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Retention of suspended solids within a porous medium subjected to resonant ultra-
sonic fields was studied experimentally. In laboratory tests, 325 mesh polystyrene parti-
cles were collected with high (typically > 80%) single-pass efficiency using a polyester
foam mesh with pores more than two orders of magnitude larger than the particles
retained. Deactivation of the acoustic field allows the retained particles to be flushed
from the porous medium. The effects on filtration efficiency of processing variables
(suspension flow rate, solids concentration in the feed, intensity of the acoustic field,
and frequency of the acoustic field) are reported. A simplified analysis of particle trajec-
tories toward cylindrical collectors in response to acoustic and hydrodynamic forces
provides insight into the fundamental physical phenomena that govern the acoustically

enhanced filtration process.

introduction

Many chemical, material, and biological processes involve
multiphase systems where a fluid phase is the carrier for a
particulate or immiscible liquid phase. Very often, finely di-
vided dispersions are deliberately created to aid heat- and
mass-transfer rates by utilizing the large surface area to vol-
ume ratio of the dispersed phase. Normally, at one or more
stages in these processes, there is a need for separation of
the dispersed from the continuous phase, and various meth-
ods have been developed to meet this need. Conventional
approaches include physical screening techniques (mechani-
cal sieves, beds of filtration media, or filter membranes) and
gravity-driven methods (settling or flotation) that accomplish
the desired separation using the density difference between
the dispersed and continuous phase. More advanced schemes
utilize external fields (such as centrifugal, electrical, or mag-
netic) to enhance the quality or rate of separation.

In a recent articie (Gupta and Feke, 1997), we described
and demonstrated a novel separation process that falls into
this latter category. Specifically, we apply an ultrasonic stand-
ing-wave field within a highly porous medium. The acoustic
field allows the collection of suspended solids two or three
orders of magnitude smaller than the pore size of the porous
medium. Thus, collection of micron-sized solids can be
achieved without the large pressure drop penalty usually as-
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sociated with fiitration of such solids. Also, cleaning and re-
generation of the filtration medium is readily achieved by de-
activating the acoustic field and flushing the collected solids
from the porous medium with processing fluid. In this article,
we provide further experimental data demonstrating this pro-
cess and a simplified analysis of the trajectory of particles
toward cylindrical fibers, which provides some theoretical ba-
sis for the method.

In the past few decades, various methods based on the use
of ultrasonic standing-wave fields have been developed for
separation of fine particles from liquid streams (see, e.g., Tolt
and Feke, 1993; Mandralis et al., 1994; Mandralis and Feke,
1993a; Apfel, 1990; Schram and Rendell, 1989; Peterson,
1988; Schram, 1988; Yasuda et al., 1995). These methods uti-
lize the density and /or compressibility difference between the
dispersed phase and the host liquid to yield sharp and effi-
cient separations. In most of these methods, a one-dimen-
sional sound field is used to organize particles of a suspen-
sion into thin parallel bands separated by a one-half acoustic
wavelength spacing. The particles are recovered by either us-
ing closely spaced physical barriers between the bands of par-
ticles (Mandralis et al., 1994; Mandralis and Feke, 1993a,
1993b; Gupta et al., 1995), transporting particles in the oppo-
site direction of the flowing host liquid by using pseudo-
standing waves (Tolt and Feke, 1992; Benes et al., 1991), or
relying on gravity to settle the swarms of particles organized
by the acoustic field (Whitworth et al,, 1991; Frank et al,,
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1993; Allman and Coakley, 1994; Doblhoff-Dier et al., 1994).
Many of the hurdles associated with practical applications of
these techniques, such as strict mechanical clearances be-
tween physical barriers or slow sedimentation rates, are ab-
sent in our new technique.

The separation method reported here is a blend of acous-
tic and physical screening methods. In our earlier article
(Gupta and Feke, 1997) we reported the results of experi-
ments in which two types of porous media were used: an un-
consolidated bed of millimeter-scale glass beads and alu-
minum meshes of various pore sizes. The various acoustic
phenomena that may be responsible for particle entrapment
were also discussed. In this article, we examined the use of
highly porous polymeric foam as the filtration medium. In
contrast to glass and aluminum, this material has an acoustic
impedance close to that of the water, which was used as the
suspension medium in the demonstration experiments.
Therefore acoustic scattering within the porous medium is
expected to be reduced compared to the previous studies.

