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Abstract

This work presents a revised model for microparticle detachment from a surface by turbulent air flow. The model accounts for
the dependence of the effective surface roughness at the microparticle/surface interface on the contact radius. This dependence is
quantified by surface scanning using atomic force microscopy. A series of detachment experiments of glass microparticles, ranging
from 30 to 110 �m in diameter, from a glass substrate, was conducted to validate the revised model. The model and data were
found to agree at the 95% confidence level. The model sensitivity to five different physical factors was analyzed using design-of-
experiments methodology with a full-factorial-design layout. The uncertainty in the threshold-detachment free-stream velocity that
arose from the inherent variability in the model inputs was quantified using Monte Carlo simulations. The uncertainty that occurs
in the threshold-detachment free-stream velocity when there is no specific information on surface roughness was estimated.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The detachment of particles from surfaces and their subsequent entrainment into air flow occur in many natural
and industrial applications. Two environmentally related examples include particle filtration and the dispersion of
microparticle pollutants from surfaces into the atmosphere. Previous studies in this area have provided different models
and data for the detachment process and have identified the major factors governing this process. Among these factors
are those affecting the particle’s adhesion force and moment and those affecting its removing forces and moments.
Those affecting the particle’s adhesion force and moment include the particle size, the particle and surface material
properties, the air relative humidity (for example, Podczeck, Newton, & James, 1997; Quon, Ulman, & Vanderlick,
2000), the standard deviation of the surface asperity heights (Cheng, Brach, & Dunn, 2002), the residence time between
that of surface deposition and flow application (for example, Ibrahim, Dunn, & Brach, 2003b), and the measurement
technique used to assess particle adhesion to the surface (Mollinger, 1995). Those affecting the particle removing forces
and moments include the particle size, the type of flow (laminar or turbulent) (Ibrahim et al., 2003b), the presence and the
intensity of turbulent burst-sweep events (Soltani & Ahmadi, 1995), and the temporal mean flow acceleration (Ibrahim
& Dunn, 2006). Ziskind (2006), Ziskind, Fichman, and Gutfinger (1995), Nicholson (1988), and Sehmel (1980) have
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provided extensive reviews on the subject. Additional references cited by the authors in a series of detachment-related
studies can be found in Ibrahim, Dunn, and Brach (2003a, 2003b, 2004), Ibrahim (2004), Ibrahim and Dunn (2006)
and Cheng et al. (2002).

The flow velocities that induce the detachment of glass microparticles from glass surfaces have been measured by
different investigators. Zimon (1982) reported velocities ranging from 8 to 10 m/s that were required to detach glass
microparticles of 21 �m in diameter; Taheri and Bragg (1992) measured equivalent free-stream velocities of 28 and
22 m/s that were necessary to detach 50% of glass particles of 20 and 35 �m, respectively. This relatively large range of
the reported detachment velocities for the same types of particles and surfaces most likely was the result of variations
in surface roughness and air relative humidity within and between these studies. Detachment is quite sensitive to these
and other variables. Their control and measurement during experiments are critical to obtaining reproducible data that
can be used to validate models of this process.

The objectives of the current work are several. The first is to provide a systematic study of microparticle detachment
for several microparticle diameters under well-controlled conditions (to the authors’ knowledge, experimental results
under controlled conditions of this extent have not appeared in the literature). The second is to present a revised
microparticle detachment model that describes these data to within 95% confidence. The third is to provide an estimate
of the model’s uncertainty, the fourth is to estimate the uncertainty that arises when no specific information on the
surface roughness is available, and the fifth is to examine the sensitivity of the model to the different physical factors
that govern the detachment process.

In this paper, the term detachment refers to the process of breaking the adhesion bond between the microparticle
and the surface. Detachment can be observed experimentally. It occurs when the microparticle initially begins to move
on the surface. The term rough-surface pull-off force refers to the actual force required to break the adhesion bond
between the microparticle and the surface. This force is smaller than the smooth-surface pull-off force, which occurs
in the case of a perfectly smooth interface. The ratio of the rough-to-smooth surface pull-off forces (hereafter referred
to as C) can be estimated using the theoretical results of Cheng et al. (2002) coupled with measurements of the surface
asperity heights obtained using an atomic force microscope (AFM). Further, microparticle detachment from a surface
is characterized by the detachment fraction versus the free-stream velocity. This fraction is defined as n∗(t) = 1 −
[n(t)/n(0)], in which n(t) is the number of non-detached microparticles on the surface at time t . The 50% threshold-
detachment free-stream velocity, Uth,50%, is defined as the free-stream velocity at which the detachment fraction
equals 0.50.

