
HAL Id: hal-04104593
https://hal.science/hal-04104593

Submitted on 27 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Influence of the transient airflow pattern on the
temporal evolution of microparticle resuspension:

Application to ventilated duct during fan acceleration
Félicie Theron, Djihad Debba, Laurence Le Coq

To cite this version:
Félicie Theron, Djihad Debba, Laurence Le Coq. Influence of the transient airflow pattern on the
temporal evolution of microparticle resuspension: Application to ventilated duct during fan accelera-
tion. Aerosol Science and Technology, 2022, 56 (11), pp.1033-1046. �10.1080/02786826.2022.2120793�.
�hal-04104593�

https://hal.science/hal-04104593
https://hal.archives-ouvertes.fr
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acceleration
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IMT Atlantique, CNRS, GEPEA, UMR 6144, Nantes, France

ABSTRACT
This study investigates experimentally the influence of the temporal airflow pattern proper-
ties to which microparticles are exposed on the dynamics of the resuspension phenomenon
for transient airflow conditions representative of a fan start, i.e., involving a temporal accel-
eration period before reaching steady state. The extent to which the average steady state
velocity and the average acceleration affect the characteristics of the curve depicting the
temporal evolution of the fraction of particles remaining on the duct wall, i.e., the time at
which resuspension starts and the curve shape, is investigated. These results are analyzed
regarding the properties of the instantaneous velocity signal in the viscous sublayer. It is
demonstrated that a threshold turbulent kinetic energy must be exceeded for resuspension
to begin. The results are also presented in terms of resuspension rate, i.e., of instantaneous
rate of particles removed from the duct surface, versus time. This enables to demonstrate
that the highest resuspension rate values are recorded at the very beginning of the phe-
nomenon, typically during the fan acceleration stage, and that high mean acceleration val-
ues are responsible for high resuspension rates.

1. Introduction

The resuspension phenomenon consists in the detach-
ment of microparticles from a surface. Depending on
the considered situation one may wish to limit or in
contrast to promote resuspension. For applications
such as management of air treatment facilities dedi-
cated to indoor air blowing in working or manufac-
turing areas, resuspension of microparticles can
represent either contamination or damage risks
regarding products, or sanitary risks toward popula-
tions. As mentioned by Liu et al. (2020), the under-
standing of particle resuspension mechanisms in
Heating Ventilating and Air Conditioning (HVAC)
ducts is essential to control the biological contamin-
ation of indoor air by fungal spores for example.
Conversely, resuspension can be sought for cleaning
of surfaces like solar photovoltaic panels (Du et al.
2019), equipment or production lines, or to prevent
from cross-contamination between batches.

It is well established that the resuspension phenom-
enon is driven by the balance of forces experienced by
particles. More precisely it occurs if the removal
forces exceed the adhesive forces. For the simplest

case of monolayer deposits excluding particle/particle
interactions and considering only aerodynamic forces
among the different removal forces, the force balance
is thus driven by the particle/airflow interactions and
the particle/wall surface interactions. These are the
conditions addressed in this study. But even for this
simplest case, the aerodynamic and adhesive forces
are influenced by a lot of parameters related to the
airflow, the duct wall surface and the particles. In
order to study the effect of these parameters on the
resuspension phenomenon, many experiments and
models have been reported in the literature.

Most of these studies aim at predicting or measur-
ing the fraction of particles detached or remaining on
the duct wall versus mean airflow properties (free
stream or near wall velocity, friction velocity). This
enables depicting the intensity of the phenomenon
that can be expected when exposing the deposit to an
airflow exhibiting the given mean properties con-
cerned. Many resuspension models dedicated to
monolayer deposits have been developed, and have
been summarized by Ziskind, Fichman, and Gutfinger
(1995), Stempniewicz, Komen, and De With (2008),
Zhang, Reeks, and Kissane (2013), Henry and Minier
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(2014) and Nasr et al. (2019). As suggested by Henry
and Minier (2014), they can be classified into empir-
ical, static and dynamic models. Static models are
based on force or momentum balances, to describe
the disruption of the particle/surface static equilib-
rium. The formalism of these models is adapted to
the main resuspension mechanism (which is generally
assumed) among rolling, sliding or direct lifting.
Some of these static models, like those of Reeks and
Hall (2001) and Benito et al. (2018) take into consid-
eration probability density functions (PDF) to repre-
sent the distribution of some parameters influencing
the resuspension phenomenon. Dynamic models, like
that of Guingo and Minier (2008) are based on the
type of particle motion on the wall surface before
detachment. Most of the aforementioned models lead
to the calculation of the fraction of particles detached
(or remaining on the duct wall) versus the fric-
tion velocity.

In parallel to these modeling works, many experi-
mental studies were dedicated to the resuspension
phenomenon for cases of monolayer deposits. Theron,
Debba, and Le Coq (2020) summarized those con-
ducted in wind tunnels, by emphasizing the experi-
mental methodologies that were implemented;
especially in terms of temporal airflow patterns to
which particles were exposed; and the type of results
that were reported. Most of these studies aimed at
determining detachment fractions versus mean air vel-
ocity, free stream velocity or friction velocity, or
threshold velocities responsible for the detachment of
50% of particles (Barth et al. 2014; Ibrahim, Dunn,
and Brach 2003, 2004; Ibrahim, Dunn, and Qazi 2008;
Ibrahim and Dunn 2006; Jiang et al. 2008).
Depending on the experimental protocol employed,
these detached fractions thus include particles resus-
pended over a longer or shorter time period, and air-
flow pattern backgrounds that can exhibit (transient)
periods of acceleration.

