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The vendors and products, including the equipment, system components, and
other materials identified in this report, are primarily for information purposes
only.  Although Battelle may have used some of these vendors and products in the
past, mention in this report does not constitute Battelle’s recommendation for
using these vendors or products..
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Section 1.0:  INTRODUCTION

One of the primary steps in remediation of petroleum hydrocarbon-contaminated sites

involves source removal.  For example, the U.S. Environmental Protection Agency’s (U.S. EPA's)

Directive on Monitored Natural Attenuation (U.S. EPA, 1997) requires implementation of source removal

prior to remediation of the site by natural attenuation.  Source removal consists primarily of removal of

LNAPL from the subsurface.  Effective implementation of any remedial technology at petroleum

hydrocarbon-contaminated sites can be impaired significantly if the free product is not removed ahead of

time.  For example, 1 gallon of residual gasoline containing 3.2% benzene potentially can contaminate up

to 24 million gallons of groundwater, not accounting for volatilization, adsorption, and biodegradation.

As such, removal of free product to the maximum extent practicable and as quickly as possible should be

the primary goal of the source removal.  Past experience at sites contaminated with light, nonaqueous-

phase liquid (LNAPL) indicates that the vacuum-enhanced bioslurper technology generally is more

effective at achieving maximum free-product removal compared to conventional LNAPL removal

technologies such as skimming and drawdown pumping (Leeson et al., 1995; Parker, 1996; Reisinger

et al., 1993).  The purpose of this application guide is to present an overview of bioslurping compared to

other conventional technologies and to document procedures for design and implementation of

bioslurping at petroleum hydrocarbon-contaminated sites with free product.

1.1 LNAPL Recovery Technologies.  Conventional LNAPL extraction technologies recover

organic contaminants by physical collection of free-phase liquids.  LNAPL floating on the water table in a

well is withdrawn by the suction action of a pump or by selective collection using various skimming

technologies.  Successful collection requires a sufficient thickness of LNAPL in the well, which is

replenished through the gravity-driven advective flow of LNAPL into the well.  Different collection

techniques or pump configurations may be used to optimize the LNAPL extraction under different in situ

conditions.  Three types of conventional extraction approaches are used:  (1) skimming, (2) single-pump

drawdown, and (3) dual-pump drawdown.

The LNAPL extraction device may be located in a well or a trench, depending on the depth to

the water table, the extent of the contamination, and the topography of the site.  Interceptor trenches and

drains can be used at LNAPL-contaminated sites where the water table is near the surface.  The trench is

installed downgradient from the LNAPL source to intercept migrating free-phase liquids.  LNAPL may

migrate to the trench due to natural groundwater movement (skimming), or the flow of LNAPL and
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groundwater can be enhanced by pumping (single- or dual-pump drawdown) to lower the water table near

the trench.

One of the most important characteristics of the trench is that it intersects the full geologic

cross section.  The ability of obtaining flow across the full cross section is advantageous, especially at

sites with discontinuous interbedded sands and clays.  Nevertheless, trenches often are impractical at most

sites.  Because each trench must be excavated to a level below the lowest seasonal water table, a greater

water table depth would significantly increase the challenge to maintain the stability of the trench walls.

Further, the excavation brings contaminated soils to the surface that may require treatment and/or

disposal.  The excavation also may disrupt site access roads, utilities, or activities at the site.

Recovery wells are adaptable to a wider range of site conditions.  A well recovery system

may consist of a vertically installed well, or an array of wells, screened at the level of the water table and

emplaced in the LNAPL plume.  Recovery wells are placed at discrete locations, and may be placed to

avoid utilities and roads.  Furthermore, recovery wells may be used for a wide range of remedial

activities.  If LNAPL recovery is complete at a site, the wells generally may be used for bioventing and

possibly soil vapor extraction.

1.1.1 Skimming.  Skimming recovery systems use selective collection devices, such as skimmers,

to collect LNAPL floating on the water table.  One of the most widely used skimmers is the floating filter

scavenger system that uses a floating filter (an oleophilic/hydrophobic mesh with a high affinity for

nonpolar hydrocarbons) to allow passage of LNAPL and to reject polar molecules such as water.  A mesh

cylinder is designed to float in the LNAPL layer in a recovery well.  LNAPL floating on the water table

passes through the mesh while water is prevented from entering the mesh.  The LNAPL runs down into a

collection pot and is discharged periodically by air pressure to a central holding tank on the surface.  The

pressurization cycle may be controlled manually, by a timer, or by high- and low-level switches.

Shallow wells with low recovery rates can use rope wick or belt skimmers (Baker, 1995).

The rope wick or belt skimmer uses a continuous loop of rope or belt made of an oleophilic/hydrophobic

material.  The rope or belt is strung through the LNAPL layer and up through a pair of compression

rollers.  The rollers provide the motive force for the rope or belt while squeezing out any retained LNAPL

into a small container.  LNAPL collected in the container is pumped periodically to a central holding

tank.  Large trench recovery points can be fitted with drum or disk skimmers that are too large to fit into a

recovery well.
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Skimmer systems withdraw little or no water and produce little or no drawdown, thus having

a limited pressure head to move LNAPL toward the recovery point (Figure 1-1).  The passive action

results in a relatively small radius of influence from the recovery point.  Moreover, the rate of recovery is

low because the skimmer systems rely on the passive movement of LNAPL into the product recovery

wells or trenches.

Despite the low LNAPL recovery rate, skimmers are popular due to the following desirable

features:

• All of the skimmer designs allow recovery of LNAPL while recovering little or no water,
which can reduce costs and operation constraints.  When using any of the LNAPL
recovery technologies, water brought to the surface must be treated and/or disposed of
properly, thus increasing permitting complexity and/or cost in many jurisdictions.  As a
result, high disposal costs and/or capacity limitations for wastewater management would
favor selection of skimmers.  The low water content of the LNAPL and the very small
quantity of water withdrawn also reduce the size and complexity of skimmer fluid-
handling systems.

• Skimmers will recover LNAPL when the thickness of the floating layer is too thin to
allow efficient recovery with a pump.  A skimmer can recover LNAPL even when the
floating layer is less than 3-inch thick.

• Skimmers are sturdy and mechanically simple with few moving parts.  Further, skimmers
are simple to install and easy to operate, and are available from a variety of vendors as
complete package systems.

1.1.2 Single- and Dual-Pump Drawdown.  Pump drawdown LNAPL recovery systems are

designed to pump LNAPL and groundwater from recovery wells or trenches.  Pumping removes

groundwater, establishing a cone of depression near the extraction area (Figure 1-1).  The lower

groundwater level in the vicinity of the well produces a gravity head that induces flow of LNAPL toward

the well and increases the thickness of the LNAPL layer in the well.  Each foot of groundwater depression

provides a driving head equivalent to a pressure difference of 0.43 pound per square inch (psi).  In most

cases, the cone of depression will increase LNAPL recovery rates.

Pumping may be accomplished with one or two pumps.  In the single-pump configuration,

one pump withdraws both groundwater and LNAPL.  The dual-pump configuration uses one pump

located below the water table to remove groundwater and a second located in the LNAPL layer to recover

LNAPL.  A single-pump system reduces capital and operating costs and allows simpler control and

operation.  The system, however, produces a stream of water and LNAPL mixture that must then be
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separated.  A dual-pump system often withdraws a large quantity of groundwater, which may need to be

treated before disposal.

Drawdown pumping is effective for LNAPL recovery when the aquifer has moderate to high

hydraulic conductivity and the LNAPL layer is thick.  An aquifer with high hydraulic conductivity gives

less flow resistance of LNAPL into the well.  A thick layer of LNAPL allows the pumping system to

collect a high proportion of LNAPL in relation to the amount of groundwater.  For best operation, the

LNAPL thickness should be sufficient to completely cover the pump suction port.  Figure 1-1 compares

LNAPL and groundwater flows, when using a conventional dual-pump system vs. a conventional

skimmer.

Drawdown pumping is a commercially available technology that can be easily implemented

with conventional pumps in wells or trenches.  System installation costs are low to moderate, but the cost

per amount of LNAPL recovered varies greatly.  It is difficult to predict the quantity of recoverable

LNAPL using normal site characterization data such as LNAPL levels in wells or soil LNAPL

concentration.  The quantity recovered may be much higher or lower than initially estimated, resulting in

lower or higher cost per unit volume recovered.

1.2 Bioslurping.  Bioslurping combines vacuum-assisted LNAPL recovery with bioventing and

soil vapor extraction (SVE) to simultaneously recover LNAPL and bioremediate the vadose zone.  A

bioslurper system withdraws free-phase LNAPL from the water table, relatively small amounts of

groundwater, and soil gas/vapor in the same process stream using the air lift created by a single

aboveground vacuum pump.  Groundwater is then separated from the free product and is treated (when

required) and discharged.  Free product is recovered and can be recycled.  Soil gas/vapor is treated (when

required) and discharged.

1.2.1 Bioslurper Technology Description.  Bioslurping can improve LNAPL recovery efficiency

compared to other LNAPL recovery technologies.  The bioslurper system may pull a vacuum of up to

25 ft of water on a recovery well to create the pressure gradient needed to force movement of LNAPL

into the well (Figure 1-1).  The system is operated to minimize drawdown in the water table, thus

reducing the problem of free-product entrapment in soil.

Bioventing of the vadose zone soil is achieved by withdrawing soil gas via the recovery well.

The slurping action of the system cycles between recovering liquid (free product and/or groundwater) and
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soil gas.  The rate of soil gas extraction is dependent on the rate of liquid recovery into the well.  When

free-product removal activities are complete, the bioslurper system can be converted easily to a

conventional bioventing system to complete remediation of the vadose zone soil.

Preliminary data from short-term bioslurper tests conducted by Battelle for the U.S. Air Force

Center for Environmental Excellence (AFCEE) and the Naval Facilities Engineering Service Center

(NFESC) indicate that the LNAPL recovery rate by bioslurping is up to six times that by skimming and as

much as two times that by drawdown pumping.  Mathematical models comparing drawdown to

bioslurping (Parker, 1996) have predicted that the free-product mass removal from the affected soil would

be 3 times as fast when using bioslurping.  In addition, the models indicated that groundwater recovery

rates may be 7 times greater when drawdown technology is used.  Therefore, the disposal costs for

groundwater could be less with bioslurping due to the lower groundwater recovery rates.  Because the

performance and process efficiency of these technologies depend heavily on the site characteristics, it is

difficult to compare the costs for these technologies.  Because the bioslurper system does appear to

remove free product more rapidly than conventional pumping technologies, it is reasonable to assume that

operations and maintenance (O&M) costs would be lower than for conventional technologies.  A

bioslurping implementation cost-estimating guide is included as Appendix A.  The guide can be used to

make reasonable cost estimates for the bioslurper installation, operations, and maintenance.

In summary, the preliminary analysis of the available field data indicates that bioslurping is a

cost-competitive technology for LNAPL recovery with the added advantage of simultaneous vadose zone

remediation.  Like skimming and drawdown pumping, bioslurping would be less effective in tight (low-

permeability) soils.  Bioslurping is applicable at sites with a deep groundwater table (>25 ft), although

adjustments to the system components, such as pump sizing, are required to increase the air lift needed to

entrain LNAPL and water droplets.  Prior to technology selection, the feasibility of LNAPL recovery

must be evaluated for each technology based on site characterization data.  If the evaluation indicates that

bioslurping is the most practical, then the data required for the system design should be generated as

discussed in Sections 2.0, 3.0 and 4.0 of this manual.

1.2.2 Principles and Theory of LNAPL Migration and Vacuum-Enhanced Recovery

1.2.2.1 Principles of LNAPL Migration.  LNAPL generally enters the environment from leaks in

fuel-storage tanks or fuel-transfer lines.  Occasionally, LNAPL will enter the environment from surface

spills; however, surface spills generally are not large enough to generate large-scale LNAPL plumes.  The
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migration of LNAPL in the subsurface is dependent on the volume of LNAPL released, the depth to the

groundwater area of infiltration, the time duration of the release, properties of the LNAPL, properties of

the media, and subsurface flow conditions.  When LNAPL is released at or near the surface, it migrates

vertically through the vadose zone under gravitational and capillary forces.  As the LNAPL passes

through the vadose zone, much of it may be left in the pore spaces due to surface tension effects.

Figure 1-2 displays the progression of an example LNAPL release.

If the volume of LNAPL released to the subsurface is great enough, some of the LNAPL will

reach the saturated zone.  Here the LNAPL will spread laterally along the capillary zone and may depress

the water table.  In the capillary fringe zone the fuel shares the pore spaces of the formation with soil gas

and water.  Figure 1-3 provides a conceptual distribution of air, LNAPL, and water near the water table.

Below the water table, water occupies all the pore spaces (except when stable emulsions are present).

Just above the water table, both LNAPL and water share the pore spaces.  This zone can be subdivided

into a section where both the LNAPL and water are at positive pressure and overlying section where the

water is at a negative pressure (i.e. suction) and LNAPL is under a positive pressure.  Water, LNAPL, and

soil gas fill the pore spaces in the three-phase zone; and LNAPL in this zone exists under a negative

pressure.  Finally, if the source has been stopped, there may be a two-phase zone that contains water and

soil gas.

The subsurface migration of LNAPL is controlled by the following factors:

• Saturation (s).  Saturation is the fractional volume of the total pore volume occupied by
that fluid.  This value ranges from 0.0 to 1.0.

• Interfacial tension (σ).  Interfacial tension is the amount of work required to separate a
unit area of one substance from that of another (Fetter, 1993).  Liquid interfacial tension
is directly related to the capillary pressure across an LNAPL-water interface and is a
factor controlling wettability.  Interfacial tension decreases as temperature increases and
is affected by surfactants, pH, and dissolved gases.

• Wettability.  Wettability refers to the relative affinity of a soil matrix for a fluid.  The
wetting fluid will tend to coat the surface of the grains and occupy the smaller spaces of
the porous medium, and the non-wetting fluid will tend to be located in the largest pore
spaces.  For aquifers, water generally is the wetting fluid (Fetter, 1993).
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Figure 1-2.  Progression of an Example Light, Nonaqueous-Phase Liquid Release



9

Figure 1-3.  Distribution of Air, Hydrocarbon, and Water in a
Porous Medium and an Observation Well
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• Capillary pressure (Pc), where Pc = Pn –Pw.   Capillary pressure is the differential pressure
across the interface of wetting (w) and non-wetting (n) fluids.  Capillary pressure
determines the pore size that can contain the interface.  In the presence of water, LNAPL
can enter a porous medium only when the capillary pressure of the largest pore is
exceeded.  Capillary pressure increases with decreasing pore size, decreasing moisture
content, and increasing intersurface tension.  Capillary pressure may be determined
experimentally or by using the equations by Barnes and McWhorter (1995) presented in
Section 1.2.2.2.

• Residual saturation (Sr).  This is the saturation at which LNAPL becomes discontinuous
and is immobilized by capillary forces under ambient groundwater flow conditions
(Mercer and Cohen, 1990).  Residual saturation results from capillary forces and depends
on several factors, including the medium pore size distribution, wettability, fluid viscosity
ratio and density ratio, interfacial surface tension, gravity/buoyancy forces, and hydraulic
gradients.

• Relative permeability (kr). Relative permeability is a parameter that represents the ratio of
soil permeability to a particular fluid at a specific saturation level to its permeability at
100% saturation.  When two immiscible fluids are present in the pore spaces of the
medium, part of the pore space will be filled with one fluid and the remainder will be
filled with the other fluid.  Relative permeability is different for wetting and non-wetting
fluids.  Figure 1-4 presents two-phase relative permeability curves for both wetting and
non-wetting fluids.  Relative permeability in a three-phase system generally is determined
by laboratory testing of the contaminated medium; however, such measurements are
difficult and expensive.  Theoretical models have been developed to characterize three-
phase relative permeability (Stone, 1973).  Faust (1985) presented the relative
permeability of nonaqueous-phase liquid (NAPL), krn, in a three-phase system as

( ) 
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where:

k*rnw = the relative permeability of the nonaqueous phase at the residual saturation of

water in a water/nonaqueous system.

krnw = the relative permeability of the nonaqueous phase system as a function of water

saturation.

krna = the relative permeability of the nonaqueous phase in an air nonaqueous-phase

system as a function of air saturation
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Figure 1-4.  Hypothetical Relative Permeability Curves for Water and LNAPL in a Porous Medium
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1.2.2.2 Principles of Vacuum-Enhanced Recovery.  Vacuum-enhanced recovery is a common

groundwater pumping technique used for construction dewatering (Powers, 1981).  Vacuum-enhanced

pumping involves the application of a negative pressure to a well point system to increase the rate of flow

of groundwater and soil gas into the well.  Recently, vacuum-enhanced pumping has been applied to the

groundwater remediation pump-and-treat and LNAPL recovery systems.  Increased groundwater

extraction rates and increased LNAPL recovery have been documented by Blake and Gates (1986) and

Parker (1996).  Applying vacuum-enhanced pumping to hydrocarbon-contaminated sites also facilitates

the following activities (Blake et al., 1990):

• Increased liquid recovery and hydraulic gradient control

• Vapor and residual hydrocarbon removal

• Combined vapor recovery and soil gas pressure control.

Reisinger et al. (1993) reported a 47% increase in groundwater extraction as a result of vacuum-enhanced

pumping.

Two important factors influence the movement of LNAPL into a recovery well:  (1) the

hydraulic gradient (or hydraulic head difference between the well and the surrounding strata), and (2)

aquifer transmissivity (or the rate at which groundwater moves through a unit thickness of the aquifer).

Vacuum-enhanced recovery improves recovery rates by increasing the hydraulic gradient and aquifer

transmissivity.  Conventional dual-pump free-product recovery systems increase the hydraulic gradient to

a well by setting a pump below the water table to establish a cone of depression in the water table around

the well.  Free product then flows down the gradient diagonally into the well under gravitational forces to

be recovered by a second LNAPL extraction pump.  Vacuum-enhanced pumping systems use the same

concept, except that the cone of depression actually is a cone of reduced pressure around the well.  Parker

(1996) compares vacuum-enhanced extraction with drawdown extraction and presents the relationship

between the gradient produced by vacuum-enhanced and drawdown-LNAPL recovery systems with the

term effective drawdown.

∆H = ∆Z + Pa  (1-2)

where:

∆H = the total water piezometric drawdown in the extraction well

∆Z = the amount of drawdown in an extraction well (ft of water) and
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Pa = the vacuum in the extraction well (ft of water).

Fluids flow horizontally across the pressure-induced gradient from higher pressure outside the well to

lower pressure inside the well.  The transmissivity of the saturated zone is an intrinsic characteristic of an

aquifer and is a function of the hydraulic conductivity and the saturated thickness of the aquifer.

Vacuum-enhanced pumping increases transmissivity by promoting flow along more-permeable horizontal

flow lines and by decreasing the local pressure above the aquifer to, in effect, increase the saturated

thickness of the aquifer.  In addition, vacuum-enhanced pumping promotes continuity in the LNAPL

phase (i.e., lower capillary pressure, which results in fewer air pockets in the capillary fringe).  The

combined effect of increased hydraulic gradient and aquifer transmissivity results in an enhanced liquid

recovery rate.

Suction lift might appear to be a limitation to the application of vacuum-enhanced

dewatering.  In theory, the maximum suction lift attainable with an extremely efficient vacuum pump is

approximately 25 ft, depending on elevation (Powers, 1981).  In practice, however, lifts greater than the

theoretical maximum can be attained when the extracted fluid is not only water, but a mixture of soil gas

and groundwater (Powers, 1981).  Battelle has achieved liquid extraction from a depth of 210 ft at one

location.  A mixture of soil gas and water has a specific gravity less than 1.0 and, therefore, can be lifted

higher than a standard water column.  When LNAPL (specific gravity <1.0) is extracted with the soil gas

and groundwater, there is a greater increase in suction lift.  Another phenomenon that can help in

achieving greater than the theoretical suction lift is liquid entrainment or entrapment.  Liquid entrainment

occurs when the primary extraction fluid is soil gas, rather than a liquid.  At high velocities, extracted soil

gas can entrain water droplets and carry them to the surface via slug flow at high liquid extraction rates.

Barnes and McWhorter (1995) present the requirements for LNAPL flow toward the well

from a three-phase zone containing air/water and LNAPL.  First, they define the capillary pressure in a

three-phase system as

hc
ao = ha – ho  and hc

ow = ho – hw                (1-3, 1-4)

where

hc
ao is the air-LNAPL capillary pressure

hc
ow is the LNAPL-water capillary pressure

ha is the air pressure

ho is the hydrocarbon pressure
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hw is the water pressure.

Next is defined the condition of each of the phases outside the effect of the bioslurper system,

or the far field.  It is assumed that the soil gas is in direct communication with the atmosphere, so ha is

equal to zero gauge pressure.  The pressure of the oil in the far field and where ha = 0 is defined as

ho = ρo(z-T)/ρw ,         z ≥ T (1-5)

And the water pressure is defined as

hw = (ρoT/ρw)-z,         z ≥ T (1-6)

where

ρo   = density of the LNAPL

ρw  = density of water

z    = elevation from the LNAPL-water interface in the observation well

T   = thickness of LNAPL in the observation well.

A vacuum that is produced in a bioslurper extraction well reduces the prepumping air-oil and

oil-water capillary pressures in the formation around the well.  The vacuum generated at the extraction

well is treated as drawdown of air pressure.  LNAPL will flow to the well when the air-LNAPL capillary

pressure at the well is zero.  This condition occurs when the following equation is satisfied.

)(r h)(r h wa
ao
c ≤∞= (1-7)

where

hc
ao (r = ∞)  = the air-LNAPL capillary pressure in the far field and

∆ha (rw)      = the air pressure at the well.

The above equations indicate the minimum vacuum required to enhance the migration of

LNAPL to the well; however, these equations do not provide the flow velocity of fuel in the formation.  It

should be stated again that the Equations 1-5 through 1-7 are for LNAPL in the three-phase zone where

LNAPL exists under negative pressure.  In the two-phase zone (LNAPL and water), the LNAPL is under

positive pressure.  Therefore, if the minimum vacuum is achieved for the three-phase zone, LNAPL in the
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two-phase zone also will migrate toward the extraction well.  The flow velocity of LNAPL at the

minimum vacuum required to induce LNAPL flow may be so slow that remediation of the site in a

practical time frame is impossible.  The following equation may be used to estimate the Darcy velocities

in p-phase (p = w,o,a for water, oil, and soil gas).

qpi = -Kpij[(∂ψp/∂xj) + ρrp uj] (1-8)

where

Kpij = is the p-phase conductivity tensor

ψp = (Pp/gρ*
w) = the water equivalent pressure head of phase p

Pp = the p-phase pressure

g = gravitational acceleration

ρ*
w = the density of pure water

ρrp = (ρp/ρ*
w) is the p-phase specific gravity

ρp = the p-phase density

uj = (∂z/∂xj) is a unit gravitational vector measured positive upwards.

As mentioned previously, Equation 1-8 can provide a general velocity for the fuel.  However, the velocity

of the fuel during extraction will change due to the saturation and relative permeability of each of the

phases.  Thus, the LNAPL velocity will change over time and location relative to the well.

Several mathematical models have been developed to determine the flow velocity of LNAPL

in the subsurface.  These models account for changes in the saturation and relative permeability of the

phases over time and location relative to the extraction well.  An example of such a model is the Mover

code (DAEM, 1997), which calculates the velocities of the LNAPL, groundwater, and soil gas during

bioslurping.   Multiple-phase models may also be able to predict the time required for site remediation

and total volume of recovered LNAPL.

1.2.3 Bioventing Component of Bioslurping.  Bioventing is the process of aerating vadose-zone

soil, thereby stimulating soil-indigenous microorganisms to aerobically metabolize petroleum hydro-

carbons in the soil.  Application of bioventing has been tested extensively by Battelle at petroleum

hydrocarbon-contaminated sites.  Bioslurping is similar in design to soil venting (a.k.a. soil vacuum
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extraction, soil gas extraction, or in situ soil stripping).  The significant difference is that soil venting is

designed and operated to maximize volatilization of low-molecular-weight compounds, although some

biodegradation also occurs.  In contrast, bioventing is used to maximize biodegradation of aerobically

biodegradable compounds, regardless of volatility.  Although all of these technologies involve venting of

air through the vadose zone, the differences in objectives result in significantly different designs and

operations of the remedial systems.

Petroleum distillate fuel hydrocarbons, such as JP-5 and JP-8 jet fuel, are biodegradable as

long as naturally occurring microorganisms are provided with an adequate supply of oxygen and basic

nutrients (Atlas, 1981).  Natural biodegradation does occur at many contaminated sites and eventually

mineralizes most fuel contaminants.  However, the degradation process is dependent on the natural

oxygen diffusion rate at the site (Ostendorf and Kampbell, 1989), which frequently is too slow in most

contaminated soils to promote effective biodegradation.  At such sites, acceleration of the oxygen

transport process via (bio)venting may prove to be the most effective way to enhance bioremediation.

The main features of bioventing technology include the following:

• Optimizing air flow to minimize volatilization while maintaining aerobic conditions for

biodegradation

• Monitoring local soil gas conditions to ensure that aerobic conditions exist (not just

monitoring vent gas composition)

• Conducting in situ respiration tests that provide for the effective measurement of

continued contaminant biodegradation

• Manipulating the water table as required for air/contaminant contact.

1.2.4 Soil Vapor Extraction Component of Bioslurping.  At sites contaminated with fuels

possessing relatively high volatilities (e.g., JP-4 and gasoline), the soil vapor extraction (SVE) component

of bioslurper becomes an important process for contaminant removal.  For example, removal of

contaminants in the vapor phase was as high as 980 lb/day at a gasoline-contaminated bioslurper site at

Eaker Air Force Base (AFB) (Battelle, 1996).  Note that although a portion of the released vapor-phase

LNAPL is from the extracted soil gas, the majority may be from the volatilization of extracted free

product as it passes through the bioslurper system.  Often, the fraction of the vapor-phase contaminants

from volatilization may be estimated by subtracting the average contaminant concentration in the soil gas

from the total contaminant concentration in the stack gas.  However, the bioslurper system draws
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atmospheric air into the subsurface when the vacuum is generated and the TPH concentration in the soil

gas may be diluted.  Therefore, dilution of the soil gas TPH concentrations must be considered when

estimating the fraction of contaminants in the vapor stream due to volatilization.  If the oxygen

concentrations in the gas remain constant throughout the study, significant dilution of the soil gas

probably has not occurred.

ENSR (1995) summarizes the factors that affect the mass of contaminant removed from the

subsurface in the vapor phase:

• Contaminant transport and removal

• Contaminant properties

 Vapor pressure

 Contaminant concentrations in the soil gas

 Henry’s law constant for a contaminant

 Boiling point of a contaminant

 Soil adsorption coefficient (Kd)

 Octanol-water partition coefficient (Kow)

 Kinetics of soil adsorption/desorption

 Solubility of a contaminant

• Soil Properties

 Grain-size distribution

 Porosity

 Liquid saturation

 Fraction of wetting and non-wetting fluids

 Residual water saturation (Sr)

 Residual LNAPL saturation (Sro)

 Capillary pressure between wetting and non-wetting liquids (Pc)

 Moisture retention curves

 Intrinsic permeability (k)

 Hydraulic conductivity (K)

 Air permeability (ka)

 Peclet number (relates mass transfer by advection to mass transfer by diffusion)

 Humidity
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Typically, SVE systems extract soil gas at relatively high rates with the vacuum produced by

a liquid ring pump or a high-efficiency blower, such as a rotary lobe.  However, the SVE rate for a

bioslurper system may be much lower because the primary objective of bioslurping is to recover LNAPL

and to extract soil gas at a rate sufficient to entrain liquid flow in the bioslurper extraction tube.

1.3 Scope and Organization of Application Guide.  The purpose of this Application Guide is to

present the procedures for designing, constructing, and operating a bioslurping system at a remediation

site.  Battelle has conducted extensive pilot-scale testing and full-scale implementation of the technology.

As such, this Application Guide includes a practical approach for implementing bioslurping at an

LNAPL-contaminated site.

This Application Guide consists of six sections.  Section 1.0 introduces conventional and

vacuum-enhanced LNAPL recovery technologies.  Section 2.0 presents site characterization

methodologies and evaluation of site characterization data.  Section 3.0 discusses the techniques for

performing a bioslurper pilot test, including the standard procedures for conducting a pilot test, the data to

be collected during the test, and techniques for reducing the data with the intent of full-scale remediation

at the site.  Section 4.0 presents the general approach for design and construction of a full-scale bioslurper

system.  Different system components that should be considered during the full-scale design and

installation will be discussed.  Section 5.0 describes the procedures for system operation and

maintenance, issues of concern based on previous experience, and performance monitoring methods.  A

general approach for site closure is presented in Section 6.0, which gives generic recommendations on

closure of a site due to various regulatory requirements mandated by state and local authorities.  Section

7.0 lists bibliographic data for references cited in text.  In general, each section is summarized at the end

of the section.

For appendices supplement the text.  Appendix A contains a bioslurping implementation cost-

estimating guide.  Appendix B presents the acronyms and abbreviations used in this Application Guide.

Appendix C contains detailed descriptions of possible water treatment technologies.  Appendix D presents

detailed descriptions of possible stack gas treatment technologies.
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Section 2.0:  SITE CHARACTERIZATION AND EVALUATION

Field tests are required to evaluate the feasibility of the bioslurping technology and to

generate the required data to design and install a full-scale bioslurping remediation system.  The first step

of the bioslurper feasibility evaluation involves reviewing the site characterization data.  Based on these

data, a pilot test should be performed at a location representative of the site characteristics and

contamination.  If the geologic and physical characteristics of the subsurface vary significantly at the site,

pilot tests at more than one location may be required.

2.1 Site Characterization.  It is important to conduct a thorough review of site characterization

data, including information sources describing when the release of LNAPL occurred, the quantity and

type of the LNAPL released, measured LNAPL thickness in monitoring wells located in the area of

concern, petroleum hydrocarbon levels in soils, areas/extent of contamination, and the site geology and

hydrogeology.  Most of this information is expected to be in the initial assessment and confirmation

studies, site characterization reports, and remedial investigation/feasibility studies.  If the available

information is limited, a site characterization program may have to be implemented to obtain the above

data.

2.1.1 LNAPL Release History.  A detailed history of the LNAPL release(s) should be obtained as

part of the site characterization.  Generally, the history of the release can be found in site characterization

documents.  If such documents have not been prepared, the remedial project manager (RPM) or the site

personnel may be able to provide information regarding the history of the LNAPL release.  The following

information should be gathered when constructing the release history:

• the dates when the release(s) occurred

• the locations of the release(s)

• the volume of LNAPL discharged during each release

• the estimated time duration of each release

• the type of LNAPL involved in each release

• whether (and when) the source of the release was removed

• the mass of contaminants recovered after the release (to date).
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2.1.2 Areas/Extent of Characteristics of Contaminants.  Proper delineation of the extent of

contamination is important for selection of the pilot test location and for the full-scale implementation of

an LNAPL-recovery system.  The thickness and depth of the LNAPL layer are determined through

interphase measurements.  Baildown testing provides information regarding the mobility within the

LNAPL under passive conditions.  A soil gas survey may provide the location of the most contaminated

areas of the LNAPL plume.  Along with the soil gas survey, in situ respiration testing will provide the

potential for biodegradation of the contaminants in the vadose zone at the site.

2.1.2.1 Interphase Measurements.  The depth to groundwater and apparent thickness of LNAPL in

monitoring wells can be measured with an oil/water interface probe (ORS Model #1068013 or

equivalent), which distinguishes between polar and nonpolar fluids in the well.  Such measurement

should be conducted several times a year to determine if temporal variations occur in the interphase

readings.  This probe gives a solid tone when it encounters a nonpolar liquid (LNAPL) and a constant

beep when it encounters a polar liquid (water).  The probe lead is a 50- to 200-ft measuring tape marked

at 0.01-ft increments.

It has been demonstrated that the thickness of LNAPL in a monitoring well is greater than the

thickness of LNAPL in the formation (de Pastrovich et al., 1979 and Lenhard and Parker, 1990), and that

the apparent thickness in a monitoring well can be between 2 to 10 times greater than the actual LNAPL

thickness in the formation (Mercer and Cohen, 1990).  Lenhard and Parker (1990) developed an equation

(2-1) to estimate the actual LNAPL thickness in the formation using the apparent LNAPL thickness in the

monitoring well.

