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constant in equation 5 and equals 1 when computations

proceed downstream and -1 when computations proceed
upstream

length

function for simulating the momentum equation when
applied to block 1

Manning's coefficient of friction
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ABSTRACT

Extensive experimental and theoretical research
on flow over side-weirs in open channels has led to
computer solutions which can be effectively used for
design purposes. Programs OCFCD4A and OCFCD4B, deal-
ing with steady and unsteady flow conditions respec-
tively, are introduced in this report. The steady
flow mathematical model which led to Program OCFCD4A
was verified experimentally by two physical models,

a rectangular and a trapezoidal channel. The coeffi-
cient for side-weir discharge was found to depend on
the ratio of weir discharge to total discharge and

on channel side-slope. A relation between these
variables was established through numerous verifi-
cation tests (equation 20).

Several characteristics of flow over side-weirs
were analyzed by theory and observed by experiment,
leading to some design guidelines for the side-weirs

and their stilling basins which are given in Chapter




VIII and to the conclusions which are given in Chapter
IX. Although this research has covered a wide range
of variables for side-weir flow, it only dealt with
the case of sharp-crested side-weirs. It is recom-
mended that further research be carried out to derive
and verify appropriate modifications to the mathemat-
ical models which would extend their applicability to

other means of diversion such as broad-crested weirs

and chute drops.
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SYMBOLS

Symbols are defined in the report when they ffrst

appear and are also listed below for the reader's conven-

fence.
A = Cross-sectional area of flow
B = Channel bed width

B]&Bz= functions to describe first and second boundary
conditions, respectively

c,,C
1772, constants

C3&C4

Cd = discharge coefficient for the side-weir

Cde = discharge coefficient computed from relation
of the experimental water surface profile and
side-weir discharge

cdm = discharge coefficient computed by the numerical
model to verify measured side-weir discharge

Cd] = discharge coefficient for the weir in case of
longitudinal fiow

cds = discharge coefficient under submerged conditions

C1 = function for simulating continuity equation at
subreach i

d = differential

g = acceleration due to gravity

H = Head of water above weir-crest in the channel

=YYy

H.l = Height of water above weir crest in the stilling
basin

i = channel block; also used for station number

3 = time level

iv
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I. INTRODUCTION

When severe storms of infrequent recurrance occur, the
peak discharge in a channel can be appreciably reduced by
means of diversion of excess flood waters into a retarding
basin. Automatic gates, inlet spillways, siphon spilliways
or lateral spillways are some of the means of diversion com-
monly used. Lateral spillways or side-weirs are usually
preferred because they require the least maintenance.

The effects of the 1969 flood, which was similar to a
30-year flood, demonstrated the need for further flood pro-
tection projects at several locations in Orange County. For
this reason, Orange County Flood Control District (OCFCD)
has been carrying out extensive studies leading to the design
and construction of flood control improvements in several
channels. The channels in some cases are provided with means
of diversion of excess flood waters into retarding basfns for
the purpose of reducfng peak discharge of the standard project
flood.

During the summer of 1972, Mostafa (1) prepared a report
for OCFCD describing the state-of-the-art on the subject of
flow over side-weirs. Then, OCFCD engaged the services of
the Hydraulics Laboratory of the Engineering Research Center
at California State University, Long Beach to carry out
theoretical and experimental research leading to a verified

mathematical model for the general solution of flow over



side-weirs. The research was to consider and seek answers

to the following items:

(a)

(b)
(c)

(d)
(e)

(f)

Determination of the discharge rate over the side-
weir when the main channel, either rectangular or
trapezoidal, flows in supercritical or subcritical
velocity;

Relative locations of transitions in side-weirs;
Effect of imposition of subcritical condition in

the upstream, in the downstream or at locations

of the weir;

Effect of ascending and descending flood stages;
Submergence of side-weir due to rising of water
level in the stilling basin;

Comparison of mathematical model to physical model.

This report describes the findings of the research regarding

these and other parameters that seemed pertinent during the

study, and introduces verified computer programs capable of

computing the discharge over a side-weir under various condi-

tions.

Starting from the basic concepts of conservation of mass,

energy and momentum, differential equations for determining

the water surface profile and the discharge over a side-weir

have been derived by many investigators over the years. A

chronological presentation of the development of theory is

given in reference 1. The exact analytical solution of these




differential equations is not available. By neglecting the
friction loss, De Marchi (2) developed a method for déter-
mining the approximate solution of the equations which can
only apply to steady flow in a prismatic rectangular channel
with a horizontal bottom slope.

In the past decade due to the availability of high speed
digital computers, numerical techniques have been introduced
for solving steady gradually-varied flow equations and
several computer programs (3) have been developed. However,
these programs are for the purpose of computing water surface
profiles in channels with no spatial variation such as the
case of a side-weir. Not until recently was a numerical pro-
cedure which enables the computation of steady gradually-
varied spatially decreasing flow in an open channel presented
by Smith (4). The procedure is limited, however, to the case
of channels with constant bed slope and no upstream or down-
stream control. Smith applied his program for computing
subcritical and supercritical water surface profiles in the
weir reach with the consideration of possible hydraulic jumps
and assumed a constant side-weir coefficient of discharge in
his application. _

For practical'use of side-weirs in channels, the slopes
of the channel upstream, along, and downstream of the side-
weir may be different. Water depth controls may also be

expected at the beginning and/or at the end of the channel.




Only a mathematical model which can handle the computation of
flow profiles in channels with or without boundary controls
and with different bottom slopes upstream, along, and down-
stream of the side-weir may be used to determine the sfde-
weir discharge of such cases. The development of such a
mathematical model was therefore one of the main objectives
of this study.

For the design of flood control channels with side-weirs
to release excess flood waters, the concept of using a peak
flow rate to determine extreme conditions of water surface
profile and side-weir discharge satisfies most of the engi-
neering design needs. However, for some special cases, in
which accurate design data are needed, it is important to
predict the variation in the water depth and discharge along
the channel when the flood wave in the form of a storm hydro-
graph at the upstream end propogates downstream. This in-
formation can only be obtained by investigating the behavior
of the unsteadiness of the side-weir flow and the flow along
the channel. The equations governing the unsteady-gradually
varied flow in a channel with no side-weir have been solved
numerically and have been applied successfully by Amein (5)
and several other investigators using various finite differ-
ence methods. But very little material is known regarding
the unsteady spatfally-varied flow computations in open

channels with side-weirs. In this study a mathematical model




using the implicit finite difference method for solving the
governing equation for unsteady spatially-varied f1oQ is
developed to investigate the unsteadiness of flow in channels
with side-weirs. The advantage of using the fmplicit method
over other finite difference methods for this application 1s
that 1t can be applied to subreaches with different lengths
and to relatively large time intervals without affecting the
stability of the solution. Since in channel flow computations
the steady solution represents one case of the unsteady solu-
tion, results obtained from the unsteady model can be used to
verify the results obtained from the steady model.

The accuracy of applying the mathematical models for
predicting side-weir discharge and water surface profile
depends mostly on whether or not an appropriate side-weir
coefficient of discharge can be chosen. Many factors can
affect the value of this coefficient and the most re]iab]e
method for its determination §s by experimental work.

Side-weirs are usually constructed in channels with
either trapezoidal or rectangular cross-sections. Some
experimental data are avaflable (6) on flow behaviour over
side-weirs for rectangular channels. Hardly any experimental
information 1s known for trapezoidal channels. For this
reason, two flumes, one rectangular and one trapezoidal,
were used in this study. The main objective of the experi-

mental investigation was to verify the mathematical solutions




experimentally, and to determine the appropriate coefficients

of discharge which should be used in applying the mathematical

models.




I1. BASIC EQUATIONS OF THE MATHEMATICAL MODELS
STEADY FLOW EQUATIONS

Spatially-varied flow can be analyzed by proper applica-
tion of either the momentum or the energy prjnciple whether
it {s the case of a decreasing discharge in a channel or an
increasing aischarge in a channel. Either principle will
lead to the same dynamic equation. For prismatic channels,
the water surface profile equation can be represented by

dy _ So~S¢(at/ga?)EL +(a0?/gr?)28

d _ )
X 1 - aQ?T/gA3

in which So = bed slope, Sg = friction slope; a = energy
correction factor, g = acceleration due to gravity; A = cross-
sectional area of flow, T = top width, Q = discharge in the
channel, x = distance along the channel, 3A/3x = partial
derivative of cross-sectional area with respect to x, when
flow depth y is constant and dQ/dx = -%Cd{fﬁ' H3/2, d4q being
the discharge over the side-weir along an incremental dis-
tance dx, H = height of water above the weir-crest and Cd =
coefficient of discharge. r

For a channel with nonprismatic sections, the slope of
minor loss due to contraction or expansion is added and the

water surface profile equation becomes

dy §,-S¢-S,- (a0/gA?)aq /dx+(a0?/gh% B A/ ax
ax

..(2)

1 - aQ?1/gA3

in which Sm {s the minor loss slope.



UNSTEADY FLOW EQUATIONS

The mathematical equations governing unsteady flow in an

open channel with side weirs may be written as

A

a_(AV) - o.(3)
ot + X tq 0
and
312!) + 32 (AVZ) + gA%%—— + gA(Sf-S°)+qV=o -.(4)

In the above equations, A is the channel section area, V is
the average velocity of the flow, q is the lateral digcharge
per unit length of the side-weir, y is the channel water
depth, Sf i{s the frictional slope and may be expressed by
Manning's formula, So is the channel bottom slope, x is the
distance along the channel, and t is the time.

Equation 3 is known as the equation of continuity and
is the mathematical expression for the law of conservation
of mass, while Equation 4 is the momentum equation and is the
mathematical expression for the law of conservation of momen-
tum rate. Derivation of these equations can be found in
reference (1). Since steady flow is a special case of un-
steady flow, Equation 1 which governs the steady spatially-
varied flow wi%h lateral discharge can also be derived from
Equations 3 and 4 by deleting terms associated with time t.

