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Multiply inch-pound units by To obtain SI (metric units)
inch (in.) 25.4 millimeter (mm)
inch per year (in/yr) 25.4 millimeter per year (mm/yr)
foot (ft) 0.3048 meter (m)
mile (mi) 1.6009 kilometer (km)
square mile (mi?) 2.59 square kilometer (km?2)
foot squared per day
(ft2/d) 0.0929 meter squared per day (m2/d)
cubic foot per second
(££3/s) 0.02832 cubic meter per second
~ (m3/s)
gallon per minute (gal/min) 0.06309 llter per second (L/s)
gallon per day (gal/d) 0.003785 cubic meter per day (m3/d)
million gallons per day
(Mgal/d) 0.04381 cubic meter per second
-~ (m3/s) ’
|
gallon per day per square
foot (gal/d/ft?) 40.72 liter per day per square

meter (L/d/m?)
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PREFACE

The instructional materials in this report were developed from
those used in the course "Ground-Water Concepts," which has been
given since the 1970's at the U.S. Geological Survey's National
Training Center in Denver, Colorado. The materials were generated
by a melding of the ideas and work of many individuals, especially
those who have served as instructors of the course at the National
Training Center over the years. To these instructors we wish to
express our appreciation for their efforts. The authors wish to
acknowledge particularly Edwin P. Weeks for his involvement with
and contributions to the development of the course materials.
Eugene P. Patten, Jr. also was involved in the early development
of the course, and later as the Chief of the Office of Ground,
Water Resources Division (WRD), directed the development of the
self-paced version of "Ground-Water Concepts." Lastly, recognition
is due the many hydrologists in the U.S. Geological Survey who
have served over the past eight years as advisors to participants
taking the self-paced version of the course. The success of the
self-paced version of the course is in large part due to the

efforts of these hydrologists.

The purposes of this course are (1) to review selected fundamental
aspects of ground-water flow mechanics, (2) to introduce the basic
differential equations of ground-water flow and the techniques for
their numerical solution, and (3) to discuss and illustrate basic

concepts and techniques that are essential for the successful
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implementation of ground-water investigations at any level of
inquiry including, particularly, concepts and techniques related
to modeling ground-water systems. In addition, the course
provides a sound technical background for more advanced courses in
modeling and the study of other aspects of the ground-water

discipline.

Quantitative concepts of ground-water mechanics that are

particularly relevant to modeling ground?water systems are
emphasized in this course. Many ground—%ater projects today are
designed to (1) provide the necessary daLa for a future modeling
effort, (2) include a modeling component‘in their initial design,
or (3) focus on the development of a grohnd—water model as an
integral part of the project, either to better understand the
existing hydrologic system or to predict| the response of the
hydrologic system to stress. 1In the concepts course, we seek to
emphasize the importance of computer simulation (modeling), not

only as a predictive tool, but also as a valuable tool for better

understanding the operation of ground-water flow systems.

Although the relevance of the concepts pkesented in this course to
modeling will be apparent, these same concepts and approaches are
basic to the conceptualization and analysis of any ground-water
problem, whether or not computer simulatﬁon will be used or

applied to the solutions of the problem.
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In organizing this course and these study materials, we tried to
take a small, constructive step towards encouraging the individual

study of ground-water hydrology.
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CHAPTER 1--COURSE GUIDE

INTRODUCTION

During the 1970's, most formal technical training within the
U.S. Geological Survey (USGS) Water Resources Division (WRD) was
given at the WRD National Training Center in Denver. In the early
1980's, concerns about increasing costs for conducting courses at
the National Training Center led to the recognition of a need for
a more flexible approach to technical training within the
Division. A multi-tier approach to technical training has
expanded and evolved within the past few years. The various
levels and types of training courses include (1) a continued
offering of courses at the National Training Center; (2) "short"
courses, workshops, and seminars offered at Regional or District
Offices; and (3) individual self-paced study programs. It is with

the latter that we are concerned primarily in this study guide.

A two-week course of Ground-Water Concepts has been offered for a
number of years at the National Training Center. The course
materials in this report were developed and expanded from those

that were used in the 2-week course.

Purpose of the Concepts Course

The purpose of the concepts course is (1) to review selected
fundamental aspects of ground-water flow mechanics, (2) to

introduce the basic differential equations of ground-water flow



and techniques for their numerical solution, and (3) to discuss

and illustrate basic concepts and techniques that are essential

for the successful implementation of ground-water investigations

at any level of inquiry including, particularly, concepts and

techniques related to modeling ground-water systems.

Since its inception several years a

has been the most basic training course

go, the concepts course

in the ground-water

discipline that has been offered at the National Training Center.

However, the course design assumes that the participants have some

initial familiarity with ground-water mechanics. The technical

background required for successful partibipation in and completion

of this course will be discussed further in a later paragraph.

An important goal of the concepts course, in addition to the

overall purpose stated above, is to provide a sound technical

background for more advanced courses in modeling and other aspects

of the ground-water discipline. Ideally,

hydrologist should complete the concepts

a ground-water

course before taking

other ground-water courses. However, our experience indicates

that taking the concepts course after other courses also proves to

be beneficial to most hydrologists.

Quantitative concepts of ground-water mechanics that are

particularly relevant to modeling ground-water systems are

emphasized in this course. Many groundeater projects today

either include a modeling component in their initial design; focus

on the development of a ground-water model as an integral part of

|
|
I
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the project, either to better understand the hydrologic system or
to predict the response of the hydrologic system to stress; or are
designed to provide the data necessary for a future modeling
effort. In the concepts course, we seek to emphasize the
importance of modeling, not only as a predictive tool, but also as
a valuable tool for better understanding the operation of ground-
water flow systems. Continuation of this idea suggests that
ground-water projects aimed primarily at understanding the ground-
water flow system through a standard field investigation usually
will benefit from inclusion of a modeling component in the project
plan. Although the relevance of the concepts presented in this
course to modeling will be apparent, these same concepts and
approaches are basic for the conceptualization and analysis of any
ground-water problem, whether or not the problem solution involves

modeling.

In summary, because of its emphasis on those aspects of
ground-water mechanics most relevant to modeling ground-water
systems and the obvious and ever-growing importance of modeling in
ground-water studies, we believe that a mastery of the content of
the concepts course is essential for the successful practice of
the ground-water discipline by professional hydrologists,

including those not directly involved in modeling projects.

: f This C Guid

The primary purpose of this course guide is to function as a

"road map" for study by individuals. However, this guide should



also be useful in providing topics, references, and problems for

use in short courses in ground-water discipline.