2. Experimental configuration

Details of the experimental facility and diagnostics used for this study have been described previously (Ibrahim
et al., 2003a, 2003b). Only the features related directly to this study are presented here. A schematic of the experimental
facility is shown in Fig. 1. For all experiments, the tunnel’s programmable controller was set to achieve a mean temporal-
flow acceleration of approximately 0.13 m/s2 in the transient-flow phase and final free-stream flow velocities of either
5, 8, 15, or 24 m/s. The air temperature and relative humidity were 22 ◦C ± 1 ◦C and 29% ± 3%, respectively, during
all experiments.

Detachment situations can be characterized in terms of either a free-stream velocity, U∞, or a friction velocity, u∗,
defined as

√
�w/�, where �w is the wall shear stress and � is the density of the flowing medium. In this work, the

free-stream and friction velocities (in units of m/s) were correlated by the least-squares linear-regression expression
u∗ = 0.0375U∞ + 0.0387 with an uncertainty of ±0.0300 at a 95% confidence level (Ibrahim et al., 2003a).

The free-stream velocity was measured using a Pitot-static tube and an inclined manometer. Microvideophotographic
images were acquired simultaneously in the top view. The images were made with a Basler A501K progressive-
scan CMOS monochromatic digital camera and magnifying lenses (Micro Nikkor 105 mm lens and 2X/4X Nikon
teleconverters) in order to achieve enough optical magnification to resolve individual microsphere motion. The camera
had a resolution of 1280 pixels ×1024 pixels and was operated at 30 frames per second and a shutter speed approximately
equal to the inverse of the frame rate. The number of microparticles on the surface at a given free-stream velocity was
determined from the images through manual count.

The actual microparticle diameters for the experiments performed were 30.1 �m ± 2.1 �m, 52.6 �m ± 3.2 �m,
72.6 �m ± 4.4 �m, 90.3 �m ± 4.5 �m, and 111 �m ± 5.5 �m. All microparticles were soda lime glass obtained from
Duke Scientific Corporation, catalogue numbers 9030, 9050, 9070, 9090, and 9110, respectively. The microparticle
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Fig. 1. Schematic of the experimental facility.
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Fig. 2. Histograms of the standard deviation of heights for four different contact radii ranging from 0.2 to 1 �m.

density was approximately 2400 kg/m3. For each of the diameters, the experiment was repeated five times under the
same conditions to estimate the uncertainty of repeatability. The microparticles were always embedded completely
within the viscous sublayer of the boundary layer for the size range and flow velocities considered. The microparticles
were deposited as a sparse monolayer (< ∼ 50 microparticles/cm2) on the glass substrate. Deposition was made
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Fig. 3. Variation of the standard deviation of asperity heights versus the contact radius. Calculated values from measurements are shown as open
circles and the best-fit polynomial as a solid curve.

by gravitational settling from approximately 10 cm above the surface immediately before initiation of the flow. Any
agglomerates or microparticles removed by collisions were excluded from the detachment count.

Similar glass substrates were used (Amersham Pharmacia; 10 cm×10.5 cm×1.27 mm). The substrates were prepared
prior to each experiment by cleaning it with phosphate-free detergent, immersing it in dilute nitric acid (1:1) for 60 s,
rinsing it in distilled water for 120 s, and then heating it at 200 ◦C for 1 h. All substrates were kept in a dry, warm
enclosure until used. This surface preparation technique was similar to that given by Phares, Smedley, and Flagan
(2000).

The surface-roughness profile of one of the substrates was measured using an AFM. The scan area was 100 �m ×
100 �m with a resolution of 5 pixels/�m. The standard deviation of asperity heights was estimated for square areas
of lengths ranging from 0.2 to 1.0 �m. For each radius, 50 000 estimates were made for different squares in random
positions within the 100 �m × 100 �m scan area.

