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SCOPE AND CONTENTS°

Weirs of the conventlonal shape are amenable to
analysis based on an'assumption‘of one-dimensional flow and
a numbef of compgfational-routines have beenvdeveloped for
this type‘of tfahsitionféréblem. When critical flow:occurs
kinva highly nén—uﬁif@fm sectioh, a more SOphiéticatéd approach
is nééeséary.' : |

In éénjunctibn with labcratory’tests on aﬂtypical
compound cbntr@l, a maﬁhematical model Qas formulated for the
development of.the stage~dischargé relation. 'It is felt
'that this mbdél_will allow an accurate predictioh for water

quantity from fluctuating sources.
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CHAPTER 1

l.1 INTRODUCTION

In recent years, it has been fully understoéd that
reliable records of water quantity are needed és a basis for
developments that utilize water in any considerable amounts.
For this reason, there has been an increasing demand for
gauging structures, that measure a wide range of stream'flow.'
with high accuracy. |
| Although the sensitivity of the stage—discharge‘rela-'

s

[

tion is impertant at all water levels, it is usuwally of Bx
mary importance at low stages. The principal reason for the.
construction of artificial controls is the desirability of
improving discharge measurements at low flows, since this is
the critical period for design consideration. In addition
to the above stipulation, the following criteria for the
design of an artificial control‘section must also be con-
sidered;

1. Thé constriction must be designed in such a
manner that the control is functional over the entire range -
of minimum to maximum flows.

2. The crest profile should be designed in such a
way that drift material will not lodge on the crest and cause

increased backwater upstream.



- 3. Turbulent flow below the‘critical control may
cause considerable erosion due to tu:bplenee;,-In order to
prevenﬁ turbﬁlence.the‘downstresm face ef the‘control should
be_deSignedISO'that the direction of fldw.will have a large
horizontal componenf. u :

.4 Fleld callbratlon should ‘be unnecessary or at

1east minlmal._

o 5. Both .construction and malntenance costs should
be held to a minimum. |
| | 6: The do@hstfeam fece of the coﬁtrol should be;con-
structed so that the nappe will cling to it at all times, in
order to prevent dlscontlnultles in the stage dlscharge re-~
lationship, | |

Although the sharp-crested weir’aﬁd'the sharp-edged
notehes of»the trapezoidai V-shape, or rectangulsr shape
~glve accurate results at low flows, they are not practlcal
for obtalnlng stream flow records for the follow;ng reasons,

- 1. The cost of eonstructlon 1s generally high.
. 2. Unless a combination of shapes is used a sharp- .
crested weir Qill suffer due to inaccuracies at
low flows,

3. -The sharp«edged metal blades require considerable
maintenance, and in some cases may be damaged by
ﬁloating debiis.

f4. A nonferodible.bed is necessary éownstream te"
prevent erosion due to the laiée vertical compo-

nent of flow.



‘Except under very special conditions, when the dis-
charge of a stream is so regulated that low flows do not
;occur, artificial broad-crested controls with horizontal
crests generally will not be sufficiently sensitive, and for
this reason they are seldom built. The combination of al
ninety degree V-notch plate in an artificial concrete controll
as shown in Figure l;l is equally unacceptable. The notch,
though providing some increase in sensitivity for low stages
would require continual maintenance and would also be very
suspectible to drift material. 1In éddition, this type of

section would require extensive field calibration in the

transitional range.

FIGURE 1.1 COMBINATION V-NOTCH AND STRAIGHT CREST
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" A design which has been found to be partially effec-
tive consists of a crest with a catenary or parabolic profile.
The Trenton and Columbus2 type deep notch control has a cross-
section similar to that shown in Figure 2, thus’ avoiding some
of the disadvantages of the sharp crested weirs. The section
combines a large capacity with a reasonable sensitivity at
lower discharges. The critical drawback of this section ﬁype
is the necessity for calibration of the stage-discharge rela-
tionship. If a model is used for this purpose, both the
model and prototype must be carefuliy constructed to similar
specifications in order to ensure that the derived rating

curve will apply in the field. With curved shapes such as
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FIGURE 1.2 COLUMBUS CONTROL



those in Figure 1.2, duplication of geometry would be very
difficult. This type of section may vary in geometric sim-
ilitude for each river profile being gauged, and because}of"
this a calibration model would be necessary for each p;otof
type installation. This cost factor alone, limits extensive.
use of the Columbus and Trenton type control sectidn as a‘
flow measuring device.

In England, a modification of the triangular profile
Crump3 weir was developed for the purpose of measuring a wide
range of flows. Illustration 1.3 shows the general laybut' 1

for this type of control.

FIGURE 1.3 COMPOUND CRUMP WEIR



The basic philosophy of the design is based on the
assumption that each section acts independently as a two-
dimensional control. Low flows pass over the lower (lowest)
sill only and therefore an increase in flow measurement sen-
sitivity is achieved for small discharges. During periods
of above average discharge all sections contribute to the
capacity of the control section thereby allowing a measure-
ment of reasonable accuracy and quantity for peak stage periods.

Due to the simple geometric shape specifications for
the section, construction can easily be achieved. Laboratory
calibration has become unnecessary for each individual proto-
type due to the similarity in shape between each prototype.

Althouugh over thiirty of these compound Crump weirs
have been constructed in Britain, they are generélly con-
sidered unacceptable in Canada. Because the divide piers
are above the water level, ice sheets developed during winter
months will lodge on these walls and, especially in the spring
breakup period, they may cause structural failure of the
divide piers or eveh the entire control section. Other secon-
dary criticisms of thexdivider piers include construction
costs, the possibility of river debris being caught between
piers, and also their unsightly appearance.

The primary purpose of this research is, therefore,
to develop suitable stage-discharge relationships for a com-
pound controi section similar to that shown in Figure 1.3,

but with the removal of all interior dividing piers. This
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type of:section could be used successfully with huch less dan-
ger of debris entrapment or ice jamming. Obviously the cost
fwould also be greatly reduced if the divide piers could be
vabandonedo With the use of a laboratory model, .an éttempt

was made to develop a suitable scheme for any compound coﬁtrol
of similar profile. | |

A secondary purposé of this study is an attempt to
‘gain some insight concerning the pfoperties of three-dimen-
sional flow at a compound constriction. It is anticipated
that the data collected from the series of laboratory experi-
ments might some day be useful to those confronted by this
problem,

@hapéer TI disensses the apparatus and instrumentation
gsed for the model study. Laboratory tests and the develop-
ment of a suitable mathematical model are described in Chap-
ter IIi. A computerized stage-discharge relation is developed
‘for any compound prototype section and conclusions regarding

performance and preference are discussed in Chapter IV,



CHAPTER II

EQUIPMENT AND INSTRUMENTATION

2.1 FLUME INSTALLATION

Due to the lack of available facilities, a recircula-
ting flume was designed by the author for the purposes of
this study. Fiquré 2.1 shows both plan and elevation of the
apparatus designed.

Recirculation waé achieved using a 2.5 cusec centri-
fugal pump, while quahtity regulation was achieved using a
six-inch gate valve, installed in the discharge line down-
strcam ©f the metering orifice.

The delivery tank is wider than the test channel to
allow the introduction of a streamlined convergence betweenv
the tank and the working section of the channel. This con-
vergence assists in the development of smooth flow in the
test channel. In conjunction with the convergence, two
sﬁobthing screens as shown in Figure 2.1, were also added
-for the purpose of promoting a uniform distribution of velo-
city. The downstream tank supplies the necessary reservoir
for the one stage centrifugal pump.

The test channel is 10 fee£ in length, with a smooth

painted bottom (30 inches wide) and plexiglass sides (18

8
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inches high). The control sections are positioned with the
crest six feet downstream from the delivery tank in order to
‘ensure that a suitable reach of established flow for measuring
the upstream stage is available. A hydraulic jump was induced
immediately downstream of the control in order to sustain the
maximum possible sump depth. This depth ensured that air
entrainment due to pﬁmp suction would be kept to a minimum,

\

2.2 DISCHARGE MEASUREMENT

A 900 USGM (2.005 cfs) mercury manometer was used in
conjunction with an oxifice plate installed in the six-inch
return line upstream of the control valve. A series of volu-
metric flow measurements were carried out in order to check
the calibration of the meter. A comparison of results proved
the meter accurate  to within the readable divisions of the
static scale (*+ 2.5 USGM or * 0.0056 cfs). Normally the
.meter remained untouched for several minutes before a reading
was taken to ensure stabilization.

At low flow (Q = 2000 USGM)

Eq (% error) = + 2,5%100/200 = 1.25%

At high flows (Q = 900 USGM)

Eq'(% error) = + 2.5%100/900 = 0.28%

2.3 WATER LEVEL MEASUREMENT

The upstream water level was obtained using a point

depth gauge with an electronic sensing device, that indicated
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when contact with the water surface had been made. The gauge
was found to read consistently to + 0.01 inches. Since the

‘water depths were generally less than 12 inches, the maximum
1 12
water levels readings were taken at three equal intervals

percentage efror is equal to Ew 100 = 0,09%. The
across the channel to ensure accuracy in the measurement.
Because these water level measurements are used for
the computation of total head, there are two factors which
must be considered when determining the distance from the
" weir crest to the point upstream where gauging is to take
place. The distance must be sufficiently short so that the
head losses due to friction may be neglected but must however,
extend far ehough upstream to be free of local drawdown
effects. During the course of the experiments it was found
that a suitable upstream distance is approximately ten times

the height of the upstream water level exceeding the crest.

