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The effects of acoustic waves on the dissolution of dense nonaqueous phase liquids in
water saturated porous media are investigated. Experiments of trichloroethylene (TCE)
ganglia dissolution within a water saturated column, packed with glass beads, are
conducted. Acoustic waves with pressure amplitudes ranging from 0 to 1625 Pa and
frequencies ranging from 0 to 285 Hz are employed to the interstitial fluid at the inlet of
the packed column. Effluent dissolved TCE concentrations are observed to increase up to
120% in the presence of acoustic pressure waves compared to the case where TCE
dissolution without acoustic waves is monitored. The observed effluent dissolved TCE
concentration increase is attributed to enhanced mass flux at the TCE-water interface,
caused by acoustic waves. Highest dissolution rates occur at discrete frequencies sug-
gesting resonance effects or the presence of standing waves. Although acoustic waves
enhance TCE dissolution, they dissipate almost exponentially with distance from the
acoustic source. © 2004 American Institute of Chemical Engineers AIChE J, 50: 3271-3280, 2004
Keywords: Contaminant transport, NAPL dissolution, acoustic waves, enhanced mass

transfer, aquifer remediation

Introduction

The removal of nonaqueous phase liquids (NAPLs) from
groundwater aquifers is a challenging task, because these lig-
uids are only slightly soluble in water (Mercer and Cohen,
1990) making their dissolution very slow and mass-transfer
limited (Chrysikopoulos et al., 1994; Khachikian and Harmon,
2000). Unfortunately, only a few parts per billion of certain
contaminants such as trichlorethylene (TCE) can render
groundwater nonpotable. Consequently, removing NAPL
sources from groundwater aquifers is essential for protecting
human health.

Currently, there is a strong interest in alternative aquifer
remediation procedures because the most commonly used re-
mediation technique, pump-and-treat, is not capable of remov-
ing residual dense nonaqueous phase liquid (DNAPL) sources
from contaminated aquifers (Wilson et al., 1990). Alternative
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remediation methods include the use of cosolvents which en-
hance dissolution by chemically altering the groundwater
(Brandes and Farley, 1993). A closely related aquifer remedia-
tion technology involves the use of surfactants that can reduce
the surface tension and also enhance the dissolution and mo-
bilization of DNAPLs (Pennel et al., 1993; Mason and Kueper,
1996; Fortin et al., 1997). Another method is bioremediation,
which uses bacteria to enhance NAPL degradation (Chaudhry,
1994; Seagren et al., 1994). The addition of humic substances,
which enhance NAPL dissolution in saturated porous media,
has also been investigated (Tatalovich et al., 2000). All of these
remediation methods, however, have the disadvantage of in-
troducing further contamination into the subsurface.

The use of acoustic waves and/or vibration have been pro-
posed as potential groundwater remediation techniques. Sev-
eral studies suggested that vibration of porous media can mo-
bilize NAPL ganglia (Reddi and Wu, 1996; Reddi et al., 1998).
Pressure pulsing has been found to enhance the mobilization
and extraction of oil in porous media (Dusseault et al., 2000).
Axial stress applied to the face of a TCE contaminated sand
core has been shown to enhance TCE droplet production in the
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effluent stream (Roberts et al., 2001). Resonant behavior of
saturated porous media, neglecting motion of porous media
parallel to the flow of the interstitial fluid, has been determined
to be a function of porosity (Pan and Horne, 2000). A recent
experimental study has also shown that acoustic waves enhance
solute transport in saturated porous media due to the addition of
an oscillatory interstitial water velocity to the background flow
field (Vogler and Chrysikopoulos, 2002). The additional oscil-
latory interstitial flow velocity is caused in part by an out of
phase pressure wave (slow wave) compared to the motion of
the solid matrix (Biot, 1956a,b). A theoretical analysis of slow
wave decay in a poroelastic medium has been presented by
Zimmerman and Stern (1994).

