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1. Purpose. The primary purpose of this Engineer Manual (EM) is to provide practical guidance for
evaluation of the feasibility of in-situ air sparging (IAS) for remediation of contaminated groundwater and
soil. A secondary purpose is to describe design and operational considerations for IAS systems.

2. Applicability. This EM applies to all major subordinate commands (MSC), district commands,
laboratories and field operating activities having Civil Works and/or Military Programs hazardous, toxic, or
radioactive waste (HTRW) responsibilities.

3. References. References are provided in Appendix A.
4. Distribution Statement. Approved for public release, distribution is unlimited.

5. Discussion. IAS is a rapidly emerging remediation technology. This manual provides the information
needed to help assure the appropriate applicability of this technology. Designers and decision makers
should use this manual to help them determine the necessary site characterization information needed,
and to use that information to evaluate the potential effectiveness of IAS on their sites. The design and
operational considerations discussed herein should be used as a guide for designers and reviewers.
Since this technology is still evolving, designers are encouraged to use the resources provided in this
manual to monitor new developments in the design and operational aspects of IAS systems.
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CHAPTER 1
| NTRODUCTI ON
1-1. Purpose. In-situ air sparging (lAS) is a rapidly energing remedi ation
technol ogy for treatment of contami nants in saturated zone soils and
groundwater. Injection below the water table of air, pure oxygen, or other

gases may result in renmoval of contami nants by volatilization or

bi orenedi ati on. Less comonly, |AS can be used to inmobilize contam nants

t hrough chem cal changes such as precipitation. This Engi neer Manual (EM
provi des gui dance for evaluation of the feasibility and applicability of IAS
for renediation of contam nated groundwater and soil and, as a secondary

obj ective, describes design and operational considerations for |IAS systens.
The document is primarily intended to set USACE technical policy on the use of
the technol ogy and to help prevent its application in inappropriate settings.

1-2. References.

The follow ng references are suggested as key suppl ementary sources of
i nformation on | AS:

Subject Reference
Technol ogy Overvi ew Johnson et al. 1993

Marl ey and Bruell 1995
Reddy et al. 1995
USEPA 1995a
Moni t ori ng Lundegard 1994
Johnson et al. 1995
Aconb et al. 1995
Clayton et al. 1995
Baker et al. 1996
Pilot testing and design W sconsin DNR 1993
W sconsin DNR 1995
Johnson et al. 1993
Marl ey and Bruell 1995

Mbdel i ng Lundegard and Andersen 1996
Clarke et al. 1996
Equi pnent specification and USEPA 1992
operation W sconsin DNR 1993
W sconsin DNR 1995
Eval uati on of system USEPA 1995b
per f or mance Bass and Brown 1996
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1-3. Backaground.

a. In 1997 in-situ air sparging (1AS) is classified as an innovative
t echnol ogy under USEPA's Superfund | nnovative Technol ogy Eval uati on (S| TE)
program | AS is an evol ving technol ogy being applied to serve a variety of
renmedi al purposes. VWhile |IAS has primarily been used to renove volatile
organi ¢ conpounds (VOCs) fromthe saturated subsurface through stripping, the
technol ogy can be effective in renoving volatile and non-volatile contam nants
t hrough other, primarily biol ogical processes enhanced during its
i mpl enentation. The basic | AS systemstrips VOCs by injecting air into the
saturated zone to pronote contaminant partitioning fromthe liquid to the
vapor phase. O fgas may then be captured through a soil vapor extraction
(SVE) system if necessary, with vapor-phase treatnment prior to its
recircul ation or discharge. There is a clear trend, however, in the direction
of elimnating the SVE system whenever possible. Figure 1-1 depicts a typica
| AS system

b. I AS appears to have first been utilized as a renediation technol ogy
in Germany in the m d-1980s, primarily to enhance cl ean-up of chlorinated
sol vent contam nated groundwater (Gudemann and Hiller 1988). Sone of the
subsequent devel opnental history of the technical approach may be found in the
patent descriptions in paragraph 8-3.

c. Because injected air, oxygen, or an oxygenated gas can stinulate the
activity of indigenous mcrobes, |IAS can be effective in increasing the rate
of natural aerobic biodegradation. It is speculated that sinmilarly, anaerobic
conditions might be able to be created by injecting a non-oxygenated gaseous
carbon source to renove the dissolved oxygen fromthe water. The resulting
enhanced degradati on of organi c conmpounds, such as chlorinated VOCs, to
daught er products would result in increased volatility, which could inprove
the effectiveness of stripping and phase transfer during |AS.

d. Critical aspects considered by many as likely to govern the
ef fecti veness of an | AS system such as the presence and distribution of
preferential airflow pathways, the degree of groundwater m xing, and potentia
preci pitation and cl ogging of the soil formation by inorganic conpounds,
continue to be researched and reported in conference proceedi ngs and technica
journals. Innovative field techni ques, such as neutron probe neasurenents,
are refining the ability to neasure the effective zone of influence (ZO) and
distribution of the injected gas. It is anticipated that as nore field data
becorme avail abl e, the understandi ng of the mechani sms and processes induced by
IAS will increase, as well as the ability to predict and neasure its
ef fecti veness.

1-2
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1-4. Scope. The primary focus of this EMis to provide guidance for
assessing the feasibility and applicability of IAS. Secondarily, this EM
descri bes desi gn and operational issues related to inplenenting pilot- and
full-scale I AS systenms, although it is not neant to address design issues in

detail. Because | AS technology is still evolving, this EMis intended to
consol i date existing guidance and to stinmulate the acquisition and reporting
of new information that will continue to refine the technol ogy.

1-5. Oqganization. This EMis structured to show the progression from
initial technol ogy selection through testing, design, inplenentation and
closure. Chapter 2 provides a description of I1AS including its underlying
physi cal processes. Recomendations for site characterization and technol ogy
eval uation are presented in Chapter 3. Strategy and gui dance for pilot-scale
testing is provided in Chapter 4 and design considerations are presented in
Chapter 5. Issues associated with system operation and mai ntenance are

di scussed in Chapter 6 and system shutdown procedures are introduced in Chap-
ter 7. Chapter 8 presents adm nistrative issues associated with inplenmenting
IAS. Finally, Appendix A provides references cited in the docunent.

1-6. Resources.

a. A variety of resources are available to assist in assessing the
feasibility of I AS and designing an effective system Resources include
nodel s for system design and optim zation (see paragraph 2-13), technica
journals that sumrari ze case studi es and recent technical devel opnents, and
el ectronic bulletin boards and dat abases that provide access to regul atory
agency, academic, and commercial sources of information.

b. A table of federal bulletin boards and databases that contains
i nformati on on SVE and bioventing (BV) is presented in the USACE Soil Vapor
Extraction and Bi oventing Engi neer Manual (EM 1110-1-4001). The nmpjority of
t hese el ectronic resources also contain information on | AS.

c. O the available electronic resources, the Vendor Information System
for Innovative Treatment Technol ogy (VI SITT) database and the Alternative
Treat ment Technol ogy Information Center (ATTIC) bulletin board are both
mai nt ai ned by the U S. Environnmental Protection Agency (USEPA) and provide an
ext ensi ve conpendi um of acquired technol ogy data. VISITT contains vendor
i nformati on ranging from performance data to waste linmtations, while ATTIC
contains primarily abstracts fromtechnical journals, as well as conference
announcenents and related public interest information.

d. O specific interest is an information service provided by the U S
Depart ment of Energy (USDOE) related to the inplenentation of |IAS using
nmet hane injection. Relevant articles are provided in the USDOE VOCs in Non-
Arid Soils Integrated Denpnstration Technol ogy Summary (DOE/ EM 0135P, USDOE
1994).
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CHAPTER 2
TECHNOLOGY DESCRI PTI ON AND UNDERLYI NG PHYSI CAL PROCESS
2-1. Introduction. This section provides an overview of air sparging,

descri bes various applications of the technol ogy, and di scusses the underlying
physi cal processes that occur during |AS.

2-2. Overview of Air Sparging.

a. Air sparging is the process of injecting air into the saturated
subsurface to treat contam nated soil and groundwater. Air sparging
mechani sns i nclude partitioning of volatile contam nants fromthe aqueous
phase to the vapor phase (stripping), for their subsequent transfer to and
renoval fromthe unsaturated zone; and, transfer of oxygen fromthe injected
air to the aqueous phase to enhance aerobic mcrobial degradation of
contam nants in the saturated zone, termed biosparging. Air sparging may be
used to:

(1) Treat saturated zone contanmination in a source area (although its
ef fectiveness in renedi ati ng non-aqueous phase |iquids (NAPL) is as yet a
matter of considerable debate, especially with respect to dense NAPL ( DNAPL);

(2) Treat dissolved phase contamination in a plune;
(3) Contain a dissol ved-phase plune; and/or
(4) Immobilize contam nants through chenical changes.

These diverse applications are addressed, in turn, in the follow ng four
par agr aphs.

b. Treat Saturated Zone in a Source Area.

(1) Saturated zone contam nation exists at nmany | ocations where fue
hydr ocarbons or organic solvents have been rel eased into the subsurface. Such
"source" areas contain contaninants dissolved in the aqueous phase, and al so
typically contain NAPL. G oundwater punp-and-treat, which until recently was
often relied upon to treat such saturated zone contaminants, is a very sl ow
renmedi ati on process and has been judged as having met with little success
except as a containment tool (NRC 1994). Wth the dawning of this
recognition, attention turned to alternative technol ogies. Although air-based
renmedi ati on technol ogi es such as SVE and BV gai ned favor for treatnment of
unsat urated zone contanination, they do not apply to the saturated zone. |AS,
however, is an air-based technology that is neant to be applied within the
saturated zone. The view was wi dely expressed by early practitioners that |AS
can achieve site closure —inplying treatnent of both dissol ved- phase and non-
aqueous phase contaminants if present —nmuch nore rapidly than punp-and-treat

2-1
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(Brown and Fraxedas 1991; Marley 1992; Angell 1992). As npbre experience was
gl eaned from applying I AS at nunmerous sites, these and other practitioners
have tended to adopt a somewhat nore circunspect view, especially with respect
to its effectiveness in treating NAPL in the saturated zone and the capillary
fringe.

(2) A secondary effect of applying IAS in a source area is that the
resulting reduction in hydraulic conductivity in the source area reduces the
rate at which groundwater flows through that area, thereby reducing the rate
at which contaminants mgrate fromthe source area, which in turn reduces the
rate at which a downgradient plume is supplied with contam nants.

c. Treat Dissolved Phase in a Plume Area. Another conmon application
of IAS is for the treatnent of dissolved phase contam nation in a plune,
downgr adi ent of source areas. Configurations used for aqueous-phase treatnment
include the installation of an array of air sparging points, spaced so that
each individual ZO overlaps. Wen the source is a release of |ight non-
aqueous phase liquid (LNAPL) (e.g., gasoline, fuel oil), the dissolved plune
is often primarily situated near the water table surface of an unconfined
aquifer. In such cases |AS points can be conveniently |located just bel ow the
plume to obtain the desired coverage. 1In a survey of 32 | AS case studies,
Bass and Brown (1996) concluded that performance of | AS systenms was generally
better in systens treating dissol ved-phase plumes than in systens treating
adsor bed cont am nants.

d. Contain a Dissol ved Phase Pl une.

(1) A third type of application of 1ASis to effect contai nment of a
di ssol ved- phase plume. A series of sparge points with overl appi ng zones of
i nfl uence can be arrayed along a |line perpendicular to the plune axis and
within or just downgradi ent of the |eading edge of the plune, so as to
intercept it (e.g., Wade 1996; Payne et al. 1996). This approach can al so be
i ncorporated within a funnel -and-gate configuration (Pankow et al. 1993), in a
manner simlar to the placenent of a perneable barrier or reactive wall,
al t hough use of inpernmeable funneling barriers such as sheet walls are not
necessarily required with sparge curtains. The objective of this approach is
to halt contam nant migration.

(2) Care nust be taken to prevent diversion of a groundwater plune
around a sparge curtain or sparge gate. Such a diversion can occur wth
i mpl enentation of IAS if air saturation values increase within the sparge
zone, causing marked reductions in hydraulic conductivity there. This problem
can be avoided by cycling or pulsing the | AS system as is discussed in
greater detail in paragraph 6-6b. Wth sparging trenches, the use of high
permeability material can offset to some degree the | oss of hydraulic
conductivity due to air saturation.

2-2
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(3) See Design CGuidance for Application of Permeable Barriers to
emedi ate Di ssol ved Chlorinated Solvents for information on funnel -and-gate
systens or contact the USEPA Renedi ati on Technol ogi es Devel opnent Forum ( RTDF)
Permeabl e Barriers Working Group through USEPA' s Technol ogy | nnovation Ofice,
401 M Street, S.W, Washington, D.C. 20460.

e. |Imobilize Contani nants through Chenical Changes. A fourth way to
potentially use IAS is to i mopbilize contani nants through chenical changes
(e.g., oxidation of arsenic, its subsequent conplexation with iron hydroxides,
and precipitation). Aeration effects an increase in dissolved oxygen
concentration in the groundwater, and an acconpanying increase in oxidation-
reducti on potential (redox). Consequently, redox reactions can occur at or
near 1AS wells. While iron fouling of the I AS well screen would represent an
adverse result, which would need to be avoided, inmobilization within the
aqui fer of unwanted inorgani c compounds such as heavy netals is a beneficial
al t hough potentially reversible effect (Marley and Hall 1996).

2-3. Air Sparging Technology Options. Air sparging can be perforned by any
of the foll ow ng techniques:

a. Injection into the Saturated Zone. |Injecting air directly into the
saturated zone, terned in-situ air sparging, shall be enphasized in this EM
SVE often acconpanies | AS for the purpose of controlling fugitive em ssions of
the VOCs that are carried to the unsaturated zone by |AS.

b. Vertical or Horizontal Wells. |AS has been performed using
hori zontal sparging and venting wells at numerous sites including at the USDOE
Savannah River Site denonstration (Lonmbard et al. 1994). At the Hastings East
I ndustrial Park, Hastings, NE, USACE Kansas City District enployed a
hori zontal sparging well to intercept a dissolved plume downgradi ent of a
source area, as well as a vertical sparging well within the source area itself
(Siegwald et al. 1996). Horizontal and vertical wells can also be m xed
within a single sparge and vent well field to afford greater control on
injection or extraction rates at various |ocations, and to optim ze costs.

c. Injecting Gases Other than Air. |Injecting gases other than air
(e.g., pure oxygen, ozone, nethane, pure nitrogen, or nitrous oxide) may
enhance the speed at which biorenmedi ati on proceeds or alter the conditions
under which it occurs. The USDOE Savannah River Site denonstration (Lonbard
et al. 1994; Hazen et al. 1994) successfully incorporated injection of gaseous
nutrients to stimulate aerobic nethanotrophic conmetabolic biodegradation of
trichloroethylene (TCE). Methane was injected to serve as a source of carbon
(injected continuously at a level of 1% nmethane in air, or intermittently at
4% met hane in air), along with nitrous oxide (0.07% and triethyl phosphate
(0.007% to serve as gaseous sources of nitrogen and phosphorus, respectively.
Over the period of the nultiyear denonstration, the majority of the estinmated

2-3
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contam nant nmass was renoved. An additional discussion of these techniques is
provi ded in paragraph 5-7c.

2-4. Rel ated Technol oqgi es.

a. |ASis related to several other recogni zed renedi ati on technol ogi es,
either as earlier versions or conplinmentary techniques:

(1) The aeration of a well bore or tank is simlar to air stripping for
renoval of VOCs from water, except that the stripping process is conducted
within the well or container instead of in a packaged tower or tray tower.

(2) The introduction of oxygen to the region below the water table is
directly related to in-situ biorenediation. |AS can be an alternative to
ot her means of introducing oxygen into the saturated zone.

(3) The use of air for conveyance of VOCs is related to the process of
SVE, which is often used in the vadose zone above | AS to recover the stripped
VCCs.

b. In-well aeration is a nmethod that introduces air into the |ower
portion of a submerged well pipe, so that air bubbles rise within the pipe,
wi th associ ated vapor-to-liquid and |iquid-to-vapor mass transfer. This
groundwat er circulation well (GCW technol ogy has been ternmed in-well aeration
(Hinchee 1994) and is related to airlift punping. |In its nmobst conmon
configurations, placenment of two screens, one at the bottom of the pipe and a
second at the water table surface, enables aquifer water to be drawn into the
pipe at its lower end and aerated and stripped water to exit at or above the
ambi ent water table (Figure 2-1). Depending on the degree of anisotropy
(i.e., provided the anistropy is not too great), this circulation may create a
wi despread toroidal convection cell within the aquifer (Herrling et al. 1991).
As with IAS, SVE is often enployed to extract and treat the vapors brought
upward within the well pipe. Al of the factors that limt the effectiveness
of pump-and-treat also limt the effectiveness of GCWtechnol ogy. Paragraph
8-3 provides several potential configurations of in-well aeration. Oherw se
this EM focuses on | AS, rather than GCW technol ogy.

c. Pneumatic fracturing, a technique of injecting a high-pressure gas
or liquid into the subsurface to enhance airflow in tighter formations (e.qg.
silt and clay), may not be beneficial to I AS unless fractures can be
controlled so as to be closely spaced. Oherwise, diffusion-limted nass
transfer in |lowperneability strata will linit |IAS effectiveness.

d. Oher enhancenents to | AS have al so been introduced. This EM
attenpts to enconpass a broad view of IAS's potential capabilities and its
[imtations, as currently understood.
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(after Hinchee 1994. Reprinted with permission
from Air Sparging for Site Remediation.

Copyright Lewis Publishers, an imprint of CRC Press,
Boca Raton, Florida. ©1994.)



http://www.crcpress.com/catalog/l1084.htm

EM 1110- 1- 4005
15 Sep 97

2-5. Summary of Physical Processes.

a. Detailed descriptions of the pneumatics and hydraulics of |AS have
been presented by several authors (e.g., Johnson et al. 1993; Ahlfeld et al
1994); a somewhat abbrevi ated discussion will be offered here. Until about
five years ago, it was commonly assunmed that | AS produces small air bubbles
that rise within the aquifer, which we may think of as “the aquarium nodel ".
[Ilustrations of the aquarium nodel frequently showed a conical distribution
of air bubbles originating at the sparge point and noving upward and outward
to the water table (Brown and Fraxedas 1991; Angell 1992). It has since been
denonstrated in bench-scal e research that bubble flow can occur, but only in
porous nedia having large (> 2mm di aneter) interconnected pores, such as in
deposits consisting entirely of gravels (Ji et al. 1993; Brooks et al. 1996).
In soils, saturated-zone airflow resulting fromair injection occurs in
di screte pore-scale or larger-scale channels, rather than as uniform bubbl es
(Johnson et al. 1993; Ji et al. 1993 ). Figure 2-2 depicts channel flow at
the pore scale, and Figure 2-3 illustrates | arger-scale channels, for the
cases of (a) I AS in honpgeneous sand and, (b) |IAS in heterogeneous sand. This
contenporary view of |AS sees it as a type of nultiphase flow, in which a
conti nuous gaseous phase under pressure displaces the Iiquid phase from
certain pores or categories of pores within the aquifer formation. The
| arger-scal e channel s represent a | ongitudi nal extension of the pore-scale
di spl acenment process, and are npbst apparent when airflow occurs predom nantly
within preferred pathways. |In the case of IAS in uniform unstructured silt
or fine sand, |arge-scale channels will not be evident, although air
di spl acenment at the pore-scale still takes the formof capillary fingering
(Clayton 1996). |In the nore common case of I AS in non-uniformsoil, |arge-
scal e channel s are expected to predoni nate.

b. Both soil stratigraphy and heterogeneity have a profound influence
on air channel location and density. For exanple, laterally continuous, |ow
permeability layers may i nduce air pocket formation beneath confining |ayers
(Figure 2-3). Soil layers characterized by | ow hydraulic conductivities, even
if thin, can have very high entry pressure requirenments and nay permt very
little upward nmovenent of air through the aquifer

2-6. Components of Injection Pressure. Whatever the geonmetry of the

di spl acenment, the injection pressure neasured at the well head required to
acconplish it has several conponents, as will be presented in the follow ng
paragraphs. Note that the friction | oss between well head and screen is only
part of the injection pressure requirements - there is also the loss in the
piping to the well and all the fittings. The foll ow ng paragraphs enphasize
the | oss between the well head and the screen because that is the portion that
affects the injection pressure that can be neasured at the well head.

2-6
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Figure 2-3. (a) Schematic drawing of airflow during in situ air sparging in
homogeneous sand. (b) Schematic drawing of airflow during in situ air

sparging in heterogeneous sand.
(Johnson 1994. Reprinted by permission from Air Sparging for Site Remediation
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a. Hydrostatic Pressure. A key conponent of the injection pressure is
the hydrostatic pressure needed to di splace the colum of water standing in
the wel |l pipe,

I:)h = w9 (Zs - ZW) [2'1]

wher e P, is hydrostatic pressure (gmcm?! sec?),

py i S the density (gmcm?3) of the water,

g is gravitational acceleration (cmsec?),

z,1s the pre-sparging depth (cm) to the free-water surface within
t he sparge well

and

z, is the depth (cm) to the top of the IAS well screen

Consi dering that 1.01 x 10° gmcm?! sec'?= 101 kPa = 14.7 psi, and that at

typi cal values of water tenperature and density, 14.7 psi = 33.8 ft. HO it
is useful to note that a hydrostatic pressure of 0.43 psi is required per foot
of water colum, i.e.,

P, =0.43 (z, - z,) [2-2]

for P, expressed in psig and z, and z, in feet. Table 2-1 presents conversions
among various other units of pressure and pressure head.

b. Frictional Losses in Pipe. The second conmponent of the injection
pressure is the headl oss due to friction of fluid nmoving between the well head
and the I AS well screen. Figure 5-6 of EM 1110-1-4001 is a friction |oss
chart (nonograph) for straight pipe for inlet air at 294° K and 101-kPa
absol ute pressure. Although the nmagnitude of friction | oss can be
significant, it may be neglected for typical applications of | AS such as ones
that combine the follow ng conditions: sparge well diameter > 5 cm (2
inches), well pipe length < 30 m (100 ft.), and airflowrate < 0.4 n¥/mn (15
cfm. For smaller sparge well dianmeters, |onger well pipe |engths, and/or
hi gher airflow rates, frictional |losses will be nore significant. Simlar
| osses may al so occur in aboveground piping and should be anti ci pat ed.

c. Filter Pack Air-Entry Pressure. The third conponent of the
injection pressure is the air-entry pressure of the filter pack, if present
bet ween the well screen and the formation. This value tends to be quite

small, i.e., <10 cmHO (0.14 psi) for uniformsands (uniformty coefficient,
C, <2.5) comonly used as filter pack. This will be so even in cases where
the filter pack in a developed well is adequately preventing fines fromthe
formation fromentering the well. Therefore once there is sufficient applied

pressure to displace all the water within the sparge well down to the top of
the sparge screen, air readily enters the filter pack and displ aces water from
it. Buoyant forces are expected to cause the air to accunulate first at the
top of the filter pack

2-9



EM 1110- 1- 4005
15 Sep 97

TABLE 2-1

Pressure/Pressure Head Conversions

Units of Pressure

1 bar =10°N m?
= 0.987 atmospheres
=14.5 psi
= 10° dynes cm?
=100 kPa

Units of Pressure Head
and is equivalent to: 1020 cm column of water
75.01 cm column of Hg
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d. Formation Air-Entry Pressure. The fourth conmponent of the injection
pressure is the air-entry pressure of the formation, P,which is related using
capillary theory to the pore size of the largest pores adjacent to the filter
pack,

P, = 20/r = 40d/d [2-3]

wher e: P, is the air-entry pressure (gmcm?! sec?),
o is the surface tension (gmsec? of water in air, and
r is the radius and d the diameter (cm of the constrictions along
the | argest pores of entry.

Assumi ng that pores are cylindrical and the solid-liquid contact angle is
zero, Eq. [2-3] can be used to calculate the air-entry pressures of pores of
various size (Table 2-2). Air-entry pressures of formations range from
negligible for coarse-textured nedia such as coarse sands and gravels, to
values of > 1 mHO (1.4 psi) for nmediumtextured soils such as silts. Care
needs to be exerci sed when using Eq. [2-3] and/or Table 2-2 to predict air-
entry pressures in soils consisting of a variety of pore-sizes, because the

| argest pores may not necessarily be continuous throughout the soil matrix.
The inflection point, P of a Van Genuchten (1980) curve fitted to the soi
noi sture retention data (paragraph 3-3a(2)), which represents the predoni nant
pore size within the soil (Baker et al. 1996), is therefore the reconmended
paranmeter to enpl oy when estimating P,. Under dynam c conditions, an
initially-saturated soil undergoing air entry will first begin to be perneabl e
to air at this inflection point P, (Wite et al. 1972; Baker et al. 1996).
P is thus the effective air entry pressure that should be used for design
pur poses (Baker and MKay 1997).

e. Air Entry Process. Where a range of pore sizes is present in the
subsurface, which is al nost always the case even in seem ngly uniform sands,
silts, or clays, initial air entry naturally takes place via the |argest pores
avai l able. The largest pores are the paths of |east resistance. |If the
| argest network of pores is capable of conducting all the air that is injected
into the well, then the pressure will not rise above the air-entry pressure,
and smaller pores will remain liquid-filled. |If, however, the conbined
conductivity of the largest pores is insufficient to convey away fromthe wel
all the air that is being injected, the applied pressure will rise, exceeding
the air-entry pressures of the next smaller pore-size class. As the capillary
pressure of the soil rises (as it nmust with higher air saturations and | ower
wat er saturations), the air perneability also increases. (Capillary pressure
is defined in EM 1110-1-4001.) |If the airflow being conveyed into the wel
can now be acconmopdated, the air-filled porosity will not increase further
ot herwi se, the process of displacement of water fromsnaller pores wll
continue until a dynamic equilibriumis attained between applied pressure and
airflow (Baker et al. 1996).
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TABLE 2-2
Representative Values of Air-Entry Pressure
Diameter of Largest Pore

Typical Soil Description m Air-Entry Pressure (psi) | Air-EntryPressure(kPa
Coarse sand, macroporeg >1000 <0.044 <0.3

Fine to med. sand 100 0.44 3.0

Silt 10 4.4 30

Silty clay <1 >44 >300




EM 1110- 1- 4005
15 Sep 97

f. Inplications. Unless the resulting air-flow channels are small,
cl ose together, and well-distributed, mass-transfer external to them of (a)
contam nants into the air-filled channels, and (b) oxygen in the reverse
direction for aerobic biodegradation, will both be |imted by agueous-phase
di ffusion (Johnson 1994; Mhr 1995). Mhr (1995) proposed a conceptual npdel
of the nass transfer across the air/water interface and the associ ated oxygen
and hydrocarbon concentration profiles (Figure 2-4), and concl uded that unless
air-filled channels are small and well-distributed, diffusion-limted transfer
will limt the effectiveness of IAS (Figure 2-5). The degree of soi
honpgeneity and isotropy are the nost inportant determinants of air channe
di stribution during IAS. Soils such as interbedded sands and silts or other
types of stratified deposits in which air perneability varies with direction
and/ or depth tend to sustain preferential airflow within the zones of higher
permeability, which may or may not coincide with |ocations or |ayers having
el evated contam nant concentrations. Uniformfine sandy or silty zones
general |y possess the nost isotropic air perneabilities, and consequently are
nost appropriate for IAS as they are capabl e of producing a uniform and
reasonably predictable ZO. Conversely, soils such as massive clays having
| ow val ues of air perneability are not amenable to | AS as excessively high air
entry pressures can lead to soil fracturing and a | ow nunber of preferentia
fl ow channel s conducting the entire air flow An exception may be clays that
are highly fractured. A recent APl project conpleted in clay till produced
significant mass renoval with IAS. The till was highly fractured and as a
result both NAPL and the | AS air flowed through the fractures (Johnson, R L.
Personal Communication, 1997). Research into the rel ationship between soi
type, applied pressure, and airflow distribution is ongoing.

2-7. Goundwater M xing.

a. Mxing Through Displ acenent.

