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PREFACE

This report is one of five which were produced under Water Research Commission contract No,
980, and which are histed below.

The first three reports contain results which may be regarded as conclusive, whilst the last two
contain the results of exploratory research which may serve as the basis of further rescarch

WRC Report No. 980100
I'he rating of compound sharp-crested weirs under modular and non-modular flow conditions

WRC Report No. 980:2/00
The rating of sluicing flumes in combination with sharp-crested and Crump weirs under
modular and non-modular flow conditions.

WRC Report No. 980/3:00
Discharge measurements in terms of pressure differences at bnidge piers.

WRC Report No. 950:4.00
Flow gauging in nvers by means of natural controls

WRC Report No. 980/5/00
The application of Doppler velocity meters in the measurement of open channel discharges.




EXECUTIVE SUMMARY

The compound sharp-crested weir, which consists of two or more notches at different
elevations, is the most common type of flow gauging structure found in South Africa. The
Department of Water Affairs and Forestry (DWAF) 1s mainly responsible for the operation of
these weirs. The Department is currently experiencing the following problems regarding flow
measurement with compound sharp-crested weirs:

1. Dunng free-flow conditions, also known as modular flow conditions, there 1s uncertainty
about the accuracy of the discharge formulas. Although rehable formulas exist for single
notch weirs. it is not clear how they should be modified for compound weirs. Whilst
methods have already been developed to deal with compound weirs, their accuracy needs to
be investigated further.

When the weirs become submerged dunng floods, the upstream water head is affected by
downstream water levels and the orniginal formulas are not applicable. It has so far been
impossible to calculate discharge accurately under these so-called non-modular flow
conditions.

L]

This report summanses the findings of an extensive study which addressed the issues mentioned
above. A comprehensive test program was completed duning which compound sharp-crested
weirs were tested under both modular and non-modular flow conditions. In the development of
the new methods, care was taken to adhere 10 intemationally accepted standards. This should
make the South African practice acceptable to others.

One important characteristic of compound weirs is the presence of end contractions. It was
found that they have a significant effect on discharge measurement. Generally, the more a weir
is contracted, the lower its coefficient of discharge becomes. It was also established that end
contractions can ensure excellent aeration for compound weirs.

For modular flow conditions it was possible to develop a discharge formula based on the IMFT
equation, which is included in the 1SO standards. This new method was found to produce the
smallest errors when compared to other existing formulas (average error 0.6%).

During non-modular flow conditions it was noted that end contractions also play an important
role, especially during the carly stages of submergence. In full-width weirs the upstream water
level tends to drop first (due to de-aeration) before it rises again with increasing submergence.
Weirs with end contractions do not have this problem.

It was further established that the effect of submergence could be described in terms of an
energy loss occumng at the drowned weir. This energy loss is a function of the velocities at the
section where the flow is contracted (1.¢. at the weir) and at the downstream river cross section.
As the difference between these velocities increases, the energy loss increases as well.

Two methods were tested to estimate the discharge under submerged conditions. The
Villemonte formula works well if the energy losses at the weir are relatively high, while the
Wessels method is reliable if the energy losses become smaller. A procedure was developed
which indicates when cach method is applicable. The test data indicated that the maximum
error is up 1o =10% at high submergence ratios (S > 0.80) if this procedure is followed.
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I INTRODUCTION

Southern Afnca will be facing a senous shortage of fresh water in the near future. New water
resource projects have 1o be implemented to augment the cumrent water supplies. It is therefore
important to0 accurately estimate the amount of water sull available in the region. This
information is essential in the proper identification and planning of new water resource projects.

In order to obtain an estimate of the available water reserves, it 1S necessary 10 measure the
volumes of water conveyed by the nivers of southemn Africa. Due to the prevailing climate, the
rivers carry very little water duning most of the hydrological vear, while extreme flood events
may occur during the wet season. To obtain an accurate estimate of the total volume of water
that a particular niver can deliver, it is necessary to measure the discharge accurately dunng ali
scasons. Compound weirs have been specifically developed for this purpose. In contrast to
single notch weirs, compound weirs have two or more notches at different elevations. These
weirs are able to measure both high and low discharges accurately.

In South Africa compound sharp-crested weirs are most frequently used to measure discharges
in rivers. Between 70 and 80 percent of all weirs found here are of this type, while the rest
consist mainly of Crump weirs, broad-crested weirs as well as flumes. Figure 1.1 below shows
a compound sharp-crested weir with notches at three different elevations. Smaller discharges
pass over the lowest noich, whilst the higher crests accommodate the excess flow during floods.
The water level upstream of the structure is continuously recorded and is used to determine the
discharge. This information can be used to calculate the total volume of water that a particular
river discharges during a year.

I'he weir in Figure 1.2 has columns between the notches which serve to aerate the area
undemncath the nappe of the overflowing water.




Figure 1.2:Columns between the notches for aeration purposes

Iis document deals exclusively with the type of flow gauging structure shown in Figures 1.1
and 1.2. The Department of Water Affairs and Forestry (DWAF), which maintains most of the
gauging stations in South Afnca, currently experiences two major problems with the operation
of compound sharp-crested weirs

e There 1s stull some uncertainty about the accuracy of the formulas that are being used to
calculate the discharge under modular flow conditions (i.¢. normal operating conditions with
smaller discharges)

e Dunng floods, sharp-crested weirs become submerged very quickly. The downstream water
head nses above the crest of the weir and the upstream head starts to nse as well. When
these so-called non-modular flow conditions prevail, the discharge is a function of both the
upstream and downstrcam water levels, as illustrated on the night in Figure 1.3. The
submergence of compound weirs has not been studied comprehensively and discharge
calculations are not deemed to be accurate enough

: Q=f(h,1t)
i Q =f(h) Flow L [
i { .
' - '

Figure 1.3: Flow over sharp-crested weirs; modular on the left, non-modular on the right



This research project is aimed at finding the most accurate methods to calculate the discharge
over compound sharp-crested weirs under both modular and non-modular conditions. Once this
has been achieved, 1t will be possible to study more complicated combined flow gauging
structures where, for example, sharp-crested weirs are used in combination with Crump weirs or
flumes.

Since South Africa is shaning river resources with other countries in the region (e.g. Lesotho), it
will be desirable to adhere to intemationally published standards as far as possible. This should
ensure that others will accept the South African practice.

2 RESEARCH OBJECTIVES
The following objectives have been identified for the study on compound sharp-crested weirs:

Modular flow conditions:

e Evaluate existing methods for the calculation of the free-flow discharge over compound
sharp-crested weirs. The accuracy of cach method is to be tested against existing model
data. Some new data will also be generated from additional model tests.

e With the insight gained from the model tests, recommend a method that most accurately
calculates the flow rate over a compound sharp-crested weir.

e The recommended discharge formulas should be applicable to a vanety of different weir
configurations and should be able to accommodate very low as well as extremely high
discharges.

Non-modular flow conditions:

Evaluate the best-known methods for the calculation of discharge under submerged

conditions. Most of these methods (Villemonte 1947, Wessels 1986) have been developed

for single notch weirs only. The data from existing and new model tests will be used 10

determine the accuracy of each approach.

e Study the submergence process in order to identify the most important parameters
influencing non-modular flow conditions.

¢ Investigate the impact of submergence on compound sharp-crested weirs with the help of
model 1ests.

e Determine whether the methods which have been developed for single notch weirs are also

applicable 10 compound weirs and investigate the accuracy of flow estimation.

L I O

The intention 1s to keep to intemationally accepted formulas and methods so that foreign parties
should find South African practice acceptable.




3 MODELTESTS

In order to achieve the above-mentioned objectives, it has proven necessary 10 conduct various
model tests on sharp-crested weirs. A large amount of data already exists from previous
studies. The following data sets have been used for this project

3.1 EXISTING DATA FROM PREVIOUS STUDIES

3.1.1 WRC Report No. 442/1/95

The Water Research Commission (WRC) funded a project, executed by Sigma Beta ( ¥B). that
dealt with compound sharp-crested weirs under modular flow conditions (Rossouw et al., 1995)
All the weirs that were tested were of the configuration shown in Figure 2.1.1.1. They were
symmetncal with a lower notch and two higher ones. The two upper notches were at the same

elevation and did not have any end contractions on their outsides

,lﬂ“ft' J.0.1.1: Weuwr confieuracion of WRC rests

In the WRC expeniments. the notch lengths (L, & L:), pool depth (P) and step height (7) were
vaned IThe data of this studv was re-analvsed with the new formulas which have been
recommended for modular tlow conditions

3.1.2 Data on Submergence from Previous Studies

An extensive study on submergence has been performed by Pieter Wessels (Wessels, 1986). He
studied the process of submergence with tests on a single notch, full-width sharp-crested weir in
a 500 mm wide flume in the laboratones of the Department of Water Affairs and Forestry
(DWAF). A wide range of weir configurations was tested. with varving pool depth (P) and
structure height (Z). The water levels were measured in stilling wells at distances 47 (upstream)
and 10Z (downstream) of the crest of the werr

This data, together with the data from additonal model tests described below, was used to
analyse the submergence of sharp-crested weirs




3.2 ADDITIONAL MODEL TESTS

Since no data on submerged compound sharp-crested weirs has been available. most of the
addinonal data are results from tests on compound weirs. Experiments have also been
performed on single notch weirs 10 supplement the work done by Wessels. All the additional
data has been generated in the hvdraulics laboratory of the Department of Civil Engineening at
the University of Stellenbosch. A brief description of the different models follows. after which
the test procedure is explained.

3.2.1 Test Series A

All the weirs of Series 4 were tested in a 2-metre wide flume. Figure 3.2.1.1 shows the
different weir configurations that were investigated.

AD, only free-flow condtions tested Test A1, full-width weir
Test A2 & A3 Test A4 - A7
Test A8 - A0 Test A1Y - A4

sy Detail of

Test A15 & A

Figure 3.2.1.1: Weirs tested in 2-metre flume

As can be seen from Figure 3.2.1.1, this study was mainly concerned with contracted weirs
since most of the prototypes in South Africa are contracted as well. Weir A0 was similar to the
ones studied dunng the Sigma Beta project (Section 3.1.1). In order 10 acrate the nappe
effectively dunng tests AO and Al, splitters were installed on top of the weirs. These splitters
were bent at an angle so that the nappe was split. This in tum allowed air to be fed into the area
underneath the nappe. The sphinters did not affect the upstream water level in any way, The
contracted weirs did not need any extra measures for aeration purposes as air could enter
undemeath the nappe at the end contractions.

The weirs of tests AlS and Al6 had columns between the different notches. Many weirs in
South Afnca have these columns for extra aeration purposes (see also Figure 1.2). It was
therefore decided that their effect on discharge measurement should be analysed as well.




Both the honzontal and vertical edges of all the models were manufactured as indicated in the
detail sketch in Figure 3.2.1.1.

lhe exact dimensions of each individual test weir (together with a sketch) are included on the
data sheets in Appendix Il

I'he complete model set-up in the 2-metre flume is shown in Figure 3.2.1.2. Upstream water
levels (at points A, B and C) were measured with a point gauge. Due to extremely turbulent
conditions downstream of the weir, the water levels at D, E, and F were measured in 100 mm
stand pipes that were connected with 10 mm tubes to the respective points. The opening of cach
tube was aligned at a 907 angle to the direction of flow. The point gauge was used to measure
water levels with an accuracy of a tenth of a millimetre.
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Figure 3.2.1.2: Set-up in 2-metre flume

3.2.2 TestSeriesB & C

These two senes of experiments consisted only of submergence tests on single notch sharp-
crested weirs (1.¢. no compound weirs). Most expeniments were performed on contracted weirs,
but some tests on full-width weirs were also included

Series B and Series C included expeniments that were done in a 600-mm and a 1000-mm wide
flume respectively. The pool depth and structure height were the same for all tests of these
senes (dimensions can be found on the data sheets in Appendix II).

For Series B the upstream and downstream water levels were measured 1420 mm and 3570 mm
from the weir respectively. For Series C these distances were 2120mm and 5100 mm
respectively

All the water levels were measured with stand pipes that were connected with tubes to the
centres of the flumes. The opening of every tube was aligned at a 90° angle to the direction of
flow. With this method the water levels could be recorded with an accuracy of up to half a
millimetre. A manometer was used to measure the discharge delivered to the 600-mm flume
The 1000-mm flume had a magnetic flow meter connected to its supply line, but since it had not
been fitted according to specifications it did not produce reliable values

(4]




3.2.3 Test Procedure

During each submergence test a constant discharge was maintained which was ensured by a
constant head tank in the laboratory. A manometer was connected across an orifice in the
supply pipeline to measure the discharge in the system (see Figure 3.2.1.2). Before any
experiments were performed, the discharge coeflicients for different onfice plates had been
verified by calibrating them against discharges measured with standard single notch weirs in the
test flume. For this purpose, the Kindsvater & Carter formulas (ISO Standards, 1980) had been
used to calculate the discharge at the weirs.

At the beginning of a submergence test the free-flow height upstream of the weir (h,) was
measured. The adjustable tailgate at the end of the flume was then raised which caused the
downstream water level to nise, thereby submerging the weir. After changing the tailgate setting
a period of =7 minutes was required to allow the water levels to stabilise before they could be
recorded. The tailgate was raised in stages (=10 settings) until all notches of the compound weir
were at least 90 percent submerged. At the end of a test the tailgate was lowered and the free-
flow height after the test was compared with the one measured at the beginning. Should these
levels differ by more than a 1 mm the test was not used for any further analysis, since it implied
that conditions had changed during the experiment,

Table 3.2.3.1 summarises all the data used in this rescarch. It includes the associated code
(e.g. A4-F), a brief description and the number of experiments for each set. The compound
weirs shown in Figure 3.2.1.1 have been analysed under both modular and non-modular flow
conditions. Free-flow data (modular conditions) is denoted with an additional *F’, i.e. data set
no. A4-F contains the free-flow data for submergence test no. A4.

Code Description - No. of tests
MODULAR FLOW CONDITIONS (APPENDIX I): l
- YB-A Data from previous research on compound sharp-crested weirs A__J 60
_35-B | More existing data, specifically on shallow and irregular pool depths | 28
_AO-F New data, similar to WRC tests 19
| A4-F Free-flow data for submergence test no. A4 45
A8 F | Free-flow data for submergence test no. A§ 6
"A11-F | Free-flow data for submergence test no. All 22
AlS-F Free-flow data for submergence test no. A15 17

NON - MODULAR FLOW CONDITIONS (APPENDIX II):

Series PW | Tests done by Wessels (existing data) 38

Series A | 2-metre flume data | 16

Series B | 600 mm flume data | 7 |

Series C 1000 mm flume data i 5 |
Table 3.2.3.1: Summary of data used for this project

All the data on modular flow conditions can be found in Appendix 1. For cach data set in the
Appendix, a sketch is given which indicates the type of weir tested.




In addition, all the dimensions and flow data are included. Two discharges are listed; the
recorded value as well as the value calculated with the new method for compound weirs under
modular flow conditions, which 1s described in Chapter 4

Appendix II contains all the data on submergence tests. The individual data sheets contain
sketches that describe the particular weir concermned. The observed data include the free-flow
upstrcam water head (&), the discharge measured with the manometer and the upstream and
downstream water levels as recorded during a particular submergence test

Observations that were made duning the expeniments are recorded 1n the next section.
3.3 OBSERVATIONS

One of the most significant findings that was made was the important role of end contractions
under both modular and non-modular flow conditions. It i1s known that end contractions can
ensure proper acration of sharp-crested weirs. If a sharp-crested weir is not sufficiently acrated,
the air undemeath the nappe gets drawn out which causes the nappe to ‘cling’ to the weir. The
lowering of the pressure undemeath the nappe in tum leads to a drop in the upstream water
head. Since the upstream water head is used to calculate the discharge, significant errors can be
expected if it 1s affected due to poor aeration

All the test weirs that had end contractions did not show any aecration problems. Fortunately.
most prototypes in South Africa also have end contractions and it is not expected that they will
expenence any aeration problems under normal operating conditions. A very long notch can be
acrated sufficiently by constructing a column half way. This will split the nappe in two and will
provide additional aeration. Figure 3.3.1shows a test weir with two columns. One can clearly
see that air can enter freely undemeath the nappe at the two columns — and also at the outer end
contractions

r-
|
4

—
—

J
X -

£ : .
Figure 3.3.1: Effect of columns and end contractions on aeration




For submerged full-width weirs, both Wessels (1986) and Villemonte (1947) mention that the
upstream water head drops slightly with low submergence ratios (t/h, < 0.20) before it rises
again. The full-width weirs that were tested during this study exhibited the same phenomenon.
This is due to the fact that the nappe becomes de-aerated and subnormal pressures occur directly
undemeath the nappe which causes the water head to drop, i.e. the same discharge is
represented by a lower head.

The contracted weirs did not show the same behaviour at low submergence ratios. In these
cases the nappes were still receiving adequate aeration from the end contractions and the water
heads remained constant. In fact, the water levels did not rise until a submergence ratio of
about 0.10 was reached. This implies that no correction is needed for low submergence ratios
(t/h, < 0.10).

