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A model for particle removal from surfaces with large-scale roughness in
turbulent flows

Babak Nasra , Goodarz Ahmadia , Andrea R. Ferrob , and Suresh Dhaniyalaa

aDepartment of Mechanical and Aeronautical Engineering, Clarkson University, Potsdam, New York, USA; bDepartment of Civil and
Environmental Engineering, Clarkson University, Potsdam, New York, USA

ABSTRACT
The resuspension rate of particles from surfaces is significantly dependent on surface rough-
ness. Existing models only consider the case of surface asperities much smaller than particle
diameter, but often particle sizes of interest are comparable or smaller than substrate
roughness. In this study, a model for particle removal from large-scale roughness is
described. Substrate roughness is described using a 2D sinusoidal profile. The critical shear
velocity is determined considering rolling detachment of particles with JKR adhesion model
and hydrodynamic moments on particles residing on the rough substrates. Our model
results show that the effect of surface roughness on critical shear velocity is strongly
dependent on the value of roughness amplitude and wavelength relative to particle size.
The model predicts four primary removal regions based on relative particle-surface charac-
teristics: easier-to-remove than smooth substrate, more difficult to remove than smooth sub-
strate, not possible to remove, and similar behavior as smooth surface. The model
performance is validated by comparison of predictions with published experimental results
for highly rough substrates.

ARTICLE HISTORY
Received 13 May 2019
Accepted 5 November 2019

EDITOR
Yannis Drossinos

1. Introduction

Particle resuspension, the phenomenon of detachment
and transport of particles from surfaces into the air
via external forces, affects a wide range of applica-
tions. From an environmental perspective, particle
resuspension is important for both outdoor (Pant and
Harrison 2013) and indoor (Thatcher 1995) air qual-
ity. In the outdoor environment, wind-blown dust
and resuspension from moving vehicles are principal
sources of resuspension (Pant and Harrison 2013).
Indoors, walking and cleaning activities easily resus-
pended particles and resuspension can contribute sig-
nificantly to increased indoor PM concentrations
(Thatcher 1995; Ferro, Kopperud, and Hildemann
2004; Kopperud, Ferro, and Hildemann 2004). These
activities increase exposure to dust and components
of the dust, including organic pollutants, fungi and
bacteria (Qian et al. 2012), which may increase the
occurrence of allergic, infectious, and other diseases
(Carrer et al. 2001).

From an industrial perspective, particle adhesion
and removal have important roles in microelectronic

processes to gain contamination-free-manufacturing
(CFM). For instance, after chemical-mechanical plana-
rization (CMP) of wafer surfaces during semicon-
ductor fabrication, remaining submicron particles on
the surface must be removed to avoid device failure
(Cooper, Gupta, and Beaudoin 2001; Eichenlaub,
Gelb, and Beaudoin 2004). In addition, cleaning of the
deposition chamber from particle contaminants is
important to prevent defects in circuit patterns in
chemical vapor deposition (CVD) in thin-film mater-
ial processing technology (Dobkin and Zuraw 2003).
For the purpose of surface cleaning, air jet impinge-
ment is an efficient cleaning process to remove submi-
cron particles from the surfaces (Otani, Namiki, and
Emi 1995; Kesavan et al. 2017). Moreover, particle
resuspension impacts efficiency of some engineered
systems, such as solar panels in dusty environments
(Mani and Pillai 2010) and heat exchangers fouled by
colloidal particles (Schwarz 2001).

The behavior of particle-substrate contact is an
important aspect of particle resuspension. The funda-
mental study of contact mechanics was introduced by
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Hertz (1896) for two elastic spherical bodies. Johnson,
Kendall, and Roberts (1971) modified the Hertz the-
ory to take into account the attractive surface forces.
Their model, known as JKR, is able to evaluate the
pull-off force of spherical particle from a smooth
surface considering the adhesion energy. Later,
Derjaguin, Muller, and Toporov (1975) proposed an
alternative adhesion model (DMT) by assuming the
same contact profile as the Hertzian contact model.
The DMT model accounts for attractive surface forces
outside of the contact area as well. Later study by
Tabor (1977) suggested a continuous transition
between JKR and DMT models, discussed by Muller,
Yushchenko, and Derjaguin (1980), based on adhesion
and stiffness properties of materials. However, the
difference in the predictions between the JKR and
DMT models are relatively insignificant compared to
the large variation in the experimentally obtained
particle resuspension results (Nasr, Dhaniyala, and
Ahmadi 2017).

