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. ' MANAGEMERT PERSPECTIVE

Matiiematical models of river flows have gained wide acceptance as
a tool for many different types of investigations, e.g., flood routing,
flow distribution and reservoir control. There are many models
currently available and they differ in their degree of sophistication
and applicability.

This report, written by the Task Force on River Models of the
Canadian Society for Civil Engineering under the chairmanship of
Dr. Krishnappan, compares ten of the more popular models by examining
their theoretical formulations and underlying assumptions. The
strengths and weaknesses of each model are compared so that potential
users can have a solid basis on which to select the tool which they

need.

A/Chief v
Hydraulics Division

PERSPECTIVE-GESTIOR

‘ Les mod2les mathématiques de débits fluviaux sont maintenant largement
utilisés pour de nombreux types de recherches, notamment le calcul de la
propagation des crues, la distribution du débit et le contr8le des réservoirs.

11 existe actuellement de nombreux modaéles; ceux-ci différent quant 3 leur
degré de perfectionnement et leur applicabilité.

Cette &tude, t&digée par le Groupe de travail sur les moddles fluviaux de la
Société canadienne de génie civil, présidée par B.G. Krishnappan, compare les
dix mod2les les plus répandus en examinant leurs fondements théoriques et
leurs hypothdses sous—jacentes. Elle dégage les forces et les faiblesses de
chaque mod&le pour donner aux usagers gventuels des informations fiables qui
les gulderont dans le choix de 1'outil qui leur convient.

Le chef par intérim, e -

Division de 1'hydraulique



RESUME

Ce document présente umeé gévaluation d'un certain nombre de mod2les
d{écoulement‘fluvial unidimensionnels. L'évaluation & porté sur les
fondements théoriques des moddles. Pour ce faire, on a gtabli un ensemble
d'&quations générales décrivant les débits fluviaux unidimensionnels,
lesquelles ont ensuite servi d'étalon. Ainsi, il a €té possible non seulement
d'&valuer les mod2les en question, mais aussi de cernmer les domaines dans
lesquels il nous manque les connaissances de base nécessaires pour pousser
plus loin 1'&laboration de moddles réalistes. 11 s'agit du premier jalon des
travaux d'&valuation en deux &tapes qui ont gté confiés au groupe de travail.
En seconde &tape, des séries de données communes seront utilisées pour
comparer des modéles de méme calibre d'aprds leur rendement.
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RIVER MODELS

The CSCE Task Group on River Models!

ABSTRACT

In this paper, an evaluation of a number of existing
one-dimensional river flow models is presented. The evaluation is based
on theoretical formulations of the models. To perform this evaluation,
a set of general governing equations describing river flows in one
dimension was formulated and was used as a "yardstick". By doing so, it
was possible not only to effect the model evaluation but also to
identify areas where basic knowledge is needed for further development
of realistic models. This work forms the first part of a two-stage
model evaluation work that is being carried out by the Task Group. 1In
stage-two evaluation, models of similar calibre will be compared based
on their performances for common data sets.

1 Members of the Task Group are:
1) Dr. B.G. Krishnappan, Chairman, National Water Research Institute,
Burlington, Ontario
2) Mr. L. Alexander, Secretary, McLaren Plansearch, Toromto
3) Dr. Alex Harrington, Ontario Ministry of Natural Resources, Toronto
4) Dr. Peter Ko, Shawinigan Consultants Inc., Montreal
5) Dr. Alex McCorquodale, Univesity of Windsor, Windsor
6) Mr. S. Moin, Water Planning and Management, IWD, Burlington
7) Mr. M. Sydor, Water Planning and Management, IWD, Ottawa




INTRODUCTIO™

Mathematical models of river flows are very useful for solving a
variety of hydfotechnical problems related to river engineering. They
are economical and less time-consuming in comparison to the traditional
approach of physical models.  Recent developments of mini and micro
computers make mathematical models even more attractive. Mathematical
models of river flows, in general, are pumerical solutions of
differential equations describing the flow and often require simplifying
assumptions and closure approximations. When applying the models to

practical problems, the model user has to be aware of these limitations.

River models that are currently available differ widely in
complexity and _applicability. There are steady-state and unsteady-state
flowv models treating flows in rigid and mobile boundary channels. The
accuracy of a river model depends mot only on the numerical technique
used to solve the governing equations, but also on the adequacy of the
auxiliary relationships that are used to evaluate the friction factor and
the sediment transporting capacity of river flows. The number of
available sediment transport rate predictors and the fricion factor
predictors are many. Therefore, gelection of a river flow model for a

particular application becomes a problem for & practising engineer.

