled by 
the sum of forces (attractive and repulsive) consisting primarily of: van 
der Waals forces, electrostatic forces and capillary forces (i.e. surface 
tension of adsorbed liquid films). If adequate moisture is present, the 
capillary forces dominate in magnitude, followed by the van der Waals 
forces. In this size range, the adhesive force due to gravity is negligible; 
thus, and in accordance with the experimental studies, the adhesion of a 
particle to a surface is proportional to its diameter (see § 2.2.1). 

What is important is that the adhesive forces of an ensemble of par
ticles on a surface follow a lognormal distribution (Zimon, 1982). The 
case of a multi-layer deposit is more complex, since autohesive forces 
are not very well known and it is not clear if single particles or ag
glomerates will be resuspended. This is a rather important point. If the 
adhesive forces (particle-surface) are stronger than the autohesive forces 
(particle-particle), particles will be resuspended one after the other, layer 
by layer. It is what will be called "erosion" process in this thesis. On 
the other hand, if the autohesive forces are stronger than the adhesive 
forces, several or all layers can be removed simultaneously; this is a 
"denudation" process. If these two forces have the same magnitude, a 
mixed erosion-denudation process will be observed. 

At this time, no valuable data for multi-layer deposits have been found 
in the literature. However, it seems plausible to assume that the prob
ability density function of the adhesive forces of particles on a bed of 
particles follows a bgnormal law too. 

3.2 Removal forces (= aerodynamic forces) 

For flows near a solid wall, there is a velocity profile since the velocity 
at the wall must vanish entirely. This decrease in velocity occurs almost 
exclusively within a thin layer adjoining the wall, called the boundary 
layer (b.l.). 
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There is general agreement that this boundary layer has to be turbulent 
before significant particle removal is observed. Thus, in order to evaluate 
the removal forces, a good understanding of the turbulent b.l. is needed. 

3.2.1 Turbulent boundary layer 

The term turbulent denotes a motion in which an irregular fluctuation 
(mixing, or eddying motion) is superimposed on the main stream. 

Mixing is responsible for the large resistance experienced in turbulent 
flow; in other words the presence of fluctuations manifests itself as an 
apparent increase in the viscosity of the fluid. 

It can be stated that the total shear stress is the sum of the viscous stress 
and of an additional stress, known as apparent or virtual or Reynolds 
stress. For a flow assumed parallel to the x-axis, the shear stress is: 

where r 

V 

v' 

p 

The first term of the right side of the equation is Newtons' law for 
laminar flow, and the second is due to the turbulence. 

In the immediate neighbourhood of a wall, this apparent stress is small 
compared with the viscous stress and there exists a very thin layer next 
to the wall which behaves like one in laminar motion. It is known as 
the laminar sublayer. It joins a transitional layer in which the velocity 
fluctuations are so large that they give rise to turbulent shearing stresses 
which are comparable with the viscous stresses. At still larger distances 
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is the shear stress [Pa] 

is the dynamic viscosity [kg/msj 

are the mean and fluctuating velocities in the x-
direction [m/s] 

is the fluctuating velocity normal to the surface 
[m/s] 

is the fluid density [kg/m3] 



from the wall, the turbulent stresses eventually completely outweigh the 
viscous stresses. 

The phenomena in the zone of transition from the turbulent b.l. to 
the laminar sublayer and the laws of friction in.the sublayer are poorly 
understood. The only methods available at present for the mathematical 
treatment of turbulent b.l. are approximate methods, which are, how
ever, quite sufficient for most practical applications. This macroscopic 
approach of the turbulence, which has been used in the early studies of 
the resuspension does not bring a deep understanding of the mechanisms 
in the turbulent b.l.'s, and thus is not sufficient for present studies of 
particle resuspension, where it is generally admitted (Cleaver and Yates, 
1973; Braaten, 1988; Reeks et al., 1988) that resuspension is mostly due 
to "bursting" phenomena. 

3.2.2 Microscopic approach of the boundary layer 

Detailed investigations of the turbulent boundary layer have shown thai 
the viscous sublayer is not steady but continually disrupted by coherent 
structures. These coherent structures occur intermittently and are super
imposed on the random three-dimensional vorticity fluctuations which 
characterize turbulence. In their visual observations, Kline et al. (1967) 
indicate that there are sudden random ejections of fluid normal to the 
wall; they called this phenomenon "burst". In fact, this ejection of fluid 
is only part of a sequence of events which occur in a definite order. Nev
ertheless, it is common to use the term "burst" as a concept, including 
the entire sequence of a coherent structure. 

The bursting phenomena have several distinct characteristics. In the 
wall region, the flow seems to have a propensity to form ubiquitous 
streamwise vortices. They appear in counter-rotating pairs. Between 
them, low-speed fluid is removed from the region near the wall and 
lifted upward. Shortly thereafter, these streaks of low-speed fluid start to 
oscillate. This oscillatory motion increases in amplitude and scale until 
a breakdown occurs, at which time completely chaotic motion ensues. 
This phase of the wall structure occurs on a very short timescale, and 
consequently has been called the "burst''. Soon thereafter, a larger-scale 
motion emanating from the outer flow field approaches the wall and cleans 
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the entire area of the chaotic motion; this phase of the structure has been 
called the "sweep". 

The different phases and aspects of the bursting phenomena have been 
observed by many different experimental techniques; however, details 
of the flow in the immediate vicinity of the wall (which are interesting 
for the resuspension problem) cannot be directly detected. For example, 
at present, the generation mechanism of the streamwise vortices near 
the wall is still unknown. A connection between them and the vortices 
observed further out in the layer cannot be firmly established. 

One technique is to sort the contributions to the uV product (i.e. the 
Reynolds shear stress) into the four quadrants of the u' • v! plane, where 
u' is the velocity parallel to the mean flow and v' the velocity normal 
to the surface. Table I summarizes these different contributions; as it 
can be seen, the two positive contributions to the Reynolds stress are the 
ejection (—u', +v') and the sweep (+«', — t/). 

Near the wall, the sweeps are the dominant contributors of the Reynold 
shear stress (Brodkey et al., 1974), followed by the ejections. 

But once again, this technique gives information only about the struc
ture of the turbulence above the wall, and not directly on the surface. 
For example, it has been shown that the bursting frequency scales with 
the inner values (i.e. u*, i/); Blackwelder et al. (1983) proposed the 
following relationship for the bursting frequency /#: 

fB = 0 , 0 0 3 5 ^ [l/5] (3.3) 

where u, is the friction velocity [m/s] 
v is the kinematic viscosity [m2/s] 

Rao et al. (1971) showed that the sweep frequency is approximately 
the same as the burst frequency. 
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Quadrant 

I 

II 

III 

IV 

Sign 
of «' 

+ 

— 

— 

+ 

Sign 
of 1/ 

+ 

+ 

— 

— 

Sign 
of u'v' 

+ 

— 

+ 

— 

Type of motion 

Interaction (outward) 

Ejection 

Interaction (inward) 

Sweep 

Physical significance 

fast fluid moving 
from the wall 

slow fluid moving 
from the wall 

slow fluid moving 
toward wall 

fast fluid moving 
toward wall 

Table I: Definition of quadrants used in the analysis and 
their physical relationships to the How structures 
(Braaten, 1988). 

At this point, it is important to recall the work of Braaten (1988), which 
stipulates that in resuspension most of the particle detachment events 
were observed during a so called ejection-sweep structure; this structure 
is characterized by a decelerating streamwise velocity with ejections fol
lowed by a sharp acceleration and sweeps. This again shows that the 
coherent structures are predominant for the particle resuspension process. 

3.2.3 Viscous wall layer 

In the last paragraphs, it has been shown that the resuspension of particles 
deposited on a surface should be closely related to the occurrence of co
herent structures. Some authors (Cleaver and Yates, 1973; Paw U, 1983) 
have even assumed that these coheient structures are directly responsible 
for resuspension. 
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In this paragraph, a new concept, at least from the point of view 
of particle resuspension, is introduced, which stipulates that the coher
ent structures influence the flow around the deposited particles, without 
touching them directly. This concept assumes that the "laminar" sublayer 
contains a thin viscous wall layer (y+ < l)1 , in which a linear veloc
ity gradient occurs at virtually all times. This means that no coherent 
structures penetrate this region. The velocity fluctuations in this wall 
layer are driven by the connected pressure Meld fluctuations produced by 
the coherent structures above it. In other words, this viscous wall layer 
records the "footprints'* of the turbulence. This concept is illustrated in 
figure 3.1. 

The thickness of this wall layer is not well defined (but it should be 
around y+ = 1) and, as shown in figure 3.1, fluctuates. 

This model does not pretend to provide a new theory for the laminar 
sublayer and, as it will be discussed later, may also be incorrect from 
a fluid mechanics point of view. The model aims to propose a theory 
for predicting the aerodynamic forces acting on particles deposited on a 
wall. 

In the early particle resuspension studies, it was assumed that the re
moval forces acting on a particle were mostly due to a drag force, derived 
from the "classical" fluid mechanics theo'y (c.f. § 2.2.2.1) assuming a 
perfect laminar sublayer (i.e. with a constant velocity gradient). Twenty 
years ago, the concept of bursts which may cause "instantaneous lift 
forces sufficient to detach a particle" (Cleaver and Yates, 1973) was in
troduced. This concept, which is shown in figure 2.3, is not satisfactory 
from the point of view of the fluid mechanics theory; the lifting forces 
are not well defined, and assume a non-zero normal velocity at the wall, 
which is contrary to the boundary conditions of the Navier-Stoke's equa
tions (v \y=o= j - |j/=o= 0» where v is the velocity normal to the wall, in 
the y direction). 

The new concept proposed assumes the presence of a very thin wall 
layer, in which the deposited particles (under PARESS, d+ < 0,1) are 
submerged; they will be removed by "classical" drag forces. What is 
new in this model (compared to the «»arly steady-state lamhiar sublayer 

1 j / + = normalized height above the surface = t-"J-
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Figure 3.1: Sketch of the virtual wall layer concept; the de
posited particles are submerged in it. The velocity 
fluctuations are due to the coherent structures above 
it. 

model) is that the velocity gradient in this wall layer fluctuates. Since this 
wall layer is thin, it is assumed that the velocity in it is mostly parallel 
to the surface and, as shown in figure 3.1, when turbulence or coherent 
structures occur above it, the thickness of this wall layer changes; thus, 
according to the continuity equation, the velocity in it varies. 

This faci is of great importance, since with randomly fluctuating phe
nomena the ratio between maximum and mean values can momentarily 
be very high. 
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3.23.1 Discussion on the validity of the wall layer model 

In their visual observations, Popov ich and Hummel (1967) noted that 
the coherent structures never reach the wall itself. Consequently, they 
proposed that adjacent to the wall, there is a very small thickness (J/+ = 
1.6±0,4), in which a linear velocity gradient occurs at virtually all times; 
moreover, the slope of the gradient changes with time, which indicates 
wall shear stress fluctuations (see eq. 5.1). In the same manner, Corino 
and Brodkey (1969) saw that the ejection originated slightly away from 
tftfcswall (y+ > 5), but that the sweep motions could come all the way 
to the>*ajl. This last assumption is only a hypothesis; indeed, it is very 
difficult toXsserve and to measure details of the flow in the immediate 
vicinity of the wall (y+ < 1). Thus, at this time, the connection between 
the wall region flow and the coherent structures observed further out in 
the layer cannot be firmly established (Head and Bandyopadhyay, 1981). 
Moreover, Perry and al. (1985) point out that most of the existing data 
in the wall region measured by the standard hot wire techniques may 
contain significant errors. 

On the other hand, the pressure fluctuations at the wall observed by 
Schewe (1983), Kobashi and Ickijo (1986) and others are coherent with 
the wall layer model presented here; when a coherent structure approaches 
the wall, the velocity under it in the wall layer increases (see figure 3.1), 
and then, according to Bernoulli's law, the pressure decreases. This is 
in accordance with the observations of Willmarth (1975), who stated that 
the passage of a swirling rotating group of fluid particles in the boundary 
layer will produce a reduced pressure at the wall. Thus, the wall pressure 
fluctuations are not a direct measurement of the bursts, but rather of their 
effect on this viscous wall layer. 

This model implicates that the flow conditions into this wall layer are 
affected by the coherent structures, and not the opposite; this means that 
the coherent structures are independent on the wall roughness! This is in 
accordance with the work of Sumer (1981), who observed that particle 
motions close to a rough surface are very similar in character to those 
near a smooth surface. 
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Despite some supporting evidence, it is not possible to fully validate 
this model. Indeed, even if it can be assumed with a relatively high 
confidence that the ejections do not originate directly from the surface, it 
is still not evident how the sweeps behave near the surface. Moreover, the 
connection between the commonly assumed "counter-rotating streamwise 
vortices" (Cantwell, 1981) near the wall and this wall layer is still not 
established. 

Thus, this wall layer model will be used as a theoretical concept with
out full physical proof, in order to deduce the removal forces acting on 
particles. 

3.2.3.2 Aerodynamic force distribution 

According to the model of the wall layer presented in the last paragraph, 
the removal forces are mainly due to the drag of the flow parallel to the 
surface. Due to the velocity gradient near the wall, a small lift force also 
exists; however, this last one is much smaller than the force parallel to 
the surface and will be neglected, at least concerning the dislodgement of 
the particle from the deposit. Thus, it is assumed that the adhesive forces 
which hold a particle on the deposit are overcome by sliding or rolling 
of the particle, due to a force mostly parallel to the main flow direction. 
The subsequent transport of the particle into the main flow is due to the 
small lift force mentioned above or to jumps on other particles and then, 
outside of the wall layer, to the coherent structures. 

This is in accordance with the visual observations of Corino and Brod-
key (1969), which show that a resuspended particle first moves almost 
parallel to the surface and then rapidly at virtually right angles into the 
main flow. 

With a multi-layer deposit, particles are probably mostly "buried" into 
the deposit, and only their uppermost parts exposed to the airflow; thus, 
it can be assumed that the aerodynamic forces acting on such particles 
are proportional to the wall shear stress. This is represented in figure 3.2, 
which shows a particle buried within a deposit exposed to a shear stress 
due to an airflow. 
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Figure 3.2: Sketch of a particle briried into a deposit; it will 
mostly be removed by a removal torque, due to the 
wall shear stress on its uppermost part. 

As previously explained, the wall shear stress r0 fluctuates since the 
airflow in this wall layer is not constant with time. Based on their obser
vations of the velocity gradient fluctuations near the wall, Popovich and 
Hummel (1967) proposed that the probability density function (p.d.f.) of 
the wall shear stress follows a Gaussian distribution. Replotting their 
data on a special probability graph (see figure 3.3), it appears that this 
distribution can be approximated by: 

p.d.f.ro = 
1 

o-\f2n 
,-(T0-T0y/2<7 (3.4) 

with To = mean wall shear stress [Pa] 

(7 = standard deviation = 0,33 r 0 [Pa] 
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Figure 3.3: Wall shear stress fluctuation; on this special pro
bability graph, a Gaussian law is represented by a 
straight line (according to the data from Popovich 
and Hummel 1967). 

A more detailed examination of figure 3.3, shows that the probability 
of occurrence of high wall shear stress is greater than that predicted by 
a Gaussian law. This effect has been observed by Schewe (1983) too, 
who noted that the probability of occurrence of high negative pressure 
amplitudes (corresponding to high velocities) is greater than that predicted 
by a Gaussian law. This fact can lead to some errors; however, as a 
first approximation, it can be assumed that the p.d.f. of the aerodynamic 
forces follows a Gaussian distribution, with a mean and standard deviation 
proportional to the mean wall shear stress. 
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33 Wall shear stress 

As shown in the previous section, the frequency and the influence of the 
bursts depend on the boundary layer conditions rattier than the mean free 
velocity {/<»- For this reason it has been decided to evaluate ^suspension 
as a function of the skin friction velocity ti«, which can be expressed as 
a function of the wall shear stress r0: 

«• = 
T0 — [m/sj (3.5) 
P 

Thus, the average wall shear stress (we are now considering the macro
scopic aspects) is a rather important parameter, and care has to be taken 
to describe (and to measure) it precisely. 

3.3.1 Basic considerations 

Assuming continuous flow and no slip at the solid surface, the wall shear 
stress r0 can be expresses as: 

i-.-,-gu M (") 

where ;/ = dynamic viscosity [kg/ms] 

u - flow velocity in the x-direction [m/s] 

y = direction normal to the surface [ml 

The above expression is valid for a laminar boundary layer, and be
cause of the existence of the laminar sublayer, a turbulent boundary layer 
too. 

According to Schlichting (1979), assuming a jth-power velocity dis
tribution law2 inside the turbulent b.l., the wall shear stress on a plate 
can be estimated as: 

2 7 7 - = ( | ) , / 7 , where t is the b.l. thickness. 
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TC = 0.029 f> i / H * | • J- -* [Pa] (3.7) 

where v = kinematic viscosity |nr/s] 

T = distance from the leading edge |m| 

This equation is valid assuming the b.l. is turbulent from the leading 
edge onwards. 

In reality, the b.l. will be laminar to begin with, changing to a turbulent 
one further downstream. This transition point (from laminar to turbulent) 
will depend on the intensity of turbulence in the external flow and will 
be defined by the value of the critical Reynolds number which ranges 
over Remt = ( ^ )mt = 3 -10* -r 3 -106. 