2.4 VELOCITY MEASUREMENT

A propeller type velocity meter was used to find
velocity distribution in the channel upstream of the constric-
Eibn. This measurement was used for calculation of the
Coriolis coefficient. The range of the instrument was from
2.5 to 150 centimeters per second., In the 2.5 to 30 range,
the device was accurate to 0,2 centimeters per second and
in the 30.0 to 150 range the accuracy was 1 centimeter per

second.
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2.5 CHANNEL GEOMETRY

The crest and channel width was measured to within
+ 0.03 inches in 30.0 inches in several positions abové ﬁhe'A
channel floor giving a maximum error of 0.17%.

In elevation, the section crests were accurgté to .

0.03 inches in 4 inches with a 1.25% maximum error. There—

0
+

fore, Ecl (error in crest lewvel) 0.03 inches,

L]
+

Ecw (error in crest width) 0.03 inches,

2.6 TOTAL HEAD CALCULATION

The energy level above the crest calculated at the

upstream measuring section is given by the following equation;-

H = (WL - 2) + Q°/2GA% | : 2.1

]

where 2 crest height, ,

WL = water level,

Q = discharge,
A = cross-sectional area at the section,
G = acceleration due to gravity.

Using the maximum errors for the variables in Equation 2.1,
the maximum error for energy level may be calculated as

shown below.

y 3 3
JE(Eq) v 2(E_ )% + 28 )%

E, =+ (E . + 8 ) ¢
wl cl 206

0.0036 ft | 2.3

&5
I
I+
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The error in discharge due to the relative error in
head may now be calculated. It is generally accepted that
'the dlscharge formula may be wrltten as

Q= ceutd . N 2.4

where C ,coeff1c1ent of dlscharge,
B = crest width,
Equétion 2,4Vexpresseaeiﬁ differential form becomes

dg = 1.5cBul/2

an o .- 2.5
- Substitution of Equation 2.4 gives

dQ _ 34H .

For'small} finite increments, this may be expressed as follows

AH

2 = 1.5 & . - 2.7

Q : H
‘Therefore, the percentage error in the computed dis-
charge is 1.5 times the percentage error in the observed
head. For the error in energy level as computed above (Equa-
tion'2.3),'the percentage error in discharge may be calculated

for any head as shown in Figure 2.2.

2.7 WEIR PROFILE

In order to easily form a series of compound sections,
the control profile under investigation was‘eomposed of
sections. Each section was 6 inches w1de - flve sectlons

thus f1111ng the breadth of the channel - and formed w1th an
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upstreaﬁ slope of 1:3.5, a downstream slope of 1:4,0, and a
‘height at the crest of 4.0 inches. 1In order to achieve com-
>pound crests the individual weir segments were raised on rec-
tangular blocks as shown in Figure 2.3.

As discussed in Section 3.1, the truncation effect
due to the rectangular blocks does not significantly effect
the discharge sectioﬁ properties. As discussed by Burgess
and White4, an accéptable truncation point was 2.0H for a
- 1:5 slope downstresam, and 1.0H for a 1l:2 slope upstream.
Since H was never greater than 0.5 of a foot over the trun-
cated sections, it would seem reasonable to assume that the
1:3.5 upstream slope and the 1:4 downstream slope which are -
both 14 inches in length will not be adwversely effected hy
truncation.

The sections were constructed of concrete with the
upper surface sanded smooth to minimize rough turbulence.
.The crests were accurate to 0.03 inches in the wvertical and
horizontal directions. All cracks were sealed to prevent
leakage with modeling clay.

Since the section slopes effect the discharge rela-
tion, the profile chosen allows a comparison with the experi-
ments performed by Burgess and White4 on the Crump weir
(upstream slope 1:2, downstream 1.5).

It was felt that this slope may be superior to the

Crump type for the following reasons;

1. Since the change in angle at the crest is substan-


http:adver~P.Jy
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tially reduced, it is more pfobable that the nappe will cling
to the downstream face of the control at a11~times._
| 2. The decrease in upétreﬁm'élbpe wi11 cau$é a more
gradual transition to take place. |

3. The decréase in upstream sloﬁé will makéLdeposi-
. tion of.sédiment materials less 1ike1y,“sin§e the upstream

|

velocityléhould change less rapidiy.



////’velocity head total head level

——— ——

1 —«“\\5“\\\\\\\\\\\f

17

H |
WL
””!\\\\
A - |
l -~ ‘ ~
i
‘.
A
PROFILE OF COMPOUND SECTION
30n4
4".
4!' BW
) . I

block for increasing section height

CROSS-SECTION FOR THE PROFILE ABOVE (A=A)

Fig., 2=3 TYPICAL TEST SECTION



CHAPTER IIIX

THEORETICAL AND TEST RESULTS

3.1 THE CONTINUOUS PROFILE

A logical starting point in developing a suitable
stage-discharge relation for a compound section is a two-
- dimensional study of the discharge characteristics for the

continuous section shown in Figure 3.1.

FIGURE 3.1 SIMPLE CONTINUOUS SECTION

The total head5 over a specified vertical section is

given by the expression

. §2 _
E=Z+By+m§-§ 3.1
where E = total head at the section,
v = water depth,

18
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V = mean velocity,

G = acceleration due to gravity,,

Q
i

Coriolis coefficient, .
B = pressure coefficient,

% = channel bottom measurement relative to a fixed datum.

The Coriolis coefficient is a.cdrrection coefficient

for the velocity head‘gg

as a result of nonuniform distribu-
ti§n>cf velocities over:the channelléection.

'in parallel flow the pressure’ié hydrosﬁatic, éha the °
' préssnre head maY.be répresénted by vy. The pressure head
for curvilinear fléW‘maf be representedvby By where'B is(a
correction coefficient forha nonhydrostatic pressure distri-
bution résulting from the accelera;ive forceé on the cﬁrvi—
linear flow. |

The elevation of the energy.line above‘thé lower
boundary'may be writtén simply as the sum of the velocitj
head and.dgpth. | |

2

. H=E - %2.=. By + a 3.2

514
@

'This‘quantity:is;commonly kﬂown as the specific energy
H, of £he_enérgy refeﬁréd tb a datum which is coincident with
the lowermost streamline. | | .
In two-dimensional flow, the rate of discharge (q)
per unit width of section is the product of the average
velocity_and-depth; Equation 3.2 thus becomes

2 ) .

: Q .

H=o0 ———s + 8y ' 3.3
: 2G(yB)*© ' o -



where Q

W
[l

At section 1-1 in
therefore the coeffiéient

coefficient generaily may

total discharge

20

for the section,

channel breath.

Figure 3.1, the flow is perailel,

B is equal to unlty. The velocity

be shown to be only sllghtly greater

than unitY'for a unifdrm channel as dlscussed in Sectlon 3.2,

and for thls reason may be reasonably assumed equal to unlty

(1 e. a=1).

'Equatlon 3.3 at section 1-1 thus becomes : o

3.4

section 2-2 (i.e. the point minimum specific energy for con-

stant dlscharge) the first derivative of Equatlon 3 3 must

_here be equal to zero.

,2'
cr “crcer. 2G(y__B)
c
o,

ai _ 5 %cr? 3.6
-dy cr 2_3 *

. cr

o e

. [/ exr 1.5

CcxY .o

“Usihg Equations 3.5 and 3.6, the‘following.relation—

ship between critical energy and critical depth may be found
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H = 1.58 .y 3.8

Substitution of Hcr for Yor in Equation 3.7 yields the
discharge relationship as given below

0.544/G B H 1.5
[e2 o

Q = 309
Ber’®er

Since both a and B vary with the quantity of flow over

the section, Equation 3.9 may be written as follows

1.5

- /G By
Q 0.544Cf BHcr 3.10a

where Cf,= 3.10b

The horizontal distance between section 1-1 and 2-2
in Figure 3.1 is small and the energy at the two sections

should be equal. Thus

Hy =H__+ 3% | 3.11

If the value of Cf is known for any given upstrgam
water level and critical section geometry, the quantity of
flow may be calculated iteratively using Equations 3.1, 3.10
and 3.11.

It should be noted that Equation 3.10 is based on the
premise that a critical section occurs at the crest. Many

writers have described the location of the critical depth
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h

as being a short distance upstream of the brink or overfall.
This is the point in the drawdown profile where the depth is

‘equal to the parallel-flow critical depth, i.e. the section

where, assuming o = 8 = 1.0, the Froude No. V/\/a'.ycr = 1.0.

If the critical specific energy is properly defined using both

o and 8 the Froude number becomes Bcr v - . Obviously
: cr »/Gycr

if the values of o and B are not unity the true critical sec-
tion will not be coincident with the parallel flow location
. for critical depth.

A series of experiments was performed in order to
determine the value of the discharge coefficient given in
Eguation 3.16. Both truncated and simple sections were tested
in order to check the effect of both truncation and an increase
in weir height on the discharge coefficient. The results of
the test are shown in Appendix C, Tables 1 to 3.

Within the range of the experimental results it was
found that a log-log plot of discharge versus critical energy
(PFigure 3.2) was a straight line thus yielding a relationship
of the general form

Q = aﬂgr 3.12

where a and b are constants dependent on the Q versus Hcr

curve. Solving for the two constants for the line drawn in

Figure 3.1, Equation 3.12 becomes

1.5825 3.13

Q= 10,02 Hcr
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o

" Substituting Equation 3.13 into Equation 3.10 yields
the following relationship for the discharge coefficient

0.0825

Cf = 1.2930 Hcr 3.14

This function is shown graphically in Figure 3.3. The iliu~
stration also shows the dimensionless discharge coefficient
as found by Burgess and White for the Crump weir.

