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ABSTRACT

Contaminated groundwater is a widespread problem often requiring innovative technologies to
remediate. In this study, physical models of the air-sparging process are developed, and contaminant recoveries
are compared with predictions from amathematical model. Initial tests used avery fine, porous media (aglass
bead-packed column) to represent relatively homogeneous soil samples. Subsequent testing employed budded
core samples taken from an actual site to represent more realistic, heterogeneous samples. 1,1,1 trichloroethane
(TCA) was used as the dissolved contaminant to represent benzene, toluene, ethyl benzene, and xylene (BTEX),
considered to be gasoline contamination in water. The results obtained, however, can be applied to any non-
agueous-phase liquid (NAPL) dissolved phase. A technique based on foaminjectionis proposed andis
demonstrated to reduce air mobility. This reduction in air mobility has the potential to improve contaminant
removal due to increased contact area, and contact time between the air and contaminant. Laboratory results are
compared with predictions from an advection — diffusion, air-sparge numerical simulation model. Sensitivity
analysis of the numerical model provides the range of key parameters used to evaluate air sparging. Eventual
scaleup of the model to an actual site can be justified by the favorable results presented in this paper.
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BACKGROUND

The efficiency of air sparging as a groundwater remediation process depends, to alarge extent,
on contact time and contact area of ar with contaminated water. A number of investigators have
conducted laboratory or field studies or numerical Smulation in order to better understand air
distribution, and a few have conducted studies to measure the remova rate of contaminants from
groundwater. The mgority of these studies have chosen homogeneous porous media, either 2D/3D
glass beads, sand packs, or core samples for laboratory studies, and/or homogeneous strata for
fidd studies. Ji et d. (1993), Ahfeld et d. (1994), and Clayton (1998) have demonstrated the
tendency of air channelsto develop in response to heterogeneity, at both pore scale and larger
scae, in coarse to fine homogeneous sand.  The trangtion from pore-scale viscous fingering to
macroscopic capillary air channeling is estimated by Clayton (1998) to occur at an air-entry pres-
sure of about 15 to 20 cm of water. Since thisisalow ar-entry pressure, it isvery likely that during
the air-sparging remediation process air channeling occurs, as seen in dl 18 laboratory experiments
carried out by Clayton (1998).

It isimportant to redlize that the mechanism of contaminant remova, in bypassed regions both
in homogeneous and heterogeneous porous media, is severdy diffuson limited (Clayton, 1998; J et
a., 1993; Chao et d., 1998; Brusseau 1991). Plummer et d. (1997) observed channding intheir 2-D
homogeneous, medium-grained glass bead modd and a homogeneous sand pack of comparable
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Figure la. Schematic of experimenta setup.

permesbility, dengty, and porosity, representing both horizontal and vertical well configurations. The
ar didribution was more uniform for the horizontal well, suggesting that more of the porous mediais
impacted by air flow. McKay and Acomb (1996) and Schima et d. (1996) used a neutron mois-
ture probe and cross-bore hole residtivity, respectively, to measure the percentage of fluid displaced
and air digribution during air sparging a two wells in a homogeneous formation conssting of
uniform sands. They observed an initid rapid laterd expansion followed by consolidation of the
region. They aso observed inconsstent readings in less permeable, heterogeneous formations,
indicating the inconsstent behavior of arflow in such formations

Chao et d. (1998) have estimated water-to-air mass transfer for a number of volatile organic
compounds (VOCs) during air sparging in soil columns packed with coarse, medium, and fine sand
or glass beads. They used areactor modd to Smulate the interface mass transfer done. They
assumed that the concentration in the bulk phase remains congtant due to dow diffuson of VOC
from the aqueous phase into the air-weter interface, as compared to rapid voldilization of VOCs & the
ar-waer inteface. Ther resultsindicated that, depending on the VOC sparged, the estimated fraction of
total volume affected by ar gparging varied from 5 to 20% for fine sand, but may be as high as 50% for
coarse sand, where more channdls are expected to form. This obsarvation has been made by others (J
et d., 1993; Clayton, 1998; Adams and Reddy, 2000). However, higher air ssturation may not neces-
saily lead to higher contaminant recovery in heterogeneous media, dueto ar channding and bypassng of
the lower permesble zones.