Equations 3 and 4 serve as the basis for constructing



mathematical models for the study of unsteady spatfally-
varied flow with a decreasing discharge due to a side;ueir.
Mathematical application of unsteady flow condftions in fact
consists of finding solutions of the two equations fn con-
formance with the necessary boundary conditifons. The bound-
ary conditions may consist of known changes in water levels,
discharges or discharge-depth re]atidnships at two ends of
the channel reach. By using an appropriate numerical method
for finding the solutions of Equations 3 and 4 with the
associated boundary conditions, the water depths, discharges
and velocities at all sections of a channel reach can be

determined as functions of time.



III. FINITE DIFFERENCE SCHEMES
THE STEADY FLOW CASE

To solve equation 1 or equation 2 numerically for com-
puting the water surface profile, an iteration process has
been used. This process is similar to the one used by
Prased (7) and by Smith (4) with some minor modifications.

A block of water along the channel between stations 1 and 1
+ 1 as shown in figure 1 is considered. When the depth of
flow y; at station 1 is known, either an assumed value of
dy/dx or the value of dy/dx calculated for the previou; step

is used to compute an approximate depth of flow Yy +1 at

station 1 + 1 as follows:
Yi#1 = ¥ytK(dy/dx)ax ..(5)

where K is a constant which is 1 when computations proceed
downstream and is -1 when computations proceed upstream.

For achieving the same degree of accuracy in the computation
process along the channel, the incremental step Ax in the
above equation is taken inversely proportional to the absolute
value of the slope of the water surface profile dy/dx of the

previous station. The head over the side-weir is
H= Y=Yy

where Yy is the height of weir crest above the channel bottom

and Ya {s the depth of water at the midpoint of the block and

is expressed by

ya= (Y1fY1+])/2

10
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Figure 1

Definition Sketch of the Numerical Process
for Computing Water Surface Profile
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The lateral discharge over the side-weir dQ/dx depends on H
and for a channel with a rectangular side-weir,
AQ)dx--’kZN)’C,d @1H3/2 | .- (6)
where Cq is £;€ dischargéj;oefficient. The change of dis-
charge (Q) with distance (x) for a channel with a trapezoidal
side-weir reach is different from the change for a channel
with a rectangular side-weir reach. When the channel cross
section in the side-weir reach is trapezoidal, flow not only
discharges laterally over the weir length into the retarding
basin but also longitudinally at both the beginning and the

end of the side-weir. For this case equation 6 should be

modified as follows:
d/dx = -(2/3) cy¥zg H¥2 - (4/15) cyy 24T WY/ (1)

in which Z is the side slope of the trapezoidal section,
Cd] is a discharge coefficient equivalent to the coefficient
of a V-notch weir with side slope 2. In the above equation,
the second term exists only at the beginning and at the end
of the side-weir. It has 1ittle effect upon the flow except
in the case of very short weir length.

With the aid of equation 6 or 7 the discharge at the
midpoint of the block can be obtained as follows:

Qa=Qi + K(dQ/dx) Ax/2

where Q1 is the discharge at station 1. Knowing Qa and Ya
the velocity of flow V and the variation in A for a fixed

12




depth (3A/3x) are found. Substituting these values in
equation 1 or equation 2, whichever case may be, a new

value of water depth variation dy/dx is obtained. The new
values of water depth and discharge at station { + 1 can be
computed as follows:

Y,H_.l =Y, 4+ K (dy/dx) ax

and
Qi+1 = Qa + K(dQ/dx)ax/?2

If the new Yi41 is close to the original Yi41 within a pre-
specified tolerable 1imit, computations préceed to the next
channel block. Otherwise, the value of the depth of flow
Yia at station 1 + 1 is taken as the average of the new and
the previously found values and the same iteration process

is repeated until the difference is within tolerable limits.

13




THE UNSTEADY FLOW CASE

Numerical methods for solving unsteady flow partial
differential equations are based on replacing the deriva-
tives in the equations by the corresponding finite differ-
ence counterparts. In recent years several finite differ-
ence numerical methods have been introduced and applied
successfully to artificial and natural channels (5, 8).
The most commonly used methods are the methods of charac-
teristics by finite difference, the explicit finite
difference method and the implicit finite difference method.
In the method of characteristics by finite difference, equa-
tions are first transformed into the characteristics form
and then finite difference representat&on is introduced to
the characteristic curves on the time-distance plane. In
the explicit method, the equations are directly transformed
into finite difference counterparts forming linear algebraic
equations from which the unknowns can be evaluated explicitly
at a given time interval. On the other hand, in the implicit
finite difference method the finite difference representation
is introduced to the equations in such a way that the equa-
tions become nonlinear algebraic equations and the unknowns
appear implicitly in the equations. Solutions to these
unknowns can be found by the application of Newton-Raphson
fteration method or any other method capable of solving

nonlinear system of algebraic equations.

14



A numerical procedure d;ve1oped by Chu (9) for formu-
lating the finite difference equations by the implicit
method is used in this study. Equations 3 and 4 are first
transformed to their integral counterparts and applied to a
channel block (as shown in figure 2) between two adjacent

sections x and x + Ax as follows:

& A, e )ax) + S (A, £V (X, E)]

- & g ,enaxt = 0 - ..(8)

d 'l x+h

&1 A Ge, eV, eaxt] + i A G VR )]
- g oy xt,tt) 4 2 (xR, E) dax!

' 't .
o (185 2V (et ) [Vt )] (i1 At e )

‘ (9
+.Alx f:"'Axv(x',t')q(x',t')dx' =0 ( )

In the above two equations, x' (distance) and t' (time) are
independent variables within the channel block, So is ex-
pressed in terms of Z(x') which is the channel bottom
elevation with respect to a horizontal datum, and Sf is

given by Manning's formula.

15




water surface at time t

water surface at time t + At
.[i

horizontal datum

X x + Ax

Figure 2

Definition Sketch for Equations 8 and 9
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When variables in the above two equations are considered
to vary linearly with both time (t) and distance (xy.'these

two equations can be converted to:

X%t  eratyaxt - S8, t)ax')
t+At X+Ax (] [} . ] ! =
IR G, eyasnast = 0 - (10)
L% (0, e80)V (x! e+at)ax’ = JF PRl £)V (x' 1) ax' )
+ 4:+At[A(x+Ax.t')Vﬁx+Ax.t') - A(x,t')Vix,t")]at’

- gIEAE Iy (xrax, £+ Z(xeax) = y0x,t') - Z(x)]V(E)}AE

+ 9(1—"!29)2 f:+At{f$+Ax[A(x| ' t! IVI{x',t")] 'A(xl'tl)v(xl ") l

V3 (x',t! . t+At x+A . _
%pr((::—.:%;dx'}dt + f J;:‘ Xv(x',t")q(x',t")dx'dt" -( 0)
. (11

17



Equations 10 and 11 can also be written in the form:

[¥(t+At) - ¥(t)]) +'% %ﬁ[Q(X+Ax,t+At) + Q(x+Ax,t)
- QUx,t+at) - Q(x,t)] - 5 AE p0HOX[g 0y, ..(12)

+ q(x',t+At)]dx"' = 0

[Q(x+Ax,t+At) + Q(x{t+At) - Q(x+Ax,t) - Q(x,t)]

QE[Q%x+Ax,t+At) QYx+Ax,t) _ OXx, t+At) _ Q%x,t)]

Yk 'A(x¥dx, t+8E) * A(xthx,t) T A(X,E+AE) T A(x.E)

(g %i){[y(x+Ax't+At) + Z(x+Ax) = y(x,t+At) - Z(x)]V(t+At)

= [y (x+ix,t) + Z(x+8x) - y(x,t) - Z(x)]I¥(t)} ..(13)

P*3 (x!',t+At)
AR (x', t+At)

y{fx+Ax
X

+ (950) (15 [0(x", t+at) [Q(x', t+at) | Jax!

W3 -
+ SZH'AX[Q(X'pt) IQ(x',t) l;%vrgi—'ﬁ))]dx'}

At Ix+Ax

. +
' Ax x

[V(x',t)g(x"',t) + v(x',t+At)g(x',t+At)] dx'=0

18



Where Q(x,t) = A(x,tWV(x,t) is the discharge at location (x)
and time (t) and ¥(t) is the volume of flow of the channel
block at time (t).

To convert the above two equations into the finfte-
difference forms, the varfiables at locations x and x + ax
are expressed by using superscripts 1 and 1 + 1 respectively;
the variables at t and t + At are expressed by using sub-
scripts J and J + 1 respectively. The continuity equation

in the finite-difference form becomes /

'y -'1/ "
j+1 1 At 3+1 J Jtl J
[vi - v ] +3 Ax[Q Qi = Q1+1 Qi] ..(14)
1 ag, 9%t 3
"52?:[51 +5i] =0

where hJ = gX* qu(x'.t) dx' = volume of lateral flow in
1= 4

the channel block and the equation of motion in the finite-

difference form becomes

j+1 2 2
j+l j+l J 3 (Q;4q) Q441!
Q.. + Q. =0Q;.4- Q ]+ ﬁt[ i i + —=
i+l i i+l X i+ J
Aiva Aial
j+1 J . , .
s e B T eL N PP R VS R SO DA
A, A
3 j+1

3 J
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ae ¥ 3 ..
+Tx(Ri +Ri) =0 . ..(15)

ufs
where FJ = /X*8X[q(xt, t)]a(x',t) B (X0at) 4407
X AP (x',t)
and is the momentum (excluding density) due to the frictional

force in the channel block, and Rg = £X+Axv(x',t)q(x'.t)dx'

is the momentum (excluding density) due to lateral flow into

J J J
or ou? of the channel block. Ei’ Fi and Ri can be evaluated

by numerical integration techniques.

The finite-difference scheme as expressed by equations
14 and 15 can be programmed to handle any combination of the
following upstream and downstream boundary conditions; two
possible upstream boundary conditions are

1. stage or depth hydrograph at upstream is given, or

2. discharge hydrograph at upstream is given,
while three possible downstream boundary conditions are

1. stage or depth hydrograph at downstream is given,

2. discharge hydrograph at downstream is given, or

3. rating curve (stage-discharge relationship) is
given.