The initial theories considered adhesion of a par-
ticle on a smooth surface, however, real surfaces are
rough. Greenwood and Williamson (1966) developed
a surface roughness model that considered a surface
covered by number of asperities with constant radius
but with randomly distributed heights that follow a
Gaussian distribution. Later, an adhesion model
including the Greenwood’s surface roughness model
was proposed to evaluate the adhesion force of par-
ticle on surface with nanoscale roughness with respect
to particle size (Fuller and Tabor 1975). Using Fuller
and Tabor (1975) approach, Soltani et al. (1995) sug-
gested an analytical solution to determine the particle
pull-off force from rough surfaces. Soltani et al.
(1995) found that nanoscale surface roughness signifi-
cantly decreases the net pull-off force required to
detach the particle from the rough surface. Rabinovich
et al. (2000a) developed a model of adhesion force as
function of root-mean-square value of the surface
roughness. Theoretical studies (Soltani et al. 1995;
Rabinovich et al. 2000a) along with experimental find-
ings (Rabinovich et al. 2000b; G€otzinger and Peukert
2004) show that resuspension of micron-sized
particles from surfaces with nanoscale roughness is
significantly easier than from smooth surfaces.

Typically, in indoor and outdoor environments,
particle resuspension occurs when hydrodynamic
forces acting on them are greater than the adhesion
force (Nicholson 1988). In this process, the near-wall
turbulent flow structures contribute significantly to
particle detachment from surfaces (Cleaver and Yates
1973). Soltani and Ahmadi (1994) developed a

mechanistic model for particle removal from smooth
surfaces in turbulent flows. This model was later
extended to predict particle removal from surfaces
with nanoscale roughness (Soltani and Ahmadi 1995).
Taking a different approach, Reeks and Hall (2001)
introduced an energy accumulation model, called the
“Rock’n’Roll” model, to determine rolling detachment
using a kinetic PDF approach accounting for the
distribution of adhesion and aerodynamic forces.
Recently, Brambilla et al. (2018) modified the
Rock’n’Roll model accounting for complex arbitrary
shape adhesion force distributions based on experi-
mental adhesion force AFM measurements (Rush
et al. 2018). The evolution of different adhesion and
resuspension models have been captured in two recent
review articles (Henry and Minier 2014; Nasr
et al. 2019).

In real-world conditions, surface roughness can be
of the same length-scale or larger than particles. Jiang
et al. (2008) investigated particle removal in turbulent
channel flow for several surface roughness scales.
They found that air velocity required for particle
removal increases with increase in the micron-scale
surface roughness. Analysis of the experimental results
against available particle removal models showed that
the nanoscale roughness models are not capable of
describing the experimental results for surface rough-
ness that are larger than the particle size (Nasr et al.
2019). Also, particle resuspension from rough surfaces
at this scale cannot be properly captured using the
standard surface roughness measurements such as
Rrms. Additional information regarding the spatial dis-
tribution of the roughness (e.g., spacing, wavelength)
is required to represent the surface roughness
accurately (Henry and Minier 2018). The inability of
current models to describe particle removal from
large-scale surface roughness suggests that a new
modeling approach is required.

In this study, a parameterized representation of
surface roughness is considered, and a model for
particle removal characterization under turbulent flow
is developed as a function of roughness length scale.
A geometric approach is used to represent particle
surface roughness as a sinusoidal wave function, and
particle removal behavior is investigated as a function
of wavelength and roughness amplitude. We analyze
the force balance of adhesion and hydrodynamic
moment to determine the critical shear velocity
required to detach a particle based on the rolling
mechanism (Ibrahim, Dunn, and Brach 2003; Ziskind
2006). The predictions of the proposed model are
analyzed against the available experimental results.
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2. Particle adhesion and removal: A large-scale
roughness model

2.1. JKR adhesion model

Particles adhere to a surface due to the van der Waals
forces caused by the intermolecular attraction between
molecules of particle and substrate. Taking into
account the effect of surface energy, Johnson, Kendall,
and Roberts (1971) studied the adhesion and detach-
ment of particles in contact with surfaces and devel-
oped the so-called JKR model. Accordingly, the force
needed to separate an elastic sphere from another
elastic sphere (the pull-off force) is given as,

FJKRad ¼ 3
2
pWAReq (1)

where WA is the thermodynamic work of adhesion
(or Dupr"e adhesion energy) that has the units of
energy per unit area. WA represents the energy per
unit contact area of two surfaces, and Req is the
equivalent radius, defined as,

Req ¼
RPRs

Rp þ Rs
(2)

where Rp and Rs are radii of the particle and the surface
curvature, respectively. For a flat substrate, Req ¼ Rp.

According to the JKR model, the contact radius
between a particle and a flat surface at the moment of
detachment is given as,

aJKR ¼ aJKR0

41=3
(3)

where a0 is the contact radius in the rest condition
(in absence of external forces), given as,

aJKR0 ¼
3pWAd2p

2K

! "1=3

(4)

where, dp is particle diameter, and K is the composite
Young’s modulus defined as,

K ¼ 4
3

1# !21
E1

þ 1# !22
E2

! "#1

(5)

where Ei is the Young’s modulus, and !i is the
Poisson’s ratio of particle and substrate (i ¼ 1 for
particle and 2 for substrate).