Ahlfed et d. (1994) have conceptudly described the air-gparging process and note thet in heteroge-
neous, draified formationsin which sparging is often gpplied, the pattern of ar movement through the
ubsurfaceiscomplex. Thiscomplexity islargely driven by vaiation in grain Sze, capillary resstance, and
intringc permesbility of the porousmedia.  In addition, operating parameters such as arflow rate and
injection pressure, aswel| as depth and cross-sectiond area of injection, will also affect the contaminant
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Figure 1b. Composite core assembly in aHasder cdl.

recovery process. To date, no laboratory study has specifically involved heterogeneous core
studies. Hence, the authors hope the |aboratory results presented here on comparison between
contaminant recoveries in relatively homogeneous and heterogeneous porous media, and the pro-
posed foam injection, instead of air injection, could improve the contaminant recovery for an air-
gparging process. The proposed improved process may aso decrease remediation or cleanup time,
which is an important concern during field operations.

EXPERIMENTAL AND NUMERICAL MODELS

a. Experimental Setup and Procedure

To study contaminant recovery in ardatively homogeneous porous media, adear acrylic pipeis
packed with fine glass beads with an average grain diameter of 67 microns (Figure 18). Both ends of
the column are seded with recessed end cgps around the inlet and outlet to prevent leekage. A 40-
micron, sintered-bronze filter (0.32 amin dameter and length) postioned & theinlet of the column'send cap
represntsthedatted portion of agpargewd | used to didributear intothewdl. A 11.4 onHong seded aaylic
pipeis connected to the tap of the packed column to provide void Spece for the water to sl (isedueto
digolaced vaumeby ar). Thisassambly isrefared to asthe packed column fromhereon. A positive pressure
transducer and adifferentia pressure transducer are used to meesureinlet pressure and pressure drop across
the packed column. The dry air flow rate is controlled and measured accurately by adigita flow
sysem. A gas chromatogrgph isusad to sample the contaminated effluent ar periodicdly. Sncetherdaive
contaminant recoveries rather than absolute recoveries, are of interest, the sampling is performed until about
90% of the contaminant isremoved. The packed column is deaned a the completion of each run by
flushing it with warm water and hot air for severd days, until the effluent air isfree of detectable TCA
contamination. Use of solventsis prohibited since solvent resduas can cause measurement error.
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Figure 2. Annular agueous and air-channd regions of modd!.

To study contaminant recovery in heterogeneous porous media, acompaosite core modd is used.
The core samples, taken from the site of interest, are composed of sty sand, sandy sltstone, silty sand-
gone and fine to coarse-grained sandstone. The compaosite core assembly congists of three core samples,
cut ether verticaly or horizontaly. A deeve of heat-ghrinkable Teflon™ tubing isdid over the composite
cores, with screens and end plates a the two ends, to hold the sand grainsin place. The composite cores
arethen housed in aHasder pressure cdl (Figure 1b). Minerd ail is used for goplication of overburden
pressure. Propertiesof al threelaboratory moddsare givenin Table 1.

Benzene, toluene, ethyl benzene, and xylene (BTEX) condtitute the largest regulated portion of
gasoline contamination. In an effort to reduce the number of varigbles in the laboratory study, focus
was primarily on the remediation of benzene, the mogt gringently regulated contaminant. However, due
to the hedlth hazard associated with exposure to benzene, 1,1,1 trichloroethane (TCA) was sdlected asa
ditable dterndtive to benzene Snce it has Smilar olubility, vapor pressure, and Henry’ s congtant (ratio
of vapor pressure to solubility). Other properties such as molecular weight, densty, boiling
point, melting point, and specific heat were also considered for comparison. Table 2 presentsa

Table 1. Glass bead-packed column and cores properties.

