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The adhesion and the removal of individual micrometer-sized particles on a plane 
substrate are studied using an air shear flow cell. Laminar isothermal compressible flow 
characterization enables us to analyze the effect of various parameters such as particle 
size, air humidity, surface nature and surface charge on the aerodynamic forces required 
to remove the particles from the substrate. The results show that the increase of humidity 
(up to a critical value) favors particle removal when particles adhere under strong 
electrostatic forces on a non-conductive charged substrate. O n  the contrary, the 
existence of a capillary force disfavors particle removal beyond this critical humidity. 
The increase of the humidity disfavors the removal of particles in contact with a n  
uncharged substrate. The results are interpreted in terms of a global adhesion force using 
a force and torque balance on a single particle in contact with a plane substrate. 
Moreover, the use of a high-speed video recording system enables us to determine the 
particle removal mechanisms as a function of the particle Reynolds number. 
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1. INTRODUCTION 

The adhesion and the removal of micrometer-sized particles on solid 
surfaces under an air stream is encountered in many industrial 
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352 J. CARDOT et al. 

applications, such as surface decontamination and gas filtration. The 
adhesion of very small particles is influenced by several complex 
phenomena such as Van der Waals attraction, electrostatic effects and 
capillary condensation [ I ,  21. The Van der Waals force is due to the 
interactions between the molecules of the particle and the substrate. I t  
can be calculated theoretically by the addition of the elementary 
contribution of all the molecular interactions, using the classical 
assumption due to Hamaker. The expression of the Van der Waals 
force depends on geometric parameters such as the particle radius, the 
separation distance, the contact area and on the Hamaker constant 
which is related to the physical properties of the bodies and of the fluid 
[3,4]. In particular, it can be noticed that the Hamaker constant is 
about ten times lower in water than in air [5 ] .  Thus, it  can be expected 
that the Van der Waals effect can be reduced in the presence of water 
molecules on the surfaces as is the case in humid environments. The 
electrostatic effects are due to the surface nature and charges of 
the particle and the substrate. Electrostatic forces, which consist of the 
image, the Coulomb and the DEP forces have been widely studied [2]. 
There has been much debate in the literature on the effect of patches of 
electrostatic charges randomly distributed in localized regions of the 
surfaces on the global adhesion force. In some cases, the contributions 
of the Van der Waals and the electrostatic forces become comparable 
in magnitude [6]. The capillary force appears as a strong adhesive force 
at  high humidity. Indeed, liquid can condense between the particle and 
the substrate. The shape of the capillary meniscus and, then, the 
expansion of the liquid region under the particle depends on the 
humidity and on the particle/substrate system. A review of a number 
of works on humidity effects on adhesion [7] has shown a wide scatter 
of reported experimental data. The values of the capillary force can be 
determined numerically [S, 91 taking into account the contributions of 
the surface tension of the air/water interface and of the capillary 
pressure due to the curvature of the interface. The capillary force can 
drastically increase the global adhesion force depending on particle 
size. Capillary condensation can also contribute to an increase of the 
adhesion force due to the increase of the contact area and the 
deformation of the surfaces [lo]. 

Many experimental studies on particle adhesion on surfaces have 
already been carried out using different techniques to remove particles 
previously deposited, such as centrifugation [ 1 I], vibrations [12], 
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ADHESION A N D  REMOVAL OF PARTICLES 353 