ρro βao Ho
 Do  = (2-1)

βao ρro - βow (1 - ρro)

where:

Do = actual thickness of LNAPL in the formation

Ho = apparent LNAPL thickness in the well

ρro = density of LNAPL

βao = air/oil scaling factor = σaw/σao

βow = oil/water scaling factor = σaw/σow

σaw = surface tension of uncontaminated water (72.75 dynes/cm @ 20°C)

σao = surface tension of LNAPL (26.8 dynes/cm for JP-5)

σow = σaw − σao = interfacial tension between water and LNAPL
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2.1.2.2 Baildown Testing.  After the depth to groundwater and the initial LNAPL thickness have

been determined, the rate of LNAPL recovery from the monitoring wells may be determined via baildown

testing.  In these tests, a clean Teflon bottom-filling bailer is lowered into each well to collect any

floating LNAPL (LNAPL also may be removed from the well using a skimmer pump or a peristaltic

pump).  The collected LNAPL is poured into a graduated cylinder to determine its volume.  Efforts

should be made to minimize the volume of water removed from the well.  Bailing should continue until

all LNAPL has been removed from the well and the filter pack surrounding the well.  Often, it is difficult

to determine if all of the free product has been removed from the well and its annulus.  As such, the same

approach that is used for developing a well may be used to ensure that the free product has been removed

from the sand pack.  (When a well is developed for sampling, at least three borehole volumes of

groundwater are removed from the well before sampling to ensure that the water to be sampled is coming

from the formation.)  It is recommended that at least two borehole volumes of LNAPL be removed from

the well prior to initiating the recovery portion of the test.

After LNAPL removal, the LNAPL thickness in the well is monitored periodically using the

oil/water interface probe to determine the rate of LNAPL recovery.  Measurements may be taken every

hour for 2 hours, then every 2 to 4 hours for a maximum of 24 hours.  Measurements can be made more

frequently if LNAPL recovery is rapid or less frequently if recovery is very slow.  Data should be

recorded on a baildown test record sheet (Figure 2-1).  It is recommended that several baildown tests be

performed throughout the year to monitor the change in the passive LNAPL recovery rate due to

variations in the level of the water table, the soil moisture content, and the initial (prebailing) apparent

thickness of LNAPL.

2.1.2.3 Soil Gas Survey. When existing monitoring wells are lacking, a soil gas survey should be

conducted to aid in locating a suitable location for installing a bioslurper well and soil gas monitoring

points.  Ideally, the bioslurper well and soil gas monitoring points should be located in soils containing

measurable hydrocarbon contamination and where the oxygen level is depleted and the carbon dioxide

level is elevated.

Soil gas sampling can be conducted using small-diameter (e.g., 1-in.-outside diameter [OD])

stainless steel probes (KVA Associates or equivalent) with a slotted well point assembly.  Hand-driven

gas probes are used primarily at sites with a relatively shallow water table or where soils are penetrable to

a depth of within 5 ft of the water table.  The maximum depth for hand-driven probes typically is 10 to

15 ft, depending on the soil texture.  As expected, penetration of soil gas probes in dense silts and clays is



22

Site: ___________________________

Well Identification: ___________________________

Well Diameter (OD/ID): ___________________________

Date at Start of Test:                                                                   Sampler's Initials: ______

Time at Start of Test:  ____________

Initial Readings

Depth to
 Groundwater (ft)

Depth to LNAPL
(ft)

LNAPL
 Thickness (ft)

Total Volume
Bailed (L)

Test Data

Sample
Collection

Time

Depth to
Groundwater

(ft)
Depth to LNAPL

(ft)

LNAPL
Thickness

(ft)

Figure 2-1.  Baildown Test Record Sheet
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less than in unconsolidated sands.  At a given location, the probe should be emplaced (usually driven

manually or with a power hammer) to a depth predetermined by a review of the site characterization/

contamination documents.  Soil gas at this depth should be analyzed with field instruments for oxygen,

carbon dioxide, and TPH.  Section 2.1.2.4 discusses the suitable equipment used for monitoring soil gas.

The probe may then be driven deeper, for additional soil gas measurements.  For a site with a depth to

groundwater of 9 ft, soil gas should be measured at depths of 2.5, 5, and 7.5 ft.

In general, sites that contain low oxygen levels (i.e., 0 to 2%), high carbon dioxide levels

(i.e., 5 to 20% depending on soil types), and relatively high TPH levels would be suitable candidate

locations to be selected for bioslurper pilot testing.  The TPH concentration in the soil gas is dependent on

the type of fuel contaminating the site.  With high-volatility fuels (gasoline, JP-4), a relatively high TPH

concentration is >10,000 parts per million by volume (ppmv), whereas with low volatility fuels (diesel,

JP-5), a relatively high TPH concentration may be >500 ppmv.  (An uncontaminated site also may be

located for monitoring background respiration of natural organic matter and inorganic sources of carbon

dioxide.  Typical oxygen and carbon dioxide levels at an uncontaminated site are 15 to 20% and 1 to 5%,

respectively; the TPH content generally is below 100 ppmv.

Prior to sampling, soil gas probes should be purged with a sampling pump.  To ensure

adequate purging, soil gas concentrations should be monitored until they become stabilized.  In general,

removal of 1 to 2 L of soil gas is sufficient to purge the probes.  This may not always be possible,

particularly when soil gas samples at shallow depths are collected allowing atmospheric air to be drawn

into the probe and producing false readings.  Figure 2-2 shows a typical setup for monitoring soil gas.

2.1.2.4 In Situ Respiration Testing.  Prior to performing any bioremediation testing, a baseline in

situ respiration test should be completed.  Leeson and Hinchee (1997) suggest that in situ respiration tests

can be used to gauge the degree of bioremediation that has occurred throughout the remedial project.

Monitoring the progress of site remediation in this manner reduces the number of soil samples needed to

confirm site remediation results.

Air containing 1 to 2% helium is injected into soil gas monitoring points for 24 hours to fully

aerate the soil.  The soil gas will then be measured for oxygen, carbon dioxide, and total TPH.  Soil gas

may be extracted from the contaminated area with a soil gas sampling pump system similar to that shown

in Figure 2-1 or using the soil gas monitoring system discussed previously.  Typically, the soil gas is

measured with field instruments at 2, 4, 6, and 8 hours after startup, and then every 4 to 12 hours,
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depending on the rate at which oxygen is utilized.  If oxygen uptake is rapid, more frequent monitoring

will be required.  If it is slow, less frequent readings may be acceptable.  Soil gas sampling for in situ

respiration testing generally lasts for 2 days.  The temperature of the soil before air injection and after the

in situ respiration test should be recorded.  If the oxygen depletion rate is very rapid (3 to 5%/hour), with

little increase in the carbon dioxide content, some of the oxygen may be utilized to satisfy an immediate

chemical oxygen demand in the soil such as caused by high reduced iron concentrations.  If this situation

is suspected, additional aeration may be required to satisfy this demand prior to conducting the test.

At shallow monitoring points, there is a risk of pulling in atmospheric air during purging and

sampling.  Also, excessive purging and sampling may result in erroneous readings.  There is no benefit in

oversampling.  When sampling shallow points, care should be taken to minimize the volume of air

extracted.  In these cases, a low-flow extraction pump operating at 2 to 4 ft3 per hour may be used.  Field

judgment is required at each site in determining the sampling frequency.  Table 2-1 provides a summary

of the various parameters that will be measured and the field equipment that can be used to monitor each

parameter.  The in situ respiration test can be terminated when the oxygen level is about 5%, or after

2 days of sampling.

2.1.2.5 LNAPL Plume Delineation and Volume Estimation.  The LNAPL plume can be delineated

using the available in-well air-oil and oil-water interface measurements.  The accurate delineation of any

contaminant plume is dependent on the scale of the site and the number of monitoring wells or

piezometers.  There is no general guideline defining the number of wells needed to define a plume,

because every site is unique and the size of the site is an important factor in determining data needs.

Contour maps of LNAPL thickness can be generated based on the interface measurements made in the

field.  Caution must be exercised, however, because LNAPL thickness measurements taken inside a well,

do not reflect the actual thickness of LNAPL in the formation.

A more accurate means of defining the extent of a LNAPL plume and estimating the total

LNAPL volume at a site involves the determination of specific volumes of LNAPL across the area of

interest.  A complete discussion of specific oil volumes is provided in Farr et al. (1990) and in Lenhard

and Parker (1990) (see Section 2.1.2.1 for a summary).  Oil volume estimates can be calculated based on

air-oil/oil-water level measurements made in the field using a computer program, such as OILVOL

(DAEM, 1997).  OILVOL is a computer program for estimating free hydrocarbon volume in the soil
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Table 2-1.  Parameters to Be Measured for the In Situ Respiration Test

Parameter/Media Suggested Method Suggested Frequency

Instrument
Sensitivity
(Accuracy)

Carbon dioxide/soil gas

Infrared absorption method,
GasTech Model 3250X (0 to
5% and 0 to 25% carbon
dioxide)

Initial soil gas sample before
pumping air, immediately
after pump shutoff, every 2
hours for the first 8 hours,
and then every 8 to 10 hours

0.2%

Oxygen/soil gas
Electrochemical cell
method, GasTech Model
32520X (0 to 21% oxygen)

Same as above 0.5%

Total hydrocarbons
(THC)/soil gas

GasTech hydrocarbon
detector or similar field
instrumentation

Initial soil gas sample before
pumping air, then same as
above if practical

1 ppm

Helium (optional)
Marks Helium Detector
Model 9821 or equivalent

Same as for carbon dioxide 0.01%

Pressure
Pressure gauge
(0 to 30 psia)

Reading taken during air
injection

0.5 psia

Flowrate/air Flowmeter
Reading taken during air
injection

cfh

psia is pounds per square inch absolute.
cfh is cubic feet per hour.

following a petroleum release.  The elevations of the air-LNAPL table and the LNAPL-water table

measured in a network of monitoring wells are used to compute free hydrocarbon volume at the time fluid

level observations are made.

OILVOL divides the problem domain into equally spaced rectangular grids.  The difference

between fluid level elevations gives the free-product thickness at the monitoring well locations.  These

thicknesses are krigged to obtain the product thickness at each node in the rectangular grid of the problem

domain.  Using the three-phase constitutive relation between phase saturation and pressure, the vertical

distribution of water and LNAPL saturation is computed.  Integration of the oil saturation with depth

gives the specific oil volume (volume of free LNAPL per unit surface area).  The specific oil volume at

each grid node is multiplied by the respective nodal surface area to compute the volume of free

hydrocarbon at the node, and these are summed to obtain the total free-product volume in the soil.  The

program is based on principles defined by Lenhard and Parker (1990).
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The quality of the LNAPL-volume estimate is dependent on the quality of field and

laboratory measurements for fluid levels, soil properties, and fluid properties.  Care must taken when the

field and laboratory measurements are performed.  In addition, LNAPL may exist as small pools as

opposed to one large plume.  It is important that reliable data are used when the LNAPL volume is

estimated.  Erroneous LNAPL volume estimates calculated by the computer program lead to false

expectations of the recoverable LNAPL volume.

2.2 Characterization of Site Geology and Hydrogeology.  The geologic and hydrogeologic

characteristics affect the migration of contaminants during extraction and under passive-migration

conditions.  Proper characterization of the geology and hydrogeology at the site is necessary because the

information may be used to predict the success of LNAPL-recovery efforts at the site.  Sections 2.2.1 and

2.2.2 describe the required data to accurately characterize the geology and hydrogeology at a potential

site.

2.2.1 Site Geology Analyses.  The soil types and site geologic conditions are controlling factors in

the potential migration and recovery of hydrocarbons.  Soil types and site geologic conditions, such as

stratigraphy, porosity, and permeability, define the physical framework in which the bioslurper will

operate.  The physical framework refers to the distribution and configuration of the aquifer of interest and

any related stratigraphic units, such as confining layers, if present.  Of particular interest are the thickness,

continuity, lithology, and geologic structure of units that are relevant to the purpose of the study.  The

physical framework of a flow system can be defined using the concept of hydrostratigraphic units, which

consist of geologic units, or formations, of similar hydrogeologic properties.  Several geologic formations

may be combined into a single hydrostratigraphic unit, or a geologic formation may be subdivided into

aquifers and confining units.

Definition of the physical framework and hydrostratigraphic units can be done using

traditional geologic techniques.  Geologic maps and cross sections showing the areal and vertical extent

and boundaries of the formations are necessary to identify the hydrostratigraphic units of interest and

define the physical extent of the system.  Topographic maps showing surface water bodies and potential

hydrologic divides provide information regarding potential surface water/groundwater interactions.

Contour maps depicting the elevation of the base of the aquifers and confining beds, and isopach maps

showing the thickness of the aquifers and confining beds, also aid in defining the physical extent of the

hydrostratigraphic units.
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Geologic and topographic maps of the site of interest typically are available through state or

federal agencies, including the state geological survey and the U.S. Geological Survey.  Additional

references may be available regarding the geology or water resources of the area.  These information

sources, if not already obtained, should be reviewed for pertinent information.  Site-specific information,

such as lithologic logs, geophysical logs, and soil boring descriptions, should be used to develop site-

specific hydrogeologic cross sections, contour maps depicting the physical boundaries of the system, and

isopach maps defining the thickness of the units of interest.  If this information is not available, it is

recommended that several boreholes be drilled and sediment/rock cores be collected and logged to

adequately characterize the stratigraphy at the site.

Soil samples representative of each important lithology present at the site (contaminant zone

and confining layer) should be collected for determination of porosity and grain-size distribution.  Soil

samples also may be used to develop soil-moisture retention curves, measure organic-carbon content, and

perform batch sorption experiments to determine the amount of sorption expected at the site.

Geologic conditions favorable to hydrocarbon recovery through bioslurping are found at sites

with geologic materials that are fairly homogeneous, with high porosity and relatively high permeability,

such as sands and gravels.  However, extremely coarse geologic materials may cause short-circuiting of

the vacuum during bioslurping if the water table at the site is shallow.  Fine-grained confining layers in

the unsaturated zone may increase the area of influence from the extraction well by containing the

vacuum.

2.2.2 Site Hydrogeology.  Proper characterization of the hydrogeologic framework of a site is

equally important to the operation of a bioslurping system.  Definition of the hydrogeologic framework is

dependent on the description of the physical framework.  Where the physical framework, or

hydrostratigraphy, is used to form the physical structure of the conceptual model of the site, the

hydrogeologic information is used to conceptualize the movement of groundwater and the migration of

hydrocarbons through the system.  Information and interpretations needed to describe the movement of

groundwater and hydrocarbons through the system include:

• measurement of water-level elevations and the construction of hydrographs

• measurement of air-oil and oil-water interface elevations (Section 2.1.2.1)

• estimation of LNAPL thickness and total volume of hydrocarbons (Section 2.1.2.5)

• development of potentiometric-surface or water-table maps



29

• an assessment of the direction of groundwater flow

• determination of the hydraulic gradients across the site

• measurement of the hydraulic conductivities of the aquifer materials

• calculation of the average velocity of groundwater flow

• identification and quantification of recharge, discharge, and flow boundaries.

Water-level measurements from wells and piezometers within the area of interest can be used

to determine the direction of groundwater flow, the location of recharge and discharge points, the

connection between individual aquifers, and the hydraulic communication between aquifers and surface-

water bodies.  It is essential to have as much water-level data from as many wells and piezometers at the

site as possible, because water-table elevations and, consequently, hydraulic gradients and groundwater

flow directions, can change considerably over a short distance in the aquifer.  It is also important to

evaluate water-level data from several time periods throughout the year because water-table elevations

often fluctuate temporally due to changes in precipitation, groundwater recharge, surface-water

elevations, and pumping stresses.  At a minimum, quarterly water-level measurements over a period of

1 year should be evaluated.  Hydrographs, or plots of water-level elevation versus time, are useful in

assessing the amount of variability in the water-table elevation in a particular well over time.  It is

essential to have accurately surveyed well and piezometer locations (easting and northing coordinates), as

well as reference elevations from the tops of the well casings.  The well coordinates and reference

elevations are necessary for determining the water-table, air-oil, and oil-water elevations and for

estimating the total LNAPL volume.

Air-oil and oil-water interface measurements, or interphase contact measurements from wells

and piezometers within the area of interest, can be used to determine the extent of LNAPL contamination

and estimate the total volume of LNAPL present at the site.  Estimation of LNAPL volume is discussed in

Section 2.1.2.5.  As with water-level data, it is essential to have as much air-oil and oil-water interface

data from as many wells and piezometers at the site as possible.  LNAPL elevations and thicknesses tend

to vary both spatially and temporally.  In addition, a fluctuating water table may influence LNAPL

thickness by causing a smear zone in which LNAPL is distributed.

Potentiometric-surface or water-table maps are essential in determining the gradients and

directions of groundwater flow.  These maps are comprised of contoured water-table elevations

determined from water-level measurements.  The contours, or equipotential lines, represent values of

equal potential or equal hydraulic head.  Because groundwater flows from areas of relatively high
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potential to areas of low potential, these maps can be used to determine the directions of groundwater

flow within the area of interest.  Groundwater flows in a direction that is perpendicular to the

equipotential lines on a water-table elevation map.

The lateral direction of groundwater flow can be assessed using a water-table elevation map

and the equipotential lines.  The vertical component of groundwater flow can be assessed by plotting

water-table elevations on a hydrogeologic cross section showing the hydrostratigraphic units of interest.

Using the premise that groundwater flows from areas of relatively high potential to areas of low potential,

vertical water-table elevation differences can be used to determine the direction in which groundwater

may be flowing vertically.

The hydraulic gradient is the change in hydraulic head (water-table elevation) divided by the

length of groundwater flow along a flowpath.  Accurate assessment of the hydraulic gradients across a

site is dependent on the measurement of water levels in as many monitoring wells and piezometers as

possible.  Because hydraulic gradients can vary spatially and fluctuate temporally, it is essential to have as

much water-level data as possible.  Sites near surface water bodies such as lakes or rivers are more likely

to be affected by seasonal variations in water-table elevations, changes in hydraulic gradients, and

changes in groundwater flow directions.  In addition, sites near oceans or harbors may be influenced by

tidal patterns that impact water-table elevations and hydraulic gradients.

Hydraulic conductivity is a measure of an aquifer’s ability to transmit water and is expressed

as the rate at which water can move through the porous medium.  Hydraulic conductivity is perhaps the

most important parameter governing groundwater flow.  Conceptually, the hydraulic conductivity of an

aquifer is the volumetric flowrate that the aquifer will permit through a unit surface area under a specified

hydraulic gradient.  The units used to describe hydraulic conductivity are derived from units of volumetric

flow normalized to surface area, or (length3/t)/length2, which reduces to length/t.  Common units for

hydraulic conductivity are cm/s and ft/d.

Darcy’s law describes the relationship between hydraulic conductivity and the volumetric

flowrate, hydraulic gradient, and surface area associated with the flow of water through a porous medium

and can be expressed as:

A
dl

dh
KQ = (2-2)



31

where

Q = volumetric flowrate (length3/t),

K = hydraulic conductivity (length/t),

dh/dl = hydraulic gradient, and

A = cross-sectional area of flow (length2).

The velocities of both groundwater flow and dissolved contaminant migration are directly

related to the hydraulic conductivity in the saturated zone.  In addition, subsurface variations in hydraulic

conductivity directly influence contaminant transport by providing preferential pathways for contaminant

migration.  In general there is no correlation between the flow velocity of the groundwater and the flow

velocity of the LNAPL.

The most common methods used to quantify hydraulic conductivity in the field are aquifer

pumping tests and slug tests.  Pumping tests consist of pumping water from a well at a constant rate and

monitoring the impact of that stress on the aquifer.  Single-well pumping tests involve pumping water

from a test well and measuring the discharge from and the drawdown in the well over time.  Multiple-well

pumping tests involve pumping water from a single well at a constant rate and observing the response in

the aquifer in the pumped well and in monitoring wells or piezometers located at known distances from

the pumping well.  Well-hydraulics equations that model the response of specific aquifer types (confined,

leaky confined, unconfined) can be use to describe the flow characteristics of the aquifer and estimate the

hydraulic conductivity.  The well hydraulics equation used must match the aquifer type.  It is important

also to note the assumptions and boundary conditions upon which the well hydraulics equation is based.

The assumptions typically relate to the aquifer type, the penetration depth of the test well into the aquifer,

the homogeneity of the aquifer material, the isotropy/anisotropy of the aquifer, negligible well-bore

storage, and the presence of recharge or impermeable boundaries.  Information gathered during the site

characterization will be needed to properly interpret the results of a pumping test.  In addition, well

construction information is needed.

The interpretation of pumping test results typically is accomplished by graphical analysis of

drawdown versus time plots of the test data.    Data typically are plotted as log drawdown versus log time,

and curve-fitting techniques are used to evaluate the data.  A complete description of the theory and

application of pumping tests can be found in Domenico and Schwartz (1990) and Fetter (1994).  A

complete description of pumping tests and the various methods that can be used in the analysis of data

collected during a pumping test is provided in Kruseman and de Ridder (1991).  In addition, a guide is
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available to aid in the selection of the proper aquifer test techniques for a given aquifer type (ASTM D

4043-91).

Although aquifer pumping tests generally give reliable information on hydraulic conductivity,

they may be difficult to conduct in contaminated areas because the water produced during the test

generally must be contained and treated as investigation-derived waste (IDW).  In addition, a 4-inch-

diameter well generally is required to conduct pumping tests in highly transmissive aquifers because

small-diameter pumps are not capable of producing flowrates adequate to induce significant drawdown.

In areas with fairly uniform aquifer materials, pumping tests may be conducted in uncontaminated areas

and the results can be used to estimate hydraulic conductivity in the contaminated area.

Slug withdrawal or injection tests are commonly used as alternatives to pumping tests and

should be conducted if it is not possible to conduct a pumping test(s).  Slug tests can be used to determine

the hydraulic conductivity of an aquifer in the area surrounding a well.  A slug test is performed by

adding or removing a “slug” of known volume to (or from) a well and monitoring the water level in the

well as it falls (or rises) back to the equilibrium water level.  The slug may consist of either water or a

solid object (usually a cylinder) of known volume.  If a slug is removed, the test often is referred to as a

slug-withdrawal, or rising head test.  If a slug in inserted, the test often is referred to as a slug-injection, or

falling head test.

Advantages of slug tests include the relatively short duration of individual tests, typically

lasting minutes to a few hours, and the fact that no pumping is required, minimizing the amount of IDW

generated by the aquifer investigation.  Disadvantages of slug tests include the fact that this method

generally gives hydraulic conductivity information only for the area immediately surrounding the

monitoring well.  In addition, it is not advisable to rely on data from one slug test in one monitoring well.

Slug tests should be performed in replicate (of at least three) within a well and should be conducted at

several monitoring wells at the site.  As with pumping tests, slug tests should be conducted in wells that

are properly screened in the aquifer.  It is also recommended that slug tests be performed in wells without

LNAPL so the results do not have to be corrected for the recharge of LNAPL.  A complete description of

slug tests and the various methods that can be used in the analysis of slug test data is provided in

Kruseman and de Ridder (1991).  A standard test method for performing slug tests is available (ASTM

D4044-96).
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Porosity is defined as the ratio of the void spaces in a unit of soil or rock to the total volume

of that unit.  Porosity is usually expressed either as a percent or in decimal fraction (Freeze and Cherry,

1979).  Table 2-2 lists representative ranges of porosity for different lithologies.

Table 2-2.  Ranges of Porosity for Various Soil and Rock Types (Freeze and Cherry, 1979).

Soil or Rock Type Porosity (%)
Unconsolidated Deposits

Gravel 25 - 40
Sand 25 - 50
Silt 35 - 50
Clay 40 - 70

Rocks
Fractured basalt 5 - 50
Karst limestone 5 - 50
Sandstone 5 - 30
Limestone, dolomite 0 - 20
Shale 0 - 10
Fractured crystalline rock 0 - 10
Dense crystalline rock 0 - 5

The ability of a rock or sediment to transmit water is dependent on the porosity, either

primary or secondary, and the permeability or interconnectedness of the pore spaces.  Some consolidated,

but poorly cemented, sedimentary rocks, such as coarse sandstone and some limestones, will readily

transmit water through the pore spaces surrounding individual grains of the rock matrix.  Well-cemented,

or indurated sedimentary formations (e.g., shale and crystalline limestone) and metamorphic and igneous

formations all typically have low primary porosities, and depend more on secondary porosity resulting

from fractures, joints, and chemical solution to transmit groundwater.  Shales and some clays have

relatively high primary porosities, but the clay minerals are plate-like and overlap to the degree that the

very small pore spaces are not interconnected.  Shales and some clays must therefore be fractured or

jointed to function as an aquifer.  Unconsolidated formations are characterized by a lack of cementation

binding individual grains of the matrix.  Unconsolidated formations range from well-sorted recent alluvial

and outwash deposits to poorly sorted glacial till.  Well-sorted deposits have average primary porosities

and the pore spaces are more interconnected than in poorly sorted materials.

The effective porosity, commonly referred to in hydrogeology, is the volume of the void

spaces through which water or other fluids can travel in a rock or sediment divided by the total volume of
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the rock or sediment, or the porosity available for fluid flow.  The effective and total porosities can be

determined in the laboratory using samples collected during drilling.

The average linear groundwater flow velocity is directly related to the hydraulic conductivity,

the hydraulic gradient, and the effective porosity of the aquifer materials.  With the information available

regarding the hydraulic conductivity as determined from aquifer testing, the hydraulic gradient as

calculated from water-table maps, and the effective porosity measured on core samples or estimated from

the literature, groundwater flow velocities can be calculated for site-specific conditions using the

following relation:

e
x n

K(dh/dl)
V = (2-3)

where:

Vx = average linear groundwater flow velocity (L/t),

K = hydraulic conductivity (L/t),

dh/dl = hydraulic gradient, and

ne = effective porosity.

Flow boundaries can consist of physical or geologic limitations to flow or resulting from

engineered hydrologic controls.  Boundaries to groundwater flow may include faults, changes in

stratigraphy, or physical limits of an aquifer (such as an alluvial aquifer present in a buried valley incised

in shale bedrock).  Hydrologic boundaries typically consist of hydrologic divides (areas of the water-table

surface from which or to which groundwater flows in opposite directions).  Examples of groundwater

divides include those created due to topographic variability, but may also include divides created by

gaining or losing streams or stratigraphic changes.

2.2.3 Fluid Characterization.  In addition to the geologic and hydrogeologic data that should

becollected at a site being considered for bioslurping activity, information should be obtained about the

character of the LNAPL present in the flow system.  Along with air/oil and/oil water interface

measurements, samples of the LNAPL should be obtained and analyzed for product density and viscosity.

If possible, surface tension data should be obtained for use in (1) determining the relevant scaling

parameters used to estimate the total LNAPL volume and (2) computer modeling of LNAPL migration

and recovery.  Samples of the LNAPL present at the site also may be used in laboratory batch or column

experiments to evaluate the behavior of the oil as it contacts soil at the site.  Estimates of sorption and
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residual oil saturation can be made using soil samples and LNAPL samples collected from the site.

LNAPL samples also should undergo chemical analyses to determine the general composition of the

LNAPL.  If data cannot be measured through laboratory measurements, Table 2-3 may be used to

estimate the chemical and physical characteristics of the LNAPL.  Table 2-3 presents the characteristics

of unweathered fuels.

Table 2-3.  Characteristics of Unweathered Fuels.

JP-5 Gasoline JP-4 Diesel
Density (g/mL)                         0.819(a) 0.7-0.8(b) 0.751-0.802            0.810-0.936(c)

Viscosity (N-s/m2)                    1.49E-03(a) 5.29E-04(a) NA                          NA
Surface Tension (N/m)             2.68E-02(a) 2.26E-02(a) 2.50E-02 (a)  NA
Boiling-Point Distribution
      <C8                                     2.0   69.0  62.7                        0.5
         C9                                    8.1   12.4  15.5                        3.6
         C10                                  20.7 10.4  10.2                        8.6
         C11                                  25.2                       5.2  4.2                         9.6
         C12                                  21.0                       2.3  2.9                         10.9
         C13                                  14.0                       0.7  2.3  10.9
         C14                                   6.7                        NA                       1.4                         11.3
         C15                                   2.3                        NA                       0.8                          9.7
       >C16                                   NA NA                       NA   34.9
Log Kow 3.3-7.06    2.13-4.87 (b) 3-4.5(c) 3.3-7.06(d)

Log Koc 3.0-6.7     1.81-4.56 (b) NA   3.0-6.7(d)

Henry’s law constant
(atm-m3/mol)

5.9E-5−7.4            4.8E-4−3.3 (b) 1E-4−1E+1(c) 5.9E-5−7.4(d)

Water solubility (mg/L)            5         insoluble (b) 57 (c) 5 (d)

Vapor pressure (atm)                4.61E-02 (a) NA                       0.12 (c) 2.79E-3−3.47E-2(d)

Note:  NA = not available.
(a) Vargaftik, N.B., 1975.  Handbook of Physical Properties of Liquids and Gases – Pure Substances

and Mixtures.  2nd ed. Hemisphere Publishing Corporation, New York, NY.
(b) U.S. Department of Health and Human Services.  1995.  Toxicological Profile for Automotive

Gasoline.  U.S. Department of Commerce, National Technical Information Service, Washington,
DC.

(c) U.S. Department of Health and Human Services.  1995.  Toxicological Profile for Jet Fuels (JP4 and
JP7).  U.S. Department of Commerce, National Technical Information Service, Washington, DC.

(d) Agency for Toxic Substances and Disease Registry.  1993.  Toxicological Profile for Fuel Oils.
U.S. Department of Commerce, National Technical Information Service, Atlanta, GA.

2.3 Evaluation of Site Characterization Data.  Site characterization is an important component

for preparing bioslurper operations at the site.  The site characterization data may be used to evaluate the

proper location for the LNAPL recovery pilot test, the potential for LNAPL recovery at the site,

preliminary data for full-scale design, the most appropriate time of the year to conduct the pilot test, and a
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baseline evaluation of the contamination that may be used for site closure.  The data also may suggest that

LNAPL-recovery testing is not recommended.

In general, the extraction well for the  LNAPL recovery pilot test should be located in an area

of the plume with the greatest LNAPL thickness (corrected as described in Section 2.1.2.1) and near or in

wells displaying the most rapid LNAPL recovery rates during the baildown tests.  If there is large

variability in the thickness of LNAPL layer, pilot testing at several wells is recommended.  The

concentration of contaminants in the vadose zone also should be taken into consideration when

determining the location of the pilot test.  If possible, the pilot test well and monitoring points should be

located in soils with relatively low O2 (<5%) and relatively high TPH soil gas concentrations.  By

properly locating the extraction well and soil gas points, more accurate data may be generated regarding

LNAPL recovery rates and vadose zone biodegradation rates.

The data from the fluid level measurements and baildown testing provide an indication of the

lateral extent of the LNAPL plume and the LNAPL recoverability can be better defined.  Data from the

baildown test can be used to evaluate the potential for LNAPL recovery at a specific well.  If the well will

not produce at least two borehole volumes of LNAPL within a 12-hour period, LNAPL recovery may not

be economically feasible from that well.  Baildown test data from prospective bioslurper sites indicate

that wells displaying LNAPL-recovery rates of <0.005 gallon per hour (gph) generally do not perform

well as LNAPL recovery wells.  Therefore, other non-LNAPL recovery technologies, such as bioventing,

should be investigated for site remediation if all the wells at the site produce less than 0.005 gph of

LNAPL during each baildown test.  As noted in Section 2.1.2.2, temporal variations in the passive

migration of LNAPL may occur.  Therefore, it is important to determine if this variation occurs before

eliminating the use of any technology.

Site characterization activities provide data that are useful for full-scale design.  The LNAPL

plume delineation may be used, along with the bioslurper radius of influence testing, in well locations and

construction details for full-scale implementation of the bioslurping technology.  Also, accurate

characterization of contaminant variability and site conditions may help in evaluating the results of the

pilot testing.  For example, if a pilot test is performed at one well and that well happens to be in a highly

contaminated area, the TPH concentrations in the stack gas and the aqueous discharge are likely to be

high.  However, if site characterization data suggest that contaminant levels at the remainder of the site

are much lower, then the purchase of expensive treatment equipment for the off-gas and the aqueous
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discharge may be avoided.  As mentioned previously, if there is large variability in the LNAPL thickness

or in the geologic/hydrogeologic conditions at the site, multiple pilot tests are recommended for the site.

Historic groundwater and LNAPL data may be used to determine the most appropriate time

of the year to conduct a pilot test.  For example, if LNAPL was observed only in the monitoring wells or

if the passive migration of LNAPL during baildown tests is more rapid during the dry months, it would be

most appropriate to conduct the pilot testing during those months.  If the test only can be performed

during the season when the water table is high, LNAPL may be trapped beneath the water table and affect

the placement of the drop tube in the extraction well.  By lowering the water table, the previously trapped

LNAPL may become mobilized and captured during the pilot test.  Additionally, the historic site

characterization data for the LNAPL plume and groundwater migration may provide valuable information

regarding why a pilot test was unsuccessful.

