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ABSIRACT

Successfuloperationof an aquiferthermalenergy storage system depends

on three elements: 1) the presenceof a su:tableaquifer for ground-water

supply and energy storage;2) the avail;_uilit__ of a source of free or low-cost

> thermalenergy, such as industrialwaste heat or environmentalchill; and 3) a

temporalmismatch betweenthermalenergy availabilityand the_lal energy use.

Using conventionalhydrogeologicmethods for aquifercharacterization,the

presenceof a suitableaquifer is the most difficultof these three elements

to assess quantitatively. By combiningconventionalmethods with drift-and-

pumpback and point-dilutionsingle-welltracer tests, however, the rate of

ground-waterflow, the effectiveporosity,and tileverticaldistributionof

hydraulicconductivityof the aquifer can be estimatedquickly and

economically.

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 any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparalus, product, or
process disclosed, or repre_nts that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



INTRODUCTION

Storingthermal energy in groundnwatersystems (aquifers)is an energy

conservationconcept designedto partly replace costly or scarce primary

energy sources,such as petroleum,with abundant and inexpensiveheat or

chill. For example, industrialwaste heat can be stored in an aquifer for

later use in comfort heating. Similarly,the chill of cold winter air can be

stored for air conditioningduring summermonths. An aquiferthermal energy

storage (ATES)system in its simplestform is composed of a pair (doublet)of

fairly conventionalwater supplywells drilled into an aquifer. Geologic

materials are good thermal insulators,and potentiallysuitable aquifers are

widely availablethroughoutthe United States.

Duringoperationof an ATES system,groundwater is withdrawnfrom one

weil, heatedor chilled in a heat exchanger,and then returnedfor storage to

the same aquifervia a secondwe_l (Figure1). For recoveryof the stored

thermalenergy, the second well is pumped,and the hot or cold water is again

circulatedthrough a heat exchangerand then returnedto the aquiferthrough

the first weil. The recoveredthermalenergy can be used for space or process

heatingor cooling, thus reducingthe need for primaryenergy. The cycle is

repeatedon a seasonal or other temporalbasis. The ATES system is simple,

inexpensive,and relativelyefficient.

Successfuldesign and operationof an ATES system depend on three

elements: I) the presence of a suitableaquifer for ground-watersupply and

energy storage;2) the availabilityof a source of free or low-costthermal

energy;and 3) a temporal mismatchbetweenthermal energy availabilityand

thermalenergy use.

ElementI is usuallythe most difficultcomponentof an ATES system to

assess quantitatively. In this paper, we present a practicaland economic

method for characterizinggeohydrologicsystems for ATES applications. The

method combinesconventionalhydrologictestingwith single-wellgeochemical

tracer tests and is illustratedby a case study of an existingATES

installationin Tuscaloosa,Alabama.
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Aquifer characterizationis importantto the engineeringdesign of an

ATES installation;that is, the aquifermust be considered as one important

componentof the ATES heatingor coolingplant. However0 unlike the pumps,

heat exchangers,and other mechanicalcomponentsof the system,the aquifer

cannot be alteredto meet design specifications° Thus, to some degree,the

ATES plant must be designed to accommodatethe aquifer.

