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The impact of acoustic pressure waves on multicomponent
nonaqueous phase liquid (NAPL) ganglia dissolution in
water saturated columns packed with glass beads was
investigated. Laboratory data from dissolution experiments
with two and three component NAPL mixtures suggested
that acoustic waves significantly enhance ganglia dissolution
due to the imposed oscillatory interstitial water velocity.
The dissolution enhancement was shown to be directly
proportional to the acoustic wave frequency. Furthermore,
it was demonstrated that the greatest dissolution
enhancement in the presence of acoustic waves is
associated with the component of the NAPL mixture having
the smallest equilibrium aqueous solubility. Finally,
square shaped acoustic waves were shown to lead to
greater NAPL dissolution enhancement compared to
sinusoidal and triangular acoustic waves. The results of
this study suggested that aquifer remediation using acoustic
waves is a promising method particularly for aquifers
contaminated with NAPLs containing components with
very low equilibrium aqueous solubilities.

Introduction
Groundwater contamination is often associated with accidental land spills of complex nonaqueous phase liquid
(NAPL) mixtures such as fuels, petroleum products, and
chlorinated hydrocarbon solvents (1). These multicomponent
NAPL mixtures are composed of numerous compounds
which are only slightly soluble in water, thus they may serve
as long-term sources of groundwater contamination (2).
NAPLs may occur in subsurface formations in the form of
entrapped ganglia or pools; however, NAPL pools are more
resistent to dissolution than ganglia due to their lower
NAPL-water interfacial areas (3, 4).
The majority of theoretical as well as experimental studies
published in the literature have focused on single component
NAPL ganglia and pool dissolution in subsurface formations
(e.g., refs 5-19). However, several studies were devoted to
the investigation of the relatively complex multicomponent
NAPL dissolution in water saturated as well as unsaturated
porous formations (e.g., refs 20-28). The various components
of a NAPL mixture may have substantially different water
solubilities. Consequently, an important complication with
multicomponent NAPL dissolution is that temporal changes
in the equilibrium aqueous solubility of each NAPL com* Corresponding author phone: (949)824-8661; fax: (949)824-3672;
e-mail: costas@eng.uci.edu.
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ponent must be accounted for, because the mole fraction
and the nonaqueous phase activity coefficient of each
component changes as the composition of a NAPL changes
(20, 23, 29, 30).
Traditional remediation methods, such as direct NAPL
pumping or groundwater pump-and-treat, have proven to
be incapable of achieving acceptable levels of residual
concentrations in contaminated aquifers. A “clean” remediation method that uses acoustic waves has been proposed
by Vogler and Chrysikopoulos (31). This method has been
proven to enhance solute transport in water saturated packed
columns due to the oscillatory interstitial water velocity
caused by the acoustic waves. Furthermore, acoustic waves
have been successful in enhancing NAPL dissolution rates
by increasing the NAPL-water interphase mass transfer.
In this study, the effect of acoustic pressure waves on the
dissolution of multicomponent NAPL blobs in water saturated
porous media is investigated. NAPL dissolution experiments
are conducted in a laboratory columns packed with glass
beads. The multicomponent NAPL blobs are comprised either
of mixture A, a two-component mixture of trichloroethylene
(TCE) and 1,1,2-trichloroethane (1,1,2-TCA), or mixture B, a
three-component mixture of TCE, 1,1,2-TCA, and tetrachloroethylene (PCE). Effluent aqueous phase samples are
collected and analyzed under various flow and acoustic
pressure wave conditions.

