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a b s t r a c t

This article deals with the resuspension phenomenon whereby particles adhering on a wall surface can
be re-entrained by a flowing fluid. This is an area where significant progress has been achieved over the
last years from an experimental, theoretical and numerical point of view. A first purpose of the present
work is to report on the advances that have clarified our understanding of the physics of particle
resuspension. It will be seen that new pictures have emerged about the physical processes involved in
particle resuspension and, correspondingly, that new models have been proposed. A second purpose of
the review is to put forward a general framework that allows both experimental analysis and new
modelling ideas to be developed in terms of the fundamental interactions at play. These interactions are
made up by the particleefluid, particleesurface and particleeparticle forces which are, in turn, related to
the three specific fields of fluid dynamics, interface chemistry and surface roughness. Such a separation is
helpful to highlight the actual physical processes while emphasising their relative importance in
different situations and to provide useful guidelines for the necessary modelling efforts. In particular, it is
stressed that new models which capture particle motion along a wall and simulate the complete particle
dynamics represent an improvement over more classical static approaches. It is proposed that these new
approaches be pursued and brought to higher levels of maturity.

In this paper, attention is first focussed on the case where only a single layer of particles is sticking on
the surface and, thus, can be re-entrained. A detailed review of the experimental works brings out the
essential mechanisms and particle resuspension is shown to result from a balance between particle
efluid interactions and particleesurface interactions influenced by surface heterogeneities (roughness).
The numerical models which have been proposed are then thoroughly discussed with respect to a new
hierarchy of modelling approaches which is introduced. The present paper also outlines the mechanisms
of multilayer particle resuspension which is still an open subject and where our present understanding
remains preliminary. In this situation, resuspension is shown to be also governed by particleefluid and
particleesurface interactions but with the addition of particleeparticle interactions (through cohesion
forces or impaction). Finally, suggestions about the areas that still need to be addressed as well as about
the issues that remain to be improved are addressed.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The present review deals with the issue of particle resuspension,
a field where much progress has been made experimentally, theo-
retically and numerically since the detailed review of Ziskind [1].

1.1. The resuspension phenomenon

Resuspension (also referred to as re-entrainment, removal or
detachment) corresponds to the process where particles sticking on
a surface are reentrained away from the surface. Depending on the
field, resuspension can either be required so as to limit surface
fouling (for instance dust accumulation on solar cells [2]) or has to
be avoided when deposited particles are hazardous materials (such
as radioactive particles in nuclear power plants [3] or contaminant
particles in hospitals). The resuspension phenomenon has thus
been extensively studied in a wide range of fields which are illus-
trated by the following examples.

� Re-entrainment of sediments (particles with sizes ranging from
a few tens of micrometres to a few millimetres) is a key issue in
sediment dynamics [4] and also in soil resuspension [5].

� Dust resuspension is a matter of concern for the environment
since a release of road dust (particulate matter with diameters
smaller than 10 mm) greatly impacts pollution levels [6] and,
also, since resuspended dust can be carried by winds [7]
(sometimes leading to the formation of sand dunes in desert).

� Resuspension of airborne particles is investigated both for in-
door environment [8] (including ventilation systems [9,10] or
walking-induced resuspension [11]) and for outdoor environ-
ment (e.g. industrial pills and pesticide applications [9]) due to
their potential threat on human health.
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� Similarly, re-entrainment of aerosolised drug particles used in
dry powder inhalers (DPI) [12] or in spray drying systems [13]
has been studied.

� Resuspension also affects the food industry (e.g. re-entrainment
of spores from bacillus species [14], or spray systems used in the
production of milk powders [15]).

� The energy industry is also concerned by the issue of particle
removal (for instance by the release of radioactive products in
nuclear reactors or heat exchangers [16]) and by the release of
potentially harmful particles in case of fire [17].

� Resuspension is a significant issue in filtration systems [18] and
membrane fouling [19] with applications in pharmaceutical,
food, wastewater and desalination industries. More specifically,
in membranes, the formation of a filter cake can improve the
collection efficiency but induces a significant increase of the
pressure drop leading to higher energy consumptions. Thus,
particle removal is commonly used in membranes to ensure
optimal filtration.

� In biology, removal of bioparticles is widely studied, for instance
in the field of biocolloid contamination and retention in porous
media (e.g. viruses, bacteria and protozoa) [20,21] or in biofilm
formation [22].

� Studies have also investigated removal of explosive particles and
TNT-polymer composite particles from fingerprints [23] and
clothes [24] or surfaces [25].

From this quick overview, it is seen that resuspension can
take place in numerous environments and, also, that it can
involve particles with different properties (size, nature, etc.) as
well as a wide range of scales. Furthermore, an additional chal-
lenge comes from the multidisciplinary aspect of the overall
phenomenon: indeed, resuspension contains issues related to
fields as different as fluid dynamics (particleefluid interactions),
interface chemistry (particleesurface or particleeparticle in-
teractions), material physics (surface roughness and other het-
erogeneities), solid mechanics (surface deformation), physics of
granular matter (morphology of resuspended materials, forces
and energy propagation within these materials) and biology (in
the case of bioparticles). This multidisciplinary nature as well as
the various industrial/environmental applications gives a clue as
to why resuspension still remains the object of ongoing
investigations.

Clearly, the general question of resuspension is extremely
diverse and classifications are needed. To start with, a distinction
between three categories of materials can be proposed [26,27]:
particulate (by solid particles), organic (by organic species), bio-
logical (accumulation of biological organisms) materials. In the
present paper, we have chosen to focus our attention on the
resuspension phenomenon for solid particles. Yet, when relevant,
we will still refer to some existing works on the resuspension of
biological or organic materials in order to underline similarities in
the mechanisms/physics at play in resuspension (here in the more
general sense).

1.2. Guidelines for particle resuspension

In the studies devoted to particle resuspension, the terminology
varies often, depending on the point of view chosen in each article,
and this can be a source of unnecessary confusion. Therefore, at this
stage, it is worth giving the definitions of the important notions
related to resuspension that will be used in the present article.

(def-1) Particle resuspension (or re-entrainment) refers to the
removal of particles from surfaces after the break-up of the
particleesurface contact/bond. Reentrained particles are thus
suspended particles that are transported by the fluid (eventually
in the vicinity of the surface).
(def-2) Particle detachment refers to the break-up of the parti-
cleesurface contact and can thus be only one part of the whole
resuspension mechanism (for instance if particles move on the
surface before being detached).
(def-3) Sticking (or deposited or adhering) particles correspond
to particles that are in contact with the surface and that can be
resuspended.
(def-4) Retention should not be mistaken with adhesion since it
refers to matter being trapped in a media (without necessarily
having adhesion to the media). Retention is often encountered
in porous media [28].
(def-5) An aggregate is a group of particles in suspension
forming a larger structure whereas a cluster is a group of par-
ticles deposited on a surface and forming a larger structure.
(def-6) Fragmentation, or de-agglomeration, corresponds to the
separation of a large structure (for instance an agglomerate or a
cluster) into several smaller ones.
(def-7) Particle bouncing on surfaces can occur when incoming
particles have enough energy to bounce back into the flow [29].
In that sense, bouncing particles could be regarded as resus-
pended since the surfaceeparticle contact has been disrupted.
In the present study, we consider that particle bouncing does
not correspond to particle resuspension since particles did not
adhere first to the surface (but adhesion forces are still present
and lead to a dissipation of the particle kinetic energy). Thus, we
only consider resuspension as the removal of particles already
sticking on a surface.
(def-8) Saltation occurs when large inertial particles (e.g. sand)
are re-entrained from a surface but are too large to remain in
suspension and thus hit again the surface later on [7]. Upon
impacting the surface once again, these particles can lead to the
resuspension of other materials present on the surface.
(def-9) Abrasion refers to the erosion of a surface by exposure to
scraping or other mechanical constraints on the surface (e.g. by
ice in clouds [30], bombardment of saltated particles [7,31]).

With respect to these definitions, the present paper is mainly
concerned with the resuspension of particles from surfaces
exposed to a (laminar or turbulent) flow. However, even within
these limits, reviewing resuspension is not a straightforward
task as a variety of different standpoints can be chosen. For
example, some reviews have been recently released but in which
resuspension was only discussed for specific cases, such as in-
door resuspension [32]. In the present work, a more general
point of view is retained: the mechanisms and physics of particle
resuspension are analysed regardless of any specific application
and the attempt made here is to underline their universal
character.

1.3. Aim of the present review

The present review is focussed on putting forward recent ad-
vances on particle resuspension for both large inertial particles
(such as sediments) and small colloidal particles (particles with a
size ranging from a few nanometres up to a few micrometres, for
which Brownian motion plays a predominant role). These advances
gather new insights into the physical mechanism at play as well as
new developments in modelling approaches. More specifically, the
main objectives are.

(i) To emphasise the fact that particle resuspension depends on
a coupling between three major physical interactions:
particleefluid, particleesurface and particleeparticle
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interactions (the latter one being mainly significant for
multilayer resuspension).

(ii) To highlight the dependence of particle resuspension on
geometrical factors such as the presence of surface hetero-
geneities or deposit morphologies.

(iii) To analyse the relative importance/role of these physical
interactions and geometrical factors in particle resuspension.

(iii) To provide an in-depth discussion of the various modelling
approaches proposed in the literature for monolayer particle
resuspension and to propose a unified modelling framework
to address that situation.

(iv) To underline the open issues related to multilayer resus-
pension and the intricate coupling between particle depo-
sition and resuspension.

In many practical situations, particle resuspension is closely
related to particle deposition as the net flux of deposited particles
on a surface results from the difference between the flux of parti-
cles being carried to the surface (deposition) and the flux of par-
ticles being carried away from the surface (resuspension). A recent
comprehensive review on particle deposition has been proposed
where the analysis in terms of the three major physical interactions
mentioned in the point (i) above has been shown to be helpful to
bring a much-clearer description of the processes involved [33].
The present review is a continuation of this first work and, with this
companion paper [33], represents an effort to provide a complete
picture of the general issue of particle interactions with walls
(which involves, in particular, deposition and resuspension as key
mechanisms).

1.4. Organisation of the present review

Within this scope, the paper is organised as follows. An over-
viewof the key elements of the fundamental interactions is made in
Section 2. A detailed review of the experimental works brings out
the essential mechanisms at play for monolayer deposits in Section
3, with an emphasis on the new pictures that have emerged
recently. Then, fundamental aspects of particle motion along walls
and of the detailed steps involved in the mechanisms of particle
resuspension are described in Section 4. The various modelling
approaches that have been proposed to simulate particle resus-
pension from monolayers are addressed in Section 5, where a new
classification and a discussion on the importance of a unified
modelling framework are developed. Finally, the present paper
proposes in Section 6 a discussion on the open issues of multilayer
resuspension. In Section 7, the conclusion sums up the key ele-
ments of particle resuspension that have been brought forth and
the open issues that remain to be tackled are discussed.

2. Overview of the fundamental interactions

The aim of this section is to provide an introduction to the main
aspects of the fundamental interactions (particleefluid, parti-
cleesurface and particleeparticle) which constitute one of the
guidelines of the present review. As each of these aspects would
require a monograph should comprehensive descriptions be ex-
pected, we limit ourselves to presenting the central points of the
theoretical formulations underlying these interactions. A first ac-
count of surface heterogeneities, which bring important modifica-
tions for particleesurface and particleeparticle interactions and
have a key role in resuspension, is also presented. In that respect,
the important notions, such as the particle relaxation timescale, the
characteristic features of turbulent boundary layers and the DLVO
theory, are introduced here as they are helpful to discuss experi-
mental data in Section 3. The specific aspects related to the
expressions of the forces and moments exerted on deposited par-
ticles and to surface roughness effects are developed in more de-
tails later on in Section 4.

Layout of this section. The salient points of particle transport are
outlined in Section 2.1.1 which introduces the central notion of the
particle relaxation timescale before a presentation of turbulent
boundary layers and near-wall units in Section 2.1.2 and an intro-
duction to the idea of coherent structures in Section 2.1.3. Parti-
cleesurface interactions are discussed in the frame of the DLVO
theory in Section 2.2 while particleeparticle interactions are
addressed in Section 2.3. Finally, surface heterogeneities, especially
surface roughness, are introduced in Section 2.4.

2.1. Particleefluid interactions

2.1.1. Particle transport and the particle relaxation time scale
For particle-laden flows, particle transport is best presented by

adopting a Lagrangian point of view. Then, particle transport results
naturally from the action of the forces acting on each particle and
which enter the particle momentum equation as

dxp
dt

¼ Up; (1a)

mp
dUp

dt
¼ Ff/p þ Fext (1b)

where xp is the location of the particle centre of mass,Up its velocity
and mp the mass of the particle. In the momentum equation Eq.
(1b), Ff/p represents the forces of the fluid on the particle while
Fext stands for the action of external fields such as gravity. In the
description of the particle dynamics, the first equation, Eq. (1a), is
not to be overlooked as it indicates that particle transport (which is
treatedwithout approximation by Lagrangian approaches [34,35] is
indeed directly related to the effects of the forces exerted on the
particle. Thus, this question amounts to the formulation of the
forces exerted on a particle in a surrounding fluid flow (the situa-
tion of a particle located at the wall and only partially surrounded
by the fluid flow is a limit case and is specifically addressed in
Section 4.1.1). Though apparently simple and considered as soon as
the mid-19th century, the issue of the precise derivation of the
various forces exerted on a particle due to a fluid flow has proved
extremely difficult. Present formulations retain the so-called drag,
lift, added-mass and Basset forces [36,37] which are added to
gravity forces, though the expression of these forces can vary ac-
cording to different authors. In this section, we leave out the lift
force which is discussed in Section 4.1.1 for deposited particles and
we neglect the Basset (or historical) force. Then, the present
consensus about the forces acting on a particle in a fluid flowmeans
that the particle momentum equation can be written as

mp
dUp

dt
¼pd3p

6
rf
DUs

Dt
þpd3p

6

�
rp�rf

�
gþ1

2
pd2p
4

rfCD
��Us�Up

��
��Us�Up

�þpd3p
6

CArf

�
DUs

Dt
�dUp

dt

�
(2)

where rf is the fluid density, rp the particle density, dp its diameter
andUs the velocity of the fluid seen by particles as theymove across
the fluid flow. Relying on a point-approximation for particles, this
velocity of the fluid seen is expressed as the local instantaneous
value of the fluid velocity at the same time and at the particle po-
sition, whichmeans that we haveUsðtÞ ¼ Uf ðt;xpðtÞÞwhereUf ðt; xÞ
represents the fluid velocity field. In Eq. (2), the first two terms on
the rhs (right-hand side) correspond to the fluid acceleration and to
the buoyancy termwhile the third term is the general form for the
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drag force, involving the drag coefficient CD, and the fourth term is
the added-mass force. The added-mass force is expressed with an
added-mass coefficient CA (usually taken simply as CA¼ 1/2) and is
a function of the difference between the acceleration of the fluid
seen (along its own trajectory) and the particle acceleration. Note
that the drag force is expressed in terms of the velocity slip
Ur¼Us�Up while the added-mass force is written as a function of
the acceleration slip.

The added-mass force can be of importance for example for
small sediments in a liquid medium when rp~rf. However, for
particles heavier than the fluid rp[rf, it can be shown that the
drag force is the dominant force [35e37] and the particle mo-
mentum equation is then reduced to

dUp

dt
¼ Us � Up

tp
þ g: (3)

where the drag force has beenwritten so as to bring out the particle
relaxation timescale tp which is given by

tp ¼ rp

rf

4dp
3CDjUrj : (4)

This timescale is the key notion for particle transport and ac-
counts for the particle inertia. More precisely, tp stands for the
timescale over which particle velocities adjust to the local fluid
velocity seen. Precise expressions for the drag coefficient are dis-
cussed later on in Section 4.1.1. As an illustration of existing drag
force expressions, it is sufficient here to introduce the drag force in
the Stokes regime, where CD¼ 24/Rep (with Rep ¼ jUrjdp=nf the
particle Reynolds number and nf the fluid kinematic viscosity). The
Stokes regime is valid when Rep� 1 and is often a good approxi-
mation for small particles. In that case, the drag force retrieves the
classical formwhere FDragf/p ¼ 3prf nfdpUr and the particle relaxation
timescale is then given by the well-known expression

tp ¼ rp

rf

d2p
18nf

: (5)

It can be noted that, if the added-mass force is deemed impor-
tant, the notion of the particle relaxation timescale still holds and
simple manipulations of Eq. (2) show that the expression of tp is
slightly modified to give (still in the Stokes regime)

tp ¼
 
rp þ 1

	
2rf

rf

!
d2p
18nf

: (6)
Fig. 1. Quantities in the near-wall region. Reprinted from
The above considerations have been developed for hydrody-
namical effects, assuming that particles are not sensitive to Brow-
nian motion. Yet, for colloidal particles, this is not the case anymore
and it is important to account for Brownian effects in the particle
dynamics. This is simply done by adding a white-noise term to the
particle momentum equation, which becomes a generalisation of
the historical Langevin equation, and the system of equations
(retaining only the drag force, for the sake of simplicity) has the
following form

dxpðtÞ ¼ UpðtÞ dt (7a)

dUpðtÞ ¼ UsðtÞ � UpðtÞ
tp

dt þ g dt þ KBr dWðtÞ (7b)

In the particle momentum equation, which is now a stochastic
differential equation, the diffusion coefficient KBr is given by KBr ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið2kBTf Þ=ðmptpÞ
p

where kB is the Boltzmann constant and Tf the
fluid temperature. This form of the particle momentum equation is
the most general expression and is valid for both inertial particles
(for which KBr becomes negligible) and colloidal particles (for
which gravity becomes negligible). More details can be found in
[33]. In the context of particle deposition and resuspension, we are
basically interested in particle motion in the near-wall region
which corresponds to a specific region referred to as the (possibly
turbulent) boundary layer whose properties need to be given.

2.1.2. Turbulent boundary layers and near-wall units
In the following, we consider the basic situation of a channel

flow with an axis representation sketched in Fig. 1(a). Classical
analysis of a fluid flow in the fully developed region (where velocity
statistics no longer change with x) indicates that the balance of
mean forces in the wall-normal direction is characterised by the
wall shear stress tw (see a detailed presentation in the reference
textbook on turbulent flows [38]. The wall shear stress can be
expressed by tw ¼ rf nf ðd〈Uf 〉=dyÞy¼0 where 〈Uf〉 is the mean fluid
longitudinal velocity.

To characterise the near-wall region, it is relevant to introduce
the so-called wall units, which are derived from the wall shear
stress tw and the kinematic viscosity nf. First of all, a friction velocity
ut is defined from the wall shear stress and the fluid density as
ut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
tw=rf

p
. Based on this friction velocity ut (in ms�1) and on the

fluid viscosity nf (in m2 s�1), a length scale dv and a time scale tv can
be defined as:

dn ¼ nf
ut

; tn ¼ nf

u2t
(8)
[33]. Copyright 2012 with permission from Elsevier.
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Then, dimensionless quantities are introduced, such as the
dimensionless distance from the wall yþ ¼ y=dn or the dimen-
sionless near-wall velocity Uþ

f ¼ Uf =ut. For particle transport, this
means also that we can define the non-dimensional particle
relaxation timescale as tþp ¼ tpu2t=nf . Obviously, the viscosity nf is
fluid-dependent while the friction velocity ut is flow-dependent
and the behaviour of fluid velocity statistics are thus fluid and
flow dependent. However, the key result is that, once properly
made non-dimensional, all quantities follow universal laws
(referred to as the “law of the wall”) in the near-wall region for
arbitrary large Reynolds numbers [38].

In particular, this allows to define the viscous sublayer where
viscous effects are dominant: this zone is usually taken as the
sublayer starting at the wall with a thickness of about dþVSe5 (or,
somewhat more loosely, as dþVSe5� 10 when no buffer layer is
considered between the viscous and logarithmic layers) and where
themean longitudinal velocity scales as 〈Uþ

f 〉xyþ. In the sameway,
the well-know logarithmic region (or log law region) can be iso-
lated as the part of the inner layer where viscosity does not play a
role and where the mean longitudinal velocity scales as
〈Uþ

f 〉x1=kln½yþ� þ B where B is a constant and k the von Karman
constant. The thickness of the boundary layer is defined as the
distance to the wall where the wall unit scaling overlap with the
outer layer scaling (the bulk of the flow). The precise evaluation of
this distance remains somewhat arbitrary (or dependent on the
Reynolds number [38]). Yet, in practise, the thickness of the tur-
bulent boundary layer in the near-wall region can be estimated as
being of the order of lBLz 100e200dn.

These variations of the fluid mean longitudinal velocity are
important in the context of particle resuspension as they are typi-
cally used in the expression of the drag force as well as in the
moment of the hydrodynamical forces exerted on a deposited
particle (these issues are addressed in Section 4.1.1). Another
characteristic and noteworthy feature concerns the second-order
moments of the fluid velocity (〈u2〉) which exhibit strong varia-
tions through the boundary layer and a marked anisotropy [38,39].
This is true in particular for the wall-normal fluid kinetic energy
〈v2〉 (see Fig. 1(b)) which is the particle driving force that induces
the particle flux towards the wall (since there is no transport due to
the meanwall-normal fluid velocity given that 〈V〉¼ 0 [38]). On the
other hand, in the immediate vicinity of the wall (thus, in the
viscous sublayer), velocity fluctuations remain small but with a
stronger increase of the longitudinal fluctuating energy 〈u2〉 (which
scales as y2) compared to the wall-normal one (which scales as y4).
The damped fluctuations in the wall-normal direction mean that
Fig. 2. Cross-section of the flow field and front view of particles in the near-wall region (
represent the fluid velocity, and colour isocontours map the values of the streamwise velocit
while pale blue isosurfaces identify clockwise rotating vortices (right figure). Purple particles
normal velocity oriented away from the wall. Reprinted from [46]. Copyright 2009 with pe
direct lift-off forces will be reduced (apart from intense but rare
‘events’) and the importance of the longitudinal fluctuations over
the fluctuations in the normal direction suggests also that particle
motion along the wall surface will be triggered with more likeli-
hood than a direct pull-off. These questions are at the core of the
resuspension mechanisms and will be developed in the next sec-
tions, particularly in Section 4 and in Section 5.

2.1.3. Near-wall coherent structures
With the introduction of the near-wall units, turbulent bound-

ary layers are usually characterised by bringing out the profiles of
velocity statistics in terms of the normalised wall-normal distance
yþ. In addition to this statistical assessment of near-wall fluid
motions, new information has been provided by fine experimental
observations [40,41] as well as by results from Direct Numerical
Simulations (DNS) [42,43]. Both have paved the way for a new
vision of turbulent boundary layers.

Indeed, the classical statistical approach provides information
typically on the first (one-point) velocity moments and, less often,
on two-point velocity correlations (through measurements).
Though correct, these statistical assessments do not reveal the
instantaneous realisations, or ‘pictures’, of the velocity field in the
near-wall region. In that sense, it would be misleading to imagine
the reality of the velocity field as, for example, a Gaussian noise
around the mean velocity profiles. Indeed, direct experimental
visualisations have revealed that boundary layers are made up by
the random succession of fluid ‘coherent structures’, which can be
loosely defined as regions of the fluid exhibiting a certain order in
space and time (see the illustration in Fig. 2). In that respect, DNS
has proved itself to be a valuable approach as turbulent boundary
layers are very thin layers where experimental measurements are
therefore difficult to carry out precisely. If we regard a DNS as a
‘numerical experiment’ that complements experimental measure-
ments (and give access to variables difficult to measure such as the
turbulent kinetic energy dissipation rate), more precise de-
scriptions of coherent structures in turbulent boundary layers have
emerged.

In practise, a quantitative and universal definition of these
coherent structures has proved difficult [38]. Nevertheless, the
concept introduces new interesting aspects and has allowed, in
particular, new insights into the physics of particle transport in
near-wall regions. Indeed, recent analyses carried out using particle
tracking in DNS [44e46] have highlighted the key role played by
fluid structures for particle transport. As displayed in Fig. 2, these
studies have revealed that particles moving towards the wall tend
a) and front view of particles and structures in the near-wall region (b) [46]. Vectors
y component (left figure). Green isosurface identify counter-clockwise rotating vortices
have a wall-normal velocity oriented towards the wall while blue particles have a wall-
rmission from Elsevier.



C. Henry, J.-P. Minier / Progress in Energy and Combustion Science 45 (2014) 1e53 7
to be correlated with a fluid coherent structure called ‘sweep’
(spatially-coherent fluid motion with a velocity directed towards
the wall) while particles moving away from the wall tend to be
correlatedwith a fluid structure called ‘ejection’ (spatially-coherent
fluid motion with velocity directed towards the bulk of the flow).
Furthermore, local particle concentrations, referred to as the pref-
erential concentration effect, have been linked with the existence
of low-speed streaks where particles tend to be trapped [42,46,47].
Clearly, these DNS simulations have demonstrated that analyses
based on near-wall fluid coherent structures are relevant, especially
to understand fine details of particle dynamics in turbulent
boundary layers. Recently, models for particle deposition have
started to follow that path by developing stochastic descriptions
where particles are transported as the result of their interactions
with a random succession of modelled coherent structures [48]
(details and illustrations of such modelling approaches can be
found in Ref. [33]).

In the following, we will simply refer to fluid coherent struc-
tures as a spatially-coherent motion which exist for some time:
these structures are thus first defined by some typical features (for
instance, for sweeps and ejections by their velocity sign with
respect to the wall-normal direction or by a quadrant analysis) and
are characterised by a timescale (which measures their lifetime), a
length scale and, more importantly, a velocity scale (which defines
their intensity). More elaborate definitions can be found in the
specialised literature which has developed for near-wall coherent
structures (see Refs. [38,39,44,46,49e51]). It will be seen in Section
3, and especially in Section 3.1, that these notions are important to
distinguish between the various mechanisms involved in particle
resuspension.

2.2. Particleesurface interactions

When particles are in the immediate vicinity of a wall surface
(i.e. for separation distances lower than a few tens of nanometres),
the magnitude of particleesurface interactions is comparable to, or
even greater than, particleefluid interactions. These particleesur-
face interactions are traditionally described using the DLVO theory -
named after the works of DerjaguineLandau [52] and Verwey-
eOverbeek [53] e which considers that interbody interactions are
the sum of the van der Waals (VDW) interaction and of the Elec-
trostatic Double-Layer (EDL) interaction [54e56]:

� VDW forces are volume forces arising from dipole-dipole in-
teractions (more details can be found in [33,54,55,57,58]). Apart
from some exceptional situations, it is important to note that
VDW forces are attractive forces.

� EDL forces occur between two charged bodies immersed in a
liquid [56]. In that case, a double-layer is spontaneously formed
around each body due to the electrostatic affinity of ions (the
concentration of counterions close to the surface is higher). The
overlap of two double-layers upon particleesurface encounter
leads either to attractive EDL forces for oppositely charged sur-
faces or repulsive EDL forces for similarly charged surfaces
(more details in [33,54,55,57,59,60]).

There is an ample literature devoted to particleesurface in-
teractions, especially for colloids for which these forces are
indeed important, with references textbooks [54,56] and recent
reviews [33,55]. In the context of this chapter, it is sufficient to
bring out the key aspects which are relevant for the later dis-
cussions on the resuspension mechanisms. This can be best done
by considering a simple formulation for the DLVO force between a
perfectly spherical particle and a perfectly smooth plane which is
given by
FDLVO ¼ �AHRpart
6h2

þ 4pε0εrfpfwRpartk expð�hkÞ (9)
where h represents the distance between the two surfaces (in
terms of the distance of the centre of the particle to the wall surface
d, we have h¼ d�Rpart with Rpart the particle radius). The first term
on the rhs of Eq. (9) is the VDW force and is expressed with the so-
called Hamaker constant AH (in J). The second term on the rhs
corresponds to the EDL contributions (note that both forces, VDW
and EDL, derive from a potential) and is expressed as an expo-
nentially decaying function of the distance to the surface h divided
by the Debye length k�1. This Debye length is defined by

k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε0εrkBTf
2e2 I

r
(10)

where 30 is the dielectric permittivity of vacuum (in F.m�1), 3r the
dielectric constant of the liquid medium, kB the Boltzmann con-
stant (in J.K�1), Tf the fluid temperature (in K), e the electron charge
(in C) and IIS the solution ionic strength (which is a measure of the
ion concentration in the solution). The EDL force involves also the
particle potentials fp and of the surface potential fw (often taken as
the zeta potentials, in V).