For simplicity, equations 14 and 15 are represented by:

C (yi' Yi+1» V10 V1+1) =0 ..(16)

M (y1: y1+]o vi' V1+1) = 0 ..(17)
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where function C denotes the continuity equation in finite
difference form and function M denotes the momentum-équation
in finite difference form as applied to a channel block 1.
Note that each of the above two equations consists of four
unknowns.

To apply the implicit finite difference method, the
channel reach under consideration 1s divided into n sub-
reaches with (n-1) channel blocks. Equations 16 and 17 are
then introduced to each of the (n-1) channel blocks forming
2(n-1) equations. Although there are four unknowns in each
equation, two of them appear also in the neighboring equa-
tions. 1In other words, when equations 16 and 17 are applied
to a1l the (n-1) channel blocks, only 2n unknowns are im-
plicitly contained in the 2(n-1) nonlinear algebraic equa-
tions. Since 2(n-1) equations are not sufficient to solve
2n unknowns, two additional equations are needed and usually
can be provided by the upstream and/or the downstream
boundary conditions.

For a subcritical unsteady channel flow case, the up-
stream boundary condition can be either a discharge hydro-
graph which describes a discharge Q versus time t relation-
ship or a stage hydrograph which expresses the depth y versus
time t relationship at the upstream end of the channel reach;
the downstream boundary condition usually is given by a
rating curve which provides the relationship between discharge

Q versus depth y.
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For a supercritical unsteady channel flow case, flow is
controlled at the upstream end and normally two upstream
boundary conditions are required. The first upstream bound-
ary condition may be a discharge or stage hydrograph while
the second upstream boundary condition may be a rating curve
such as a Q versus y relationship expressed by the uniform
flow criteria.

In summary the 2n equations applying to a channel with
(n-1) subreaches for a subcritical channel flow case can be
written:

By (y], V]) =0

Cr (ys Vys v Vp) =

i [l
o o

M] (.V'|: V-|o .V29 VZ) =

!
o

c'i (‘y'i’ v'i' ‘y'i-i-]' V.H,-') =
My (Y40 Vis Yy Vg ) = 0

n
o

Che1 Wnots Voops Yo Vo)

]
o

Mn-l (yn-l’ vn-]’ Yne Vn) -
BZ (yn. vn) =0

while for a supercritical channel flow case they can be

written as:
B'l (y]a V'l) =0
BZ (.V'|o V]) =0
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c] (y]' v]- yz. Vz) = 0
M] (yl. v]. yz’ VZ) - 0

ci (yi' V1. y1+1- v1+1) =

o O

Mi (Y50 Vio ¥iaqe Viuq) =

) oo

n-1 (yn-l’ vn-l’ Ynr vn) =0

Mn-'l (yn-l' vn-1' Yo Vn) =0

In the above equations, B] is a function to describe
the first boundary condition, 82 is a function to describe

the second boundary condition, C; and M, are functions for

;
simulating continuity equation and momentum equation at
subreach 1 respectfully.

Direct methods for the solution of the above nonlinear
algebraic system of equations are not available. Among the
avajlable indirect methods, Newton-Raphson's fteration method
proved to be effective and powerful for the solution of this
system. In general this method consists of assigning trial
values into the equations for computing a residual for each
equation. A correction procedure consisting of a series of
{teration steps is then followed to adju;t the trial values
until each residual approaches zero or is reduced to a

tolerable quantity.
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IV. DESCRIPTION OF THE PHYSICAL MODELS

A rectangular and a trapezoidal flume were used for the
purpose of experimental verification of the numerical models
developed for this study. Each of these flumes utilized the
laboratory circul;ting flow facility which could handle dis-
charges up to 2.5 cfs (the laboratory new circulating flow

facility which will be available by August, 1974 will be able
to handle up to 6 cfs).

THE RECTANGULAR FLUME

ihe rectangular flume shown diagramatically in fibure 3,
1s approximately 60' long with glass sides and steel bottom.
Its cross section is 10" wide and 18" deep. The flume is
mounted on a steel frame supported by jacks which are used
to adjust the slope of the flume. A 6' panel near the center
reach was removed from one side of the flume and replaced by
a sharp-edged steel plate which acted as the side-wefr.
Plates of 1%, 2", 3", 4", and 5" height were alternately used
in the experiments. Water was supplied from the constant-
level tank on the laboratory roof through a 6" pipeline into
the inlet box of the flume. Water discharged from the down-
stream end of the flume and from the side-weir, into tanks
leading to V-notch weirs for discharge measurement before
returning to the underground reservoir to be pumped up to the

constant-level tank and so on.
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THE TRAPEZOIDAL FLUME

A trapezoidal flume 46° long, 1' deep with 10" bottom
width and 1 vertical to 1.5 horizontal side-slope was spe-
cially constructed for this study. The flume shown diagra-
matically in figure 4, is carried by a steel-reinforced
wooden frame with adjustable supports for setting different
channel slopes. A sharp-edged side-weir was provided on one
side of the flume by cutting the upper portion of a 5°' panel
of the flume side. The same circulating flow system as for
the rectangular flume was used. Water was supplied from the
constant-level tank through a 6" pipeline into a wooden
intake structure 6' x 6' in base area and 6' in depth. The
beginning of the side-weir was located 25 feet downstream of
intake structure. Flow over the side-weir discharged into a
short side channel and then through a 4" pipeline leading
into the underground reservoir. A Venturi-meter was placed
in the 4" 1ine to measure the side-weir flow, and another
Venturi-meter was mounted on the 6" inlet pipeline to monitor

the flow rate into the main channel.
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V. ANALYSIS OF THE EXPERIMENTAL DATA
SCOPE OF THE EXPERIMENTS

For the rectangular flume a total of seventy (70) experi-
ments were conducted covering four (4) slopes (.000338,
.000781, .00663, 00864), six (6) weir heights (0", 1", 2",
3", 4", 5") and five (5) weir lengths (1.1125, 2.2250',
3.3375', 4.45', 5.5625') with discharge in the upstream main
channel varying from 0.45 cfs to 2.30 cfs. Investigated
flow cases in the side-weir reach were ten (10) subcritical,
fifty-(SO) criticai and supercritical and ten (10) supér-
critical with hydraulic jumps. Most of the subcritical flow
cases were obtained by means of adjusting the downstream gate
height thus imposing a downstream boundary control.

For the trapezoidal channel twenty-one (21) experiments
were conducted to date, covering two (2) slopes (.00645,
.00119), four (4) weir lengths (1.25', 2.083', 2.9166°',
4.1667') and two (2) weir heights (0.25', 0.375') with the
same discharge range used in the rectangular channel. All
types of flow were investigated through the test-runs.

The side-weir discharge and the discharge upstream and/
or downstream were carefully measured in each test-run after
the readings became stable which usually took about 15 to 20
minutes. Thirteen point gages located as shown in figure 5
were used in each of the two channels for measurement of the
water surface levels at appropriate locations. Manning's

coefficients of 0.0089 and 0.0127 were formed for the
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rectangular and the trapezoidal flumes respectively through
several uniform flow experiments. .

A complete set of experimental data for all phases:of this
study that have been completed to date is included 4n the
Appendix. Parts of the data have been presented in a Thesis
by Weisz (10) and in a Directed Study Report by Liu (11).

A version of the mathematical model for steady flow has been

presented in a Thesis by Kayiran (12).

THE COEFFICIENT OF DISCHARGE

) Experimental results from each test-run on the rectangu-
lar flume were introduced into a steady flow computer program
for the purpose of determining the appropriate coefficient of
discharge Cd for use in the mathematical model. This was
achieved by using a successive iteration process to correct
an assumed Cd until the side-weir discharges resulting from
the experimental test-run and the computer run were closely
matched.

Three approaches for investigating the coefficient of
discharge were used in the analysis. The first assumed an
unvaried coefficient along the entire reach of the side-weir
as asserted and applied by de Marchi (2) and others (13, 14
and 15). Attempts were then made to correlate this coeffi-
cient to several dimensionless parameters including the
Froude nuhber in the upstream reach, the ratio of length of

side-weir discharge to total discharge in the upstream, the
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‘ratio of length of side-weir: to channel top width, and several
omb1nations thereof. Resu1ts of the enalysis 1ndicated that
.ro apparent relationship cou)d be ?ouné to express the coeffi-

‘cient of discharge in terms’ of any “of the above mentioned
:parameters with the exception nf the discharge ratio Q /Q]
From the trend of the data it was ev1dent that cd ifncreased
with the increase of Q /Q.I and-that Cd reached its maximum
_va1ue of about 0.62 when the f10w over the side-weir was as
’high as 60% of the total flow in the upstream channel, and
that T4 reached a minimum of about 0.25 when ‘the side-wefr
flow was as low as 1% of the totaI'flew in the upstream
chaﬂne1 By means of TOgarithmic p1ot of the data (figure 6)
-11t was concluded that for the case of fa111ng profiles
(supercritica1 or critical flow-cond1t1ons at the beginning
:of the side-weir) or rising pro°11es (subcrftica] flow condi-
tion) in rectangular channels and prqvided no hydraulic jump
occurs in the weir reach, the discharge coefficient may be
expressed tn terms of the ratio'of the side-weir discharge

Qw to the upstream discharge Q]. as follows:
- 0.206
Cq = 0.64 (Q,/0,) ..(18)

In the second approach for the analysis of experimental
data’var1ationhof the coefficient of discharge Cd a1on§ the
side-weir was taken into consideration. As for the case of

longitudinal flow over a sharp crested weir, Cd depends on
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the ratio of water depth above the weir (y-yw) to the total
water depth (y). Following this approach, the coefficient

Cd can be expressed as:

C4=Cy+C, (1- Tw_y Cq ..(19)

y

After several trials to determine appropriate values for the
constants in this equation from the available experimental
data, it was decided to abﬂndon this approach for the time
being. It seems that more experimental data are needed for
proper statistical analysis leading to the determination of
appropriate values for C,. C2 and C3.

