
, ,'-]/.t

" UC-202

Hydrologic Characterization
of the Unconfined Aquifer
at the University of Alabama
Student Recreation Center,

" Tuscaloosa, Alabama

February 1992

Prepared for the U.S. Department of Energy
Contract DE-AC06-76RLO 1830

' Pacific Northwest Laboratory

Operated for the U.S. Department of Energy

by Battelle Memorial Institute ._
Z
I

Ballelle



............. ..lam,,mmunuk....... ,

DISCLAIMER .

This report was prepared as an account of work sponsored by an agency of the

United States Government. Neither the United States Government nor any agency
thereof, nor Battelle Memorial Institute, nor any of their employees, make_ any
warranty, expressed or implied, or assumesany legal liability or responsibility for
theaccuracy, completeness, orusefulnessof any information, apparatus, product,
or process disclosed, or represents that its usewould not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof, or Battelle Memorial Institute. Tile views and
opinions of authors expressed herein do not necessarily state or reflect those of the

United States Government or any agency thereof.

PACIFIC NORTHWEST LABORATORY

operated by
BATTELLE MEMORIAL INSTITUTE

for the

UNITED STATES DEPARTMENT OF ENERGY
under Contract DE-ACO6-76RL O 1830

Printedin the United Statesof America

Availableto DOE aridDOE contractorsfrom the

Office of ScientificandTechnicalInformation,P.O. Box62, Oak Ridge,TN 37831;
pricesavailablefrom (615) 576-8401. FTS626-11401.

Availableto the publicfrom theNational TechnicalInformationService,
U.S. Departmentof Commerce,5285 PortRoyal Rd.0Springfield,VA 22161.

..... I111 m ,, ' ' In



PNL--8004

DE92 009624

HYDROLOGICCHARACTERIZATIONOF THE
UNCONFINEDAQUIFERAT THE UNIVERSITY
OF ALABAMASTUDENTRECREATIONCENTER,
TUSCALOOSA,ALABAMA

S. H. Hall
D. R. Newcomer

February1992

Preparedfor the
U.S. Departmentof Energy
under ContractDE-ACO6-76RLO1830

PacificNorthwestLaboratory
Richland,Washington 99352

MASTER
d-z)

OISTRIBUTION OF THIS DOCUMENT IS UNLIMITED



FOREWORD

Seasonalthermal energystorage (STES) involvesstoringthermalenergy

such as winter chill, summerheat, and industrialwaste heat for future use

in heatingand/or coolingbuildingsor for industrialprocesses. Widespread

developmentand implementationof STES would significantlyreduce the need to

generateprimary energy in the United States. Recent data indicatethat STES

is t_chnicallysuitablefor providing5% to 10% of the nation'senergy,with

major contributionsin the commercialand industrialsectorsand in distriLt

heatingand coolingapplications.

Aquifer thermalenergy storage (ATES) is predictedto be the most cost-

effectivetechnologyfor seasonalstorageof low-gradethermalenergy.

Approximately60% of the United States is underlainby aquifersthat are

potentiallysuitablefor undergroundenergy storage. Chill ATES has the

potentialto substantiallyreduce energy consumptionand, especially,summer

peak coolingelectricaldemand. However,the geohydrologicenvironmentthat

the system will use is a major element in systemdesign and operation,and

this environmentmust be characterizedfor developmentof efficientenergy

recovery.

This report describesaquifercharacterizationat the Universityof

Alabama StudentRecreationCenter in Tuscaloosa,Alabama. The purposeof the

testingis to providedesign data for the University'suse in modifyingand

expandingan existingATES well fieILI.The aquifercharacterizationwork was

conductedby the PacificNorthwestLaboratory(SeasonalThermal Energy Storage

Program)in cooperationwith the Universityof Alabamaas part of efforts

to assess the use of chill ATES for space cooling. The PacificNorthwest

Laboratoryis operatedby BattelleMemorial Institutefor the U.S. Department

- of Energy under contractDE-ACO6-76RLO1830. The projectwas managed by

Dr. C. EverettBrett, Bureauof EngineeringResearchof the Universityof

- Alabama.