More elaborated formulas of the DLVO force than the one
retained in Eq. (9) are available in the references mentioned above
but the interest of this expression is to reveal the most important
features. It is seen that the form of the EDL contribution explains
that the Debye length is usually referred to as the ‘screening
length’ since it is the length scale above which the electrostatic
double-layer interactions are screened and become negligible. An
interesting point is that the VDW does not depend on the liquid
pH and is the only contribution for particles in a gas flow. On the
other hand, the expression of the EDL force shows that there are
separate contributions from typically the zeta potentials, the ionic
strength and the Debye length which are all functions of the pH of
the liquid. This explains that the influence of particleesurface
interactions is discussed with reference to the DLVO theory and, in
particular, by considering the specific influences of these quanti-
ties (zeta potential, ionic strength, etc.) as will be done in Section
3.2.

Further understanding is brought by considering a typical evo-
lution of the DLVO potential energy with the separation distance
between a 1 mm particle and a plate in repulsive electrostatic
conditions, as displayed in Fig. 3. It can be seen that the VDW
attraction is predominant at small separation distances and large
separation distances, while the EDL repulsion dominates the
interaction energy at intermediate separations. The peak in the
DLVO curve corresponds to the so-called energy barrier Ebarr, which
can prevent incoming particles from reaching the surface.

In the context of particle deposition, this energy barrier appears
as a useful notion to predict whether incoming particles (due to
hydrodynamical particle transport in the near-wall region) can
actually deposit (when their kinetic energy is high enough to
overcome the energy barrier) or will bounce back from the wall
surface. In terms of the hydrodynamical near-wall units introduced
in Section 2.1.2, the location of the energy barrier yþEB is typically of
the order of yþEBe10�2 � 10�3 which means that the particleesur-
face interactions, though essential, take place in a nearly-vanishing
region (with respect to the hydrodynamical length scale in the
boundary layer) and is best treated as a boundary condition. Yet,
taking into account the central notion of the energy barrier allows
to build a formulation where particle transport and particleesur-
face interactions are intimately coupled so as to obtain a complete
and consistent description of particle deposition (see a detailed
presentation of this approach in [33]).



Fig. 3. DLVO interaction energy between a sphere and a plate: VDW interaction
energy, EDL interaction energy, e DLVO interaction energy. Reprinted from [33].
Copyright 2012 with permission from Elsevier.
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So far, the DLVO force has been presented typically for a particle
close to a wall surface but still within the fluid (so that h> 0). From
the example considered in Fig. 3, it is also seen that particles which
overcome the energy barrier fall in the potential well of the VDW
contribution and that the resulting attractive force appears to
become infinite at the particleesurface contact. As such, DLVO
forces can seem inappropriate to predict adhesion forces. Yet, by
introducing a contact distance (related to the Bohr repulsion), it
will be seen that DLVO can still be applied for adhesion forces,
which represents a strong advantage as the same expression can
then be used both for particles approaching the wall and for par-
ticles in contact with this wall surface. This point is taken up and
addressed in detail in the discussion of contact theories developed
in Section 4.1.2.

As reviewed recently by Liang et al. [55], the DLVO theory can
sometimes fail to predict the interaction energy at nanoscale sep-
aration distances. Therefore, in some specific situations, extended-
DLVO theories have been proposed to account for additional forces
(such as solvation forces, acid-base interactions, steric or capillary
forces [33,55,56]). However, it should be borne in mind that such
extended-DLVO theories depend highly on the situations consid-
ered (for example, capillary forces occur only when particles de-
posit in humid environments). These extensions are also
considered at the end of Section 4.1.2.

To sum up, the DLVO theory remains a reference for parti-
cleesurface forces and, apart from particular situations that need to
be addressed specifically and on a case-to-case basis, it can be
considered that the DLVO theory provides a satisfactory framework
for particleesurface interactions.
2.3. Particleeparticle interactions

The occurrence of particleeparticle interactions in a particle-
laden flow is closely related to particle concentration. Indeed,
when the particle concentration is low (which means that we are
considering a dilute flow regime), particleeparticle interactions are
rare events which do not play a significant role in the overall picture
of the particle fundamental interactions. However, when the par-
ticle concentration increases, particleeparticle interactions happen
more often and start to have an impact. For instance, in concen-
trated particle suspensions, it is common to observe particle
agglomeration, i.e. the formation of an aggregate due to the
collision of pair of particles that can stick together and form a larger
‘particle’ whose inertia and, consequently, dynamics are modified.
Similarly, particleeparticle interactions are predominant when
surfaces are covered by particles: in that case, multilayers of par-
ticles are formed on the surface. In the analysis of the formation of
multilayer deposits, it has been shown recently that these parti-
cleeparticle interactions play a central role and that, by properly
accounting for them, the various structures of multilayer deposits
that have been observed can be correctly predicted [33].

Although it is important to introduce particleeparticle in-
teractions separately from particleesurface ones, the expression of
these forces is often done through the same DLVO theory, typically
by substituting a sphere-sphere geometry to the sphere-plate one
considered in Section 2.2. This is also helpful to reveal that parti-
cleeparticle interactions have a similar double nature as parti-
cleesurface ones. Indeed, particleesurface interactions involve first
an hydrodynamical step (called the ‘transport step’ [33]) and an
interface chemistry step (called the ‘adhesion step’ [33]). In the
same manner, particleeparticle interactions involve also a similar
hydrodynamical step where particles are brought together by the
underlying action of a turbulent fluid (this is the ‘collision step’) and
another interface chemistry step (which can be called the
‘agglomeration step’). This decomposition is the basis of recent
fine-grained modelling approaches of agglomeration [61e63] and
of more classical and more macroscopic population-balance ap-
proaches [54,56,64,65]. In the context of the present section which
is an introduction to the main notions of the fundamental in-
teractions, this means that the characteristics features of DLVO
forces, as discussed in the Section 2.2, remain valid. In particular,
since particles are usually charged accordingly (unless separately-
charged particles are introduced in a solution), the parti-
cleeparticle EDL contribution to the DLVO forces leads typically to a
repulsive term. Thus, the notion of an energy barrier is particularly
relevant for particleeparticle interactions.
2.4. The role of surface heterogeneities

Particleeparticle as well as particleesurface interactions have
been shown to depend also on local heterogeneities on the surface,
such as surface roughness or surface charge heterogeneities [57].
Consequently, numerous approaches have been proposed to ac-
count either for surface roughness [66e72] or surface charge het-
erogeneities [73e78] (or even both). Given the central role played
by surface roughness in the resuspension mechanism, it is worth
introducing the characteristics of surface heterogeneities by
considering how they are accounted for in some modelling
approaches.
2.4.1. Surface roughness
As far as modelling of surface roughness is concerned, a

distinction between two different approaches for surface rough-
ness can be made:

(a) Modified Derjaguin approaches [66] propose a simple model
in which surface roughness is described as a collection of
hemispherical asperities on a smooth surface. Thus, surface
roughness is represented by at least two parameters: the
asperity height (or radius) and the number of asperities per
unit area (or the surface coverage fraction Scov). The overall
interaction energy between a rough plate and a sphere USR is
obtained by assuming that the interaction energies are ad-
ditive and is thus given by the weighted sum of the spher-
eeplate interaction USP and of all sphere-asperity
interactions USA:
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USR ¼ ð1� ScovÞUSP þ
X

asperities

USA (11)
Fig. 5. Schematic representation of the SEI method applied to a sphereeplate inter-
action: the interaction energy (over each surface element dS) is integrated numerically
over the exact surface topography.
The various models available in the literature differ from each
other in the description of surface roughness (including or not
polydispersion, with a single asperity or multiple asperities, etc.)
and in the formulas retained for the calculation of VDW and EDL
interactions [66,69,70,79]. For instance, a recent stochastic model
based on this approach describes rough surfaces by a collection of
hemispherical asperities placed randomly on the surface (more
precisely within the region where particle-asperity are significant)
respecting the distribution in asperity size and the surface coverage
(see Fig. 4).

Statistical information on the effect of surface roughness on the
energy barrier is then obtained by performing Monte Carlo simu-
lations [79].

(b) Surface Element Integration (SEI) methods have been
developed recently by Bhattacharjee et al. [68,80,81]. This
method consists of calculating the energy barrier by inte-
grating the interaction energy per unit area between two
infinite half-space over the exact surface topography (that is
obtained by experimental measurements), as depicted in
Fig. 5. SEI methods are thus similar to the Derjaguin inte-
gration method, except that no assumption is made on the
curvature radius of the bodies (that have to be much larger
than the separation distance in the Derjaguin integration
method).
The main advantage of the SEI method is that it can be
applied accurately to any geometry. For instance, the SEI
method has been shown to provide accurate predictions
between a spheroidal particle and a flat plate [82] or for
spherical particles in cylindrical pores [83].

This representation of surface roughness has been addressed
here mostly in the context of particle deposition that is for particles
approaching awall (see Fig. 4) since surface roughness modifies the
energy barrier and the resulting deposition rate [33]. Yet, most of
the characteristics presented above remain important, if not cen-
tral, for the resuspension phenomenon. Their effects are already
present in experimental studies (see Section 3) and complementary
accounts of surface roughness will be detailed in Section 4.1.2 in the
context of adhesion forces (which can be slightly more complicated
due to the possible inclusion of surface deformation). It will then be
seen that the role of surface roughness is at the core of the dis-
cussions, developed in Section 5, about the existing modelling
approaches.
2.4.2. Surface charge heterogeneities
Similarly to surface roughness, two modelling approaches have

been proposed in the literature to include surface charge
Fig. 4. Description of surface roughness using hemispherical asperities placed
randomly underneath each incoming particle. Reprinted from [79]. Copyright 2011
with permission from American Chemical Society.
heterogeneities in the DLVO interaction. A simplified model (which
is accurate, provided that the potential patches are much larger
than the particle size) describes the interaction between hetero-
geneously charged surfaces as the interaction energy between
surfaces having a constant charge/potential whose value is given by
the potential of the surfaces facing each others [73,76,84,85].
Another refined approach (similar to the SEI approach) proposes to
evaluate the interaction energy by integrating numerically the
interaction energy per unit area between two-infinite flat plates
over the exact surface topography andwith the corresponding local
surface potential [75,77,78,86,87]. The issue of surface charge het-
erogeneities is taken up again, with more details, in Section 4.1.2.
3. Experimental studies of resuspension from monolayer
deposits

This section is devoted to the description and analysis of
experimental studies of particle resuspension from monolayer
deposits while the case of resuspension from multilayer deposits
will be treated later in Section 6. Monolayer resuspension has been
extensively studied in the literature (see for instance previous re-
views on the topic [1,32,88,89]) since it represents the first step
towards an understanding of the whole resuspension phenomenon
(both monolayer and multilayer). Yet, to provide a self-contained
description, we have chosen to recall some existing experimental
works on monolayer resuspension while emphasising how more
recent works have extended our current understanding of this
phenomenon. In particular, the various interactions at play in
monolayer resuspension as well as their relative impact on particle
reentrainment are underlined. Indeed, several experimental data
have shown that particleefluid interactions, particleesurface in-
teractions as well as substrate heterogeneities have a significant
impact on particle reentrainment [90e98]. However, the pictures
emerging from these experimental data are not always clear, for
example with respect to the role of sliding/rolling motion or burst-
type ejections. In that sense, this section will not only report on
recent experimental progress but will also put forward a new
analysis which will be shown to be helpful to clarify the occurrence
and importance of these mechanisms.

Layout of this section: This section is organised with respect to
the various interactions at play in resuspension: the effect of par-
ticleefluid interactions on resuspension is presented in Section 3.1,
the role of particleesurface interactions is described in Section 3.2
while the impact of surface heterogeneities on resuspension is
discussed in Section 3.3.
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3.1. The role of particleefluid interactions in resuspension

3.1.1. Particleefluid interactions
The role of a fluid flow on particle resuspension has been

studied experimentally for years. For instance, Hubbe in 1985 [90]
measured the reentrainment of titanium dioxide colloids (with a
size ranging from 144 nm up to 700 nm) immersed in a liquid
solution from cellulose and glass substrates exposed for 60 s to a
shear stress in coaxial cylinders. Particles adhering to an element
of the surface were recorded using light scattering methods at
various times corresponding to higher shear stresses tf. Typical
images are displayed in Fig. 6 which shows that the number of
particles adhering to a glass surface decreases when the shear
stress is increasing. As displayed in Fig. 7, further analysis and a
compilation of these images provided graphs for the evolution of
the resuspension rate (or the fraction of particles remaining on the
surface) with the flow conditions: it can be seen that the number
of resuspended particles increases when the flow velocity is
higher.

A large number of studies have used similar techniques to
measure the amount of particles remaining on surfaces after
exposure to a flow (see also previous reviews [1,88,89]). In this
paper, we have chosen to make a distinction between experiments
performed in rectangular channels (such as wind tunnels) where
the flow is relatively simple and those performed in more complex
flows (such as porous media or impinging jets). On the first hand,
many experiments have focussed on particle resuspension in sim-
ple shear flows (see Table 1 for a list of such experiments in chro-
nological order) since it is a relevant case in atmospheric
resuspension (sand, sediments, dusts) and for resuspension in
ventilation ducts. On the second hand, other experiments have
investigated resuspension in more complex flows (see Table 2 for a
list of such experiments in chronological order) in the context of
resuspension from filtration systems (porous media) and walking-
induced resuspension (with complex flow patterns close to the
surface). It is worth noting that similar observations have been
made regardless of the flow conditions. This was not a foregone
conclusion especially in the case of porous media where complex
flow and deposit structures can arise due to the intricate flow
geometry.

From all these observations of particle resuspension in various
flow conditions (see also previous reviews [1,88,89]), it appears
clearly that the amount of resuspended particles increases with
increasing fluid velocity (or shear stress) regardless of the flow
conditions (either a flow over a smooth surface [112] or in porous
media [108] or even an impinging jet on a surface [106]). As a result,
a threshold velocity (or shear stress) for particle resuspension has
often been defined as the velocity required to remove half of the
particles initially deposited on the surface [102]. For example, Ni~no
Fig. 6. Light scattering images of TiO2 particles on glass substrates at pH 3 after 60 s exposu
tf¼ 14.3 Pa , (C) tf¼ 26.9 Pa, (D) tf¼ 31.9 Pa, (E) tf¼ 42.9 Pa, (F) tf¼ 55.4 Pa. Reprinted from
et al. [98] measured the resuspension of 704 nm TiO2 particles from
glass substrates exposed to a liquid flow in a rectangular channel.
As displayed in Fig. 8, the threshold shear stress (here expressed as
a dimensionless quantity tþ ¼ u2trf=ðgdpðrp � rf ÞÞ) has been char-
acterised as a function of the particle Reynolds number Rep¼ utdp/
nf ( where ut is the friction velocity introduced in Section 2.1.2): it
can be seen that resuspension increases when the particle size
increases ðRepb ; tþf ¼ cteÞ and when the fluid velocity is higher
ðRepb; tþf bÞ. It can also be seen that recent experiments have
confirmed the trends underlined in previous reviews while
exploring in more details the effect of turbulence on particle
resuspension.

3.1.2. Resuspension mechanisms
Yet, even though these experimental findings highlight the ef-

fect of particleefluid interactions on the resuspension phenome-
non, they fail to capture the detailed mechanisms that lead to
particle resuspension. Therefore, similar measurement techniques
have been developed to investigate the dynamics of particle
resuspension, i.e. the evolution in time of reentrained particles
[102]. For that purpose, high-speed video (or fast-image) re-
cordings are often used to keep track of particle motion close to the
surface in a rectangular channel or in centrifuge experiments (the
mechanisms of resuspension have seldom been studied in porous
media since direct observations of particle positions are intricate
and require transparent media). However, the main difficulty that
arises in analysing and summarising the mechanisms of particle
resuspension is that experiments have been performed in various
conditions and, in particular, the size of particles ranges from col-
loids up to millimetre sand particles.

Therefore, in the present review, we have chosen to analyse the
mechanisms of particle resuspension in terms of the size of the
particles involved. Broadly speaking, to characterise particles in
boundary layers, two dimensionless parameters with respect to
wall units can be obtained: the first one is the dimensionless par-
ticle relaxation time tþp ¼ ðd2pu2t=18n2f Þðrp=rf Þwhile the second one
is the dimensionless particle size dþp ¼ dput=nf . Since particle
deposition is mainly governed by particle transport [33], deposition
is generally studied using the particle relaxation time tp

þ as the
main parameter. Yet, in the case of resuspension, hydrodynamic
interactions acting on deposits depend on their size and dp

þ can play
a significant role. Thus, in the following, the dynamics and mech-
anisms of the resuspension phenomenon are analysed using the
dimensionless particle size dp

þ and comparing it to the extent of the
viscous sublayer dVS (generally estimated as dþVSe5� 10, as indi-
cated in Section 2.1.2). This new analysis allows to clarify experi-
mental evidence by dividing particles between ‘small particles’
(meaning that dþp(dþVS) and ‘large particles’ (meaning that
dþpadþVS):
re to a constant shear stress tf (with increasing increments): (A) initial population, (B)
[90]. Copyright 1985 with permission from Elsevier.



Fig. 7. Evolution of the fraction of TiO2 particles remaining on the surface: ⋄ particles
exposed to increasing shear stress and A particles in absence of flow. Reprinted from
[90]. Copyright 1985 with permission from Elsevier.
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� For small particles (see also Table 3 for a list of experiments
underlining the resuspension mechanism for small particles),
particle motion is characterised by rolling or sliding motions on
the surface. The first insights into the mechanism of particle
resuspension have been obtained with experimental data
measuring particle resuspension both in a channel flow and in
centrifuge experiments [91,101,113,114]. In centrifuge
Table 1
List of experiments that have studied the effect of particleefluid interactions on monola

Experiment Particles Surface Flo

Hubbe, 1985 [90] TiO2 colloids (144e700 nm) Cellulose and
glass

Tu
(0
co

Hubbe, 1985 [91] TiO2 colloids (144e700 nm) Glass Sh
cy
ce
an

Wu et al., 1992 [99] Uranine, pollen, polymer,
lycopodium (5 mm up to 42 mm)

Glass,
plexiglass,
leaves

Ai
tu

Meinders and Busscher,
1993 [100]

Polystyrene (736 mm) Glass Pa
flo

Braaten, 1994 [101] Lycopodium, glass, nickel,
pollen (18e34 mm)

Glass Ce
air

Phares et al., 2000 [102] Ammonium fluorescein
(8.4e15.7 mm) and polystyrene
(6.6e13.6 mm)

Glass La
an

Nino et al., 2003 [98] Glass (38e94 mm) and silica
sand (112e530 mm)

Glass Liq
re

Ibrahim et al., 2003 [94] Stainless steel, glass and
lycopodium (25e77 mm) dþp � 4

Glass Tu
(0
tu

Ibrahim et al., 2004 [95] Stainless steel (70 nm) Glass Tu
wi

Mukai et al., 2009 [103] Salt (1e20 mm) Sheet metal,
linoleum, carpet

Ai
tu

Wang et al., 2012 [104] Calcium salt (0.4e10 mm) Stainless steel Ai
du
experiments, particle removal in the wall-normal direction was
found to be smaller than removal in the tangential direction.
Moreover, no correlations between wall-normal centrifuge ex-
periments and removal in fluid flow have been found. These
observations have favoured the vision of a resuspension mech-
anism due to tangential forces that trigger resuspension at
smaller velocities rather than by normal pull-off forces [101,113].
More recently, experimental data using video analysis have
provided images of rolling particles and thus further confirmed
previous experimental data with precise optical observations.
For instance, Jiang et al. [115] measured the resuspension of
30 mm glass particles from stainless steel surfaces exposed to a
turbulent airflow (70 ms�1) in a rectangular channel using video
techniques (this corresponds to a dimensionless diameter
dþpx7). Even for these particles whose diameters are at the
high-limit of the present class of small particles, the snapshots
of an entrained particle show that such particles are first rolling
(or sliding) on the surface before being separated from the
surface and reentrained in the fluid (see Fig. 9). This rolling/
slidingmotion has been further confirmed by other experiments
in various hydrodynamic conditions (for example, in porous
media [108], in wind tunnels [94,96]).

� Large particles (see also Table 4 for a list of experiments
underlining the resuspension mechanism for large particles):
the motion of particles whose size is large compared to wall
units ðdþpadþVSÞ is characterised by ‘burst-type’ resuspension
with a specific role played by coherent structures. The role of
coherent structures in particle resuspension is thus due to the
overlap of particles with the logarithmic sublayer (where such
yer resuspension in rectangular flows.

w Measurement technique Main observations

rbulent fluid flow
.6< tf< 312 Pa) in
axial cylinders

Light scattering images Increasing reentrainment
with increasing shear stress

ear flow (coaxial
linder) and
ntrifuge (normal
d transversal)

Light scattering images Detachment governed by
transversal forces,
increasing detachment
with increasing particle
size and shear

rflow in wind
nnel

Video analysis Dependence of
resuspension on particle
size and air velocity

rallel-plate liquid
w chamber

Image analysis Influence of shear rate
on resuspension

ntrifuge and
flow in wind tunnel

Microscope particle
counting

Threshold velocity is
inversely dependent to
the particle diameter

minar channel flow
d impinging gas jet

Image analysis Measurement of threshold
shear stress for various
sizes and velocities

uid flow in a
ctangular channel

High-speed video Dependence of threshold
velocity on the particle
Reynolds number
(increasing resuspension
for larger particles or
higher fluid velocities)

rbulent airflow
e23 m/s) in wind
nnel

Microvideo recording Increasing resuspension
with higher flow velocity

rbulent airflow in
nd tunnel

Microvideo recording No effect of acceleration,
higher threshold velocity
for laminar than for
turbulent flows

rflow in wind
nnel

Change in particle
concentration

Higher removal for larger
flow rate, higher turbulence
intensity and larger particles

rflow in ventilation
ct

Changes in particle
concentration

Higher release rate for high
velocities and large particles



Table 2
List of experiments that have studied the effect of particleefluid interactions on monolayer resuspension in more complex flows.

Experiment Particles Surface Flow Measurement technique Main observations

Ryan and Gschwend,
1994 [105]

Hematite (150 nm) Quartz grains Liquid flow in
packed bed column

Particle concentration
derived from turbidity

Higher resuspension rate
for increasing fluid velocity

Smedley et al., 1999
[106]

Polystyrene (8.3 mm) Glass Impinging gas jet
(normal incidence)

Image analysis Increase of resuspension
with higher pressure

Smedley et al., 2001
[107]

Polystyrene (12 mm) Glass Impinging gas jet
(oblique incidence)

Image analysis Highest removal obtained
for oblique incidence

Bergendahl and Grasso,
2000 [108]

Polystyrene latex (1.0 mm) Glass bead Liquid flow in
porous media

Light scattering Higher resuspension with
increasing flow rate

Zhang et al., 2002 [109] Glass (40e50 mm) Steel Impinging air jet
(various incident angle)

Image processing Dependence on air pressure
and incident angle on
resuspension

Fletcher et al. [24] Monodispersed polymer
spheres (1e45 mm)

Polycarbonate
or cloth

Pulsed air or nitrogen
jet (oblique incidence)

Optical images with
particle counting

Increasing removal with
larger flow rate and higher
removal rate for large particles

Bedrikovetsky et al.,
2012 [110]

2 mm particles Sand stone bead Liquid flow in porous
media

Breakthrough curves
and pressure drop

Release of particles due to
abrupt increase of the flow rate

Young et al. [111] Latex (31 mm) Glass Impinging air jet Image analysis Decreases of removal efficiency
with distance from the nozzle
(except at large distances due
to dense versus sparse particle
distributions)

C. Henry, J.-P. Minier / Progress in Energy and Combustion Science 45 (2014) 1e5312
coherent structures are more likely to occur) since particle sizes
are then larger than the typical size of the viscous sublayer. This
mechanism for particle resuspension was first proposed by
Sutherland in 1967 [117] and, since then, has received several
confirmations [116,118,119,120]. More recently, with the coupled
use of both particle image velocimetry (PIV) and three-
dimensional particle tracking velocimetry (3D-PTV), experi-
mental data have been able to reveal the correlation between
particle resuspension and high energy near-wall coherent
structures, especially sweep and ejection events that tend to
drive particle towards or away from the surface [116,120]. For
instance, superposing both PIV and PTV measurements (see
Fig.10), van Hout has confirmed that resuspension is linkedwith
ejection events that are characterised by a local high speed
(‘burst’) perpendicularly to the surface oriented towards the
flow (maps showing the link between particle resuspension and
instantaneous fluctuating velocity correlations or streamwise
velocity are also available in the original article [120]).

It should be noted that the previous discussion of resuspension
mechanisms is not strictly speaking related to the division between
colloidal particles and inertial particles but rather to the particle
size expressed in terms of near-wall units (to evaluate whether
Fig. 8. Particle resuspension as a function of the dimensionless shear stress tþ and the
particle Reynolds number Rep for TiO2 particles on glass substrates: evolution of the
threshold velocity (line traced by eye). Adapted from [98]. Copyright 2003 with
permission from John Wiley and Sons.
particles are within the viscous sublayer or not). However, as
underlined by several studies [98,116,119,120], the distinction be-
tween the two cases is not always clear-cut since there is a whole
range of particle sizes (dp close to the size of the viscous sublayer)
where a rolling/sliding motion can occur together with a ‘burst-
type’ resuspension. Yet, even though these two mechanisms have
been reviewed extensively [1,32,88,89], the present choice to
analyse experimental data with respect to the particle size sheds
light on the range of application of each mechanism.

3.1.3. Transport after resuspension
Once particles are resuspended, their trajectory inside the fluid

is governed by particleefluid interactions that are also at play in
particle deposition. In that case, particle motion becomes suscep-
tible to near-wall turbulent fluctuations [99] and their trajectory
depends on the particle relaxation time. Some particles can be
redeposited nearly immediately after detachment [116] while other
particles stay in suspension for longer times. This difference in
particle behaviour has led to the distinction between saltating and
non-saltating particles [7,120]: while small particles (for instance
dp(20 mm in the atmosphere) usually display long-term suspen-
sion, large inertial particles undergo short-term suspension (with
parabolic trajectories) and thus impact the surface later on (even-
tually leading to enhanced resuspension in the case where saltating
particles impact large deposited cluster as described in Section 6.2).

