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ABSTRACT

In situ soil air stripping was used to remediate a 
hazardous waste spill involving a volatile organic compound 
near Benson, Arizona. The air stripping operations con
tinued for seven months and included three blower systems 
with 79 extraction wells. The objectives of this thesis 
were to assess the effects of changing climatological condi
tions and soil properties on project performance, distin
guish between advection and diffusion in the vadose zone, 
and address methods to reduce project cost. These objec
tives were accomplished by analyzing various data generated 
during the course of the remediation.

Contamination was restricted to the upper 25 feet of 
the vadose zone. The contaminated soils were stratified 
with an effective porosity of 10 percent and consisted of 
well graded, dry sands with varying amounts of silt.

The effects of soil properties on project performance 
were qualitatively assessed. It was found that blow count 
data from soil borings drilled during the site investigation 
could be used to assess soil bulk density changes and as
sisted in the location of wells.

Climatological measurements included air temperature, 
relative humidity, barometric pressure, and wind speed.
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For this project it was found that air temperature and 
relative humidity measurements could be used to monitor 
project performance. Although wind and barometric pressure 
may have an impact on air stripping projects, no conclusive 
correlation with extraction rates could be observed for the 
Benson project.

Capital costs for the project were approximately 
$25,000 and the operational costs were $500,000. It was 
concluded that the overall project cost could be reduced by 
reducing project time at the expense of higher capital 
costs. Four methods to reduce project time were addressed. 
First, the spacing of extraction wells should be close in 
areas where the soil bulk density is high. Secondly, the 
operations can be temporarily shut down to allow diffusion 
to increase the vapor pressure within the more permeable 
strata where the vapors are transported by advection. 
Thirdly, humidified air can be injected into the soils to 
increase desorption of the contaminant from the soil 
grains. Lastly, the operations should be conducted during 
the summer months when air temperatures are higher.

iv
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INTRODUCTION AND OBJECTIVES

In situ soil air stripping (hereinafter referred to as 
air stripping) is a relatively new technology which is util
ized for removing volatile organic pollutants from the 
vadose zone. Although this technology is now widely used 
in industry, published data are lacking. Consequently, 
access to specific design critieria for different geological 
and climatological environments is not readily accessible.

The operations and components of an air stripping sys
tem are elementary. Extraction wells are drilled into the 
contaminated soil and the wellheads are connected with a 
manifold system to the intake side of a blower. As a vacuum 
is applied to the contaminated soils by the blower, airflow 
through the vadose zone strips organic vapors from the soil 
matrix. Exhaust gas from the blower can be vented to the 
atmosphere or directed to a treatment system depending on 
regulatory requirements. A diagrammatic air stripping sys
tem is shown in Figure 1.

The effectiveness of air stripping operations has been 
demonstrated (Wootan and Voynick, 1984; Agrelot et al.,
1985; Crow et al., 1985; Weston Consultants, 1985; Sterrett 
et al., 1986). Exhaust flow rates, exhaust concentrations, 
and static pressures in the blower system have been deter-
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mined to be important monitoring data. However, the effects 
of changing climatological conditions in different geologic 
environments on project performance have not been assessed. 
To predict the performance of air stripping projects for a 
given set of conditions, a large data base of air stripping 
projects conducted under various geological and climatologi
cal conditions would be beneficial.

Available published literature which pertains to air 
stripping describes the results from laboratory experiments 
or pilot scale projects. The goal of the pilot scale pro
jects was to determine the feasibility of utilizing this 
technology at specific sites. Actual field studies which 
focused on complete remediation are virtually nonexistent. 
Consequently, the data base for this technology is poor.
This report presents the results of an air stripping project 
which was continued until the concentrations of the con
taminant in the soils were below regulatory requirements. 
Parameters that can affect the performance of air stripping 
projects and have not been previously investigated are 
addressed.

In 1984, air stripping was used to remediate an uncon
trolled hazardous waste spill site near Benson, Arizona.
The goal of the Benson, Arizona project was to achieve ac
ceptable concentrations of the contaminant in the soil
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which were established by EPA. Capital costs for this 
project were approximately $25,000 and the operational 
costs were $500,000. During the project, voluminous amounts 
of climatological, soil, and monitoring data were collected. 
This report presents the results of the analysis of these 
data. Specific objectives included:

* Investigate the effects of changing climatological condi
tions (temperature, relative humidity, wind velocity, and 
barometric pressure) on project performance.

* Investigate the effects of soil properties (bulk density 
and moisture content) on project performance.

* Distinguish between advection and diffusion in the 
vadose dose zone and relate to project performance.

* Determine what data are necessary for evaluating the ef
fectiveness of air stripping projects.

* Address methods to reduce operational costs.

Results from this study may not necessarily be ap
plicable for air stripping projects conducted in different 
geological and climatological environments. However, they 
are an addition to a growing data base that can be used to 
improve the utilization of this technology.



ER-3502 5

BACKGROUND OF PROJECT AREA

On April 8, 1984, a Southern Pacific Transportation 
Company (SP) train derailed approximately three miles east 
of the town of Benson in Southern Arizona (Figure 2). One 
of the derailed cars contained 1,3-dichloropropene (DCP), a 
volatile organic compound used as a pesticide. Approxi
mately 15,000 gallons leaked from the car into the soil. 
During the period of leakage the derailed cars were moved 
by an SP contractor away from the tracks on the north side 
to allow for repairs. At this time, approximately 600 
cubic yards of contaminated soil were excavated and stock
piled south of the tracks.

International Technology Corporation (IT) was con
tracted by SP to investigate and remediate the spill site. 
The major obectives undertaken by IT were to assess the ex
tent of contamination of DCP, develop alternative remedial 
actions, and implement the most cost-effective action.

Site Investigation
The site investigation findings for this project have 

been previously published (Sterrett et al., 1985). This 
section summarizes information from this publication and 
the original site investigation report presented to SP by IT 
(International Technology Corporation, 1984).
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Site Geology and Soil Properties
Contamination of the soils was restricted from the sur

face to a depth of between 20 and 25 feet. The deposits in 
this interval were heavily stratified and consisted of 
silty, well graded, medium dense to dense dry sands (Figure 
3). Occasional gravel layers up to six inches thick were 
also found. Forty feet below the land surface was a 50 foot 
thick layer of silty clay which was typically dry and hard. 
These deposits occurred in the vadose zone. Ground water 
was encountered 240 feet below the land surface.

The contaminated soils were nonhomogeneous. Sieve 
analyses performed on soil samples indicated that the amount 
of fines passing the 200 mesh sieve ranged from 7 to 29 per
cent. Porosities in the contaminated deposits averaged ap
proximately 30 percent, but the effective porosity was ap
proximately 10 percent. Permeabilities were estimated to be 
10“4 cm/sec and were based upon the grain sizes.

Extent of DCP Contamination
The initial soil sampling program was conducted from 

April 10 through April 24. Soil borings labeled 1 through 
25 were drilled to assess the extent of soil contamination 
(Figure 4). The highest DCP concentration analyzed from 
the soil samples was 54,500 parts per million (ppm). This 
sample was collected from a depth of five feet in boring 1
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which was near the center of the spill. The contaminated 
area was approximately 60 feet by 70 feet in areal extent 
and was centered under the railroad tracks. At a depth of 
20 feet, the areal extent of contamination decreased to an 
estimated area of 20 feet by 25 feet. At depths below 20 
feet and above 25 feet, the concentration of DCP in the 
soil was below 10 ppm which was the clean-up level criteria 
established by EPA.

Based on volumetric measurements it was estimated that 
approximately 600 to 1200 cubic feet of the original 2000 
cubic feet of DCP that spilled remained in the soil and the 
stockpile. The remaining portion of the original volume of 
DCP, 800 to 1400 cubic feet, had volatilized into the atmos
phere .

During a soil sampling program conducted in October, 
which was two months after remediation efforts began, DCP 
contamination was discovered 150 feet further west of the 
spill site (Figure 5). Contamination was restricted to a 
narrow region directly below the tracks.

Remediation
Several remedial action alternatives were considered. 

The railroad tracks were frequently in use and could not be 
removed during remediation. It was therefore concluded 
that air stripping and excavation were the most cost-
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effective methods to remediate the site. Air stripping was 
employed to clean the soils beneath the tracks. Contami
nated soil on both sides of the tracks was excavated and 
treated on-site by aeration. This study pertained only to 
the air stripping operations.

Design of Extraction System
Extraction well depths varied from 15 to 25 feet 

depending on the depth of soil contamination. Each well 
took approximately 20 minutes to drill with a hollow-stem 
auger and most were angled beneath the railroad tracks.
The wells consisted of two-inch schedule 40 polyvinyl 
chloride (PVC) casing connected to a two-inch diameter 
schedule 40 screen with .128 inch slots. The screen ex
tended from five feet below the land surface to the bottom 
of the hole. The annulus of the vertically drilled bore
holes were backfilled with pea-sized gravel. The top four 
feet was filled with an expanding bentonite/cement grout.

A total of 79 extraction wells were installed during 
the project. They were incorporated into three blower sys
tems designated as the north, south, and west blowers 
(Figure 6). Exhaust gas from the blowers was vented to the 
atmosphere. The blower systems were designed so that al
terations and the addition of extraction wells could be 
easily made. Two-inch PVC pipe from each extraction well
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was connected to a four-inch PVC manifold pipe. The mani
fold pipe was connected to the intake side of a blower.
All pipes and joints were joined by using PVC cement. The 
three blower systems were not operated over the same time 
intervals and did not have the same number of wells (Table 
1) •

Table 1: Addition of Wells to Blowers.

Date North South West

Aug 2 5 5 0
Sep 11 7 5 0
Oct 2 13 12 0
Oct 12 21 18 0
Oct 27 21 23 0
Dec 2 21 23 35
Dec 28 converted to air 

injection
23 35

Feb 28 termination of active: aeration
Note: The numbers refer to the total number of 
wells for the north, south, and west blowers on 
the specified date.

The radius of influence from the blower systems ex
tended beyond the area of contamination. Static pressures 
(negative) from observation wells 1,6, and 8 were monitored
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throughout the project. These wells were located at the 
edge or beyond the area of contamination (Figure 7). The 
lowest static pressure (negative) occurred in observation 
well 8 where less than 0.5 inches of water was measured be
tween December 28 and January 20. Other than this period, 
static pressures (negative) from all wells ranged from 0.5 
to 6.0 inches of water.

Data Measurements
Approximately every three hours the exhaust flow 

rates, gas concentrations (measured by an explosion meter), 
temperatures, and pressures in the system and in the obser
vation wells were recorded. A continuously recording 
weather station was also installed. Measurements were 
averaged and recorded every 30 minutes for the following 
parameters: air temperature, relative humidity, barometric 
pressure, wind speed, and soil temperature. The soil tem
perature was measured from a depth of 18 inches. Additional 
measurements that were recorded inluded daily maximum and 
minimum soil temperatures and daily maximum and minimum wind 
speed. Climatological parameters which were measured, but 
not by the weather station, included daily maximum and mini
mum air temperatures.
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Results of Project 
At the end of February, 1985, 44 soil samples were 

collected to verify whether the site could be deamed as 
having acceptable concentrations of DCP in the soil. Anal
yses of the soil samples showed that only four samples had 
DCP concentrations which exceeded the 10 ppm clean-up cri
teria. The maximum concentration recorded was 89 ppm.
Based on exhaust flow rates and concentrations of DCP in 
the exhaust gas, daily DCP extraction rates from all three 
blowers were calculated (Appendices B-l, B-2, and B-3). 
Calculations showed that a total of 6500 kilograms of DCP 
were extracted during the project.
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EFFECTS OF CLIMATOLOGICAL AND SOIL 
CONDITIONS ON PROJECT PERFORMANCE

Data from the project were analyzed to assess what 
factors influenced the DCP vapor density within the soil 
matrix. The vapor density of DCP in the soil matrix was 
qualitatively interpreted from DCP concentrations in the 
exhaust gas from the blowers. Calculations for the DCP 
concentrations are shown in Appendix B-l. The extraction 
rate of organic vapors in air stripping projects will 
largely depend on the vapor densities in the soil matrix. 
Airflow rates through the soil will also influence extrac
tion rates. The final analysis of the effects of air tem
perature , relative humidity, barometric pressure, and wind 
on DCP concentrations was based on visual observations of 
plotted data and a multiple regression analysis.

The temperature of the soil was measured from a depth 
of 18 inches. Maximum, average, and minimum values were 
recorded. Generally speaking, the soil temperatures fol
lowed the air temperatures. This was most likely due to 
the infiltration of atmospheric air through the land surface 
when the blowers were in operation. Soil temperature 
measurements provided no additional information for evaluat
ing changes in DCP concentrations and will not be discussed
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further in this report.
Analyses of the data occasionally involved calculating 

exhaust flow rates and DCP extraction rates (Appendices B-2 
and B-3). Calculations were based on average air densities. 
Exhaust gas temperatures and barometric pressures, averaged 
during the hours of operation, were required for these cal
culations. Periodically these data measurements, including 
average air temperatures, were either incorrect or were not 
recorded due to the malfunction of the instruments. For the 
purpose of calculations, estimations were made for these 
parameters. These estimations were not used to assess the 
effects of the individual climatological parameters on DCP 
concentrations from the blowers.

Estimations for the average exhaust gas temperatures 
are shown in Appendices A-l and A-2. These estimations 
were made by interpolating between the minimum, average, 
and maximum air temperatures. Maximum and minimum air tem
peratures were always measured. When all measurements were 
made it was found that the average air temperatures were 
generally midway between the maximum and minimum air tem
peratures. It was also observed that the exhaust tempera
tures were generally five to ten centigrade degrees higher 
than the average air temperatures. Interpolations were made 
accordingly. Estimations are assumed to be within five cen-
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tigrade degrees of the actual value. A sensitivity analysis 
indicates that a five centigrade degree change in the ex
haust temperature will change calculations for the exhaust 
flow rates and the DCP extraction rates by one to two per
cent. This is negligible when considering that the accuracy 
of the velocity measurements in the manifold system was 
+ five percent (Dwyer Instruments, 1978).

Estimations for barometric pressures were also required 
for calculating the exhaust flow rates and DCP extraction 
rates. These estimations are shown in Appendix A-4. They 
were based on barometric pressure trends that were occurring 
before and after the periods when data were not available.
A comparison of the estimated values with the range of 
barometric pressures that occurred during the project indi
cates that most of the estimations are within 10 millibars 
of the actual value. A sensitivity analysis indicates that 
a 10 millibar change in the barometric pressure will change 
calculations for the exhaust flow rates and the DCP extrac
tion rates by approximately one percent.

Operations for the west blower began in December,
1984, when soil DCP concentrations had declined signifi
cantly. DCP concentrations in the exhaust gas from the 
west blower were at or below the detection limit of the ex
plosion meter for most of the time and were measurable for
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only 23 days. A detailed analysis of this blower system was 
not considered to be instructive. Consequently, the anal
ysis of data from this project pertained only to the north 
and south blowers. The west blower, however, was included 
in the cost analysis at the end of this report.

Relative Humidity and Soil Moisture 
The success of an air stripping project is highly de

pendent on the moisture content of the contaminated soils. 
Laboratory experiments have assessed the diffusion rate of 
various organic vapors through soil samples with changing 
moisture contents. The results, however, were not related 
to air stripping systems. Although these studies have ap
plication, air stripping systems do present a different set 
of conditions. The effects of forced airflow on changing 
soil moisture contents in combination with the movement of 
organic vapors through a soil matrix has not been completely 
assessed.

Previous Work
Results from laboratory experiments on soil samples 

have shown that the moisture content of a soil will affect 
the vapor density of volatile organic compounds within the 
soil matrix (Ehlers et al., 1969; Spencer et al., 1969; 
Guenzi et al., 1970; Igue et al., 1972; Farmer et al.,
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1980). A critical moisture content exists below which the 
vapor density of an organic compound will decrease rapidly. 
This critical moisture content is generally defined as 
being equivalent to approximately a monolayer of water 
molecules coating the soil particals (Ehlers et al., 1969; 
Spencer et al., 1969; Guenzi et al., 1970; Igue et al.,
1972). The critical moisture content is a function of the 
contaminant and the host soil and can be quite low. For 
example, Spencer et al. (1969) observed that this moisture 
content was 2.1 percent for a Gila silt loam contaminated 
with Lindane. The critical moisture content could be 
higher than a monolayer of water molecules for organic com
pounds that are strongly adsorbed onto the soil grains 
(Spencer et al., 1973). In soils where the moisture content 
is below the critical moisture content, organic molecules 
can be more easily adsorbed on the soil grains where fewer 
water molecules are competing for adsorption sites.

