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Abstract—Teaching complex engineering problems can
often be enhanced by utilizing students’ prior knowledge in
analogously similar problems. Flow of electrical current
through a conducting medium is analogous to groundwater
flow through a porous medium because both are governed
by Laplace equation. This analogy was used in an alternate
representational approach by the authors in teaching
flownet concepts. The authors employed the easily demon-
strable electrical counterpart to represent the groundwater
flow problem in a laboratory setting. This paper discusses
the efforts of authors to teach the flownet principles better
by using the electrical analogy for selected groundwater
flow situations. However, it was also demonstrated that the
electrical analogy concept can be applied for a wide range of
groundwater flow situations with a few simple modifica-
tions. Students also used a groundwater flow computer
model to obtain flownets for the same flow situations as the
ones that were obtained using an electrical analogy. The
student feedback indicated that this approach could im-
prove student learning of flownet concepts.

Index Terms—Electrical analogy, flownet, groundwater,
laboratory module, Visual MODFLOW.

I. BACKGROUND

Flownets are convenient graphical representations of
steady patterns of groundwater flow consisting of equipo-
tential lines and stream or flow lines. Equipotential lines
are lines along which a constant potential exists. Flow
lines are lines along which the velocity vectors are tan-
gents. By definition, flow lines and equipotential lines
must be orthogonal to one another. In order to simplify
flow calculations, these two families of curves are usually
drawn to form a pattern of curvilinear squares. Flownets
can be constructed by trial and error graphically or by
using the governing equations with appropriate boundary
conditions. The flownet concept is applicable to all
steady-state flow situations in which the flow of any flux
is driven by a potential difference and thereby the govern-
ing equation is a LaPlace equation. For instance, ground-
water flow, flow of heat in a heat-conducting medium,
flow of magnetic flux, and flow of current in an electrical
conducting medium, are all governed by the Laplace equa-
tion and flownet concepts are applicable to all these situa-
tions. The LaPlace equation in a two-dimensional form is
given as follows:
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where ‘¢ ' is the potential. However, the potential ¢ in
different disciplines is different. For instance, ¢ may refer
to the hydraulic potential in flow through porous media
(soil), to the temperature in heat conduction, or to the
voltage in a current conduction. The basic common fea-
ture (analogy) of all these phenomena enables one to
transfer the solution of a problem in one discipline to a
similar problem in another discipline. In this experiment
we will obtain the flownet pattern for a groundwater flow
situation using the electrical counterpart of the problem.
Appropriate geometry and boundary conditions must be
applied to obtain solutions of specific problems.

The construction of a flownet is an indirect way of ob-
taining the solution to a LaPlace equation with appropriate
boundary conditions [1]. This property of a flownet
makes it possible to solve a problem in one discipline as
an analogous problem in another discipline having the
LaPlace equation as the governing equation. Hence, con-
cepts of flownets can be employed to obtain solutions of a
steady-state groundwater flow problem by obtaining
flownets of an analogous electrical current flow problem.
A simple analogy between groundwater flow and electri-
cal flow is presented in Table 1.

TABLE 1.
THE ANALOGY
Groundwater Flow Electrical Current Flow
*h  9*h ?*v v
~ + Dy = 0 2 + by = O
ox”  dy ox” dy
Darcy’s Law: V. = _Kal Ohm’s Law: I = _aal
* 9x * 9x

where V is velocity in the x-direction (discharge/area), I is electrical
conductivity, K is hydraulic conductivity, ¢ is specific electrical conduc-
tivity, h is hydraulic potential, and v is electrical potential (voltage).

Obtaining flownets for groundwater flow problems us-
ing this method is not new. Past studies used electrical
analogy to obtain groundwater flow patterns [2], hydraulic
properties of aquifers [3], and contaminant transport [4].
The authors have taught the flownet principles using this
analogy in the past, but without computer models in a
laboratory setting [5]. However, this method has not been
widely used for teaching in a laboratory setting by inte-
grating groundwater flow principles, its electrical analogy,
and groundwater flow computer models. Flownets of
groundwater flow can also be obtained by using computer
models. Visual MODFLOW is a popular groundwater
flow model which simulates groundwater flow and con-
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taminant transport through a porous medium using a
block-centered finite-difference method [6]. The model
can simulate common boundary conditions generally
encountered in practice.