Furthermore, the contracted weirs were generating far more turbulence downstream than the
full-width weirs. This is duc to the fact that the streamlines are curved in front of the end
contractions in order to flow past the weir, thereby producing 3-dimensional flow patterns
(honizontal eddies) downstream of the weir. This is shown schematically in Figure 3.3.2. The
greater the end contractions, the larger the downstream eddies become. This suggests that
higher energy losses are generated at submerged contracted weirs compared to single notch,
full-width weirs, where no horizontal eddies occur.
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Figure 3.3.2: Downstream eddies due to the presence of end contractions

A number of rescarchers (Villemonte 1947, Wessels 1986) have indicated in their papers that
the flow regime over a sharp-crested weir changes with increasing submergence. The different
regimes were also identified during this study on contracted and compound weirs. Two profiles
were identified:

e Regime a: A plunging nappe that occurs at low submergence ratios. This submerged nappe
produces eddies above and below itself. The downstream water level is quite stable during
this stage.

e Regime b: A surface nappe that occurs at high submergence ratios. Standing waves are
produced, which create very turbulent conditions in the tailwater basin. A large eddy can be
distinguished below the surface nappe.




The transition from one regime to the other did not

influence the upstream and downstream water levels significantly. In Appendix II (data on non-
modular flow conditions) the type of regime is indicated on the data sheets

Figure 3.3.3 illustrates both regimes

Regime a Regime b

Figure 3.3.3: Different flow regimes
Vhen full-width weirs were tested, regime ¢ prevailed up to relatively high submergence ratios
(up to th, = 0.60). This was not the case for end-contracted weirs, where the transition from
one regime to the next occurred at an average ratio of about 0.40.

It was sometimes difficult to identify a certain regime when a compound weir was tested. Since
one notch might already be significantly submerged, the others might sull be free-flowing,
which meant that different regimes were observed at different notches. This led to highly
unstable regimes and very turbulent downstream conditions. Figure 3.3.4 shows such a case
Regime b 1s already fully developed at the lower centre notch while the other two crests are not
submerged yet

3.‘~l:

Submerged compound weir

Figure 3.




4 MODULAR FLOW CONDITIONS

4.1 THEORY FOR SINGLE NOTCH WEIRS

Existing discharge formulas for compound weirs are based on the theory of a single notch weir,
The formula for modular single notch weirs 1s well-known and can be derived from energy
principles (Featherstone and Nalluni, 1982):

2 | vy
; v 28[.

J ' where H, =h, o
g

The most detailed studies on compound sharp-crested weirs that have been undertaken in South
Africa in the past were those undertaken by DWAF and the Sigma Beta. This research is
described in more detail in the sections below.

The different methods have been evaluated with the data for modular flow conditions
(Appendix 1) and the errors have been calculated as follows:

Average Error = Q.-0. x 1007

-~

Where 0. discharge at weir (as calculated with a certain method)
Ox: discharge given by model

The absolute error 1s defined as:

Absolute Error= |~ x 100P%

Q. -0.
- |

While the average error gives an indication of the value around which the data is spread. the

absolute error gives a better indication of the actual magnitude of the errors. It has been

assumed that the discharge given by the manometers is absolutely correct. This is not the case,

but since the maximum errors made with the manometers arc less than 2 percent, the

assumption is reasonable.

4.2 SIGMA BETA FORMULA

T'he research, sponsored by the WRC (Rossouw et al, 1995), resulted in the Sigma Beta
formula that is applicable 1o symmetrical compound weirs with three notches as shown in
Figure 4.2.1. It was not known whether or not the Sigma Beta formula is also able to deal with
weirs with more than two crest elevations, additional notches and more end contractions -
which is the case at most gauging stations in South Africa. To be able to calculate the discharge
with weirs consisting of more than three notches the formula had to be adapted shghtly. These
adaptations are explained below.

Il




For the weirs with only three notches the onginal formula is used (sec also Figure 4.2.1)

‘ e— . .
0=C %.\:utx' H “+«L\H -T) ")
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Figure 4.2.1: Parameters for original Sigma Beta formula (applicable for three notches only)

In order 1o calculate the flow over 2 weir with more than three notches the definitions of /A, and
P, were adapted as follows (only those notches overtopped by water are considered)

S HI S pI
H, =g P ==
: [ and :[
Where L width of notch 7 (i = 12,3, |
h water level upstream of notch |
H energy level upstream of notch ¢
P, pool depth upstream of notch i

The discharge formula for a weir with any number of notches then has the following general
form:
B - , H
0=C,=J2gd LH"?) with €, =0.607 -0.0419
? — P

As the formula makes use of the energy level, H, the solution is obtained through an iterative
process

The Sigma Beta formula does not specifically deal with the effect of end contractions. From the
addinonal model tests on contracted weirs it has been proven that end contractions do affect the

flow over weirs significantly




Generally, an end contraction causes the water level upstream of a weir to rise, whereas (for the
same discharge) the water head will be lower for a full-width weir. In other words, for two
weirs with identical dimensions (same pool depth. notch width) and the same upstream water
head. a contracted weir will have a lower discharge.

Since the model weirs on which the Sigma Beta formula is based did not have outer end
contractions, it can be expected that the method will overestimate the discharge. Figure 4.2.2
shows the results of an analysis of weir data that has been used to denive the Sigma Beta
formula and some new data from similar tests (i.e. without outer end contractions). It is obvious
that for these cases the formula predicts the discharge accurately. Note that the data set of IB-
B represents tests with shallow and irregular pool depths which therefore contain larger errors.
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Figure 4.2.2: The Sigma Beta formula for weirs without outer end contractions

Figure 4.2.3 shows the errors that are made when weirs with outer end contractions are used to
measure the discharge. As can be seen, the Sigma Beta formula overestimates the discharge,
with the errors increasing with increasing flow rates.
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Figure 4.2.3: Errors made when using weirs with outer end contractions




It 1s clear that the Sigma Beta formula cannot accommodate the effect of end contractions. One
further negative aspect 1s that with this method the discharge 1s calculated by considenng the
complete weir as one unit, i.e. using only one coefficient of discharge for the whole weir. It is
desirable that each notch in a compound weir can be dealt with independently. This will make
it possible to analvse more complex gauging stations that consist of sharp-crested weirs in
combination with Crump weirs or flumes. The DWAF method employs such an approach and

1s discussed next

4.3 THE DWAF FORMLULA

The Department of Water Aflairs and Forestry (DWAF) has over the vears developed its own
formulas to deal with all cases of sharp-crested weirs (Delport and Le Roux 1990). Every notch
in a compound weir 1s treated separately as follows (see also Figure 4.2.1)

0=1.777L,C,(H +0.001

For a full-width notch L L. It the notch 1s contracted on both sides. [, 15 calculated as

tollows
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If only one side of the notch s contracted. half of the above correction is applied

4 J ] '
L= L nn
. ]

(4 1s the correction factor for the pool depth upstream of each notch

H H
( |=0.11 for 4
H+P P

C, =114§ —— for 3.4<— 5200

The above formulas have been developed over many years by numerous rescarchers and

unfortunately their ongins are not well documented




Figure 4.3.1: Parameters for DWAF formula

Figures 4.3.2 and 4.3.3 give an indication of how the errors are distributed when different weirs
are analysed

Error vs h/T,

151
0.0 ¢
® L5A
_ 5 4+ 25R
8 >
= - L 0 AD-F
£ g b 4 P
- .‘ _.: o o -
- oy . -
.s‘:U‘ _." q?,.. ...0_
¢ . .
. . .
- . 1
0.0 20 30 40 50
he' Ty
Figure 4.3.2: Ervors made with DWAF formula - Part]
Error vs /T,
". » e _ . - — = e
.l_l |
| @ Aad
!
| OAS
50 - |
v ° 4+

Error (%)
o
>

L S °
M
-
g.
-,
> +
> >

r
«
L)
w
»
)
~
B
o
o
w
W

he'T)

Figure 4.3.3: Errors made with DWAF formula - Part 2




Since the DWAF formula makes adjustments for end contractions, the errors are much smaller
than those made by the Sigma Beta formula. As mentioned carlier, the fact that the DWAF
approach considers every notch in a compound weir separately makes it very attractive 1o use.
The only problem is that the formulas listed above are not clearly related to any intemationally
accepted standard. In the next section a method is denved that uses the IMFT equation as a
basis. The IMFT equation is well-known and appears in the ISO Standards (1980).

44 IMFT EQUATION FOR COMPOUND WEIRS

The orniginal IMFT equation (Institut de Mécanique des Fluides de Toulouse) is applicable to
full-width single notch weirs (ISO Standards, 1980):

J2gLH'®

il

Q=C,
C =0627~ n_msﬁ
P

Ihis formula makes use of the total energy head upstream of the weir (/) and not only the
upstream water level (h). The formulas for many other flow gauging structures (c.g. flumes,
Crump weirs) are also based on the total energy head. Since these structures are sometimes
combined with sharp-crested weirs, it is desirable to use the IMFT equation so that the total
energy head can be used throughout. It is also believed that by using a formula incorporating
the total energy head, one remains closer to the basic form of the oniginally denved equation for
single notch weirs (see Section 4.1)

The problem with the IMFT equation 1s the fact that it cannot be used for weirs with end
contractions. [t is furthermore important to check the accuracy of the IMFT equation for higher
values of H P (1.e. high discharges ' shallow pool depths). In the next two sections the effects
of end contractions and shallow pool depths are discussed in more detail.

4.4.1 End Contractions

From the errors resulung from the Sigma Beta formula (see Section 4.2), it 1s clear that end
contractions have a significant influence on discharge measurement. Their effect therefore has
to be taken into account in the newly recommended method for compound weirs.

In their classical paper Kindsvater & Carter (1957) presented a set of equations to determine the
flow over full-width and partially end-contracted single notch weirs. It is generally accepted
that these formulas are very accurate (they have also been used during this project to calibrate
the coefficients of discharge for different onfice plates). Unfortunately these equations are
functions of the upstream water level, &, and not the total head, H

The DWAF formula deals with end contractions by making use of an effective notch length:
L.=L-nh

Francis and Van Nostrand (1883) developed this method of adjusting the effective notch length.
Roberson et al. (1988) mention that expennments have shown that the effective reduction in the
notch length is approximately equal to 0.20k when i/L < 0.33. DWAF uses n = 0.20 when H/L
< 0.35, which compares favourably. For /L > (.35, n becomes a function of H/L.




It is expected that under normal operating conditions the H/L ratio will remain below 0.35 in the
prototypes. 1.¢. #=0.2 for most of the time.

For the new formulas recommended for compound weirs it has been decided that the IMFT
equation will be used as a basis. In addition. DWAF's method for the correction of the effective
notch length is incorporated into the new method.

To justify this, the following companson is made with the Kindsvater & Carter method. A weir
with P=0.2mand B = 2.0 m is used. Vanous contraction ratios (L/B) have been tested where
the discharge is calculated with the Kindsvater & Carter formulas and with the adapted IMFT
equation as proposed above. Figure 4.4.1.1 shows by how much the calculated discharge differs
from the one determined by the Kindsvater & Carter equations. One can conclude that the
methods correspond well and that the correction made by assuming an effective notch length is
acceptable.

Test Weir with P=2.0m, B=2.0m
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Figure 4.4.1.1: Percentage difference in calculated discharge

4.4.2 Shallow Pool Depths

According to the ISO Standards the IMFT formula is only valid up 1o AP = 2.5. It is well-
known (Swamee, 1988) that for very high values of H/P the coefficient of discharge (C,) should
decrease.  For the new discharge formula it has been decided that DWAF's coefficient of
discharge will be adopted for very high ratios of H/P:

Consider the constant terms in the discharge formulas:

C,-v28 (IMFT equation)

PV

L

L J (DWAF equation, with Cy for high 7{/P ratios)

P+H

1.777x C, =1.777 x1.145
\

17
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443 Summary

The IMFT equation, together with the modifications for end contractions and shallow pool
depths. has been found to give excellent results when it is evaluated with the test data. The
complete method 1s summarised below (refer to Figure 4.4.3.1) and an example calculation is
given in Appendix III:

ﬁ —a -
Qgc__g\:gL.H‘-

C 50.627”().018,{ for ﬁ <1.867
P P
¢ y 004
C. =0.689 f for 1.867 < Ll <18
. P+ H P

For a full-width notch, L, = L. For contractions on both sides of the notch L, 1s calculated as

follows:

[_' = 1_ - nh

n=02 for L <0.35

n=0.174 L 'i -0.1 for n}fsﬁsz.m
\H ) L

n=00216 for ? >2.00

If only one side of the notch is contracted, half of the above correction is applied:

L =L --l;nh

Figure 4.4.3.1: Parameters for IMFT equation for compound weirs

Figures 4.4.3.2 and 4.4.3.3 show the errors that are made when employing this new method. It
can be scen that for most cases the errors are well within the =5 percent margin.




The maximum errors (1.2 bigeer than S percent) are all from tests where extremely shallow pool

depths were involved

o
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It 1s also encouraging 1o see that the errors remain spread around the zero-percent line
is no trend that the errors are increasing dunng higher discharges. This 1s especially true for

tests indicated in Figure 4.4.3.3. These expennments, which include tests on weirs with up to six

notches., end contractions and columns between different notches. closely resemble tvpica
Prototvpe weirs
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Table 4.4.3.1 compares the accuracy of the different methods discussed in the previous sections.
According to this summary the IMFT equation for compound weirs on average is the most

accurate of all.

L3 | DWAF IMFT
Average Error (%): | 236 | -1.39 -0.59
Average Absolute Error (%): | 292 | 2.0l 1.70
Standard Deviation (%) | 314 245 | 243
Minimum Error (%) -5.34 -11.49 -11.27
Maximum Error (%): ! 14.06 S8 6.06

Table 4.4.3.1: Summary of all methods; total number of tests analysed. 197

Since it produces the smallest errors, it has been decided that the IMFT formula will be used for

the further analyses of non-modular flow conditions.

For the following investigations on non-modular flow conditions, the discharge as calculated by
the adapted IMFT formula 1s assumed to be correct. This means that all errors are calculated
relative to the free-flow discharge determined by the method as described in this section.




5 NON-MODULAR FLOW CONDITIONS

When the downstream water level starts to rise above the crest of a sharp-crested weir, the
structure is said to become submerged and non-modular flow conditions occur. As the
downstream water head (1) nses, the upstream head (A,) nises as well, so that the discharge 1s a
function of both r and &, (Figure 5.1). Different methods (Villemonte 1947, Wessels 1986) have
been developed to estimate the discharge under non-modular flow conditions. All of them
make use of the so-called submergence ratio. which is defined as t/A, (0< /A, <1.00),

Flow y

Fig“lt’ S.1: .\uhmwgvd wer

Wessels (1986) gives a summary of the best known methods. They have all been developed for
single notch weirs, and 1t is not known whether they are applicable to compound weirs as well

There are two approaches to estimate the discharge during submerged conditions

e By using &, to obtain an imitial estimate of the discharge and then multiplying this discharge
with a correction factor (e.g. Villemonte's method)

e By first correcting A, and then calculating the discharge with the adjusted water head (e g
Wessels” method)

Almost all methods make use of the ratio t/A,. Dunng the course of this research project it has
been found that as far as submergence is concemned, t/h, 1s the most important factor, but that
other factors also play an important role. It is due to this reason that vanous methods are
sometimes not compatible, 1.¢. they produce completely different results for seemingly identical
conditions

In the following sections two methods are discussed that are well-known in South Africa. The
first 1s the Villemonte formula which appears frequently in international publications and was
developed by Villemonte in 1947. The second method was developed more recently by
Wessels and is based on the momentum principle




5.1 VILLEMONTE FORMULA

Villemonte's equation 1s based on the superposition principle, where the net flow over the weir
is the difference between the free-flow discharge due to head A, and the free-flow discharge due
to head 1 (Villemonte, 1947). The formula reads as follows:

r - Y0NS
0,=0,1-[L]
= . - —
\h,
Where: (,: estimated flow under submerged conditions
Q;:  uncorrected discharge calculated with upstream water head, A,. using free-flow
formulas
k.. t: upstream and downstream water heads above crest of weir
m:  coefficient with a value of 1.5 for rectangular, sharp-crested weirs

Villemonte tested all types of sharp-crested weirs in a 3ft. (0.914 metre) wide flume. Amongst
others, his experiments included full-width and partially contracted weirs.