(1) The introduction of air into a water-saturated formati on di spl aces
some of the water (Figure 2-6). The upward displacenent of the water grows
("the expansion phase") while air nakes its way to the water table surface,
creating a transient groundwater nound (Boersma et al. 1993). Researchers
usi ng geophysical visualization tools (Aconmb et al. 1995; Schima et al. 1996)
have observed a tendency in uniform sands for some portions of the initially
dewat ered zone to resaturate while stable airflow patterns beconme established
("onset of collapse"). Meanwhile the mound di ssipates radially outward
(Figure 2-7) until a stable water table condition presents itself (Lundegard
1995). Upon depressurization of the sparging, such as when the conpressor is

turned off, many of the air-filled channels will resaturate as the formation
rei mbi bes water, and the water table is seen to collapse tenmporarily. This
condition too is transient and will not result in significant groundwater fl ow

(Boersma et al. 1993; Lundegard 1994) (Figure 2-8). Turning the I AS system
alternately on and off ("pulsing") is a method of increasing air/water contact
and groundwater mi xing. Each displacenent of water represents nore vertica
(and horizontal) mxing than is normally seen in groundwater although the

2-13
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Expansion

Onset of Collapse

Steady State

Figure 2-6. Schematic representation of the behavioral stages occurring during
continuous air sparging. Black arrows indicate air flow; white arrows indicate
water flow. Mounding first develops during the transient expansion stage,
dissipates during the collapse stage, and is generally negligible at steady
state (Lundegard 1995).
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Figure 2-7. Schematic cross section representing progressive mounding behavior at three
times: (1) expansion; (2) onset of collapse; (3) approach to steady state (Lundegard 1995)
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magni t ude of the mxing effect appears to be relatively small (Johnson et al
1996). This is a significant issue for cleanup because nost subsurface
processes are intrinsically mxing-limted, i.e., they are not fully m xed and
thus are not well nodeled as fully m xed reactors, to use chem cal engineering
term nol ogy. The potential benefits of pulsing and associated m xing
phenonena are described el sewhere (e.g., Johnson 1994; Cl ayton et al. 1995).

It has been suggested that if the duration of the transient moundi ng period
can be neasured (i.e., by monitoring hydraulic head changes during I AS), this
peri od may provide an estinmate of the design duration and frequency of pul sing
to deliberately maxim ze m xi ng of groundwater (W sconsin DNR 1995). The
degree to which mixing extends away fromair-filled channels and thus hel ps
overconme diffusion linitations is a matter of current research and debate
(Johnson et al. 1996).

(2) Pulsed injection can be conducted by cycling injection on a single-
well I AS systemor by altering flowin adjacent injection wells in a field.
Pul sed injection is nost effective for nobile dissol ved phase contam nants due
to the induced mixing. It is uncertain whether pulsed injection is effective
for sorbed contam nants, or for residual (inmobile) NAPL which, being
immscible with water, is not readily mxed. It has been observed that
preferential flow channels tend to be re-established at the sane |ocations
during each pul se (Leeson et al. 1995). These re-appearing pathways may
represent those that consolidate after each expansi on phase. Information on
pul sed operation is provided in paragraph 6-6b

b. Convection Currents. It has been suggested that convection currents
may devel op during | AS which could cause groundwater to circul ate near the
sparge well (Wehrle 1990). Such currents would formif the |ow density of the
air stream causes the effective density of the fluid phase (air plus
groundwat er) near the well to be less than that of the groundwater at
di stances renoved fromthe well, which would be anticipated only if air noves
as discrete bubbles rather than in air-filled channels. Such currents would
provide a nechanismfor circulating water. These features may hel p nove
oxygenated water, but only if there is sufficient mass transfer fromthe vapor
phase to oxygenate the groundwater. Convection currents are not viewed as a
significant mechani smduring | AS, however, because the effective density of
water is not reduced except for the exceptional case of bubble flow (paragraph
2-5) (Wsconsin DNR 1993).

2-8. Associated Technical |Issues. Aside fromthe issues described above
which relate to conveying vapor through an aquifer, there are issues rel ated
to conveying the air to the injection points and fromthe vadose zone. At
sites having very shallow water tables, the difficulties of capturing the
vapors with SVE may result in fugitive rel eases of untreated VOCs. Care needs
to be taken in handling the exhaust air to insure that such rel eases are

m ni m zed. Although the equi pment used for IAS is alnpost entirely "off-the-
shel f", the design nust tie the individual itenms together into a systemthat
noves the air in a controlled fashion. The control systemrequires carefu
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consideration to neet this need. Also, the operational design can influence
the need for operating permts, and these pernmts can affect the tining and
schedule for a project. The types of pernmits that may be required are

di scussed in paragraph 8-2.

a. Zone of |nfluence.

(1) The area sufficiently affected by a sparge well or well field is a
primary design concern. Techniques applied to estimate the ZO incl ude
identifying the extent of neasurable differences in pressure, dissolved gas
concentrations, and air-filled channels within the saturated zone. Gas
conposition or pressure distribution in the unsaturated zone can al so be
i ndi cators of ZO (paragraph 4-3b(7)). |In this EM ZO is preferred over the
nore wi dely used "radius of influence" (RO) in recognition that the effects
of 1AS tend to be non-uniformw th respect to distance, depth and direction
relative to a sparge screen (Ahlfeld et al. 1994). A working definition of
the ZzO is the volume of the saturated zone over which air-filled channels are
relatively closely spaced, with air saturation >10% (C ayton 1996). The
effective ZO radial distance is likely to be no nore than 5 neters (or
approximately 15 feet). This saturated zone ZO may be substantially smaller
than that indicated by changes in pressure or gas conposition in the
unsat urated zone (paragraph 4-3b(7)) (Lundegard 1994). Oher potentially
erroneous indications of ZO also need to be discounted, such as evidence from
nmonitoring wells that are serving as a conduit for injected air and therefore
are subject to in-well aeration (paragraph 3-2b(2)), and evidence based on
nmoundi ng, that has been observed to extend far beyond |ocations of air
channel s (paragraph 4-3c(8)). |In sone cases, although a few air pathways may
extend >30 mfromthe IAS well, they may not be within the zone where
treatment is needed (i.e., the air nmay spread under confining |ayers.)

(2) Pulsed operation is designed so as to take advantage of the
recurrence of the expansi on phase (Figure 2-6), during which the ZzO is
somewhat | arger than during steady state | AS (McKay and Aconmb 1996). Pul sing
and cycling are discussed further in paragraph 6-6b

(3) Consideration should be given to the fact that not all hydrocarbons
contained within the ZO wll be renmoved at the sane rate. For exanple, at
i ncreasing distances fromthe sparge well, air flow velocities within a given
channel mnust decrease due to frictional |osses and acconpanyi ng pressure drop
in accordance with Darcy's Law or nodel s of pipe flow, depending upon the
scale. As a result, the rate of interphase mass transfer and hence
hydr ocarbon recovery is reduced.

b. Pronotion of Biodegradation
(1) In addition to I AS stripping VOC fromthe groundwater, air sparging

al so stinmul ates bi odegradati on of many volatile and seni-volatile
contam nants. Biodegradation will decrease or potentially elininate the
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amount of VOC which nust be captured and/or treated at the surface. \Wen
enhanced bi odegradation is the primary intent of the air sparging system then
this technique is termed biosparging.

(2) Dissolved oxygen is often the factor that linits biodegradation in
the saturated zone. I|AS is potentially a very cost-effective way to increase
di ssol ved oxygen (DO) levels in the desired zone. However, since the
solubility of oxygen fromair is rather |ow at normal groundwater tenperatures
(ranging from8 ppmat 25°C to 13 ppmat 5°C), the rate that oxygen can be
di ssol ved into groundwater is often slower than the rate that nicrobes consune
the oxygen. Thus it may be difficult to deliver adequate |evels of oxygen to
optim ze bi odegradation in contam nated regions.

(3) Despite this nmass transfer linitation, IAS is generally the nost
cost-effective nethod avail able to introduce oxygen into the saturated zone.
O her oxygen delivery nmechanisns include injection of Iiquid hydrogen
per oxi de; sparging with pure oxygen; and slow rel ease solid peroxide products
such as Oxygen Rel ease Conmpound (ORC). Per kil ogram of oxygen delivered, |AS
is typically orders of magnitude | ess expensive than other oxygen delivery
met hods.

(4) \When considering biosparging, it is inmportant to evaluate the
rel ati ve masses of: 1) oxygen that can be sparged and di ssolved into the
groundwat er, and 2) degradabl e hydrocarbons present in the saturated zone.
Estimating the mass of contam nant bel ow the smear zone (i.e., the mass of
di ssol ved contani nant and the mass of sorbed contaminant), the mass of oxygen
necessary for biodegradation can be calculated. Typically, approximtely 3
granms of oxygen are necessary to bi odegrade 1 gram of petrol eum hydrocarbon
Met hods for estimating the rate of oxygen dissolution during biosparging are
presented by Johnson (1994) and Mohr (1995). A conparison of the mass of
oxygen necessary for biodegradation and an estimate of the rate of oxygen
di ssolution into groundwater during biosparging should be included as part of
t he eval uation of biosparging. This mass conparison can al so be used to check
desi gn paraneters of a biosparging system (such as the nunmber of sparge points
and the anticipated period of system operation) as devel oped according to the
gui dance provided in Chapter 5.

(5) A possible negative effect of the growth of aerobic nicroorgani sms
is the potential for biofouling of IAS well screens and/or filter pack
material s near the sparge well. Although this does not generally appear to be
a mpjor problem it is discussed further in paragraph 6-4a.

(6) At sone sites, anaerobic dechlorination of chlorinated ethenes
(e.g., TCE) that occurs naturally in groundwater produces vinyl chloride (VC).
| AS can inhibit the production of VC by maintaining aerobic conditions and can
also strip the VC fromthe groundwater. Anaerobic dechlorination of
chlorinated ethenes and the conditions that affect this process is discussed
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at length in the U S. Air Force's protocol on natural attenuation of
chlorinated sol vents, described by Klecka et al. (1996).

2-9. Technol ogy Assessnent: FEffectiveness and Limtations.

a. Advantages of IAS. The primary advantages of |AS over alternate
renmedi al technol ogies include relative sinplicity and | ow cost. | AS equi prent
is readily available and easy to install with mniml disturbance to site
operations.

(1) 1AS components can be installed during site investigations by
conpl eting borings as sparge wells, SVE wells and/or nonitoring points.
Addi ti onal subsurface conponents can be installed cost-effectively via direct
push net hods, where the soil geology and required installation depth wll
permt their use.

(2) For certain contaminants, |AS can renedi ate through both aeration
and bi odegradati on.

(3) I1AS is conpatible with other renedial nmethods such as those
enpl oyed to treat vadose zone contam nation (e.g., SVE, and bioventing (BV)).

(4) 1AS can be enployed to effectively linmt off-site nmigration of
di ssol ved contam nants.

(5) Once inplenented, | AS systens require mnimal operational oversight
relative to SVE systens.

(6) For IAS systens not matched with SVE, waste streans are not
generated, and therefore do not need to be treated.

(7) The technology is judged by many practitioners as being a
potentially effective nmethod available for treating smear zone contani nation

b. Disadvantages of |IAS. Disadvantages to | AS over alternate renedi al
technol ogies are primarily related to site physical and/or chenica
characteristics which either preclude contam nant renoval or alter contam nant
nmobility to threaten potential receptors.

(1) Contam nants are not effectively renmoved by | AS when, due to | ow
Henry's Law constants or low volatilities, they are not anenable to air

stri pping.

(2) Sem -volatile contam nants with | ow aerobic biodegradability are
not effectively treated.

(3) Geologic conditions such as stratification, heterogeneity, and
ani sotropy will prevent uniformair flow and cause IAS to be ineffective. The
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deeper below the water table that |AS wells are installed, the nore likely
will stratification be encountered that will divert the airflow laterally.

(4) Free product (NAPL) at greater than residual saturations
constitutes a virtually inexhaustible source of VOCs that may cone only into
[imted contact with air. This is especially likely to be a concern relative
to DNAPLs; some LNAPL sites have reportedly responded well to |IAS.

(5) When a sparge curtain is used in an effort to contain a dissol ved
phase plunme (paragraph 2-2c), the resulting zone of reduced hydraulic
conductivity, can, if not managed, pernit the plume to bypass the | AS
treat ment zone.

(6) Potential exists for IAS to induce migration of contam nants, and
to generate fugitive enissions.

(7) Additionally, IAS has a linted areal coverage, and consequently a
significant nunber of injection wells are commonly required.

2-10. Technology Status. |AS has been inplenented over the past severa
years at thousands of |ocations to address a variety of contani nants.
However, | AS cannot currently be considered a mature renedi ati on technol ogy.
Current research into I AS has prinmarily focused on defining air and
groundwat er physical dynam cs. Contaninant fate and transport has been | ess
wel | researched, and questions remain about treatment duration and site
closure, particularly at |ocations where regulatory targets require that
sorbed contani nants nust be renoved.

2-11. Conditions Arenable to IAS. Primary considerations for sites anenabl e
to I AS include the site geol ogy and contam nant type and phase. Table 2-3
provi des a general summary of these considerations. Secondary considerations
i ncl ude adj acent receptors, whether currently threatened or potentially
threatened after installing IAS, and infrastructure concerns, such as power
availability, access, and proximty of active installations. It should be
noted that Henry's Law constants for various contami nants are specified for
steady state conditions between phases. These may be optim stic indicators
for actual |AS systenms, in which dissolved concentrations in groundwater
adjacent to air channels are not in equilibriumwth groundwater
concentrations distant fromair channels. Figure 2-9, |AS Inplenentation
Deci sion Tree, displays a generalized description of the process of evaluating
and i npl enenting | AS.

2-12. Success Criteria. In a broad sense, IAS is successful if its
application to a site results in regulatory "closure," i.e., no further
renmedi ati on work is required by the appropriate agency. Specifically, success
consi sts of:
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TABLE 2-3
Conditions Amenable to IAS
Parameter = @) +

Contaminant Type Weathered Fuels Diesel Fuel MOGAS
Lubricating Oils Jet Fuel AVGAS
Hydraulic Fluids Acetone Halogenated Solvents®
Dielectric Fluids Benzene
PCBs Toluene

Geology Silt and clay Weakly stratified Uniform coarse-
(interbedded) soils grained soils
Massive clay Sandy silt (gravels, sands)
Highly organic soils Gravelly silt Uniform silts
Fractured bedrock Highly fractured
Stratified soil clay
Confining layers

Contaminant Phase Free Product Sorbed Dissolved

Contaminant Location Within confined Within shallow Near water table
aquifer; near bottom of | aquifer
unconfined aquifer

Contaminant Extent Large plumes?® Modest-size Small plumes

plumes

Hydraulic Conductivity | <107® 10°to 10™ >10"

(cm/s)

Anisotropy High degree of Moderate degree df Isotropic

anisotropy

anisotropy

+ Well suited for IAS

- IAS likely to have limited effectiveness
o IAS likely to provide some benefit

11AS is generally applicable to halogenated ethenes, ethanes, and methanes.
2 Sparge curtains may be effective in management of migration within large plumes (paragraph 2-2c).
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Known or Suspected
Release

Y
| Collect Soil/GW

Samples

A

Yes GW No Close
Impacted ? GW Investigation *
Is

Soii Type

and Setting \ No

Amenable
to IAS ?

Yes

Y

Evaluate Alternate

Conduct IAS Technologies
Pilot Test /\

Yes / Resuits \ No

W

Y

Design/Install/Operate Progress
Full-Scale System Testing
“ /\
No Cleanup
Standards Site Closure

Met ?

Figure 2-9. 1AS implementation decision tree.
* A leaching assessment for evaluation of groundwater impact may be performed at this point.
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a. effective delivery of air or other gases into the desired zone;

b. distribution of the introduced gas through the saturated subsurface
at the design zZ4d;

c. achievenment of the design |oading of the vapor with VOC, and/or of
t he desi gn bi odegradation rate in the groundwater (which will vary dependi ng
upon concentration and dom nant phase of renmining contaninant);

d. effective capture and treatment of the sparged vapor in the vadose
zone near the water table;

e. attainment of the design hydrocarbon renoval rates fromthe
subsurface; and

f. renoval of contami nation to bel ow regulatory |evels.
Achi everrent of a negotiated, risk-based closure followi ng |IAS can al so be
consi dered a successful outcome even if cleanup standards have not been net
(paragraph 7-2). Oher success criteria include achievenent of the project
objectives within the allotted schedul e and budget.

2-13. | AS Model s.

a. Although there are an increasing anmbunt of operational data
avail able to evaluate the effectiveness of | AS systens, mathematical nodel s

may be useful in the design process. Information (i.e., site data acquired
fromlaboratory and field-scale pilot tests) would be used as input paraneters
in a given analytical or nunmerical nodel. Several attenpts have been nade to

generate mat hemati cal and conputer nodel s which describe the processes
associated with 1AS. Mst net with little success because little was known
about the actual rate of mass transfer that was occurring during air sparging,
and it was inpossible to validate nodel results when conpared to field data.

b. Prior to nodel devel opnent, a conceptual nodel nust first be
proposed. Early nodelers assunmed the injected air noved as isolated, random
bubbles. Wth the recognition that injected air actually noves through
di screte, continuous, air-filled channels separated by regions of conplete
wat er saturation, |AS nodels incorporating multiphase fl ow have been
devel oped.

c. A nunber of investigators have advanced the principles associated
with these conceptual nodels and have devel oped mat hemati cal nodel s to assi st
in the design of air sparging systens. Several noteworthy | AS nodel s have
been devel oped and are presented in the literature. Five are cited bel ow

(1) Norris and WIlson (1996) present the results of a sparging and
bi ospar gi ng nodel based on air channeling, and air channeling and VOC G
transport driven by dispersion, respectively.
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(2) Mhr (1995) presents an analytical solution for estimating the rate
of bi odegradati on associated with air sparging.

(3) Rutherford et al. (1996) present the results of a one-dinensiona
finite difference nodel based on the equations for a cross-flow bubble col um,
whi ch was used to calculate a |lunped value of liquid mass transfer coefficient
and interfacial surface area.

(4) The Seattle District, USACE has used a nunerical nodel called
POREFLOW to simulate air sparging. A public domain version of the nopdel,
POREFLO 3° i s avail able (Runchal and Sagar 1989); however, the distributor has
upgraded a proprietary version of the nodel (ACRI 1996). POREFLOA runs on
nost any platform the PC code is less than 1My in size, but requires at |east
10 Mo to operate the pre- and post-processor. POREFLON is a three-

di mensional finite difference nodel which accounts for |osses due to decay,

solute transport and partitioning. It is capable of sinmulating conpressible
fluids (e.g., air) and heat transport. Input paranmeters include the
fol | owi ng:

(a) porous nmedia properties (e.g., hydraulic conductivity, permeability
versus saturation rel ationships, pressure-saturation relationships, storage
val ues, and density)

(b) fluid properties (mass, density, viscosity as a function of
pressure and nol e wei ght of gases)

(5) TETRAD (DYAD 88 Software, Inc.) is a finite difference sinmulator,
originally devel oped for the study of nultiphase fluid flow and heat fl ow
probl enms associated with petrol eum and geot hermal resource eval uation
(Lundegard and Andersen 1996). Lundegard and Andersen (1996) nodified the code
for I AS applications to account for a air-soil, constant pressure, surface
boundary condition. TETRAD is capable of sinulating three-dinensional
mul ti phase flow in conpl ex, heterogeneous, anistropic systems. Vinsone and
Shook (1993) describe the structure and solution nethods for TETRAD.

d. Alimtation associated with | AS nodels is that the heterogeneities
that control airflow paths are on a scale nmuch finer than the available site
characterization data. The processes that | AS nodel s nust incorporate include
mul ti phase flow, buoyancy and capillary forces acting on air, and soi
variability on a small and | arge scal e (perhaps by stochastic nethods).
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CHAPTER 3
S| TE CHARACTERI ZATI ON AND FEASI BI LI TY EVALUATI ONS
3- 1. Introduction. Prior to selecting IAS for inplenentation, the site

characteristics and the nature and extent of contam nation nust be assessed to
evaluate the feasibility of IAS. A suggested strategy for technol ogy
screening is presented in this section, as well as pre-design data collection
requirements and feasibility studies. Critical data requirenments include
physi cal, chenical, and biol ogical properties of site media and contani nants.
An exanple format for a Sanpling and Analysis Plan (SAP) is presented in EM
200-1- 3.

3-2. Technology Screening Strategy. It is advisable to performtechnol ogy
screening as early in the process as possible, preferably concurrent with site
characterization. Early evaluation of the data needs for remedy sel ection
(and design) may reduce the need for subsequent nobilization to the field
during design. Those undertaking technol ogy screening nust have a sense of
the overall renedial objectives, sone know edge of the nature and extent of
contam nants at the site, and a good grasp of the range of technol ogies
available and their Iimtations. Figure 3-1 presents a decision matrix for

| AS t echnol ogy screening.

a. Renediation Objectives.

(1) At present, although there are a | arge number of sites at which
practitioners have applied |AS, there are relatively few well-docunmented | AS
projects that have attained closure. (The USACE has successfully closed | AS
sites at Ft. McCoy, W and the Sacramento Army Depot, CA.) Estimates of the
amount of tine required to operate such systens to conpletion are inherently
uncertain, depending heavily on site specific conditions and site specific
cl eanup goals. The closer initial concentrations are to the target
concentrations, the shorter the duration of treatnent needs to be. |AS may
not achieve MCLs at a site, but may be able to reach acceptabl e cl eanup
criteria negotiated on a site specific basis. Guidance for the devel opnment of
site specific target levels can be found in ASTM E 1739-95 el, "Standard CGui de
for Risk-Based Corrective Action Applied at Petrol eum Rel ease Sites".

(2) Mre intensive operations, such as higher well densities and higher
air injection rates, may al so reduce renmediation tine. In general, however
I AS should not be regarded as a rapid technol ogy. Depending on how | ow the
target concentrations nust be, one if not several years of |IAS may be required
at well-suited sites.

(3) The range of contam nant | oadi ngs over which | AS has been effective
is also not well-defined. It is unclear whether 1AS is effective at
renmedi ating sites containing |arge anounts of NAPL (and especially DNAPL);
however, it may enhance the final LNAPL renoval rate for sites where free-
product recovery has been conducted, because of the effects of air novenent
i mpi ngi ng upon the capillary fringe.
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Figure 3-1. Technology screening decision matrix

3-2

RELEVANT INFORMATION

(PARAGRAPH)

Chemical Characteristics (3-3b)

Site Conditions (3-3a)

Site Conditions (3-3a)

Site Conditions (3-3a)

Site Conditions (3-3a)

Site Conditions (3-3a)

Site Conditions (3-3a)

Chemical Characteristics (3-3b)

Chemical Characteristics (3-3b)

Chemical Characteristics (3-3b)

Biodegradation Potential (3-3c)

Site Conditions (3-3a)

Site Conditions (3-3a)

Biodegradation Potential (3-3c)

Pilot Testing (4)
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b. Influence of pattern of contam nation on technol ogy screening
strat egy.

(1) A brief description of a "typical" organic |loading profile in the
subsurface will help in understanding the remedi ati on objectives which are
achi evabl e using I AS, and therefore in conducting technol ogy screening. For
nost sites where groundwater has been inpacted by spilled or rel eased
hydr ocarbons, they flow through a vadose (unsaturated) zone under the
i nfluence of gravity, until they encounter the capillary fringe. Since the
water table typically rises and falls due to seasonal changes or precipitation
events, the hydrocarbons becone "sneared" across the capillary fringe and the
wat er table (piezometric surface). Mich of this mass is occluded in
interstitial and pore spaces as small droplets of NAPL, which can only be
renoved by di ssolution in groundwater under normal conditions. This is a very
sl ow process, and is limted by the constituents' solubility, its diffusivity
in water, and the velocity of groundwater noverment. The amount of occl uded
NAPL is affected directly by the distribution of pore and particle sizes
within the soil.

(2) A portion of the hydrocarbons that cone out of solution bel ow the
water table will partition to natural organic carbon (expressed as tota
organi ¢ carbon, TOC). This can add to the depth of the "smear" zone, not
uncomonly creating a zone 2.5 to 3m (eight to ten feet) in thickness where
nost of the hydrocarbon is present, whether as small droplets of NAPL or
sorbed to the soil. The anmount of hydrocarbon actually dissolved in the
groundwater is usually less than a few percent of the total hydrocarbon nass.
Any process which solely treats the groundwater is thus required to wait for
sorbed material or NAPL to dissolve

(3) Inasmuch as |AS creates flow paths for an inm scible (vapor) phase
to move through the water, it nay serve as a gentle mixer, potentially
accel erating hydrocarbon transport. Since |IAS also provides oxygen to the
groundwat er under nost applications, the rate of aerobic biodegradati on bel ow
the water table will also be enhanced. So while IAS is relatively sl ow
conpared to excavation-based approaches, it can be considerably faster than
approaches which nerely punp water and treat it at the surface. There are
sites, however, where punp-and-treat is quite effective and where | AS was
i neffective (R L. Johnson, Personal Comunication, 1997).

(4) If 1AS is successful mxing the groundwater and increasing
hydrocarbon transport, then the groundwater quality may initially deteriorate
due to increased contam nant dissolution and/or nobilization of residual NAPL
These effects will be aneliorated over tinme as contam nant mass is renoved
fromthe aquifer and renedi ati on proceeds.

(5) Recogni zi ng how NAPL and hydrocarbons, both dissol ved and sor bed,
are distributed in the subsurface and how they can potentially be affected by
| AS processes are prerequisites to identifying the data collection needs, as
di scussed in the follow ng paragraphs.

3-3. Pre-Design Data Collection Requirenents. Prior to the devel opnent of
an air sparging design, physical, chem cal/biological, and hydrogeol ogi c data
are needed. This information will be used to provide insight regarding the
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feasibility of air sparging as a renediation alternative, as well as provide a
basis for the design. Mch of the required data can be collected during the

i nvestigative phase of the project. Collecting this data prior to conducting
the pilot study serves two purposes: 1) it limts the need to renobilize to
the site to collect supplenmentary site data prior to the full-scale design

and 2) the data collected may be used to guide the design of the pilot test so
that the results lead nore directly to a successful full-scale design. A
series of characterization data paranmeter lists is presented in Tables 3-1
through 3-3. The text in this section provides a description of these
paranmeters and their influence on the overall |AS design

a. Physical Properties and Site Conditions.

(1) The physical characteristics of a site are critical to assessing
the feasibility of I AS and subsequently designing pilot- and full-scale
systens. |n addition to understanding the characteristics of the saturated
(i.e., sparging) zone, the characteristics of the vadose zone are al so of
i nportance to the performance of | AS. The physical properties of the vadose
zone inpact the dispersion of gas above the water table and the ability to
effectively contain and capture it for treatment, recircul ati on, or exhaust.

(2) The physical properties of the saturated zone dictate the
di stribution of injected gas during |IAS inplenentation. Pertinent physica
paranmeters are presented in Table 3-1. Useful chemnical and biol ogica
property data are di scussed in paragraphs 3-3b and 3-3c, respectively. Table
3-1 includes the type of sanmple required (i.e., collection nethod) and
associ ated anal yti cal nethod.

(3) A thorough understanding of site stratigraphy is of the utnost
i mportance. For that reason, at |east one borehole shall be continuously
| ogged and representatively sanpled to the depth of the deepest sparge well to
ensure that a full geologic profile is characterized. The personne
responsi ble for | ogging the borings shall be instructed to record a detail ed
and systematic stratigraphi c sequence. Even mnor changes in soil texture or
porosity are significant because they can control air entry and airfl ow
Vi sual observations of soil boring characteristics, such as mottling,
di scol oration, and texture, as well as apparent noisture and grain size, can
provide useful information. These observations can indicate groundwater
fluctuations, seasonal variations, and hydraulically inmpeding or confining
strata, such as clay |enses.