Experimental Studies
Equipment

The filtration experiments were carried out in a rectangu-
lar acoustic chamber, which is shown in Figure 1. The acous-
tic chamber consisted of a rectangular lead zirconate titanate
(PZT) transducer (APC 880, 76.2X38.1x6.25 mm, funda-
mental frequency 320 kHz, from American Piezo Ceramics,
Inc., Mackeville, PA) mounted in an aluminum frame. A glass
plate of similar lateral dimensions, mounted in a similar plex-
iglas frame, served as reflector. The two frames were placed
parallel to each other at either 5.8- or 12.2-mm spacing in a
Plexiglas channel (also constructed from plates). Polyester
foam having ten pores per inch (ppi) (0.4 pore/mm) and
porosity greater than 0.9 (Stephenson & Lawyer, Inc., Grand
Rapids, MI) was used as the filtration medium. For all exper-
iments reported here, the dimensions of the porous region
were 70 mm high, 35 mm wide, and 5.82 or 12.2 mm thick in
the direction of propagation of acoustic field. The chamber
was equipped with ports for suspension feed (bottom of the
chamber) and filtrate removal (top of the chamber). In all
cases, the porous medium was supported on a 17.5-mm-high
metallic mesh positioned below the acoustically active region,
to help the feed distribution within the chamber.

The ultrasonic field was produced by energizing the trans-
ducer at 1.103 MHz (or a higher harmonic) frequency using a
continuous signal generated by a KROHN-HITE 2100 A sig-
nal generator and amplified by a ENI 240 L power amplifier.
The operating frequency corresponds to one of the reso-
nance frequencies of the acoustic chamber when it is filled
with fluid, but with no porous medium installed. The electri-
cal power consumption was measured by a Bird Wattmeter
Model 4410 A.

Aqueous suspensions of 325-mesh (particle radius in the
range of 2 to 30 pwm) polystyrene divinyl benzene particles
were used as the test suspensions for filtration experiments.
Since the particles are small and their mass density (1.05
g/cm’) is close to water, the effect of gravity on the stability
of the suspension may be ignored. These particles are known
to have a low acoustic contrast (in water), F = 0.23 (Gupta et
al., 1995), so these suspensions are a severe test for the
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Figure 1. Acoustic chamber used in the experiments.

acoustic separation method. The particles were suspended in
deionized water using Triton X-100 surfactant. A peristaltic
pump and a flow integrator combination was used to deliver
the suspension to the acoustic chamber. The flow integrator
works as a sump and reduces the flow puisation. Particle con-
centration in suspensions was determined by measuring the
light absorbance in a Spectronic 1001 Plus (Miiton Roy) pho-
tometer. The absorbance values were converted to weight-
percentage solids using calibration curves determined from
measurements on standard suspensions.

Procedure

Feed suspensions of known concentration of polystyrene
particles in water (ranging from 0.5 wt. % to 1.0 wt. %) were
passed through the acoustic chamber at fixed flow rates
(ranging from 30 cm’/min to 60 cm®/min). The chamber was
energized with 20 to 50 W of power delivered to the trans-
ducer.

Typically, experiments were conducted by first establishing
a flow of suspension through the chamber before the acoustic
field was propagated. Following activation of the field, the
particle concentration in the exit stream at the top of the
chamber was measured at regular intervals of one-half to one
minute. Small samples of effluent (approximately 5 cm®) were
collected and immediately analyzed using the spectrometer.
The clock for each experiment was started from the instance
of activating the acoustic field.

Experimental Results and Discussion
Visual results

Visual observations of the filtration phenomena were
recorded on a videocassette with a Tamron 90 mm, F/2.5
lens attached on an Olympus CCD camera. Figure 2 shows
the view into the acoustic chamber through the glass reflector
while suspsension is fed through the porous barrier from bot-
tom to top. Table 1 lists the process parameters for these
demonstration experiments.

