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SUMMARY OF THESIS

Surface-water and groundwater are two resources both requiring careful management and
protection. Computer modelling of both has long been used as an aid to their management.
Historically they have been modelled separately, as their behaviour is represented by different

mathematical equations. However, in reality, they are a linked resource; each affects the other.

DIVAST is a two-dimensional hydrodynamic and water quality numerical model developed for
estuarine and coastal modelling. The original model enables the simulation of problems such as
pollution and flooding in surface waters. In this study the existing model is extended to allow the

modelling of groundwater as well as surface water in the same model.

Chapters 1-5 introduce the problem, review some existing models, and then derive, discretise,
and implement the equations for surface water and groundwater flow into the new model.
Chapters 6-10 test the new model against analytical solutions, laboratory data, field data, and an
existing groundwater model (MODFLOW).

The outcome is a new version of the DIVAST model, known as DIVAST-SG (Depth Integrated
Velocities And Solute Transport in Surface water and Groundwater). It simulates interactions
between two-dimensional surface water and groundwater, in addition to the facilities of the
original code. The equations are solved within one model, avoiding coupling problems. It is
successfully tested against analytical solutions, laboratory studies and field data, and compared
to an existing groundwater code, where it successfully models a gravel aquifer adjacent to tidal
surface water. A framework is laid for continuing this work to produce a pseudo 3-D surface-
water / groundwater code. In addition, novel techniques are pioneered in the laboratory, where
open cell foam is used in a tidal flume to represent a porous aquifer adjacent to a river, and a

highly detailed dataset of groundwater field data is compiled in the course of the work.
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Chapter 1 Introduction Integrated Surface Water — Groundwater Modelling - Tim Sparks

CHAPTER 1 INTRODUCTION

1.1 Introduction

Surface Water and Groundwater - two different resources, but both require careful
management and protection. Computer modelling of both resources has long been used as an
aid to the management of water resources. Historically groundwater and surface water have
been modelled separately, as their behaviour is represented by different mathematical

equations. However, they are a linked resource; one depends on and impacts on the other.

Groundwater provides a third of our drinking water in the UK, and in some areas of southern
England up to 80% of drinking water comes from groundwater resources. Usually it requires
little or no treatment before it is drinkable. However, if contaminated, these resources are
expensive and difficult to restore, so groundwater needs to be protected. Surface water in
rivers, lakes, estuaries and coastal systems is more visibly abundant but no less important — its
behaviour affects our everyday lives through flooding, leisure activities, transport, drinking
water etc. These two resources are integral; the baseflow in streams and rivers comes from the
contributing groundwater; agricultural chemicals may seep into groundwater, which
subsequently may flow into streams. Accurate modelling of surface water should recognise
that groundwater plays a significant part in how surface waters behave (Figure 1.1). This
research project aims to provide a modelling tool that allows simultaneous modelling of

groundwater adjacent to surface water.
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Figure 1.1: - Gaining and Losing streams, and illustration of bank storage. (from Winter et al 1998)

DIVAST (Depth Integrated Velocities And Solute Transport) is a two-dimensional
hydrodynamic and water quality numerical model which has been developed for estuarine and
coastal modelling by researchers at Cardiff University. The original model simulates two-
dimensional distributions of surface water currents, elevations and various water quality
parameters as functions of time thereby enabling the prediction and simulation of such water
management issues as pollution and flooding in surface waters. In this study the existing
model will be extended to allow for the modelling of groundwater as well as surface water in
the same model. This can provide a valuable decision support tool for predicting how
contaminated groundwater will affect surface water resources such as estuaries, rivers and

lakes, and vice-versa, and to include the groundwater flow in flooding simulations.

Extending a surface water model to include groundwater allows the river and the water in the
ground it flows over to be modelled simultaneously. This is more suited to the ‘integrated
river basin management’ approach stipulated in the new EU Water Framework Directive (EC
2000), which requires that rivers are now managed as a whole river basin, rather than dividing

up a watershed into territorial boundaries.

10
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The new integrated surface water / groundwater model has been calibrated against two unique
data-sets: a) experimental data acquired within the Hyder Hydraulics laboratory at Cardiff
University and b) field data from Cardiff Bay, an enclosed embankment located along the
South Wales coast, previously tidal mudflats.

In the laboratory, an innovative approach using 60ppi (pores per inch) open-cell foam blocks
as ‘riverbank material’ allows the equivalent groundwater heads and tracer concentrations to
be measured in a replica groundwater and adjacent riverine open channel basin, with these
results then being used to refine and calibrate the numerical model.

The interaction between the river Taff flowing into Cardiff Bay and the underlying
groundwater has been extensively monitored as a result of the construction of the Cardiff Bay
Barrage. This large data-set has been used to validate and test the extended model against
field data, and compare its performance with the usual approach of just using a groundwater

model with carefully prepared boundary conditions.

1.2 Hydrodynamic modelling

Traditionally hydrodynamic modelling has generally concentrated on specific problems, for
instance a dam break scenario, flooding of a lowland river, or groundwater pollution of an
abstraction zone. This type of modelling requires specific, accurate models of a particular
hydrological/hydraulic regime, e.g. 1-D modelling of surface water channels, 3-D modelling
of air-water interaction, 3-D groundwater simulation, or 2-D estuarine modelling etc.
However, hydrologists are increasingly finding that many water resources problems cannot be
addressed by such specific models. Increasingly, there is an interest in combining several

models together and modelling at a whole system level.

Environmental awareness has increased enormously in the past few decades, together with a
realisation that the planet (and its water) must be treated as a whole, rather than as discrete
systems. Pollution of groundwater will certainly influence surface water resources, and vice
versa. Flooded rivers are almost certainly influenced by the surrounding groundwater regime,
and also by rainfall-runoff characteristics often some distance from the flooding zone.
European legislation is reflecting this in its holistic ‘catchment’ approach to river
management, aimed at managing a river basin as a whole, rather than in sections. In order to
model these situations, modellers must combine the existing methods of modelling each

regime separately into integrated hydrological models.
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1.3 Aims and Objectives

From the review of models in Chapter 2 it is clear that integrating surface water and
groundwater modelling is an important part of hydrodynamic modelling. There are many
different models that attempt to include this interaction, but the non-commercial codes are
mostly limited to 1-D surface water. There are very few 2-D surface water codes that allow
simultaneous modelling of groundwater. The objectives of this research were to extend the
existing non-commercial surface water model DIVAST, to simultaneously model
groundwater. The model is a 2-D model, thus it can be used for modelling complex surface
water situations such as those occurring in large rivers and estuaries — the addition of a
groundwater modelling option would be a valuable addition to the model’s capabilities. If
possible, the model should be self-contained, i.e. not consist of a separate groundwater and
surface water model, but an integrated code that can move from groundwater to surface water
easily. The model is not needed to be a stand-alone groundwater model, rather an extended
surface water model that could model bank-storage and solute transport from groundwater to
surface water. Thus problems like local flooding caused by bank-storage release, and diffuse
source pollution from adjacent groundwater, can be simulated in one integrated model. For
example, in Cardiff Bay, when a barrage across the mouth of the estuary (that would create a
large freshwater lagoon and significantly raise the mean water level) was proposed, there
were concerns that the rise in surface water elevations would create groundwater flooding
problems. A joint surface water-groundwater model would have been ideal for the modelling
of this situation. The aim of this study is to take DIVAST and take it closer to this holistic

integrated ideal.

1.4 Outline of Thesis

The first part of this thesis (Chapters 2, 3, 4 and 5) outlines the development of the model
itself. Chapter 2 is devoted to a review of the existing models in the public domain that deal
with surface water and groundwater and summarises the state of the integrated modelling
problem. Chapter 3 then derives the governing model equations for 2-D surface water flow
and 2-D subsurface flow. Equations describing seepage between model layers are also
described here, allowing the model to be taken to a pseudo 3-D level. Chapter 4 takes these
equations and applies them to the specific finite difference scheme used in the model by
discretising them in time and space. An overview of how the model solves the equations is
included here. Chapter 5 deals with specific adaptations to the existing DIVAST model and

how the input file is used to define the problem being modelled.
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The remainder of the thesis (Chapters 6, 7, 8 and 9) tests this extended numerical model
against various challenges. Chapter 6 then tests the model against an analytical solution to a
groundwater wave induced by surface water variation. Chapter 7 details the construction of a
laboratory scale tidal flume in Cardiff University, and how this was used to simulate the
interaction of surface water and groundwater. The new model is set-up and then compared to
the experimental results. Chapters 8 and 9 describe extensive field data collected in Cardiff
Bay before the impoundment of the bay in 1999 — a brief history of this is given in Chapter 8.
Chapter 8 then takes this data and sets-up a MODFLOW model of the area and compares the
model results to the field data. Chapter 9 details how the new DIVAST-SG model is set-up
for the same area and the model results are again compared to the field data and the
MODFLOW model. Detailed discussions of results from each test are included in each

chapter.