3.2. The impact of particleesurface interactions on resuspension

Apart from particleefluid interactions, particleesurface in-
teractions have been shown to impact significantly particle
detachment (see previous reviews [1,88,89]). Indeed, from a me-
chanical point of view, particles can be detached from a surface only
if the adhesion force between the particle and the surface is broken.
Atomic force microscopy (AFM) has been widely used to study
specifically particleesurface adhesion forces in the wall-normal
direction (also called pull-off force) [54,57,124]: the colloidal
probe technique [125,126] consists in sticking a colloid on the AFM
head and bringing/removing the particle to/from a surface in order
to measure particleesurface interactions as well as adhesion
properties. There is now a wealth of experimental studies on the
adhesion between a particle and a surface (see for instance
[125,127e132]) that have shown its dependence on particle prop-
erties (size, composition, potential) and surface properties



Table 3
List of experiments that have studied the mechanisms for monolayer resuspension of particles inside the viscous sublayer dp(dVS

Experiment Particles Surface Flow Measurement technique Main observations

Hubbe, 1985 [91] TiO2 colloids
(144e700 nm)
dþp � 10

Glass Shear flow and centrifugal
techniques (normal and
transversal)

Light scattering images Higher resuspension rate for transversal
centrifuge than normal centrifuge,
comparison to flow detachment in
favour of a process governed by
transversal forces

Sharma et al.,
1992 [113]

Polystyrene and
glass (10e40 mm)
dþp � 3

Glass Liquid flow in a channel,
centrifuge

Image analysis Difference between resuspension in
centrifuges (wall-normal) and in
channel flows

Braaten, 1994
[101]

Lycopodium, glass,
nickel, pollen
(18e34 mm)
dþp � 0:6

Glass Centrifuge and airflow in
wind tunnel

Microscope particle
counting

Lower resuspension in centrifuges
(wall-normal) than in channel flows

Reeks and Hall,
2001 [114]

Alumina (10e20 mm),
Graphite (13 mm)
dþp (10

Stainless
steel

Turbulent channel flow
(air) and centrifuge

Light reflection
(particle concentration)

Smaller tangential force than normal
force (∽1/100) required to remove
particles in favour of a contribution
of rolling motion

Ibrahim et al.,
2003 [94]

Stainless steel, glass
and lycopodium
(25e77 mm) dþp � 4

Glass Turbulent airflow
(0e23 m/s) in wind
tunnel

Microvideo recording Removal occurs as rolling/sliding
rather than lift-off

Ibrahim et al.,
2008 [97]

Soda lime glass
(30e111 mm) dþp (2

Glass Turbulent airflow in
wind tunnel þ AFM

Microvideo recording Effect of rolling motion and turbulent
’burst-sweep’ events

Jiang et al., 2008
[115]

Monodispersed Glass
(22e41 mm) and
PMMA (11e16 mm)
dþp � 27

Stainless
steel

Airflow in a rectangular
channel

Video analysis Highlight of rolling motion of particles
just before resuspension (see Fig. 9)

Traugott et al.,
2011 [116]

700 mm silica
2� dp

þ� 500
Glass Turbulent liquid flow

in an oscillating grid
chamber

PIV and 3D-PTV Individual particle resuspension at low
turbulence intensity versus pattern
resuspension at higher turbulence
intensity (possibly due to coherent motion),
highlight of rolling or sliding motion

Fig. 9. Snapshots of an entrained glass particle (dp¼ 30 mm, dpþ ¼ 7) from a rough substrate as recorded by Jiang et al. Reprinted from [115]. Copyright 2008 with permission from
Elsevier.



Table 4
List of experiments that have studied the mechanisms for monolayer resuspension of particles extending within the logarithmic sublayer dpadVS.

Experiment Particles Surface Flow Measurement technique Main observations

Braaten et al., 1988 and
1990 [121,122]

Monodispersed Lycopodium
spores (28 mm) dþpx4� 6

Glass Airflow in wind
tunnel

Optical particle detection
and hot wire anemometer

Role of turbulent coherent
structures in particle removal

Kaftori et al., 1995 [49] Polystyrene particles
(100e900 mm) dþpx1:06� 17

Glass Water flume Flow visualisation and
laser doppler techniques

Role of turbulent coherent
structures in particle resuspension

Nino et al., 2003 [98] Glass (38e94 mm) and silica
sand (112e530 mm)
0:6 � dþp � 21

Glass Liquid flow in
a rectangular
channel

High-speed video Increasing number of particles affected
by near-wall turbulence (coherent
structures) for higher flow rates, lower
effect on smaller particles, saltation
observed for large particles

Ibrahim et al., 2004 [96] Stainless steel (70 mm) dþp � 4 Glass Turbulent
airflow in wind
tunnel

Microvideo recording High acceleration of particles probably
due to burst-sweep events

Ibrahim et al., 2008 [97] Soda lime glass (30e111 mm) Glass Turbulent airflow
in wind tunnel
þ AFM

Microvideo recording Effect of rolling motion and turbulent
’burst-sweep’ events

Munro et al., 2009 [119] Sediment (glass, stainless steel,
diakon, mustard seed 90e1600
mm) dþpa50

Acrylic Water tank with
vortex rings

PIV, high-speed video
and light attenuation

Visualisation of the role of coherent
structure in sediment resuspension,
predominance of viscous effects for
smaller particles

Dwivedi et al., 2011 [123] Spheres 38.3 mm dþpa103 Glass Water recirculating
flume

PIV and force
measurement

High magnitude forces associated
with sweep-ejection events,
predominance of lift and drag force
in resuspension

Traugott et al., 2011 [116] 700 mm silica 2 � dþp � 500 Glass Turbulent liquid
flow in an oscillating
grid chamber

PIV and 3D-PTV Individual particle resuspension at
low turbulence intensity versus
pattern resuspension at higher turbulence
intensity (possibly due to coherent motion),
highlight of rolling or sliding motion

van Hout, 2013 [120] Polystyrene (538 mm) dþpx10 Glass Water channel PIV and 3D-PTV Confirmation of the ejection-sweep cycle
(’burst’) mechanism for resuspension

Kubota and Higuchi [11] Ceramic spheres (8 mm) dþpx2 Floor Human foot tapping Image analysis Link between particle resuspension and
the fluid flow (vortex dynamics)
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(composition, potential) as well as on the solution conditions (ion
valency, ionic strength, pH).

In the following, attention is focussed on summarising experi-
mental data which reveal the effect of particleesurface interactions
on the overall resuspension phenomenon. Since these forces have
been studied separately, specific theories have been developed to
describe particleesurface interactions (see Section 2 for a presen-
tation of the DLVO theory and Section 4.1.2 for a discussion on
adhesion theories). In the present review, we have thus chosen to
organise and analyse the experimental data that reveal the impact
of particleesurface interactions on resuspension with respect to
their relation with the DLVO theory or with extended-DLVO the-
ories (which account for additional forces between interfaces).
Therefore, Table 5 lists experiments on particle resuspension that
have brought out the dependence of particle reentrainment on
properties related to the DLVO theory (particle or surface zeta po-
tential, particle size, particle or surface composition, ionic strength,
pH) while Table 6 compiles experiments showing that complex
interactions (such as the presence of surfactants or polymers and
the hydrophilic or hydrophobic nature of surfaces) can also play a
role in particle resuspension.

As emphasised in previous reviews, it appears that similar re-
sults are obtained on the effect of particleesurface interactions on
resuspension regardless of the flow/chemical conditions. These
results are further confirmed by more recent experimental studies
on the effect of particleesurface interactions on particle resus-
pension which have studied different types of particles and sur-
faces. In addition, it can be noted that most of the experimental
data available are concerned with colloidal particles whose sizes
are small enough to have a significant contribution of surface forces
that can be measured with relative ease.

Drawing on the experiments listed in Table 5, which have
quantified the effect of particleesurface interactions (in favour of a
DLVO formulation) on resuspension in various flow conditions, it is
worth noting that the resuspension rate depends on several
properties:

� pH conditions: changing the pH of the solution impacts the zeta
potential of particles and surfaces, thus modifying the electro-
static interactions between particles and surfaces
[90,92,105,113,134,138,139]. For instance, as depicted in Fig. 11,
the resuspension rate of Cr(OH)3 colloids (230 nm) from glass
substrates exposed to turbulent flows has been shown to
decrease between pH 2 and 3while higher values of pH give rise
to higher resuspension rates [90]. This trend appears to be in
agreement with measurements of the zeta potentials of parti-
cles [92], confirming the role of electrostatic interactions (either
repulsive or attractive) in the resuspension phenomenon.

� Ionic strength: further confirmations of the impact of electro-
statics on resuspension have also been provided by experi-
mental studies of the effect of the ionic strength on
resuspension [18,92,100,105,113,134,137e140]. It has been
shown that changes in the ionic strength lead to higher resus-
pension rates due to lower adhesion forces between surfaces
[135,138].

� Particle or surface composition: experiments have shown that
various types of particle or surface display different resus-
pension rates due to the specific physico-chemical interactions
between surfaces (especially van der Waals forces)
[90,92,94,99,101,115,136]. For example, glass microspheres of
10 mm are more easily resuspended than polystyrene micro-
spheres of the same diameter from similar glass substrates [113].

� Particle size and shape: experiments have also emphasised that
the resuspension rate depends on particle sizes, both due to
particleesurface interactions and particleefluid interactions
[90,94,113,114,115,134]. Furthermore, the resuspension rate of



Fig. 10. Sequence of PIV images superposed with PTV vectors showing the resuspension of particle P2: instantaneous PTV, velocity in the particle frame of reference,
velocity fluctuations (Reynolds-decomposed). Reprinted from [120]. Copyright 2013 with permission from Cambridge University Press.
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millimetre-sized spherical particles was found to be higher than
for millimetre-sized non-spherical particles [136].

However, depending on the solution conditions and on the na-
ture of the particles/surfaces which are considered, more complex
physico-chemical interactions can occur between particles and
surfaces. From the experiments compiled in Table 6, it appears that
four significant contributions can affect particle resuspension:
� Polymer concentration: the presence of polymers in the solution
can lead to the formation of polymeric bridging between a
surface and a particle, thus enhancing the adhesion force and
lowering the resuspension rate [93]. Indeed, when two
polymer-coated surfaces are brought into contact, the overlap
between the two polymer chains lead to complex forces that can
significantly enhance adhesion bonds. Yet, the strength of this
bond depends strongly on the complex structure of the polymer



Table 5
List of experiments that have studied the effect of particleesurface interactions (in favour of DLVO formulation) on monolayer resuspension.

Experiment Particles Surface Flow Measurement technique Main observations

Hubbe, 1985 [90] TiO2 colloids (from
144 nm to 700 nm)

Cellulose
and glass

Turbulent fluid
flow (0.6< tf<
312 Pa) in
coaxial cylinders

Light scattering
images

Effect of pH and particle size
on detachment

Hubbe, 1987 [92] TiO2 (500 nm),
Cr(OH)3 (230 nm)
and Al2O3 (770 nm)

Cellulose
and glass

Turbulent fluid
flow in coaxial
cylinders

Light scattering
techniques

Effect of particle composition
and solution conditions (pH,
ionic strength), link with zeta
potential

Taheri and Bragg.,
1992 [133]

Glass (20e30 mm) Glass Transversal air jet Image analysis Log-normal law for particlee
surface adhesion

Sharma et al., 1992
[113]

Polystyrene and
glass (10e40 mm)

Glass Liquid flow in a
channel, centrifuge

Image analysis Effect of particle size, particle
material and solution conditions
(pH, ionic strength) on
resuspension

Ryan and Gschwend,
1994 [105]

Hematite (150 nm) Quartz
grains

Liquid flow in
packed bed column

Particle concentration
derived from turbidity

Higher resuspension rate for
increasing ionic strength and
effect of pH on reentrainment

Reeks and Hall, 2001
[114]

Alumina (10e20 mm),
Graphite (13 mm)

Stainless
steel

Turbulent channel
flow (air) and
centrifuge

Light reflection (particle
concentration)

Effect of particle size and nature
on resuspension

Negri et al., 2002
[134]

Alumina (0.3 and 3 mm) Glass Shear stress flow
chamber

Video processing Decrease of the resuspension
with longer resting time, with
smaller particles. Effect of pH
and ionic strength

Ibrahim et al., 2003
[94]

Stainless steel, glass and
lycopodium (25e77 mm)
dþp � 4

Glass Turbulent airflow
(0e23 m/s) in wind
tunnel

Microvideo recording Increasing removal with
increasing particle size, dependence
on the type of particles

Jiang et al., 2008 [115] Monodispersed Glass
(22e41 mm) and PMMA
(11e16 mm) dþp � 27

Stainless
steel

Airflow in a
rectangular channel

Video analysisþ SEM Different resuspension rates with
various particle types

Canseco et al., 2009
[135]

Polystyrene latex (780 nm) Silicate Liquid flow in porous
media

Particle concentration Variations of the removal rate
with ionic strength

Rabinovich and Kalman,
2009 [136]

Aluminium, Glass, Plastic,
Sand, Salt (0.06e5 mm)

Plexiglass Turbulent airflow in
wind tunnel

Image analysis Effect of particle nature and shape
on resuspension

Keedy et al., 2012 [25] Polydisperse ceramic
(35e60 mm)

Glass Impinging air jet Optical methods Strong dependence of resuspension
rate on particle nature (size, ceramic
or explosive particles)

Shen et al., 2012 [137] Carboxylate-modified
polystyrene latex
(30 and 1156 nm)

Glass bead Liquid flow in porous
media

Spectrophotometry
(particle concentration)

Various removal rate for different
values of ionic strength

Dagaonkar and
Majumdar, 2012 [18]

Polystyrene latex (3 mm) Whatman
filter paper

Filtration experiment
(liquid in porous media)

Image analysis Higher resuspension rate with
increasing ionic strength, effect of ion
valency
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bridge (length, radius of gyration of adsorbed polymers). The
reader is referred to Israelachvili's book [56] for further infor-
mation on polymeric interactions.

� Surfactant concentration: the presence of surfactants in the so-
lution can affect surface properties (particularly the zeta po-
tential) and, as a result, change the removal rate [21,138,141,142].
As for polymer concentration, the effect of surfactants on the
overall removal rate is complex since various phenomena can
occur: the adsorption of surfactants on a surface can increase
the contact distance between particles, lowering the interaction,
while specific interactions between surfactants and surfaces can
lead to enhanced/reduced adhesion forces. Therefore, the
overall effect of surfactants on resuspension is highly case-
dependent. Besides, above the critical micelle concentration
(CMC), surfactants form micelles that have been shown to in-
fluence particle resuspension [142] (in a similar way as poly-
mers do).

� Hydrophilicehydrophobic interactions: specific interactions can
occur between hydrophilic/hydrophobic surfaces, thus impact-
ing particle resuspension [139,141,143]. However, the effect on
the overall resuspension is not straightforward: for instance,
Freitas and Sharma [141] found that hydrophobic particles are
more easily removed than hydrophilic particles in deionised
water but that the opposite is true in an aqueous solution of
0.1 M KCl.

� Residence time: some experiments have shown that particles
deposited for long times are harder to remove than freshly
deposited ones [96,100]. These observations have been attrib-
uted to interfacial re-arrangements during particleesurface
contact (either visco-elastic deformation of particles or ions
reorganisation in the solution).

Besides, in the case of specific experimental conditions, other
interactions can play a role in particle resuspension:

� Magnetic forces: when magnetic materials are used, magnetic
interactions between particles and surfaces arise due to the
presence of an electromagnetic field [140]. The effect on particle
resuspension depends on the magnetic properties of the ma-
terials used which can either lead to attractive or repulsive
magnetic forces (thus enhancing or reducing particle
resuspension).

� Capillary forces: in humid air flows (especially with a relative
humidity RH higher than 60e70%), a liquid meniscus can form
around the contact area due to the condensation of water
[95,144e147]. The resulting capillary force leads to an enhanced



Table 6
List of experiments that have studied the effect of particleesurface interactions (in favour of X-DLVO formulation) on monolayer resuspension.

Experiment Particles Surface Flow Measurement technique Main observations

Hubbe, 1987 [93] TiO2 (704 nm) Cellulose
and glass

Turbulent fluid
flow in coaxial
cylinders

Light scattering
techniques

Addition of polymers in
solution leading to
polymeric bridging and
thus lower removal

Wu et al., 1992 [99] Uranine, pollen,
polymer, lycopodium
(5 mm up to 42 mm)

Glass,
plexiglass,
leaves

Airflow in wind
tunnel

Video analysis Dependence of resuspension
on particle and substrate
nature

Meinders and Busscher,
1993 [100]

Polystyrene (736 mm) Glass Parallel-plate liquid
flow chamber

Image analysis Influence of ionic strength
and residence time on
resuspension

Braaten, 1994 [101] Lycopodium, glass,
nickel, pollen (18e34 mm)

Glass Centrifuge and
airflow in wind
tunnel

Microscope particle
counting

Dependence of particle
resuspension on the particle
composition

Elzo et al., 1996 [138] Glass (20 mm) Cellulose
diacetate

Rectangular channel
flow (liquid)

Image analysis Increasing particle removal
with increasing pH or
surfactant concentration and
with decreasing ionic strength
or polymer concentration

Freitas and Sharma,
1999 [141]

Glass, polystyrene (10 mm) Glass, SiO2,
mica

Liquid flow in simple
shear flow

Optical microscope
(particle counting)

Variations of particle
resuspension with ionic
strength, surfactant concentration,
liquid type, particle or surface type,
hydrophobicity

Bergendahl and Grasso,
1999 [139]

Polystyrene latex (1.0 mm) Glass bead Liquid flow in porous
media

Light scattering Higher resuspension with
increasing pH and with decreasing
ionic strength, effect of hydrophobicity

Ryde and Matijevi�c, 2000
[140]

Hematite (66 nm) Glass bead Liquid flow in porous
media

Light scattering (particle
concentration)

Changes of the removal rate with
solution conditions (pH and ionic
strength), link with particle potential,
effect of magnetic forces

Ibrahim et al., 2004 [95] Stainless steel (70 nm) Glass Turbulent airflow in
wind tunnel

Microvideo recording Effect of residence time and relative
humidity (decreasing removal for
humidity a30%) on resuspension

Zelenev and Matijevi�c,
2006 [142]

Hematite (29 nm) Glass bead Liquid flow in porous
media

Light scattering (particle
concentration)

Critical surfactant concentration
above which resuspension increases

Sharma et al., 2008 [143] Modified polystyrene
spheres (⋍1 mm)

Glass Liquid channel flow Image analysis Changes in the resuspension rate
with particle properties (zeta potential,
hydrophobic or hydrophilic) with
air-water interfaces
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adhesion force between the surfaces (see also Israelachvili’s
book [56] for further information on capillary forces).

3.3. The influence of substrate morphology on resuspension

3.3.1. Effect of morphology on adhesion
Together with particleefluid and particleesurface interactions,

the morphology of substrates (or eventually particles) has been
Fig. 11. Evolution of the fraction of Cr(OH)3 particles remaining on a glass substrate
with shear stress at various pH conditions. Reprinted from [90]. Copyright 1985 with
permission from Elsevier.
shown to impact the strength of adhesive forces and, as a result,
particle resuspension from such substrates. In particular, two main
characteristics of surface morphology play a role in particleesur-
face interactions, namely geometrical heterogeneities (roughness)
and surface charge heterogeneities. The presence of such hetero-
geneities has long been confirmed experimentally using AFM or
SEM (Scanning Electron Microscope) techniques to probe the sur-
face (see for instance recent SEM images of glass or PMMA particles
and of stainless steel surfaces in Fig. 12). In addition, more recent
experiments on adhesion properties between surfaces (using
colloidal probe techniques or centrifuge methods to measure par-
ticleesurface interactions) have indicated that the presence of a
nanoscale roughness on surfaces (characterised using AFM or SEM
techniques) can significantly reduce adhesion forces [148e155].
Besides, using modelled rough surfaces, other experiments have
investigated the effect of asperity shapes on adhesion forces be-
tween rough surfaces [156]. Similarly, the presence of surface
charge heterogeneities can induce high dispersion in the distribu-
tion of adhesion forces [157,158].
3.3.2. Effect of morphology on resuspension
Since the present review addresses more specifically the phe-

nomenon of particle resuspension, the following paragraph pro-
poses a compilation of experimental data showing the effect of
substrate morphology on the overall resuspension (see also previ-
ous reviews [1,88,89]). In the present work, we have chosen to
analyse the existing experimental datawith respect to the nature of
heterogeneities on the substrate morphology: either geometrical



Fig. 12. SEM images of particles (PMMA and glass) and various substrates (stainless steel) showing the presence of surface roughness. Reprinted from [115]. Copyright 2008 with
permission from Elsevier.
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(roughness) or chemical (surface charge or potential) heterogene-
ities. Table 7 provides a list of such experiments (both in simple
shear flows and in porous media) together with the main conclu-
sions regarding the impacts of surface roughness or surface charge
heterogeneities.

� Roughness: for instance, the resuspension of PMMA and glass
particles (11e41 mm) from stainless steel surfaces with various
roughness characteristics (SEM images provided in Fig. 12) has
been measured using video recording of particle motion in an
Table 7
List of experiments that have studied the effect of surface heterogeneities on monolayer

Experiment Particles Surface Flow

Das et al., 1994 [159] Glass, Polystyrene
(10 mm)

Mica Flow cell (fluid)

Nino et al., 2003 [98] Glass (38e94 mm)
and silica sand
(112e530 mm)
0:6 � dþp � 21

Glass Liquid flow in a
rectangular chan

Ibrahim et al., 2008 [97] Soda lime glass
(30e111 mm)

Glass Turbulent airflow
in wind tunnelþ

Jiang et al., 2006 [160] PMMA (9.4 mm)
coated with
nanoparticles

Stainless
steel

Airflow in a
rectangular chan

Jiang et al., 2008 [115] Monodispersed
Glass (22e41 mm)
and PMMA
(11e16 mm)
dþp � 27

Stainless
steel

Airflow in a rect
channel

Mukai et al., 2009 [103] Salt (1e20 mm) Sheet metal,
linoleum,
carpet

Airflow in wind

Shen et al., 2012 [137] Carboxylate-modified
polystyrene latex
(30 and 1156 nm)

Glass bead Liquid flow in po
media

Dagaonkar and
Majumdar, 2012 [18]

Polystyrene latex
(3 mm)

Whatman
filter paper

Filtration experi
(liquid in porous
þ SEM
airflow channel [115]. Typical results are displayed in Fig. 13: it
can be seen that the fraction of resuspended particles increases
when surface roughness increases within the submicron range
while it is seemingly lower for surface roughness in the micron-
scale. Other experimental data have revealed the complex role
played by surface roughness in particle resuspension: Mukai
et al. [103] have underlined that, whereas microscale roughness
significantly affects the adhesion between surfaces thus
impacting resuspension, macroscale roughness is likely to
modify fluid motion (especially turbulence) in the near-wall
resuspension.

Measurement technique Main observations

Particle counting
(microscope) þSEM

Removal due to the presence of
surface roughness (measured at
least on particles)

nel
High-speed video Difference between resuspension

on smooth and rough substrates

AFM
Microvideo recording Removal of various particles from

a rough substrate

nel
Video analysis Higher resuspension rate with

increasing concentration of
nanoparticles on PMMA spheres

angular Video analysis þ SEM Increase in the resuspension rate
for increasing submicron roughness
but further decrease for microscale
roughness, dependence on particle
diameter

tunnel Light scattering (particle
concentration)

Resuspension possibly affected by
microscale roughness (lower adhesion)
and macroscale roughness (modified
turbulence)

rous Spectrophotometry
(particle concentration)

Role of surface roughness, heterogeneity
and cation exchange on particle
resuspension

ment
media)

Image analysis Observed (high) resuspension rate
explained by the presence of roughness



Fig. 13. Entrainment efficiency as a function of air velocity for PMMA particles on
rough surfaces (average roughness of C 0.01, : 0.03, -: 0.12, A 0.26, 6 0.77, B
1.64 mm). Reprinted from [115]. Copyright 2008 with permission from Elsevier.
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region. Therefore, the role of surface roughness in particle
resuspension can be two-fold.

� Charge/potential heterogeneities: surface charge or potential
heterogeneities are also brought forward to explain some ob-
servations of particle resuspension [137], but these effects have
only been studied recently and the articles regarding this
contribution are still scarce. The overall effect of charge/poten-
tial heterogeneities depends on the situation encountered since
such heterogeneities can either increase or decrease the adhe-
sion force and thus the resuspension rate (this issue has been
addressed from a theoretical point of view and will be described
later in Section 4.1.2).

3.4. Summary and perspectives for future studies

This section has proposed a compilation of experimental data on
particle resuspension from monolayers. The discussions have been
organised following the fundamental interactions involved, which
means that the effects of particleefluid and particleesurface in-
teractions as well as substratemorphology on particle resuspension
have been addressed separately. Furthermore, each effect has been
analysed with respect to the corresponding relevant parameters:
particleefluid interactions have been assessed using the dimen-
sionless particle size dþp compared to the extent of the viscous
sublayer dþVS; particleesurface interactions have been addressed
with respect to the DLVO theory; and a distinction between
geometrical and chemical heterogeneities has been made.

To summarise, it has been shown that similar observations have
been made regardless of the flow/chemical conditions and that
particle resuspension depends on a number of parameters (see also
previous reviews [1,88,89]): fluid properties (higher resuspension
with increasing flow velocity), particle properties (zeta potential,
composition, size), solution conditions (pH, ionic strength), surface
properties (zeta potential, composition) and surface morphology
(roughness, charge or potential heterogeneities). More complex
resuspension behaviour arises when surfactants or polymers are
present in the solution, or when specific interfacial interactions
occur (such as hydrophilic-hydrophobic forces). In addition, the
new analysis in terms of the dimensionless particle size has shown
that the two well-known mechanisms of particle resuspension (i.e.
rolling motion for small particles such that dþp(dþVS and ’burst-type’
resuspension for large particles such that dþpadþVS) affect different
size of particles and are not necessarily in competition.

Drawing on the present analysis as well as on previous reviews
[1,88,89], it appears that a satisfactory level of understanding of
monolayer particle resuspension has been reached, especially in
the case of simple flows. Indeed, the analysis of recent experiments
shows that they have brought further confirmation to the current
understanding, withmore precisemeasurements and observations.
It appears also that recent experiments have focussed on exploring
in detail the effect of turbulence on resuspension [11,120]. This is
due to the complexity of turbulence features in the near-wall re-
gion, a topic which is still explored in the fluid dynamics field
especially in the context of particle-laden flows (since particles can
affect near-wall turbulence). Besides, the study of particle in-
teractions with near-wall turbulent features is further motivated by
the ongoing need to limit the reentrainment of hazardous particles
in the environment [32]. This also explains why most of the recent
studies have been performed in the context of walking-induced
resuspension [11,161], where the complex fluid motions in the
near-wall region are playing a predominant role in resuspension, as
well as in the context of indoor resuspension [162] where much
progress has still to be done in understanding the impact of com-
plex flow field over intricate geometries (such as carpets or fibers).

4. Mechanisms at play in resuspension from monolayer
deposits

Whereas the previous section was devoted to reviewing ex-
periments dealing with particle resuspension from monolayer de-
posits using a phenomenological point of view, the mechanisms
and forces at play in the resuspension phenomenon are analysed in
the present section. The question of the forces acting on particles,
either embedded in the core of a fluid flow or deposited on a wall
surface, is not new and has already been addressed as well as
particle motion along walls [1,88,89]. They are nevertheless recal-
led here for the sake of self-sustainability and to provide a broad
picture of all existing theories that are currently available. Yet, the
present discussion introduces also new elements, especially with
respect to the important issue of surface roughness. Given the role
played by surface roughness in experiments as well as in recent
models of particle resuspension, this is a central point that justifies
to have a specific discussion (following the introduction in Section
2.4) inwhich the key aspects of the forces acting on particles and of
particle motion are addressed separately. In that sense, the de-
scriptions of the fundamental mechanisms and of the main points
of particle motion along a wall surface are useful to understand the
central points of some modelling approaches that have been
developed for particle resuspension and that will be detailed in
Section 5.

Layout of this section. Key aspects of particleefluid interactions
are first reviewed in Section 4.1.1, followed by particleesurface
interactions in Section 4.1.2 with a specific emphasis on adhesion
forces and the effects of surface roughness. Indeed, since readers
having a background on fluid mechanics are perhaps inclined to be
more familiar with drag and lift forces than with contact theories
and adhesion forces, it was chosen to develop more specifically the
latter aspect. Then, the basic mechanisms of particle resuspension
(i.e. rolling, sliding and lifting motion) are described in Section 4.2.
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4.1. A coupling between physical interactions

Particle resuspension results from the intricate competition
between disruptive forces (that tend to drive particles away from
the surface) and cohesive forces (that tend to keep particles
adhered on the surface) [1,13,32,88,89]. Whereas disruptive forces
mainly stem from hydrodynamical forces exerted on particles,
cohesive forces arise mostly from the physico-chemical in-
teractions between interfaces in contact. This interplay between
particleefluid and particleesurface interactions in the resus-
pension phenomenon has been investigated extensively, starting
with studies which date back to the second half of the 20th century
[163e166] as well as in recent works (see for instance Refs. [9,88]).

4.1.1. Particleefluid interactions
Just as for particles in the bulk of the flow, particles deposited on

a surface and exposed to a flow (either turbulent or laminar) are
subjected to two main hydrodynamic forces (see also Fig. 14): drag
and lift forces (see the introduction on the forces acting on particles
in Section 2.1.1). Away from wall surfaces, the expressions usually
retained for these forces canhave an isotropic form.However, due to
the presence of the wall, the properties of the flow in the near-wall
region are highly non-homogeneous and, as a result, a distinction
between wall-normal and transversal forces is generally made [1].