Background
Multicomponent NAPL Dissolution. The aqueous phase
concentration of each dissolving component of a NAPL
mixture is dependent on the equilibrium aqueous solubility
of the individual component. The equilibrium aqueous
3
solubility, Cw
p [M/L ], of component p is defined as (32)

Cw
p (t) ) CspXp(t)γp(Xp)

(1)

where Cs is the pure component saturation concentration
(solubility) [M/L3]; Xp is the dimensionless mole fraction of
component p in the nonaqueous phase [-]; and γp is the
dimensionless activity coefficient of component p in the
nonaqueous phase [-]. The activity coefficient is a correction
term indicating the nonideality of a solution (33). The higher
the deviation of activity coefficients from unity, the greater
the degree of nonideality of a solution. For a NAPL mixture
containing components of similar structure the nonaqueous
phase activity coefficients can be approximated equal to one
(γp = 1). For the special case of an ideal solution γp ) 1 and
eq 1 reduces to Raoult’s law (29):

Cw
p (t) ) CspXp(t)

(2)

The nonaqueous phase activity coefficient of nonideal
liquid mixtures can be estimated using the UNIFAC (UNIFunctional group Activity Coefficients) method. UNIFAC was
initially developed by Fredenslund et al. (34) for chemical
engineering applications associated with activity coefficient
estimations in organic mixtures where limited or no experimental data are available and has since been improved several
times (35-40).
Acoustic Pressure Waves in Porous Media. Acoustic
waves travel in porous media by the propagation of small
scale dilatations of the porous matrix. Acoustic pressure waves
in porous media are considered elastic waves because the
resulting strain on the solid matrix is reversible within the
elastic limit of the porous medium. An elastic wave in water
10.1021/es034665n CCC: $27.50
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saturated porous media consists of a fast wave where the
interstitial fluid and porous matrix move in phase and a slow
wave where the interstitial fluid and porous matrix move out
of phase. It should be noted that oscillatory flow of the
interstitial fluid with respect to the porous medium occurs
because the interstitial fluid and the porous matrix are moving
out of phase in a slow wave (41). It has been reported in the
literature that the friction factor between the interstitial fluid
and pore walls increases with increasing frequency of the
elastic wave (42); the effective viscosity of the interstitial fluid
increases with increasing acoustic frequency (43); the
permeability of a porous medium decreases with increasing
elastic wave frequency (44); and that vibration of porous
media can mobilize NAPL ganglia (45, 46).
Based on the work by de Boer et al. (47) on acoustic wave
propagation through one-dimensional, semi-infinite, water
saturated, incompressible porous media, assuming that there
is no initial displacement or velocity for the interstitial fluid
and solid matrix, the appropriate mathematical expressions
describing the solid and fluid displacement caused by an
acoustic pressure source can be derived as follows:
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where ξs is the solid displacement [L]; ξf is the fluid
displacement [L]; x is the spatial coordinate in the direction
of flow [L]; θ is the porosity of the porous medium (liquid
volume/porous medium volume) [L3/L3]; t is time [t]; Fs ) (1
- θ)Fsolid is the solid bulk density (where Fsolid is the solid
density) [M/L3]; Ff ) θFH2O is the fluid bulk density (where
FH2O is the water density) [M/L3]; S ) θ2ζ/K is a function that
relates the extra stress due to the relative movement between
the solid matrix and interstitial fluid [L/t] (where ζ is the
specific weight of the fluid [F/L3]; K is the hydraulic
conductivity of the porous medium [L/t]) (48); µ [F/L2] and
λ [F/L2] are the solid matrix Lamé constants, representing
the shear modulus and the bulk modulus less 2/3 of the
shear modulus, respectively; I0 is the modified Bessel function
of zero order; H is the unit step function or Heaviside function;
and f (t) ) f (t + T) is a periodic, time dependent acoustic
pressure source function [F/L2] (where T is the period of
oscillation [t]). Three different acoustic source function
shapes are examined in the present study, the sinusoidal
function defined as

f(t) ) ps sin(2πφt)
the triangular function expressed as

(8)
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and the square function given by

{
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(10)

where ps is the acoustic source fluid pressure [F/L2]; and φ
is the acoustic wave frequency [1/t]. The period for all three
acoustic source function shapes is set to T ) 2π/φ.
The fluid displacement relative to the solid displacement
may be evaluated by the following expression

ξr(x, t) ) ξf(x, t) - ξs(x, t)

(11)

Differentiating ξr [L] with respect to time yields the time and
space dependent relative fluid velocity

Ur(x, t) )

where

Φ(τ) )

{

(2φtπ )
2φt
f(t) ) p (2 π )
2φt
- 4)
p(
π
ps

dξr(x, t)
dt

(12)