When no acoustic field s applied (Figure 2a), the small
polystyrene particles cannot be easily observed within the
porous barrier, and suspension flows through the chamber
essentially unimpeded by the barrier. However, when the
acoustic field is energized, the retention of the particles within
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Figure 2. Visual results for the 10-ppi polymer foam as the porous medium.
(a) Acoustic field off; (b) acoustic field on; (c) acoustic field terminated while fluid flow continues.

the porous barrier is quite obvious (Figure 2b). Collection of
the particles into dendritic or globular configurations was ob-
served. As suspension is continuously fed to the chamber, a
distinct trapping zone is observed; the front of this zone moves
from the bottom toward the top of the chamber, forming a
saturated region within the porous barrier. If the acoustic field
is deactivated (Figure 2c), the organized collection of the par-
ticles breaks down and the particles can immediately be
flushed out with continued fluid flow.

Analogous photographs of the filtration performance using
aluminum mesh or glass beads as the porous medium can be
found in Gupta (1997).

Filtration performance

Unless stated otherwise, results are reported for the case
when the transducer and reflector are kept 5.8 mm apart.
Figure 3 shows typical results of the variation of the particle
concentration in the exit stream with time. Here, a 0.5 wt. %
suspension was fed at 40 cm>/min to a chamber operated with
20 W of power.

Since the acoustic field is activated only after the suspen-
sion flow is established, the particle concentration in the ef-

Table 1. Experimental Conditions for Visual Demonstrations

fluent matches that of the feed concentration at the start of
the experiment. The effluent concentration drops down to
one-fifth of the feed concentration within one minute of op-
eration, indicating that significant particle retention occurs
within the porous medium. These results are equivalent to a
cumulative retention efficiency of 80-90%. After a critical
amount of solids has been collected within the porous medium
(after 6-7 min of operation in this experiment), a saturation
phenomenon is exhibited. Abrupt changes in concentration
are observed in the effluent stream for short bursts, and in
the intervening periods, additional particle collection occurs
within the porous barrier. Visual observations indicate that
the bursts of particles seen in the effluent stream are associ-
ated with large-scale coordinated vibrations and fluctuations
of the collections of particles within the barrier.

Figure 4 shows the effect of suspension feed rate on filtra-
tion efficiency for a 0.5 wt. % feed and a chamber operated
at 20 W. Feed flow rates ranged from 30 cm®/min to 60
cm?/min, which corresponds to superficial velocities through
the porous medium ranging from 0.25 cm /s to 0.50 cm/s. With
an increase in feed rate, the residence time of the suspension
in the acoustic field is reduced, and filtration efficiency cor-
respondingly declines. In addition, time to saturation dimin-
ishes with increasing flow rate, indicating that filtration is
limited by the space available for particle retention in the
porous medium.

Process parameter Value Figure 5 shows the influence of feed concentration on fil-

Transducer to reflector spacing 58 mm tration efficiency for a set of experiments for which flow rate

Acoustic frequency 1.103 MHz was fixed at 30 cm?/min and electrical power supplied was 20

Suspension flow rate 35 em?/min W. There is no significant difference in filtration efficiency

Feed concentration 0.5 wt. % until the porous medium becomes saturated. The saturation
Electrical power 25W . . :

time appears to be roughly inversely proportional to the feed
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Figure 3. Typical experimental results for the effluent
concentration as a function of time using the
polymer foam.

A 0.5 wt. % suspension was fed at 40 cm’/min, while the
applied power was 20 W.

concentration, changing from 10 min for 0.5 wt. % feed to 4
min for 1.0 wt. % feed.

Figure 6 shows the effect of acoustic-field intensity, ex-
pressed as the electrical power delivered to the piezoelectric
transducer, on filtration efficiency. The operating conditions
for these experiments were set as a flow rate of 80 cm®/min
(superficial velocity of 0.65 cm/s) and a feed concentration of
0.5 wt. %. The performance improves as the power is in-
creased from 20 W to 40 W, but there is no significant im-
provement in efficiency going to 50 W. At a high power such
as 50 W, acoustic streaming might offset the effect of acous-
tic forces, and filtration efficiency can degrade. This indeed
was observed in certain experiments.

