256

AIR SPARGING REMEDIATION:
A STUDY ONHETEROGENEITY
ANDAIRMOBILITY REDUCTION

1S.S. Di Julioand?A.S. Drucker

1California State University, Northridge, Northridge, CA 91330; *Phone: (805) 667-2496,
Fax: (805) 667-7062, ‘E-mail: sdijulio@ecs.csun.edu; 2NFESC, US Navy; ?Phone: (805)

982-4847, 2E-mail: adrucke@nfesc.navy.mil.
ABSTRACT

Contaminated groundwater is awidespread problem often requiring innovative technology to
remediate. The purpose of this paper isto present the laboratory results of air sparging models. Initial tests
used very fine porous media (glass beads-packed column) to represent a relatively homogeneous soil samples.
Subsequent testing employed budded core samples taken from a site of interest to represent more realistic,
heterogeneous samples. 1,1,1 Trichloroethane (TCA) was used as the dissolved contaminant to represent BTEX/
gasoline contamination; however, results obtained here can be applied to any NAPL-dissolved phase. A
technique based on foam injection is proposed and is demonstrated to reduce air mobility. Thisreductionin air
mobility has potential to improve contaminant removal. Laboratory results are compared with predictions of a
numerical model, which isan advection-diffusion air sparge simulation model. Sensitivity analysisof the
numerical model provides the range of some key parameters used to screen/evaluate air sparging as the
remediation method for a given contaminated site of interest. Eventual scaleup of the model to an actual site
application can be justified by the favorable results presented in this paper.
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BACKGROUND

Theéefficiency of air sparging asaground-
water remediation processdependstoalarge
extent on the contact time and contact area of
air with contaminated water. A number of
investigators have conducted |aboratory or field
studies, or numerical Smulation, inorder to
better understand air distribution and afew have
conducted studiesto measuretheremoval rate
of contaminantsfrom groundwater. A mgority
of these studies chose mostly homogeneous
porous media, either 2D/3D glass-beadsor
sand packs, or core samplesfor laboratory
studies, and/or homogeneousstratafor field
studies. Ji etal. (1993), Ahfeld et al. (1994),
and Clayton (1998) have demonstrated the
tendency of air channelsdevelopingin response
to heterogeneity at both poreand larger scalein
coarseto finehomogeneoussand. Thetrans-
tion from pore-scal e viscousfingering to macro-

scopic capillary air channdling isestimated by
Clayton (1998) to occur at air-entry pressure of
about 15to 20 cm of water. Sincethisisalow
ar-entry pressure, itisvery likely that air
channeling occurs, aswasseeninal 18 labora
tory experimentscarried out by Clayton (1998).
Itisimportant to realizethat the mecha-
nism of contaminant removal, in such by-passed
regionsbothin homogeneousand heteroge-
neousporousmedia, isseverdy diffusonlimited
(Clayton, 1998; J and Ahfled, 1993; Clayton
and Nelson, 1995; Clark, 1996; Choa, 1998;
Brusseau, 1991). Plummer et d. (1997)
observed channeling intheir 2-D homogeneous,
medium-grained glassbeadsmode and the
homogeneous sand pack of comparable perme-
ability, density, and porosity representing both
horizonta and vertica well configurations. The
air distributionwasmoreuniformfor the hori-
zontal well, suggesting that more of the porous
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mediaisimpacted by air flow. Wehaveaso
observed (discussed in Results Section) thatin
our core studiesthe contaminant recovery is
moreefficientinthehorizontaly cut coresthan
thevertically cut, indicating theadverse effect of
soil gtratification on contaminant recovery rate.

McKay and Acomb (1996) and Schimaet
al. (1996) used neutron moisture probeand
cross-bore holeresstivity, respectively, to
measure percentage of fluid displaced and air
distributionduringair sparging at twowelsina
homogeneousformation cong sting of uniform
sands. They observed aninitia rapidlatera
expangonfollowed by consolidation of the
region. They also observed incons stent read-
ingsinlesspermeable, heterogeneousforma
tions, indicating theincons stent behavior of air
flowinsuchformations.