The purpose of the present study is to describe
how resuspension evolves over time for temporal air-
flow patterns mimicking situations of fan restart in
HVAC systems, in order to depict the dynamic of the
resuspension phenomenon, i.e., the evolution of its
intensity over time. It is a typical case of transient air-
flow as it involves a period of air acceleration before
reaching the targeted mean airflow velocity at steady
state. Such time-resolved description of resuspension
thus requires a particularly high acquisition frequency
of fractions of particles detached or remaining on the
duct wall. Except Kassab et al. (2013) who reported
fractions of detached particles obtained at high

acquisition frequency (of 2000Hz), there are no other
studies in the literature that addressed the dynamic of
resuspension through such time-resolved approach.
Braaten, Paw, and Shaw (1990), Ibrahim, Dunn, and
Brach (2003), and Vincent et al. (2019) presented
detached fractions versus time for temporal airflow
patterns involving an acceleration period followed by
steady state, but the acquisition frequencies were too
low to have a fine description of the evolution of the
phenomenon during the acceleration stage which is
generally rather short.

Moreover, in the aim of focusing on real situations
of fan restart, it is interesting to evaluate how the
temporal evolution of the resuspension phenomenon
is influenced by the properties of the temporal airflow
pattern. When the acceleration is linear the properties
of the temporal airflow pattern can be characterized
by the mean acceleration and the mean velocity at
steady state. Some studies (Braaten, Paw, and Shaw
1990; Kassab et al. 2013) evaluated the effect of the
mean velocity at steady state on the fraction of par-
ticles remaining on the duct wall after a shorter or
longer period. They showed that the remaining frac-
tion is lower when the mean velocity at steady
state increases.

The purpose of this study is to investigate by an
experimental approach the influence of the temporal
airflow pattern properties during the acceleration of a
fan on the initiation of the resuspension phenomenon.
To fulfill the expectations of presenting a time-
resolved description of resuspension and to offer new
perspectives for model developments, the experimental
methodology involves the simultaneous recordings of
the remaining fraction and the airflow characteristics.
The airflow is characterized at a spatial scale relevant
with the particle diameter, i.e., typically in the viscous
sublayer (for microparticles of size ranging from sev-
eral microns to several tens of micron).

2. Materials and methods

2.1. Temporal airflow patterns

The experimental facilities, materials and methods
used to conduct the experiments are the same as those
presented in Theron, Debba, and Le Coq (2020). The
experimental methodology was detailed for one tem-
poral airflow pattern (mean duct velocity at steady
state of 7.6m.s�1 and mean acceleration of 2.1m.s�2).
In the present study it is applied for nine new tem-
poral airflow patterns in order to investigate the influ-
ence of the mean acceleration at steady state and the
mean acceleration on the temporal evolution of the



fraction of particles remaining on the duct wall. In
total, five mean velocities at steady state (from 3.0 to
9.0m.s�1) and two mean accelerations (0.3 and
2.1m.s�2) were tested (cf. Table 1). The ranges of
these parameters have been selected in order to be
relevant with those typically used in ventila-
tion systems.

The conditions of the 56 resuspension experiments
(several replicates were conducted for each temporal
airflow pattern) that have been conducted are detailed
in Table 1. Umean, Reh and amean are the mean duct
velocity reached at steady state, the corresponding
hydraulic Reynolds number and the mean acceler-
ation, respectively. C0 is the concentration of the ini-
tial deposit.

2.2. Experimental bench

The wind tunnel used to carry out experiments
involves a test section of 2m length and of 20� 4 cm2

rectangular cross section, which is made of antistatic
PMMA. The measurement zone (at which the resus-
pension and velocity recordings were carried out),
presented in Figure 1, is located at a distance from
the entrance in the test section of x¼ 1.3m, in order
to be under established flow conditions.

2.3. Air velocity measurement

The velocity measurements were realized thanks to
Hot Wire Anemometry (HWA) with a Dantec
Constant Temperature Anemometry acquisition chain.
For each experiment the air velocity was recorded
simultaneously at two y distances from the duct wall:
y¼ 20mm (corresponding to the half duct height),
and y� 160–430mm (in the viscous sublayer) thanks
to 55P11 and 55P15 probes, respectively. The probes
were positioned at z¼ 30mm from the vertical duct
wall. The acquisition frequency was 1000Hz.

2.4. Preliminary characterization of the viscous
sublayer at steady state

Preliminary to resuspension experiments, vertical vel-
ocity profiles at steady state were sampled in order to
determine the air friction velocity u� and the viscous
sublayer thickness d. The friction velocity is obtained
from the slope at origin of the velocity profile:

u� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�:
@u
@yy¼0

s
(1)

where � is the fluid kinematic viscosity.
This characterization was performed for Umean ¼

3.0; 5.0 and 7.6m.s�1. The u� values obtained are
given in Table 2. The following relationship between
u� and Umean was determined, and was used to esti-
mate the u� values for Umean ¼ 6.0 and 9.0m.s�1:

u� ¼ 0:043:Umean þ 0:031 (2)

The dimensionless vertical velocity profiles uþ ¼ f(yþ)
are presented in Figure 2. For yþ ¼ 3 to 8 (i.e., the
yþ range concerning the viscous sublayer), these pro-
files are in good agreement with profiles reported by
Keirsbulck et al. (2012) and obtained by experimental
measurements and DNS simulations, and allow deter-
mining the yþ ranges corresponding to the different
zones of the boundary layer: the logarithmic law
involves yþ values higher than 30 and the viscous sub-
layer corresponds to yþ ¼ 0–8. For each mean vel-
ocity the y value corresponding to yþ ¼ 8, i.e., the
viscous sublayer thickness, is given in Table 2.

As reported in Theron, Debba, and Le Coq (2020)
the HWA technique overestimates the velocity for yþ

values lower than 3 (corresponding to y¼ 294–135mm
for Umean ¼ 3.0–7.6m.s�1). This phenomenon is
explained by a “near wall” conductive heat transfer
effect in addition to the “free flow” convective heat
transfer and to an increasing aerodynamic blockage
effect due to the proximity of the wire and prongs to
the wall (Hutchins and Choi 2002).