33.2 Roughness effect 

The above theory has been developed for a flat smooth surface. How
ever, particles deposited en a smooth surface increase its roughness, and 
thereby increase the wall shear stress. In order to quantify this effect the 
relative roughness = k/f> is used, where k is the protrusion height and fi 
the b.l. thickness. 

Since the boundary layer thickness <*> increases along the plate3, the rel
ative roughness decreases downstream. Moreover, roughness will cause 
no increase in resistance in situations where the protrusions are so small 
(or the b.l. so thick) that they are all contained within the laminar sub
layer <V i.e. if k < />/. In such a case, the wall may be considered to be 
hydraulically smooth. 

Schlichting (1979) introduces the notion of admissible roughness kn(l„„ 
i.e. the maximum height of individual elements which causes no increase 
in drag compared with a smooth plate. 

***,, < 100r^- [m] (3.8) 

3for turbulent b.l., A increases with the power r*l'' of the distance. 
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Assuming a maximum mean flow velocity of 25 m/s, it can be seen 
that this condition is observed in PARESS (i.e. kmdm < GO/<m). This has 
also been demonstrated experimentally where plates were covered with 
emery paper; for high grades (i.e. "fine" paper), no difference compared 
with the wall shear stress of a smooth surface has been observed. 

As suggested by Sumer (1981). it seems that the bursting processes 
occur near the wall in a turbulent b.l. irrespective of the wall roughness. 
Thus as a first approximation, the effect of the deposited particles on the 
wall shear stress is negligible under PARESS conditions. 

XX3 Effect of suspended particles 

As shown experimentally by different authors (Boothroyd et al., 1973; 
Jotaki et al.. 1973), small particles cause strong suppression of gas turbu
lence near the wail. The particles also cause a much reduced gas velocity 
gradient near the wall, and then reduce the wall shear stress. Thus, some 
dissipation mechanism associated with the presence of particles must exist 
in the viscous sublayer. 

In order to quantify this phenomenon, the density and viscosity of the 
dusty gas are estimated. The dusty gas could be regarded as a single phase 
fluid, if the volume concentration Cr (i.e. volume particles / volume gas) 
is smaller than 1 and the mixture is homogeneous (Jotaki et al., 1973). 
Since there is an aerosol concentration gradient in the boundary layer, this 
last condition is not really respected; however, as a first approximation, 
we can consider a very thin layer where the mixture is homogeneous. 
According to Fortier (1967), the density and dynamic viscosity of a dusty 
gas are 

Pd = PP • Cr + p(\ - C.) [kg/rn3] (3.0) 

41 



where Pd 

Pr 

P 

= dusty gas (i.e. including particles) density (kg/rn3) 

= panicle density {kg/m3] 

= clean gas density (kg/hv'I 

= aerosol volume concentration [—r/~] 
nr in3 

and 

% = »/(! +2.5Cr) [kg/m-s] (3.10) 

where iu = dusty gas dynamic viscosity (kg/m-s] 

7] - c lean gas dynamic viscosity {kg/m-s] 

which g ives for the kinematic viscosity of the dusty gas vd: 

Hd 1 + 2.5- C, . , / i 
pd p p C r - \ - p { l - C r ) (3 .11) 

where // = clean gas kinematic viscosity fm 2 / s ] 

Previous results (Fromentin, 1987) have shown that under PARESS 
conditions, the aerosol mass concentration ( C ) near the wall could be as 
high as 3 0 g /m 3 , which g ives values for uj and pd of: 

and 

;/rf = 0 . 9 S - / / 

^ = 1 . 0 2 - / > 

Thus the change in the wall shear stress due to the resuspended particles 
is at most around t w o percent of the nominal value (for C = 3 0 g/m 3 ) 
and will be neglected. 

However , very high local aerosol concentrations (as for example during 
denudation) could have an effect on the structure o f the turbulence and 
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especially on the bursts. This "poisoning" of the burst could decrease its 
intensity to such an extent that no more resuspension occurs. 

In conclusion, even if resuspended particles could have a momenta-
neous local effect on the structure of the turbulence, the overall wall shear 
stress remains unaffected by this phenomenon. 

3.4 Implication concerning the resuspension model 

From the previous considerations presented in § 3.1 to 3.3, it appears that 
both the adhesive and aerodynamic forces are not very well known. 

Plausible assumptions are to assume that the probability density func
tion (p.d.f.) of the adhesive forces follows a lognormal law, and the 
p.d.f. of the aerodynamic forces a Gaussian law; both the mean and 
standard deviation of this last distribution are proportional to the wall 
shear stress, thus to the square of the skin friction velocity. Moreover, 
the Durst frequency, consequently the frequency of the particle removal 
events, is proportional to the square of the skin friction velocity too. 

Both resuspended and deposited particles have no important effects on 
the wall shear stress and will be neglected in this study. 
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4 Semi-Empirical Model 

4.1 Introduction 

Resuspension implies particle transport into the bulk of a gas, and con
sequently forces must exist to lift particles into the flow. 

It has been shown in previous experiments (Wright, 1986; Garland, 
1982; Fromentin, 1988) that the resuspension flux1 varies almost inversely 
with the time of exposure to the flow. This decrease in resuspension 
flux is related to the fact that the proportion of loosely adhered particles 
decreases with time of exposure to the flow. No models are currently 
available to describe this time dependence of the resuspension flux from 
a multi-layer deposit. 

As shown in § 3.1, the adhesion of a particle on a bed of other particles 
is rather complicated to describe. Moreover, the exact nature of the 
aerodynamic forces acting on the particles is not known. Thus realistic 
analytical solutions to resuspension problems cannot be expected. 

What remains is the hope that, on the basis of the experimental evi
dence, a highly simplified approach will contain the essential features, 
and provide some basic insight and an understanding of the controlling 
parameters. 

The objective of the present model is to simulate the particle resus
pension process from a multi-layer deposit due to a turbulent flow. 

4.2 Basic considerations 

This model is only valid for me simulation of the erosion process, and 
not the denudation. It is assumed that resuspension occurs when the 
aerodynamic forces exceed the adhesive forces. 

Fae.ro > Fadh = > r c s i i s p c i i s i o i l ( 4 . 1 ) 

'The resuspension flux is defined as the ^suspended mass per unit time and unit surface area. 
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This model is unique in that it uses the probability density functions 
(p.d.f.) of the forces in the previous equation rather than their mean 
values. 

The physical mechanism of particle resuspension has been shown to 
have a statistical origin intimately associated with random motions of 
fluid close to the surface; indeed, Braaten (1988) has shown that most of 
the particle detachment events were observed during the occurrence of 
such coherent structures. 

\ s proposed in § 3.2, a viscous wall layer exists close to the surface, 
in which the velocity is governed by the coherent structures above it. 
As these structures evolve, the velocity gradient close to the wall varies; 
this leads to a fluctuation in the aerodynamic forces in this wall region. 
It is thus appropriate to define a probability density function for the 
aerodynamic forces (p.d.f.aero) acting on the particles. 

Most surfaces involved in resuspension are rough; this will produce a 
spread in the forces of adhesion compared with those for contact with 
smooth surfaces. Moreover, in reality, the size of the particles is not 
unique. Thus the adhesion of particles on a bed of particles is not unique, 
and another probability density function (p.d.f.af//,) can be defined to de
scribe it. 

The concept of single forces acting on a single particle used in previous 
mono-layer resuspension models is no longer applicable here. Indeed, 
as it can be seen in figure 4.1, a multi-layer particle bed looks rather 
complex and it is no longer obvious how to define what is a single 
particle. Moreover, it is not sure if the particle will be removed as a 
single unit or as an agglomerate of particles. 

To avoid this difficulty, the concept of a resuspended "cube" has been 
introduced. All the cubes have the same arbitrarily selected size. This 
simplification is probably not correct because particles will not be re
moved as similar "cubes" or "units", but rather as agglomerates of dif
ferent shapes and sizes. 

In this model, it is assumed that both aerodynamic and adhesive forces 
are acting on each cube but that there are no interactions between cubes 
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Figure 4.1: Electron microscope picture of SnO-j particles de
posited on a Eat surface 

of the same layer. This latter point is also a simplification, since a particle 
"buried" in a deposit is strongly affected by the surrounding particles. 

Inspite of its limitations in the physically precise description of the 
resuspension phenomenon, it was found that the model fits well the ex
perimental trends. 

4.3 Mathematical simulation 

Let us assume that the deposit is composed of superimposed layers, each 
layer containing n cubes. 

The adhesive forces acting on the cubes of one layer are distributed 
according to a probability density function p.d.f.a<//,.. Since all the layers 
have been deposited under the same conditions, this p.d.f.fldh. is assumed 
to be the same for each layer. 

During an iteration, the aerodynamic forces acting on the cubes of the 
first layer are distributed according to another probability density function 
p.Q.l.(if,ro. 
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In a first step, an adhesive and an aerodynamic force, selected randomly 
from p.d.f.adA and p.d.f.aero respectively, are attributed to each cube of 
the first layer. This concept is shown in figure 4.2. 

Figure 4.2: Cube-Incept used in this model. Each layer con
tains n cubes; randomly selected aerodynamic and 
adhesive forces are acting on each cube. 

If the adhesive force is bigger than the aerodynamic force, the cube 
stays in its position. If the adhesive force is smaller or equal to the 
aerodynamic force, the cube is removed and replaced by one from the 
next layer, with a new adhesive force selected randomly from p.d.f.„f//(. 

For the second iteration, the "new" layer will be formed of n-m cubes 
from the first layer and m from the second layer, 777, being the number of 
cubes removed during an iteration. In this way, the proportion of strongly 
adhered cubes increases with subsequent iterations. If it is then assumed 
that each cube has the same mass, the resuspension flux is proportional 
to the number of cubes m removed per iteration. The duration of an 
iteration has been chosen to be proportional to the time elapsed between 
two successive coherent structures; it is thus inversely proportional to the 
bursting frequency fn (see eq. 3.3). 

Since each removed cube is automatically replaced by another one, the 
number of cubes considered per iteration remains constant. 
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A flow chart of this simulation is shown in figure 4.3. As it can be 
seen, this model requires the probability density functions of the forces 
(measured or, like in our situation, estimated) as input, in order to predict 
the behaviour of the resuspension flux Fr as a function of time. If specific 
solution is required, one experimental measurement must be supplied to 
the model, in order to calibrate the output. 

If some assumptions concerning the p.d.f.'s are made, the number of 
input parameters can be reduced. This will be discussed in the following 
section. 

4.4 Probability density functions of the forces 

The main difficulty with this model is to find the adequate probability 
density functions describing the adhesive and aerodynamic forces. 

As it will be demonstrated later, this problem is not obvious, and at 
this time, no such distributions have been directly found in the litera
ture. Therefore, there is a need for further investigations. The approach 
used in this simulation is to assume values for the parameters describing 
these two p.d.f.'s based on theoretical or empirical considerations and to 
compare the model simulation with experimental measurements of the 
resuspension flux as a function of time. 

4.4.1 Adhesive forces 

According to Zimon (1982), the adhesive forces of an ensemble of par
ticles on a surface follow a lognormal distribution (see also § 3.1). 

Some experimental data are available to determine the mean and the 
standard deviation of such distributions; however, since adhesive forces 
are sensitive to many parameters, the experimental conditions have to be 
very specific. Moreover, in the case of a multi-layer deposit, autohesive 
forces (i.e. forces acting between particles) have to be considered. At 
this time, no reliable data have been found in the literature for thi.v. 
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Start iterations 
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no 

Cube is removed 

- Replace removea cuoe by a new one 
with a randomly selected Faah 

- Count removed cube 

Same cuoe is ased for 
the next iteration 

Adjust number of cubes removed per iteration with 
the help of the experimental datum i 

Output 

Resuspension flux Fr vs time 

(for one flow velocity) l 

p.d.f.aero = probability density function for the aerodynamic forces 
p.d.f.3d/i = probability density function for the adhesive forces 
F«ro = aerodynamic force acting on a cube 
Fidh - adhesive force acting on a cube 

Figure 4.3: Flow dmrt for the simulation of the resnspensiou 

process for one flow condition 
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As a first plausible approximation, a H»gnormal law has been chosen 
to describe the probability density function hf the adhesive forces acting 
on the cubes. This law is described by: *v 

\ 

V.d.i.adh = - - = - — e
 2W< r*J [—} (4.2) 

Fadh • v 27r • l n o g force • 

where Fa(ih is the median of the distribution [force] 
IncTg is the log of the geometric standard deviation (= In 

GSD) [-] 

This lognormal law is thus defined by its two parameters, Fadh and ag\ 
in this study, these two values have to be assumed. 

Figure 4.4 shows the evolution of this p.d.f.a£//, as a function of time 
(according to the model); the "hardening" of the spectrum of the adhesive 
forces, which is responsible for the evolution of the resuspension flux as 
a function of time, can be well observed. 

4.4.2 Aerodynamic forces 

As shown in § 3.2, the flow structure in the wall region is not well 
defined; thus it is difficult to theoretically describe the forces acting on 
particles deposited on the surface. However, a new theoretical concept 
of a "viscous wall layer" has been proposed in § 3.2.3, which leads 
to the assumption that the aerodynamic forces acting on a particle are 
proportional to the wall shear stress. 

As described in § 3.2.3.2, the probability of occurrence of the wall 
shear stress is assumed to follow a Gaussian distribution. The p.d.f. of 
the aerodynamic forces can then be described as: 

P.d.f.«r. = - - W f W ' " ' - ) / 2 * 3 (_L_ ] (4.3) 

a • Z7T force 
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where 

a 

is the mean of the distribution and is proportional 
to the mean wall shear stress r0 iforcej 
is the standard deviation and is equal to | Fnero 

(see § 3.2.3.2) [force] 

ADHESIVE FORCE DISTRIBUTION 
at dif ferent iteration steps 

1.0 1.2 

ADHESIVE FORCE 

1.4 1.6 1.8 

Figure 4.4: Evolution of th> normalized probability density func
tion (p.d.f.) of the adhesive forces as a function of 
time (according to the resuspension model). The 
"hardening" of this p.d.f. with the number of itera
tions can well he observed. 

As noted in § 3.2.3.2, to assume a Gaussian distribution is not strictly 
correct, because it has been observed that the occurrence of high wall 
shear stress is somewhat greater than predicted by a Gaussian law. This 
simplification may partly explain the discrepancy between the experimen
tal results and the model simulations. However, due to its mathematical 
simplicity, this Gaussian assumption has been preserved. 
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4.4.2.1 Influence of the flow velocity 

As shown in equation (4.3), the Gaussian law which described the p.d.f. 
of the aerodynamic forces depends only on the mean wall shear stress 
To. Since T0 is proportional to the square of the skin friction velocity (eq. 
3.5), this p.d.f. will change for different flow conditions. 

In other words, both the mean and the standard deviation of the Gaus
sian distribution are proportional to the square of the skin friction velocity: 

Faero = « ' K [force] 

and a = a • -u2
m [force] (4.4) 

o 

where u+ is the skin friction velocity [m/s] 
a is a constant, depending on the size of a cube, the 

air density and so on [kg/m] 

In this model, it is only the relation between the forces that is important, 
i.e. the comparison of the aerodynamic forces with the adhesive forces. 
Thus, the two parameters describing the adhesive force distribution can 
be selected in such a way that this constant a equals 1. For example, 
figure 4.5 shows the normalized p.d.f.'s of the adhesive and aerodynamic 
forces for different flow velocities. Since it is the relative magnitude of 
the forces that is required, the unit for the forces axis is arbitrary. 

According to this model, changes in the flow velocity have another 
effect on resuspension; when the skin friction velocity u* increases, the 
bursting frequency /# also increases (eq. 3.3), and thus the duration of 
each iteration step decreases (see § 4.3): 

tit ~ —o (4.5) 

where tit is the duration of an iteration [s] 

The influence of the flow velocity on resuspension can be introduced 
as a subprogram in the flow chart described in figure 4.3; the p.d.f. of 
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Figure 4.5: Normalized p.d.f. 's of the adhesive and aerodynamic 
forces. The skin friction velocity u* is set as a pa
rameter, to show the evolution of the p.d.f.aero as a 
function of the flow velocity. 

the aerodynamic forces and the duration of an iteration will then depend 
on the flow velocity. 

4.4.3 Model inputs 

As it will be demonstrated later, the output of this simulation (i.e. the 
evolution of the resuspension flux Fr as a function of time) is strongly 
dependent on the input parameters. From theoretical considerations (§ 3), 
neither the aerodynamic nor the adhesive forces are well understood. 
Thus, at this time, too many input parameters remain unknown or poorly 
defined. 
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An attempt was made to reduce the number of these unknown pa
rameters; the assumptions made in the last paragraphs aie summarized 
below: 

• the adhesive force distribution follows a lognormal law, which is fully 
defined by two parameters, the median and the log of the geometric 
standard deviation. 

• the aerodynamic force distribution follows a Gaussian law, with both 
the mean and the standard deviation proportional to the square of the 
skin friction velocity. 

• the duration of an iteration is inversely proportional to the square of 
the skin friction velocity. 