LNAPL volume estimates, apparent LNAPL thickness measurements, plume delineation, and

vadose zone contaminant analyses performed during the site characterization provide a baseline that may

be used to monitor the progress of the LNAPL removal project.  Such data also may be used when the site

is being negotiated for closure.  If reliable LNAPL volume estimates were determined, the duration of the

LNAPL recovery project may be estimated using the LNAPL recovery rates observed during the pilot test

and full-scale operation.  As stated previously, periodic in situ respiration testing may eliminate the need

for frequent soil sampling and analysis.  The respiration tests may be used to monitor the progress of the

remediation project so soil samples need to be collected only at the beginning and end of the project.
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Section 3.0  PILOT TESTING

This section describes the methods used to conduct an pilot-scale test, LNAPL-recovery

including test wells and equipment that are required to conduct field treatability tests.  An LNAPL-

recovery pilot test is performed to compare the cost effectiveness of bioslurping with that of conventional

LNAPL-recovery technologies (i.e., skimming and drawdown).  Bioslurping has been demonstrated to be

the most effective technology at recovering free product.  However, the bioslurper will recover

groundwater while extracting the LNAPL and may not be cost effective to operate at sites where water

treatment is very expensive.  Also, the pilot test may provide estimates of long-term LNAPL recovery

rates.  Using the estimated LNAPL recovery rates, bioslurping may prove to be very cost effective due to

the reduced operation time to remove the recoverable LNAPL, thus reducing the O&M costs.

Site-specific flexibility will be required and, thus, details will vary.  To the extent possible,

the following sections identify equipment or system components that may be used under a variety of site

conditions.  The LNAPL recovery pilot test may be tailored to fit the objectives for site remediation or

closure.  For example, the bioslurper may be used to evaluate the feasibility of recovering LNAPL at the

site.  At a site in southern California, the bioslurper system was operated strictly in a bioslurping

configuration to demonstrate that the LNAPL was not recoverable.  Although a small amount of LNAPL

was present in the monitoring wells (before the baildown test), no LNAPL was recovered during the

3-week pilot test.  The LNAPL was then believed to be unrecoverable because the bioslurper technology

is the most effective method of LNAPL removal.  Some of the information presented in this section was

obtained from the Test Plan and Technical Protocol for Bioslurping (prepared by Battelle for the U.S. Air

Force, January 1995).

3.1 Bioslurper Extraction Wells.  In general, extraction wells for the pilot test should be located

within the area of the LNAPL plume having greatest free-product thickness and the highest TPH

concentrations in the vadose zone.  If there is a large degree of variability in the geology or in the extent

of contamination at the site, it may be necessary to perform additional pilot tests at different locations.

Construction of the bioslurper extraction wells may have significant effect on the LNAPL

recovery rate and the recovery ratios of LNAPL/water and water/soil gas.  The bioslurper system

generates a vacuum that is evenly distributed inside a well casing from the top of the well to the air/

LNAPL interphase.  This vacuum is released to the formation throughout the entire length of the screened

section.  Most of the vacuum is lost to the vadose zone, but some of the vacuum is used to pull LNAPL
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and groundwater into the well.  Therefore, the optimum well design should minimize the amount of

energy lost to the vadose zone and groundwater pulled into the well while maximizing the amount of

LNAPL moved toward the wells.

In most cases, the extraction wells should possess a minimal length of screen both above and

below the water table.  However, the screened section should be long enough to cover the mobile LNAPL

layer in the formation, which may fluctuate when the water table fluctuates.  This design not only

maximizes the available vacuum on the free-product layer, thus increasing the radius of influence with

respect to the free product, but also reduces the amount of water extracted by limiting the recharge area of

the well.  Results of tests conducted at bioslurper sites suggest that an extraction well with 3 ft of screen

both above and below the water table is sufficient.

Factors that must be taken into account during the design of the extraction wells include the

depth to the water table, seasonal fluctuations, tidal fluctuations, permeability of the formation (water and

soil gas), and free-product thickness.  At sites with a shallow water table (i.e., <7 ft bgs), a shorter length

of screen above the water table is preferred.  If possible, the top of the screened section should be at least

4 ft bgs.  Decreasing the length of screen above the water table at sites with a shallow water table greatly

reduces the chance of short-circuiting atmospheric air to the extraction well.  At sites where the water

table is deep, it may be necessary to increase the length of screen above the water table to allow enough

soil gas to be pulled into the system to provide air-entrainment of the fluids in the drop tube.  Data from a

soil gas permeability test may be used to calculate the maximum soil gas flowrate to the well.  If the water

table is deep (~50 ft bgs) and the formation is composed of medium-sized sand, the length of screen

above the water table should be increased to 5 ft.

Seasonal and tidal water table fluctuations should be considered when designing extraction

wells.  In general, the extraction wells should be designed with the bottom of the screened section located

at least 1 ft below the lowest groundwater level and the top of the screened section at least 1 ft above the

highest water level.  During bioslurper operations, the groundwater level in the well generally is

maintained at the bottom of the drop tube, even if the groundwater level in the formation rises

significantly.  Similarly, the vacuum in the well tends to lift the groundwater level in the well even if the

groundwater level in the formation drops below the bottom of the drop tube.  However, lifting of the

groundwater table would create a mound around the extraction well, thereby driving the LNAPL away

from the extraction well.
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In some cases, it may be possible to use existing monitoring wells for the LNAPL recovery

pilot test.  If no suitable monitoring well exists, it will be necessary to install extraction wells for the test.

The specifications for constructing a LNAPL-extraction well are described as follows:

• The recommended diameter of a LNAPL-extraction well casing is between 2 and 6 in.,
depending on material cost and equipment availability.  Increasing the diameter of the
well casing beyond 6 in. may increase the groundwater recovery rate significantly but
may increase the LNAPL recovery rate only slightly.

• The bioslurper well casing should be constructed of schedule 40 polyvinyl chloride
(PVC) and screened with a slot size that will allow soil gas to flow into the well while
minimizing transport of fine soil particles into the well.  The slot sizes generally range
from 0.006 to 0.020 in (#6 to #20 slots).  The length of the screened interval is discussed
earlier in this section.

• The recommended drilling method is hollow-stem auguring.  Whenever possible, the
diameter of the annular space should be at least two times greater than the extraction well
outside diameter.  The annular space corresponding to the screened interval should be
filled with silica sand or equivalent.  The annular space above the screened interval
should be sealed with wet bentonite or grout to prevent short-circuiting of air from the
surface.  Figure 3-1 shows a typical bioslurper well.

As discussed in Section 2.1.2.2, LNAPL tends to accumulate in an extraction well and

depresses the groundwater level in the well.  This fact should be taken into account when designing the

extraction wells. For most contaminated sites this effect can be ignored, but at sites with thick free-

product layers, this issue should be considered during construction of the extraction wells.

3.2 Soil Gas Monitoring Points.  Soil gas monitoring points are used for pressure measurements

and soil gas sampling.  They generally are installed at three or more depths and at least of three locations.

The monitoring points should be located in contaminated soil with >1,000 mg/kg of TPH.  However, it

may not be possible to locate all monitoring points in contaminated soil, especially the points furthest

from a bioslurper well.  In this case, it is important to ensure that the point closest to the extraction well is

located in contaminated soil, and that the intermediate point, if possible, also is placed in contaminated

soil.  If no monitoring points are located in contaminated soil, meaningful in situ respiration test results

cannot be derived.  Based on Battelle's experience, for successful in situ respiration testing, monitoring

points must have significant TPH concentrations (ideally >10,000 ppmv) and low oxygen concentrations

(ideally 5% O2 or less) in soil gas.  A background soil gas monitoring point also is needed to establish

background soil gas concentrations.  This monitoring point may be an existing monitoring point or

monitoring well in an uncontaminated location.
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Figure 3-1.  Diagram of a Typical Bioslurper Well
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3.2.1 Locations of Monitoring Points.  In general, the three monitoring points should be located

in a straight line radially out from the extraction well.  Figure 3-2 displays a conceptual configuration of

the soil gas monitoring points.  Typically, the lateral spacing from the extraction well is determined based

on the site geology and the depth to the top of the extraction well screen.  The lateral spacing generally

decreases with increasing soil grain size (or increasing soil permeability), but increases with increasing

depth to the top of the well screen or if low-permeability horizons exist in the vadose zone above the

contamination.  Additional monitoring point locations may be needed for a variety of site-specific reasons

including, but not limited to, spatial heterogeneity, obstructions (buildings, underground tanks, etc.), and

a desire to monitor a specific location.

Each monitoring point generally is screened to at least three depths.  The deepest screen

should be placed approximately 1 ft above the water table or liquid interface.  Consideration also should

be given to potential seasonal water table fluctuations and soil types.  In more-permeable soils, the

monitoring points can be screened closer to the water table.  In less-permeable soils, they should be

screened further above the water table.  The shallowest screen usually is placed 3 to 5 ft bgs.  The

intermediate screen is positioned at a depth with an equal distance between the deepest and the shallowest

screens.  It is generally a good practice to place the intermediate screen within the upper portion of the

screened section of the bioslurper extraction well to maximize its pressure-monitoring capabilities.

Using these rules of thumb, in a sandy soil with a groundwater depth of 15 ft and a bioslurper

well screened from 10 to 20 ft bgs, acceptable screen depths for a soil gas monitoring point would be 14,

10, and 5 ft.  It may be necessary in some cases to install additional screen depths to ensure that

contaminated soil is encountered, to monitor differing stratigraphic intervals, or to adequately monitor

deeper sites with broadly screened bioslurper wells.  In all cases, consideration should be given to place

monitoring points in distinct lithologic units.  Screened intervals should be placed in more-permeable soil

layers, and low-permeability zones should be avoided if possible.

3.2.2 Monitoring Point Construction.  Figure 3-3 presents a typical soil gas monitoring point.  A

monitoring point generally consists of three small-diameter (e.g., ¼ in) nylon tubes, each extending from the

ground surface to a specified depth where a gravel-filled screen (1 in. diameter and approximately 6 in.

long) is connected.  The screen is surrounded with a sand pack, which normally extends for 3 in. both

above and below the screened section.  In low-permeability soils, a longer sand pack may be desirable.  In

wet soils, a longer sand pack with the screen near the top also may be desirable.  A bentonite seal at least
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Figure 3-3.  Diagram of a Typical Soil Gas Monitoring Point
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2 ft thick is required both above and below each sand pack to ensure that pressure and soil gas samples

taken are discrete to that depth.

Tubing used for the monitoring points must have sufficient strength and be nonreactive.

Nylon tubing has been used in most cases and does not appear to have any problems with surface

interactions.  All tubing from each screened section may be connected with quick-connect couplings,

which are placed and protected in a watertight cast aluminum well box on the ground surface.  Each

screened depth may be labeled with a code, such as [MP]—[code for monitoring point]—[depth to bottom

of screened interval], on a metal tag placed close to the ground surface or in the watertight cast aluminum

well box.

In most cases, Type-K (or equivalent) thermocouples are installed side-by-side with the

gravel-filled screens.  The thermocouples are connected to a Fluke Model 52 thermocouple thermometer

(or equivalent).  The thermocouple wires may be labeled using the same system used for the monitoring

tubing, except that a two-letter abbreviation for thermocouple, TC, is added to the identification label.

3.3  Baseline Measurements.  If deficiencies exist in the site characterization data, it will be

necessary to perform on-site tests to adequately delineate the site conditions.  The tests required to

characterize a site are discussed in Sections 2.1 and 2.2 and are listed below:

• Interphase measurements (Section 2.1.2.1)

• Baildown testing (Section 2.1.2.2)

• Soil gas survey (Section 2.1.2.3)

• In situ respiration testing (Section 2.1.2.4)

• Fluid analyses (Section 2.1.2.6)

• Soil/site geology analyses (Section 2.2.1)

• Site hydrogeology (Section 2.2.2).

The pertinent subsections in Section 2 include brief protocols for the specific characterization tests.

3.4 Mobilization, Installation, and System Shakedown.  The pilot-scale bioslurper system is

mounted on a trailer that can be operated at multiple test locations.  In most cases, the system can be

shipped via road freight to the general test location.  Once the system arrives near the site, it can be

moved to the specific test location using a truck with a trailer hitch.  After the trailer has been properly
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located, the electrical source should be connected to the liquid ring pump and any other equipment

requiring power.  Prior to initiating the LNAPL recovery test, a system shakedown should be performed

to ensure the system and the safety switches are functioning properly.

3.4.1 Pilot-Scale Bioslurper System.  A pilot-scale bioslurper system is a trailer-mounted unit

consisting of extraction pipe and hose, an equalization vessel, a liquid ring pump, an oil/water (O/W)

separator, and a surge tank with an automatic overflow shutoff switch.  The system may include stack gas

and/or water treatment equipment, depending on requirements specified by the site and/or regulatory

authorities.  Figure 3-4 presents the schematic diagram of a typical pilot-scale system.

In most cases, a 7.5-hp Atlantic Fluidics Model A100 liquid ring pump (or equivalent) is used

to extract LNAPL, groundwater, and soil gas.  A pump larger than 7.5 hp is not recommended for single-

well pilot testing (except at sites with a water table >50 ft deep).  If a larger pump is used, the soil gas

recovery rate may be relatively high and the size of the liquid ring pump required for full-scale bioslurper

implementation may be overestimated (see Section 3.5.2.4 for proper quantification of stack gas volume).

LNAPL is separated from groundwater by passing the O/W mixture through a conventional gravity O/W

separator.  If stable O/W emulsions and floating solids (consisting of soil particles and LNAPL) are

formed (perhaps, through the slurping action in extraction wells and/or the mixing action in the liquid ring

pump), an O/W separator with coalescer packings and a cone-shape bottom is recommended for

separation.  LNAPL, along with the floating solids, overflow to the oil reservoir prior to being transferred

to a double-walled fuel-rated (or equivalent) storage tank.  The water from the O/W separator is either

stored in a storage tank, disposed of to a sewer, commercially disposed of, or further treated to remove

stable O/W emulsions.

The stack gas may be discharged directly to the atmosphere or treated with gas-phase

activated carbon canisters plumbed in series to the bioslurper vapor discharge stack.  A pressure gauge

should be placed on the stack (if the stack gas is being treated with activated carbon) and vapor sampling

ports may be placed before, between, and after the two carbon canisters.  It may be necessary to install a

regenerative blower between the liquid ring pump and canisters to provide enough pressure to push the

stack gas through the carbon canisters.  The life of the activated carbon may be extended if the stack gas

from the bioslurper is passed through a dehumidifier prior to entering the activated carbon vessels.  The

discharge line from the second canister should be fitted with a pitot tube flow indicator.
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Figure 3-4.  Trailer-Mounted, Pilot-Scale Bioslurper Unit
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3.4.2 Site Mobilization.  As soon as the test location has been determined, the system must be

mobilized and the site must be properly prepared to ensure safe and efficient operations.  The activities to

be completed may include, but not be limited to, the following items:

• Obtain required permits (such as digging permit, well installation permit, air/water
discharge permit, etc.).

• Prepare a connection to electrical power (or use a generator).
• Construct secondary containment (if required).
• Install extraction wells/soil gas monitoring points (if not yet in existence).
• Acquire a prefabricated, trailer-mounted bioslurper system, associated drums and water-

and fuel-storage tanks, valves, piping, and miscellaneous materials and supplies.
• Obtain site support (if needed).

3.4.3 System Installation and Shakedown.  The trailer-mounted bioslurper unit should be located

at a level area near the extraction well(s).  The system and the associated storage tanks may need to be

placed in a contained area, depending on site-specific requirements.  After the system is connected to the

extraction well, a startup test should be conducted to ensure that all system components are operating

properly.  Components to be checked include the extraction piping; liquid ring pump; aqueous effluent

transfer pump; vapor, fuel, and water flowmeters; oil/water interface probes; soil gas analysis

instrumentation; emergency shutoff switches in the seal-water tank, O/W separator, liquid storage tanks,

and annunciator panel; and any vapor/effluent treatment system components.  The annunciator panel is

used to indicate the cause of a system failure, such as a high-level situation in a liquid storage tank.  If a

shutdown occurs, a light corresponding to a specific emergency switch is extinguished.  A checklist is

provided in Figure 3-5 to document the system shakedown.

3.5 LNAPL Recovery Testing.  After the system shakedown has been completed, testing can be

performed to compare the feasibility of bioslurping with that of conventional free-product recovery

techniques (i.e., skimming and dual-pump drawdown).  Table 3-1 presents a recommended schedule for a

comparison test of these technologies.  It is important to follow the testing sequence in Table 3-1 by

performing simulated skimmer testing before bioslurping and simulated dual-pump drawdown testing.

The sequence will ensure minimum disturbance of the hydrogeologic conditions as the testing proceeds.

3.5.1 Simulated Skimmer Testing.  A simulated skimmer test is performed using the bioslurper

system to demonstrate LNAPL and groundwater recovery under passive recovery conditions.  Figure 3-6

displays the wellhead configuration during the test.  If available, a peristaltic pump or a conventional

skimmer may be used to replace the liquid ring pump to extract the LNAPL.  When using a liquid ring



Checklist for System Shakedown

Site:    ________________________

Date:  _______________ Operator’s Initials:  ______

Equipment

Check
if

Okay Comments

Liquid Ring Pump

Aqueous Effluent Transfer Pump

Oil/Water Separator

Vapor Flowmeter

Fuel Flowmeter

Water Flowmeter

Emergency Shut off Float Switch
Effluent Transfer Tank

Analytical Field Instrumentation
GasTector O2/CO2 Analyzer
TraceTector Hydrocarbon Analyzer
Oil/Water Interface Probe
Magnehelic Boards
Thermocouple Thermometer
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Figure 3.5.  Bioslurper Pilot Test Shakedown Checklist
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Figure 3-6.  Configuration of Drop Tube and Wellhead During Simulated Skimmer Test
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pump for testing, the well casing should be open to the atmosphere to ensure that no vacuum is generated

in the well, and that LNAPL moves passively from the formation into the well.  The drop tube should be

placed at the O/W interface in the well to prevent the formation of a cone of depression in the water table.

Table 3-1.  Schedule of Activities

Pilot Test Activity Test Duration
Mobilization
Soil Characterization (if not already performed)

Product/Groundwater Interface Monitoring Depends on number of wells to be monitored
Baildown Tests 1 Day
Soil Gas Survey (limited) 1 Day

Simulated Skimmer Testing 2 Days
Bioslurper Testing 4 Days (Minimum)
Simulated Drawdown Testing 2 Days
Soil Vapor Extraction Testing (if indicated) 1 Day

Throughout the test, LNAPL and groundwater recovery rates should be monitored.  Vapor

discharge rates and contaminant concentrations also should be monitored if a liquid ring pump is used to

extract the fluids.  If significant quantities of groundwater are removed from the well, the drop tube

should be repositioned to prevent drawdown of the water level in the well.

3.5.2 Bioslurper Extraction Test.  When the simulated skimmer test is complete, the ball valve at

the wellhead should be closed to begin bioslurping (see Figure 3-7).  Meanwhile, initial soil gas pressures

should be taken at all soil gas monitoring points.  The following sections discuss the activities that must

be completed during the bioslurping testing.

3.5.2.1 LNAPL Recovery Rate and Volume.  The LNAPL recovered may need to be transferred

from the oil reservoir on the O/W separator to a large holding tank using a hand-operated drum pump, or

the LNAPL can be allowed to drain under gravity.  The recovered volume may be quantified using an in-

line flow-totalizer meter.  It is recommended that the volume be measured every 30 minutes for the first

2 hours, every 2 hours for the next 10 hours, and every 12 hours until the test is complete.  This procedure

will make it easier to differentiate the initial slug of LNAPL recovery from sustainable LNAPL recovery.

3.5.2.2 Groundwater Recovery Volume.  The groundwater recovery volume may be quantified

using an in-line flow totalizer meter.  The mass of petroleum hydrocarbons removed in the aqueous phase
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Figure 3-7.  Configuration of Drop Tube and Wellhead During Bioslurper Extraction Test
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can be calculated based on the results of the effluent analysis (see Section 3.5.2.5) and the discharge

volume.

3.5.2.3 Vadose Zone Radius of Influence.  A vadose zone radius of influence test should be

performed at the start of the bioslurper extraction test.  The vacuum produced in the extraction well

radiates into the vadose, capillary, and saturated zones of the formation.  The vadose zone radius of

influence is calculated using the magnitude of the vacuum in soil gas monitoring points at various

distances from the extraction well.  The soil gas pressure should be measured approximately every

2 hours until the change in pressure is less than 0.1 in. of H2O.  The pressure versus distance data are then

plotted on an x-y plot, and a line is fitted through the data.  The intersection of the line with the 0.1 in.

H2O vacuum is considered the vadose zone radius of influence.

3.5.2.4 Stack Gas Volume.  The flowrate of the stack gas may be quantified using a pitot tube

(Annubar Flow Characteristics Model #HCR-15 or equivalent) flow indicator.  The pitot tube is

connected to a differential pressure gauge calibrated in inches of water.  The flowrate in cubic feet/minute

(cfm) is determined by referencing the differential pressure to a flow calibration curve (see Figure 3-8).

The appropriate flow calibration curve can be obtained from the manufacturer of the pitot tube.

The volume of vapor discharge may be calculated based on the average flowrate and the

hours of operation.  The mass of petroleum hydrocarbons extracted in the vapor phase can be calculated

based on the average concentration of two vapor samples taken (see Section 3.5.2.5) and the volume of

soil gas extracted.

If the stack gas flowrate is relatively high (> 15 cfm), the liquid ring pump may be extracting

more soil gas than is required for liquid entrainment.  In such cases, it is recommended that the soil gas

extraction rate be reduced (using the ball valve located at the top of the drop tube) to the minimum level

required to lift fluids to the ground surface.  The stack gas flowrate should be remeasured at the restricted

flowrate, and this flowrate may be used to estimate the minimum-sized liquid ring pump for full-scale

operation.  In addition, the system operating parameters (stack gas TPH concentration, groundwater

recovery rate, process water TPH concentration, and vadose zone radius of influence) should be

remeasured or recalculated using the lower extraction rate.

3.5.2.5 Sampling and Analyses for Process Monitoring.  Table 3-2 presents a typical sampling and

analysis plan for monitoring the process performance during the pilot study.  The plan involves taking a
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Table 3-2.  Suggested Sampling and Analytical Methods

Analysis
Analytical

Method MDL(a) Container
Sample

Size
Preservation
Technique

Holding
Time

Soil
Particle Size
Distribution

ASTM(b)

D422
NA(c) Brass sleeve,

polyethylene or glass
container

1,000 g Cool @ 4oC 180 days

Bulk Density ASTM
D4531

NA Brass sleeve,
polyethylene or glass
container

200 g Cool @ 4oC 28 days

Porosity ASTM
D2434

NA Brass sleeve,
polyethylene or glass
container

200 g Cool @ 4oC 28 days

Moisture
Content

EPA 160.3 NA Brass sleeve,
polyethylene or glass
container

50 to 300
g

Cool @ 4oC 28 days

BTEX EPA
624/8240

10 µg/kg Brass sleeve 100 g Cool @ 4oC 14 days

TPH (jet
fuel)

EPA Mod.
8015/8240

10 mg/kg Brass sleeve 100 g Cool @ 4oC 14 days

TPH (diesel) EPA 8015 10 mg/kg Brass sleeve 100 g Cool @ 4oC 14 days
Soil Gas

BTEX EPA TO-3 1.0 ppbv(d) SummaTM canister 1-L NA 30 days
TPH (jet
fuel)

EPA TO-3 10.0 ppbv SummaTM canister 1-L NA 30 days

Process Water
BTEX EPA

624/8240
1.0 µg/L Borosilicate glass

VOA(e) vials
3 x 40-
mL

HCl to pH <2 @
4oC

14 days

TPH
(gasoline)

EPA Mod.
5030/8015

0.5 mg/L Borosilicate glass
VOA vials

3 x 40-
mL

HCl to pH <2 @
4oC

14 days

TPH (diesel) EPA 8015 0.5 mg/L Amber glass bottle 1 to 2 L Cool @ 4oC 14 days to
extraction

Total iron EPA 200.7 0.1 mg/L Polyethylene bottle 500 mL Nitric acid to pH
<2, Cool @ 4oC

6 months

Alkalinity
(carbonate)

EPA 310.1 20 mg/L Polyethylene bottle 250 mL NA NA

LNAPL
BTEX EPA Mod.

8240
100 mg/L Glass vial with

Teflon system or
lined cap

5 mL Cool @ 4oC 14 days

Boiling-point
distribution

GC/FID(f) NA Glass vial with
Teflon system or
lined cap

5 mL Cool @ 4oC 14 days

Flash point Method 1010 NA Glass bottle 200 mL NA 30 days
Percent
Moisture

ASTM
D2216-17

NA Glass or plastic
bottle

500 mL NA NA

Total
Suspended
Solids

EPA 160.3 Glass or plastic
bottle

500 mL Cool @ 4oC 7 days

(a) MDL  = method detection limit
(b) ASTM    =  American Society for Testing and Materials
(c) NA         =   not applicable
(d) ppbv       =   parts per billion by volume
(e) VOA      =   volatile organic analysis
(f) GC/FID  =   gas chromatography/flame ionization detection
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number of soil gas, process water, and LNAPL samples for various measurements during the pilot test.

The analytical methods, method detection limits (MDLs), suggested sample containers, sample sizes,

preservation techniques, and holding times are listed in Table 3-2.

In general, at least two bioslurper stack gas samples should be collected for benzene, toluene,

ethylbenzene, and xylenes (BTEX) and TPH measurements.  However, site-specific regulatory

requirements may dictate the quantity and frequency of the stack gas sample collection.  The site

regulators may require analyses for specific constituents.  The samples are collected by connecting an

evacuated 1-L Summa, polished stainless steel air-sampling canister to a sampling line on the stack.  Prior

to sampling, the sampling line should to be flushed with a representative vapor sample pulled from the

stack by a vacuum pump.  To collect a sample, the valve on the canister is opened, allowing the vacuum

in the canister to be displaced with the vapor sample until atmospheric pressure is reached.  The

vacuum/pressure in each canister should be confirmed before and after each sampling event to ensure that

the canister is received at the test site in an evacuated state and is completely filled during sampling.

Daily process water samples should be collected where the water exits the O/W separator.  Additional

water samples may need to be collected at the discharge point if the effluent from the O/W separator is

further treated for stable O/W emulsions. The water samples should be taken daily for BTEX, TPH

(gasoline or diesel, depending upon the type of contaminants), and, perhaps, total iron and carbonate

concentrations.  Again, site-specific regulations may dictate the sample quantity and the constituents that

must be analyzed.  The samples should be observed to determine if floating solids and/or stable emulsions

accumulate during the testing.  If floating solids not adequately removed, they may clog the conventional

gravity O/W separator and the coalescer packings and eventually may be carried over to the surge storage

tanks and treatment equipment downstream from the O/W separator.  The stable emulsions may cause the

water to look milky, thus requiring additional treatment.

Two LNAPL samples should be taken for BTEX, boiling-point distribution, flash point,

moisture content, and suspended solids analyses.  The results of the analyses may be used to determine if

the LNAPL can be recycled or used for heating, or will need to be disposed of as waste.

3.5.2.6 Soil Gas Monitoring.  Monitoring of the soil gas composition and pressure should be

performed every 24 hours during the pilot tests using the monitoring points described in Section 3.2.  The

soil gas composition data are used to evaluate how oxygen, carbon dioxide, and TPH concentrations in

the soil gas vary with time.  The pressure data may be used to determine the bioslurper vadose zone radius

of influence.  Finally, in conjunction with the results of the in situ respiration test, the soil gas monitoring
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data may be used to estimate the mass of petroleum hydrocarbons removed from the vadose zone through

biodegradation (in mg TPH/kg of soil/year).  Using n-hexane as a model compound for TPH, a stoichio-

metric equation describing hydrocarbon degradation may be presented as follows:

C6H14 + 9.5O2 →  6CO2 + 7H2O (3-1)

Based on this equation, approximately 3.5 g of oxygen is required, on a weight basis, for every 1 g of

hydrocarbon consumed.  Therefore, the hydrocarbon degradation rate is approximately 0.29 times the

oxygen utilization rate on a weight basis.

3.5.2.7 LNAPL Thickness and Groundwater-Level Monitoring.  During the bioslurper testing,

the depth to groundwater and the LNAPL thickness may be measured in the monitoring wells adjacent to

the extraction well using an in situ interface probe.  If there are no existing wells, one or more wells may

need to be constructed.  Although monitoring the fluid levels in the wells is not absolutely necessary,

useful data may be generated through this monitoring.  Figure 3-9 depicts a typical arrangement of an in

situ interface probe.  This setup is ideal for measuring the LNAPL thickness and depth to groundwater at

subsurface soil pressures created during the bioslurping test.  The interface probe (placed in the well at the

top of the LNAPL or groundwater and sealed tightly at the wellhead), is threaded through a section of

1-in. clear PVC tubing, which is fitted to a specialized well seal.  The sanitary well seal has a Teflon™

gasket that seals the PVC to the well casing.  Teflon™ is self-lubricating, so the PVC tubing can be

moved up and down in the well without short-circuiting to the atmosphere.

3.5.3 Pump Drawdown.  Upon completion of the bioslurping test, a simulated pump drawdown

test may be performed using the liquid ring pump and a single drop tube in the extraction well.  The effect

is the same as when using the single-pump method, aside from the withdrawal of LNAPL and

groundwater in the same stream when using the liquid ring pump.  The wellhead configuration is identical

to that used during the simulated skimmer test, where the well casing is open to the atmosphere.  The only

difference between the simulated skimmer and the simulated drawdown configurations is the placement

of the drop tube (Figure 3-10).  During the simulated skimmer test, the drop tube is placed at the

LNAPL/groundwater interface.  However, during the simulated drawdown test, the drop tube is lowered

below the measured static water level.  In practice, the wellhead vacuum observed during the bioslurper

test may be used to determine the placement of the drop tube for the simulated drawdown test.  For

example, if the bioslurper creates a vacuum of 15 in. H2O at the wellhead, the drop tube should be placed

at 15 in. below the static water table.
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Figure 3-9.  Diagram of the In Situ Interface Probe Setup
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Figure 3-10.  Configuration of Drop Tube and Wellhead During
Simulated Drawdown Recovery Test
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As with the simulated skimmer test, the liquid ring pump and O/W separator should be free of

LNAPL and primed with water prior to the inception of the test.  Readings on the totalizing flowmeters

for water and LNAPL should be noted to provide a starting point for quantification of volumes recovered

during the simulated drawdown test.  Water and LNAPL recovery rates and TPH vapor concentrations

should be monitored periodically over the duration of the test.  Upon completion of the test (in about

24 hours), LNAPL is removed from the seal water tank and O/W separator, total volumes of recovered

groundwater and LNAPL (including vapor phase) are determined, and depths to LNAPL and groundwater

are measured.

3.5.4 Simulated Soil Vapor Extraction (SVE).  The stack gas discharged from the liquid ring

pump should be is monitored during the simulated skimmer, bioslurper, and simulated drawdown tests.

Petroleum hydrocarbons in the vapor discharge during the simulated skimmer test most likely are from

the volatilization of recovered LNAPL in the seal water tank.  The petroleum hydrocarbons in the stack

gas during the bioslurper test are from the recovered soil gas as well as from the volatilization of

recovered LNAPL in the seal water tank.  If TPH concentrations in the vapor discharge during the

bioslurper test are significantly higher than during the simulated skimmer test, a simulated SVE test may

be performed.  The TPH concentrations in the stack gas also may be compared to those in the soil gas.  If

concentrations in the stack gas during the bioslurper test are comparable to those in the soil gas, an SVE

test should be conducted.

The simulated SVE test is performed using the liquid ring pump to create a vacuum in the vadose

zone.  The drop tube should be raised above the static liquid level in the well to prevent recovery of fuel

or water by the pump, allowing the pump to recover only soil vapor.  The well should be closed to the

atmosphere, as during the bioslurper test, to allow the creation of a vacuum in the well and the

surrounding vadose zone.  Liquid levels in the extraction well should not be allowed to rise above the

screened interval.  In order to prevent elevated TPH concentrations in the stack gas discharge due to

volatilization, any free product present in the liquid ring pump and seal water tank must be removed prior

to the inception of the test.  The O/W separator may be ignored, as no liquids will be recovered during

this test.  Vapor discharge concentrations and flowrates should be measured during the test to calculate

the mass of TPH removed in the vapor phase.

3.6 Data Reduction and Results Interpretation.  Figure 3-11 presents a decision tree for

determining if bioslurping is an appropriate technology for full-scale implementation at an LNAPL-

contaminated site.  The data collected from baildown tests performed during the site characterization
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Perform 
baildown test. 

Was baildown test successful 
(recovery rates 
>0.005 gph)?

Investigate bioventing (Leeson 
and Hinchee, 1997)

or soil vapor extraction (ENSR, 
1995) as remediation options.

Perform LNAPL recovery comparison 
testing, including

 bioslurping, skimmer simulation, 
simulated dual-pump drawdown,

 soil vapor extraction, 
and in situ respiration testing.

Was LNAPL
 recovery technically feasible

 and practicably possible?

