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Abstract

The effects of acoustic wave propagation on the transport of colloids in saturated porous media were investigated by injecting Uranine (conser-
vative tracer) as well as blue and red polystyrene microspheres (colloids of different diameters; 0.10 and 0.028 µm, respectively) into a column
packed with glass beads. Experiments were conducted by maintaining the acoustic pressure at the influent at 23.0 kPa with acoustic frequencies
ranging from 30 to 150 Hz. The experimental results suggested that colloid size did not affect the forward and reverse attachment rate coefficients.
The acoustic pressure caused an increase in the effective interstitial velocity at all frequencies for the conservative tracer and colloids of both sizes,
with maximum increase at 30 Hz. Furthermore, acoustics enhanced the dispersion process at all frequencies, with a maximum at 30 Hz.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Groundwater aquifers are often contaminated by an assort-
ment of pollutants that derive from various sources. One com-
mon class of groundwater contaminants is dissolved molecular
solutes. Examples include pesticides and fertilizers from agri-
cultural runoff, nitrate and nitrite from wastewater release, and
radionuclides that can leach into groundwater from deep ge-
ological disposal sites. Another common class of groundwa-
ter pollutants is colloidal particles such as viruses and bacte-
ria (biocolloids) from domestic or industrial wastewater spills.
A third common class of pollutant is dissolved light or dense
non-aqueous phase liquids (DNAPLs) such as TCE, PCE,
and gasoline by-products from leaking storage tanks, leaking
pipelines, or accidental spills [1–4]. In addition, natural col-
loidal particles (very fine particles that have some linear dimen-
sion between 0.001 and 10 µm [5]) are ubiquitous in groundwa-
ter aquifers, and may significantly affect the subsurface fate and
transport of these contaminants.
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Typical colloids present in groundwater include clay miner-
als, oxides or hydroxides of Fe and Al, colloidal silica, and or-
ganic matter such as humic macromolecules [6–10]. The large
specific surface areas of these colloids cause relatively weak
forces such as van der Waals forces, electric double layer forces,
and electrostatic forces to have a profound effect on their trans-
port and deposition. Experimental evidence has shown that col-
loids can have a faster breakthrough compared to solute tracers
in packed columns (e.g., [9,11–14]). This effect is attributed
to size exclusion and electrostatic repulsive forces [15]. It is
also widely accepted that colloids migrate faster than nonsorb-
ing conservative tracers in natural fractures [16–18]. Enhanced
mobility of colloids in porous media depends on the size of the
pore spaces and on the nature of the colloid–matrix interactions
(surface chemistry). Unfavorable deposition interactions result
in enhanced mobility [17].

There is also substantial evidence from both laboratory and
field experiments that colloids are efficient sorbents for con-
taminants such as heavy metals, nonpolar organic compounds,
and radionuclides [15,19,20]. Tatalovich et al. [10] showed that
applying humic substances to groundwater contaminated with
a DNAPL pool enhanced the mass transfer of DNAPL to the
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aqueous phase. Parametric investigations have also shown that
liquid-phase contaminant concentration of DNAPL is sensitive
to the partition coefficient for contaminant sorption onto sus-
pended colloids [16]. The ability of contaminants to adsorb
onto colloids and of colloids to experience enhanced mobility
(colloid-associated transport) may contribute to faster contami-
nant migration and dispersion, which exacerbates the contami-
nation problem.

In many parts of the world, including the United States,
groundwater is often pumped and distributed directly into
homes for consumption without any processing. Consequently,
the prevalence, toxicity, and mobility of contaminants has fa-
cilitated interest in groundwater remediation techniques. There
are a number of available technologies for treatment of contam-
inated groundwater that have been utilized with varying degrees
of success: filtration through granular activated carbon (GAC),
soil removal and/or washing, air stripping, and biological con-
tact or trickle filtration. These remediation technologies rely
heavily on pump-and-treat methodologies such that the amount
of contaminant mass removed is proportional to the amount of
water pumped from the subsurface and to the concentration of
dissolved or suspended contaminant in that water. Therefore,
groundwater remediation is limited by the aqueous solubility of
the particular contaminant. Unfortunately, several of the conta-
minants present in groundwater have low aqueous solubilities
(e.g., DNAPLs [21]), or high affinities for adsorption onto the
subsurface formation creating a long persisting source of conta-
mination. Various methods have been explored in recent years
to enhance contaminant transport and dissolution to address this
issue. Some methods involve introduction of nonindigenous
colloids or humic substances, specialized biocolloids, surfac-
tants, or cosolvents. These methods could be problematic as all
of the added substances are considered to be either contami-
nants themselves or undesirable in the drinking water supply.

