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CHAPTER 5
DESI GN OF FULL- SCALE MPE SYSTEMS

5-1. Introduction

a. As with conventional SVE systems, the main objective in designing an
MPE systemis to achieve the greatest renoval of contam nant nmass in the nost
efficient and tinmely manner. To acconplish this objective, the design team
nust understand the nature of the contamination (e.g., conposition and physica
and chem cal characteristics) and the soil characteristics (e.g., perneability
and water table elevation). A good understanding of the site allows the
designer to determine the rate-limting step(s) for contam nant renoval and
thus the areas in which to focus the design effort. Collection of the data
necessary to nake these determinations is described in Chapter 3.

b. The process of designing an MPE systemis simlar to that of an SVE
system The subsurface design is based on pilot test results (always required)
and the extrapol ation of these results to air and liquid flows in the entire
treatnment zone. Pilot testing is crucial to proper design and the pilot test
can function as the first phase of construction at the site. Long-term
operation of the pilot testing systemmay give useful information for the
design of additional parts of the system Subsurface design consists of
establishing a network of wells, their screened intervals and construction
details, and appropriate subsurface nonitoring |ocations.

c. The aboveground design is based on the flow rates associated with the
subsurface design. Aboveground equi pment design generally begins with
devel opnment of a process flow diagram (PFD) identifying rmass flows, selection
of maj or equi prent, devel opnent of system operation and control phil osophy, and
Freparation of a prelimnary piping and instrunentation diagram (P& D) and site
ayout .

d. A conplete MPE system design includes, at a m ni num

. A site layout plan showi ng |ocations of MPE wells, nonitoring
poi nts, aboveground equi pnent, and buried utilities.

. Speci fications and desi gn anal ysi s.

. A PFD that describes the entire system including material and

energy bal ances, tanks, punps, blowers, wells, conveyance pi ping,
val ves, flow rates, tenperatures, pressures, and conposition of each
“stream”

. A P& D identifying equi pment and conponents that determne the
operation of the system systemcontrols, interlocks, and automatic
shut down | ogi c.

. A pi ping drawi ng di splayi ng the |ocations of conveyance piping and
construction details.

. Vel | construction draw ngs, including well head design
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A systemcontro
a systemcontro

| ogi ¢ diagramthat can be used to design and build
panel .

Requirements for a system encl osure and foundations for system
component s including storage tanks and treat ment equi prent.

An operation, maintenance and nonitoring plan.

e. The elenents noted above formthe basis for a conceptual design. Prior
to conpletion, nore detail will be required and the design will need to proceed
through a series of reviews and iterations.

5-2. MPE Design Strategy.

a. Ceneral Considerations.

(1) Atypical MPE systemis sonmewhat sinilar to an SVE system A typica
MPE system consists of extraction wells, conveyance piping fromeach well to a
vacuum punp, gas/liquid separator, NAPL/water separator, transfer punp,
controls, and gas and/or water treatment equipnent. The piping to wells may be
in trenches or aboveground in regions where there is little potential of frost.

In col der

insul ation are applied for freeze protection
aboveground installation is adequate site security.
exanpl es of P& Ds describi ng TPE and DPE syst ens,

pi ping should only be installed aboveground if heat tape and
An addi tional requirenent for

Fi gures 5-1 and 5-2 show
respectively.

regi ons,
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Figure 5-1. Piping and Instrumentation Diagram of Two-Phase Extraction System.
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Figure 5-2. Piping and Instrumentation Diagram of a Dual-Phase Extraction System.

(2)

To do a thorough and proper job of designing an effective full-scale

MPE system a conprehensive nulti-disciplinary design teamnust first be

assenbl ed. This design team may incl ude:
. Envi r onnent al / chemi cal / mechani cal
. El ectrical engineer.
. Ceol ogi st/ geot echni cal
. Chemi st/ geochem st.
. Cost engi neer.
. G vil/structural engineer.

. Architect.

. Soi |

scientist/soil

physi ci st.

5-3

engi neer.

engi neer/ hydr ogeol ogi st.



EM 1110- 1- 4010

1 Jun 99
. Regul at ory speci al i st.
. Heal th and safety specialist.

(3) Interaction anong these disciplines is critical for appropriate design
developnment. As with other in-situ renmedi ati on approaches, it is very
i mportant that designers of above-ground conponents and subsurface conponents
wor k toget her throughout the design process. Simlarly, a proper design nust
i ncorporate sufficient above-ground and subsurface nonitoring conmponents to
provi de the feedback necessary to nodify system operating paraneters during
normal operation and mai nt enance.

b. Renmedial bjectives. The ultinmate objective of an MPE systemis to
achieve the renmediation goals in a cost-effective and tinely fashion. However
as discussed in paragraphs 2-2b and 3-8d to 3-8f, MPE can be inplenented in a
vari ety of ways, depending on whether the goal of renediation is to address
soil, groundwater, or NAPL. For exanple, a renediation systemthat is intended
to renove perched water, and then subsequently renobve contani nant nass through
SVE will require a different systemdesign than a renediation systemthat is
i ntended to renobve LNAPL to a specified thickness.

c. Subsurface Strategy.

(1) Two nmain MPE approaches are MPE with drawdown (i.e., dewatering) and
MPE wi t hout drawdown. As a basis for the design strategy for either of these
approaches, the subsurface designers nust:

(a) Understand subsurface flow characteristics of gas, water, and NAPL,
potential preferential flow pathways, soil perneability, and NAPL physica
characteristics.

(b) Develop a conceptual nodel for nass renoval, that is, determne the
treatment nechani sns and the extent to which the systemis to renbve nass via
t he gas phase, dissolved phase, as NAPL, and through bi odegradati on.

(c) Optional: wuse flow nodels to predict liquid and gas fl ow t hroughout
the treatnment area and from MPE wells to:

. Ensure adequate well coverage in the treatnent area

. Al'l ow specification the sizes and capacities of punps and above-
ground treatnment equi prent.

(2) In many ways, MPE subsurface design is very simlar to SVE subsurface
design, as described in EM 1110-1-4001, Chapter 5. The nost critical design
paraneter is perneability. This parameter governs the flow rates of gas and
liquids to MPE wells and therefore determ nes the nunber of wells that will be
required to achieve renedial goals, as well as the capacity required for above-
ground conponents. Soil heterogeneity also affects the nunber and pl acenent of
wells to be used in an MPE system The designer should try to anticipate
| ocations of flow short-circuiting and mininize their inpact by positioning
wel | screen intervals away fromthese |ocations.

5-4


http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4001/toc.htm

EM 1110- 1- 4010
1 Jun 99

(3) Notable differences between MPE systens with and w thout drawdown
i nclude: changes in the gas and liquid pathways to the well as desaturation
proceeds, and different requirenents for aboveground water treatnment and
di sposal

(a) Initially, the screen interval that is exposed to unsaturated soil
will be relatively snmall. As MPE desaturates the surrounding saturated soil
additional air pathways will open, sonme of which may be nore perneable than the
initial pathways. Airflow patterns and extraction rates will thus change over
time, along with concom tant changes in water and NAPL pat hways and flow rates.
The subsurface designer nmay use well packers or nulti-level or nested wells to
attenpt to control the depths fromwhich extraction is occurring. Changing
flow paths and rates will also affect above-ground design

(b) Requirenents for aboveground water treatnment and di sposal. An MPE
systemthat does not draw down the surroundi ng water table may not extract
significant volunes of water. Cost-effective options for nanagi ng and treating
smal |l quantities of water may entail contai nment and subsequent off-site
di sposal or batch treatnent through activated carbon. MPE with drawdown wl |
nmost likely require nore el aborate and costly water treatnment processes.

d. Pneunmtic Considerations.

(1) Pneunmatic considerations for MPE are very simlar to those for SVE as
described in EM 1110-1-4001, Chapter 5. The primary differences in these
considerations arise fromthe need to extract nultiple phases fromthe
subsurface. When this is acconplished using DPE (i.e., separate punping for
liquid and air phase), the air-phase pneumati c considerations are the sane as
for SVE, though typically the applied vacuuns are significantly higher in the
fornmer case. Pneunatic considerations for TPE are conplicated by the presence
of multiple phases within a single pipe fromthe extraction well to the air-
liquid separator. As discussed in Chapter 2, the flow of liquid up the
extraction tube within a TPE well takes several forms. Each of these forns
wi || engender different vacuuni pressure |osses. However, once the air-liquid
streamarrives in the conveyance piping to the air-liquid separator, liquid in
excess of entrained droplets generally flows al ong the bottom of the conveyance
pipe, with minimal effect on the air flow |In nost TPE applications, the
liquid discharge is snall conpared to the air discharge, and |iquid does not
occupy a significant anmount of the cross-sectional area of the pipe.

Therefore, provided piping runs are relatively short, pneumatic considerations
for MPE are not substantially different fromthose for SVE. If the liquid flow
t hrough the conveyance piping is expected to be significant (e.g., when TPE is
applied in noderate to high perneability soil) then the pipe size should be

i ncreased accordingly (or DPE should be considered as a nore appropriate
alternative).

(2) One pneunmtic consideration that is unique to TPE is the drop tube
size. As described in Chapter 3, entrainnent of liquid droplets in a gas
stream and subsequent extraction froma well requires linear gas velocities in
excess of 275 mmin. The designer should choose a design velocity of 500 mnin
or greater. The drop tube diameter will depend upon this velocity and the
extracted airflow rate achievable in a given well. A 2.5 cm (1-inch) drop tube
will require at least 0.25 mi/nin gas flow to provide the requisite I'inear
velocity up the drop tube.

5-3. Design Guidance — Subsurface. This section discusses the considerations
necessary for appropriate extraction well and wellfield design. Different
applications of MPE (e.g., MPE to enhance SVE vs. MPE to enhance free-product
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recovery (FPR)) have different goals and thus require different design
approaches. However, all MPE applications have a common set of inportant
design paraneters. The common design paraneters that will be devel oped during
t he subsurface design include:

. Appl i ed vacuum — The desi gner nust select a target vacuumto apply
inthe MPE wells that will best suit the renediation objectives.
The desired applied vacuum and associated fluid extraction rates
dictate the type and size of the aboveground vacuum generat or

. Fluid extraction rates — The designer nmust determ ne the desired
and/ or expected extraction rates of each fluid (gas, water, NAPL).
For some applications, the designer sets the extraction rate as a
design paraneter (e.g., airflowrate to achieve a desired pore
vol ume exchange rate [PVER]). |In other circunstances, the design
paraneter for the extraction of one fluid will generate a collateral
fluid streamthat requires aboveground nanagenment. For exanple, by
i mposi ng a vacuumto enhance the recovery rate of NAPL, an extracted
gas streamis generated that nmust be managed and treated above
ground.

. Wel| spacing within a well field — The designer nust determne a
well field configuration that will achieve the extraction rate(s)
necessary to nmeet the renedi ati on objectives. WlII| spacing has
substantial inpact on the cost of the MPE system

. Wl | screen placement — In all cases, the factors that affect
sel ection of well screen length and depth include the depth to
contam nation and the thickness of the contam nated zone. The
desi gner nust also consider the effects that will arise (e.g.
short-circuiting) fromchanges in perneability due to stratification
of the soil within the contani nated zone.

Each of the different MPE applications has specific design criteria that are
associated with the different goals of these applications. Devel opnent of
these design criteria for each MPE application is described in the foll ow ng
secti ons.

a. ME with Drawdown to Enhance SVE/ Bi oventi ng.

(1) For the case of MPE with drawdown (i.e., lowering of the water table),
where the primary remedi ation objective is to renove mass by venting or
bi oventing, it is critical to reduce saturation in the soil within the
treatnent zone to allow gas to flow through it. This is acconplished by
drawi ng down the water table in the conventional sense, i.e., by gravity
drai nage. Vacuumapplied to the extraction well increases gravity drai nage of
liquid by increasing the groundwater flow rate to the well. However, the
appl i ed vacuum i npedes |iquid drainage by |lowering the air pressure in the
capillary zone and causing the groundwater to "upwell”. The vacuum applied at
the MPE well should be as high as required to achi eve the groundwater flow
rates necessary to reduce saturation in the surrounding soil, but not so high
as to overwhel mthe drawdown caused by groundwater depression. In addition, in
medi um and fine-textured soils, it will be necessary to achieve a distribution
of vacuuns in the surrounding soil that is able of overcoming the capillary
pressures exerted by the soil. That is, the MPE wellfield nmust propagate
enough vacuumin the renediation area to drain soils that will often have
noderate to high air-entry capillary pressures. Paragraphs 2-4a(3) and 3-4g(3)
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di scuss the relationship between capillary pressure and saturation. It is
important for the designer to realize that, within the [ower permeability range
(i.e., 10°to 10° cm's), it may be very difficult to achieve the requisite
vacuumin the formation with a reasonabl e nunber of wells.

(2) An exception to this guideline is the case where there are conduits
within the soil that have higher perneability and | ower capillary pressures to
overcone. The presence of such conduits may only be observabl e during pil ot
testing or through a substantial nunber of soil cores collected fromthe
treatment area

(3) Achievable MPE gas and liquid extraction rates are primarily a
function of the perneability and the applied well vacuum The effective
intrinsic perneability of the soil will be governed by the nature of
preferential flow paths encountered by a well. Baker and G oher (1998)
reported that perneabilities obtained at the |aboratory scale are typically two
orders-of -magnitude [ ess than at the field scale. This may be an indication of
the inportance of preferential flow paths at the field scale. It nmay also be
expl ained by the fact that |lab perneability tests neasure the vertical
hydraul i ¢ conductivity, while field neasurenents reflect a conbination of
vertical and horizontal hydraulic conductivity values. MPE design rates for
air and liquid extraction are dependent on the objectives of the system As
descri bed in paragraph 5-2c, the air and liquid flowrates will change during
operation of the MPE system It is necessary to design for the highest air
extraction rate expected (extraction rate expected after pores are
opened/ desaturated). Simlarly, it is necessary to design for the highest
water flow rate expected, typically the water flow rate achi eved at system
startup. It may be beneficial to use nodular rental treatment units that allow
the flexibility to handle initially higher flow rates and concentrations.

(4) Wen applying MPE for dewatering and enhanci ng SVE, the designer
within the constraints of the perneability linmitations, will set the
groundwat er extraction rate. The ratio of extracted air to water can be
adj usted by changing the elevation of the drop tube. Throughout the
i mpl erent ati on of an MPE system the water table (actually the top of the
capillary fringe) acts as a no-flow boundary for vacuum enhanced SVE. It nay
be desirable to |lower the water table slowy so that vacuum enhanced SVE can be
performed in a given stratumwi thout “exposing” potentially higher permeability
soil layers and thus pronoting preferential flow through them It is also
desirable to minimze capital expense for water treatnment equi pment; therefore,
it may be prudent to |lower the water table slowy to integrate the water flow
rate over tine and nmaintain a nore even flowrate. Utimately, to |ower the
water table, the water extraction rate nust exceed the “recharge” rate. 1In the
saturated zone, this is the true recharge rate. Wthin the capillary fringe
(which may be several meters thick), this will be a total of the rate at which
wat er “wi cks” upward fromthe water table plus the rate of infiltration

(5) One nethod for selecting design vacuuns, well spacings and fluid
extraction rates is to use an MPE nodel (to select an appropriate nodel, see
paragraph 5-4). Based on information available fromsite investigation and
pilot test data, an MPE nodel can be used to:

1. Predict airflow rates and determ ne the nmaxi num vacuumto be applied
based upon the PVER that is desirable for the site, thus determ ning
the required well spacing and bl ower type and size. Typical PVERs
range from 300 to 1,000 exchanges per year. For this application of
MPE (vacuum dewatering to enhance SVE), it is desirable to use a PVER
of at least 1,000 to account for the lower air-filled porosity of the
"dewat ered" soil. The MPE nodel can be used to estimate the air
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velocities around a well or within a well field. The vacuum applied
to the well(s) nust be sufficient to achieve air velocities of 0.001
cnmisec throughout the treatnment area (Dom Diguilio, verba

conmuni cati on 1998).

2. Estimate groundwater extraction rates necessary to expose the
treatnment zone. |In effect, the nodel must predict the groundwater
extraction rates necessary to dewater the treatnment zone and maintain
the new capillary fringe at the bottom of the treatnent zone. These
predi cted extraction rates will enconpass both the maxi num extraction
rates (typically encountered when initiating dewatering) and the
"steady-state" extraction rates. These data can then be used to
determ ne groundwater treatnent system design

3. Eval uate various well configurations to obtain the optimm nunber and
| ocati on of vacuum enhanced extraction wells.

4, Estimate the concentration and mass of contanm nant to be renoved from
the subsurface over time in both Iiquid and gaseous form

(6) If an MPE nodel is not readily available to the designer, then another
met hod, based on approxi nate sol utions of one-dinensional radial flowto the
MPE wel |l can be used to select a design vacuum approxi nate well spacing, and
groundwat er extraction rates. 1In this nmethod, the designer (wth assistance
froma hydrogeol ogi st) should estimate these design paraneters for a single
well. This will entail:

1. Cal culation of an air extraction rate that will achieve the desired
PVER This will allow the designer to determine the zone of influence
for the extraction well (note that the equations presented are only
valid for confined conditions). This extraction rate is discussed in
detail in Engineer Manual 1110-1-4001, Soil Vapor Extraction and
Bi oventing, Chapter 5, Design of Full-Scale SVE and BV Systens. An
equation that can be used to estinate the extraction rate froma

single well is:

. b n

Q, = t—a [5-1]
xc
wher e:

Q, = volunetric flowrate at atnospheric pressure [L°T Y
r = radius of treatnent zone [L]
b = vadose zone thickness [L]
n, = air-filled porosity of the soil [L® L7
t, = the tine required for one pore volune exchange (1/PVER) [T]
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2. Next the pressure distribution resulting fromapplying a vacuumto the
extraction well nmust be estinmated. For a given vacuum the pressure
(vacuum distribution can be estimted using the pseudo-steady
solution to the one-dinensional flow equation (described in detail in
Engi neer Manual 1110-1-4001, Chapter 2, subsection on Fundanmental s of
Vapor Flow in Porous Media).

P, =P, = 2K (in) (52
drtbk, 1
wher e:
r,and r, = radial distances fromthe well [L]
P, and P, = the pressures at r, and r, respectively [M? T 7
Q = volumetric flowrate estimted above [L° T 7]
u = dynamic air viscosity, ~ 1.83x10° N-s/nf[M.' T 7
b = thickness of the zone of air flow [L]
k, = air permeability [L?]

Anal yses based on the above equation assune a 100% effi ci ent
extraction well. Note that per EM 1110-1-4001, the Chapter 4

di scussi on on vent well efficiency, one should incorporate flow | oss
due to borehole snmearing that is not accounted for in this equation
Fi gure 5-3 shows vacuumdi stributions estinmated using this equation
for three honogeneous, isotropic soils with intrinsic perneabilities
of 10° 10° and 10* cnf, bracketing the range of soil conditions
suitable for MPE. Each vacuum di stri bution was devel oped assum ng

that P, observed directly adjacent to the well is equal to the vacuum
applied to the well. A different applied vacuumis presented for each
soil type in order to achi eve vacuumgreater than zero at the edge of
the treatnment zone (set at 5.5 mfor each exanple). It is interesting

to note, that Equation 5-2 estinmates negative vacuuns (i.e., positive
pressure) beyond 0.7 musing the Q estinated using Equation 5-1

i ndicating that the soil is too inpernmeable to treat to 5.5 m even
appl ying a vacuum of 684 nm Hg. Caution should be taken when using

t hese equations as they may produce negative vacuum val ues. Estinmates
of negative vacuum should be interpreted as zero vacuum These
estimates can be nade iteratively to determ ne a consistent applied
vacuum air extraction rate and treatnment zone radius. In this

anal ysis, well head vacuumwi || be higher than the val ues used due to
wel | efficiency.

3. Once the airflow rate, design vacuum and treatnent zone radius are
estimated, the groundwater extraction rate necessary to dewater the
treatnent zone can be estimated using a Cooper and Jacob (1946)
nmodi fication of the Theis solution to the well equation. This
solution is presented in Equation 5-3.
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2. 2.25Tt
h-h, = 3QWI > [ 5- 3]
4t res,
wher e:
r = the radial distance to the well [L]
h, - h = the drawdown at distance r fromthe well [L]
Q, = extracted water flowrate [L3 T -1]
T = transmissivity of the saturated zone [L°T ] = Kx b
K = hydraulic conductivity [L T -1]
t = punping time [ T ]
S, = specific yield of the saturated zone [ - ]
This nodification of the Theis equation is only valid when the
Bol t zmann variable, u = (r2-Sy)/(4-T-t) is less than 0.01.
500
400
h Q= 0.08_1socmn21 (3 scfm) Q, = 0.32 scmm (11 scfm)
\ k,=1x10"" cm K, = 1x10° cm?
v [P1=76 mmHg P, = 304 mmHg
5300 1y (vacuum of 684 mmHg or 0.9 atm) | (vacuum of 456 mmHg or 0.6 atm) [{@v = -6 scmm (22 scfm) —
2 . ko = 1x10°® cm?
Y N P; = 660 mmHg
= N (vacuum of 100 mmHg or 0.13 atm)
gzoo ] N
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M990079b

Figure 5-3. Example vacuum distribution curves using the pseudo steady-state solution to the 1-D flow

equation.
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Fi gure 5-4 shows typical drawdown curves estimated using this equation
for the same t hree honbgeneous, isotropic soils discussed above. The
hydraul i ¢ conductivities of these soils are 10° 10° and 10° cnl sec,
bracketi ng the range of soil conditions suitable for MPE. Each
drawdown curve was devel oped for a given punping time (35, 69, and 69
days, respectively). The saturated thickness, b, is 20 mand the
specific yield, S, is 0.1 for each case. The curve for the |ow
permeability, 10" cm sec, soil appears sonewhat different than the
other two curves, indicating that 69 days is not sufficient to reach
"steady state" in this soil

0
_1747QW:0001mﬁmM(03gpm)
K = 1x10®° cm/sec
’g -2 +{t=69 days
— = ==
s
c -4 ,‘# -
~ 5 ‘e Q, = 0.05 m3m (13 gpm)
S K = 1x10° cm/sec
% © Qu = 0.008 m*/min (2 gpm) t= 35 days
9 7 K = 1x10™ cm/sec
= t = 69 days
@ -8
-
- -9 b=20m
sy =01
_10 ‘ ‘ T T T T T T T
0 1 2 3 4 5 6 7 8 9 10

Radial Distance (m)

Figure 5-4. Example drawdown curves using the Cooper and Jacob approximation to the Well Equation.

4. The zone of desaturation (i.e. the lowered top of the capillary
fringe) around the MPE well can then be estimted by superinposing the
vacuum di stri bution and drawdown curves, as shown in Figure 5-5a, b,
and c. This figure shows the results of this superposition for the
three exanple soils in which a hypothetical treatnent zone of 1 neter
was desired (e.g., corresponding to a 1 neter smear zone). |In each of
t hese exanpl es, a conbination of applied vacuuns and predicted
drawdowns produces a desaturation zone greater than 1 neter at a
reasonabl e di stance fromthe well. It is inportant to note that,
though this criterionis net for all the soils, the vacuum
distribution for the |owest permeability soil, k=10"cnf, indicates
that the enhanced SVE/ bioventing zone would be linited to very cl ose
to the well, thus in |ow perneability settings, close well spacing may
be necessary to achieve the desired flow rates.
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Figure 5-5. Example of a changing capillary fringe during MPE as described by the superposition of
vacuum distribution and drawdowns curves for a) moderate; b) low; and c) very low permeability soils. For
each, the predicted dewatered zone is >1m thick within 6m of the well; however, for ¢), SVE is limited to
~1m from the well.
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b. MPE with Limted Drawdown to Recover LNAPL.