(a) Drag forces are traditionally expressed by a functional form
written as [167,168]

Fdrag ¼ 1
2
rfCDAp

��Ur
��Ur (12)
where Ur is the slip velocity, Ap the particle cross-sectional area
exposed to the flow and CD the drag coefficient (introduced in
Section 2.1.1). Away from wall boundaries (i.e. in the bulk of the
fluid), the drag coefficient is assumed to be isotropic and several
correlations have been proposed in the literature (a list is available
the book of Clift et al. [167]). For instance, the Oseen relation is a
classical correlation for flow with low Reynolds (Rep< 0.01)
[167,168]

CD ¼ 24
Rep

�
�
1þ 3

16

�
(13)

where Rep is the particle Reynolds number. Retaining the analytical
factor 24/Rep appearing in the equation above (which is predomi-
nant at small Reynolds Rep), the classical Stokes drag force is
retrieved for creeping (relative) flows, i.e. for Re≪ 1

Fdrag ¼ 3pdprfnf Ur (14)

Additional studies on the Oseen approximation have provided
higher order asymptotic expansions of the flow past a sphere at low
Reynolds number [168e170]:
Fig. 14. Sketch of the various hydrodynamical forces exerted on an adhering particle.
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Re

�
1þ 3

16
Rep þ 9

160
Re2pln

�
Rep
	
2
��

(15)

p

Similarly, semi-empirical correlations have been proposed for
higher Reynolds number Rep and a typical correlation is written as
[167]

CD ¼ 24
Rep

h
1þ 0:15Re0:687p

i
for Rep <800 (16)

Comparing Eq. (16) with Eq. (13), it can be seen that correlations
for higher particle Reynolds number can be written as the classical
Stokes drag coefficient with the addition of extra correction terms.

However, in near-wall regions, the drag coefficients are now
anisotropic and the general formulation of drag forces near or at a
wall are expressed as

FDrag;jj ¼
1
2
rfU

2
r CD;jjAp; (17a)

FDrag;⊥ ¼ 1
2
rfU

2
r CD;⊥Ap (17b)

For the tangential drag coefficient of a spherical particle
attached on a flat surface, an analytical solution has been derived by
O'Neill [171] in Stokes flow conditions (i.e. for particles small
enough that they are fully immersed in the viscous sublayer and
with Re≪ 1):

CD;jj ¼ 1:7009
24
Rep

(18)

This value for the drag coefficient is similar to its value for
spherical particles in the bulk of the fluid, but for a correction factor
fdrag¼ 1.7009 accounting for the presence of the surface.

Various empirical and analytical formulas have been proposed
in the literature for the drag coefficient of particles adhering on a
surface for higher values of the particle Reynolds number. For
instance, Sweeney and Finlay [172] suggested an empirical drag
coefficient valid for a sphere (0.1< Rep< 250) in a Blasius boundary
layer at a given value of the plate Reynolds number (Re¼ 32,400).
Ibrahim et al. [97] used a formula for the drag coefficient with the
corrections for inertial particles from Ockendon and Evans [173]
(similar to Eq. (15)) and O'Neill corrections for the near-wall ef-
fects [171]. The resulting formula is valid provided that Rep< 8:

CD;jj ¼ 1:7009
24
Rep

"
1þ 3Rep

16
þ 9Re2p ln

�
Rep

	
2
�

160
þ 0:1879Re2p

4

#
(19)

Similarly, Liu et al [174] proposed a formula for the drag coef-
ficient that remains valid in non-stokesian flows (more precisely in
the range 0.1� Rep� 250). For that purpose, an empirical formula
for the drag coefficient of spherical particles in a flowwas extended
with O'Neill corrections for near-wall effects [171]:

CD;jj ¼

8>>><>>>:
1:7009

24
Rep

�
1þ 0:0916Rep

�
for 0:1 � Rep <5

1:7009
24
Rep

�
1þ 0:158Re2=3p

�
for 5 � Rep <250

(20)

In spite of being a very old and long-addressed question, the
issue of coming up with an expression for drag forces even on small
spherical particles remains a difficult (and open) one, where
available formulas resort to a combination of complex analytical
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expansions and empirical correction terms. Thus, it is not too sur-
prising that several correlations can be found. Furthermore, for
deposited particles, this difficulty is compounded by the presence
of the wall and by the so-called lubrification effects. This explains
the various formulas available, such as the ones proposed in Eq. (19)
and in Eq. (20) which differ also by their range of validity.

In addition, due to the flow non-uniformity, there is a non-zero
moment of the hydrodynamic drag forces which is exerted on
deposited particles. This moment due to tangential drag forces has
been analytically evaluated by O’Neill [171] for particles in Stokes
flow and is given by:

MO

�
Fdrag

�
¼ 1:4RpartFdrag (21)

where the factor 1.4 accounts for the presence of the surface.
For the normal drag coefficient, the influence of the wall is even

more pronounced, since the wall blocking effects are felt directly
(the pressure-gradient is noticeably affected by the wall in the
normal direction). When the wall-normal distance between the
particle centre of mass and the wall becomes inferior to one or two
particle diameters, the drag coefficient in the wall-normal can rise
sharply. Using bipolar coordinates, Brenner [175] came up with an
exact expression of the correction, which is expressed as an infinite
series sum. The resulting formula is therefore somewhat cumber-
some to implement but its main characteristics is that it predicts an
infinite value for the correction term at the contact point. A more
tractable approximationwas proposed just after byMaude [176] for
very small particle Reynolds number Rep:

CD;⊥ ¼ CD �
0@1þ 9

8

 
dp
2yp

!
þ
 
9
8

dp
2yp

!2
1A (22)

This expression remains close to the one proposed by Brenner
and only separates very near the contact point where it predicts a
finite correction term (instead of the infinite value yielded by
Brenner's expression) [176]. For example, at the wall itself (distance
yp¼ Rpart), the correction term for the drag coefficient in the di-
rection normal to the wall is nearly gdragx3:39 [176,177] and this
value appears therefore as the counterpart of the correction term
fdrag¼ 1.7009 which was used for the drag coefficient in the
tangential direction. For practical purposes, particularly for
deposited particles, this expression is often retained and, in that
case, the Stokes drag law in the normal direction is simply
written as

CD;⊥ ¼ 3:39
24
Rep

(23)

for very small particle Reynolds number Rep. The same coefficient
CD,t can be predicted with expressions such as the ones written
above in Eqs. (20) by substituting fdrag by gdrag to obtain general
formulas for higher particle Reynolds numbers.

(b) Lift forces: as for drag forces, analytical formulas for lift forces
exerted on deposited particles are complex due to the strong
non-uniformity of the flow in the near-wall region (in the
following, we consider only the component of lift forces in
the wall-normal direction). For instance, Leighton and Acri-
vos [178] calculated the lift force on a small spherical particle
in a simple shear flow for small particle Reynolds number:

Flift ¼ 9:22
�
tfmfR

2
part

� tfR2part
nf

!
(24)
where tf is the shear rate.
For larger particles that are not necessarily fully immersed in the
viscous sublayer, near-wall turbulence (with coherent structures)
affects particle motion. In these cases, empirical formulas have
been proposed by Hall [179] for very large particles (1.8< Rep/
2< 70) as well as by Mollinger et al. [180,181] for relatively small
particles (0.3< Rep/2< 2) in a fully developed turbulent boundary
layer:

Flift ¼ð20±1:57Þn2f rf
�
Rep
2

�2:31±0:02
for 1:8<Rep

	
2<70 (25)

Flift ¼ð56:9±1:1Þn2f rf
�
Rep
2

�1:87±0:04
for 0:3<Rep

	
2<2 (26)

Yet, to the authors' knowledge, there is no general similar for-
mula available over a larger range of particle Reynolds numbers.
Yet, with the emergence of recent experimental studies on the lift
force exerted on bubbles [182,183] as well as numerical works on
the lift force on spherical rigid particles [184e186] at various par-
ticle Reynolds number and different particle wall-distance, it is
believed that new correlations can be reached.

Contrary to drag forces whose functional form is assumed to be
well known, following relations such as in Eq. (12), lift forces are
much more difficult to fit in a unique framework and to define
precisely with a well-accepted general expression. As can be
guessed from the expressions given above, different formulations
can be found, depending on the situation considered by different
authors. It is then essential to be aware of the specific case
addressed in each work and, especially, of the defining limitations
of each formulation. As a classical example, the well-known Saff-
man lift force [187] was derived for particles with small relative
Reynolds numbers (based on the fluid shear) and in an infinite
domain. Clearly, this expression cannot be used for particles in the
vicinity of a wall, least of all for particles actually deposited on the
surface. However, a very important work was achieved, in partic-
ular by McLaughlin and co-workers, in order to come up with a
synthesis of the various expressions of lift forces which had been
proposed in the literature. This has culminated in the useful
formulation of an ‘optimal lift force’ which was proposed and
shown to be applicable in various situations (for various particle
Reynolds numbers, distances to thewall and shear intensities), thus
overcoming the strict range of validity of previous expressions
[188]. Indeed, it is believed that this ‘optimal lift force’ lives up to its
name and represents the best available formulation of lift effects. As
indicated by the title of this work [188], this lift forcewas derived in
the context of a study of particle deposition which is, thus, relevant
in our present case but also with an emphasis on particles being in
the fluid. For particles at the wall, the optimal lift force was shown
to follow closely the expressions proposed by Hall and given above
in Eq. (25) [188]. In that sense, it can be considered that, for
deposited particles, the lift force put forward by Hall represents a
reference formulation.

Further investigations of the relative importance of drag and lift
forces was performed by Cleaver and Yates [118]: for particles fully
immersed in the viscous sublayer ðdþp <1Þ, lift forces are negligible
compared to drag forces. This conclusion corroborated several
experimental data showing that, for small colloidal particles, par-
ticles were resuspended due to tangential forces and not wall-
normal forces [90,94,104,113,114,189].

4.1.2. Particleesurface interactions
As mentioned in Section 2, physico-chemical interactions

occurring between particles approaching a substrate are generally
described using the DLVO theory [52,53] (see also [54e57,190,191]).
Yet, in the case of particleesurface adhesion, the relevant
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interaction is related to contact forces. This explains that two
different approaches have been proposed in the literature: contact
mechanics (based on surface energies) and adhesion mechanics
(based on a DLVO formulation) [56,192]. The main difference be-
tween these two theories is whether elastic deformations are
accounted for or not and is illustrated in Fig. 15.

Contact mechanics theories have indeed been developed to
describe the equilibrium state of two surfaces in contact (that is to
determine the size of the contact area in the presence of an external
force) while adhesion mechanics theories aim at capturing the
dynamics of particleesurface adhesion (i.e. non-equilibrium states
such as the contact rupture). In contact mechanics theories, the
adhesion force (also called pull-off or separation force) is equal to
the external force required to separate the two surfaces (i.e. to
obtain a contact radius equal to 0). Besides, the range of validity of
these adhesion/contact theories depends strongly on the ability of
surfaces to deform [1,56,88,89]. Tabor [193] proposed a dimen-
sionless coefficient to measure the ratio between surface adhe-
siveness and surface stiffness:

m3T ¼ RpartDg2
.�

K2z30
�

(27)

with Rpart the particle radius, Dg the surface energy, z0 the equi-
librium separation of surfaces, K ¼ 4=3ðð1� n21Þ=E1 þ ð1� n22Þ=E2Þ
the elastic moduli and n the Poisson ratio. In the following, the
various adhesion/contact theories are presented with respect to
their validity in terms of Tabor’s parameter:

(a) JKR theory (named after the work of John-
soneKendalleRoberts [194]). The JKR theory is one of the
first contact theory (i.e. based on surface energies Dg) and is
thus often used in contact mechanics. The key assumption in
the JKR theory lies in the fact that particles and surfaces are
considered to deform elastically upon contact according to
the Hertz theory and that an adhesion between the surfaces
occurs within the contact area (due to the surface energy
Dg). Therefore, the JKR theory predicts a contact area larger
than the Hertz theory since it also includes the contribution
of adhesive forces. The JKR theory is valid only when the
criteria? mT[1 is respected, i.e. for large or ‘soft’ (highly
deformable) particles.
Under an external force Fext, the JKR theory predicts that the
equilibrium contact radius rc between a sphere and a plate is
given by [56,155,192]:
Fig. 15. Sketch of the geometry of surfaces in contact: (a) rigid surfaces, (b-left) deformable
elastic sphere about to detach from a rigid surface. Reprinted from [56]. Copyright 2011 w
r3c ¼ Rpart
K

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3pRpartDg

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fext þ 3pRpartDg

q �2
(28)
Pull-off forces (i.e. forces required to separate surfaces) are
thus obtained as the forces occurring between surfaces in
contact (non-contact forces are neglected) and are given
by:

FJKR ¼ 3pDgRpart (29)

(b) DMT theory (named after the work of Derja-
guineMullereToporov [195]). The DMT theory is another
contact theory that considers the elastic deformation of
surfaces (according to the Hertzian theory only) but that
includes also non-contact forces (van der Waals contribu-
tion) which act across the gap between the two surfaces. The
DMT theory is valid for mT≪1, i.e. for small or ‘hard’ (slightly
deformable) particles.
Contact forces are thus obtained as van der Waals forces
occurring between surfaces in the close vicinity of the con-
tact point and the corresponding formula for the pull-off
force is given by:
FDMT ¼ 4pDgRpart (30)

(c) The transition from JKR to DMT theories has been extensively
studied in the literature [56,190,196,197]. A simple theory has
been proposed by Maugis [198] to connect the JKR and DMT
theories and is often referred to as the MaugiseDugdale
model. For that purpose, Maugis simplified the typical
Lennard-Jones potential of force-distance curve into a ‘Dug-
dale’ (square-well) potential: a constant adhesive force of
intensity sMaugis is assumedwithin an annular region (within
a distance dMaugis) around the contact area [191,196,198]. As a
result, the adhesion force is given by the sum of two
component: the contact force given by the Hertz theory and
the adhesion force obtained from the ‘Dugdale’ potential. The
theory then naturally retrieves both JKR and DMT theories
when a parameter (equivalent to the Tabor parameter mT) is
changed.

(d) Hamaker approaches [56,199] are adhesion mechanics the-
ories where the adhesion energy (or force) is obtained from
the particleesurface interaction energy evaluated, using the
DLVO theory, at a given cut-off distance z0 (whose value is in
themolecular range, often taken equal to z0¼ 0.165 nm [56]).
elastic sphere on a rigid surface under external compressive force, (b-right) deformable
ith permission from Elsevier.
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Adhesion forces are thus obtained from non-contact interactions
between the two surfaces:

adh
FDLVO ¼ FVDWðz0Þ þ FEDLðz0Þ (31)

where FVDW and FEDL are the van der Waals and electrostatic
double-layer forces described in Section 2.2.
However, as pointed out by Eichenlaub et al. [130], the influence
of electrostatic conditions on adhesion forces is not always
significant. Indeed, depending on the solution conditions (pH,
ionic strength), EDL contributions to the adhesion force can be
comparable to or greater than VDWattraction (yet, this does not
occur frequently in experiments). Thus, the vast majority of
Hamaker approaches only include the VDW contribution to
adhesion forces [150,152,154,200e204]. Yet, some experimental
studies have underlined that the adhesion forces vary with pH
conditions [130,205e208], as well as with the ionic strength
[128,130]. Therefore, a few studies [128e130,209e212] do
include the two aspects of the whole DLVO theory (i.e. both
VDW and EDL forces) in the calculation of the adhesion energy.

It should be noted that, even though contact and adhesion
mechanics theories have been obtained using different assump-
tions, they are still closely related (see also the MaugiseDugdale
model): for instance the formula for contact forces obtained with
the DMT formula is identical to the formula obtained considering a
Hamaker approach but with van derWaals forces only (without any
electrostatic forces). This can be understood since, in the DMT
theory, the pull-off force is obtained when the radius of the contact
area reaches zero (rupture of contact) [197]. More precisely, the link
between surface energies and Hamaker constants is given by [213]:
AHam ¼ Dg 24pz20.

However, even though these contact and adhesion mechanics
theories have been shown to provide satisfying predictions of
adhesion forces (as long as their range of validity is respected) [56],
they have been developed using simplified assumptions. In
particular, both contact and adhesion mechanics theories consider
perfectly homogeneous and smooth surfaces whereas many
experimental data have shown that surfaces can exhibit non-
negligible surface roughness or even surface charge/potential het-
erogeneities [18,192,211,214]. Furthermore, contact mechanics
theories do not consider plastic deformations. For that reason, the
MeP theory (named after the work of MaugisePollock [215]) has
been developed to include the contribution of plastic deformation
in the JKR theory. Besides, Hamaker approaches do not include non-
DLVO forces in the evaluation of adhesion forces. In the following,
existing theoretical works that have studied and extended the
range of applicability of these theories are reviewed and analysed.

4.1.2.1. Surface roughness. One of the main difficulties that arise in
contact or adhesion theories is linked with the presence of surface
Fig. 16. Sketch summarising the various categories of models to generate a rough surfac
roughness. As seen in Section 3.3, AFM and SEM images have
shown that surfaces are often rough and that nanoscale surface
roughness can significantly reduce adhesion forces. Besides, the
random nature of surface roughness (with both inhomogeneous
spatial location and size distributions) leads to intricate in-
teractions between rough surfaces [199].

Various models have been proposed to study the impact of
surface roughness on particleesurface interactions (see a first ac-
count in Section 2.4) and were reviewed recently by Prokopovich
and Starov [192]. Since surface deformation can play a significant
role in contact forces, the models have been organised with respect
to the description of deformation: the resulting classification of the
different models is summarised in Fig. 16. With respect to this
classification and to the issue of surface roughness (SR in the list
below), the following comments can be made:

(SR-i). The use of a Hamaker approach to account for surface
roughness is widely used in the literature since this approach has
been extensively studied for the description of non-contact parti-
cleesurface interactions. The difficulty in that case is to choose a
relevant description of surface roughness. As pointed out by
Eichenlaub et al. [209], somemodels consider fractal surfaces while
other models are based on Fourier transforms [216] as well as
hemispherical asperities [150,152,154,200e204,217,218]. Besides,
similar approaches as SEI methods (that have been presented for
non-contact forces in Section 2.4) have been proposed to evaluate
the adhesion between rough surfaces [219].

Several models based on a Hamaker summation approach with
hemispherical asperities have investigated the effect of a single
asperity on van der Waals forces between a sphere and a plate
[220]. For instance, Rumpf [220] studied the adhesion between a
particle (radius Rpart) and a plate with a single protruding nano-
spherical asperity (radius Rasp). They obtained the following for-
mula for the adhesion force:

Fadh ¼ AHam

 
RpartRasp þ Rpart� 	 �

!
(32)
6z20 Rpart þ Rasp 1þ Rasp z0
2

where z0 is the contact distance. It can be seen that the overall
interaction is the sum of an asperity-particle contact force (first
term on the right-hand side) and a non-contact force between the
particle and the surface (second term). This simple model has
provided insights into the effect of nanoscale roughness on the
adhesion force: the presence of an asperity increases the minimum
distance between the plate and the particle leading to much lower
particle-plate forces, while particle-asperity adhesion forces are
significantly smaller than particle-plate adhesion due to the Der-
jaguin prefactor RpartRasp=ðRpart þ RaspÞ. This single-asperity model
was refined by Rabinovich et al. [200], who included a more
detailed representation of roughness using the root-mean-square
(r.m.s.) roughness Rrms

asp and the peak-to-peak distance between
asperities lasp:
e (left) and to calculate the corresponding particleesurface adhesion forces (right).
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F ¼ AHamRpart 1 þ 1
(33)
adh 6z20

 
1þ 58:144RpartRrms

asp

l2asp

�
1þ 1:817Rrms
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z0

�2

!

This refined model indicates that asperity shapes significantly
impact adhesion forces between surfaces but that the complexity of
rough surfaces can be captured by detailed models using few sta-
tistical characteristics such as Rrms

asp and lasp. These models have
been compared to various experimental data, showing generally
good agreement [150,154,221,222]. Yet, suchmodels do not account
for multi-asperity contacts that can occur when two complex rough
surfaces are in contact. For that purpose, other refined models have
been proposed by considering that multiple contacts can occur
with asperities in a given area. For instance, Katainen et al. [223]
replaced the first term on the left hand side of Eq. (33) by N
times the particle-asperity interaction (N being determined ac-
cording to the area of contact and the density of asperities). Similar
modified Derjaguin approaches have been used but considering the
whole DLVO interaction in the adhesion between rough surfaces. In
one example, 3D-maps of particleesurface interactions in the
presence of one or two hemispherical asperities have been used to
study the adhesion and removal behaviour of colloids [211].
Another recent model has explicitly included the distribution in the
size of asperities that are in contact with the particle and the
adhesion force has been obtained by summing all DLVO compo-
nents (particleesurface and particle-asperities in contact) [210].

The choice of an appropriate description often boils down to a
balance between computational costs and model precision: it can
be easily understood that a model using a fractal description of
surface roughness is more complex than a simple model using
hemispherical asperities. It is also less restrictive (since intricate
geometries can be reproduced numerically) but is much more
computationally demanding. Yet, models based on hemispherical
asperities allow fast evaluations of the adhesion force and can thus
provide valuable statistical information on adhesion forces be-
tween rough surfaces without requiring too many parameters.

(SR-ii). Other models are based on contact mechanics theories
and thus take into account surface deformations in the calculation
of adhesive forces between rough surfaces. As for models based on
adhesion mechanics theories, the difficulty is to account for the
complex nature of surfaces in contact. Greenwood and Williamson
[224] have mainly contributed to the development of models for
the contact between complex surfaces: they considered a surface
covered by an ensemble of identical spherical asperities (constant
radius) but with randomly distributed height (following a Gaussian
distribution). This model has been widely used in the literature
[192,225] and further developed to include a (Gaussian) distribu-
tion in the asperity radius [226,227]. More recently, another multi-
asperity adhesion model was developed by Prokopovich and Perni
[151] that includes the distribution in asperity height and curvature
radius but without assuming a specific distribution. A rough surface
is also modelled by placing a certain number of asperities
(respecting the asperity density) whose size is randomly generated
respecting the distribution. The force is then calculated as resulting
from the summation of the effect of each asperity taken separately
(using JKR or DMT theories) and the adhesion force is extracted
from the force-distance curve (the contact force is zero when no
contact exists).

(SR-iii). Hybrid approaches have also been proposed
[155,201,202,203]: the idea is to couple a contact mechanics theory
for surface deformation and a Hamaker summation to determine
particleesurface adhesion forces between two rough surfaces.

Some approaches calculate the adhesion between rough sur-
faces using a Hamaker summation and consideringmulti-asperities
in the contact area, whose size is given by deformation theories. As
for Hamaker approaches, such hybrid approaches differ in the level
of description of surfaces: some studies assumed hemispherical
asperities on a surface [201,202] whereas other models were based
on a finite element method (FEM) for surface deformations [155].

More complex hybrid approaches require step-by-step calcula-
tions of the adhesion force: the two surfaces are first brought
together until contact; the resulting adhesion is then calculated by
summing all interactions over the exact topographies; this adhe-
sion force is then used to predict asperities deformation and thus
the new separation distance between surfaces; the adhesion-
deformation steps are repeated several times (until a certain pre-
cision is reached). For instance, Cooper et al. [203] calculated the
adhesion force between two surfaces whose topography was
characterised experimentally using AFM and SEM measurements
and such a hybrid approach.

In that sense, the previous simple hybrid approaches
[155,201,202] are specific cases of the complex hybrid approaches,
with only a single coupling step. These complex hybrid approaches
are much more precise since roughness is considered using the
exact surface topography and deformation is explicitly accounted
for respecting the adhesion force in a specific geometrical config-
uration. However, the computational costs associated with such
hybrid models can be much higher and thus not adapted to obtain
statistics on a large number of particles contacting a rough surface.

4.1.2.2. Charge heterogeneities. Similarly to models for surface
roughness, two approaches have been proposed to include surface
charge/potential heterogeneities (CH in the list below) in the DLVO
interaction.

(CH-i): a first approach is to consider the interaction between
two surfaces having constant potentials/charges. The value of the
potential/charge is given by the average potential/charge over the
area of influence, i.e. the area where surfaces are in very close
proximity and where interactions are thus impacting significantly
the adhesion properties [219,228]. This approach allows fast eval-
uations of the statistical information (minimum, maximum, mean
value) that quantify the effect of surface charge/potential hetero-
geneities on particle adhesion [219] and on particle reentrainment
[229].

(CH-ii): another approach consists of explicitly summing the
interaction between all heterogeneous patches present on the
surfaces, using an Hamaker approach [218,228] (similarly to the SEI
techniques presented in Section 2.4). This approach has provided
insights into the effects of the patch size (very small patches do not
influence adhesion), as well as of the patch shape and potential on
particle adhesion. The main advantage of this approach lies in the
fact that it remains valid even for very complex topographies but it
can lead to very high computational costs (depending on the size of
the patches).

4.1.2.3. Elasto-plastic transition. Existing contact mechanics the-
ories mainly account for elastic deformation of surfaces upon
contact (JKR, DMT theories). The MeP theory includes the contri-
butions from plastic deformation to the contact forces. However,
only a few specific models have been proposed to include plastic
deformations in more general contact theories of elasto-plastic
deformations [230]. Elasto-plastic deformation can play a role in
the dynamics of resuspended or bouncing particles: particles
impacting the surface with a high wall-normal velocity can indeed
give rise to plastic deformations of the surfaces which change the
adhesion characteristics. However, due to the complexity of the
transition from elastic to plastic deformation, comprehensive
models for elasto-plastic deformation have been seldom studied in
the literature [225].
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4.1.2.4. Shape of interacting surfaces. Another consequence of the
short-range of adhesion forces is that particle shapes can signifi-
cantly impact the strength of adhesion forces. Indeed, adhesion
forces between two surfaces aremainly governed by the interaction
between areas/volumes that are very close to each other
[151,156,210,216,231]. Therefore, as depicted in Fig. 17 for ellip-
soidal asperities on a surface, when determining the interaction
between two surfaces, the curvature radius of the surfaces facing
each other is the relevant parameter [33].
4.1.2.5. X-DLVO theories. In Hamaker approaches, particleesurface
interactions are generally described using the DLVO theory and
several studies consider only the van der Waals contribution to
adhesion forces [192,201]. However, as seen the review of experi-
mental data on resuspension in Section 3.3, more complex forces
can play a role in particleesurface adhesion. For instance, acid-base
interactions are often added to the classical DLVO theory (leading to
so-called X-DLVO theories or Extended-DLVO theories) to describe
the adhesion between hydrophilic/hydrophobic surfaces
[88,132,139,141,232]. AcideBase (AB) forces arise from the inter-
action between electron-donor and electron-acceptor areas on
both surfaces. Acidebase interactions can be characterised by two
surface tension parameters: the electron-donor surface tension
parameter g� and the electron-acceptor surface tension parameter
gþ. The acid-base surface tension between two materials across
water gAB

1w2 is given by [233]:

gAB1w2 ¼2
ffiffiffiffiffiffiffi
gþw
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Acidebase interaction energy between two particles (radius R1
and R2) is given by:

UAB ¼ �2p
R1R2

R1 þ R2
lABg1w2e

ðh0�hÞ=lAB (35)

where gAB
1w2 is the surface tension [233], lAB is the decay length of

the liquid molecules (lAB between 0.2 nm and 1 nm [234,235]) and
h0 is theminimum equilibrium distance (h0¼ 0.158 nm) [234,235]).
It is worth noting that such forces are naturally included in contact
mechanics theories since this contribution is already included in
surface energies.