A desired groundwater remediation approach is a ‘clean’
technology that will increase contaminant mass transport and
dissolution in porous media with conventional pump-and-treat
methods, thereby facilitating enhanced remediation without
adding further contaminants to the subsurface. An example
of such a technology is the introduction of acoustic (sound)
waves in saturated porous media to increase contaminant mass
transport. Building on the fundamental work of Biot [22,23],
the theory of acoustic propagation in porous media has been
studied extensively in soil mechanics, seismology, earthquake
engineering, geophysics, and petroleum engineering [24]. How-
ever, only recently has the concept of using waves for aquifer
remediation been given attention and several preliminary stud-
ies have been conducted. For example, acoustic waves were
found to enhance transport of a conservative tracer in packed
column experiments with the effective velocity of the solute
being approximately inversely proportional to the frequency
of the acoustic wave [25]. Other theoretical and experimental
results have shown that significant displacement of solutes in
saturated porous media results from the propagation of differ-
ent types of compression waves (e.g., compaction waves and
short and long shock waves), even in the absence of background
flow [1]. Experimental evidence also shows that acoustic waves
can increase both mobilization and dissolution in multi-phase
systems (i.e., NAPL/water) [24,26–28]. Thomas and Narayanan
[29] showed that solute mass transfer is enhanced by several
orders of magnitude when the fluid medium is subject to os-
cillatory motion, even if there is no net total flow over a cycle
of oscillation. Experimental evidence has shown that effluent
aqueous DNAPL concentration increased with the application
of acoustic pressure waves with the greatest dissolution en-
hancement occurring at lower frequencies [26]. Furthermore,
ganglia that were immobile under steady background flow were
mobilized when acoustic pressure was added [27,28]. Gross
et al. [1] have suggested that the unique significance and eco-
nomic potential of introducing pressure waves into an aquifer
is in the ability to focus on cleaning groundwater at localized
sites, mobilize trapped contaminants, and guide the motion of
a contaminant plume by controlling the intensity and direction
of the applied pressure. However, the effects of acoustic waves
on colloid transport in saturated porous media have not been
investigated, and they are the focus of the present work.

Whether colloids present in groundwater are contaminants
themselves, natural colloids that facilitate contaminant trans-
port, or nonindigenous colloids used for remediation, under-
standing the effects of acoustic wave application on the trans-
port of colloids in saturated porous media is necessary before
acoustics can be applied for aquifer remediation.

2. Mathematical model development

The one-dimensional advection–dispersion equation for col-
loidal particles in homogeneous saturated porous media ac-
counting for adsorption (or filtration) and inactivation under
a constant hydraulic gradient is given by the following linear
second-order partial differential equation:

∂C(t, x)

∂t
+ ρ

θ

∂C∗(t, x)

∂t
= De

∂2C(t, x)

∂x2
− Ue

∂C(t, x)

∂x

(1)− λC(t, x) − λ∗ ρ

θ
C∗(t, x),

where C is the concentration of colloids in suspension [M/L3],
C∗ is the mass of colloids adsorbed on the porous medium
[M/M], De is the effective hydrodynamic dispersion coefficient
[L2/t], Ue is the effective interstitial fluid velocity [L/t], ρ is the
bulk density of the porous medium [M/L3], λ is the inactivation
constant of suspended colloids [t−1], λ∗ is the inactivation con-
stant of adsorbed colloids [t−1], θ is the porosity of the porous
medium [–], and t is time [t]. Inactivation was included in the
governing transport equation so that the solution can be applied
to biocolloids and radiocolloids, though they were not studied
in the present work. The effective interstitial fluid velocity is
defined as [25]