Landis D. Kannberg,Manager
SeasonalThermalEnergy Storage Program
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SUMMARY

A seriesof aquifercharacterizationtests was performedby Pacific

NorthwestLaboratoryin November 1991 at the Universityof Alabama Student

RecreationCenter (UASRC)in Tuscaloosa,Alabama. The purposeof the testing

was to providedesign data for the expansionof an existingaquiferthermal

energy storage(ATES)well field,which was installedin the unconfined

aquifer and used for storageof winter-chilledwater. Duringwarm months, the
t

chilledwater is recoveredfrom the aquifer and used for air conditioningat

the UASRC.
!

The programof testing includeddeterminingthe hydraulicgradient and

directionof ground-waterflow, injectioncapacity of wells completedin the!

aquifer,formationeffectiveporosity,and rate of ground-waterflow. Methods

of testingincludedwater-levelmeasurement,a step-injectiontest, a

constant-dischargepumping test, and a drift-and-pumpbacktracertest.

. Further,to evaluatethe verticaldistributionof hydraulicconductivity

within the aquifer,a point-dilutiontracer test was performed.

Resultsof testing at one of the existing 10-in.wells show that the net

effectiveporosity of the 37-ft-thickaquifer is 21% and transmissivityis

3,400 ft2/d. Under the hydraulicgradientof 0.0045,the rate of ground-water

flow is 2.0 ft/d. The specificinjectioncapacitywas found to be approxi-

- mately 9 gpm/ft.
i

| The aquiferat the UASRC consistsof individualstrata that range from

| poorly sorted units of sand, clay, and gravel to a relativelyw_ll-sortedsand

unit. The resultsof the point-dilutiontracer test show that, at the testweil, most ground-waterflow occurs in the sand unit, which extendsfrom 17 to

32 ft below the water table.

Comparisonof the ground-waterflow rate determinedin this study to the

historicalmigrationrate of thermalplumes associatedwith operationof the

ATES installationshows that heat exchangebetweenthe injectedchilledwater

and the materialsof the aquifereffectivelyretardsplume movement. The rate

of plume movement is approximatelythree-quartersthat of the ground water.

iiI v
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i. 0 INTRODUCTION

An aquiferthermalenergy storage(ATES) systemhas been in operation

since 1985 at the Universityof AlabamaStudentRecreationCenter (UASRC),

located on the universitycampus in Tuscaloosa,Alabama. In this ATES system,

ground water is circulatedbetweenheat exchangersand the unconfinedaquifer
i

via a well field,consistingof six productionwells. During cool months,the

water is chilledand injected into the aquifer. The low outdoorair tempera-

ture providesthe heat sink for chillingthe water• The insulatingproperti,_s

of the aquifermaintain the temperatureof the injectedwater below the other-

wise prevailingraturalambientground-watertemperature. During warm months,

the storedwater is withdrawnfrom the aquiferto serve as a heat sink to cool

the air in the UASRC building.

In November 1991, PacificNorthwestLaboratoryconducteda series of

field tests at the UASRC site to determineaquifercharacteristics,including

the directionand rate of ground-waterflow, formationeffectiveporosity,

hydraulicconductivity,verticaldistributionof flow within the aquifer,and

specificcapacityof wells during both injectionand withdrawal. The purpose

of this seriesof tests was to providedesign data for expansionof the well

field. This report describesthe conductand resultsof the tests.

The methods of testingused at the UASRC site are similarto those

describedby Hall et al. (1991a),where water-levelmeasurements,conventional

pumpingtests, a drift-and-pumpbacktracer test, and a point-dilutiontracer

test were employed in combinationat anotherTuscaloosaATES site. However,

the currenttest series includeda refinedversionof the point-dilution

tracer test comparedto that of Hall et al. (1991a),which was made possible

by the availabilityof improveddownholetracer-sensingapparatus.

The test series was organizedas follows"

I. Water-levelmeasurementswere made at wells I, 4, and 5 (Figure1.1)
to determinehydraulicgradientand directionof ground-waterflow.

2. A step-injectiontest at we'llI was conductedconcurrentlywith a
step-drawdowntest at well 4.



3. Followingrecoveryfrom the step tests, a constant-dischargepumping
test was conductedat well 4.

4] Followingrecoveryfrom the constant-dischargepumpingtest, a
point-dilutiontracertest was conductedat well 4, using lithium
bromideas the flow tracer.