Chao et al. (1998) have devel oped water-
to-air masstransfer for anumber of VOCs
during air spargingin soil columnspacked with
coarse, medium, or fine sand or glassbead.
They used areaction numerica modd and
assumed concentration in the bulk phasere-
mainsconstant dueto dow diffusonof VOCin
the aqueousphaseto theair-water interface as
compared torapid volatilization of VOCsat the
air-water interface. Therefore, they have
modeled theinterface masstransfer alone.
Their resultsindicated that, depending onthe
V OC sparged, the estimated fraction of total
volumeaffected by air sparging varied from5to
20% for fine sand, but may be ashigh as50%
for coarse sand, wheremore channelsare
expected toform. Thisobservation hasbeen
made by others (Ji et a. 1993, and Clayton
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1998), aswell asus; our sengitivity runs, dis-
cussed later inthis paper, indicate that contami-
nant recovery near theinterfaceincreasesas
theair channd density and VOC diffusivity
increase. However, asour resultsindicate, the
overall contaminant recovery efficiency
decreaseswhen air channelsor bypassing
occurs. Thisismainly dueto overall decrease
inair saturation, and asseeninour laboratory
results, the contaminant recovery timewill
increasedrastically. Henceitisbest to reduce
or eiminate channeling as proposed by foam
injection, discussed later inthispaper. Weadso
sharethe observation made by Chao et al.
(1998) that there seem to be an optimum mass
transfer flow rate,

Ahlfed et d. (1994) have conceptually
described theair sparging processand they note
that in heterogeneous, sratified formationsin
which sparging isoften applied, the pattern of
ar movement through the subsurfaceiscom-
plex. Thiscomplexity islargdly drivenby
variationingrainsize, capillary resstance, and
intrinsic permesbility of the porousmedia. In
addition, operating parameterssuch asairflow
rate, injection pressure, and depth and cross-
sectiond areaof injectionwill dso affect the
contaminant recovery process. Asfar asthe
authorsknow, nolaboratory study has specifi-
caly involved heterogeneous core studies.
Hencewe hopethat our |aboratory resultson
comparison between contaminant recoveriesin
relatively homogeneousand heterogeneous
porous media, and the proposed foam injection,
instead of air injection, will adinimprovingthe
contaminant recovery for anair sparging pro-
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cess. Theproposed processmay al so decrease
theremediation or cleanup time, whichisof
important concern during field operation.

EXPERIMENTAL AND NUMERICAL
MODELS

a. Experimental Setup and Procedure

To study contaminant recovery inarela-
tively homogeneous porous media, aglass-bead
packed column, constructed of clear acrylic
pipe, packed with beads of an averagegrain
diameter of 67 microns, wasused. Both ends
of the column were sealed with recessed end
capsaround theinjection and production ports
to prevent leakage. To allow adispersed flow
of air through the column, a40-micron sintered-
bronzefilter, 0.32 cmin diameter and length,
was positioned on the centerline at the bottom
of the glassbead-packed column. Thisfilter
represented the dotted portion of aspargewell,
distributing air dongitslength. Positioned at the
top of thecolumnwasa11.4 cmlong acrylic
pipe, which was sealed with another end cap.
Thisvoid spacewas created to allow the water
to swell (risedueto displaced volumeby air).
A positive pressuretransducer and adifferentia
pressuretransducer were used to measureinlet

pressure and pressure drop acrossthe column.
Thewater vapor intheair wasremoved prior to
injection and itsflow ratewas controlled and
measured accurately by adigital flow system.
Theeffluent air was sampled by agaschro-
matograph. Attheend of eachrun, itwas
extremely important to removeresidua con-
taminant. Thiswasdone by flushing the
column with warm water and hot air for a
number of days.

To study contaminant recovery in heteroge-
neous porous media, acomposite coremodel
wasused. Thecoresamplestakenfromthesite
of interest were composed of silty sand, sandy
sitstone, silty sandstone, and fineto coarse-
grained sandstone. Thecomposite coreassem-
bly consi sted of three core samples, cut either
vertically or horizontaly. A deeveof heat-
shrinkable Teflon™ tubing wasdid over the
composite coreswith screensand end platesat
thetwo endsto hold the sand grainsin place; the
compositecoreswerethenhousedinaHasder
pressurecell. Minerd oil wasused for applica
tion of overburden pressure. Propertiesof dl
threelaboratory modelsaregivenin Table 1.