The value of the coefficient is greater than unity
for any value of Hcr‘ This is to be expected from an exami-
nation of Equation 3.10a. The value of B is less than one
for the case in question, and the square root of the velocity
coefficient is very close to unity. Therefore, the inverse
of the produét of the abhove mentioned quantities - i e, Cf'-
will be in all prbbability be greater than unity.

Since Equation 3.10 is implicit, the solution for dis-
charge'must be accomplished indirectly. The Hcr term is cal-
‘culated using Equation 3.2, where it is necessary that the
discharge Q be known. The indirect solution for discharge.
may be calculated using the method outlined in the flow
chart below.
| Equation 3.10 is of course’only suitable for uniform
crested sections, and a refinement of this discharge rela-

tion is necessary for compound weir sections.



Discharge - ctusecs

2 2
Hep = WL - 2 + Q7/26A

Figure 3.2 DISCHARGE VERSUS CRITICAL HEAD
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Set initial Ho, equal to the
upstream water level (yl) minus
the control height (2)

|Find Q from Equation 3.10f

|Find H from Equation 3.2

<:?f (H-Hcr)/H is greater than 0.01%>~yes—~_.H = H

no

{STOPI

3.2 CROSS-SECTIONAL VELOCITY DISTRIBUTION

As a result of non-uniform velocity distribution in |
the approach channel, the velocity head is always greater |
than ﬁhe value given by 52/26, where V is theAmean velocity
for the section. The true velocity head may be expressed as
in Equation 3.2 (aVz/ZG) where a is defined as the kinetic
energy or Coriolis coefficient in honour of G. Coriolis7 who
first proposgd it., The magnitude of the coefficient is depen-
deht on velocity distribution, which in turn is affected by
channel geometry and roughness, rate of discharge, and the
depth of flow.

The velocity8 coefficient may be expressed in the

| 3
form j Vaa sv3Aa
o=ty = —i 3.15

v'a v'a
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<

where A = total cross—éectional area,
¥V = average velocity,
AA = elemental area,
Vi = veiocity of flow through each elemental érea AA,

For channels of regular cross-section and straight
alignment (i.e. flumes and spillways) the effect of non-
uniform velocity disﬁribution on computed velocity head is
generally very small., It is expecﬁed to be at least less
. than 1.10. Kolupaila9 proposed that values of the coefficient
which maj reach as high as 1.50 for natural streams and
channels. Because of the possibility of these extreme dif-
ferences in the velocity coefficient between a laboratory
model and an in silu prototype, the sensitivity of the dis-
c¢harge relationship might be significantly effected. If the
Coriolis coefficient is significantly greater than unity
the discharge coefficient should.effectively be reduced to
‘ensure an accurate discharge measurement. Since the coeffi-
cient does depend both on the discharge rate (increases with
increasing velocity) and the channel depth (decreases with
increasing depth, assuming the discharge is constant), it is
iﬁpossible to assume a single value for any given channel.
However, because this coefficient can significantly effect
the discharge accuracy it was considered necessary to calcu-
1até the Coriolis coefficient for an extreme case, that is
one for which a should be approaching a maximum. In order

to achieve a maximum value of o, a grid of velocity measure-
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ments were taken for a case of low weir height ( 2 = 4.0%)
and maximum flow (Q = 2.0 cusecs) . The readings were taken
‘using the velocity meter discussed'infChapter IT. Contours

of equal velocity are shown in Figure 3.4.

3.3 CALCULATION OF CORIOLIS COEFFICIENT

U51ng Equatlon '3.15, a computer subroutlne may be
developed to carry out the necessary calculatlons. The rou-

tine CORLIS was designed for this purpose.

'CORLIS(V ,XC,YC, II JJ VELCOF ,AVEL,TAREA)
The routine flnds the Corlolls coeff1c1ent VELCOF,
average velocity AVEL, and total area of flow
TAREA, for any rectangular channel. V is a two-
dimensional array of size II by JJ which contains
the measured velocities of flow. The distance
beiween each colwan and row of the velocity grid
are stored in the respective arrays XC(II) and

. YC{(JJ).

The flow diagram of Figure 3.5 shows the sequence of

‘operations carried out by the routine.

3.4 EFFECT ON DISCHARGE

. Using the aforementioned test secﬁion and the rou-
tine CORLIS, it was found that the Coriolis coefficient was
equal to 1.02. This value is relatively small and has little
effect on the discharge coefficient as can be seen in Figure
3.6. o

It should be made clear at this timé that although
the velécity-coefficiént is insignificant iﬁ the laboratory

approach channel, it will in all probability be significant’
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Figure 3.4 VELOCITY DISTRIBUTION IN APPROACH CHANNEL
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Column spacing XC(II)

Supply velocity grid V(II,JJ) )
Row spacing YC(JJ)

Find channel width X
Find channel depth Y
Total area = (X) (Y)

LXC;
ZYC

SUM = AVEL = 0.0

I1=J=20
I =1+ 1]}
J=J+ 1

AREA = XC *YC

VEL = (V(I,J) + V(I+l J) + V(I, J+l)
4+ V(T+1,T+1)) /4

AVEL = AVEL + VEL*AREA/TAREA

no L I =JF >

A%

no 1 = 11

yes

VELCOF = SUM/(AVELB*TAREA)

{return'

FIGURE 3,5 ROUTINE TO CALCULATE CORIOLIS COEFFICIENT
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in a natural_channel approach., It must be realized, therefore,?

that especially approach channels of shallow depth may require

‘an in situ correction factor for. the discharge coefficient in.

order to compensate for the difference in’approach channel
properties. This effect w1ll glve calculated dlscharge rates

‘ that w1ll be sllghtly lower than the correct : dlscharge.

3.5 THEORETICAL DISCHARGE FUNCTION. FOR COMPOUND SECTIONS

For the development of a dlscharge relatlon for a
',compound sectlon such as that shown in Flgure 3.7, the charac-
terlstlcs of dlscharge may no 1onger be consmdered two—dlmen—
51onal.

yin‘order-for the contrnl eectﬁoh and:the instream
channel{to.retein two—dimeesional eteady state flow conditions
the discharge per unit width must be constant over the entire
‘sectione(i;e. over both subsections A and B in Figure 3.7).
This'isloHViousif pot:the case since the lower section ﬁost
definiteIYJWill carry a:gteater quantity of discharge per unit
width than'the hioher one, If it is assumed that twovdimen-
SLOnal flow condltlons are valid for each 1nd1v1dual crest
one mlght hypothe51ze that the total head is constant over
ithe entlre sectlon.. The specific energy does not remain
constant since‘it depends on crest level. For the assunp-
tion of fixed total head, the discharge per.tnit breadth and
critical depth for each section are not constant (i.e. aif-

ferent for each crest elevation) as implied by Equations



3.7 and 3.8.

The total discharge for any compound section may be
'easily found as shown below, assuming a constant total head
equal to that measured at an upstréam section. Thus, using
Equation 3.10, the increment of discharge on each segment of

the crest may be calculated and summed to give

Qtotal = Qa + Qb + Qc MIRERR

1.5

N
0.544/G I B, H 3.16
174

1] r.

i= toery
where N represents the number of subsections or segment in
the compound weir section. Equation 3,16 may only be used
if a enitable meaenring noint is available nnstream were

uniform flow conditions occur.

3.6 TESTS FOR CONSTANT HEAD HYPOTHESIS

For the purpose of studying the distribution of total
head across a compound section, a large number of horizontal
velocity and water level measurements were made upstream on
.the crest shown in Figure 3.7 for flows of approximately 1
ahd 2 curves. The tests were performed both with and without
a thin plexiglass divider between sections A and B. The
object of incorporating the divider was to more realistically
obtain t&o-dimensional flow. A comparison of the results
obtained with and-without the flow divider thus provided

valuable insight into the validity of the assumptions of two-
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Figure 3.7 TWO SECTION COMPOUND CONTROL
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dimensional behaviour.

For each weir configuration and flow rate, the total
energy level was obtained from the upstream water surface |
elevation plus the velocity head, the latter being calculated
using the average velocity over a vertical traverse Whereoﬁhe
velocity probe was used. Although the velocity was not uni-
form along a vertical, the Coriolis coefficient was taken as
equal to un;ty. Both the channel invert and the water level
were measured using the depth gaugé. |

Table 3.1 gives a summary of the results for the tést;
For.the tests with the divider plate, there was a verylﬁotice?
.able eddy at the upstream edge of the divider when a large
proportion of the iolal flow was routed over the .lower crest.
This three-dimensional eddy effect can not be modelled by:, |
a two-dimensional flow theory, since it will cause an upstreém
energy level greater than that predicted by a two-dimensional
model. This condition implies that the two-dimensional model
used for the Crump weir may not be suitable for the high flow
ranges. B

In the immediate vicinity of the junction of the two
sections with no divider, there was evidence of irregular
flow. No velocity or depth readings were attempted in this
narrow region of disturbance at the intersection of the twdl
subsections,

The enerqgy levels, water levels and discharge per

unit breadth are almost identical for the section both before:
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TABLE 3-1A