Clearly, Ur [L/t] is oscillatory and depends on the acoustic
pressure and frequency of the acoustic source. It should be
noted that in this study the experimental aqueous phase
contaminant concentrations collected at various acoustic
pressures are easily compared as a function of the dimensionless acoustic Reynolds number, Rea [-], defined as (49)

Rea )

Urad

(13)

η

where Ura [L/t] is the maximum value or amplitude of the
oscillatory interstitial pore water velocity over one period of
oscillation (1/φ); d is the mean grain diameter of the porous
medium [L]; and η is the kinematic fluid viscosity [L2/t].

Materials and Methods
Multicomponent NAPL dissolution experiments were conducted in a 30 cm long glass laboratory column with a 2.5
cm inner diameter (Kimble Kontes, NJ). The column was
packed with 1 mm diameter soda lime glass beads with
density 2.33 g/cm3 (Fisher Scientific, PA). 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 a rate of Q ) 3.25 mL/min was
maintained through the packed column with a microprocessor pump drive (Cole Palmer Instrument Co., IL). This flow
rate is the lowest possible for the present experimental setup,
it is greater than typical regional groundwater flow rates but
smaller than flow rates associated with pump and treat
remediation sites. Acoustic pressure was introduced into the
column using a custom designed acoustic cell attached to
a pressure transducer (TST37; Clark Sythesis, CO). The
frequency of the acoustic pressure oscillation was controlled
by a frequency generator (LG Precision, 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 cell to measure the acoustic source pressure.
Another sensor was placed in the effluent line, just after the
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TABLE 1. Composition and Relevant Properties of
Multicomponent NAPL Mixtures
mol wt Csa densitya
component (g/mol) (mg/L) (g/cm3)

X

initial
γb

final

X

γb

TCE
131.4
1,1,2-TCA 133.4

1100
4400

Mixture A
1.46 0.516 1.225 0.719 1.096
1.44 0.484 1.124 0.281 1.354

TCE
131.4
1,1,2-TCA 133.4
PCE
165.8

1100
4400
150

Mixture B
1.46 0.337 1.091 0.323 0.994
1.44 0.318 1.359 0.060 2.467
1.62 0.345 1.176 0.617 1.012

a

From ref 54.

b

Estimated by UNIFAC.

FIGURE 1. Schematic illustration of the experimental setup.
packed column, to measure the effluent pressure as close
to the packed column as possible. Pressure sensor measurements were made using a signal conditioner (PCB
Piezotronics, Inc., NY) in addition to a digital multimeter
(Metex, Korea) and an oscilloscope (EZ Digital Co., Ltd.,
Korea). A schematic illustration of the experimental apparatus
used in this study is shown in Figure 1.
Effluent samples (0.15 mL) were collected from a dedicated
needle within the effluent tube (sample port) at regular 10
min intervals using disposable 1.0 mL tuberculin plastic
syringes (Becton Dickinson & Co., NJ). The samples were
immediately introduced into 2 mL vials (Kimble Glass, NJ)
containing a known volume of n-pentane (Fisher Scientific,
PA). The aqueous phase contaminant concentrations of the
liquid samples were determined using a Hewlett-Packard
5890 Series II gas chromatograph with an electron capture
detector.
Multicomponent NAPL dissolution experiments were
initiated by injecting 0.05 mL of either mixture A, a twocomponent mixture of TCE and 1,1,2-TCA, or mixture B, a
three-component mixture of TCE, 1,1,2-TCA, and PCE (Fisher
Scientific, PA), dyed with oil red EGN (Aldrich Chemical Co.,
WI) into a side injection port in the middle of the packed
column. Subsequently, the multicomponent NAPL ganglia
were allowed to equilibrate to flow conditions within the
packed column. Note that relatively small NAPL volumes
were employed in order to control the location of ganglia
formation within the water saturated column. The exact
composition and properties of the two NAPL mixtures
employed in this study are listed in Table 1. To assess the
effect of acoustic waves on multicomponent NAPL dissolution, a range of acoustic frequencies and amplitudes was
used. Furthermore, the effects of acoustic wave source
function shape (sinusoidal, triangular, and square wave) on
NAPL dissolution were also investigated.