(4) In addition to collecting soil sanples for anal yses of physica
properties, a review of available site maps and vi sual inspection is
recormended to better understand the site at which | AS is being considered.
The presence and structure of building foundations, basenents, reinforced
earth, subsurface utilities and drai nage structures, existing nonitoring
wel I's, soil gas nonitoring points, and soil borings, filled excavations, and
surface paving materials may inpact the operation of an |IAS system
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Physical Parameters for Soil

Parameter

Air-phase permeability (of
saturated zone soil)

Sample Type

In situ or undisturbed soil
sample

Analytical Method

Various®

Grain size distribution

Split spoon or other soil
sample

ASTM D422-63 (1990)e

Porosity Undisturbed 50 to 75 mm | Calculated from dry bulk
diameter soil sample density and patrticle
density
Dry bulk density Undisturbed 50 to 75 mm | ASTM D2850-95e1l

diameter soil sample

Moisture content (of
saturated zone soil)

Non-destructive field
measurement; grab
sample; or undisturbed
50- to 75- mm diameter
soil sample

Neutron access tube
measurements (Gardner
1986); ASTM D2216-92

Soil moisture retention
(capillary pressure-
saturation curve); Air-
entry pressure

Undisturbed 50- to 75-mm
diameter soil sample

Klute (1986); ASTM
D2325-68(1981)el; Jones
et al. 1980

Stratigraphy/
heterogeneity

Soil boring

Visual observation;
Breckenridge et al. 1991;
USEPA 1991; ASTM D
2488-93; EM 1110-1-4000

Depth to groundwater and
range of fluctuation;
hydraulic gradient and
flow direction

Water table monitoring
wells

Water level meter or
interface gauge and
surveyed well elevations;
ASTM D 4750-87(1993)el
(ensure that the probe
weight is inert)

Flow paths in saturated
soll

In situ field measurement

Groundwater tracer
(USEPA 1985)
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TABLE 3-1 (Cont'd)

Physical Parameters for Soil

Parameter

Hydraulic conductivity

Sample Type

Field measurement

Analytical Method

ASTMs: D4043-91;
D4044-91; D4050-91;
D4104-91; D4105-91;
D4106-91; D5269-92; and
D5270-92

Notes:

1995

! USACE "Soil Vapor Extraction and Bioventing" Engineer Manual (EM 1110-1-4001), November 30,
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(5) Subsurface structures in the vadose zone may alter the distribution
of airflow generated during I AS and result in uncaptured offgas if |eft
uncontrolled. For sites where little or no surface paving exists (i.e., soi
or gravel surfaces), it may be difficult to capture offgas for controlled
treatment, recirculation, or exhaust. Further, subsurface zones of enhanced
permeability (e.g., a gravel pipeline trench or backfill or inproperly
abandoned soil borings and nmonitoring wells screened across the water table)
can cause preferential channeling of air flowand linmt the effective zZO.

Not only would preferential pathways reduce the interstitial air/water surface
area, but the mpjority of subsurface contami nants may be bypassed in the event
of sparsely distributed channels. Similar influences exist within the
saturated zone. For exanple, inproperly abandoned soil borings or nonitoring
wel | s can cause preferential mgration of air pathways both bel ow and above
the water table surface. By properly assessing the physical conditions and
het erogeneity of the subsurface prior to inplenenting | AS, these occurrences
can be mnimzed or avoided.

(6) Soil Sample Collection. Representative undisturbed soil cores
shall be collected and submitted for physical paraneters analysis fromevery
maj or stratigraphic unit between the seasonal high water table elevation and
the anticipated | omest el evation of sparge screens. Undisturbed soil sanples
are typically collected using Shel by-tube sanplers. Sanples should be
coll ected fromdepth-di screte intervals for acquisition of data from various
stratigraphic layers. |In conditions where cobbles and boul ders inpede the
ability to push Shel by tubes into the subsurface, representative cores may not
be obtai ned unless a technique such as Roto Sonic®drilling is enployed. Roto
Sonic®drilling is an innovative vibratory dual -tube direct push nethod that
has proven capabl e of collecting intact cores while achieving high penetration
rates in a wide range of conditions.

(a) It is sonetimes difficult to collect undisturbed sanples fromthe
saturated subsurface with Shel by-tube sanpl ers, because wet, non-cohesive soi
may not be retained in the sanpling device. Lined split-spoon sanplers are
recormended in this situation. Wen using a split-spoon sanpler, brass or

stainless steel liners tend to provide a nore watertight seal than acetate
liners. Once sanples are brought to the surface, plastic end caps and end
packers are effective in capping the ends of a liner prior to transport. It

shoul d be noted that the density of soil within the split-spoon liner wll
likely be greater than the true in-place density because conpression occurs

whi | e advancing the split-spoon. In order to collect a relatively undi sturbed
sanmple in saturated sands, a 1.5-mcontinuous core barrel sanmpler (i.e.
liner) placed inside the auger is recommended. |In the event that soft

cohesi ve or non-cohesive soils are encountered, equipnment such as the Waterl oo
sampl er, that uses a piston plug to create a vacuum on the sanple barrel
hel ps ensure that saturated sands remain within the core barrel during

sanpl i ng.

(b) Analytical sanpling methods are prescribed in EM 200-1- 3,
Requi rements for the Preparation of Sanpling and Analysis Plans. A detailed
di scussion of the effect of physical characteristics on subsurface air flowis
contained in EM 1110-1-4001. Soil parameters that have effects that are
specific to I AS are di scussed bel ow.
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(c) Porosity and perneability affect the degree of groundwater moundi ng
and upwel ling that may occur during pilot-scale testing and | AS
i mpl enentation. GCenerally, the degree of mounding and upwelling is smaller
under conditions of high subsurface porosity and perneability. Munding,
upwel I i ng, and other potential start-up occurrences are further discussed in
par agr aph 2- 7a.

(d) Soil noisture retention data (Table 3-1) provide a neans to
determ ne the air-entry pressure of a given soil. A soil's air-entry pressure
is acritically inmportant property for IAS. Mre detail on the inportance of
air-entry pressure is provided in paragraph 2-6. Descriptions of the nethod
of measuring air-entry pressure and interpretation of the measurenments are
provi ded bel ow

(7) Misture retention analysis for determning air-entry pressure
Mbi sture retention analysis (ASTM D 2325-68(1981)el) is a | aboratory procedure
that involves the stepwi se application of a pressure differential to an
initially saturated soil sanple, with the equilibrium noisture content
nmeasured at each step. The first step involves application of the | owest
(e.g., 33 nbar) pressure step to the sanple, which induces drainage of water
fromthe [ argest pores of the sanple until equilibriumis approached at that
pressure, at which tine the sanple is weighed to determ ne the volunme of water
desorbed fromthose pores. Then the next higher pressure is applied, inducing
drai nage fromthe next smaller class of pores, and reequilibration is allowed
to occur, followed by reweighing. The process thus proceeds in a stepw se
fashion, until the sanple is virtually dry.

(a) The resulting data are plotted in the formof capillary pressure
head as a function of saturation (or equivalently, matric suction as a
function of mpoisture content). A mninumof seven separate pressure points is
recormended in order to ensure that the curve enconpasses the nopst crucial
noi sture characteristics.

(b) Figure 3-2 presents data from noisture retention anal yses,
expressed as capillary pressure head vs. npisture content, for adjacent soi
cores collected fromthe same soil boring. The shallower, siltier sanmple
(Figure 3-2a) has an air-entry pressure head of approximtely 370 cm H,O
while the air-entry value for the deeper, sandier sanple (Figure 3-2b) is
approximately 36 cmHO Clearly, if the | AS screen intercepted both soi
| ayers, air entry would occur into the deeper horizon first; air mght not
enter the shallower horizon at all

b. Chem cal Analyses. During site characterization, the chenica
properties of site nmedia and the nature and extent of contam nation nust be
assessed to evaluate the feasibility of IAS. As discussed in paragraph 2-11
contam nants general ly anmenable to | AS are VOCs, including the lighter fuels
(e.g., gasoline, diesel, and jet fuel) and petrol eumrel ated conpounds, as
wel | as cl eaners, solvents, degreasers, and associated chenmicals. |In addition
to the partitioning and renoval of VOCs through stripping, |AS can be used to
enhance or induce other contami nant transfer nmechani snms, such as precipitation
and bi odegradation. As such, it is critical to acquire sufficient chenica
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Figure 3-2 (a-b). Capillary pressure head vs. moisture content (8 ) for two adjacent soil
horizons. Intact cores collected from adjacent soil layers within the sparge zone were
submitted for laboratory analysis (data points); curves are Van Genuchten (1980)

functions fitted to the data. The inflection point (Pjnf|) for the deeper, sandier layer sample (b)
was found to correspond closely to the air entry pressure measured during IAS, indicating
that sparged air flows preferentially within that layer, and does not even enter the shallower,
siltier layer (sample a), which has a much higher Pinf value (Baker et al. 1996).
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data to fully assess the potential for the desired | AS mechanism(s). A list
of rel evant groundwater chem cal paraneters is presented in Table 3-2.

(1) Field Screening. A variety of field screening techniques are
avail able for the prelimnary assessnment of site nmedia. Readily avail able
portabl e organi c vapor analyzers include photoionization detectors (PIDs) and
flame ionization detectors (FIDs). These devices provide an indication of the
total organic vapor in anmbient air or within the headspace of borehol es or
sanmpl ing containers by conparing the vapor reading of the sanple to the
calibrated value of a specific conpound, for either the photoionization
potential of a specific |anp energy (for PIDs) or a flame ionization potentia
(for FIDs). |If specific vapor-phase chenmicals are of interest, direct-reading
colorimetric indicator tubes, such as Draegger® tubes, provide useful data
that may be correlated with gas chromat ograph/ mass spectronetry (GO M)
anal yses (NI OSH 1985).

(a) One commonly applied nethod of field screening for VOCs is a soi
gas survey. VOCs anenable to | AS are al so generally anenable to field soi
gas neasurenent. Soil gas surveys are useful in assessing the relative
concentrations of the VOCs of interest and rel ated conpounds, as well as
oxygen, carbon di oxi de, and nethane. The concentration of total organic vapor
in soil gas can be used to estimate the initial concentration in the | AS vapor
em ssions. Soil gas surveys can also be instrumental in |ocating the soi
contam nati on and guiding the placenent of | AS and SVE wel | s.

(b) Soil gas surveys can be m sl eadi ng, however. For exanple, soil gas
concentrations of specific chemcals often do not usually correlate well wth
| aboratory anal yses of soil sanples. Soil gas surveys neasure chemicals in
t he vapor phase at a given spatial point. Advection due to baronetric punping
can cause vapors to travel and be detectable at a distance from source areas.
Conversely, "hot spots" identified by |aboratory analysis of soil sanples may
be present in |low perneability portions of a site that are not conducive to
vapor transport and therefore nay not be detected during a standard soil gas
survey. Thus, there is no consistent relationship between the presence of
vapor - phase VOCs at a survey point and the di stance from which the VOCs
originally emanate (Downey and Hall 1994). Chemical -specific results of field
soi| gas neasurenents are best viewed as screening data, depicting genera
| ocations of increased vapor-phase VOCs in the vadose zone.

(c) The shallow subsurface mgration of vapor-phase VOCs (reveal ed by
areas of increased soil gas concentrations) may be used to predict the
m gration of future VOCs that will be generated during IAS. This information
is useful in selecting locations for confirmatory soil and groundwater
sampl es, as well as the placenment of SVE conponents (if required).

(d) Vapor-phase VOCs are typically neasured with a gas chronmatograph
equi pped with an FID, PID, electron capture detector (ECD), or MS detector
Met hods typically enployed for collection of soil gas are listed below. In
general , Standard SW 846 nethods apply (USEPA 1986).

° Adsorption onto a sorbent medium such as charcoal, Tenax® or
Anmber sorb® followed by thermal or solvent desorption
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Chemical Parameters for Groundwater

Parameter

Biological Oxygen Demand
(BOD)

Preservative

4°C

Analytical Method

SM 5210B; EPA 405.1

Chemical Oxygen Demand
(COD)

pH <2 with H,SO,; 4°C

SM 5220D; EPA 410.1

Alkalinity 4°C SM 2320B; EPA 310.1;
field measurement!
Total Dissolved Solids 4°C SM 2540C; EPA 160.1

Total Organic Carbon (TOC)

pH <2 with H,SO,; 4°C

SW 846 Method 9060

Iron (total and field-filtered)

pH <2 with HNO;,; 4°C

SW 846 Method 6010; field
measurement*

Ammonia-nitrogen

pH <2 with H,SO,; 4°C

SM 4500; EPA 350.1

Total Kjeldahl Nitrogen

pH <2 with H,SO,; 4°C

SM 4500; EPA 351.2

Nitrite and nitrate

pH <2 with H,SO,; 4°C

SM 4500; EPA 353.2; field

measurement'
Sulfate 4°C SW 846 Method 9038
Sulfides 4 drops 2N zinc acetate | SW 846 Method 9030; field
per 100 ml; pH >9 with measurement'
6N NaOH; 4°C
VOCs pH <2 with 1:1 HCI; 4°C; | SW 846 Methods 8260 or
no headspace 8010/8020
SVOCs 4°C SW 846 Method 8270
Total petroleum hydrocarbons | 4°C SW 846 Modified Method

(diesel range organics)

8100:; field measurement?

Depth to free NAPL phase

Direct push "soil boring",
e.g. cone penetrometer®

Laser Induced
Fluorescence (USEPA
1997); ETL 1110-1-171

pH none Field measurement’
Temperature none Field measurement’
Dissolved oxygen (DO) none Field measurement™*
Conductivity none Field measurement*
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TABLE 3-2 (Cont'd)
Chemical Parameters for Groundwater
Parameter Preservative Analytical Method
Redox potential (Eh) none Field measurement’

SM is APHA-AWWA-WEF 1992; SW 846 is USEPA 1986 and Updates promulgated in 1992 and 1994.
Refer to EM 200-1-3 for sample bottle requirements.

1Alkalinity, ammonia, iron (total and dissolved), nitrate, nitrite, sulfides and DO can be determined using
CHEMETRICS?® field test kits (colorimetric or titrimetric methods). Each kit is prepared for single use
measurement at the factory. Preservation is not applicable.

*TPH (DRO) can be determined in the field using an immunoassay test kit. Preservation is not
applicable.

®Readers are advised to check the availability of USACE's cone penetrometer units for their projects
(paragraph 3-3b(3)).

“Temperature, DO, conductivity and Eh can be determined in the field using appropriate field
instruments.
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° Cryogeni c trapping.
° Col l ection in canisters or Tedl ar® bags foll owed by direct
injection onto the GC.

(2) Chenical Characteristics of G oundwater. G oundwater sanples nust
be anal yzed to assess the presence and concentrations of target VOCs and
associ ated chemi cals, as well as the presence of potential |AS inhibitors.
Chemical inhibitors of IAS include toxins that may i npede the growth of
m croor gani sms and subsequently the biodegradation rate. Additionally,

i norgani ¢ conmpounds may precipitate when oxidi zed or excessive biomass may
aggl omerate, both of which can cause clogging of well screens. The presence
of inhibitors does not necessarily preclude the application of |AS, but rather
creates a potential operating problemwhich nust be anticipated and accounted
for in the I AS design.

(a) Relatively high concentrations of iron (greater than 10 ng/L) may
become oxi di zed and precipitate when aerobic IAS is inplenented (EPA 1995a;
W sconsin DNR 1993; Marley and Bruell 1995). These documents advi se that wel
screens may becone cl ogged by precipated iron or by iron reduci ng bacteri a,
gradual |y reduci ng the subsequent ZO of the I AS system It has been
observed, however, that fouling of IAS wells is rarely a problem since sparge
wells are essentially continuously being devel oped by the injected air. [|AS
has been conducted successfully at dozens of sites with high iron |levels (D. H
Bass; Personal Comunication, 1997). \Where concerns remain, geochem ca
nmodel s, such as M NTEQA2® may aid in predicting the potential precipitation
of iron and other dissolved netals detected in the subject aquifer, as well as
buil dup of iron bacteria at well screens. An additional discussion of
bi of ouling is provided in paragraph 6-4(a).

(b) Chemnical groundwater paraneters useful in assessing the feasibility
of IAS are summarized in Table 3-2. Useful physical and biol ogical property
data are discussed in paragraphs 3-3a and 3-3c, respectively. Table 3-2
i ncl udes the preservatives required for the anal ytical nethods referenced.

Pol yet hyl ene or gl ass sanple containers are used depending on the specific
test parameter. GCenerally, 40-m glass VOA vials with Teflon® septa are
required for sanples collected for VOC anal yses. Standard SW 846 net hods
apply (USEPA 1986), as well as USACE gui dance (EM 200-1-3).

(c) Several nethods are available for collecting groundwater sanples.
The nethods typically inplenented require either a seni-permanent sanpling
| ocation, such as a groundwater monitoring well and | owflow, |ow purge
sampling (Puls and Barcel ona 1996), or a tenporary sanpling |location, such as
can be acconplished using direct-push technol ogy (DPT). DPT nethods include
Geopr obe® Terraprobe® M croWell® SinulProbe® and Hydropunch® some of which
are capabl e of being purged through inertial bailing and are therefore able to
provide a representative sanple of formation water at a point in the aquifer
DPT methods are typically used to yield chemical results fromvertically
di screte | ocations which can hel p devel op a nore accurate 3-di nensi ona
"picture" of site contam nation and geochemnistry than generally available from
groundwat er wells. DPT groundwater sanpling nmethods should be used in
conjunction with soil sanple collection to mninize sanpling costs. However
sem - per manent groundwater nonitoring wells are nore cost-effective where
groundwater is repeatedly sanpled fromthe sanme location. The vertica
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posi tioning of groundwater nmonitoring well screens (screened interval) should
be carefully planned to ensure that the data obtained froma given well can be
used to interpret the areal and vertical groundwater chem stry. G oundwater
wel | screens are often 3 or nore neters (10 or nore feet) long. However, when
wells with such long well screens are sanpled, water can be collected from
above or below the plume in addition to the water fromw thin the plume. When
this occurs, the resulting water quality measurenents may reflect a m xture of
cl ean oxygenated water with anaerobic contam nated water. Thus, the degree of
oxygenation within the plume can be obscured. Consideration should be given
to installing several nested wells with 0.6-nmeter (2-foot) well screens in
such locations to maxinize the resolution of the groundwater results.

(d) 1t must be noted that | AS operational data (as opposed to site
characterization data) acquired through nmonitoring wells may not represent
true subsurface conditions (Johnson et al. 1993). Because of potential gas

transfer within the well itself ("in-well aeration"), oxygen concentration
measurenments fromthe well may not be representative of the groundwater
surrounding it. Figure 3-3 (Hinchee 1994) illustrates how air channeling to a

noni toring well can cause the groundwater sanples to have higher than
representative DO and | ower than representative VOC concentrations (Johnson et
al . 1995).

(e) In addition to dissolved groundwater contani nants, the presence or
potential presence of NAPL nust be assessed. NAPL can be present as either a
i ght phase, |ess dense than water (LNAPL) or a heavy phase, nore dense than
wat er (DNAPL). \Where both types of conpounds are present at a site, mxtures
of the two are common, and the tendency of the NAPL to float or sink depends
on the density of the resulting m xture.

(f) Because LNAPL and groundwater are inmscible fluids, LNAPL can be
distributed within the capillary fringe above the groundwater table. LNAPL
observed in a piezonmeter or nonitoring well represents its apparent thickness.
Several enpirical and analytical relationships exist to convert the apparent
t hi ckness of LNAPL to the true thickness present in the subsurface formation
(Testa and Paczkowski 1989; Farr et al. 1990; Lenhard and Parker 1990).

Conmon paraneters required to arrive at these relationships are |isted bel ow

fraction of pore space in the formation, i.e., porosity

fraction of pore space occupied by LNAPL, i.e., oil saturation
specific gravity ratio of LNAPL to groundwater

fraction of the pore space occupied by recoverable LNAPL, defined
as the difference between oil saturation and residual oi

saturation

° air/water capillary pressure-saturation relationship for the soil (s)
of interest

Al t hough sone practitioners have observed LNAPL sites respond well
to IAS, it is not likely to be successful if there is a significant volume of
recover abl e LNAPL. The utility of 1AS in the presence of substantial |ayers
of LNAPL is a matter of ongoing research
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Figure 3-3. Cross section of 1AS application illustrating air channeling to a monitoring well.
{Hinchee 1994. Reprinted with permission from Air Sparging for Site Remediation.
Copyright Lewis Publishers, an imprint of CRC Press, Boca Raton, Florida. ©1994.)
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(h) The extent and volume of LNAPL nust be delineated prior to
proceeding with IAS. The di splacenent that occurs during the startup of |AS
systens may assist in upward nobilization of LNAPL trapped bel ow the water
tabl e by groundwater fluctuations. It is generally reconrended that free-
phase LNAPL within an | AS ZO be renoved via a passive or active recovery
systemprior to the I AS system startup.

(i) The extent to which the presence of DNAPL may inpact the
performance of IAS is uncertain. |AS may be useful in creating the subsurface
agitation necessary to break up and di ssol ve pockets of DNAPL. However
identifying the presence of DNAPL prior to proceeding with AS is not a
trivial problem DNAPL may significantly delay or inpede the ability to
achi eve di ssol ved phase cl eanup objectives. Additionally, |IAS may potentially
spread the immiscible liquid outside the ZO or force it into deeper strata.
For that reason, application of |AS to DNAPL-contam nated strata that overlie
uncont am nated aquifer units is not recommended unl ess there is confidence
that an intervening aquitard will prevent downward nigration. Containment is
general ly the recomrended approach for DNAPL sites that |ack such an aquitard.

(3) Chenical characteristics of soil Subsurface soil sanples nust be
anal yzed to assess the presence and concentrations of target VOCs and
associ ated chemicals. For nost soil strata inpacted by hydrocarbons, the
majority (often a large mgjority) of the hydrocarbon mass is sorbed to the
soi|l particles or resides as NAPL within interstitial spaces. Soi
concentrations provide the nost useful assessment of how nuch material wll
actually require renmoval or degradati on.

(a) Chenical soil paraneters useful in assessing the feasibility of |AS
are listed below Useful physical and biol ogical property data are di scussed
i n paragraphs 3-3a and 3-3c, respectively.

° Speci fic VOC concentrations

° Total Organic Carbon (or foc -- fraction organic carbon)
° Amroni a- ni trogen

° Total Kjeldahl nitrogen

° Nitrite and nitrate

° Ot ho- phosphat es

° Total phosphates

o pH

° Sul f at es

° Sul fi des

(b) Polyethylene or glass sanple containers are used dependi ng on the
parameter of interest, and usually a tenperature of less than 4°C nust be
mai nt ai ned during transport. GCenerally, 4-0z wi de-mouth glass jars with
Tefl on® septa are required for sanples collected for soil VOC anal yses, but in
some cases, other glass containers may be acceptable. Standard SW 846 met hods
apply (USEPA 1986), as well as USACE gui dance (EM 200-1-3).

(c) Several nethods are available for collecting soil sanples.
Anal yses for chenical data do not typically require that the sanples be
undi sturbed. However, VOCs are often |ost through evaporation during
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conventional soil sanpling (Siegrist and Jenssen 1990; Hewitt 1994). A
variety of sanpling methods are available for the collection of undisturbed
samples. Methods typically inplenmented include sanple acquisition during
borehole drilling, as well as DPT sanpling devices. Wth these nmethods, it is
i nperative that sanples be collected fromdepth-discrete intervals to
differentiate anong subsurface strata. For exanple, the groundwater interface
may provide a nore aerobic (i.e., oxygenated) environment than deeper strata.

(d) Split-spoon samplers (generally 5-cm (2-inch) dianmeter, 60-cm (2-
foot) length) are frequently used to collect depth-discrete sanples while
advanci ng hol | ow-stem augers in a borehole. DPT nethods include Geoprobe?
Terraprobe® Sinul Probe® and McroWel|® These and other rel ated DPT net hods
generate data of conparable quality to traditional nethods (i.e., split-spoon

sampl ers), but may not be as successful in recovering sanples if the soil is
very coarse, or if the sanpling depth is >15 m (50 ft.). Cone penetroneters
and sonication drilling rigs (e.g., Roto Sonic®drills, paragraph 3-3a(6)), by

contrast, can produce soil characterization data to significantly greater
depths. Use of the Triservice Site Characterization and Anal ysis Penetroneter
System shoul d al so be consi der ed.

(4) Physical Properties of Chenicals. The physical properties of
target chemicals detected in site media provide useful information related to
the feasibility of IAS. The physical properties of chem cals not directly
det ected, but which could be created through oxidation, biodegradation, or
ot her transformation processes, should also be identified. Physicochenica
properties required for detected and potential chemcals are listed in Table
3-3.

(5) Relationship among Chenicals. Chenical data can be used to assess
the potential suitability of IAS. Field nmeasurenents of pH, dissolved oxygen
and redox potential in groundwater (shallow and deeper zones) are generally
useful in assessing whether aqueous conditions tend to be aerobic or
anaerobic, and the extent to which they vary with depth. Laboratory anal yses
of BOD and COD indirectly indicate the amount of biologically and chem cally
oxi di zabl e material present. Elevated BOD and COD neasurenents indicate that
a relatively el evated oxygen demand exists, either organic or inorganic in
nature. |If there is a significant anpunt of readily oxidizable material
present that is non-target, then it may account for nuch of the oxygen uptake
associ ated with | AS.

(a) Laboratory analyses of nitrogen and sul fur conmpounds are useful in
verifying whether subsurface conditions tend to be reductive or oxidative.
Anal yses of iron (total and field-filtered) further indicate the presence of
ei ther reductive or oxidative conditions.

(b) Target organic chemicals (e.g., TCE) can be conpared to
concentrations of related conpounds (e.g., cis- and trans-1, 2-di chl oroet hene;
VC). The presence of related conpounds can be the result of releases of these
conpounds, inpurities in the target conpound, or natural subsurface
transformati on. Common transformation processes that can create rel ated
conpounds i ncl ude oxidation/reduction, biodegradation, hydrolysis, and
elimnation reactions.
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TABLE 3-3

Useful Physicochemical Properties of Contaminants

Chemical's Physical

Property Typical Units Significance

Molecular (formula) weight | g/mol Chemicals tend to be more volatile as
their molecular weight decreases.

Liquid density g/lcm® Chemicals greater than or equal to 1
g/cm® tend to form DNAPL if their
solubility in water is exceeded,;
chemicals less than 1 g/cm?® tend to
form LNAPL if their solubility in water
is exceeded.

Vapor pressure mm Hg Chemicals greater than 1 mm Hg are
considered volatile (USEPA 1995a).

Solubility in water mg/L The presence of NAPL should be

suspected if aqueous concentrations
exceed 1% of a chemical's solubility
in water (Newell and Ross 1991).

Octanol/water partitioning
coefficient (K,,)

dimensionless

A higher value indicates a chemical
will preferentially dissolve in (partition
into) an organic phase.

Organic carbon partitioning
coefficient (K,.)

dimensionless

A higher value indicates a chemical
will preferentially adhere to (partition
into) organic material in soil. The
extent of partitioning will depend upon
the chemical's K, and the soil's foc.
The more a chemical partitions into
soil organic matter, the less effective
IAS will be at stripping the chemical
from the saturated zone.

Henry's law constant (K,,)

atm-m®/mol or
dimensionless

A higher value indicates a chemical
will preferentially transfer from an
aqueous to a gaseous phase. K,
values greater than 2 x 10 atm-
m%mol are considered to indicate that
IAS may work. IAS may not be
appropriate for compounds with K,
values less than 2 x 10 atm-m*mol
(EPA 1994). However, the success
of biosparging is generally not
dependent on K,, values.
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TABLE 3-3 (Cont'd)

Useful Physicochemical Properties of Contaminants

Chemical's Physical
Property

Redox potential

Typical Units

volts

Significance

A higher value indicates a chemical
will be reduced, rather than oxidized
when coupled in a redox reaction.

Notes:

'Redox potential for a given oxidation/reduction half-reaction (e.g., Fe® + e Fe®).
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(c) Conbined with data obtained from biol ogi cal anal yses (paragraph 3-
3c), the appropriate chemical data can be used to assess the nature and degree
of microbial activity, and support the design of an appropriate | AS system

(6) Data Validation. Prior to using chem cal data for decision-nmaking
pur poses, some degree of data validation should be perforned. |In npost cases,
full validation in accordance with formal USEPA protocols is not required for
site characterization or pilot-scale data related to the inplenmentation of |AS
(refer to EM 200-1-3). However, if conparisons to cleanup criteria are
i ntended, full validation is recomended. At a nmininum data received from an
anal ytical |aboratory should be qualitatively assessed. Consideration should
be given as to whether holding times and sanpl e preservation requirenents were
met. A cursory review of chem cals detected in duplicates and bl anks, as wel
as the percentage of surrogate recoveries in matrix spike sanmples, provide an
i ndication of the quality of analytical data received. The Sanpling and
Anal ysi s Plan (SAP) nust include appropriate quality control sanples, such as
duplicates, matrix spikes, field and trip blanks at specified frequenci es,
usual ly as a percentage of the total nunber of sanples coll ected.

c. Evaluation of Biorenediation Feasibility. For npost sites, the
potential renmoval of organics by mcrobial degradation (e.g., biosparging) is
dependent on a variety of factors, the nost inmportant of which are listed
bel ow. The order of inportance will depend on the site specific conditions.

