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Abstract

This work presents the results of experiments conducted to provide quantitative information on particle
detachment from surfaces. The e(ects of certain, controllable factors on the detachment of 70 �m-diameter
stainless-steel spheres from a glass surface exposed to accelerated air %ow in a wind tunnel were studied.
Changes in the free-stream velocity required to detach 50% of the particles, the threshold velocity for de-
tachment, were measured for variations in the controlled factors. These factors were air relative humidity,
residence time between particle deposition onto the substrate and %ow application, mean %ow acceleration,
deposition density, >nal free-stream velocity, and >nal %ow Reynolds number. Results reveal that deposition
density was the most e(ective factor that enhanced detachment at all relative humidities. Residence time was
found to be the most e(ective factor that suppressed detachment at high relative humidity. The threshold
velocity increased with increasing relative humidity and was lower for turbulent %ow versus laminar %ow.
Within the uncertainty limits, the mean %ow acceleration in the transient period was found not to a(ect the
threshold velocity in the range from 0.014 to 0:34 m=s2. The >nal free-stream velocity also did not a(ect the
threshold velocity, provided it was greater than the threshold. A set of experimental conditions that lead to a
relatively small uncertainty is presented.
? 2004 Elsevier Ltd. All rights reserved.

Keywords: Microparticles; Detachment; Surfaces; Flow

1. Introduction

Resuspension of particles from surfaces due to turbulent %ow occurs in many situations. For
example, smoke and soot particulates can deposit on particles. These particles can be detached from
the surfaces, reentrained into the circulating air and eventually respired into the lungs. Contaminant
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particles can detach from internal pipe surfaces during the production of ultra-pure gases (Wen,
Kasper, & Udischas, 1989). Extensive reviews on the resuspension of particles from surfaces have
been made by Ziskind, Fichman, and Gut>nger (1995), Sehmel (1980), and Nicholson (1988).
Wang (1991) studied the e(ects of substrate cleanliness, deposition technique, storage duration up to
48 days and moisture concentration on the removal of microparticles from surfaces and suggested a
standard set of experimental conditions to minimize uncertainty. Many detachment and resuspension
experiments, however, have been conducted under a variety of conditions and there is a need to
investigate the e(ects of changes in these factors on detachment.

Typically, in detachment experiments, the %ow velocity is increased with time over an initial
transient period until a steady mean velocity is reached. It is unknown, however, whether or not
the mean %ow acceleration during this transient period a(ects the detachment behavior. In addition,
di(erent investigators have used di(erent values of relative humidity, residence time between de-
position and application of the %ow, during which relative humidity can change, deposition density
(initial number of particles per unit area of the >eld of view, N0), >nal free-stream velocity, U∞,
and Reynolds number, Re. The large scatter in the resuspension data can be due to the di(erent
ranges in these factors. For example, the reported values of resuspension rates range over more than
six orders of magnitudes (Sehmel, 1980).

Ibrahim, Dunn, and Brach (2003) presented experiments for the detachment of spherical and
irregular particles, ranging from 10 to 65 �m in diameter, from a glass substrate under controlled
conditions. They obtained relatively small variability by carefully controlling the experimental condi-
tions and the substrate preparation technique. They showed that the threshold velocity for detachment,
Uth, can be estimated based on incipient motion occurring as pure rolling.

The present work investigates the e(ects of several %ow and particle deposition characteristics on
the detachment behavior. It provides quantitative information about these e(ects under controlled
experimental conditions.

In the following, the experimental procedure is described >rst. Then the experimental results are
presented and analyzed. Finally, the results are summarized with suggestions on e(ective ways either
to enhance or to suppress detachment. Most of the experiments presented here are for turbulent %ow,
with only one laminar %ow experiment to investigate the e(ects of this regime.

2. Description of experiments

A schematic of the experimental facility is shown in Fig. 1. Air is drawn through a contraction
section containing 12 screens (1:05 m long; contraction ratio 27:1), an inlet section (1 m long; dis-
tributed roughness element at its beginning to produce boundary layer turbulence), a test section
(1 m long; 20:3 cm × 20:3 cm) and a di(user section (1:05 m long; four-blade fan and 7.5 HP mo-
tor). The wind tunnel is equipped with a programmable controller to set the acceleration during the
transient phase and the >nal, steady-state velocity. The di(user is equipped with a type-K thermo-
couple and a relative humidity sensor. Both are connected to a voltage ampli>er and data-acquisition
board (National Instruments 6034E).