5. The tracer injectionfor the point-dilutiontracer test also served
as the start of a drift-and-pumpbacktracer test.

In the sectionsthat follow, the site stratigraphyand well construction

are described(Section_2.0). Then presentedin chronologicalorder are the

experimentalconditionsand the test descriptions,results,and data analysis

(Sections3.0 through7.0). A discussionof the results (Section8.0) is

providedalong with recommendationsfor future investigation. Section9.0

contains the referencesnoted in the text.
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FIGURE 1.!. Well Field at the Universityof Alabama StudentRecreationCenter
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2.0 STRATIGRAPHYAND WELLCONSTRUCTION

The unconfined aquifer at the UASRCsite is within unconsolidated

alluvium, consisting of sands, gravels, and clays from the nearby Black

Warrior River (Sch_etzle and Brett 1989). These deposits are believed to be

I0 to 30 thousand years old, formed during the final phases of the Wisconsin

Glaciation. The sediments overlie the Pottsville Formation, which consists of

_e11-indurated shales and limestone, is of low permeability, and provides the

lower boundary of the unconfined aquifer.

In the vicinity of the UASRCsite, the sediments are typically 80 to

90 ft thick, and the lower 30 to 40 ft are saturated with ground water.

Figures 2.1 and 2.2 'illustrate stratigraphy of the sediments at the site

(Schaetzle and Brett 1989).

The production wells used in this study (I, 4, and 5; see Figure I.I)

were drilled using a 17-in.-diameter bit and were completed through the

sediments and slightly into the Pottsville Formation (Schaetzle and Brett

1989). In each case, 10-in.-diameter polyvinyl chloride (PVC) screen, with

0.032-in. openings, was installed in the lower 50 ft of the weil. The screen

was gravel packed to just above the screen/PVC casing connection and then

grouted with concrete to the surface. Each well was developed by pumping for

a period of approximately I day at a rate of 200 to 250 gpm. The monitoring

wells were constructed using 2-in. PVCcasing and are screened and sand packed

near the bottom of the aquifer.

,j
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FIGURE2.1. North-SouthStratigraphicCrossSectionat the Universityof
AlabamaStudentRecreationCenter
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FIGURE 2.2. East-WestStratigraphicCross Section at the Universityof
AlabamaStudentRecreationCenter
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3.0 GRADIENTANALYSIS

Hydraulicgradientand directionof flow were determinedfrom water-level

measurementstaken from wells I, 4, and 5 and from survey data providedby the

Universityof Alabama• The water levelswere measuredfrom the top of the

well casingswith a steel tape. Measurementswere made just before the start
i

of the step-injectiontest. The resultinghydraulicgradient is 0•0045. The

directionof flow relativeto the layout of the well field was includedin

Figure 1.1. Table 3.1 lists survey data and the water-levelmeasurements.

TABLE 3.1. Casing Elevations,Depth-to-WaterMeasurements,and Water-Level
Elevationsfor Wells at the Universityof Alabama Student
RecreationCenter Site

Well Casing Date and Time Depth to Water-Level
Number Elevation(ft) of Measurement Water (ft} Elevation(ft)

I 259•92 11/05/910946 h 48.11 211.81

4 248.06 11/05/910926 h 37.27 210.79

5 255.11 11/05/910939 h 44.13 210.98

7



4.0 STEP-INJECTIONTEST

The step-injectiontest was performedat well 1 to determinethe injec-

tiun capacityof a typicalproductionweil. Well 4 was used to supplywater

for injectionat well 1, and pumpingat well 4 was treatedas a concurrent

step-drawdowntest. Pressuretransducerswere installedin both wells for

monitoringwater-levelchange• The dischargeend of the supply line leading

from well 4 to well I was placed below the water level in well I to prevent

• frothingand the resultinginjectionof entrappedair into the aquifer.

The test was startedwith an initialpumpingrate of 80 gpm, which was

increasedin 40-gpm incrementsto 200 gpm, and followedby a final increaseto

280 gpm. Each incrementwas maintainedfor approximately0.5 h, except for

| the final pumping rate, which was maintainedfor approximatelyI h. Fig-

i ure 4.1 illustratesthe changes in water level observedduring the test. Note

that after approximately65 min of injection,during the 160-gpmflow step,

the water level in well 1 rose above the level of the screen.
H
i

| The specific capacityof each well was determinedusing the method of

Jacob (1946),where change in water level is expressed_ a functionof flow
as follows"

s = BQ + CQ2 (I)

where s = drawdown, in feet

B = formationloss coefficient

Q = flow rate, in gallonsper minute

C = well loss coefficient•

The graphic method describedby Driscoll (1986)was used to determinethe

values of coefficientsB and C. This method uses a rearrangedform of Equa-

tion (1), where a best-fit straightline througha plot of s/Q versus Q yields

• a slope equal to C and an ordinateinterceptequal to B. Figure 4.2 illus-

trates such plots for the test wells. At well 1, it is seen that, depending

on flow rate, ground-watermoundingwill occur at the rate of approximately

!I 0.105 to 0.125 ft/gpm.
9
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FIGURE 4.2. Normalized Water-Level Change Versus Pumping Rate for the Step-

