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GENERAL INTRODUCTION

1. INTRODUCTION

In the Netherlands, asin most populated parts of the world, groundwater constitutes an important
component of water supply for domestic use, industry and agriculture. Thisgroundweter is preferably
withdrawn from aguifers, i.e. geologic formations that are capable of yidding sgnificant amounts of
water. Asaresult of pumping, the water table and thewater levelsin nearby wellswill belowered. The
demand for water usualy grows and a some stage the withdrawad of groundwater may cause
undesirable sde effects. Such adverse situations can be prevented or reduced by a good management
of water resources. Thisrequiresingght into the managed hydrologicd systemin generd and the ability
to forecast the response of the aguifer system to proposed pumping. The usud tool for analysis and
prediction is a numericad modd that smulates regionad groundwater flow. The congruction of a
groundwater flow mode requires sufficient information about the hydraulic properties of the subsurface.
Ingenerd, pumping tests provide the most reliableinformation to determine the hydraulic properties of
aquifer systems.

Apat from groundwater exploitation, specific conditions in the western part of the Netherlands
often require abstraction of groundwater for water management purposes. More than haf of the
Netherlands can be classfied as a coastal lowland with a permesble subsurface of 100 - 300 m of
Plestocene fluvia sands, separated by one or more clay layers. This complex aquifer system is
confined by asemi-perviouslayer of 10- 20 mof marineand fluvid dayey and peaty depostsfromthe
Holocene. Because abundant open water in ditches, candls, riversand lakes are present at the surface,
the top layer of thisextensveleaky aguifer sysem remainsdmost completely saturated. ThisStuation
poses specid problems for building pits, and extensive groundwater absiraction schemes are often
needed to keep groundwater pressure and seepage under control in these excavations.

The hydrogeol ogic conditionsin the Dutch lowlandswerein fact the main reasonin the beginning of
the 20th century to investigate wdll flow under leeky aquifer conditions. Until the 1930s the design of
well fields was mainly based on empirica information on the relation between abgiraction rate and
drawdown, obtained by test pumping. However, as early as 1914, Kooper found the first andytica
solution for steedy well flow in ahomogeneous, sngleleaky aquifer. Further evaluation of hissoluionin
practice and an extension to partidly penetrating wells was subsequently offered by De Gleein 1930
(De Vries, 1982). In the Netherlands the Kooper/De Glee solution is generdly referred to asthe De
Glee formula. The same solution was published in 1949 by Hantush.

A wide range of andyss techniques subsequently became available for sngle homogeneous
aquifers. Few methods have been developed for two-aquifer systems, i.e. two aquifers above each
other, separated by a considerably less permeable layer (Kruseman & de Ridder 1970, 1990).
However, until twenty years ago no solutionswere availablefor leaky multi- aquifer sysemscomprisng
of three or more aquifers. The main objective of the present study isto determine andytica solutions
for wdl flow in multi-aguifer systems, in order to alow for proper andyss of pumping testsin such
systems.

Thisstudy of groundwater flow in layered aquifer systemswas carried out in two separate periods.
Fow in aquifer-aquitard systems was investigated during the years 1979 to 1986 and results were
published in reports (Hemker, 1981ab) and in three consecutive journd articles (Hemker, 1984,



1985a; Hemker & Maas, 1987). Morerecently, the same solution technique wasfurther developed to
investigate flow near wellsin layered aguifers. Thisextenson of the multi- aquifer solution technique has
been described in two papersthat are to be published asjournd articles (Hemker, 1999ab). Thefive
interrel ated papers are assembled in their logica order and presented here sequentialy as Chapters 2
to 6.

The remainder of this introduction gives a further description of the motives, objectives and
coherence of the compiled parts. In section 2 abrief account is given of some early experiences with
wdl flow in amultiple aquifer system and the lack of a proper method for andysis of the obtained
drawdown data. Asdiscussed in Section 3, a solution was achieved by progressive development of a
number of anaytical equations for such systems. Numerica tools were subsequently developed for
multiple aquifer anadlys's, as detailed in Section 4. The following section describes how during a new
phase of andytica developments, multi-aquifer theory isfurther adapted for amulti-layer approach to
solve well flow problems in homogeneous and heterogeneous aquifers. Section 6 concludes this
introduction with aligt of gpplied methods and conceptua well flow modd characteristics, inther order
of appearance in Chapters 2 to 6.



