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Introduction

Weiss Associates is conductingtlree phaserogram investigatinghe in-situ application of
acoustically enhanced remediation (AER) of contaminated unconsolidated sgioandwater under
both saturated and unsaturated conditions.

e Phasel - Laboratory Scale Parametric Investigation
* Phasell - Technology Scaling
* Phaselll - Large Scale Field Tests

The Phase | projeatvas introduced in lovenitti et al. (1994). The detailshefwork conducted
under that project were reportedWeiss Associates (1995) asdmmarized by lovenitti et al. (1995).
Phase | consisted of (1) amne-dimensional “proof-of-principle” bench-scale investigatiaging
unconsolidatedoil samplespproximately 1.5” x 3.5”, and (2) amnalysis ofthe field deployment and
engineering viability of the AER technology. The salient features of Phase | are summarized below.



Phase Iwas originally designed ttest acoustical enhanced non-aqueous pligqsied (NAPL)
remediation inlow permeability soils. However, given the difficulty and time-consumingnature of
testing low permeability soilPhase | focused ogroundwater NAPL remediation in well-sorted and
poorly-sorted sand, and hydraulic conductivity changdevinpermeabilityclay andsilt. With modest
optimization testing, a greatdran 70% increase in NAPL recoveinpm the poorly sorted sand was
established with acoustic excitation relative to a baseline gneatetpumpand treat. Auniform and
homogeneous clay with a hydraulic conductivity of®Xin/sec was alstested. This clay mostlikely
represents a worst casew permeability field condition. With acoustic excitatiothe hydraulic
conductivity of this clay was increased four-fold relative to a baseline greater pump and treat.
This four-fold increase represents a 90% decreasigeiime required to remediate thsgil. Naturally
occurring low permeability zonesill generallyhave a much more variabggain size distributiorthan
the clay tested, and consequently, the AER indigeldaulic conductivity increasese expected to be
greater.

Figure 1presents theesults of an engineering analysistbé expected frequency, powewel,
and acoustical intensityegimewhere AER could béeld deployable. Beneficial acoustical excitation
effects were observed for strain amplitudes of #®10*, or acoustical intensities dhe order of 100 -
10,000 watts per square meter (\fYm

Two-dimensionalcomputermodeling of
the Phase results showedhat a phase-tuned
acoustical source deployment methodology
could generate the acoustical intensities required
in the field. With phasetuned arrays, the
maximum localintensity is proportional to the
power of theindividual sources, proportional to
1% the square of thenumber of sources, and

...... inversely proportional tothe square of the
distance fronthe sources in the arrayigure 2
shows a variable gray scale for interpreting the
modeling results in Figures 3 and 4.
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Figure 3 showghe acousticaintensity
distribution generated by 8 x 10 kilowdkW)
sources incoherently summed in a two-
Figure 1. Frequency, Power Level, and Field Intensity dimensional domain 100 m x 100 m. Under such

Compared Against the Phase | Experimental Regime conditions the intensity atthe center of the

domain is only 10 W/fm Figure 4 shows the

acoustical intensity field generated by 8 x 10 kW souticasare phase tuned asgeepinghe zone of
constructive interference throudhe volume of interest by beam steering. Untlegse conditions,
intensities orthe order of 100 W/fmcan beestablished across most thie volume. This theoretical
modeling analysiconservativelysuggestghat aplume 50 m - 70 m in diameter could be readily
remediated by aingle wellfielddeployment. A conceptudlustration ofthe AERfield deployment is
shown in Figure 5.
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Deployment Concept

Phase Il -Technology Scalinghe subject othis paper, waslesigned to bridgthe gapbetween
Phase Wwhich involved laboratory “proof-of-principle” one-dimensional bench-scale testirgamples
on the order oinches andwo-dimensional computamodeling ofacoustic remediation deployment
strategy using phase tuned arrays, and Phasgdith will involve large-scale fieltests on the order of
100s of feet.

Phase lll is afield scale “proof-of-principle”. Itwill consist of development of acoustical
sources and their associated computer adaptive controls, “clean” site testing at a non-industrialized, non-
contaminated site, followed by pilot scale field treatability tests at contaminated sites.