The test section includes a smooth %at plate at its bottom that is 1:05 m long with a leading wedge
angle of 10◦. The %at plate contains a grove designed to accommodate a glass substrate (Amersham
Pharmacia; 10 cm width × 10:5 cm length × 1:27 mm thickness).
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Fig. 1. Schematic of the wind tunnel used to study particle detachment.

The free-stream velocity can be varied from zero up to approximately 24 m=s. The %ow velocity
is accelerated from zero up to the prescribed steady-state velocity almost linearly with time. Flow
cross-sectional and length-wise developments have been assessed using single hot-wire anemometry
and are controllable to within 5%. Transient pro>les are repeatable to within 3%. Free stream
turbulence intensity is less than 1% over the entire velocity range. The motion of the particles is
recorded using a 30 frames=s CCD camera (Astrovid 2000). Optical lenses (Olympus) are attached
to the camera to achieve enough magni>cation (typically about 20×) to resolve individual particle
motion. The camera output is connected to a digitizer and a frame grabber in a personal computer
for image analysis. The >eld of view is 13:7 mm × 10:2 mm for most cases.

Microvideographic images and free-stream velocity measurements are obtained simultaneously.
The image acquisition is synchronized with the velocity measurement by a %ash. Consequently, the
number of particles on the surface is known at any time as a function of free-stream or friction
velocity. The properties of the particle and surface are summarized in Table 1.
All experiments were conducted at 23 ± 2 ◦C and at di(erent relative humidities. The particles

were deposited as a monolayer on the glass substrate to avoid any cohesive forces between the
particles. All particles were deposited by gravitational settling from a height of approximately 5 cm,
resulting in elastic deformation upon contact with the substrate. No deposition was made upstream
of the >eld of view. Deposition was made immediately before initiation of the %ow, except when
the e(ect of residence time was studied. The same deposition pattern and deposition density of
deposited particles were followed, except when the collision e(ects were investigated. Most of the
particles (¿ 90%) were deposited as singlets and were not positioned in front of each other in the
stream-wise direction. The deposition of deposited particles was such that it was large enough to
achieve a monolayer with acceptable statistical accuracy but not too large to cause an unacceptable
number of collisions on the surface. This amounted to depositing, on the average, approximately
70 particles over the >eld of view, resulting in a particle deposition density, N0, of approximately
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Table 1
Properties of the materials used

Property Microparticles Substrate

Material Stainless steel, type 316 Glass
Manufacturer Duke Scienti>c Amersham Pharmacia
Dimensions 70 ± 6 �m diameter 10 cm × 10:5 cm × 1:27 mm
Density (kg=m3) 8000 2420
Poisson’s ratio 0.28 0.27
Young’s modulus (GPa) 215 80.1
Surface energy of adhesion (J=m2) 0.15

The properties are obtained from the manufacturers and from Reeks, Reed, and Hall (1988).

0:5 particles=mm2. Any particles detached by collisions were excluded from the manual count, which
typically was about 7% of the total detached particles. The particles resided completely within the
viscous sublayer of the boundary layer.

Similar glass substrates were used during the experiments and one of the substrates was scanned by
an atomic force microscope. The mean of the standard deviations of asperity heights was 17 MA. The
histogram of the asperity heights is shown in Ibrahim et al. (2003). Cheng, Brach, and Dunn (2002)
found that this standard deviation of heights corresponds to a ratio of rough-to-smooth pull-o( forces,
C, of approximately 1%. Caylor (1993) examined a sample of the stainless-steel microspheres using
a scanning electron microscope and found that their surface was smooth to within the resolution of
the instrument.