The value of 0.385 in the above equation was derived from tests with relatively low discharges
(maximum water head 0.504ft. = 0.154 metre) and low A/P ratios (AP S 1.00). The additional
test data of this study has proven that the Villemonte equation indeed provides a very good
estimation if relatively low discharges are considered. With higher flow rates, typically AP >
1.00, the formula starts to underestimate the discharge drastically, 1.e. the applied correction
becomes too big.  Villemonte himself included a graph in his classical paper that indicates the
necessary correction that has to be applied after the discharge has been corrected with his
formula. The graph i1s reproduced in Figure 5.1.1. One can clearly see that the higher the
discharge, the greater the additional correction which is required. This trend is expected to
continue if the discharge becomes even greater.
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Figure 5.1.1: Additional correction according to Villemonte (Villemonte, 1947)

The data for all the single notch weirs of Series A, B and C have been analysed with the original
Villemonte equation and the errors are shown in Figure 5.1.2. An example calculation can be
found in Appendix 1L
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Figure 5.1.2: Errors made with the Villemonte equation fonly single notch wetr data were

analvsed)

The errors have been calculated as follows

) -0
Error = = —x 100,
0
-~
Where Q. estimated discharge (as calculated with a centain method, e.g
Villemonte's formula)
Q free-flow discharge at the beginning of a test, calculated with the

adapted IMFT equation (Chapter 4)
I'he larger errors seen in Figure 5.1.2 are from tests with higher discharges. while tests with
very low discharges produce small errors. Some tests show errors already at low submergence
ratios. These are expenments on full-width weirs that suffer from aeration problems during the
imitial stages of submergence. As already indicated in Section 3.3, the water level above a full-
width weir drops first before 1t nses again with increasing submergence. The contracted weirs
do not suffer from this problem and therefore do not produce any sigmificant errors at low

submergence ratios.

Finally, Villemonte made an interesting observation in his paper. He has found that sharp-
crested 90° tnangular notches perform the best with his formula. The errors for these weirs
remain close to zero even at submergence ratios well above 90 percent

5.2 WESSELS THEORY

Wessels used the momentum principle to denve a method to deal with submerged flow. The
theory was developed by considening both free-flow and submerged conditions

e Fora centain Q, (free-flow) the forces on the weir are analysed.

e For the same discharge the forces are analysed under submerged conditions

-




e A relationship between the above cases is developed that can be used to determine the free-
flow water head, &, given A, and 1.

Wessels conducted numerous tests on a 500 mm full-width weir 1o produce the following

formulas ( Wessels, 1986):

1=t k)
h =h Vi-\t/h)
a
Where:
—b*w"b'.—-‘(‘
qu-— ———
2

-

h=-033074-0 30()27%
!

c= 0.628791; hL +0 10159’% - 0.6096

J
v J

According 10 Wessels. the maximum errors should not exceed £5% up to a submergence ratio
of 90%. The accuracy can be increased even further by using a graph that Wessels has
developed from his laboratory tests. The graph allows for additional effects such as pool depth
(7) and structure height (Z) and is included in Appendix IV.

When this theory 1s used 1o analyse the data of Series 4, B and C, the following errors are found
(Figure 5.2.1). An example calculation using Wessels® method can be found in Appendix I11.
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Figure 5.2.1: Errors made with Wessels " theory (only single notch weir data was analysed)

From the above graph it 15 clear that the theory does not work well for all cases. At low
submergence ratios the method overestimates the discharge by =5% when contracted weirs are
analysed. This is due to the fact that the method has been developed using only full-width
weirs.  As described in Section 1.3, full-width weirs suffer from aeration problems at low




submergence ratios and therefore perform differently compared to contracted weirs, which
generally do not have any aeration problems at low degrees of submergence

At high submergence ratios the method seems to overestimate the discharge under certain
conditions. This happens typically when low flow rates occur. If higher discharges are flowing
over the same weir, the method produces much smaller errors

It can be stated that Villemonte used low discharge rates in his study, while Wessels used
relatively higher rates of discharge. This 1s thought to be the main reason why the two methods
are not compatible. I Figure 5.1.2 1s compared with Figure 52.1 it can be scen that
Villemonte's formula indicates a downward trend (corrects too much) while Wessels™ method

indicates an upward trend (corrects too little)

Consider the weir in figure 5.2.2
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If the dashed box indicates the control volume, one can apply the momentum principle as

follows

F, - F, - F, = pQv, - pr

Where F upstream hvdrostatic force
F downstream hvdrostatic force
Fs: net force exerted by the weir
o density of water
Q flow rate
\ velocity upstream of the weir
V) velocity downstream of the weir

The following problems anse when this approach 1s used:

e [Itis difficult to determine F,. In addition, F, becomes very small at high submergence ratios
and therefore becomes insignificant

e At higher submergence ratios (S 2 0.60) the values of the hydrostatic forces (F;, F:) become
more or less the same because the water levels approach each other. Since thev are similar,

%



it means that the difference in forces (F; -F;) is small. Considering the fact that these
hydrostatic forces have fairly large numenical values, it means that if a small error is made in
a water level recording 1t would lead to a significant increase decrease in one of the forces.
This in tum would cause a significant increase decrease of the term (F; -F:). Since this
value is crucial for the estimation of the flow rate, the calculated discharge is likely to be
greatly affected by an incorrect water level recording.

Even if it is possible to determine the value of F, accurately, the determination of the discharge
will be very sensitive to the accuracy of the water level recordings.

5.3 IMPORTANT PARAMETERS

It is clear from the previous sections that both the Villemonte and the Wessels methods only
work well under centain condinons. Villemonte's formula works well for relatively low
discharges which require a fairly large correction factor. Wessels' method in turn is applicable
to relatively high discharges and requires a smaller correction compared to Villemonte's
equation.

In this section a theoretical investigation is launched to determine the important parameters that
affect submergence. The energy principle will be used as a basis and it will be endeavoured to
explain why the above methods are applicable only under certain conditions.

By assuming that the submergence of sharp-crested weirs is descnbed properly by the energy
prnciple, it can be said that the difference in upstream and downstream water heads can be
related to an energy loss occurming at the submerged weir.

The flow pattern downstream of a submerged weir may be considered as being similar to that
downstream of a vertical gate in a canal (tumed upside down) under drowned conditions (Figure
5.2.1). As in the well-known case of the submerged hydraulic jump the energy loss occurs due
to a sudden enlargement in cross-sectional area and it may be assumed that the loss takes place
after flow has passed the flow contraction (A, ).
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ﬁgure 5.3.1: Simularities berween submerged hydraulic jump and submerged weir

It is therefore necessary to find an expression for the flow contraction at submerged weirs so
that an estimate of the energy loss can be made.




Analogous to the submerged hvdraulic jump. the following formula 1s developed for the tlow
contraction at submerged weirs

The flow area at the weir (4) should be smaller than A,xL. As an approximation, the flow area
1s taken as

A= %lh +1)x L With L being the width of the weir

This 1s analogous to the area of the opening of the sluice gate

A coeflicient of discharge (Cy) should now be included which reflects the effects of contraction,
with reduced flow area, and the true velocity. This coefficient’s value is typically 0.60 for
sharp-crested sluice gates and the same value is assumed for this investigation. The final
expression for the area of the contracted stream at submerged weirs is therefore as follows

A=aC ilh +1)x L With Cs = 0.60

It should be stated that it 1s possible to describe the flow contraction in different ways, but the
simple tormula above s deemed acceptable for the purpose of determuining the cntical
parameters aflecting submergence of sharp-crested weirs

The flow contraction as it is defined above is especially relevant when a surface nappe 1s
present (regime b, see Section 3.3)

[t 1s now possible to formulate an expression for the energy loss due to the sudden enlargement
from the contracted flow to the downstream cross section ( Featherstone and Nalluri., 1986)

ho o= —
2g
Where h energy loss
\ velocity at flow contraction
V2 velocity at downstream section

['he tollowing theoretical calculations are now performed in order to determine the important
parameters affecting submergence (see Figure 5.3.2):

e Assume that O and r are known
e For a parucular weir, estimate &, and calculate 4,

A =C 1“: “t)x L
i |

-

e Now calculate v, and then k;
v =)

b, & Std? (1)
v
2g

e Determine 4, also by calculating the total energy up- and downstream of the weir




h,=H -H, (2)

Iterate A, until (1) = (2).

Once h, is established the theoretical correction factor for the discharge can be calculated as

follows:

h3 2

h:

e This theoretical correction factor can be compared to the correction factors proposed by
Villemonte and Wessels.

Correction factor = g- =

!
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Figure 5.3.2: Theoretical investigation

The parameters that have been investigated are discussed in the next sections.

5.3.1 Pool Depth

A single notch weir with the following properties was used to analyse the effect of pool depth
on submergence:

e AB=1.00m

e [ =1.00m (e full-width)
e 7=100m

e P=0.10-1.00m

e Q=0015m"s

All of the above quantities, except for the pool depth, remained the same during cach
calculation. Figure 5.3.1.1 shows the results of the investigation. The graph includes the
correction factors that were determined when using Villemonte's and Wessels'” method.
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Figure 5.3.1.1: Effect of pool depth on correction factor for submergence

lhe graph only starts at v/h, = 0.60 for clanty. It is at this submergence ratio where most
existing methods start to deviate from each other. In addition, it should be remembered that the
flow contraction (4,) is defined assuming a surface nappe is present (regime b, Figure 3.3.3),
which develops at higher submergence ratios

Although the resulting curves do not fit between the extremes (indicated by the Villemonte and
Wessels curves), 1t is evident that the theoretical curves have almost the same form as these
[his 1s proof that the energy prninciple can be used to analyse submerged weirs. even when
simplifying assumptions are made

From Figure 5.3.1.1 it is clear that the pool depth does not play a significant role, as the curves
do not differ much from each other. This 1s to be expected, since the energy loss (/) 15 a
function of the velocities at the flow contraction and the downstream section (v, v:) and does
not depend strongly on upstream conditions

5.3.2 Structure Height

I'he weir used to analyse the effect of structure height had the following propertics:

8=1.00m

L=1.00m (1.e. full-width)
Z=025-1.00m
P=025m

Q= 0.060m s

Once again only one property, in this case the structure height (Z), was vaned dunng the
calculations. The results are shown in Figure 5.3.2.1. The theoretical curves are now very close
to the actual ones
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Figure 5.3.2.1. Effect of structure height on correction factor for submergence

From the figure it is clear that when the structure height is increased, the theoretical curves
move from the Wessels curve to the Villemonte curve. This means that as the structure height
increases, the downstream flow area increases, which leads to a smaller downstream velocity.
This in tum causes a greater energy loss since the difference in velocities (v.-v:) becomes
larger.

Therefore, according 1o this theoretical study, it can be said that as the relative energy losses
increase, the hikehhood that Villemonte's formula can be used increases. Conversely. if the
relauve energy losses decrease, Wessels™ approach becomes more reliable.

It 1s necessary to mention that it is the relazive energy loss that is important. A higher flow rate
over a weir will obviously produce a higher energy loss, but the energy loss divided by the free-
flow water head (denoted as /;/A,) 1s much smaller than that for a smaller discharge over the
same weir. This was also found to be the case with the actual test data. In the text that follows
the relative energy loss is frequently mentioned and is defined as Ay /k,.

5.3.3 End Contractions

Finally. it was important 10 look at the effect of end contractions. The properties of the weir
used here were:

e B=100m
e [ =1.00-050m
e Z=0.25m
e P=025m
o (=0060m"s

Only the notch length (L) was changed duning the calculations. The final results are shown in
Figure 5.3.3.1.
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Figure 5.3.3.1: Effect of end contractions on correction factor for submergence

From the graph above it seems that the end contraction rauo (L/'B) does not play a sigmficant
role. It has to be remembered though that if the same flow rate 1s used in each of the above
cases, the upstream water head increases dramatically when the weir 1s more contracted. This
might have affected the results and therefore one additional case has been included in the above
graph. with L/B = 0.3 and an upstream water head equal to the one where L'B = 1.00 (indicated
with crosses). It 1s evident that in this case the curve moves toward the Villemonte curve

It is believed that end contractions do play an impontant role dunng submergence, though
probably not as much as the structure height. From the observations dunng the model tests it
was found that the end contractions produce very turbulent downstream conditions associated
with large eddies. This suggests that the energy losses are much higher in this case than what
they would be with full-width weirs

In the next section two of the model 1ests will be analvsed theoretically in the same fashion as
above. It has to be established whether or not the above theory can actually predict (even
roughly) the behaviour of submerged weirs

5.3.4 Comparison with Actual Test Data

Tests A2 and B2 have been selected to compare the developed theory with actual test data. The
exact weir configurations and flow rates of the chosen tests have been used and the theory has

been applied in the same way as outlined in Secuion 5.3, Figure 5.3.4.1 summanses the results
of the theoretical approach
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According to the theoretical investigation, test A2 will require a large correction similar to the
one predicted by Villemonte's formula (smaller Q,/Q; - value). This implies that relatively high
energy losses are occurring at weir A2. Test B3 on the other hand will require a correction
factor that 1s similar to the one predicted by Wessels.

Figure 5.3.4.2 shows the results when the actual test data are analysed. In this case the actual
upstream water head (k) was used to calculate an estimate of the discharge. The necessary
correction factor could then be calculated by dividing the free-flow by the estimated flow

(Q.0).
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The graph in Figure 5.3.4.2 compares favourably with that from the theoretical investigation,

l.e. test A2 requires a correction similar to Villemonte's and test B3 requires one similar to
Wessels' method

It can now be stated with confidence that the energy principle forms a sound basis to study the
submergence of sharp-crested weirs. According to this theory the structure height (Z) is the
most important factor influencing the performance of drowned weirs. Since the energy loss i1s a
function of the velocities at the flow contraction (4.) and at the downstream section, 1t 1s
actually the flow areas at these sections that determine how much correction is needed. This
can best be summansed as follows:

e |f the flow area at the contraction i1s much smaller than the flow area at the downstream
section, then relatively high energy losses occur at the weir and the Villemonte equation
becomes applicable

e [f the flow area at the contraction 1s fairly similar 10 the downstream flow area, relatuvely
small energy losses occur and Wessels' method 1s more reliable

Ihe next section deals with the analysis of compound weirs. A procedure will also be
developed which will help decide what method (Villemonte or Wessels) is applicable given a
certain problem

54 COMPOUND WEIRS

Before compound weirs are analysed in any detail it 1s necessary to develop a parameter that
will make it possible to compare different kinds of compound weirs (remembening that
compound weirs can have any number of notches. columns between the notches etc.). The
submergence ratio t'h,. measured from the lowest crest in the structure, would only take one
notch of a weir into consideration. The new parameter should therefore include the fact that
some notches in a compound weir might not yet be submerged.

['he parameter defined in Figure 5.4.1 1s believed to be a suitable altemative for the ratio vk,

t ) ’ '- o - Av

Figure 5.4.1: New parameter for compound weirs




The new parameter is defined as:

§u e
A
Where: 5% submergence ratio for compound weirs
A area above the crest and a function of A,
A area above the crest of the weir and a function of ¢

This parameter can be thought of as a 2-dimensional extension of the original submergence ratio
for single notch weirs. In fact, for single notch weirs 4,4, = t/h,. Appendix Il includes an
example calculation on how 4,4, is determined. The parameter described here is only used to
compare the data from different weirs and is not used in any calculations for the determination
of flow rates.

The following two sections illustrate the performance of the Villemonte and the Wessels
methods if they are applied to compound weirs.
5.4.1 Villemonte's Formula for Compound Weirs

When the data on non-modular flow conditions were analysed it was found that the Villemonte
formula is very easy to apply and works well for most cases. Figure 54.1.1 and 5.4.1.2 show
the errors that are made when Villemonte's approach i1s employed.
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Figure 5.4.1.2: Villemonte results — Part 2

T'he errors have been plotted against the ratio 4,4, as described earlier. From the figures one
can conclude that in most cases the errors remain below =10%. Tests All 10 Al3 are the
exception 10 this rule and in these cases Villemonte's formula seems to drastically overestimate
the discharge at high ratios of 4.4,. These three tests have been conducted with water flowing
over only the lower notches of the compound weir concemed. This means that as the structure
becomes submerged, the upstream water head nses, which causes the water to start overflowing
over the higher crests. As soon as the water reaches the next crest, the errors increase
dramatically.

From Section 5.3 1t was evident that 1if the relative energy losses at a submerged weir are high,
more correction 15 needed (smaller Q. /Q; - value). It is believed therefore that the increase in
errors at high submergence ratios i1s due to the sudden increase in additional encrgy losses. It 1s
unlikely that there are weirs in southermn Africa that already start 10 become submerged when
water 15 not even flowing over all the crests. The three tests mentioned above are hence mainly
of academic interest.

It was to be expected that Villemonte's formula produces acceptable errors when compound
weirs are analysed. Generally, this method 1s applicable when the relative energy losses are
high. Due to end contractions and notches at different clevations the energy losses are likely to
be high at compound weirs.

However, if a very large discharge 1s flowing over a compound weir, it is believed that even
Villemonte's formula will not work properly anymore. Remembenng that the energy loss at a
drowned weir 1s a function of the velocities at the flow contraction (4,) and the downstream
river section, it can be expected that these become very similar if the respective flow areas have
similar size, which is the case dunng extreme floods (see Figure 5.4.1.3 as an illustration). If
the velocities are similar, the relauve energy loss becomes small and Villemonte's formula is
not expected to perform well - 1t would probably start to underestimate the discharge as it
applies a 100 great correction (too small Q,/Q; - value)




Flow
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Unfortunately it was not possible to test very high discharges over compound weirs in our set-
up in the Stellenbosch laboratory, as the test flume only had a limited depth. Although Wessels
investigated high flow rates, his expenments only included single notch full-width weirs. The
area of flow contraction for full-width weirs is different to the one of contracted weirs. For this
reason, Wessels™ data was not used to draw conclusions on contracted and compound weirs.