PorousMedia Glass Bead- Vertica Horizontal
Properties Packed Caumn | Composite Core | Composte Care
Length (cm) 61 14.14 1506
Diameter (am) 5.715 254 2.54
Permestility, k (md) 0.386 152 52.1
Porosity, f (%) 36.3 24 355
Pore volume, ml 448 26.1 235
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Figure 3. Annular shells within asingle aqueous region.

comparison of the chemica properties of benzene with cydohexane, toluene, and 1,1,1 TCA; chemicds

used as quitable dternatives to benzene. Because the contaminant isin the dissolved phase, its spedific gravity

does not play animportant role, and the experimentd resulits can be goplied to the remediation of both light

and dense nonequeous-phaseliquids (LNAPL and DNAPL).
Both the packed column and composite cores are saturated with a solution of water and TCA, a

concentrations of 10, 25, and 50 ppm (by volume). Low-pressureair at 1.41 -1.68am (6-10psig) is
injected through the bottom of the saturated packed column or the composite-core assembly. Air con-
taminated with TCA then flows to the top where it is sampled intermittently by a gas chromatograph

Table 2. Properties of some comparable contaminants.

(dimensionless@25 °C)

Properties Benzene Cyclohexane Toluene Trichloroethane
C,H, C.,H, C,H, CH.CI,
Solubility 1.77@25°C | 58@25 °C 0.53@25 °C 4.4@20 °C
Vapor pressure
(kPa)@25 °C 12.7 13.1 3.8 16.5
Molecular weight 78.11 84.16 92.14 133.4
(gmal)
Mélting point (°C) 5.5 6.5 -95 -30
Boiling Point (°C) 80.1 81 111 74
Densty (g/ml) 0.8765 0.7785 0.8669 1.3303
Specific heat
(Jg-K @25 °C) 1.74 1.84 1.71 1.08
Henry's constant 0.23 7.88 0.27 0.18

Journal of Hazar dous Substance Resear ch

Volume Three

7-5



haz003cm w .2
0.1 S —rm

e
n -

bl e ‘-“_'-_'
00 448 &30 14:24

18:12 0:00 448
Time (hr:min)

Figure 4. Normalized resdua massvs. remediation time (“&’ is varied).

(Figure 18) at intervals of 3-14 minutes (3 minutes representing the minimum possible sampling
time during the early part of the remova curve where the removal rate is highest). The TCA
contaminant remova rates at injection flow rates of 15, 20, and 30 ml/min are measured. All
measurements are performed at room pressure and temperature.

b. Numerical Model Description

Andytica and numerical models provide ingght into the air-gparging mass transfer process.
Rabideau and Blayden (1998) have reviewed the literature on modeing work done on air sparging
and have categorized the numerical modds into two types.

1. Mechanigtic models, or multi-dimensond, partid differentid equations, known aso as
compogitionad multidimensonad modds for fluid flow and contaminant remova dudies These
numerical modes are commonly used in the oil industry due to the availability of extensve Ste
characterization. Collecting such dataiis usudly not cost-effective for remediation Stes where

operation costs are minimized and comprehensive Site characterizations are not available.

2. Reactor models, on the other hand, are smpler and can Smulate mass removad, volume of
fluid circulating through the source zone, and air-channd development.

A number of investigators have used a mechanistic modd to smulate air sparging. But as
Clayton (1998) points out, multiphase flow smulations are unable to handle air channeling without
specid condderations to represent flow inindividua stream tubes, which are not interconnected.