In addition, other studies include the effect of short-ranged Born
repulsion in the DLVO theory to evaluate the adhesion between
0.78 mm latex spheres and silicate in porous media [135], or of
structural forces [236] as well as specific surface reactions [205].
Fig. 17. Illustration of the dependence of adhesion forces on the curvature rad
4.2. Particle motion initiating resuspension

We now turn our attention towards the result of the interplay
between the hydrodynamical and adhesion forces and its role in the
resuspension phenomenon. This coupling between particleefluid
and particleesurface interactions results in complex mechanisms
for particle resuspension: rolling, sliding and lifting motion for
particles in contact with a surface have been proposed in the late
20th century [112,118,163,166,237] and there has been a continuous
debate regarding the relevance of each mechanism in the resus-
pension phenomenon [1,89,114]. Following some experimental
studies and more fundamental investigations of these mechanisms
[113], a common agreement has emerged that lift forces do not play
a significant role in the resuspension of colloidal particles which are
more sensitive to rolling motion [1,238] but these lift forces can be
significant for large particles. This is in linewith the analysismade in
Section 3.1, where it was shown that the relative importance be-
tween rolling motion and coherent structures in resuspension de-
pends on particle sizes (small particles ðdp(dVSÞ) tend to roll on the
surface before being reentrainedwhile larger particles ðdpadVSÞ are
more sensitive to coherent structures). In the following, the mech-
anisms of particle rolling, sliding or lifting are summarised and
illustratedwith examples froma fewavailable experimental studies.

4.2.1. Rolling motion
Particles start rolling on a surfacewhen the balance between the

moment of hydrodynamic forces and the moment of adhesion
forces is broken. For example, the rolling resistance of deformable
21.4 mm polystyrene latex (PSL) particles was studied in detail by
Ding et al. [239]. For that purpose, PSL particles were first deposited
on the surface and, then, an AFM cantilever was brought in contact
with a PSL sphere and a tangential force was exerted on the particle
using the AFM (see Fig. 18). The displacement (due to rolling mo-
tion) of each particle was recorded using SEM images and the force-
displacement relationship was extracted and analysed to underline
the rolling resistance exhibited by some particles.

Since rolling motion depends on the balance between hydro-
dynamic and adhesion forces, theories for rolling particles are
based on a moment balance approach describing the evolution of
the particle rotational motion, through the evolution equation
[1,88,94,97,145,237,240,241]:

I
dup

dt
¼ MðFrotÞ �MðFc�rotÞ (36)

where I is the moment of inertia of the particle, up is the particle
angular velocity, M(Frot) is the moment of forces that tend to put
particles in motion whereas M(Fc-rot) is the moment of forces that
ius. Reprinted from [33]. Copyright 2012 with permission from Elsevier.



Fig. 18. SEM images of PSL particles showing AFM cantilever used to push particles. Reprinted from [239]. Copyright 2007 with permission from Taylor and Francis.
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counter rolling motion. Following the various experimental ob-
servations of particle reentrainment due to rolling motions
described in Section 3, hydrodynamic drag forces are often
considered to be responsible for particle rolling motion while
adhesion forces tend to prevent particle from rolling on surfaces.

4.2.2. Sliding motion
Similarly to rolling, sliding motion happens when hydrody-

namic and adhesion forces are unbalanced. Yet, contrary to rolling
which induces a particle rotation, sliding motion occurs when
particles are translated on the surface without rotation. For
instance, tangential sliding motions of various cylindrical particles
were measured experimentally by Onoe et al. [242]. For that pur-
pose, AFM cantilevers were used to push particles tangentially to
the surface and to record the resulting motion of particles (see
Fig. 19): this procedure allows to relate the resistance to sliding
motion and the binding forces between particles and the substrate.
The authors have shown that particles can slide on the surface
depending on their shape and size (more complex jump phenom-
ena were reported by the authors but these phenomena are not
discussed in the present case since they are out of the scope of the
review article).

From a theoretical point of view, particle sliding motion on a
surface is described by a force-balance approach in the wall-
tangential direction [1,94,97,145,241]:

mp
dUp;==

dt
¼ Fslid � Fc�slid (37)

where mp is the particle mass, Up;== is the particle tangential ve-
locity, Fslid corresponds to the sum of all tangential forces acting to
move particles while Fc-slid regroups the various forces that prevent
sliding motion. Following the various experimental observations of
Fig. 19. Illustration and optical image of the measurement method for sliding motions usin
Copyright 2005 with permission from American Chemical Society.
particle reentrainment linked with sliding motions described in
Section 3, the forces due to hydrodynamic drag forces are often
considered to be responsible for particle sliding motion while
friction due to adhesion forces prevent sliding motion. Friction due
to adhesion forces is proportional both to the adhesion force and to
the coefficients of friction ms (static or dynamic): Ffrict¼ msFadh.

4.2.3. Lifting motion
Particle lift-off from surfaces has been extensively studied using

centrifuge experiments to apply a wall-normal force on deposited
particles [91,101,113,114]. Similarly, experiments based on an
oscillating surface have also been developed to study the sediment
lift-off (see for instance [243]). Following the various experimental
data on particle lifting motion described in Section 3, theories for
particle lift-off are based on a force-balance approach in the wall-
normal direction [1,94,97,241]:

mp
dUp;⊥

dt
¼ Flift � Fc�lift (38)

where mp is the particle mass, Up,t is the wall-normal particle
velocity, Flift corresponds to the sum of all wall-normal forces acting
to lift particles from the surface while Fc-lift regroups the various
forces that prevent it. It is commonly accepted that hydrodynamic
lift forces play a role in particle lift-off from surfaces while adhesion
forces tend to keep the binding between particles and surfaces
(depending on the situation, gravity force can also be significant in
lifting motion).

4.3. Summary and perspectives for future studies

With respect to the material introduced in this section, three
comments can be made.
g AFM cantilevers to push particles tangentially to the surface. Reprinted from [242].
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First, there is a consensus that the hydrodynamical effects on
deposited particles can still be expressed in terms of the classical
drag and lift forces, as for particles in the core of the fluid flow.
However, the presence of the wall induces strong non-
homogeneities that are difficult to capture theoretically. As a
result, different formulas are available in the literature and the
choice of a specific formulation should be made with care and
keeping in mind its range of validity. Among all these formulations,
it appeared that the current level of description of lift forces is
limited to relatively large particles (0.3< Rep< 70). Yet, since it has
been shown that lift forces do not play a significant role in the
resuspension of colloidal particles, these restrictions are not un-
sustainable. On the other hand, with the emergence of recent
experimental studies on the lift force exerted on bubbles [182,183]
as well as numerical works on the lift force on spherical rigid
particles [184e186] at various particle Reynolds number and
different particle wall-distance, it is believed that new correlations
will be developed.

Second, the existing works on particleesurface interactions at
contact provide expressions for the adhesion force which is an
important element of the resuspension mechanism. It has been
shown that the various theories differ depending on whether
elastic or plastic deformations, DLVO forces, surface roughness,
surface charge heterogeneities or X-DLVO forces are taken into
account. These theories are not just mere variations of a common
approach that would underly each of the formulations analysed
here but appear as widely different. Compared with the situation
about the hydrodynamical drag and lift forces, it is seen that the
issue of adhesion forces is actually more intricate. On the one hand,
well-founded theories are put forward but, on the other hand, they
have been developed in different situations which are not easily
reconcilable. In that sense, the main difficulty in particleesurface
(or particleeparticle) forces is that, at the moment, no unified
theory that proposes a single view on the question of the adhesion
forces acting on deposited particles has been established and that
no consensus exists. Clearly, coming up with a clear-cut and well-
established picture of adhesion forces is still a goal that requires
further work. Yet, drawing on available formulations, it appears
that the question of how adhesion forces (and their distributions)
are included and accounted for in a particle resuspension model is
an important issue. It will be seen that this is a central argument in
the discussion of the various modelling proposals in Section 5.

Third, it appears that the different mechanisms of particle mo-
tion (i.e. rolling, sliding and lifting) can be gathered in a single
formulation if a complete mechanical description, including both
particle translational and angular momentum, is applied (as used
for instance by Lee et al. [186,244]):8>><>>:

mp
dUp

dt
¼
X

Ftransl �
X

Fc�transl

I
dup

dt
¼
X

MðFrotÞ �
X

MðFc�rotÞ
(39)

where
P

F and
P

M, the sum of all forces and torques exerted on
the particle, have been decomposed into one part representing the
effects acting tomove the particle (typically, hydrodynamical forces
and moments) and a second part representing the effects acting to
prevent the particle from moving (typically, adhesion forces and
moments). This description includes naturally all the contributions
for rolling, sliding and lifting motion since the effects of hydrody-
namic and adhesion forces are properly accounted for. Further-
more, this approach can be easily extended to more complex flows
by adding the relevant forces on the rhs of Eq. (39) (such as gravity,
added-mass or Basset forces). It is worth noting that the forces at
play in particle resuspension are the same, regardless of the particle
size. Only their relative importance explains the differences be-
tween the behaviour of small and large particles that is observed
experimentally (see Section 3: large particles are mainly influenced
by gravity and particleefluid forces, leading to burst-type resus-
pension events in turbulent flows; small particles are much more
sensitive to adhesion forces, leading to rolling motion). Thus, with
respect to the description of particle motion made in Eq. (39), it is
seen that particle-based approaches represent a natural level of
description. In that sense, it is not surprising that they are often
found in modelling attempts.

5. Existing resuspension models from monolayer deposits

A wide range of resuspension models has been proposed in the
literature and this variety makes reviewing them a rather chal-
lenging task. Indeed, not only the resulting forms but also the un-
derlying physical descriptions as well as the assumptions on which
these models are built can be very diverse. Therefore, coming up
with a clear classification in which all models properly fit in is not
straightforward. In previous reviews [1,89,114,189], an often-used
classification consists of separating models between two cate-
gories: force-balance and energy-accumulation approaches. The
former category refers to models where resuspension is addressed
by comparing the forces acting on deposited particles while the
latter refers to models where resuspension is addressed by
assessing particle vibrational energy (through small deformations)
and comparing it to adhesive energy barriers. With respect to this
classification, two remarks can be made:

(i) there has been a long debate regarding the range of appli-
cability and the accuracy of the force-balance and energy-
accumulating models [1]. However, as underlined in Sec-
tion 3.1, the mechanisms of particle resuspension depend on
the particle size with respect to the extent of the boundary
layer. As a result, models developed for different purposes
cannot be directly compared, rendering the past debate less
pertinent. It is thus important to analyse the various
modelling attempts with respect to their corresponding
context and assumptions, before discussing their interests
and limits;

(ii) even though the basis of the force-balance and energy-
accumulating approaches are somewhat different, it is
worth recalling that these models are actually ‘static ap-
proaches’ in which resuspension is assumed to take place as
soon as particle equilibrium on a surface is broken. Thus,
these models can be classified as detachment models with
respect to (def-2) in Section 1. The terminology of ‘static
approaches’ refers to the fact that particles are not consid-
ered as actually moving along the wall and, as such, that
there is no proper account of particle dynamics along wall
surfaces (even though particles can be vibrating or oscil-
lating, but around the same point, in energy-accumulation
models). On the other hand, extended approaches that pro-
pose a refined resuspension mechanism (including rupture
of equilibrium, particle motion along walls and a specific
criterion for the actual detachment) have appeared recently
[210,245e247]. In that sense, these new modelling ap-
proaches are outside the boundaries of the usual
classification.

In the present work, we propose an enlarged classification in
which resuspension models are gathered according to the level of
description of particle motion on the surface. This new structure is
sketched in Fig. 20. A first separation is made between empirical
formulas and approaches that rely on a description of deposited



Fig. 20. Sketch summarising the classification of modelling approaches for particle
resuspension.
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particles through a set of particle equations. This second category is
further split between a first ensemble that considers only particle
equilibrium (and its rupture) and which encompasses the usual
force-balance and energy-accumulating models, and a second
ensemble of approaches that retain both particle equilibrium as
well as its detailed dynamics on the surface as the relevant
description. Following the remark made in point (i), the accuracy
and range of validity of each approach is also clarified. In that sense,
the presentation of the kinetic-based models is not a mere refor-
mulation of previous accounts but introduces specific comments
and corrected expressions (for the Rock‘n’Roll model). Moreover, it
is useful to be aware of how thesemodels operates to fully grasp the
new elements brought in by dynamical approaches. Throughout
the discussions of the various modelling attempts, another
important objective is to emphasise the nature and the amount of
information that needs to be assumed and input in each approach.

Layout of this section. Empirical formulas for particle resus-
pension are first reviewed in Section 5.1, followed by a description
of quasi-static force-balance approaches in Section 5.2. Kinetic-
based PDF approaches (such as energetic approaches) are then
presented in Section 5.3 while Dynamic-based PDF approaches are
detailed in Section 5.4. The various models are briefly summarised
in Section 5.5 and analysed with respect to experimental findings
(see Section 3) to highlight the potential benefits of recent de-
velopments in the framework of dynamic models.

Measuring particle resuspension. Before going into the details of
resuspension models, it is worth recalling that particle resus-
pension is generally expressed in terms of a resuspension rate kr
defined as:

kr ¼ Jreent
Csurf

(40)

with Csurf the initial surface concentration of particles (in kg.m�2)
and Jreent the flux of reentrained particles (in kg.m�2.s�1). It is
interesting to note that the particle resuspension rate has the
dimension of a frequency (in s�1). Indeed, kr appears as the “in-
tensity” with which the resuspension of particles takes place. For
instance, if we consider (for the sake of simplicity) a collection of N
monodispersed particles sticking on a surface then, over a small
time intervalDt, the number of particles being resuspended is equal
to NkrDt. In other words, if we consider all adhering particles as
independent samples, then krDt is the probability for one particle of
being resuspended during the time interval Dt. This interpretation
allows the resuspension rate kr(t) to be properly expressed for each
adhering particle at time t as
krðtÞ ¼ lim
Dt/0

1
Dt

ℙ ypðsÞ>0��ypðtÞ ¼ 0; t � s � t þ Dt (41)

h � i

where yp(s) denotes the wall-normal particle coordinate (with
yp(s)¼ 0 when the particle is sticking on the wall and yp(s)> 0
when the particle is reentrained within the flow).

The resuspension rate is most meaningful for a monodispersed
set of particles or when it is evaluated for each particle class of
diameter. However, in the case where particles are polydispersed, it
is best to express the overall resuspension rate by introducing the
particle distribution pðt; xs; dpÞ, which measures how particle di-
ameters are distributed for the sticking particles in a unit surface
section centered at point xs located on the wall surface at time t.
Then, the total number of particles (per unit surface) is given by

Ntotðt; xsÞ ¼
Z

p
�
t; xs; dp

�
ddp (42)

while for each class of particle diameter, labelled as [i], and defined
as the class of particles whose diameter is in the range
dp2½d½i�p;min; d

½i�
p;max�, the total number of particle n½i�ðt; xsÞwithin this

class is

n½i�ðt;xsÞ ¼
Zd½i�
p;max

d½i�
p;min

p
�
t; xs;dp

�
ddp: (43)

For each particle class, the interpretation expressed in Eq. (41) is
valid and provides the value of the resuspension rate for this class,
say k½i�r ðt; xsÞ. In a continuous sense, the resuspension rate is a
function of the particle diameter and can be written as krðt; xs; dpÞ.
Then, the overall resuspension rate ekrðt; xsÞ measured over the
whole range of particle diameter is given by

ekrðt;xsÞ ¼
Z

kr
�
t;xs; dp

�
mp
�
dp
�
p
�
t; xs; dp

�
ddpZ

mp
�
dp
�
p
�
t; xs;dp

�
ddp

(44)

and appears as the mass-weighted average of the monodispersed
resuspension rates (with mpðdpÞ ¼ rppd3p=6 the mass of one
spherical particle). Note also that the previous equation involves
the Mass Density Function (MDF) of the deposited particles on the
unit surface at point xs and time t, which is indeed the natural
distribution to consider in the PDF approach to two-phase flow
modelling [35,248], since for the subset made up by the deposited
particles we have

mp
�
dp
�
p
�
t; xs; dp

� ¼ Z Fp
�
t;xs;Up; dp

�
dUp (45)

where Up is the sample-space variable for particle velocities (the
same notation dp have been kept for the particle diameter for sake
of simplicity).

It is also worth noting the difference with the reverse process,
namely particle deposition from the fluid on a wall surface. Indeed,
for particle deposition, the relevant measure is the particle depo-
sition rate which is defined as

kp ¼ Jdep
Cvol

(46)

where Jdep is the flux of deposited particles (still in kg.m�2.s�1) but
where Cvol is the particle concentration within the fluid and is thus
a volumetric concentration (in kg.m�3). As a result, kp has the
dimension of a velocity (in m.s�1) and stands for the equivalent
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velocity with which deposited particles flow from the fluid towards
the wall surface. Thus, even if the two corresponding fluxes Jdep and
Jreent are symmetrical quantities having the same dimensions, the
deposition process is represented by a characteristic velocity while
the resuspension process is represented by a characteristic
frequency.
5.1. Empirical models

A first group of models consists of macroscopic empirical
models which aim at predicting resuspension by the direct appli-
cation of given formulas or correlations. As a result, these macro-
scopic models are highly dependent on the specific context in
which these correlations have been devised. Besides, as underlined
in a recent review of source term models for particle resuspension
from indoor surfaces [9], the complexity of such empirical models
depends also on the number of parameters used to describe particle
resuspension.

For instance, several empirical formulas have been proposed for
dust or radionuclide resuspension in outdoor environment. In that
case, particle resuspension is often expressed with the resus-
pension factor K (in m�1) which corresponds to the air concentra-
tion of particles divided by the initial surface deposit (a useful
quantity in atmospheric studies). Moreover, these studies of par-
ticle resuspension in outdoor environment are focussed on the
amount of elements released from the ground after a long time (a
few hours up to a few days), where the quantity of resuspended
materials is high enough to have an environmental impact (and
thus easy to record). Therefore, it is not surprising that most
empirical formulas for the resuspension factor K have been
expressed with a dependence on time only: either an exponentially
decaying function of time [249] or a function inversely proportional
to time [250] were shown to fit experimental data. Yet, these
models have been derived assuming spatially homogeneous initial
deposition (dusts of 2e10 mm) and they remain valid only for out-
door long-term resuspension (i.e. several days of resuspension).

These empirical models for long-term outdoor resuspension fail
to capture the features related to resuspension at small times since
they have been designed for another purpose. Yet, to extend the
validity of such empirical models, other correlations have been
obtained for dust resuspension in wind tunnels [251]: the resus-
pension rate was derived considering both its dependence on time
and on the turbulent kinetic energy k. The correlationwas shown to
remain valid also for short-time resuspension due to the increased
complexity of the model, which now includes a parameter related
to microscopic features. Other refined empirical models have been
proposed by Loosmore [250,252] who extracted correlations from
three independent measurements of micrometre particle resus-
pension (0.006< dp

þ< 0.9) in wind tunnel experiments with sur-
faces representative of outdoor environments (grass, concrete, bare
soil). These empirical formulas have been developed considering
not only the time t but also the friction velocity ut, the particle
diameter dp, the surface roughness dasp and on the particle density
rp:

kr ¼ 0:01
ðutÞ1:43
t1:03

(47a)

kr ¼ 0:42
ðutÞ2:13d0:17p

t0:92d0:32asp r0:76p
(47b)

It should be noted that Eqs. (47a) and (47b) are formulas for the
resuspension rate expressed in s�1 but a dimensional analysis
shows that, to respect such a condition, the prefactors 0.01 and 0.42
are not dimensionless (this point was not properly mentioned in
the original article but certainly deserves attention!). These for-
mulas were shown to fit adequately the experimental results for
short-term resuspension (i.e. here �24 h). However, the range of
validity of such formulas is limited to the conditions involved.

More recently, Kim et al. [9] developed new and more general
empirical formulas using a dimensional analysis and choosing the
relevant parameters according to the mechanisms that are believed
to play a role in particle resuspension. Considering that resus-
pension occurs due to the balance between van derWaals adhesion
forces and hydrodynamic forces, they chose to express the resus-
pension rate as a function of the particle density rp, the elapsed
time t, the friction velocity ut, the particle diameter dp, the asperity
diameter dasp and the Hamaker constant AHam. The resulting cor-
relations were shown to be written as:

kr ¼ c0
ut
dp

 
rp

rf

!c1�
utt
dp

�c2�dasp
dp

�c3
 

AHam

d3pðutÞ2rf

!c4

(48)

where c0ec4 are constant coefficients which are tuned on a selected
data set. Compared to the first formulas mentioned above, ex-
pressions such as the one entering Eq. (48) are put on a better
footing since kr is now estimated in terms of non-dimensional
quantities. These correlations have been compared to various
experimental data on resuspension in wind tunnels and indoor
environments. However, even though they were shown to capture
some of themain features of a set of indoor experiments, they fail to
capture the scattering in experimental resuspension rates [9] which
have been obtained in different conditions. This can be easily un-
derstood since such formulas are based on averaged and/or
macroscopic properties (without accounting for the exact distri-
butions of particle diameters, asperity sizes or friction velocity
involved).

Therefore, even though empirical models allow fast evaluations
of key features of particle resuspension, they can only be relied on
and used within their strict domain of validity, which is limited to
situations close to the experimental ones on which they have been
built. Yet, particle resuspension remains a complex process whose
understanding is still in progress and it cannot be assumed that we
have definitively extracted the (small) set of relevant and
physically-meaningful non-dimensional numbers from which
resuspension rates can be safely predicted in every situation.
Therefore, we now turn our attention towards approaches that
aims to predict particle resuspension rates by considering a model
for the evolution of sticking particles.
5.2. Static force-balance approaches

Static force-balance approaches are based on two building
blocks: first, it is assumed that an adhering particle is reentrained
by the fluid flow as soon as its equilibrium state on the surface is
broken and, second, this equilibrium is defined by the balance of
the forces, or moments, acting on the particle. Therefore, the
equilibrium state of a sticking particle is maintained as long as the
balance between external forces and moments remains valid. This
balance is expressed as

Fadh þ Fhydro þ Fgrav ¼ 0; (49a)

MOðFadhÞ þMO

�
Fhydro

�
þMO

�
Fgrav

� ¼ 0 (49b)

where MO(F) refers to the moment of the force F around a point O
on the particle surface. It will be seen below that the choice of a
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force balance or a moment balance (or a combination of them)
depends on the mechanism considered (i.e. rolling, sliding or lift-
ing). Then, particles are considered as reentrained when the hy-
drodynamical force Fhydro overcomes the adhesive force Fadh and
the particle weight. Thus, resuspension is reduced to the detach-
ment criterion only: resuspension occurs at the first time s when
Fhydro(s)>�F¼ adh(s)� Fgrav. The same is true when the moments
are unbalanced and when we have, at a time s, that MO(Fhydro)(s)
>�MO(Fadh)(s)�MO(Fgrav). In the rest of this section, we will
loosely refer to this equilibrium as a ‘force-balance’ approach and
include both force and moment considerations under this
terminology.

Since the description of the equilibrium is made for individual
particles, force-balance approaches fall naturally in the category of
particle methods and are closely related to Lagrangian approaches.
Force-balance approaches can indeed provide insights into local
(microscopic) phenomena at play in particle resuspension since all
forces acting on particles are considered. However, such approaches
only address particle detachment, i.e. the rupture of static equilib-
rium(particle trajectories arenot trackedalong thewall surface) [94].
In that sense, they do not represent fully-Lagrangian approaches as,
for example, the ones discussed in Section 5.4 or DEM methods.
Furthermore, it is seen from the forces entering Eq. (49) that
randomness can be at play in two different ways: the hydrodynamic
force can be randomdue tofluid turbulence (see also Section 2.1.3 on
near-wall turbulence) but the adhesive force can also be randomdue
to surface roughness. It is then useful to distinguish between for-
mulations which have been developed for a given value of the ad-
hesive force and formulations which account for its variations or for
the distributions of the hydrodynamic and adhesive forces.

A first type of force-balance approaches describes only the
resuspension of single particles, which means here that the hy-
drodynamical and adhesive forces are assumed to be known. For
instance, Ibrahim et al. [94,97] modelled the resuspension of
various types of particles (with a size ranging from 29 to 76 mm)
used in their wind tunnel experiment. For that purpose, the reen-
trainment of particles was described considering three resus-
pension modes (i.e. sliding, rolling and lifting). As illustrated in
Fig. 21, the authors considered the action of four forces on particles:
drag forces Fdrag (coupled with a proper model for the near-wall
fluid velocity including, or not, burst-sweep events), lift forces Flift
(as in Eq. (26)), adhesion forces Fadh (calculated using a Lennard-
Jones potential with surface deformation issued from JKR theory)
and gravity Fgrav¼mpg.

The corresponding formulas for particle resuspension are:

Flift > Fadh þmpg for lifting (50a)
Fig. 21. Forces acting on a micrometre particle on a surface in a shear flow as
considered in [94].
Fdrag >ms

�
Fadh þmpg � Flift

�
for sliding (50b)
1:4RpartFdrag þ aFlift > a
�
Fadh þmpg

�
for rolling (50c)

It is seen that this description is based on a combination of force
andmoment balance. Indeed, the criteria for the lifting (direct pull-
off in the vertical direction) and the sliding (the tangential and
normal forces are related through the static friction coefficient ms)
resuspension modes are written using the forces acting on the
particlewhile the rolling criterion is expressed by the rupture of the
moment balance around the point O (located at a distance a from
the particle axis in the downstream direction and where the factor
1.4Rpart is the same one appearing in Eq. (21), see Fig. 21). As seen in
Fig. 22, the results obtained were shown to compare relatively well
with the measurements considering the limiting assumptions that
were made (i.e. the fact that a single detachment velocity is
calculated, that only average and/or macroscopic properties are
used and that burst events are neglected) [94]. This force-balance
approach was used to evaluate the relative importance of each
resuspension mode for small particles (dpþ< 4), showing that
resuspension occurs mainly due to rolling (with possibly some
contribution due to sliding) [94]. Yet, similar works [145,253,254]
have shown that the effect of sliding can become comparable to
rolling motion for much larger particles. Besides, detailed analysis
of particle trajectories in the wall-normal direction (using a force-
balance approach coupled with a DNS calculation of the fluid
phase) have provided further insights in the effects of turbulence
on resuspension: large particles (tpþ> 780) are mostly lifted-off by
high-speed streaks while small particles (tpþ< 0.023) are removed
due to low-speed streaks [255].

Static force-balance approaches have also been used to obtain
macroscopic formula for some variables of interest in particle
resuspension [18,89,118,237,241]. For instance, Cleaver et al. [118]
proposed a condition for particle removal expressed in terms of
the wall shear stress considering a balance between lift forces and
adhesion forces:

tw >B
.
d4=3p (51)

with B a constant for the fluid. It should be noted that Eq. (51)
provides a criterion for particle resuspension but only when it is
assumed that adhesion and hydrodynamic forces are the same for
Fig. 22. Evolution of the threshold velocity for resuspension with the particle diameter
for glass (dashed curve and open symbols) and stainless steel (solid curve and solid
symbols). Symbols represent experimental data while curve were obtained numeri-
cally. Reprinted from [94]. Copyright 2003 with permission from Elsevier.
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all particles considered. A similar formula was obtained by Ziskind
et al. [237] assuming that resuspension occurs when themoment of
drag forces exceeds the moment of adhesion forces: in that case,
the constant B was defined as B ¼ xDg4=3=K1=3 (with x¼ 5.37 for
the DMT theory and x¼ 7.74 for the JKR theory).

From these first models, extensions have been proposed in order
to start accounting for the effects of surface roughness. In that
sense, Ziskind et al. [237] made a first step in that direction by
considering the presence of asperities in contact with a sticking
particle and by differentiating the case where particles rotate above
an asperity or tangentially to it: the condition for removal is similar
to the ones expressed in Eq. (51) except that it is proportional to a
factor R2asp=R

2
part (since both the adhesion force and the contact area

are lowered due to the presence of an asperity). Similar conclusions
on the effect of surface roughness were drawn by Yiantsios and
Karabelas [256]. In another study, Nitschke and Schmidt [257] used
a force-balance approach (based on lift, drag and adhesion forces)
to obtain a formula for the mass transfer coefficient of particles
from the surface towards the fluid, which refers to the flux Jreent in
Eq. (40) rather than the resuspension rate kr.

