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1.0 INTRODUCTION
1.1 Introduction, Purpose, and Organization

Shaw Environmental & Infrastructure of New York, P.C. (Shaw) has prepared the following
Downgradient Treatment System Project Final Design Report to address the Volatile Organic
Compound (VOC) impacted on-site and off-site aquifer plume at the New York Department of
Environmental Conservation (NYSDEC) National Heatset Printing (NHP) Site No. 1-52-140
under the State Superfund Standby Contract Work Assignment. This report was prepared in
accordance to the NYSDEC approved Remedial Design Work Plan, September 29, 2000
(Shaw, formerly IT Corporation). In accordance with this work plan a two-tiered approach to the
on-site and off-site aquifer remediation is presented. Two designs for each portion of the
aquifer are presented. The first tier presents performance specifications for in-well stripping
(recirculation) remediation systems, while the second tier presents a design for groundwater
extraction and treatment systems.

The purpose of this report is to evaluate and address issues necessary to proceed with the
designs of the aquifer restoration systems. Included are such elements as the results of the
aquifer pump test, selection of preferred locations and geometries of the extraction wells for the
extraction and treatment systems, definition of the performance requirements for the
recirculation well system, and process flow for the on-site and off-site groundwater extraction
and treatment systems. This report discusses and suggests solutions for design concerns and
uncertainties that could adversely affect adjacent properties, the environment, or the operation
of the remedy. This report finalizes the design of the on-site and off-site groundwater extraction
and treatment systems described in the Pre-Final Design Report by incorporating comments
from the NYSDEC and adding sufficient design detail for bidding the construction via the
Contract Documents. The Final Design Report document will be used as a reference to support
the Contract Documents.

Based on these changes, the Final design report is divided into the following Sections:
Section 1 presents the introduction, site background, and site geology.
Section 2 presents the pre-design activities.

Section 3 presents the aquifer analysis, including pre-test activities, step drawdown test, aquifer
test methodologies, aquifer test data analysis, and aquifer test results.
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Section 4 presents the remediation system design considerations including remedial objectives,
proposed treatment scenarios, design basis and criteria for the groundwater extraction and
treatment systems, and performance requirements for the in-well stripping recirculation system.

Section 5 presents the evaluation of the groundwater extraction and treatment alternatives for
on-site and off-site considerations.

Section 6 presents an evaluation of the groundwater extraction and treatment systems,
including process options and permitting requirements for on-site and off-site consideration.

Section 7 presents a summary of the final design for the on-site and off-site extraction and
treatment systems.

Section 8 presents a list of the technical specifications to be included in the Contract
Documents and a project impiementation schedule.

Appendices include the final design drawings, supporting design calculations, and off-gas
discharge modeling results.

1.2 Site Background

The National Heatset Printing site is located at One Adams Boulevard in the Hamlet of East
Farmingdale, Town of Babylon, Suffolk County (Figure 1-1). The site contains one multi-tenant
industrial building approximately 4.5 acres in size. The National Heatset Printing Company
occupied a portion of this building from July 1983 to April 1989. Their operations consisted of
lithographic tri-color printing of newspaper and periodical advertisements and the manufacture
of lithographic printing plates. National Heatset had been using organic solvents at the site
since 1983. Inspections by the Suffolk County Department of Health Services (SCDHS) in 1983
and 1986 reported improper storage and discharge of waste materials.

The National Heatset Printing Company filed for bankruptcy in 1987. The SCDHS discovered
that after filing for bankruptcy, National Heatset disposed of its chemical inventory by dumping
the materials onto the soils and into a leaching pool located off the rear of the building on the
northeast side of the property.

Investigations conducted by the SCDHS and the property owner’s consultant reported the
presence of on-site subsurface soil contamination and on-site and downgradient groundwater
contamination. The contaminants identified consisted of VOCs, principally Tetrachloroethylene
(PCE). The site was listed in the Registry as a Class 2 in 1993.

N./802901NHS/response to comment letterffinal document/finat design report
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A Remedial Investigation (RI) was performed by Holzmacher, McLendon & Murrell, P.C. for the
NYSDEC from August 1997 to January 1999. The Rl reported the presence of a groundwater
plume containing VOCs, which at that time extended approximately 7,100 feet downgradient of
the site. The highest concentrations of PCE in groundwater were detected at approximately 80
feet below ground surface (bgs) on top of a clay layer. Concentrations of VOCs greater than
1,000 parts per billion (ppb) (maximum 12,021 ppb) in the groundwater were present in the 75
to 85-foot sampling interval to approximately 4,100 feet downgradient (south-southeast) of the
site. Contaminated soils were detected in the saturated zone, below the water table, and were
located directly below the leaching pool in the rear of the property.

The Suffolk County Water Authority (SCWA) Albany Avenue well field is located 6,500 feet
downgradient from the site. The wells are screened at depths of 419 to 509 feet bgs below the
contaminant plume. Monthly monitoring of these wells has not detected the presence of any
contamination. Data collected during the Rl indicates that the groundwater contaminant plume
migrating from the National Heatset site is sinking, and therefore may eventually contaminate
the public drinking water well field. However, exposure to contaminants that may reach the
Albany Avenue well field is not expected since these wells are monitored on a monthly basis
and must meet NYSDOH standards.

Potential remedial alternatives for the National Heatset Printing site were identified, screened
and evaluated in a Feasibility Study (FS). Based on the Rl and FS, the Department issued a
Record of Decision (ROD) document dated June 17, 1999 that identified the selected remedy
for the site. The major elements of the National Heatset printing site remedy, as presented in
the ROD, are as follows:

e A remedial design program that includes a pilot test to verify the components of the
conceptual design and provide the details necessary for the construction, operation,
maintenance, and monitoring of the remedial program. Additional investigation
needed for the pilot test or the remedial design will be conducted.

» Based on the pilot test data, the effectiveness of the in-well stripping system at the
source area will be evaluated. Since the high VOC concentrations at the source
area indicate the presence of undissolved product mixed with groundwater, an
alternative remedy such as extraction and treatment or sparging with air or ozone
may be chosen to recover and/or treat the undissolved product. The two
downgradient in-well stripping systems would be retained to prevent migration of the
contaminant plume.

e Construction and implementation of the in-well stripping systems or an alternative
remedy supported by pilot test data, which includes:

— One system at the source area, consisting of two groundwater circulation wells.
This system will remediate the area with the highest VOC concentrations;

— One system at the south end of the site consisting of three groundwater
circulation wells. This system will prevent additional VOC contamination from
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leaving the site; and

— One system downgradient of the southern edge of the one (1) ppm groundwater
contamination contour. This system will consist of seven wells and will halt
further migration of VOCs downgradient of the site.

¢ Providing public water to any properties that utilize private wells within the affected
area. Any private wells identified downgradient of the site will be tested for VOCs by
the Suffolk County Department of Health Services. If site-related contaminants are
detected in the well samples, the home or business serviced by the contaminated
well will be connected to public water.

Since the remedy results in untreated hazardous waste remaining at the site, a long-term
monitoring program will be instituted. Monitoring wells will be installed, where needed, and
sampled upgradient and downgradient of each of the in-well stripping systems. Wells already
exist on-site and upgradient and downgradient of the site. Additional wells will be installed
downgradient of the site. This program will allow the effectiveness of the in-well stripping to be
monitored and will be a component of the operation and maintenance for the site; and
institutional controls will be implemented and deed restrictions will be recorded in the chain of
title of the property to restrict future use of groundwater at the site.

Since the ROD for this site was signed, the NYSDEC has attempted to obtain competitive bids
using in-well stripping remedial technology at another inactive hazardous waste site. Since the
NYSDEC was unable to obtain bids at a reasonable cost at the other site using re-circulation
well technology, an alternate remedy was needed to avoid the same problems from occurring at
this site. In June 2000, the NYSDEC issued an Explanation of Significant Differences (ESD) for
this site. The ESD added groundwater extraction and treatment as an alternate remedy for the
downgradient groundwater contamination.

13 Site Geology/Hydrogeology

The following sections have been adapted from the 1999 Remedial Investigation Report (H2M
Group, 1999).

1.3.1 Surface Features

The local topography surrounding the Heatset Site consists of relatively flat terrain with a slight
south-southwest slope. The gradient of the natural land surface within the site boundaries is
less than four feet. Gradients of man-made surfaces (i.e., paved surfaces) at the Heatset Site
can vary as much as four feet due to truck loading bays sloping back toward the building. The
recharge basin located at the adjoining property to the west, has moderately sloping sides with
a base elevation approximately 15 to 20 feet below that of the surrounding property. A site
topography map is provided as Figure 1-3.
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1.3.2 Surface Water Hydrology

No surface water bodies exist within the Heatset Site property boundaries. There is no
evidence of ephemeral streams or steam-cut channels at the site. Review of the Amityville 7.5
min quadrangle United States Geographic Survey (USGS) topographic maps support these field
observations. The nearest downgradient stream shown on the topographic map is a creek
tributary connected to Avon Lake, approximately 1.7 miles south of the site. The headwaters of
this creek are located just to the south of Sunrise Highway in the Town of Amityville. The
headwaters of the Carmans Creek and Massapequa Creek occur approximately 2.0 miles
south-southeast and southwest of the site, respectively.

1.3.3 Hydrogeologic Setting

The geologic formations that underlie Suffolk County are composed of a series of thick deposits
of unconsolidated water bearing sediments of the late Cretaceous and Pleistocene age. These
unconsolidated deposits are underlain by crystalline bedrock of Precambrian age.

There are three primary water bearing aquifers underlying Suffolk County. These aquifers, from
shallow to deep, are the Upper Glacial, Magothy, and Lioyd. The aquifers are considered to be
hydraulically connected, with the Glacial and Magothy contributing recharge for the underlying
Lloyd aquifer. Together, they are a federally designated sole source of drinking water for Long
Island.

During the great glacial retreat, the area was covered with outwash deposits that constitute
most of the Upper Glacial aquifer of Long Island. The Upper Glacial aquifer is the most
permeable aquifer on Long Island because these sand and gravel deposits contain virtually no
interstitial clay and silt. The estimated average horizontal hydraulic conductivity of the outwash
is from 1,000 to 1,500 gpd/ft*. The direction of groundwater movement through Long Island’s
aquifers is horizontal and is generally more rapid than the movement in the vertical direction.
This arises because of an anistrophic effect: the largest dimensions of particles in the
interbedded fine- and coarse-grained layers tend to be oriented horizontally.

Groundwater in the Upper Glacial aquifer flows away from two major highs on the main water
table divide on Long Island. The general directions of groundwater flow of the Island are north
toward the Long Island Sound and south toward the Great South Bay. Based on site-specific
data, local groundwater flow at the site moves south to southeast toward the Great South Bay
with a gradient of 0.0014 foot per foot (ft/ft) and a velocity of approximately 1.34 ft/day.
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2.0 DESIGN ACTIVITIES

Several work tasks have been completed as part of the source delineation/pre-design work.
The complete tasks include:

e Health and Safety Plan Preparation
+ Source Area Investigations
— Soil Borings and Sampling
— Monitoring Well Installation
— Groundwater Sampling
e Aquifer Pump Test
e Pump and Treat and In-Well Stripping System 35% Engineering Design Report
¢ 65% Engineering Design Report
e« 95% Engineering Design Report
e 100% Design Report
e Site Survey and Site Plan Preparation
« Meeting with the Suffolk County Water Authority (SCWA)
« Final Engineering Design Report

The Site Specific Health and Safety Plan (HASP) was updated on January 15, 2001.

Source area investigation work was completed from January through April 2001 and inciuded
completion of several soil borings and monitoring wells. The investigation also included the
collection and analysis of several soil and groundwater samples from the site source area. The
investigation work concentrated on an area of the site with the potential for Dense Non-Aqueous
Phase Liquid (DNAPL) to exist at the lower confining clay layer. (Refer to the on-site General
Site Plan included as Figure 2-1).

An aquifer pump test was performed at the site from April 23, 2001 to April 27, 2001.

The 35% Engineering Design Report was submitted July 5, 2001. The 65% Engineering Design
Report was submitted Novernber 8, 2001. The 95% Engineering Design Report was submitted
December 18, 2002 and a 100% Design Report was issued July 17, 2003. Other than
meetings at the SCWA, no additional site work has been implemented as of the writing of this
Final Design Report. Refer to the off-site General Site Plan included as Figure 2-2.
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3.0 AQUIFER TEST ANALYSIS

Between April 24 and 27, 2001, an aquifer test was conducted at the site to determine the
transmissivity and specific yield of the upper glacial aquifer. Transmissivity (T) is the measure
of the amount of water that can be transmitted horizontally through a unit width by the full
saturated thickness of the aquifer under a hydraulic gradient of one. Specific yield (Sy) is the
ratio of the volume of water that drains from a saturated rock owing to the attraction of gravity to
the total volume of the rock. These hydraulic characteristics were later utilized in the design of
the groundwater recovery and treatment systems at the site. The following sections detail the
activities that were conducted for the aquifer test.

3.1 Pre-Test Activities and Data Collection

Based on site hydrogeologic conditions, it was determined that a pumping rate of up to 50
gallons per minute (gpm) was a sustainable pumping rate that would sufficiently stress the
aquifer to obtain useful hydrogeologic data from the existing set of monitoring wells. Monitoring
well MW-10 was selected as the pumping well for the aquifer test due to its down-gradient
location on the property and the surrounding network of monitoring wells. Pressure transducers
were placed in monitoring wells MW-2A, MW-3A, MW-4A; MW-9 and MW-10 and were
controlled by a Hermit™ 3000 Datalogger. In addition, a downhole Troll™ was installed in
monitoring well MW-H to record water levels at that location. Prior to initiating pumping, water
levels were manually gauged at all on-site monitoring wells to aid in assessment of the influence
of pumping across the property.

3.1.1 Groundwater Treatment Activities

Based on previous groundwater sampling results in the aquifer test area, groundwater
generated during well development and aquifer test activities required treatment prior to
discharging via sanitary sewer to the local Publicly Owned Treatment Works (POTW). The
treatment consisted of filtering the water through a series of two 500-pound granular activated
carbon (GAC) vessels temporarily set up at the site. Prior to the aquifer test, Shaw obtained
approval to discharge to the POTW from Suffolk County Department of Health Services
(SCDHS).

On April 27, 2001 a representative from SCDHS collected one sample of the discharge effluent.

3.1.2 Background Water Levels and Meteorological Data

To determine if changes in water levels observed during the aquifer test could be attributed to
pumping or non-pumping conditions, meteorological data from the National Weather Service
(NWS) station located at Farmington, NY, approximately four miles west of the site, was
monitored. During the aquifer test, approximately 0.02 inches of rain fell the evening of April 24,

N;/802301NHS/response to comment letter/final document/final design report



Downgradient Treatment System Project - Final Design Report 8
National Heatset Printing, Babylon, New York September 7, 2004

2001. Prior to the aquifer test, rainfall had not fallen for 3 days. Thus, recharge due to rainfall is
not believed to have affected the results of the aquifer test. Because the aquifer is unconfined,
barometric pressure changes do not affect the aquifer response to pumping.

A summary of meteorological data is provided along with the gauging results in Appendix A.
3.2 Aquifer Test Pumping

The aquifer test was initiated on April 24, 2001 at approximately 6:35 PM. The initial 2.5 hours
of the test was conducted as a step-drawdown test to assess the well efficiency and to
determine the optimal pumping rate for the three-day aquifer test. The initial pumping rate was
30 gpm, which was maintained for a period of 60 minutes, followed by a pumping rate of
approximately 40 gpm, which was maintained for a period of 95 minutes, followed by a pumping
rate of 50 gpm which was maintained for the duration of the test. The pump was shut down at
approximately 1:30 PM on April 27, 2001.

Pumping rates were assessed by monitoring a flow totalizer installed in-line after the GAC
vessels. Pumping rates were controlled by adjusting a ball valve located in-line between the
pumping well and the GAC vessels.

Because flow rates were measured downstream of the GAC vessels, flow rates were slow to
stabilize due to pressure effects in the GAC vessels. As a result, pumping rates fluctuated for
approximately 10 minutes until an accurate flow reading could be obtained at the desired
pumping rate. This is evident in the early time-drawdown (displacement) graphs shown in
Appendix B. Flow stabilization based on the meter reading was difficult during this time
period. The effect is also more noticeable due to the logarithmic scale on which the data is
analyzed. Therefore, the early time-drawdown data were not weighted as heavily in the curve
matching analysis.

The pump was periodically shut down (for approximately 5 minutes at a time) to refuel the
generators. This occurred approximately once every 5 hours. There was some difficulty
restarting the generator at approximately 1:15 AM on April 26, 2001. This resulted in the pump
being non-operational for approximately 35 minutes at 1,800 to 1,900 minutes into the test,
during which time the water levels rebounded (See time-drawdown graphs in Appendix B).
Upon restarting this pump, water levels quickly returned to their previous lower levels. The total
downtime of the pump over the three-day aquifer test amounted to less than one percent of the
operational duration of the test. Based on the observation well data, these shutdowns did not
have a significant effect on the results of the aquifer test.
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33 Aquifer Test Monitoring

Throughout the aquifer test, water levels in five adjacent monitoring wells (MW-2A, MW-3A,
MW-4A, MW-9 and MW-H) were measured with a pressure transducer and datalogger. Data
was recorded on a schedule of decreasing frequency. Measurements were initially collected
approximately once every 2 seconds. After forty seconds of measurements, the interval
between measurements was increased by a factor of 1.06 until a final interval of one
measurement every 10 minutes was reached. This frequency of measurement was maintained
until after pumping had been discontinued. Prior to turning off the pump at the end of the
aquifer test, all on-property wells were manually gauged to assess the influence of pumping
across the site.

At approximately 8:00 AM on April 27, 2001 a truck drove across the cable to MW-9, moving the
pressure transducer and thus making subsequent data acquired at that location unreliable.

Data from monitoring well MW-H were considered not useable. All other data were considered
accurate and reliable.

The time-drawdown and recovery data for each observation well are included in Appendix B.
The variables shown in the solution section of the data sheet represent the following aquifer
characteristics: transmissivity (T), storativity (S), specific yield (Sy), and the compressibility of
the water (B). Transmissivity (T) is the measure of the amount of water that can be transmitted
horizontally through a unit width by the full saturated thickness of the aquifer under a hydraulic
gradient of one. Specific yield (Sy) is the ratio of the volume of water that drains from a
saturated rock owing to the attraction of gravity to the total volume of the rock. Storativity (S) is
the volume of water that a permeable unit will absorb or expel from storage per unit surface
area per unit change in head.
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3.4 Aquifer Test Data Analysis

The following sections describe the procedures used to analyze the data collected during the
aquifer test activities and their results. The data was analyzed by graphical curve matching
methods. Due to the initial instability in the pumping rate (see Section 3.2) when the pumping
rates were adjusted, curve matching focused on data from after the first 10 minutes of the
pumping test.

3.4.1 Data Analysis Methodology

The time-drawdown data from all wells with measurable drawdowns attributable to the aquifer
test was plotted on graphs with logarithmic axes and graphically analyzed by the Neuman
method for unconfined aquifers (1974), utilizing an aquifer test analysis software package
(AQTESOLYV for Windows by HydroSOLVE, Inc.). The Neuman method was utilized since the
circumstances associated with the pump test correlate to the assumptions assumed in the
Neuman method (unconfined aquifer, vadose zone has no influence on the drawdown, the
drawdown is negligible compared to the saturated aquifer thickness, can model wells that
partially penetrate the aquifer, etc.). Documentation for the software and description of the
basis for the analytical solutions supported by it are provided in Appendix C pages 66 through
73. The equations associated with the Neuman method can be referenced in Appendix C,
pages 66-68. The variables are defined on page 109.

The assumptions used to graphically analyze the aquifer test data in order to determine the
transmissivity (T), storativity (S), specific yield (Sy), and compressibility of the water ()
included:

1. An infinite, homogeneous (isotropic), unconfined aquifer with a uniform thickness of 70
feet, underlain by an impermeable bed (clay) with an initially horizontal water table within
the zone of influence of the test;

Partial penetration of the aquifer by the monitoring wells and pumping well;

Partially penetrating extraction and observation wells with negligible water storage
capabilities in the well; and

4. Unsteady flow to the pumping well.

These assumptions are believed to be appropriate for the site. The sand aquifer is as
homogenous as any naturally occurring aquifer. The clay layer was encountered at
approximately 85 feet below ground surface at all borings advanced that deep at the site. The
water table is generally horizontal (a gradient of approximately 0.0015 based on the ROD),
relative to the drawdown generated during the pumping test (greater than 20 feet in MW-10 and
over 0.3 feet at the nearest monitoring wells).
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3.5 Aquifer Test Results

After 67 hours of pumping, drawdown in the pumping weil was approximately 22.29 feet.
Drawdown in the observation wells ranged between 0.09 feet and 0.35 feet.

Analysis of the pumping test data yielded values for transmissivity (T) and specific yield (Sy) for
each well that exhibited greater than 0.3 feet of drawdown. These data are presented in Table
3-1. Hydraulic conductivity (Kh (feet/day) = T (square feet)/b (ft)) values were obtained from the
transmissivity (T) values by assuming a constant saturated thickness (b) of 70 feet across the
aquifer. A horizontal hydraulic conductivity (Kh=T/b=9,594/70=137 feet/day) was calculated for
the area surrounding MW-10. This value is typical for the geologic material. This horizontal
hydraulic conductivity was calculated as the arithmetic mean conductivity, since it is assumed
that all flow between these wells was parallel to the geological bedding.

There was no apparent correlation between aquifer response and direction from the pumping
well. This isotropic behavior is typical for an aquifer comprised primarily of alluvial outwash
deposits (sand). The Neuman method allows the calculation of the vertical to horizontal
hydraulic conductivity ratio, based on the B-value used to obtain the best curve fit.

p=r**Kv / b>*Kh

where
B = compressibility of the water (1/(Ib/feet squared));
r = radial distance (feet);
Kv = vertical hydraulic conductivity (feet/day);
b = aquifer thickness (feet); and
Kh = hydraulic conductivity (feet/day).

Based on the results of this analysis, the vertical to horizontal hydrautic conductivity ratio is
approximately 1:1. This isotropic behavior is not uncommon for clean alluvial outwash sands.
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3.6 Pumping Rate Determination

To begin the design of the groundwater extraction and treatment system, the pumping rate
necessary to achieve containment of the VOC plume was calculated based on hydrologic and
contaminant concentration data obtained from the pump test and monitoring activities. The
analytical solution used in this calculation and the results are discussed below.

3.7 Pumping Rate Determination Methodology

3.7.1 Analytical Solution Method

An analytical solution described by Keely and Tsang (1983) and developed further by Erdmann
(2000) was used to calculate the pumping rate necessary to generate a capture zone of a
specified width (i.e., extent in the cross-gradient direction). This calculation was performed for
two pumping systems, one to contain groundwater crossing the National Heatset property and
another to contain the down-gradient groundwater plume. The results and an example of the
calculations are presented in Table 3-2. Appendix D contains a copy of the journal article
describing the analytical solution.

The calculation performed is based on complex potential theory (e.g., flow net mathematics) for
steady flow in an isotropic, homogeneous aquifer. The maximum width of the capture zone was
calculated, assuming steady-state flow conditions, according to the following equation (Keely &

Tsang, 1983):

9.
™ KiB’
where
Whax = width of capture zone infinitely up-gradient of the pumping well (feet);

Q = flow to well (feet’/day);

K = average hydraulic conductivity (feet/day);
i = hydraulic gradient (feet/foot); and

B = thickness of the aquifer.

The width of the capture zone at the pumping well (Erdmann, 2000) is calculated as

__ 9 .
°  2KiB’

where
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W, = width of capture zone at the pumping well (feet).

The calculations for the down-gradient groundwater extraction system assume that three wells
will be placed along Benjoe Drive and Albany Avenue to intercept the plume. The width of the
plume (Table 3-2) at that location was assumed based on the groundwater data collected in
1998 by H2M. To account for continuing plume dispersion, the width was assumed to be 133%
of the maximum width of the 1.0 mg/L isopleth for total VOCs in groundwater at 75-85 bgs
(H2M, 1998, Figure 4.3). Additional groundwater data was collected in July 2002 by Shaw and
was utilized to adjust the downgradient treatment system data presented in Table 3-2. The
older and current versions have been included in Table 3-2 for comparison. The location of any
wells along Benjoe Drive and Albany Avenue are not expected to interfere with the production
capacity of the Albany Avenue public water supply wells due to the fact the wells are in different
aquifers. The public supply wells are located in the Magothy Aquifer and the pumping wells will
be in the Glacial Aquifer. Appendix D contains a copy of the journal article describing the
analytical solution.

3.7.2 Pumping Rate Determination Data

The hydraulic conductivity of the aquifer was obtained from the average value calculated in the
pump test analysis. Given the relatively consistent geology at the site, the use of the aquifer test
data to describe down-gradient hydraulic conductivity is believed to be appropriate. The aquifer
thickness was assumed to be a constant 70 feet and the gradient to be 0.0018, based on the
most recent round of groundwater gauging conducted on August 8, 2001. This gradient was
estimated using gauging data from the National Heatset property wells, as well as down-
gradient wells M-11 and M-12., Because these data points are situated longitudinally to one
another, there is some uncertainty regarding the calculated gradient. However, this uncertainty
is somewhat lessened because they are situated along the inferred axis of migration of the
plume (i.e., roughly along the hydraulic gradient).

Because the chemical concentration data previously available for the down-gradient portion of
the site was several years old (1998), a simple calculation was performed to estimate plume
migration. The plume configuration from the most heavily impacted depth interval sampled (75
to 85 feet below ground surface) was used as a basis for this calculation (see H2M, February,
1999 Figure 4.3). The calculation was conservatively performed without consideration of
contaminant retardation to help ensure that the well locations selected for the groundwater
extraction system were sufficiently down-gradient to effectively capture the contaminant plume.
The calculation performed was:
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X =—Xxt,;
n
where

x = distance plume has migrated (feet);
n = effective porosity of the aquifer (assumed to be 0.25); and

t = elapsed time (days).

Based on this calculation it was estimated that the plume had migrated approximately 1,350 feet
down-gradient between August 1998 and September 2001. Appendix E, Tab 1 presents the
calculation of this distance. This distance of migration would put the leading edge of the 1 mg/L
isopleth of the plume approximately 100 feet up-gradient of the proposed Benjoe Drive and
Albany Avenue extraction well locations. In July of 2002, a groundwater sampling event was
performed to further characterize the location of the off-site plume. Analytical results from the
2002 groundwater sampling event confirmed the calculated plume migration. The plume, as
determined by 1998 groundwater date, and the proposed groundwater extraction well and
treatment plant locations are included in Figure 3-1.

Figure 4.3 from the 1999 H2M report, which presents interpreted groundwater contaminant data
as concentration isopleths, suggests that the width of the total VOC plume above 1,000 pg/L is
approximately 1,150 feet across at its widest point. However, the July 2002 groundwater data
suggests that the width of the total VOC plume above 1,000 ug/L is approximately 600 ft across
at its widest point. For the purposes of assessing the pumping rate, in this final design report,
the older groundwater data was used as a conservative measure and it was assumed that the
total plume to be captured is twice this width at the most-down-gradient extraction well.

3.8 Pumping Rate Determination Results

Based on the site data and the calculations outline above,; a total minimum groundwater
extraction rate of approximately 79 gpm will be necessary to contain contaminated groundwater
on the National Heatset Printing property. These calculations further indicate that a total
minimum groundwater extraction rate of approximately 330 gpm will be necessary to obtain
containment of the down-gradient plume. For the purposes of these calculations, it is assumed
that, following treatment, this groundwater will be either discharged to surface water or re-
injected into the aquifer in such a way as to not interfere with the capture of the plume. Final
design pumping rates will incorporate an uncertainty factor to compensate for limited site data
and to provide greater confidence that remedial goals will be met.
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As a check on the selected pumping rates, a calculation was performed to determine the total
recharge to the calculated capture zones for each well. This calculation was based on the
recharge entering the aquifer (Jensen and Soren, 1974), the width of the capture zone, and the
distance up-gradient to the groundwater divide (Jensen and Soren, 1974). This calculation is as
follows:

Qe = RXW, X L;

max

where

Qmax = the maximum sustainable flow rate in the absence of other pumping systems
(feet’/day); and

L= the distance up-gradient to the groundwater divide (feet).

The resuits of this calculation indicate that the pumping system will not approach the capacity of
the aquifer (Table 3-3).
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40 REMEDIATION SYSTEM DESIGN CONSIDERATIONS

The following section presents the remedial objectives for the Heatset site, the proposed
treatment scenarios for the on-site and off-site portions of the aquifer, the design basis and
criteria for the groundwater extraction and treatment systems, and the preliminary performance
requirements for the in-well stripping system.

4.1 Remedial Objectives

The proposed remedial designs and performance requirements presented in this report, will
meet or exceed the remediation goals as set forth in the 1999 ROD. These goals are:

¢ Meet all Standards, Criteria, and Guidance (SCGs)
e Be protective of human health and the environment

¢ Eliminate, to the extent practicable, ingestion of groundwater affected by the site that
does not attain NYSDOH drinking water standards; and

¢ Eliminate, to the extent practicable, further off-site migration of groundwater that does
not attain NYSDEC Class GA Ambient Water Quality Criteria.

4.2 Proposed Treatment Scenarios

The proposed treatment scenarios presented in this section follow a two-tiered approach to the
on-site and off-site aquifer remediation. Two scenarios for each portion of the aquifer are
presented. The first scenario requires the use of an in-well stripping remediation system for the
on-site and off-site plumes, while the second scenario requires the use of a groundwater
extraction and treatment system for the on-site and off-site systems. This approach was chosen
to allow the NYSDEC flexibility should they be unable to obtain competitive reasonable cost bids
for the in-well stripping technology. Should the lowest responsible bidder utilize the in-well
stripping well technology, then that vendor would be given the opportunity to demonstrate the
effectiveness of this chosen technology. If the technology does not meet the performance
requirements, then the lowest responsible bidder utilizing the groundwater extraction system
would be awarded the contract.
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4.2.1 On-Site Groundwater Aquifer Remediation
The proposed on-site groundwater remediation scenarios are as follows:

Scenario 1: Two to four in-well stripping wells, adjusted based on the radius of influence
determined from the pilot test results, would be installed in the upper aquifer at the
downgradient edge of the on-site plume to remediate any remaining groundwater contamination
after the source area remedial action. The wells would have the appropriate off-gas treatment.
The in-well stripping wells create an elliptical groundwater circulation zone surrounding the well.
The groundwater circulation well uses a screened well and a drop tube to create the circulation
zone. Airis injected at the bottom of the well via the drop tube, which is installed inside the well
casing. The air forms bubbles, which flow upwards within the casing, displacing water and
reducing the density of the water column within the well. These air bubbles also effectively strip
the volatile contaminants from the water column and transfer them to the air stream within the
well. Air emitted from the wells is monitored and exhausted to an appropriate air treatment
system prior to being discharged to the atmosphere.

Scenario 2: Two groundwater extraction wells will be screened in the upper aquifer at the
downgradient edge of the on-site plume to contain and remediate any remaining groundwater
contamination after the source area remedial action. The groundwater treatment system is
designed to treat 100 gpm of contaminated water (150% of the 66 gpm pumping rate). The unit
operations identified for the treatment plant are oxidation and sedimentation of metals, air
stripping of volatile organic compounds and activated carbon polishing of effluent water.
Treated groundwater would be discharged to a local retention basin.

4.2.2 Off-site Groundwater Aquifer Remediation
The proposed off-site groundwater remediation scenarios are as follows:

Scenario 1: In accordance with the ROD and to be verified during the pilot test based on the
proven radius of influence, approximately six to nine in-well stripping wells would be installed in
the upper aquifer at the 10 part per billion (ppb) edge of the off-site plume to protect the Suffolk
County Water Authority Albany Avenue well field. The well system would have appropriate off-
gas treatment. The in-well stripping wells create an elliptical groundwater circulation zone
surrounding the well. The groundwater circulation well uses a screened well and a drop tube to
create the circulation zone. Air is injected at the bottom of the well via the drop tube, which is
installed inside the well casing. The air forms bubbles that flow upwards within the casing,
displacing water and reducing the density of the water column within the well. These air
bubbles also effectively strip the volatile contaminants from the water column and transfer them
to the air stream within the well. Air emitted from the wells is monitored and exhausted to an
appropriate air treatment system.
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Scenario 2: Three groundwater extraction wells will be screened in the upper aquifer
perpendicular to the down-gradient center axis of the off-site plume to protect Suffolk County
Water Authority Albany Avenue well field. The groundwater treatment system is designed to
treat 500 gpm of contaminated water (150% of the 340 gpm pumping rate). The unit operations
identified for the treatment plant are oxidation and sedimentation of metals, air stripping of
volatile organic compounds, activated carbon polishing of effluent water, and catalytic oxidation
and/or carbon treatment of off-gases. Treated groundwater would be discharged to a local
retention basin.

During the Final design effort, the off-site scenarios were advanced to the final level of
engineering completeness based on discussions with the SCWA and NYSDEC regarding the
off-site remediation plans for the extraction/treatment system. The off-site system has been
finalized in this report as a result of the review and approval by the SCWA.

4.3 Design Basis For In-Well Stripping Systems

‘Numerous investigations have been completed to evaluate the site geology, hydrogeology and
groundwater quality at the site. This information, in conjunction with a pilot scale field test of the
proprietary methodology, will be used by the equipment vendor to design an in-well stripping
system to meet the project Remedial Objectives. The in-well stripping system would include:

» Collection of groundwater within a stripping well
+ Treatment of the groundwater to meet established remedial action criteria
» Discharge of the treated groundwater within the influenced area of the stripping well

+ Collection and treatment of any gas generated that may contain site VOC
contaminants without discharging to the atmosphere contaminants at or above
regulated limits

» Treatment compounds for the air pollution control systems and other above ground
appurtenances associated with the in-well stripping systems

44 Design Basis for the Groundwater Treatment Plant

Numerous investigations have been and are being performed to evaluate the site geology,
hydrogeology, and groundwater quality at the site as well as appropriate treatment technologies.
A database created as a result of these investigations, in conjunction with the ROD, has been
used to develop a Basis of Design for remediation of the on-site and off-site contaminant plume.
Based on the groundwater extraction and treatment scenario, each remediation system
includes:
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o Extraction of groundwater from the upper aquifer

e Treatment of the extracted groundwater based on the most recent characterization data
obtained during remedial and pre-design investigations to meet the established
discharge criteria which involves metals removal and VOC removal from the extracted
groundwater

e Discharge of the treated groundwater to a town sump (on-site) and recharge basin (off-
site)

e Treatment of off-gas to remove VOCs transferred from the groundwater to the air (off-
site only)

e Treatment compounds sized to house the process equipment components and
associated appurtenances.

4.4.1 Extraction Well Network and Pumping Rates

The extraction well network and pumping rate descriptions are specific to the pump and treat
scenario. The configuration of the extraction well networks and pumping rates for the on-site
and off-site extraction system have been based on the groundwater monitoring results, pump
test data, and groundwater modeling results. The basis of design for this portion of the remedial
systems consists of five criteria:

e Capture of the remaining on-site plume to prevent further migration and remediate, to
the extent practical, the aquifer to groundwater quality standards.

e Capture the off-site plume to protect the Suffolk County Water Authority Albany Well
Field.

o Balance of the well locations (number of wells) and flow rates for efficient plume
recovery.

e Minimize the impacts to the surrounding area.

e Allowance for up to 50% increase in the overall groundwater extraction flowrate.

Based on the groundwater extraction system analysis, the on-site extraction system will consist
of two extraction wells placed at the downgradient edge of the on-site plume ( Figures 4-1 and
4-3). These wells will each have a nhominal pumping capacity of 50 gallon per minute (gpm).

The off-site extraction system will consist of three extraction wells placed along Benjoe Drive
and Albany Avenue well field (Figures 4-2 and 4-4). Two wells will have a pumping capacity of
125 gpm, while the third will have a pumping capacity of 250 gpm.

