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a b s t r a c t

The transport and deposition of aerosol particles through a fibrous filter is encountered in many natural
and industrial processes. As the filtration performance for a stationary filter has been extensively studied
in the literature, the present work focuses on the effect of fiber oscillation in a filter where the fibers are
allowed to vibrate periodically. The transport and deposition of dilute aerosol particles in such a system is
simulated using an efficient numerical model, where an iterative immersed-boundary lattice Boltzmann
method is applied to solve the background flow with finite-size moving fibers, and the motion of aerosol
particles is then tracked by a one-way coupling Lagrangian approach. In the present scheme, the no-slip
boundary condition at the fiber surface can be exactly enforced with an iterative approach and the
numerical stability is improved by adopting the MRT collision model. After the model validation in the
two special cases of flow over an oscillating fiber in a quiescent fluid and particle capture by a stationary
fiber, the filtration performance of an oscillating multi-fiber filter is investigated to study the effects of
fiber number, arrangement and vibration mode. It is found that the oscillating motion of fiber has signif-
icant influence on the filtration performance. For a single fiber, with larger oscillation amplitude, the dis-
tribution ranges of the release position and impact angle of captured particles both increase. On the other
hand, a larger fiber oscillation frequency tends to reduce the width of release position but increase the
width of impact angle of deposited particles. Furthermore, the collection efficiency is found to be linearly
related to the oscillation amplitude or frequency. For multiple fibers, the collection efficiency always
increases with larger fiber number, but it is a non-monotonic function of the arrangement parameters,
i.e., the longitudinal and transverse spacings, and the vibration parameters such as the amplitude, fre-
quency and vibration mode. It is interesting to find that the in-phase mode can usually lead to excellent
collection efficiency.
� 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.
1. Introduction

The transport and deposition of airborne particles is encoun-
tered in a wide range of natural and industrial processes, such as
the filtration, combustion and chip fabrication. In particular, one
of the most attracting topics is the investigation of the fine particle
removal from air [1–3]. An increasing body of works has revealed
the adverse health effects of inhaled sub-micron particles [4], as
a result of growing environmental concern and stricter regulatory
legislation, both of which will continue to promote interest in the
development of advanced particle removal technology. The com-
monly used dedusting methods could be roughly separated into
four categories, i.e., mechanical impact from gravitational settling
and cyclone separation, electrostatic precipitation, wet scrubbing
and fibrous filtration [1]. Generally, filter made from the fibers
with various kinds of materials is one of the most popular dedust-
ing apparatus, due to the advantages of low cost, simple construc-
tion and high collection efficiency. For further improving the
collection efficiency, there are also many new precipitators which
combine the electrostatic and/or wet scrubbing technologies with
the fibrous filter nowadays, such as the wet vibrating grid precip-
itator (WVGP) [5,6].

The flow through a fibrous filter is very complicated due to the
coexistence and interactions among fluid flow, finite-size fibers,
and small suspended particles. Many works have been devoted
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to study such filtration process. Brandon et al. [7] carried out
numerical investigation of the particle deposition on a square
cylinder placed in a channel flow. The effects of Stokes number
St, Reynolds number Re, density ratio S (to be defined more pre-
cisely in Section 2) and the driving forces for the particle dispersion
and deposition were considered. Yao et al. [8] used the spectral-
element method to study the different patterns of particle disper-
sion in the wake of a circular cylinder. Jafari et al. [9] investigated
the particle dispersion and deposition in a channel with a square
cylinder obstruction using the lattice Boltzmann method. The
ranges of Re and particle diameter dp are, 120–200 and 0.01–10
lm, respectively. It was found that the Brownian diffusion affected
the deposition rate of ultrafine particles on the front and back sides
of the block, and the motion of particles behind the obstacle was
greatly influenced by the vortex shedding. Haugen et al. [10] con-
sidered the particle impaction on a cylinder in a cross-flow as func-
tion of St and Re. The immersed boundary method was applied to
solve the flow, and for the motion of particles only the drag force
was taken into account. A new Stokes number was proposed to
better scale the results. Particle impaction on the back side of the
cylinder was observed, and this phenomenon was strongly depen-
dent on the flow Re.

Results of the studies mentioned above have great implications
both theoretically and practically for the development of high per-
formance filter. However, it can be found that they are mostly
restricted to a single fiber which may not very representative of
a real fibrous filter. To overcome this defect, some researchers
investigated the filtration performance of multi-fiber filter. Shou
et al. [11] derived analytically the collection efficiency of filter
where the fibers were distributed randomly. Liu et al. [12] studied
the particle-laden flow past the multi-fiber filter and shown that
the collection efficiency could not be represented by the single-
fiber models. Lin et al. [13] focused on the multiple staggered
fibrous filters. The influence of the fiber separation ratio in longitu-
dinal and transverse directions on the filtration process was deter-
mined. Recently, Li et al. [14] used the numerical approach in an
effort to optimize the filtration performance of a multi-fiber filter,
which was composed of fibers with different diameter and struc-
ture. However, the flow Re in the filter was low, i.e., Re < 1.0 so that
the inertial effect of flow could not be addressed. Shou et al. [15]
also considered fibers with different sizes, and the fibers being
interlaced in the filter.