AER addresses the need for NAPL (eithghter or denserthan water. LNAPL or DNAPL,
respectively) irhigh andlow permeability sedimentgnd theremediation of other types of subsurface
contaminants (e.g., metals, radionuclides) in low permeability sbiig progranmhas been placed in the
U.S. Department of Energy’s (DOE’s) DNAPL product line.

The primary subcontractors in thithase |l effort werecientific Applicationsand Research
Associates (SARA)Inc., andUniversity of Colorado at BouldeDepartment ofCivil Environmental,
and ArchitecturalEngineeringPorous Media Laboratory (CU-PML). Lawrence Berkelgtional
Laboratory (LBNL) also participated in the project.

Objectives

Current technologies to remediate NAPL in eithegh or low permeabilitysoils may not be
timely or cost-effective. The removal of NAPkom high permeabilitysoils is limited bythe physical
forces (e.g., capillary forcethat hold in NAPL withinthe pore, and by the saiicro-heterogeneities.
NAPL remediation ifow permeabilitysoils is limited bythe significantly reduced capability athe soil
to transmit fluidandits highsorptive capacity. DNAPLs have been found tceebpecially difficult to
remediate because (1) their presence in the field are difficult to confirm, and (2) they tend to sink deeper
into the aquifer upon mobilization.

Phase | indicated that AE€buld be used to effectively remediate NAPLhigh permeability
soil, and thatremoval of NAPL from low permeability sodould be increased sindbe waterflux
through thesasoilswas significantlyincreased. Phase Technology Scalingocused on (1) evaluating
the characteristics of an AEfeld deployment system, (2) developing DNAPL flamd transport
performance data under acoustic excitat{@),predictingthe effect of acousticemediation inthree-
dimensional unconsolidated hydrogeologic conditions, (4) conducting an engineering analysis of
acoustical sources, and (%Jentifying candidatefield site(s) for large-scale field testing of the
technology.

Approach

The Phase Il laboratory test data required to meet the objectives of this project were attempted to
be obtained by conducting large scale, two-dimensional laborasigprimarily in tanks, 72" x 48” x
2". Thelength ofthe tankcell, 72", was dictated bthe need t@void standing acoustical waves in the
cell. The width othe tank, 2”was dictated byhe two-dimensionahature of the laboratory tests, and
the possible use of a transmission gammasgjgctrometer at theU-PML. Off-the-shelf piezoelectric
sources were determined to be inadequate for our test purpdses’.5kHz custom-built,wafer-
composite piezoelectric sources were built for this test program.

Two tank cells were designedpuilt, and utilized: a“clean” tank where na@ontaminants were
used, and a “contaminated” tank where the sailewDNAPL system wasested under acoustic
excitation (excited) and baseline (no acoustic excitation) conditions. 1,1,1-trichloro€tl@xewas



used as the representative DNAPL in these experiments. The TCA was dyed red with Sudalow to
visual observation of its behavior.

A smallertestcell (48" x 18" x 2”) wasalso used tevaluate NAPLdissolutionunder both
saturated and unsaturated conditions. P-xylene was used to representisgdhition behaviounder
baseline and excited conditionsThis NAPL was alsodyed redwith Sudan IV toexpeditevisual
observation.

The contaminatedank cells were instrumentedvith thermocouples, accelerometers, pressure
transducers, hydrophones, and fittwdh samplingports. These instruments wecennected to a
computerized data collection and storage system. One featate of the datacquisition system used
for Phase llwasthat acousticsignal frequency, phase, and amplitude for tesiaducted in Boulder,
Colorado could be monitored and controlled from Huntington Beach, California.

Results

Clean Tank Cell

A waterfilled “clean” tankwas used to evaluatbe mitiple sourcephase-tuned arragesign,
signalpropagation and controligure 6presents the clean tamkth a vertically mountearray of five
acoustic sources and five pressure transducers. The transducers were mowtée aray toallow
mapping of the spatial distribution of the induced acoustical intensity field.

Figure 7 showsthe resulting acoustic
intensity map for a 24” by 24fegion within the
clean tankcell usingfive acoustical sources and
no phasetuning. Thecentral portion ofthis
region has anaximumacoustical intensity of 17
W/m?. Figure 8showsthe acoustiéntensity with
phase tuning to optimize the constructive
interference at a position 30" in from the left hand
side ofthe tank and 20” above the bottom. The
resulting acoustic intensity atthe focal point
increased from approximately 17 W/nn the
unphased condition to over 70 W/mith phase
tuning. This latter acoustic intensity value is
within the region of Phase Iresults as shown in
Figure 1.