In dry soils which are contaminated with volatile or
ganic compounds, the relationship between soil moisture and 
vapor density is reversible. Organic molecules will be 
displaced by water molecules if a contaminated soil is 
rewetted. The displacement occurs because water is prefer
entially adsorbed. In addition, an increase in relative 
humidity is effective in rewetting soils (Guenzi et al.,
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1970; Igue et al., 1972).
The vapor density of organic compounds in a soil 

matrix is not affected where the water content is above the 
critical moisture content. However, the diffusion of vapors 
in soils with a high moisture content will be reduced be
cause of pore blockage. The effect is exponential. For 
example. Farmer et al. (1980) found that a 2.3 percent 
decrease in the moisture content of a soil sample resulted 
in a 21.2 percent increase in the diffusion of hexachloro- 
benzene through that sample.

Benson Site
The soils at the Benson site were dry and capable of 

adsorbing significant amounts of DCP. Three uncontaminated 
soil samples were analyzed for moisture contents. These 
samples were collected from two soil borings located 430 
feet northeast and 380 feet southeast of the contaminated 
area. Results showed that the moisture contents ranged 
from two to five percent. In addition, specific DCP reten
tion tests for soil samples were performed. The samples 
were collected from a soil boring located 125 feet west of 
the area of contamination. The specific retention for soil 
samples collected from depths of 10, 20, and 40 feet was 30, 
6, and 25 percent, respectively. These data and results 
from the previous studies (Ehlers et al., 1969; Spencer et
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al., 1969; Guenzi et al., 1970? Igue et al., 1972?) suggest 
that the contaminated soils at the Benson site were at or 
below the critical moisture content. The adsorption of DCP 
on the soil grains may have been due to a lack of competi
tion from water molecules for adsorption sites.

Soil moisture contents were not analyzed after the 
site investigation. Therefore, an evaluation of the effects 
of changing soil moisture contents on DCP concentrations 
from the blowers focused on climatological data. Moisture 
can be added to the contaminated soils either from precipi
tation or the infiltration of atmospheric water vapor.
During the summer months heavy thunderstorms occur in this 
region. At the Benson site, pits were excavated immediately 
after the rainstorms. It was observed that water did not 
infiltrate into the soil to any significant degree and 
either left the area as runoff or was evaporated (Sterrett, 
personal communication). Suction from the blower systems, 
however, will cause water vapor from the atmosphere to in
filtrate into the subsurface. Any change in the moisture 
content of the contaminated soils will, therefore, result 
from changes in the relative humidity.

For the purpose of analysis, relative humidity measure
ments were converted into absolute numbers (Appendix B-4).
By utilizing the ideal gas law, air moisture contents in
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terms of grams of water per cubic meter of air were calcu
lated.

The effects of changing air moisture contents on pro
ject performance were analyzed by comparing plotted air 
moisture data with DCP concentrations from the north and 
south blowers (Figures 8 and 9). Results showed that a 
good visual correlation existed for most of the project, 
especially the south blower. DCP concentrations fluctuated 
directly with changes in the air moisture content. This 
relationship can be attributed to the desorption of DCP 
from the soil grains resulting from an increase in the air 
moisture content.

Correlations between the air moisture content and DCP 
concentrations from the north and south blowers were poor 
during the first few weeks of the project and after the 
middle of November. During the beginning of the project, 
DCP concentrations from the blowers were high. DCP mass 
removal rates were also high. The high concentrations and 
removal rates most likely masked the effects due to air 
moisture changes. During the latter part of November, 
relative humidity measurements were not consistently 
reported, due to the malfunction of instruments, until 
November 26. By this time, DCP concentrations from the 
blowers were near the lower limit of the explosion meter.
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Fluctuations of the DCP concentrations could not be ac
curately measured. Therefore, no correlation with the air 
moisture content could be made.

Airflow through the soil may also remove water vapor 
via the blower system. Humidity measurements in the exhaust 
gas at the Benson site were not made. Therefore, the 
amount of water actually added to the soil could not be 
determined. During an air stripping project conducted by 
Weston Consultants (1985), it was estimated that only one 
percent of the soil moisture was lost through the air 
stripping operations. This project was conducted in Min
nesota from November, 1984, through February, 1985. Soil 
moisture contents were analyzed before operations commenced 
and ranged from 3 to 13 percent. At the Benson site, am
bient temperatures were higher and the loss of soil moisture 
may have been greater than one percent. However, the 
relationship between the changes in the air moisture content 
and the DCP concentrations was most likely not influenced by 
soil moisture loss through the blowers.

Results from this analysis have application for future 
air stripping projects. The injection of humidified air 
into contaminated soils may cause organic molecules to 
desorb from the soil grains. This will result in higher 
vapor densities within the soil matrix. In turn, airflow
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through the soil will be able to carry higher concentrations 
of the contaminant and a reduction in project time may 
result. This procedure is not expected to be successful in 
soils with a high moisture content. The injection of 
humidified air into moist soils may inhibit the extraction 
of organic vapors because pore blockage may develop from too 
much moisture.

The quantity of water vapor required to increase the 
desorption of organic molecules from soil grains will depend 
on the contaminant and the soil type. Higher amounts of 
water vapor will be required for soils with a high clay 
content and for contaminants that are strongly adsorbed on 
the soil grains (Spencer et al., 1973). If the moisture 
content of the soils is low and it is decided to inject 
humidified air into the contaminated soils, the water con
tent of the injected air should be initially low. Con
centrations of the contaminant in the exhaust gas from the 
blowers need to be monitored closely. If concentrations 
increase, the water vapor content of the injected air can 
be increased. However, if concentrations decrease, the 
amount of injected water vapor should be reduced. This 
procedure must also take into consideration the water vapor 
content of the atmosphere. To predict the quantity of 
water vapor to be injected will ultimately depend on a
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large data base which includes the results of remedial ac
tion projects involving several contaminants in different 
soil types.

Temperature: Air and Exhaust Gas
The effects of temperature on the volatilization of 

organic compounds have been well documented in the litera
ture. Information on the adsorptive properties and the 
diffusion rates of various organic compounds in a soil 
matrix is lacking. Previous work which focused on the dif
fusion of organic vapors through soil samples with different 
temperatures can be found in agricultural studies. Results 
from these studies, however, were not related to air strip
ping projects where airflow is forced through a soil matrix.

Previous Work
Temperature changes will affect the vapor density of 

volatile organic compounds in a soil matrix by several 
means. A rise in temperature will increase desorption, 
volatilization from the liquid phase, and diffusion. The 
overall effect may be exponential. For example. Farmer et 
al. (1980) observed that the vapor density of hexachloro- 
benzene in soil samples increased by more than three times 
for every ten centigrade degree rise. Spencer et al.
(1969) observed the same effect with dieldrin.
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Leistra (1970) studied the distribution of DCP over 
the different phases in a soil matrix. If the water phase 
is insignificant, as it is at the Benson site, the adsorp
tion coefficient (ratio of micrograms adsorbed per gram of 
dry soil to micrograms in the vapor phase per milliliter of 
soil gas) of DCP ranges from 14 to 24. The soil samples 
used in this study had an organic content of 5.5 percent at 
20 degrees centigrade. Adsorption decreased significantly 
with an increase in temperature. This indicates that less 
DCP is fixed to the soil grains with a rise in temperature 
and becomes available for transport.

The most significant transport mechanisms for DCP are 
volatilization from the liquid phase and diffusion of the 
vapor phase (Cohen, 1983). DCP is a highly volatile chlor
inated hydrocarbon with a vapor pressure of 23 mm Hg at 20 
degrees centigrade. Several studies which have investigated 
the dissipation of DCP in the environment have been sum
marized by Cohen (1983). In particular, Leistra (1972) 
discovered that up to 55 percent of the volume of DCP will 
diffuse to the atmosphere after field application in a 
sandy loam at 12 degrees centigrade. Furthermore, the bulk 
of this diffusion will occur within two weeks. At the Ben
son site, air temperatures were significantly higher than 12 
degrees centigrade. This indicates that over 55 percent of
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the spilled DCP could have volatilized and diffused into the 
atmosphere.

The flux of organic vapors through a soil matrix will 
be controlled by diffusion. The diffusion of a gas through 
porous media is described by Pick's first law and can be 
expressed as

J = -Ds x (Cl - C2)/L (Farmer et al., 1980).

Where:
J = vapor flux through a soil layer (ng/cm2/day).
Ds = apparent diffusion coefficient (cm2/day).
Cl = concentration at the bottom of the soil layer 

(ug/layer).
C2 = concentration at the top of the soil layer (ug/liter).
L = thickness of the soil layer (cm).

The apparent diffusion coefficient of a gas is based 
on the diffusion coefficient in air and the geometrical 
properties of the soil matrix. In particular, Shearer et 
al. (1973) shows that the apparent diffusion coefficient is 
a function of the total porosity and the air-filled porosity 
of the soil.

The diffusion coefficient of a gas in a soil matrix is 
a function of the temperature as well as the gas and soil 
properties. Diffusion coefficients have not been studied
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for many gases in a soil matrix. However, Shearer et al. 
(1973) and Farmer et al. (1980) presented equations which 
can be used to derive an approximate diffusion coefficient 
of a gas for a given temperature (Appendix B-5). The diffu
sion coefficient of DCP with respect to temperature is shown 
in Figure 10 and was derived from these equations.

Forced airflow through contaminated soils will increase 
the concentration gradient of volatile organic contaminants 
within the soil matrix by removing the vapor phase. In 
turn, volatilization from the liquid phase and diffusion of 
the vapor phase will increase. Diffusion is a slow process. 
In nonhomogeneous soils where airflow is restricted, the 
mass removal rate of organic vapors from the low permeabil
ity strata may be more dependent on the diffusion rate than 
the magnitude of airflow. Because diffusion rates are a 
function of temperature, the duration of an air stripping 
project may be highly affected by ambient temperatures.

Benson Site
The air stripping operations began in August when air 

temperatures were high (18 to 40 degrees centigrade).
During the first 11 days of the project, airflow was exposed 
to high DCP vapor densities as interpreted from DCP con
centrations from the blowers. The effects of air tempera
ture fluctuations on DCP concentrations were not apparent
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during this period. As DCP concentrations from the north 
and south blowers decreased, a rise in air temperature could 
occasional^ be correlated with higher DCP concentrations 
(Figures 11 to 14). The DCP vapor density in the soil 
matrix was most likely decreasing at this time. Con
sequently, the concentration gradients within the soil 
matrix increased. With high concentration gradients and 
rising air temperatures, volatilization from the liquid 
phase and the diffusion rate of the vapors increased.

Generally speaking, daily fluctuations, as opposed to 
macroscopic trends, of the air temperature did not correlate 
well with daily fluctuations of the DCP concentrations from 
the blowers. Average daily air temperature measurements 
were frequently not recorded. However, correlations with 
the DCP concentrations were observed from September 15 to 24 
for the north blower (Figure 11) and from August 12 to 20 
for the south blower (Figure 12). Daily air maximum tem
peratures were always recorded. Correlations between the 
daily maximum air temperatures and the DCP concentrations 
occurred from November 6 through December 4 in the north 
blower (Figure 13). In the south blower, maximum air tem
peratures correlated with DCP concentrations from August 18 
through September 13 and from November 2 through December 4 
(Figure 14).
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In warm climates, the daily fluctuation of DCP con
centrations may be influenced more by the air moisture con
tent. When air temperature and air moisture data were 
available for the same days at the Benson site, correlations 
between the DCP concentrations and the air moisture content 
were generally superior. On several days when the air tem
perature dropped and the air moisture content increased, DCP 
concentrations from the blowers increased.

Macroscopic trends in the air temperature had a sig
nificant influence on DCP concentrations from the north and 
south blowers. During periods when the air temperature was 
decreasing, DCP concentrations from the blowers were also 
decreasing. The most obvious correlation ocurred during 
November. On November 16 the air temperature decreased 
significantly and remained low for the duration of the 
project. DCP concentrations also decreased on this date 
and remained low throughout the duration of the project. 
Although the contaminated soils had experienced depletion of 
DCP by this time, it is likely that the DCP concentrations 
dropped because of the decreasing air temperatures. In air 
stripping projects, minor temperature fluctuations may not 
affect project performance to any significant degree, but 
major temperature changes due to changing seasons may have a 
large impact.
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The average temperatures in the exhaust gas from the 
blowers showed the same trends as the average air tempera
tures. However, the average exhaust temperatures were 
generally five to ten centigrade degrees higher (Figures 15 
and 16). The higher exhaust temperatures can be attributed 
to friction in the vadose zone, the manifold system, and in 
the blowers. The magnitude of the temperature increase due 
to friction may be a factor of several interacting forces 
such as airflow rates and the time of operations. The tem
perature rise in the soil due to friction will increase 
diffusion, desorption, and volatilization. The magnitude 
of increase for each of these parameters may vary on a 
daily basis depending on daily changes in the concentration 
gradients. This could be the reason why daily correlations 
between the DCP concentrations from the blowers and the 
average air temperatures do not always occur.

The effects of a cold climate on an air stripping pro
ject can be observed from a feasibility study conducted by 
Weston Consultants (1985). The project was located near 
New Brighton, Minnesota. Operations began in November, 
1984, and were terminated in December, 1985. During the 
project, the ground surface was frozen and the contaminated 
soils were most likely at a lower temperature than the 
soils at the Benson site. The soils were contaminated with
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trichloroethylene (TCE) which has over twice the vapor 
pressure of DCP. During the air stripping operations, air 
was injected into the contaminated soils between a tempera
ture range of 45 to 60 degrees fahrenheit. The exhaust 
temperatures were cooler and ranged from 40 to 48 degrees 
fahrenheit. Two sites within the project area were evalu
ated in this study. At the site where high TCE concentra
tions in the soil occurred (.066 to 5000 ppm), TCE concen
trations in the exhaust increased gradually, instead of 
declining, throughout the project. Apparently, the contam
inated soils were absorbing heat from the injected air. In 
turn, TCE concentrations in the exhaust gas were increasing 
due to the higher temperatures. If this study was conducted 
during the summer months when soil temperatures are warm, 
the TCE concentrations from the blower may have been higher.

Air temperature is an important measurement for air 
stripping projects. A decline in exhaust concentrations of 
the contaminant may be due to decreasing temperatures and 
not depletion from the soil matrix. Daily fluctuations of 
the air temperature at the Benson site did not necessarily 
correlate with DCP concentrations from the blowers. How
ever, the effects of temperature changes due to the changing 
seasons were very apparent. Air stripping projects that are 
operated during the summer months may have higher vapor ex-
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traction rates than projects conducted during the winter 
months.

Wind
The effects of wind on gases within the vadose zone 

have not been studied in great detail. Laboratory experi
ments have focused on studying the effects of different 
airflow rates over contaminated soil samples on volatiliza
tion rates of the contaminants. These experiments were con
ducted under controlled conditions and the results may not 
necessarily be applicable for field conditions where the 
dimensions are much larger.

The effects of wind gusts on gases in the vadose zone 
have not been studied. Wind gusts have been known to in
crease water levels in wells (Davis and Dewiest, 1966).
Gusts of wind over the mouth of a well will lower the pres
sure in the well. In turn, the water level will rise. The 
same effect could be occurring with gases in the vadose 
zone.

Previous Work
In laboratory experiments Farmer et al. (1972) observed 

that the rate of dieldrin volatilization from soil samples 
increased as airflow rates over the soil surface were in
creased. Air movement removed organic vapors at the soil
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surface which decreased the vapor density at the surface.
The concentration gradient between the soil matrix and the 
soil surface increased. In turn, volatilization increased. 
High airflow rates removed organic vapors from the soil sur
face at a higher rate than low airflow rates. Therefore, 
the rate of volatilization from within the soil matrix in
creased.

During the same experiments, Farmer et. al. (1972) 
also observed that the rate of dieldrin volatilization from 
the soil surface decreased with time. As surface concentra
tions of dieldrin within the soil matrix were depleted, the 
influence of airflow over the soil surface on volatilization 
rates was reduced. The process of diffusion controlled the 
rate of movement of the vapors to the soil surface and thus, 
volatilization.

Benson Site
Wind may alter concentration gradients within a con

taminated soil matrix in the vadose zone by removing organic 
vapors from the land surface. During air stripping projects 
where high wind velocities exist, the direction of vapor 
movement may have a tendency to shift towards the land sur
face. Diffusion rates will increase vertically towards the 
surface where low vapor concentrations prevail. By altering 
the direction of vapor movement, the effects of wind may be
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to reduce the flow of organic vapors towards the extraction 
wells.

The effects of wind gusts may also alter the direction 
of vapor flow within the vadose zone by lowering pressures 
at the land surface. The pressure gradient between the sub
surface and the land surface may cause organic vapors to 
move vertically towards the land surface and away from the 
extraction wells.