Although the filtration of airborne particles by both single and
multiple fibers has been studied in the past, most studies assumed
that fibers are stationary. Therefore, relatively little is known con-
cerning the influence of fiber movement on the filtration perfor-
mance [16,17]. Khorasanizade et al. [18] used the smoothed
particle hydrodynamics (SPH) method to study the dispersion of
particles in the wake of a moving plate. For a flat plate collector,
Holmeset al. [19] observedexperimentally that bothplungeand tor-
sional oscillations could increase the collection efficiency. In the
study of particle sampling by Price et al. [20], it was found thatmov-
ing collectors could offer significant advantages over stationary one.
Utilizing the fluid-structure interaction approach, Ryan et al. [21]
investigated the influence of moving walls to mimic the realistic
lung behavior on the deposition of respiratory aerosol. Substantial
different resultswere obtained in comparison to those from station-
ary geometry with even imposed oscillating flows. Krick et al. [22]
considered that the gas flow could cause the oscillation motion of
a circular cylinder for higher flow Re. In the background of anemo-
philous pollination, the authors investigated the particle capture
by an elastically mounted cylinder at Re as large as 3309 with a St
range of 0.01–5.0. It should be noted that the flow Re may be too
large for a fibrous filter and at the same time only one fiber is
involved. Recently, Liu et al. [23] and Chen et al. [24,25] studied
the performance of gas-solid separation for moving granular bed.
For the fibrous filtration, numerical approach has played an
important role in solving the complicated flow resulting from
blocking of fibers and resulting flow interactions. In the past few
years, the lattice Boltzmann method (LBM) has been developed
into a widely-used flow solver for the Navier-Stokes equations
[26,27]. The method has also been applied to general particle-
laden flows [28–30]. In LBM, mainly there are two schemes used
to treat the no-slip boundary condition, i.e., the simple or interpo-
lated bounce-back (BB) rule [31], and the immersed boundary (IB)
method [32,33]. The flow field obtained by the BB-type method
could have serious unphysical fluctuations when handling the
moving boundaries [34]. This problem has been actively investi-
gated in recent years and the sources of force oscillation have been
partially identified and removed [35]. On the other hand, the IB
scheme could largely avoid this problem, due to the help of local
regularization or smoothing, and is therefore adopted in the pre-
sent work. On the other hand, an iterative algorithm [36] is intro-
duced into the standard IB method to solve the problem of
streamline penetration [32], namely, the inaccurate implementa-
tion of the no-slip boundary condition. Furthermore, the MRT
(multiple-relaxation time) collision model is adopted for substitut-
ing the commonly used LBGK (lattice Bhatnagar-Gross-Krook)
model in LBM to improve the computational stability [26]. The
iterative IB-LBM is then established and is to be validated in the
following to have good performance in simulation of flow with
moving boundaries. As for the motion of small aerosol particles,
it is usually tracked by the Lagrangian approach [37].

In this work, a numerical model coupling the iterative IB-LBM
for flow through fibers with the Lagrangian approach for tracking
the aerosol particles is developed and used to investigate the filtra-
tion process of the oscillating multi-fiber filter. The present simu-
lation is served as a practical analogy to the WVGP [5,6,38],
where the effects of fiber number, arrangement and vibration
mode are investigated. The remaining part of this paper is orga-
nized as follows. A statement of the problem is provided in Sec-
tion 2. The numerical model including the lattice Boltzmann
method, immersed boundary scheme, and the Lagrangian
approach is introduced and validated in Section 3. In Section 4,
we present the simulation results for the examination of the effects
of fibers number, arrangement and vibration mode. Finally, conclu-
sions are summarized in Section 5.
2. Problem description

The geometric model of the present fibrous filtration system for
airborne particles is sketched in Fig. 1. The gas has a temperature T,
density qf and dynamic viscosity l, and entrains a dilute concen-
tration of particles with the density qp and diameter dp. The flow
is assumed to be not affected by the aerosol particles due to the
assumption of very low mass loading; Only the trajectories of the
aerosol particles are driven by the flow (i.e., one-way coupling);
Particle-particle interactions are also neglected (Those assump-
tions may generally hold for mass loading less than 8‰ [28]).
The particle-laden flow is fed towards an array of oscillating
finite-size circular fibers. The flow Reynolds number Re is fixed
at 100, defined as Re = qfU0D/l where U0 is the velocity of free
stream, and D is the diameter of fiber. Hence, the present model
falls into the range of inertial fibrous filters [2]. The physical and
corresponding computational parameters of the gas, particle and
fiber are given in Table 1. It is known that the deduced stream
velocity, U0, is high (up to tens of m/s) which is an important fea-
ture for the inertial fibrous filters [2,39,40]. The fibrous filter is
semi-infinite in the y-direction. Therefore, to decrease the compu-
tational effort in simulations, it is reasonable to make use of the
periodic boundaries to just consider a row of fibers [13], as shown
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Fig. 2. Particle captured by a fiber with the impact angle and released position.
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Fig. 1. Schematic of the oscillating multi-fiber filter.

Table 1
The physical and corresponding computational parameters of the gas, particle and
fiber. ss is the relaxation time related to the kinematic viscosity and dt is the time step
of LBM.

Variables Physical Computational

Fluid density 1.205 kg/m3 1.0
Fluid temperature 293.15 K —
Fluid viscosity 1.81 � 10�5 Pa s (ss – 0.5)dt/3
Particle density 2500 kg/m3 2500/1.205
Particle diameter 8.07 � 10�8 � 1.04 � 10�6 m —
Fiber diameter 5.0 � 10�5 m 60

S. Tao et al. / Advanced Powder Technology 29 (2018) 2003–2018 2005
in Fig. 1(b). Note that the fibers are arranged uniformly with the
longitudinal and lateral spacings, L and W respectively, and are
in harmonic oscillation in the transverse direction. The fiber
motion is assumed to be described by yc = ±Acos(2pft), where A
and f are the oscillation amplitude and frequency of fiber, respec-
tively. Note that this passive oscillation can be analogy to the vor-
tex induced vibration (VIV) of fibers which is the case in some real
applications.

Apart from Re, a set of dimensionless parameters, i.e., the total
number of fibers N, Stokes number St, length ratio L/D, width ratio
W/D, amplitude ratio A/D, frequency ratio f/fs, and the density ratio
S are established for the present particle-laden flows. The range of
N is from 1 to 7. St, defined in Eq. (23), is 0.06–10 for the particle
size range considered. The two separation ratios, L/D = 2–6 and
W/D = 2–4 are for the arrangement of fibers. A/D = 0.1–0.5 and f/
fs = 0.6–2.5 are the control parameters for the vibration of a single
fiber, where fs = Str/sf is the frequency of von Karman eddies in the
single stationary fiber case. For Re = 100 in this work, the Strouhal
number Str (Str = fD/U0) is calculated using the iterative IB-LBM to
be 0.167, consistence with those in literature [36]; the response
time of fluid sf is defined in Eq. (22). The density ratio S = qp/qf

equals to 2500/1.205. As multiple fibers involved, two of them
may oscillate in phase as well as anti-phase. Hence, four vibration
modes are considered, as shown in Fig. 22. It should be noted that,
unless otherwise stated, the motion of fibers is in Mode 1 (Fig. 22
(a)). In the simulations, after the flow reaches a time-periodic state,
the particles are introduced into the flow domain randomly at the
inlet cross-section, with an initial velocity the same as that of free
stream. Once the distance between the particle center and the fiber
surface is less than one particle radius, the particle is thought to be
captured by the fiber and then removed from the flow field. This
scenario can be the case for some wet fibrous filters, where parti-
cles adhere to the fibers and are then entrained by the liquid film to
the sedimentation bank [5,41]. The release position and the impact
angle for the captured particle, defined in Fig. 2 are then calculated
and recorded.
3. Numerical methodology and validation