TEST #1 0 = 1.10 cfs
Splitter | Side of WL Velccity EL Distance Flow Per
Plate Section (inches) ft./gsec. {(inches) From Peak Foot Width
3.84 0.621 8.91 42 .456
L 8.78 0.776 8.89 24 .567
o 8.71 1.0z 8.90 18 .739
8.49 1.42 8.87 12 .803
Y w 8.13 2.0¢ 8.94 6 .870
7.31 3.3¢ 9.39 0 .849
E .
H 8.84 L6€2 8.92 42 . 485
S 8.87 .538 8.92 24 .398
I 8.86 .454 8.91 18 .336
G 8.86 461 8.89 12 .192
8.83 674 8.91 6 .178
H 8.46 1.96 9.18 0 177
8.85 ' .643 8.93 42 .462
L 8.83 .747 8.92 24 .548
o 8.80 .863 8.94 18 .634
8.70 1.08 8.92 12 .707
w 8.45 1.64 8.95 6 .805
N 7.65 3.07 9.40 0 .865
o H 8.86 .693 8.95 42 .517
8.87 .604 8.94 24 .446
I 8.85 .579 8.91 18 .426
G 8.83 .686 '8.92 12 .286
. 8.78 .852 8.92 .6 .225
B 8.40 1.83 9.02 0 <157

9¢€



TABLE 3-1B

TEST #2
Q = 2.01 cfs
Splitter Side of WL Velocity EL Distance Flow Per
Plate Section {inches) ft./sec. (inches) From Peak Foot Width
L 10.23 .93 10.39 42 .792
' 10.16 1.09 10.38 24 .923
0 10.05 1.32 10.38 18 1.105
W 9.77 1.80 10.37 12 1.340
Y 9.19 2.53 10.38 6 1.395
9.48 3.76 11.11 0 1.315
E
3 H 10.24 .38 10.42 42 .833
I 10.26 .96 10.43 24 .820
10.29 .88 10.43 18 . 755
G 10.27 1.00 10.44 12 .534
H - 10.14 1.35 10.48 6 .505
9.46 2,72 10.84 0 .472
L 10.26 0.95 10.43 42 .810
, 10.18 1.13 10.42 24 .960
0 10.15 1.17 10.41 18 .990
W 10.01 1.42 10.39 12 1.090
9.65 2.01 10.40 6 1.182
N 8.80 3.38 10.92 0 1.285
0 H 10.27 1.207 10.48 42 .913
T 1c.27 1.04 10.47 24 .888
10.24 .93 10.44 18 .793
G 10.16 1.25 10.45 12 .657
" 10.02 1.49 10.43 6 .542
9.37 2.47 10.77 0 .457

LE
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and after the removal of the plexiglaés sheet. A slight in-
crease in discharge over the lower section was noted when
the divider was removed. This may be due to a small amount
of discharge cascading over the section incline.

The results of the test show that the total head is
generally constant over the entire section no matter what the
constriction height, either with or without the implementation
of the divider plate. For this reason it is felt that the

discharge function for compound sections might be based on
two-dimensional flow characteristics. At the crest, the
calculated total head is greater than that for the remainder
of the channel. The reason for this apparent increase in
cnergy is easily explained by comsidering Equation 3.2. The
empirical coefficient B, is dependent on the streamline éurva-
ture in the channel section. For convex flow (the type of
flow oécurring at the crest) B ié always less than unity. If
‘the pressure distribution coefficient is applied to the poten-
tial head calculation, it would most probably reduce the to-
tal head to a value similar to that obtained in the upstream
part. of the channel.

| The addition of a greater number of sections to the
control would in no foreseeable way effect the concept of
constant head for the section. It is, therefore, assumed
that the above hygothesis remains valid for all compound

sections.
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3.7 DISCHARGE CALCULATION FOR A COMPOUND SECTION ASSUMING
TWO-DIMENSIONAL FLOW CHARACTERISTICS

Assuming a constant head, the discharge over each
segment of a compound weir may be calculated indépendently.
For a known constant energy level, the discharge over any
section is given by Equation 3.16. Since only upstream water
level can be measured independently of discharge, the total
head at the critical section must be solved iteratively making
successive approximations to the flow rate. The routine
DISCHAR was developed for this purpose.

DISCHAR(B,H,NPTS,WL1, B1,QCR,ACR,ECR)

The qeometry of the downstream critical sectlon
is given by the arrays B and H(1,NPTS). The’
water level WL1l and the channel breadth B2 is
given for the upstream section. Assuming two-
dimensicnal flow, characteristics the ruuliue
calculates discharge QCR, area ACR and total
critical head ECR for the profile shown in

Figure 2,.,3. H(1,NPTS) refers to the upstream
invert as water level.

The process is illustrated in the flow diagram of
Figure 3.8 and the completed routine is given in Appendix II.
If the upstream section is irregular, thevupstreamA
area can be introduced directly as a function of water leVel.w
1

Smith 0 has developed suitable subroutines by which this can

easily be accomplished.

3.8 TEST RESULTS FOR COMPOUND SECTIONS

In order to verify and refine where necessary the
method described in the routine DISCHAR, a series of labora-

tory tests were performed on compound sections. Four main
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| Supply section coordinates B and H
.Supply number of section coordlnates NPTS

Upstream water level WLL1
Upstream breadth Bl

]

WL1*Bl

Q>
1]

0

32,174

1

0

ECR = WL1 + 02/2cA

21

|k =K + 1]

DT .= B(K+1)

-. B(K) ; —

- yes.

'<Dv‘I‘ < '0.001 or WLl < H(K).}

|

ne

]

Ql

FIGURE 3.8 FLOW DIAGRAM FOR ROUTINE DISCHAR

[EL = ECR - (H(K) + H(K+1))/2]
C = 1.293*(E1%0.0825)
0f = 0.544*crprrg*E1le®
WL2 = (022/g*pr2sc)0-333
A2 = DT*WL2
01 = 0l + 02
Al = Al + A2| ,

(¥ < (NPT8-2) >— no ——— 1

|

yes

L : ‘
no —<ABS ((Q1-0) /Q1) < 0.001 >

OCR
ACR

Q1
Al

—un

RETURN

40



41

shapes were used for these tests, with the number of subsec~
tions or segments varying from two to flve as shown in Figure
3.9. The test results are given in Appendix c, Table 4 to

22 inclusive.

(c) . o | (d).

"FIGURE 3.9 TYPICAL COMPOUND SECTIONS SHAPES

- For each geometriéal arrangement, the.ﬁpstream water
level wés ﬁeasured'for.afrange of known flow rétes.' By means
of the routine DISCHAR ﬁhe total energy level ECR and the
prédicted'flow rate Qi were computed as functions of the up-
stream water level. 'Finally the difference between the dis-
charge computed (i.e. equation 3.16).and thé‘actual (QGIVEN)
was obtained. Quantities are tabulated in Tables C-4 to C-22

as follQWs.
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]

Column #1 QGIVEN Measured flow _rate,

Column #2 0Ql

i

Flow rate by Equatlon 3 16,

It

Column #3° WL Measured. upstream water level,

Column #4 ECR

Computed energy level,
.Cclumn #5 QLOST = Q1 - QGIVEN = Error in flow rate.
. This difference is a measure. of thevinadeQuacy of the model
based Onlé two-dimensional premisé, to properly describe,the
threeQGimensional éonditions of floﬁ over a compcund wei:.;

It is hétébie that.fhis shortéoming is éppreciable.‘ Thébcalﬁ‘
'cuiatéd value fo:‘dischgrge becomes.increésingly greater than
the actﬁél'discharge'as the water leQeinincreaSes,abové:the

lower part of the section. Although it is apparént from the

(&)

pravious results that the total head deces net fluctuate over
the compound section, a two-dimensional head-discharge rela-

tion is not totally valid.

3.9 DISCHARGE REDUCTION EFFECT

' With the above diséussion serving as ah introduction,
the discharge loSs effects may now be considered. Thé typif
cal section shapeé shown.in Figure 3.9 -(a) = (d) répresent a
series of possible compound shapes. In order to introduce an
-element of conformity for the purpose of cdmparing”results of
various sectlons, each vertical dlscontlnu1ty in the section
geometry will be con51dered as a potential cause of
"discharge loss" or reduction in the effective breadthvof the

lower adjacent segmént. Therefore, the‘discharge reduction-
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can be given

Q -9 [ T e
rQLT e j . o : 3.17
where Ql = dlscharge calculated by the two-dlmen51onal model,
Q= actual dlscharge,

n = number of dlscontlnulties all with an equal verti-

cal dlstant C.

Thﬁs, the five part'section in Figure . 3»5 (d) will have'éwice;
" the dlscharge reductlon effect of the three part sectlon -
Figure 3. 9 (b) - other thlngs belng equal Thlstlmplles that
the.reason for the dlfference between calculatedVend meesured
discharge is due to local loss effects or end rontrac tions at
the transverse discontinuities in the control section.

There are two distinct regions of dischafge loss for
.eaeh discontinuity, each of which appears to function indepen-
dently. | | |

l,:'The water 1evel.is less than the higher subséction,

~‘2. The weterAleﬁel is greater.than the higher sub-

| sectlono ,. |
A plot of dlscharge reductlon factor versus water depth (where
water depth is measured from the crest of the lower subsection)
is shown in Figure 3.10; The graph shows plainly the two
distinct regions»as discussed earlier. |

.When'the water level overtops the higher section' the

discharge reduction essentially remains constant, while the


http:effect.of

125+
J100¢
>
D
15
=
: pes
=
075+ S
. ¥
=
-—
[42)
(&7
. @
(5]
.0507 2
]
o ﬂt-,
&
.025

-
-3
-

Water Depth - relative to lowest crest - feet

- Figure 3.10 WATER DEPTH -VERSUS DISCHARGE LOSS



45

loss effect is dependent on water level when the water level
is below the higher section. A plot of water level upstream
versus log10 (discharge reduction factor) gives a convenient
straight line representation for the series of curves, as can
be seen in Figure 3.11. The general equation for a straight

line semi-log fit is shown below

where WL = upstream water level,
Ql = effective discharge reduction,
a = constant depending on the intersection of the line,
b = constant depending on the slope of the line.