4.4.2 Influent Characteristics

To develop the design criteria for the groundwater extraction and treatment plants, influent
characteristics of the extracted groundwater were estimated. As a conservative measure, the
maximum known concentrations in the groundwater were used in the design process. Table 4-1
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provides the influent characteristics from the on-site plume (July 26, 2001 sample event) and
off-site plume (1999 ROD maximum concentrations and July 2002 sampling event).

4.4.3 Groundwater Treatment System Performance Requirements

The primary objective of the on-site groundwater extraction and treatment system is to prevent
further off-site migration of the VOC plume and to remediate any remaining VOC contamination
after the source area remedial action. This objective will be met by the installation of two
groundwater extraction wells at the downgradient boundary of the Heatset property that are
designed to extract the necessary groundwater and transport it to the on-site treatment system.
The proposed system shall capture the migrating plume and remediate the aquifer to
groundwater quality standards (Table 4-2). All off-gases generated by the groundwater
extraction and treatment system shall meet NYSDEC DAR-1 (formerly Air Guide-1) discharge
requirements (Table 4-3).

The primary objective of the off-site groundwater extraction and treatment system is to prevent
further off-site migration of the VOC plume and protect the Suffolk County Water Authority
Albany Avenue Well Field. This objective will be met by the installation of three extraction wells
along Benjoe Drive and Albany Avenue just north of the Albany Avenue well field that are
designed to extract the necessary groundwater and transport it to the off-site treatment system.
The system shall capture the migrating plume and protect the Albany Avenue Well Field and
treat the extracted groundwater to New York State groundwater standards (Table 4-2). All off-
gases generated by the groundwater treatment system shall meet NYSDEC DAR-1 (formerly Air
Guide-1) discharge requirements (Table 4-3).

Each of the groundwater treatment systems will foliow the following performance requirements.

Removal of VOCs will take place in an air stripper. A downstream liquid-phase granular
activated carbon system will be used to polish the air stripper effluent to ensure compliance with
the NYSDEC SPDES discharge permit (or permit equivalence). These units have been proven
effective in removing contaminants of concern at and exceeding the estimated influent
concentrations. An air stripper off-gas treatment system will be provided as necessary to meet
the NYSDEC DAR-1 (formerly Air Guide —1) air discharge requirements.

Metals removal (iron pre-treatment) will be accomplished by oxidation/sedimentation.
Precipitation of metal hydroxides will be achieved by chemical oxidant addition and pH
adjustment. The precipitated metals and suspended solids will settle out in an inclined plate
clarifier. This system will minimize fouling of the downstream air stripper, thereby ensuring
reliable treatment of the VOCs.
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The performance of the final treatment systems will be monitored as required by the substantive
requirements of a NYSDEC SPDES permit. The groundwater extraction systems shall be
designed to operate on a continuous basis (24 hours/day, 7 days/week) and will be automated,
requiring minimal operator attendance under normal operating conditions. Siudge generated
from the metals removal process will be disposed of off-site, requiring periodic operator
intervention.

Equipment shall be provided in duplicate, where appropriate, so that the on-line spares will
provide for uninterrupted service. The treatment systems shall be provided with an alarm and
telemetry system such that system upsets are identified to the operator for immediate response.

The goal for the final groundwater treatment systems is to maintain uninterrupted groundwater
extraction and treatment operation. However, it may be necessary to reduce the throughput to
perform pretreatment or sludge handling tasks, routine, preventative maintenance or equipment
change out. In some cases, it may be necessary to shut down the system for maintenance.

4.4.4 Permitting Requirements
Although permitting requirements are waived as part of the inactive hazardous waste disposal
site program, the substantive requirements of the following permits will be met:

» SPDES water discharge permit (on-site and off-site treatment systems)
» Exhaust and Ventilation system permit
e Building Permit

4.4.5 Residual Waste Streams

The major waste stream to address is the VOC laden off gas from the air strippers. The air
strippers are designed to effectively meet the remedial objectives and produce the minimum
volume of off gas for treatment. Based on the on-site air stripper off-gas dispersion modeling
the emissions are within DAR-1 guidelines and do not require off-gas controls. However, the
off-site treatment system (in-well stripping or extraction/treatment) will have a design included
for pollution abatement equipment at the request of the SCWA. The prime choices are vapor
phase carbon or an oxidizer (thermal or catalytic). Either of these choices are provided as
equipment packages, available from vendors experienced in their design, fabrication,
installation, startup and O&M. For the final design, vapor phase carbon has been selected for
the off-site treatment system, (refer to Section 7.4).

Secondary waste streams include metal hydroxide sludge, sand filter media, and spent bag
filters. Both waste streams will be disposed off-site as solid wastes.
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4.4.6 Retention Basin Design Basis

On-site treated water will be discharged to the ground surface of a town sump west of the site.
See Figure 4-3. The Town of Babylon Public Works Department has approved of this
discharge location.

Off-site treated water will be discharged to the local recharge basin to be constructed in close
proximity to the proposed location of the off-site treatment system. The retention basin will be
approximately 2,000 square feet in size and will include sufficient capacity for the 500-gpm
maximum discharge rate. Refer to Figure 4-4,

4.4.7 Treatment System Enclosure

Year round operation of the treatment system requires protection from the elements and climate
control within a suitable, permanent structure. The anticipated footprint of such a structure to
house the equipment components, control area, and floor sumps for the treatment of on-site
influent water system is estimated at 30-feet by 65-feet. Thus, the design basis of a 1,950
square foot permanent structure dictates a pre-engineered metal building on a slab-on-grade
over other types of structures such as fabric buildings, greenhouses, or modularized trailers. lIts
location has been finalized during this phase of design as this is the smallest structure offered
including iron pretreatment equipment. The building height of 18 feet has been designed to
accommodate the cone bottom sludge thickener tank, which establishes the highest clearance.
An elevation detail of the on-site treatment compound is illustrated in Figure 4-5. As a result,
utility requirements, well locations and discharge locations have all been finalized and are
shown on the final design drawings.

The anticipated footprint of such a structure to house the equipment components, control area,
and floor sumps for the treatment of off-site influent water system is estimated at 85 feet by 67
feet. Thus, the design basis of a 5,695 square foot permanent structure dictates a pre-
engineered metal building on a slab-on-grade over other types of structures such as fabric
buildings, greenhouses, or modularized trailers. Its location has been finalized during this
phase of design as this is the smallest structure offered including iron pretreatment equipment.
The building height of 17 feet has been designed to accommodate the inclined plate clarifier,
which establishes the highest clearance. This is the lowest profile possible to comply with the
aesthetic demands of the SCWA and surrounding residences. An elevation detail of the off-
site treatment compound is illustrated in Figure 4-6. As a result, utility requirements, well
locations and discharge locations have all been finalized and are shown on the final design
drawings.

Several vendors offer a “Butler” type of metal building, where the pre-engineering is the
responsibility of the building vendor. The specifications and resultant shop drawings for these
building will then become part of the Contract Documents. The materials of construction
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availability and building erection implementation easily fall within the timeframe of an extraction
and treatment system installation. From a cost perspective, this type of structure is cost
effective on a cost per square foot basis. The installation of the pre-engineered buildings will
follow National Building Officials & Code Administrators (BOCA and local building code
ordinances, including Suffolk County Sanitary Code — Article 12, Appendix F).

The treatment compounds for in-well stripping equipment will be designed to fit into modularized
containers for the pilot testing. Based upon the pilot test results, the containers can be reused
or added to in modular fashion for the full-scale in-well stripping scenarios, once the pilot test
has been completed and the contractor has provided the full-scale design plans.

4.5 Other Design Criteria/Considerations

A listing of important design considerations not covered previously in this section that will impact
the design of the groundwater treatment plant (GWTP) includes the following:

o The operating life expectancy of the GWTP and in-well stripping systems will be 30
years.

« All piping will be buried below the frost line for freeze protection.

» Secondary containment for the treatment equipment tanks, vessels, etc., will be
designed into the building foundation.

e Materials of construction will be compatible with the fluids to be handled.

« The electrical classification is non-hazardous (unclassified) both outdoors and within
the treatment building. Hence, explosion proof equipment is not required.

e Unattended operation to the greatest extent possible, for 24 hours per day.
Reduction in the hours of daily operation by half has also been considered. (12
hours). Low maintenance equipment preferred.

e Limited form of remote telemetry via an Autodialer.
« The delivery approach shall be design-bid-build.

e As off-gas treatment requirements change more rapidly with time compared to water
treatment requirements; consider rent/lease options for off-gas equipment
components. Modular containers would be included in the rent/lease option for in-
well stripping.

e Innovative alternative technologies have been explored but will not be utilized.

e Electric utilities, and service (clean) water will be required to operate the treatment
systems. No other utilities are required.

e Article 12 shall be the design basis for indoor storage tanks and secondary
containment features.
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50 PERFORMANCE REQUIREMENTS FOR RECIRCULATION WELLS
51 On-Site In-Well Stripping System

The primary objective of the on-site in-well stripping system is to prevent further off-site
migration of the VOC plume and remediate any remaining VOC contamination after the source
area remedial action. This objective will be met by the installation of stripping wells at the
downgradient boundary of the Heatset property. It is the vendor’s responsibility, with
Department approval, to determine the number of wells, their design, their location, and their
depth. The vendor proposed system shall capture the migrating plume and remediate the
aquifer to groundwater quality standards (Table 4-2). All off-gases generated by the system
shall meet NYSDEC DAR-1 (formerly Air Guide-1) discharge requirements (Table 4-3).

5.1.1 Pilot Test Requirements

Prior to the installation of the vendor specified system, the vendor shall be required to install and
operate one of the vendor designed in-well stripping wells at the Heatset property to
demonstrate that the well system will meet the site perfformance standards. Primarily, this will
be determined by the collection and analysis of water samples. The design of the pilot test will
be presented in a workplan prepared by the vendor. Upon approval of the workplan,
incorporating the Department’'s comments, the pilot test will be performed and a report will be
written, which documents the pilot test activities and presents the preliminary design for the full
scale systems. The pilot test must meet the following minimum requirements:

« Demonstrate horizontal influence in the aquifer at a designated minimum radius
away from the stripping well through use of acceptable groundwater tracer
compounds (chemical dyes or equivalent).

« Demonstrate vertical influence in the entire depth of the groundwater aquifer through
the installation of nested monitoring wells at various depths in the aquifer. Two
zones (shallow; from the water table interface to depth 45-feet below ground surface
and deep; from 45 feet to a depth of 80 feet below ground surface) of measurement
will be used at a minimum. Tracer compound, or other acceptable monitoring
devices, must be used to demonstrate the influence.

« Demonstrate effective treatment of the water to the criteria shown in Table 4-2 in the
stripping well through collected and analyzed groundwater samples.

« Demonstrate effective collection and treatment to the criteria shown in Table 4-3 of
any gas from the stripping wells through the collection and analysis of air samples.

 Demonstrate treatment of the groundwater influenced by the in-well stripping system
by the collection and analysis of groundwater samples collected from both the
shallow and deep zones in the aquifer.
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« Demonstrate effective operation of the in-well stripping equipment in terms of fouling
by evidence of reductions in removal efficiencies or desired throughput should
buildup occur.

The test results will provide information to calculate the actual contaminant removal rates and
ensure that the system will be able to achieve groundwater quality standards throughout the
impacted aquifer. The pilot test data will also be used to delineate the wells’ area of influence.
If these parameters differ from the original vendor specified parameters, the vendor shall modify
the design as necessary to meet the required remediation goals. This test will be performed
over a 60-120 day period, to be agreed upon by the NYSDEC and the vendor (60-90 days for
installation and operation and 30 days for preparation of final report). All costs for this test shall
be born by the vendor, it shall not be included as a line item in the bid. If the vendor is approved
to install the full-scale remediation system, the NYSDEC will reimburse the vendor for the cost
of the pilot test.

5.2 Off-Site Recirculation Weli System

The primary objective of the off-site in-well stripping well system is to prevent further off-site
migration of the VOC plume and to protect the Suffolk County Water Authority Albany Avenue
Well Field. This objective will be met by the installation of stripping wells at the 10 ppb iso-
concentration contour. The in-well stripping system design will incorporate data gathered during
the field pilot test. It is the vendor’s responsibility, with Department’s approval, to determine the
number of wells, their location, and their depth. The vendor proposed system shall capture the
migrating plume and protect the Albany Avenue Well Field. All off-gases generated by the
system shall meet substantive NYSDEC DAR-1 (formerly Air Guide-1) discharge requirements
(Table 4-3).
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6.0 EVALUATION OF GROUNDWATER TREATMENT PLANT TREATMENT
ALTERNATIVES

This section identifies and describes potentially applicable process options for the groundwater
extraction and treatment scenario and provides a screening of each option. The groundwater at
the Heatset site not only contains elevated levels of VOCs, but it also contains elevated levels of
calcium, iron, and magnesium, which could foul the treatment system. Therefore, process
options for the treatment of metals and VOCs have been reviewed to select equipment
components for final detailed design.

6.1 Evaluation of Groundwater Treatment Process Options

The purpose of metals removal is to protect downstream VOC removal equipment from fouling
or scaling. Not only is this a maintenance issue, but coating and scaling of VOC removal
equipment could lead to a reduction in removal efficiencies below that required to meet the
remedial objectives and discharge requirements.

Metals Removal

Chemical Precipitation and Sedimentation
Chemical precipitation and sedimentation are the most common method of metals removal.

Precipitation is the physicochemical process whereby some or all of a substance in solution is
transformed into a solid phase. Precipitation is based on altering the chemical equilibrium
relationship of the soluble inorganic species by shifting the equilibrium towards the solid phase.
Lime soda softening and oxidation are the most common types of precipitation in water
treatment.

Lime soda softening refers to the addition of lime or sodium sulfide to the water in a rapid mixing
tank along with flocculating agents. Within the rapid mixing tank and flocculation tank, adequate
retention time is provided for the agglomeration of precipitate particles. The agglomerated
particles are separated from the liquid phase by either sedimentation or filtration. Because iron
is not effectively removed by softening, this type of chemical precipitation will not be retained.

Metals may also be precipitated by oxidation. Oxidation of the soluble metals may be
accomplished by aeration, chlorination, ozonation, or chemical oxidation with potassium
permanganate or hydrogen peroxide. Chemical oxidation is the most common method of iron
removal. However, potassium permanganate is the oxidant of choice for these reasons:
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.
o The elimination of aeration reduces the volume of off-gas generated, and hence,
reduces the cost for off-gas treatment more significantly than does the savings cost per
pound of O, delivered by aeration.

« Potassium permanganate has been proposed for in situ treatment of the source VOCs in
the groundwater plume, hence, it has the potential to oxidize VOCs above ground in a
continuous stirred tank reactor.

+ Dry KMnO;, is safer and easier to handle and store than hydrogen peroxide.

This process also alters the chemical equilibrium shifting the equilibrium to the solid phase. As
with softening, agglomerated particles are separated from the liquid phase by sedimentation
and/or filtration. Sedimentation is defined as the gravitational separation of particles from
water. The primary purpose of sedimentation in groundwater treatment is to produce a clarified
effluent for either discharge or further treatment. The removal of suspended patrticles by
gravitational settlement is low cost and energy efficient. Sedimentation may be performed in
sedimentation basins, plate separators, tube settlers, or clarifiers. To economize on space in
the building, the most cost-effective sedimentation equipment is the inclined plate clarifier.
These units are readily available and typically, there is suspended solids carryover of
approximately 5 to 10 mg/L in the clarified water. Thus, filtration is required to remove the

' carryover solids to protect the downstream equipment from fouling.

Filtration is a physical process where suspended solids are removed from the liquid phase by
passing the liquid through a porous media. Granular filtration is the most typical type of
filtration. The filter media generally consists of a bed of granular particles, such as sand or sand
with anthracite, supported by an underdrain within an enclosed vessel. The liquid passes
through the filter media and is drawn off the bottom. The suspended particles are trapped on
and within the filter media. The entrainment of particles within the bed reduces the filtration
rate, thereby increasing the amount of pressure needed to force the liquid through the filter. In
order to prevent plugging of the filter, the filter is backwashed at a high velocity to dislodge the
particles. The backwash water then flows through a sludge dewatering system for final
disposal. Filtration units typically require a large amount of space. Because of the anticipated
sbace limitation in the groundwater treatment plant, the technology will be used to process carry
over of solids but will not be retained for dewatering the metal sludge.

Another type of filtration, bag filtration, uses a fabric or non-woven material to remove micron
sized particles. In general these filters are used in line or in series as polishing unit operation.
This technology is being used as an effluent stream polishing step.

In summary, metals removal will be achieved by designing unit operations and process

equipment that will raise the pH of the influent water and chemically oxidize the dissolved
metals into metal hydroxide sludge. Caustic Soda (25% NaOH) is commonly used to raise the

N:/802901NHS/response to comment letter/final document/final design report



Downgradient Treatment System Project - Final Design Report 28
National Heatset Printing, Babylon, New York September 7, 2004

pH of influent groundwater and similarly, chemical oxidation via Potassium Permanganate has
been selected for the site because it is effective, economical to use, and readily available.

Volatile Organic Compounds Removal

Mass Transfer — Air Stripping

Air stripping is a proven mass transfer technology for removing volatile organic compounds
(VOCs) from groundwater. In an air stripping unit, the liquid is passed down over packing or
trays while air is blown up through the liquid (countercurrent). The contaminants are transferred
from the liquid phase to the gaseous phase as the air makes contact with the liquid. The
packing or trays are used to increase the mass transfer between the air and liquid. Treated
groundwater flows out of the bottom of the unit while the effluent gas is vented out of the top of
the unit. The effluent gas may be vented to the atmosphere or to further treatment depending
on contaminant concentrations. Air stripping is a cost effective and efficient means of removing
contaminants with a Henry’s Law Constant greater than 3E-3 atmosphere-cubic meters per
mole (atm-m*/mole). The Henry's Law Constants for the site-related contaminates are as

" follows: 1,1-Dichloroethene (0.19 atm-m®mole), 1,2-Dichloroethene (6.7E-2 atm-m*/mole), 1,2-
Dichloroethane (9.1E-4 atm-m*mole), 1,1,1-Trichloroethane (0.03 atm-m*mole), Vinyl Chloride
(8.1E-2 atm-m®mole), Trichloroethene (9.1E-2 atm-m*/mole), Tetrachloroethene (1.53E-2 atm-
m®/mole). The primary compounds of concern, PCE, 1,2-DCE and TCE all have favorable gas
constants indicative of good removal using air stripping. The compound exhibiting the least
favorable gas constant, 1,2-DCA, will still strip, but not as well as the other compounds listed.
Based on reported influent concentrations both on site and off site, 1,2-DCA is below the
discharge standards and is thus not a primary compound of concern, (see Appendix E, Tab 2).

A low-profile tray stripper is preferred over the packed column to minimize the height of the
building. Moreover, the trays are designed to accept a higher solids loading before fouling
interferes with VOC removal and to ease the maintenance requirements for cleaning once
fouled compared to the packed column stripper.

Adsorption — Granular Activated Carbon
Granular activated carbon (GAC) is effective in removing a wide range of organic compounds.

The activated carbon selectively adsorbs organics from the liquid phase by a surface attraction
phenomenon (Van der Walls theory) in which organic molecules are attracted to the internal
micropores of the carbon granules. The adsorption rate is controlled by the molecular attraction
between the adsorbate and adsorbent, the molecular weight of the adsorbate, and the surface
area of the carbon. Appendix E, Tab 3 provides the supporting information and calculations
that demonstrates the viability of utilizing GAC to remove the site-related contaminants
(adsorbate).
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GAC units operate in series or in parallel configurations. Operating the units in series is
generally the most cost effective configuration and produces the lowest effluent concentrations
compared to a parallel configuration. Once the GAC surface is equilibrated with the dissolved
influent contamination concentrations, the carbon is considered “spent” and must be replaced or
regenerated. Ofi-site regeneration is the preferred method. The time to reach “breakthrough”
is a function of the adsorptive capacity of the carbon and influent concentration. Pretreatment
steps such as air stripping can greatly enhance the carbon’s life and reduce the need for
frequent carbon replacement. This technology is retained as a polishing treatment for the
primary VOC treatment, air stripping.

Oxidation — Ultraviolet Light/Peroxide System
An ultraviolet light/peroxide system uses hydrogen peroxide to oxidize the contaminants with

ultraviolet Iight acting as the catalyst. The UV light converts the hydrogen peroxide into hydroxyl
radicals, which are a strong oxidant. The hydroxyl radical then oxidizes the VOC contaminants
into inert compounds. Process variables inciude UV energy dose, hydrogen peroxide dose, pH
level, temperature, and mixing efficiency. Bench-scale studies are generally required to
estimate these quantities and the size of the reactor.

In this process, water is pumped through a heat exchanger that regulates the inlet temperature.
Hydrogen peroxide is injected into the line as the water enters the reactor, which is equipped
with UV light lamps. As the water passes through the reactor, the contaminants are destroyed
and the effluent is discharged. The operational costs associated with a UV/peroxide system are
high due to the great amount of energy required to operate the system. Metals are also
damaging to the system, therefore, significant metals pretreatment would be required. In
addition, suspended solids limit the effectiveness of the UV lamps over time by coating them.
Due to these reasons, this unit operation is not retained.

Off-Gas Treatment

Carbon Adsorption
Carbon adsorption is one of the most commonly used and cost effective off-gas treatments for

the reduction of VOC emissions, with granular activated carbon the most widely used form of
carbon. As with the liquid phase carbon adsorption system, the physical principal behind the
carbon adsorption is the Van der Walls attractive potentiai between the adsorbate and the
adsorbent. Again, as with the liquid phase system, the adsorption rate is controlled by the
molecular attraction between the adsorbate and adsorbent, the molecular weight of the
adsorbate, and the surface area of the carbon. For gas phase carbon adsorption, contaminants
must have a molecular weight between 50 to 200 grams per gram-mole for efficient adsorption.
Generally, if the influent gas stream concentration of total VOCs is more than 1,000 parts per
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million volume (ppmv) then other thermal or catalytic oxidation systems may be more cost
effective.

GAC units typically operate either in series or in parallel configurations. Operating the units in
series is generally the most cost effective configuration and produces the lowest effluent
concentrations compared to a parallel configuration. Once the micropores are saturated, the
carbon is considered “spent” and must be replaced or regenerated. Off-site regeneration is the
preferred method. The time to reach “breakthrough” is a function of the adsorptive capacity of
the carbon and influent concentration.

The carbon technology is retained for VOC emission control.

Catalytic Oxidation

Catalytic oxidation, also known as catalytic incineration, is a commonly applied combustion
technology for controlling VOC emfssions from waste streams. In catalytic oxidation a
contaminant laden waste stream is heated with auxiliary fuel to between 600 and 900° F. The
waste gas is then passed across a catalyst where the VOC contamination reacts with oxygen to
form carbon dioxide, water, and hydrochloric acid. The effluent gas is then passed through a
heat exchanger and hydrogen chloride scrubber to reduce the gas temperature and remove
hydrochloric acid prior to discharge. This option is a cost effective and efficient method for
treating high VOC concentration streams. This technique has been eliminated during the Final
design phase.

6.2 Summary and Selection of Chosen Groundwater Treatment Process Options

Based on the review and evaluation performed in the previous section and considering the
remedial objectives and the design basis/criteria established, the following process equipment
options were selected for the groundwater treatment systems that primarily consist of Metals
Removal (M), VOC Removal (V) and Polishing/Discharge/Residuals Management (P/D/R) unit
operations.

¢ Chemical Oxidation with a chemical oxidant for iron and heavy metals removal (M)
¢ Clarification and Sedimentation (M)

¢ Filtration for removal of solids before air stripping process (M and R)

e Air Stripping for VOC removal (V)

e Bag filtration to protect downstream equipment (M and V and R)

e Granular Activated Carbon for air stripper effluent polishing prior to discharge (P and .
D)

e Carbon adsorption for air stripper off-gases (D and R) — (off-site only)
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A "4

o Off-site disposal of the generated metal sludges (R)
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7.0  FINAL GROUNDWATER TREATMENT SYSTEM DESIGN

The groundwater extraction rate for the on-site system was designed for a nominal flow rate of
100 gpm and a maximum design flow rate of 120 gpm for some of the equipment, while the off-
site system extraction rate was estimated at 500 gpm and the equipment was sized
appropriately for that flow. These extraction rates are 150% of the calculated extraction needed
to contain the plume. This allows for system flexibility should the system need to be updated in
the future. The influent contaminant concentrations used are those presented in Section 4.3.

In order to eliminate long transmission pipe runs, the need for additional pump stations, and the
commingling of waters with significantly different chemical/treatment demands, the extracted
groundwater will be processed through two separate treatment plants. One plant will be located
on-site to treat the on-site contaminant plume. The second system will be located off-site at the
downgradient edge of the off-site plume to treat the off-site contaminant plume. Treated
groundwater from the on-site system will be discharged to a tewn sump and the discharge from
the off-site system is proposed to go to a recharge basin to be constructed on the Suffolk
County Water Authority property. The locations of the on-site treatment building, recovery wells
and discharge point are shown on Figure 4-3. Figures 4-2 and 4-4 show location of the
treatment building, recovery wells and discharge point for the off-site system.

Calculations that show the size of a new recharge basin required for the off-site discharge are
presented as Appendix E, Tab 1.4

The sections that follow describe the unit processes that will be used based on the anticipated
influent concentrations, assumed discharge limits, the other design criteria and design basis
established from Section 4.4, and equipment selection criteria from Section 6.1.

7.1 Unit Processes

An overview of the on-site and roff site extraction and treatment system unit processes are

illustrated in the Process Floyv dlagrams (PFDs) Figures 7-1, 7-2 and 7-3 for the on-site

treatment system and Figures 74, 7-5 and 7-6 for the off-site treatment system. The following

groundwater treatment system unit processes are common to the on-site and off-site systems:
i
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e Groundwater Extraction (2 wells for on-site treatment, and 3 wells for off-site
treatment)

e Equalization

o Metals removal consisting of: pH adjustment, chemical oxidation, filtration
e Multi-media filtration

e Air Stripping

e Bag Filtration

¢ Liquid-Phase GAC adsorption

¢ Discharge to a town sump (on-site) and a recharge basin (off-site)

o Off-gas treatment (off-site system only)

¢ Sludge storage, dewatering and disposal

The major equipment components involved in each unit operation (100 and 500 gpm) are
summarized as follows:

Electric submersible pumps, buried pipe, and pipe manifold.

2. HDPE Equalization tank with a mixer for 100 gpm system and gravity feed to an
oxidation tank. (Two Equalization Tanks for 500 gpm system)

3. HDPE Oxidation tank with mixer with gravity overflow to the Inclined Plate Clarifier, and

chemical metering pumps for delivery systems for caustic and potassium permanganate.

4. Inclined Plate Clarifier (IPC), sludge pump and cone-bottom sludge storage tank with

clarified gravity overflow to a surge tank.

Polymer Feed System for coagulation and precipitation of metal hydroxides in the IPC.

Pressure Filter to remove carryover solids before the air stripper.

Low profile tray-type air stripper with a blower and discharge pump for 100 gpm system

(Two strippers in parallel for 500 gpm off-site system).
Bag Filter Assemblies for removal of carried over suspended solids.

Discharge stack for the on-site treatment system and Granular Activated Carbon (GAC)
Adsorbers for polishing the air stripper off-gas for the 500-gpm system. (Note: Emissions

from the 100-gpm system do not require carbon system.)

10. Treated Water HDPE Storage Tank with backwash supply pump, backwash hoid tank

and backwash transfer pump for 100 gpm system. (Two Treated Water HDPE tanks for

500-gpm off-site.)

11. One discharge pump and buried piping to the town sump for the on-site treatment
system and to the SCWA recharge basin for the off-site treatment system.

The unit processes selected in this Final Design are low maintenance, field-proven, standard

unit processes, for which there is significant performance data available for the capital
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equipment selected. The following subsections provide a description of the equipment
components needed for these unit processes, identify key design parameters needed, and
present the rational for the selection of a particular type of process equipment for the on-site
system. Appendix E, Tab 5 contains the calculations performed to select the various process
equipment. The equipment descriptions follow the PFD drawings, Figures 7-1, 7-2 and 7-3 for
the on-site process and Figures 7-4, 7-5, and 7-6 for the off-site system. Equipment sizes, type,
capacities, Materials of Construction (MOC), etc, are shown on the P&IDs, Figures 7-8, 7-9, 7-
10 for the on-site system and Figures 7-11, 7-12 and 7-13 for the off-site system.

7.1.1 Groundwater Extraction

The on-site extraction system will consist of two extraction wells placed at the downgradient
edge of the on-site plume (See Figure 4-3). These wells will each have a pumping capacity of
50 gallons per minute (gpm).

The off-site extraction system will consist of three extraction wells. One well will be installed
along Benjoe Drive (125 gpm), just west of the Albany Avenue Field, and two wells (125 gpm
and 250 gpm) will be positioned along Albany Avenue (Figures 4-2 and 4-4).

Optimum pipe sizes for this flow configuration of well laterals and headers were calculated and
the calculations for each system are included in Appendix E, Tab 6 for 100-gpm and 500-gpm
systems. For the 100 gpm system, the laterals from individual extraction wells will be 2". For the
500 gpm system, the laterals from the 125 gpm and 250 gpm extraction wells will be 3" and 4",
respectively. The configuration also economizes on the trenching requirements to convey, via
buried pipe, extracted groundwater to the treatment building that will house the process
equipment. Extraction well details and cross sections of the extraction and discharge trenching
are shown in Figures 7-14 and 7-15 for on-site and off-site systems.

Each extraction well will be equipped with a submersible pump sized to provide the design well
yield at the required total dynamic head, plus reserve capacity. Each well will be capable of
meeting design flow rates with sufficient head to discharge to the groundwater treatment system
without in-line boost pumps (see Appendix E, Tab 7).

Each well will be metered with an automatic, continuous recording device that will measure to
within + or - five percent of actual flow, as required by the necessary permits. Each well will be
equipped with a manual flow control valve and readily accessible capped ports and drop pipes
so that water levels may be measured under all conditions, as required.
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7.1.2 Equalization

The purpose of the equalization tank(s) in each system is to: (1) dampen any flow variations
resulting from changes in groundwater extraction rates, and (2) blend the groundwater extracted
from different wells at the site and other waste streams (building sump, off-spec treated water,
etc.) such that the concentration of contaminants is uniform to the subsequent unit processes,
and (3) begin the pH adjustment and oxidation reactions by introducing chemicals to this tank.

The equalization tank will allow for a minimum of 30 minutes of residence time for attenuation
and reaction. The equalization tanks for the on-site and off-site systems were designed with a
1.1 safety margin. The residence time calculations are found in Appendix E, Tab 4.

A tank agitator has been added to each tank to promote mixing of well water with the chemical
additions. By add'ing the third function and the tank agitator, the reaction (oxidation) tank has
been downsized. The equalization tank will be sealed and vented to minimize the emissions of
VOCs into the treatment compound.

A second equalization tank for the off-site treatment system is needed to lower the overall
hydraulic profile, and hence, the overall height of the off-site pre-engineered metal building.

7.1.3 Metals Removal

An oxidation/sedimentation process has been selected and designed that involves adding an
oxidant source, KMnQy,, and raising the pH of the influent water using caustic soda (25%) for
metal hydroxide precipitation of the dissolved iron and manganese. The Process Flow Diagram
(PFD) indicates the use of metering pumps for the addition of NaOH to raise the pH to between
6.3 to 8.2, and a solution of KMnO,.

To achieve the desired oxidation/sedimentation, oxidant and caustic are added and mixed by a
tank agitator at the Equalization Tank. The Equalization Tank working volume of 4,000 galions
for the on-site system provides approximately 40 minutes of residence time at 100 gpm flow,
which is sufficient to complete the reactions and attenuate the well waters. A total working
volume of 18,000 gallons for the off-site system provides 36 minutes of residence time to
complete the reactions and attenuate the off-site well water. To ensure complete pH adjustment
and reaction, the residence time has been increased for both on site and off site systems by
using an additional, small reaction tank, as a surge (oxidation) tank ahead of the IPC. At the
Oxidation Tank, the residence time has been calculated at 5 minutes, and thus, the total
reaction time for oxidation is 45 and 41 minutes. The reaction time for the off-site Equalization
Tank and the Oxidation Tank has been calculated to be approximately 36 minutes. Appendix E,
Tab 4 provides the calculations used to determine the tank size for the desired residence times
for the equalization and oxidation tanks. The Equalization and Oxidation Tanks will be supplied
with stainless steel offset angle type of mixers.
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There are two chemicals fed into each Equalization Tank: potassium permanganate (KMnO,)
and 25% sodium hydroxide (NaOH) solution. KMnO,4 solution is pumped from the KMnO,
storage tank with a chemical metering pump. The 25% NaOH solution is pumped from a 120-
gallon tote and 330-gallon tote for the on-site and off-site systems, respectively. There are two
stackable totes for each system providing 240 and 660 gallons of the chemical for each system.
The bottom tote is stationary and the top tote is replaced when empty.

- The KMnO, tank capacities for the on-site (100 gpm) and off-site (500 gpm) treatment systems
have been caiculated to be 300 and 1,500 gallons, respectively. The metering pumps have
been designed to pump at a maximum rate of 3.0 and 9.0 gallons per hour for the 100 gpm and
500 gpm systems, respectively

Based on the maximum 25% caustic feed rate of 5.6 gallons per day, the chemical stored in two
120-gallon totes will provide approximately 42 days of capacity. For the off-site system, which
requires a maximum caustic feed rate of 30 gallons per day, the chemical will be delivered in
330- gallon totes (660 gallons total) to provide approximately 22 days of supply.

All metals removal calculations are located in Appendix E, Tab 8. The basis for influent metals
concentrations used in the metals removal process is presented as Table 7-1.

7.1.4 Inclined Plate Clarifier

Reacted groundwater is pumped from the metals treatment process to an inclined plate clarifier
(IPC) where coagulant and flocculent aids are added and mixed in flash/floc tanks ahead of the
incline plate clarifier. IPCs are ideal for large GWPT systems because angled plates take up
much less floor space than a typical, round clarifier in projecting the same square footage of
collection area. The IPC selected for 100-gpm system is 7-1" W x 15°-6” L x 8’ H. The IPC
selected for the 500-gpm system has dimensions of 8'-6” W x 26’ L x 13’ H. Additional height is
required for removal of the plates for cleaning. Each IPC is equipped with three small tanks:
500-gallon (ON-SITE) and 2,500-gallon (OFF-SITE) oxidation, flash mix and floc tanks. The
three ON-SITE and OFF-SITE tanks have dimensions of 7’-1"W x 6’-0"L x 9'-0"H and 8’-6""W x
18’-0"L x -13'-0"H, respectively. Additional KMnOQ, is added to the oxidation tank to ensure
complete oxidation of dissolved metals. The neat polymer is added at a 5-ppm dosage to the
flash mix tank at a rate of 0.6 gallons per day for the 100-gpm system and 3.0 gallons per day
for the 500-gpm system. The actual type of polymer and dosage will be determined during the
system startup by performing jar tests. The Flash Mix and Floc tanks are designed for a
minimum of 5-minute residence time.

Sedimentation of the metal hydroxides (along with solids) is promoted by these agents.
Optimum types and dosage of polymer is achieved through jar testing of representative
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groundwater samples or during startup of the extraction and treatment system. Generally, for
adequate flocculation of metal hydroxides, anionic polyacrylamide polymers are used in the
range of 2 — 20 ppm depending upon groundwater (influent) characteristics. For sizing
purposes in the final design, 5 ppm polymer was chosen. The metering pumps used to inject
pre-diluted polymer have tumdown ratios of up to 100:1 and can readily handle a 2 ~ 20 ppm (or
greater) range of polymer treatment.