2. BACKGROUND: THE LANGERAK PUMPING TEST PROBLEM

In 1978 the Dutch Water Supply Company "Alblasserwaard en Vijfheerenlan-den” started
hydrologicd investigationsin search of suitable well field Stesin the polder areaeast of Rotterdam, in
order to increase future drinking water production. In this very flat country, with large meandering
rivers, groundwater flow ismainly driven by thedifferent water levelsof riversandindividua polders, in
combination with the lesky conditions of the Holocene top layer. From hydrogeologica and
geochemicd investigationsit was clear that on aregiona scaefour fresh water aguiferswereinvolved.
The 10-60 m thick fluvial and marine sand layers are separated and covered by 5-20 m thick clay,
loam and pesat deposits. Further exploration of the top and second aquifer wasplanned. A tet-holeto
adepth of 200 m near Langerak (Chapter 2, Fig. 1) showed that some of the regiona aguifers are
subdivided locdly by intercalated clay layers. Brackish groundwater was only found at depths below
170 m and the location seemed suitable for awater supply well field. A pumping test was planned to
provideinformation onthelocd hydraulic parametersasabassfor further investigationsto quantify the
effects of groundwater withdrawal. Piezometers were ingtaled in seven(sub)aguifersinthetest-hole,
and two pumping wellswere drilled at short distances (30 and 41 m) and screened in the second and
third aguifers. The pumping test was performed in November 1979 and the pumping period lasted 21
days. The second aquifer was pumped for the full period, while the third aguifer was only discharged
during eight days at the end. Drawdowns were messured in al (sub)aguifers and from a visud
Inspection of the drawdown curvesit appeared that steady- state flow wasreached in dl aquiferswithin
five days from the gart of pumping.

The Langerak pumping test showed that the more than 200 m thick series of horizonta aquifers,
separated by aquitards, reacted to pumping asasingle system. Each aquifer and aquitard isonly part of
thismultiple aquifer sysem. Much practicd indght was gained from the behaviour of thislayered aquifer
system in response to the pumping test. The pumping test and its analysis were conducted by an
externa consultant and sSince therewas no method availableto andyzethismultiple aquifer sysemasa
whole, an approximate solution was developed based on the two-aguifer lesky system solution of
Bruggeman (1972), applying corrections for additional drawdowns in the adjacent aquifers (Rolf,
1981).



3. A STEPWISE DEVELOPMENT OF MULTI-AQUIFER SOLUTIONS
Motivation

Following the Langerak pumping test, further hydrologica investigations were planned by the
"A & V" Water Supply Company, including a large-scde pumping test in the Lexmond well fidd
(Chapter 2, Fig. 1). From drawdowns in the many piezometers near this ste it was well known that
heretoo alayered system was pumped and four aguifers should be distinguished. Although the number
of aquifers was smdler than a Langerak, andyss of this test would be complicated by the large
number (26) of production wellsinvolved and the expected complications caused by induced recharge
from the nearby river Rhine.

The Langerak experience, the planned Lexmond pumping test and the lack of amethod to compute
drawdowns in aquifer systems of more than two aquifers, were the motivation to search for a new
equation or anew technique. Just as Langerak produced the background, Lexmond gavetheincentive.

Seady-state flow

An extengve literature study reveded that andyticd wel flow solutions for two-aquifer systems
were occasiondly reported, but no work could be found with respect to multiple aquifer systems. By
sudying publications rdating to these two- aquifer systems, especidly Huisman & Kemperman (1951)
and Bruggeman (1972), and with the mathematica support of P.W. Hemker (my brother), a partia
solution was found in December 1979. With this new solution, based on matrix andlyss techniques, it
was possibleto compute the steady- state drawdown at any distancefromthewe | andinany layer of a
multiple aquifer system condisting of as many aguifers as required.