Curve A represents the condition for WL greater than the
vertical discontinuity distance givén by C. The remaining
curves represent the condition where water level is below the
higher crest for various values of vertical discontinuity
height given by C. The intersection of these cuxrves with the
A curve repfesents the point of ofer—topping of the higher
crest,

The results obtained for the two part sections (i.e.
a single discontinuity) were not used in plotting Figures 3.10
and 3.11, since it was foundhthat these results were not com-
patible with the other section types used for the experiments.
These results are discussed more fully later in this Chapter.

In order to simplify the series of curves developed

in Figure 3.11, it would be necessary to consider each of the
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variables discussed below and shown in Figure 3.12.

l. Upstream water depth Y: As the upstream water
'level increases so does the end contractlon or reductlon
effect, provided the vertical'difference.in'weir sections ()
ie constant. | : | .

.2;“ Difference‘in Subsection Elevation:' (C)'Asrthis
dlfference 1ncreases the effectlve reductlon decreases glven
constant water level.

'3; Distance of_the ppint of centact ofkthe upstieam‘~
‘water level from the extreme peak (X). The distance of the
upstream water level'frem the extreme peak depends bothvpn c
and Y. | | |
Since these variables are interdependent, itiis not possible
to develop a single curve or function that will satiefactorily

represent the series of curves.

- xA

e —
a -

'FIGURE 3.12 CRITICAL DIMENSIONS FOR EFFECTIVE
DISCHARGE REDUCTION
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A routine named COEF was therefore developed to

calculate the reduction in discharge for the given water level .

on the basis of empirical data and relationships.

COEF (H,NPTS ,WL,QCR,QLOST, QCORR)

Given the elevatlon coordinates H(1,NPTS) for a
critical sectlon, the routine calculates the effec-
tive reduction in discharge QLOST, necessary to
adjust the given input value of crltlcal dlscharge
ACR calculated by the routine DISCHAR. The adjusted
value of flow quantity is named QCORR. '

For the case where water depth is greater than C, the
single Curve A is represented by Equation 3.18 allowing a
direct calculation of discharge reduction per discontinuity
foi a given value of C. Since the series of curves for water
level less than C converge, two sets of coordinates are known:
on each of these curves, one from the convergence point andl

the other from Equation 3.19.

C = 4.25 log,,(Q;) + 9.50 3.19

The constants a and b in Equation 3.17 can thus be calculated(
and the discharge reduction calculated for any giVen water '
level and value for C. The flow diagram for the routine is
given in Figure 3.13, and the corresponding Fortran listing

is included in Appendix D.

3.10 TOTAL DISCHARGE FUNCTION

Using the aforementioned routines (COEF and DISCHAR)
a suitable driving program (see Appendix D) was developed

to predict the discharge as a function of upstream water level.
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Upstream water level

Critical flow QCR
I3

QLOST = 0

NPTS -~ 3
I

Supply H(1,NPTS)
WL

I
N

[T = ﬁ + 1)

( ABS (H(I+1) - 7(1+2)) < 0.01 >— yes ———=2

(H(I+1) > H(1+2)> yes
T ‘ L |
C = (H(I+2) - H(I+1))*12 C = (H(I+l) - H(I+2))*12
T = (WL = H(I+1)*12 T = (WL - H(I+2))*12
{T < C/ ‘ no
yes ) .
u
Y2 = C -
Yl = 0 — .
X1 = 0.0001 @ = 10%*((c-9.5)/4.25)
| X2 = 10.0%*((C-9.59)/4.25) : :

ves ———— T < 0

no
]

(Y2«Yl)/(loglo(X2) - loglo(xl))

3
]

B =Y2 - A*loglo(x2)

Q = 10**((T ~ B)/A)
|
[QLOST = QLOST + Q|
{I =N <A
N au
=
yes

!
lQCORR = ACR - QLOST

|

return_

FIGURE 3.13 FLOW DIAGRAM FOR SUBROUTINE COEF
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For the series of tests uged to develop Figure 3.10, the pre-
dicted'discharge for the method is éiven in Appendix C (Tables
.11.- 22,'Column #7). The percentage error relaiive £o the
' measured discharge is given in Column 8 of the same Tables.
Thése values are well within-the limits stipulated by the
_error grabh in Figure 2.2. In addition to these sections,
six additiohalsectionsﬁere tested éblely for the pﬁrpose;of
independenﬁly-checkiné the diséharge relation as derived from
thé preVipus data. These sections as -well are within thé
~.acceptable range of accﬁfacy;. |
B Aithcugh.the diécharge relationvanctions éuité ade-

quately, thére afe,two points in conjunction with the dévelop—
ment that éhculd'bc diSCu:;cd at greaﬁer length, Those ars
(i) thevincompatibility of the twobpart compound seétion and
(ii) the empirical nature of the discharge relation.

|  The discharge reduction effect for the siﬁgle discon-
tinuity.iélépprokimately equal to that of the three par£ sec- »
tién,- Therefore, this défa_could not be used fbr the compu-
tationvbf the discharge relation. Although nd_defihite solu-
tion was found to'éxplaih this problem, possible reasons are
diécussed'belpw. N
| With refereﬁce‘to Figure 3.8, a.possible cauée for
the difference in the two part section could be a boundary
layer effect along‘thé plexigléss wall at the lower side of
the constriction. This boundary layer would tend to make the

critical section narrower which in turn would make the dis-
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®

charge reduction greatér. It is felt, however,.that this
argument is not valid for the following reasons.,

1. A similar boundary layer would exist for the uni-
form section calibration. Therefore, the compound section
would have no change in discharge when compared with the ﬁni—
form section.

2. Other typical sections in Figure 3.8 have full
water contact with the plexiglass sheeting and their effective
discharge reductions were compatible.

3. The boundary layer developed on the channel sides
was calculated using the method described by Harrisonlo. it
was found that the thickness of the layer thus determined, is
so small thaﬁ it has little or no effect on the capable Aig-
charge of the section.

Although these results do not coincide with those of
greatef subsection numbers, the discharge relation is still
considered valid for the following reasons.

1. As can be seen by the results in Appendix C (Tables
4 - 10) the percentage error between given and calculated dis-
charge varies from zero to about six percent. This difference.
élthough significant does not justify total rejection of the
section. Several control sections now in use have discre-
pancies of at least 5 percent or greater for the low flow
ranges. .

2. 1In prototype applications this type of section

would not be generally implemented. Because channel profiles
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are usually symmetrical, the constriction would likewise tend
to be of symmetrical shape as shown in Figqre.3,14. Even for
rectangular éectiohs, it would bé assumed that the low floQ
sectioh would be‘plaééd in mid-section.'-This would tend to
give the control a more pieasing éppearaﬁée.'

| ',It'QAn, therefére,'bé seen that although this type
of sectién‘does have'significant'écademic interest ~i£ has

little or no practical application.

FIGURE 3.14 SYMMETRICAL CONTROL SECTION

It was felt that an empirical solution for the dis-
charge relation was the only possible'one.that could be used

at this time. As discussed earlier the discharge loss effects .
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for two-dimension flow are felflto be 1o¢al effects occurting
at thebve:tical discontinuity. Theté‘are two independent
cases to be considered at this;point,“rhe'firét being‘wheh'
the Water.level is less than»thé Heighﬁ.of the diséontinuity_
and the other when the waterileQel haé oVertdpped the highexr
sUbsectién,vHarrisoﬂl; and~Ha11i2 havg'done’considerable‘work
on’theligssvin effective diécharge for flow around'éhatp_90°
cbrnersvahd bendé.; Bécaﬁse'thé.flow in this'éase is évéi a
sloping'préfile neither of these methbds seem applicablé‘toA .
"~ this specific problem,,'Sincé the main purpoée of-thié study
is thé deve1opmeht7of a’stage=dischéfgé'relation'fér proto~
type lnstallatlons 1t was de01ded that the emplrical solutlon

is satlsfactorv at thig time, 2 theo_etical solution may,

however,~1ncorpo;ate the»lncompatible'results obtaiﬁed.

3,11 DROWNED FLOW CONDITION

In'the drowneé-flow range the dischargé is dependent
on both the upstream and downstream water 1evels° It ié'
therefore, a functlon of two variables. When the weir is
controlllng the reglmen, ‘the tall water elevation can be
changed w1thout alterlng the depth of flow over the welr or
the upstream water level, with dlscharge remalnlng“constant.
‘HOWever,~when'the Weir is in the drowned cohdition each | |
change in tallnwater elevation pr@duces a correspondlng
change in the depth of flow over the welr crest and the head-

water_elevation. An extensive survey of existing prctotype_
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structures of triangular shape was ca;ried out by Burgess and
White4 in order to find the ratio between critical energy
Alevel and control section height for thevmddulaf 1imit. Théy'
found that the average value fo; Hc£/ Z (see rigure 3.15) at
the modular limit to be equal to 2.15. It must be realized
~that the value of'Hcr/-Z dependS'gpon_the~nature of the chan-
nel properties. When the normal depth downstream iSjsuéh,"
that'the total energy»déwnstreém is greater than Hcr + g the
coﬁtrol'section will‘be drowned assuming no energy 1qss'ét AR

' the section. The value of Hér/ Zz therefore, is not a constant

energy loss

L
[

Figure 3.15 APPROACH TO MODULAR FLOW LIMIT.
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but varies with the type of channel. A reasonable estimate
for the value of the control height‘to prevent the drowned
.conditidn for a given maximum diséharge‘éoﬁld, éheréfore, be
estimated by |

zZ = Hy = H,.. o o ‘» - 3.20

[

whére Hdr critical energy for a giveh discharge, '
o

tbtal»energy level for normal flow at maximum.