(1) Anmenability of site contaminants to bi odegradation

(2) Presence of mcroorganisns acclimated to the site contani nants

(3) Presence of toxic or inhibitory constituents (organic and

i nor gani c)

(4) Oxygen (or other electron acceptor) availability and/or ability to
supply at needed rate

(5) Nutrient availability and/or ability to supply at needed rate

(6) Tenperature

(7) pH

d. The feasibility of biosparging is dependent on all of the sane
paranmeters as |AS (e.g., solubility, soil pernmeability, foc, soi
honpgeneity), except the contami nants' volatility. Contaninants that are
amenabl e to bi odegradati on, but not volatile enough to consider stripping from
saturated soil (e.g., naphthalene), may be treated by biosparging. Therefore,
determ nation of the feasibility of biosparging requires the same assessnent
as for 1AS with the assessment of the additional factors |isted above.

e. Mcroorganisns generally will utilize oxygen delivered via | AS unti
t he hydrocarbons are no | onger bioavailable. Therefore it may be nore
i mportant to focus on how nuch oxygen can be delivered, and how well

distributed it will be, than to deternine degradation rates per se. The rea
utility of bench-scal e bi odegradation tests is to verify that there is no site
condition that will limt or inhibit biodegradation

(1) Biodegradability. There have been nunerous | aboratory and field
eval uations of the biodegradability of nobst common site contam nants. For

3-20
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many |ight to medi um wei ght fuel constituents (e.g., gasoline to #4 Fuel G 1),
typi cal degradation rates are available in the literature. Published val ues
are very site specific or may reflect a |l arge range of degradation rates, and
t hus care should be used in extrapol ati ng bi odegradation rates for a given
site. However, published values are useful for qualitatively assessing the
feasibility of biodegradation at a site. The factors which can decrease the
degradability of the constituents include concentration (e.g., due to toxicity
effects), and tinme el apsed since contam nants were rel eased into the
environnent. Typically after petrol eum hydrocarbons infiltrate into the
subsurface, the proportion of recalcitrant constituents will increase with
tinme.

(2) Bacterial Population Densities.

(a) The presence of a high population density of bacteria in
contam nated saturated soil is generally indicative of conditions that can
accommodat e bi orenedi ati on. However, small popul ation densities of bacteria
do not necessarily indicate that biorenediation is infeasible, but rather that

exi sting conditions are not favorable for pronoting bacterial growh. If
there are | ow bacterial population densities, it is inportant to consider
whet her there are subsurface conditions, limting bacterial activity, that may

be mani pul ated during remedi ation. For exanple, in an aquifer contani nated
with petroleum there may be little or no dissolved oxygen (i.e., < 2 ppm and
relatively | ow popul ation densities of aerobic heterotrophic (organic carbon
nmet abol i zi ng) bacteria and aerobi c contamni nant-specific degrading bacteri a.
However, upon introduction of dissolved oxygen through biospargi ng, popul ation
densities of aerobic bacteria may increase rapidly and provide the neans for

bi odegradi ng the petrol eum contam nants. Sinilarly, an aquifer |acking
another limting nutrient such as avail able nitrogen may have rel atively | ow
popul ation densities of bacteria but may be suitable for biorenediation if
gromh is stimulated by delivering this nutrient.

(b) Conparison of bacterial population densities of background and
cont am nated zones provi des additional insight into the feasibility of
bi orenediation. |If there are significantly greater nunbers of either
het erotrophi ¢ or specific contam nant degraders present in the contani nated
zone, then there is evidence that the bacteria in the contam nated zone may be
capabl e of biodegrading some (or all) of the contaminants. Again, the
converse does not necessarily denonstrate that bioremediation is infeasible,
but that there may be some factor inhibiting bacterial grow h.

(c) There are a variety of nethods for estinmating the popul ation
densities of both total heteroptrophic and specific contam nant degradi ng
subsurface m crobes, including: plate counts, Mst Probabl e Nunmber (MPN)
phospholipid fatty acid analysis, enzyme activity analysis, and ATP
bi ol um nescence assays. Plate counts and MPN nmethods are the nost frequently
used.

(d) Wth plate counts, site soil is added to nutrient rich agar nedi um
in Petri dishes, incubated, and then the nunber of separate col onies grown
(Colony Forming Units or CFU) are counted. Plate counts of specific
cont am nant degraders (i.e., native bacteria that can use the contaninant as a
sol e source of carbon) use a nmedium containing one or nore of the organic
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contam nants, such as gasoline or naphthal ene as the sol e carbon source. Wen
popul ation densities are estimated by plate counts, they are typically
expressed as exponential nunbers, such as 2x10% CFU g-soil. MPN tubes are the
nost common alternative to plate counts. Site soil is added to tubes of nedia
in which growth can be detected by col or change, gas generation, turbidity, or
ot her means. The nunbers fromthese two nethods are not directly conparable
(i.e., 5x 10° CFU g is not the same as 5x10° MPN g).

(e) Various laboratories and conpani es who specialize in bioremediation
have | aboratory nmethods to conduct these tests. There are accepted standard
nmet hods for sewage and water quality (APHA/ AWM VEF 1992) but not universally
accepted net hods for wastes and hazardous wastes. Methods shown in the above
reference may be nodi fied for environmental remediation purposes, and such
nodi fi ed met hods may be used to assess microbial activity. Methods of Soi
Anal ysis, Part 2 Chemical and M crobiol ogical Properties, 2nd Edition (Page et
al . 1982) also includes nmethods for nmicrobial activity testing. The results
of these tests are nost neaningful in conmparison with other results fromthe
same site to indicate the potential to use | AS to enhance bi odegradati on.

(f) The methods and typical expectations are presented in Table 3-4.
(3) Laboratory Bi odegradati on Tests.

(a) In addition to testing soil and/or groundwater sanples to nonitor
m crobial activity, laboratory tests may be used to evaluate the feasibility
of biorenmedi ation. Biodegradation rates nmay al so be nmeasured under
controll ed, |aboratory conditions. For contam nants that consistently have
been denonstrated to be bi odegradabl e, such as gasoline, |aboratory
bi odegradati on tests are generally unnecessary. However, possible reasons for
perform ng these tests for known-to-be bi odegradabl e contamni nants incl ude:

° determ nati on of the presence of a toxic constituent in the soil

° identification of mneral nutrient limtations (e.g., nitrogen or
phosphorus); or

° denonstration that the proposed treatnment approach is viable.

(b) Biodegradation tests are also useful for evaluating contam nants
whose bi odegradability is unknown, or which are recognized to be bi odegradabl e
but are considered to be recalcitrant. Two comon | aboratory degradation
tests are shake flask tests and respironetry tests. Shake flask tests are
generally performed on a slurry of site soil in site groundwater and neasure
the rate of di sappearance of the contani nant under controlled conditions.
Respironetry tests measure oxygen utilization and carbon di oxi de production

(c) Shake flask or microcosmtests are usually conprised of a series of
flasks, usually at <25 % solids, that are subject to different test conditions
which test the inpacts of various amendnents and ot her paraneters on the
degradati on process. The flasks are shaken or stirred to provide aeration and
m xi ng. This approxi mtes the addition of air to the subsurface. |[If nutrient
amendment i s being considered, then the nitrogen and phosphorus levels in the
soil and groundwater may be used to determine the levels of nutrients to add
(e.g., Ward et al. 1995).
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TABLE 3-4
Microbiological Tests and Typical Results
Typical Highest
Test Description Typical Initial Results Results Comments

Total Heterotrophic
Bacteria (Plate or MPN)

1,000 - 10,000 (10° -
10% CFU/g

10° - 10™ CFU/qg

Microbes which use
organic carbon

Hydrocarbon

Degraders (Plate or 10*) CFU/g target range of
MPN) hydrocarbon
compounds

1000 - 10,000 (10° -

10° - 10° CFU/g

Microbes which use the

Specific Compound
Degraders

100 - 1,000 (10” - 10%
CFU/g

10° - 10° CFU/g

Microbes which use
specific target
compounds (e.g.
naphthalene)

3-23



EM 1110- 1- 4005
15 Sep 97

(d) A typical test matrix is shown in Table 3-5. Since the subsurface
will be aerated in all cases, an anaerobic control may not be necessary in
assessi ng bi ospargi ng.

(e) If the soil water pHis not in the range of 6-8 standard units, the
pH may be adjusted to this range as another test condition.

(f) These tests are conducted on identically prepared flasks for each
test condition, with sufficient flasks to performtesting at 0, 3, 7, 14, 28
and sonetinmes additional days fromstudy initiation. Usually duplicates are
prepared so that additional statistical sanpling may be conducted on some of
the data. The flasks are sacrificed and tested for the contam nant
concentrations in the soil and water phases at the specified tinme intervals,
and decay curves are calculated to derive an approxi mate degradation rate
under | aboratory conditions. The abiotic control provides an indication of
t he amount of phase transfer which occurs in the absence of biodegradation, so
t he degradation rate can be appropriately adjusted.

(g) These tests are generally conducted at ambi ent indoor tenperatures,

not groundwater tenperatures. In-situ biodegradation rates may be sl ower
because the subsurface will generally be colder than the | aboratory test
conditions, and groundwater will not be as well mxed as in the |aboratory.

(h) These shake flask tests provide a basic indication as to whether
the site conditions are favorable, or can be made favorable, for the
i ndi genous organi sns to degrade the organic materials at the site. For |onger
tests, they may provide an indication of the maxi mumrenoval which night be
achieved at the site using biosparging. Such data nay be useful for
establishing a lower limt cleanup |level for contam nants of concern.
However, the lower linit observed in the |aboratory will probably be bel ow the
concentration that should be expected in-situ.

(i) Rather than (or in addition to) nmonitoring concentrations of
contam nants, respiration tests may be used to nonitor microbial activity. A
respiration test may entail neasuring the rate of oxygen di sappearance
(upt ake) as degradation proceeds. A degradation rate can then be cal cul ated
based on the uptake rate. Another variation uses the generation rate of
carbon dioxide to performa simlar calculation. Both of these approaches
nmust be evaluated with respect to abiotic sources and sinks for oxygen and
carbon dioxide. In the oxygen uptake case, reduced iron may conmpete with
bacteria for oxygen. For carbon dioxide generation, inorganic carbonate nay
act as a source or sink of carbon dioxide. Mnitoring both oxygen uptake and
carbon di oxi de generation can help to clarify these confounding influences.
Ext ended respirometry tests require a source of oxygen into the test apparatus
at a controlled rate to insure an adequate supply in the closed system
However, batch tests nmay also be perforned using only a probe to nonitor
di ssol ved oxygen, in solution. Respirometry tests may be | ess expensive than
ot her | aboratory bi odegradation tests.
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Typical Degradation Test Matrix*

Test Conditions

Native conditions (air only)

Additives

None (slurry only)

Comments

Background

Nutrients at dosage 1

Ammonia-nitrogen,
phosphate

Nutrient amended

Nutrients at dosage 2

Ammonia-nitrogen,
phosphate

Nutrient amended

Abiotic control

Sodium azide,
HgCl, or other
microbial poison

Determine non-
microbial effects

Duplicate of at least one
condition above

Match above
additives

Establish crude
statistical basis

*At some sites, other matrices may be appropriate that do not include nutrient amended

test conditions.
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3-4. Feasibility Studies.

a. Cenerally the feasibility study is a conbination of the physical
cheni cal and bi ol ogi cal eval uati ons described in the previous sections, and
leads to a pilot test of some formif the technology still appears prom sing.
At sone sites, certain conmponents of a feasibility study can be di spensed with
because they are not necessary. For exanple, if the biodegradability of the
contam nants of concern has already been established, (e.g., sites with jet
fuel contamination), the decision may be made to forego all or part of the
bi orenedi ati on evaluation. Although |aboratory columm studies sinulating |AS
can be instructive in elucidating airflow nmechanics (e.g., Ji et al. 1993),
they are generally not justified as part of a feasibility study because they
are not likely to be representative of the larger scale of the site.

b. A part of the feasibility study is an econonic eval uation of the
likely cost to test and inplement |AS, in conparison to other technol ogies.
Most feasibility studies recommrend the technol ogy which is likely to attain
the cleanup goals for the site at minimumcost. For an in-situ technol ogy
such as I AS, this cost of treatnment is very site specific, and is primarily
affected by the concentrati on and mass of hydrocarbon to be treated, the depth
of the plume and its relationship to the water table depth, the areal extent
of the plume to be treated, and the ZO which can be generated and nai ntai ned
in the formation.

c. Another approach that may especially be applicable to small sites,
can include performance of a limted pilot study in the initial phases of a
project. Such a test may cost effectively denonstrate the feasibility or
infeasibility of IAS, and nmay be considered a prequalification test (paragraph
4-3c).

d. Pilot Test nethods and gui dance will be provided in Chapter 4.
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CHAPTER 4
PI LOT TESTS
4-1. Introduction. Pilot tests have their greatest potential value in
proving that technol ogies which are still in devel opnent in a general sense

can be denonstrated to work properly at a specific site. Even if IAS
processes were perfectly understood, (which is not the case) pilot tests would
still be needed because the site conditions are not perfectly known. Pil ot
tests are essential to ensure that the design variables which nust be

determ ned enpirically are properly nmeasured. They also pernit the designer
to try variations on the basic design to optim ze the application to a
particul ar site geol ogy.

4-2. Pilot Testing Strateaqy.

a. The primary objective of a pilot-scale |AS test is to evaluate the
subsurface response to air injection and extraction. Sufficient time my not
be available to evaluate contam nant fate and renoval rates. The primary
objectives of the pilot test include the foll ow ng.

(1) Determine if injected air can reach the vadose zone in the vicinity
of the I AS wel |

(2) Determne the pressure/flow characteristics at the location of the
I AS wel |

(3) Determne the duration of groundwater transients during start-up
and shut - down.

b. During continuous |IAS pilot tests, data regarding the approxi nate
extent of the ZO, optimal injection rates and pressures, and off-gas handling
consi derati ons can be established. The duration of the expansion and
contraction transient phases is also of interest for pulsed | AS systens. The
sel ected strategy will determne the preferred nonitoring techni ques and | AS
node of operation.

c. The results of pilot-scale testing may be representative of the
physical conditions (e.g., |AS air-entry pressure, pressure distribution, air-
filled porosity) that will occur during full-scale operation, but they may not
be predictive of the I ong-term chenical behavior (e.g., contani nant
concentrations, dissolved oxygen (DO) levels) during full-scale IAS
Different pilot-scale testing approaches often yield different predictions of
full-scale renedial success.

d. Pilot-scale tests typically are focused on determ ning the ZO
(paragraph 2-8a). |If sufficient time is available, the ZO nay be determ ned
by measuring changes in groundwater DO and contamni nant concentrations. |If
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testing must be perforned in a relatively short period of time, geophysica
nmeasurenments of saturation (neutron probe, time-domain reflectonetry, or
resistivity tonography) can be very useful. It should be noted that
establishing the ZO based on DO data requires a significant number of

noni toring points, which are not readily avail able at nost sites. Wl
installation will require additional tine prior to system operation

e. Tracer gases, including sulfur hexafluoride and helium can be
injected and traced to rapidly estimate the ZO, subsurface travel tinmes, and
the efficiency of capture of volatile enissions. G oundwater analytica
results obtained fromsanples collected while sparging is active or the
aqui fer has not stabilized may not be representative of stabilized conditions.
In-well aeration of nmonitoring wells (paragraph 3-3b(2)) is a particular
concern during pilot testing and operation of full-scale |IAS systens;

t herefore, neasurenment of groundwater concentrations is best nade in

noni tori ng points having short screen intervals (e.g., less than 60 cm that
do not pronote in-well aeration. |In cases of standard nonitoring wells having
I ong screen intervals that may preferentially conduct air, measurenents are
best nade either prior to | AS startup, or a while (at |east several weeks)
after | AS shutdown. Another option during IAS pilot testing is to actively
extract groundwater while sanpling so that analytical results are nore
representative of the aquifer. |f an inappropriate punp is used, however
this approach may inadvertently alter the groundwater DO and VOC
concentrations. To mninize the influence of punping during sanmpling on
groundwat er fl ow patterns, |owflow sanpling protocols should be utilized
(Pul s and Barcel ona 1996).

4-3. Pilot Testing Guidance. Detailed guidance on conducting pilot IAS tests
are provided in Marley and Bruell (1995) and Wsconsin DNR (1993), to which
the reader is referred for specific conponent details. Following is a

di scussion of pilot test operating philosophy, and current trends in | AS

eval uation nmethods. Figure 4-1 presents a flow diagram for conducting a
pilot-scale |AS test. The first step is the selection of the test strategy,
as indicated in paragraph 4-2. Second, select and install the injection and
noni toring conponents. Note that there is often contam nation in both the
vadose and saturated zones at |IAS sites. |If the pilot test includes an SVE
system consult EM 1110-1-4001 for detail ed guidance. Finally, injection
tests are conducted at selected flowrates, with prelinmnary, transient and
steady state nonitoring for each iteration. |If sparging is to be conducted in
a well field or with pulsed injection, it is reconmended that tests be
conduct ed under varying pulsing intervals. Figure 4-1 incorporates provisions
for conducting both short-termpre-qualification tests, as well as |onger term
pilot tests used to devel op a design basis for the full-scale I AS system For
exanpl e, dependi ng upon budgetary and scheduling constraints, |AS nonitoring
alternatives may include only injection pressure/air flowrate, water |evel
and DO neasurements fromexisting monitoring wells. |In the event the results
are favorable, a subsequent, longer-termtest could be performed to refine the
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Other Remedial Characterization
Alternatives Data (see Figure 3-1)
conditions amenable (verify)
IAS Monitoring Strategy
- Based on Costs/Schedule
(sslect from among the following options)
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!

Install Systems
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Collect Baseline Data
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Perform IAS Test

favorable, additional data needed

favorable, no additional data needed

Develop Full-Scale Design
and Operational Strategy

Figure 4-1. Pilot testing process
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Evaluate Other
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| AS design paraneters. Table 6-1, Suggested Preconmi ssionining Checklist,
shoul d al so be consulted as it provides an overview of the equi pnent and steps
i nvol ved in setting up and starting up an | AS system

a. Equi pnent Cui dance.

(1) Mechanical System The air injection systemconsists primarily of
an injection well, injection blower or punp, and ancillary equipnent to
include a pressure relief valve, inlet filter, and flow control valve to neter
injection rates. Provisions should be nade for measuring pressure,
tenmperature and flow at the wellhead. Figure 4-2 illustrates a typica
installation. Details on selecting and installing the nechanical system are
provided in Chapter 5. Blowers should be capable of injecting a ninimm
airflowof 0.08 nf/mn (3 standard cubic feet/m nute(scfm) at the selected
depth and pressure. Evidence exists (Wsconsin DNR 1993) that the optimal
flowrate is as high as the formation can withstand w thout fracturing the
aquifer. An additional danger of overpressurization is that it can induce
annul ar seal |eakage in the injection well. Mxinumflow rates are linited by
t he overburden pressure, which includes the soil weight and water colum
wei ght. Paragraph 5-3d presents a nethod of cal cul ati ng overburden pressure
for a given sparge depth. The ultinate fate of pilot test conponents should
be considered during the selection process, including whether the conmponents
may be incorporated into a full-scale | AS system Tenporary aboveground
pl umbi ng and el ectrical connections are acceptable for pilot tests; however
care should be taken to ensure that the bl ower power supplies are adequate to
prevent thermal overload, and that the air supply piping is conpatible with
the bl ower outlet temperatures; furthernore, provisions may be included for
heat dissipation (e.g., air-to-air heat exchanger) between bl ower and sparge
well. The surface nechanical system should be tested prior to injecting
subsurface air to verify that the conponents work as desi gned.

(2) Injection Wells.

(a) Wth respect to pilot tests, the primary considerations for
injection well construction are the depth to the top of the screened interva
and the prevention of annul ar space short-circuiting. Practitioners have
installed a variety of screen lengths and depths to the top of the screen
Screen | ength appears not to be a primary design consideration, as research
i ndicates that air generally escapes within a very short interval near the top
of the screen. Screen type also does not appear to be a significant design
consi deration, as pore size distribution in the formation controls airflow. A
0.6 m(two foot) length of continuous wap well screen is generally considered
to be acceptable (paragraph 5-3c(1)). Typical top-of-screen depths for pilot
tests associated with shallow LNAPL contami nation are 1.5 to 6.0 m (5 to 20
feet) below the water table. (Additional guidance on screen depth relative to
stratigraphy, water table fluctuation, and contam nant distribution is
provided in paragraph 5-3c(2)). Injection wells can be installed using
hol | ow st em auger drilling and standard environnental conpletion techniques or
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using steel pipe or tubing and direct push installation. Direct-push
installed injection wells nay be superior for preventing annul ar-space short

circuiting. Injection pipes or tubing can be connected to the riser using
t hreaded connections, fittings, or no-hub connectors, but care should be taken
to prevent air |eakage at joints. It frequently is advantageous to finish the

wel | -head conpletion with a tee, with air injection fromthe side and a

t hreaded plug on the top to allow ready access to the well for sanpling or
gaugi ng. A check valve may be necessary for pulsed injection to prevent
backfl ow up the well foll ow ng shutdown. Cuidelines regarding well design and
construction are discussed in nore detail in paragraphs 5-3 and 5-4.

(b) There are few avail abl e guidelines regarding the |ocation of
noni tori ng probes associated with a given injection well. However, injection
wel | spacings ranging from3.7 to 15 m (12 to 50 ft) have been reported in the
l[iterature (Wsconsin DNR 1993). Therefore given a ZO of 1.8 to 7.6 m(6 to
25 ft), monitoring probes should be | ocated at distances less than 1.8 to 7.6
min order to provide useful design data. Positioning nonitoring points in
various directions and at various distances from|AS points, as well as at

various depths of interest will enhance the data quality obtainable fromthe
pilot test. As a mnimum there should be at |east three nonitoring points in
the saturated zone, spaced from1l.5 mfromthe injection well, out to a

di stance equal to two tinmes the depth of the sparge point screen bel ow the
wat er table.

b. Pilot Test Mnitoring Methods. Table 4-1, Pilot Test Monitoring
Met hods summari zes data acquisition nethods for pilot tests, not all of which
will apply to a given test.

(1) Injection Pressure and Airfl ow

(a) Injection pressure and airflow should be nonitored at the |IAS
wel | head using an appropriately precise pressure gauge and fl ow nonitoring
device (e.g., anenoneter, annubar, pitot tube). Be sure to develop the |IAS
wells first so that an accurate indication of the air-entry pressure of the
formati on can be obtained during this procedure. |If the injection pressure,
P, is increased gradually in small increnents, and the correspondi ng injected
airflow, Qis precisely nonitored, one of three general scenarios is likely
(Figure 4-3) (Baker et al. 1996; Baker and MKay 1997). In each of the first
two scenarios, Qwll initially remain at zero until at |east the hydrostatic
pressure, P, is overcone (paragraph 2-5) (unless there is |eakage in the
delivery system between the point of measurenent and the sparge screen).

- If airflow comrences at, or very close to, P, (Figure 4-3a), this is an
indication that the observed air-entry pressure, P, is very small, and that
airflowis occurring predonminantly within the |argest pores. Airflow nay
potentially be well-distributed in this case if the soils consist of uniform
sands, but if the soils are non-uniform preferential flow via the npost perneable
pathways is likely.

4-6
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TABLE 4-1
Pilot Test Monitoring Methods
Applicable Analytical
Method Installation/s Equipment Results

Injection Pressure and
Airflow

Ports in wellhead or
manifold

Pressure gauge,
anemometer or pitot
tube, datalogger

Apparent IAS air-entry
pressure, well capacity,
system requirements

Neutron Thermalization

Access tube consisting
of bottom-capped 5 cm
(2") Sch. 40 carbon
steel pipe

Neutron probe with
source, and counter/
detector

Vertical profile of
saturation, ZOI

Electrical Resistance
Tomography (ERT)

Electrode array
attached to parallel
PVC pipes, 1.5-7.5m (6
to 25" apart

Power supply,
Current/volt meters,
Analyzer

Saturation within plane
of electrodes, ZOI

Time-Domain
Reflectometry (TDR)

Steel waveguide
pushed into bottom of
soil boring

Electrical pulse
generator/detector

Saturation in proximity
of waveguide

Tracer Gas Monitoring wells, Soll Tracer gas detector Z0l, Air flow velocities,
gas monitoring points, Percent capture
SVE wellhead

DO Galvanic "Implants", DO meter, Flow cell, Dissolved gas ZOl

Monitoring wells

Data logger, in situ
ampoules

Pressure (unsaturated
zone)

Monitoring wells, Soll
gas monitoring points

Differential pressure
gauge

Air flow ZOI within
unsaturated zone

Pressure (below water
table)

Monitoring wells, Soll
gas monitoring points

Differential pressure
gauge

Steady state air flow
ZOl

Hydrocarbon Offgas

SVE wellhead, Soil gas

FID, PID; vapor

Evidence that IAS is/is

Concentrations monitoring points sampling equipment not causing significant
increases in
volatilization

Groundwater Elevation | Monitoring wells Pressure transducer/ | Groundwater

datalogger

mounding; optimal
pulse interval
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- If airflow does not becone significant until a pressure well above P, (Figure
4-3b), the indication is that the sparge screen did not intersect nacropores or

hi gh perneability lenses. Airflow nay be well-distributed in this case if the
formati on consists of uniformfine sands or silts.

- Finally, if no significant airflowis neasured even when 0.6 to 0.8 tines the
over burden pressure (paragraph 5-3d) is applied (Figure 4-2c), then the sparge
wel | shoul d be depressurized. The indication in this case is that the sparge
screen is installed in a low perneability, high air-entry pressure formati on, and
there is a risk of pneunmatically fracturing the formation. |If possible, it is
recommended t hat spargi ng be rel ocated above such a layer, in a nore perneable
unconfined aquifer, if one is present.

(b) The interpretations of air-entry pressure as sunmari zed above and
in Figure 4-3 are based on the special case in which hydrostatic pressure, P,
is defined (see paragraph 2-6a) as being the elevation difference between the
pre-1AS water table and the top of the | AS well screen. Mre generality is
gained if P, is viewed as being a function of the elevation at which air
enters the formation. For exanple, consider the case in which the entire 1 m
long filter pack is in contact with a fine sandy soil having a noderate air-
entry pressure, except for two identical coarse sand | enses, one at the top of
the well screen, and a second 50 cm below the first, each having a relatively
low air-entry pressure. Air will enter the upper coarse sand lens first, when
the injection pressure, P, attains the (P, + P) value of that lens. |In order
for air to enter the | ower sand | ens, however, P, would need to attain the (P,
+ P.) value of that lens, a pressure head 50 cmgreater than the P, required
for air entry into the upper lens. Even though the two sand | enses are
identical and both in contact with the filter pack, a greater pressure is
required to overcone the greater hydrostatic head existing at the deeper |ayer
(i.e., greater depth below the pre-1AS water table). Baker and MKay (1997)
provi de exanples of how this nore general analysis has been applied.

(c) Note that in the event that the filter pack extends a considerable
di stance above the well screen, the P, value for this analysis must remin
that of the top of the well screen, because water nust be displaced at |east
to the top of the well screen in order for air to enter the filter pack. One
cannot di scern what |ayers have been invaded during | AS from nonitoring of
injection pressures alone. Stratigraphic information is also required, as is
a know edge of the capillary pressure-saturation curves (and correspondi ng
P values) of, at a minimum the |east and nost resistive |ayers between the
IAS filter pack and the water table (paragraph 3-3a(2)).

(d) Stepped-rate testing of airflow and pressure can al so be conducted
in conbination with other nonitoring techni ques, such as pressure nmeasurenent
bel ow the water table, neutron probes or ERT, to determ ne the pressure and
flow that produces optimal air saturation (MCray and Falta 1996; Mrton et
al . 1996; Aconmb et al. 1995; Schinma et al. 1996; Baker and MKay 1997).
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(e) 1t is recomended that the pilot test include nore than one on-and
of f-cycle. Although the ZO was not observed to change from one injection
cycle to the next, the expansion phase is seen to reoccur during each pul se,
during which the ZO is somewhat |arger than during continuous operation
(McKay and Aconb 1996). Incorporation of pulsed IAS into the pilot test
confirms the repeatability of the data as well as facilitating sel ection of
the pul se interval for design purposes (paragraph 6-6b).