Several studies suggest that NAPL dissolution in saturated
porous media is positively dependent on the interstitial water
velocity (Imhoff et al., 1994; Powers et al., 1994; Chrysiko-
poulos et al., 2000; Lee and Chrysikopoulos, 2002; Dela Barre
et al., 2002; Seagren and Moore, 2003; Nambi and Powers,
2003, Chrysikopoulos et al., 2003, to mention a few). Conse-
quently, it is reasonable to expect that acoustic waves can lead
to dissolution enhancement of residual DNAPLs in porous
media. A novel “clean” remediation method is proposed and
investigated in this study. The method uses acoustic waves to
enhance DNAPL dissolution rates by increasing the NAPL-
water interphase mass transfer.

Mathematical Developments

Acoustic wave propagation through one-dimensional (1-D),
water saturated porous media, assuming the interstitial fluid
and solid beads (packing) are incompressible, may be de-
scribed by the following two equations that account for the
motion of the interstitial fluid and solid matrix, and a mass
conservation equation (de Boer et al., 1993)
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ap(t, x) 9%&(1, x)
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aE(r, x) &1, x)
+S[ a ot
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where u and A are the solid matrix Lamé constants, represent-
ing the shear modulus and the bulk modulus less 2/3 of the
shear modulus, respectively; & is the solid displacement; & is
the fluid displacement; x is the spatial coordinate in the direc-
tion of flow; 0 is the fluid volume fraction or porosity of the
porous medium; (1 — ) is the volume fraction of solids per
unit volume of the porous medium; p denotes fluid pressure; ¢
is time; p, = (1 — 6) p (ouq 18 the solid bulk density (where
Psotia 18 the solid density); p, = Opy,o is the fluid bulk density
(where py, is the water density); S is a function that relates the
extra stress due to the relative movement between the solid and
fluid (de Boer and Ehlers, 1990)
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where vy is the specific weight of the fluid; and K is the
hydraulic conductivity of the porous medium. The preceding
expression for S is valid only under Poiseuille flow conditions.
The breakdown of Poiseuille flow at specified kinematic fluid
viscosity, n and mean pore diameter occurs beyond a threshold
frequency. For pore diameters in the range 0.1 to 0.01 mm, the
corresponding range of threshold frequencies, at 15°C, is 100
to 10,000 Hz (Biot, 1956a).

Assuming that there is no initial displacement or velocity for
the fluid and solid matrix, the appropriate initial conditions
considered here are

£(0,x) = §(0,x) =0 &)

&0, x) B 940, x) B
a9t 0

(6)

Furthermore, assuming that the porous medium is semi-infinite,
the boundary conditions for the solid and fluid phases are given
by

dé§,
dx

o(,0) = (1 - 0)f(1) = 2n + 1) )

o(t,®) =p(t,©) =0 (®)

where o is solid stress caused by the interaction between solid
and fluid movement (de Boer et al., 1993) and f{¢) is an acoustic
pressure source function. The boundary condition (Eq. 7)
equates the stress of the solid matrix and the pressure of the
fluid at the acoustic source boundary.

The solution to the boundary value mathematical problem
described is obtained with the methods of de Boer et al. (1993)
who have examined the governing differential Eqs. 1-3 for a
different set of boundary conditions. Taking Laplace trans-
forms of Eqs. 1-3, with respect to time variable #, and employ-
ing initial conditions (Eqs. 5 and 6), leads to the following set
of equations

m+zw§%%¥Lwl—mﬂ¥}9

— (pv* + Sv)&(v, x) + SvE(v, x) =0 (9)

dp(v, i N
_o P (d’; ) _ (o + SVE(v,x) + SvE(w, ) =0  (10)
(1 o)y P20 g, 45D _ (11)

dx dx

where the “tilde” signifies Laplace transform defined as

AIChE Journal



LIB(n] = B(v) = f Be™"d1 (12)

B is a dummy variable, and v is the Laplace transform param-
eter. Placing Eq. 9 through 11 into matrix notation results in

d*m dm B
FW‘FGE‘FHHI—O (13)
where
m = [EY(V’ X), gf(vv )C), ﬁ(vs -x)]T (14)

the superscript T indicates transpose, and matrices F, G, and H

are
A+2u 0 O
F = 0 0 0

15)
0 00
0 0 —(1-29)
G = 0 0 —0 (16)
(1—-0)v Ov 0

—p,* — Sv Sv 0
H= Sv —pj-v2 -Sv 0 (17)

0 0 0

Assuming a trial solution for m in the form

m = mye** (18)

where m, and « are functions of the Laplace transform param-
eter v. Substitution of Eq. 18 into 13 results in the following
eigenvalue problem

(o’F + aG + Hmye™ = 0 (19)

The eigenvalues are determined from the characteristic equa-
tion

|a’F + aG + H| = o*{(A + 2p) 0*d?