The third approach was meant to investigate the validity
of the assumptions used in deriving equations leading to the
mathematical model. 1In other words, this approach was to
find out whether or not the approximations inherent in these
assumptions were of smaller or larger order of magnitude than
the errors of measurement in the physical model. The coeffi-
cient of discharge was computed from the weir discharge and
water surface profile measurements taken during an experi-
ment then compared with the coefficient arrived at by the
first approach (figure 7). Results of this analysis show
that the experimental coefficient of discharge over the weir
is sometimes a.iittle lower and sometimes a little higher
than the coefficient which verifies the mathematical model.

Calling the former C and the latter cd (both so far have
de m
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been called Cd). no consistent relatfon was found between
Q,/Q; and (Cde—cdm)/(cde+cdm) for the data of the.rectangu-
lar flume. This indicates that differences between Cye 2Nd
Cdm were due to normal errors of measurement and normal
errors in theoretical assumptions. The fact that the
accumulated error of both experimental and theoretical
sources was still within +10%, makes it possible to con-
clude that for design purpose, Cd as given by equation
(18) may be assumed equal to C4. which should be used 1n
the application of the mathematical model. The weir dis-
charge can then be computed by the mathematical model
provided other needed data such as the upstream discharge
ane boundary conditions are known.
WATER SURFACE PROFILE VERIFICATION

Water surface profiles obtained from the physical
models usually agreed closely with the corresponding pro-
files from the numerical models. Figure B shows an example
of two corresponding falling profiles, one obtained experi-
mentally and the othe; obtained from the numerical model
assuming a constant Cd over the side-weir. As can be seen
from this example, along the portion of the side-weir
reach where .the water depth above the side-weir was large,
the physical model showed a 1ittle higher water depth than
that of the mathematical model, while along the portion of

the reach where the water depth above the side-weir was small, the
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water level in the physical model was slightly lower than

that of the mathematical model. This phenomenon was typical
of most of the test-runs and seemed to suggest that the co-
efficient of discharge over the side-weirs should vary with
the water depth above the side-weir, resembling the well-
known trend in the variation of the coefficient of discharge
over sharp-crested weirs with longitudinal flow. As mentioned
earlier, the investigation of the coefficient of discharge

by the second approach led to the conclusion that more experi-
ments are needed if a reliable estimate of C , C , and C of
equation 19 is to be pursued. However, for lhe gurpose 2f
arriving at a practical mathematical model to enable an
engineering estimate of side-weir discharge, it is .felt that
pursuing the research in this direction would only be of
academic value, and was therefor temporarily abandoned.

Some other minor differences were observed, between the
flow profiles in the physical and corresponding numerical
models. For rising profiles, the minimum water depth in the
physical model did not occur at the beginning of the side-
weir as assumed in the theoretical analysis, but rather a
short distance downstream. For falling profiles when the
flow in the upstream channel was supercritical in the
side-weir reach, the profile started falling before it
reached the beginning of the side-weir while the theory
considers the profile starting to fall just at the beginning
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of the weir. For the case of subcritical flow in the
upstream reach and supercritical flow along the side-weir
reach, test results showed that the flow became critical

a short distance before it reached the side-weir rather than
at the beginning of the sjde-weir as indicated by the theore-
tical analysis. However, each and every one of these differ-
ences can be easily explained by the secondary flow process
which is created by the disturbance to the flow caused by

the existence of a side-weir and which has been completely
ignored in the theoretical analysis. Measurements show that
water leaves the channel at an angle which was always less
than 45 degrees with the main channel flow (within the

range of the experiments this angle varied between 40 and

30 degrees). This suggests that the centerline of the
stilling basin should be inclined at a similar angle to the
direction of flow in the main channel. The length of the
stilling basin and any blocks that may be needed will depend
upon the ratio of weir height to critical depth of flow,

the critical depth, and the conditions downstream of the

basin.

CASE OF HYDRAULIC JUMP

For cases where a hydraulic jump occurred in the side-
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weir reach, the coefficient of discharge was found to be
scattered in the range from 0.1 to 0.5. The location of

the jump in the physfcal model was in most cases different
from the location of the jump as per the numerical model.
There are several reasons for this discrepancy and for the
{nconsistency of the variation fn Cd when a hydraulic jump
occurred in the weir reach. The location of the hydraulic
Jump is very sensitive to any change in roughness, bed slope,
or upstream Froude number. Several assumptions were made

in deriving the equations which led to the numerical model.
One of these assumptions was that the kinetic energy correc-
tion factor a varies with the Manning n as found by

Huls ing, Smith and Cobl (16). Another was that the
pressure distribution at all sections of the flow remains
hydrostatic. Effects of inaccuracy in assumptions such as
these two were insignificant when the flow was strictly
supercritical or subcritical. However, they became quite
significant in the case of the hydraulic jump.

Another assumption, which was made in the mathematical
model was that the jump can be represented by a vertical
line. 1In other words, the jump length which is known to be
several times the subcritical depth, was considered equal to
zero in the mathematical model. This assumption together
with the others mentioned above make it difficult to accept

results of computer runs in case of a hydraulic jump in the
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weir reach. The output of the numerical model as far as the
location of the hydraulic jump is concerned largely depends
on the value of Cd used in the input. If Cd is estimated
from equation 18 errors of +30% may be included in the output
value for the weir discharge. For this reason, it {is sug-
gested that when better accuracy is needed, the designer
should either avoid the situation when a jump would be pro-
duced in the weir reach, or use a physical model for this
special case. The hydraulic model should give a more
reliable answer than the numerical.

CASE OF TRAPEZOIDAL CHANNEL

The coefficient of discharge for the longitudinal flow
cdl as used in equation 7 in the case of trapezoidal side-
weir reaches was found to be close to 0.60 which is similar
to the value of the coefficient of discharge for a sharp-
crested V-notch. Otherwise, the variation of the coefficient
Cd followed a trend similar to that of the rectangular chan-
nel.

Contrary to the case of the rectangular flume, differ-
ences between corresponding values of Cdm and Cde for the
case of the trapezoidal flume, were significant. In most
cases as shown in figure 9 (Cde-cdm)/cdm+cde) was positive
indicating that the use of the water surface elevations at
the channel centerline in computing the head over the side-

weir led to values for the coefficient higher than should
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be. Most probably the coeff1c1enf which should be used in
the numerical model does not only depend on the ratio
(Qw/Q]). but also on other dimensionless parameters
describing the geometry of the channel. 1In other words,

Cd is a function of (Qw/Q]). (yw/B) and 2, where B is the
bettom width of the trapezoidal channel whose side-slope
is 1 vertical on 2 horizontal. When Z was zero (case of
rectangular channels), 1t was established that Cd depended
only on (Qw/QI) as per equation 18. Experimental data from
fhe trapezoidal flume, however, suggest the modification

of equation 18 to include the effect of the side-slope.

One way of modifying equation 18 is to include a term
(1+E)c5 where C. 1s a constant. Following this procedure
in the analysis of the results of the test-runs on the
trapezoidal flume, C5 was found to be about 0.263. Equation
20 is therefore recommended for computing the discharge

coefficient for side-weirs in open channels.
€4=0.64(Q,/Q)0-206 (143)0.263 ...(20)

This equation is reduced to equation 18 when =0
(case of rectangular channels).
EFFECT OF SUBMERGENCE

Tests were run on the rectangular flume to determine
the change of the coefficient of discharge due to the sub-

mergence of the side-weir resulting from rising of water
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Tevel in the stilling basin. No effect occurred until the
water fn the sti1ling basin reached the level of the weir
crest. Test results indicated that the ratfo of the coeffi-
cient of discharge of a submerged weir to that of a free

weir can be expressed by:

c

ds_ . [ q.( 1 y3/25 €, ..21)
Cd H
where cds is the coefficient of discharge for the submerged

weir, Cd is the corresponding coefficient when the side-weir
is not submerged, H fs the water depth above the weir crest
in the channel and H.I s the water depth above the weir
crest in the stilling basin, and c4 is a constant ranging
from 0.30 to 0.40. While H1 may be constant for a certain
case, H is usually varying along the weir and therefore
cds/cd 1s expected to be also varying along the weir.
However, an average value of H and C4may be used in applying

the above-mentioned equation without too much error.
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VI. AN APPROXIMATE METHOD FOR UNSTEADY FLOW COMPUTATIONS

For computing the quantity of flow discharging over a
side-weir in a channel in which a flood wave in the form of
a hydrograph propagates, the application of the unsteady
numerical model should produce reasonably accurate results
except for the case where a hydraulic jump occurs. The unsteady
numerical model application is usually very complicated re-
quiring appropriate initial and boundary conditions and a
large-capacity computer for running the program.

-For practical purposes, an approximate method utilizing
the steady model for computing the flow over side-weirs due
to unsteadiness of flow in the main channel with or without
hydraulic jumps is needed for engineering design. If the
base of a given hydrograph is simply divided into a finite
number of time intervals, the average discharge for each
interval can be assumed constant during the incremental
time interval. The steady numerical model is then applied
to each interval and flow over the side-weir corresponding
to each average discharge 1s computed. Finally, the total
volume of flow over the side-weir due to a flood wave propa-
~gation in the channel is obtained and is equal to the
summation of the individual side-weir discharges multiplied

by the corresponding time intervals.

The procedure can be summarized in the following:
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1. If the original known hydrograph (Hydrograph 1)
is for a station far from the proposed site of the side-weir, -
the unsteady numerical model should be used to route the
flood from the original station to a statfon close to the
side-weir location where a new hydrograph (Hydrograph 2) can
thus be obtained. The new hydrograph usually would have a
lower peak and a wider time base as compared to the original
hydrograph (Hydrograph 1), the degree of subsidence depending
on the flow conditions and the slope of the channel.