The resultant metal hydroxide floc drops to the bottom chamber of the IPC as sludge for
collection and residuals management. Clarified water, with the dissolved metals of concem
removed, overflows by gravity to a 1,700-gallon or 7,500-gallon IPC Surge Tank (for 100-gpm
and 500 gpm systems, respectively), located after the IPC, and then is pumped to the next unit
process operation — VOC removal.

Thus, a potassium permanganate reaction tank with agitator, flash mix tank, and floc tank,
followed by the Inclined Plate Clarifier as a packaged unit have been sized for the removal of
iron (and manganese) to levels below the discharge limits and for reliable operation of the VOC
removal equipment at 100 gpm and at 500 gpm. The Inclined Plate Clarifier will be sealed and
vented to minimize the emissions of VOCs into the treatment compound.

The calculations provided in Appendix E, Tab 8 include the rate of chemical addition for the
total KMnO,, polymer and caustic feeds for the 100 gpm and 500 gpm clarifiers.

7.1.5 Multi Media Filter

A multi media filter will be placed in line between the inclined plate clarifier and the VOC
removal system. This filter has been sized to remove any catryover solids from the clarifier and
provide minimum pressure drop across the system. Each sand filter is 48 inches in diameter by
6 feet high for the 100-gpm system and 54" diameter by 10 feet 8 inches high for the 500-gpm
system. Each filter system requires a periodic backwash cycle. Both filter assemblies will be
skid mounted and pre-piped. Multi media filter technical information and product literature is
included in Appendix E, Tab 5.

The backwash cycle for the 100 gpm system involves dual filter vessels: one is always on line
during a backwash cycle of the dirtiest filter vessel. Backwash water is supplied from the
treated water storage tank and backwash pumps. Refer to the P&IDs. Regular treatment
operation continues with filtration occurring in the “standby” cleaner filter vessel and subsequent
VOC removal proceeds normally after the vessel switch is made.

The backwash cycle for the 500 gpm system involves triple filter vessels filtering 165 gpm of
water each. When the dirtiest filter reaches its differential pressure set point the backwash cycle
begins. The automatic valves switch out the dirty vessel for backwash and feed forward filtered
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water is split between the filter vessel to be backwashed and the air stripper. The split is
approximately 50/50. Thus, 250 gpm of water is remediated of VOCs (uninterrupted) and 250
gpm of filtered water is used for backwash.

7.1.6 Air Stripping

A low-profile air stripper will transfer the VOCs in the groundwater to an air stream created by
the stripper blower. The air stripper selected for the 100 gpm system is designed for 53 to 1 air
to water ratio to remove the VOCs in the liquid stream to below the discharge criteria. Two air
strippers in parallel are needed to handle the 500 gpm design flow. Each of the two air strippers
for the 500-gpm plant is designed to handle 250 gpm at an air to water ratio of approximately 54
to 1. The mass balance calculations performed for the ON-SITE and OFF-SITE systems are
based on the influent contaminant concentrations as listed in Table 4-1 and the discharge
criteria listed in Table 4-2. QED Environmental inc. 6-tray air stripper (QED) and two North East
Environmental Products (NEEP) 5-tray air strippers (for on-site and off-site, respectively), will
reduce the VOCs in the liquid stream to levels below the water discharge permit requirements.

Calculations of the off-gas VOC concentrations for the 100-gpm air stripper, and the pair of 250-
gpm strippers, indicate that no additional off-gas treatment is necessary. For the discharge air
permit calculations, it is assumed that all of the VOCs are stripped from the water to the off-gas
stream. Two vapor phase carbon vessels placed in a series arrangement were added to the
500-gpm air stripper off-gas discharge to remove VOCs prior to the discharge to the
atmosphere at the request of the SCWA. VOC-laden off-gas will be directed to the off-gas
treatment units described in Section 7.4.

All calculations and supporting documentation utilized to finalize the number of trays, air to liquid
ratios, and operating parameters for the 100-gpm and 500-gpm air strippers can be referenced
in Appendix E, Tab 2.

7.1.7 Filtration

To protect the liquid GAC vessels from fouling, the air stripper effluent is first pumped through
bag filters to remove additional solids generated by aeration or pH changes. Two duplex bag
filter assemblies are recommended for continuous operation of the treatment train for the 100-
gpm system. Only one set of two bag filters arranged in series will be on line at a time. The bags
will be changed periodically.

The filter housing holds standard 30-inch long bags. Thus, each dual assembly (two bags) will
provide approximately 8.8 ft° of filtration surface area. The optimize bag micron size will be
determined during and after start-up to balance particulate removal with O&M bag change out
frequency.
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Rosedale Duplex Model 22 bag filter (or equal) with automatic sequenced backwashing was
selected as the most representative process option for filtration equipment in the 500-gpm
system. Each bag filter assembly is designed to process up to 800 gpm and contains four filter
bags. The 30-inch standard bag size provides 17.6 ft* of filtration area per filter housing. The
two filters will be run in parallel. When the bags in one filter assembly become dirty and need to
be changed, the total flow of 500 gpm can be processed through one bag filter., The optimized
bag micron size will be determined during and after start-up to balance particulate removal with
O&M bag change out frequency. For more information on the bag filter selection see Appendix
E, Tab 5.

7.1.8 Process Pumps

Per the P&ID figures, the calculation set was performed to size and select other process pumps
for both the on-site and off-site treatment systems (see Appendix E, Tab 9). Total dynamic
heads (TDHs) and motor sizes for these transfer pumps are summarized in a table at the end of
Appendix E, Tab 9.

7.1.9 Liquid Phase Carbon Polishing

To ensure complete compliance with substantive surface and groundwater discharge permit
requirements, carbon filters serve as final polishing units. Should there be a stripper upset or
shutdown for minor repairs/cleaning, the carbon will continue to remove VOCs. In the polishing
mode, carbon filters installed in a lead-lag, reversible arrangement of two carbon filters in series
works most effectively. When there is evidence of breakthrough in the lead vessel, the carbon
filters are reversed before the carbon change out occurs. When the carbon is changed, the
filters will be reversed again once breakthrough is monitored after the lead vessel.

For the 100-gpm system, each carbon vessel is filled with approximately 3,000 Ibs of carbon.
The two carbon vessels selected for the 500-gpm system contain approximately 10,000 Ibs of
carbon per vessel. Liquid phase carbon usage calculations are located in Appendix E, Tab 3.

72 Pre-Engineered Metal Buildings

The pre-engineered metal buildings for the on-site and off-site treatment systems will house all
the process equipment to provide freeze protection. Each building shall include, at a minimum,
the structural frame, foundation, metal walls, sloped roof system including gutters, trims,
flashing and downspouts, vents, interior and exterior doors and windows, electric space heating
system, internal and external lighting system, cables, conduits, switches and power distribution
systems, and building exhaust units. The height of each treatment building has been
established by the tallest equipment component. This is illustrated in the hydraulic profiles
developed for the 100 and 500-gpm treatment systems, Figures 7-16 and 7-17.
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The control room area (office space) will be equipped with a unit air conditioner, baseboard
heat, ventilation, window and lighting. HVAC system for both treatment buildings’ main floor
areas have been designed for proper ventilation and sufficient heat for freeze protection. Only
the office area will be heated and air conditioned to office conditions (see Appendix E, Tab 12
for building heat calculations). For the 100-gpm system, the electric motors are of small enough
size to combine the motor control center and the process controls into one Main Control Panel
(MCP). The MCP will consist of appropriately sized motor starters and the Programmable Logic
Controller (PLC). For the 500-gpm system, the larger electric motors in this system require a
Motor Control Center for power distribution to the motors.

Equipment arrangement/plant layouts are shown in Figures 7-18 and 7-19 for the on-site and
off-site systems. Single line electrical diagrams are shown in Figures 7-20 and 7-21,
respectively.

Roadworthy containers will be used to house the off-gas equipment associated with in-well
stripping. Each modular container will be designed using the same HVAC guidelines as for
ventilating and heating pre-engineered buildings. If space allows, there will be a separate area
divided off in the container for the system controls and to serve as an office area for one person
with heating and cooling.

7.3 Residuals Management

Sludge from the bottom of the IPC units will be pumped out periodically using an air-operated
diaphragm pump. Evacuated sludge from the 100-gpm IPC will filt a 2,500-gallon cone bottom
Sludge Holding Tank and a 7,500-gallon tank will collect sludge from the 500-gpm IPC located
at the off-site facility. The sludge for disposal may contain residual VOCs and will need to be
tested to determine the type of waste. The sludge holding tank has been sized to fit within the
treatment compound and afford up to 7 days of storage time for the on-site facility and 5 days
for the off-site system. The sludge from each sludge holding tank will be disposed of off site
using a truck service. While the sludge settles in this tank, water will be decanted continuously
by gravity for recycling to the Equalization tank. The sludge holding tank will also receive GAC
and sand filter backwash water from the backwash holding tank when these units are
periodically backwashed. Space has been reserved for the addition of a filter press at the off-
site treatment compound because its use could be justified by lower disposal costs if the volume
of sludge is reduced. This would be evaluated as part of the startup or acceptance of the
installed treatment systems.
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7.4 Off-Gas Treatment

Based on air modeling performed for the on-site and off-site treatment systems, the air
discharge stripper concentrations are low enough to be discharged directly into the atmosphere
without any additional treatment. However, the off-site system will require an off-gas treatment
system, at the request of the SCWA. The off-gas treatment system will consist of two vapor
phase carbon vessels placed in a series arrangement. The carbon vessels are designed to treat
combined emissions from the process vents and off-gas from two air strippers. The combined
stream will be characterized by mass balance calculations for 25% of the maximum VOC
concentrations as a minimum threshold and at maximum (100%) concentrations at the same
flow conditions.

Each carbon vessel selected for the 500-gpm system contains 8,000 pounds of activated
carbon. Based on the carbon usage calculations, shown in Appendix E, Tab 3, 8,000 pounds of
carbon should last approximately 41 days (or 82 days for 16,000 pounds total) before it is spent
and needs to be replaced.

EPA Screen3 was utilized to perform air discharge modeling for the on-site and off-site
treatment systems. This model incorporates input parameters including but not limited to stack
height, distance to receptor, treatment building height, stack exit velocity and urban/rural
dispersion option. Based on the air modeling, the on-site system will not require carbon for air
discharge polishing. NYSDEC air emission standards will be met by utilizing a 1 ft. diameter
stack with a total height of 26 ft. Air modeling performed for the off-site system indicated that air
discharge polishing would not be required, depending upon the selection of the discharge stack
height. However, air discharge polishing has been incorporated into the design of the request of
the SCWA. The use of carbon for air discharge polishing resulted in a discharge stack height of
30 ft according to air modeling. Air model runs and input parameters are included in Appendix
E Tab 11.

7.5 Process Control Description

This section provides a preliminary description of the process controls and PLC system for the
groundwater extraction and treatment systems. The goals of the system process control and
automation are to minimize the operator’s daily routine and to minimize the operator time on
site. The system automation provided will help define the degree of operator attention required
and the extent of on-site and remote data handling. The degree of operator attention is
discussed in the following subsection. An overview of the Final design and the process controls
is illustrated in the Process and Instrumentation Diagrams (P&IDs), Figures 7-8, 7-9 and 7-10
for the 100 gpm system and Figures 7-11, 7-12 and 7-13 for the 500-gpm treatment system.
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7.5.1 General

The process controls will be similar for the on-site and off-site treatment systems because they
differ only in scale. The work related to the process control systems is beyond the scope of this
final design report, but will include (but not be limited to) the supply, complete installation, and
testing of:

» A microprocessor-based control system PLC to control and monitor the overall
treatment system from the well fields to the final discharge of treated water.

« The specific control and data equipment to be used as shown in the final P&IDs.

- 7.5.2 Major Equipment Controls

A summary of the process control description is shown on the P&IDs for the Final design of the
on-site and off-site extraction/treatment systems. Included in these details are the specifications
for instrumentation, unit process alarms and safeguards, flow monitoring, feed rate adjustments,
and interfaces with the PLC and autodialer.

7.6 Degree of Operator Attention

The following is a preliminary description of required operator attention for the major unit
process operations as presented in this design.

Extraction/Collection System
Flow from the groundwater collection system (pump on/off operation) will be controlled
automatically. Flow adjustments at each well will be controlled with manual valves.

Equalization, pH Adjustment, and Chemical Precipitation

Equalization requires operator attention to maintain the correct chemistry for the metals removal
process. The chemical feed pumps will be automatically adjusted based on flow rate. However,
if the water quality varies the operator must recheck the pH and oxidation dosages for optimum,
cost-effective performance. In addition, the operator will also need to periodically check all of
the chemical feed pumps, which will be controlled automatically through the use of controliers,
using manual calibration techniques and routine maintenance, as well as routine maintenance
to check the mixer operations.

Other tasks requiring operator attention include:

« Refilling the chemical storage day tanks will be arranged by the operator

» Premixing of potassium permanganate solution, polymer drum deliveries and disposal
will be arranged by the operator.
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e Scheduling delivery of the 25% NaOH solution in totes.

Flocculation and Clarification
The variable speed drive on the flocculating mixer requires manual adjustment to be set.

Air Stripping

Air stripping is fully automatic requiring minimal operator attention. A pressure wash of a
removed tray will be required periodically. For the larger strippers, a dilute acid wash may be
required after several pressure washes.

Sand Filter

The multi-media unit will have its own local controls for automatic operations including
backwashing and vessel sequencing. The operator is to confirm that there is an adequate
amount of treated water in the treated water holding tank and adequate storage in the sludge
holding tanks before sand filter backwashing.

Bag Filters
Bag filtration is fully automatic requiring minimal operator attention. Bag filter replacements will
be the responsibility of the operator.

Liquid and Vapor-Phase GAC Adsorbers

Spent carbon change outs will be the responsibility of the operator. Backwashing of the liquid
GAC will be operator-initiated and manually controlled. The operator is to confirm that there is
an adequate amount of treated water in the treated water holding tank and adequate storage in
the Backwash Holding and Sludge Holding tanks before initiating GAC backwashing.

Discharge System

The discharge system is fully automated requiring minimal operator attention. Liquid phase
carbon may raise the pH of the polished water. To handle potential pH adjustment
requirements, an automated acid feed system is included in the system as shown on the P&IDs
(Figures 7-10 and 7-13 for the on-site and off-site systems, respectively). The operator is to
manage the inventory of acid (supplied in drums).

1.7 Residual Wastes Management

Metals removal via oxidation/sedimentation is the most labor-intensive operation of the
groundwater extraction and treatment systems describe in the previous sections. The sludge
holding tanks have been sized to hold approximately ten and eight days of metal sludge for the
100 and 500 gpm systems, respectively. Filter bag changeouts by the operator would occur
during any site visit. This will be less when sand filter and GAC backwashing occur. GAC
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backwashing will occur infrequently, but there will be daily backwashing volume from the sand
filters. The operator must carefully monitor and manage the sludge holding operation of filling,
decanting, and evacuation. The operator frequency schedule described for Equalization, pH
adjustments, etc., would be the same as described in Section 7.6, above; however, it may take
longer to reach state or to convert from daily to weekly scheduling for the waste management
operations. Furthermore, it may take an operator more than 8 hours per day at the start of
operation to carry out metals removal along with the other standard operations.

7.8 Monitoring

Existing and proposed monitor wells will be used to monitor the performance of the extraction
systems and document compliance with the groundwater quality objectives. The identification
of existing wells and placement of proposed wells will be sufficient to monitor upgradient and
down gradient water quality at each extraction system location.

At the National Heatset property, existing monitor wells will be used upgradient of the area of
influence of the extraction system wells. A new monitoring well will be placed downgradient of
the extraction system wells, as shown in Figure 4-1 and 4-3. For the off-site treatment system,
one monitor well will be placed upgradient of the extraction system wells and two monitor wells
will be placed downgradient of the extraction system wells, as shown in Figures 4-2 and 4-4.

Monitor wells will be sampled quarterly for volatile organics and results will be reported to the
NYSDEC.
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8.0  SPECIFICATIONS LIST AND PROJECT SCHEDULE FOR DETAILED DESIGN

8.1 List of Specifications for Detailed Design

A list of the specification sections that are required for completion of the contract documents
and to bid the construction of the groundwater extraction, treatment, and discharge systems are
shown in Table 8-1. These specification sections have been selected based on the
Construction Specification Institute Master Format™, 1995 edition. Each section is marked as
applicable:

¢ toin-well stripping,

o to extraction and treatment (GW Pump and Treat)

o by building trade or craft (general, mechanical, plumbing or electrical) or

8.2 Project Schedule

The proposed implementation schedule is illustrated for the on site and off site extraction and
treatment systems in Figures 8-1 and 8-2, respectively and for the in-well stripping system in
Figure 8-3. The significant scheduling differences between the two approaches arise from the
need to pilot test in-well stripping, and, the significantly longer construction schedule for
extraction/treatment. Pre-construction activities/deliverables are included in the implementation
scheduiles.
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Table 3-1
Summary of Aquifer Pump Test Analysis Results
National Heatset Printing
Babylon, New York

o Maximum Estimated Estlmate.d Estimated | Curve Fit
Monitoring T issivit Hydraulic -
Wall Drawdown | Transmissivity Conductivity' Spe';cmc Datfi
(feet) (feet?/day) (feet/day) Yield Quality
IMW-2A 0.348 10,260 147 0.23 Good
IMW-3A 0.339 8,764 125 0.23 Good
{IMW-4A 0.302 9,759 139 0.08 Fair
||MW-9 0.727 777 1 0.20 Poor
[Average Values: 9,594 137 0.18
[[Median Values: 9,759 139 0.23
[IGeometric Mean: 9,574 137 0.16
Notes:
" Hydraulic Conductivity (Kh) = Transmissivity (T Aquifer Thickness (b)
[Transmissivity solved by AQTESOLV computer program.
Hydraulic conductivity caiculated based on average aquifer thickness of 70 feet.
Spedific yield was determined by the AQETSOLV program.
Drawdown was recorded by the installation of transducers in each well.
II Data quality of fair or better was used in the calculation of average values.
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Table 3-2

Calculation of Pumping Rate for Groundwater Extraction System Design

National Heatset Printing Site

Babyilon, New York

Downgradient Treatment System (2002 Data)

Gradient according to 2001 gauging data.
Hydrauiic concuctivity value provided from Table 3-1.

Hydrauiic conductivity is high range of conductivities calculated from pumg test analysis.
Aquifer thickness of site averages 70 feet.

! [Gradient x Hyd. Conductivity (ft/dy) x Capture Width (ft) x Sat. Thickness (ft)] x 2= Pumping Rate (cubic f/dy)
Width of site was assumed to be the maximum width of the 1.0 mg/L isopleth for total VOCs in groundwater at 75 - 85 feet bgs. (H2M,1999; Figure 4.3)
Calculation of capture zone was performed using complex flow potential methodciogy (Keely & Tsang, 1983 and Erdman, 2000).
Upgradient capture width and downgradient capture distance are presented to illustrate predicted extent of capture zone.

Averag? C:.apture Saturated Pumping Pumping Maximum Upgradient Downgradient
: Hydraulic Width at . : Well . Capture
Gradient . Thickness Rate Rate Capture Width .
Conductivity | Recovery (feet) /d 1 Spacing (feet) Distance
(feetiday) | Well (fest) (ft/day) | (gpm) (feet) (feet)
0.6018 164 1,100 70 45,481 236 370 2,200 350
Notes:

Final Design Report - Tables 3-2 and 3-3.xls Table 3-2

Page 2 of 2
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Table 3-3
Maximum Capacity of Aquifer within Groundwater Extraction System Capture Zone
National Heatset Printing
Babylon, New York

| Distance to . . i
Upgradient Width of Recharge Available
L Plume Rate Flow to Well
Divide
(feet) (feet) (incheslyear) (tt’1day) (gpm)
28,000 450 25 71,918 374
28,000 1,620 25 242,922 1,262
Notes:
! Taken from USGS, 1974.
[Dist. To Upgradient Divide (ft) )_c__P'Iume Width (ft} x Recharge Rate (in/yr)] x [1 (ft)/12 (in)] x [1(yr¥365 (dy)Lr;Flow to Weli (cullit_: feet/day)

M:/195reps/Heatset/100% Design Tables 3-2 and 3-3 : Page 1 of 1



Table 4-1
Estimated Influent Concentrations
National Heatset
Babylon, New York

ON-SITE OFF-SITE Eg.?;n‘sA';'EED
ESTIMATED ESTIMATED INFLUENT
CHEMICAL OF CONCERN INFLUENT INFLUENT CONCENTRATION
CONCENTRATION | CONCENTRATION
2002
(UGI/L) (UG/L) (UGIL)
1,1-Dichloroethene - 1.3 -—-
1,2-Dichloroethene* 3,500 330 100
1,2-Dichloroethane - - ===
1,1,1-Trichloroethane - 4 -
Vinyl Chloride - 324 -
Trichloroethene 650 103 41
Tetrachloroethene 1,400 11,900 680

On-site concentrations are estimated using the maximum concentrations detected during
the July 26, 2001 sampiing event. The off-site concentrations are estimated using the
maximum concentrations detected as reported in the 1999 Record of Decision.

M:/195reps/Heatset 100% Design/Table 4-1 Page 1 of 1



-

Table 4-2

Clean-up Criteria for Groundwater
National Heatset
Babylon, New York

NYS WATER QUALITY STANDARDS

6 NYCRR 703.5

CHEMICAL OF CONCERN
{(UGI/L)
1,1-Dichioroethene 5
1,2-Dichloroethene* 5
1,2-Dichloroethane 0.6
1,1,1-Trichloroethane 5
Vinyl Chloride 2
Trichloroethene 5
Tetrachioroethene 5

NA — Not Available
*. Values presented are for the trans 1,2-DCE isomer

Shading indicates chosen clean-up criteria

M:/195eps/Heatset 100% Design/Table 4-2
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Table 4-3

Off-gas Discharge Requirements

National Heatset
Babylon, New York

SGS rORT TERM AGC ANNUAL GUIDELINE

CHEMICAL OF CONCERN | CONCENTRATIONS Nyspec | CONCENTRATIONS NYSDEC

DAR-1 3

(UGIM?) (UG/MY)
1,1-Dichloroethene NA 0.02
1,2-Dichloroethene* NA 1,900
1,2-Dichloroethane NA 0.038
1,1,1-Trichloroethane NA NA
Vinyl Chloride 180,000 0.02
Trichloroethene 54,000 0.45
Tetrachloroethene 1000 1.0
Hydrogen Chloride 150 20

M:/195reps/Heatset 100% Design/Table 4-3 Page 1 of 1



Table 7-1

Influent Metals Concentrations Utilized in Metals Removal

for Groundwater Treatment System
National Heatset Printing
Babylon, New York

Iron Manganese
Il Data Source/Well ID. Concentration | Concentration
(ppm) (ppm)

{[Design Report 7.27 0.746
I[RI Data

Table 4.30

MW-7 5.07 1.4

MW-9 1.8 1.7

MW-14 26 1.9

Table 4.26

MW-7 2.2 0.07

MW-7A 0.8 0.04

Suffolk County Data

Albany Ave Well No. 4A 0.53 0.01

Albany Ave Well No. 5 0.53 0.01

Albany Ave Well No. 6 0.92 0.03

Notes:

iron concentration utilized in Design Report was determined by applying

a 1.4 multiplier to the highest iron concentration observed in previous

data.

Manganese concentration utilized in Design Report was determined by

applying a 1.15 multiplier to the average manganese concentration

observed in previous data.

m://195reps/Heatset/100% Design Table 7-1
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Specification Title/Technology Description

In-Well

Str

ipping
GW Pump ?
& Treat: |

General

Contract

Electrical
Contract**

GW Pump |
& Treat

GW Pump

& Treat
Mechanical}

Contract
GW Pump

& Treat
Plumbing
Contract

Section 01700

Contract Close-Out

X

x

Site Restoration

Section 02110 Clearing and Grubbing X X

Section 02111 Excavation and Handling of Contaminated Material X X

Section 02200 Earthwork Terms X X X
Section 02220 Excavation and Subgrade Preparation X X

Section 02223 Transportation and Disposal X X

Section 02225 Trenching X X X

Section 02227 Waste Material Disposal X X X
Section 02350 Sheeting and Shoring X X X
Section 02401 Dewatering X X X
Section 02415 Wastewater/Stormwater Management X X

Section 02444 Chain Link Fence and Gates X X

Section 02450 Soil Erosion and Sediment Control X X

Section 02480 Topsoil and Seeding X X

Section 02513 Hot Mix Asphalt Concrete Pavements X X

Page 2 of 6
01/05
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In-Well

ipping

Str

GW Pump

& Treat
General

Contract

GW Pump |

& Treat

Electrical
Contract**

& Treat

GW Pump
Mechanical

Contract

Plumbing
Contract

Vapor Phase Carbon Adsorption System

Section 11205 Process Tanks X X

Section 11210 Process Pumps — Centrifugal Pumps X X

Section 11211 Sludge Pumps — Air-Operated Diaphragm X

Section 11212 Vertical Sump Pump X X

Section 11214 Submersible Well Pumps X X

Section 11220 Mixers X X

Section 11225 | Inclined Plate Clarifier X

Section 11240 Chemical Feed and Storage Systems X X

Section 11241 Polymer Feed System X X

Section 11246 Sand Filters X X

Section 11302 Startup & Testing of the Extraction and Treatment Systems X X X X
. Operation and z_mw:nm_._m.:om, of the Extraction & Treatment X X

Section 11303 Systems and In-Well Stripping Systems

Section 11308 Bag Filtration System X

Section 11346 Carbon Adsorption System X

Section 11347 X X

01/05
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Section 15763

Heating, Ventilating, and Air Conditioning

o o  — x o © o

=2 |E&ZFC ExSy ExS8 gxE8
Q = 5 O E = © _9 g 5 6 = E = (1] :E E
=22 P25 ARPELf AlessS gRes
— == c -~ ©F - < £ [ Ec
o L £E 2408 326 20833023

Specification Title/Technology Description » o O WO 0o s ©c T a

Section 15140 Supports, Anchors and Seals X X X

x* X

Section 16100 General Electrical Requirements X X
Section 16192 Programmable Logic Controller X X
Section 16400 Service and Distribution - Motor Control Centers X X
Section 16510 Lighting Systems X X

* %

01/05
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In well stripping treatment contractors are forbidden to use pre-engineered or other types of permanent buildings, and
shall use other more modular structures, e.g., sheds, sea-land containers, etc, to house above ground equipment

components.

The electrical contractor shall be responsible for the entire electrical installation.
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x> _._.. CONCRETE MW—8 58.08 58.08 57.75
-~ CURB MW—3 57.24 57.24 56.93
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2' x 2' FRAME AND COVER
BACK—MOUNTED ELECTRICAL SUPPLY
MANUAL SAMPLE TAP PRESSURE GALIGE & CONTROL BOX
d (SEE aﬂz_wuﬂ/ ~| (SEE DETAL) / (SEE NOTE 2)
. IRV [ o 7 |
=4 LADDER RUNGS (1270C Q.%w Lol A % \. FINISHED GRADE TO MATCH EXISTING
N SEE DETAIL DWG. NO. 10! ﬂﬂvl 2 v<o<mﬂwnza - 2° SLEEVE TYPE m /_l.\1 .M\‘ —T PR |
2 PRESSURE ACTIVATED SWITCH__ | Y CHiecK e+’ j— COUPUNG (IYP) (1 : G
© (SEE NOTE 2) V4 ¥ (1 ()
O, s | 2'x2'x8" ooznmﬂ.m. 7 7
Z0 PITLESS ADAPTOR d _ ‘ v PAD SLOPED TO GRAD 7 g TRENCH BACKFILL
WW — “ UNDISTURBED EARTH w (SEE NOTES 4, 5, & 6)
mw 2" S5 10 N 7 e t \
MALE THREAD ADAPTER - 7 = 2
i 7 3 i —=“— 1" POWER CONDUNT
wl2 u._.; M W. " k= 3/4" SIGNAL CONoumT
Q| e K,
—_— T
| S 1/4" STAINLESS STEEL 7/l ° (1) 2* HDPE
&5 PUMP SUPPORT CABLE % * . EXTRACTION PIPING
[~ 4 z
7 ] COMPACTED GRANULAR EMBEDMENT
Y Q W R (ASTM €33, SIZE 67)
/] F————- 6" # STAINLESS STEEL WELL CASING V.
“ =a——— CEMENT/BENTONITE. GROUT I'lW.x(.d\l“ll 8" ¢ BOREHOLE FIRM UNDISTURBED SOIL
] “ mrlll 4" ¢ SCHEDULE 40 PVC CASING 5" MIN | B e (SEE NOTE 2)
w 7 £} CEMENT/BENTONITE GROUT 12" MAX 12" MAX
7]
LY |~ BENTONITE PELLET SEAL SECTION A-A' —-A
_ . TRENCH oozmaxco.:oz@
b LI —— 2 samess sTerL piscrwace piee 7 = BENTONME PELLET SEAL (TYPICAL)
- & N.T.S.
—d - b T
puwp on_t THNE ol L
WELL SCREEN INTERvAL| ELEVATION o LHIIES. oo pue o\ REPLAGE pa o
50' To 80 B0%| ELEVATION < F-H (L]~ PRESSURE TRASOUGER (PLACED ASovE PLP) rlﬁ £ 2ASE ROCK To_WarcH GROUND SURFACE
.ﬂ :{_———— PUMP POWER LEAD m.__ _I"II FILTER PACK NO.1
hall % - 3 I TV /P d = ) —
I F Ha——Toroue arrester £y ] TRENCH NOTES:
N X La. 7 3°
.. . o = N e I
#H__H..| boTroM eLevaToN oF Pusp e £ 4 ASPHALT 1) ALL EXCAVATION WL BE PERFORMED IN ACCORDANCE WITH
2k F 1 p CALL ONDITIONS SET FORTH BY OSHA'S REVISED STANDARDS
ey S g 8 = ~__ FOR EXCAVATIONS, 29 CFR 1926 SUBPART P,
" mwm 1+ AGGREGATE BASE 2) TRENCH BOTTOM SHALL BE FIRM COMPACTED NON—FROZEN
: "3 i o SOIL. CONTRACTOR SHALL VERIFY YRENCH BOTTOM SUMABILITY
2o 2 Y METALLIC TAPE — {!N ORDER TO AVOID EXCESSIVE SETTLEMENT) FOR PROJECT.
~ - = 4 FLUSH THREADED T e T PLACEMENT OF PIPE AND PIPE BEDDING MATERIAL SHALL NOT
o @ i 47 FLUSH THREADED, alleall N BE PERFORMED UNTIL APPROVAL OF TRENCH BOTIOM HAS
- 7] m g S .
! = OTTED WELL SCREEN, ~
g z 3 rl/ o ST L SCREEN ms PIPE) 3) PIPE BEDDING MATERIALS WILL BE PLACED BY HAND AND
S 2 o m— g8% OMPACTED NATIVE COMPACTED AS OUTLINED IN 6" (MAX) LIFTS, BANK TO BANK,
& 9 ) £32 \Imc. (90% TO 12" ABOVE THE PIPE SURFACE.
o H | = *is re U T SO B LSt S ey
= N o H R E|
. BOTIOM OF WELL — RLEV. VARIES - 3 COMPACTION) FROM ORGANIC MATTER, FROZEN SOIL, ROCKS IN EXCESS OF
W [ 1k 6 ASVE ToP OF 4" @, ROOTS OR DELETERIOUS COMPONENTS.
i LS - THREADED PLUG PIPE 5) TRENCH BACKFILL BELOW PAVED AREAS SHALL BE NATIVE
N SOIL, COMPACTED WITH A VIBRATORY TAMPER TO A MINIMUM
L+ TOTAL DEPTH 80 FEET BELOW GRADE T COMPACTED SAND OF $5% STANDARD PROCTOR DENSITY.
DETAIL 1 1 FILL (50257 6) TRENCH BACKFILL BELOW NON—PAVED AREAS WILL CONSIST
MONITORING WELI 3.5+ e o . OF NATIVE SOIL AND WILL BE COMPACTED WITH A VIBRATORY
@ P T~ SINGLE WALL 3% TAMPER TO A MINIMUM OF 90X STANDARD PROCTOR OENSITY.
NTS. T DISCHARGE PIPE
TYPICAL OVERBURDEN EXTRACTION WELL WITH MANHOLE v D (CEnTER W
Ty e (CENTER W
TRENCH)
. COMPACTED SAND AILL
. NOTE: BASE (£0.25%)
§: 1) FLOW METER SHALL BE LOCATED SUCH THAT IMUM OF
EZ THERE ARE 10 PIPE DWAMETERS AHEAD, AND 5 wiMuM OF 2 BOTTOM OF FIGURE 7-14
V PIPE DUMETERS OF STRAIGHT PIPE AFTER METER. FIPE DIAMETERS TRENCH
2) CONTROLS SMALL INCLUDE A PRESSURE
ACTIVATED SWITCH TO SWTH PUMP "OFF" IN
THE EVENT OF HIGH PRESSURE CONDITIONS. SECTION B-B’ E
CONTROLS WILL ALSG REGULATE PUMP ACTIVATION c=2 _
3 (EVEUNG GOURSE SHALL B sy ok N Ve DISCHARGE PIPELINE oﬁmowm mwoa_oz/ 2/ Shaw" shaw Environmental & Infrastructure, Inc.
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S. AH aspholl, concrete, gross ond olher orecs disturbed by electric service shall be reslored by
controctar to oviginal candition.
6. Aceo clossificalion within ond outside lhe treotment compound is non—hoaZordous, unclossifred.
7. The ponel/switchboard neutrol bus sholl be connected to o grounding ‘electrode system per NEC
250.52. The ground eleclrode conductor sholl be sized ond instofted per NEC 250.66. m_ﬂwcmm |N NA
8. Temperalure rotings for electrical equipment shall be 75 ° C.
9. Motor sizes or eleclric loods are sutrject lo change pending final opprovois, hence, electricol
subcantroctor ta finalize tatal connected, operating locds for oil ponets ond tronstormers and /
oll overlood or current proteclion devices. {FLA per 2002 MNEC Tobles 430.148 & 43C. 150)

10. Shert circuil rating ta be veritied after incoming supply electricol rotings ore known.

m—-ﬂia Shaw Environmental & Infrastructure, Inc.

