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Figure lc. Flow away from a long water
body in both directions.

Figure 2. Three dimensional flow near a
circular flow-through lake.

FlowThru displays groundwater flow
patterns in an aquifer near a surface
water body. Although written with
shallow lakes in mind, the program
also applies to wetlands, rivers,
streams, canals and channels. The
primary uses of FlowThru are (i) for
determining the depths of
groundwater capture zones near
shallow water bodies (analogous to
the problem of wellhead protection),
and (ii) as an educational tool, to
allow users to visualise flow patterns
near surface water bodies.

rivers or channels receiving water
from both sides (Figure 1b), or to
channels or elongated pits which
provide recharge to the regional
aquifer (Figure lc). The program
recognises 17 flow-through, 11
discharge and 11 recharge flow
regimes which can occur under
different regional flow and recharge
conditions.

FlowThru is based on a twodimensional vertical section through
water bodies which are long in the
direction perpendicular to the
direction of regional groundwater
flow (Figure 1). Depending on the
directions of flow at lateral
boundaries, FlowThru applies to
flow-through lakes (Figure 1a), to

FlowThru can be considered as a
companion to papers by Nield and
Townley, which provide a general
framework for classifying
groundwater flow patterns near
elongated surface water bodies.
Work is proceeding on extending
these results to three-dimensional
flow near flow-through lakes (Figure
2). Already we know that all the flow
patterns identified by FlowThru can
also occur on the plane of symmetry
through a circular lake.
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ABSTRACT

FlowThru provides a general framework for classifying groundwater
flow patterns near elongated surface water bodies. The program
recognises a large number of distinct flow regimes (seventeen flowthrough, eleven discharge and eleven recharge flow regimes) which can
occur under different regional flow and recharge conditions. Although
developed with shallow lakes in mind, the program can also be applied
to wetlands, rivers, streams, canals, channels and drains.
The main uses of the program are:
(i)

for determining the depths of groundwater capture zones near
shallow water bodies (analogous to the problem of wellhead
protection), and

(ii)

as an educational tool, to allow users to visualise flow patterns
near surface water bodies.

For further information, please contact:
CSIRO Division of Water Resources
Private Bag
POWEMBLEY
Western Australia 6014
Telephone:

+61-9-387 -0200

Fax:

+61-9-387-8211

FlowThru

ii

~
FLOwTHRU

Installation

FlowThru is available for 386 PCs with 80387 coprocessors, 486 PCs and
Macintosh computers. To install the program, follow the instructions in the read.me
file on your Program Disk.
Conditions

FlowThru

is distributed on the understanding that each copy will be used on only

one computer.

Warranty
This software is supplied "as is" without warranty of any kind. In no event will the
authors or their organisations be liable for damages resulting from any defect in the
software or manual. All reasonable care has been taken to ensure that FlowThru
operates as described in this manual. It is each user's responsibility to verify the
applicability of FlowThru to a field site of interest, and to check the results for
consistency.

Bug Reports
Suspected errors or inconsistencies should be reported using the form provided at the
back of this manual.

Range of Pre-Calculated Solutions
Only a limited number of finite element solutions are supplied with FlowThru.
Additional solutions for different geometries (including water bodies with irregular
bottom topography), different bed resistances and layered conductivities can be
supplied on request. An order form is provided at the back of this manual.

Copyright
This manual is copyright. Apart from any fair dealing for the purposes of private
study, research, criticism or review, as permitted under the Copyright Act, no part
may be reproduced by any process without written permission. All enquiries should
be addressed to the first author.
@

CSIRO Division of Water Resources, 1992
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GETTING STARTED

Start by examining the read.me file on the Program Disk supplied.
Then install FlowThru on your hard disk.
Before running the program, read Section 3 which provides a formal
definition of the problem solved by FlowThru and defines all the
variables used. Then read Section 4 which describes the primary menu
in detail. At this stage you can run FlowThru and experiment freely
with its system of menus.

Section 5 describes all parts of the graphical output and Section 6
summarises the theoretical basis for FlowThru's classification of flow
regimes. Sections 7 and 8 describe output and input files, although you
will rarely need to adjust the latter.

Section 9 provides a worked example, typical of the way FlowThru
can be used to estimate the depth of a capture zone for a flow-through
lake.

Finally, if you have skipped them at the beginning, Sections 1 and 2
summarise the overall capabilities of FlowThru and the assumptions
on which it is based.

FlowTlzru

VII

1. INTRODUCTION

Types of
waler bodies

FlowThru displays groundwater flow patterns in an aquifer near a
surface water body. Although written originally with shallow lakes in
mind, the program also applies to wetlands, rivers, streams, canals,
channels and drains.

FlowThru is based on a two-dimensional

vertical section through
water bodies which are long in the direction perpendicular to the
direction of regional groundwater flow. Depending on the directions of
flow at lateral boundaries, FlowThru is relevant to flow-through lakes,
to rivers or channels receiving water from both sides, or to channels or
elongated pits which provide recharge to the regional aquifer.

lIow-through
water body

/

regional aquifer
flow direction

Flow near a long flow-through

water body.

water body
receiving water
from aquifer

/

-~~
Flow towards a long water body from both sides.
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water body
discharging water
to aquifer

/'

Flow away from a long water body in both directions.

Computational
method

FlowThru is not a numerical groundwater model, but rather, combines
and displays a set of pre-calculated solutions. These solutions were
obtained using the linear triangular finite element model, AQUIFEM-N
[Townley, 1993]. The solutions are provided as a set of unformatted
files.

Graphical
display

Numerous display options are possible. A user can choose to work in
either non-dimensional or physical variables, to view equipotentials,
streamlines and/or dividing streamlines, and to view or hide spatial
distributions of piezometric head on specified flux boundaries. The
spatial distribution of seepage through the bottom of the surface water
body can be displayed and written to an output file. Graphical output
can also be saved as files containing Hewlett Packard Graphics
Language (HPGL) or PostScript. Such files can be sent to a variety of
plotters and laser printers.

FlowThru
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FlowThru can be considered as a companion to papers by Nield and
Townley [1993] and Townley and Nield [1993], which provide a
framework for classifying groundwater flow patterns near elongated
surface water bodies. Work is proceeding on extending these results to
three-dimensional flow near surface water bodies.

lake

regional aquifer
flow direction

Three dimensional flow near a circular flow-through lake.
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2. ASSUMPTIONS

Lon!) water
bodies

FlowThru displays groundwater flow patterns in a two-dimensional
vertical section through a shallow surface water body.
This
representation is only valid if the vertical section is aligned with the
direction of regional groundwater flow and if the surface water body is
long in the direction perpendicular to that section. The model therefore
applies to rivers or canals in valleys with negligible along-valley slope,
and to elongated lakes and recharge basins.

shallow

"recharge"
to or from

surface
water

the water table

body

<

>

regional

regional

aquifer
flow

aquifer
flow

1\vo-dimensional

vertical section through

a shallow surface water body.

FlowThru is not intended for application to non-elongated

water
bodies. But preliminary results of three-dimensional analysis indicate
that FlowThru applies reasonably well to a vertical section through
the diameter of large circular water bodies.

Shallow water
bodies

FlowThru assumes that water bodies are shallow relative to the
thickness of the aquifer. The model represents the water body as an
infinitesimally thin layer of constant head lying at the top surface of the
aquifer. FlowThru's standard solutions should not be used to simulate
water bodies which penetrate deeply into the aquifer, although
additional solutions can be provided on request (see the order form at
the back of this manual). Flow patterns near water bodies with semicircular and semi-elliptical bottom topography are presented by
Townley and Davidson [1988], for the case of zero recharge.

FlowThru
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~_.__ II~_"'_Surface water bodies which are deep or which have irregular bottom topography
need additional solutions which can be provided on request.

Lateral
boundaries

FlowThru fixes the lateral boundaries of the modelled domain at a
distance of twice the aquifer thickness from the edge of the water body
(in an equivalent isotropic coordinate system). Flow at the lateral
boundaries is assumed to be uniform over the thickness of the aquifer.
This assumption has been found to be valid for an isotropic aquifer
when the distance from the water body to an upgradient groundwater
divide is many times the aquifer thickness [Barr and Townley, 1993].

f

many times the
aquifer thickness

<

:><

~1!!iliQ~
groundwater
divide

twice the aquifer thickness

:>

~
model domain

Conditions required to achieve uniform fluxes over the
thickness of the aquifer at FlowThru boundaries.

Aquifer
properties

FlowThru assumes that the aquifer is homogeneous but possibly
anisotropic with spatially uniform horizontal and vertical hydraulic
conductivities. The resistance of low-conductivity bottom sediments
can also be taken into account.

FlowThru
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Water table

slope

FlowThru simulates flow in a rectangular domain with a horizontal
upper surface.

This is an approximation

to real situations with a

sloping water table as the upper boundary. But since water table slopes
are generally small, the approximation is extremely good .

•
FlowThru
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3. PROBLEM DEFINITION AND SOLUTION

~;~n~::7ffu~~s
The

following figures define the geometry and boundary fluxes for the
rectangular domain assumed by FlowThru. The piezometric head in
the surface water body is arbitrarily set to zero. The bottom of the
aquifer is a no-flow boundary.
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Geometry of the modelled domain.

Q

R

rTTTt

Fluxes through the boundaries of the modelled domain.

Particular values of three boundary fluxes, U+, U_ and R, imply a net
flux Q from the surface water body into the aquifer:

The spatial distribution of seepage q(x) from the water body into the
aquifer is calculated by FlowThru, and integrates to give Q.

FlowThrn
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Units for

fluxes

Although FlowThru is described as applying to a two-dimensional
vertical section, fluxes across boundaries must also be considered as
being per unit width in the third dimension. Thus U+ and U_ are
actually fluxes per unit area, with area being the product of width and
depth; R and q are fluxes per unit area, with area being the product of
width and length; and Q is a flux per unit width, since it integrates q in
the length direction.
width
R

rlength
depth

Irregular
bottom
topography

Standard solutions provided with FlowThru assume that water bodies
are infinitesimally thin at the z = 0 surface such that the water level or
piezometric head is zero and the bottom elevation within the water
body is also zero. FlowThru is capable, however, of using additional
solutions for a wide range of bottom topographies. The shape of the
bottom can be described using regular geometric shapes or using a set
of (x,z) pairs.

When bottom topography is irregular, locations on the bottom are
define~ by a distance s measured along the bottom of the water body
from its left edge. The total distance along the bottom of the water
body is S.

FlowThru
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Bottom
resistance

Surface water bodies are often lined with low conductivity bottom
sediments, such that vertical conductivity Kzs near the water body is
less than Kz in the aquifer below. FlowThru represents bottom
resistance in terms of an equivalent layer of depth D and conductivity
Kz' such that vertical resistance to flow through this layer is the same as
through a region with spatially varying vertical conductivity Kzs(z). D
can be calculated as [Nield and Townley, 1993]:

o
D =

K

f [Kzs~Z) -1]dZ
-B

If there is a sharp discontinuity in conductivities, such that there is a
thin sediment layer of thickness Ds with constant vertical conductivity
Kzs' then:

°

If D = 0, a water body acts as a <I> = constant head boundary for the
aquifer. If D 0, a mixed boundary condition is applied, with vertical
seepage from the water body into the aquifer given by:

*

q(x)

z

o

Kz

= - D

<I>

(x,O)

Kz - Kzs(z)

-B
(a)

(b)

Definition of the equivalent sediment depth D:
(a) Tt-ue distribution of vertical conductivity
(b) Equivalent model distribution of vertical conductivity.