For example,the capacityof the aquiferto accept or yield water limits

the flow rate that can be used in an ATES plant. Also, the effectiveporosity

of the aquiferaffectsthe volume of aquiferrequiredto store a given volume

of heated or chilledwater° This in turn affectsthe size of an ATES well

field. The directionand rate of ground-waterflow similarlyaffectsthe

size, shape, and operationof the well field_

The aquifer'shydraulicconductivity,which is a measure of the ability

of the porous geologicmedia to transmitwater, is of first-orderimportance

in design and evaluationof ATES systems,and is dependenton the size and

shape of the media pores. Hydraulicconductivity(K) multipliedby aquifer

thickness (b) equals aquifer transmissivity,which is a measure of the rate at

which water"moves through a unit width of the aquifer under a unit hydraulic

gradient. A high hydraulicconductivity(and transmissivity)is desiredto

producethe largestvolume of water from a well with the least drawdownof

ground-waterlevel. However, paradoxically,low hydraulicconductivityis

desirablefor decreasedregional ground-watervelocity and preventionof

excessivetiltingof the thermoclinefrom viscosity/buoyancyeffects in high-

temperatureATES systems. Isotropicaquifermedia (havingthe same hydraulic

conductivityin all directions)are desirableto obtain maximumwater supply

'froma well with minimum drawdown. But, conversely,anisotropicconditions

(with vertical hydraulicconductivitybeing much less than horizontal

hydraulicconductivity)are desirablefor high-temperatureATES systemsto

resist tilting of the thermoclineo

Porosityof geologicmedia is expressedas the ratio of the pore volume

to the total volumeof the rock. With regardto the storage and movement of

water in a porous medium, only the systemof interconnectedinterstices

(effectiveporosity)is important. The porosity of the aquifermatrix is an
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importantconsiderationin ATES systemsbecause it determinesthe amount of

heated or chilled water that can be stored per unit volume of the aquifer.

Porosityalso is importantbecause it is one factorthat controls ground-water

velocity. Ground-watervelocity in a porous medium is proportionalto the

hydraulicconductivityand gradient (slopeof the water table or piezometric

surface) and inverselyproportionalto the porosity.

Areal aquifer boundariesand aquiferthicknessdetermine the volume

availablefor storageof heat or chill. Aquifer volume generally is much

greaterthan the requiredstoragevolume, but boundarylocation may be of

interestif the proposedATES storage site is near zones of rechargeor

discharge,or on the peripheryof a ground-watersystem.

Thermal characteristicsof the aquiferare importantin determiningthe

heat capacity of the system and conductionof heat out of the storage volume.
J

Thermalconductivityis the quantity of heat conductedin unit time across an

elementof surface urder a given thermalgradient. Porous geologicmaterials,

saturatedwith water, do not vary widely in thermalconductivityvalues.

Basically,earth materialsare good insulatorsunder ATES conditions,and

differencesin their thermalconductivitiesare relativelysmall. Thus,

thermalconductivityis of second-orderimportancein geohydrologic

characterization. Thermalcapacity (specificheat) of a ,naterialis the

quantityof heat requiredto produce a unit change of temperaturein a unit

mass of media. Variationin thermal capacityof earth materials, as with

' thermalconductivity,is small, so characterizingthermalcapacity is also of

second-orderimportance.

The followingcase study is an exampleof a combined program of

conventionaland tracer testing, lt also illustratessome methods and

techniquesfor conductingthe tracer tests. The testingmethods presented

here can be used to addressall Factorsof aquifercharacterizationexcept for

thermalcharacteristicsof the aquifer.
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EXPERIMENTAL

An ATES system has been in operationsince 1985 at the Universityof

AlabamaStudentRecreationCenter (UASRC),locatedon the universitycampus in

Tuscaloosa,Alabama. In this ATES system,ground water is circulatedb_tween

heat exchangersand the unconfinedaquifer via a well field consistingof six

prnductionwells. During cool months,the water is chilledand injected into

the aquifer. During Warm months,the stored water is withdrawn from the

aquiferto serve as a heat sink to cool the air in the UASRC building. The

productionand water-levelmonitoringwells used for this test are shown in

Figure2.

In November 1991, PacificNorthwestLaboratory (PNL)conducted a series

of field tests at the UASRC site to determineaquifercharacteristics

includingthe directionand rate of ground-waterflow, formationeffective

porosity,hydraulicconductivity,verticaldistributionof flow within the

aquifer,and the specific capacityof wells during both 'injectionand

withdrawal (Hall and Newcomer,1992). The purposeof this series of tests was

to providedesign data for expansionof the well field.

The unconfinedaquiferat the UASRC site is within unconsolidated

alluviumconsistingof sands, gravels,and clays from the nearby Black Warrior

River (Schaetzleand Brett, 1989). These deposits are believed to be 10 to 30

thousandyears old, formed during the final phases of the Wisconsin

Glaciation. The sedimentsoverliethe PottsvilleFormation,which consistsof

well-induratedshales and limestone,is of low permeability,and provides the L

lower boundary of the unconfinedaquifer. In the vicinityof the test site,

the sedimentsare typically24 to 27 m thick, and the lower 9 to 12 m are

. saturatedwith ground water.