The Lexmond pumping test was executed in March 1980. After maintaining a congtant minimum
discharge for twelve days, al wells were pumped and this produced an additional 550 n*/hour. The
maximum discharge lasted for 83 hours, after which production was again reduced to a minimum.
Estimated vaues for the steady-sate drawdown in al piezometers could be obtained after some
extrapolation of the drawdown curves. Because of the large number of parametersinvolved in multi-
aquifer systems, graphica solution techniques are not feasible and a non-linear regression technique
needs to be used instead (Hemker, 1985b). The new multi-aquifer solution, the superpostion of the
many wells involved, the effects of induced river infiltration and the non-linear regression required a
specid computer program (written in Algol) and many runs on amain frame computer beforethefina
pumping test andysi swas obtained. However, the exercise not only produced parameter vauesfor the
Lexmond area, but it aso demondirated the practical value of the newly developed multi-aquifer
solution. The Lexmond pumping test was reported (Hemker, 1981a) and, subsequently, the same
technique was used for anew and better anadysis of the Langerak data (Hemker, 1981b). At alater
sagethewd | flow solution was generdized for different steady-sateflow sysems, including flow from
awideriver partialy penetrating alesky top layer, and published in 1984 (Chapter 2).

The same solution for steady-tate wdll flow was subsequently also presented by others (Hunt,
1985, 1986; Maas, 1986; Wu Shi Yu, 1987).

Transient well flow

Although the developed steady-state solution allowed for proper anayss of the Lexmond and
Langerak pumping tests, it should only be regarded as a partid solution for multi-aguifer testsin
generd. The reason isthat pumping tests are usudly performed by withdrawing water from one well



and observing the tempord variation of water levelsin nearby observation wells. Thisrequiresamulti-
aquifer solution for trangent well flow.

Bruggeman (1972) showed how L aplace and Hankel transforms can be used to derive a solution
for trandent wdl flow in alesky two-aguifer system. The same approach was followed for the n-
aquifer case, but now in combination with the previoudy developed matrix techniques. The resulting
andytica solution may be regarded as agenerdization of alarge number of commonly used singleand
dua-aquifer solutions for pumping tests, including those of Thels (1935), Hantush & Jacob (1955),
Barenblatt et a. (1960), Boulton (1963) and Hantush (1967). The new solution was published in 1985
(Chapter 3). An dternative expression was recently presented by Bruggeman (1999, p. 442).

To enablewider use of the drawdown equations, acomputer program waswritten to anayze multi-
aquifer pumping tests (in BASIC, to be run on amicrocompuiter). It was redized that some limitations
could reduce its practica use, and so attention was paid to approximate solutions for storage in
aquitards, unconfined aquifers, partidly penetrating wells and dratified aguifers.

Thedetermination of hydraulic characterigtics (parameter estimation) requiresrepested and accurate
computation of a large number of drawdowns, which, as a result of the semi-infinite integra
representation, needs extensive computer calculations and consequently quite some computer time.
Although the main problem was solved, there was ill room for improvement.

Well flow with aquitard storage

Thanks to the demonstration by Moench & Ogata (1984) of the advantages in using the Stehfest
dgorithm for numerica inverson of Laplacetransform solutions, it became dlear that transent well flow
problems only need to be solved in the Laplace space. The analytical equations are smpler and the
drawdowns are easily evduated by thismethod. When working with L aplace space solutions, itisalso
possible to consider more complicated flow problems.

Aquitards areoftenfine-grained sedimentsthat are more compressible than coarse-grained aguifer
materias, S0 they can potentidly release large quantities of water from storage. In view of this, it is
remarkable that it is commonly assumed that aquitard compressibility is negligible. Mathematica
difficultiesin solving storative aguitard problems seem to be the principa reason. Hantush (1960) was
thefird to take this storage effect into account for well flow inasingle leeky aquifer. Moench & Ogata
(1984) use the same problem as one of their examples. A Laplace space solution that alows for the
effects of aguitard storage was subsequently devel oped for trangent well flow in multi-aquifer systems.
Compared to the previoudy developed transient solution, drawdowns could also be computed more
eadly. The existing computer program for pumping test andlysis was upgraded for the new technique,
rewritten in Pascal and compiled for a DOS persona computer.