The impact of “representations” approach on learning
has been studied extensively in educational psychology [7,
8]. The role of representational fluency in the develop-
ment of deeper and higher-order understandings of im-
portant concepts in engineering education has been re-
searched by several investigators [9, 10, 11, and 12].
Felder et al., [10] emphasize the need to put students into
learning environments that provide them with opportuni-
ties to think with and through multiple representations.
Developing and using representations is an essential skill
that engineering students need to learn. Representational
fluency is a documented measure to assess student under-
standing of engineering concepts [13]. Thinking about a
problem through multiple representations and through
translations within and among representations contributes
to conceptual and application understanding of undergrad-
uate students [14].

In this paper, we present our experience with an instruc-
tional unit as part of our civil engineering undergraduate
Fluid Mechanics laboratory for exploring flownet con-
cepts in groundwater flow through an electrical circuit
analogy and through the use of a computer model, Visual
MODFLOW. Electrical analogy is an alternate represen-
tation of groundwater flow which allows students to relate
the groundwater flow problem to their prior knowledge of
electrical current concepts. On the other hand, Visual
MODFLOW allows a visual representation of groundwa-
ter flow problem. However, students often have difficul-
ties understanding newly introduced concepts, such as
groundwater flow through soils with different hydraulic
conductivities. An instruction combining electrical analo-
gy (an alternate representation) and Visual MODFLOW (a
visual but abstract representation) in such situation is often
helpful for the students to quickly understand new con-
cepts [15, 16].

Five different practical groundwater flow situations
were modeled (represented) through corresponding analo-
gous circuit set-ups for instruction. First, basic concepts
of groundwater flow, electrical analogy, flownets, and the
Visual MODFLOW software features were taught. Then
the students were asked to develop flownets using the
electrical analogy experiments and compare the results
with their Visual MODFLOW simulations. Student feed-
back was obtained to understand the effectiveness of the
approach with regard to improving student learning.

II. LABORATORY EXPERIMENT

The flownet experiment was included as one of the
twelve experiments in the Fluid Mechanics Laboratory
course (CE 310), a 1-credit required course for Civil En-
gineering in the undergraduate curriculum [17]. The ob-
jective of the experiment is to impart to the students the
following concepts and enable them to understand and
interpret flownets:

*  Hydraulic head and groundwater velocity

* Darcy’s Law

*  Hydraulic conductivity and electrical conductivity

* LaPlace equation
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* Boundary conditions (constant head, permeable,
and impermeable)

*  Electrical analogy to groundwater flow

*  Solution of LaPlace equation for groundwater flow
*  Solution of LaPlace equation for current flow

*  Contours of hydraulic head/voltage

*  Equipotential lines, flow lines, and flownet

* Interpretations of flownets

*  Groundwater flow computer software

A. Experimental Setup

The electrical analogy experiment setup consisted of a
plexiglass tray (24 inches long, 24 inches wide, and 4
inches deep), electrodes (aluminum sheets), a step-down
transformer, a voltmeter, a voltage probe, and a graphing
paper (Fig. 1). Additionally, a wooden block (6 inches
long, 2 inches wide, and 2 inches deep), an aluminum
cylinder (2 inches of external diameter and 4 inches long),
and a steel cylinder (4 inches of external diameter) were
used in setting up the electrical counterparts of the differ-
ent groundwater flow situations. Materials used in the
electrical analogy setup are presented in Fig. 1. The tray
was filled with tap water to form a thin sheet of water (< 1
inch) to serve as the medium to conduct electricity. The
tap water is analogous to soil, which is the conducting
medium for ground water flow. Electrodes were placed
on the tray at suitable locations depending on the flow
situation to be simulated.