Table 1. Experimental conditions tested (the aeraulic condition highlighted in italic is the one reported by
Theron, Debba and Le Coq (2020)).
Umean (m.s�1) Reh amean (m.s�2) Number of trials T (�C) RH (%) C0 (part.mm�2

)

3.0 12,820 0.3 3 24 32 177 ± 56
2.1 3 24 32 128 ± 45

5.0 21,370 0.3 5 21–24 30–35 115 ± 23
2.1 5 20–24 30–35 135 ± 46

6.0 25,640 0.3 6 24 36–48 89 ± 10
2.1 7 21–24 35–38 90 ± 35

7.6 32,480 0.3 7 21–24 21–38 132 ± 40
2.1 7 23–24 30–36 114 ± 17

9.0 38,460 0.3 6 24–25 31–38 112 ± 30
2.1 7 23–25 31–57 97 ± 20



2.5. Microparticles

The microparticles used to conduct resuspension
experiments were spherical shaped bronze particles of
8000 kg.m�3 density. Their size range was 3–30 mm,
with a number size distribution characterized by a
median diameter Dp,50 ¼ 16mm, and Dp,10 and Dp,90

values of 10mm and 25 mm, respectively. The compari-
son of these values to d values reported in Table 2
enables to ensure that particles are completely
immersed in the viscous sublayer before reentrain-
ment whatever the mean velocity at steady state.

2.6. Initial microparticle deposits

The experiments involved 1 cm2 monolayer deposits
for which the conditions of preparation were chosen
in order to: i) achieve a statistically representative
counting of particles in the field of view
(2.0� 1.5mm2); and ii) avoid as much as possible par-
ticle clusters to reduce particle/particle interactions.
For each of the 10 temporal airflow patterns tested
the mean concentration (in part.mm�2) and standard

deviation of the initial deposits are given in Table 1.
The mean concentration of the initial deposit ranges
from 89 to 177 part.mm�2. Such values are quite high
compared to concentrations reported in the literature,
for example by Braaten (1994); Kassab et al. (2013),
and especially Rondeau et al. (2021) who showed that
for particle concentrations ranging from 35 to 100
part.mm�2 a collision effect could be responsible for
high resuspended fractions for particle size lower than
4.5 mm. For the present study, the films corresponding
to several CCD camera recordings (for which the
acquisition conditions are detailed below) were ana-
lyzed, and some collisions were observed. Based on
these observations, it was estimated that the number
of collisions per trial represents 1 to 9% of the initial
number of particles of the deposit.

Figure 1. Diagram of the measurement zone of the experimental rig.

Table 2. Characteristics of the boundary layer for the mean
velocities at steady state tested.
Umean (m.s�1) d (mm) u� (m.s�1)

3.0 770 0.16
5.0 510 0.25
6.0 – 0.29
7.6 350 0.36
9.0 – 0.42

Figure 2. Dimensionless vertical velocity profiles at steady
state for Umean ¼ 3.0; 5.0 and 7.6m.s�1.



2.7. Recording and treatment of images of
particles remaining on the duct wall
versus time

The number and size distribution of particles remain-
ing on the duct wall as far as resuspension experi-
ments occurred were characterized by an optical
method. The field of view was located on the
upstream side of the 1 cm2 deposit in order to avoid
newly resuspended particles emerging in pictures. A
Speed Sense 1020 (Dantec Dynamics) CCD camera of
2320� 1750 pixel2 equipped with a zoom lens (La
vision Lens) was used to achieve 2.0� 1.5mm2 pic-
tures with a 1.2 mm/pixel resolution. The acquisition
frequency was 45Hz and 170Hz for experiments
involving mean accelerations of 0.3m.s�2 and
2.1m.s�2, respectively. In order to cover the acceler-
ation period as well as a significant period of steady
state the acquisition duration was set to 55 s and 14 s
for the mean accelerations of 0.3m.s�2 and 2.1m.s�2,
respectively.

For each temporal airflow pattern the curve repre-
senting the temporal evolution of the remaining frac-
tion F was obtained thanks to the image processing
methodology (using the Image J software) detailed in
Theron, Debba, and Le Coq (2020). In this procedure
particles of diameter lower than 9mm are not counted.
For experiments carried out at the mean acceleration
of 0.3m.s�2 this methodology was applied to one out
of three pictures over the whole number of recorded
pictures, which resulted in a time step of 0.07 s
between two treated pictures. For the mean acceler-
ation of 2.1m.s�2 it was applied to one picture on
ten, which resulted in a time step of 0.06 s between
two treated pictures.

The evolution over time of the remaining fraction
for the trial “i” of each temporal airflow pattern (as

detailed in Table 1, 3 to 7 trials have been carried out
for each temporal airflow pattern) is defined as follows:

Fi ¼ 100:
niðtÞ

niðt ¼ 0Þ (3)

where ni(t) and ni(t¼ 0) are the number of particles
remaining on the duct wall in the field of observation
at time t and the initial number of particles deposited
on the duct wall for the trial “i”, respectively.

To be more statistically representative (in terms of
number of particles), for each temporal airflow pat-
tern the temporal evolution of the remaining fraction
F is calculated by taking into account the total num-
ber of trials:

F ¼ 100:
Pnb trials

i¼1 niðtÞPnb trials
i¼1 niðt ¼ 0Þ

(4)

For temporal airflow patterns when resuspension
occurred during every trials (see Section 3.2.2),
F¼ f(t) curves are fitted with a resuspension kinetic
model corresponding to a decreasing exponential with
a time delay as follows:

If t< t�:
FfitðtÞ ¼ F0 (5)

If t� t�:
Ffit tð Þ ¼ Feq þ F0 � Feqð Þ:e� t�t�

sð Þ (6)

In Equations (5) and (6) F0 and Feq are the initial
remaining fraction (100%) and the remaining fraction
at the end of experiments (when stabilized), respect-
ively. t� and s are the time at which resuspension
starts and the time constant of the decreasing expo-
nential, respectively. The Feq value is determined by
averaging the experimental remaining fraction at equi-
librium: during the last 7 s and 2 s for the mean

Figure 3. Temporal evolution of the velocity: (a) at the half duct height (y¼ 20mm) and in the viscous sublayer (yþ ¼ 4.1, i.e.,
y¼ 220mm) for Umean ¼ 6.0m.s�1 and amean ¼ 0.3m.s�2; (b) at the half duct height (y¼ 20mm) for Umean ¼ 3.0; 6.0 and
9.0m.s�1 and amean ¼ 0.3m.s�2.



accelerations of 0.3m.s�2 and 2.1m.s�2, respectively.
The t� value is adjusted to fit with the experimen-
tal data.