It is not clear if these first assumptions are correct, and one can try to 
apply the same basic concept of this simulation (flow chart figure 4.3) to 
other types of distributions; however, in this study, it will be assumed 
that these hypotheses are valid, and the pre-fixed parameters will not be 
changed during subsequent model testing. 

Thus, the only input parameters which have to be selected are the 
relative median and geometric standard deviation (relative compared to 
the aerodynamic forces) of the adhesive force distribution. Moreover, one 
experimental datum is needed to find the scaling factor between model 
and experiment, i.e. to account for the mass of a removed cube and for 
the duration of an iteration step. 

This model will then predict, for different flow conditions, the absolute 
evolution of the resuspension flux Fr as a function of time. 

4.5 Model results 

The primary objective of this model is to evaluate the extent to which the 
particle resuspension process can be simulated with a stochastic model. 

This semi-empirical model is more a theoretical concept than a real 
physical description of the phenomenon. Moreover, as explained pre
viously, it requires an empirical datum, as input, in order to calibrate the 
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output. Thus, this model does not pretend to give a numerical solution 
of the resuspension based on the force distributions only, but rather an 
explanation of the decrease in the resuspension flux Fr as a function of 
time. 

However, as shown in figure 4.6, this model is able to perfectly predict 
this power law relationship, which has been experimentally observed to 
best fit the decrease of the resuspension flux. In this figure, the simulated 
resuspension flux is compared with experimental data. The oscillations 
show a genuine trend of the resuspension phenomenon (due to its stochas
tic nature); however, they are dependant on the model configuration (i.e. 
number of cubes n per layer), and can be artificially smoothed out. The 
PARESS experimental set-up is not able to detect such fluctuations, and 
only mean values are considered in this work. 

The output of the simulation depends on the selecteo input probability 
density functions (p.d.f.'s) of the forces; not? that an alternative combi
nation of the p.d.f/s could have given the same results. This problem 
will be discussed later in more detail, in the paragraph concerning the 
limitations of this model (§ 4.5.3). 

4.5.1 Influence of the flow velocity 

As described in § 4.4.2.1, the p.d.f. of the aerodynamic forces as well 
as the duration of an iteration are functions of the skin friction velocity. 
These functional relationships have been introduced as subprograms in 
the flow chart described in figure 4.3, and the model was run for differ
ent flow velocities. The inputs are the median (5,5 [force unit))2 and the 
geometric standard deviation (2,2) of the adhesive force distribution and 
one experimental datum. The model then predicts the evolution of the 
resuspension flux as a function of time, for different flow velocities (set as 
parameter). In figure 4.7.a, the simulation is compared with experimental 
data from test T10. It can be seen that this model is perfectly able to 
simulate the behaviour of the resuspension flux as a function of time and 
flow velocity, at least for velocities greater than 9 m/s. This shows that 

2Onc force unit is equal to the mean aerodynamic force acting on a cube due to a skin friction velocity 
of I m/s. 

56 



RESUSPENSION FLUX VS TIME 
comparison between model simulation and experimental data(TIO) 
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Figure 4.6: Comparison of a model simulation with experimental 
data. The oscillations show a genuine trend of the 
stochastic nature of the resuspension process. 
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the basic concept of the model is probably correct, and the assumptions 
concerning the force distributions (especially the aerodynamic forces) are 
not too far from the reality. 

This last example is not an exception, and the model is able to pre
dict the behaviour of Fr experimentally observed for different deposits. 
This is demonstrated in figure 4.7.b, which shows the output of another 
simulation. In this case, the input parameters were: median = 1,7 force 
unit and GSD = 1,88. Comparisons with experimental data from test 
T17 once again show that the model is perfectly able to simulate the 
behaviour of the resuspension flux for velocities greater than 9 m/s. 

However, in these examples, the model overpredicts the resuspension 
flux at small flow velocities; it is not able to describe the sharp decrease 
in the experimentally observed resuspension flux, when the flow velocity 
is less than 9 m/s. This phenomenon may be due to a change of the flow 
regime (like the transition laminar-turbulent), not simulated in this model, 
or to other effects appearing at small flow velocities, and not taken into 
account. 

The discrepancy could also be due to the rather simplistic assumptions 
made regarding the renewal of the particles after each iteration, or to 
an incorrect adhesive force distribution. At this point, it is opportune to 
note that, because of the large number of experimental data to be fitted, 
the process of finding the right parameters describing this distribution 
is tedious. Moreover, due to the uncertainty in the experimental data, 
alternative force distributions could have also prov. ''• 3asonable fits. 
Thus, despite the similarity between a simulation output aiid experimental 
data, no absolute answers can be given concerning the adequacy of the 
input parameters. 

This simulation provides, however, a physically plausible explanation 
for the observed decrease in the resuspension flux as a function of time 
and flow velocity. 
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RESUSPENSION FLUX Fr vs TIME 
compar ison between model simulation and experimental data (T10) 
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Figure 4.7.a: Comparison of the model simulation (median = 5,5 
force unit, GSD = 2,2) for different flow velocities 
with experimental data from test T10. In this log-
log plot, a power law relationship is represented by 
a straight line. 5 9 



Fr vs t ime 
compar ison between model s imulat ion and experimental data(T17) 

10-

10-

. _ .33 
^ *mm ^ 

10-

10" 

~»* 

k. *'"• 
X . 

* ~ * 
" * \ 

^•^ \M 

u 

• 
• 
• 

* 

.70 

.61 

.33 

(Ua.) rrVs 

(17 .5 ) 
(15) 
( 7 . 5 ) 

\ V ^ ' \ 

100 

1' tyi 
1000 

Time (s) 

Figure 4.7.b: Comparison of the model simulation (medmn = 1,7 
force unit, GSD = 1,88) for different flow velocities 
with experimental data from test T17. 
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4.5.2 Parametric study 

As shown in the last section, this model is able to predict, for a given 
adhesive force distribution, the behaviour of the resuspension flux as a 
function of time and flow velocity. It is also interesting to observe hov 
the model responds to variations in the adhesive force distribution, which 
is the objective of this parametric study. It has been assumed that the 
p.d.f. of the aerodynamic forces is fully defined by the skin friction 
velocity (see § 4.4.2.1); the only remaining input parameters are then the 
median and the geometric standard deviation (GSD) of the adhesive force 
distribution. 

As previously noted, the experimentally observed decrease in the re-
suspension flux Fr as a function of time can best be described by a power 
law relationship of the form: 

Fr(t) = a-t~h [kg/m2 • s] (4.6) 

where t is the time of exposure to the airflow [s] 
a and b are parameters depending on the deposit and flow 

conditions 

This power law is then fully determined by the two parameters a and b. 
For each run with new input parameters, a regression analysis (assuming 
a power law relationship) has been conducted, to determine these two 
parameters. 

The model predictions for the evolution of the parameters a and b as 
a function of the skin friction velocity, and for different adhesive force 
distributions (set as parameter), are shown in figu^s 4.8.a and 4.8.b. 

The first interesting result is that, according to this model, the exponent 
h is not constant; it depends on the skin friction velocity. Furthermore, 
this dependence does not remain constant for different adhesive force 
distributions (see figure 4.8.b). Such behaviour, also observed in the 
PARESS experiment (§ 6.4.1), has previously not been reported in the 
literature. 
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MODEL SIMULATION 
a vs u. 
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Figure 4.8.a: Evolution of the parameter u(= Fr{t — I)) as a func
tion of the skin friction velocity as predicted by the 
theoretical model. The median and the geometric 
standard deviation (GSD) of the adhesive force dis
tribution are set as parameters. The grey area repre
sents the experimental data range (see figure 6.11). 
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Figure 4.8.b: Evolution of the exponent b (from Fr — a • 1~h) as a 
function of the skin friction velocity as predicted by 
the theoretical model. The median and the geome
tric standard deviation (GSD) of the adhesive force 
distribution are set as parameters. The grey area 
represents the experimental data range (see figure 
6.12). 
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A general trend is that the exponent b decreases with a decrease of 
the geometric standard deviation of the adhesive force distribution; in the 
extreme case where this GSD is equal to 1 (i.e. monodisperse adhesive 
force), the exponent b reaches 0! In other words, if the adhesive forces 
holding particles on a deposit are all identical, the resuspension flux from 
a multi-layer deposit will be constant, as anticipated (see Paw U, 1982). 

This fact can be observed in figure 4.9, which shows the evolution of Fr 

as a function of time as predicted by the model, assuming a monodisperse 
adhesive force. In the same figure, the evolution of the resuspension flux 
from a mono-layer deposit (according to the modified model, § 4.5.4), 
assuming a monodisperse adhesive force, is also shown; in this log-linear 
plot, an exponential law is represented by a straight line. Thus, it is clear 
that in this case, the decrease of Fr as a function of time is best described 
by an exponential law of the following form: 

Fr = c • e""' [kg/in2 • s] 

where t is the time of exposure to the airflow \s] 

c and d are parameters depending on the deposit and flow 
conditions. 

The prevalence of an exponential law in such a situation was again 
predicted from theoretical considerations (see Paw U, 1982). However, 
as it will be shown in § 4.5.4, in a real situation, where a monodisperse 
adhesive force is not possible, the decrease of Fr as a function of time 
will also follow a power law. This shows that the observed behaviour 
of Fr as a function of time (both from a multi- or a mono-layer deposit) 
can only be explained by assuming a broad adhesive force distribution. 

Another more evident result which can be observed in figure 4.8.a is 
that parameter a increases with the flow velocity; and once again, this 
increase changes with different adhesive force distributions. 

From this parametric study, it appears that both parameters a and b of 
the power law rei.tionship (eq. 4.6) depend on the flow conditions and 
the adhesive force distribution. Unfortunately, it was not possible to find 
an analytical relationship between the power law parameters (i.e. a and 
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b) and the model input parameters (i.e. u*t median and GSD). Thus, the 
model itself must be exercised to provide the relationship between the 
resuspension flux, the flow velocity and the adhesive force distribution. 

RESUSPENSION FLUX vs TIME 
model simulation for a monodiperse adhesive force 
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Figure 4.9: Fr as a function of time as predicted by the theore
tical model assuming a monodispcrse adhesive force. 
From a multi-layer deposit, Fr is constant, while 
from a mono-layer deposit, Fr follows an exponen
tial law (in this log-linear plot, an exponential law is 
represented by a straight line). 
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4.5.3 Limitations of the model 

As previously stated, the output of this simulation strongly depends on 
the input parameters. Different p.d.f.'s of the forces can provide the same 
result; on the other hand, these input parameters have to be selected from 
a certain range, in order to provide a "realistic" output. 

These limits are difficult to set, since the real behaviour of the resus-
pension flux is poorly understood. In the PARESS experiment, only a 
small range of adhesive and aerodynamic forces has been covered, thus it 
is not possible to establish that this power law relationship is applicable 
under all situations for describing the decrease in the resuspension flux 
as a function of time; it could be unique to the range tested. 

In the example shown in figures 4.7, the model is unable to predict 
the change in the resuspension flux at low velocities (£/»> < 9 rn/s) using 
the same set of parameters as for the higher velocities. This appears to 
be a general trend, reflecting a limitation of this model. It should be also 
noted that, as the flow velocity decreases, the correlation coefficient R2, 
which is a measure of the goodness of fit of the experimental data to the 
power law assumption, also decreases. 

The model also has its limitation for describing small adhesive force 
distributions; indeed, in some situations, the exponent b starts to decrease 
with an increase in the flow velocity. This behaviour, has never been 
observed experimentally, and at this time, it is not clear if it is a genuine 
trend or a weakness in this model. On the other hand, high adhesive 
forces provide good power law relationships. 

In the example shown in figure 4.7.a, the p.d.f. of the adhesive forces 
has a median equal to 5,5 [force unitj and a geometric standard deviation 
of 2,2; these values can be assumed to be adequate center parameters 
of the input range. At this time, resuspension is not sufficiently well 
understood to really define limiting parameters to this model. 
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4.5.4 Application to a mono-layer deposit 

The model has been modified in order to simulate the temporal behaviour 
of the resuspension flux from a mono-layer deposit. The simulation shows 
that the decrease in the resuspension flux still follows a power law, but 
with an accelerated decrease, as expected. In figure 4.10, the simulation 
for the resuspension from a mono-layer is compared with that from a 
multi-layer; in this log-log plot, the straight lines indicate power law 
relationships. 

Fr vs Time 
s imulat ion for a m o n o - l a y e r deposit 
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Figure 4.10: Fr as a function of time as predicted by the model; 
comparison between a mono and a multi-layer de
posit. 
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4.5.5 Conclusions concerning the resuspensian model 

The model, based on a simplified description of the interactions between 
the probability density functions of the adhesive and aerodynamic forces, 
is able to simulate the experimentally observed decrease with time of 
the resuspension flux from a multi-layer deposit. Moreover, based on 
the theoretically justified assumption that the aerodynamic forces are dis
tributed according to a Gaussian law, with a mean and a standard devia
tion proportional to the square of the skin friction velocity, and that the 
duration of an iteration is inversely proportional to the square of u+, it 
also described the observed decrease in the resuspension flux for different 
flow velocities. 

On the other hand, it seems that the model adjusted to fit the high-
velocity data, does not work well at low flow velocities, which shows 
one of its limitations. 

Some refinements can be incorporated to improve this model, such as a 
relationship between the size of a removed cube and the adhesive force, or 
the influence of the interactions between cubes within a layer. However, 
at present, a better understanding of the adhesive and aerodynamic forces 
is needed before continuing further in this direction. 
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5 Experimental Design and Procedure 

PARESS (= PArticle RESuspension Study) is a two step experiment. In 
the first step, aerosols are allowed to settle on plates (= coupons) placed 
on the bottom of a deposition tank. In the second step, the coupon 
is placed in a wind tunnel and the resuspended mass measured. The 
experimental set-up is shov/n in figure 5.1. 

PARESS Experiment 
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Figure 5.1: PARESS experiment; the first step concerns the de
position and the second step the resuspension part 
of PARESS 
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5.1 Deposition tank 

The deposition tank is a 6501 stainless steel vessel, insulated and heated. 
It has a cylindrical form, with a height of 1,5 m. Its bottom is equipped 
with a heating coil which can be submerged with water; in this way, steam 
can be generated to simulate the atmospheric conditions of a core-melt 
accident; these are monitored by a manometer, an hygrometer and a ther
mometer. The maximum pressure and temperature are 3 bars (absolute) 
and 120°C, respectively. 

The coupons (smooth stainless steel, 10 x 30 cm2) are placed just 
above the water level. Seven coupons can be produced at one time. 

Two aerosol generators have been used; a fluidized ball and a plasma 
torch. Both are prototypes. 

An impactor and a filter, located in the middle of the tank, measure 
the size distribution and the mass concentration of the airborne particles, 
and give an idea of the shape of the particles. 

5.1.1 Hygrometer-Thermometer 

This combined device is a Rotronic-Hygromer C83, type 1-300. The 
mechanism is based on the change of the dielectricity of a sensor due to 
the humidity; the temperature is measured via a Pt-100 thermocouple. 

5.1.2 Impactor and filter sample line 

An inertia! impactor Andersen Mark-Ill, 8 stages, has been used to de
termine the particle size distribution (per mass) of the aerosol during 
deposition. The 50% cutpoint diameters given by the manufacturer, cor
rected for pressure and temperature (Mark-Ill Operating Manual, 1980), 
have been used. 

A filter sample has been used to measure the aerosol mass concentra
tion and to determine the particle shape, by scanning elec'ronmicroscope 
analysis of the filters. 
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These two instruments use the same sampling line technique; they 
are heated to avoid water condensation on the collecting surface. After 
passing through the instrument, the gases are cooled to condense the 
vapour, and both water and "dry" air are measured separately. In this 
way, the exact volume passing through the devices can be evaluated. The 
instrument circuit is schematically shown in figure 5.2. 
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Figure 5.2: Impactor and filter sample line 

5.1.3 Fluidizsd ball aerosol generator (prototype) 

The working mechanism of this aerosol generator is simple; as an air
flow forces its way up through a particle bed, it creates a "boiling" action, 
which reentrains particles into the bulk of the airflow. With fine pow
der, where autohesive forces1 play a significant role, the powder does 

'The autohesive forces are defined as the adhesive forces acting between particles. 
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not expand uniformly but breaks into separate aggregates with slit-like 
passages between them. Consequently, much of the air flows through 
these passages, thus hindering good particle reentrainment. The idea is 
to mix small glass balls with the powder to deagglomerate the particle 
bed; the size of these balls is selected such that they do not escape from 
the aerosol generator chamber. 

F'uidized - ball aerosol generator 
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(7) nozzle 
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Figure 5.3: Fluidized ball aerosol generator (prototype) 

Figure 5.3 shows a diagram of this device. It is composed of a plexi
glass tube, which acts as a vertical elutriator to retain the small glass 
balls. The airflow is first forced through a bed of big glass balls, in order 
to render uniform the flow over the entire section of the generator. 
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The efficiency of this device depends on the powder used; under PA-
RESS conditions, the aerosol mass concentration at the outlet ranges from 
0,1 t<? 25 g/m3, for particle diameters (AMMD)2 between 2 and 4 /*m, 
and vKth an aerosol flux of 400 1/min. 