Moreor less pardld with the above mentioned devel opments for multi-aquifer solutions, the Dutch
hydrologist C. Maas was working on the same type of problems (Maas, 1986, 1987a,b). Personal
communication (1986) showed that, independently, the same problem was solved using different
numerical inverson techniques. Thisalowed amutua check of the computed results and consequently
a more generd comparison of the used methods and their accuracies. The individua gpproaches,
different dgorithmsand their comparable outcomes resulted in ajoint publication in 1987 (Chapter 4).

Severd years later Cheng & Morohunfola (1993) dedt with exactly the same problem and,
unaware of the results published in 1987, derived asimilar but less concise solution (Hemker & Maas,
1994; Cheng, 1994).



4. NUMERICAL INTERMEZZO

With a method to andyze pumping tests in multi-aquifer systems, implemented in the computer
program MLU (Multi Layer Unsteady State), the main problem was solved and there was no direct
need for further development of andytica solutions. Over the years agrowing number of consultants,
mainly in the Netherlands, have used MLU for andlysis of their pumping tests.

The increasing availability of persond computers, with their graphical output and easy interactive
operation, provided agood opportunity to smplify many adminigrative sepsthat previoudy hampered
numerica groundwater flow modeling. In 1986 it was decided to devel op anew computer program for
multi-aquifer modeling based on the finite-element technique (Hemker, 1988). Theinitid verson of
Micro-Fem appeared in 1987, and until 1996 a large number of improvements were implemented
including transent flow, particle tracking and parameter estimation (Hemker & Van Elburg, 1990;
Hemker & Nijsten 1996; Diodato, 1997). A Windows verson is presently available and the free
software, both MLU and MicroFEM, can be downloaded from the Internet (Hemker, 1999c).

The MicroFEM code was verified by comparing numerica results of radia multi-aguifer flow with
those of MLU. Morerecently, some MLU resultsthat conflicted with published drawdown curvesfor
apartidly penetrating well with wellbore storage were checked with aMicroFEM modd to verify the
MLU results (Chapter 5).

Since the present work is restricted to anayticd solutions, MicroFEM developments and
possibilities are not further discussed here.



5. TRANSIENT WELL FLOW SOLUTIONS FOR LAY ERED AQUIFER SYSTEMS
The multi-layer well flow approach

The term "layered aguifer system” is used to dencote two types of aquifer system: a) a system of
multiple agquifers, or multi-aquifer system, which comprisesaseries of aguifers separated by confining
layers, and b) a verticaly heterogeneous, dratified or multi-layered aquifer, which isa single aquifer
composed of anumber of sublayers. The andytica solution for multi-aquifer systems (Chapter 4) can
be directly applied to multi-layered aquifers. Thisisactualy asmplification, because trangent flow in
aquitards and aquitard storage need not be consdered. Verticaly heterogeneous aquifers can be
treeted in this way, but subdivision of ahomogeneous aquifer into alarge number of sublayerscanadso
be useful, ance this takes verticd flow within the aguifer into account. These vertica components of
flow are gpproximated asfinite-differenceswithin the vertically discretized aquifer, whilethe horizontd,
radid components are Smultaneoudy solved andyticdly for al sublayers.

The concept of one-dimensona numerical modeling to account for vertica flow componentsinwell
flow problems was suggested in 1984 (Chapter 2) and further described with examples in 1985
(Chapter 3), but had not attracted much attention. In 1996 the conference on " Andytic-bassdmodding
of groundwater flow" in Nunspeset (the Netherlands), provided awelcome opportunity to explore the
interesting problem of well-face flow to a partidly penetrating well, as known for example from the
work of Haitjema & Kraemer (1988).