3. Results and discussion

3.1. Characteristic times of the air velocity signal
during the fan acceleration

Figure 3a represents the temporal evolutions of the
velocity at the half duct height (y¼ 20mm) and in
the viscous sublayer (y¼ 220mm, i.e., yþ ¼ 4.1) dur-
ing the fan acceleration for the temporal airflow pat-
tern involving Umean ¼ 6.0m.s�1 and amean ¼
0.3m.s�2. As described in Theron, Debba, and Le Coq
(2020), this graph shows that both velocity signals are
synchronized. The velocity starts increasing 5 s after
the fan start (beginning of the recording). The first
fluctuations are observed at 9 s, even if they are less
significant in the viscous sublayer. Steady state is
reached at 32 s. Then velocities at the half duct height
and in the viscous sublayer fluctuate around mean
values of 7.5 and 1.2m.s�1, respectively. Similar con-
clusions can be drawn for the ten temporal airflow
patterns tested. For each temporal airflow pattern
both velocity signals were recorded three times, and a
good reproducibility of the signals was obtained.

Figure 3b depicts the influence of Umean on the
velocity signal recorded at the half duct height for
amean ¼ 0.3m.s�2. Whatever the mean velocity to be
reached at steady state the first two characteristic
times of the velocity signal are similar: the delay
between the fan start and the detection of the begin-
ning of the velocity increase is 5 s, and the time
required for the first fluctuations to appear is 9 s. The
time at which steady state is reached increases with
the targeted mean velocity. The conclusions are the
same for the two other mean velocities tested for
amean ¼ 0.3m.s�2 as well as for the five mean

velocities tested for amean ¼ 2.1m.s�2. As expected
the time at which steady state is reached is maximum
for Umean ¼ 9.0m.s�1 and is 42 and 11 s for the mean
accelerations of 0.3 and 2.1m.s�2, respectively. Since
for these accelerations the total recording times are
55 s and 14 s, this allows covering minimum steady
state periods of 13 and 3 s, respectively.

The high frequency at which these signals were
recorded (1000Hz) enables some treatments of the
raw velocity data to explore more deeply the temporal
evolution of the air velocity properties, and especially
in the viscous sublayer. In Figures 4a and b the tem-
poral evolution of the velocity in the viscous sublayer
is superimposed to the temporal evolution of the
Turbulent Intensity for Umean ¼ 9.0m.s�1. The turbu-
lent intensity TI is calculated as follows:

TI ¼ u0rms

u
(7)

where u and u
0
rms are the mean components of the

velocity and the root mean square fluctuating velocity,
respectively. These two parameters are averaged from
500 velocity points which represent time steps of 0.5 s
(calculations have been done using increasing number
of data points from 100 points, and it was determined
that 500 points was the minimum number of points
required to obtain accurate values).

These two graphs show that whatever the mean
acceleration, the Turbulent Intensity exhibits a similar
evolution: it is 0 or relatively low during the acceler-
ation phase without fluctuations, and significantly
increases while fluctuations start (i.e., at t¼ 10 s and
t¼ 3.1 s for amean ¼ 0.3m.s�2 and amean ¼ 2.1m.s�2,
respectively). For both mean accelerations, a similar
mean Turbulent Intensity between 30 to 35% is
reached. This value seems to be reached almost imme-
diately as soon as fluctuations start for the highest
mean acceleration (2.1m.s�2), whereas the Turbulent

Figure 4. Temporal evolution of the velocity and the turbulent intensity in the viscous sublayer: (a) for Umean ¼ 9.0m.s�1 and
amean ¼ 0.3m.s�2 (y¼ 180mm); (b) for Umean ¼ 9.0m.s�1 and amean ¼ 2.1m.s�2 (y¼ 160mm).



Intensity increases progressively for the lowest tested
mean acceleration (0.3m.s�2). For this last case, the
mean stabilized Turbulent Intensity value is reached
before steady state. Similar trends are obtained for the
four other mean velocities at steady state.

For the ten temporal airflow patterns tested, the
influence of the mean velocity at steady state and
acceleration on the temporal evolution of the instant-
aneous velocity and turbulent intensity during the fan
acceleration has been analyzed. In particular, it
enabled to describe the four stages of the temporal
airflow pattern to which the particles are exposed
from the fan start up to steady state. The characteris-
tic times corresponding to the transitions between
these stages have been determined. It has been high-
lighted that these characteristic times are similar what-
ever the distance to the wall considered, from the
bulk airflow up to the viscous sublayer. Thus, despite
the fact that the HWA technique does not enable to
record the velocity signal at wall distances of the order
of magnitude of particle sizes, for each temporal air-
flow pattern the time at which the airflow switch from
one stage to another one is known.

3.2. Evolution of the remaining fraction with time

3.2.1. Analysis of data representativeness
For each experiment, the film obtained thanks to the
CCD camera recording enabled to determine whether
or not resuspension had occurred. The phenomenon
did not happen for all trials conducted at Umean ¼
3.0m.s�1 whatever the mean acceleration, as well as
for trials carried out at Umean ¼ 5.0m.s�1 and amean

¼ 0.3m.s�2. For other temporal airflow patterns
tested, in order to assess the representativeness of
F¼ f(t) curves three values of remaining fraction at
equilibrium are given in Table 3: the Feq,mean value;
calculated from the sum of all experiments; and
Feq,min and Feq,max which correspond to the minimum
and maximum Feq values, respectively. These last two
values are obtained by considering all trials separately.