(2)Ue = U + U∗,
where U is the steady-state background interstitial fluid veloc-
ity [L/t], and U∗ is the additional velocity component attributed
to acoustic pressure [L/t]. Similarly, the effective dispersion co-
efficient is defined as

(3)De = D + D∗ = (U + U∗)αL +De = UeαL +De,
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where D = UαL + De is the hydrodynamic dispersion coeffi-
cient [L2/t], αL is the longitudinal dispersivity [L], De =D/τ ∗
is the effective molecular diffusion coefficient [L2/t] (where D
is the molecular diffusion coefficient [L2/t], and τ ∗ > 1 is the
tortuosity coefficient [–]), and D∗ is the additional dispersion
component attributed to acoustic pressure [L2/t]. It should be
noted that the concept of effective parameters has been applied
in numerous groundwater flow and solute transport studies [25,
30–34]. The rate of colloid attachment onto the solid matrix is
described by the following first-order equation [35]:

(4)
ρ

θ

∂C∗(t, x)

∂t
= r1C(t, x) − r2C

∗(t, x) − λ∗ ρ

θ
C∗(t, x),

where r1 is the forward attachment rate coefficient [t−1], and r2
is the reverse attachment rate coefficient [M/L3/t].

The desired expression for C∗ is obtained by solving (4) sub-
ject to an initial condition of zero sorbed (or filtered) colloid
concentration (C∗(0, x) = 0) as

(5)C∗(t, x) = r1θ

ρ

t∫
0

C(τ, x) exp

[
−

(
r2θ

ρ
+ λ∗

)
(t − τ)

]
dτ.

In view of (2)–(5) the governing equation (1) can be written as

∂C(t, x)

∂t
= De

∂2C(t, x)

∂x2
− Ue

∂C(t, x)

∂x
−AC(t, x)

(6)+B
t∫

0

C(τ, x) exp
[−H(t − τ)

]
dτ,

where the following substitutions have been employed:

(7)A= r1 + λ,

(8)B = r1r2θ

ρ
,

(9)H = r2θ

ρ
+ λ∗.

For a semi-infinite one-dimensional porous medium, the ap-
propriate initial and boundary conditions are given by

(10)C(0, x) = 0,

(11)−De
∂C(t,0)

∂x
+ UeC(t,0) = M0δ(t),

(12)
∂C(t,∞)

∂x
= 0,

where M0 = MI/Aθ is the mass injected over the cross-
sectional area of the column (where MI is the injected mass
[M] and A is the cross sectional area of the porous medium
[L2]), and δ is the Dirac delta function [t−1]. Initial condi-
tion (10) establishes a zero background colloid concentration.
Boundary condition (11) describes the flux influent pulse con-
centration. The downstream boundary condition (12) preserves
concentration continuity for a semi-infinite system. The solu-
tion to the governing equation (6) subject to conditions (10)–
(12) is obtained analytically by Laplace transform and inverse
Laplace transform techniques following the methods of Lapidus
and Amundson [36], Chrysikopoulos et al. [31], and Sim and
Chrysikopoulos [35,37,38]:
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,

where ‘exp’ is the exponential function, ‘erfc’ is the comple-
mentary error function, I1 is the modified Bessel function of
order one, and ζ is a dummy integration variable.