Productionwells I through6 were drilledwith a 0.43-m (17-in.)

diameterbit and completedthroughthe sedimentsand slightly into the

PottsvilleFormation (Schaetzleand Brett, 1989). In each case, 0.25-m (10-

in.) diameter PVC screen,with 8.1- x I0"4-m (0.032-in.)openings,was

installedin the lower 15.2m of the weil. The screenwas gravel-packedto

just above the screen/PVCcasing connection,and then groutedwith concreteto
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the surface. Each well was developedby pumpingfor a period of approximately

one day at a rate of 1.3 x 10-2 to i.6 x 10-2 m3/s. The monitoringwells were

constructedusing 0.051-m (2-in.)PVC casing,and screenedand sand-packed

near the bottom of the aquifer.

Hydraulicgradient and the directionof flow were determinedfrom water-

level measurementstaken from well #1, well #4, and well #5, and from survey

data providedby the Universityof Alabama. The water levelswere measured

from the top of the well casingswith a steel tape just before the start of

the aquifer tests. The resultinghydraulicgradientWas 0.0045. The

directionof flow relativeto the layoutof the well field is shown in Figure

2. A step-injectiontest was performedat well #I to determinethe injection

capacity of a typicalproductionweil. Well #4 was used to supply water for

injectionat well #1, and pumpingat well #4 was treated as a concurrentstep-

drawdowntest. Pressure transducerswere installed in both wells for

monitoringwater level change. [he dischargeend of the Supply line leading

from well #4 to well #1 was placed below water level in well #I to prevent

frothingand the resulting injectionof entrappedair into the aquifer.

The test was startedwith an initialpumping rate of 5.0 x 10-3 m3/s,

increasedin 2.5 x 10-3 m3/s incrementsup to 1.26 x 10-2 m3/s, and followed

by a final increaseto 1.77 x I0"2 m3/s. Each incrementwas maintained for

approximatelyone-half hour, except for the final pumping rate, which was

maintainedfor approximatelyone hour. Figure 3 illustratesthe changes in

water level observed during the test. Note that after ._pFroximately65 min of

injection,during the 1.0 x 10-2 m3/s flow step, the water level in well #1

rose above the level of the screen°

The specificcapacity of each well was determinedusing the method of

Jacob (1946),where change in water level is expressedas a functionof flow

as follows:

s = BQ + CQ2 (i)

where s = drawdown in m

Q = flow rate in m3/s



I

4

B : formationloss coefficient

C = well loss coefficient

The graphicalmethod describedby Driscoll(1986) was used to determine

the values of the coefficientsB and C. This method uses a rearrangedform of

EQ (I), where a best-fit straight line through a plot of s/Q v_ssQ yields a

slope equal to C and an ordinate interceptequal to B. Figure 4 illustrates

such plots for the test wells. At well #I, it is seen that, dependingon flow

rate, ground-watermoundingwill occur at the rate of approximately500 to 600

m per m3/s (~0.i ft/gpm).

,b

A constant dischargepumpingtest was startedat well #4 approximately

18 h after'completionof the step-injectiontest. Based on the resultsof the

step-injectiontest, a dischargerate of 1.77 x 10-2 m3/s_was chosen, and that

ratewas maintainedfor a duration of 8 h. After pumpingwas stopped,water

level recoverywas monitoredfor 15 h.

Wells H2N and H3N, located 15.2 m and 19.5 m, respectively,from well

#4, were used as the principalobservationwells. Downholepressure

transducerswere used to monitor drawdownand recovery in the pumping and

observationwells. Near the end of the 8oh pumping phase of the test, the

maximum drawdown observed in the pumpingwell was 6.94 m. Maximum drawdown in

the observationwells was 1.14 m in well H2N, and 0.90 m in well H3N. The

test data were correctedfor aquifer dewateringprior to analysisusing the

following equation•

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

where H' = uncorrecteddrawdown in m

b = aquiferthickness, in m, prior to pumping

A combinationof pressure derivatives(Bourdetet al. 1983; Bourdetet

al. 1989), straia_.Lline solutions(Jacob,1946),and type-curvematching

techniques (Theis,1935; Novakowski,1990)was applied to the correcteddata

to estimate values of transmissivity,storagecoefficient,and specificyield.



Analysisof drawdown data yielded a value of storativityof 0.0002 to

0.0005, specific yield of approximately 0.1, and transmissivity of 280 m2/day

to 320 m2/day. A similaranalysisof recoverydata confirmedthese results.