5.4.2 Wessels” Method for Compound Weirs

Wessels' method is for the most part overestimating the discharge. This becomes apparent
when Figure 5.4.2.1 and 54.2.2 are examined. The estimated discharge was calculated with the
computer program DT which 1s used by DWAF.
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Figure 5.4.2.2: Wessels results - Part 2

Since this method s based on tests with relauvely high discharges, which means that the
relative energy losses are smaller, the resulting Q. O/ - correction factors are too small. This 1s
the rcason why the discharges are overestimated. However, 1t 1s expected that for higher
discharges Wessels” method should start to produce acceptable results. As mentioned
previously, it was not possible to test very high tlow rates in our set-up in the Stellenbosch
laboratory. Thus the range where Wessels” method would have become valid was not reached

As descnbed in Section 3.2 Wessels makes a correction to the upstream water head (4,) and
then uses this head to calculate the discharge. It 1s believed that this 1s physically not correct if
applied to compound weirs and therefore this approach 1s not preferred. Consider Figure
54.2.3, where a compound weir is shown with only the lowest notch submerged. Since the
outer crests are stll free-flowing. their water heads remain the same, but the water head for the
submerged notch has to be corrected. This new head is indicated on the figure and 1t 1s clear
that there i1s now a discontinuity in the water level. When the discharge 1s calculated. additional
assumptions will become necessary to calculate the energy level which 1s nevertheless the same
over the whole weir. Villemonte's method on the other hand does not encounter this problem
In this case the discharge 1s estimated first and only then 1s a correction factor applied based on
the degree of submergence

ENERGY LEVEL
CORRECTED WATER MEAD

NSCONTINUITY

Figure 5.4.2.3. Discontinuity of water head



5.4.3 Summary

The results of the analysis prove that Villemonte's method is preferable to deal with non-
modular flow conditions at compound weirs. It has to be stated again though that it was not
possible to test extremely high discharges, when Villemonte's formula is not expected to be
reliable anymore. Even the currently available data give the impression that the tests with
higher discharges tend to produce slightly larger errors. A parameter has to be identified that
indicates when Villemonte's approach is stll reliable and when it is advisable to switch over to
other methods (or preferably to adjust the Villemonte formula nself).

As was proven earlier, the submergence process is dependent on the difference between the
velocities at the flow contraction (4.) and at the downstream river section. The velocities in
turn are dependent on how large the respective areas are at these sections. Thus if a ratio can be
developed which descnibes the flow area of the contraction relative to the one at the downstream
section it should be possible to use this ratio 1o determine whether Villemonte's method is valid
or not.

This parameter is now developed as follows (refer to Figure 5.4.3.1).

Figure 5.4.3.1: Development of parameter that indicates when Villemonte 's formula is valid

If an iminal estimate of the discharge can be made with the Villemonte formula, it is possible to
perform a back calculation to determine the free-flow water head (4,) for the same flow rate.
This water head in tum can be used to calculate the upstream flow area (A4,) that would occur
under modular flow conditions. The area of the flow contraction was defined carlier as:

1 L )
A =C,~h +1)xL With C; = 0.60 (for single notch weirs)
If =0 then A, = k,_ and the area of the contraction under modular flow conditions is:

A, =(‘_.1h. xL=C.-]-.-I,
2 "2




This expression can now be applied to both single notch and compound weirs to obtain an
esumate of the flow area at the contraction. The area at the downstream section of the weir
when r=0 (1.¢. when the structure is just becoming submerged) is denoted as A,

It is proposed that the ratio :—- be used as a parameter to establish the limits of application for
the Villemonte equation. This ratio gives a good indication of the relative flow areas concerned
and therefore also the velocities at the respective sections. The graph in Figure 5.4.3.2 shows
the average error made when Villemonte's method is used to calculate the submerged discharge.
The average error of cach test is plotted against its corresponding A.,/4..0 rato. The graph
indicates that as the value of 4., 4., Increases, the average error decreases in value (becomes

more negatve)

The downward trend of the graph can be explained by realising that a higher 4.,/4,.y ratio
implies that the flow areas at the contraction and at the downstream section gradually become
similar to each other. The difference in the respective velocities therefore decreases as well and
the relative energy loss decreases. If the relative energy loss becomes too small. Villemonte's
formula 1s not rehable anymore, as proven earler,
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Figure 5.4.3.2: Average error vs. A /Ao

Given the currently available data on compound sharp-crested weirs, it is proposed that the
Villemonte equation be applied if the following 1s true

A
002= $0.130
A

It is expected that 4.,/ 4,., will seldom be less than 0.02. Should the ratio be less than 0.02 then
the Villemonte formula will still give reasonable results provided that the weir is not submerged
too much (4,4, < 0.80). At higher values of A..4,.s the Villemonte equation starts to
underestimate the discharge. At this stage it will become preferable to use Wessels' method in
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place of Villemonte's. The tests where A.,4,.¢ is high have indicated that the crrors produced
by the Wessels method are acceptable (maximum error =10% at submergence ratio of 0.90). It
is expected that these errors decrease even further as the discharge becomes greater.

Since no data are available on extremely high flow rates, the limits stated above will have 1o be

verified in future as additional data on compound weirs become available.

At this point in time the procedure to estimate the discharge under non-modular flow conditions
can thus be summarised as follows (an example calculation can be found in Appendix I11):

o

Finally, the table below gives a summary of the errors made when the above procedure is
followed. It was compiled using all the available data on compound sharp-crested weirs.

Estimate the discharge with the adapted IMFT equation (Section 4.4.3) and correct this
discharge with the Villemonte formula. Each notch in a compound weir is considered
scparately and their individual flow contributions are added up to obtain the total discharge.

Perform a back calculation to determine A,.
Calculate the ratio A.,/4..; and determine if 1t is within the limits stated above. Should the

ratio be higher than the maximum, then repeat the flow estimation with Wessels™ method

—

| ; '
Submergence (%s) | 010 | 10-20 | 20-30 | 2040 | 40-50 @ 50-60 l 60-70 | T0-80 | $0-90  90-100 | 0-100
|

Avg. eror (“o) 01 | 07 | <14 | .12 | .1S§ 22 | 230 | 41 | -3 -10 | -19
Std. dev. (%) 05 | 08 | 10 1.7 | 1.7 22 2.8 45 $2 | &8 4.1
___Abs. error (%) 05 | 09 16 | 19 | 1. 26 | 33 | S1 50 | 76 33 |

Table 5.4.3.1: Summanry of errors made — non-modular flow conditions
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6 CONCLUSIONS

The most important findings of this rescarch project can be summansed as follows:

6.1

6.2

MODULAR FLOW CONDITIONS

End contractions can ensure proper acration for compound sharp-crested weirs. They also
have a significant effect on discharge measurement. It was found that this effect could be
dealt with by considening an effective notch length.

The Sigma Beta formula is not suited for compound sharp-crested weirs, as it doesn’t make
specific provision for end contractions. Furthermore, it applies the same coefficient of
discharge to the whole weir. This is not desirable because many discharge measurement
structures in South Africa consist of different types of gauging structures (flumes, sharp-
crested weirs etc.) and it is then better to deal with each section of such a weir separately
The formula developed by DWAF works well for all types of compound sharp-crested
weirs. [t considers both end contractions (by calculating an effective notch length) and
shallow pool depths (by using different coefficients of discharge). However, 1t is not clearly
related to any internationally accepted standards.

It was possible to develop a method for flow calculation which is based on the IMFI
equation. which i1s included in the [SO suandards. End contractions are treated by
calculating an effective notch length (as in the DWAF formula). A new coefficient of
discharge is also included to deal with shallow pool depths. In this way, H/P ratios of up to
15 are catered for. Based on all the available test data the average error made when using
this new method is 0.59% with a standard deviation of 2.4%. This means that the error
varies between —4.2% and +5.5% at the 95% confidence level.

NON-MODULAR FLOW CONDITIONS

It was found that the effect of submergence on calculated discharges is not only a function
of the ratio ¢/A,. It was proven that submergence could be described in terms of the energ)
loss occurning at a drowned weir. This energy loss is a function of the velocities at the flow
contraction (A.) and the downstream niver section. The greater the difference in these two
velocities becomes, the higher the energy loss

The Villemonte formula works well if the relatuve energy losses are fairly large. This
typically happens during low discharges or when the downstream section 1s very large
relative to the flow contraction at the drowned weir

Wessels” method on the other hand is suitable when the relative energy losses become
small.

Since both methods are only valid under certain conditions, the parameter A.,/A,..; was
developed which helps to identify the correct procedure to use. This parameter considers
the conditions at the flow contraction (4.) and at the downstream river section. The
currently available data on submerged compound sharp-crested weirs were used to
determine the limits when Villemonte's formula is valid and when it is advisable to switch
to Wessels” method. According to this test data Villemonte's formula is reliable up 10 a
point when 4../4.4 15 equal to 0.130. More data are however needed (especially on very
high flows over compound weirs) to establish if this value is indeed correct. From the
available data it was determined that the error increases up to =10% at high submergence
ratios (5 > 0.80) when the above methodology 1s employed.




e It was also established that when water is only flowing over the lower notches of a
compound weir which is becoming submerged, then a dramatic increase in errors occurs as
the weir becomes further submerged. This is due to the sudden increase in energy losses as
the upstream water level nses, which causes the water to start flowing over the higher
notches.

7 RECOMMENDATIONS

7.1 MODULAR FLOW CONDITIONS

It is recommended that the adapted IMFT equation for compound sharp-crested weirs, as
outlined in Section 4.4.3, be used to determine the discharge under modular flow conditions.
This method was found to produce the smallest errors (average error 0.6%) and is based on an
internationally recognised formula.

The formula can be used with H/P ratios of up to 15. For H/P ratios greater than 15 1t is
expected that the emrors will increase. It is believed that at this point the gauging structure
would become unrehiable and discharge calculations would be affected by inaccurate water level
recordings.

With regards to the operation of sharp-crested weirs in general, it is recommended that future
weirs be constructed with end contractions. These provide sufficient aeration that is needed for
accurate flow measurement. Should a notch be very long, it is possible to divide it into two or
more notches with aeration columns. which also provide an effective way to aerate the nappe of
the overflowing water

7.2 NON-MODULAR FLOW CONDITIONS

It is recommended that the procedure described in Section 5.4.3 be used to calculate the
discharge under non-modular flow conditions. According to this procedure, the discharge over
cach notch of a compound weir is initially estimated using the adapted IMFT formula (Section
4.4.3). The individual flow rates are then corrected with the Villemonte formula depending on
the degree of submergence. The total discharge is obtained by summing up the contributions of
all the notches.

To check whether the Villemonte formula was valid duning the calculation the ratio A../4..0
needs to be calculated. Its value should remain below 0.130 for Villemonte's equation to be
rehable. If the ratio surpasses that value, 1t is recommended that the method developed by
Wessels be used to calculate the discharge. The ratio of A,/ 4.0 = 0.130 was derived from the
currently available data on compound weirs. As additional data become available this value
should be venfied

In order to keep the 4., 4,.; ratio low, it is recommended that for future weirs the downstream
section should be as large as possible. This will ensure that a high energy loss occurs at the
weir dunng submerged conditions and the likelihood that Villemonte's formula is valid
Increases.
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Modular Flow Conditions - Existing Data

Datz contained in WRC Report 442195

Testne| Ly (m) Ly(m) Py(m) Tim) h(m) KT, Q. (msfQ, (m’s) %Emor
So1 1177 1759 0040 005 0068 1360 0050 00500 -0.03
s02 1177 1.759 0.040 00%0 0.128 2480 0200 0.1828 860
S03 1.177 1759 0040 0.0% 0.151 3020 0298 02720 K71
S04 1LI77 1759 0.091 00% 0089 1.380 00390 00493 067
S0s 1177 1.759 0091 0050 0.131 2620 0200 0.1937 317} .. e
S06 1177 1759 0091 0050 0.18 3720 0394| 03839 -256' _
S0 1177 1759 0193 0050 036 2720 0201 01976 -1.67]
SH 1177 1759 0193 005 0167 3340 0299 02923 226
S12 1.177 1.759 0193 005 0.19% 3920 0402 03937 207
SI3 1.174 1761 0.193 0.100 0.121 1.210 0100 03023 233
Si4 1.174 1761 0,193 0100 0.164 1640 0200 02018 089
SIS 1.174 1.761 0.193 0100 0222 2220 0299 0383& -39
Slé 1.174  1.761 0290 0.103 0.167 1.62] 0.200] 0.2025 127
S17 L174 1761 029 0103 0200 1982 0.202] 02973 -1.57
SI8 1174 1761 0290 0,03 0229 2223 0400 03926 -1.856
S19 0,740 2.192 0050 0050 0078 1560 0.051] 00512 051
820 0.740 2192 0050 0050 0137 2740 0201 0193 379
S21 0730 2192 0050 0050 0163 3260 02971 02794 -591
S22 073 219 0.101 0050 0077 1.540 0050 00481 -3.86
S2IH | 0739 2196 0101 0050 0141 2820 0200 01966 -1.70
S24H | 0739 2196 0101 0050 0195 2900 0400 03813 469
S2§ 0738 2190 0100 0100 0139 1390 0100 01046 4.55
S26 0738 2190 0100 0100 0179 1.790 0200/ 02029 1.47
S27 0738 2190 0100 0100 0235 23%0 0399 0383 -39
S28 0736 2197 0099 0199 0246 1236 0202] 02089 340
S2% 073 2197 0099 0199 0279 1402 0301 02978 -117
S0 0736 2197 0099 0199 0308 1.548 0400, 03897 -2.58
Si1 0736 2202 0205 0051 0105 2059 0098 00984 042
S32 0736 2202 0205 0051 0146 2863 0200, 02004 018
S13 07 2202 0205 005! 0208 4.020 0399 03919 177
SM4 07430 219 0205 0100 0140 1.400 0101 0.1041 3.10
Sis 0740 2196 0205 0100 0181 1810 0.199] 02016 1.30
Si6 0740 2196 0205 0100 0240 2400 0399 03863 -3.15
S17 0740 2196 0206 0201 0245 1219 0197 02008 192
Sis 0.740 2196 0206 0200 0282 1403 0301 02988 078
S19 0.740 2196 0206 020! 0312 1.5%82 0398] 03938 -1.08
S40 0740 2196 0306 010 0.184 1822 0202 02051 1.52
S41 0740 2196 0306 0101 0217 2149 0302l 03010 033
S42 0740 2196 0306 0101 0139 1376 0099 01000 102
Sdo 0496 2433 0048 0049 0.106 2163 0101 00994 -1.57
S47 0496 2433 0048 089 0.143 2918 0201 01997 063
S48 0496 2433 0048 0049 0.169 3339 0301 02877 -441
S49 0495 2438 0101 0050 0082 1640 0047 00479 202
S50 0495 2438 0101 0050 0.136 2920 0202 01971 244
Ss1 0495 2438 0101 0050 0202 4.040 0398] 03902 -195
Ss52 0495 2437 0101 0101 0147 1455 0101 0073 371
Ss3 0495 2437 0101 0101 0189 187} 0201] 020058 -024
$54 0495 2437 0101 0101 0246 2436 0399 03876 -287
S&5 0494 2446 0099 0201 0265 1318 0200 01984 078
S56 0493 2446 0099 0201 0300 1493 0300 02963 -1.24
S57 0453 2446 0099 0201 0328 1.632 0400 03879 303
S58 0493 2438 0200 0049 0110 2245 0101 01023 124
SS9 0494 2438 0200 0049 0150 206 0.200| 02030 1.50
S60 0494 2438 0200 0049 0209 4265 0399 03970 -049
S61 0492 2438 0200 0100 0120 1200 0.050] 00496 .0.73
S62 0492 2438 0200 0100 0191 1910 0202 02018 -0.10
S63 0492 2438 0200 0100 0251 2510 0399 03940 -125
S6d 0495 2434 0199 0201 0267 1.328 0.199] 02010 0.99
S65 0495 2433 0199 0201 0308 1.512 0.300| 03048 159
S66 0495 2434 0.199 0201 0332 |.657 0.399 03999 22

' Duscharge dctermined with manomeier
* Discharge calculated with adapted IMFT equation (as described in Chapter 4)




Modular Flow Conditions - Existing Data
Data contained in WRC Report 442195
Shallow and irregular pool depths

Testnr|L,(m) Ly(m) P,(m) T(m) h,(m) Q." (m¥s)|Q.F (m¥s) °%Error
SC1 0.738 2216 0.085 0.103 0.141 0.100 0.1048 4.78
SC2 0.738 2216 0.085 0.104 0.181 0.201 0.2026 0.80
SC3 0.738 2216 0085 0.104 0.213 0.301 0.3004 -0.20
SC4 0.738 2216 0.085 0.104 0240 0.398 0.3955 -0.63
SCS 0.738 2216 0016 0103 0.138 0.100 0.0994 -0.58
SCé 0.738 2216 0016 0103 0.178 0.200 0.1987 -0.64
SC7 0.738 2216 0016 0.103 0.209 0.301 0.2977 -1.09
SCS8 0.738 2216 0016 0103 0.235 0.400 0.39346 -1.36
SC12 0.738 2216 0085 0104 0.139 0.100 0.1007 0.67
SCi3 0738 2216 0085 0.104 0.180 0.199 0.1998 042
SCl4 0.738 2216 0.085 0.104 0.211 0.299 0.2938 -1.74
SCI15 0.738 2216 0085 0.104 0.237 0.398 0.3844 -3143
SC16 0.738 2216 0016 0.103 0.137 0.100] 0.0974 -2.61
SC17 0.738 2216 0016 0103 0.176 0.200 0.1930 -3.51
SCIS8 0.738 2.216 0016 0.103 0.206 0.300 0.2873 -4.22