11. Mgin circuit breoker to have long time, short time & ground foull prateclion.
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K:\PROJECT\802001\"

<
fj—) PANEL NO. MAIN POWER DISTRIBUTION PANEL LOCATION NATIONAL HEATSET, ON-SITE
'g SERVICE  208/120V PH 3 w4 NEUT SOLIP MAIN B600A MAIN CIRCUIT BREAKER CONNECTION TOP
7 BUS RATING 800 AMPERES SHORT CIRCUIT RATING_ 22KA MOUNTING SURFACE  NEMA 1 FEEDER SIZE  4-1/C1000MCM
o
K
O«
25
oz
LOAD A A LOAD
2 SERVICE CB M M C8 SERVICE
] NO oA oB oC P P oA ¢B oC NO
| g T~ ~_2
(S]] H '
MAIN CONTRCL PANEL 1 259 259 259 300 J /J\ ’K 4 150 11.2 11.2 11.2 2 AIR STRIPPER PANEL-2
5 i )
7~ —~ 8
IPC LOCAL PANEL-3 3 g v g 20 9 "\ "\ 10 20 9 9 9 4 LOCAL PANEL-4 AC 5000
c 1L 12
13 .~ — 14
LP PANEL-5 5 2.8 50 20 b 6 LIGHTING CIRUIT #1 (INTERIOR)
LIGHTING CIRCUIT #2 (INTERIOR) 7 6 20 1S~ ~ 16 20 0.6 8 LIGHTING CIRCUIT #3 (EMERG. EXIT)
LIGHTING CIRCUIT #4 (EXH. FANS) 9 1.2 20 17~ ~ 18 20 1.8 10 EXTERIOR LIGHTS
‘)_ CONVENIENCE RPCT. CIRCUIT #1 11 1.2 20 13 ~ ~ 20 20 1.2 12 CONVENIENCE RCPT. CIRCUIT #2
21 25 ~ 22 20 1.5 14 AC/5000 Btu/hr. AIR CONDITIONER
BASEBOARD HEATER 13 1.2 1.2 1.2 20 23 /J‘ ~ 24 20 SPARE
25 A — 26
SPARE 27 ~ —~ 28 SPACE
B SPARE 29 — 30
3' A
: CONNECTED LOAD: GA 457 KW 5.
) OB 426 KW
@C 429 KW
n NEUTRAL BUS
TOTAL LOAD: 131.2 KW
by
£ FIGURE 7-22
\
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DRAWING
NUMBER 8029%1 17-A

"OFFICE
Trenton, NJ

Image: .
Xeef: |

%d 8-+04 Of1-35ile\B02901-0117-Adwg

Jpm

Piot Dote/Tima: ob
Plotted by: david.le

K:APROJECTABD29C

PANEL NO. 208120V _LOAD CENTER LOCATION  NATIONAL HEATSET, OFF-SITE PANEL NO. LP-=5 LOCATION  NATIONAL HEATSEY, OFF-SITE
SERVICE -20B/120V PH 3 w 4 NEUT SOUD MAIN MAIN LUGS ONLY COMNECTION ToP SERVICE IZOV/ 208 PH 1 v 3 NEUT SOUI0 MAIN MAIN UGS ONLY CONNECTION TOoP
BUS RATING SHORT CIRCUTT RATING, MOUMTNG _SURFACE HEMA 1 FEEDER SZE 4-1/C 4 BUS RATNG 100A SHORT CIRCUT RATING_Z2KA MOUNTING  SURFACE_ NEWA 1 FEEOER SIZE 2-1/C J6
: FROM VENDOR
LOAD A A LOAD LoD A A LoAD
SERVICE o u u & SERVICE SERVICE ca u u @ SERVICE
No “" 6 «< P P P 0 o N0 NO xXi X2 P P x1 x2
—'—T ~2 2 P-1220 1 R7) 5] A~ ~2 [5] 1 2 | Pz
LOCAL PANEL-3 1 21 21 21 | ao| e~ [0 [ s 4 | UGHTNG CIRCUT J1 (INTERIOR) CONTROL POWER 3 6 5| 2~ bttt [Tn 1 + | P-1222 & u-1221
SAIN A5 5 06 § | LGHTING CRCUT J3 (EMERG. BXIT) SAND FILTER CONTROL PANEL 5 6 S~ L~8 | 2 5 | P-1640
LOCAL PANEL—S 3 22 so| ——~4H+—~28 [ 18 8 | EXTERIOR LGHTS SPARE 7 0] Lt ~8
LIGHTING CIRCUTT J2 (INTERIOR) 5 15 0| 2~ ~10 [ 12 10 | CONVENENCE RCPT. CRCUT J2 PN I e
UGHTING CIRCUIT #4 (EXH. FANS) | 7 1z ol ~H—~12 I 15 12 | AC/5000 Blu/he AR CONDIONER _ LIPS B A 3
CONVENENCE RPCT. OIRCUIT 1 g 12 w| B~~~ | seme B~
35 e EEO IS DT
1
BASEBOARD HEATERS 1 1.2 1.2 w2 | o) Ly —~18 T~1 1 ~18
19 4 {20 19 |~
-~z P N )
SPARE 23~ ~2 23 ~H
25— ||| ~28 o S
27~ ||| ~28 27~ j®
2 ]~ O Y
A X1
CONNECTED LOAD: QA 94 KW 8. CONNECTED LOAD: XVOL22 KW o
28 6.9 Kw X2 1.0t KW
eC 6.3 Kw
NEUTRAL BUS NEUTRAL BUS
TOTAL LOAD:  22.6 KW TOTAL LoAD:  2.23 KW
FIGURE 7-23
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Figure 8-1

National Heat Set Downgradient Project

Implementation Schedule - On-Site - Extraction and Treatment

September 2004

" Schedule Post DEC Approval (weeks)|| 0 1 2 3 4 5] 86 7 8 9 |10l 11112113114 15]| 16 | 17

18

19

20

21

22

23

24

25

26

27

28

29

31

32

33

30

}

i
H

{Recovery Well Development
linfluent/Effluent Pipe Trenching

IEquipment/Materials Delivery i

j
|

.

Task

Contract Award

Pre-construction Plans Submiittal

IPlans Review and Approve

Procurement

ISurface Preparation

Building Construction

Process Piping

Electrical Installation

Equipment Testing/Checkout

Startup

O&M (first month of twelve)

Note: 1. Off-site testing and startup is sequenced after on-site testing and startup because the same personnei will be involved in both sets of activities.
2. Substantial completion occurs after successful completion of Equipment testing and Checkout {week 27).




Figure 8-2
National Heat Set Downgradient Project

September 2004

Implementation Schedule - Off-Site - Extraction and Treatment

Schedule Post DEC Approval (weeks)|f 0

18

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Task

Contract Award
IPre-construction Plans Submittal
iConstruct. Plans Review and Approve

\Procurement

|Mobilization/Site Prep

ISurvey

{Recovery Well Installation |

Buiiding Construction |

|Equipment/Materials Delivery I

HProcess Piping

EIectn'cal Instaliation

Equipment Testing/Checkout

fiStartup

{lO&M (first month of twelve)

Note: 1. Off-site testing and startup is sequenced after on-site testing and startup because the same personnel will be involved in bath sets of activities.
2. Substantial completion occurs after successful completion of Equipment testing and Checkout (week 28).




Figure 8-3

National Heat Set Downgradient Project
In Well Stripping - Implementation Schedule

September 2004

16

17

18

19

20

21

22

23

24

25

26

27

28

29

31

32

33

35

36

37

u __Schedule Post DEC Approval (weeks)| 0
i

| Task

Notice to Proceed

HPilot Test Work Plan

Review and Approve Work Plan

flwell Installation

Pilot Test

Pilot Test Report

Review and Approve Test Report

Award Contract

Preconstruction Plans Submittal

Construct. Plans/Review/Approve A20

Procurement

Mobilization/Site Prep

Survey’

In-well Stripping Well Install & Develop

Pipe Trenching

Surface Preparation

Equipment Delivery

[[Set Equipment Trailers

[Electrical Instailation

Equipment Testing/Checkout (on site)

Startup (on site)

1O&M (1st month of twelve - on site)

Equipment Testing/Checkout (off site)

Startup (off site)

O&M (1st month of twelve - off site)

Note: 1. Off-site testing and startup is sequenced after on-site testing and startup because the same personnel will be involved in both sets of activities.
2. Substantial completion occurs after successful completion of Equipment testing and Checkout {week 57).




Figure 8-3
National Heat Set Downgradient Project
In Well Stripping - Implementation Schedule
September 2004

Schedule Post DEC Approval (weeks)]

3813914041142 | 43144451 46 | 47 | 48 | 49|50} 51 |52|53| 54| 55] 56 |57|58] 59 |60|61]|62]|63]64] 65

66

87

68

L Task

I{ﬂotice to Proceed
Pilot Test Work Plan

Hﬁeview and Approve Work Plan
Well Installation

[Pilot Test

Pilot Test Report
Review and Approve Test Report
Award Contract

IPreconstruction Plans Submittal
iConstruct. Plans/Review/Approve A20

[[Procurement

Survey

EobilizationlSite Prep
]

n-well Stripping Well Install & Develop

Pipe Trenching

JSurface Preparation

lgquipment Delivery
Set Equipment Trailers

{Electrical installation

{|Equipment Testing/Checkout (on site)

»Start@ (on site)
O&M (1st month of twelve - on site)

- |Equipment Testing/Checkout (off site}

[Startup (off site)

O&M (1st month of twelve - off site)

Note: 1. Off-site testing and startup is sequenced after on-site testing and startup because the same personnel will be involved in both sets of activities.
2. Substantial completion occurs after successful completion of Equipment testing and Checkout (week 57).




APPENDIX A
METEOROLOGICAL AND GAUGING DATA



Daily Climate Data
FRG April 2001 ~ A= AP.MH\)(J"TDN STATION .
- Dy MxT MnT  AvT HDDay AvDP 1HrP TPcpn WxType PDir AvSp Dir MxS SkyC MxR MnR AVSLP

1 42 37 40 25 34.0 0.00 F 100 6.1 110 12 10.0 100 73 1008.3
2 49 36 43 22 25%.1 0.00 310 7.2 310 20 9.9 89 47 1013.1
3 52 34 43 22 29.7 0.00 330 7.0 340 22 5.6 78 3% 1019.2
4 S3 34 44 21 2%.8 0.00 360 8.4 360 17 0.3 92 36 1025.0
S 61 36 49 16 29.7 0.00 240 7.0 350 22 0.0 92 24 1025.6
6 49 39 44 21 42.4 0.08 0.25 RF 220 6.6 210 16 6.0 100 65 1016.6
7 49 41 45 20 38.8 0.00 T F 140 9.8 040 23 8.7 100 67 1022.2
8 46 40 43 22 40.1 0.08 0.15 RTF 130 8.5 120 15 10.0 100 67 1019.7
9 68 41 §5 10 50.0 0.29 0.62 RTFH 180 7.1 020 21 4.9 100 67 1009.7
10 60 44 52 13 43.4 0.02 0.00 RTF 020 9.3 040 20 4.9 100 49 1016.9
11 s2 43 48 - 17 42.6 0.04 0.12 RFP 110 9.8 090 21 6.5 100 71 1025.90
12 60 48 54 11 S$0.7 0.04 0.15 RF 110 7.3 100 25 10.0 100 81 10l6.5
13 72 48 60 5 43.7 0.01 T RFH 310 8.7 290 22 4.1 100 25 1009.6
14 66 45 56 9 26.6 0.00 310 10.7 320 30 0.0 50 18 1012.2
15 62 41 52 13 34.7 0.02 0.03 R 180 5.5 200 13 2.0 96 37 1009.6
16 &5 46 51 14 36.1 0.02 0.01 R 030 8.3 040 22 5.6 96 32 1006.6
17 S0 42 46 19 42.5 0.03 0.04 R 010 6.0 240 13 8.2 100 71 1005.7
18 S4 37 46 19 23.6 0.01 0.01 RB 330 13.4 010 31 4.5 96 23 1008.0
19 52 33w 43 . 22 25.3 0.00 310 7.5 220 22 0.1 96 31 1022.1
. 20 55 34 45 20 42.8 0.00 F 180 5.0 170 12 2.6 100 74 1027.6
21 el 49 55 10 S0.0 0.10 0.18 RF 190 6.6 180 10 8.4 100 70 1026.9
22 76v 50 63’ 2 55.6 0.00 0.00 F 210 8.7 220 .14 1.2 100 60 1022.0
23 73 54 64 1 51.6 0.00 150 7.0 140 14 0.4 96.41 1020.7
¥24 75 53 64 1 51.8 0.01 0.02 R 200 11.6 290 32 1.0 96 32 1012.1
25 S4 42 48 17 30.4 0.00 . 010 9.6 330 22 0.0 73 32 1022.2
26 61 40 51 14 28.9 '0.00 070 9.0 080 20 0.0 79 22 1023.7
27 67 40 54 11 36.6 0.00 230 5.8 220 13 0.3 80 32 101s.8
28 61 . 48 55 10 27.7 0.00 T 350 11.3 340 32+ 2.1 66 19 1022.0
29 57 42 50 15 30.4 0.00 220 8.8 200 16 0.0 89.31 1032.0°
30 N1 40 56 9 43.8 0.00 230 8.2 230 22 0.0 96 32 1025.7
8.2 3.9

wmo 58.8 41.9 50.3 431 38.1 1.58

‘In_dc,)c_ |

Dy - Doy

MyT - MaXimur Temp,
MaT- MinirMum TWP

Py T- Avevoagqe TTemtp.
HdDoy - .

AVDP - Average DO Toint
|Hr P- (- Howr Beuptation
'TPé,Pn - Total Reapitadion




Dniiy Climate Data

18P April 2001 o )
Dy MxT MaT AvT HDDay AvDP 1HrP TBopn WxType PDir AvSp Dir MxS SkyC MxR MnR AvSLP

1 42 36 39 26 135.1 0.00 090 6.4 100 10 10.0 100 79 1009.4
2 46 36 41 24 31.0 0.00 300 9.5 310 15 10.0 79 62 1014.0
3 52 31 4?2 23 31.8 0.00 320 7.5 320 13 5.8 92 42 1020.2
4 52 33 43 ‘22 31.8 0.00 - 360 8.7 360 20 0.0 100 41 1036.0
5 €1 33 47 18 30.8 0.00 230 8.1 320 16 0.0 96 25 1026.6
6 49 41 45 20 42.8 0.07 0.26 RF 220 7.0 210 22 7.0 100 71 1017.6
7 48 40 44 21 36.4 0.01 T TF 040 10.7 030 20 9.6 100 62 1023.3
8 46 as 41 24 39.4 0.05 0.11 LRTF 120 8.7 120 20 10.0 100 67 1020.7
9 70 49 41 10 48.0 0.26 0.71 RTF 260 7.0 32 4.9 100 51 1010.7
10 60 45 53 12 41.7 0.01 T . RF 030 8.8 010 16 5.2 100 46 1017.8
11 s3 42 48 17 41.0 0.06 0.18.RF 110 10.7 120 17 S.7 96 63 1026.2
12 S8 47 53 12 49.6 0.10 0.14 RF 110 8.8 100 26 10.0 100 83 1017.6
13 71 47 59 6 43.2 0.00 T RFR 310 8.7 320 31 3.0 100 23 1010.4
14 65 44 1 10 26.0 0.00 330 10.3 290 24 0.0 €0 17 1012.8
15 63 40 52 13 31.8 0.00 T R 330 6.1 21 2.4 70 33 1010.5
16 55 44 50 15 35.0 0.00 T R 030 8.5 050 15 6.2 66 40 1007.4
17 S1 40 46 19 41.4 0.06 0.11 R 240 4.9 220 18 8.3 96 €3 1006.7
18 'ss 36 46 19 24.0 0.06 0.13 RSF 330 15.3 010 33 4.4 96 19 1008.5
.19 82 30 41 24 .23.2 0.00 300 8.8 320 22 0.0 92 25 1022.9
20 Se 32 44 21 40.6 0.00 T F 200 6.5 220 14 3.3 96 64 1028.9
21 63 49 56 9 .49.0 0.18 0.28 RFH 160 7.2 200 12 8.2 100 568 1028.0°
22 173 51 62 3 53.2 0.05 0.01 P 230 9.4 220 15 1.3 100 S7 1023.0
23 74 43 59 6 49.6 0.00 150 7.2 1490 15 (@.7 90 39 1021.9
24 T74* 54 64 1 1.4 0.00 T 220 13.3 350 30 2.2 93 29 1012.9
‘2% "S54 40 47 18 30,2 0.00 010 10.6 320 23 2.1 82 29 1022.8
26 62 38 50 15 27.2 0.00 040 8.4 040 24 0.0 89 17 1024.3
27 €8 41 55 10 33.4 0.00 010 7.1 230 14 0.1 77 23 1016.5
28 61 45 53 12 27.4 0.00 . 350 11.6 330 33* 1.8 83 19 1022.7
29 S§9. 40 50 15 27.6 0.00 010 8.9 220 14 0.2 86 22 1032.8
30 71 41 56. 9 42.2 0.00 240 9.1 240 23 (0.0 93 27 1026.5
8.8 4.1

mo S8.8 40.5 49.6 454 37.2 1.93
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APPENDIX B
WELL TEST ANALYSIS / TIME-DRAWDOWN CURVES



TS

o
-

T—T°T TTTT]

Displacement (ft)
] LI L) lll

TTTIIIIII 1 IlllTﬂ'i LIDR] IIIIIII ] lli”"r 1 IIIIHI'

1 tlllﬂl ! lJlJll[l i L L LILIr L llflllll

jth erainr

Ll ll!]lf[ A1 1l

T : WELL TEST ANALYSIS

o kol "“.:;
Wi

0 o

=1 Data Set: C: \MYDOCU~1\LATHAM~1\MW3ANUMN.AQT
Date: 06/18/01 Time: 14:33:30 -

'PROJECT INFORMATION

Company: IT Corporation
Client: NYSDEC
Project: National Heatset
Test Location: Babylon, NY
Test Well: MW-10
- Test Date: April 24 24, 2001

SOLUTION

Aquifer Model: Unconfined
- Solution Method: Neuman

T =8764. f2/day

1 IILIII'

0.001
0.01

0.1 1. 10.
Time (min)

100.

10C0.

| s =0.001471
1.E+04 Sy = 0.2335
| 3 =0.06

| Saturated Thickness: 70. ft

AQUIFER DATA

Pumping Weils

WELL DATA

QObservation Wells

Well Name

X (ft)

MW10

0

YR
o

Well Name , X (ft) Y (ft)
e MW3A . ‘ 18 0




1. ¥ lllllili' i II"ITI'W I lllllll'll 1 llllllll Ll Iilllﬂr T Oy

T T TTi77

o
-—h

® Lunstable.

!

T llllll'

L

Displacement (ft)

L I'Illlll‘ L L]l]lu} it Liitt]

L.l IHIIII

Stopee o

Arey ator

i
-

A

[EERETIT MR EITt!

0.001

0.01 0.1 1.

10.

100.

Time (min)’

1000. 1.E+04

WELL TEST ANALYSIS

Data Set: C:\MYDOCU~1\LATHAM~1\MW2ANUMN.AQT

( —

Date: -06/18/01 Time: 14:32:16

PROJECT INFORMATION

Company. [T Corporation
Client: NYSDEC

Project: National Heatset
Test Location: Babylon, NY
Test Well: MW-10

Test Date: April 24, 2001

SOLUTION

Aquifer Mode!: Unconfined
Solution Method: Neuman

| T =1.026E+04 ft2/day
S. =0.0002463
Sy=0.2266

R =04

Saturated Thickness: 70. ft

AQUIFER DATA

Pumping Wells

WELL DATA

Observation Wells

Well Name

Y (ft)

Well Name X (ft)

Y (i)

X (ft)
0

MwW10

g MW2A 19




1. R ELRALILL B lnul‘l"] T 1 lnllm‘ . WELLTESTANALYS|S
- - .
C ' ] Data Set: C:\MYDOCU~N\LATHAM~1\MW4ANUMN.AQT
- V L - Date: 06/18/01% Time: 14:35:14 -
I Q) |
o1 —E E PROJECT INFORMATION
€ T E <’ «? o Company: [T Corporation '
€ C ; i: ' ] Client: NYSDEC
g B o] Project: National Heatset
8 i ot I Test Location: Babylon, NY
5 - & . Test Well: MW-10 -
g ‘ L= Test Date: April 24, 2001
: R o om - o
E on an | ’ E |
X ] SOLUTION
! -
i [ : Aquifer Model: Unconfined
- o | . Solution Method: Neuman
| T =9759. fi%/da
0.001 L 41 Illld 111 Lljll! L4 1 it4dt | LLLIIIl I ll.!lle 1 l.lllll S - —-—7.407E-05 y
0.01 0.1 1. 10. 100. 1000. 1.E+04 Sy = 0.07517
Time (min) B =1
AQUIFER DATA
Saturated Thickness: 70. ft
WELL DATA .
Pumping Wells ' QObservation Wells
Well Name X (ft) Y (ft) Well Name X (ft) Y ()
MW10 0 0 o MW4A 75 0
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APPENDIX C
AQTESOLV USER’S GUIDE
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Getting Started

AQTESOLV for WihdoWs Features

'AQTESOLY for Windows is a powerful yet easy-to-use tool for hydrogeologists that

features a suite of analytical solutions for determining aquifer properties from
pumping tests and slug tests, Afier first entering or importing data from an aquifer
test, you can-access visual and automatic curve matching methods for confined,
unconfined, leaky and fractured aquifers. Visual curve matching is analogous to
traditional methods of aquifer test analysis with graph paper and type curves. The
sophisticated automatic curve matching feature enhances aguifer test analysis by
providing greater objectivity and a detailed statistical evaluation of the results.
AQTESOLY for Windows also features many options for obtaining report quality
graphics to summarize the results of your analysis.

Data Management

AQTESOLYV for Windows helps you manage aquifer test data with data manage-
ment tools for entering, editing and importing data. Wizards guide you through the
creation of data sets for pumping tests and slug tests. Error checking ensures
consistent and complete data entry.” Flexible specification of measurement units lets
you enter data in English and metric systems. Retrieval of data from a pressure
transducer is easy using the Import Wizard in AQTESOLYV for Windows.

Visual Curve Matching

The visual curve matching feature in AQTESOLYV for Windows lets you analyze
aquifer tests using the traditional method of matching type curves or straight lines
to time-displacement data measured during an aquifer test.

With a pl6t of the data displayed on the computer screen, you can match a type
curve to your data in an interactive manner. By simply moving your mouse, you
can move a type curve on the screen and watch AQTESOLYV for Windows update
the values of aquifer properties.

Automatic Curve Matching

The powerful automatic curve matching feature provided by AQTESOLYV for
Windows uses a nonlinear weighted least-squares parameter estimation algorithm to

AQTESOLYV for Windows User's Guide Getting Started o 1



match type curves or straight lines to time-displacement data measured during an
aquifer test.

The automatic curve matching feature minimizes the errors between the position of
the type curve and your data and provides statistical measures of the type curve “fit”

such as the precision of the estimated aquifer properties and etror distributions.

Statistical Analysis

Automatic curve matching provides statistical criteria measuring the “fit” of a type .
curve to your data. The statistics give you an objective basis for comparing the
match of several different solutions to the same set of data.

Automatic curve matching computes standard errors of the estimated parameters
that allow you to evaluate the precision of the parameter estimates and to construct
approximate confidence intervals. Statistics for the model errors provide a basis for
choosing between different aqucr tcst solutions thal produce smular visual
matches, : S

Plots and Reports '
AQTESOLV for Windows helps you visualize lhe results of your aqulfer test

' _analyses by providing seven graphlcal representations.

. dxsplacement vs. time plot
: !I - composﬂe plot
o residuals vs. time plot
¢ residuals vs. Simulat‘cq_:i displacement plot
* normality test for residuals
e derivative vs. time plot

e  discharge vs. time plot

* In addition, AQTESOLY for Windows includes report options that document the

‘contents of data sets and summarize the results of matching analytical solutions to
.data,

e complete aquifer test analysis report
¢ diagnostic statistics summary
e error log

The error log feature enables you to quickly ldcntlfy any deficiencies or
mconsnstcnmes detectcd in your data set.

Installation

The AQTESOLYV for Windows diskette provided with this manual contains an
installation program that prompts you for the destination directory for the program
files, the type of installation you are performing, and the Program Group for the
AQTESOLYV for Windows icons. To install the program, pcrform the following

steps:
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1.. Insert the program diskette in a floppy drive (e.g., drive a:).

2. Select Run... from the Flle r meny and enter the following command:
a:setup <enter> :

3. 'The installation program prompts you to close any applications that
are currently running. Click Continue to proceed or Exit Setup to
close any currently running applications.

4. When the installation program prompts you for a destination directory
for the program files, choose the default path (\aqtw) or click
Change Directory... to enter a different path. Click Continue
when you have selected a destination directory.

5. 'When the installation program prompts you for the type of installation,
click the Typical button to begin installing AQTESOLV for
Windows.

6. After installation is complcté,' enter 2 name for the Program Group
that will contain the AQTESOLY for Windows icons. Accept the
default name (AQTESOLYV for Windows) or enter a new name for
the Program Group. Click the OK button install the icons in the
Program Group.

7. ARer viewing last-minute information, close the viewer window. Start
the applicgtion by double-clicking the AQTESOLYV for Windows icon.

- Uninstallation

To uninstall AQTESOLYV for Windows, simply delete the Program Group (e.g.,
AQTESOLYV for Windows) and the subdirectory (e.g., c:\agtw) containing the
program files. AQTESOLYV for Windows does not modify any Windows system

files, so no additional uninstallation is necessary.

Using Help

The Help menu provndes you with options for exploring the AQTESQOLY for

"Windows on-line User's Guide.

Index

Use Index in the Help menu to view the table of contents in the AQTESOLV for
Windows help manual. Once you have entered Help, you can perform searches for
specific topics using the Search button.

To obtain Help about a specific menu option or button, click X% on the toolbar,
Release the mouse on the option or button for which you wish to obtain Help,

Using Help

Choose Using Help from the Help menu to view instructions for navigating the
Windows help system.
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About AQTESOLV

Choose About AQTESOLV... from the Help menu or click ¥ on the toolbar to
display program copyright and version information for AQTESOLYV for Windows.

4 o Getting Started
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Guided Tours

Overview

‘The “guided tours™ provide you with step-by-step instructions illustrating the use of

AQTESOLY for Windows in the analysis of pumping tests and slug tests. The
tours show you how to perform visual and automatic curve matching, change
between plot and report views, open multiple windows for the same data set, obtain
printed output, and much more, Regardless of whether you are a novice or an
expert in analyzing aquifer test data, it is recommended that you take the time to go
through the guided tours to become familiar with AQTESOLYV for Windows. -

Analyzing a Pumping Test

The first stop in the guided tbut shows you how to use AQTESOLV for Windows to
analyze a constant-rate pumping test in a confined aquifer. This step-by-step
example illustrates the use of visual and automatic curve matching to estimate the

hydraulic properties of the aquifer.

+

Units

Consistent units

Title

Open a New Data Set

- Open 2 new data set by cﬁoos_ing New from the File menu. In the New Data Set

dialog box, choose Gulded Tour from the list box to initialize the new data set
with default values. AQTESOLY for Windows opens a new window with an Error ‘
Log view that reports any erors identified in the data set.

Enter Data for Pumping Test

Choose Units... from the Edit menu to open the Units dialog box for selecting
units of measurement for the data set.

1. Select ft (feet) for Length, min (minutes) for Time, consistent for
Pumping Rate and consistent for Hyd. Conductivity.

2. Click the OK button to close the Units dialog box.

For this data set, consistent units for pumping rate are cubic feet-per-minute;
consistent units for hydraulic conductivity are feet-per-minute.

Choose Title... from the Edit menu to open a dialog box for editing the data set

title,

AQGTESOLYV for Windows User's Guide ' Gulded Tours = 5




Enter Theis Verification for the Title.

2. Click the OK button to close the dialog box.
_ Aquifer data Choose Aquifer Data... from the Edit menu to open a dialog box for editing
aquifer data.
1. Enter 100.0 for the value of Saturated Thickness. -
2. Click the OK button to close the dlalog box.
Pumping well data Choose Pumping WellVEdit... from the Edit menu to open the Pumping Weli

Data dialog box for editing pumping well data.

1.

.
5.

Click the Edit button to open the Pumping Perlod Data dialog box
for entering pumping rates.

In the Time and Rate edit controls, enter values of 0.0 and 3.14159
for time and rate, respectively, where time is in minutes and rate is in
cubic feet-per-minute.

nes , o
Enter rates for a pumping test by entering a sequence of pumping
periods. Define pumping periods by entering the starting time and
pumping rate for the period. The first pumping period should have a
time = 0.0. For recovery, enter a pumping period with the time when

. the pump was shut off and a pumping rate =0.0.

Cllck the <<Add button to tmnsfer the values from the edit controls to
the list box.

Click OK 1o close the Pu,mplng Perlod Data dialog box.
Click OK to close the Pumping Well Data dialog box. -

Observation well data Choose Obs. Well/Edit... from the Edit menu to' open the Observation Well -
‘ - K Data dialog box and edit data for the observation well.

. l"
2.

Enter a value of 100. 0 for the X-Coordinate location of the well.

Click the Edit button to open the Observation Data dialog box for
entering observation data from the keyboard. All of the time values
should be greater than the start of the first pumping period entered for
the pumping well (i.e., > 0.0). All of the displacement values should
be greater than zero.

Enter the following 10 measurements into the edit controls for Time
and Displacement (set all weights equal to 1.0):
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2. Click the <<Add button to transfer values from the edit comrols-to the
list box. :

3. When you have finished entering the observations, click the OK
button to close the Observation Data dialog box.

4. Click the oK button to close the Observation Well Data dialog
box.

After you have completed the previous data enuy stcps the Error Log displayed in_

_ the active window should show that the data set contains 1o errors, Now you are

ready to display the data, choose a soluuon and estimate aquifer properties. -
Save Data Set

Choose Save As... from the File menu o open a dmlog box t‘or saving the data you
have entered into the current data set.

1. Enter TOURLAQT for the file name.
2. Click the OK button to close the dialog box and save the data set.

‘Display Piot in Window

Choose Displacement-Time from the Vlew menu (o display a plot of
displacement vs. time in the active window. The window displays a plot of the
observation well data on semi-logarithmic axes.

~-Choose Theis Solution -

Choose Contined... from the Solution menu to open a dialog box with solutlons
for analyzing pumping tests in 4 confined aquifer.

1. Choose the Theis (1935) solution.
2. Click the OK button to close the dialog box.

After you have selected the Theis solution for a pumping test in a confined aquifer,
AQTESOLY for Windows updates the window by plotting the data on double

- logarithmic axes, superimposing the Theis type curve on the plot, and adding the

current values of transmissivity (T) and storage coefficient (S) to the legend.

For details concerning the Theis solution, see "Theis (1935) Solution for a Pumping
Test in a Confined Aquifer” on page 40.

Perform Visual Matching with Theis

The Theis type curve solution computes drawdown in a confined aquifer using the
following equations:
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where s is drawdown, Q is pumping rate, T is transmissivity, r is radial distance be-
tween pumping and observation wells. S is storage coefficient, and t is time.

Hydrogeologists commonly refer to the exponential integral in the drawdown
equation as the Theis well fuucnon, abbreviated as w(u). Therefore, we can write

the Theis drawdown equation in comipact notation as follows:

Q

S—mw(u)

- *To analyze a pumping test using the Theis type curve methed, one plots drawdown
- as a function of time on double logarithmic axes. By matching-a type curve drawn

by plotting w(u) as a function of 1/u, one can estimate the values of transmissivity
and storage coefficient by visual analysns

" Choose Visual from the Match menu to perform visual curve matching of the

Theis. type curve to the obscrvauon well data.

1. To begin interactively movmg the type curve, move the mouse cursor
over the plot, click the left mouse button, and hold it down.

2. As ‘you move the mouse, the type curve also moves. AQTESOLYV for
Windows updates the values of the aquifer propcrtlcs Tand S, in the -
legend as the type curve position changes.

3. -When you havc finished matching the type curve to the observation
well data, release the left mouse button to end visual curve matchmg

' Perform Automatic Matchlng with Theis

Choose Automatlc... from the Match ‘menu to open a dialog box for performing
automatic matching of the Theis type curve solution to the observation well data.

AQTESOLY for Windows uses a nonlinear least-squares estimation procedure to -
match a solution to observation well data. ‘The estimation procedure petforms a
sequence of iterations to minimize the residual sum of squares (RSS) criterion. The
residuals are the errors between the computed and observed values of displacemeant.

1. Click the Start button to begin the automatic estimation procedure..

2. As the automatic estimation procedure completes iterations, the dialog
box displays the changes in the residual sum of squares (RSS) criterion
and the values of the aquifer properties. After the automatic
estimation procedure finishes, AQTESOLYV for Windows displays a
message box contalning residual summary statistics. Click the OK

- button to close the message box.

3. Click the Close button when the automatic estimation procedure has
finished.

8 ¢ Guided Tours
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Print Results

Choose Print... from the Flle menu to print a copy of the type curve solution. To
select a printer other than the default, click the Setup... button and choose a new
printer. Click the OK button to print the type curve plot.

Open a New Window for a Diagnostic Plot

Choose New Window from the Window menu to open a second window for the
active data set. The initial view in the second window is the same as the previously
active window.

1. Select Normal Probabiliity from the View menu to plot values of
residuals (errors) plotted on normal probability axes in the new
window. This view option is only available after you have performed
automatic curve matching.

2. After you have lnspccted the normal probability plot close the-

: window. .
Diagnostic test for normal - If the residuals are nommlly dxstnbuted they will fall on a straight line when
distribution of residuals plotted on normal probability axes. Deviations from a normal distribution may
indicate that the choscn analytical solutlon is inadequate for the analysis.
Save Data Set

Cboosc Save from the Flle menu to save your work in the TOURLAQT data set.

"4 Analyzing a Slug Test

The second sample i in the gulded tour 1llustrates the analysis of a slug test in a
confined aquifer usinga type-curve solution by Cooper, Bredehoeft and
Papadopulos and a straight-line solution by Bouwer and Rice. The step-by-step
instructions in this example lead you through the use of visual and automatic curve
matching to estimate aquifer properties from slug test data.

Open a New Data Set

Open a new, data set bychoosmg New from the Fjl¢ menu. In the New Data Set
dialog box, choose Gulded Tour from the list box to initialize the new data set
with default values. AQTESOLYV for Windows opens a new window with an Error
Log view that reports any errors identified in the data set. -

Enter Data for Slug Test

Units , ~ Choose Units... from the Edit menu to open the Unilts dialog box for selecting
units of measurement for the data set.

I. ‘Select m (meters) for Length, min (minutes) for Time, and cm/sec
(centimeters-per-second) for Hyd. Conductivity.

2. Click the OK button to close the Units dialog box.

Title Choose Title... from the Edit menu to open a dialog box for editing the data set
title.

1. Enter Confined Slug Test for the Title.
| - 2. Click the OK button to close the dialog box.
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Slug test data ‘ Choose Slug Test Well... from the Edit menu to open a dialog box for entering
slug test data. '

1. Enter 0.56 for Initial Displacement.
Enter 0.076 for Casing Radius.

Enter 0.076 for Wellbore Radius.
Enter 100.0 for Screen Length.

Enter 100.0 for Water Column Helght.
Enter 100.0 for Saturated Thickness.

- S R PR X

Click the Edit button to open the Observation Data dialog box for
entering observation data from the keyboard. Enter the following 21
measurements intq the edit controls for Time and Dlsplacement (set
all weights equal tol 0)

8. Clle the <<Add button to transfer values from the edit controls to the
list box.

9. When you have finished entering the observations, click the OK
button to close the Observation Data dialog box.

10. Click the OK button to close the Slug Test Data dialog box.

After you have completed the previous data entry steps, the Error Log displayed in
the active window should show that the data set contains no errors. Now you are
ready to display the data, choose a solution and estimate aquifer properties.

Save Data Set

Choose Save As... from the Flle menu to open a dialog box for saving the data you
have entered into the current data set.

10 » Guided Tours ~ AQTESOLV for Windows User's Guide
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Complete report

e i

Diagnostic report

1. Enter TOUR2.AQT for the file name.
2. Click the OK button to close the dialog box and save the data set.

Display Report in Window

_Choose Report from the View menu to display a complete report of the data sct in

the active window.

The complete report displays in report format all of the data contained in the active
data set, The report also shows parameters estimated by visual or automatic curve

matching. The report includes dlagnosttc statistics if you have performed automatic
estimation.

Display Plot in Window

Choose Displacement-Time from the View menu to display a plot of
displacement vs. time in the active window. The window displays the data plotted
on semi-logarithmic axes.

_Choose Cooper Et Al. Solution

Choose Confined... from the Solution menu to open a dialog box with solutions
for analyzing slug tests in a confined aquifer.

1. Choose the Cooper-Bredehoeft-Papadopulos (1967) solution.
2. Click the OK button to close the dialog box.

For details concerning the Cooper-Bredehocft-Papadopulos slug test solution, see

Cooper-Bredchocft—Papadopulos (1967) Solution for a Slug Test in 2 Confined
Aquifer” on page 61.

Perform Automatic Matching with Cooper Et Al.

Choose Automatic... from the Match menu to open a dialog box for automatically
matching the Cooper-Bredehoeft-Papadopulos type curve solution to the slug test
data.-

1. Click the Start button to begin the automatic estimation procedure.

2. As th~ automatic estimation "ptécédtlre't:t)'tttpl'etes iterations, the dialog
box displays the changes in the residual sum of squares (RSS) criterion
and the values of the aquifer properties, After the automatic
estimation procedure finishes, AQTESOLYV for Windows displays a

message box containing residual summary statistics. Click the OK
button to close the message box.