(2) Neutron Probes. One of the best avail able ways to deternine actua
airfl ow pathways during IAS is the use of neutron probes. Neutron probes
nmeasure the thermalization of enmtted neutrons, which being proportiona
primarily to the density of hydrogen, yields a precise neasure of liquid
saturation. Subsurface hydrogen is primarily contained in water, although
hydrogen in contamnants is counted as well. The typical probe enmts fast
neutrons froman AnericiumBeryllium source and counts slowed neutrons using a
thermal neutron detector (Gardner 1986). The probe is suspended froma cable
and sequential neasurenents are taken throughout the length of an access tube.
The spherical zone of neasurenment extends 15 cmin radius fromthe probe in
saturated soils, and as much as 40 cmin unsaturated soils. Neutron probe
operation conducted during | AS pilot tests should conformto ASTM standard
D5220-92; however, in lieu of full calibration (which is not needed because
preci sion rather than accuracy is required), counts of thermalized neutrons
during I AS can sinply be conpared with baseline (0 percent air saturation)
counts collected prior to IAS. Figure 4-4 depicts a typical pilot test |ayout
showi ng four neutron probe access tubes arrayed al ong a radial extending
outward fromthe IAS injection well, and Figure 4-5 presents results from one
such test conducted in uniformsands (Aconb et al. 1995; MKay and Aconb
1996). Figure 4-6, by contrast, shows results froma test conducted in a
stratified formation, in which only slight changes of saturation are evident
during | AS (Baker et al. 1996). Such results were al so obtained during an |IAS
pilot test at the U S. Arny Cold Regi ons Research and Engi neeri ng Laboratory
(CRREL), Hanover, NH (Baker and MKay 1997).

(3) Tinme Domain Reflectometry. Time Domain Reflectonmetry (TDR)
nmeasures soil noisture content by propagation of el ectromagnetic pul ses al ong
a pair of transm ssion waveguides in direct contact with the soil. TDR offers
a preci se neasurenent of soil noisture content because the dielectric constant
of dry soil particles (approximately 3 to 5) differs so nuch fromthat of
wat er (approximately 80) (Topp et al. 1994). TDR systens have been depl oyed
for the purpose of IAS nonitoring (Clayton et al. 1995) by pushing a pair of
wavegui des (a probe) into the bottomof a soil boring to a known depth, and
backfilling the portion of the soil boring above the wavegui de with grout.
Each pair of buried waveguides typically consists of twin parallel steel rods
approx. 0.7 cmin dianmeter and 6 cmapart, with the Iength of the waveguide
sel ected based on the depth over which one is interested in nmeasuring an
average npi sture content. An electromagnetic pulse is generated that travels
down the two parallel wavegui des and the velocity of propagation of the
refl ected wave is cal cul ated. The zone of measurement extends only
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Figure 4-4. Site plan showing air sparging injection well, neutron
probe access tubes, and monitoring wells used in the study.
Water levels were also measured at the monitoring wells.

(Acomb et al. 1995)
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approximately 1-2 cmfromthe waveguide. TDR is a well-established

technol ogy, provides real time noisture and tinme-series neasurenments, and can
be procured commercially, although probes suitable for deep installations
usual |y nmust be customfabricated.

(4) Electrical Resistivity Tonography. Electrical Resistivity
Tonmography (ERT) is a technique that can be very effective in nonitoring the
di stribution of air associated with | AS prograns. The technol ogy provides
t wo- di nensi onal inmages of the resistivity distribution between two borehol es.
The resistivity distribution is a function of water saturation, porosity, clay
content, and electrical conductivity of the pore fluid. As a result, areas
within the subsurface characterized by a | ow water saturation (i.e., that
created by air injection during IAS), will have a relatively high resistivity
in the resistivity distribution imge (Schima et al. 1996). Consequently, ERT
may be used to determine the air saturation adjacent to an IAS well. An
exanpl e el ectrode | ayout is shown in Figure 4-7, while results froma sandy
site are presented in Figure 4-8. Investigators such as Schima et al. (1996)
utilized well spacings of approximately 1.5 mto 7.5 mto develop resistivity
profiles. Their findings, as well as those in Lundegard and LaBrecque (1996)
suggest that ERT provides a robust nechanismfor nonitoring sparge performance
and the distribution of air within the saturated zone during |AS. This nethod
has been enployed in |IAS research, and shows considerabl e promise for |IAS
pilot scale test nmonitoring. Although the setup and instrumentation may be
nore costly than other nonitoring nethods, the data interpretation costs are
not anticipated to be particularly high. Algorithnms for anal ysis of
t onogr aphi ¢ data are common. G ven the potentially high resolution of
subsurface conditions in three dinmensions, there may be air sparging
applications that make the benefits of ERT worth the costs.

(5) Tracer Gas Tests. Tracer gas tests enploy gases not naturally
occurring in unconsolidated sedi ment, such as sul fur hexafluoride or helium
to indicate rates of subsurface gas flow. Ildeally, the selected tracer gas
cl osely approxi mates the physical and chenical characteristics of diatomic
oxygen, such as solubility and density (nmolecular weight). During the |AS
test, the tracer gas is injected at the injection well directly into the
injection airstream Equi pment required (Figure 4-9) includes the gas source
(gas cylinder), pressure regulator, flow meter, piping to the injection point,
a sanpling punmp, a tracer gas detector, and cylinders of tracer gas at a range
of known concentrations for calibration of the detector. Sanples are
typically collected fromdiscrete soil gas sanpling points in the unsaturated
zone. These points nust be sealed fromthe atnosphere when not being sanpled
to prevent short circuiting. It may be necessary to purge sanpling points
after each sanple collection. The results are interpreted to indicate the
spatial distribution and velocity of the vapor flows, and to indicate
preferential airflow pathways (Baker et al. 1995). It is also possible to
i nject a known mass of tracer gas and, by nonitoring the tracer gas
concentration in an overlying SVE system flow, determ ne the percentage of the
injected gas that will be able to be captured (Johnson et al. 1996a). This
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Figure 4-7. (a) ERT electrode layout in sparge well and monitoring
well; (b) Electrode layout in additional monitoring points. Neither are

drawn to scale.

(after Schima et al. 1996. Reprinted by permission of Ground Water
Monitoring & Remediation. Copyright 1996. All rights reserved.)
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Figure 4-9. Tracer gas measurements and helium recovery test (Johnson et al. 1995)
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t echni que shoul d be enpl oyed whenever there are significant concerns regarding
uncontrol l ed eni ssions to exposure points.

(6) Dissolved Oxygen. Dissolved oxygen concentrations within the
saturated zone are used alone or in concert with dissolved tracer
concentrations to estimte the extent of potential contam nant renoval through
bi odegradati on and an approxi mati on of ZzO. DO distribution is controlled by
advective and diffusive mechanisms. DO concentrations are neasured within
noni tori ng points by devices such as gal vani c oxygen probes connected to
dat al oggers, or by collecting representative groundwater sanples from
nonitoring wells for analysis by standard surface DO anal ytical techniques.

It is inperative that groundwater collection |ocations be isolated fromthe
at nosphere during air injection to preclude in-well aeration, and that
nmeasurenments be made directly in the wells where possible to prevent

bi odegradati on fromreducing the DOin the sanple to below the level in the
well. It is also advisable to enploy nmonitoring points screened entirely

bel ow the water table within zones of interest. The use of |owflow sanpling
devices for purging and sanpling mninizes variations in groundwater fl ow
patterns adjacent to conventional well screens and the potential for
nobi |i zi ng suspended, fine grained material which may bias groundwater
chemistry data. Procedures for lowflow (mininmal drawdown) groundwater
sampl i ng have been described by Puls and Barcel ona (1996). Alternatively,
conpari sons of pre-l1AS and post-1AS DO can conveniently be nade in-situ by

| owering prepared vacuum anpoul es (e.g., ChenEts® containing reagent into a
sampling well and using a trigger mechanismto break the anpoule's tip

al l owi ng groundwater to enter the anpoule and react with the reagent. The
ampoule is then lifted to the surface and conpared with colorinetric
standards. This nethod is fast, inexpensive, accurate, and mininizes the
aeration that can occur while punping groundwater to the surface (Pannell and
Levy 1993).

(7) Pressure within the Vadose Zone. Pressure within the vadose zone
can be nonitored using soil gas probes connected to differential pressure
gauges. These val ues have been used to approxi mate the ZO surrounding an | AS
injection well. However, research has indicated that this method may
overestimate the actual ZO by up to an order of magnitude, depending on the
definition of ZO, because the pressure influence propagates beyond the air
exit points (Figure 4-10) (Lundegard 1994). Changes in soil gas pressure in
t he vadose zone can be an indication of sparge air mgration fromthe
saturated to the unsaturated zones; however, they also can occur as a result
of baronetric pressure changes, and can be difficult to attribute to | AS
airflow due to the piston effect of rainfall events, as well as pressure
changes caused by SVE systenms, if concurrently operating. Although vadose
zone pressure nmeasurenments are not a clear indication of where airflowis
occurring, it may be possible to predict the ZO at the water table by
adopting certain flux assunptions and factoring in neasured soil gas pressure
gradients (Wlson et al. 1992). Measurenents of pressure within the vadose
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Figure 4-10. Schematic representation of the difference between the air sparging region
of influence in the saturated zone (ROI ¢4t) and in the vadose zone (ROI yaq)- The region
of influence will generally be less in the saturated zone than in the vadose zone. Discrete

measurements of vadose zone properties, such as pressure (AX), will lead to estimated

ROl g4t values that tend to be too large,
(Lundegard 1994. Reprinted by permission of National Ground Water Association.

Copyright 1994. All rights reserved.)
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zone at multiple points can al so be used to denonstrate continuity, or |ack
thereof, within strata.

(8) Pressure Measurenents in Probes Installed bel ow the Water Tabl e.
Pressure changes during | AS can be neasured at the well heads of monitoring
probes (soil vapor probes, piezonmeters or wells) screened entirely below the
wat er table. The observed results will differ depending on whether or not air
channel s intersect the probes. |If sparged air does intersect such a
nmonitoring point, it will readily enter the probe, which has a negligible
entry pressure. A gauge or transducer connected to the capped top of the
probe will then show a pressure increase equal to the pressure in the air
channel that inpinges upon it. |If still evident upon achi evenent of steady
state conditions (i.e., after decay of the transient groundwater nound), such
a pressure increase can be viewed as equal to the capillary pressure head
within the partially desaturated portion of the formation through which the
sparged air is flowing (MCray and Falta 1996; Mrton et al. 1996). That
capillary pressure head, in turn, can be related directly to the air
saturation using the soil's moisture retention curve (paragraph 3-3a(2)).

G ven a sufficient nunmber of nonitoring probes, the spatial distribution of
air saturation and thus the air sparging ZO can be accurately delineated
(McCray and Falta 1996; Morton et al. 1996; Larson and Falta 1996).

(a) |If air channels do not intersect the probes, pressure increases
will still be evident, but only during the transient phases that follow | AS
start-up or shut-down. Such readings are indicative of the propagation of a
pressure pul se away from a sparge point during the expansion and col |l apse
phases of I AS, and are thus related to groundwater moundi ng (paragraph 4-
3b(9)). Transient pressure increases followi ng | AS start-up should not be
construed as indications that airflowis occurring at such nonitoring points.
Thus interpretation of the ZO based on transient pressure changes at
noni toring points need to be made with caution (Lundegard 1994; Aconmb et al
1995).

(b) It is inmportant to note that air trapped in the saturated zone can
sonmetines take a prol onged period of tinme to dissipate following air
injection. Lundegard and LaBrecque (1996) observed that nineteen hours after
cessation of |AS, exhalation of air was occurring froma piezoneter screened
bel ow the water table at the rate of 0.014 n¥/ min (0.5 scfm and with a shut-
i n gauge pressure of 20.7 kPa (3 psi), behavior consistent with the gradua
deflation of trapped air that they i maged by ERT.

(9) Groundwater Elevation Changes. G oundwater elevation changes can
be nmonitored via water el evation probes in water table nmonitoring wells, or
via pressure transducers installed at selected depths and | ocations in such
wel | s and connected to datal oggers. Although a pressure transducer is capable
of measuring the hydrostatic pressure associated with a change in the water
table surface (i.e., that related to nounding), the head, neasured in
centimeters of water, is calculated by assuming a specific gravity of 1.0. 1In
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cases where the fluid colum in the aquifer consists of a nmixture of water and
air (e.g., during effective 1AS), a correction to the fluid density is needed

to calculate the change in head (cm of water) due to nounding. Therefore, it

may be nore appropriate to report the mound buil dup and decay as a pressure in
kPa rather than in cm of water.

(a) Groundwater elevation changes have al so been used to approxi nate
the zO around IAS injection wells, but research has shown that changes in
hydrostatic head radiate outward fromthe center of the transient groundwater
mound far beyond the | ocations of air channels (Figure 2-7) (Lundegard 1994;
1995). Therefore, such results are not indicative of regions subject either
to groundwater mxing or to air-filled channels.

(b) The magnitude of moundi ng depends on site conditions and the
| ocation of the observation well relative to the sparge well. Groundwater
mounds of as nuch as 0.5 to 1 neter have been reported in the literature
(Brown et al. 1993; Boersma et al. 1993; and Lundegard 1995) although in
coarse sands and gravel s, the noundi ng may be al most nondetectable. Lundegard
(1995) reports nound buil dup at distances of 1.5 to 19 m(5 to 63 ft) in a
rel atively honbgeneous sand aquifer under an injection pressure of 41 kPa (6
psig) and an air flowrate of 0.5 scnm (18 scfm. Mund dissipation occurred
within 3 to 4 hours after continuous air injection. |In contrast, nounding
associ ated with a heterogeneous sand unit with interbedded gravel and silt was
observed in nonitoring wells |located at distances of 33 m (108 feet) fromthe

injection well. The nound dissipated to within 85 percent of the initial
wat er surface elevation after approximately 5.3 hours of continuous injection
Maxi mum noundi ng was reported in a well |ocated approximately 1.8 m (6 ft)

fromthe injection well and was approximately 0.4 m (1.3 ft) in height
(Lundegard 1995). The amount of tinme it takes for the groundwater nound to

di ssipate is the recommended basis for determ ning pul sing on-off cycles. The
desired objective is for the groundwater to renmai n nounded during the entire
time air is supplied to a given well (paragraph 6-6b).

(c) It should be noted that changes in the baronmetric pressure should
be recorded fromnmonitoring wells during the sparge test. These wells should
be | ocated beyond the ZO to account for tenmporal variations in the water
table surface during the test.

c. Mnitoring Frequency.

(1) Mnitoring should be initiated i mediately prior to comencing
injection (to establish baseline conditions), and as continuously as
practicable for each parameter during the initial transient conditions. As
di scussed in paragraph 2-5f, in uniformfine sands, initial conditions have
been observed to include an expansion of the air-saturated zone, foll owed by a
col | apse phase (Figures 2-6 and 4-5) (Aconb et al. 1995). The ultinmate
"steady state" conditions also are dynamic to varying degrees for different
paraneters, although at a different time scale than the initial transient
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nmoundi ng conditions. It is inmperative that all the necessary background

par amet ers di scussed in Chapter 3 be nmeasured and evaluated prior to injecting
or extracting subsurface air, as perturbations can take extended periods of
time to return to the original conditions, if ever. As an alternative to

noni toring baronetric pressure, water |level fluctuations can be nmonitored in a
background well prior to, during, and following IAS. Vertical and horizontal
positions should be surveyed for all monitoring |locations for nodeling and
eval uati on purposes.

(2) Mst pilot tests have been conducted for relatively short tine
peri ods, often |less than one day (Marley and Bruell 1995). It is recomended,
however, that sufficient time (e.g., a mninmumof 8 hours, and in sone
i nstances, weeks) be set aside to ensure attainnent of Data Quality Objectives
(EM 200-1-2). The npost nodest of pilot test objectives would be sinply to
prequalify a site as potentially suitable for I AS, by neasuring injection
pressure and airflow during the onset of I|IAS (paragraph 4-3b(1); Fig. 4-3).
Such a test can be perforned and repeated in a day (Baker and MKay 1997;
McKay and Baker 1997). A nore comopn approach would be to maintain the test
to the point of re-equilibration of water |levels (stable air paths) during
IAS. If the goal is only to determine ZO during steady state | AS (based on
observed air saturation using pressure nmeasurenents bel ow the water table,
neutron probe testing, TDR and/or ERT), a short test of 8 hrs to 2 days shoul d
be sufficient. |If the goal is to observe oxygen uptake, then a duration of 2
to 4 days for the air injection portion of the test, followed by 2 to 4 weeks
for the oxygen uptake portion of the test may be advi sable, especially if DO
and/ or tracer gases are being used as indicators of ZO. Extending the pilot
test by several days can be far |ess expensive than the cost of
renobilization. Finally, if the goal is to observe contam nant concentration
decreases in groundwater, or indications of fouling, several nonths may be
requi red, depending on site-specific conditions. Note that care nust be
exerci sed when relying on nmonitoring wells for VOC and DO neasurenents during
and following I AS, as discussed in paragraph 7-2.

d. Respironmetry Testing. Saturated zone in-situ respironetry mnethods
have recently been tested at an |AS site at Ft. Wainwight, Alaska (Gould and
Sexton 1996). M crobial uptake of DO in the saturated zone was neasured
quarterly, and the decrease in DO concentration was attributed to
bi odegradati on of hydrocarbons based on certain assunptions, including soi
porosity and ZO . Accounting for advective and di spersive fluxes of DO away
fromthe zO follow ng | AS shutdown, as well as the effects of non-target
i norgani cs such as ferrous iron on oxygen uptake, are limtations of such
met hods.
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CHAPTER 5
DESI GN CONSI DERATI ONS FOR Al R SPARG NG SYSTEMS
5-1. Introduction. Prior to developing a design strategy, it is inmportant

to understand the processes responsible for removing the hydrocarbons and how
they may be optim zed. As nentioned previously, there are two prinmary
processes: 1) volatilization and 2) biodegradation. The success of an air
spargi ng system depends on the ability of hydrocarbons to transfer fromthe
wat er phase into the air phase, and oxygen (or other gas) fromthe air phase
into the water phase.

5-2. Design Strategy.

a. Gven the conceptual background presented in foregoing chapters, it
is evident that by increasing the rate of transfer across the vapor/liquid
interface, the rate of hydrocarbon renmoval can be enhanced. Therefore, the
strat egy behind designing and | AS/ bi ospargi ng system nust be focused on
maxi m zi ng mass transfer rates across the vapor/liquid interface.

(1) The primary strategic issues that the design team nmust consider
when desi gni ng an | AS/ bi ospargi ng system i ncl ude:

(a) Is it nore feasible or desirable to strip contanmi nants fromthe
groundwat er or to pronote in-situ biodegradation? Should other groundwater
amendments be considered to pronote in-situ biodegradation?

(b) 1s sparging being conducted to effect groundwater geochenica
changes (e.g., for inmobilizing reduced netal s)?

(c) 1s collection of vapors by SVE required?

(d) What subsurface well configuration will be necessary to cost-
effectively deliver air to the zone of interest (e.g., horizontal or vertica
injection wells)?

(e) WII pulsed flow or continuous flow maxin ze mass transfer rates
across the vapor/liquid interface?

(2) The answers to these questions will drive the configuration of both
t he bel ow ground and above- ground conponents of the | AS system The data and
approach that should be used to answer these questions are described
conceptually in Chapters 2 and 3. These data are in turn used as the design
basis for the | AS system

b. Delivery of Air. |In order to optimze the mass transfer rate, it is
i mportant to understand the nechani sns which control channel formation and
propagati on, which were presented in paragraphs 2-5 and 2-6. Air (or another
gas) is injected into a sparge well under pressure. As the air pressure is
i ncreased, standing water within the well is displaced. |In order for the air
to enter the formation, the air pressure nust be greater than the sum of the
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wat er pressure (i.e., hydrostatic pressure) and the air entry pressure
(equations 2-1, 2-2, and 2-3).

(1) Once air has entered the formation, its nmovenent is dictated by the
pressure differential between the air and water, as long as the air remains
directly connected by continuous channels to the sparge well. |In the event
t he channel "snaps off", the resulting air bubble may travel through the
formation, driven by the density difference between the air and water phases
(buoyancy), but only in very coarse-grained sediments (see paragraph 2-7b).

O herwi se, flow occurs in the formof finger-like channels which remain in

pl ace as long as the air pressure is maintained. Qualitative observations
indicate that an increase in air pressure causes an increase in channel size
and the formation of additional channels (Ahlfeld et al. 1994). This is an

i mportant consideration for design. Recall that Mhr's (1995) conceptua

nodel suggests that channel |ocation and density (i.e., nunmber of channels per
unit cross section) have a profound effect on both hydrocarbon renoval and
oxygen transfer rates.

(2) The stratigraphy governs the air channel distribution. Channe
densities tend to be Iower for stratified sedinents, due primarily to the
| ateral dispersion of air confined by overlying | ow perneability zones. An
extreme exanple is the formation of air pockets or "air ponding" that may
extend in lateral directions indefinitely beneath a confining | ayer unless an
exit point such as a well screen is encountered (Figure 5-1) (Johnson et al
1993; Baker et al. 1995). Based on the di scussion above, mcro- (i.e., pore-
scal e) and macro-scale (i.e., stratigraphic) heterogeneities have a profound
i nfl uence on air channel location and density. During the conceptual design
it is inportant to reconsider these issues. For exanple, air channels which
are spaced at significant distances fromone another are not expected to
provi de adequate mass transfer and renmoval. |In other words, for air sparging
to be successful, it must produce enough air saturation with a small enough
channel size so that there is sufficient interfacial area for mass transfer to
occur (Figure 2-5) (Mohr 1995). Gven low air saturation in small radius

channels, there is very little interfacial area, and mass transfer will be
very low. Wth high air saturation and | arge radius channels, the interfacia
area is also very small, and diffusion still must occur over |ong distances.

Only under high air saturation and small channel radius is the interfacia
area sufficient and the diffusion path | engths short enough for noderate mass
transfer rates to occur. Nomagraphs provi ded by Mhr (1995) suggest that
channel spacings of 0.1 to 1.0 cm may be necessary to achi eve reasonabl e rates
of mass transfer. An increase in the channel density (i.e., an even smaller
spaci ng between adj acent channels), will further enhance renmedi ation rates.
At sonme point, however, increased airflowwill tend to produce di m nishing
returns with respect to increased air saturation and channel density. This
opti mum nmi ght be able to be determ ned through neutron probe or ERT
measurenents, or pressure neasurenents bel ow the water table nmade at various
stages during a stepped-flow test (paragraph 4-3b(1)).
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c. Biodegradation.

(1) There have been a number of discussions in the literature about
whet her air sparging operates primarily through volatilization or
bi odegradati on. However, given the conceptual nopdel described in Chapter 2,
it is apparent that air sparging operates in both nodes. Paragraphs 2-8b and
3-3c discuss many of the considerations that underlie biosparging design. In
some instances, such as those sites inpacted by chlorinated solvents, the
i ntroduction of oxygen in air may not be sufficient to stimulate
bi odegradati on of the target conpounds if they are not readily degradable
under aerobic conditions. Sone form of conditioned air may be needed to
pronmote in-situ biodegradation, or vapor-phase transport nay be the only
functioni ng renpval mechani sm

(2) VOCs such as TCE, chloroform cis- and trans- 1,2-dichloroethene,
and net hyl ene chl oride can be biologically co-oxidized during growmth on a
variety of substrates including nethane, propane, and toluene (Norris 1994).
Therefore, if the injected air can be conditioned with one or nore of these of
gases, the destruction of chlorinated VOCs may be acconpli shed through both
vol atilization and bi odegradati on (Lonbard et al. 1994).

5-3. Design Guidance - Subsurface. The nechanisns identified above provide

a "general" basis for advancing the design. The purpose of this section is to
provi de nore specific guidance for the subsurface design of |AS systens.

There are many subsurface features that nust be addressed during system design
which are critical conponents of an effective |AS system Systens shoul d be
designed to optinize volatilization and bi odegradati on processes and m ninize
adverse affects such as uncontrolled migration of vapors or groundwater. Key
features for design, along with typical ranges of values, are listed in Table
5-1. Each paraneter has either been previously quantified or will be

di scussed in this section.

a. Airflow Rates.

(1) The airflow rate should be as high as needed to achi eve an adequate
air channel density, but the injection pressure should not be excessive
because of the risk of causing lateral nobilization of contaninants off-site
or fugitive emni ssions to basenents, buried utilities, or the surface (Brown
1994). There is active debate over what range of airflow rates is appropriate
to consider during | AS system design. Wsconsin DNR (1993) recomrends airfl ow
rates of 0.08 to 0.4 nmf/mn (3 to 15 scfm per 1AS well, while the USEPA
(1995a) recomends airflowrates from0.08 to 0.67 n¥/mn (3 to 25 scfm. An
APl - sponsored survey of 39 | AS systems (Marley and Bruell 1995), however
reports airflowrates ranging from0.04 to 1.1 n¥/mn (1.3 to 40 scfm per
wel |, whil e another survey of 32 | AS systens (Bass and Brown 1996) reports
airflowrates from0.11 to 1.0 n¥/mn (4 to 35 scfnm) per well. Marley and
Bruel |l (1995) indicate that higher flow rates result in increased air channe
density and therefore nore effective mass transfer
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TABLE 5-1
Design Parameters for IAS Systems

Parameter Typical Range'
Well Diameter 2.5t010 cm (1 to 4 inches)
Well Screen Length 15 to 300 cm (0.5 to 10 ft)
Depth of Top of Well Screen Below Water Table 1.5to 6 m (5to 20 ft)
Air Sparging Flow Rate 0.04 to 1.1 m*/min (1.3 to 40 scfm)
Air Sparging Injection Overpressure’ 210120 kPa (0.3 to 18 psig)
IAS ZOI 1.5t0 7.5 m (5to 25 ft)
*Modified from Marley and Bruell 1995.
®Overpressure is injection pressure in excess of hydrostatic pressure, P,.
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(2) If capture of VOCs is required, SVE airflow rates nust be
sufficient to establish capture zones for the injected air. Marley and Bruel
(1995) report that nost practitioners ensure that the SVE airflowrate is at
| east twice the IAS airflowrate. Wsconsin DNR (1993) requires a m ni mum SVE
airflowrate of four tines the IAS airflow rate; however, at sites somewhat
renoved from buil dings or subsurface structures, such criteria may be
negl ect ed.

b. Well Spacing. Well spacing should be based on the ZzO, as discussed
in paragraph 2-8a. It is suggested that well spacing be based on maintaining
a mnimum 10% t hree-di mensi onal air saturation within the target contani nated
zone. The "radius of influence" has comonly been used to describe the effect
a sparge well has on the groundwater system Reported |AS radius of influence
val ues are displayed in Figure 5-2. This definition has often been anbi guous
in the context of air sparging, however, as it is a 2-dinmensional paraneter
applied to a 3-di nensional problem (Ahlfeld et al. 1994; Johnson et al. 1995).

c. Well Screen Length and Dept h.

(1) Well Screen Length. Although current research indicates that air
often escapes within a very short interval near the top of the well screen
screen |l ength may require some consideration. |In the unlikely event that air-
entry pressures dimnish with depth along the Iength of well screen to a
greater degree than hydrostatic pressures increase over the sane depth, sone
fraction of the air may exit at deeper depths than woul d be expected. The
result may be an increase in the ZO, unless air is confined within a few
strata.

(2) Well Screen Depth.

(a) Well screen depth for the purposes of |AS is defined as the
di stance between the phreatic surface and the top of well screen. |AS optinal
i njection depths have not been subjected to rigorous evaluation. Typical top
of screen depths used are between 1.5 and 4.6 m (5 and 15 ft) bel ow the
phreatic surface. Lundegard and Anderson (1996) determ ned through nunerica
nodel | i ng that other factors being equal (e.g., no change in anisotropy), the
depth of injection does not significantly change the size of the ZzO of the
air plunme under steady state conditions. |Increased injection depth may
i ncrease the ZO under transient conditions. The shallowest injection depth
eval uated by Lundegard and Anderson was 3 m bel ow the phreatic surface.

(b) When considering the depth of the I AS injection point, it should be
noted that with increasing depth there is a trade off between the potentia
size of the ZzO and the possibility of flow diversion due to the stratigraphy.
Slight changes in the depth of injection could cause a drastic change in the
orientation and geonetry of the air pathways and a related change in the zZO.