A reactor model based upon past visud studies, which smulated flow dynamics of air sparging
(J et d., 1993) and Wilson's (1992) proposed generd n-compartment modd, is developed in this
sudy. Between the advective air-channel regions of the soil column, VOC liquid-phase transport,
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Figure 5. Normalized resdua mass vs. remediation time (“D” is varied).

as Smulated by the modd, is assumed to be diffuson limited. To facilitate data anadys's, the modd is
written using visud basic gpplication. The numerica modd has the capability to smulate the cyding
on and off of the sparge system, a practice generaly accepted to reduce costs and increase
remediation efficiency (Hinchee, 1994; McKay and Acomb, 1996; Reddy and Adams, 1998). In
addition, the model can be used to predict the extent of post-remedia contaminant rebound by
smulating groundwater contaminants as they diffuse towards equilibrium concentrations. About
61% of 49 air-sparge case studies evauated by Bass et . (2000) showed poor performance (not
aufficient for Site closure) due to substantia rebound following an initid contaminant concentration
reduction. Generdly, aperiod of 6-12 monthsis required for rebound to fully develop. In some
cases, this rebound may be related to arise in the water table, and hence desorption of contami-
nant. However, our results show that the dow diffusion of contaminants towards air channels may
be more responsible for rebound of dissolved contaminant concentration, as aso indicated by
Rabideau et al. (1999).

Because the water velocity is negligible, the agueous-phase dispersion is neglected (McCray and
Fdta, 1977). The contaminant vaporizes at the interface, and its ditribution within the air channd is
assumed to be ingantaneous and thusis consdered to be an equilibrium process, described by
Henry’s law (Equation 1). Our measurements indicate that equilibrium is not reached in the early
part of contaminant recovery curves, when advection forces are predominant.

C? =K,C' 1)
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Figure 6. Normaized resdua mass vs. remediation time (“Kh” isvaried).

where

S = Molar concentration of compound in gas phase - (g moles/n¥)

¢ = Molar concentration of compound in liquid phase - (g moles/n®)

K, = Henry'slaw constant - dimensionless

Based on work performed by Wilson et a. (1992), and Roberts and Wilson (1993), the soil
column is modeled as a composte of evenly spaced cylindrica ar channels with a surrounding,
non-advective aqueous region (aradius of “b”) asillugtrated in Figure 2. All air-channd and cylin-
drical agueous regions are equd in length and circumference. The soil column of height, “h,” is
divided into equd, verticd-length ( Dz) sections as shown in Figure 2. Figure 3 illustrates how each
cylindrica, aqueous region in each soil column eement is divided into equa-thickness (Dz) annular
shells. Additionally, atortuosity parameter (L, or path-length coefficient) is used to model the
pardld ar channels astree-like air channdls observed by investigators.

Combining Fick’ sfirg law of binary diffuson with Henry’ s law, and with equations describing

the geometry, resultsin the following equation, which represents the diffusion transport of the
contaminant through the agueous region.

dc* _ M DzD . y s
= = G g rj+1(C i~ C j+1)+rj(C 17 C ])H 2

dt Vol fDrDV,

f = Soil porosity - (L3 L?3)
Vol =Volume- (L3)
Cv = Concentration of the contaminant in the solvent (water) - (m/ L3)
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Figure 7. Normdized resdua mass vs. remediation time (“V ¢’ is varied).
The following equation represents the contaminant transport once it has entered the ar channd.

dC® _-4D(CP/ Ky~ C™n) | Vo(Cluy- CY)

dt f aDr f p a’Dz(Channel #)

3

For details of the numerica modd, the reader isreferred to Drucker, 1995; Drucker and Di
Julio,1996; and Wilson et d., 1992.

c. Foam I njection to Reduce Air Mobility

The capacitance or dead-end pore model was originally proposed to explain the concentration
“tail” observed in breakthrough curves of displacements. Thistail is more pronounced in carbonate
than in sandstone because the pore structure of atypica carbonate is more heterogeneous
(Raimondi and Torcaso, 1964; Stalkup, 1970; Shelton and Schneider, 1975; Spence and Watkins,
1980). Similarly, we have observed the more pronounced tailing phenomenon here when the results
of contaminant recovery for packed column are compared with that of the core, even though the
contaminant exigts as a dissolved phase only. Thisleads oneto believe that in our study ar channel-
ing, or bypassing, in heterogeneous cores resulted in an inefficiency in contaminant recovery, leading
into longer recovery timesthan for the rdaively homogeneous packed column. Thisisaso supported by
results of the sengtivity andysison“d’ (ar channd radius), as seen in the Results section.