3. Experimental design and procedures

3.1. Experimental apparatus

The effects of acoustic wave propagation on colloid transport
through saturated porous media were investigated by injecting
a multi-component (colloids and molecular solute) tracer pulse
into a 30 cm long CHROMAFLEX glass column with a 2.5 cm
inner diameter (Kimble Kontes, New Jersey). The column was
packed with 2 mm diameter soda-lime glass beads (Fisher Sci-
entific, New Jersey). Glass beads were chosen as model porous
media because they are chemically non-reactive with the solu-
tions used in this study. The beads were retained in the column
with high density polyethylene (HDPE) screens, which were
held in place by polytetrafluoroethylene (PTFE) (Teflon) col-
umn end fittings on both the influent and effluent ends. The end
fittings were milled to accommodate 1/4 inch stainless steel fit-
tings (Swageloc) for 3/8 inch semi-rigid plastic tubing (Fisher
Scientific, Pennsylvania). This bore allowed unimpeded water
flow and acoustic wave propagation from the reservoir through
the column. The end fittings were secured by plastic screw
caps that screw into threads molded in the ends of the glass
column. HDPE, PTFE, and stainless steel are chemically non-
reactive with the solutions and colloids used. Constant flow
of purified water at a rate of 0.80 ml/min was maintained
through the packed column with a dual-syringe infusion pump
(KDS200; KD Scientific, Massachusetts). Use of a syringe in-
jector ensured consistent tracer injections between experiments.
Acoustic pressure waves were introduced into the column by
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Fig. 1. Experimental apparatus.
the oscillation of a tactile sound transducer (TST429; Clark
Synthesis, Colorado), that was mounted securely to a separate
laboratory countertop to limit vibration so that all the acoustic
energy would be transferred to the column. A small plunger
was connected to the transducer on one end and fused to a
neoprene diaphragm on the other end. The diaphragm was se-
cured to a specially designed reservoir milled from a block of
Plexiglas. The frequency of acoustic pressure oscillation was
controlled by a function generator (FG-7002C; LG Precision,
California) with a frequency setting accuracy of ±5% in the 10–
1000 Hz range employed. The magnitude of acoustic pressure
was controlled by an amplifier (Lab300; Lab Gruppen, Swe-
den) and was measured with PCB106b pressure sensors with a
resolution of 0.00069 kPa and calibrated linearity �1% (FS) in
conjunction with 480E09 ICP sensor signal conditioners (PCB
Piezotronics, Inc., New York) and a digital multimeter (MXD-
4660A; Metex, Korea) with an accuracy of ±0.05000% in the
2V DC range employed. The pressure sensors were mounted
on the influent and effluent ends of the glass-bead pack. Efflu-
ent samples were collected from a dedicated needle (sampling
port) mounted with its sharpened end resting against the HDPE
screen that retained the glass-bead pack on the effluent end of
the column. A complete schematic of the experimental appara-
tus employed in this study is shown in Fig. 1.

3.2. Solution preparation

Experimental evidence suggests that both pH and ionic
strength of the background solution significantly affect colloid
transport and deposition [15]. Therefore, water used in these ex-
periments was purified to a specific resistance of 18.2 m� cm
with a Milli-Q UV plus water purification system (Millipore
Corp., Massachusetts) containing a filter with 0.22 µm pore
size and UV sterilization. The water was then vacuum de-
gassed in a clean vacuum flask for at least 15 min to remove
dissolved gases. Water was stored under vacuum to prevent ab-
sorption of carbon dioxide (CO2) gas that would cause pH to
fluctuate and affect colloid surface charges. Water throughout
all experiments was maintained at pH 7.2. Stock solutions of
the tracers employed were prepared. The conservative tracer
stock solution was a 5 mg/L solution of Fluorescein Sodium
Salt (C20H10Na2O5) commonly known as Uranine (Fisher Sci-
entific, New Jersey). The blue microsphere (with diameter
0.10 µm and coefficient of variation (CV) <10%) and red mi-
crosphere (with diameter 0.028 µm and CV <20%) stock so-
lutions were one-in-twenty dilutions of commercially available
one-percent-by-mass solutions of fluorescent-dyed polystyrene
microspheres (Duke Scientific, California). The colors (i.e.,
blue and red) correspond to the wavelengths of light of the
emission spectrum of the fluorescent dye incorporated into the
polystyrene matrix of the microspheres. The multi-component
tracer injected into the column was made prior to each experi-
ment by combining exactly 1.0 ml of a conservative tracer stock
solution, 1.0 ml of blue microsphere stock solution, and 1.0 ml
of red microsphere stock solution. Five dilutions of known con-
centration were made for quantification.