3. Click the Close button when the automatic estimation procedure has
finished.

Display Diagnostic Report in Window

Choose Diagnostles from the View menu to display a report containing
diagnostic statistics for the estimated aquifer properties in the active window.

In the diagnostic report, the standard errors indicate the precision of the estimated
parameters. Ideally, the standard errors should be small compared to the estimates,
The correlation matrix shows correlations between the estimated parameters and
may indicate estimation difficulties-when strong correlations exist. The diagnostic
report also displays summary statistics for the model residuals.
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Estimat:on tip

Display Plot in Window

Choose Displacement-Time from the View menu to display a plot of
displacement vs. time in the active window.

Choose Bouwer-Rice Solution

Change the solution by choosing Confined... from the Solution menu.
1. Choose the Bouwer-Rice (1976) solution.
2. Click the OK bution to close the dialog box.

Aftcr you have selected the Bouwer-Rice straight-line solution for a slug testina
confined aquifer, AQTESOLYV for Windows updates the window by plotting the
data on semi-logarithmic axes and superimposing a straight line predicted by the
Bouwer-Rice solution on the plot.

For details on the Bouwcr-Rlce slug test solution, see. “Bouwer-Rice (1976) Solution

for a Slug Test in an Unconfined Aquifer” on page 82.

Perform Visual Matching with Bouwer-Rice

Choose Visual from the Match menu to: perform visual curve matching of the
Bouwer-Rice solution to the slug test data.

1. To begin. m(cmcuvely matclung the Bouwer-Rice solution to the data,
click the left mouse button and hold it down to anchor a point along
the new straight line you wish to match to the data.

2. As you move the mouse, AQTESOLYV for Windows drags a straight
line between the anchor point and the mouse cursor.

3. When you have finished matching the Bouwer-Rice solution to the
observation well data, release the left mouse button. AQTESOLYV for
Windows computes new estimates of hydraulic conductivity (K) and y-
axis intercept (y0) and updates the strai ght line displayed on the plot.

For most slug tests, one should use visual matching to obtain the most meaningful
estimate of K with the Bouwer-Rice solution because visual matching gives you
greater control over the range of data that you want to match with the straight line.

- If you choose to attempt automatic matching with the. Bouwer-Rice solution, you .

should assign weights of zero to the measurements not within the range of data that-
you want to match.

Save Data Set

Choose Save from the Flle menu to save your work in the TOUR2.AQT data set.

Additional Tutorials

The on-line version of this User's Guide contains additional tutorials for pumping
test and slug test solutions found in AQTESOLY for Windows. To access these
tutorials, choose Index from the Help menu to access the Table of Contents for
the on-line help manual.

Pumping Test Tutorials
Theis (1935) solution for a confined aquifer

12 ¢ Guided Tours

AQTESOLYV for Windows User's Guide




R

—

a——

Cooper-Jacob (1946) solution for a confined aquifer

Papadopulos-Codper (1967) large-diameter well solution for a confined aqu-ifer :
‘Theis (1935) solution for a recovery test in a confined aquifer

Theis (1935) solution for a step drawdown test in a cénﬁned aquifer

Hantush (1962) solution for a wedge-shaped aquifer

Theis (1935) solution for an unconfined aquifer

‘Cooper-Jacob (1946) solution for an unconfined aquifer

Neuman (1974) and Quick Neuman solution; for an unconfined aquifer
Streltsova (1974) solution for an unconfined aquifer

Moench (1997) large-diameter well solution for an unconfined aquifer
Hantush-Jacob (1955) solution for a leaky aquifer

Hantush (1960) solution for a leaky aquifer -

_ ‘Moench (1985) large-diameter well solution for a leaky aquifer

Moench (1984) solution for a double-porosity fractured aquifer (slah-sha;;ed blocks)
Moench (1984) solution for a double-porosity fractured aﬁuifcr (spherical blocks)
Slug Test Tutorials

Cooper-Bredehoeft-Papadopulos (1967) solution for a confined aquifer
Bouwer-Rice (1979) solution fbr an unconfined aquifer

Hvorslev (1951) solution for an unconfined aquifer
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Working With Data Sets

What is an. AQTESOLV for Wmdows Data Set?

An AQI‘ESOLV for Wmdows data set is a file created by AQTESOLY for

" Windows that records your work during an aquifer test analysis session. It contains

data from an aquifer test (e.g., aquifer geometry data, test well data, pumping data,
and time-displacement data) and information concerning the solution method used
to analyze the test data (e.g., solution method and aquifer properties). A data set
also contains data that you enter to format plots and reports. In other words, an
AQTESOLY for Windows data set contains a complete record of your aquifer test
analysis at the time you save it. '

Managmg Data Set Files

Click D on the toolbar to
open a new data set

Creating a New Data Set
Select New from the Flle menu to create a new AQTESOLYV for Windows data set.

From the New Data Set dialog box, choose a template or wizard from the list box
to create a new data set.

Default

The Default template creates a new data set with default values. Choose options -
from the Edit menu to modify the default values (see "Editing Data Sets" on page
18). '

Gulded Tour

The Guided Tour template creates a new data set containing default values for a
"Guided Tour" example contained in this manual,

Import AQTESOLYV for DOS Wizard

The AQTESOLYV for DOS Wizard helps you import a data st created with a
DOS version of AQTESOLYV,
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Click & on the toolbar to
save:the active data set

Click @ on the toolbar to
open an existing data set

Pumping Test Wizard

The Pumping Test Wizard helps you create a new data set for a typical pumping.
test. This wizard allows you to import time-displacement data from a pressure
transducer file. :

Sluq Te: za

The Slug Test Wizard helps you create a new data set for a typical slug test. This
wizard allows you to import time-displacement data from a pressure transducer file.

Template Wizard

The Template Wizard helps you create a new data set using an existing
AQTESOLYV for Windows data set as a custom template.

_ Tutorlal

The Tutorlal template creates a new data set containing default values for a tutorial
contained in tlus manual. :

‘When you create a new data set, AQTESOLV for Windows automatlcally opens an

Error Log window that indicates data items that you need to enter for a complete-
data set. The Error Log view displays deficiencies in the data set. After
completing data. -entry, view the data by choc sing an ‘option from the View menu

(see "Vlewmg Dam and Results" on page 29)

: ,Savlng a Data Set

You have two opuons for saving an AQTESOLYV for Windows data set.
To save data set'using the current file name

‘Choos:: Save from the Flle menu to save an AQTESOLYV for
Wirndows data set on disk using the current file name.

‘To save data set with-a new flie name

1. Select Save As... from the File menu to specify a file name
before you save the data set.

2. . Enter a name for the data set you vaanit to save in the dialog box
Click the OK button to save the data set.

-Opening a Data Set

Choose Open... from the Flle menu to open an existing data set created with

-AQTESOLYV for Windows.

1. Enter the name of the data set you want to open in the dialog box.
2. Click the OK button to retrieve the data set.

Closing a Data Set

Choose Close from the File menu to close the active data set. If you have changed

any data, AQTESOLYV for Windows prompts you to save the modified data set.
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Importing an AQTESOLV for DOS Data Set
You have two options for importing a data set created with a DOS version of
AQTESOLYV.

To Import an AQTESOLYV for DOS data set into a new
AQTESOLYV for Windows data set

1. Select New from the File menu to open the New Data Set
dialog box.

2. Choose Import AQTESOLYV for DOS Wizard from the listbox
to import an AQTESOLY for DOS data set.

To Import an AQTESOLYV for DOS data set into an active
AQTESOLYV for Windows data set.

1. Select Import... from the Flle miénu to open the Import dialog
box. :

2. Choose Import AQTESOLV I‘or DOS data set from the
. listbox and follow the steps in the Import AQTESOLV for DOS
Data Set Wizard.

_ Importing .Obse‘rva_tlons B
You have two options for importing a file containing time-displacement
" measurements from a pumping test or slug test.
To Import observation data from the File Menu

1. Select Import. from the Flle menu to open the Import dlalog
box. .

2. Choose Observation Well Measurements from the listbox
and follow the steps in the Observation Data Import Wizard. .

To import pumping period data from the Edit Menu

1. For a pumping test, choose Obs. Well/Edit... from the Edit
menu to open the Observation Well Data dialog box. For a
slug test, choose Slug Test Well... from the Edit menu to open
‘the Slug Test Data dialog box. ‘

2. Click the Import button and follow the steps in the Observation
Data import Wizard.

Importing Pumping Rates
You have two options for lmpomng a file containing pumping rate data from a
pumping test.

To lmport pumplng perlod data from the Flie Menu

1. Select Import... from the File menu to open the Iimport dialog
box.

2. Choose Pumplng Rate Measurements from the listbox and
follow the steps in the Pumping Period Data Import Wizard.
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To lmport pumplng period data from the Edit Menu

1. Choose Pumping Well/Edit... from the Edit menu to open the
Pumping Well Data dialog box.

2. Click the import button and follow the steps in the Pumping
- Perlod Data import Wizard.

Edltmg Data Sets

Dimensionally corisistent
units

- Optional units for pumping
rate and hydraulic
conductivity

The Edit.menu provides options for entering or modifying data in the active data
set. Selecting any of the options will open dialog boxes which prompt you for
information stored in AQTESOLYV data sets.

‘ Units

Choose Unlts... from the Edit menu (o open a dialog box which prompts you for

units of measurement for.time, length, pumping rate and hydraulic conductivity.
* Unless otherwise specified, AQT‘ESOLV for Windows assumes that pumping rates

and hydraulic conductivity/transmissivity units are dimensionally consistent with
the units specified for length and time. For example, if the units of length and time
were feet-and minutes, respecuvcly. the dimensionally consistent units would be -

-ft’/mm cubic feet per minute for pumpmg rate and ft%/day square feet per day for
o transmlssmty

For those not wishing {o use dirhensionally “consistent” units, AQTESOLY for

- Windows provides options for pumping rate units including gallons and liters (e.g.,

gpm and L/sec). For units of hydraulic conductivity/transmissivity, you also can
select units containing gall(_)ns (e.g., gpm/ft* gal/min/sq. ft).

CTitte -

" Select Tltlem from the Edit menu to open a dlalog box that allows you to enter a

40 character utle for the data set

" Pro]eot |nfo

~ Choose Prolect info... from thc Edit-menu to open a dialog box prompting you to

enter information for any of the following items into the active data set (each item
may contain up to 30 characters):

¢ client name

*  project number '

e location-of test

e test well name

e observation well name

e date of test
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Aquifer Data

Select Aquifer Data... from the Edit menu to enter aquifer geometry and special
hydraulic property data into the active data set..

1 Aqulifer data
saturated thickness of the aquifer [L]

PROEDS—

—
[ ]

e ratio of vertical to horizontal hydraulic conductivity (for partial
I _ ' penetration). [dimensionless]
~ o thickness of slab-shaped matrix blocks (fractured aquifers) {L]
. diameter of spheriéal matrix blocks (fractured aquifers) [L]
. slope orientation (wedge-shaped aquifers) [degrees]
Saturated thickness

‘1. Enter the saturated thickness of the aquifer measured from the top
~ of the aquifer (or the water tible) to the bottom of the aquifer.

2. ‘In an unconfined aquifer, the maximum displacement should not
. exceed the saturated thickness.

. Hydﬁullc- conc_luétlvlty ratio

! o : 1. Enter the ratio of vertical to horizontal hydraulic conductivity
i : _ ' (K/KK2/Kr) for pumping test solutions applying the Hantush
A : ' . (1961a,b) corrections for partially penetrating wells. :

] | - 2. The Neuman (1974) solution for pumping tests in unconfined
R ' aquifers, which estimates the value of K/K, Kz/Kr in the value of

. - the P beta parameter, does not use the hydraulic conducnvnty ratio
' : ) . value entered in the aqulfer data.

| . , - .. Fractured aquifer data

‘1. Enter the thickness of siab-shaped matrix blocks for the Moench
! - (1984) solution for a double-porosity fractured aquifer with slab-

[ - _ : *_ shaped blocks.
' 2. dater the diameter of sphencal blocks for the Moench (1984)

. solution for a double-porosity fractured aquifer with spherical
blocks

Wedge-shaped aquifer data

1. Enter the orientation of t_he slope on the base of the aquifer as the
angle measured in a counterclockwise direction from the positive
x-coordinate axis to the vector oriented in the updip direction of
the slope.

2. - Eater the slope orientation angle in degrees.

Pumping Well

Choose the Pumping Well option from the Edit menu. Select Edit..., Add... or
Delete... from the popup menu to edit, add or delete a pumping well. If you are
editing or adding a pumpmg well, the Pumplng Well Data dialog box allows you
to enter data for the pumping well.
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Pumping well data._

. phmping well name

*  x-coordinate location [L)

. y-coordinaté -locgtion (18] .

e casing radius [L]

. wéllt?ore.radius {L]

e fulior partial penetration data
well coordinates:

1. . AQTESOLYV for Windows uses an x-y coordinate system to
. compute distances between pumping wells and observation wells.

2. For a simple pumping test involving only one pumping well and
one observation well, locate the pumping well at x=0.0 and y=0.0.
Locate the observation well at'x=r and y=0.0 where r is the radxal
distance between the pumping and observauon wells.

Large-dlameter well data

1. To analyze pumping tests usmg large-diameter well solutions,
enter values for the casing radius and wellbore radius of the
_pumpmg well.-

2. If the value for either of these two variables is 0. 0 AQTESOLY
for Windows assumes the pumping well has an infinitesimal
radms

Well penetratlon data

1. A well is fully penetrating if its screen or pcrforated interval
- extends over the full saturated thickness of the aquifer.

2. ‘The screen of a partially penetrating well only extends over a
portion of an aquifer's saturated thickness. For a partially
" penetrating well, enter depths from the top of the aquifer (or water
~ table) to the top and bottom of the well screen,

3, The bottomof well screen depth must be greater than the top of
well screen depth. The minimum depth for the top of the well
screen is 0.0; the maximum depth for the bottom of the well
screen is the saturated thickness of the aquifer.

Entering or Importing rates

1. Click the EdIt button to open the Pumplng Perlod Data dialog
box for entering rate data from the keyboard (see "Entering
Pumping Rates from the Keyboard” on page 20).

2. Click the Import button to open the Import Wizard for
importing rate data from a delimited text file (see "Importing
Pumping Rates from a File" on page 22).

¢ Entering Pumplng Rates from the Keyboard
To enter pumping period data for a pumping well, open the Pumping Period
Data dialog box. :
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To enter pumping period data

1. Choose Pumping WelVEdHt... from the Edit menu to open the
Pumping Well Data dialog box for a puriping well.

2. Click the Edit button to enter pumping period data for the well.
N To add new pumping period data to the list box _
1. Enter the values of time and pumping rate in the edit controls.
Ies
Enter rates for a variable-rate test by entering a sequence of
pumping periods. Define pumping periods by entering the
starting time and pumping rate for the period. The first pumping

period should have a time = 0.0. For recovery, enter the time
when lhe pump was shut off and a pumping rate = 0.0.

2. Click the << Add bunon to transfer data from the edit controls to
the hst box.

To edit the data for a q_peclﬁc pumping pertiod In the list box

W

1. Select the pumping period that you want to edit by clicking the
left mouse button on the data in the list box.

2. Click the EdIt >> button to copy the selected time and pumpmg
rate from the list box to the edit conu‘ols

Modify the data in the edit controls

4. Click the << Add button to transfer data from the edit conlrols to
the list box,

To delete pumping period data from the list box

1. ' Select the pumping period(s) that you want to delete by chckmg
" the left mouse button on the data in the list box. To select a range
of pumping periods, press the SHIFT key when you click the
mouse on the first and last pumping period in the range. To select
several individual pumping periods, press the CTRL key when
you click the mouse on the individual pumping periods.

2. Click the Delete >> button to delete the selected time and
pumping rate data from the list box. Before deleting the data,
AQTESOLY for Windows prompts to confirm your action. -

To search fora speclﬂc time or pumping rate In the list box
1. Click the Search button to open a dialog box for the search.

2. Enter the data vector, time or pumping rate, that you wish to
search and the specific value.

3. Click the OK button to search for the value.
To transform pumpling period data in the list box

1. Select the pumping period(s) that you want to transform by
clicking the left mouse button on the data in the list box. To
select a range of pumping periods, press the SHIFT key when you
click the mouse on the first and last pumping period in the range.
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Create a delimited text file to
import measurements
recorded by a pressire
transducer. o

To select several individual pumping periods, press the CTRL key
when you click the mouse on the individual pumping periods.

Click the Math button to open a dialog box for the operation,

3. Enter the data vector, time ot pumpmg rate, that you wish to
transform.

4, Select a transformation operation (add, subtract, multiply, divide
or replace).

5. Click the OK button to perform the transformation. Before
transforming the data, AQTESOLY for Wmdows prompts to
confirm your action.

To filter pumpling perlod data In the list box

1. Click the Filters button to open a dialog box for the filtering
operations.

2. Select ﬁlter operations for dlscardmg or retaining pumpmg
periods.

TIPS

Use filters to reduce the number of pumping periods. Retain rate
values exceeding a minimum threshold (AQTESOLV for
Windows time-averages intermediate values not retained).

3. Clic_lc_ﬂie OK button to filter the observations. Before filtering the
data, AQTESOLYV for Windows prompts to confirm your action.

Importing Pumping Rates from a File

TImport pumping period starting time and pumping rate data for a pumping well
with the Pumplng Period Import Wizard. The delimited text import file may

_contain one or more columns of data separated by comma, blank or tab delimiters.

The Import Wizard support;v» delimited text files created by many different types of
pressure transducers. The wizard automatically searches for the row containing the
first pumping period,-or you can specify the starting row in the file. . Transformation

and filter operations also allow you to modify and reduce the data during the import '

process.
To lmport rates for a pumping test

1. Choose Pumping WelVEdIt... from the Edlt menu to open the
Pumplng Well Data dialog box for a pumping well.

2. Click the Itﬁport button to start the Import Wizard.
Step 1. Open an import file containing pumping period data

1. Enter a path and filename for a text file containing pumping
period data, Click the Browse... button to search for a file.

2. To view a specified file, click the View Import Flle... button.

3. To append data from the import file to pumping period data in the
data set, check the Append pumpling periods from import
file to data set box.
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4. Click the Next > button to proceed to Step 2 of the Import

leard

Step 2. Specify the file structure

1.

Enter the No. of Columns comained in the file. The total
number of columns contained in the file may be greater than the
number of columns that you wish to import.

2. Enter a number for the Starting Row containing the first
pumping period that you wish to import from the file.

TIPS

Click the Select Starting Row... button to view the import file.
You can select the first row in the file that you want to import by

double—chckmg it.

3. Specify the Data to Import from the file. Enter a column
number for each data item (starting time of the pumping period
and pumping rate) that you are importing from the file. Entera

- column number of 0 (zero) for any item not contained in the file.

4, Click the Next > button to proceed to Step 3 of the Import

- Wizard. -

Step 3. Specify transformation and fiiter operatlons

1.

Select Pre-Fliter Operations for transforming time and
pumping rate data contained in the file. Enter constants: for
subtraction and multiplication operations.

2. Click the Filters... button to select options for filtering the data

“imported from the file.

LTS

Use filters to féduce the number of pumping periods. Retain rate™

values exceeding a minimum threshold (AQTESOLY for
Windows time-averages intermediate values not retained).

3. Click the Finish button to.import data from the file.

Observation Well
Choose the Obs. Well option from the Edit menu. Select Edit..., Add... or

Delete... from the popup menu to edit, add or delete an observation well. If you are
editing or adding an observation well, the Observation Well Data dialog box

allows you to enter data for the observation well.

‘Observation well data

observation well name
x-coordinate location [L.]
y-coordinate location {L)

full or partial pcncgration data

observation well data
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Weil coordinates

1. AQTESOLYV for Windows uses an x-y coordinate system to
compute distances between pumping wells and observation wells.

2. For a siniple pumping test involving only one pumping well and
one observation well, locate the pumping well at x=0.0 and y=0.0.
Locate the observation well at x=r and y=0.0 where r is the radial
distance between the pumping and observation wells.

Weli penetration data

1. A well is fully penetrating if its screen or perforated interval
extends over the full saturaled thickness of the aquifer.

2. The screenof a parually penetraung well only extends over a
- portion of an aquifer's saturated thickness. For a partially
penetrating well, enter depths from the top of the aquifer (or water
table) to the top and bottom of the well screen.

3. The botiom of well screen dcpth must be greater than the top of -
well screen depth. . The minimum depth for the top of the well
screen is 0.0; the maximum depth for the bottom of the well
screen is the saturated thickness of the aquifer,

4. A piezometer (in contrast fo an observation well) is an open-ended -

pipe installed in an aquifer to measure hydraulic head at 2 specific
depth. The piezometer depth is distance from the top of the.
aqutfer (or water table) to the piezometer opening.

Enterlng or lmpodlng observatlon well measurements

1. Click the Edit button to open the Observation Data dlalog box
for entering observation data from the keyboard (see "Entering
Observations from the Keyboard” on page 24).

2. Click the import-button to open the import Wizard for
- importing observation data from a delimited text file (see
"Importing Observations from a File" on page 26).

Entering Observations from the Keyboard

To enter time, displacement and measurement weight data for an observation well
or slug test well, open the Observation Data dialog box.

To enter observations fora pumplng test

1. Choose Obs. Well/Edit... from the EdIt menu to open the
Observation Well Data dialog box for an observation well.

2. Click the Edit button to enter measurements for the well.
To enter observations for a siug test

1. Choose Slug Test Well... from the Edit menu to open the Slug
Test Data dialog box.

2. Click the Edit button to enter measurements for the test well.
To add new observation data to the list box

1. Enter values of time, displacement and weight in the edit controls.
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TIPS

Assign weights to indicate the relative weight of each
measurement during automatic curve matching. Assign a weight
of zero for measurements you wish automatic curve matchlng to
ignore..

Click the << Add button to transfer data from the edit controls to
the list box.

To edit the data for a speciflc observation in the list box

L

Select the observation that you want to edit by clicking the left
mouse button on the data in the list box.

Click the Edit >> button to copy the selected time, displacement
and weight from the list box to the edit controls.

Modify thc data in the edit controls

Click the << Add button to transfer data from the edit controls to
the list box.

To delete observatlon data from the list box
L

Select the observation that you want to delete by clicking the left
mouse button on the data in the list box. To selecta rangeof
observations, press the SHIFT key when you click the mouse on
the first and last observation in the range. To select several

- individual observations, press the CTRL key when yau click the

mouse on the individual observations.

Click the Delete >> button to delete the selected time,
displacement and weight data from the list box. Before deleting
the data, AQTESOLV for Windows prompts to confirm your
action.

. To search for a speclﬂc time, displacement or welght In the list

box

1.
2.

3.
To trgnsform bbservatio‘n data In the list box
1.

Click the Search button to open a dialog box for the search.

Enter the data vector, time, displacement or weight, that you wish
to search and the specific value.

Click the OK bl_xtion to search for the value.

Select the observation that you want to transform by clicking the
left mouse button on the data in the list box. To select a range of
observations, press the SHIFT key when you click the mouse on
the first and last observation in the range. To select several
individual observations, press the CTRL key when you click the
mouse on the individual observations.

Click the Math button to open a dialog box for the transformation
operation.

Enter the data vector, time, displacement or weight, that you wish
to transform, ’

Select a transformation operation (add, subtract, multiply, divide
or replace).
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5.

To filter.observation data In the list box

2.

" Importing Observations from aFlle

Create a delimited text file o Import time, displacement and measurement weight data for an observation or slug
‘import measurements - test well with the Observatlion Data Import Wizard. ‘The delimited text import
recorded by a pressure . file may contam one of more columns of data separated by comma, blank or tab

transducer. delimiters.

The Import leard supports delmuted text files created by many different types of :
" pressure transducers. The wizard automatically searches for the row containing the . L
first observation, or you can specify the starting row in the file. Transformation and
filter operations also allow you to modify and reduce the data during the nmport ' -\ﬂ

process.

‘Use filters to reduce the number of observations. Retain time

-values exceeding a minimum threshold.

Click the OK button to perform the transformation. Before B
transforming the data, AQTESOLV for Windows prompts to VAN
confirm your action. . {

Click the Filters button to open a dialog box for the ﬁltenng
operations.

Select filter operations for discarding or retaining observations.

Iips

values having a uniform logarithmic spacing or displacement

Click the OK button to filter the observations. Before filtering the
data, AQTESOLYV for Windows prompts to confirm your action.

To lmpor't o'bservatlpns for a pumpling test

1.

2.

To lmport observations for a slug test
.

2.
Step 1. Open an Import file containing observation data
L

Choose Obs. WellEdit... from the Edit menu to open the
Observation Well Data dialog box for an observation well.

Click the Import button to start the Import Wizard.

Choose Slug Test Well... from the Edit menu to open the Stug
Test Data dialog box. ’ :

Click the Import bution to start the Import Wizard.

Eater a path and filename for a text file containing observation (
data. Click the Browse... button to search for a file.

To view a specified file, click the View import Flle... button.

To append data from the import file to observation data in the
data set, check the Append observations from import file to
data set box. ¢

Click the Next > button to proceed to Step 2 of the Import |
Wizard. . ;
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Step 2. Specify the file structure

1. Enter the No. of Columns contained in the file. The total
number of columns contained in the file may be greater than the
number of columns that 'you wish to import. )

2. Enter a number for the Starting Row containing the first -
observation that you wish to import from the file.

TIPS
Click the Select Starting Row... button to view the import file,
You can select the first row in the file that you want to import by
~ double-clicking it.
3, S]Secify the Data to Import from the file. Enter a column
" number for each data item (elapsed time, displacement and
measurerhent weight) that you are importing from the file, Enter
. a column number of 0 _(z;r_o) for any itém not contained in the file.
4. Click the Next > button t~ proceed to Step 3 of the Import
Wizard. -

Step 3. Specify transformation and filter operations

1. 'Select Pre-Filter Operations for transforming time and
displacement data contained in the file. Enter constants for
subtraction and multiplication operations.

TIPS o
Subtract the static water level from each value of displacement
contained in the file to transform depth to water values to
displacement values. To transform negative displacements to
positive displacements, multiply each displacement value by -1.

2. Click the Fliters... button to select options for filtering the data
imported from the file.

TIPS o
Use filters to reduce the number of observations contained in the -
import file. Retain time values having a uniform logarithmic
spacing or displacement values exceeding a minimum threshold.

3. Click the Finlsh button to import data from the file.

Slug Test Well

Choose Slug Test Well... from the Edit menu to open the Slug Test Data
dialog box for entering slug test data.

Slug test data
e initial displacement in well [L)
® casing radius [L]
» wellbore radius (L]
» safurated thickness of aquifer [L]

» screen length {L]
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e static height of water in well [L]
. ﬁOi‘OSity of gravel pack {dimensionless]

.« ratio of vertical to horizontal hydraulic conductivity (for partially
penetrating wells in an amsotroplc aqulfer) [dxmensionless]

Enterlng or importlng slug test well measurements

1. Click the Edit button to open the Observation Data dialog box
for entering observation data frotn the keyboard (see "Entering
Observations from the Keyboard” on page 24).

2. Click the Import button to open the Import Wizard for
importing observation data from a delimnited text file (see
“Importing Observations from a File" on page 26).

Test Type |
Choose Test Type... from the Edit menu to select the type of test (pumping test or

_ slug test) contained in an AQTESOLYV for Windows data' set.

Setting the test type In a new data set

L When you open a new AQTESOLYV for Windows data set, the test
-~ type is defined automatically when you enter pumping test or slug
test data.

2. 'If you enter data for a pumping wcll or observation well,
AQTESOLY for Windows defines the test type as Pumnping Test.

3. Ifyou enier data for a slug test well, AQTESOLY for WindowsA
- defines the test type as Slug Test.

Changlng the test type In a data set

1. The EdIt menu only enables options for the type of test contamed
‘i a data set.

2. Choose Edit/Test Type... to change the test type.
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Viewing Data and Results

Overview
View Menu _ _
Thé Vlew ‘menu provides options for viewing data, solutions and estimation resulls
Two general types of views, plots and reports, are available for viewing data and
solutions, and evaluating estimation results. Other options in the View menu allow
you to customize the appearance of your plot.
’,9 Format Menu
: The Format menu provides options for formatting plots and reports. For plots,

: R choose options for specifying axes pammcters colors, fonts and symbols. For

; : rcports select foms and colors '

1 : - Window Menu

AQTESOLVfur Windows altows more than one view (window) for a data set. The
...Window meny provides you with options. for opening new windows, positioning
windows and activating windows.

Chdosing a View

Plot Views _
Select different plot views Graphical formats for viewing mjuifer test (displacement) data and matching
Jrom the View menu or the analytical solutions include displacement vs. time, composite and detivative
toolbar list box vs. time plots. AQTESOLYV for Windows also provides discharge vs. time
, plots to view discharge rates from variable rate pumping tests.
Perform automatic estimation Graphical formats for examining residuals (errors) from the matching of analytical
ta view residual plots solutions to aquifer test data include resldual vs. time, residual vs. simulated -

displacement and normal probability plots.
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Displacement Vs. Time Plot

Choose the Displacement-Time option from the View menu to plot values of
displacement as a function of time in the active window,

The Displacement-Time view option allows you to analyze
dlsp]acement data from one or.more observation wclls conlalned in the
activc data set.

For pumping test solutions contammg only two paramctcrs
Displacement-Time plots display a single type curve regardless of
the number of observation wells shown on the plot. For solutions
involving three or more parameters, DIsplacement-Time plots show
one type curve for each observation well. '

Composite Plot

Select Composite from the View menu to plot values of displacement as a

~ functions of time divided by the square of radial distance (Ur”).

The Compasite view option allows you to analyze displacement data
from one or more observation wells contained in the active data set.

For pumping test soluuons contammg only two parameters,

. .Composite plots display a single type curve regardless of the number

of observation wells shown on the plot. For solutions involving three

. of more parameters, Composlte plots show one type curve for each
‘observation well.

Composite plots are 0nly enabled for data sets containing pumping
test data.

Residual Vs. Time Plot

" After performing automatic estimation of aquifer properties for a given analytical

solution, plot residual values as a function of time by choosing Residual-Time
from the View menu.

Ideally, the residual values should not exhibit correlation with time.

" When Reslidual-Time data are plotted linear axes, AQTESOLYV for

Windows fits a straight line to the data to indicate the degree to which
the residuals are biased with respect to time.

Residual Vs. Simulated Plot

After performing automatic estimation of aquifer properties for a given analytical
solution, plot residual values as a function of simulated displacement by choosing
Residual-Simulated from the View menu.

Ideally, the residual values should not exhibit correlation with the

 values of simulated displacement.

When Resldual-Simulated data are plotted on lincar axes,
AQTESOLYV for Windows fits a straight line to the data to indicate the
degree to which the residuals are biased with respect to simulated
displacement.
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~ Normal Probability Plot

After perférming automatic estimation of aquifer properties for a given analytical
solution, plot residual values on normal probability axes by choosing Normat
Probabliity from the View menu. -

A Normal Probability plot displays the standard normal deviates of
the ranked residuals (residuals sorted from smallest to largest) as a
function of the residual values.

If the residuals are normally distributed, they will fall on a straight
line when plotted on normal probability axes. AQTESOLYV for
Windows fits a straight line to residuals shown on the Normal
Probabillity plot to measure the degree to which the residuals fit the

normality assumption,

Deviations from a normal distribution may indicate inadequacy in the

fit of the aquifer model to the data.
~ After sorting the residual values for all observation wells, AQTESOLV

for Windows plots the standard normal deviates using the plot symbol
for the first observation well.

 Discharge Vs. Time Plot

To view pumping well discharge rates from a variable rate pumping test, choose. _
Discharge-Time from the View menu. .

The Discharge-Time view option allows you to view constant or .-
variable puriiping rates for one or more pumping wells.

DISchafge-TIme plois are only enabled for data sets containing
pumping test data. . . :

Derivative Vs. Time Plot:

'Choose Derlvative-Time from the Vlew menu to display the first derivative of
displacement data as a function of time. If you have chosen a solution,
AQTESOLY. for-Windows also plots. the first derivative of the solution.

The Derlvative-Time view option allows you to view the first
derivative of displacement measurements from one or more

. ‘observation wélls.

Derivative-TIme plots provide a useful diagnostic tool for detecting
deviations in the rate of displacement change. For example,
interpretation of a Derivatlve-Time plot can indicate the presence of
aquifer boundaries, leakage and delayed gravity response.

o AQTESOLYV for Windows computes derivatives for displacement
using either hearest nelghbor or smoothing techniques. Choose
Options... from the View menu to select the method used to
calculate derivatives from displacement data.
Linear Axes

Choose Linear Axes from the View menu to display a plot with linear x and y

axes.
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Semi-Log Axes

Choose Seml- Log Axes from the Vlew menu to display a plot with a Ioganthnuc

x axis and a lmcar y axls

Log Axes

" Choose Log Axes from the View menu to display a plot with logarithmic x and y

' axes.

Depending oun the active view type and solution, not all axis types may be enabled in
the View menu.' For example, if the active window displays a plot of displacement
vs. time with the Cooper-Jacob (1946) solution for confined aquifers, the Linear
Axes and Log Axes options will be disabled because the Cooper-Jacob salution
only plots as a straight line on semi-logarithmic axes.

Choose Show Data from thc Vlew menu to enable/disable the display of

.observation well or residual data on plots,

Show Legend

Choose Show Legend from the- Vlew menu to enable/disable the display ofa
legend on plots. The plot legend displays symbols for observation wells, aquifer

* type, solution method and parametet values.

, ‘_ Show Type Curve

-Choose Show Type Curve from the View menu to enable/disable the display of a

type curve for the active solution on displacement vs. time and composite plots. -

Show Type Curve Femlly

Choose Show Family from the View menu.to enable/disable the display of a
family of type curves for the active solution on displacement vs. time and composite

" plots. This option is only enabled if the active solution has two or more parameters.

- If you enable the Show 'l'-;a'mlly option, AQTESOLYV for Windows will display two

additional type curves, on¢ above and one below-the curve matched to your data. By

- default, AQTESOLYV for Windows multiplies the current value of the type curve

‘family parameter (e.g., r/B) by 0.5 to plot the upper curve and 2.0 to plot the lower

curve. To edit the multipliers used for the upper and lower curves, choose
Optlons... from the View menu..

‘Show Thels Curve

Choose Show Thels from the View menu to enable/disable the display of
bounding Theis type curves for the active solution on displacement vs. time and
composite plots. This option is only enabled if for pumping solutions having two or
more parameters.

For example, two bounding Theis type curves are displayed for the Neuman solution
for unconfined aquifers using the values of T and S for the first curve and T and Sy
for the second curve.
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Show Valid Time

~ Choose Show Vaiid Time from the View thenu to enable/disable the display of
. the time after which a straight-line approximation solution becomes valid on

displacement vs. time and composite plots. This option is only enabled if the active
solution is the Cooper-Jacob (1946) solution for a confined or unconfined aquifer.

To set a critical value of u used to compute the valid time, select Options...
from the View menu.

Zoom

Choose Zoom... from the View menu to change the size of the plot within the
active window.

1. Enter a Zoom Factor ranging from 0.5 to 5.
2. Use this op'tidn to scale the size of a plot within the active window. To
scale the length of plot axes within all windows attached to the active
data set, see "Axes” on.page 35.
Options

Chioose Options... from the View menu to opén a dialog box for entering
parameters controlling the display of valid times and type curve families.

~ Critical Value of U

1. Set the critical value of u used to compute the valid time displayed
for the Cooper-Jacob (1946) solution when you enable the Show
Valid Time option in the View menu.

" 2. A conservative critical value of u is 0.01.
Type Curve Familles

1. Enter multipliérs for the upper and lower type curves displayed
when you enable the Show Famiiy option in the Vlew menu.