2. Determine the capacity of the retarding basin. TQis
can be achieved by plotting a stage versus storage curve.

3. Choose a side-weir length and a side-weir height and
compute the discharge in the mafn channel when the normal
depth is equal to the side-weir height.

4. Divide hydrograph 2 into a number of parts according
to the degree of variation of discharge Q with respect to
time t, the larger the rate of discharge variation, the
smaller should be the time intervals used in the computation.

5. Apply the steady numerical model using the average
Q at each interval obtained in Step 4 to determine the side-
weir discharge Qw'

' 6. Plot the side-weir discharge Qw versus time t curve.
The area under this curve represents the total volume of
water discharged over the side-weir. Composite Simpsons

rule can be applied for obtaining this area.
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If the volume obtained i1s equal to or slightly greater
than the design volume, then the chosen side-weir height
and length is appropriate. Otherwise another trial design
should be adopted and the procedure repeated until the design

requirements are met.

46



VII. APPROXIMATE SOLUTION OF UNSTEADY CASE
COMPARED TO APPLICATION OF THE
UNSTEADY FLOW MATHEMATICAL MODEL
To 11lustrate the difference between the results of

applying an approximate method based on ‘the steady flow
mathematical model (PROGRAM OCFCD4A) and the results of
applying the unsteadylflow mathematical model (PROGRAM
OCFCD4B), an example will be worked out by both methods.
However, in this example, for simplicity, the coefficient
of discharge will be assumed constant. Varfation of Cd with
Qw/Q] as per equation 18, may be of significant effect in
actual design but is considered 1nsign1f!cant for the pur-

pose of comparing the two procedures.

Data for the channel:

Channel shape and roughness: Concrete lined rectangular
channel, 10 ft. wide, Manning's Coefficient
= 0.013

Channel slope: 0.009

Channel length: 8000 ft.

Design Hydrograph: The hydrograph is triangular in

shape; it rises from 400 cfs'linearly to a peak

. flow of 2000 cfs at the end of the first hour
and then drops down linearly to 400 cfs at the
end of the second hour.

time (hours) 0 0.25 1.25 2.25 2.5
discharge (cfs)400 400 2000 400 400
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Side-weir: 2.5 ft. high and 200 ft. long starting at

station 4000 ft. and ending at station 4200 ft.

Discharge Coefficient = 0.47
Required:

1. Determine the discharge hydrograph and the total
side-weir discharge using the unsteady numerical method.

2. Compute the discharges downstream of the side-weir
corresponding to upstream discharges of 400, 600, 800, 1000,
1200, 1400, 1600, and 2000 cfs, respectively, using the
steady numerical method and determine the total side-weir
discharge.

3. Compare the total side-weir discharges obtained

from steady numerical method and unsjeady numerical method.

Solution: By applying the.computer program OCFCDﬁg the
discharge hydrographs at the beginning of the side-weir,

at the end of the side-weir and at the end of the channel
reach were found and plotted as shown in figure 10. The
total volume of side-weir discharge was 4,073,850 cubic feet
as given in the computer printout. By applying the computer
program OCFCD4A to a number of discharges ranging from

400 cfs to 2000 cfs, the hydrographs upstream of the side-
weir and downétream of the side-weir were plotted as shown
in figure 10. The area between these two hydrographs
represents the total volume of side-weir discharge and was

found to be approximately 4,070,000 cubic feet.
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It is therefore concluded that the approximate method
for unsteady flow computations provides reliable solutions

for practical applications.
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VIII. SOME DESIGN GUIDELINES
SIDE-WEIR DIMENSIONS

For a given value of the discharge Q2 max that should
not be exceedgd in the downstream channel, the side-weir
height is first assumed equal to the depth of flow in the
weir reach at a steady discharge equal to this Qz max" The
side-weir discharge will gradually vary from zero to a
maximum at the peak of the flood then gradually decreases
back to zero. The weir length should be able to spill the
maximum excess of flow (at flood peak) which means that
Q max"? max minus given Q; max: For this side-weir dis-
charge, the ratio QW/Q.I is established, then Cd is computed
fromequation 20. Several lengths are then tried with Program
OCFCD4A until Qw is verified. Program OCFCD4B or simply the
procedure outlined in Chapter VII will enable the computation

of the required volume for the retarding basin.

LOCATION OF TRANSITIONS

Unless the design 4s going to be checked by a hydraulic
moég]l-ip‘is not advisable to Tocate the side-weir in a
_'transitioéwreach.‘ The mathematical model needed to solve
such a casé~w0ﬁf§lbe terribly complicated. Computer Programs
OCFCD4A and OCFCD4B given in the Appendix do not handle this
case.

Transitions should be located downstream of the side-

weir reach in case of supercritical flow in order to avoid
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the effect of cross waves produced by the transition upon

the performance of the side-weir. In subcritical flow,

transitions may be located upstream or downstream of the

weir reach.

RELATIVE LOCATION OF SIDE-WEIRS

In general, two short side-weirs sftuated across the
channel from each other are more efficient than one long
side-weir as long as the height of the weir is less than
the critical depth (or the normal depth 1f the flow upstream
is éupercritical). Theoretically, among the cases shown

in figure 11, case a 1s the most efficient, followed by

case b then case ¢ and d.

!
I

STILLING BASIN FOR THE SIDE-WEIR FLOW /
Flow over the side-weir leaves the channel at an angle
of 20 to 40 degrees depehding on the conditions of the
flow and the ratio of the weir discharge to the upstream
discharge. 1In the desfgn of the stilling basin, it is sug-
gested that irrespective of flow conditions or discharge
ratios, the stilling basin centerline be set at an angle
45 degrees with the direction of flow in the main channel.
The length of the sti11ing basin should be enough to allow
the flow to become more or less uniformly distributed across
the basin and to provide enough resistance to dissipate

some of the energy in the flow through a free or a submerged
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jump depending on the configuration of the surrounding area

of the retarding basin and the expected water levels down-
stream of the stilling basin. It is suggested that in

general no baffle blocks are needed in the stilling basin.
Treating the weir as a low drop, its sti}ling basin should

have a length of 7 to 10 times J};ﬁ?;; where y . 1is the
critical depth in the basin and may be taken as (Qw/Bw)2/3/91/3
(where B, is the width of the basin. It may be advisable

to use the upper 1imit for the case of side-weirs because

of éhe uneven distribution of flow in the side-weir Sasin.

Accordingly, the minimum length for the stilling basin is

given by:

Ly min = 10 ¥,/2(0, /8,)1/ 34178 .. (22)

As an example, if the weir height is 4 feet and its length
is 100 feet, the minimum design length for the stilling
basin when the maximum weir discharge is 1400 cfs will be

1/3 1/6 _
10(4)1/2 ( 1400 ) / (32.2) = 30 ft.
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IX. CONCLUSIONS

The following conclusions take into account all the
findings of the theoretical and experimental study which
has been carried out for flow over side-weirs in open
channels.

1. The steady numerical model which was developed 1n
this study enables the computation of water surface profiles
and side-weir discharges for all flow cases with or without
hydraulic jumps. The computer program developed from this
model (Program OCFCD4A) proved to be very efficient; 4t
handles all types of flow conditions in prismatic channels
with or without boundary controls. With minor modifications,
it can also be used to treat special flow problems in non-
prismatic channels.

2. The unsteady numerical model is capable of handling
both subcritical and supercritical flows in prismatic
channels with or without side-weirs. For each application,
appropriate boundary conditions and accurate ifnitfal condi-
tions must be introduced. The fnitial conditions can usually
be obtained from results of the steady numerical model.
Accuracy of the unsteady numerical model depends on the
number of stations chosen and the time intervals used. Im-
proper-choice of the distance interval ax and the time
interval At may result in obtaining scattering numerical

values between adjacent stations or time intervals. The
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application of unsteady model requires a large size
computer, |

The program developed from the unsteady model (Program
OCFCD4B) can also be used for routing the flood from a
remote statfon to a station close to the location of the
side-weir. This enables the development of a new hydrograph
at a site near the side-weir and increases the effectiveness
of using a simulation method for unsteady flow computation.

3. The simulation method, which applies the steady
model repeatedly using a sequence of discharges from the
hydrograph to compute corresponding quantities of side-
weir discharges due to the unsteadiness of flow in the main
channel, proved to be effective and applicable to all cases
of flow including cases with hydraulic jumps. A comparison
of results in several applications using the unsteady
numerical model and the simulation method indicated that
solutions by the simulation method are reasonably accurate
and usually satisfy engineering applications.

4. Experimental investigation of the performance of
side-weirs on the rectangular and the trapezoidal flumes
established a relation for the determination of the weir
coefficient of discharge when the coefficient was assumed
constant along the weir (equation 20). Application df
equation (20) in estimating Cq for use as a part of the
input data for Program OCFCD4A proved to be satisfactory
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when no hydraulic jump occurred in the weir reach.

5. 1In the case of hydraulic Jump occurring 1n the
welr reach, the physical and the numerical models usually
differed in the location of the Jump. Since the Jump
location significantly fnfluenced the value of Cd which
would verify the measured weir discharge, and since this
Tocation is sensitive to factors which were not accounted
for in the mathematical mpdel (such as change in friction
coefficient and the momentum correction factor), the
difference between measured and computed weir discharges
in the jump case reached 30% (compared to a maximum of 10%
when there was no jump). Equation (20) is therefore less
reliable in the case of a hydraulic Jump occurring in the
weir reach than in the case of strictly supercritical or
strictly subcritical flow.

6. The study led to some guidelines for the design of
sfde-weirs and their stilling basins.

7. It is recommended that the experimental and theore-
tical study be continued with the following objectives:

a. to test the accuracy of equation (20) for
various side slopes.

b. to study the variation in the weir discharge
coefficient along the weir as suggested by
the second approach equation (19).

c. To determine the appropriate modifications for
the mathematical models if the weir was broad-

crested instead of sharp-crested.
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A. CASES OF FLOW PROFILES WHICH MAY BE
SOLVED BY THE COMPUTER
PROGRAM OCFCD4A

The computer program developed for the steady numerical
model applies to a channel which consists of 3 reaches.
Section 1 1s the beginning of the first reach in the upstream
end of the channel; section 2 is at the beginning of the
side-weir reach; section 3 is at the end of the side-weir
reach and section 4 is at the end of the channel. The side-
weir is located along the second reach between section 2 and
section 3 on one side of the channel, or there could be two
weirs. The bed slopes of the three reaches are expressed by
Sol’ 502’ 503. The first and(or the third reaches may be
nonprismatic provided that the expansion or contraction is
1inear.