Technical Background for Cgancepts Course

In addition to some formal training and/or practical
experience in ground-water hydrology, the most important formal

prerequisites for successful participation in the concepts course

are completion of (1) a standard two-semester course in basic
college physics, and (2) a two-semester college course in calculus
(both differential and integral). All p;ofessional personnel who
have not had these courses should try tofacquire them at local
schools, not only to participate in this course, but also to
enhance their overall professional develbpment. Additional
courses that would provide a useful background for this course, as
well as having significant value for pr;fessional hydrologists,
are (1) additional courses in mathematics, particularly one in

differential equations; (2) some background in geology,

particularly courses in structure and stratigraphy; and (3) any

courses related directly to hydrology sqch as fluid mechanics,
|

meteorology.
Technical background and degree of‘motivation vary widely
among individuals. Lacking one or more of the background courses
listed above, a potential participant may administer a rather
simple self-evaluation. This evaluatioﬂ consists of studying
carefully the first three chapters of tﬂe self-paced text

"Introduction to ground-water hydraulics" (Bennett, 1976). If



this material can be thoroughly understood after diligent study, a
person should feel some confidence about proceeding with the
concepts course. If, on the other hand, understanding this
material proves difficult, we recommend further background study
before proceeding with the concepts course. Specific study

materials might include some or all of the following references:

(1) "Groundwater," by Freeze and Cherry (1979). Concentrate on
chapter 2 which contains a great deal of information on ground-
water hydraulics; it may be advisable to skip the section on
unsaturated flow until the sections on saturated flow are well

understood. Also, work the problems at the end of the chapter.

(2) "Groundwater hydrology," by Todd (1980). Concentrate on

chapters 2, 3, and 4.

(3) "Applied hydrogeology," by Fetter (1988). Concentrate on

chapters 4, 5, 6, and 7.

(4) "Introduction to ground-water hydrology," by Heath and Trainer
(1968) . Concentrate on the first three parts; the basic concepts
are well presented. This reference is probably best used in

conjunction with other references.

(5) "Definitions of selected ground-water terms," by Lohman and
others (1972). All the definitions in this reference should be
mastered by a practicing ground-water hydrologist; one should

check the definitions in this reference often as one studies the

other references.



List of Mador Topi {0 C

The following list of major topics provides a brief overview
of the course content. Many subheadings and minor topics are not
included. To better indicate the depth of coverage of these
topics within the framework of this course, it would be

appropriate to preface most listings by |"introduction to".

1. Systems and models in ground-water [studies (the system
concept, information necessary to describe a ground-water

system, and steps in modeling a ground-water system.

2. Review of fundamental principles, laws, and definitions
(principle of continuity, head, gradient, velocity,
streamlines and potential 1lines, D&rcy's law, hydraulic

conductivity, concept of storage, and storage parameters).
3. Basic differential equations of confined ground-water flow.

4. Boundaries of ground-water systems and their simulation in

models.

|
5. Discretization of continuous systems (definition of hydraulic

conductance) .

6. Techniques for numerical solution of differential equations.

7. Flow nets.
\
|

8. The source of water to a discharging well.

|
|



9. The principle of superposition and its application in ground-

water modeling.

10. Ground-water/surface-water interactions and the simulation of

streams in ground-water models.

11. Definition of initial conditions.

12. Radial flow and its simulation in ground-water models.

13. Problems involving a free surface boundary (Dupuit

assumptions).

14. Evapotranspiration in the hydrologic system and its

simulation in ground-water models.

15. Physical principles in solute transport.

16. Application of dimensional analysis to ground-water studies.

17. Workshop in developing models of ground-water systems.

General Comments on the Course and Instructions
Usi the C Guid
You will note in the following outline that no single "text"
is listed for this course. The multiplicity of references is by
design. We wish to encourage the idea of examining more than one

reference in order to study a technical problem.

The course outline in the next section consists of a detailed

list of topics that constitutes the curriculum of the course.



These topics are not of equal importance. For ease in
organization, it is sometimes convenient to list a less important
topic separately. Exhaustive study of some of these topics would
be a life's work. In this course, we seek to impart an initial

working knowledge of these topics.

concepts course is to provide (1) a list of references and

Our contribution to an individual Itudy version of the
selected readings, (2) specially prepared notes on selected
topics, and (3) specially prepared problems. In organizing these
study materials, we believe that we havé taken a small,
constructive step in encouraging the individual study of ground-
water hydrology. However, the most important component of any
individual study program is the self—digcipline and preservance of
the student. No matter how complete thé notes and problem
explanations are, questions will inevit%bly arise, and unanswered
questions cause frustration. To overcome some of these potential
difficulties, the course, as designed for use within the
U.S. Geological Survey, includes an adv#sor who is assigned to
each participant. The advisors are expérienced hydrologists who
help the participants when they have difficulty with the course
materials and examine and discuss the results of the problem sets
as they are completed. In addition, the participants are
encouraged to discuss their questions about the course with their

more experienced colleagues, especially\if all contacts with the

advisor are by telephone.



A rationale exists for the order of topics in the course
outline. The advisability of "skipping around" and your success
in doing so probably will depend upon your previous technical
background. However, the study of some topics near the end of the

outline does not depend upon previous topics.

Mastery of some of the unfamiliar concepts in this course
will require considerable mental effort. The importance of luck
in winning at poker can be compared with the importance of
persistence in acquiring new knowledge. There is no substitute
for either. Some of the notes and references will not be easy to
understand and will require several readings. The important
element for learning is to maintain an aggressive attitude toward
the material; that is, keep thinking, asking questions, and

building slowly upon your present level of technical expertise.



DETAILED OUTLINE OF COURSE WITH READING
ASSIGNMENTS, PROBLEMS, AND COMMENTS

A detailed outline of the individual study version of the
concepts course follows. In general, associated with each topic,
there are one or more reading assignments. In addition, a problem
assignment and/or some brief comments on the specific topic may be
included. Usually, the comments will not be detailed enough to
serve as an explanation for any given aspect of the topic under
discussion, but are designed to put the topic in some perspective-
-for example, its purpose, importance, and relation to other
topics in the course; provide information in abbreviated form for

thought and study; and sometimes to provoke questions.

The sequence of study suggested for each topic is as follows:
(1) read the brief comments, (2) study carefully the reading
assignments, (3) complete the assigned problems, and (4) read the
brief comments again, if they contain technical information, as a
review. In the absence of specific instructions to the contrary,

the various assignments should be completed in the order listed.