The results reported in Table 3 show that rather
significant deviations were observed between Feq val-
ues obtained for the different trials carried out for
each temporal airflow pattern. As mentioned by
Theron, Debba, and Le Coq (2020) this is not
explained by temperature and relative humidity varia-
tions, which are quite low (see Table 1), apart from
experiments conducted at Umean ¼ 9.0m.s�1 and
amean ¼ 2.1m.s�2. For these experiments, the RH
range indicated in Table 1 is rather high: 31–57%, but
among the seven trials five were performed for RH
comprised between 31 and 35%, and only two at 57%.
And among the seven trials no clear tendency was
attributed to the relative humidity. Two possible
assumptions can explain the rather significant devia-
tions that were observed between Feq values obtained
for the different trials: the statistically low number of
particles deposited for each trial, and the high initial
particle concentration compared with the literature
(Braaten 1994; Kassab et al. 2013; Rondeau et al.
2021) that could lead to some particle clusters. The
counting representativeness issue raised by the first
assumption could lead to variations of the mean adhe-
sive force among deposits involved in each trial, and
the counting uncertainty issue raised by the second
assumption could lead to particle counting errors.
Concerning this last point, for each trial the initial
number of particles was counted manually and a max-
imum deviation of 14% compared to the value
obtained by the image treatment procedure was
accepted. Moreover, no clear tendency related to the
initial deposit concentration C0 was observed.

3.2.2. Influence of the temporal airflow pattern
properties on the temporal evolution of the
remaining fraction

The mean remaining fractions at equilibrium obtained
for the ten temporal airflow patterns tested are pre-
sented in Table 3. Three possible scenarios were iden-
tified: (i) cases for which no resuspension occurred
(Umean ¼ 3.0m.s�1 whatever the mean acceleration
and trials carried out at Umean ¼ 5.0m.s�1 and amean

¼ 0.3m.s�2) according to CCD camera recordings;

Table 3. Remaining fractions at equilibrium obtained for the ten temporal airflow patterns tested.
Umean (m.s�1) Number of trials amean (m.s�2) Feq,mean (%) r (%) Feq,max (%) Feq,min (%)

3.0 3 0.3 No resuspension
3 2.1 No resuspension

5.0 5 0.3 No resuspension
5 2.1 98 2 100 95

6.0 6 0.3 92 10 100 74
7 2.1 97 3 100 92

7.6 7 0.3 86 7 98 78
7 2.1 79 5 85 70

9.0 6 0.3 84 14 97 64
7 2.1 82 7 95 74



(ii) intermediate cases for which resuspension did not
occur during every trials (trials carried out at Umean ¼
5.0m.s�1 and amean ¼ 2.1m.s�2, and Umean ¼
6.0m.s�1 whatever the mean acceleration) and led to
high Feq,mean values ranging from 92 to 98% as well as
Feq,max ¼ 100%; and (iii) cases for which resuspension
occurred during every trials for the concerned tem-
poral airflow pattern (Umean ¼ 7.6 and 9.0m.s�1

whatever the mean acceleration) and led to Feq,mean

values ranging from 79 to 86%.
Figure 5 presents the temporal evolutions of the

remaining fraction corresponding to the seven tem-
poral airflow patterns for which resuspension
occurred. The vertical bars depict the time t� at which
resuspension starts (cf. Equation (4)) for temporal air-
flow patterns belonging to scenario (iii). The parame-
ters of the resuspension kinetic model (Equations (4)
and (5)) obtained for these last temporal airflow pat-
terns are given in Table 4.

For the four temporal airflow patterns belonging to
scenario (iii); i.e., experiments conducted at Umean ¼
7.6 and 9.0m.s�1 for both mean accelerations; the
temporal evolutions of the remaining fraction exhibit
similar shapes as that described in Theron, Debba,
and Le Coq (2020) (for Umean ¼ 7.6m.s�1 and amean

¼ 2.1m.s�2). The values of characteristic times (t�
and s) in Table 4; i.e., the parameters of the mathem-
atical model that were fitted to the experimental data;
suggest that these resuspension kinetic parameters are
mostly driven by the mean acceleration. In fact for

amean ¼ 0.3m.s�2 t� is 28.2 and 29.1 s for Umean ¼
9.0 and 7.6m.s�1, respectively, and for amean ¼
2.1m.s�2 it is 4.5 and 4.8 s for Umean ¼ 9.0 and
7.6m.s�1, respectively. The s values reported in Table
4 show that the resuspension kinetic is sharper for
amean ¼ 2.1m.s�2, as for this acceleration s is
approximately 1 s, while it is approximately 3–4 s for
amean ¼ 0.3m.s�2.

For these four temporal airflow patterns the
remaining fractions at equilibrium are of same order
of magnitude; between 79 and 86%. These values are
rather high, but may be explained by the fact that the
energy level of flow events are not high enough to
exceed all the adhesive forces range exhibited by the
studied particles/wall system. Due to the high number
of parameters influencing the resuspension phenom-
enon it is difficult to compare directly the remaining
fraction values reported by different authors. But des-
pite this consideration it is interesting to notice that
the aforementioned remaining fractions at equilibrium
are quite close to those obtained by Kassab et al.
(2013) for their experiments involving spherical glass
particles of 10–30mm deposited on a smooth substrate
(made of glass, and with a mean surface roughness Ra

¼ (0.536 ± 0.054).10�3mm). In fact, they reported a
detachment percentage of approximately 25% (corre-
sponding to a remaining fraction of 75%) for deposits
exposed to five seconds of airflow involving one
second of acceleration and a mean velocity at steady
state of 9m.s�1.

For the specific case of Umean ¼ 9.0m.s�1 and
amean ¼ 2.1m.s�2 the experimental data do not fit
well with a decreasing exponential for the 3.0 to 4.7 s
time period (see Figure 5b). In fact, the resuspension
start that has been recorded experimentally is not as
sharp as for other airflow conditions and the t� value
of 4.5 s determined from the kinetic model is higher
than that estimated from the experimental curve

Figure 5. Temporal evolution of the remaining fraction: (a) for Umean ¼ 6.0; 7.6 and 9.0m.s�1 and amean ¼ 0.3m.s�2; (b) for
Umean ¼ 5.0; 6.0; 7.6 and 9.0m.s�1 and amean ¼ 2.1m.s�2.