For turbulent %ow experiments, a distributed roughness element was used at the inlet section
to trigger the boundary layer to turbulence. The measurements were made at a downstream dis-
tance of 1:4 m. Boundary layer velocity pro>les were scanned at di(erent velocities with a hot-wire
probe and good agreement was found with the data of Klebano( (1954). In addition, the friction
velocity, u∗ (de>ned as

√
�w=	, where �w is the wall shear stress and 	 is the air density), was

statically calibrated against the free-stream velocity, U∞, as described in Ibrahim et al. (2003)
and matched the empirical formulae for fully developed turbulent %ow (Schlichting, 1979). The
free-stream and friction velocities (m/s) are correlated through a least-squares linear regression by
the equation

u∗ = 0:0375U∞ + 0:0387; (1)

where the uncertainty is ± 0:0300m/s at a 95% con>dence level.
For laminar %ow experiments, the distributed roughness element was removed and the measure-

ments were made at a downstream distance of 0:14 m. Boundary layer velocity pro>les were scanned
at di(erent velocities with a hot-wire probe to con>rm agreement with the Blasius pro>le. The friction
velocity was statically calibrated against the free-stream velocity using the measured boundary layer
pro>les. It was found to be within ±3% from the theoretical laminar friction velocity (Schlichting,
1979). The use of the friction velocities to characterize resuspension and detachment experiments
allows for a comparison between experiments to be made at di(erent %ow con>gurations.
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In the following, when the values of the factors are not mentioned, they were as follows: deposition
was made immediately before initiation of the %ow; the %ow acceleration was 0:18 m=s2; N0 was
approximately 0:5 particle=mm2 and the %ow was turbulent.

3. Experimental results

The experimental results are presented as detachment fraction versus free-stream velocity. This
fraction is de>ned as

n∗(t) = 1 − n(t)
n(0)

; (2)

where n(t) is the number of non-detached particles on the surface at time t.
It was observed that the particles detach over a range of velocities rather than at a single velocity.

This is due to the inherent scatter in the particle size, surface roughness and surface and particle
properties and the random nature of the turbulent %uid %ow. In the present work, a threshold velocity
for detachment, Uth, which was the velocity at which the detachment fraction equals 0.50, is selected
to represent the overall detachment behavior.

3.1. E2ects of relative humidity

The detachment rate is reduced at high relative humidity due to the increase of the pull-o( force.
Corn (1961) and Corn and Stein (1965) found almost no change in adhesion forces with relative
humidities up to 30% and a rapid increase after that. Despite the large dependence of the detachment
on relative humidity, many researchers do not report its value and many experiments are made under
conditions corresponding to di(erent values of relative humidity, thereby adding more uncertainty
to the results. Ando (2000) measured the pull-o( force between the tip of atomic force microscope
probe and asperities on a silicon wafer at di(erent relative humidities. He found that the pull-o( force
on a single asperity did not change with relative humidity. However, the pull-o( force increased with
relative humidity when contact was with an array of asperities. These >ndings suggest that the water
adsorbed within the interface asperities increases the e(ective contact area and, consequently, the
pull-o( force. Some measurements have been made (for example, Zimon, 1980; Podczeck, Newton,
& James 1997; Quon, Ulman, & Vanderlick, 2000; Ando, 2000) showing the increase of the pull-o(
force with the relative humidity.

The increase in the pull-o( force with relative humidity causes an increase in the Uth. However,
unlike the large amount of published results on the increase of the pull-o( force versus the relative
humidity, very few experiments have measured the increase in the Uth due to relative humidity. This
subsection presents some quantitative information about this.

Fig. 2 shows the detachment fraction versus free-stream velocity for relative humidities of 18%,
25%, 30%, 36%, 48%, 61% and 67%. The corresponding Uth’s were 3.6, 3.6, 4.2, 5.0, 8.5, 10.7 and
13:4 m=s, respectively. It was necessary to increase the >nal free-stream velocities as the relative
humidity increases to reach to a detachment fraction of at least 0.8. This amounted to using >nal
free-stream velocities of 7.3, 7.3, 7.3, 7.3, 11.5, 24.0 and 24:0 m=s, respectively.
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Fig. 2. E(ects of the relative humidity: 18% (♦), 25% ( ), 30% (◦), 36% (M), 48% (4), 61% (�) and 67% (�).
There was no residence time, the mean %ow acceleration was 0:18 m=s2, N0 was about 0:5 particles=mm2 and the %ow
was turbulent.