Voltage at any point on the conducting medium of wa-
ter could be measured using the voltmeter and the probe.
A graphing paper was placed underneath the tray to facili-
tate locating coordinate points of constant voltage read-
ings and to plot constant voltage lines (equipotential
lines). Curvilinear stream lines were drawn perpendicular
to these equipotential lines to construct flownets. Electri-
cal supply can be provided through direct current (DC)
using electric storage batteries or alternating current (AC)
using a step-down transformer. Electrical power supply to
the electrodes in the present teaching module was provid-
ed through a step-down transformer, which was used to
bring the voltage down from 120 V to 20 V.

B. Selected Groundwater Flow Situations

Students were presented with five different groundwa-
ter  flow  situations and were asked to

Figure 1.

Materials used in the electrical analogy setup to develop
flownets for various groundwater flow situations. 1 - step-down trans-
former, 2 - aluminum sheet, 3 - plexiglass tank, 4 - voltage meter, 5 -
probe, 6 - wooden block, 7 - steel cylinder, 8 - aluminum cylinder, 9 -
tap water, and 10 - graphing paper.
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conceptualize the analogous problem, prepare the corre-
sponding electrical analogy setup, and take measurements
of spatial distribution of voltage on the conducting medi-
um (water in the tray) to obtain flownets. Also, students
were asked to simulate the flow situations in Visual
MODFLOW and compare the patterns obtained from
electrical analogy. The five selected flow situations with
increasing complexity are:

1. Groundwater flow between two constant head
boundaries (Fig. 2a and 2b)

2. Groundwater flow between two constant head
boundaries with an “impermeable barrier” in be-
tween the boundaries (Fig. 2c¢)

3. Groundwater flow between two constant head
boundaries with a “permeable barrier” in between
the boundaries (Fig. 2d)

4. Groundwater flow converging to a pumping well
situated near a recharge boundary (Fig. 2e)

5. Seepage beneath a dam (Fig. 2f)
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Figure 2. Groundwater flow situations: (a) between two ditches

through agricultural fields, (b) Seepage from a pond, (c) around an
impermeable barrier, (d) through a permeable barrier, (e) near a pump-
ing well, (f) underneath a dam.
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In the first situation, the groundwater flow through a
homogeneous soil between two constant head boundaries
was simulated. This situation could be an example for
groundwater flowing between two lakes at different eleva-
tions or two ditches at different elevations in an agricul-
tural field (Fig. 2a) or infiltration of water from the bottom
of a pond to an unconfined aquifer (Fig. 2b).

While keeping the constant head boundaries equal, an
impermeable barrier was added in between the two
boundaries in the second situation. This situation repre-
sents the grout/slurry walls (or cut-off walls) that divert
the groundwater flow from a contaminated zone (Fig. 2c).
Vertical barrier walls are often used for waste containment
by diverting the flow of uncontaminated groundwater
from passing through a contaminated site [18, 19]. The
walls could be typically straight, curved, or enclosed, and
constructed of grout or clay slurry with plastic or steel
sheet piling.

In the third situation, the impermeable barrier was re-
placed by a semi-permeable barrier. This situation simu-
lates the flow in a permeable reactive barrier (PRB) sys-
tem (Fig. 2d), which is an in situ remediation technology
to treat contaminated ground water. The PRB system
combines a passive chemical or biological treatment zone
with subsurface groundwater flow management [20, 21].
One of the typical configurations of PRBs include a reac-
tion vessel which routes groundwater via natural or engi-
neered preferential pathways to a subsurface reaction
vessel, where the contaminated water is treated using
chemical or biological reactive materials.

The fourth situation simulated a pumping well condi-
tion. Two cases were considered in this situation: (1) the
effect of a pumping well situated near a perennial stream
and (2) the effect of a pumping well located in between
two perennial streams. Figure 2e illustrates Case 1 of this
situation. The fifth situation simulated seepage under-
neath a dam (Fig. 2f). The dam was analogously simulated
with two cases: 1) homogeneous soil below the dam and
2) an impervious soil layer underneath the dam.