Figure 6. Water-Filled, Clean Tank Cell Showing the
Test Set-up with a Five Acoustic Source Array and

Five Pressure Transducers The acoustic focusing result provides
laboratory validation in watethat phaseuning

increases acoustic intensity Hte focusregionsand validates thewumerical phaseuning model
developed in Phase | (see Introductiofje ability to focus acoustic energytime farfield will allow

for the cost-effective deployment of AERRchnology. These results supptre field observations
reported byAleshin,et. al., 1990; Beresnev and Johnson, 199#plaevskiy, 1989and Nikolaevskiy,
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et.al., 1996. These authors have repottexbeneficial impacts ofisingacoustic energy for enhanced
oil production.

Contaminated Tank Cell Testing

The“contaminated” tankvas used to (1) evaluatiee propagation, couplinggnd control of the
multiple acoustical source array in soil-water-TCA, and (2) obtain TCA flow and transport data.

Figure 9 presents a schematic of the contaminated tank cell used at CU-PML. The shaded border
and three vertical bars arg” walled, 2” x 3" structural steel tubing. The walls, bottom, and ends of the
tank consist of 1” thick Plexiglaand part of the tanwalls were partiallylined with '2” temperedglass
to protect thePlexiglas fromthe TCA. Openwells, ateach end of the tesell, were used to establish
theregional hydraulic gradient. One sidewalltioé tank is fittedvith 26 ports in four vertical columns
identified as A through D. The ports weyemarily designedised forfluid sampling. There was one
injection port in approximately the center of the B-poife bottom row of ports ttheright of the C-
ports werealso completed to simulate horizontaklls. Two piezoelectric acoustic source arrays,

consisting of 5 sourceger array, centered 6" apart

v o e o e L e along a spacingod, were positionedentered about
][ e ] the contaminant target area.
C o o We:‘acu:n#7 . ;:ﬂun Rai . .
Experiments 1 and 2 at CU-PML consisted of
P e ®meosic ] a TCA introduced in a saturated fine sand above a
M e e, o clay aquitard(Figure 9). The two acousticaburce
L e 4 arrays in this expgrlmental sgt-mre phase-tu'ned to
Sy maximize acoustical intensity at four different
B * * * * 5 locations. Figures 1@nd 11 are relative acoustic
o QT o o S intensity maps for two othese focus points. These

10" Wells Port

steel bracing

Sampling Port ColumnA B C D

Figure 9. Contaminated Tank Cell at CU-PML
lllustrating the Set-Up for Experiment 1, See Text



figures showthat acousticakenergycan be focused and steeradthin a heterogeneous soil-water
system.

The ability to focus acoustic energy in the far field in a soil-water system is a critical step in the
successful deployment of AER technology.
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Figure 10. Experiment-1 Relative Acoustic Intensity for Figure 11. Experiment-1 Relative Acoustic Intensity for
Focal Paint (0,0); Point E is Approximately 2.4” Below Focal Point (0,2); Point E is Approximately 2.4” Below
the Injection Point in Figure 9 the Injection Point in Figure 9

The acoustical intensities generatedhia soil-water-TCAtestcell were considerably lowdghan
those measured in thveater-filled clean tank, and ithe Phase |. Note that the acoustia#&nsity in
Figures 7and 8 are W/ while relative acoustical intensity imillivolts (mV) is reported inFigures 10
and 11. Similar outcomes regarding low acoustical intensities were obsethedsubsequent four CU-
PML experiments. Experiments 3 -5 wetesigned to addregke migration of TCA through a low
permeability clay heterogeneity.

It was determined that significant and insurmountable acoustipallattenuation was occurring
in the contaminated tank cells. Potential acoustical signal attenuation mechanisms identified were:
the presence of small quantities of air within the saturated sand pack;

the tank test cells were under a drained condition;

acoustical impedance mismatch between the acoustical sources constructed and the
water-saturated sand;

the high acoustical source operating frequencies (7.5 kHz);
compressional to shear acoustic wave mode conversion;

grain to grain motion absorbing the energy; and

N o g k&

some combinations of the above factors.