The histograms of four selected radii are shown in Fig. 2. As the square scan area increases, the range of the standard
deviation of the surface asperity heights also increases. The means of the measured standard deviations are plotted
in Fig. 3 versus their equivalent circular contact radii. As the contact radius, a, decreases, the mean of the standard
deviation of asperity heights, �, decreases, effectively giving rise to a smoother surface. This is because a microparticle
is affected by a smaller range of asperity roughness as its contact radius is decreased.

These considerations imply that microparticles of different radii have different surface roughness profiles, and,
therefore, according to Cheng et al. (2002), have different rough-surface pull-off forces and different values of C. This
is in contrast to the detachment model presented in Ibrahim et al. (2003a) that assumed a constant standard deviation
of asperity height and, therefore, a constant value of C for all microparticle sizes. For the specific surface and range
of contact radii investigated in this study, the relationship between �, in Å, versus a, in �m, can be fitted with a third-
order polynomial, which is shown as a solid curve in the figure. The resulting expression is � = 3.07a3 − 13.62a2

+ 25.47a − 3.48.

3. Experimental results

The results of the detachment experiments are shown in Fig. 4. In this figure, the progress of the detachment fraction
versus the free-stream velocity for each of the five diameters studied is shown. It can be seen that larger microparticles
detach at smaller flow velocities. The ‘no-slip’ velocity condition at the surface makes it increasingly difficult to
provide sufficient removing forces or moments as the microparticle size gets smaller. Also, all curves exhibit a sigmoid
shape, which is typical of the relationship between the detachment fraction, n∗, and the free-stream velocity, U∞. The
experimental Uth,50% values and their precision uncertainty estimates are shown in Fig. 5. Also presented in the figure
are the theoretical predictions of the model that will be considered next.
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Fig. 4. The progress of the detachment fraction versus the free-stream velocity for all the cases considered. Five repeated experiments were conducted
for each of the five diameter cases examined.
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Fig. 5. The threshold-detachment free-stream velocity versus microparticle diameter. The solid curve is the theoretical prediction of Uth,50% with
a variable C (current model). The dotted curves are the 95% confidence limits of the variable-C model determined from the Monte Carlo analysis.
The symbols denote the average measured Uth,50% along with their precision uncertainties.
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4. Detachment model

Force and moment-balance detachment models for individual microspheres on a surface embedded in a viscous
sublayer have been proposed by Cleaver and Yates (1973), Braaten, Paw, and Shaw (1990), Tsai, Pui, and Liu
(1991), Cabrejos and Klinzing (1992), Soltani and Ahmadi (1994), Yiantsios and Karabelas (1995), Ziskind,
Fichman, and Gutfinger (1997), Hontanon, de los Reyes, and Capitao (2000) and Ibrahim et al. (2003a). The cur-
rent model is a revised form of the model presented by Ibrahim et al. (2003a). The main difference between this and
previous models is that the revised model accounts for the dependence of the effective surface roughness on the contact
radius.

A schematic of a microparticle attached to a surface and the forces acting on it at the moment of detachment is
presented in Fig. 6. Five forces are shown: the mean aerodynamic lift force, FL, in the upward vertical direction, the
gravitational force, FG (=mg), and the rough-surface pull-off force, FPO, both in the downward vertical direction,
the mean aerodynamic drag force, FD, in the forward horizontal direction and the friction force, FF, in the reverse
horizontal direction.

The microparticles used in these experiments resided fully in the viscous sublayer, which is defined by wall-unit
height y+ < 5. The wall unit y+ equals yu∗/� in which y is the physical height above the wall and � is the dynamic
viscosity of the flowing medium. The velocities u and w are the stream-wise and the normal-mean flow velocities,
respectively. In the viscous sublayer, the flow is usually described by the normalized velocities u+ and w+, where
u+ = u/u∗ and w+ = w/u∗. It has been observed that the detachment of microparticles from the viscous sublayer
is associated with specific flow structures inside the viscous sublayer known as the burst-sweep events (for example,
Braaten, Shaw, & Paw, 1993). These events have higher flow velocities in the stream-wise and normal-flow directions
and are described by Eqs. (9)–(11), which are presented later.