C. Electrical Analogy Setup of Groundwater Flow
Situations

The constant head boundaries in the first three situa-
tions and the fifth situation were simulated by applying a
higher voltage to one aluminum sheet and a lower voltage
to the other. In the fourth situation, lower voltage was
applied to an aluminum cylinder to simulate a pumping
well condition. The coordinates of constant voltage points
were identified on a graph sheet placed below the plexi-
glass tank. The situations were developed with straight
and/or rectangular edge boundaries. However, with a few
modifications, the setup can be used to simulate irregular
boundary conditions. The electrical analogy setup for
different scenarios is illustrated in Fig. 3.

Two cases were studied for the first situation represent-
ing examples presented in Fig. 3a and 3b. In Case 1 (Fig.
3a), electrodes (aluminum sheets) were placed on the
opposite ends of the plexiglass tray. In Case 2 (Fig. 3a),
the tray walls were covered on three sides with connecting
aluminum sheets to make the three sides as one electrode.
The fourth wall of the tray was covered with another alu-
minum sheet with small gaps between this fourth side and
its adjacent sides. A voltage difference of 21.2 V was
maintained between the two electrodes.
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For the second situation, the setup described in Case 1
of the first situation, was slightly modified with the intro-
duction of a wooden rectangular block at the middle of the
plexiglass tank as shown in Fig. 3b. The wooden block
was used as a material impermeable to electrical current,
which is analogous to an impermeable grout wall in the
case of groundwater flow. To simulate the third situation,
i.e. PRB with reaction vessel, the wooden block was re-
placed by a steel cylinder. In the present experiments, the
steel cylinder which has a higher electrical conductivity
than the surrounding water would analogously represent
the reaction vessel. The electrical analogy setup for this
flow situation is illustrated in Fig. 3c.

The electrical analogy setups for the two cases in the
fourth situation are shown in Fig. 3d. An aluminum cyl-
inder was used as analogous to the pumping well and an
aluminum sheet on one side of the plexiglass tank to simu-
late Case 1 and aluminum sheets on opposite sides of the
plexiglass tank to simulate Case 2. In Case 1, a voltage
difference of 21.2V was applied between the aluminum
sheet and the aluminum cylinder to simulate the pumping
well at the aluminum cylinder. To simulate Case 2, two
step-down transformers were used. A voltage difference of
21.2 V between one of the aluminum sheets and the alu-
minum cylinder was created with one step-down trans-
former. Using the second transformer, a voltage difference
of 13 V was created at the second aluminum sheet by
earthing one of the electric circuit ends.

The electrical analogy for the fifth situation was set up
as shown in Figure 3e. Aluminum sheets were placed on
the same side of the plexiglass tray with a gap in between
them (Case 1 in Fig. 3e). The gap which is electrically
resistant is analogous to the dam. A voltage difference of
21.2 V was maintained between the two electrodes. To
simulate the impervious soil layer in Case 2, polyethylene
foam was cut into an irregular shape and glued to the
plexiglass tank. Polyethylene foam which is an electrical-
ly resistant material is analogous to the impervious soil
layer.

III. APPLICATION OF “VISUAL MODFLOW”

The flow area was discretized into 20 rows and 20 col-
umns with equal size square cells for the Visual
MODFLOW simulations. The flow zone was conceptual-
ized as unconfined, single layer, homogeneous as well as
isotropic and the flow as steady-state. Boundary condi-
tions were defined using the boundary module in Visual
MODFLOW according to the conditions described in each
groundwater flow situation in the following paragraphs.
Visual MODFLOW’s “constant head boundary” module
fixes the head value in selected grid cells, i.e. there is no
change with time, it thus acts as an infinite source of water
entering the system or as an infinite sink for water leaving
the system depending on the water level in the surround-
ing cells. All situations were simulated in a steady-state
analysis.