Which technology demonstrated
 the highest LNAPL-recovery
 rate during the pilot testing?

Bioslurping.
If bioslurping had the greatest 

LNAPL recovery rate, evaluate 
treatment costs for vapor and 

water and proceed 
with full-scale design.

No

Yes

Yes

No

Skimming.  
If skimming demonstrated the 
greatest LNAPL recovery rate,

 proceed with full-scale 
implementation.

Drawdown.
If drawdown demonstrated the
 greatest LNAPL recovery rate,

 evaluate the costs for water treatment 
and proceed with full-scale 

implementation.

If vapor or water treatment costs 
are expensive, investigate skimming 

as the full-scale LNAPL-recovery
technology.

If water treatment costs 
are expensive, investigate skimming 

as the full-scale LNAPL-recovery
technology.

Figure 3-11.  Decision Tree for Selecting an LNAPL-Recovery Technology
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provide an indication of whether free product at the site is mobile under passive conditions.  If the

recovery rates during the baildown tests are less than 0.005 gph, LNAPL recovery using bioslurping,

skimming, or drawdown may not be economically feasible.  Therefore, it is recommended that other

remediation technologies, such as bioventing or SVE be investigated.  Data and information collected

during the pilot-scale tests should be evaluated to (1) determine the feasibility of the LNAPL source

removal and vadose zone remediation, and (2) develop the approach for construction and implementation

of a full-scale bioslurper system.  The following sections present information on how the pilot test data

can be used to develop a full-scale bioslurper system.  These sections describe the evaluation of the data

from operating a bioslurper system at a single extraction well.  The bioslurper may be used to extract

from multiple wells simultaneously to generate data that will assist in the full-scale implementation of

bioslurping.  These data will be more representative of the flow regimes (LNAPL, water, and stack gas)

during full-scale operation, and will aid in determining the size of the pump and the selection of stack gas

and discharge water treatment systems.

3.6.1 LNAPL Thickness Monitoring.  Monitoring the LNAPL thickness throughout the pilot test,

as described in Section 3.5.2.7, may provide information regarding the capture zone of the bioslurper

extraction well.  If the monitoring well is within the radius of influence of the extraction well, a small

reduction in the apparent LNAPL thickness in the monitoring well may be observed.  Care must be taken

when interpreting the fluid level monitoring data.  A change in the thickness of LNAPL in the monitoring

well may be the result of a fluctuation in the water table caused by precipitation or drawdown of the water

table caused by improper placement of the bioslurper drop tube.

3.6.2  LNAPL Radius of Influence.  Traditionally, the radius of influence (RI) of the bioslurper for

the LNAPL zone and full-scale design has been estimated based on the vadose zone RI determined during

the bioslurper pilot tests.  However, in most cases, the flow behavior of the LNAPL is likely to be

different from that of the soil gas in the unsaturated zone due to complicating factors related to multiphase

fluid movement.  Therefore, the RI determined from the vadose zone of influence may overestimate the

RI in the LNAPL layer.  The design of full-scale bioslurper systems based on these RIs may result in gaps

in the LNAPL capture zones in the field.

A more rigorous estimation of the LNAPL RI may be made by combining the field data

collected during site characterization and pilot-scale testing with multiple-phase computer simulations.

The numerical simulators can incorporate the hydrogeologic data, LNAPL distribution, and the vacuum

rates into a single model.  The calculations involve solution of highly nonlinear equations resulting from
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changes in relative permeability and saturation to calculate the saturation, pressure distribution, and the

velocity field for each phase (soil gas, LNAPL, and groundwater).  The models also can estimate the

recovery of each phase.  One major advantage is that they can be used to conduct sensitivity analyses to

evaluate the effects of parameter uncertainty on the RI and overall system performance.  Although three-

dimensional codes are desirable, most currently available codes are two-dimensional (plan view or cross-

sectional view).  An example of a plan view code is MOVER (DAEM, 1997), a multiphase, finite-

element code specifically written for bioslurping processes.

The simulation of a vacuum-enhanced recovery system at a typical site requires data on

LNAPL spatial distribution; aquifer geometry; soil properties such as permeability, porosity, van

Genuchten parameters (alpha and n), and residual saturation; and fluid surface tension, viscosity, and

density.  Accurate surveys of monitoring well locations and elevations are required.  It is useful to obtain

data for observed oil and water levels from several measurement events to account for seasonal variations

in water levels.  Similarly, soil property measurements at several locations provide an estimate of the

variability of the properties and improve confidence in the model results.  Further adjustment in the soil

properties may be made during calibration when an attempt is made to match field pilot-scale

observations, such as the soil gas vacuum, with model results.

As a first step in the MOVER plan view simulations, the monitoring well data are used to

determine the actual saturation distribution of LNAPL in the soil and to estimate the total initial LNAPL.

The accuracy of the estimate depends on the reliability of the observed LNAPL distribution, the soil

property variations (heterogeneity), and the model setup.  The process of bioslurping is simulated by

applying a constant vacuum condition with pressure expressed in inches of water vacuum at the

bioslurper well location in the model domain.  This pressure gradient is the driving force for vacuum-

enhanced recovery, and the movement of each phase is governed by its piezometric head gradient.

As an example of the model use for estimating the RI, the MOVER code was used to

simulate pilot-scale bioslurping at an LNAPL site.  The formation was assumed to be composed of

uniform, medium-sized sand with the water table at 15 ft bgs, the LNAPL thickness varying from 0 to

2 ft, and a groundwater velocity of about 20 ft/year.  The model was run for a single well with a vacuum

head equivalent to 5.6 ft of water applied for about 1 day and the suction tube placed at the oil/water

interface.  The output-simulated velocity vectors for the oil, water, and soil gas phases were resolved and

plotted to evaluate the zone of influence around the bioslurper in each phase.  Simulated flow direction

vectors and the zones of influence for the oil phase and air phase are shown in Figures 3-12 A and B,
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Figure 3-12A.  Simulated Flow Vectors for the Oil Phase

Figure 3-12B.  Simulated Flow Vectors for the Air Phase
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respectively.  Based on Figure 3-12A, the LNAPL RI is about 27 ft in the east-west direction and about

40 ft in the north-south direction with the asymmetrical shape probably due to natural groundwater and/or

LNAPL flow.  The RI based on the air velocity appears to extend throughout the model area and is much

larger than that determined for the oil phase.  The effective RI in the vadose zone may have to be based

on the arbitrary cutoff point for pressure, such as 0.1 in. vacuum.  In the example site given here, the field

RI based on the pilot-test soil gas pressure of oil in was 45 ft.  In general, it appears from the example

model that the LNAPL zone RI may be much smaller than that determined from the vadose zone soil gas

pressures.

The RI for the bioslurper should be based on the flow in the LNAPL phase rather than in the

soil gas phase.  Although computer simulations can be used in conjunction with the pilot-scale tests to

improve the RI calculations, these require some amount of specialized expertise not available at many

Naval facilities or companies.  It may be cost effective to develop some generalized rule of thumb-type

guidance that relates the observed field parameters to the actual LNAPL RI without conducting complex

simulations.  Further research in this field currently is underway at Battelle.

3.6.3 LNAPL Extraction Tests.  The results from the LNAPL extraction pilot test, which

compares the different extraction technologies, may be used to determine the most cost-effective

technology or combination of technologies for remediation.  If bioslurping is selected for site remediation,

the information generated by the LNAPL extraction test may be used to design a full-scale system.  Some

of the most useful pieces of data are:

• LNAPL recovery rate

• groundwater recovery rate and process water composition

• stack gas discharge flowrate and composition

• formation of floating solids and stable emulsions.

This information is required for sizing the full-scale system (e.g., pump capacities and sizes of O/W

separator and holding tank) and determining the requirement for O/W separation and the need for stack

gas or process water effluent treatment.  Data generated during the pilot studies also may be used for

discharge permit applications, if permitting is required.  If the stack gas and/or process water effluent

requires treatment, composition and flowrate data must be used to obtain sizing information, performance

data, and cost information from various vendors and component suppliers for the full-scale treatment

units.
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The LNAPL recovery rate may be used to determine the most cost-effective technology for

removing LNAPL from the site.  In general, the technology that sustains the greatest LNAPL recovery

rates during the pilot test should be considered for full-scale remediation of the site.  However, prior to

selecting and implementing a specific technology, other factors should be evaluated, such as the

groundwater recovery rate, TPH concentration in discharge water, stack gas discharge rate, TPH

concentration in the stack gas, and biodegradation rate in the vadose zone.  If accurate LNAPL volume

estimates are provided, the LNAPL recovery rate may be used to estimate the O&M time required to

remove the LNAPL from the site.  The O&M time and costs and effluent discharge treatment costs are

important when deciding which technology is most appropriate for a particular site.

If low LNAPL recovery rates are measured during each of the LNAPL recovery

configurations, if may not be possible to economically recover the LNAPL.  In such cases, it is

recommended that a non-LNAPL recovery technology such as bioventing or SVE be investigated for

possible use in full-scale site remediation.  The simulated SVE test and the in situ respiration test

conducted during the LNAPL recovery pilot test provide an indication of the potential to use these

technologies for site remediation.  However, before eliminating the use of any of the technologies,

seasonal variations in the contaminant profile should be considered.  For example, if fuel is trapped

beneath the water table or floating above the screened interval of the extraction well during a period of

high precipitation, drawdown may be the only LNAPL recovery technology capable of removing

significant quantities of LNAPL.  If such a situation is known to exist, the pilot test should be repeated

during a drier period.

The characteristics and volume of the wastestreams generated for each technology should be

considered when performing the cost analysis for site remediation.   The mass discharge rate of TPH in

the discharge water and off-gas may eliminate the application of a specific technology if the

disposal/treatment costs are expensive for the water or vapor.  If the carbonate concentrations are high in

the process water or in the groundwater, there is a potential for scale formation in the liquid ring pump

during bioslurper operations.  In most cases, the scale may be removed by adding a dilute acid, such as

vinegar, to the liquid ring pump during operation.

3.6.4 Soil Gas Monitoring and Shutdown Respiration Testing.  During the bioslurper pilot test,

the in situ soil gas composition is measured at the monitoring points.  Along with the information on the

vadose zone radius of influence, the soil gas data may be used to determine whether oxygen and/or carbon
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dioxide levels have increased.  Increased oxygen levels might indicate bioslurper-mediated aeration, and

increased CO2 levels may indicate enhanced microbial activity in the area of influence.

When the bioslurper extraction tests are completed, a shutdown respiration test may be

performed to evaluate the oxygen utilization rate and the biodegradation rate in the vadose zone.  The soil

gas data collected over time (after shutdown of the bioslurper test) may be used to establish the oxygen

utilization rate and the carbon dioxide evolution rate.  High oxygen utilization rates (>1%/day) indicate

improved microbial activity by the bioslurper-mediated aeration.  If the oxygen utilization rates are low

and significant amounts of contaminants are present, factors such as high clay content, low or very high

moisture content, low soil pH, nutrient limitation, and/or contaminant levels toxic to microorganisms may

be limiting aeration and/or biodegradation rates.  As such, site-specific variables affecting microbial

degradation must be identified to determine whether the conditions can be improved to implement

enhanced bioremediation.
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Section 4.0  FULL-SCALE BIOSLURPER DESIGN AND CONSTRUCTION

Section 4 presents the methods used to design a full-scale bioslurper system using the data

obtained during the characterization and pilot-scale test (Sections 2 and 3, respectively).  Figure 4-1

presents a stepwise approach for designing a full-scale bioslurper system.  It is important to follow the

flow in Figure 4-1 to simplify the design procedure.  If the flow is not followed, full-scale pump sizing

and the requirements for off-gas and process water treatment will be difficult to establish.  The formation

of emulsions and floating solids has been a problem observed at many bioslurping sites and is attributed

to the blending action of the liquid ring pump.  Section 4.4 presents effective techniques for removing

emulsified fuel and floating solids from the liquid stream.  Additionally, separation using a knock-out

tank and in situ O/W separator are presented in Section 4.4.  Such separation techniques remove the

LNAPL from the liquid stream prior to entering the pump, thus reducing the formation of these

byproducts.  Process water and stack gas treatment options are presented in Sections 4.5 and 4.6,

respectively.

4.1 Extraction Well Spacing and Design.  Placing wells with proper spacing is important to

ensure optimal LNAPL recovery and vadose zone remediation.  The design, placement, and installation of

multiple bioslurper wells are some of the most critical elements in achieving successful implementation of

the bioslurper technology.  The desired well spacing is determined by the radius of influence estimated

during the pilot test.  Wells should be spaced in a configuration such that the distance between any two

adjacent wells does not exceed the radius of influence.  Optimization of the number and spacing of

extraction wells would minimize both capital and operating costs.

The extraction wells should be installed equidistant from one another in triangular arrays, as

depicted in Figure 4-2.  With arrays of this type, there will be some overlap of the area of influence for

each well.  Using the radius of influence from the pilot test, the spacing between the wells can be

determined from the following equation.

1.732rcos(30)2r L == (4-1)

where:

L  =  the distance between wells

r  =   the radius of influence measured during the pilot test.
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Figure 4-1.  Stepwise Approach to Full-Scale Bioslurper Design

Was bioslurping the
most effective tech-
nology at removing
LNAPL during the

pilot test?

Use site characterization data to
determine the extent of LNAPL

 contamination.

Calculate the well spacing
and layout using the
radius of influence

and equation 4-1.  See Section 4.1.

Size vacuum pump by using the
groundwater, soil gas, and LNAPL
recovery rates measured during the

pilot test.  See Section 4.2.

Using the pilot test process water
data and off-gas data, properly
select and size the treatment
equipment, if required.  See

Sections 4.5 and 4.6.

Examine other remedial
technologies i.e., skimming and

dual-pump drawdown.

No

Yes
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Figure 4-2.  Recommended Extraction Well Layout
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Using Equation 4-1, there is minimal overlap of the radii of influence from the wells.  If

greater overlap is desired, a multiplier may be incorporated into the equation to provide an acceptable

overlap.

4.2 Drop Tube and Extraction Manifold Sizing.  The bioslurper drop tube is designed to

ensure that the superficial velocity of the LNAPL/groundwater mixture is low enough to maintain a

pulsing or annular-type flow in the vertical pipe.  In general, a superficial air velocity of >10 ft/sec would

be adequate to maintain such a flow (Govier and Aziz, 1972).  Meanwhile, the soil gas flow velocity

would be low enough (i.e., <500 ft/sec) to avoid choked flow conditions.  Figure 4-3 displays the flow

patterns at these superficial liquid and air flow velocities.  Testing of the bioslurper has demonstrated that

the suction lift action is not very sensitive to operating conditions and that stable operation is easily

maintained over a wide range of conditions.

Piping for the manifold must be selected so that the liquid velocity decreases sufficiently to

avoid slug flow in horizontal piping.  Pressure losses due to friction must be taken into account when

designing a manifold system.  Data for frictional loss in pipes can be found in engineering manuals or

may be obtained from the pipe manufacturer.  In general, a superficial liquid velocity (VSL) of <0.4 ft/sec

would be adequate (Govier and Aziz, 1972).  The soil gas velocity should be low enough (superficial gas

velocity [VSG] of <500 ft/sec) to avoid approaching choked flow conditions.  The sizes of manifold piping

may increase near the liquid ring pump as more wells are connected to the manifold.  As much as

possible, the manifold piping should be placed to avoid low points and should be sloped toward the liquid

ring pump.

4.3 Liquid Ring Pump.  From experience at many bioslurper sites, the liquid ring pump is an

economical and effective system for producing a liquid-extraction vacuum.  Twin lobe rotary blowers

have been used as an alternative to the liquid ring pumps.  Unlike the liquid ring pump, the rotary blower

will not tolerate any water.  If a rotary blower is used, a liquid/air separator must be installed prior to the

blower such that liquid never enters the blower.  The rotary lobe blowers prevent the mixing of

groundwater and LNAPL in the extraction process that occurs due to the shearing action in the liquid ring

pump.  From experience, this benefit may be minimal at some sites, because mixing of the groundwater

and LNAPL may occur prior to entering the pump.

The rule of thumb used in the past for sizing liquid ring pumps at bioslurping sites is to allow

between 1/3 and 2/3 horsepower (hp) for each extraction well.  However, the primary factor in sizing the
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Figure 4-3.  Flow Patterns at Superficial Liquid (VSL) and Gas (VSG) Flow Velocities
(from Govier and Aziz, 1972)
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liquid ring pump for a full-scale bioslurper system is the volumetric flowrate of soil gas to extract fluids

from the wells via the drop tube.

The LNAPL, water, and air flowrates measured during the pilot test are multiplied by the

number of wells required to cover the LNAPL plume to give the flowrate for each component.  Seasonal

variations in the contaminant profile should be considered.  If the vacuum pump was operated at only one

setting, the above calculation will estimate the maximum size for the liquid ring pump.  However, if

liquid and soil gas extraction rates were reduced during the pilot test to evaluate the system operation at

low-flow conditions, the data generated during this evaluation may be used to provide the minimum size

of the liquid ring pump.  LNAPL, water, and stack gas flowrates are multiplied by the number of wells

required to cover the LNAPL plume just as is done to estimate the maximum pump size.

The required vacuum pump horsepower required to move the liquid flow at the system

vacuum can be determined using published performance tables or pump curves.  If pump performance

data are not available, the required horsepower could be estimated as:

hp  =  compression gas

(4-2)

hp  =  3.07 ×  w ×  [(P2/P1)0.37106 – 1] + (P2-P1) ×  Q1 ×  0.004363

where:

w  =  total air flowrate, lb/min = total air flowrate in standard cubic feet per minute

(scfm) / 14

P1  =  manifold pressure, psi absolute

P2  =  discharge pressure, psi absolute (actually about 15 psia)

Q1  =  volumetric flow of liquid (ft/min).

The calculated horsepower should be rounded up to the next largest standard pump size available.

Example pump power results for various air flowrates and manifold vacuum levels are provided in

Table 4-1.

Battelle has calculated the required pump size by conducting multiple-well extraction testing.

During these tests, the system used initially was bioslurping from a single well.  Throughout the testing

the fuel, groundwater, and soil gas recovery rates; wellhead vacuum; pump vacuum; pump temperature;
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Table 4-1.  Pump Power Results for Various Air Flowrates and Manifold Vacuum Levels

Vacuum Pump Horsepower for Various Manifold Pressures
20” Hg 22” Hg 24” Hg 26” Hg

Air Flowrate
(scfm) 4.89 psia 3.91 psia 2.93 psia 1.96 psia

5 0.56 hp 0.71 hp 0.9 hp 1.2 hp
10 1.1 hp 1.4 hp 1.8 hp 2.5 hp
50 5.6 hp 7.1 hp 9.1 hp 12.4 hp
100 11.3 hp 14.2 hp 18.3 hp 24.7 hp
200 22.6 hp 28.4 hp 36.5 hp 49.5 hp
500 56.6 hp 70.9 hp 91.3 hp 124 hp

and stack gas TPH concentrations were monitored.  After the water and soil gas recovery rates

equilibrated, a second well was added to the system.  This procedure was repeated until five wells were

connected to the liquid ring pump.  The total flowrate for fuel, water, and vapor was divided by the

number of wells connected to the pump to calculate the average flowrate from each well.

Throughout the testing sequence the overall soil gas flowrate increased.  A 61-scfm soil gas

flowrate (61% of the theoretical capacity) was observed while extracting from five wells.  Although the

overall soil gas flowrate increased, the soil gas flowrate from the individual wells decreased.  Figure 4-4

illustrates the change in the average soil gas flowrate per extraction well as additional wells were added to

the bioslurper system.  The flowrate was as high as 23 scfm when extracting from one well; flowrates

dropped to about 11 scfm/well while extracting from five wells.

To estimate the total soil-gas flowrate anticipated during full-scale operation, the flowrate

data displayed in Figure 4-4 were fitted with an exponential curve having the following equation

Y = 22.4*X-0.424 (4-3)

where:

Y  =  soil gas flowrate/well

X  =  number of extraction wells.

It was assumed that 17 wells would be utilized during the full-scale operation, and the result-

ing soil gas flowrate would be 6.8 scfm per well.  The total flowrate would then be 116 scfm or 218 cfm

at 14 in. Hg vacuum.  A vacuum of 14 in. Hg was used to convert scfm to cfm because the pilot-scale

test data (while extracting from five wells) indicated that sufficient vacuum could be generated at the



Figure 4-4.  Effect of Multiple Wells on Soil Gas Extraction Rate

wells while operating the liquid ring pump at 14 in. Hg.  Based on the literature provided by the pump

manufacturer, a 15-hp pump was selected.

Pumps in the capacity range often used in bioslurping systems (1.5 to 20 hp) are available with 220-V

single-phase motors or 240/480-V three-phase motors.  The single-phase versions generally are preferred

for pumps in the 1.5- to 5-hp size range.  The 240/480-V three-phase version is preferred for pumps over

5 hp due to its efficiency and lower current draw.  Department of Defense facilities typically are supplied

with 208-V three-phase power.  The designer should determine the site’s voltage supply capacity before

selecting the vacuum pump size.

If the required horsepower exceeds 15, it may be more efficient to use more than one pump.  Using

several lower horsepower pumps avoids high current flow that can complicate power supply systems,

increases the flexibility of the system, and allows at least partial operation if one pump is out of service.

4.4 Oil/Water Separation.  LNAPL, groundwater, and soil gas are extracted through the same

extraction manifold during a typical bioslurping operation.  Therefore, some type of O/W separator is

required to separate LNAPL from the liquid stream, especially if floating solids and stable O/W
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emulsions are present in the stream.  At some bioslurper sites, the formation of floating solids and stable

emulsions presents a significant problem with the operation of the technology.  The floating solids

observed at most bioslurper sites appear as a frothy mass floating between the extracted LNAPL and

groundwater.  The O/W emulsions are suspended droplets of petroleum hydrocarbons in water that give

the process water from the bioslurper a milky appearance.  The emulsions may be produced during the

mixing action of the liquid ring pump or the slurping action in extraction wells.  The floating solids are

formed from the mixture of the extracted LNAPL, soil gas, groundwater, and sediment captured during

the extraction process.  In general, the floating solids and milky O/W emulsions are relatively stable, thus

preventing the successful separation of LNAPL and groundwater by a conventional gravity O/W

separator alone.  If an O/W separator is properly designed and sized to handle the O/W separation, it can

be effective in separating the floating solids.  Several techniques have been used to reduce the formation

of the emulsions and/or remove the emulsions from the aqueous stream once they have formed.  These

techniques are discussed in the following sections.

4.4.1 Separation Using a Knock-Out Tank.  As shown on Figure 4-5, before entering the liquid

ring pump (LRP on the figure), the mixture of LNAPL, groundwater, and soil gas from an extraction

manifold may be separated using a knock-out tank assembly consisting of a vacuum-resistant tank with a

piping system.  The upper section of the piping removes soil gas, while the lower section removes

groundwater.  The liquid level in the tank is kept constant by removing soil gas and groundwater at the

same rate at which they enter the tank.  The LNAPL floating on the surface of the groundwater

accumulates in the tank until it reaches a preset level where it gravity-drains to a fuel storage tank.  The

fuel storage tank is kept under vacuum to allow the LNAPL to drain properly.  The connection between

the knock-out tank and the manifold must be located above the static fluid level in the tank, which is

determined by the location of the tee fitting.

Initial testing of the knock-out tank to prevent the formation of the floating solids and stable

emulsions had limited success, which was attributed to the complexity of the liquid level adjustment

valves on the knock-out tank.  The complex nature of the valves and the variable groundwater recovery

rates prevented proper setting of the liquid level in the tank, thus preventing satisfactory separation from

occurring.  Following these early attempts, the knock-out tank assembly was modified to allow the fluid

levels to “self-equalize.”  This modification has significantly improved the separation capability and

minimized the O&M requirements.  Results of tests at sites with modified knock-out tank assemblies

indicate that the formation of floating solids can be prevented and TPH concentrations in process water

can be reduced by 72%.
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4.4.2 In-Well O/W Separation.  As mentioned previously, floating solids and emulsions may

form in the manifold before they are subject to the mixing in the liquid ring pump.  The potential for the

production of these solids and emulsions may be significantly reduced if LNAPL and groundwater can be

separated before extraction.  In-well O/W separation may provide an effective means to achieve this goal.

One dual-drop tube design for in-well separation is displayed in Figure 4-6.  A single aboveground

vacuum pump is used to enhance the migration of LNAPL to the extraction well, similar to the original

single-drop tube design.  However, with the dual-drop tube design, LNAPL and groundwater are

extracted in two separate streams through two separate drop tubes.  The two drop tubes (1 ×  1 in. PVC

and 1 ×  ¼  in. tubing) are placed in the extraction well with the end of the 1-in. drop tube placed at the

LNAPL/water interface and the end of the ¼-in. drop tube placed approximately ½ in. above the

interface.  Meanwhile, the end of the 1-in. drop tube is shielded with a 2-in.-diameter PVC pipe,

extending both 1 ft above and 1 ft below the end of the drop tube.  The section of the 2-in. pipe prevents

LNAPL from entering the deeper drop tube, while allowing soil gas and groundwater to be extracted.

The 1-in. drop tube enhances the migration of LNAPL to the extraction well without producing a cone of

depression.  The ¼-in. drop tube extracts LNAPL from the well and transports it to a liquid trap before it

reaches the liquid ring pump.

The dual-drop tube design and several other in-well separation configurations are being

tested.  The results of the dual-drop tube tests indicate as high as 99% decrease in TPH in the process

water while preventing the formation of floating solids.  It is recommended, however, that the new drop

tube design not be incorporated into the full-scale design until more thorough testing has been completed

at sites with differing fuel contamination and soil types.

4.4.3 Separation Through Physical Removal.  Physical removal of the floating solids using tanks

equipped with fibrous filters has been successful during short-term projects.  However, the operation and

maintenance of these filter tanks can be time-intensive if large amounts of the floating solids are

produced, because the filters quickly become clogged and must be replaced.  Therefore, it is

recommended that the filter tanks (or equivalent) not be used for full-scale bioslurper implementation.
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Figure 4-5.  Vacuum-Resistant Separator
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Figure 4-6.  Dual-Drop Tube Design for In-Well Separation
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4.4.4 Separation Using Coalescers.  Coalescers are devices often added to simple gravity

separators to enhance the performance of O/W separation.  Coalescers bring together small oil droplets to

form larger droplets that can be separated more easily.

Oil droplets in water will attach preferentially to surfaces, particularly hydrophobic surfaces,

and the oil phase will then wet the surface of the coalescing media to form a film.  Additional oil droplets

will coalesce onto the film until the oil droplets are large enough to break away from the film and rise to

the phase layer interface.  Coalescing plates provide surfaces for the formation of this trickling film of oil

that leads to a stratified, two-phase O/W separation.  Although all emulsions are unstable, many are

insufficiently stable to separate efficiently in a gravity separation tank.  With a coalescing device, small

droplets that by themselves would not separate by gravity in a reasonable time will coalesce into large

droplets that separate more efficiently.

Typical coalescing media are composed of plates, beads, meshes, screens, and membranes

made from oleophilic materials such as polypropylene, nylon, polytetrafluorocarbon, glass, and glass-

treated materials.  The best coalescers consist of a composite device with stages of increasing particle size

surface area and with a final stage that enables the release of oil droplets from the solid media.

Coalescers can separate oil droplets that are 10 µm or smaller in diameter.  Droplets as small as 1 µm can

be removed by coalescing devices.  Coalesced droplets typically leave the coalescing device in droplet

sizes ranging from 150 to 1,000 µm.

The velocity of the fluid flowing through the coalescing device is a key operating parameter.

The velocity must be low enough that the droplets can grow sufficiently before being swept off the

coalescer media.  Commercial designs typically operate in the range of 1 to 10 ft/min.  Separators with

coalescing devices usually require a greater degree of maintenance and monitoring during operation than

simple gravity separation systems.

Coalescing devices are ineffective in removing chemically stabilized emulsions that have a

decreased interfacial tension and are less likely to be coalesced.  Fine suspended solids also may limit the

effectiveness of a coalescing device because the solids often adhere to the surface of the coalescer and

eventually clog the coalescer.

Coalescers are commercial-off-the-shelf technologies and are available in many different

forms.  Slant Rib Coalescing Separators manufactured by Great Lakes Environmental (see Figure 4-7)
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have been used at several bioslurper sites and provide satisfactory O/W separation.  The floating solids

are removed by spilling over an oil weir into the oil reservoir.

4.5 Groundwater Effluent Treatment.  The process water from an O/W separator must be

treated and/or disposed of in a suitable way.  The process water generally contains some levels of

oil/grease, suspended solids, and metal.  Table 4-2 presents a number of treatment/disposal options;

however, site-specific factors may limit the options available at a particular site.  These factors include

site location, discharge flowrate, regulatory requirements, contaminant concentrations/loadings, and

contaminant types.  Appendix C gives further information on water treatment and disposal.

Table 4-2.  Aqueous Treatment and Disposal Options

Treatment Options Disposal Options

Chemical treatment including
coagulation, flocculation, and
precipitation

Dissolved air flotation
Air stripping
Carbon adsorption
Anthracite/clay adsorption

Transport off site to a disposal
    facility via truck
Discharge to a storm sewer
Discharge into a WWTP via a
    sanitary sewer
Reinject into the subsurface

In general, it is more economical to pursue disposal options that do not require some form of

pretreatment.  However, factors such as site location and availability of off-site wastewater treatment

facilities must be considered when determining the best method of disposal.  At locations where a on-site

wastewater treatment plant (WWTP) is available, it may be more economical to discharge the process

water to these facilities.  At remote sites, where off-site treatment facilities are not readily accessible, it

may be more cost effective to obtain a National Pollutant Discharge Elimination System (NPDES) permit,

use some form of pretreatment, and discharge the treated water to the surface water.

The flowrate of the process water from the full-scale bioslurper process must be considered

when evaluating disposal options.  For example, at one extended bioslurper demonstration site, the water

discharge flowrate ranged from 0.1 to 5 gal/min (gpm).  Discharging the process water to a sanitary sewer

and treating it off site at a WWTP was estimated to cost $0.05 per gallon of water.  It would be

economical to discharge the process water to the sanitary sewer at 0.1 gpm flowrate but not at 5 gpm.

Because the flowrate was expected to be on the high end, on-site treatment was selected.
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In addition to the site location and discharge flowrate, other factors such as contaminant

types, concentrations, and loadings, and requirements by various regulatory authorities, would dictate the

selection of disposal/treatment options.  In general, high concentrations of contaminants posing adverse

effects on human health and the environment most likely would trigger pretreatment requirements before

discharge.

After disposal options have been considered, negotiations with the appropriate regulatory

agencies and/or treatment facilities may be pursued.  Regulations imposed by these authorities often affect

the cost-effectiveness of the selected disposal/treatment method.  For instance, at a site located in Northern

California, the San Francisco Regional Water Board (SFRWB) required that the discharged water not be

allowed to pond on the ground.  An automated water distribution system had to be installed to sprinkle the

treated water over a large grass-covered area.  Although the water treatment system was still cost effective,

the stipulation imposed by the SFRWB resulted in increased capital and operating costs.

At a large number of sites, some form of pretreatment is required prior to discharging the

effluent from the O/W separator.  The types and concentrations of the contaminants in the water

combined with regulatory requirements usually dictate the selection of appropriate technologies.  For

example, at a gasoline-contaminated site where the majority of the TPH partitions into the off-gas stream

rather than to the aqueous stream, water treatment may not be required if the effluent is discharged

directly to a WWTP.  However, if the effluent is discharged to the ground surface, some polishing (such

as activated carbon adsorption) may be required.  If the gasoline contains lead, removal of the lead may

be required prior to discharge.  The most important design criterion is that the treatment technology

chosen must reduce the concentrations of contaminants to levels that meet site-specific regulatory

requirements.  Table 4-3 lists several water treatment technologies that have been used to treat O/W

separator effluent.

4.6 Stack Gas Treatment.  Because bioslurper systems are considered by most states as small

emission sources, they may or may not require stack gas treatment, depending on the emission quantities

and the site-specific regulatory requirements.  In fact, the states vary widely in their air emission

regulations according to a U.S. EPA (1991) survey (EPA/540/2-91/003) conducted in 1989.  For example,

24 of the 50 states have no statewide air discharge standards, and many of the general emission source

laws have been written primarily for large sources such as power plants.  However, 9 states require

permits for small point source systems.  Of these 9 states, 2 states require permits only for sites that

discharge more than 10 tons of volatile organic compounds (VOCs) per year.
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Table 4-3.  Water Treatment Technologies

Technology Applicability Limitations
Coagulation/flocculation
combined with dissolved air
flotation

Excellent technology for removing high
concentrations of emulsified oils.  Has
been shown to remove greater than 99%
of oil/grease with influent concentrations
greater than 6,000 ppm.

