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have shown that rates can vary by as much as an orger
of magnituce between peax periods. For gesign of oxy-
gen gelivery systems, respiration rates shouls be meas-

the peax season, typically auring late

ure dunng
summer.

If oxygen utilization rates were determined during per-
oas of low activity, i is necessary to adjust the rates to
the maximum level before making size calculations. The
van't Hoff-Arrhenius equaton can be used lo predict
oxygen utilization rates given an initial rate and tempera-
ture. 8 the activation energy, E a.» must ve xnown for the
site. Alternatvely, E a foune from another site can be
used, recognizing the temperature-adjusted rate is only

a rough estimate. The following example illustrates a

typical adjustment.

Example 1-9. Temperature Adjustment of Oxygen Ulili-
Zaljon Hate: the oxygen utlization rate was measured

in January at a site in Cheyenne, wyoming. The rate

was determined to be 0.75 percent/day (0.031 per

cent/hour). The lémperature in the soil was measured at

4°C. Previous lemperature measurements at the site

have indicated that soil temperatures in August average

approximately 24°C (i.e., 20°C higher than the tempera-

ture measured suring January). The temperature adjust-

ment to the rate for sizing calculations is as follows:

Using the van’t Hof-Arrhenius equation (Metcalf & Eday,
1979):

Integration of this equation between the limits T 1 (277°K)

ana T , (297°K) gives:

ke Ea(ra-T1)

In

Ko RriT 2
where:
ky = temperature—orrectes oxygen utiization
rate (%o O2/say)

Ko = baseline reaction rate = 0.7s%/day
Es = actvation energy 9 - 13.4 keal/mole

R = gas constant = 1.987 cal/*K-mole

T1 = absolute temperature for K o = 217°K
T2 = absolute temperature for k v = 297°K

8 See Volume | for a discussion of the effect of temperature on micro-
bial activity.

? Calculated from a different feld sie. See Example 3-2 in Volume |
for a gescription of the calculation of the activation energy.

(13,300 calimole) 1297°K - 277°K)}
cal ’

o/
kT ={o7s 7o e (1,987m (297K} 277°K) J
aay
%
kr=39 =
day

As seen in this calculation, the site would require ap-
proximately five times greater oxygen delivery rate in the

summer.

1.5 Soil Gas Permeability and Radius of
Influence

In situ respiration rates may be used to calculate the
required air flow rate to satsfy oxygen demand at a
given site; 10 however, detemmining the distance air'can
physically be moved also is necessary. An estimate of
the sail’'s permeavility to fluig flow (k) and the radius of
influence (R |} of venting wells are both important ele-
ments of a full-scale bioventing design. Onsite testing
provides the most accurate estimate of soil gas perme-
ability. Onsite testng also can be used to determine the
radius of influence that can be achieved for a given well
configuration and flow rate. These data are used to
design full-scale systems, specifically o space venting
wells, to size blower equipment, and to ensure that the
entire site receives a supply of oxygen-rich air to sustain

in situ biodegradation.

Soil gas permeavility, or intrinsic permeability, can be

gefined as a soil's capacity for fluid flow and varies
according to grain size, soil uniformity, porosity, and
moisture content. The value of K is a physical property
of the soil; K does not change with different extraction/in-

jection rates or gifferent pressure levels.

Soil gas permeability is generally expressed in the units
em 2 or darcy (1 darcy = 1 x 10 8 ¢m 2. Like hyarautic
conductivity, soil gas permeability may vary by maore

than an order of magnitude on the same site because

of soil vanability. Table 1-12 illustrates the range of

typical K values to be expected with different uniform soil

types. Actual soils contain a mixture of grain sizes, which

generally increases the observed darcy values based on

pilot testing.

table 1.12. Soil Gas Permeability values (o»

Soil 1ype . k in parcy
Coarse sand 100 to 1,000

Megium sand 1 to 100

Fine sand 0.1 10 1.0

Silts/clay <0.1

105ee Section 2.2 for a presentation of the calculation of required air
flow rates.




Several fiela methods have been developea for deter-
mining scil gas permeavility (EPA, 1991b). The most
favored field test method probably is the modified field
arawdown method developed by Paul Johnson at Ar-
zona State University and former associates at the Shell
Development Company. This method involves the injec-
tion or extraction of air at a constant rate from a single
ventng well while measuring the pressureivacuum
changes over time at several monitoring points in the
soil away from the venting well. R

The field arawdown method is based on Darcy'’s law and
equations for steady-state radial flow to or from a vent
well. A full mathematical development of this method
and supporting calculations are provided by Johnson et
al. {1990). Johnson aeveloped the HyperVentitate com-
puter program to store field data and to compute soil gas
permeability. This or other commercially available pro-
grams can be used to speed the calculation and data
presentation process.