3.1. Lattice Boltzmann method for the gas flows

The lattice Boltzmann method (LBM) has been greatly advanced
in recent years to be an alternative solver for the viscous flows
[26,42,43]. As a kinetic method, LBM has several unique advan-
tages, for instance high efficiency in computation and handling
the complex boundaries. In LBM, a set of velocity distribution func-
tions f iðx; tÞ at position x, time t, and discrete velocity ei, rather
than the macroscopic quantities are tracked, which are subject to
the lattice Boltzmann equation as

f iðxþ eidt ; t þ dtÞ � f iðx; tÞ ¼ Xiðf Þ þ dtF i;

i ¼ 0; 1; ::: ; b� 1; ð1Þ

where Xiðf Þ denotes the discrete collision operator, Fi the discrete
external forcing term, dt the time step and b the total number of dis-
crete velocities. Note that the MRT (multi-relaxation-time) collision
model is adopted for substituting the generally used LBGK (lattice
Bhatnagar-Gross-Krook) model to avoid the unphysical numerical
artifact and improve stability [26,42], in which the collision term
expressed as

Xiðf Þ ¼ �
X
j

ðM�1SMÞijðf j � f eqj Þ; ð2Þ

where M is a b � b transform matrix, and S is a diagonal relaxation
matrix; f eqj is the equilibrium distribution function which depends
on the densityq, velocity u, and temperature T of the gas and is typ-
ically defined as [27]

f eqj ¼ xjq 1þ ej:u
c2s

þ ðej:uÞ2
2c4s

� u2

2c2s

" #
; j ¼ 0; 1; ::: ; b� 1; ð3Þ

where xj is the model-dependent weight coefficient, cs ¼
ffiffiffiffiffiffi
RT

p
(R is

the gas constant) the lattice sound speed. For isothermal flows, cs is
set to be c/

ffiffiffi
3

p
with c = dx /dt, where dx is the lattice spacing (c = 1 in
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this paper). For consistency, the forcing term Fi in Eq. (1) should be
given by [44]

F ¼ M�1ðI � S=2ÞMF; ð4Þ

where I is the identity matrix, F = (F0, F1, . . ., Fb-1) and
F ¼ ðF0; F1; . . . ; Fb�1Þ with

Fi ¼ wi
ei:g
c2s

þ ug : ðeiei � c2s IÞ
c4s

� �
; i ¼ 0; 1; ::: ; b� 1: ð5Þ

Here g is the external force per unit volume. Through Chapman-
Enskog expansion, the macroscopic fluid density q and velocity u
can be derived as the zeroth and first order moments of fi
respectively,

q ¼
Xb�1

i¼0

f i; qu ¼
Xb�1

i¼0

eif i þ 0:5dtg: ð6Þ

The fluid pressure is defined directly as p ¼ c2sq, and the fluid
viscosity is related to the relaxation time ss for the shear moment
as

l ¼ qc2s ðss � 0:5Þdt: ð7Þ
For simplicity and without loss of generality, the D2Q9 model

(two dimensions with nine lattice velocities) is employed in this
study [27], in which the velocity set and the corresponding weight
coefficients are defined as

ei ¼
ð0; 0Þ; i ¼ 0
½cosði� 1Þp=4; sinði� 1Þp=4�; i ¼ 1; 2; 3; 4ffiffiffi
2

p
½cosði� 1Þp=4; sinði� 1Þp=4�; i ¼ 5; 6; 7; 8

8><
>: : ð8Þ
xi ¼
4=9; i ¼ 0
1=9; i ¼ 1; 2; 3; 4
1=36; i ¼ 5; 6; 7; 8

8><
>: : ð9Þ

The transform matrix M is given by [42]

M ¼

1 1 1 1 1 1 1 1 1
�4 �1 �1 �1 �1 2 2 2 2
4 �2 �2 �2 �2 1 1 1 1
0 1 0 �1 0 1 �1 �1 1
0 �2 0 2 0 1 �1 �1 1
0 0 1 0 �1 1 1 �1 �1
0 0 �2 0 2 1 1 �1 �1
0 1 �1 1 �1 0 0 0 0
0 0 0 0 0 1 �1 1 �1

2
66666666666666664

3
77777777777777775

ð10Þ

and the relaxation matrix is

S ¼ diagðsq; se; se; sd; sq; sd; sq; ss; ssÞ�1
: ð11Þ

where (sq, sd) and the remaining ones are the relaxation times for
conserved and non-conserved moments which can take arbitrary
values and should be set greater than 0.5, respectively. The values
of the relaxation times used in the simulations are presented in
Table 2.
Table 2
The values of the relaxation times used in the simulations.

sq se se

1.0 0.9 0.8
3.2. Immersed boundary method for the moving fiber surface

The no-slip boundary condition on the surface of a fiber is
implemented by the immersed boundary (IB) method, which is
an efficient scheme for moving boundary problems. The IB method
was first proposed by Peskin et al. [45] to solve flow in or through
cardiac valves. Subsequently, Feng et al. [32] combined it with LBM
and hence developed the so-called IB-LBM where LBM is used for
the flows and IB method is used to treat the moving boundaries.
In the IB scheme, the no-slip boundary of body is discretized into
a set of Lagrangian points X, as shown in Fig. 3. Each point is used
to support a local external force. Such force will be distributed to
the ambient Eulerian points x, called as forcing process. In this
manner, the fluid senses the existence of the immersed physical
boundary, and the no-slip boundary condition is replaced by a
localized force field.