At the Benson site, average and maximum wind velocities 
were plotted and compared to DCP concentrations from the 
north and south blowers. Observations showed that no direct 
or inverse relationship existed. Wind could have been in
creasing the flow of DCP vapors within the soil matrix 
towards the land surface, but the effects could not be ob
served from concentrations of DCP from the blowers. These 
observations could be due to the high airflow rates in the 
vadose zone created by the blowers. The airflow rates were 
most likely high enough to overpower the effects of wind.

Vapor diffusion rates through the soil towards the 
land surface will decrease with depth (Pick's first law).
At some depth, the mass flux of organic vapors towards the 
land surface will decrease to a point where surface concen
trations do not increase substantially. The natural disper
sion of the vapors into the atmosphere may be as effective
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as wind in removing vapors from the land surface. At the 
Benson site, results from soil samples collected in October 
showed high concentrations of DCP at a depth of five feet. 
Apparently, wind will not affect concentration gradients of 
DCP below this depth.

The diffusion of DCP vapors towards the land surface 
due to the effects of wind would have been more pronounced 
immediately after the spill when concentrations of DCP near 
the land surface were high. The time between the spill and 
remediation at the Benson site was four months. Depletion 
of DCP from the upper soil layers due to wind would have 
most likely occurred during this time interval. During the 
site investigation, it was estimated that 30 to 60 percent 
of the DCP that spilled had already volatilized into the 
atmosphere.

Barometric Pressure
Changes in the barometric pressure have been observed 

to cause fluctuations of the water table. In unconfined 
aquifers, an increase in the atmospheric pressure will 
cause water tables to fall (Freeze and Cherry, 1979). Few 
studies, however, have focused on the effects of barometric 
pressure changes on gases within the vadose zone.
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Previous Work
Carlson (1977) studied the effects of barometric pres

sure on subsurface pressures at a landfill gas recovery 
site. The landfill was covered with one to three feet of 
clay (permeability of 10”7 cm/sec). Observations showed 
that the pressures within the landfill adjusted to changing 
barometric pressures. The pressure adjustment also influ
enced static pressures measured in observation wells when a 
well was withdrawing gas from the landfill. The static 
pressure (negative) in the well withdrawing gas was six 
inches of water. Static pressures became more negative in 
all observation wells when the barometric pressure dropped. 
For example, when the barometric pressure dropped by 0.95 
inches of water (2.36 millibars), the static pressure (neg
ative) in an observation well located 100 feet from the 
withdrawal well increased by 0.31 inches of water. Carlson 
(1977) also observed that static pressure measurements in 
wells were not influenced by the barometric pressure when 
the static pressures (negative) were higher than 0.5 inches 
of water.

Benson Site x
Changes in the barometric pressure that occur during 

an air stripping operation could influence static pressures 
in the extraction wells. The radius of influence will in
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turn be affected by changing static pressures. Results 
from Carlson's study (1977) indicate that the radius of in
fluence will increase when the barometric pressure drops. 
Consequently, more contaminated soil may become exposed to 
airflow. This may increase the amount of organic vapors 
moving towards the extraction wells. A rise in the baro
metric pressure will have the opposite effect.

Changes in the barometric pressure will also cause 
gases from the atmosphere and the vadose zone to be ex
changed. This exchange is expected to occur only when the 
pressure adjustment between the atmosphere and the vadose 
zone is occurring. A drop in the barometric pressure may 
force organic vapors from the contaminated soils into the 
atmosphere. In this case, the volume of organic vapors 
moving towards the extraction wells may be reduced. This 
effect, however, will most likely be offset by the vacuum 
in the soils created by the blower. A rise in the baromet
ric pressure will force atmospheric air into the vadose 
zone. In this situation the flow of organic vapors towards 
the extraction wells may increase because the barometric 
pressure will add to the pressure gradient in the vadose 
zone created by the blower.

The total effect of a barometric pressure change on an 
air stripping project can be more complicated in nonhomoge-



ER-3502 51

neous soils. The rate of movement of gases in a soil matrix 
will depend on the permeability. Consequently, changes in 
the permeability of the soil may affect the rate of pressure 
adjustments within the soil matrix. Gases within low per
meability soils will adjust to changing barometric pressures 
at a slower rate than gases within highly permeable soils.

Average daily barometric pressures from the Benson 
site were plotted and compared to DCP concentrations from 
the north and south blowers. A comparison was also made 
between the barometric pressure and static pressures from 
the observation wells and the extraction wells. Observa
tions showed that no direct or inverse relationship consis
tently occurred between the DCP concentrations and the 
barometric pressure measurements. Static pressures in the 
observation wells and in the extraction wells did not con
sistently adjust with the changes in the barometric pressure 
either.

These observations could be due to the high static 
pressures that were maintained in the extraction wells.
The static pressures (negative) measured in the south blower 
system from extraction wells 6, 7, 8, and 10 (Figure 7) were 
generally between 6 and 8 inches of water. Within the north 
blower system, static pressures (negative) were measured 
from observation wells 2, 3, 4, and 5 (Figure 7) and ranged
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from 1 to 6 inches of water. Static pressures in the wells 
were monitored throughout the duration of the project and 
never dropped below 0.5 inches of water (negative) for any 
length of time. The high static pressures maintained in the 
extraction wells most likely masked the effects of baromet
ric pressure changes.

It's possible that barometric pressure changes may 
have influenced DCP concentrations and the radius of in
fluence to some degree. If there was an influence, the ef
fects were negligible on the air stripping systems. Con
sequently, barometric pressure measurements are not con
sidered critical monitoring data for most air stripping 
projects. However, barometric pressure changes may have an 
influence on air stripping projects where the static pres
sures in the extraction wells are low.

Statistical Analysis of Climatolocrical 
Measurements

The effects of the individual climatological measure
ments on DCP concentrations from the blowers were also 
evaluated from a multiple regression analysis. The DCP 
concentration was used as the dependent variable. The air 
moisture content, air temperature, wind velocity, barometric 
pressure, exhaust flow rate, and time were used as the inde
pendent variables. The DCP concentrations from the blowers
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were used as the dependent variables in order to assess what 
parameters affected the DCP vapor density in the soil 
matrix. Extraction rates will ultimately be a function of 
the vapor density in the soil matrix. DCP concentrations 
from the blowers were calculated from explosion meter 
measurements (Appendix B-l). In a multiple regression 
analysis it is assumed that an independent variable is re
lated to the dependent variable by a coefficient when all 
other independent variables are held constant. This assump
tion precludes the use of maximum and minimum measurements 
in the analysis. An analysis was performed for the DCP con
centrations from the north and south blowers.

The multiple regression analysis was based on a proce
dure outlined by Davis (1979). This procedure was used so 
that rounding errors would be minimized. The computations 
involved calculating a correlation coefficient between each 
independent variable and the dependent variable (Table 2). 
The procedure used for calculating correlation coefficients 
is shown in Appendix B-6. A correlation coefficient of +1 
indicates a perfect direct relationship and a -1 indicates 
an inverse relationship. A zero indicates no relationship 
at all. The coefficients indicated that the DCP concentra
tions from the blowers could have been a function of the air 
moisture content and the air temperature. However, the cor-
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Table 2: Correlation Coefficients Between the DCP Con
centration and Six Independent Variables for the North and 
South Blowers.

Air Air Bar
Blower Time Wind Temp. Mois. Pres. Flow

north blower -.97 i w O + .81 00r*+ + .20 — • 45
south blower I œ w -.25 +. 66 + .61 +. 18 I VO

relation coefficients could be misleading. The air tempera
ture and air moisture content will naturally decrease as 
winter approaches. DCP concentrations from the blowers were 
also decreasing during the project, but were a function of 
the depletion of the mass of DCP in the soil.

The procedure used in the multiple regression analysis 
is presented in Appendix B-6. The following equations have 
been derived utilizing all six independent variables.

north blower: Y = 8796.00 - 57.04(A) - 14.53(B) + 4.51(C)
- 99.87(D) + 0.11(E) - 0.04(F) 

south blower: Y = -18,889.87 - 24.68(A) - 40.59(B) +
12.60(C) - 54.40(C) + 28.98(E) - 0.10(F)

where:
Y = concentration of DCP (ppm).
A = time (days).
B = average daily wind velocity (kilometers per hour).



ER-3502 55

C = average daily air temperature (degrees centigrade).
D = average daily air moisture (grams water/cubic meter).
E = average daily barometric pressure (millibars).
F = average daily exhaust flow rate (cubic meters/day).

The multiple correlation coefficients between the regression 
equations and the actual values of DCP concentrations were 
calculated to be .97 for the north blower and .85 for the 
south blower.

The significance of each independent variable was 
determined by analyzing several equations which were calcu
lated from various combinations of the independent vari
ables. Significance was based on the F test (Appendix B-6). 
The F test involves computing a ratio between the variance 
about the regression line of an independent variable alone 
to the variance about the complete regression. A five per
cent level of significance was utilized in the analysis. If 
the calculated ratio is above the critical value, the inde
pendent variable is significant. Davis (1979) presents 
tables of critical values for various degrees of freedom.
The following equations resulted from the anaysis and in
clude only the significant variables.

north blower: Y = 9084.33 - 58.22(A) - 105.45(D) - 0.04(F) 
south blower: Y = 6397.17 - 23.57(A) - 0.11(F)
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where:
Y = concentration of DCP (ppm).
A = time (days).
D = average daily air moisture (grams water/cubic meter).
F = average daily exhaust flow rate (cubic meters/day).

The multiple correlation coefficients for the regression 
equations are .97 and .84 for the north and south blowers, 
respectively. These are the same coefficients that were 
calculated when all six independent variables were included 
in the equations. The multiple regression equations are 
representative of the relationship between the DCP concen
trations and the climatological data. However, the equation 
for the north blower is more representative.

The new equations indicate that wind and barometric 
pressure did not significantly affect the DCP concentrations 
from the blowers. These results agree with the correlation 
coefficients between the DCP concentrations and the indepen
dent variables. They also agree with visual observations of 
the plotted data.

The regression equations show no relationship between 
the DCP concentrations and the average air temperatures. 
However, visual observations of the plotted data did show a 
correlation between the DCP concentrations and the maximum 
air temperatures. The maximum air temperature was not used
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as an independent variable in the regression equations be
cause of the limitations of a multiple regression analysis. 
During the project, average air temperature measurements 
were frequently not recorded due to the malfunction of the 
weather station. Maximum air temperatures, however, were 
always recorded. When the average air temperature and the 
maximum air temperature were recorded together during the 
same periods, the average air temperature fluctuations 
usually followed the maximum air temperature fluctuations. 
During periods when the maximum air temperatures correlated 
with the DCP concentrations, as observed from plotted data, 
the average air temperatures were frequently not recorded.
If the average air temperature had been measured continu
ously during the project, correlations with the DCP concen
trations would have probably been more frequent. The re
gression equations may have also reflected the correlations. 
Consequently, air temperature, whether maximum or average, 
is considered to be a significant measurement for air strip
ping operations.

Air moisture was statistically significant for the 
north blower but not for the south blower. The difference 
may be attributed to two factors. First, the south blower 
was operated two months longer than the north blower.
During the last 2.5 months of the project, the DCP concen-
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trations were at or below the lower limit of measurement 
for the explosion meter. Fluctuations of DCP concentrations 
that may have occurred with changing air moisture contents 
could not be detected. Secondly, the DCP concentrations 
from the south blower varied considerably more than that 
from the north blower. As a result, the regression equation 
had a poorer correlation with DCP concentrations from the 
south blower and was affected less by air moisture.

A regression analysis was performed for the south 
blower through December 20 in order to reduce the effects 
of imprecise concentration readings. Results indicated 
that the air moisture content was a significant variable.
The new regression equation follows.

Y = 9293.64 - 41.89(A) - 193.27(D) - 0.12(F) 

where:
Y = concentration of DCP (ppm).
A = time (days).
D = average daily air moisture (grams water/cubic meter).
F = average daily exhaust flow rate (cubic meters/day).

The multiple correlation coefficient for this equation is 
.72. The correlation between the new regression equation 
and the actual DCP concentrations from the south blower is 
good. This indicates that the air moisture content influ-
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enced the DCP concentrations from the south blower through 
December 20.

Results from the multiple regression analysis were not 
entirely consistent with visual observations of the plotted 
data. The multiple regression analysis showed that the air 
temperature was not a significant measurement, but visual 
observations of the plotted data showed that the air tem
perature was significant. The difference in the results 
can be attributed to a lack of average air temperature mea
surements. The multiple regression analysis and visual ob
servations of the plotted data showed the same results for 
wind, barometric pressure, and the air moisture content. 
Overall, the results from the multiple regression analysis 
were in good agreement with the results from the plotted 
data.

Soil Bulk Density
Most of the published literature pertaining to air 

stripping projects relate this technology to homogeneous 
soils with relatively high porosities. Many of the future 
projects, however, will be conducted in nonhomogeneous 
soils where airflow patterns and diffusion rates will be 
irregular. Bulk density changes within the contaminated 
soils, therefore, become an important parameter which should 
be evaluated to assess airflow patterns in the soil matrix.
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Previous Work
Airflow patterns in nonhomogeneous soils will be a 

function of the soil permeability. Experiments in the 
laboratory have shown that for a given soil the permeability 
will generally decrease with a decrease in the void ratio, 
with the exception of some clays (McCarthy, 1982). A semi
log plot, with void ratio on the linear scale and per
meability on the log scale, generally produces a straight 
line for most soils. In addition, a loose soil will have a 
higher void ratio than a dense soil. Consequently, the bulk 
density of a soil may be used to assess permeability and 
thus, airflow patterns.

The diffusion rate of organic vapors through soil will 
be a function of the soil porosity (Farmer et al., 1980).
The porosity of a soil will increase with the void ratio. 
Because dense soils usually have a lower void ratio, or 
porosity, than loose soils, the diffusion of vapors through 
soil will also be a function of the soil bulk density. In 
laboratory experiments, the diffusion of organic vapors 
through soil samples was found to be exponentially affected 
by the soil bulk density (Ehlers et al., 1969? Farmer et 
al., 1980). For example. Farmer et al. (1980) found that a 
decrease in bulk density of 0.09 grams/cm3 of a soil sample 
will result in a 45 percent increase in the diffusion of
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hexachlorobenzene through that sample. Ehlers et al. (1969) 
observed the same relationship with Lindane.

Benson Site
Bulk density measurements were not performed on soil 

samples from the Benson site. However, standard penetration 
tests were conducted in soil borings drilled during the site 
investigation. The standard penetration test is a function 
of soil density and records the number of blows required to 
drive a standard two-inch outside diameter soil sampler 12 
inches into undisturbed soil using a 140-pound weight fall
ing 30 inches. This is a qualitative test and although soil 
density changes may be inferred, the actual density cannot 
be determined. Utilizing standard penetration test measure
ments is an inexpensive method for assessing soil bulk den
sity changes. The standard penetration tests performed at 
the Benson site were located in the vicinity of the north 
and south blowers. Blow counts were contoured at depths of 
5, 10, 15, and 20 feet (Figures 17 and 18).

In order to relate blow count data with project perfor
mance a comparison with airflow rates from the extraction 
wells was made. Because airflow through soil is a function 
of the soil bulk density, the magnitude of airflow through 
soils with higher blow counts may be reduced. This type of 
analysis has limitations because it is possible that soils
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• Soil Borings 0 20 60feet

Figure 17: Blow Count Contours (Corrected) from 
Soil Borings Drilled During the Site Investiga
tion for Depths of a) 5 feet b) 10 feet.
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Figure 18: Blow Count Contours (Corrected) from 
Soil Borings Drilled During the Site Investiga
tion for Depths of a) 15 feet b) 2 0 feet.
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with a low bulk density will have high porosities and low 
permeabilities. Airflow through these soils will be low. 
Soils that are composed mainly of clays will fall into this 
category.

During the first 41 days of the project, the north 
blower system included extraction wells 1, 2, 3, 4, and 5 
and the south blower system included extraction wells 6, 7, 
8, 9, and 10 (Figure 7). Airflow through these wells was 
assessed during the operations in order to determine the 
efficiency of the blower systems. Airflow rates through 
wells 1, 5, 6, and 10 were assessed from direct measure
ments. Airflow rates through the remaining wells were 
assessed through the selective closing of wells and measur
ing the airflow rate at the exhaust end of the respective 
blower. It was found that the majority of airflow was from 
wells 4, 5, 8, 9, and 10. Nonmeasurab1e flow was observed 
in wells 1, 2, and 3.

A comparison of the airflow rates through the extrac
tion wells with blow count data yielded fairly consistent 
results. The extraction wells with nonmeasurable airflow 
(1, 2, and 3) were located in areas where trends of high 
blow counts could be inferred. The extraction wells with 
high airflow rates were located in areas where at least one 
of the mapped depths showed lower blow counts. Blow count
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contours may not be entirely representative of the subsur
face ; however, the contour maps may provide information 
that could be useful in deciding extraction well locations.