impacting [13], electrostatic field [14, 151, and fluid mechanics [16- 191. 
Indirect techniques using fluid flow to remove particles are very 
interesting because they are close to the cleaning processes of surfaces 
and filters. The associated studies focus on the global fluid flow 
conditions necessary to dislodge particles from the surface. While the 
flow is laminar in liquids, air flow is generally turbulent [16,20]. It is 
true that in most applications the air flow is turbulent. However, even 
if turbulent flow can generate strong wall shear stress, it also produces 
unsteady events near the wall, called bursts. Due to these unsteady and 
unpredictable events, i t  is generally complicated to interpret particle 
removal and, therefore, it is quite difficult to characterize the effect of 
the different particle-surface interactions on particle adhesion. The 
objective of the present paper is to analyze the particular effect of air 
humidity on particle adhesion and removal for different particle sizes 
and for surfaces of different nature. To this end, a well-defined, 
laminar, high air shear flow is used to determine the wall shear stress 
necessary to remove individual particles from a surface. In this 
method, the air flow close to the wall can be assumed to be a non- 
inertial flow, i.e., Stokes flow. This allows us to make use of the well- 
known expressions for the aerodynamic forces and torque which apply 
on a single spherical particle in contact with a plane under linear shear 
flow [21-231. An analog shear flow cell has already been successfully 
employed in aqueous media to study particle/membrane interactions 
in cross-flow microfiltration [18] and the effect of fibrin bio-polymer 
layers on platelet removal [19]. The results are interpreted in terms of a 
global adhesion force using a force and torque balance on a single 
particle in contact with a plane. Moreover, the use of a high-speed 
video recording system enables us to  determine the particle removal 
mechanisms as a function of the particle Reynolds number. 

2. EXPERIMENTAL 

2.1. Device and Materials 

The laminar air flow is pressure driven using a vacuum pump and a 
flow regulator located downstream from the shear flow cell. The 
humidity and temperature are controlled using a climatic enclosure 
located upstream from the shear flow cell. The shear flow cell is 
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3 54 J .  CARDOT ef a/. 

mounted on the stage of an inverted microscope (NIKON Diaphot), 
coupled to a CCD camera with a video image processing system for 
visualization and counting of particles, Figure 1. The cell is specially 
designed to reach high laminar shear rates (y= 1.2 x 106s-'). It is 
composed of a bottom glass plate (450 x 70mm) and an upper 
PlexiglasTM plate of the same dimensions pierced for the entry and exit 
of fluid and for a pressure tap, Figure 2. These plates are separated by 

I : Climatic enclosure 
2: Filter 
3: Flowmeter 
4: Temperature and Hygrometry measurement 
5: Air shear flow cell under microscope 
6 Regulation flow gate 
7: Vacuum pump 

FIGURE 1 Experimental device. 

1 : Entry of fluid 
2: Exit of fluid 
3: Pressure tap 
4: Particles deposit 

A: Plexiglas plate 
B: Flow canal (h:300 p x l :  I cm) 
C: Glass plate 

FIGURE 2 Air shear flow cell. 
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ADHESION A N D  REMOVAL OF PARTICLES 355 

a hollowed-out steel plate (thickness 0.3 mm) for channeling the 
fluid flow. All the plates are held together with aluminium clamps. 
The rectangular flow channel (1Omm width) follows a diverging- 
converging channel, in order to ensure a uniform flow at the entrance 
of the region of interest. The observation area of particle removal is 
located far downstream from the rectangular channel entry where a 
laminar Poiseuille flow is established. Therefore, it can be assumed 
that the particles deposited in the observation area are submitted to 
a linear shear flow. 

Spherical glass beads (21 or 37pm diameter, supplied by White- 
house Scientific Ltd) are used as models of real particles. 

2.2. Flow Characteristics 

The dimensions of the air shear flow cell are chosen to obtain a fully- 
developed laminar flow of high shear flow rate in the region where 
particles are deposited. However, the pressure drop through the cell 
being of the same order as the static pressure in the system, the air 
flow in the cell is compressible. Therefore, the governing equations 
for fully-developed laminar compressible flow, i.e., the mass and 
momentum equations and the equation of state for perfect gases, are 
solved analytically using the viscous boundary layer assumption [24]. 
Then, the following expressions for the pressure, p(x), volumetric 
mass, p(x) and velocity, u(x, y )  along the channel are obtained: 

where Qnl is the mass flow rate, h is the half channel height, R the 
perfect gas constant, T the absolute temperature and p3  and p4 are two 
pressure values at x3 and x4 along the channel. 