Chapter 10 then discusses more broadly all the different aspects of the thesis in turn and
draws conclusions based on the work, and suggests further work that could be carried out
using the model and data collected. The appendices contain example input files for the model
and the full source code for the model itself (on the CD). Also included are additional detailed
discretisations unnecessary in the main text, and additional borehole plots from Cardiff Bay
for completeness. The appendix CD contains the full source code, several spreadsheets used
in the analysis, a number of animations of model results that clarify points made in the text
and other relevant items. Where an item on the Appendix CD is relevant a footnote gives the

location on the CD.
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CHAPTER 2 REVIEW OF EXISTING MODELS

2.1 Review of Existing Models

Since the first half of this century, both open channel and groundwater flow have been
considered for solution by numerical methods. Where the two ‘zones’ meet, the problem was
usually approached by calculating the response of the groundwater system to changes in the
river elevation (Cooper and Rorabaugh 1963; Pinder and Sauer 1971) (Figure 2.1). Cooper
and Rorabaugh (1963) derived an analytical solution for the changes in groundwater heads,
groundwater flow and bank storage that occurred as the result of a flood-wave stage
oscillation. These analyses assumed that the stream elevation changes only as a function of
time and that horizontal groundwater flow occurred only normal to the stream. Pinder and
Sauer (1971) pointed out the limitations in this approach and described a more complex
modelling approach to simulating flood wave modification due to bank storage effects. This
model used one-dimensional unsteady channel flow to describe the stream elevation, and a
two-dimensional groundwater model to describe the aquifer flow. Darcy’s law was used to
couple the two models in an iterative manner. Since the two zones were treated separately, the
model was capable of calculating flow underneath the river. Pinder and Sauer used the model
to simulate a flood wave travelling down an extensive river reach (130,000 feet), and showed
that bank storage played a significant role, but was largely dependent on the properties of the

aquifer (conductivity, porosity etc).
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Figure 2.1 — Pinder and Sauer (1971) model of aquifer-stream interaction.

Smith and Woolhiser (1971) developed a model describing infiltration and overland flow
based on the soil moisture properties. Freeze (1972) took this approach a stage further and
described numerical solutions to the coupled boundary problems representing 3-D, transient,
saturated-unsaturated subsurface flow, and 1-D, gradually varied, unsteady channel flow. The
entry velocity of the subsurface flow was assumed to be negligible compared to the stream
velocity. Outflow from the subsurface to the stream via baseflow was obtained either for a
constant or fluctuating head boundary. Seepage from the stream bank (above the stream
elevation) was from a freely fluctuating seepage face. This model allowed rainfall events to be

predicted, together with their effects on a stream via the baseflow input.

Figure 2.2 — Freeze model. “A 3-D, saturated-unsaturated subsurface flow system with rainfall input,
which delivers base flow to a one-dimensional stream channel.” (Freeze 1972)
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River package RIV and Stream flow routing package (STR1)
Both these packages are implemented for the MODFLOW code (McDonald and Harbaugh
1988; EMS 2002; MP Associates 2004). The RIV package models basic stream-aquifer

interaction in MODFLOW.
\ / Impermeable

Cait
Boronry ...

Figure 2.3: - a) Cross-section of an aquifer containing a stream, and b) conceptual representation.
(McDonald and Harbaugh 1988)

Figure 2.3 shows the basic situation that the river package deals with, and also the conceptual
representation that the program uses to solve the problem. The river is divided into reaches; in
which the reaches are contained within each grid cell, so there is a reach for each model cell.
Three parameters are defined for each reach, the river stage, the conductance of the stream-
aquifer interconnection, and the level at which the ‘limiting value of stream seepage’ is
obtained. This limiting value is usually the base of the low permeability material in the
streambed (if present), but more specifically is the point where a further decline in the

groundwater level has no effect on the stream seepage.

The simulation is capable of modelling seepage when the water table drops below the base of
the riverbed. The basic equations used are as follows:

Q=K(h,, —hypa) When hgrouna> Rbot
QO = K(h,,, — Rbot) , when hgroung < Rbot

Where Q is the seepage rate from the river to the aquifer, K is a conductance value for the
river-aquifer interconnection, hyy is the stage in the river, hgroung is the head in the groundwater
and Rbot is the base of the river bed, or the limiting elevation beyond which further decline of

the water table has no effect on the seepage rate.

This simplified model used takes no account of where the river reach is in the cell, and

assumes that the water level in the reach is uniform and constant for each stress period. These
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assumptions are valid so long as the conditions of flow do not vary significantly along the
reach and the flow is near steady; events such as flooding, drying or surges cannot therefore
be modelled accurately. This is less of an integrated surface water-groundwater package, and
more a river seepage package, as it does not model the surface water directly, just seepage to
the aquifer. Nevertheless, because of its integration in MODFLOW, it has formed the basis

for many other integrated models.

The Stream/Aquifer Interaction package is used to simulate the interaction between surficial
streams and the groundwater. It is similar to the River package, in that water can move from
the stream to the aquifer or from the aquifer to the stream - depending on the relative
differences in the stream stage and the water table elevations. However, unlike the River
package, flow is routed through the stream using simple channel hydraulics and Manning's

equation is used to compute the stage in the stream. (EMS 2002)

The Stream Package (STR1) permits representation of intermittent streams in MODFLOW. It
is especially useful in systems in the headwaters of small streams. The program limits the
amount of ground-water recharge to the available streamflow. It permits two or more streams
to merge into one, with flow in the merged stream equal to the sum of the tributary flows. The

program also permits diversions from streams. (MP Associates 2004)

MODBRANCH (Swain and Wexler 1996)
This coupled code combines two USGS models, namely BRANCH and MODFLOW. Branch
is a one-dimensional numerical model commonly used to simulate unsteady flow in open-

channel networks. The coupled code basically replaces the old river package (known as RIV)
in MODFLOW with an adapted version of the BRANCH code.

A common problem faced when integrating surface water and groundwater in modelling
systems is that of timescale. The timestep used for the simulation of surface water is usually
of the order of seconds, minutes or hours, but groundwater is generally modelled in hours,
days, months or years. In MODBRANCH, multiple steps of the surface water code are carried
out for each timestep in the groundwater code. Leakage terms calculated from the surface
water are interpolated linearly to estimate the aquifer head in between each groundwater
timestep; this maintains the mass balance between the two models. The average leakage for

the surface water steps is then used as the leakage in the groundwater step. The resulting new
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groundwater heads are then fed back into the surface water code and the process is repeated
until the heads from the surface and groundwater code converge. The river is divided into
reaches, as in the River package, and no reach can span an aquifer model cell. Multiple
reaches can occur within a cell, but leakage from any reach in a cell is considered to occur at
the centre of the aquifer cell. Cross-sections are defined at each node (i.e. the end of a reach).

The original Branch model had no leakage term in the equations, so leakage terms were
added. These follow a similar fashion to those described above in the original River (RIV)
package. The surface water equations are solved using a finite difference method, with the

leakage terms passing to the finite difference groundwater equations in MODFLOW.

Drying of river channels is allowed for in the coupled model. The momentum equation in the
finite difference form contains a cross-sectional area term in the denominator of many terms,
making the equation unstable for small flow areas. This leads to instability at low or dry
flows. To get round this problem, when a river dries out a small flow is retained in the
channel and the frictional resistance is increased to allow as little discharge as possible. All
leakage to the aquifer is eliminated. Flow continuity is retained by this scheme, and re-wetting
is easily accomplished by raising the stage again. The cross-section of the river is altered to
provide a small area below the actual river bed where this ‘retaining’ flow can occur. This
procedure is similar in concept to the Priessman Slot technique (which allows pressurised
pipe flow to be modelled by free-surface equations by the inclusion of a hypothetical ‘slot’ at
the top of a pipe) (Butler and Davies 2000) but should not be confused with it as in this model
the slot is simply a storage tool to allow the river to re-wet without breaking flow continuity.
The friction is varied gradually with time as the channel wets and dries to avoid jumps in

stage.

A steady-state option was added to the Branch model to allow steady-state modelling of
aquifers. This was done by removing the time dependent terms in the continuity and

momentum equations (effectively setting At to infinity).

MOGROW - (Querner 1997)

This model was developed in Denmark by combining the two models SIMGRO (SIMulation
of GROundwater flow and surface water levels) and SIMWAT (SIMulation of flow in surface
WATer networks). The combined model is known as MOGROW (MOdelling GROundwater

flow and the flow in surface Water systems).
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Simgro

The groundwater code in MOGRO is simulated by the SIMGRO module. The saturated zone
is modelled using the finite element method, and the unsaturated zone is modelled according
to land use and soil characteristics. Sub-regions are defined in the catchment, such that the
hydrological conditions and soil properties are relatively homogenous in each sub-region
(Figure 2.4). Each type of land-use must be known as a percentage of the sub-region (i.e.
geometric position is not necessary); the key different types of land-use are: agricultural,
urban, nature reserve and woodland. The groundwater system is layered, with horizontal flow

in aquifers, and the vertical flow in less-permeable layers (aquitards).

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Figure 2.4: -Schematization in SIMGRO of the hydrological system within a sub-region (modified from
Querner 1997)

Surface water systems are modelled in four ways: a primary network of channels (modelled
by SIMWAT, see below), secondary water courses, tertiary water courses and shallow
trenches (considered to be spread evenly over a finite element or sub-region) (see Figure 2.5).
SIMGRO and SIMWAT were originally produced for the Netherlands region, where the

surface water system consists of a dense network of water courses.

Channel system Trenches

T Sl -

2 Layer

Figure 2.5: - Interaction between surface and groundwater in four categories. (Querner 1997)
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The primary network is present only in specific nodes of the finite element mesh.

Drainage to secondary, tertiary and trench water systems is described per unit area using the
difference in head and a drainage resistance term (estimated from field measurements and
formulas). Drainage to the primary network is considered per unit length of the channel, again
using the difference between the heads and drainage resistance parameters.