In areas where the soil bulk density is higher, large 
volumes of low permeability soil may exist. Airflow will 
be channelled around these areas via the strata with higher 
permeabilities. Consequently, the extraction of organic 
contaminants within the low permeability soils will be 
reduced. Diffusion rates will also decrease because the 
vapors will have to diffuse through thicker layers of soil 
to reach the highly permeable strata where high airflow 
rates exist. To enhance the removal of contaminants in 
areas of high soil bulk density, the extraction wells 
should be located closer together. A high density of ex
traction wells may force airflow through the denser soils. 
At the Benson site, observation wells 2 and 3, were con
verted into extraction wells on September 11. These two 
wells were located within six feet of existing extraction 
wells (Figure 7). They were also located in an area where 
high soil bulk densities existed. The addition of these 
wells increased DCP concentrations from the north blower by 
300 ppm. The concentration increase can be attributed to 
exposing new soil to airflow.
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INFLUENCE OF THE NONHOMOGENEOUS SOILS 
ON VAPOR MOVEMENT

Previous air stripping studies have shown that airflow 
rates measured from the blower will influence the extraction 
rate of volatile organic contaminants from a soil matrix 
(Wootan and Voynick, 1984; Crow et al., 1985; Weston Con
sultants , 1985). Generally speaking, higher airflow rates 
will increase the vapor extraction rate. However, the ef
fectiveness of airflow through nonhomogeneous soils in ex
tracting organic vapors will depend on permeability changes 
within the soil matrix. Airflow will be preferentially 
channelled through strata with higher permeabilities. The 
low permeability strata may not be exposed to airflow. The 
diffusion of organic vapors from the low permeability strata 
will have a large impact on controlling mass removal rates 
and thus, project time. High airflow rates may not increase 
diffusion rates.

In nonhomogeneous soils, the radius of influence is 
not necessarily a measure of the volume of soil that is ex
posed to airflow. The radius of influence of an extraction 
well is normally thought of as a circumferential area around 
the well that is affected by airflow. Within this area 
static pressures in observation wells will be measurable.
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In general, airflow rates through the contaminated soils 
should be high enough so that static pressures are measur
able beyond the area of contamination. This will expose as 
much soil as possible to airflow. In nonhomogeneous soils, 
however, large volumes of the contaminated soil within the 
radius of influence will not be exposed to airflow because 
of channelling. Consequently, if the location of extraction 
wells is based on the radius of influence, the volume of 
soil that is exposed to airflow will be limited.

It is desirable in air stripping projects to expose as 
much soil as possible to airflow and to operate the blowers 
when the vapor densities of the organic compound in the 
soil are high. This may increase the mass removal rate of 
the contaminant from the soil matrix. Ultimately, the 
project time could be reduced.

At the Benson site, the time of blower operations was 
frequently reduced due to power failures, alterations made 
in the extraction systems, and soil sampling. Accordingly, 
daily exhaust flow rates varied considerably. The reduction 
in operational hours was generally identical for the north 
and south blowers. In addition, extraction wells were peri
odically added to the blower systems. Changes in the ex
haust flow rates and the periodic addition of extraction 
wells influenced the movement of vapors within the con
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taminated soils. Vapor movement patterns within the soil 
matrix were assessed from DCP concentrations from the north 
and south blowers. Changes in the DCP concentrations 
provided a means to evaluate the process of diffusion 
within the soil matrix. Also, the effectiveness of the 
radius of influence as a method for determining extraction 
well locations was assessed.

A Conceptual Model of Vapor Movement in 
Nonhomogeneous Soils Related to 

Air Stripping Projects
The extraction rate of volatile organic contaminants 

from a soil matrix during air stripping operations will ul
timately depend on the properties of the contaminant and 
the soil. Vapor extraction rates will also depend on the 
mode of transport for the vapors. Generally speaking, two 
types of transport mechanisms will occur in dry, nonhomoge
neous soils. These are advection and diffusion. Distin
guishing between these modes of transport during an air 
stripping operation could improve techniques to reduce the 
time required by the blowers to extract the contaminant.

Induced airflow in nonhomogeneous soils will be pref
erentially channeled through highly permeable strata where 
the path of least resistance occurs. Advection is the 
primary mode of transport for organic vapors in these units. 
As the organic vapors are removed from the highly permeable
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strata, the vapor density will decrease and volatilization 
of the liquid phase will increase. Eventually, the con
taminant approaches depletion in these strata. Advection in 
the highly permeable strata can be a rapid mode of transport 
for the organic vapors. Concentrations of the contaminant 
in the exhaust gas from the blowers may decline rapidly due 
to depletion within these strata.

As depletion of the contaminant from the highly perme
able strata occurs, concentration gradients between the 
highly permeable strata and the low permeability strata 
will increase. Organic vapors in the low permeability 
strata are not exposed to direct airflow. These vapors 
will move predominantly by diffusion as concentration gra
dients increase. Diffusion is slower mode of transport 
than advection. The amount of organic vapors removed by 
advection in the highly permeable strata will exceed the 
amount of vapors added by diffusion from the low permeabil
ity strata. Eventually, diffusion becomes the controlling 
factor influencing vapor densities in the highly permeable 
strata.

When the process of diffusion dominates vapor movement, 
a slow and steady volume of organic vapors will move into 
the highly permeable strata. The mass of the contaminant 
that is moving by diffusion will slowly decrease with time.
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Concentrations of the contaminant in the exhaust gas from 
the blowers will be lower than when advection is dominant, 
but decline rates will also be lower.

Effects of Reduced Airflow Rates 
on DCP Concentrations

An analysis was made to assess if the process of diffu
sion increased the vapor density of DCP in the highly perme
able strata during low-flow periods. A low-flow period is 
defined as a period of days when the combined average daily 
exhaust flow rate was significantly reduced from the pre
vious days. The blowers were actually turned off for 
several hours during the low-flow periods. During the time 
when there was no airflow in the vadose zone, the process of 
diffusion could have increased the DCP vapor density in the 
highly permeable strata.

The average daily exhaust flow rates and the DCP con
centrations from the north and south blowers were plotted 
and compared (Figures 19 and 20). After the first two 
weeks of operations, eight low-flow periods were identified. 
The low-flow periods and the resulting DCP concentration 
changes are illustrated in Table 3.

During the first two weeks of operations, the daily ex
haust flow rates were highly variable. The DCP concentra
tions from the blowers were high with high decline rates.
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Table 3 : Relationship Between Exhaust Flow Rate Reduc
tions and DCP Concentration Increases.

Date
of
Low Flow

Flow Rate 
Before 
Low-Flow 
(CM/D)

Average 
Flow During 
Low-Flow 
(CM/D)

Maximum
Concentration
Increase
(ppm)

Aug 26 6,190
North Blower 

4,180 300
Sep 7-8 6,050 4,700 300
Sep 15-24 6,480 4,440 0
Oct 8-11 7,820 1,430 600
Oct 23-26 6,730 990 1,500
Nov 12 9,980 3,620 300
Nov 16 9,890 6,930 —600
Dec 2-20 10,080 6,720 steady decline

Aug 26 5,620
South Blower 

3,760 -300
Sep 7-8 5,760 4,270 300
Sep 15—24 4,210 3,170 —600
Oct 8-11 7,010 1,180 300
Oct 23-26 6,490 910 600
Nov 12 9,500 3,490 0
Nov 16 9,700 6,700 -600
Dec 2 8,340 6,400 300

Note: Flow rates are in cubic meters per day.
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The vapor density of DCP throughout the soil matrix was 
probably high also. Consequently, concentration gradients 
were low and diffusion rates were low. The primary mode of 
transport can be attributed to advection from the highly 
permeable strata.

Correlations between the exhaust flow rates and the 
DCP concentrations from the blowers were not entirely inter
pretable for the first two low-flow periods (August 26 and 
September 7 to 8) because the DCP concentrations were highly 
variable. Although the DCP concentrations did increase 
during these low-flow periods, the concentration increase 
did not appear to be anomalous. The vapor density of DCP in 
the highly permeable strata was probably high enough so that 
concentration gradients between the highly permeable strata 
and the low permeability strata were low. This would result 
in low diffusion rates. The airflow rate reductions for 
both periods were minor which would also reduce the effects 
of diffusion on raising DCP concentrations.

The process of diffusion could not be evaluated during 
the low-flow period that occurred between September 15 and 
24. The DCP concentrations from the south blower were sig
nificantly reduced during this period while those from the 
north blower did not appreciably change. These observations 
can be attributed to the fact that the daily exhaust flow
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rates for the south blower were reduced more than those for 
the north blower. The combined average daily exhaust flow 
rates during this period were 4440 cubic meters per day for 
the north blower and 3170 cubic meters per day for the south 
blower. The difference in the exhaust flow rates resulted 
in interference from the north blower. The difference in 
the DCP concentrations from the blowers was most likely due 
to the interference.

The next two time intervals, October 8 to 11 and Oc
tober 23 to 26, are characterized by significant reductions 
in the exhaust flow rates over a longer period of time. DCP 
concentrations from the north and south blowers increased 
for both periods. The reduced airflow in the soil matrix 
allowed the process of diffusion to increase the vapor den
sity of DCP in the highly permeable strata. The concentra
tion increase for the period October 2 3 to 26 was higher 
than that for the period October 8 to 11. This can be at
tributed to an increasing air moisture content during the 
October 23 to 26 period.

On November 16, a significant drop in the air tempera
ture occurred (12 centigrade degrees). The air temperatures 
remained relatively low for the remaining portion of the 
project. DCP concentrations from the blowers declined 
steadily during the low-flow period that occurred on this
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date. The concentration decrease can probably be attributed 
to decreased diffusion rates resulting from a reduction in 
the air temperature.

The long term effects of the major low-flow periods on 
DCP concentrations could not be fully assessed. Extraction 
wells were added immediately afterwards and influenced the 
DCP extraction rates. When significant amounts of diffusion 
did occur and no extraction wells were added (October 23 to 
26 for the north blower), the air moisture content decreased 
immediately following the low-flow period. The DCP con
centrations from the blowers also decreased after this low- 
flow period. The reduction in DCP concentrations can be at
tributed to adsorption of DCP on the soil grains due to a 
lower air moisture content.

Concentrations of DCP from the north and south blowers 
were observed to increase during low-flow periods under 
certain climatic conditions. When the air moisture content 
or the air temperature decreased, DCP concentrations were 
observed to decrease. The high DCP concentrations that 
were observed for other low-flow periods were most likely 
the result of the process of diffusion. The magnitude of 
diffusion was dependent on the duration of the low-flow 
periods and the magnitude of the reduced airflow rates.

The process of diffusion could be used to enhance the
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extraction rate of organic vapors from nonhomogeneous 
soils. If the blowers are periodically turned off, no 
airflow will occur and the process of diffusion will be 
able to increase the vapor density of a volatile organic 
compound in the highly permeable strata. Concentrations 
and vapor extraction rates of the contaminant from the 
blowers may be higher when operations are resumed. The 
concentration of the contaminant in the exhaust gas may 
then begin to decline radidly. This indicates that advec
tion is occurring. When the concentrations from the exhaust 
gas begin to stabilize and show low decline rates, the 
process of diffusion may be the dominant mode of transport. 
At this point in time, the blower operations should be dis
continued again to allow vapor densities to increase in the 
highly permeable strata. This technique, referred to as 
pulsating, allows the blowers to operate only when advection 
is the main mode of transport. Less operational time is 
required to remove the contaminant from the soil by avoiding 
operations during periods when slow diffusion processes 
dominate vapor movement.

Relationship Between the Location of 
Extraction Wells. Radius of Influence.
Concentrations, and Extraction Rates

The concentrations of DCP from the blowers generally 
increased after extraction wells were added to the blower
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systems (Table 4). The DCP extraction rates also increased. 
The magnitude of increase for the concentrations and the ex
traction rates was higher when extraction wells were added 
within the radius of influence. The wells were usually 
added after low-flow periods. Diffusion during the low-flow 
periods may have contributed to higher concentrations and 
extraction rates.

Table 4 : Increase in DCP Concentrations Resulting from the
Addition of Extraction Wells After Low-Flow Periods.

Date
Wells
Added

Flow
Before
Wells
Added
(CM/D)

Duration 
of Low- 
Flow 
(days)

Flow
After
Low-Flow
(CM/D)

Number 
of Wells 
Added

Maximum
Con.
Increase
(ppm)

North Blower
Sep 11 7,340 0 7,390 2 300
Oct 2 4,900 7 5,170 6 600
Oct 12 7,820 4

South
8,160

Blower
8 300

Oct 2 3,740 7 4,720 7 4,510
Oct 12 7,010 4 7,580 6 600
Oct 27 6,490 4 10,180 5 steady

decline

Note: Concentration changes reflect the difference from the 
concentrations before and after the low-flow period.
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On September 11, observation wells 2 and 3 were con
verted into extraction wells for the north blower system.
The wells were located within six feet of extraction well 2 
(Figure 7). After the wells were added, the DCP concentra
tions from the north blower increased from 4800 ppm to 5100 
ppm. The DCP extraction rates increased from approximately
36,000 grams of DCP per day to 45,000 grams of DCP per day 
(Figure 21). The higher concentrations can be attributed 
to exposing more soil to airflow. The higher extraction 
rates can be attributed to higher concentrations of DCP and 
higher airflow rates. Observation wells 2 and 3 were lo
cated in an area with high soil bulk densities as estimated 
from blow count data. They were also located well within 
the radius of influence of existing extraction wells. The 
higher DCP concentrations and extraction rates that occurred 
after the wells were added indicates that the radius of in
fluence in nonhomogeneous soils is not necessarily a para
meter to consider when locating extraction wells for an ef
ficient air stripping system.

Thirteen extraction wells were added to the north and 
south blowers on October 2 (Figure 7). These additions 
were also located within the radius of influence from exist
ing extraction wells. DCP concentrations from the south 
blower increased by 4500 ppm after the wells were connected.
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The additions to the north blower had a lessor influence on 
DCP concentrations. Generally, the wells added to the south 
blower system were located in areas where higher DCP con
centrations in the soil existed. The higher DCP concentra
tions from the north and south blowers which resulted from 
the addition of these wells can be attributed to exposing 
more soil to airflow.

The DCP extraction rates from the north and south 
blowers increased significantly after the addition of the 
extraction wells on October 2 (Figures 21 and 22). Extrac
tion rates from the north blower increased from 20,000 to
40,000 grams of DCP per day. Extraction rates from the 
south blower increased from 10,000 to 50,000 grams of DCP 
per day. The higher extraction rates can be attributed to 
higher concentrations of DCP and higher airflow rates. The 
exhaust flow rates were increased from 4600 to 7800 cubic 
meters per day for the north blower and from 3500 to 6700 
cubic meters per day for the south blower. These results 
also suggest that the radius of influence is not a parameter 
to consider when designing an efficient air stripping sys
tem.

Five extraction wells were added to the south blower 
system on October 27. These wells were added west of the 
main area of contamination after contaminated soil was dis-
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covered 150 feet further west of the original spill site 
(Figure 6). The addition of these wells provided airflow 
to soils with low concentrations of DCP. Neither the DCP 
concentrations nor the DCP extraction rates from the south 
blower significantly increased after these wells were added.

In homogeneous sands, such as at the site where Weston 
Consultants (1985) conducted their study, the radius of in
fluence may be an important factor for locating extraction 
wells. Their study concluded that the well spacing at the 
project area should have been reduced from 50 feet to 20 
feet. The basis of their design was to locate extraction 
wells at the minimum measurable static pressure (negative 
0.5 inches of water) within the radius of influence from 
other extraction wells. However, the project was not con
tinued to acceptable limits of decontamination and their 
conclusion could not be substantiated. If this design 
criteria was used at the Benson site, no extraction wells 
would have been added after the first ten wells and the DCP 
extraction rates would have been much lower.

Air stripping projects have been effective in soil 
types ranging from homogeneous sands (Weston Consultants, 
1985) to silty clays (Agrelot et al., 1985). The radius of 
influence of an air stripping system in nonhomogeneous 
soils should be sufficient to extend beyond the area of
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contamination. However, it should not be a factor for 
locating extraction wells. For rapid removal of the con
taminant, the soils need to be exposed to airflow. A sig
nificant number of air stripping projects are conducted in 
nonhomogeneous soils. Changes in the stratigraphy may be 
more important than the radius of influence in determining 
extraction well locations. With enough time, decontamina
tion of the soil at the Benson site may have been ac
complished with only a few extraction wells; however, the 
project time and costs could have been significantly higher.
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COST ANALYSIS

Capital costs for the Benson project were minimal com
pared to the operational costs. The total capital cost for 
the project was approximately $25,000 and included site 
preparation, drilling, piping, and blowers. The operational 
cost was approximately $500,000 and included personnel, 
fuel, data monitoring, and soil analyses. The operational 
costs exceeded the capital costs by twenty times and was due 
to the duration of operations. In addressing methods to 
reduce costs for air stripping projects, procedures to in
crease vapor extraction rates and decrease the operational 
time were emphasized.