Two solution methods may be used for soil gas perme-
ability as gescribed in Johnson et al. (1990). The first
soluton is based on carefully measurng the dynamic
response of the soil 1o a constant injection or extraction
rate. The second solution for soil gas penmeability is based
on steady-state conditions and the measurement or est-
mation of the radius of influence at Steady state. whenever
posswle, field sata should be collected to support both
sofution methods because one or voth of the soiution
methoes may ve appropr iate, depending on site-specific
conditions. An example procedure for conducting a soil

gas permeability test is provided in Appendix C.

1.5.1 Radius of Influence Determination
Based on Pressure Measurements

At a bioventing site, the radius of influence is defined in
two ways, as the oxygen radius of influence or the
pressure radius of influence. The oxygen radius of influ-
ence is defined as the maximum distance from the air
extraction or injectson well where a sufficient supply of
oxygen for microbial respiration can be delivered. The
pressure radius of influence is the maximum distance
from the air extraction or injection well where vacuum or
pressure (soil gas movement) occurs. Under heteroge-
Necus conditions, the pressure radgius of inluence is
theoretically infinite; for practicai purposes, however, it
usually is consigered 1o be the maximum extent fo which
pressure changes can be measureq,

The oxygen and pressure radius of influence is a func-
tion of soil properties but also is dependent on the
configuration of the ventng well and extraction or injec-

»

i

" See Appendix B for recommended specifications and manufacturers
for the soil gas permeability testing equipment.

tion flow rates and is altereq by sail stratification. The
oxygen radius of influence aiso is dependent on micro-
bial oxygen utilization rates. On sites with shallow con-
tamination, the oxygen and pressure radius of influence
also may be increased by impermeatle surface barriers

such as asphalt or concrete. These paved surfaces may
or may not act as vapor barriers. without a tight seal to
the native sail surface, the pavement will not

cantly affect soil gas flow.

At a bioventing site, the oxygen radius of influence is the
true radius of influence for system design. A connection
exists vetween the pressure radius of influence ang the
oxygen radius of influence; however, many- vanasles
exist that are not fuily ungerstood. Emp.rcally during a
soil gas pemmeability test i

centratiop been found at contaminated sites wher-
pressure changes are measureqd.
pressure radius of influence has been found to be a

Also, th

signifi-

e

conservative measure of the oxygen radius of influence.

The oxygen radius of influence may be directly deter-
mined by measuring the distance from the vent well at

which a change in oxygen concentration can ve do.
ected. Several days or weeKs may pass, howe
accurate oxygen

radius of influence is measured.

In addition, if microvial acclimation occurs, microbial
activity may increase, effectively reducing the oxygen
radius of influence because of increased oxygen con-
iS_l0 measure

sumption. Th
the oxygen radius of influence at times of peaK microbial
ctivity. Altematively, the pressure radius of influence
- may be determined very quickly, generally within 2 hours
~ 1o 4 hours. Therefore, the pressure radius of influence
typically is used to design bioventing systems.

re radius of influence should b
at three different flow rates, with a 1-hour to 2-hour test
per flow rate auring the permeatility test. Determining
the radius of influence at different flow rates allows for

more accurate blower sizing.
rates for the permeavility test are 0.5 cfm, 1.5 cfm, and
3 cfm (14 Umin, 42 Umin, ana 8s Umin) per ft (0.3 m)
of welt screen.

The pressure radius of influence ‘may be estimated by

determining pressure change versus distance from the

vent weil. The log of the pressure is plotied versus the
distance from the vent well. The radius of influence is
that distance at which the curve intersects a pressure of
0.1 "H20 (25 Pa). This value was determined empirically
from Bioventing Initiative sites. Example 1-10 itustrates

calculating the radius of influence in this manner.

2in the authors' expenience, this seal does nol occur

13See Section 2.4 for a discussion of blower sizing.
14

Recommended flow

at most sites.
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Example 1-10. Calculation of the Radius of Influence
Based on Pressure Measurements: Scil gas permeavil-

ity results from the Saddte TanK Famn Site at Galena
AFS. Alaska, are shown in Figure 1-11 with the log of
the steady-state pressure response at each monitoring
point plotted versus the distance from the vent well. The
ragius of influence is taken to be the intersection of the
resulting slope of the curve at a pressure of 0.1 "H

Pa). Therefore, in this instance, the pressure radius of

20 (25

influence would be estimated at 92 ft (28 m).

log Pressure ([aches of H,0)
—

e

5 A

0 20 40 60 80
Distance From Veot Well (Feet)

Figure 1-11. Determination of
Tank rarm, Galena arS,

Alaska.
The estimated radius of influence actually is an estimate

of the radius 7 WRicH measurable soil gas pressures are

affected and does not always equate to gas flow. In

highly permeable gravel, for exampie, significant gas flow

can occur well beyond the measuravle radius of influence.