The interaction between these systems and the groundwater can be described per unit area as

(Ernst, 1978)

) i

T,
where g,, is the drainage rate (m day™), A, is the groundwater level (m), / is the water level
or bed level of the surface water (m), ay is a geometry factor depending on the shape of the
water table (range 0.65-0.85; Ernst, 1978), and 7y is the drainage resistance (day) which is the

sum of the vertical, horizontal, radial and entry resistances (Querner 1997, Ernst 1978).

Figure 2.6: - Unsaturated zone per land use. Pn, net precipitation; Ps, sprinkling (watering); E,
evapotranspiration; V, moisture storage; Qc, upward flux.

The unsaturated zone is modelled in two ‘reservoirs’, one for the root zone and one for the
subsoil (Figure 2.6). The thickness of the root zone is defined by land-use and the physical
soil unit, and is assumed to remain constant over time. If a set ‘equilibrium moisture storage’
is exceeded in the root zone, then the excess water will percolate to the subsoil. If the
moisture storage is less than the equilibrium value, then water will recharge the root zone
from the subsoil zone. Hence the equilibrium moisture storage value relates to a value of
moisture storage corresponding to zero flow to and from the root zone. This equilibrium
moisture storage value is calculated as a function of the physical soil unit, the thickness of the
root zone and the average depth of the groundwater level below the surface in a sub-region.

The groundwater level (or phreatic surface) is calculated using the water balance of the
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subsoil zone, using a storage coefficient dependent on the depth of the groundwater below the
soil surface. The change in moisture storage in the root zone includes inputs from
precipitation and irrigation (sprinkling), and outputs from evapotranspiration. These inputs are
corrected for the varying interception patterns of different land-use.

Additional features of SIMGRO include the ability to model perched water tables, hysteresis
(i.e. the variation of soil moisture characteristics after wetting and drying conditions),
preferential flow in the unsaturated zone, and evapotranspiration from various vegetation

types (including effect of wilting and water logging),

Simwat

The surface water module, known as SIMWAT, models major water courses explicitly as a
network of sections. As the model was originally designed for use in the Netherlands, where
water courses are often small but densely scattered, the model also takes into account the
smaller secondary and tertiary water courses, modelling them as reservoirs connected to the
main network.

The major water courses are modelled as open channels. Regulating structures can be
included, such as weirs and gates. The diffusive wave form of the Saint Venant equation is
used to describe water movement. A timestep of 0.2-2h is commonly used in practice.

The water courses are divided into sections with nodes at either end, and where the water
level and discharge are calculated. A set of equations is obtained from the nodes and solved in

a matrix form by successive approximations.

Integration of Simwat and Simgro

During one groundwater timestep several surface water timesteps are performed, thereby
recognising the rapidly varying nature of surface water when in comparison to groundwater.
The groundwater level is assumed to remain constant during its time step. Nodal points of the
groundwater module are assigned to a nodal point of the surface water module, ensuring that
these linkages do not cross sub-region boundaries unrealistically. The bed levels from the
surface water system are transferred to the ground water module, followed by the fluxes and

water levels as the timesteps proceed.

Wetland simulation module for MODFLOW (Restrepo et al. 1998)

This module attempts to model wetland hydrodynamics and the interaction with the
underlying aquifer. Developed by the South Florida Water Management District, the module
package is incorporated into the MODFLOW code, and enables the top layer of the grid
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system to contain overland flow and channel flow simulations, representing surface flow
through vegetation and flow in slough channels respectively. Instead of the Darcy equation
used for groundwater flow, a semi-empirical Manning-type equation is used to represent
surface water movement, known as the Kadlec equation (Kadlec 1990). This is used to derive

the differential equation of overland flow (without sources or sinks) shown in equation 2.2:

5(78), 2y 20 i’
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where & (m) is the hydraulic head, 7; is the transmissivity component in the 7 direction, Sy is
the specific yield, and is set close to 1.0. The transmissivity is derived from the Kadlec
equation by defining the conductance coefficient (of the Kadlec equation) as the inverse of an

equivalent roughness coefficient

The model allows for wetting and drying of the wetland, evapotranspiration and vertical and
horizontal flux components of the wetland-aquifer interaction. The flow through dense
vegetation is treated mathematically as flow through porous media, with a porosity close to
1.0. The slough channels are modelled using cell-by-cell anisotropy factors (i.e. ratio of
hydraulic conductivity along a row, to hydraulic conductivity along a column). These factors
were originally defined in MODFLOW per layer, but a modified cell-by-cell approach has
been added here to allow indirect simulation of slough channels.

The module has a number of options, allowing it to be applied in a variety of situations. It is
particularly suited to modelling sheet flow through dense vegetation and channel flow through

a slough network, such as is found in wetlands and vegetated saltmarshes.
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Figure 2.7: Vertical Schematic of surface water pathways in wetlands (Restrepo et al. 1998).
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Analytical Solution for channel-aquifer interactions - (Ostfeld et al. 1999)

Ostfeld et al. (1999) documented a new approach to the analytical solution of channel-
groundwater interactions. Rather than use the separation of variables, the equations are solved
using Laplace transforms. The problem considered is one-dimensional, and consists of 1-D

flow between two drainage canals bounding an unconfined aquifer undergoing recharge and

evapotranspiration.
Recharge + Evaporation
Soil surface
w
- A
= >
Uncoafined =
Drainage canal a:ulfer Drainage canal

Figure 2.8: - Schematic of problem solved by Ostfeld (1999).

The solution simply considers the groundwater, and uses head boundaries at the surface water
interface. The solution was tested against MODFLOW, and favourable results were obtained.

The solution does not take seepage faces into account.

DAFLOW - MODFLOW: US Geological Survey (Jobson and Harbaugh 1999)

DAFLOW (Diffusion Analogy Surface-Water Flow model) is a one-dimensional channel
flow model that simulates flow using the diffusive wave form of the flow equations. Rivers
(or channels) are divided into branches, with each branch divided into a set of sub-reaches. It
is designed for simulating flow in upland stream systems where flow-reversals do not occur

and backwater conditions are not severe.
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Figure 2.9: - Schematic of DAFLOW-MODFLOW stream layout, showing numbered nodes and branches
(Jobson and Harbaugh 1999).

The coupling of the two models was carried out at the USGS (developers of MODFLOW etc),
and acknowledges the previous work on coupling of models (e.g. MODBRANCH Swain and
Wexler 1996), but makes no attempt to compare this later model with the earlier work.

The coupled model allows multiple time-steps of DAFLOW within a MODFLOW timestep,
acknowledging the fact that appropriate time-steps for groundwater and surface water
calculations may differ greatly. The model arranges the surface water channels in a similar
scheme to the MODBRANCH model. The branches are divided into sub-reaches; as a
minimum, a node (i.e. a joint between sub-reaches) is placed where the stream intersects the
groundwater cell boundary. Like MODBRANCH, seepage associated with each sub-reach is
assumed to flow into the aquifer below at the centre of the relevant cell.

Seepage from the river is calculated in a similar procedure to that outlined in the original RIV
module described above, based on Darcy’s Law. The seepage is calculated at each surface
water timestep, and summed during the GW timestep to compute the total exchange with the
aquifer.

The DAFLOW model can only be applied to channels having a fixed-channel geometry and
no backwater. One-dimensional, un-stratified flow is assumed. Flow splitting into multiple

branches is possible, but constant percentages of flow must be assigned to each branch. The
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model allows the drying out of stream reaches, which the original DAFLOW model did not,
but the review does not state exactly flow continuity is maintained — although the source code
is included in an appendix. If the seepage demands exceed the streamflow, the flow in the
stream is set to zero and the seepage term is set equal to the available water in the stream.
Because of the nature of the simplification of the dynamic wave equations, the surface water
model accuracy increases with the slope of the stream. Hence, this approach is excellent for
modelling upland streams with a unique relationship between stage and discharge.

Since each stream sub-reach is assigned to a single cell in MODFLOW, this places certain
limitations on the cell-size / stream size. If the stream is wider than the cell, then accuracy
will be lost as the seepage is assigned to a single cell rather than spread across multiple cells
across the width of the stream. Similarly, and perhaps more significantly, in the vertical
direction, the channel depth should remain in a single MODFLOW layer. The model will
operate if this is violated, but again, seepage will only be assigned to one layer. If the
MODFLOW cells are much larger than the stream width, the head around the stream may not

be accurately represented.

Lake-Aquifer interaction package (LAK3) for MODFLOW (Merrit and Konikow
2000)

This is another module from the USGS for its MODFLOW program. The original version of
MODFLOW contained the River package, as described above. Lake-aquifer interactions
could be approximated by generalising this river package to represent the lake as a constant-
head source of fixed areal extent, implying that the stage of the lake was fixed. This concept
was extended by the development of the Reservoir package (Fenske et al. 1996), which
allowed the stage of the reservoir (lake) to vary linearly over a stress-period, and the extent of
the reservoir to vary accordingly. In both cases, the lake stage had to be entered as a prior
specification, and was assumed to be independent of leakage to the aquifer.

Merrit and Konikow (2000) used a different approach based on a generic lake package,
designed to handle the many different requirements of the problem. The lake is described
within the MODFLOW grid as a volume composed of inactive cells extending downwards
from the upper surface. Active model cells bordering this space represent the adjacent aquifer.
The seepage is calculated using Darcy’s law, based on the difference between the head in the
lake, and the head in the adjoining aquifer. Where the head in the aquifer drops below the
lakebed, the seepage is maintained at the same rate as if the aquifer head was at the lakebed

elevation. In effect, the aquifer immediately below the water body is forced to remain
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saturated below the lake, as in the River package.