(c) The primary consideration for well screen depth and placenment is to
mat ch the three-di mensi onal contami nant distribution within the saturated zone
with the three-dinensional air distribution. |In cases where dissolved
concentrations occur at significant depths below the water table surface,
consi deration shoul d be given to focusing air injection at deeper depths

5-6
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Figure 5-2. Reported in situ air sparging radius of influence vs. number
of sites (after Marley and Bruell 1995)
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within the saturated zone. As a result, typical top of screen depths for
pilot tests may in certain cases extend to depths as deep as 15 m (50 ft)
bel ow t he seasonal |ow water table (Marley and Bruell 1995). Bear in mnd
that wells screened at greater depths below the water table will have
conmensur ately hi gher pressure requirenents, which will affect aboveground
equi pment costs.

(d) Where LNAPL exists, consideration should be given to application of
| AS at shal | ower depths bel ow the water table surface. Typical top of screen
depths for pilot tests are 1.5 to 6 m(5 to 20 ft) bel ow the seasonal |ow
water table. Note the reference nade to the seasonal |ow water table;
otherwi se, the IAS well may be only seasonally useful

d. Injection and Overburden Pressures.

(1) An overpressure is an injection pressure in excess of what is
needed to overcone the hydrostatic pressure inposed by the columm of standing
water within the sparge well (Marley and Bruell 1995). Sone overpressure is
required to overcone the air-entry pressure needed to displace water from
within the well screen and adjacent soils (paragraph 2-6). It is inmportant
t hat excessive overpressurization be avoided, however, so that aquifer
fracturing and systemfailure do not occur. As a general guideline, nmaxinmm
i njection pressures should consider the weight of the soil and fluid col ums
above the sparge zone, as well as a design safety factor. The follow ng
equati ons may be used to estimate the pressure exerted by the weight of the
soil and water columm overlying an | AS well screen at a given depth, with ¢
being the soil porosity and s.g. being specific gravity:

Pressure g coum = (d€Pth (o el screen ) (5.9 it ) (1 - @) (9.8 kN n?) (5-1)
E;\fﬁ%wemr corum = (dEPLN (o5 it screen = A€PLN warer tavie ) (S- 9. waer) (9) (9.8 (5-2)
total overburden pressure = pressure ., coum * PresSSUre .aer colum (5-3)
max. injection pressure = (0.6 to 0.8) (total overburden pressure) (5-4)

(with a mnimmsafety factor of 35 kPa or 5 psig)

(2) If porosity has not been nmeasured, it is strongly recomended that
a conservative porosity of 40 to 50 percent be used in the above cal cul ati ons
(Wsconsin DNR 1993, 1995). It should be noted that although fracturing due
to overpressurization may cause additional nacro-channels to develop and air
flow rates to increase, the air/hydrocarbon mass transfer rates may actually
decrease because of smaller interfacial (air-water) surface area.

(3) The following sinplistic exanple is provided to illustrate

estimation of the overburden pressure and maxi numinjection pressure
(Wsconsin DNR 1993; Marley and Bruell 1995):

5-8
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(a) Assunptions:

° soi|l specific gravity of 2.7, and groundwater specific gravity of
1.0;

° wat er table depth of 5.5 m bel ow ground surface (bgs);

° | AS well screened from9.1 to 10.7 m bgs

° porosity of 40 percent (0.40); and

° soi | s are honogeneous, isotropic and unconsol i dated.

(b) Enploying equations 5-1, 5-2, and 5-3, the overlying pressure
exerted by the weight of the soil colum is estimated as foll ows:

Pressureg coum = VWight of soil per square meter =(9.1m)(2.7)(1-0.4)(9.8
kKN nf) =144kN n?

Pressur e e cooum = Wi ght of water per square nmeter =(9.1m5.5m (0.4)(9.8
kKN nf) =14 kN n?

Total weight of soil and water per square nmeter = 144 + 14 =158 kN nt

Total overburden pressure = (158 kN/ nf) (1 kPa/ kN n¥) = 158 kPa at 9.1 m (23
psig at 30 ft bgs).

(c) In this exanple, injection pressures greater than 158 kPa (23 psig)
coul d cause system probl ens and secondary pernmeability channels to devel op
Therefore, using a maxi muminjection pressure of 60 percent of the overlying
pressure (i.e., a conservative safety factor of 40 percent), one arrives at a
maxi mum i nj ection pressure of 95 kPa or 14 psig for this exanple. Designers
nmust remenber that each site has specific conditions and requirenments, should
use all available information when perform ng these cal cul ati ons (such as
wat er table fluctuation data), and shoul d eval uate additional geotechnica
information if avail able.

(4) Taking both the calcul ated pressure data and the pilot test data
into consideration, the designer can calculate the pressure necessary to
deliver the desired airflow rate under all seasonal operating conditions.

Pr of essi onal judgenent is required to deternine design pressures and fl ow

rates for each AS well, and to bal ance flows anong wells in a well field. In
the final analysis, balancing flows will depend on factoring in system
noni tori ng data obtai ned during operation (see Chapter 6). |If an airflow rate

of approximately 0.01 n¥/ min (0.4 scfm per well cannot be maintained, the
soil permeability may be too |l ow and | AS may not be appropriate for the site.

e. Depth to Groundwater and Seasonal Variations. The depth to water
and tenporal variations in the piezonmetric surface should be eval uated prior
to design. This information is necessary to assure proper screen placenent
and conpressor selection, since the size of the conpressor is largely
dependent on the hydrostatic pressure associated with the standi ng water
colum. It may be necessary to conplete borings with vertically-discrete wel
screen clusters (i.e., with two screen depths) for sites with significant
fluctuations in seasonal groundwater el evation

5-9
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f. Well Field Design.

(1) General. The nunber and placenment of air injection wells should be
chosen to maxim ze the air-water interfacial area within the zone of
contam nation. Well placement is derived fromthe anticipated ZO determ ned
froma site-specific pilot test. ZO detern nations have been previously
summarized in Table 4-1. Well placenment is also a function of water table
depth and soil conditions (i.e., heterogeneity, classification, etc.). A
typical site plan is shown as Figure 5-3.

(2) System Configurations. |AS systems may be used for both source
area treatnment and contam nant plume control. The distribution and
configuration of wells used for these purposes varies according to site
constraints.

(a) Exanples of | AS system configurations include:

° a linear orientation of wells perpendicular to groundwater flow
direction (e.g., a sparging curtain);

° nested wells (1 AS and SVE at different depths of the sane
borehol e) distributed throughout a plume or source areas,;

° encapsul ati on of the contami nant plume (i.e., surrounding the
plume with I AS wells); and,

° hori zontal | AS wells.

(b) When using sparge curtains, care nmust be taken in both the design
and operation to ensure that sufficient contact is achieved between the
sparged air and the contam nated groundwat er plune passing through the
curtain. To the extent that air channels cause a decrease in hydraulic
conductivity and an increase in upgradient head, a sparge curtain may result
in contam nated groundwater mgration around the curtain. The |AS wel
networ k configuration and node of operation should account for this
possibility (see discussion of pulsing, paragraph 6-6b). Sinilarly,
encapsul ati on systenms nmust be designated and operated to account for transient
groundwat er noundi ng which will occur with the injection of sparged air.

(c) For some applications, horizontal wells can be extrenely useful
Hori zontal wells or sparging trenches have been used at sites with shall ow
aqui fers, long, thin contam nant plunes, and |linited-access plunme areas such
as under buildings or roads. Typically, fewer horizontal wells are needed but
the installation costs per well are significantly higher. Furthernore, it may
not be possible to prevent all the airflow fromoccurring at one portion of
the horizontal well screen, although some notable efforts have been made (Wade
1996). Installing a series of shorter, segmented well screens, each with its
own air delivery tube and separated by grouted sections, nay be necessary, but
is apt to be expensive. Construction of horizontal IAS wells is addressed in
par agraph 5-4c, as well as in USEPA (1994) and Larson (1996).

(d) If the well configuration selected only addresses a portion of the
pl ume, groundwater extraction may be required to control lateral nmigration
Conversely, if IAS wells extend to the perineter of the contam nant plunme and
therefore contain contami nant nigration, groundwater extraction wells may not
be necessary. The system desi gner should conpletely understand site
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conditions and choose a configuration which will effectively acconplish site-
specific treatnent goals.

5-4. Subsurface Construction. During | AS system operation, |latera

di stribution of dissolved contam nants in the saturated zone may increase due
to horizontal vapor nmovenent (Brown and Fraxedas 1991) and induction of new
groundwat er fl ow patterns (Marley and Bruell 1995). To account for this
potential, monitoring wells and air sparging wells should be placed near the
peri meter of the contaminated zones. Alternatively, the well system design
and pi ping | ayout should be prepared for the possibility of future expansion
shoul d evi dence of plune spreading arise, with capped tees to provide the
capability of adding peripheral wells, if necessary. Prior to finalizing the
wel | layout, care should be taken to locate existing utilities. [|AS wells,
utilities, and appurtenances should be rel ocated as necessary. Site access,

i ncludi ng considerations for support facilities, storage areas and parKking,
should al so be identified to prevent the potential release or migration of
contam nants by installation equi pment during construction (e.g., air-rotary
drilling mght push vapors into a nearby basenent).

a. Vertical Sparging Wells.

(1) Casing. New polyvinyl chloride (PVC), 50 nm (2 inches) in
di ameter, is normally used for sparging well casing (Figure 5-4). Larger
di aneters may be needed to increase flow capacity, but require |arger
borehol es. Assess pressure drop inside well casing and screen di aneters based
on the pneunatic anal ysis procedures used for piping. Oher materials may be
specified if air amendnents or site contami nants, at expected concentrations,
are likely to be damaging to PVC. Materials with appropriate physica
properties and chenical resistance may be used in place of PVC where
econom cal. Use heat-resistant materials if thernal enhancements may be
applied at the site. The casing nust be strong enough to resist the expected
air and grout pressures.

(2) Screen. Well screen is usually PVCwith slotted or continuous wrap
openi ngs. Continuous-wap screen is strongly preferred because the increased
open area reduces the pressure drop across the screen and therefore reduces
energy costs for the bl ower.

(3) Filter Pack. Choose filter pack material according to nethods
outlined in a text such as Driscoll (1986).

(4) Seal and Grout. A well seal is necessary to prevent entry of grout
into the filter pack and well screen. Unanended sodium bentonite, as pellets,
granul es, or a high-solids bentonite grout, is normally specified for the sea
material. A cenent grout is preferred to fill the annulus above the seal to
the ground surface because it resists desiccation cracking. The mxture of
t he grout should be specified and is normally one 42.6-kg (94-1b) bag of
cenent, (optionally with up to 2.25 kg (5 I b) of bentonite powder to further
resist cracking), with less than 18 liters (5 gallons) of clean water.

Ref erence ASTM C 150 in the specification as appropriate.

(5) End Caps/Centralizers. Flush-threaded end caps, consistent with
the casing and screen in size and material, should be specified. Centralizers
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center the well in the borehole and nust be a size appropriate for the casing
and borehol e.

(6) Drilling Methods and Borehol e Di mensions. There are many net hods
for drilling air sparging wells. Avoid nethods that result in significant
formati on damage that nmay be difficult to overcone by devel opnent. Require

sampling of soils at regular intervals, at |east every 1.5 nmeters, above the
wat er table; and continuously below the water table. Materials encountered
shoul d be described according to a standard such as ASTM D 2488. Normally,
the diameter of the borehole is at |east 150 nm (6 in) greater than the

di ameter of the casing and screen to allow placenment of the filter pack. The
depth of the borehole should be based on the planned screen depth.

(7) Well Placenent and Wl |l head Conpletion. Wells should be
constructed as any other water well. Refer to EM 1110-1-4000 for typica
installation techniques and requirenents. The conpl etion of the well head
will depend on the other features of the design, such as the piping and
instrumentation requirenents. |If there is any standing water in the wel
above the bentonite seal, grout needs to be tremied into place to displace
that water. Fit each wellhead with both a pressure gauge and a shutoff val ve,
and possibly a flow neasuring device. Each well requires proper devel opnent
as described in Driscoll (1986) or EPA (1975). Establish the horizonta
coordi nates of the well by survey. Survey the elevation of the top of the
casing. The accuracy of the surveys depends on the project needs, but
generally is to the nearest 0.3 neter (1 foot) for the horizontal coordinates
and the nearest 0.003 neter (0.01 foot) for elevation.

b. Soil Gas/Pressure Mnitoring Points.

(1) well Materials. Generally, the sane materials can be used for the
noni toring points as for the extraction wells; however, there may be a
difference in size. Generally, 20- to 50-mm (3/4- to 2-inch) diameter PVC
pipe is used. Flush-threaded pipe is preferred, but for smaller dianeters,
coupl i ngs may be needed. Either slotted or continuous-wap screen can be
specified. Slotted pipe is adequate for nmonitoring points. Oher screen
types can be used. Options include slotted drive points and porous points.
Keep screen length to a mnimumto avoid air short circuiting long vertica
di stances through the screened interval. Filter pack material, if required,
shoul d be appropriately sized for the screen slot wdth.

(2) Installation. Although a hollowstemauger is still the primary
means of installing nmonitoring points, direct-push nmethods can al so be used to
pl ace slotted drive points or other pressure/soil gas probes at specific
depths. Sanple the materials encountered for |oggi ng purposes and physica
and chenical testing. The borehol e diameter should be approximtely 101 mm (4
inches) larger than the screen/casing to allow placenent of the filter pack
Thi s obviously would not apply to points placed by direct-push nethods.

Moni toring point depth selection is entirely site dependent, but nonitoring of
multiple depths within the zone to be nonitored is recomrended. Casing,
screen and annular material is normally placed by methods sinmilar to those
used to install sparging wells; however, direct-push techniques are rapid
alternatives for placing nonitoring points to the desired depths. Actua
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means of placenment is dependent on the system naterials used, and site
geol ogy.

(3) Surface Conpletion. Conplete the nonitoring points with a suitable
bar bed/ val ved sanpling port or septum attached by threaded connection to an
appropriate end cap. Attach the cap to the top of the casing by an airtight
connection. The points can be set above grade with suitable protection or
bel ow grade, typically in a flush-nount val ve box. Survey each nonitoring
point to same accuracy as the air sparging wells.

c. Horizontal Wells. Horizontal wells can be used for sparging
provi ded adequate steps are taken to assure uniformair delivery. Pay carefu
attention to the vertical well alignment to avoid preferential air injection
at high spots (which have | ower hydrostatic pressures) in the screen. Avoid
using drain pipe wapped with geotextile or other filter-like material because
of the potential for fine material to plug the openings. Perforated piping is
nore difficult to devel op and rehabilitate than continuous slot screen
Prepacked wel | continuous-slot screens have been successfully used in sparging
applications. There are porous materials, including porous sintered
pol yet hyl ene, that have al so been used very successfully as screen and filter
pack in horizontal wells. Refer to USEPA (1994) for additional design
gui dance.

d. Sparge Trenches. Sparging trenches can be used effectively at sites
wi th shal | ow contam nated groundwater or as the treatnent gate in a funnel and
gate system The placenent of a sparging trench can be acconplished by
several methods including normal excavation or trenching machines (which
excavate and place pipe and filter pack in one pass). Figure 5-5 illustrates
a typical sparging trench

(1) Construction Materials. Although PVC casing is comonly used,
flexible or rigid polyethylene pipe may be nore efficient for certain
excavation methods such as trenching machines. The pipe nust resist the
crushing pressures of the backfill and conpaction equi prment. Screen can
consi st of slotted pipe, continuous slot screen, or porous material. The
gui dance for specifying filter pack in vertical sparging wells may be applied
for trenches, but somewhat coarser material may be needed for a secure bedding
and cover for the pipe and screen. For treatment gates, use uniform coarse
mat eri al which has typical pore sizes larger than 2 nm This results in
bubbl e flow, rather than channel flow and hi gher nmass transfer efficiency.
Coarse material (uniformcoarse sand or gravel) also provides a high hydraulic
conductivity during sparging and assures adequate flow capacity for a
treatment gate. Native material may be used as backfill above the filter pack
in an excavated sparging trench. Coarse filter pack material may extend into
the unsaturated zone especially if there is an overlying SVE system

(2) Excavation and Placerment Methods. Methods used to install sparging
trenches include many standard earth-excavati ng equi pnent (e.g., backhoe) and
trenching machines. Gven this wide variety, it may be desirable to specify
only the pipe, screen, pack materials, and an ultimate pipe alignment and
depth. The trenching techni que used by the contractor mnust provide an
adequate filter placenment around the collector pipe. Dewatering or shoring
will be required in nost cases. Conpliance with Cccupation Safety and Health
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Figure 5-5. Typical horizontal IAS well design
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Admi ni stration and USACE safety requirenents is mandatory. Piping and screen
pl acenent is very simlar to placenent of piping for underground utilities and
| each fields. Refer to ASTM F481

5-5. Mani fol d and I nstrunentation Design.

a. GCeneral

(1) Figure 5-6 is a schematic diagramthat includes a typical |IAS
pi pi ng and i nstrumentation di agram

(a) 1AS manifold conponents conmonly include:

pressure, flow, and tenperature gauges,

pressure relief valve or bypass |ine,

excess air bleed val ves

throttle val ves,

mani f ol d pi pi ng or hose,

check val ves, and

optionally, solenoid valves and sanple ports (to enable
groundwat er sanmpling to check for rebound at later tines).

(b) Each of these conponents is discussed below. The piping system can
be designed for installation either above or bel ow the ground surface,
depending on the traffic requirements of the area and the need for adequate
protection agai nst frost.

(2) Table 5-2 provides an exanple of the control |ogic that night be
used with the system shown in Figure 5-6. When designing an | AS system site
specific factors dictate the types of control features and the degree of
system automation. Systens that have a full-time operator are nonitored and
controlled differently than rennote systems that only get infrequent O&M
visits. Table 5-2 references a systemcontroller with autodialer that is used
to relay systemdata to the operator, such as abnormally high pressure in the
sparge mani fold indicating bl ockage in the piping. Developnent of contro
logic as indicated in this table is required to conplete an | AS design

b. Design and Installation of the | AS Manifold. Beginning at the
outlet of the air supply source (typically a conpressor, blower or gas
cylinder), conmpatible materials are connected to supply headers for the |IAS
well's. Typical manifold construction materials include metal piping, rubber
hose or ABS pipe. PVC pipe, although in common use, is not recomended by
manuf acturers for aboveground air pressure service. PVC pipe is acceptable
for below ground installation as long as it is strong enough to resist nmaxinmm
air pressures. Pipe sizes are flow and pressure dependent; see EM 1110-1-4001
for pipe sizing.
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motor

operating, de-energize IAS
compressor motor and catalytic
oxidizer (unless catalytic oxidizer has
an internal flow sensor to perform
identical function)

15 Sep 97
TABLE 5-2
Instrumentation and Control Logic
for Example IAS and SVE System
| 7'Mot61", 'Vaive_ : SN SR _ I
or Switch _ Control Logic ~ Signal to Autodialer

SVE vacuum blower | If vacuum blower motor ceases If vacuum blower motor stops

operating, notify operator via
autodialer

Catalytic oxidizer
thermal safety switch

If catalytic oxidizers units stop, de-
energize SVE blower

If catalytic oxidizer stops operating,
notify operator via autodialer

IAS compressor
motor

none

If IAS compressor motor stops
operating, notify operator via
autodialer

Low pressure switch
on IAS compressor
outlet

If pressure is too low (indicating a
piping leak or that the pressure relief
valve has released), de-energize IAS
compressor motor

If pressure is low {indicating no or
low flow), notify operator via
autodialer

High water level
switch in water
knock-out tank

If high water level switch makes
contact, de-energize SVE blower
motor

If water level is high, notify
operator via autodialer

Low vacuum (high
pressure) switch prior
to SVE blower

If vacuum is low (indicating leak in
SVE piping), de-energize SVE blower
motor

If low vacuum (high pressure)
switch is triggered, notify operator
via autodialer

Low pressure switch
after SVE blower

If pressure is low (indicating leak in
piping to catalytic oxidizer),
de-energize SVE blower motor

If low pressure switch is triggered,
notify operator via autodialer

Vacuum relief valve Allows ambient air to be drawn in if None
prior to SVE blower clogging in SVE occurs

Pressure relief valve | Releases compressed air if IAS lines | None
on outlet of IAS become clogged

compressor .
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(1) Prior to routing to individual | AS well supply, permanent pressure
and tenperature gauges and switches, along with an air flow nmeter, are
installed for quick visual measurenents during routine system checks and
potentially for interlock connection to the electrical supply systemin case
of system non-confornmances to specified operating conditions. These permanent
measur ement devi ces should be installed in accordance with the manufacturer's
recomendati ons for |length of unobstructed flow, etc. A pressure relief valve
(manual or automatic) or system bypass |ine should be installed to exhaust
excess pressure fromthe manifold. This will prevent excessive pressure which
coul d cause damage to the manifold or aquifer. Exhaust air can be directed to
t he atnosphere or to the air source intake. A silencer for the blower or
conpressor exhaust should be considered based on site conditions and air
vel ocities.

(2) A header fromthe manifold to each well nust be designed (Figures
5-7 and 5-8). The designer nust evaluate all reasonable construction options
for piping materials and the associated costs to determ ne the nost effective
air delivery systemto each IAS well. Once the piping materials are selected,
each well should have a throttle valve, check valve, tenmporary ports for flow,
pressure and tenperature measurenments, groundwater sanpling port and
optionally, a solenoid valve. The throttle valve is used for air flow
adjustrment or well isolation fromthe manifold system Typical throttle
val ves used are gate, globe, butterfly or ball valves. Check valves are
installed on each well to prevent tenporary back pressure in the screened
interval of the aquifer fromforcing air and water up into the manifold system
during system shutdowns (Marley and Bruell 1995). |If a check valve is not
installed on each well, a single check valve must be | ocated on the nanifold
line between the permanent instrumentation and the gas pressure source.

(3) One or nore ports that can be used for tenporary measurenments of
air flow, pressure and tenperature are recomended to perform system
optim zation adjustments during operations. Solenoid valves are optiona
features and their use is dictated by the system operating and contro
strategy. |If pulsed operation of the systemis anticipated for nore effective
renmedi ati on or reduced energy consunption (discussed in nore detail in
par agr aph 6-6b), sol enoid val ves nust be installed for ease of individual wel
activation and deactivation. Timers, either anal og or programmble |ogic
control (PLC), can be enployed to control solenoid valves as desired. It
shoul d be noted that check and sol enoid valves may significantly restrict air
flow or generate significant |line pressure drops. The pressure drop across
t hese appurtenances, if they are used, nust be accounted for when sizing
mani fol d piping. Also, all manifold instrunmentation should be constructed
wi t h qui ck-connect couplings for ease of maintenance and renoval .

(4) The manifold which delivers supplied air to each AS well is often
i nstall ed underground bel ow the site-specific frost line. Aboveground
installation designs should be reviewed for itens such as shock | oad and
potential vehicul ar damage. All construction including excavation, trench
bottom preparati on and backfilling/conpaction should be perforned in
accordance with industry accepted standards. The manifold sizing is site
speci fic and dependent on factors such as air flow rate, pressure |osses,
material costs and line distribution patterns. As stated above, although
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Air and waterproof

well covers \
Ground surface

l |~ Temporary port for flow
I 7] meter and thermometer
9 o

?:gess /% / . ———)“— Check valve
/g [ Plressure \ N
Surface gauge Throttle
seal § valve
N

\;

—— 20 to 25 cm (8 to 10 inch) diameter bore hole

Grout or bentonite

Weili casing

L — Bentonite seal, 15 to 80 ¢cm (0.5 to 2 feet)

| — Filterpack extends 30 or 80 cm (1 or 2 feet)
above screen

| Well screen: length varies - approx. 60 cm (2 feet)

Figure 5-7. Typicalvair sparging well design and wellhead completion (Wisconsin DNR 1993)
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Figure 5-8. Typical IAS preliminary system diagram. At this site the contamination resides largely

within the capillary fringe
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of ten consi dered convenient for short-termtests, PVCis neither intended nor
recormended for aboveground air pressure service. All piping should be
installed in accordance with the manufacturer's reconrendations. |f rubber
hose or ABS pipe is used, the installation should include tracing tape or

ot her appropriate material that can be detected by a nmetal detector after
conpletion of the installation for future location. Once the manifold has
been conpleted to each well, high pressure air hose or hard pipe, acconpanied
wi th couplings and plugs, can be used to secure the manifold to the wel
header (Marley and Bruell 1995). Care nust be taken to ensure that the
pressure drop through this connection is accounted for by using manufacturer
recormmended friction [ oss factors when cal cul ati ng the nini mum pi pe di aneter.

5-6. Air Delivery Equi pnent Design

a. GCeneral. Air delivery sources are designed based on system
requi rements devel oped frompilot tests, and based on design cal cul ati ons of
requi red mni num pressures due to hydrostatic head, air-entry pressure head,
and manifold | osses. Upon conpletion of the total system design cal cul ations
and review of pilot test data, the optimm pressure and flow for each well is
determ ned for the site-specific geologic and physical domain. The air supply
is typically delivered by either an air conpressor or bl ower.

b. Unit Selection.

(1) The first consideration when begi nning cal cul ations for operating
pressures is to avoi d excessive pressures which could cause system
mal functi ons and/or the creation of secondary perneability in the aquifer. To
begin estimation of m nimum and maxi num air pressures required for operation
t he desi gner should assunme that the pressure nust at |east equal the
hydrostatic pressure at the top of the well screen plus the air-entry pressure
required to overcone capillary forces. Calculating the hydrostatic pressure
further down on the well screen will be necessary if the designer wants to
t ake advantage of nore of the screen, air entry pressures notw thstanding.
For cal culating the m ni mumrequired system operating pressure, the designer
shoul d use the conmon conversion (Eq. 2-2) that each foot bel ow the water
table equals 0.43 psig of hydrostatic pressure (or equivalently, that each
meter equals 9.74 kPa), and add the estimated air-entry pressure, yielding the
m ni mum oper ati onal pressure required. The designer should be careful to
consi der water table fluctuations when estimating the top of screen depth
bel ow t he water table.

(2) Table 5-3 summarizes the features of various types of air delivery
equi prent. \Wen selecting air delivery equipnment, the unit must be capabl e of
produci ng pressures sufficient to depress the water table in all IAS wells
bel ow the top of the screen and deliver the required air flow to each well
Addi ti onal considerations, such as expl osion-proof equipnment, silencers,
dryers, filters, and air coolers are discussed below. Comron air delivery
sources, along with a brief explanation of nechani cal and operationa
considerations and the interrelationship with the design variables, are listed
bel ow. The designer should select air delivery equi pment whose punp curves
indicate that the unit will operate efficiently within the design pressure and
flow ranges. As with any equi pment sel ection, the designer should contact the
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vendors or manufacturers and revi ew performance curves (i.e., blower curves)
prior to specification. All units should be rated for continuous duty.

(a) Reciprocating piston air conpressors. These units are used when
the application calls for high pressures (e.g., for an I AS well screened at
consi derabl e depth bel ow the water table); however, they generally deliver a
relatively lowflowrate. Only oil-less units should be specified to ensure
that lubrication oils are not injected into the subsurface if mechanica
failure occurs. These units are capabl e of producing substantial pressures
whi ch coul d cause manifold problens. Therefore, the designer should instal
an automatic pressure relief valve on the air conpressor outlet if this type
of unit is specified. Please note that reciprocating conpressors can be
expensi ve.

(b) Rotary screw air conmpressor. While providing a w der range of
capability (up to 1,100 kPa (160 psig) at noderate flow rates) for |AS
service, these units typically contain oil which could accidently be
di scharged into the subsurface. Therefore, a filter should be enployed to
ensure renmoval of any oil in the air conpressor outlet. These units are
acceptable for | AS service but may be nore expensive and require nore
mai nt enance than reciprocati ng conpressor units.

(c) Regenerative blowers. Regenerative blowers are used for typica
| ow pressure applications of up to 70 kPa (10 psig) (i.e., sites conducive to
air flow at |ow pressures). They are nore often used for creating high flows
at |l ow vacuuns for SVE applications than for IAS injection. There are severa
advant ages associated with using these units, including | ow capital cost, |ow
mai nt enance, and oil-free air delivery. |If higher pressures are required, a
mul ti-stage bl ower system nmay be used.