. | Models in G J-Wat Studi

The purpose of this section is to provide an initial overview
and perspective on the concept of a ground-water system and its

relation to the development of a ground-water model.

What is a System, a Model, and Related Definitions

Study assignments



* Read Domenico (1972), "Concepts and models in groundwater

hydrology," pages 1-38.

* Read note 1 (section 2.1), "Some |general concepts and
definitions related to systems and models in ground-water

studies."

The following diagram, which is given in the reading
material, has great conceptual usefulness, simple though it is.

Input or Stress | . | Output or Response
—————————————— > | System | >

| !

What are the inputs or stresses to ground-water systems, both
natural or man-induced? How do we usuallly measure the response of
the ground-water system to stress? Are fhere other possibilities

for measuring the effects of stress?

The word "model" is used in many ways and in many contexts in

science and ground-water hydrology. Make a list of the different
|

uses and meanings of this word as you prbceed with the course.

Hydrogeologic Information Necessary to Describe a Ground-Water

System and to Develop a Ground-Water Model



* Read Bear (1979), "Hydraulics of groundwater," pages 94-95

and 116-117.

Boundary-value problems are commonly encountered in
quantitative analysis in ground-water hydrology. A boundary-value
problem is a mathematical problem type that has been extensively
studied and used to solve problems in many areas of science and
technology. Quantitative results from a numerical model of a
ground-water system represent a specific solution to a specific
boundary-value problem. The information needed to quantitatively
describe a ground-water system that is listed in Bear (1979) is
the same information needed to define a mathematical boundary-

value problem that represents the system.

The types of information necessary to describe an unstressed
ground-water system include (1) the external and internal geometry
of the system (the geologic framework), (2) the character and
physical extent of the boundaries of the system, and (3) the
material and fluid parameters of the system which include the
transmitting parameters (transmissivity or hydraulic conductivity)
and the storage parameters (storage coefficient or specific
storage). The question of defining initial conditions will be
discussed in a later section of this outline. Memorize the very
important list of the types of information necessary to describe a
ground-water system even though you may not understand the exact

meaning and importance of the various items at this time. At the
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completion of this course, your gquestions and uncertainties in

this regard should be dispelled.

Steps in Developing a Model of a|Ground-Water System

Study assignment

* Read Mercer and Faust (1982), "Ground-water modeling, "

pages 1-8.
|
|
The discussion in this reference pﬁovides an overview on how

to proceed in logical sequence to develop a model of a ground-
water system from start to finish. In this course, we emphasize
only a part of this sequence--namely, how to conceptualize and
describe a ground-water system and transﬂate this concept of how

\

the system works into the framework of al numerical ground-water

model.

Rev] ¢ Fund 1 Princip] ] i Definiti

As you work through this section, study carefully, in Lohman

and others (1972), "Definitions of selected ground-water terms--

revisions and conceptual refinements," the definitions of all the

terms relating to ground water that you encounter.
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Principle of Continuity--The Hydrologic Equation

Study assignment

* Read Domenico (1972), "Concepts and models in groundwater
hydrology, " pages 145-147 (all the texts will have some

discussion of this topic).

The so-called "hydrologic equation"

Inflow = Outflow + Change in Storage,

is really a very simple statement of the principle of continuity.
We use this equation when we prepare a water budget of a
hydrologic system. Most commonly, we prepare an average water
budget for a period of years during which the system was at
equilibrium (heads and flows in the system oscillate about a mean
condition) without considering changes in storage. In this case,

the hydrologic equation is simply

Inflow = Outflow.

The units of the hydrologic equation generally express rates
of water flow, for example, millions of gallons per day (Mgal/d)
or cubic feet per second (ft3/s). If volume units are used, a time

period is usually implied.

In using the equation of continuity for any purpose, it is

important to specify carefully the volume of earth material for
which the budget is being prepared. In budgets of river basins,

one speaks of the area drained by a stream above a certain point

1.2-5



on the channel. In many river basins, the ground-water component
of the budget is negligible, and the area of the basin is the most
important measure of its extent. However, if the ground-water
component in the budget is considered seriously, it is necessary
to define not only the areal extent of the basin (the top of the

reference volume) but also the sides and bottom of the reference

volume within the ground-water reservoir.

The principle of continuity is applied at many different
scales and in many different contexts. iater in this course this
principle will be applied to a reference block of aquifer material

in the process of deriving the basic ground-water flow equations.
Head and Related Concepts
|
.
|

* Work through Bennett (1976), "Int#oduction to ground-water
hydraulics—-—-as programmed text for self~£nstruction," Part I,
starting on page 3. (A note on the use of Bennett's self-
programed text--Read page 1, "Instructions to the Reader," before
starting the study assignment. Most of éhe text is not meant to
be read continuously like other textbooks. Instead, discussions
of parts of topics or concepts are interrupted by multiple-choice
questions of varying degrees of difficulty. The value of the text

as a learning tool is decreased if the student attempts to read

the text in a continuous manner without answering the questions.)
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* Read Freeze and Cherry (1979), "Groundwater," pages 18-36.

Work problems 1, 2, and 3, pages 77-78 in Freeze and Cherry.

The hydrostatic pressure at a point in a fluid below a free
surface that is in contact with the atmosphere (such as a
stationary or slowly moving body of surface water) is defined by

the equation

where p is the pressure at the point,Yis the weight density of the
fluid, pis the mass density of the fluid, g is the acceleration
due to gravity, and ¢ is the vertical distance of the point below
the free surface. Make a sketch illustrating the application of

this formula.

A piezometer is a pressure measuring device consisting of a
tube, one end of which taps the fluid system, and the other end
open to the atmosphere. In ground-water hydraulics, a tightly
cased well that is open or screened to one interval of an aquifer
can be considered a piezometer. Remember that a pressure
measurement (also head measurement) in a well represents
conditions in the aquifer at the location of the well screen or
well opening. If the well screen or well opening is several feet
long, the midpoint of the screen or opening is used as the
measuring point. However, the measurement represents a weighted
average of conditions along the well opening. Assuming that a

well can be used as a piezometer, make a sketch that indicates

1.2-7



clearly to you that the measurement of t

he water-level elevation

in the well defines the total head at the measuring point.

Velocity, Stream Lines, and

Study assignments

Potential Lines

* Read Milne-Thomson (1955), "Theoretical hydrodynamics, "

pages 1-9.

* Read Freeze and Cherry (1979),

"Groundwater, " pages 69-71.