Figure 2.10: - Seepage when aquifer head drops below lake bed, assuming full saturation. (Modified from
McDonald and Harbaugh 1988)

Seepage is calculated both laterally and vertically, and modelled as flowing through two
distinct materials: the lakebed and the aquifer. Thus the lakebed can be simulated as having a
much lower conductivity than the aquifer. The conductance term is calculated by treating the
lakebed and the aquifer in series after McDonald and Harbaugh (1988). The seepages
calculated are added to the appropriate terms in the MODFLOW matrices.

The timesteps used for the lake and groundwater calculations are identical; indeed the lake is
modelled more as an extension of the groundwater than as a standalone water body. Hence,
the package focuses on predicting seepage, water levels and the surface area of the lakes,
rather than complete surface water modelling. The lake package includes a water budget
procedure that is independent of the groundwater budget, and uses estimates of gains from
rainfall, overland run-off, inflowing streams, and losses to evaporation, outflowing streams,
and anthropogenic gains and losses. Using this budgeting procedure, the lake stage and
volume can be calculated explicitly, semi-implicitly, or fully implicitly.

Drying and rewetting is included in the model. As the lake stage drops below the lowest
defined ‘lake cell’ in a column, then the lake volume cells in that column become dry, and the
lake volume and surface area are adjusted accordingly. Lakes are allowed to dry out
completely, and a semi-empirical method is employed to re-wet the lake after a dry event.
Obviously, lake budget calculations cannot continue when the lake is dry, so the program
simply checks to see if the average aquifer head is above the lowest elevation of the lake. If
this is the case, then the lake stage is set equal to the aquifer head, and the lake budget
calculations are resumed from this point. However, this does not account for any retardation

of the inflow from the aquifer through the less permeable lakebed. A logical procedure to
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allow for separation and coalescence of lakes and sub-lakes has been developed, to allow the
irregular bathymetry of most lakes to be included when wetting and drying.

Stream-lake interconnections are included in the documentation of the package, but in the
initial release version (with MODFLOW-2000), only seepage lakes (i.e. with no inputs or
outputs - Hunt 2003) can be modelled, although the USGS have recently developed a new

stream-routing package (SFR1, see section below) to address this deficiency.

Solute concentration in the lake and aquifer can be modelled using the lake package, but as
the model is primarily a seepage model, various assumptions are made, including:

e complete and instantaneous mixing of all volume inflows to the lake,

e that the timescale of changes in the groundwater system is substantially longer

than the timescale of changes in the surface water and

e that there are no reactions in the lake that affect the solute concentration.
Using these assumptions a simple mixing equation is used to calculate the solute
concentration. The model does not attempt to model flow dynamics or spatial variation of
water quality in the lake.
When using the explicit method of updating lake stages, the timestep size must be limited to
avoid lake stage oscillations, and to provide good estimates for the concurrent timestep.
However, the semi and fully-implicit methods require more iterations, more run-time and

tighter convergence criteria to avoid significant discrepancies in the water budget.

Ecomag - MODFLOW: ECOFLOW (Sokrut et al. 2001) (Sokrut 2001)

This combined model was developed as part of a licentiate thesis by Nikolay Sokrut, in
Sweden. The ECOMAG model (ECOlogical Model for Applied Geophysics.) is a distributed
catchment model, rather than a specific open channel flow model. This makes it relatively
straightforward to link to a catchment wide groundwater model, simply by introducing a
special sink term into the governing equations. This sink term is generated by the surface
model and implemented into the groundwater and solute transport equations.

The ECOMAG surface model was developed for boreal conditions, and describes the
processes of infiltration, evapotranspiration, thermal and water regimes of the soil, surface
and subsurface flow, groundwater and river flow, and snow accumulation and snowmelt. The
drainage basin was originally approximated by triangular elements, but is now (in the second
version) mapped by a 2km x 2km rectangular grid network.

The model simulates the infiltration of rainwater and the subsequent run-off when the soil
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becomes saturated, and surface depressions are filled. Rivers are modelled in reaches (called
links), characterised by length, width, slope, and Manning’s roughness coefficient. Water
movement in run-off is assumed to take place in the direction of the prevailing slope towards
the river. Subsurface flow is modelled in two ‘horizons’, A and B. Horizon A simulates
shallow subsurface flow just below the soil surface (high porosity and conductivity); Horizon

B is a deeper layer with a much lower porosity and conductivity, (see Figure 2.11).

Figure 2.11: - ECOFLOW layers schematisation.
The ECOMAG model also had a bottom layer called the ‘groundwater-zone’. In the coupled

model this has been replaced with MODFLOW (McDonald and Harbaugh 1988). At present
the model must be run with identical grid-sizes and time-steps for both ECOMAG and
MODFLOW, and the code is not fully integrated.

FTSTREAM - (Hussein and Schwartz 2003)

Hussein and Schwartz (2003) extended an existing groundwater flow and contaminant model
called FTWORK, to incorporate the fate of chemicals and transport in streams. Transport in
the stream is based on a one-dimensional advection-dispersion equation. The model also
incorporates volatilisation, settling, and decay in the surface water transport. The two zones
are linked by a leakage term based on Darcy’s law. The equations for the stream and
groundwater zones are solved simultaneously in order to provide the head in the aquifer and
the depth of flow in the stream that are required for estimating the flow velocities (and
subsequently solute transport). The transport between the groundwater and surface water is

assumed to be predominantly due to advection, i.e. dispersive transport is neglected.

3D Bank Storage - (Chen and Chen 2003)

Chen and Chen (2003) carried out a study to investigate at the bank storage around a river in a
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similar fashion to Cooper and Rorabaugh (1963), but also considering the ‘bank’ storage
beneath the river. No actual river model was used, rather, MODFLOW was set up with a
varying head boundary where the aquifer meets the river. A ‘flood wave’ (change in head)
was modelled using the same equations as Cooper and Rorabaugh (1963) and parameters such
as duration, time to peak and height of the flood wave were varied. Porosity was kept
constant, while conductivity was varied for homogeneous and heterogeneous (layered)
aquifers. Anisotropy was also investigated, as well as the effects of a layer of streambed
sediment. The initial groundwater level was assumed to be the same as the initial stream
stage. Further simulations carried out with initial groundwater levels above (gaining stream)
and below (losing stream) the stream stage.

The flow rate between the river and groundwater, and the volume of river water stored (i.e.
integral of the flow rate over time) are plotted for each simulation, and also the storage zone.
This storage zone is created by using MODPATH (Particle tracking software for
MODFLOW, Pollock 1994) to track the pathline of particles beginning in the stream bed. The
positions of the particles at a specific time can be joined to form a ‘front’, showing the extent

of the infiltrated stream water (Figure 2.12).

10 -

————— River Boundary

Aquifer Elevation (m)

1 T

-1 -0.75 0.5 -0.25 0 0.25 0.5 0.75 1
Distance

Figure 2.12: - Adapted from Chen and Chen (2003) - illustrating the concept of maximum storage zone
with varying flood durations (T = flood duration).

The particles are considered to be transported in the groundwater by advection only (i.e.
diffusion and dispersion are assumed to be negligible)

In a study by Squillace (1996) (see below) it was shown that for wide and shallow rivers, the
primary interactions with the groundwater occur in the vertical direction. Also included is a
brief look at the effect of rainfall recharge during flood waves and evapotranspiration (ET)

from the groundwater.

(DAFLOW-MODFLOW-MOC3D) (Lin and Medina Jr 2003)
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This study takes the DAFLOW-MODFLOW one stage further and includes MOC3D (3D
'method-of-characteristics' model for solute transport, Konikow et al. 1996). The three models
represent a conjunctive stream-aquifer solute transport model. It incorporates transient storage
in the streamflow model, setting this model apart from other similar models, by attempting to
simulate transient surface storage (i.e. pools, eddies and stagnant zones) and subsurface
storage (i.e. hyporheic exchange) within a conjunctive stream-aquifer model. In addition to
the transient storage equations, the surface water includes the more general stream-aquifer
interactions by way of a groundwater input term. A note in the conclusion mentions that it
might be reasonable to treat stream-aquifer interaction not as an independent source/sink to

the stream, but rather to combine it with the ‘storage zone’ equation.

Unsaturated Hyporheic Flow (Fox and Durnford 2003)

Most of the models mentioned in this summary assume saturated flow for seepage from a
stream to an aquifer (e.g. Figure 2.10). However, when the water table drops sufficiently
below the stream-bed, the region beneath the stream can become unsaturated. This paper
attempts to analyse this behaviour and derive equations for use in predicting the effect this has
on groundwater levels, e.g. when a pumping well induces drawdown of groundwater levels
near a stream. Equations are developed to calculate the maximum limiting flux from the
stream that can occur under unsaturated conditions. The important difference between
saturated and unsaturated seepage flow is that unsaturated flow transforms a constant head

boundary to a constant flux boundary.