The daily DCP extraction cost increased exponentially 
during the project (Figure 23). These costs were calculated 
by adding the total mass of DCP extracted from all three 
blowers and dividing by the daily costs. The daily costs 
were based on the maximum number of hours a particular 
blower was in operation for that day. The overall hourly 
costs were $112.5. The DCP extraction costs were influenced 
by the number of extraction wells, airflow rates, and 
climatic conditions.

The conversion of observation wells 2 and 3 into ex
traction wells on September 11 decreased the DCP extraction



12
00

ER-3502 86

-LU
no aa/woia iS3M

<n o  aaMoia Hinos 
ddo saaMoia n v

NO W3M018 1S3M -UJ

dOtiQ 3tiniVti3dlN31

- O

asaav s n 3 M  ei
ddO SW3M018 n v - O

-LU

oo oo o00 Tf

doa do iAivti30ii>i d3d stivnoa Fi
gu
re
 

23:
 
Dai

ly 
DCP

 
Ex
tr
ac
ti
on
 
Co
st
s.



ER-3502 87

costs for the north blower. The daily extraction of DCP in
creased by 445 grams per hour on September 11. In turn, the 
DCP extraction cost decreased by $7.00 per kilogram. The 
extraction costs increased gradually for the next eight days 
before attaining the cost which existed before the addition 
of the wells. Although the daily exhaust flow rate from the 
north blower increased by 1200 cubic meters on September 12, 
daily exhaust flow rates for the remainder of this period 
were lower than before the addition of these wells. The 
cost reduction could have been more significant if high ex
haust flow rates were maintained.

Table 5 illustrates the change in DCP extraction costs 
for periods when extraction wells were added to the blower 
systems after days of low-flow. As defined before, a low- 
flow period refers to a group of days when the combined 
average daily exhaust flow rate was reduced from the preced
ing days. The change in costs were a function of increased 
diffusion rates during the low-flow days, the number of ex
traction wells added, the location of the extraction wells, 
and changes in the airflow rates.

The reduction in the daily DCP extraction costs result
ing from the addition of wells on October 2 significantly 
reduced the overall project cost. The reduction in costs 
were mainly due to the addition of extraction wells within
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Table 5: Decrease in Extraction Costs after Extraction
Wells were Added Following Low-Flow Periods.

Date
Duration of 
Low-Flow 
(days)

Number 
of Wells 
Added

Flow
Increase
(CM/D)

Extraction
Increase
(grams/hr)

Cost
Decrease
($Ag)

Oct 2 7 13 5,800 3,620 -32.0
Oct 12 4 13 3,800 1,660 -4.9
Oct 27 4 5 7,000 570 —2.1

Note: The number of wells added includes both the north and 
south blowers. The airflow increase (cubic meters/day), ex
traction increase, and cost decrease are averaged between 
the north and south blowers and reflect the difference from 
before and after the low-flow period.

the south blower system. The concentrations of DCP in the 
soil were high in this area. Higher airflow rates also con
tributed to the cost reduction. The higher concentrations 
and airflow rates increased the DCP extraction rates which 
in turn decreased the extraction costs. The reduction in 
costs due to the addition of these wells continued to the 
middle of November.

The extraction wells added on October 12 and October 
27 were located progressively farther out from the main 
area of contamination (Figure 6). These wells were added 
to the air stripping system after DCP contamination was 
discovered west of the spill area in October. DCP extrac-
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tion costs were reduced for only a few days after each addi
tion. Exhaust flow rates were higher after the addition of 
these wells and may have contributed to relatively stabi
lized extraction costs.

Periods of low-flow that did not precede the addition 
of extraction wells were short in duration with minor ex
haust flow rate reductions (Table 6). Consequently, the 
possibility of significantly reducing the DCP extraction 
costs by allowing diffusion alone to increase vapor den
sities in the highly permeable strata cannot be fully 
assessed. Extraction cost reductions were minor for those 
particular days and most likely had no effect on the overall 
project cost. If the magnitude of the exhaust flow rates 
was reduced further for a longer period of time, the vapor 
density of DCP in the highly permeable strata may have in
creased further. Higher DCP concentrations in the exhaust 
gas from the blowers may have occurred after high airflow 
rates were resumed. Accordingly, the DCP extraction costs 
may have also decreased.

The low-flow period that occurred on November 16 coin
cided with a precipitous drop in the air temperature due to 
a seasonal change. The DCP extraction cost on this date 
increased by $28 per kilogram. Extraction costs remained 
high for the remainder of the project. Although depletion
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Table 6: Change in Extraction Costs Due to Reductions in
Exhaust flow Rates.

Date
Duration of
Low-Flow
(days)

Flow
Reduction
(CM/D)

Change in
Concentration
(ppm)

Change 
in Cost 
($/kg)

Sep 7-8 2 1020 300 1 o o

Nov 12 1 6190 150 -2.10
Nov 16 1 2960 —600 +28.00

Note: No extraction wells added after the low-flow period. 
The airflow reduction, change in concentration, and change 
in costs are averaged between the north and south blowers 
and reflect the difference from before and after the low- 
flow period.

of DCP was occurring in the contaminated soils, the increase 
in the extraction costs after the middle of November was 
most likely due to the drop in the air temperature. Lower 
air temperatures will decrease the vapor density of DCP by 
decreasing volatilization, diffusion, and adsorption.

From December through the end of the project, DCP ex
traction costs fluctuated depending on the blower opera
tions. The addition of the west blower on December 2 
reduced extraction costs for 19 days before DCP concentra
tions decreased again. Extraction costs were generally in
creasing during this period showing the effects of depletion 
and cold temperatures.
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Overall, the daily DCP extraction costs increased ex
ponentially during the project. The extraction costs 
remained fairly low from the beginning of the project to 
the middle of November at which time the air temperature 
dropped. From the middle of November to the beginning of 
February, the extraction costs increased consistently with 
minor fluctuations. In early February the extraction costs 
began to rise steeply. This period also corresponds with a 
warming trend. It was evident that the air stripping opera
tions and the higher air temperatures were becoming ineffec
tive in influencing DCP extraction rates. Depletion of DCP 
from the soil matrix was apparent. Soil sampling at the end 
of February showed that DCP concentrations in the soil were 
near the clean-up criteria established by EPA.

Recommendations for Reducing Costs 
The largest portion of the project cost for an air 

stripping project may be due to the time of operations. 
Capital costs may not necessarily increase with time, but 
operational costs are a function of time. Ultimately, 
project costs will be a site specific problem. However, 
procedures can be applied towards many projects to reduce 
operational time and thus, the overall project costs.
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Addition of Extraction Wells
In nonhomogeneous soil the radius of influence of an 

air stripping system may extend beyond the area of contami
nation, but the effectiveness of airflow in removing organic 
vapors will depend on airflow patterns. Contaminated soil 
within a few feet of the extraction wells may not be exposed 
to direct airflow. Decontamination of these soils will be 
dependent on diffusion which is a slow process. Before 
remediation begins, the stratigraphy should be examined.
Soil bulk densities should be assessed either through blow 
count data or laboratory analyses. The location and spacing 
of extraction wells should then be based on the soil bulk 
densities. The addition of extraction wells will increase 
capital costs; however, these costs are minor in comparison 
to the overall project costs.

Pulsating
It is more cost-effective to operate the blower system 

when exhaust concentrations of the contaminant are high.
At the Benson site, DCP concentrations from the blowers 
were observed to increase during low-flow periods by diffu
sion. The vapor density of DCP in the highly permeable 
strata and the DCP concentrations from the blowers may have 
increased further if the blower systems were stopped for 
longer periods of time.
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It is recommended for future air stripping projects 
that operations be pulsated. The blower should be operated 
during periods when concentrations of the contaminant in 
the exhaust gas are declining rapidly and advection is the 
dominant mode of vapor movement. When decline rates are 
level, indicating that diffusion may be the dominant mode 
of vapor transport, the blower should be stopped for several 
days to allow diffusion to increase vapor densities in the 
highly permeable strata. This procedure can reduce operat
ing costs because money is not being spent during the slow 
diffusion process. Project time may increase, but the 
operational time will decrease.

At remote sites, personnel may have to be present at 
all times for security purposes. In these situations, pul
sating may not decrease the project costs to any significant 
degree. This was the situation for the Benson project.
There was no incentive for long periods of shutdown because 
the only real cost savings would have been from decreasing 
the amount of diesel fuel used for the generator.

Time of Operations
The DCP extraction costs at the Benson project in

creased dramatically when air temperatures decreased due to 
a seasonal change. The lower temperatures reduced volati
lization from the liquid phase, desorption from the soil
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grains, and the diffusion rate of the vapors. Warmer tem
peratures will have the opposite effect and increase these 
factors. The extraction rate of organic vapors could be 
higher during periods when the air temperature is high. 
Higher extraction rates may reduce the duration of a pro
ject. It is recommended that air stripping projects be 
conducted during the summer months to take advantage of the 
effects of warmer air temperatures.

Injection of Humidified Air
The air moisture content had a significant influence 

on DCP concentrations from the blowers at the Benson site. 
Higher air moisture contents increased the desorption of 
DCP from the soil grains. This increased the amount of or
ganic vapors available for transport. In dry soils, the 
injection of humidified air may increase vapor extraction 
rates by increasing the desorption of organic molecules 
from the soil grains. This procedure is not expected to be 
successful in moist soils where pore blockage may develop.
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SUMMARY AND CONCLUSIONS

Monitoring air stripping projects requires data that 
measure project performance. Measurements that are required 
as determined from previous air stripping projects include 
exhaust flow rates, exhaust concentrations, and static pres
sures. Declining concentrations, however, may be a function 
of climatic conditions and not necessarily depletion from 
the soil matrix. The proper assessment of exhaust concen
trations requires the monitoring of climatic conditions. A 
summary of the influence of the climatic parameters on air 
stripping projects is summarized below.

Relative Humidity
In dry soils the air moisture content (calculated from 

relative humidity measurements) can be directly related to 
the vapor density of volatile organic compounds in the soil 
matrix. A decrease in the vapor concentrations of the con
taminant from the blowers could be a function of decreasing 
air moisture contents and not depletion.

Air Temperature
Changes in the air temperature can dramatically in

fluence the movement of organic vapors in a soil matrix by 
several means. Higher temperatures will increase volatili
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zation from the liquid phased, desorption from the soil 
grains, and diffusion rates of the vapors. A decrease in 
the vapor concentration of the contaminant from the blower 
may be due to declining air temperatures and not depletion 
from the soil.

Barometric Pressure
Changes in the barometric pressure may affect the 

radius of influence and concentration gradients within the 
vadose zone. However, if static pressures (negative) in 
the extraction wells are high enough (greater than -0.5 
inches of water), the effects of changing atmospheric pres
sures on the radius of influence or the concentration 
gradients may be masked. The barometric pressure may in
fluence these factors for air stripping projects where low 
airflow rates are maintained in the extraction wells.

Wind Velocity
The effects of wind on air stripping projects may be 

to change the concentration gradients of the contaminant by 
increasing the diffusion rate of the vapors towards the 
land surface. The effects of wind, however, will decrease 
with time. Unless an air stripping project is conducted 
immediately after a spill, wind should have no influence on 
diffusion rates or concentration gradients.
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Measurements that are required for air stripping pro
jects will depend on the climatological and geological con
ditions at the site. In general, the parameters that should 
be monitored at an air stripping project include exhaust 
flow rates, exhaust concentrations, static pressures in the 
observation wells and in the extraction wells, air tempera
tures, and relative humidity. Before an air stripping sys
tem is designed, soil bulk density changes within the con
taminated area should be assessed so that the extraction 
wells can be properly located. If an air stripping system 
is to be installed in an area where low airflow rates are 
sufficient for the extraction of the contaminant, barometric 
pressure measurements may aid in the assessment of soil 
decontamination.

Operational procedures can be modified to reduce the 
operational time of an air stripping project and thus, the 
project cost. These procedures will not be applicable for 
many projects because of limitations at the site. Possible 
limitations include security requirements, drilling restric
tions, and climatic conditions. Conclusions from this 
study, however, indicate that the following methods can 
reduce project costs.



ER-3502 98

Pulsating
If the blower system is operated only when vapor den

sities in the highly permeable strata are high and advection 
is the main mode of transport, less operational time may be 
required to extract the contaminant. The periodic cessation 
of operations, or pulsating, may allow the vapor density of 
volatile organic contaminants to increase in the highly 
permeable strata by diffusion from the low permeability 
strata. Extraction costs can be reduced because money is 
not being spent during the slow diffusion process.

High Density of Extraction Wells
Airflow will be channelled in nonhomogeneous soils.

An evaluation of soil bulk densities can aid in assessing 
airflow patterns and the location of extraction wells. The 
extraction rate of organic vapors could be increased by 
locating wells closer together in areas where the soil bulk 
density is higher. Capital costs will increase, but the 
overall project cost may decrease because more soil will be 
exposed to airflow. Blow count measurements taken from 
soil borings are inexpensive and can be used to qualita
tively determine soil bulk density changes.
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Conduct Operations in the Summer
Air stripping operations can be successful during the 

winter months. However, if operations are conducted during 
the summer months when ambient air temperatures are higher, 
the extraction rate of the contaminant will probably be 
higher.

Injection of Humidified Air
In dry soils, the vapor density of volatile organic 

compounds may increase with an increase in the air moisture 
content. The injection of humidified air into contaminated 
soils may also increase the vapor density of the contaminant 
within the soil matrix. Extraction rates may increase be
cause more vapor becomes available for transport. This 
method is expected to be successful only in very dry soils.

The conclusions from this study were based on an air 
stripping project conducted in nonhomgeneous soils in a 
desert climate. The application of these conclusions to 
projects in different geological and climatological environ
ments has not been fully assessed.
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Table A-l: Data From North Blower

Static
Hours Exhaust Pressure Explosion
of Temp. (neg. inch Meter

Date Oper. (Cent.) water) (%)

0.0 — — 0.00 0
Aug 2 8.0 35.6 0.90 e28

19.0 35.4 0.57 e27
18.5 34.2 0.22 e27

Aug 5 3.0 e34.0 0.21 e26
5.0 e33.0 0.22 e26
17.0 e32.0 0.21 25
20.0 e31. 0 0.21 25
19.0 e30.0 0.43 23Aug 10 14.3 29.8 0.20 21
10.8 30.4 0.21 2316.1 33.1 0.20 17
19.0 31.1 0.19 20
13.0 26.9 0.18 20Aug 15 4.7 23.3 0.26 21
17.0 30.4 0.22 20
18.0 30.4 0.23 20
24.0 27.1 0.22 18
24.0 26.7 0.22 19

Aug 20 23.1 28.0 0.18 19
24.0 27.6 0.19 1924.0 26.4 0.19 19
22.7 26.8 0.21 18
24.0 26.3 0.20 18Aug 25 24.0 28.1 0.20 17
16.2 31.6 0.20 1824.0 e28.0 0.21 17
23.0 e30.0 0.20 1724.0 e32.0 0.20 17
23.2 e33.0 0.21 1624.0 e32.0 0.21 16Sept 1 24.0 629.0 0.20 1624.0 e31.0 0.19 1624.0 e31. 0 0.19 1624.0 e29. 0 0.19 16Sept 5 24.0 e27.0 0.19 1624.0 e26. 0 0.19 1616.0 e27. 0 0.20 17

(continued)
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Table A-l (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

18.7 e27.0 0.24 16
24.0 e28.0 0.27 16Sept 10 24.0 628.O 0.28 16
22.0 e30.0 0.33 17
24.0 628.O 0.38 17
18.2 e33.0 0.36 17
18.0 634.O 0.38 16

Sept 15 11.2 632.0 0.38 1610.8 e31. 0 0.40 1711.4 e32.0 0.40 1616.0 632.0 0.40 16
13.2 e33.0 0.25 17Sept 20 15.7 e33.0 0.25 1612.0 32.2 0.26 15
15.7 31.0 0.27 1514.5 33.6 0.28 16
16.0 634.O 0.27 16Sept 25 0.0 —— 0.00 0
0.0 — 0.00 00.0 — 0.00 0
0.0 — 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0Oct 1 0.0 — 0.00 0