—[(Q = 0)’p,+ FpJv” —Svp=0 (20)
where the latter formulation in the preceding expression is the
consequence of substitution of Eq. 1517, followed by deter-

minant evaluation. The roots or eigenvalues of the character-
istic equation are

a, = (7 + Q)12 21
a, = — (0,17 + Q)2 (22)
a3 = 0y = 0 (23)
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Consequently, the corresponding eigenvectors are
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The Laplace domain solution can be expressed as
m = A,q e + Ayqre™ + Asqs + Auxqy (29)
where A,,..., A, are the Laplace domain constants to be

determined. In view of boundary condition (Eq. 8), it is evident
that the solution can be finite at x — % only if A, = A, = 0.
Thus, the Laplace domain solution reduces to

m = A,q,e™ + Azq; (30)

In view of Eq. 14, 27, 28, and boundary condition (Eq. 7), the
constants A, and A are determined as

. (1 -0y
Ay = fv) 0N+ 2)(Q 7 + Q)2 (31)
. (1 —=0)pp*+ (1 —0)Sv
S S TR TC i | B

Consequently, the Laplace domain solutions for &(v, x), (v,
x) and p{v, x) can be expressed as

N o-1 . .
&(v, x) = mf(v)‘l’(v, x) (33)
5 (1-6)7? _ .
E(v, x) = mf(l/)‘l’(v, x) (34)

(v, x) = {exp[— (Q, 17 + Q)] — 1I(w) (v, x) + 67(v)

(35)
where
exp[—(Q, 7 + Q1) %x]
V(v 0) =g a.," (36)
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Taking the Laplace inverse transformation of Eq. 33 — 35
yields
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where the following Laplace inversion identities were utilized
(Abramowitz and Stegun, 1965)

G(t, x) =

Ll{gl(v)gz(]})}:j 81(7) g2t — m)dr (44)

- Q,
-1 — 1/2
L YUy, x)} exp[ 20, t]
Qz(t2 _ le2)1/2 .
X 10{2Ql H(t— Q)%x) (45)
where L™ is the Laplace inverse operator, I, is the modified

Bessel function of zero-order, and H is the unit step function or
Heaviside function.

The fluid displacement relative to the solid displacement
may be written as

E(t, x) = &(1, x) — (1, x) (46)
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Figure 1. Simulated (a) solid, and (b) fluid displacements
as a function of time at x=0.15 m for an acous-
tic wave source with $=225 Hz, and p, =1 kPa.

Dashed and solid curves represent column packings of 1 and
2 mm size beads, respectively.

Furthermore, a time and space dependent relative fluid velocity
U1, x), may be determined by differentiating Eq. 46 with
respect to time. Because U, (¢, x) = d§.(t, x)/dt is a function of
acoustic pressure and frequency which may vary between
different experiments, the acoustic Reynolds number (Ha and
Yavuzkurt, 1993a,b)

R A 47)
etl =
n (

where U, is the maximum value or amplitude of the oscillatory
interstitial pore water velocity over one period of oscillation
(1/¢, where ¢ is the acoustic wave frequency), and d is the
mean grain diameter of the porous medium that will be used in
this study for consistent comparison of our experimental data.

Figure 1 presents model simulations for both fluid and solid
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Table 1. Column Packing Material and Fluid Properties

Parameter Value
K" 0.06 m/s (1 mm beads)
K’ 0.25 m/s (2 mm beads)
0 0.40
(1-6) 0.60
Pro 1000.0 Kg/m®
Pt 2330.0 Kg/m’
Py 400.0 Kg/m?
o, 1398.0 Kg/m®
n 1.0037 X 107° m?/s
AF 5.5833 X 10° N/m?
wt 8375 X 10° N/m>
y 1.0 X 10° N/m?