The ar-channedling problem associated with heterogeneity may be remedied using foaming
aurfactants, which tend to encgpsulate air and form foam (increased numbers of air bubbles surface
areato volume, Burns and Zhang 2001). The reduction of air mohility increases air residence time
and the contact area between air and the contaminated water, which can result in improved con-
taminant recovery. Foams are formed by dispersion of gas bubblesin liquids. Such dispersonsare
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Figure 8. TCA recovery for initid concentration of 25 ppm—glass bead-packed column.

normaly quite ungtable, unless surfactant is added to the liquid, which gregtly improves sability due
to adecrease in surface tensgon. Previous foam studiesin reservoir engineering have demonstrated
the tendency of foamsto preferentidly plug channds or higher permegble regionsin porous media
Additiondly, ar mohility is reduced viaan increese in air viscosty and adecrease in air rddive
permegbility (areduction as high as 200-600 fold), while gas saturation remains unchanged (Khan,
1965; Bernard and Holm, 1964). Thisis attributed to blocking of pore throats by gasfilms. In the
case consdered here, the average bubble sze islarger than the pore diameter, and thus foam flows as
aprogression of filmsthat separate individua gas bubbles. Some of the undesirable features of
surfactant, such as sengtivity to highly saline brine, temperature, contaminant type, and retention, need
to be congdered when surfactants are sdlected for a given Ste.

Inapardle coreflood sudy invalving two cores with different permeshilities Di Julio and
Emanud (1989) demondtrated the ahility of foam to reduce gas mahility by plugging channdsinthe
higher permegble core and diverting gasto the lower permestiility core. Thefoam injection resulted inan
incrementd oil recovery improvement of 33.6%. Likewise, it isexpected that foaminjectionintheair-
goarge process will reduce ar mahility and hence provide asgnificant redudtion in contaminant recovery time.

RESULTS

a. Sengitivity Analysis Using a Numerical Model

A sengtivity andysswas performed by varying severd parameters and observing their impact
on the normalized resdua mass of contaminant. The variables used to conduct the andyssare“a’
(ar-channd radius), “D” (diffusion coefficient), “K " (Henry's congtant), and “V ” (air-injection
flow rate). Results of this analysis are presented in Figures 4-7.
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Figure 9. TCA recovery for initid concentration of 50 ppm—glass bead-packed column.

Normalized values of resdua mass, M/M , for agiven range of “a’ areshownin Figure 4. As
the air-channd radius, a, is changed, it proportionaly affects“b,” the radius of the agueous region
surrounding the air channel. For instance, if “&’ is decreased, “b” isaso decreased (dueto an
increase in air-channel number dengity), causing the remediation rate to improve. Therefore, to
improve contaminant-removal efficiency, it is desirable to promote ardatively large number of air
channds, having smdl radii within a given volume of saturated soil. In the limit, this may be repre-
sented by evenly distributed air saturation within a given zone.

The diffuson coefficient, D, has no direct bearing on the channel geometry but has a Sgnificant
effect on the contaminant-remova rate. Mogt VOC diffusion coefficients will fal in the range
between 2.54E-7 and 3.0E-6 cn?/s. Contaminant remova ratesin the form of M/M _ areillustrated
in Fgure5. It isevident that theincrease in D improves the contaminant-removd rate. Thisresult is
expected since the modd is diffusion limited.

The effect of Henry's congtant, K, on air-sparging remediation efficiency is shown in Figure 6.
In this particular case, Henry’ s constant has an upper limit of approximately 0.35 (i.e., M/M_ for the
casewith K, of 10 closaly resemblesthat for K, of 3.5). The lower boundary of K, values, such as

K, =0.01, illusrates how ardatively low volailization ratelimit the contaminant-removal rate.
Therefore, an andlys's such as this can be useful in determining the effectiveness of air parging on
the remova rate of contaminants with lower values of K, such as semi-volatile organic solvents.