2.2. Particle on a sinusoidal surface

A schematic diagram illustrating particles residing on
surfaces of different roughness lengths is shown in
Figure 1a–d. In this study, a simplified model for par-
ticle removal from rough surfaces is introduced. For a
parametric representation of the rough surface, a 2D
sinusoidal profile is considered, and particle removal
is determined as a function amplitude and wavelength
of the profile.

A schematic diagram of the particle in contact with
the wavy sinusoidal surface is shown in Figure 2. In
this figure, the wavelength and amplitude are compar-
able to particle size. The particle, therefore, rests in
the trough and is in contact with the surface at two
points (Figure 2).

The height of the sinusoidal surface is given as,

g xð Þ ¼ A 1# cos
2px
k

! "! "
(6)

where A is the amplitude and k is the wavelength of
the surface.

To determine the contact points of a spherical par-
ticle with a wavy surface, the equation of the circular
boundary (bottom half) of the sphere with respect to
the origin is considered, as given below,

f xð Þ ¼ h#
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
p # x2

q
(7)

Figure 1. Schematic of particle on a substrate under different surface roughness sizes.

Figure 2. Schematic of a spherical particle in contact with a
sinusoidal surface.
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where h is the distance of center of the sphere from
the origin of coordinate shown in Figure 2
(trough surface).

At the contact points of the circle and the wave,
the slopes of Equations (6) and (7) are equal—i.e.,
df
dxjxc ¼

dg
dxjxc , or,

2pA
k

sin
2pxc
k

! "
# xcffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
p # x2c

q ¼ 0 (8)

Using Equation (8), the x-location of the contact
point, xc, can be obtained with an iterative numerical
scheme, and then the height of the particle center
from the wave trough, when f ðxcÞ ¼ gðxcÞ, can be cal-
culated as,

h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
p # x2c

q
þ A 1# cos

2pxc
k

! "! "
(9)

The surface radius of curvature at the contact
points is given as,

Rs ¼
1þ 2pA

k sin 2pxc
k

$ %h i2& '3=2

2p=kð Þ2A cos 2pxc=kð Þ
(( (( (10)

Also, the height of the particle above the surface
wave crest (hfree) is given as,

hfree ¼ hþ Rp # 2A (11)

Note that, hfree > 0 represents the fraction of spher-
ical particle that is exposed to airflow.

The adhesion force of the particle can be evaluated
using Equation (1), with the curved surface assumed
to behave as a spherical particle with radius Rs: Here
Rs is the radius of the surface curvature at the point
of contact. This is a reasonable approximation as the
surface forces are rather short range. The particle
hydrodynamic forces and moment can then be deter-
mined considering the height of the particle above the
crest level, hfree, as described in the next section.

3. Rolling detachment model in turbulent flow

The current theoretical models that are used for pre-
dicting particle removal, categorized as static, kinetic
and dynamic models, are summarized by Henry and
Minier (2014). In the present study, the mechanistic
particle removal models that are based on force bal-
ance acting on the particle from flow and surface/par-
ticle interactions are used to evaluate the critical
condition for particle detachment (Zhang and Ahmadi
2007; Ziskind, Fichman, and Gutfinger 1995; Soltani
and Ahmadi 1994). The mechanistic models are

known to be computationally less expensive. In the
case of particle detachment in fluid flows, it is
required to evaluate the hydrodynamic forces acting
on the particle.

3.1. Hydrodynamic forces and torque acting on
particle in the turbulent flow

The drag force acting on a spherical particle sitting on
a surface is given as (Nasr, Dhaniyala, and Ahmadi
2017; Ahmadi 2015),

FD ¼
pqfDCDd2pV

2

8Cc
(12)

where V is the net velocity at the particle center, fD ¼
1:7009 is the correction factor due to the wall effect
that was given by O’Neill (1968), Cc is Cunningham
slip correction factor given as,

Cc ¼ 1þ Kn 1:257þ 0:4e#1:1=Kn
) *

, Kn ¼ 2kf =dp
(13)

where, kf is the gas mean free path (for air:
kf ffi 66 nm), and CD is the nonlinear coefficient of
drag acting on particle is given as (Hinds 1999),

CDðNonlinearÞ ¼
24
Rep

1þ 0:15Re0:678p

$ %
, Rep ' 1000

0:44, 1000 ' Rep ' 2( 105

8
><

>:

(14)

where Rep ¼ Vdp=! is the particle Reynolds number.
For flows with low Reynolds number (Rep ) 1)
Equation (14) reduces to the Stokes drag coefficient,
i.e., CD Stokesð Þ ¼ 24=Rep:

The hydrodynamic shear torque acting on a
particle is given as,

Mh ¼
2plfMd2pV

Cc
(15)

where l is gas kinetic viscosity and fM is the wall
effect correction factor (fM ¼ 0:943993, given by
O’Neill (1968)).