I 
i 
£ 

5.1.4 Plasma-torch aerosol generator 

The aero.ol formation process in this generator is based on a thermal 
process uj ing a commercial plasma gun (Metco 3M, 40 kW) as a heat 
source. Airborne tin oxide is produced by evaporating tin powder which 
is subsequently oxidized by 0 2 and quenched. It forms small primary 
particles (( 1 - 0,2 j/m) which then agglomerate rapidly. 

Due to it complexity, this generator has only been used once during 
the PARESS experiment. 

5.2 Wind tunnel 

The goal of the K1JIESS experiment is to study the resuspension of 
particles in a turbult it boundary layer. A steady-state, fully developed 
turbulent boundary la> ».r over a flat plate produced in a wind tunnel is 
used. This reduces the lumber of variables which must be considered 
to understand the processed involved in particle resuspension. The wind 
tunnel was specially built ft * the PARESS experiment. 

Figures 5.4 (a and b) show aV'iagram of this wind tunnel. Air is drawn 
in through a filter by a propeller U > driven by a motor (2,5 kW). The fan 
and the motor are insulated from tht ust of the wind tunnel by dampers. 
This is followed by expansion through diffuser with an angle of 7° into 
a settling chamber. This chamber is foiled by a high efficiency filter 
S3, a honeycomb and two mesh screens in V.-ies; its main purpose is to 
straighten the flow, to remove swirls generated L the fan and to produce 
more isotropic, small-scale turbulence. The flow v ?n passes through a 
contraction between the settling chamber and the worki.....- section (surface 

2 A M M D = Aerodynamic Mass Median Diameter (sec definition in fj 6.2) 
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Figure 5.4.a: PARESS wind tunnel with the measuring table 
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Diagram of the P A R E S S wind tunnel 
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Figure 5.4,k: PARESS wind tunnel; the overall length is around 
12 m 
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area ratio: 6,3 to 1). The working section, with a cross sectional area 
of 0,25 x 0,25 m2, is 3,5 m long. Its bottom is covered with a smooth 
stainless steel plate. 

After 3 m from the entry of the working section, a rectangular cut 
(0,1 x 0,3 m) is bored in the bottom plate allowing the coupon to be 
introduced into the wind tunnel, level with the bottom. The gap between 
the coupon and the edges of this cut is less than 0,5 mm. 

The variable speed motor control unit (Renold AC) allows the selection 
of any mean free velocity t/^ between 0 and 25 m/s; a constant airflow 
accelerating rate can be selected between 0,7 and 5 m/s2. 

5.3 Wind tunnel instrumentation 

The wind tunnel is equipped to precisely measure the aerodynamic con
ditions and the resuspended mass. Figure 5.5 shows the key parameters 
that have been measured. As it can be seen, the important parameters 
are obtained in redundant ways, in order to confirm the reliability of the 
measurements. 

Table 5.1 summarizes all the measuring systems used in the wind 
tunnel, with their working range and their overall accuracy. 

53.1 Hygrometer-thermometer 

The airflow humidity and temperature have been measured with the same 
device used during the deposition process (see § 5.1.1). 

5.3.2 Pitot tube 

The most common device for determining the mean velocity of a stream 
is the Pitot tube. Figure 5.6 shows a diagram of the device; the orifice 
at A reads the total pressure (p + ^pU^) and the orifices at B read the 
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PARESS : WINDTUNNEL INSTRUMENTATION 
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u* = skin friction velocity [m/s] 
r0 = wall shear stress [Pa] 
T = temperature [°C] 
p = density [kg/m3] 
v - kinematic viscosity [m2/s] 
Fr - resuspension flux [kg/m2- s] 
r.h. = relative humidity 

Figure 5.5: Flow chart of the key parameters measured in the 
PARESS wind tunnel 
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Figure 5.6: Diagram of a Pitot tube 

static pressure p. The pressure from the two orfices are connected across 
a differential pressure transducer Multur Kal 84, which measures \pU^, 
from which the velocity U^ may be calculated (p = gas density kg/m3). 

5.3.3 Constant temperature anemometer (or hot-wire anemometer) 

The hot-wire anemometer measurements are based on the heat loss from 
an electrically heated sensor caused by the flow of fluid near the sensor. 
This cooling causes a change in the probe resistance, which results in an 
increase of the amplifier output current. 

The sensor used in PARESS is a gold-plated wire sensor, 5 /tin in 
diameter. The small size of the sensor allows a very local and fast 
measurement of the velocity. On the other hand, it is very fragile and 
cannot be used when particles are in suspension. The probe is mounted on 
a traversing mechanism Mitutoyo, with a positioning accuracy of 10 //in. 
This allows establishment of good velocity profiles throughout the wind 
tunnel section. 
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Measured quantity 

Air temperature [°C] 
Air relative humidity [%] 

Mean flow velocity U^ [m/s] 

Mean and fluctuating velocity 
w,«' [m/s] 

Wall shear stress r0 [Pa] 

Wall shear stress T0 [Pa] 

Static pressure p [Pa] 

Resuspended aerosol concen
tration C; in % absorption 

Mass removed 

Instrument or technique 

Rotronic Hygromer 1-300 

Pitot tube and pressure 
transducer Multur Kal 84 

Constant Temperature 
Anemometer DISA 55 D 

Aerodynamic balance 
(prototype) 
Preston tube and pressure 
transducer Multur P- sensor 

pressure transducer Multur 
P-sensor 

Array-photometer 
(prototype) 

balance Mettler PM400 

Working range 

-50-=- 150 °C 
0-r 100% 

3 -r 25 m/s 

0,2 -j- 25 m/s 

0,05 H- 1,5 Fa 

0,04 -i- 1,5 Pa 

0 -r 200 Pa 

0,01 -j- 10 g/m3 

1 mg - 400 g 

Overall accuracy 

± 0,5°C 
± 1,5 % 

± 1 % of measured velocity 

from 0,2 to 3 m/s, ± 5 % of measured velocity 
from 3 to 25 m/s, ± 1 % of measured velocity 

± 0,05 Pa 

± 5 % of the measured r„ 

± 1 % of the measured p 

not calibrated 

± I mg 

Table 5.1: Measuring instruments used in PARESS wind tunnel 



As explained in § 3.3.1, the wall shear stress T0 can be expressed as: 

On , 
T0 = '1 • T P Vr,0 (O. l ) 

where IJ = dynamic viscosity [kg/m - sj 

« = flow velocity in the x-direction |m/sl 

y = direction normal to the surface [ml 

This relationship means that the wall shear stress is directly propor
tional to the velocity gradient perpendicular to the surface; r„ can then 
be derived from the velocity profile in the boundary layer. 

5.3.4 Aerodynamic balance (prototype) 

This balance has been developed to measure the wall shear stress on a flat 
plate by measuring the force exerted upon a movable part of the surface. 
The movable part is the coupon and the force is measured by a load 
cell Maywood B4000. Figure 5.7 shows a diagram of this aerodynamic 
balance. Since the coupon surface area is large (300 cm2), this instrument 
indicates only an average value of the wall shear stress. 

At ihe early stage of this work, this method was foreseen as the only 
suitable one for measurement of this kind of surface friction occurring 
during resuspension (i.e. with resuspended particles), since it does not 
rely on any physical assumptions regarding the nature of the boundary 
layer. Construction difficulties (friaion, inertia), and the demonstration 
that under PARESS conditions, the resuspended particles have no effect 
OR the wall shear stress (see § 3.3), led to occasional use only of this 
balance. 

5.3.5 Preston tube 

A Preston tube is simply a Pitot tube pressed against the wall; it provides 
a simple and accurate way for measuring wall shear stress. 
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Figure 5.7: Diagram of the aerodynamic balance (prototype). 
Due to the wall shear stress, the coupon moves 
against a restoring force produced by the load cell. 

The universal inner law, or law of the wall, which gives the distribution 
of the mean velocity in the wall region is commonly expressed as: 

«* v v > 
(5.2) 

where v 

u* 

= kinematic viscosity [m2/s] 

= skin friction velocity [m/sl 
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This law states that in a turbulent boundary layer, a region exists close 
to the wall (= laminar sublayer) in which the flow is largely determined 
by the wall shear stress and the properties of the fluid, independent of 
the nature of the outer turbulent flow. Preston (1954) first used a Pitot 
tube to measure this velocity u near the wall and found the following 
relationship: 

T0<t\ /APrf? 
-zr) (5-3) pi/2 v pv 

where dt = Pitot tube diameter [m] 
A P = Pitot tube differential pressure [Pa] 
p = fluid density (kg/m3] 

This expression provides a means of determining the wall shear stress, 
since for a Pitot tube of given geometry, the function g can be simply 
and accurately determined from pipe experiments, where the wall shear 
stress is proportional to the measured pressure drop. In PARESS, the 
Preston tube has been calibrated with the help of the calibration curves 
provided by Patel (1965). 

53.6 Array-photometer (prototype, R. Taubenberger) 

This device, located 30 mm downstream of the coupon, measures the 
resuspended aerosol concentration at five different heights above the sur
face (2 mm, 12 mm, 22 mm, 32 mm and 52 mm). Figure 5.8 shows a 
diagram of this prototype. After passing through a chopper (the light is 
modulated to avoid interference with parasitic ligtit), a laser beam is split 
into five parts by an optical set-up. By reflecting off mirrors, each sec
ondary beam travels several times (1 to 13 times) across the wind tunnel 
before focusing on a detector (Positive Intrinsic Negative (PIN)-diode); 
in this way, the senshivity of the optoelectronic device is increased. 
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Figure 5.8: Sketch of the array-photometer (prototype). The 
view shows a cross section of the wind tunnel, just 
after the deposition plate. 
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The measuring theory is as follows; the laser beam, with an initial 
intensity ID> is attenuated by scattering and absorption of the light by 
the particles along the measuring distance /. The ratio between the out
put beam intensity / and the initial intensity I0 is called transmittance 
T. According to Bouguer*s law, T = -j- = exp(—k - /), where & is the 
extinction coefficient, related to the particle number concentration n by 
k = na- E[l/m] where a is the particle optical cross section and E its 
extinction coefficient. As indicated in the last equation, the light attenua
tion is a function of the panicle number concentration and of the particle 
size. When applied to resuspension flux measurements, where both the 
particle size and number concentration can change rapidly, calibration of 
this device is difficult. Moreover, it is assumed that the aerosol concen
tration at a certain high is proportional to the resuspension flux, which is 
not totaly correct (see resuspension factor, § 1.2). Thus, in PARESS, only 
relative measurements have been produced by the array- photometer. 

5.4 Data Acquisition System (DACS) 

In the PARESS wind tunnel, all the data (except those resulting from the 
on-off technique, described in § 5.5.2.1) are sampled via an interface on 
a PC. The data can then be transferred to a VAX computer for further 
analysis. The interface simultaneously receives 32 signals, with an ad
justable frequency of up to 50 Hz. For high frequencies, a buffer (256 
kByte) has to be used between the interface and the PC. Data acquisi
tion is initiated from the PC. Figure 5.9 shows a flow chart for this data 
acquisition system. 

The data obtained from the on-off technique are sampled manually and 
then introduced into a PC for further analysis (regression, plot). 
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Figure 5.9: Flow chart of the DAta Acquisition System 

5.5 Experimental procedure 

5.5.1 Deposition 

During the first step of the PARESS experiment, seven clean deposition 
plates (= "coupons") are placed on the bottom of the deposition tank. By 
introducing water under the plates and heating, the atmospheric conditions 
within the vessel can be coarsely adjusted. The aerosol is then introduced 
until the total pressure reaches 3 bars; at this time, the aerosol mass 
concentration is between 0,2 and 50 g/m3 (depending on the povJer used 
in the aerosol generator). The particles are allowed to settle on the 
coupons for one or two hours, then aerosol is again introduced. Depen-
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ding on the aerosol mass concentration, this operation is repeated several 
times (1 to 10), until a sufficient deposited mass has been attained. 

Since this deposition process is not continuous, it is difficult to main
tain constant atmospheric conditions (i.e. relative humidity, temperature) 
during the entire operation. 

The coupons are then removed and stored in air-tight boxes. 

5.5.2 Resuspension 

During this second step, two different procedures have been applied: the 
on-off technique and the continuous run, which requires the use of the 
array-photometer. 

5.5.2.1 On-Off technique 

In this case, the coupon is placed in the wind tunnel, level with the 
bottom. The airflow is increase with a constant acceleration rate up to 
a predetennined velocity and then stabilized for the required length of 
time At. The coupon is weighed before and after the run, in order to 
determine the mass removed during At 

At the end of each measuring period, the airflow is tumed-off and the 
coupon removed and weighed (balance Mettler PM 400). The coupon is 
then replaced in the wind tunnel and the airflow tumed-on again. The 
resuspension flux Fr during this period is defined as: 

r = — A T S — 'g /c m ' s ' ^ ' 

where Mjnu. = mass of the coupon before measuring period [g] 

Mfin = mass of the coupon after measuring period [g] 

A/ = measuring period [s] 

S = surface area of the coupon = 300 [ cm2] 
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As it will be shown later, the decrease of the resuspension flux Fr as 
a function of time is not linear, but follows a power law; however, this 
linear approximation can be used after 15 seconds, with a relative error 
of less than 10 oercent. 

This technique assumes that the removed mass is equal to the resus
pended mass (i.e. no creeping); this is true for small particles such as 
used in PARESS experiment. 

5.5.2.2 Continuous run 

The initial steps of this procedure are the same as those in the previous 
technique; the difference being that the airflow is held constant and the 
coupon is never removed during the entire experiment. The resuspended 
mass is measured with the array-photometer. Since this technique is non-
intrusive and the airflow is running continuously, it is possible to assess 
the importance of effects like flow start-up. 

As explained in § 5.3.6, the array-photometer has not been calibrated; 
it only indicates relative values. This procedure has therefore been used 
to confirm the validity of the on-off technique, i.e. to prove that the 
observed phenomenon (power law decrease) is not due to a procedural 
artefact. Moreover, some rapid phenomena like initial resuspension and 
denudation have clearly been identified with this technique. 

5.6 Data analysis 

The emphasis in this work was on a macroscopic approach to the resus
pension problem; no attempt has been made to study very fast phenomena 
like resuspension from a single burst. The data collected with a high fre
quency were averaged. Most of the time, only mean values are used. 
However, the raw data have been examined in some cases, for example 
when trying to determine the correlation between wall shear stress and 
denudation. 

The data obtained from the on-off technique were examined with the 
help of regression analysis, as presented in the next paragraph. 

87 



5.6.1 Regression analysis 

Regression analysis has been used to investigate functional relationships 
between the resuspension flux and time. The standard approach is to use 
a sample of data to compute an estimate of the proposed relationship, 
and then evaluate the fit. 

After initial examination of the data, it has been seen that the relation
ship between the resuspension flux (Fr) and time (0 closely fits a power 
law: 

Fr = a-r6 [g/cm2 • s] (5.5) 

One advantage of this function is that it can be made linear by appro
priate transformations. Let y — log Fr and x — log t, then the relationship 
becomes y = log a — for, which in a loglog-scales plot, is a straight line. 

Thus, in order to accomplish linear regression, the analysis is carried 
out on transformed variables. The regression equation takes the form 

y = b0 — bx (5.6) 

with b0 - log a 

For each pair of data, the relationship between y, and x, is formulated 
as a linear model. 

y, = /30 + /3i Xi + u{ i'• = 1,2,..., n (5.7) 

where 0O and (3\ are the model regression parameters, and u, is a 
random disturbance. The parameters (30 and /?] are estimated by the 
method of least squares which involves minimizing the sum of sauares 
of the residuals S(A>, A), where S(po, fa) = £"=1 uj. 

The values of (30 and f3{ that minimize S(P0J3\) are b0 and b, given 
by: 
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b = - r < ( g3y r ) and b0 = y + bx (5.8) 

with 7/ = ^ > ;F = £ ^ 

(5.9) 

where n = number of observations 

In order to evaluate the goodness of fit of the model, the sample cor
relation coefficient R has been used. R is defined as: 

tf = i- | ^ f ~ & e [o. l] (5.io) 

where y, = b0 - for, is the response value predicted by the model for 
the ith observation. If R2 is close to 1, then x explains a large part of 
the variation in y. However, a large value of R2 does not ensure that the 
data has been fitted well. 

A simple and effective method tor detecting model deficiencies in 
regression analysis is by examining the residuals. The residual r, is 
defined as 

(-i^yi-Ui (5 . i i ) 

and the standard residual r„ as 

eis = — , where s = — (5.12) 
s n — 2 

In general, when the model is correct, the standardized residuals tend 
to fall between 2 and -2, being randomly distributed about zero. 

The residual plots (e.g. standardized residuals versus order in which 
the observations occur) should show no distinct pattern of variation. 

This technique allows detection of the presence of extreme data points 
or outliers in a set of observations. Outliers may occur because of mea
suring errors; they may also be genuine observations. In this study, the 
statistical decision rule Tor detecting outliers is that the absolute value of 
the standardized residual must be smaller than 2. If the outlier is assumed 
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to be the result of measurement error or of non-suitable effect (e.g. de
nudation), it will be deleted and forgotten. A new regression analysis is 
then performed with the new data set (i.e. data set without the extreme 
data points). 

Figure S.10 shows an example of such residual plot; the standardized 
residual of each observation (in this case, the resuspension flux Fr) is 
plotted as a function of the chronological order of observation. In this 
example, the outlier A is probably due to denudation; this observation 
has been then deleted, and a new regression analysis conducted. 