To overcome this problem, the Research Activities Committee of the
Bydrot-echnical pivison of CSCE established a Task Group toO examine a
number of river models in public domain and perform & comparative
evaluation, which can serve as a valuable guide for model users in
selecting appropriate model for a particular peed. The Task Group is
carrying out this model evaluation in two stages. In stage one, the
group is examining the theoretical base and assumptions of each model in
order to bring out the strengths and weaknesses of the models. 1In stage
two, the group will actually run the models with common data sets and
compare the models' results with measured data from both laboratory and
field. The results of stage one evaluation is presented in this paper.

The group had selected ten models for the evaluation. These models
are listed below in a tsbular form in different categories.

Type of Models Rigid Boundary Mobile Boundary
Steady State BEC-2; RIVER HEC-6, IALLUVIAL
Unsteady State | DWOPER; DAMBRK; | wosED; FLUVIALIL
1D; FERNS
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In performing the stage ome evaluatioh of the above models, the

group had formulated a general set of governing equations describing -

river flows in one dimensions and the governing equations of the
jndividual models were then compared vwith this general set. By doing 8o,
it was possible mot only to make & comparative statement about the wodel,
but also to jdentify areas where basic knowledge is needed for further
development of river models. The details of the general equation set is
given first, followed by the description of individual models and a model

comparison.

GENERAL FORM OF GOVERNIRG EQUATIONS

The general one-dimensional form of equations governing the
unsteady flows in natural channels are listed below:

Momentum Equation
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Continuity Equation
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Sediment Mass Bal ance Equation
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where is the longitudinal coordinate axis (see Figs. 1 and 2)

x

t is the time axis

Q is the flow rate

y is the flow depth

g 1is the vertical distance between a fixed datum and the
mean bed level within a control volume

P ie the wetted parameter
is the top width
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js the flow crr: -sectional area
is the acceler::.’.on due to gravity

is the rate of change of A with respect to 2 when y ié
_ is held constant

q, 1s the lateral flow input rate
U. is the x component of the lateral inflow velocity

q
Sx is the slope of the river bed at the location of the

control volume B
s is the energy loss per unit weight of fluid and unit
river length due to skin friction

Seq is the energy loss per unit weight of fluid and unit
river length due to form drag caused by sand waves
sbend is the energy loss per unit weight of fluid and unit

river-length due to meander bends
s is the energy loss per unit weight of fluid and unit

f river-length due to interaction of main channel flow and

floodplain flow _
is the energy loss per unit weight of fluid and unit

ice . iver-length due to ice-cover
g is the momentum correction factor . ,
Sec is the emergy loss per unit weight of fluid and umit

river length because of sudden expansion oOr contraction

Q_ is the volumetric sediment transport rate (total bed

material load)

P is the portion of the wetted perimeter over which the
sediment is in motion . v

c is the average volumetric concentration of the suspended

bed material within a control volume

p is the volume of sediment on the bed per unit volume of

bed layer

q is the sediment input rate entering the stream from
tributaries (size fractions are assumed to be similar to
that of main stream sediment)

The momentum correction factor, 8 is defined as follows:

2 2 .
Q Qg b3
[4] g o= (S s 1)L
At Af A
where Q. is the flow rate in the main channel

Qs is the flow rate in the flood plains
A, is the cross-sectional area of the main channel
and Ag 18 the cross-sectional area of the flood plains.

B can be evaluated by the following two relations

(5] Q= Q*Q
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is the equivalent sand grain roughness of flood plains

is the equivalent sand grain rougness of the main

channel bed '
is the additive constant of the logarithmic velocity
distribution corresponding to the flood plain flow
is the same corresponding to the main channel flow
is the hydraulic radius of the flood plain section
is the hydraulic radius of the main channel section

is the von-Karman constant

g by the above method is on a

time lag basis

The energy loss

terms, Sygs  Sfd»  Spend: Sgp» Sice @nd S

are, in principle, determinable when the bulk flow, sediment and the

geometric

characteristics of the river are known. A set of general

relationships for these terms is listed below:
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where V, is the shear velocity
Des is the sediment size for which 65% of the material
by weight is finer
v is the kinematic viscosity of fluid
Ad is the sand wave height