10.5 25.8 0.73 16
11.7 24.4 0.75 1615.7 25.4 0.75 18Oct 5 15.7 24.6 0.73 17
15.7 25.6 0.75 15
15.7 27.4 0.74 155.0 25.6 0.75 163.0 25.6 0.78 15Oct 10 0.0 —— 0.00 02.7 24.4 1.23 1713.2 24.4 1.16 1615.5 25.7 1.07 1615.5 24.8 1.07 15Oct 15 15.7 25.4 1.08 1316.0 25.2 1.08 12
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Table A-l (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

Oct 20

Oct 25

Nov 1

Nov 5

Nov 10

Nov 15

Nov 20

14.0 23.7 1.07 12
15.7 22.6 1.12 11
16.0 22.6 1.17 10
16.0 20.7 1.13 10
8.5 21.1 1.14 10
11.0 24.4 1.13 11
2.0 22.2 1.14 16
1.5 22.2 1.16 10
1.5 20.0 1.14 11
1.5 20.0 1.10 14

16.0 23.5 1.20 12
16.0 24.1 1.21 11
16.0 23.3 1.23 11
16.0 24.4 1.23 11
16.0 23.5 1.24 11
16.0 22.4 1.25 10
16.0 22.4 1.27 10
16.0 22.1 1.26 9
16.0 22.1 1.19 9
16.0 25.9 1.24 9
15.2 26.6 1.25 8
16.0 25.7 1.24 8
16.0 25.0 1.23 8
16.0 23.3 1.24 8
16.0 24.1 1.23 8
16.0 22.4 1.18 8
5.7 28.9 1.20 9
16.0 22.9 1.17 8
16.0 22.1 1.17 7
16.0 21.5 1.17 8
11.0 20.4 1.22 6
16.0 20.4 1.21 416.0 19.1 1.27 4
15.5 20.2 1.20 316.0 19.4 1.21 4
16.0 19.3 1.14 416.0 20.6 1.22 316.0 15.7 1.17 416.0 17.1 1.21 2

(continued)
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Table A-l (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

Nov 25 16.0 16.7 1.21 2
16.0 13.9 1.19 4
16.0 15.9 1.23 3
16.0 19.6 1.23 4
16.0 18.5 1.23 3
16.0 20.0 1.21 3

Dec 1 13.5 17.4 1.24 2
13.0 15.2 0.83 2
16.0 20.0 0.61 3
16.0 15.9 0.60 2

Dec 5 16.0 19.6 0.71 2
16.0 17.6 0.70 2
16.0 18.7 0.62 2
16.0 20.4 0.57 1
16.0 21.1 0.58 1

Dec 10 16.0 20.6 0.57 1
16.0 20.0 0.50 1
16.0 19.8 0.64 1
16.0 19.4 0.63 1
16.0 17.4 0.64 1

Dec 15 16.0 16.9 0.58 1
16.0 17.4 0.59 1
16.0 20.6 0.54 1
13.0 22.1 0.55 1
14.0 18.9 0.67 1

Dec 20 6.0 18.3 0.50 1
0.0 — 0.00 0
0.0 — 0.00 0
0.0 —— 0.00 0
0.0 — 0.00 0Dec 25 0.0 — 0.00 0
0.0 — 0.00 0
0.0 — — 0.00 0

Dec 28 north blower reversed for air injection
Notes : All average values are averaged for the hours of operation.
—  = No data due to malfunction of instruments or no 
operations.
e = Estimated values.
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Tablé A-2: Data From South Blower

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

0.0 0.00 0
Aug 2 8.0 37.8 0.19 e22

19.2 38.9 0.19 e21
18.5 34.4 0.18 e20Aug 5 3.0 e34.0 0.20 e!9
0.0 — 0.00 0
0.0 — — 0.00 0
5.0 e31. 0 0.20 18
19.0 e30. 0 0.19 19

Aug 10 20.0 30.6 0.19 19
9.3 30.6 0.17 18
16.0 34.4 0.16 15
19.0 33.1 0.17 17
13.0 28.0 0.17 16

Aug 15 4.7 24.2 0.16 15
17.0 30.9 0.16 16
17.7 28.4 0.16 15
24.0 26.2 0.17 14
24.0 26.1 0.16 15Aug 20 23.0 28.1 0.16 15
24.0 28.2 0.15 15
24.0 28.0 0.15 1524.0 27.6 0.16 14
24.0 26.2 0.17 15Aug 25 24.0 28.3 0.16 15
16.5 32.6 0.15 14
24.0 e28.0 0.17 15
24.0 e31.0 0.17 16
24.0 e33.0 0.15 15
23.2 e34.0 0.15 14
24.0 e32.0 0.16 13Sept 1 24.0 e30.0 0.18 1524.0 e30.0 0.16 1324.0 e31. 0 0.16 1324.0 e29.0 0.16 14Sept 5 24.0 e27.0 0.17 1224.0 e26.0 0.17 1316.0 e27.0 0.18 1418.7 e27.0 0.18 13

(continued)
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Table A-2 (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

24.0 e28 • 0 0.16 13
Sept 10 24.0 e29.0 0.17 13

22.0 e30.0 0.19 15
24.0 e29.0 0.18 12
18.2 e31.0 0.18 14
18.0 e32.0 0.16 12

Sept 15 12.0 e3 3.0 0.15 10
10.8 e30.0 0.15 10
11.4 e31.0 0.16 10
16.0 e31. 0 0.16 10
13.2 032.0 0.13 10

Sept 20 15.7 e33.0 0.15 10
12.0 33.9 0.16 11
15.7 31.8 0.17 10
14.5 33.1 0.16 10
16.0 34.3 0.16 10

Sept 25 0.0 — 0.00 0
0.0 —— 0.00 00.0 — 0.00 0
0.0 —— 0.00 00.0 —— 0.00 0
0.0 —— 0.00 0

Oct 1 0.0 — 0.00 0
10.5 26.4 0.61 24
11.7 24.7 0.58 24
15.7 25.9 0.53 25

Oct 5 15.7 24.4 0.57 25
15.7 25.9 0.60 23
16.0 28.0 0.58 23
5.0 24.4 0.58 24
3.0 25.6 0.56 20Oct 10 0.0 —— 0.00 0
2.7 25.6 0.64 2414.2 24.1 0.87 25
15.5 28.0 1.07 2415.5 26.7 1.05 22

Oct 15 15.7 23.9 1.02 2016.0 24.8 0.95 1914.0 23.3 0.99 19
(continued)
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Table A-2 (continued)

Date
Hours
of
Oper.

Exhaust
Temp.
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

15.7 19.2 0.97 18
16.0 22.6 1.07 18

Oct 20 16.0 20.4 0.98 19
8.5 21.1 0.98 19
11.5 22.2 0.97 18
2.0 20.0 0.96 17
1.5 22.2 1.00 19Oct 25 1.5 18.9 1.00 20
1.5 18.9 0.88 20

16.0 22.0 1.22 17
16.0 22.6 1.24 15
16.0 22.0 1.23 15
16.0 22.6 1.21 13
16.0 21.7 1.22 12Nov 1 16.0 21.5 1.18 11
16.0 21.1 1.25 10
16.0 15.6 1.21 10
16.0 21.5 1.09 13

Nov 5 16.0 24.6 1.14 11
15.2 25.1 1.06 10
16.0 25.6 1.12 10
16.0 25.0 1.12 10
16.0 22.3 1.14 11Nov 10 16.0 22.2 1.14 10
16.0 20.2 1.09 10
5.7 22.2 1.14 10
16.0 20.9 1.13 10
16.0 20.0 1.13 9Nov 15 16.0 19.6 1.13 9
11.0 16.9 1.17 7
16.0 17.6 1.11 4
16.0 17.2 1.14 4
15.5 16.9 1.26 3Nov 20 16.0 16.5 1.22 416.0 17.8 1.18 416.0 18.7 1.11 416.0 14.1 1.32 316.0 17.0 1.18 2Nov 25 16.0 13.3 1.27 3(continued)
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Table A-2 (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

16.0 10.7 0.97 4
16.0 13.0 1.06 4
16.0 17.0 1.19 416.0 15.2 1.11 3
16.0 18.1 1.14 3Dec 1 13.5 16.5 1.17 4
13.0 14.1 0.76 5
16.0 19.3 0.53 4
16.0 14.4 0.49 4

Dec 5 16.0 17.4 0.48 4
16.0 17.8 0.46 2
16.0 18.3 0.53 2
16.0 19.6 0.54 116.0 20.7 0.53 1Dec 10 16.0 17.2 0.52
16.0 21.9 0.49 1
16.0 18.5 0.49 116.0 16.9 0.52 1
16.0 16.1 0.52 1Dec 15 16.0 15.0 0.55 116.0 13.9 0.51 1
16.0 20.4 0.50 113.0 20.0 0.51 1
14.0 17.2 0.61 1Dec 20 6.0 15.6 0.50 1
0.0 —— 0.00 0
0.0 — — 0.00 0
0.0 — 0.00 0
0.0 —— 0.00 0Dec 25 0.0 —— 0.00 0
0.0 —— 0.00 00.0 —— 0.00 05.2 15.6 1.18 116.0 15.0 1.09 116.0 17.0 1.01 113.5 18.3 1.02 1Jan 1 16.0 13.3 1.07 116.0 14.6 1.08 116.0 14.8 1.04 1

(continued)
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Table A-2 (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

16.0 15.9 1.09 1Jan 5 16.0 18.1 1.07 116.0 18.3 1.04 116.0 14.6 1.04 116.0 15.7 1.03 116.0 15.2 1.05 1Jan 10 16.0 16.3 1.05 116.0 14.3 1.06 1
16.0 13.9 0.88 116.0 11.1 0.92 1
16.0 13.7 0.96 1Jan 15 16.0 15.9 1.00 1
16.0 15.9 1.03 1
16.0 14.8 1.06 116.0 17.2 1.03 116.0 18.3 1.04 1Jan 20 16.0 18.1 1.04 1
16.0 18.0 0.80 1.7
16.0 19.1 0.83 2
16.0 15.9 0.86 1.716.0 15.4 0.84 1.5

Jan 25 16.0 18.9 0.84 1.515.5 16.1 0.83 1.2
16.0 15.7 0.84 1.5
11.0 16.7 0.84 1.5
16.0 18.7 0.84 1.7
16.0 15.4 0.85 1.2
16.0 11.7 0.83 1.2Feb 1 16.0 10.0 0.85 1.216.0 13.3 0.84 1.216.0 11.1 0.61 0.516.0 12.2 0.47 0.5Feb 5 13.5 11.5 0.81 116.0 12.8 0.81 0.816.0 16.5 0.81 0.816.0 16.7 0.80 1.516.0 17.6 0.83 1.2Feb 10 16.0 17.0 0.81 1.516.0 17.0 0.83 0.5

(continued)
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Table A-2 (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

16.0 18.1 0.81 1.7
16.0 19.4 0.80 1
16.0 19.1 0.81 0.8

Feb 15 16.0 20.6 0.80 0.5
16.0 20.0 0.79 0.9
16.0 21.1 0.77 0.6
16.0 27.0 0.81 0.4
16.0 26.7 0.80 0.4

Feb 20 16.0 26.7 0.79 0.9
16.0 27.4 0.81 0.3
16.0 27.0 0.81 0.3
16.0 27.6 0.82 0.4
16.0 27.4 0.81 0.4

Feb 25 16.0 26.7 0.80 0.3
16.0 26.9 0.80 0.3
16.0 27.8 0.82 0.4

March 1
2.0 21.0 0.80

0.00
0.4

0
Notes : All average values are averaged for the hours of 
operation.
—  = No data due to malfunction of instruments or no
operations.
e = Estimated values.
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Table A-3 : Data From West Blower

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

Dec 2 9.0 15.0 0.62 2
16.0 19.4 0.62 6
16.0 17.2 1.61 2

Dec 5 16.0 18.5 1.96 2
16.0 18.3 1.60 1
16.0 19.2 1.97 116.0 20.7 1.88 116.0 20.7 1.85 1Dec 10 16.0 21.1 1.86
16.0 21.7 1.64 116.0 19.2 1.77 1
16.0 18.5 1.72 116.0 16.5 1.44 1

Dec 15 16.0 16.1 1.43 116.0 16.7 1.59 1
16.0 18.5 1.74 113.0 22.2 1.50 114.0 16.7 1.60 1

Dec 20 6.0 15.6 1.80 1
0.0 — 0.00 0
0.0 — 0.00 0
0.0 —— 0.00 0
0.0 — 0.00 0Dec 25 0.0 — 0.00 0
0.0 — 0.00 0
0.0 — 0.00 0
0.0 —— 0.00 0
0.0 — 0.00 00.0 —— 0.00 00.0 —— 0.00 0Jan 1 0.0 — 0.00 00.0 —— 0.00 00.0 — 0.00 00.0 — 0.00 0Jan 5 0.0 — 0.00 00.0 — 0.00 00.0 — 0.00 00.0 — 0.00 00.0 0.00 0

(continued)
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Table A-3 (continued)

Date
Hours
of
Oper.

Exhaust
Temp.
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

Jan 10 0.0 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0

Jan 15 0.0 — 0.00 00.0 — 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0
0.0 —— 0.00 0Jan 20 0.0 — 0.00 0

16.0 21.1 1.61 0.5
16.0 21.5 1.63 0.3
16.0 18.7 1.59 0.2
16.0 19.6 1.63 0.3

Jan 25 15.5 21.3 1.70 0
16.0 14.4 1.64 0
16.0 18.7 1.48 0
11.0 20.0 1.65 0
16.0 20.9 1.03 0
16.0 17.0 1.54 0
16.0 15.9 1.39 0

Feb 1 16.0 14.8 1.59 0
15.5 16.5 1.60 0
16.0 15.4 1.66 0
16.0 15.9 1.78 0Feb 5 13.5 15.4 1.75 0.2
16.0 16.3 1.77 0
16.0 19.1 1.77 0
16.0 19.4 1.74 0
16.0 19.8 1.74 0Feb 10 16.0 19.3 1.72 016.0 19.3 1.78 0
16.0 20.0 1.63 0
16.0 21.9 1.77 016.0 20.7 1.77 0Feb 15 16.0 22.6 1.75 016.0 22.4 1.73 016.0 23.1 1.74 0

(continued)
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Table A-3 (continued)

Date
Hours
of
Oper.

Exhaust 
Temp. 
(Cent.)

Static 
Pressure 
(neg. inch 
water)

Explosion
Meter
(%)

16.0 22.2 1.75 0
16.0 22.8 1.81 0Feb 20 16.0 23.3 1.72 0
16.0 17.0 1.63 0
16.0 16.9 1.77 0
16.0 17.2 1.70 016.0 19.4 1.60 0Feb 25 16.0 20.6 1.66 0
16.0 22.8 1.58 016.0 17.4 1.59 02.5 11.0 1.59 0

March 1 0.0 termination of project
Notes: All average values are averaged for the hours of 
operation.
—  = No data due to malfunction of instruments or no 
operations. 
e = Estimated values.
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Table A-4: Climatological and Soil Measurements

Date

Ave.
Wind
Speed
(km/hr)

Max.
Wind
Speed
(km/hr)

Ave.
Air
Temp.
(cent.)

Max.
Air
Temp.(cent

Min.
Air
Temp.

.) (cent.)

Aug 1
2.1 21.4 26.2 37.8 17.2
2.9 28.2 26.3 31.1 17.2
4.8 68.5 25.7 40 16.7

Aug 5 0.8 12.2 19.8 31.7 15
0.3 23.5 21 38.9 16.7
6.4 28.5 27.7 38.9 16.7— —— — — 38.9 17.8
1.9 46.2 22 32.2 17.8

Aug 10 2.3 28.2 21.5 33.3 18.3
1.9 20.9 22.5 31.1 19.4
2.1 44.1 24.8 33.3 20
2.4 39.9 24.9 37.8 17.8
1.4 16.7 21.8 38.9 ——

Aug 15 1.1 25.1 21.6 38.3 16.7
3.5 38 22.7 38.9 16.7

1 23.5 23.6 37.8 16.7
3.1 32.7 20.7 35.6 16.1
2.7 31.5 21.6 35.6 16.1

Aug 20 1.3 18.7 22.6 37.8 16.7— — —— 40 16.7— —— —— 38.9 16.7— — — 38.9 15.6—— —— — 38.9 16.7
Aug 25 — —— —— 38.9 16.7— — — 38.3 19.4—— — — 39.4 17.2— —— — 39.4 16.7—— —— —— 42.2 17.8— — —— 42.8 25.6—— — — 42.2 23.3
Sep 1 — —— — 40 17.8— —— —— 37.8 16.7— —— — 37.8 20—— —— — 37.8 11.7Sep 5 —— — — 36.1 12.8—— —— —— 35.6 12.2— — — 37.8 14.4

" 37.8 17.8
(continued)
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Table A-4 (continued)

Date

Ave.
Wind
Speed
(km/hr)

Max.
Wind
Speed
(km/hr)

Ave.
Air
Temp.
(cent.)

