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PREFACE

Following a successful investigation, with a numerical model, of flow
conditions and water quality aspects of an estuary on the East Coast of
the United States, it became apparent that these models are not only
very powerful but also economical to use, particularly in comparison
with physical models.! However, numerical models are difficult to use,
as the model engineer must not only have experience in hydraulic
engineering, but he must also be an expert in numerical analysis and
computer science.

To overcome this problem, a system of computer programs was writ-
ten that were generally applicable for modeling a certain class of estua-
rine flow problems and that could be used by experienced hydraulic
engineers but did not require expertise in numerical analysis and com-
puter programming. This work was sponsored by the U.S. Geological
Survey and The Netherlands Rijkswaterstaat.

During development, the system was used in several studies. For
the U.S. Geological Survey, an initial model of Tampa Bay was
prepared. For The Netherlands Rijkswaterstaat, models were built for
the execution of the Delta Works;? also investigated were changes in
the tide propagation caused by the construction of these engineering
works, and the models were also used to obtain insight into the water
movements between the different branches of the Scheldt estuary.® The
. applications were later directed toward prediction of the current distri-
butions in tidal channels during the construction of a storm surge bar-
rier. These applications gave a good indication of requirements needed
in a system to be used to investigate many engineering problems.

In 1979 the system was developed to a level appropriate for most
engineering investigations. At the request of one program sponsor, an
extensive documentation of the system was begun, as it was developed

1J. d. Leendertse et al., A Water-Quality Simulation Model for Well-Mixed Estuaries
and Coastal Seas: Vols. I-IX, The RAND Corporation, RM-6230-RC, R-708-NYC,
R-709-NYC, R-1008-NYC, R-1010-NYC, R-1586-NYC, R-1774-NYC, R-1791-NYC,
R-2298-RC, various dates. :

2J. J. Leendertse, A. Langerak, and M.A.M. de Ras, “Two-Dimensional Tidal Models
for the Delta Works,” in H. B. Fisher (ed.), Transport Models for Inland and Coastal
Waters, Academic Press, New York, 1981.

3J. J. Leendertse, Verification of @ Madel of the Eastern Scheldt, The RAND Corpora-
tion, R-3108-NETH, April 1984.
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at that time. Very extensive user’s guides were prepared for investiga-
tors of the funding agencies. This report describes the mathematical
and physical aspects of the whole system.,



SUMMARY

This report describes SIMSYS2D, a system for two-dimensional
simulation of hydrodynamics and water quality in well-mixed estuaries,
coastal seas, harbors, and inland waters. The system uses the verti-
cally integrated hydrodynamic equations and transport equations of
dissolved substances. Finite differences are used for the computations.
Different approximations of some of the terms in the hydrodynamic
equations are available. If salinity distributions are computed, the
hydrodynamic model and the transport model can be coupled. The
modeling system computes the land-water boundaries from the local
water levels and local depths.

Not only can several water quality constituents be modeled simul-
taneously, each constituent can decay with a fixed rate or can grow or
decay in a linear relation to the concentration of another constituent.

The modeling system has many features that allow rapid engineering
investigations. Nearly all location-dependent variables can be mapped
during or after a simulation and all time series can be plotted in many
ways using menu-driven plot programs. The time series representation
permits direct comparison of observed and computed data, and filters
can be applied to the time series before the plots are made.

The structure of the system is very flexible and permits insertion of
other computational algorithms. Experience has shown that hydraulic
engineers can operate the system effectively after only a few days
instruction.
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1. INTRODUCTION

SIMSYS2D is a system of interlocking computer programs for the
two-dimensional simulation of hydrodynamics and water quality in
well-mixed estuaries, coastal seas, harbors, and inland waters.

The charter under which the system described in this report has
been developed contains the following instructions:

e To develop reliable, broadly applicable, and economically useful
deterministic mathematical/numerical models by which to
operationally simulate flows and water-quality conditions iIn
prototype water bodies;

e To develop appropriate supporting systems for implementing
such models and effectively evaluating their results.

Only recently has the development of the two-dimensional simula-
tions of flow and transport advanced sufficiently that we can truly
speak of a simulation system, and an overview will be given here.

SIMSYS, an acronym for SIMulation SYStem, is the name under
which the system version used in the United States is known. In the
Netherlands the system is called WAQUA, an acronym for WAter
QUAlity simulation. WAQUA is installed in a UNIVAC computer sys-
tem. The differences between SIMSYS and WAQUA programs are in
job control and in some output instructions which appear to be
machine-dependent. The SIMSYS system used FR80-IGS as the
graphics system, whereas WAQUA uses the same instructions but
translates these into GINO graphic language instructions. Both ver-
sions of the system use TEKtronix cathode ray tube devices for a
“quick look” at certain graphical outputs when desirable.

Even though not prescribed in the instructions of our charter, gen-
eral criteria for development of a good model were used; namely, the
system should be:

1. Simple to understand by the user.

2. Easy for the user to control and manipulate. (It should be
easy to communicate with.)

3. Purpose-directed.

4, Complete on important issues.

5. Adaptive, with easy procedures for model modification and
updating.



6. Evolutionary, in that it should (or could) start simply and
become more complex in conjunction with the user.
7. Robust, in that it does not give absurd answers.

These are general criteria for models and are discussed extensively
by Little [1]. Some of these criteria are somewhat conflicting with our
charter, which also states that the simulations should be made econom-
ically. For example, very effective numerical codes are generally more
difficult to understand, and then changes are not so easily made; thus,
this would not satisfy criteria 5 and 6 above. In the model we
presently use quite efficient coding but have not sacrificed the clarity
of the expressions.

The developers tried to build a system that could be operated by
civil engineers who are thoroughly familiar with tidal hydraulics.
Although they also need to be familiar with the major aspects of com-
putational hydraulics so that they can recognize computational effects,
civil engineers do not need a thorough familiarity with the content of
all the programs. However, the user should be familiar with the func-
tions of the different parts of the system. In investigations that have
been made so far, it has been noticed that the most effective way of
making investigations is to have at least two persons involved: a model
engineer thoroughly familiar with the engineering, physical, and
mathematical aspects of the investigation; and a systems analyst or
computer scientist more familiar with the computational aspects, who
takes care of the direct interfacing with the computer in such matters
as job control, tape and disk space assignments, and simple data
changes. The model engineer can then fully concentrate on data
analysis and experimentation.

When the system was designed according to the rather wide charter
described above, we envisioned that the model would be used in partic-
ular in the following areas of investigation:

e Tidal computations in estuaries, bays, and coastal seas;
Movement of discharged substances in estuaries, bays, and
coastal seas;

e Circulations in lakes and closed-off estuaries under the influ-
ence of wind;

e Storm surges in coastal areas, bays, and estuaries; and
Harbor oscillations.

However, when the system became operational and larger computers
were available, we noted that one of the more important uses became
the simulation of flow distributions.



The system has its origin in a water-quality simulation model of
Jamaica Bay in the City of New York, which was developed around
1970 [2-10]. The study was documented in detail and the programs
developed at that time for Jamaica Bay are still being used. However,
when this model was applied to other bays and estuaries it appeared
that modifications were required in the advection terms, otherwise the
system could become unstable under certain conditions. In addition, it
appeared advantageous to be able to consider also the effects on water
movements of the varying density in the water body. To accomplish
this, a coupling between the sections in the program that compute the
transport of solutes with the hydrodynamic simulation part was
required.

Altogether a large number of options exist in the system, and to a
certain extent, the model engineer can select the finite difference
approximations he wants to use.

To be adaptive, consideration has been given to the overall design of
the system so that the simulation part can be replaced by another
simulation part that would use a completely different finite difference
system.

In the system described in detail in the second chapter, we operate
on velocities mainly because these should be presented as accurately as
possible in cross sections. Thus, in our approximation of the depth we
give primary emphasis to seeing that each cross section is properly
inserted. This is in contrast to another approach where depth approxi-
mations are basically based upon the average depth in certain squares.
This method gives less defined vertically averaged velocities, but from a
mathematical point of view it has some advantages. The more detailed
description of velocities is of particular importance for sediment trans-
port studies that are being contemplated and for which the system will
be used.

During the development of the system it was felt that the basic com-
putation method should not change from the one developed previously.
Sponsoring agencies as well as the developers had considerable experi-
ence in the behavior of the system, and there was no evidence that
another mathematical formulation would give more usable results. In
addition, experience in the development of mathematical models has
shown that with any method, stability problems are encountered that
cannot all be predicted by analytical methods. Consequently, we could
have expected again a considerable development effort.

Since simulation results should be easily understood by the user,
much emphasis was placed on the development of methods for graphi-
cal data representation. Even though the numerical outputs of the sys-
tem parts are made in easily readable forms, with proper indices, it



appeared imperative to provide excellent graphical representations of
the inputs as well as the outputs of the simulation. Graphical
representations of inputs are important, as it appears that this is the
only way that input data can be checked readily. Simultaneously, the
graphs so produced can be used for documentation. When this is done
before the simulation, the chance of making a useless simulation is
strongly reduced.

One of the requirements is that it should be easy for the model
investigator to operate the system. This requires that all inputs should
be made easily readable. We did this by using a processor for the input
data. This processor checks for many possible input errors and
prepares a well indexed and annotated printed report of all inputs.
This report is the basic document from which the investigator works.
It is his documentation and the basis for changes for the next simula-
tion.

For the system to be purpose-directed, we have allowed many
options, so that the model engineer needs to be concerned only with
those variables in which he has an interest. For example, if he is
interested only in tidal flow, the computation of dissolved substances
can be bypassed.

In the design of the system we went to great lengths to make it flex-
ible, even though this increased the complexity of data management.
We envisioned that extensive growth in capabilities would occur and
the system was designed to accommodate this growth. We also
expected that other computational methods would be developed and
the system was structured so that new computational programs could
be installed without changing the datasets of the models.! Thus the
SIMSYS2D should be judged not only on its computational part as
presented in this report, but as a whole system.

Regardless of the size and speed of the available computer, it always
appeared that the simulations were extensive. Investigators have a
tendency to use much resolution, and the computer time required for a
simulation is often expressed in hours. Such long computations are
generally not made during working hours and, consequently, failure of
the computation because of errors in inputs will cause considerable

1Such developments have indeed been made. The WAQUA version of the system
operated by The Netherlands Rijkswaterstaat and the Delft Hydraulics Laboratory uses
for the hydrodynamic computation a modification by Stelling [11] of the Alternating
Direction Implicit computation method described in this report. The cross-advection
terms are expressed by a fourth-order dissipative approximation. This method has excel-
lent stability characteristics and is very economical in the use of computer memory. The
hydrodynamic computation is not yet coupled to the transport equations.

Another version of the hydrodynamic algorithm is made by Wubs [12]. This algo-
rithm uses an explicit method and is intended for use on an array processor.



delay. To reduce such failures, a program was written called the Input
Data Processor (IDP). This program checks the inputs to the simula-
tion. Not only are data checked for consistency, but array sizes are
determined for the actual simulation. Furthermore, an extensive anno-
tated printed report is prepared for review and for documentation pur-
poses.

During the modeling studies that were made during the development
of the system, it appeared that errors, difficult to detect, are often
made in the preparation of the very large datasets for the simulations.
These errors appear particularly in the spatial location of variables or
in the input time series. To help the investigators find these errors
before the simulation, we made it possible to plot all time-varying
inputs and to make charts of spatial variables such as the depth. Also,
charts can be prepared of locations where certain time series are
abstracted during the simulations. With these features a complete
documentation of all aspects of the model simulation’s input is possible
in graphical form.

After a simulation is made, graphical representation of time-
dependent outputs as well as displays of velocity fields, transport fields,
and distributions of dissolved substances can be made. The graphical
displays are of high enough quality to include in reports, and requests
for such output can be made with simple instructions.