One manner for scale-up of this new filtration process
would be to increase the spacing between the transducer and
reflector, and thus enable higher volumetric throughput at a
fixed superficial velocity. Figure 7 shows the results of experi-
ments conducted using two different gaps between the trans-
ducer and reflector on the collection efficiency. The operat-
ing conditions for these experiments were flow rates of 40
cm®/min (for the 5.8-mm gap) and 80 cm?/min (for the 12.8-
mm gap), feed concentration of 0.5 wt. %, and power sup-
plied of 20 and 40 W. At a fixed electrical power, an increase
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Figure 4. Effect of suspension feed rate on the filtration
performance.

Cumulative filtration efficiency for a 0.5 wt. % feed suspen-
sion flowing through the chamber in the range 30 to 60
cm¥/min. The chamber was operated with 20 W of power.
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Figure 5. Effect of suspension concentration on the fil-
tration performance.

Shown is the cumulative percentage of mass retained as a
function of time. Experiments were conducted with two sus-
pensions of 0.5 wt. and 1.0 wt. %, which were fed at 30
cm¥min to a chamber energized with 20 W of power.

in the gap between the transducer and reflector causes a de-
crease in acoustic-field intensity that should lead to a degra-
dation in filtration performance, as is seen in Figure 7. How-
ever, increasing the applied power can overcome this effect.
As shown in the figure, doubling the power to 40 W for oper-
ation with the 12.5-mm gap leads to filtration efficiencies
comparable to those obtained using 20 W of power with the
smaller gap configuration.

Both primary and secondary acoustic forces increase with
increasing frequency. Therefore, at a fixed power, one would
expect an improvement in filter performance if the chamber
were operated at a higher harmonic frequency, provided that
the acoustic wavelength is still larger than the particle size, so
that primary acoustic forces act. Figure 8, however, shows the
opposite result for the experimental conditions of flow rate
of 30 cm®/min, feed concentration of 0.5 wt. %, and power of
20 W. The captured particles were observed to form a finer
and crispier dendritic structure, which is consistent with the
finer spatial variation in the acoustic field expected at the
higher frequencies. At the higher harmonic, the porous
medium became saturated at shorter times compared to that
for the lower frequency, but the rate of particle capture in
the initial period of filtration was not different for the two

Time, min

Figure 6. Effect of power on the filtration performance.

Shown is the cumulative percentage of particle mass re-
tained by the filter as a function of time. A 0.5 wt. % sus-
pension was fed at a rate of 80 cm¥/min. The applied power
ranged from 20 to 50 W.
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Figure 7. Effect of gap between transducer and reflec-
tor and power on the filtration performance.

Cumulative percentage of mass retained as a function of
time. Experiments were conducted with gaps of 5.8 or 12.5
mm, flow rates 40 or 80 cm>/min, and power levels of 20 or
40 W.

cases. Although the higher frequency was observed to have a
detrimental effect on overall filtration efficiency for the
polystyrene suspension used in these experiments, the results
could be different, depending upon the particle-size distribu-
tion in the feed. A higher frequency may be more efficient in
removal of smaller particles, for example.

Trajectory Analysis

In order to model the particle collection phenomenon, an
expression for the acoustic radiation force on a particle in-
side the porous medium is needed. The propagation of
acoustic waves in fluid-saturated porous media has been
studied extensively since Biot developed the basic theory
(Biot, 1956a,b). Biot and many other authors (e.g., Johnson,
1986) treat a saturated porous medium system as a continu-
ous fluid interpenetrated by a continuous solid network. Us-
ing conservation equations, the acoustic-wave velocity and at-
tenuation coefficients have been predicted as a function of
physical properties of the system. However, the existing
lumped-parameter models of porous media seldom include

e = o =
L7 S - S T - ]

Cumulative mass retained, g
=4
E-S

0.3 e
02 E+ 1.103 MHZ!
) |- - 1.852 MHz|
0.1
0 + +
0 2 4 6 8 10
Time, min

Figure 8. Effect of acoustic frequency on cumulative
mass retained in the chamber.