More recently, Burdick et al. [258] went further in including the
effects of surface roughness in force-balance approaches. They
derived a formula for the removal condition in terms of the particle
Reynolds number using a force-balance approach for the rolling
mode written as Rep> Rep,c, where Rep,c is the critical Reynolds
number for resuspension. As depicted in Fig. 23b, the critical Rey-
nolds number for resuspension was obtained using a force-balance
approach that included the effect of surface roughness and defor-
mation. Thus, Rep,c is a function of the drag, adhesion and lift forces,
as well as of the distance to the pivot point (a1 in the tangential
direction and a2 in the wall-normal direction). The new aspect is
that this critical Reynolds number was evaluated by considering the
distribution of the adhesion force due to surface roughness. Using
this model, predictions for particle removal were shown to
compared relatively well with experimental data but provided that
the distribution in Rep,c (which is now a random variable due to the
randomness of surface roughness and to the variations in particle
size or adhesion forces) is correctly simulated. Another force-
balance approach used in the case of bed filtration [18] has
shown that, for the particle resuspension rate to be in agreement
with experimental data, surface roughness and heterogeneities
must be included in the description and properly accounted for in
the numerical approach. For that purpose, the authors considered
the balance between hydrodynamic lift/drag and adhesion forces
obtained with a single protruding asperity between 3 mm particles
and the surface.

Still with the purpose of including surface roughness effects, the
static force-balance approach developed by Ibrahim et al. [94] (see
also Eq. (50)) was used again later but with a refined description
Fig. 23. Sketch showing the effect of roughness o
that consisted in making the adhesive force a random variable [97].
This was achieved by resorting to Monte Carlo calculation and
performing 10,000 single particle simulations to account for the
fluctuations related to surface roughness. The resulting threshold
removal velocity was shown to decrease with increasing particle
diameter and was in agreement with experimental measurements
[97]. The strong dependence of the resuspension rate on the sub-
strate roughness was also underlined using this approach (and
confirmed recently by other Monte Carlo simulations based on a
static force-balance approach [259,260]). A similar model was
developed by Bradford et al. [229] for the resuspension of colloidal
particles from porous media: a torque-balance approach was used
considering both hydrodynamic drag forces and adhesion forces
(obtained using the DLVO theory with surface deformation from
the JKR theory and including surface roughness). Numerical results
highlighted the dependence of particle resuspension on several
parameters: the solution ionic strength, the particle radius, the
young modulus and the amount of chemical heterogeneity.
Another force-balance approach including DLVO adhesion forces
and hydrodynamic (drag and lift) forces was used to model particle
resuspension from a bulging membrane [19], showing that bulging
(which is similar to roughness) increases resuspension by forcing
the adhering particles in motion and detachment by collision with
an oscillating bulge.

5.3. Kinetic PDF approaches

As it transpires from their name, PDF approaches are probabi-
listic models that aim to simulate the probability density function
(pdf) of some variables of interest attached to particles. This ter-
minology became essentially associated with models that handle
directly pdfs and it was believed for some time that this standpoint
is different, even opposite, to Monte Carlo simulations as intro-
duced in the previous subsection. This was a misleading statement
since, as already recalled, it is equivalent to handle a pdf and a large
number of realisations (in a weak sense). Actually, the central
element in a PDF approach is the choice of the relevant variables
entering the particle state-vector. This has been emphasised for
some time in two-phase flowmodelling [35,261] and remains valid
for particle resuspension models. Only the difference in the chosen
variables included in the particle state-vector explains the differ-
ence of terminology between the so-called kinetic PDF models
considered here and the dynamic PDF models addressed in Section
5.4.

Kinetic-based PDF approaches (especially the Rock‘n’roll model)
were the first attempts that tried to introduce some effects of
particle motion in a resuspension model. As such, they propose an
additional element compared to the static force-balance discussed
in Section 5.2, which justifies why they are presented in a specific
n the pivot point for particle rolling motion.
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section. In the following, three representative kinetic models are
analysed while a detailed discussion of their interests as well as
their limitations is developed at the end in a specific paragraph.

5.3.1. Kinetic models based on force-balance
A first variety of kinetic PDF models was obtained by consid-

ering a (simple) force-balance approach where resuspension is
described as the point of rupture between hydrodynamic and
adhesion forces written as Fadhþ Fhydro¼ 0. For instance, Wen and
Kasper [262] obtained a formula for the particle resuspension rate
kr of a particle, knowing the adhesion and hydrodynamic forces:

krjFadh;Fhydro ¼ n expð�qÞ (52)

with n the maximum resuspension rate and q the ratio between
adhesion and aerodynamic forces exerted on the particle. At first
sight, this expression is surprising and can appear as being non-
predictive since it is basically a relation between two values of
the resuspension rates and n ¼ kmax

r is not known a priori. Yet, it is
possible to work out more explicit expressions from the force-
balance equation. Indeed, it is seen that we are only considering a
(simple) balance for forces acting in the vertical direction, thus
where Fhydro¼ Flift. Then, n is obtained when there is no adhesion
force since, in that case, every positive hydrodynamical vertical
force will lift particles off the wall. As such, the maximum resus-
pension frequency is given by the frequency with which positive
fluid motion (able to overcome at least the particle weight) takes
place in the vertical direction. In other words, we are already
implicitly considering fluid structures and, more specifically, fluid
ejections: the maximum resuspension rate in Eq. (52) is thus
identical to the frequency of fluid ejections. Then, it is seen that Eq.
(52) refers to a Boltzmann-like statistical distribution where the
conditional probability to have an ejection with a high-enough
intensity to overcome the adhesive force (conditioned on the ex-
istence of such an ejection) is given by the scaling factor
expð�qÞ ¼ expð�Flift=FadhÞ. In that sense, this formula is similar to
the adhesion efficiency used in particle deposition (or agglomera-
tion) studies [33] and has also some similarity with the the
Arrhenius formula for the desorption of molecules from a surface or
with the Arrhenius factor to express the temperature dependence
of chemical reaction kinetic rates.

The model was extended to account for the distributions of the
hydrodynamic forces [263] by writing the general condition that
the resuspension rate, for a given adhesion force, is given by the
probability that the hydrodynamic removal forces exceed the
adhesion force [263]:

krjFadh ¼ n
Z

Fhydro�Fadh

pc
���
ejection

�
Fhydro

�
dFhydro (53)

where pc
���
ejection

ðFhydroÞ is the conditional pdf of the hydrodynamic

removal force, conditioned on the existence of an ejection event.
More generally (see also Ref. [264]), the resuspension rate for a set
of particles exposed to fluctuating hydrodynamic forces and
adhesion forces is given by:

kr ¼ n
Z Z

Fhydro�Fadh

pc
���
ejection

�
Fhydro

�
pðFadhÞdFhydrodFadh (54)

where p(Fadh) is the pdf of the adhesion force.
A few remarks can be made at this point. First of all, in the initial

formula Eq. (52), the assumption of a Boltzmann-like (exponential)
factor implies the following assumption: resuspension is described
as a statistical equilibrium and corresponds to the response of a
particle within a potential well (for the adhesive part) to a random
hydrodynamic force. Second, the general formulas writtenwith the
maximum resuspension rate and the conditional probability are
perhaps slightly cumbersome. Since n is simply the probability of
having an ‘hydrodynamical event’ (meaning here an ejection event)
and using the basic definition of conditional probability as well as
the probabilistic formulation of the resuspension rate given in Eq.
(41) and a new formulation can be expressed by

kr ¼ lim
Dt/0

�
∬ Fhydro�Fadh

phydro s; Fhydro
� �

padh s; Fadhð Þ

dFhydrodFadh
���yp tð Þ ¼ 0 ; t � s � t þ Dt

� (55)

Finally, in the above equations, the relations for the resus-
pension rates have been written directly using the pdfs of the lift
and adhesion forces. Yet, this was already achieved by the force-
balance approaches when Monte Carlo estimations are used,
with an implicit weak formulation of the pdfs as the sum of Dirac
distributions [35,265]. Just as for the force-balance models, the
distributions of hydrodynamic and adhesion forces must be
assumed but the present force-balance formulation, which is an
equilibrium limited to the vertical direction with only direct lift-off
effect as the resuspension mechanism, makes this first kinetic-
based approach more limited than the models presented in the
previous subsection.
5.3.2. Energy accumulation
Another PDF modelling approach for particle resuspension was

proposed by Reeks, Reed and Hall [165] and is often referred to as
the RRHmodel or the energy-accumulation model. This model was
initially designed to capture burst-type resuspension that has been
observed experimentally [117] and which is related to interactions
between large particles and near-wall coherent structures
[44,120,266].

The RRH model was developed considering that a particle is
detached from the surface when it has accumulated enough
vibrational energy from the turbulent flow to overcome the adhe-
sion. It is thus clear that the model is meant for deformable parti-
cles, though this point was not pointed out in the original work. The
second key assumption of the RRH model is that particles are
resuspended due to the action of fluctuating lift forces (decom-
posed as the sum of a mean lift force and a fluctuating lift force,
Flift ¼ 〈Flift〉þ flift) while drag forces are not considered. Thus, a
particle moves within a potential well due to the balance between
lift, adhesion forces and elastic deformation of surfaces. More
precisely, the model describes the time fluctuations of particle/
surface deformation yp(t) (due to fluctuations in the lift force) in the
region close to the equilibrium point using a damped harmonic
oscillator equation [165] (see also Fig. 24):

d2yp
dt2

þ bRRH
dyp
dt

þ u2
RRHyp ¼ m�1

p fliftðtÞ (56)

with uRRH the oscillation frequency and bRRH the damping term
(related to fluid and mechanical forces). The resuspension rate was
then obtained by evaluating the number of particle (per unit time)
reaching the maximum potential energy with a positive velocity
(i.e. oriented out of the surface), which was described by a Gaussian
distribution. Considering the statistics of long-term resuspension of
a particle within a potential well of height Q and which accumu-
lates on average a potential energy equal to 〈PE〉, Reeks et al. [165]
derived a formula for the resuspension rate krjQ ;〈PE〉:



Fig. 24. Sketch of the variations of particle/surface deformation y(t) used in the RRH
model.

C. Henry, J.-P. Minier / Progress in Energy and Combustion Science 45 (2014) 1e53 33
krjQ ;〈PE〉 ¼
u0

2p
exp � Q

2〈PE〉
(57)
Fig. 25. Particleesurface geometry used in the Rock ‘n’ Roll model.
� �
with u0 the typical vibration frequency (related to the oscillation
frequency uRRH). As emphasised in previous studies [1,89,114,165],
this equation is similar to the one obtained by Wen and Kasper
[262]. In a more general form, the resuspension rate for a particle
with a given adhesion force Fadh can be written:

krjFadh ¼ u0

2p
exp

0B@�
k
�
Fadh � 〈Flift〉

�2
〈f 2lift〉ð1þ hRRHÞ

1CA (58)

where k is a numerical constant that depends on the shape of the
surface potential, hRRH is the enhancement due to resonance
(related to the oscillation frequency uRRH and the damping term
bRRH), 〈Flift〉 and 〈f 2lift〉 are, respectively, the average and covariance
of the lift force. It should be noted that Eq. (58) naturally includes
the distribution in lift forces (since the formula has been derived
from the oscillations of particle/surface deformation due to fluc-
tuating lift forces) while the adhesion force is considered constant
(particles are always facing the same element of surface). The dis-
tribution in adhesion forces (due for instance to the presence of
roughness) is then included in the calculation of the whole resus-
pension rate kr with an integration over all possible values of the
adhesion force

kr ¼
Z

krjFadhpadhðFadhÞdFadh (59)

In the original RRH model, the average values of adhesion force
and surface deformation are determined using the JKR theory (see
Eqs. (28) and (29)) while lift forces are evaluated according to Hall
formula [179] (see Eq. (25)).

The RRHmodelwas shown toprovide accurate predictions of the
resuspension rate for large particles [165] but underestimated the
resuspension of smaller colloids [267]. In addition, the assumptions
of the original RRH model have been widely debated since other
models were focussing on rollingmotions rather than lift forces and
coherent structures. One of the criticism of the RRH theorymade by
PawU and Braaten [29] underlined the fact that the RRH approach is
limited to specific cases involving large particles that are sensitive to
vibration energy. However, in light of the analysis of experimental
data made in the present review (see Section 3.1), it is clear that the
RRH model was initially designed for large particles only and that
the past debate was not that pertinent since other models were
focussing on smaller particles where the mechanisms of resus-
pension are different (except for particle sizes where both rolling
motion and coherent structures play a role in resuspension).

A noteworthy point is that the RRHmodel fails to account for the
effect of drag forces on particle resuspension. Another remark is
that the RRH model provides a formula for the calculation of the
resuspension rate that depends on parameters related to the sta-
tistics of the forces exerted on particles: the distribution in the
adhesion and lift forces as well as the timescale of these aero-
dynamic forces. Yet, these distributions are input parameters which
are given by presumed probability functions (such as Gaussian
distributions for lift forces or log-normal distributions for adhesion
forces [165]). Regarding these two remarks, it should be noted that
the RRH model has been extended by Vainshtein et al. [1,268], who
used the concept of potential well of the RRH model while intro-
ducing the effect of surface roughness (with a simplified descrip-
tion including a single asperity) as well as the notion of a tangential
drag force necessary to separate the particle from the surface.
5.3.3. Rock‘n’roll model
Following the debate and criticism regarding the absence of

rolling motion in the RRH model, Reeks and Hall [114] developed a
refinedmodel accounting for the drag force aswell as the lift force in
resuspension. For that purpose, instead of considering the vertical
oscillations of particles within a potential well, resuspension was
described as resulting from the oscillation of particles around apivot
point: as depicted in Fig. 25, a 2-D model with two-point asperity
contact is initially assumed and the particle oscillates around the
pivot point P until contact with the other asperity is broken, leaving
the particle to roll on the surface until the adhesion at the single-
point contact is sufficiently low compared to the lift force for the
particle to be resuspended. Thismodel is thusoften referred to as the
‘Rock‘n’Roll’ model (later referred to as the RnR model).

Following this mechanical description of resuspension, the RnR
model is based on the angle of deflection q for small oscillations
around the pivot point P. Then, as for the RRHmodel, the RnRmodel
represents the evolution of the deflection angle by a damped
oscillator model and is expressed by:

d2q
dt2

þ bRnR
dq
dt

þ uRnRq ¼ I�1G
0 ðtÞ (60)

with I the particlemomentof inertia about the pivot point P,uRnR the
oscillation frequency, bRnR the damping and G0 the fluctuating
component of the torque G exerted on particles. In the original
article [114], G was expressed in terms of the lift and drag torques
only and the adhesion torque was not mentioned. With respect to
the notation in Fig. 25, we propose here to correct this expression
and express the torque accounting for adhesion and gravity forces as

G ¼ aFlift
	
2þ rFdrag � aFadh � amgn

	
2þ rmgt : (61)

In addition, the RnR model considers that the distance r used in
the calculation of the moment of drag forces is equal to the particle
radius Rpart. However, in reality, as was done by Burdick et al. [258]
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(see Fig. 23(a)), the distance r is the vertical distance to the pivot
point P. Besides, it should be noted also that an underlying
assumption of symmetry in the two-point asperity contact was
made in the RnR model (this explains the factor a/2 in the moment
of lift forces). The resulting expression for the resuspension rate of a
particle exposed to a given constant adhesion force is similar to the
one obtained in the RRH model and is given by:

krjFadh ¼
u0

2p
exp

 
�k
�
Fadh� 〈F〉þmpgn

	
2�ðr=aÞmpgt

�2
〈f 2〉ð1þhRRHÞ

!
(62)

where u0 is a frequency (proportional to the oscillation frequency
uRnR), hRnR is a contribution to the potential energy from the
resonant energy transfer (linked with the oscillation frequency
uRnR and the damping term hRnR), f is the fluctuating component of
the force defined as FðtÞ ¼ Flift=2þ rFdrag=a and 〈f 2〉 its covariance,
mpgn and mpgt are the wall-normal and wall-tangential compo-
nents of the gravity force. With the corrected expression of the
torque given above in Eq. (61), it is then seen that the conditional
resuspension rate can be written as

krjFadh ¼ u0

2p
exp

0B@�
k
�
〈G
���
Fadh

〉
�2

〈f 2〉ð1þ hRRHÞ

1CA (63)

As in the RRH model, the RnR model includes the effects of
fluctuating hydrodynamic forces on particle resuspension but
assuming a given value of the adhesion force. The (unconditional)
resuspension rate is then evaluated by considering the integral of
the resuspension probability over all possible adhesion force
(weighted by their probability of occurrence), as in Eq. (59). For that
purpose, a log-normal distribution of adhesion forces is generally
presumed to account for the presence of surface roughness while
Gaussian [3,114,269] or non-Gaussian [16,270] distributions of the
hydrodynamic force fluctuations are considered.

The RnR model has been widely used in the literature and com-
parisons to various experimental datahave confirmed the accuracyof
the model [16,114,270] (see Fig. 26). Compared to the original RRH
model, the RnR model can be applied to smaller particles since it in-
cludes some effects of the rolling mode and thus some effects of the
drag and lift forces. Yet, even though the RnR model has been
developed starting fromequationsof particlemotion (i.e.fluctuations
Fig. 26. Fraction of particles remaining on a surface after exposure to a flow with
various velocity: comparison between experimental results (symbols) and numerical
calculations. Reprinted from [114]. Copyright 2001 with permission from Elsevier.
of particles around a single pivot point due to fluctuating hydrody-
namic forces), it still fails to capture thewholeparticledynamics (with
fluctuating adhesion forces as particles roll on the surface).

5.3.4. Discussion
From this overview of kinetic PDF approaches, it appears that

the main difference between the various formulations lies in the
initial assumptions made in the particle equations of motion: the
initial model of Wen and Kasper [262] considered a balance be-
tween adhesion and hydrodynamic forces only in the vertical di-
rection for small rigid particles; the RRH model [165] was still
developed to account for forces in the vertical direction but intro-
duced the notion of energy accumulation and was thus meant for
large deformable particles; the RnR model [114] addressed situa-
tions of a particle rolling over asperities in terms of a moment
balance that includes the effect of lateral and tangential forces and
was also meant for rigid particles. Using the terminology intro-
duced in Section 5.2, it can be said that the Wen and Kasper and
RRH models address the lifting mode (with different approaches)
while the RnR model addresses the rolling mode. Yet, in spite of
differences in their underlying description, the formulas given in
Eqs. (52), (58) and (63) for the conditional resuspension rate
(conditioned on a given value of the adhesion force) have a similar

functional form, namely kren1 expð�n2〈Fdf
���
Fadh

〉2Þwhere Fdf stands

for the ‘driving effect’ whose expression changes in each model
(with n1 and n2 the dimensional parameters that can be found in
Eqs. (58) and (63) for example). As a result, satisfactory results can
be obtained only if the pdfs of the adhesion forces and hydrody-
namic forces are adequately described.

Compared to force-balance approaches, kinetic PDF approaches
(such as the RRH and R‘n’R models) have proposed new de-
velopments for particle resuspension that included the effect of
particle motion (oscillations around a stable potential). Neverthe-
less, these kinetic approaches do not describe explicitly particle
dynamics along a wall surface after static equilibrium has been
broken. In reality, particles can be rolling on the surface and can
thus encounter various adhesion forces and surface geometries,
something which is not well-captured in kinetic PDF approaches. In
that sense, current kinetic models remain static approaches (this
explains the structure sketched in Fig. 20). For instance, if we
consider particles deposited on a nearly-smooth surface (such as
the one treated later in Fig. 30), particles lying on a rough part of the
surface can be set in motion (since adhesion forces are lower) but
may be brought back to a standstill afterwards when they reach a
smooth part of the surface (where adhesion forces are higher): such
situations cannot be captured with present kinetic PDF approaches.

Following recent developments in dynamic PDF models
(described in the following section), extensions of such PDF ap-
proaches may appear in the near future to try to include particle
dynamics along surfaces, resulting in more general PDF approaches
(which would not be kinetic anymore). For instance, one possibility
will be to include not only the force amplitude but also its duration in
the calculation of the resuspension rate as done in a recent study of
multilayer resuspension using kinetic PDF approaches [271]. In
addition, since the timescale for fluctuations in adhesion forces de-
pends on the particle velocity, further developments of kinetic PDF
approaches may have to consider the joint PDF of adhesion and hy-
drodynamic forces asdone recently inmultilayer resuspension [264].

5.4. Dynamic PDF approaches

The general framework in which dynamic PDF models for par-
ticle resuspension are developed can be defined by three charac-
teristic choices.
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(a) Resuspension is not identified with the rupture of static
equilibrium but results from an interplay between particle
dynamics along the wall and surface roughness.

(b) Particle motion along surfaces is simulated as well as the
relations between hydrodynamical/adhesion forces and
particle dynamics.

(c) A probabilistic standpoint is adopted since there are random
terms (due to aspects of fluid turbulence and surface
roughness) that escape a deterministic formulation.

The consequence of these characteristic features is that two
elements must be brought into the picture: (i) a new resuspension
scenario that distinguishes the process of setting particles in mo-
tion from their actual detachment and (ii) a detailed description of
surface roughness as met by moving particles along a wall. These
two new aspects are intertwined and related to particle dynamics
on the surface. From these general statements, it is seen that the
aim of dynamic PDF approaches is to explicitly capture particle
dynamics in the near-wall region (point(b)) while modelling
probabilistic evolutions (point (c)). A trajectory point of view [35] is
often adopted where the dynamical variables attached to each
particle become stochastic processes, which means that practical
calculations belong to the class of dynamical Monte Carlo simula-
tions. For that purpose, once stochastic models are expressed for
hydrodynamical/adhesion forces and moments, the particle equa-
tions of motion (see Eq. (39) in Section 4.3) are solved for a large
number of particles. In that sense, dynamic PDF approaches are
similar to classical Lagrangian stochastic approaches where the
motion of a large number of particles is explicitly tracked.

It is best to illustrate these characteristics by describing one
specific dynamic PDF model which has been recently developed for
the resuspension of small particles [210]. This approach was first
proposed for particles in air with a simplified account of adhesion
forces [245] and was later extended to include a refined description
of surface roughness and adhesion forces whichmakes it applicable
to both air and liquid fluid flows [210]. As depicted in Fig. 27, the
model is based on a three-stage scenario for particle resuspension
(more details can be found in [210,245]):

� Particles are first set in motionwhen the instantaneous moment
of hydrodynamic forces is higher than the moment of adhesion
forces (step (a) in Fig. 27).

� Particles can then roll/slide on the surface, depending on the
varying hydrodynamical and adhesion forces/moments along
their trajectory (step (b) in Fig. 27).

� Upon rocking on a large-scale asperity, particles can detach from
the surface if their instantaneous longitudinal kinetic energy is
higher than the adhesion potential energy at that point (step (c)
in Fig. 27).

This dynamic PDF model builds upon the mechanisms under-
lying the Rock ‘n’ Roll model but with a refined description of the
Fig. 27. Resuspension model: a three-stage scenario. Reprinted from [210
whole particle dynamics. Indeed, the model not only accounts for
the rupture of the balance between hydrodynamic and adhesion
forces that triggers particle motion but also for the dynamics of
particles on a complex rough surface where they can gain/lose ki-
netic energy. Clearly, this new resuspension scenario is more
detailed and relies both on particle dynamics and on surface
roughness which is seen to play now a central role in the resus-
pension process. In this approach, rough surfaces are described by
two-scale asperities randomly distributed on the surface, according
to some statistical information such as their size distribution and
their surface coverage. These asperities influence particle dynamics
differently: small-scale (meaning typically nanometric) asperities
modify the adhesion forces of rolling particles while large-scale
(meaning typically micrometric) asperities act as possible detach-
ment locations. The small-scale asperities are small with respect to
the particle diameter so that they do not modify the particle line of
displacement but are responsible for the magnitude, as well as the
timescale, of the adhesion forces seen by particles as they roll/slide
along the wall (and on these small-scale asperities). The large-scale
asperities have a size roughly comparable to the particle diameter
or ‘large enough’ to be able to change significantly the direction of
the particle trajectory upon a rocking event.

Supplementary details on the implementation of each step of
this scenario helps to understand how the model is working.

(i) In the first step, the equilibrium (or its rupture) is defined by
the balance (or unbalance) between the moment of the
adhesion and drag forces (lift forces were neglected in
[210,245] since only colloidal particles were considered). The
moment of the drag force is given by Eq. (21) with a near-wall
fluid velocity given by correlations from Matida et al. [272].
The adhesion force is obtained as the limit of the DLVO force
accounting for surface roughness by distributing hemi-
spherical asperities randomly on the particle contact area
[210] and using a Derjaguin approximation (see Section 2) to
obtain the resulting expression of the force. Then, the
adhesion moment is evaluated bymultiplying this force with
the distance to the pivot point a0 which is the furthest
asperity located in the fluid downstream direction (see
Fig. 27(a)).

(ii) In the second step, the translational motion of particles due
to rolling on the surface is simulated by solving the
dynamical particle moment equation [210,245]:

I
dUp;==

dt
xRpartM0

�
Fdrag;==

�
� RpartM0ðFadhÞ (64)
where I ¼ 7mpR2part=5 is the moment of inertia of the particle
around the pivot point (situated on the particle surface) and Up;==
is the streamwise particle velocity (approximated from the
angular velocity up as Up;==xRpart up). For that purpose, the fluid
velocity seen by particles Us is included in the particle state-
]. Copyright 2012 with permission from American Chemical Society.



Fig. 28. Adhesion of alumina or graphite particles on stainless steel substrates: experimental data [114], numerical predictions with
fRlargeasp ¼ 2mm; Slargecov ¼ 3:1% and Rsmall

asp ¼ 5 nm; Ssmall
cov ¼ 0:5%g. Adapted from [210]. Copyright 2012 with permission from American Chemical Society.

Fig. 29. Effect of solution pH on the release of 10 mm glass particles from a glass
surface (symbols correspond to experimental data [113], lines to numerical results):

pH 5, pH 7 and pH 10. Reprinted from [210]. Copyright 2012 with
permission from American Chemical Society.
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vector and is simulated using fluid velocity integral timescales or,
in other words, the correlation between the successive value of
Us;==ðt þ DtÞ and the present fluid velocity seen Us;==ðtÞ is
accounted for. Correspondingly, the adhesion moment is also
simulated as a stochastic process by tracking in time the number
of asperities nasp(t) in contact with each particle and the related
distance to the pivot point a0(t). These variables are attached to
each particle and are therefore also included in the particle state-
vector. This means that the statistical distributions of adhesion
forces are now an outcome of the model.

(iii) In the third stage, the condition for particle detachment is
simply given by the condition that Ekin> Eadh when a rocking
event is detected with a large-scale asperity. As large-scale
asperities are also randomly distributed along the surface,
the probability to hit one such asperity is calculated for each
particle displacement and possible events are sampled, while
the particle kinetic energy (at the estimated time of the
impact) is obtained from the solution of Eq. (64).

The equation of particle motion and the resuspension condition
are solved for a large number of particles and statistical information
(for instance, the resuspension rate) is directly extracted by Monte
Carlo estimations. Satisfactory results have been obtained for the
prediction of the particle resuspension rate, for instance in an air
flow for a classical resuspension test case (see Fig. 28, which is the
same test case addressed in Fig. 26 with a kinetic PDF model) as
well as for liquid media which require to have a proper account of
electrostatic effects in the adhesion force (through DLVO formulas)
and of the influence of the pH of the solution (see Fig. 29). Further
details can be found in specific articles [210,245]. Recent numerical
results (described in a forthcoming paper [273]) have also under-
lined the need to properly capture the fluctuations in time of the
moments of the hydrodynamic and adhesion forces. The particle
velocity (and thus its resulting kinetic energy) is indeed highly
dependent on the timescales of the fluctuations of these two
moments.

The key advantage of dynamic PDF models, such as the one
detailed here, is that the distributions of the adhesion forces and
torques are predicted from a detailed calculation of particleesur-
face interactions which includes the effects of surface roughness.
This contrasts with the previous models, where the pdf of adhesion
forces must be presumed (often assuming a log-normal or a
Gaussian law) from the outset and independently of particle
dynamics. In dynamic PDF approaches, these distributions result
now from the interplay between particle dynamics and surface
roughness. For example, the model described above has been
shown to provide accurate predictions for the distribution of
adhesion forces due to surface roughness [210]. In particular, this
model can account for complex distributions of adhesion forces
such as two-peak distributions that are sometimes measured
experimentally when surface roughness is small and particles are
either in contact with a smooth wall (with high adhesion forces) or
with asperities (with lower adhesion forces as seen in Fig. 30(a)). At
the same time, the continuous distributions observed when surface
roughness is much higher, resulting in a wall surface nearly always
covered by asperities is also naturally predicted (see Fig. 30(b)).
Consequently, in PDF dynamic approaches, the levels of description
for the fluctuations of the hydrodynamic on the one hand and the
adhesion forces on the other hand are consistent and both part of
the complete description. Yet, these recent developments of dy-
namic PDF models still need to be improved in the near future to
include other mechanisms of particle resuspension since only
rolling motion has been considered.