Can be designed to precipitate and
remove heavy metals

Higher capital costs

Requires O&M

May require treatability tests to determine
chemical dosage

Air stripping Useful for treating water containing low
concentrations of high-volatility dissolved
hydrocarbons.

May require off-gas treatment

Cannot be used to remove less volatile
contaminants

Carbon adsorption Competes with air stripping for treating
water containing low concentrations of
dissolved hydrocarbons

May be fouled by free-phase product

May have premature breakthrough if not
properly handled

Must disposed of after breakthrough and
replaced

Hydrophobic clay/anthracite
adsorption

Treats water containing low
concentrations of emulsified
hydrocarbons (<100 ppm)

Does not effectively treat BTEX

Often has handling problems

May have premature breakthrough if not
handled properly

Media must be disposed of and replaced
Settling tanks Provides residence time allowing

emulsified oils to separate

Only useful for separating unstable
emulsions

Requires large volume and space

Not useful for stable emulsions

May present handling problems

Among the states with air discharge standards, 17 states express discharge limits on a mass

per time basis, but the allowable limits vary widely.  For example, North Carolina allows up to 40 lb per

day to be discharged, whereas the District of Columbia allows only 1 lb per day.  Other states have

compound-specific emission limits.  Connecticut, for example, lists more than 100 compounds with

allowable limits based on both an 8-hour average and a 30-minute average.  Some states require that the

vapor concentration in the influent stream be reduced by up to 85%.

Selection of a vapor treatment system depends mainly on contaminant concentrations in the

stack gas stream.  Figure 4-8 displays several vapor treatment methods and the respective concentration

ranges for which they can be used.  For TPH concentrations ranging from 10 to 500 ppmv, granular activated

carbon (GAC) adsorption may be an option.  For TPH concentrations ranging from 10 to 10,000 ppmv,

vapor reinjection or biofiltration may be a preferred option.  Vapor reinjection would be a favored
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treatment approach if the soil permeability is high and the location of subsurface structures does not

present a problem.  For stack-gas with even higher concentrations, i.e., 500 to 100,000 ppmv, incineration

or thermal destruction in an internal combustion engine (ICE) would be an option.  Each of these

treatment options is summarized in Table 4-4 and further described in Appendix D.  More detailed

process descriptions and cost and performance data have been reported by Vatavuk (1990) and

Mukhopadhyay and Moretti (1993).

4.7 Safety Switches and Equipment.  To minimize the chance of liquid spills or other undesired

discharges of liquid or vapor, the bioslurper system should be equipped with a series of safety switches.

If tripped, either by a high liquid level or a mechanical failure, these switches will open a circuit, causing

the liquid ring pump to shut down.  A safety switch should be placed in any tank that will contain

recovered groundwater or LNAPL and on any water or vapor treatment equipment that will allow the

discharge of untreated wastestreams in the event of system failure.

Liquid ring pumps are equipped with a high-level float switch in the seal water tank to

prevent liquid discharge through the exhaust stack.  Additional high-level shutoff switches should be

installed in the oil/water separator, fuel storage tank, water transfer tank(s), and any further water

treatment system.  Depending on the design of these tanks, more than one switch per tank may be

necessary.  If transfer pumps are used to transfer water from tanks to a treatment system, the pump can be

wired through a relay that will cut power to the transfer pump if the liquid ring pump is shut down.  This

is done to prevent spills in the event that a high level or other problem with the treatment system is the

cause of the bioslurper shutdown.  In this case, the transfer pump would be pumping water from a tank to

an over-full or inoperative water treatment system, causing a spill or discharge of untreated water.

This transfer pump relay system also may be used when pumping from one tank to a second,

larger tank.  However, a simpler method to prevent spills in this case is to set the high-level switch in the

second tank at a level sufficient to contain the volume pumped from the first tank.  For example, if the

pump in the first tank sends 200 gallons of water to a second, 1,500-gallon tank each operating cycle, the

high-level switch in the second tank should be set no higher than the 1,300-gallon mark.  This will ensure

that the high-level switch in the second tank will cause the entire bioslurper system to shut down.  Even if

the transfer pump in the first tank is beginning its cycle, the second tank will have capacity sufficient to

contain the volume pumped from the first tank without creating a spill.
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Table 4-4.  Stack Gas Treatment Technologies

Air Treatment Technology Applicability Limitations
Granular Activated Carbon
Adsorption

Useful for vapor streams containing low TPH
concentrations (<100 ppmv).

Readily available
Relatively low cost if used appropriately.
Low O&M requirements.

Limited to use with low TPH
concentrations.

May require a dehumidfier/demister before
treatment vessels.

Biofiltration May be used for vapor streams with 50 to 5,000
ppmv of TPH

Some time may be required to establish
microorganisms in treatment system.

Works best with uniform flowrate and
contaminant loading.

Reinjection Useful for a wide contaminant range.
Generally can be constructed easily (if the stack

gas volume is relatively small).

Must have relatively high biodegradation
rates in the vadose zone.

Requires air permeability testing and
biodegradation testing.

Requires surface emissions testing and
may require vapor-phase modeling.

May not be permitted near buildings.
Catalytic Oxidization Capable of treating vapor with TPH

concentrations in the range of 100 to 10,000
ppmv.

Operates at a much lower temperature than flame
incinerators resulting in lower fuel costs,
reduced NOx production.

Less severe operating conditions for the
incinerator.  Therefore, longer life
expectancy possible compared to flame
incinerators.

Requires careful monitoring to prevent
overheating of the catalyst.

Maximum allowable TPH concentration
without dilution is 25% of the lower
explosive limit (LEL) for the fuel.

Treating vapor with halogenated
compounds, sulfur-containing
compounds, or nitrogen-containing
compounds will deactivate a
conventional catalyst.

Relatively high capital costs and O&M
costs.

Thermal Oxidation Flame
Incineration

Capable of treating vapor with TPH
concentrations in the range of 1,000 to
10,000.

Most units are easily adapted for catalytic
oxidation, if inlet vapor concentration
decreases.

Maximum allowable TPH concentration
without dilution is 25% of the LEL for
the fuel.

Somewhat lower capital cost compared to
catalytic oxidation.

Flameless Incineration Very efficient at treating stack gas streams with
TPH concentrations up to 10,000 ppmv.

Able to handle flowrates between 100 and
1,500 scfm.

Minimal energy requirements for vapor streams
with TPH concentrations >200 ppmv.

Can be used to treat stack gas containing
chlorinated solvents.

Higher capital costs than flame
incineration or catalytic incineration.

Internal Combustion Engine
(ICE)

Useful for stack gas streams with concentrations
between 14,000 and 300,000 ppmv without
supplemental fuel.

May be able to perform work when the system is
being operated.

Vapor streams with TPH concentrations
below 14,000 ppmv require a
supplemental fuel to operate the ICE.

May require considerable O&M such as
regular tuneup of the engine, system
adjustment for efficient operation.

Difficult to obtain.
May be very loud when operating.
Cannot be used when halogenated

compounds are present in the vapor
stream.
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Mechanical water or vapor treatment systems should be fitted with a relay switch that will cause

the bioslurper to shut down in the event of their failure to prevent the discharge of untreated waste.  An

additional relay may be installed on any treatment system requiring a supplemental fuel supply, such as

an ICE or thermal oxidizer.  The purpose of this switch is to shut down the treatment unit if the bioslurper

shuts down, thus preventing unnecessary consumption of supplemental fuel.  All of these safety switches

should be wired into the starter box of the liquid ring pump, so that the ring pump power supply circuit

will be opened if any of the switches are tripped.

An annunciator panel may be installed as an intermediate step between the safety switches and

the starter box.  The purpose of an annunciator panel is to allow the operator to quickly determine the

cause of a system shutdown.  The panel consists of a series of relays, lights, and reset switches mounted

inside a weatherproof box.  If the liquid ring pump shuts down as a result of a motor problem, a high- or

low-level situation in the seal water tank, a high-level situation in an accessory tank, or mechanical failure

of a treatment system, a corresponding light on the annunciator panel will turn off.  Each light should

correspond to one of the safety switches, and a label should be placed adjacent to the light indicating

which safety switch it represents.  As soon as the condition that has caused the system shutdown has been

identified and corrected, the reset button located beneath the tripped relay can be pressed and the system

may then be restarted.  An hour meter should also be included in the annunciator panel to provide the

operator with the total hours of operation and the approximate time of any system shutdown.  A schematic

diagram of the electrical configuration of an example annuciator panel is included as Figure 4-9.

4.8 Life-Cycle and Cost Analysis.  The mass removal rate achieved by bioslurping and other

LNAPL extraction technologies varies over time.  Typically, a period of relatively rapid and steady mass

removal rate is followed by a period of exponential decay.  This reflects the relative availability of gross

contaminant reservoirs compared to less accessible stores of contaminants.  As more remote locations of

the site are accessed by the extraction mechanisms, the mass removal rate decreases and eventually levels

off asymptotically, or approaches zero.  Figure 4-10 illustrates the typical relationship between mass

removal and time.  The duration over which the removal rate remains on the upper plateau depends on the

gross quantity of readily available free product and soil characteristics.  Some bioslurping systems that

have been running for several weeks exhibit LNAPL removal rates similar to those at the time of startup.

The overall removal rate at a site is the sum of the removal rates observed in each individual extraction

well during operation.  Therefore, an operational strategy can be developed to maintain long-term

extraction rates near initial conditions by extracting from wells that appear to be producing LNAPL.  By

eliminating the wells that contain and produce small quantities of LNAPL, the recovery ratio of
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Figure 4-9.  Electrical Configuration of an Example Annunciator Panel
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Figure 4-10.  Mass Removal Rate vs. Time
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groundwater to LNAPL decreases as well, thereby reducing the treatment costs for stack gas and process

effluent.

The objective of life-cycle cost analysis is to determine the appropriate ratio between capital

equipment and O&M commitments to achieve the greatest mass removal in the most cost-effective

manner.  Capital outlays can be underutilized at sites where the plateau period is brief because the

purchased componentry is operated well below its design capacity for the majority of the operational

period.  Systems designed to accommodate extraction rates near the maximum may achieve the desired

mass removal in a shorter operational period.

A cost-effective approach is to design a system to perform at 40 to 60% of the expected

maximum (initial) mass removal rate.  With this approach, the lower mass removal rates are sustained

near the capacity of the equipment for a longer period of time, making capital outlays more efficient.

Another approach for cost-effective treatment of the vapor and process water from the bioslurper involves

renting stack gas and water treatment equipment during the period of high mass removal.  When the mass

removal rates decrease, the treatment equipment may be returned.  This approach also may be used when

vapor-discharge permits are being obtained.  Once the regulated discharge rates have been met and

treatment is no longer required, the treatment equipment may be returned.

The initial mass removal rates and the rate of decrease in the mass removal rates may be

predicted through interpretation of the results of the mass removal rates during the pilot test.  A curve

similar to that in Figure 4-10 may be generated using pilot test data.  A curve can then be fitted through

the pilot-test data to estimate the long-term mass recovery rates.  If a pilot test was not performed at the

site or if the pilot-test results were inconclusive, the treatment equipment should be designed for half of

the initial mass recovery rate.

The bioslurper system components that have the greatest incremental capital costs are

associated with wastestream storage and treatment/disposal.  Incremental costs for liquid ring pumps and

O/W separators are relatively low over the typical range of capacities.  Systems designed for greater mass

removal rates must be designed to handle greater water and vapor flowrates.  Typically, the initial fixed

costs for vapor and water treatment are much higher than for the bioslurper unit itself.  Furthermore, the

incremental costs associated with increasing the treatment unit capacity usually increase at a greater rate

than do the incremental costs associated with increasing the bioslurper system capacity.  Therefore, the
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life-cycle cost analysis must include treatment and disposal costs, and the expected type and mass

flowrate of contaminants in the vapor and liquid wastestreams may drive the design.

4.9 Design Considerations for System Operation.  Other design considerations include noise,

power, traffic, groundwater table, and weather factors.  These are discussed in the following sections.

4.9.1 Noise Abatement.  Operation of the bioslurper system can result in the generation of noise

levels significantly above background levels.  Elevated noise levels are caused primarily by the liquid ring

pump, the gasoline- or diesel-powered generator (for power supply), and/or the ICE (for stack gas

treatment).

One source of noise from the liquid ring pump is caused by cavitation, which occurs when the

pump receives a large volume of water but an insufficient amount of airflow.  This problem may be

minimized by slightly opening the atmospheric bleed-in valve to allow a slight amount of air to flow into

the pump.  However, the flow that enters the valve also makes a noise.  As a result, the preferred solution

would be to install a pressure equalization tank between the extraction manifolds and the pump inlet.  The

equalization tank may be constructed by modifying a 75-gallon air compressor cylinder with inlet and

outlet fittings installed on the lid and a short drop tube attached to the outlet fitting.  The knock-out

cylinder described in Section 4.4.1 for oil/water separation performs adequately to reduce the surges of

groundwater that enter the bioslurper system.  This design ensures a steady flow of liquid and vapor to the

liquid ring pump.

Accumulation of solids in the pump head also creates noise.  Due to the small gap between

the impeller and the pump head, the presence of excessive solids can impede the smooth operation of the

pump, causing the pump and motor to labor.  The solids may include calcium carbonate scales, iron

oxides, and sediment particles.  Regular maintenance of the liquid ring pump, such as cleaning the

Y-strainers, will reduce the amount of solids moving through the pump.  If calcium carbonate scales are

formed, a weak acid, such as vinegar, may be added to the ring pump influent to dissolve the scales.

Noise due to operation of a generator or an ICE can be decreased by installing a muffler on

the unit.  Certain ICE systems can be fitted with a noise reduction adapter kit, which consists of a

replacement fan that pushes hot air out of the engine compartment.  The hot air is forced upward by a

bolted-on metal duct.  The duct can be equipped with an extension to force the air even higher and away

from ear level.
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When operated in a noise-sensitive location, such as a residential area, an enclosure may be

constructed of concrete blocks or similar materials to divert the noise upward and away from the

receptors.  Gates to the enclosure should be constructed with metal or vinyl slats through the chain links

and, if possible, should be situated to face away from sensitive areas.  Walls should be approximately

8 feet high to divert bioslurper operational noise from ground-level receptors.

4.9.2 Power Availability.  Prior to installing a bioslurper system, the availability of electrical

power must be confirmed.  Power is required to operate the liquid ring pump, associated transfer pumps,

and vapor and process water treatment equipment.  The system can be operated using power supplied by a

generator, but this is not recommended for long-term operation due to the burden of refueling and

servicing the generator and the creation of additional noise.

Use of a three-phase power supply is recommended, as it reduces pump motor wear in liquid

extraction applications.  Three-phase power usually is available in 208/230-volt or 460-volt currents.

Pumps operating on 460 volts will draw fewer amps at full load than pumps running on 208/230 volts,

thus allowing the use of a lower amperage breaker.  For example, a 10-hp pump on 230 volts, 3-phase

current will require approximately 26 amps at full load, whereas a 10-hp pump operating on 460 volts will

require only 13 full-load amps.

Most accessory equipment, such as sump pumps and diaphragm pumps, require 120-volt,

single-phase current, and 30-amp service should be sufficient in most cases.  The amperage requirements

of the equipment should be determined prior to installing circuit breakers.

Because operation of the bioslurper system produces petroleum hydrocarbon vapors that are

potentially explosive, the National Electrical Code requires intrinsically safe, explosion-proof electrical

installation.  All electrical components in the immediate vicinity of the bioslurper system must meet

National Electrical Manufacturers Association (NEMA) standards for hazardous locations.  NEMA

Type 7-rated equipment corresponds to Class I, Group A,B,C, or D ratings of the National Electrical

Code, and must be vapor-tight and weatherproof.  Conduit joints are finished with seal-off fittings, which

are then packed with flame-resistant fiber and cement.  A power shutoff switch also should be installed to

allow the electricity supply to be blocked in an emergency situation.

4.9.3 Pedestrian and Vehicular Traffic.  The presence of unauthorized personnel in the

immediate vicinity of the bioslurper system should be avoided when possible due to the presence of liquid
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fuel, hydrocarbon vapors, elevated noise levels and other hazards during bioslurper operation.  To

minimize public contact with these hazards, pedestrian and vehicular traffic controls should be instituted.

In some cases, bioslurper systems are located in areas of restricted public access, such as in fuel storage

facilities.  Signs should be posted to alert personnel authorized to work in the area of hazards present at

the site, and these workers should be instructed to remain clear of the bioslurper system.

If a bioslurper system must be installed in areas where public traffic is likely, steps must be

taken to limit access to the bioslurper and its associated equipment and piping.  An enclosure with

lockable access gates can be constructed to isolate the bioslurper.  Where possible, the well field and

manifold system should be contained within the fence or installed subgrade, both to protect the public

from tripping hazards and to prevent damage to the system.

In situations where fencing is not practical, wells should be installed with an outer steel

protective casing.  Each well may be surrounded by three or four concrete-filled steel bollards in lieu of or

in addition to the steel protective casing.  These provide excellent protection from damage caused by

vehicles.  Manifold lines should be marked with high-visibility reflective tape and should be placed in

trenches if they must extend across a road or sidewalk.  In especially sensitive areas, the entire manifold

and well system may be installed below grade.  This option is considerably more expensive, requiring

trenching and the installation of flush-mounted well access boxes.

Barriers should be placed around the bioslurper equipment to protect the system from

vehicular traffic.  Temporary concrete dividers, similar to those used during highway construction, are

very effective.  In areas where no vehicular traffic is likely but pedestrian traffic is present, one option is

the use of cones and caution tape.  This option is economical, but is not particularly durable or attractive.

4.9.4 Fluctuating Groundwater Tables.  Some bioslurper sites experience rapid and marked

variation in the groundwater table due to tidal influences.  These fluctuations may cause complications in

the operation of the bioslurper system.  Tidal conditions make the issues of pump sizing and drop tube

placement more critical.  Groundwater levels should be monitored regularly prior to installation of the

bioslurper to gather data to determine drop tube placement.  Water levels should be measured at both high

tide and low tide.

Placement of the drop tube is dependent on the magnitude of the tidal fluctuation and

hydraulic conductivity of the formation.  If the fluctuation is small, the drop tube may be placed at the
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deepest measured O/W interface.  In cases where the tidal effect is greater, the bottom of the drop tube

will have to be raised somewhat above the low tide O/W interface.  At sites where the hydraulic

conductivity is low, the drop tube may be placed closer to the maximum depth of the O/W interface,

whereas the drop tube may have to be placed at the average depth of the O/W interface, or higher, if the

hydraulic conductivity is high.  The optimum drop tube level would be where the bioslurper is able to

extract both liquid and vapor most of the time.  Determining this level depends on frequent observations

of flow patterns and adjustments of the drop tube.

The sizing of the liquid ring pump also may be influenced by tidal fluctuations.  The pump

size should be more powerful than the size calculated based on the number of wells.  The larger pump

provides greater capacity, thus allowing it to more easily overcome the rising water level.  The more

powerful pump would be able to continue extracting soil vapor and free product, whereas a smaller pump

might be able to extract only groundwater.  Continuous liquid flow is detrimental to the pump and should

be avoided, if possible.

Another method for dealing with tidal fluctuations is to install an in-well float switch that will

cause the bioslurper to shut down when the tide is nearing maximum level.  This will prevent the

extraction of excessive quantities of groundwater and allow for the use of a minimum size pump.  The in-

well float switch also would automatically restart the pump when the water returns to an acceptable level.

The inclusion of the restart switch would require extensive rewiring of the liquid ring pump starter motor

and the installation of an emergency shutdown switch.  A further complication resulting from system

shutdown is the possibility of freezing.  While the bioslurper is operating, the continual circulation of the

process water generally will prevent freezing of water within the system.  However, when the system is

shut down, water in the seal water tank, liquid ring pump, O/W separator, and any other tanks is

susceptible to freezing.  This is an important consideration, as tidal influences generally are more

pronounced at higher latitudes where freezing temperatures are more likely.  Due to the complications

involved with wiring and freezing, it is recommended to invest in an adequately sized pump and to

properly position the drop tubes to maintain continuous operation during all tidal conditions.

4.9.5 Cold Weather Operation.  Operation of a bioslurper system in a cold climate or during

periods of freezing weather requires additional design considerations to protect against a freeze and the

resultant damage to the system.  If the bioslurper extracts groundwater at a reasonable rate, the system is

not likely to freeze due to the continual circulation and movement of water.  A very low extraction rate,

however, may allow the water to freeze in the piping between the well and the pump, or in the tanks
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downstream from the seal water tank.  A system shutdown also may allow freezing of water in each

system component, potentially causing damage.

If an extended period of freezing weather is expected, the bioslurper may be shut down and

the process water drained from all system components.  This would be an effective way to protect the

system.  However, in areas where temperature variations produce periods of warm weather interspersed

with occasional cold snaps, repeated shutdown and system draining may not be a practical alternative.

The most common method of freeze protection is to install heating cables, similar to the devices used on

domestic water lines during freezing weather.  This alternative allows for continued operation during

periods of alternating warm and cold weather.  A thermostat senses low temperatures and closes a circuit,

allowing the current to flow through the cables.  Heat produced by this current is transferred to the pipe or

hose to which the cables are affixed.  Care should be taken to ensure that the cable and wattage levels are

compatible with pipe materials.  Additionally, the controller for the heating equipment may need to be

contained in an enclosure designed for hazardous environments.
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Section 5.0  BIOSLURPER SYSTEM OPERATIONS AND MAINTENANCE

After the bioslurper system has been designed and installed, the system will require

operational oversight and possibly maintenance.  Based on experience at bioslurper sites, a time

requirement of approximately 10 hours/week should be expected for system O&M requirements.

However, there is large variation in the time required for each site.  Sites that include some form of

discharge water or stack gas treatment typically require more O&M hours.  In these situations, the O&M

requirements may be as high as 25 to 30 hours/week.  If direct discharge of the stack gas and discharge of

the process water to a WWTP are permitted, O&M requirements may be minimal (<5 hours/week).

5.1 Troubleshooting and Care of the Liquid Ring Pump.  The liquid ring pump unit consists

of a pump with an attached electric motor, a seal water tank, and an explosion-proof control panel.  The

liquid ring pump creates a vacuum using water as a seal between an impeller and the pump head.

Compression and expansion of the gasses and liquids in the pump act to create a strong vacuum, up to

27 in. Hg, which creates the lift to extract free product, groundwater, and soil vapor from the wells.  The

impeller is turned by an electric motor, which is equipped with switches that will shut the system down if

the motor overheats or draws greater than 125% of its full-load amperage.  Table 5-1 presents a guide for

troubleshooting for the liquid ring pump unit.

The seal water tank supplies the water necessary for the creation of the liquid seal and the

operation of the pump.  Water exits the seal tank from the bottom, flowing through a pipe to the pump

head.  This pipe often is equipped with a shutoff gate valve and a flow-setter valve.  The gate valve,

which must be open during pump operation, may be closed to allow maintenance on the pump or seal

water transfer line without draining the seal tank.  The flow-setter valve is used to provide control over

the rate of flow of seal water into the pump.  This valve may be included but is not necessary.  A

y-strainer is located between the seal tank and the pump.  The purpose of the y-strainer is to prevent solid

particles suspended in the seal water from entering the pump.  The filter in the y-strainer must be cleaned

periodically to ensure its effectiveness.

It is critical that the flow of seal water to the pump not be impeded, as the pump must not run

dry.  The seal water tank is equipped with both a high- and a low-level float switch.  If the water level in

the seal tank falls below the level of the low-level switch, power to the liquid ring pump will be shut off

to prevent the pump from running dry.  The tank should be refilled with water and the cause of the water

depletion should be determined prior to restarting the system.  One common cause for seal water
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Table 5-1.  Troubleshooting Guide for the Liquid Ring Pump Unit.

Problem Probable Cause Solution

Kill switch is
activated

Observe the system to determine which switch has caused the shut-down.  A low-level
switch is located in the LRP seal water tank. Also, high-level switches are placed in the
O/W separator and LNAPL storage tank.  Determine which switch has tripped and
correct the problem.  Restart the LRP.

The reset button must be pressed before restarting the system if amperage overload has
caused the pump to kick out.  If the system can be started by pressing the start button
(without pressing the reset button), then the failure is not amperage related.

An amperage overload condition could occur as a result of an improper amperage setting
on the motor starter, an unbalanced power supply, pulling large slugs of water from the
manifold, a large backpressure, improper seal water flowrate, and scale buildup in the
pump.  The following instructions detail the procedure to determine the cause of the
overload.

Amperage Setting: Turn power off at disconnect.  Open the panel on the liquid
ring pump.  The overload protector is located on the motor starter.  It should
be set at 125% of the current required at maximum load (the current required
at maximum load is printed on the motor identification plate).  Adjust if
necessary.  Close panel.  Turn on power.

Liquid ring
pump shuts
off

Pump kicks out on
amperage overload

Unbalanced Power Supply: Measure the amperage drawn by the motor as it is
operating.  First, shut off the power at the disconnect. Open the round junction
box above the control panel.  The wires from the right side of the box are the
supply wires.  Situate the wires so that they can be reached easily with a
clamp-on ammeter.  Turn on the power.  Turn on the ring pump.  Clamp the
ammeter onto one of the supply wires.  Measure the amperage.  If amps are
high on one leg, there may be a loose wire connection, or the power supply
may be unbalanced.

Pulling Large Slugs of Water: Turn on the ring pump.  Measure the current.
When the ring pump pulls a slug of water, the current will rise.  If the current
exceeds 125% of the current at maximum load for a period of time, the ring
pump will shut off.  Install a quiet drum between the wells and the liquid ring
pump.  The drum must be vacuum-tight and heavy-gauge.  Cut two openings
into the top of the drum.  Use bulkhead fittings to make vacuum-tight
connections to the inlet and outlet hoses.  The outlet bulkhead fitting must be
threaded from both ends.  Thread a piece of pipe inside the drum to the outlet
fitting.  The pipe should extend approximately halfway into the drum.  Seal the
drum.  Connect the extraction well hose to the inlet port and connect the ring
pump hose to the outlet port.  Start the system.  Measure the current.

An alternative solution is to partially close the ball valve located at the liquid
ring pump inlet to reduce the water flowrate from the extraction wells.  In
addition, crack the bleed valve to allow a small amount of dilution air to enter
the ring pump.  The disadvantage of this solution is that the system vacuum
will decrease, which in turn could reduce the number of wells which the
system will be able to efficiently extract from.

High Backpressure: The manufacturer recommends that the backpressure
remain below 2 psig when the ring pump is operated at 20-in. Hg vacuum.  If
fouling occurs in the lines on the discharge side of the pump, excessive
backpressure may be placed on the ring pump.  Clean out the lines.
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Problem Probable Cause Solution

Liquid ring
pump shuts
off
(continued)

Improper Seal Water Flowrate: If the extraction flowrate is high, the seal
water flowrate may need to be reduced; otherwise, the ring pump may pull too
many amps and shut off.  Check the flowmeter located in line between the ring
pump and the ring pump reservoir.  Follow the manufacturer's literature for
setting the proper seal water flowrate.

Pump kicks out on
amperage overload
(continued)

Scale Buildup: If scale has fouled the inside of the pump housing, the motor
may not start.  Attempt to rotate the vanes (located at the rear of the motor
housing) with a screwdriver.  If they will not move, scale buildup probably is
the problem.  The pump head can be removed to determine if scale is present.
If the pump requires descaling, contact the manufacturer for acid cleaning
instructions.

Thermal overload The liquid ring pump motor is equipped with a thermal overload switch.  The contacts
will open up if the motor becomes too hot.  If a thermal overload condition occurs, wait
10 to 15 minutes and restart the system.  The reset button does not need to be pressed
prior to restarting the system.  If it must be pressed, the malfunction is amperage related.
Determine the cause of the overload before restarting the pump.  Some possible causes
include improper seal water level, faulty thermostat, and faulty motor.  Check thermostat
leads with an ohmmeter.  If the circuit is open, the motor has either overheated or burned
out, or the thermostat is bad.

Pump motor turns
off when start
button is released

The electrical control circuit is open.  This will occur when one of the float switches is
opened, the thermostat is opened, or the fuse inside the liquid ring pump has blown.  See
above sections concerning the float switches and thermostat.  Turn off the power at the
disconnect.  Check the fuse.  If the fuse is blown, there is likely a short in the 120-volt
control circuit.  Determine the location of the short.

Scale buildup in
pump head

The pump head may need to be disassembled and cleaned, possibly with a weak acid.

Transformer has
shorted out

Turn off the power at the disconnect.  Open control panel.  Check voltage across X1 and
X2 on transformer secondary.  The voltage should be approximately 120 V.

Liquid ring
pump loses
vacuum

Scale has built up in
the y-strainer at the
liquid ring pump
inlet

Clean strainer.

System vacuum has
decreased

Examine all valves to determine if they are in their proper positions.  Measure vacuum at
ring pump, along the manifold, and at the wells to determine if there is a leak in the
system.  Repair leak if present.

depletion is a low groundwater recovery rate, particularly when coupled with a high ambient temperature.

Continual recirculation of the seal water without groundwater replenishment heats the seal water and

causes evaporation.  Seal water levels also may be reduced through leakage in the tank or transfer piping.

If water levels exceed the high-level float switch, the power to the ring pump again will be shut off to

prevent liquid from escaping from the top of the seal tank.  This situation may be caused by excessive

liquid extraction rates compared to the flowthrough capacity of the oil/water separator, or by another

source of backpressure such as a filter.  This problem may be solved by increasing the capacity of the

separator or other treatment equipment, or by throttling back the liquid extraction rate.
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The explosion-proof control box contains the starter, transformer, and associated wiring,

connecting the wires from the pump motor to the power supply and control switches.  Wires leading to

high- and low-level shutoff switches connect to the motor starter in the control box.  Three push-button

switches are located on the front cover of the control box.  These are the start, stop, and reset buttons.

The reset button must be depressed prior to starting the system if the system has shut down due to a high-

or low-level float, high-amperage, or high-temperature situation.

The liquid ring pump is relatively simple to maintain in working condition.  The focus of

liquid ring pump maintenance is to eliminate of solids in the pump head and to continually supply seal

water to the pump.  These two goals may be accomplished by employing some simple preventative

measures.

Noise or rough pump operation may indicate the presence of solids in the pump head.  The

y-strainers in the seal water supply and inlet lines should be cleaned frequently to ensure favorable

operation.  The frequency of cleaning will vary depending on site conditions.  The drain plug at the

bottom of the seal tank may be opened to allow solid particles to flow out, preventing them from entering

the ring pump.  If excessive quantities of solids are entering the system, this may indicate a problem with

the extraction wells, such as a damaged casing or a silted-in well.  The well contributing the sediment

should be isolated from the system until it can be repaired.  Another source of solids is the precipitation of

calcium carbonate scale.  This problem is more common in environments with alkaline groundwater.  The

pump head may be removed and cleaned with weak acid.  Weak acid also can be introduced into the

system while the bioslurper is operating by letting the pump pull it in through a bypass valve.

Another source of rough and noisy pump operation is cavitation.  Cavitation occurs when the

pump is recovering excessive amounts of groundwater and insufficient vapor volume.  This problem can

be solved by installing a pressure equalization tank between the wells and the ring pump inlet.  Use of this

tank ensures a smooth flow of liquid and vapor to the pump.  It also will eliminate large surges of water,

which cause the pump motor to draw excessive amperage and activate the high amperage shutdown

switch (see Section 4.9.4).

The liquid ring pump, seal water tank, and associated piping should be protected from

freezing, because freezing and expansion of water trapped in the system can cause severe damage to the

equipment.  The system may be protected from freezing in the event of brief or intermittent shutdowns by
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using electric heating cable.  However, if the bioslurper will be shut down for an extended period during

freezing weather, the entire system must be drained (see Section 4.9.5).

The ring pump may shut down for several reasons during normal operation, due to the

activation of shutoff switches in the pump motor or high- or low-level switches in the seal water tank or

other process tanks.  If the pump will not restart, the system must be examined to determine what has

caused the shutdown.  If the cause is a high-level situation in the seal water tanks, the cause should be

remedied before restarting the system.  Shutdowns due to high amperage are less likely when using a

pressure equalization tank, but may be caused by an irregular power supply or the presence of solids in

the pump head.  A high-temperature motor shutdown may be caused by solids in the pump head or by

misaligned parts, forcing the motor to overexert to turn the impeller.

If the pump operates but produces a poor vacuum, the source of the vacuum loss should be

determined.  One possible reason for low vacuum is leakage in the manifold and wells.  This can be tested

by closing off the inlet and atmospheric bypass valves on the liquid ring pump.  If the vacuum at the

pump increases to the desired level when these valves are closed, the most likely cause is a leak in the

manifold or at the well seal.  The source of the leak should be repaired.  If the vacuum reading does not

reach approximately 27 in. Hg with the two valves closed, the problem is within the pump system.  One

possible cause is insufficient seal water supply to the pump.  The seal water supply line shutoff valve

should be fully opened, and the y-strainer should be cleaned.  The flow-setter valve also should be open

and cleaned.  If these components are clear and operating properly, then another possibility is high seal

water temperature, which will decrease the pump volume due to the increased vapor pressure.  A low

groundwater extraction rate will cause the seal water temperature to increase, as the same water will be

continually recycled through the pump.  The seal water temperature may be measured by monitoring a

thermocouple installed in one of the fittings in the lower portion of the tank.  If the seal water temperature

is elevated, the addition of cool, fresh water will help to decrease it temporarily.  If the water recovery

rate does not increase, fresh water should be added periodically.