Ad 'i6 the sand wave lemgth :
A is the meander wavelength
B is the meander amplitude
Bf is the width of the flood plain
B_ is the width of the main channel
V¢ is the flow depth in the flood plain -
ycp is the flow depth in the wain channel
K, ice is the equivalent sand size roughness height of the
iy ice cover : _ '
bec is an empirical constant varying between 0 and %1 ( + for
contraction and - for expansion)
. is an operator which signifies a change between adjacent

nodes

Among the relationships listed above, only ¢kg in Equation 7 has a
reasonably well established functional form (family of curves of Moody
Diagram). Determination of the form of other functionms in Eq. (8 to 11)
has been and is still a subject of extensive research in the area of
river hydraulics. For example, the works of Einstein and Borbarossa
(1952), Engelund (1966), Garde and Ranga Raju (1966), Alam and Kennedy
(1969), Vanoni and Bwang (1967), Raudkivi (1967), Smith (1968), Simons
and Richardson (1966), Yalin (1964), Kishi and Ruroki (1974) and Van Rijn
(1984) have attempted to determine the form of the function ¢gq. The
works of Knight and Demetriou (1983), Myers and Elsawy (1975),
Wormleaton, Allen and Hadjipanos (1982), Wormleaton and Hadjipanos (1985)
and Ervine and Baird (1982) have focussed on the interaction of flood
plain and main channel flows wvhich will help to determine the form of the
function ¢fp- Information on ¢pend and ¢;ce 18 scanly and lot more
research is needed to fully understand the form of these two functions.

In the system of equations listed above, there are altogether ten
unknowns, namely, Q ¥» g, Qg B Sks» S¢d4»  Spend: Sfp and
Sice” . Therefore, to close the system, one more equation 1is required.
This is provided by the sediment transport relationship to evaluate
Qg. There are a pumber of sediment transport relationships that can be
found in the literature. The following is a list of relationships that
are frequently used: :

1. Ackers and White equation (1973)

2. Meyer Peter and Mieller equation (1949)
" Einstein's bed load function (1950)
Bagnold's equation (1966)

Yang's stream power equation (1973)

_ Yalin's equation (1963)

oaVd W

Rone of the above equations is capable of predicting sediment transport
rate for a whole range of flow and sediment conditions. For a particular
flow and sediment characteristic some formulae are better suited than the
others: Therefore, selection of a particuler relationship for a given




application requires some understanding of the sediment transport
mechanism on the part of a model user.

The three governing equations describing the unsteady flows in
mobile boundary channels are coupled equations and require & simultaneous
solution procedure. However, all the currently existing models dealing
with mobile boundary channels assume that the term 3z/dt in Equation 2 is
small in comparison to the term (3y/3t) and uncouple the momentum and
continuity equations from the sediment mass balance equation by dropping
the (2z/3t) term from Equation 2. As a result, the solution procedures
used in these models are comparatively simpler. First, the flow
characteristics at a particular time step are predicted by solving
Equations 1 and 2 and then the sediment mass balance equation is solved
making use of the predicted flow characteristics to evaluate Qg and
Cav* The solution of Equation 3 is then used to correct the flow
characteristics before proceeding to solve Equations 1 and 2 for the next
time step. The process continues until the required number of time steps
is reached. ‘

INITIAL ARD BOUNDARY CORDITIORS

Initial conditions

The governing equations (1) and (2) require that Q and y be
specified all along the river at time zero. The bed elevation as a
function of x is normally specified as part of geometrical data of the
river. As pointed out earlier, the varisbles Qg and C,y are usually
computed from the flow conditions resulting from Equations 1 and 2 and

hence there is mno need to specify initial conditions for these two
variables.

Boundary conditions

Most of the models under consideration are applicable to
subcritical flows omly. For such models, conditions at both upstream
and downstream boundary sections need to be specified. Since both Q and
y are independent variables, a total of nine combinations of boundary
conditions are possible. These combinations are summarized in Table 1.
Although there are nine combinations in Table 1, the diagonal
combinations are not recommended since they do not involve both the
dependent variables.

: The values of Qg at the upstream boundary have to be specified'
when dealing with the non-equilibrium problems. Under equilibrium
conditions, the Qg values at the extreme boundaries can be equated to
those prevailing in the adjacent sections.
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TABLE 1

Nine Possible Combinations of Boundary Cond_itiqns

Upstream B_oupdarj Type

y(t) Q(t) oly)

o y(t) u/s | Qt) us | Q(y) u/s
] y(t)
¥ y(t) d/s | y(t) d/s | y(t) d/s
2 S ,
< o y(t) u/s | Q(t) u/s Q(y) u/s
g g Qt) _
i Q(t) da/s | Q(t) d/s | Q(t) d/s
u' - - - B - - — - -
E y(t) u/s | Q(t) d/s | Qly) u/s
S Q(y) .