Table 4. Parameters of the mathematical model (see
Equations (4) and (5)) fitted to the experimental temporal
evolutions of the remaining fraction for the four temporal air-
flow patterns corresponding to the scenario (iii).
Umean (m.s�1) amean (m.s�2) Feq,mean (%) t� (s) s (s)

7.6 0.3 86 29.1 4.0
9.0 84 28.2 3.3
7.6 2.1 79 4.8 1.1
9.0 82 4.5 0.8



(approximately 3 s). For this temporal airflow pattern
the same phenomenon has been observed for the
seven reproducibility trials which have been realized.
This may indicate that the “true” resuspension kinetic
curve exhibits an inflexion point which is difficult to
detect experimentally as it concerns the first instants
of a very fast phenomenon, and a low range of
remaining fraction values.

For experiments conducted at Umean ¼ 5.0m.s�1

for amean ¼ 2.1m.s�2 and Umean ¼ 6.0m.s�1 for both
accelerations the remaining fraction at equilibrium
reached at steady state is very high: it ranges between
92 and 98%, and Feq,max ¼ 100%. For these cases the
number of particles concerned by resuspension is thus
too low to interpret the characteristic times (t� and s)
of the resuspension kinetic.

3.3. Temporal evolution of the remaining fraction
versus instantaneous wall velocity
signal properties

3.3.1. Temporal evolution of the remaining fraction
versus instantaneous velocity

In Figure 6 the temporal evolution of the remaining
fraction is superimposed to the evolution of the velocity

in the viscous sublayer for cases for which resuspension
occurred during every trials, except for the case Umean

¼ 7.6m.s�1 and amean ¼ 2.1m.s�2 described in Theron,
Debba, and Le Coq (2020). For the three temporal air-
flow patterns presented in this figure the graphs show
that the resuspension phenomenon starts during the
fan acceleration and more precisely during the acceler-
ation with fluctuations stage. The onset of turbulence,
i.e., the development of the first eddies, is thus not
powerful enough to initiate the phenomenon.

Figure 6 also confirms, as mentioned by Braaten,
Paw, and Shaw (1990), Kassab et al. (2013), and
Vincent et al. (2019), that the temporal evolution of
the remaining fraction is sharper during acceleration
than at steady state. The remaining fraction keeps
decreasing as steady state is reached but significantly
more slowly. For experiments conducted at Umean ¼
9m.s�1 the equilibrium is almost reached at steady
state (at 42 s for amean ¼ 0.3m.s�2, Figure 6b, and at
7 s for amean ¼ 2.1m.s�2, Figure 6c).

For the four temporal airflow patterns belonging to
scenario (iii), the resuspension start corresponds to an
average threshold velocity in the viscous sublayer
ranging from 0.8 to 1.6m.s�1. As these values were
not measured exactly at the same distance to the duct

Figure 6. Temporal evolution of the remaining fraction versus temporal evolution of the velocity in the viscous sublayer: (a) for
Umean ¼ 7.6m.s�1 and amean ¼ 0.3m.s�2 (y¼ 190mm); (b) for Umean ¼ 9.0m.s�1 and amean ¼ 0.3m.s�2 (y¼ 180mm); (c) for
Umean ¼ 9.0m.s�1 and amean ¼ 2.1m.s�2 (y¼ 160mm).



wall (y¼ 160 to 290 mm for the four airflow condi-
tions), and at y values higher than the diameter of
particles, it is difficult to interpret them quantitatively.
For a more relevant comparison, the velocity measure-
ments should be carried out deeper in the viscous
sublayer (i.e., for lower y values), and at a similar y
value for all the airflow conditions.

A unique threshold velocity, even measured at a duct
wall distance relevant with particles diameter, cannot
explain by itself the resuspension start value. In fact, the
results described previously showed that the resuspen-
sion is initiated during the acceleration stage with vel-
ocity fluctuations which are characterized by their
frequency and amplitude. Therefore, in the next section
the temporal evolutions of the remaining fraction are
analyzed regarding the temporal evolution of the turbu-
lent kinetic energy, which involves both the mean and
fluctuating components of the velocity.

3.3.2. Temporal evolution of the remaining fraction
versus turbulent kinetic energy

The turbulent kinetic energy TKE in the viscous sub-
layer is calculated from the temporal evolution of the
velocity in the viscous sublayer thanks to the follow-
ing equation:

TKE ¼ 1
2
:qair:u

2:TI2 (8)

As for the calculation of the instantaneous turbu-
lent intensity (Equation (7)), the turbulent kinetic
energy is calculated from 500 velocity points, which
corresponds to mean TKE values representing time
steps of 0.5 s.

Figure 7 depicts the temporal evolution of the
remaining fraction with that of the turbulent kinetic
energy for the same temporal airflow patterns as those
reported in Figure 6. This figure tends to confirm the
assumption exposed in Theron, Debba, and Le Coq
(2020) that a threshold TKE value is required to initi-
ate the resuspension phenomenon. The threshold TKE
ranges that have been determined for the four tem-
poral airflow patterns considered are given in Table 5.
In this table are also given the distances to the duct
wall at which velocity signals were recorded in the vis-
cous sublayer, noted y. Due to the fact that the y val-
ues reported in Table 5 are not strictly equal, the four
threshold TKE ranges cannot be directly compared.
Nevertheless both TKE ranges obtained for amean ¼
0.3m.s�2 and that estimated for amean ¼ 2.1m.s�2

and Umean ¼ 9.0m.s�1 are of the same order of

Figure 7. Temporal evolution of the remaining fraction versus temporal evolution of the Turbulent Kinetic Energy in the viscous
sublayer: (a) for Umean ¼ 7.6m.s�1 and amean ¼ 0.3m.s�2 (y¼ 190mm); (b) for Umean ¼ 9.0m.s�1 and amean ¼ 0.3m.s�2

(y¼ 180mm); (c) for Umean ¼ 9.0m.s�1 and amean ¼ 2.1m.s�2 (y¼ 160mm).



magnitude as they involve y positions comprised in the
rather small range of 160 to 190mm. TKE intervals
obtained for amean ¼ 2.1m.s�2 are broader than those
reported for amean ¼ 0.3m.s�2. This comes from the fact
that at amean ¼ 2.1m.s�2 the velocity and as a conse-
quence the TI increase faster than at amean ¼ 0.3m.s�2;
and thus the TKE as well. But as the time step between
both TKE values is the same as for amean ¼ 0.3m.s�2, the
threshold TKE range cannot be determined with the
same precision.