(1) For the case of MPE with limted drawdown, the vacuum applied at an
MPE wel | rmust be sufficient to overcone the capillary forces of the surrounding
soil so as to “encourage” LNAPL flow toward the well. Again, the wellfield
design must create a vacuumdi stribution within the treatnent zone such that
the capillary forces holding the NAPL within the soil pores are overcone.
However, it is inmportant not to induce too high a vacuumnear a well that may
cause the LNAPL to flow faster than it can be "repl eni shed" by other LNAPL
within the interconnected NAPL-filled pores. "Snap-off" of the interconnected
LNAPL-filled pores may occur and water nmay be induced to flow into the
resulting void space. Under these conditions, a well may becone "isol ated”
fromthe surrounding LNAPL-filled pores (Barker et al. 1997). The LNAPL
i nterconnections may re-establish slowy after snap-off occurs. The
appropri ate design vacuum can only be deterni ned based on pilot testing
results, or devel oped over tine during system operation based on carefu
nmonitoring. As described above, the optimmdesign vacuum for MPE for LNAPL
recovery will also be dependent on the extent to which there are conduits
within the soil that have higher perneability and | ower capillary pressures to
overcone. This may only be observable during pilot testing or through a
substantial nunmber of soil cores collected fromthe treatnent area.

(2) MPE systens that are intended primarily as vacuum enhanced LNAPL
recovery systens will typically be designed to manage as little water as
possi ble. Therefore, the groundwater extraction rate for such systens will be
low, typically less than 7.5 liter/min (2 gpm) per well. The rate of
groundwat er extraction will be a function of the vacuum applied to the well and
the actual drawdown inposed by setting the water punping inlet at sone depth
bel ow the water table. LNAPL extraction rates for such systens nust be based
on the sane considerations described for design vacuum i.e., extraction rates
nust be | ow enough to prevent snap-off.

(3) Well spacing is primarily determ ned by the vacuum and/or fl ow
distribution that is desired throughout the treatnment area. For the case where
the objective of the MPE systemis to renove nass through vacuum enhanced free
product recovery, the spacing of wells within an MPE well network shoul d be
based on pilot test results and subsurface fl ow nodeling using a nultiphase
flow nodel. At the outset of a typical MPE project, screening | evel nodels
such as, O LVQOL, SPILLCAD, and BI OVENTING™ can be used to answer questions
such as:

. How much LNAPL is present?

. About how many (order-of-nagnitude nunber of) wells will be needed
for a MPE systen?

. Approxi matel y what concentrations of contam nants are expected in
the extracted gas and water and therefore what type of treatnent
system shoul d be cont enpl at ed?

(4) If a multi-phase flow nodel is unavailable, then the designer may use
prior experience, designs for simlar projects, published nodeling results, or
publ i shed MPE results as guides for order-of-magnitude estimtes of MPE design
paraneters. For exanple, Figure 5-6 presents published conputer sinmulated
LNAPL recovery rates over time in SMsoil that initially had 3 m (10 feet) of
LNAPL. The SM soil was a sandy | oam containing approximately 9% clay and 26%
silt, with the remai nder fine- to very-coarse-grai ned sand (Beckett and Huntl ey
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1998). These sinmulations were performed for LNAPL recovery wi th groundwat er
drawdowns set at 0.76, 1.5, 2.3, and 4.6 m(2.5, 5, 7.5, and 15 feet). A fifth
simul ati on was perfornmed with a vacuum applied to the 2.3-m (7.5-foot) drawdown
case. These data can be used as gui dance for estinmating LNAPL recovery rates
under simlar conditions.

0.35 ., Drawdown = 0.8m
m - \'\ = = = = Drawdown = 1.5m
5 0.30 [ NN — — Drawdown = 2.3m
E | .. *****" Drawdown = 4.5m
= o005 [t \~.\ == Vacuum Enhanced
g VL el N Recovery, 2.3m Drawdown
g B .'......:0\..
= 020 | TN
> [~ ~ .'.\..'. ~.~.
E = ~ ~ \.. ~oe g, -
> 015 F~. ~ Sol el
= — N~ ~ - e,
Q ~ - - ~ .\ e, .
o) | ~ ~ Tta,
D: -~ -~ - - \ \ -\..\
i 010 < ...'~-\\\ e~
% | -~ - - - - - -
4 005 [ TSI
O L L 1 L L L 1 1 1 1 1 1 L1 1.1
10° 2 3 456 10° 2 3 456 10° 2 3 456 10°
1980599 Time (days)

Figure 5-6. LNAPL Recovery versus Time for Various Drawdowns and for Vacuum-Enhanced Recovery
with Drawdown. (After Beckett and Huntley 1998. Reprinted by permission of Environmental Science &
Technology. Copyright 1998, American Chemical Society. All rights reserved.)

(5) Figures 5-7a and 5-7b present sone exanpl e nodel sinulations of MPE
for NAPL recovery under a variety of scenarios. The figures illustrate
remedi ation tines for different pairs of soil. The sinulations are for a
hypot hetical site with 1.5 m (5 feet) of LNAPL (apparent thickness) and were
performed to aid estimation of the nunmber of wells and vacuuns required to
recover LNAPL at this site. The nodel estimates the period of tine required to

recover the LNAPL fromw thin a cylinder of a given radius of a well, assum ng
no additional LNAPL could flowinto the cylinder frombeyond it. |In effect,
this estinmates the performance of one well in a multi-well field. If the tinme

to recover the LNAPL seens reasonable to the designer for his/her site, then
the total nunber of wells can be estimted by determ ning the nunber of wells
necessary to cover the site, applying a suitable overlap or safety factor.
Each of the simulations had a set of common conditions, as described in Table
5-1.
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Figure 5-7a. Predicted time to 0.3 meter (1-foot) LNAPL remediation vs. applied vacuum head for various
LNAPL and soil types defined by a 1.5 meter (5-foot) apparent thickness LNAPL plume with (a) 3.0 meter
(10-feet) radius; and (b) 6.1 meter (20 foot) radius
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Figure 5-7b

5-15



EM 1110- 1- 4010
1 Jun 99

TABLE 5-1

Model* Simulation of LNAPL Recovery by MPE: Parameters Common to Each Simulation

Par anet er Val ue

LNAPL t hi ckness 1.5 m(5 ft)
Vadose zone thickness 4.5 m (15 ft)
Sat ur at ed zone thickness 15 m (50 ft)
Porosity 35%

Speci fic storage 0. 2%

Unsat urat ed zone resi dual LNAPL 2.5%

Sat urat ed zone residual LNAPL 7. 5%
Drawdown in well 1 m(3ft)
*TIMES (Trihydro 1997)

(6) Paraneters that were varied in the exanpl e nodel simnulations were soi
type, applied vacuum NAPL type, and recovery radius (see Table 5-2). For
exanpl e, 12 LNAPL recovery simul ations were performed for a 6.1-mradius from
an MPE wel | placed in |oany sand, one for each LNAPL type (gasoline, diese
fuel and #2 fuel), applying four different vacuuns to the recovery well (0, 93,
187, and 374 mm Hg, or O, 50, 100, and 200 inches HO. Sinmilarly, 12
simul ati ons were perforned for recovery froma 6.1-mradius to an MPE wel
placed in silt loam 12 simulations of recovery froma 3-mradius in silt |oam
and 12 sinul ations of recovery froma 3-mradius in silty clay loam The
results of these sinulations are presented in Figure 5-7a and 5-7b. Each
simulation was run until the LNAPL thickness present in the specified radius
fromthe well (3 or 6.1n) drained to less than 0.3m (1 foot) of apparent
thi ckness. (As described in Chapter 2 and displayed in Figure 2-17, NAPL
conductivity di mnishes dramatically as NAPL thickness drops to below 1 ft (0.3
n. This changi ng NAPL conductivity mnmust be accounted for on a site-specific
basis.) These figures can be used as guides for screening the feasibility of
applying MPE at simlar sites. For exanple, if a site has a 30 mby 30 marea
with 2 mof diesel fuel in |oany sand, then the renedi ati on desi gner can expect
that a grid of 3 by 3 MPE wells spaced approximately 10 mapart with a vacuum
of 100 mmHg applied to the wells can expect to renove nost of the LNAPL in
| ess than one year. This is probably a reasonable renedi ati on scenario, though
the designer nay want to performa nore rigorous design using MPE fl ow nodel s.
For the sanme scenario at a site with silt loam then the designer should expect
to need approximately 25 MPE wells (a grid of 5 by 5 spaced 6 mapart), with a
much hi gher vacuum (e.g., 400 mMmm Hg) to renove the LNAPL within several years.
Figure 5-8 presents average groundwater extraction rates that can be expected
under the various LNAPL recovery scenarios presented in Figures 5-7 a and b.

By examining the flow rate associated with a punping scenario, the designer can
evaluate |ikely groundwater treatnment requirenents. For the first exanple
above, the designer can expect around 100 ni/ day of water per well to manage

and treat. In the second exanpl e, the designer can expect |ess than 10 ni/ day
of water per well. By using these figures as screening gui des the designer can
det er m ne:
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TABLE 5-2
Model* Simulation of LNAPL Recovery by MPE: Parameters Varied
Soi | Type
Soi | Par aneters Loany Sand Silt Loam Silty day
Loam
Hydraul i ¢ Conductivity 3 3 :
(cnd sec) 4. 06E- 03 1. 27E-04 1. 98E- 05
Al r Conductivity (cnisec) 2. 77E-04 8. 66E- 06 1. 35E- 06
van Genuchten (al pha) 3.8 0. 67 0.37
van CGenuchten (n) 2.4 1.7 1.9
0 0

Appl i ed 3 m (10 ft) o 3ok
Vacuuns for 497 497
"Drai ned 0 0
Radi us" 93 93
(nmHg) 6.1 m (20 ft) 187 187

374 374

Type of NAPL
NAPL Par amet er s Gasol i ne Di esel #2 Fuel G

Ai r-NAPL Scal i ng Paraneters 3.3 2.8 2.8
NAPL- WAt er Scal i ng
Par anet er s 1.4 1.4 1.4
NAPL/ Water Density Ratio 0.73 0.83 0. 87
NAPL/ WAt er viscosity Ratio 0. 62 2.7 5.3
*TIMES (Tri hydro 1997)
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Figure 5-8. Predicted long-term average flow rates from a single well at various applied vacuums and a
drawdown of 1 meter (3 feet).

. Whet her to proceed in considering MPE as an applicabl e renedi ation
approach for a specific site.

. Whet her nore rigorous nodeling is desirable (i.e., cost-effective)
to develop a site-specific subsurface design.

. The aboveground equi pent that will likely be required for the site.

(7) After screening MPE by pilot testing, and prelimnary design
cal cul ations, nore sophisticated conputer nodels can be used to establish the
critical design paraneters. The nodel is calibrated to pilot test results by
iteratively running the nodel and maki ng adjustrments of paraneters within
reasonabl e ranges, beginning with those parameters having the nost uncertainty.
After achieving calibration to within acceptable criteria, the nodel is ready
to sinmulate various configurations of extraction point |ocations and flow
rates, zeroing in on an efficient systemdesign that fulfills design criteria,
e.g., sufficient contani nant renoval within an acceptable tine frane. A
sensitivity analysis is then perfornmed in which paraneters are varied within
pl ausi bl e ranges to determne the effects on predicted flow rates and pressure
distributions. The nodel is used to:

. Estimate water flow rates for the groundwater treatnent system
desi gn.
. Estinmate airflow rate and determn ne the nmaxi num vacuumto be

applied, thus determ ning the required bl ower size.
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. Eval uate various well configurations to obtain the optimm nunber
and | ocation of vacuum enhanced extraction wells.
. Estimate the nunber of pore volunes of air that will be flushed
t hrough the systemduring a given length of tine.
. Estimate the nmass of contam nant to be renoved fromthe subsurface

over tine.
c. Vacuum Enhanced G oundwater Extraction

(1) As described in paragraph 2-3e, it is sonetinmes desirable to increase
groundwat er withdrawal rates by applying a vacuumto an extraction well. The
goal for such a systemis to enhance the rate of punping and treating
cont am nat ed groundwat er conpared to conventional punping systens. The
approach toward design of a vacuum enhanced groundwater extraction systemis
simlar to that for a system designed to acconplish MPE with drawdown to
enhance SVE/ Bi oventing (paragraph 5-3a). The inmportant differences for vacuum
enhanced groundwater extraction are:

. There is no requirenent for pore-vol unme exchange, therefore the zone
of influence for an extraction well is not dependent on a PVER
. The system desi gn does not have to ensure that a specific degree of

dewat eri ng i s achieved

. The vacuuns and drawdowns applied to each extraction well wll
generally be optim zed to achi eve the optimal groundwater extraction
rates while minimzing soil gas extraction rates.

However, as with other MPE approaches, it will be necessary to: select a well
network that yields sufficient groundwater flow to achi eve the renediation
goal s; estimate groundwater and soil gas extraction rates for the design of
aboveground fluid punping and treatnent equi pnent; and determ ne extraction
fluid flows to properly size conveyance pi pi ng.

(2) As with the previous MPE approaches, the designer can devel op a design
using sinple solutions to the one-di nensional flow equations or by using nore
sophisticated multi-phase flow nodels, as described in paragraph 5-3a

d. Well Screen Length and Depth.

(1) Acluster of different depth MPE wells shoul d be considered in
situations where there are notable stratigraphic layers or discontinuities that
m ght cause preferential flowto the extraction well. For exanple, if there is
a 3-mthick contam nated zone that requires renedi ation, with a discernible
difference in perneability between the top 1.5 mand the lower 1.5 m then it
may be desirable to use two wells with 1.5-mscreen intervals to extract from
the two zones separately. In this way, it may be possible to extract fromthe
| ower perneability strata without all of the air or water flow ng through the
nore permneabl e zone. Caution should be used in cases of |ow perneability
| ayers as extraction wells screened in such |layers may have m ni mal effect.
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(2) The likelihood of experiencing preferential flow increases as the
length of the well screen increases. As arule, MPE well screen intervals
shoul d be configured to expose no nore than 3 mof screen during extraction
The well screen shoul d extend sone di stance bel ow the depth of the snear zone
and be open to enough of the water-bearing zone to all ow devel opnent of an
adequat e cone of depression if groundwater table depression is desired to
enhance LNAPL recovery. The well screen must extend into the vadose zone over
an adequate interval to allowairflowinto the well and to initially draw air
fromabove the capillary fringe. The well screen interval in the vadose zone
shoul d not be so large that unwanted air is induced to flowinto the well from
above the target remedi ati on zone.

(3) For DPE systens that use subnersible punps to extract |iquids entering
the well, there is a second inportant factor in determ ning well depth and
screen interval. The DPE well nust include a sunp that will both accommodate
the body of the punp (typically at |east 60 cmlong bel ow the water |evel) and
t he anount of net positive suction head necessary to prevent cavitation in the
punp. Net positive suction head (NPSH) is discussed in detail in paragraph
5- 6i

5-4. Mdeling. Nunerical nodeling is an inportant part of the design,

devel opnment, and operation of MPE systens by allow ng simulation of conditions
in the subsurface around the systemfor different system configurations and for
system eval uation. Models vary fromsinple, order-of-magnitude tools for
estimating quantities such as the volune of oil present, to nore conpl ex nodel s
simul ating various well and pressure configurations and their inpact on system
radi us of influence and performance. The nodel s di scussed here are intended to
simul ate flow and transport processes over scales of nmeters to tens-of-neters;
as such they are generally not appropriate for sinulating details of multiphase
flow occurring within the extraction wells thensel ves.

a. Currently Avail able Mdels. Numerous mathenmatical nodel s have been
devel oped and conputer codes witten to sinulate subsurface Iiquid pressure
distributions, airflow, transport of water and gas, and extraction. The
di scussion in this manual is limted to those nodel s which have been devel oped
for nmore than a specific project, are maintained as practical prograns for
renedi al design, and are usable on | BM conpati bl e personal computers. Table
5-3 presents an overvi ew of these multi-phase flow nodel s.
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ters / A ONs

Output Parameters

Ease of

Model Name Model Type and Use Developer Computer Requirements Input Pa p
use
ARMOS 2D FE free-phase hydrocarbon migration |Environmental 80486 or higher with 8 MB RAM, |Mesh discretization data, water & oil Distribution of fluid pressure with time, |moderate
and recovery Systems and 10MB free disk space, DOS 3.3 or|pressure distribution, boundary distribution of fluid saturation with time,
Technologies, Inc.  |higher or MS Windows, math conditions, soil hydraulic properties, fluid velocity distribution with time, fluid
coprocessor, VGA graphic species concentrations, dispersivities, [pumping/injection rates and volume vs.
adapter and monitor, MS mass transfer rate coefficient between [time, distribution of concentration, mass
compatible mouse, not oil and water, distribution coefficient, dissolved in water or air vs. time, mass
compatible with some AST bulk density, diffusion coefficient, remaining in NAPL phase vs. time,
computers or Macintosh biodegradation parameters mass adsorbed on the solid phase vs.
computers time
BIOVENTING™S|Windows 95 based program for air Environmental Intel 80486 based computer, Airflow model requires ground surface |Air flow rate and pressure radius of easy
injection and extraction remediation Systems & math coprocessor, 8 MB RAM, 12|parameters to calculate leakage across |influence, composition and mass
design Technologies, Inc. |MB fee hard disk space, VGA it and the mass balance model recovery vs. number of wells, time to
graphics, Windows 95. A copy of |considers multiphase, multicomponent [meet cleanup criteria, total cost vs.
SPILLCAD (standard version)is |partitioning and requires appropriate number of wells,
included with purchase from parameters.
IGWMC
HSSM Hydrocarbon Spill Screening Model for  [USEPA intel 8086 or higher Includes a soil property regression utility |Saturation profiles, NAPL lens moderate
LNAPL's in soils, capillary fringe, and microprocessor, at least 640 KB  [for estimating soil hydraulic properties  |contaminant mass balance, receptor
ground water (analytica! model) (low) RAM (preferably 1 MB RAM |and a utility for calculating the concentration histories.
to run MS Windows in enhanced |NAPL/water partition coefficient based
mode), DOS 5.1 or higher, hard  |on Raouit's law.
disk with at least 2 MB free disk
space, EGA/VGA graphics, MS
Windows 3.0 or later, and
Microsoft compatible mouse
MOTRANS Finite element LNAPL/DNAPL/water/air |Environmental IBM PC 386/486 with 8 Mb NAPL viscosity, porosity, hydraulic System pressure, saturations, velocities, [difficuit
flow in cross-sections through Systems & extended memory, math conductivity, air-water capillary concentrations in each phase, total
saturated/unsaturated zone Technologies, Inc.  {coprocessor, VGA graphics; pressure, water/NAPL surface tension  |phase volume and total component
SURFER/GRAPHER is required [ratio, NAPL characteristics mass
to view or print
RITZ Regulatory and Investigative Treatment [USEPA Intel 80i86 based computer, 640 [Assumes oily waste is uniformly mixed [Estimates of the movement and fate of |easy
Zone Model. Screening level model for KB RAM, about 1 MB free disk in the plow zone, soil properties are hazardous chemicals during land
transport of oily waste in soils (analytical space, DOS 2.0 or higher, CGA  |uniform and water flow is steady. treatment of oily wastes and evaluates
model} graphics, math coprocessor Degradation is described as a first-order |fate of residual oii from leaks and spills.
recommended process.. Requires hydraulic
conductivity and a water retention curve
parameter.
SPILLCAD Qil spill volume estimation and remedial {Environmental Intel 80486 based computer with [Monitoring well fluid level data and soil |Free product volume, and soil product  [easy
design evaluation Systems & math coprocessor, 8 MB RAM,  |sampling data. soil concentration data, [thickness. Volumes of soil above a

Technologies, Inc.

about 10MB free disk space, DOS
3.3 or higher, or Microsoft
Windows 3.1, VGA graphics

soil TPH data, domain geometry, soil
hydraulic parameters.

threshold, estimates of total mass of a
species and estimates of residual
hydrocarbon volume, capture zone
analysis, estimates of recoverable
product from recovery wells, compute
water and oil streamlines for steady
state water pumping/recharge,
determinations of well placement and
operation for control of free product or
dissolved plumes, estimates of
asymptotic recoverable and residual
product for different recovery systems
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[Model Name Model Type and Use Developer Computer Requirements Input Parameters / Assumptions OQutput Parameters ~|Ease of
use
SWANFLOW 3D FD research code for simulating flow [GeoTrans, Inc. Intel 80386/80486 based Pressure gradients in the gas phase Flow, pressure and concentration very difficult
of water and a NAPL in computer, 4 MB RAM, hard drive |(air) are assumed negligible, water and variations through the model domain
saturated/unsaturated systems with about 3 MB free disk space, |NAPL viscosity and density are pressure
DOS 3.0 or higher, math independent, relative permeability and
coprocessor capillary pressure are functions of water
saturations, air saturation if a function of
NAPL pressure
VLEACH 1D finite difference model for CH2M Hill and intet 80i86 based computer, 640 [One-dimensional, can simuiate leaching |Groundwater impact as a function of maderate
hydrocarbon leaching in soils Dynamac Corp. KB conventional RAM, DOS 2.0  |in distinct polygons during each run; time and soil concentration profites (text
or higher, CGA graphics polygons may differ in soil properties,  [files)
recharge rate, depth to water, or initial
conditions; assumes a homogeneous
soil with uniform, steady-state
downward water flow, dispersion is
neglected and there is no in-situ
segregation or production
MARS 2D/3D Multi-Phase (Water and Oil) Areal Draper Aden Windows 3.x/95/NT and 4 M8 Mesh discretization data, water & oil Distribution of fluid pressure with time,  [difficult
Remediation Simulator Environmentai RAM. With Transport requires pressure distribution, boundary distribution of fluid saturation with time,
Modeling Windows95/NT and 16 MB RAM [conditions, soil hydraulic properties, fluid velocity distribution with time, fluid
species concentrations, dispersivities, |pumping/injection rates and volume vs.
mass transfer rate coefficient between Jtime, distribution of concentration, mass
oil and water, distribution coefficient, dissolved in water vs. time, mass
buik density, diffusion coefficient, remaining in NAPL phase vs. time,
biodegradation parameters mass adsorbed on the solid phase vs.
time
MOFAT for Multiphase (Water, Oil, Gas) Flow and  |Draper Aden Windows 3.x/95/NT and 8 MB Mesh discretization data, water & oi Distribution of fiuid pressure with time, |difficult
'Windows Multicomponent Transport Environmental RAM pressure distribution, boundary distribution of fluid saturation with time,
Modeling conditions, soil hydraulic properties fluid velocity distribution with time, fluid
(may be estimated using DAEM's pumping/injection rates and volume vs.
SOILPARA), species concentrations, time, distribution of concentration, mass
dispersivities, mass transfer rate dissoived in water or air vs. time, mass
coefficient between oil and water, remaining in NAPL phase vs. time,
distribution coefficient, bulk density, mass adsorbed on the solid phase vs.
diffusion coefficient, biodegradation fime
parameters
MOVER Multiphase (Water, Oil, Gas) Areal Flow Draper Aden Windows 3.095/NT and BMB  [Mesh discretization data, water and ail  [Distributions of fluid pressure and difficult
with Vacuum Enhanced Recovery Environmental RAM pressure distributions, specified head  |saturation with time, fluid velocity
Modeling and fiux boundaries, source/sink distribution with time, pumping/injection
boundary: soil hydraulic properties rates and volume with time, output can
include van Genuchten parameters, be used to simulate multicomponent
hydraulic conductivity distribution and  [aqueous phase transport using BIOF&T
porosity 20/3D
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Ease of