FlowThru
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Method of
solution

Flow solutions have been calculated for a homogeneous isotropic
domain, in which the piezometric head, ~, obeys Laplace's equation:

with the boundary conditions described above.
A streamfunction,

'1', defined by:

also satisfies Laplace's equation in the isotropic domain, with boundary
conditions derived from the solution for-~. Solutions for ~ and
are
obtained consecutively, using the finite element model AQUIFEM-N
[Townley, 1993].

'I'

For computational efficiency, the principle of superposition is used to
generate solutions for different flow boundary conditions. For any
given geometry and sediment resistance, it is necessary to compute
only three solutions using AQUIFEM-N, each with one of the three
boundary fluxes set to unity and the remaining two set to zero.
Solutions to the general problem are then calculated by FlowThru as
linear combinations of the three fundamental solutions.

FlowThru
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Anisotropy

An anisotropic aquifer has different hydraulic conductivities in the
horizontal and vertical directions, Kx and Kz respectively. Although
the pre-calculated solutions used by FlowThru have been obtained
using isotropic conductivities, they can also be applied to anisotropic
situations by appropriate scaling of the geometry [Nield and Townley,
1993]. An anisotropic domain is converted to an equivalent isotropic
domain by shrinking all horizontal coordinates by the square root of the
anisotropy ratio, (KjKz) 1/2. An equivalent isotropic aquifer has an
effective hydraulic conductivity K equal to (Kj<)1/2.

Definition of
variables

The following list defines the variables used by FlowThru:
2a

length of water body, in the direction of regional aquifer flow
[L]

B

aquifer thickness [L]

D

equivalent sediment depth (depth of aquifer material with the
same resistance to vertical flow as the bottom sediment) [L]

Kx

horizontal hydraulic conductivity [Lll]

Kz

vertical hydraulic conductivity [Lll]

K

hydraulic conductivity of an equivalent isotropic aquifer,
equal to (KxKz)1{2 [Ly-I]

Kzs(z)

depth-dependent hydraulic conductivity of sediments below
the water body [Lll]

L

distance from the edges of the water body to the vertical
boundaries of the model domain [L]

q

bottom seepage per unit area from the water body into the
aquifer [Lil]

Q

net bottom seepage flux per unit width from the water body
into the aquifer [L 2y-1]

FlowThru
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R

downwards flux per unit area across the water table (recharge
flux) [Ll1]

s

distance along the bottom of water body measured from the
left-hand edge [L]

S

total distance along the bottom of water body [L]

U+

flux per unit area into the domain through the left-hand
boundary (inflow), equal to the product of Kx and the
horizontal head gradient at the left-hand boundary [Ll1]

U_

flux per unit area out of the domain through the right-hand
boundary (outflow), equal to the product of Kx and the
horizontal head gradient at the right-hand boundary [Ll1]

x

horizontal coordinate measured from the middle of the water
body surface [L]

z

vertical coordinate measured upwards from the middle of the
water body surface [L]

<l>

piezometric head in the aquifer [L]

'II

streamfunction in the aquifer [L211]

FlowThru
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Non-dimensional
ratios

Nield and Townley [1993] demonstrate by dimensional analysis that
solutions to problems of groundwater flow near shallow surface water
bodies can be represented concisely in terms of a number of nondimensional ratios. Important ratios used by FlowThru include:
2a

D
B'

E'

Standard set of
pre-calculated
solutions

L

Kx
Kz'

E'

U_
U+'

RL
U+B'

K'"'I'
U+B'

'II and
U+B

Q
U+B

Solutions are provided for the following combinations of geometry and
bottom resistance:

2a
B

D
B

0.25

0.5

1

2

4

8

a

II'

II'

II'

II'

II'

II'

0.01

II'

II'

II'

II'

II'

II'

0.02

II'

II'

II'

II'

II'

II'

0.05

II'

II'

II'

II'

II'

II'

0.1

II'

II'

II'

II'

II'

II'

0.2

II'

II'

II'

II'

II'

II'

0.5

II'

II'

II'

II'

II'

II'

1

II'

II'

II'

II'

II'

II'

2

II'

II'

II'

II'

II'

II'

5

II'

II'

II'

II'

II'

II'

10

II'

II'

II'

II'

II'

II'
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4. HOW TO USE FLOwTHRV

Installation

FlowThru should be installed by following the procedure described in
the read.me file on your Program Disk.

Running

To run FlowThru, follow the procedure described in the read. me file
on your Program Disk. As FlowThru starts, information is displayed
on the screen until you press Enter or Return. You will then see a menu
asking you to enter a device number for a plotting device. The range of
devices and device numbers is machine-dependent and is defined in a
file called plot.def.

F10wThru

Enter DEI/ICE NUMBER for PlDTTING DEI/ICE:
IDEI/= 1
IDEI/= 6
IDEI/=ll
IDEI/=15
IDEI/= 0

Colour screen
PostScript
HP7475 A4 horizontal, fast
HP7475 A4 horizontal, slow
No graphical output

Example menu for choosing a plotting device.

Menu
structure

FlowThru is an interactive menu-driven program with two levels of
menus. Menu items are selected by typing a single character which
corresponds to the desired choice, followed by Enter or Return.
FlowThru Primary Menu (non-dimensional
Direction of U+
OUtflow/Inflow U-/U+
Recharge/Inflow RL/U+B
Anisotropy ratio Kx/Kz
Plotting

--->

1.000
0.200
1.000

Equipotentials
Dividing streamlines
Bottom seepage

ratios)

Water body length 2a/B
Bottom resistance D/B
[Aquifer length L/B]

1.000
0.000
2.000

Streamfunction
Head distributions

B .. Boundary fluxes and anisotropy
G .. Geomet ry
C .. Change plotting options
P
F
Z
D
S
Q

..
..
..
..
..
..

Plot all options shown abcve
Plot bottom seepage only
Change plotting device
Operate using data file
Swap to physical units
Qui t the program

Enter your choice :

Default Primary Menu of FlowThru with non-dimensional

ratios.

FlowTlmt
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Physical units
versus
non-dimensional
ratios

FlowThru uses either non-dimensional ratios or variables measured in
physical units. The option S allows swapping between these different
sets of units. To facilitate swapping, it is advisable to set U +, Kx and B
with physical units. Changing non-dimensional ratios varies other
variables and leaves these three unchanged.

FlowThru Primary Menu (physical units)
0.01000
Inflow to aquifer U+
0.01000
OUtflow from aquifer URecharge to aquifer R
: 0.001000
1.000
Horizontal conductivity Kx :
1.000
Vertical conductivity Kz

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth D
[Aquifer length Ll

Plotting

Streamfunction
Head distributions

: Equipotentials
Dividing streamlines
Bottom seepage

50.00
50.00
0.000
100.0

B .. Boundary fluxes and conductivities
G .. Geometry
C .. Change plotting options
P
F
Z
D
S
Q

..
..
..
..
..
..

Plot all options shown above
Plot bottom seepage only
Change plotting device
Operate using data file
Swap to non-dimensional ratios
Qui t the program

Enter your choice :

Alternative Primary Menu of F10wThru with physical units.

Boundary
fluxes

FlowThru requires three user-specified boundary flux parameters,
which are modified using a sub-menu under option B. With physical
units, the three fluxes are the inflow into the aquifer domain at the left
boundary (U +), the outflow from the aquifer domain at the right
boundary (UJ, and the recharge at the top surface on both sides of the
water body (R). Using non-dimensional ratios, the first parameter
indica~es whether flow enters (+ 1.0) or leaves (-1.0) the left boundary,
and the remaining parameters represent U.JU+ and RLlU+B. Since
subscripts are not. shown on the computer screen, U+, u- and U+B
should be interpreted to represent U +, U_ and U +B in both text and
graphical output. Option B also allows the user to change aquifer
properties. In physical units, the user supplies Kx and Kz• In nondimensional ratios, the user provides the anisotropy ratio K)Kz•

FlowThru
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Aquifer
geometry

Aquifer geometry is modified using a sub-menu under option G. With
physical units, the user supplies values of 2a, Band D. With nondimensional ratios, geometry is defined by 2alB and DIB. Since
FlowThru assumes that L = 2B in an equivalent isotropic domain, the
value of L or LIB is computed and displayed. In anisotropic situations,
L is larger than 2B by the square root of the anisotropy ratio.

Standard solutions are provided for a number of values of 2al B, varying
by factors of 2, and for a number of values of DIB (see Section 3). It is
recommended that users first choose a value of aquifer thickness B, and
then approximate the water body length 2a and equivalent sediment
depth D in order to match an available solution.

If a user specifies values such that the ratios 2aIB or DIB are not exactly
equal to those available, FlowThru modifies the requested values to
force a perfect match (see Section 9) and informs the user that an
approximation has been made.

Because anisotropy can be taken into account by shrinking horizontal
grids by the square root of the anisotropy ratio, it is recommended that
users choose anisotropy ratios which are powers of 4. Matching an
available value of 2alB and varying K)Kz by factors of 4 will maximise
the chance of matching another available solution. If K)Kz is provided
such that a perfect match is not available, FlowThru finds the closest
available solution and modifies the user's choice of 2a1B. Further
guidance on the effects of anisotropy is given in Section 9.

FlowThm
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Display
options

Option C provides a sub-menu which allows the user to change (toggle
on and off) the types of information to be displayed on the screen.
Possible options are to display the dividing streamline(s), contours of
streamfunction and equipotentials within the aquifer, the head
distributions along the sides and the top of the aquifer, and the seepage
distribution through the bottom of the water body. The default is to
display all these options simultaneously.

Plotting
options

Option P on the primary menu plots the selected results to the current
plotting device. Option F plots the bottom seepage distribution at a
larger scale. Option Z allows the user to change the current plotting
device.

Multiple
cases

Option D allows a series of cases to be run in batch mode, with
variables obtained from a data file, f1owthru.run. This file has the
same format as the output file flowthru.rec, described in Section 7
below. The first character in each record specifies whether a plot is to
use option P or option F. The second character in each record specifies
whether to use non-dimensional ratios or physical units.

A sub-menu under option D allows the user to use P and F exactly as in
flowthru.run, or alternatively to override all records with either P or
F. In the latter case, FlowThru ignores the second character in each
record and uses non-dimensional ratios or physical.units as selected by
option S at the time option D is selected.

If a record in flowthru.run contains non-dimensional ratios,
FlowThru does not use the values of B, U+ or Kx in that record.
Rather it uses whatever values are currently in memory: either the
default values at start-up (B = 50, U+ = 0.01, Kx = 1) or values set by
swapping to physical units and back to non-dimensional ratios.

FlowThru
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The display options and the plotting device depend on the current
selections with options C and Z at the time option D is selected.

Quitting

Option Q exits FlowThru.
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5. EXPLANATION OF GRAPHICAL DISPLAY

FlowThru
flow near sur {ace water

Groundwater
Direction

of

U+

u-/u+
RL/U+B
Kx/Kz
Net

flux

(J/U+B

--->
\.000
0.200
1.000

2a/B
alB

-0.400

Flow

~ __ -:t__

bodies
\.000
0.000
2.000

(LIB!

FT2

regime

f======--.J

I. 000

1.000

Example or the graphical display with option P with non-dimensional ratios.
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flow near surface

Groundwater
U+
uR
Kx
Kz
Net

flux

0.0\000
0.0\000
0.00\000
\.000
1.000
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!
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0.001000
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water

bodies
50,00
50.00
0.000
\00.0

2a

B
0

(Ll
Flow

!

FT2

regime

:c

0,001000

J.

Dt_tD
0.01000

0,01000

Corresponding graphical display with physical units.
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Text

The top half of the graphical display echoes the user-defined variables.
There is an obvious correspondence between the text in the graphical
displays and the primary menus shown in Section 4. Whenever
additional solutions with irregular bottom topography are used, the
right-hand column of text also reports bottom length S/a > 2 or S > 2a.