Approximately19 h after pumping ceased during the constant discharge

test, a point-dilutiontest was initiatedat well #4 by emplacinga bromide

tracer into the well bore. A point-dilutiontest, as describedby Kearl et

al. (1988)is used to estimateground-watervelocity. (The rate at which the

concentrationof a tracer in a well bore decreasesover time is a functionof

ground-watervelocity.) For this test, point-dilutionwas used to estimate

the distributionof flow velocitieswith depth by monitoringbromide

concentrationsat severaldepth intervals°
i

To emplace the tracer,a I_6- x I0"2-m (5/8-in.)ID hose, open at both

ends, was suspended in the well to the bottom of the aquifer. The hose was

weightedwith a plasticjug having a radius of approximately0.18 m. Gravel

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

table to the lower end, was 2.2 L; the volume of water used to dissolve 125 g

of lithiumbromide (LiBr). The solutionwas poured into the top of the hose,

displacingwell water from the hose. The hose was then withdrawn from the

well_ leavingthe tracer solution in place. The jug used to weight the hose

also served to mix the tracerwithin the well bore as the hose and jug were

withdrawn.

z

Based on the 0.25-m well diameter and the ll.3-m effective aquifer

thickness, the predicted bromide concentration immediately after tracer

emplacement was 202 mg/L.

Followingtracer emplacement,the bromideconcentrationin the well bore

was monitoredas a functionof time and depth. Downholemeasurementswere

made at O.9-m (3-ft) intervalsover a period of 5 h. The measurementswere

made using an Ag/AgBr ion-selectiveelectrodeand a submersibledouble-

junction referenceelectrodeof the Ag/AgCl type havingan inner filling

solutionof 4 M KCl (saturatedwith AgCl) and an outer filling solutionof 104

KNO3. The referenceelectrodeis of a new design,which was developedat PNL

, specificallyfor deep, in situ electrochemicalmeasurements. The eiectrodes



were connectedto a Hach One pH/millivoltmeter with 30 m (I00 ft) of dual-

conductorinsulatedwire. Figure 5 illustratesthe resultsof measurement.

The electrodeswere calibratedjust prior to the point-dilutiontest

using a concentratedsolutionof lithiumbromideand a sample of natural

ground water collectedfrom well #4_ Well water spiked to a bromide

concentrationof 10 mg/L yielded a responseof 62.1 mv. Based on previous

testing, the bromide sensingelectrodeused in this experimentwas known to

consistentlyrespondwith -56 mv per decade of increasingconcentration(i.e.,

954 of the theoreticalNernst slope) in the range from 10 to 1000 mg/L.

Therefore,millivoltreadings for the test may be convertedto bromide

concentrationsusing the followingequation:

A = I0(I+(62"I'E)/56)

(3)

where A =.bromideconcentrationin mg/L

E = millivolt reading

Inspectionof Figure 5 shows that the bromidetracer was not quite evenly

distributedat 'thetime of emplacement. That is, the millivoltresponsesfor

each test depth, when extrapolatedto zero time, are not all equal. The

extrapolatedpotentialsrange from -8 to -16 my. Each of these potentials

representsa O.9.-msegmentof well bore, except for the deepesttest interval,

which represents1.2 m of well bore. Convertingthe zero-timepotentialsto

bromideconcentrationsand weightingeach accordingto the length of borehole

segmentthat it representsyields a mean calculatedbromideconcentrationof

206 mg/L. This compares quite favorablyto the predictedconcentrationof 202

mg/L.

To calculateflow velocities,the followingequation,modified from Hall

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

dE/dt = o0846V* (4)

where dE/dt = the slope of the plot of mv v__sstime in minutes

V* = ground-waterflow velocitythrough the well bore in m/day



lhe theory describinga point-dilutiontest req!_iresthat, in a valid

experiment,the slop_ dE/dt be a straight line (Hall et al., 1991a).

Inspectionof Figure 5 shows that, at all test depths, the data supporta

straight-lineinterpretation. (At some of the test depths,e.g., 8.7 m, there

is some curvaturein the plot of mv v__Etime early in the experiment. This

curvaturemay have been caused by initialnon-idealdistribu?ionof the

bromidetracer betweenthe well bore and the gravel pack, which is effectively

part of the well installation. Alter,_atively,the curvaturemay be an

artifact of verticalmixing within the well bore caused by frequentmovement

of the sensingelectrodeassemblyearly in the experiment.) However,the

theory also req'diresthat the tracer be at all times evenly distributedin

each test intervalwithin the we'llbore. That is, mixing within the bore must

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

condition 'isnot met, EQ (4) becomes invalid. A plot of mv v__ss_timewould then

reflecta plug flow component,and the plot would tend toward a step function

rather than a straightline.