The first three of these potential signal attenuation explanations appear to be the most significant.

Dr. Ernie Majer of LBNL was consulted on this issaad he reported similar occurrence irtesting
acoustical sources in a largswimming pool” type experiment conducted #ie Oregon Graduate
Center. Even after 2 - 3 months, during whiale many ofthe microscopic air bubblesapped orsolil
particles couldslowly dissolve in tothe water, the acoustisignals had still not reachedlevels
comparable to what he was routingtyeasuring inthe subsurface. According to Dr. Majer, the
acoustical signal intensity loss experienced in the Phase Il tank cell was an experimentaihtavamoik

cell set-up.

Thesesignal attenuatiormechanisms could be overcome with more energetic acoustic sources.
Consequently, an “off-the-shelf” externally mounted, air-driven vibrator was purchaseessed at
CU-PML. Although more energetithan thepiezoelectric sourcedhe air-driven vibrator was not
sufficiently energetic enough to overcortie Phase Il laboratory tesbnditions. It appearthat to
obtain excited DNAPL flow and transport behavior either specially designed and built acoustical sources
and testcellsare required or Phase | typesting is necessary. It is our recommendatiat Phase |
type testing be utilized because the data acquisition process would be much more cost-effective.

In addition to thesignal attenuationissue, experimental problengere encountereavith (1)
injection port failure, (2) structural flaws itme low permeabilityclay heterogeneity, (3powing and
vibration ofthe tankwalls under excited conditions. These experimedifiiculties caused incomplete
experiments and the acquisition of no meaningful excited flow and transport data.

Dissolution and Hydraulic Conductivity Testing

An externally mounted air-driven ball vibrator operating in the nominal 300 Hz range was used to
evaluate NAPLdissolutionunder baseline and excited conditions. P-xylene, as a representative NAPL,
was introduced into a coarse-grained sand inhomogeneity withiater-saturated fine-grained sand

pack in the small test cell (see Approach).

The cell transmissivity was estimated
under both baseline and excited conditions for
hydraulic head differentials of 5.3 and 2.3 cm
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ml/min are still significantlyabove thebaseline values. The decline in floate is an artifact of the test
apparatus and attributed to initial stages of plugging of the cell pump filters.

These hydraulic conductivity increases with excitationhimfine sandare in marked contrast
with the Phase hydraulic conductivity results. IRhase |, no changestime hydraulic conductivity of
sand were observedrines migration reducinthe permeability ofthe tank is an operatiossue to be
addressed in Phase lll. We plan to use oil field technology to minimize this tendency in the field.

P-xylene was injected into a courgeain inhomogeneityand allowed to stabilizeover night.
Aqueous samples were collected from the test cell effluent well and analyzed using a gas chromatograph.
After stabilized baseline steady state NAPL concentrations were obtained, AER was infigted.13
shows the resulting increases in relative NAPL concentration and flow rate from one of the tests. The p-
xylene concentrationsluring AER increased to twice thbaseline concentrations. The subsequent
relative concentration anftbw rate decrease are causedplygging ofthe extractionwell and are an
artifact of the test apparatus. A subsequiisgolution experiment also showed an approximately 100%
increase in relative p-xylene concentrations after acoustic excitation was initiated (Figure 14).

Acoustic intensities durinthesedissolution experimentsere extremely weakessthan 1W/nf.
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It is expected thasignificantly higherexcited aqueous concentrations can be obtained whaager
acoustical intensity conditions.

Vadose Zone Dissolution Test

A simulated vadose zone soil vapor extraction dissolution experiment was conducted. Preliminary
interpretation of the baseline and excited vapor concentration data indicate tthaiatlveereextremely
noisy and no definitive conclusion can be drawn from this test.