For each data set (i.e. each test with the same plate deposit and same 
airflow conditions), a regression analysis has been performed, including 
an analysis of the residuals. 

PLOT OF RESIDUALS 
test T10,ustar=.61 

SEQUENCE No. 

Figure 5.10: Example of a residuals plot; the standardized resid
ual A is probably due to denudation 
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5 Experimental Results 

In order to better understand particle resuspension from a multi-layer 
deposit by fluid forces, the resuspension flux has been measured experi
mentally as a function of time and flow velocity. 

The main finding of this work is that the resuspension flux Fr decreases 
as a function of time of exposure to the flow. This effect is not obvious, 
since the number of "resuspendable" particles from a multi-layer deposit 
remains constant with time. This decrease in resuspension flux is related 
to the fact that the proportion of strongly adhered particles increase:, with 
time of exposure to the flow; this is the main idea of the resuspension 
model presented in § 4 

Thus, in this experiment, the resuspension flux Fr has been measured 
with two different methods (on-otf technique and array- photometer), and 
then correlated to the wind tunnel flow conditions, namely with the skin 
friction velocity «,. 

6.1 Wind tunnel flow characteristics 

The flow characteristics in the measuring section (i.e. above the depo
sition plate) were examined at several velocities to determine whether 
the flow maintained a proper profile throughout the entire section. This 
flow requirement was that all swirling motions in the flow caused by the 
fan blades or the bends be eliminated using a combination of expansions, 
screens and contractions; another important requirement was that the flow 
is homogeneous over the entire deposition plate. 

This was tested by both flow visualization and hot wire velocity mea
surements. In figure 6.1, the normalized velocity profile above the de
position plate is shown for two different mean flow velocities U^, 5 
and 20 m/s. Over a flat plate, the universal logarithmic velocity profile 
equation is given by (Schlichting, 1979): 

— = 5,85 log y
+ + 5.56 [-] (6.1) 
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where u 

y+ 

y 

u, 
V 

- mean velocity in the x-dirction 
y •«• 

V 
[-] 

= direction normal to the surface [m] 
= skin friction velocity [m/s] 
= kinematic viscosity [m2/s] 

1 v . 

1000-

100-

10 
10 

° U . = 20.5 [ m / s ] 

i U a = 5.4 t m , s l 

— : 5.85 log y+ • 4 

- 1 -
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Figure 6.1: Normalized velocity profile above the deposition 
plate (without aerosol); experimental results for two 
different mean flow velocities Uoc 

This equation is valid for a smooth surface. In the PARESS wind 
tunnel, this relationship has been found to be: 

u 
« • 

~5,851og?y+ + 4 (6.2) 

This difference in the second term of the equation 6.2 is probably due 
to a protrusion (=> roughness) created either by the leading edge of the 
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deposition plate, or by the gap between the deposition plate and the wind 
tunnel bottom. 

From these measurements, it has been found that the boundary layer 
thickness 6 is around 60 mm for U^ = 5 m/s and 37 mm for LT

X = 20 
m/s. These values have been confirmed by other measurement techniques. 
The corresponding values for the Reynolds number1 are Reo — 2300 for 
Uoo = 5 m/s and Re0 = 4900 for U<x> = 20 m/s, respectively. 

Flow velocity measurements have been repeated throughout the entire 
width of the wind tunnel: fluctuations in the mean velocity have been 
found to be less than 6% of the average value. 

Since the boundary layer thickness fi increases along the plate, the 
aerodynamic section2 of the wind tunnel decreases with distance, and 
thus the mean flow velocity outside of the boundary layer (7^ increases. 
Over the length of the deposition plate, however, this change amounts to 
less than 1% of the mean flow velocity. 

In figure 6.2, the turbulence intensity3 is plotted as a function of the 
height above the deposition plate; at a normalized distance of y+ = 50, 
the turbulence intensity is of the order of 10% for free stream velocity 
between 5 and 20 m/s. These measurements are coherent with those done 
by Reichardt (1938); this shows that the boundary layer in the PARESS 
wind tunnel is already turbulent for a velocity of 5 m/s, and that it is free 
from other additional undesirable turbulence. 

6.1.1 Wall shear stress measurements 

Wall shear stress measurements have been conducted using the three 
different techniques presented in § 5.2 simultaneously: these were an 
aerodynamic balance, a Preston tube and a hot wire anemometer. In 
figure 6.3, the wall shear stress r„ determined by the 3 separate methods 
is shown as a function of the mean flow velocity. 

1 fir, = '-^-, where 0 is ihc momentum thickness, denned by 0 • ir*: - J* n(!f^ - n)dy 
zThc aerodynamic section is defined as the geometric section of the wind tunnel, diminished by the 

cross section area occupied by the boundary layers. 

•1Thc turbulent intensity is defined as -ip—. where u' is the fluctuating velocity in the x-direction. 
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Figure 6.2: Turbulent intensity above the deposition plate (with
out aerosol); experimental results for two different 
mean flow velocities. 

Since the accuracy of the Preston tube method has widely been demon
strated (Preston, 1954; Head et al., 1962), this technique was taken as a 
reference. The good agreement with the hot wire anemometer measuring 
points confirms the validity of this technique. According to Schlichting 
(1979), the wall shear stress r„ on a plate under a turbulent boundary 
layer can be expressed as: 

T0 = 0,029 • p • vl!*uWx-W [pa] (6.3) 

where P 
v 

x 

= gas density fkg/m3] 

= kinematic viscosity [m2/sl 

= distance from the leading edge of the plate [m] 
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Figure 6.3: Wall shear stress T0 as a function of the mean flow 
velocity (without aerosol); the experimental results 
from the three different measuring techniques are 
compared with the theoretical relationship assuming 
a fully turbulent boundary layer. 

As it can be seen in figure 6.3, the wall shear stress - mean flow 
velocity relationship perfectly follows a U%[5 law, indicating that the 
boundary layer is well turbulent. Indeed, in a laminar boundary layer, 
this relationship follows a Uj^2 law. 

On the other hand, the aerodynamic balance measurements are only 
in good agreement with the other methods around L^ = 14 m/s. This 
divergence is due to the inertia and friction of the balance; if it is not 
perfectly equilibrated, small displacements could drastically alter the mea
surement. Originally, the aerodynamic balance was foreseen as the only 
method to measure the wall shear stress, taking into account the effects 
of surface roughness and resuspended particles. Since it has subsequently 
been shown (see § 3.3) that these effects are negligible regarding the wall 
shear stress, the aerodynamic balance has not been used further in the 
resuspension experiments. 
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As explained in § 3.3, the skin friction velocity w, is a function of the 
wall shear stress T„ 

-j [m/s] (6.4) 

Thus, combining the two last equations, the skin friction velocity in the 
PARESS wind tunnel can be expressed as: 

u. = 0,053 U£ [m/s] (6.5) 
with Uw in [m/s] 

This semi-empirical relationship is only valid for the PARESS wind tunnel 
with air under ambient conditions (i.e. T = 20°C, p = 1 atm). 

6.2 Aerosol deposition 

During the first step of the PARESS experiments, aerosols are allowed to 
settle on plates placed on the bottom of a vessel. During this operation, 
the shape and size distribution of the particles are measured using fil
ters and impactors. Aerosols are generated by fluidization of pre-formed 
particles (§ 5.1.3) or by a plasma-torch technique (§ 5.1.4). 

The different properties of the aerosols used in the PARESS experi
ments are summarized in table 6.1. The deposited mass was between 0,1 
to 1 kg/m2, which results in multi-layer deposits. 

Figure 6.4 shows the photographs of the shape of different airborne 
particles used in PARESS experiments; the shape varies from round (Sn) 
to chain-like (Fe203) particles. 

Figures 6.5.a and 6.5.b show an example of the size distribution of dry 
Fe203 aerosol, determined with the help of an impactor. In a special log-
probability graph (figure 6.5.b), a log-normal distribution is represented 
by a straight line. Moreover, the diameter corresponding to 50 percent 
of the cumulative mass gives the mass median diameter (AMMD), and 
the slope of the line is related to the geometric standard deviation (GSD) 
of the distribution. As it can be seen in table 6.1, the aerodynamic mass 
median diameter (AMMD) of the different aerosols used varies from 0,4 
to 4,3 /*m, and the geometric standard deviation (GSD) from 1,75 to 
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2,8. It is interesting to note that, using preformed particles, the relative 
humidity has no influence on the size distribution. These values are mean 
values, presented only for information; indeed, as it has been shown (c.f. 
§ 2.6.1 and 4.2), with a multi-layer deposit, the size distribution of the 
airborne particles has no direct influence on the resuspension flux; thus, 
it will not be used further in this work. 

Aerosol generator 
fluidized ball 

•» 
tf 

14 

t> 

» 
f* 

Plasma-torch 

Aerosol 
Fc203 

Fe203 

Sn 
Sn 
Sn + Fe203 + NaCL 
Si (Sii'cium) 
Si 
Sn02 

relative 
humidity* 
50 - 70 % 

100% 
40% 
100% 
60% 

8 0 - 9 0 % 
100% 
40% 

deposition no. 
1 - 4. 7 - 12. 20 - 22. 25 

5 
14 
13 
15 

19. 23, 24 
18 
6 

AMMDb 

[pm] 
2 
2 
4 
4 
-

4.3 
4,3 
0.4 

GSDC 

[-] 
2 
2 
2 
2 
-

2,8 
2,8 
1.75 

relative humidity during deposition 

b AMMD = 

GSD = 

Aerodynamic Mass Median Diameter, it is defined as the aerodynamic 
diameter for which half the mass is contributed by particles larger than 
the AMMD and half by particles smaller than the AMMD. The aero
dynamic diameter is the diameter of the unit density (pp = 1 g/cm3) 
sphere that has the same settling velocity as the particle. 

Geometric standard deviation, defined as: 

ln(GSD) = Yt(mi(\nd,-\ndmf)/M 
0,5 

(6.6) 

with rrii 

dm 

M 

= mass of particles with diameter d{ 

= logarithmic mass mean diameter = £ w. l»i d{ 

= mass fraction of aerosol with diameter d, 

= total airborne aerosol mass 

Table 6.1: Aerosols used in the PARESS experiments 
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Figure 6.4: Shape of airtyorne particles used in PARESS experi

ments: a: dry F02O3, h: dry Sih c: dry Si 
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Figure 6.5.a: Dry FezOs aerosol size distribution (per mass frac
tion), m is the mass of particles in an interval Ad, 
and M the total mass. 
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Figure 6.5.b: Dry Fe20^ aerosol cumulative size distribution (per 
mass) in a log-probability graph. In such a special 
graph, a log-normal distribution is represented by a 
straight line. 
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6.3 Denudation 

Depending on the flow velocity and the nature of the deposited material, 
the visual observation of the resuspension process reveals two distinct 
aspects: 

• If "erosion" occurs (see § 3.1), dust is removed steadily, layer by 
layer. This erosion process is the main subject of this thesis. 

• If "denudation" occurs, the deposit is suddenly lifted into the air 
within a fraction of a second and "holes" (or fractions of the surface) 
are produced down to the base. 

These two processes are quite distinct, and originally, no discussion of 
the latter was foreseen; indeed, denudation does not necessarily happen, 
and in PARESS experiment, was an unexpected phenomenon. However, 
since denudation could represent a very effective removal process (espe
cially when applied to a multi-layer deposit), this phenomenon will be 
briefly described in this section. 

This denudation process has previously been reported by Fletcher 
(1976). 

It is still not very clear under which circumstances denudation occurs, 
but from the present experimental observations it appears that denudation 
could be subdivided into three distinct processes: 

a) a pseudo-denudation, which is a very fast local erosion due to a 
locally high turbulence level. It occurs at the edges of the deposition 
plate, when the plate is not perfectly level with the bottom of the 
wind tunnel, or behind an obstacle. 

b) impact from suspended particles. This process is better known as 
"saltation". The suspended particles could be impurities or resus-
pended particles. Pseudo-denudation could initiate this saltation pro
cess, 

c) small shocks or vibrations on the plate. If the deposition plate undei 
goes shocks or vibrations before or during the resuspension process, 
large fractions of the deposit are removed instantaneously. 
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These three different types of denudation are shown in figure 6.6 

A set of experiments has been conducted in order to determine the 
parameters influencing denudation. It appears that the airflow acceleration 
rate, the deposited mass and the surface condition before deposition (i.e. 
clean, greasy, wet, rough) have no evident effect on denudation. 

Under the same flow conditions, and with the same aerosol powder, 
denuJ« *ion may or may not occur. It seems then likely that conditions 
during he deposition process (humidity, aerosol concentration) may play 
an important role, but no clear experimental evidence has been found for 
this assumption. 

However, some useful observations have been done. A kind of "de
nudation threshold velocity" has been established; throughout all the ex
periments with different deposits, denudation has never been observed for 
an airflow velocity smaller than 6 m/s. If denudation occurs, this process 
is important only during the first few seconds of exposure to the airflow; 
after this delay, and if no shocks occur on the plate, the only observed 
denudation is the enlargement of the pre-existing holes due to pseudo-
denudation (high turbulence at the edges of the holes). 

In the following sections, except when noted, all the resuspension 
fluxes have been measured in the absence of denudation (pure erosion 
process). 

6.4 Time dependent resuspension flux 

As it has already been observed by some researchers (Wright, 1986; 
Garland, 1982), the resuspension flux4 Fr decreases with exposure time 
to airflow. This time dependence could be well understandable for a 
mono-layer deposit; it is, however, no longer obvious for multi-layer 
deposits, where the number of "resuspendable" particles remains constant 
with time. Moreover, this decrease of the resuspension flux Fr with time 
appears to follow a power law of the following form: 

4Thc resuspension flux Fr is defined as the resuspended mass per unit time and unit surface area 
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Pictures of coupons (from above), after denudation: 
a = pseudo-denudation 
b = saltation 
c = shocks or vibrations 
The light portions arc the denuded surfaces. 
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Fr=a- r* [kg/m2 • s] (6.7) 

where t is the time of exposure to the airflow [s] 
a (r=Fr(t = 1)) and b are parameters depending on the 

deposit and the flow conditions. 

This power law relationship has no theoretical basis for application to 
resuspension; it has been selected empirically to closely fit this decrease 
of the resuspension flux as a function of time. In figures 6.7 to 6.10, the 
resuspension flax is plotted versus time for different deposits; for each 
deposit, the skin friction velocity u, is set as a variable parameter. Mea
sured values are obtained by the on-off technique described in § 5.5.2.1; 
they are compared with their regression analysis curve, assuming a power 
law relationship (c.f. § 5.6.1). 

In a log-log plot, a power law is represented by a straight line, with a 
slope equal to the exponent —b. 

As it can be seen, this power law relationship is valid for a wide range 
of flow and deposition conditions. 

The resuspension flux Fr increases with the flow velocity (or ut), as 
anticipated. On the other hand, it appears that the decrease of Fr as a 
function of time is faster for higher velocities; indeed, in figures 6.7 to 
6.10, the slope of the regression lines (i.e. the parameter b) increases with 
an increase of u j A better representation of this non-obvious trend can 
be observed in figure 6.12, where the parameter b is shown as a function 
of the skin friction velocity «,. 

From each run (i.e. same coupon and same flow conditions) one re
gression curve is obtained: 

i denoting a certain deposit and velocity. 

Thus the data set of a run can be represented by its two parameters a 
and /;. 
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RESUSPENSION FLUX Fr vs TIME 
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Figure 6.7: Resuspension flux versus time for dry Fe20% deposit; 
the skin friction velocity u, (and the corresponding 
Urx,) JV set as a variable parameter. In this log-log 
graph, a power law relationship is represented by a 
straight line. Experimental data are compared with 
their regression curve (assuming a power law). 
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Fr vs t ime 
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Figure 6.8: Rcsnspcnsion flux versus time for wet Fe2(h deposit. 
The resuspension flux for dry Fe2(h deposit under 
the same aerodynamic conditions is shown as refe
rence (for additional information, see figure 6.7). 
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Fr vs t ime 
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Figure 6.9: Resnspension finx versus time for rlry NaCl -f Sn -f 
Fe-2(h deposit (for additional information, see figure 
6.7). 
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Fr vs t ime 
Test T18; Si 
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Figure 6.10: Resuspension flux versus time for dry Si deposit (for 
additional information, see figure 6.7). 
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When a test is repeated with another velocity, another coupon has to 
be used; this fact is rather important, since it was almost impossible to 
produce two coupons having exactly the same adhesive force distribution! 
In each figure (6.7 to 6.10), the airflow variation study has been conducted 
with coupons coming from the same deposition batch, i.e. produced 
under exactly the same deposition conditions, except their position in the 
deposition tank. 

6.4.1 Flow velocity dependent resuspension flux 

In order to evaluate the variation of the resuspension flux as a function 
of flow velocity, the parameters a (i.e. the resuspension flux at time = 1 
s) and b from each data set are plotted as a function of the skin friction 
velocity in figures 6.11 and 6.12. From these figures, it is obvious that 
both parameters increase with flow velocity; on the other hand, it is less 
evident to find a relationship between them and u,\ 

As previously stated, the main problem in this experimental study is 
the repeatability; two coupons coming from the same deposition batch 
and submitted to the same airflow conditions did not necessarily give the 
same results. Gearly, this is not due only to measurement errors, since 
each individual run produces a good fit. It seems rather that it is very 
difficult to produce coupons having exactly the same adhesion properties! 
This question will be discussed in more details in § 6.5.1. 