Model Name Model Type and Use Developer Computer Requirements Input Parameters / Assumptions Output Parameters
use
BioSVE Incorporates soil vapor extraction, Draper Aden Windows 3.x/95/NT and 4 MB  JAIr pumping rate, total mass of the spill, [Species mass in water, oil, gas, and moderate
vacuum enhanced recovery and Environmental RAM maximum simulation time, time solid phases versus cleanup time, total
biodegradation into one screening model |Modeling increment parameters, soil air species mass versus cleanup time, totat
temperature, venting efficiency, bio contaminant mass versus cleanup time
efficiency, volume of contaminated soil,
soil bulk density, fraction of organic
matter in the soil, free product recovery
p p properties
including: molecular weight, vapor
pressure, mass fraction, boiling point,
aqueous solubility, and Kow (oil-water
partition coefficient)
IE!OSLURP Areal finit model to si Draper Aden Windows 3.x/95/NT and 8 MB initial fluid pressures, species Distribution of fluid pressure, distribution jmoderate
three-phase (water, oif, and gas) flow Environmentat RAM concentration distribution, and free oil  |of fiuid saturation, fluid velocity
and multicomponent transport in ground tModeling volume are estimated intemally from distribution, distribution of concentration
water in the unsaturated zone gas phase monitoring well data
AIRFLOW/SVE  ]A radial-symmetric model for simulating |Waterloo 18M PC 386/486 with minimum of [Permeability, initial pressures, gas Soit pressure distribution, tofal system [easy
50il vapor flow and multi-component Hydrogeologic 4 Mb RAM, EGA or VGA display, |characteristics, temperature flow
vapor transport in the unsaturated zone {Software and a math coprocessor
TIMES 2.0 Visual and interactive groundwater TriHydro Corporation|Windows95/NT and 16 MB RAM |Mesh discretization data, water & oil Distribution of fluid pressure with time, |moderate
modeling system that integrates pressure distribution, boundary distribution of fluid saturation with time,
numerical groundwater modeis with data conditions, soil hydraulic properties, fluid vetocity distribution with time, fluid
visualization p concentration: ivities, |pumping/injection rates and volume vs.
mass transfer rate coefficient between  [time, distribution of concentration, mass
oil and water, distribution coefficient, dissoived in water or air vs. time, mass
bulk density, diffusion coefficient, remaining in NAPL phase vs. time,
biodegradation parameters mass adsorbed on the solid phase vs.
time
OILVOL Estimates the free hydrocarbon volume |Draper Aden Windows 3.x/95/NT and 4 MB Depth to air-oil and oil-water interfaces [Free product (true product) volume, and |easy
in a soil and computes the volume of Environmental RAM measured in monitoring wells, van residual oit volume after skimming
residual NAPL in the saturated and Modeling Genuchten soil moisture retention
unsaturated zones p (can be d with
SOILPARA), and fluid properties
SOILPARA Esti hydraulic in the Draper Aden Windows 3.x/95/NT and 4 MB Retention data and/or conductivity or Hydraulic parameters in the van easy
van Genuchten constitutive model Environmental RAM diffusivity data (K or D vs. soil water Genuchten constitutive mode! (Brooks-
(Brooks-Corey parameters can be Modeling content/pressure), or soil texture Corey parameters can be estimated
estimated from these) for variably (pecentage sand/silt/clay, or USDA- from these)
saturated soils rece ded typical p values
for various texture classes
MAGNAS 2-D and 3-D finite element transport of  |HydroGeologic Inc. [1BM PC/AT compatible computer, |Heterogeneous and anisotropic media rBreak(hrough curves of concentration  [difficult
'water, NAPL, and air through porous 1165 Hemadon DOS properties, capillary pressures and vs. time, flow and transport mass
media; can simulate the flow of airas a  |Parkway, Suite 900, permeability balances
fully active phase Hernadon, VA 22079
703/478-5186
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b. Citeria for Model Selection. While a | arge nunber of MPE nodel codes
have been witten, those which are generally available can be classified into
four main groups (Table 5-4) in terns of generality and conplexity. Use of the
simpl est appropriate nodel for a given design objective will save tinme and
budget (Table 5-5). A nore conpl ex and general nodel can be used in sinpler
situations, but typically at the cost of a steeper learning curve and greater
difficulty in setup and calibration. Mre conplex nodels may require a nore
detailed site characterization to obtain the input parameters necessary. Some
conmpl ex nodel s require input paraneters that are typically not determned in a
site investiogation.

TABLE 5-4

Classification of Multi-phase Flow Models

Model Phases Spati al FI ow Aqueous Vapor Bio | Ease | Representative
d ass in D mensi on Tr ansport Tr ansport of Model Codes
Model * Use
A Wat er, 2D Areal Yes No No No H gh ARMOS, MARS
al
B VWt er, 2D Areal Yes TI MES No No H gh TIMES, MOVER,
al, Ar only ARMOS/ Al R
[} Wat er, 2D Areal Yes Yes Yes Yes | Mode Bl CSLURP,
al, Ar - Bl OVENTI NG
rate
D Wat er, 2D Yes Yes Yes No Low MOFAT,
al, Air | planar, MOTRANS,
2D MAGNAS, T2VOC
vertical,
3D
" Phases explicitly determined in each cell, i.e. 2-phase (oil, water) nodels only
account for a static, uniformvapor phase with no applied vacuum ef f ects.
> MARS can be linked to the 20¥ 3D aqueous transport nodel Bl OF&T to add aqueous
transport and bi odegradati on reactions capabilities

TABLE 5-5

Multi-Phase Model Classifications Applicable to Specific Remedial Scenarios

Remedi ation / Design Qbjectives'
Det er m ne
Area of Qotim ze Qotim ze
Punpi ng De- wat er ed Opti m ze Opti m ze Cont am nant Si mul at e
Punmpi ng Vel | Zone Pr oduct Mass Concentration | Snear Zone
Scenari os I nfl uence Vol urre Recovery Renoval Reducti on Devel opnent
G oundwat er A A A B A, C D
Recovery
Pr oduct A A A B A, C D
Ski mmi ng
Total Liquid A A A B A, C D
Recovery
(Gl + Water)
Mul ti - phase B B B B [} D
(TPE or DPE)
Recovery
(G + wWater +
Air) (e.g.
Sl ur pi ng)
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Multi-Phase Model Classifications Applicable to Specific Remedial Scenarios (Continued)

Remedi ation / Design Qbjectives'
Det er m ne
Area of ptim ze Qotim ze
Punpi ng De- wat er ed Opti m ze Opti m ze Cont am nant Si mul at e
Punmpi ng Vel | Zone Pr oduct Mass Concentration | Snear Zone
Scenari 0s I nf | uence Vol urme Recovery Renoval Reduct i on Devel opnent
Vacuum enhanced B B B’ B C D
G oundwat er
Recovery
Vacuum enhanced B’ B’ B’ B C D)
Pr oduct
Ski mm ng
Vacuum enhanced B’ B’ B’ B C D
Total Liquid
Recovery
Vacuum enhanced B’ B B B C D
Soi | Vapor
Extraction
" Model Oasses A, B, Cand Drefer to Table 5-4.

Y Inclusion of aqueous contam nant transport +/ -

+ Bl OF&T

O ass C nodel s woul d generally be easier to apply here, unless peculiarities in the
vertical profile or significant departures fromsharp oil-water and oil-air interfaces
require a class D (true 3D or vertical radial 2D) nodel

bi odegradati on woul d require use of NARS

2

(1) The first group of nodels sinmulates the two-di mensional areal flow of
an oil phase and a water phase. Air is not considered explicitly, so that
variations in air pressure fromsuch nechani sns as vacuum enhancenent cannot be
calculated at the sane tine as variations in pressure in co-existing NAPL and
water. These sinpler nodels al so do not generally include transport of
di ssol ved or vaporized contaminants, but are relatively sinple and fast to
calibrate and run. The next step up in conplexity adds explicit cal culation of
an air phase to those of NAPL and water. This is necessary to fully consider
the effects of vacuum enhancenment, where air pressure nmust vary froma vacuum
extraction well towards its surroundings. This class of nodels still consists
of 2D areal nodels in which the properties of each phase are integrated
vertically fromone sharp inter-phase boundary to another. Wile sharp oil-air
or oil-water boundaries, for exanple, are not realistic in detail, this
assunpti on can be a reasonable sinplification in many cases and greatly
i mproves nodel performance. This class of nodels may or may not include
aqueous transport of contaminants along with multi-phase flow In the third
class of nodels, the previous areal 3-phase nodels are augnmented wi th a nunber
of species transport and reaction options, including aqueous and vapor - phase
transport as well as biodegradation reactions fromsinple first-order decay to
hi gher-order decay rates. These options can be inportant when total reduction
i n contam nant concentrations needs to be sinulated, rather than just radius of
MPE i nfluence or extraction rate of product.

(2) When the assunption of sharp inter-phase boundaries made by the area
nodel s is inappropriate, a fourth class of nodels is necessary in which 2D
cross-sectional (assuming radial symretry) or fully 3D nobdel domains are
possible. Wile such nodels allow for m xed-phase nodel zones and ot her
vertical heterogeneities to be accurately sinulated, the nodel codes are
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generally nore difficult to calibrate and run. Fully 3D nulti-phase node
codes are generally considered not to be of practical use on personal conputers
for nmore than a quite limted nodel domain (e.g. 3 to 9 n.

c. Methodol ogy for Mddel Devel opnent.

(1) Once the objectives of an MPE nodel have been specified, the
appropri ate nodeling tool can be selected and a nodel devel oped. A screening
| evel tool to estimate LNAPL vol unes or order-of-magnitude well and flow
i nfformati on can be used quickly with gross generalizations about the site.

(2) More refined multiphase nodels are generally finite el enent, two-
di mensi onal nodel s that assune vertical honogeneity within each phase. These
nodel s enpl oy conpl ex numerical nethods, thus requiring the skills of
experi enced nodel ers.

(3) At a mininum the sane kinds of data rmust be known or assumed about an
area as would be required for a groundwater flow nodel. G oundwater nodeling
is discussed in detail in Anderson and Wessner (1992). When nodeling nore
than one phase, however, additional information nmust be known or estinated:

. The ratio of the density of LNAPL to the density of water.

. The ratio of the viscosity of LNAPL to the viscosity of water
. The LNAPL-water scaling parameter (USEPA 1996b).

. The LNAPL-air scaling paraneter (USEPA 1996b).

. The extent and thickness of the LNAPL pl une.

(4) If the objectives of the nodel warrant nodeling of dissolved transport
then the solubilities of the separate phase conponents in water nust also be
known.

(5) The designer of an MPE systemis encouraged to nmake use of airflowin
addition to water flow nodeling. Several nodels on the narket include air as a
third phase in the multiphase nodel. This is especially inportant for MPE
systens as the changes in air pressure that result fromapplication of a vacuum
affect the water and LNAPL heads in the vicinity of the extraction wells. The
information required to handle the air phase in nost nodel s includes:

. The horizontal and vertical air conductivity.

. The applied vacuum

(6) Ar (also terned pneumatic) conductivity may be cal cul ated from
hydraul i ¢ conductivity by first calculating the intrinsic soil pernmeability (a
soi|l paraneter independent of fluid that can be calcul ated fromhydraulic
conductivity using the density and viscosity of water). The air conductivity
can then be cal cul ated by using the sane equation relating pernmeability to
conductivity but substituting in the density and viscosity of air. Misture
content nust also be considered in determning air conductivity.
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(7) If a groundwater nodel is selected because it is on hand and because
users are familiar with it, it may be possible to apply it to nodel airflow as
the primary phase. [If the maxi mum pressure difference between any two points
inthe flowfield is |less than approxi mately 0.2 atnospheres, the differential
equati ons devel oped to nodel groundwater flow provide good approximations to
gas transport. Vapor extraction and MPE systens generally operate under
pressure differences in the formation on the order of 0.2 atnospheres or |ess.
Even at differences of 0.5 atnospheres, the error may only be on the order of
10 percent. Analytical and nunerical groundwater flow nodels can therefore be
used to nodel vapor and gas transport if the proper set of input variables is
defined (Massmann 1989). The conceptualization of airflow, however, is
significantly different than it is for water flow in a nunerical nodel, and
care nmust be taken to ensure that paraneter values and boundary conditions are
appropri ate.

(8) Wen developing a nodel with the primary phase being air, the | ower
boundary of the nodel domain is assuned the sane as the water/oi
potentionetric surface. The nodel is generally set up to be a seni-confined
system with the upper boundary of the nodel set to be a head-dependent flow
boundary. The conductance of that boundary is equal to the vertical air
conductivity of the surface seal divided by the thickness of that seal (often 5
cm of pavenent). The head associated with the upper boundary nust be specified
to be significantly higher than the el evation of that boundary to ensure the
nmodel cells do not "go dry.” The vertical and horizontal conductivities in the
nmodel rnust be equal to the air rather than the hydraulic conductivities. The
extraction wells nay be simulated with constant head cells where head is
specified to be equal to the head at the bottom of the unsaturated zone nodel
m nus the vacuum pressure. A nodel set up in this fashion may be used to
predict air pressure and flow rates through the nodel domain

(9) Nunerical nodels may al so be applied to simulating the behavior of
DNAPL, either as a single contiguous phase or as one of multiple phases in a
mul ti phase nmodel. This nmay be practical where DNAPL forms a thick continuous
bl anket over a relatively uniformconfining surface. Success in nodeling DNAPL
is rare, however, because DNAPL rarely behaves as a single saturated contiguous
phase (paragraph 3-5b). DNAPL is nore likely to nmove through the subsurface as
a conpl ex discontinuous system of stringers, pools, and residual patches whose
mobility is controlled by soil heterogeneities at a scale far bel ow that
consi dered by applicable multiphase nodel s.

d. Use of Models to Evaluate System Performance. Nunerical nodels are
clearly useful in the design of MPE systens, by validating a set of assunptions
and paraneter estimations used in the system design and testing process.

Foll owi ng system startup and during systemoperation, there are certain system
paraneters such as well pressures and extraction rates that no | onger need to
be simul ated but can be neasured directly. Mich of the subsurface domain
under goi ng renedi ati on will nonethel ess remain a bl ack box whose
characteristics cannot practically be nonitored in detail. For exanple, the
true distribution of remaining product or of soil perneability between
extraction wells nay be difficult or inpossible to determine but clearly can
have dramatic significance for future system perfornmance

(1) It can be of great value during systemoperation to continue using a
nmodel that had al ready been set up and calibrated for system design and
testing. By naintaining a dynamc calibration of the nodel to current system
nmonitoring data, it is often possible to understand the causes of presently
observed trends in system performance as well as to anticipate future ones such
as decreases in nass recovery rates. Qher uses for a dynamcally calibrated
nodel include predicting the effects of unanticipated events such as system
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shut downs, evaluating the effects of systemrefinenents, and updating estinates
of time to cl eanup.

(2) One way to |look at such a nunerical nodel is as an operating
representation of the site conceptual nodel that is the basis for MPE system
design. An on-goi ng conpari son between nodel behavi or and actual system
behavi or may be the qui ckest way of detecting when assunptions underlying MPE
syst em behavi or, such as airflow paths or product viscosity, may no |onger be
valid. A good indication of this may be when certain nodel paraneters are
frequently changed to nmaintain dynam c nodel calibration. |If this occurs, the
nodel then becomes a ready-to-use tool for investigating whether nodifications
to the site conceptual nodel are warranted and how best to nodify system
operation in response. The nodel codes listed in Table 5-3 are grouped here
into four broad classifications according to the phases they explicitly
consi der, the nunber of spatial dinensions, and what types of contam nant
transport/reaction are considered. Table 5-5 presents multi-phase node
classifications applicable to specific renedial scenarios. For each
conbi nati on of punping scenari o and renedi ation / design objective, the node
class with the mninumrequired conmplexity is indicated.

5-5. Multi-Phase Extraction System Wl | Construction and Specifications.

a. Introduction. This section provides gui dance on design and
specification of proper well/trench construction for multi-phase fluid
extraction and systemnonitoring. This guidance is not conprehensive and nust
be adapted as necessary for site-specific conditions and objectives. Specific
requi renents for design of soil vapor extraction wells are provided in EM 1110-
1- 4001, Soil Vapor Extraction and Bi oventing. Detailed gui dance on nonitoring
well construction is provided in EM 1110- 1-4000, Monitor Well Design
Installation, and Docunentation at Hazardous and/or Toxic Waste Sites. Cuide
specifications for well construction are available through the U S. Arny Corps
of Engineers CGuide Specification (CEGS) system including CEGS 02671 Wlls for
Moni toring Ground Water and CEGS 02670 Water Wells. These can be nodified for
typical multi-phase fluid recovery applications.

b. Applicable Standards. The gui de specifications reference the
appropriate industry standards for materials and testing procedures. The
desi gner shoul d assure that these references are appropriate for specific
projects. The designer nust assure that appropriate state and | ocal well
construction regulations are referenced in the specifications.

c. Contractor Qualifications. Conpetent professionals, drillers, and
installers are required for successful installation of wells and trenches.
Mnimumcriteria for these personnel nust be identified in the specification.

(1) Well Installation. The level of experience of the contractor's well
driller and hydrogeol ogi st (or engineer) directing the well installation should
be specified. It nmay be necessary to specify state registration or

certification where required.

(2) Horizontal Well/Trench Installer Qualifications. There nmay be specia
requirenents for the operators of the trenching nmachine or horizontal drilling
rig, such as a mnimum nunber of nmonths or years experience. A registered or
licensed driller may be necessary.
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d. Milti-phase Fluid Recovery Well Design. Milti-phase fluid recovery
wells are intended to capture any conbinati on of groundwater, free product, and
air. This section provides a checklist of topics to be covered in design and
specification for such wells. Typical requirements are di scussed under each
topic. The typical construction of vertical nulti-phase extraction wells is
illustrated in Figure 5-9.

I Wellhead completion (varies)
Ground Surface
g \E':_'JE/
3 E_ = Well casing,15 cm or larger, PVC
S = Schedule 40 flush-threaded, typical
By ey
- - =
2l H
B B E
O =
b g —| [=~— Cement or cement-bentonite grout
= - [
I -H [
= SHS
L -1 |
2 I =
E_l'. | — | -
s =
< 4
0.9-1,5[M Bentonite pellet seal
0.6-1. M 8. Filter pack
e z
Static W. L. N e Well i
Depth varies &0 ell screen, continuous-wrap
=z 15 cm or larger, composition
W=
& Tailpiece with end plug
@ "\ (important for DNAPL recovery)
~0. 3 M~ ‘ N\
M980271 | Varies
Casing diameter
plus 10 - 15 cm

Figure 5-9. Multi-phase Extraction Well Detail.
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(1) Materials. The materials used for multi-phase fluid recovery wells
will generally depend on site conditions and project objectives. Conposition
of the materials will depend on the subsurface geochem stry including the
natural constituents and contam nants.

(a) Casing. For many applications, schedule 40 PVC well casing is
adequate. A reference to ASTM D 1785, Standard Specification for Polyviny
Chloride (PVCQ) Plastic Pipe, Schedule 40, 80, 120 or ASTM F 480, Standard
Specification for Thernopl astic Water Well Casing Pipe and Couplings Made in
Standard Dinension Ratio (SDR), is appropriate. |If high levels of liquid
organics are to be encountered by the casing, the conpatibility of the casing
material with the fluids nmust be considered. Require stainless steel
(general ly schedule 5S or 10S, type 304) if PVC will be degraded by the
product. A reference to ASTM A 312, Standard Specification for Seanl ess and
Wel ded Austenitic Stainless Steel Pipe, is reconmended. Alternatively, PVC nay
be preferred in an environnent that is highly corrosive to nmetals. The wel
can be a "hybrid" of PVC casing and stainless steel screen. PVC casing exposed
to sunlight should be protected or treated to withstand ultraviol et radiation
wi t hout becoming brittle. Casing dianeter is generally dependent on punp space
requi renents. Dual - phase punps usually require a mninumof 15 cm (6 in)

i nside diameter; larger pipe dianeters allow easier punp installation. |If only
groundwater and air are to be renoved, groundwater punps as small as 5 cm (2
in) in dianeter capable of punping 0.04 ni/min (10 gpn) are available. Wells
in which small dianeter groundwater recovery punps or drop tubes are installed
should be at least 10 cm (4 in) in diameter to provide higher well efficiency.
Generally, 15 cm (6 in) dianmeter or larger wells are reconmended. The
specifications should require casing with flush-threaded joints and o-ring
seals. A well sunp, 0.6 to 3 m(2-10 ft) long and constructed of the sane
casing materials, should be incorporated in wells designed for DNAPL recovery.
It should be noted however, that regul atory agenci es nmay not approve of
installation of a sunp in a DNAPL recovery well where drilling into an aquitard
that is preventing DNAPL fromnmigrating further vertically is required. In
such a case, it nay be possible to nodify subnersible punps to nmake them
bott om | oadi ng, enabling DNAPL recovery in a well w thout a sunp.

(b) Screen. Well screen is usually PVC, but as noted above, other
materials may be nore appropriate. The use of continuous-wap "v-wre" screen
is strongly recormended. Screen slot size is designed based on the formation
material and filter pack gradati on according to nethods outlined in Driscoll
(1986) or simlar reference. Different slot sizes can be used in different
portions of the screened interval if the producing formation varies in soi
gradation. The screen slot-size selection for the portion of the well likely
to be placed above the typical |ocation of the capillary fringe can be sel ected
based on gui dance given in EM 1110-1-4001, Soil Vapor Extraction and
Bi oventing. |If the gradations of the producing fornmati on have not been
determ ned during design, the contractor should obtain sanples during drilling.
Require the contractor to run gradations according to an appropriate method
(e.g., ASTM D 422 Standard Method for Particle-Size Analysis of Soils) and size
the screen slot (and filter pack, discussed below) accordingly. Screens with
flush-threaded joints and o-ring seals are preferred.

(c) Filter pack. The requirenments for filter pack for this application
are generally nmore critical than for SVE wells because the filter pack plays a
nmore significant role in reducing entrai nnent of fine sands, silts, and clays
in the produced fluid. As described above, the filter pack gradation should be
chosen based on the gradation of the producing formation. Design should follow
met hods outlined in Driscoll (1986) or sinmlar reference. |f only groundwater
and air are to be recovered, require the chosen filter pack to have a
uniformty coefficient of 2.5 or less. A less uniformfilter pack may be
appropriate if non-wetting fluids, such as hydrocarbons, are to be recovered or
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in those cases involving fine grained, lowyield soils, where the formati on may
yi el d significant amounts of fine material through a uniformfilter pack. In
this case, a uniformty coefficient greater than 2.5 nmay be specified; however
the uniformty coefficient nust not exceed the uniformty coefficient of the
typical formation. Require rounded to subrounded siliceous particles, free
fromorganic natter and cal careous or elongated particles. |If free product
recovery is of primary concern, a special filter pack that includes hydrophobic
material s, such as ground high density pol yethyl ene (HDPE) or

pol ytetrafl uoroet hyl ene (PTFE, Teflon’), may inprove the early rates of product
(LNAPL and DNAPL) recovery (Hanpton et al. 1993). 1In certain (relatively rare)
circumst ances, a well can be designed that does not include filter pack, but
develops a natural filter pack. Thorough well devel opment can selectively
remove fines fromthe native formation nmaterial and | eave coarser native sands
and gravel around the well as a natural pack.

(d) Seal and grout. A well seal is necessary to prevent entry of grout
into the filter pack and well screen. Unanended sodi um bentonite, as pellets,
granul es, or a high-solids bentonite grout, is nornmally specified for the sea
material. The use of bentonite chips is not acceptable for nost applications.
Since nost applications will involve the extraction of groundwater and either
floating product or soil gas, the well seal will be above the water table and
pellets or granules must be hydrated with cl ean water added to the annulus. A
cenent grout is normally required above the bentonite well seal. The mxture
of the grout should be specified and is normally one 43-kg (94-1b) bag of
cenment, (optionally with up to 2.3 kg (5 Ib) of bentonite powder to further
resi st cracking), with less than 0.03 ni (8 gal) of clean water. Reference
ASTM St andard C150, Standard Specification for Portland Cenent, as appropriate.
In the event that the seal will be placed below the water table, the use of
bentonite pellets is preferred.