Thus, similar to the setup shown for both cases (1 and
2) of the first situation in Fig. 3(a), the boundaries in Vis-
ual MODFLOW were defined as constant head boundaries
with head values of 21.2 ft and O ft, respectively. For the
second situation, the impermeable barrier was simulated
by an independent module called “Wall” Boundary or
Horizontal Flow Barrier (HFB) package in the Visual
MODFLOW. The HFB package requires input of two
parameters from the user: thickness and conductivity. A
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Figure 3. Electrical analogy setup. (a) situation 1, (b) situation 2, (c)
situation 3, (d) Situation 4 and (e) Situation 5. 1 - step-down transform-
er, 2 - aluminum sheet, 3 - plexiglass tank, 4 - voltage meter, 5 - probe,

6 - wooden block, 7 - steel cylinder, 8 - aluminum cylinder, 9 - tap
water, 10 - graphing paper, and 11- styrofoam

horizontal thickness of 1 ft and a conductivity of 0.005
ft/day were used in the model for this scenario. For the
third situation, a higher hydraulic conductivity value was
assigned to the cells where PRB is located than the sur-
rounding cells (100 ft/day versus 3 ft/day). Visual
MODFLOW’s “Pumping well” module was used to simu-
late the fourth situation. One constant head boundary of
21.2 ft was used in Case 1, while two constant head
boundaries of 21.2 ft and 13 ft were used in Case 2. A
pumping rate of 30,000 ft’/day was assigned to the well in
both cases. For the fifth situation, constant head bounda-
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ries of 21.2 ft and O ft were defined on the same side of
the aquifer with a few no-flow cells in between these
constant head boundaries. These no-flow cells represent
the dam condition. In Case 2 of this situation, a hydraulic
conductivity of 1x10° ft/day was assigned to cells in the
impervious soil layer region as compared to 10 ft/day for
the surrounding cells.

IV. STUDENT FEEDBACK

A short survey consisting of four questions (A-D be-
low) was given to the students in order to get their feed-
back on the flownets exercise.

A. Did the electrical analogy experiment help you un-
derstand better the

1. concept of flownet?

2. idea of equipotential lines and flowlines and
their relationship?

3. analogy between the flow of groundwater and
the flow of current through a conducting medi-
um?

4. patterns of groundwater flow situations?

B. Which part of the experiment did you like the
most?

C. What could be done to improve and enhance the
experiment?

D. Are there any other groundwater flow scenarios
that you would like to observe with this electrical
analogy experiment?

Question A consisted of four sub-parts designed to elic-
it Yes/No type answers. The purpose of these questions
was to assess whether the students understood the concept
of flownets and patterns of groundwater flow under differ-
ent boundary conditions from electrical analogy experi-
ments. Questions B through D were short-answer, open-
ended questions, asking the students to identify the part of
the experiment they liked most, to suggest improvements
and enhancements to the experiment, and to describe any
additional scenarios that they would like to observe with
the electrical analogy experiment.

V. EXPERIMENT RESULTS

The results obtained from the students regarding both
electrical ~analogy experiments and the Visual
MODFLOW simulations for selected scenarios are pre-
sented in Fig. 4. In the Visual MODFLOW simulations,
the parameters of aquifer properties and/or pumping rate
were adjusted to get comparable definitions of flownets.
Instructors provided the necessary guidance to the stu-
dents in selecting the values for different model parame-
ters. The results for the three selected scenarios (2, 4-2,
and 5-1) for electrical analogy are presented in Fig. 4 (a),
(c) and (e), and their corresponding results concerning
Visual MODFLOW are presented in Fig. 4 (b), (d) and (f).