Ibrahim et al. (2003) estimated the free-stream velocities needed for detachment under lift-o(,
sliding, and pure rolling conditions. They considered the e(ects of surface roughness on adhesion
and showed that the measured Uth’s correspond to incipient motion occurring as pure rolling. Conse-
quently, their data suggest that detachment occurs when the moment of the aerodynamic drag force
overcomes the moment of the rough pull-o( force. The moments of the gravity and aerodynamic
lift forces are negligible for the size range they considered. Accordingly, the pull-o( force can be
estimated from the measured Uth. Fig. 3 presents this estimation for two cases. The >rst case (solid
symbols) corresponds to a drag force at the time of incipient motion calculated with a velocity
more than the mean due to the existence of a burst-sweep event (for example, see Robinson, 1991).
The second case (open symbols) considers only the drag force based on the mean %ow velocity
and ignores any possible causality between the particle detachment and the burst-sweep events. The
estimated increase of the pull-o( force with the relative humidity follows the same trend as in
the published measurements in the literature. However, direct comparison is not feasible because
many of the parameters of the pull-o( force measurements, such as surface roughness and energy
of adhesion, do not match those of the current experiments.

The bursts have been >rst observed by Kline, Reynolds, Schraub, and Runstadler (1967). The
process begins with elongated counter-rotating stream-wise vortices that occur randomly in space
and time. These subsequently cause near-wall %uid burst and sweep events (Corino & Brodkey,
1969).
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Fig. 3. Estimated pull-o( forces at di(erent relative humidities. Considering burst-sweep events (solid symbols) and without
considering these events (open symbols).

In the ejection part, Ru¡ 0, Rw¿ 0 and in the sweep part Ru¿ 0, Rw¡ 0, where Ru and Rw are the
stream-wise and normal velocity %uctuations, respectively.

As the relative humidity increases, the e(ective contact area increases resulting in a lower equiv-
alent standard deviations of asperity heights and a higher ratio of rough-to-smooth pull-o( forces.
Using the estimated pull-o( force and the results of Cheng et al. (2002), this trend is presented
in Fig. 4.

3.2. E2ects of residence time

The particle residence time on the surface has been found to a(ect the results, especially when the
relative humidity is high. Fig. 5 shows measured behavior for di(erent cases: in the >rst case, the
deposition and the removal were made at a relative humidity of 30% and a residence time of about
24 h. The Uth is observed to increase from 4:2 m=s if there was no residence time to 5:5 m=s when
the residence time was 24 h. In the second case, the deposition was made at a relative humidity of
61% and the removal was at a relative humidity of 30% with a residence time of 24 h. The Uth

increased from 10:7 m=s if there was no residence time to more than 24 m=s when the residence
time was 24 h. This observed increase in the Uth with the residence time when the relative humidity
is high apparently is the result of the accumulation of water within the particle/surface interface and
the corresponding increase in the true contact area.
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Fig. 4. Estimated decrease in the equivalent standard deviations of asperity heights ( MA) versus the increase in rough pull-o(
force as the relative humidity increases. Solid curve: Theory of Cheng et al. (2002). Symbols: Estimations corresponding
to the measurements shown in Fig. 2 for detachment with no burst-sweeps events.
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Fig. 5. E(ects of residence time and relative humidity histories: Deposition and removal at 30% (♦), deposition and
removal after 24 h at 30% (�), deposition and removal at 61% (M), deposition at 61% and removal after 24 h at 30%
(4). The mean %ow acceleration was 0:18 m=s2, N0 was about 0:5 particles=mm2 and the %ow was turbulent.
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Fig. 6. E(ects of the %ow acceleration during the transient period, (m=s2): 0.014 (♦), 0.045 (M, 2 experiments), 0.087 ( ),
0.17 (4), 0.34 (�, 2 experiments). The relative humidity was 36%, no residence time, N0 was about 0:5 particles=mm2

and the %ow was turbulent.