(e) End caps and centralizers. Flush-threaded end caps, consistent with
the casing and screen in size and material, should be specified. Centralizers
center the well in the borehole and nust be a size appropriate for the casing
and borehole. Select centralizers nade of material that will not lead to
gal vani c corrosion of the casing. For DNAPL recovery wells, a funnel-shaped
“basket” can be placed outside the bottomof the well screen at the base of the
filter pack that directs product flow ng dowmmward within the filter pack into
the well (N eneyer et al. 1993).

(2) Installation.

(a) Test holes. Careful design of the filter pack, screen slot size, and
screen | ocation needs to be based on site-specific conditions. It may be
necessary for the contractor to drill test holes at the proposed well |ocations
to obtain boring |ogs and sanples for gradation anal yses.

(b) Drilling nethods. There are many methods for drilling. Drilling
met hods can be proposed by the contractor or specified. Avoid nud-based
drilling fluids if possible because of the difficulty in devel oping the zone

containing floating product. The use of water-based fluids can al so inpede
product recovery because the water can di splace the hydrocarbon near the wel
and di srupt continuous hydrocarbon fl ow pat hways. Auger, air-rotary, dual-wal
ai r casi ng-hamrer, rotosonic, or cable tool drilling nay be acceptabl e,
dependi ng on site conditions. Choose drilling methods that ninimze snearing
of fines on the air- or product-bearing interval. Require that all equipnent
be decontam nated and di sinfected before drilling at each | ocation
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(c) Soil sanpling and | ogging. Sanpling of soils encountered during
drilling increases understanding of the subsurface and all ows better decisions
to be nade about well construction, including screen placenent. Require
sampling of soils at regular intervals, at least every 1.5 m (5 ft); sonetines
continuous sanpling is appropriate. Sanples should be obtained by appropriate
met hod such by as split spoon sanpler or thin-walled tube according to ASTM
D1586, Standard Method for Penetration test and Split-Barrel Sanpling of Soils,
or D1587, Thin-Walled Tube Sanmpling of Soils, respectively. Consider sanple
vol ume requi renments when specifying the sanpling nmethod. Require that sanpling
for chem cal and physical anal yses be done according to an approved sanpling
and analysis plan. Strongly recommrend a drilling |og be prepared by a
geol ogi st or geotechnical engineer. Materials encountered should be described
according to a standard such as ASTM D2488, Standard Practice for Description
and ldentification of Soil (Visual-Mnual Procedure). Geophysi cal | oggi ng nmay
be appropriate for borings that extend into the water table. El ectrical and
gamma ray |logs can help identify coarser materials for screen placenment and can
suppl enment or reduce soil sampling. This can reduce the tinme needed to dril
and sanple the hole. Refer to EM 1110-1-1802, Geophysical Exploration for
Engi neering and Environnmental Investigations, for further informtion on
geophysi cal 1 oggi ng.

(d) Borehole dianmeter and depth. Specify the dinmensions of the borehole

for well installation. The dianeter must be approximately 10 to 15 cm (4 to 6
in) greater than the dianeter of the casing and screen to all ow pl acenent of
the filter pack. If the well is to be naturally devel oped, a smaller borehol e

diameter is acceptable. Note that in fine-grained formations, natural

devel opnment is problematic. The depth of the borehol e should be based on the
screen depth. The borehol e should only extend to a foot bel ow the projected
bottom of the screen (or DNAPL sunp, if part of the well design, paragraphs
3-8g(4) and 5-5d(1)(a).

(e) Screen and casing placenent. Casing and screen nust be cl eaned and
decontam nated before placenent. Disinfection of materials nmay al so be
desirabl e. Screen and casing should be joined by flush-threaded joints and
suspended in the center of the borehole. To maintain plunbness and alignnent,
the string should not be allowed to rest on the bottom of the hole.
Centralizers should be placed on the casing at regular intervals if the depth
of the well exceeds sonme m ni mum val ue such as 6 m (20 feet).

(f) Filter pack placement. The specification should require the filter
pack to be placed using a decontanminated tremi e pipe. Since nuch, if not nost,
of the filter pack is placed below the water table, the trem e pi pe should be
kept within 0.6 to 3.0 m(2 to 5 feet) of the surface of the placed filter
pack. This prevents the pack material from bridging or segregating by size
while falling through the water colum. Measure the |evel of the pack materia
followi ng placenent. Approximately 0.3 m (1 ft) of filter pack should be
pl aced in the borehol e bel ow the bottomof the screen to act as a cushion for
the screen and casing. Filter pack material should extend 0.6 to 3.0 m(2 to 5
feet) above the top of screen to allow for settlenent so native nmaterial wll
not col |l apse around the screen. GCentle agitation of the water within the well
during or after filter pack placenent can help ensure full settlenent before
grouting. Store and handl e the pack material carefully to avoid contam nation
fromundesirable materials.

(g) Seal and grout placenment. The grouting of the well is critical to
preventing vertical migration of contam nants along the wellbore and short
circuiting due to air | eakage fromthe ground surface if vacuumis applied.
Normally 0.9 to 1.5 m(3 to 5 ft) of a bentonite well seal are placed above the
filter pack. |If the well seal is to be placed above the water table, the
specification should include a requirenent for hydrating the bentonite before
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pl acement of the grout. The specification should require the addition of a
volume of distilled or potable water for every 15-cm (6-inch) lift of bentonite
pellets or granules. The bentonite should hydrate for at |east three to four
hours before placing the grout. This can be avoi ded by specifying the use of a
bentonite high-solids grout as the seal. Place the high-solids bentonite grout
by trem e pipe. Cenent grout should al so be punped into annul ar space via a

si de-di scharge trem e pipe and the pipe should be kept submerged in the grout
during grout placenent. |If the grout is to be placed to a depth of |ess than
4.6 m (15 ft), the grout nmay be poured into place directly fromthe surface

If the well seal is to be placed below the water table, allow the bentonite
pellets to hydrate in place for three to four hours before grouting the well.

Fi ne sand can be placed above the bentonite pellets to further prevent grout

i ntrusion.

(h) Surface conpletion. The extraction of multiple phases froma single
well will require specification of a suitable well head. Provisions nay be
needed in the well head for rmultiple discharge pipes, electrical |eads,
conmpressed air or vacuumlines, control |eads, and sanpling ports. Conpression
gromets with rubber or viton seals that squeeze around el ectrical conduit,
drop tubes, etc. when the conpression fitting is tightened are used to seal the
wel | penetrations. |If finished above grade, the well nay require suitable
protection, such as a small well house and bollards, to avoid danmage to the wel
and equi prent fromvandalism traffic, etc. A well vault may be required.

(i) Wwell developnent. Well developnent is critical to the ultimate
performance of the well. A careful specification of the acceptable devel opnent
met hods and devel opnent criteria is strongly recommended. Require the water-
bearing interval of the well be devel oped by surging and bailing using a
suitably sized surge block or jetting at appropriate water velocities. The
devel opnent of the water-bearing zone should continue until the well is
producing clear water with less than 2 to 5 ppm by wei ght sand and/ or other
suspended solids. A turbidity criterion defined as |less than 5 Nephel onetric
Turbidity Units (NTUs) determ ned by a nephelonetric turbidity neasurenent
met hod can be used. Such criteria nmay not be appropriate or feasible in fine-
grained fornations. Establishing some required level of effort (e.g.,
devel opnment tinme) may be an acceptable option in those cases. Sonetines, the
use of dispersing agents such as phosphates can hel p devel op wells by breaking
down clay snmears on the borehole walls. The regulatory authorities may need to
approve dispersing agents or other additives such as acids. Note that jetting
or ot her devel opnent techniques that use water can dramatically affect product
recovery by disrupting floating hydrocarbon flow pathways. Do not use jetting
(or surging) in the product-bearing zone. The use of surfactants in
devel opnment of the product-bearing zone may al so i nprove product recovery by
reduci ng pore-scale NAPL/water interfacial tension barriers to product flow
In rare cases, and only with regul atory agency approval, introduction of
previously recovered product into the well may inprove product recovery by
i ncreasing product saturation in the filter pack and surrounding fornation.
Devel opnent is conducted after placenent of the filter pack and before or after
grouting the well. Devel opment before the grouting of the well will ensure
that the filter pack is fully settled before grout placenent, thus assuring no
voi ds woul d be created; however, the potential exists for cross-contani nation
while the well annulus is open above the pack. Nornally, conduct devel opnent
after grouting.

(j) D sinfection. 1In some cases, biological encrustation has caused
severe degradati on of performance of extraction wells. Contaninated sites
often provide anple food for mcroorgani snms that can plug well screens.

Di sinfection of the drilling tools and the well itself can help prevent or slow
these problens. Disinfection can be done by various means (refer to Driscoll
1986; AWM A100, Section Al-Al0), including creating a specified concentration

5-33



EM 1110- 1- 4010
1 Jun 99

of a strong oxidizing agent, such as sodi um hypochlorite, in the well.

Consi der the chemical ranmifications of any additives. Consult with the project
chem st to eval uate possi bl e dangerous or undesirable reactions that may occur
bet ween the groundwater constituents and the disinfecting reagents.

(k) Surveys. Establish the horizontal coordinates of the well by survey.
Survey the elevation of the top of the casing to provide accurate groundwater
el evations. The accuracy of the surveys depends on the project needs, but
generally is to the nearest 0.3m (1.0 ft) for the horizontal coordi nates and
the nearest 0.003 m (0.01 ft) for elevation.

(3) Permts. ldentify the well and construction pernmts needed fromloca
agencies. These are usually obtained by the contractor. UWility clearances
are also typically required

e. Soil Gas/Vacuum Monitoring Points and Monitoring Wells. Refer to EM
1110-1-4001 for guidance on the design and construction of soil gas/vacuum
moni toring points. Refer to EM 1110-1-4000 for gui dance on the design and
construction of groundwater nonitoring wells.

f. Horizontal Wells. Horizontal wells or drains can be used for nulti-
phase recovery provi ded adequate steps are taken to assure proper depth
Hori zontal wells can be used for the simultaneous recovery of water and product
if the well can be installed near the NAPL/water interface. The well acts as a
drain for both product and water. Provided the |iquids can be renoved at an
adequate rate to result in open-channel flowin the well, air could also be
extracted at the sanme tinme. Horizontal wells can be used to recover product
under structures (provi ded adequate steps are taken to avoid damage to
foundations) or as an alternative to trenches if the creation of contani nated

trench spoil is problematic. Depth control is critical for multi-phase
extraction. Poor depth control can cause inconsistent product, air, or water
production due to high and | ow spots in the screened interval. Refer to USEPA

(1994) and ot her USACE gui dance on horizontal wells for additional design and
installation infornmation.

(1) Materials. D fferences between horizontal and vertical applications
are di scussed bel ow.

(a) Casing. Although PVC casing is comonly used, flexible or rigid
pol yet hyl ene pipe nmay be nore efficient for certain placenment nethods.
Ref erence appropriate ASTM standards for PVC pipe or ASTM D3350 for
pol yet hyl ene plastics pipe and fittings materials. The casing can be joined by
t hreaded coupling or thernowel ds, as appropriate for the material. Pipe sizes
of 50 to 200 nm (2 to 8 inches) are typically used. Larger dianeters than
typically used in vertical wells may be required because of the potentially
larger flow rates and better recovery of nultiple phases. Larger pipe sizes
al | ow easi er access for devel opnent, surveys, and nai ntenance.

(b) Screen. Avoid using drainpipe wapped with geotextile or other
filter-like material because of the potential for fine material to plug the
openings. Perforated piping is nore difficult to develop and rehabilitate that
conti nuous sl ot screen. Prepacked wel | continuous-sl ot screens have been
successfully used in recovery applications. Prepacked screens are really two
screens enclosing preselected filter pack material. The use of prepacked
screen can overcone the difficulties of installing filter pack within a
hori zontal well. Stainless steel prepacked well screen is typically used
i nstead of PVC because its greater strength allows it to withstand the stresses
of placenent. There are porous materials, including porous sintered
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pol yet hyl ene, that have al so been used very successfully as screen and filter
pack in horizontal wells.

(c) Bedding material/filter pack. |If a filter pack is to be placed around
the horizontal well screen, it should be sized according to the formation, as
it is for vertical wells. Filter pack is difficult to place uniformy in
hori zontal wells.

(d) Developnent. Horizontal wells are nore difficult to devel op than
vertical wells. Jetting has been nost comonly used. As discussed for
vertical recovery wells, jetting should not be used in the product-bearing
zone. |If the horizontal well is to be used for LNAPL recovery, any devel opnent
shoul d be done before the product in drawn to the [ evel of the well.

Devel oprent of a DNAPL recovery trench is problematic. Best results may be
obt ai ned wi t hout any devel opnent.

(2) Installation. Installation methods vary significantly dependi ng on
drilling method. Refer to EPA (1994) for additional information. The use of
bentonite-based drilling fluids is discouraged. Degradable additives, such as

guar - based products are preferred.

g. Recovery trench. Recovery trenches can be used effectively at sites
wi th shal |l ow product and groundwater. The placenment of a recovery trench can
be acconplished by several methods including nornmal excavation or trenching
machi nes (whi ch excavate and place pipe and filter pack in one pass).

(1) Materials. Materials specified for recovery trench construction are
often simlar to those specified for horizontal wells. Different materials nmay
be needed if specialized trenching nethods or machines are used. Differences
between trench and vertical/horizontal well applications are discussed bel ow

(a) Casing. Although PVC casing is comonly used, flexible or rigid
pol yet hyl ene pipe nmay be nore efficient for certain excavati on nethods such as
trenchi ng machi nes. The pipe nust resist the crushing pressures of the
backfill and compacti on equi pnent.

(b) Screen. Screen can consist of slotted pipe, continuous slot screen,
or porous material.

(c) Bedding material/filter pack. The guidance for specifying filter pack
in vertical multi-phase extraction wells may be applied for trenches, but
somewhat coarser material may be needed for a secure bedding and cover for the
pi pe and screen. Coarse material (uniformcoarse sand and gravel) also
provi des a high hydraulic conductivity during punping.

(d) Backfill material. Native material nay be used as backfill above the
filter pack in an excavated recovery trench. Coarse filter pack material nay
extend into the unsaturated zone especially if there are seasonal variations in
the water table.

(e) GCeotextile. A geotextile may be needed to separate the filter pack
fromnative material or clay backfill in an excavated trench

(f) Marking tape and locator strips. Specify a |locator strip specifically
manuf act ured for marki ng underground utilities. This tape is made of col ored
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pol yet hyl ene backed with foil or containing enbedded wire that allows others to
|ocate the trench at |ater dates.

(2) Installation. Installation nethods vary significantly dependi ng on
excavati on met hod

(a) Excavation nethods. Methods used to install recovery trenches include
many standard earth-excavating equi pnent (e.g., backhoe) and trenching
machines. Gven this wide variety, it may be desirable to specify only the
pi pe, screen, pack materials, and an ultinmate pipe alignment and depth. This
woul d al l ow the contractor the option to propose what mght be the npbst cost-
ef fective nmethod; however, the trenching technique used by the contractor nust
provi de an adequate filter placenent around the coll ector pipe and avoid to the
extent possible smearing of fines along the trench wall in any product bearing
zone. Dewatering or shoring will be required in nost cases. Dewatering
generates contam nated water that requires storage or treatnent. Shoring with
trench boxes or sheet piles, for exanple, maintains wall stability while
beddi ng material and piping is placed. Conpliance with Occupation Safety and
Heal th Admi nistration and USACE safety requirenents is nandatory.

(b) Soil sanpling and logging. |If open excavation techni ques are used, a
graphical log of the materials encountered in the trench should be prepared
i ncluding the description of the materials according to ASTM D2488.

(c) Trench dinensions. The trench di nension should be w de enough to
all ow preparation of the bottomof the trench and pl acement of the pipe.
Normal |y, the trench width is Ilimted to the pipe dianeter plus 600 nm If the
material to be trenched is contam nated, a smaller trench reduces the vol ume of
material to be disposed or treated as waste. The trench depth nust exceed the
depth of the bottomof the nobile NAPL if product recovery is a goal. A deep
trench may be useful for providing nore certain capture of a dissolved plune,
though it may increase water yield for product recovery. |f the recovery of
soil gas is desired, the filter pack nmust extend some hei ght above the
projected water |evels, but should not extend to depths less than 1 to 1.5 m (3
to 5 ft) below the surface if no surface cover is provided. Trench length is
sel ected based on the objective of the system |If the trench is neant to
capture a mgrating plune of NAPL and groundwater, the trench wi dth shoul d span
the width of the plune. |If the trench is designed to capture an area of NAPL,
the trench I ength nust be adequate to assure that all product flow |Iines extend
to the trench. Modeling may be required. Excessive trench | ength may nmake
operational nodification difficult. For exanple, if the plune shrinks during
operation, a long trench extending well past the limts of the plume nmay
recover undesirable volunmes of clean water

(d) Trench bottom preparati on and pi pe placenent. The bottons of the
excavat ed trenches must be prepared before placenment of pipe and screen.
Unstabl e materials should be renoved. A bedding layer of filter pack material
approxi mately 100 mmt hi ck should be placed before pipe and screen placenent.
The trench bedding nmust be leveled to the required grade to provide uniform
bearing for the pipe and to assure sonewhat uniform hydrostatic head along its
Il ength. Pipe depth must consider the objectives of the system If both air
and liquid recovery is desired, two pipes set at different depths, one shall ow
(in vadose zone) and one deep (at depth of desired groundwater or product
depth), may be appropriate. Place pipe near the depth of maxi num hydrocarbon
saturation for product recovery with mnimal water production. Pipe should be
pl aced no nore than a few feet bel ow the product smear zone for sinultaneous
groundwat er and LNAPL recovery. The pipe and screen should be placed in a way
that prevents entrapnent of filter pack or native material inside the pipe.
The joining of sections of the pipe and screen nust be done in a nanner
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consistent with the material and manufacturer's recomendations. A clean out
or access port for the pipe should be provided to allow for |ater surveys and
mai nt enance of the screen and casing.

(e) Filter pack placenent. Conpaction of the filter pack material should
not be done within 150 mmto 300 mm of the pipe and screen. Sone trenching
machi nes place the pipe and filter pack material as it progresses. In these
cases, it is inmportant to verify that the machine is placing adequate filter
pack around the screen

(f) Backfilling and conpaction. The renuninder of an excavated trench is
backfilled with the appropriate material. Placenent of a geotextile between
the filter pack and backfill rmay be appropriate if there is a significant
difference in grain size between the two materials. Backfill above the filter
mat eri al should be placed in 150- to 200-mmlifts and conpacted to
approxi mately 90 percent optimum standard density, determ ned by ASTM D 698, if
cohesive materials are used. Conpaction should not occur closer than 0.3 m (1
ft) above the pipe. A locator strip should be placed within 0.5 nmeter of the
sur f ace.

5-6. Piping and Above- G ound Equi pnent. Selection of piping and system
hardware wi Il depend on site and contam nant specific factors. Configuration
of the various extraction and treatnent system conponents will depend on

whet her the MPE systemis simultaneously extracting total fluids (air, NAPL and
water) with a common intake |line or whether the systemis recovering air and
liquids separately. Designers of above-ground piping and conmponents nust

coordi nate with designers of underground portions of the MPE systemto ensure
conpatibility in materials and fl ow capacity.

a. Piping.

(1) It is inmportant to select piping materials of appropriate size and
materials of construction to all ow proper and efficient operation of the MPE
system Undersized piping system conponents could lead to inefficient
operation of the MPE system or damage to the system bl owers/ punps, while
oversi zed conmponents nmay add unnecessary capital costs and result in
inefficient operating conditions. Selection of piping nmaterials that are
inconpatible with the recovered fluids or the system operating paraneters may
result in failure of the piping system while inproper or unnecessary
specification of exotic or expensive piping materials will add an unwarranted
burden to the system capital cost.

(2)Pi ping for an MPE system generally includes one or nore intake (suction)
lines, influent manifold(s), interconnecting piping between the phase
separati on and treatnment system conponents, sanpling |ines, recovered NAPL
transfer lines, and pressurized discharge lines. Certain types of MPE punps
will have oil or water seal circulation lines. Natural gas, propane or diesel
fuel lines may also be required for thernmal off-gas treatnent systens (e.g.
catalytic or thermal oxidizers, internal conbustion engines, etc.). MPE piping
systens may enpl oy polyvinyl chloride (PVC), coated black (carbon) steel
stainl ess steel or copper pipe, as appropriate for the intended use. 1In
addition, flexible reinforced hose (PVC, HDPE, rubber, etc.) or flexible tubing
(HDPE) nmay al so be used to incorporate a degree of flexibility into the system

(3) Refer to CEGS-02500 (Pipelines, Liquid Process Piping) and CEGS-02150
(Piping, Of-Gas) for specific guidance on process piping requirenents. EM
1110-1-4008 on Liquid Process Piping is also avail able to suppl ement CEGS-
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02500. Refer to the process piping EM 1110-1-4008 and t he applicable CEGS
sections when designing or installing process piping.

(4) The follow ng najor issues nmust be considered when designing an MPE
pi pi ng system pneunmatics and/or hydraulics, pressure/vacuumlimtations,
tenperature limtations, material conpatibility and nechani cal constraints.
When netal lic conmponents are used, corrosion of some type may occur. USACE
policy requires that all underground ferrous piping be cathodically protected.
In addition, corrosion may occur when dissimlar netals are inmersed in a
conductive nedium Use of dielectric bushings to prevent corrosion should be
used when dissimilar netals are joined together (e.g., copper tubing connecting
to a steel pipe or tank). Additional information may be found in EM 1110- 1-
4008, Liquid Process Piping. Table 5-6 provides a summary of the physical
property limtations of the various types of piping materials typically used in
MPE systenms. These considerations are discussed in the follow ng paragraphs.

TABLE 5-6

Physical Properties of Common MPE Piping Materials

Chemi cal Resi stance?
Max. Max. Non-
Presur e’ Tenp. Hal ogenat ed Hal ogenat ed
Mat eri al PSI °C (°F) VQCs® VQCs* Ols Aci ds®
Sch. 80 PVC 400° 60( 140) Good- poor Poor Excel l ent | Good to
excel | ent
Sch. 40 Gl v. 2500 Good- poor Good Good Fair to poor
St eel
Sch. 40 2500 Fair Excel | ent Good Poor
Coat ed Steel
Sch. 40 Type 204 Excel | ent Good Excellent | Fair to poor
304 S. S (400)
Type K Copper 450 Vari es Cood- poor Excel | ent Good Poor
Tubi ng
Rei nf or ced Vari es, 27- Good to poor Poor Excel | ent | Good
PVC Hose typ. 93(80-
<200 200)
HDPE Tubi ng 55-140 Cood to poor Poor Poor Good to fair
Not es:

1) Max. Pressure rating for 50 nm (2 in.) dianeter pipe at approx. 38°C(100°F). |f operating
tenperature is over 38°C (100°F), working pressure nust be de-rated. Maxi mum allowabl e pressure
will vary for pipe sizes other than 50 nm (2 in.)

2) This table is intended as a general guideline for various classes of contam nants. Al ways
consult with the manufacturer to determine chemcal conpatibility with site-specific contam nant
suite.

3) e.g., pure benzene, tol uene.

4) e.g., pure trichloroethylene.

5) e.g., sulfuric acid. Different acids will have different chem cal conpatibility.

6) PVC pipe manufacturers do not typically recoomend their products for use in above-ground
air/gas, pressure/vacuum applications. Pressure rating is for water service

Sour ce:

Pressure, Vacuum Tenperature Linits

F.W Webb Conpany. 1995. General Catal og. \Wallace Press. Hllside, IL.