2. MODEL FORMULATION

The model on which this simulation system is based is that of time-
dependent variable density fluid flows in bodies of water whose depths,
though varying, are shallow compared with their horizontal dimensions.
Following Dronkers [13], one can then reduce a full Eulerian three-
dimensional fluid flow model to an essentially two-dimensional one by
ignoring the vertical accelerations and replacing the horizontal velocity
components by their respective vertically averaged values. Since our
model does not ignore the variation of density with salinity, the
momentum equations will resemble to a certain extent those of
compressible flow even though our fluid is incompressible. Moreover
we will append as well an equation (or possibly equations in case of
several solutes) for the conservation of salt or other matter in the
water. Thus, we have the following horizontal momentum, continuity,
and conservation equations whose solutions describe the flow in a
Eulerian formulation.
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where D,, D, = diffusion coefficients of dissolved substances,
f = Coriolis parameter,
g = acceleration of gravity,
h = distance from the bottom to a reference plane,
H = temporal depth (= h + ),
k = horizontal exchange coefficient,
P = vector of dissolved constituent concentrations,
S = source of fluid with dissolved substances,
R = bottom stress coefficient,

¢
U=[1/h + 9] 7[ud.z
= vertically averaged velocity component in x direction,
$
V =[1/(h + 8] ~[vdz

= vertically averaged velocity component in y direction,
W = wind speed,
{ = water level elevation relative to a horizontal reference
plane,
6 = wind stress coefficient,
p = density of water,
o, = density of air,
Y = angle between wind direction and the positive y
direction.

When investigations with numerical models are made, it is essential
that the investigator visualize the motions of the fluid in the system.
He should be able to explain all contributions of the fluid motions in
terms of the computational method being used. Therefore, the usual
method of formulating the fluid motions in mathematical equations
and deriving from that a solution for particular boundary conditions is
not sufficient for engineering investigations. The investigator is not
only concerned with the final description of the fluid motions in the
model, but he also needs insight into how the forces and accelerations
act throughout his model. This can be done most effectively by consid-
ering motions through so-called “control volumes,” sometimes also
called the “volume element.” Once he has a good understanding of the
movement of the fluid through or in such a control volume, he will be
able to visualize these motions in relation to the spatial and time
representation of the numerical model he is using. This approach is
extensively used in the development of the finite difference computa-
tional method reported here. Unfortunately, several aspects of fluid
motions are not well understood from a theoretical point of view, but
in engineering practice many approximations and representations can



be made, and these are then generally made in the spatial and time
representation of the model.

In building the numerical modeling system, different options for
computation are to be provided so that it is easily possible to investi-
gate the sensitivity of the method of computation and the sensitivity of
the approximations for those aspects of fluid flow that are not well
understood in the simulation results.

For the representation of the partial differential equations for hori-
zontal flow in two-dimensional modeling, the control volume is imag-
inary and bounded with infinitesimal sides dx and dy (Fig. 2.1). Its
height (H) is the height of the water column. We assume for our dis-
cussion of the acceleration terms in the momentum equation that the
velocities are uniformly distributed over the vertical, and we consider
the acceleration of the fluid as it moves through the control volume.
The U component of the velocity increases over the distance dx with

aU
= dx (2.5)
|
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Fig. 2.1—Control volume



The acceleration over this distance is then the velocity gain divided
over the time it takes for the fluid to move the distance dx. This time
is dx / U. Consequently, the contribution to the acceleration resulting
from the variation in U in the x direction in the field is

oU _ oU
_a?dx/(dx/U)—U—a? (2.6)
Not only does the U component in the x direction increase, but U
will increase by (U ,/dy) dy during the time it takes for the fluid to
cross the control volume in the y direction. This time is dy /V. Con-
sequently, we have another contribution to the acceleration, namely,

D dy sy /vy -v U @27

The temporal depth H of the control volume changes also during d¢,
the time interval, and it could be assumed that the fluid in the control
volume has an averaged vertical velocity. This velocity is very small
and is orders of magnitude smaller than the horizontal velocities. The
horizontal velocities are assumed to be constant over the vertical; thus
the contribution to the acceleration in the x direction resulting from
the variation of U in the vertical direction is zero in this formulation
of the acceleration.

Besides these accelerations resulting from the spatial variation, we
have the general acceleration U dt. Thus the total acceleration
becomes

%tg + U %g +V
which are the first three terms of Eq. (2.1).

Tacitly the coordinate system describing the accelerations has been
fixed to a point on the earth’s surface, as we want to describe the fluid
motions in reference to the earth. Because of the rotation of the earth
around its axis, another acceleration term appears in the equations for
the surface-fixed coordinate system other than the local acceleration
and the field accelerations. This acceleration is called the Coriolis
acceleration and is the fourth term in Eq. (2.1). It appears that this
acceleration is linearly related to the velocity component perpendicular
to the considered velocity component ([13] and [14]).

The Coriolis parameter is a function of the latitude. Since the lati-
tude of the model is directly available, in the model the latitude has
been introduced as a variable from which the Coriolis parameter is
computed according to

oU
Y

- (2.8)
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f = 2w sin ¢ = 1.455 x 10% x sin ¢ (2.9)

For each model area we take f as a constant. Thus it is assumed
that the model’s area is relatively small, as we would expect for a
model used in engineering investigations.

Driving these accelerations are the forces on the control volume.
These forces are due to pressure gradients, stress gradients, and forces
exerted by the mass of celestial bodies.

The pressure gradients can be visualized as producing a net force on
the water on any two of the vertical faces of the control volume (Fig.
2.2) and are caused by the differences in the water level at each side of
the control volume, by differences in the density on each side, and by
differences in atmospheric pressure on the water surface adjacent to
the control volume.

The pressure differentials resulting from the water level gradient
and the atmospheric pressure gradient are uniform over the height of
the control volume; however, the pressure differential resulting from
differences in salinity increases linearly with depth, which results in
the multiplier one-half in the sixth term of Eq. (2.1).

Differential resuiting
from the atmospheric
pressure gradient

Differential resulting
from the density gradient

1
/ [ I
/ | 1

| : Differential resulting

! I from the water level

I gradient

—-| |
|
|

J
I
|
-
S
-
-

Fig. 2.2—Pressures on a control volume of the momentum equation
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The pressure gradient resulting from the water level gradient is
represented by the fifth term in Eq. (2.1). The atmospheric pressure
gradient is not represented in the modeling system.

The motions generated by density gradients are called baroclinic
motions; those generated by the other pressure gradients are called the
barotropic motions.

The densities are computed from the concentration of salt (salinity)
by use of an equation of state. The distributions of salt are computed
by the transport model and will be described below. Thus a coupling
exists between the hydrodynamic model and the transport model.

The stress caused by the deformation of the fluid originates from the
movement of the fluid over the bottom of the control volume, the air
moving over the water (wind), and the differential of velocities in the
adjacent control volume.

The bottom stress parameter R in the seventh term of Eq. (2.1) can
be computed optionally by different methods. The first method is the
one that is generally used, namely,

R-g w2 + I‘;Z)l/z (2.10)

where C = Chezy value. This representation is derived from steady
state channel flow and assumes steady flow and the existence of a loga-
rithmic velocity distribution that is represented by the vertically aver-
aged components U and V. It will be noted that R is variable in time
and space and needs to be computed for every step of the computation.

In the second method the stress parameter is not computed directly
from the velocity components, but indirectly by first computing a
subgrid-scale energy intensity level (e), and from this energy level we
obtain

R = as %?; (2.11)
where a; = a turbulence closure parameter.

The subgrid-scale energy (e) is computed by means of a turbulence
closure computation and is discussed in more detail in Chapter 6.

If bottom roughness and velocities only gradually change in space,
the simulation results may be expected to be very similar to the results
obtained by Eq. (2.10).

Most investigators take the Chezy value dependent on the temporal
depth and the bottom roughness, expressed with a so-called Manning’s
coefficient (n). Using the metric system the Chezy value is related to
Manning’s n according to
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C - % H1/6 (2.12)

and in the ft/1b system the relation is

C - 1-_:9 HL/® (2.13)

During a simulation the water depth increases or decreases only
gradually. As the computations of Egs. (2.12) and (2.13) are relatively
time consuming because of the practical powers involved, the system
permits a reevaluation of the Chezy value at multiples of the time step
used in the integration.

Extensive experimentation with models of estuaries in which a con-
siderable horizontal density gradient existed indicated that the Chezy
value depends on the direction of the current.

In SIMSYS2D a simple empirical relation is introduced to increase
or decrease the bottom roughness according to the total salinity gra-
dient. The increase or decrease of the Chezy value is taken as a linear
function of the salinity gradient and in the metric system we use

s ds
% (Fv+&v) (2.14)
7} 1 (U ¥ VHI72

where s = salinity in gr/kg, and in the ft/1b system we use

ds ds
U + 1%
C - 149 H;/G[l o (Bx Y )] (2.15)

Use of Eqgs. (2.14) and (2.15) increases the effects of the bottom
stress during flood and gives a decrease during ebb, and as a result, the
use of these equations has an influence on mean water levels in certain
regions of a model and on the generation of overtides.

The eighth term in the momentum equation is the stress term
resulting from wind. We followed the usual engineering convention by
taking the stress as a quadratic function of the wind velocity. Stresses
are also generated by the turbulent fluid on the vertical planes of a
control volume. The larger the differences in velocity, the larger the
momentum transfers. In engineering practice a momentum diffusion
process is used as an approximation and the term represented by
second-order spatial derivatives in the x and y directions.

From a theoretical point of view, the horizontal momentum diffusion
is small when the water in the systems is well mixed and a small
viscosity coefficient would be required in a computation. However,
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when the estuary is not well mixed, a much larger effective momentum
exchange is present. In effect, the viscosity term is introduced to
account for several physical phenomena and the value of the viscosity
term is also dependent on the grid size used. When computations are
made with much resolution (small grid size), the velocity field is quite
well described in space and time. When a much larger grid size is
used, part of these motions cannot be described by the grid and the
momentum transfers are incorporated in the viscosity term.

In SIMSYS2D, the horizontal momentum diffusion can optionally
be made a function of the vorticity gradient perpendicular to the direc-
tion of flow. Consequently, we have introduced for the momentum dif-
fusion coefficient in the momentum equation in the x direction

k= ko+ k|| (As)? (2.16)

where « = vorticity.

In SIMSYS2D, the parameter k, can be made an input value for
each point of the computational grid, but the parameter k&’ is set for
the whole computational field.

For the momentum equation in the y direction, Eq. (2.2), the terms
are naturally similar to those in Eq. (2.1). Note, however, that the sign
for the Coriolis acceleration is now positive.

The equation of continuity, Eq. {2.3), can also be explained with a
control volume (Fig. 2.1). The increase in volume resulting from the
water level change equals the inflow through the sides of the volume.
In SIMSYS2D, the control volume of the continuity equation appears
in the finite difference formulation as described in the next chapter.



3. FINITE DIFFERENCE REPRESENTATION OF
THE HYDRODYNAMIC EQUATIONS

THE GENERAL EQUATIONS

The finite difference equations for the model can be taken in many
ways, as is evident in the extensive literature on finite difference
models for the long wave equations. Following Ref. 15, an Alternating
Direction Implicit (ADI) method for the progress in time was chosen to
alleviate the problem of a limiting timestep for stability reasons, even
though in practice accuracy requirements will often limit the timestep
to only a few times the limiting timestep for an explicit method. Many
investigators have placed considerable emphasis on developing efficient
timestepping methods as such, in contrast to investigations of the
aspects of the spatial representation.

The main terms in the momentum equations are generally the local
acceleration, the pressure gradient, and the bottom stress. It is quite
obvious that an efficient choice of the location of the velocities on a
finite difference computational grid is between the pressure points, par-
ticularly since this is also very effective in the finite difference
representation of the equation of continuity, where the water level
point is then situated between the velocity points. Thus the main vari-
ables are described on a so-called space-staggered grid, as is shown in
Fig. 3.1. _

The water levels { and the concentrations P are computed at integer
values of j and k. The Chezy values are computed at the same loca-
tions, whereas the depth values h, which are obtained from the field
surveys, are given as half-integer values of j and k.

The velocity components are situated between the locations of the
water levels, the u velocity components are computed at half-integer
values of j and integer values of k, and the velocities v are computed
at half-integer values of & and integer values of j. To describe the
difference equations, we used

F = F(jAx, Ay, nAt) 3.1)

where the position and time coordinates (x, y, t) are represented on
the finite grid by

(jAx, kAy,nAt)and j,k,n =0,1,/2,1, 3/2, ete.