Flownet patterns from electrical analogy and Visual
MODFLOW closely agreed with each other. Flownets
constructed for groundwater flow through a permeable
barrier are presented in Fig. 4 (a) and (b). The equipoten-
tial lines bent away from the barrier for a permeable barri-
er and the flow lines were bent into the barrier. Due to the
higher conducting nature of the barrier (steel cylinder)
than the surrounding medium (mildly ionized water), the
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Figure 4. Flownets obtained from electrical analogy (a, ¢ and e) and
Visual MODFLOW (b, d and f) simulations for situations 2, 4-2, and 5-
1.

flow lines (current) have a tendency to pass through the
highly-permeable material.

The flownets results for a pumping well with two con-
stant head boundaries are presented in Fig. 4 (c) and (d).
The flowlines are closer to each other near the 21.2 V
(21.2 ft in Visual MODFLOW result) boundary than next
to the 13 V boundary. Since the pumping well is close to
the constant head boundary of 21.2 V, the second bounda-
ry in Case 2 has a minor effect on the groundwater levels
in the aquifer. The flownets clearly indicate the formation
of a depression cone due to the intense pumping rate
drawing water from the aquifer around the pumping well
within a certain distance.

The flownets presented in Fig. 4 (e) and (f) illustrate the
groundwater flow pattern beneath a dam. Close to the
dam, the flow path lines are shorter. The equipotential
lines are closer together right below the dam indicating
higher potential gradients and hence higher velocities than
those further away from the dam.

VI. STUDENT FEEDBACK RESULTS

A total of 48 students responded to the experiment in
the Spring semester of 2010. The responses to Question A
are shown in Fig. 5. Almost all the students (more than
95%) indicated that they gained a better understanding of
flownet concepts. Individual descriptive responses to
Questions B-D are summarized below in Table 2. Student
responses to Questions B and C were grouped under dif-
ferent categories and the frequency for each group was
calculated. One representative response from each group
is presented in Table 2. A total of 34 students responded to
Question B while 18 responded to Question C. Distinct
groups of five and four were identified for Questions B
and C and the frequency of responses for each group is
summarized in Fig. 6 and 7. The maximum number of
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responses (35 % of the total responses) for Question B
indicated “observational learning” as the enjoyable part of
the experiment. The students also felt that there was a
need for more guidance during the experiments (35 % of
total responses). Personal communication with the stu-
dents indicated that the additional guidance was especially
sought during the electrical analogy setup for complex
groundwater flow situations (for example, Scenario 4 —
Case 2). In general, the responses indicate that the stu-
dents have enjoyed conducting experiments on the differ-
ent scenarios chosen and were able to visualize the
groundwater flow situations through analogous compari-
sons.

The majority of students did not mention any improve-
ments over existing experiments or the experimental setup
(responses to Question C). A few students felt that more
readings at closer intervals would have given them a better
picture of groundwater flow patterns in complex scenarios
such as flow around a barrier. This was included as a
recommendation to the teaching assistants in future se-
mesters. Moreover, students also wanted to explore a few
other scenarios such as “Beaver Dam” and “infiltration
and inflow into sewer pipes”. These responses show that
the analogy experiment has stimulated the critical and
analytical thinking of the students.

VII. INSTRUCTOR REFLECTIONS AND RECOMMENDATIONS

The Fluid Mechanics laboratory course is often taught
by multiple instructors in different sections, which brings
about a variation in the delivery of materials. For well-
established lesson plans, the variation is gradually mini-
mized by following specific protocols in the teaching
modules. Since the electrical analogy concept was newly
introduced, one instructor was made available to all the
sections during both the semesters to bring uniformity in
the delivery of instruction. The second important element
during this session is the active involvement of all the
students in conducting the experiments. This active in-
volvement was necessary to ensure that the students clear-
ly understand the methods of taking equipotential points
on the graphing paper, of making adjustments for various
scenarios, and of analyzing the results during the devel-
opment of flownets. The instructors needed to be proac-
tive in constantly verifying the reasons behind each step in
the electrical analogy model setup, linking each step in the
setup with real world conditions during the experiments,
and providing instructions on the methods used to draw
flownets. Above all, an interactive discussion with the
instructors based on the reports submitted by the students
was necessary to ensure that students understood the con-
cepts thoroughly.