The volumetric flow rate of injected air has a direct bearing on the air saturation, within satu-
rated soil. It isexpected that an increase in arflow rate will increase the air saturation, and hence
increase the number and diameter of the air channels. However, to investigate only the effect of ar
volumetric flow rate on rate of contaminant removd, air saturation is held congtant, while the flow

Journal of Hazar dous Substance Resear ch Volume Three 7-11
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Figure 10. TCA recovery for initid concentration of 29 ppm—nhorizontal composite core.

rateisraised or lowered, as shown in Figure 7. The lower limit of air flow, V¢ = 0.016 c/s, in
Figure 7, is an example of flow rate becoming too smal to efficiently remove the contaminant
voldilized in the air channd. Lower limits of arflow such asthis are encountered at the perimeter of
agparge wel’sregion of influence. The upper limit of effectiveness of raiang the airflow rateis
redlized at or dightly lessthan V¢ = 0.295 cnf/s. Therefore, air injection greater than 0.295 cn/s
will only serve to increase cleanup costs associated with sparging the contaminated groundwater.
Thisisan important observation, since the air-gparging processis adiffuson-limited process. An
increase in ar-injection flow rate will not have asgnificant effect on the rate of contaminant diffuson
and remova, but may only improve the vaporization (according to Henry's law) and hence its
subsequent advection by air.
b. Laboratory Results

The removal rate is believed to be controlled by the two distinct processes of advection and
diffusion. Initidly the rate of contaminant remova is controlled by advection. Contaminant is
removed by relatively quick vaporization from the air channd wall and subsequent advection by air,
until the contaminant concentration in the air channel reduces below that in the aqueous phase, at
which time the diffusion process will begin to dominate the remova rate. These two regions of flow
regimes, advection-controlled and diffuson-controlled, are seen astheinitid pesksfollowed by an
asymptatic behavior indl of our contaminant-remova curves

Contaminant recovery in the packed column was messured at three different air-injection flow rates
(10, 20, and 30 ml/min) for three different initia concentrations (10, 25, and 50 ppm TCA inwater). Hgure
8 showsthe contaminant recoveries a three different flow ratesfor initia concentration of 25 ppm. FHgure9
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Figure 11. TCA recovery for initia concentration of 25 ppm—vertica composite core.

isagmilar curvefor aS0ppminitid concertration. Resultsin FHgure 8 indicate thet the rate of TCA
removed increased when the ar-injection flow rate was increased from 10 ml/minto 20 mi/min. Therae
of recovery decreased, however, when the ar-injection flow rate was further increased to 30 mi/min.
Thisindicates thet the optimum ar-injection rate is bdow 30 ml/min for this case. The optimum air-
injection rate for initia concentrations of 10 ppm and 50 ppm were, respectivey, around 10 mi/min and
30 ml/min. This observation was confirmed earlier by the smulaion results when it was shown thet the
increesein ar-injection flow rate did not have a sgnificant effect on the rate of contaminant diffuson and
remova, but may only improve vaporization and subsequent advection. Comparing contaminant recov-
ery for initid contaminant concentrations of 50 ppm and 25 ppm a an arflow rate of 20 ml/min, the
higher peek for 50 ppm indicates higher convettive recovery very early on. However, this higher recov-
ery isnot sudtained during the second portion of the curve, which is diffuson limited, shown asthe
asymptatic recovery leading to alower overd| percentage recovery (43% as compared with 49%). To
test experimentd precison each experiment was repeated severd times (three to five times for the packed
odumn and threetimes for core messurements). For meesurements on the packed column Sze of aror barsfor
the rate data varied between 2/ to 5%, whilethearor in cumulative messuremants hed an end paint error bar
of about 8% (dl with 95% confidence limits). Measurements on the cores showed lessreprodudibility.