AN

On the other hand, in a low-permeability clay, a smail
pressure gragient may not result in significant gas flow.

1.5.2 Interpretation of Soil Gas Permeability
Testing Results

The technology of bioventing has not advanced far

enough to provide firm quantitative criteria for determin-

ing the applicability of bioventing baseqs solely on vaiues

of soil permeatility or the radius of influence. In general,

the soil permeability must be sufficiently high to allow

movement of axygen in a reasonavble timeframe (1 to 10

days) from either the vent well, in the case of injection,

or the atmosphere or.uncontaminated soils, in-the case - e
of extraction. If such a flow rate cannot be achieved, -
oxygen cannot be supplied at a rate to match its de-

mand. Closer vent well spacing or high injection/extrac-

tion rates may be required.

If either the soil gas permeability or the radius of influ-

ence is high (greater than 0.01 darcy ora R | greater than
the screened interval of the vent well), this is a good

indicator that bioventing may be feasible at the site and

proceeding to soil sampling and fuil-scale design is

approprate. If ether the soil gas permeability or the

radius of influence is low (less than 0.01 darcy or a R 1
tess than the screened interval of the vent well), this may

adius of inflirgnée vaentges Qhddhe This stuation

necessitates an evaluation of the cost-effectiveness of
vioventing over other alternative technologies fc;r site
remediation. The cost involved in installing a bioventing
system at a low-pemeability site is driven primarily by
the necessity of instaling more vent wells, using a
blower with a higher delivery pressure, or instaliing horni-

zontal wells.
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Figure 2.12. Schematic of tne extraction witn reinjection system at Aoc

entire treatment cell, a minimum level of 5 percent

should be maintained.

2.3 Well Spacing

To determine the required number of wells and appro-
priate spacing, an estimate of the radius of influence is
necessary. Many approaches o obtaining this estimate
are possible, but those normally in use are:

e Based upon measured pressure in monitonng points

during a soil gas permeability lest.
e Estmated from air flow ana oxygen consumption.
® Measured empincally.

Estmating the radius of influence based on pressure
measurements <unng an in Situ permeability test is a
common approach used in Soil ventng or socil vapor
extraction and is probably the fastest method. This cal-
culation is normally performed by piotting the log of
pressure versus distance, as described in Section 1.5.1.

28

The limitation to this approach is that it only incorporates
one of the three factors affecting the radius of influence.
To determine more exactly the radius of oxygen influ-
ence, air flow rate and oxygen utiization need to be
consigered. In low-permeability soils, a pressure effect
may be seen in a monitoring point, but air flow rates o

ly adequate oxygen.

offtials that cannot be measured. In the authors’ experi-

ence, if a pressure criterion of 0.4 " Hy O (25 Pa) is used

the estimated radius of influence will be conservative for

well spacing and site aeration.

fuance can be estimated for a given air fig

rate based on oxygen utilizatofl. 7 g the use of 2

vertical weil so that air flow can be described in cylingri-
cal coordinates and assuming that the radius of influ-
ence is much greater than the well radius, the foilowing

equation may be used:

0-6
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Therefore, the radius of influence at this site is equal to_
. \/Q(ZO.Q% - 5%) (Eq. 2-3) approximately 85 f (26 m).
' = -_—
T h Ky 68,

In practce, the best approach is to estmate the radius of
influence from both pressure measurements ang oxygen

where: utiizaton. This incorporates all three of the Key factors: pres-
Ry = radius of influence g1) Sure connecton, ar fiow, and oxygen utiization. The authors
Q = air flow rate (ft /day) have never found in practice a ste where this combined
209% - 5% = oxygen % approach has overestrmated the radius of nfiuence.

h = aerated thickness (ft)
Ko = oxygen utilization rate (Yolsay)
Ba = air filled' porosity (cm ademsair )
and oxygen levels measured in monitoring points. The
\ problem with this approach is that a minimum of several
days is required to reach steady state. At some sites,
mare than 30 days are required.

The most conclusive determination of radius of influence
is empincal measurement. The blower can be started

! spacing typically is 1 to 1.5 times the radius of
3 influence. when multiple wells are installed, some con-

=20 ¢fm (570 Umin) = 28,800 ft /aay (820,800 L/aay); siddration may ve given to air flow pattems. In theory,

Ko = 4 Yeraay; 8a=025:h =201 (5.1 m) " air Yow lines may develop that create “dead zones™;

howkver, given vertical ang horizontal flow paths and
ft3 o o
28800 —— 1(209% - 5%)
day
R = S
T (20 i Y 4% lsay )0.25 )

diffugion, these gead zones are unlikely to occur, so
comgensating for them is not routinely recommended.

Blowers and Blower Sizing

Ablower provides the anving force to move air through the

(Eq. 2-4 bioventng system. In selectng a blower size, important
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