Cheni cal Conpatibility Data:

Onega Engi neering, Inc. 1995. Flow and Level Handbook. QOrega Engineering, Inc. Stanford, CT. pp.
Z46- 757

5-38



http://www.usace.army.mil/inet/usace-docs/eng-manuals/em.htm
http://www.usace.army.mil/inet/usace-docs/eng-manuals/em.htm

EM 1110- 1- 4010
1 Jun 99

(5) Pneumatics and/or Hydraulics.

(a) The piping system (intake and di scharge) conponents nust be sized to
acconmodat e the design flow wi thout excessive frictional |osses. Frictiona
| oss calculations for liquids flow ng through piping typically use the Darcy-
Wei sbach equati on

h, = f (L/ D) (v’ 2g) [5-4]
wher e:

h,= friction | oss

f =friction factor (dimnmensionless)

L = Length of pipe

D = inside dianeter of pipe

v = average fluid velocity

g = gravitational constant (9.8 m's’, 32.2 ft/sec?

(b) The friction factor is a dinmensionless nunber that has been determ ned
experinentally, and is based on the pipe’s interior roughness and the Reynol ds
nunber. The Reynol ds nunber is a function of the fluid velocity, pipe dianeter
and fluid viscosity. Fromthis, it can be seen that friction |oss (or head
loss as it is often ternmed) is related to the volunetric flowrate and fluid
viscosity (which is a function of tenperature), as well as the pipe material
diameter, and length. Any one or a conbination of these itens can be
mani pul ated to maintain frictional |osses through the piping systemwthin

acceptable limts. A detail ed discussion of pneumatic analysis for
determ ni ng head | oss through extracti on systempiping is presented in EM 1110-
1- 4001, Chapter 5, and as such will not be discussed here. |In addition, nost

elementary fluid mechanics texts (e.g., Gerhart and G oss 1985) or engineering
handbooks (Perry and G een 1984; Marks 1987; Ingersoll-Rand 1987) provide
detai | ed di scussions on this subject.

(c) In addition to the Darcy-Wisbach equation, many enpirical formulas
have been devel oped for evaluating frictional |osses under turbulent flow
conditions. Turbulent flowis believed to be conmon in MPE applications,
especially in TPE where fluid is noving at high velocities through a smal
di ameter drop tube. Turbulent flowis a function of the Reynol ds nunber, which
indicates flow is turbulent at values greater than approximately 4,000 (Minson
et al. 1990). The Reynol ds nunber is proportional to fluid density, velocity,
and pipe dianmeter and will therefore increase as any of these val ues increase
The Hazen and Wllians fornula is a conmonly used enpirical solution for
determning frictional |osses through pipes, with inputs of I|ength, dianeter
flowrate and the Hazen and Wllians friction factor (C), which is based on the
material type and condition of the pipe. The Hazen and Wllians “C’' factor is
different than the Darcy-Wisbach “f” factor. As engineering handbooks
(I'ngersoll Rand 1988; Crane 1988) provide a discussion of this nmethod of
friction loss calculation, it is not discussed in detail here; however, the
designer should note that this enpirical formula was devel oped for water at

15°C (60°F). Significant variation in results can occur at different
t enper at ur es.
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(d) Many handbooks present the concept of “equivalent |engths” for
fittings, where the friction loss through a fitting (e.g., elbow tee, valve,
etc.) is represented as an equivalent | ength of straight pipe of the sane
nom nal dianmeter as the fitting. Various nonographs have been devel oped to
speed the friction |oss cal culation procedure (Crane 1988; Driscoll 1986). In
addition to these nonographs, several suppliers offer conputer prograns to
calculate piping systemfriction |osses and to aid in optimzing pipe size
(e.g., Crane 1997; Costello 1996).

(6) Pressure/VacuumLimtations. Pressure and vacuumlimtations of the
various types of piping typically used in MPE systens vary, dependi ng upon the
mat eri al of construction and the nethod used to join pipe sections and fittings
(i.e., threaded, flanged, or glued). The type of joint specified and the care
with which the joint is installed in the field should be given carefu
consideration to minimze air |eakage into (or out of) the MPE system under
operating conditions. Were polyvinyl chloride (PVC pipe is used, PVC pipe
joints depend on internal pressure forcing the seal into the joint (for |arger
di ameter PVC pi pe where conpression joints are required). Thernopl astic piping
or tubing (e.g., PVC, high-density polyethylene [HDPE], etc.) is typically
limted to | ower positive pressure applications than netallic piping systens.
Rei nforced fl exible hose or tubing may be used on the intake (suction) side of
t he vacuum bl ower provided that the hose or tubing is rated for the maximum
appl i ed vacuum antici pated for the MPE system Thernoplastic pipe or flexible
tubing may not be suitable for high vacuum applications (>88 kPa [>26" Hg]
vacuum). Consult with the manufacturer to deterni ne pressure and vacuumrati ngs
for the type of pipe or tubing proposed for use. Renenber that the
manuf act urer’s specified vacuum or pressure rating nmay change with fluid
tenperature. |In sonme cases, testing performed by manufacturers nmay not reach
the pressure or vacuumlinmits required for a particular MPE system |n these
cases, additional research and/or testing should be performed in order to
ensure proper material specification

(7) Tenperature Limtations. The tenperatures typically encountered in
MPE system operation generally do not significantly affect metallic piping
conponents. However, it is often desirable to use thernoplastic piping or
flexible hoses to join certain conmponents of an MPE systemto reduce piping
costs, to allowflexibility for system adjustnents (e.g., raising/lowering the
drop tube), or to facilitate treatment conponent change out. Thernoplastic
pi ping or tubing (PVC, HDPE, etc) may weaken or nelt at el evated tenperatures.
It is not uncommon to encounter tenperatures in excess of 93 °C (200 °F) in the
vapor exhaust stream of a MPE blower. Typical Schedule 40 PVC can deform or
nelt at tenperatures in excess of approximately 60 °C (140 °F), and it is
therefore not applicable for use in locations where the tenperature is expected
to approach or exceed this value. To be conservative, a tenperature |ower than
the typical manufacturer rating of approxi mately 43 °C (110 °F) is a reasonable
limt to avoid deformation. In many cases, a segnment of netallic pipe can be
utilized at the bl ower exhaust to radi ate heat to the atnosphere, after which
PVC, CPVC, or other thernoplastic materials can be used to conplete the
remai nder of the plunbing through the treatnent train. Insulate or cover
pi pi ng sections and enpl oy appropriate warning signs to protect workers from
pi pes carrying high tenperature (>38 °C [>100 °F]) fluids, and also to prevent
condensation and freezing in above grade pipelines. Thermal expansi on and
contraction of plastic pipe exposed to anbient conditions weakens and
occasionally destroys the joints. Refer to Plastic Pipe Institute publications
AW 132 TR-22 Thermal Expansion and Contraction of Plastic Pipe and AW129 TR-18
Weat herability of Thernoplastic Pipe for nore information.

(8) Material Conpatibility. Careful consideration nmust be given to the
material s of construction enployed in MPE piping systens that will be in
contact with contamnated fluid streams. |In nany cases, PVC piping wll
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suffice; however, there are circunstances where PVC is not appropriate. For
exanpl e, chlorinated solvents when present as pure product wll degrade PVC
however in nost MPE applications where chlorinated hydrocarbons are present in
the ppb to ppmrange, PVC piping should suffice. Contact with NAPL or high

di ssol ved concentrati ons may cause sonme plastic or rubber materials to degrade,
becone brittle, or crack, resulting in a nechanical failure and a potentia

rel ease to the environment. Consult the manufacturer’s chem cal conpatibility
chart before specifying pipe materials, particularly in cases where NAPL or
hi gh di ssol ved concentrati ons are present.

(9) Mechanical Constraints. Piping for an MPE system nmust be supported
and protected from danage. The cyclic action of vacuum application and suction
breaki ng that can be encountered in an operating TPE systemresults in an
effect somewhat sinilar to a water-hamer, which can damage inproperly
restrai ned or unsupported pipes. Pipe supports should conformto MSS SP-58,
MSS- SP- 69 and MsS- SP- 89

b. Design and Installation of MPE Manifol d.

(1) The intake manifold system connects the extraction wells to common
header pipe(s) and conbines the extracted fluids into a conmon fl ow network for
phase separation and subsequent treatnment. |In the case of DPE (separate punps
for liquid and vapor recovery), the liquid and gaseous phases are withdrawn
fromthe extraction well within separate conduits. Separate nanifolds nmay be
constructed for liquid and air streans. A typical MPE intake manifold will
consi st of sonme or all of the follow ng conponents:

. Pressur e/ vacuum i ndi cat or s.

. Tenperat ure indicators.

. Fl ow control val ves.

. Flow meters (air and/or water for DPE applications).

. Sampl e ports

. Anbient air (dilution) inlet valve(s).
. Check val ves.
. Sol enoi d val ves or notorized val ves (optional - to all ow automated

cycling between wells).

Vacuum applied to the subsurface and/or flow extracted fromthe wells rmay be
regul ated using a dilution valve (anbient air bleed-in valve) or by a variable
speed drive on the vacuum punp. The variable speed drive is a nore efficient
neans of regul ating vacuum and fl ow.

(2) Atypical MPE manifold layout is depicted in Figure 5-10. Manifolds
may be constructed of PVC, HDPE, gal vani zed steel, or where required, stainless
steel. MPE designers and installers should install segnments of transparent PVC
pi pe or hose on the intake side of multi-phase vacuum bl owers for TPE
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applications (transparent pipe is normally needed for DPE). This wll
facilitate observation of the fluids being produced by the MPE wells and nay
provi de useful information on the nature of the nulti-phase flowinto the
system (i.e., slug flow, annular flow, etc.), to aid in optinizing performance.
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Figure 5-10. Typical Two-Phase Extraction System Piping Manifold.

(3) The MPE manifold must be designed to all ow nonitoring and control of
i ndividual MPE wells. This will allow the operator to observe the
ef fecti veness of individual MPE wells and bal ance fl ows anong nultiple MPE
wells. Control of individual wells will also allow the operator to cycle anong
MPE wells to vary subsurface air and water flow pathways, and to focus
remedi ati on efforts on the nost contam nated areas as the renediation
progresses. Preferential flow pathways may exist in the subsurface prior to
the start of MPE as described in Chapter 2, or may devel op as the soil moisture
content is reduced during MPE operation. Varying subsurface air and water flow
pat hways by cycling individual MPE wells, or groups of MPE wells, on and off
wi Il change the subsurface hydraulic gradients, thus varying the flow pat hways
within the treatnment area.
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(4) Manifold piping my be |ocated either above or bel ow ground. For
extended operating periods it is generally best to install nanifold piping
bel ow ground in shallow utility trenches to protect the piping from mechani ca
damage, freezing and vandalism Piping | ocated bel ow ground shoul d be
constructed of, or coated with, non-corroding naterials, or should be
mechani cally protected fromcorrosion (e.g., cathodically). In sone cases,
MPE piping may be installed with as little as two feet of cover if adequate
slope is provided to allow liquids to drain fromthe pipe. However, in colder
climates, especially in cases where liquid is noving as creep flow or as
droplets, frost/ice scale will build up on the pipe interior and reduce the
avai |l abl e flow area, which will eventually cause a bl ockage in the pipe. |If
pipe is installed above the local frost line, frost heaving nay damage the pipe
or weaken underground joints. Were installation of MPE piping bel ow frost
depth is not feasible, the lines should be heat-traced and insulated to avoid
t he danage di scussed above.

(5) The manifold can be installed at a central location (e.g., inside the
treatnment enclosure). This is convenient in that the flow pressure/tenperature
moni toring, flow control devices and sanple ports can be located in an easily
accessi bl e location; however, constructing the manifold in this fashion
requires running separate lines to each extraction well to achieve control of
the individual wells. This nmethod, although slightly nore costly to install
provi des the best means for balancing flows during system operation. An
alternative is to place the nonitoring and control devices in the well vaults
and connect the lines fromthe individual wells to one or nore common header
pi pe(s), which extend back to the vacuum punp in the treatnment enclosure. To
moni tor or adjust flows and pressures, the operator nust travel between wells
maki ng i ncrenental adjustnments at each | ocation, and checking the effect at the
other wells. This small installation cost savings is likely to be far
out wei ghed by | abor costs incurred during system operation.

(6) The working pressure (not burst pressure) of the nmanifold piping
shoul d be able to withstand the maxi nrum anti ci pated (worst-case) system
pressure (USEPA 1996a, Appendi x B).

(7) If an underground manifold is constructed of plastic pipe, a netallic
| ocator strip or simlar material should be installed in the trench along with
the manifold piping to all ow magnetic |ocation of the buried manifold at a
|ater date. As an added safety neasure, caution tape or other marking materia
shoul d be placed in the trench above the pipe bedding materials, to indicate
the presence of buried Iines.
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c. Piping and Val ves.

(1) Extraction piping for MPE systens may include a single multi-fluid
(air, NAPL, water) intake line or may consist of separate fluid intake |lines
for air and |iquids, depending on what variation of MPE is enployed at the
site. Piping and valves used in MPE installations should be selected and
installed in accordance wi th CEGS 02500 Pipelines, Liquid Process Piping and
CEGS 02150, Piping, Of-Gas

(2) Valves are used to regulate flowin the MPE system or in the case of
cl osed valves, to isolate portions of the MPE system Valves should be
assigned unique identification nunbers during the design phase and should be
| abel ed with corresponding identification markers during installation to
facilitate operation and nmai ntenance of the MPE system

(3) A nunber of different types of valves may be used to control or shut
off flowin MPE systems. A list of the valve types and a brief discussion of
the nature and function of these valves is provided below. A nore detailed
di scussi on of these various valves can be found in many sources, including EM
1110-1-4001 Soil Vapor Extraction and Bioventing (Chapter 5), EPA/ 600/ R-96/042
(USEPA 1996a, Appendix B) or in Perry’ s Handbook (Perry and G een 1984,

Sec. 6). Be aware that MPE systens frequently extract sone silt with the
recovered liquid stream This nmay cause val ves to becone cl ogged and require
frequent cleaning. Care should be taken to design piping systens that enable
easy valve renoval if silt clogging is a potential problem

. Gate val ves — Used for on/off service. A wedge shaped gate is noved
up (for open position) or down (for closed position where the gate
is seated) to allow or stop fluid flow. This valve is designed to
mnimze pressure drop in the open position

. d obe (and angle) valves — Used for on/off service and cl ean
throttling applications, this valve controls flow with a convex plug
| owered onto a horizontal seat. Raising the plug off the seat
allows for fluids to flow through.

. Ball valves — Used primarily for on/off control and sone throttling
applications, the ball valve uses a rotating ball with a hole
through the center to control flow.

. Butterfly valves — Used for on/off and throttling applications, the
butterfly valve controls flowwith a rotating disk or vane. This
val ve has relatively low friction loss in the fully open position

. D aphragm valves — This nmulti-turn valve is used to control flowin
clean and dirty services. The diaphragmvalve controls flowwth a
flexible diaphragmattached to a conpressor and val ve stem

. Needl e valves — This multi-turn valve is used for precise flow
control applications in clean services, typically on small dianeter
pi ping. Needl e valves have relatively high frictional |osses in the
fully open position
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. Pl ug val ves — Used for on/off service and throttling applications.
Flowis controlled by a plug with a hole in the center that rotates
to align with the flow path.

. Foot valves with strainer — Foot valves are |ocated at the bottom of
the suction line of a surface-nounted jet punp. The valve functions
simlar to a check valve to keep water in the down-well pipe or hose
and contains a strainer or screen around its inlet to keep solids
from cl oggi ng the val ve.

(4) Check valves (swing, lift, flapper, and spring check types) should
al so be incorporated into the intake (imedi ately upstream of the air/noisture
separator) and discharge piping (inmediately downstream of the transfer punp
that enpties the water reservoir of the oil/water separator) of the MPE system
to prevent back fl ow.

d. Condensate Controls and Fluid Separation. Successful operation of an
MPE system requires good separation of the recovered contam nant phases to
mnimze treatnent costs (e.g., due to carbon fouling and/or excessive carbon
consunption) and to ensure conpliance with discharge permt limts. In the
case of a dual punp system liquid (water and/or NAPL) and air are extracted
fromthe well separately. Water and NAPL, if present, may require separation
at the surface if a “total fluids” (water and NAPL) punp is enpl oyed to recover
liquid fromthe DPE well. However, for other MPE applications, mlti-phase
fluids (air, NAPL, water) are all extracted simultaneously through a single
i ntake tube and nmust be separated at the ground surface. The follow ng
par agr aphs di scuss various fluid separation techni ques applicable to MPE.

(1) Gas-Liquid Separation. Typical MPE systens enploy inertial gas-liquid
separators equi pped with water | evel controls/sensors simlar to the noisture
knockouts used in SVE systens. Because the gas-liquid separators are typically
installed between the vacuum punp and the extraction well, the gas-liquid
separator tank rust be designed to withstand the maxi mum vacuum that the
extraction blower is capable of producing. A brief description of inertia
separators is presented in EM 1110-1-4001 Soil Vapor Extraction and Bi oventi ng.
A nore detail ed discussion of centrifugal separation, as well as other gas-
liquid separation nechanisnms, is presented in Perry’'s Handbook (Perry and G een
1984). Recovered liquids are typically punped fromthe gas-liquid separator to
the water treatnent system which may include a NAPL-water separator. [|f NAPL
is present, the transfer punp should be selected to mnimze shearing and
turbul ence of the punped |iquids and thereby prevent formation of oil-water
emul si ons.

(a) One design approach utilizes a transfer punp with a high suction-head
capacity (i.e., low net positive suction head required [NPSH]). Positive
di spl acenment punps, such as progressing cavity, diaphragm or doubl e di aphragm
punps, are often used in this application. It should be noted that air-
oper at ed doubl e di aphragm punps may require a | arge vol ume of high-pressure air
to punp agai nst the vacuum applied to the gas-1iquid separator. Thi s approach
is relatively sinple, is based on conponents that are readily available, and is
particul arly good for applications where NAPL is expected, since positive-
di spl acenent punps typically do not tend to increase emulsification

(b) An alternate approach utilizes a | ow suction-head transfer pump (e.g.
centrifugal punp), coupled with a vacuumrelief device (e.g., vacuumrelief
val ve or solenoid valves) to allowthe transfer punp to evacuate the
accunul ated liquids fromthe gas-liquid separator. This approach is also
relatively sinple; however, there are several disadvantages. Periodic vacuum
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relief in the phase separator allows anbient air to enter the phase separator.
This has the effect of reducing the overall nass renoval efficiency fromthe
subsurface (due to discontinuous application of vacuun) and al so dilutes the

i nfluent concentration to the gas treatnment device, which will reduce its
treatnent efficiency. A so, centrifugal punps tend to increase fornmation of
enul sions due to the turbul ent shearing action that occurs in the volute

(i mpel | er chanber).

(c) Another design approach enploys multiple gas/liquid separation vessels
equi pped with I evel controls that operate under vacuum (refer to Figure 5-1).
In this approach, snall-di ameter tubing connects the headspace of each vesse
to that of the other vessels so as to equalize the pressure (vacuun
di fferences anmong the vessels. The liquids are then able to flow by gravity
bet ween the vessels. In practice, the gas/liquid separator would be | ocated
above the other vessels, so that liquids (water and NAPL) separated in it can
drain by gravity to a NAPL-water separator. The NAPL-water separator nmay be a
sinpl e decanter for small NAPL vol umes or a coal escing-type oil-water separator
(see paragraph 5-6d(2) where greater NAPL recovery is expected. Recovered NAPL
flows over a weir and drains by gravity to a NAPL storage tank. Accunul ated
wat er may be punped fromthe NAPL-water separator using either a high-suction
head transfer punp or a | ow suction-head transfer punp and vacuumreli ef
device, as described in the preceding two paragraphs. Manual or automatic
i solation valves can be used to allow accurmul ated NAPL to be punped fromthe
NAPL storage tank. This approach is sonewhat nore conplex than the previously
descri bed approaches since multiple vessels are involved and NAPL-wat er
separation is acconplished under vacuum An advantage is that the recovered
NAPL-wat er m xture does not have to pass through a punp, reducing the chance
for additional enulsification to occur

(d) A novel approach for nulti-phase separation under vacuum comnbi nes
gas/ NAPL/ wat er separation in one vessel (Rentschler 1998). This approach uses
an inertial gas-liquid-solid separation tank coupled with a coal escing plate
oil -water separator on the intake (negative pressure) side of the vacuum punp.
Extracted fluids enter the phase separator tank through a tangential inlet,
whi ch forces liquids and entrained or suspended solids to the outer wall of the
tank where they eventually settle to the bottomof the first chanber.
Extracted vapors are drawn off the top of the phase separation tank by a dry
vacuum punp. Liquids (NAPL, water, and condensed water vapor fromthe air
stream) flow over a weir into a stilling chanber where a coal escing pl ate pack
separates LNAPL and water. A pressure (vacuun) equalization |line connects the
mul ti - phase separator to a NAPL storage tank, allowi ng separated NAPL to flow
over an adjustable weir and drain by gravity to the NAPL storage tank. Wt er
flows under and over a set of weirs to exit the coal escing chanber. Leve
sensors in the final chanber control the water transfer punp. A high-suction
head transfer punp is preferred for this application since water seals and
wei rs separate the headspace of the second and third chanbers fromthe first
(air/liquid separation) chamber.

(2) LNAPL-WAter Separation

(a) LNAPL-water separators nost commonly used in MPE systens are
coal escing plate or tube oil-water separators. These types of separators are
readily avail able froma nunber of vendors, are relatively inexpensive and
require little maintenance. Coal escing plate or tube LNAPL-water separators
are sized to allow lam nar flow conditions to devel op based on the design water
feed rate. The LNAPL-water mixture flows through a section of corrugated or
chevron-shaped plates or vertical tubes, under lamnar flow conditions. Snall
entrai ned LNAPL particles agglonerate to | arger particles and droplets, and
rise vertically through the coal escing nedia. The greater the difference in
the specific gravity of the two |liquids (LNAPL and water), the nore rapid and
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effective the separation will be (USEPA 1996). Recovered LNAPL is retained in
a chanber over the coal escing nedia, where it can be ski med off and
transferred to a storage tank. Mst oil-water separators of this type can
effectively renmove non-emulsified oil to concentrations bel ow 10 ng/l (USEPA
1996). Effluent water then flows through a series of baffles and typically

di scharges fromthe separator by gravity. A punp chanber can be incorporated
into the separator or a pressurization tank/punp can follow the separator if
additional water treatment is required. NAPL-water separation chanmbers nust be
vented to a safe location. Gl /water separators should be sized based on
anticipated maxi numfluid recovery rates. The separators should al so have
sufficient sedinent and oil storage capacity based on site-specific information
such as expected product recovery and the presence of fine sedinments within the
extracted liquid stream

(b) Liquid-liquid centrifuges can be used to separate fluids of different
specific gravities. Menbrane separators (e.g., hydrophobic or hydrophilic
nmenbr anes) can be used to separate water and hydrocarbons. Distillation can
al so be used to separate liquids of different boiling points and specific
gravity. However, these devices are usually not warranted for LNAPL-water
separation applications in MPE systens due to the added capital cost,
conmpl exi ty and mai nt enance requirenents

(c) Additional guidance on the selection and design of oil-water
separators can be found in other USACE gui dance on oil/water separators.

(3) Emul sions.

(a) Emulsions are stable dispersions of one liquid in another and are

general ly characterized by droplet dianeters of 1 pymor less (Perry and G een
1984). Emul sions nay be characterized as oil-in-water (i.e., organic droplets
in an aqueous nedium and water-in-oil (i.e., water droplets dispersed in a
conti nuous organic |iquid phase).