In conventionalpractice,a point-dilutiontest "isconductedby

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

device installedin the test intervaltokeep the compositionof the solution

homogeneous(Kearlet al., 1988). In this test, and in the test describedbyr

Hall et al. (1991a),it was assumed that the naturalturbulence in the well

bore and gravel pack would provide sufficientmixing. The straight-line

slope_ seen in Figure 5 support this assumption. Further, the assumptionwas

tested during the conductof the experimentby moving the sensingelectrodeto

four differentpositionsin the well bore at given depths. At 11 min and at

66 min into the test, at a depth of 0.5 m below the water table, millivolt

readingswere made adjacent to the well screenon the upgradientside, the

downgradientside, and the "left" and "right"sides. This procedurewas

repeatedat the 8.7 m depth at 69 min and 2a.Omin. In no case did the

differencebetweenthe upgradientand downgradientmeasurementsexceed 0.2 mv,

which in the contextof this experimentis negligible° Therefore,an

assumptionof adequatemixing must be taken as correct.

The flow throughthe well bore, V*, calculatedfrom EQ (4) is related to

seepagevelocitywithin the aquiferas follows:

z

:

3
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V* : Vna (5)

where V = seepagevelocity

n = effective porosity

a = flow distortionfactor

The flow distortionfactor,a, arises because the hydraulicconductivity

of the well is considerablygreaterthan that of the aquifer,thereby causing

the flow net (withinthe horizontalplane) to convergetoward the well

(Raymond,1955). For this analysis,the factorwill be considered invariant

with depth. Becauseit is difficultto evaluateeffectiveporosity variations

at the various test intervals,calculationof ,b=.aningfulseepage velocities

for the intervalsis similarlydifficult. However, if the flow distortion

factor is truly a constant,then V* is directlyprcoortionalto net flux

(volumeper unit time) for each test interval. Figu,_e6 illustratesthe

relativedischargefor each test depth in relationto the 6.9-m depth, which

showed the highest V*. The stratigraphyat well #4, de_e_minedby particle-

size analysis of drill cuttings collectedat i.5-m inters'als,is also included

in the figure. The correspondencebetweenobserved stratigraphyand the

resultsof the point-dilutiontest is quite good. The greatest ground-water

flux is throughthe relativelyclean sand, and the least flu){is throughthe

clayey, poorly sorted sediments.

As noted above, the point-dilutiontest is conventionallyperformed in

an isolated interval. In this test and in that describedby Hall et al.

(1991a),therewas no attemptto isolatedepth intervals, lt was assumedthat

in an aquiferdominatedby horizontaladvectiveflow, verticalmixing within

the well bore would be negligiblecomp_Tedto horizontalflow vectors. The

contrast in calculatedrelativedischi_rgebetweenthe 9.6-and I0.5-m test

depths in Figure 6 shows that this assumptionis reasonable.

Ti0etracer emplacementfor this test also served as the beginningof a

drift-and-pumpbacktest, as describedby Hall et al. (1991b). In a drift-and-

pumpbacktest, the tracer is allowed to drift away from the well under natural

gradientfor a period of days. Then, the well is pumped to recoverthe

tracer. The time required to recover the center of mass of the tracer is then



used to calculate net seepage velocity and effective porosity of the aquifer

using the following equations:

n = _bK212T2/Qt (6)

where n = effectiveporosity

b = aquiferthickness11.3 m

K = hydraulicconductivity(24.6m/day to 28.0 m/day)

I = hydraulicgradient (0°0045)

t = pumping time to recovercenter of mass of tracer in days

T = drift time _ t in days

Q = pumping rate in m3/day

and V = Qt/xbT2KI (7)

where V = seepagevelocity in m/day

The drift time for this test was 2.039 days. Pumping rate during recoveryof

the tracer was 327 m3/day. Bromideconcentrationduring pumpingwas monitored

using a conventionalbromideion-selectiveelectrodeand a double-junction

referenceelectrode. Figure 7 illustratesthe resultsof bromide

measurements. The concentrationcurve in the figurewas integrated,and it

was calculatedthat the center of mass of the bromidetracer was recovered

after 50.6 min, or 0.0351 days. Applying EQ (6) and EQ (7) resulted in a

calculatednet effectiveporosityof 164 to 214 and net seepage velocity of

0.6 to 0.7 m/day at well #4.