We should first calculate the local force at the Lagrangian point.
There are several force schemes available in the literature [46]. The
direct forcing model, derived directly from the momentum equa-
tion and including no empirical parameters [46] is chosen in this
work, which gives the force as

G ¼ 2qf
U � u�

dt
; ð12Þ

where U is the imposed velocity and u⁄ the fluid velocity before
forcing, both at the position of a Lagrangian point. The u⁄ can be
obtained from the velocities at the Eulerian points through the dis-
crete delta function D(x � X) as

Dðx� XÞ ¼ 1
d2x

dðx� xlÞdðy� ylÞ;

ðaÞ dðrÞ ¼ 1� jrj; jrj 6 1;
0; jrj > 1;

�

ðbÞ dðrÞ ¼

1
3 1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 3r2

p� �
; jrj < 0:5;

1
6 5� 3jrj �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 3ð1� jrjÞ2

q� 	
; 0:5 6 jrj < 1:5;

0; jrj P 1:5;

8>>>><
>>>>:

ðcÞ dðrÞ ¼
1
4 1þ cos pjrj

2

� �� �
; jrj 6 2;

0; jrj > 2;

(

ð13Þ
where x = (x, y), X = (xl, yl), and (a), (b) and (c) are respectively the
2-, 3- and 4-point interpolation functions plotted in Fig. 4. It can
be observed that the function is much flatter and smoother with lar-
ger work range. As outlined above, the interpolation function trans-
fers the information between the solid and fluid phases, and hence
plays a significant role in the property of momentum conservation
(MC) for the IB scheme. Those three functions with different work
ranges are considered and will be later evaluated regarding the
MC property.

The calculated force is then distributed to the fluid Eulerian
points using the same delta function given in Eq. (13) as

gðxÞ ¼
X
X

GðXÞDðx� XÞ: ð14Þ

Looping the above process (obtaining the force at the Lagran-
gian points and distributing it back to Eulerian grids) for all the
Lagrangian points, the standard IB scheme is then implemented.
sd sq ss

1.0 0.88 0.5 + 3m/dt
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However, it is found recently that, the no-slip boundary condition
is only approximately satisfied in the standard IB method because
of the forward/backward interpolation errors, leading to unphysi-
cal streamline penetration [36]. To repair this problem, an iterative
scheme [36] is introduced in the present study. The iterative algo-
rithm repeats the above forcing procedure multiple times, to grad-
ually force the interpolated velocity u in Eq. (6) towards the
boundary velocity U. It is found that within a finite number of iter-
ations about 10, the residual error of velocity will be reasonably
small. Fig. 5 presents the computational procedure of the present
iterative IB-LBM in each time step. Note that for the conventional
non-iterative IB-LBM, there is no second loop to reduce the devia-
tion between the interpolated and desired velocities.

3.3. Lagrangian approach for tracking the aerosol particles

The motion of aerosol particle is solved by the Lagrangian
approach [37,47]. In this approach, the velocity of particle up is
governed by the equation of motion as

dup

dt
¼ F

mp
; ð15Þ

wheremp is the particle mass and F is the total force experienced by
the particle. As the density ratio is quite high and the mass loading
is very low, the primary forces are the viscous drag force FD and
Brownian force FB. The gravity force is neglected in this study for
the 2D filtration problem considered, namely, the fibers are
assumed to be arranged vertically.

The drag force FD is described as

FD ¼ 1
2
CDqf Aju� vjðu� vÞf ðCD;CcÞ=Cc; ð16Þ

where CD is the drag coefficient given by [48,49]

CD ¼ 24
Rep

ð1þ 0:15Re0:687p Þ; Rep 6 800: ð17Þ

Here, Rep = qf dp|u � v|/l is the particle Reynolds number.

A ¼ pd2
p=4 is the cross-sectional area of the particle. Cc is the

Stokes-Cunningham slip correction factor and is expressed as [50]

Cc ¼ 1þ 2Knp 1:142þ 0:558 expð�0:4995=KnpÞ

 �

; ð18Þ
where Knp = k/dp is the particle Knudsen number, with k the mean
free path of gas (for air at standard condition, k = 67 nm). f(CD, Cc)
represents the combined effect of the CD and Cc [51] and assumes
the form of

f ðCD; CcÞ ¼ exp 1:4067� 1:5027Re0:01803p þ 0:00118Kn�0:7934
p

�
þ0:09905RepKnp

�
: ð19Þ

For Stokes flow (Rep << 1) and relative large particle (Knp << 1),
Eqs. (17) and (18) collapse to CD = 24/Rep and Cc = 1 respectively,
and Eq. (16) can then be rewritten as

FD ¼ mp

sp
ðu� vÞ; ð20Þ

where sp is the particle response time derived as

sp ¼
qpd

2
p

9l ; ð21Þ

Comparing the particle response time sp with the time scale of
the carrier flow,



8 16 24 32 40 48
-0.002

-0.001

0.000

0.001

0.002

0.003

dM
t /

 M
s,
m
ax

tUmax/D

  2-point function
  3-point function
  4-point function

Fig. 6. The change of the total momentumwith time for three types of interpolation
functions.

2008 S. Tao et al. / Advanced Powder Technology 29 (2018) 2003–2018
sf ¼ D
U0

; ð22Þ

the Stokes number is then defined

St ¼ sp
sf

¼ qpd
2
pU0

18lD ; ð23Þ

Eq. (23) can be rewritten as

dp ¼ 3D

ffiffiffiffiffiffiffiffiffi
2St
S Re

r
: ð24Þ

The Brownian force FB represents the effect of the random
imparted momentum from the gas molecules, and, in the contin-
uum regime, is modeled as the Gaussian white noise as [52]

FB ¼ fx
fy

� 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pkBTlD

DtCc

s
¼ mp

fx
fy

� 	 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
216lkBT
pq2

pd
5
pDtCc

s
; ð25Þ

where fx and fy are random numbers with a zero mean and a unit
variance, kB is the Boltzmann constant and T the gas temperature.