Injection Test

From Figure 4.2, it is seen that the well loss coefficients are similar

for wells I and 4, which is reasonable because the materials and methods of

'_ construction of the wells were the same. However, the specific capacity of

well 4 (16.2 gpm/ft; the inverse of formation loss coefficient B) is greater

than that of well I (9.1 gpm/ft).



5_0 CONSTANT-DISCHARGEPUMPINGTEST

The constant-discharge pumping test was started at well 4 approximately

18 h after completion of the step-injection test. Based on the results of the

step-injection test, a discharge rate of 280 gpm was chosen, and that rate was

maintained for a duration of 8 h. After pumping was stopped, water-level

recovery was monitored for 15 h.
i

i Wells H2N and H3N, located50 and 64 ft respectively from well 4, were

used as the principal observation wells. Downhole pressure transducers were

used to monitor drawdown and recovery in wells 4, H2N, and H3N. Other obser-

vation wells used for water-level monitoring were wells 5 and I, located 150i

I
and 250 ft, respectively, from the pumping weil. These wells were not

- expectedto respond significantlyto pumpingand were, therefore,only

occasionally monitored with an electric sounding tape during the pumping phasei

I of the test.The discharge rate was controlled by _ gate valve and monitored with am

pitot tube flow meter at the well head. The dischargestreamwas releasedto

| the ground surface approximately 200 ft from the pumping weil. Because of a|
• thick clay unit inhibitingdownwardflow, the dischargestream flowed on the

surfaceaway from the site and did not influenceresultsof the test.

Near the end of the 8-h pumping phase of the test, the maximum drawdown

observedin the pumpingwell was 22.77 ft. Maximumdrawdown in each of the

observationwells was 3.73 ft in well H2N, 2.96 ft in well H3N, 0.75 ft in

well 5, and 0.42 ft in well I.

A combinationof pressurederivatives(Bourdetet al. 1983, 1989),

straight-linesolutions(Jacob1946), and type-curvematching techniques .

. (Theis1935; Novakowski1990)was appliedto the constant-dischargepumping

test data to estimatevalues of transmissivity,storagecoefficient,and

specific yield.

Str,'ight-line solutions and type-curve matching techniques, commonly used

to analyze pumping test data, are based on theoY_tical equations derived for

radial flow. Use of these methods alone requires visual examination of

13



plotteddata to detect when radial flow to the well has been established•

However,pumpingtests are often complicatedby other flow phenomena(e.g.,

effects of well bore storage,rechargeboundaries,and delayedyield). The

presenceof these phenomenamay not be apparentfrom the plotteddata, and the

use of straight-lineor type-curvematching techniquesmay lead to incorrect

results.

I
o By combiningpressurederivativeanalysiswith straight-lineand type-

curve methods, a more reliableestimateof well transmissivitycan be obtained

becausethe pressure derivativescan be used to identifytest data that have

been affectedby nonradialflow conditions. That is, the presenceof non-

radial flow conditionscan be accuratelyidentifiedon a logarithmicplot of

the drawdownpressurederivativeresponseversus time (i.e.,dH/d(Int) versus

t, where H is drawdown and t is time since pumpingbegan).

Then, the straight-linesolutionof Jacob (1946)can be applied to that

m portionof the data where radial flow predominatesto obtainestimatesoftransmissivityand storativity. These values are used to synthesizeloga-

| rithmicplots of H versus t and of dH/d(Int) versust, known as "type curves"

(Novakowski1990) The synthesizedplots are then graphicallysuperimposed

and comparedto similarplots of the actual test data. Becauseof the ana-

lyticalconstraintsof the Jacob straight-linesolution,the initialestimates

of transmissivityand storativitymust usuallybe adjusteduntil the synthe-

sized curves closelymatch those from the radial-flowportionof the test

data.