Low vacuum also may be caused by wear or damage to the pump.  The pump head or

impeller may be pitted or worn down, reducing the ability of the pump to operate properly.  The cover can

be removed so that the condition of the interior parts can be observed.  The pump head and impeller can

be replaced in the field using basic hand tools.
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If the pump produces a vacuum with the inlet and bypass valves closed but fails to create any

vapor flow with the bypass valve open, the inlet line may be obstructed.  The y-strainer on the pump inlet

pipe should be opened and cleaned.

5.2 Operation of Oil/Water Separator.  In general, O/W separators are relatively simple pieces

of equipment that do not require a great deal of operation time or maintenance.  However, if floating

solids are present in the liquid stream, the O/W separator may not function properly.  The floating solids

tend to get backed up on oil-skimming weirs, and a high-level situation may result if the floating solids

and LNAPL are held back for a long period of time.  Additionally, the floating solids and LNAPL do not

flow through the discharge pipes easily and will tend to hold back the fluids in the O/W separator and

cause a high liquid level situation.

If floating solids are present in the liquid stream, shut down of the bioslurper may be avoided

by removing the floating solids or by assisting in the movement of floating solids and LNAPL through the

O/W separator.  This may be accomplished by manually skimming the floating solids and LNAPL with a

squeegee or a strainer screen.  The floating solids also may be passed through the system by raising the

water level in the O/W separator until the floating solids and LNAPL are pushed over the oil-skimming

weir.  This may be accomplished by closing a valve at the water discharge port of the O/W separator.  The

valve should be opened just before water starts to pass over the oil-skimming weir.

The O/W separator should cleaned on a regular basis to prevent the coalescing media from

becoming clogged.  The time interval between cleaning will depend on the mass of floating solids present

in the liquid stream.  A liquid stream with a high concentration of floating solids will require frequent

cleaning.  Regular cleaning of the O/W separator also reduces the TPH concentration in the discharge

water.  During the routing cleaning, any high-level float switches should be checked to ensure that they

are operating properly.

5.3 Troubleshooting and Care of Water Treatment Systems.  A variety of water treatment

options are available.  The appropriate water treatment technology (or combination of treatment

technologies) should be selected based on site conditions and regulatory requirements (see Section A.5).

This section provides an overview of operation and maintenance requirements for several water

treatment/disposal options.  These include chemical treatment and dissolved air flotation, air stripping,

granular activated carbon, clay anthracite absorption media, gravity settling tanks, and reinjection.
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Because water treatment systems vary widely from site to site, this section is intended to provide only a

general overview of O&M activities.  Such activities also will be highly specific to individual

manufacturers of various pieces of equipment.  For this reason, it is important to refer to the

manufacturer’s literature or contact the vendor for routine maintenance, troubleshooting, or system

optimization.

5.3.1 Chemical Treatment and Dissolved Air Flotation.  Chemical treatment is effective at

removing emulsified oil and grease (O&G) and metals; however, extensive O&M can be associated with

such a system.  Prior to implementing a water treatment system, a treatability test should be performed on

representative water samples to determine the types and dosages of chemicals to be added.  Dosages may

need to be altered throughout the life of the project if decreased loadings are observed in the process

water.  Dosages also must be recalculated and reset if changes in the process water flowrate occur.  A

coagulant is added to the first stage of a two-stage reaction tank.  A variety of coagulants are available,

some of which may require chemical addition for pH adjustment.  If the system is being used for metal

removal, pH adjustment also may be required.  A polymer is added in the second stage.  Chemicals

generally are fed through automatic metering pumps that must be set at the optimum flowrates to treat the

process water to the required discharge levels.  Chemical supplies must be replenished as needed.  In

general, the polymer will need to be diluted from a concentrated form prior to use.

Following coagulation and flocculation, dissolved air flotation (DAF) is used to separate the

flocs from the process water.  This involves pumping microscopic bubbles into the water that attach to the

oil-laden flocs and cause them to float.  The “float” is then transferred to a larger storage tank for settling;

the float in this tank must be removed periodically.  Heavy solids that settle to the bottom of the DAF

system also must be removed periodically and disposed of with an auger located at the base of the unit.

A Toxicity Characteristics Leaching Procedure (TCLP) analysis should be performed on the sludge to

determine if the sludge can be disposed of as a nonhazardous waste.

The chemical reaction/flocculation (CRF)/DAF fabricated by Great Lakes Environmental

consists of three metering pumps, two mixers, a belt skimmer, a centrifugal pump, and two pneumatically

operated diaphragm pumps.  Each piece of equipment must be maintained and must be functioning

properly to meet the desired treatment goals.  Details regarding maintenance are presented in the

manufacturer’s literature for each piece of equipment.

5.3.2  Air Stripping.  Air stripping is an effective treatment method for process water that contains

low levels of VOCs and minimal emulsified fuel.  Because air stripping uses ambient air to strip VOCs
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from the aqueous into the vapor phase, this technology is more effective at sites contaminated with

lighter, more volatile fuels such as gasoline and JP-4 jet fuel.  Air strippers consist of various pumps and

blowers that must undergo routine maintenance to ensure the proper operation of the system.

Air strippers may exist in the form of towers or the new multistage, low-profile units.  Either

system is susceptible to fouling resulting from biological activity.  In the event that this should occur, the

stripper must be cleaned according to the manufacturer’s recommendations.

5.3.3  Granular Activated Carbon/Clay Anthracite Adsorption Media.  Granular activated

carbon (GAC) is generally used at sites where the water contains fairly low levels of dissolved

contaminants.  GAC is often used in conjunction with clay/anthracite media, which can be used to treat

bioslurper process water containing low levels of emulsified LNAPL.  The vessels of GAC and/or clay

anthracite should be plumbed with at least two in series to prevent breakthrough.  Three vessels may be

used if breakthrough is expected to occur very quickly.  If both GAC and clay/anthracite are used, at least

two clay anthracite vessels should be followed by at least two GAC vessels.  Such a treatment system is

easy to install, but monitoring is required to ensure optimum performance.

Process water should be passed through a bag filter prior to treatment with GAC or

clay/anthracite.  This helps prevent fouling that can plug the GAC and clay/anthracite vessels.  The mesh

size of the bag filter can range from a few to several hundred microns.  A greater pressure drop is

associated with smaller micron bag filters.  The mesh size should be selected based on the size of

suspended solids in the aqueous effluent stream.  The bag filter must be replaced periodically, with the

frequency being dependent on the total suspended solids (TSS) concentration and the process water

flowrate.  Pressure gauges should be installed on each drum in order to monitor backpressure against the

incoming contaminated water stream.  An increase in backpressure may indicate blockage within the

drum or that the media has been spent.  A pump should be installed ahead of the treatment system to

avoid starving the pump of fluids, thereby potentially cavitating the pump.  It is important to select drums

that can withstand the maximum discharge pressure of the pump.  The clay will tend to swell over time

and generate backpressure within the drum.  For this reason, the clay needs to be backflushed

periodically.  The supplier may provide a schedule for the frequency of backflushing.  Backflushing

should be performed prior to the drum reaching the maximum discharge pressure of the pump.

Sampling ports should be installed prior to, between, and at the outlet of each vessel.  These

ports are used to monitor contaminant concentrations in the process water and to determine the treatment

efficiency of the GAC or the clay/anthracite.  A sample should be collected prior to treatment in order to
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determine hydrocarbon loadings.  These loadings should be compared to sorption curves from the

manufacturer to estimate the life of the carbon.  Sampling between the two drums should be done to

determine when the first drum is spent so that it can be replaced prior to depletion of the second drum.

When drums are changed out, the second drum should be moved to the first position and the new drum

should be placed in the second position. Sampling at the outlet of the last vessel in series should be

performed to verify concentrations at the point of discharge.

5.3.4  Gravity Settling Tanks.  Gravity settling tanks can be effective at sites containing a

relatively unstable O/W emulsion in the process water.  The tanks provide for residence time that allows

the O/W emulsion to separate from the process water.  Bench-scale tests should be performed on process

water samples collected during pilot-scale testing to determine a satisfactory amount of residence time

required for O/W separation.  During full-scale operation, the groundwater recovery rate should be

adjusted to achieve the desired residence time as determined from bench-scale testing.

The treatment system may consist of a single settling tank or of multiple settling tanks in

series.  The tanks should be equipped with a floating skimmer pump to transfer the LNAPL to the

LNAPL storage tank.  Because the separated LNAPL accumulates on the surface, the settled water should

be pumped from the bottom of the tank.

A variety of configurations exist for multiple settling tanks in series.  One option is to

actively pump water from the bottom of the first tank into the second tank, and from the bottom of the

second tank to the point of discharge.  The first tank should be equipped with a high-level float switch

that causes the liquid ring pump to shut off when activated.  The second tank should be equipped with a

high-level float switch that trips the pump in the first tank.  This prevents continued pumping from the

first tank when high-level conditions have been reached in the second tank.

A second option is to transfer water from one tank to another under gravity through a pipe

connected to the bottom of each settling tank.  This results in the liquid levels in both tanks being equal.

A pump is used only to pump water out of the last tank.  The tanks must be equipped with a high-level

float switch that shuts down the liquid ring pump in the event that high liquid levels are reached.  The

disadvantage of this configuration is that if the integrity of the connecting pipe is compromised, the

contents of both tanks will be lost.

Pumps for both fuel and water are associated with settling tank treatment, and these pumps

should be maintained regularly as directed by the manufacturer.  In addition, the walls of the tank should

be checked periodically for structural defects.  Valves and connecting pipes also should be inspected
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routinely for integrity.  Treatment with settling tanks is relatively simple; however, precautions must be

taken when treating tanks containing large volumes of liquids to prevent spills from occurring.

5.3.5  Reinjection.  Another option for water disposal is the reinjection of the O/W separator

effluent into a standard vertical well or an underground infiltration gallery.  This option is dependent upon

regulatory requirements, characteristics of the effluent water, and hydrogeologic conditions.  If the

reinjection method is executed at a site, the groundwater recovery rate must not exceed the process water

reinjection rate.  The reinjection rate also must be slow enough to allow adequate infiltration time so that

water does not pond at the surface.  Monitoring may be required to ensure that the reinjection of process

water is not causing expansion of the plume.  Sampling requirements will be dictated by the responsible

regulatory body and would likely consist of sample collection along the perimeter of the plume.

5.4 Troubleshooting and Care of Stack Gas Treatment Systems.  Vapor treatment systems are

required at many sites to achieve the vapor contaminant discharge limits established by the local

regulatory authorities.  Several methods of vapor treatment are available, and the proper design should be

chosen based on site conditions and requirements (see Section 4.6).  Effluent monitoring should be in

accordance with the regulatory requirements.

5.4.1  Reinjection/In Situ Biodegradation.  Reinjection of the bioslurper vapor effluent to the

vadose zone is a technologically simple method of vapor treatment, with a blower being the only required

equipment.  A tee is required between the bioslurper stack and the blower to prevent the generation of a

vacuum between the bioslurper system and the blower.  The blower must be of sufficient size to prevent

the release of TPH-contaminated soil gas from the tee between the bioslurper and the blower.  An

electrical relay is required to turn the bioslurper system off if the blower shuts down.  O&M of a

reinjection system consists of monitoring soil vapor concentrations to determine biodegradation rates and

to ensure that contamination is not spreading.  Surface emissions testing must be performed to ensure that

contaminants are not escaping to the atmosphere.  Pressure gauges should be installed on the blower and

reinjection piping to observe any changes in the ability of the soil to accept the vapors.  In addition,

flowmeters and vapor sampling ports should be installed to measure the contaminant discharge rate to the

vadose zone.

5.4.2  Granular Activated Carbon.  Use of GAC is a popular treatment method, partially due to its

reputation for ease of installation and operation.  However, carbon vapor treatment systems require

monitoring and maintenance to facilitate proper performance.  Pressure gauges should be installed on the
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carbon drums to allow monitoring of any increase in the backpressure against the incoming contaminated

vapor flow.  An increase in the backpressure indicates that some form of blockage has occurred in the

drum containing the activated carbon.  It may be necessary to install a blower between the bioslurper

stack to prevent excessive backpressure of the gas in the bioslurper system.  If a blower is installed, an

electrical relay should be connected between the bioslurper system and the blower to turn the bioslurper

system off if the blower shuts down.

Sampling ports should be installed ahead of the carbon treatment area, between carbon

drums, and at the outlet of the treatment system.  The purpose of these ports is to monitor contaminant

concentrations in the vapor stream.  An increase in post-treatment concentrations would indicate that the

carbon is spent and must be replaced.  The sampling port between the two carbon containers is critical for

observing concentrations, because it allows the operator to determine when the first carbon drum is spent.

The carbon should be changed out before the second container becomes depleted.

The effectiveness of GAC units also depends on the temperature and relative humidity of the

influent vapor stream.  High relative humidity (above 50%) reduces the efficiency of the carbon, as the

water vapor will preferentially occupy the carbon adsorption sites, damaging the ability of the carbon to

capture contaminants from the vapor.  Methods for reducing relative humidity in the vapor stream include

the use of air/water separators, pre-heaters, and dehumidifiers.  Use of these devices adds to the

complexity of the relatively simple GAC method of vapor treatment.  Liquid-phase water produced

during dehumidification must be collected and disposed of, necessitating the use of a storage tank or drum

and the means to transfer the water, such as a pump.  This water should be disposed of in the same stream

as the bioslurper liquid effluent, as it may carry dissolved hydrocarbons.

5.4.3  Catalytic/Thermal Oxidizer.  Catalytic oxidizers are somewhat less complicated than pure

thermal flame oxidizers, because the presence of the catalyst allows the oxidation reactions to take place

at significantly lower temperatures.  This reduces fuel consumption and allows the use of less durable

materials in the construction of the unit.  Depending on the constituents of the stack gas stream, additional

equipment, such as scrubbers, may be required to remove hazardous contaminants from the effluent that

are produced during the oxidation of chlorinated solvents.  Stack gas samples should be collected to

determine the effectiveness of the unit and the volume of contaminants discharged to the atmosphere.

Operators of catalytic thermal oxidation units should follow the manufacturer’s recommendations to

achieve optimum performance.
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5.4.4  Internal Combustion Engine.  Internal combustion engine (ICE) treatment of bioslurper

vapor effluent streams has been practiced for several years.  ICEs are popular at sites where hydrocarbon

concentrations are very high, because the ICE has been shown to have a greater destruction capacity than

other technologies.  Although the ICE may be quite effective at treating highly contaminated stack gas

streams, the equipment requires a high degree of supervision and can be maintenance-intensive.  Startup

of an ICE system requires particular attention.  The position of inlet valves on the ICE and the bioslurper

system must be adjusted to allow proper combustion to occur.  ICEs are equipped with sensors and a

computer to manage the ratio of stack gas to supplemental fuel that the ICE takes, but changes in vapor

concentrations may be so rapid that the computer cannot keep pace.  In this case, the operator must listen

to the engine to determine what adjustments are required and manipulate the system controls accordingly.

Improper or delayed adjustments will cause the ICE to stall and shut down.

When the ICE is connected to a bioslurper system, the ICE inlet usually is attached to a tee

fitting installed on the bioslurper vapor stack from the seal water tank.  The top of the stack is open to the

atmosphere, allowing the ICE to pull ambient air down the stack to dilute the bioslurper vapor effluent.

The ambient air can bring the oxygen concentration up to proper levels, and can decrease the TPH

concentrations to levels the ICE can handle, if necessary.  The system should be observed to ensure that

no vapor is discharged from the top of the stack.  A pitot tube or other device should be installed to

provide data showing that flow in the stack is from the top down toward the tee leading to the ICE.  If

vapors are escaping to the atmosphere, the bioslurper should be shut down until the cause of the problem

can be determined and repaired.

The ICE must be started from its supplemental fuel supply and must be allowed to run until the

ICE exhaust temperature reaches 600 to 700°F.  This allows the ICE to reach the proper operating

conditions for complete combustion before starting the bioslurper, thus preventing the discharge of

untreated bioslurper vapors.  The supplemental fuel may be either propane or natural gas, although

propane is more common for logistical reasons.  Liquid propane (LPG) is recommended, but gaseous

propane may be used.  If gaseous propane is chosen, the tank must not be allowed to drain below half full,

as sufficient pressure may not remain to force the gas to the ICE.

Once the ICE and the bioslurper are running in tandem, less manual supervision is required.

The ICE computer is able to handle most changes in well-gas concentration that occur as the systems

operate for longer periods.  However, the system still requires some supervision to ensure that the propane

is not being depleted and that the ICE is running properly.  Some units are equipped with a modem,
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allowing remote dial-up monitoring of the operational parameters recorded by the on-board computer.

The data can be printed on site for ICEs that are fitted with a printer.  Samples of ICE exhaust should be

collected for analysis to ensure that the ICE is destroying the vapor contaminants to the required levels.

The local regulatory body should approve sample collection intervals.

Because the ICE is mechanically complex relative to other treatment methods, O&M can be

time-consuming and costly.  The ICE is essentially a modified automobile engine, and as such it requires

regular service, intermittent repairs, and eventually an engine overhaul.  The engine is also subject to

parts failures and breakdowns, as would any engine operating non-stop.  ICE operators should follow the

recommended maintenance intervals provided by the manufacturer.  In some cases, manufacturers’

representatives are available to perform the less-routine maintenance tasks and major repairs, when

required.  The operator or a technician with engine maintenance skills may perform minor maintenance,

such as oil and filter changes.

5.5 Health and Safety Issues.  Workers may be exposed to a variety of hazards during the

installation and operation of the bioslurper system.  Hazards may be physical or chemical, depending on

the task being performed.  Following proper procedures and wearing personal protective equipment (PPE)

can help to reduce the health and safety risk to workers, while site control and security can minimize risk

to the public.

The installation phase of a bioslurper study includes advancement of soil borings, completion

of extraction wells, and construction of the bioslurper system.  Installation of wells and soil-gas

monitoring points typically requires the use of an auger drilling rig.  Proper PPE, such as hard hats, safety

shoes, and eye and ear protection, can help to protect workers from the physical hazards involved with

drilling operations.  Exposure to petroleum hydrocarbon vapors or free-phase fuel also is possible.  Care

should be taken to minimize exposure, through the use of petroleum-resistant gloves and monitoring of

TPH concentrations in the workers’ breathing zone.  Drilling operations should be halted if TPH

concentrations reach and are sustained at levels above regulation limits.  Workers should be trained in

respirator use, and respirators equipped with the proper filter cartridges should be available should the

situation warrant their use.

Construction of the bioslurper system includes, but is not limited to, assembling the

extraction manifold and setting up the liquid ring pump, O/W separator, and treatment and discharge

equipment.  Workers involved in assembling the manifold may be exposed to vapors from the PVC
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primer and cement used to connect the manifold piping.  Care should be taken to avoid prolonged

exposure to these fumes.  Workers should take care to breathe fresh air regularly.  Physical hazards

include the possibility of objects striking the head, feet, or eyes.  Again, proper PPE can help to reduce

these risks.  A qualified electrician should be contracted to perform the wiring required to supply power to

the liquid ring pump.

Most hazards encountered during the operation of the bioslurper system involve exposure to

hydrocarbon vapors or free-phase fuel.  These exposures can occur during sample collection or routine

system maintenance.  Long-cuff petroleum-resistant gloves should be worn when performing

maintenance such as cleaning the O/W separator, or when collecting samples of recovered free product.

Tanks containing free product should remain closed to prevent unnecessary fume emissions.  Individuals

performing maintenance or collecting samples from these tanks should be sure to minimize the amount of

time they are exposed to organic vapors.

Exposure limits for chemical substances common to bioslurper sites are listed in Table 5-2.

A list of potential hazards and recommended preventative measures is compiled in Table 5-3.

Table 5-2.  Exposure Limits for Chemical Substances

Compound

Federal OSHA
PEL

(ppmv)(a)
ACGIH TLV

(ppmv)(b) Primary Health Hazards

TPH 500 300
Dizziness, drowsiness,
irritated eyes

Benzene 1 10
Irritated eyes and nose,
headache, nausea, fatigue,
carcinogenic

Toluene 200 100
Irritated eyes and nose,
nausea, affects liver and
central nervous system

Xylenes 100 100
Irritated eyes and nose,
nausea, affects liver and
central nervous system

JP-5 NA
NA

Irritated eyes and nose,
nausea, dizziness, affects liver
and central nervous system

a) OSHA PEL = Occupational Safety and Health Administration Permissible Exposure Limit.
b) ACGIH TLV = American Congress of Governmental and Industrial Hygienists Threshold Limit

Value.
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Table 5-3.  Potential Hazards and Recommended Preventative Measures

Potential Hazard Measure Taken to Avoid Hazard
Flying particulate Safety glasses should be worn by all site personnel.

Objects striking head
Hard hats should be worn in the vicinity of overhead hazards (e.g., in
the drilling rig area).

Objects striking foot Steel-toed boots must be worn.

Slips, trips, and falls
Attempts must be made to minimize slips, trips, and falls by providing
clear footing.

Exposure to organic
contaminants

Disposable gloves, coveralls, and boot covers must be worn when
sampling contaminated soil and water.

Exposure to free product
Exposure to free product may occur during sampling.  Safety goggles,
disposable gloves, coveralls, and boot covers should be worn during
sampling.

Exposure to organic
vapors

Negative-pressure, National Institute for Occupational Safety and
Health (NIOSH)-approved cartridge respirators should be available to
site personnel should conditions warrant.

Electrical shock

All major electrical work (e.g., wiring, control panel construction)
should be subcontracted to a qualified electrical contractor.  Care
should be taken to de-energize and ground electrical equipment prior to
any necessary repair work.  Before undertaking repair work, the energy
source must be either permanently disconnected or temporarily tagged
and locked out to prevent the equipment from accidentally energizing.
Must meet OSHA 29 CFR 1910.147 Lockout/Tagout Program
requirements.

Fire

Open-flame ignition sources (e.g., smoking) must be restricted from
the work area.  Free-phase petroleum should be stored in appropriate
containers.  Signs indicating flammable liquids should be posted where
appropriate.  Appropriate fire extinguishers should be available to site
personnel during drilling activities.  A fire extinguisher must be
permanently located in the site office/lab building.

Noise

The operation of pumps, drills, vehicles, aircraft, and other sources will
create areas where excessive noise is present.  Field personnel should
be able to identify areas with a high noise level.  Earplugs/earmuffs
should be worn as warranted.  Areas with high noise level per OSHA
29 CFR 1910.95 must be marked with appropriate warning signage.

Traffic

Work may be conducted in some areas where there is traffic.  Traffic
control should be maintained around the job site at all times.  Work
areas regularly occupied by field personnel should be marked by
cones, lights, or barricades.  If it is necessary to work in areas with
heavy traffic, personnel should wear appropriate reflective clothing.
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Section 6.0  SITE CLOSURE

Development of an exit strategy for bioslurper application and an approach for site closure

should be an integral part of the design and implementation of bioslurper technology.  This requires

review and understanding of applicable regulations (e.g., underground storage tank [UST] regulations)

and cleanup criteria/standards based on free-product levels in monitoring wells and/or contaminant levels

in soil and groundwater.  The RPM should carefully evaluate how these cleanup goals are going to be

applicable to the site of concern.  (Although it is not within the scope of this Guidance Document, a

limited discussion on cleanup goals is presented here.)  It is important to note that some regulations may

require meeting relatively stringent cleanup goals based on TPH levels.  In such cases, the Navy should

consider proposing risk-based approaches for individual contaminants, such as procedures established by

ASTM on risk-based corrective actions for petroleum-contaminated sites, (ASTM, 1996).  Furthermore,

some regulatory agencies, such as California Regional Water Quality Board, may not require soil

remediation if it can be demonstrated, by conducting leachability tests (i.e., ASTM's synthetic

precipitation leaching procedure [SPLP] tests), that the contaminants do not pose a threat to groundwater.

A generic decision diagram for a bioslurper exit strategy and site closure is given in

Figure 6-1.  The RPM may modify the strategy to meet any other site-specific cleanup objectives.  As

presented in the decision diagram, the bioslurper system should be operated under the "standard mode"

(i.e., slurper tube at the oil-water interphase) until the LNAPL recovery diminishes.  It is important to

note that this condition may not be achieved simultaneously at all the wells.  As such, the system may be

operated until free-product recovery is significantly reduced (20% of the original LNAPL recovery rate)

or for a few months (e.g., 2 months), whichever occurs first.  At this point, the bioslurper system should

be turned off and each well should be monitored over a limited time period (e.g., 1 week on daily basis)

for the presence of LNAPL.  Bioslurping should then be continued only from the wells that contain

LNAPL.  The system should be turned off again after the LNAPL recovery is significantly reduced or

after a few weeks of operation, as discussed above.

At this point, if monitoring shows that LNAPL is detected only in a small number of wells,

installation of additional LNAPL recovery wells around those wells should be considered to expedite the

remediation activities.  When the bioslurper system is restarted to recover LNAPL from these wells under

"standard mode,"  the system may be operated in "drawdown mode" at the wells that do not have LNAPL.

The drawdown mode will ensure the removal of any recoverable LNAPL captured in the saturated zone.
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Figure 6-1.  Generic Decision Diagram for Bioslurper Exit Strategy and Site Closure
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When the LNAPL recovery is reduced to 1 gallon or less per week, the RPM should consider

shutting down the bioslurper system.  A long-term monitoring program should be established at this point

to determine the status of the contaminated groundwater plume.  If the plume is shrinking or stable, the

site may be closed with no further action or limited long-term monitoring may be performed.

The regulatory agency may require the Navy to demonstrate that natural attenuation of

contaminants is taking place.  If the plume is not expanding, demonstration of natural attenuation may

still be adequate for closure of certain sites.  Otherwise, if the leachability studies from selected soil

columns indicate that contaminants in vadose zone still contribute to plume expansion, the Navy may

elect to operate the bioslurper in “bioventing mode.”

Bioventing can effectively remove petroleum-based contaminants from vadose zone (Leeson

and Hinchee, 1997).  If the plume still appears to be expanding at a rate of potential concern, application

of an in situ remedy such as air sparging should be considered.
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A.1 Introduction And Scope

This bioslurping implementation cost-estimating guide is designed to provide reasonably
accurate cost estimates for the application of bioslurping technology for the purposes of comparing costs
to other feasible technologies.  This guide is structured according to the steps that would be followed to
test, install, operate, and maintain a bioslurping remediation system.  Each section has a descriptive text
portion, a table of components and associated costs, and example calculations to estimate the costs of
performing the described activity.  The following topics are presented in Section A.2:
 

• Trailer Construction of Mobile Pilot Unit  (Section A.2.1)
• Pilot-Scale Installation and Testing  (Section A.2.2)
• Full-Scale Installation and Testing  (Section A.2.3)
• Operations and Maintenance  (Section A.2.4).

 
Section A.3 presents other costs associated with environmental remediation projects.

Conclusions are stated in Section A.4, and bibliographic data for references cited are presented in
Section A.5.

A.2 Bioslurping Installation, Operations, And Maintenance

A.2.1 Construction of Mobile Pilot Unit

A.2.1.1 Description.  Bioslurping field components typically are mounted on a flatbed trailer.
Otherwise site logistics may be such that it is impossible to keep components in close proximity to the
affected soils.  By utilizing the mobile pilot unit bioslurper system, all field components and materials
associated with the bioslurper usually can be kept within 200 feet from the contaminated area.  In
addition, by having the bioslurper field components mobile pilot unit, they can be transported quickly and
easily from one contaminated site to another.  This approach of trailer construction minimizes the costs
associated with field mobilization and implementation, and is essential to the overall cost effectiveness of
the bioslurping technology.

A.2.1.2 Table of Components and Costs.  Table A-1 presents the items mounted on the trailer that
are used to conduct bioslurping at a contaminated location and the cost of each unit that is built onto the
trailer.

A.2.1.3 Options.  As can be seen in Table A-1, some of the components that are utilized on the bio-
slurper trailer are optional.  The total cost to construct a bioslurper mobile trailer unit without any of the
optional components is $30,175.  This is the initial capital cost associated with implementing bioslurper
technology.  If all the optional system components and discharge water treatment are needed to utilize the
bioslurping technology, the total capital cost to construct the mobile pilot unit would be $34,432.  If the
internal combustion engine (ICE) is used as the off-gas treatment system, the total capital cost would be
$82,276.  If a local power source is not available, it will be necessary to equip the mobile pilot unit with a
generator to supply the power required to run the bioslurper components.  For short-term pilot testing, it
may be cost effective to rent a generator.  If connections to a local power source can be made, the capital
cost to build the trailer can be maintained at the costs listed.

A.2.1.4 Calculation.  The following equation is the calculation for the total trailer cost to construct
the bioslurper system with all the required and optional components and materials.

TT = Lr + Mr + Mo1 + Mo2 (or Mo3) (1)
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Table A-1.  Mobile Unit Construction Components and Costs
Mobile Unit Components Unit Cost Number Total Cost Vendor

Lr(a) Labor to Construct Bioslurper System hr $60.00 160 $9,600.00 Battelle
Mr 16' International with 4' Ramp, Gate

Trailer, Breaks, & Spare Tire
each $1,954.00 1 $1,954.00 Rock's Trailer

10-hp Liquid Ring Pump & Seal Tank each $8,516.00 1 $8,516.00 Atlantic Fluidics
10 gpm Oil/Water Separator each $3,544.00 1 $3,544.00 RC Olson
500-gal Polyethylene Storage Tank each $690.22 1 $690.22 U.S. Plastics
Digital Flow Totalizer each $222.50 1 $222.50 Grainger
Annubar Flow Sensor each $220.00 1 $220.00 W.R. Frew
Sump Pump each $92.86 3 $278.58 Grainger
Hand Pump each $106.65 1 $106.65 Grainger
Gasoline Hose (3/4" X 12') each $36.00 1 $36.00 Grainger
Camlock Fittings Part M+ F 1-1/2" set $16.34 15 $245.10 Pipe Valves
Piggyback Float Switches each $30.60 5 $153.00 Grainger
2" Transporter Tank Hose per/ft $3.67 225 $825.75 Fournier Rubber
Level Control Switch each $34.35 3 $103.05 Grainger
Quick-Connect Plugs each $6.41 10 $64.10 Forberg
PVC 2" Ball Valve and Tee each $45.37 2 $90.74 Pipe Valves
PVC 2" Coupler sch 40 each $3.25 4 $13.00 U.S. Plastics
PVC 2" Pipe sch 40 per/ft $0.70 50 $35.07 U.S. Plastics
Clear Pipe, Excelon per/ft $2.04 5 $102.00 U.S. Plastics
Wellhead Seal, 4" OD, 2" ID each $28.40 2 $56.80 Boundary Waters
K-type Thermocouple Plug M+ F set $5.56 4 $22.24 Instrument Lab
Thermocouple Wire (type K) 125' roll $62.83 1 $62.83 L.H. Marshall
Pressure Gauge 0-30 psi each $20.00 1 $20.00 Cole-Parmer
Vacuum Gauge (high) 0-30" H2O each $192.85 1 $192.85 Cole-Parmer
Vacuum Gauge (low) 0-10" H2O each $192.85 1 $192.85 Cole-Parmer
Magnehelic Gauge 0-0.25" H2O each $54.00 1 $54.00 Dwyer
Magnehelic Gauge 0-0.50" H2O each $47.00 1 $47.00 Dwyer
Magnehelic Gauge 0-2.0" H2O each $47.00 1 $47.00 Dwyer
Magnehelic Gauge 0-10" H2O each $47.00 1 $47.00 Dwyer
Male Connector 68PL-4-2 each $1.31 10 $13.10 Forberg
Male Connector 4MSC4N-B each $1.52 10 $15.20 Forberg
Qck-cnct F X 1/4" tube each $12.10 10 $121.00 Forberg
Std Brass Valve Tags 1.5" Blk Flld each $1.30 1 $1.30 Seton
Nylon Tubing 1/4" (natural) 50' pk $19.25 50 $962.50 Cole-Parmer
500-gal Steel Tank each $937.00 1 $937.00 Trombold Eqpt

Mo1 1,500-gal Polyethylene Storage Tank each $825.98 1 $825.98 U.S. Plastics
55-gal Drum Activated Carbon each $496.00 2 $992.00 Carbtrol
PVC Check Valve 2" each $79.14 2 $158.28 U.S. Plastics
1-1/2" Transporter Tank Hose per/ft $3.28 30 $98.40 Fournier Rubber
Camlock Fittings Part M+ F 1-1/2" set $16.34 2 $32.68 Pipe Valves

Mo2 55-gal Drum Activated Carbon each $496.00 4 $1,984.00 Carbtrol
1-1/2" Transporter Tank Hose per/ft $3.28 30 $98.40 Fournier Rubber
Camlock Fittings Part M+ F 1-1/2" set $16.34 4 $65.36 Pipe Valves

Mo3 Internal Combustion Engine (ICE) each $49,994.00 1 $49,994.00 RSI International

        (a)  Terms in this column are defined on page A-2.