Qly) d/s | Qy) d/s | Q(y) d/s

DESCRIPTION OF IRDIVIDUAL MODELS

MOBED (National Water Research _Institute Model)

MOBED is an unsteady, mobile boundary flow model which solves the
full St. Venant equations, i.e., Equations 1 and 2 except that it assumes
8 to be unity and Spend> S¢ns Sice and Sec are negligible. It
also solves the sediment mass galance equation (Equation 3) with the
assumption that the movable wetted perimeter P, is equal to the total
wetted perimeter, P.

MOBED takes into account the energy loss components, Ss and
Sgq and groups them together into a single term Sg which is expressed

" in a general form as shown below.

. R m QZ n
[12] 5¢ = CONST(— ) (_i') (12)
Dey gRA

The values of CONST, m and n depend on the type of bed form geometry and
the sediment and flow characteristics.

The general form for S8; as given in Equation 12 allows the
adaptation of different friction factor relationships covering both rigid
boundary and mobile boundary channel flows into the model. The version
of MOBED that is chosen for model evaluation uses the friction factor
relation of Kishi and Kuroki (1974) for mobile boundary channel flows.
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Kishi and ;Kﬁroki's relations consider the bed . form configurations in
seven different regimes. These are: Dune I, Dune 1I, Flatbed,
Transition I, Trafdsition II, antidunes and chute . and Pool.

The sediment transport rate, Q is evaluated using the equations
of Ackers and white (1973) in MOBED. -

MOBED accepts six different types of boundary conditions, namely,
the six non-diagonal combinations shown in Table 1.

MOBED uses a four point, implicit, finite difference scheme
developed by Priesmann (1960 to discretize the governing equations. The
discretized equations are linearized and solved using a Double-Sweep
Method. This scheme has been shown to be unconditionally stable for the
values of the weight factor, ® between 0.5 and 1.0. the model uses &
value for © of 0.67 as recommended by Cunge (1961). With this value of

6, the scheme is first-order accurate.

The wodel can treat tributary inflows of water and sediment and
storage basin within modelled reach. The model is fully documented in a
users' manual (Krishnappan, 1981) and in an update (Rrishnappan, 1983).

Recently, the model has been updated to include an armouring routine.
The model is also available im PC version.

FLUVIAL 11 (San Diego State University Model)

Like MOBED, F1UVIAL 11 is an usteady, mobile boundary flow model.
It solves the set of equations 1 to 3 with the following assumptions:

1) 8= 1.

2) +8. ¢ sec) is negligible and

Spg = ® vé/R*/® (where n is Manning's roughness coefficient,
v is average flow velocity and R is hydraulic radius).

3) Cgy = 0.

The governing equations were solved using the four-point implicit
finite difference scheme analyzed by Fread (1974) and Amien and Chu
(1975).

The model simulates channel width variation using the concept of
minimum stream power at each time step. It also calculates the changes
in channel-bed profile and the changes in cross-sectional profile due to
latera} .migratiqn_ of channel bends. It updates the bed-material
composition at every time step.

Input data to the model consists of initial cross-section geometry,
channel roughness and bed-material composition. the data can be in HEC-2

format. The output of the model consists of bed-material composition
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water surface profilte, channel width, flow depth, flood discharge,
velocity, energy grilient, median sediment size and bed gaterial_load as
a function of time and space. Cross-sectional profiles can also be
printed out at specified time intervals.

v For further details on the capabilities of this model, the reader
can refer to H.H. Chang (1982). '

TALLUVIAL _('Iova Alluvial _Rri‘ver Model)

IALLUVIAL is a steady, mobile boundary flow model. It solves the
steady-state version of Equations (1) and (2) and a simplified version of
Equation (3). The model assumes that the momentum correction factor, B,
is unity and the energy-loss slopes, Spend> Sfp» Sice and Se.
are negligible. The lateral inflows of water and sediment (qy; and
qg) are not considered and only the bed load transport of sediment is
taken into account (i.e., Cay» is mneglected). The movable wetted
perimeter, P, is assumed to be equal to the total wetted perimeter, P.
Therefore, the governing equations of the model take the following
simplified forms:

? Q¢

[13] —(y + 2 +- -) = (8§ _+ 85..)
o  gh? ks ¥ Sfa
aQ

4] —2+222p = 0
ox ot

The energy loss due to the bed form geometry Sgq is considered in
the model; but, it is done in an jindirect way. The two energy loss
terms, Syg and Sgq, are combined together into a single slope § vhich
is evaluated from a friction-factor equation developed at the Iowa
Institute of BHydraulic Research by Karim and Kennedy (1981).  This
equation contains the sediment discharge, Qg, as one of the independent
variables and therefore, reflects the influence of the bed form
geometry that is generated because of the sediment movement. The
sediment discharge itself is computed from another equation developed by
Rarim and Kennedy (1981). The friction-factor and the sediment discharge
relations are coupled and hence an iterative scheme is adopted in the
model to solve for these quantities simul taneously.