Analysis of recoverydata is similarto that of d_-awdowndata, except

that time, t, is replacedby t', the time since pumpingwas stopped, and by

the expression(tt')/(t+t'). Agerwal (1980) showedthat this latter

expressionfor time, referredto as "modifiedHorner time," accountsfor

pumpingtime effects. In addition,use of modifiedHorner time allows the use

of drawdown-type curves for the analysisof recoverydata.

The test data were correctedfor aquiferdewateringprior to analysis

using the followingequation"

H = H' - (H'2/2b) (2)

14



where H' : uncorrecteddrawdown,in feet

b : aquiferthickness,in feet, prior to pumping.

The distancesof the observationwells from the pumpingaffectthe shapes

of the plottedcurves. This effect can be correctedby normalizingthe time

scale to the square of a radius,r, which, for observationwells, is the dis-

. tance from the pumpingwell and, for the pumpingweil, is the radius of the

well itself. Then, the curves from the pumpingwell may be directly super-

. imposedon and comparedto those from the observationwells. That is, for

both the drawdown and derivativeresponsecurves,t has been replacedby t/r2,

as shown in Figures5.1 and 5.2.
/'j

Immediatelyafter the pump was turnedon, drawdownwas observed in wells

H2N and H3N. This indicatesprimarilyan elastic aquiferresponseand

reflectsaquiferstorativity. Eariy data from the pumpingwell were dominated

by the effectsof well bore storage,which masked the elasticresponse. Well

bore storageis indicatedby the "hump" in the early derivativeplot (Ehlig-

Economides1988).

After approximately2 min of pumping,drawdown in the observationwells

deviatedfrom the elasticresponsecurve. The deviationrepresentsthe

effectsof delayedyield caused by aquiferdewatering (Boulton1963; Neuman

1975),which then dominatedthe flow conditionsup to approximately2 h after

pumping.

After 2 h of pumping,delayedyield effectsare diminished,and the

drawdowndata begin to show the characteristicpatternsof radial flow condi-

tions. That is, the type curve and the late-timetest data coincide.
I

| Analysis of drawdowndata for the pumpingand observationwells yielded
i storativityvalues of 0.0002 to 0.0005, specificyield of approximately0.1,

i and transmissivityof 3,400 ft_/d. A similaranalysisof recoverydataconfirmedthe results.
i
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6.0 POINT-DILUTIONTRACER TEST

Approximately19 h after pumpingceased during the constant-discharge

pumpingtest, a point-dilutiontracertest was initiatedat well 4 by emplac-

ing a bromidetracer into the well bore. A point-dilutiontracer test, as

describedby Kearl et al. (1988),is used to estimateground-watervelocity! .

(i.e.,the rate at which the concentrationof a tracer in a well bore

decreasesover time is a functionof velocity). For the currenttest, the
q

point-dilutiontracer test was used to estimatethe distributionof flow

velocities with depth by monitoringbromideconcentrationsat severaldepth

intervals.

To emplacethe tracer, a 5/8-in.-inside-diameterhose, open at both ends,

was suspendedin the well to the bottom of the aquifer. The hose was weighted

with a plasticjug having a radiusof approximately7 in. Gravelwas added to

the jug as ballast. The containedvolume of the hose, from water table to the

- lower end, was 2.2 L. That volumeof water was used to dissolve 125 g of

LiBr. The solutionwas poured into the top of the hose, displacingwell water

from the hose. The hose was then withdrawnfrom the weil, leavingthe tracer

solutionin place. The jug used to weight the hose also servedto mix the

tracerwithin the well bore as the hose and jug were withdrawn.

Based on the 10-in.well diameterand the 37-ft effectiveaquiferthick-

ness, the predictedbromideconcentrationimmediatelyafter tracer emplacement

was 202 mg/L.

Followingtracer emplacement,the bromideconcentrationin the well bore

was monitoredas a functionof time and depth. Downholemeasurementswere

made at 3-ft intervalsover a period of 5 h. The measurementswere made using

an Ag/AgBrion-selectiveelectrodeand a submersibledouble-junctionreference

electrodeof the Ag/AgCltype having an inner fillingsolutionof 4 M KCI

(saturatedwith AgCl) and an outer filling solutionof 10% KNO3. The

electrodeswere connectedto a Hach One pH/millivoltmeter with 100 ft of

dual-conductorinsulatedwire. Figure 6.1 illustratesthe resultsof

measurement.