A 0.5 wt. % suspension was fed at 30 cm®/min. The chamber
was operated at 1.103 or 1.852-MHz frequency with 20 W of
power.
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Figure 9. Geometry definition sketch used in the trajec-
tory analysis.

microstructural details. Therefore, we first develop an appro-
priate expression for the acoustic radiation force. In conjunc-
tion with consideration of the hydrodynamic drag acting on
particles, this will be used to formulate particle trajectory
equations. As a first step toward a complete analysis of the
filtration process, we consider here particle collection near a
single fiber that represents one element of the porous
medium.

Figure 9 provides a definition sketch for the trajectory
analysis. An infinitely long cylindrical fiber of radius R, is
placed in a uniform steady flow field perpendicular to the
axis of cylinder. Far away from the cylinder surface, the fluid
has a uniform velocity U,. A resonant planar one-dimen-
sional acoustic field of wavenumber & and energy density £,
is also assumed to be present in the same region. The direc-
tion of the acoustic-wave vector is orthogonal to both the flow
direction and the axis of cylinder (the y-direction in Figure
9). Particles of radius R, are carried along with the fluid
toward the fiber.

Several assumptions are made in the derivation of the
force-balance equations: (1) creeping flow around the cylin-
der; (2) the flow field is not affected by the presence of the
particles; (3) the gravitational force is neglected because of
the small particle size and small density difference (= 0.05
g/cm?) between the particles and the fluid; (4) suspensions
are dilute enough such that there is no hydrodynamic ar
acoustical interactions between particles; (5) particle inertia
is negligible; and (6) steady state. The first assumption can be
justified by considering a typical value of Reynolds number
based on experimental conditions. For a 100-um radius fiber,
a flow speed of 0.002 m/s, and water as the suspending
medium (density = 10° kg/m? viscosity =10~* Pa-s), the
Reynolds number is 0.4.

Using these assumptions, a force balance on a given parti-
cle reduces to
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F, .+ Fp,=0, (D

where F,_ is the primary acoustic force and Fj, is the hydro-
dynamic drag force. The latter is given by Stokes’ law as

Fp=6muR (up—u,), 2

where  is the fluid viscosity, u, is the fluid velocity, and u
is the particle velocity.

P

Acoustic Force

King (1934) first calculated the acoustic force on a small
rigid spherical particle in an inviscid fluid by solving the
problem of flow around a small sphere in a sound field.
Yosioka and Kawasima (1955) extended this analysis for the
case of a compressible sphere. Gor'kov (1962) derived a very
useful general expression for force on a particle in any kind
of acoustic field (except a pure traveling wave) by integration
of the momentum flux density tensor. This is given by the
negative gradient of the acoustic potential, U

F,=-VU, (3)
where
(PZ) Vi
U=27Rp{ ~—=—f,— ——f, ). 4
T ppf{3pfchf1 3 b 4)

Here p, is the fluid density, ¢, the longitudinal sound speed
in fluid, P, and V¥, the pressure and velocity in the fluid at
the location of the particle due to the acoustic field, and < )
denotes a time average. The factors f; and f, are given as

cip
fi=1-4F, f2=2(

pp_pf
cip )
prp

2p,+ ps

The pressure and velocity can be written as a function of
velocity potential ¢ (Barmatz and Collas, 1985)

L

v, =Vo. 6)

n

We note that Chen and Apfel (1996) have recently derived
force expressions in various axisymmeteric wave fields by in-
tegrating the Brillouin radiation tensor (the time-average mo-
mentum flux density tensor) over the particle surface.
Doinikov (1994) has solved this hydrodynamic problem for an
arbitrary-size sphere and included viscous effects.

The velocity potential due to planar stationary acoustic field
around a solid cylinder can be represented as the sum of the
incident and scatiered field. Hasegawa et al. (1988) have de-
veloped a velocity potential for such a case. The velocity po-
tential of the incident stationary plane wave in cylindrical co-
ordinates is represented as the real part of

1010
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¢:=Acos(wt) Y, €(—i)'8 7 (kr)cos(n8), ()
n=0

where

€,=1 and €,=2(n=1,2,3,..)