Streamflow routing package to simulate Stream-Aquifer interaction with
MODFLOW-2000 (SFR1) (Prudic et al. 2004)

The latest package to address groundwater-surface water interactions using MODFLOW was
brought out in November 2004, as this literature review was being written. It replaces the
older Stream Package (STR1) (Prudic 1989). It is capable of modelling solute transport
through interconnected lakes, streams and aquifers and the model is designed to be used with
the LAK3 package, for lake-aquifer interactions and as described above. However, the SFR1
package is best suited for modelling long-term changes (months to years) in ground-water
flow and solute concentrations using average flows in streams. It is not recommended for
modelling the transient exchange of water between streams and aquifers when the objective is
to examine short-term (minutes to days) effects caused by rapidly changing streamflows
(Prudic et al. 2004).
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MODHMS - (Panday and Huyakorn 2004)

The model described by Panday and Huyakorn (Panday and Huyakorn 2004) incorporates 3D
saturated and unsaturated flow for the subsurface zone, coupled with the diffusion wave
equation for 2-D overland flow, both of which are coupled with the diffusion wave equation
for flow through a network of channels, including hydraulic structures. The flow domains are
fully-coupled, i.e. not sequentially/iteratively or time-lag coupled (these approaches are
compared in a previous paper by the authors) (Fairbanks et al. 2001). The flow between
domains is determined by the head difference between each of the domains.
Overland/subsurface interaction uses the vertical hydraulic conductivity of the subsurface
nodes, and can also include a ‘skin later’ effect at the surface. Channel/subsurface interaction
utilises the conductivity of the channel sediments, and channel/overland interactions are
calculated using various weir formulas.

Conceptually, all surface-water bodies (i.e. rivers, lakes, wetlands etc) could be included in
the 2D overland domain by using appropriate topography and bathymetry, but problems arise
when the water bodies are smaller than the grid discretisation used in the 2-D domain. To
avoid over discretisation, these small surface water features may be included in the 1-D
channel domain, by including a depth-area relationship. These 1-D water bodies interact with
the subsurface over all of their area, and can be connected to channels and other surface water
bodies. Provision is also made for interception of precipitation before reaching the ground

surface, and also for evapotranspiration. See (Panday and Huyakorn 2004) for more details.

(Gunduz and Aral 2005)

Gundaz and Aral (2005) developed a model for 1-D channel flow, coupled with 2-D vertically
averaged groundwater flow. The solution strategy innovatively solves the surface water and
groundwater equations simultaneously, using a global matrix technique. No unsaturated zone

1s considered, so the seepage from the river is linked directly to the underlying aquifer (see
Figure 2.13).
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Ground
Surface

Figure 2.13: - Seepage from the river is linked directly to the 2-D vertically averaged aquifer below.
(Gunduz and Aral 2005)

2.1.1 Field Data on Bank Storage and River-Aquifer interactions.

Bank Storage - Cedar River, lowa, USA

Squillace (1996) measured bank storage at a site on the Cedar River, lowa, USA, and then
modelled the site using MODFLOW. He noted that the flow per unit area through the river
bank was about four times greater than the flow through the river bottom, largely due to the
higher horizontal conductivity of the medium sand forming the river bank. However, the
proportion of bank storage water that had moved through the river bed was about 70%, and
only 30% through the bank, as the river bed surface area was at least 10 times larger than that
of the river bed. Hence, bank-storage water moving through the river bottom can be a

significant portion of the total bank storage when a river is wide and shallow.

PCE groundwater plume — Angus, Ontario, Canada

Conant Jr. et al (2004) monitored a site in Ontario, Canada, where a 60m wide dissolved
phase PCE (tetrachloroethene) plume was present in a sand aquifer. The plume concentration,
distribution and composition were strongly modified by the near-river zone, prior to
discharging to the surface water. The site geology was complex but the study provides a good
example of the interaction between groundwater and surface water and solute flux between

both systems.
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2.2 Summary of existing models and studies

Table 2.1: - Numerical Studies

Numerical Studies Date Notes

wn

i
£

—— (=]
= =
o =]
o e

)

= Z
= =
- -
o (1]
- =~

JU0Z pajeinjesuy)
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bank storage.

(Freeze 1972) 1972 Baseflow contr'lbutlons toa 1-D | 3D | v
stream from rainfall events.

MODFLOW (RIV) 1988 Generic 3D groundwater model 3 3-D v

(McDonald and Harbaugh 1988) with simple stream interaction K

MODBRANCH Coupled MODFLOW and o

(Swain and Wexler 1996) A998 Branch i oD b}
Combination of SIMWAT and

MOGROW (Querner 1997) 1997 SIMGRO 1-D+ [ 3-D | v/ -

Wetland module -(MODFLOW) 1998 Wetland simulation module 2-D | 3-D

(Restrepo et al. 1998) extension for MODFLOW B %

DAFLOW-MODFLOW 1999 Couples DAFLOW and 1-D | 3-D

(Jobson and Harbaugh 1999) MODFLOW B -

Lake-Aquifer Module (LAK3) — Allows seepage and stage

(MODFLOW) (Merrit and | 2000 variation in lakes for - 3-D | - -

Konikow 2000) MODFLOW

ECOFLOW (Sokrut 2001) 2001 1-D |3-D | vV 4

DAFLOW-MODFLOW- Adds solute transport to previous

MOC3d 2003 DAFLOW-MODFLOW model 1-D | 3-D | - v

(Lin and Medina Jr 2003)

Uses MODFLOW/Modpath to
2003 assess bank storage and storage - 3-D | - -
zone from flood wave.

3-D groundwater model

Bank storage and Storage Zone
changes - (Chen and Chen 2003)

FTSTREAM (Hussein and

Schwartz 2003) 2003 extended to 1-D transport in 1-D | 3-D | - v
streams.
Streamflow  Routing  Module Allows interconnected streams,
(SFR1) — (MODFLOW) (Prudic | 2004 lakes and aquifers in 1-D+ | 3-D | - -
et al. 2004) MODFLOW
Stand-alone 1-D channel
MO A iy e 2004 surface/subsurface 2-D areal 3-D | vV -
Huyakorn 2004)
model. overland
Simultaneous solution of surface
(Gunduz and Aral 2005) 2005 and groundwater equations using | 1-D | 2-D | - -
global matrix.

Table 2.2 — Analytical Studies

Analytical Studies

(Cooper and Rorabaugh 1963) 1963 Bank Storage
(Ostfeld et al. 1999) 1999 Flow between surface water bodies via ground, with
recharge.
(Workman et al. 1997) 1997 River interaction with alluv1a! gquer. One-sided boundary
condition.
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Table 2.3: - Field Studies

Field Sites Date Notes

(Squillace 1996) 1996 Bank storage effects measure'd and modelled (MODFLOW),
Cedar River, lowa.
(Conant Jr et al. 2004) 2004 PCE groundwater plume measured in Canada

Tables 2.1, 2.2 and 2.3 summarise the existing models and studies reviewed in this chapter.
This is not an exhaustive list but represents a significant part of the current integrated
modelling situation. For additional references and information on various methods of
representing surface water - groundwater interactions readers are pointed to Sophocleous
(2002) and especially Rushton (2007). Readers should note that a significant surface water-
groundwater model MIKE-SHE has not been included in this review as it is a commercial

code — however further info can be found at DHI (2008), Refsgaard and Storm (1995).

A large majority of non-commercial models focus on adding surface water modules to an
exisiting code, usually MODFLOW. Most of these surface water additions are 1-D channel
flow models (e.g. DAFLOW-MODFLOW), or simple representations of larger surface water
bodies (e.g. LAK3 Lake-aquifer interaction), with the exception of the wetland module by
Restrepo et al. (1998). This model allows 2-D overland flow through vegetation by modelling
it as a porous media with a high porosity — essentially the top layer of MODFLOW is set to
high porosity and treated as vegetated surface water. However, the channel flow is 1-D again.
MODHMS is the only non-commercial model found to have a distinct provision for 2-D flow
on the surface, but this model is very much designed for large scale modelling, and it was
found best to include smaller surface water bodies in the 1-D channel network using a depth-

area relationship.

Therefore, in all the models reviewed, no dedicated 2-D surface water code has been adapted
to include groundwater. Combinations of two models have been used, but the surface water
part is almost exclusively 1-D and unsuitable for estuaries, large rivers or coastal studies.
Hence, in this study, a well-documented 2-D surface water model (DIVAST) will be extended
to include 2-D and pseudo 3-D groundwater interactions within the same model, allowing

smooth transition between the two areas without the common coupling problems.
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CHAPTER 3 GOVERNING MODEL EQUATIONS

m—

3.1 Introduction

The models considered in this study simulate the hydrodynamics in surface and subsurface
systems. The hydrodynamics of fluid flow is complex, but is governed by fundamental
physical processes. Hence water flow can be modelled using relatively simple numerical
equations. The basic physics of fluid flow can be described by using the concepts of
conservation of mass and momentum. The following sections derive the governing equations
for the flow of surface water in two dimensions, and saturated groundwater flow in two
dimensions. Unsaturated flow and the equations for solute transport are not considered in this

study.

3.2 Conservation of Mass — Surface Water

The concept of conservation of mass can be written as:
3.1

The rate of mass entering a region =

The rate of mass leaving the region + the rate of mass accumulating in the region
Consider first an elemental volume with no free surface, i.e. the space is always full of fluid
(Figure 3.1). With this assumption, mass can only accumulate in the volume if the density of
the fluid changes. The velocities (m/s) at the centre of the element can be split into
components, in the three axes (x,y,z), giving u, v and w vectors respectively. The dimensions
of the elemental volume are Ax, Ay and Az. Hence, the mass flow rate at the centre is equal to
velocity x density x area of flow, or puAyAz for the x-direction, and similarly for the y and z
directions. Taylor’s series can be used to obtain the flow rates for the downstream (x + % Ax)
and upstream (x - %2 Ax) faces, see equation 3.2 for x-direction. Assuming the flow is positive

in the direction of increasing x, y and z, then flow at the boundaries of the volume can be
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described as follows:
3.2

putsty = putsty s P (B, Ppbcey (B L, Ty (8] L
The higher order derivatives of density and u are increasingly small, and since Ax is small, the
higher derivatives are multipled by increasingly smaller factors. Therefore the assumption can
be made that the results from the third derivatives of # and higher are small enough to be

disregarded.
33
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pubzpy =~ pubzAy+ _________apuansz (3‘23‘—] +-—-—————62fo2sz (%x—)z -217
and similarly for the y and z directions. Hence the approximate flow at each face of the
control volume has been derived. By assuming that the density is constant (thus eliminating
the mass accumulation) and by allowing Q., Q,, and Q;, to equal uAzAy, vAzAx and wAxAy
respectively and substituting into the descriptive form of the continuity equation (3.1) we

arrive at equation 3.4.