Table 1. PorousMediaProperties

Porous M edia Glass Bead Vertical Horizontal
Properties Pack Composite Core Composite Core
Length (cm) 61 14.14 15.06
Diameter (cm) 5.72 254 254
Permeability, k (md) 0.39 15.2 52.1
Porosity, @ (%) 36.3 24 355
Pore volume, m 448 26.1 235
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Benzene, toluene, ethyl benzene, and
xyleneareall congtituentsof BTEX, thelargest
regul ated component of gasoline contamination.
Inan effort to reduce the number of variablesin
thelaboratory study, focuswasprimarily given
to theremediation of benzene, themost strin-
gently regulated contaminant. However, dueto
the health hazard associated with exposureto
benzene, 1,1,1 trichloroethane (TCA) was
selected asasuitable alternativeto benzene,
having smilar solubility, vapor pressure, and
Henry’sconstant (ratio of vapor pressureto
solubility). Other propertiessuch asmolecular
weight, dengity, boiling point, melting point, and
specific heat were a so considered for compari-
son. Table 2 givesacomparison of the chemi-
ca propertiesof benzenewith cyclohexane,
toluene, and 1,1,1 trichloroethane; chemicas
used assuitableaternatives. Becausethe
contaminant isin dissolved phaseonly, its
specific gravity doesnot play animportant role

and the experimental results can be appliedto
both LNAPL and DNAPL remediation.

Both the glass-bead pack and the com-
posite coreswere saturated with asol ution of
water and TCA at threedifferent concentrations
of 10, 25, and 50 ppm. Low-pressureair of
1.41- 1.68atm (6-10 psig) wasinjected
through the bottom of the saturated glassbead-
packed column or the composite-core assem-
bly. Contaminant removal rateat threedifferent
flow ratesof 15, 20, and 30 ml/minwere
studied. Airthenflowedtothetopwhereit was
sampled intermittently, at intervalsof 3- 14
minutes, by agas chromatograph to measurethe
concentration of TCA intheeffluent, asshown
inFigurel.

b. Numerical Model Description
Analytica and numerica modelsprovide

ingghtintotheair sparging masstransfer pro-

cess. Rabideau and Blayden (1998) have

Table2. Chemical Propertiesof Various Contaminants

Chemical Properties Benzene | Cyclohexane| Toluene | Trichloroethane
Solubility (g/1) 1.77 58 0.53 4.4
Vapor pressure (kPa) 12.7 131 3.8 16.5
Molecular weight (g/mol) 78.11 84.16 92.14 1334
Melting point (°C) 55 6.5 -95 -30
Boiling point (°C) 80.1 81 11 74
Density (g/ml) 0.8765 0.7785 0.8669 1.3303
Specific heat (Jg-K @ 25 °C) 1.74 1.84 1.71 1.08
gﬁwﬁggags ) 56x10° | 19x10 | 6.6x10° |  4.3x10°

Datafrom CRC Handbook of Chemistry and Physics, CRC Press, 73 Edition 1992-1993
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Figure 1. Schematic of Experimental Setup

reviewed theliterature on modeling work done
onair sparging and have categorized the nu-
merica modelsintotwotypes:

1. Mechanigtic models, or multi-dimen-
sond, PDE, known a so ascompositional
multidimens ona modelsfor fluid flow and
contaminant remova studies. Thesenumerical
modelsarecommonly usedintheoil industry
dueto availability of extensivesitecharacteriza-
tion. Such dataare usually not cost-effectivefor
remediation Siteswhere operation costsare
minimized and comprehensivesitecharacteriza-
tionsarenot available.

2. Reactor models, onthe other hand, are
smpler and can handle massremova, volume of
fluid circulating through the source zone, and air
channel devel opment.