In IALLUVIAL, the armouring of the stream bed is simulated. The
effects of armouring on sediment transport and friction factor are taken
into account. The grain size distribution of the stream bed is predicted
as a function of time. The details of the armouring algorithm and the
evaluation of the grain size distribution can be found in the model's
users manual (Karim and Kennedy, 1982).

The model considers omnly the subcritical flows and therefore the
solution of Equation (13) begins at a downstream station and proceeds in
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the upstream direction. The -rater surface elevation at the extreme
downstream station is the boun: ..y condition for the model. Equations of
friction factor and sediment tramsport are also solved along with
Equation (13) using the standard step method. The sediment mass balance
~ equation is solved independently starting from the upstream station and
proceeding downstream. The sediment input rate at the extreme upstream
etation is the other boundary condition required for the model.

The space and time steps selected for the model have great
jnfluence on the stability of the model. .The ratio between the time step
and the space step cannot exceed a certain maximum value which depends on
the mean flow velocity, the celerity of the bed sediment wave and/or the
time required for the complete development of the armour layers. Karim
and Kennedy (1982) have suggested some relationships to evaluate the
paximum time step for a given value of space step. The computer code of
the IALLUVIAL incorporates & trial and error procedure that gives
allowable maximum time 8teps for given space steps from which an
appropriate time step can be selected. For more information, readers can
refer to Karim and Kennedy (1982).

HEC-6 (U.S. Army Corps of E;ngigeers Model)

Like IALLUVIAL, HEC-6 is also a steady state, mobile boundary flow
model. The governing equations for the model is identical to those of
IALLUVIAL. It also assumes that the energy slope components, Spend?
S¢gp, and S;ice are negligible and uses Manning's equation to evaluate
the friction slope neglecting the influence of bed forms. The energy
loss due to sudden expansion or contraction is included. The lateral
inflows of water and sediment are not considered in the model and only
bed 1load transport of sediment is taken into account. A movable bed
width, different from the total wetted perimeter can be specified to the
model by the user. '

HEC-6 has an armouring routine to predict the changes in bed
material size distribution. The model has four built in sediment
transport rate relationships. These are:

1) Toffaleti's equation,

2) Madden's modification of Laursen's equation,
3) Yang's stream power, and

4) DuBoy's equation

The description of the above sediment transport rate equations can be
found in ASCE's manual onm sedimentation engineering edited by Vanoni
(1975).

BEC-6 treats sediment of all size ranges starting from clay
(dia: .004 m) to very coarse gravel (dia: 64.0 mm). It comsiders these
sediments in three groups, namely, CLAY, SILT and SAND and GRAVEL. For
the case of silts and clays, the model is not able to simulate scour and
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resuspension. Therefore, once they become deposited, they will not be
gemobilzed during high flows. - : v

The model calculates the flow conditions using the standard étep

method. Both gubcritical and super critical flows can be handled by the
model. The stability criterion for the model is similar to that of the
JALLUVIAL. The model is fully documented in 2 users' manual (1977).

FERNS (Water Planning and Management, Optarip_w Model)

FERNS (Finite Element River Network simulator) is an unsteady flow
model for rigid boundary open channels. The model solves equations (1)
and (2) with the assumptions that B is unity and (Sga * Spend *.5fp
+ Sice * Sec) js negligible. The model employs the Manning 8
equation to evaluate the friction slope. The model uses the finite
element solution procedure employing linear basis function and linear
gpatial elements and & forward finite difference discretization for
temporal derivatives. The resulting algebraic equations are non-linear
and are expressible in the form of a bi-tridiagonal matrix. The
equations are gsolved by & predictor-corrector method.

For a single reach or a tree-type river system, the gsolution is
effected by an efficient double sweep technique. However, for a looped
petwork (like flow around islands) the double sweep technique cannot be

used. In such gituations, the final form of equations is

(151 (a] i{x} = {3}

Yhere [A) is a 2 m X 2 m coefficient patrix (m is the number of nodes);
{x} ijs the column vector containing the unknowns y and Q; {B} is another
column vector containing the known values. The operation on the full 2 m
x 2 m matrix is jnefficient because in a typical pnetwork only a few nodes
are connected (_junct.ion-nodes) and hence it is possible to create 8
different matrix with a8 central band of non-zero elements. The central

band width of M can be computed as:
[16] M = 4L ¢ 3

Where L is the maximum node difference across & junction. FERNS creates
this banded matrix of size 2 m x M by ghifting matrix element and solves
the matrix using the Gauss Elimination Technique. FERNS js an implicit
model with optimal results for a temporal wveighting coefficient of 0.5.
In FERNS, this wvalue jg read in . A value in excess of 0.55 is
recommended to achieve numerically stable results. ‘