"For water at 20°C.
*Adopted from de Boers et al. (1993).

displacements in 1-D, water saturated porous media with d =
1 mm (dashed curves) and d = 2 mm (solid curves) for the
following acoustic source function

f(t) = psin(wr) (48)

where p, is the acoustic source fluid pressure, and w= 2m¢ is
the angular frequency. The curves are generated with the
analytical solutions for &z, x) and & (¢, x) in Egs. 38 and 39,
respectively, where the integrals were evaluated numerically
with IMSL subroutine dgdag (IMSL, 1991). All of the model
parameters employed are listed in Table 1. The displacements
are evaluated at a location x=0.15 m downstream from the
acoustic source with p,=1 kPa and 6=225 Hz. Note that
positive (§,, § > 0) and negative (§,, § < 0) displacements
refer to directions away and toward the acoustic source, re-
spectively. The simulated solid displacements for the case of 2
mm beads are shown to be greater than for the case of 1 mm
beads (Figure 1a). The same trend is observed in the simula-
tions of the fluid displacement (Figure 1b). This is attributed to
the decreasing value of S (see Eq. 4) with increasing hydraulic
conductivity. As S decreases, the exponential term in Eq. 38
and 39 increases, causing & and & to increase. The hydraulic
conductivity is greater for the 2 mm beads. Consequently, there
is less friction between the pore fluid and the solid matrix of the
packed column. Comparison of Figures 1a and 1b indicates that
the magnitude of the fluid displacement is greater than that of
the solid displacement. In addition, the equilibrium position,
which refers to the position of the center of the oscillatory
displacement, is initially located toward the acoustic source
(negative displacement) for &, and away from the acoustic
source (positive displacement) for &. However, the equilibrium
positions for both & and & are progressively (asymptotically)
shifted toward the zero displacement position (§; = § = 0). It
should be noted that only the amplitude of & and &is important
in determining U,. The porous medium and pore fluid continue
to oscillate harmonically with time as long as the acoustic
source pressure is applied.

The dependence of Re, on the distance from the acoustic
source, acoustic wave frequency, and acoustic source fluid
pressure is illustrated in Figure 2. The parameter Ur,, present
in the Re, expression (Eq. 47), is obtained by numerical ap-
proximation of the derivative d&,(t, x)/dt and evaluation of its
maximum value over a period of acoustic wave oscillation,

AIChE Journal

15

0.0 0.5 1.0 1.5 2.0
X {m
s (m)
(b)
m_f
0)“ -
o
5_
O-....I....I....I....
0 250 500 750 1000
¢ (Hz)
25
: (c)
20 }
15 F
qsﬁ L
7 I
10 F
s b St
0',.—’.’f‘./|....|....|....
0 500 1000 1500 2000
ps(Pa)

Figure 2. Acoustic Reynolds number as a function of (a)
X, (b) ¢, and (c) p, (here x=0.15 m, ¢= 225 Hz,
ps = 1 kPa).

Dashed and solid curves represent column packings of 1 and
2 mm size beads, respectively.
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1/¢. The term &,(t, x) is evaluated from Eq. 46 with & (¢, x) and
& (t, x) provided by the theoretically derived expressions in
Eqgs. 38 and 39, respectively. The simulations in Figure 2a
indicate that Re, decreases with increasing x. Figure 2b shows
that Re, reaches an asymptotic value with increasing ¢. Figure
2c shows that Re, increases linearly with increasing p,. It
should be noted that the Re, values are consistently higher for
d = 2 mm (solid curves) than d = 1 mm (dashed curves). This
is attributed to greater hydraulic conductivities and, conse-
quently, less viscous losses in the column with the greater
bead-size packing, due to smaller total bead surface areas per
unit volume.