Max.
Air
Temp.
(cent

Min.
Air
Temp.

.) (cent.)

37.8 17.8
Sep 10 —— —— —— 41.1 16.1—— —— — — 36.7 15.6

1.6 27.4 23.9 37.8 17.8
1.1 24.1 22.9 41.7 14.4
1 39.4 24.8 43.3 20

Sep 15 7.4 41.4 29.5 36.7 15.6
2.4 23.2 27.5 34.4 14.4
2.7 33.1 26.5 38.9 15.6
1.9 23.2 27.2 37.8 12.8
1.4 25.4 27.6 37.8 12.2

Sep 20 1.3 25.1 27.4 40.6 15.6
1.8 44.4 25.4 37.8 13.3
0.6 28.6 21.5 37.2 14.4
0.2 29.4 24 37.2 13.3
0.5 25.7 24.7 36.7 13.9

Sep 25 —— 0.3 —— 35.6 16.7—— 61.1 — 36.7 16.1— 0.3 — 34.4 11.1— 14 — 36.7 12.2—— 16.9 —— 33.3 16.7— 26.4 —— 36.7 15.6
Oct 1 — 65 — 31.1 13.3

3.9 40.1 18 30 12.2
0.5 32.8 14.9 24.4 7.2

0 18.5 16.8 25 10
Oct 5 0 0.3 17.6 22.2 10

0 18 18.6 31.1 7.8
0 0.3 20 35 7.8
0 20 16.3 37.2 8.9
0 16.9 20.7 36.1 10Oct 10 — 37.2 — — 30 11.71.4 28.2 19.6 31.1 12.8

0.8 20.3 18.5 29.4 7.2
4.7 35.1 18.4 27.8 7.2
10 44.1 20.7 27.8 7.2Oct 15 17.5 55.7 20.2 27.8 7.20 18 16.4 28.9 9.410 39.6 18.3 27.2 8.9

(continued)
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Table A-4 (continued)

Date

Ave.
Wind
Speed
(km/hr)

Max.
Wind
Speed
(km/hr)

Ave.
Air
Temp.
(cent.)

Max.
Air
Temp.(cent

Min.
Air
Temp.

.) (cent.)

5.8 34.6 15.6 22.8 3.3
5 39.1 15.6 27.8 8.9

Oct 20 0 8.7 13.1 23.3 6.7
0 25.9 13 20 6.7
0 0.3 12.6 23.9 6.7
0 30.4 8.1 25.6 7.8
0 0.3 8.9 24.4 7.8

Oct 25 0 28.6 8.4 20.6 6.7
0.3 24.5 9.4 18.9 4.4
3.4 22.2 14.5 27.8 5.6
2.3 20.4 16.1 30 3.9
1.8 16.4 17.7 32.2 4.4
1.6 19.6 18.2 31.1 4.4
6.1 36.7 18.4 30 3.3

Nov 1 2.1 19.6 17 31.1 2.2
0.8 15 16.7 33.3 2.2
4 26.9 16.4 31.7 1.1

1.3 13.7 17.6 36.1 1.1
Nov 5 1.8 15.1 18.7 34.4 3.3

3.1 34.9 19.4 36.1 5.6
5.8 32.2 19.2 31.1 6.1
9.8 37.3 17.4 27.8 1.7
3.7 23.2 13 24.4 -2.2

Nov 10 2.7 20 13.7 29.4 0
1.6 14.2 15.4 33.3 -1.1
0 0 - 32.2 3.3

5.6 28.6 17.4 30.6 3.3
2.3 19.1 14.9 30 0Nov 15 0 0 — 31.1 3.3
0 0 —— 18.9 5
0 0 — 19.4 —2.20 0 —— 23.3 3.30 0 —— 16.7 0Nov 20 5.5 28 11.7 16.1 0

9.2 35.4 11.5 20 0
0 0 — 17.8 4.4

3.5 20.8 6.8 14.4 -1.10 0 — — 14.4 4.4
Nov 25 14.4 —1.1

(continued)
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Table A-4 (continued)
Ave. Max. Ave. Max. Min.
Wind Wind Air Air Air
Speed Speed Temp. Temp. Temp.

Date (km/hr) (km/hr) (cent.) (cent.) (cent.)

15.1 50.7 3.6 8.3 -7.2
2.4 18.2 3.7 16.7 -3.9
4.7 36.8 9.8 23.3 3.3
7.2 32.2 9.8 16.7 —3 • 3
3.7 24.9 8 21.1 -1.1

Dec 1 4 24.6 8.5 17.8 -5
1 12.2 8.2 25 1.1

2.4 24.6 11.2 20 2.2
4.3 28.6 5.7 13.9 —2.8

Dec 5 5 27.7 7.7 17.8 0.6
7.2 29.4 8.7 17.8 -1.1
3.7 18.7 10.4 20 4.4

9 36.7 12.1 21.7 1.1
0.8 13.7 11.4 24.4 0

Dec 10 4.8 39.4 10.8 25.6 8.3
6.3 41.4 12.4 20 6.7
4.2 32.7 9.1 16.7 3.3
6.8 37.7 2.5 6.7 —3 • 3
0.6 18.2 1.1 6.7 -1.1

Dec 15 1.3 15 2.7 11.1 —3 • 3
4 27.2 7 17.8 —2.2

2.7 28.6 10.8 21.1 4.4
3.9 30.4 11.2 13.3 4.4
1.1 29 9.9 13.3 8.3

Dec 20 11.3 39.6
1 A

11.1 16.7 0
16.4 — — 4 P  4 P ——

—— 17.4 —— -—
—— 12.4 —— — — ——

Dec 25 — 23 
o n

—— - — —
— — z u 

48.4 — «■* 26.7 -2.2
6.4 36.8 9.1 18.9 2.2

1 15.8 8.5 18.3 -1.1
0.6 11.7 9.2 21.1 0

5 28.2 8.7 20 0
Jan 1 6 30.7 5.7 12.8 —3.3

11.1 32.2 4.1 10.6 -4.4
8.8 30.7 4 13.3 -5

(continued)
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Table A-4 (continued)
Ave. Max. Ave. Max. Min.
Wind Wind Air Air Air
Speed Speed Temp. Temp. Temp.

Date (km/hr) (km/hr) (cent.) (cent.) (cent.)

6.3 29 6.5 16.1 -2.2
Jan 5 5.6 23.2 9.1 16.7 —4.4

1.6 14 9.5 25 1.1
2.3 30.1 8.7 15.6 3.3

9 38.6 8.5 15.6 0
1.4 14.5 6.1 18.3 -2.2

Jan 10 1.9 17.4 8.5 20.6 -1.7
2.6 18.2 8.9 21.7 0

8 32.7 3.3 11.7 -1.1
6.8 30.4 1.7 7.2 —3 • 3

13.7 55.3 4.3 12.2 0
Jan 15 2.4 18.5 6.7 17.8 3.9

4.5 34.9 6.7 16.7 —4.4
0.8 12.2 5.8 20.6 -3.9
0.5 10.1 8.8 24.4 —3 • 3

4 26.7 10.1 23.3 0
Jan 20 0.8 16.3 10.9 24.4 —0. 6

3.2 18.5 10.3 24.4 3.3
3.1 28.2 11 21.1 5.6

0 0 — 13.3 5.6
0 0 14.4 4.4

Jan 25 0.8 15.9 11.4 17.8 6.7
0.6 21.2 8 11.1 2.2

4 31.2 7.4 13.3 1.7
8.8 347.5 7.6 17.8 2.2
7.4 41.2 9.9 15.6 4.4
10.9 41.7 5.5 11.7 -1.7
16.4 36.7 2.3 1.1 -8.3

Feb 1 0 0 — 6.7 -11.1
3.4 22.7 4 17.2 -1.1
8.5 37 2.2 4.4 0.6
5.1 29 3.4 12.2 -3.9

Feb 5 0.3 11.3 1 9.4 —6.1
1.3 20.1 4 15 -6.1
1.8 19 7.4 22.2 -3.33.4 24.9 10.1 23.9 -1.13.5 30.4 10.6 23.3 — 0.6

Feb 10 8 35.7 10.5 17.8 —0. 67.1 30.9 10.3 23.3 —3 . 3
(continued)
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Table A-4 (continued)
Ave. Max. Ave. Max. Min.
Wind Wind Air Air Air
Speed Speed Temp. Temp. Temp.Date (km/hr) (km/hr) (cent.) (cent.) (cent.)

2.3 17.4 12 25.6 -1.1
0.6 21.2 14.1 28.9 1.1
2.1 36.7 14 27.2 -2.2

Feb 15 0.6 19.5 14.6 30.6 0
0.5 16.9 15.5 31.1 2.2
2.4 30.1 16.2 32.2 2.20.2 14 15.9 30 6.1
0.3 14.2 16.3 28.3 4.4

Feb 20 12.2 47.9 15.5 24.4 8.3
3.7 37.2 5.6 13.9 1.7
2.7 22.7 5.9 13.3 4.4
6.3 35.9 6.2 13.3 —2 • 2
1.9 18.7 8.3 22.8 -3.9Feb 25 0.6 18.5 11.9 28.9 -1.7
2.1 18 14.5 28.3 5
3.2 34.4 12 21.1 5.6

0 20.8 6.3 27.8 1.7
Mar 1 termination of project

(Additional data continued)
Notes: All average values are averaged for the hours 
of operation.
—  = No data due to malfunction of instruments or no 
operations. 
e = Estimated values.
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Table A-4 (continued)
Ave. Air Ave. Max. Min.
Rel. Moist Bar. Soil Soil
Hum. (gm wat. Pres. Temp. Temp

Date (%) per CM) (mb) (cent.) (cent.)

Aug 1 —— — — — ——
47.7 11. 7 887 31.2 27.4
50.2 12.4 887 33.5 27.8
52.2 12.5 884 35.1 28.7

Aug 5 83.1 14.2 886 30.6 28.8
73 13.4 886 33.4 27.9

43.5 11.6 885 33.9 28.3—— —— e885 —— —
70.9 13.7 885 28.1 27.7

Aug 10 77.7 14.6 886 27.6 26.8
72.4 14.5 885 26.9 26.2
62.4 14.2 885 29.6 25.9
60 • 6 13.9 886 26 24.8
73.2 14 886 26.2 11Aug 15 80 15.2 888 26.4 15.6
66.2 13.4 888 26.6 23.6
55.6 11.8 887 26.3 14.6
75.3 13.5 887 25.9 20.3
72 13.6 886 25.7 19.7

Aug 20 66.1 13.3 885 25.9 11.6—— — e885 — ——— —— e885 — ——
— — e885 —— —
—— —— e885 — ——

Aug 25 —— — e885 —— —
—— —— e8 8 5 —— ——
—— — e885 — —
— — e885 —— ——
— — e885 —— —
—— — e885 — —
—— —— e885 —— ——

Sep 1 — — e885 —— ——— —— e885 —— —
— — e8 8 5 — —
—— —— e8 8 5 —— ——

Sep 5 — — e885 —— —— — e885 —— —— —— e885 — ——— — e885 — —
(continued)
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Table A-4 (continued)

Date

Ave.
Rel.
Hum.
(%)

Air 
Moist 
(gm wat. 
per CM)

Ave.
Bar.
Pres.
(mb)

Max.
Soil
Temp.(cent

Min. 
Soil 
Temp 

.) (cent.)

e885
Sep 10 —— —— e885 — —

— — —— e885 — —
59 12.8 884 28.6 25.9

59.9 12.2 884 30.7 25.8
50.8 11.6 883 30.1 25.9

Sep 15 23.5 6.9 884 30.3 26.2
31.9 8.4 885 28.7 26.3
34.1 8.5 884 29.5 26.1
28.4 7.4 888 29.8 26
25.9 6.9 886 29.1 26.2

Sep 20 24 5.2 880 30.2 25.9
28.3 7.9 876 27.1 26
48.6 9.2 880 27 25.6
37.5 8.2 882 27.4 24.8
37.3 8.4 883 27.7 24.5

Sep 25 —— — — 25.6 24.6— — — 24.5 22.6—— — — 26.7 23.3— —— —— 27.6 23.5— — —— 27.1 23.7— — —— 26.7 23.7
Oct 1 — — —— 25.1 23.7

72.3 11.1 886 23.4 22.8
80. 6 10.3 883 22.5 20.3
56.8 8.1 885 21.4 21.3

Oct 5 52.7 7.9 886 20.6 20.3
48 7.6 889 23.2 20.2

41.8 7.2 890 23.7 20.3
52.7 7.3 888 24.4 20.6
35.7 6.4 885 24.5 20.9

Oct 10 — — — 24.6 21.141.9 7.1 884 23 21.1
52.8 8.3 887 21 20.946.7 7.3 883 22.2 20.335.4 6.4 880 22.1 20

Oct 15 41.6 7.3 876 22.3 19.9
28.8 4 883 22.4 20
41.6 6.5 884 21.9 20.1

(continued)
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Table A-4 (continued)
Ave. Air Ave. Max. Min.
Rel. Moist Bar. Soil Soil
Hum. (gm wat. Pres. Temp. Temp

Date (%) per CM) (mb) (cent.) (cent.)

45.8 6.1 887 20.9 20
31.6 4.2 882 19.6 19.3

Oct 20 57.3 6.5 880 18.8 17.5
61.2 6.9 883 18.2 16.8
50.6 5.6 885 17.8 17.5
81.5 6.8 885 18.4 17.1
72.6 6.4 883 17 16.8

Oct 25 79.8 6.8 885 16.7 15.7
80.6 7.3 885 16.3 14.8

49 6.1 885 18.1 15.9
44.9 6.1 886 18.6 16
38.9 5.9 887 19.5 16.2
35.2 5.5 885 19.6 16.4
27.4 4.3 883 19.2 16.6

Nov 1 33.7 4.9 890 19.2 16.625.7 3.6 889 18.9 16.5
21.9 3.1 885 18.1 16.3
21.5 3.2 888 18.2 16

Nov 5 21.3 3.4 888 18.4 15.8
23.8 4 884 19 15.7
22.9 3.8 881 18.9 15.9
33.2 4.9 884 18.6 16.139.4 4.5 888 17.6 16.1

Nov 10 30.8 3.6 888 16.5 15.8
22.8 3 886 16.5 15.1— — — e888 —
25.2 3.7 889 17.4 14.7

32 4.1 890 17.3 15
Nov 15 — — e890 —— ——

— —— e890 ———— —— e891 —— — —
—— —— e891 —— ———— — — e891 — —

Nov 20 42.1 4.4 891 13.8 13.339.5 4.1 888 12.9 11.9—— —— e887 —— — —— —— e887 — — —e —— —— e887 — w
Nov 25 —— — — e887 — — — —

(continued)
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Table A-4 (continued)

Date

Ave.
Rel.
Hum.
(%)

Air 
Moist 
(gm wat. 
per CM)

Ave.
Bar.
Pres.
(mb)

Max.
Soil
Temp.(cent

Min. 
Soil 
Temp 

.) (cent.)

48.2 3 887 11.5 8.2
45 2.8 892 10.6 6.7

38.2 3.5 883 9.2 8.3
49.4 4.6 881 11.2 9.4
41.1 3.4 882 10 9.6

Dec 1 37.9 3.2 882 9.3 8.6
41.9 3.5 883 9.3 9
46 4.7 877 9.2 8.8

73.2 5.2 881 9.8 9.2
Dec 5 60.2 4.9 888 9.9 9.2

54.9 4.7 894 9.3 8.9
49.4 4.8 890 9.4 8.9
66.2 7.1 889 12 9.4
58.8 6 890 12.1 9.7

Dec 10 65.1 6.4 886 11.3 9.8
62.7 6.8 881 11.7 10.2
71.6 6.3 876 11.3 10.4
81.2 4.7 868 9.4 10.4
86.9 4.5 879 9.8 5.9

Dec 15 77.8 4.5 885 8.4 6.7
49.7 3.8 885 7.8 7.5
57.4 5.7 880 9.2 7.5

55 5.6 877 11.1 8.4
85.6 8 878 9.2 8.7

Dec 20 73.7 7.4 876 11.6 9.4
— — — — — 9.5 9.5
— — — — — 8.9 8.8
— — — — — — 8.2 8
— — — — — — 10 8

Dec 25 — — — — — — 11.5 8.9
— — — — — 12.1 9.4
— — — — 11.2 10

65.8 5.8 875 12.5 10.3
63.8 5.4 882 12.4 10.4
62.7 5.6 882 11.5 10.161.7 5.3 880 10.8 9.5

Jan 1 65.2 4.6 882 9.2 9
36.3 2.3 889 8.7 5.8
35.9 2.3 890 7.5 5.9

(continued)
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Table A-4 (continued)

Date

Ave.
Rel.
Hum.
(%)

Air 
Moist 
(gm wat. 
per CM)

Ave.
Bar.
Pres.
(mb)

Max.
Soil
Temp.
(cent

Min. 
Soil 
Temp 

.) (cent.)