3.3. Experimental procedure

The base case experiment was first conducted to determine
effluent concentrations for Uranine (conservative tracer) and the
two different-sized microsphere suspensions (colloids) in the
absence of acoustic waves (0 Hz) using the following proce-
dure. A slug of 0.6 ml of the multi-component tracer solution
was instantaneously injected with the syringe injector into the
column through the injection port located near the influent end
of the column. Elapsed time was measured with a digital quartz
chronograph (Timex, New Jersey), and the temperature of the
water was maintained throughout the experiments at 21 ◦C.
Sample effluent volumes of 0.5 ml were collected from the
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sampling port at regular two-minute intervals using a dedicated
disposable 1.0 ml tuburculin plastic syringe (Becton Dickinson
and Co., New Jersey). The samples were then transferred to
1 cm pathlength disposable polyethylene cuvettes (Cole Parmer
Instrument Co., Illinois), where exactly 1.5 ml of Millipore-
purified water was added using an eppendorf reference pipette
(Brinkmann Instruments, Inc., New York). This dilution was
necessary because the luminescence spectrometer used to ana-
lyze the samples requires a minimum sample volume of 2 ml.
The sample cuvettes were then sealed with plastic cuvette lids
(Fisher Scientific, New Jersey). Subsequent experiments were
conducted using the same procedure described for the base
case, but in the presence of acoustic waves at seven different
preselected acoustic frequencies (30, 50, 70, 90, 110, 130, and
150 Hz). Column apparatus and all accessories were carefully
cleaned between experiments by pumping several pore volumes
of a strong acid (HCl) followed by several pore volumes of puri-
fied degassed water, similar to the process performed by Weron-
ski et al. [39]. This procedure ensured that the column and
media were free from contaminants and microorganisms and
that solution chemistry was uniform between experiments. For
all frequencies, acoustic pressure in the influent was set to 3.33
psi (23.0 kPa). Due to different attenuation of acoustic waves at
different frequencies, the acoustic pressure in the effluent was
different for each experimental frequency. The measured efflu-
ent acoustic pressures were 15.0, 15.7, 16.5, 16.9, 17.9, 19.7,
and 20.2 kPa, respectively for the frequencies above. Influent
and effluent pressures remained constant throughout each ex-
periment.

3.4. Analysis

The effluent samples from the column which contained dif-
ferent concentrations of the three tracers were analyzed by
performing emission scans with an Aminco-Bowman series 2
luminescence spectrometer (Thermo Spectronic, New York).
The Uranine and microsphere suspensions were chosen because
they exhibit fluorescent properties at different excitation wave-
lengths. Each effluent sample was excited three times; once
at each excitation wavelength (412, 463, and 542 nm specific
to blue microspheres, Uranine, and red microspheres, respec-
tively). The emission wavelength ranges were carefully chosen
to allow maximum fluorescence while minimizing any overlap-
ping areas of the emission spectra. In this way the concentration
of each species in a single effluent sample was determined in-
dependently.

Before the analytical solution (13) could be employed to fit
the experimental breakthrough data, the parameters θ , ρ, and
U associated with the column and glass beads were obtained.
It should be noted that the variables H and Ue in Eq. (13) are
functions of the parameters θ , ρ, and U . The porosity of the
solid matrix (beads) is given by

(14)θ = Vv

Vt
= Vt − Vb

Vt
,

where Vv is the volume of the void space inside the packed
column [L3]; Vt is the total inner volume of the glass column
Table 1
Column parameters

Parameter Symbol Value

Porosity θ 0.368 [–]
Bulk density ρ 1.60 [g/cm3]
Average interstitial velocity U 26.57 [cm/h]
Volumetric flow rate Q 0.80 [ml/min]
Column length – 30 [cm]
Inside diameter – 2.5 [cm]

[L3], and Vb is the volume of the glass beads themselves in the
column [L3]. The total volume was calculated from the inner
diameter and length of the column. The volume of the beads
in the column was determined by transferring the beads to a
graduated cylinder filled with water and measuring the volume
of water they displaced. The bulk density is given by

(15)ρ = Mb

Vt
,

where Mb is the mass of the beads [M]. The average interstitial
velocity is given by

(16)U = q

θ
= Q

Aθ
,

where q is the seepage or Darcy velocity [L/t] and Q is the
volumetric flow rate [L3/t]. The volumetric flow rate was set at
0.80 ml/min for all experiments and the cross-sectional area
was calculated from the inner diameter of the column. The
model parameter values are listed in Table 1.

Subsequently, the Levenberg-Marquardt nonlinear least squ-
ares regression method was used with the analytical solu-
tion (13) to determine the effective dispersion coefficient and
the effective velocity associated with each acoustic frequency.
The objective of the nonlinear least squares method is to ob-
tain estimates of the model parameters that minimize the sum
of squared residuals between simulated and observed data.
A FORTRAN program was written utilizing the subroutine
mrqmin [40] for fitting the data and the subroutine qdag [41]
for numerical evaluation of the integral present in Eq. (13).