(b) Emulsions may be nechanically separated using porous or fibrous solid
coal escing nedia, centrifugal extractors, separating nmenbranes (e.g.,
hydr ophobi ¢ or hydrophilic nenbranes), or by using high-voltage electric fields
to separate electrically conductive |iquids fromnon-conductive |iquids.
Perry’s Handbook (Perry and Green 1984) provides a detailed discussion on
liquid-liquid separation techniques. Oganically activated clays have al so
proven to be effective in capturing oil-water enulsions to prevent fouling of
activated carbon or other treatnment equi pnment. These clays can be used as a
pre-filter prior to secondary treatnment equiprment. Organically activated clays
are especially useful in renoval of heavier oils and can renmove 50% of their
weight in oil (Alther 1997).

(c¢) Nunerous commercially avail abl e emul si on-breaki ng reagents are al so
avai l able. A bench or pilot scale test should be conducted to determ ne the
nost appropriate and effective enul sion-breaking chem cal for site-specific
conditions. Sone of these reagents may require pH adjustnent or heating of the
emul sion to enhance their effectiveness.

(4) DNAPL-WAter Separation.

(a) DNAPL-water coal escing plate or tube separators work on the sane
principle as LNAPL-water separators. Coal escing plate or tube separators take
advantage of the difference in specific gravity between the DNAPL and wat er,
all owing DNAPL to separate under laminar flow conditions. DNAPL and water can
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be separated using a simlar type of coalescing nedia to that used in LNAPL
coal escers, although the DNAPL withdrawal outlet mnust obviously be on the
bottom of the separator tank. Mre viscous DNAPLs (e.g., creosote, coal tar)
may require addition of chem cals to enhance DNAPL flow through this type of
devi ce.

(b) As with LNAPL-water separation, other nechani cal separation neans are
avai |l abl e for DNAPL separation, although their use is typically not warranted
in MPE systens due to the added cost and conplexity of the additiona
equi prent. For operating facilities with organic solvent contam nation (e.g.,
TCE, PCE) where a source of steamis readily avail abl e, condensation separation
may be a feasible alternative

e. Electrostatic Charge Considerations. Build-up of electrostatic charges
results fromthe contact and separation that occurs as non-polar liquids (e.g.
gasoline, jet fuel) flow through a pipe. Static charge generation increases as
fluid velocities and pipe lengths increase (Curran 1997).

(1) Electrostatic Charge in Tanks and Piping Systens. Static charges in
under ground steel and fiberglass tanks are readily dissipated through the
adj acent soil matrix. Aboveground steel and fiberglass tanks (including druns)
can develop a static charge between the fluid and the tank wall (or netallic
fitting in non-metallic tanks) during filling. Miintaining electrica
continuity between the tank and the fill line will help prevent static
accunul ati on and di scharge. G oundi ng and/ or bonding may al so be required to
prevent static discharge. Because plastic containers are not conductive
electrical continuity can not be naintai ned between a plastic tank and a
metallic fill tube. Therefore, the use of plastic piping and containers for
transport and accunul ati on of recovered NAPL shoul d be avoi ded.

(2) Ignition of Electrostatic Charge. Once a nmeans of generating a static
charge exists, it can be a source of ignition if the following three conditions
are net (Curran 1997):

. A static charge accunul ates that can produce an incendi ary spark
. There is a spark gap (arc).
. There is an ignitable vapor-air mxture within the spark gap.

Thus, by the third condition, the vapor concentration nmust be between the | ower
explosive limt (LEL) and upper explosive limt (UEL) for the specific
flammabl e |iquid, assum ng oxygen is present at 20% by volune. |If there is a
concern about the vapor concentration in the NAPL storage tank or within the
treatnment enclosure, LEL sensors can be depl oyed to detect excessive flammabl e
vapor concentrations and shut down the recovery systemat a pre-set vapor
concentration (i.e., 10%to 20% of LEL). JP-4, for exanple, requires added
precautions in handling, as its vapors above free product are naturally within
their explosive range. JP-4 grade jet fuel forns explosive vapors in the vapor
space of storage tanks in the range of —23 °Cto 27 °C (=10 °F to 80 °F). These
are tenperatures usually encountered in storage and handling of fuels. 1In
addition, jet fuel is nore subject to buildup of static charges than gasoline
products (Departnent of the Air Force 1981).

(3) Electrostatic Charges in MPE Applications. |In many MPE system
applications, NAPL is not being recovered or discharged to a tank at a
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significantly high velocity or piped over a very |large distance, so build-up of
significant electrostatic charges is generally not a problem However, in sone
cases, where NAPL is punped at a relatively high velocity or travels over a

| ong di stance, design measures nust be incorporated to reduce the risk of
static discharge. Gounding and/or bondi ng of NAPL accunul ati on tanks and
conveyance piping may be required to prevent static discharge. N trogen
purgi ng or bl anketing of the headspace of a tank or container can be used to
elimnate the third condition (ignitable air-vapor mixture within the spark
gap) di scussed above, thus preventing accurul ation and ignition of flammable
vapors (Ebdat 1996; Curran 1997).

(4) Consult NFPA 77, Static Electricity, for further gui dance on
preventing build-up or discharge of electrostatic charges. Although preventing
t he devel oprment of potentially explosive conditions is preferred, the designer
shoul d i ncorporate explosion isolation and contai nnent neasures (i.e.,
expl osi on- proof vessels), expl osion suppression, and/or venting neasures into
the design in cases where there is a high potential for explosive conditions to
develop (Chatrathi and Siwek 1996). Suppression is preferred to venting, as
the rel ease of flanmable vapors to the environnent may be problematic. Al so,
rel ease of exploding vapors may represent a risk to personnel and/or equi prment
inthe vicinity of the relief vent. Additional guidance on expl osion
suppression and prevention is available in NFPA 68, CGuide for Venting
Def |l agrations and NFPA 69, Explosion Prevention Systens. In addition
desi gners shoul d review and conply with NFPA 30, Flanmrmable and Conbusti bl e
Li qui ds Code, when flammable |iquids are expected to be present.

f. Blowers, Punps and Motors. There is a multitude of avail able vacuum
produci ng devi ces that can be enployed in an MPE design. A wealth of
information on operating principles, capabilities, design and sel ection of
vacuum punps has been produced t hroughout the chem cal and food processing
i ndustri es where vacuum punps are w dely used. Selection of the nost
appropri ate vacuum producer depends mainly on the vacuum and fl ow requirenents
of the specific application; however, other site-specific factors may influence
sel ection of the vacuum device. These factors nmay include, but are not linited
to: hydraulic conductivity and air perneability of the soil, number and
configuration of MPE wells, power availability, cooling/seal water
availability, waste streamtreatnent/di sposal costs, renoteness of site, and
the skill level of on-site naintenance personnel. The follow ng paragraphs
present a sunmary of comonly avail abl e vacuum punps for MPE applications.
Figure 5-11 presents a graphical description of the various types of vacuum
punps and Figure 5-12 presents a conparison of the typical operating flow and
vacuum ranges for these various types of vacuum punps. Figure 5-13 presents a
compari son of optiml MPE equi pnent (vacuum generators and punps) for various
hydraul i ¢ conductivity ranges. These ranges are approximate and sel ecti on of
the MPE punp for a specific site will depend on the factors discussed in the
precedi ng paragraph, as well as the anticipated duration of the MPE renedi ation
and the capital and nmaintenance cost associated with the punp(s). Mre
i nformation on bl owers and punps applicable to MPE can be found in CEGS 11215
Fans/ Bl ower s/ Punps; O f - Gas.

(1) Liquid Ring Punps. Liquid ring punps are the nost conmonly used
vacuum punps reported in the literature for MPE applicati ons (AFCEE 1997
Hansen, et al. 1994; Suthersan 1997). Liquid ring punps can transfer both
liquids and gases through the punp casing. A rotating inpeller, offset from
the center of the punp casing, generates centrifugal force to drive liquid
within the punp casing to the outer wall of the casing. The liquid fornms a
seal layer conformng to the interior shape of the punp body. The eccentric

i npel | er causes gases trapped between the rotating vanes and the seal liquid to
be conpressed and forced in toward a central discharge port. Seal liquidis
typically water or oil. Water-sealed liquid ring punps may use once-t hrough
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Figure 5-11. a) Typical Liquid Ring Pump b) Typical Rotary Vane Pump c) Typical Ejector d) Typical Rotary
Piston Pump e) Typical Rotary Lobe Blower f) Typical Regenerative Blower. Reprinted by
permission of: a) Tuthill Corporation, Kinney Vacuum Division, b) and d) Busch, Inc., ¢) John
C. Ernst Co., Inc. e) Roots Division, Dresser Equipment Group, Inc., a Halliburton Company,
f) Ametek Rotron.

5-50



EM 1110- 1- 4010
1 Jun 99

- tr £r 2 £z oy £ £r Attt N
E &
ko)

S
2
o
o
<
£
0 5 10 15 20 25 30
Applied Vacuum (in Hg)
MB80272

—— Liquid Ring

—&— Rotary Vane

—&— Rotary Piston

—¥— Rotary Lobe

—&— Regenerative

=8~ Ejector

Blower Model References:

Lig. Ring: Atlantic Fluidics

Mod. A200, 15HP.

Rotary Vane: Gast Mod

6066 Oilless, 5HP.

Rotary Piston: Kinney Vac., Mod. KT300,
oil sealed 15 HP.

Rotary Lobe: Roots URAI 47,

1760 rpm, 3-7.5 HP.

Regenerative: Rotron DR6, 5HP.
Ejector: Penberthy Mod. ELL 2.5" dia.

Figure 5-12. Comparison of Air Flow vs. Vacuum for Various Types of Vacuum Pumps.
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Figure 5-13. Optimal MPE Equipment for Varying Hydraulic Conductivities. (After Peargin 1998. Reprinted
by permission of T.R. Peargin, Chevron Research and Technology Corp.) (Refer also to Figures 3-1a and

3-1b)
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(a) Extracted groundwater is generally not preferred for the seal liquid
due to the presence of inorganic inmpurities that tend to increase scaling on
the vanes, and the often insufficient/irregular groundwater recovery rate at
| owperneability sites. Due to the heat generated during conpression of the
extracted gas, punping systens that used a cl osed-loop seal |iquid system nust
be equi pped with a heat exchanger to cool the seal liquid. G l-sealed liquid
ring punp systens, although generally nore expensive than water-seal ed punps,
may be preferred for renpte sites since the units are essentially self-
contai ned, typically including an oil reservoir, oil heat exchanger, and an oi
mst filter and coal escer on the vapor discharge line fromthe punp. Vacuumin
excess of 98 kPa (29 in Hg, gauge vacuun) can be generated by water seal ed
liquid ring punps, while vacuumto 101 kPa (29.9 in Hg, gauge vacuum can be
generated by oil-sealed liquid ring punps. As shown in Figure 5-12, liquid
ring punps have relatively flat performance curves over the majority of their
operating range. A main disadvantage of using liquid ring punps is that if
NAPL is extracted, enulsions tend to formdue to the high velocity of the
extracted NAPL and groundwater, which may necessitate additional treatment to
separate the emul sion (unless NAPL and groundwater is separated upstream of the

punp) .

(2) Rotary Vane Punps. Rotary vane punps are positive displacenment punps
with sliding (or spring |oaded) flat vanes nounted in an eccentric rotor. As
the rotor turns, the vanes are flung outward agai nst the casing wall trapping
gases between the vanes, and providing a seal between the intake and exhaust
ports of the blower. The offset position of the rotor within the punp housing
causes conpressi on and subsequent expansi on of the conpressed gases, resulting
in a vacuumat the intake port of the blower. Rotary vane punps are avail able

in oil sealed or oil-less nodels, in a wide range of flow capacities. Q-
seal ed rotary vane punps are typically capable of generating vacuums up to 98
kPa (29 in Hg, gauge vacuun), while oil-less punps are generally limted to

vacuum bel ow 85 kPa (25 in Hg, gauge vacuun). Gl -sealed rotary vane punps are
typically equi pped with an oil reservoir, oil filter, air-oil heat exchanger
and an oil-m st or coalescing filter on the vapor discharge. Larger rotary
vane punps with spring | oaded vanes may require special tools and skilled
nmechanics to performrepairs; however, snaller punps typically use centrifuga
force to fling the vanes outward and can generally be repaired in the field.

(3) Ejectors (Eductors).

(a) Ejectors are perhaps the sinplest of vacuum punps because they have no
nmovi ng parts. An ejector is essentially a specially designed nozzle consisting
of three sections, a pressure nozzle, a siphon body, and a di scharge diffuser.
Pressurized gas or liquid (e.g., for MPE applications, water or stean) used as
the motive force, is injected through the pressure nozzle. The reduced
di anmeter of the nozzle throat increases the velocity of the notive fluid and
creates a suction within the chanber around the nozzle throat. The punped
fluid is drawn into the nozzle by the suction created in the chanber, and then
both the notive fluid and the punped fluid are discharged through the diffuser
as a single mxed stream Ejectors are available in a wide range of sizes and
can be conbined into nulti-stage units for higher vacuumrequirenents. Vacuum
and flow limtations of ejectors depend on the nunber of stages, the nature
(water or stean) and pressure of the nmotive fluid, and di scharge pressure.
Singl e stage |iquid-powered ejectors can typically produce 68 to 74 kPa (20 to
22 in Hg, gauge vacuun), while nmultiple stage steamjet ejectors frequently
used in high vacuum processi ng can develop significantly greater vacuum Steam
jet ejectors have a | ow capital cost; however, they are very energy intensive
to operate. It is not likely that an MPE application would require the use of
a steamjet ejector but if a steamsource is readily available this type of
vacuum generator nmay be worth some consideration. Ejectors can also be
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conbined with liquid ring punps or rotary |obe blowers to increase the airflow
and/ or vacuum capacity of the MPE punping system

(b) A patented system (see paragraph 9-3(e) enployi ng water-powered
ej ectors has been used to extract groundwater from | ow perneability formations.
Water froma holding tank is circulated at high pressure through a manifol d of
smal|l ejectors piped in parallel. The resulting vacuum generated at the
ejectors is used to draw groundwater (and to a | esser extent, soil gas) from
several extraction wells simultaneously. The extracted groundwater enters the
holding tank and is circul ated through the system Level switches in the
circulation tank naintain the water level within specified limts. Excess
water fromthe holding tank is discharged to the treatnent system An
advantage of this type of arrangenent is that if one extraction well breaks
suction (i.e., the water |evel drops bel ow the intake tube), the other wells
wi |l not |ose vacuum because each ej ector operates independently. Each ejector
will continue to apply vacuumto its well as long as water is punped through
t he mani f ol d.

(c) There are other nethods of enploying ejectors for vacuum appli cations.
Motive water for the ejector can be froma nunicipal supply (although this wll
likely require a booster punp to increase the water pressure), froma sunp wel
in a groundwater recovery trench, or fromany other source. Mdtive water can
be recirculated, or treated and discharged. H gh pressure steam typically 690
kPa (100 psi) gauge pressure or nore, if available on site, will allow
devel opment of hi gher vacuuns.

(4) Rotary Piston Punp. Rotary piston punps are essentially positive
di spl acenent oil-seal ed conpressors, and are typically available in single- or
two- stage nmodels. As the piston rotates, vapors are drawn into the punp,
conpressed and discharged to a treatnent device or the atnosphere. Vacuumis
generated during the punp intake cycle as the piston withdraws into the
cylinder. The nmechanical operation of the rotary piston punp is simlar to an
i nternal conbustion engine. These punps can devel op vacuuns in excess of 98
kPa (29 in Hg, gauge vacuun), at low to noderate flow rates (0.28 to 14ni/ m n
[10 to 500 cfm). Because these types of vacuum punps operate in an oil bath,
condensation within the punp chanber can create problens and cause reduced
vacuum capacity. Vol atile conpounds may al so condense under the high pressure
of the conpression cycle. As such, this type of vacuum punp is not reconmended
for nmost MPE applications.

(5) Rotary Lobe Vacuum Bl owers. Rotary |obe vacuum bl owers are positive
di spl acenent blowers that use two interlocking rotors to trap and conpress
gases. The rotors are synchroni zed by external gears and turn in opposite
directions (Ryans and Croll 1981). Although the external gears operate in an
oil bath, the process air chanber is typically dry (i.e., free of oil). This
type of blower can be used in MPE applications requiring noderate vacuuns (up
to 51 kPa [15 in Hg], gauge vacuum) and high gas flow rates. They may be
applicable for use in conjunction with subnersible punps in DPE systens
enpl oyed at sites with noderate to high perneability soils.

(6) Regenerative Vacuum Bl ower. Regenerative blowers use a mnulti-stage
inpeller to create a pressure (vacuun) differential through use of centrifuga
force. Air drawn in between rotating vanes is thrust outward toward the
i npel l er casing, then turned back to another section of the rotating inpeller
(Soil Vapor Extraction and Bioventing EM 1110-1-4001). Regenerative vacuum
bl owers generally do not produce a sufficiently high vacuumfor use in MPE
applications. However, regenerative blowers nmay provide an econom cal sol ution
when used in conjunction with subnersible punps in DPE systens, or for sites
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where less than 34 kPa (10 in Hg), gauge vacuum (CEGS 11215) and relatively
high air flowrates are required to neet MPE design requirements.

(7) Liquid-only Punps for Use in Dual -Phase Extraction Systens. Liquid-
only punps for DPE nay be either electric or pneumatically operated subnersible
punps, or surface-nmounted di aphragm punps, jet punps, or vertical turbine punps
equi pped with appropriate down-well |evel controls. Liquid punps should be
sized to handl e the anticipated groundwater yield that will be generated by the
wat er table drawdown created by the water punp plus the additional groundwater
yiel d i nduced by the application of vacuumto the extraction well head.

Consi deration must be given during design and construction of the well head
seal to allow water and gas transfer |ines plus subnersible punp control I|ines,
to pass through the well head while maintaining a vacuumtight seal. Refer to
CEGS 11211 and 11212 for gui dance on |iquid-only punps.

(8) Variable Speed Drives. Although variable speed drives (VSDs) are not
punps, their use in controlling punp notor speed can be val uable in MPE use.
VSDs al | ow sinpl e adj ustment of notor speed to achieve the optinmal applied
vacuum and flowrate. This is especially useful for pilot test operations
where vacuumis often applied in stepped increnments. These drives allow
adj ustnent of applied vacuumw t hout the need for dilution or bleed-in air
valves. Bleed-in air may still be required, however, in order to obtain the
necessary velocity to lift fluids fromthe well in TPE operation. Sonme VSDs
can be configured with a feedback control |loop to naintain constant pressure
(vacuum) or flow operation. See also paragraph 5-6(h)(2).

g. Selecting Vacuum Punp Si zes.

(1) In order to properly size a vacuum punp, or any punp in general, the
desi gner should deternmine the flowthe punp is expected to see approxi mately
80% of the time, the mnimumanticipated flow rate and the maxi nrum expect ed
flow rate. The punp should be sized to operate as near as possible to the Best
Ef ficiency Point (BEP) on the punp curve for the flowrate that is expected 80%
of the tinme, while still having the capacity to operate at the maxi nrum and
m ni mum antici pated flow rates without causing damage to the punp (Monroe
1996). Since site conditions or operating configuration of the MPE system nmay
change over time, the vacuum bl ower(s) selected for the system should be able
to operate efficiently over the anticipated range of operating conditions.

(2) Wen sizing a punp, the designer nust define the flow and vacuum
requi renents at the extraction well(s). This should be established through
pilot testing during prelimnary design. Then, starting fromthe nost renote
well on the line, work through the piping manifold sumring flows and frictiona
| osses associated with piping, valves, and fittings to determine the flow and
vacuum requi rement at the blower. Renenber to include |osses through
manuf act urer-supplied items on the blower skid (filters, mufflers, knockouts,
etc.), or alternately, specify the flow and vacuumrequired at the suction
poi nt of manufacturer-supplied skid-nounted vacuum punpi ng system Include a
reasonabl e factor of safety (typically 10 to 25 percent; however, the exact
determination is site specific and nay depend on the degree of confidence in
design values) to allow for future expansion, vacuum | eakage, or unforeseen
system | osses. Include also the backpressure on the discharge side of the
bl ower associated with off-gas treatnent equipnent, as this may reduce the
avai | abl e vacuum the punp can apply to the wells. Keep in mind that it nmay be
beneficial to split the extraction flow between two or nore smaller blowers
rather than one large blower. Duplex punps may be used at renote | ocations
where systemredundancy is desirable due to lag tinme for parts and mai nt enance.
Also, if there are excessive discharge pressure requirements, which may require
over-sizing the vacuum punp, consider instead enpl oying a booster blower on the
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di scharge side of the vacuum systemto provide the required di scharge pressure.
The operating point of the blower/punp is determ ned by devel oping a system
head curve based on pilot test data and laying it over the punp curve. An
exanple of this step can be found in EM 1110-1-4001, Soil Vapor Extraction and
Bi oventing, Chapter 4, Bench- and Pilot-Scale Testing for SVE and BV.

(3) A brief exanple of vacuum punp sizing procedures for MPE applications
is provided in this paragraph. A detailed nunerical exanple is presented in EM
1110- 1- 4001, Soil Vapor Extraction and Bioventing, Chapter 5, SVE and BV Design
Strategy. Evaluating head | osses through the extraction pipe network is an
iterative process in which the designer nust adjust the system piping
configuration to ensure that the pressure at each node (junction point) wll
bal ance. The desi gner must also be aware that air is a conpressible fluid, and
as such the actual volunetric flow rate (acmmor acfm mnust be used when
calculating frictional (velocity) |osses through the piping system Al so,
designers nmust note that the actual volunetric flowrate will increase on the
di scharge side of the vacuum punp as a result of the tenperature rise induced
by the bl ower during the vacuum (conpression) cycle. These calculations can be
done by hand or using readily avail able conputer software (e.g., ABZ, Inc.
1998). The effect of discharge | osses due to off-gas treatnment equi pnent nust
be included in the cal cul ati ons before a bl ower can be properly sized, since
backpressure on the positive-pressure side of a vacuum generator nay
significantly affect the vacuum punp perfornance

(a) Assune that a system curve (vacuumversus flow) and appropriate
regression coefficients have been devel oped for the pilot test data. Assune
also that the pilot test results indicate the follow ng requirenments for a
full -scale MPE system

. Three parallel lines of four MPE wells each, connected to a comon
junction point, then piped to the vacuum punp.

. The desired extraction vacuum (design value) at the wells is 54.2
kPa (16” Hg, gauge vacuunj.

. The desired extraction flow (design value) is 0.33 scmm (11.8 scfm
per well, for a total air extraction flowrate of 4.0 scmm (141
scfm.

. Li ne | osses through the subsurface piping, header and nmanifold wll

add approxinmately 10.7 kPa (3.2 in Hg, gauge vacuum.

. The air/liquid separator and particulate filter will add an
additional 1.3 kPa (0.4 in Hg, gauge vacuum |oss on the vacuum side
of the punp at the anticipated operating flow

. Vacuum punp di scharge restrictions will be approxi mately 10.3 kPa
(1.5 psi or 3.1 in Hy, gauge pressure) at the anticipated operating
flow.