37.1 2.8 890 6.7 6.6
Jan 5 38.8 3.4 887 8.9 6

41.7 3.8 884 9.8 6.3
52.7 4.5 882 7.2 6.6
68.4 5.8 877 7.8 7.1
61 4.5 880 9.4 7.2

Jan 10 53 4.5 883 9.4 7.3
54.9 4.8 882 9.2 7.2
69.4 4.2 880 7.2 6.7
61.9 3.4 879 6.9 5.7
56.4 3.7 884 6.4 5.4

Jan 15 58.4 4.4 879 7.5 6
49.5 3.8 882 9.4 6.8
49.5 3.5 884 8.7 6.9
44.8 3.9 882 9.5 6.7

44 4.2 879 10.2 6.7
Jan 20 42.5 4.2 880 11.1 7.2

43.1 4.1 880 11.1 7.5
56.8 5.7 879 10.8 7.9— — e882 — ———— — e887 — ——

Jan 25 68.8 7.1 888 12.2 9.1
91.4 7.6 882 10.3 9.4
72.5 5.8 882 9.7 9.3
60.8 4.9 879 11.1 9
53.1 5 880 10.9 8.8
65.5 4.6 880 8.9 8.8
34.5 2 880 8.4 7.8

Feb 1 — — — e882 —— ——
27.2 1.7 883 6.2 3.3
76.5 4.3 884 5.6 3.3
74.9 4.6 884 6.4 5.3

Feb 5 77.1 4 887 5.5 5.4
54.8 3.5 887 7.6 5.4
49.4 3.9 890 8.7 5.6
42.9 4.1 887 9.8 6.141.7 4.1 885 9.2 6.6

Feb 10 42.5 4.1 889 11.1 7.124.6 2.4 893 10.6 7.3
(continued)
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Table A-4 (continued)
Ave. Air Ave. Max. Min.
Rel. Moist Bar. Soil Soil
Hum. (gm wat. Pres. Temp. TempDate (%) per CM) (mb) (cent.) (cent.)

26.2 2.8 889 11.1 7.5
31.4 3.8 889 12.7 7.8
29.3 3.5 893 13.5 8.5Feb 15 29.6 3.7 887 13.9 8.9
29.2 3.9 884 14.7 9.4
27.2 3.7 885 15.3 9.925 3.4 887 14.6 10.3
27.3 3.8 884 14.2 10.6Feb 20 26 3.4 874 15.3 10.9
73.3 5.2 877 12.5 11.1
72.5 5.2 882 10.8 10.3
68.8 5.1 886 10 9.4
45.7 3.8 889 11.7 9.3Feb 25 35.7 3.8 884 13.3 9.1
30.4 3.8 883 14.5 9.5
53.8 5.7 885 12.1 9.9
97.3 7.2 886 15.5 10.4

Mar 1 termination of project
Notes : All average values are averaged for the hours 
of operation.
—  = No data due to malfunction of instruments or no
operations.
e = Estimated values.
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Table A-5: Blow Count Data from Geotechnical Borings.

well 5 ft 10 ft
Samole Death 
15 ft 20 ft 25 ft 30 ft

1 15 (21) 18 (20) 18 (17) 21 (18) 20 (17) 24 (19)
2 11 (15) 15 (16) 12 (11) 16 (14) 22 (18) 27 (21)
3 11 (15) 28 (31) 20 (19) 25 (22) 22 (18) 33 (26)
4 15 (21) 21 (23) 17 (16) 16 (14) 21 (17) 20 (16)
5 7 (10) 24 (26) 17 (16) 64 (56)
6 19 (27) 16 (18) 16 (15) 21 (18) 19 (16) —— — —
7 35 (49) 26 (29) 38 (36) 23 (20) 25 (21) 38 (30)
8 19 (27) 25 (27) 33 (31) 23 (20) 27 (22) 37 (29)
9 5 (7) 16 (18) 15 (14) 15 (13) 24 (20) 28 (22)
10 6 (8) 10 (11) 13 (12) 17 (15) 14 (12) 16 (12)
11 15 (21) 16 (18) 13 (12) 15 (13) 13 (11) 37 (29)
12 10 (14) 15 (16) 8 (8) 24 (21) 20 (17) 17 (13)
13 13 (18) 20 (22) 14 (13) 9 (8) 14 (12) 36 (28)
14 — — — — 42 (46) 14 (13) 22 (19)
15 7 (10) 15 (16) — —— 20 (18) 23 (19) —— ——
16 —— — — 10 (11) 19 (18) 18 (16) 18 (15) —— ——
17 13 (18) 15 (16) 24 (23) 18 (16) 17 (14) —— ——
18 13 (18) —— — 11 (12) —— 19 (16) — — ——
19 6 (8) —— —— 12 (11)
20 9 (13) — — — 20 (19) — 26 (22) - — —

(continued)
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Table A-5 (continued)

well 5 ft 10 ft
Sample Depth 
15 ft 20 ft 25 ft 30 ft

21 16 (22) 16 (18) 12 (11) 18 (16) 16 (13) —  —
22 11 (15) 15 (16) 13 (12) 22 (19) 15 (12) —  —
23 9 (13) 9 (10) 14 (13)
24 5 (7) 14 (15) 18 (17)
25 4 (6) 23 (25)
Notes : Refer to figure 2 for boring locations. Numbers in 
parenthesis refer to corrected blow counts (source of cor
rection factors: McCarthy, 1982).

Depth (feet) Correction Factor
5 1.4010 1.10
15 0.9520 0.88
25 0.83
30 0.78
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Appendix B-l: Calculation of DCP Concentrations.

ppm = (L.E.L. percent) x (.01) x (conversion: L.E.L.
percent to ppm) x conversion: mom from lab analysis

\ ppm from L.E.L

ppm = (L.E.L percent) x (.01) x (43,000) x (.7)

ppm = (L.E.L. percent) x (301)

Note: L.E.L. measurements are the explosion meter measure
ments listed in Appendix A.
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Appendix B-2: Calculation of Exhaust Flow Rate.

Air velocity = 1096.2 (Dwyer Instruments, 1978)
Pv = velocity pressure in inches of water
D = air density = pounds = 1.325 x Pb

3 Tfeet3
Pb = barometric pressure in inches of mercury 
T = absolute temperature (degrees F + 460)

29.92 inches Hg = 1013.25 millibars (mb), therefore

Vinches water x (F + 460Ï____
1.325 x mb x 29.92 inches Ha

1013.25 mb

Multiply by 0.9 to average.

Air velocity (ft/min) 4987.718

Area of Pipe (ft2) = ji x (radius)2

.0873 ft2

velocity/ft \x area (ft^) x / meter 
iminy \3 .281 fei

Flow Rate/meter 
Vminute
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= 4987.718

Flow Rate

136

inches water x (F + 460)
mb x .0873 x \3.281

l/I.328 y
inches water x (F + 460) 

meter 3\ = 12.328 1/ mb
minute
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Appendix B-3: Calculation of DCP Extraction Rate.

Air Density = P_ P = pressure (atmospheres)
RT R = Gas Constant | atm-liter

\gmole-Temperature
T = Absolute Temperature (K = C + 273)

R = Ru Ru = Universal Gas Constant = .08206 atm-liter
Mw gmole-k

Mw = molecular weight of air = 29 grams
gmole

R = .08206 = 0.00283 atm-liter 
29 grams-K

1 atmosphere (atm) = 1013.25 millibars (mb)
mb x 1 atm

Air Density /arams\ =  1013.25 mb_________
J .00283 atm-liter x K x 1000 cm3

cm3 / grams-K liter
= .000349 x mb 

C + 273

grams DCP = grams air x meters3 x /lOO cmA3 
day day I meter.3cmJ

x grams DCP (ppm)
1000000 grams air

= . 000349 x mb x meters3 x ppm 
C + 273 day
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Appendix B-4: Conversion of Relative Humidity into Absolute 
Numbers.

Relative Humidity (RH) =  water vapor pressure_____
saturated water vapor pressure

Vapor pressure = relative humidity x sat. vapor pressure

Saturated Vapor Pressure in mm of Hg are available in the 
Handbook of Chemistry and Physics.

Also, 1 Atmosphere = 760 mm Hg

PV = mRT P = pressure (atmospheres)
V = volume (liters)
m = mass (grams)
R = gas constant /atm-liter

y gmole-K
T = absolute temperature (K = C + 273)

R = Ru Ru = universal gas constant = .08206 atm-liter
Mw gmole-k

Mw = molecular weight of water = 18 grams
gmole

R = .08206 = .00456 atm-liter 
18 grams-K

m /grams \= P_ = mm Hg x 1 atm
V y liter/ RT _________760 mm Hg

.00456 atm-liter x K 
gram-K
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= mm Ha x .2885503 / g \x liter x /l00 crn̂ 3 
C + 273 Uiterj 1000 cm3 \ M

grams of water = mm Hg x 288.55 saturated
C + 273

M of air
grams of water = mm Ho x 288.55 x R.H. unsaturated

C + 273
M3 of air
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Appendix B-5: Calculation of Diffusion Coefficient for DCP.

DA = Db /m w b )1/2 (Farmer et al., 1980)
\MwA /

DA = diffusion coefficient for compound A 
DB = diffusion coefficient for compound B 
MwA = molecular weight for compound A 
MwB = molecular weight for compound B

Do for oxygen = .178 cm2/sec (Weast, 1986)
Do = diffusion coefficient in air at 0 degrees C

Do for 1,3-dichloropropene = .178 cm 2 x 32 1/̂ 2 x 86400 sec
sec 111 day

= 8260 cm2/day (0 degrees C)

Ds = Do x Pa^°/3
Pt2 (Shearer et al., 1973)

Ds = apparent diffusion coefficient in soil (cm2/day)
Pa = air filled porosity
Pt = total porosity

Ds for 1,3-dichloropropene = 8260 cm2/day x f.25)10/3
(.30)2

= 903 cm2/day

D2 = Di/t 2\1/2
\T1/ (Farmer et al., 1980)

D1 = diffusion coefficient at temperature T1 (0 degrees C)
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D2 = diffusion coefficient at temperature T2 

Ds at T2 = 903 xZ_T2\1/2
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Appendix B-6: Multiple Regression Analysis.

Equation to Solve
Y = Bo + (pa x Xa) + (pb x Xb) + (pc x Xc) + (pd x Xd)

+ (pe x Xe) + (pf x Xf)
Y = concentration of DCP from the north blower (ppm)
Bo = constant
Xa = average wind velocity (kilometers per hour)
Xb = average air temperature (degrees centigrade)
Xc = average air moisture content (grams water/cubic meter) 
Xd = average barometric pressure (millibars)
Xe = average exhaust flow rate (cubic meters/day)
Xf = time (days)
p = partial regression coefficient for the variables

Method of Computation 
[Rxx] x  [p] = [Ryx] 
where:
[Rxx] = matrix of correlation coefficients between the 

independent variables.
[p]= column matrix of standardized partial regression 

coefficients.
[Ryx] = column matrix of correlation coefficients between 

the independet variables and the dependent variable.
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RXX =

"1 Rab Rac Rad Rae Raf "
Rba 1 Rbc Rbd Rbe Rbf
Rea Rcb 1 Red Rce Ref
Rda Rdb Rdc 1 Rde Rdf
Rea Reb Rec Red 1 Ref
_Rfa Rfb Rfc Rfd Rfe 1 -

(for six independent 
variables)

P =
"Pa" "Rya™
Pb Ryb
PC Ryx = Rye
Pd Ryd
Pe Rye
-Pf_ Jtyf

Calculation of Correlation Coefficient

Rab = correlation coefficient between variables Xa and Xb 
= SPab/\/SSa x SSb 

where:
SPab = corrected sum of products for variables Xa and Xb 

= 2 (Xia - Xa)(Xib - Xb)
SSa = corrected sum of squares for variable Xa.

= 2 (Xia - Xa)2
Xia = ith measurement for variable Xa.
Xa = mean of variable Xa.

Matric Calculations for the North Blower
RXX =

1.0 -.154489 -.230485 -.185291 .332079 .282109"-.154489 1.0 .612060 .141089 -.271024 -.829042-.230485 .612060 1.0 .070598 -.580400 -.844911-.185291 .141089 .070598 1.0 .090181 -.196368.332079 -.271024 -.580400 .090181 1.0 .455322
_ .282109 -.829042 -.844911 -.196368 .455322 1.0 J
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"Pa" “-.302943“
Pb .813521
Pc Ryx = .781828
Pd .198462
Pe -.453318
.Pf. -.968057,

The standardized partial regression coefficients were cal
culated by inverting the Rxx matrix and multiplying by the 
Ryx matrix. Thus,
Pa = -.020991 
Pb = .013576PC = -.156068 
Pd = .000194
Pe = -.050824 
Pf = -1.059566

pa (the partial regression coefficient) = Pa x (Sy/Sa) 
where:

Sy = the standard deviation of Y.
Sa = the standard deviation Of Xa.

calculations show:
pa = -14.5827 
pb = 4.5068
pc = -99.8745 
pd = 0.1087
pe = -0.0398
pf = -57.0379

Multiple Regression Equation for North Blower 
Y = Bo + (pa x Xa) + (pb x Xb) + (pc x Xc) + (pd x Xd) 

+ (pe x Xe) + (pf x Xf)

Bo = constant = Y - (pa x Xa) - (pb x Xb) - (pc x Xc)
- (pd x Xd) - (pe x Xe) - (pf x Xf)
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Where:
Y = mean of concentration.
Xa = mean of variable Xa.

The calculated equation for all six independent variables 
is:
Y = 8796.00 - 14.53(Xa) + 4.51(Xb) - 99.87(Xc) + O.ll(Xd)

- 0.04(Xe) - 57•04(Xf)
SSt = total sum of squares = 2(Yi - Y)2 = 500,944,590.5
SSr = sum of squares due to regression = 2(Ye - Y)2

= 472,963,698.7
SSd = sum of squares due to deviation = SSt - SSr

= 27,980,891.8
R = multiple correlation coefficient =\/SSr/SSt = .97 

Where:
Yi = ith value of concentration.
Y = mean of concentration.
Ye = estimated values of concentration from regression 

equation.
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ANALYSIS OF VARIANCE (F Test)

source of 
variation

sum of 
squares

degrees
of
freedom

meansquares F test
regression 
of all terms SSr m MSr

MSr/MSd
deviation SSd n—m—1 MSd
regression 
ommitting 
kth term

SSr-l m—1 MSr-1
MSr-l/MSd-1

deviation SSd-l n—m—2 MSd-l
regression 
of kth 
term

SSrk = 
SSr-(SSr-1) 1 MSrk MSrk/MSd

Where:
SSr = sum of squares due to regression of all terms.
SSd = sum of squares due to deviation of all terms.
SSr-1 = sum of squares due to regression without kth term. 
SSd-1 = sum of squares due to deviation without kth term, 
m = number of variables.
n = number of observations.
MSr = mean square due to regression = SSr/m (estimate of 
variance of regression line about its mean).
MSd = mean square due to deviation = SSd/(n-m-1) (estimate 
of variance about regression line).
MSr-1 = mean square due to regression without the kth term. 
MSd-l = mean square due to deviation without kth term.
SSrk = sum of squares due to regression of kth term.
MSrk = mean square due to regression of kth term.
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ANALYSIS OF VARIANCE 
(for the air moisture content)

source of 
variation

sum of 
squares

degrees of 
freedom

mean
squares F test

regression 
of all 
terms 472963698.7 6 78827283.1
deviation 27980891.8 94 297669.1 264.8
regression 
ommitting 
kth term 470350677.9 5 94070135.6 285.9
deviation 30593912.6 93 328966.8
regression 
of kth term 2613020.8 1 2613020.8 8.8*

*! Above 4.0 is significant for 5% level of significance 
(Davis, 1973).
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ANALYSIS OF VARIANCE 
(for wind)

source of 
variation

sum of 
squares degrees of 

freedom
mean
squares F test

regression 
of all 
terms 472963698.7 6 78827283.1
deviation 27980891.8 94 297669.1 264.8
regression 
ommitting 
kth term 472805401.5 5 94561080.3
deviation 28139189.0 93 302571.9 312.5
regression 
of kth term 158297.2 1 158297.2 .53*

* : Below 4.0 is insignificant for 5% Level of significance 
(Davis, 1973).

The significance of each independent variable was analyzed. 
Insignificant variables were eliminated from the equation 
until only the significant variables remained.