4. Results and discussion

The experimental breakthrough data for Uranine in the ab-
sence of acoustic waves (base case) was fit to obtain U =
26.56 cm/h and D = 5.40 cm2/h (see Eqs. (2) and (3)). Note
that r1 and r2 are zero for conservative tracers such as Ura-
nine. Since the effective molecular diffusion, De, of Uranine is
several orders of magnitude smaller than UeαL, and is there-
fore negligible, the value of the longitudinal dispersivity, αL =
0.203 cm, was obtained from Eq. (3). Next, the experimental
data for blue and red microspheres for the base case were fit for
D, r1, and r2 using the interstitial velocity obtained from Ura-
nine. The hydrodynamic dispersion coefficients for blue and red
microspheres were 7.41 and 7.20 cm2/h, respectively. The fit-
ted values of r1 and r2 for blue and red microspheres were 0.136
and 61.6 h−1; and 0.118 and 40.3 h−1, respectively. For the low
velocity used in these experiments, the small deposition rates
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obtained agree with the work of Kretzschmar and Sticher [9],
who have suggested a direct relationship between deposition
rates and pore velocity. Although the dispersivity is a property
of the porous medium, experimental evidence has shown that
colloids experience a different dispersivity than conservative
tracers in the same medium [14]. Longitudinal dispersivities
were calculated from base case blue and red microsphere data
as 0.279 and 0.271 cm, respectively. Subsequently, the values
of Ue (for Uranine), and Ue, r1, and r2 (for colloids) were ob-
tained for each frequency of acoustic pressure with the proper
De being determined from Eq. (3) and the calculated dispersiv-
ities. Finally, the components of interstitial velocity and hydro-
dynamic dispersion attributed to acoustics, U∗ and D∗, were
obtained from Eqs. (2) and (3) with the base case values of U

and D.
Fig. 2 shows the base case experimental data for Uranine

and the two colloids together with the corresponding break-
through curves fitted by the analytical solution (13). It can be
seen that the analytical solutions match the experimental data
well. The blue and red microspheres have a lower peak concen-
tration and they exhibit more tailing at later times than Uranine,
indicating that the colloids are adsorbing to and desorbing from
the porous medium. The colloids experienced a slightly faster
breakthrough time over the conservative tracer, as indicated
by their higher concentrations at early times. Although early
breakthrough due to size exclusion has been observed in var-
ious studies [14,16], very minor differences between blue and
red microspheres were observed because the pore space created
by 2 mm glass beads is quite large compared to the colloid di-
ameters.

Fig. 3 shows experimental data and fitted breakthrough
curves of the effluent blue microsphere concentrations for 0
(base case), 50, and 150 Hz acoustic oscillation frequency.
Note that in the presence of acoustic waves, the breakthrough
curves are shifted to the left, indicating an increased velocity,
and spread more in the longitudinal direction, indicating an
increased dispersion over the base case. Similar effects were ob-
served for Uranine and the red microspheres with breakthrough
curves for both colloids being nearly identical.

Fig. 2. Breakthrough data (symbols) and fitted analytical solutions (solid lines)
for Uranine (solid circles), blue microspheres (open circles), and red mi-
crospheres (open squares), in the absence of acoustic waves (base case).
Fig. 4 displays the values of U∗, the additional compo-
nent of interstitial velocity attributed to acoustics, determined
from experiments at all frequencies employed for Uranine as
well as blue and red microspheres. Both colloids were affected
by acoustic waves in a similar fashion with slightly larger
increased interstitial velocity than Uranine. Applied acoustic
waves caused an increase in effective interstitial velocity at all
frequencies employed for Uranine and both colloids. The most
notable increase occurred at 30 Hz, where both colloids expe-
rienced the greatest increase in effective interstitial velocity.
At 30 Hz, a relatively large volume of water must be oscil-
lated by the transducer to generate the constant influent pressure
(23.0 kPa) maintained in this study. This large oscillation was
only observed at the lowest frequency in this study (30 Hz). The
peak in U∗ and consequently D∗ at 30 Hz is attributed to this
oscillating volume of water, though the exact mechanism must
be studied further.