Finally, the mass flow rate can be expressed as follows: 

( p i  - p * ) @ t  
= 3p(x - x4)RT 

where t is the width of the channel. 
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356 J .  CARDOT rf al. 

The aerodynamics in the cell was carefully checked before making 
adhesion experiments. To this end, pressure drop measurements were 
carried out. It was found that the experimental pressure drop as a 
function of the mass flow rate in the region of interest agreed very well 
with the quadratic variation given by the theoretical expression of Eq. 
(2) [24]. Therefore, Eq. (2) shows that the knowledge of the static 
pressure, p4, at x4 along the channel and the mass flow rate, em, 
enables us to determine the static pressure, p ,  and then the volumetric 
mass, p, and the humidity, H ,  everywhere in the cell and, in particular, 
close to the particles, during the experiments. Using the expression 
for u ( x , y )  of Eq. ( l ) ,  the corresponding wall shear stress can be 
expressed as: 

3 ~ Q m  
- 2h2Cp 

7- -- (3 )  

2.3. Method of Operation 

First, the three plates (glass plate, PlexiglasTM plate and hollowed-out 
steel plate) are carefully cleaned using a pure alcohol solution. 
Therefore, the surfaces are not electrostatically charged. Second, the 
particles are deposited on the bottom plate far from the entrance 
region of the channel using a metallic needle. This deposition 
technique is difficult to employ because the glass beads have to be 
roughly uniformly deposited with respect to a mean separation 
distance between particles of about five times the particle diameter or 
greater. This separation distance was chosen to minimize artifacts 
caused by aerodynamic interactions between particles, such as 
shielding of the shear field. This allows us to assume that the 
theoretical expressions reported in the next section for the aero- 
dynamic forces and torque given for a single particle are valid, as 
demonstrated numerically [25] .  The aggregates of two particles or 
more which sometimes exist after the deposition procedure are not 
taken into account in the measurements. The flow rate is then 
increased step by step from zero to the maximum shear flow rate (a 
typical step is 5 minutes). The number of individual particles 
remaining at  the surface is counted at the end of each step by 
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ADHESION A N D  REMOVAL OF PARTICLES 357 

means of phase-contrast optical microscopy and image acquisi- 
tion. Each experiment consists of about 100 particles previously 
deposited. 

3. THEORETICAL MODEL 

In order to understand the adhesion and removal mechanisms of a 
single spherical particle in contact with a plane in a linear shear flow, a 
force and torque balance on the particle is performed. The theory of 
aerodynamic effects which applies on a spherical particle under low 
inertial shear flow is used [21-231, Figure 3. The expressions for the 
corresponding drag force, FD, lift force, F,-, and aerodynamic torque, 
C,, are the following: 

Here a is the radius of the particle, r,, is the wall stress, p and v are the 
dynamic and kinetic viscosities of air, respectively. K D  and K L  are the 

FIGURE 3 
a linear shear flow. 

Forces and torque on a single particle in contact with a plane submitted to 
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358 J. CARDOT c/ al. 

correction factors in the case of a single particle in contact with a 
plane. Re, is the particle Reynolds number. For convenience, the 
velocity of the fluid at the particle location is replaced by ar,/p as can 
be seen in Eq. (4), assuming a linear velocity profile close to the 
particle as a/h is lower than 1 .  It can be noticed that the particle 
Reynolds number is supposed to be greater than zero but low with 
respect to the assumption of low inertial flow close to the wall, i.e., 
close to the particles. However, the expression for the lift force is 
extrapolated to Re, of the order of 1 .  