19
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Calibration of the electrodes just prior to the point-dilution tracer

test was done using a concentrated solution of LiBr and a sample of natural

ground water collected from well 4. Well water spiked to a bromide concen-

tration of 10 mg/L yielded a response of 62.1 mV. Based on previous testing,

the bromide-sensing electrode used in this experiment was known to consis-

tently respond with -56 mVper decade of increasing concentration (i.e., 95%
i

of the theoretical Nernst slope) in the range I0 to 1,000 mg/L. Therefore,

millivolt readings for the test may be converted to bromide concentrations
I

using the following equation"

' A : I0[I+(B2.I-E)/5B] (3)

where A : bromideconcentration,in milligramsper liter

E = millivoltreading.

Inspectionof Figure6.1 shows that the bromidetracerwas not quite

; evenly distributed at the time of emplacement. That is, the mill ivolt

responses for each test depth, when extrapolated to zero time, are not alli

equal. The extrapolated potentials range from -8 to -16 mV. Each of these

potentials represents a 3-ft segment of well bore, except for the deepest test

interval that represents 4 ft of well bore. Converting the zero-time poten-

tials to bromide concentrations and weighting each according to the length of

borehole segment that it represents yields a mean calculated bromide conceit-BI

trationof 206 mg/L. This comparesquite favorablyto the predictedconcen-
I
m tration of 202 mg/L.
|
J
| To calculateflow velocities,the followingequation,modifiedfrom Hall

i et al. (1991a)with Equation (3) above,was used:

• dE/dt : 0.0258V* (4)

• where dE/dt = the slope of the plot of mill ivolts versus time, in minutes

V* : ground-water flow velocity thr ouqh the well bore, in feet per

day.

21



The theory describinga point-dilutiontracer test requiresthat, in a

valid experiment,the dE/dt slope be a straightline (Hallet al. 1991a).

Inspectionof Figure 6.1 shows that, at all test depths,the data supporta

straight-lineinterpretation. At some of the test depths (e.g.,28.5 ft)

there is some curvaturein the plot of millivoltsversus time early in the

experiment. This curvaturemay have been causedby initialnonidealdistri-

bution of the bromide tracer betweenthe well bore and the gravel pack, which

is effectivelypart of the well installation. Alternatively,the curvature

may be an artifactof verticalmixing within the well bore caused by frequent

movement of the sensingelectrodeassemblyearly in the experiment. However,

the theory also requiresthat the tracer be at all times evenly distributedin

each test intervalwithin the well bore. That is, mixingwithin the bore must

be fast comparedto the rate of ground-waterflow throughthe bore. If this

conditionis not met_ Equation (4) becomes invalid. A plot of millivolts

versus time would then refl,ct a plug flow component,and the plot would tend

toward a step functionrather than a straightline.

In conventionalpractice,a point-dilutiontracer test is conductedby

isolatinga test interval,such as with packers,and by using some mixing

device installedin the test intervalto keep the compositionof the solution

homogeneous(Kearl et al. 1988). In the currenttest and in the test

describedby Hall et al. (1991a),it was assumedthat the naturalturbulence

in the well bore and gravel pack would providesufficientmixing. The

straight-lineslopes seen in Figure 6.1 supportthis assumption. Further,the

assumptionwas tested during the conductof the experimentby moving the

sensingelectrodeto four differentpositionsin the well bore at given

depths. At 11 and 66 min into the test at a depth of 1.5 ft below the water

table, millivoltreadingswere made adjacentto the well screen on the

upgradientside, the downgradientside, and the "left" and "right"sides.

This procedurewas repeatedat the 28.5-ftdepth at 69 and 240 min. In no

case did the differencebetweenthe upgradientand downgradientmeasurements i

exceed 0.2 mV; that, in the contextof this experiment,is negligible.

Therefore,an assumptionof adequatemixing must be taken as correct.
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The flow through the well bore, V*, calculatedfrom Equation(4) is

related to seepage velocity within the aquifer as follows"

V* = Vna (5)

where V = seepagevelocity,in feet per day

n = effectiveporosity

a = flow distortionfactor.