Although, Re, decreases rapidly with increasing distance
from the acoustic source (Figure 2a), it is linearly proportional
to p, (Figure 2c). Note that the acoustic source pressure used to
construct Figure 2a is only 1 kPa. However, for field scale
applications, greater Re, may be achieved at greater distances
from the acoustic source by increasing p,. For certain field
applications, p, can exceed 400 kPa if formation compressibil-
ity is such that inelastic compaction of the porous medium is
avoided. Acoustic source devices capable of delivering sub-
stantial acoustic pressures should be used for field scale appli-
cations.

Experimental Procedures

The effect of acoustic pressure waves on mass transfer from
a DNAPL blob in saturated porous media was investigated by
conducting flow through dissolution experiments in a 30 cm
long glass laboratory column with a 2.5 cm inner diameter
(Kimble Kontes, NJ). The column was packed with either 1 or
2 mm dia. soda lime glass beads with a density of 2.33 g/cm®
(Fisher Scientific, PA). The porosity of the column packed with
1 or 2 mm glass beads is approximately 0.4. This experimen-
tally determined porosity value is in agreement with values
published in the literature for loose random packing obtained
by dropping glass beads into a column as a loose mass (de
Klerk, 2003). Relatively large glass beads, in comparison to the
column diameter, were employed in order achieve the greatest
possible transmission of acoustic pressure waves through the
packed column. However, bed voidance for column to particle
diameter ratios greater than 11.2 has been shown experimen-
tally to be relatively constant (de Klerk, 2003). The beads were
retained in the column using Teflon screens and end caps on
both the influent and effluent sides of the column. The Teflon
column end caps were milled to accommodate 1/4 in. stainless
steel fittings (Swageloc) for 3/8 in. semirigid plastic tubing
(Fisher Scientific, PA). Constant flow of degassed Millipore
water at 3.25 mL/min, corresponding to an interstitial pore
velocity of 1.66 cm/min and 0.0552 pore volumes/min, was
maintained through the packed column with a microprocessor
pump drive (Cole Palmer Instrument Co., IL). Acoustic pres-
sure was introduced into the column with a custom designed
acoustic reservoir containing a pressure transducer (TST37;
Clark Synthesis, CO). The frequency of the acoustic pressure
oscillation was controlled by a frequency generator (LG Pre-
cision, CA). Acoustic pressure levels were controlled by an
amplifier (Lab Gruppen, Sweden) and measured using
PCB106b pressure sensors (PCB Piezotronics, Inc., NY). One
pressure sensor was installed in the acoustic reservoir to mea-
sure the acoustic source pressure. Another sensor was placed in

3276 December 2004 Vol. 50, No. 12

the effluent line, just after the packed column, to measure the
effluent pressure as close to the packed column as possible.
Pressure sensor measurements were made using a signal con-
ditioner (PCB Piezotronics, Inc., NY) in addition to a digital
multimeter (Metex, Korea) and oscilloscope (EZ Digital Co.,
Ltd., Korea). A complete experimental apparatus is shown in
Figure 3.

Effluent samples (0.15 mL) were collected from a dedicated
needle within the effluent tube (sample port) at regular 10 min
intervals (a time period required for 0.55 pore volumes of
interstitial fluid to pass through the packed column) using
disposable 1.0 mL of tuberculin plastic syringes (Becton Dick-
inson & Co., NJ). The samples were immediately introduced
into 2-mL vials (Kimble Glass, NJ) containing a known vol-
ume of n-pentane (Fisher Scientific, PA). The TCE concentra-
tions of the liquid samples were determined using a Hewlett
Packard 5890 Series II gas chromatograph with an electron
capture detector.

DNAPL dissolution experiments were initiated by injecting
0.05 mL of TCE (Fisher Scientific, PA) dyed red with oil red
EGN (Aldrich Chemical Co., WI) into a side injection port in
the middle of the packed column and allowed to equilibrate to
flow conditions within the packed column. Preliminary TCE
dissolution experiments, in the absence of acoustic waves (base
case), suggested that 5 pore volumes were sufficient to achieve
relatively steady effluent concentrations. Moreover, it was ob-
served that the effluent concentration remained relatively con-
stant for over 30 pore volumes, greatly exceeding the time-
scale of the experiments performed in this study. To assess the
effect of acoustic waves on NAPL dissolution, a range of
acoustic frequencies and amplitudes were applied at 60 min
intervals following a 120 min period of flow without acoustic
pressure.