Velocity is a vector; that is, it ﬁas both direction and

magnitude.

velocity for a specified area. 1In groun

We can define velocity at a point or an average

d-water hydrology, the

definition of average velocity is best understood by considering

the flow of a liquid through a completel
define the average velocity (in feet per
|

the pipe by

> Vaverage

where Q is the fluid discharge (in ft3/s

cross section of the pipe and A (in ft2)

y full pipe. We will

second) of the fluid in

= Q/A

across any reference

is the area of the

reference cross section. Note that A, t

cross section,

he area of the reference

is defined as being perpendicular to the average

direction of fluid flow and that the specific discharge, Q/A, of

the pipe and the average fluid velocity
that the velocities at different points

will, in general, not be equal. One of

1.2-8

are the same. Note also
in the flow cross section

the simplifications




commonly used in hydraulics is to work with average velocities in
order to avoid the complication of considering the velocit

distribution in a given cross section.

Freeze and Cherry (1972), pages 69-71, discuss the different
velocities that we define in ground-water hydraulics. For a
porous medium, such as aquifer material, it is very important to
distinguish between the specific discharge (or Darcy velocity)
which is defined directly from Darcy's law and the average linear
velocity (sometimes termed the "actual" velocity), which includes
the porosity in its definition and is always larger than the Darcy
velocity. The reading assignment in Freeze and Cherry may be more
meaningful after the completion of the following section on

Darcy's law.

In ground-water hydraulics, potential lines (potential
surfaces in three dimensions) represent the locus of points at
which the ground-water head is a specified constant. Contour
lines on potentiometric-surface maps represent the investigator's
best estimate of the location of potential lines (actually
projections of potential surfaces) in the natural ground-water

system based on head measurements in wells.

Under steady-state conditions (flows that do not vary with
time), stream lines trace out the approximate paths along which
the water particles move. If one injects dye at a specific point
in a laboratory sand model of a steady-state ground-water flow

system, the moving dye will trace out the average stream line

1.2-9



passing through the injection point. Thus, streamlines in ground-

water systems have a physical reality.

We will encounter the concepts introduced here many times in
later sections of the course--for example, in connection with

boundary conditions and flow nets.

Darcy's Law, Hydraulic Conductivity, and Transmissivity
Study assignments

* Work through Bennett (1976), "Introduction to ground-water

hydraulics, "™ Part II, starting on page 14.
* Read Freeze and Cherry (1979), "Groundwater," pages 15-18.

Darcy's law is the basic rule that we use to describe the
macroscopic flow of ground water. The law is deceptively simple
in its expression, so simple, in fact, that we sometimes overlook
some of its physical implications. Darcy's law expresses a linear

relationship between Q, the volumetric flow across a reference

\
cross section, and the hydraulic gradient (h,-h;)/L.

For a pipe packed with sand, Darcy's law may be written

-KA (h2 - hl)
L

Q =
|

where Q is the volumetric flow across a ¢ross section of the pipe

normal to its length--that is, the quantity of water passing the
|

i
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cross section in a unit time, A is the area of the cross section,
L is the length of the pipe, K is the hydraulic conductivity of

the sand, and hj and hs are the heads near the ends of the pipe.

Make a sketch and designate all the factors in the Darcy equation.

The formula above describes one-dimensional flow (all the
velocity vectors are equal and parallel in any given cross section
of the flow) in a sand-filled pipe or prism of uniform cross-—
sectional area. It is important to remember that the area A in
Darcy's law is perpendicular to the direction of flow. (We will
refer to this fact later when we define hydraulic conductance.)

The head measurements h, and h; must be made on the same
streamline, and the length L is the distance along the streamline
between points 1 and 2 where head is measured. These observations
are particularly important when studying parts of flow systems in
which velocity vectors have discernible vertical components.
Vertical flow components are commonly encountered near recharge

areas and discharge areas in natural flow systems.

It is possible for ground water to flow from areas of lower
pressure to areas of higher pressure. Can you sketch a
hypothetical situation in which this would be the case? Of

course, the head must decrease in the direction of flow.

Study carefully the discussion in Freeze and Cherry (1979,
pages 15-18) in that hydraulic conductivity is shown to be a
composite parameter that represents both the properties of the

porous medium and the properties of the flowing fluid.
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Concept of Storage and Definition of Storage Parameters

Study assignments

* Work through Bennett (1976), "Introduction to ground-water

hydraulics, " Part IV, starting on page 53.

* Read Todd (1980), "Groundwater hydrology," pages 26-37 and

42-46.

Because Darcy's law describes the steady flow of a fluid
though a sand prism of uniform cross—secLional area, neither time
nor storage factors are included in the éxpression (equation) of
the law. However, in any type of system that undergoes transient
flow (a flow whose properties--for example, velocity distribution-—
—-change with time) a storage element and a time factor must be
considered. Distinguish carefully betwe%n unconfined storage and
confined storage. When changes in uncon}ined storage take place,
water displaces air or air displaces water in the pore spaces
between the sand grains. For example, a decrease in unconfined
ground-water storage means that air replgces water that drains
under the influence of gravity. When changes in confined storage

take place, the aquifer material remains saturated and the water

and aquifer material are compressed.
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Estimation of Transmissivity and Storage Coefficient Values for

Application in Ground-Water Models

Study assignment

* Read Lohman (1972), "Ground-water hydraulics," pages 52-54.

Optional references

* McClymonds and Franke (1972), "Water-transmitting
properties of aquifers on Long Island, New York," pages 6-

14.

* Olmstead, and others (1973), "Geohydrology of the Yuma

area, Arizona and California," pages 72-82.

For the purpose of this course, you need to study the first
reference only. The optional references may be of some value if
you are actually engaged in trying to estimate transmissivity

values from available well information.

Darcy's Law as a Differential Equation and its Application to

a Field Problem

* Work through Bennett (1976), "Introduction to ground-water

hydraulics," Part III, starting on page 34.
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Up to this point in the course, we have studied two major
topics in the course outline. The first topic dealt with the
concept of a system, particularly as thi£ concept relates to
ground-water systems. We also introduced the specific types of
information necessary to describe a ground-water system,
recognizing that a great deal more work 1s required before these

concepts will be sufficiently understood|so that you can apply

them to specific problems with confidenc#. At this time, the
conclusion from the first section is that the system concept
applies very well to a certain physical reality in nature in which
we are interested--namely, natural ground—water systems, and any
ground-water problem can and should be formulated in terms of the
system concept, even though the areal or volumetric scope of the

problem does not include an entire natural ground-water system.

The second major topic introduces (or reviews) those
essential physical concepts and laws thatf form the basis of

ground-water mechanics. The present subsection forms a kind of

bridge between the introductory material presented thus far and
the immediately succeeding topics, which are an introduction to
the differential equations of ground-water flow and boundary

conditions.