A-3

Lr = Labor required to construct system trailer = $9,600
Mr = Materials required to construct system

trailer
= $20,575

Mo1 = Materials optional - Water treatment = $2,107
Mo2 = Materials optional - Off-gas treatment = $2,150
Mo3 = Materials optional - ICE off-gas treatment = $49,994

TT = Total costs to construct mobile unit.

Through Construction of Mobile Pilot Unit the total costs (without options) are:

BIOM = TT =  $  30,175

Any one or all of the optional components can be included or excluded in the total trailer
construction costs as required by site-specific requirements.  When the ICE is used as the off-gas treat-
ment for bioslurper emissions it can augment the power needed to run the bioslurper system.  The capital
cost associated with the ICE unit is very high; however, an ICE may be the most viable treatment option
for the off-gas emissions.  Site conditions and emissions regulations will dictate the type of treatment that
should be used as the treatment option.

A.2.2 Pilot-Scale Installation and Testing

A.2.2.1 Description...The overall objective of pilot-scale installation and testing is to determine the
feasibility of LNAPL recovery and to properly size the equipment for full-scale bioslurping.  The
approach of the pilot-scale installation and testing is to initiate pilot-scale bioslurping and to identify the
variables that are critical in determining full-scale bioslurping feasibility.  These variables include the rate
of LNAPL recovery, the ratio of LNAPL to extracted groundwater, the LNAPL radius of influence (the
radius from which free product is mobilized to the bioslurper well), and the efficiency of the system to
oxygenate subsurface soils.

If existing groundwater monitoring wells have been found to contain free product, the
existing wells may be used for pilot-scale testing of the bioslurping technology.  However, if the well
construction information on baildown testing data indicate that an existing monitoring well is unusable, it
will be necessary to construct a well for pilot testing.  Soil gas monitoring points are used to assess
whether bioslurping technology is efficient at remediating the vadose zone soils at the site.  If existing soil
gas monitoring points are not present at the site, it will be necessary to install three soil gas monitoring
points in the affected area for the pilot testing.  Table A-2 contains the costs associated with installing the
necessary groundwater monitoring well and the soil gas monitoring points for pilot-scale testing.

The field materials required to examine the variables that are critical to successful implemen-
tation of a bioslurping operation are presented in Table A-3.  These materials will be used again to examine
the effectiveness of bioslurping operations during the full-scale implementation of the technology.

Any required permits must be obtained prior to implementing the pilot-scale installation and
testing of the bioslurper technology.  Typically, a digging permit is required whenever ground will be
broken.  Additionally, locations may require that both water and air discharge permits be issued to operate
a pilot-scale or full-scale bioslurper system.  In the State of California, a site investigation permit must be
issued before undertaking investigation activities at a contaminant site.  Reasonable estimates of the air
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and water discharged by the bioslurper system can be made from soil gas and water contaminate
measurements prior to test initiation.  The analytical results from the pilot-scale testing would be used for
the full-scale system discharge estimates.

A.2.2.2 Tables of Components and Costs.  Typically, a pilot-scale installation and test will utilize a
single LNAPL-extraction well and three soil gas monitoring points.  Table A-2 is a listing of the costs
associated with installing a single bioslurper well with a borehole diameter of 2 inches, and three soil gas
monitoring points with borehole diameters of 2 inches.  Depth to contamination and the specific drilling
subcontractor used are the variables which affect the cost to install bioslurper and soil gas wells.  Deeper
boreholes result in higher incurred costs for drilling.  Examples of cost calculations are shown in Section
2.2.4 of this cost estimator.  Table A-3 shows the costs for pilot-scale testing materials and analysis.

Table A-2.  Pilot-Scale Test Drilling Task Costs
Pilot Test Drilling Task Description Unit Unit Cost

Mobilization to Site L.S.  $400.00
6-1/4" HAS Drill ft    $12.00
4-1/4" HAS Drill ft     $7.00
4" PVC Screen ft     $7.00
4" PVC Riser ft     $5.50
4" PVC Slip Cap and Plug set    $25.00
Sand bag     $9.00
Bentonite bag    $12.50
Concrete mix bag     $7.60
Hole Plug bag    $14.00
Well Installation hour  $100.00
Decontamination hour  $100.00
Steam Cleaner Rental day    $75.00
Steel Drums each    $25.00
Per Diem day  $130.00
Cost/ft Drilled for Monitoring Wells $/ft  +  $100/well $29.50/ft
Cost/ft Drilled for Soil Gas Points $/ft  +  $100/point $23.00/ft
PVC is polyvinyl chloride.

A.2.2.3 Options.  The test wells, field materials, and analytical procedures that are required to
conduct proper pilot-scale installation and testing are presented in Section 3.0 of the application guide.
Site-specific conditions drive decisions when dealing with contaminated sites, and details will vary.  In
most cases, existing monitoring wells with a known history of free product contamination can and should
be used.  If no suitable monitoring well or soil gas points are present, then the drilling costs associated
with installing the required wells would be incurred.

The bioslurper well must be established to facilitate the extraction of LNAPL, groundwater,
and soil gas from the subsurface to remediate the affected area.  The bioslurper well should be located as
close to the center of the spill area as possible.  The diameter of the bioslurper wells typically is 2 inches.
At all sites a 2-inch-diameter bioslurper well will provide the airflow needed to conduct the required test
procedures.  In addition, 2-inch-diameter wells cost less to install than larger-diameter wells, and
frequently extract groundwater at a lower rate, thereby minimizing any water treatment costs that might
be incurred during bioslurping.  If a larger-diameter well is desired, the cost of installation will exceed
that of a 2-inch-diameter well only by the variable rate to use a larger drill auger and the cost of materials.
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Table A-3.  Pilot Test Materials and Analytical Costs
Pilot-Scale Materials/Analytical Unit Unit Cost Number Total Cost Vendor

Lr Labor required to conduct the
installation and testing

hr $60.00 320 $19,200 Battelle

Mr Interconnecting nipple hollow Ni pltd each $23.00 3 $69.00 KVA Associate
Jar I-CHEM 250ml 12/case $36.50 1 $36.50 VRW Scientific
Jar I-CHEM 500ml 12/case $44.60 1 $44.60 VRW Scientific
GasTech GT105 test kit each $126.00 1 $126.00 Control Analytics
Diluter kit OVA purchase each $750.00 1 $750.00 Hazco
3-1/4" Basic soil sampling kit each $937.00 1 $937.00 EnviroTech
Brass sleeves 2"X 6" each $2.10 4 $8.40 EnviroTech
Plastic end caps 2" each $0.10 8 $0.80 EnviroTech
Rotary electric hammer and adapter each $1,888.00 1 $1,888.00 KVA
Soil probe Handi-jack and adapter each $301.15 1 $301.15 Battelle
Interconnecting nipple solid S/S each $18.00 3 $54.00 KVA Associates
Soil gas probe shaft section 3 ft each $255.00 4 $1,020.00 KVA Associates
Thermocouple readout (Fluke 52) each $199.00 1 $199.00 Grainger
GasTech 3250X CO2/O2 each $3,700.00 1 $3,700.00 Control Analytics
GasTech GT105 O2-TPH each $1,548.75 1 $1,548.75 Control Analytics
GasTech GT105 test kit each $126.00 1 $126.00 Control Analytics
Oil/Water interface probe 100' each $1,990.00 1 $1,990.00 ORS Env. Equip.
Regulator CGA 590 each $245.00 1 $245.00 Liquid Carbonics
1/3-HP compressor/vacuum pump each $228.00 3 $684.00 Grainger
Stop watch each $57.00 1 $57.00 Baxter
Erlenmeyer 250 ml plastic flasks each $6.27 4 $25.08 U.S. Plastics
Tedlar bags 10/box $82.00 2 $164.00 VWR
Helium gas cylinder each $100.00 1 $100.00 Liquid Carbonics
Helium detector each $4,500.00 1 $4,500.00 Mark Products Inc.
Tracetechtor, case, & Dilution each $2,075.00 1 $2,075.00 Gastech, Inc.
Carbon dioxide, size s3 10% bal N2 each $124.00 1 $124.00 Scott Specialty Gas
Hexane, size s3 4800 in air each $124.00 1 $124.00 Scott Specialty Gas
Oxygen, size s3 110% balance N2 each $124.00 1 $124.00 Scott Specialty Gas
Latex tubing 3/16" ID 100' $45.56 1 $45.56 Baxter
Plastic Disposable Bailers each $20.00 2 $40.00 Boundary Waters

ATr Analysis- TPH and BTEX (soil) each $75.00 4 $300.00 Alpha Analytical
Analysis - Bulk density (soil) each $10.00 4 $40.00 Alpha Analytical
Analysis - Grain size (soil) each $50.00 4 $200.00 Alpha Analytical
Analysis - Particle density (soil) each $50.00 4 $200.00 Alpha Analytical
Analysis - Soil/Water (ASTM) each $7.00 4 $28.00 Alpha Analytical
Analysis - Soil/Water (UFA) each $7.00 4 $28.00 Alpha Analytical
Analysis - Total porosity each $7.00 4 $28.00 Alpha Analytical
Analysis - TPH and BTEX (water) each $75.00 4 $300.00 Alpha Analytical
Analysis - TPH and BTEX (off-gas) each $135.00 3 $405.00 Air Toxics
Analysis - TPH and BTEX (fuel) each $75.00 2 $150.00 Alpha Analytical
Analysis - C-range compounds (fuel) each $50.00 2 $100.00 Alpha Analytical

OVA = organic vapor analyzer; S/S = stainless steel; TPH = total petroleum hydrocarbons; ID = inner diameter;
BTEX = benzene, toluene, ethylbenzene, and xylenes; ASTM = American Society for Testing Materials
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As is the case with the groundwater, LNAPL may be extracted at a higher rate when a larger-diameter
well is employed.  Site logistics should ultimately dictate what bioslurper well diameter should be used.

The soil gas monitoring point boreholes should be 2 inches in diameter.  It is not necessary to
drill the borehole any larger than the required 2 inches.  For sites with shallow contamination and sandy
soils, the soil gas monitoring points can be hand-augured,  reducing drilling costs significantly.  Addi-
tionally, some testing materials listed in Table A-3 are optional, i.e. they are not required for completion of
the pilot-scale testing at all sites.  The cost of the analytical procedures presented in Table A-3 can be
reduced further by limiting the number of tests performed and/or locating a testing facility that has lower
costs.

A.2.2.4 Calculation.  The following equation is the calculation of costs for the pilot-scale installation
and testing of the bioslurper system.

PSI  =  Lr  +  Mr  +  ATr  +  MWio  +  SGPio  +  DCo (2)

Lr = Labor required to conduct installation and testing
Mr = Materials required to conduct installation and testing
ATr = Analytical testing required to conduct installation and testing
MWio = Site specific  -  Monitoring well installation

= [(Depth of MWs) ×  (#MWs) ×   ($/ft drilled)]
SGPio = Optional  -  Additional soil gas point installation

= [(Depth of SGPs) ×  (#SGPs) ×   ($/ft drilled)]
DCo(*) = Optional  -  Disposal costs of recovered fuel and extracted water

(*)  Disposal costs associated with the pilot-scale installation and testing are site specific.  Depending on
regulatory requirements and on-site disposal facilities the DCo will vary from site to site.

PSI  =  Pilot-scale installation and testing costs

Through Pilot-Scale Installation and Testing the total costs are:

BIOM  =  TT  +  PSI

The following is an example problem involving the pilot-scale installation and testing of a
bioslurper system at an LNAPL-contaminated site and the calculation of costs for this problem.
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Table A-4. Example Site X - Pilot-Scale Installation, Testing, Capital, and Operating Costs

A.2.3 Full-Scale Installation and Testing

A.2.3.1 Description.  From the data interpretation of the pilot-scale installation and testing the
decision whether to go to a full-scale (multiple bioslurper wells) operations will be made.  At sites where
LNAPL recovery rates are high, usually greater than one gallon per day per well, full-scale bioslurping is
a viable LNAPL recovery technology.  At contaminated sites where full-scale implementation of
bioslurping is utilized the design, placement, and installation of the multiple bioslurper wells are the most
critical factors in achieving successful remediation.  Additionally, the approximate depth of
contamination will affect the overall full-scale costs.  From the data obtained during the pilot-scale
operations, the zone of influence exerted by the bioslurper will be calculated.  The radius of influence is
the measurement of distance which the bioslurper will aerate the contaminated soils and mobilize the
free-product and groundwater to the extraction well.  To implement full-scale bioslurping, enough

Example Site X - Pilot-Scale Installation and Testing

The problem involves a fresh diesel fuel spill.  The contaminated site is located in an area that has on-site
treatment facilities and supplied power sources.  It is estimated that the free product comprises about
10,000 gal of fuel over a 2,000 yd2 area.  The work proposal initiated dictates that a short-term bioslurper
pilot-scale installation and test be performed at the site to determine the feasibility of full-scale
bioslurping to remediate the site.  An existing monitoring well, MW-1, has been identified as having a
known history of free-product thickness of 2 to 3 ft, and is in the center of the contaminant plume.  It is
proposed that this well be utilized to conduct the bioslurper pilot-scale testing.  There are no soil gas
monitoring points in the area of concern; therefore, three monitoring points will be constructed during the
bioslurper installation.  The monitoring points will be placed at distances of  5, 20, and 40 ft from MW-1.
The regulatory guidelines for this site stipulate that extracted groundwater must be treated to less than 5
mg/L of total petroleum hydrocarbons (TPH) and less than 1 mg/L of benzene prior to release.
Additionally, off-gas emissions are not to exceed 100 lb TPH per day.  At contaminated sites comparable
to this one, off-gas treatment has not been necessary.  However, the extracted groundwater will be carbon
treated to reduce contamination levels to below the regulatory requirements.  Table A-4 details the capital
and operating costs to conduct the short-term pilot-scale installation and test.

(Lr) Labor cost to conduct the short-term pilot test (two workers/320 hr @ $60/hr) =  $  19,200
(Mr) Materials cost to conduct the short-term pilot test =  $  24,807
(GWtr) Capital cost of water treatment supplies, two 200 lb carbon drums, =  $    2,107

one 1,500-gal storage tank with accessories
(SGPir) Capital cost to install three soil gas monitoring points to a depth of 15 ft =  $   1,335

[(15 ft)*(3 SGPs)*($23/ft)] + [(3 SGPs)*($100/SGP)]
(ATr) Capital cost to conduct the analytical testing, on four H2O, three off-gas, =  $   1,779

four soil, and two fuel samples

(PSI) Pilot-scale bioslurper system installation and testing costs      $ 49,228

(TT) Total costs to construct the mobile unit +  $ 30,175

(BIOM) Total costs through the pilot-scale installation
and testing stage at example site X =  $ 79,403
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bioslurper wells need to be installed to ensure that the zones of influence encompass the entire
contaminated area.

Figure A-1 depicts a typical layout of an affected area.  R is the radius of influence calculated
during the pilot testing.  The installation of extraction wells is the critical cost factor associated with
installing a full-scale bioslurping operation because all materials (i.e. transporter hose, PVC-piping, etc.)
used to operate the bioslurper system will be based on the number of wells that are installed. Also, the
liquid ring pump size (number of horsepower) is determined by the number of wells installed.  With an
increasing number of wells, the amount of groundwater that might need to be treated also increases.
Therefore, in order to minimize the cost to install the full-scale system the number of wells installed must
be minimized to cover only the contaminated area.

Figure A-1.  Typical Layout of Monitoring Wells for Extended Bioslurper Testing

A.2.3.2 Table of Components and Costs.  Table A-2 in Section 2.2.2 of the cost-estimating guide
presents the costs associated with drilling.  As is the case with the pilot-scale installation and testing, the
full-scale installation and operation are site specific.  The costs to install the number of wells necessary to
cover the entire contaminated area will vary depending on the site conditions and the volume of the
contaminated soils and groundwater.  The number of soil gas monitoring points to be installed for a full-
scale bioslurper operation is dependent on the proximity of the wells to one another.  If the radius of
influence is high (greater than 50 feet), the number of soil gas monitoring points can be reduced from
three per well to two or one per well.  The soil gas monitoring points should extend radially out from the
extraction wells, and at least two soil gas monitoring points should be located outside the contaminated
area to monitor background conditions.  Ideally, the number of soil gas monitoring points will be
minimized to reduce installation costs.  The monitoring points will be placed in such a manner that they
will allow the system operators to gather accurate information about the effectiveness of the bioslurping
technology to remediate the contaminated soils.

For the full-scale operation of the bioslurper system, the materials necessary to run the system
are shown in Table A-3 in Section 2.2.2 of the cost estimating guide.  The analytical procedures to be
used in determining if the bioslurper is remediating the site are also shown in Table A-3.  The volume of
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LNAPL that is being recovered, and the analytical test results will determine if bioslurping is remediating
the contaminated site.

A.2.3.3 Options.  Thus, the overall costs associated with remediating a contaminated site via bio-
slurping can be cost effective compared to costs for other remediation technologies.  The site logistics
necessary to substantially reduce capital costs are the availability of on-site supplied power sources,
wastewater treatment or sewage facilities, and direct release of bioslurper stack gas.  If supplied power is
available and treatment components are not required, the capital costs associated with installing a
bioslurper system decrease drastically.  For example, at a remote site where supplied power resources are
unavailable, an electrical generator would need to be obtained, adding significantly to full-scale
installation costs.  By using on-site treatment facilities and power resources, the capital and operating
costs can be reduced to make the bioslurper system the most effective and rapid remediation technology
for LNAPL contaminated sites.

A.2.3.4 Calculation.  The following is the calculation for the full-scale installation and testing costs.
These costs are site specific and will vary from site to site.

FSI  =  Lr  +  Mr  +  ATr  + MWio  +  SGPio+  GWto  +  OGto (3)

Lr = Labor required to expand to full-scale installation
Mr = Materials required to expand to full-scale installation
ATr = Analytical testing required to conduct full-scale installation
MWio = Site specific  -  Monitoring well installation

= [(Depth of MWs)  *  (#MWs)  *  ($/ft drilled)]
SGPio = Site specific  -  Soil gas point installation

= [(Depth of SGPs)  *  (#SGPs)  *  ($/ft drilled)]
GWto = Site specific  -  Groundwater treatment
OGto = Site specific  -  Off-gas Emissions treatment

FSI  =  Full-scale installation and testing costs

Through Full-Scale Installation and Testing the total costs are:

BIOM = TT  +  PSI  +  FSI

The paragraphs in the following box are a continuation of the problem involving the installa-
tion of a full-scale bioslurper system at the example petroleum-contaminated site.

A.2.4 Operations and Maintenance

A.2.4.1 Description.  Typically, the operations and maintenance required to run the full-scale bio-
slurper system are minimal.  The system requires only weekly on-site presence to collect the data critical
in analyzing performance.  However, daily visits should be performed to ensure normal ensure normal
operation of the bioslurper.  On-site personnel also maintain the system in an operational condition.  The
personnel will be required to replace and repair any system component malfunctions and/or failures.  The
bioslurper system is designed with components that have service life of approximately 3 years.  The
liquid ring pump used to establish the vacuum gradient in the bioslurper wells has a service life of
approximately 10 years, and should not need to be replaced; however, it may be useful to clean the pump
head periodically to maintain the high level of efficiency that the pump needs to create the liquid vacuum.
The other equipment used with the bioslurper system have shorter shelf lives and may need to be replaced
before the site remediation is completed.
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The primary duties of the on-site personnel will be to record the amount of fuel recovered,
groundwater extracted, and off-gas emitted to the atmosphere per day.  On-site personnel also will be
responsible for ensuring that wastewater and off-gas discharges do not exceed any existing regulatory
permit allowances.

A.2.4.2 Table of Operations and Maintenance Guidelines.  Table A-6 presents the operational
actions and maintenance requirements that on-site personnel will perform during bioslurper operations.
The daily on-site involvement of site personnel will not be significant, unless there is system component
failure.

Table A-5.  Example Site X - Installation Costs to Expand the Full-Scale Bioslurper System

Example Site X - Full-Scale Installation

During the pilot-scale testing, oil/water interface probe measurements in the existing monitoring well
indicated that approximately 2.5 ft of floating free product is present in the existing monitoring wells.
The depth to groundwater at the site is 12 ft and the soil is a fine sand with a horizontal hydraulic
conductivity of 0.5 m/day.  Recovery rates from the pilot-scale testing in the monitoring well mentioned
were 1.2 gal/day.  It is, therefore, recommended that full-scale bioslurping be implemented to remediate
the contamination.  The radius of influence of the bioslurper was calculated to be 36 ft.  The soil analysis
indicated that the soils in the unsaturated zone are smeared with free product (i.e. contain TPH and
BTEX in 100 kg/L levels).  Figure A-2 depicts the contaminated area with nine installed bioslurper wells
and the 21 soil gas monitoring points needed to encompass the entire site.  From the water and off-gas
emissions data it has been determined that it is not necessary to treat off-gas emissions, however, it will
be necessary to treat the water extracted by the system prior to release.  Because this is not a remote
location, supplied power is available.  All the bioslurper wells will be plumbed into a central manifold
box, and the vacuum established in each well will be provided by a 10-hp liquid ring pump.  Table A-5
presents the capital costs associated with expanding to a full-scale bioslurper system at this example site.
The cost of the storage tanks and groundwater treatment materials are included in the materials cost.

 (Lr) Labor cost required to expand to a full-scale bioslurper system (2 workers/ =  $   9,600
160 hr total @ $60/hr

(Mr) Materials cost to expand to a full-scale bioslurper system =  $  15,222
(MWir) Labor and capital cost to install 8 bioslurper wells to a depth of 15 ft =  $   4,340

[(15 ft)*(8 MWs)*($29.50/ft)] + [(8 MWs)*($100/MW)]
(SGPir) Labor and capital cost to install 18 soil gas points to a depth of 15 ft =  $   8,010

[(15 ft)*(18 SGPs)*($23/ft)] + [(18 SGPs)*($100/SGP)]
(ATr) Capital cost to conduct the analytical testing, twelve H2O, twelve off-gas, =  $   8,816

sixteen soil, and twelve fuel samples

(FSI) Total labor and capital costs to expand to a full-scale bioslurper system      $ 45,988

(PSI) Pilot-scale bioslurper system installation and testing costs +  $ 49,228

(TT) Total costs to construct the mobile unit +  $ 30,175

(BIOM) Total costs through the full-scale installation stage at example site X = $ 125,391
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Figure A-2.  Monitoring Well and Soil Gas Point Layout for Example Site X

Table A-6.  Operational Actions and Maintenance of the Bioslurper System
Frequency Action

Weekly Check system components to ensure normal operations
Measure and record the fluid levels in each monitoring well
Measure soil gas composition in each soil gas point
Measure water discharge flowrate
Measure off-gas discharge flowrate.

Monthly Sample water discharge and ship for analysis.
ample off-gas discharge and ship for analysis.
Adjust the extraction tubes in each monitoring well to the measured oil/water interface

As
Required

Collect all relevant data to determine if the system is functioning at normal levels
(pressures, temperatures)
Record fuel recovered during operations and proper removal of the fuel recovered to
the disposal or recycling area.

A.2.4.3 Options.  To minimize the costs associated with maintaining the bioslurper system, it is
essential that mechanically inclined staff be available on-site to identify, replace, and repair any system
component malfunctions. It is also important to use technical staff with field expertise to ensure proper
data collection of the critical parameters that define the bioslurper’s effectiveness in remediating the site.
By separating the functions with two staff members, the labor time required for the bioslurper operations
and maintenance can be minimized to cost-effective levels.

A.2.4.4 Calculation.  The following is the equation used to calculate the total operations and
maintenance costs associated with implementing the bioslurper system for extended testing.
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OMT  =  Lr  +  Mr(*)  +  KWr  +DCr (4)

Lr = Labor required to conduct operations and maintenance
Mr(*) = Materials required to conduct operations and maintenance
KWr = Power required to run the generator and other components
DCr(*) = Disposal and discharge costs required to remove recovered fuel

and extracted H2O

OMT = Total operations and maintenance costs

BIOM = TT  +  PSI  +  FSI  +  OMT

(*)  Operations and maintenance costs are site specific.  They will be based on
the total costs incurred with repairing and/or replacing materials associated with
maintaining the bioslurper system in a normal operational status.  And the
disposal costs to remove recovered fuel and extracted water.

Referring back to the sample problem described in Section 2.3.4 of Appendix A, the operations and
maintenance costs incurred during the past month of operation in remediating this type of contaminated
site are presented in the following paragraph and table.  This is not a reflection of every site, and
depending on site conditions and system component malfunctions the monthly operating and maintenance
costs will vary.

Example Site X - Operations and Maintenance costs

No instrumentation failures occurred during the first 4 months of system operation.  However, during the
fifth month of full-scale operation at site X, one wellhead seal cracked and one water tank sump pump
failed.  Weekly data measurements and analytical samples have been recorded and shipped.  The
replacement materials were purchased and installed during the weekly routine checkups of the system.
During the 5th month of operation 550 gal of fuel was recovered, and 402,000 gal of groundwater was
extracted.  The disposal costs for removing fuel from the site are $2.90/gal.  From the results provided
by the pilot-scale testing at this site it has been determined that the two carbon canisters used in series to
treat extracted water will need to be replaced on a monthly basis.  Monthly sampling of the discharge
water and off-gas emissions will be made to ensure that regulatory guidelines are not exceeded.  The
system wastewater is pretreated with the activated carbon and discharged at a cost of $5.00/1,000 gal.
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Table A-7.  Example Site X - Monthly Operations and Maintenance Costs

(Lr) Labor costs required to operate and maintain the bioslurper system (2 workers/=  $   1,920
32 hr/week @ $60/hr)

(Mr) Material costs required to operate and maintain the bioslurper system =  $   1,114
(DCr) Disposal and discharge costs required to remove ten 55 gal drums of fuel and =  $   3,605

discharge 402,000 gal of treated wastewater
(KWr) Power costs required to operate and maintain the bioslurper system =  $   3,800

(38,000kWh/month @ $0.10/kWh)

(OMm) Total monthly operations and maintenance costs at example site X =  $   10,439

(OMT) Total yearly operations and maintenance costs at example site X      $ 125,268

(FSI) Total labor and capital costs to expand to a full-scale bioslurper system +  $   45,988

(PSI) Pilot-scale bioslurper system installation and testing costs +  $  49,228

(TT) Total costs to construct the pilot-scale mobile unit +  $  30,175

(BIOM) Bioslurper installation, operations, and maintenance total costs = $  250,659
at example site X
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A.3 Other Costs

The cost of implementing a bioslurping system is presented in the previous sections.  This
section includes approximate costs for other items such as design, work plan preparation, and post-
remediation/closure sampling.  These costs can vary significantly depending on the site conditions and the
local, state, and/or federal regulatory requirements.  As such, unit costs presented here should be revised
for each site.

A.3.1 Design Costs.  The costs associated with designing a bioslurper system are site-specific and
vary with factors such as formation heterogeneity, natural and man-made obstacles, climate, and local
regulatory requirements.  Typically, engineering design costs represent approximately 15% to 20% of the
cost of installed system components, however, site-specific complications must be considered.  For the
example Site X in this document, the expected design costs would be around $19,000 using a design
factor of 15%.  The calculation:

Design Costs = [(TT) + (PSI) + (FSI)] ×× DF (5)

where TT, PSI, and FSI have previously been defined and DF is the design cost factor, will yield a
reasonable estimate which can be increased further by complicating factors at the user’s discretion.

A.3.2 Documentation Costs.  Documentation costs also will vary greatly with local regulatory
agency requirements.  Typically, the cost for the preparation of a Health and Safety Plan is about $10,000.
Development of a pilot-scale work plan may cost about $10,000.  Preparation of a full-scale Remedial
Action work plan for regulatory approval may cost approximately $25,000.  If a Quality Assurance
Program Plan (QAPP) or a Contractor Quality Control (CQC) Plan  is required, it usually can be written
for $5,000 - $15,000.  Project Final Reports describing the methods, materials, data analysis results and
conclusions can be written for $20,000 to $50,000 depending on the scope of the project.

Summarizing, documentation costs can reasonably be expected to vary greatly depending on the local
physical and regulatory requirements. For the example Site X described previously, documentation costs
are assumed to be $70,000.

A.3.3 Site Closure (Sampling and Analysis) Costs.  After routine free product recovery rate and
soil gas monitoring results indicate that bioremediation rates and residual contamination concentrations
have been minimized, soil samples can be collected and analyzed to demonstrate site cleanup.  The
number of samples to be collected depends on the site size and heterogeneity as well as local regulatory
requirements.  It is assumed that a one-soil-sample-per-50 ft grid over the site will be adequate to
characterize the soil at closure.  At Site X in the aforementioned examples, the 2,000 yd2 (18,000 ft2) site
would require approximately 16 soil samples analyzed for TPH and benzene, toluene, ethylbenzene, and
xylenes (BTEX) for closure characterization.  At a cost of $100 per TPH and BTEX sample (Table A-3),
the analyses would cost $1,600.  Sample collection and shipping costs must be added to this figure.  It is
assumed that for Site X, $3,000 would cover final soil sample collection and analysis.  It must be noted
that soil formation heterogeneity and local regulatory requirements can increase closure sampling and
analysis costs significantly.

A.3.4 Contingency Costs.  It is reasonable to expect that unforeseeable circumstances will arise in
any project which may add to the total project cost.  Health and safety issues, scope increases, climatic
interference, vandalism, regulatory delays, and equipment manufacturing errors are only some examples
of factors which can add cost to a well-planned project.  To cover these costs, a contingency factor
ranging from 10% to 20% is typically used.  Again referring to example Site X, assuming a factor of 10%
contingency cost of the installation, operation, and maintenance costs, would be $25,000.
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A.3.5 General and Administration, Overhead, and Fee.  Each contracting company applies these
charges to different categories of project costs.  The labor rates in this bioslurping costs estimator are
assumed to be fully burdened values already containing these fees.  Application of other overhead and
administrative inflation factors must be computed according to contractor-specific methods.

A.4 Conclusions

This cost estimator is designed to provide readers with a set of useful guidelines that
will enable them to make sound decisions in costing and implementing bioslurper technology at a
petroleum-contaminated site.  By utilizing the information provided, readers will be able to make
informed decision as to whether or not bioslurping would be a cost-effective and rapid technology to use
in remediating the contaminated area.  The costs presented in the tables of this document reflect the
market price of the materials sold by the listed vendors as of May 1996.  The drilling costs given in
Table A-3 are estimates made from previous quotations of several drilling contractors.  The drilling costs
will vary depending on the location of the affected area.  Mention of manufacturer and trade names does
not constitute endorsement of said product by Battelle or NFESC.  Table A-8 provides the final costing
factors associated with designing, documenting, implementing, and closing a full-scale bioslurping
project.