The flow distortionfactor arisesbecausethe hydraulicconductivityof

the well is very much greaterthan that of the aquifer,therebycausingthe

flow net (withinthe horizontalplane) to convergetoward the well (Raymond

1955). For the currentanalysis,the factorwill be consideredinvariantwith

depth. Becauseit is difficultto evaluateeffectiveporosityvariationsat

the varioustest intervals,calculationof meaningfulseepagevelocitiesfor

the intervalsis also difficult. However, if the flow distortionfactor is

truly a constant,then V* is directlyproportionalto net flux (volumeper

unit time) for each test interval. Figure6.2 illustratesthe relative

dischargefor each test depth in relationto the 22.5-ftdepth that showed the

highestV*. The stratigraphyat well 4, determinedby particle-sizeanalysis

of drill cuttingscollectedat 5-ft intervals,is also includedin the figure.

The correspondencebetweenobservedstratigraphyand the resultsof the point-

dilution tracertest is quite good. The greatestground-waterflux is through

the relativelyclean sand, and the least flux is throughthe clayey,poorly

i sorted sediments.
As noted above, the point-dilutiontracer test is conventionallyper-

formed in an isolatedinterval. In the currenttest and in that describedby

Hall et al. (1991a),there was no attemptto isolatedepth intervals, lt was

. assumedthat in an aquiferdominatedby horizontaladvectiveflow, vertical

mixing within the well bore would be negligiblecomparedto horizontalflow

• vectors. The contrast in calculatedrelativedischargebetweenthe 31.5- and

34.5-ft test depths in Figure6.2 shows that this assumptionis reasonable.
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7.0 DRIFT-AND-PUMPBACKTRACERTEST

The tracer emplacementfor the point-dilutiontracer test also servedas

the beginningof a drift-and-pumpbacktracer test, as describedby Hall et al.

(1991b). In this test, the tracer is allowedto drift away from the well

under naturalgradientfor a period of days. The well is then pumpedto

i, recoverthe tracer. The time requiredto recoverthe center of mass of the
i tracer is then used to calculatenet seepagevelocityand effectiveporosity

' of the aquifer using the followingequations"

n = _bK212Tz/Qt (6)

!

and V = Qt/_bT2KI (7)

where b = aquifer thickness,37 ft

K = hydraulicconductivity,91.9 ft/d

I = hydraulicgradient,0.0045

| T = drift time _ t, in days

i Q = pumpingrate, in cubic feet per dayt = pumping time to recovercenter of mass of tracer,in days.

The drift time for this test was 2.039 d. Pumpingrate during recovery
g of the tracer was 11,550ft3/d. Bromideconcentrationduring pumpingwas

monitoredusing a conventionalbromide ion-selectiveelectrodeand double-

junctionreferenceelectrode. Figur_ 7.1 illustratesthe results of bromide

measurements. The concentrationcurve in the figurewas integrated,and it

was calculatedthat the centerof the bromidetracermass was recoveredafter

50.6 min (or 0.0351 d). ApplyingEquatiJns(6) and (7) resultedin a calcu-

lated net effectiveporosityof 21% and net seepagevelocityof 2.0 ft/d at

well 4.
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8.0 DISCUSSION

The 2.0-ft/dflow determinedthroughthis seriesof tests is greaterthan

the apparentflow rate, which is approximately1.5 ft/d, observedby

monitoringthe migrationof "chill"in the aquiferduring actual use of the

ATES installation. Some differencewas expectedbecause the chill is effec-
i

tively retardedby heat exchange betweenthe injectedcool water and the sedi-

ments and entrappedwater of the aquifer. (The volume of entrappedwater in

' the sedimentsis reflectedby the differencebetweeneffectiveporosityand

total porosity.) Thus, in designingfutureATES installationsin similar

sediments,or in designingthe expansionto the UASRC well field,assuminga
i
; retardationcoefficientof approximately1.3 seems reasonable.
!

The effectiveporosityof 21% is greaterthan the 6% to 12% values

measured for other sites in this aquifer(Croninet al. 1989;Hall et al.

1991a). However,the higher porosity is reasonablebecausethe hydraulic
!

conductivityat the UASRC site is also greater. Also, the specificyield of
i

the sedimentsat the UASRC site is estimatedto be 9% to 11% (basedon the

constant-dischargepumping test), and effectiveporosity is expectedto be

greater than specificyield.m

i The differencein specificcapacitybetweenwells I and 4 may not reflect

i a real difference in transmissivity at the two locations. Rather, the differ-

ence may be caused by the verticalinhomogeneityof the sediments. Alterna-

tively the difference may be caused by better development of well 4 which
m

has been pumped extensivelycomparedto well I. This possibilityis strength-

ened by consideringthe originaldriller'sreports,copies of which were

obtainedfrom the U.S. GeologicalSurvey office in Tuscaloosa" Pumpingtests

conductedimmediatelyafter well constructionshowed that both of these wells

• had a specificcapacityof approximately8 gpm/ft. That is, the efficiencyof

well 4 has increasedover the years of use. Well I has been largelyunused.