3.4

000, (&x), 2p0, (AxY'1 90, L0 Az Az 1
PO: 6x(2)+ axz(z]z!+pgy 8y( ) 2(2)2 : (2j+ oz’ (2}2
o 43P0 0p0, (&x)' 1 90, Y1, Az), 800, (Az)' 1
=P (2) ax’(z)z!“’gy ( ] ( ) L az(2]+ (2J2!

mass entering volume per unit time

= mass leaving volume per unit time

The second derivative terms and the pQ; terms cancel leaving the first derivatives only as in

equation 3.5.

3.5
0
P2, Ax + A Ay+apQ’ Az=0
Ox oy 0z
Expanding the Q; terms:
3.6
98 poyax + 22 pznxay + 22 pxdyaz =0
Ox o 0Oz
And dividing by Ax, Ay, and Az.
3.7
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6pu+6pv+6pw=0
ox Oy 0z

Assuming incompressible flow allows density to be cancelled, giving:
3.8

ou oOv ow
—t—t—=
ox Oy o0z

Where u, v, and w are discharge per unit area or velocities in the x, y, and z directions

0

respectively. Equation 3.8 is the three-dimensional mass conservation equation for an

incompressible fluid (often referred to as the continuity equation).

opw Ax
pw+ _6x—7 Velocities at Centre
u, vand w
opv Ax
- s m
a ox 2
Opu Ax
e
P ox 2

Figure 3.1: - Elemental control volume, surrounded by fluid on all sides.

This equation applies to a small arbitrary ‘cube’ of fluid surrounded by fluid on all sides, but
does not hold when we reach the surface of the water. Here, the vertical dimension is variable,

as the depth of water changes and no flow is possible ‘upwards’ from these elements.

A two-dimensional problem will now be considered, using the whole depth of a surface water

body, in order to define an equation that will hold for surface water problems.
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Water Surface

Velocity at centre
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ox 2 P
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Figure 3.2: - Elemental volume over complete depth of water

For a velocity u and v at the centre of the volume, Taylor’s series can again be used to give
the velocity at the upstream and downstream faces in an identical manner as above. It is found
that equation 3.3 holds true in this problem as well as the 3-D one. But here it cannot be
assumed that the mass in the volume remains the same, as the vertical depth can vary. So, the
overall equation must include the mass accumulation term. A constant density is assumed,
and a time interval At. The term b (depth of flow at the centre of the volume) can be expanded
as a function of time using the Taylor’s series again, dropping the third order and higher

derivatives.
3.9

Mass accumulation over time At = Final Mass (at t + 4-) - Initial Mass (at t - 4

ob At ob At
= ol b+ 22 \axay |- | p| 5- L 2L |axa
[”( arz) y} [’{ arz) yJ
ob
= p— AftAxA
pat \y

Where b is the depth of water at the centre of the volume, and p is density of the fluid.
The rate of change of depth with respect to time is identical to the rate of change of surface
elevation with respect to time, so for convenience 4 (surface elevation) can be substituted for
b:

3.10

Mass accumulation over time At = p % AtAxAy

Where 4 is the piezometric head elevation above datum (identical to the water surface
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elevation above datum for surface water with a hydrostatic pressure assumption).

This accumulation term and the x and y flow terms can be substituted into the mass continuity

equation (3.1) to get:
3.11

p(uhAy—auhAy E)At+,o vh _Ovhax by At =
ox 2 oy 2

p(uhAy + Ouhly %JAt + p(thx + OvhAx ﬂ)At + p%}; AtAxAy
Cancelling and rearranging gives:
3.12
Ouh ovh oh
—— AyAxAt + p—— AxAyAt + p— AxAyAt =0
P o Y P Py V P Y V
Cancelling density, At, Ax, and Ay
3.13
Ouh Ovh Oh
—+—+—=0
ox oy ot
uh = —Qf— =q,
Ay
0
vh= Ey =q,

Where u and v are the velocities in the x and y directions respectively. g (or uh) and g, (or vh)
are flow per unit width. Equation 3.13 is the two-dimensional continuity equation for a free
surface water body. From this point on, to avoid overuse of subscripts, g and g, will be

referred to as p and q respectively.

3.14

P % %n_,
ox Oy ot

9
= =—x:uh
P=4q, Ay

Q
g=4q,=—-="vh

3.2.1 Groundwater term in Surface Water equations.

Since the model developed is intended to simulate interactions between the surface water and

groundwater, a groundwater seepage term will be added. This will only be used when the

39



Chapter 3 Governing Model Equations Integrated Surface Water — Groundwater Modelling - Tim Sparks

model is extended downwards (a pseudo 3D application), for a 2-D horizontal flow
application this is not necessary, as it is assumed that the base of the surface water cell is
impermeable. This groundwater seepage can be added by including an additional term in the

mass continuity equation (3.11).

Groundwater flow will enter or leave the control volume through the base of the cell. This
flow will be called Qpase and for purposes of the equation assumed to leave the cell i.e. flow is
positive when water flows from the surface water to the groundwater. This term can be

positive or negative and represents the flow to or from the groundwater respectively, giving:

3.15
p(uhAy ouhsy %)A, R p(v,mx _ zvﬁA_xg}A, _
p(uhAy + Ouhly %)At + p(thx + OvhAx —A%JAI + .00 AL + p—aa—]:—AtAxAy
Cancelling terms gives:
3.16
a‘p-*-a_q-i_a_h_‘_qbase 0
ox oy O
R
Ay
9
===vh
7 Ax
Gbose = Gbase = velocity of seepage into groundwater

Equation 3.16 is the mass continuity equation for 2-D free surface water including
groundwater seepage. The seepage itself is calculated using an application of Darcy’s Law as

given in Section 3.4.

3.3 Conservation of Mass - Groundwater

A mass continuity equation for the groundwater cells must also be derived and is given below

for an unconfined and a confined aquifer.

3.3.1 Unconfined Aquifer

For groundwater ‘cells’ with a phreatic surface (i.e. an unconfined aquifer), then Figure 3.2
can be considered in much the same way as before, but this time the volume may not contain

only water. Some of the control volume will be rock, or sand, whatever the porous media
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under consideration is made up of. Porosity can be used as a measure of how much space is
left for the water to flow through. If the total unit volume V7 of a soil or rock is divided into
the volume of the solid portion V; and the volume of voids V,, the porosity » is defined as n =
Vy/ Vr (Freeze and Cherry 1979). A porosity of 1 (100%) would mean the control volume
contains only water, a porosity of zero would mean that only solid rock was present. Actual

ground material varies greatly in porosity as shown in Table 3.1.

Table 3.1: - Range of values of Porosity (Freeze and Cherry 1979)

n

Unconsolidated deposits

Gravel 0.25-0.40

Sand 0.25-0.50

Silt 0.35-0.50

Clay 0.40-0.70
Rocks

Fractured Basalt 0.05-0.50

Karst Limestone 0.05-0.50

Sandstone 0.05-0.30

Limestone, dolomite 0.00-0.20

Shale 0.00-0.10

Fractured Crystalline Rock  0.00—0.10
Dense Crystalline Rock 0.00-0.05

This porosity value will affect the mass accumulation term (equation 3.9). As 4 increases, the
mass increase for a geological control volume will be less than that of a surface water control
volume, as less water is required to increase the head. The volume of fluid that can fill the
total volume has been reduced by a factor of » (known as the total porosity) and hence the

mass accumulation term will become:
3.17

. . h
mass accumulation over time At = p%—t— AxAyAt.n

A surface-groundwater seepage term can be included in the same way as before, but this time
seepage into the top of the cell must be considered as well as seepage from the base of the
cell. These terms are basically provide source/sink terms that can be used to add or remove
any mass flux from the cell.
The 2-D continuity equation for groundwater can now be expressed:
3.18
mass entering a region per unit time =

mass leaving the region per unit time +

mass accumulating in the region per unit time
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3.19
OuhAy Ax OvhAx Ay
uhAy - — |At + p| vaiAx ————— |At + pQ, At =
p( Y- J p( & 2 PQup
h
p| uhAy + Ouhly Ax At + p thx+6Vh—Ax£ At+pQ,,aseAt+pa—AxAyAtn
ox 2 ot
3.20
@-+_(?1+n‘——_qmp * Qpase =0
ox oy ot

where the p, and g terms have the same definitions as in equation 3.16, 4 is the piezometric
head elevation above datum. g, and gpas are defined in Section 3.4, and represent of recharge

into the top of the aquifer, and seepage from the bottom.