3.3. E2ects of mean 4ow acceleration

Ibrahim et al. (2003) identi>ed two distinct phases of detachment. The >rst was a short-term
phase characterized by a high detachment rate and the second was a long-term phase characterized
by a much lower detachment rate (about 500 times less). They related the transition between the
two phases to the point at which the controlled free-stream velocity became constant. The present
work investigates the e(ect of various mean %ow accelerations on the detachment process during
the short-term phase. Five values of mean %ow acceleration were investigated, ranging from 0.014
to 0:34 m=s2. To estimate the uncertainty, the experiments at 0.045 and 0:34 m=s2 were repeated.
Fig. 6 shows that the dependence of Uth on %ow acceleration in the considered range is small and
within the uncertainty of the measurements. The >gure also reveals the progress of the transient
free-stream velocity versus time. The data presented in Fig. 6 were made at a relative humidity of
36%. A similar result was obtained at higher free-stream velocities and a relative humidity of 61%
and is given in Fig. 7.

3.4. E2ects of deposition density and collisions

Depending on the relative magnitude of the aerodynamic drag, aerodynamic lift, pull-o(, and
gravity forces and moments, the particle may detach from the surface in direct lift-o(, pure rolling,
or sliding modes. If the particle moves along the surface after detachment, then particle–particle
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Fig. 7. E(ects of the %ow acceleration during the transient period, (m=s2): 0.39 (•), 0.15 (X, 2 experiments), 0.042 (+).
The relative humidity was 61%, no residence time, N0 was about 0:5 particles=mm2 and the %ow was turbulent.

collisions can play a signi>cant role in detaching other particles. The present experiments used rela-
tively heavy particles (density of 8000 kg=m3) and microvideographic observations showed that parti-
cles, within the >led of view, move along the surface after detachment and collide with other particles
on the surface. Upon collision, the impacting particle supplies forces and moments to other particles
that could overcome their adhesion. Eventually, they may detach and resuspend into the air %ow.
Many investigators studied the increase in resuspension due to non-central collisions by microparti-
cles of di(erent size. Fairchild and Tillery (1982) found that the resuspension rate for 7 �m count-
median-diameter microspheres at a U∞ of 10:5 m=s was increased by factors of 1.33 and 2.3 when
100 and 200 �m diameter spheres were injected upstream. They also found an increase in the max-
imum vertical %ux of the 7 �m-diameter microspheres. The present work investigates the central
impact process within the same diameter particles, which is due solely to the increased deposition
density of the particles on the surface and subsequent collisions e(ects.

It is expected that the collisions mechanism will be more eTcient than the %uid %ow alone in
detaching particles under some conditions. These conditions are that the density of the particles is
much more than the air, that the particles detach at a velocity large enough such that the detaching
moment supplied by the colliding particles is much more than that of a similar volume of air, and
that there are enough particles to start many chains of collisions.

In the present work, two experiments were made corresponding to N0 of approximately 0.5 and
3 particles=mm2. The results of these cases are shown in Fig. 8. Particles removed by collisions were
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Fig. 8. E(ects of the deposition density: At a relative humidity of 30% and a deposition density of about
0:5 particle=mm2( ) and a deposition density of about 3 particle=mm2(�); at a relative humidity of 61% and a
deposition density of about 0.5 (�) and N0 of about 3 (4). The mean %ow acceleration was 0:18 m=s2 and the %ow was
turbulent.

included in the manual count. The Uth decreased from 4.2 to 2:5 m=s when the relative humidity
was 30% and from 10.7 to 6:5 m=s when the relative humidity was 61%. This demonstrates that the
collision mechanism can be very e(ective in detaching particles. At high deposition density, the Uth

e(ectively decreases from the free-stream velocity needed for detaching 50% of the particles to the
velocity needed to detach approximately 10% of them. This is due to the fact that once about 10%
of the particles have detached, they trigger a large number of collisions that detach other particles.

The results for 70 �m diameter particles show that the collision mechanism amounts to removal
of approximately 7% of the total detachment at N0 of 0:5 micropartilce=mm2 (where the particles
projected area over the >eld’s of view area is about 0.2%) and to approximately 90% of the total
detachment when N0 is about 3 particles=mm2 (where the particles projected area over the >eld of
view area is approximately 1.2%).

For particles of relatively high density such as stainless steel (8000 kg=m3), almost every collision
resulted in detachment as opposed to sticking. The exception was for a very small fraction of the
particles that detach at a free-stream velocity less than about 1 m=s, which resulted in sticking rather
than in detaching.