Fig. 30. Adhesion between 10 mm polystyrene particles and aluminum substrate: (a) experimental data [154], predictions with Rasp¼ 250 nm (Scov¼ 0.5%), (b) experi-
mental data [154], predictions with Rasp¼ 850 nm (Scov¼ 75%). Reprinted/adapted with permission from [210]. Copyright 2012 American Chemical Society.
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A similar model has been proposed recently by Fu et al. [247]
who considered the rolling motion of particles on a smooth plate
(adhesion forces described using the JKR theory) under the influ-
ence of a turbulent flow (with a stochastic description of fluid
fluctuations in the near-wall region). The detachment criterion has
been expressed as a critical rotational energy up>uc (whose value
is given either by experimental or theoretical evaluations).

5.5. Open issues concerning unified modelling approaches

Apart from the usual assessment of one formulation compared
to the others, there is a more general issue that is worth bringing
out: is it possible to come upwith a unifiedmodelling framework in
whichmodels would be able (by construction) to address thewhole
range of the phenomenologies involved in the resuspension pro-
cess? Indeed, the mechanisms playing a role in particle resus-
pension depend on particle sizes (see Section 3): small particles are
influenced by rolling motions while large particles resuspend
mostly due to their interaction with near-wall coherent structures.
In addition, particles exhibit either rolling, sliding or lifting motion
along the surface. Therefore, a unifiedmodelling framework should
be able to include all these aspects within a single approach. When
considering various modelling choices, this question introduces a
new point of view.

With respect to this issue, it is clear that empirical formulas do
not provide such a framework: they will need the use of one for-
mula for small particles, another one for large particles, and will
involve complex developments for particles of intermediate sizes
where the different resuspension mechanisms are coupled. The use
of kinetic PDF approaches appears feasible (provided that particle
dynamics along surfaces is included) since a formula for the
resuspension rate can be developed considering the relevant
‘driving force’ for each case (i.e. rolling, sliding and lifting). How-
ever, separate formulas will be obtained for each mechanism. Then,
to include each of them in a general framework, one would have to
choose right from the outset which particle will be subject to which
mode of resuspension.

In contrast, resuspension models based on a Lagrangian
description appear as potential candidates since all the forces
acting on deposited particles are naturally included in the
description of particle motion. Among such models, current force-
balance approaches are limited since they only account for particle
detachment (in the sense of the rupture of equilibrium) and not for
the complete particle dynamics. For that reason, dynamic PDF
models seem to bemore adequate, thanks to the fact that a detailed
scenario that allows the separate steps to be modelled specifically
has been introduced. For instance, if we use the dynamic PDFmodel
presented in Section 5.4 as a reference example, it is seen that the
general framework of dynamic PDF approaches can be used to ac-
count for all the different mechanisms. To be more specific, it is
straightforward to include direct lifting motion simply by consid-
ering also the balance of forces in the vertical direction in the first
step, the second step of the resuspension scenario can easily be
extended to simulate sliding motion, whereas the detachment
criterion (third step in the resuspension scenario) can also be easily
extended for possible direct lift-off effect upon a rocking event.
Furthermore, a noteworthy point is that such dynamic PDF models
can include a general description of the interactions between par-
ticles and near-wall coherent structures. Indeed, if we use a sto-
chastic model such as the one developed for particle deposition
[33,48] which explicitly simulates coherent structures in the
buffer and logarithmic regions of a near-wall turbulent layer
together with a structure-less viscous sublayer, then adhering
particles will naturally be subject to coherent events if they are
larger than the size of the viscous sublayer or to smoother and less
intermittent fluctuations if they remain embedded in this viscous
sublayer. This distinction between the different effects acting on
particles does not have to be assumed from the outset but will be
made in the course of the calculation for each particle, depending
on its dynamics and on its local ‘fluid environment’ (the local size of
the viscous sublayer which can evolve along the surface and the
local intensities of turbulent fluctuations). In addition, a further
advantage of such a modelling framework for particle resuspension
is that models will be consistent with recent developments for
particle deposition on rough surfaces [33,48]. This consistency
point between models for particle deposition and resuspension is
not to be overlooked since these two mechanisms are usually
present at the same time.

To put forward a conclusion on the different models which have
been discussed in the present section, it is clear that present for-
mulations remain incomplete and that modelling efforts are still
needed. However, it is proposed that dynamic PDF models consti-
tute a relevant framework that has all the potential to help re-
searchers develop consistent models that can address the complete
process of particle resuspension.

6. Resuspension from multilayer deposits

In the preceding sections, we have addressed particle resus-
pension for monolayer deposits. This means that sticking particles
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were always considered to be in contact with the surface of the
material bounding the fluid. In that sense, each adhering particle is
said to be in contact with a ‘clean surface’, whether that surface
element is smooth or rough. However, a continuous deposition of
particles on a surface can lead to the formation of multilayered
deposits [33]. In terms of the fundamental interactions at play, the
physical process does not only involve particleefluid and parti-
cleesurface forces (as in previous sections) but now also parti-
cleeparticle interactions. Note that, even in the case when only one
layer is formed, particleeparticle interactions can already play a
key role: indeed, this situation happens when particleeparticle
interactions are repulsive enough to overcome any possible parti-
cleefluid forces, thus preventing additional particles from reaching
the surface and depositing [33]. In all the other situations, whatever
its form and morphology, a multilayer deposit is formed and the
reverse process of possible reentrainment means that we are faced
with the issue of multilayer particle resuspension.

Layout of this section. In this section, multilayer particle resus-
pension is addressed with an emphasis put on the mechanisms at
play and, more precisely, on the role of particleeparticle in-
teractions. Following previous studies on multilayer resuspension
[274], and especially the work from Kok et al. [7,31] who proposed
three different emission mechanisms for dust/sand aerosols (i.e.
aerodynamic entrainment, resuspension after impaction and
breakage of saltating particles, see Fig. 31), we have chosen to
organise the present reviewwith respect to two important physical
mechanisms: first, hydrodynamic resuspension of particles (see
Section 6.1) and, second, resuspension due to impaction by moving
particles (see Section 6.2).

Each section is presented in a two-fold manner: we first review
the experimental works that highlight trends/mechanisms for
particle resuspension; second, we focus on the corresponding
modelling approaches that have already been developed. Then, we
propose a discussion on the open issues that need to be studied in
order to come up with a complete description and modelling
approach for multilayer particle resuspension.

6.1. Hydrodynamic particle resuspension from multilayers

When several layers of particles are present on the surface (or for
high surface particle concentration), resuspension is modified by
particleeparticle interactions. Compared to monolayer particle
resuspension, the number of studies dealing with multilayer resus-
pension of small colloidal particles is much more limited (whereas
Fig. 31. Illustration of the three dust emission mechanisms proposed by Kok et al. [7]:
aerodynamic reentrainment, resuspension following impaction of saltating particles,
breakage of saltating particles after impaction.
large particles have been largely studied in the framework of sedi-
ment transport, see for instance [7]). Besides, our understanding of
themechanisms underlyingmultilayer resuspension remains patchy.

6.1.1. Experimental evidence of hydrodynamic multilayer
resuspension and its mechanisms

One of the first observations of the reentrainment of aggregates
from a surface exposed to an airflow was made by Kousaka et al
[275]. They measured the resuspension of various dust aggregates
deposited on a glass plate using microscope observations and
observed that small particles were left on the surface after cluster
reentrainment (see Fig. 32).

This trend was further confirmed by measuring the change in
the particle size distribution before and after resuspension. These
observations suggested that only a part of the cluster is resus-
pended and that separation occurs inside the cluster and not at the
glass substrate (as in the case of single particle resuspension). This
trend also indicated that removal due to hydrodynamic forces can
lead to a break-up of clusters where the cohesion forces that
maintain particleeparticle contact are small enough (i.e. close to
the small particles, a notion which is illustrated in Fig. 33).

The role played by particleeparticle interactions in the resus-
pension of particles from multilayered systems has been further
confirmed by other experimental data involving small particles
(where adhesion forces play a dominant role) [276,277]. For
instance, Quadt and Schmidt [277] measured the resuspension of
micron-sized PMMA particles (either monodispersed or poly-
dispersed) forming a multilayered structure (see also Fig. 34) on
ceramic membranes with an optical method (particle counting).
Experiments performed using polydispersed suspensions showed
that the particle size distribution shifted over time from large to
smaller particles, indicating that larger particles are easier to
remove than smaller ones. Then, detailed experiments with mon-
odispersed particles under given conditions underlined that, while
20 mm PMMA particles are always resuspended in the conditions
considered, 10 mm PMMA particles detach only when they are lying
on top of other deposited particles (no reentrainment occurred in
the case of a particleesurface contact).

Apart from direct particleeparticle interactions, multilayer
resuspension has been shown to depend also on the deposit
morphology. In particular, a study of the resuspension of particles
from hill-shaped deposits [278] revealed that the deposit shape
(meaning its height and curvature) has an influence on particle
resuspension. In addition, comparing the resuspension of 10 mm
particles and 3 mm sediments, the authors underlined the role
played by the deposit permeability (or porosity): the presence of a
flow inside the porous media formed by the deposits can enhance
particle resuspension [278]. Thus, the complex structure formed by
deposited particles plays a significant role in the subsequent
multilayer resuspension process.

However, as mentioned by Diplas et al. [279], experiments high-
lighting the mechanisms involved in multilayer resuspension are
scarce due to the difficulty to develop non-intrusive techniques for
Fig. 32. Typical pattern of dust aggregates observed before and after resuspension due
to an airflow. Reprinted from [275]. Copyright 1980 with permission from SCEJ Japan.



Fig. 35. Optical visualisation of a Teflon test particle (8 mm) over a bed of well-packed
glass particles observed using a laser beam. Reprinted from [279]. Copyright 2010 with
permission from American Society of Civil Engineering.

Fig. 33. Drawing showing the weak cohesion forces inside a surface cluster, which can
lead to the fragmentation of the cluster upon reentrainment. Reprinted from [33].
Copyright 2012 with permission from Elsevier.
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the detection of particle motion in the near-wall region of a deposit
bed. Yet, with the development of PIV and PTV techniques, some
experiments have providedmeasurements of particle motion over a
bed [279e281]. For that purpose, particle motion is often measured
using laser/optical measurements (see for instance Fig. 35). Due to
the complexity of the beds formed, these experiments are still often
restricted to large sediments (generally of a few millimetres)
deposited on top of a deposit with a relatively simple geometry.
Nonetheless, they have provided key information on the mecha-
nisms at play in multilayer resuspension. For instance, 8 mm Teflon
particles were shown to roll on the glass bed when the hydrody-
namic force was strong enough [279]. Besides, the simultaneous
measurementof near-wallfluid velocities and sedimentmotion (size
of 5 mm) in a turbulent flow using a 3D-PIV system confirmed the
role of near-wall high-velocity coherent structures on multilayer
particle resuspension [280,282]. Thus, it appears that the mecha-
nisms underlying multilayer resuspension are similar to those for
monolayer resuspension.

As underlined in several experiments [279e281], particle mo-
tion on a bed is more intricate than on a typical surface due to the
complexity of the bed roughness and of the bed height (or eleva-
tion). Multilayer structures are often generated experimentally by
gluing particles on a surface (a similar process is used to generate
rough surface [98]). In that case, the fact that the fluctuations in the
surface height (comparable to roughness) are of the same size as
the particle radius leads to complex phenomena such as hiding (or
sheltering) effects [98,279e281,283]: particles located partially
behind another deposited particles are not fully exposed to the flow
and are thus subject to lower hydrodynamic forces.

6.1.2. Existing modelling approaches for hydrodynamic multilayer
resuspension

From these experimental data on multilayer resuspension, it
appears essential to take into account particleeparticle interactions
as well as the deposit morphology (porosity, roughness, height) in
the development of accurate modelling approaches. Theoretical
Fig. 34. Light scattering images of TiO2 particles on glass substrates at pH 3 after 60 s
exposure to a constant shear stress tf (with increasing increments): (A) initial popu-
lation, (B) tf¼ 14.3 Pa, (C) tf¼ 26.9 Pa, (D) tf¼ 31.9 Pa, (E) tf¼ 42.9 Pa, (F) tf¼ 55.4 Pa.
Reprinted from [277]. Copyright 2012 with permission from John Wiley and Sons.
considerations and analysis of multilayer resuspension have
underlined that the forces at play in multilayer resuspension are
identical to those in monolayer resuspension (except that adhesion
now depends also on particleeparticle interactions): particles are
set into motion due to hydrodynamic forces (drag, lift, effect of
near-wall coherent structures for large particles in turbulent flows)
while physico-chemical adhesion forces prevent it [1,32]. However,
two of the main difficulties in modelling multilayer resuspension
are related to the issues of how to account for, first, the deposit
morphology and, second, the rupture mechanisms associated with
the resuspension of large aggregates.

Various approaches for multilayer resuspension have been
proposed, particularly in the context of sediments where more
detailed experimental data on multilayer resuspension are avail-
able. These models can again be organised according to the clas-
sification used for monolayer resuspension (see Section 5), with a
special emphasis put on the new assumptions or input parameters
that have been introduced in these models to remain valid for
multilayer resuspension.

� Empirical formulas

In a study of gravel resuspension from sediment beds (with a
radius of a few millimetres) [283], a simple modelling approach
based on a constant resuspension rate (whose value is chosen to fit
the experimental data) showed that the resuspension rate kr in-
creases with the bed shear stress tf (following a power law kr ¼ taf
with a> 2). In addition, the study confirmed the influence of
sheltering on sediment resuspension and that detailed information
on the surface topography of the bed is required.

� Force-balance approaches

Due to their simplicity, several force-balance or moment bal-
ance models have been proposed for multilayer resuspension
[4,274,284,285], following the initial works on monolayer resus-
pension. One of the first force-balance models for multilayer
resuspension of aerosols was developed by Friess and Yadigaroglu
[284] including the effect of the deposit structure (illustrated in
Fig. 36). For that purpose, a deposit is first generated numerically
respecting the distribution in particle sizes and a given value of the
deposit porosity; second, resuspendable clusters are identified (as
unobstructed clusters of particles that have a single contact with
the rest of the bed and cannot be extended); third, the resuspension

rate of each cluster kr
���
Fadh

is evaluated considering a force-balance

approach between hydrodynamic forces (due to bursting events)
and one value of the adhesion force.

The analysis of numerical results and comparisons with previ-
ous experiments (such as the STORM and PARESS experiments



Fig. 36. Visualisation of a numerical aerosol bed (porosity of 0.61, layer number of 10.5, geometric standard deviation of particle size 1.35) before resuspension (top) and after
resuspension of 50% of the deposit (bottom). Dark grey circles are resuspendable materials while dark circles represent “cluster feet” where each resuspendable cluster is in contact
with the rest of the bed. Reprinted from [284]. Copyright 2002 with permission from Elsevier.
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[284]) showed that the resuspension rate depends highly on the
bed porosity: structures with a high porosity are very fragile
compared to less porous structures where particles are more
compactly organised and harder to remove [284]. In addition, the
resuspension rate can evolve with the layer number.

Similarly, sediment reentrainment has been simulated using an
Eulerian calculation of the fluid phase coupled with a Lagrangian
tracking of particles (or clusters) and a force-balance model for
particle resuspension [4]. Following the work of Friess and Yadi-
garoglu [284], the key notion behind this approach is to describe
single particle or cluster motion and to develop corresponding
models for their resuspension. To that extent, the authors described
the reentrainment of a particle (or cluster) moving on a sediment
bed with a balance between gravity, hydrodynamic forces and all
inter-particle (or inter-cluster) forces.

� Kinetic PDF approaches

An extension of kinetic PDF models based on a force-balance
approach towards multilayer resuspension was proposed recently
by Tregnaghi et al. [264,280], who studied the reentrainment of
sediments in rivers. For that purpose, the authors modified Eq. (54)
for the resuspension rate, which is obtained considering that the
PDF of adhesion forces and hydrodynamic forces are independent.
In the case of multilayer resuspension, both adhesion forces and
hydrodynamic forces become dependent on the particle elevation
compared to the surrounding deposited particles (see Fig. 37):
particles resting in a deep bed hole are harder to remove than
particles protruding from the bed.

As a result, the resuspension rate is given by:

kr ¼ n∬ Fhydro�Fadh
P Fhydro; Fadh
� �

dFhydrodFadh (65)

where P(Fhydro, Fadh) is the joint PDF of adhesion and hydrodynamic
forces. The authors proposed a refined formula for the resuspension
rate that takes into account the dependence of hydrodynamic forces
on the particle height compared to themeanbed elevation aswell as
the distribution in the particle elevation. Statistical information
required in themodel was derived from experimental results (using
PIV) and numerical simulations (based on discrete particle models)
provided in another paper [280]. The satisfying results obtained for
sediments (of a fewmillimetres) with thismodelling approach have
shown that accurate stochastic models can be proposed for multi-
layer resuspension as long as they properly account for the deposit
morphology and particle arrangements.

Another stochastic model for multilayer resuspension has been
proposed considering either tangential rolling motion or wall-
normal motion [271,286,287]. For that purpose, the model was
developed in the framework of static force-balance approaches but
considering not only the hydrodynamic force Fhydro but also its
duration Thydro. The relevant parameter for resuspension is thus the
impulse of hydrodynamic forces Ihydro defined as:

IhydroðtiÞ ¼
ZtiþThydro

ti

FhydroðtÞdt (66)

The resuspension rate is then given by Eq. (54) where forces are
replaced by impulses (whose distribution is thus accounted for).
The main difference with the previous model of Tregnaghi et al.
[264] lies in the fact that this model accounts for the contribution of
long-lasting ’burst’-events in the near-wall region that lead to
resuspension. In the model from Tregnaghi et al. [264], the un-
derlying assumption is that hydrodynamic forces are strong enough
to move particles from their resting position but, consequently, it
cannot capture resuspension in low flow conditions where hydro-
dynamic forces are small (whereas this new model can account for
resuspension in that case). However, these limitations are inherent
to quasi-static force-balance approaches and can be overcome by
dynamic approaches.

The RnR model [114] has also been extended to multilayer
resuspension [288]. For that purpose, a force-balance approach was
retained considering a layer-by-layer model similar to the one
initially proposed by Friess and Yadigaroglu [284]: when a particle
from the layer labelled i is resuspended, a particle from the under-
lying layer i�1 is exposed to the flow and can later be resuspended.



Fig. 37. Geometrical sketch of a particle resting on a sediment bed with a given
average elevation above the initial surface.

Fig. 38. Snapshots of particle reentrainment from an initially nearly spherical cluster
exposed to shear flow (shear stress of 267 Pa) with a Hamaker constant
AHam¼ 1.3�10�20 J for particleeparticle and particleesurface interactions. Reprinted
from [289]. Copyright 2009 with permission from Elsevier.
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As a result, the resuspension rate kr,i of each layer labelled i is
expressed in terms of both hydrodynamic and adhesion forces (with
their distribution) and also in terms of the number of resuspended
particles from the above layer i�1. Therefore, thismodel can account
for differences in the resuspension rate of each layer. Yet, the diffi-
culty regarding this extended RnRmodel lies in the resuspension of
clusters, which can regroup particles inside various layers.

� Dynamic PDF approaches

To the authors' knowledge, no dynamic PDF approach has yet
been proposed for multilayer resuspension. This can be understood
as such dynamic PDF approaches are recent proposals [210,245]
which, at the moment, have been devised for the case of mono-
layer resuspension as a first modelling step. Clearly, given the
present modelling state-of-the-art discussed in Section 5, this will
represent the next challenge for these methods. Furthermore, the
lack of dynamic PDF approaches for multilayer resuspension is
related to the detailed scenarios which are simulated in a step-by-
step manner in these approaches. These scenarios need to be, first,
well understood and, second, well characterised from a statistical
point of view. At present, the lack of dynamics PDF models is linked
with the lack of detailed statistical information on the deposit
morphology/structure/porosity and particle arrangement. It is ex-
pected that special work will be devoted to this issue in the future.

� Fully Lagrangian approaches

Apart from these models for multilayer resuspension, fully-
Lagrangian approaches for particle-laden flows have also been
used to simulate resuspension from a bed of particles. For instance,
a MD-like algorithm was used to study the resuspension of N
aerosol particles (0.6e30 mm) forming a cluster on a surface
exposed to a turbulent flow [12]. Particle motion was solved
considering the contributions from inter-particle adhesion forces,
gravity forces and hydrodynamic forces (both drag and lift forces
since lift forces can influence large particle motion [7]). This
Lagrangian tracking of particles was coupled with a calculation of
the fluid phase (here an eddy-fluid model, which is a method that
describes the rotating part of a fluid consisting of many “fluid
particles”). Numerical results showed that the dynamics of aerosol
clusters depends strongly on the balance between inter-particle,
hydrodynamic and gravity forces. DEM methods have also been
used to simulate multilayer particle resuspension [289,281]. For
example, the modified DEM approach proposed by Iimura et al.
[289] describes rotational and translational particle motion (having
a 500 nm radius) as resulting from the balance between parti-
cleesurface, particleeparticle and hydrodynamic forces.
Interactions between surfaces were modelled considering van der
Waals non-contact forces and a spring repulsive force between
contacting surfaces. Hydrodynamic forces were calculated taking
into account shielding effects (this was done by discretising each
particle surface and integrating hydrodynamic forces on the surface
elements exposed to the flow) and using an analytical formula for
the fluid velocity around a particle. The numerical simulations
showed that, under low flow conditions, the deposit is only
deformed and particle resuspension is nearly non-existent. At
higher flow velocities, particle resuspension occurs (see Fig. 38).

Moreover, in accordance with the experimental observations of
multilayer resuspension (see Section 6.1.1), the amount of resus-
pended particle aswell as the shape of resuspendedmaterials (either
single particles or large clusters) was found to depend strongly on
the flow velocity, the initial deposit morphology (porosity) and the
ratio between particleesurface and particleeparticle interactions
[289]. It should be noted, though, that such results were possible
using very detailed microscopic calculations (and thus time and
CPU-consuming) of the hydrodynamic force exerted on each particle
(more precisely on the surface exposed to the flow). Other simula-
tions have been performed coupling a LES (Large-Eddy Simulation)
calculation of the fluid phase with a DEM approach for the resus-
pension of sediments (of a fewmillimetres) [281,290]. The proposed
DEM approach described sediment rollingmotion on a bed including
contributions from drag, lift, gravity and intersurface forces. The
modified DEM algorithm was refined to account for five possible
states: particles moving in the fluid, particles moving in contact with
a single particle, particlesmoving in contactwith two other particles,
particles at rest with possible motion, particles at rest without
possible motion. In that sense, this DEM algorithm is similar to the
dynamic PDF approach for particle resuspension from monolayer
deposit (see Section 5.4) since it tries to capture the complex motion
of particles on a rough bed composed of similar particles. This
modified DEM approach showed that some features of multilayer
resuspension can be captured but that quantitative validations
require a better characterisation of near-wall velocities close to
clusters and deposit morphologies (this limitation being inherent to
the choice of an LES simulation).
6.2. Particle resuspension after impaction

Multilayer resuspension is more complex than monolayer
resuspension since the two processes of hydrodynamic particle
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resuspension on the one hand and resuspension due to moving
particles impacting a deposit on the other hand are coupled
[7,31,94,274,291,292]. The resuspension rate due to impacts of
particles/agglomerates on the surface can significantly increase the
resuspension rate when the flow velocity is high (especially for
large particles) [5]. Therefore, this phenomenon cannot be
neglected in the multilayer resuspension process and is discussed
in the present section. In the following, we review both experi-
ments andmodels that have studied resuspension frommultilayers
due to particle impact and we list some of the remaining issues that
need to be addressed in this field (another recent review on wind-
blown sand and dust emissions mentioned the difficulties related
to resuspension after saltation [7]).

Mostof the studiesonresuspensionafter impactionare concerned
with large cohesionless particles, since such particles are highly
subject to gravity which can bring resuspended particles back to the
surface. For instance, the effectof ‘saltatingparticles’hasbeenstudied
extensively in wind-blown sand and dust [7]. Yet, in the present re-
view, we have chosen to use the term ‘saltating particles’ for any
resuspendedparticlebroughtback to thesurface regardlessof the size
of the particles involved. In our belief, since the same phenomenon
takes place (only the relative importance of forces is changed), mak-
ing a distinction with respect to particle size is not justified.
6.2.1. Experimental studies on particle resuspension after impaction
As for the case of monolayer resuspension, the difficulty in

analysing experimental data for multilayer resuspension after
impaction is that the particles involved in this process can have a
wide range of sizes (from a fewmicrometres to a fewmillimetres or
even metres, i.e. large particles where adhesion forces are not
significant). Yet, most of the experimental studies on this specific
topic considered sand or dust particles due to their strong (and thus
measurable) impact on the resuspension rate [7]. For instance, the
resuspension rate of large aerosols (with a diameter of 100 or
200 mm) from a surface in a wind tunnel experiment was shown to
increase by a factor of nearly 2 when saltating particles are present
[292]. Similar observations were made for the removal of
submicron-sized andmicron-sized spheres from surfaces by dry ice
blasting (ice agglomerates with a diameter of a few tens of micro-
metres) [293,294]: the removal efficiency is mainly due to resus-
pension by particle impaction, which depends on the jet flow
velocity and on the particle size (smaller particles are harder to
remove than larger ones).

Following such global observations on the overall resuspension
rate, several experiments have been designed with a bed of pre-
deposited particles exposed to a particle jet or to a single particle
impact [291,293e298]. Such measurements have provided more
Fig. 39. High-speed images of the splashing of surface particles (of a few millimetres) by a
[291]. Copyright 2007 with permission from American Physical Society.
detailed information on the mechanisms of particle resuspension
after impaction and on its consequences on resuspension.
6.2.1.1. Splashing effect. Beladjine et al. [291] used high speed im-
ages to measure the effect of a PVC particle impacting a PVC bed
(diameter of 6 mm). Typical results are depicted in Fig. 39 which
shows that the impact of a single particle on a bed can result in a
“splashing” effect (where several particles are ejected from the bed
after the impact). This effect has been mostly studied experimen-
tally with large inertial particles which, upon impaction, have a
high kinetic energy compared to cohesion forces. Extracting par-
ticle velocities before and after impact, the authors also provided a
measure of the restitution coefficient e (defined as the ratio of the
velocity after rebound to the impacting velocity): it was shown to
decrease with an increasing impact angle qimp according to the
following law: e ¼ c1 � c2sinðqimpÞ (with c1 and c2 two parameters).
This result suggests that part of the energy (or momentum) from
the impacting particle is transferred to the deposit and that this
energy transfer can induce resuspension of other particles within
the bed. Other experiments of dust particles (6 mm) impacting a
similar bed provided further data on the distribution of particle
velocity after impact and on the effect of the incident angle or of the
impacting velocity [298].

More recently, PTV systems were used to measure the resus-
pension of sand particles (diameter ranging from 192 to 303 mm)
after impaction [295,296]. The restitution coefficient was shown to
be lower for loose (unconsolidated) deposits than for compact
(consolidated) ones, meaning that more energy (or momentum) is
absorbed by loose deposits. The ejection angles were also smaller
for loose deposits than for compact ones, suggesting that the de-
posit morphology plays a significant role in this resuspension
phenomenon. In addition, the distributions in the number of par-
ticles ejected from the deposit and in their angle of ejection were
found to depend not only on the impacting velocity and angle, but
also on the deposit structure as well as on the particle nature
(especially its elastic properties). This suggests that the resus-
pension by impaction is linked with energy propagation through
the deposit formed on the surface, with possible energy dissipation
through surface deformation.

Other high-speed recordings of resuspension after impact be-
tween millimetre-sized particles (1e20 mm) have shown that the
phenomenon depends also on the relative size of particles involved
as well as on their density ratio [299]. In particular, three different
features have been observed: the impacting particle can either
rebound on the surface, or move in a direction parallel to the de-
posit or even penetrate within the deposit depending on its initial
velocity and on the impacting angle (see Fig. 40).
n impacting saltation particle (the time between two images is 4 ms). Reprinted from



Fig. 40. Particle motion after the impact of 11.1 mm alumina ceramic on 6 mm poly-
styrene beds (penetration black triangles; rebound white triangles; motion in a di-
rection parallel to the horizontal plane of the granular media: white circles). Reprinted
from [299]. Copyright 2010 with permission from Springer.