Vertical flow components and wellbore storage

When trangent well flow to a fully peneirating well in a fully confined homogeneous aquifer of
congtant thickness is considered, drawdown responses are independent of depth and there is only
radia flow. However, verticad components of flow usualy occur near the well caused by partia
penetration of the well, by recharge from leskage through adjacent layers or from a declining water
table and/or by heterogeneity. To investigate the capability of the multi-layer solution technique to
accurately reproduce the effects of vertica flow, results were compared with severa anayticd well
flow moddsincluding the delayed response model of Neuman (1972), the partial penetration solution
of Moench (1993) and Székely's (1995) example of well flow in aheterogeneous model (Chapter 5).

A dudy of well-face flow requires an extensonof the solution toinclude afinitewd radiusand, in
the case of transent flow conditions, the effects of wellbore storage are an additionad complication. The
multi-layer solution presented in Chapter 5 is an extension of Chapter 4 by taking the well radiusand
wel|bore storage into account. These features were implemented in the MLU computer program and
the software was tested by comparing resultswith published graphsfrom Boulton & Streltsova (1976)
and Narasmhan & Zhu (1993). Both cases showed deviations, but these could not be attributed to the
present solution technique (Chapter 5).

The uniform well-face drawdown solution

Andyticd wel flow solutionsusudly assumeauniform flux a thewell face. Inthe caseof averticdly
heterogeneous aguifer thiscan be generdized asa"uniform well-facegradient” (UWG) condition. From
the UWG mullti-layer solution, presented in Chapter 5, it was clear that in dl caseswith verticd flow
components, computed drawdownswithin thefinite-radiuswell varied from layer to layer. Instead of a
uniformwd|-faceflux or gradient, it ismore redigtic to assume auniform well-face drawdown (UWD).
From amathematica point of view the transent UWD- condition isquite complex. Sincethetota well



productionisgiven, whilethe uniform well-face drawdown isonly afunction of time, the resulting well-
face flux isafunction of both depth and time. Thereis no anaytical solution known for this condition.



Multi-layer UWD solutions are presented in Chapter 6 for flow to partidly penetrating, finite-
diameter wellswith wellbore storage and athin skin (well-face resstance), for aconstant and variable
wel| discharge. The congtant discharge caseisfurther andyzed and examplesare given of the depth and
time dependent well-face fluxes. Drawdowns and fluxes are compared with UWG flow and with
published results from numericd models (Ruud & Kabaa, 1997). Differences between UWG and
UWD flow are presented for various Stuations with vertica flow components including partia
penetration, delayed response and heterogeneity (Chapter 6). The UWG and UWD conditions have
been implemented asan optionin the ML U computer program (Hemker, 1999¢). An earlier version of
Chapter 5 was presented during the conference on "Anaytic-based modding of groundwater flow"
(Hemker, 1997), and both Chapters 5 and 6 have now been submitted for publication.



6. OUTLINE OF PRESENTED ANALYTICAL SOLUTIONS

The present work comprises five individuad papers. These may be divided into two parts: thefirst
comprises Chapters 2 through 4, in which aquifer hydraulics for fully penetrating wells in multiple
aquifer systems are presented. The second part contains Chapters 5 and 6, and dedls mainly with
large-diameter, partidly penetrating wellsin multi-layered aquifers.

Chapter 2, thefirst paper, can be read independently of the others. Each succeeding chapter builds
on the previoudy published results, presented in the preceding chapters. Thisgradua development of
the theory concerns both the applied techniques and the ongoing complexity of the consdered wdl flow
models. An outline of thisevolution is presented asalist of well flow characterigtics and mathemetical
methods, arranged in order of gppearance in consecutive chapters.