Acoustic Modeling and Engineering Analysis

Three-dimensional modeling gfhase-tuned focused source arrays was conducted to evaluate
performance for typical contaminated sites. el consisted of a hatpacewith average acoustic
velocity of 1,800 m/sand average density of 1g@m/cnt. The acoustic intensity (as opposed to
amplitude) reflection coefficient @he surfacevastaken as 1.0.These modeparametersvould be
typical for near surfacesoils. A second, imperfect reflector boundary (with an acoustic intensity
reflection coefficient of 0.2) wataken at a depth of 12 mThe acoustic intensity map for aarray
consisting of 6 x 10 kVgources located at a depth of 10 m on the perimeter of ara8iuns circle with
an acoustical focus at the center, was estimated for an observation plane at a depth of tnodelEhe
were run for attenuation coefficients of 0, 0.2, 1.0 and 10 db/m.

These attenuation factors are in thage observed for groundater and vadose zone conditions,
however signalattenuation is frequency dependehtmited data isavailable inthe literature orsignal
attenuation in théow frequency range. At DOE’s Savannah Ri&#te (SRS)the groundwater and
vadose zone attenuation factors, experienced with signal frequencies in the range of 3to 5 kHz, are ~ 0.1
db/m and 10 db/m, respectively (E. Majer, person. commun., 1996)theAt.awrencelLivermore
National Laboratory (LLNL)Dynamic Underground Strippin@rogram, Dr. Majer obtainedignal
attenuation data in the LLNL vadose zone, while using source frequencies on the order of 500 Hz, which
suggested much lowénan attenuation factors than those observe®R&. Atthe time of this writing,

Dr. Majer was reviewinghe data toquantify the LLNL vadosezone attenuation factors.Similar
observations have been reported in Johnston (1981})heAime of this writing,the attenuation factor
for vadose zone conditions at frequendiessthan 100 Hz is not known.For the purposes of this
current work, an attenuation factor of 1 db/m for vadose zone conditions will be used.

Figure 15 showshe resultingacoustic intensity for 0.2 db/m attenuation, comparablbddSRS
observed saturated zone attenuation. Magimumacoustic intensity of ~ 160+ Winduced at the
focus point (or hot spot) is close timat above theix sources. Based on our Phasedults, this should
be sufficient intensity taffect the soihydraulic conductivity and contaminamobility. Note that in
Phase Ildissolutiontests, the aqueous concentration of the NARIs doubled duringxcitation under
an acoustical excitation of ~ 1 W/mThe beam steering results in Phase Il indicate that the hot spot can
be swept throughout the target area to be remediated.

10
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Figure 16 showshe results forthe 1db/m attenuatiorfactor case considered representative of
vadose zone conditions under AERtfa time of this writing. In thiscase, thanaximumintensity of ~
25 W/nf at the focus point is observed wilx sources. This intensity is orthe low-side ofthe Phase |
conditions but much greatdéinan conditions measureduring Phase Il. At thdime of this writing,
optimization modeling is beingonducted to determine tleptimal conditions for AER irthe vadose
zone. Factors being considered are acoustic source power level, distances of the souticec@&ntar
of the contaminant spill and deployment strategies.

An engineering system analysis for phase-tuned acoustic source arrays suggests that there is som
total number of sources, abowdich instabilities in sourcphase and frequendgcks will reduce the
maximum acoustic intensity, faster thahe effects ofadding additional sourcesThis array source

number will be source type specific and depend upon the ability to control the specific source type phase
and frequency.

As part of the Phase Il effort, we have investigated potential acoustic source types which may be
applicable for AER. These include commercially availableface vibrators, such agbroseis™
sources; down hole acoustic sources currently under development aruiiteth supply;such ashigh
power piezoelectric, magnetostrictive, hydraulic and mechanical vibrator sourcesyreneght sources,
such as combustion, steam, andlaid resonator sourceskinal source selectiowill be completed in
Phase III.

Field Applicability of AER

The acoustisignalintensity lossesbserveduring Phase lltestingbetween tests in watéled
and water saturated sdiled two-dimensional Test Cells tomparable to those described by Anderson
and Hampton (1980), Dunn (1986) and Knight and Nolen-Hoeksema (1990). afdago comparable
to the observations of Dr. Majer at the Oregon Graduate Center, cited above.
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All of the above referencediscussions described laboratory conditions whaie not
representative of in-situ conditions. The conclusion to be drawn from thest iacoustieneasurements
in soils containingwaterjust donot scale ugrom smal-scale laboratory measurements or down from
field measurements tthe large-scale two-dimensional Test Cilhks, used for Phase Il, or karge
threedimensional test cells, like those at the Oregon Graduate Center.