FlowThru identifies and displays the amount of water flowing into the
aquifer from the water body (Q in physical units, or Q/U +B as a
non-dimensional ratio) and the type of flow regime in the aquifer [see
Nield and Townley, 1993]. The classification of flow regimes is
discussed in Section 6.

The bottom half of the graphical display with option P has the
following features:
Flow net

The large rectangle represents the aquifer domain and contains the
dividing
streamline(s),
and contours
of streamfunction
and
equipotentials. If physical units are used, 'V and <l> are displayed in their
usual units. When non-dimensional ratios are used, streamfunction is
plotted as 'V/U +B and equipotentials are plotted as K<l>/U+B where
K = (KxKz)l/2. Streamfunction is arbitrarily set to zero along the bottom
of the domain. Contour intervals are chosen so that there are ten
streamtubes between the minimum and maximum values of
streamfunction. The contour interval for equipotentials is then chosen
such that ~<l> = ~'V/K in physical units or ~(K<l>/U +B) = ~('V/U +B) with
non-d~mensional ratios. The extent of the surface water body is
indicated above the middle of the rectangular domain. Using physical
variables, arrows show the direction of fluxes through the sides and top
of the aquifer and values of U +, U_ and R are given per unit area
[Lil]. When non-dimensional ratios are used, a line with a single
arrow indicates that numerical values are given for U+B, U..JJ and RL,
i.e. for total fluxes per unit width [L2il] integrated over each section
of the boundary.
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Whenever hydraulic conductivity is anisotropic and an equivalent
isotropic domain is chosen, the flow net is vertically exaggerated by the
square root of the anisotropy ratio, as indicated on the display. The
distance L is correspondingly increased.

At different times, users may wish to view different
information by using option C on the primary menu.
i

types of

I

Equipotentials only

~~

Streamlines only

i

I

Equipotentials and
streamlines
(classical flow net)

~
i

I

Equipotentials,
streamlines and
dividing streamlines

~
i

Dividing streamlines.
only

I

[-~-7IJ

Examples with 2a1B = 1, DIB = 0, UjU + = -0.15 and RUU ~ = -1.04,
showing different types of contours within the aquifer domain.
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Piezometric heads
on boundaries

Rectangular boxes at the ends of the aquifer show calculated vertical
distributions of piezometric head along these prescribed flux
boundaries. Head values are scaled so that the range of heads on the
boundary and a zero head in the water body all fit within the box.
Ideally, the end head boxes should appear as empty rectangles, Le.
there should be no apparent deviation from a uniform vertical
distribution of heads. When deviations from a uniform distribution
occur, they appear in a variety of forms.

Left boundary

R>O

Flow to right

(U+ >O,U_>O)

R<O

Right boundary

R>O

R<O

[] 0 D
D [] 0
~

Flow to left

(U+<O,U_<O)

~

Appearance of head distributions on lateral boundaries for
a selection of flow-through regimes when heads are
not uniform over the depth of the aquifer.
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Two boxes along the top of the aquifer also show head distributions,
which can be interpreted as water table elevations, i.e. the phreatic
surface. In the top head boxes, the head at the edges of the water body
is zero when D is zero (i.e. the water table elevation is equal to the
water level in the water body). When D is non-zero, heads differ from
zero beneath the water body lining, but these heads are not displayed.
The vertical scale for both halves of the water table distribution is
identical, with the range being chosen to contain maximum and
minimum heads over the whole top surface of the aquifer.

Seepage
distribution

The rectangular box directly above the water body shows the seepage
flux distribution through the bed of the water body. Fluxes are scaled
so that maximum and minimum values of seepage, as well as a
horizontal axis identifying zero flux, all fit within the height of the box.
Fluxes out of and into the aquifer are plotted below and above the axis,
respectively. When physical units are used, fluxes have dimensions
[Lil]. When non-dimensional ratios are used, these fluxes are scaled
relative to U-rB.

Standard solutions provided with FlowThru represent wa~er bodies
with a flat bottom at the top surface of the rectangular aquifer domain.
Additional solutions with irregular bottom topography have seepage
occurring over a distance s longer than the water body length 2a. In
such cases, fluxes are plotted as a function of s rather than x.

Enlarged
seepage
distribution

For plots produced with option F, the spatial distribution of seepage
flux is enlarged. The distribution is piecewise constant between nodes
in the finite element grid, in order to be perfectly consistent with the
method of computation. Maximum and minimum fluxes are shown at
the left of the plot.
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Groundwater
olrectlon
u-/u+

of

U+

RL/U+S
Kx/Kz
Net

flux

G/U+S

flow near surface
--->
1.000
0.200
1.000
-0.400

water bodies

2a/S
O/S

1 000
000
2 000

a

[L/S)

Flow

regime

FT2

" :1'59

-8,337

Example of the graphical display with option F with non-dimensional

ratios.
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Groundwater
U+

uR
Kx
KZ
Net

o

-0

flux

G

flow near surface
0.01000
0.01000
0.001000
1.000
1.000
-0.200

water bodies

2a
S

50.00
50.00
a 000
100.0

o
ILl
Flow

regime

FT2

0812

167

Corresponding graphical display with physical units.
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6. CLASSIFICATION OF FLOW REGIMES

Recharge,
discharge and
flow-through
regimes

Nield and Townley [1993] identify eleven types of recharge and
discharge regimes (in which the surface water body recharges water or
receives water from the aquifer over the whole of its bottom) and
seventeen types of flow-through regimes (in which the water body
recharges water to and receives water from the aquifer in different parts
of its bottom). These regimes are shown schematically in the figures on
the following pages.
The figures show idealised patterns with five types of dividing
streamlines. The first four types separate regions which interact with
the lake from those which do not. The majority of these pass through a
stagnation point on the bottom of the water body (e.g., regime Ffl), or
through a point on the top surface away from the water body (regimes
Rl and 01); some pass through one end of the water body when
seepage between the water body and the aquifer is in the same direction
as the recharge (e.g., regimes R2 and 02); and others pass through an
internal stagnation point (e.g., regimes R3 and 03). The fifth kind of
dividing streamline passes through a stagnation point on the bottom of
the aquifer (e.g., regimes R5 and 05).

Stagnation
points

FlowThru identifies flow regimes on the basis of the occurrence of
maxima and minima of 0 and 'P on the boundary of the domain. Flow
regimes can then be described in terms of the number and location of
stagnation points and dividing streamlines.

Stagnation points can occur in the following locations:
•

on the bottom of the water body, in which case there must be a
reversal in the direction of vertical flow (exhibited by a local
maximum or minimum in 'P) and the regime must be a
flow-through regime;
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•

on the top surface of the aquifer (exhibited by a local maximum
or minimum in 0), but this can only occur when R = 0;

•

on the bottom of the aquifer (exhibited by a local maximum or
minimum in 0); or

•

in the interior of the domain (exhibited by a saddle point in both
and '1'), but this can only occur when R < 0 and Q > 0, or when
R>O andQ <0.