The model of contact is based on the dry friction law between the 
particle and the surface. The contact area is a disk of unknown radius 
r .  Therefore, a friction force, FF, related to the static friction 
coefficient, fo, and a friction torque at the contact point, rF, related 
to the rolling friction coefficient, go, has to be considered in the 
balance, as can be seen in Figure 3. Finally, the model previously 
described allows us to determine the critical wall shear stress, r,, 
required to overcome the global adhesion force, FAd, for the different 
removal mechanisms which can occur (rolling, rPR, sliding, T ~ ~ ,  and 
lifting, -rPL) using the values of KD and K L  given in the literature 
[22,23]. The three critical wall shear stresses can be evaluated by 
performing a balance of forces and torque [ 17,261 and using the 
expressions given in Eq. (4). If the removal mechanism is believed to be 
rolling, the total adhesion force can be obtained from the following 
torque balance: 

It can be noticed that the rolling friction coefficient, go, has the 
dimension of a length. The corresponding wall shear stress, rPR, can be 
deduced to give: 

(6) 
gOFAd 

TpR = ~ ~ ( 4 3 . 9 ~  + 9.257goRep) 

If the removal mechanism is sliding, the total adhesion force can be 
obtained from the following force balance: 
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ADHESION A N D  REMOVAL OF PARTICLES 359 

The corresponding wall shear stress is obtained as: 

fOFAd 

~ ~ ( 3 2 . 0 0  + 9.257foRep) QS = 

If  the removal mechanism is lifting, the total adhesion force can be 
obtained from the following force balance: 

F L  = FAd (9) 

The corresponding wall shear stress is given by: 

FAd 

9.257Repa2 TPL = 

Let us now consider the three following ratios: 

TP R 9,257goRep 
rPL 43,9a + 9,257goRep 

B = - =  

I t  is clear that the two ratios A and B are always less than 1, meaning 
that the particles cannot be removed by a lifting mechanism. 
Nevertheless, it can be mentioned that an increase of the lift force 
leads to lower critical wall shear stresses rPR and rPs, which 
contributes to an easier removal by sliding or rolling mechanisms. 
The ratio C depends on the term a(fo/go). Keeping in mind that fo is 
lower than 1 and as the particle radius a is small (about 10 to 
20microns), it can be assumed that a(fo/go) is lower than 1. 
Subsequently, the experimental results will be interpreted in terms of 
global adhesion force between particle and surface assuming that 
particles leave the surface under a sliding mechanism as soon as the 
wall shear stress, r,,, equals rPs. Then the expression of the global 
adhesion force can be obtained from Eq. (8) and written as follows: 

(14) 
a2ps(32 + 9.257foReP) 

fo FAd = 
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360 I. CARDOT e /  al. 

4. RESULTS AND DISCUSSION 

Experiments are performed at various humidity, surface character- 
istics and bead sizes. Various surfaces are used: a glass plate 
considered as an uncharged surface, and a PlexiglasTM plate 
considered as a non-conductive, charged surface on which the surface 
charges are randomly distributed. The results are presented in the form 
of detachment curves which give the number of particles remaining in 
the observation area (expressed as percent of initial number of 
particles, No) as a function of the wall shear stress applied. Each curve 
is the mean curve of five experiments. 

4.1. Effect of Air Humidity 

The influence of air humidity on the removal of particles deposited on 
the uncharged glass plate is studied. The detachment curves are plotted 
for different local air humidity, in Figure 4 for the 21 pm glass beads 
and in Figure 5 for the 37pm glass beads. As can be expected, the 
removal of the 37pm glass beads is easier than the removal of the 
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FIGURE 4 21 pm glass bead removal on a wettable glass surface for different humidity. 
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60 
3 
0 ' 40 

20 

0 

+ 50% 

FIGURE 5 37pm glass bead removal on a wettable glass surface for different 
humidity. 