Oscilloscope

Signal

Signal
Conditioner i

Conditioner

Digital Multimeter

Acoustic
Transducer
Pressure
Sensor  Injection Samplin
- Fort E Port
T
Packed
Column
Pearistaltic -
Pump I:l ';;' Water
Acoustic R RAeservoir
Reservoir oo

Amplifiar

Function
Generator

Figure 3. Experimental setup.
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Figure 4. Effluent dissolved TCE concentrations from a
column packed with 2 mm beads in the pres-
ence (shaded area) and absence of acoustic
waves (here x=0.15 m, $=225 Hz, p_=812 Pa).

Solid circles represent the base case (no acoustic pressure)
and open circles in the grey shaded region represent portions
of the experiment where acoustic waves are present. The bars
indicate experimental error.

Results and Discussion

Dissolution experiments were conducted with acoustic wave
frequencies ranging from 0 (base case) to 285 Hz using a
constant acoustic source fluid pressure amplitude of p,=812
Pa. Two columns packed with 1 and 2 mm beads, respectively,
were employed. Experiments were also conducted using a
constant acoustic wave frequency of ¢=245 Hz with acoustic
source fluid pressures ranging from 0 (base case) to 1,625 Pa.
The acoustic frequencies and the column packing employed in
this study were carefully selected so that threshold frequencies
were never exceeded and Eq. 4 is always valid. A set of
experimental data for the 2 mm bead column packing with
p,=812 Pa at ¢=225 Hz are presented in Figure 4. The
dissolved TCE effluent concentration is observed to increase
significantly during the generation of acoustic waves, as shown
in the shaded area of Figure 4. It should also be noted that
effluent concentrations return to their original base case values
after discontinuing the acoustic pressure for approximately
three pore volumes. The enhanced dissolution observed is
attributed to small scale displacement oscillations. These os-
cillations are responsible for an oscillatory pore water velocity
that is sufficient to change the pore-scale concentration gradi-
ent over the individual TCE-water interfacial areas.

A second acoustic wave mechanism that could have contrib-
uted to the enhancement of dissolved TCE effluent concentra-
tions may be a physical change in the injected TCE blob
configuration, which was observed in previous vibration stud-
ies (Reddi et al., 1998). This change in DNAPL blob config-
uration is referred to as the snap-off mechanism which causes
DNAPL blobs to snap-off in individual pore bodies and con-
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sequently leads to increased DNAPL-water interfacial areas
(Chatzis et al., 1983; Mohanty et al., 1987; Morrow et al.,
1988). Effluent concentrations are observed to return to base
case values as soon as acoustic pressures were discontinued
(see Figure 4). Although snap-off may occur as the DNAPL
blobs dissolve with or without acoustic enhancement, it would
not be noticeable within the time-scale of the experiments
conducted in this work. Nonetheless, the observed increase in
the effluent concentrations is mainly attributed to the presence
of the acoustic waves and not to permanent changes in the
geometry of the DNAPL blobs due to snap-off.

In order to clearly present in a single plot the results from the
various TCE dissolution experiments conducted in this study,
the experimental data are expressed as the average percent
change in effluent concentration

AC=—_"" (49)

where C, is the average of the effluent concentrations deter-
mined for the last 3 samples (1.66 pore volumes) collected in
the presence of acoustic waves from each TCE dissolution
experiment, and C, is the average of the last 3 samples col-
lected in the absence of acoustic waves. The complete set of the
experimental data collected are shown in Figure 5a and in
Table 2. Note that each symbol in Figure 5a represents a
different TCE dissolution experiment. The greatest observed
change in effluent dissolved TCE concentration due to the
addition of acoustic waves is AC =120, and 96% for the 1 and
2 mm bead column packings, respectively, and occurs at
$»=225 Hz. Another major AC peak occurs at ¢=161 Hz. The
cause of the observed AC peaks may be attributed to different
pressures within the packed column. Although a constant
acoustic source fluid pressure of p; =812 P, is employed here,
as shown in Figure 5b, the effluent fluid pressures p, are not
constant for the different frequencies used. It should also be
noted that AC is consistently greater for 1 mm beads than the
2 mm beads. This is attributed to greater TCE-water interfacial
areas associated with the smaller bead-size column packing.