SC19 0.738 2216 0016 0.103 0.23] 0.399 0.3789 508
SC23 0.738 2216 0085 0.104 0.140 0.100 0.1027 2.71
SC24 0.738 2216 0085 0.104 0.180 0.200 0.1998 -0.08
SC2§ 0.738 2216 0085 0.104 0.211 0.300 0.2938 -2.06
SC26 0.738 2216 0.085 0.104 0238 0.400 0.3881 -2.99
SC27 0.738 2216 0016 0.103 0.137 0.100 0.0974 -2.61
SC28 0.738 2216 0016 0.103 0.176 0.200 0.1930 -3.51
SC29 0.738 2216 0.016 0.103 0.206 0.301 0.2873 -4.54
SC30 0.738 2216 0016 0.103 0230 0.399 0.3750 -6.02
SC34 0.738 2216 0016 0.103 0.136 0.100 0.0954 -4.62
SC3s 0.738 2216 0016 0.103 0.173 0.200 (.1845 -7.75
SC36 0.738 2216 0016 0.103 0.200 0.301 0.2671 -11.27

SC37 0.738 2216 0016 0.103 0226 0.400 03596 -10.09

" Discharge determined with manometer

* Discharge calculated with adapted IMFT eguation (as described in Chapter 4)
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Modular Flow Conditions - Additional Data
Additional data, weirs similar to WRC tests (existing data)

i Manometer Weir

Testne| Ly (m) Ly(m) B(m) Py(m) Z,(m) T(m) ho(m)|d, (m) dy(m) hy(m C; Q. (m¥sQ,' (m"s) “%Ermor
AO-F1 0400 1.600 2000 0101 0310 0071 00662 0300 0.1629 0042 0.626 00124 001244 0,39
AQ-F2 0400 1.600 2000 0101 0310 0071 00873 0300 01629 0.192 0.626 0.0265] 0.02523 -4.80
AO-F3 | 0400 1.600 2000 01001 0310 0071 00889 0300 01629 0196 0.626 0.0268] 0.02671 .26
AO-F4 | 0400 1600 2000 0101 0310 0071 009591 0300 01629 02310 0.626 0.03371 003374 0.20
AO-F5 0400 1600 2000 0101 0310 0071 01006 0300 01629 0415 0.626 0.0390] 0.03894 -0.05
AOF6 1 0400 1600 2000 0101 0310 0071 010431 0300 0.1629 0512 0626 004331 0.04329 0.03
AO-F7 1 0400 1.600 2000 0101 0310 0071 010971 0300 0.1629 0685 0.626 005011 0.05001 -0.08
AOES | 0400 1600 2000 0101 0310 0071 001807 0300 01629 1.010 0626 0.0608] 006118 0.66
AO-FY 0400 1600 2000 0101 0310 0071 0.1249] 0300 01629 1.365 0.626 0.07071 007120 0.76
AO-FIOE 0400 1600 2000 0101 0310 0071 00653 0300 0.1629 0041 0.626 0.01221 001220 -0.40
AO-FLIL 0400 1.600 2000 0101 0310 0071 0083 0300 01629 0131 0626 0.0219] 0.02160 -1.32

AO-FI21 0400 1.600 2000 0001 0310 0071 008991 0300 0.1629 0206 0.626 0.0274] 0.02766 0.75
AO-F13 0400 1600 2000 0001 0310 0071 009231 0300 0.1629 0246 0.626  0.0300f 0.03001 0.05
AO-FI4 0400 1.600 2000 0101 0310 0071 009521 0300 01629 0297 0.626 0.0330] 0.03300 0.11
AO-FIS 0400 1600 2000 0.101 0310 0071 00996 0300 01629 0390 0.626 0.0378] 0.03780 0.09
AO-Fiol 0400 1.600 2000 0101 0310 0071 01057 0300 0.1629 0551 0.626 0.0449] 0.04499 0.22
AO-FI7] 0400 L6000 2000 0101 0310 0071 011921 0300 0.1629 1.060 0.626 0.0623] 0.06288 0.98
AO-FIS 0400 1.600 2000 0101 0310 0071 0.1295] 0300 0.1629 1.645 0626 0.0776] 0.07823 0.85

AO-FIY 0400 1600 2000 0101 0310 0071 0.1378] 0.300 0.1629 2280 0.626 0.0913] 00916l 0.32
" Discharge determined with manometer
' Discharge calculated with adapted IMFT equation (as described in Chapler 4) o 2
Q - !
W

by g |




Modular Flow Conditiens
Wewrs with sumular configuaration as the werr for submergence test no. Ad
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' Inscharpe determined with manometer
! Doscharpe calculated with adapied IMET equation (as described in Chapler 4)
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Modular Flow Conditions - Additional Data
Weirs with similar configuration as the weir for submergence test no. AS.

Manometer Weir

Testnr | Ly(m) Ly,(m) Lyy(m) B(m) P,(m) Z,(m) T,(m) hy(m) | d,(m) dy(m) hy(m) C, Q. (m’/Si Q. (m's) %Error
AB-FI 0.401 0.500  0.699 2000  0.102 0.313 0071 0.1754 0300 0213 1.435 0.604 0.1322 0.1331 0.65
AB-F2 0.401 0.500 0.699 2.000 0.102 0313 0071 01189 0.3(0) 0.213 0.240 0.604 0.054] 0.054] 0.01
AS8-F3 0.401 0.500 0.699 2.000 0.102 0.313 0071 0.1415 0.300 0.213 0.545 0.604 00815 0.0821 (.78
AS-F4 0.401 0.500 0.699 2.000 0.102 0313 0071 01878 0.300 0.213 1.935 0.604 0.1535 0.154] 0.33
AB-FS 0.401 0.500  0.699 2000 0102 0313 0071 01752 0300 0213 1.425 0.604 0.1318 0.1328 0.76
A8-F6 0.401 0.500 0.699 2.000 0.102 0313 0071 01572 0.300 0213 0,900 0.6(M4 0.1047 0.1045 .19

' Discharge determined with manometer

' Discharge calculated with adapted IMFT equation (as described in Chapter 4)

)
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Modular Flow Conditions - Additional Data
Weirs with similar configuration as the wew for submergence test no. AL

Manometer Weir

Testor | Lytm) Lo (m) L, (m) L, laa Las Bm) Po(m) Z,m) Totm) Tom) Toom) btm) ) d(m)  d,(m) Dy (m) C, Q. (ms]QN (m's) %Error
AlL-FI 0401 0249 048 0200 025 0350 2000 0002 0313 0070 0042 003 001251 0300 0213 0091 0604 003X 00337 1.9
AlLF2 0401 0249 048 0200 0250 0350 2000 002 0313 0070 0042 003 000421 0300 0213 00689 0604 002900 00290 009
AlL-I3 0401 0249 048 0200 0250 0350 2000 002 0313 0070 0042 00% 01215 0300 0213 0127 064 00WI 005 040
All-F4 0401 0249 0148 0200 0250 0350 2000 0002 0313 0070 0042 0039 01353 0300 0213 0202 D604 00896 00494 043
ALLFS 0401 0249 0148 0200 0250 O350 2060 002 03 0070 0042 00% 0468l 0300 0213 0282 D6 00586l 00586 008
AlLLF6 0401 0249 0148 0200 0250 0350 2000 0 0002 0313 0070 0042 0039 00643 0300 0213 0420 0604 00715 00759 606
ALL-F7 0401 0249 048 0200 0250 0350 2000 0 0102 03 0070 0042 0039 IS5 030 0213 OKSO 064 01018 01026 085
AlLLTFR 0401 0249 0048 0200 0250 0350 2000 0002 0313 0070 0042 0039 0109921 0300 0213 1220 064 002191 01216 030
ALY 0401 0249 0148 0200 0250 02350 2000 0002 0313 0070 0042 0039 020971 030 0213 1565 064 0.138) 01373 060
ALLLFIE 0401 0249 048 0200 0250 0350 2000 0002 0313 0070 0042 0039 021471 0300 0213 LI5S 0644 004621 01450 08
ALLFII 0401 0250 0148 0200 025 0350 2000 0003 0313 0070 0042 0039 00664 0300 0213 004 064 00131 00125 -4.11
ALLFIY 040l 0250 0148 0200 0250 0350 2000 0103 0313 0070 0042 003 009921 03K 0213 0056 06 00261 00263 0K}
ALI-FIY 04010 025 0148 0200 0250 0350 2000 010} 0313 0070 0042 0039 0011190 03 0213 0086 06 00324 00334 132
AlLLF) 0401 025 0148 0200 0250 0350 2000 0103 0313 0070 0042 0039 0134 030 0213 0177 0604 00404 0iMd6s 017
ALLLFIS 0401 0250 048 0200 0250 0380 2000 000} 031 0070 042 003 001399 0300 0213 0205 064 00SOL 00499 019
ALLI-FIG 0401 0250 048 0200 0250 0350 2000 0003 0313 0070 0042 003 0489 0300 0213 0300 0604 00605 00604 005
ALL-FIT] 0401 0250 0048 0200 0250 0350 2000 003 0313 0070 0042 0039 01671 0300 0213 0517 0604 00794 00792 024
ALLFIE 0401 025 0148 0200 0250 0350 2000 0103 0313 0070 0042 003 020031 0300 0213 1275 0604 01246 01248 012
ALLFIM 0401 025 0048 0200 0250 0350 2000 0003 0313 0070 0042 0039 0207 0300 0213 1510 064 01356 01347 07
ALLF20 0401 0249 048 0200 0250 0350 200 0102 0313 0070 0042 0039 0043 030 0213 0248 064 00550 00555 Lo
ALLF2I 0401 0249 048 0200 0250 0350 2000 0002 0313 0070 0042 0039 00641 0300 0213 001 064 00123 o9 3N
ALL-F2Y 0401 0249 0048 0200 0250 0350 2060 0102 0313 0070 0042 0039 01945 030 0213 1075 06M  01144] 01148 03
" Discharge determmed with manometer [ B I e |
* Discharge caleulated with adapeed IMFT equation (as described in Chapler 4) i

134
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Modular Flow Conditions - Additional Data
Weirs with similar configuration as the weir for submergence test no, A1S

' Discharge determined with manometer
: Discharge calculated with adapted IMFT equation (as described in Chapter 4)

-~
o

Manometer Weir

Testoe | Lytm) Ly,(m) Ly(m) Bm) Pom) Z,(m) T,(m) h(m) | d,(m) d,(m) hy(m) C, Q. (mYs)[Q,! (m's) %Ermor
AlS-FI 0.40] 0430 0618 2000 0102 0313 0071 0.075)] 0300 0213 1170 0.604 0.1194 0.1203 0.76
AlS-F2 0401 0430 0618 2000 0102 0313 0071 01050, 0300 0213 0115 0604 0.0374 00373 -0.22
AlIS-F3 0401 0430 0618 2000 0102 0313 0071 0417 0300 0213 0480 0604 0.0765 00761 053
AlS-F4 0401 0430 0618 2000 0102 0313 0071 0884 0300 0213 1600 0.604 0.1396 0.1401 0.35
AIS-FS 0401 0430 0618 2000 0102 0313 0071 01962 0300 0213 1905 0604 01524 01519 027
AlS-F6 0.401 0430 0619 2000 0101 0313 0071 00567 0300 01629 0027 0626 0.0009 00099 -027
AlS-F7 0401 0430 0619 2000 0101 0313 0071 00873 0300 01629 0.144 0.626 0.0230 0.0231 (.58
AIS-F8 0401 0430 0619 2000 0101 0313 0071 01003 0300 01629 0296 0.626 0.0329 0.0332 0.96
ALS-F9 0401 0430 0619 2000 0101 0313 0071 011001 0300 01629 0472 0626 0.0416 00419 094
AIS-FIf 0401 0430 0619 2000 0101 0313 0071 01165 0300 01629 0632 0626 0.04381 0.0453 0.39
AlS-Fl1 0.401 0430 0619 2000 0101 0313 0.071 0.1237 0300 0.1629 0.825 0.626 0.0549 0.0557 1.39
AlS-FI 0.401 0430 0619 2000 0101 0313 0071 01270 0300 0.1629 0935 0626 0.0585 0.0592 1.31
AlS-FI 0401 0430 0619 2000 0101 0313 0071 01476] 0300 01629 1.R8O 0,626 0.0829 0.0834 0.53
AlS-FI4d 0401 0430 0619 2000 0101 0313 0071 0.1526) 0300 01629 2175 0626 00892] 00897 061
AlS5S-F1S 0.401 0430 0618 2000 0050 0259 0071 00162 0300 0213 0895 064 0.1044 01035 -093
AlS-Fle 0.401 0430 00618 2000 0050 0259 0071 0.1748] 0300 0213 1.250  0.604 0.1234 01210 -1.94
AISFI71 0401 0430 0618 2000 0050 0259 0071 0.1865| 0300 0213 1650 0604 0.1418] 01383 -2.43

™




Submergence Tests Done by Wessels (Existing Data)

Full-wadth, single notch weirs

PW-I1
Z 0.505 m
P 0.505 m
h, 0.1593 m
L= 05Sm

h, (mm) t (mm)

1549 0.2
159.7 25.3
165.0 S1.7

176.0 944
1859 1197
2029 156.9
2144 177.0
2198 IX5.4
228.1 198.1
2520 229.7
2665 2484
1254 3150
1998 3309
31540 3464
3693 3623

PW-2
Z 0.505 m
P - 0.505 m
h, 0. 1801 m
L 05m

h, (mm) t (mm)

175.0 14
177.8 204
180.2 347
1834 504
186.7 65.2
1899 78.9
194.7 96.7

1999 115.1
206.4 132.6

212.8 148 .4
220.5 165.6
228.1 180.5
2394 199.7
2522 2198
2606.2 2394
2818 2599
2975 279.2

3147 2995

PW-3
A 0.505 m
" 0.505 m
h, 01018 m
L 05Sm

h, (mm) t (mm)

99.7 1.1
101.5 1.2
104.0 25.1
106.3 37.1
110.5 524
115.2 66.5
121.7 %3.1
1311 100.1
139.2 116.9
I1S3.8 138.3
166.5 154.8
183.7 1754

PW-4
Z
ID
h,
L

0.505 m
0.505 m
01414 m
0.5 m

h, (mm) t (mm)

1374
139.8
1427
146.3
150.2
154.2
1604
168.0
177.1
I1¥9 4
2044
227.1
250.3
281.7

0.1
14.5
30.0
47.0
63.1
794
969

115.6
1354
1570
180.4
2109
238.7
274.5

PW-5
z
ll
ll“

I87.0
186.7
189.6
192.3
196.5
199.7
202.5
2048
2099
216.6
226.2
2384
2559
276.5

302.5
111.6
167.0
411.0
464 8

0.505 m
0.505 m
0.1922 m
05 m

h, (mm) t (mm)

0.3
.4
18.7
354
54.1
704
X1.0
90.9
107.5
129.1
153.5
180.0
212.0
2419
276.8
KR
1524
400.0
457.0




Submergence Tests Done by Wessels (Existing Data)

Full-width, single notch weirs

PW-6
z
P =
h, -
L

214.7
217.0
2199
2244
2296
2363
2449
256.7
2708
288 4
309.6
RRER))
J68.6
408.6
4447
489 8

0505 m
0.505 m
02214 m
05m

h, (mm) t (mm)

14
184
15.6
59.7
%3

110.3
1388
170.5
2003
2342
266 8
1026
1428
190.0
4300
478.2

PW.7
Z
P

0.505 m
0.505 m
0223 m

0.5m

h, (mm) t (mm)

0.1
21.0
41.2
62.6
87.3

116.1
1434
177.8
2073
2399
274 8
309.3
3499
3196.8
440.1
487.3

PW-8
Z
'l
h

O

0.505 m
0.505 m
01221 m

OSm

h, (mm) t (mm)

1194
121.6
1244
127.7
131.5
137.5
146.6
154.6
168.2
I186.6
2074
237.0
274 8

2.8
149
28.8
439
0.4
8.5

1010
118,
141.1
1674
193.6
227.8
2094

PW-9
/=
p=
h,
L=

0.505 m
0.290 m
0.1203 m
0.5m

h, (mm) t (mm)

173
120.5
1244
128.7
134.0
142.6
154.2
170.1
1909
220.3
256.3

14
20.2
i8S
58.3
74.7
974

121.0
147.0
175.2
210.6
2504

PW-10
Z
')
h, =

152.7
155.5
158.7
162.3
166.2
171.2
1794
189.7
2024
220.7
247.0

281.2

3126.7

——

0.505 m
0.29m
0.1569 m
05Sm

h, (mm) t (mm)

0.1
16.2
348
520
0693
884

112.2
137.2
162.7
192.0
227.5
R
JIR.7




Submergence Tests Done by Wessels (Existing Data)

Full-width, single notch weirs

PW-11

Z
ll
h,
ks

h,
182.0
1839
1861
1895
192 .8
1969
202.5
2100
220.2
2316.5
2574
275.6
312.1
821
4753

0.505
0.29
0186

0.5

(mm) t (mm)

0.7
16.1
1.3
49.0
65.3
%3.7
104.6
127.8
153.8
I188.1

79

- -

248.5
294.0
372.7

4704

PW-12
Z
l)
h

L

2404
243.0
246.6
251.5
2584
266.0
274.2
283.5
2009
321.1
156.4
4104
494.1

0.505 m
0.29 m
(.2484 m
O5m

0.
|17
40
ON,
101
131.
160
190

227
267.
119
iIN7.
AX1.

h, (mm) t (mm)

0
9
6
-

J
2
|
i
9
2
2

9
9

PW-13
Z
'!