LBNL has also providedhe current studywith field datafrom SRSand LLNL which have
bearing orthe AER attenuatiomssue. AtSRS,therewas minoracoustic source attenuation below the
water table; but vadose zone acoustgnal attenuation wasignificant atthe high frequencies (3 - 5
kHz). There is somevidencefrom vadose zone testimgpnducted at LLNL thasignalfrequencies in
the 500 Hz rangeould not suffer thesignificant signahkttenuation, ~ 10 db/m, observedringvadose
zone testing aBRS atthe kHz frequency range.Vadose zone AER deployment strategie being
evaluated at the time of this writing.

Applications

The Phase liinvestigation has showthat AERtechnologycan be deployed in theeld using a
phase-tuned source array strategy. The-dimensional laboratory experimertenducteddid not
providethe expected data on tflew and transport of DNAPL under baseline and excited conditions.
The only useful flonand transport data acquirddringthe contaminated tesell experiments indicate
that excited aqueous concentrations increasdw/dyfold under a very weak acoustical intengigid.

It appears that Phaseohe-dimensional bench-scale laboratory tesésbettersuited to obtaininglow
and transport behavior, than the Phase Il two-dimensional large scale tank tests.

Data generated in Phase Il support the Phasedlusionthat AER is arenabling technology
with the potential ofgreatly increasinghe effectiveness a#xisting NAPL remediation methodologies
such as groungvater pumpand treat, anémerging technologiesuch as surfactarftooding. These
results indicate that AER has the potential of providing a faster, better, and cheaper remediation.

AER is important contribution to environmental remediation because the extraction of (1) NAPL
from both permeablandlow permeability soilsand (2)dissolved contaminants frolaw permeability
soils isvery difficult and costly at bestith current andemerging technologies. Vefgw technologies
exist that can cost-effectively andfficiently increasethe contaminant recovery ratdsom the
subsurface. Bioremediation may greatly assiserain class of contaminants lbere is no current
bioremediation technology for NAPL contamination andidar permeability soils.Examples of NAPL
emerging technologies that are either beisgd orbeingdemonstrated ara&r spargingsteam injection,
and soil heating. Figure 17 compares AER with these three technologies. Additionally, Table 1 presents
a summary othe features, advantages, and benefits of AER based upaurtheativePhase | and
Phase Il data.

FUTURE ACTIVITIES

Phase IIl - Large Scale Field Tests is planned to begin in January 1997 and continue for about 16
months. During thigphase, acoustical sourcatong with the required computer adaptive control
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vapor is pumped to the
surface for treatment.
Technology is
contaminant insensitive,
see text.

in a fluid phase. Itis
expected to work well in
clayey and dense soils.
AER can augment
existing remediation
methodologies.

TECHNOLOGY |[GRAPHIC DESCRIPTION DESCRIPTION ADVANTAGES DISADVANTAGES| RELATIVE
COST
Air Sparging Injection Extraction Air is injected into the | Proven technology. Applicable only to Low
(air) (water) subsurface and allowed | Relatively low energy. | volatile or semivolatile
to bubble through the compounds.
l T aquifer, carrying Inappropriate for an
volatilized contaminant inhomogeneous
o eo Ho %0 o with it. Air can be subsurface and for low
Lod ﬂ“; H heated prior to injection. permeability soils.
Steam Injection Injection Extraction Steam is injected into | Rapid and highly Applicable only to High
(steam) (water) contaminated soil, effective. volatile or semivolatile
i T forcing volatilization of compounds. Requires
contaminants. extensive site
Steam/vapor is then preparation. Maybe
S . _E pumped to the surface. inappropriate for an
e | . inhomogeneous
e T . subsurface and for low
permeability soils.
Electric Heating An electric current is May work well in clayey| Applicable only to High
Extraction passed through the soil, | and dense soils. volatile or semivolatile
heating and volatilizing compounds. Limited
f contaminants. experience to date.
Requires complete
= segregation of the site.
A = Requires high energy
e = input.
\ electrodes/
Acoustically . An Acoustic Excitation | Applicable to any Untested technology. Low to
Enhanced AEF Extraction Field (AEF) is applied to [ material which can be medium
Remediation T the soil while water or | transported or dissolved

Figure 17. Comparative Analysis of Acoustically Enhanced Remediation With Three Emerging Technologies
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Table 1. Acoustically Enhanced Remediation (AER) Technology Features, Advantages, and Benefits

AER TECHNOLOGY FEATURES
Removes subsurface free-phase liquid contaminants (or non-
agueous phase liquids, NAPLS) either lighter than water
NAPL (LNAPL) or denser than water NAPL (DNAPL)

TECHNOLOGY ADVANTAGES'
Overcomes the subsurface forces that hold a NAPL within the pore space of
an aquifer, allowing the removal of more NAPL faster and to a greater
degree than conventional remediation technology.