With the forces FD and FB described as above, the particle veloc-
ity and displacement can then be explicitly updated through inte-
grating the Eq. (15) and are given as

unþ1
p ¼ un

p exp �Dt
sp

� 	
þ ðuþ FBspÞ 1� exp �Dt

s

� 	� �
; ð26aÞ

xnþ1
p ¼ xnp þ ðun

p � uÞ 1� exp �Dt
sp

� 	� �
sp þ uDt

þ Dt � 1� exp �Dt
sp

� 	� �
sp

� 
FBsp: ð26bÞ

where the superscript n and n + 1 indicate the present and next
time moments, respectively. It is known that the particles are gen-
erally not exactly at the Eulerian point. Hence, the velocity of fluid u
in Eq. (26) is to be obtained by the bilinear interpolation scheme.

3.4. Model validation

For validation of the numerical approach, i.e., the iterative IB-
LBM for the gas flow and the Lagrangian approach for the particles,
two flow problems are respectively simulated including a fiber
oscillating in a quiescent fluid and the particle-laden flow around
a single fiber. In the simulations, the 4-point interpolation function
is used unless otherwise specified.

3.4.1. An oscillating fiber in a quiescent fluid
A single fiber oscillating in a stationary fluid is considered to

test the iterative IB-LBM for the flow simulation with moving
boundary. This problem has been studied experimentally and
numerically by many researchers [53,54]. The computational
domain is 40D � 30D. A circular fiber with diameter D = 40 lattices
initially locates at the center of the domain, and then undergoes
harmonic oscillation in the x-direction. The motion of the fiber cen-
ter is given by x(t) = �Asin(2pft), where A is the amplitude and f is
the frequency of fiber. Two control parameters, the Reynolds num-
ber and the Keulegan-Carpenter number, in this problem are
defined as Re = qf UmaxD/l and KC = Umax/fD where Umax = 2pfA is
the maximum velocity of the fiber. In the simulation, Re and KC
are set to be 100 and 5, respectively. For this parameter set, it is
reasonable to believe that the flow is to be two-dimensional [55].
The Neumann boundary condition of n.rfi = 0 (n the unit vector
normal to the boundary) is applied to the outer boundaries of
the domain.

The interpolation method plays a significant role in the IB
scheme [56]. To explore such influence, the change of momentum
dMt for the three types of interpolation functions with different
work ranges (given by Eq. (13)) is first evaluated and presented
in Fig. 6, where Mt is the total momentum of the fluid and cylinder,
and nondimensionalized by the maximum momentum of cylinder
Ms,max = pqUmaxD

2/4. The value of momentum change fluctuates
around zero with fairly small amplitude (less than 0.2%). Therefore,
it is found that the interpolation method has little influence and
momentum conservation is generally satisfied in the present sim-
ulations. The streamlines around the oscillating fiber are further
shown in Fig. 7. Note that we fix the reference frame on the oscil-
lating fiber (only) in this figure. It is observed that the unphysical
phenomenon of streamline-penetration [32] is avoided by the pre-
sent iterative IB-LBM. Fig. 8 presents the velocity profiles in the
vertical cross-section at four locations x = �0.6D, 0, 0.6D and
1.2D, and for two phase angles / = 210� and 330�, where the coor-
dinate is relative to the equilibrium position of the fiber (20D, 15D),
and / = ft � 360�. It can be found that the present results have a
good agreement with the experiment and numerical data [53,54].
This indicates that the present multi-direct-forcing IB-LBM can
accurately predict the complex flow field, which is required for
tracking the particles using the Lagrangian approach.

3.4.2. Particle capture by a stationary fiber
To validate the Lagrangian approach for the transport of parti-

cle, the particle-laden flow around a stationary circular fiber is
investigated. The computational domain is 40D � 6D. The fiber
locates at a distance of 10D from the inlet. The flow Re is fixed at
100, defined as Re = qf U0D/l where U0 is the velocity of free
stream. The density ratio S = qp/qf is 1000. A longer box is used
here which is found to be enough to obtain domain-independent
results of collection efficiency and impact angle. The other param-
eters are set to be the same as those in Ref. [10]. Periodic boundary
condition for both the fluid and particle is used in the transverse
direction.

Fig. 9 depicts the collection efficiency and the maximum impact
angle as functions of St. The numerical results from Haugen et al.
[10] and experimental fitting curve from Muhr [57] are included
for comparison. Good agreement can be found between the present
results and those in literature [10,57].
4. Results and discussion

In this section, the particle-laden flows through a line of oscil-
lating fibers are simulated. Three effects for the control of the



Fig. 7. Streamlines and contour of the x-component velocity around the oscillating
fiber with the reference frame fixed at the fiber center.
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multi-fiber filter are considered, i.e., the fiber number N (from 1 to
7), the fiber arrangement parameters (separation ratios in the lon-
gitudinal and transverse directions as L/D and W/D) and the fiber
vibration parameters (amplitude, frequency and vibration mode),
which are thought to have great influence on the filtration
performance.

4.1. Effect of fiber number

4.1.1. A single fiber
We first examine the effect of fiber number. In particular, as the

base case of multi-fiber filter, the case of a single fiber is investi-
gated in detail. In the simulations, the transverse spacing is fixed
at W/D = 3 and the longitudinal spacing L/D is not meaningful for
this situation. The Stokes numbers are set to be St = 0.2, 1.0 and
5.0. The A/D and f/fs vary in the ranges of 0.1 –0.4 and 0.6 –2.5,
respectively. Together with the Re fixed at 100, under those param-
eters the flow in the present simulation is thought to be safely
within the two-dimensional regime [58–60]. The instantaneous
vorticity and the dispersion of particle in the flow around an oscil-
lating fiber are shown in Fig. 10. Alternating shedding vortices can
be clearly found in the wake of the fiber as the flow Re is 100
(Fig. 10(a)). However, a relatively narrow width of the channel,
i.e., W/D = 3 makes the vortexes interacting with each other in a
-1.0 -0.5 0.0 0.5 1.0
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0.0

0.5

1.0

y/
D

v/Umax

Dutsch, Suzuki, Present
  (x = -0.6
  (x =  0.0
  (x =  0.6
  (x =  1.2

(a)