These considerations suggest that the initial slope
of the resuspension kinetic is mostly driven by the
instantaneous airflow properties, and thus by the
mean acceleration. In fact, the threshold TKE value
might probably depends on the adhesive force distri-
bution of the particle/duct surface system, and espe-
cially the lowest value of this distribution. For a given
mean acceleration, this TKE value will thus be
exceeded at the same time whatever the mean velocity
at steady state. The shape of detached fraction versus
time curves obtained by Kassab et al. (2013) for glass
beads initially deposited on a glass substrate may be
explained by this hypothesis. Indeed, the temporal air-
flow patterns to which they exposed the particle
deposit consisted in an acceleration of approximately
1 s followed by few seconds of steady state, for three
different mean velocities at steady state (ranging from
9 to 16m.s�1). Deposits were thus exposed to increas-
ing mean accelerations as velocity at steady state
increased. And the time at which resuspension was
initiated decreased for increasing mean velocity at
steady state.

It can also be assumed that the remaining fraction
reached at equilibrium depends on the mean velocity
at steady state, with a decreasing tendency as the
mean velocity at steady state increases. Such hypoth-
esis cannot be strengthened by Feq values reported in
Table 4 for the temporal airflow patterns belonging to
scenario (iii), as rather close remaining fractions at
steady state are obtained for both Umean tested. These
two values might be not far enough to influence sig-
nificantly the range of adhesive forces to be exceeded,
and thus the amount of reentrained particles. But this
hypothesis is supported by the results obtained by
Kassab et al. (2013). Indeed, they reported increasing

detachment percentages after a similar time of expos-
ure to the airflow for increasing mean velocities at
steady state. For example, for experiments involving
10-30 mm glass beads they reported mean detachment
fractions ranging from approximately 25 to 53% for
mean velocities at steady state ranging from 9
to 16m.s�1.

For experiments of the present study realized at
Umean ¼ 3.0m.s�1 (whatever the mean acceleration),
it is highly probable that the threshold TKE value
required to exceed even the lowest adhesive force
associated with the particle/duct surface system has
not been reached at all. For experiments conducted at
Umean ¼ 5.0m.s�1 it is possible that the TKE reached
by the airflow was very close to the threshold value.
This could explain why no resuspension was observed
for amean ¼ 0.3m.s�2 and that only few resuspension
events were obtained for amean ¼ 2.1m.s�2. For
experiments carried out at Umean ¼ 6.0m.s�1 the high
Feq values obtained may reflect the fact that the
threshold TKE was slightly exceeded.

3.4. Temporal evolution of the resuspension rate

The resuspension rate, noted K, represents the
instantaneous fraction of resuspended particles during
the time step Dt. It is calculated as follows and is
expressed in s�1:

K ¼ F tð Þ � F ðt þ DtÞ
Dt

(9)

The resuspension rate is calculated at the same time
step as the remaining fraction, i.e., at time steps of 0.07
and 0.06 s for experiments carried out at amean ¼
0.3m.s�2 and amean ¼ 2.1m.s�2, respectively.

In Figure 8 the temporal evolution of the remain-
ing fraction is superimposed to the temporal evolution
of the resuspension rate for experiments conducted at
Umean ¼ 7.6m.s�1. Both graphs show that the resus-
pension rate exhibits fluctuations around 0 before the
resuspension start. At t� it starts increasing sharply,
and reaches a maximum of approximately 7 s�1 (at
31 s) and 16 s�1 (at 5.5 s) for amean ¼ 0.3m.s�2 and
amean ¼ 2.1m.s�2, respectively. It decreases until the
remaining fraction reaches its equilibrium value, and
then fluctuates around 0. Similar evolutions are
obtained at Umean ¼ 9.0m.s�1, with maximum K val-
ues of approximately 5 s�1 (at 30 s) and 12 s�1 (at
5.5 s) for amean ¼ 0.3m.s�2 and amean ¼ 2.1m.s�2,
respectively. The rather significant fluctuations of K
around 0 observed before t� and after that the
remaining fraction has reached its equilibrium are
probably due to the fact that the image treatment

Table 5. Threshold TKE ranges determined for the four tem-
poral airflow patterns corresponding to the scenario (iii).
Umean (m.s�1) amean (m.s�2) y (mm) TKEthreshold (mJ/m3)

7.6 0.3 190 70–80
9.0 180 57–67
7.6 2.1 280 145–275
9.0 160 38–70



procedure leads to remaining fraction values not
strictly equal to 100%. For the six temporal airflow
patterns belonging to scenarios (i) and (ii), the resus-
pension rate only fluctuates around 0 during the
whole recording, and no peak is detected.

For particles representative of the 10–25 mm size
range, these results enable to highlight that for cases
for which resuspension happens the temporal evolu-
tion of the resuspension rate is mostly driven by the
mean acceleration. In fact it affects the time at which
the K peak appears (at 30 s and 5.5 s for amean ¼
0.3m.s�2 and amean ¼ 2.1m.s�2, respectively), as well
as the intensity of this peak. A slower mean acceler-
ation leads to a K peak of lower intensity: 5-7 s�1

and 12-16 s�1 for amean ¼ 0.3m.s�2 and amean ¼
2.1m.s�2, respectively. This can be explained by the
fact that for a low acceleration the turbulent kinetic
energy increases more progressively than for a high
acceleration.