5, =e k(1) ek

and @ is the angle relative to the direction of propagation of
the acoustic field (the y-coordinate in Figure 9). Also, A is
the amplitude of the potential, 4 the distance between the
nodal plane and the center of the cylinder, w the radial fre-
quency, and & the wavepumber. Note that J,(kr) is the cylin-
drical Bessel function of the first kind and order n, which
represent standing waves in the cylindrical coordinate system.
Using the simplified nomenclature

B,=¢(—i)"8, and v =kr,

the incident field potential can be written as

&, = Acos{wt) Y, B,J(v)cos(nd) (8
n=20
The scattered field potential is written as

¢, = Acos(wt) Y, B,d,HP(v)cos(nf), 9
n=40

where H(® is the Hankel function of the second kind and
order n. The coefficients d, are known functions of material
properties of the cylinder and fluid, the radius of the cylin-
der, and the acoustic frequency (Hasegawa et al., 1988). Thus
the total velocity potential around the cylinder is

¢=¢)[+¢s

=Acos(wt) Y, B,cos(n®)[J(v}+d HPw)]. 1O
n=10

Using Egs. 5 and 6, the pressure and velocity expressions can
be written as

P, =Ap wsin(wr) Y, B,cos(n6){J,(v)+d,HP ()]
n=20

V,, =kAcos(wt)

{ Y. B,cos(n®)[J(v)+ d,,H,‘Zz)'(V)}) e,
n=10

~( Y nB,sin(n8){J (v)+ d,zH,(lz’(v)]/v) ey

n=0

where the prime indicates differentiation with respect to v,
and e, and e, are the unit vectors in cylindrical coordinates.
Taking the time average of the square of pressure and veloc-
ity and inserting the result into Eq. 4, we can write the acous-
tic potential U as
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(P WtV
U= 277R2pfA‘k-{zf] - _4—6_]3}, (11)
where
» 2
PY={ Y B,cos(n®)[J (»)+ dnH,?)(V)]}
n=0
. 2
sz{ Y. B,cos(n@)[J(v)+ d”H,(,z)’(V)]}
n=10

-

po=A)

2
nB, sin(n@)[J,(v)+ d,,H,fz)(V)]/V} .

We define a dimensionless potential U* as

U= U Psr (I/sr+l/s(9)
S AmRME, | 6 _4—f2}’ 12)

which is used in Eq. 3 to calculate the primary acoustic force
as follows:

i aU* 1 oU*
F, ,=47RE, k p sin 6+ — 5 €08 fle, (13a)
v

\ oU* 1 9U*
Foy=—47R E, k cos § — — sin ¢ [e,. (13b)
. g '] ¥

14 14

Hydrodynamic force

For the creeping flow about a circular cylinder (radius R_)
inserted transversely in a uniform flow, we use the approxi-
mate solution provided by Lamb (1932). The velocity compo-
nents are given by

[ In(r/R,)—~0.5(0— R%/r*)cos(28)
up, =0, (14a)
- 2.002-In(Re,)
 usU (1— RZ/rH)sin(29) (14b)
He T T T 002~ In(Re,)
where
2R U,
Re, = A (15)
I

and 9 is the angle measured with respect to the flow direc-
tion (the x-direction of Figure 9).

Trajectory equations

Combining Egs. 13 and 14 with Eq. 2, the dynamic equa-

tions for the particle trajectories can be obtained. For ease of
computation, we define dimensionless variables
x;=x,/R., r*=r/R,,

Y;=yp/Rc’ t*szt/Rc’

which lead to the dimensionless trajectory equations:

dx;‘ 2Gk [ oU* 1 9U*
dt_*=—3_ - sm9+; 9 cos 6
In(r*)—0.5(1—1/r**)cos(29) (6a)
2.002—In(Re,) 2
dy;," 2Gk [ oU* 1 eU*
—dt—*z—T . cose—; 5 sin 6
(1-1/r*?)sin (289)
—-0.5 / . (16b)