2. The upper curve, displayed above the active type curve, has a

e ——————qultiplier less than 1; the lower curve, displayed below the active

type curve, has a multiplier greater than 1.
Derivative Calculation '

1. Choose a method for calculating derivatives from time- -
displacement data (nearest nelghbor or smoothing).

2. The nearest nelghbor option provides the least amount of
smoothing for "noisy” data and works well for displacement data
that show ideal response.

3. ‘The smoothing option allows you to choose a "smoothing

" factor” for the calculation of derivatives from "noisy" data. Enter
the smallest smoothing factor to discern the derivative pattern
from the data.
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Select Report Views from the
View menu or the toolbar list
box :

Perform automatic estimation
" to view diagnostic report

Click X on the toolbar to
refresh display

Report Views

The View menu provides you wuh a Dlagnostlc report and a Complete report
that display textual summaries of your data set and the results of your aquifer test
analysis. An Error Log report identifies any errors that your active data set may
contain.

Diagnostic Report

Choose Diagnostics from the View menu to display a report containing
estimation statistics for parameters (hydraulic properties) and residuals. The
diagnostics report contains standard errors for estimated parameters, correlations
between estimated parameters, and resndual surnmary statistics.

. Complete Report

Choose Repott from the Vlew menu to display a complete report summarizing the

conltents Qf the active dala set and estimation results in a textual format,

Error Log

Choose Error Log from the View menu to display a report identifying any errors’
contained in the.active data set. Choose this report opuon if you are entering data
into a new data sct.

Viewing Optlohs :
Refresh

Choose Refresh from the View menu to refresh- (redraw) the plot or report in the
active window.

| Toolbar

Choose’ Toolbar from the View menu to enable/disable the AQTESOLYV for
Windows toolbar.

Status Bar

Choose Status Bar from the View menu to enable/disable the AQTESOLYV for
Windows status bar. The AQTESOLYV for Windows status bar contains four panes
which indicate messages and status mformatlon

Message Pane

The first pane in the status bar supplies descriptive messages for menu
options.

- Check Errors Indicator

The second pane in the status bar displays the message Check Errors
if AQTESOLYV for Windows detects errors in active data set. To
view the errors, choose Error Log from the View menu.
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Test Type Indicator

The third pane in the status bar displays either Pumping Test or
Slug Test to indicate the type of test contained in the active data
set.

Solution Indicator

The fourth pane in the status bar displays the current solution for the
active data set. AQTESOLY for Windows will prompt you to
choose a solution if the data set contains sufficient data to perform
a forward solution. '

Formatting a View

Plot Formats -

Choose Plot from the Format menu to select options for formatting axes, symbols,
legends and colors.

Axes

Choose Plot/Axes... from the Format menu to open a dialog box for editing plot
axes. C

X and Y Axls Parameters

1. Edit parameters controlling axis ranges, tickmarks and labels.
Choose minimum and maximum values, major and minor
tickmarks, arid tickmark label spacing for each axis.

2. Sclect the axis Label baxes to choose x- and y-axis labels.
Choose one of the predefined axis labels or enter a new label.

3. Sclect the Units boxes to choose a format for appending units to
the x- and y-axis labels. '
Optlons '

*1. - Check the Upper Left Orlgin box to place-the origin of the plot
axes in the uppér left corner of the plot.

2. Check the Show Gréph Paper box to display horizontal and -
vertical lines at the major tickmarks of the graph.

_ 3. Enter a value between 0.5 and 1.5 for the Axis Length Scale
Factor to adjust the length of the axes displayed on the screen.

4. Click the Font... button to change the font used to display axis

labels.
5. Click the Color... button to change the color used for drawing the
axis labels. .
Symbols
Choose PIot/Syrnbols...‘ from the Format menu to open a dialog box for editing
plot symbols. '
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Syrbol . ‘
Select a symbol type _(c.‘g.. sqdére, circle, etc.) from Symbol box,

Size | ‘
Select a symbol size from Size box.

Color '

Click the Color... button to change the color used for drawing plot
symbols. :

Legend

Choose Plot/Legend... from the Format menu to open a dmlog box for cdmng
plot legends. : : _

Font

Click the Font... button to change the font used to displa)" text,
Color |

Click the Color... button to change the color used for text.
Printer Options

From the options provided, check the data to appear in the legend of

printed plots.
Curves

.Choose Plot/Curves... from the Format menu to open a dnalog box for editing
colors used for plomng curves,

Report Formats

Choose Report... from the. Format menu to open a dialog box for formatting
reports.

‘Header Text _
Enter text for a report header.
Footer Text ’
Enter text for a report footer.
Printer Options
Choose options for including blocks of text in a report.
Font |
Clnck the Font button 1o choose a font for the report.
Color
Click the Color... button to choose a color for the report.

'Formatting Options

Choose Optlons... from the Format menu to enter formatting options for plots
~and reports.
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Step Test Prediction Time

I. Enter a time for predicting drawdown in a pumping well
including linear and nonlinear well losses based on the Jacob-
Rorabaugh equation (see "Theis (1935) Solution for a Step
Drawdown Test in a Confined Aquifer” on page 56).

2. AQTESOLV for Windows uses the prediction time to print the
Jacob-Rorabaugh well-loss equation in plots and reports.

3. The prediction time is hot required for estimation of aquifer
properties.

Working with Multiple Views

AQTESOLYV for Windows allows you to have more than one view (window) for a
data set. The Window menu provides you with options for opening new windows,
positioning windows and activating windows,

Openlng a New Wmdow

Choose New Window from the Window menu to open a new window for the
active data set. The new window will have the same view (plot or report) as the
previously active window. To change the view, select a view option from the View
menu. '

Cascading Windows

Choose Cascade from the Window menu to cascadc windows from the upper left
comer of the AQTESOLYV for Windows client area.

Tiling Windows

Choose Tlie Horizontat or Tlle Vertical from the Window menu to tile windows .

= —horizontally or vertically, respectively.
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Kruseman, G.P. and N.A. DeRidder, 1990. Analysis and Evaluation of
Pumping Test Data (2nd ed.), Publication 47, Intern. Inst. for Land
Reclamation and Improvement, Wageningen, The Netherlands, 370p.

Tutarial

Perform the tutorial for the Cooper-.lacob (1946) solution for a pumping test in a
confined aquifer (see "Tutorial” on page 47) to learn how to use this solution.

" Neuman (1974) Solution for a Pumping Test in an

Unconfined Aquifer

Neurnan (1974) denved an analyUcal solution for unsteady flow to a partially .
penetrating well in an unconfined aquifer with delayed gravrty response:

j 4yJ.,(yJ' >[uo(y)+)_‘,u (y)] dy

n=l
. 2K
B=s
K,
' S
C=— , B ;
S, - _ .

For a partially penetrating pumping well, the drawdown in a piezometer is found
using the following equations:

{1-expl-t,B(y* —v5)1} cosh(Y,Zp)

B F T orE - (7 ~¥2)* /olcosh(ry)
s;nh['_yo(l d,)]-sinhfy,(1-1,)]
(I, —dp)sin(y,)
- — 2 2 :
u(y)= {L—exp{-t,B(y" +v,)1} cos(Y,.2p)

(y* ~(+0o)y; ~ (s +7,)/ o}eos(Y,)
sinfy, (1~ d )] =sinfy, (1=1,)]
(Ip =dp)sin(y, )
For a partially penetrating pumping well, the drawdown in a partially penetrating
observation well is found using the following equations:
{t—expl~t, B(y - Yo )]} {smh(‘Yozzp )—sinh(Y,z,, )}
{y*+(+oyy, -y’ ~Y3)* / G}cosh(y,)

sinb[yo(l ~d,)-sinh[y,(1-1,)] -

(230 = Zyp )Y o (Ip — dp)sin(y,)

u,(y)=
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Entering partial penetration '

data for observation wells or
piezometers

{L—-exp[-t,B(y’ +yI}H{sin(y,Z,p ) ~sin(y,2,5))
{y* —(1+0)y2 - (y*+72)" / o) cos(y,)
sinfy, (1= dp)1=$infy, (1=1,)]
(23 —24p )Y, (1p —dp)sin(y,).
The gamrma terms are the roots of the following equations:
GY, smh(Yo) (}' YO)COSh(Yo) 0, 'Yo <y’
oY, sin(y, ) +(y '+yn)cos(‘yn)=0 (2n—l)/(1tl2)<yn <nm,nz1

u.(y)=

Refer to the "List of Symbols” on page 109 for a description of the paramcters and

_ variables contained in the equauons

AQTESOLV for Windows allows you to analyze both constant- and variable-rate
pumping tests using the Neuman solution. For tests with a variable discharge rate,
the program uses the principle of superposmon to compute drawdown in the
aquifer. For more information concerning the application of the principle of
superposition in variable-rate pumping tests, refer to the “Theis (1935) Solutlon for-
a Pumping Test in a Confined Aqunfcr on page 40.

The Neuman solution supports observation wells and piezometers. Use this soluuon
to estimate values of transmissivity, elastic storage coefficient, specific yield and
Bbeta (or K/KKz/Kr for a data set containing more than one pair of pumping and
observation wells) in an unconfined aquifer.

potentiometric surface
/ before pumping
/
1" \ potentiometric surface
after pumping

aquifer
b TSS KUK

aau1clude

'Ihe equations of Neuman (1974) for a pamally penetrating observation well or a
piezometer use elevations measured from the base of the unconfined aquifer (Zip,
Zan, Zp); however, when entering partial penetration data for observation wells and
piezometers into AQTESOLYV for Windows, input depths measured from the
potentiometric surface before pumping (static water table).

Assumptions

e aquifer has infinite areal extent -
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"o aquifer is homogeneous and has uniform thickness
. aquiférr botenﬁorﬁeuic surface is initiilly horizontal
e aquifer is unconfined
e flow is unsteady

e diameter of pumping well is very small so that storage in the well can
be neglected

Data Réq'uifénients

o . pumping and observatlon well locations
J pumpmg rate(s)
* observation well mea;;ﬁremcnm (time and displacement)
o aquifer saturated thickness
e pamal penetrauon depths (optional)
Solutian Options
e variable pum;iing rates
. "'tr:mltiplg pumping wells '
) .'mu]tiple observation wells
e partially penetrating wells

Visual Curve Matching =

In practice, one uses two sets of type curves to analyze a pumping test in an
unconfined aquifer with the Neuman solution. Type A curves match early time
data and Type B curves match late time data:.

-
S, = o w(u,,B)
Sg 22_(13’—1‘ w(ug,,B)

To analyze a pumping test using the Neuman type curve method, one plots
drawdown as a function of time on double logarithmic axes. By matching two
families of type curves drawn by plotting w(ua,B) as a function of 1/u, and w(ug,p)
as a function of 1/ug, one can estimate the values of transmissivity, storage
coefficient, specific yield and Pbeta by visual analysis.

Procedure for Visual Curve Matching

1. Match Type A curves to early drawdown data to estimate TS
and Pbeta.

2. Match Type B curves to late drawdown data to estimate T, Syy
and PBbeta.

3. From the View menu, choose Type A or Type B to display the
type curve for the active value of Pbeta and initiate visual curve
matching.
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4. Choose increase beta or r Decrease beta from the View meny
 to change the value of Bbeta used for visual curve matching.

5. Click and hold the left mouse button down to drag the Neuman
~ type curves to a new position on the screen. Release the left
~ mouse button when you have finished moving the curves.

Partial Penetration Type Curves

AQTESOLY for Windows stores Type A and Type B curves for fully penetrating
wells. If your data set contains partially penetrating wells, however, you must
compute new Type A and Type B curves for the partial penetration depths of the
pumping and observation wells. AQTESOLYV for Windows automatically prompts
you when new partial penetration type curves are required for your data set.

Computing Curves

Choose Calculate in the Partial Penetration Curves dialog box to
compute partial penetration curves using partial penetration data
for the pumping and observation wells. AQTESOLYV for
Windows will save the partial penetration curves with the data set,

‘Retrieving Curves From Disk

Choose Retrieve from disk from the Partial Penetration Curves
dialog box to open a disk file containing partial penetration type
curves, 'l‘he format of the file is compatible with DOS versions of
-‘AQTESOLYV, -

Saving Curves on Disk

After computing partial penctration type curves, AQTESOLYV for
Windows proripts you to save the type curve data on disk. The
+ - format of the file created by AQTESOLYV for Windows is
compatible with DOS versions of AQTESQLYV,

References

Neuman, S.P., 1974. Effect of partiél penetration on flow in unconfined
aquifers considering delayed gravity response, Water Resources
Research, vol. 10, no. 2, pp. 303-312. .

Moench, A.F,, 1993, Computatlon ‘of type curves for flow to partially
penetrating wells in water-table aquifers, Ground Water, vol. 31, no.
6, pp. 966-971.

Moench, A.F., 1996. Flow to a well in a ‘water-table aquifer: an improved
Laplace transform solution, Ground Water, vol. 34, no. 4, pp. 593-
596.
Tutorial

Access the tutorial for this solution from the on-line User's Guide in AQTESOLV
for Windows.

In this tutorial, you will use the Néuman and Quick Neuman type curve solutions to

analyze a constant rate pumping test in an unconfined aquifer. This tutorial shows. .

you how to use visual and automatic curve matching to match Neuman type curves
to drawdown data measured. during the test.
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Open a New Data Set

Open a new data set by choosmg New from the File menu. In the New Data Set
dialog box, choose Tutorlal in the list box and click OK to initialize the new data
set with default values. AQTESOLV for Windows opens a new window with an
Error Log view that reports any errors identified in the data set.

Enter Data for Pumping Test:

Choose Units... from the Edit menu to open the Units dialog box for selecting
units of measurement for the data set.

1. - Select ft (feet) for Length.i min (minutes) for Time, gal/min
(gallons-per-minute) for Pumping Rate and ft/min (feet/minute) for
Hyd. Conductivity.

2. Click the OK button to closc the Unlts d:alog box.

" Choose Title... from the EdIt menu to open a dialog box for edmng the data set

mlc
1. Enter Fairborn, Oilio for'the Title.
2. Click the OK button fo close the dialog box.

- Choose Aquifer Data... from the E_dlt menu to open a dialog box for editing

aquer data.
~ Enter 78.0 for the-value of Saturated Thickness
2. Click the OK button to close the dxalog box.

' Choose Pumping Weil/Edit... from the Edit menu to opcn the Pumping Weli

Data dialog box for editing pumping well data.

1. Click the Edit button to open the Pumplng Period Data dialog box
for entering pumping rates.

2. Inthe Time and Rate edit controls, enter values of 0.0 and 1080.0
for time and rate, respectively, where time is in minutes and rate is in
gallons-per-minute, _

3. Click the <<Add button to transfer the values you entered to the list

4. Click OK to close the Pumping Period Data dialog box.

5. Click OK to close the Pumpling Well Data.dialog box.

Choose Obs. Well/Edit... from the Edit menu to open the Observation Well
Data dialog box and edit data for the observation well.

Enter a value of 73.0 for the X-Coordmate location of the well.

2. Click the Import button to import observation well measurements
from a delimited text file using the Observation Data Import
Wizard. In Step 1 of the Import Wizard, enter FAIRBORN.DAT
for the name of the import file. The file FAIRBORN.DAT contains
time and displacement data arranged in two columns separated by a
tab delimiter. Click the Next button to proceed to the next step.

3. In Step 2 of the Import Wizard, enter data describing the structure of
the import file. The import Wizard automatically determines that
the import file contains 2 columns of data. Enter 1 for the Elapsed
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Time. coluﬁn and 2 for the Displacement column. Click the Next
"button to proceed to the next step.

4. In Step 3 of the Import leard choose transformation and ﬁlter
~ options for the data contained.in the import file. Retain the default
settings, and click the Flnlsh button to import data from the file.

5. After AQTESOLV for Windows has finished importing the data, a
message box displays the number of observations imported from the
file. Click the OK button to close the message box.

6. Click the OK button to close the Observation Well Data dialog
- box,

After you have commpleted the previous data entry steps, the Error Log displayed in
the active window should show that the data set contains no errors. Now you are
‘ready to display the data, choose a solution and estimate aquifer properties.

Save Data Set

Choose Save: AS... from the File menu to open a dialog box for saving the data you ‘

have entered into the current data set.
' 1. Enter NEUMANI.AQT for the file name.

2. Click the ‘OK button to close the dmlog box and save the data set.
Change View In Window

Choose Dlsplacement-Tlme from the View menu to display a plot of
displacement vs. time in the active window. The window displays a plot of the
observation well data on semi-log axes. .

Choose Quick Neuman Solution

Change the aquifer model and solution by choosing Uncontined... from the
Solution menu to open a didlog box with solutions for analyzing pumping tests in
an unconfined aquifer. . _

1. Choose the Quick Neuman solution.
2 Click the OK button to close the dialog box.

_After you have selected the Qunck ‘Neuman solution for a pumping test in an

uficonfinied aqunfer, AQTESOLYV forWindows updates the window by plotting the
data on double logarithmic axes, superimposing a Neuman type curve on the plot,
and displaying values of transmissivity (T) storage coefficient (S), specific yield - -
(Sy) and beta i in the legend.

The Quick Ncuman lmplementauon of the Neurmnan soluuon. rather than the full
Neuman solution, is ideal for most situations. Computations with Quick Neuman
are much faster than Neuman with virtually no loss in accuracy. Therefore, you
should use Quick Neuman for initial estimation followed by Neuman to refine the-
estimates obtained with Quick Neuman.

Perform Visual Matching with Quick Neuman
Visually match the Qulck Neuman solution to the data as follows:

1. Choose Type A from the Match menu to match Type A curves to the
_ early data.

2. Choose lncrease beta or Decrease beta from the Match menu to
display a Type A cuirve using one of the 19 preset values of beta. -
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3. To begin interactively moving the Type A curve, move the mouse
cursor over the plot, click the left mouse button, and hold it down.

4. As you move the mouse, the type curve also moves. AQTESOLYV for
Windows updates the value:. of T and S in the legend as you move the
Type A curve.

5. When you havc finished matching the Typc A curve to the early data,
release the left mouse button to end visual curve matching and redraw
the complete type curve.

6. Choose Type B from the Match menu to match Type B curves to the
late data.

7. Fbllow the procedure for Type A curve matching to fit a Type B curve
to the late data, As you move the Type B curve, AQTESOLYV for
Windows updates the values of T and Sy i in the legend.

You should obtain a match using a value of 0.06 for bcla. If necessary, repeal the
preceding steps to finish matchmg the Typc A and B curves.

Perform Automatic Matchlng with Quick Neuman

Choose Automatic... from the Match menu to open a dialog box for performing
automatic matching of the Neurnan type curve solution to the observation well data.

1. Click the Start button to begin the attomatic estimation procedure.

2. * As the automatic estimation procedure completes iterations, the dialog
box displays the changes in the residual sum of squares (RSS) criterion
and the values of the aquifer properties. After the automatic

- estimation procedure finishes, AQTESOLYV for Windows displays a
message box containing residual summary statistics. Click the OK
button to close the message box.

3. Click the Close button when the automatlc estimation procedure has
- finished. :

The plot shown in the active window diSplays the valués of transmissivity
(T=24.04), storage coefficient (§=0.0.002111), specific yield (Sy=0.1061) and beta
(=0.4458) determined by automatic estimation.

Choose Neuman Solution

Change the aquifer model and solution by choosing Unconfined... from the
Solution menu to open a dialog box with solutions for analyzing pumping tests in
an unconfined aquifer.

1. Choose the Neuman (1974) soluhon
2. Click the OK button to closc the dialog box.

Compared to the Quick Neuman implementation of the Neuman solution, the full
Neuman implementation is computationally more intensive and therefore requires
greater time to plot the type curve. In all other respects, working with the Neuman
solution for visual and automatic curve matching is identical to Quick Neuman.

Save Data Set

Choose Save from the Flie menu to save your work in the NEUMANLAQT data
set. ]
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Quick Neuman Solution for a Pumping Test in an
Unconfined Aquifer
The Quick Neuman solution option provided by AQTESOLYV for Windows
computes Neuman type curves using a two-stage interpolation technique.
QuickNeuman yields essentially the same results as the Neuman solution option,
only much more quickly. Therefore, Quick Neuman is a viable alternative for
performing automatic curve matching prior to using Neumnan (see "Neuman (1974)
Solution for a Pumping Test in an Unconfined Aquifer” on page 66).
Assumptions |

e aquifer has infinite areal extent

». aquifer is homogeneous and has uniform thickness

e aquifer pbtcn(:iomctric surface is initially horizontal

s aquifer is unconfincd

. ﬂow'-is unsteady 7 _ .

e diamét»crlof pdmping well is very small so that storage in the well can
 bemeglected -
- Data Requirements
. pumping:and observation well locations
e  pumping rate(s)
* observation well measurements (time and displacement)

aquifer saturaied thickness
~* partial be,netration depths (optional)
Solution Options o |
. variable pumping rates
e multiple pumping wells
= multiple observation wells

e partially penetrating wells .

Reference

Neuman, S.P., 1974. Effect of partial penetration on flow in unconfined
aquifers considering delayed gravity response, Water Resources
Rcslearcht vol. 10, no. 2, pp. 303-312,

Tutorial

To learn how to use the Quick Neuman solution, perform the tutorial for the
Neuman (1974) Solution for 2 Pummping Test in an Unconfined Aquifer.
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List of Symbols

a = constant dcﬁnmg variation in thickness of wedge - shaped aquifer [L* ]
b = thickness of aquifer [L]

b, = thickness of aquifer at pumping well [L]

b, = thickness of fracture skin [L]

b' = thickness of aquitard overlying aquifer in leaky system or

one - half thickness of blocks in fissured system [L]
b" =" thickness of aqmtard underlymg aquifer [L]

B = leakage factor [L']

B(r,,t) = linear head - loss coefficient [T/ L’]

B,(r,.t) = linear aquifer - loss coefficient [T/1?]

B,

_C

d

= linear well-loss coefficient [T/ L*]
_ = nonlinear well - loss coefficient T2 /1%) .

d, = vertical distance between top of perforations in pumping
well and initial position of water table divided by initial
saturated thickness of aquifer [L]

= static height of water in well measured from base of well-
to static water level [L] :
-initial displacement in well due to slug injection or extraction [L]
Bessel function of first kind, zero order
Bessel function of first kind, first order
hydraulic conductivity. of fractures in fissured system [L/T]
modified Bessel function of second kind, zero order
modified Bessel function of second kind, first order
radial (horizontal) hydraulic conductivity of aquifer {L./ T]
hydraulic conductivity of fracture skin [L/T]
vertical hydraulic conductivity of aquifer [L/T]
hydraulic conductivity of aquitard overlying aquifer in
leaky system or block system in fissured system [L/ T]
- K"~="hydraulic conductivity of aquitard underlying
aquifer [L/T]

I, = vertical distance between bottom of perforations in
pumping well and initial position of water tabledivided by
initial saturated thickness of aquifer [L]
length of well screen [L]

Laplace transform variable

order of nonlinear well - losses [dlmensmnless]
pumping rate [L’/ T}
radial distance [L]

well casing radius [L]

equivalent radius over which head loss occurs [L]
. = well radius (L]
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s,
S
S'

g

t =
S t
T

X

= displacement [L]
= displacement at time t [L)]
= initial displacement in well [L] :
= coefficient of storage of aquifer [dnmcnsnonlcss]
= fracture skin [dlmcnsmnlcss]
= specific storage of aquifer or fractures in n fissured system [L']
= specific storage of aquitard in leaky system or
blocks in fissured system L1
= wellbore skin [dimensionless)

, = specific yield of aquifer [dimensionless]

= coefficient of storage of aquitard overlying aquifer
-[dimensionless)

= coefficient of storage of aquntani underlymg aqunfer
[dlmenswnless]

= time singe pumping began [T]

dimensionless time with respect to S, equal to Tt/Sr? ['I‘] .
dnnensnonless time with respect to S equal to Tt/S r [T]
{transmisgivity o2/n ~

x~coordinate location of pumpmg well (L]

I

—
—
-—

y = variable of integration. .

Yo =
Y,

Y,

- Zp

- Iyp

y- - coordinate location of pumpmg well [L]
Bessel function of second kind, zero order
Bessel function of the second kind, first order
vertical distance above bottom of aquifer divided by -
initial saturated thickness of aquifer [L] -
‘= vertical distance from bottom of aquifer to bottom of
observation well perforations divided by initial saturated

noton

. thicknessof aquifer [L]

- Zgp

il

vertical distance from bottokii of aquifer to top of

observation well perforations divided by initial saturated
thickness of aquifer [L}

‘_(
S e
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Estimating Aquifer Coefficients

Overview

The Match menu provides two methods for estimating the hydraulic properties of
aquifers from pumping tests and slug tests. Each method matches analytical
solutions to data measured during an aquifer test.

e The first method, visual matching, is analogous to traditional
graphical methods which rely on manually fitting type curves or
straight lines to determine hydraulic parameters.

e The second method uses a nonlinear least-squares parameter
estimation technique to automatically fit analytical solutions to aquifer -
test data. :

Whichever method you choase, AQTESO_LV for Windows allows you to visualize -
the results of your analysis by plotting the solution and data. In addition, the
automatic curve matching technique provides statistical measures of the "fit" of the

- 'solution to the data. : - ‘

Editing Parameters and Estimation Options

Setting Parameters

Choose Parameters... from the Match menu to open a dialog box for editing
values of the hydraulic parameters in an aquifer model, setting pararieter bounds,
and enabling/disabling parameters for automatic estimation.

Setting Parameter Values

Choose Parameters... from the Match menu to open a dialog box for editing
values of the hydraulic parameters in an aquifer model. Enter new values in the
Estimate boxes for each parameter.

For example, if you are matching the Theis (1935) solution to your data, use the
Estimate boxes to assign values for the transmissivity (T) and storage coefficient
(S) parameters.
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Automatically Setting Parameter Values

1. Click Automatic... to set parameter estimates to values Lot
determined most recently from automatic curve matching. f
2. Click Visual... to set paraxﬁeter values to their visual curve
matchmg estimates. .
o {
3. Chck Current... to reset the parameters to their current values. {
Assigning Parameter Bounds ‘
Choose Parameters... from the Match menu to assign feasibility constraints for | {

each of the parameters in a solution during automatic curve matching. Enter
constraints in the Minimum and Maximum boxes for each parameter.

For example, if you are estimating transmissivity (T) in the Theis solution, you can o
constrain the range of T betwecn a minimum value of 10 and a maximum value of ' ¢
100. During automatic curve matching, AQTESOLV for Windows wxll constrain

: the estimated value of T to lie between 10 and 100.

Activating/Deactivating Parameters:

Choose Parameters... from the Match menu to activate or deactivate the o [
estimation of certain parameéters during automatic curve matching. The Active?
check boxes indicate the active or inactive status of each parameter.

For example, to eéiimate tmis‘mlssivity (T) and hold storage coefficient (S) constant B
in the Theis solution, deactwate (turn off) csnmanon by removing the check in the I
, Active? field for S. '

Controlling Autbmatic Estimation

Choosc lteratlons.. from the Match menu to edlt paramctcrs which control the
automatic curve matching procedure.

Automatic curve matching changes the values of parameters using an iterative
procedure to match a type curve or straight line as closely as possible to your data.
In each iteration, the automatic curve matching algorithm seeks parameter
adjustments that reduce the residual sum of squares (RSS). When-additional
iterations fail to lower the RSS, AQTESOLV for Wmdows automatically terminates
the iterations.

Convergence Criterla

- If you wish to control the iteration procedure yourself, you can edit the following
three criteria which control the termination of the automatic curve matching
algorithm: s

¢  maximum aumber of iterations

e residual sum of squares tolerance
e  parameter change tolerance

During automatic curve matching, AQTESOLYV for Windows checks each of the {
criteria at the end of each iteration. If the iterations reach the maximum number of

iterations criterion or the RSS reaches the RSS tolerance or the maximum change
in any of the estimated parameters reaches the parameter change tolerance, the
iterations terminate.
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Tips -

Generally, you should maintam the tolerances for RSS and parameter change at.

" small values (e.g., 1x10"°1 OE-IO). however, for certain solutions, changing the

maximum number of iterations may be valuable. For example, if the automatic
curve matching feature is converging slowly, you may wish to increase the

maximum number of—itcratjons.

Setting Match Options

“Choose Options.. from the Match menu to enable/disable the followmg solution

options:
o partial penetmtibn
e multiple wells

if your data set includes Jpartially penetraling wells or more than one pumping well,
This feature allows you to examine. effects of cnablmgldlsablmg partial penetration -

. -or image well data.

Automatic Cuﬁie Matching

Click & .on the toolbar to
invoke automatic curve
matching

Click the Abort buttan to
terminate automatic
estimation at any time.

Choose Automatic... from the Match menu to use automatic curve matching to
estimate the values of hydraulic parameters. This procedure automatically adjusts
the values of hydraulic properties to achieve the best stansucal match between the
solution (i.e., type curve)-and the test data.

The automatic curve matching feature provided by AQTESOLYV for Windows uscs.a
nonlinear least squares estimation procedure to match a type curve or straight-line
solution to your data. The procedure iteratively minimizes the “residuals” or errors
between the computed and the observed drawdown or dlsplacement

Startlng Estimation .

Click the Start button to begin the procedure of automatically matching a soluuon
to your data. During automatic estimation, the dialog box displays a residual sum
of squares (RSS) convergence criterion and the values of the estimated parameters

~which indicates the Brogress. of the automatic curve malchmg

Abortlng Estimation

To halt estimation before any of the termination criteria are met, click the Abort
button. Viewing residual plots and diagnostic statistics requires that you allow the
automatic estimation procedure to terminate normally; if you halt estimation
prematurely, you will not be able to view residual plots or diagnostic statistics.

Tips

In general, automatic curve matching performs more efficiently with good starting
guesses for the hydraulic properties in an aquifer model. One way to ensure good
initial guesses is to perform visual curve matching prior to initiating automatic
estimation. For solutions involving three or more parameters, it a good idea to
perform visual estimation prior to automatic curve matching.

If you wish to perform automatlc curve matching with the Neuman (1974) solution, -
the following procedure is strongly recommended:
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1. Perform visual curve matching with Quick Neuman to determine
" initial estimates of hydraulic properties.

2. Perform automatic curve matching with Quick Neuman to refine the
L 'parameter estimates.

3. In most cases, the parameter estimates determined using Quick
Neuman are sufficiently accurate; however, if desired, you can further
refine the parameter estimates by changing the solution method to
Neuman (1974) and performing automatic estimation.

How Automatic Curve Matching Works

AQTESOLY for Windows performs nonlinear weighted least-squares parameter
estimation (automatic curvé matching) using the Gauss-Newton linearization

. method. To improve the convergence of the method from poor initial guesses for
the unknown parameters, AQTESOLYV for Windows includes the Marquardt
correctmn factor (Muquardt, 1963)

In the Gauss-Newton method of paramctcr csumanon. the pammeter cotrections
necessary to minimize the difference between observed and estimated values of the

response variable can be expressed asa Taylor series expanded about the current
estlmated value as follows: D .

Y= y+ayAb+ (Ab) +

3
AT ‘b (4b)".

3 '3 3b
" where: , _
' y, = ith observed value of response variable

§; = estmate of the ith value of response variable
Ab = parameter correction, b'—b°

'b' = uipdated estimate of the unknown parameter
f)” = current estimate of the unknown parameter

~ The prev:ous equauon can be lmearLcd by u-uncatmg the Taylor series after the
__ first derivative as follows: '

) 4
=§ +-Ab
yl yl ab

Thus, for p unknown parameters, the gcneral linearized equation for computmg
parameter cofrections is written as follows

’.—-yi i y'Ab

k:l

The previous equation is written for each observed value of the &sponsc variable.
- The partial derivatives of the response variable with-respect to the unknown
parameters are known as sensitivity coefficients. The resulting system of linearized
- equations is solved iteratively until convergence is obtained. The objective function
- for this minimization problem is the sum of the squared residuals given by the
following expression:
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RSS =Z(Y. -5

" where n'is the total number of observed values of the response variable. In matrix

form, the Gauss-Newton method ¢omputes parameter correction as follows:
AB=(X"X)"X"AY
where:

AB = px 1 vector of parameter corrections

X = n X p matrix of sensitivity coefficients

X"=pxn transpose of X

XX = p x p variancé - covariance matrix
_ AY nxli vector of resnduals - Ya)

xTo improve the cOndmomng of the variance-covariance matrix, AQTESOLYV for
. Windows adds the Marquardt correction factor to the previous equation:

AB= X'X+X- I)"XTAY

: where.

A 7; = Marquardt correction factor
= identity matrix

"~ The Marquardt correction factor is added when parameter corrections computed by

the Gauss-Newtori method fail to reduce the residual sum of squares (RSS).
Iterations performed with the Marquardt correction factor start with a sufficiently
small value of Alambda; larger values of Alambda are added until the RSS is
reduced. The pammctcr estnmauon algorithm terminates when the RSS is
minimized.

Weighted least-squarés estimation is accrmplished as fol'ows:

AB = (X"WX) ' X"WAY

“where: T e e oo

W=nxn nonsmgular symmetric matrix obtamed from 0'e
@ =nxXn dlagonal matrix of ‘'weights

Thus, in this implementation of the wcnghted least-squares algorithm, a latgér
weight assigned to a measurement results in greater influence by that measurement

_'in the parameter estimation procedure.

Visual Curve Matching

Click X on the toolbar to
initiate visual curve matching

Choose Visual from the Match menu to invoke the visual curve matching feature
provided by AQTESOLY for Windows. By selecting this option, you can
interactively match a type curve or straight line to your data. The Visual option is
only available if you are viewing a displacement vs. time or composite plot in
the active window. ’

AQTESOLY for Windows lets you perform visual estimation of aquifer properties
by using a mouse to move a type curve or straight line on the screen.

AQTESOLY for Windows User's Guide ‘ Estimating Ajuifer Coefficients « 115



Matching Type Curves

I. After choosing the Visual option from the Match menu, click and
hold the left mouse button down within the plot axes.

2. . Move-the mouse to match the type curve to your data. As you'move
the type curve, AQTESOLY for Windows automatically updates the
plot legend to reflect changes in parameter values.

3. Release the left mouse button when you have finished matching the
type curve.

Matching Straight Lines 7

1. Afer c¢hoosing the .V_lsﬁal option from the Match menu, move the
mouse to a point located on the new straight line you wish to match to
your data. Click and hold the léft mouse button down to anchor the
new straight line at this point: )

2. Move the mouse to match a new straight line to your data. As you

move the mouse, AQTESOLY for Windows drags a straight line
" between the anchor point and the position of the mouse,

3. Release the left mouse button when you have finished matching a new
straight line. AQTESOLYV for Windows automatically updates the
plot legend to reflect changes in parameter values.

Sensntmty Analysis

) Choose Perturb... from lhc Match menu to test the sensmwty of the fitted solution

to discrete changes in the values of parameters in the aquifer model.
Performing Sensitivity Analysls
_ 1. Select one or more parameters you wxsh to perturb in the list box.
2. Click a radio button to increase or decrease the selected parameters.

3. Eatera percentage for the penurbauon applied to each selected
parameter.-

4. . Click the OK button to proceed with the-sensitivity analysis.

Optlons for Neuman Type Curve Matchmg

Click & on the toolbar to use
Type A curves

The Match menu and toolbar provide several opuons that are available only when
performmg visual curve matching with the Neuman and Quick Neuman solutions.
See "Automatic Curve Matching” on page 113 for tips on using automatic curve
matching with the Neuman solution.

Type A

Choose Type A from the Match menu to invoke visual curve matching with the

Neuman or Quick Neuman solution using Type A curves. Type A curves allow you -

to estimate values of transmissivity (T) and elastic storage coefficient (S).
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Click B on the toolbar to use
Type B curves

Click B on the toolbar to
decrease beta

Click *B on the toolbar to
increase beta

Procédure

1. For a fixed value of Bbeta, match Type A curves to early time-
displacement data,

2. Click and hold the left mouse button in the plot area to drag the type
curve to a new location. '

3. Choose Increase beta or Decrease beta from the Match menu to
change the value of fibeta used to draw the Type A curves. :

Type B

Choose Type B from the Match menu to invoke visual curve matching with the

- Neuman or Quick Neuman solution using Type B curves. Type B curves allow you

to estirnate values of transmissivity (T) and specific yield (Sy).