o

Stagnation points are characterised by equipotentials meeting at 90.,
streamlines meeting at 90. and equipotentials and streamlines meeting
at 45 •.

~~~~~ng

When DIB is non-zero, flow reversals "on the bottom of the water
body" are really flow reversals on the surface below the equivalent
sediment layer of depth D. Such points are not stagnation points
because there is still a component of horizontal flow. They are
therefore described by FlowThru as dividing points.

(a)

(b)

stagnation point

(a)

True dividing streamline
stagnation

(b)

dividing point

with low conductivity

bottom sediments

and

point.

Approximate

dividing streamline

with equivalent

layer of depth D and

dividing point.
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Symmetry

According to the definitions of Nield and Townley [1993], a flow
regime has the same name when viewed from either side of a
cross-section. But an asterisk is appended to the name shown in the
Figure if it is viewed from the other side. Regime R5 is characterised
by R < 0, an internal stagnation point and a stagnation point on the
bottom of the domain. If the internal stagnation point is on the right of
the water body, the regime is known as R5*.

Rules and
criteria

FlowThru uses such symmetries to simplify the process of identifying
flow regimes. Any situation with U + < 0 is internally converted to one
with U + > 0, by reversing the directions of all flows. Regime D5, for
example, is thus identified as R5*, but because U + is actually negative,
the name R5* is later mapped to D5, the correct result.

The identification of flow regimes is quite complex. The following
table presents simple rules which are used in FlowThru to identify
flow regimes.

FlowThrn

6-5

~
FLOwTHRU

Rules for Identifying flow regimes
Regime
No stagnation

points:

Q>O,R>O,

R2

U_>O

Q < 0, R < 0, U_ ';? 0

One stagnation

D2

point on the water body:

FTl

R=O, U_>O
R>O, U_>O

One stagnation

and both ends of \fI contour through stagnation
point intersect ends of domain

FT2

and both ends of \fI contour through stagnation
point intersect ends of domain

FT3

and one end of \fI contour through stagnation
point intersects top of aquifer

FT4

and one end of \fI contour through stagnation
point intersects top of aquifer

FT5

point on the top surface:

Q > 0, R = 0

and stagnation point is to left of water body

Rl

Q < 0, R = 0

and stagnation point is to right of water body

Dl

One stagnation

point on the bottom of the aquifer:

Q < 0, R ~ 0, U_:::; 0
Q < 0, R < 0, U_ < 0
Q < 0, R < O. U_ < 0

and \fI contour through stagnation point
intersects the water body

D7

and \fI contour through stagnation point
intersects the water body

D8

and \fI contour through stagnation point
intersects the top surface of the aquifer

D9

When U + < 0, these rules lead to the identification of regimes R7. R8 and
R9, respectively
One internal stagnation
Q > O. R < O. U_ > 0

point:
and \fI contours through stagnation point
intersect the top of the aquifer only once

R3

and \fI contours through stagnation point
intersect the top of the aquifer twice

R4

Q < O. R > O. U_ > 0

and \fI contours through stagnation point
intersect the top of the aquifer only once

D3

Q < 0, R > 0, U_ > 0

and \fI contours through stagnation point
intersect the top of the aquifer twice

D4

Q > O. R < O. U_ ~ 0

FlowThru
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Regime
Two stagnation

points on the water body:

R > 0, U_ > 0

One stagnation

and qJ contours through one stagnation point
intersect both ends of the domain

FT8

and qJ contours through one stagnation point
intersect both ends of the domain

FT9

and qJ contours through both stagnation points
intersect the top of the aquifer

FTIO

and qJ contours through both stagnation points
intersect the top of the aquifer

FTll

point on the water body and one on the bottom of the aquifer:

R < 0, U_ < 0
R < 0, U_ < 0

qJ contour through stagnation point on the bottom of
the aquifer intersects the top of the aquifer

FT7

qJ contour through stagnation point on the bottom of
the aquifer intersects the water body

FTl7

When U+ < 0, these rules lead to the identification of regimes FT6 and FT16,
respectively
One internal stagnation
Q> 0, R < 0, U_ < 0
Q > 0, R < 0, U_ < 0

point and one on the bottom of the aquifer:
and qJ contour through stagnation point on the
bottom of the aquifer intersects the top of the aquifer

R5

and qJ contour through stagnation point on the
bottom of the aquifer intersects the water body

R6

When U + < 0, these rules lead to the identification of regimes D5 and D6,
respectively
Two stagnation

points on the bottom of the aquifer:

Q>O,R<O,U_~O

RlO

Q<O,R>O,U_>O

DlO

Two stagnation

points on the water body and one on the bottom of the aquifer:

R < 0, U_ < 0
R < 0" U_ < 0

and qJ contour through stagnation point on the
bottom of the aquifer intersects the top of the aquifer

FT13

and qJ contour through stagnation point on the
bottom of the aquifer intersects the water body

FTl5

When U + < 0, these rules lead to the identification of regime FTJ2 and FT14,
respectively
Three stagnation

points on the bottom of the aquifer:

Q > 0, R < 0, U_ < 0

RIl

When U+ < 0, this rule leads to the identification of regime DlJ
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Transition
diagrams

The distinctions between flow regimes were identified initially by
systematically studying how flow patterns change as a function of
UjU+ andRL/Ufi
[Nield and Townley, 1993]. We now have software
which increments UjU+ and RLlU+B over any chosen range and
automatically detects changes between flow regimes.

A figure showing the boundaries of flow regimes is called a transition
diagram. A transition diagram showing both positive and negative
values of UjU + and RL/U +B illustrates differences between the various
quadrants of the transition diagram.

- 1.0

-1.0

0.0

1.0

2.0

u_
u.

Transition

diagram

for 2a1n = 1 and

with regimes labelled assuming

nIB = 0

U+ > O.
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Different interpretations are possible depending on whether U + is
positive (to the right) or negative (to the left). The following table
identifies these interpretations:
Possible interpretations

of different quadrants in transition diagrams

Assume U+< 0
Outflow at left

Quadrant

Assume U+> 0
Inflow at left

U.JU+ > 0
RLlU+B > 0

Outflow at right
Distributed recharge
(lake or pond in a regional
flow in a recharging
environment)

Inflow at right
Distributed evapotranspiration
(lake or pond in a regional
flow in a discharging
environment)

Outflow at right
Distributed evapotranspiration
(lake or pond in a regional
flow in a discharging
environment)

Inflow at right
Distributed recharge
(lake or pond in a regional
flow in a recharging
environment)

U_IU+ >0
RLlU+B<O

Inflow at right
Distributed recharge
(river or channel receiving
water from both sides, in a
recharging
environment)

Outflow at right
Distributed evapotranspiration
(river or channel recharging
water to both sides, in a
discharging
environment)

UjU+ <0
RLlU+B<O

Inflow at right
Distributed evapotranspiration
(river or channel receiving
water from both sides, in a
discharging
environment)

Outflow at right
Distributed recharge
(river or channel recharging
water to both sides, in a
recharging
environment)

Interpretation
ofQIU+B

Discharge regimes occur
above the water balance line,
recharge regimes below

Recharge regimes occur
above the water balance line,
discharge regimes below

UjU+ <0
RLlU+B> 0

With reference to the three main types of situations described in
Section 1, it is clear that the right half of a transition diagram
(U_/U + > 0) describes situations in which regional aquifer flow appears
to pass through the domain. The classification of individual flow
regimes as discharge, flow-through or recharge regimes, however,
depends on fluxes between the water body and the aquifer. The left half

FlowThrn
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of the transition diagram describes flow towards a water body from
both sides if U + > 0 and away from a water body in both directions if
U + < O. In the latter case, the labels of flow regimes in the transition
diagram are different from those shown, but are correctly identified by
FlowThru. The following figure shows an expanded view of the right
half of the transition diagram, showing various symmetries discussed
by Nield and Townley [1993]:

R2

I

R'

-2.0
R'O

-3.0
0.0

1.0

20

30

4.0

5.0

60

uu+

Expanded view of the right half of the transition diagram
for 2a/B = 1, DIB = 0 and U+ > O.

The general features of the transition diagram are believed to be the
same for all shapes and sizes of surface water bodies. However, the
details will change.
A different diagram is obtained for each
combination of 2a/B and D/B. Our research shows similar results when
looking at a vertical plane through the middle of a circular lake on the
top surface of a three-dimensional domain.
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Water balance
line

It is possible to superimpose on any transition diagram a straight line
known as the water balance line, and a family of parallel lines which
identify lines with constant Q.

Rearranging the expression given in Section 3, we get:

which represents a family of lines with slope 1/2. The water balance
line (with Q = 0) passes through the symmetric flow-through regime
with U_ = U+ and R = O. But there are many other combinations of
UjU+ and RLlU+B which also result in no net flux into or out of a
surface water body.
2

-2

-1

2

4

-2
-2

-1

2

Variation of QIU.JJ.

FlowThru

6-11

7. EXPLANATION OF OUTPUT FILES

FlowThru produces a number of output files.

All output files
overwrite files of the same name created in previous runs of

FlowThru.

f1owthru.prt

flowthru.prt contains a sequence of header records (defining the
current choice of variables), followed by a formal description of the
corresponding flow regime. New information is added to the file every
time a plot is displayed with option P. Careful study of the results,
which are presented differently depending on the use of physical units
or non-dimensional ratios, can allow the user to determine features
such as the thickness of a capture zone.
Non-dimensional ratios
Direction of U+
OUtflow/Inflow U- IU+
Recharge/Inflow RL/U+~
Anisotropy ratio Kx/Kz
Net flux Q/U+B
Regime FT2

--->

1.000
0.200
1.000
-0.400

Water body length 2a/B
Bottom resistance D/B
[Aquifer length LIB)

1.000
0.000
2.000

Flow-through with no reverse flow region
Downwards (positive) recharge

One stagnation point on bottom of water body at
(x/a,z/B)
( 2.355E-Ol, O.OOOE+OO)
Value of streamfunction at stagnation point is
PSI/IU+BI
-5.272E-Ol
Dividing streamline intersects left boundary at
(x/a,z/B)
(-5.000E+00,-4.728E-Ol)
Thickness of capture zone is
b+/B
4.728E-Ol
D:lviding streamline intersects right boundary at
(x/a,z/B)
( 5.000E+00,-4.728E-Ol)
Depth to bottom of release zone is
b-/B
4.728E-Ol
Dividing streamline at right end of water body at
(x/a,z/B)
( 1.000E+00, O.OOOE+OO)
Value of streamfunction at end of water body is
PSI/IU+BI
-8.000E-Ol
Dividing streamline intersects right boundary at
(x/a,z/B)
( 5.000E+00,-2.000E-Ol)
Depth to top of release zone is
t-/B
2.000E-Ol
Thickness

of release

zone

«(b-)-(t-))/B

is

=

Streamfunction contour interval
Head contour interval
Position

2.728E-Ol
delta(PSI)/IU+BI
delta(PHI)*K/IU+BI

PSI/IU+BI

Bottom left
Top left
Left edge of water body
Right edge of water body
Top right
Bottom right

O.OOOE+OO
-1.OOOE+OO
-1.200E+00
-8.000E-Ol
-1.000E+00
O.OOOE+OO

: 1.200E-Ol
: 1.200E-Ol

PHI*K/IU+BI
2.608E+00
2.657E+00
O.OOOE+OO
O.OOOE+OO
-1.978E+00
-2.028E+00

Extract from f1owthru.prt with non-dimensional

ratios.
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Physical units
Inflow to aquifer U+
OUtflow from aquifer URecharge to aquifer R
Horizontal
conductivity
Kx
Vert ical conduct ivi ty Kz
Net flux Q
Regime

FT2

0.01000
0.01000
0.001000
1.000
1.000
-0.200

Length of water body 2a
Thickness
of aquifer B
Equivalent
sediment depth
[Aquifer length L]

D

50.00
50.00
0.000
100.0

Flow-through
with no reverse flow region
Downwards
(positive) recharge

One stagnation