A number of investigatorshave used
multiphaseflow smulationto modd air sparging.
But as Clayton (1998) pointsout, multiphase
flow smulationsareunableto handleair chan-
neling without special considerationstorepre-
sent flow inindividua streamtubes, whichare
not interconnected.

A reactor model based upon past visua
studies, which smulated flow dynamicsof air
sparging (Ji et a., 1993) and Wilson’'s (1992)
proposed general n-compartment model, was
developed. Betweentheadvectiveair channel
regionsof thesoil column, VOC liquid phase
transport, assimulated by themodel, was
assumedto bediffusionlimited. Tofacilitate
dataandysis, themode waswritten using Visual
BascApplication (VBA). Thenumerica model
had the capability to smulatethe cyclingonand
off of the sparge system, apractice someagree
hasthe potential to reduce costsandincrease
remediation efficiency (Hinchee, 1994; Acomb
and McKay, 1996). In addition, the model can
be used to help predict the extent of post-
remedia contaminant rebound by Smulating
groundwater contaminantsasthey diffuse
towardsequilibrium concentrations. About
60% of the 32 case studies eval uated showed
poor performance (not sufficient for Siteclosure)
dueto substantial rebound following aninitial
contaminant concentration reduction (Bass,
1996). Generaly aperiod of 6-12 monthsis
required for reboundto fully develop. Insome
casesthisrebound may berelatedtorisein
water table, and hence desorption of contami-
nant. Our resultsshowed that thedow diffusion
of contaminant towardsair channelsmay aso
beresponsiblefor rebound of dissolved con-
taminant concentration.

Becausethewater velocity isnegligible
(McCray and Falta, 1977), the agueous-phase
dispersionisneglected. The contaminant vapor-
izesat theinterface, and itsdistribution within
theair channel isassumed to beinstantaneous

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch



Air Channels

Figure2. Annular Aqueousand Air Channel
Regionsof Model

where

Air channel radius

o
1]

Radius of cylindrical aqueous region

T
H

Ar = Aqueocus region annular shell thickness

'Figure3. Annular ShellsWithinaSingle Aque-
ousRegion

and thusisconsidered an equilibrium process,
described by Henry’sLaw (Equation 1), which
isthe best-case assumption. Our measurements
alsoindicated that equilibriumisnot reachedin
theearly part of contaminant recovery curves,

when advection forcesare predominant.

— |
C’=K.C )
where
C9=Molar concentrationsof compundingas
phase- (g moles/mq)

C'=Molar concentration of compoundinliquid
phase- (g moles/mq)

K, =Henry’slaw congtant - dimensionless

Based onwork performed by Wilson et.
al. (1992) and Robertset. al. (1993), the soil
column was model ed asacomposite of evenly
spaced cylindrical air channelswith asurround-
ing nonadvective aqueousregion (aradiusof
“b”) illustrated in Figure 2. All air channd and
cylindrical agueousregionsaretobeequal in
lengthand circumference. Thesoil column of
height, “h”, isto bedivided into equal vertical-

length (Az) sectionsasshownin Figure2.
Figure 3illustrateshow each cylindrica agueous
regionin each soil columnelementisdivided
into equal-thickness (Ar) annular shells. Addi-
tionaly, atortuosity parameter (L path or path
length coefficient) wasused to makethe parald
air channelsresemblethetree-likeair channds
observed by investigators.

Combining Fick’sfirgt law relationship
of binary diffusonwith Henry’sLaw, dongwith
equationsto describethe geometry, resultsin
thefollowing equation, which representsthe
diffusiontrangport of the contaminant through
theagueousregion:

<’ M _2wvdO [ w w2
& T ey [l jlGa S
where

(p = Soil porosity - (L% L)

Vol = Volume- (L3)

CN — Concentration of the contaminant

inthesolvent (water) - (m/ L3)
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Thefollowing equation representsthe
contaminant transport onceit hasentered theair
channd:

dcW —4D(ci9 /Kh—CWn) vc(cgi+1—cgi )
= +

dt paly o2 Le(Channel #)

For detail sof thenumerical model, please
refer to Drucker (1995,1996).