The question of how many particles should be considered to generate acceptable statistical accuracy
was addressed. Fig. 9 shows the detachment fraction versus the free-stream velocity for two similar
experiments at a U∞ of 11:5 m=s, a relative humidity of 18%, and an initial number of particles of
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Fig. 9. Experimental determination of the number of particles needed to achieve a statistically accurate result: 39 particles
(dotted curve), 62 particles (solid curve). The >eld of view of the 62 particles run is recounted: Left half only (♦), right
half only (�). The relative humidity was 18%, no residence time, the mean %ow acceleration was 0:18 m=s2 and the %ow
was turbulent.

39 particles for the >rst run (dotted curve) and 62 particles for the second (solid curve). During the
analysis of the results of the second experiment, the >eld of view was divided into two parts of equal
area. The division line was parallel to the %ow direction. Then, the manual count of the particles in
the second run was repeated. The open symbols show the results for the left half only (30 particles)
and the solid symbols show the results for the right half only (32 particles). The >gure reveals that
the Uth for all three cases are within ±6% of the average, which is less than the overall uncertainty.
This implies that approximately 30–40 particles are enough to yield a statistically accurate result for
the case considered.

3.5. E2ects of 5nal free-stream velocity

Seven di(erent >nal %ow velocities were studied, ranging from 2.0 to 24 m=s at a relative humidity
of 30%. The results are presented in Fig. 10. It is seen that the >nal free-stream velocity, U∞, does
not a(ect Uth to within the uncertainty of the measurements as long as the latter is smaller than the
former. However, as the particles are subjected to smaller U∞’s, the removal moments decrease,
corresponding to a smaller >nal detachment fraction. For example, the >nal detachment fraction
decreases from 0.94 at U∞ of 7:5 m=s to 0.45 at U∞ of 3:5 m=s.
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Fig. 10. E(ects of the >nal free-stream velocity, U∞, in m/s: 2.0 (©), 3.5 ( ), 4.2 (♦), 5.1 (M), 7.5 (4), 12.5 (�),
and 24 (�). The relative humidity was 30%, no residence time, the mean %ow acceleration was 0:18 m=s2, N0 was about
0:5 particles=mm2 and the %ow was turbulent.

3.6. E2ects of 5nal Reynolds number

The detachment process depends basically on the near-wall %ow in the vicinity of the particles.
Whether the %ow is turbulent or laminar a(ects the wall shear stress and the %ow structures near the
wall and, consequently, detachment. All the aforementioned experiments were made under turbulent
%ow conditions, corresponding to a >nal Reynolds number of 1.05 E6. Another run was conducted
in the same facility under laminar %ow conditions, corresponding to a >nal Reynolds number of
1.05 E5, to investigate the e(ects of a di(erent %ow conditions on detachment.

The results of two cases, both at a relative humidity of 48% and a U∞ of 24:0 m=s, are given
in Fig. 11. The open symbols refer to the turbulent case and the solid symbols refer to the laminar
case. It is observed that the Uth increases from 8:2 m=s (u∗ of 0:37 m=s) in the turbulent case to
17:7 m=s (u∗ of 0:51 m=s) in the laminar case.

This result was studied further using the model presented by Ibrahim et al. (2003). For the Uth

measured under turbulent %ow, the value of the parameter C can be estimated in order to match
the measured Uth for the turbulent case. This value is 0.115 or 0.045, for detachment with and
without burst-sweep events, respectively. Using these two values for C and estimating the drag
force based on laminar %ow, the estimated Uth for the laminar case are 15.6 and 10:3 m=s (u∗=0:46
and 0:34 m=s), for detachment with and without burst-sweep events. The value of Uth of 15:6 m=s
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Fig. 11. E(ects of the >nal Reynolds number: Turbulent %ow (M, Re=1:05 E6), Laminar %ow (4, Re=1:05 E5). The rela-
tive humidity was 48%, no residence time, the mean %ow acceleration was 0:18 m=s2 and N0 was about 0:5 particles=mm2.

agrees to within uncertainty with the measured value of 17:7 m=s. This analysis supports the use
of the model for laminar and humid cases. It further indicates that the increase in the Uth from
the turbulent to the laminar case can be explained by the decreased wall shear stress at the wall
in addition to the absence of burst-sweep events. This also suggests that a burst-sweep event was
likely related to the detachment in the turbulent case.