Averages and differences (gradients) are represented by

14
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Fig. 3.1—Location of variables on the grid

F* - 712{ F[( + 1/2)Ax, kAy, nAt]
+ F[(j - 1/2)Ax, kAy, nAt]} (3.2)
8. F = _Al? { FIG + 1/2)Ax, kAy, nAt]

- F[(G - 1,/2)Ax, kAy, nAt]} (3.3)

These are shown only for x, but they are also used for y, z, and ¢.
For the approximation of the second derivative we use

V2F = 1 R _ )
F A {F[(J + DAx, kEAy, nAt] — 2F[jAx, RAy, nAt]

+ F[(j - 1D)Ax, kAy, nAt] + F[jAx, (B + 1)Ay, nAt]
- 2F[jAx, kAy, nAt] + F[jAx, (B - 1)Ay, nAt]} (3.4)

A special notation is used only for averages in the spatial coordinates.
This is
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F-F* _F (3.5)

Furthermore, special notations are used for shifted time levels, assum-
ing that the operator is indicated at n At:

F, - Fl[jAx, kRAy, (n + 1,/2)] (8.6)
F_ - Fl[jAx, kAy, (n - 1,/2)] (3.7)
bresoF = £ IF, - F] (3.8)

In the finite difference equations, variables that are computed by itera-
tions are indicated by special symbols, for example, F ., F;.

For the location of the depth point, two locations can be considered,
namely, one at the location of the pressure water level, and the other
one offset Ax /2 and Ay /2 from the pressure point.

To make this choice, we consider the control volume for the equa-
tion of continuity for both cases. Figure 3.2 shows the control volume
with the depth at the water level location and Fig. 3.3 shows the depth
at the offset location. In this illustration, considerable variation in
depth is shown. Note in Fig. 3.2 that the mass transport through the
sides of the control volume is ill-defined, as no depth points are avail-
able and we have to define the mass transport as

h* + 3T
where u is now the vertically averaged velocity in the finite difference
formulation. For the other case, the mass transport is defined as

(h” + )

and since water level gradients are always small, this approximation is
excellent. It will be evident that with the latter approach, which we
have adopted, the depth should be determined in such a manner that
for each section Axand Ay a good approximation of the cross sections
is obtained. In practice it appeared that satisfactory results could only
be obtained by drawing all cross sections on the basis of chart informa-
tion and subsequently selecting the depth so that cross sections in each
interval in the model and the prototype are the same.

When the depth grid is determined using the above mentioned

guidelines, the computed velocity in each side of the control volume
coincides with the average velocity in the comparable section of the
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Fig. 3.2—Control volume for the finite difference equation for continuity
with depth determined at water level points

~ Water level point

- U velocity point l
- V velocity point 10m
< Depth point 15 m[

Fig. 3.3—Control volume of the continuity equation of the finite
difference representation in SIMSYS2D/WAQUA. The average
depth used for computation of the flow in the U direction is
determined by averaging the water levels at each side of the
section (in the x direction) and adding the average
depth in the y direction
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prototype. In making the depth schematization, an effort should be
made to match these sections in the model and the prototype.

By introducing iterations in determining the value of certain vari-
ables, the user of the model has some choice in the approximations of
the partial differential equations. This choice refers to the time level
at which the approximation of a certain term is made, and also to the
spatial representation of certain terms. Thus we can say that the user
has certain integration options.

The integrations are performed with two different operations. In
one of the operations, we compute the new velocity components and
the new water levels at timestep n + 1/2 from information available at
timestep n and timestep n — 1/2 by use of a momentum equation in
the x direction:

su +A@) = [T+ 857 + & (A7 + THop + Rx)T*
0

_ bo, W2sin ¢
p(h” +7)
and a continuity equation

boesob + 0 lhY + TPuLl + [T + TI=0 (310

- kVZu_=0 atj +1/2,k,n (3.9)

The investigation has different opﬁons for the approximation of
second and third terms in the momentum equation, Eq. (2.1). The sum
of these two terms is now called A (x). The options that can be used
are

Ax)=0 (3.11)

As(x) - Eg{ax(a"i W)+ 3 hlu.. + (AxPVR)T

+205u. + 07 6yu.:} (3.12)
As(x) =u, 50, x + 7D Byu.y (3.13)

The use of Eq. (3.11) omits the advection term, which is useful when
investigating the effect of advection on simulation results. Equation
(3.12) is the so-called Arakawa representation of the advection term in
nondiverging flow [16]. The use of this equation gives conservation of
vorticity and the squared vorticity in the simulation [17]. This is not
the case for Eq. (3.12). This representation, however, is very com-
monly used because of its simplicity.
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For the bottom stress term R(x), the investigator has two options,
according to Eq. (2.10) and Eq. (2.11), namely,

[(u.)? + (0?2

R(x) = — — = (3.14)
VR RT T T
and
Rx) - B €))7 (3.15)

(R + 7%

In Eq. (3.15) the vertically averaged subgrid-scale energy appears,
which is computed with the transport model, to be described below.

In the second operation, the new velocity component v, and the new
water levels at timestep n + 1 are computed from information available
at timestep n + 1/2 and timestep n by use of the momentum equation
in the y direction:

S0 + AW) + fl + 5% + ;’7 (h* + oo + R(y)0*

_ bp. W2 cos ¢
p(h™ +7)
and the continuity equation .

drtsal + &:[R7 + Tl + 8, (A" + THvil=0 (317

- kV_ =0 at j,k+1/2,n (3.16)

The options for the advection terms here are

Aiy) =0 (3.18)

As(y) =1/3 {6y(v_y.. v + % 5, [0+ (0r + (Ay)2V70w)]

+ 2050, + U axu,"} (3.19)
As(y) =v. 57, + B 5. (3.20)

For the bottom stress terms; the two options are
(@2 + (v.)?

— = 3.21
(h* +0)(C7)? @20

Riy)=¢g

and
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—y (5y)1/2
R(y) = “_i(iy_)__/- (3.22)
h*+7)

Note that v is computed only in the half-integer timestep, whereas
v is computed in the integer value of the timestep, and the water levels
are computed every half timestep.

Table 3.1 shows the options that have been built into the program
for the different integration methods. Option 1 can be used only when
the velocities are very small. This computation is unstable because of
negative viscosity, which is introduced by the advection terms as shown
by Vreugdenhil [18]. Option 6 approaches a second-order accuracy
after a few iterations, as the advection terms become centered in time.
Experience has shown that this is generally the most accurate option.
In Table 3.1 we have indicated only one iteration to find the estimators
u, v, and § in the program, the number of iterations can also be
selected. As one would expect, experience has shown that more than
one iteration is rarely justified.

BOUNDARY CONDITIONS

The land-water boundaries are always chosen going through the
depth points. Consequently, the boundary always intersects at the
velocity locations, which are set to zero, and no computations at these
boundary velocity points are made. This land-water boundary presents
no difficulties for the finite difference representation of the continuity
equations, but for the advection term representation at this boundary
we have different choices. As we will see below, the finite difference
approximations influence the stability of the computation and the
simulation results, but we will present here an approximation that
appears quite satisfactory for most engineering investigations.

If we use Eq. (3.13) or Eq. (3.20), only a limited number of velocity
points are involved that can be located on the boundary; by using the
Arskawa representation in the form of Egs. (3.12) and (3.19), many
more velocity points are involved and we have to make certain assump-
tions. Figures 3.4, 3.5, and 3.6 present the approximation for the com-
putation of Eq. (3.12) at a grid distance away from the boundary.

If a closed boundary exists that is parallel to the direction of flow,
such as shown in Figs. 3.6 through 3.8, the gradient 6,u is set to zero,
and a so-called free slip condition is introduced. It appears that the
programming for these simple boundary conditions is quite extensive.

In the open water level boundary conditions described for this ver-
sion of the system, we are working with prescribed boundaries and are
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OPTIONS FOR THE INTEGRATION PROCEDURES IN THE MODEL

First Half Timestep, Egs. (3.9) and (3.10)

Code
Indicator
in Model
Option u, = & Remarks (ICORR=)
1 u_ Thus at lower time level (no iteration). 0
2 ul, u, is computed by use of Egs. (3.9) and 1
(8.10) in which option 1 is used. Thus u., is
on level n +.
3 1/2(u), +u.) Iy u’. is computed by use of Egs. (3.9) and 2
(3.10) in which option 1 is used.
4 u_andu, ¢ Options 1 and 2 are used on alternative 3
timesteps.
5 u, & u’. and {; are both computed by use of Egs. 4
(3.9) and (3.10) in which option 1 is used.
Thus 1, and {; are on time level n +.
6 1/2(u, +u) 7 u, and {; are both computed by use of Egs. 5
(3.9) and (3.10) in which option 1 is used.
7 u_andu, fand {; Options 1 and 5 are used in alternate 6
timesteps.
Second Half Timestep, Egs. (3.16) and (3.17)
Code
Indicator
in Model
Option v, = & Remarks (ICORR=)
1 v Thus at lower time level (no iteration). 0
2 v, v, is computed by use of Egs. (3.16) and 1
(3.17) in which option 1 is used. Thus v, is
on level n +1.
3 12w +wv.) ¢ v, is computed by use of Egs. (3.16) and 2
{3.17) in which option 1 is used.
4 v_and v ¢ Options 1 and 2 are used on alternative 3
timesteps.
5 v, &+ v’ and {; are both computed by use of Egs. 4
(3.16) and (3.17) in which option 1 is used.
Thus v’ and {; are on time level n +1.
6 1/2(v). +v.) $ v, and {; are both computed by use of Egs. 5
(3.16) and (3.17) in which option 1 is used.
7 v-andv) {and{; Options 1 and 5 are used in alternate 6

timesteps.
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v u,=0

Fig. 3.4—Approximation near
closed boundary that is
perpendicular to the flow

u,=0

Fig. 3.5—Approximation near
corner boundary that is
perpendicular to the flow

Location under
consideration
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Fig. 3.6—Approximation of
boundary that is parallel
with the flow

| Location under
I consideration

Fig. 3.7—Approximation of
boundary near a corner
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not considering boundary conditions that allow disturbances generated
in the model area to radiate through the open boundary.

The open water level boundary condition is one of the most difficult
problems in modeling. Out of theoretical considerations, a given water
level is insufficient to solve the two-dimensional wave equation if water
flows into the region. In the latter case, the velocities have to be given
in addition to the water level.

In practice we cannot expect that velocity data of sufficient accuracy
would be available, and in the model we are using for the flow perpen-
dicular to the open boundary, the assumption is that the velocity gra-
dients are zero. This is illustrated in Fig. 3.9. At the location of the
first velocity in the field, the second-order derivative of both directions
(V2u) is set to zero.

For the computation of a velocity parallel and adjacent to a long
open boundary, the advection term is set completely to zero (Fig. 3.10).
This is only done near the end of the computational arrays (for exam-
ple, for k = 2). If the open boundary is more inside the computational
array, then the velocity gradients are assumed to be zero (Fig. 3.11).

6 y Ux= 0
l 1
- -+ @{ -
] | " Location under

consideration

Fig. 3.8—Approximation of
boundary near a corner
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Fig. 3.9—Water level boundary approximation
on the left side of the computational field

The different treatment of the same boundary condition finds its
origin in a large series of experiments. The boundary condition
represented by Fig. 3.11 nearly always appeared satisfactory, except
when a very long open boundary was involved. Since the latter is gen-
erally near the boundary of the computational array, we have made the
condition represented by Fig. 3.10 applicable only to the computational
rows or columns just inside the computational array.

If an open water level boundary ends at a land-water boundary,
additional approximations have to be made in the manner described for
the closed boundaries. One example will be presented here, describing
the ending of the condition of Fig. 3.9 into a land-water boundary.
Such a condition often occurs if inlets are modeled with the two-
dimensional model. Across the land-water boundary, the velocity gra-
dient é,u, is set to zero, as shown in Fig. 3.12.
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Advection set to zero

Location under
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Fig. 3.10—Water level boundary approximation
adjacent to the lower side of the
computational field

Location under
consideration

Byu*-o l }8yu*=0
L
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Fig. 3.11—Water level boundary approximation
not adjacent to the lower side of the
computational field
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Fig. 3.12—Approximations near a water level boundary ending in a
land-water boundary

Location under

3 -_— =~ consideration

Fig. 3.13—Velocity boundary approximation
at a point near the boundary
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If the velocity is given as a boundary, no particular problems arise.
The boundary need not be computed. However, if the velocity just
inside the boundary is computed as shown in Fig. 3.13, then we need to
compute VZu . at the boundary. This is done by again taking §,u. =0
just outside the boundary velocity.

When using the velocity boundary, we are making a certain approxi-
mation. It is assumed that the flow is perpendicular to the boundary
and that velocity gradients across the boundary are zero. The model
investigator should be well aware of this fact when he makes the layout
of the model.

This approximation shows up in the computation of the v com-
ponent if the u velocities are the boundary condition (Fig. 3.14). In
the model it is assumed that the gradient across the boundary for the v
component is zero.

For the computation of transport (Hu) across the velocity boundary,
we need an approximation for the local water level. The water level
just inside the computation field is taken, thus it is assumed that the
water level has no slope locally.