In Part III of Bennett (1976), Darcy's law is expressed as a
simple differential equation--that is, the differential form of

the head gradient at a point, dh/dx, is sLbstituted for the
!
average head gradient between two points, (h;-h,)/L. This

\
differential equation is used to solve a %imple field problem.

J
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You may note that the aquifer in the field problem is really a
field scale Darcy prism. Solution of the field problem posed in
Part III requires solving a simple boundary value problem. This
process raises important questions such as (a) What constitutes a
solution to a differential equation? (b) What are the boundary
conditions of this problem? and (c) What boundary information must

be incorporated in order to obtain a unique solution to the posed
problem? These questions will be studied in considerably more

detail in the following two sections of the course.

Study assignments

* Work through Bennett (1976), "Introduction to ground-water

hydraulics, Part V, starting on page 69.

* Read Mercer and Faust (1982), "Ground-water modeling, "

pages 9-24.

Optional references

* Freeze and Cherry (1979), "Groundwater," pages 63-67.

* Todd (1980), "Groundwater hydrology, " pages 99-101.

All of these readings cover approximately the same topic.
Start with the first two references. If you feel that further

repetition of the material will be useful to you, continue to the
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last two references, which also will include the derivation of the

basic flow equations if you wish to study this topic further.

An idea of fundamental importance in understanding the
derivation of the basic flow equations is that they are formed by
combining two basic "components," namely (1) the principle of

continuity and (2) Darcy's law, a specifiic rule that describes the

flow of ground water. You will note that the principle of
l

continuity,

Inflow = Outflow % Changé in Storage,

is applied to a reference block of aquifer material in deriving

the equations.
E Jari e -0 S i Their Simulati in Model
Study assignment

* Read the section "Boundary conditfions"™ in Franke and others

(1987), "Definition of boundary and initial conditions in

the analysis of saturated ground-water flow systems--an

introduction," pages 1-10.

* Read Franke and Reilly (1987), "The effects of boundary
conditions on the steady-state response of three
hypothetical ground-water systems—-Results and implications

of numerical experiments."
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* Work the exercises at the end of the first section on
"Boundary Conditions™ in the reference above. These

exercises are specifically listed in the table of contents.

* Bear (1979), "Hydraulics of groundwater," pages 94-102 and

116-123.

The study and understanding of boundary conditions is
probably the single most important topic in this course, if not in
the entire field of ground-water hydrology. Selection of improper
boundary conditions is the principal cause of failure in modeling

studies.

Study the first and second references with the greatest care.
The basic types of boundary conditions and their characteristics,
which are listed and discussed in these references, should be
stored in the memory bank of all ground-water hydrologists for
instantaneocus recall. Most of the information in Bear (1979) is
contained in the first reference. 1In general, Bear expresses the
concepts related to boundary conditions in more abstract,

mathematical form than does the first reference.

Acquiring expertise in the proper application of boundary
conditions requires practice and experience in many types of
problems. Make a habit of defining the boundary conditions in any
figures you see that depict various kinds of ground-water problems

or systems. The first step in thinking about any ground-water
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problem is to try to decide what boundary conditions would
describe most suitably the hydraulic situation in the natural flow

system. !

Leave the section on initial conditions in the first

reference until later in the course, at least until you have

studied carefully and understand the principle of superposition.
Di £ . £ Conti Syst J_the Electrical Anal
Study assignments

* Read note 2 (section 2.2), "The electrical analog,
simulation, and discretization" and section 2.3 (note 3),

"Hydraulic storage capacity."

* Read Karplus (1958), "Analog simulation," pages 78-88, 171-

184, and 204-209

* Read Prickett and Lonnquist (1971), "Selected digital

computer techniques for groundwater resource evaluation,™

subsection "Mathematical derivat;on of finite-difference
equations," pages 3 to 5, and subsection "Models with

variable grid spacing," pages 17 to 19.

* Work problem 1, "Calculation of lumped hydraulic
conductances and storage capacities in rectangular grids."

\
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Optional reference

* Walton (1970), "Groundwater resource evaluation," pages

518-533.

Concentrate on notes 2 and 3 and on Karplus (1958), and
consult Walton (1970) only if you are particularly interested in

the electrical analogy.

Use of the electrical analogy and electric—~analog models can
have great conceptual value in solving ground-water problems if
one is readily able to translate back and forth between electrical
terminology and hydraulic terminology. Because of their value as
teaching tools, electric—analog models are used in the course to
solve several problems and to illustrate several important
concepts in ground-water hydrology. We have included an

electrical-analog problem set in section 3.5.

We must emphasize that we do not recommend the construction
of electric-analog models for operational use. The advanced
technological development and easy accessibility of computers
makes the construction of large—-scale electric—-analog models
impractical in the United States. However, the electrical analogy
still has great conceptual value within the curriculum of this
course. It can be particularly useful in understanding the
process of discretization and the definition of hydraulic

conductance.
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Concepts associated with electrical networks are very useful
in understanding discretization of continuous aquifer systems for
the purpose of developing models. The discussion of
discretization by Karplus (1958) is thorough. However, a general
familiarity with the electrical analogy is necessary to translate

the equations in electrical notation (in| Karplus) to corresponding

hydraulic equations. It is important tol recognize at the outset
that the equations in the two notations represent exactly the same
|

concepts. The translation from one notation to the other is not

at all difficult.

The first step in discretization is to develop a suitable
network of nodes and branches. A known voltage is applied across
the network and voltage is measured at the nodes. Head is
calculated from the voltage measurements; through appropriate
conversion factors. Flow in the discretﬁzed system can occur only
along branches between nodes. Pay partiLular attention to the
concepts of vector area and vector volume in Karplus. These
concepts define the block of aquifer material that is associated
with each branch. The geometry of the block and the transmission
characteristics (for example, hydraulic conductivity) of the block
materials determine the transmitting capability of a given branch

between two nodes. The branch conductance is the coefficient that

defines quantitatively this transmitting capability.

In Karplus, you will encounter equations for current flow in

branches between nodes of the form
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1
Ibranch R (v

2 - Vl)’

where I 1is the current flowing through the branch in amperes, R is
the branch resistance in ohms, and V, and V, are the voltage values
at the two ends (network nodes) of the branch resistance. This
equation is a form of Ohm's law. For our purposes, it is
convenient to substitute Cq for 1/R , where C, is the electrical
conductance of the branch in mhos. Thus, the formula for branch
current above can be written

= —C, (V, - V).

branch 1

(The minus sign indicates that current flows in the direction of

decreasing voltage.)