c. Foam Injection to Reduce Air Mobility

The capacitance or dead-end pore model
wasoriginally proposed to explain the concen-
tration“tall” observed in breakthrough curvesof
displacements. Thistail ismore pronouncedin
carbonate than in sand stones becausethe pore
structure of atypical carbonateismore hetero-
geneous (Raimondi and Torcaso, 1964,
Stalkup, 1970; Shelton and Schneider, 1975;
Spenceand Watkins, 1980). Similarly wehave
observed themore pronounced tailing phenom-
enon herewhen theresultsof contaminant
recovery for glassbeads are compared with
that of the core, even though the contaminant
existsasadissolved phaseonly. Thisleadsone
to believethat in our study, air channeling or by-
passing in heterogeneous coresresulted inthe
inefficiency in contaminant recovery, leadinginto
longer recovery timesthan therelatively homo-
geneousglassbead packs. Thisisalso sup-
ported by theresults of sensitivity analysis
on*“a’ (air channel radius) asseeninthe
Resultssection.

Thisproblem may beremedied by using
foaming surfactants, which tend to encapsul ate
air andformfoam. Thereduction of air mobility
increasesair residencetimeand the contact
areabetween air and the contaminated water,

which can result inimproved contaminant
recovery. Foamsaredispersion of gasbubbles
inliquids. Suchdispersonsarenormally quite
unstable, unlesssurfactant isadded totheliquid,
which grestly improvesthestability. Previous
foam studiesinreservoir engineering have
demongtrated thetendency of foamsto prefer-
entidly plugging channelsor higher permeable
regionsinporousmedia. Additiondly air
mobility isreduced viaanincreaseinair viscos-
ity and decreasein air-rel ative permeability (a
reduction ashigh as200-600fold), whilegas
saturation remainsunchanged (Khan, 1965;
Bernard and Holm, 1964). Thisisattributedto
blocking of porethroatsdueto gasfilms. Ina
paralel coreflood study, Di Julio (1989)
demonstrated the ability of foamtoreduce CO,
gasmohility by pluggingair channelsin higher
permeable coreand to diverting CO, to lower
permesbility core. Thefoaminjection resulted
inanincrementa oil recovery of 33.6%. Itis
expectedthat foaminjectioninthear sparge
processreducesar mobility and henceprovidesa
sgnificant reductionincontaminant recovery time.

RESULTS
a. Model Sengitivity Analysis

A sengtivity andysiswasperformed by
varying severd input parametersand observing
their impact on normalized residua massof
contaminant. Theinput variablesusedto
conduct theanalysiswere“a’ (air channd
radius), “D” (diffusvity congtant), “Kh”
(Henry’scongtant), and“Vc” (ar injectionflow
rate). Resultsof thisanalysisare presentedin
Figures4-7.
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Normalized valuesof residua mass, M/
Mo, for agivenrangeof “a’, areshownin
Figure4. Asthevalueof theair channel radius,
a, ischanged, it proportionally affectsthevalue
of “b,” theradius of the agueousregion sur-
rounding theair channdl. For instance, if the
value“d’ isdecreased, thevaueof “b” isalso
decreased (dueto anincreasein air channel
number density), causing theremediation rateto
improve. Therefore, toimprovecontaminant
removd efficiency, itisdesrabletopromotea
relaively largenumber of ar channds, havingsmdl
radii, withinagivenvolumeof saturated soil. Inthe
limit, thismay berepresented by evenly digtributed
ar saturationwithinagivenzone.

Thediffusivity constant, D, hasno direct
bearing on the channel geometry but hasa
ggnificant effect onthe contaminant removal
rate. Most VOC diffusion coefficientswill fal in
the range between 2.54E-7 to 3.0E-6 cm?/s.
The contaminant remova ratesintheform of M/
Mo areillustrated in Figure 5. Fromthefigureit
isevident that theincreaseinvaueof diffusvity
improvesthe contaminant removal rate. This
result isexpected dueto themodel being
diffusonlimited.
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Henry’sconstant, Kh, hasapronounced
but limited effect onair sparging remediation
efficiency, asshowninFigure6. Inthisparticu-
lar case, Henry’ sconstant hasan upper limit of
approximately 0.35 (i.e., Khvaueslarger than
0.35will not improve upon the remediation
rate). Thelower boundary of Khvalues, such as
Kh=0.01, illustrateshow arelatively low
volatilizationratelimitsthe contaminant remova
rate. Therefore, an analysissuch asthiscan be
useful indetermining theeffectivenessof air
sparging ontheremova rate of contaminants
with lower valuesof Kh, such assemi-volatile
organic solvents.