215.7
217.6
2208
224.6
228.2
234.2
."" ."
251.8
J65.0
2863
1189
3670
41264

495.7

0.505
0.160
0.222

0.5

h, (mm) t {mm)

1.5
I18.7
LR
508
79.2

106.8
142.6
167 .8
1999
2408
28K.7
349.7
4159
4889

PW-14
'
l'
h.

(.505
016
01981
0.5

h, (mm) t (mm)

192.4
194.6
197 .5
20006
203.5
2079
214 4
224.2
237.5
257.5
285.1
276

IRY 6

00
159
M6
52.1
(R
900
1149
145.1
1780
2158
2574
3.2
iR0.S

PW-I15
s
p
h,
|

0.505
016
01592
0.5

h, (mm) t tmm)

IS5.6
IS7.8
1611
|64
16U
1 75.5
I3 N
1963
204
232.1
6T
078
1753

(.
16.6
G2
55.5
l'h .;
7.5

122.1
150.6
178.2
2004
249 6
3!,\).—.

371.4

m
m

m

m




Submergence Tests Done by Wessels (Existing Data)

Full-width, single notch weirs

PW-16
7=

129.2
131.6
134.5
1379
1424
149.1
1564
166.3
178.7

195.8
222.6

-

204 8

0.505 m
016 m
0132 m
0.5m

h, (mm) t (mm)

0.6
16.2
32.1
4%.6
684
9.6
10X.6
1299
151.5
1772.2
2108
2584

PW-17
4
l.
h,
|

(.505S m
0.06 m
01203 m
0S5Sm

h, (mm) t (mm)

115.0
120.2
122.7
126.0
12913
1336
1393
146.1
ISS.8
169.2
1949
235.2

04
15.7
315
48.3
634
78.5
95.4
14
1308
152.2
IR5.8
231.0

PW-I8
/7
Il
h,
l.

0.505
006
0.1867
0.5

h, (mm) t (mm)

I81.2
I839
I186.6
190.5
198.1
205.5
218.0
231.6
249.2
277.6
328.5

0.0
19.6
36.0
62.2
95.5

126.5
159.3
190.2
221.3
200.5
319.5

PW-19
/7
')
h,
L

029 m
006 m
(.IS8 m
05m

h, (mm) t (mm)

182.5
183.7
IRS5.8
I88.3
192.2
1969
2032
214.7
230.1
Ja6.8
276.2
1194

2.7
20.1
39.7
59.3
80.5

100.9
125.0
160.4
190.3
2188
2599
3326

PW-20
- 4
I)

h,

029 m
006 m

0148 m
05m

h, (mm) t (mm)

1435
145.6
14%8.0
150.6
154.7
159.6
1645
1693
| X6.6
2179
278 8

0.5
18.1
358
51.7
729
92.5

1093
128.2
158.0
203.8
2734




Submergence Tests Done by Wessels (Existing Data)
Full-width, single notch weirs

PW21  Tew-22 PW-23 PW-24 PW-25
Z 029 m r' A 0,29 m V4 0.29 m Z 029 m / 0.29m
P 006 m P 0.06 m I 016 m I Olom P 016 m
h, 01267 m h, 01055 m h, 01628 m h, 0.2082 m h 01177 m
L 0O5Sm | 05m | 0Sm | 0Sm | 0Sm
h, (mm) t (mm) h, (mm) t (mm) h, (mm) t (mm) h, (mm) t (mm) h, (mm) t (mm)
123.2 1.6 102.5 0.1 157.2 1.2 201.0 08 1143 I 0
125.0 16.7 104.4 10.6 1594 I8.0 2025 17.6 1165 163
127.6 129 106.1 21.1 161.8 333 204.7 15.6 1190 0.4
130.6 50.5 1074 31.2 164.7 499 207.2 51.3 121.6 443
1347 OX.0 1.2 40.6 168.7 HoY 2104 71.0 1253 Ol 6O
1389 541 1113 514 174.0 92.5 2144 90 8 |30 2 17.1
1443 98.7 115.1 655 180.7 114.3 2191 1103 1359 910
1536 | 208 1209 R2.6 189.5 135.2 2244 (RN 14358 108 7
163.4 139.8 127.1 97.2 2014 1599 23108 15001 1556 1307
1783 1628 135.3 1134 2124 180.2 241.5 176.2 175.5 159.5
201.0 1914 1466 131 .8 2344 212.2 255.8 2048 208 6 1992
252.0 247.6 169.7 161.4 275.0 261.6 279.0 2434 2545 24913
086 3065 | 2052 2009 1281 3206 4.1 2913
R N WY 3569
4476 4400




Submergence Tests Done by Wessels (Existing Data)

Full-width, single notch weirs

PW-26

Z=
P=
hn =
L=

h, (mm)
189.2
190.7
193.0
1959
199.6
2034
208.0
2153
223.6
235.6
2519
278.2
JI8.7
o2
421.2

029 m
0.16 m
01966 m
05Sm

t (mm)
i
14.5
328
51.7
71.8
90.4
1101
134.8
155.5
182.3
2115
250.2
302.2
35%8.2
413.6

PW-27
Z= 0.29 m
P= 0.29 m
h,= 01482 m
L= 0S5 m

h, (mm) t (mm)

1431 09
1447 1.3
146 .4 23.3
148.2 334
1509 469
154.2 624
157.6 768
162.0 91.6

167.6 106.8
1756 1259
194.8 161.7
2202 1990
267.1 2554
3238 3169

PW-28
Z 0.29 m
P 0.29 m
h,= 01001 m
L= 0.5Sm

h, (mm) t (mm)

97.6 0.5
9.6 13.9
101.1 22.5
103.5 34.5

106.5 469
1104 60.3
1158 74.7
123.6 924
133.7 1109
148.2 1323
171.2 161
2033 1968
2642 2612

PW-29
Z 029 m
P= 0.29 m
h,= 02207 m
L 0.5m

h, (mm) t (mm)
2130 0.0
2138 1.6
2149 21.6
216.7 368
2196 545
223.2 749
2293 103.1
2368 130.5
2468 160.5
260.3 1928
282.5 2317
3232 293.2
3855 3681
4527 4418

PW-30
Z= 029 m
P= 029 m
h, 0. 1848 m
L= 0.5m

h, (mm) t (mm)

177.7 0.8
179.5 154
IR2.4 343
1864 57.3
191.0 798

196.0 9.\
202.6 121.2
2108 1429
226.7 177.1
2544 22206
2084 2791
3628 3519
437.1 4306




Submergence Tests Done by Wessels (Existing Data)
Full-width, single notch wers

PW-31
Z
ll
h

u

0.1%2 m
018 m
0131 m
0.5 m

h, (mm) t (mm)

1266
1284
1 30.5
133.1
136.6
140 X
146.1
1526
161.5
1738
I86Y
202.1
217.6
2319
250.1
2700

295 6

0.6
16.3
11.7
47.0
613
.7
0.0
L7
1298
150.6
164.3
I88.6
207.0
2254
2428
2003

PW-32
Z
l)
h,
L

0.182
0158
0.0996
0s

h, (mm) t (mm)

96.5
981
99.1
1001
1022
104 .6
107.7
1.7
117.2
1244
13153
IS1.9
1801
211.3

0.6
134
19.6
25.8
6 X
47.5
594
71.8
245
99 3
1174
1399
173.2

206.7

PW-33
/
ll
h,
L

0.182
0.082

01077
0s

h, (mm) t (mm)

104.3
105.6
107
109
11
1144
l1IXR
125.7
134 0
1493
1704
195 4

N - N

1.8
134
23.6
358
46.7
607
15.7
V3.6
110X
135.1
1621
193 %

PW-34

l)
h,

0.182
0087
0.0894
0.5

h, (mm) t (mm)

864
87.5
889
00
92 6
04 X
97 7
1001.5
1066
114.1
126.7
1462
178.1

04

04
189
29.3
390
48.5
S8 X
64,7
L K1)
96.0
115.3
1398
175.0

PW-35
/
l)
h,

ISR A4
1'N)L6
192.2
196.1
200.7
207.5
MEXD
2349
2506
285.7
112.6
151.0

0.29 m
029 m
0. 1956 m

O5m

tmm) t (mm)

6.5
22.5
10,2
505§
s6

195
143.3
178.7
217.6
258.7
292.8
137.0




Submergence Tests Done by Wessels (Existing Data)
Full-width, single notch weirs

T —

PW-36
Z
ll =
h,

1599
161.4
164.2
1669
170.2
1749
180.6
1873
200.8
219.6
238.0
263.6
206.6
330.5

0.29 m
029 m
01655 m
05Sm

h, (mm) t (mm)

4.2
17.1
332
49.7
65.7
839
104.6
1230
155.1
1%6.3
213.5
2459
284.3

120.7

PW-37
y 4 029 m
P 0.29 m
h, 0.1285 m
L 0.5m

h, (mm) t (mm)
1244 0.7
126.6 16.1
129.0 29.7

131.8 438
1349 57.3
1399 75.5
146.1 93.3
154.6 112.6
167 4 137.3
I186.6 1663
212.6 199.1
239.5 230.1
261.3 251.3

PW-18
/
|)
h
|

0.505
0.505
0.2729

05

h, tmm) t (mm)

2647
266.5
270.6
274 4
280.3
287.3
2095.0
050
3154
3311
3509
AR
4220
4969

1.9
18.2
432
61.5
91.0
119.1
1463
1779
2169
2509
2879
3350
3903
477.6




Test No: Al

Configuration
|
l)
Z

2000 m

0173 m
0383 m

Flow - Weir:

h,
'
Q,

01061 m
(.1359 ln‘r‘.x

d,
d,
Cy
hy

Q)

Flow - Manometer:

0300 m
0213 m
0.604

1.450 m

|
0.1329 m /s

"M (ongmal)

Water levels .Il\nTC \'ﬂ\lA-u:qurlLr' tmrlj '

A B(h) G D
1063 1059 1063

104.7 104.4 104.6 08
1064 106.8 107.7 14.7
112.3 1120 1128 40.3
1198 119.5 119.7 666
127.0 27.3 127.6 7.9
| 38.6 138.6 139.0 1108
149.7 149.7 1503 1284
1617 162.0 16213 146.2
174.9 174.6 1754 162.0
I88.3 IX8.4 188 .4 178.4

()

¢ Fs
174
423
659
87.6
110.7
1284
145.6
162.7

| 78.3

20

15.9
42.0
H8.3
879
1.6
1292
146.5
162 %

Regime**

d
b
b
b
b
b

b

C omment

modular conditions
submerged, D & T oscillate shightly, E s Gurly stable
very rough standing wave

smooth standimg wave, D & F sull oscillating, 115 OK

very smooth standing wave

very smooth standing wave, minor oscillations

no std. wave distinguishable

** a7 Plunging Nappe: b = Surfiace Nappe




e e

Test No: A2

Configuration: Flow - Weir:

B - 2m h, 01216 m ,
L= 14 m 0 Py 0.1128 m'/s | | |
P= 0173 m Flow - Manometer: '
Z= 0.383 m d, 0.300 m |

d, 0213 m

o 0.604

hy = 0.980 m

Q,, 0.1093 m'/s

"IMET (adapted as described i Chapter 4)

Water levels above crest-centre (mm): Regime**: [Comment:
A Bh) C D E () I
122.2 121.6 122.5 - - - . maodular conditions
1224 121.9 122.8 4.7 2.7 44 a some air stll underncath nappe
122.2 121.9 1223 15.6 5.1 9.3 a submerged, no air underneath nappe
124.2 123.9 124.5 249 27.1 243 a-b very unstable regime, downstream levels oscillate
128.4 127.6 128.6 46.0 414 447 b stable regime, rough standing wave
133.7 1335 1345 58.7 59.7 59.1 b
143.7 142.9 1433 88.2 87.3 N1 b smooth standing wave, oscillations are getting smaller
156.6 156.1 157.1 116.] 1168 1174 b smooth standing wave
151.0 150.6 1511 106.2 99.7 1041 b
183.9 183.3 184.0 160.2 161.] 159.8 b

**a = Plunging Nappe: b= Surlace Nappe




Test No: A}

Configuration Flow - Weir:

B 2m h, 01348 m

L l4m Q,’ 0.1321 m'/s

p 0172 m Flow - Manometer

Z 0383 m d, 0300 m

S d, 0213 m

C, 0.604
hy 1.360 m
0, 0.1287 m'/s

" IMET (adapted as described in Chapter 4)

Water levels above crest-centre (mm) T cgume *+ [Comment
A B(h) ( D (1) |
1360 134.7 136.0 - - - modular conditions
1362 135.1 1362 6.5 2.0 6O a werr well acrated
135.6 134 % 136.0 103 5.0 13.0 a relatively well acrated (8 60" wir under nappe)
1359 138.7 1364 6.4 1.1 13.7 a poor acration (+ 5% air underneath nappe)
131 136 9 |38.7 3.7 245 250 a-b
140 4 1395 140.7 426 40.3 44.5 b
1434 1424 1439 524 47.8 529 b
1474 146.7 147.9 644 58.5 65.1 b
152.9 1520 153.2 190 75.2 K13 b
159 ) |SK.7 |5YU K 6.8 Yl 6 979 b
1692 168 6 1699 119.7 1181 1195 b
IN2.5 I82.0 182.7 143.2 142.8 1442 b
198 | 197.7 1U8.2 16X 3 166 8 16X.7 b
223.1 222 8 223 .4 2013 NS 202 6 b

a Plungag Nagpe, b Surface Nappx




Test No: A4

Configuration:
B

2Zm
0.400 m
0.500 m
0.500 m
0071 m
0.102 m
0313 m

Flow - Weir:
h, =

Q,'

01787 m
0.1236 m'/s

Flow - Manometer:

d,
d;
Cy
hy

Qu =

0300 m
0213 m
0.604

1.220 m

0.1219 m'/s

VIMFT (adapted as described in Chapter 4)

Water levels relative to lowest crest (mm): Regime**: |[Comment:
A B(h) e D k(1) I
179.5 178 8 1799 - - . . modular conditions
179.7 178.6 1798 7.5 13.9 8.2 a L, 1s 150% acrated
I%1.2 180.1 I81.4 328 36.7 35.1 a L, completely submerged
182.2 181.2 182.6 584 59.2 60.0 a L, submerged, L, fully acrated
183.6 1829 184.2 81.2 8.8 81.7 a L, submerged. L, sull well acrated
186.9 186.1 I187.5 974 95.6 98.6 a-b L, & L, completely submerged
191.5 1'N).6 192.0 112.1 100.6 112.1 b
200.8 199.6 201.0 136.0 129.2 136.3 b
2148 2138 215.0 168.4 164.5 170.1 b
2364 236.2 237.0 206.5 2031 2074 b
J6d 4 2638 264.2 2430 2429 2440 b
288.% 288.0 288 8 273.1 271.2 2739 b
** a2 Plungmng Nappe: b = Surface Nappe




Test No:  AS

Configuration
B

2.000
0.401
0.501
0.498
0.071
0.050

0.259

|'|u\.\' —\-\'Cll'

)
00896 m /s

Water levels I7L'|.|I|\ ¢ ln
A B(h)
1541 1529
154.4 153.5
156.2 155.1
1594 158.4
165.7 164.7
172.8 172.3
I¥2.8 ISI.8
197.0 196.3
2116 211.0
227.9 227.6

h, 0.1529 m
0"
Flow - Manomeler;
d, 0.300 m
d, 0. 1629 m
Gy 0.626
hy 2205 m
Q. 0.0898 m'/s

"IMET (adapted us described in Chapter 4)

lowest crest (mm):

Regime**

Comment;

L, & L, completely submerged. D, E, F levels oscillate (£ 5mm)

downstream levels oscillate a lot

B B (1)

: 1544 modular conditions
1S5.1 234 25.6 24.0 i [, submerged
156.5 51.1 49.1 52.7 a
160 84.1 793 84.6 a
165.7 106.8 101.6 106.9 b
173.3 125.0 123.1 128.2 b still a lot of oscillations
182.8 148.3 141.6 1493 b
V7.2 173.5 1679 1749 b
2119 192.7 187.0 194.0 b
2284 2149 211.7 215.1 b

S —
va

Plunging Nappe. b

Surface \Jl\lh'