Darcy's law may be written

-KA (h2 - hl)
Q = L r

and we will define the hydraulic conductance, Ch, as

Ch is expressed in units such as gallons per day per foot. Thus,
we may express the water flow in a branch of a network
representing a discretized aquifer system as

Q = —Ch (h2 - hl).

branch

Compare this expression, which is merely a simplified method of

writing Darcy's law, with the formula for a branch current above.
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We may regard a branch in a discretized aquifer system as
transmitting the flow through a Darcy prism located between the
nodes at the ends of the branch. The hydraulic conductance of the

branch is a coefficient that defines quantitatively the

transmitting capability of this Darcy prism.

Remember that the area A in Darcy's law, and, therefore, also
in the definition of hydraulic conductance, refers to the cross-

sectional area of the flow pgxpgndignla§ to the average flow

direction. Thus, because flow occurs parallel to/or along
branches in discretized systems, the area A in the hydraulic
conductance is the area of the hypothetical Darcy prism

perpendicular to the branch.

In transient simulations of discretized systems, areas and
volumes of the aquifer must be specified to define the storage
properties of the system. These "storage areas"™ and "storage
volumes" are associated with the nodes Jf the discretization
network, not the branches, as is the ca%e for hydraulic
conductance coefficients. Determine thé general rule for defining
storage areas associated with nodes from Karplus (1758, p. 204-
209) and study figure 3 in Prickett and Lonnquist (1971) and
section 2.3 (note 3), "Hydraulic Storage Capacity."! The figures
in Prickett and Lonnguist depict the same concepts regarding
discretization as the discussion in Karplus. However, hydraulic

terminology is used in Prickett and Lonﬁquist. As you read

1 please note that hydraulic storage capacity, |Sc, is a mathematically defined
quantity that differs in its definition from other fairly common usages of
this term.
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Karplus, write the translation of all the formulas that you

encounter from electrical notation into hydraulic notation.

Techni N i cal Soluti ¢ Diff {al Equati

Finite Differences--Steady-State Flow

Study assignments

* Work through Bennett (1976), "Introduction to ground-water

hydraulics, "™ Part VII, pages 119-135.

* Read Mercer and Faust (1982), "Ground-water modeling, "

pages 25-39.

* Read Wang and Anderson (1982), "Introduction to groundwater

modeling,™ chapters 2 and 3, pages 19-66.

* Work problem 2 (section 3.2), "Numerical analysis, steady

state."

Finite Differences—-Transient Flow

Study assignments

* Read Bennett (1976), "Introduction to ground-water

hydraulics,™ Part VII, pages 136-140.

* Read note 4 (section 2.4), "Discretization of time--methods

of formulating nonequilibrium finite-difference equations."
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* Read Wang and Anderson (1982), "Introduction to groundwater

modeling,"™ chapter 5, pages 67-88.
* Work problem 3, "Numerical analyslis, transient state.™

The purpose of this section is to introduce techniques for
the numerical solution of differential equations. In this course,

we are primarily interested in the numerical solution of the

ground-water flow equations, which, in general, are second-order

partial differential equations.

The key concept in this section is this: a set of
simultaneous linear algebraic equations can be substituted for the
differential equations of ground-water ﬂlow to solve the dependent
variable (head) at points (nodes) in discretized space. The
differential equation describes the variation of the dependent
variable in continuous space. An algebraic equation must be
solved for every node in discretized space at which head is not
specified. Thus, the problem of solving the ground-water flow

equations numerically becomes the problem of solving a large

number of simultaneous linear algebraic‘equations. There are two
principal approaches, each of which includes a number of
individual techniques for solving such equation sets--(1l) direct
methods and (2) iteration techniques. Substitution of unknowns
from one equation to another until only one unknown remains, as
you learned in high school algebra, is %n example of a direct
method of solution. Solutions using itération techniques involve

solving the set of equations by success?vely approximating the



unknown values, using a specific numerical scheme (algorithm)

until a solution is obtained.

The problem assignment involves the numerical solution by
hand calculator of a simple steady-state problem by both a direct
method and an iteration technique, and the numerical solution of a
nonequilibrium problem by hand. If you are becoming seriously
involved in digital modeling, we highly recommend that you also

take a course in numerical analysis techniques.

Elow Nets

* Read Freeze and Cherry (1979), "Groundwater," pages 168~

189.

* Read Todd (1980), "Groundwater hydrology," pages 83-93.

* Read and work problem 4, "Impermeable wall problem."

Although flow nets can be prepared in transient problems for
any "instant" of time, they are most commonly used in the solution
of steady-state problems. A carefully prepared flow net provides
a very valuable pictorial representation of a flow system.
Commonly, an accurate flow net yields a solution of a ground-water
problem because the information of interest in the problem, for
example, head values at specific locations, can be obtained from

it. If hydraulic conductivity is known or can be estimated,
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volumes of flow can be estimated using a flow net for the entire

ground—-water system or any part of it.

The impermeable-wall problem illustrates the preparation and
applications of flow nets to solving different kinds of problems.
One of the most important parts of the problem that may be new to
you is the calculation of stream functions. This topic is covered
in some detail in the problem explanation.

The impermeable-wall problem is an‘example of an intensively
studied class of problems involving seepage beneath and/or through
engineering structures. An important characteristic of these two-
dimensional problems is that they represent the ground-water flow
field in vertical cross section. The geometric scale of these
problems is orders of magnitude smaller than the regional scale of
many ground-water studies. Because of &he large areal extent of
many ground-water systems, the models oﬁ these systems often tend

|
to emphasize simulation in map view as #pposed to simulation in

\
cross section. However, in thick layeréd systems in which there

are large contrasts in hydraulic conductivity between adjacent
layers, proper understanding and simulation of the vertical
dimension of flow may be essential in determining how the system
operates. In such situations, vertical cross-section studies may
be highly advisable, if not essential. Unfortunately, vertical

cross-section studies are a sadly negle?ted aspect of many ground-

water investigations that involve modeling. To be most fruitful,
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such studies in vertical cross section should be undertaken

concurrently, with areal-model simulations.

The Source of Water to a Pumped Well

Study assignments

* Read Theis (1940), "The source of water derived from
wells--essential factor controlling the response of an

aquifer to development," pages 277-280.

* Read note 5 (section 2.5), "Theis' concepts-—--response of an

aquifer to development."