Thevolumetricflow rateof injected air has
adirect bearing ontheair saturation within
saturated soil. Itisexpected that anincrease of
arflow ratewill increasetheair saturation and
henceincrease the number and diameter of the
ar channds. However, toinvestigateonly the
effect of air volumetric flow rateon rate of
contaminant removal, air saturationisheld
constant, whiletheflow rateisraised or low-
ered, asshowninFigure7. Thelower limit of
air-flow, Vc=0.016 cm®/s, inFigure 7, isan
exampleof flow rate becoming too small to
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efficiently removethe contaminant voletilizedin
theair channel. Lower limitsof airflow suchas
thisare encountered at the perimeter of asparge
well’sregion of influence. Theupper limit of
effectivenessof raisngtheairflow rateisreal -
ized at or dightly lessthan V¢ =0.295 cm?/s.
Therefore, air injection greater than 0.295 cm?/s
will only servetoincreasethe cleanup costs
associ ated with sparging the contami nated
groundwater. Thisisanimportant observation,
sincetheair sparging processisadiffuson-
limited process. Anincreaseinair-injection
flow ratewill not have asignificant effect onthe
rateof contaminant diffusionand removal, but
may only improvethevaporization (according to
Henry’sLaw) and henceits subsequent advec-
tionby air.
b. Laboratory Results

Theremoval rateisbelieved to be con-
trolled by two distinct processes of advection
anddiffusion. Initidly therate of contaminant
removal iscontrolled by advection. Contami-
nant isremoved by relatively quick vaporization
fromtheair channel wall and subsequent
advection by air, until the contaminant concen-
trationintheair channd reducesbelow thatin

theagueousphase, at whichtimethediffusion
processwill beginto dominatetheremoval rate.
Thesetworegionsof flow regimes: advection-
controlled and diffusion-controlled, are seen as
theinitial peaksfollowed by an asymptotic
behavior inall of our contaminant removal
curves, respectively.

Contaminant recovery in glassbead packs
weremeasured at threedifferent air-injection
flow rates (10, 20, and 30 ml/min) for three
different initial concentrationsof (10, 25, and 50
ppm TCA inwater). Figure8 showsthe
contaminant recoveriesat threedifferent flow
ratesfor initial concentration of 25 ppm. Figure
9showsasimilar curvefor 50 ppminitial
concentration. Theincreaseinair-injection flow
rateincreasesthe contaminant recovery dightly.
Comparing the contaminant recovery for 50
ppm and 25 ppm at air-flow rate of 20 ml/min,
the higher peak for 50 ppm, indicateshigher
convectiverecovery very early on. However,
thishigher recovery isnot sustained during the
second portion of thecurve, whichisdiffusion-
limited, shown astheasymptotic recovery,
leadingto lower overall percentagerecovery.
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To study theeffect of heterogeneity on
contaminant recovery, measurementson glass
bead pack may be compared with thosefrom
the coresand al so measurementson horizontally
cut coresmay be compared with thosefor the
vertically cut cores, which aremore heteroge-
neousand Stratified.