21 pm beads since the aerodynamic forces, FD and FL, are propor- 
tional to a2. For the 21 pm beads, the increase of humidity disfavors 
particle removal due to the existence of molecular adsorption on the 
glass surfaces leading to the capillary condensation mechanism under 
the particles. Thus, the subsequent capillary force strongly increases 
the global adhesion force that prevents particle removal beyond a 
relative humidity of about 60%. This value agrees with the range 
60% -90% of the critical humidity above which adhesion increases 
due to a change in the bonding mechanism, from that of an adsorbed 
layer to a liquid bridge, obtained for various particle/substrate systems 
and surface treatments [7].  It can be seen that the maximum wall shear 
stress of 18 Pa, corresponding to a drag force, F D ,  of 6.3 x l o p 8  N and 
a lift force, F,, of 7.8 x l o -*  N, is not sufficient to remove the particles 
for a humidity of 70% (less than 10% of particles are removed). Using 
the theoretical model, assuming that the other effects can be neglected 
relative to the capillary effect at high humidity, and taking a friction 
coefficient, fo, equal to 0.1 as an approximate value for a glass/glass 
contact, it can be deduced that the adhesive capillary force is higher 
than 10-7N.  On the contrary, the capillary force appears to be 
negligible for the 37 pm glass beads since particle removal is facilitated 
when the humidity increases, as can be seen in Figure 5 .  The capillary 
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362 J .  CARDOT et al. 

meniscus which forms with under the particle at high humidity is 
smaller relative to particle size compared 20 pm glass beads, which can 
explain the relatively low intensity of the capillary force. Therefore, the 
other forces which can modify the total adhesion force as the humidity 
varies are the Van der Waals' and electrostatic forces. First, it can be 
noticed that the Hamaker constant which appears in the theoretical 
expression for the Van der Waals force is lower in liquids than in gases 
[5 ] .  Consequently, the increase of the humidity can lead to the decrease 
of the Van der Waals force due to the existence of water molecule 
adsorption and capillary condensation under the particle in the 
contact area. Second, residual patches of weak charges on the surfaces 
can be more uniformly distributed when the water molecule 
adsorption occurs, which contributes to the decrease of the electro- 
static force. These phenomena can explain why the results plotted in 
Figure 5 show that the total adhesion force is reduced as the humidity 
increases. 

4.2. Effect of Surface Wettability 

The following experiments are done with the 21 pm glass beads. The 
uncharged glass plate is coated with a (CF2),I layer (supplied by Saint- 
Gobain) to obtain a non-wettable surface, thus allowing us to study 
the effect of surface wettability on the existence of capillary 
condensation. Figure 6 shows that particle removal is much easier in 
the whole range of humidity. In order to estimate the global adhesion 
force, the wall shear stress required to remove 50% of particles is 
taken as the critical wall shear stress, T ~ ~ .  Thus, the theoretical model 
can be applied using the assumption of sliding removal. Here the 
friction coefficient,fo, for the glass/coated glass contact is kept equal to 
0. I (glass/glass contact case) even if it should be lower. The calculated 
global adhesion force of the particles between the two cases, wettable 
surface and non-wettable surface, obtained using the expression of 
Eq. (14), are reported in Table I .  For convenience, the ratio of the 
calculated global adhesion force divided by the calculated global 
adhesion force, FA* ",,,, obtained for the best removal conditions (non- 
wetting, 30% humidity) are reported in the right hand column. I t  can 
be seen that an appropriate treatment of the surface can reduce the 
global adhesion force by a factor of 50 for a high humidity of 70%. 
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FIGURE 6 21 prn glass bead removal on a non-wettable glass surface for different 
humidity. 

TABLE 1 Global adhesion force intensity for wettable and non-wettable surfaces for 
different humidity 

Surface wetlability Air humidity (%) Adhesion force ( N )  Adhesion force/Fad nn, 

30% 1.29 x 10 O8 5 
Wettable 50% 2.53 x 10 On 9.9 

70% 1.39 x 10 (88%) > 54 
30% FAd ,,,,=2.57. 10 "' 1 

Non-wettable 5OYo 2.84 x 10 O' 1.1  
70% 3.7 x 10 1.4 

4.3. Effect of Surface Charge 

Experiments are performed with 21 pm glass beads adherent to the 
non-conductive PlexiglasTM plate previously charged by triboelectri- 
city. When the surface is charged, the particles in contact with the 
surface experience electrostatic forces of high magnitude, such as 
Coulomb and image forces [2]. The particle removal is studied for 
different humidity values as can be seen in Figure 7. Recall that the 
initial PlexiglasTM surface charge remains uncontrolled in this set of 
experiments. Indeed, the surface charges are not uniformly distributed 
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FIGURE 7 21 pm glass bead removal on a charged surface for different humidity. 