Test No: A6

Configuration:
B-

2.000 m
0401 m
0.50l m
0.49%

0071 m
0.050 m
0259 m

Flow - Weir:
h, 0.1883 m
Q,'= 0.1391 m'/s
Flow - Manometer:
d, = 0.300 m
d; 0213 m
Cy= 0.604
hw 1.615m
Q" 0.1403 m'/s o

"IMET (adapted as described in Chapter 4)

Water levels relative to lowest crest (mm): Regime**: [Comment:

A B(h,) % D (1) I

190.2 IS8.3 190.7 - . modular conditions

190.5 I88.7 191.0 189 313 15.5 a L, submerged

191.5 189.5 191.8 421 52.0 42.6 a

193.2 191.3 1934 12,7 72.0 74.0 a

195.1 193.5 195.6 9613 91.6 98.7 a L, & L, completely submerged
200.0 198.6 2004 110.0 106.7 116.8 b Rough standing wave occurs downstream. D, E, F oscillate
205.9 247 2062 128.0 118.6 135.8 b

2154 213.6 2158 158.1 143.6 157.3 b

228.5 227.7 229.1 I87.5 I81.5 187.9 b still some oscillations

2409 240.1 241.6 207.6 2014 206.5 b

258.7 257.3 258.9 2353 2278 234.7 b

280.6 280.0 281.0 2597 255.2 201 .4 b

a = Plunging Nappe, b

Surface Nappe




Fest No: A7

Configuration;
B~

2000 m

0401 m
0.501 m

().498

Flow - Waur:

0071 m
0.019m

0.225 m

h, 0.1856 m
Q,’' 0.1359 m'/s
Flow - Manometer:

d, 0.300 m
d; 0213 m
Cy 0.604

hy 1610 m
Q 0.1401 m'/s

<m

IMET (adapted as descnibed m Chapler 4)

A B (h,) [
[ 1883 1858 188.5
I88.1 1859 188.7
1891 | X6.9 | %9.6
1894 IX7.3 190.0
1906 |XR.7 191.0
193 8 1919 195.4
2002 198.2 200.5
207.6 2058 207.6
2156 2139 216.1
225.2 223.1 2243
2188 237.7 239.0
2619 262.7 264 .4

Water levels relative to lowest crest (mm)

D E ()
119 53
36N 39S
55.1 579
X1.0 77.2
8.9 91.0

126.6 1168
147.9 140.4
1634 159.5
IXS. | 177.4
297 2056
244 X 241.5

4.8
379
559
82.2
100.6
126.2
1499
167.6
186.6
212.1

2461

Regime**

Comment

modular conditions

L, submerged, L, free-Mlowing

L, still well acrated
L., & L, submerged

rough wave, large oscillations downstream

a = Plunging Nappe. b

Surface Nappe




Test No: AN

Configuration:
B - 2m
Ly 0401 m
Ly, = 0.500 m
Ly = 0.699 m
T, = 0071 m
P, 0.102 m
Z, 0313 m

Flow - Weir:
h, 0.1754 m
Q,' 0.1331 m'/s
Flow - Manometer:
d,- 0.300 m
d, 0213 m
Co- 0.604
hy 1.435 m
o 0.1322 m'/s

" IMFT (adapted as described in Chapter 4)

Water levels relative to lowest crest (mm): Regime**: |Comment:

A B(h,) C D E (1) I

176.2 1754 176.1 modular conditions

176.5 175.0 176.1 6.1 y o= 8.1 a L, poorly aerated (£5% air underncath nappe)
177.4 175.6 176.9 308 321 330 a L, submerged, L, stll fully acrated
178.7 177.3 178.2 55.3 54.5 56.4 a

1803 179.1 1803 841 309 84.7 a

1819 180.8 181.2 949 91.3 93.2 a L, & L; completely submerged
1883 187.0 188.1 131 119 1124 b

199.0 197.2 198.0 147.1 143.5 143.7 b

2139 212.5 2134 178.8 178.5 177.1 b

2438 24928 2434 225.2 2228 223.5 b

291.5 291.1 291 4 281.2 279.9 2803 b

a

Plungimg Nappe, b = Surface Nappe




Test No: A9

Configuration:
B

2m
0401 m
0.5 m
0.69
0.071
0.102
0313

Flow - Weir
h,
8

<0

\

01752 m

0.1328 m'/s

(l|
('.‘
Cy

hy

0

<m

W —

"IMET (adapted as described i Chapter 4)

Flow - Manometer

0.300 m
0213 m
0.604

425 m

1
01318 m/s

a = Plunging Nappe, b

Water levels relative 1o lowest crest (mm)
A B(h,) ( D
176.1 175.2 176.1
176.5 175.3 176.4 250
178.0 1769 1 78.0 57.2
I84.0 1%3.2 1836 104 5
193 8 1923 193 6 1336
203.0 202.5 2028 159.2
2130 212.2 212.8 1768
2260 224.6 225.4 195 4

Surlace N PP

264
549
97 4
129.2
156.6

173.2

26.5
S8.5
1021
132.7
154.7
175.7
197 .8

Regime*?

Comment

muxdular conditions

L, submerged, |

L&

free-flowing

submerged

rough standing wave

smooth standing wave




Test No:  AlD

Configuration: Flow - Weir:
B = 2m h, = 01572 m iy
L,= 0401 m Q,' 0.1045 m'/s oY
Ly, = 0.500 m Flow - Manometer:
Ly = 0.699 m d, = 0300 m \
T 0.071 m dy= 0213 m ' '
P, = 0.102 m Cs 0.604
Z, = 0313 m hw = 0.900 m 2,
Q.- 01047 m's
"IMFT (adapted as described in Chapter 4)
Water levels relative to lowest crest (mm): Regime**: |Comment:
A B(h) * D EA1) F
158.3 157.2 158.0 - - - - modular conditions
158.2 1574 158.1 9.6 9.5 9.1 a L, well acrated (£85% ar underncath nappe of L))
I58.8 158.0 158.5 279 294 296 a L., submerged, L, free-Nowing
160.6 160.0 160.7 59.1 57.0 599 a L, submerged, L, free-flowing
163.1 162.2 161 8 835 834 854 a-b
168.7 168.1 168.8 1074 103.6 1054 b L, & L, submerged, rough standing wave
1739 173.6 174.0 1244 1236 124.5 b
1%2.0 I81.5 I82.4 142.6 1421 1422 b smooth standing wave
1%9.6 I88.8 189.6 1574 1559 156.7 b
197.6 196.8 1979 172.3 1694 170.6 b
207.0 2064 2069 I185.2 IR4.9 I85.2 b very smooth standing wave
2145 214.1 214.7 196.6 1944 1955 b
225.3 2246 225.7 2103 2089 200.6 b no wave distinguishable
2333 232.7 2136 220.2 219.7 219.7 b
255.0 254.6 255.4 244.6 244.0 244.7 b

** a0 Phimging Nappe. b Surface Nappe




Test No: Al

(‘ollliycnrallbll - Flow - Weir o
B 2m h, 01125 m
L, 0401 m 0, 0.0337 m'/s
Lsa 0.249 m Flow - Manomeler:
| P 0148 m d, 03 m
I, 0200 m o, 0213 m 1
e 0.250 m C, 0.604 I
Les 0350 m hy 0091 m
I 0.070 m Q. 0.0333 m'/s
| OM42 m '--Sll I (adapied :\Vcl.‘\nh.\l 13( hapter 4)
| 009 m
P, 0102 m
! Z 033 m
Water levels relative to lowest crest (mm) Rq'.llm‘“’ Comment - ]
A Bh) ( D I (1) |
e . S S .. M =1 ———— . — S — SS—
112.6 112.5 (RN . modular Now conditions, low only over L, & |
1129 112.7 113.2 19 i1 19 a L has £50% air undemeath nappe, Ly not yet overflowing
129 1125 1135 14.6 14.3 153 a L, submerged, L, free-flowmg, L, not yet overllowing
1146 114.6 1154 201 29.3 294 a
1183 LIN5 1I1x9 560.6 55.9 568 a Ly submerged, Ly free-flowing, Ly overflowing - but no air undemeath nappe
124.0 124.1 124.8 8OO X1.5 X3 h L, & L, submerged, L, stull unacrated (too hittle flow)
1291 128 8 1298 9318 9319 940 h L, & 1, submerged, |, finally acrated
1349 134.8 135.5 107.3 108.3 105.0 h
1420 142.0 142.6 1206 119.7 1208 b L. Ly, Ly submerged
1507 1507 151.4 1343 133.7 1346 h
1599 1600 [64) 6 1479 1452 1485 b Ly overllowing - but no air undemeath nappe
170.2 170.3 1709 i6l.7 161.3 1611 h Ly - Ly submerged
1813 1X13 1K1Y 174 8 173.4 1741 h 7 -
.

A Phmging Nappe, b Surtace Nappe




Test No:  Al2
Configuration: Flow - Weir:
B= 2m h, 01431 m
L, 0.401 m Q' 00555 m's
L. 0.249 m Flow - Manometer: |
Loy = 0.148 m d, 0.300 m
L, 0,200 m d, 0213 m \
Le, 0.250 m C, 0.604
Les 0.350 m ha 0.248 m .
T 0.070 m Q.. 0.0550 m'/s
T,= 0.042 m [TIMFT (adapted as described in Chapter 4)
T,= 0.039 m
P, 0.102 m
Z, 0313 m '
Water levels relative to lowest crest (mm): Regime**: [Comment
A B(h,) C D E (1) I B o -
143.1 143.0 7 1439 - - - - modular low l‘(llltllllull\.‘nu\\ over L, -1,
143.3 143.1 1439 38 3.7 43 a 1., has some air (460%) undermcath nappe, L, & 1, ok, L, has no low
1443 144.1 145.2 I8.5 189 19 0f a Ly submerged, L, & L, free-NTow, L has no low yet
146 .4 1459 146.5 408 408 415 a
150.0 1498 150.5 75.3 72.5 744 a L, & L; submerged, L, free-flowing, L not yet overflowing
154.0 1538 154.5 8K.7 879 X9.7 ab
160.0 159.6 160.2 1.7 1108 1131 b L, & L, submerged, L, free-flowing, L has flow - but no air under nappe
166.9 166.5 167.6 131.0 131.0 1334 b L,-Ly submerged, L, acrated
171.6 171.5 172.3 139.7 140.2 141.7 b
178.3 178.3 179.0 1549 152.7 1542 b L=l submerged
1869 1869 IX7.5 169.3 167.1 1692 b
196.6 196.6 197.1 I83.1 I8l IX3.0 b
2071 207.0 207.7 196.5 195.2 196.5 b
2180 2179 218.5 2089 2087 LR b
231 .6 231.6 232.2 225.1 224.1 225.0 b
** 4 = Plunging Nappe, b Sutface Nappe ! - - -




All

Test No:

Configuration:

Flow - Weir:

B 2m h, 0.0641 m
L, 0.401 m 0, 0.0119 m'/s
L., 0.249 m Flow - Manometer:
Loy 0148 m d, 0.300 m
I, 0.200 m d, 0213 m
Les 0250 m C, 0.604
Lea 0350 m hy 0013 m
T, 0.070 m Q. 0.0123 m'/s
T, 0042 m "IMET (adapred as described in Chapter 4)
T 0039 m
P, 0102 m
7, 0 .%I}_m :
Water levels relative to lowest crest (mm) Regime**: [Comment
A 3(h) - D (1)
64,1 64,1 64.7 - modular conditions, Now o) er L, only
64.6 64.6 65.1 RR) 4.0 4.2 i L, submerged, no Nlow over L., yet
67.1 6.0 68.0 IS0 /.7 17.5 b
70.0 70.0 70.6 27.0 27.7 28.2 h
781 78.2 TR 537 537 S4.1 b flow over Ly but no air under the nappe of |
Rl6 R1.7 824 63.5 63.5 63.5 b
849 849 %54 69.5 69,2 70.0 b L; appears to be submerged
90 6 90 .8 91.5 79.2 794 794 b L, & L, definitely submerged
97.8 979 x4 803 8904 898 b
105.7 105.8 1063 9.2 99.2 9.7 b
1141 114.3 114.7 1093 109.2 1090.5 b
126.2 126.4 127.0 122.7 122.9 123.1 b Ly stants overflowing, but almost no difference in water levels




Test No: A4
Configuration: Flow - Weir: o -
B 2m h, = 01945 m
L, = 0.401 m 0, 0.114% m'/s
| P 0249 m Flow - Manometer:
L,y 0.148 m d, 0300 m
Ly= 0.200 m d; 0213 m
L 0.250 m C, 0.604
Ly = 0350 m hy 1.075 m
T, 0.070 m Q,, = 0.1144 m'/s
T, 0042 m "IMET (adapted as described in Chapler 4)
Iy 0039 m
P, 0.102 m
Z, 0313 m
Water levels relative to lowest crest (mm): Regime**: |[Comment:
A B(h,) C D k(1) F
195.5 194.5 196.1 . - - - maodular conditions, flow over all crests
195.6 194.6 196.3 94 9.0 93 a L, has 140% air undemeath nappe, L, - Ly free-flowing
197.2 196.1 197.7 6.5 35.1 L e a L., submerged, 1, - L, free-flowing
199.0 1983 199.6 77.2 75.2 77.0 a L, submerged, L, becoming submerged (still some air under nappe)
201.2 1999 2014 933 89.1 92.5 a L, & L, submerged, L, & L, free-flowing
204 % 203 8 205.2 116.3 109.1 115.7 a?
2084 208.2 2093 134.7 1329 1369 ab L,-L; submerged, L, free-flowing
216.6 2156 2164 159.6 150.7 1549 b L,-1.; submerged
2240 221.3 2245 ISL.8 175.6 1779 b
235.1 2306 235.7 200.0 197.7 200.0 b
2458 2456 2464 218.2 215.2 217.3 b
2549 254.5 255.2 232.1 2279 2314 b
2659 265.1 2668 2488 2443 247.0 b
278.0 2780 279.1 262.6 261 .8 262.6 b
** a2 = Plunging Nappe. b - Surface Nappe




Test No:

AlS

Configuration

2m
0401 m
0430 m
0618 m
0.071 m
0102 m
0313 m

Flow - Weir;

1

Q)

o

01750 m

0.1203 m[‘\

Flow - Manomelter:

d,
d,
Gy
hy

(!)l

0300 m
0213 m
0.604

170 m

0.1194 m'/

A

1759
175.9
176.8
178.3
1799
1843
I188.2
1965
2054
214.5
2306
242.7
255.0
273.0

e———————————
-

176.0
1774
179.3
1834
I87.6
1960
205.0
2139
2298
241.7
254.6

» - 2
) .) 3

.-

Water levels relative 1o lowest crest (mm)

"IMET (adapted as described in Chapter 4)

C () (1) I
175.8

175.9 17.8 184 184
1769 iX. 1 49 I8.6
178.5 62.3 579 59.7
1799 84.7 Rl.5 846
1842 1042 1024 105.2
| 8% X 1234 121.1 122.0
1968 141.1 142.0 1454
205.7 163.6 163.2 165.6
215.0 %14 180.2 1819
2106 2058 2049 207.0
2429 222.1 221.8 222.8
255.1 2380 238.2 239
2733 2602 2597 2596

a  Plungmg Nappe, b Surface Napp

Regime**

T( omment

modular conditions

'

L, submerged, L, free-flowing

L., submerged, L, £ 35% acrated

I, &

£ 20% i undemeath nappe of |

y submerged




Test No:  Al6
Configuration: Flow - Weir: ;
B= 2m h, 0.1865 m
L,= 0.401 m Q.'=  01383ms
L, = 0.430 m Flow - Manometer:
L,y = 0618 m d, 0.300 m
T, 0,071 m d,- 0213 m
P, = 0.050 m C,y 0.604
Z,= 0259 m hy 1.650 m
Q. 0.1418 m'/s
" IMFT (adapted as described in Chapter 4)

Water levels relative to lowest crest (mm): Regime* *: |[Comment:

A B(h,) C D E (1) I

|88.6 186.5 187.5 - - - - modular flow conditions
189.0 1874 188.2 364 414 40.2 a L, submerged
1903 I88.1 189.3 61.8 564 S8.8 a

191.5 I189.7 190.5 75.0 70.1 76.2 a L, sull well acrated
1942 1919 193 4 99 8 100.5 104.2 a-b L, & L, submerged
199.7 1979 1989 120.3 121.2 1234 b

2063 204.5 204 8 144.6 144.3 145.0 b

214.0 213.1 2134 162.5 162.6 1679 b

226.3 225.1 226.0 190.0 189.6 192.1 b

2428 241.7 242 % 2163 2145 2164 b

265.6 264 .8 265.3 247.7 2458 248.0 b

** 2 = Plunging Nappe. b - Surface Napyxe




Test No: BB

Configuration:

| 0).610)
I 0.292
Z 0.292

m

m

IFlow - Weir:

h\illk'l levels (mm)

h, |
74|7‘»37|o 7.0
139.5 250
143.5 15.5
1450 54.5
146.5 61.0
1480 68.5
1500 3.0
1540 870
|56.0 us.0
1600 1045
16910 125.5
177.5 141.5
|85 0 1590
199 10 1755
2070 I87.0
231.0 216.5
2705 261.5