Tidal flats and marshes are approximated in the simulation by tak-
ing computational points that represent a certain area into the compu-
tation when the water level is flooding. When the area is dry, the
point does not participate in the flow and transport simulation.

N
E’“0/:}-1- - + =

8 xV,~ 0 }//j + - -

8x v=0 Location under
7,-—-[ | consideration

8; Ve = 0 -

Fig. 3.14—Velocity boundary approximation for
a velocity component parallel to the boundary
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The simulation of these areas presents a number of unusual compu-
tational problems that resulted in the design of rather extensive com-
putational procedures.

A major problem is that the changes are discrete. When a certain
area is taken out of the simulation or when the area floods, the sudden
change in the flow generates a small wave, which propagates from its
point of origin. Such a wave can cause flooding or drying of adjacent
areas, which in turn starts to generate waves. It can easily be seen
that stability problems can arise in large simulations with extensive
tidal flats.

To reduce the generation of disturbances, the assessment of the
areas that are coming under water can be made at periodic intervals
larger than the timestep. These intervals, which are multiples of the
timestep, can be selected by the user. The disturbances generated then
have this time interval in which to decay. In addition, the generation
of these disturbances is suppressed by the local use of low Chezy values
(high bottom stress) just before the boundary change.

In the computation, a fictitious depth value, h,,, is used, which con-
trols many of the tidal flat boundary changes. If the water level is fall-
ing and we find that the depth (d) above the highest cross section
around the computational point is in the range 1/2 h o, < d < 3/2 hy,,,
then the Chezy value is set to a certain input value. If d < hy,, then
the computational point is taken out of the simulation, but the iast
computed water level is retained in the computation. (This will be the
water level that will be used as the starting value when the computa-
tion takes part in the simulation again, thus maintaining conservation.)
If the local depth in one of the cross sections is smaller than zero, then
a message (DRY IN FLO) is printed in the simulation output. The
frequent appearance of this message in a simulation would indicate
that the fictitious depth value (h,,) is too small. This value appears
to be about the most extreme fall of the tide in the simulation during
the considered time interval.

In the flooding procedure, which is performed at the same time
interval, each point surrounding the gridpoint under consideration is
checked to see whether it is under water. If one or more of the sur-
rounding points is under water, the water levels of those points are
averaged and compared with the water level that was retained in the
tidal flat when the point became dry. If the average is indeed higher
than the retained water level, it is checked to see if all cross sections to
the adjacent points that are above water are positive. If they are, then
the point is taken into the simulation.

Since it is possible for a cross section to become zero at every
timestep during the computation of the water levels, every time a new



31

computation points. These points may never become dry by the tidal
flat computation, otherwise the computation fails. The investigator
has to check this when he sets up his model. This check can be made
rather easily by making a flooding map for the lowest expected water
level during the simulation. In addition to this restriction, the barrier
points should be located at least three points apart in the direction of
the flow. However, barrier points may be side by side, forming a row
or a column as an approximation for a storm surge barrier. In the
algorithm, a barrier can have two flow directions (Fig. 3.16), but the
flows are not interconnected at the barrier point.

To make the barrier computation useful for engineering investiga-
tions, an algorithm was written by which a large number of structures
can be simulated. In many cases, not only is the flow time dependent
but also the flow restriction. This occurs, for example, when a storm
surge barrier is closed by lowering a gate.

In engineering practice, five basic conditions can be defined for
steady flow. In many instances the parameters for flow computations
under these steady state conditions are known from model experiments
or from field measurements, thus it seemed prudent in the design of
the algorithm to use the same classification for the time-varying flow.
For the classification of the flow conditions, several variables are used.
These are the upstream water level relative to the sill depth (H,), the
downstream water level relative to the sill depth (Hg), and the gate
height relative to the sill depth (Hy). The flow conditions considered
in the model are shown in Fig. 8.17.

Condition 1

The water flow is restrained by the gate but not influenced by the
downstream water level. This condition occurs when H; > 1.5 Hy and
when 0 < Hy < Hy. For these conditions the flow is supercritical and
the flow rate can be expressed by

Q1 = useBH[28 (Hy — Hy)]' /2 (3.23)

where @ = flow rate per unit width,
B = relative width of opening,

H, = vertical distance from sill to bottom of gate,
H, = vertical distance from the sill to the upstream water level,
g = acceleration of gravity,

us,6 = barrier flow coefficient for gate restricted flow.

The subscripts of the flow barrier coefficients—in this case 5 or 6—are
used to identify the coefficient for the considered flow condition in the
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water level is computed a check is made to see if adjacent cross sec-
tions are positive. If a negative section is found, the point is taken out
of the simulation and the computation is repeated from the preceding
row or column.

THE BARRIER APPROXIMATIONS

In the flow field, restrictions often occur that lead to energy losses
other than those generated by the bottom stresses. Such restrictions
may be a weir, a structure with a gate, or a series of piers for a bridge.
In the context of the two-dimensional flow simulation, such a restric-
tion is called a barrier. By locating a barrier in the two-dimensional
flow field, we are making locally a flow computation that deviates from
the basic finite difference equations (Egs. (3.16) to (3.17)).

In the computational algorithm the barrier is assumed to have a
length of the grid size, and in its most simple form it is an opening in a
dam as shown in Fig. 3.15. The barrier is located at a water level point
and has to be specified as a u-flow or a v-flow barrier. Some restric-
tions are placed upon the location of barriers. If the barrier is placed
at the water level point j,k, and the barrier is a u-flow barrier, then
the adjacent water level points j + 1,k and j — 1,k should be normal

+
o |
- +
o |
+

Fig. 3.15—Typical barrier between
two dam points
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Fig. 3.16—Barrier in two flow
directions at location n,m

input dataset of the simulation. The identification follows the identifi-
cation used in a one-dimensional modeling system of The Netherlands
Rijkswaterstaat. In each formula, two coefficients are indicated; the
first one is for flow in the positive direction, the second for flow in the
negative direction,

Condition 3

The flowing water does not touch the gate, and the sill is so high
that the downstream water level has no influence on the flow rate.
This condition occurs when H; < H, and when H; < 2/3 H,. The
flow is supercritical and the flow rate can be expressed by

Qs = na4 23 BH1(2/3 gHy)'? (3.24)

where 34 = coefficient for free surface supercritical flow.
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Fig. 3.17—The five basic flow conditions
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Condition 4

In this case also the water does not touch the gate, but the down-
stream water level is so high that it influences the flow rate. Thus this
condition occurs when H; < Hg and H, > 2/3 H;. The flow is subcrit-
ical and can be expressed by

Q4 = u12BH[28(H, - Hj)]'/? (3.25)

where u; o = barrier flow coefficient for free surface subcritical flow.

Condition 7

Both the upstream and downstream water levels are higher than the
gate, and the flow is subcritical, thus H; > 3/2 Hy and Hy > 0. The
flow can be expressed by

Q7 = useBHo[28(H, — Hj)]'/? (3.26)

Condition 8

In this case the water flows through a slot situated above the down-
stream water level; thus H; > Hy and Hy; < 0. The flow rate is
expressed by

Qs = useBHo[28(Hy — 1,/2Hg)]? (3.27)

In the flow equations, barrier coefficients appear. Different coeffi-
cients are required for gate restricted flow, for subcritical flow, and for
supercritical flow. The energy loss across a barrier can depend on the
flow direction, as the structure may not be symmetrical, so a flow res-
triction parameter has to be given for each flow direction. Thus with
six coefficients we are able to define all flow conditions.

With the five basic flow conditions described above, all possibilities
are not covered. From the very many experiments that are made over
the years in laboratories all over the world, it is clear that Egs. (3.23)
to (3.27) are applicable for the indicated water level conditions, but
during simulations we may have transitions from one flow condition to
another. For example, when we have a supercritical flow condition
(condition 3) and we lower a gate, then the flow condition suddenly
changes when the gate touches the water surface and a steep wave is
generated that will run through the system. This is very difficult to
simulate with a finite difference model, and a practical solution was
found by making the transmission between the flow conditions gradual.
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It is also very difficult to determine when exactly the gate touches the
water surface, as the water surface at the location of the gate is cer-
tainly lower than H,, because of local accelerations. To overcome this
problem, the transitions were made gradually when H,/H, was in the
range of 1.0 to 1.5. Figure 3.18 shows the regions of applicability of the
different flow conditions. In this graph three transition regions are
introduced.

Hy/Hy

A MA [
15

(subcritical)

10—
Free surface flow
{supercritical) Gate flow
(supercritical)
‘Transitions‘
2 1
Free surface flow
{subcritical)
=3 H; /Ho
1.0 1.5
8

Fig. 3.18—Regions of applicability of the flow conditions
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Condition 2

This condition is valid for Hy, < 2/3 Hy and H, < Hy < 8/2 H,.
The transport is computed by

Q2={1+2 E-EE

-mmﬁeMWhgmmmww”}
%—#2,3H1(H1/3)1/2

X ‘§F2,3H1B (2H,/3)1/2 (3.28)

Condition 5

This is a transition between free surface subcritical flow (condition
4) and subcritical gate flow (condition 7). This condition is valid for
Ho > H2 > 2/3 H1 and H]_ > Ho.

Hy, _ pseHo — mioHo }
%‘{1+2[Ha q[——myﬂ——]
w1 oH\B[2g(H, - Hy)' /2 (3.29)

Condition 6

This condition is also a transition between free surface subcritical
flow (condition 4) and subcritical gate flow (condition 7). This condi-
tion is valid for H, > Hy and H, < 3/2 H,.

H, usetlo ~ woHo
o o[ [tz

ussHoB (28 (H, — Hp)]'/? (3.30)

One condition is not shown in the graph. This occurs when the gates
are completely closed. To control the computation we designate this
condition as condition 0.
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In Fig. 3.15 we indicated a simple application of the barrier, located
in a dam. The barrier is located at the point j,k and the flow is in the
x direction as indicated. In the barrier designation two momentum
equations and one continuity equation are involved.

In the barrier computation it is assumed that the energy losses occur
just downstream of the water level point. To conform with the pattern
of the two-dimensional model, the velocity just downstream of the bar-
rier is expressed as the vertically averaged velocity. To compute the
transport through the barrier at j + 1/2,k, we use the water level just
downstream of the barrier for determining the cross section. Similarly
for the determination of the transport j — 1/2,k, the water level just
upstream of the barrier is used.

In the barrier computation, the pattern of the normal two-
dimensional computation is maintained. At the point j,k we will com-
pute a water level and at the points j + 1/2,k and j — 1/2,k velocities
will be computed. These velocities are expressed as averages over the
whole cross section, but the cross section is determined by use of the
adjacent water levels outside the barrier. Thus for the continuity equa-
tion at the barrier point j,k we have

0i1 208 + 117{[(5}’ + _i:)u]j+1/2,k,t

- (R + Dl /z,k,t} =0 (3.31)

and,

0r1,268 + —Al?{[(ﬁy + $uL)js k412

(R ?+)ur]j—1/2,h,t+1/2} =0 (3.32)

The arrows above the variable indicate the location shift as
described above. The water level at the barrier point is determined by
the dynamics of the whole system, and consequently the inflow and
outflow on each side of the barrier are not exactly the same.

The large energy losses of flow across a barrier are assumed to occur
at the downstream velocity point, and the momentum equation for sub-
critical flow across the barrier with no gate is written by
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a'u. |

deu +g5x?t +tE8 ———
(> + OC

2

1 [@° +?)] - _
+ 2Ax[ woBH, | ¢ 1wl =0 (3.33)

where ;o = barrier coefficient,
B = effective width,
H, = vertical distance between sill and the downstream water
level.

This term has much in common with the normal finite difference
equation for the momentum. The barrier loss term has the same struc-
ture as the bottom stress term in relation to the velocities.

If we have a steady state condition and if we neglect the bottom
stress, the momentum equation, Eq. (3.33), becomes

2

1 (R + 0] _ (3.34)
61 i » - 0
g g- * 2Ax l: ”1,2BH2 ] " | “ '
since '
Q-G + Du (3.35)

we can derive Eq. (3.25) for flow condition 4.

Note that in the actual barrier formulation that we are using, energy
losses occur by the barrier and by bottom stress. In approximating the
barrier this should be kept in mind. Generally, the energy loss result-
ing from the bottom stress is much smaller than the losses over the
barrier.

For flow condition 7 the local finite difference equation that is

solved is
b + 86,0 +g —_—L—"—u_'—.l_j
(h”> + ¢)C

2

1 [+ O _ 3.36
+2Ax[u5,GBT ]ulu.l 0 (3.36)

where T = distance between sill and the lowest part of the gate.