This paper by Theis is one of the classic papers in ground-
water hydrology. We are specifically interested in the first part
of the paper. With reference to the hydrologic equation

Inflow = Outflow *+ Change in Storage,

there are three possible sources of water to a pumped well.
Expressed in rather abstract terms, these include (1) removal of
ground water from storage in the system, (2) increased inflow to
the ground-water system due to the removal of water by the pumped
well, and (3) decreased outflow from the ground-water system due

to the removal of water.

Consider a shallow well pumping near a gaining stream.
Initially, the water removed from the well is obtained from

ground-water storage. As pumping progresses, ground water that
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formally would have discharged into the stream is diverted to the
pumping well (decreased outflow of water from the ground-water
system). Depending on the discharge of the well and the distance
between the well and the stream, a situaLion may be reached in
which a ground-water gradient from the stream to the pumping well

is established. If this occurs, flow from the stream to the

aquifer takes place (increased inflow to the ground-water system).

As you read Theis, list all the possibilities that occur to
you of increasing inflow to and decreasing outflow from ground-

water systems.

Princip] £ s Vs { its Applj . .

round-w M in

Study assignment

* Read Reilly, Franke, and Bennett [(1987), "The principle of
!
superposition and its application}in ground-water
hydraulics.™ Work all problems.

|
|
|
|
|
/

* Bear (1979), "Hydraulics of groundwater," pages 152-159.

The principle of superposition has wide application in

ground-water hydraulics. We employ supe&position, perhaps without

realizing it, whenever we analyze an aquifer test in a confined
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aquifer. The method of images is based on superposition.
Employing superposition is an important option in modeling ground-

water systems.

The first reference contains most of the information that you
should know about superposition. The application of superposition
to modeling ground-water systems is emphasized. Several simple
problems illustrating superposition are included. These should be
completed as you proceed through the reading assignment. In the
optional reference, the same basic ideas are couched in a somewhat

more mathematical language.

Hydrologists encountering the principle of superposition for
the first time often experience considerable difficulty with the
concept. It takes considerable practice to learn to think in
terms of superposition. The key word in understanding the
principle is changes--for example, changes in head and changes in
flow, which can be illustrated by analysis of data from an aquifer
test. Absolute head measurements are converted to drawdowns, which
represent changes in head superimposed on the ground-water system
in response to pumping. This is done because the analytical
solutions to linear well-hydraulics problems are expressed in

terms of head changes; that is, the solutions use superposition.

The principle of superposition is one of the key concepts in
ground-water hydrology. It is virtually mandatory that all
ground-water hydrologists make the necessary effort to become

comfortable with this concept.
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* Read Harbaugh and Getzen (1977),| "Stream simulation in
analog model of ground-water system of Long Island, New

York."

* Read Prickett and Lonnquist (1971), "Selected digital
computer techniques for groundwater resource evaluation,"

pages 33-35.
7
* Read note 6 (section 2.6), “StreLm—aquifer interaction."
|
|
|

* Review Franke and Reilly (1987),1"The effects of boundary

conditions on the steady-state response of three
hypothetical ground-water systems--results and implications

of numerical experiments.™"
|

* Work problem 5 (section 3.5), "Electrical analog problem

set."

* Work problem 6 (section 3.6), "Digital stream-aquifer

interaction problem set."

Additional references that will be helpful in answering
\

question 20 of problem 6 concerning the' correction of drawdown at
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a pumping node in a model to approximate the drawdown in a real

well located at the node are:

Prickett and Lonnquist (1971), "Selected digital computer

techniques for groundwater resource evaluation,™ page 61.

Note 7 (section 2.7), "Well drawdown correction at a pumping

node."

Because the interaction between streams and shallow aquifers
in natural systems is important in understanding ground-water
flow, the simulation of these relations in models is of
corresponding importance. The purpose of the first three readings
in this section is to become acquainted with the several different
possible relations between streams and aquifers and how these
different relations are treated in ground-water models. Commonly,
the type of relations between the stream and the aquifer changes
during the course of a problem. Usually, streams are treated as
specified head, head-dependent flux, or specified-flux boundaries.
The characteristics and effects of using specific types of
boundaries should be reviewed in Franke, Reilly, and Bennett
(1987) and Franke and Reilly (1987). The different physical
situations in the natural system that these different boundary

conditions seek to represent should be clearly differentiated.

The report by Franke and Reilly (1987) provides a
comprehensive review of boundary conditions and superposition.
More importantly, however, the effects of different boundary

conditions on the response of three otherwise similar ground-water
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systems to a pumping stress are i1llustrated in a series of
numerical examples, and the pitfalls in assigning boundary
conditions to stressed ground-water sys%ems are discussed. Try to
relate the concepts discussed in this p%per to the problem sets in

this section.

The two longest and most important problems in the concepts
course, the "Electrical—-analog model problem," (problem 5) and the

"Digital stream—aquifer problem," (problem 6) are placed here in

the course outline because to work through these problems requires
the application of many of the concepts studied previously--
specifically, boundary conditions, hydr%ulic conductance, flow
nets, the source of water to a pumping Jell, superposition, and
ground-water/surface-water interactions. Try to think very
specifically in terms of these concepts las you work these
problems. Working through these problems should provide a
valuable learning experience, perhaps tﬂe most valuable in the

entire course.

Study assignments
* Read the section, "Initial conditions" in Franke, Reilly,
and Bennett (1987), "Definition of boundary and initial

conditions in the analysis of satPrated ground-water flow

systems—--an introduction.™"
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* Read Rushton and Redshaw (1979), "Seepage and groundwater

flow," pages 153-156 and 182-184.

The second part of the first reference discusses the
definition of initial conditions in ground-water models. You
should undertake the study of initial conditions only after you
have studied carefully the two sections on boundary conditions and
superposition. The readings in the second reference are short and
provide a good review of the discussion of initial conditions in

the first reference.

Study assignments

* Work through Bennett (1976), "Introduction to ground-water

hydraulics, " Part VI, starting on page 88.

* Read Freeze and Cherry (1979), "Groundwater," pages 314-

319, 343-347, 349-350.

* Read Todd (1980), "Ground water hydrology," pages 115-119.

* Read Lohman (1972), "Ground-water hydraulics," pages 11-15.

* Work problems 2, 7, and 12 on page 379 in Freeze and Cherry

(1979), "Groundwater."

Because of the importance of wells in ground-water hydrology,

radial flow is an important topic. Many analytical solutions to
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different problems related to wells are available. Numerical
simulation of radial flow problems has become a valuable tool in
recent years and permits the approximat? solution of problems

which are too difficult to be solved analytically.