Initial conditions: Initial conditions to FERNS could be of the
following types:

a) known steady state golution for ¥y and Q for all nodes,

b) computed steady-state golution from known flows and downstream
depth;

¢) known unsteady flow conditions from & previous FERNS run.
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Boundary Conditions: 'Thefubstremm’bOUndary”canQifion can either be a
stage hydrograph or & flow hydrograph. For the dd@hstreap boundary the
model has the following options:

1) stage hydrograph,

2) flow hydrograph,

3) single-value rating curve,

4) looped rating curve, and

5) stage-discharge power function relationship.

FERNS also allows a variety of internal boundaries that can be defined by
the user. These are at the junctions with tributaries, branching around
islands, sudden expansion or contractions in the channel, bridges and
flow over weirs. Details on these can be found in the users manual

(1978).

Channel Geometry: FERNS uses three different specifications of channel
geometry. These are:

1) Cross-section definition by a series of space-elevation
co-ordinates similar to HEC-2.
2) Cross-section definition by power function such as

Pi ;
[16] &, = Cy; .+ T,y; + Mo;
vhere y; is the-depth of flow at node (i)
A; is the cross-sectional area
Cj, pj and T; are the regression coefficients, and
Ao; is the channel area below datum.

3) Cross-section definition by a stage vs top width table. Channel
properties are then interpolated and computed. This option is
similar to that employed in DWOPER and DAMBRK. FERNS also has
the option to include off-channel storage where non-conveying
cross-sections exist.

ID: (OneApimensional,pnsteady Flow Model Devgloped at MIT)

1D model is similar to FERNS as it also simulates unsteady flows in
rigid boundary river networks. It solves the same equations, i.e.,
equations (1) and (2) with B taken as unity and with the assumption that
(Sga * Spend * S¢p * Sec) is negligible.  There is a provision in
the model to consider the full or partial ice-cover and the ice-cover
growvth and decay. The wmodel can a&ccount for the reduction in
cross-sectional area caused by ice-cover thickness. The friction slope is
computed using the Manning's equation or Chezy's equation. The governing
equations are solved by a aumerical scheme developed by Gunaratnam and

_rw-_ O e erar o i 70T
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. Perkiné¢1(1970).. The scheme was obtained by applying a weighted residual
method - of optimization to a simplified linearized versi::: of the
‘governing equations and the discrete approximationms. Appropriate local
and temporal adjustments were used in order to account for the non-linear
. characteristics of the governing equations. The following criteria were
proposed for the convergence of the scheme: )

[17] 100 > A/&x

Ax
Velel

18] AT < 5.5

"where A is the wavelength of the flood wave; V is the average flow
velocity; and ¢ is the celerity of the flood wave.

Initial conditions: Initial conditions are generated by running
the model under steady state conditions. For this purpose, approximate
initial conditions are specified and the model is run for sufficiently
long periods of time. The hydraulic conditions obtained at the end of
this steady state simulation are compatible with the governing equations

and can be used as initial conditions without problems under transient
flow simulations. ‘

Boundary conditions: External boundary conditions such as
discharge or water surface elevation hydrographs can be specified at the
upstream extremities of the network. In the case of downstream

boundaries, a relationship between water levels and discharges
representing natural controls or hydrulic structures can be used.

Internal boundary conditions such as small rapids or falls,
bridges, weirs, gates and spillways, represented by a relationship or a
family of curves between water elevations upstream and downstream of the
structure and the discharges can be handled by the model.

Channel geometry: The network topology or schematization must be
defined by the user with the minimum number of reaches and nodes. Each
reach is described by a length, ome or more Manning's coefficient of
roughness, an estimate of the space increment and a table of hydraulic
parameters (total top width, core top width, core area, wetted perimeter,
and total area at different water depth or elevation) for each input
cross-section. These parameter tables can be manually generated.
However, the Water Planning and Management Branch, IWD, Ottawa (the
operator of the model) has developed front-end computer programs to

generate these tables from survey data.