Fig. 8. Velocity profiles of the flow around an oscillating fiber at four locations x
short distance behind the fiber. From the particles dispersion pat-
tern presented in Fig. 10(b), it is observed that the particles cannot
enter into the vortex core zone, but are concentrated on the
periphery of the vortex. This is because the aerodynamics response
time of the particles is comparable to the characteristic time scale
of the flow. Similar patterns of the vortex and particle dispersion
have also been observed in Refs. [8,9]. Note that Fig. 10(b) also
depicts the contours of the particle Reynolds number Rep. The posi-
tion for the emergence of larger Rep locates at the front of fiber.
Furthermore, particles at the periphery of the vortex do not always
have larger Rep as those for the case of stationary fiber [8], indicat-
ing that the motion of fiber can greatly reduce the slip velocity
between the particle and gas. It is worth noting that in this case
the maximum Rep reaches as large as 1.3, for which the assumption
of Stokes drag on the particle is no longer valid. Since the particle
diameter is 147 nm (St = 0.2), corresponding to a Knp of 67/147 �
0.456. Therefore, the influences of inertial and slip are both signif-
icant for the particle, and a correlation of drag force which combi-
nes those two effects should be adopted [51].

The distributions of the impact angle on the particle surface and
the release position at the inlet along the vertical direction for the
captured particles (the impact angle and release position are
defined in Fig. 2) are shown in Fig. 11. From the comparisons of
Fig. 11(a, b) with (c, d), it is seen that for low oscillation amplitude
at A/D = 0.1, with the increase of the oscillation frequency, the
shape of the distribution of impact angles is blunter, but the pat-
tern of release positions becomes steeper. Similar phenomenon
can also be found for larger A/D = 0.4 (Fig. 11(e, f, g, h)). The reason
can be that the maximum velocity of the fiber is an increasing
function of the frequency, which intensifies the flow field and then
causes to broader particle dispersion on the fiber surface, the par-
ticles far from the inlet center, however will be squeezed away
from the fiber. Moreover, it is observed that the distribution of
the impact angle is generally unimodal and that of the release posi-
tion is bimodal. However, decreasing A/D but increasing f/fs gener-
ates the unimodal structure for the release position (Fig. 11(d));
bimodal structure for the impact angle emerges at larger A/D and
f/fs (Fig. 11(g)), and the range of the impact angle exceeds [�90�,
90�], indicating a back-side impaction of the particles. In Ref.
[10], Huagen et al. also found the back-side impaction for a station-
ary fiber with the flow Re larger than 1685. Obviously, oscillating
motion of fiber is more prone to this phenomenon at a much lower
Re.

Fig. 12 presents the collection efficiency g of a single oscillating
fiber at different A/D and f/fs for St = 0.2, 1.0 and 5.0. Generally, g is
)
)
)
)
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= �0.6 D, 0, 0.6 D and 1.2 D for two phase angles / = 210� (a) and 330� (b).
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Fig. 9. (a) Collection efficiency of a single stationary fiber and (b) the maximum impact angle on the fiber surface as function of the Stokes number. The St here is calculated
using the definition in Haugen et al. [10].
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Fig. 10. (a) Instantaneous vorticity and (b) dispersion of particles in the flow around an oscillating fiber at Re = 100 with St = 0.2, W/D = 3, A/D = 0.3 and f/fs = 1.5.
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a linearly increasing function of both the A/D and f/fs. In addition,
the value of g is larger for larger St, but the increase rate of g cal-
culated by Slope/g(f/fs = 0.6) decreases with the increase of St. This
occurs since particle with larger St responds more slowly to the
fluid motion due to larger inertia. However, particle with lower
St are more sensitive to the fluid motion. It should be noted that
at A/D = 0.1 for both St = 1.0 and 5.0, the g is almost independent
of f/fs. The results of g shown in Fig. 12(a, b, c) are transformed
to be presented in Fig. 12(d) as a function of (A/D � f/fs) which rep-
resents the maximum oscillating velocity of the fiber, Umax =
2.0StrU0A/Df/fs with Str = 0.167 and U0 = 0.05 fixed in the present
study. It is observed that at lower St, g is almost linearly related
with Umax, while some nonlinearity emerges in such relationship
with increasing St.

4.1.2. Multiple fibers
To explore the influence of fiber number on the filtration perfor-

mance of oscillating multi-fiber filter, N is increased from 1 to as
large as 7 in this subsection. The other parameters are set as fol-
lows: W/D = 3, L/D = 4, A/D = 0.3 and f/fs = 1.5 with St ranging from
0.06 to 10. Fig. 13(a) and (b) shows respectively the order of fiber
obtaining the minimum and maximum collection efficiencies for N
= 2–7. It can be found that the first fiber nearest to the inlet usually
obtains the gmin at low St � 0.2 (dp � 147 nm). This nontrivial phe-
nomenon is opposite to that of the stationary multi-fiber filter case,
where the first fiber has been reported to experience the gmax

[28,13]. From the instantaneous vorticity, streamwise velocity
and dispersion of particles, shown respectively in Fig. 14(a, b, c),
vortex shedding can be clearly found between the first and second
fiber, and the flow is greatly intensified. Therefore, the particle
with relatively small inertia (St � 0.2) has the possibility to follow
the flow, and easily slip over the first fiber and then approaches to
the surface of the second fiber. For larger St 	 0.4 (dp 	 208 nm),
the filtration performance of the second fiber is being the worst,
which is also not consistent with that of the stationary case [28].
This is because the second fiber is shielded by the first one and
then inertial particles can be hardly entrained to its surface as
shown in Fig. 14(d), while the particle can still be fed to the region
behind the second fiber. It is noted that the third fiber may perform
the worst at St 	 0.2 and N 	 5 in several situations. As for the fiber
obtaining the gmax depicted in Fig. 13(b), it is interesting to observe
that the last fiber closest to the outlet performs the best for smaller
particles. With the increase of St this number moves down, and
eventually collapses to 1 for St 	 4.0. Particularly, a transition state
emerges at N 	 5 that the second one nearest to the outlet
performs the best in the intermediate St range. For example, at
N = 6, this range is 0.1 � St � 1.0.