Results and Discussion
The observed effluent dissolved concentrations from the
dissolution experiments conducted with NAPL mixtures A
and B in the water saturated column packed with 1 mm glass
beads are presented in Figure 2 together with the corresponding experimental error indicated by the error bars. The
shaded areas represent the duration of sinusoidal acoustic
pressure wave application with acoustic source fluid pressure
2942
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FIGURE 2. Effluent dissolved concentrations for multicomponent
NAPL (a) mixture A consisting of TCE (squares) and 1,1,2-TCA (circles)
and (b) NAPL mixture B consisting of TCE (squares), 1,1,2-TCA
(circles), and PCE (triangles). The shaded areas indicate the duration
of acoustic wave application (here O ) 275 Hz and ps ) 15.2 kPa
for a sinusoidal acoustic wave). Error bars smaller than the symbols
are not presented.
ps ) 15.2 kPa and acoustic wave frequency φ ) 275 Hz. The
experimental data indicate that in the presence of acoustic
pressure waves the effluent concentrations are increased
considerably for both of the NAPL mixtures considered.
Therefore, the increase in effluent concentrations is attributed
to the presence of an oscillatory pore water velocity caused
by acoustic pressure waves. It should be noted that for mixture
A (Figure 2a) the effluent aqueous phase 1,1,2-TCA concentrations are observed to be consistently greater than the TCE
concentrations during the duration of the dissolution experiment with and without the presence of the acoustic
pressure waves. Similarly, for mixture B (Figure 2b) the
effluent aqueous phase 1,1,2-TCA concentrations before and
during the application of acoustic waves are greater than the
TCE concentrations and PCE concentrations are the lowest.
In view of the properties listed in Table 1, the intuitive result
is concluded that the effluent concentration level of each
component is directly proportional to its pure component

FIGURE 3. Estimated changes in mole fraction, activity coefficient,
and equilibrium aqueous solubility as a function of pore volumes
for each of the components of ganglia mixtures A and B. The shaded
areas indicate the duration of acoustic wave application. Solid,
dashed, and dotted curves represent TCE, 1,1,2-TCA, and PCE,
respectively (here O ) 275 Hz and ps ) 15.2 kPa for a sinusoidal
acoustic wave).
saturation concentration (solubility limit). Furthermore, it
should be noted that as soon as the acoustic pressure waves
are no longer present, the effluent concentration of each
dissolved NAPL component drops to a lower level than that
observed prior to the application of acoustic waves. Consequently, the observed NAPL dissolution enhancement is
mainly attributed to the oscillatory pore water velocity caused
by the acoustic pressure waves. Therefore, for the experimental conditions of this study, the possibility of acoustic
waves increasing the ganglia surface area can be eliminated.
Based on the effluent concentrations collected for each
ganglia dissolution experiment conducted in this study under
a constant volumetric flow rate through the packed column
of Q ) 3.25 mL/min, the mass of each component progressively dissolving in the aqueous phase can be estimated. For
known initial masses and compositions of the multicomponent NAPL mixtures A and B, the mole fractions, X, as a
function of time are determined. Subsequently, the time
dependent activity coefficient, γ, of each component is
estimated using UNIFAC, and the corresponding equilibrium
aqueous solubility, Cw, is evaluated from expression 1. Figure
3 illustrates the behavior of X, γ, and Cw for a set of ganglia
dissolution experiments with ganglia mixtures A and B. The
shaded areas represent the time period where sinusoidal
acoustic waves are applied to the packed column. Note that
mixtures A and B cannot be considered ideal solutions
because consistently all γ’s are greater than one, and Cw
values should be evaluated by eq 1. The greatest changes in
X, γ, and Cw are associated with the 1,1,2,-TCA component,
that is the compound with the highest pure component
saturation concentration, Cs (see Table 1). Furthermore, the
rate of change of X, γ, and Cw for both mixtures A and B is
shown to be more significant in the shaded pore volume
intervals of Figure 3 where acoustic waves are present.
However, the observed slopes are steeper for mixtures B. For
the experimental data presented in Figure 2, the initial and
final compositions of mixtures A and B as well as the
corresponding γ values are also calculated and listed in Table
1. The initial masses of mixtures A and B injected into the
column were 72.5 and 75.4 mg, respectively. Furthermore,
the final masses of mixtures A and B left in the column at
the end of the dissolution experiment were 43.7 and 49.1 mg,
respectively.
The experimental results from the various multicomponent ganglia dissolution experiments conducted in this study
with mixtures A and B can be presented in a single plot by