. discharge.

The value.éf Z here fefers’tq the lowest section

level iﬂ the compéund control. ItAmﬁstvbe emphasized‘that
Equaﬁion.3,fo gi&es 6niy én estimate for the minimumn secfion‘
height since thexc is an assumption of no energy loss éﬁ the
control;; Since ‘the estimate of maximum discharge for gauging
so Qreatly depends upqn~the designer, a value of 2 slightly
.greater than that given by Equation 3.20 would be more a¢cep_.
table. A | |

~ The development‘pf a stage-diséharge felation for the
drowned condition might also be possible for compound sections
as has already been done.for uniform crests. A'mdre detailed

consideration of this problem is given in Chapter IV,

3.12 STANDING WAVES IN THE APPROACH CHANNEL

If the flow properties in the upstream channel are
_ ' , ' v .
such that the Froude number is relatively high (V/Gy greater

than 0.5) stationary waves may be formed”inAthis,region.
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These waves will influence the head measurement upstream in
two ways.

1. The direct measurement of water level will be
affected since the waves make it difficult to estimate thg
free water surface accurately.

2. The waves indicate a non-hydrostatic pressure
distribution in the channel. This will cause the value of 8
for Equation 3.1 to be less than unity. Therefore, the total
- head calculation for B = 1 is an overestimation. It was
decided to limit the range of the tests in order to eliminate
this problem. Therefore, the Froude number in the upstream

channel always was kept less than 0.6.



CHAPTER IV

THE COMPLETE DISCHARGE MODEL

4.1 DEVELOPMENT oF'RATINé CURVE

3In 6rder to easily ﬁtilize tﬁé subroutines,dévéloped
in Chaptér‘III, a driving progfam was written for computihg
;he stage~discharge relation for any pompound"section. - When
..in.the ptocéss of.@eéigning.a.compound sectién, this ioutiﬁé‘
supplies a quick'and\eaéy way of checking the adequacy of a
.partlcular sectlon. ‘ | "

The only 1nput required is the physxcal geometry of
the control and gauging section, and the incremental water
levels aésired for the stage-discharge relation. The drivihg
routine then makes use 6f thesubroutinesBOTTleoy DISCHAR,
‘and COEF in that order to calculate the discharge and speci- -
fic enéigy”for a éiven water level. The foutine terminétes
if the follow;ng condltlon becomes crltlcal - The Froude num-
ber in the approach channel becomes significantly large SO -
that standlng waves might occur. |

The speczflcatlons for the routine are glven in the
figure below, while a Fortran printout is given in Appendix D.

Driving'Routine (Input,N,npts,NN,DWL,B1,G:
Output,WL,ECR, DISCHAR)

The routine calculates the ratlng curve for

a compound control section given the critical

section coordinates B and H(l,NPTS) and the
upstream channel width Bl.

57
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Input: N is # of sections to be calibrated
NPTS is # of coordinates in section
NN is # of stages for calibration
DWL is incrementation of water level
Bl is the upstream channel width
G is acceleration due to gravity

[a = 0]

(&
1]
[

+ 1]

Find elevation of lowest section IL above
approach channel from routine BOTTOM

=]

|1 =1+ 1]

CALL COEF (QCORR)

|

FROUDE = QCORR/ (WL*B1*SQRT (G*WL) )

!CALL DISCHAR (OCR,ACR,ECR)

(FROUDE .GT. 0.6) yes—

jgLe)
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A typical rating curve for a given compound section
'is shown in Figure 4.1. The three stage-discharge curves
4shown represent the following models.
Model 1

This is a one-~dimensional model assuming a uniform
velocity distribution at the critical section. The routine
WIERFL10 was used for the purposes of this calculation.
Model 2 |

This two-dimensional model assumes that the total
energy line is horizdntai over the crest and equal to the
total energy measured'upstream. The routine DISCHAR is used
for calculating discharge from a given water level on the
following basic assumpticns. The dimeansicnlcss discharge
coefficient over each section is given by Cfé=1.293Hc
and the total discharge is equal to the sum of the discharges
over each section as given by Equation 3.16.
Model 3

This curve represents a three-dimensional model since
it considers the local loss effects occurring at the vertical
‘discontinuities. Using the discharge calculated by Model 2
the routine COEF subtracts a suitable correcting discharge
for the giVen section.

The actual discharge is reﬁresented by experimental
points on the rating curve, As can be seen by Figure 4.1,
the three-dimensional model is far superior to the other two

for predicting the discharge accurately.



Water Depth - Relative To Lowest Crest In Feet

- actual discharge _ -

_~Model # 3
,

Model # 1
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/
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Fig. 4.1 COMPARISON OF MDDELS TO ACTUAL DISCHARGE
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The curve should not be drawn for water levels of less
than 0.1 feet, due to the explosive nature of errors below
this level. Therefore if a minimum discharge for gauging is -
given the section can be altered by the following means t§
meet this specification.

1. If the minimum discharge is below the rating
curve, the width of the lower section will have to be deé;eased
to achieve this minimum,

If a maximum discharge specificatibn is given for the sectién;
one of the following alterations to the section will become
necéssary.

1. If maximum discharge is not obtained for thé

]
(9]
1]
|-
1+
Iy
H
]
(ha
D
(>}

section bain , the section may eithar by made
wider or higher relative to the upstream channel base, thus
increasing the discharge capacity.

2, If the maximum disgharge is below the maximum
point on the rating curve the section might either be‘made.
narrower or lower, thus decreasing discharge as well as cost; y

The curve should also be checked to ensure that a"
reasonable flow of water is passing through the lower sub-
section independent of the remaining sections. Since it is
desirable that this section ﬁake the entire flow for the

majority of time, approximately five percent of the maximum

discharge would seem to be a reasonable amount,
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4.2 ADVANTAGES OF THE SYSTEM

This type of measuring device has several advantages
~over the conventional systems now being used for this purpose.

1. The range of discharge that can be measured to a
greater degree of accuracy is significantly improved. With
a segmental arrangement, the initial change in water level for
a given change in diécharge may be increased thus allowing
measurement of low flows with a higher degree of accuracy.

2., Since the placement of subsections is relatively
arbitrary the control can easily be designed to accommodate
irregular channel geometry, or unusual downstream stage-dis-
charge relations.

3. The removal of interior dividing piers almost
totally eliminates the possibility of drift material being
collected at the control section. This is especially impor-
tant during the period of spring breakup, as ice flows could
‘be passed by this type of section relatively easily. Since
the water level is usually high during this period (well
above the lower crest) there is very little possibility of
‘ice being lodged across the narrower, and lower section.

| 4., The gentle approach slope will encourage the
passage of sediment over the control more freely as opposed
to the abrupt broadcrested sections which tend to allow
extensive sedimentation in the approach channel.

5. The mild downstream face directs a large compcnent

of the discharge momentum in the direction of the downstream
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channel flow. This will help to decrease downstream channel
erosion and therefore decrease the necessary cost of bed
protection,

5. Because of the nature of the section geometry,
insitu construction is made easier and therefore less costiy~
for the following reasoné: |

a) no internal dividing piers are necessary,

b) 'no curved sections are used thus decreasing the .
cost of formwork,

c) the subsections-could be made from independent.,
precast sections, thus reducing the necessary
formwork.

€. For the tests perfermed the small angle at the
crest did not allow the formation of a nappe. Since no free
jet is formed there will be no discontinuity in the ratiﬁg
curve because of this effect.

7. Once this type of measuring device has been proVen
on the prototype scale there will be no necessity.for |
field.calibrations. Unlike sections with curved crossfsectioﬂs,
the coefficients for discharge do not change when fhe cross-
sectional shape is altered. Therefore, no matter what the
variation in cross-sectional shapes, the discharge model
developed in Chapter mIis still valid. A laboratory model is
not necessary for each prototype installation used. -

8. The computer model for the compound control éllows,

the study of a variety of cross-sectional shapes for any field
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design to be carried out both quickly and efficiently.

4.3 DISADVANTAGES OF THE SYSTEM

Alfhbugh.the”compound‘control has severel advantages
that make its practical ebplication look both'promiéing and
"deeirable;'there ere élso'some disadvantagesAte its.applica-
tion. E - o |
| '1.‘ The non-conformlty of some of the (single dlscon~’
tanlty) data obtained is rather unsatlsfactory but as dls-"
' cussed earlief, these‘results'will not iﬁ all probability
affect the sultablllty of the method for pract1ca1 1nstalla~
'tlons. Some explanatlon of this 1ncompat1b111ty would,
however, increase ccnfidence in the mecdel.

‘2.' Because of the lower'compound‘sectiop, the overall
height of the weir must be increased to prevent the possi—
-bility.ef:drowned flow conditions occurring.

‘ 3.. Surface wear at the well defined corheré will tend
to dec;ease the sensitiyit& of the rating curves. Careful
consideration must be used in construction in ordef to make‘
the corners .as durable as possible. .