. Up to 2.3 L/min (0.6 gpm of water may be extracted with the vapor
stream

(b) Wth these data in hand, the designer nmay now sel ect a vacuum punp to
fit the specific situation. Fromthe specified design requirenents, the vacuum
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punp must be capable of delivering 4.0 scnm (141 scfm. Summing vacuum

requi renents (well vacuum plus |losses), a mnimminlet vacuum of 66.2 kPa
(19.6 in Hy) is desired. The discharge pressure requirenment is 10.3 kPa (3.1
in HY. Sumthe suction and pressure |losses for a total of 76.5 kPa (22.7 in
Hg), and add a 15% factor of safety to get a total of 88 kPa (26 in Hg) as the
normal operating requirenent. Head | osses should also be calculated for the
antici pated m ni nrum and maxi num operating flows in a simlar fashion, to
devel op the system curve for the normal, m ni numand naxi mum operati ng
conditions. Search manufacturers’ literature (vacuumversus flow curves) to
find a vacuum punp that will operate near its optinmum efficiency for the
antici pated operating conditions. The systemcurve should be overlaid on
manuf act urer-suppli ed punp curves when determ ning the best vacuum punp for a
specific application. Based on these data, i.e., a flow of 4 scrmm (141 scfm
and total head requirenent of 88 kPa (26 in Hg), a liquid ring punp or oil-
seal ed rotary vane punp are |ikely vacuum punp candi dates (see Figure 5-12).
Desi gners shoul d al so consi der vacuum punp noi se when determ ning the nost
appropriate punp for a given situation. |In general, operating a punp or bl ower
at a point anay formits optimumefficiency will result in nore noise, and
operating at a higher speed (RPM will also result in greater noise.

h. Selecting Mditor Size.

(1) Once a range of vacuuns and flow rates has been determ ned, designers
frequently consult vendor-supplied performance curves to determi ne the required
nmot or horsepower. An alternate nethod of cal culating the notor power
requi renent for vacuum bl owers based on nass flow rate, head | oss and
efficiency is provided in Chapter 5 of EM 1110-1-4001. For liquid punps, the
power requirement can be estinmated by the follow ng equations (Perry and G een
1984):

Power (kilowatts) = [total dynamic head (m]

x [punp capacity (m/hr)]

x [density kg/ m]

x ef ficiency

+ 3.670 x 10° [ 5-5]
or, in customary English units,
Power (horsepower) = [total dynamic head (ft)]

x [punp capacity (gpm]

x [sp. gravity]

x efficiency

+ 3.96 x 10° [5-6]

(2) In sone cases it may be advantageous to enploy a VSD i nstead of a
throttling device (e.g., valve, flowrestrictor) to regul ate vacuum punp
output. VSDs (paragraph 5-6(f)(8) are the nost efficient method of varying
both fl ow and pressure in vacuum systens (CEGS 11215). Several types of VSDs
are avail able. Mechanical gear VSDs use a handwheel to change the effective
di anmeter of opposing drive wheels, and thus vary the rotational speed of the
out put drive shaft; however, these types of VSDs require nanual adjustnent to
vary notor speed (Perry and Green 1984). In nost MPE systens, electrical or
el ectronic VSDs are nore appropriate. These devices control alternating
current (a.c.) notor speed by varying frequency and vol tage, and can be
configured to automatically and continuously vary notor speed in response to
changi ng system vacuum and flow dermands in real-tine. 1In |larger systens, the
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potential cost savings afforded by automatically adjusting the |oad on the
nmotor in response to vacuum and flow fluctuati ons nmay provide substantial cost
savings (Revelt 1996.) However, not all notors are suitable for use with VSDs.
Consult with the manufacturer to determ ne whether a VSD- conpatible notor is
avail abl e for the specific application.

i. Net Positive Suction Head Considerations for Liquid Punps in MPE
Applications. The follow ng paragraphs provide an overvi ew of net positive
suction head (NPSH) considerations. Additional information on NPSH can be
found in chapter 3 of TM 5-813-9

(1) Wen selecting a punp, one nust determne the required capacity of the
punp and the total dynamc head (TDH) required by the specific application.
TDH is equal to the total discharge head, h, mnus the total suction head, h..
The suction head, h, has a positive value when the free surface of the liquid
bei ng punped i s above the punp inpeller centerline (i.e., a flooded suction
condition), and has a negative value when the liquid level is below the punp
centerline (a suction “lift” condition). The head equivalent to the vacuum
appl i ed above the free surface of the liquid nust al so be overcone when
selecting a punp. Static and friction | osses must be included in the
calculation of h, and h. Calculation of these values is discussed in paragraph
5-6a(5h).

(2) Cavitation in a punp occurs when the pressure of the liquid being
punped is reduced bel ow t he vapor pressure of that liquid (at the system
operating tenperature). This occurs in a punp inpeller as the velocity of the
liquid is increased, resulting in a corresponding reduction in pressure. Gases
within the liquid vaporize, form ng bubbles. These gas bubbles are transported
to zones of higher pressure by the rotating inpeller where they coll apse
i nstantaneously and with great force. Cavitation is often observed as noise
and vi bration and shoul d be avoided, as it can result in excess wear or erosion
of punp internals and dramatically shorten the operating life of a punp.
Cavitation can also greatly reduce the punp’s efficiency resulting in
i nsufficient throughput.

(3) The Net Positive Suction Head Required (NPSH) is the m ninum suction
condition required to prevent punp cavitation, and is equal to the tota
suction head of liquid (absolute) determned at the first stage inpeller datum
m nus the vapor pressure of the liquid (in head of Iiquid punped), required to
prevent nore than 3% loss in total head fromthe first stage of the punp at a
specific capacity (Hydraulic Institute, 1994). NPSH is generally expressed in
terns of a height of a colum of liquid (m Hg, ft of water). Manufacturers
typically plot NPSH, data for a given punp operating a certain speed and
capacity on the punp’'s characteristic performance curve. NPSH, for centrifuga
pumps typically ranges between 22 nmHg (1 ft HO for a high-quality
progressing cavity punp, to 224 mmHg (10 ft HO for |owend flooded suction
centrifugal punps. NPSH, can be greatly influenced by flow rate

(4) The Net Positive Suction Head Avail able (NPSH) depends on the system
| ayout and, to prevent cavitation, nust always be greater (by sone margi n of
safety) than the NPSH, for the intended operating range of the punp. NPSH, is
cal cul ated according to the foll owi ng equation (Driscoll 1986):

NPSH, = h, + h, — h,— h, [5-7]

5-58


http://www.usace.army.mil/inet/usace-docs/armytm/tm5-813-9/

EM 1110- 1- 4010

1 Jun 99
wher e
h, = absolute pressure on the free surface of the punped liquid, in
meters or feet of liquid. This will be equal to atnospheric pressure if
the liquid is in an open tank or well, or can be | ess than atnospheric if

the liquidis in a well or tank under vacuum

h, = static height (in meters or feet) of liquid surface above (positive

s

val ue) or below (negative value) the centerline of the punp intake.

h, = absol ute vapor pressure of the liquid at the punping tenperature, in
meters or feet of liquid. |In mxtures such as gasoline or NAPL/water
systens, this value should be determ ned by the bubble point nethod

(Karassick, et al. 1986)

h, = suction line |osses (in meters or feet of liquid) including
entrance | osses and friction | osses due to pipe, fittings, and val ves.

(5) In an MPE application, the NPSH, of a punp can be thought of according
to the followi ng expression, which is simlar to the equation presented above

NPSH, = (absol ute at nospheric pressure) - (lift + line | osses) -
(vacuumin well or tank) - (vapor pressure of |iquid) [ 5-8]

In other words, the linmting factor for a punp drawing liquid froma well or
vessel under vacuumin an MPE application is:

(lift + line |losses + vacuumin well) = (absolute atnospheric pressure) —
NPSH, - (vapor pressure) [5-9]

(6) As can be seen fromthe precedi ng expression, a dual-punp MPE system
conpri sed of a surface-mounted liquid punp for liquid renoval and vacuum bl ower
for vapor extraction, is limted to shallow water table applications. In this
configuration, the sumof lift, line |l osses and vacuum can not exceed the
di f ference between absol ute atnospheric pressure and the sumof the liquids
vapor pressure and the NPSH. Therefore, a pump with a lower NPSH, will allow
for either greater suction lift or will be capable of overcom ng a stronger
appl i ed vacuum

(7) If a subnmersible liquid punp is used in conjunction with a vacuum
bl ower for MPE, the NPSH, only limts punping when the vacuumin the well
exceeds approximately 609 to 635 mmHg (24 to 25 in Hg). There is no limtation
by depth to water (lift) because the subnersible punp operates in a flooded
condition. Manufacturer's specifications on NPSH, are typically not avail able
for subrersible punps since this application is relatively rare. One can
safely assune a subnersible punp to have an NPSH, of approximately 112.1 nmm Hg

(5 ft HO).

(8) Another common MPE application where NPSH,nust be considered is in the
case of a punp used to transfer fluids froma tank under vacuum such as
transfer punp on a phase separator on the intake side of a dry vacuum bl ower.
The transfer punp NPSH, nust be sufficiently lowas to allow the punp to
overcone the vacuumin the tank without cavitating. Frequently in this

5-59



EM 1110- 1- 4010
1 Jun 99

application, a punp with a very |ow NPSH, such as a progressing cavity punp or
a multi-stage centrifugal punp is required.

(9) Consideration nust be given to prolonged application of vacuumto the
volute (punp inpeller chanber) of a liquid transfer pump. Punps with | ow NPSH,
may allow air | eakage into the volute when the liquid punp is not operating
This may occur when an operating MPE systemrecovers very little water in the
phase separator over the course of several hours, such that the liquid transfer
punp does not cycle on for an extended period. Air |leaked into the volute may
result in the punp losing its prine and not being able to devel op sufficient
suction to overcome the vacuum applied to the phase separator tank by the
vacuum punp. Installing a flapper check val ve or sol enoid val ve between the
vacuum source and the transfer punp intake may alleviate this problem however
the valve will reduce the NPSH, due to the increase in frictional |oss
associ ated with the val ve.

5-7. Instrunentati on and Process Controls. The designer nust carefully
consider instrunmentation and control requirenents of the MPE system A guide
specification for process instrunentation and control is currently under

devel opnment. Designers should refer to this guide specification to deternine

m ni mum standards during the prelimnary process control design stage. A good
i nstrunmentation and control systemdesign will assure that the individua
conponents are coordi nated and operate effectively. Presented in the follow ng
par agraphs are the typical types of instrunmentation and controls normally

i ncluded in an MPE system a discussion on the degree of automation for MPE
systens, and a list of mninmuminstrunmentati on and control requirenents.

a. Instrumentation

(1) Designers may specify various types of instrunentation to nonitor
desired system operating paraneters, including flow, vacuun pressure, |evel
tenperature, etc. Qher specialty sensors that nay be required for certain MPE
applications may include conbustible gas indicators, organi c vapor anal yzers,
and process gas chromatographs. Direct reading instruments and gauges are
preferred to provide the on-site operator with easily obtainable information
The anticipated | evel, and range of |levels, expected for the paraneter that
wi || be measured should govern the accuracy and scal e of measuring devices. |If
the instrunent is properly sized for the application, then an unusually high
degree of accuracy should be unnecessary. Electrical or electronic sensors and
swi tches used in hazardous areas nust be designed for use in these areas. See
paragraph 5-8d for a discussion of hazard classification. Note that al
instrunmentation that may be in contact with potentially explosive conditions
should be intrinsically safe. Most of the instrunmentation discussed in the
fol | owi ng paragraphs can be obtained from manufacturers with adjustable set
point switches, dry contacts, |ow voltage DC output, or 4-20 mA signal out put
that can be integrated with a central control panel or PLC for automnated
control or nonitoring purposes.

(2) Milti-phase fluid flow nmeasurenment with a single instrunent is
possi bl e; however, the instrumentation required is relatively large and
expensive and is not realistically applicable to MPE projects. Flow rates of
the individual phases (gas, water and NAPL) nust be nonitored separately (i.e.
nmeasure gas flow after the phase separator, water flow at the treatnment system
ef fluent and NAPL recovery at the inlet to the holding tank). If it is
critical that gas and/or liquid flowrate fromthe individual wells be
determ ned, individual phase separators may be provided for each extraction

wel I'; however, this is expensive and typically not warranted. In DPE
applications, each well must have the capability to neasure flow of extracted
air and water. It is, however, inportant to neasure dilution air flow rate at
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the individual extraction wells and/or at the extraction blower, as this air
flow nmust be subtracted fromthe total air flowrate to determ ne the actua
flow contribution, and hence contam nant nmass renoval, fromthe subsurface.

(3) Arflow (or velocity) may be neasured using rotaneters, orifice
meters, turbine flow neters, pitot tubes, or hot-wire anenoneters. The process
air flows through rotaneters, orifice neters, and turbine nmeters, while pitot
tubes and anenoneters are typically placed in the flow path to neasure airfl ow
rate. As a result, pitot tubes and anenoneters (which have relatively | ow
pressure drops across them can be either fixed or portable devices. Since
pitot tubes and anenoneters have portable capability, a single device can be
used to nmeasure multiple wells. Between the two, pitot tubes are generally
| ess expensive as they contain only the appropriate piping connections to
nmeasure static and total pressure (where the difference between the two is
given as the velocity head using a differential pressure gauge). Rotaneters
consist of a float nmounted inside a tapered cylinder, which is marked with a
calibrated scale. The fluid flows through annul ar space between the float and
the cylinder wall. The higher the fluid flow velocity, the greater the annul ar
opening required to all ow passage of the flow, and thus the higher the fl oat
will be lifted within the cylinder. Rotaneters provide sinple direct flow
measur enent, al though they have a poor turndown ratio if flows are at the | ower
end of the scale and often result in higher pressure drop than sonme of the
other types of neters. Oifice neters neasure the pressure drop across an
orifice (reduced dianeter section) installed in the airflow path to determne
air velocity or flowin through a pipe. Turbine flow neters typically consist
of a paddl ewheel sensor that is turned by the flowing air stream The rate of
revol uti on of the paddl ewheel is converted to flowrate. Pitot tubes and
differential pressure gauges can be used to neasure air velocity in a pipe.
Specially calibrated gauges (i.e., for a specific size pipe) are available to
allow direct reading of flowrate based on differential pressure. Pitot tubes
and anenmponeters are both sensitive to the position of the nmeasurenent device in
the pipe and to noisture or liquid droplets in the air stream Hot wre
anenonet ers measure tenperature change across a resistive elenent to deternine
air velocity. Anenoneter readouts are typically provided with selectable scale
ranges to provide good turndown ratio over a wide range of air velocity (flow)
conditions. The best nmethod of airflow neasurenent depends on the
configuration of the system |ocation of the desired flow nmeasurenent, etc.,
and therefore shoul d be sel ected based on the specific application. Note that
the airfl ow nmeasurenent device should typically be located within a straight
run of piping, at least 5 pipe dianmeters upstream and 10 pi pe di aneters
downstream of the nearest flow interference or piping direction change.

(4) Water flow can be nmeasured using pressure type neters simlar to those
used for air neasurenent such as orifice neters, nozzle meters, or venturi
meters (Munson et al. 1990). More commonly in MPE applications, volunme flow
meters such as rotaneters, turbine flow neters, paddl e wheel, or nagnetic flow
neters are used. Rotameters are used to neasure flowrate in a pipe
D sadvant ages of rotaneters include high pressure drop across the neter and
potential for clogging since the float in the rotaneter acts as a collection
poi nt for any suspended solids within the water stream Turbine flow neters
are used to neasure flowrate or total flow (using a totalizing neter). These
meters provide a wide range of flow at relatively |ow cost. Paddl e wheel flow
neters can nmeasure flow rate or total flow These neters provide very | ow
pressure drop but are generally nore expensive. Both turbine and paddl e whee
meters can be used for renote fl ow sensing. Mgnetic flow nmeters al so provide
very |l ow pressure drop. These neters are al so very useful for water streans
wher e suspended solids may be present, as they are not easily fouled. Fouling
may occur fromprecipitated nmetals or bacterial growh (biofouling), which can
cause significant errors in flow neter accuracy. Magnetic flow neters are,
however, the nost expensive of those discussed here. |n applications where
gravity flow of water in a pipe exists, open channel flow neters that neasure
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partial flow in pipe are required. The volume flow neters di scussed above
apply only to full-flow applications

(5) Typically it is desirable to nmeasure vacuum applied at the individua
wel | heads, at intermediate points in the system(i.e., at header/nanifold
joints), at the vacuumblower, and at the dilution air inlet. This vacuum
measurenent will give the operator an idea of how well bal anced the
vacuuni pressure is at various |ocations throughout the system Vacuum or
pressure sensors are available in many varieties, including manoneters,

di aphragm sensors, and Bourdon tube sensors. Manoneters may be U shaped or
inclined, and are typically used for obtaining precise differential pressure
measurenents. These devices are not frequently used in field MPE applications,
but field portable nanoneters are avail able. D aphragm sensors neasure the
nmotion of a rubber or netallic diaphragm and use a mechanical, electrical,
magnetic or optical mechanismto convert this physical notion to a

pressure/ vacuumreadi ng on a calibrated gauge. The widely used Magnahelic
gauges manuf actured by Dwyer Instruments (Mchigan Gty, IN are diaphragm
sensors. Bourdon tube pressure gauges typically consist of a sem-circular
piece of netallic tubing, fixed in position at one end, while the other end is
allowed to flex or nove in response to varying pressure. Bourdon tube

i ndi cati ng mechani sns, as wi th di aphragm sensors, nmay be nechani cal

el ectrical, magnetic or optical. Many common di al -i ndi cator pressure gauges use
Bour don tube sensors.

(6) Level sensors nmay be sinple sight glasses, or may include fl oat
sensors, conductivity sensors, optical sensors, radio-frequency sensors, or
proximty sensors. Typically used float sensors may be lever arnms with floats,
or float balls of a specific gravity that allows themto rise and fall with
changes in the level of the liquid being measured. Conductivity sensors
typically consist of a ground probe and one or nore additional probes to detect
the presence of a conductive liquid (i.e., water). Optical and radio frequency
| evel sensors typically use an emitter and receiver to determine the position
of aliquid surface relative to the position of the sensor. Proximty sensors
are non-contact sensors that typically use capacitance to detect the presence
or absence of a conductive liquid. Proximty sensors can be mounted on the
outside of a tank to detect the level of aliquid within that tank. More
informati on on | evel sensors can be found in TM 5-813-9, Chapter 3.

(7) Tenperature sensors may be bi-nmetal thernoneters, thernocouples, or
infrared tenperature sensors. Bi-netal thernoneters typically consist of a
coil comprised of two dissimlar netals with different thermal expansion
properties. Bi-netal thernoneters are typically used in MPE system
applications. The differential expansion or contraction of the two netals is
nmechanically or electrically converted to a tenperature reading on a calibrated
scale. Thernocouples are calibrated bi-netallic elenents that enploy a snal
vol tage across the dissimlar netals at the neasuring end. Voltage changes as
a known function of tenperature. Infrared tenperature sensors use a calibrated
infrared detector to determ ne the tenperature of a process stream

(8) In certain applications it nay be desired to continuously nonitor for
potentially expl osive conditions (i.e., on the intake of a thermal or catalytic
oxi di zer, or within the atnosphere of a hazardous area) using a conbustible gas
indicator (CA). CAs may be used for continuous or periodic nonitoring for
expl osi ve conditions; however, they may not be necessary if expl osion-proof
control wiring is used. It may al so be desirable to continuously record
i nfluent and/or effluent vapor concentrations using a dedicated organic vapor
anal yzer (photoionization detector [PID], flane ionization detector [FID],
etc.) or a process gas chromatograph (GC). PIDs and FIDs will record total
hydr ocarbons, while the GC will differentiate between individual hydrocarbon
species. PIDs are the easiest to operate, requiring no external fuel or
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standards; however, sonme conmpounds nmay not be detected or may have poor
response factors. FIDs deternmine total hydrocarbon concentration through
conmbusti on of the sanple stream and therefore require a fuel source. Bottled
hydrogen is typically used. PIDs and FIDs require regular (e.g. daily)
calibration. GCs required trained chemsts to prepare calibration standards
and interpret results.

b. Process Controls. A description of process control design el enments for
a typical soil vapor extraction/bioventing systemis presented in EM 1110-1-
4001, Chapter 5. These sane basic mninumdesign elenments are required for an
adequate and conpl ete MPE system design. A full MPE system design should
i nclude the el enments discussed in Chapter 6, Design Documentation. As
di scussed in Chapter 6, a full MPE design should also include a Process Fl ow
Di agram The process flow di agram shoul d show the fl ow pat hways through the
extraction and treatnment systemfor the various fluid phases, and provi de nass
bal ances and flow rates for each phase throughout the extraction and treatnment
system

(1) Control Needs. In a typical MPE system the follow ng systens
typically require control

(a) Flowrate: Mnitoring and controlling fluid (gas, water, NAPL)
extraction rate is inportant to assess the progress and optim ze the
performance of the renedial activity. Contam nant concentration and extraction
rate over tine can be used to estinmate nmass renoval of the MPE system In
multi-well systems, flow fromthe various extraction wells nust be bal anced or
adjusted to maintain opti mum mass renoval and areal influence. Control of flow
fromindividual wells is typically done with manual control valves |ocated at
t he wel | head.

(b) Vacuuni pressure: Vacuum application can be controlled through the use
of dilution (air inlet) valves positioned either at the extraction well head or
at the extraction blower, or by adjusting the frequency of the VSD, if used.
Vacuum and pressure relief valves should be installed at appropriate |ocations
to protect blowers, punps, tanks and ot her vessels from excessive vacuum or
pressure, as applicable.

(c) Liquid level: MPE systens nust be equipped with liquid |evel controls
to operate transfer punps and prevent tank over fills. Level sensors, swtches
and al arns should be installed at appropriate locations to control filling and
di schargi ng of tanks and vessels, and to activate an alarmin the event of a
hi gh-1 evel condition

(d) Tenperature: The tenperature of exhaust gases and lubricating or
sealing fluids should be controlled to prevent operation of the MPE system
outside allowable limts. Operation at excessively high tenperatures may
result in damage to bl ower or punp notors or and/or seals. Tenperature of off-
gas control equi prment (e.g., carbon adsorbers, oxidizers) must be controlled to
all ow operation within a safe and efficient range.

(2) Degree of Autonation

(a) The degree of automation required for an MPE systemis dependent on
the size and conplexity of the system the renpteness of the system | ocation,
and upon owner or regulatory agency specified nmonitoring and control
requi renents. In general, process controls may be either local (i.e., control
el ements are nounted adj acent to equi pnment being controlled), central (i.e.
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control elenents are nounted at a central control panel or operator station),
or renote (i.e., systemcontrols are accessed via nodens or radio telemetry).

(b) Designers must recognize that there are capital and mai ntenance costs
associ ated with automati ng system controls and shoul d be selective as to which
process itens are specified for autonmated control. For active sites with
readily availabl e technicians to nonitor process conditions and respond to
potential problens, minimal automation is required. By contrast, at unattended
renote sites, it may be desirable to enploy a state-of-the-art supervisory
control and data acquisition (SCADA) systemto nonitor system progress and
al ert operations personnel in the event of an alarmcondition. SCADA systens
typically conprise a programmble logic controller (PLC) with various
instrunmented i nputs and outputs. Software specially configured to each site
can provide the user with a graphical interface to observe a digital “picture”
of the systemoperation in real time. SCADA systens can be used to nonitor,
adjust and record system flow, vacuunipressure, and liquid levels, alternate
operation of extraction wells, record influent and effluent concentrations for
determ ni ng mass renoval and verifying permt conpliance, and initiate proper
syst em shut down procedures and notify nmai ntenance personnel in response to an
alarmcondition. Installation of a full SCADA system including the PLC the
SCADA software and custom zed program plus purchasing, installing and
mai ntaining all of the required nonitoring instruments can add a significant
cost to a project. Adequate consideration nust be given to the availability of
mai nt enance personnel, potential systemfailure conditions, and the risk
associated with the various types of potential failures in conparison with the
costs and benefits of enploying a conplete SCADA system |n npbst cases, a
centralized control panel equipped with either a renote annunciator (light or
horn) or telenetry capability to signal an alarmcondition will be sufficient.