In the viscous sublayer in turbulent flows, the vel-
ocity varies linearly with distance from the wall. Small
particles are typically embedded in the viscous sub-
layer and the corresponding net velocity at the center
of the particle is given as,

V ¼ c
2

dpu*2

!

! "
(16)

where ! is the gas kinematic viscosity and c is the tur-
bulence burst intensity factor, which is the amplifica-
tion of the mean near-wall velocity in terms of shear
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velocity. Equation (16) estimates the maximum
instantaneous streamwise velocity toward the center of
the particle in near-wall in turbulent flows over a flat
surface, for which c + 1:74 (Cleaver and Yates 1973;
Soltani and Ahmadi 1994). u* is the shear velocity
(friction velocity) given as,

u* ¼
ffiffiffiffiffi
sw
q

r
(17)

where sw is the wall shear stress and q is the
gas density.

Note that, the hydrodynamic forces introduced in
this section are obtained for a spherical particle
attached to a flat wall. In this study, an approximate
estimate for the hydrodynamic forces acting on a par-
ticle in contact with a wavy surface is presented.
Another aerodynamic force acting on particles in a
shear flow field is the shear lift force. This lift force is
typically negligible (Soltani and Ahmadi 1994) and is
not considered here.

3.2. Flow on a wavy surface

Compared to flat walls, relatively a few studies have
investigated the turbulent flow behavior on wavy sur-
faces. Zilker, Cook, and Hanratty (1977) and Zilker
and Hanratty (1979) measured the velocity distribu-
tion as well as variation of the surface stress along a
wavy wall and investigated the influence of surface
wave on separated and unseparated turbulent flows.
In the crest, the velocity profile was seen to be similar

to that over a flat surface. In the trough, the flow
behavior was seen to depend on the relative size of
the surface wavelength to the amplitude (i.e., k=2A).
For a low relative wavelength (k=2A ¼ 5), a separation
bubble fills more than half of the wavy surface valley
(Zilker and Hanratty 1979; Buckles, Hanratty, and
Adrian 1984). This finding was confirmed by the
numerical study of Liu, Kareem, and Yu (1993). Other
studies have shown that the separation bubble exists
in the leeward section and trough of the wave for
k=2A ' 10 (Zilker and Hanratty 1979; Hudson,
Dykhno, and Hanratty 1996; Cherukat et al. 1998).
When the relative wavelength (k=2A) is increased to
20 or greater, the flow streamlines are seen to closely
follow the surface profile (Zilker, Cook, and Hanratty
1977; Rubbert et al. 2017).

Based on the above results of flow over waves, here
it is assumed that for k=2A < 10, the flow in the
trough does not contribute to particle removal. Only
the near-wall flow that passes above the wavy surface
crest is considered for particle removal. Adding to the
observation of Zilker, Cook, and Hanratty (1977) that
the flow above the crest is similar to the flow over a
flat plate, we examined the DNS results of turbulent
near-wall flow over a wavy surface with k=2A ¼ 10
reported by Cherukat et al. (1998). From the results,
we estimate that the maximum instantaneous stream-
wise velocity above the wave crest is at + 1:89yþ

where the yþ is the distance from the wall in wall
units. In comparison, for a flat surface, the turbulence
burst intensity factor is 1:74 (see Section 3.1). Thus,
using the velocity profile over a flat plate geometry to
represent the flow over the wavy surface crest is esti-
mated to result in less than 10% error. For simplicity,
we assume the flat plate profile and its associated
turbulence burst intensity factor of 1.74 to calculate
the near wall velocity in Equation (16).

3.3. Force balance

In contrast with the case of a particle in contact with
a flat surface or a surface with nanoscale roughness as
shown Figure 1a, the nature of particle-substrate con-
tact is quite different when the particle size is compar-
able to the large-scale surface roughness as shown in
Figure 1b–d. In this case, the force and moment bal-
ance acting on the particle must be revisited. A sche-
matic diagram of a spherical particle in contact with a
sinusoidal surface and corresponding hydrodynamic
forces and adhesion force acting on the particle are
shown in Figure 3. It should be pointed out that at
the time of separation, the adhesion force, Fad, that