FIGURE 4. Percent change in effluent concentrations for the NAPL
components present in mixture A at (a) early and (b) late times of
acoustic wave application and (c) effluent fluid pressure as a
function of O. Squares represent TCE and circles 1,1,2-TCA aqueous
phase concentrations (here ps ) 15.2 kPa for a sinusoidal acoustic
wave).
expressing the experimental data as an average percent
change in effluent concentration defined by

∆C )

Ca - Cb
Cb

(14)

where Ca is the effluent concentration collected in the
presence of acoustic waves, and Cb is the effluent concentration collected just prior the application of acoustic waves.
The complete set of the experimental data collected for
mixture A (multicomponent ganglia consisting of TCE and
1,1,2-TCA), under a constant acoustic source pressure
amplitude of 15.2 kPa and a sinusoidal shape function, at
early and late stages of acoustic wave application are shown
in parts a and b of Figure 4, respectively. Note that each
frequency value considered represents a different ganglia
dissolution experiment. Furthermore, the observed differences in ∆C between Figure 4a,b are attributed to the changes
in X, γ, and Cw that took place from early- to late-stage of
acoustic pressure wave application. It should be noted that
early-stage refers to the time period just after the application
of acoustic waves and late-stage the time period just prior
to the elimination of acoustic waves. Comparison of Figure
4a,b in connection to the results of Figure 3 suggests that the
effect of acoustic waves on ∆C is inversely proportional to
Cw. Therefore, dissolution enhancement due to acoustic
pressure waves is greatest for the NAPL component with the
lowest equilibrium aqueous solubility (compare parts a and
b of Figure 4). Figure 4c presents the observed effluent fluid
pressure, pe [F/L2], as a function of the acoustic wave
frequency, φ. For different experiments pe is not constant
because it is significantly affected by the presence of standing
waves and the resonant frequency of the packed column.
However, comparison of parts a-c of Figure 4 indicates that
∆C is directly correlated to φ.
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TABLE 2. Physical Properties of the Water Saturated Packed
Column at 20 °C
d
K
ζ
η
θ
λa
µa
Ff
Fs
Fbead
FH2O
a

1.0 mm
6.158 × 10-2 m/s
1.0 × 105 N/m3
1.0037 × 10-6 m2/s
0.40
5.5833 × 106 N/m2
8.375 × 106 N/m2
400.0 Kg/m3
1398.0 Kg/m3
2330.0 Kg/m3
1000.0 Kg/m3

From ref 50.