Chapter 2:

Lesky multiple aquifer system

Steady- state flow

Fully penetrating pumping well

Eigenvdue decomposition of the system matrix

Chapter 3

Trangent wdl flow
Unconfined conditions
Stratified aguifers
Laplace transformation
Hankd transformation

Chapter 4

Storage of the aquitards
Dua and triple porosity models
Numericd inverson of Laplace trandformation

Chapter 5

Multi-layered aquifer

Verticd heterogeneity
Finite-diameter well

Wdlbore storage

Partid penetration
Generdized delayed response

Chapter 6

Variable discharge

Sug test

Skin effect

Uniform wel-face drawdown
Variable wdl-face flux



To use the presented andytica solutions as a method for andyss of aquifer tests, computer
software is required. As far as a constant well discharge is concerned, al mentioned well flow
characterigtics are implemented in the computer program MLU, which can be run on every DOS
compatible computer. A three-aquifer verson is available from the Internet (Hemker, 1999¢).
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SUMMARY

The focus of thiswork is deterministic models of saturated groundwaeter flow in layered aguifer
sysems. The term "layered aguifer system” is used to denote two types of sysem: a) a system of
multiple aquifers or multi-aquifer system which comprises a series of aquifers separated by confining
layers, and b) a verticaly heterogeneous, dratified or multi-layered aquifer which isa sngle aquifer
composed of anumber of sublayers. Analytical solutionsfor many different typesof well flow in sngle
aguifersare known and used for pumping test anadlys's, while only few solutionsfor two- aguifer sysems
are available. Pumping testsin the Netherlands have shown that sometimes four or more aquifers are
involved. The lack of aproper solution for multi-aguifer systems was felt as an omisson in well flow
theory. The main objective of thisstudy, therefore, wasto develop andytica solutionsthat can be used
for determining geohydrologica properties from pumping tests in layered aguifer sysems. The study
was carried out in two separate periods. Flow in multi-aquifer systems was investigated during the
years 1979 to 1986 and, more recently, the same sol ution method wasfurther devel oped toinvestigate
flow near wdlsin multi-layered aquifers.

Groundwater modeing aways requires s mplification of themore or lesscomplex geology. Pumping
tests anays's techniques are mainly based on andyticd solutions and the conductive and dorétive
characterigtics of each layer are assumed to be homogeneous. At the scde of apumping test amultiple
aquifer system, or amulti-layered aquifer, will becloser to redity than the classical Sngle, homogeneous
aquifer models. Generaly speaking, an increasing number of layersdlows better representation of the
aquifer system, but the number of parameters grows proportiondly. This vertical discretization of the
flow domain gives multi-layer solution techniques a position between the anayticd and numericd
solution methods. The multi-layer gpproach can be very useful, especidly at the scde of well-flow
problems, since it combines the best of both worlds.

The present work isacompilation of fiveinterrelated papers, presented sequentialy in Chapters 2
to 6 and preceded by ageneral introduction (Chapter 1). The papers may be divided into two parts.
the first comprises Chapters 2 through 4, in which aquifer hydraulics for fully penetrating wells in
multiple aquifer systems are presented. The second part conssts of Chapters 5 and 6, which dedl
manly with large-diameter and partidly penetrating wellsinmulti-layered aquifers. Chapter 2, thefirst
paper, can be read independently, but each succeeding chapter builds on the previoudy published
results. This gradua development of the theory concerns both gpplied techniques and the ongoing
complexity of the consdered wdll flow modds.

A genera method is developed in Chapter 2 for an andytica solution of steady flow problemsin
leaky multiple aquifer systems. Thisis based on the assumptionsthat only horizontd flow inthe aquifers
and vertica flowin the aquitards need be cons dered, acommon smplification in leeky aquifer theory.
The method is characterized by the congtruction of atridiagona system matrix and decompaosition of
this matrix into its eigenvalues and elgenvectors. The solution has been applied in the derivation of
andytica solutions for pardld flow to canas and radid flow to wells. One of the examples presents
results from a pumping test in asix-aquifer system.