Thus, from these experimental data, it is difficult to predict a rela
tionship between the resuspension flux and the skin friction velocity. 
It seems, however, that this relationship depends on the deposit, a trend 
which has been simulated by the resuspension model (c.f. § 4.5.1.). Since 
both parameters a and b depend on the flow and the deposit conditions, it 
is then clear that it is not possible to find a simple universal relationship 
between the resuspension flux, the flow conditions and the deposit. 
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Figure 6.11: Evolution of the resuspension flux at t = 1 second 
(= parameter a) as a function of the skin friction ve
locity for different deposits. The data proceed from 
the regression curves of the figures 6.7 to 6.10. 

6.5 Validation of the on-off measuring technique 

The aim of this section is to discuss the importance of effects like aging 
and flow start-up on the measuring technique. To evaluate these effects, 
it is important first to have an idea of the repeatability of two different 
runs. 
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6.5.1 Repeatability 

The main difficulty in these experiments was their repeatability5. This 
effect is important since new coupons have to be used for each run with 
different velocities. 

b VS U* 

EXPERIMENTAL RESULTS 
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Figure 6.12: Evolution of the exponent b (from FT = a • t~h) as a 
function of the skin friction velocity for different de
posits. The data proceed from the regression curves 
of the figures 6.7 to 6.10. 

Good repeatability implies that different runs under the same conditions 
give the same result. Unfortunately, this was not always the case in the 
PARESS experiment. Two main reasons for this discrepancy have been 
identified: measurement errors (including occurrence of denudation) and 
change in the adhesive forces. 

5Thc repeatability of measurements is defined as the closeness of the agreement between the results 
of successive measurements, carried out with the same method of measurement, the same observer, the 
same instruments, the same conditions of use but with different coupons. 
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Measurement errors are due to weighing and timing uncertainties, air
flow fluctuations, loss of material during manipulation and more impor
tantly, denudation; if a small shock is applied to the coupon or if the 
particle bed is slightly disturbed (e.g. finger print at the edges of the 
plate), local denudation will almost certainly occur. In general, these 
measurement errors are detectable, for example by studying the plot of 
the residuals (see § 5.6.1). This kind of discrepancy can be observed ir 
figure 6.13, where the resuspension flux as a function of time for v 
similar deposits under the same flow conditions is shown; as it can be 
seen, with these types of errors, the regression lines are not too strongly 
affected, and thus the repeatability remains acceptable. 
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Figure 6.13: Resuspension flux versus time; repeatability. Effect 
of measurement errors. The two data sets proceed 
from two supposedly identical experiments. 

The other source of discrepancy is the difference of the adhesive force 
distribution between two supposedly identical deposits. In figure 6.14, 
the resuspension flux as a function of time for two coupons under the 
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same flow conditions is shown. As it can be observed, the fit of each 
individual run is good, which allows the assumption that both runs were 
successful! However, as shown in the regression analysis curves, the 
two processes are quite distinct. Since the two coupons were produced 
by the same deposition process, it means that either the adhesion is very 
sensitive to local effects or that a change in the adhesive forces has 
occurred between deposition and resuspension; the two resuspension runs 
were not conducted on the same day, which may explain a different 
change in the adhesive forces of the two coupons. However, as it will 
be later demonstrated, aging (i.e. elapsed time between deposition and 
resuspension) has no systematic effect on resuspension. 
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Figure 6.14: Resuspension flux versus time; repeatability. Effect 
of a change in the adhesive forces. The two coupons 
used in the runs A and B come from the same de
position hatch and have been submitted to the same 
airflow velocity. 
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It is still not very clear which parameters influence the adhesion and 
in what manner. This effect is troublesome, since it is hardly detectable; 
in figure 6.14, both runs look perfect. 

Fortunately, such extreme variations were not always observed; how
ever this effect can explain unusual behaviour like for example some 
strange variations of the parameter b as a function of it, in figure 6.12. 

6.5.2 Aging 

Aging is defined as the change in adhesion over some period of time, 
in this case between deposition and resuspension, assuming constant at
mospheric conditions. Since, for practical reasons, it was not possible 
to carry-out all the runs at the same time, it is important to estimate the 
extent of this effect. 

An experimental study of this phenomenon is not easily performed, 
since, as shown in the previous section, the repeatability of the runs is 
not always good, thus any aging effect could be totally masked. However, 
for aging periods ranging between two hours and months, no systematic 
effect has been observed. For this experiment, the deposition plates have 
been produced under noimal atmospheric conditions (e.g. r.h. ~ 60%, 
T = 20°C), and then stored in sealed boxes. 

If this was an important eftect, particle adhesive forces would have 
increased with time (see § 2.2.1), accompanied by a decrease in the 
resuspension flux for longer aging times. Such a trend, even taking 
repeatability problems into account, has not been observed. This is in 
accordance with the current theory, which states that the contact time 
required for adhesive forces to reach a maximum, ranges from a few 
minutes (Com, 1966) up to a few hours (Hinds, 1982). 

Once again, this does not mean that the aging effect is not real, but 
only that it is not detectable with our experimental set-up. 
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6.53 Start-up effects 

In this section, the influence of starting-up the airflow has been studied; 
it is important to get an idea of the extent of this phenomenon, especially 
when using the on-off technique described in § 5.5.2.1. 

The purpose of this test was to perform resuspension runs with similar 
deposits, but with different time intervals. In figure 6.16, resuspension 
flux as a function of time is shown for two different runs. In run B, 
the first measurement has been only conducted after 2000 seconds, while 
measurements have been made continuously from the beginning of the 
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Figure 6.16: Bcsnspcnsion flnx vs time; start-up effect. In run D, 
the first measurement 1ms been only performed after 
2000 seconds. 
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test in the run A. As it can be seen, no obvious difference exists between 
the two runs. 

In another test, similar deposits have been exposed to airflow with 
different initial mean How accelerations. For constant flow acceleration 
rates ranging from 0.7 to 5 m/s2, again no systematic differences have 
been observed. 

Thus, no systematic effect on the resuspension flux due to the airflow 
start-up has been observed with our experimental set-up. 

6.6 Other effects influencing the resuspension flux 

In this section, some effects which have ben observed to influence resus
pension are presented. This list does not claim to be complete. 

6.6.1 Homogeneity of the deposit 

So far, it has always been assumed that the deposit is homogeneous, i.e. 
that each layer has the same adhesive force distribution. 

In the PARESS experiment, the deposition process is long, inclu
ding several aerosol injection periods (it is not a continuous process, 
see § 5.5.1); it is then difficult to maintain the conditions in the deposi
tion tank constant. Thus, inhomogeneities between different layers could 
appear. This effect has clearly been seen during test T24. Figure 6.17 
shows the resuspension flux Fr as a function of time from such an in-
homogeneous deposit; after an initial decrease of F., it stans to increase 
for a certain period and then to decrease again. During this intermediate 
period, the colour of the deposit changed, which proves that this discon
tinuous effect is due to a change of the layers; it seems that some layers of 
a different material have been deposited between two normal layers (prob
ably impurities remaining from previous tests). In order to confirm this 
effect, the same experiment has b ?n repeated with coupons coming from 
the same deposition batch. As shown in figure 6.17, this phenomenon has 
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Figure 6.17: Resuspension flnx versus time: effect of an inhomo-
geneous deposit. The three data sets come from 
three supposedly identical experiments (i.e. same 
flow condition and same deposition hatch). 

always been observed; however, the repeatability is not very good. The 
three runs have been carried out the same day, with the same air humidity 
(r.h. = 59%), thus excluding any aging effects. 

During this test T24, this inhomogeneity effect was strongly marked. 
However, in some other tests, this effect could have been smaller, and 
thus not obviously detectable so that the result may have been interpreted 
as a bad power law fit. 

6.6.2 Initial resuspension 

Observation of the residuals plots (c.f. § 5.6.1) has shown that the first 
point of a data set (i.e. for small /) was always higher than that predicted 
by the regression analysis. Originally, this outlier was attributed to an 
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artefact specific to the experimental procedure. However, as demon
strated later by the array-photometer, this is a genuine effect; as seen in 
figure 6.18, this higher resuspension flux is only detectable during the first 
few seconds of the run. It seems that this effect is due to the easier re
suspension of deposited inhomogeneities (big agglomerates, protrusions) 
until the surface becomes smoother. It should be remembered that in this 
size range, bigger particles are resuspended more readily. This is sup
ported by the visual observation of the deposit during the experiment; the 
initial irregularities tend to quickly disappear, leaving a much smoother 
surface. 

6.6.3 Relative humidity during deposition 

As stated by the theory (c.f. § 2.2.1), the adhesion of a particle on a 
surface increases with increasing humidity. Thus, it has been assumed 
that the resuspension flux from a coupon coming from a "wet" batch 
is smaller than that coming from a dry one. Surprisingly, the opposite 
trend has been observed; in figure 6.8, the resuspension flux from a wet 
Fe203 deposit is higher than that from a dry one. This effect, observed 
with other deposits too, is probably genuine; it could be explained by the 
fact that bigger agglomerates may have been formed with higher relative 
humidity, thus enhancing resuspension (in this size range, bigger particles 
are resuspended more readily). Indeed, it has been observed that with a 
high relative humidity (around 95 to 99%), the size of the particle starts 
to increase due to an agglomeration process (Fuchs, 1964). 

6.7 Array-photometer results 

This device is the only one in the PARESS set-up to give on-line in
formation about the resuspension flux. Since it is rather complicated to 
calibrate, this array-photometer has only been used to give relative indi
cations on rapid phenomena such as initial resuspension and denudation. 
Moreover, this technique is not intrusive and the airflow over the deposit 
is running continuously; it is then possible to assess if effects like flow 
starting-up are important. 
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The array-photometer has been used during a test with a dry F^Oa 
deposit. Figure 6.18 shows the evolution of the mean flow velocity 
Uoo and the light absorption, at two different heights above the surface 
(2 mm and 12 mm). The absorption (in %) is proportional to the log 
of the aerosol concentration. The mean flow velocity increases with a 
constant acceleration rate up until t = 23 s and then remains constant 
for the rest of the experiment. During this time, the resuspension flux 
increases as the mean flow velocity increases and then decreases until 
t = 72 s, when for an undetermined reason, denudation starts to occur. 

When observing the signal of the lowest beam, it can be seen that 
the resuspension is only detected for a mean flow velocity higher than 
6,5 m/s. This velocity can be taken as a pseudo6 threshold velocity. 

As soon as the mean flow velocity remains constant, the resuspension 
flux starts to decrease according to a power law, except during the first 
few seconds when it is higher than predicted by a power law; this is a 
demonstration of this initial resuspension effect presented in § 6.6.2. 

It is not clear why denudation starts to occur during this run, since 
the coupon has not been removed from the wind tunnel and the airflow 
remained constant. As soon as this process starts, vigourous resuspension 
events occur every 10 seconds, these corresponded to enlargement of pre
existing holes. Between two such events, the resuspersion rate continues 
to decrease according to a power law, which is the trend of the erosion 
process. During this period, the total resuspension flux is due to the sum 
of the erosion and denudation processes. 

The resuspension flux under denudation is orders of magnitude higher 
than during erosion. This is shown by the second beam signal (12 mm 
above the surface) which detected only the most vigourous denudation 
events. 

6ln fact, no real threshold exists; it is rather a velocity below which the resuspension flux falls 
drastically with decreasing flow velocity. 
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Figure 6.18: Evolution of the mean flow velocity and of the light 
absorption as a function of time at two different 
heights above the surface: 2 mm and 12 mm. The 
absorption (in %) is proportional to the log of the 
aerosol concentration. The picks after / = 72 se
conds are due to the occurrence of denudation. 
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7 Discussion of the Results 

7.1 Introduction 

In the last chapter, the results of the PARESS experiment have been pre
sented and the dependence of the resuspension flux Fr on Cow parameters 
was discussed. 

The resuspension flux decreased with time of exposure to the flow 
according to a power law. This relationship depends on the flow velocity 
and, more importantly, on the nature of the deposit. 

In this chapter, these results are further discussed; uncertainty and 
error ranges as well as comparison with resuspension model outputs and 
other experiments are presented. Finally, a purely empirical relationship, 
independent of the deposits and valid for the conditions of the PARESS 
experiment, is proposed; it describes the evolution of Fr as a function of 
time and flow velocity. 

7.2 Flow characteristics 

In spite of the fact that the resuspension model presented in this work 
is based on the concept of particle resuspension closely related to the 
occurence of coherent structures (i.e. "bursts"), no detailed aerodynamic 
measurements were foreseen. The aim of this study is rather to correlate 
the particle resuspension flux Fr with a mean aerodynamic value, in this 
case the skin friction velocity ?*,. Thus, the requirements for the PARESS 
wind tunnel were to produce a homogeneous, fully turbulent boundary 
layer over the deposition plate, and to produce good measurements of w,. 

As shown in § 6.1, the velocity profile measurements arc in agreement 
with the theory. Moreover, the spatial variations of the skin friction 
velocity u, over the entire deposition plate are less than 6% of the average 
measured value. As noted in § 6.1.1, the wall shear stress-mean flow 
velocity relationship perfectly follows a U%1* law, indicating that the 
boundary layer is fully turbulent. Furthermore, the Reynolds number in 
the wind tunnel, for velocities between 5 and 25 m/s, varies between 
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80*000 and 400*000, which is well above the critical Reynolds number 
(for a pipe, tfem, ~ 2200). Thus, the flow conditions in the PARESS 
wind tunnel can be considered as good. 

Figure 6.3 shows that the three different techniques (Preston tube, CTA 
and semi-empirical relationship based on Ux) give wall shear stress mea
surements with a good reproducibility; there is less than 10% difference 
between the three methods for a mean free velocity ranging from 7 to 20 
m/s. Since the skin friction velocity u* is proportional to the square root 
of the wall shear stress, the relative accuracy in the measurements of u, 
can then be evaluated as ± 5% of the measured value. 

73 Aerosol deposition 

It seems that the conditions during aerosol deposition, i.e. during the first 
step of the experiment, are key parameters for the resuspension process; 
indeed, from this study, it appears that the aerosol concentration and the 
relative humidity during deposition could play an important role regarding 
the denudation phenomenon and the problem of deposit inhomogeneity 
(§ 6.6.1). Unfortunately, the deposition process in the PARESS experi
ment is long and not continuous (c.f. § 5.5.1), thus it is rather difficult to 
maintain constant the conditions; the aerosol mass concentration varies 
several times by orders of magnitude and relative humidity fluctuations 
inside the vessel are significant (± 20% of the average value). Moreover, 
the effect of stratification in the vessel is not taken into account in this 
experiment; the hygrometer, situated 1 meter above the deposition plates, 
could indicate a significantly different humidity to that which is found in 
the direct vicinity of the plates. Thus, a detailed study of the influence 
of humidity and aerosol concentration during deposition on subsequent 
resuspension is not possible with the current experimental set-up. 

On the other hand, the airborne particle size distribution during de
position is well determined and the accuracy of the aerodynamic mass 
median diameter (AMMD) can be evaluated to ± 20% of the measured 
value. Horvever, in this study, conducted with a multi-layer deposit of 
non-spherical particles, the size distribution of the airborne particles is 
not a key parameter; the chemical composition and shape of the particles 
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are certainly more important. Unfortunately, with the present experimen-
taJ set-up, it is not possible to determine the parameters of the adhesive 
force distribution. 

7.4 Time dependent resuspension flux 

The main finding of the PARESS experiments was that the resuspension 
flux Fr decreased with time of exposure to the flow according to a power 
law. This trend is not obvious, since most of the authors predict a con
stant resuspension flux for reentrainment from a multi-layer deposit. This 
decrease in the resuspension flux with time is related to the "hardening" 
of the adhesive force spectrum; the proportion of strongly adhered par
ticles increases with time of exposure to the flow. As shown in § 4.5.2, 
according to the model, the observed behaviour of Fr as a function of 
time can only be explained by assuming a broad adhesive force distribu
tion. Indeed, if the adhesive forces holding particles on a deposit are all 
assumed to be identical, the resuspension flux from a multi-layer deposit 
will be constant. 

In a log-log plot, a power law relationship is represented by a straight 
line. In figures 6.7 to 6.10, experimental data are shown compared with 
their regression line (assuming a power law); as it can be seen, this power 
law relationship is valid for a wide range of flow velocities and deposits. 

The resuspension flux Fr determined by the on-off technique is defined 
by: 

where AM = removed mass during the period At [kg] 
5 = surface area of the coupon = 300 cm2 

Since S is well defined, the error on Fr can either come from the 
measurement of the removed mass AM or from the elapsed time A/. At 
the beginning of a run, the removed mass is significant, thus its relative 
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error is small; on the other hand, the period At is small, thus its relative 
error significant. At the end of the experiment, the opposite is true. 
Based on the magnitude of the removed mass and of the elapsed time, 
and taking into account the accuracy of the measuring devices, error 
bars have been evaluated. They are considered to be rough conservative 
estimates, sufficient, however, for the purpose of this work. Indeed, as it 
will be shown in § 7.6, the uncertainty on the measurements due to the 
poor repeatabilitv of the experiments is much higher than the error range. 