The observed ∆C at early and late stages of acoustic wave
application and pe as a function of φ for the various
experiments conducted with mixture B (multicomponent
ganglia consisting of TCE, 1,1,2-TCA, and PCE), under a
constant acoustic source pressure amplitude of 15.2 kPa and
a sinusoidal shape function, are shown in parts a-c of Figure
5, respectively. Similar to the results for mixture A, ∆C is
directly proportional to pe and the greatest dissolution
enhancement is associated with the NAPL component having
the smallest equilibrium aqueous solubility (compare parts
a and b of Figure 5). This is a significant result because
components with very low equilibrium aqueous solubility
are the most difficult components to remove from a contaminated aquifer with traditional remediation procedures.
To examine the combined effect of φ and ps on NAPL
ganglia dissolution, the observed percent changes in effluent
concentrations, ∆C, at early and late stages of acoustic wave
application as a function of Rea are presented in Figure 6a,b
for mixture A and in Figure 6c,d for mixture B, respectively.
The squares, circles, and triangles correspond to TCE, 1,1,2TCA, and PCE, respectively. Furthermore, the solid, dashed,
and dotted lines correspond to the general trends of the ∆C
values for TCE, 1,1,2-TCA, and PCE, respectively. The Rea
values are evaluated using expression 13, where the parameter
Ura is obtained by a numerical approximation of the derivative
dξr(x, t)/dt followed by determination of its maximum value
over a period of acoustic wave oscillation, 1/φ. The term ξr(x,
t) is evaluated from eq 11 with ξs(x, t) and ξf(x, t) provided
by the theoretical expressions 3 and 4, respectively. The
integrals in eqs 3 and 4 are evaluated numerically using IMSL
subroutine dqdag (50). All parameter values necessary for
the evaluation of Rea are listed in Table 2. Clearly, for mixture
A, Figure 6a,b indicates that ∆C for both TCE and 1,1,2-TCA
increases with increasing Rea. Furthermore, the greatest ∆C
increase with increasing Rea (slope of general trend of ∆C
values) at the end of acoustic wave application corresponds
to TCE, the component with the smallest equilibrium aqueous
solubility (see Figure 3). Similarly, for mixture B, Figure 6c,d
suggests that the dissolution rate of each component is
proportional to Rea or proportional to the acoustically induced
oscillatory pore water velocity and that the highest dissolution
rate at the end of the acoustic wave application is associated
with PCE, the component with the smallest equilibrium
aqueous solubility (see Figure 3). This result is in agreement
with previous studies suggesting that NAPL dissolution rates
depend on the interstitial pore water velocity (4, 18, 51-53).
The effect of the acoustic source function shape on ganglia
dissolution is examined by conducting experiments with
sinusoidal, triangular, and square acoustic wave source
function shapes represented by the mathematical expressions
8-10. The observed pe and ∆C for the dissolution experiments
with mixture A are presented in Figure 7. In view of the
experimental error represented by the error bars in Figure
7a, the effluent fluid pressure for sinusoidal and triangular
2944
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FIGURE 5. Percent change in effluent concentrations for the NAPL
components present in mixture B at (a) early and (b) late times of
acoustic wave application and (c) effluent fluid pressure as a
function of O. Squares represent TCE, circles 1,1,2-TCA, and triangles
PCE aqueous phase concentrations (here ps ) 15.2 kPa for a
sinusoidal acoustic wave).

FIGURE 6. Percent change in effluent concentrations for the NAPL
components present in mixture A at (a) early and (b) late times of
acoustic wave application and in mixture B at (c) early and (d) late
times of acoustic wave application, respectively, as a function of
Rea. Squares with solid lines, circles with dashed lines, and triangles
with dotted lines correspond to the experimental data with least
squares best-fit lines for TCE, 1,1,2-TCA, and PCE, respectively.
acoustic source function shapes are approximately equal but
substantially lower than the effluent fluid pressure for the
square acoustic wave source function. The percent increase
in the aqueous phase TCE and 1,1,2-TCA effluent concentrations is greatest in the presence of acoustic waves with square
shape (see Figure 7b). The square shaped acoustic waves
lead to greater effluent fluid pressure and dissolved NAPL

FIGURE 7. Effect of acoustic source function shape on (a) efluent
fluid pressure, pe, and (b) percent change in the effluent concentration, ∆C, of the components present in mixture A. Clear columns
represent TCE, and gray columns 1,1,2-TCA (here O ) 245 Hz, ps )
15.2 kPa).
concentrations due to their discontinuous and abrupt oscillation (amplitude change with infinite slope) compared to
the continuous and smooth oscillation of the sinusoidal waves
or compared to the well-defined velocity changes of the
triangular acoustic waves. Therefore, square shaped acoustic
waves lead to greater Rea values and, in view of the results
presented in Figure 6, contribute to greater NAPL dissolution.
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Nomenclature
mol wt

molecular weight

NAPL

nonaqueous phase liquid

PCE

tetrachloroethylene

TCE

trichloroethylene

1,1,2-TCA

1,1,2-trichloroethane
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