Three detachment modes are possible, namely direct lift-off, where

FL > FPO + mg, (1)

and sliding, where

FD > ks(FPO + mg − FL), (2)

R

FG + FPO

FL

oa

Fluid Flow

Rough Surface

FD

FF

1.74 R

Fig. 6. A schematic of a microparticle attached to a surface and the forces acting on it at the moment of detachment.



Author's personal copy

A.H. Ibrahim et al. / Aerosol Science 39 (2008) 645 – 656 651

in which ks is the static coefficient of friction, and, rolling, where

1.74RFD + aF L > a(FPO + mg), (3)

in which R is the microparticle diameter and a is the microparticle contact radius, as determined using Eq. (6).
The values of these forces and moments show that among the three possible detachment mechanisms, rolling provides

the least resistance for incipient detachment, as compared to sliding or direct lift-off. Throughout the remainder of this
work, rolling is considered as the mechanism of initial detachment, as specified by Eq. (3).

The smooth-surface pull-off force, FPO,s, was estimated from the results of Johnson and Greenwood (1997), in which
the Leonard-Jones potential was used to calculate the pull-off force at the DMT-JKR transition (Derjaguin, Muller, &
Toporov, 1975; Johnson, Kendall, & Roberts, 1971). According to these calculations, the smooth-surface pull-off force
is 1.57��R and 1.58��R for 110 �m diameter glass and 30 �m diameter glass microspheres, respectively.

The rough-surface pull-off force is estimated as

FPO = CF PO,s, (4)

in which the factor C is a function of the standard deviation of the asperity heights, �. The value of � is obtained from

� = √
�s + �p, (5)

in which �s is the standard deviation of asperity heights of the surface for a given microparticle contact radius and �p
is the standard deviation of asperity heights of the microparticle in the interface region. In this study, �p was assumed
to be equal to �s.

The contact radius, a, is evaluated using JKR theory, where

a = 6��R2

K
, (6)

in which � is the surface energy of adhesion. K is the composite Young’s modulus given by

K = 4

3

[
1 − �2

1

E1
+ 1 − �2

2

E2

]−1

, (7)

in which E1 and E2 are the values of Young’s modulus and �1 and �2 are the values of Poisson’s ratio for the microparticle
and the surface, respectively.

The aerodynamic drag force was modelled as Stokesian drag, equal to 3��duc, with corrections made for inertial
(Ockendon & Evans, 1972) and wall effects (O’Neill, 1968). The velocity uc is the flow velocity at a height from
the wall equal to the microparticle radius, or d/2. Slip correction (Friedlander, 1977) was neglected because of the
relatively large microparticle diameters used in this study. The shear effect on drag also is weak and can be neglected
(Kurose & Komori, 1999). The buoyancy, virtual mass, and Basset forces are much less than the drag force because
the density of the microspheres in the present experiments (2470 kg/m3) is much larger than that of air. The mean
aerodynamic drag force consequently is modelled as

FD = 3f ��duc[1 + 3ReP/8 + 9Re2
P ln(ReP)/40 + 0.1879Re2

P]. (8)

The factor f (=1.7009) accounts for the wall effect. The microparticle Reynolds number, ReP, is defined as ucR/�. In
this work, the maximum ReP was approximately 4.

Inside the viscous sublayer, burst-sweep events occur and cause an instantaneous increase in flow velocities, which
facilitates the detachment process. Soltani and Ahmadi (1994) proposed a sublayer model for the turbulent burst-sweep
event. According to this model

u+ = 1.74y+ + 0.1y+2 (9)

and

w+ = 0.54u+. (10)
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Soltani and Ahmadi (1995) performed a direct numerical simulation of microparticle entrainment in a turbulent channel
flow and described the variation in the intensity of these events. Their results show that during a burst-sweep event

u+ = 	y+, (11)

where the mean of 	 is 1.84, with minimum and maximum values of 1.60 and 2.14, respectively. These values were
used in the Monte Carlo simulations (Section 5) to account for the intensity variation in the burst-sweep events.