Example Site X (Summary) - Other Costs

The total cost for implementing bioslurping (installation, operations, and
maintenance) at Site X has been determined to be $250,659.  This value can
be increased by the other costs described above to yield a total bioslurping
project cost:

BIOM =   $ 251,000
Design Costs =   $   19,000
Documentation Costs =   $   70,000
Closure Costs =   $     3,000
Contingency Costs =   $   25,000

TOTAL =   $ 368,000
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       Table A-8.  Bioslurping Project Costs

BPC = TT + PSI + FSI + OMT + DDCC
= BIOM + DDCC

TT = Total costs incurred to construct system trailer with optional materials
included

PSI = Total costs incurred to conduct pilot-scale installation and testing
FSI = Total costs incurred to expand to a full-scale installation

OMT = Total costs incurred to operate and maintain the system in a normal
operational mode

DDCC = Design, documentation, site closure, and contingency costs

BPC = Bioslurping project costs
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ACRONYMS AND ABBREVIATIONS

ACGIH American Congress of Governmental and Industrial Hygienists
AFB Air Force Base
AFCEE U.S. Air Force Center for Environmental Excellence
ASTM American Society for Testing and Materials

bgs below ground surface

CFR Code of Federal Regulations
cfh cubic feet per hour
cfm cubic feet per minute
CRF chemical reaction/flocculation
CSS Coastal Systems Station

DAF dissolved air flotation
DCP Dense Coalescing Pack

GAC granular activated carbon
GC/FID gas chromatography/flame ionization detection
gph gallon(s) per hour
gpm gallon(s) per minute

hp horsepower

ICE internal combustion engine
ID inside diameter
IDW investigation-derived waste

JP jet propulsion

LEL lower explosive limit
LPG liquid propane gas
LNAPL light, nonaqueous-phase liquid
LRP liquid ring pump

MDL method detection limit
MP monitoring point

NAPL nonaqueous-phase liquid
NEMA National Electrical Manufacturers Association
NFESC Naval Facilities Engineering Service Center
NIOSH National Institute for Occupational Safety and Health
NPDES National Pollutant Discharge Elimination System

OD outside diameter
O&G oil and grease
O&M operations and maintenance
OSHA Occupational Safety and Health Act
O/W oil/water
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PEL Permissible Exposure Limit
ppbv parts per billion by volume
PPE personal protective equipment
ppm parts per million
ppmv parts per million by volume
psi pound(s) per square inch
psia pound(s) per square inch absolute
PVC polyvinyl chloride

QAPP Quality Assurance Program Plan
QCP Quality Control Plan

RCRA Resource Conservation and Recovery Act
RI radius of influence
RPM remedial project manager

SCAQMD South Coast Air Quality Management District
scfm standard cubic feet per minute
sch schedule
SFRWB San Francisco Regional Water Board
SPLP Synthetic Precipitation Leaching Procedure
S/S stainless steel
SRC Slant Rib Coalescer
SVE soil vapor extraction

TC thermocouple
TCLP Toxicity Characteristic Leaching Procedure
THC total hydrocarbons
TLV threshold limit value
TPH total petroleum hydrocarbons
TSS total suspended solids

U.S. EPA United States Environmental Protection Agency
UST underground storage tank

VOA volatile organic analysis
VOC volatile organic compound
VSG superficial liquid velocity
VSL superficial gas velocity

WWTP wastewater treatment plant
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C.1 Chemical Treatment and Dissolved Air Flotation.  Chemicals may be added to the O/W

separator effluent to remove contaminants such as emulsified oil and grease (O&G) and metals.

Chemical treatment is very effective at removing these contaminants; greater than 99% removal can be

achieved.  However, operation and maintenance costs tend to be higher than those associated with other

treatment technologies such as air stripping or carbon adsorption.

Chemical treatment usually involves adding inorganic and/or polymeric coagulants at

electrical pH values to form flocs, and removing emulsified oil droplets and inorganic contaminants (such

as heavy metals) through adsorption, co-precipitation, and other physical/chemical mechanisms.  The

treatment may be performed in a chemical reaction/flocculation (CRF) system, which consists of a two-

stage chemical reaction tank, polymer mixing, chemical metering pumps, constant- and variable-speed

mixers, and associated instruments and controllers (Figure C-1).  The effluent enters the two-stage mixing

tank, where a coagulant (such as ferric sulfate) and sodium hydroxide are added separately to the first

stage of the tank and a polymer (Nalco 7767 or equivalent) is added to the second stage of the tank.  The

polymer causes the oil-laden precipitants present in the process water to floc together.

After the chemical treatment, physical separation must be performed to separate the flocs

from the process water.  Dissolved air flotation (DAF) is commonly employed (Figure C-2).  A DAF

system consists of a flotation chamber (including a belt skimmer and a float storage sump), an air

compressor, an air-dissolving tank, and associated controls and meters.  Microscopic bubbles pumped

into the water attach to the oil-laden flocs, causing them to rise to the surface.  The “float” is skimmed by

a belt skimmer into a storage compartment mounted inside the unit and then transferred to a large storage

tank for additional settling.  Heavy solids that settle to the bottom of the DAF system are periodically

removed.  The resulting sludge must be removed periodically and disposed of with an auger located at the

base of the unit.

Chemical treatment combined with DAF is very effective in removing emulsified O&G from

the process water.  Table C-1 presents removal results for a treatment system that is being used at a site in

northern Florida.

Although the CRF/DAF treatment system is designed primarily to remove O&G, it can be

used to treat heavy metals by raising the pH values of the process water to precipitate the metals of

concern.  Figure C-3 shows the optimum pH for removing various metals.  At the site located in northern
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Figure C-1.  Chemical Reaction and Flocculation System
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Figure C-3.  pH Required to Removed Various Metals
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Florida, the pH of the process water was maintained at about 9 to remove copper, lead, and zinc.  The

removal results for lead and zinc are presented in Table C-2.

Table C-1.  CRF/DAF Treatment Results for TPH

TPH as Diesel
Concentration in O/W

Separator Effluent
(ppm)

Concentration in
DAF Effluent

(ppm)
Removal

(%)
5,000 45 99.1
27,000 31 99.9
5,000 91 98.2
6,800 8.2 99.9
300 48 84.0
920 5.5 99.4

Table C-2.  CRF/DAF Treatment Results for Metals

Lead Zinc
Conc. in O/W

Separator
Effluent
(ppm)

Conc. in
DAF Effluent

(ppm)
Removal

(%)

Conc. in O/W
Separator
Effluent
(ppm)

Conc. in
DAF Effluent

(ppm)
Removal

(%)
1,430 3.3 99.8 6,210 123 98.0
120 2.1 98.2 697 <20.0 >97.1
62 <20 >67.7 1,070 <200 >81.3
154 <20 >87.0 1,820 <200 >89.0
30 <20 >33.3 396 <200 >49.5

61.7 <2.0 >96.8 25.1 <20.0 >20.0

The CRF/DAF process generates a waste sludge, which is composed primarily of metal, oil,

and water.  The following site-specific factors will affect the rate of sludge production:

• Concentration of emulsified oil in the process water

• Concentration of total suspended solids (TSS) in the water

• Process water flowrate

• Process water pH

• Coagulant addition rate.

A Toxicity Characteristic Leaching Procedure (TCLP) analysis should be performed on the sludge to

confirm that the sludge can be disposed of as a nonhazardous waste.  Analyses for percent O&G, moisture
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content, and TSS also should be performed.  At some sites, such as the site in Northern Florida, the

percent O&G was high enough (about 40%) to allow the sludge to be recycled for its heating value;

hence, the disposal charge was minimal.

O&M requirements for the CRF/DAF are significantly greater than for other treatment

technologies such as air stripping and carbon adsorption.  The equipment contains a number of valves,

pumps, and motors.  Each component must be maintained properly to meet the desired treatment goals.

Also, the operator must calculate and set the dosage rates for the treatment chemicals.  If changes in the

process water flowrate occur, dosages must be recalculated and reset.  The chemical supplies must be

replaced periodically.  At the site in Northern Florida, one drum of ferric sulfate lasts for approximately

1 month, and one drum of sodium hydroxide lasts about 2 months.  The polymer is shipped in concen-

trated form and must be diluted for use.  A 5-gallon bucket lasts about 4 months.  A solution of polymer

must be made up every 3 days because the dilute polymer expires after 72 hours, resulting in poor

flocculation.

The CRF/DAF treatment system is used only when emulsified oils and/or metals cannot be

treated by other physical treatment processes.  Higher O&M costs make this technology less attractive

when contaminant concentrations are low.  As a rule of thumb, chemical treatment should be considered

when TPH concentrations are greater than the allowed discharge limits and cannot be reduced using

conventional gravity O/W separators.  Prior to full-scale implementation, a treatability study using a

series of jar tests must be performed to determine coagulant types, coagulant dosages, sludge production

volume, and sludge leaching characteristics.  The data obtained from these tests can then be used to

estimate full-scale capital and operating costs.

C.2 Air Stripping.  Air stripping may be used to remove VOCs from the O/W separator effluent.

The process uses ambient air to strip VOCs from the aqueous phase into the vapor phase.  Air stripping is

useful for treating the process water at sites when the water discharged from the treatment process

contains only low levels of VOCs.  Air stripping is not very effective in removing emulsified oil from the

process water.  In fact, emulsified oil may foul the packing media so that additional maintenance is

required to clean the stripper.

Site-specific conditions and regulatory considerations will determine if air stripping is

applicable at a particular site.  Typically, it is applicable at sites that are contaminated with gasoline,

avgas, and JP-4 jet fuel.  These fuels and their constituents are volatile with high Henry’s law constants,
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making them ideal for stripping.  In addition, little emulsion is formed in the bioslurper process water

generated at sites contaminated with these fuels.  For opposite reasons (i.e., lower Henry’s law constants

and oil emulsion), stripping will be difficult to implement at sites contaminated with diesel fuel, JP-5 jet

fuel, heating oil, and waste oils.

Several different types of air stripping devices are available.  Historically, large towers

constructed out of metals (such as aluminum and steel), have been used in air stripping applications.  The

diameter and height of the tower are determined from design calculations that take into account the

process water flowrate, the Henry’s law constants for the contaminants of concern, and the air flowrate

required to achieve the necessary operation efficiency.  The tower diameter may range from less than a

foot to several feet, and the height may range from 10 to 50 ft.  Air stripping towers are constructed with a

plate-and-frame design or with a packing material such as polypropylene pall rings or ceramic saddles.

The packed towers have been used more commonly in environmental remediation applications.  The

disadvantages of both types of towers are that they have relatively high capital and installation costs and

that they cannot be demobilized easily.

Recently, a new design for air strippers has emerged.   These are high-efficiency, multistage,

low-profile air strippers that are compact and skid-mounted and can be mobilized and demobilized easily

for environmental applications.  These strippers use plates or trays instead of packing materials.  Multiple

stages can be placed in series to obtain high removal efficiencies.

A cost analysis should be performed prior to implementing air stripping for treating the

bioslurper process water.  The effluent air emitted from the stripper may require treatment.  Vapor

treatment using gas-phase activated carbon, thermal/catalytic oxidation, or an internal combustion engine

may be needed to treat this gas.  These technologies are discussed in Appendix D.

C.3 Granular Activated Carbon.  Similar to air stripping, granular activated carbon (GAC) may

be used to treat O/W separator effluent at sites where the water contains fairly low levels of contaminants.

A cost-analysis must be made to determine if it is more cost-effective to use GAC treatment than air

stripping.  In general, liquid-phase GAC adsorbs dissolved hydrocarbons up to a maximum of 5% of its

weight (i.e., a 200-lb drum will adsorb about 10 lb of hydrocarbons).  Typically, it is more cost effective

to use activated carbon when the mass loading of hydrocarbons is less than approximately 20 lb/day.

However, site-specific factors, such as the process water flowrate, contaminant concentrations, and the

expected treatment duration will affect the cost to implement different technologies.
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GAC treatment is implemented by installing, typically, two or more 200-lb to 5,000-lb drums

or canisters of GAC in series.  The process water is pumped from a surge tank through a bag filter

housing to the GAC vessels.  The bag filter housing is used to remove suspended solids that, if not

removed, eventually will plug the GAC vessels.  A 200-µm mesh bag filter is generally sufficient to

prevent fouling of the GAC.  The bag filter must be replaced periodically.  The frequency of replacement

is dependent upon TSS concentrations and process water flowrates.

The effluent from the first GAC vessel should be monitored regularly for hydrocarbon

breakthrough.  When the hydrocarbon concentration in the effluent water reaches a predetermined level,

the GAC has been exhausted and the vessel must be replaced.  The most common practice is to put a new

vessel on line after the “old” second vessel.  The effluent from the second vessel also should be monitored

to ensure that the water quality is in compliance with regulatory discharge limits.

C.4 Clay/Anthracite Adsorption Media.  Organo-clay and anthracite can be used to remove

hydrocarbons from an aqueous stream.  Organo-clay is quaternary amine-modified bentonite clay, which

often is mixed with anthracite at a 30:70 ratio.  The mixed media may be used to treat the bioslurper

process stream containing low levels of emulsified oils.  The loading capacities of the mixed media may

vary significantly, depending on the contaminant types, free-phase oil vs. emulsified oil, contaminant

concentrations, and TSS concentrations.  At some sites, secondary treatment with either GAC or air

stripping also may be required prior to discharging the water.  Table C-3 shows the percent removal of

hydrocarbons observed at three bioslurper demonstration sites using the clay/anthracite media.

Table C-3.  Percent Removal of Hydrocarbons Using Clay/Anthracite Mix

Site

Average Influent
Concentration

(ppm)

Average Effluent
Concentration

(ppm)
Average Removal

(%)
Coastal Systems Station
(CSS) Panama City

240 55 77

Robins AFB UST70/72 29 20 31
Robins AFB Site SS010 36 22 38

The clay/anthracite mix may be placed in a number of different types and sizes of vessels.

Cameron/Great Lakes, Inc. manufactures high-pressure steel filter vessels that can hold 450 to 5,000 lb of

material.  It is important to use vessels that can withstand the maximum discharge pressure created by the

pump supplying the process water.  As the clay/anthracite mix adsorbs the oil present in the process
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water, the organo-clay will swell, pressurizing the vessel until the maximum discharge pressure of the

pump is reached.  As with activated carbon, multiple vessels may be placed in series and effluent samples

should be collected and analyzed regularly to ensure compliance with regulatory requirements.

One difficulty associated with the clay/anthracite treatment is channeling of the process water

in the vessel.  As the organo-clay swells, the water to be filtered may channel through one area of the

vessel, resulting in reduced treatment efficiency.  One remedy is to periodically backflush the vessel with

clean water.  This, undoubtedly, would create O&M requirements and, perhaps, material-handling

problems.  For full-scale, long-term treatment, it is recommended that an automated backflushing system

be installed to backflush the vessel when the pressure gradient across the vessel reaches a preset value.

For short-term or pilot-scale applications, the media may be mixed using a shovel.

C.5 Gravity Settling Tanks.  Settling tanks are used to provide residence time to the process

water, allowing unstable O/W emulsions to separate.  If the emulsions are chemically stable, a prolonged

residence time may not significantly decrease the hydrocarbon concentration in water.  During pilot

testing, samples should be collected and bench-scale tests should be performed to determine the amount

of residence time required to improve the O/W separation.

The data collected from bench-scale testing and the expected full-scale process water

flowrate are used to size the settling tank.  If needed and space allows, multiple tanks can be placed in

series to provide additional residence time.  The tanks are connected near the bottom to allow the same

liquid levels in all tanks.  This configuration also avoids the need to pump from one settling tank to

another.  At many sites, additional treatment may still be required after settling that would increase the

overall treatment costs.

Because the separated LNAPL floats and accumulates on the water surface, the settled water

should be pumped near the bottom of the last tank in series.  Also, the tanks should be equipped with a

floating skimmer pump to transfer the LNAPL to the LNAPL storage tank.   Table C-4 shows the percent

removal of hydrocarbons observed at various bioslurper demonstration sites using settling tanks.

Note that settling tanks usually occupy a very large floor space.  At sites with limited space, it

may not be feasible to use settling tanks for the process water treatment.
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Table C-4.  Percent Removal of Hydrcarbons Using Settling Tanks

Site

Average Influent
Concentration

(ppm)

Average Effluent
Concentration

(ppm)
Average Removal

(%)
Eaker AFB Site 2 6.5 3.6 55
Dover AFB SS27/XYZ 960 175 82
Hill AFB 180 7.4 96
McGuire AFB 47 38 19
CSS Panama City 1,500 240 84
Robins Site AFB SS010 43 36 36

C.6 Reinjection.  A some sites, it may be possible to reinject the O/W separator effluent into a

standard vertical well or an underground infiltration gallery.  Some regulatory requirements may have to

be met before this option can be considered.  These requirements may include contaminant types,

contaminant concentrations, TSS concentrations, and other hydrogeologic considerations.
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D.1 GAC Adsorption.  GAC is the most commonly used vapor-phase treatment method.  GAC

adsorbents possess high surface areas (i.e., 1,000 to 1,400 m2/g), thus allowing effective contaminant

removal.  Many vendors sell or lease prefabricated, skid-mounted units that can be put into service with

only a few days of notice.  The GAC adsorption, however, is economical only for low concentrations.

When the vapor concentrations are high, GAC adsorptive capacity may be quickly exhausted.

Replacement and disposal of spent GAC can become expensive.  The cost of disposal of the spent carbon

will be particularly high if the spent carbon is identified as a Resource Conservation and Recovery Act

(RCRA)-listed or RCRA-characteristic waste.

The GAC adsorption capacity depends on factors such as influent vapor temperature and

relative humidity and, most importantly, the influent VOC types and concentrations.  Isotherms, which

show the mass of contaminants adsorbed per unit mass of carbon, are available to predict the

contaminant-specific adsorption capacity for a specific type of carbon.  GAC generally has a high affinity

for VOCs, such as hydrocarbons and chlorinated compounds.  Some hydrocarbons such as isopentane do

not adsorb well.

High relative humidity in the incoming vapor stream limits the effectiveness and increases the

cost of vapor treatment with GAC.  Water vapor preferentially occupies adsorption sites, thereby

decreasing the capacity of the GAC to remove contaminants from the incoming stream.  Vendors

typically recommend that the relative humidity of the off-gas stream be below 50% prior to entering the

GAC adsorbent.  Entrained water should be removed by an air/water separator (demister) or by preheating

the vapor stream.  However, preheating may reduce the effective capacity of the GAC, so a trade-off is

involved in selecting the preheating temperature.

As a rule of thumb, the GAC’s adsorptive capacity for most hydrocarbons in the vapor stream

is about 1 lb of hydrocarbons per 10 lb of GAC.  Because the GAC cost including material, canister,

O&M, and disposal is about $3/lb, the cost of the GAC treatment would be about $30/lb of hydrocarbons.

Specialized resin adsorbents have been developed and are now entering commercial applica-

tion for treatment of organic vapors in off-gas streams.  These synthetic resin adsorbents have a high

tolerance to water vapor.  Air streams with relative humidities greater than 90% can be processed with

little reduction on the adsorption efficiency for organic contaminants.  The resin adsorbents are amenable

to regeneration on site.  Skid-mounted modules are available consisting of two resin adsorbent beds.  The

design allows one bed to be on line treating stack gas while the other bed is being regenerated.  During
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the desorption cycle, all of the organic contaminants trapped on the resin are removed, condensed, and

transferred to a storage tank.  The desorption process used to regenerate the resin is carried out under

vacuum using a minimum volume of nitrogen purge gas.  A heat exchanger in the bed heats the resin

during regeneration.  The same heat exchanger is used to cool the bed to increase sorption capacity while

it is on line treating stack gas (Downey et al., 1994).

D.2 Biofiltration.  Treating stack gas with biofiltration is an innovative technology.  Connolley

and a coworker (1995) have used a biological filter used to treat both stack gas and water from a pilot

bioslurper system.  Several other tests have been reported in the literature, indicating effective treatment

of influent with 50 to 5,000 ppmv of TPH (U.S. EPA, 1994, EPA/542-R-94-003).  For a vapor concen-

tration of 1,000 ppmv, the residence time required ranges from 15 to 90 seconds (Skladany et al., 1994).

Insufficient data are available to allow a detailed cost and performance comparison of biofiltration with

the more conventional stack gas treatment.

D.3 Reinjection/In Situ Biodegradation of Vapor Emissions.  In situ biodegradation of the

bioslurper vapor emissions can be a cost-effective and environmentally acceptable treatment option.

Reinjection of the bioslurper stack gas probably will require approval from the regulatory agency.  Stack

gas reinjection offers the advantages of low surface emissions and no point source generation.  The

reinjection treatment consists of distributing the stack gas back into the soil and destroying the

contaminants through in situ aerobic biodegradation.  Reinjection is accomplished by piping the stack gas

to air distribution wells or trenches where the vapor stream infiltrates back into the soil.  In situ

respiration and soil gas permeability tests must be performed to determine the biodegradation rate and the

radius of influence required for the reinjection point.  The soil volume available must be sufficient to

accept the vapor stream and allow biodegradation of the contaminants in the stack gas.

Reinjection wells should be located and designed to ensure that the reinjection process

destroys the contaminants rather than increases the contaminant migration.  After reinjection is initiated,

surface emissions testing must be performed to ensure that contaminants are not escaping to the site

surface.  Soil gas monitoring should be performed to ensure that contaminant migration is not being

increased.  Monitoring of migration is particularly important at sites where air extraction is necessary due

to the presence of buildings.

D.4 Destruction in a Catalytic Oxidizer.  Catalytic incineration is a thermal treatment process

that uses a catalyst to increase the oxidation rate of organic contaminants in an off-gas stream, allowing
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acceptable destruction efficiency at a lower temperature than for flame incineration.  In catalytic

incineration, the stack gas is heated and passed through a combustion unit where the gas stream contacts

the catalyst.  The catalyst accelerates the chemical reaction without undergoing a chemical change itself.

The catalyst increases the oxidation reaction rate by adsorbing the contaminant molecules on the catalyst

surface.  Sorption phenomena on the catalyst serve to increase the local concentration of organic

contaminants at the catalyst surface and, for some organic contaminants, reduce the activation energy of

the oxidation reaction.  Increased concentration and reduced activation energy increase the rate of

oxidation of the organics (Kiang, 1988).

The active catalytic material typically is a precious metal (e.g., palladium or platinum) that

provides the surface conditions needed to facilitate the transformation of the contaminant molecules into

carbon dioxide and water.  The catalyst metal is supported on a lower cost, high-surface-area metallic or

ceramic support medium.

The metal catalyst and support are exposed to the heated stack gas in a catalytic incineration

unit.  The catalytic incineration unit uses either a fixed-bed or a fluidized-bed system.  Fixed-bed systems

include metallic mesh, wire, or ribbon or ceramic honeycomb supporting the catalyst metal or a packed

bed of catalyst-impregnated pellets.   Fluidized beds also use catalyst-impregnated ceramic pellets but

operate at sufficiently high flow to move and mix the pellets during treatment (Kiang, 1988).

The main advantage of catalytic incineration versus flame incineration is the much lower

temperature required with a catalyst.  Catalytic systems typically operate at 600 to 900EF (CSM Systems,

1989), compared to 1,200 to 1,600EF for flame incineration.  The lower temperatures for catalytic

incineration result in lower fuel costs, less severe service conditions for the incinerator construction

materials, and reduced NOx production.  Natural gas or propane is a typical fuel used for supplemental

heating when the contaminated vapor streams do not contain sufficient heat value for self-sustaining

incineration.  Energy costs can be reduced further by reclaiming heat from the exhaust gases, i.e., using

the exhaust gas flow to preheat the influent vapor stream.

Catalytic incineration units require careful monitoring to prevent overheating of the catalyst.

Overheating can damage the catalyst metal surface and/or the support, reducing catalytic activity.  The

allowed influent organic vapor concentration depends on the heat value and lower explosive limit (LEL)

of the influent vapor stream.  Concentrations exceeding about 3,500 ppm of VOCs normally are diluted

with air to prevent excessive energy release rates and to control the temperature in the catalytic unit.
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Safety is a concern with these units, as with any incineration method.  The maximum permissible total

hydrocarbon concentration depends on the local fire codes and permitting requirements but is below 25%

of the LEL at essentially all sites.  The total hydrocarbon concentration in the vapor is continuously

measured at the inlet to the catalytic unit to control the dilution airflow during operation.

Treating stack gas containing halogenated compounds, sulfur-containing compounds, or

nitrogen-containing compounds will deactivate a conventional catalyst due to chemical reaction of the

catalyst metal with halogens or strong sorption of SOx and NOx on the catalyst.  Catalysts specially

designed for treatment of chlorinated compounds by catalytic incineration are available on the market but

are more expensive than catalysts for treating petroleum hydrocarbons.  The incineration unit typically

will require scrubbing to remove acid gases formed when treating halogenated compounds (Buck and

Hauck, 1992).  The significant cost elements of a catalytic incinerator are the capital cost (or rental) of the

unit, O&M and monitoring cost, and the cost of makeup fuel.

D.5 Thermal Oxidation Flame Incineration.  Flame incineration converts hydrocarbon

compounds to carbon dioxide and water by direct thermal oxidation.  Complete destruction of

contaminants requires high temperatures, typically 1,200 to 1,600EF, and/or long residence times.  In a

thermal incineration system the stack gas is mixed and introduced into a refractory-lined combustion

chamber where one or more burners supply heat to thermally oxidize organic contaminants.  When the

influent vapor concentration is low, makeup fuel will need to be added to maintain the temperature

required to ensure adequate mineralization.  Natural gas or propane typically serves as the supplemental

fuel.  When the influent vapor concentration is high, dilution air may be needed.  For safety reasons,

influent concentrations normally are limited to 25% of the LEL (U.S. EPA, 1986, EPA/625/6-86/014).

The LEL for gasoline is between 12,000 and 15,000 ppmv, depending on the grade of gasoline (Little,

1987).

Direct incineration usually is inappropriate for influent vapor streams containing chlorinated

compounds.  Complete combustion of these compounds will generate corrosive hydrochloric acid vapors.

Partial or incomplete combustion of chlorinated compounds could result in the production of chlorinated

products of incomplete combustion.

The capital cost of a flame incinerator typically is less than that of a catalytic incinerator and,

at higher hydrocarbon concentrations, flame incineration may be less costly than catalytic incineration.

The flame incinerator operates at a higher temperature than a catalytic incinerator.  The supplemental fuel
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cost for the flame incinerator increases more rapidly than the fuel cost for the other incineration methods

when the vapor concentration decreases.  Thermal incineration becomes cost competitive when the inlet

vapor concentration approaches 25% of the LEL.

D.6 Flameless Incineration.  The flameless incineration process converts hydrocarbon

compounds to carbon dioxide and water by passing a stack gas stream through a heated ceramic matrix.

The matrix geometry and uniform high temperature of the matrix are reported to give good destruction

efficiency for organic vapors in air, without using an open flame.  The vendor indicates that this

technology has several desirable characteristics for treatment of vapors in stack gas from remediation

systems.  The removal efficiency is reported to be high and stable over varying operating conditions.

Tests have shown efficiencies of 99.99+%, and this removal is attained continuously (Rubin, 1995).

The matrix is raised initially to the operating temperature of 1800°F by electrically powered

radiant heating.  No additional energy input is required if the heat value of the vapors is sufficient.  This

point is near a concentration of 200 ppmv.  If the concentration is below this value, natural gas or propane

can be bled in with influent to maintain the proper temperature.

As with any incineration technique, excess air is added to dilute the concentration to safe

levels if the influent is too rich.  Incineration in a ceramic bed has handled influent vapor concentrations

at the 10% level.  Throughput levels depend on the model selected (presently ranging from 100 to

1,500 scfm), with higher flowrates met by combining two or more of the modular units.

Flameless incineration units have higher capital cost than flame incineration or catalytic

incineration units but have much lower energy use.  The flameless units are most cost-competitive when

the off-gas flowrate is high and the contaminant concentration is low.  According to the vendor, the

greatest advantage of this technique is its ability to mineralize chlorinated compounds without producing

chlorinated products of incomplete combustion or degrading the ceramic beads.  Mineral acid vapors

would still be produced.

D.7 Destruction in an Internal Combustion Engine.  Internal combustion engines (ICEs) can

be used to destroy organic contaminants through oxidation in a conventional engine.  ICEs have been

used to destroy landfill gas for years.  Application of ICEs to destroy hydrocarbon vapors is more recent.

The first operational unit was installed in 1986.
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The ICE used is an ordinary industrial or automotive engine with its carburetor modified to

accept vapors rather than a liquid fuel.   The airflow capacity of the ICE is determined by the cubic inch

displacement of the engine, the engine speed, and the engine vacuum, and can be estimated by the

following equation:

capacity = (RPM/2)*(CID/1,728)*(0.85)*[1-(EV/P)] (D-1)

where:

RPM = engine speed in revolutions per minute
CID = engine displacement in cubic inches
EV  = vacuum in the engine intake manifold in inches of mercury
P   = local air pressure in inches of mercury

A 140-in.3-displacement 4-cylinder engine running at 2,250 rpm and 10-in. Hg engine vacuum with an

atmospheric pressure of 30-in. Hg would have an off-gas treatment capacity of 52 scfm.  ICE treatment

units are available in sizes from 140 in.3 to 920 in.3  Currently available ICE treatment units operate the

engine near idle conditions.  The off-gas capacity may be increased by applying a load to the engine to

increase engine speed and decrease engine vacuum (increase absolute pressure in the manifold).  Engine

loading by attaching a generator to supply power to the site has been proposed but is not routinely

practiced.

A second required modification to the ICEs is the addition of a supplemental fuel input valve

when the intake hydrocarbon concentration is too low to sustain engine operation.  Propane is used almost

universally, although one vendor uses natural gas and reports a 50 to 75% reduction in energy cost.  The

ICEs also are equipped with a valve to bleed in ambient air to maintain the required oxygen

concentration.  Soil vapor may have very low concentrations of oxygen, especially during the initial

stages of operation.  Ambient air is added to the engine via an intake valve at a ratio sufficient to bring the

oxygen content up to the stoichiometric requirement for combustion.

A diagram of an ICE system manufactured by VR Systems is presented in Figure D-1.  The

engine is mated to an on-board computer system, which monitors normal engine operational information

and system performance parameters.  Data monitored by the computer may be reported using an attached

printer.  The engine and computer system are contained in a metal housing, and the unit is commonly

trailer-mounted, making it easily portable.  Safety features include sensors that will shut down the ICE in

the event of engine overspeed, high coolant or oil temperature, low oil pressure, fire, or high water in the
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intake filter.  The ICE can be wired to the bioslurper by a relay system, which would cause the bioslurper

to shut down in the event of an ICE failure, preventing the discharge of untreated vapors.  Relays may

also be installed to stop the ICE if the bioslurper shuts down, preventing the unnecessary consumption of

supplemental fuel by the ICE.

A catalytic converter is an integral component of the system, providing an important

polishing step to reach the low discharge levels required by many regulatory agencies.  A standard

automobile catalytic converter, using a platinum-based catalyst, normally is used.  Data from the South

Coast Air Quality Management District (SCAQMD), the air quality regulatory body for Los Angeles and

the surrounding area, show that the catalyst reduced TPH concentrations from 478 ppmv to 89 ppmv and

from 1,250 ppm to 39 ppm, resulting in important additional contaminant removal (U.S. EPA, 1991,

EPA/540/2-91/003).  Catalysts have a finite life span (typically expressed in hours of operation) and must

be monitored as that time approaches to ensure that they are working properly.  The length of operation of

the catalyst depends on the vapor concentration and whether lead or other potential catalyst poisons are

present in the stack gas contaminants.  One equipment vendor suggested a range of 750 to 1,500 hours

(about 1 to 2 months) of operation.  A deactivated catalyst can be replaced easily with any automobile

catalytic converter, available at most auto parts stores.

Data obtained from ICE operators and regulators show that ICEs are capable of destruction

efficiencies of well over 99% (U.S. EPA, 1991, EPA/540/2-91/003, p. 93).  ICEs are especially useful for

treating vapor streams with high concentrations of TPH (up to 30% volume) to levels below 50 ppmv.

The vapor streams must be diluted with air to allow the ICE unit to treat stack gas containing more than

about 16,000 ppmv of organics.  ICEs also can effectively treat low concentrations (i.e., inlet vapor

concentration below 1,000 ppm), although supplemental fuel use increases as the inlet concentration

drops below 14,000 ppmv and the cost effectiveness decreases at reduced intake concentrations.  Tests of

destruction of BTEX by ICE treatment show that nondetectable levels of contaminants can be achieved in

the outlet stack gas in some cases and outlet concentrations below 1 ppmv can be achieved in many cases.

‘ ICEs offer advantages over conventional treatment methods, such as carbon adsorption, flame

incineration, and catalytic incineration, at least for some applications.  One advantage is the ability to

produce power that can provide useful work output.  Another advantage is their portability.  Some

disadvantages also have been noted.  The primary drawback may be that the method requires a fairly high

degree of manual supervision, especially when the system is being started up.  Mainly, the air-to-fuel ratio

must be adjusted to maintain the proper conditions for complete combustion.  Microcomputers are



D-9

available to monitor and adjust the air-to-fuel ratio and add propane as needed; however, immediately

after system startup, the characteristics of the extracted vapors may change so quickly that manual

adjustment is required.  The mechanical complexity of the ICE is another a disadvantage.  Over long-term

operation, the maintenance costs for an ICE can be higher than for catalytic oxidation or flame

incineration.  Noise associated with the operation of the engine could be a concern in areas near

residential zones or occupied buildings.  Noise can be abated by adjusting the engine speed during certain

time periods, installing a noise suppression fence, or purchasing special low-noise ICE models (AFCEE,

1994).

The capital cost of currently available ICE units appears to be somewhat higher, but certainly

is in the same general range as for catalytic incineration and flame incineration.  The capacities and costs

of three ICE treatment units are summarized in Table D-1.  O&M costs are site specific.  In general,

Table D-1.  Capacities and Costs of Internal Combustion Engines for StackGas Treatment

Unit Size
(Cubic-Inch Displacement)

Number Of
Cylinders

Maximum
Capacity

(scfm)

140 4 65

300 6 140

460 8 210

920 2H8 430

ICE costs appear to be somewhat higher than for other thermal processes, but generally they are in the

same range as catalytic incineration and flame incineration.  As ICEs use a much more widely understood

technology, gaining regulatory acceptance appears to be easier than for other technologies, and as a result,

permitting and monitoring costs should be lower.
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