DWOPER (Dynamic Wave Operational Model, NWS, USA)

DWOPER belongs to the same category of models as FERNS end ID. ‘It
solves equations (1) and (2) with B taken as unity and (Sgq + Spepd *
Sgp * S;ce) considered negligible.  The energy loss due to sudden
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expansion oOr cov: -action i8 jné¢luded. The friction slope is evaluated

using the Manoiuyg's equstion. The governing equations are discretized
using the four-point, implicit, finite-difference scheme (Fread, 1974).
The resulting pon-linear system of algebraic equations are solved by
° Newton-Raphson method wvhich is an iterative procedure.

Initial conditions: Initial conditions for stage and discharge
. yalues at each node can be read in or can be obtained from a previous
DWOPER simulation. The model has an option to compute the initial
conditions from steady flow calculations.

Boundary conditions: Stage or discharge hydrographs can be used as
upstream and downstream conditions. At the downstream boundary, a single
valued or a loop rating curve or a weir equation can also be specified.

River geometry: Geometry of flow cross-sections are specified by a
table of values of elevations and top-widths. There is a provision in
the model to consider the off-channel storage. Roughness coefficients in
terms of Manning's n can be specified as functions of either stage or
discharge for each nodal section. The model can also perform an
sutomatic calibrationm, j.e., it can adjust the values of Manning's mn by
computing the root mean square error between the model prediction and
specified measurement values.

DAMBRK (Dam Break, NWS, USA)

This model has two components. In the first component the breach
formation and the resulting reservoir-outflow hydrograph is calculated.

The second component deals with the flow routing through the valley
downstream.

Reservoir-outflow hydrograph: The total outflow resulting from a

dam breach is calculated as the sum of broad-crested weir flow through
the breach and flow through spillway outlets, i.e.,

(191 Q = @ *Q

where Q, is the breach flow computed as
(200 @ = i -h)'7 +culb - ) ->

jn which c; is a factor accounting for the flow through the rectangular
portion of the breach and cy for the triangular ends; h is the water
surface elevation behind the reservoir and hy is the elevaton of the
breach bottom.

| Equation (2) is for a breach forming at the top and working
downwards. 1f the dam failure js due to piping, then & is computed
differently as a flow through a trapezoidal orifice.
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The term Qg in eqn. (19) accounts for f£flow over spillways and
turbines. This term covers the unéontrollable spillway discharge, gated
spillway discharge and the flow over the crest of the dam if it is
topped. The water balance in the reservoir can be handled by either the
hydrologic storage routing method or by the complete. solution of the
St. Venant equatioms. . :

Dowvnstream routing: The unsteady flow equations in rigid
boundary, i.e., equations (1) and (2) are solved in this portion of the
‘model. Since the flow resulting from a dam breach could occupy a
significant portion of overbank and floodplain regions, the momentum
correction factor B is allowed to take values other than one and it can
vary as a function of time and space. The energy loss components, Sgd»
Sbend: Sfp and S;.. are neglected. The energy loss due to sudden
expansion or contraction is included. The friction slope is evaluated
using the Manning's equation.

The governing equations are solved using the same numerical method
as that of DWOPER. The initial and boundary condition requirements are
the same as those for DWOPER except at the upstream boundary where breach
generated or user specified flow hydrograph is used. DAMBRK can handle
supercritical flows. The operational problems that can be handled by
DAMBRK can be summarized as follows:

1) Reservoir storage routing to compute outflow hydrograph from
reservoir with subcritical dynamic routing of outflow hydrograph
through entire length of downstream valley.

2) Same as above (item 1) but with supercritical dynamic routing through
the entire length of the downstream valley.

3) Same as above (item 2) but with an allowance for subcritical flow
routing through the latter half of the downstream valley.

4) Same as item 1, but with dynamic routing through the reservoir to
compute outflow hydrograph from reservoir.

5) Same as item 2 but with dynamic routing through the reservoir.

6) Same as item 3 but with dynamic routing through the reservoir.

7) Subcritical dynamic routing of imnput hydrograph through a channel
valley.-

8) Supercritical dynamic routing of input hydrograph through a channel
valley.

9) Sequential method - same as item 1, but there is a channel reservoir
with a dam that may fail.

10) Sequential method - same as item 2, but there is a channel reservoir
with a dam that may fail.

11) Simultaneous method. For a single dam or bridge with dynamic routing
upstream and downstream and internal boundary at the structure.

12) Same as item 11, but with multiple dams and bridges.

The model is fully documented in its user manuals (1978) and (1984).
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RIVER: (cMaster University Model)

RIVER is a steady-state model and predicts steady flows in rigid
boundary channel networks. . The governing equation is the steady-state
version of equation (1) and it is of the same form as the flow equation
golved by IALLUVIAL and HEC-6. The central method for advancing the
solution is by the Ezra method. The model makes extensive use of a set
of epecialized subroutines in the CIVILIB library developed at the
McMaster University. . '

The computation proceeds from the most downstream point of the
petvork along the main stem.. The flow is divided at the junctions and
balanced around the network. This balancing proceeds until the elevation
difference between iterations meets a preset criteria.