Comparison of Figures 5a and 5b shows that p, follows the
same trend as AC. The effluent fluid pressures are greater for
the 1 mm bead than 2 mm bead-size column packing. A
possible explanation for this is that the observed p, peaks for
the different ¢ values employed with constant p; may be
caused by the presence of standing waves that can lead to
location dependent acoustic pressure. Furthermore, the fact that
the highest dissolution rates occur at discrete frequencies sug-
gest a resonance effect. The formation of standing waves and
the occurrence of resonance effects are mainly dependent on
the physical geometry and boundaries of the experimental
packed column. Although the theoretical developments pre-
sented here adequately relate the experimental dissolution data
to the different acoustic wave frequencies and pressures, they
do not account for the presence of standing waves or resonant
frequencies.

The effect of the acoustic source fluid pressure for a constant
frequency of ¢=245 Hz on AC is shown in Figure 6, where the
dotted and solid lines are the best linear fits for columns packed
with 1 and 2 mm beads, respectively. Clearly, AC increases
with increasing p,. Furthermore, with the exception of the data
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Figure 5. Effect of ¢» on (a) percent change in effluent
dissolved TCE concentration, and (b) effluent
fluid pressure (here x=0.15 m, p,=812 Pa).

Circles with dashed lines and squares with solid lines repre-
sent column packings of 1 and 2 mm size beads, respectively.

collected at p,= 1,625 Pa,AC is greater for the column packed
with 1 mm beads than 2 mm beads. Note that two experiments
were performed with the column packed with 2 mm beads at p,
=812 Pa, and the results were practically identical. This is an
indication of the good experimental reproducibility.

Figure 7 illustrates the effect of ¢ and p, expressed as Re,, on
AC. The dotted and solid lines correspond to the best linear fits
for columns packed with 1 and 2 mm beads, respectively.
Clearly, the results suggest that the TCE dissolution rate is
proportional to Re,, or equivalently to the acoustically induced
oscillatory pore water velocity. This is in agreement with
previous studies suggesting that NAPL dissolution rates de-
pend on the interstitial pore water velocity (Powers et al., 1994;
Zhou et al., 2000; Chrysikopoulos, 1995; Bao et al., 2003;
Seagren and Moore, 2003).

It should be noted that the predicted values of Re, as a
function of p, (Figure 2¢) are greater for the larger bead-size

3278 December 2004 Vol. 50, No. 12

Table 2. Experimental Effluent TCE Concentrations

1 mm Beads 2 mm Beads

6‘b Cu Cb Ca
¢ Hz)  p,(Pa)  (mgL)  (mg/L) (mg/L)  (mg/L)
75 812 52.85 53.41 24.79 31.07
125 812 51.56 52.67 20.84 23.43
161 812 38.36 72.53 23.55 39.17
200 812 54.99 57.62 35.56 37.38
225 812 44.01 96.73 28.74 56.35
245 812 38.99 63.60 27.97 37.71
245 812 — — 34.23 45.47
275 812 70.40 55.69 19.05 20.11
276 812 — — 31.51 32.77
285 812 50.55 81.51 25.57 37.09
245 488 — — 32.04 35.86
245 1008 48.91 84.36 29.97 49.18
245 1235 53.31 80.85 21.12 28.52
245 1625 58.21 121.42 3252 72.01

column packing, whereas the experimental results indicate that
the observed percent changes in effluent concentrations as a
function of p, (Figure 6), and as a function of Re, (Figure 7) are
greater for the smaller bead size column packing. This incon-
sistency may be attributed to greater DNAPL-water interfacial
areas associated with the smaller bead column packing (Powers
et al., 1994). Individual pore spaces are smaller for the smaller
bead column packing, thus, DNAPL blobs are spread into more
pore spaces leading to larger DNAPL-water interfacial areas
and larger mass-transfer rates. Consequently, AC for the
smaller bead-size column packing is influenced more by the
acoustic waves that cause an oscillatory pore water velocity at
the DNAPL-water interface.