Figure 3. Schematic of spherical particle in contact with sinus-
oidal surface and corresponding force balance of hydrodynamic
and adhesion forces. The contact surface curvatures are shown
at two points. At the point O, the contact is a convex-convex
contact while as the particle moves into the asperity, the contact
eventually becomes concave-convex, as shown at O’.
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acts at the contact point, normal to the surface, is
equal to the pull-off force given by the JKR model
(Equation (1)). Prior studies have suggested that roll-
ing detachment is the primary mechanism for
removal of spherical particles from substrates when
they are well embedded in the viscous sublayer, i.e.,
dþp <+ 10, where dþp ¼ dpu*=! (Soltani and Ahmadi
1994; Ziskind, Fichman, and Gutfinger 1997;
Ibrahim, Dunn, and Brach 2003; Jiang et al. 2008;
Henry and Minier 2014). After detachment, however,
the large particles lift up in the high-speed streaks
due to the increasing effect of lift force (Zhang and
Ahmadi 2000). In the present model, as discussed
earlier, it is assumed that hydrodynamic forces and
torque act on the top portion of the particle that is
above the wave crest. Thus, the fraction of the
particle frontal surface that is exposed to airflow is
given as,

SFR ¼
hfree
2Rp

, hfree > 0 (18)

SFR, is a correction coefficient for the net hydro-
dynamic moment with respect to point O. The rolling
mechanism force balance with respect to point O in
Figure 3 could be restated as,

FDyFD þMhð ÞSFR ¼ 2xc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1# xc=Rp

) *2
q+ ,

Fad (19)

where the yFD is given as,

yFD ¼ A 1þ cos 2pxc=kð Þð Þ þ hfree=2, hfree > 0 (20)

Equation (19) is a function of geometrical parame-
ters, material properties, and flow velocity. Assuming
that geometry and material properties are known, the
only parameter required to be evaluated is the shear
velocity for onset of detachment. The resultant critical
shear velocity, u*c , is the shear velocity required to roll
the particle about point O (Figure 3). It is assumed
that when the particle-surface adhesion bond is over-
come, the particle begins to roll. When the particle
rolls, small fluctuations in flow and lift force could
move the detached particle away from the surface,
and the possibility of re-attachment is ignored. Note
that, Equations (18) and (20) are for hfree > 0: In case

of hfree ' 0, the particle is trapped inside the surface
valley, and it is assumed that it remains trapped (see
Section 3.3.2).

In this model, wavelength and amplitude of the
sinusoidal surface and the particle size are the control
parameters for characterizing the surface roughness
and particle-surface interactions. Depending on the
values of wavelength and wave amplitude relative to
particle size, various limiting conditions occur.
Extreme conditions of particle size relative to the
sinusoidal surface are shown in Figure 4 and
discussed in the subsequent sections.

3.3.1. Large surface roughness wavelength
For the limiting condition of particle size and surface
amplitude being much smaller than the surface wave-
length, there is only one contact point with a contact
radius aJKR0 (Figure 4a) similar to the contact of a
sphere with a flat elastic surface in the JKR adhesion
model (Ziskind, Fichman, and Gutfinger 1995). In
this case, particle detaches by a rolling mechanism,
and the adhesion moment at the point of separation
is given by MadjSmooth¼ aJKR:FadjReq¼Rp

similar to the

available models of particle removal from smooth
(flat) surfaces (Soltani and Ahmadi 1994; Nasr,
Dhaniyala, and Ahmadi 2017). Accordingly, the
moment balance becomes,

FDyFD þMhð ÞSFR ¼ MadjSmooth (21)

In the case of large surface wavelength, the one-
point contact when the particle completely resides
inside the surface trough corresponds to the condition
that xc ' aJKR0 , where xc and aJKR0 are given by
Equations (8) and (4), respectively.

3.3.2. Large surface roughness wave amplitude
Another limiting condition corresponds to when
the surface wave amplitude is much larger than
the particle size (with relatively large wavelength)
such that the particle rests inside the surface valley
as shown in Figure 4b. In this case, the particle is
not exposed to the airflow passing above the sur-
face crest, and, therefore, cannot be removed. The
trapped condition is determined using Equation
(11) when the hfree becomes negative (hfree ' 0).

As discussed in Section 3.2, for small values of rela-
tive wavelength (k=2A ' 10) the flow inside the sur-
face valley can be neglected, and for surfaces with
large relative wavelength (k=2A , 20, the flow fully
follows the wave surface. For intermediate relative
wavelengths, i.e., 10 < k=2A < 20, the flow in the
crest is not fully known. Here, over the intermediate

Figure 4. Particle on sinusoidal surface, limits of two-point
contacts, (a) large wavelength, (b) large amplitude compared
to particle size, and (c) small wavelength.
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relative wavelength, we assume a linear trend in the
crest flow, i.e., the flow penetration is assumed to vary
from zero (k=2A ¼ 10Þ to full (k=2A ¼ 20Þ:

Here, the extent of particle exposure to flow is
determined by the height of the particle that meets
the flow, hfreeðModifiedÞ, rather than the particle height
above the crest line, defined as:

(
hfree ðModifiedÞ ¼ hfreejk=2A¼10 þ

2Rp # hfreejk=2A¼10

10
k=2A# 10Þð

yFD ¼ 2Rp # hfree=2, 10 < k=2A < 20

hfree ðModifiedÞ ¼ 2Rp

yFD ¼ Rp
, k=2A , 20

&
(22)