For steady state conditions we obtain Eq. (3.26) in a similar fashion as
for flow condition 4, if the energy loss resulting from bottom stress is
neglected.
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For the supercritical flow conditions 1, 2, and 3, the dynamic effects
and the bottom stress are completely neglected. We compute first the
row or column upstream of the barrier with as boundary condition the
relation between the water level and the flow through the barrier
according to the barrier equations, Eqgs. (3.23), (3.24), and (3.28). Sub-
sequently, the row or column downstream of the barrier is computed
with the transport rate across the barrier as the boundary condition.

For the transition flow conditions 5 and 6, the computation is made
like that presented in Egs. (3.24) and (3.25), but now with the compli-
cated multipliers that appear in Egs. (3.29) and (3.30) for these flow
conditions.

The coefficients that appear in all flow formulas are input values.
As these coefficients may be dependent on the flow direction because
of the often asymmetrical structure, two coefficients need to be
inserted in the input dataset for each flow condition.

In the barrier formulation two velocity points and one water level
point are considered. At the downstream velocity point, the major
energy losses in the structure are assumed to take place. For the
upstream point we generally use energy losses only for the bottom
stress, but as some barrier flow coefficients are determined using the
upstream energy level as the reference level rather than the upstream
water level, we made a provision to take this into account in the simu-
lation by using the following equation at the upstream velocity point:

— .
b + 86T +g _u lu“_b - 2ix awflu.l =0 (337
' (h” + )C
If we set a; = 0, then the dynamic head is neglected in the computa-
tion; if @; = 1, then the dynamic head is completely accounted for.
Unfortunately, a stability condition exists for the maximum value of
a,, as the dynamic head term may not be larger than the bottom stress
term in Eq. (3.37). In practice this feature is applicable only when the
grid size in the model is large.

In the computation algorithm, we made provisions for a barrier in
both directions at the same point, as shown in Fig. 3.16. To a certain
extent, we are able to compensate for flow conditions across a barrier
that is not perpendicular to the main flow direction. Note that such
application is not desirable when accurate measures of dissolved sub-
stances are to be made. The crossing barriers give very extensive
Cross-wise mixing,

In all barrier formulations, the pressure differences resulting from
density gradients are not taken into consideration. It is assumed that
these density gradients are small.




4. STABILITY ASPECTS

STABILITY OF THE LINEARIZED FINITE DIFFERENCE
EQUATION

Instabilities in the numerical solutions of systems of hydrodynamic
equations are very often caused by inappropriate expressions for the
nonlinear terms in these equations. The viscosity term and the bottom
stress term are dissipative, and if they are taken at the higher or lower
time levels, then no stability problems should be expected. In our
analysis we will omit these terms initially, as they distract from the
clarity of the analysis. The stability analysis will follow the thesis of
Stelling [19] very closely. It was possible to adapt his analysis, as the
hydrodynamic mode! that he considers is derived from the work
presented here.

The simplified momentum equation with the advection formulation
of Eq. (3.13) can then be expressed by

B + Ubyles + Vo,us + g8,5 =0 (4.1)

In this formulation we have expressed the coefficients of the advection
terms as so-called “frozen” coefficients, indicated by u and v. In the
analysis we will assume that these are constant. The expressions for
the gradients of the advection are obtained by iteration, as described in
the previous chapter, from averages of newly computed values and the
previously computed value. Experience has shown that convergence is
rapidly obtained and we will assume in our analysis that the solutions
have converged. In that case we can write Eq. (4.1) as

—t —st -
Sou + Usn™ + V07 + gt =0 (4.2)
4

In the analysis it will be convenient to introduce an intermediate
time level for u by assuming that the finite difference, Eq. (4.2), is
solved in two steps. To indicate the time designation of the variables,
we will use a double prime for the ¢ + 1 time level, a single prime for ¢
+ 1/2, and no prime for time ¢. The two steps can then be written as

WV 4 1/2 [Ubi” + Va,a” + g6,8] = 0 (4.3)

and

40
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Woul 1 2 UET 4 VouT g5 =0 (44

where 7 = 1/2 At.

These two steps are equivalent to Eq. (4.2), as can be seen by inserting
Eq. (4.4) into Eq. (4.3). By making this split for both momentum
equations, we obtain for each half timestep two momentum equations
and the continuity equations.

In the continuity Egs. (3.10) and (8.17), spatial derivatives of prod-
ucts of variables appear that can be written in a somewhat different
form. For example, we can write for the gradient of the transport in
the x direction

o,(Hu) = H $,u + "6, H (4.5)
where H =h” + T".

The application of this equivalence and the introduction of “frozen”
coefficients lead to the following continuity equations:

S": £ 4 UsT + Ve, 0 + Hou + Hou' = 0 (4.6)

Co8 4 Us s + Ve, T + Hou” + Hov' =0 (47)

For the stability analysis we can now use the following sets of equa-
tions:

Stage 1
YU UsET + Vo,i” +88,8=0 (4.8)
VU 4 Usp + Va,u” + g8,8 = 0 (4.8b)
F=8 4 Ust + Ve, + Hou + Hopw' = 0 (4.8¢c)
Stage 2

"

LB 4 Usu” + Vo,u™ +g8:8" =0 (4.8d)

(\W
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”

=V Ubo™ + Vo,u” + g80 = 0 (4.8¢)

=8 L Usf™ + Vo, + Hou” + How' =0 (4.81)

T

For the stability analysis we want to consider the uniform bounded-
ness of the family of amplification matrices going from time ¢ to time
t + 1 [20]. For this analysis we consider general solutions of the fol-
lowing type:

u(x,y,t) =u exp [i(owx + o9y + wt)] (4.9a)
and similarly for v and ¢

vix,y, t) = U exp [i(o1x + o2y + wt)] (4.9b)

$x,y,t) = Cexp [i{o1x + ogy + wt)] (4.9¢)

Inserting Egs. (4.9a-c) into Eqgs. (4.8a-f) results in the following matrix
equations:

[A][U"1=[B][UT - (4.10)
[C] [U1] = [D] [U] (4.11)
where

U v (4.12)

= 1] .

¢
[ a’ 0 T8 ﬁox]
A= 0. 1 0 (4.13)
th D, © a”

B = — (1> 19' OD (4.14)

- 0 -7h -Doy T%" ” )

1 0
c-10 o Doy] (4.15)
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D ¢ 9 _Tgoﬁo’ (4.16)
|-+ D, 0 d" )

and

i sin (018x./2) /(Ax /' 2) (4.17)

jw
8
h

=t sin (a9dy /2) / (Ay /2) (4.18)

b)
<
!

a' =1 + i[vU sin (6;Ax) /Ax + 7V sin (094y) /Ay]  (4.19)
a”" =1+ 17U sin (0,Ax) /Ay (4.20)
b =1 - i[rU sin (61,Ax) /Ax + 7V sin (s04v)/Ay] (4.21)

b" =1 -1 7V sin (a9Ax) /Ax (4.22)

¢’ =1+ i[rU sin (6,Ax),/Ax + 7V sin (o0Ay) /Ay]  (4.23)

¢”" =1+ i 7V sin (024y),/ Ay (4.24)
d'=1-i[tU sin (61Ax) /Ax + 7V sin (0024y) /Ay] (4.25)
d” =1- 17U sin (o1Ax) /Ay (4.26)

It will be noted that ¢” = b’ , where b’ is the complex conjugate of b’.
Alsoc¢” =b",d"=a",andd' =a".

The amplification matrix can now be derived from Eqgs. (4.10) and
(4.11):

G = A-'BC-D (4.27)

Stability is insured if the family of matrices is uniformly bounded, fol-
lowing the analysis by Stelling [19]; this can be verified by introducing
a matrix to symmetrize A, B, C, and D by a similarity transformation.
The amplification matrix can then be written:
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G = £L AL B A IC~ L ID £

G = A (LTAL) UL BLNLICL Yy UL IDL) L

G =ZA"1B C-1D £1! (4.28)
where
~151 8
= 0 \/ﬁ (4.29)
g
and
' 7vERDos |
a-l %59 vy Do (4.30)
T\/-g7{Dox 0 a
B 1 b \/Qh‘lﬁ — (4.31)
. " —r\a 4.31
0 -1vghDa b
1 0 0.
C' = ( 0 ¢ . 7VER Doy (4.32)
0 rvghD,, c” ]
d’ 0 'TVEEﬁax_
D - 0 . 1 0 (4.33)
- T\/ﬁDox' 0 d

The following definitions and theorems are needed for the analysis.

Definition 4-1

If A is a matrix with complex elements a;; , then its adjoint A¥ is
defined by aff = a;;. The overbar indicates the complex conjugate.

Definition 4-2

If the matrix A commutes with its adjoint, when AHA = AAH then
A is a normal matrix.
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Theorem 4.1

If A is a normal matrix, then A#A -7 is a unitary matrix.
Also the following lemmas are used.

Lemma 4-1

If A is a nonsingular matrix, then A¥A -7 is a unitary matrix.

Lemma 4-2

If the matrices A and B are unitary matrices, then the matrix AB is
also a unitary matrix.

Lemma 4-3

The eigenvalues of unitary matrices are on the unit circle.

For the proof of these lemmas refer to Ref. 17. Continuing now the
stability analysis, from Egs. (4.30) to (4.33) it can be found that D’ =
A'H and B’ = C'H, thus the amplification matrix can now be written as

G =LA1TCHC-TAH -1 (4.34)
This implies that
|G*l<|£A- || CH C-1F | A™H AT =T AH 27T (4.85)

A simple derivation indicates that A" and C’ are normal, thus by use
of lemma 4-1 it can be found that C’H C'~! and A’HA’ are unitary.
Consequently it follows that

Ikl <|2A- T AH 271, VE (4.36)

Not only can stability be proved, but it can also be shown that the
eigenvalues of the amplification matrix G, Eq. (4.34), are on the unit
circle. Again a similarity transformation is used, but now upon the
amplification matrix:

G =A71G LA (4.37)
By use of Eq. (4.34), it follows that
G =CHC(C-1TAH AT (4.38)

Because A’-#~! is a similarity transformation, G’ and G have the
same eigenvalues. As C'H C’~? and A’H A'-! are unitary matrices, G’ is
the product of two unitary matrices. According to lemma 4-2, G’ is a
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unitary matrix, and according to lemma 4-3 it has eigenvalues on the
unit circle. Therefore, we can conclude that the eigenvalues of G are
also on the unit circle.

The stability analysis refers to the set of equations described by Egs.
(4.8a) to (4.8f). In equations that are used in SIMSYS2D, we included
several other terms and in the analysis the advection is computed by
iteration; thus the analysis is not complete. The use of eddy diffusivity
improves the stability, and several investigators have used excessive
diffusivity to obtain stability for their otherwise unstable computation
method. The bottom stress also increases the stability, except in very
shallow water with a very large stress as indicated by Holsters [21].
The stability condition for the bottom stress is

2y1,/2
At (”_“C,%I)_l_ <2 (4.39)

Thus, small Chezy values combined with very shallow depth would
make the computation unstable. In the algorithm for the tidal flat
computation, we can take the minimum values of the depth by which
the computation point is taken out of the simulation, and we are able
to set the Chezy value when the minimum depth approaches this
minimum value of the local depth.

INFLUENCE OF THE ITERATIONS ON ACCURACY

In the stability analysis, we assumed that the velocities in the advec-
tion terms that were taken at the higher time level were obtained by a
number of iterations; and we assumed that the velocities obtained by
these iterations had converged. In the practical application of the com-
putation method it appears that one iteration is sufficient. The ques-
tion can be raised if only one iteration does not influence the accuracy
of the computation by the introduction of negative computational
viscosities such as is the case when no iterations are used and the
advection terms are expressed completely on the lower time level. To
estimate the computational viscosity for this case, the truncation error
of the finite difference expression for the advection term is considered.
If we make a Taylor expansion of these terms as outlined by Hirt [22],
we find that for the momentum equation in the x direction the first-
order truncation is

o2u

_ _ At /o9 2 0%u
a = T(uw+2uvm+v-5?) (4.40)
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Equation (4.40) has the appearance of a negative viscosity term and
can have significant values for large timesteps and large velocities.
This truncation makes the computation unstable.