point on bottom of water body at
(x,z)
( 1.178E+Ol,
O.OOOE+OO)
(x/a,z/B)
( 2.355E-Ol,
O.OOOE+OO)
Value of streamfunction
at stagnation point is
PSI
-2.636E-Ol
PSI/IU+BI
-5.272E-Ol
Dividing streamline
intersects
left boundary at
(x,z)
(-2.500E+02,-2.364E+Ol)
(x/a,z/B)
(-5.000E+00,-4.728E-Ol)
Thickness of capture zone is
b+
2.364E+Ol
b+/B
4.728E-Ol
Dividing streamline
intersects
right boundary at
(x,z)
( 2.500E+02,-2.364E+Ol)
(x/a;z/B)
( 5.000E+OO,-4.728E-Ol)
Depth to bottom of release zone is
b2.364E+Ol
b-/B
4.728E-Ol

Dividing

streamline
at right end of water body at
(x,z)
( 5.000E+Ol,
O.OOOE+OO)
(x/a,z/B)
( 1.000E+00,
O.OOOE+OO)
Value of streamfunction
at end of water body is
PSI
-4.000E-Ol
PSI/IU+BI
-8.000E-Ol
Dividing streamline
intersects
right boundary at
(x,z)
( 2.500E+02,-1.000E+Ol)
(x/a,z/B)
( 5.000E+00,-2.000E-Ol)
Depth to top of release zone is
t1.000E+Ol
t-/B
2.000E-Ol
Thickness
of release zone is
((b-)-(t-))
1.364E+Ol
((b-)-(t-))/B
=
2.728E-Ol

Streamfunction
contour
Head contour interval

interval

Position

delta(PSI)
delta(PHI)

PSI

Bottom left
Top left
Left edge of water body
Right edge of water body
Top right
Bottom right

O.OOOE+OO
-5.000E-Ol
-6.000E-Ol
-4.000E-Ol
-5.000E-Ol
o .OOOE+OO

6.000E-02
6.000E-02
PHI
1.304E+00
1.328E+00
O.OOOE+OO
O.OOOE+OO
-9.889E-Ol
-1.014E+00

Corresponding extract from f1owthru.prt with physical units.

f1owthru.prt uses a number of variable names not previously defined.
These variables represent lengths or distances which quantitatively
describe any particular flow net. The general principle is that lengths
on the left half of the domain are followed by '+' and lengths on the
right half of the domain are followed by '-'. This is the case regardless
of the directions of U + and U_' The' +' and '-' symbols are really
surrogates for 'left' and 'right'.
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The following variables are used:
Variable

Description

b+

from
top of
. Depth
aquifer to bottom of
capture or release zone at
left boundary

b-

t+

C

1+

t

m+

m_

Example

b+

Depth
from top of
aquifer to bottom of
release or capture zone at
right boundary
Depth
from
top of
aquifer to top of capture
or release zone at left
boundary
Depth
from top of
aquifer to top of release
or capture zone at right
boundary
Distance from edge of
water body to dividing
streamline on top left
boundary
Distance from edge of
water body to dividing
streamline on top right
boundary
Distance from edge
water body to top
mound or bottom
depression on top
boundary

of
of
of
left

Distance from edge of
water body to bottom of
depression or top of
mound on top right
boundary

!f

=5-<:=

I
t+

I

tE:Y-

It

b_

I

-~tC

I

~1+

I

C>

I

C

-+-----+

I

~

I

~I

I

-3
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flowthru.flx

flowthru.f1x contains seepage values through the bottom of the water
body. It is produced whenever bottom seepage is displayed with option
P and whenever the seepage distribution is enlarged with option F.
Header information is provided to allow easy identification of each set
of fluxes. Results are presented in four columns, containing the x- and
z- coordinates on the bottom of the water body, the distance s from the
left end of the water body and the seepage flux per unit length (positive
downwards, [Li1]). If the user is working with non-dimensional
ratios, x is given as x/a, i.e. ranging from -1.0 to 1.0, z and s are also
scaled relative to a and seepage is scaled relative to U+B. If physical
units are being used, seepage has the same units as U+, U_ and R, andx
ranges from -a to a.
Non-dimensional ratios
Direction of U+
OUtflow/Inflow U-/U+
Recharge/Inflow RL/U+B
Anisotropy ratio Kx/Kz
Net flux Q/U+B
x/a

-1.0000E+00
-9.8160E-01
-9.8160E-01
-9.5510E-01

--->

1.000
0.200
1.000
-0.400

Water body length 2a/B
Bottom resistance D/B
[Aquifer length L/B)

z/a

s/a

O.OOOOE+OO
O.OOOOE+OO
O.OOOOE+OO
O.OOOOE+OO

O.OOOOE+OO
1.8400E-02
1.8400E-02
4.4900E-02

9.5510E-01
O.OOOOE+OO
9.8160E-01
O.OOOOE+OO
9.8160E-01
O.OOOOE+OO
1.0000E+00
O.OOOOE+OO
[Check : Integral of fluxes

q/U+B
-8.3369E+00
-8.3369E+00
-1.9935E+00
-1.9935E+00

1.9551E+00
1.9816E+00
1.9816E+00
2.0000E+00
-4.0000E-01]

9.9834E-01
9.9834E-01
4.0588E+00
4.0588E+00

Extract from f1owthru.f1xwith non-dimensional
Physical tmits
Inflow to aquifer U+
OUtflow from aquifer URecharge to aquifer R
Horizontal conductivity Kx
Vertical conductivity Kz
Net flux Q
x
-2.5000E+01
-2.4540E+01
-2.4540E+01
-2.3878E+01

0.01000
0.01000
0.001000
1.000
1.000
-0.200
s

q

O.OOOOE+OO
O.OOOOE+OO
O.OOOOE+OO
O.OOOOE+OO

O.OOOOE+OO
4.6000E-01
4.6000E-01
1.1225E+00

-1.6674E-01
-1.6674E-01
-3.9870E-02
-3.9870E-02

Corresponding

ratios.

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth 0
[Aquifer length L]

z

2.3878E+01
O.OOOOE+OO
2.4540E+01
O.OOOOE+OO
2.4540E+01
O.OOOOE+OO
2.5000E+01
O.OOOOE+OO
[Check : Integral of fluxes

1.000
0.000
2.000

4.8878E+01
4.9540E+01
4.9540E+01
5.0000E+01
-2.0000E-01)

50.00
50.00
0.000
100.0

1.9967E-02
1.9967E-02
8.1175E-02
8.1175E-02

extract from flowthru.f1x with physical units.
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flowthru.rec

f1owthru.rec is a record of all the cases displayed in each run of
FlowThru, with either option P or option F. Each line consists of the
character 'P' or 'F' to indicate the plotting option used, the character
'N' or 'P' to indieate non-dimensional or physical variables, and eight
values which completely define each case. With non-dimensional
variables, the eight values from left to right are 2a1B, DIB, B, U +,
U_IU +, RLiU +B, Kx and K)Kz•
With physical variables, they are 2a,
D,B, U+, U_,R,KxandKz'

Each run of FlowThru uses the following initial values: 2alB = 1,
DIB = 0, B = 50, U + = 0.01, U-lU + = 1, RLiU +B = 0.2, Kx = 1 and
K)Kz = 1. A user working with non-dimensional variables will find the
default values of B, U+ and Kx on all lines of flo wthru. rec, unless
these values are modified by temporarily swapping to physical units.

PN
PP

1.000
50.00

0.000
0.000

50.00
50.00

0.01000
0.01000

1.000
0.200
0.01000 0.001000

1.000
1.000

1.000
1.000

Extract from fJowthru.rec after the initial display
and the same case swapped to physical units.

plotnn.hpg

If an HP plotter is selected as the plotting device, plotnn.hpg contains
graphics commands in Hewlett Packard Graphics Language (HPGL),
which can be sent to an HPGL-compatible plotter or printer. The field
nn starts at Oland is incremented by 1 for each subsequent plot. After
99 plots, nn is reset to 01. The files flowthru.prt and flowthru.flx
identify the names of .hpg files, as they are created.
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plotnn.ps

If a PostScript printer is selected as the plotting device, plotnn.ps
contains PostScript graphics commands which can be sent to a
PostScript printer. The field nn starts at Oland is incremented by 1 for
each subsequent plot. After 99 plots, nn is reset to 01. The files
flowthru.prt and flowthru.flx identify the names of .ps files as they
are created.

Sending .hpg and
.ps files to output
devices

The method of sending plot files to a hardcopy plotting device depends
on the type of computer being used. Please refer to Appendix A.

FlowThru
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8. EXPLANATION OF INPUT FILES

FlowThru needs a number of input files, but few of these files need to
be modified by the user.

FlowThru is supplied with sets of pre-calculated

flowthru.dat

finite element
solutions for different values of 2alB and DIB. The file flowthru.dat
lists all available values of 2alB and DIB, in the form xxxxyyyyas
documented below. If the user attempts to use values of 2alB and DIB
that are not available, FlowThru chooses the closest values of 2alB
and DIB available.

xxxxyyyy.Z

Files with names of the form xxxxyyyy.z are unformatted files
containing solutions obtained with AQUIFEM-N [Townley, 1993].
The string xxxx is 100 times the value of 2alB (filled with preceding
zeroes if necessary), yyyy is 100 times the value of DIB (filled with
preceding zeroes if necessary) and z is a single character (a, b or c)
corresponding to pre-calculated U +B = 1, U JJ = 1 and RL = 1
solutions, respectively.

xxxx.grd

This file contains the finite element grid for each value of 2a1B. The
format of the grid file is that used by AQUIFEM- N [Townley, 1993].

xxxx.crn

This file contains information related to the corners of the grid for each
value of 2a/B.

xxxx.crd

This file contains further information about the grid and is created the
first time each value of 2alB is used.
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f1owthru.run

This file has the same format as the output file flowthru.rec (see
Section 7), and is used by option D to define a number of cases to be
run sequentially in batch mode.
A convenient way to produce
flowthru.run is to edit a previous version of flowthru.rec.

plot.del

This file provides default parameters for the available plotting devices.
It uses a series of keywords followed by a set of values to define
parameters which may be machine- or device-specific. Any record
starting with "c" followed by five spaces, five asterisks or five minus
signs is interpreted as a comment.

IRTERM and IWTERM are device numbers for input from and output
to the computer screen.

The MAXCOL record provides an array of up to six lengths of six
colour tables for different graphics devices.

Up to six COLTAB records provide lists of integers (colour tables), the
order of which defines the colours for different parts of the graphical
display. The last colour in any list with two or more integers defines
the background colour on a screen graphics device.

IDEV records provide device numbers and descriptions displayed at
the start of any run and whenever option Z is selected. They also define
notional horizontal and vertical dimensions of screen devices in
centimetres, physical dimensions of hardcopy devices, and a pointer to
the appropriate colour table.
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flowthru.def

This file contains a number of parameters that may be set by the user to
override defaults hardwired into FlowThru. It uses a series of
keywords followed by the value of the corresponding parameter.
Integer parameters occupy the next three positions on the line and are
right justified.
Some parameters act as logical switches with 1
representing Yes or True and 0 representing No or False. The order of
the keywords is not significant.

ANSISQ (Default = Yes for PCs, No for Macs) informs FlowThru
whether or not to use ANSI escape sequences for controlling colour
screens (l = Yes, 0 = No).

DODESC (Default = No for PCs, Yes for Macs) informs FlowThru
whether or not to print the full description of a flow regime on the
screen before plotting (l = Yes, 0 = No).

NSFCNT (Default = 10) is the number of streamtubes between the
maximum and minimum values of streamfunction (range allowed 1 99). This is equivalent to redefining the contour intervals chosen by
FlowThru for flow nets.

PLTBAT (Default = Yes) informs FlowThru whether or not to plot a
series of runs (option D on the primary menu). If set to No, option
D will produce flowthru.prt and f1owthru.flx files but no plots
(l = Yes, 0 = No).

SEPRTR (Default = 9) is a decimal ASCII code for the character
separating columns in flowthru.flx. Possibilities include 9 for a tab,
32 for a space and 44 for a comma.

FlowThrn
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9. WORKED EXAMPLE

This user's manual describes FlowThru's capabilities in considerable
detail, but no practical advice has yet been given for consultants or
managers of surface water bodies, who need to use FlowThru to
address specific problems. The purpose of this Section is to provide a
worked example of how FlowThru can be used to answer typical
questions. It is advisable to work through the example completely, in
the order described. The file section9.rec contains a record of all the
examples described in this Section.
This can be copied to
flowthru.run and executed using option D.

An important point to remember is that only a limited number of
standard solutions are provided with FlowThru.
In designing
FlowThru, a conscious decision was made not to provide a completely