3.3.3. Small-scale surface roughness
An important limiting condition occurs when the sur-
face wavelength is much smaller than the particle
diameter. For this case, as shown in Figure 4c, the
surface can be considered as a rough surface with
nanoscale roughness. Here, because of the elastic
deformation of the contact region, there are possibly
multiple contacts between the particle and substrate
asperities, and thus, two-point contact model is no
longer applicable. In this limit,

k ) aJKR0 (23)

For the above case, a small-scale roughness (nano-
scale roughness) model (Fuller and Tabor 1975;
Soltani and Ahmadi 1995; Rabinovich et al. 2000a)
discussed in detail in Nasr et al. (2019), can be used.

4. Results and discussion

4.1. Model calculation

In this section, the results of particle removal from
wavy surfaces using the developed model are pre-
sented. The critical shear velocities for a rough surface
are compared with the critical shear velocity for
detachment from a smooth flat surface under the
same condition (u*c, Smooth). The critical shear velocity
ratio is defined as,

u*cRatio ¼
u*c

u*c, Smooth
(24)

where u*c, Smooth, is the critical shear velocity for par-
ticle removal from smooth surface determined using
the available models (Nasr, Dhaniyala, and Ahmadi
2017; Ziskind, Fichman, and Gutfinger 1995, 1997;
Soltani and Ahmadi 1994), given as,

u*c, Smooth ¼
MadjSmooth Cc

pqcd3p
3
4 fD 1þ 0:15Re0:678p

$ %
þ fM

$ %
2

4

3

5
1=2

(25)

The ratio u*c Ratio, captures the effect of relative
effect of surface roughness on particle removal vel-
ocity for a selected particle-substrate combination.
The removal threshold depends on wavelength (k),
amplitude (A), particle size (dp), and particle and sub-
strate material properties. Here, the effect of wave-
length and amplitude are investigated for glass
particles on wavy glass and steel substrates in order to
provide a better understanding of the trend of particle
removal from surfaces with large scale roughness. The
material properties of glass and steel are listed in
Table 1. Thermodynamic work of adhesion, WA, is
the key parameter for determining the adhesion force
(Equation (1)), and the composite Young’s modulus
takes into account the elastic behavior of the parti-
cle–surface contact.

The critical shear velocity ratio for particle removal
as a function of roughness wavelength for 10 mm glass
particles and a roughness amplitude (A) of 1.25 mm,
i.e., 2A=dp ¼ 0:25, is shown in Figure 5. For this
combination of parameters, the critical shear velocity
of particle removal from a smooth surface is
u*c, Smooth ¼ 6:44 m=s: When the wavelength is much
smaller than particle size (zone labeled as “1” in
Figure 5), the critical shear velocity ratio is low as pre-
viously observed for the small roughness case. In this
zone, the roughness primarily reduces the contact area
relative to a smooth surface. As the wavelength
becomes comparable to the particle size, the critical
velocity ratio becomes several times larger than the
smooth-surface critical shear velocity (zone “2”). The
variation of critical shear velocity in this dimensional
zone is due to two factors. First, in this zone, particles
are in contact with the surface at two points and the

Table 1. Material properties.
Particle E1 (GPa) !1 Substrate E2 (GPa) !2 K (GPa) WA (J/m2) Reference

Glass 69 0.2 Glass 69 0.2 47.92 0.4 (Ibrahim, Dunn, and Qazi 2008)
Glass 69 0.2 Steel 210 0.29 72.96 0.15 (Reeks and Hall 2001;

Soltani and Ahmadi 1994)
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contact distance, xc, increases with wavelength. The
increase in contact distance results in an increase in
adhesion resistance moment and, thus, the critical
shear velocity for particle detachment. Moreover, in
this wavelength range, surface radius of curvature at
the contact point, Rs, increases which increases adhe-
sion force (Equations (1) and (2)).

At k=dp + 1:1, however, the value of Rs begins to
decrease rapidly. This is because, at this wavelength,
the curvature at the contact points for our sinusoidal
surface changes from convex to concave, as shown in
Figure 3, and this curvature change decreases adhesion
force. As the curvature change happens abruptly, a
relatively small change in the location of the contact
points results in a sudden drop off of critical shear vel-
ocity in the range of 1:1 < k=dp < 1:5: It must be
noted that the JKR adhesion force (Equation (1)) is for
a convex-convex contact of bodies (e.g., one sphere
residing on another sphere), while the contact in zone
“2” for k=dp >+ 1:1 is a concave-convex one (e.g., one
sphere residing inside a bigger sphere). This assump-
tion results in our model suggesting a sudden decrease
in critical shear velocity, though it is expected that the
decrease would be smoother for real-world conditions.