3.3.2 Confined Aquifer

Where the aquifer is unconfined, it has been assumed the water is incompressible, and the
porosity remains unchanged with the head of water. The effective porosity is used to describe
the change in volume of water in the cell as the head changes, as the water surface level is
equivalent to the piezometric head (in a 2-D model). In a confined aquifer another method of
description must be used, as the water ‘surface’ level is restricted by a confining layer, while
the piezometric head may rise indefinitely. The specific storage coefficient, S; is defined as
the volume of water released per unit volume of aquifer, per unit decrease in the head (units
of inverse distance) (Rushton and Redshaw 1979, Chap. 2). This term is a function of the
density of water, the porosity, the pore volume compressibility, and the compressibility of
water (ibid.). A physical derivation of this term can be obtained based on these variables
(Bras 1990, Appendix B) but it is more usual to determine this parameter through field
testing. Cartwright et al (2006) define the specific storage Ss as follows:

3.21
Ss = pgla, +np,)
Where p is the density of the fluid, g is acceleration due to gravity, a,, is the compressibility
of the aquifer matrix (pore volume compressibility), » is porosity of the aquifer and B, is
compressibility of the fluid (compressibility of water is approx 4.4 x 107'% Pa™'). The specific
storage coefficient is usually in the range 10° to 107 m™ (Rushton and Redshaw 1979); i.e.
the coefficient is much smaller than the effective porosity. In actual fact, a rigorous
application of the equations would require the storage coefficient to be included in equation

3.20 for the unconfined aquifer, but this storage is insignificant when compared to the
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porosity term. However, confined aquifers are often much deeper than unconfined aquifers,

and this storage term can become significant when b (depth of aquifer) is large.

To include S; in our continuity equation the mass accumulation term must be modified. Using

the definition above we obtain:
3.22

. oh
mass accumulation over time At = p.S_ .Ax.Ay.b.B;.At

where b is the thickness of the confined aquifer in question (Figure 3.3 — technically semi-

confined as the confining layer may be permeable and allow recharge).
inflow g,
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Figure 3.3: - Elemental volume in a semi-confined aquifer
Including equation 3.22 in our mass conservation equation, including a source/sink term and

cancelling p, Ax, Ay and At gives:
3.23

where the p, and g terms have the same definitions as in equation 3.16. See Section 3.4 for the

full definition of g, and gss. in this case.

3.4 Calculating Seepage Terms

Calculating the seepage terms used in the mass continuity equations for both groundwater and
surface water needs careful handling. An approach similar to that used by McDonald and
Harbaugh (McDonald and Harbaugh 1988) is used herein. It is assumed that the seepage term
qbase associated with each cell refers to the seepage out of the base of the cell, with g,,, being

therefore identical to gpqse for the previous layer.
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3.4.1 Surface Water to Groundwater

Groundwater flow may be enter or leave the surface water cell through the base of the cell.
This flow is termed Qpuse and it is assumed to be positive when the flow leaves the surface
water cell i.e. flowing from the surface water to the groundwater. An expression is needed to
represent the g, term in equation 3.16.

Flow between the surface water cell and the underlying groundwater cell is based on the
difference between the heads in each cell. Darcy’s Law (discussed in section 3.6) is used to

obtain an expression for this flow, giving:

3.24
K.Ax.Ay.(& - h)
Qbase = L
_K(-h)
qbase i L

where K is the saturated hydraulic conductivity (m/s) (section 3.6 for discussion), ¢ and 4 are
heads in the surface water cell and groundwater cell respectively (m), L is the distance over
which the seepage is calculated and is taken as the distance from the base of the surface water
cell to the centre of elevation of the groundwater cell. In the simplest case, a river is assumed
to run directly on top of the underlying aquifer, in which case the K value is simply that of the

aquifer at that point, and L is half the thickness of the aquifer layer. See Figure 3.4.

L
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Figure 3.4: - Simple underlying aquifer schematic. A surface water cell is shown above a groundwater cell
with no lower conductivity layer between them. Lbe; is layer base elevation 1, and surf is the ground
surface elevation.

A more realistic situation is shown in Figure 3.5. A river bed will often have a conductivity
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that is several orders of magnitude less than the underlying aquifer, due to the deposition of
clays, silts, organic detritus and other materials deposited by the river.(Sophocleous et al.
1995; Calver 2001; Fox and Durnford 2003). The evaluation of the seepage through this layer
to the aquifer below is slightly more complicated (Figure 3.5).

L

2

Datum

Figure 3.5: - Low permeability riverbed schematic. Surface water cell overlying aquifer with low
conductivity layer in between.

Here two different conductivities must be taken into account. If the low conductivity layer is
relatively thin, then it can be assumed that water flows through the layer in the vertical
direction only. Different conductivities in series can be treated in a fashion similar to that

described by McDonald and Harbaugh (Chap. 5, 1988) giving:

3.25
o M
Dpase = Ln‘v Lz
Sy . L
Kriv Ki,j,k

where L, is the thickness of the riverbed layer, L, is half the thickness of the aquifer layer, K,
is the conductivity of the riverbed layer, and K is the vertical saturated conductivity of the
groundwater cell, 4 is the piezometric head in the groundwater, and ¢& is the surface water

elevation as shown in Figure 3.5.

3.4.2 Groundwater to Groundwater

The confined aquifer shown in Figure 3.3 has a confining layer of semi-permeable rock,
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however, this could equally well be a ‘layer’ of groundwater; as the flow between layers is
similarly related to the difference in the head. Using an unconfined aquifer for the top layer,
‘confined aquifer’ layers can be stacked up below, allowing variations in head, and
permeability over the depth of the domain. For this situation, a new definition of g is
needed. The L term in 3.24 now refers to the vertical distance between the centre of each
groundwater cell as shown in Figure 3.6. If the layer below has a different hydraulic
conductivity, then the K/L term will be similar to that given in equation 3.25, as two K values

must be incorporated. Referring to Figure 3.6, the equation becomes:

3.26
q _ (hi,j,lt _hi,j,k+1)
base _LL+_LL
Kl Kz

where L; and L, are half the respective layer thicknesses, K; and K, are the respective

hydraulic conductivities, and 4 is the head in the cell i}, k.
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Figure 3.6: - Schematic for seepage between layers.

These terms are defined for the seepage to/from the base of the cell. When terms are included
in the mass conservation equation, then seepage to/from the cell above must be included as
well. This can be obtained from the seepage term calculated for the cell above. Note that the

bottom layer is assumed to have an impermeable base, and so does not have seepage terms

associated with it.
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3.4.3 Summary
Three different types of seepage flow have been identified.
1. Surface Water straight to an aquifer layer (3.24).
2. Surface Water through a semi-permeable River-bed to an aquifer layer (3.25).

3. Flow from an aquifer layer to another aquifer layer (3.26).

3.5 Conservation of Momentum — Surface Water

Newton’s second law of motion states that the sum of the external forces acting on a mass
must equal the rate of change of linear momentum. Momentum is defined as mass multiplied

by velocity. Therefore: -
3.27

spodwh) o om
dt ot ot

where F is a force vector, m is mass and ¥V is velocity. If we consider an elemental volume as

in Figure 3.7, we have shown in section 3.2 that the rate of change of mass (dm/dr) is zero, i.e.

mass conservation, which reduces equation 3.27 to: -
3.28

-

2 oV
ZF —-m;

And for the elemental volume
3.29

m% = p‘Ax.Ay.Az%
In considering the external forces on the control volume in the following fashion (Falconer
1993). The force is a vector (directional) quantity, like velocity, and hence the forces must be
resolved in all three dimensions separately. Each force is labelled with a double subscript. The
first subscript defines the plane normal to the subscript (i.e. a plane of constant x, y or z), and
the second subscript defines the stress direction on that plane. Forces at the centre of the
volume are assigned as follows:

Tyx Tox (X-direction) 7y, 15, (y-direction) 7y;, 7,, (z-direction) shear forces

Oxx, Oyy, 0z tensile fluid stresses (normal stress) in x,y,z directions respectively

X, Y, Z- Body forces (e.g. gravity) per unit mass in x,y,z directions respectively

As with the continuity equation, Taylor’s series can be used to expand these terms, in order to
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evaluate the terms at the faces of the elemental volume. Figure 3.7 shows three of these

expansions, with the other three faces being expanded in a similar manner.

0o, Az
—=f

oz 2
i

1

T
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Figure 3.7: - Elemental volume showing forces acting at faces

Forces at centre:

Tyw Tox
Tey Tay
Txz Tyz
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X

Hence, the forces in the x-direction can be summed up as follows, using eq. 3.28 to give: -

du ( oo, Ax oo, Ax
AxAyAz— = p X AcAyAz +||o, -2 (o 4+ =X
st A [\ T i 2) ( o 2
ot ] Ax
+H| 7, ——=— |- +—=— | |Ay.Az
(xy ox 2 (Txy 2) g
9
+ [r +§r_£ . z'xz+a&ﬂ Ay.Az
ox| 2 2

Reducing to:

XZ

du oo (ok4 or
Ax Ay Az— = p. X Ax.Ay.Az + — Ax.Ay. Az + —2 Ax.Ay.Az +
pAXAYAZ=s = p Ve S B Ay dat oo Ar iRt

Ax.Ay.

3.30

)].Ay.Az

3.31

Az
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The tensile fluid stress a,, is composed of two components:
o the hydrostatic pressure P, and
e the component o, , which is proportional to the time rate of change of strain.