To assess the magnitude of the artificial viscosity after one iteration
at a particular point of the grid, the velocity component u at time ¢ +
At after one iteration is called u’. Without any truncation, the com-
puted velocity at time ¢ + 1 should have been u*. By approximation
the following is valid: '

ut =u' - adt (4.41)

If in Eq. (3.9) we use the advection terms completely centered in
time:

As(x) = @' 5,7 + D s,ut (4.42)

then no artificial viscosity would be generated by the advection terms
as they are completely centered in time and would conform to the sta-
bility analysis described above in this chapter. However, we are using
Eq. (3.13) with the velocities determined as averages of the values at
the lower time level and the one obtained by one iteration. By use of
Eq. (4.41) we find for Ag:

As(x) = u, &u.* + v5u,”

—} W + u) 6w + u)* + *.12 U6y (u' + uy

= _‘11-(u+ +u + alt) s, (ut + u + alt)”

+ %ﬁéy(u" + u + aAt)

1 1 * = — 1 Y
t o aAt) + vé, (@' + > aAt)

- (@ + 5 aht) 5,(@ +

= @ 5a + Do, + 1} At(a 5.0

+ ot G + 588 + @ 5;00) (4.43)

The last four terms contain the contributions of the artificial
viscosity of the first iteration. Of these four terms only the first two
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have the appearance of a viscosity term and contain second-order
derivatives. As an estimate, the computational viscosity term after one
iteration can be determined by

A = 4 At @5T + 5 alt 5a%) (4.44)

At a particular time during a simulation, the numerical value of Eq.
(4.44) can be determined for every point of the computational field.
For these points we can also determine the second-order derivatives of
the velocity in both directions. From this information we are able to
obtain estimates of the computational viscosity coefficients at a partic-
ular time during a simulation by use of

Veomp = Ag ./ (Bxxlt + dyyu)

From experiments it appears that the computational viscosity coeffi-
cient as defined by Eq. (4.45) is generally small. For example, from a
flow field at maximum flood of a simulation of an estuary described in
Ref. 23 (Fig. 4.2), it appeared that 50 percent of the computed values
were in the range of —0.26 to 0.22 m?/sec. The distribution of the com-
puted coefficients is shown in Fig. 4.1. At the location of computed
values of the computational viscosity that were larger than 1 m?%/sec or
smaller than —1 m?/sec, the sum of the second-order derivatives of the
flow appeared always to be very small and the truncation errors would
not have influenced the computation to a noticable extent.
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!‘—-—"
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Fig. 4.1—Computational viscosity distribution obtained from
the flow field shown in Fig. 4.2
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5. THE PARTICLE MOVEMENT MODEL

THE PRINCIPLE

In many engineering or water-quality investigations in which a two-
dimensional model is being used, the movement of particles must be
followed. These particles are assumed to represent a quantity of sub-
gtances that are moved with the water. It is also assumed that these
particles do not influence the water movement.

A particle movement model is generally used either in studies of
water movement or in studies concerning the movement and dispersion
of substances released in the area represented by the model. The
requirements for a particle model are determined by the requirements
of the study, and as these were not known when our particle model was
implemented, our model was designed to investigate typical situations.

Two typical uses of the particle model were envisioned. One was to
study the pathways of particles during a certain period, such as in the
investigation of the tidal excursion in an estuary. The second was in
the case of release of a large number of particles, which then would
simulate the transport and dispersion of pollutants discharged in the
system. In both cases, we assumed that the simulations were of a
rather limited duration in real time, as this is also the condition for
which the two-dimensional simulation system is being used.

In principle the particle movement model is very simple. The move-
ment over a time interval is computed from the available flow field.
For the time interval, we use the timestep of the flow computation. At
the beginning of the time interval, the velocities at the location of the
particle are determined from the velocities on the grid by an interpola-
tion procedure. The particle is then moved in the direction of the flow
over a distance that equals the velocity times the timestep.

ERRORS

Use of the particle movement model described above introduces
errors in principle similar to those made by finite difference computa-
tion, namely, we assume that certain variables do not change over the
timestep. In contrast with finite difference computations, the assess-
ment of errors generated by the computation method is difficult for a
theoretical analysis. But it can be seen easily that the errors are a
linear function of the timestep and the curvature of the flow. As in the
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computation, the particles move along the tangent of the curvature of
the flow taken at the beginning of the timestep. Thus, the computa-
tion we make for the particle movement is an explicit one. That these
procedures introduce errors can be seen easily by considering a circular
fluid movement. The particle movement computed by the procedure
would then show a spiral pathway, as at every timestep it moves away
from the center.

It is possible to use an iterative procedure by which the velocities for
the iterative step are computed as the average of the velocity at the
beginning and the velocity at the end of the preceding computation in
the iteration procedure. Naturally the computation time would
increase linearly with the number of iterations being used. As we
envisioned simulations of only limited duration, and with the same
timestep as the flow computation, this increase in computation time
was not considered warranted.

Errors are also generated by the interpolation of the flow field. If
we consider the control volume of the continuity equation (Fig. 3.3)
and the finite difference approximations of the continuity equations,
Egs. (3.10) and (3.17), it is obvious that good approximations can be
made of the transport per unit width at any point in the computation
field by linear interpolation of transports at the locations where these
are computed. If a simple linear interpolation is used of the velocities,
then we do not properly account for the variations in depth, and the
particle movement that is computed by use of these interpolated veloci-
ties is not consistent with the equation of continuity. Consequently, a
computational dispersion is introduced that depends on the flow varia-
tion, the local depth variation, and the grid size,

PARTICLE DISPERSION

In addition to the movement of particles according to the magnitude
and direction of the local velocities, the model has the option to add a
random displacement to the movement computed from the flow field.
This random movement simulates the movement of a particle in proto-
type by the local turbulence. In the model, the random movement is
made a function of the local energy, which can be computed as one of
the transport variables, to be described in one of the following chapters
of this report. If the particle is at a particular location X, Y at the
beginning of a timestep, then the position X”, Y” is found by use of
the following equations:
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X" = X 4 Atu” + (rip; cos ¢ — rgpq sin ¢) At /e (5.1)

Y’ =Y + Atw” + (ripy sin ¢ + raps €os ) At \/€ (5.2)

where u”,v” = local velocity component at the considered location
obtained by linear interpolation of adjacent values,
rire = a pseudo-Gaussian random number with mean zero
and a standard deviation of unity,
py = input parameter that controls the random movement
in the direction of the flow,
P2 = input parameter that controls the random movement
perpendicular to the direction of the flow,
e = local energy level obtained by linear interpolation of
adjacent values,
¢ = angle between the x direction and the flow direction.

Many particles can be released at a particular time at a certain loca-
tion. The spread of these particles makes a cloud, which can be fol-
lowed during the simulation and plotted at regular time intervals. The
release of such a cloud appears to be a very effective method to simu-
late the initial dispersion of dye in an estuary. The use of this research
tool is very effective in obtaining an understanding of simulated flow
phenomena, and even sharp constituent transitions resulting from flow
contractions can be simulated, as shown in the simulation results in
Fig. 5.1.



53

Fig. 5.1—Dispersion patterns of a cloud of particles 49.5 hr after
release in an estuary. Results of three simulations are shown:
The top graph is the base case, in the middle graph the
transversal dispersion coefficient is doubled, in the
bottom graph the longitudinal dispersion
coefficient is doubled



6. FINITE DIFFERENCE REPRESENTATION OF
THE WATER QUALITY COMPUTATIONS

THE TRANSPORT EQUATIONS

The integrations of Eq. (2.4) are made with two different finite
difference operators, each operator advancing the solution with one-
half timestep. For the first half timestep going from time level n to
time level n + 1/2 we have

bre/2lPih + O + 0 [(R” + Tpu, P 1+ 8,(h" + T)oP]

= 6. [(R” + T)D:8. P ] - (" + T)D,8,Pi] +8 =0 (61)

where D,, D, = dispersion coefficients,
P = vector of dissolved constituent concentrations,
S = combined effect of decay, generation, reaction, sources
and sinks.

For the computation of the dispersion, it is assumed that we have an
isotropic dispersion, which represents the effect of lateral mixing and
the effects of waves and wind, plus a dispersion that is in the direction
of the flow representing the longitudinal dispersion. For the isotropic
dispersion coefficients, array values are used, which are defined at the
water level points. The component of the longitudinal dispersion is
computed at the location of the velocities according to a relation
between the longitudinal dispersion coefficient and the local velocity
and the local Chezy value established by Elder [24]. The dispersion
coefficient in the direction of the flow can be written as

Dy = cgHiz g /C (6.2)

where & = local velocity,
cg = coefficient relating the longitudinal dispersion to the local
velocity.

In the finite difference model, we compute the dispersion coefficient
at the location of the velocities using the following expression based
upon Eq. (6.2):

D, = cgh” +TYu\E/C* + D} (6.3)

where D; = isotropic dispersion coefficient.
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For the second half timestep, going from time level n + 1/2 to time
level n + 1 we use

Sat 2Pk + O] + 8:1(B” + TWP ] + 6" + TPu, P ]

- &,[(R” + TID.0.P) - 8Ih" + TPD, 8P, ] + S =0 (64)

" The computation of the coefficients is similar to that described for
Eq. (6.1). Note that these operations follow the computation of the
equation of continuity. The integration is mass conservative, as can be
seen easily from numerical integration over the constituents over the
whole field. When a constant concentration is present in the whole
computational field, this concentration will be maintained if the com-
putations are made with a highly accurate computer. It has been our
experience that conservative constituents decay because of truncations
in the computation with a decay rate directly related to the accuracy of
the computation. For example a conservative substance did decay with
a rate of 10~7, when the accuracy of the computation was in the range
of 1076 t0 107, '

REACTIONS AND LOCAL INPUTS

With the model, several constituents can be modeled simultaneously.
In the modeling system, we allow constituents to decay with a fixed
decay rate for each constituent, or to have growth or decay in a linear
relation to the concentration of another constituent. In other words,
we are able to model reactions, as long as the reactions are first-order
reactions. For example, if the constituents P; represent coliform bac-
teria each having a certain decay rate (KXj;), then we may write the gen-
eralized mass-balance equation in matrix form like Eq. (2.1).

(HP) , 3(HUP) , 3(HVP) _ S[HD, (3P /dx)]
at :ES ay Jx
- a[HDy(gf | (K1HP + HS - 0 (6.5)
-8 3L 5| B (66
=1 § Bz A} = P; (6.6)
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In the matrix [K], the coefficients K3, Kgo, and Kgg are the first-
order decay constants and P;, Py, and Pj are the concentrations. If we
have reactions between the different constituents, then cross-reaction
coefficients like K5 and K3 need to be used.

In the algorithm of the system we have included the interaction
between biochemical oxygen demand (BOD) and dissolved oxygen
(DO). Dissolved oxygen is used in the stabilization of organic matter
and is replaced by aeration at the water surface. The rate at which
oxygen is supplied at the water surface depends on the difference
between the saturation concentration and the local oxygen concentra-
tion. If P, is the DO concentration and P, the BOD concentration we
obtain for the reaction matrix:

KuO/H Ky S - _Kll%sat/H

22 ®.7)

K] =

where Cg,: = saturation concentration of oxygen.

The computation of the reaction matrix terms in the mass-balance
equation is accomplished by sequential use of forward and backward
information in each of the timesteps. In the first half timestep, the
combined effects of decay, generation, reactions, sources, and sinks are
computed in ascending order:

il =

; —_—t
S = g 121 (b + $)KiePy + (h+DK; P,

me = =
+ Bi , 21 (h + ODKiPy + (h + §)S; (6.8)
=i 4 .
where o; =0fori =1lande; =1forl <i = Ruax
B;=0fori=98pzand 8; =1forl <i = Qpgy,
£max = number of constituents.

In the second half timestep, the constituents are computed in
descending order by
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i-1 = = ¢
S = o QE (h + DKuPy + (h+ DK P,
=1

Qmax = =
+ B; 221 (h + KPPy, + (h + OS; (6.9)

Constituents are often discharged by outfalls in the model area.
This is simulated in the hydrodynamic equations by adding the quan-
tity of water that is discharged over the half timestep to the volume of
the computation control volume at the discharge point. For the com-
putation of the concentrations, we assume that mixing occurs instan-
taneously and the mass of the constituents in the control volume is
obtained by adding to the mass of the constituent in the control
volume the discharged volume times the concentration of the constit-
uent in the discharge. In the algorithm, the discharge rate can be a
time-dependent input as well as the concentration of each considered
constituent.