2.002—1In(Re,)
Here we have defined the Gor’kov number

2
_ RKE,

Gk
.U-Uf

>

which is the ratio of acoustic to drag forces. Particle trajecto-
ries depend on the material characteristics of the fiber
through the scattering coefficients d, and the acoustic prop-
erties of the particles and fluid through the constants f, and
S Typical values of the dimensionless groups, for a 10-um
polystyrene particle in water (u = 107° Pa-s, p; = 10’ kg/m*)
in the presence of an acoustic field with E, =4 J/m> and
k ~4x10° and a flow speed of Uy =02 cm/s around a 0.1-
mm fiber are Gk = 0.85 and Re_ = 0.4. Thus, both acoustic
forces and fluid inertia are significant under conditions typi-
cal of our experiments.

Values of material properties and geometrical dimensions
used in the simulations are listed in Table 2. In order to illus-
trate the effect of collector material on the particle trajecto-
ries, we include simulations for the case of collectors made
from aluminum as well as polyester fibers. In all cases, the
simulation frequency was 1.0 MHz and the acoustic energy
density ranged from 1.0 J/m? to 20.0 J/m>.

The trajectory equations (Egs. 16) were solved simultane-
ously using Mathematica on a personal computer. A simple
Fuler’s method was used for integration with a step size of
0.25 dimensionless time units. The infinite series in Eq. 11
were terminated at the fifth term because the ratio d,/d, is
of the order of 10~7 and no noticeable differences were ob-
served in the trajectories by keeping additional terms. Sets of
particle trajectories were calculated using initial positions x,,

Table 2. Values of Material Properties and Geometrical Dimensions Used in the Trajectory Simulations

Particle Fiber Fiber Fluid
(Polystyrene) (Polymer) (Aluminum) (Water)
Radius, m 10> 10°* 10°°
Longitudinal sound speed, m/s 2,300 2,430 6,420 1,480
Shear sound sgeed, m/s 1,200 3,040
Density, kg/m” 1,050 1,230 2,700 1,000
Viscosity, Pa+s 1073
AIChE Journal May 1998 Vol. 44, No. 5 1011
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Figure 10. Simulated trajectories of polystyrene particles around a fiber located at the pressure node of the acoustic

field at various Gk but fixed Re_ =0.4.

Dashed lines indicate hydrodynamic pathlines, while solid lines indicate particle trajectories.

=—-5and —-3<y,<3. The value xy= —5 was chosen be-
cause at this, and further distances from the fiber, fluid
streamlines are unaffected by the presence of fiber. The sim-
ulation of the particle trajectory was continued until one of
the following conditions was met:

1. The particle passed far beyond the fiber, x;‘,‘ >4

2. The particle impinged onto the fiber, r* <(1+ R,/R.).
A more accurate definition of impingement would require the
particle to have a nonzero radial velocity toward the collector
(Weber and Paddock, 1983).

3. The particle velocity became small, that is, |47 | < 0.005.

4. The number of integration steps exceeded 500.

One set of simulations was performed under the assump-
tion that the center of the fiber coincided with the pressure
node of the acoustic field. Figure 10 shows the particle tra-
jectories for Gk in the range 0.212 to 1.27 and a fixed Re, =
0.4. The dashed lines give particle trajectories due to hydro-
dynamic effects alone (no acoustic field), while the solid lines
represent the predicted trajectories in the presence of the
acoustic field. The trajectories are observed to bend toward
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the pressure node (horizontal plane through the center of the
fiber) with the bending tendency increasing with an increase
in Gk. This is expected since the primary acoustic force is
expected to drive particles toward the node. At Gk =1.27,
there is a potential energy minimum around the point (—2.5,
0), and many trajectories terminate there. This could explain
the globular particle collection experimentally observed at
some positions within the porous medium.

Figure 11 shows the particle trajectories under the condi-
tions of higher Re.. Comparison of the trajectories in Figure
11 with those in Figures 10b and 10c shows that the deviation
from hydrodynamic trajectories is reduced with an increase
in Re. for a given Gk. Notice that the maximum acoustic
force is expected to occur at A/8 distance from the node
(center of the collector), which corresponds to positions where
y=+1.85. As can be seen in the figure, the strongest devia-
tion of particle trajectories from their hydrodynamic paths
occurs in this vicinity.