(d) Rotary lobe blowers. These units are typically capabl e of
produci ng up to 100 kPa (15 psig) service. The units may have an oil-filled
gear case and should use a filter for oil renoval as necessary. |f higher
pressures are required, a nulti-stage bl ower system may be used. Advantages
of this type of equi pment include | ow mai ntenance and flexibility of operating
pressure range by adjustment of belt drives to nodify the bl ower speed.

(e) Rotary vane conpressors. These conpressors are very often used for
| AS applications and are available in oil-less or lubricated nodels. They
devel op pressure by having sliding flat vanes in an eccentric-nounted rotor
that are flung outward agai nst the bore of the punp. Typical maxinumair
pressures are in a mediumrange of 100-135 kPa (15-20 psig). Wile different
size conpressors are available for a range of flows, the flow generated by a
specific unit does not vary greatly against varying pressure heads.

(f) Considerations common to all blowers. Air is usually supplied to

the specified conpressor or blower unit froman anbient air intake. 1t may be
necessary to install an inlet filter to renpve particulate matter based on the
| ocation of the intake. |I|f possible, the unit should be |ocated away from

possi bl e contami nant sources (including soil venting systens). Non-expl osion
proof equi prent may be used if the unit and appurtenances are located in a
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safe environment. Local electrical and building inspectors may require the
use of expl osion proof equipnment on a site specific basis.

(3) Conpression of air can generate a significant anount of noise and
heat. A silencer or appropriate noise controls should be considered for al
applications, especially in noise sensitive conditions. Excess noise can
typically be reduced to acceptable | evels through the proper application of
standard noi se reduction materials in equi pnent housing areas. Refer to EM
1110- 1- 4001 for further guidance. Additionally, as part of the system design
cal cul ati ons should be made to deternine anticipated system exhaust
tenperatures to ensure that discharge piping is able to withstand the
conpressi on di scharge tenperature and pressures. All discharge piping should
be properly anchored to overcone pressure forces generated fromthe unit. The
air injection discharge should have tenperature and pressure el enents and
swi tches which are interlocked into the electrical control panel for automatic
shut down when the pressure and/or tenperature exceeds safe operating criteria.
An aftercool er can be used to reduce the discharge tenperature to acceptable
levels prior to entry into manifold systens.

5-7. System Appurtenances.

a. Electrical Service. Planning for electrical service needs for the
| AS systemis required at the beginning of the design phase. Planning should
i ncl ude any future power needs that m ght be required. The design phil osophy
nmust enphasi ze technical requirements, safety, flexibility and accessibility
for operation and mai ntenance. Al electrical work nmust be perforned by
licensed contractors and in accordance with all applicable codes and
standards, including the National Electric Code and |ocal requirenments. Based
on the specified system considerations nmust be made for operational controls
and contingencies. Systemcontrols are site specific and may include itens
such as automatic shutdown devices if operational design exceedances are
encountered (i.e., tenmperature and pressure), progranmable |ogic control (PLC)
operation of solenoid valves during systemcycling, and system shutdown due to
hi gh water |evels in SVE knockout pots. Exterior warning |lights, alarns
and/ or autodialers may be part of the system controls.

b. Heaters. Heaters may be used to warminjected air delivered to the
I AS wells (Wsconsin DNR 1993). The heat added during conpression should be
sufficient to maintain the injection air tenperature above the natura
groundwat er tenperature. Additional heat may be required for | ow pressure
systens during winter operation, or in cases where significant manifold piping
is exposed to subfreezing conditions. The designer should determ ne whet her
direct-fired heaters, that inject air that is reduced in oxygen content, wll
have a negative effect on renediati on by bi odegradation

c. Injection of Gases other than Air. There are a variety of gases
other than air that can be introduced into the subsurface through the use of
an | AS system These ot her gases include enriched oxygen or ozone streans
instead of air to attenpt to achi eve higher dissolved oxygen concentrations.
(Note: The solubility of oxygen in groundwater in equilibriumwth
atnospheric air is approximately 10.1 ng/L at 15°C, while the theoretica
solubility of oxygen in groundwater in equilibriumwth pure oxygen is 48 ng/L
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at the sane tenperature. However, once the sum of the partial pressures of
all of the dissolved gases in groundwater exceeds the groundwater pressure,
gases tend to conme out of solution and form bubbles. Thus it is uncommon to
achi eve groundwat er DO concentrations significantly greater than 10 ng/L.) At
sites containing high concentrations of dissolved iron, consideration should
be given to the possibility that when delivering nore concentrated forns of
oxi dant, such as pure oxygen, faster precipitation or plugging of the soil may
occur. Also, since pure oxygen and ozone are highly reactive substances, the
design team nust ensure that all nechanical equi pnent and piping in direct
contact with the oxygen or ozone is specifically rated for use in this

envi ronnent .

(1) In addition to alternate el ectron acceptors, gases that pronote co-
nmet abol i ¢ bi orenedi ati on can be delivered by an in-situ sparging system As
descri bed previously, sonme aerobic bacteria can biodegrade chlorinated
sol vents such as TCE, DCE, and vinyl chloride if supplied with methane or
propane and oxygen. It has been denonstrated that biosparging with a m xture
of methane in air can pronote in-situ biodegradati on of these conpounds in
aqui fers that contain methanotropic bacteria (Hazen et al. 1994). \When
desi gning such a system it is critical that the designer ensure that the
concentration of nethane in air be less than the |ower explosive limt for
met hane (i.e., <5%.

(2) Delivery of gaseous nitrous oxide and/or triethyl phosphate into
groundwat er are exanpl es of applications of in-situ sparging technology with
gases other than air. Nitrous oxide and triethyl phosphate may be added to
the air supply of an I AS systemto provide nitrogen and phosphate,
respectively, to pronote biodegradation in saturated soils in which biologica
activity is naturally linmted by the anpbunt of avail able nitrogen and
phosphate (Hazen et al. 1994).

d. Buildings or Enclosures. Al air supply equi pment shoul d be
installed in an enclosure to protect the systemfrom weat her conditions. Such
an encl osure could be in the formof a roof or shed, provided NEMA 4
encl osures are specified for controls and notors. Judgenent nust be used to
account for the climate of the site. As previously discussed, significant
heat is generated fromthe conpression of air, and proper building design
shoul d i nclude ventilation which allows for cooling during the warner nonths
and heat containment during the colder nmonths. This proper ventilation may
elimnate the need for additional winterization nmeasures inside the enclosure.
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CHAPTER 6
OPERATI ONS AND MAI NTENANCE
6-1. Introduction. This chapter addresses |AS construction, operations, and
mai nt enance i ssues. Operations and mai ntenance for an |AS systemfall into

two primary categories: renediation progress nonitoring and nechani cal system
mai nt enance.

6-2. Construction Oversight.

a. The construction of an air sparging systemconsists of wel
installation, piping and wiring installation, and placement of the
conpressor(s) or blower(s) and accessories. The construction of an air
sparging systemis conparable to the installation of a soil vapor extraction
system EP 415-1-261 (Volune 5, Chapter 6) contains specific information on
construction of soil vapor extraction systens that can be applied directly to
oversi ght of installation of various conmponents of air sparging systems. In
particul ar, the guidance contained in that chapter is applicable to piping
installation and above-ground equi prent installation

b. Refer to EP 415-1-261 (Volune 4, Chapter 2) for information
applicable to the installation of air sparging wells. Unlike Chapter 6 of the
same docunent, this chapter addresses the construction of extraction and
nmonitoring wells below the water table. Notably, well seal placenent is a
critical aspect of air sparging well construction and should be observed in
the field. Wthout a good well seal, there is a potential for air to “short
circuit” to the water table al ong the casing.

6- 3. O&M St r at eqy.

a. The primary considerations in preparing an operations and
mai nt enance pl an incl ude:

(1) achieving renedi ati on success as expeditiously as possible;

(2) preventing further environnental inpacts via waste streans or
cont ani nant nobi lization;

(3) maximizing the lifetine of the I AS mechanical system

(4) collecting sufficient data to support these considerations; and
(5) mMnimzing costs to achieve these considerations.

b. The designs of a mpjority of | AS systens are based on a limted

amount of site-specific information. Additionally, a range of system
operating behaviors typically occurs during the life span of a project.
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Therefore, it is inportant that flexible operational guidelines be
i ncorporated into site specific procedures devel oped to ensure optinmum | AS
syst em per f or mance.

c. Proper operation of an | AS system requires on-going nonitoring and
system adjustnents. |If the systemis not operated properly, the groundwater
plume may migrate off-site. Although air em ssions fromsone | AS/ SVE systens
can exceed those from SVE operating without IAS, in other cases | AS systens
may dilute vapor being collected by an SVE system This nmay occur because
whil e concentrations in the groundwater may be above standards, the
groundwat er may contain much | ess contani nant nass than the overlying vadose
zone. An evaluation should be perfornmed to estimate enissions, with the
system operator procuring necessary permits or installing enission controls as
required. An alternative that nay mininize the need for permtting and/or
controls is cycling the | AS operation, as will be discussed in paragraph 6-6b

6-4. O&M Cui dance - Bel ow Grade Conponents. Subsurface |AS conponents, as
previously di scussed, consist of injection/extraction wells, and data

acqui sition probes which may include nonitoring wells, various detectors, and
soil gas nonitoring points. M niml nmaintenance techni ques are avail able for
nost of these components, short of renmoval and reinstallation

a. Injection Wells.

(1) A consideration for I AS should be the potential for well screen and
aqui fer fouling via precipitation of metals (primarily iron) or microbial
grom h. Al though fouling does not appear to be a major problem its potential
is not clearly established, and in part is a function of the redox potenti al
of the injectant, aquifer alkalinity, and the type and abundance of organic
conpl exi ng conmpounds. The reader is referred to other USACE gui dance on
dealing with well fouling. Screen fouling has been addressed via physica
agitation, and chemical and thermal treatnments. M neral deposits on wel
screens can be renoved using | ow pH sol utions such as hydrochloric or sulfuric

acid. Iron bacteria can be renoved by introduci ng bacteriaci des (e.g.
chlorine dioxide), followed by | ow pH treatnent after the chlorine is renoved
fromthe well. Recomrended procedures for chlorine control of iron bacteria

are detailed in Driscoll (1986).

(2) High-tenperature pasteurization has al so been used to control iron
bacteria in groundwater. Consideration of the thermal linitations of wel
conpletion materials should be made if high-tenperature pasteurization is
enpl oyed. Special considerations nmust be used for applying these techni ques
to IAS, as the fluid and flow directions are opposite those of supply wells,
and fouling will occur on the substrate side of the screen, making foul ant
renoval difficult. Oxidants injected to renove fouling in the wells may cause
fouling in the aquifer. Additionally, contaninant nobilization and killing of
cont am nant degraders are concerns. |In sonme cases well replacement is the
nost effective approach to deal with well fouling. Placing screened intervals
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bel ow t he zone of contam nation may reduce biofouling. SVE wells typically
are not subject to screen fouling if they are properly constructed and
screened sufficiently above groundwater.

(3) Strategies for mnimzing the biofouling associated with the
concurrent injection of electron receptors (e.g., oxygen in air) and nutrients
(e.g., NO) have been reported by Taylor and Jaffe (1991). Although their
research focused on in-situ biodegradation, they report that sedi nents
characterized by a high porosity, poor sorting, and a small maxi mum pore
radi us are nost susceptible to biofouling. By alternatively pulsing the
el ectron donor and acceptor, the propensity for biofouling is reduced. 1In
addi tion, by increasing the oxygen concentration in the injection water,

i ncreasing the discharge rate, and delivering the oxygen through nultiple
injection wells, biorenediation efficiency was increased w thout causing
excessive biofouling (Taylor and Jaffe 1991).

b. Monitoring Wells and Piezonmeters. Mnitoring wells should be purged
prior to sanmpling, in accordance with standard groundwater sanpling nethods
(Pul's and Barcel ona 1996). Purging typically entails renoving groundwater
whi | e noni toring physical/chenical paraneters such as pH, tenperature,
conductivity and/or dissolved oxygen to indicate equilibration (equilibration
inmplies that the purged water is representative of the formati on groundwater).
Purging soil gas nmonitoring points is not as clearly defined in standard
operating procedures, but should be applied in a simlar fashion to the
principl es which gui de groundwater sanpling. Soil gas points are typically
purged using a di aphragm punp equi pped with a noi sture knockout vessel
Rotary vane punps require lubricating oil and are not recommended. Soil gas
can be anal yzed by connecting appropriate detectors directly to the point
tubing, or by collecting a soil gas sanple in a | ow gas perneability container
such as a Tedl ar® bag. Monitoring wells and piezoneters typically do not
requi re maintenance for the life of an | AS system operation, other than the
repl acement or repair of failed surface conponents such as connectors;
however, nmonitoring wells can silt up, as can I AS wells (especially under
pul sing), and therefore may require redevel opment. Guidance on soil gas
sampling is also provided in ASTM D5314- 92.

C. Det ect ors.

(1) Subsurface detectors such as in-situ oxygen detectors and pressure
transducers require no mai ntenance short of renmoval for repair or replacenent.
The operation of each type of unit is specific to the manufacturer's
specifications. Pressure transducers are often connected to surface
dat al oggers installed in weat hertight boxes for extensive or long-term
pressure profiling. Over the course of |long-term nonitoring, nmenbrane-fouling
i n oxygen detectors should be anticipated, which may require
cl eani ng/ repl acenent every few weeks.

(2) To ensure that vapors produced by | AS do not nigrate into nearby
bui | di ngs, basenents, nechanical pits, etc., installation and nonitoring of
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site specific contam nant sensors and/or observation of differential pressures
exterior to such structures versus within them may be advi sabl e.

d. Baseline Measurenents. The operator should collect baseline data
froma mnimmof tw (2) distinct time intervals to allow for proper
ef fectiveness evaluations. Prior to start-up of the | AS system the follow ng
basel i ne measurenments should be collected fromnonitoring | ocations at the
site:

(1) groundwater |evels;

(2) water quality measurenents (VOC concentrations, dissolved oxygen
tenmperature, conductivity, pH and biononitoring paraneters, if desired, such
as ammoni a nitrogen (NH,), nitrate nitrogen (NG) and carbon di oxi de (CQO);

(3) soil gas VOCs, O, and CO, concentrations;

(4) subsurface pressures (with the SVE systemoff, if applicable), to
assess the magnitude of baronetric fluctuations;

(5) existing SVE system operational paraneters including flow rates and
vacuum di stribution (if applicable); and

(6) SVE system di scharge VOC concentrations (if applicable).

6-5. Operation and Mii ntenance Gui dance - Precomm Ssioning and Start-up

a. GCeneral

(1) A start-up workplan should be devel oped prior to system
preconmi ssioning and start-up. The workplan should include objectives of the
| AS system and the strategy, procedures and nonitoring requirements for start-
up and continued operation. The start-up workplan should be a flexible
docunent that will allow for unexpected changes in the field.

(2) If chem cal adhesives were used during construction, the VOCs
shoul d be purged fromthe system by opening | AS wel | heads and val ves and
injecting air into the manifold lines with a conpressor, and discharging the
vapors into a treatnent systemif necessary. Air purging should last a
m ni mum of 10 minutes and run until results froman OVA or simlar device
i ndicates that all VOCs have been purged. This will allow VOCs to discharge
into the atmosphere rather than the groundwater when the system begins
operation.

(3) The system operator should run the SVE system (if present) unti
contam nation | evel s have decreased and stabilized. Operating the SVE system
before starting up the I AS system has two purposes: 1) to establish a capture
zone; and 2) to acconmpdate the el evated VOC concentrations that often
acconpany initiation of SVE prior to capture of the additional |AS-generated
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VOCs, the conbination of which may otherwi se be initially in excess of off-gas
treatment capacity. |AS operations should then begin. This will maxinze
efficiency between the SVE and | AS systens.

b. Start-up Procedure. Table 6-1 provides a checklist for operators
prior to beginning start-up services. Table 6-2 outlines procedures for |AS
system start-up after conpletion of manifold air purging. If any wel
requires nore air pressure than the designed operating pressure, or if the
delivery pressure of the air supply source is inadequate, systemrepairs or
redesign may be required. Manifold |ines can be tested either hydrostatically
or with air to evaluate potential |eakage.

6-6. | AS System Operation, Miintenance and Mnitoring.

a. GCeneral

(1) Increases in air injection flowrates will increase the rate of
renedi ati on at nost sites up to a point of dimnishing returns. Therefore, it
may not be cost-effective to operate the | AS system at the maxi mum flow rate,
because the presence of diffusion Iimtations will affect the efficiency of an
| AS system As previously discussed, the five main factors linmiting the rate
of air injection are soil matrix considerations, |IAS mechanical supply source
[imtations, SVE equipnment limtations, biological (in-situ biorenediation)
[imtations and preferential air mgration. Based on linitations present at
specific sites, two separate operational approaches can be used and are
referred to as "continuous" and "pul sed". Whichever operating strategy is
sel ected, on-going systemnonitoring is required to ensure efficient
operations. The follow ng sections present checklists for | AS system
noni toring. Likew se, the system operator should refer to EM 1110-1-4001 for
a simlar checklist for the SVE system if used. These checklists should be
conpl eted at appropriate tinme intervals but at |east weekly.

(2) Groundwater nonitoring during |AS operation provides data necessary
to assess the performance of the system A typical |AS systemis nonitored
for sone or all of the follow ng performance paraneters:

(a) dissolved oxygen (neasured via | owflow punping and a fl owthrough
cell or a downhol e probe);

(b) air saturation in the treatnment area (nmeasured via neutron access
probes, ERT or TDR);

(c) soil gas chemical paraneters (i.e., VOCs or tracer gas);
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TABLE 6-2

IAS System Start-up Procedures’

Turn on the air source, regulate from a lower pressure to the necessary pressure to
attain the design air flow rate for the chosen well group or entire system (as ap-
propriate). DO NOT EXCEED THE MAXIMUM RECOMMENDED AIR PRESSURE.
Measure SVE system emissions, if applicable, with appropriate field instruments to
verify permit limits are not exceeded.

Balance the flow to each well (through adjustment of appropriate valves) as each well
may behave differently. If solenoid valves are not used, the operator should use
pressure gauges and flow meters to measure and balance air flows. S

Develop a flow vs. pressure (F/P) curve for each well. The generated F/P curve (which
is dependent on water table position) allows determination of well flow rate based upon
wellhead pressure measurements. This approach reduces the effort required during
routine site measurements.

Verify the air compressor and manifold line pressure and total injection flow rate,
following the balancing of the wells. Although the agreement between sum of in-
dividual well flows and total flow measurement will be approximate, any significant
deficiencies will be apparent at this time. A quick check to determine an agreement
between total air compressor flow and the cumulative flow as measured at each of the
wells is advised.

Sample the SVE system inlet, if present, and exhaust streams with an OVM or other
appropriate field instrument and analyze over the entire start-up period.

Check for bubbling in monitoring wells and piezometers at the site. If bubbling is
observed, operators should install air-tight caps on these wells. If these wells are
uncapped, fugitive VOC emissions can result. Wells screened across the water table
(if present) may act as conduits for air flow. Packing off the entire screened interval
may reduce, but will not eliminate such bypassing, as air may still travel through the
filter pack. Decommissioning such wells may be necessary. '

Record periodic groundwater table measurements to document the site-specific impacts
on the groundwater mounding/mixing.

Measure total pressure and flow measurements after the system stabilizes and
measure the pressure or vacuum at gas probes and water table wells to evaluate the
site for subsurface air pressure/vacuum.
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TABLE 6-2 (Cont'd)

IAS System Start-up Procedures

IF ANY POSITIVE SUBSURFACE AIR PRESSURE READINGS AND/OR HIGH
LEVELS OF VAPOR PHASE CONTAMINANTS ARE MEASURED IN VADOSE ZONE
MONITORING POINTS ADJACENT TO BUILDINGS OR OTHER STRUCTURES THAT
MAY ACCUMULATE POTENTIALLY HAZARDOUS VAPORS, SYSTEM OPERATORS
SHOULD IMMEDIATELY RE-EVALUATE THE OPERATIONAL PARAMETERS OF
THE SPARGING SYSTEM. DISCONTINUE OPERATION OF THE AIR SPARGING
SYSTEM IF CONDITIONS ARE DEEMED UNSAFE.

10

Repeat the previous steps for each of the IAS well groups, as appropriate.
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(d) vacuumdistribution in the unsaturated zone (if an SVE systemis in
operation);

(e) groundwater elevations in nonitoring wells;
(f) pressure distribution in the saturated zone;
(g) dissolved contam nants of concern; and

(h) non-specific groundwater chem stry paraneters (e.g, redox
potential, BOD, and COD).

b. System Qperating Strategies.

(1) Wen operating | AS systenms, two prevalent limtations for system
ef fectiveness can occur: (a) kinetics of mass transfer at the air/water
interface, or (b) the rate of mass transfer of the contaminant fromthe water
phase to the air/water interface. Marley and Bruell (1995) are anobng those
who state that although continuous operation nay be adequate under nost
ci rcunst ances, pul sed operation can be used to assist with agitation and
m xi ng of the water as air channels form and col |l apse during each cycle.
VWi | e sone argue that pul sed operation shoul d be considered the default
strategy, others are |less enthusiastic and suggest that while pulsed injection
may increase the air/water contact, the overall effects on groundwater niXxing
may be nmodest (Johnson 1994).

(2) Pulsed operation includes cycling equi pnent operation at specified
intervals. A properly timed pul sed operation could deliver enhanced

performance. |f an I AS interception systemis being used, pul sed operation
shoul d al | ow groundwat er to approach, during shutdown periods, its natura
rate and direction and bring nore contaninated water into the AS ZzO. The

correct operating method should be evaluated on a site-by-site basis.

(3) There has been considerabl e debate over the issue of whether to
cycle remedi ation systens to optim ze the recovery of hydrocarbons in the
saturated and unsaturated zones. |In groundwater punp-and-treat systens,
cycling was believed by its advocates to be nore effective than continuous
punpi ng for renmoving hydrocarbons and mininizing the "tailing" effect so
conmonly reported during the operation of these systems (Arnstrong et al
1994). A simlar approach was suggested for the operation of SVE systens.
However, studies suggest that |low flow, continuous bl ower operation appears to
be a nore efficient means of renoving hydrocarbons fromthe subsurface (Bahr
1989). The increased renmoval efficiency is related to the fact that mass
transfer is enhanced, because under continuous extraction the maxi num
concentration gradient is maintained.

(4) Pulsed injection involves a different rational e and approach. Sone
i nvestigators have cycled sparge systens by varying the injection pressures or
by sinply turning the systemon and off, known as pulsing (Marley et al
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1992a; Johnson et al. 1993). The conceptual nodel suggests that air channels
will formin pathways with the |argest pore dianeters (Ahlfeld et al. 1994).
As long as the pore geonetry remains the same fromone pul se cycle to the
next, air pathways should remain constant (assum ng that secondary fractures
do not devel op due to overpressurization). MKay and Aconb (1996) found that
air distribution profiles nmeasured with a neutron probe were repeatable with
each cycle of operation. Even if the presence of residual air saturation
following a cycle initially blocks the displacement of water during the next
cycle, airflow evidently becones reconsolidated within the sane preferred
channel s each time, at least insofar as where the airflow channels term nate
at the ground surface (Leeson et al. 1995). Pulsed operation internmittently
reproduces the expansion phase (Fig. 4-5A, B) during which air-filled
saturation val ues appear to be maxim zed over the |argest subsurface vol une
(McKay and Aconb 1996). Therefore pul sed operati on nay produce a sonewhat

| arger ZA than continuous operation

(5) It appears (paragraph 2-7a) that pulsing pronptes: 1) groundwater
mxing in the vicinity of air channel |ocations, and 2) mass transfer of air
into the water phase. G oundwater mixing is established as air channels form
and col | apse during a given cycle. This process reduces the degree to which
di ffusion governs mass transfer, resulting in an increase in mass transfer of
hydrocarbons fromwater to the air phase (Wsconsin DNR 1993). Figure 6-1
provi des an exanpl e of enhanced mass renoval resulting from pul sed sparging
(Clayton et al. 1995). The transient moundi ng peri od has been proposed as a
desi gn paraneter for the frequency of pulsing. Balancing of flows to
i ndividual 1AS wells, if determined to be critical to the I AS system can
ei ther be autoregul ated or frequently nonitored, with val ves adjusted as
necessary. Cycling fromone sparge well to another using the same conpressor
is expected to provide a cost savings because of smaller gas conpressor
requi rements and reduced energy costs (Marley et al. 1994). Pulsing can also
be an econom c and desirabl e approach for use during biospargi ng applications.

(6) 1t should be noted that at |ocations that are well suited to | AS
(i.e., lack of confining layers) pulsing is not expected to cause groundwater
to mgrate in new directions. Consideration nust still be given to what, if
anyt hi ng, can cause contam nant mgration and how to avoid it.

c. Biological Mnitoring. The progress of a biosparging remediation
can be assessed through a variety of means, including biological nonitoring.
M crobial counts, for exanple, are likely to rise as renedi ati on proceeds
(Table 3-4), because IAS may stinmulate the growth of microbes. To nonitor
m crobial activity, heterotrophs as well as specific degraders are often
enunerated. Beyond a point, there may be little benefit in attenpting to
i ncrease bi omass because increased biomass may retard flow through the
subsurface. The popul ation density of the specific degraders is often limted
by factors such as mass transfer of electron acceptors (e.g., oxygen),
el ectron donors (e.g., hydrocarbon), and nutrients (e.g., nitrogen and
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phosphorus). Rates of desorption and dissol ution of hydrocarbons may al so
[imt microbial activity. Biological nmonitoring nmay contribute to
understanding the limting factor(s) and aid in deciding whether to pursue
actions such as nutrient addition.

d. System Operating and Mnitoring Procedures. A properly operated and
nonitored systemis required to achieve project objectives. The follow ng
sections provide details to assist an operator with the proper operation of an
| AS system The first few nonths of system operation are critical to ensure
t hat accidental spreading of VOCs does not occur and to neasure system
per f or mance.

(1) Equipnent. As shown on Tables 6-3a, 6-3b, and 6-3c, specific
nmeasurenments nust be made to devel op an understandi ng of system operations,
trends and effectiveness. These tables have been separated into system
measur enents, general inspection, and system mai ntenance. Al equi prent nust
be operated in accordance wi th manufacturer's reconmendati ons. Pressure
readi ngs can be nmeasured with manoneters, diaphragm pressure gauges, or
pressure transducers. Responsible individuals should discuss any devi ations
noted during O&M operations and tenporarily shut-down systems as warranted.
Bl ower anperage should be nonitored to determ ne the | oads placed on the
equi pment. Excessive anperage could result in danage to the equi pment due to
over heat i ng.

(2) Mnitoring Frequency. The frequency of nonitoring of an
| AS/ Bi ospargi ng systemis specific to the site and renedi ati on strategy.
Bef ore i nplementing an | AS/ Bi ospargi ng system it is inmportant for the design
teamto establish data quality objectives that are appropriate for nonitoring
the progress of the systemrelative to site specific target cleanup |evels.
Once the systemis installed, baseline data may be coll ected and subsequently
future data needs are identified. A Sanpling and Analysis Plan and Quality
Assurance Project Plan should be prepared that establishes both nonitoring
nmet hods and frequency as described in EM 200-1- 3.

(3) System Operating Mdifications. As previously stated, initia
operations and nonitoring are critical. 1t is inportant to detect, quantify
and correct problenms (as necessary) which may have arisen initially. After
data col l ection, detail ed enphasis nust be placed on interpretation of results
and appropriate actions taken for systemoptinization. Mnthly conparisons of
results versus project goals nust be obtained and tracked.