As the wavelength increases and passes k=dp + 1:5,
zone “3” is observed, where the particle-substrate con-
tact switches from a two-point elastic contact to a sin-
gle-point elastic contact. In this zone, the critical
shear velocity is evaluated using Equation (21) and as
surface wavelength increases, the surface becomes flat,
and the estimated critical shear velocity is the same as
that for a smooth surface.

A similar analysis was conducted for a substrate
with a larger roughness amplitude of A¼ 7.5 mm, with
the same particle size (10 mm) and wavelength range
(100 nm to 1mm) as before and the results are shown
in Figure 6. In this figure, zones “1” and “2” are simi-
lar for this case as shown previously in Figure 5.
However, over a selected set of wavelengths (+20 to
200 mm), no detachment of particles is predicted. In
this zone (“3”) the trough to crest distance, 2A, is
larger than the particle diameter, and hence, the par-
ticle is not exposed directly to the incoming flow
stream. Thus, in our model there are no hydro-
dynamic forces acting to overcome the adhesion force
for particle detachment and particle cannot be
removed (trapped condition, see Section 3.3.2). As the
wavelength is further increased, the external flow
starts to penetrate the troughs and particles get
exposed to the flow stream. As the wavelength further
increases, the surface becomes similar to a flat surface
and the critical shear velocity ratio approaches 1
(zone “4”). Note that, in this zone, the particle expos-
ure to the airflow is obtained using Equation (22) in
Section 3.3.2.

To understand the dependence of critical shear vel-
ocity ratio for a wide range of surface roughness par-
ameter values, model predictions were obtained for
removal of 10 mm glass particles from glass substrates
for a range of roughness amplitudes and wavelengths
and the results are presented as a contour map in
Figure 7.

The critical shear velocity ratios vary over several
orders of magnitude (+0.02 to +30) and four major
regions can be identified corresponding to different
particle-substrate relative dimensions as illustrated in
Figure 7. The four regions are primarily separated by

Figure 5. Critical shear velocity ratio versus surface wave-
length normalized by particle size for 2A=dp ¼ 0:25,
(dp¼ 10mm), for glass particle detached from glass surface. In
the range of 1:1 < k=dp < 1:5 the contact curvature changes
abruptly from convex-convex to concave-convex and this is
reflected in the sudden reduction in critical shear velocity ratio,
shown by the dashed line.

Figure 6. Critical shear velocity ratio versus surface wave-
length normalized by particle size for 2A=dp ¼ 1:5 (dp¼
10mm), for glass particle detached from glass surface.
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lines corresponding to u*cRatio of 1, i.e., where rough
surface critical shear velocity matches that of a
smooth surface. For particles residing in substrates
with characteristics corresponding to Region (I), the
adhesion resistance moment is small, and these par-
ticles can be easily removed, compared to a smooth
flat surface. Substrates with these characteristics would
be easy to clean. In Region (II), adhesion resistance
moment is high because of the large width of the con-
tact points and hydrodynamics forces are low because
of limited exposure of particles to the airflow. Thus,
detachment of particles from substrates with rough-
ness characteristics of Region (II) is more difficult
than from a flat surface. In Region (III), particles are
in contact with nearly flat surface and the critical
shear velocity is the same as that for the smooth sur-
face model prediction. Region (IV) corresponds to
very rough surfaces where particles remain trapped
and cannot be removed with hydrodynamic forces.

4.2. Validation

There have been several experimental studies where
the effect of small-scale (nanoscale) roughness on par-
ticle resuspension has been observed. The number of
studies on large-scale roughness, however, is limited.
In addition, the information provided on the detail of
surface roughness in most relevant experimental stud-
ies is insufficient for model validation.

In this article, the experimental study of particle
resuspension reported by Jiang et al. (2008) is used
for validation of the developed wavy surface particle
removal model. Jiang et al. (2008) studied the effect of
different stainless-steel surface roughness types on
resuspension of monodisperse spherical particles.
Their study was performed for the cases that particle
and surface roughness sizes are comparable. In add-
ition, Jiang et al. (2008) provided the roughness pro-
file of the surfaces that allows investigating the
particle-surface interaction. Figure 8 shows a sample
of their roughness profile.