Fig. 41. Sketch of a chain of binary collisions leading to the ejection of a particle in the
bed. Reprinted from [307]. Copyright 2007 with permission from the American
Physical Society.
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6.2.1.2. Impact fragmentation. More recent studies have focussed
on another aspect linked with resuspension after impaction
[300e305]: how do agglomerates fragment after impacting a sur-
face? Indeed, not only single particles can impact the surface after
being resuspended but reentrained agglomerates can also reach the
surface and, upon impaction, be split with part of them staying on
the surface and part of them bouncing off the surface. This effect
has been studied recently for small (colloidal) particles, where
cohesion forces play an important role. For instance, Froeschke
et al. [300] explored the fragmentation of various nanoparticle
agglomerates (Ag, Ni and TiO2 particles of 3e95 nm) on a plate
using TEM (Transmission Electron Microscopy) micrographs anal-
ysis of agglomerates sticking to the surface. The degree of frag-
mentation (which is a measure of the amount of fragmented
materials) was shown to increase with higher impacting velocities.
In addition, the degree of fragmentation depends on the structure
of the agglomerate: more compact agglomerates (i.e. with higher
coordination numbers) are harder to break. Comparing various
nanoparticles, it was also observed that the bond energy between
two primary particles significantly affects agglomerate fragmen-
tation. This was further confirmed by Seipenbusch et al. [303e305],
who showed that the cohesiveness of nanoparticle powders is
significantly impacted by van der Waals forces and possibly by
other forces (such as magnetic forces or sintering effects). As a
result, impact fragmentation is higher for smaller particles. Besides,
detailed analysis of the size distributions after impact fragmenta-
tion have highlighted that satisfactory evaluations can be obtained
according to Weibull statistics. More recently, Ihalainen et al.
[301,302] measured the properties of both deposited particles and
bouncing particles after impaction of TiO2 particles on a surface.
The analysis of the fractal dimension (which is a measure of the
agglomerate structure) showed no significant difference between
bouncing and sticking particles. This experiment further confirmed
the dependence of impact fragmentation on the impacting velocity
but also brought forward the complex effects of sintering on frag-
mentation. The authors also underlined that impact fragmentation
can vary with the nature of the surface considered.

6.2.2. Numerical models for particle resuspension after impaction
Similar to the models for hydrodynamic multilayer resus-

pension, particleeparticle interactions as well as the deposit
structure need to be properly accounted for to obtain satisfactory
models for multilayer resuspension after impaction. However, as
underlined by John and Sethi [297], the underlying mechanisms for
impaction are different than hydrodynamic resuspension. Indeed,
numerical results obtained with a simple model based on particle
deformation (thus including energy transfer between particles)
were shown to capture relatively well experimental data of a
micrometre particle bouncing on a bed (composed of micrometre-
sized particles) while another simple model based on particle
rotational motion underestimated significantly the experimental
data. Therefore, models for particle resuspension after impaction
include the effect of the transfer of energy upon impaction with
eventually dissipation due to deformation coupled with a
description of the deposit structure (see the review by John [306]).
Yet the difficulty in establishing such models lies in the complex
structure of particle deposits and in the wide range of scales
involved in the process.
6.2.2.1. Binary-collision models. A first category of models was
developed to include the transfer of energy from one particle to
another through impact by considering a binary-collision approach
[307,308]. In that case, each binary collision is assumed to be in-
dependent and is modelled assuming elastic collisions between
spherical particles. The post-collisional energy is then modified to
account for dissipation (through deformation for instance) using a
multiplicative factor bdiss� 1. As a result, the whole transfer of
energy through the deposit amounts to a succession (or chain) of
independent binary collision (see Fig. 41).

Fig. 41 also reveals that the direction of energy propagation is a
complex random function related to the 3D deposit structure (here
disordered packing of spheres) and that a part of the impacting
momentum/energy can be “backscattered” by the packing even-
tually leading to the ejection of particles at the surface of the
packing. The ejection of particles from the packing then depends on
the amount of momentum that has been transferred to them,
which again is an intricate function of the deposit structure (since
momentum and energy are split upon each binary collision, leading
to the fragmentation of energy during propagation) and of the
energy dissipation. This 3D model was shown to reproduce
correctly the measured statistics showing a dependence of resus-
pension by impaction (with millimetre particles) on both the
impacting velocity and the impacting angle [307].
6.2.2.2. DEM models. Several modelling approaches are based on a
DEM formulation of particle motion [298,309e315]. The fact that,
in DEM approaches, particleeparticle interactions are naturally
included in the equation of particle motion makes it a legitimate
modelling framework for particle resuspension after impaction.
The various DEM models then differ from each other due to the
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level of description of the deposit structure or to the forces that are
included in the simulation of particle motion.

For instance, a 2D DEM model with a contact force formulation
(including particle elastic deformation) was applied to study the
impact of large particles on a 2D granular layer (0.65 m soil parti-
cles) [309]. As seen in Fig. 42, numerical results confirmed the role
of the deposit structure on the energy propagation and thus on
resuspension. In addition, the impacting particle size (as well as the
ratio with the size of soil particles) together with its velocity and
impacting angle were shown to significantly influence the results.

A specific study of the interaction between the impacting par-
ticle and the soil particles provided evidence of a three-phase
process in particle rebound [309]: the impacting energy is first
exchanged to soil particles, followed by a propagation shockwave
that can eventually transfer energy back to the impacting particle
and eject it (either through backscattering effects or reflection of
the propagation shockwave on the soil surface). The rebound of the
impacting particle was shown to depend strongly on the impacting
particle size (and thus its initial kinetic properties). This model was
further used with soil particles of 0.3 m to evaluate the conse-
quences of the energy propagation on the deposit structure [310].
Numerical results showed that, when the impacting energy is high,
the energy propagation can lead to the breakage of contact chains
followed by a long recovery-phasewhere a new equilibrium state is
created (with new bonds).

A 2D DEM simulation with an elasto-plastic model for inter-
particle interactions was performed for millimetre-sized particles
impacting a bed of similar particles and numerical results were
compared to experimental data. It was shown that the resus-
pension depends on the energy propagation, which results from
the transmission of energy through contact forces and from the
energy reflection on the soil surface. Therefore, the resuspension is
a complex function of the number of layers in the deposit, the
nature of particles (elastic and plastic properties), the angle of
impact and the kinetic energy upon impact.

3D DEM simulations of resuspension after impaction were
performed [298,315]. For instance, a 3D DEMmodel including both
adhesion forces between particles and contact deformation
(through a spring constant) showed that the rebound or sticking of
particles on a bed is affected by the adhesion forces and the spring
constant [311]. The structure of the deposit (coordination number,
porosity) was also found to be affected by these parameters. Other
3D DEM calculations provided information on statistical properties
of interest in the splashing of particles [298,315]. For example, Xing
et al. [315] extracted statistical information from their 3D DEM
Fig. 42. Snapshots of compression wave propagation obtained with a 2D DEM m
simulation on the average ejection velocity (and its dependence on
the initial impact velocity), on the number of ejected particles
(which increases with the impact velocity) and on the angle of
ejection. Similarly, Oger et al. [298] showed that a 3D DEM simu-
lation including visco-elastic interactions between particles pro-
vides satisfactory results for the distribution of the particle ejection
velocity, of the ejection angle and of the restitution coefficient
compared to 2D experimental data at various initial impacting
velocity and impacting angle.

Besides, other DEM simulations of millimetre particle impact on
a bed have shown that three cases can occur: the particle can
rebound on the surface, it can stick to the surface or even penetrate
within it [312,314]. The occurrence of one case instead of another
one as well as the depth penetration depends on both impacting
properties (particle velocity, impact angle, size) and deposit prop-
erties (structural ordering, polydispersity, visco-elastic properties).

6.2.2.3. Other approaches. Simulations have been developed
recently for colloidal particles [316,317]. For instance, Grzybowski
and Grado�n [316] coupled molecular dynamics and lattice-
Boltzmann methods to simulate the reentrainment of particles
from powder structures exposed to turbulent flows. Such calcula-
tions account for the coupling between particleefluid, parti-
cleesurface and particleeparticle interactions while treating each
scale involved with detailed evaluations. Similar calculations have
explored the effect of adhesion forces and agglomerate structures
on the impact fragmentation of nanoparticles on surfaces as well as
the possibility of having cluster restructurisation [317].

6.2.3. Summary and open issues concerning multilayer
resuspension

Both the experimental data and the modelling approaches to
multilayer resuspension have revealed that the forces at play in
multilayer resuspension are similar to those in monolayer resus-
pension (with adhesion forces being now modified by parti
cleeparticle interactions). Yet, due to the complexity of inter-particle
arrangement and interactions, the resulting mechanisms are more
intricate: particles can be resuspended either due to hydrodynamic
forces or due to the impact of particles/agglomerates on the surface.

Hydrodynamic multilayer resuspension is indeed affected by a
number of factors (most of them being related to the deposit
morphology) [1,13,32,88,284]: intersurface forces, the deposit
structure (including particle arrangement, porosity, the layer
location), clustering effects (resuspension of aggregates), ageing
effects (including deposit restructuration), hydrodynamic forces
odel. Reprinted from [309]. Copyright 2008 with permission from Springer.
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(including hiding/sheltering effects and two-way coupling). As a
result, it is not surprising to find that most modelling approaches
for monolayer resuspension have been extended and adapted to
multilayer resuspension by including the effects of parti-
cleeparticle interactions and of the deposit morphology (such as
the coordination number). However, our present understanding of
hydrodynamic multilayer resuspension could be completed with
detailed experimental data highlighting the link between resus-
pension mechanisms (i.e. rolling, sliding and lifting) and the rela-
tive importance of forces at play as well as more detailed
characterisation of the size distribution of resuspended particles/
agglomerates. It is believed that, with recent advances in PTV and
PIV techniques [120], such data could be measured. Besides,
although modelling approaches appear adapted to small particles
(since the forces involved are accounted for), they nevertheless
need to be further tested in that case. Further developments of
dynamic PDF approaches are also expected in the near future.

Even though experimental data onmultilayer resuspension after
impaction are still scarce and mostly devoted to large particles,
available studies have provided some insights into the basic mech-
anisms. It has been shown that both the amount of splashing and the
amount of impact fragmentation are complex functions of the
following parameters: impacting particle velocity, impacting angle,
size andnature of impactingparticles, size of particles in the deposit,
deposit or agglomerate structure (porosity, coordination number,
fractal dimension), cohesive forces (eventually related to surface
deformation). However, further experiments are needed on the
splashing effect with colloidal particles to assess the importance of
this phenomenon for small particles compared to impact frag-
mentation. Besides, the impact of large agglomerates on multilay-
ered structures still has to be explored and characterised
experimentally. As far asmodelling approaches are concerned,most
of them are based on DEM simulations since they can naturally
include microscopic details of particleeparticle interactions. They
have confirmed the fact that resuspension due to impaction is
related to the propagation of energy within the deposit, which is a
complex function that depends both on particle properties (impact
velocity and angle, size, nature) and on agglomerate/cluster prop-
erties (structure, visco-elastic properties, nature, size). Also, recent
simulations have shown that promising results can be obtained by
coupling detailed microscopic methods (MD) with lattice-
Boltzmann calculations. It thus appears realistic to assume that
newstochastic approaches (for instance in the context of kinetic PDF
or dynamic PDF approaches) will be developed in the near future.

6.2.3.1. Open issues. Despite recent advances in the field of multi-
layer resuspension, there is still a lack of detailed information (both
from an experimental and a numerical point of view) on a number
of the factors at play in multilayer resuspension [1,4,13,32,88,306].

(i) Deposit morphology: whereas the deposit structure (porosity)
has been measured for sediments, there is no information on
the structure of the deposits for smaller particles (such as
colloids). Furthermore, as mentioned in a previous review on
deposition [33], the dependence of the deposit/agglomerate
structure on theflowandphysico-chemical conditions hasnot
been explored experimentally. Some numerical studies have
investigated the effect of the deposit shape or of the porosity
on resuspension [289] but these situations have not yet been
linked with proper real experiments. Characterisations of the
deposit morphology as a function of both hydrodynamics and
physico-chemical conditions can be obtained experimentally
following the recent study of Papanicolaou et al. [318], who
described irregular clusters using fractal analysis. This will be
relevant in multilayer resuspension since the resulting
information is useful in all stochastic approaches as well as in
MD or DEM Lagrangian calculations.

(ii) Restructuration: for large cohesionless particles, a number of
studies have explored how the deposit shapes are modified
due to the action of hydrodynamic forces (see for instance
wind-driven sand or dust dunes [7]). However, the evolution
of the microscopic structure (such as the coordination num-
ber)with time andwith the amount of particles deposited has
not been characterised, especially for small particles. Some
experimental data have shownadecrease of the resuspension
rate with time [6,104]. This feature has been sometimes
attributed to a deposit restructuration of the first deposited
layers that are more compact (and thus harder to remove)
[284]. Similarly, when a particle impacts a surface, the energy
propagation within the deposit structure can eventually lead
to a breakage of the contact chains [309,310] followed by a
recovery-phase towards a new equilibrium. This deposit
restructuration requires further investigations since it can
play a crucial role in the formation of more compact deposit
which are less likely to be resuspended later.

(iii) Two-way coupling: another issue in the context of multilayer
resuspension is related to two-way coupling between the
fluid and the particles. In the case of large cohesionless
particles, several studies have included the effect of multi-
layer deposits on fluid motions using modified wall-
functions that accounted for the evolution of large-scale
roughness features due to the deposit [7]. However, in the
case of small particles (where adhesion forces are signifi-
cant), the size of one particle is too small to significantly
perturb the flow in the viscous sublayer. As a result, the effect
on the flow is harder to model due to the separation of scales
involved (DNS-like calculations are also not suitable for
large-scale studies due to the large number of colloidal par-
ticles). For instance, the use of adaptable-mesh methods
requires a proper description of the evolution of the
computational grid due to the continuous deposition/resus-
pension of particles to account for two-way coupling. A new
mathematical model for the evolution of the deposit height
with time has been proposed recently [319] and has been
shown to be applicable with Lagrangian approaches. In
addition, the presence of saltating particles can have a sig-
nificant influence on the near-wall flow velocity [7] which
need to be further characterised and modelled.

(iv) Surface roughness: the effects of geometrical singularities on
the surface of particles on the resuspension after impaction
have not been characterised. Similarly to particle deposition
or monolayer resuspension, surface roughness can lower the
cohesion between surfaces and affect the energy transfer
through a deposit.

(v) Deformation: plastic deformation can significantly affect the
energy propagation and, thus, resuspension.

(vi) Consolidation phenomenon: some recent experimental
studies on multilayer resuspension have explored the effect
of sintering on the bond energy between particle and its
consequences on resuspension [301,302]. Sintering occurs at
high temperature and leads to the creation of stronger bonds
between contacting particles due to the precipitation
occurring on surfaces. Such modifications of particle bond
energies with time after the formation of a deposit are
generally referred to as ’consolidation’ processes, which have
been studied recently in the context of heat exchanger
fouling (see for instance [320e322]).

From the recent experimental and numerical works on multi-
layer resuspension, it appears that the two main mechanisms at
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play (i.e. hydrodynamic multilayer resuspension and resuspension
after impaction) have been understood to a certain extent but that
significant advances in the fields of hydrodynamics, materials
physics and interface chemistry are still required to reach a more
mature comprehension of this phenomenon. Yet, since most
studies have focussed on large cohesionless particles (with a few
being available for small particles), there is still a lack of knowledge
on the overall coupling between hydrodynamic resuspension and
resuspension after impaction and especially on their relative
importance. In fact, whereas it appears clear that saltating particles
play a significant role in the case of wind-blown sand and dust [7]
(due to the high kinetic energy associated with impacting particles
compared to fluid flow stresses), some care should be adopted
when conclusions are to be drawn for much-smaller particles such
as colloids. Colloids are indeed small low-inertia particles and the
energy at impact for colloids can be comparable to hydrodynamic
forces exerted on the deposit exposed to the flow (though, large
agglomerates can play a significant role in resuspension by
impaction due to their higher inertia). For that reason, further ex-
periments and simulations are required to assess the relative
importance of these two phenomena with respect to the whole
range of particle diameters (and inertia).

7. Conclusion

Particle resuspension is a good example of how a question at the
intersection of physics, engineering and even daily concerns can
contain intricate issues. Although the present review was devoted
to resuspension, it has been mentioned at various moments that
resuspension is closely related to deposition and that it can even be
regarded as its ‘mirror’ physical mechanism. These two issues have
been the long-term object of investigations, for example in the
context of particle fouling in industrial situations where it may be
believed that they represent impediments to proper operations of
industrial processes. However, this is not necessarily the case. There
are more and more applications where deposition and resus-
pension are fundamental aspects which are used specifically to
achieve some predefined objectives. Typical examples are provided
by the increasing number of applications in micro-science and
biologically oriented developments where new materials and new
surface properties are tailored by controlling a desired level of
particle deposition and re-entrainment. Clearly, this requires an in-
depth understanding of these fundamental phenomena. In turn,
this makes the issue of particle resuspension a stimulating and
lively subject which raises fundamental questions while still being
rooted in practical questions. It also explains why there are
continuous interests and active studies devoted to shed light on the
mechanisms at play in particle resuspension.

In this paper, we have reviewed recent works on particle
resuspension with a view towards bringing out the significant
progress which has been achieved over the last years. With respect
to the objectives given in the Introduction, a number of conclusions
can be set forth:

(i) This review has been presented in terms of the three
fundamental physical interactions, namely particleefluid,
particleesurface and particleeparticle interactions, whose
interplay has been shown to create the variety of phenomena
observed. This reflects the structure also adopted in a recent
review on particle deposition [33] and indicates that this
decomposition is relevant. Furthermore, one of the key in-
terests of this approach is to point clearly to three separate
fields of fluid dynamics, interface chemistry and material
surface properties (see Section 2). There is not a one-to-one
correspondence between the three interactions and the
three fields, as particleesurface and particleeparticle forces
refer both to interface chemistry and material surface prop-
erties. Yet, this matrix-like approach remains simple while
allowing all aspects of deposition/resuspension issues to be
addressed in a straightforward manner.

(ii) The analysis of experimental works (as presented in Section
3) has revealed that an important clarification is gained
whenwe consider also the ratio of the particle diameter with
respect to the size of the viscous sublayer. The introduction of
this new dimensionless particle size is helpful to distinguish
between ‘small’ and ‘large’ particles and to show that the
separate mechanisms of particle rolling/sliding or in-
teractions with burst-like fluid ejections are mostly valid but
for the class of small and large particles respectively. Each of
these mechanisms can be the relevant one but for different
types of particles, without having to be regarded as
competitive explanations of particle resuspension.

(iii) A new classification has been introduced in the discussion of
available models for monolayer particle resuspension (see
Section 5). This hierarchy allows to separate between the
classical static approaches (which gather force-balance and
kinetic PDF models) and recent approaches which have been
described as dynamic PDF models. Drawing on the physical
mechanisms (see Section 4) and on detailed scenarios of re-
entrainment, these dynamic PDFmodels have been shown to
represent a marked improvement in the ability of modelling
approaches to reproduce particle dynamical aspects of
resuspension. It is believed that such developments have
brought models to an interesting level of maturity for the
simulation of resuspension frommonolayer deposits and are
thus promising candidates for the development of unified
modelling approaches for resuspension. At this point, it is
worth noting that such unified modelling approaches (such
as dynamic PDF or DEM methods) raise a new specific issue
related to the models used for the calculation of the fluid
seen by adhering particles (which is needed in the evaluation
of hydrodynamic forces). This point has not been extensively
developed in Section 5 since it mostly concerns recent dy-
namic PDF approaches or DEMmethods (which rely on a fine
level of description of particle motion). In fact, this question
is related to the more general issue of the consistency be-
tween models for the fluid phase and for the particle phase:
it is straightforward to see that very fine levels of description
of particle dynamics require similar detailed information on
the fluid phase, which can only be obtained with a fine-
enough modelling approach for the fluid (for instance, an
LES calculation of the fluid phase will not be fully consistent
with a detailed DEM method for particle tracking unless
proper models are added to reintroduce the filtered infor-
mation regarding small-scale features of turbulence). This
consistency issue between models for particle and fluid
motion has been discussed more extensively in the com-
panion paper [33] on particle deposition.

(iv) In contrast with the state-of-the-art achieved by models of
monolayer resuspension, the development of modelling ap-
proaches for multilayer particle resuspension is still in its in-
fancy. This is explained by our limited understanding of the
relevant mechanisms involved. Two such mechanisms,
referred to as hydrodynamic resuspension (where clusters are
fragmented by fluid actions and entrained away from the
surface) andparticle impaction (where saltatingparticleswith
high kinetic energies can transfer energy to deposited parti-
cles), have been brought out and analysed (see Section 6). It
maybe that these twomechanismsdependon theparticle size
and its related inertia: particle impaction is significant for
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large particles (which can acquire significant kinetic energy
when suspended and coming towards wall surfaces) but not
necessarily for small colloidal particles whereas hydrody-
namical resuspension seems to affect the whole range of
particle size (and thusmaybemore relevant for small colloidal
particles compared to particle impaction). Yet, these are just
preliminary indications and, clearly, multilayer resuspension
is still an open issue where pioneering investigations are
needed to come up with a complete picture of resuspension.

In spite of the extent of the present review, a number of issues
have been left out of the discussion.

� Coupling resuspension and deposition: as recalled above, particle
resuspension generally occurs together with particle deposition.
The competition between these two phenomena has been
shown to be responsible for the formation of complex structures
on the surface [323e325]. For instance, measurements of par-
ticle deposition and resuspension showed that three different
patterns can be obtained depending on the balance between
hydrodynamics and interface chemistry: no-layer, striped pat-
terns or filmy deposition [326e329]. The coupling between
particle deposition and resuspension is also responsible for the
movements of dunes in deserts [7]. Similarly to unified model-
ling approaches for particle resuspension, coupling particle
deposition and reentrainment in modelling approaches requires
to have consistent descriptions for the fluid and for the particles
(see also [33]). In addition, the models for particle deposition
and particle resuspension should also be consistent: for
instance, coupling a macroscopic formula for particle resus-
pension (such as in Eq. (51)) with a very fine Lagrangian method
for particle deposition appears inefficient due to the difference
in the level of information required.

� Organic or biological particles: within the scope of the present
review, only the resuspension of solid non-organic particles was
considered. However, resuspension can involve organic or bio-
logical particles. The phenomenology of resuspension for such
particles is similar to solid particles but the forces involved canbe
different. For instance, microbial resuspension is more complex
due to the occurrence of non-DLVO forces in intersurface forces
[28]. Experiments with biological and bacterial materials have
also shown that detachment from biofilms is governed by a
balance between hydrodynamic forces and intersurface forces
(such as DLVO forces, with possible inclusions of acidebase
forces or interactions with polymers) [14,20,330e333] that can
induce particle rollingmotions [334]. Similarly, the resuspension
of organic materials has also been studied experimentally in the
context of the food industry [13,15]: it has been shown that
reentrainment is a complex function of the gas velocity, the
moisture content and the relative humidity (capillary forces).
Lastly, experimental [11,335] and numerical [336] studies of
particle resuspension in the environment underlined the role of
the flow field, the floor geometry and nature, the intersurface
forces (including capillary forces) in the walking-induced
resuspension of micron-sized elements.

It is hoped that further works will address these open questions
and help to achieve a deeper understanding of the rich and diverse
question of particle resuspension.
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Nomenclature
List of symbols
a0 distance for adhesion moments [m]
AHam Hamaker constant [J]
Ap particle cross-sectional area exposed to flow [m2]
b damping term [s�1]
CA added-mass coefficient
CD Drag coefficient
Csurf surface concentration [kgm�2]
dVS extent of the near-wall viscous sublayer [m]
Dg surface energy [Jm�2]
Dt time interval [s]
dasp asperity diameter [m]
dp particle diameter [m]
e restitution coefficient after impact
e electron charge [C]
30 dielectric permittivity of vacuum [Fm�1]
3r dielectric constant of a medium
E1 or E2 elastic modulus [Nm�1]
Eadh adhesion energy for a particle [J]
Ekin kinetic energy of a particle [J]
Ebarr energy barrier [J]
F force [N]
〈F〉 average force [N]
f fluctuations of a force [N]
g gravitational acceleration [m s�2]
g� electron-donor surface tension parameter [J m�2]
gþ electron-acceptor surface tension parameter [Jm�2]
h distance between surfaces [m]
I particle moment of inertia [kgm2]
IIS solution ionic strength [M]
J flux [kgm2 s�1]
kB Boltzmann constant [J K�1]
kp deposition rate [m s�1]
kr resuspension rate [s�1]
k�1 Debye length [m]
K equivalent elastic modulus [Nm�2]
lasp peak-to-peak distance between asperities [m]
lAB decay length of liquid molecules [m]
mp particle mass [kg]
MO(F) moment of a force around a point O [Nm]
mf fluid dynamic velocity [Pa s]
mT Tabor dimensionless coefficient
ms friction coefficient
nasp number of asperities
n1 or n2 Poisson ratio
nf fluid kinematic velocity [m2 s�1]
f potential of a surface [in V]
P(F) probability density function of a force
rc equilibrium contact radius [m]
Re flow Reynolds number
Rep particle Reynolds number
Rasp asperity radius [m]
Rpart particle radius [m]
rf fluid density [kgm�3]
rp particle density [kgm�3]
Scov surface coverage [%]
t time [s]
Tf fluid temperature [K]
tp particle relaxation timescale [s]
tf flow shear stress [Pa]
tw critical shear stress for resuspension [Pa]
qimp angle of impact [rad]
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ut flow shear velocity at the wall [m s�1]
U interaction energy [J]
USA interaction energy between a sphere and an asperity [J]
USP interaction energy between a sphere and a smooth plate

[J]
USR interaction energy between a sphere and a rough plate [J]
Uf fluid velocity [m s�1]
Up particle velocity [m s�1]
UR fluid velocity relative to the particle [m s�1]
Us velocity of the fluid seen by particles [m s�1]
xp particle position [m]
yp particle wall-normal distance from the wall [m]
z0 equilibrium separation for surfaces at contact [m]
up particle angular velocity [s�1]
u frequency [s�1]

Bold symbols represent vectors.

Subscript
// related to the wall-tangential direction
⊥ related to the wall-normal direction
AB related to the acid-base interactions
adh related to adhesion
dep related to deposition
drag related to drag
ext related to external contributions
frict related to friction
f/p related to friction
grav related to gravity
hydro related to hydrodynamics
lift related to lift
reent related to reentrainment
rot related to rotational motion
RnR related to the RnR model
RRH related to the RRH model
trans related to translational motion

Superscript
þ normalised by wall units
rms root-mean-square value

List of abbreviations
AB acid-base
AFM atomic force microscopy
BD Brownian dynamics
CFD computational fluid dynamics
CMC critical micelle concentration
CPU central processing unit
DEM distinct element methods
DLVO DerjaguineLandau VerweyeOverbeek
DMT DerjaguineMullereToporov
DNS direct numerical simulation
DPD dissipative particle dynamics
DPI dry powder inhalers
EDL electrostatic double-layer
FEM finite element method
HTR high temperature reactor
JKR JohnsoneKendalleRoberts
LD Langevin dynamics
LES large-eddy simulation
MD molecular dynamics
MDF mass density function
MeP MaugisePollock
PDF probability density function
PSL polystyrene latex
PTV particle tracking velocimetry
PIV particle image velocimetry
PWR pressurised water reactor
PMMA poly(methyl methacrylate)
PVC poly(vinyl chloride)
RH relative humidity
rhs right-hand side
RnR Rock ‘n’ Roll (model)
RO reverse osmosis
RRH ReekseReedeHall (model)
SEI surface element integration
SEM scanning electron microscope
TEM transmission electron microscopy
VDW van der Waals
X-DLVO extended-DLVO
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