general model, capable of handling arbitrary geometry, aquifer
properties and boundary conditions. A general model would be more
difficult to use and much slower to run. A selection of pre-calculated
standard solutions, however, allows rapid visualisation of groundwater
flow patterns. With practice, other solutions can be obtained by
interpolating between the standard solutions.

Defining the
geometry

The first step in addressing a real problem is to study a plan map of the
water body of interest and to identify the direction(s) of regional
groundwater flow. FlowThru is particularly well-suited to studying
flow-through lakes in regional aquifers, rivers or drains which receive
water from both sides, and canals or recharge basins which induce flow
away from the water bodies in both directions. FlowThru can not
easily be applied to lakes or playas in closed basins where groundwater
flow converges almost radially towards the water body. In the case of
flow-through lakes, FlowThru is best suited to lakes which are long in
the direction perpendicular to regional aquifer flow.
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N

t

average
direction of
regional
aquifer flow

99.0

Hypothetical plan map showing a water body,
water table contours and average direction of flow.
(The arrows on A-A' indicate that the vertical section
is assumed to be viewed from the northwest)

The plan map is used to identify the average direction of regional
aquifer flow. A line through the water body in that direction defines the
cross-section to which FlowThru will be applied.
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The user should then decide on the direction from which the section
will be viewed. Viewing A-A' from the northwest in the example gives
regional flow from left to right. Viewing A'-A from the southeast
gives flow from right to left. Either possibility is acceptable, but for the
purpose of this example, we choose the former.

A vertical section should then be drawn showing the land surface, the
water table, the bottom topography of the surface water body and the
base of the aquifer. The user should mark the length of the water body
(the actual length of the water surface) and the approximate depth from
the water body surface to the base of the aquifer. Standard solutions
provided with FlowThru are suitable when the depth of the water
body is less than twenty per cent of the aquifer thickness. This criterion
is based on a comparison between solutions with infinitesimally thin
water bodies and shallow semi-elliptical water bodies [Townley and
Davidson, 1988]. For deeper water bodies, FlowThru's solutions are
more approximate.

B= SSm

Schematic vertical section A-A' showing
actual lengths 2a and B.
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Approximating the
water body length
and/or aquifer
thickness

Standard solutions are available for a limited number of values of the
ratio 2a/B, i.e. water body length to aquifer thickness, as discussed in
Section 3. The available ratios are 0.25, 0.5, 1, 2, 4 and 8. It is
important to remember that these ratios vary by factors of 2. In fact
they are integer powers of 2. When the ratio is less than 1, a water
body can be considered to be short. When the ratio is significantly
greater than 1, a water body can be considered to be long. Short and
long water bodies have different characteristics, in that some flow
regimes are more likely to occur in each case. Water bodies with
0.5 < 2a/B < 2 have characteristics of both short and long water bodies.

At least initially, a user should approximate the geometry such that the
ratio of 2a to B is equal to one of the available values. For example, if
2a = 25 m and B = 55 m, then the actual 2aIB = 0.45 is close to 0.5, so
the user should choose approximate values of 2a or B or both.
Setting 2a = 27.5 m and B = 55 m will allow FlowThru to use
available solutions with 2a/B = 0.5, and results will be sufficiently
accurate for many purposes.

As an alternative, the user could choose 2a = 25 m and B = 50 m, which
also gives 2a/B = 0.5. In general, it is better to approximate the water
body length, however, because if there is a low-conductivity lining,
approximating B also affects the value of D/B.

Choosing
aquifer
properties

FlowThru requires only two aquifer properties: Kx and Kz• The user
should estimate bulk average values for the whole region underlying
and surrounding the water body of interest. At this stage, assume that
the aquifer is isotropic with Kx:::: Kz = 5 mid and K)Kz = 1. Notice that
so far we have not identified a value for L. With K)Kz = 1, L is always
equal to 2B. With B = 55 m, L is equal to 110 m. Later we shall see
that anisotropy changes the value of L.
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Choosing
boundary

fluxes

FlowThru needs values for three fluxes: U+, U_ and R. The subscripts
'+' and '-' are really surrogates for 'left' and 'right', respectively. The
value of U + should be chosen first since it is used as a reference value
for the others.

U+ is a flux per unit depth per unit width and can be thought of as the
product of Kx and the average hydraulic gradient at a distance L from
the left edge of the water body. The average hydraulic gradient is often
represented by the water table slope when the aquifer is reasonably
homogeneous. Suppose that the slope of the water table is 0.005 at this
location. Then with Kx = 5 mid, we obtain U+ = 0.025 mid.

In a similar fashion, U_ can be considered to be the product of Kx and
the water table slope at a distance L from the right edge of the water
body. If the slope is 0.004 and Kx = 5 mid, then U_ = 0.02 mid.

Recharge R is difficult to estimate, but like all fluxes in a steady state
model, it should be considered to be a long-term average of net
recharge to the water table. Suppose that regional recharge is estimated
to be 200 mm per year. Then R is approximately 0.00055 mid.

In cases where estimates of U +, U_ and R are unavailable, FlowThru
can use non-dimensional ratios such as UJU + (a ratio of water table
slopes) and K)Kz, without needing the individual values themselves.
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Running
F10wThru with
non-dimensional
ralios

Having chosen the geometry, aquifer properties and boundary fluxes, it
is now time to run FlowThru to obtain results. The first Primary
Menu always appears in terms of non-dimensional ratios. In our
example, U + is directed to the right, UjU + = 0.02/0.025 = 0.8,
RLlU+B = (0.00055 x 110)/(0.025 x 55) = 0.044, K)Kz = 1, 2a/B = 0.5
and D/B = O. These values can be set using options B and G, and a flow
net can then be displayed using option P. The seepage distribution can
be enlarged with option F. Notice that LIB is automatically set to 2 .

FlowThru
Groundwater
OlreCtlon
U-/U+
RL/U+B
Kx/Kz
Net

of U+

flux Q/U+B

____ J:
0.04.0

flow near surface water bodies
--->
0 BOO
0.0440
1.000

2a/B
o/B
(LIB]

0.500
0.000
2.000

-0 2BB

Flow regime

FT2

:Et:======-_
J:
0.0440

0.800

1.000

First run with non-dimensional ratios.
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Swapping to
physical units

Many users will prefer to swap to physical units with option S. Using
options Band G again, the user can set explicit values of U + = 0.025,
U_ = 0.02, R = 0.00055, Kx = 5, Kz = 5, 2a = 27.5, B = 55 and D = O.
Notice that L is automatically set to 2B = 110, since the aquifer is
isotropic. Graphical displays are almost identical to those seen before,
but output files contain physical values of lengths, heads and fluxes.

FlowThru
Groundwater
U+
uR
Kx

KZ
Net

flux

Q

flow near surface

0.0250
0.0200
5.500E-04
5.000
5.000
-0.396

l'

5.500E-0'

water bodies

2a
B
D
ILl
Flow

27.50
55.00
0.000
110.0
regime

FT2

l'

5.500E-0'

t0

ot

0.0250

0.0200

After swapping to physical units.

Swapping to non-dimensional ratios and back again does not change
any of the values you have entered. If you swap to non-dimensional
ratios and change some of the ratios, however, you will find when you
return to physical units that U +, Kx and B are considered to be fixed
while the remaining variables change.
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Viewing a vertical
section from
the other side

It is easy at this stage to view the vertical section from the other side.
With physical units, it is necessary to set U + = -0.02 mid and
U_ = -0.025 mid explicitly. With non-dimensional ratios, use -1 to
change the direction of U +, set UjU + to (-0.025)/(-0.02) = 1.25, and
set RLlU+B = (0.00055 x 110)/(-0.020 x 55) = -0.055. In the latter
case, Q is reported relative to the absolute value of the flow at the left
hand boundary. Note the asterisk after Ff2 because the flow regime is
Ff2 viewed from the other side.

FlowThru
Groundwater
U+
u••
K,
Kz
Net

flu'

flow near surface
-0 0200
-0.0250
5.500E-04
5 000
5.000
-0 395

0

Flow

L-=====--e=F
J:

5.500£ -04

o

water bodies

2a
B
0
ILl

l

!

27 50
55.00
0 000
110 0
regIme

J:

FT2>

~

5.500£ -04

0200

o

0250

Viewing the vertical section from the other side.
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EHect of
bottom

sediments

It is easy at this stage to introduce the effect of bottom sediments using
the equivalent sediment depth D. Imagine an aquifer with thickness B,
bulk: vertical hydraulic conductivity Kz and a thin layer embedded in
the top of the aquifer with low conductivity Kzs. Suppose that
B = 55 m, Kz = 5 mid, and that the silty lining is 0.5 m thick with an
estimated hydraulic conductivity of 0.05 mid. The integral expression
for D given in Section 3 is then equivalent to setting D equal to the
thickness of the lining multiplied by (K/Kzs)-1.
When Kz is much
greater than Kzs, it is sufficient to multiply by K/Kzs. Using the values
given above, D :::::
0.5(5/0.05) = 50 m, thus D/B = 50/55 = 0.91.
Standard solutions are available for a limited number of values of D/B,
i.e. for 0,0.01,0.02,0.05,0.1,0.2,0.5,
1,2, 5 and 10. It is preferable
initially to choose values of D or D/B so that available solutions are
matched exactly. In this example, to use D/B = 1, we would choose
D = SSm, which represents roughly 0.55 m of silt with conductivity
0.05 mid, or 0.5 m of silt with conductivity 0.0455 mid. Setting D or
D/B under option G allows the effects to be seen.

FlowThru
Groundwater

flow near surface water bodies

U+

0 0250

2a

U-

0.0200

B

55.00

D

55.00

R

5.500E-04

Kx

5.000

Kz
Net

5 000
flux

-0.396

Q

____
l'

5.500E-04

27.50

ILl

Flow

110.0

regime

D3

~=====-J
l'

5.500E-04

t0

ot

0.0200

0.0250

Effect of bottom sediments.
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Effect of
conductivity
changes

Suppose that the aquifer is still considered to be isotropic with Kx = Kz,
but that the magnitude of the hydraulic conductivity needs to be
changed. Increasing or decreasing Kx and Kz simultaneously under
option B with physical units is only part of the job. Since U + and U_
implicitly contain Kx, they will also need to be changed to be consistent
with changed conductivities. Since D is defined in terms of Kz, we now
calculate D :::::0.5 (10/0.05) = 100 m, thus DIB = 100/55 = 1.82:::::2, so a
reasonable approximation would be D = 110 m. It is not usually
necessary to change R, because R is usually estimated independently
from aquifer properties. For the purposes of this example, increase Kx
and Kz to 10 mid, increase U+ and U_ to 0.05 and 0.04 mid, and
increase D to 110 m. These changes affect the flow net because
RLiU +B has decreased and DIB has increased. The magnitude of
seepage fluxes is less than doubled.

FlowThru
Groundwater
U+
UR

0.0500
0.0400
5.500E-04
10.00
10.00
-0.671

Kx

Kz
Net

flux

flow near surface

Q

1

o

27.50
55.00
110.0
110.0

Flow

5.500E-04

ot

water bodies

2a
B
0
ILl
regime

1
5.500E-04

t0

0500

Effect of increased hydraulic

03

conductivity.
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How FlowThru
modifies water
body length and
equivalent
sediment depth

So far, we have made a conscious effort to choose 2a, B and D in such a
way that 2a/B and D/B exactly match the available solutions. If a user
specifies 2a such that there is no solution for the corresponding 2aIB,
FlowThru chooses the nearest available 2a/B and then modifies your