Figures10 and 11 show resultsof threeair
sparging runsfor thehorizontal and vertica
compositecores, respectively. Concentrations
of the contaminant, TCA, ineffluent air, asa
function of timefor air injection ratesof 15, 20,
and 30 ml/min arecompared. Notethat these
resultsarefor initia concentration of 25 ppm
TCA inwater, used to saturate the core prior to
airinjection. Resultsfor the horizontal compos-
ite corelook morelikethe glass bead pack run;
the contaminant removal curvesareflatter at
generdly higher concentrationsof contaminant
and with lesstailing effect, ascompared with
thosefor thevertical compositecore. This
behavior could be attributed to the higher
heterogeneity of thevertical composite core,
wheremore channding/bypassing takesplace
and hencetheremova efficiency isincons stent
andlower. Astheinitial concentration of

contaminant isincreased, theoptimum flow rate,
for which contaminant recovery ismaximum,
alsoincreases. For example, we observed that
the optimum flow ratefor 10 ppmwas 10 ml/
min, whilethat of 25 ppm wasabout 20 ml/min.
We obtai ned reasonably good reproducibility of
therecovery profileand the percent of total
contaminant removed. But we had difficulty
with cleaning the cores after each run.

Our experimental resultson glassbead
packs show |ess channeling than our core
studies, asseeninthe shape of contaminant
recovery profileand the shorter recovery time
(about 4 hr recovery timefor the glassbead
pack versus 24 hr recovery timefor the com-
posite core, estimated based on cumulative
recoveries), considering that the glassbead
pack hasaporevolumewhichisabout 22.4
timesthat of the composite cores. Thiscanaso
be observed when experimental resultsare
compared with the numerical model predictions,
which assumethe contaminant recovery takes
placeviaair channels; the predicted profile
matchesthe core studies better duetoits
inherent heterogeneity and hence predominant
recovery viaair channels.
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Results of two experiments on glass bead
and composite cores are compared with the
numerical mode predictionasshowninFigures
12 and 13. Figure 12 for theglassbead pack is
at 10 ppmand 15 mi/min, while Figure 13isfor
vertical composite coreat 50 ppmand 15 ml/
mininitia TCA concentration and air-injection
flow rate, respectively. The predicted concen-
trationsare matched agai nst the experimental
valuesby varying the parameter a, air channel
radius, whichin effect aso changesthedensity
of air channels. Table 3 showstheinput and
caculated variablesused for smulation. The
peak values of contaminant concentration are
approximately 1/4to 1/10 of the estimated
equilibrium values, based on Henry’sLaw,
which assumesinstantaneousdistribution of
contaminant withintheair channels. Asex-
pected, Henry’s law providesthe upper limit of
contaminant concentrationintheeffluent air.
Thelaboratory measurement resultsin Figure 13
show aleveling off at 3.5 ppm, after 31/3
hours, whilethemodel predictiontendsto
asymptotically approach zero-contaminant
concentration. Thisdiscrepancy may beattrib-

uted to dispersion and/or adsorption processes
whichwerenotincludedin our numerical modd.
Evenwith thisdiscrepancy, onemay ill acquire
aconservative prediction of theair sparge
remediation rate, if onewereto scaleup the
numerical model to smulateair sparging at the
field scale. Theexistingmodel hasconsiderable
potential for evolvinginto an accuratefield-scae
model. Once developed, thefield-scale numeri-
cal model could be usedinthedesign of afull-
Sizeair spargesystem by determining air sparge
well spacing and placement, air injectionrate,
injection pressure, and rate of remediation.
Sincethenumerica mode alowsfor the
contaminant remova throughair channelsonly,
the better match between measurementsin the
coresamplesand predictionsindicatesthe
exisgence of channelsin heterogeneoussamples,
and hencethe need for reduction of air channel-
ing. Onesuchremedy may befoaminjection.

c. Result of Foam injection

Inthe case considered here, the average
bubble sizeislarger than the porediameter and
thusfoam flowsasaprogression of filmsthat

Proceedings of the 2000 Confer ence on Hazar dous Waste Resear ch



—&—Lab Data
== Mods!

centration (ppm)

Effluent
I
%

Gas TCA Gont
e
®

o
X

0.2

0 -
0.00 0:28 0:57 126 155 224 252 321 350
Time (hr:min)

Figure 12. Comparison of Laboratory and
Numeric Model Results—Glass Bead Pack

entration (ppm)