The computer program has been tested for numerous possi-
ble practical cases. Kayiran (12) provided a detailed
description of the cases which have been tested. Different
flow profiles produced in prismatic channels are shown in
figure 12 through figure 20. Figures 12, 13, 14 show the
flow profiles with no control at either the upstream or the
downstream sections. Figure 15 shows the profiles with
control at section 1; figures 16, 17 and 18 show profiles
with control at section 4 and figure 19 shows the flow

profiles with controls at both the upstream and downstream

sections.
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Flow profiles produced in nonprismatic channels are
shown in figures 20 through 25. Flow profiles for the case
of nonprismatic first reach with control at section 1 are
sho&n in figure 20, and with control at sections 1 and 4 are
given in figure 21. Flow profiles for the case of nonpris-
matic third reach with control at section 4 are given in
figures 22, 23, and 24. Filow profiles for the case of non-
prismatic first and third reaches with control at sections 1

and 4 are shown in figure 25.
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B: DESCRIPTION OF THE COMPUTER
PROGRAM OCFCD4A

The computer program developed for the steady numerical
model consists of a main program and eight (8) subroutfines.
The generalized flow chart and diagram of input for this

program are shown in figures 26 and 27 respectively.
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The Main Program

The main program controls the operation of the
computer program and receives all input. It determines
the control sections and by calling the subroutines,
computes the water surface profile along the channel and

prints out the results.

The Subroutines

Subroutine SWHT., SWHT computes the height of the

side-weir in feet at any distance XX away from the refer-

ence section.

Subroutine WSP, WSP calculates the water surface

profile, the rate of flow over the side-weir, and shows
where the flow in the channel approaches critical.

Subroutine SECT. SECT computes the cross-sectional

area of flow A, wetted perimeter P, top width of water
section DA, second derivative of area DDA with respect to
depth of flow Y and first derivative of wetted perimeter
with respect to Y. For prismatic channels, the area is

expressed by
A = COEFA(L,1) YCOEFA(L,2) 4 copFA(L,3) Y

where COEFA(L,l) is the channel side-slope at section L,
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COEFA(L,2) = 2 and COEFA(L,3) is the base width at section
L. For prismatic channels these coefficients are the same
for all four séctions. When the channel cross-sectioﬁ is
nonprismatic the area for intermediate stations is founa
by interpolation.

The wetted perimeter for prismatic channels is

expressed by

P

2 VCoEFP (L,1)? + 1 ¥COEFP(L,2)  coprp(L,3)

- NW H VCOEFP(L,1)%+ 1

whare COEFP(L,l) is the side-slope at section L, COEFP(L,2)
= 1 and COEFP(L,3) is the base width at section L. For
prismatic channels these coefficients are the same for all
four sections. The wetted perimeters for intermediate
stations are found by interpolation in nonprismatic cases.

Subroutine YNOR. V¥NOR calculates the normal depth.

of flow YN (using Newton-Ralphson iteration method) for any
reach when the discharge and the slope of the reach are

known.

Subroutine YCRI. YCRI calculates the critical

depth of flow YC by Newton-Ralphson iteration method.

Sﬁbroutine YSEQ. YSEQ computes the sequent depth

YS based on the momentum principle by applying Newton-

Ralphson iteration method.

79



Subroutine WSPl. WSPl calculates the water surface

profile along reaches 1 and 3 in cases where there are
upstream and/or downstream control sections. WSPl uses the
same numerical iteration process as in WSP.

Subroutine SMINOR. SMINOR calculates the slope of

the minor loss SM for the nonprismatic reaches of the
channel. In the weir reach and in cases where a hydraulic
jump is expected to occur, SM = 0. At the beginning SMINOR
assumes that the depth of flow at the end of the transition
to be equal to the depth at its beginning in order to find

an approximate value for SM which is used to start the

iteration process.
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NOTATIONS USED IN THE COMPUTER PROGRAM

Cross~sectional area

»

AF Correction factor for kinetic energy

AAl Cross-sectional area at the beginning of a
nonprismatic reach for a certain depth of
flow ¥ :

AA2 Cross-sectional area at the end of a non-
prismatic reach for a certain depth of flow Y

Al Cross-sectional area at the beginning of a
step for a certain depth of flow Y

A2 Cross-sectional area at the end of a step
for a certain depth of flow Y

CD Nondimensional coefficient of discharge
CM Manning's coefficient of roughness

CMM = CM2/(1.486)2

COEFA(L,1) Channel side-slope at section L (1 vertical
' on COEFA(L,1) horizontal)

COEFA(L,2) Area coefficient at section L; equals 2
COEFA(L,3) Base width of channel at section L
COEFP(L,1) Channel side-slope at section L
COEFP(L,2) Wetted perimeter coefficient; equals 1
COEFP(L,3) Base width of channel at section L
COEFQ(J) . Coefficients for discharge célculation af'
: section 4 when stage-discharge relation is

given at this section (KDWCl = 1)

DA First derivative of cross-sectional area with
respect to Y (top width of water section)

DADX = (Al -~ A2)/DX, partial derivative of A with
respect to X when Y is constant
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DDA Second derivative of A with respect to Y

DELY Increment in depth used to find the discharge
downstream of side-weir in case of a rising
profile

DIF Distance of a station from the beginning of
the reach divided by the length of the reach

DP First derivative of wetted perimeter with
respect to y

DQDX = (2/3)CD Nw V2 HY’, discharge over side-weir
per unit length

DX Incremental distance
DYDX = dy/dx

E Specific energy

E13 = 1/3
E23 = 2/3
E43 = 4/3

FN Froude number
G Acceleration due to gravity

H Height of water above the weir crest; equals
0 if Y < YW

HSWB Height of weir at the beginning of reach 2
HSWE Height of weir at the end of reach 2

HWX Height of weir at a distance X away from the
reference section

-I Identifies stations
J Number of reaches
Jl =J + 1
KBl Code for identifying the first reach; eguals

1l if first reacn is prismatic and equals 2
if first reach is nonprismatic
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KB2
KDVIC
KDWC1
KSEC

KS3

KUPC

Ll

PMF

Qo0
QI (1)
" 8(1)

S (2)

Code for identifying the third reach; eguals 1
if third reach is prismatic and equals 2 if
third reach is nonprismatic

Code for identifying section 4; equals 1 if
section 4 is not a control section and eguals 2
if section 4 is a control section

Code for identifying the type of control at
section 4; equals 1 if stage-discharge relation
is known and equals 2 if depth of flow is known
Code for iaentifying channel cross-section;

equals 1 if it is rectangular and equals 2 if
it is not rectangular

Code for identifying the slope of the third
reach §(3); equals 1 if §(3) is mild and
equals 2 if S(3) is steep

Code for identifying the type of control at
section 1; eguals 1 if depth of flow is known
and egquals 2 if critical depth is known

Code for identifying section 1; equals 1 if
section 1 is not a control section and egquals 2
if it is a control section

Number of sections

=L+ 1

Number of side-weirs; equals 1 if side-weir is
on one side and equals 2 if side-weirs are on
both sides

Wetted perimeter

Pressure plus momentum

Discharge

Discharge in the first reach

Discharge at station I

Bed slope of the first reach

Bed slope of the second reach
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S(3) Bed slope of the third reach
SCRI Critical slope
SE Friction slope
SIGN Code for identifying the direction of computa-
tions; eguals 1 if computations proceed down-

stream and equals -1 if computations proceed
upstream

SKM Head loss coefficient due to linear expansion
or contraction

SM Slope of minor loss due to change in cross-
section of channel along a reach

SO Bed slope
TERM = 1 - AF V? DA/AG

XSB Distance of the beginning of a reach from the
reference section

XSE Distance of end of a reach from the reference
section

XX Distance of a station from the reference
section

X(I) Distance of Ith station from the reference
section

XS(l) Distance of section 1 from the reference
section

XS(2) Distance of section 2 from the reference
section

XS(3) Distance of section 3 from the reference
- section :

XS(4) Distance of section 4 from the reference
section

V Mean velocity of flow

Depth of flow
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Y2
¥5
¥C

I

YN

XS
YSI(I)

Depth of flow at section 1 when KUPC = 2
Depth of flow at section 4 when KDWCl = 2
Critical depth of flow

Depth of flow for first trial for computation

of normal depth in the first reach
Normal depth of flow
Sequent depth

Sequent depth at the Ith station
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C: EXAMPLES ON THE APPLICATION OF
THE COMPUTER PROGRAM OCFCD4A

Three examples are carried out to {l1lustrate the use
of the computer program and its application for design
purposes.

Example 1. A 1000 ft. concrete-l1ined rectangular
channel with a base width of 50 ft. and a bed slope of
0.0009 is considered. The side-weir on one side of the
second reach between stations 1+00 and 2+00 is 3.00 ft. high.
The discharge in the first reach between stations 0+00 and
1400 is 2500 cfs. Coefficient of discharge CD = 0.47 and
Manning's coefficient of roughness CM = 0.013.

Required: The discharge downstream of the side-weir
and the water surface profile along the channel.

Solution: 1In this application there are no boundary
controls and the channel 1s prismatic. The computer output
indicates that flow is subcritical along the first reach,
goes through critical at the beginning of the side-weir and
becomes supercritical along the side-weir reach. A jump is
observed in the side-weir and flow becomes subcritical down-

stream of the side-weir. The resulting water surface profile

is shown in figure 28.