However, using a well in the injectionmode would not result in continued

development,as it does in the pumpingmode. Therefore,in designingfuture

installations,especiallywhere injectioncapacity is judged to be marginal,

it may be cost effectiveto constructinjectionwells with a larger diameter
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than that of the pumpingwells. In general,doublingthe screendiameterwill

increasespecificcapacityby about 10%, so the effect is not great.

The stratigraphyappearsto be quite variedacross the well field. We

recommenda longerterm constant-dischargepumpingtest using the production

wells as observationwells, preparationof a water-tablemap for the entire

well field, and a point-dilutiontracer test for each of the productionwells.

These steps will be useful in establishingflow patternswithin the aquifer

and the continuitybetween injectionand pumpingwells. New productionwells

completedat the site should be includedin this test program.

Finally,the resultsof the point-dilutiontracer test warrant additional

comment, lt was shown in Equation (4) that the mean flow velocitythroughthe

V* is proportionalto seepagevelocity,V, effectiveporosity,n,well bore, ,

and flow distortionfactor,a. In conventionalpractice,the flow distortion

factor is determinedby laboratorycalibrationof some given combinationof

screen and gravel pack by comparingmeasuredV* againsta known velocity,V,

for a "weil" establishedin a laboratory-scale"aquifer"(Kearlet al. 1988).

Then, V for a real aquiferis obtainedfrom field measurementof V* and by

estimatingn That is, the flow distortionfactor is consideredto be

strictlya functionof well constructionand to be independentof the nature

of the aquifer.

In the tests describedherein, laboratorycalibrationis obviouslynot

necessary. Velocity and porosity are known from the results of the companion

tests, and the mean V* (2.98 ft/d) is easily calculatedfrom the experimental

d_ta. Therefore,from Equation(6), the flow distortionfactormust be equal

to 7.1. If the flow distortionfactor is truly independentof variation

within the aquifer,then Figure 6.2 accuratelydepicts the relativeflux and

also the relative hydraulicconductivityfor each test depth.

However, laboratorytests, as well as computersimulations,have shown

that the flow distortionfactor should be approximately2.0 (Raymond1955).

In thisUASRC test, the value for that factor is nearly four times the

expected value. Further,even higher values have been reported in the liter-

ature (Kearlet al. 1988). We interpretthe disparitybetween laboratory

experimentsand field measurementsas follows.
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Laboratoryexperimentswith porous media are of small scale, both in time

and space, comparedto real aquifers,and the media used in such experiments

to simulateaquifersare often uniform and well sorted. Within the conductof

an experiment,the laboratory-scalewell will not undergosignificantdevelop-

ment. This is true for computersimulationsas well becauseaquifer charac-

teristicsare fixed. However,a Feal well is developedover time (i.e.,every

time it is pumped) and progressivelymore fine-grainedmaterial is withdrawn

from the aquifernear the well bore. That is, in the vicinityof the weil,

the aquiferis more conductivethan the rest of the aquifer,and the sediments

are better sorted.

Thus, in the laboratorytests and computersimulations,but not at a real

well installation,the assumptionof a uniform aquiferimmediatelyadjacent

to, and extendingfrom, the well is a valid assumption. Therefore,the pat-

tern of flow distortionat a real well is probablynot accuratelyrepresented

by the resultsof laboratory-scaleor computer experiments.

For the UASRC test, there is an importantconsequence, lt is unlikely

that the relative developmentof poorly sorted sediments,such as the material

near the bottom of the aquifer,will be the same as that of the overlyingsand

stratum. That is, the hydraulicconductivityof well-sortedsand will be less

affectedby well developmentthan the poorly sortedmaterial,so the flow dis-

tortionfactorsof the two stratawill probablybe different, lt seems likely

that the relative flows (i.e.,the relativehydraulicconductivities)shown in

Figure6.2 for the poorly sortedsedimentsare too high comparedto the sand

layer. That figure must be taken as a semiquantitativerepresentationof the

verticaldistributionof flow.
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