A few modifications in the evaluation process could be
considered for getting student feedback in the future when
offering this laboratory unit. Questions A.1 to A.4 may be
modified from yes/no type to a Likert scale to obtain a
finer-grained evaluation. In addition, a control-based ap-
proach can be taken, whereby the progress of one group of
students through the groundwater flow experiment with
electrical analogies can be measured. This shall be com-
pared with another group without the analogies as a better
method of assessing the improvement of student learning.
The students’ knowledge and perceptions among the two
groups could be compared to evaluate the effectiveness of
the method. Although the authors would have preferred
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TABLE II.
RESPONSES TO SURVEY QUESTIONS B, C, & D
Q Survey
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“Probing of the water to Hands-on Expe-
examine the electrical rience
potential at the spot and
seeing how it changes
throughout the water.”

“Seeing the completed Interpretation
graphs.”

Which part “Seeing how a conduct- Observations
of the ing and a nonconducting
B | experiment | barrier change the
did you like | flow.”
the most?

“Trying out the differ- Representational
ent scenarios and com- approach
paring this to the ex-
pected results.”

“Finally understanding Flownet con-
how to do flow nets, struction
I've always had trouble
doing them.”
“More explanation.” More Guidance
“Something that could More Data
be done is a better job of Collection

What could | finding the points and

be done to taking more of them.”

improve

C | anden- “Plot more points for Flownet Con-

hance the each equipotential drop struction

experi- to get better graphs.”

ment?
“I thought it was well
done, don't see much No Change
that needs to be im-
proved on.”

Are there “Beaver Dam (High to

any other low current).

roundwa- . .
tger flow “Infiltration and inflow licabl
. into i Not Applicable
scenarios 1qto 1r}’frastructure pp
that you pipes.
D | would like w . .

to observe Aquifers.

with this w .

electrical Underwater current.

analo .

exp er%—y “Cofferdam/dewatering

ment? scenarios might be good
to see.”

http://www.i-jep.org




REGULAR PAPER
INTEGRATING ELECTRICAL ANALOGY AND COMPUTER MODELING OF GROUNDWATER FLOW FOR TEACHING FLOWNET...

50

.jllll

Hands-on
Experience

woos A
QS O

w
=Y

Frequency of Responses (%)
—_ (%) [
W (=3 w

s

w

Flownet
Drafting

Interpretion  Observations Representational

Approach

Figure 6. Group-wise frequency of responses for Question B.

50

Jll[

More More
Guidance Data Collection

Frequency of Responses (%)
— — [\*) (3] w w B B
(=} W (=} wn (=] W (=) W
A S R

w
L

Flownet No
Construction Change

Figure 7. Group-wise frequency of responses for Question C.

this control-based approach, it was not feasible to imple-
ment under the available set up. Besides, the electrical
analogy part is the only experimental part and the unit
would not exist without it.

VIII. CONCLUSIONS

The different concepts of bringing flownets into the lab
were introduced to the undergraduate civil engineering
students in a laboratory course by integrating the princi-
ples of groundwater flow, of the electrical analogy of
groundwater flow, and of the use of a groundwater flow
computer model. An experiment was developed and im-
plemented to illustrate flownets of different carefully
selected groundwater flow situations using their analogous
problems of current flow through an electrically conduct-
ing medium. The setup was introduced with simple geo-
metric boundaries, however, it was also demonstrated that
with a few easy modifications, it can be applied to
groundwater flow situations with irregular boundary con-
ditions, too. The students obtained results from the electri-
cal analogy experiments that were comparable to those
from the groundwater flow modeling software, Visual
MODFLOW. The assessment based on student evalua-
tions at the end of the experiment indicated that the stu-
dents understood the basic idea behind the application of
electrical analogy for various groundwater flow situations
and the concept of flownets. The integration of the elec-
trical analogy of ground water flow and the use of a com-
puter model to explore the concepts of flownets in a labor-
atory setting has proved to be unique and appealing to the
students.
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