The solution method for steady-state flow is further developed n Chapter 3 to obtain exact
andytica solutions for trangent well flow problems in lesky and confined multiple agquifer systems.
Equations are presented for the drawdown digtribution in systems of infinite extent, caused by wells
penetrating one or more of the aquifers completely and discharging each layer at acongant rate. The



possible use of these solutions to gpproximate more complex systemsis discussed and illustrated by
examplesof aquitard storage, unconfined conditions, Stratified aquifersand partidly penetrating wells.

Chapter 4 deds with the search for rdlatively fast and sufficiently accurate computing methods to
determine the drawdown in dl aquifers of a multiple aguifer sysem. Efficient solutions are found by
using the Laplace trandformand different numerica Laplace inverson methods. Another advantage of
working with asolution in the Laplace domain isthat the effects of elastic Storage of the aquitards can
be incorporated in the mathematicad formulation. The smilarity between layered aguifer solutionswith
linear or diffusve crossflow and double- porosity mode sfor fissured formationsis used to demondrate
how more complex multiple-porogity layered formations can be modelled by condructing an
gppropriate system matrix.

Solutionsfor multi-layered aquifersareintroduced in Chapter 5. The L gplace domain solution from
Chapter 4 is extended to include the effects of afinite-diameter well and wellbore storage. Verticaly
heterogeneous aquifers can be handled, but the subdivison of ahomogeneous aguifer into alarge
number of sublayers is shown to be aso ussful, Snce it takes vertical flow within the aquifer into
account. These vertical components of flow can be caused by: @ partidly penetrating wells, b)
recharge from leakage through adjacent layers or from adeclining weater table, and ¢) heterogeneity. To
obtain comparableresultsusing andytica solutionsfor three-dimengond transent wdl flow, auniform
head gradient is assumed a the well screen: the uniform well-face gradient (UWG) condition.
I nstantaneous and delayed drainage of water from above the water table are considered, combined
with the effects of partialy penetrating and finite-diameter wells. Other applications demondtrate the
trandent effects of wellbore storage in unconfined aquifersand the effect of decreasing specific Sorage
vaues with depth in an otherwise homogeneous aquifer. Specid attention is paid to the systematic
drawdown error near the end of partidly penetrating well screens, which can be approximated as a
function of sublayer thickness.

Inorder to ded with trangent well flow with the more complex condition of aspatialy constant heed
aong the well screen, afurther extension of the multi-aguifer solution method is developed in Chapter
6. Thereaulting uniformwell-face drawdown (UWD) Laplace domain solutions are proposed for well
flow caused by congtant, variable and dug discharges and aso include the effects of afinite diameter
well, wellbore storage and a thin skin. Since no anayticd solutionsare known for trandent UWD wll
flow, wellbore drawdowns, well-face flux distributions and aquifer drawdowns are compared with
published numericd results.

The differences between UWG and UWD wdll flow solutions for a congtant discharge rate were
dudied for: a) patidly penetrating wellsin confined aguifers, b) fully penetrating wellsin unconfined
aquiferswith delayed response and ) layered aguifersand leaky multi-aquifer systems. For apartialy
penetrating, finite diameter well in a confined aguifer it has been shown that the UWD modd causes
lower well drawdowns than the UWG modd. The well-faceflux distribution isobtained asit develops
intime and atention ispad to wdl screensof different lengths and diameters. The difference between
UWG and UWD flow toward afully penetrating well in an unconfined aquifer showstheat the transent
well-flux digtribution isdearly nonuniform during intermediatetimes. Therdatively largedischargefrom
the upper part of the screen resulted in amore rapid lowering of the water table near thewell. Findly,
the UWD solution is gpplied to various types of layered aquifers and multi-aquifer systemsin order to
andyze the wdl flux digtributions and drawdowns as a result of heterogeneity, aquitard storage and
recharge through alesky top.

The cgpability to modd multiple agquifer systems and vertically heterogeneous aquifers without the
need to condruct trandent numerica model s makesthe presented sol utions particularly suitablefor well
tests, flowmeter tests, dug tests and pumping tests. A DOS-based computer program for UWG and



UWD congant discharge pumping test anayss is avalable from the author, while a three-aquifer
verson is avalable from the Internet.
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