DISCUSSION

The flow determinedthrough this series of tests, 0.6 to 0.7 m/day, is

greaterthan the apparentflow rate observedby monitoringthe migrationof

"chill"in the aquifer during actual use of the ATES installation,which is

approximately0.45 m/day. Some differencewas expectedbecausethe chill is

effectivelyretardedby heat exchangebetween the injectedcool water and the

sedimentsand entrappedwater of the aquifer. (The volume of entrappedwater
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in the sedimentsis reflectedby the differencebetweeneffectiveporosity and

total porosity.) Thus, in designingfutureATES installationsin similar

sediments,or in designingthe expansionto the UASRC well field, assuming a

retardationcoefficientof approximately1.3 to 1.5 would be reasonable.

The effectiveporosity of 164 to 214 is greater than the 64 to 124

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

al., 1991a). However,the higher porosityis reasonablebecausethe hydraulic

conductivityat the !JASRCsite is also greater. Finally,the results of the

point-dilutiontest warrant additionalcomment. In EQ (5) it was shown that

the mean flow velocitythrough the well bore, V*, is proportionalto seepage

velocity,V, effectiveporosity,n, and a flow distortionfactor, a. In

conventionalpractice,the flow distortionfactor is determinedby laboratory

calibrationof some given combinationof screen and gravel pack by comparing

measured V* against a known velocity,V, for a "weil" establishedin a

laboratory-scale"aquifer" (Kearlet al., 1988). Then, a velocity,V, for a

real aquifer is obtainedfrom field measurementof V* and byestimating

porosity,n. That is, the flow distortionfactor is consideredto be strictly

a functionof well construction,and to be independentof the nature of the

aquifer.

In this test, laboratorycalibrationwas obviouslynot necessary.

Velocity and porosityare known from the resultsof the companiontests, and

the mean V* (0.91 m/day) is easily calculatedfrom the experimentaldata.

Therefore,from EQ (5), the flow distortionfactor must be equal to

approximately7 to 8. If the flow distortionfactor is truly independentof

variationwithin the aquifer,then Figure 6 accuratelydepictsthe relative

flux, and also the relativehydraulicconductivity,for each test depth.

However, laboratorytests as well as computer simulationshave shown

that the flow distortionfactor should be approximately2.0 (Raymond,1955).

: In this test, the value for that factor was approximatelyfour times the

expectedvalue. Further,even highervalues have been reported in the

literature(Kearl et al., 1988). We interpretthe disparitybetween

laboratoryexperimentsand field measurementsas follows:



Laboratoryexperimentswith porousmedia are of small scale, both in

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

experimentsto simulateaquifers are often uniformand well sorted. Within

the conduct of an experiment,the laboratory-scalewell will not undergo

significantdevelopment. (Certainlythis is also true for computer

simulations,where aquifercharacteristicsare fixed.) However, a real well

is developedover time, every time it is pumped, and progressivlymore fine-

grained material is withdrawnfrom the aquifernear the well bor_. That is,

in the vicinity of the weil, the aquifer is more conductivethan the rest of

the aquifer, and the sedimentsare better sorted.

Thu_, in the laboratorytests and computersimulations,but not at a

real well installation,the assumptionof a uniformaquifer immediately

adjacentto, and extendingfrom, the well is a valid assumptiono ThereTore,

the pattern of flow aistov_tionat a real well is probably not accurately

representedby the resultsof laboratory-scaleor computer experiments.

For the presenttest, there is an importantconsequence, lt is unlikely

that the relativedevelopmentof 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 hydraulicconductivityoi well-sortedsand will be less

affected by well developmentthan the poorly sortedmaterial, so the flow

distortion factorsof the two strata will probably be different, lt seems

intuitivelylikelythat the relativerates of flow (i.e., the relative

hydraulicconductivities)shown in Figure6 for the poorly sorted sediments

are too high compared to the sand layer° The figure must be taken as a semi-

quantitativerepresentationof the verticaldistributionof flow.
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Figure 2. Well field at the University of Alabama Student Recreation Center.
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Figure 3. Water-level changes during the step-injection and step-drawdown
tests.
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12 depth intervals. Aquifer stratigraphy is based on examination of drill
cutt i ngs.
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