2500 cfs . 5 30" 2265 cfs

’1 3.00 l

Figure 28

Water Surface Profile for Example 1
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Example 2. The discharge in the first reach between
stations 0+00 and 1+00 of a 1000 ft. long concrete-lined
rectangular channel is 1500 cfs and the hefght of the side-
weir between stations 1+00 and 3400 1s 12.0 ft. The channel
has a constant bed slope of 0.002 and 1s prismatic along the
first and second reaches with a base width of 10.00 ft.

The base width expands linearly along the third reach from
10.0 ft. at station 3+00 to 15 ft. at statfon 10+00. Co-
efficient of discharge CD = 0.47, Manning's coefficient of
roughness CM = 0.013 and the minor loss coefficient for the
third reach SKM = 0.15. There is a 6.0 ft deep slufce gate
opening along the base width af station 10400 with a flow
coefficient of 0.56. The stage-discharge relation at station
10400 is expressed by

qQ = 401.5 y'/2

Required: The discharge downstream of the side-weir
and the water surface profile along the channel.

Solutfon: 1In this application the third reach is non-
prismatic with a downstream control at section 4. The com-
puter output indicates that the flow draw down from normal
depth to 12.27' at the beginning of the side-weir and a
rising profile 1s observed along the side-weir. Flow down-
stream of the side-weir is subcritical. Water surface pro-

file for this application is shown in figure 29.
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Figure 29

Water Surface Profile for Example 2
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Example 3. The discharge in the first reach_between
stations 0+00 and 0+20 1n a concrete-lined rectangular
channel s 1440 cfs. The base width of the channel expands
from 10.0 ft. to 30.0 ft. along the first reach. The depth
of flow at station 0+00 1s 5.32 ft. There is a 4.0 ft. high
side-weir on one side of the prismatic second reach which is
between stations 0420 and 0+445.90. The base width of the
third reach contracts linearly from 30.0 ft. at station
0+45.90 to 10.0 ft. at station 65.90. The control at sta-
tion 0+65.90 is a 6.0 ft. diameter pipe. The slope of the
channel is constant at 0.0049.

Required: Check that this design would lead to a down-
stream discharge of less than 460 cfs and find the corres-
ponding water surface profile.

Solution: 1In this application both the first and the
third reaches are nonprismatic and controls are imposed on
both upstream and downstream ends. Computer output fndicates
that a jump occurs in the first reach and flow becomes sub-
critical along the side-weir and the reach downstream of

s{de-weir. Water surface ﬁrofile for this application is

shown in figure 30.

355 cfs
— 12.00°
]
5‘32' 1440 cfs 5'_?_0
Figure 30

Water Surface Profile for Example 3
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D: DESCRIPTION OF THE COMPUTER
PROGRAM OCFCD4B

The computer program for the calculation of unsteady
spatially-varied flow in an open channel with side-weirs is
written in FORTRAN IV language and consists of a main pro-
gram and five (5) subroutines. These subroutines are BDARY,
INTER, MSIMQ, SECT and ARRAI. The generalized flow chart
and the diagram of 1nput.for this program are shown in
figures 31 and 32 respectively. A brief description of the

qain program and each of the subroutines 1is givenrfn the

following:

THE MAIN PROGRAM

The purpose of the main program is to control the opera-
tion of the whole computer program, to read necessary input
data and to write output results. The principal input data
fed into the main program include the number of sections,
the location of each section, the slope of the channel, the
in{tial water depth ahd flow rate at each section, the co-
efficient of roughness (Manning's Coefficient) of the
channel, the coefficients controlling geometric characteris-
tics of channel shape, the data controlling upstream and/or
downstream boundary conditions, the height and the location
of the side-weir and the appropriate coefficient of discharge
of the side-weir.

The main program also controls the printing of calcu-

lated results at each specified time interval including the
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L6

MAIN PROGRAM

Reads Input, Prints

1 ]

SUBROUTINE SUBROUTINE

BDARY SECT

Calculates Calculates
the coeffi- geometric

cients of thg parameters
matrix con- for each

section

tributed by
the 2 boun-
dary condi-

tions

—= Data
Controls the Program
Print Output
{ v ‘ l
SUBROUTINF SUBROUTINE SUBROUTINE INTER
MSIMQ ARRAL
] Computes the resi-
Solves 2N Converts dueg at each
simultaneous |, | two-dimen- |, | station with
linear alge- sional ar- dinite difference
braic equa- ray into equations obtained
tions for ob- one dimen- from continuity
taining 2N sional and momentum
variables array equations
SUBROUTINE
ARRAI
Converts Figure 31. GENERALIZED

one dimen-
sional array
into two

dimensional

larray |

FLOW CHART FOR THE UNSTEADY COMPUTER PROGRAM




* m3 - ( YQD(l)I YQD(Z)p YQD(3)

DATE, IHOUR, IMIN, STN(K)
* XD=1,2

* KDel,2 —— DATE, IHOUR, IMIN, ST1(X)

r COEFP(I,l), COCFP(I,2), COEFP(I,3)

COEFA(I,1), COEFA(I,2), COEFA(I,3)

HW(I) I=1,N

* xozsl = z(D) 1=1,m
* xom=p —— SLOPE
X(I) I=1,N
YU(I) I=1,N

EPSLON, 1TMAX, NS, R, KPRINT

QII(I) I=1,N

ISWB, ISWE

Ts, TE, TM, DX, X1, XN, DATAPL

XKuD, rU, XD, NU, ND, U, KOZ

Figure 32. Generalized Diagram of Input for the

Computer Program

* Needed for the conditions shown
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water depth, the velocity, the discharge, the lateral dis-
charge over the side-weir, the froude number at each section,
the volume of water discharging from the side-weir between

two adjacent time steps and the total volume of side-weir

discharge.
SUBROUTINE BDARY

This subroutine is used for computing upstream and/or
downstream boundary data at each time-step. The data then
are used for computing resfidues and for ohtaining elements
of the coefficient matrix contributed by the boundary condi-
tians. For the case where the flow at the beginning section
of the side-weir 1s supercritical and the height of the
side-weir 4s less than the critical depth corresponding to
the initial flow in a prismatic channel, flow is controlled
at the upstream side and thus two upstream conditions may
exist. These two upstream conditions may consist of a stage
or discharge hydrograph (elevation or discharge versus time)
and a uniform flow relationship. For the case where flow is
subcritical along the channel with 2 side-weir, one upstream
and one downstream boundary condition may exist and the
upstream boundary condition may be given as a hydrograph
while the downstream boundary condition at the end of the

channel may be a uniform flow relationship.
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SUBROUTINE INTER

This subroutine is used for computing necessary data
for all the interior sections which are sections other than
those where the boundary conditions are specified. In this
subroutine equations of continuity and momentum governing
the unsteady spatially-varied flow with side-weirs in an
open channel are transformed into the finite difference
forms. Residues and elements of the coefficient matrix con-
tributed by every subreach of the channel are computed.
Newton-Raphson's method is then applied to calculate the
flow parameters at a future time level when the flow para-
meters at a present time level are given,

SUBROUTINE SECT

This subroutine is used to compute several parameters
which characterize the geometric properties of all the
channel subreaches. These parameters include the cross-

sectional area, the wetted perimeter, the top width and

others.

SUBROUTINE ARRAI

This subroutine is used for changing a two-dimensional
array into a one-dimensional array and vice versa. This
process is required in solving simultaneous linear algebraic
equations when the number of equations is not specified in

the Dimension Statement of the computer program.
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SUBROUTINE MSIMQ

This subroutine fs used for solving simultaneous linear

algebraic equations by the Gaussian elimination method.
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NOTATIONS USED IN THE COMPUTER PROGRAM

A(I) = Cross-sectional area at station I for the advanced time level
AD(I) = Cross-sectional area at the given time level
B(I) = First derivative of A(I) with respect to depth of flow

C(I) = Vector representing residues formed by continuity and
momentum equations for all sections

CD = Coefficient of discharge of the side-weir (CD=0 when there is
no side-weir)

CM(X) = Manning's frictional coefficient at station I

COEFA(I,J) = No. J coefficient for Jdetermining the cross-sectional
area of flcw at station I
COEFP(I,J) = No. J coefficient for determininy the wetted perimeter

of the channel at station I

CONST = 1.486 JSLOPZ / CM(N)

D(I,J) = Coefficients of a matrix for the implicit finite difference
process obtained by differentiation of momantum arnd contin-
uity equations with respect to unknowns ¥ or V for all the
sections

DATAPL = Datum plane for water surface elevation

DATE = Month/Day/Year at which the initial data are given

DB(T) Second derivative of £(I) with respect to depth of flow

DP(I) First derivative of P(I), the wetted perimeter at station I,

with respect to depth of flow
DX = Distance interval in feet betiween stations

DXT = DX/DT

DT = Time interval in seconds used in finite difference method

DTX = DT/DX

EPSLON = Small positive number used in the convercence test
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El3 = 1./3.
E23 = 2./3.

E43 = 4./3.

Fl = Residue of the equation which satisfies the first boundary
condition

PN = Residue of the equation which satisfies the second boundary
condition

G = Acceleration due to gravity

Gl = G/(1.486)°

HW(I) = Side-weir height at station I
I = Station number

ISWB

Station at which the side-weir begins

ISWE

Station at which the side-weir ends
ITER = Iteration Counter
ITMAX = Maximum number of iterations permitted

KD = Code for identifying the second boundary data; equals 1 if
stace-hydrogrzph is given, equals 2 if discharge hydrograph
is given, equals 3 if QO=F(YQD(J),Y) is given, eguals 4 if
flow is uniform and equals & if flow is critical.

KOZ = Code for identifying the channel bcttom slope; equals 1 if
channel bottom elevations are specified at each staticn and
equals 2 if the channel bottom slope is civen.

XPRINT = Control whether or not to print the iterated results.
KPRINT=]1 means not to print and KPRINT=2 means to print.
XU = CodGe for icentifying the first boundary data; equals 1 if

stage hydrograph is given and equals 2 if discharge hydrograph
is given.