In the classroom version of the concepts course, we prepare a
flow net for a radial-flow problem as we did for the impermeable-
wall problem. This problem is now available for self-study
(Bennett and others, 1990) and is an opﬁional exercise if you are

particularly interested in radial flow.
|
The final task in this section is ﬁo become very familiar

with three solutions to radial flow to a well:

(1) the Theis nonequilibrium equation |

|
¢ = 2 e du . !
4RT u
u

(2) steady flow to a completely penetrating well in a confined

aquifer,

27Km (h2 - hl) }

1n r, / r, . and

Q=

(3) steady flow to a completely penetrating well in an
unconfined aquifer,

2 2
K (h, - h,)

1n r, / r,

Q=
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Check the different texts for the boundary conditions assumed in
each solution and how to use the solutions to obtain numerical

results in field problems.

Problems Involving a Free Surface

Study assignments

* Read Lohman and others (1972), "Definitions of selected
ground-water terms," review the following definitions--
ground-water, unconfined; potentiometric surface; specific

retention; specific yield; and water table.

* Read Franke, Reilly, and Bennett (1987), "Definition of
boundary and initial conditions in the analysis of
saturated ground-water flow sytems," review the following
boundary conditions--streamline, free surface, seepage

face; and section on water table as a boundary.

* Read Freeze and Cherry (1979), "Groundwater," pages 48, 61,

186~-189, 324-32 and 375-377.

* Read Todd (1980), "Groundwater hydrology," pages 111-123

and 494-516.

* Read Jacob (1950), "Flow of ground water," pages 378-385.

* Read Bennett and Giusti (1971), "Coastal ground-water flow

near Ponce, Puerto Rico," pages 206-211.
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Although the list of study assignments shown here is longer than
previous lists, the individual readings are short and in some

measure repetitive.

i
|
|
|

The most common free-surface bound#ry is the water table. In
general, free-surface problems are diff:cult to solve because they
are governed by nonlinear differential equations. An additional
complication in the solution of these pqoblems is that the
transmissivity of the aquifer is a funcdion of the position of the
free surface and must be redetermined for each iteration of the

problem solution.

|
Our goals in this section are actu#lly quite modest and

include getting acquainted with the genekal problem of free

surfaces, understanding the free surface| as a boundary condition,
|

familiarity with the Dupuit assumptions and the two or three most

common solutions based on these assumptions, and an elementary

beginning in the study of freshwater/saltwater relations.

In the classroom version of the concepts course, one of the
laboratory exercises is a paper-cutting éxperiment utilizing the
electrical analogy in which a freshwater}saltwater interface (free
surface) is determined for the simulatedlisotropic and homogeneous
aquifer. 1In this experiment, obtaining a solution (the position
of this interface) involves "cutting away" part of the aquifer in
a series of steps that represent success}ve approximations to the

solution--each "cut" being closer to theisolution than the

previous cut. This concept of cutting a&ay part of the aquifer to
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achieve a solution to a free surface problem is important. 1In
digital modeling the exact counterpart to this cutting process in
digital modeling might be termed "block chopping.”™ In principle,
the two processes are exactly the same. A note of warning is
necessary here. Block chopping in a digital model is fairly easy
to do in a cross section for a single aquifer. However,
difficulties arise with this procedure in two-dimensional cross-—
section problems in which aquifers and confining layers alternate
in vertical section. In three-dimensional problems, block

chopping may prove to be exceedingly difficult.

The purpose of the final reference (Bennett and Giusti, 1971)
is to acgquaint you with an investigation in which interface
determinations in paper models were used to gain insight into a
ground-water problem in a coastal aquifer. Pay particular
attention to the boundary conditions of the paper models and the
exact procedure for cutting them to form the freshwater/saltwater

interfaces.

* Read Veihmeyer (1964), "Evapotranspiration," pages 11-1 to

11-33 in Chow, "Handbook of hydrology."
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* Read Prickett and Lonnquist (1971), "Selected digital
computer techniques for groundwater resource evaluation,"

pages 37-38.

The purpose of the first reading is to attain some
perspective on evapotranspiration in the hydrologic system. Many

of the details are not essential to the main thrust of the

concepts course.
i

In some areas, particularily where Ehe depth to the water
table is a few feet or less, evapotranspiration can involve
significant quantities of ground water. In such areas, salvaging
ground-water outflow by pumping may be ar important water-
management alternative. Changes in evap#transpiration in an area
due to land-use changes or major construétion projects such as a
new reservoir may significantly alter the local hydrologic
regimen. The preceding examples are ins#ances in which it may be

necessary to include the effects of evapotranspiration in a model

of the ground-water system.

Usually, as discussed in the second reference (Prickett and
Lonnguist), areas of shallow water tableéin which ground-water
evapotranspiration is significant are treated as a linear head-
dependent flux boundary in ground-water models. The main purpose
of this section is to make you aware of the need to consider

evapotranspiration in models in some areas and this highly

simplified treatment of it in models.

|
x
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Study assignments

* Read Freeze and Cherry (1979), "Groundwater," pages 695-73,

75-76, 103-104, and 388-401.

* Read Ogata (1970), "Theory of dispersion in a granular

medium, " pages 1-6.

Movement of contaminants in ground-water systems is a topic
of considerable societal interest at this time. Quantitative
analysis of contaminant transport in ground-water systems is a
major technical challenge. The primary purpose of this section is
to introduce the physical processes involved in transport and, in
addition, begin study of the simplest equations that are used to
describe contaminant transport. New concepts involve new
terminology. Perhaps the most valuable approach at this stage is
to learn the transport vocabulary--for example, dispersion,
diffusion, advection, coefficient of diffusion, coefficient of
hydrodynamic dispersion, and Fick's first and second laws. Make a
list and write a careful definition of all the transport

terminology that you encounter in the readings.

Appli . £ Di . 1 Analvsi e W Studi

Study assignment

* Read Shames (1962), "Mechanics of fluids," pages 188-194.
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* Read Bridgman (1931), "Dimensional analysis," pages 1-55

(read first page of preface before starting text).

Most engineering handbooks have a section on dimensions, dimension
systems, and dimensional analysis. Dimensional analysis is a
valuable tool in planning a physical experiment or a numerical
investigation and in classifying types df problems. More

specifically, the advantages of dimensi&nal analysis are:

1. Dimensional analysis provides ﬂhe smallest possible
number of independent problem parameters. Thus, the number of
experiments or calculations necessary to investigate a given range

Loy
of parameter values may be reduced to a minimum.

2. The use of dimensionless parameters permits the results

of any type of investigation to be expressed in their most general

form, independent of unit systems.
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