It is of importance to analysis which vertical position at the
inlet that the released particle is more likely to be captured, and
which portion of the fiber surface is more vulnerable to the impac-
tion of particles. Fig. 15(a) and (c) then show the distributions of
the impact angle for captured particles at N = 4 with St = 0.2 and
6.0, respectively. Fiber with different order (counting from the inlet
to outlet) usually has different distribution of the impact angle.
Generally, the first fiber has a unimodal pattern. This is because
the fiber is under low-intensity oscillating motion with A/D = 0.3
and f/fs = 1.5 so that it hardly impacts the flow in front of the fiber.
The second fiber is shielded directly by the first fiber, so that the
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Fig. 11. Distributions of the impact angle on the fiber surface (left column) and the release position at the inlet along the vertical direction (right column) for the captured
particles with St = 0.2, A/D = 0.1: f/fs = 0.6 (a, b), 2.5 (c, d); St = 0.2, A/D = 0.4: f/fs = 0.6 (e, f), 2.5 (g, h). (i) is the streamwise velocity with A/D = 0.4 and f/fs = 0.6.
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fluid mainly moves along the two lateral sides of the second fiber,
resulting in a bimodal pattern (Fig. 15(a, c)). As the fluid flows
continually past the second fiber, it is fully intensified and more
complex pattern of the impact angle can be found at the surface
of the third and fourth fibers. The distributions of the release
position for the captured particles are presented in Fig. 15(b) and
(d) at St = 0.2 and 6.0 respectively. Different from the single
oscillating fiber case (N = 1, Fig. 11), particles across the inlet all
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have a high possibility to be captured by the multi-fiber filter.
Particularly, for smaller particles (St = 0.2, dp = 147 nm), local
extremes emerge at several positions, and the vertical center is
not always the location where the released particle is most likely
to be captured.

The collection efficiency at different St for multi-fiber filters
with N = 2–7 is shown in Fig. 16. For each fiber number, g is gener-
ally increases rapidly first and then slowly for a threshold St about
1.0. This feature is similar to that of a single stationary fiber case
[9]. Note that a short descent process of g when St > 4.0 for N = 3
can be found, indicating a more complicated flow-fiber-particle
interaction in the oscillating multi-fiber filter. Moreover, g is larger
with increasing N, and especially it is substantially enhanced when
N changes from 2 to 4. The variation of g is, however, almost inde-
pendent of the fiber number until N reaches 7 and St > 1.0. There-
fore, it can be concluded that the filtration performance of
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Fig. 14. The instantaneous vorticity (a), streamwise velocity (b), dispersion of particles at St = 0.2 (c) and dispersion of particles at St = 6.0 (d) with N = 4, W/D = 3, L/D = 4,
A/D = 0.3 and f/fs = 1.5.
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oscillating multi-fiber filter cannot be represented by the single
oscillating fiber model.

4.2. Effect of fiber arrangement

In this subsection, the influence of the fiber arrangement,
mainly governed by the separation ratios longitudinally L/D
and transverselyW/D, on the filtration performance is investigated.
L/D is varied from 2 to 6, and W/D from 2 to 4. As a representative
of multi-fiber filter, the number of fibers is fixed at N = 4. The fibers
are all under in-phase motion with the amplitude A/D = 0.3 and
frequency f/fs = 1.5. Three particle sizes with St = 0.2, 1.0 and 5.0
are considered, corresponding to dp of 147 nm, 329 nm, and 736
nm, respectively. It is known that the particle-laden flow in the
multi-fiber filter can be significantly changed with the variation
in the arrangement of stationary fibers [13,14]. For the oscillating
multi-fiber filter, the dispersion of particles with different fibers
arrangement is presented in Fig. 17. It is observed clearly that with
the increase of the longitudinal spacing L/D, the flow is intensified
and the particles can be introduced into the region between the
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fibers, as shown in Fig. 17(b, d). This will definitely affect the col-
lection efficiency of fibers behind the first fiber. However, increas-
ing the transverse spacing W/D (Fig. 17(a, c)) only has a minor
effect on the flow field, and the fibers behind the first one remain
shielded. It is also interesting to find that two strands of particles
can escape capture by the fibers in the case shown in Fig. 17(c,
d). While W/D is increased, those particles can still slip over the
first and second fibers, but could deposit on the three and four
fibers (Fig. 17(d)). These observations are consistent with the
results given in Fig. 18.

Fig. 19 presents the collection efficiency g under different
arrangement of the fibers for St = 0.2, 1.0 and 5.0. For a constant
St, g is generally a decreasing function of W/D, especially for small
or large L/D. However, exception occurs under the situation of nar-
row channel when comparing the cases of W/D = 2 and W/D = 3 at
L/D = 4 and St = 0.2, as shown in Fig. 19(a). From the results of the
collection efficiency of each fiber shown in Fig. 20, the main contri-
bution of the larger g at W/D = 3 is found to ascribe to a dramatic
increase of g for the fourth fiber. The relationship between g and L/
D fluctuates at smallW/D, while for largeW/D, it increases first and
then decreases later.
4.3. Effect of fiber vibration parameters

4.3.1. Vibration amplitude
The first parameter that controls the oscillating motion of fiber

is the amplitude ratio A/D. To examine its influence on the
filtration performance for the case of multiple fibers, a set of
simulations with A/D ranging from 0.1 to 0.5 with N = 4, W/D = 3,
Fig. 17. Dispersion of the particles at different arrangement of fibers for St = 1.0. (a):
L/D = 4 and f/fs = 1.5 are conducted. The collection efficiency g
generally shows the non-monotonic behaviors, i.e., reduction-
augmentation- reduction with the increase of A/D for St 	 1.0, as
depicted in Fig. 21. The local minimum and maximum values occur
at A/D = 0.2 and 0.3, respectively. Exception appears for larger par-
ticle (St = 5.0, dp = 736 nm) where g continues to increase slowly
for A/D 	 0.4. For smaller particles (St = 0.2, dp = 147 nm), within
the ranges of A/D 	 0.4 and A/D � 0.2, the variation of g is rather
small. It is interesting to note that at larger St = 5.0, g is smaller
than that of lower St = 1.0 when the vibration amplitude is small
(A/D = 0.1). To explain this phenomenon, the collection efficiency
for individual fibers at A/D = 0.1 for St = 1.0 and 5.0 is shown in
Fig. 22. It is found that, compared to the case of St = 5.0, the relative
increase in g for the third fiber is larger than the relative decrease
for the first fiber at St = 1.0.
4.3.2. Vibration frequency
The second control parameter for the fiber motion is the nor-