TURBULENT ENERGY

The turbulence of the fluid is of great importance in the computa-
tion of free surface flow, as it causes dispersion of dissolved substances
and energy losses in the large-scale fluid motions. In modeling the
fluid motions and in the computation of the spread of substances that
are discharged in the modeled body of water, the effects of turbulence
are contained in parametric expressions, such as the Chezy coefficient
for the bottom stress and the dispersion coefficients in the mass-
balance equations. It is possible, however, to obtain estimates of the
intensity of the turbulence using vertically integrated hydrodynamic
equations. In this case the computed subgrid-scale turbulent energy
will be an average over the vertical.

In SIMSYS2D, the computed turbulent energy can be used in two
ways, namely, in the computation of dispersion of particles as described
in Chapter 5, and in an alternative computation of the bottom stress as
described in Chapter 2.

The energy is computed as a constituent. The source of the com-
puted subgrid-scale energy is the energy loss of the main flow by the
bottom stress. By use of Eq. (2.11), the local energy generation at a
particular point can be expressed by

S, = ag\/e U? (6.10)

where a3 = a turbulence closure parameter,
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e = subgrid-scale energy,
U = magnitude of the local vertically averaged velocity.

The decay of the subgrid-scale energy is a 3/2 power function of the

energy and the length scale of the turbulence. For the decay of the
vertically averaged energy we can then write

Sy = coHed2 /L (6.11)

where co = a constant,
L = length scale.

Thus the source and decay term in Eq (6.5) can be expressed by
SH = -S; + Sq = (-a, U? + aze)\/e (6.12)

where
ag = C2H/L, (613)

U = velocity magnitude

This very simple one-equation turbulence model has two constants,
namely, a; and as. The two coefficients are related. The bottom stress
parameter R in Eq. (2.10) and in Eq. (2.11) is expected to be the same,

thus,
as\/eU ,/H = gU?/(C?H) (6.14)

and because in steady flow in a channnel with equal depth, energy gen-
eration and decay are in equilibrium, we find from Eq. (6.12) that

e =aU%/a, (6.15)
from which we can derive
as = (agg?/CH/3 (6.16)

With this model of the turbulent energy, we find that the average
energy intensity in the vertical depends in part on the memory of pre-
vious flow events, is governed by the square of the velocity magnitude,
and is inversely related to the Chezy coefficient. Thus, increasing the
roughness in a model will increase the subgrid-scale energy intensity.
The decay coefficient determines the general level of the energy in the
system and is the only coefficient required for this energy computation
in addition to other parameters used for the solution of the hydro-
dynamic equations.

Experiments with the turbulent energy in the expression for the
stress did result in velocities and water levels that were nearly the
same as those obtained by the conventional representation for the bot-
tom stress.



7. THE EQUATION OF STATE

The momentum equations, Eqs. (2.1) and (2.2), contain pressure
terms resulting from density gradients. The densities are computed
from the computed salinity of seawater and the temperature. Because
the density varies only weakly with the temperature, we do not com-
pute the temperature distribution in the model for this purpose but use
a constant temperature for the whole water body. For the relation
between the salinities and the densities, an equation of state is used,
which is computed for every point of the field for every timestep, when
we optionally compute the density gradient. The equation of state
derived by Eckert [25] is

p = [5890 + 38T — 0.375T2 + 3s]/[(1779.5 + 11.25T - 0.0745T?)

- (8.8 + 0.01T)s + 0.698(5890 + 38T — 0.375T2 + 3s)] (7.1)

where T = temperature in degrees Celsius,
s = salinity in gr/kg.

The density is computed in c.g.s. units, but as in the pressure gra-
dient terms the density appears also as a divider; the units used in the
simulation can be chosen in the manner most convenient for the inves-
tigator, as long as the density used for the divider is in c.g.s. units. In
the modeling system, we have made the density on the divider an input
value, which is valid for the whole model area.

The density gradients appear to be small during a typical simulation.
To obtain sufficient accuracy, these gradients are computed, which
doubles precision.
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8. SPACE AND TIME INTEGRATION DURING
SIMULATION

In some instances the investigator is interested in numerical integra-
tion of the transport or mass-fluxes of dissolved substances through
certain cross sections. In the algorithm, this can be accomplished in
two ways—by assigning a certain cross section (in the x and y direc-
tions) through which these transports and fluxes are to be computed,
or by putting another grid system (called a coarse grid, shown in Fig.
8.1) over the grid system of the simulation model and computing the

K+2 =« + +. * + + * + + * + + * +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +
K+1 =% + + * + + * + + * + + * +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +
K * + + * + T + T * - + * +
+ + + + + + + + + + + + + +
+ + + + + + + + + + + + + +
K-1 * + + * + + * =+ + * + + * +

y J-2 J-1 J J+1 J+2

Fig. 8.1—Grid for space and time integration during simulation
(coarse grid). - The integrations are made along the sides of the
large cells. Averages can also be computed of water levels and
concentrations over the points of the original grid contained
in each cell of the coarse grid at the beginning
and end of the time integration.
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transports and mass-fluxes through each side of the control volume of
the coarse grid. The transports in the x direction through each section
are computed by

TN _,
T=733 {[h” +3Dule + [B” + Thulsret (8.1)
T, N,
where N; N = the upper and lower boundary of the considered
cross section (N1 = n1Ay, No = nyAy),
T, T, = start and stop time of the time integration.

The mass-flux of the dissolved substance is similarly computed by

T, N, - =X =X
F = > 2 [(h e g‘r)(u+P Ml D, 5,.P.));

T, N,

L (R + FYUPT = D6, P)es1 0 (8.2)

If a periodic tide is present, the use of the coarse grid permits com-
putation of the tidal residual, when the integration is performed over
one or more complete tidal cycles. Many investigators have used water
quality models based on the tidal residual by incorporating the residual
transport for the computation of the advective fluxes and assuming
some additional dispersive fluxes. Experiments with the modeling sys-
tem indicated that the formulation of such a model is incorrect.

In our experiments we introduced a dissolved substance gradient in
a model area and simulated periodic tide conditions. A sufficiently
large number of tidal cycles were simulated until the starting transient
had disappeared. We made the coarse grid the same as the simulation
grid and computed the fluid transports and the mass-transports over a
complete tidal cycle, and recorded the concentrations at the beginning
and end of the integration period. As concentrations are known at the
beginning and end of the cycles, as well as the fluid transports and
mass-fluxes, dispersion coefficients that are associated with the resi-
dual transports can be computed for each cross section. In the experi-
ments it appeared that negative dispersion coefficients are computed at
many locations. Mixing in a water body appears to be governed often
quite predominantly by other processes than that which can be
expressed by advection based upon residual currents. Thus the use of
tidal residuals as the advective transport in water quality models is
-incorrect. It is unfortunate that many papers still appear proposing the
use of models based upon this principle; a simple experiment such as
that described above shows the fallacy of this approach.



9. STRUCTURE OF THE SYSTEM

OVERVIEW

In the previous chapters of this report, we have described the gen-
eral capabilities of the system; in this chapter we will present an over-
view of the data flow in the system and a description of the major pro-
grams. These programs are described in very much detail in the user’s
guides for the system, which are available at the locations where the
system is installed.

Because the results of the computations are large datasets contain-
ing numbers, one of the vital aspects of the system has been the data
processing capabilities for graphical representation. In making these
graphical representations, many mathematical operations are per-
formed. Most of these operations are well known and need not be dis-
cussed, as they will be familiar to the reader. In building the system,
however, we found that the largest task was to develop these programs
and the systems for handling and processing the very voluminous
amounts of data. .

The most commonly used graphical representations are graphs of
computed and observed variables as functions of time and spatial dis-
tributions of variables. In the jargon of the modeling system, the first
mentioned graphs are called “histories” and the last mentioned graphs
are called “maps.” All these graphs can be produced by the system
with minor effort on the part of the modeler, as extensive use has been
made of automatic scaling and use of optional default values.

The investigator has numerous choices when displaying these simu-
lation results. All these possibilities are easily accessible by simple
instructions, and in our practice it is common to receive hundreds of
graphs shortly after the simulation. In the presentation of the capabili-
ties of the programs of the system, we will give only a few typical
examples.

An overview of the gross data flow in SIMSYS2D is presented in
Fig. 9.1. This diagram shows the programs, the tape and disk storage
of data, the reports, and the graphical displays with different symbols.
The data flow diagram assumes that all datasets that will be used to
construct the model are available on disk. From these datasets we
assemble, generally in blocks, the input data for a model. A very good
guide for this assembly is a report printed by the IDP, which we will
discuss next. The assembly of data for the input of a new model is by
far the largest job in a model investigation. The thoroughness with

62



63

weysks oy Jo sureidord ayj a1 §9X0q JIBP oYL, "AZSASINIS Ul MO[j BIEp 88015 —T'6 "1

SV
1ndIND

14043y
WIS

vivqg

QIYD g

S4viN
wis
BIHOLEIN
IR

N

Ing
AHOLSIH
WIS

ERLE]
AVIdSIa
dQt

Advi

AHOLSIH | ——nd

wis

3dvl
LUVLS iy | sty

I

QZWIS

.A' viva v
8114580 laaauasao

140d3y
1NdNI

IdVL

1NdNI
WIS

£5300ud
TYNANYIA GNY
Jsuvwaolny

Y

ANdNI
dat



64

which this task is executed will be greatly reflected in the accuracy of
the results of a simulation.

IDP, THE INPUT DATA PROCESSOR

The IDP reads a preliminary version of the input for the main simu-
lation program, which is called SIM2D. IDP checks the data for con-
sistency, print error, and warning messages. It prints the input data
and the input report. In the latter every variable of the input data is
explained. This report is kept for documentation and is generally the
basis for modifications for the next experiment. The IDP program
generates data-dependent array definitions in the form of COMMON
statements for inclusion in the compilation of the actual simulation
program SIM2D. IDP writes the IDP display file for the generation of
charts on the two-dimensional input array variables and for the genera-
tion of time histories of the time-varying data. Time-varying data are
inserted as data sequences for location. IDP processes these data and
makes them available to SIM2D as datasets for each timestep or multi-
ple timesteps of the simulations. In the practice of numerical model
studies, the actual simulations are generally made during the night,
when computation centers offer favorable rates for large computing
jobs. The IDP program job step significantly reduces failures in the
execution of the simulation or errors in the input data that would make
the simulation of no value. Errors in input data can easily be checked
by graphical display of the spatial and time-varying inputs.

The IDP input report of a simulation is, in our practice, archived on
microfiche together with pertinent graphical displays of the input data
produced by SDDMAP on SDDHST programs.

SDDMAP

The Simulation Data Display of MAPs (SDDMAP) reads the IDP
display file and plots maps or charts of requested combinations of the
input data. Data, such as the land boundary outline and titles, can be
displayed and we are able to present contour charts of depths, the ini-
tial constituent concentrations, diffusion, and other coefficients. It is
also possible to mark the positions of water level, current, concentra-
tion stations, dams, and tide opening barriers. On all of these graphs,
the computational grid can be indicated in many different ways. Fig-
ure 9.2 shows a graph made by SDDMAP. In this case, the outlines
and titles were plotted together with the locations of the ranges
through which the transports are computed.
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Fig. 9.2—Graph made by SDDMAP, showing the geographical
land-water boundary, the location of the gridpoints on every
tenth line, and the U and V transport cross-sections. (The
large number of sections in the center of the figure are

required to abstract data for the boundary inputs of
another model with more resolution)

A much used feature of SDDMAP is the plotting of computation
points that participate in the simulation when the water is at a certain
level. Application of this feature to a large series of water levels gives
an insight to how tidal flats and marshes will flood during the simula-
tion.
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The graphic language used for all displays is the Integrated Graphic
Systems Language (IGS), developed by RAND in the 1960s. This
language is quite commonly used and is available for many computers
and graphic devices. It executes instructions quickly and is very
powerful. Only ten basic instructions in this language are used in our
system, which makes interfacing with other graphic languages fairly
uncomplicated, if the need arises.

SDDHST

This program plots the variables against time and makes a plot
within a frame (Fig. 9.3). The dimensions of the frame can be selected
by the investigator, but in actual use we have seen that most investiga-
tors prefer to work with a graph having a height dimension 2/3 of the
length dimension. The minimum time period for which a plot can be
made is one day, even though the time series to be plotted can be
shorter. Longer periods can be plotted, either as a series of plots of
one-day duration or on a plot for multiple days. The maximum resolu-
tion of the time series is the timestep, but often data are abstracted
from the simulation at multiples of the timestep to reduce the size of
the data sets.