Figure 7.1 shows the same results as in figure 6.7 (i.e. FT vs time 
for different velocities), but with error bars and an indication of the 
correlation coefficient R2 for each regression line. As it can be seen in 
the figure, with error bars, all the measured data can be explained by a 
power law; moreover, the correlation coefficients R2 are close to 1, which 
indicates a good fit. 

This power law relationship during the erosion process has also been 
observed with the array-photometer (see § 6.7), which demonstrates that 
this trend is a genuine process, and not an artefact of the on-off measuring 
procedure. 

In § 4.5, it has been shown that the model is perfectly able to predict 
this power law relationship too. However, to date, the probability density 
function of the adhesive forces (p.d.f.a(//,) has never been measured for 
a multi-layer deposit, and has to be assumed in the model input. Since, 
as discussed in § 4.5.2, different inputs can provide the same result, the 
validity of the model could be questioned. 

Braaten (1988) has conducted similar resuspension experiments, but 
for a mono-layer deposit. Using a centrifuge method, he has measured 
the adhesive force distribution, and then, in a wind tunnel, the temporal 
fraction of particles remaining on the surface exposed to a fluid. Thus, the 
p.d.f.a^ and the evolution of Fr as a function of time were experimentally 
determined. The present model has been modified (§ 4.5.4) to predict the 
resuspension flux from a mono-layer deposit and run with Braaten's data 
as input. In figure 7.2, the simulation output is compared with Braaten's 
experimental data; in this log-log plot, a power law relationship is repre-
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Figure 7.1: Bcsuspension flux versus time for dry FC2O3 deposit; 
the skin friction velocity is set as a variable parame
ter. Experimental data (with error bars) arc compared 
with their regression curve. For each data set, the cor
relation coefficient I?2 is indicated. 
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Figure 7.2: Fr as a function of time as predicted by the modified 
model, assuming a mono-layer deposit (input: median 
= 26 force units and GSD = 5). The simulation is 
compared with Braaten's experimental data (1988). 
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sented by a straight line. As it can be seen, with real input parameters 
(median = 26 force units1 and GSD = 5), this model is perfectly able to 
simulate the experimentally observed decrease in the resuspension flux 
as a function of time. Once again, this power law relationship is not 
necessarily expected, since most of the authors (Paw U, 1982, Braaten, 
1988) predict an exponential decrease in Fr as a function of time from a 
mono-layer deposit. 

The non-exponential decay is related to the fact that, though the frac
tion of particles on a surface decreases with time, the relative proportion 
of strongly adhered particles increases. In their theoretical model for 
resuspension from a mono-layer deposit, Reeks et. al (1988) reach the 
same conclusion. 

Thus, as shown by the two measuring techniques and by the model 
simulation, the resuspension flux Fr decreases with-time of exposure / to 
the flow according to a power law like: 

Fr = a • r 6 [kg/m2 • s] (7.2) 

where a and b are parameters depending on the flow and the de
posit 

Moreover, it appears that the exponent b varies from case to case; it 
depends on the flow velocity and on the deposit. Thus, the resuspension 
flux does not necessarily vary inversely with time, as it was previously 
stated (Wright, 1986; Garland, 1982; Reeks et. al, 1988). This effect 
will be discussed later in this chapter. 

7.5 Resuspension flux versus flow velocity 

As expected, the resuspension flux Fr increases with the flow velocity 
Uoc, or with the skin friction velocity u, (which is effectively the same)2. 

'One force unit is equal to the mean aerodynamic force acting on a particle due to a skin friction 
velocity of 1 m/s. 

2UndcrPARESS conditions, v, = 0,053 uT° 
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Moreover, it has been found that the decrease of Fr as a function of time 
is faster for higher velocities (cf. § 6.4.1); in other words, the parameter 
b increases with an increase in u,. 

These two important results are again rhown in figures 7.3 and 7.4, 
which represent the evolution of the parameters Fr(t = 1) and b as a 
function of the skin friction velocity «,. In these figures, error bars have 
been added. At this point, it is important to remember that these two 
parameters Fr(t = 1) and 6 are derived from regression analysis (see § 
5.6.1). The error bars have been evaluated by studying the goodness of fit 
of each data set; this method3 is rather subjective, but provides, however, 
a good estimate of the variability of the results. This method does not 
take into account the uncertainty due to the poor repeatability which, 
as it will be explained in § 7.6, is undetectable. Thus, extreme results 
unexplained by the error bars can be attributed to this poor repeatability 
effect. 

By studying figures 7.3 and 7.4, some instructive conclusions can be 
reached. 

First it appears that the parameter Fr(t — 1) depends strongly on the 
deposits. In figure 7.3, the relationship between Fr(t = 1) and um is not 
the same for all the different deposits. Considering the different shape and 
size distributions of the particles used (see figure 6.4), one would expect 
that each deposit material would have its own adhesive force distribution; 
and the resuspension simulation model predicts different relationships for 
different adhesive force distributions (see figure 4.8.a). Thus, it seems 
that this is a genuine trend. In addition, previous experiments (§ 2.5.1) 
have shown that the resuspension flux is proportional to [/£. ( U^ m/s is 
the mean free velocity), whith c ranging from 1,3 to 4,8, depending on 
the deposit (§ 2.5.1). 

As shown in figure 7.4, the exponent b increases with an increase in 
u*. The explanation for this last trend, never reported in the literature, is 
not obvious, and the question could be raised whether this is a genuine 
effect or due to experimental errors. However, as shown in figure 4.8.b, 

3This method consists of performing various regression analysis on the data base excluding doubtfull 
data (high standard residual), and to see the effect on the parameters a and b. 
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the model also predicts an increase in the exponent b with an increase in 
the velocity; this increase varies for different deposits. 

From these experimental evidence, it is then clear that both parameters 
Fr(t = 1) and b increase With an increase of the skin friction velocity, 
and that they differ for different deposits. 

The occasionally large error bars and the uncertainty due to the poor 
repeatability make it very difficult to discover any numerical relationship 
between the two parameters a and b and «*. Moreover, since this re
lationship is different for each deposit, one wonders if it is worthwhile 
trying to determine such a relationship in this context. However, from 
a practical point of view, it is interesting to find a global relationship 
(GR), which ignores the fine effects due to the different adhesive force 
distributions. Based on the results presented in figures 7.3 and 7.4, the 
following relationship is proposed: 

Fr{Lu.) = 0,0025 • (u, - 0,29)3 • r 1 ' 2 ^ [g/cm2 • s] (7.3) 

for ut between 0,3 and 1 m/s 
and t between 2 and lO'OOO s 

This global relationship (GR) is only valid for conditions similar to 
those found in the PARESS experiment. The parameters of this relation
ship are purely empirical, without any physical meaning, except for the 
parameter (u, - 0,29), where the value 0,29 m/s can be considered as a 
kind of threshold velocity (see below). 

The uncertainty range of this relationship can be evaluated as ± one 
order of magnitude. 
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7.6 Repeatability 

The repeatability of measurements is defined as the closeness of agree
ment between the results of successive measurements, carried out with 
the same method, the same instrument and under the same conditions. In 
order to study variation of the resuspension flux as a function of different 
parameters, it is first important to obtain a good repeatability. If the vari
ation in results due to poor repeatability is higher than the genuine vari
ation in observation, no real conclusions can be reached. Unfortunately, 
as described in § 6.5.1, the repeatability in the PARESS experiment was 
not always good. 

Two main reasons have been identified for this discrepancy: perturba
tion in the experiment introducing apparent measurement errors (inclu
ding denudation) and change in the adhesive forces. The first one is not 
too serious since the result is translated into a poor power law fit for the 
measured points, and is thus directly detectable. On the other hand, the 
change in the adhesive forces between two deposit plates produced by 
the same deposition batch is troublesome, since it is hardly detectable. In 
figure 6.14, both runs with the same flow conditions and with two suppos
edly identical deposits look perfect, i.e. with a good power law fit. The 
regression line for the data set A is described by Fr = 4,9 • 10~3 • r 1 1 3 

g/cm2- s and those for the data set B by Fr = 2,7 • 10~4 • t~0J1 g/cm2- s. 
Thus, there is more than one order of magnitude difference between the 
two parameters Fr(t = 1), and 40% discrepancy between the two expo
nents b\ 

This is rather important, and shows that the uncertainty due to poor 
repeatability has to be considered seriously. However, this example may 
be extreme, since it results from a deposit under wet conditions (Fe203 

wet, 100% r.h.), and is thus more susceptible to significant changes in 
the adhesive forces due to variations in the relative humidity. 

It is not clear if these differences in the adhesive force distributions 
already occur during deposition, or if it is due to some kind of aging 
process. In the example presented here, the resuspension experiment A 
has been conducted 4 months after the deposition, and experiment B one 
month later. The atmospheric conditions during the resuspension runs 
were almost die same (r.h. ~ 60%, T = 20°C), thus excluding changes 
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during the resuspension phase. The deposited plates were stored in sealed 
boxes. Moreover, according to the theory (Com, 1966; Hinds, 1982), the 
contact time required for the adhesive force to reach a maximum ranges 
from a few minutes up to a few hours, and not a couple of months. The 
difference was most likely due to differences in the preparation of the 
coupons. 

Poor repeatability was also present in test T24 (see § 6.6.1), where 
inhomogeneity between different layers has been observed. These runs 
have been conducted on the same day and with the same airflow condi
tions (r.h. = 59%, T - 20°C), in order to avoid any aging effects; all 
the three runs have shown this inhomogeneity effect, but with a poor 
repeatability. The three deposition plates came from the same deposition 
batch, thus have experienced the same conditions during the deposition 
process, except for any differences due to their position in the tank. Once 
again, the reasons of this poor repeatability remain unresolved. 

In his experiment on adhesion and particle resuspension, Braaten (1988) 
observed a large degree of variability in the adhesive force distributions 
of monodisperse particles on glass slides. Even with attempts to reduce 
the slide-to-slide variability, he found no systematic relationship between 
adhesion and temperature, relative humidity and micro-roughness of the 
glass slide. With similar deposits and under the same flow condition, he 
also found a large discrepancy between the different resuspension flux 
measurements which could not be explained. 

According to our resuspension model, different runs with the same 
input parameters provide the same relationship between the resuspension 
flux and time (except for small variation due to the statistical nature of 
the model). If it is assumed that the flow conditions remain constant, 
differences in the output simulation can only be explained by a change 
in the adhesive force distribution. 

As a conclusion, it seems that this occasional poor repeatability be
tween resuspension flux experiments is due to different adhesive force 
distributions for each deposition plate. The reasons for this discrepancy 
are not very well understood, and can provide, in some extreme cases, 
unexplained results. The uncertainty due to this effect is difficult to 
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quantify, but, as shown in figure 6.14, can be as high as one order of 
magnitude for the parameter Fr(t = 1) and 40% for the exponent b. 

7.7 Initial resuspension 

As described in § 6.6.2, it seems that the initial resuspension flux during 
the first few seconds is higher than that predicted by the power law 
applicable later. 

This trend has been observed with the on-off technique, where the first 
measured datum was always too high. This datum was treated as an 
"outHer" (c.f. § 5.6), and was not included in the regression analysis. 
However, it is now acknowledged that the observed effect is genuine. 
Results of the array-photometer (c.f. § 6.7) confirm this assumption; in 
figure 6.18, the initial resuspension flux measured with this device is 
higher than that predicted by the power law. It is assumed that this effect 
is due to the easier resuspension of deposited irregularities (big agglom
erates, protrusions) until the surface becomes smoother. This hypothesis 
is supported by the visual observation of the deposit during the run; the 
initial irregularities tend to quickly disappear, leaving a much smoother 
surface. 

This effect could also be due to a kind of initial denudation process at 
the edges of the deposit; a small gap exists between the deposit and the 
bottom of the wind tunnel, thus some turbulence is created in this area. 

In his experiment on particle resuspension, Braaten (1988) also ob
served such initial resuspension. Since he was dealing with sparse beds 
of monodisperse particles on a glass slide, he had excluded any smooth
ing effect. He suggested that the decrease of the resuspension flux as a 
function of time can be seen as two distinct phenomena: the initial resus
pension (in his case between 5 to 10 minutes) representing the removal 
of particles with relatively small adhesion by the numerous aerodynamic 
events having a magnitude about the mean energy level of the flow, and 
the "long term" resuspension representing removal of particles with large 
adhesion by extremely energetic, although rare events. 
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In their theoretical study, Reeks et. al (1988) also predicted a short 
initial resuspension period in which the resuspension rate is very high. 
However, the duration of their initial period is of the order of millise
conds, thus not detectable with current experimental designs. 

With a power law, as the time tends to zero, the resuspension flux 
tends to infinitely, which is physically impossible. For this study, it can 
be safely assumed that this power law relationship is valid only after 2 
seconds, and that during the two first seconds, the average resuspension 
flux is one order of magnitude greater than at time t = 2 seconds. This 
is a conservative approximation, based on the array-photometer results; 
it does not give any information on the initial resuspension process. 

7.8 Aging 

No direct experimental evidence of this effect has been observed in the 
PARESS experiment. However, as discussed in § 7.5, the adhesive force 
distributions of supposedly identical deposits could be different; and it 
is still not clear if this difference already appears during the deposition 
process, or if it is due to a kind of aging effect. The current theory predicts 
that the contact time required for the adhesion to reach a maximum ranges 
from a few minutes (Com, 1966) up to a few hours (Hind, 1982), and 
not days. 

To evaluate this effect, a finer and more precise experiment would be 
required. 

7.9 Flow start-up 

As discussed in § 6.5.3, the time variation of the resuspension flux is 
not due to the start-up of the airflow; this does not mean that such an 
effect does not exist, but only that it is too small to be detected with the 
PARESS set-up. 

In another test run with the PARESS set-up, similar deposits have 
been exposed to airflows with different initial mean flow accelerations. 
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For constant acceleration rates ranging from 0,7 to 5 m/s2, no significant 
difference in the resuspension flux has been observed. 

Thus, it seems highly probable that the start-up of the airflow does not 
in itself have any significant effect on the decrease of the resuspension 
flux with time. In his experiment, Fletcher (1976) reached the same 
conclusion. 

7.10 Deposit inhomogeneity 

In § 6.6.1, the effect of the deposit inhomogeneity (i.e. layers of different 
adhesion) on the resuspension flux has been reported. This effect, due to 
intermediate "strange" layers which result from the presence of impuri
ties, has not been included in the physical study of the erosion process. 
However, from a practical point of view, it could be important, since in 
reality, it is improbable that a homogeneous deposit would occur under 
real situations. 

As shown in figure 6.1.5, during the first few minutes, the resuspension 
flux from an inhomogeneous deposit is one order of magnitude higher 
than mat predicted by the global relationship (GR, § 7.6); this discrepancy 
is still included in the uncertainty range of this relationship. However, 
after 10 minutes, when the resuspension flux from the inhomogeneous 
deposit starts to increase, the discrepancy approaches two orders of mag
nitude, which is significant. 

It seems that the "strange" layers hinder good adhesion between the 
different layers; it is even possible that the first layers are removed by 
a kind of denudation process, which can explain this relatively high re
suspension flux. This last trend has been observed with other deposits 
produced in the same deposition batch, which have shown a marked 
tendency towards denudation. 

Thus, in a practical situation, the inhomogeneity effect has to be consi
dered seriously; it increases the resuspension flux by a substantial amount 
and may even initiate denudation. 
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7.11 Threshold velocity 

As explained in § 2.4, theoretically no true threshold velocity exists in the 
sense of a critical value below which absolutely no entrainment occurs. 
However, a certain range of fluid velocities exists over which the resus
pension flux falls dramatically with decreasing flow velocity (even if the 
boundary layer remains turbulent). In practice, this can be considered as 
a pseudo threshold velocity for the resuspension process. 

As it can be seen in figure 6.18, showing the light absorption from a 
photometer as a function of time, no resuspension has been detected for 
velocities lower than 6,5 m/s. 

Figure 6.11 shows the evolution of the resuspension flux (for t = 1 
second) as a function of the skin friction velocity; once again, it can 
be seen that all the values tend to a minimum velocity under which no 
resuspension occurs. It appears that this threshold skin friction velocity 
is around 0,29 m/s, which corresponds to a mean free velocity of 6,5 m/s. 

Moreover, in all the experiments conducted with the PARESS set-up, 
denudation has never been observed for velocities lower than 6 m/s. 

Thus, with the deposits tested here, and under the PARESS flow con
ditions, no resuspension (neither due to erosion, nor to denudation) has 
been observed for mean flow velocities lower than 6 m/s! 

7.12 Resuspended mass 

In this work, only the resuspension flux Fr has been evaluated. However, 
for practical purposes, the final result which must be reached is the total 
resuspended mass, i.e. how many particles have been resuspended during 
a certain time /. From a mathematical point of view, this resuspended 
mass is simply the integral over the period / of the resuspension flux. 