The program is developed for micro-computers and runs on an
interactive mode. The current version of the program operates on TI
professiona1 computer and IBM-PC. TI version is equipped with graphics
capabilities. :

The program operates  through a geries of commands which allow the
user to review results, make modificatins and rerun the program. These
commands are described in a users' manual.

The program computes the water level, energy grade line and the flow
regime for the main channel and tributaries or branches between &
specified upstream limit and a section where the downstream water level
vas set to initiate the computation. If required, the program computes
critical depths at sections to ascertain that the solution is proceeding
in the right flow regime. '

The cross-section which is described by a series of horizontal and
vertical coordinates can be redefined either by displaying the section
graphically or adjusting the tabular form. The results can also be
plotted for the profiles.

The flow resistance law in the program is user specified and can be
one of the following:

1) Chezy's equation,

2) Manning's equation,

3) Strickler's equation,

4) Colebrook-White equation, or

5) Nikuradse's smooth and rough relationms.

HEC-2: (U.S. Army Corps of Engineers Model)

Like RIVER, HEC-2 is a steady-state model and predicts water surface
elevations in a single reach of rigid boundary channels. The governing
equation is the same as that of RIVER. However, the solution technique

is different. HEC-2 uses the standard step method and it can handle both
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gubcritical and supercritical flows. The fric-ion slope is computed

using the Manning's equation. The energy loss .due to sudden expansion
and contraction, Sec js considered in the model. The model has
provision to account for the presence of bridge piers, flov over a

goadway and for the flow spilling over the top of bridges.

- . Channel geometry: Cross-sectional shapes are described in terms of
coordinate points (1ateral distance Vs elevation). Manning's n-values
can be prescribed at the first cross-section and held constant throughout
the study area or they can be changed at any Or all cross-sections. Each
cross-section can be divided into three subsections and different n value
can be prescribed for each subsection. The overbank subsections can be
further subdivided if necessary. A wmaximum of 20 subdivisions are
possible for the overbank sections. Manning's n values can also be
varied over the vertical.

Calibration: Manning's n values can be computed using the model by
providing the cross—sectional data and the observed water sur face
elevations and the discharge. In such cases, it is necessary to specify
the ratio between channel and overbank n values. Once the calibration of
the model is completed, a minor restructuring of the input data is all
that is necesary to proceed with the water surface profile predictions.

COMPARISOR OF MODELS

The capabilities of the models described in the last section are
gummarized in Table 2 wvhich gives a comparison of the models based on
their formulation. The models are compared under five major headings and
a total of thirty-ome subheadings (see Table 2). This table gives, at a
glance, an idea of the capabilities and the applicability of a particular
model. For example, if we are looking for a model to predict flows in a
network of channels, then there are only three models that would be
guitable for the problem. These are: RIVER, FERNS and 1. 1f, in the
same example, the flow conditions do mot change significantly with time,
then the steady-state model RIVER can be selected. If the flow
conditions change rapidly with time, then either FERNS or 1D can be
selected. At present, a single model which would predict flows in
petworks of mobile boundary channels is not available.

From Table 2, it can also be seen that only two models namely,
JALLUVIAL and MOBED consider the energy loss due to bed forms and none of
the currently available models consider the energy loss due to bends,
interactions of main channel and flood plain flows and the ice-cover
effects. DAMBRK considers the momentum correction due to overbank flow;
but it does not include the energy loss due to the interaction of main
" channel and flood plain flovs.

_ All the mobile boundary flow models would predict armouring of stream
bed; but only FLUVIAL 11 and MOBED can predict unsteady flows. Between
FLUVIAL 11 and MOBED, onmly FLUVIAL 11 can predict changes in channel
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wvidth and lateral migration of a stream bend. Between these models, aly
MOBED considers the alluvial bed roughness. MOBED also has a generalized
energy equation and hence is applicable to different types of rivers such
as gravel bed rivers, alluvial rivers, rigid boundary channels and for

laminar flows.

SUMMARY AlD CORCLUSIORS

A number of existing one-dimensional river models are compared based
on the theoretical formulation of the models. A set of general governing
equations was derived which facilitates the model comparison.
Descriptions of individual models are outlined along with a summary table
of model capabilities. This summary table can be used to get an idea of
the capability and the applicability of a particular model. This table
also indicates that there is still a lot more room for further refinement

of one-dimensional river flow models.
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