A sample two-dimensional segment of the experi-
mental rough surface used in study of Jiang et al.
(2008) is shown in Figure 8. The surface is, obviously,
not uniformly rough – i.e., the amplitude and wave-
length of roughness vary at different regions of the
substrate. To determine equivalent amplitude and
wavelengths of surface roughness, the possible equilib-
rium positions of 22, 30 and 41 mm spherical particles
assuming two-point contact are first determined (as
shown in Figure 8 for three samples of 22 mm par-
ticle). Note that other types of contact situations such
as one-point contact are not considered in the analysis
because the particle sizes (22, 30, and 41mm) are large
compared to surface roughness (Ra¼1.64 mm). The
contact points of the particle with the surface seg-
ments are then identified for different particles sizes
and the contact point distances, i.e., 2xc, are

Figure 7. Particle removal contour map of the model: critical shear velocity ratio color contour as function of normalized surface
wavelength and amplitude (dp¼ 10mm glass particle on glass substrate).
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determined. Using the determined values of xc, and
A, the wavelength of an equivalent sinusoidal wavy
surface is established for each particle-substrate con-
tact configuration using Equation (8). The surface
wave amplitude is assumed to be equal to the Ra value
of roughness where the particle is located as shown in
Figure 8. Considering the digitized substrate profiles
and all possibilities of particles residing on them based
on two contact-point equilibrium, a distribution of
equivalent wavelengths and amplitudes is determined
for the test substrates. In Figure 9, one of the sub-
strate roughness profiles is shown, along with loca-
tions where particles of different sizes will reside and
the corresponding values of k=2A: Note that as par-
ticle sizes increase, there are fewer locations where
particles can reside.

The critical shear velocities for particle detachment
can then be evaluated from the moment balance given
by Equation (19) for each of the locations considering
material properties including thermodynamic work of
adhesion and composite Young’s modulus for glass/
stainless-steel listed in Table 1. Figure 10a shows the
obtained critical shear velocity ratios of particle
detachment in the same locations as discussed in
Figure 9. The fitted normal distributions of critical
shear velocity ratios for three different particle sizes
are shown in Figure 10b. The mean values of critical
shear velocity ratio for all particle sizes are larger than
one, indicating that it is harder to remove particles
from these surfaces with large-scale roughness
compared to smooth-flat surfaces, with the roughness
having a larger impact on smaller particles.

Figure 8. Roughness profile provided by Jiang et al. (2008)
and sample equilibrium positions of 22mm particle. Amplitude
is assumed to be the surface roughness Ra value where the
specific particle is located.

Figure 9. Values of k=2A at different locations for 22, 30, and
41mm particle in contact with the rough surface profile pro-
vided by Jiang et al. (2008).

Figure 10. (a) Predicted values of critical shear velocity ratio for detachment of 22, 30, and 41mm particles as a function of loca-
tion on the rough surface. (b) Variations of normal probability distribution of critical shear velocity ratio, u*c ,Ratio, for detachment
of 22, 30, and 41mm glass particles from a stainless-steel substrate. Here, the normal distribution is assumed.
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Using the mean and standard deviation of the
evaluated distributions in Figure 10b, the predicted
critical shear velocities can be compared against the
measurement data of Jiang et al. (2008). The
experimental data are in the form of detachment
fractions as a function of shear velocity. In order to
compare the modeled critical shear velocity with the
experimental data, the experimental critical shear vel-
ocity is defined as the velocity corresponding to 50
percent removal fraction as suggested by Ibrahim,
Dunn, and Brach (2003), and the uncertainty in crit-
ical shear velocity is represented by the range of
velocities corresponding to 0.25 to 0.75 removal frac-
tions (Nasr et al. 2019). The comparison of the critical
shear velocity predicted by the wavy surface model
with the experimental data of Jiang et al. (2008) is
shown in Figure 11 for 22, 30, and 41 mm glass par-
ticles. The model predictions show close agreement
with the experimental data.

5. Conclusions

In this study, the effect of roughness on particle
detachment from surfaces in turbulent flows was
investigated. A model for particle detachment using
the JKR adhesion theory and rolling detachment
mechanism from sinusoidal surfaces was developed.
The model used a sinusoidal model to parameterize
surface roughness using amplitude and wavelength.
Critical shear velocities for removal of glass particles

from wavy glass substrates were evaluated and com-
pared against critical shear velocities for detachment
from flat surfaces. The model results for critical shear
velocity ratios showed a range of values from very
small (0.002) to the very large ratio (+30). The effect
of surface roughness is strongly dependent on the
relative value of roughness parameters and particle
size. Four primary removal regions were identified
based on particle-surface characteristics – Region (I)
where surface roughness amplitude is low or wave-
length of roughness is large and here particle removal
is easier than smooth surfaces, Region (II), where sur-
face roughness parameters are in the same length scale
as the particle and particle removal is difficult relative
to a smooth surface, Region (III), where particles are
residing in regions with wavelengths much larger than
the particle size and here smooth surface critical shear
velocities are relevant, and Region (IV) where particles
are much smaller than the roughness amplitude and
the wavelengths are slightly larger than particle size
and here particles will be trapped. Model performance
is validated by comparison of predictions with pub-
lished experimental results.

Our simplified model is a major advance in under-
standing the role of surface roughness in particle
resuspension and can be used to design novel surfaces
optimized either for easy cleaning or trapping of par-
ticles and for understanding the fate of particles from
real-world substrates.
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