4} ,A1though_the problem of a nonuniform velocity
distribution in 'the upstream section is not solely applicable
to cempeund sections, it must be considered as a possible
source of ipaccuiacy in the discharge relation, As discussed
in Chapter IIiI, it'might be necessary to vefy the discherge

relation if the effect seems significant,
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4.4 COMPARISON TO PREVIOUS RESEARCH
The results of the laboratory tests performed by the
author agree to a reasonable extent with the tests perfofmed"

4 and smitn®.

by Crump3, Burgess and White
The dimensionless coefficient of discharge for a

straight line cross-section varies bnly slightly wifh_work done
by the authors mentioned above. This can easily be explaihed
due to the control section profile. As discussed earlier bqth'
the downstream and upstream sloPeslof the section effect the
- discharge relation. |

| Crump assumed that the energy level remains cohétant-
for a compound Crump weir, a property that has been dupiicatéd,
by the section used in this report. He alsv inirovduced ai
effective discharge reduction due to the dividing piers intio-
duced in his model. These piers caused an incréase in upstréam

water level of a similar nature to the vertical disconFinqi-

ties.

4,5 CONSIDERATIONS OF FURTHER RESEARCH

The design and construction of a prototype section
would give invaluable information with regards to the praé-
tical applications of the model. Using other acceptable
methods'for measuring discharge (velocity-area or chemical
dilution) a check on the validity of the model could easily
be made. Considerable information could also be gained on

the possibility of harmful effects occurring in the channel
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due to the introduction of the contrél section.

The discharge relation for the compound sections
might be extended to include drowned flow conditions. If_a
successful extension of the discharge relation for drowned
flow could be made, the overall height of the contrql section
could be reduced. This not only decreases the cost of con- '
struction but also the upstream water level and thus theidié-

tance upstream affected by the bhackwater curve.

1

4.6  PRACTICAL APPLICATIONS

The control would be useful in any stream or channel“
that due to natural conditions has a fluctuating discharge
rate. The increased range ot acenracy would make the results
of the ‘control more beneficial for any project that requires
high accuracy water quantity measurements.

The section might also be used in the design of small
dams or spillways. As well as a measuring device, the step- .
like nature of the control would act as an automatic regula—
tion gate. During periods of low flow, the lower section |
alone would pass the excess discharge of the reservoir. At
flood peaks, the entire section could be used to allow a
sufficient flow of water to pass to prevent overtopping of

the dam.

4,7 SUMMARY

With the results obtained using a compound control
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section of triangular profile an empirical model was deve~

loped which will establish the stage-discharge relationship

for any similar section. The sensitivity obtained for the

relation is well within the 1imits'of the instrumentation

67

used. Although some non-conformity was noted for a particu-

lar section shape, it was considered that the elimination of

these results did not significantly affect the validity of

the model. The computer routines developed for the discharge

model make the iterative calculation of rating curves an

efficient and highly accurate process.
It is felt that the implementation of this

to prototype situations will give a high degree of

vity fo
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APPENDIX A

" DEFINITION OF SYMBOLS AND TERMINOLOGY

Artificial Control - A.constricéion section,,whiéh for a
Section ) ‘ S S
: o 'given range of flows renders the up--
:étream.elévatiOn of the water surfaée'
Aindependent of the"water_surface:déan_ .
stréam;: Under these.conditions'the dis-
.charge is a fuﬁétibn only-qf'ﬁpstréam
-water level.. o |
Backwater.. - The water profjie backed un hehind a
contr§1 when it is introduced to a chan-
nelf
vCrést. S - The line or area defining the upper'
éurface of that portion of a weir 6ver
which'the water flows.
Critical Fiqw . -nThe'flow condition in which theitotal
| | Aénergy is a minimum for a given discharge.
Under these conditions the Froude number
.Ais equal to unity{
Crump Weir - -~ A Crump weir is a triangular profile
weir with'an upstream siope of 1.2 and
a downstream slope of 1.5.

Discharge . - Volume of water flowing through a given

70
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- Drowned Flow

Mean Depth

Froude Number

Modular Flow

Nappe

One-Dimensional
Flow

Rating Curve

Stage

Two-Dimensional
Flow

Three-Dimensional
Flow
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cross-section in a unit of time.

Flow over a control section is drowned
when it is affected by changes in the
downstream energy level.

Depth obtained by dividing the cross-

sectional area of flow by the free sur-

face breadth.
A dimensionless number obtained by

dividing the mean velocity by the square

‘root of the product of the mean depth

and the acceleration due to gravity.
Flow over a control section when the
upstream level is indepenaent of the
downstream level.

Free jet formed by the flow ovér a weir.
Flow of a fluid for which the velocity
is constant for a given discharge and
section area (i.e. V = Q/A).

A plot of discharge versus upstream
water level for a given weir section.
Water level measurement.

Flow of a fluid for which the velocity
varies as a function of the water depth
(i.e. V= V{y)).

Flow of a fluid for which the velocity

varies both as a function of water



Uniform Flow

Velocity Head

Weir

[ apip-ped

SYMBOLS

H
cr
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depth and breadth (i.e. V = V(b,y)).

Flow in which the energy line, the longi-
tudinal water surface profile and the
channel bed are all parallel.

The head measured in terms of the liquid

flowing and equal to the square of the

‘mean velocity divided by twice the acce-

leration due to gravity.

An overflow structure which may be used

-for controlling upstream surface level

or measuring discharge.

cross—-sectional area at a given section,
channel breadth at the water's'surface,
a measure of the vertical discontinuity
in a compound section,

dimensionless coefficient of discharge,
the total head at any point measured
relative to some fixed datum,
acceleration due to gravity,

total head at the upstream section mea-
sured relative to the channel invert,
total energy at the upstream section
measured relative to the lowest crest,

measured discharge from a control section,
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mean velocity of flow for a given dis-
charge and cross~sectioh, ’

water level at the gauging point up-

'stream. from the control, .

. measured watér depth;

channel bottom measurement relative to a

-fixed datum)

Coriolis coefficient, -

coefficient of curvature,

heightAof the lowest weir crest above

“the channelvinvérf.



APPENDIX B

WEIR SPECIFICATIONS FOR FIELD APPLICATION

The following reqommended welr specifications are
based on the results obtained during the course of the ekpeii-
mental work plus the information obtained from various lité-
rary sources as discussed earlier. Since this type of sectibn'
has never been used in practice the recommendations are: |

necessarily on the conservative side.

WEIR POSITIONING

The weir block should be located in a stfaight reach
of chaﬂnel which contains no local obétructions with an even
bedslope. The channel'should be reasonably straight for a
sufficient distance upstream in order that a normal velocity
distribution be developed at all discharges. It is essentiai-
that the channel section be as uniform as possible With a-
regular and preferably small roughness coefficient. This
will keep the wvalue of the velocity distribution coeffibient
close to unity and may therefore make any correction unneces-
sary.

The weir should be symmetrical with respect to the
approach channel with the lowest subsection in the center
of the control. It wouid also be advantageous to choose a |

symmetrical channel reach.

74
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WEIR GEOMETRY

| For the results of the laboratory research to be
.applioable the control should have’an»upstream slope of 1
(vertical) to 3.5 (horizontal) end a downStream:slope of 1
(vertical) to 4 (horizontél).. The intersection of these
' sldpes sﬁould form-e straight line‘crest for.each subsection.
The - crest of each subsectlon must also form a horlzontal
stralqht llne across the channel constrlctlon.‘ The vertlcel
dlstance between subsectlons and horlzontal crests 1ntersects<
f.at 90 degrees. |
| In order to maintaln the dlscharge-relatlon charac-
terlstics as developed 'in the report, the control sectlon
muct not be truncated bayzond the ecccptablc iimit:. Tmetroam
and downstream»lengths_should be‘eot less 1°5Hcr for thes;v}
to 3.5‘slope and 2:0Hér for the 1 to 4 slope rés?ectively,
'wﬁere Her.is the maXiﬁum head over the lowest crest for modu-
lar floﬁ;' The elevation of upstream truncation must notfbe
greater‘theh the crest height of the adjacent lower section.
| For,operation in the modular.flow‘range it'is'neces-

- sary to set the loﬁest crest level in order that the normal
depth downstream will ﬂot cause a drowned flow cOndition to

~occur at the lowest section.

CONSTRUCTION SPECIFICATIONS

“Conorete is probably the only acoeptable meterial

which can be used for the control block construetion. It
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o

should Eave a smooth cement finish or be covered with a smooth
non-corrodible material. The crest and the sloping crests

" should possess a durable well defined corner to prevent

_ undue wear because of the abrasive nature of critical flow.

The crests could possibly be made of precast concrete however,

care must be taken to achieve proper alignment and a suitable

seaiant applied to pievent leakage between subsections.

The choices for the number of subsections and the
size of each are obviously two design variables that must
essentiaily be left to the discretion of the design engineer
in charge of implementation. These variables obviously
depend on the variability and range of discharge to be gauged
anda the pnysical dimensions of the proposed channel. Tt is
felt however, that a three part section as shown in Figure
2.3 with equal height outer subsections would be applicable
for moét cases. The width and’eievation of each subsection
will of course depend on the discharge. The lower section
should have suitable capacity to take the total stream flow
independently for low discharge periods. It is suggested
that approximately five percent of the maximum discharge be
cérried by this section. This would of course imply that
this center section would carry the entire flow for the majo-

rity of the time.

FIELD MEASUREMENTS AND THEIR ACCURACY

As discussed earlier the stage should be measured far
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enough upstream to be free from drawdown effects caused by
the control section and yet close enough to the control that
any losses due to friction along the channel may be neglected.l
A reasonable distance for this measurement upstream from the
control is 10Hcr’ This reading would most probably be taken
using a continual recorder since the variation in stage relates
directly to the variation in discharge thus giving continual
discharge records.

High Froude numbers in the approach channel may indi-
cate the presence of surface waves that will affect the head
level reading due to the non-hydrostatic pressure distribu-
tion in the flow. It is, therefore, recommended that the
channel anproach Froude number be lecs than C.S.