Fig. 5 displays the values of D∗ determined from experi-
ments at all frequencies employed for Uranine as well as blue

Fig. 3. Breakthrough data (symbols) and fitted analytical solutions (solid lines)
for blue microspheres in the absence of acoustic waves (base case, solid circles)
and in the presence of acoustic waves at 50 Hz (open diamonds) and 150 Hz
(solid diamonds).

Fig. 4. Experimentally determined component of effective interstitial velocity
attributed to acoustics, U∗, at various acoustic wave frequencies for Uranine
(solid circle), blue microspheres (open circle), and red microspheres (open
square).
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Fig. 5. Component of effective hydrodynamic dispersion coefficient attributed
to acoustics, D∗, for various acoustic wave frequencies for Uranine (solid cir-
cle), blue microspheres (open circle), and red microspheres (open square).

and red microspheres. For the case of dispersion, the two col-
loids were affected in a similar fashion by acoustic waves and
experienced greater effective dispersion than Uranine. Since U∗
and D∗ are related by Eq. (3), applied acoustic waves caused an
increase in dispersion at all frequencies employed for Uranine
and both colloids.

5. Conclusions

The effects of acoustic wave propagation on the transport
of colloids in saturated porous media were investigated by
injecting Uranine (conservative tracer) as well as blue and
red polystyrene microspheres (colloids) into a column packed
with glass beads. Experiments were conducted with constant
influent acoustic pressure and applied acoustic waves at fre-
quencies ranging from 30 to 150 Hz. An analytical solu-
tion to the governing advection–dispersion equation for col-
loids was obtained through Laplace transform and inverse
Laplace transform techniques. A FORTRAN program utiliz-
ing the Levenberg-Marquardt nonlinear least squares regression
method was written to fit the experimental data to the analytical
solution. The results suggested that colloid size did not affect
the fitted values of the forward and reverse attachment rate co-
efficients. The acoustic pressure forcing caused an increase in
effective interstitial velocity and dispersion at all frequencies
for the conservative tracer and the two colloids, with maximum
increase at 30 Hz. This enhanced transport and dispersion is
consistent with results obtained for non-aqueous phase liquids
in the presence of acoustic waves [24,26–28]. In conjunction
with colloid-facilitated contaminant transport during conven-
tional pump-and-treat applications, this may lead to reduced
aquifer remediation times. Clearly, the presence of acoustic
pressure increases the rate of colloid transport and dispersion
in saturated porous media.
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Appendix A. Nomenclature

A cross-sectional area of column [L2]
A defined in (7)
B defined in (8)
C concentration of colloids in suspension [M/L3]
C∗ mass of colloids adsorbed to porous media [M/M]
D hydrodynamic dispersion coefficient [L2/t]
De effective hydrodynamic dispersion coefficient [L2/t]
D∗ component of dispersion attributed to acoustics [L2/t]
D molecular diffusion coefficient [L2/t]
De effective molecular diffusion coefficient [L2/t]
H defined in (9)
J1 Bessel function of order one [–]
M0 mass injected over cross-section of column [M/L2]
Mb mass of glass beads in column [M]
MI mass injected [M]
q seepage velocity [L/t]
Q volumetric flow rate [L3/t]
r1 forward attachment rate coefficient [t−1]
r2 reverse attachment rate coefficient [M/L3/t]
t time [t]
U average interstitial fluid velocity [L/t]
Ue effective interstitial fluid velocity [L/t]
U∗ component of velocity attributed to acoustics [L/t]
Vb volume of beads [L3]
Vt total inner volume of column [L3]
Vv volume of void space [L3]
x longitudinal spatial coordinate [L]

Greek letters

αL longitudinal dispersivity [L]
δ Dirac delta function [t−1]
ζ dummy integration variable
θ porosity (void volume/total volume) [L3/L3]
λ inactivation constant of suspended colloids [t−1]
λ∗ inactivation constant of adsorbed colloids [t−1]
ρ bulk density of the solid matrix [M/L3]
τ dummy integration variable
τ ∗ tortuosity [–]
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