This has been carried out, based on the empirical global relationship 
(GR) presented in § 7.6. In this application, as explained in § 7.7, it has 
been assumed that the resuspension flux during the two first seconds is 
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one order of magnitude higher than that at t = 2 second. The resuspended 
mass as a function of time is then: 

Mr = 0,0025 • («, - 0,29)3 • fr1*^ + | !, J _ ^ ) [g/cm2] (7.4) 

where MT = resuspended mass per unit surface area [g/cm2] 
t = time of exposure to the airflow [s] 

The results of this integration are presented in figure 7.5 which shows, 
for different flow velocities, the resuspended mass per unit surface area 
Mr as a function of time of exposure to the flow. In the same figure, ex
perimental data from different deposits are indicated; in fact, they are the 
raw data, from which resuspension fluxes have been evaluated. As previ
ously stated, the experimental data are all within one order of magnitude 
of the global relationship. 

An important remark is that most of the resuspension occurs during 
the first few minutes; this is most clearly demonstrated in figure 7.6, 
which shows the resuspended mass as a function of the flow velocity, for 
different exposure times set as a parameter (according to equation 7.4). 
This figure shows that the resuspended mass is only slightly dependent 
on the exposure time to the airflow; on the other hand, it increases rapidly 
with an increase in flow velocity, according to a «J5 relationship. 
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comparison of the global relationship with experimental data 
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Figure 7.5: Evolution of the resuspended mass as a function of 
time, for different flow velocities. Experimental data 
(for different deposits) are compared with the predic
tion of the global relationship (eq. 7.4). 
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8 Summary and Conclusion 

Particle resuspension by turbulent flow has been previously studied by 
numerous researchers, both in the laboratory and in the field. 

However, an exact description of the phenomenon, especially of re-
suspension from a multi-layer deposit, is still not available, and variation 
between experimental results is of several orders of magnitude. 

The goals of the present work are to obtain a global understanding of 
resuspension from a multi-layer deposit and to find empirical relation
ships describing this process. Thus, an experiment (PARESS, PArticle 
RESuspcnsion Study) has been conducted to study particle resuspension 
from a bed of particles exposed to a moving gas. 

This work has been focused on the erosion process and, except when 
noted, all the resuspension fluxes have been measured in the absence of 
denudation. 

8.1 Important results 

This study has confirmed some known important results and lead to some 
interesting new findings concerning resuspension. 

The experimental results confirm older findings, namely: 

• The resuspension flux Fr decreases with exposure time to the airflow 
according to a relationship which can best be described by a power 
law of the following form: 

Fr = a-rh [kg/m2.s] (8.1) 

where / is the time of exposure to the airflow [si 
a and /; are parameters depending on the nature of the 

deposit1 and flow velocity. 
(§ 6.4, 7.4) 

'This includes the chemical specie, size and shape or the particles as well as the conditions during 
the deposition. 
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• The parameter a of this power law exhibits a strong dependence on 
the skin friction velocity u*. This dependency changes for different 
deposits; however, with the kind of particles tested in this work, it 
can be stated that a is approximately proportional to u^ (§ 7.5). 

• The initial resuspension flux (i.e. during the first two seconds) is 
higher than predicted by the power law relationship (§ 6.6.2, 7.7). 

• Depending on the nature of the deposit and flow velocity denudation 
can occur. In this process, a portion of the deposit is suddenly lifted 
into the air, within a fraction of second (§ 6.3). 

• The resuspension process exhibits a pseudo threshold velocity, be
low which virtually no resuspension (denudation or erosion) occurs 
(§7.11). 

The new findings are: 

• The exponent b of the power law is not necessarily equal to 1, but 
varies with an increase of the flow velocity; moreover, this variation 
depends on the nature of the deposit (§ 6.4, 7.5). 

• A new semi-empirical model, based on the comparison between the 
distributions of adhesive forces holding the particles on the deposit 
and aerodynamic forces tending to remove them, has been devel
oped to simulate the stochastic nature of particle resuspension. This 
model is able to predict the experimentally observed decrease of the 
resuspension flux as a function of time and its dependence on flow 
velocity (§ 4). 

• Based on the concept of a viscous wall layer close to the sur
face, a model for the aerodynamic forces acting on particles has 
been proposed and incorporated in the stochastic resuspension model 
(§ 3.2.3). 

• The resuspension flux from an inhomogeneous deposit (i.e. a deposit 
with layers of different adhesion) is somewhat higher than that from 
a similar homogeneous deposit (§ 6.6.1, 7.10). 
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• An array-photometer has been developed, which measures at diffe
rent heights above the surface the aerosol concentration of the resus-
pended particles (§ 5.3.6, 6.7). 

As a result of this work, it is suggested that the evolution of the 
resuspension flux with time is best described by a power law. This 
trend is related to the fact that the proportion of loosely adhered particles 
decreases with time of exposure to the flow. This is clearly demonstrated 
by the model simulation, which shows, moreover, that this decrease of 
Fr with time can only be explained by assuming a broad distribution of 
the adhesive forces. 

From the experiments, it appears that both parameters describing this 
power law increase with an increase of the flow velocity. Moreover, this 
dependence varies for different deposits. Both these effects have been 
adequately simulated by the model. 

Thus for each deposit, a different relationship has to be found for the 
variation of the resuspension flux with time and flow velocity. Unfortu
nately, the functional relationship between the parameters of the power 
law (i.e. a and b) and the model inputs describing the adhesive force 
distribution cannot be found analytically yet. 

8.1.1 Empirical global relationship 

The resuspension Pow depends on the nature of the deposit, as noted 
above. In spite of this fact, based on all the results found during this 
experiment, a purely empirical global relationship (GR), which ignores 
the fine effects due to the different deposits, is proposed: 

Fr(t, ut) = 0,0025 • (u, - 0,29)3 • r 1 ' 2 ^ [g/cm2 • s] (8.2) 

where un = skin friction velocity ranging from 0,3 to 1 m/s 
(which corresponds to U^ ranging from 
6,9 to 26 m/s) 
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and t = time of exposure to the flow, ranging 
from 2 to lO'OOO seconds 

This relationship, independent of the type of deposit, is only valid 
for conditions similar to those tested in the PARESS experiment2; its 
uncertainty range is evaluated as ± one order of magnitude. 

8.2 Conclusion 

As a conclusion, it can be stated that this study has successfully achieved 
the main objectives presented in § 1.1: 

• The experiment PARESS has provided, for different deposit and flow 
conditions, a wide data bank of measurements of resuspension flux 
as a function of time. 

• From these data, a general empirical relationship to describe Fr as a 
function of time and flow velocity, valid for deposits similar as those 
tested in the PARESS experiment, has been deduced. 

• A semi-empirical stochastic model able to simulate, for different flow 
velocities, the behaviour of Fr as a function of time has been devel
oped. 

However, resuspension is a very complex phenomenon, which impli
cates fluid mechanics as well as adhesion theory; numerous problems re
main unsolved in both fields. This work has brought some improvements 
to our knowledge about resuspension, but has also raised new problems, 
such as those of denudation; research on particle resuspension is not fi
nished, and efforts remain to be done before a complete description and 
quantification of this phenomenon is to be obtained. 

2They are the following: insoluble and mixture of insoluble + soluble particles (AMMD between 0,4 
and 4 fttn), r.h. during deposition between 40% and 100%, deposited mass between 0,1 and 1 kg/m2, 
airflow velocity between 5 and 25 m/s. Sec also § 6.2. 
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8.3 Further research 

It appears that the denudation process is not well understood; it is not 
clear when this phenomenon occurs, and more importantly, what the 
magnitude of the process is. Thus, before the results of this erosion study 
can be confidently applied to a real situation, a better understanding of 
denudation is required. 

Concerning experiments solely on erosion, it has been shown that the 
repeatability between two supposedly identical experiments is not always 
good; the reason for these discrepancies is not clear. Finer experiments 
with accurate control of the deposition conditions (especially the relative 
humidity) could probably yield some useful information on this subject. 

Initial resuspension is not understood either. From the experimental 
data, it can be safely estimated that during the first two seconds, the 
constant resuspension flux is one order of magnitude higher than that at 
t = 2 seconds. However, this conservative assumption does not provide 
any description nor quantification of this phenomenon. For applications 
where resuspension occurs only during a short period of time, more in
vestigations into this initial resuspension are needed. 

Concerning a theoretical approach to resuspension, especially for the 
development of simulation models, the force distributions, both adhesive 
and aerodynamic, need to be better studied; no reliable data concerning 
the autohesive forces (i.e. the adhesive forces between particles) are 
available and the resuspension mechanism based on a viscous wall layer 
proposed in § 3.2.3 remains to be verified. 
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Appendix 

Appendix A Overview of the PARESS ex
periments 
(see also "Raw data of the PARESS experi
ments", Fromentin, 1989) 

Test 

Tl 

T2 
T3 
T4 
T5 

T6 

T7 
T8 
T9 
TIO 
Til 
T12 
T13 
T14 
T15 
T16 
T17 
T18 
T19 
T20 
T21 
T22 
T23 

T24 

Deposit 
batch 

PDl 

PD2 
PD3 
PD3 
PD4 

PD5 

PD7 
PD8 
PD 8, 9, 10 
P D l l 
"LACE" 
— 

PD12 
PD13 
PD14 
PD14 
PD15 
PD19 
PD9 
PD9 
PD8 
PD20 
PD21 

PD24 

Deposit 

Fe203, dry 

Fe203, dry 
Fe203, dry 
Fe203, dry 
Fe203, dry 

Fe203, wet 

Fe203, dry 
Fe203, dry 
Fe203, dry 
Fe203, dry 

Fe203 (sediment) 
Fe203, dry 

Sn, wet 
Sn, dry 
Sn, dry 

Sn+Fe203+NaCl 
Si, dry 

Fe203, dry 
Fe203, dry 
Fe203, dry 
Fe203, dry 
Fe203, dry 

Si, dry 

Flow Velocity 
m/s 

15 

15 
10 
15 
15 

15 

5 - 2 0 
7,5 - 12,5 

5 - 2 0 
5 - 2 0 
1 5 - 2 0 

20 
12,5 - 15 
1 0 - 2 0 

12,5 - 20 
12,5 

5 - 2 0 
5 - 2 0 

20 
22 
15 
15 

12,5 

8,5 

Purpose of the test 

- repeatability 
J . . pre-test 

- denudation 
flow acceleration influence 
long term resuspension (72 hours) 
aging 
aerosol concentration profile 
- FJ vs. time (fig. 6.8) 
- repeatability (fig. 6.14) 
Fr vs. time (pre-test) 
denudation (fig. 6.6) 
denudation threshold velocity 
Fr vs. time (fig. 6.7) 
Fr vs. time 
Fr vs. time 
start-up effect (fig. 6.16) 
Fr vs. time 
Fr vs. time 
long term resuspension 
Fr vs. time (fig. 6.9) 
Fr vs. time (fig. 6.10) 
array-photometer 

' , pre-test 
array-photometer 
array-photometer (fig. 6.18) 
array-photometer 
denudation 
- repeatability 
- inhomogeneity of the deposit (6.17) 

1 Fr = resuspension flux fkg/m2- s] 
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Appendix B Considerations concerning the 
rapid depressurization of a 
breached LWR containment 

B.l Introduction 

As explained in chapter 1, the particular concern of the present work is the 
evaluation of the importance of the reentrainment of deposited materials 
during the blowdown of a breached reactor containment which fails due 
to overpressure. 

In this appendix, only the effect of "dry" resuspension (i.e. reentrain
ment of deposited materials from a solid surface exposed to a gasflow) 
will be evaluated. 

From the present study, it appears that deposited materials can be re-
suspended by erosion and denudation (see § 6.3). In our particular case, 
this last process could be important, since the deposited mass inside the 
containment of a breached reactor is around 0,1 to 1 kg/m2. Unfortu
nately, the conditions for the occurrence of denudation are still unknown. 
However, it has been shown that a kind of threshold velocity exists, 
below which no resuspension (neither denudation nor erosion) occurs. 

The objective of this appendix is to provide some simple consider
ations, in order to get a rough estimate on the magnitude of this phe
nomenon. 

B.2 Velocity inside the containment 

At the time when resuspension could be important (i.e. a few days after 
core melt), the temperature and the pressure inside the containment reach 
600°K and 10 bar (extreme assumptions). With this high pressure, if 
a failure occurs in the containment, the maximum mass flow rate which 
can pass through the failure hole can be approximated by the well-known 
single phase compressible flow result for maximum or "choked" flow. 
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This states that at the hole section, the velocity is sonic and remains 
sonic as long as the ratio of the containment pressure to the atmospheric 
pressure is greater than the "critical pressure ratio": 

if ^ > (-2—) ^ = > the flow is "choked"1 (B.l) 

where Pc = containment pressure [bar] 

Pa = atmospheric pressure [bar] 

7 = £*• = ratio of the specific heats ~ 1,4 

For our situation, the flow will remain choked as long as the contain
ment absolute pressure is greater than 1,9 bar. During this period, the 
mass flow rate is given by: 

m = p-a-S [kg/s] (B.2) 

where ra = mass flow rate [kg/s] 

p = gas density at the choking location [kg/m3] 

a = sonic velocity [m/s] 
* 9 

5 = failure surface area [nr] 

1 The basic equations in this paragraph are derived from 

Liepmann and Rcshko (1957). 
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If the flow acceleration to the failure site is assumed to occur hemi-
spherically, continuity dictates (see figure B.l): 

m = p-a-S = (h-Uc- 2nl$ [kg/s] (B.3) 

where pc 

Rc 

= containment gas density [kg/m3] 
= flow velocity inside the containment at a distance 

Rc from the failure [m/sl 
= distance from the failure [m] 

S = failure area 

a = sonic velocity 

Figure B.l: Radial flow toward a localized failure site. The ve
locity inside the containment Uc is assumed to occur 
h cmisph erically. 

The ratio between p and pc can be expressed as: 

L 
V 7 -4- 1 

9 \ -L-
^ \ 7 - 1 ~ 0, G3 (B.4) 

and the sonic velocity as: 
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a = y/n r 
Y 

Tc • ( - ) ~ 450 m/s 
W + i / ' 

(B.5) 

where r = perfect gas k w constant ~ 285 [m2/s2oK] 
= containment temperature ~ 600 [°K] 

Combining equations B.3 and B.4, the gas velocity Uc in the contain
ment as a function of the distance from the rupture (Rc) is then given 
by: 

* * * * * 
S-a n , a- S 

~ 0 1 • 
' R2

C Pc 2*'R2
C 

[m/s] (B.6) 

During the blowdown, Uc remains fairly constant in time while the 
flow through the failure location is choked and then rapidly drops to zero 
during the subsequent period of subsonic flow at the failure location. 

B.3 Critical distance L crit, 

As it has been assumed in § B.l, there is a threshold velocity UCIn below 
which no detectable resuspension occurs. Combining this information 
with equation B.6, a critical distance Lct-it can be defined, which is the 
maximal distance from the failure where resuspension can occur: 

•turrit. — 

N 

* 
* a 

0,1 • S-t U, 
M (B.7) 

crit 

or, if it is assumed that the failure is circular, with a radius R: 

^crit 
* 

R 

* 
a 

f3u; (B.8) 
rit 

where R = radius of the failure hole [mj 
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In equation B.7 the critical distance LCTn is expressed as a function 
of the square root of the surface area of the hole and of the ratio of the 
sonic velocity to the threshold velocity (7crit. Thus, this critical distance, 
is proportional to the radius of the hole. 

If the velocity ratio is known and if the size of the failure is assumed, 
the zone where resuspension will probably occur can then be estimated. 

At this time, where not enough information is known about denudation, 
it has to be assumed that denudation will occur for all deposited materials 
inside this critial zone (conservative assumption). 

B.4 Applications 

According to equation B.5, the sonic velocity at the failure location is 
around 450 m/s (for a containment temperature Tc eqal to 600 °K). 

With the conditions tested in the PARESS experiment, the critical ve
locity f/crit has been estimated as 6 m/s1 (see § 7.11). If it is assumed 
that during a severe accident, the aerosols would be approximately the 
same as those tested, a threshold velocity of 6 m/s can be used too. At 
this time, the influence of the pressure and high temperature on adhesion 
is not sufficiently understood to allow such an assumption; however, it 
has been done to get an estimate of the magnitude of resuspension in 
such a hypothetical catastrophy scenario. 

The biggest uncertainty concerns the size of the failure hole: 

• If the failure has a diameter of 10 cm, which is the size sufficient to 
terminate the containment pressurization, then the critical distance is 
around 30 cm, which is negligible; in this case, dry resuspension can 
be neglected. 

• On the other hand, if the hole has a surface of 10 m2 (which is 
the largest failure area identified in the Task 23.1 report for Zion), 
the critical distance is 8,5 m, which is important; if the critica' zone 

'In the experiment PARESS, it is the critical skin friction velocity u.cril which has occn estimated. 
However, the influence of the geometry is not too important («, ~ x ~">), so the flow conditions for a 
given flow velocity U^ can be assumed to be the same in the wind tunnel and in the containment. 
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includes large dry horizontal surfaces, several kilograms of deposited 
material can then be resuspended, and thus increase by a substantial 
amount the source te^.. 

Thus, depending on the size of the hole failure and its location, dry 
resuspension can be more or less important. 

In their study on this subject, Brockmann (1984) and Fauske et al. 
(1984) also concluded that the magnitude of dry resuspension depends 
on the size of the hole (see § 2.7). 
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