3.7. Uncertainty in the Uth

The uncertainty in detachment experiments typically is large. This work presents a set of ex-
perimental data that lead to relatively small variability. Experimental variability was assessed by
repeating the experiment under the same conditions. Fig. 12 shows the detachment fraction versus
free-stream velocity for four experiments repeated under the same conditions. The uncertainty in
the Uth typically is in the range from ±10% to 20%. This relatively low level of uncertainty was
obtained by controlling the experimental conditions, which included the mean %ow acceleration dur-
ing the transient period, the relative humidity and the residence time, the deposition density, the
>nal free-stream velocity and Reynolds number, the surface preparation technique and the particle
counting technique. This variability results from the inherent scatter in particle/surface properties and
the random nature of the turbulent %ow.
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Fig. 12. Typical variability in the results under controlled experimental conditions. Di(erent symbols refer to experiments
repeated under the same conditions. The relative humidity was 25%, no residence time, the mean %ow acceleration was
0:18 m=s2, N0 was about 0:5 particles=mm2 and the >nal Reynolds number was 1.05 E6.

4. Summary and conclusions

Quantitative experimental results of the detachment of stainless-steel microspheres from glass
substrates were presented. Surface-resident particles were exposed to an accelerating %ow for a
period of time, then to a constant velocity thereafter. Quantitative results about the dependence of
Uth on relative humidity, residence time and di(erent histories of relative humidity, %ow acceleration
in the transient period, deposition density of the particles on the surface and >nal free-stream velocity
and Reynolds numbers were presented.

The increase in the Uth and the corresponding modelled increase in the pull-o( force with relative
humidity were presented. The increase in the Uth with residence time, especially at high relative
humidity was highlighted. The role of the collision mechanism as a much more eTcient detachment
mechanism was indicated.

The deposition density factor was found to be the most e(ective factor that can enhance detachment
at all relative humidities, and the residence time factor was found to be the most e(ective factor
that can suppress detachment at high relative humidity. Within uncertainty limits, the mean %ow
acceleration in the transient period was found not to a(ect the Uth in the range from 0.014 to
0:34 m=s2. The >nal free-stream velocity did not a(ect the Uth either, as long as it exceeded Uth.
However, its e(ect on the >nal detachment fraction could not be ignored. An increase in the Uth was
observed when the %ow changed from turbulent to laminar. This change in the Uth can be explained
by the decreased wall shear stress at the wall and the absence of the burst-sweep events.
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Table 2
Summary of factor e(ects on Uth.

Factor Factor change Uth Change (m/s) Factor held constants Figure no.

Relative humidity 18–67 3.6–13.4 �R ≈ 0 h, � = 0:18 m=s2 2
RH (%) N0 ≈ 0:5 and turbulent %ow

Residence time 0–24 10.7 to ¿ 24:0 61% RH, � = 0:18 m=s2 5
�R (h) N0 ≈ 0:5 and turbulent %ow

0–24 4.2–5.5 30% RH, � = 0:18 m=s2 5
N0 ≈ 0:5 and turbulent %ow

Acceleration 0.014–0.34 None 36% RH, �R = 0 h, 6
� (m=s2) N0 ≈ 0:5 and turbulent %ow

Initial number density ≈ 0:5 to ≈ 3:0 10.7–6.5 61% RH, �R ≈ 0 h, 8
N0 (particles=mm2) � = 0:18 m=s2 and turbulent %ow

Final free-stream 2–24 None (as long 30% RH, �R ≈ 0 h, � = 0:18 m=s2, 10
Velocity, U∞ (m/s) as U∞¿Uth) N0 ≈ 0:5 and turbulent %ow

Reynolds number 1.05 E5 to 8.0–17.8 48% RH, �R ≈ 0 h, 11
Re 1.05 E6 � = 0:18 m=s2 and N0 ≈ 0:5

Finally, the concept of detachment through a balance of drag and rough-surface pull-o( forces
was extended to explain the results obtained under humid and laminar conditions.

The e(ects of the key factors on Uth are summarized in Table 2.
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