To study the effect of heterogeneity on contaminant recovery, measurements on the packed
column may be compared with those from the cores, and aso measurements on horizontaly cut
cores may be compared with those for verticdly cut cores, which are more heterogeneous and dratified.

Figures 10 and 11 show results of three air-sparging runs for the horizonta and vertical com-
posite cores a initid contaminant concentrations of 25 ppm. Concentrations of the contaminant,
TCA, in effluent air, as afunction of the three air-injection rates are compared. Resultsfor the
horizontal composite core look more like the packed-column run. The contaminant-remova curves
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Figure 12. Comparison of laboratory and numericl model results—glass bead-packed column.

areflatter at generdly higher concentrations of contaminant and with lesstalling effect, as compared
with those for the vertica composite core. This behavior could be attributed to the higher heteroge-
neity of the vertica composte core, where more channeling takes place and hence the remova
efficiency isinconsstent and lower. Astheinitid concentration of contaminant isincreased, the
optimum flow rate, for which contaminant recovery is maximum, also increases. For example, we
observed the optimum flow rate for 10 ppm was 10 ml/min, while that for 25 ppm was about 20 mi/min.
We obtained reasonably good reproducibility of the recovery profile and the percent of tota contaminant
removed, but we hed difficulty with deaning after each run dueto TCA adsorption in the cores.

Our experimental results on the packed column show less channeling than our core studies, as
seen by the shape of the contaminant-recovery profile and the shorter recovery time (about 4 hr
recovery time for the packed column versus 24 hr recovery time for the composite core, estimated
based on cumulative recoveries). Note that the packed column has a pore volume which is about
17 to 19 timesthat of the composite cores, hence the more heterogeneous cores require nearly 100
times more pore volumes of air throughput to achieve smilar, cumulative contaminant recoveries.

Air channeling in the more heterogeneous core samples can aso be observed when experi-
menta results are compared with the numerica mode predictions (which assume the contaminant
recovery takes place viaair channdls). The predicted profile matches the core studies better due to
itsinherent heterogeneity and hence predominant recovery viaair channds. Results of two experi-
ments on packed column and composite cores are compared with numerical modd predictions as
shown in Figures 12 and 13. Figure 12 for the packed column is a 10 ppm and 15 mi/min; while
Figure 13 isfor the vertical composite core at 50 ppm and 15 ml/min, initid TCA concentrationand
ar-injection flow rate, respectively. The predicted concentrations are matched with the experimental
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Table 3. Input and Cdculated Variables for Smulation

GlassBead Input Variables
variable = value units description
rad = 1.0000 in. radius of influence
h = 24.0000 in. sparge pt.-water table depth
Vc = 0.01520 cuin/s control panel volumetric flow rate
Kh =0.713 na Henry's constant
Cjo =50.00 ppb initial contaminant concentration
v =0.36 cuin/cui total soil porosity
w =w 0.33 cuin/cui water-filled soil porosity
D = 1.50E-07 spin./s diffusion coefficient
Csat = 1,100,000.00 ppb contaminant saturation concentration
a = 7.00E-02 in. air channel radius
Lpath = 1.4 in/in path-length coefficient (1<L path<2)
dt = 4.20 S time interva

Glass Bead Calculated Variables

variable = caculaion vaue units description
dz = hcdl row # 2400 in. cdl height

b = rad/(Chanl#L path)*.5 0.404 in. nonadvective channd radius

dr = (b-a)/9 0.037 in. nonadvective shell thickness

afactor = aldr 1.885 inin ar channd radiugshdl thickness
channd# = (v-w) x (rad/@"2/Lpath 4.373 na ar channd number per dement
ppbfactor = .001 if using ppb's 0.001 na ppb caculation factor

z=0zx] na in. cdl height
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Figure 13. Comparison of laboratory and numerica model results—composite core.