choice of 2a using the available 2a/B and the current value of B.
Before allowing FlowThru to make this approximation, it is advisable
to set the desired B using the Primary Menu with physical units.

As an example, changing 2a to 40 m with B still set at 55 m results in a
message from FlowThru indicating that 2a/B = 0.727273 is not
available and that the closest 2a/B is 0.5. FlowThru therefore
modifies 2a to 27.5 m. With 2a set to 45 m, however, the closest 2a/B
to 0.818182 is 1, so FlowThru modifies 2a to 55m.

Inflow to aquifer U+
Outflow from aquifer URecharge to aquifer R
Horizontal conductivity Kx
Vertical conductivity Kz

0.0500
0.0400
5.50E-04
10.00
10.00

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth 0
[Aquifer length L]

40.00
55.00
110.00
110.0

A solution with the desired values of 2a/B and D/B
2a/B =
0.727273
O/B =
2.00000
is not available.
The closest available solution has
2a/B
0.500000
O/B =
2.00000

Inflow to aquifer U+
Outflow from aquifer URecharge to aquifer R
Horizontal conductivity Kx
Vertical conductivity Kz

0.0500
0.0400
5.50E-04
10.00
10.00

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth 0
[Aquifer length L]

45.00
55.00
110.00
110.0

A solution with the desired values of 2a/B and D/B
2a/B =
0.818182
O/B =
2.00000
is not available.
The closest available solution has
2a/B
1.00000
O/B =
2.00000
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If a user specifies D such that there is no solution for the corresponding
DIB, FlowThru also chooses the nearest available DIB and modifies
your choice of D. Changing D to 200 m, for example, causes
FlowTlu:'u to give a message that DIB = 3.63636 is not available and
that the closest DIB is 5. FlowThru subsequently modifies D to
275 m.
Inflow to aquifer U+
Outflow from aquifer URecharge to aquifer R
:
Horizontal conductivity Kx :
Vertical conductivity Kz

0.0500
0.0400
5.50E-04
10.00
10.00

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth D
[Aquifer length L]

A solution with the desired values of 2a/B
2a/B
~
0.818182
D/B

~

45.00
55.00
200.00
110.0

and D/B

3.63636

is not available.
The closest available solution has
2a/B
D/B

Introducing
anisotropy

1.00000
~

5.00000

When an aquifer is anisotropic, with K)Kz not equal to 1, FlowThru
uses available solutions for isotropic aquifers by scaling the anisotropic
domain to an equivalent isotropic domain. This scaling involves
shrinking the horizontal coordinates in the anisotropic domain by a
factor equal to the square root of the anisotropy ratio, (K)Kz) 1/2. It is
important to understand this process in order to use FlowThru in the
best possible way.
For an isotropic aquifer, we recommended approximating the actual
geometry of a surface water body so that the ratio of 2a to B is equal to
one of the available values. For an anisotropic aquifer, a user should
aim to ensure that (2aIB)/(K)Kz)1/2 is equal to one of the available
values. Since the standard solutions are for values of 2alB which are
integer powers of 2, choosing 2alB as a power of 2 and K)Kz as a
power of 4 is one way of achieving the desired result. The following
examples illustrate other ways of controlling the solution which
FlowThru uses.
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Suppose that 2a = 25 m, B = 55 m, D = 0, Kx = 50 mid and Kz = 10 mid.
It follows that (2a/B)/(K)Kz)1/2
= (25/55)/(50/10)1/2 = 0.203 which is
close to 0.25. The user could therefore choose 2a = 30.746 m so that
(2a/B)/(K);/Kz)1/2 is equal to 0.25. This process is very similar to that
for an isotropic aquifer. The only difference is the scaling by (K)Kz)1/2.
Notice that flow nets for anisotropic aquifers are always vertically
exaggerated by the square root of the anisotropy ratio. Because Kx has
increased, U+ and U_ must be increased to 0.25 and 0.2 mid.
0.2500
0.2000
5.50E-04
50.00
10.00

Inflow to aquifer U+
OUtflow from aquifer URecharge to aquifer R
Horizontal conductivity Kx
Vertical conductivity Kz

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth 0
[Aquifer length LJ

30.75
55.00
0.000
246.0

The solution for an anisotropic domain with
2a
30.7460

o

O.

B =
55.0000
Kx =
50.0000
Kz =
10.00000
can be obtained from the solution for an isotropic domain with
2a/B
O/B

K

0.250001
O.
=

sqrt(Kx+Kz)

22.3607

=

FlowThru
Groundwater
u.
uR

Kx
KZ
Net

flux

Q

flow near
0.250
0.200
5 500E-04
50.00
10.00
-3 021

surface
2a

:r
5.500E-0.

0t
o

250

Anisotropic

Vert ical

1-

bodies
30.75
55.00
o 000
245 0

B
0

ILl
Flow

:r

.c

,..,

exagger"at

FT2

regime

TI
.c

water

1-

5.500E-0.

ion

solution after approximating

2 236

t0
o

200

water body length.
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An alternative to the above would be to decide on a different anisotropy
ratio in order to keep the real geometry. With 2a = 25 m, B = 55 m and
Kx = 50 mid, choosing Kz = (0.25 X 501/2/(25/55»2, i.e.
Kz = 15.125 mid, would ensure that (2a/B)/(K)Kz)1/2 is equal to 0.25.

Inflow to aquifer U+
Outflow from aquifer URecharge to aquifer R
Horizontal conductivity Kx
Vertical conductivity Kz

0.2500
0.2000
5.50E-04
50.00
15.12

Length of water body 2a
Thickness of aquifer B
Equivalent sediment depth D
[Aquifer length L)

25.00
55.00
0.000
200.0

The solution for an anisotropic domain with
2a
25.0000
D

O.

B =
55.0000
Kx =
50.0000
Kz =
15.12500
can be obtained from the solution for an isotropic domain with
2a/B
D/B

0.250000

o.

K

= sqrt(Kx*Kz)

27.5000

=

FlowThru
U+
U-

KZ
Net

f

lux

a

.r

0t
o

25 00
55 00
o 000
200 a

2a
8
D

0.250
a 200
5.500E-04
50.00
15.13
-2.970

R
K,

water bodies

flow near surface

Groundwater

ILl
Flow

TI
l'

5. 500E -04

1-

.r

l'

5.500E-04

r--l

~

250

Anisotropic

FT2

regIme

Vert ical

exaggerat

ion

solution after approximating

1 818

1-

t0
0.200

the anisotropy.
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Effect of
anisotropy on the
location of
lateral boundaries

Isotropic solutions are available for domains with a distance L = 2B
between the edges of the water body and the lateral boundaries where
U + and U_ are defined. Since anisotropic physical domains are shrunk
by a factor of (K)Kz)1/2 to obtain an equivalent isotropic domain, it
follows that the physical distance from the edges of water body to the
lateral boundaries in an anisotropic domain must be L = 2B(K)Kz)1/2.
FlowThru computes this distance automatically whenever K)Kz is not
equal to 1.

An important implication for the user is that the locations where it is
necessary to estimate U + and U_ are much further from a water body
when the aquifer is anisotropic. As K)Kz is changed, the user must
continually reassess the locations where U+ and U_ are needed, as well
as taking into account the influence of Kx on U + and U_.

In an earlier example with 2a approximated to 30.746 m, B
KJKz = 5, the value of L becomes 2 x 55 x 51/2 = 246 m.

= 55 m and

Effect of
anisotropy on
equivalent
sediment depth

Since D is defined by relating sediment conductivity to Kz, the user
must be aware that changing Kz will require a new estimate of D.

How HowThru
modifies water
body length for
anisotropic
aquifers

If a user chooses 2a and B so that (2aIB)/(K)Kz)1/2 does not match one
of the available solutions, FlowThru chooses the nearest available
2alB and then modifies your choice of 2a to achieve a perfect match.

FlowThru
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Interpolating
between
available
solutions

In some cases, a user may believe that it is unacceptable to approximate
the values of 2a and B simply because suitable standard solutions are
not available. Interpolation may provide a method for resolving such
problems.

Suppose that the depth of the capture zone is required with actual
values of 2a = 25 m, B = 55 m and D = 50 m. Let the aquifer be
isotropic with Kx = Kz = 5 mid and suppose U+ = 0.025 mid, U_ = 0.02
mid and R = 0.00055 mid. A series of runs can be performed with
2a = 13.75 m, 27.5 m and 55 m and with D = 27.5 m, 55 m and 110 m.
In each case, b+ is reported in flowthru.prt and can be tabulated or
plotted as a function of 2a for different values of D. In principle, the
value of b + with 2a = 25 m and D = 50 m can then be interpolated
between these results. In general, it is advisable to interpolate on
curves through at least three values of each parameter, rather than to
linearly interpolate between only two values. The interpolated answer
is b+ ::::::13.43 m.

2a
13.75 m

I

25m

I

27.5m

I

55 m

27.5m

13.41

-

13.45

15.27*

50m

-

13.43

-

-

55m

13.40

-

13.43

13.51 *

110m

13.39

-

13.42

13.55

D

*F1ow regime Ff2, whereas all others are D3.
Predicted

depth of capture

zone b+ (in metres).
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Interpolation can also be used to account for a range of values of
anisotropy. A user may be interested in assessing the effect of an
anisotropy ratio of 50. If 2a/B is a power of 2, it is possible to obtain
results for anisotropy ratios which are powers of 4, e.g. 16 and 64, and
to interpolate between these. Determining b+ in this way is difficult,
however, because b+ is defined at a distance L from the water body, and
L varies with (K)Kz)l/2.

Three-dimensional
capture zones
for flow-through
lakes

FlowThru
can be used in the following way to estimate
three-dimensional capture zone of a flow-through lake.

the

Consider the lake of interest in the context of its regional flow system
and identify a no-flow boundary or groundwater divide in the
upgradient direction. Assume that recharge is uniform throughout the
region. At a distance L from the upgradient edge of the lake, the depth
of the capture zone is b+, thus the proportion of aquifer flow, U+B,
which is captured by the lake is b+/B.
From water balance
considerations, the capture zone must extend roughly b+/B times the
distance to the groundwater divide.

Results by Townley and Davidson [1988] for circular lakes indicate
that the capture zone for an isolated fully penetrating circular lake is
roughly twice as wide as the lake itself. Extrapolating this result to the
case at hand allows us to sketch the three-dimensional capture zone of a
flow-through lake. The width of a capture zone relative to the width of
a water body decreases as 2a/B and b+/B decrease.
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groundwater
divide

/

vertical section
modelled by FlowThru

/
Approximate surface expression of a three-dimensional
capture zone for a flow-through lake.

Three-dimensional capture zones are the subject of ongoing research.
The methodology suggested here is preliminary and should be used
with caution.

Using additional
solutions

As well as the standard solutions provided with FlowThru for shallow
surface water bodies, FlowThru is capable of analysing and displaying
additional solutions for water bodies of different sizes and bottom
topographies. Users of additional solutions can expect FlowThru to
operate as described in this manual.

FlowThru
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APPENDIX

DIFFERENCES BETWEEN IMPLEMENTATIONS

FlowThtu has been developed for a number of hardware platforms
and works essentially identically on all of them. The following pages
summarise features specific to particular implementations.
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FLowTHRU FOR 386 AND 486 pes

Hardware
requirements

FlowTmu will run on any 386 PC (with an 80387 coprocessor) or 486
PC with at least 2 MB of memory and sufficient hard disk space.
Approximately 4 MB of disk space are required for FlowThru and the
standard pre-calculated solutions.

Development
platform

FlowThru is written in FORTRAN 77, compiled using the Lahey
F77L-EM/32 compiler and linked using the Phar Lap 3861Link linker.
Screen graphics are written using low level calls to Lahey's Graphoria
Library. Graphical output in Hewlett Packard Graphics Language
(HPGL) or PostScript uses our own low level calls. The 3861Link
linker produces a packed executable called f1owthru.exe which
incorporates Phar Lap's 386lDos-Extender and loads automatically into
Extended Memory.

Installation

Installation should be performed using the procedure described in the
read.me file on your Program Disk.

Running Flowlbru

FlowThru