In laboratory tests the Coriolis coefficient was
taken as unity. If this is ﬁot the case for the prototype
model the upstream head will be underestimated in turn making
the discharge less than the actual. Since this coefficient
depends on both channelhproperties and discharge, no single
value can be assigned to it at this time.

The section geometry at the control shouid be measured
within tolerable limits and the upstream water level must be
referenced with the lowest crest of the control.

With the estimated errérs for the above measurements
a similar plot to that shown in Figure 2.2 can be drawn for
any section thus giving the error in discharge expected for

the calculated Hcr' In practice it would not be reasonable
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v

to use flow heads of less than 0.1 foot since the errors in

“head measurements are critical at this low flow.

DISCHARGE EQUATION

The basic discharge equation for modular flow for the

compound weir is given by the following equation

n 1.5, _ 07t
Q =i£1(0.544GCfiBiHcri ) - jilQltj
| where n = number of subsections, thus (n-1l) discontinuities,
Q = total measured discharge,
B = individual section breadths,
’Hcr = ﬁpstream:tntal head minue the section heoight,
Cf = dimensionless discharge coefficient,
Qlt = lost in discharge due to section elevation changes.

Since the equation'is iterative (i.e. discharge must
be known to find Hcr) a computer solution can best be used
to deﬁelop a sﬁage versus discharge plot (see Figure 4.1)
which can be used directly to find discharge. The use of a
computer solution also'yields the added advantage of rapid
calculation, therefore allowing several different shapes to

be studied before a design is finalized. The dimensionless

0.0825

while
r

discharge coefficient is given by C_= 1.293 Hc

£
the specifications for Q1t are represented graphically in

Figure 3.10.
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APPENDIX D - FORTRAN LISTING OF SUBROUTINES

SUBROUT INE CORLIo(V5XCvYC’II’JJ’VELCOFsAVELsTAREA)

THE ROUTINE FINDS THE CORIOLIS COEFFICIENT VELCOF’ AVERAGE CHANNEL

" VELOCITY AVELs AND TOTAL AREA OF FLOW TAREAs FOR ANY RECTANGULAR SECTION.
V IS A TWO DIMENSIONAL ARRAY OF SIZE II BY JJs WHICH CONTAINS THE °
MEASURED VELOCITIES OF FLOW. THE DISTANCE BETWEEN EACH ROW

AND COLUMN OF - THE VELOCITY GRID ARE STORED IN THE REDPEVTIVE ARRAYD YC(JJ)
AND XC(II)o

DIMENSION V(I19JJ)9XC(II)9YC(JJ)
I1I=11-1
JIJd=dJJ-1
- X=04,0 - | '
DO 10 1I= 1,11r
X= X+XC([)_
10 CONTINUE -
Y=0,0 = - .
DO 20 J=1sJJdJ
Y= Y+ YC(J) -
20 CONTINUE .
TAREA=X*Y -
DO. 30 I=1»111",
DO 30. U=1sJJJ
X=XC (11 ’
Y=YClJ)
AREA=XxY . - = , R
VEL=(V(IsJ) + V(I+1sJ) + VI(IsJ+1) + VII+1sJ+1))/4.0
SUM= (VEL*¥%3)*(AREA) + SUM A T
AVEL= AVEL+VEL*(AREA/TAREA)
30 CONTINUE - :
TSUM—((AVEL)**3)*TAREA -
VELCOF= SUM/TSUM.
WRITE(6944) AVEL,TAREA,VELCOF
' 44 FORMAT(///,36H FOR SECTION WITH AVERAGE VELOCITY =sF1042s 3X
1 11H AND AREA -,F1u 29///3X923H VELOCITY COEFFICIENT =3F1Ue4)
RETURN o : . ,
END
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30 ECR=WL1+(Q*¥2)/(2, O*G*(A%*Z))

‘ﬁlO K=K+1

108

" SUBROUTINE DISCHAR(BsHsNPTSsWL1sB1sQCRsACRSECR)

THE GEOMETRY OF THE DOWNSTREAM CRITICAL SECTION IS GIVEN BY THE ARRAYS
"‘BsH(1sNPTS), THE WATER LEVEL WL1 AND THE CHANNEL BREADTH Bl IS GIVEN
FOR THE UPSTREAM SECTION,. ‘ASSUMING TWO- DIMENSTIONAL FLOW ‘CHARACTERISTICS
THE ROUTINE CALCULATES DISCHARGE QCRs- AREA ACR9 AND THE TOTAL HEAD ECR. FOR
TYPE OF PROFILE SHOWN IN.FIGURE 2 ED) ‘ .

DIMENSION B(12)sH(12)"
G=324174 |

Q=0.0 .
Q=WL1#B1%045

A=WL1%B1

Q1=A1=0.0
K=0. |

A2=Q2=0.0" : ' o
IF(ECR«GToW H(K).AND ECR GT H(K+1)) GO TO .. 5
GO TO 15 . S -
5 DT=B(K+1)=-B(K) '
‘ IF(ABS(DT)eLTaO, 001) GO TO 15
IF(WL1eLTeH(K)) GO TO 15~
E1=ECR-(H(K)+H(K+1))/240
C=14293%(E1*%0,0825)

ﬂz_u.SrIM(-,I\T*CK\DT{('\-&-IF‘IV-"‘l a8

WLZ-((QZ**Z)/(G*(DT**Z)*C))**0 33333
A2=DT*WL2 -

15 Q1=Q1+Q2-
Al=A1+A2 A o
IF(KoLTs (NPTS=2)) GO TO 10 :
IF(ABS{(Q1- O)/Ql)aLT 0, 001) GO TO 20
Q=Q1 ‘
GO TO 30

- 20 QCR=Q1

ACR=A1
RETURN
END
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109
SUBROUTINE COEF{(HsNPTSsWLsQCRsQLOST sQCORR)

GIVEN THE ELEVATION COORDINATES H(1sNPTS) FOR A CRITICAL SECTION THE -
ROUTINE CALCULATES THE EFFECTIVE REDUCTION IN DISCHARGE QLOSTs AND THE
REVISED VALUE OF DISCHARGE QCORR FROM THE GIVEN INPUT VALUE OF CRITICAL
DISCHARGE QCR.

DIMENSION H(NPTS)
QLOST=0,0
N=NPTS-3
DO 20 I=1sN
Q=0,0
IF(ABS(H(I+1)-H(I+2))sLT+0.1) GO TO 100
10 IF(H(I+1)sGTH({I+2)) GO TO 50
C=(H(I+2)-H(I+1))*%12,0
T=(WL-H(I+1))%12,0
GO TO 75
50 C=(H(I+1)-H(I+2))%12.0
C 0 T=(WL-H(I42))%12.0
75 IF(T.LT.C) GO TO 750
0=10,0%#%((C~9450)/4425)
GO To 100
750 Y2=C .
IF(TeLT«0.0) GO TO 100
Y1=O.0
X1=0,0002
X2=10.0%#2{{C-Q.60)//.25)
A=(Y2~-Y1)/(ALOG1U(X2)~ALOG10(X1))
B= Y2 - A%*ALOG1l0(X2)
. Q=10,0%%((T-B)/ZA)
100 QLOST=QLOST+Q ‘
20 CONTINUE
QCORR=QCR-QLOST
RETURN
END


http:o~Io.o**<<c-9.50>14.25

ANANAANANAN AN

10

20

200

90

80

30

88

33
15

110

@

PROGRAM TST (INPUTsQUTPUTsTAPES=INPUT»TAPE6=0OUTPUT)

THIS IS A DRIVING ROUTINE TO CALCULATE THE RATING CURVE FOR

COMPOUND CONTROL SECTIONs GIVEN THE CRITICAL SECTION COORDINATES
AND H{1sNPTS) AND THE UPSTREAM CHAMNNEL WIDTH Bl
N IS THE NUMBER OF SECTIONS TO BE STUDIED. '
NPTS IS THE NUMBER OF COORDINATES FOR A GIVEN SECTIONe .
NN IS THE NUMBER OF WATER LEVELS TO BE USED FOR THE RATING CURVEe -
DWL IS THE INCREMENTAL VALUE USED FOR WATER LEVEL.
Bl IS THE APPROACH CHANNEL WIDTH.
G IS THE ACCELERATION DUE TO GRAVITY. :
B AND H{1sNPTS) IS A ONE DIMENSIONAL ARRAY CONTAINING WATER LEVELSy
DIMENSION B(12)sH(12)
REAL IL.
READ 53N
FORMAT(I5}
DO 15 J=1sN
READ 10sNPTSsNNsDWLsB1sG .
FORMAT(21553F10,3)
READ 2Us(B(M)sHI(M) sM= laNPTS)
FORMAT(2F10e2)
PRINT 200 ,
FORMAT (3% - , DISCHARGE WL - HCR
1 %¥9//) '
CALY DnTTr\Mlu.NDTQ.Tt sWi MAX )Y .
WL. TL
DO 30 I=1sNN
=WL + DWL_
CALL DISCHAR(BsHsNPTSsWLs 51 5QCRs ACR>ECR)
CALL COEF(HeNPTSsWLsQCR>QLOST s QCORR)
FROUDE=QCORR/(WL*B1*SQRT(G*WL)}
IF(FROUDE.GT.Uab) GO TO 88 ’
PRINT 80sQCORR>WLsECR
FORMAT(3F20.3),
CONTINUE
CONTINUE
PRINT 90
FORMAT (¥ FROUDE NUMBER IN APPROACH CHANNEL GREATER THAN Qe6 3*)
" PRINT 33
FORMAT (1H1)
CONTINUE.
sToP

END
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