Procedure

1. For a fixed value of Bbeta, match Type B curves to late time-
displacement data.

2. Click and hold the left mouse button in the plot area to draé the type -
curve to a new location.

3. Choose Increase beta or Decrease beta from the Match menu to -
change the value of fbeta used to draw the Type B curves.

Decrease Beta

Choose Decrease beta from the Match menu to decrease the value of Bbeta used
for visual curve matching with the Neuman and Quick Neuman solutions..

Increase Beta

Choose Increase beta from the Match menu to increase the value of fbeta used
for visual curve matching with the Neuman and Quick Neuman solutions.
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Obtaining Output

Overview

AQTESOLY for Windows has two options for obtaining output from the program,
First, you can print plots and reports on output devices connected to your computer.
Second, you can export data from the program to files for use by other software.

Prmtlng Plots and Reports

The File menu provides options for obtaining printer output from AQTESOLV for
Windows. The options allow you to print plots and reports, preview the printed
appearance of plots and reports prior to printing, and configure a printer connected
to your computer.

Printing
Click & on the toolbar to Choose Print... from the File menu to open a dialog box for printing the plot or
open the Print dialog box report in the active window. Click the Setup... button to select a specific printer.

Print Preview

Click B on the toolbar for Choose Print Preview from the File menu to preview the appearance of a plot or i
Print Preview report prior to printing. While previewing, click the Print... button to print the
plot or report or click the Close button to end print preview without printing.

Print Setup

Choose Print Setup... from the Flie menu to open a dialog box for chioosing the
specific printer connected to your computer, selecting paper size and orientation,
and setting printer options.

Page Setup

Choose Page Setup... from the File menu to open a dialog box for configuring '
the printing of report headers and footers.
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Margins

Enter values (in inches) for the margins of printed pages of reports and
plots. :

Headers and Footers

Select these options to show headers and footers displayed on thc
printed pages of reports.

Font Rotation

Select this option to display the y-axis plot labels with a rotated font.
This option is disabled if the current default printer connected to
your system does not support font rotation.

Troubleshooting

Y-Ax:s Label Printed Horlzontally
If you encounter difficulties printing the y-axls label of a plot, perform each of the

* following steps in succession to remedy the problem.

1. Check the settings in the Print Setup... menu. Make sure you are
i using the correct driver for your printer.

2. If available, select the option to print graphies in mster mode in the
Print Setup... menu.

3. If available, select the opuon to print True Type fonts as graphics in
the Print Setup... menu. '

4. Override font rotation for the y-axis label in the Page Setup... menu.

Plot Legend Exceeds Page Size

If the legend beneath a plot exceeds the page size, choose PlotLegend... from lhe
Format menu and perform one or more of the following remedies to decrease the
‘size of the legend. - .

1. Click the Font... button to select a smaller font size.

2. In the group of Printer Options, deactivate one or more of the text
blocks displayed in the legend (e.g., title, project info, aquifer data
- or well data). : ,

Plot or Report OQutput Is Compréssed

If the output for a plot or report appears comprcssed on the output device, attempt
the following remedies.

1. If available, select the option to print graphxcs in raster mode in the
Print Setup... menu.

2. If available, select the option to print True Type fonts as graphics in
the Print Setup... menu.

€
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b Exporting Data and Type Curves

To Save Data in a File

Choose Export/Data... from the File menu to export data from AQTESOLYV for
! ' Windows to a file. A dialog box prompts you for the name of a file for the exported
?‘ data,
1

y

To Save Type Curves in a File

: .

§ Choose Export/Type Curve... from the File menu to export type curves from

‘ AQTESOLY for Windows to a file. A dialog box prompts you for the name of a file
for the exported data.

Format of Exported Flles

When you export data or type curves, AQTESOLV for Windows creates a text

. (ASCII) file consisting of two columns with a tab separator. The first column

i : . contains data plotted on the x-axis and the second column contains data plotted on
i ' the y-axis of an AQTESOLYV for Windows plot.

The following table lists the variables exported for each type of plot displayed by

.' AQTESOLYV for Windows.

! ' - | TYPE OF PLOT X Y
Displaccment'vs. Time time displgcement

e ‘ | Comiposite time/radius"2 displacement

rv Residual vs. Time time residual
Residual vs. Simulated displacement residual

Normal Probability , residual standard normal deviate

; Derivative vs, Time - timc derivative

! . Diséharge vs. Time time discharge rate
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~ Glossary of Terms 1

Aquiclude

A saturated geologic unit that is incapable of transmitting significant quantities of
water under ordinary hydraulic gradients.

Aquifer

A saturated permeable geologic unit that can transmit significant quantities of water
under ordinary hydraulic gradients.

Aquitard

A saturated geologic unit that transmits water in quantities insufficient for
economic use.

Casing Radius

Radius of unperforated portion of well casing.

‘Client Name

A uscr-suppliedvcharacter string (up to 30 characters) storing the name of the client
which sponsored the aquifer test. Used for reports and plots. -

Coefflcient of Permeability

See Hydraulic Conductivity.

Company Name

A user-supplied character string (up to 30 characters) storing the name of the
company which conducted the aquifer test. Used for reports and plots.

Confined Aquifer

An aquifer with upper and lower boundaries consisting of aquicludes.
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Date of Test - Y

A user-supplied character string (up to 30 characters) storing the date of an aquifer
test. Used for reports and plots.

Displacement

Change in water level relative to static condition.

'Double-Porosity Fractured Aquifer

An aquifer represented by a double porosity system consisting of low-permeabitity,
primary porosity blocks and high-permeability, secondary porosity fissures.

PR,

PR

Fracture Skin

A thir, low-permeability material coating the surface of fractures (e.g., mineral
deposit) that restricts flow of water.

——t

Fractured Aquifer
See Double-Porosity Fracthred Agquifer ‘

———

" Hydraulic Conductivity

The volume of water moving through a unit area of aqui fer perpendicular to the ™
direction of flow in unit time under a unit hydraulic gradient. i ‘wJ 1
Leaky Aquifer ¢
An aquifer with upper and lower boundaries of one aquitard and one aquiclude or l

two aquitards.

.. Location of Test

A user-supplied character string (up to 30 characters) storing the location of the
aquifer test. Used for reports and plots.

Measurement Weight

Use weights to assign the relative weight of each measurement for use during
automatic curve matching. In typical cases, assign weights of 1.0 or 0.0 to include
or exclude measurements during automatic curve matching.

Observation Well Na_rhe

A user-supplied character string (up to 30 characters) storing the name of the !
observation well used in the aquifer test. Used for reports and plots, ) !
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Permeability

See Hydraulic Conductivity.

Piezometer

An open-ended pipe installed in an aquifer to measure hydraulic head at a specific
depth, '

Porosity

The ratio of void volume to total volume in an unconsolidated material.

Project Number .

A user-supplied character string (up to 30 characters) storing the company's
number or 1D of the aquifer test project. Used for reports and plots.

Residual

The difference between simulated and observed displacement.

Residual Displacement

Water-level displacement measured from static condition in an observation well
after pumping has stopped during the recovery phase of a pumping test.

Saturated Thickness

Vertical distance measured from the top of an aquifer (confining layer or water
table) to the base of the aquifer.

Semiconfined Aquifer
See Leaky Aquifer.

Specific Storage .

The volume of water released from storage by a unit volume of confined aquifer per
unit decline in hydraulic head. :

Specific Yield

The volume of water released from storage per unit surface area of an unconfined
aquifer per unit decline of the water table.

Storage Coefficient

See Storativity.
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by Joseph F. Keely® and Chin Fu Tsang®

ABSTRACT

Nonpumping monitoring wells are commonly
installed and sampled to delineate the extent of a con-
taminant plume and its chemical character. Samples from
municipal and private pumping wells are frequently -
collected during ground-water contamination investigations
as well, Pumping wells are also employed for remedial
actions.

TP

! To properly interpret sampling data from monitoring

| E and pumping wells and to estimate their potential effective-
ness in remedial actions, it is important to clearly define

v . thegecometry of that portion of the aquifer contributing

" water to the well (the capture zone). Velocity distribution
plots by manual and computerized methods are illustrated
and shown to be simple and of reasonable accuracy.

INTRODUCTION
Oftentimes in the course of ground-water
investigations, water-supply wells are sampled to
* obtain first-order approximations of the quality of
water being delivered to consumers. The most
-~ common response to showings of unacceptable
- levels of contaminants is the installation of low-
i cost, small-diameter nonpumping monitoring wells
-, for the express purpose of estimation of the

nMr.hm.\gh this article was produced in part or wholly
by an employce of the United States Environmental
Prp_tcctidn Agency, it has notv been subject to Agency
Grreview and therefore does not necessarily reflect che views
f he Agencyino official endorsement should be inferred.
Ground Water Research Branch, R. §. Kerr Environ-
1tal Research Laboratory, U.S. Environmental Protec-
Jon Agency. P.O, Box 1198, Adz, Oklahoma 74820.
g; Senior Staff Scientist, Earth Sciences Division,
sawrence Berkeley Laboratory, University of California,
galkeley, California 94700. '
.Recdvcd June 1983, accepted July 1983,
“Discussion open until May 1, 1984.

. ‘21. NO. £enCCDAYININY Mrammn o>

~

Velocity Plots and Capture Zones of Pumping
~ Centers for Ground-Water Investigations®

magnitude and extent of the problem. The differ-
ences in construction, operation, and sampling of
supply (pumping) wells as opposed to monitoring
(nonpumping) wells may result in combined data
sets which are confusing to the investigator. The
primary exception, of course, is the case where the
contaminant of concern has spread ubiquitously
throughout the aquifer—a rare occurrence indeed.
Since very limited areal and vertical extent of
contaminant plumes is-the norm, combining data
from wells of different construction and operation
to produce contours of contaminant concentra-
tions for source location or remedial action could
potentially result in poor decisions, wasted funds,
and so on. Unfortunately, such a predicament is all
too often encountered. Several recent articles
address these points in greater detail (Gibb and
others, 1981; Keely, 1982; Keely and Wolf, 1983;
Keith and others, 1983; Nacht, 1983; Schuller and
others, 1981; and Schmidt, 1977 and 1982). In the
present paper, it shall be assumed that data have ”
been appropriately corrected to account for the
different sources of data variability. Based on this,
several easily mastered methods for rapid estima-
tion of the impact of pumping centers on nearby
contaminant plumes are described and illustrated
by examples.

MANUAL PLOTS OF VELOCITY
DISTRIBUTIONS
The velocity of flow through an aquifer can -
be simplistically represented by rearranging and
slightly modifying Darcy's law, which is:

Q=KIA,

where

Q is the volumetric flow rate in gallons per
day (cubic meters/day),



-————— ——

K is the hydraulic conductivity in gallons per
day per square foot (meters/day),

I is the hydraulic gradient (dimensionless),

A. is the cross-sectional area through which
flow occurs in square feet (square meters).

By rearrangement alone, “Darcy velocity” (Vp.)
expressions are obtained:

_Q—_K =
I=Vp

But, since the flow actually occurs only through
the pores, rather than through the entire cross-
sectional area (A), a slight medification is needed.
Division of the Darcy velocity by the effective

_ porosity (¢¢) yiclds the true pore velocity (v).

Generally one finds the left-hand term of the
preceding relationship to be most useful for com-
puting the velocity towards a pumping well because
Q is usually known for the well, and A is readily
estimated. Assuming uniformly radial flow towards
the well is possible, the cross-sectional area (A)
through which flow must pass to reach the well is
cqual to the area of the curved face of an imaginary
cylinder of radius r. That radius is chosen by the
investigator as the distance from the well where the
velocity effect is of interest to him or her, and is
éntirely arbitrary. The area of the curved face of
the imaginary cylinder at that radial distance is
given by A = 2arh where h is the height of the
imaginary cylinder (the effective saturated thickness
of the aquifer zone yielding water to the well).
Naturally this implies that there is a distnbution of
velocities surrounding the pumping well, which
increases in magnitude as one gets closer and closer
to the well. By substitution of A = 2arh into the
velocity equation Q + A¢e = v, one arrives at the
operative formula needed:

Q/zﬂl'h¢c = Vpumping

The right-hand term of the pore velocity form
of Darcy's law is generally employed for estimation
of the natural flow velocity, KI + ¢¢ = vparral. This
is because the average hydraulic conductivity (K)
and hydraulic gradient (I) are usually known or
fairly well estimated for an aquifer, whereas the
average bulk flow (Q) and cross-sectional area (A)
of the aquifer are not usually known or estimated
accurately. One must estimate the effective
porosity (¢.) regardless of the approach adopted.
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These simple formulae for Vpumping and
Vnatural af€ quite often all that can be justifiably 3
employed because detailed information on g
variations in hydraulic conductivity, flow,
hydraulic gradient, and so forth are unavailable to j

the investigator—at least in the initial stages of a
contaminant investigation.

Manual plots of the velocity distribution
surrounding a pumping well, in the presence of a
real natural flow rate and direction, can be readily
constructed with the equations just described. The
data in Table 1 result from such an approach; also
incorporated in Table 1 is a column Hlsting the.
theoretical drawdown, calculated by use of a-hand- :
held programmable calculator version of the Theis
equation (Warner and Yow, 1979). The important
features of the data in Table 1 are that yelocities
from natural flow and pumpage are added together

to vicld net velocities at distances upgradient of -
the well, whereas their differences must be

shaatned to yleld i€t velocities dozn{Erﬁfxcnt of

‘the well. This 1s quite sensible since the natural
flow system is moving waters toward the well on

- the upgradient side of the well, but is trying to

move waters away from the well on its down-
gradient side. Figure 1 is a graphical presentation
of the data in Table 1, to facilitate conceptual
appreciation of this discussion.

As can be seen in Figure 1 and Table 1, at
some distance downgradient the pull of waters
back toward the well by pumping is exacty
countered by the flow away from the well due to
the natural flow velocity. Todd (1980) refers to -
this as the “stagnation point”; the American
Petroleum Institute (1972) refers to it asa
“velocity divide.” Note that the stagnation point/
velocity divide occurs well within the cone of
depression caused by pumping. This may seem
counterintuitive initially, but calculation of net
water surface élevations (by subtraction of draw-
down values from prepumping elevations) will
confirm that the situation depicted is quite real.
This relationship is such that the greater the pump-
ing stress, the farther downgradient the velocity .
divide occurs (for a given natural flow velocity).
Conversely, the greater the natural flow velocity,
the closer the divide comes to the pumping well
(for a given pumping stress).

It is much more efficient to solve directly for
the distance to the stagnation point than it is to
construct plots like Figure 1. One abides by the
definition of the stagnation point and sets the
expression for Vpumping €qual to the value of

Vnatural:



Table 1, Drawdowns and Velocities Toward a Well Constantly Discharging
500 Gallons Per Minute {114 m*/hr) for 1000 Mirutes

{
v . Observation Theoretical Velocity due Net velocity Net velocity
radius  drawdown to pumping upgradient downgradient
o (ft) (fe/day) (ft/day) (ft/day)
25 1.19 20.44 23.33 12.55
50 1.04 10.22 13.11 7.33
75 0.94 . 6.81 9.70 3.92
100 , 0.88 5.11 8.00 2.22
125 0.83 4.09 6.98 1.20
150 0.78 ‘ 3.14 ‘ 6.03 0.25 -
{ 175 075 2.92 5.81 Q.03
200 . 0.72 2.55 5.44 —0.34
225 0.69 2.27 5.16 —0.62
250 0.67 2.04 4.93 —0.85
275 0.65 1.86 4.75 . -1.03
300 0.62 1.70 4.59 -1.19 -
325 0.61 1.57 4.46 -1.32
! 350 0.59 1.46 4.35 . -143
' 375 © 057 136 4.25 -1.53
{ 400 0.56 1.28 4.17 -1.61°
C B 425 0.55 1.20 4.09 -1.69
. 450 0.53 1.14 4.03 -1.75
. 475 0.52 1.08 3.97 : -1.81
500 0.51 1.02 . 3.91 ~1.87
i : : 13 H :
'; i 750 0.42 0.68 3.57 -2.21
i\-ﬂ 1000 0.35 0.51 . 3.40 —2.38

Notes: T is transmissivity (= § X 10° gallons/day/ft), S is the storage coefficient (= 0.005), h is. the saturatcd aquifer thickness

* (=100 ft), ¢, is the effcctive porosity (= 0.30), and I is the natural gradient (= 0.0013, or 13 £1/10,000 ft; & waterdevel
elevation change of roughly 7 ft/milc). Positive w:locnty values indicate flow toward the well. Negative velocities indicate flow
away from thewell. Also note: m = ft X 0.31, m® = gallons X 0.21, and km = miles X 1.62.

i Vpumping = Vnatural (deﬁnition of stagnation) of the well. Only for the extremely rare case of
VR Tt PR zero natural flow velocity are the areal boundaries
; Q “Zwihige = Vnaweal (substitution) of the capture zonie and the cone of depression
l " and then one rearranges this to solve directly forr: everywhere identical.

I 1 j\:‘ r=Q / 2nhdeVnatural. ; X .

"% Using the data from Table 1 (for the graphxcal

Ii ' ‘F&-comparison, see Figure 1), (I T

r=9.63 X 10* ft*/day + *\'\&:
! 3+ ]
l \““‘“‘\\‘

:sm«z atter )

4 1000 minutes pumplng
wdd
of 8-
. s‘
4 44 1

Arbitrary elevation, 1.
e
E .

Flow velecity {11,702y}

ence, contaminated waters lying just beyond w
Imes the stagnation distance {v X 176.5 ft =
Stﬁ ft (169 'm) for the preceding example] to -

- er side of the well are not drawn into the well, . 2| ]
o » this occurs despite thé fact that sxgmfi 60 RG—I0 BB 0o 0 ¥60 %0 500
Wdowns are felt there [0.5 ft (15 cm) in Distance upgrodient, . Distance downgradient, ft.
1]. These boundaries define the areal limits Fig. 1. Drawdown and velocity distribution plot for data

at will be referred to as the “capture zone” presented in Table 1. -
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Fig. 2. Two wells accelerating a plume without capturing it.

“The importance of performing these calcula-

_tions can hardly be overemphasized for ground-

water contamination investigations. Using such
calculations it is no great task ta-shiow thiat a line
of well§designed to $top the advance of 2
contamiinant plume due to 2 fairly large natural
flow velocity may fail miserably, despite the fact
that their adgaccnt cones of depression overlap (an
almost sacréd benchmark for field practntloncrs)
Figure 2 illustrates such a situation, using sclected
data from Table 1.

It is also important to note that this is not an
carth-shattering discovery. Virtually all contami-
nant transport codes are based on the calculation
of a velocity field, so that usc of such codes need
not be viewed with suspicion from that standpoint.
However, it is the authors’ contention that because
the vast majority of ground-water contamination
investigations are initiated, performed, and.
concluded without the use of numerical transport
models and qualitative decision benchmarks such
as “overlapping cones of depression'’ are heavily
employed, it is imperative that velocity plots now
be emphasized.

RADIAL FLOW TIME-SERIES MODEL (RT)
Major impediments to the widespread usc of

sophisticated contaminant transport models
include their general reliance on advanced mathe-
matics, the need for large computing systems and
programm'mg skills, and the tedious selection and
construction of appropriate grids. In order to -
circumvent the most undesirable of these charac-
teristics, two nondispersive transport codes are
presented here which rely on the simple velocity
expression discussed in the preceding section. The

! examples employed here to illustrate these codes

were produced with very short FORTRAN
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programs, which are currently available from the
authors. The full program descriptions, expanded *
theory, and users guides will be released shordy as
part of a report by Lawrence Berkeley Laboratory
(Javandel and others, 1983a). Also of great interest.
to field personnel may be the planned subsequent }
release of handheld programmable calculator and .
microcomputer versions of these same codes

‘<

(Javandel and others, 1983b).

The radial flow time-series model, RT, is
particularly useful for estimation of impacts to a
pumping well from nearby contaminant sources.
Since this code ignores regional flow, it is not as
detailed as might be required for many complete
analyses, but its SImpliCity and brevity makes it
attractive for rapid estimation purposcs (RESSQ, .
the other code to be described below, incorporates
regional flow). One may use RT with confidence
for such situations as the combination of a large

[N K R B

umping well and a low regional (natural) flow
elocity. Caution must be exercised when using RT

m problems where low pumping stresses are
combined with fairly rapid natural flows because
substantial errors may result. RT is capable of
providing several useful plots: (1) time-concentra-
tion data, (2) radial distance-concentration data,
(3) specified point (x, y)-concentration data, and
(4)-selected concentration contours.

The primary situation examined here by RT is
one where a pumping well is surrounded by several’
observation wells, some of which are being im-
pacted by a spreading contaminant plume. Of great
interest are the changes in levels of contaminants at
the observation wells and the pumping well as
pumping progrésses; these concentration-time
patterns will yield substantial clues as to the $padial
distribution of the contaminants. This technique of
correlating time-series data to spatial distributions
has been developed from the techniques described .
by Keely (1982).

Because of the radial flow situation addressed
by RT, it is useful to slightly modify the expres-
sion for vpymping given catlier. In radial coordi-
nates, it is;

Vpumping = Vradial + Vthera = Vr 1+ Vg,

where v and vg are the radial and angular com-
ponents of velocity in the radial coordinate system

" (r, 6), analogous to the x and y velocity com-

ponents of the Cartesian system (x, y). Substitu-
tion of the expression for Vpumping then gives:

\'/ ing = =Vr+ vV
pumping 2rrhee r [}
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For a pumping well at the origin (0, 0) of the plot
to be constructed, vg = 0 by symmetry, so
Vpumping = Vr- Hence, the expression for v, at some-
radiafdxstance (r) from the pumping well in
radial coordinates is the same as Vpymping calcu-
lated previously by considering the distance to the
edge of an imaginary cylinder around the well:

Q
2nrhe.

Recognizing that the velocity on some radial
(vr) is the result of the change in distance being
" divided by the change in time (dr/dt), a substitu-
tion can be made

dr Q

l.=--------=.

dt 2"rh¢c

which will lead directly to the equations most

. useful for estimating the position of the contami-
nant front. Solution of the differential expression
dr/dt = Q + 2arh¢e requires only the most straight-
forward rules of integration: (1) that constants in
the equation are unaffected, (2) that open integrals
imply simple subtraction of the maximum and
minimum values (in this case, the time of interest
minus some arbitrary starting time of pumping, or
‘t—- t,), and (3) that a variable (here, radfal distatice)
is raised to the next power and divided by a value
equal to that power (e.g., r becomes r* + 2). Hence,
integration of the radial velocity expression gives:

f/2-13/2 _ Q
(t-t,)  2mhge

" This can be readily rearranged to solve for the
distance traveled during a specific time (= t - to),

Q(t - to) ]_H
"h¢c ’

Likewise, it can be rearranged to solve for the time
_required to travel a specific distance (= r~+,),

r= (3 +

t=t,+ (fz_ r%) ahe,

?These two equations form the basis for calculations
erformed by RT. o
For example, if an observation well is located

series of contaminant concentration megsurements
that well taken at t, ty, ty, . .., tg, will yield the

rresponding locations of 13, 15, . . ., T4y for

se concentrations at any given time. Hence,

uming that the concentration distribution of a

solute in an aquifer is not uniform, the time-

t 2 distance r, from the pumping well, thena time

series data from a given well can be mapped out
into the aquifer to produce a “snapshot” of the
spatial contaminant concentration distribution,
along the radius between the observation well and
the production well at various times. By using
observation wells in several directions from the
pumping well, an areal picture of the contaminant
concentration in the aquifer at various times can be
determined.

To illustrate this situation, RT was used to
create the sequence of plots shown in Figure 3,
which run from prepumping to a little more than
one day's pumping. Each of the scatter points is
brought closer to the origin (0, 0) by the pumping
well located there. Alternatively, RT can be used
to generate contours of relative concentration, .
such as shown in Figure 4. ;

Perhaps the most powerful outputs generated
by RT, however, are the individual relative concen-
tration-time plots for any of the six monitoring/
observation wells or the pumping well (Figure 5).
It should come s no surprise that these patterns of
contaminant arrival look like the breakthrough
curves generated during tracer experiments; the
fundamental laws and the field design are the same.
The noticeable difference is that the low level
leading edge is absent from the early time portions
of the plots because dispersive effects are not
accounted for by RT.

An invaluable variation on this presentation
of relative concentration-time plots is also output
by RT (Figure 6). Relative concentrations are
plotted versus distance for a select number of times
of interest, generating a family of curves. Thus one
can examine the relative concentration along a
selected radial and readily observe the manner in
which this relationship changes with time. In the
example shown in Figure 6, it can be seen that the
farther from the pumping well, the less the
disturbance of the contaminant plume. As on¢ gets
closer to the pumping well, the greater the distur-
bance, so that the overall relative concentrations
are lowered rapidly and the length of the plume
expands considerably. This kind of graphical
presentation underscores the need to plot velocity
distributions to estimate the impact of pumping
centers on plume movement, Plume travel times
based solely on a single average velocity will be
much greater than they ought to be, giving
planners a falsc sense of security or lack of
urgency. . )

Because of retardation/attenuation or
degradation of some coptaminants by physical,
chemical, or biological interactions, the velocity at
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- of these effects can rarely be assessed in detail, use’ k-

~ well (radial flow assumption). It is useful to create

'Here, the right triangle has its short sides-parallel to

which a contaminant sp?:cies is transported through 3§
the subsurface may be substantially less than the 3B
average pore-watet velocity. Since the magnitude

of an empirical weighting factor is often justified.
A simplified retardation factor (R) can be
incorporated into velocity calculations of the water ¥
front movement (v,) to nge the velocity of the
contaminant (v.):

ve =V /R

where one notes that R is equal to the ratio of the
average pore-water velocity to the contaminant
velocity (R = v, /v¢). Use of a large retardation
factor (R > 1) then implies considerable attenua-
tion of the contaminant relative to the water front.
Figure 7 is a replotting of thc example in Figure 6,
butwithR = 1.5, .

RESSQ MODEL

While the brevity and simplicity of RT make
it a useful tool for rapid assessment of simplified
situations, it does lack the ability to deal with the
effect on contaminant levels at pumping and
observation wells which is due to the regional/
natural flow velocity. As was shown in the carlier
section of this paper which described manual
plotting techniques for velocity distributions, the
effect of a moderate natural flow velocity can be
quite important.

. RESSQ is an expanded version of RT, capable
of incorporating the natural flow velocity and also
capable of simulating more complex situations
where several pumping wells and contaminant
sources need to be evaluated simultaneously. As
such, it has been constructed so-that all inputs and:
outputs are geared to a Cartesian (X, y) coordinate
system (see Figure 8). The expression for velocity
due to a pumping well was given previously as

Q
2nrhee

where r was the distance from the origin (0, 0) to
the edge of an imaginary cylinder surrounding the

Vr =

a more generalized expression in terms of actual

x- and y-coordinates. The easiest approach is to

use the origin (0, 0) as a reference point and employ
the Pythagorean theorem of geometry for right
triangles,

rr=x*+y?.

the x- and y-axes, and its hypotenuse (of length r)



=&

defining the line connecting the origin (0, 0) to the
point of interest (x, y). For a pumping well located
at (Xo, ¥,), the pumping velacity at the pomt of
interest (x, y) has x- and y-components given by:

Q X=X,
2ah¢e (X"Xo)z""(}""}’o)z'

Vy =
and

Q Y-Y
Y T Sahge (x-x0)l + (y - Yo'

The x and y components of the natural flow
velocity vq, which has a direction at an angle a from
the x-axis, are: vy = v, cos a, and vy = Vo sin a, If
one considers a waste-water injection well (with
Q = 50 m¥%hr or 220 gpm) located at point A in

'Figure 9 which is suspected of potentially contam-
inating a water-supply well (also with Q = 50 m¥hr

or 220 gpm) located 848.5 m (2784 ft) away at
point B, the prime questions to be answered are:

1. What do the flow patterns of the system
look like?

2. Where will the injected waste-water front
be after certain time periods (e.g., 0.5, 2, and 4
years)?

3. How long does it take for the injected

waste water to reach the water-supply well?

4. How does the contaminant concentration
vary at the water-supply well?

Based on local gcology, it has been estimated that
the effective porosity ((b.-,) of the aquifer is 25
percent.

_ As a first cut, analogous to the simple
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ig. 8, Carteglan system showing x- and y-components of
Pumping flow velocity and showing reglonal flow velocity
with angle «« to x-axis.
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Fig. 9, Plan view and cross section for RESSQ ‘model
examples {discussed in text).

approach in RT, the regional/natural flow velocity
will be neglected. Using RESSQ, Tables 2 and 3 are
generated. Table 2 lists the arrival times at the
pumping well of the injected waste waters flowing
along streamlines between the two wells, depicted
graphically by RESSQ in Figure 10. Note that nine
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Fig. 10. Streamllnes for RESSQ model exﬂmple without
regiona! fiow considered.
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Table 2. Streamlines Departing from Injection Well at Point A

not reached the water-supply well during the
specified period of study which was arbitrarily
chosen to be 200 years. The angle () at which
each streamline leaves the injection well (relative
to the x-axis) is also shown in Table 2. Note that
streamlines 40 and 41 ledve the injection well at
angles of 312 and 320 degrees, respectively, and
are the first to arrive at the water-supply well—
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Number of Well Time of Minimum
the line reached arrival step in cm
1st Prod. one 5.6 yrs 42.4264E+01
2nd ‘ Prod. one 6.2 yrs 42.4264E+01
3rd Prod. one 70yrs 424264E+01
~4th Prod. one 8.1 yrs 42.4264E+01
5th Prod. one 9.5 yrs 84.8528E+01
6th Prod. one 11.6 yrs 42.4264E+01
. 7th Prod. onc 14.4 yrs 42.4264E401
8th Prod. one 18.5 yrs 42.4264E+01
9th Prod. one 24.6 yrs " 42.4264E4+01
10th Prod. onc 343 yrs 42.4264E+01
11th Prod. one 50.4 yrs X 42.4264E+01
12th Prod. one 79.3 yrs 42.4264E+01
13th Prod. one 1370 yrs 42.4264E+01
14th ++++nonc+ 200.1 yrs 84.8528E+01
15ch ++++none+ 200.8 yrs 84.8528E+01
16th ++++nonc+ 201.3 yrs 84.8528E+01
. 17th ++++nonec+ 200.8 yrs 84.8528E+01
18th ' +++tnone+ 201.7 yrs 84.8528E+01
19th ++tnone+ 201.5 yrs 84.8528E+01
20th ++++none+ 2014 yrs 84.8528E+01
21st +++none+ 200.1 yrs 84.8528E+01
22nd +H-+nonc+ 200.0 yrs 84.8528E+01
23rd Prod. one 118.3 yrs 42.4264E+01
24th Prod. one 70.3 yrs 42.4264E+01
25th, Prod. one 45,5 yrs 42.4264E+01
26th Prod. one 314 yrs 42.4264E+01
27th " Prod. one 22.8 yrs ‘42.4264E+01
28th Prod. one 17.3 yrs 42.4264E+01
29th ' Prod. one 13.6 yrs . 42.4264E+01
30th Prod. one 110yrs 42.4264E+01
31st Prod. one 9.1 yrs 42.4264E+01
SZpd Prod. one 78 yrs 42.4264E+01
33rd Prod. one 6.8 yrs 42.4264E+01
34¢h Prod. onc 6.0yrs - 84.8528E+01
35th Prod. one 5.4 yrs 42.4264E+01
36th ' Prod. one 5.0 yrs 42.4264E+01
37th . Prod. one 47yrs .. ._..848528E+01 .. . -
38th ' Prod. one 4.5 yrs 84.8528E+01
39th Prod. one 4.4 yrs 84.8528E+01
40th. Prod. one 4.3 yrs 42.4264E+01
41st Prod. one 4.3 yrs 42.4264E+01
42nd Prod. one 4.4 yrs 84.8528E401
43rd Prod. one 4.5 yrs 42.4264E+01
44th Prod. one 4.8 yrs 42.4264E+01
45th Prod. one 5.1yrs 42.4264E+01
of the-streamlines carrying the contaminants have which agrees with one’s intuitive expectations. The -

time of arrival of these two streamlines is 4.3 years;
the water-supply well is affected rather quickly in
terms of a2 normal operational lifetime for the
injection well (10-20 years).

Table 3 presents the time variation of concen-
tration at the water-supply well. Note that the
total number of streamlines emanating from the
injection well was again set at 45. Each of these







On Capture Width and Capture Zone Gaps
> in Multiple-Well Systems

I

by John B. Erdmann®

bstract

A barrier well line’s capture width along its alignment Is shown to depend only on total system flow rate Q. and aquifer back-
ound flow rate per unit width Q, (prepumping gradient times transmissivity) under idealized horizontal ﬂOW‘ Irrespective of
smber of wells, the capture width Is Qy 12Q,, as for a hypothetical single well with flow rate Q.. This resuit applies even to bar-
er lines with irregular well spacings and flow rates—and, In fact, to the capture width through the center of any pumping con-
puration that Is symmetrical respecting a line perpendicular to uniform background flow. A flow-perpendicular line of regulariy
waced, equal wells (“regular bacrier line”) has the same capture width along its alignment as an identical well line parallel to back-
vund flow has through its center. In the general symmetrical case, the center capture width remains Q;./2Q, whether transverse
ol spacings are large (allowing contaminated ground water to escape through capture zone gaps), critical (with incipient
+ps), or safely small. For design reference, trjtical spacings deriyed for lar barrier lines of N wells with N through 100 and
~3e0 vary from Q/nQ, (N = 2, previously known) to (N—), where “each well’s flow rate. Inclplent gaps at critical spac-
g occur always between the two center wells, or the center well and two adjacent welis. Spacings substantially smaller than crit-
al are recommended for contaminant capture. Designs are illustrated that preclude capture zone gaps.

it “uction — Y
‘Wen @ pumping well system is used to capture contaminated

. -fwater, the system’s capture zone—-aquifer region ultimately
twaisuting water to its wells—must span the contamiinant plume
«dth without gaps. Although broadly applicable techniques now
ist foc delineating multiple-well capture zones, including their evo-
don over time (Steack et al. 1994; Bakker and Strack 1996), the
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‘The analytical solution for a single well’s steady-state capture
oe in uniform flow has long been known (e.g., Jacob 1950,

srature offers remarkably little general guidance on multiple-well 2 E
stem design for contaminant capture. Moreover, some recom- !
snded designs are unnecessarily sisky in light of the findings pre- {
ated herein, 2 E
A

]

Figure 1. Capture zone boundary (solid), and curves on which 9¢/0x

ges 344-345: De Wiest 1965, pages 252-255; Keely and Tsang
83) and is frequently invoked in single-well system design.
xording to this solution, if the well's flow rate is Q (L T*!] and
¢ uniform flow rate per unit aquifer width (prepumping hydraulic
wient times transmissivity) is Q, (L* T-'], thea.the’ well’ s capture’
ne has width b'=s Q/Q,, infinitely far upgradient,’ Width ¢ = QrQ,®

the well. ‘and extent downgradient from the well d = Q/2rQ;,

iguré 1). With the well at the xy-plane origin and uniform flow

the positive x-direction, the equation for the complete capture zone

andary is x = y cot (y/d).
Grolind jvates Jevelsfromatmnsect.ofavelisace

o i uatter how closely spacéd, Eannot in general dis-

guich the boundary.” Because of this observational difficulty,

b
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= 0 {dotted) and d{Vdr = 0 (dashed), for well at origin with uniform fiow
In positive x-direction.

capture zone calculations based on ground water flow models are
essential. To illustrate the difficulty, the well-in-uniform-flow ana-
Iytical solution is posed here in terms of the discharge potential &
defined by Strack (1989, page 49) as follows:

{ kH¢ - £ kH?, if confined (lay
D=

- 1 k¢ , if unconfined (Ib

where k [L T-!] is hydraulic conductivity. H is conﬁncd-ﬁquifer
thickness. and ¢ [L] is hydraulic head referenced to the aquifer base.