malized frequency f/fs, and it ranges from 0.6 to 2.5 in this subsec-
tion with N = 4, W/D = 3, L/D = 4 and A/D = 0.3. Fig. 23 shows the
collection efficiency g at different f/fs for St = 0.2, 1.0 and 5.0. When
the particle is small (St = 0.2, dp = 147 nm) or large (St = 5.0, dp =
736 nm), the general trend is that g increases first and then des-
cends with the increase of f/fs. The local maximum values emerge
at around f/fs = 1.5 and 0.9, for St = 0.2 and 5.0, respectively, indi-
cating a lower optimal frequency for lager particles. Therefore, to
achieve a better filtration performance, the vibration frequency
of the fibers should not be too large for large particles. For the
intermediate case, i.e., St = 1.0 (dp = 329 nm), there are two local
maximum values of g. Generally, the influence of frequency on
the filtration performance is a bit complicated for particles with
moderate size. To explore the effect of frequency on the individual
fibers, the collection efficiency of each fiber is displayed in Fig. 24
for f/fs = 1.2, 1.5 and 2.0 at St = 0.2. It is found that the first fiber
performs the worst while the last fiber performs the best, respec-
tively, for this range of f/fs.
4.3.3. In-phase and anti-phase
Apart from the influence of amplitude and frequency of the

oscillating motion of fiber, the fibers may vibrate in-phase or
anti-phase when multiple fibers are considered in the present
study. The simulations conducted above only address the in-
phase case. Hence, three situations of anti-phase are investigated
next, for the multi-fiber filter with N = 4, as depicted in Fig. 25(b,
c, d), where two of the four fibers move initially in the opposite
direction for the other two fibers. The remaining parameters are
set to be W/D = 3, L/D = 4, A/D = 0.3 and f/fs = 1.5.

The collection efficiency g at different St for the four vibration
modes is presented in Fig. 26. It is observed that, fortunately,
W/D = 2, L/D = 2; (b): W/D = 2, L/D = 6; (c): W/D = 4, L/D = 2; (d): W/D = 4, L/D = 6.
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Mode 1, i.e., the four fibers being in-phase vibration, can generally
achieve the excellent filtration performance, especially for the
fine particles (St = 0.2, dp = 147 nm). This corresponds to a simpler
way to control the motion of fibers in practice. Moreover, as
already known from the results at N = 4 in Fig. 13, small particle
is able to avoid capture by the first fiber and the last fiber plays
significant role in filtration at St = 0.2 for Mode 1. However, from
the collection efficiency of each fiber shown in Fig. 27, the first
fiber is still not so significant, but the fourth fiber tends to per-
form the worst in Mode 3. It is interesting to observe that g
increases rapidly with St for Mode 3, and eventually it is compa-
rable with that of Mode 1 at St = 5.0 (Fig. 26). That is attributed to
the contribution of the third fiber as particles can always be effi-
ciently captured by this fiber (Fig. 27). Because of the phase dif-
ference between the first two and the last two fibers (Fig. 25
(c)) in Model 3, particles slipping over the first and second fibers
will deposit on the third fiber. Obviously, the filtration feature for
individual fibers established in the Section 4.1.2 (Fig. 13) not
holds when the fibers are in the anti-phase vibration, as shown
in Fig. 27.
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5. Conclusions

The dispersion and deposition of dilute aerosol particles
entrained in a gas flow through an oscillating multi-fiber filter is
investigated numerically. The gas flow with moving fibers is solved
using an efficient iterative immersed boundary-lattice Boltzmann
method, where the no-slip boundary condition can be exactly
enforced with an iterative approach and the numerical stability
is improved by adopting the MRT collision model. The one-way
coupling Lagrangian approach is applied to track the aerosol parti-
cles. The ability of the model, i.e., the iterative IB-LBM coupled with
the Lagrangian approach in handling the particle-laden flows
through the complex passage has been demonstrated in two test
cases designed to validate the accuracy of the immersed boundary
method for a moving fluid-solid interface and the Lagrangian
approach for particle dispersion and deposition, respectively.
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In the simulations of particle transport and deposition through
a fibrous filter, necessary model simplifications are made and lim-
ited ranges of a few model parameters are considered. The flow
Reynolds number is fixed at Re = 100, and the particle Stokes num-
ber ranges from St = 0.06–10.0. The effects of the fiber number,
fiber arrangement parameters, and fiber vibration mode are stud-
ied in detail. Our numerical results show that the oscillating
motion of fibers has a significant influence on the filtration perfor-
mance. Specifically, the following conclusions can be drawn.

For the case of a single fiber, the distribution ranges of the
release position and impaction angle for captured particles both
increase with the vibration amplitude, while these two ranges
decrease and increase, respectively, with the increase in the vibra-
tion frequency. At larger amplitude and frequency, the distribution
pattern of the impact angle changes from a unimodal to bimodal
shape, and the back-side impaction deposition emerges. Further-
more, a linear relationship can be generally found between the col-
lection efficiency and the vibration amplitude or frequency.

For the case of multiple fibers, the collection efficiency always
increases with the number of fibers in the passage. However, the
dependence of the collection efficiency on the separation ratios,
longitudinally and transversely in the fiber arrangement, and the
parameters for oscillating motion of fiber, i.e., the amplitude and
frequency, is complex and non-monotonic. It is interesting to find
that the in-phase vibration mode can generally lead to excellent
collection efficiency.
The present study only considers straight and uniform-
distributed circular fibers, and dilute particle flows. Note that the
fibers can be in staggered arrangements, and have irregular shape
in actual applications. The fibers may have deformation along the
length, and hence the elongation affects the collection efficiency
of the filter where three-dimensional simulation should be con-
ducted. Furthermore, for some particle flows, the interactions of
fluid-particle and particle-particle should be well considered.
Those effects will be studied in the future work.
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