The mean aerodynamic lift force is estimated using the results of Mollinger and Nieuwstadt (1996), in which they
measured the lift force on 120 and 218 �m diameter microparticles deposited on a surface in the viscous sublayer. The
expression is

F+
L = (56.9 ± 1.1)R+(1.87±0.04), (12)

which is valid for 0.3 < R+ < 2, where F+
L is FL/�U2∞.

Eqs. (3)–(12) form the basis of the theoretical model. Order of magnitude analysis of Eq. (3) shows that the aero-
dynamic lift and gravitational moments are negligible compared to the drag and pull-off moments. Therefore, for the
size range and microparticle density considered in the present experiments, initial detachment is dictated by a balance
between the aerodynamic drag and pull-off force moments. That is,

1.74RFD > aF PO. (13)

Model predictions are compared with the experimental values of Uth,50% in Fig. 5. The 95% confidence-level-estimate
limits of the model, indicated by dashed curves in the figure, were determined using the Monte Carlo analysis described
in Section 5. The predictions and data were found to agree at the 95% confidence level.

The accurate prediction of the threshold-detachment free-stream velocities requires knowledge of the standard
deviation of the asperity heights. In this model, this was achieved using the distributions and their means shown in
Figs. 2 and 3. This work also addresses the uncertainty that arises if the distribution of the standard deviation of asperity
heights is unknown and an ad hoc assumption about the value of the factor C has to be made. The effect of assuming
a constant value for the factor C is illustrated in Fig. 7. In this figure, several numerical simulations for values of C

ranging from 0.5 to 5% are plotted along with the experimental results. It can be seen that small changes in C produce
relatively much larger changes in the threshold-detachment free-stream velocities.
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Fig. 7. Different numerical simulation[h]s showing the Uth,50% for an order-of-magnitude range of the factor C.
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Fig. 8. 10 000 Monte Carlo simulations for the Uth,50% for a nominal diameter of 72.6 �m.

5. Monte Carlo simulations

Although all the experiments were conducted for the same material combination under controlled conditions as
possible, such as relative humidity and mean temporal flow acceleration, several factors related to the local environment
of each individual microparticle could not be controlled directly. These included the inherent variation in local surface
roughness at the micropaticle/surface interface, the specific microparticle diameter, the variation of physical properties
at the interface from their bulk-material values, and the intensity of burst-sweep events in the viscous sublayer. To
quantify the effects of these variations on the Uth,50%, a Monte Carlo analysis comprising of 10 000 simulations was
conducted to estimate the theoretical range of the Uth,50%.

The following factors, as specified by their means and standard deviations (assumed to be normally distributed), were
examined: � (0.4 J/m2, 0.02 J/m2); �p (0.22, 0.011); �s (0.22, 0.011); Ep (69 GN/m2, 3.45 GN/m2); Es (69 GN/m2,

3.45 GN/m2); �p (2470 kg/m3, 123.5 kg/m3); 
 (1.84, 0.135). A standard deviation of 5% in the mean was assumed
for all the factors except for d , for which manufacturer data were used, and for 
, where the results of Soltani and
Ahmadi (1995) were used. The factor � was varied according to the mean and distribution shown in Fig. 2 for each
microparticle diameter.

Distributions of the possible outcomes of the Uth,50% were obtained for the five nominal diameters studied. The
histogram (constructed according to Williams, 1950) for the 72.6 �m diameter is shown in Fig. 8. Other diameters
showed similar behavior. The results show that the estimated Uth,50% values follow a normal distribution. The upper
and lower uncertainty limits of the model, estimated at 95% confidence, are presented as dashed curves in Fig. 5. These
limits were obtained from this Monte Carlo analysis. The average standard deviation of the estimated Uth,50% values
was found to be approximately 25% of their mean values for the five diameters investigated.

6. Sensitivity analysis

The sensitivity of the threshold-detachment free-stream velocity, Uth,50%, to the variables present in the model was
assessed. Brach, Li, and Dunn (2000) performed a similar study on microparticle impact and surface capture. In the
present study, the following factors were considered: the microparticle diameter, d, the surface energy of adhesion, �,
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Table 1
Full-factorial layout used in the sensitivity analysis

Factors Response: Uth

d � � 	 K

− − − − − 6.97
+ − − − − 6.36
− + − − − 7.32
+ + − − − 6.68
− − + − − 6.81
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.