(4) Recordkeeping. A fornmal data managenent systemis reconmended.
Information collected, as outlined herein, nmust be tracked. Collected
informati on nmust reference date, tinme and location for all data, with
appropriate coments noted.
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TABLE 6-3a

Example IAS System Operational Checklist
Mechanical System Measurements

Compressor/BlowerDischarge Pressure 8 psi
Compressor/Blower 100 cfm
Discharge Flow @ Pressure Above
Sparge Blower Discharge Temp. 240° F
Bearing Oil Temperature 200° F
Bearing Oil Pressure 20 psi

Interval Operating Hours — —

Motor Amps 8

Qil Level —

Aftercooler Inlet Pressure 7 psi
Aftercooler Inlet Temperature 180°F

Aftercooler Outlet Pressure 6 psi
Aftercooler Outlet Temperature 120°F

Ambient Air Temperature — -
(outside/inside shed)

1AS-1' Wellhead Pressure 5.5 psi
IAS-1' Wellhead Air Flow 6 cfm
IAS-2' Wellhead Pressure 7.4 psi

1AS-2' Wellhead Air Flow

* Values shown for example only, column to be filled in according to actual typical measurements
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TABLE 6-3b

Example IAS System Checklist

General Inspections
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15 Sep 97

Shed/trailer lock

locked

Mechanical Equipment

all IAS blowers operating

Equipment Housing no rattling
System By-pass Valve closed
System Flow Valves 0.5 open

Electrical Controls

* Situations shown for example only, column to be filled in according to operational plans
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TABLE 6-3c

Example IAS System Checklist
Equipment Maintenance

Qil Change biannually
Oil Filter Change quarterly
Air Filter Change monthly or diff.
pressure > 15"
water
Activated Carbon Drums quarterly or diff.
pressure > 5 psi
Moisture Separator Tank quarterly
Blower Lubrication every 1000 hrs.

* Schedules shown for example only, minimum maintenance must be set according to equipment specifications.
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(5) Operator Training. Formal operator training is needed to
adequately prepare site operators to safely and effectively operate and
mai ntain | AS systens. Training should include both hands-on and cl assroom
traini ng.

(6) Troubleshooting. There are several mechanical conmponents for an
| AS system which are subject to operating problens. These include filters,
punps, valves, control systens and nmechanical units. Table 6-4 has been
devel oped to use as a guide for operating strategy and to eval uate potentia
solutions. This table assunes the use of an SVE systemin conjunction with
the I AS system

(7) As-built and O&M Pl ans. As-built and O&M pl ans shoul d be devel oped
upon system conpletion to use for long termnonitoring and effectiveness
eval uations. An as-built plan should include the following at a m ni mum

(a) boring |ogs;

(b) well construction diagrans;

(c) locations of |IAS wells;

(d) piping, manifold, valve, instrunentation, equipnent and sanpling
| ocati ons;

(e) process schematic as actually configured with all manual /automatic
controls explained (including controller |ogic)

(f) contam nant source and extent locations, if applicable; and

(g) site information including scale, north arrow, |egend, title block
and groundwater flow direction.

The system O&M manual will constitute a very inportant document for the
project. It nust be witten in an understandable format and contain a
description of all activities (including specific checklists) to be perforned
along with detailed contingency plans and training requirements. Table 6-51is
a general outline of topics to be covered in an | AS O&M manual .



EM 1110-1-4005

15 Sep 97
TABLE 64
IAS System Operation
Strategy and Troubleshooting Guide
Probloms _ | Considerations _Potential Solutions

The zone of influence is insufficient
or not as predicted.

The soil may be less permeable in

some locations or there may be
preferential flow.

Further subsurface investigation.
Readjust flows.

Additional wells.

Higher IAS well density.

Check wells for clogging.

Check for short circuiting.

Groundwater levels are spatially
inconsistent.

There may be preferential flow or
heterogeneities.

Further subsurface investigation.
Additional wells.
Seal preferential pathways.

Increasingly high injection
pressures.

Potential well fouling.

Clean wells.
Purge manifold lines.

The VOC concentrations have been
reduced in some but not all wells.

Treatment may be completed in some

areas of the site.

Reduce flows to some wells.
Take some wells off-line.

Check for ongoing sources of con-
tamination. Check for rebound.

The VOC concentrations remain
consistently high despite high mass
removal rates.

Undiscovered groundwater con-
tamination of free-phase product or
DNAPL.

Further investigation.
Product recovery. Shift approach.

Low concentrations of VOCs are
extracted during operation, but high

is shut off.

Diffusion limitations, flow short-
circuiting due to preferential flow,

concentrations reappear when system airflow rates higher than necessary.

Pulse sparging.
Hot gas injection.

Excavation of "hot spots" and ex-situ
soil treatment.

A decline in concentration levels has
made thermal/catalytic oxidation
economically infeasible.

"Tailing" of the concentration versus
time curve is a common occurrence.

Evaluate uncontrolled air emission.
Activated carbon.
Biofilters.

Use other technologies to speed up
removal.

Possibly reduce airflow rates.

Poor SVE performance following larg
rain events.

e The system is sensitive to the effects
of soil moisture on air permeability
and aeration.

Cap site. Dual recovery.

Shut off system following major rain
events.

Unexpectedly high vapor con-
centrations at or near explosive
levels.

Free-phase product; accumulation of
methane or other VOCs.

Dilute SVE intake air.
Alter system to be explosion-proof.

Check for unknown sources of
contamination.
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Table 6-5 Typical IASO&M Manual

I nt roducti on

A. Purpose/ Backgr ound
B. C eanup Goal s
C. Discharge Lints
D. Description of Facilities
E. Project Organization
Description of System
Conponent s
A. Well Configuration and
Construction Det ai
B. System Pi ping and
| nstrunent ati on
C. Air Sparging
Conpr essor/ Bl ower
D. Ancillary Equi prent
E. Controls
System Operati on
A. Start-up
B. Routine Operating Procedures
C. Troubl eshooti ng

Syst em Mai nt enance

A
B

Weekly | nspections

Rout i ne Mai nt enance
Procedur es

Consumabl es and Spare Parts
I nventory

V. Sanpl i ng, Analysis and
Reporting Docunentation
A. Sanpling and Anal ysis
Schedul e
B. Reporting
C. Quality Assurance
VI. Record Keeping, Data Managenent
and Reporting
A. Record Keeping and Data
Managemnent
B. Alterations to Renediation
System
C. Revisions to the O&M Pl an
D. QA QC Revisions
VIlI. Contingency Plan
A. Mechani cal Contingencies
B. System Mdifications
C. Criteria for Triggering
Corrective Action
VI, Per sonnel Trai ni ng
Appendi x A - Health and Safety Pl an
Appendi x B - Standard Operating
Procedures
e Air Sanpling
e \Water Sanpling
e \ter Level Measurement
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CHAPTER 7
SYSTEM SHUTDOWN AND CONFI RVATI ON OF CLEANUP

7-1. | nt roducti on.

a. System shutdown should be consi dered when process nonitoring
i ndi cates that either the renediati on objectives have been met, or the system
is determined to no |l onger be effective. System shutdown involves two primary
conponents: closure sanpling and anal ysis, which may need to be conducted
over an extended period of tinme, and | AS nechani cal system shut down,
di sassenbly and deconmi ssioning. The closure sanpling program shoul d be
conducted over a period of time to evaluate contani nant concentration
reboundi ng, particularly at sites where NAPL was present. Post-closure
nmonitoring is also advisable in many instances, as when NAPL remmins after
cl osure.

b. Shutdowns for mechanical or nmaintenance reasons are not considered
here. They are al nost exclusively dependent on the individual system
conponents sel ected, and will accordingly vary in duration and severity.
However, every systemw |l require some shutdown time for maintenance and
[ ubrication. The procedures for conducting these shutdowns will be specified
in the O&M manual for the apparatus used.

7-2. Shut down St r at eqy.

a. The shutdown strategy, including cleanup |evels, sanple schedul es
and net hods, and a closure decision matrix, should be planned prior to
starting up an | AS system Figure 7-1 is a generic closure data eval uation
matri x, incorporating a typical shutdown strategy. This strategy should be
i ncorporated into the Work Plan, and should be approved or agreed to by the
appropriate regulatory entities. The shutdown strategy may require revision,
such as identifying different or additional sanple collection locations, if
the spatial distribution of contam nants in the soil or groundwater changes
over the duration of the | AS system operation.

b. System shutdown will be guided by the regul atory standards
applicable to the site contanination. These site specific standards typically
i nclude state or federal Maxi mum Contam nant Levels (MCLs), although in sone
cases, alternate cl eanup goals can be negoti ated based on specific potenti al
| ocal receptors and contamnant nmobility. Typical paraneters used to design
| AS systenms and support alternate cleanup goals include soil organic carbon
content and hydraulic conductivity. An understandi ng of contani nant
di stribution, fate and transport can gui de and mininze additional data
acqui sition requirenments.
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c. In nost cases, actual sanpling and | aboratory anal ysis of the
contam nated matrix (e.g., groundwater) is the only acceptabl e nmeans of
achi eving closure approval. |n some instances, secondary indicators such as

exhaust gas and soil gas VOC concentrations, groundwater physical and (non-
target) chem cal paranmeters, and oxygen consunption rates have been proposed
as acceptable indicators of contam nant concentrations. These secondary

i ndi cators, which typically are included in | AS process nonitoring, determ ne
the timng of matrix sanpling to denonstrate achi evenent of regulatory
objectives. Confirmational sanpling should be conducted in accordance with
standard SW 846 soil and groundwater sanpling and anal ysis nethods as

summari zed in the work plan (USEPA 1986).

d. G oundwater nonitoring wells generally present an overly optimistic
picture as to VOC and DO concentrations during, and for a while follow ng,
IAS. This is due to the tendency of sparged air to flow preferentially
through a well*s filter pack and into the well itself (paragraph 3-3b(2)). It
is therefore very inmportant that sufficient time be allowed to el apse between
| AS system shut down and confirmati on nonitoring using conventional groundwater
nmonitoring wells. Johnson et al. (1995) recomrend a waiting period of greater
than one nonth at wells that have been directly affected by IAS. Bass and
Brown (1996), summarizing their |AS database findings, concluded that “Wen
rebound occurred, it sonetinmes happened many nonths after sparge system
shutdown.” They reported that some sites “showed only noderate rebound 2 to 4
nont hs foll owi ng shutdown, but in sone source area wells concentrations junped
by anot her order of magnitude or nmore within 7.5 to 16 nonths after shutdown.”

e. Wth respect to the use of conventional groundwater nonitoring
wells, a mnimumof 2 to 3 nonths shoul d el apse between shutdown and
confirmation nmonitoring. |f some degree of rebound is still noted, sanpling
shoul d be repeated subsequently. Applicable state and/or federal closure
requi rements nmay dictate the duration and frequency of confirmation sanpling.

f. Wsconsin DNR (1995) recomends that when purging nonitoring wells
prior to sampling, the purge volume can be increased to renmove water in and
near the filter pack that nay have been affected by preferential flow al ong
the well. It is suggested that the purge volume required to draw in
unaffected (i.e., nore representative) groundwater may be considerable. Care
nmust be taken to avoid aerating the well and stripping VOCs fromthe water in
the process of purging it (paragraph 4-2).

g. |If groundwater sanples fromsnall dianeter driven probes are
accept abl e, such probes may be used to procure nore representative sanples,
since they lack a filter pack capable of preferentially conducting airflow and
their screen length is very short (Johnson et al. 1995; W sconsin DNR 1995).

h. There are three possible outcones froma successful closure sanpling
and anal ysis programto be considered in the shutdown strategy. The decisions
to be nmade in each case will depend on the regulatory, cost, and technica
constraints under which the systemis being operated.
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(1) Contam nant concentrations are and remain bel ow applicable
st andar ds.

(2) Contam nant concentrations are bel ow applicabl e standards; however
concentrations rebound foll owi ng system shutdown.

(3) Contam nant concentrations are above applicabl e standards, yet the
system has reached asynptotic renoval rates.

i. Even if contam nant concentrations are above applicabl e standards,
and the system continues to renove contam nant mass, it may still be possible
to close the site, based on renegotiation with regulators after a reasonabl e
peri od of operation. Such a strategy, if deemed acceptable, would enpl oy
natural attenuation as a followon to |AS.

7-3. Shut down Gui dance.

a. The sinplest nethod of planning for shutdown and final sanmpling is
to regularly nmonitor the site and track the data trends.

(1) There are three groups of paraneters which may provide indications
that the cleanup is nearing an end:

(a) Reduced VOC in the collection system A gradual drop in VOC
concentrations in the exhaust stream usually froman SVE system nmay indicate
that contaminant levels in the soil have been depleted, at least in the zO.
They may, however, nerely indicate that nass transfer has becone diffusion-
[imted.

(b) Reduced CO, or increased O, in the exhaust. \here biorenediation
paranmeters are being tracked in the exhaust stream a change in these
concentrations may indicate that there is little material left to degrade.
Performance of periodic in-situ respironetry tests, either in the vadose zone
(Hinchee et al. 1992) or in the groundwater (paragraph 4-3d) may hel p support
this trend.

(c) Reduced VOC i n groundwater sanples collected after the | AS system
is shut off. Biodegradabl e compounds will not necessarily be conpletely
degraded, at first, in which case they may act to solubilize additiona
organic material into the groundwater, with an attendant rise in VOC
concentrations. \Wien this concentration subsequently falls, it may signa
that the ZzZO may have been finally depleted of partial breakdown products, and
t hat bi oavail abl e constituents have, to a practical extent, been renoved.

(2) \Wen one or nore of these conditions appear, it is nost useful to
reread the criteria for shutdown witten into the approved work plan or
operating permt. This should provide the guidance necessary for the fina
confirmation sanpling. The criteria should also specify whether the systemis
to be shut off for confirmation sanpling, as is usually the case.
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(3) Sone general guidance for typical systens is provided bel ow, for
subsurface and surface equi pment. This guidance assunes that the system has
attained its renediation targets and final shutdown is required.

b. Shutdown Gui dance - Subsurface. ASTM D 5299 gives genera
requi rements concerni ng well decomi ssioning; however, well decomm ssioning
procedures are usually dependent on state requirenents, and these requirenents
nmust be checked prior to begi nning deconm ssi oning.

(1) The nost typical case requires that the well be pressure-grouted
and the surface restored to its previous condition. This usually nmeans that
the top 0.6 to 0.9 neters (two to three feet) of casing are cut and pull ed
fromthe well; the well is bored and a cement/grout mxture is placed down the
well using a treme pipe to fill the bore to the surface. Any curb boxes or
ot her protection for the well head are al so renoved, and the surface is
restored to match the surroundi ng grade and surface finish.

(2) In sone cases the casings nust be pulled. Even if this is not
required, a licensed driller may need to be contracted to deconm ssion the
well. The npst comon method is to mechanically pull the casing fromthe
ground (for shallow wells) or drill out the casing for deeper installations.

c. Shutdown Guidance - Surface Equi prent.

(1) The surface equipnment is often configured in a package, and so the
package is sinply noved to storage or to another site. The surface piping and
mani fol ds are renmoved and usual |y di scarded usi ng appropriate waste handling
practices. Consideration should be given to renoving and storing gauges,

t hernoneters, and ot her neasuring equi prment, dependent on their condition and
value. It is particularly inmportant to properly decomr ssion the system punps
and bl owers. These units are often built with tight tol erances and can
"freeze up" with rust or corrosion. Care should be taken to foll ow

manuf acturers' recomrendations for both short down-time periods and extended
syst em shut downs.

(2) Wen the piping systens have been di sassenbled, it is helpful to
bl i nd-fl ange t he piping connections to the package equi prment, to prevent
unnecessary exposure to the surroundings. It is also helpful to store the
saved gauges and ot her neasuring equi pnent with the package unit, so that they
can be reused at the next site.
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CHAPTER 8
OTHER | SSUES
8-1. Introduction. Admnistrative itens that warrant consideration in |AS

i nclude I egal and regul atory, patent, and safety issues. These three issues
are di scussed herein. A working know edge of |egal and regul atory

requi rements associated with constructing and operating | AS systens is
critical to ensure conpliance with federal, state, and |local requirenents.
Secondl y, patents related to | AS have been issued, which may inpact the
application of certain aspects of |AS. Thirdly, because |IAS systems require
wor ki ng with conpressed gases and may invol ve di schargi ng subsurface vapors,
strict adherence to health and safety protocols is required.

8-2. Legal and Requl atory | ssues.

a. During the design process, it should be deternined if there are any
federal, state and/or |ocal standards, criteria or requirenents, including
procedural or permitting requirements, which nmust be incorporated into the
project. Normally, for projects conducted under CERCLA, and for projects on
federal property, permitting or other procedural requirenents will not be
applicable to work at or near the site, however the substantive el enents of
the laws relating to any pernmits may be required to be incorporated into the
design. For the construction phase of the work, standard governnment contract
clauses will require the contractor to obtain any construction related permts
or approvals which are legally required. The Ofice of Counsel should be
consulted to advise on any applicable requirements if there are questions or
in the event of any disputes.

b. Oher construction-related requirements include nanagenment and
di sposal of investigation-derived wastes (I DW generated during construction
and i npl enentation. Federal |aws and regul ati ons under RCRA, CERCLA, and TSCA
may apply, as well as state |aws and regul ations pertaining to | ocal solid and
hazardous waste receiving facilities.

c. Mny states require drilling pernmits for well (and sonetimes sanple
point) installations, and also witten authorization or permts for air and
groundwat er di scharge. It is critical that the discharge criteria be

t horoughly researched during the conceptual design phase of a pilot- or full-
scale | AS system Specific construction requirenents, such as the height of
vent wells, may need to be heeded. Additionally, discharge requirenents

i ncl udi ng sanmpling paraneters and frequency nust be considered. Treatnent
wi t h vapor-phase granul ar activated carbon (GAC) for offgas or |iquid-phase
GAC for groundwater, may be required to conply with discharge criteria.
Alternately, a nodified inplenentation plan, such as lowering the air flow
rate, or shortening the duration of pilot tests, could elimnate the need for
treatment. There may be standards, linitations, or coordination requirenents
arising under the Clean Air Act which nmay affect the enissions allowed froma
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system If the work is conducted on a federal installation, the |loca
installation environnental coordinator should be consulted to determine if the
installation has any sort of permits or lintations regarding air em ssions.

d. Proper procedures nust be devel oped or docunmented for handling
potentially hazardous materials required onsite during |IAS inplenmentation
Materials required onsite may include conpressed gas cylinders, radioactive
sources for neutron | ogging, and decontam nation fluids such as nethanol and
nitric acid. USDOT shipping | aws and regul ati ons may apply for packagi ng and
transport, and USEPA | aws and regul ations may apply to the nanagenment and
di sposal of spent materials. The site specific situation nust be evaluated to
determ ne what, if any, requirenments apply to the handling of nmaterials,
especially waste, during and at the conpletion of the project.

e. In addition to federal, state, and |l ocal |aws and regul ations,
rel evant USACE gui dance is available. Although USACE has not published
specific air sparging guidance prior to this EM the USACE Soil Vapor
Extraction and Bi oventing Engi neeri ng Manual (EM 1110-1-4001) provides
i nformati on covering nmany relevant topics that also apply to I AS.

8-3. Patent Issues. There are several patents that have been issued relative
to technol ogi es discussed in this EM Readers are advised to consider the

ram fications of these patents on their site activities. A first step toward
this end is facilitated by a review of the summary of air sparging patents
which follows. |If closer scrutiny is required, a copy of the patent can be
obtained pronptly fromthe U S. Patent Ofice by nmail for a mniml charge by
calling (703) 305-4350, or nore expeditious neans are available at additiona
cost. Contact Office of Counsel for further guidance on addressing this
issue. The following list of patents with associated sumuary descriptions is
not intended to represent a conplete patent search. It is organized fromthe
nost conpl ex and enconpassing patents to the straight forward single process
and nedia specific categories which can generally be quickly evaluated. The
SWSP® patents are discussed first and in considerably nore detail since many
air sparging applications will either narrowmy mss infringing on the patents
or may require appropriate licensing for use of the technology. Note that the
validity of any of the described patents has not been determ ned. The United
States has authority to make use of any patented item or process in the course
of any project, and cannot be refused use or enjoined fromuse of any patented
itemor process. Under the procedures of Title 28 United States Code 1498, a
federal agency may be required to pay reasonabl e conpensation for the use of
any patented itemor process. This is normally done by negotiation or

determ nati on of a reasonable fee to obtain the right to use the patented item
or process under a |license agreement. Governnment contract clauses are
prescribed for use in various types of contracts which may require the
contractor to obtain any applicable Iicenses, and may in sone cases require
the contractor to indemify the government in the event of a claimfor
conpensation froma patent or license holder. The Ofice of Counsel should be
notified in the event of any questions or disputes related to patents.
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a. Billings and Associates, |Inc. Subsurface Volatilization and
Ventilation System (SWS)® (# 5,221, 159; # 5,277,518; # 5,472,294). The SWS®
process is an integrated, in-situ technology that utilizes the benefits of air
spargi ng, soil vapor extraction, and biorenmediation to treat subsurface
organi ¢ contami nation in soil and groundwater. The patents abstracts define
t he process.

At | east one injection well is drilled through the vadose zone to a
depth bel ow the water table defining the upper boundary of the aquifer
One or nore extraction wells are established to a depth above the water
table. Oxygenated gas is injected under pressure through the injection
well (s) while a vacuumis applied to the extraction well (s).

Contam nants are renoved fromthe groundwater aquifer and fromthe
vadose zone by a conbi nation of physical, chem cal, and biochenica
processes. Additional specifications address simultaneous free product
recovery, nutrient addition, and natural mcrobe fernenting and

rei ntroduction.?

Recal |, we have stipulated: "'Air Sparging' shall be defined to be the

i ntroduction of air, or other gases, in the saturated zone to renove

contam nants by volatilization or bioremediation or to immbilize contam nants
t hrough chem cal changes." Thus sone of the physical steps for npst |IAS
systems will necessarily be simlar or identical to those specified for SWS®
i mpl enentati on. The patents provide additional detail and insights about the
SWSP process, as follows:

"This invention is an integrated delivery systemto effectuate the
advant ageous characteristics of, primarily, biorenediation. This is
because bi oremedi ati on causes 70% to 80% of the remedi ati on success on a
hydr ocarbon contam nated site. For cost reasons, a delivery system nust
be capable of injecting air or other vapors capabl e of supplying oxygen
for the enhanced biorenediation as well as nutrients for enhanced

bi orenedi ati on. The sane physical delivery systemfor injected air is
used to gain the advantage of air stripping aspects of renediation
However, injection of air leads to relatively uncontrolled distribution
of vapors noving up from bel ow the water table through the vadose zone
and possibly to exit points that were unsatisfactory to the popul ations
living above the pollution. Therefore, a vacuum portion of the system
controls the distribution of the vapor phase. The purpose is not
primarily to renove volatiles by vacuum but to control the entire vapor
noverment system contai ning portions of contam nation and bi ol ogi ca
byproducts...."2

lUnited States Patents 5,277,518, 5,277,518, 5,472,294 Abstracts.
United States Patent 5,277,518 page 13.
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The first SWS®? patent infringenent case was settled in Federal District Court
in 1994 with an Order of Dism ssal which stipulated infringenent. Currently
19 firms including sone industry |leaders in air sparging and one state have
obt ai ned SWS°® |icenses. Several other environmental industry |eaders and

ot hers have apparently concl uded that their nethods of enploying air sparging
do not infringe on SWS®? patents. Again, users are advised to consult the

O fice of Counsel for specific patent gui dance. SWS® license information is
avail able from M. Jeffery Billings, Environmental |nprovenment Technol ogies,
Inc., 12415 North 68th Place, Scottsdale, AZ 85254, (602) 596-0426.

b. 21st Century Environmental Renediation Technol ogy Corporation
Bi oSparge (# 5,246,309). A closed-loop, in-situ systemof gas injection wells
conbi ned with surrounding | ow fl ow vapor extraction wells and a nobile surface
treatment unit to provide injection, enhanced biorenedi ati on, VOC capture and
stripping without gas venting or em ssions or groundwater withdrawal. Gas
i njection can be designed for heated and oxygenated gas to provi de oxidation
volatilization, and nutrient addition (if necessary) to enhance
bi oremedi ati on. Li cense information is available from M. Robert V. Mirton
21st Century Environnental Renedi ation Technol ogy Corporation, 6380 South
Eastern Ave., Suite # 8, Las Vegas, NV 89119, (702) 798-1857.

c. Departnment of Energy. Two Sets of Horizontal Wells (# 4,832,122).
An in-situ systemfor renoving VOCs froma subsurface plunme by injecting a
fluid through a horizontal well into the saturated zone on one side of the
contam nation and collecting the fluid together with volatilized contani nants
t hrough a horizontal extraction well on the other side of the plume. The
fluid may be air or other gas or a gas and liquid mxture. License
information is available from M. Robert Marchick, Assistant General Counse
for Patents, U. S. Departnment of Energy, Washington, D.C. 20585, (202) 586-
4792.

d. | EG™Technol ogi es Corporation. UVB (# 5,116,163). The Unterdruck-
Ver danpf er-Brunnen (UVB) is an in-situ technology to renpbve VOCs from
groundwat er through a single well with two hydraulically separated screened
intervals installed within a single perneable zone. A blower creates a vacuum
that simultaneously draws water into the well at the | ower screened portion
(to be discharged at the upper screen creating a circulation pattern) and
ambi ent air through an inner pipe discharged at the base of the wellbore
causing air bubbles to formwhich air strip VOCs as they rise through the
wat er colum. License information is available fromDr. Eric Klingel, |IEG
Technol ogi es Corporation, 5015D West WT. Harris Boul evard, Charlotte, NC
28269, (704) 599-4818.
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e. E&G Environnmental. NoVOCs™|n-Well Stripping G oundwat er
Renedi ati on Technol ogy (# 5, 180,503, # 5,389,267). This system very simlar
to UVB, is an in-situ technology to renmove VOCs from groundwater through a
single well with two hydraulically separated screened intervals installed
within a single perneable zone. Pressurized air is injected into the wel
bel ow the static water table, aerating water within the well. The aerated
water is | ess dense than water outside the well, creating a pressure gradient
that draws water into the well through the | ower screen. The VOCs volatilize
i nto bubbl es which encounter a packer where the VOCs in vapor formare
rel eased and renoved with a vacuum bl ower for above-ground treatment. Air-
lifted water within the well is usually discharged fromthe upper screen above
the static water table to flush the capillary fringe. License information is
avail able from M. Wayne J. DiBartola, EG&G Environnental, Foster Plaza 6,
Suite 400, 881 Andersen Drive, Pittsburgh, PA 15220, (412) 920-5401

f. Wasatch Environnental, Inc. Density-Driven Convection
(# 5,425,598). This system also very simlar to UVB, is an in-situ
technol ogy to remove VOCs from groundwater through a single well with two
hydraulically separated screened intervals installed within a single perneabl e
zone. Water inside the wellbore is aerated directly by injecting air at the
base of the well bore which causes air bubbles to form which air-strip VOCs as
they rise through the water colum and push aerated water upward through the
wel | bore and out the upper screened interval, simultaneously draw ng water
fromthe contam nated area around the | ower screened interval. License
information is available fromM. Leslie H Pennington, Wasatch Environnental,
Inc., 2240 West California Ave., Salt Lake City, UT 84104, (801) 972-8400.

g. Departnment of Energy. Chlorinated Hydrocarbon Biorenedi ation
(# 5,384,048). An in-situ systemfor the biorenediation of chlorinated
hydrocarbons in soil and groundwater by injection of a nutrient fluid and an
oxygenated fluid with extraction so that both are drawn across the
contam nated plunme. The successful denonstration and patent utilize nethane
as the nutrient fluid and air as the oxygenated fluid. License information is
avail able from M. Robert Marchick, Assistant Ceneral Counsel for Patents,
U. S. Department of Energy, Washington, D.C 20585, (202) 586-4792.

h. Departnent of Energy. Phosphate-Accel erated Biorenedi ation
(# 5,480,549). A systemfor delivering vapor-phase nutrients, particularly
triethyl or tributyl phosphate, to contam nated soil and groundwater to
enhance in-situ biorenmedi ati on of contam nants. License information is
avail able from M. Robert Marchick, Assistant Ceneral Counsel for Patents,
U. S. Department of Energy, Washington, D.C. 20585, (202) 586-4792.

i. |Integrated Environmental Solutions, Inc. Rapid Purging
(# 5,509, 760). A decontam nation nethod that clains to put nmaxinmum
renmedi ati on stress on a contam nated area of soil and groundwater, using
positive pressure to push an uncontam nated gas throughout the contani nated
area/volunme and strip contaminants fromit, and relying on a close spaci ng of
air entry points.
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8-4. Safety. The users of this EMshall refer to and conply with al
applicabl e federal regulations (OSHA) and USACE regul ati ons including ER 385-
1-92 in addressing all safety and health concerns, during all phases of |AS
devel opnent includi ng predesign investigations, design, construction, and
operation and mai ntenance. Specifically, the designers shall conply with
Appendi x B requirenments of ER 385-1-92 when devel oping the Health and Safety
Desi gn Anal ysis which is subsequently used to draft Safety, Health and

Emer gency Response contract specifications for | AS construction based on CEGS
01351.
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