Very few studies of the literature reported experi-
mental resuspension rate values for monolayer depos-
its, and more particularly temporal evolutions of
instantaneous resuspension rate. Based on an experi-
ment carried out with stainless steel microspheres of
70 mm diameter deposited on a glass surface and
exposed to an accelerating velocity (to reach a free-
stream velocity of 7m.s�1 at steady state in 11 s),
Ibrahim, Dunn, and Brach (2003) plotted the detach-
ment fraction versus time and estimated detachment
rate values for both stages of the temporal airflow pat-
tern. They obtained detachment rates of 4.6 s�1 and
0.0075s�1 during the acceleration and the steady state
stages, respectively. Due to the rather high time step
they employed to represent their temporal evolution
of the remaining fraction (of the order of magnitude
of one point per second) these two resuspension rate
values are averaged and thus do not allow for identi-
fying some potential inflection point for each stage of

the curve. From the temporal evolutions of the
detached fraction obtained with glass particles depos-
ited on different substrates, Kassab et al. (2013) calcu-
lated resuspension rates after a few seconds of steady
state, and reported for example values ranging from
approximately 0.03 to 0.3 s�1 for a smooth substrate
(glass). Vincent et al. (2019) estimated K values for
the beginning of steady state, and obtained values of
6.10�5 to 6.10�4 s�1 for glass particles of diameter
ranging from 5.6 to 22.8 mm.

For the present study it is not possible to give
accurate resuspension rate values for the steady state
stage due to the fluctuations that noise the experimen-
tal data (due to the fluctuations of the instantaneous
remaining fraction data). The conclusion that can be
made from the present results and the results reported
by Kassab et al. (2013) and Vincent et al. (2019) is
that the resuspension rate at steady state is far lower
than during acceleration. In section 3.3.2 it is men-
tioned that the threshold TKE value required for the
initiation of the resuspension phenomenon; which
reflects the lowest values of the adhesive force distri-
bution; is reached during the acceleration stage. It is
possible that once the airflow is at steady state par-
ticles that are still on the duct wall; that exhibit higher
adhesive forces than those which have been reen-
trained during acceleration; are removed by more
energetic flow events that happen at random intervals.
The low resuspension rate may thus be explained by
the sudden and intermittent aspects of these events.

4. Conclusion

The temporal evolution of the fraction of particles
remaining on the duct wall was studied for ten differ-
ent temporal airflow patterns representative of a fan
start (for mean velocity at steady state and mean
acceleration ranges of 3.0–9.0m.s�1 and 0.3–2.1m.s�2,

Figure 8. Temporal evolution of the remaining fraction versus temporal evolution of the resuspension rate for Umean ¼ 7.6m.s�1:
(a) for amean ¼ 0.3m.s�2; (b) for amean ¼ 2.1m.s�2.



respectively). The results led to classify the data into
three scenarios: cases for which no resuspension hap-
pened, cases for which resuspension did not happen
during each trials, and cases for which resuspension
happened during each trials. For the most suitable
temporal airflow patterns for resuspension to happen;
i.e., for the highest tested mean velocities at steady
state; it was shown that for the considered micropar-
ticles (representative of the 10–25 mm size range) and
a rather smooth duct wall surface, a high fraction of
particles (of the order of 80%) was still remaining on
the duct wall after a few seconds of steady state.

The superimposition of the temporal evolution of
the remaining fraction to the air velocity signal in the
viscous sublayer enabled to demonstrate that when
the resuspension phenomenon occurs, it starts during
the acceleration with fluctuations stage of the velocity
evolution. The high acquisition frequency at which
the velocity signal was recorded thanks to Hot Wire
Anemometry allowed for deriving the temporal evolu-
tion of the turbulent kinetic energy and to superim-
pose it to the temporal evolution of the remaining
fraction. It was highlighted that the resuspension phe-
nomenon might probably be initiated by a threshold
turbulent kinetic energy value. These results also led
to the conclusion that the shape of the resuspension
kinetic is driven by the airflow pattern, i.e., by the
mean acceleration, and that the remaining fraction at
equilibrium depends on the mean velocity at
steady state.

In order to better depict the instantaneous intensity
of the resuspension phenomenon the temporal evolu-
tion of the resuspension rate, expressed in s�1, was
derived from the temporal evolution of the remaining
fraction. This type of representation enabled to sup-
port the assumption that resuspension is more intense
at its very beginning; during the acceleration stage of
the velocity pattern; by quantitative values. And for
high airflow accelerations the resuspension rates
achieved are higher than for low accelerations. These
results enable to strongly complement the literature
that only report averaged resuspension rate values,
generally calculated once steady state is reached.

The five mean velocities at steady state tested, even
including cases for which no resuspension was
observed, enable to broaden the experimental data
available in the literature in terms of detachment frac-
tions versus mean air friction velocity at steady state,
which is important for the validation or development
of mechanistic resuspension models. And the original
time-resolved description of resuspension, including
temporal evolutions of both instantaneous remaining

fraction and air velocity in the viscous sublayer offers
new modeling development perspectives.

Nomenclature

C0 Concentration in particles of the initial
deposit (part.mm�2)

Dp Particle diameter (m)
F Fraction of particles remaining on the duct

wall (-)
Feq Fraction of particles remaining on the duct wall

at equilibrium (-)
Fmod Modeled fraction of particles remaining on the

duct wall (-)
F0 Fraction of particles remaining on the duct wall

before resuspension start (-)
ni Number of particle remaining on the duct wall

for the trial “i” (-)
RH Relative humidity (-)
Ra Mean surface roughness (m)
Reh Hydraulic Reynolds number at steady state (-)
t Time (s)
t� Time at which resuspension starts (s)
T Temperature (�C)
TI Turbulent intensity (-)
TKE Turbulent kinetic energy (J.m�3)
u� Friction velocity (m.s�1)
u’rms Root mean square of the turbulent velocity fluctu-

ations (m.s�1)
u Mean velocity (m.s�1)
uþ Dimensionless velocity (-)
x Longitudinal distance to the entrance in the test

section (m)
y Vertical distance to the wall (m)
yþ Dimensionless vertical distance to the wall (-)
z Horizontal distance to the wall (m)
Ufs Free stream velocity (m.s�1)
Umean Mean velocity at steady state (m.s�1)

Greek letters

amean Mean acceleration (m.s�2)
d Viscous sublayer thickness (m)
K Resuspension rate (s�1)
qair Air density (kg.m�3)
s Time constant of the resuspension kinetics (s)
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