In order to quantify the acoustically enhanced filtration
phenomenon, filtration enhancement factors can be calcu-
lated by locating the critical particle trajectories that just miss
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Figure 12. Initial position of critical collection trajecto-
ries as a function of Gk for two values of Re,
for aluminum and polymer collectors.

stant Re,, the collection efficiency rises sharply with increas-
ing Gk to a plateau value. As expected, the collection effi-
ciency decreases with an increase in Re,, but eventually
reaches the same plateau when the acoustic field intensity is
large enough (high Gk).

Figure 13 shows the simulation results for the case when
the collector is A/8 from a nodal plane. In this case, the par-
ticle trajectories tend to be focused together as the particles
flow past this collector downstream toward the next. This fo-
cusing effect may explain the dendritic collection phe-
nomenon observed in some experiments.

The simulations presented here cannot be directly related
to the experimental results due to the complexity of the ac-
tual experiment (e.g., the porous medium is actually a con-
nected web of fibers, and the experiment is inherently un-
steady state since the particle concentration builds inside the
porous medium). However, it does provide a qualitative pic-
ture of the filtration phenomenon. The trajectory analysis in-

Figure 11. Simulated trajectories of polystyrene parti-
cles around a fiber located at a pressure
node of the acoustic field for Re. =0.8.

the collector for given operating conditions. The initial coor-
dinates y,, for such critical trajectories were determined for a
range of Gk and Re,. To model the amount of collection due
to hydrodynamic interception, similar critical trajectories were
also identified for the case when Gk = 0. The latter was found
to be very small (e.g., y, = 0.008). The ratio of these two val-
ues of vy, represents a filtration enhancement factor at-
tributable to the acoustic field. To represent the overall fil-
tration efficiency. single-fiber collection efficiencies can be
averaged over the whole porous medium, taking into account
the fiber orientation and some probability arguments (Gerber
and Birss, 1983). Figure 12 shows the position of the critical
trajectory as a function of Gk for both aluminum and
polyester collectors at two different values of Re,. For a con-
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Figure 13. Simulated trajectories of polystyrene parti-
cles around fibers located at A/8 from pres-
sure node.

May 1998 Vol. 44, No. 5 1013



dicated that particles could be trapped in stationary positions
around the fiber even though suspension flow is ongoing.

Summary and Conclusions

Resonant acoustic fields were successfully employed to en-
hance the filtration efficiency of a porous medium. Good col-
lection efficiencies were achieved for the filtration of fine
particulate suspensions through the polymeric foam having
pores two orders of magnitude larger than the particles of
suspension. The residence time required in the acoustically
active chamber was short, ranging from 0.25 to 0.5 min for
the experimental results reported here. Cumulative filtration
efficiencies in excess of 60% were reached within 2 to 4 resi-
dence times of operation and could be maintained above 70%
for 15 to 25 residence times. Eventually the porous medium
becomes saturated with particles and instabilities in the col-
lection phenomenon arise. It is possible that these instabili-
ties are related to increased acoustic absorption by the col-
lections of particles entrapped within the porous medium.
Such localized heating can result in acoustic streaming, which
would lead to a reduced efficiency for particle trapping. The
time to saturation decreases almost proportionally to the par-
ticle loading in the feed, indicating that filtration is limited by
the mass of solids retained inside the porous medium. Effects
of different processing variables on filter performance were
confirmed. The ease of operation, high filtration efficiency,
and Jow-pressure drop associated with this new filtration ap-
proach allows it to be potentially useful for many practical
applications.

The simplified particle-trajectory analysis captures the es-
sential features of the filtration process. Acoustic forces can
cause particle trajectories to deviate from hydrodynamic
pathlines toward particle collectors, thereby enhancing their
collection efficiency in comparison to pure hydrodynamic in-
terception. The prediction of localized potential energy min-
ima may explain the formation of particle clusters observed
in the experiments. The predicted focusing of particle trajec-
tories may be the origin of the dendritic particle collection
observed in other cases.
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