A very large number of variables can be abstracted from the simula-
tion. The program indicates on the plot the variable that is plotted, as
well as the name of the station. The scale along the vertical axis of the
graph can be indicated by the investigator, or automatic scaling can be
selected. Two graphs can be plotted simultaneously, each with a dif-
ferent resolution if necessary. This occurs typically when observed and
computed data are plotted on the same graph. If different data-type
graphs are plotted on one graph, such as currents versus water levels,
then the first plot has the scale on the left side of the graph, and the
second variable has the scale on the right side. On all graphs the
source of the data is indicated, as well as the date and time the graph
was made, the date and time of the simulation runs, and the prepara-
tion of the input datasets for the simulations.

Several numerical operations can be performed on the datasets of
the graph. For example, the standard deviation between the two his-
tories can be computed and the mean of the second graph can be
adjusted to coincide with the mean of the first graph. If this mode of
plotting is requested, then the value of the adjustment is presented in
the frame. The difference between two time series can also be plotted.

Another numerical operation that can be applied to the time series
is filtering. Five digital filters can be applied in succession. If more
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Fig 9.3—Typical graph made with SSDHST, presenting only one day

of the data sets. The standard deviation is computed and the
mean of one of the data sets is adjusted upward by the stated
amount. Simulation run and data set information is
presented above the graph

complicated filtering is required, the dataset is to be processed by a
separate program (FILTER), which can plot the graph of the time
series, the graph of the resulting time series, and the filter characteris-

tics in the frequency domain (Figs. 9.4 to 9.7).

The digital filter operations, which can be used by the standard his-
tory output of SIMSYS2D and FILTER, are nonrecursive operations
as described in detail by Godin [26]. Dijkzeul [27] presents bandwidth
filters with very narrow bands for the overtides designed using this last

mentioned program.
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The program is very extensively used to compare the simulation
results of different simulations or to compare simulation results with
observed data.

The program also allows for certain processing of data. Simple
filters can be applied, adjustments for means can be made, and stan-
dard deviations between two curves can be computed. It is also possi-
ble to plot differences between two datasets.

This program is extensively used to compare the overall resuits of
different simulations and to make comparisons with prototype data.
Data plotting can be done in intervals of one day to 30 days per graph.

1.2 —— T T =

PARTS OF A WHOLE

-0.2 1 1 L | S K B
0.0 0.08 0.16 0.2+ ©0.32 0.40 0.48 0.58

FREQUENCY (/HOURS)
Fig. 9.6—The amplitude of the filter used to compute

Fig. 9.5. The filter has an amplitude of unity in
sixth-diurnal tide frequency band
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In the default mode, the scale of the variable is chosen on the basis of
the maximum and minimum value of the dataset to be plotted. The
intervals can also be set.

FRACTIONS OF A CIRCLE

0.0 0.08 0.16 0.24 ©0.32 0.40 0©0.48 0.38

FREQUENCY (/HOURS)

Fig. 9.7—The phase of the filter used to compute
Fig. 9.5. The phase shift of the filter in the
sixth-diurnal tide frequency band is zero
(no phase shift)
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SIM2D

The two-dimensional simulation program (SIM2D) is the central
computational program on the SIMSYS2D system. SIM2D receives
input that has been processed by IDP. Because IDP may have signaled
warnings or errors or because we have a small change in plans, some
variables of IDP may be overridden.

Using the bathymetry and physical characteristics described in the
input, SIM2D computes water levels and currents; it can also compute
the concentration and dispersion of constituents resulting from the
time-varying effects of tide levels, wind, discharges, concentrations, and
parriers. The computations can be made in many different ways, as
described in the next chapter.

SIM2D will provide various outputs to the user upon request. These
include printed tables of variables during the course of the run, plotted
charts, and various datasets including the History tape, the Map tape,
and the Restart tape. The latter is used to enable SIM2D to restart
using data computed during an earlier run. This allows a run to con-
tinue from any point at which restart information was saved, so that a
normal run may proceed from some specified time, or a run that failed
because of computer problems can be restarted without total loss.

Printed data can be put on different files. For example, one file is
used for progress data and warning messages, and another file is used
for tables of variables at particular times. In our practice, these data
are archived on microfiche.

During simulation, the two-dimensional array data can be plotted as
maps with velocity vectors or transport vectors. These maps can also
be made by use of the Map tape described below, but this is much more
costly in our computation environment because of more extensive
input/output processing.

SIM2D, including IGS, requires about 450K bytes of core in addition
to the amount needed for data-dependent COMMON generated IDP
and the input/output of buffer requirements. The amount of core
needed for data-dependent COMMON is printed by IDP. Since IGS
takes considerable core, its usage can be omitted during a simulation,
which eliminates the core requirements of IGS.

MAP2D

The postsimulation MAP display program reads the Map tape to
draw constituent concentration distributions, velocity, mass transport
rate, and water level contour charts similar to those produced during
the simulation. A typical graph with flow vectors and isovels is shown
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in Fig. 9.8. MAP2D also draws charts of particle paths or plots of a
cloud of particles simulating the dispersion of dye release (Fig. 5.1).
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Fig. 9.8—Typical velocity vector graph made by use of MAP2D,

" showing velocity vectors and isovels from a simulation of the flow
in a tidal inlet during low water slack. In the center of the
deeper channels the inertia causes the flow to ebb. In the

shallower area the flow is already reversed
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This program can also compute and plot residual currents and trans-
ports and can compute and plot the vectors of the semidiurnal,
quarter-diurnal, and sixth-diurnal tide at a particular time.

OBSFILB

The OBServed history data FILing program version B (OBSFILB)
takes observed data given in regular time interval series form and
writes an observed history file to be read by the SDDHST program to
plot observed time histories in conjunction with computed histories.

MAPHST

The MAP data for HiSTory data program (MAPHST) extracts data
at selected grid points from the data on the Map tape to produce the
MAP History tape. Since the Map tape is not written as often as the
History tape, the resultant time histories are represented by space data
and the line representation is less smooth than generally produced
from the History tape.



10. CONCLUDING REMARKS

The modeling system described in this report has been used exten-
sively for many model investigations. Experience has shown that
engineers familiar with tidal hydraulics can operate the system effec-
tively after a few days instruction.

Even though the system has wide capabilities as shown in the
appendix, we find that many advanced users develop additional graphi-
cal representations such as charts of tidal amplitudes and phases,
usually based upon original system programs.

The structure of the system is flexible. Stelling {19] modified the
computation method for the hydrodynamic equations—the main
change he made is the use of elegant expressions of the advection
terms, which makes the computation method fourth-order
dissipative—but the remainder of the system is essentially unchanged.

We have had various experiences in operating the system at dif-
ferent locations, and it is clear that, as with all other large computation
systems, SIMSYS2D requires regular maintenance. Also, because of
increasingly better insight into hydrodynamics, as well as new develop-
ments in fluid flow computation, modifications in the computation part
of the system will probably have to be made to keep it at the edge of

technology.
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Appendix

SIMSYS2D CHARACTERISTICS

MODELING APPLICATIONS

Realization?
Application Importance® SIMSYS2D

Policy analysis/management
Storm/hurricane surges 1 x

Tides in estuaries and seas 1 x

River flood plain computations 1 X
Engineering studies

Local current distributions 1 X

Harbor oscillations 1 X

Sedimentation/erosion 1 -

Ships in waterways® 2 -
Water quality/ecology studies

Circulations (tidal residuals, wind) 1 X

Transport, dispersion, and reactions of dissolved substances 1 x

Transport and dispersion of floatables 2 X

8The indicated importance of certain characteristics is assessed from experiences at
RAND and at other places where SIMSYS2D is used; these experiences may differ from
thoge at other organizations. A lower number indicates more importance.
In the following pages, successful realization is indicated by x. If a certain feature is
not implemented, then the symbol — is used.
“Model to provide flow distribution data for a ship in a seaway model.

OPERATING SYSTEM

SIMSYS2D has a rather extended operating system, which is
“menu” based. Because the system was outlined before individual
workstations became common, it computes and processes data in a
batch mode. The system is very flexible and permits expansion. Simu-
lation outputs (data files) contain an index, which is used in other pro-
grams of the system, and compatibility of older and newer systems ver-
sions is retained.

The system has an automatic logging procedure, which keeps logs of
all main features of the programs and files that are used. The system
permits very extensive data representation in graphical form.
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Consistent identification of all simulation products is introduced.
Not only is the model area identified but also the input file preparation
time, and simulation time is printed on all graphs, together with the
time of preparation of the specified product of the simulation.

Many support programs have been developed to assist in data
preparation for a simulation or for advanced data processing of results

and field data.

MATHEMATICAL/PHYSICAL BASIS

Realization
Equation Importance SIMSYS2D

Momentum equations
Advection term
8 correction on advection
Coriolis
B correction on Coriolis
Bottom stress
Manning’s n
Other (Chezy, etc.)
Density gradient related
Turbulence closure
Wind stress
Variable fields
Density gradient term
Horizontal momentum exchange
Coefficient fields
Vorticity related
Coupled to turbulence model
Depth dependent
Atmospheric pressure gradients
Wave radiation stresses
Secondary flow correction in curved channels
Divergence losses
Barriers
Overflow (sub- and supercritical)
Gate flow
Time-dependent characteristics
Direction-dependent characteristics
Transitional flow conditions

NM?—'I—‘P—'HMMMMNMNHHI—IMHNMNHHNHMH
>4 ™ ™
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Continuity equation

Sources and sinks 1 X
Water-level-dependent boundaries
Discrete 1 x
Continuous 2 -
Conservative 1 X

a R .
In special version.
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NUMERICAL ASPECTS
Realization
Aspect Importance SIMSYS2D
Discretization
Cross-sectional representation of depth 1 X
Open and closed boundaries at arbitrary locations at grid intervals 1 b3
Nesting of models 1 X
Unequal grid distances® 2 -
Transformed (curved) coordinates 2 -
Use of partial cells 2 -
Boundaries under 45° with grid 1 X
Boundary descriptions
Velocity components 1 X
Water levels 1 x
Fourier/harmonic components 1 X
Amplitude and phase interpolation between two designated points 1 x
Time series 1 X
Linear interpolation between two points 1 x
Radiative 2 x°
From other models (nesting) 1 X
Stability and accuracy
Stability aspects known 1 xd
Propagation factor known 2 X
Second-order approximation 1 X
Symmetrical 2 x
Conservation of mass
Finite difference approximation 1 x°
Flooding computations 1 x

8The use of unequal grid distances reduces the order of approximation of finite difference
equations and introduces artificial viscosity. In the SIMSYS2D modeling approach, nesting of
models is the standard procedure and provisions for nesting are made available in the data
absgraction and insertion procedures.
Use of partial cells permits inclusion of one dimensional river representation and indiscrete
tidal flat computations.
n special version.
See Chapter 4.
By use of the normal iteration procedure.
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INPUT AND OUTPUT

Realization
Input and Output Importance SIMSYS2D
Input
User friendly 1 X
Menu driven 1 x
Modifying existing datasets 1 x
Graphical verification of input datasets 1 X
Location of control stations 1 X
Location of sources 1 x
Location of permanent dry points 1 x
Location of transport sections 1 x
Location of boundaries 1 x
Location of barriers 1 X
Tidal flats versus water level 1 x
Boundary outlines and titles 1 x
Grid rule (every tenth point) 1 x
Actual computational grid boundary 1 X
Depth contours 1 X
Time-varying boundary inputs 1 x
Time-varying wind inputs 1 x
Time-varying barrier conditions 1 X
Time-varying sources 1 x
Spatial distribution of Manning’s n, Chezy values, momentum exchange
coefficients, dispersion coefficients, initial solute distributions 1 X
Consistency check on input dataset 1 x
Selection of output 1 x
Annotated input report 1 x
Output
Histories at stations or cross sections
Water levels 1 x
Currents
Magnitude and direction 1 X
Component in selected direction 2 x
Components 2 X
Transport/transport rate 1 x
Constituents 1 x
Barriers
Water levels, flow, flow gate and sill height, flow conditions 1 X
Terms of the hydrodynamic equations 2 x
Wind 1 x
Advective and diffusive transport of constituents 1 x
Vorticity (at current stations) 2 x
Energy (potential and kinetic) 2 x
Energy transport through sections 2 X
Filtered values of all mentioned variables 1 x
Field variables (maps)a
Water levels (active points and contours) 1 x
Currents (vectors and contours) 1 x
Transport rates (vectors and contours) 2 b4
Constituents (contours) 1 x
Circulation (coarse grid computation) 2 b4

2l maps can contain also geographical information, titles, wind roses, and clocks.
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