5-8. Electrical Requirenents. All electrical equipnent and wiring rmust conply
wi th NFPA-70, the National Electrical Code (NEC), and applicable |ocal codes
and standards. EM 1110-1-4001, Chapter 5, provides a discussion of electrica
systens planning, including: identification of applicable codes and standards,
determ ni ng hazard area classification, electrical conduits, notor selection
heat tracing, and fire protection.

a. External Protection. El ectrical conduits, enclosures and notors shoul d
be selected with the anticipated operating conditions in mnd. At a m ninum
desi gners shoul d consider the potential for dirt and dust accunul ati on, water
(drips, mst or spray as applicable), contact with corrosive |liquids or vapors,
and the hazard classification in which the itemw Il be |ocated. The Nationa
El ectrical Manufacturer’s Association (NEMA) has established standards for
manuf act ure of enclosures to protect electrical equipnent fromvarious
envi ronmental hazards. Table 5-7 provides a description of the various NEVA
encl osure nunbers and their designated usage. Conduits should be specified to
be resistant to external corrosion fromnoi sture and/ or exposure to acids or
caustics including vapors, if neutralizing/scrubbing waste froma process
treating chlorinated hydrocarbon contam nated water (e.g., air stripping) is
used. Corrosion protection for electrical conduits should at a m nimumi ncl ude
external gal vanizing for netallic conduit, and if warranted may include PVC
coating of netallic conduit. Were allowed by the NEC, PVC or ABS conduit may
be used. For highly corrosive environnents, fiberglass reinforced plastic
(FRP) enclosures may be required to protect electrical devices. In highly
corrosive environments, stainless steel hardware (nuts, bolts, pipe hangers,
clanps, etc.) should also be specified. Protection of systemoperators from
electricity and nechani cal equi prment nust al so be consi dered. Quards and
shi el ds around notors, belts and other noving parts should be installed in
accordance wi th manufacturer specifications. Piping exposed to extrene
tenperatures should be insulated and | abel ed. Health and safety procedures
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(e.g., lock-out/tag-out) must be foll owed (see paragraph 9.4) to ensure
protection fromelectrical equipment.
TABLE 5-7
NEMA Enclosure Classifications (Ametek Rotron 1998)
NEMA Type 1 - Ceneral Purpose - Type 6 - Subnersible, Watertight,
| ndoor Dusttight and Sl eet
Resi st ant - | ndoor and
Qut door
Type 2 - Dripproof - Indoor | Type 7 - dass |, Goup A B, Cor

D Hazar dous Locati ons;
Ai r-break Equi pnent - ndoor

Type 3 - Dustti ght, Type 8 - dass |, Goup A B, Cor
Rai ntight and Sleet (Ice) D Hazardous Locati ons;
Resi stant - CQutdoor G| -imersed Equi prent -
| ndoor
Type 3R — Rainproof and Sleet | Type 9 - Cass Il, Goup E, For G
(lce) Resistant - Qutdoor Hazar dous Locations; Air-
break Equi pnent - | ndoor
Type 3S — Dusttight, Type 10 -Bureau of M nes

Rai ntight and Sleet (Ice)
Proof - CQutdoor

Type 4 - Watertight and Type 11 - Corrosion Resistant and

Dusttight — Indoor Dripproof; G -inmersed -
| ndoor

Type 4X - \Watertight, Type 12 -Industrial Use, Dusttight

Dustti ght and Cor r osi on and Driptight - 1ndoor

Resi stant - | ndoor

Type 5 - Superseded by Type | Type 13 -G ltight and Dusttight -

12 for Control Apparatus | ndoor

b. Modtors.

(1) Motor enclosures have been devel oped to protect notors froma variety
of environnental hazards typically encountered. Table 5-8 presents a sumary of
avai |l abl e notor encl osures and their intended use. Commonly used notor types
in MPE applications are open drip-proof (ODP), totally enclosed fan cool ed
(TEFC) and expl osion proof (XP). Unless otherw se required based on expected
envi ronnmental conditions, CDP notors should be specified. CODP notor enclosures
essentially protect the motor fromdripping liquids or solids. TEFC notors
incorporate a sealed (but not airtight) housing with an integral shaft-nmounted
fan to blow cooling air across the motor frane. TEFC notors are typically used
when the notor may be located in a dusty or dirty environment. XP notors are
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totally encl osed notors whose casing and conduit box are designed to wthstand
and contain an expl osion, and prevent the surroundi ng atnosphere fromigniting
due to an expl osion occurring within the casing.

TABLE 5-8

Motor Enclosures & Typical Uses (Revelt 1996)

A PRIMER ON MOTOR ENCLOSURES

A broad range of electric-notor enclosures is available. Enclosures can nost
easily be visualized in terns of descriptions of notors that enploy them The
descriptions given here present the enclosures that are nost w dely used

An pen Mbtor is one having ventilating openings that pernit passage of
external cooling air over and around the w ndings

A Drip-proof Mbtor is an open nmotor in which the ventilating openings are so
constructed that drops of liquid or solids falling on the machine at any angle
not greater than 15 deg fromthe vertical cannot enter the machine

A Quarded Mbtor is an open notor in which all ventilating openings are limted
to specified size and shape to prevent insertion of fingers or rods, so as to
avoi d accidental contact with rotating or electrical parts

A Spl ash-proof Mtor is an open notor in which the ventilating openings are so
constructed that drops of liquid or solid particles falling on the machine or
coning toward the machine in a straight line at any angl e not greater than 100
deg fromthe vertical cannot enter the nachine

A Totally Encl osed Mbtor is a motor so enclosed as to prevent the free
exchange of air between the inside and outside of the case, but w thout being
airtight

A Totally Encl osed Nonventilated (TENV) Mtor is a totally enclosed notor that
is not equipped for cooling by neans external to the enclosing parts

A Totally Encl osed Fan- Cool ed (TEFC) Motor is a totally enclosed motor with a
shaft-mounted fan to bl ow cooling air across the external frame. It is a
popul ar notor for use in dusty, dirty, and corrosive atnobspheres

A Totally Encl osed Bl ower-Cool ed (TEBC) Mdtor is a totally enclosed notor
equi pped with an independently powered fan to blow cooling air across the
external frame. A TEBC notor is commonly used in constant-torque, variable-
speed applications

An Encapsul ated Mtor is an open notor in which the windings are covered with
a heavy coating of material to protect themfromnoisture, dirt, abrasion, and
other difficult environnents. Sone encapsul ated motors have only the coi
noses coated. |In others, the encapsul ation material inpregnates the w ndings
even in the coil slots. Wth this conplete protection, the notor can often be
used in applications that call for totally enclosed notors

An Expl osi on-proof Mtor is a totally enclosed notor designed and built to
wi t hstand an expl osi on of dust, gas or vapor within it, and to prevent
ignition of dust, gas of vapor surrounding the nachine by sparks, flashes or
expl osi ons that may occur w thin the machine casing

It is strongly recommended that all personnel involved with notors be famliar
with, and adhere to, NEMA Standard M®, "Safety Standard for Construction and
Quide for Selection, Installation and Use of Electric Mdtors and Generators."

(2) Unless otherwi se specified, notors and el ectrical equipnent should be
designed to operate on standard utilization voltages presented in Table 5-9.
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TABLE 5-9
Utilization Voltages (EM 1110-1-4001)
Servi ce Utilization Voltage Syst em Nomi nal
Vol t age
Mot ors bel ow 115 v, 1-Phase, 60 Hz 120 v
1/2 HP 208 v, 1l-phase, 60 Hz 240 v
Mot ors bel ow 460 v, 3-Phase, 60 Hz 480 v
1/2 HP to 200 HP 230 v, 3-Phase, 60 Hz 240 v
200 v, 3-Phase, 60 Hz 208 v
Li ghti ng 115/ 200 v, 3-phase, 60 Hz, | 120/208 v
4-wire 480 v
460 v, 3-phase, 60 Hz, 3- 480/ 277 v
wire
460/ 265 v, 3-phase, 60 Hz,
4-wire
Noncritical instruments; | 115 v, 1-phase, 60 Hz 120 v
power and control
t el ephone equi pnent
Tel econmuni cat i on 48 v DC -
equi prent
Shut down syst ens, 24 v DC -
al arnms, instrunentation with battery backup
Critical loads that do 120 v, 1-phase, 60 Hz -
not pernmit interrupt
Swi t chgear control 125 v DC -
Heat tracing 265/ 460 v, 3-phase, 60 Hz 277/ 480 v
115 v, 1l-phase, 60 Hz 120 v

c. System Voltage. Typically, single-phase power is used for notors |ess
than % horsepower (Fuchs 1992; EM 1110-1-4001). Three phase 208/ 120V or
240/ 120V power should be used for notors over % horsepower when system | oadi ng
is less than approxi mately 75 KVA. For loading in excess of 75 KVA, three
phase 480/ 277V power should be used. The reason for this is nainly econonics.
Qperating notors at higher anperages results in increased capital cost for
branch circuit and notor protection equi pnent, and significantly higher
operating electrical costs. To determine systemKVA |oad, multiply the
operating (namepl ate) anperage by the utilization voltage (start with the | ower
avail abl e utilization voltage). Sumthe KVA |oads for all equiprent, including
lighting and heaters. |If total systemload exceeds 75 KVA at the | ower
utilization voltage (e.g., 208/120), recalculate the KVA |l oad for a 480/277-
volt system

d. Hazardous (C assified) Locations (NEC Article 500).

(1) Locations where flamuable or potentially flamable vapor
concentrations or conbustible dust may accunul ate nay be classified as
hazardous | ocati ons under NEC Article 500. EM 1110-1-4001, Chapter 5 presents
general guidance on determ ning the hazard classification of an area
Addi ti onal guidance on classification of hazardous areas may be found in NFPA
497, dass | Hazardous Locations for Electrical Installations in Chenica
Plants, and in APl RP500A, Cassification of Locations for Electrica
Installations in Petroleum Facilities classified as Class | Division 1 and
Di vision 2.
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(2) dass |, Dvision 1 and 2, and dass Il, Dvision 1 and 2, atnospheres
may be encountered at MPE sites. Cass | areas are areas where flamuabl e gases
or vapors may be present in potentially explosive quantities. Cass Il areas
are areas where conbustible dust is present in potentially explosive
quantities. In general, Division 1 |ocations are areas where a potentially

expl osi ve concentration or quantity exists under nornal operating or

mai nt enance conditions, while Division 2 | ocations are those | ocations where
potential ly explosive conditions would typically only exist in the event of
some failure (i.e., rupture or equi pnment breakdown). Refer to the NEC and
ot her applicable codes for specific direction on classification of hazardous
areas. Designers nust use reasonable care and discretion when classifying
areas as hazardous, as considerable additional expense will be required for
el ectrical equipnment installed in classified areas.

(3) Werever possible, designers should strive to limt the anount of
equi prent, sensors and controls that nmust be |ocated in hazardous areas. Were
practicabl e, equi pnent such as control panels and notor starters should be
located in unclassified areas. As an alternate to using (XP) encl osures for
control panels in hazardous |ocations, NEC article 500-2(a)(3) allows the use
of purged and pressurized encl osures in hazardous areas. This nethod is
typically significantly less costly than installing XP encl osures. For
addi ti onal gui dance on the use of purged and pressurized encl osures, designers
are referred to NFPA 496, Standard for Purged and Pressurized Encl osures for
El ectrical Equiprment. 1In addition, intrinsically safe sensors and controls may
be substituted for XP sensors |ocated in hazardous areas, in accordance with
NFPA Article 500-2(a)(4), and in accordance with ANSI/UL 913-1988
Intrinsically Safe Apparatus and Associ ated Apparatus for Use in Cass I, dass
Il and I'l1l, Division 1, Hazardous Locations. Designers nust note that
intrinsically safe sensors require the use of intrinsically safe relays, and
that intrinsically safe wiring must be physically separated from non-
intrinsically safe wring.

e. FElectric Service. |If the MPE site is on a Mlitary Reservation, the
electric utility is nornmally owned and operated by the Governnent. The design
agent will design any connections or extensions. If CGovernnent-owned el ectric
supply is not available, the local utility conpany will provide services,
usually up to the transforner secondary, and at tines the service entrance
conductors to the site. It is the designer’s responsibility to clarify what
service the local utility will provide and what services will be the
construction contractor’s responsibility. Local utility connection charges can
be expensive (around $30,000/nile of three-phase Iine) and may take severa
weeks or nore to schedule with the utility. Designers should verify power
availability, cost, and tinme for electrical services at the earliest possible
opportunity.

5-9. Waste Stream Treatnent Qptions. Of-gas treatnent and wastewater
treatment will be discussed briefly in this section. A conplete discussion of
the design of em ssion control or wastewater treatmnment devices is beyond the
scope of this manual. O her existing USACE gui dance docunents are available to
assist with the evaluation and design of waste treatnent devices. Designers
shoul d consult the Federal Renedi ation Technol ogi es Roundt abl e (FRTR)
Renedi ati on Technol ogi es Screening Matrix and Reference Guide (Van Deuren et

al. 1997) for use in conducting prelimnary screening of avail able treatnent
alternatives. This guidance is available in print formthrough NTIS or via the
Internet at http://www. frtr.gov. Prelinmnary treatnent system capital and
operating costs from other governnment remnedi ati on cost data source docunents
are incorporated into the Screening Matrix GQuide to allow the designer to nake
a prelimnary estimte of waste treatnment costs. 1In addition, the USACE has
devel oped several gui dance docunents to assist designers with establishing
requi renents for waste treatnent equi pnent, including
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. CEGS- 11225 (Cct

. 1995, Feb 1997) Downfl ow Liquid Activated Carbon
Adsorption Units.

. CEGS- 11226 (DRAFT In Progress) Vapor Phase Activated Carbon
Adsorption Units.

. CEGS-11301 (Novenber 1991, July 1997) Air Stripping Systens.
. CEGS- 11377 (July 1997) Advanced Oxi dati on Processes.

. EP 1110-1-21 (1997) Air Pathway Analysis and Design of HTRW Renedi al
Action Projects.

a. Of-gas. Of-gas contam nant mass |loading in MPE applications is
typically high due to several factors: 1) MPE technol ogies are often used at
sites where NAPL is present; 2) the high vacuums may vol atilize nany | ow vapor
pressure contam nants; 3) turbulence in a TPE drop tube tends to cause it to
act as an in-pipe air stripper, transferring volatile contam nant mass to the
vapor phase; and, 4) dewatering or desaturating of the capillary fringe during
MPE rmay expose adsorbed contam nants to airflow for subsequent collection by
the MPE system The FRTR provides a summary description of a nunber of
comonly used off-gas treatnent technol ogies. The off-gas treatnent
technol ogi es di scussed in the FRTR i nclude: thermal oxidation, catalytic
oxi dati on, condensation, carbon adsorption, resin adsorption, biofiltration,

i nternal conbustion engines, and flares. Additional information can also be
found in Principles and Practice of Bioventing, Volume II, Appendix D - Of-Gas
Treatnment Options (Leeson and H nchee 1995). Applicable concentration range,
capacity range, renmpval efficiency, secondary waste streans, advantages and
limtations of each technology are presented in tabular formin EM 1110-1-4001

b. Goundwater.

(1) If contaminant concentrations in the extracted groundwater are |ow
enough it may be possible to discharge the extracted groundwater directly to
the I ocal POTWor to a NPDES discharge point; however, this is rarely the case,
and treatnent of the extracted groundwater is generally required. Once the
phase separation has been conpl eted, groundwater treatnent in MPE applications
is simlar to other remedi al technol ogies that require treatnent of recovered
groundwater. Selection of the groundwater treatment alternative will depend on
the groundwater flow rate, contami nant type and concentration, discharge permt
limts, presence of other constituents in the water (e.g., iron, nanganese,
cal ciun), secondary waste stream generation, and capital and operating costs.

(2) Typical groundwater treatnment methods for organi c conpounds include

. Air stripping.

. Li qui d- phase carbon adsorption
. Advanced oxi dation processes .
. Ex-situ bioreactors

5-69


http://www.usace.army.mil/inet/usace-docs/eng-manuals/em1110-1-4001/toc.htm
http://w2.hnd.usace.army.mil/techinfo/cegs/pdf/11225.pdf
http://w2.hnd.usace.army.mil/techinfo/cegs/pdf/11226.pdf
http://w2.hnd.usace.army.mil/techinfo/cegs/pdf/11301.pdf
http://w2.hnd.usace.army.mil/techinfo/cegs/pdf/11377.pdf
http://www.usace.army.mil/inet/usace-docs/eng-pamphlets/ep1110-1-21/toc.htm
http://www.frtr.gov/matrix2/

EM 1110- 1- 4010
1 Jun 99

. Resi n adsorpti on.

(3) These groundwater treatnent technol ogi es have all been applied as
full-scale treatnment technol ogi es at government and private sites. Designers
shoul d consult the FRTR Renedi ati on Technol ogi es Screening Matri x and Reference
Quide (Van Deuren et al. 1997) for informati on necessary to performa
prelimnary screening-level evaluation of the applicability of these various
technol ogi es. Once inapplicable technol ogi es have been screened out, the
desi gner shoul d contact water treatnent technol ogy vendors to discuss the
design basis and establish prelimnary conmponent sizing, estimted renova
efficiencies, and estinmate capital and O8&M costs.

c. NAPL. Recovered NAPL is typically stored in a tank and mani fested off
site as a hazardous waste. |If the recovered NAPL is sufficiently pure, free of
sediment, and has a sufficiently high heating value, it nay be possible to use
the recovered NAPL as supplenmental fuel for a thermal vapor-phase treatnent
device (i.e., catalytic oxidation, thermal oxidation, internal comnbustion
engine or flare). This approach will elimnate one waste streamfromthe
project and will reduce treatnent costs for another waste stream Use of this
approach is very site specific but should be considered in appropriate cases.
Anot her option may be to send the recovered NAPL to an off-site recycler.

d. Emulsions. G l-water emrmulsions may occur during simultaneous
extraction or transfer of groundwater and NAPL. The presence of enulsified oil
inliquid effluent will typically result in a violation of discharge perm:t
limts for total oil and grease, and/or for total toxic organics. Refer to
paragraph 5-6d(3) for a discussion on nethods of breaking or treating oil-water
emul si ons.

5-10. QOher System Appurtenances and Desi gn Consi derations.

a. Buildings or Enclosures.

(1) Typically, MPE systens are housed in an existing building, in a shed,
or in atrailer. Enclosures housing MPE equi prent shoul d be equi pped with
adequate electrical power, heating, lighting and ventilation. The sel ected
encl osure may serve several purposes, such as: 1) protect the MPE equi prent
fromsunlight, precipitation and/or freezing, 2) reduce the chances of danage
due to vandalism and 3) reduce external noise pollution.

(2) Although the enclosure nmust be sturdy enough to wi thstand wi nd and
snow | oads, designers should be frugal when designing the MPE encl osure.
Equi pnent should be laid out to utilize interior space efficiently without
being so cluttered as to make mai ntenance activities difficult. For sites
where a portion of the MPE system enclosure will be classified as a hazardous
area, it is often desirable to install a barrier wall to separate the
classified and uncl assified areas. Designers should strive to include
engi neering controls (e.g., negative pressure air handling, ventilation, and
| ocating fugitive em ssion sources outside of enclosed spaces) to prevent the
need to have continuous nonitoring for explosive conditions. Service panels,
control panels, disconnect sw tches, and other conponents can be |ocated in the
uncl assified area to reduce the anount of electrical equi pnment within the
classified area. As an alternative, service panels, control panels and
di sconnects can be nounted on the exterior of the building. Electrical
component s nount ed outside should be covered with a roof and secured to prevent
danmage or vandal i sm
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b. Surface Covers. Surface covers or inpermneable caps are used to reduce
infiltration and to prevent or reduce short-circuiting of airflow Surface
caps may be constructed of asphalt or concrete, or nmay be a synthetic materi al
such as high-density pol yethyl ene (HDPE) or | ow density pol yet hyl ene (LDPE)

Exi sting pavenment may require the application of an asphalt sealer to reduce
air |eakage. It should be noted that existing pavenent is not considered an
adequate seal if it was installed with a base course. Refer to EML110-1-4001
Chapter 5, for additional information on use and effectiveness of surface
covers.

c. Barrier Walls.

(1) Barrier walls nmay be used to contain NAPL migration. Barrier walls
may be constructed of soil-bentonite (S-B) slurry, steel (or plastic) sheet
piles, pressure-injected grout curtains or a synthetic nmaterial (e.g., HDPE)
USACE gui dance indicates that S-B slurry cut-off walls have repl aced the use of
traditional cutoff barriers such as steel sheet piles or grout curtains at
hazardous waste sites. Slurry wall barriers are constructed by excavating a
relatively narrow vertical trench, typically 0.6 to 1.5 m(2 to 5 ft) wi de,
through a pervious soil stratumto an underlying inpervious |ayer. The trench
is filled with a bentonite-water slurry during excavation to stabilize the
trench walls, - allowi ng excavation to continue through the slurry, to the
desired depth. Once the desired depth has been reached, the slurry trench is
backfilled with a soil/bentonite/water m xture designed to provide a | ow
permeability barrier wall (107 to 10° cmisec). Designers should consult guide
speci fication CEGS 02444, Soil-Bentonite Slurry Trench for HTRW Projects, and
ot her USACE reference docunents if considering use of an S-B cut-off wall.
Installation of sheet pile barrier walls may be perfornmed using conventi ona
i mpact or vibratory pile driving techniques. Installation of a synthetic
barrier may be acconplished by conventional cut and cover excavation
techni ques, or the designer nmay opt to consider a one-pass trenching nethod to
install a vertical HDPE barrier. The type of barrier wall should be selected
based on the specific installation configuration, required installation depth
contami nant type, and installation cost.

(2) Designers must consider the potential for groundwater to nound up
behind a barrier wall and, either over-top the barrier wall or flow around the
limts of the barrier wall. Therefore, barrier walls should, at a m nimm
i ncorporate water |evel nonitoring piezonmeters on either side of the barrier
Because groundwater and NAPL will build up behind (upgradient of) the barrier,
it is generally beneficial to install groundwater recovery wells/trenches, MPE
and/ or SVE on the hydraulically upgradient side of the barrier. |If a barrier
wall is contenplated to contain DNAPL mgration, the designer nmust carefully
consi der whether potential detrinental effects could result during construction
of the barrier that could nobilize the DNAPL or allow DNAPL to migrate to
previ ously uncontam nated sub-strata. Refer to other USACE gui dance for
additional information on design requirenments and consi derations for
construction of vertical barrier walls.

d. Freeze Protection. Heat tape is typically used to provide freeze
protection for exposed piping. Heat tape is rated in power output per unit
di stance (e.g., watts per foot). Calculate the estimted heat | oss based on
the type of piping, and the expected tenperature difference between the process

water and the outside air. It is generally best to use a self-regulating heat
tape as opposed to a constant wattage heat tape to prevent the heat tape from
overheating. |If heat tape is to be used in a classified area (e.g., inside a

wel | vault where NAPL is present), consult the manufacturer regarding their
procedures for approving the use of their product in a classified | ocation
Many manufacturers will require a design review and use of XP termination kit
accessories before approving the use of their product in a classified | ocation
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Heat tape should always be covered with insulation to retain the heat,

ot herwi se the heat input will be dissipated in the surrounding soil or

at mosphere. Insulation should be suitable for wet conditions (e.g., closed
cell foam) since water nmay condense on the outside of the piping and because
out si de pi ping may be exposed to precipitation. For |ong-term MPE projects,
exposed insul ation should be coated or covered to prevent photo-degradation.
More informati on on insulation can be found in CEGS 15080, Thermal |nsulation
for Mechani cal Systens.

e. Alarnms. Qher appurtenances such as audible alarns and warning |lights
may al so be included as part of a MPE system Alarnms an warning |lights nay be
| ocated within the treatnent systemenclosure to alert on-site operators or
| ocated outside of the building in order to notify outside sources (e.g.,
facility personnel not associated with the MPE systen) that the systemis in
alarmcondition. MPE systens may al so be equi pped with renote alarm
notification that will call the system operator via an autodi al er should the
systemgo into alarm condition.
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