125
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Figure 6. Percent change in effluent dissolved TCE con-
centration as a function of p, (here x=0.15 m,
¢$=245 Hz).

Circles with best fit dashed lines and squares with best fit solid

lines represent column packings of 1 and 2 mm size beads,
respectively.
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respectively.

Summary

The effect of acoustic pressure waves on TCE ganglia dis-
solution in a water saturated column packed with glass beads is
examined theoretically and experimentally. A mathematical
model is developed to determine the acoustically induced pore
fluid displacement relative to the solid matrix displacement.
The acoustic Reynolds number is predicted to decrease almost
exponentially with increasing x, reach an asymptotic value with
increasing ¢, and increase linearly with increasing p,. The
experimental TCE dissolution data show that the oscillatory
pore water velocity caused by acoustic pressure waves can lead
up to a 120% increase in the effluent dissolved TCE concen-
trations under specific conditions. The increase in effluent
concentrations is found to be proportional to the applied acous-
tic source pressure. Although Re, values are predicted to be
greater for the column packed with larger beads, acoustically
enhanced TCE dissolution is found to be greater in the column
packed with smaller glass beads. This is due to greater TCE-
water interfacial areas associated with the smaller bead size
column packing. The effect of acoustic waves on DNAPL
dissolution is limited by the distance from the acoustic source
and the amount of acoustic pressure that can be generated at the
source. The results presented here are valid only for TCE
dissolution in homogeneous porous media and may differ for
more soluble DNAPLs and heterogeneous porous media. Fur-
ther investigations are required to fully understand resonant
behavior of saturated porous media and the theoretical rela-
tionship between Re, and DNAPL dissolution. However, the
results of this study indicate that the use of acoustic pressure
waves, complementing traditional pump-and-treat methodol-
ogy, may be a viable method to decrease remediation times and
costs for DNAPL contaminated aquifers.
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Notation

A,,...,A, = Laplace domain constants

C = dissolved phase DNAPL concentration (solute mass/liquid
- volume) (M/L3)
C, = mean concentration in the presence of acoustic waves, M/L?

C, = mean base case concentration, M/L*
AC = percent change in concentration, %

d = mean grain size diameter of the porous medium, L
f(t) = time-dependent source function, F/Lt

G = defined in Eq. 43

H = Heaviside unit step function

1, = modified Bessel function of zero-order

K = hydraulic conductivity, L/t

m = vector of Laplace transformed dependent variables
m, = function of transformed variable 1

p = fluid pressure, F/L>

p, = column effluent fluid pressure, F/L>

p, = acoustic source fluid pressure, F/L?

q,...q, = eigenvectors, defined in Eqgs. 26 —28

Q = defined in Eq. 42
Re,, = acoustic Reynolds number defined in Eq. 47

S = fluid-solid viscous drag coefficient defined in Eq. 4, L/t

t = time, t

U, = relative pore water velocity, L/t
Ur, = oscillatory pore water velocity amplitude, L/t

X = longitudinal spatial coordinate, L.

Greek letters

a,,. .., o, = eigenvalues, defined in Eqs. 21-23
B = dummy variable

specific fluid weight, F/L?
kinematic fluid viscosity, L%/t
porosity (liquid volume/aquifer volume), L*/L>
solid matrix Lamé constant, F/L>
defined in Eq. 41
= solid matrix Lamé constant, F/L>
Laplace transform parameter
&, = solid displacement, L

& = fluid displacement, L

&, = fluid displacement relative to solid displacement, L
Psoiia = glass bead density, M/L?

pr= fluid bulk density, M/L?
P 1,0 = density of water, M/L?

p, = bulk density of the solid matrix, M/L?

o = solid stress, F/L?

7 = dummy integration variable

¢ = acoustic wave frequency, 1/t

® = angular frequency
defined in Eq. 24 and 25, respectively

SE >3
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