since the PlexiglasTM surface is a non-conductive surface. Therefore, it 
is not possible to obtain good reproducibility. However, the results 
clearly show the existence of a significant critical wall shear stress 
below which the particles remain attached to the surface. This 
phenomenon is easily explained by the strong adhesion forces 
experienced by the particles. Moreover, it can be expected that the 
higher the surface charge, the higher the critical shear stress. 
Unfortunately, the present experiments do not allow us to verify this 
idea since the surface charge is not controlled. 

The effect of air humidity on particle removal is presented in 
Figure 8. First, the wall shear stress is kept constant from the 
beginning of particle removal, which corresponds to a low humidity of 
30% (5 Pa). Then the humidity is increased from 30% to 80%. Finally, 
the wall shear rate is increased again (see the corresponding curve 
designated “1” in Fig. 7). The increase of the humidity facilitates 
particle removal until a critical value (about 50%) beyond which the 
capillary force becomes dominant. Molecular adsorption increases the 
surface conductivity as the humidity increases, allowing for a more 
uniform distribution of the surface charges. Then the local surface 
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FIGURE 8 Influence of air humidity on 21 pm glass beads removal on a charged 
surface at constant shear stress. 

charge experienced by particles is reduced, thus, decreasing the 
magnitude of the attractive electrostatic forces. 

5. PARTICLE REMOVAL MECHANISMS 

In order to analyze carefully the removal mechanisms of single 
spherical particles in contact with a plane in a linear shear flow 
(rolling, sliding or lifting), a high-speed video recording system (1000 
images per second) is used. Particles of 21 pm and 37 pm are observed 
at various flow rates which correspond to various particle Reynolds 
number in order to visualize the different removal mechanisms. 

First, i t  is seen that some particles can have a tiny motion without 
being removed at very low particle Reynolds numbers (Re,,<< 1). If 
they are removed, they strike other particles deposited some diameters 
further away, Figure 9a. At this stage, the rolling or sliding removal 
mechanisms may be balanced by an obstacle (roughness or dirt) in 
some cases. Second, for Re,, - I some collisions can be sometimes 
observed, but generally a removed particle does not strike another 
particle remaining attached, Figure 9b. Thus, i t  is confirmed that the 
lift aerodynamic force is significant even if the main removal force 
acting on the particle is still the drag force. Third, at a higher particle 
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FIGURE 9 Particle removal mechanisms for different particle Reynolds numbers; (a) 
Re,< I ,  (b) Re,- I ,  (c) Re,- 10. 

Reynolds number (Re,, - 10 or higher), the particles are still removed 
by the rolling or sliding mechanisms but the lift force is dominant as 
soon as they move. Indeed, it is seen that they do not strike any other 
particles after removal, Figure 9c. Furthermore, it can be noticed that 
the motion is very fast at this stage, then the observation of particle 
removal mechanisms becomes quite difficult. 

6. CONCLUSION 

An experimental device has been developed and applied to study the 
adhesion and the removal of particles from surfaces under a humidity 
controlled air stream. The effects of humidity, surface characteristics 
(charge, wettability) and particle size have been evidenced and 
explained. It was shown that a capillary force appears at high 
humidity. This capillary force does not exist for the bigger particles 
(37pm) or in the case of a non-wettable surface. Increasing the 
humidity favors particle removal in the case of a non-conductive 
charged surface until the capillary force appears. Moreover, the 
observation of particle removal enabled us to identify different 
removal mechanisms related to the particle Reynolds number. Further 
studies using a controlled charge surface will allow us to perform a 
quantitative analysis of the effect of the surface charge on particle 
adhesion and removal. 
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