vaues by varying the parameter “a,” air channd radius, which in effect aso changes the density of
ar channds, as discussed earlier. Table 3 shows the input and calculated variables used for smula
tion. Peak values of contaminant concentration are gpproximately 1/4 to 1/10 of estimated equilib-
rium vaues, based on Henry’ s law, which assumes ingtantaneous digtribution of contaminant within
theair channds. As expected, Henry’ s law provides the upper limit of contaminant concentration in
the effluent air.  Laboratory resultsin Figure 13 show aleveing off at 3.5 ppm, after 3 1/3 hours,
while the mode prediction tends to asymptoticaly gpproach zero-contaminant concentretion. This
discrepancy may be attributed to dispersion and/or adsorption processes, which were not included
in our numerical model. Even with this discrepancy, one may gtill make a consarvative prediction of
the air-sparge remediation rate, if one were to scale up the numericad modd to smulate air sparging
at thefield scae.

The exiging model has condderable potentid for evolving into an accurate fidd-scale modd.
Once developed, the field-scale numerica modd could be used in the design of afull-size air-sparge
systemn by determining air-sparge well spacing and placement, air-injection rate, injection pressure,
and rate of remediaion.

Since the numericad modd alows for contaminant remova through ar channes only, the better
match between measurements in the core samples and predictions indicates the existence of chamnds
in heterogeneous samples. Additiondly, as discussed earlier, large volumes of air injection are
required to recover contaminants in heterogeneous porous media and hence the need for reduction
of ar channding. A remedy may be foam injection.
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Fressure Increase Due to the Presence of Foaming Surfactant in
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Figure 14. Foam-induced mobility control indicated by increase in pressure drop.

c. Result of Foam Injection

We used the surfactant Steol CA-460, manufactured by Stepan Company, Northfied, 111.
Steol CA-460 isan acohal ethoxy sulfate conssting of 15% denatured ethyl acohol and 2%
ammonium sulfate. To study the reduction of air mobility in the air-sparging process, the packed
column was saturated with water and the pressure drop across the packed column was measured
asair was injected into the packed column at a given flow rate. This provided the basdine pressure-
drop profile. The packed column was then saturated with a solution of 1% by weight surfactant in
water, and again the pressure drop across the packed column was measured as air was injected.
These experiments were run in order to find an optimum injection rate for which the maximum pressure
drop in the porous medium may be achieved. Note that we expected some air channdling or bypass-
ing in the packed column, which would be less than that in the composite cores. Figure 14 shows an
example of the measured increase in pressure drop when air isinjected into the packed column, where
surfactant is present. We observed formation of foam within the packed column and anincreasein
pressure drop by afactor of 20 to 40 onthe average, a flow rates of 53 and 20 ml/min, regpectively. This
dragtic increasein pressure drop is dtributed to decrease in air rdative permeghility, which resultsfrom
reduction of ar channds As seen in previous foam studies; reduction of gas mohility canimproveits
suration digtribution and hence increase both the contact area and contact time between the ar and the
contaminant, resulting in improved recovery of the contaminant from porous media

CONCLUSON
Laboratory results from glass bead-packed columns and composite cores have demondrated the

effectiveness of alr parging as aremediation process. Two digtinct regimes of advective- and diffu-
sion-controlled flows are observed. Measurements on composite cores showed more channding than

Journal of Hazar dous Substance Resear ch Volume Three 7-17



in the rddaively homogeneous packed column. Hence, they required amuch longer timefor air injection
and subsequent contaminant removd.

A numerica reaction modd is used to conduct a sengtivity andysis by varying input param-
eters, including ar-channd radius (a), diffusion coefficient (D), Henry’s law condtant (K, ), and
injection flow rate (Vc). Reaults of the andysisilludrate the sgnificance of each parameter with
respect to air-sparging feasibility and remediation rate. Modd predictions of contaminant remova
agree fairly wel with laboratory measurement results and indicate the existence of channdsin
heterogeneous samples, and hence the need for reduction of air-channding. Use of foaming surfac-
tants is suggested to reduce air mobility in channds and improve air-saturation disribution. This
may increase contaminant recovery and reduce cleanup time.
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