BENEFITSTO CUSTOMER

Allows reaching the clean-up goal faster than
conventional technologies such as ground water pump
and treat (P& T), reducing the life-cycle cleanup cost.

Can be deployed over alarge volume of the earth.

Can be deployed more cost-effectively than emerging
technologies such as steam flooding.

Can be deployed in combination with existing and emerging remediation
technologies.

Existing remediation infrastructure can be augmented
rather than totally replaced, providing a considerable
savingsin time and money.

Is more cost effective than conventional P& T, our baseline comparative)
technology.

Site owners can significantly reduce environmental
remediation liability cost.

Does not require specification of the DNAPL subsurface
location.

Can remediate a large subsurface treatment volume, conservatively
approximated by a circle with an estimated diameter of 75 meters,
consequently, the specific DNAPL location only needs to be known within
+ 30 meters which is much, much smaller than aNAPL source area

Provides for lower cost on the characterization phase
because the number of boreholes, soil samples, analysis,
etc., can be significantly reduced.

Provides a more effective cleanup since the region to be
remediated can undergo multiple acoustical excitations.

Remediates low permeability soils

Can increase the permeability of low permeability soil&

The water and contaminant flux are significantly
increased from low permeability soils making the
remediation effort more effective and less costly.

Remediates large volumes of soil

Can effectively treat a region of the subsurface that is approximately
estimated at 75 metersin diameter with a single wellfield unit deploymerit

Remediates a large volume of subsurface material thus
reducing life cycle remediation costs.

Achieves cleanup standards

Can allow sites to reach cleanup goals faster and at lower cogt.

The technology provides both a cost-effective and
technically effective remediation methodology to
achieve clean-up goals that are currently not achievable
with existing technologies.

Enhances remediation of dissolved contaminants

Flushes subsurface contaminated soils more effectively by increasing the)
water and contaminant flux through the subsurface.

Can reduce remediation cost through extraction of the
subsurface contaminants faster and more efficiently.

Augments existing remediation technologies

Can be used in conjunction with most subsurface fluid extraction
remediation technologies.

Customer does not have to decommission existing
treatment systems to install AER. Instead, it provides
faster throughput to the existing treatment system, thus
reducing the long-term costs.

I's containment insensitive

Can be used to remediate volatile, semi-volatile, and non-volatile,
radionuclides, and metals.

Customer can use one basic technology to remediate
many types of contaminants increasing the return on
investment.

Advantages based on current status of the R& D effort.

technologies (National Research Council, 1994, Alternatives for Ground Water Cleanup, National Academy press, 315 pp).

afunction of the contaminant distribution, volume to be treated, and the geologic setting.

The problem of low permeability soils has been reported by the National Research Council to be the principle impediment of both conventional and emerging environmental remediation

Standard wellfield deployment is a“ spot-pattern” with either 3-, 5- or 7- acoustic excitation boreholes/wells with a central exdction well. The number of acoustic excitation boreholes/wellsis

Thisis achieved by coupling acoustic remediation and pump and treat technology with other existing or emerging technologies such as surfactant flooding
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systemswill be developedandfield pilot scale treatabilityests are planned fohnird and fourth quarter

1997. A clean site “proof-of-concept” testll be conductedalong withpotential 4 contaminated site

tests a DNAPL acoustically enhanced soil vapor extraction test in low permeability soils and in moderate
permeability soils, and a DNAPL acoustically enhanced ground water extractionltegtp@rmeability

and in high permeability soils.

Stakeholders consisting of local communities grolps. Environmental Protection Agency,
state and local regulatory agencies will be incorporated in the planning and execution of these field tests.
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