is executed by typing the command f10wthru
directory containing flowthru.exe and all the data files.

FlowThru
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Colour text

FlowThru uses ANSI escape sequences to produce text in colour on a
blue background. You will see text in colour if you have a colour
monitor and if ansi.sys is listed as a device in your config.sys file.

Sending .hpg and
.ps files to output
devices

To send .hpg files to an HPGL-compatible plotter, use the batch file
sendhp.bat, which is supplied with FlowThru.

To send .hpg or .ps files to a properly configured HPGL-compatible
or PostScript printer, simply use the DOS print command.

FlowThrn
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FLowTHRU FOR THE MACINTOSH

Hardware
requirements

FlowThru will run on any Macintosh computer with at least 2 MB of
memory and sufficient hard disk space. Approximately 4 MB of disk
space are required for FlowThru and the standard pre-calculated
solutions.

Development
platform

FlowThru is written in FORTRAN 77 and compiled and linked using
Languate Systems FORTRAN under MPW. Screen graphics are
written using low level calls to the Macintosh Toolbox. Graphical
output in Hewlett Packard Graphics Language (HPGL) or PostScript
uses our own low level calls.

Installation

Installation is performed by creating a Folder on your Macintosh and
copying all FlowThru files into that folder. Please read the read.me
file on your Program Disk.

Running

FlowThru is executed by double clicking on the FlowThru icon.

AowThru

MPW
Environment

Each run of FlowThru creates its own scrollable window for text input
and output. Another window is created for each graphical display.
After quitting from FlowThru, the user has access to various pulldown menus with copying and printing capabilities.

Sending .ps
files to output
devices

To send .ps files to a networked PostScript printer, use the program
SendPS, which is supplied on your Program Disk. SendPS will only
work under System 7 if a copy of LaserWriter is present in your
SystemFolder, Le. not in your Extensions folder.
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Printin» .ps
files uSing
Microsoft Word
Version 4.0

First choose Full Menus from the Edit menu. Then customise your
menus as follows. Choose Commands from the Edit Menu to add Open
Any File to the File menu, Select Whole Document to the Document
menu and Show Hidden Text to the Format menu. Open the .ps file
using Open Any File, and select all the Postscript commands (i.e. the
whole file) using Select Whole Document.

Choose Show Ruler from the Format Menu. Hold down the shift key
while clicking on the arrow to the right of the style box in the ruler, and
select PostScript from the list of available styles. Depending on current
preferences, the highlighted PostScript commands will either disappear
or become underlined with a dotted line. In the latter case, turning off
Show Hidden Text in the Format Menu will cause the PostScript to
disappear. Whether or not the PostScript is hidden makes no difference
to printing, however.

Before printing, choose Page Setup from the File menu and turn on
Print Postscript Over Text. Then choose Print from the File menu.

There are several other ways of changing the style of the highlighted
PostScript commands to Postscript. If the above procedure does not
work, please read your copy of Microsoft's Reference to Microsoft
Word.
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Numerics
2a 3-1, 3-5, 9-2,9-3
effect of anisotropy
2alB
3-7,7-5,8-1

9-12

A
anisotropy 3-5,9-12,9-15
ratio 3-5, 4-2,4-3
AQUIFEM-N
1-2,3-4,8-1
aquifer
anisotropic 2-2
homogeneous
2-2
isotropic 2-2
aquifer domain
anisotropic 3-5
equivalent isotropic 3-5, 9-12, 9-15
isotropic 3-4
rectangular
2-3,3-1,5-5
aquifer flow 1-1,2-1,9-2
aquifer properties 3-5, 9-4
aquifer thickness 2-2, 3-1, 3-5, 9-3, 9-4
B
B

b_
b+

3-1,3-5, 7-5, 9-3
7-3
7-3

batch mode 4-4
bottom resistance 3-3
range of solutions 3-7
bottom sediments 3-3, 9-9
bottom seepage 1-2,3-1,3-3,3-5,4-4
see also seepage distribution
bottom topography
9-3
irregular 2-2, 3-2, 5-2, 5-5
semi-circular 2-1
semi-elliptical
2-1, 9-3
boundary
bottom 3-1
fluxes 3-1,4-2,9-5

lateral 2-2, 3-1, 5-4, 9-15
no-flow 3-1
upper 2-3,3-1
boundary condition
constant head 3-3
mixed 3-3
boundary head distributions
1-2,4-4,
5-4,5-5
effect of D 5-5
C
canals 1-1,2-1,9-1
capture zone 7-1, 7-3, 9-17
channels 1-1, 6-9
colours 8-2, 8-3
contour intervals 5-2, 8-3
D
3-3, 3-5, 5-5, 6-4, 7-5
effect of anisotropy 9-15
effect ofKz 9-10
DIB 3-7,7-5,8-1
default values 4-4, 7-5
depression 7-3
depth 3-2
device number 4-1,8-2
discharge regimes 6-1, 6-2
display options 4-4
dividing points 6-4
dividing streamlines
1-2,4-4,5-2,5-3,
6-1, 7-1
drains 1-1,9-1
D

E
equipotentials
1-2,4-4,5-2,5-3
equivalent sediment depth 3-3, 3-5, 9-9,
9-12,9-15
evapotranspiration
6-9

FlowThm

1-1

~
FLOwTHRV

F
3-3, 3-6, 5-2
finite element grid 8-1
finite element model 3-4
flow net 5-2,5-3
flow regimes
classification of 6-1
rules for identifying 6-6, 6-7
flow-through regimes 6-1,6-3
l/J

FlowThru
how to use 4-1, 9-1
flowthru.dat
8-1
flowthru.def
8-3
flowthru.flx
7-4,8-3
flowthru.prt 7-1
flowthru.rec 4-4, 7-5, 8-2
flowthru.run
4-4, 8-2
G
geometry 3-1,4-3,9-1
range of solutions 3-7
graphical display 1-2,5-1,5-6
see also display options
groundwater divide 2-2,9-17
groundwater flow 1-1
three-dimensional
1-3,2-1,6-10,
9-17
two-dimensional
1-1,2-1,3-2
H
HPGL 7-5, A-3
hydraulic conductivity
9-10
bottom sediments 2-2, 3-3
equivalent isotropic 3-5
horizontal 2-2, 3-5
vertical 2-2, 3-5
I
inflow

3-1,3-6,4-2

installation A-2, A-4
interpolation
9-16
K
K 3-4, 3-5, 5-2
Kl/JIU+B 5-2
Kx 3-5, 7-5
KxlKz
3-5,4-2, 7-5

K z 3-3 ' 3-5 , 7-5
Kzs 3-5,9-9
L
L 3-1,3-5,9-2,9-4
effect of anisotropy 4-3,9-15
L 7-3
1+ 7-3
lakes 1-1, 2-1, 6-9, 9-1
Laplace's equation 3-4
length 3-2
length of water body 3-1,3-5,9-3,9-4,
9-11
M
7-3
7-3
menu structure
mound 7-3
multiple cases

m_
m+

4-1
4-4

N
net flux 3-1,3-5,5-2,6-11
non-dimensional ratios 3-7,4-2,5-1,5-6

o
option
option
option
option
option

B 4-2
C 4-5
D 4-4, 8-2, 8-3
F 4-4
G 4-3
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option P 4-4
option Q 4-5
option S 4-2
option Z 4-5, 8-2
outflow 3-1,3-6,4-2

p
physical units 4-2,5-1,5-6
piezometric head 3-4, 3-6
pits 1-1
plot.def 4-1,8-2
plotnn.hpg
7-5
plotnn.ps 7-6
plotting devices 4-1,4-4, 7-6, 8~2
plotting options 4-4
ponds 6-9
PostScript 7-6, A-3, A-4, A-5

Q
Q 3-1,3-2,3-5,5-2,6-11
q 3-1,3-2,3-3,3-5
QIU +B 5-2,6-9
quitting 4-5
R
R 3-1,3-2,3-6
read.me A-2, A-4
recharge 2-1,3-1,3-6,4-2,6-9
recharge basins 2-1, 9-1
recharge regimes 6-1, 6-2
release zone 7-1, 7-3
rivers 1-1,2-1,6-9,9-1
RLIU +B 4-2,7-5

s
S

3-2, 3-6, 5-2
s 3-2,3-6,5-5, 7-4
Sia 5-2
saddle point 6-4

seepage distribution
5-5, 7-4
enlarged 5-5, 5-6
piecewise constant 5-5
see also bottom seepage
solutions
additional 2-1,3-2,5-5,9-18
standard 2-1,3-2,3-7,5-5,9-4,9-9
stagnation points 6-1, 6-4
streamfunction
3-4, 3-6,4-4, 5-2
streamlines
1-2,5-3
streams 1-1
subscripts 4-2
superposition
3-4
surface water body 1-1, 2-1
deep 2-1,2-2
long 9-4
shallow 2-1
short 9-4
swapping units 4-2, 9-7

T
C

7-3
7-3
thickness of aquifer
see aquifer thickness
transition diagram 6-8, 6-11
t+

u
u-

4-2
V_ 3-1,3-2,3-6,7-5
effect of anisotropy
effect of Kx 9-10
u+ 4-2
U+ 3-1,3-2,3-6,7-5
effect of anisotropy
effect of Kx 9-10
U_IV + 4-2, 7-5
units 3-2, 3-5, 4-2

9-15

9-15
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V
variables
definition of 3-5
vertical exaggeration
5-3, 9-13
vertical section 1-1, 2-1, 9-3, 9-8
W
water balance line 6-9, 6-11
water body length
see length of water body
water table 2-1,2-3,3-6,5-5,9-5
wetlands
1-1
width 3-2

x
x

3-1,3-6
xxxx.crd 8-1
xxxx.crn
8-1
xxxx.grd 8-1
xxxxyyyy.z
8-1

y
IfI 3-4, 3-6, 5-2
IfI/U +B 5-2

z
z

3-1,3-6
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SUGGESTIONS

FLOwTHRU

TO:

Dr Lloyd Townley
CSIRO Division of Water Resources
Private Bag
PO WEMBLEY WA 6014
Australia

Fax:

+61-9-387-8211

Your details:
Name:
Company:
Address:

State

_

Postcode

Country
Telephone:
Facsimile:
Electronic mail:

FlowThru

Version Number:

FlowThru

Serial Number (Pes only):

Type and model of computer:
Type of gmphics display:
Available memory:
Other features:

Please describe your suggestions for improvements to either FlowThru

or its manual:

~

BUG REPORT

FLOwTHRU

TO:

Dr Lloyd Townley
CSIRO Division of Water Resources
Private Bag
PO WEMBLEY WA 6014
Australia

Fax:

+61-9-387-8211

------------------------------------------------------------------------------------------------------Your details:
Name:
Company:
Address:

State

_

Postcode

Country
Telephone:
Facsimile:
Electronic mail:

FlowThru

Version Number:

FlowThru

Serial Number (PCs only):

Type and model of computer:
Type of graphics display:
Available memory:
Other features:

-------------------------------------------------------------------------------------------------------

Please describe the nature of the problem, the sequence of events leading to the
problem and include either a hardcopy of the output or send a floppy disk containing
FlowThru input and output files.

F?'3

ORDER FORM
for additional solutions

FLOwTHRU

TO:

Dr Lloyd Townley
CSIRO Division of Water Resources
Private Bag
POWEMBLEY
WA6014
Australia

Fax:

+61-9-387-8211

Your details:
Name:
Company:
Address:

State

_

Postcode

Country
Telephone:
Facsimile:
Electronic mail:

FlowThru

Version Number:

FlowThru

Serial Number (pcs only):

Type and model of computer:
Type of graphics display:
Available memory:
Other features:

I attach order forms for additional solutions of Type 1 or Type 2:
Total Cost:
Preferred Disks:
Payment has been sent by airmail:
(Payment should be by bank cheque in A$,
payable to "CSIRO Division of Water Resources")

I Yes/No I
IA$
I
3.5/5.25"1

1

I Yes/No I

or
I attach a description of additional solutions of Type 3 and seek a quote:

I Yes/No I

ORDER FORM
for Type 1

~
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Shallow surface water bodies represented by a straight line at the surface:

2a

]B__
Please specify combinations of 2a/B and D/B.

I: I I I I 1=1 I 1=1=1=1
I: 11_/1111_1=111
I:: I I I 1=1 1 1=1 I 1 I
Please remember that solutions are calculated using isotropic hydraulic conductivity.
If you plan to use Kx/Kz > 1, you will need to order solutions with the physical 2a/B
reduced by (KJKz)1!2.

Cost:

Sub-total (minimum order A$200*) =

IA$
IA$

Plus airmail postage:

IA$20

Total cost:

IA$

Number of distinct solutions

D@A$20*=

*Prices are subject to change without notice.
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"Deep" surface water bodies represented by simple geometrical shapes:
Rectangle
2a

Triangle

r•

•

•

2a

Trapezium

•

•

Semi -ellipse

••
•

]B

2a

•

FY

~

Semi-circle

2a

•

dt
]B

•

2a

•

Please specify combinations of shapes (with appropriate parameters), 2a/B and D/B.
Shape ("rectangle", "triangle" etc.)
~ (for all except semi-circle)

..!!- (for trapezium only)
2a
2a
B
D

B

Please remember that solutions are calculated using isotropic hydraulic conductivity.
If you plan to use Kx/Kz> 1, you will need to order solutions with the physical 2a/B
reduced by (KJKz)lI2. In such cases, semi-circles become semi-ellipses.

Cost:

Sub-total (minimum order A$200*) =

IA$
IA$

Plus airmail postage:

IA$20

Total cost:

IA$

Number of distinct solutions

D@A$20*=

*Prices are subject to change without notice.

ORDER FORM

~

for Type 3

FLOwTHRU

'e

Unique geometries or unique spatial distributions of D/B.

(x,z)

~./
_-=

= (-a,O)

]_B

z

(x,z)

= (a,O)

Please define the bottom topography as a set of (x,z) pairs and provide the thickness of
a low conductivity lining between adjacent points using a table of the following form:

Aquifer thickness B

=

Water body length 2a
Likely range of Kx/Kz

=

=

Please choose your own units, but the origin of your coordinate system must be in the
middle of the water surface.
Unique descriptions can also be provided using ASCII files on a floppy disk.
All descriptions must be accompanied by a sketch of the cross-section.
Cost:
•

Depends on the complexity of the cross-section and the effort needed to
design a suitable high resolution fiI)ite element grid. Please ask for a quote.