KUD = Code for contrelling the type of upstream anl/or downstream
boundary conditions; equals 1 if there is one upstream anc
one downstream boundary condition, ecuals 2 1f there are two
upstream boundary conditions and ecuals 3 if there are two
downstrean %oundary condition

N = Nurber of stations
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ND = Number of second boundary data

NS = Number of subreaches between two adjacant stations for applying
Simpson's rule (Composite Inteyration Formula)

WU = Mumber of first boundary data

P(I) = Wetted perimeter at station I

PFNYV = Partial derivative of FN with respect to ¥

PENY = Partial dexivative of FN with respect to Y

PF1lV = Partial derivative of F1l with raspect to V¥

PFlY = Par:ial derivative of Fl with respect to Y

PII(I) = Initial discharye at «tation I

3 =-Ratio of differeace; is 0.5 for central éif“esrences, is

for backward differenzes and is 1 for forward differences.
SIOER = Channel b2d slcpe
STH(J) = Second houndery Jdata in cofs of £t giver at time "™N(J)

ST (T)

First boundary data in cfs or ft civen at time T1(J)
TE = Terminal time in hours

™

Maximum computing time intexrval in mirutes
TN(J) = Time in hcurs which specify tl.e Jth second kFoundary data

TS = Starting time in hours

T1(J) = Time in hcurs which specify the Jth first boundary data
VD(I) = Velocity of water flow at station 1 for a given time leval
VU(I) = Velocity cf water flow at station I for the advanced time

level

WAD(I) = Mass (equivalent) in the block between secticn I-1 anid
I for a given time level

WAU(1) = Mass (equivalent) in the block hetwesan section I-1 and
I for the advanced %ime level
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WOD(I) = Momentum (equivalent) .in the Llock between section I-1 and
I for a giver time level

WU (I) = Momentum (equivalent) in the block ketween section I-1 sna
I for the advanced time level

XN = Last station in miles
Xl = First station in miles
YD(I) = Water surface eclevation at station I for a givern tire level

YCD(J) = Coefficients governing “ke relationship of Y vecrsus (O when
D=3

YU(I) = ¥iater surface elevaticn at statior. I for the advanced time
ilevel

Z(I) = Channel bottor: elsvation 2t station I
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E: EXAMPLES ON THE APPLICATION OF
THE COMPUTER PROGRAM OCFCD4B

The solution of the unsteady flow problem in an open
channel with decreasing discharge in a portion of the
channel reach due to side-weirs can be grouped into three
types: The first type includes cases when the flow is sub-
critical throughout the channel reach and the flow profile
1s continuous; the second type is when the flow is super-
critical throughout the channel reach and the flow profile
is continous; the third type is when the flow is super-
crifica] in the upstream portion of the reach and is sub-
critical in the remaining portion of the reach and the flow
profile is discontinuous due to the existence of a moving
hydraulic jump.

Due to difficulties arising from the existence of a
moving hydraulic jump in the application of this method,
the solution to the third type of problems is not available
at this time. Further research is needed for obtaining any
meaningful results to problems in this category. Examples
for the application of the proposed method leading to the
numerical solutions of the first two types of problems are

given in the following:
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Example No. 1 - Subcritical Case

The following data for the channel are available:

Channel shape and roughness: Concrete lined rectangular
channel, 10 ft. wide,.Manning's
Coefficient = 0.013,

Channel slope: 0.002

Channel length: 8,000 ft. (See Figure 33)

Upstream boundary condition: -A triangular shape storm
hydrograph from 1900 cfs rises linearly to a peak
flow of 2500 cfs at the end of the first hour and
then drops down linearly to 1900 cfs at the end of
the second hour (See Figure 34),.

Downstream boundary condition: Flow reaches uniform at
the downstream end.

Side weir: 12 ft. high and 200 ft. long starting at
station 4000 ft and ending at station 4200 ft. Dis-
charge coefficient = 0.47.

Initial condition: The water depth and discharge values
at each specified section are obtained from the back-
water calculation given by the steady flow computer
program,

Reguired
Determine the discharge and the stage hydrographs at

the beginning section and the end section of the side weir

and at the downstream end. Determine the total amount of
flow released through the side weir from the above hydro-

graphs.
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Solution

The 8000 ft. long channel reach is divided into 15 blocks
or subreaches (16 sections) as shown in Figure 33. The minimum
block length (AX) is 20 ft. while the maximum block length (AY)
is 2000 ft. The chosen time increment is constant and equals
to 0.5 minutés giving a ratio of (%%? min = 0.67 ft/sec. and
(%%) max = 67 ft/sec..

The water depth, the discharge, the flow velocity and the
Froude number at all of the 16 channel sections and at each time
increment are shown in the computer printout. The discharge
hydroéraph as plotted from data given by the computer'printout
at the upstream boundary section, the beginning section of the
side weir, the end section of the side weir and the downstream
section are given in Figure 34, The stage hydrographs at these
sections are plotted in Figure 35.

The area bounded between the hydrograph at the beginning
of the side weir and the hydrograph at the end of the side weir
indicates the quantity of flow discharged laterally through the

side weir.
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(b) Supercritical Case

Figure 33. Schematic sketch of an open channel with a side weir
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Figure 34.Discharge hydrographs at sections 1 through 4 for the 8000 ft. channel when flow is subcritical
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Example No. 2 - Supercritical Case *

The following data for the channel are avajlable:
Channel shape and roughness: Concrete-lined rectangular
channel, 10 ft. wide.

Manning's coefficient = 0.013.

Channel slope: | 0.009

Channel length: 8000 ft. (See Figure 33)

6pstream boundary conditions:

(a) A triangular shape storm hydrograph from 1900 cfs
rises linearly to a peak flow of 2500 cfs at
the end of the first hour and then drops down
linearly to 1900 cfs at the end of the second
hour (See Figure 36).

(b) Flow becomes uniform at the upstream end.

Downstream boundary conditiéns: None.

Side weir: 2.5 ft. high and 200 ft. long starting at
station 4000 ft. and ending at station 4200 ft.
Discharge ccefficient = 0.47.

Initial condition: The water depth and the discharge at
each specified section are obtained from the
draw down calculation given by the steady flow
computer program,

Reguifed

Determine the discharge and stage hydrographs at the
beginning section and the end section of the side weir and
at the downstream end. Determine the total amount qf flow

released through the side weir.
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Solution
As in Example No. 1, the channel is divided into 15 sub-
reaches with 16 sections (See Figure 33). The minimum block

length (AX) is 20 ft. while the maximum is 2000 f£t. The time

increment is 0.5 minutes giving a ratio of

(ﬁ%)min. = 0.67 ft/sec, and (%%) max. = 67 £t/sec.

Discharge and stage hydrographs are plotted based on the
computer output and are shown respectively in figures 36 and 37.
In figure 36 the area bounded between curves b and ¢ represents
the amount of flow discharged through the side weir for the
unsteady case while the area bounded between curves e and £ is
the flow released through the side weir for the steady case

when the flow rate at the upstream end is 2500 cfs at all time.
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Figure 36 Discharge hydrographs at sections 1 through 4 for the 8000 ft. channel when

flow is supercritical
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Figure 37 Stage hydrographs at sections 1 through 4 for the 8000 ft. channel
when flow is supercritical
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For the purpose of determining the effect of channel
length to the unsteadiness of flow with decreasing discharge
through a side weir, two more examples, one subcritical and
the other one supercritical, are given in the following.

Example No. 3 adopts the same channel characte;istics,
side-weir dimensions and boundary conditions as those used in
gxample No. 1 with the exception that the total channel length
is 52,800 ft. and the side weir starts at station 26,200 ft.
and ends at station 26,400 ft. The computed discharge hydro-
graphs and stage hydrographs of this example are shown in
figures 38 and 39respectively. |

Example No. 4 uses the same data as those applied in
Example No. 2 with the exception that the total channel length
is 52,800 ft. and the side weir starts at station 26,200 ft.
and ends at station 26,400 ft. The results of Example No. 4

are given in figures 40 and 41 .
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Figure 38 Discharge hydrographs at sections 1 thiough 4 for the 52800 ft. channel

when flow is suberitical
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when flow is supercritical

114




The stage and discharge hydrographs given in figures 36,
37, 40 and 41 suggest that for a channel with supercritical
flow the stage or the discharge at the end of the side-weir
remains almost constant regardless of the shape of the
upstream hydrograph. Also for a channel with supercritical
flow 1t 1s found that the subsidence of the stage or the
discharge along the channel reach between the upstream end
and the beginning of the side-weir is very 1ittle. Increas-
ing the length of the channel upstream, will only delay the
time that the peak discharge or the peak stage reaches the
beginning of the side-weir but will not substantially 1in-
crease the subsidence of either the stage or the discharge
at the beginning of the side-weir. The above findings
together with the result from a comparison of unsteady and
sieady solutions given in figures 36, 37, 40 and 41 suggest
that, for a channel with supercritical flow, the steady case
sclutions based on different upstream discharges could be
used to simulate the solution of the corresponding unsteady
flow case with satisfactory results.

For the subcritical flow case the unsteady flow solution
as given 1p figures 34, 35, 38 and 39 noticeably deviates
from the c;rresponding steady flow solutions. The discharge
along tﬁe channel reach between the upstream end and the
beginning of the side-weir may subside an appreciable amount;

the degree of subsidence increases with the length of the
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channel reach. Therefore 1t may be concluded that it 4s not
advisable to predict the unsteady flow solution of a channel
with subcritical flow from the steady state solution when
the hydrograph is relatively steep.

The computer program developed for this study has been
run on a CDC 3150 computer facility at CSULB campus. As
predicted, the implicit finite difference method as adopted
in this study always provides stable results. It is shown,
however, that scattering numerical values between adjacent
sections or between adjacent time levels sometimes do occur
when the ratio of the block length (ax) and the time
fncrement (at) is large. Based on numerical experiments,
it is found that for the block length (ax) in the range of
20 to 2000 feet, the time increment (at) of one minute gave
unacceptable scattering in the results. Reducing (at) to

half a minute reduced the scatter to an acceptable range.
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