Regime*

** o Plungimg Nappe. b

h, O 1400 m
Q, 0.0608 m'/
Flow - Manometer:
d, 0.300 m
d, 0213 m
., 0.628
h, (0.280 m
O, 0.0607 m’

"IMFT (original)

Surbace Nappe



Test No: B2

Configuration: Flow - Weir:
L= 0.600 m h, 0.1863 m
P - 0.292 m Q. 0.0952 m'/s
Z= 0.292 m Flow - Manometer:
d, = 0.300 m
d, = 0213 m
Cy= 0.628
h, = 0.679 m
Q.= 00946 m's
"IMFT (oniginal)
Water levels (mm): Regime**:
h, 1
1%0.0 35 a
I81.0 10.5 a
182.0 17.0 a
182.5 25.5 a
184.0 350 a
185.5 42.5 a
188.0 58.0 a
191.0 74.5 a
198.5 102.0 a
207.5 132.5 a
222.0 167.0 b
238.0 197.0 b
261.5 232.5 b
299.5 281.5 b
340.5 329.0 b

** a2 Plunging Nappe: b

Surface Nappe




33

Fest No:

** a0 Plunging Nap

m

m

S

¢ tllﬁll—l‘L'l;(.lfl!l[I [Flow - Weir
H 06 m h, (. 1850 1
L 0478 m 0’ 0.06%2
P 0.292 m m.\—-Y\Tl—u_»iuvlvl
V4 0.292 m d, 0. 3040
d, 0.213
O, 0.628
ha ().184
Q.. 0.0711
’ i\il ; lin'li\hxl bs descobed i Chapler 4)
Water levels (mm) l{c;'nm"‘—1
h, t
T Y
185.0 8.5 a |
IR7.5 54.0 a |
1890 645 i |
194.0 90 .5 b ;
JI0.5 1130 b
212.0 148.5 b
2330 | X9 S b
272.5 247.5 b
1345 $21.5 b ]




e e —————

Test No: B4

Configuration: Flow - Weir: [
B 0.6 m h, 01015 m
L. 0.478 m 0. 0.0280 m'/s
P 0.292 m Flow - Manometer:
Z 0292 m d, = 0.300 m
d, 0213 m
Cy 0.628
hy = 0.061 m
0., 0.0283 m'/s
"IMET (adapted as described in Chapter 4)
Water levels (mm): Regime**:
h, l
101.5 L9 a
102.5 22.5 a
106.0 9.5 b
110.0 54.5 b
1190 80.0 b
137.0 114.0 b
154.0 138.0 b
190.0 I81.5 b
e

a -~ Plunging Nappe, b~ Surface Nappe




Test No:  BS

Configuration

3 0.6 m
| D478 m
P 0292 m
v / 0.292 m

!
Kindsy

Water levels (mm)

h l
O0H.5
Hl s
75 ()

NG

2.0 |

7 {)
2340
12.0
550
OhH D
805

140

slor & Carler equation

Regime®

*

a  Plongang Nappe, b Surlace "-“|||'|

|'|n\;7- \\Vt‘rlrl
h,

O

() O6H6S

004y

Flow - Manomeler

§)

IMET (adapted as desenbed m Chapter 4)
|

0 300
23
(.628
Ool7

0.0150

mn

mn

m




5 e ——

Test No:  H6

Configuration: Flow - Weir:
B 0.6 m h, 0.2065 m
l 0.478 m Q. 0.0808 m'/s
P 0292 m Flow - Manometer
Z 0.292 m d, 0.300 m \
d, = 0213 m |
G, 0.628 ’
hy ° 055l m
0. 0.0852 m'/s
"IMFT (adapted as described in Chapter 4)
Water levels (mm): Regime**:
h, t
206.5 10.5 a
206.5 25.5 a
2065 420 a
208.0 56.5 a
2095 67.5 a
212.0 R1.5 a
214.5 96.0 a
218.5 115 a
| 222.0 124.0 a
2300 151.0 b
24085 176.0 b
261.0 215.0 b
290.5 259.5 b
3295 3090 b

** a - Plunging Nappe, b Surface Nappe




Test No:

Configuration:

I
|

D6m

D47 m

0.292 m

0292 m

| |n\\ - Weir

h

Q

00495 m

0O O0vY6 m

19.5

D10

Water levels (mm)
|

-
N

19.5
520

O .0

850

Regim

b
b

b

8 Plonging Nappe, b Surface Napyp

d,
d,
( |
Iy

Q)

Flow - Manometer

0300 m
0213 m
0.62%8

0007 m

00096 M /s

" IME (adapred as deseribed m Chapler 4)




Test No: (']

Configuration Flow - Weir B
B 1.Om h, 0.1990 m
I 0.799 m Q,! 0.1278 m'/s
P 0.5(4 m Flow - M;lp,ﬂms"'
Z 0.5 m f i 0.000 V(0 Vs)
Yo 4.970 V (300 Vs)
\Y 202V
Q,, 0.1219 m'/s

Water levels (mm): Regime**

h, t

1990 20 a
1990 15.5 a
199.5 27.5 a
200.5 41.0 a
203.0 54.5 a
205.5 67.0 a
2090 830 d
212.0 96.0 a
216.0 110.5 a-b
222.0 130.5 a-b
228.0 148.0 b
237.5 169.5 b
249.0 193.5 b
J60.5 JI13.0 b
276.5 237.5 b
299.0) 2000 b

** a = Plungmg Nappe; b

"IMET (adapted as described i Chapter 4)

"
' Device was not relable!

Surface Nappe




Test No: (72

Conliguration:

3] 1.Om
l. 0.79% m
P 0.5(4 m
7 0.5(M m

Flow - Wenr

h, 0.0680 m

0!

<0

i
0.0259 m /s

-~ _—

IFlow M.nyl]m\:
/ 0.000 V(O Vs)

mmn

\ [ 4.970 V (300 IVs)
\ 0387 V
Q. 0.0234 m /s

Regime**;

[Water levels {mm)
h, l

B 68.0 3.5

HO ) o

Hv.2 RL

065 13.5

70.5 18.5

1.5 22.5

{4 N

15 130

76.5 385

IR0 44.2

811 56.5

870 64.5

9l.5 72.0

Us i1 ‘T_ S

(M) .0 ¥5.5

1070 950

**a - Plunging Nappe:

b

-
IMET (adapied as descnbed in Chapter 4)

Ievice was not rehable!

Surlace Nappe




Test No: (O3

Configuration: Flow - Weir:
B 1.Om h, = 0.2645 m
L 0.799 m 0! (0.1943 m'/s :
P 0.504 m Flow - M;lgﬂow:: ‘
7 0.504 m Ve 0.000 V(0 Vs)
' - 4.970 V (300 I/s)
V 3.100V
Q. 0.1871 m'/s |

"IMET (adapted as described in Chapter 4)

' Device was not rehiable!

Water levels (mm): Regime**:
h, t
204.5 9.0 a
264.5 16.0 a
264.0 23.0 a
264.0 34.0 a
2045 48.5 a
2660 61.0 H]
2690 80.5 a
273.0 101.5 a
279.5 127.5 a
287.5 160.0 a
297.0 191.0 b
305.0 210.5 b
i14.0 230.0 b
31260 254.0 b
340.5 280.0 b
155.5 304.5 b
l 186.5 3485 b

a  Plungmg Nappe. b Surlace Nappe




4

Test No:

Configuration: Flow - \\‘cuv_—‘ - i
B 1.Om h, (1285 m
| 0.799 m 0 0.0669 m'/s
P 0.504 m Flow - M.lyﬂn\\:
7 0.504 m V e 0000 V(0 Vs)
Vi 4970 V (300 I/s)
V IKIRIUAY
Qu~ 00622 ms

Water levels (mm) Regime**
h, l
128.5 1.0 a
130.0 25.5 a4
131.5 340 b
133.0 420 b
135.0 S0.0 b
137.0 §7.5 b
139.0) 650 b
1450 17.5 b
1460 8OLS b
152.5 102.0 b
157.0) 1125 b
162.5 1210 b
169.5 1360 b
1790 15058 b
1920 169 1) b
204.5 | %60 b

** a0 Plungmg Nappe. b Surface Napyx

— =
IMET (adapted as deseribed in Chapier 4)

" Device was not rehable!




Test No: (S

Configuration: Flow - Weir:
B - 1.Om h, 0.3155m
L= 0.799 m Q)= 02539ms
P 0.504 m Flow - Magﬂow":
Z= 0.504 m Vioin 0.000 V (0 Vs)
Vs 4970 V (300 VVs)
V= 4110V
Q.= 02481 m's
VIMET (adapted as described in Chapter 4)
! Device was not reliable!
Water levels (mm): Regime**:
h, t
3155 16.5 a
J15.5 5.0 a
315.0 54.0 a
3180 82.0 a
321.5 106.5 a
325.0 127.5 a
330.5 152.0 a
335.0 172.0 a
3405 I88.5 a
46.0 211.0 a
3515 231.0 b
362.0 252.5 b
3755 281.0 b
397.0 320.0 b
416.5 153.0 b
4190 IR7.0 b
464.5 422.0 b

..a

Phnging Nappe; b Surlace Nappe




APPENDIX I
EXAMPLE CALCULATIONS
1. MODULAR FLOW CONDITIONS = COMPOUND WEIRS

IH;‘ dJ',_l ol lTest No AR-F3 s taken tor this cxampice

DATA:

=()d0Im L 0.500m I ‘ 0.699m
P,=0102m ! 0.07Im h,=0.1315m
8 = 2.000m O 0.0815m s (manometer)
SOLUTION:
Set H,=h,=0.1415m
Step 1: Discharge over Notch |
0.1415 ’ . 0.401
H L = —=0.3529 > 0.35 n=0174 -~01=0198
0401 0.14135
L _llJl»l-IllQN.|ll-;:5; ’_“‘-,’Hl
H 1315 . : . 0.14135 .
- =1.387 <1.86 C, =0.627+0.018x = (.6520
- 0.102 0.102
Q,=0.6520x=xy2g x0.373x0.1415 "= 0.038m" s
Step 2: Discharge over Notch 2a
{ -T. 0.1415-0.07
f‘ 4 ’ Lisl] 7', l-[.‘l':\}_ ;;_Ir:
L 0.500
- l . . .
L. =0500-=x02x10.1415<0071)=0493m (Note: only one side i1s contracted
> = 3
H, -T, ).1415-0.071 0.1415-0.071
! - 0.141° - = 04075 <1.867 C.. =0627 +0.0]18x o =0).6342
71 - 0.102 <0071

» 0.102+0.0

-

O, =06383x=x2¢ x0.493x(0.1415-0.071)' “ =0.0173m" s
- - L] 4




Step 3: Discharge over Notch 2b
H,-T, _0.1415-0.07
b 0.699

=0101<035 . n=02

L, =0.699- é x0.2x(0.1415-0.071) = 0.692m (Note: only one side is contracted)

- 1415-0.07 0.1415-0.071 _
, -1, L . - '=O.4075<I.Sb7 L o =0.627-4).0l8xM =0.6343
P, 0.102 +0.071 . 0.102+0.071

2 P - .
Q... =0.6343x ; x\2g x0.692x(0.1415-0.071) ~ =0.0243m s

Step 4: Total Discharge & Updated Energy Level
0. =0, +0,,, +Q.,, =0.038+0.0173+0.0243 = 0.0796m" / s
Approach velocity:

=0,163m s

v=

[ % - 0.0796
A B(A+h) 2x(0.102+0.1315)

Update total energy head:

=0.1429m

H, =h +2 =01415+ 21
28 2g

Use this value and go back to step 1. lterate until A, 1s constant.

Final answer: H,=0.1429m
Q,=0.0821m"’s

Error:
o, -0. <100 = 0.0821 - 0.0815<
0.0815

x 100 =0.74%




2. NON-MODULAR FLOW CONDITIONS -
VILLEMONTE'S METHOD (SINGLE NOTCH WEIR)

Ihe data of Test No. Al (full-width weir) 1s taken for this example

DATA:

L = 2.000m i 0.1061m

P=0.173m h,=0.1273m

Z=0.383m r=0.0876m

A =2.000m Q,=0.1359m" s (tree-flow discharge at weir)

SOLUTION:

Set H.o=h =01273m

/1 0.1273 i ’ ). 1273
R —"Y '-I].,:\r\- ( —Ilf\:q.lll|‘\. — = () 4()2
P 0.173 0.173
)
0, =0.6402 = —X Vg > 2000<0.1273 " =0.1717m /s
3
- 4
R OD0OS76H
4‘.) L) | =1 1 ] — = ()]1240m
i 0.1273

Step 2: Updated Energy Level

\;v;wru\;u'h veloc iny

() ) 0.1230
\.-—_:_-(," = =02006m s
i

B(P=h ) 2x(0.173+0.1273)

) 0.206"

H =h +—=0.1273+- - 295m
> b
-8 -5

Use this value and go back to step 1. [terate unul /4, 1s constant

Final answer: H. =0.1295m
0 0.1274m
Error
O -0 0.1274-0.1359
) = 'l'.".'- e - l .7‘"“_~'):'.

L) 0.1359




3. NON-MODULAR FLOW CONDITIONS -
WESSELS' METHOD (SINGLE NOTCH WEIR)

The data of Test No. Al (full-width weir) is taken for this example:

DATA:

L=2.000m h, =0.1061m

P=0.173m h,=0.1273m

Z=0383m 1= 0.0876m

B = 2.000m Q.=0.1359m"’s (free-flow discharge at weir)
SOLUTION:

Stepl: Estimate s, with Wessels” Method:

0.087
b= -0.34074 - 0.30623 - = -0.34074 - 0.30623 22876 _ _0.5515
h 0.1273
Y \: '
- 0.6287‘)! L 4010159 - 0.6096 = ~0.2419
\ h‘ ) h
—b+vh —d¢c ~(-0.5515)+0.5515° ~4x(-02419)
gm2tNb —dc ( )y ‘ '-o_ssw.
2 2
N=-(t/h) 1-(0.0876/0.1273)°
h,=h, Ll 4 =0.12732 : =0.1100m
a 0.8396
Step 2: Estimate Discharge over Weir
Set H,=h,=0.1100m
H . _ 0.
B 000 o636<1867  -C, =0627+0.018x 211 L0638
P 0173 ' 0.173
‘, —_— . "
0, =0,638x§x V28 x2.000x0.1100° * =0.137m’ / s

Step 3: Updated Energy Level

Approach velocity:

0, Q, 0.137

A B(P+h) 2x(0.173+0.1100)

Ve

=0242m ' s







4. NON-MODULAR FLOW CONDITIONS -
COMPOUND SHARP-CRESTED WEIR

The data of Test No. A8 is taken for this example:

DATA:

L, =0.401m Ls. = 0.500m L = 0.699m

P;=0.102m T;=007Im ho = 0.1754m

B = 2.000m Z=0313m Q,=0.133Im /s (free-flow)
ho=0.1972m t=0.1435m

CALCULATION OF SUBMERGENCE RATIO:

A =L xh +(L, +L.,)x(h -T1,)=0401x0.1972 + (0.500 + 0.699) x (0.1972 - 0.071) = 0.230m
A=Lxt+(L,, +L,,)x(t=T)=0401x0.1435+ (0.500 + 0.699) x (0.1435 - 0.071) = 0.144m"
A, 0144

A 0230

=063

SOLUTION:
Set H,=h=0.1972m

Step 1: Discharge over Notch 1

0.1972 F 0401\
H L =2s 204925035 -n=0.174 =2l | -0.1=0.151
0.401 ,0.1972)
L, =0401-0.151x0.1972=0.371m
1972 ' 102 Y
Dy w IR 1351067  oCy m088] — % | =660
P 0102 . L0.102 +0.1972
2 [ . .
0, =0.660x-3-x\'2g x0.371x0.1972" “ =0.063m /s
r \l.so\l( - ‘-\(nlﬂﬁ
( 70.1435 N
Q, ‘Q.,:l-“ = ' =0.063x|1- ',” — | =0.043m" / s
k) L0.1972)
Step 2: Discharge over Notch 2a
- 72-0.07 .
i#,-1 = L »-0£=0.252 <035 ..n=02

L, 0.500

-
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Update total energy head:

, \ » 0.206°
H =h < =(.1972 - - = (.1994m

28 22

Use this value and go back to step 1. lterate unul 4, 1s constant

H, =0.1995m
Q,=0.12Tm s

Final answer:

Step 5: Determine if Villemonte Formula was Valid:

Obtain an estimate of the free-flow water head (4, ) for the above Q..

will suffice, therefore

—_—

Q,=0127=C,=y2g) (L xh'") take C, = 0.60

o

5
~h =0.1770

Calculate area of vena contracta:

A =L xh +(L. =L yxth =T )=0301x0.177
l 1 ; e
A =06x = A =06x e 0198 = 0.059m -

A 0059 0059
A, BxZ 2x0313

=0.094 <0.130

Villemonte is therefore vahid and the calculation 1s fimshed.
Error:

0.-0.

0.127-0.132

0.1331

1
100 x 100 =-4.6%

A rough estimate

(0S5 =«0699<(0. 1770071 =0.198m




APPENDIX IV
GRAPH DEVELOPED BY WESSELS FOR
SUBMERGED WEIRS
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