+ + − + + 6.22
− − + + + 6.33
+ − + + + 5.77
− + + + + 6.65
+ + + + + 6.06

the intensity of the burst-sweep event, 	, the standard deviation of asperity heights, �, and the Hertzian stiffness, K .
It should be noted that although the factor C significantly affects detachment, it is considered a variable in this model
that is dependent on � and the contact radius, a, where a is determined from �, R, and K .

Sensitivity is determined by examining the effects of the above factors on the response (Uth,50%) using the design-
of-experiments (DOE) method with a full-factorial design layout (Montgomery, 2004). The above factors were varied
by ±5% and their effects on the Uth,50% were determined using the revised model.

Table 1 shows the first and last five rows of the factor-level combinations for a 25 factorial design, where the power
5 represents the number of factors. The (+/−) signs represent the corresponding (high/low) levels of each factor
value, which are ±5% of the nominal values: � (0.4 J/m2), d (72.6 �m), 	 (1.84), � (10.27 Å), K (48.3 GN/m2).
Data collected according to such a scheme allow the efficient estimation of the relative importance of the factors on
controlling the response variable, Uth,50%.

The main effect of the j th factor or interaction, MEj , is calculated as

MEj = 1

24

25∑
i=1

±Uth,i . (14)

The ± signs in Eq. (14) are those corresponding to the appropriate column(s) in Table 1 for each single effect, D, �, �,

, and K and their interactions. For example, the main effect of the factor d is MEd =(−6.97+6.36−7.32+· · ·−6.65+
6.06)/16=−60%. The main effect of the interaction d� is MEd� = (6.97−6.36−7.32+· · ·−6.65+6.06)/16=−2%
(Guttman, Wilks, & Hunter, 1982).

If the controlled variations of any factor produces no significant effect on the Uth,50%, the main effect of that factor
tends collectively to behave as a small random error. On the other hand, if a factor’s variations affect the Uth,50%
significantly, its main effect will stand out from the others. Consequently, the significance of the factors and their
interactions can be determined by plotting the main effects and interactions of the factors using a normal-probability
axis. Using this approach, insignificant effects exhibit normally distributed random behavior, and, hence, they fall near
a straight line on the normal-probability axis. The points that fall away from the line indicate significant factors and
interactions. The relative distance from the line indicates the relative significance of the factor or interaction.

The results of the sensitivity analysis are shown in Fig. 9. They indicate that the factors affect the response in the
following order and directions: d (−60%), 	 (−38%), � (32%), � (−17%), and K (−8%). Negative signs indicate
inverse relationships and positive signs direct relationships. Some second-order interactions also play a lesser role
but are comparable with the sensitivity of K , mainly d� (−2%) and d
 (2%). All other higher-order interactions are
negligible.
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Fig. 9. Design-of-experiment results showing the relative significance of the various factors and interactions examined.

7. Summary and conclusions

A new model that accounts for the dependence of the rough-surface pull-off force on the contact radius, as obtained by
surface scanning, was presented. This dependence results from the microparticle-surface interface effectively becoming
“smoother” as the contact radius becomes smaller. This behavior was observed for contact radii up to 1 �m. Its effects
are more noticeable as the microparticle size decreases. The experimental data were found to agree with the model
predictions at the 95% confidence level. The uncertainty in the Uth,50% resulting from inherent variations in model
variables was estimated using a Monte Carlo analysis and found to be approximately 25% of the mean value. A
sensitivity analysis was performed on the model and the effects of five different factors on the response were quantified.
The input factors affected the Uth,50% in the following decreasing order: the microparticle diameter, the intensity of the
burst-sweep event, the surface energy of adhesion, the standard deviation of asperity heights, and, lastly, the combined
stiffness. The results collectively show that an accurate estimate of surface roughness is critical in predicting the
threshold-detachment free-stream velocity of a microparticle from a surface.
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