~ Then with the discharge vector (Q,. Q,) {L? T'] defined as the prod-

uct of the saturated thickness and (hc specific discharge vector., and
treating k and (as applicable) H as constants, it follows that Q, =

- 3®/Ax and Q, = - 3®/Jy whether the flow is confined or uncon-
fined. If the dlschnrgc vector's radial and tangcnual components are




Q, and Q. the relations Q, = — d®/dr and Qg = - dd/(r d6), where
rand 9 are the usual polar coordinates. are also valid. Arbitrary addi-
tive constants in the definition of @ are chosen to guarantee con-
“inuity even at transitions between confined (¢ 2 H) and unconfined

w < H) flow, For a well in uniform flow as in Figure 1, ® is
kStrack 1989, page 218)

o= —Qu+ L LA o
S ¢ T, ¢ (2a)

or in polar coordinates

b= '—Q(,rcose+%Inria+€bo (zb)

where @, is the value of ® at sidegradient points (0, r)) and
(0, -r,). Equation 2a implies Q, = Q, - xQ/[2r(x? + y)] =
Q, [1 - xdXx* +y*)) where d = Q/2nQ, as before. The locus of points
where Q, = 0, and hence also d¢/0x = 0, is the circle (x - d/2)? +
v3=(d/2)? excluding the well location (Figure 1). Also, ¢v9x is pos-
itive (Q, < 0) inside the circle and negative outside it. Along any line

: decreases. But at the same time, Equation 2b implies Q, = Q_ cos 0
j  =QRrr=Q,(x~d )ir, hence Q, vanishes (and so also d¢/dr=0) on

the line x = d; and 0¢/dr is positive upgradient and negative down-

gradient from the line. Along any line segment on a radius from the
i well and upgradient from the line x = d, such as 2-2' in Figure 1, from
! ide to outside the capture zone, ¢ strictly increases, Therefore,
; ’mter levels from monitoring wells along 1-1° and 2-2' cannot dis-
' guish the capture zone boundary and even exhibit opposite trends
from inside to outside the capture zone.

In the antecedent literature, generalizations concerning multi-
ple-well capture zones focus on lines of regularly spaced, equal wells
aligned perpendicular to background flow (“regular barrier lines™).
Keely (1984) observes that a regular barrier line of N wells with flow

———

-

Nor—

——

thetical single well with flow rate NQ, the system’s total flow rate.
Generally in multiple-well systems, if transverse well spacings

—

are oo large; the syst¢m’s capture zone has gaps between wells ~

A——— it

through which contaminated ground water may escape. Whenever
the ¢apture zone has no gaps but any small increase in transverse
spacing would cause gaps, the spacing is termed “critical,” In ana-
lyzing critical spacings for régular barrier lines with N = 2, 3, and
4. Javandel and Tsang (1986) conclude that the capture width ¢ along
the well alignment also is the same as for a single well with the sys-
tem’s total flow rate, ¢ = NQ/2Q,,, when the spacing is critical. These
authors recommend the critical spacing as “optimum™ for regular
barrier lines—a recommendation, however. that is shown herein to
be ill-founded. _ » _

! The assumptions forming the basis for the present analysis, the
l analyses of Keely (1984) and of Javandel and Tsang (1986), and
the single-well solution noted previously are the following: (1) flow

PR —

[N

I * horizontal and steady: (2) the aquifer is homogeneous, isotropic,

wgnid infinite in horizontal extent; and (3) uniform background
-1 W represents far-field recharge, local recharge being neglected.

vhe horizontal flow idealization rests on the Dupuit-Forchheimer

] assumption: resistance to flow in the vertical direction is regarded
as negligible (Strack 1989. page 36). Transverse dispersion is

l 498 1B Brbeinan CIDOANND WATED 20 o~ (. 107 £ns

. segment parallel to the x-axis and outside-the circle, such as - -
1-1” in Figure 1, from inside to outside the capture zone, ¢ strictly

rate Q per well has ultimate capture width b = NQ/Q,, as for a hypo- -

neglected insofar as contaminant capture is identified with hydraulic
capture. Although models based on less restrictive assumptions are
available, simple analytical models are often useful as a means of
preliminary analysis or as an approximate check on other models,
In discussing the use of hydrogeologic models in performance
assessment, Konikow and Ewing (1999) remark that “{clomplex
[performance assessment] models should be complemented by
more transparent simplified analyses.” In situations where bound-
ary conditions are uncomplicated, simple analytical models also
remain widely uséful for remedial design. -

The present analysis demonstrates that the capture width result
of Javandel and Tsang (1986) actually generalizes to all gradient-
wise-symmetric systems—i.c., systems in which well Jocations
and flow rates are symmetrical respecting a line perpendicular to
background flow. Gradientwise-symmetric systems consist of
“symmetric elements,” each element being either 2 well on the sym-
metry. line, or a pair of equal wells located symmetrically up- and .
downgradient from the line. Barrier lines (i.c., lines of wells per-
pendicular to background flow) are composed strictly of the first

- kind of element: The well alignment itself is the flow-perpendicu-

lar symmetry line. Any barrier line, even-with irmegular well spac-
ings and flow rates, is gradientwise-syriimetric. Some examples of
other gradientwise-symmetric systems are lines of regularly spaced,
equal wells that are parallel to the background flow, and equal
wells placed at the vertices of regular polygaons, appropriately ori-

"ented. The generalized capture width ¢ for a gradientwise-symmetric
- well system is measured on the symmetry line and termed the

“center” capture width.
The center capture width result derived herein has counter-intu-
itive implications, as discussed subsequently. A practical applica-

-tion, determining whether certain systems have capture zone gaps,

is demonstrated, Transverse well spacings substantially smaller
than critical are recommended in systeras used for contaminant cap-

" ture. For design reference, critical spacings are derived for regular

barrier lines with N through 100 and N—, The critical spacings

" reported here for N = 3 and 4 differ slightly (though not significantly

for practical purposes) from those of Javandel and Tsang (1986). For
existing well lines that have capture zone gaps, flow rate modifi-
cations that preclude gaps are discussed. )

Capture:Width in Multiple-Well Systems

Derivation of Capture Width _ :

Figure 2 illustrates capture width analyses for two multiple-well
systems in uniform flow of magnitude Q, in the positive x-direc-
tion. The arbitrarily configured system in Figure 2a consists of two
wells with flow rates Q, and Q,. The gradientwise-symmetric sys-
tem in Figure 2b consists of two symmetric elements, a well on the
y-axis (gradientwise symmetry line) with flow rate Q,, and two equal’
wells symmetrically straddling the y-axis with combined flow rate
Q,. Pairs of dividing streamlines delineate capture zone boundaries.
Stagnation points on a boundary (for example, the points labeled S,
and S, in Figure 2) are locations of zero discharge where dividing
streamlines meet and diverge, with one divergent streamline run-
ning to the well (said to be “associated” with the stagnation point)
inside the capture zone and one running outside. When one well’s
capture zone is nested inside another’s, as in Figure 2, the dividing
streamline that diverges outside the nested well’s capture zone
runs to the nesting well.

Before deriving the center capture width for gradientwise-
symmetric systems, the ultimate capturé width b for arbitrary sys-
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Figure 2. Dividing streamlines indicating capture zones for individ-
ual wells in () arbitrary and (b) gradientwise-symmetric multiple-well
systems, .

. tems will be analyzed by way of introduction. In Figure 2a, since

inflow to closed figure AS,D occurs only across AD, representing
the system's capture width at arbitrary x-coordinate, the line inte-

gralon‘onADequalsQT the system’s totat flow rate. In the Yimit - -

as x—» —oo, the system’s influence on the flow ficld vanishes, thus
Q, —Q, and the flow balance Q, b = Qy results. Similarly, the uld-
mate capture width b, for the well with flow rate Q, (i.c., length of
BC as x— —) sausﬁes Q, by = Q,, and, despite the capture zone
nesting, the second well’s ultimate capture width b, satisfies Q, b,
= Q,. Therefore, an arbitrary well system’s ultimate capture width
equals that of a hypothetical single well with the system’s total flow
rate, b = Q AQ,;: and the ultimate capture width b, for any individual
well with flow rate Q,, is the same as though that well operated alone,
b, =Q./Q,.

Now for gradientwise-symmetric systems, the ceater capture
width result follows from this observation: At every point on the
symmetry line except well locations, the discharge vector compo-

~nt paralle! to background flow is unaffected by the system and thus
Q,. In Figure 2b, for example, the well on the y-axis hasno

| )5t on Q, anywhere else on the y-axis since it induces purely
adiial flow, and the symmetric well pair's contributions to Q,
everywhere on the y-axis cancel one another (see point E); thece-
fore, every point on the y-axis but the well location has Q, = Q. In
Figure 2b, the “line segment™ BC measures the single well's cen-
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Figure 3. Capluce zones for gradientwise-symmetric systems of three
equal wells with () Q, = 200 m* d** and (b) through (f) Q, = 400
m? d-. Aquifer has Q, = 2 m? d-! with flow left to right. Axes marked
on 10 m lntervals. (Capture zones traced by SLAEM, based on stag-
nation points computed externally.)

ter capture width ¢,. (Actually, BC circumvents the well via a
small semicircle which may be regarded as infinitesimal.) Inflow
across BC to closed figure BS C equals Q_c,, and outflow (through
the small semicircle) equals Q,/2, s0 the flow balance implies
Q. = Q,/2. For the symmetric well pair's center capture width c,,
inflow across AB and CD to closed figure AS,DCS B equals Q_c,
and balances the flow rate of the enclosed well, hence Q ¢, = Q./2.
All elements of a gradientwise-symmetric system can be treated in-
one or the other of these ways, so the system’s overall center cap-
ture width ¢ and total flow rate Qy also satisfy Q¢ = Q,/2.

Therefore, a gradientwise-symmetric well system’s center
capture width c is the same as for a hypothetical single well with
flow rate Q , ¢ = Q./2Q,: and the center capture width ¢, for any
symmetric element with flow rate Q,, is the same as for a well with
flow rate Q,, opcraung alone, ¢, = Q,/2Q,. This result applies even
if the system's capture zone has gaps. Whea gaps occur, if wells
inside one disjoint capture zone parthave flow rate subtotal Q. then
that part’s center capture width ¢’ is also ¢ —QT'IZQ,J
-Some Counter-Intuitive Implications -

To ground water remediation practitioners, it seems an annoy-
ingly perverse quirk of nature that a wells capnnewndﬂusonlyhalf
at the well what it is infinitely far upgradient. And' contrary to
intuition, distributing the flow among multiple wells yields no
relief from this harsh limitation. For example, Figures 3a and 3b
show two regular barrier lines with N = 3 and Q; = 200 and 400
m? d-!, respectively, in an aquifer wherein Q, =2 m* d-! (e.g., an
aquifer with k = 50 m d-!, prepumping saturated thickness 8 m
—hence transmissivity 400 m? d-'—and prepumping hydraulic
gradient 0.005). The smaller flow rate equals the background flow.
through a width of 100 m. However, the well line with that flow rate
actually captures only 50 m along its alignment; to capture 100 m,
Qy must be double the background flow through that width. as in
Figure 3b. No matter how finely divided the flow and closely
spaced the wells, the capture width along a barier line remains
Q2Q, ,

Throughout Figures 3 through 5, dividing streamlines traced
with the SLAEM model (Strack 1989, pages 311-316) delineate cap-
ture zones. External to SLAEM, stagnation point coordinates were
found algebraically (Figures 3 and 4) or through numerical search

ann
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Flgure 4. Capture zones for well sv.stems that are both gradientwise-
and laterally symmetric, with Q =400 m® d-! and individual flow rates
(m? d-) as Indicated. Other Eata as In Figure 3, (Capture zones
traced by SLAEM, based on stagnation points computéd externally.)

{Figure 5). Nearby points on .the convergent dividing streamlines
were located by matching stream function values, and SLAEM was
i then used to trace the convergent strearnlines backward, starting from

these points. The stagnation points and capture zones could also be -

*~determined using the public domain model CZAEM (Bakker and
t Strack 1996: Strack et al. 1994). Throughout Figures 3 through 5,
i the aquifer has the same background flow, and (except in Figure 3a)
the well systems have the same total flow rate (400 m? d-!) and cen-
. ter capture width (100 m). -

i In addition to being independent of the number of wells, a gra-
v fientwise-symmetric system’s center capture width is indepen-
‘wygricnt of the particular well configuration, so long as gradientwise
(o f;/mmcu-y is maintained. For example, a regular bamier line has the
I same center capture width as it would have if rotated parallel to the
background flow—or, for that matter, if rearranged in the form of
' aregular polygon with appropriate orientation (Figures 3b through
l‘ 3d). Most important, neglecting possible flow rate limitation by
mutual well interference, a gradientwise-symmetric system's cen-
-ter capture width is independent of the distance between wells, If
trantsverse well spacings are too large, the system’s capture zone has
l £aps, but the aggregate center capture width remains unaltered; con-
versely, merely decreasing transverse spacings does not decrease the

system's center capture width (Figures 3d through 3f).

Determining the Occurrence of Capture Zone Gaps
The center capture width result enables one to determine
whether capture zone gaps occur in certain well systems. For
example, in Figure 3f, with the system’s center capture width
known to be 100 m, a capture zone gap between the two symimet-
ric elements (well and symmetric well pair) is certain if the distance
, between their centers is 50 m or more because their capture zones
are skewed away from one another. (The discharge vectors induced
by the elements partially annul one-another at locations between
them while reinforcing each other outside them.) The transverse
spacing in Figure 3f is actually 60 m, so a gap is easily foreseeable,
A reasonable prescription for preventing capture zone gaps is
, ot obvious in cases such as the one just presented, but systems that
;ssess both lateral and gradientwise symmetry are more tractable.
: ihe system in Figure 4a is doubly symmetric, consisting of a
l symmetric well pair up- and downgradient from the system’s cen-
ter. with a center capture width of 40 m. and two laterally symnietric
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Figure 5. Capture zones (upper half-plane only) for five and six-well
(a) through (f) regular barrier lines with (a) through (b) Q=

/Q),, (©) through (d) LQ, AQ = 0.33, and (e} through () LQ, }Q = %, an
(2) through (h) barrier lines with L ss in () through (f) and individ-
ual flow rates (m* d~) as indicated; all with QT =400 m® d! and other
data as in Figure 3. (Capture zones traced by SLAEM, based on
stagnatlon points computed externally.) '

outcr wells with center capture. widths of 30 i each. Since the outer
wells' capture zones skew outward, gaps are certain if the outer
wells are 15 m or less from the target width's edge. They are
actually only 10 m from the edge, so gaps are once again pre-
dictable. An obvious modification that would prevent gaps is to
place the outer wells 20 m from the system’s center, thereby guar-
antecing that the central well pair’s capture zoné nests those of the
outer wells (Figure 4b). Alternatively, with the original place-
ment, this rationale can be applied to flow rates, If the central well
pair’s combined flow rate can be increased from 160 to 320 m* d-!,
resulting in a center capture width for them of 80 m, then this would
ensure nesting with the original placement, ¢ven while maintain-
ing the original Q by reducing the outer-well flow rates (Fig-
ure 4c). Carrying this idea further, spliting Q entirely between the
central wells would leave a two-well system aligned with the
background flow (Figure 4d). For comparison, Figures 4¢ and 4f
show examples of regular barrier lines with two and four wells.’

Capture Zone Gaps in Regular Barrier Lines

Especially important because of their wide usage for contam-
inant capture, regular barrier lines are both gradiéntwise- and lat-
erally symmetric. The occurrence of capture zone gaps through reg-
ular barrier lines depends on the number of wells N and the *relative
spacing” LQ/Q. where L is the well spacing, Q, the background
flow per unit width, and Q each well's flow rate. The relative
spacing equals the ratio of L. to the ultimate capture width of one
well. The “critical relative spacing™ (1.Q,/Q), for a given N corre-
sponds to the condition of incipient gaps—i.e.. (LQ, /Q), is the
largest relative spacing that yields no capture zone gaps. For sys-
tems designed with critical spacing. any underestimate in Q_ or -
decrease in Q results in one or more capture zone gaps. A regular
barrier line at critical spacing can also have capture zone gaps as a
result solely of being slightly off-perpendicular to the background
flow when N is odd.

Fallacy of ‘Optimum’ Spacing
For regular barrier lines used for contaminant capture. others
have recommended critical spacings as “oplimum™ (Javandel and



sang 1986: also simmarized in Gorelick et al. 1993, pages 123-
3 The notion that captuse width increases as well spacing

\ jes is intuitive but erroneous. It has not been recognized

+ e, apparently, that capture width along a barrier line is inde-

¢t of spacing. Figures 5a and 5b illustrate critical-spacing cap-

" ure zoncs for regular barrier liies with N = 5 and 6, respectively.
Figure 5 shows portions of the upper half-plane only.) With smaller

pacings but the same flow rates (Figures Sc and 5d). the well

. apture zones dgre safely nested, and there is no decrease in center

apture width. Designing for critical spacing is risky because of
+ seertainties in aquifer characteristics and possible fluctuations in
ystem flow rate. To avoid risking capture zone gaps, well spacings
tould be substantially smaller than critical in regular barrier lines
‘sed for contaminant capture.

>ritical Relative Spacings

| Although designing for critical spacing is not recommended,
ritical spacings remain important as reference points for design. The
vejl-known case N = 2 has the smallest critical -relative spacing,
LQ, Q). = I/x, which is derivable algebraically (¢.g., Javandel and

sang 1986; Strack 1989, pages 236-240). Dimensionally. the two-

) sell critical spacing is Q/nQ,, considerably smaller than each
+ell's center capture width, Q/2Q,. The outward skew of the wells’

+ apture zones is the reason such small spacing is required. At the
ther extreme; however, with infinitely many wells, every well’s cap-

] are zone is identical and laterally symmetric, hence the critical spac-
i 3~ ~<actly equals one well's center capture width, Explicit analy-
afinite regular barrier lines affirms that (LQ, /Q), — ¥ as

'; {Erdmann 1995, 1997). One can also derive this limiting value

l y - «sidering a regular barrier line with variable N, Q, and L, but
ixed total flow rate Q= NQ, total length L. = NL, and “s '

, ML=Qp/Ly. In the limit as N—eo, the result is a line-sink (formally, -

1 line integral of wells). At every point along a line-sink, the line-
| ink-induced discharge vector component that is perpendicular to
1¢ line-sink on cither side is equal to half the strength, or Q/2L
Strack 1989, pages 283-287). With uniform flow in the positive
~direction, a line-sink on the y-axis then has Q, = Q, + Q2L on
s upgradient side, and Q, = Q, — Q/2L on its downgradient side.
#ound water flow on the downgradient side will be reversed so long
s Q/L> 2Q,, but there will be some flow through the line-sink (ic.,
* will “leak”™) whenever Q/L.<2Q,. At equality the condition is crit-
:al, thus (LQ/Q), = ¥
Antecedent literature gives a few critical spacings for N> 2,
4 avandel and Tsang (1986) report (LQ,/Q)_ = 2V3/n for N=3 and
‘¢ approximation (LQ/Q), =~ 1.2/x for N = 4, However, for N =
« Erdmann (1995. 1997) provides the complete algebraic solution
x stagnnnon points as functions of relative spacing, and on this
asis derives (LQ,/Q), = 0.4025455 (about 0.4% larger than 2%/r).
rdmann ( 1995, 1997) also calculates (LQ, /Q), numerically for
| =4 through 40. A general technique for deten'mnmg critical spac-
4 1gs of regular barrier lines is outlined in Appendix A and detailed
Isewhere (Erdmann 1997). Determining critical spacings amounts
[ _ {ing “critical stagnation points™ on the system's capture zone
e uy. Situated at junctures between the abutting capture zones
- rent wells, critical stagnation points mark locations of incip-
ni capture zone gaps.
Table 1 lists critical relative spacings for N = 2 through 100,
~ erived numerically by the method in Appendix A. Considering even
' nd odd N separately, (LQ,/Q), increases smoothly with N, but the

. center well's
aﬂ&%@ﬂf&w&w £ vgg

‘increase is more rapid for odd N, which results in a small even-odd

oscillation in the values. The largest even and odd ctitical spacings
in Table | are 0.49200 for N = 100 and 0.49349 for N = 99.

Appendix B presents an algebraic analysis for N = 4. The result

agrees closely (within at least 0.001%) with the value in Table 1 and
reasonably (within about 1%) with the approximation of Javandel
and Tsang (1986).

Location of Critical Stagnation Points

In all cases analyzed, critical stagnation points occur between
the two center wells when N is even. or the center and two adja-
cent wells when N is odd. At critical spacing, capture zone gaps are
incipient where contaminant concentrations are usually maxi-
mum. Table 1 includes the dimensioaless critical stagnation point
coordinates.

Suggested Maximum Relative Spacings

When regular barrier lines are used for contaminant capture,
well spacings substantially smaller than critical are recommended
to ensure agamst capture zone gaps. ,Spgcﬂ%%gs no(:xoeedmg 80%

,,,,,

of critical ggc‘gted prgq‘e‘p‘ l‘l‘ll._l‘!‘l’_ﬂ‘l_llm precautic fo -
T)wm, ‘71\?5 spacings | for four ranges of N correspond 16 70% to ™~
80% of critical in all cases: *
Rangeof N Suggested Maximum LQ,_/Q
N=2 025 7
N=3,4 0.30
N=5. 14 0.33
=15,. 0.37

Figures 3b, 4e, 4f, 5c, and 5d. illustrate these suggested max-
imum spacings for N =2, 3, 4, 5, and 6. Uncertainties in hydraulic
conductivity and other factors should be carefully considered in
selecting well spacings. Depending on specific conditions, more
stringent limitations than these may often be warranted. -

. Modifying Flow Rntes to Eliminate Gaps

‘Capture zone gaps in existing regular barvier lines that have

' LQOIQ ¥, as in Figures Se and 5f, can be eliminated by modify-

ing flow rates, if aquifer conditions allow, For N = 2. the flowrate
must be doubled to meet the suggested maximum relative spacing.

a doubling of capture width also necessarily results. For all greater
N, however, a flow rate redistribution suffices that maintains (h:{
original Q, and center capture width. For od d N, a'o 1blip, ,g}%_,

~This e Tesults in gk%,ggpm Widh ok,
JL'fof thé Center well and ens:

nesung 18 of the entire system msnden"_

- THECERETWell's capture zong For even N 4, doubling the flow -

rate for both center wells, while shutting down both end wells. pre-
vents capture zone gaps. This redistribution is more drastic than for
odd N; however, with only a 50% increase at the two center wells
and a halving at the two end wells, a gap is almost incipient at the
center when N = 4. A safe approach when N is even is to regard the
two center wells as though they operated alone, and it is on this basis
that doubling their flow rate is recommended. The even-N flow rate

. redistribution put forward here also ensures that the two center wells®

capture zones nest the entire system. Figures 5g and 5h illustrate the
described schemes for N = 5-and 6.

*
i




_ Critical Relative Spacings ana Dimensionless Critical Stagnation Point Coordinates for Regular Barrier Lines

Table 1

N~ o H ()
(,Q k L2 N Q 5 i
2 0.31831 1.0000 3 040255 0.5765 1.5040
4 0.38629 1.1857 5 0.43171 0.7468 1.4699
6 0.41609 1.3056 7 0.44643 0.8563 14570
8 0.43297 1.3936 9 0.45552 0.9376 14503
10 0.44392 1.4630 1l 046175 1.0022 14463
12 0.45162 1.5201 13 046633 1.0559 14435
14 0.45735 1.5687 15 0.46985 1.1019 14416
16 0.46180 1.6109 17 0.47265 1.1420 1.4401
18 ‘0.46536 1.6482 19 0.47493 1.1776 1.4390
20 0.46827 1.6816 21 0.47683 12097 1.4381
2 0.47070 1.7119 23 0.47845 1.2388 14374
24 0.47277 1.7395 25 0.47983 1.2655 14368
26 0.47454 1.7650 27 0.48104 1,2901 14362
28 . 0.47600 1.7886 29 0.48209 13129 1.4358
30 047744 " 1.8105 31 0.48303 13343 - 14354
32 0.47865 1.8311 33 0.48386 13542 - 14351
34 047972 1.8504 ; - 35 048462 - 13731 14348
.36 048068 1.8686 37 0.48529 13908 1.4345
38 0.48155 1.8858 39 0.48591 1.4076 14343
40 0.48234 1.9021 41 0.48648 1.4236 1.4341
42 0.48307 19177 43 0.48699 1.4388 14339
44 0.48373 1:.9325 45 0.48747 1.4533 14338
46 0.48434 1.9467 47 0.48791 1.4672 14336
48 048490 1.9602 49 0.48831 1.4805 14335
50 0.48542 19732 - 51 0.48869 1.4933 1.4333
; ‘.,", 52 048590 1.9857 53 0.48905 1.5056 14332
: 7! 048635 - 1.9978 55 0.48938 15174 14331
56 0.48677 2.0094 57. 0.48968 15287 1.4330
58 0.48717 2.0205 59 0.48997 1.5398 1.4329
60 0.48754 20313 61 0.49025 1.5504 14328
62 0.43789 2.0418 63 0.49051 1.5607 14327
64 0.48822 2.0519 65 049075 1.5707 14326
66 0.48852 2.0617 67 0.49098 1.5804 1.4326
68 0.48882 20712 69 0.49120 1.5897 14325
.70 0.48909 2.0805 71 0.49140 1.5989 14324
72 0.48936 2.0895 73 049160 16077 14324
% 0.43961 2.0982 75 " 049179 1.6163 14323
76 0.48985 2.1067 77 0.49197 16247 14323
78 0.49007 2.1150 79 0.49214 1.6329 r4322
80 0.49029 2.1230 81 0.49230 1.6409 14322
82 0.49049 2.1309 83 0.49246 1.6487 14321
84 0.49069 2.1386 85 049261 1.6563 1.4321
86 0.49088 2.1461 87 0.49275 1.6637 1.4320
88 0.49106 2.1534 89 0.49288 1.6709 1.4320
90 049123 2,1606 91 0.49302 1.6780 14320
92 049140 21676 93 0.49314 1.6849 14319
- 94 049156 2.1744 95 0.49326 1.6917 14319
96 0.49171 2.1811 97 0.49338 1.6984 1.4318
98 0.49186 2.1877 T 99 0.49349 1.7049 14318
100 0.49200 2.1941

Note: Well spacing is L, discharge per well Q, background flow per unit aquifer width Q.
Yimensional critical stagnation poinits are (x,,, 0) for even N, and (x.. y,) and (x, =
fonless coordinates are staled by

( pfimens

’ ) for odd N,
; to be consistent with Appendices A and B.
. Tctmlmdog criterion for numerical searches was 0.5 X 104 oc smaller,
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summary .
Capture zone delineations are fundamental to designing and
ing the performaiice of well systems used to capture con-
v"qn:d ground water. Localized ground water level observations
{ Jstice cannot usually define a well system's capture zone,
thus calculations based on ground water flow models are essential.
Steady-state capture zones for multiple-well systems in uniform
background flow are analyzed here in the-context of the horizon-

wat flow idealization.

The center capture width ¢ of a gradientwise-symmetric well

system with total flow rate Q equals that of a hypothetical single -

well with flow rate Q; , thus ¢ = Q; /2Q, where Q, is the back-
ground flow rate per unit aquifer width. Each of the system's sym-
metric elements (wells on the symmetry line or pairs of equal
wells symmetrically up- and downgradient from the line) has the
- game center capture width as a well operating alone at the element’s
flow rate. All well lines perpendicular to background flow, even with
irregular spacings and flow rates, are gradientwise-symmetric, as
are many other configurations. Although only wells are considered
" here, the center capture width result also applies to systems that
_ include line-sinks (Erdmann 1995).

A gradientwise-symmetric system’s center capture width is
independent of the number of wells and of their particular placement
- and spacing. The center capture width remains Q/2Q,, whether
transverse well spacings are large (allowing contaminated ground

water to escape through capture zone gaps), critical (with incipient

-gaps), or safely small. Critical spacings are therefore not “optimum.”
i - ~egular barrier lines of N wells with flow rate Q per well, the
. spacing varies from Q/nQ, (N = 2, previously known) to
: 'f Jo (N—e0). At critical spacing, capture zone gaps are incipient
weneen the two center wells, or the center well and two adjacent
wells, where contaminant concentrations are usually maximum.
. Spacings substantially smaller than critical are recommended in reg-
ular barrier lines used for contaminant capture. _
The center capture width result enables one to determine the
occurence of capture zone gaps and to design for their prevention
in a variety of well configurations. :

Appendix A—Determination of Critical Spacing
for Regular Barrier Lines '

With uniform background flow of magnitude Q_ in the positive
-x-direction, a regular bamier line of N wells with spacing L and flow
rate Q per well is aligned on the y-axis, centered at the origin.

Identifying each point (x, y) with the complex number z = x + iy, and.

with the discharge stream function ¥ (meaningful if recharge and
leakage to or from the aquifer can be regarded as negligible) being
the harmonic conjugate of ® (discharge potential, Equation 1), the
* complex potential Q = ® + iV (Strack 1989, pages 278-279) is

Q= —Q°z+,?—niln(z- ivL/2) +C (A1)

e

e well locations are iv, L/2 with v, including the odd integers

¥ is even) or the even integers (if N is odd) from — (N-1) to
it+~1); and C is a real constant determined by specifying © at a
reference point. Defining dimensionless Z=X + iY and Q = é+
Wby z=Zinand Q=OLQ, R gives @ =-Z+ D, In(Z~iv,)
+(, where D = Q/nLQ, is a “strength parameter™ inversely pro-
portional to relative well spacing, and € is a dimensionless real con-

stant: hence. =-X + DY, MjZ-iv |+ C.and ¥ =-Y4D Y ag
(Z ~iv,). (All summations are for n= 1. ... N.) Curves on which
¥ is constant are streamlines. The condition = 0 holds on the pos-
itive X-axis and. hence. on the capture zone boundaries of (1) the
center well when N is odd: (2) the two center wells when N is even
and there is no capture zone gap between them: and (3) the entire
well line when there are no capture zone gaps anywhere (whether
N is even or odd). Critical stagnation points then also have =0,
On the Y-axis, except for discontinuities a1 wells. Yisa decreas-
ing function of Y. Thus, at least one well on the positive Y-axis has
¥ < 0 on its capture zone boundary if the system’s capture zone has
any gaps. Whenever ¥ 20atall upper half-plane stagnation
points, there are no capture zone gaps.

The dimensionless discharge function W = Q, -iQ, = ~d(/dz
has the formW=1-D 3, 1/Z —iv,).hence §, = 1 -DX I, 142
~iv,and Q,=—D I (Y~ v Z - iv 2. For every point in the
right half-plane, there is a positive D giving Q, = 0. The condition
Q, = ( is independent of D and holds (1) on the X-axis, except the
orgin when N is odd: (2) on the centerward side of each noncen-
ter well, on an ovate curve that passes through, but excludes. the
well; and (3) when N is even, on an ovate curve that passes through
the points X, and ~X,, (see next paragraph) and through, but
excluding, the two center wells, Points on (1) through (3) with X
> 0 are the possible stagnation points.

- Whea N is even, Q, restricted to the X-axis has its minimum
at location X, that is the positive root of 340X =0 (with Y =0).
the root being independent of D. With the D that yields Q: Oar X,
X, is the lone X-axis stagnation point (double roct of W = 0). If all

* upper half-plane stagnation points then have ¥ 2 0. X, and this D

are critical.

Whereas the X-axis hias Q_ = 0, lines parallel to the X-axis that
pass through cither a well or a midpoint between neighboring
wells have nonzero Q, directed toward the X-axis. except at well
locations; some of the system’s wells are symmetric with respact
to each of these lines. and the remaining wells are in the opposite
half-plane. Let well n be a noncenter well located at iv, on the pos-
itive Y-axis (v, 2 2). Then Q, < 0 holds on the line Y = v, (except
at the well) and the midpoint line Y = v, — 1. The curve corre-
sponding to (3,, = 0 on which well n's stagnation point lies is con-,

* strained betweéen these two lines, and well n's entire capture zon¢

must be above the line Y = v, — 1 since no streamline can run up
to well n from any point on this line or below it. Points on the curve
%: 0 can be found through numerical search, independent of D.
e D that also gives (, = 0 at a point on the curve with X >0 can
be found directly; and ¥ can then be directly evaluated at this stag-
nation point. As Y increases between the zem-Q). curve’s Y-inter-
cept (say. ) and v,.. the corresponding stagnation-point values of
both D and W decrease. The limiting values are D—oo and ¥ —
as Y-»1,, and D—»0 and Y- - v_ as Y-3v,. Thus. a stagnation
point associated with well n can be found through numerical search
for any prescribed value of either D> 0 or ¥'> — v
Now let Z, be well n’s stagnation point, and assume that (1) ¥
=0atZ,,and (2) ¥ 2 0 atall upper half-plane stagnation points.
The system’s capture zone then has no gaps. hence ¥ =0 on its
boundary. Well n's capture zone (with Y= 0 on its boundary also)
must either (a) share some common boundary with the system’s cap-
ture zone—in which case Z, and the corresponding D are critical—or
else (b) nest inside the capture zone of another well—say, well m.
But suppose (b) is true. Letiv,, be well m’s location and ‘i’m its stag-
nation-point ¢ value. Well m must be below well n since well .m‘s




entire capture zone would be above the line Y=v_ ~1ifv_ >v_
Let the upper Y-intercepts of the capture zone boundaries of well
m and n be G, and G, respectively, and note 6, > 6, because of
the nesting, If therc i$ no well between io, and iy thcn ‘3’ <0

s Uecause ' is a decreasing function of Y on the Y-axns except for

i discominuities at wells. But even if there are wells between ic, and
. their capture zones are nested inside well m's and are entirely
aboxe (though possibly abutting) well n's capture zone. Accordingly,
the constraint ‘i’ <¥<0 npphes 10 ¥ on the capture zone bound-
ary of any such well. So again it follows that ¥ < 0. But this is
impossible since well m must be either a center well. in which case
=0, or d noncenter well on the positive Y-axis, in which case ‘f’m
.20 by assumption; therefore. (b) cannot be true. Thus, a stagnation
point Z, associated with a noncenter well on the positive Y-axis, and
the comresponding D, are critical whenever Y=0at Z_ while ¢ >
0 at all upper half-plane stagnation points.

Appendix B—Regular Barrier Line with N = 4
For a regular bartier line of four wells, the condition W= 0
yields the quartic equation Z* — 4DZ? + 10Z® - 20DZ + 9 = 0, which
has closed-form algebraic roots (c.g., see Abramowitz and Stcgun
1965, pages 17-18). Thé roots are Z_, = (/)[—ﬂ_:t (B2 -4v)4
(center wells) and Z_, = (AP, % i(4y, —
where B, =-2D £ (4D* +u - 10)% and Y, = w2  (v¥/4 — 9)%, where
ust, +1_+1003,7, = (UHH1ITD~70+3V3p )b and p =
500D% — 793D + 520D? ~ 144. Requiring p = 0 (a cubic equation
inDY)resulisinD = (\/—I 150) (793 + v, + v )%, in which v, =
,[; £ (§2 + W)M]%, { = 56,867,257, and 1) = 151,151; which gives
D =0.824023996. This value of D yields the double root condition
B2 - 4y_=0, with stagnation points Z_ = 1.185732903 and Z, =
0.462315088 i 2.487483346. The upper stagnation point has ¥ =
0.28 > 0, confirming D is critical, so (LQ, /Q)_ = 0.38629.
Alternatively, the positive real root of X6 + 5X* + 23X2— 45 =0,
resulting from 3Q,/0X = 0 with Y = 0,is X, = (V3 /3) (-5 +2
[(125+6 VaT1)" + (125~ 6 VAT1)¥]}%, and for §, =0 at X,,

D= (X“ + l)(X“2+ 9)/[4)('l (Xuz + 5)}, which give Xll zZ, and
the same D as above,
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