Thus, o, can be written as:

3.32
oc,=G+0,
c,=0+0,
c,=C+0,
where & = %(axx +0,+0, )= -P
Substituting Eq. 3.32 into 3.30, and dividing by p.Ax.Ay.Az gives: -
3.33
L or
du —X—l@ 1({ 0o, L9 or,,
dr pox p\ Ox oy oz

Since the x-direction velocity is a function of time and position, i.e. u = f{x,y,z,¢t) then for

three-dimensional unsteady flow the acceleration can be decomposed to give:

3.34
izi_%+6udx 6udy+6udz
dd o oxd oydt ozdt

or
du Ou Ou Ou ou
—=—tU—+Vv—tw—
da ot ox Oy 0z
Combining Eq. 3.33 and 3.34 gives:

3.35
ou Ou Ou  Ou 16P 1(0c, Or, or,
—tUu—+v—+w—=X———+— + +
ot ox Oy 0z pox pl| ox oy 0z

The tensile and shear stress terms can be represented as follows for laminar flow (Schlichting

1979; Falconer 1993).
3.36

ou Ou Ou ou 1 oP o’u 0*u 0’u
—HU—HtV—+tW—=X———+V| S+t +
ot ox Oy 0z p Ox ox° oy° oz

where v is the kinematic viscosity of the fluid.

For turbulent flow, the velocities can be considered as having a temporal average velocity
component and a fluctuating velocity component (Schlichting 1979) and treating the

velocities in this way, the instantaneous momentum equation can be time averaged to give:
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3.37

1oP o om [ aa] o(, ou, tou ov o ou [aa aw}
X———+—|V—+¢|2— ||+ —|V—+| —+— | |+ —| Vv —+ €| — +—
pox ox\ oOx ox oy ay oy oOx oz\ oz 0z ox

where #,V,w are the time averaged velocity components in the x,y,z directions respectively.
For convenience herein after the overbar will be dropped and the time average velocity
components expressed as #, v, and w. ¢ is the eddy viscosity.

This equation for two dimensional turbulent flow can be integrated over the depth (b).

Assuming that € >> v and following Falconer (1993) we can arrive at the following:

3.38

2 2 2 2 2 2

OUb , OPU’D  BUV _ oy, 06 2R, |\, 0V O°U | 0 +fo_gU\/U2+V
a o oy ox p ox o' oyt oxdy &

Recalling that uh = p and vk = g, or flow per unit width in the x and y directions respectively,

we can arrive at the 2-D momentum equations used in DIVAST.

3.39
i) x - direction
P OWU OBV 0%, aVp’ +q 25 p+62p oq | bop, _,
at ox oy ox oot | oax? @yt axdy p Ox
ii) y - direction
g, 0BV OBV | 0 ggypt +4° Ja q,,9%, p]_ b oP, _,
a xS ey C%l o T ey | o oy

where p is flow in the x direction per unit width or bU, q is flow in the y direction per unit
width or bV, B is the momentum correction factor to correct for non-uniform velocity
distribution, U is the velocity in the x direction, ¥ is the velocity in the y direction, b is the
depth of the water column, g is the acceleration due to gravity, & is the elevation of the water
surface above datum, C is the Chezy roughness coefficient, p is density of the fluid, ¢ is the
eddy viscosity, fW; is a function of the wind speed in the i-direction, P, is the atmospheric

pressure.
3.6 Conservation of Momentum — Groundwater — Darcy’s Law

3.6.1 Unconfined Aquifer

The second equation used to solve the groundwater flow process can be derived
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mathematically from first principles (Bear 1972, Chap. 4) as part of the basic governing
equation for fluid motion through porous media. The full derivation is detailed and complex,
however, a simplified form is known as Darcy’s experimental law. Darcy conducted various
experiments in 1856 related to the fountains of Dijon, France (Darcy 1856), from which he
concluded that the rate of flow through a porous medium is proportional to the gradient of the
piezometric head, and the cross-sectional area of flow. The famous Darcy formula

summarises this as follows:

3.40
KA =h) o g Ok
Ax ox

where Q is the rate of flow (L*T™), K is a coefficient of proportionality with units of speed

0=

(LT™), 4 is the cross-sectional area of flow (L?), 4 is the piezometric head in the medium (L),
and (4 ,- h,) is the difference in head across a distance Ax (L). Note that Q is positive when 4,
is greater than h,, i.e. the hydraulic slope is downward from point 1 to point 2.

K is usually known as the hydraulic conductivity or coefficient of permeability. This is a
function of the properties of the fluid and the solid matrix, and describes “the ease with which
a fluid is transported through a porous matrix” (Bear 1972). This is different from intrinsic
permeability which is solely a function of the properties of the solid matrix. In this study only
the saturated hydraulic conductivity is considered i.e. the conductivity when the porous media

is fully saturated by the fluid.

Darcy’s law can be used to describe the movement of groundwater as shown. Rearranging Eq.

3.40 and using the x-direction as an example gives:

3.41
oh oh (h,—h)
=—K.A—=-KAyb, ~—=~~-KAyb .—2—1
0, o VD, o \y.0,, A
A=Ayb,,
_9 __Kb,.(h-h)
Ay Ax
g+ Kbl =h)
Ax

Where g, is flow per unit width in the x-direction, as before. Ax and Ay are cell dimensions in
the x and y directions respectively, b,, is the average depth of flow over the distance in
question, calculated as 0.5(b;+ b;), and the other terms have the same meaning as given
previously. Figure 3.8 shows the notation used in a diagram. Note: with an unconfined

aquifer, 4 (head) could be used to calculate the gradient just as well as ¢ (water surface
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elevation). This is not true with a confined aquifer, as the depth/water elevation is restricted,
but the pressure head can increase above the confining layer as the pressure rises. Care should
be taken to avoid confusion of the three terms b (the depth of water considered), 4 (the
piezometric pressure head of the water considered above a datum), and & (water surface

elevation above a datum). Figure 3.8 and Figure 3.9 illustrate the difference.

ground surface
piezometric surface .
i |
? I t “—‘T’N‘i

4 B

Datum Ek i L4

\ Y Y

Figure 3.8: - Schematic for Darcy’s Law

Eq. 3.41 can be rearranged to a form similar to the surface water momentum equation to give
the x and y-direction equations:
3.42

a) x -direction p+K b, (i:’z—xh—‘) =0

e h,-h
b)y -direction g+K b, (—2—‘) ={)
Ay
Note that these equations assume that the conductivity is the same between the cells. For
situations where the conductivity varies over a layer then the formulation is modified as given

below.

3.6.2 Confined Aquifer

With a confined aquifer, the water elevation is limited by a confining layer, whereas the head
can increase above the aquifer top. Hence, /4 (head) is no longer equivalent to & (water surface

elevation), as illustrated in Figure 3.9.
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Figure 3.9: - Darcy’s law in a Confined Aquifer
The flow between two cells is still proportional to the gradient of the piezometric head, and
the cross-sectional area of flow. The cross-sectional area of flow is now dependent on the
depth of the aquifer 5. Conductivities within a layer are assumed to vary smoothly, so that the
conductivity at the boundary between the cells is calculated as the average of each cells’
individual conductivity (the conductivity of each cell is defined at its centre) rather than the
more complex series conductivity calculation (as used between separate layers).

Thus the corresponding equation for the x-direction flow is given by:

3.43
q. = Qx ! Kavbav (h2 hl)
= K, +K, b = b, +b,
av 2 av 2

where b; and b, are the depths of the aquifer in the respective cells, and K, and K are

hydraulic conductivities. A similar formulation is given for flow in the y-direction.
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3.7 Summary

In this section, the governing equations relating to the 2-dimensional flow of fluids in an open
water body and through porous media have been derived. The significant equations are listed

below:

1%t Equation

Eq. 3.16 — Mass Conservation for Surface Water.

Eq. 3.20 — Mass Conservation for Unconfined Aquifer.
Eq. 3.23 — Mass Conservation for Confined Aquifer.

2"? Equation
Eq. 3.39 — Momentum Conservation for Surface Water.

Eq. 3.43 — Darcy’s Law (momentum conservation) for Groundwater flow.

Seepage Flow
Eq. 3.24 - Surface Water straight to the aquifer layer.
Eq. 3.25 - Surface Water through semi-permeable river-bed to aquifer layer.

Eq. 3.26 - Flow from an aquifer layer to another aquifer layer.
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CHAPTER 4  FINITE DIFFERENCE SCHEME AND
EQUATION DISCRETISATION

4.1 Model Overview

In order to model a body of water, the following must be known:

o the size and shape of the region of flow,

the equation of flow within the region,

¢ the boundary conditions around the boundaries of the region,

e the initial conditions in the region,

e the spatial distribution of the hydrogeologic or hydrologic parameters that control the

flow,

e anumerical method of solution.
(Freeze and Cherry 1979, p67)
The size and shape of the region, the boundary conditions, initial conditions, and hydrologic
parameters are all defined in the model input file to the model. The equations of flow have
been derived in the previous chapter, but they must now be adapted for use in a computer
simulation, using a numerical method of solution. The main equations to be solved are

summarised here.

1%t Equation (Mass Conservation)

Eq. 3.16 — Mass Conservation for Surface Water.

Eq. 3.20 — Mass Conservation for Unconfined Aquifer.
Eq. 3.23 — Mass Conservation for Confined Aquifer.
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2" Equation
Eq. 3.39 — Momentum Conservation for Surface Water.

Eq. 3.43 — Darcy’s Law for Groundwater flow.

Seepage Flow
Eq. 3.24 - Surface Water straight to the aquifer layer.
Eq. 3.25 - Surface Water through semi-permeable river-be<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>