Effluent Gas TGA

Conx

000 224 448 712 236 1200 1424 16:48 81z 2186 0:00
Time (hour:min}

Figur e 13. Comparison of Laboratory and
Numeric Modd Results—Composite Core

separateindividual gasbubbles. Someof the
undesirablefeaturesof surfactant, such assens-
tivity to highly sdinebrine, temperature, contami-
nant type, and retention, need to be considered
when surfactantsare selected for agivensite.
We used the surfactant Steol CA-460,
manufactured by Stepan Company in
Northfield, Ill. Steol CA-460isan acohol-
ethoxy sulfate conssting of 15% denatured ethyl
acohol and 2% ammonium sulfate. To study
thereduction of air mobility intheair sparging
process, the glass bead-pack column was
saturated with water and the pressure drop
acrossthe columnwas measured asair was
injected intothecolumn at agivenflow rate.
Thisprovided the baseline pressure-drop
profile. Thecolumnwasthen saturated witha
solution of 1%-by-weight surfactant in water
and again the pressure drop acrossthe column
wasmeasured asair wasinjected. Notethat
weexpected someair channeling or bypassing
inthe glassbead pack, whichwould beless
than that in the composite cores. Figure 14
showsan example of themeasured increasein
pressuredrop when air isinjected into the
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columnwhere surfactant is present. Weob-
served theformation of foam withinthecolumn
and theincreasein pressuredrop by afactor of
20to 40 ontheaverage, at flow rates of 53 and
20 ml/min, respectively. Thisdragticincreasein
pressuredrop isattributed to decreasein air
relative permeability, which resultsfrom reduc-
tion of air channels. Asseeninpreviousstudies
,thereduction of gasmohility canimproveits
saturation distribution and henceincrease both
the contact areaand contact time between the
alr and the contaminant, resulting inanimproved
recovery of the contaminant from porous media.

CONCLUSION

L aboratory resultsfrom glass bead packed
column and composite cores have demonstrated
theeffectivenessof air sparging asaremediation
process. Two distinct regimesof advective-
controlled and diffusion-controlled flowsare
observed. Measurementson composite cores
showed more channeling than therel atively
homogeneous glass bead packs, and hence
required amuchlonger timefor air injection and
subsequent contaminant removal.
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A numerical reaction model wasusedto contaminant remova agreedfairly well withthe

conduct asengtivity analysisby varyinginput laboratory measurement resultsand indicated
parameterssuch asair channel radius(a), the prominent existence of channelsin heteroge-
diffusion congtant (D), Henry’sLaw constant neous samples, and hence the need for reduc-
(Kh), andinjectionflow rate (Vc). Resultsof tionof air channeling. Use of foaming surfac-
theanalysisillustratethesignificanceof each tantsis suggested asamethod to reduceair
parameter with respect toair spargingfeasibility  mobility inchannels. Thiscanlead into reduc-
and remediation rate. Moddl predictionsof tion of air channeling and may improve contami-
Table3. Input and Cal culated variablesfor Simulation
Glass Bead Input Variables
variable value units description
rad 1.000 in. radius of influence
h 24,0000 in. sparge pt. - water table depth
Ve 0.01520 cuir/'s control panel volumetric flow rate
Kh 0.713 na Henry's constant
Cjo 50.00 ppb initial contarminant concentration
v 0.36 cuin/cuin | total soil porosity
w 0.33 cuin/cuin | water-filled soil porosity
1.50E-07 sgin/s diffusion constant
Csat 1,100,000.00 ppb contaminant saturation concentration
a 7.00E-02 in. air channel radius
Lpath 14 inin path-length coefficient (1< Lpath < 2)
dt 4.20 S time interval
Glass Bead Calculated Variables
variable calculation value units description
dz Heell row # 2.400 in cell height
b rad/(Chanl#Lpath)™.5 0.404 in nonadvective channel radius
dr (b-a)/9 0.037 in nonadvective shell thickness
a factor aldr 1.882 inin | air channel radius/shell thickness
channel# (v-w) x (rad/a) ~2/Lpath 4373 na | archannel number per element
ppbfactor .001 if using ppb's 0.001 na ppb calculation factor
z dzxj na in cell height
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nant recovery by diverting foamtolessperme-
ablezones.
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